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ABSTRACT—]. BLUNDEN, D. S. ARNDT, AND M. 0. BARINGER

Several large-scale climate patterns influenced climate
conditions and weather patterns across the globe during
2010. The transition from a warm El Nifio phase at the
beginning of the year to a cool La Nifa phase by July
contributed to many notable events, ranging from record
wetness across much of Australia to historically low
Eastern Pacific basin and near-record high North Atlantic
basin hurricane activity. The remaining five main hur-
ricane basins experienced below- to well-below-normal
tropical cyclone activity. The negative phase of the Arctic
Oscillation was a major driver of Northern Hemisphere
temperature patterns during 2009/10 winter and again in
late 2010. It contributed to record snowfall and unusually
low temperatures over much of northern Eurasia and
parts of the United States, while bringing above-normal
temperatures to the high northern latitudes. The Febru-
ary Arctic Oscillation Index value was the most negative
since records began in 1950.

The 2010 average global land and ocean surface tem-
perature was among the two warmest years on record.
The Arctic continued to warm at about twice the rate of
lower latitudes. The eastern and tropical Pacific Ocean
cooled about |°C from 2009 to 2010, reflecting the transi-
tion from the 2009/10 El Nifo to the 2010/11 La Nifa.
Ocean heat fluxes contributed to warm sea surface tem-
perature anomalies in the North Atlantic and the tropi-
cal Indian and western Pacific Oceans. Global integrals
of upper ocean heat content for the past several years
have reached values consistently higher than for all prior
times in the record, demonstrating the dominant role of
the ocean in the Earth’s energy budget. Deep and abys-
sal waters of Antarctic origin have also trended warmer
on average since the early 1990s. Lower tropospheric
temperatures typically lag ENSO surface fluctuations
by two to four months, thus the 2010 temperature was
dominated by the warm phase El Nifio conditions that
occurred during the latter half of 2009 and early 2010
and was second warmest on record. The stratosphere
continued to be anomalously cool.

Annual global precipitation over land areas was about
five percent above normal. Precipitation over the ocean
was drier than normal after a wet year in 2009. Overall,
saltier (higher evaporation) regions of the ocean surface
continue to be anomalously salty, and fresher (higher
precipitation) regions continue to be anomalously fresh.
This salinity pattern, which has held since at least 2004,
suggests an increase in the hydrological cycle.

§16 | BAMS JUNE 2011

Sea ice conditions in the Arctic were significantly dif-
ferent than those in the Antarctic during the year. The
annual minimum ice extent in the Arctic—reached in
September—was the third lowest on record since 1979.
In the Antarctic, zonally averaged sea ice extent reached
an all-time record maximum from mid-June through late
August and again from mid-November through early De-
cember. Corresponding record positive Southern Hemi-
sphere Annular Mode Indices influenced the Antarctic
sea ice extents.

Greenland glaciers lost more mass than any other
year in the decade-long record. The Greenland Ice Sheet
lost a record amount of mass, as the melt rate was the
highest since at least 1958, and the area and duration of
the melting was greater than any year since at least 1978.
High summer air temperatures and a longer melt season
also caused a continued increase in the rate of ice mass
loss from small glaciers and ice caps in the Canadian Arc-
tic. Coastal sites in Alaska show continuous permafrost
warming and sites in Alaska, Canada, and Russia indicate
more significant warming in relatively cold permafrost
than in warm permafrost in the same geographical area.
With regional differences, permafrost temperatures are
now up to 2°C warmer than they were 20 to 30 years
ago. Preliminary data indicate there is a high probability
that 2010 will be the 20th consecutive year that alpine
glaciers have lost mass.

Atmospheric greenhouse gas concentrations contin-
ued to rise and ozone depleting substances continued to
decrease. Carbon dioxide increased by 2.60 ppm in 2010,
a rate above both the 2009 and the 1980-2010 average
rates. The global ocean carbon dioxide uptake for the
2009 transition period from La Nifa to El Nifio conditions,
the most recent period for which analyzed data are avail-
able, is estimated to be similar to the long-term average.
The 2010 Antarctic ozone hole was among the lowest
20% compared with other years since 1990, a result
of warmer-than-average temperatures in the Antarctic
stratosphere during austral winter between mid-July and
early September.



I. INTRODUCTION—D. §. Arndt, |. Blunden, and

M. 0. Baringer

The primary goal of the annual State of the Climate
collection of articles is to document the weather and
climate events of the most recent calendar year and
put them into accurate historical perspective, with
a particular focus on unusual or anomalous events.
This is the 21st annual edition of this effort, includ-
ing its origin as NOAA’s Climate Assessment, and
the 16th consecutive year of its association with the
Bulletin of the American Meteorological Society. The
State of the Climate series continues to grow in scope
and authorship. This edition presents contributions
from the largest body of authors to date and brings
several new sections to the readership.

The year 2010 was notable for its globally-averaged
warmth and for the far-reaching impacts related
to significant behavior of several modes of climate
variability. These modes have unique influences and
impacts throughout the climate system. Indeed, each
chapter in this document contains special mention
of ENSO, or the various hemispheric indices such as
the Arctic Oscillation or Southern Annular Mode.
Sidebar 1.1, which was coordinated by the Chapter 2
(Global Climate) editors, is intended as an introduc-
tory overview of selected known modes of variability.
More practically, it serves as a data-laden reference
for readers of later chapters. The online supplement
includes additional data that allow the reader to in-
vestigate further.

Different regions have different sensitivities and
thus varying definitions of ENSO. This, combined
with the global authorship of the State of the Cli-
mate in 2010, led to various descriptors of the peak
strengths of the early-2010 El Nifo episode and the
late-2010 La Nifia. This was standardized, where
possible, using NOAA’s description of “strong” for
El Nifo and “moderate-to-strong” for La Nifa. In
more regional discussions, these descriptors have
not been changed.

To build a broader description of the climate sys-
tem, this report aims each year to increase the number
of represented Essential Climate Variables (ECVs),
as defined and maintained by the climate observing
community through the Global Climate Observing
System (GCOS 2003; Fig. 1.1). To that end, new edi-
tors representing expertise in two broad disciplines
(terrestrial processes and atmospheric composition)
were added to the panel serving Chapter 2.

The following ECVs included in this edition are
considered “fully monitored”, such that they are ob-
served and analyzed across much of the world, with a

STATE OF THE CLIMATE IN 2010

sufficiently long-term dataset that has peer-reviewed
documentation:

o Atmospheric Surface: air temperature, pre-
cipitation, air pressure, water vapor*.

o Atmospheric Upper Air: earth radiation
budget, temperature, water vapor, cloud
properties.

o Atmospheric Composition: carbon dioxide,
methane, ozone, nitrous oxide, chloro-
fluorocarbons, hydrochlorofluorocarbons,
hydrofluorocarbons, sulphur hexafluorides,
perflurocarbons*, aerosols.

o Ocean Surface: temperature, salinity, sea level,
sea ice, current, ocean color.

o Ocean Subsurface: temperature, salinity*.

o Terrestrial: snow and ice cover.

ECVs in this edition that are considered “partially

monitored”, meeting some but not all of the above
requirements, include:

Number of Reported ECVs

o Atmospheric Surface: wind speed and direc-
tion.

o Atmospheric Composition: long-lived green-
house gases not listed as fully monitored
above.

o Ocean Surface: carbon dioxide.

o Ocean Subsurface: current, carbon.

o  Terrestrial: soil moisture, permafrost, glaciers
and ice sheets, river discharge, groundwater?,
lake levels, fraction of absorbed photosyn-
thetically-active radiation, biomass, fire
disturbance.

w
o

s
o

w
o

N
o

—_
o

0

2007

2008 2009 2010

Year

FiG. I.1. Number of fully or partially monitored Essential
Climate Variables (ECVs) reported in the annual State
of the Climate editions since 2007. Atmospheric surface
water vapor, atmospheric perfluorocarbons, oceanic
subsurface salinity, and terrestrial groundwater have
been introduced in this current edition.
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ECVs that are expected to be added in the future

include:
o Atmospheric Surface: surface radiation
budget.
o Atmospheric Upper Air: wind speed and
direction.

o Ocean Surface: sea state.

. Ocean Subsurface: nutrients, ocean tracers,
phytoplankton.

o Terrestrial: surface ground temperature, sub-
surface temperature and moisture, water use,
albedo, land cover, leaf area index.

*These ECVs were introduced to the report in this

edition.

A brief overview of the findings in this report
is presented in the Abstract and shown in Fig. 1.2.
The remainder of the report is organized starting
with global-scale climate variables (Chapter 2) to
increasingly divided geographic regions described
in Chapters 3 through 7. Chapter 3 highlights the
global ocean and Chapter 4 includes tropical climate
phenomena such as El Nifio/La Nifia and tropical
cyclones. The Arctic and Antarctic respond differ-
ently through time and hence are reported in separate
chapters (5 and 6). Chapter 7 provides a regional
perspective authored largely by local government
climate specialists. Sidebars included in each chapter
are intended to provide background information on
a significant climate event from 2010, a developing
technology, or an emerging dataset germane to the
chapter’s content.
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A. KAPLAN

Climate variability is not uniform in space; it can be
described as a combination of some “preferred” spatial
patterns. The most prominent of these are known as
modes of climate variability, which affect weather and cli-
mate on many spatial and temporal scales. The best known
and truly periodic climate variability mode is the seasonal
cycle. Others are quasi-periodic or of wide spectrum
temporal variability. Climate modes themselves and their
influence on regional climates are often identified through
spatial teleconnections, i.e., relationships between climate
variations in places far removed from each other.

For example, Walker (1924) named the Southern
Oscillation (SO) and associated its negative phase with
Indian monsoon failure. Later, Bjerknes (1969) connected
negative SO phases with El Niflo occurrences episodes of
amplified seasonal ocean surface warming in the eastern
equatorial Pacific and coastal Peru (Fig. 1.3a). Subsequently,
the El Nino—Southern Oscillation (ENSO) was observed
to be a powerful, demonstrably coupled tropical ocean-at-
mosphere variability with a global set of climate impacts. In
recent years, ENSO events were separated into canonical
(Eastern Pacific) and Central Pacific ENSO events (a.k.a.
“Modoki”, Fig. 1.3b; see Ashok et al. 2007).

Walker (1924) also noticed a smaller-scale (compared
to the SO) seesawing surface pressure between the
Azores and Iceland (Fig. 1.3c) and named it the North
Atlantic Oscillation (NAO; Stephenson et al. 2003). A
positive phase of the NAO strengthens the Atlantic storm
track and moves it northward, resulting in warm and wet
European winters, and cold and dry winters in Greenland
and northeastern Canada. In the negative phase the storm
track is weaker and more eastward in direction, resulting in
wetter winters in southern Europe and the Mediterranean
and a colder northern Europe (Hurrell et al. 2003).

Traditionally, indices of climate variability were defined
as linear combinations of seasonally-averaged anomalies
from meteorological stations chosen in the proximity of
maxima and minima of the target pattern. Since gridded
fields of climate variables are now available, appropriate
regional averages often replace station data. The stron-
gest teleconnections in a climate field are also identified
by pairs of grid points with the strongest anti-correlation
(Wallace and Gutzler 198l). Table I.| defines the most
prominent modes of largescale climate variability and the
various indices used to define them; changes in these
indices are associated with large-scale changes in climate
fields. With some exceptions, indices included in Table I.I
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generally have been (1) used by a variety of authors and (2)
defined relatively simply from raw or statistically analyzed
observations of a single surface climate variable, so that
observational datasets longer than a century exist.

Climate variability modes sometimes force other
modes of climate variability. For example, a principal
component analysis of the North Pacific sea surface
temperature (SST) anomaly field (20°N-70°N), relative
to the global mean, gives a pattern and index of the Pacific
Decadal Oscillation (PDO; Mantua et al. 1997; Zhang et
al. 1997), illustrated in Fig. |.3d. Itis different from ENSO
but thought to be connected to it through atmospheric
bridges and/or internal oceanic wave propagation (New-
man et al. 2003; Newman 2007; Schneider and Cornuelle
2005). Despite being defined with Northern Hemisphere
data only and being similar to the simple mean sea level
pressure-based North Pacific Index (NPI; Trenberth and
Hurrell 1994), the PDO index captures well variability in
both hemispheres and is similar to the Interdecadal Pacific
Oscillation (IPO; Folland et al. 1999; Power et al. 1999).

Principal component analysis of the entire Northern
Hemisphere extratropical sea level pressure field identifies
a leading mode known as the Northern Annular Mode
(NAM) or Arctic Oscillation (AO), which turns out to be
very similar to the NAO (Thompson and Wallace 1998,
2000). The Pacific North American pattern (PNA; Fig.
|.3e) also appears as one of the leading variability patterns
in the Northern Hemisphere. A Southern Hemisphere
analogue of the NAM is the Southern Annular Mode
(SAM, Fig. 1.3f), also referred to as the Antarctic Oscilla-
tion (AAO), calculated using mean sea level pressure, 850
hPa, or 750 hPa geopotential height in the extratropical
Southern Hemisphere (Gong and Wang 1999; Thompson
and Wallace 2000).

Atlantic Ocean meridional circulation is affected by
the Atlantic Meridional Oscillation (AMO; Fig. 1.3g),
which is indexed by the average Atlantic Ocean SST
from which the long-term trend is removed (Enfield et
al. 2001; Trenberth and Shea 2006). Regional modes of
tropical climate variability were identified in Atlantic and
Indian Oceans: Atlantic Nifio mode and tropical Atlantic
meridional mode, Indian Ocean Basin Mode, and Indian
Ocean Dipole mode (Fig. I.3h-k). These modes dominate
SST variability in these regions (Deser et al. 2010). The
“Cold Ocean-Warm Land” (COWL, Fig. 1.3l) variability
is not thought to represent a “true” climate variability
mode (Wallace et al. 1995) but has proved very useful for



interpreting variations in the hemispheric-scale surface
temperature means (Thompson et al. 2008).
The multiplicity of indices defining the same climate

phenomenon arises because no index can achieve a per-
fect separation of a target phenomenon from all other
effects in the real climate system [e.g., see Compo and

is always application specific.

Sardeshmukh (2010) discussion for the ENSO case]. As a
result, each index is affected by many climate phenomena
whose relative contributions change with time periods and
data used. Limited length and quality of observational re-
cord compounds this problem. Thus the choice of indices

Table I.1: Established indices of climate variability with global or regional influence.

Climate Index name Index Definition Primary Characterization /
Phenomenon References Comments
El Nifio — Southern NINO3 SST anomaly averaged Cane et al. Traditional SST-based ENSO
Oscillation (ENSO) over (1986); index
- canonical, Eastern (5°S-5°N, 150°W-90°W) Rasmusson and
Pacific ENSO Wallace (1983)
NINO3.4 SST anomaly averaged Trenberth Used by NOAA to define El
over (1997) Nifo/La Nina events. Detrend-
(SOS—SON, |70°W—|20°W) ed form is close to the It PC of
linearly detrended global field of
monthly SST anomalies (Deser
etal. 2010)
Cold Tongue SSTA (6°N-6°S, 180°— Deser and Matches “cold tongue” area,
Index (CTI) 90°W) minus global mean Wallace (1990) | subtracts effect of the global
SSTA average change
Troup SOI Standardized for each Troup (1965) Used by Australian Bureau of
calendar month MSLP Meteorology
difference: Tahiti minus
Darwin, x10
SOl Standardized difference of | Trenberth Maximizes signal to noise ratio
standardized MSLP anoma- | (1984) of linear combinations of Dar-
lies: Tahiti minus Darwin win/Tahiti records
Darwin SOI Standardized Darwin Trenberth and Introduced to avoid use of the

MSLP anomaly

Hoar (1996)

Tahiti record, considered suspi-
cious before 1935.

Equatorial SOI
(EQSOQI)

Standard difference of
standard MSLP anomalies
over equatorial (5°S—
5°N) Pacific Ocean; east
(130°W-80°W) minus
west (90°E—140°E)

Bell and Halpert
(1998)

Central Pacific El
Nifo (Modoki)

El Nifio Modoki
Index (EMI)

SSTA: [165°E-140°WV,
10°S—10°N] minus
[110°W=70°W, 15°S—
5°N] minus /2[125°E—
145°E, 10°S-20°N]

Ashok et al.
(2007)

A recently identified ENSO vari-
ant: Modoki or Central Pacific
El Nifio (non-canonical)
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VARIABILITY—A. KAPLAN

station data

Climate Index name Index Definition Primary Characterization /
Phenomenon References Comments
Pacific Decadal and Pacific Decadal Ist PC of the N. Pacific Mantua et al.
Interdecadal Vari- Oscillation SST anomaly field (20°N- (1997); Zhang
ability (PDO) 70°N) with subtracted etal. (1997)
global mean
Intedecadal Pa- The 3rd EOF3 of the Folland et
cific Oscillation 13-year low-pass filtered al. (1999);
(IPO) global SST, projected Power et al.
onto annual data (1999)
North Pacific SLP (30°N-65°N, Trenberth
Index (NPI) 160°E-140°W) and Hurrell
(1994)
North Atlantic Lisbon/Ponta Lisbon/Ponta Delgada Hurrell A primary NH teleconnec-
Oscillation Delgada-Styk- minus Stykkisholmur/ (1995) tion both in MSLP and Z500
kisholmur/ Reykjavik standardized anomalies (Wallace and
Reykjavik MSLP anomalies Gutzler 1981); one of rotated
North Atlantic EOFs of NH Z500 (Barnston
Oscillation and Livezey 1987) . MSLP
(NAO) Index anomalies can be monthly,
seasonal or annual averages.
Gibraltar - Gibraltar minus Reykja- Jones etal. Each choice carries to the
Reykjavik NAO | vk standardized MSLP (1997) temporal resolution of the
el aremales NAO index produced that
way.
PC-based NAO Leading PC of MSLP Hurrell
Index anomalies over the (1995)
Atlantic sector (20°N—
80°N, 90°W-40°E)
Annular modes: PC-based AO Ist PC of the monthly Thompson Closely related to the NAO
Arctic Oscillation index mean MSLP anomalies and Wallace
(AO), a.k.a. North- poleward of 20°N (1998, 2000)
ern Annular Mode
(NAM) Index and !’C-based AAO Ist PC of gSOhPa or Thompson
Ananeie Csallh index 700hPa height anomalies and Wallace
tion (AAO), a.k.a. south of 20°S (2000)
Southern Annular Grid-based Difference between Gong and
Mode (SAM) Index AAOQO index: normalized zonal mean Wang (1999)
40°S—65°S dif- MSLP at 40°S and
ference 65°S, using gridded SLP
analysis
Grid-based Same as above but uses Nan and Li
AAO index: latitudes 40°S and 70°S (2003)
40°S-70°S dif-
ference
Station-based Difference in normal- Marshall
AAQ index: ized zonal mean MSLP (2003)
40°S—-65°S at 40°S and 65°S, using
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Climate Index name Index Definition Primary Characterization /
Phenomenon References Comments
Pacific/North PNA pattern Y4[Z(20°N, 160°W) Wallace A primary NH teleconnec-
America (PNA) index - Z(45°N, 165°W) and Gutzler tion both in MSLP and Z500
atmospheric tele- + Z(55°N, 115°W) - (1981) anomalies
connection Z(30°N, 85°W)], Z is
the location’s standard-
ized 500 hPa geopoten-
tial height anomaly
Atlantic Ocean Atlantic Multi- 10-yr running mean of Enfield et al. Called “virtually identical” to
Themohaline circu- decadal Oscil- de-trended Atlantic (2001) the smoothed first rotated N.
lation lation (AMO) mean SST anomalies Atlantic EOF mode
index (0°=70°N)
Revised AMO As above, but subtracts Trenberth
index global mean anomaly and Shea
instead of de-trending (2006)
Tropical Atlantic Atlantic Nifio SSTA (3°S-3°N, Zebiak Identified as the two leading
Ocean non-ENSO Index, ATL3 20°W-0°) (1993) PCs of detrended tropical
variability T Atlantic monthly SSTA (20°S—
Atlantic Nifio Ist EC of the qetrended Deser et al. 20°N): 38% and 25% variance
Index, PC- tropical P:tlantls monthly (2010) respectively for HadISSTI,
based SSTA (20°5-20°N) 1900-2008 (Deser et al.
2010)
Tropical Atlan- 2nd PC of the detrended
tic Meridional tropical Atlantic monthly
Mode (AMM) SSTA (20°S—20°N)
Tropical Indian Indian Ocean The Ist PC of the IO de- Deser et al. Identified as the two leading
Ocean non-ENSO Basin Mode trended SST anomalies (2010) PCs of detrended tropical
variability (IOBM) Index (40°E-110°E, 20°S— Indian Ocean monthly SSTA
20°N) (20°S—20°N): 39% and 12% of
the variance, respectively, for
Indian Ocean The 2nd PC of the HadISSTI, 1900-2008 (Deser
Dipole mode 10 detrended SST etal. 2010)
(IODM), PC- anomalies (40°E-110° E,
based index 20°S—20°N)
Indian Ocean SST anomalies: 50°E— Saji et al.
Dipole Mode 70°E, 10°S—10°N)- (1999)
Index (DMI) (90°E-110°E, 10°S-0°)
Cold Ocean COWL Index Linear best fit to the Wallace et Useful for removing some
— Warm Land field of deviations of NH al. (1995); effects of natural climate vari-
(COWL) Variability temperature anomalies Thompson et ability from spatially averaged
from their spatial mean; al. (2008) temperature records.

the COWL pattern
itself is proportional to
the covariance pattern
of the NH spatial mean
with these deviations.
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FiG. 1.3. Selected indices of climate variability, as specified in Table 2.3, for the period 1880-2010, grouped
into categories: (a) Canonical El Nino-Southern Oscillation (ENSO); (b) the Modoki variant of ENSO;
(c) Northern Hemisphere oscillations (NAO, AO, NAM) for the boreal cold season; (d) indices of Pacific
Interdecadal Variability; (e) Pacific-North American indices for the boreal cold season; (f) Southern
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(9) AMO Index (Trenberth and Shea , 2006)
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Hemisphere oscillations (SAM, AAO) for the austral cold season; (g) Atlantic Meridional Oscillation in-
dex; (h) Atlantic Nifio Mode indices; (i) Tropical Atlantic Meridional Mode Index; (j) Indian Ocean Basin
Mode Index; (k) Indian Ocean Dipole indices; and (I) Cold Ocean—Warm Land pattern. Unless otherwise
noted in their panel, 13-month running means of monthly data are shown.
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2. GLOBAL CLIMATE—K. M. Willett, A. ]. Dolman,

B. D. Hall, and P. W. Thorne, Eds.

a. Introduction—-P. W. Thorne

The year 2010 was among the two warmest years
globally since the start of the surface instrumental
record in the late 19th century, although the range
makes it impossible to call the ranking definitively.
It was also the second warmest year in tropospheric
records since the mid-20th century. Glaciers very
likely experienced the 20th consecutive year of nega-
tive mass balance. The hydrological cycle experienced
many extremes and global land precipitation was
anomalously high. Greenhouse gases continued to
increase and ozone depleting substances continued
to decrease. The stratosphere continued to be anoma-
lously cold. This chapter describes these and other
indicators of ongoing changes in the Earth’s climate
system including atmospheric composition and ter-
restrial and cryospheric variables.

Climate is not just about decadal-scale externally
forced variability, thus substantial attention is given
to the major modes of natural variability (see Sidebar
1.1 for a general overview). Globally, 2010 was domi-
nated by two modes of natural climate variability—the
ElNifio-Southern Oscillation (ENSO) and the Arctic
Oscillation (AO). ENSO transitioned from a strong El
Nifio in early 2010 to a moderate-to-strong La Nifa
by the end of the year. Global temperatures typically
lag ENSO by a few months, thus the warm El Nifo
phase had the larger impact upon 2010 temperatures.
The AO reached its most negative value on record
over the winter of 2009/10 and was negative again in
the early winter of 2010/11. This led to extreme cold
winter conditions and snow cover through much of
the Northern Hemisphere midlatitudes and above-
normal winter temperatures in the high northern
latitudes.

A number of new variables are included in this
year’s report. There is a renewed focus on composition
changes and changes in terrestrial variables, provid-
ing a greater reach into these areas than ever before.
As discussed below, global lake temperatures have
increased since 1985 and show similar spatiotemporal
evolution to available land surface records. Global
groundwater fluctuations show a combination of
climate effects and direct human influences. Biomass
inventories show general decreases in the tropics and
increases in midlatitudes, reflecting deforestation
and afforestation, respectively. However, these are
uncertain and may have country-specific errors. The
reader will find many further new insights into ongo-
ing changes in the Earth and its climate.

STATE OF THE CLIMATE IN 2010

Several issues of general interest are highlighted
in sidebars within the chapter to illustrate both the
complexities of global climate monitoring and the
opportunities that new technologies and approaches
afford the community. Building upon the introduc-
tion of ERA reanalyses last year, several alternative
reanalysis products are included for temperature,
humidity, wind speed, and global aerosols. Reanaly-
sis products are also used to estimate global river
discharge patterns. To aid interpretation, Sidebar 2.1
provides a high-level exposition of reanalyses outlin-
ing recent developments along with potential caveats.
This is the first time that many of these products have
been shown together with more traditional climate
datasets, enabling simple broad-brush comparisons.
Satellite data from GRACE satellites are shown to be
hugely important for characterizing changes in ice
sheet mass balance, groundwater, and deep ocean
mass. Land surface winds are immensely challenging
to analyze for long-term behavior but indicate likely
weakening (‘stilling’) over time. Stratospheric water
vapor is very important for radiative balance, with
effects potentially felt at the surface, but it is extremely
challenging to monitor and several mysteries remain
regarding both mechanisms and trends.

Publicly available datasets used in this chapter are
detailed in Table 2.1. Anomalies for 2010 for all those
variables that could be calculated are given in Plate
2.1 and all available time series compiled into Plate
2.2, allowing ease of comparison.

PLATE 2.1. Global annual anomaly maps for those vari-
ables for which it is possible to create a meaningful
2010 anomaly estimate. Reference base periods differ
among variables, but spatial patterns should largely
dominate over choices of base period. Dataset sources/
names are as follows: lower stratospheric tempera-
ture (ERA-Interim); lower tropospheric temperature
(ERA-Interim); surface temperature (NOAA/NCDC);
cloudiness (PATMOS-x); total column water vapor
(AMSR-E over ocean, ground-based GPS over land);
surface specific humidity (ERA-Interim); precipitation
(RSS over ocean, GHCN (gridded) over land); ground-
water 2010-2009 differences (the sum of groundwater,
soil water, surface water, snow, and ice, as an equiva-
lent height of water in cm) (GRACE); river discharge
absolute values (authors); mean sea level pressure
(HadSLP2r); surface wind speed (AMSR-E over ocean,
authors in situ over land); ozone (SBUVs/OMI/TOMS/
GOMEI/SCIAMACHY/GOMEZ2, base period data from
the multi-sensor reanalysis, MSR); FAPAR [SeaWiFS
(NASA) and MERIS (ESA) sensors]; biomass burning
(GFAS). See relevant section text and figures for more
details.
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River Discharge Continent Runoff

-500 -150 -100 075 -050 -025 000 025 050 075 100 150 5.00
Anomalies from 1988-2007 (m s™)

Ozone

ok ;

Runoff (mm yr')

I I I I I
-50.00 -25.00 -15.00 -10.00 -6.00 -3.00 000 300 600 1000 1500 25.00 50.00

Anomalies from 1980-2008 (DU)

A2 <10 k] 6 -4 -2 0 2 4 6 8 10 12

T I I I I I
015 010 005 003 002 001 000 001 002 003 005 010 015

Anomalies from 1998-2010 (FAPAR)

Biomass Burning (Average Fire Radiative Power)
() L i

-15.00 -10.00 750 -500 250 100 000 100 250 500 7.0 1000 1500
Anomalies from 1961-1980 (hPa)

— T—T
-1.000 -0.500 -0.100 -0.050 -0.010 -0.001 0.001 0.010 0.050 0.100 0.500 1.000

Anomalies from 2003-2009 (kg C m?)

STATE OF THE CLIMATE IN 2010 JUNE20I1 BANS | $§29



Table 2.1. Sources of those datasets used in this chapter that are publicly available.

Source Datasets Section
http://nomads.ncdc.noaa.gov/ NCEP CFSR Sidebar 2.1, bl, cl, d2
http://gmao.gsfc.nasa.gov/merra/ MERRA zizdebar 2 bLIBL7 SER G
http://www.esrl.noaa.gov/psd/data/20thC_Rean/ 20CR Sidebar 2.1, b2, b3, cl, d2

. . . Sidebar 2.1, bl, b2, b3, cl,
http://www.ecmwf.int/research/era ERA-Interim 2, Sidebar 2.3

. . Sidebar 2.1, bl, b2, b3, cl,
http://www.ecmwf.int/research/era ERA-40 d2, Sidebar 2.3
http://jra.kishou.go.jp/ JRA-25 Sidebar 2.1, bl, b2, cl, d2

Observations — Atmospheric Dynamics
e g s HadCRUT3; HadSLP2r; HadAT2; Had- bl, b2, b3, cl,
CRUH dl

http://www.ncdc.noaa.gov/cmb-fag/anomalies.html NOAA/NCDC bl
http://data.giss.nasa.gov/gistemp/ NASA GISS bl, b4
http://www.ncdc.noaa.gov/oa/climate/ratpac RATPAC b2, b3
http://www.univie.ac.at/theoret-met/research Raobcore |.4, RICH b2, b3
http://vortex.nsstc.uah.edu/public/msu/ UAH v5.4 b2, b3
http://www.remss.com RSS v3.3, SSM/I, AMSR-E, TMI z%’ 2 G2 B8
httP://www.star.nesdis.noaa.gov/smcd/emb/mscat/mscat- STAR 2.0 b2, b3
main.htm
http://www.noc.soton.ac.uk/noc_flux/noc2.php,
http://dss.ucar.edu/datasets/ds260.3/ NOCS 2.0 cl
by mail to adai@ucar.edu Dai cl
http://cosmic-io.cosmic.ucar.edu/cdaac/index.html COSMIC c2
http://www.eol.ucar.edu/deployment/field-deployments/
: - GPS c2
field-projects/gpspw
http://precip.gsfc.nasa.gov GPCP c3
http://www.ncdc.noaa.gov/oa/climate/ghcn-monthly/indes. GHCN a3
php
http://www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html GPCC c3
http://www.esrl.noaa.gov/psd CMAP c3
http://www.ncdc.noaa.gov/cdr/operationalcdrs.html PATMOS-X c5
http://www.ncdc.noaa.gov/HObS/ HIRS c5
http://ladsweb.nascom.nasa.gov MODIS c5
E:tr:::;//eosweb.Iarc.nasa.gov/PRODOCS/misr/level3/overview. MISR 5. f2
http://www.atmos.washington.edu/~ignatius/CloudMap SOBS c5
http://isccp.giss.nasa.gov ISCCP D2 c5
http://www:nct‘jc.noaa.gov/oa/cIlmate.lsd.lndex. ISD-LITE Sidebar 2.3
php?name=isdlite
http://ceres.larc.nasa.gov/sitemap_ceres.php CERES e
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Terrestrial

http://largelakes.jpl.nasa.gov/2010-result Lake Temperature Data b4
http://climate.rutgers.edu/snowcover Snow Cover c4
http://grdc.bafg.de ) )

http://www.gtn-h.net River Discharge c6
http://nsidc.org/data/g02190.html Permafrost Data c7
http://gracetellus.jpl.nasa.gov/relatedSites/ GRACE c8
http://www.csr.utexas.edu/grace/science_links.html Sidebar 2.2

http://www.ipf.tuwien.ac.at/insitu
http://gcmd.nasa.gov/records/GCMD_GES_DISC_LPRM_AM- Soil Moisture c9
SRE_SOILM2_VO00I.html

http://tethys.eaprs.cse.dmu.ac.uk/RiverLake/shared/main
http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/

Altimetric Lake Level products clo
http://www.pecad.fas.usda.gov/cropexplorer/global _reservoir
index.cfm
http://gcmd.nasa.gov/records/ GCMD_GLWD.html The Global Lake and Wetland Database | cl0
http://www.geo.unizh.ch/wgms/ Glaciers gl
http://fapar.jrc.ec.europa.eu/ FAPAR g2
http://www.globalfiredata.org/ Biomass Burning g3
http://gmes-atmosphere.eu/fire GFAS/GFED g3

Atmospheric Composition

http://www.esrl.noaa.gov/gmd/dv/iadv/ CO,,CH,, CO fl
http://www.cmdl.noaa.gov/odgi/ ODGI fl
http://www.esrl.noaa.gov/gmd/hats/combined/N2O.html N,O fl
http://www.esrl.noaa.gov/gmd/hats/combined/SFé.html SF, fl
http://www.esrl.noaa.gov/gmd/hats/combined/CFCI|.html CFC-11 fl
http://www.esrl.noaa.gov/gmd/hats/combined/CFCI2.html CFC-12 fl
http://www.esrl.noaa.gov/gmd/aggi/ AGGI fl
http://agage.eas.gatech.edu/ PFCs fl
http://www.gmes-atmosphere.eu/data/ Aerosols f2

SBUV/TOMS/OMI MOD V8 merged

http://acdb-ext.gsfc.nasa.gov/Data_services/merged/ f3

ozone dataset

GOME/SCIAMACHY/
http://www.iup.uni-bremen.de/gome/wfdoas GOMES?2 total ozone datasets, GSG| 3

merged data
ftp://ftp.tor.ec.gc.ca/Projects-Campaigns/ZonalMeans/ WOUDC groundbased ozone f3
http://m|rad_or.gs.fc.nasa.gO\.//cgl_-b|n/mlrador/presentNawga- OMI total ozone (OMTO3) A
tion.pl!tree=projectandproject=OMI
http://www.temis.nl/protocols/O3global.html Multi sensor reanalysis (MSR) f3

of total ozone
htFp://wv.vw.cpc.ncep.noaa.gov/products/preCIp/CWI|nk Avete @sdllkden (40) A
daily_ao_index/ao.shtml
ftp://ftp.cmdl.noaa.gov/ozwv/water_vapor/Boulder_New/ Boulder water vapor balloon Sidebar 2.4
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index. MLS data Sidebar 2.4
shtm
http://haloe.gats-inc.com/home/index.php HALOE data Sidebar 2.4

STATE OF THE CLIMATE IN 2010 JUNE20I1 BANS | $3I



(h)g Cloudiness

Lower Stratospheric Temperature Anomaly
(1989-2001)

(1.0 Total Column Water Vapor

- E (1997-2009)

(b) 0.5 Lower Tropospheric Temperature Anomaly

(1989-2001)

4} (1989-2001)

- Specific Humidity over Land

(c) 0.5F-Surface Temperature Anomaly

E (1989-2001)

.4} Specific Humidity over Ocean
2 (1989-2001)

V.

A

Ocean Surface Wind
(1989-2001)

Relative Humidity over Land

(1993—2001)

» E Tanl gil \ Pre
£ o00F NN V)
-02F W
-0 g’_
(e) Northern Hemisphere Snow Cover 2F Relative Humidity over Ocean|
& 2E(1966-2010) L (1989-2001)
g 1
— 0
o
= A
E 2
-3
f E Precipitation over Land FAPAR
) s0 E-(1961-1990) F (1998-2010)
'is.‘ 3
£ 0
E L
-50F E
(g) 40[-Precipitation over Ocean % 2 Groundwater
205(1988-2010) = 1}(2003-2007)
5 0 go
E 20 £ -1
-40 T2
=
-80 £ -3L
1890 1920 1950 1980 2010 © 1970 1980 1990 2000 2010
Year Year

PLATE 2.2. Global average anomaly time series for those variables for which it is possible to create a meaningful
estimate. Reference base periods differ among variables, even within panels. For comparison, all time series
for each variable have been adjusted to have a mean of zero over a common period which is labeled. Dataset
types are as follows: lower stratospheric temperature (a; 4 radiosondes - black, 3 satellites - red, 3 reanalyses
- blue); lower tropospheric temperature (b; 4 radiosondes - black, 2 satellites - red, 5 reanalyses - blue); sur-
face temperature (c; 3 in situ - black, 5 reanalyses - blue); surface wind speed over ocean (d; | satellite - red,
6 reanalyses - blue); Northern Hemisphere snow cover (e; 3 satellite regions - red); precipitation over land
(f; 3 in situ - black); precipitation over ocean (g; 3 satellites - red); cloudiness (h; | in situ — black, 5 satellites -
red); total column water vapor (i; 3 satellites - red, | GPS - black); surface specific humidity over land (j; 2 in
situ - black, 6 reanalyses - blue); surface specific humidity over ocean (k; 3 in situ - black, 3 reanalyses - blue);
surface relative humidity over land (I; 2 in situ - black, 5 reanalyses - blue); surface relative humidity over ocean
(m; 2 in situ - black, 2 reanalyses - blue);. Fraction of Absorbed Photosynthetically Active Radiation (FAPAR)
(n; | satellite - red); groundwater (o; | satellite — red). See relevant section text and figures for more details
including data sources.
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Table 2.2. Reanalyses products included in the Global Chapter.

Reanalyses
Product and
Reference

Data Assimilated

Variables shown
in the Global
Chapter

NCEP CFSR, Saha et
al. 2010

Atmospheric data: wind, temperature, humidity from radiosonde / dropsonde /pilot bal-
loons/ profilers / aircraft; Surface pressure, temperature, humidity, wind, from ship/buoy
reports; Surface land pressure from SYNOP/METAR; Retrieved ozone from satellites;
Retrieved winds and radiances from geostationary satellites, Ocean surface wind from
scatterometers; Radiances from temperature and humidity sounders: AIRS, HIRS, MSU,
SSU, AMSU-A/B, MHS; Radiances from passive microwave imagers over ocean: SSM/I,
AMSR-E; GPSRO bending angles from CHAMP, COSMIC (from 2001); Multi-sensor
retrieved snow cover from NOAA/NESDIS (from 2003)

Precipitation data: Pentad data set of CPC Merged Analysis of Precipitation and the CPC
unified global daily gauge analysis.

Ocean data: Temperature profiles from mobile platforms: expendable bathy thermo-
§raphs and Argo drifting floats; and fixed platforms: TAO, TRITON, PIRATA, RAM;

alinity profiles synthesized from temperature profiles and climatological temperature
correlations and observed by Argo drifting floats.

SST: Two daily SST analysis products were developed using optimum interpolation (Ol).

2m temperature; 2m spe-
cific humidity; 10m ocean
windspeed

MERRA, Rienecker
etal. 2011

Atmospheric data: Winds, temperature and humidity profiles from radiosondes, drop-
sondes, pilot balloons and profilers; NEXRAD radar winds (1998—present); Surface pres-
sure from land SYNOP reports; surface pressure, winds, temperature and humidity from
ships and buoys; synthetic surface pressure observations (PAOBS); Temperature- and
humidity-sensitive infrared radiances from HIRS and SSU (1979-2006); Temperature-sen-
sitive microwave radiances from MSU (1979-2007) and AMSU-A (1998—present); Wind
and temperature reports from aircraft; Cloud-track winds from geostationary satellites
and from MODIS (2002-present); Moisture-sensitive radiances from SSM/I (1987-2009)
and AMSU-B (1998—present), precéaitation, and surface wind-sgeed over the ocean from
SSM/I; Marine surface winds from ERS-1 (1991-1996), ERS-2 (1996-2001) and QuikScat
(1999-2009); Temperature and moisture sensitive radiances from GOES sounders; TRMM
rain rate; Temperature- and humidity-sensitive IR radiances from AIRS

2m temperature; MSU

2LT equivalent lower
tropospheric temperature;
MSU 4 equivalent lower
stratospheric temperature;
2m specific humidity; [0m
ocean windspeed

JRA-25, Onogi et al.
2007

Atmospheric data: Surface pressure, Radiosondes, Wind profiler, Aircraft wind, PAOBS,
Tropical cyclone wind retrieval, AMV (including reprocessed wind), Infrared radiances
from HIRS/SSU, Microwave radiances from MSU/AMSU/MHS, Precipitable water retrieval
from microwave imagers, Scatterometer wind

Surface data: Surface temperature, humidity and wind; Snow depth (including digitized
data over China), Snow cover retrieval from microwave imagers

2m temperature; MSU 2LT
equivalent lower tropo-
spheric temperature; 2m
specific humidity; 2m rela-
tive humidity; 10m ocean
windspeed

ERA-Interim, Dee et
al. 2011

Atmospheric data: Upper-air wind, temperature and humidity from radiosondes; drop-
sondes; pilot balloons and profilers; aircraft; Surface pressure, temperature and humidit;
from land SYNOP reports; surface pressure, temperature, humidity and wind from SHI
reports; surface pressure, temperature and wind from buoys; surface pressure from
METAR; snow depth from SYNOP reports; Retrieved ozone from satellites; Retrieved
winds from geostationary satellites; Radiances from temperature and humidity sound-
ers: HIRS, SSU, MSU, AMSU-A/B, MHS; Radiances from passive microwave imagers over
ocean: SSM/I, SSMI/S, AMSR-E; Ocean surface wind from scatterometers on ERS-1,
ERS-2, QuikSCAT (from 1992); Radiances fromgeostationary infrared imaéers on GOES,
Meteosat and MTSAT (from 2001); GPSRO bending angles from CHAMP, COSMIC,
GRAS (from 2001); Radiances from high-spectral resolution sounder: AIRS (from 2003);
Retrieved winds from polar orbiting satellites: MODIS (from 2007)

Surface data: Multisensor retrieved snow cover from NOAA/NESDIS (from 2003)

2m temperature; MSU

2LT equivalent lower
tropospheric temperature;
MSU 4 equivalent lower
stratospheric temperature;
2m specific humidity; 2m
relative humidity; 10m
ocean windspeed; 10m
land windspeed

ERA-40, Uppala et
al. 2005

Atmospheric data: Upper-air wind, temperature and humiditg from radiosondes, drop-
sondes, pilot balloons, TWERLE balloons (1975-1976) and U Pprofilers (from 1996);
Surface pressure, temperature and humidity from land SYNO refports; surface pressure,
temperature, humidity and wind from SHIP reports; snow depth from SYNOP reports
and ﬂaecialised datasets; Temperature- and humidity-sensitive infrared radiances from
VTP (I973—I978§ and HIRS/SSU (from 1979); Flight-level wind and temperature from
aircraft (from 1973); Temperature-sensitive microwave radiances from MSU and AMSU-A
(from 1979); Retrieved winds from geostationary satellites (from 1979); Surface pres-
sure, temperature and wind from bu0{s (from 1979); Total ozone from TOMS and ozone
profiles from SBUV (from 1979); Total column water vapour and surface wind-speed over
ocean from SSM/I (from 1987)

Surface data: Synthetic surface-pressure obs from satellite imagery (from 1973); Oceanic
wave height and surface wind from ERS 1&2 (from 1992)

2m temperature; MSU

2LT equivalent lower
tropospheric temperature;
MSU 4 equivalent lower
stratospheric temperature;
2m specific humidity (not
ocean); 2m relative humid-
ity (not ocean); |0m ocean
windspeed

20CR, Compo et al.
2011

Surface and Sea Level Pressure only

MSU 2LT equivalent lower
tropospheric temperature;
2m specific humidity; 2m
relative humidity; 10m
ocean windspeed
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SIDEBAR 2.1: THE USE OF REANALYSIS DATA FOR MONITORING
THE STATE OF THE CLIMATE—D. DEE, P. BERRISFORD, M. G. BOSILOVICH, M. CHELLIAH,

G. COMPO, A. EBITA, P. D. JONES, S. KOBAYASHI, A. KUMAR, G. RUTLEDGE, S. SAHA, H. SATO, A. SIMMONS, C.
SMITH, AND R. VOSE

Estimates of atmospheric temperature, humidity, and wind
from several reanalyses have been included among the many
datasets used in this issue of BAMS State of the Climate in 2010
(Table 2.2). A global atmospheric reanalysis is a coherent,
multivariate reconstruction to determine the state of the
atmosphere using observations and a consistent technique to
combine them objectively (Fig. 2.1). The reconstructions are
created with model-based data assimilation methods similar to
those employed for numerical weather prediction. Reanalyses
rely on a forecast model to propagate information in space and
time, and to impose physically meaningful constraints on the
estimates produced. In this way it is possible, for example, to
extract useful information about rainfall from satellite obser-
vations of temperature and humidity, or to infer large-scale
features of the global circulation in the early 20th century from
only surface pressure observations available at the time (e.g,,
Compo etal. 2011).

Several centers now routinely extend their latest reanalyses
close to real time and provide product updates to users at a
short delay. Timely, comprehensive estimates of global climate
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FiG. 2.1. Time series of (a) the number (millions) and
types of observations considered for assimilation dur-
ing a six-hour window and (b) those observations actu-
ally assimilated. (Source: Rienecker et al. 2011)
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variables, consistently produced with an unchanged data as-
similation system, can be useful for climate monitoring. It is
clearly necessary, however, to evaluate uncertainties before
drawing conclusions from assessments of year-to-year changes
in climate based on reanalysis data. The accuracy of estimated
trends and variability for any given variable depends on the
strength of the observational constraint. This constraint var-
ies throughout the reanalysis period as the input observations
change in quality, quantity, and platform type. The contribu-
tion of observations also depends on the biases, errors, and
uncertainties in the forecast models. Intercomparison of dif-
ferent reanalyses can be useful when considering trends over
longer periods. Where possible, estimates from reanalysis data
should also be compared with independent estimates based on
observations alone. This is especially important for variables
(such as precipitation) that are only indirectly constrained by
the assimilated observations and hence depend crucially on the
quality of the assimilating forecast model (Fig. 2.2).

Since first produced in the 1980s, reanalysis data have
been widely used for research in the atmospheric sciences.
Reanalysis is a rapidly evolving field; successive generations
of products have improved in quality and diversity, reflecting
major advances in modeling and data assimilation in recent
decades. New reanalysis products additionally benefit from
improvements in the observations and other required input
datasets, such as specifications of sea surface temperature and
sea ice concentration. These are the result of ongoing efforts
in data reprocessing and recalibration by satellite agencies and
other data providers, as well as recovery and digitization of
early instrumental data that have not previously been used.
The value and appeal of reanalyses arise from the accumulation
of these benefits and their encapsulation in a comprehensive
dataset conveniently provided on global grids. As reanalyses
proliferate, metadata about the assimilated observations and
forecast model become essential components for any assess-
ment. A forum for sharing such information among producers
and users of reanalysis data has recently been established at
http://www.reanalyses.org.

Evaluation of the quality of reanalysis products is often
provided by users, based on many different measures. Appli-
cations vary greatly, ranging from predictability and process
studies to the validation of ecological models of biodiversity.
Producers of reanalysis datasets closely monitor the quality of
fit to observations used, the ability of the assimilating model
to predict those observations, and the adjustments made to
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FiG. 2.2.ERA-Interim 2010 anomaly maps for 2 m relative humid-
ity, 2 m temperature, and precipitation (accumulated in the 12
hr-24 hr range from twice-daily forecasts initiated at 00 UTC and
12 UTC), all relative to 1989-2008 base period averages. Note ef-
fects of the Russian dry heat wave and extreme rainfall in Austra-
lia. There is higher confidence in temperature and humidity where
these are well constrained by observations and independently
verified (Simmons et al. 2010). Uncertainties are largest in polar
areas and central Africa. There is less confidence in precipitation,
which is only indirectly constrained by observations—anomalies
are likely excessive over tropical oceans but reasonable over most
land points (Dee et al. 2011).
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the predictions by the data assimilation procedure.
These so-called analysis increments represent the
net impact of the observations on the reanalyzed
atmospheric fields. Systematic increments may be
due to residual biases in observations, in the fore-
cast model, or both. They can introduce artificial
sources and sinks of heat, energy, and water in the
reanalysis, and hence affect the global budgets for
these quantities. Changes in the mean increments
(e.g., associated with changes in the observing sys-
tem) can affect trend estimates for basic climate
variables derived from reanalysis data.

Reanalyses are used in the analysis of several vari-
ables in this chapter. Like more traditional observa-
tional datasets, individual reanalysis datasets have
strengths and weaknesses. Although there have
been a limited number of peer-reviewed compari-
sons [e.g., Simmons et al. (2010) for surface tem-
perature and humidity; Dessler and Davis (2010)
for free tropospheric humidity], in general, the
performance of individual reanalysis products for
specific parameters has not been rigorously quanti-
fied. The construction of reanalysis is a complex
endeavor, and it is not unexpected that there will
be a degree of spread among the reanalyses. Con-
temporary reanalysis products show considerably
smaller spread than earlier generations, reflecting
substantial advances in analysis methods, especially
in the area of satellite data assimilation and in the
ability to deal with biases in observations. These
advances are expected to continue with coming
generations of new reanalysis products.
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Global mean surface tem- o s .
perature in 2010 ranked as 3 g [~ Jill
either the warmest or second 5 i
warmest year in the instrumen- 30°S}— il
tal record. The rank depends 5 i
on which of the three method- 60°S|— L St S , B
ologically independent analy- - WA AL O
bbb bbby dwouedioodossdss bl

ses presented in this section are
considered (NASA/GISS, Han-
sen et al. 2010; HadCRUTS3,
Brohan etal. 2006; and NOAA/
NCDC, Smith et al. 2008). data are unavailable.
The year was 0.50°C above the
1961-90 average annual value in HadCRUT3 (second
warmest after 1998), 0.52°C in the NOAA/NCDC
analysis (tied warmest with 2005), and 0.56°C in
the NASA/GISS analysis (tied warmest with 2005).
The analyses use air temperatures over land and sea
surface temperatures observed from ships and buoys.
While they differ in their methods, which can lead
to differences in the annual ranks, all three analyses
are in close agreement (Fig. 2.3) that the global aver-
age surface temperature increased at a rate of 0.7°C
per century since 1900 and approximately 0.16°C per
decade since 1970.

Global average temperature can also be estimated
from reanalyses (see Sidebar 2.1). These all indicate
2005 as the warmest year on record. Two of the

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1870 1880 1990 2000 2010

Year

reanalyses (ERA-Interim and JRA) give 2010 as the
second warmest year (Fig. 2.3).

The year 2010 was characterized by two large-scale
modes of variability that affected weather conditions
across the globe—the El Nino-Southern Oscillation
(ENSO) and the Arctic Oscillation (AO). The strong
ElNifo in the tropical Pacific Ocean during the first
half of 2010 contributed to the exceptional warmth
observed globally, resulting in one of the top two
warmest January-June periods on record. El Niflo
persisted through April, but sea surface temperatures
then declined rapidly across the tropical Pacific
Ocean, giving way to La Nifa conditions. By July La
Nina was well established and by the end of the year
it had intensified to a moderate-to-strong La Nifia.
Despite the rapid development and
strength of the La Nina, global aver-

age sea surface temperatures remained

relatively high throughout the year.
Above-average sea surface temperatures
were present during the year across the
Atlantic and Indian Oceans, with the

most prominent warmth across the
tropical Atlantic (Plate 2.1c).
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. 2.3.Global average surface temperature annual anomalies. For
the in situ datasets 2 m surface temperature is used over land and
sea surface temperature over the oceans. For the reanalyses,a2 m
temperature is used over the whole globe. In situ datasets and the
ERA-40 reanalysis use the 1961-90 base period whereas all other
reanalysis datasets use the 1989-2008 base period. However, to aid

2010, contributing to unusually low
temperatures over much of northern
Eurasia and parts of the United States.
Abnormal warmth affected much of
Africa and southern Asia, with notable
warm anomalies also across Canada
and northern South America. Overall,

comparison, all time series have been adjusted such that they give

a mean of zero over the common period 1989-2001.
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Fic. 2.4. HadCRUT3 monthly mean anomalies of surface temperature by
latitude based on the 1961-90 base period. Gray areas indicate regions where
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second half of the year (Fig. 2.6).

For the previous 32 (satellite) and 53 (ra-
diosonde) years of records, 2010 ranked as
warmest in RATPAC and second warmest

year to 1998 in most of the datasets, though
the difference is sufficiently small as to not be

considered significant (Fig. 2.5). Global aver-
age anomalies were constructed using three

systems: balloon-based radiosondes; satellite-
based microwave sensors; and reanalyses (see
Sidebar 2.1 for general information about
reanalysis).

In the zonal mean, the evolution from a
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Fic. 2.5. Global average lower tropospheric temperature annual
anomalies for the MSU 2LT (or equivalent) layer. Radiosonde
[HadAT2 (Thorne et al. 2005-465 day, 384 night stations),
RATPAC (Free et al. 2005-85 stations), RAOBCORE 1.4
(Haimberger 2007-1184 stations) and RICH (Haimberger et
al. 2008-1184 stations)] and Satellite [UAHv5.4 (Christy and
Norris 2009) and RSSv3.3 (Mears and Wentz 2009)] datasets
use the 1981-2010 base period. ERA-40 uses the 1961-90 base
period whereas all other reanalysis datasets use the 1989-2008
base period. However, to aid comparison, all time series have
been adjusted such that they give a mean of zero over the com-

mon period 1989-2001.

clear La Nifa signal of cool tropics in the
first half of 2008 to warm El Nifo conditions
through most of 2010 is marked (Fig. 2.6).
Other longer-lived cool tropical events oc-
curred around 1985, 1989, and 2000. Warmth
similar to 2010 is seen in warm El Nifos of
1982/83 and 1997/98. The cooling seen in
1992 is related to the volcanic eruption of
Mount Pinatubo. Since the very warm 1998
El Nifo, there appears to be a prevalence
of warmer temperatures in the northern
latitudes, tropics, and southern midlatitudes
relative to prior years. In high southern lati-

the Northern Hemisphere land temperature was well
above average throughout the year (Fig. 2.4).

2) LOWER TROPOSPHERIC TEMPERATURES—]. Christy

Based on several sources of processed observations,
the global lower tropospheric layer (TLT, surface to
~8 km) was approximately +0.4°C warmer than the

tudes, there appears to be no long-term trend.

The estimated linear trend for the entire time se-
ries (Fig. 2.5) beginning in 1958 (radiosonde era) and
also beginning in 1979 (satellite era) is +0.15 + 0.02°C
per decade where the “+0.02” represents the range of
the values calculated from the various data products
listed. There is no indication of acceleration of the

1981-2010 period average (Fig. 2.5, shown
using a different base period). The year
began in a strong warm-phase ENSO (El
Nifio) with individual monthly anomalies
for January-April in some datasets being
the warmest observed. When the tropical
Pacific Ocean experiences large ENSO
temperature anomalies, global TLT re-
sponds with similar temperature changes
which, for the global average, lag the sur-
face fluctuations by two to four months
(Christy and McNider 1994). The 2010
warm phase switched rapidly to a cool
phase (La Nifia) as the year progressed.
Given the lagged response, global TLT
anomalies remained above average and
cooled slowly while those of the tropical
Pacific Ocean fell below average in the
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Fic. 2.7. Global average lower stratospheric tempera-
ture annual anomalies for the MSU 4 (or equivalent)
layer. Radiosonde [HadAT2 (Thorne et al. 2005-465
day, 384 night stations), RATPAC (Free et al. 2005-85
stations), RAOBCORE 1.4 (Haimberger 2007-1184
stations) and RICH (Haimberger et al. 2008-1184
stations)] and Satellite [UAHv5.4 (Christy and Norris
2009), RSSv3.3 (Mears and Wentz 2009) and STAR
2.0 (Zou et al. 2009)] datasets use the 1981-2010 base
period. ERA-40 uses the 1961-90 base period and
all other reanalysis datasets use the 1989-2008 base
period. All time series have been adjusted such that
they give a mean of zero over the common period
1989-2001 to aid comparison.

trend, though the relatively large excursions from the
trend line make possible other interpretations than a
single straight line (Seidel and Lanzante 2004).

The teleconnection patterns related to El Nifio
are somewhat muted in the 2010 annual average
as the opposing effects of La Nifia appeared late in
the period. The El Niflo impact is seen in the geo-
graphical distribution of anomalies in Plate 2.1b with
widespread warmer-than-average tropical values
and cooler-than-average anomalies in the northeast
and southeast Pacific. Significant warm anomalies
are seen from Hudson Bay to Greenland, the tropi-
cal North Atlantic eastward to Russia, and in
much of the midlatitude Southern Hemisphere.
Regions of cooler-than-average anomalies oc-
curred in the southeastern U.S. northeastward
to Europe, northern Asia, Australia, southern
South America, and western Antarctica.

8
o 4

latitude

8
@

3) LOWER STRATOSPHERIC TEMPERATURES—M. Free

Efforts are underway to produce improved
climate data records from the Stratospheric
Sounding Unit (SSU) data and ultimately to
merge them with the ongoing Advanced Micro-

2
@

reliable assessment of recent changes in temperature
in the upper stratosphere and therefore the scope of
this section is limited to the lower stratosphere.

The average temperature of the global lower
stratosphere in 2010, for the layer measured by the
MSU satellite data, was warmer than the mean of
the previous 10 years in most datasets (Plate 2.1a;
Figs. 2.7 and 2.8) but more than 1°C cooler than the
early 1960s. It was ~0.1°C-0.2°C warmer than 2009
and ranked roughly 14th coolest since 1979—the
exact ranking depends on the dataset. The global
mean trends for 1958-2010 in radiosonde datasets
(weighted to approximate the MSU retrieval) range
from -0.29°C to -0.36°C per decade, and the trends
for radiosonde and MSU datasets for 1979-2010 are
-0.31°C to -0.54°C per decade. The MSU data show
smaller cooling trends than the radiosonde datasets.
Most reanalyses show generally similar evolution of
the global mean stratospheric temperature to that
shown by the other datasets. In the tropics, cooling
trends for 1979-2010 are strongest in boreal winter
months and minimal in March-April, while trends
in Arctic temperatures have a roughly opposite sea-
sonality. Trends in the Antarctic stratosphere show
the strongest cooling from November to February
(Free 2011), and November and December 2010 were
unusually cool in that region.

Figures 2.7 and 2.8 show an overall cooling trend
through the mid-1990s, interrupted by volcanic
warming, with little change in temperature since
1995. Interannual variability in global mean tem-
peratures in the lower stratosphere is dominated by
warming resulting from the major volcanic erup-
tions of Mount Agung (1963), El Chichén (1982) and
MountPinatubo (1991). This effect is largest in the
tropics and tends to be accompanied by a strength-
ening of the Arctic polar vortex and cooling near the
North Pole. In the tropical stratosphere, the Quasi-
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Fic. 2.8. RSS monthly mean anomalies of lower stratospheric
temperature by latitude. A 1989-98 base period is used. Gray
areas indicate regions where data are unavailable.

wave Sounding Unit (AMSU) data (Randel et al.
2009a). However, this work does not yet enable
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Biennial Oscillation (QBO) is the strongest source
of interannual temperature variation (Baldwin et al.
2001; Fig. 2.8). This oscillation in temperature and
zonal wind direction propagates from the upper to the
lower stratosphere with a time period of about 24-30
months for a complete cycle. The QBO response in
the deep tropics is out of phase with its counterparts
at higher latitudes (Fig. 2.8), and so the QBO effect
on stratospheric temperature is much smaller in the
global mean than in the tropics. Similarly, although
El Nifo tends to cool the lower stratosphere in the
tropics and warm it in the Arctic (Free and Seidel
2009; Randel et al. 2009b), especially in boreal s
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11-year solar cycle is at its maximum and cooler at its
minimum. The observed global time series of lower
stratospheric temperature reflects the combination of
these natural sources of interannual variability with

Buoy Trend (°C yr')
FiG. 2.9. Comparison of 1985-2009 Jul-Sep nighttime
lake surface temperature trends derived from satellite
data with those obtained from hourly measurements

long-term anthropogenic cooling effects from ozone
depletion and greenhouse gases.

In 2010, the QBO began in an easterly phase and
then shifted to the westerly phase in the second half of
the year, and this plus the shift to La Nifia conditions
caused the tropical stratosphere to warm in the fall
(Fig. 2.8). Although the Arctic stratosphere warmed
in February, this warming was not as unusually
large as that of 2009. The Antarctic polar vortex was
larger than average during 2010 and was relatively
undisturbed after two warming events in July and
August. The behavior of the Antarctic ozone hole is
discussed in section 6g.

4) LAKE TEMPERATURE—P. Schneider and §. J. Hook

The temperatures of lakes and other inland water
bodies are excellent indicators of climate change (Aus-
tin and Colman 2008; Livingstone 2003; Williamson
etal. 2009). Previously, in situ temperature data have
been used to measure the impact of climate change
on lakes (Coats 2010; Quayle et al. 2002; Verburg et
al. 2003). While these data are usually quite accu-
rate, their availability is restricted to a few sites and
continuous, reliable, long-term in situ observations
are rare. Satellite thermal infrared (TIR) data have
also been used to measure lake surface temperature
(Crosman and Horel 2009; Hook et al. 2003; Hook
et al. 2007; Reinart and Reinhold 2008; Schneider
et al. 2009), though these studies were still limited
geographically.

To provide a more global scope, Schneider and
Hook (2010) utilized 25 years of TIR satellite data

STATE OF THE CLIMATE IN 2010

at nine buoys in the Great Lakes.

at 104 inland water bodies worldwide in order to
determine possible trends in the seasonal nighttime
surface water temperatures and to investigate if any
spatial patterns in the trends would emerge. The
study used seasonally averaged (July-September
and January-March) nighttime data from the series
of Advanced Very High Resolution Radiometers
(AVHRR) and the series of Along-Track Scanning
Radiometers (ATSR) obtained between 1985 and
2009. Satellite-based trends were found to closely
match those derived from buoy data obtained from
the National Data Buoy Center (NDBC), as validated
over the American Great Lakes (Fig. 2.9). Using a
merged dataset consisting of data from two sensors
improves the agreement considerably.

Several consistent spatial patterns emerge from the
mapped trends of the seasonal nighttime lake surface
temperature (Fig. 2.10a). The area of the strongest and
most consistent lake surface temperature increase is
Northern Europe, where Lake Vanern, Lake Vittern,
Lake Ladoga, and Lake Onega have warmed at an
average rate of around 0.08°C yr'!. The magnitude
of the trends decreases slightly towards southeastern
Europe and the Middle East. A more rapid decline in
trend magnitude is visible towards central Asia. Lakes
in North America have been warming at rates around
0.05°C yr'-0.06°C yr'! on average. At lower latitudes,
most inland water bodies showed much slower warm-
ing of 0.025°C yr'! on average. A comparison with
data from the GISTEMP (NASA GISS in section 2bl)
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Fic. 2.10. Global (a) satellite-derived seasonal [Jul-
Sep (JAS) and Jan-Mar (JFM)] nighttime lake surface
temperature trends between 1985 and 2009, and (b)
corresponding 1985 through 2009 JAS trends in surface
air temperature obtained from GISTEMP (Hansen et
al. 2006). JFM trends are not shown due to low number
of JFM stations.

surface air temperature analysis (Hansen et al. 2006;
Fig. 2.10b) shows qualitative agreement.

The average of all time series (Fig. 2.11) highlights
features such as the cooling effect caused by the 1992
Mount Pinatubo eruption and the warm anomaly
caused by the strong 1998 El Nifio event. The mean
trend over all sites is 0.045 + 0.011°C yr'! (p < 0.001)
and is dominated by the large number of water bod-
ies in the midlatitudes of the Northern Hemisphere.
When Northern and Southern Hemisphere are
weighted equally, the global trend is 0.037 + 0.011°C
yr'l. The spaceborne TIR lake temperatures provide
additional independent evidence on temperature
change over land and for assessing the impacts of
climate change throughout the world.

¢. Hydrological cycle
1) Surrace HUMIDITY—K. Willett, A. Dai, and D. Berry
Surface humidity has been monitored at some sites
since the 19th century (e.g., Butler and Garcia-Sudrez
2011). Only during recent decades has the coverage
become near-global, by weather stations over the land
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FiG. 2.11. Global average nighttime lake surface tem-

perature anomalies averaged over all study sites.

and ship and buoy observations over the oceans. His-
torically, both specific humidity (gq) and relative hu-
midity (RH) have been derived from paired wet bulb
and dry bulb thermometers. However, it is becoming
increasingly common to use capacitance sensors to
directly derive RH or dewpoint temperature.

There are three recent global-scale analyses of
surface humidity: Dai (g and RH over land and ocean;
Dai 2006); HadCRUH (q and RH over land and ocean;
Willett et al. 2008); and the NOCS 2.0 (g only) ocean
dataset (Berry 2009; Berry and Kent 2009). Only the
NOCS 2.0 is updated to include 2010, but plans are un-
derway to update HadCRUH over land on an annual
basis, and to homogenize and update the Dai analy-
sis. While all datasets use ship data over the ocean,
HadCRUH and Dai include data from buoys, which
are excluded from NOCS 2.0 owing to quality issues.
All NOCS 2.0 data are then filtered by confidence
in data quality and thus spatial coverage is far less
than that of Dai and HadCRUH, especially over the
Southern Hemisphere. NOCS 2.0 has also been bias
adjusted for changes in ship height and instrument
type over time and includes uncertainty estimates.
Over land, Dai and HadCRUH contain many of the
same station input data but methodologies are dif-
ferent. HadCRUH has been adjusted to remove gross
inhomogeneities over land.

Recently, the ECMWF reanalysis product ERA-
Interim and its predecessor ERA-40 were compared
with land surface humidity from HadCRUH (Sim-
mons et al. 2010) where good overall agreement was
found. For this reason, ERA-Interim is considered
suitable to monitor land surface humidity and so
is used here to provide data for 2010. Other fourth
generation reanalyses products are also shown where
humidity fields are available for comparison.

2010
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Fic. 2.12. Global average surface humidity annual
anomalies. For the in situ datasets 2 m surface humid-
ity is used over land and ~10 m over the oceans. For
the reanalysis datasets, 2 m humidity is used over the
whole globe. The specific humidity (q) and relative hu-
midity (RH) are shown for land and ocean separately.
HadCRUH, HadCRUHext, and ERA (HadCRUH
match) use the 1974-2003 base period. Dai uses the
1976-2003 base period. NOCS 2.0 uses the 1971-2010
base period. The combined ERA-40 (1973-88) and
ERA-Interim (1989-2010) use the 1989-2009 base pe-
riod. All other reanalysis datasets use the 1989-2008
base period. All datasets are adjusted to have a mean
of zero over the common period 1989-2001 to allow
direct comparison. Differences in data ingestion and
sea ice cover between reanalysis datasets, and in spatial
coverage between reanalysis and in situ data, should be
taken into account. For example, slight differences are
shown between ERA spatially matched to the sampling
of HadCRUH (see ‘In situ Land’ panel) compared to
the full spatial coverage time series (see ‘Reanalyses
Land’ panel).

Global surface moisture content, as shown by g,
has been gradually increasing since the early 1970s,
consistent with increasing global temperatures (Fig.
2.12). Trends are similar for both the land and oceans
but with apparent peaks during strong El Niflo events
(1982/83, 1997/98). Since 1998 g over land has flat-
tened somewhat but 2010 shows an increase from
2009. Although there is some spread across the data-
sets, there is good general agreement—Iess so for the
reanalysis-generated ocean gq.

Globally, specific humidity for 2010 (Plate 2.1f)
strongly resembles a La Nifa pattern, and is broadly
consistent with that of precipitation (Plate 2.1g) and
total column water vapor (Plate 2.1e). There are dry
anomalies over the eastern tropical Pacific and moist
anomalies over the western tropical Pacific.

ERA-Interim and HadCRUH-ext show a slight
decline in global land RH from 1998 to present (Sim-

STATE OF THE CLIMATE IN 2010

mons et al. 2010), also shown in MERRA, consistent
with a steady g and coincident rising temperature
over this period. However, 2010 appears to be a
more humid year on average. Prior to 1982, Dai and
HadCRUH show positive RH anomalies over oceans.
While Willett et al. (2008) speculate non-climatic
causes, more recent investigation by Berry (2009)
appears to implicate the North Atlantic Oscillation
(NAO). RH in the reanalyses oceans is inconclusive.

2) TOTAL COLUMN WATER VAPOR—C. Mears, |. Wang, §.
Ho, L. Zhang, and X. Zhou

The map of total column water vapor (TCWV)
anomalies for 2010 (Plate 2.1e) includes data both
from the Advanced Microwave Scanning Radiometer
EOS (AMSR-E; over the oceans; Wentz 1997; Wentz
et al. 2007) and from a subset of the ground-based
GPS stations with continuous data from 1997 through
2010 (J. Wang et al. 2007). This subset was chosen so
that a meaningful anomaly estimate could be calcu-
lated—many more stations would be available if this

-16.0 -8.00 4.00 -2.00 -1.00 -0.50 0.00 0.50 1.00 2.00 4.00 8.00 16.0
Total Column Water Vapor Difference (mm)

FiG. 2.13. Change in total column water vapor anoma-
lies from Jan—Jun 2010 to Jul-Dec 2010. (a) Measure-
ments from AMSR-E and ground-based GPS stations.
(b) Measurements from COSMIC, calculated using cli-
matological data from SSM/l and AMSR-E over ocean
and using climatological data from ground-based GPS
over land.

JUNE 2011 BAMS | S4l



the dramatic drying of the tropical
Pacific as the climate system shifted
to moderate-to-strong La Nifa con-

Fic. 2.14. Anomaly time series of total column water vapor both from
SSM/I, ground-based GPS, and COSMIC (1997-2009 base period). The
COSMIC ocean anomalies are calculated relative to an SSM/I climatol-
ogy for 1997-2009. The COSMIC land anomalies are calculated only at
the locations of GPS ground stations, and are relative to a 1997-2009
ground-based GPS climatology. The time series have been smoothed to
remove variability on time scales shorter than six months.

ditions by fall 2010.
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The combined Special Sensor
Microwave Imager (SSM/I) AM-
SR-E TCWYV, from the world’s
ice-free oceans, shows dramatic

1995 2000
Year

requirement were relaxed since the size of the network
is increasing rapidly with time. There is general agree-
ment between the AMSR-E and ground-based GPS
measurements at locations where overlaps occur with
differences typically less than 0.5 mm. In the Pacific
Ocean there is alarge “C”-shaped dry anomaly, while
in the oceans surrounding northern Australia, there
is a very strong wet anomaly. Both features are associ-
ated with the onset of a moderate-to-strong La Nifia
event during the latter half of 2010. The onset of La
Nifia is depicted more clearly by plotting the TCWV
difference between the July-December and January-
June averages for 2010 (Fig. 2.13). The changes in
TCWYV from early to late 2010 measured by three dif-
ferent measurement systems [AMSR-E (ocean), GPS
(land) and the Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC; land
and ocean; Anthes et al. 2008; Ho et al. 2010] show

2005

maxima in 1987/88, 1997/98, and
2009/10, associated with El Nifo
events (Fig. 2.14). Minima are ap-
parent in Northern Hemisphere
winters during the La Nifia events
0£ 1988/89, 1992/93 (also influenced
by the eruption of Mount Pinatubo),
1999/2000, 2007/08, and late 2010.
GPS data, only available since 1997,
show similar features (Fig. 2.14). An exact match be-
tween SSM/I and AMSR-E and GPS is not expected
since the two measurement systems sample different
regions of the globe. The COSMIC data are in good
agreement with the GPS data, but are biased slightly
low relative to the SSM/I and AMSR-E data. A Hov-
moller plot derived from SSM/I and AMSR-E (Fig.
2.15) shows that the changes associated with El Nifo/
La Nifia are largest in the tropics.

3) PrecipitaTioNn—P. Hennon, M. Kruk, K. Hilburn, X. Yin,
and A. Becker
Annual land precipitation anomalies (Fig. 2.16)
were calculated from the Global Historical Climatol-
ogy Network Monthly Version 2 (GHCN; Peterson
and Vose 1997), the Global Precipitation Climatology
(GPCC; Schneider et al. 2008), and the Global Precipi-
tation Climatology Project Version 2.1 (GPCP; Adler
etal. 2003) datasets, and were determined
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Fic. 2.15. SSM/l and AMSR-E measurements of monthly mean total
column water vapor anomalies by latitude. The anomalies are rela-
tive to a base period of 1997-2009 smoothed in the time direction
to remove variability on time scales shorter than four months. Gray
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areas indicate regions where data are unavailable.
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1 with respect to the 1961-90 mean using

stations reporting a minimum of 25 years
of data during the base period. The global
anomaly for 2010 and percent change
over time are shown using GHCN in
Plate 2.1g and Fig. 2.17, respectively.
The year 2010 exhibited a large posi-
tive mean precipitation anomaly in
GHCN and GPCC (no 2010 data is
yet available for GPCP). The GHCN
indicates the globally averaged annual
precipitation over land was 1112.1 mm,
or 50.4 mm above normal. According
to GPCC, the anomaly was 938.5 mm or
21.5 mm above normal. While both posi-
tive, the difference in magnitude between
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Fic. 2.16. Global average precipitation annual anoma-
lies over land from in situ data. All data are shown
relative to a 1961-90 base period.

the GHCN and the GPCC time series is presumably
tied to the number of available stations for use in the
analysis, with GPCC incorporating at least an order
of magnitude more stations than GHCN (NOAA,
7 January 2011: http://www.ncdc.noaa.gov/ghcnm/
v2.php; Rudolf and Becker 2011).

Global ocean coverage is provided by satellite-
based observations. Microwave sensors measure the
total liquid in the column. The microwave era now
spans 23 complete years, enabling the monitoring
of climate variations. The global ocean precipita-
tion climatology is produced using Remote Sensing
Systems (RSS) intercalibrated passive microwave rain
retrievals from a total of eight microwave imagers
(Hilburn and Wentz 2008a). For 2010, data are avail-
able from the TRMM Microwave Imager (TMI) and
the Advanced Microwave Scanning Radiometer-EOS
(AMSR-E). Data from F13 Special Sensor Microwave
Imager (SSM/I) stopped in November 2009; and while
F15 is still producing data, contamination from a
RADCAL beacon (Hilburn and Wentz 2008b) pre-
cludes their usage for climate monitoring.

Figure 2.18 shows global ocean time series for RSS
as well as Version 2.1 GPCP (Adler et al. 2003) and
V1101 CPC Merged Analysis of Precipitation (CMAP)
data (Xie and Arkin 1997). Analysis of these satellite
datasets shows a return to drier anomalies in 2010
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Fig. 2.17. GHCN measurements of annual mean pre-
cipitation anomalies over land by latitude. The anoma-
lies are relative to a base period of 1961-90. Gray areas
indicate regions where data are unavailable.
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FiG. 2.18. Global average precipitation annual smoothed
anomalies over ocean from satellites. All datasets are
shown relative to a 1988-2010 base period.

after a wet year in 2009. The contrast between the
global land and ocean precipitation is notable.

Precipitation anomalies in 2010, over both land
and ocean reflected the transition from El Nifo to
La Nifa during the boreal summer 2010. Over land
there are drier conditions across the Southern Hemi-
sphere and wetter-than-average conditions across the
Northern Hemisphere midlatitudes (Fig. 2.17). Over
the ocean, the time-latitude section (Fig. 2.19) shows
a wet anomaly just north of the Equator, replaced by
a dry anomaly midyear. The subtropical Southern
Hemisphere was covered by an expansive but weak
dry anomaly. Both the northern and southern mid-
latitudes had moist anomalies. The anomaly map for
2010 (Plate 2.1g) shows a complex mix of El Nifio- and
La Nina-related anomalies over the western tropical
Pacific and wet anomalies over the southern Indian
Ocean. Wet anomalies surrounded the Indian sub-
continent and the Atlantic Ocean.

The seasonal analyses of global precipitation
anomalies over land (Fig. 2.20) show patterns consis-
tent with El Nifo in December-February (a) and the
transition to the developing La Nifa in late-season
[March-May, (b)], with classic La Nifa patterns by
June-August (c) continuing through September-No-
vember (d). During March-May the Northern Hemi-
sphere exhibited wetter-than-average conditions. In
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FiG. 2.19. RSS measurements of monthly mean precipi-
tation anomalies over ocean by latitude. The anoma-
lies are relative to a base period of 1988-2010. Gray
areas indicate regions where data are unavailable.
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December-January-February

(a)

March-April-May

March while snow melted exceedingly
quickly over North America, result-
ing in a decline to the lowest quartile.
April SCE was the lowest on record
across North America, with both North
America and Eurasia ranking lowest in

May and June. The 2010/11 snow season
began with SCE a little above average
in October and November, rising to the
fourth highest value across Northern
Hemisphere lands in December.

The expansive fall and winter SCE
of the past two years has generally

-100 -80 -60

% change

countered the low extents of spring and
summer. Thus the 12-month running
Northern Hemisphere SCE mean has
recently been just below the long-term

FiG. 2.20. Seasonal global precipitation anomalies determined using
the GHCN-monthly dataset for (a) Dec 2009-Feb 2010, (b) Mar-May
2010, (c) Jun—Aug 2010 and (d) Sep—Nov 2010. Seasonal anomalies are
shown relative to a 1961-90 base period, where, for inclusion, at least 66%
of years without missing data during the base period are required.

average (Fig. 2.21). Recent means are
higher than throughout immediate
preceding years.

The expansive winter cover appears

the Southern Hemisphere, dry conditions prevailed
along the western continental margins consistent with
a developing La Nifa. In September-November, the
Southern Hemisphere precipitation anomalies exhib-
ited classic La Nifia signals with predominantly dry
conditions in South America and South Africa and
wet conditions in central and eastern Australia.

4) NORTHERN HEMISPHERE CONTINENTAL SNOW COVER
EXTENT—D. A. Robinson

Annual snow cover extent (SCE) over Northern

Hemisphere land averaged 24.6 million km?in 2010.

to be associated with a strongly negative
Arctic Oscillation during early and late 2010. This de-
livered enough cold air to midlatitude regions to result
in significant snowfall and an expansion of SCE. This
is apparent over the contiguous United States, where
SCE ranked in the highest quartile during January
and February 2010, before falling to the lowest quartile
in April and May. New seasonal snow at year’s end
resulted in a top quartile ranking for November and
December SCE. Alaskan snow melt was on the early
side, with May and June SCE in the lower quartile. A
slow start to the 2010/11 Alaskan snow season was
followed by above-average SCE in November.

This is 0.4 million km?less than the 41-year
average and ranks 2010 as having the 13th
least extensive cover on record (Table 2.3).
This evaluation considers snow over the con-
tinents, including the Greenland ice sheet.
The SCE in 2010 ranged from 48.4 million
km? in February to 2.4 million km? in August.

— N Hemisphere

12-Month Running Mean (million km?)

-2~ — Eurasia =
Monthly SCE is calculated at the Rutgers 3B, — N America + Greenland . ;
1970 1975 1980 1985 1990 1995 2000 2005

Global Snow Lab from daily SCE maps pro-
duced by meteorologists at the National Ice
Center (a U.S. joint NOAA, Navy, and Coast
Guard facility), who rely primarily on visible
satellite imagery to construct the maps.

The year began with SCE in the highest
quartile over Eurasia and North America.
February had the third greatest SCE over
North America and the Northern Hemi-
sphere. Eurasia remained in the top quartile in

Year

Fic. 2.21. Twelve-month running anomalies of monthly snow
cover extent over Northern Hemisphere land (including
Greenland) as a whole and Eurasia and North America sepa-
rately between Nov 1966 and Dec 2010. Anomalies are calcu-
lated from NOAA snow maps. Mean hemispheric snow extent
is 25.0 million km? for the full period of record. Monthly means
for the period of record are used for nine missing months be-
tween 1968 and 1971 in order to create a continuous series of
running means. Missing months fall between June and October;
no winter months are missing.
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Table 2.3. Monthly and annual climatological information on Northern Hemisphere
and continental snow extent between November 1966 and December 2010. Included
are the numbers of years with data used in the calculations, means, standard devia-
tions, 2010 values, and rankings. Areas are in millions of square kilometers. 1968,
1969, and 1971 have |, 5, and 3 missing months respectively, thus are not included in
the annual (Ann) calculations. North America (N. Am.) includes Greenland. Ranks
are from most extensive (l) to least (ranges from 41 to 45 depending on the month).
Yrs Mean Std. Dev. 2010 2010 N.Hem. rank Eurasia rank N. Am. rank
Jan 44 46.7 1.5 48.3 6 Il 6
Feb 44 45.6 1.8 48.4 3 10 3
Mar 44 40.3 1.8 40.6 18 10 37
Apr 44 30.5 1.7 28.3 41 21 44
May 44 19.5 1.8 15.2 44 44 44
Jun 43 10.1 2.1 6.0 43 43 43
Jul 41 4.2 1.2 2.6 40 40 40
Aug 42 3.1 0.7 24 36 38 32
Sep 42 5.3 0.9 5.3 19 20 20
Oct 43 17.9 2.5 18.8 15 13 17
Nov 45 33.6 2.0 34.0 20 25 13
Dec 45 43.3 1.8 45.7 4 6 7
Ann 4] 25.0 0.9 24.6 29 21 33

Maps depicting daily, weekly (new), and monthly
conditions, daily (new) and monthly anomalies, and
monthly climatologies for the entire period of record
may be viewed at the Rutgers Global Snow Lab web-
site (see Table 2.1). Monthly SCE for the Northern
Hemisphere, Eurasia, North America, the contiguous
United States, Alaska, and Canada are also posted,
along with information on how to ftp weekly areas
and the weekly and monthly gridded products.

5) GroeaL cLoupiNess—NM. Foster, S. A. Ackerman, A. K.
Heidinger, and B. Maddux

Global cloudiness in 2010 was characterized by a
shift in the El Nifio-Southern Oscillation, a negative
phase of the Arctic Oscillation, and some continental
cloudiness anomalies. During the early part of the
year, sea surface temperature and wind field anoma-
lies associated with El Nifo drove enhancement of
large-scale convection in the central Pacific and sup-
pression of convective activity in the western Pacific

STATE OF THE CLIMATE IN 2010

near Indonesia, as shown by PATMOS-X cloudiness
in Fig. 2.22a. During the boreal spring (Fig. 2.22b) a
transition from El Nifio to ENSO-neutral occurred,
resulting in positive cloudiness anomalies around
Indonesia and negative anomalies around the central
equatorial Pacific by midyear (Fig. 2.22¢). La Nifa
conditions emerged in July and persisted through the
rest of the year. As a consequence of both phases of
ENSO occurring in 2010, the annual global cloudiness
anomaly map does not show a strong ENSO signature
over much of the Pacific (Plate 2.1d), though the ~20%
negative anomaly off the coast of Papua New Guinea
is statistically significant at the 5% level, as is the
dipole off the coast of Peru and Chile.

The Arctic Oscillation was negative for most
of 2010. This may partially explain the 2010 cloud
anomalies seen in the Northern Hemisphere winter,
e.g., lower cloud amount over Eurasia, the North
Atlantic, and northeast Pacific, and increased cloud
amounts over eastern North America.
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Fic. 2.22. Seasonal global cloudiness anomalies de-
termined using the PATMOS-X dataset for (a) Dec
2009-Feb 2010, (b) Mar-May 2010, (c) Jun—-Aug 2010,
and (d) Sep-Nov 2010. Seasonal anomalies are calcu-
lated by subtracting the mean cloud fraction over the
1982-2010 base period from that of 2010.

Some annual cloudiness anomalies that are signifi-
cant at the 5% level coincided with some continental
extreme weather conditions. For example, positive
annual cloudiness anomalies occurred over eastern
Australia, which experienced one of its wettest years
on record (see section 7hl). Significant negative
annual anomalies occurred over Russia and north-
western Brazil, where severe drought conditions
persisted for much of the year (see sections 7gl and
7d2, respectively).

Figure 2.23 shows global mean monthly cloud
anomalies from six cloud records. The HIRS cloud
retrieval record works on the premise that synthesis
of discrete carbon dioxide absorption bands in the IR
spectrum can be used to detect the presence of cloud.
In addition, an updated version of the PATMOS-x
record (Version 5) is used, which includes a new
Bayesian cloud masking algorithm and a diurnal
correction to account for satellite drift. The monthly
mean values from which the anomalies are derived
are necessarily different for each record as the peri-
ods and lengths of the records vary, making a direct
comparison challenging. The cloud record anomalies
are smaller than the seasonal and diurnal variability
within each data record. Relative differences between
the records can in part be attributed to variations in
how cloud-masking algorithms define cloud versus
clear-sky thresholds. Artifacts within each record
may also arise from factors such as satellite drift and
sensor calibration. Relative to the entire PATMOS-x
time series, 2010 was less cloudy than average. The
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mean cloudiness for the year was 64.6%, which is
1.2% lower than the 29-year average, making 2010
the seventh least cloudy year of the record. All twelve
months were less cloudy than their climatological
monthly means over the entire record.

6) RivErR DISCHARGE—B. M. Fekete and A. Macdonald

The lack of a global, real-time reporting, dis-
charge-monitoring network still hinders the accurate
assessment of river flow. Although the monitoring
infrastructure is largely in place (Hannah et al. 2011),
continued difficulty in attracting funding and foster-
ing international cooperation are major obstacles
even though traditional in situ networks are much
cheaper than satellite platforms. Remote sensing
capabilities to estimate riverine water fluxes have
been discussed by a number of authors (Alsdorf and
Lettenmaier 2003; Alsdorf et al. 2007; Andreadis et
al. 2007; Brakenridge et al. 2005). Recently, Syed et
al. (2010) proposed calculation of fresh water fluxes
from the continents, based on satellite-measured
precipitation and evaporation over the ocean in con-
junction with sea level measurement. The authors
identified a weak overall increase in discharge to the
oceans during the 1994-2006 period composed of a
rapid increase between 1994 and 2000, followed by
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Fic. 2.23. Global average cloudiness monthly anoma-
lies, defined as the current month minus the mean
over the entire dataset for the corresponding month.
The datasets include (a) surface weather observations
(SOBS; Hahn and Warren 2007) spanning 1971-96;
(b) Moderate Resolution Imaging Spectroradiometer
(MODIS; Ackerman et al. 2008); (c) Multiangle Imaging
Spectroradiometer (MISR; Di Girolamo et al. 2010)
instruments, which are located on NASA'’s Terra sat-
ellite and span 2000-present (a MODIS instrument is
also located on NASA’s Aqua satellite and is included
in the climatology); (d) International Satellite Cloud
Climatology Project (ISCCP) data derived from the
imaging radiometers on the operational weather
satellites of several nations for the period 1983-2008;
(e) High Resolution Infrared Sounder (HIRS; Wylie et
al. 2005); and (f) PATMOS-x AVHRR (Heidinger and
Pavolonis 2009), which are instruments located on the
NOAA polar orbiting satellite series. Thick solid lines
represent the time series of average cloudiness with
a 12-month boxcar filter applied.



- QDU;- ) :

‘E'- 8B0F wmm Precipitation f 920*
E 860E- "+ Rund! ~ Ja00 5
& 820F Jos0%
% AR AEEEE ; 280§
& 7302— J zeon:

L
2010

\
2000
Year

1995 2005

Fic. 2.24. Annual continental precipitation from GPCC
full product extended with the monitoring product
for 2010 and the corresponding water balance model-
simulated continental runoff using NCEP air tempera-
ture forcing.

a slow decline during the next six years. The Syed et
al. (2010) study is consistent with the water balance
calculations presented here, that are forced by NCEP
reanalysis (Kalnay et al. 1996; Kistler et al. 2001) air
temperatures combined with monthly precipitation
estimates from the Global Precipitation Climate Cen-
ter (GPCC; Fig. 2.24). The error bars reported by Syed
etal. (2010) are of similar magnitude to uncertainties
in typical water balance calculations (Vorosmarty et
al. 1998); however, the former approach lacks spatial
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FiG. 2.25. River runoff by (a) continent and (b) receiving
oceans, comparing average runoff over the 1901-2002
and 2000-09 periods to 2009 and 2010. “Islands” refers
to the Pacific Islands, “Med.+Black” refers to the Medi-
terranean and Black Sea drainage regions and “Land”
represents the mean of all internal (endorheic) basins
found on every continent.
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specificity within the continental land mass. Tradi-
tional hydrological model simulations appear to offer
the best approximation of water resources when in
situ observations are missing.

In 2010, GPCC revised its full product from
V004 (covering 1901-2007) to V005 for the 20th
century. They introduced a new monitoring prod-
uct, V3, which addressed the bias between the full
and monitoring products that were reported here
last year. The improved consistency between the full
and monitoring products allowed a continuous river
discharge simulation from the historical past to the
present. The historical simulation (1901-2002) com-
bines the GPCC full product with gridded monthly
air temperature (T,) from the Climate Research
Unit of University of East Anglia (CRU; New et al.
2000). Contemporary simulations (1948—-present)
use NCEP reanalysis daily air temperature as forcing
and precipitation for downscaling monthly GPCC
precipitation products to daily temporal frequency,
while maintaining the monthly totals from GPCC.

Global runoffin 2010 decreased slightly compared
to 2009 (Fig. 2.25; Plate 2.1h—absolute values) but
it remained higher than the long-term 20th century
average. In 2010, Asia experienced greater runoff
compared to both the 20th century and the last de-
cade (Fig. 2.25a). This can also be seen in the higher
than long-term average runoff to the Indian and Pa-
cific Oceans (Fig. 2.25b). In contrast, South America
remained drier and the Atlantic Ocean received less
runoff than the long-term average. These continental
and ocean basin trends have significant spatial varia-
tions within continents, as shown in Fig. 2.26. Re-

Absolute Anomaly 2010 vs 1901-2002

Absolute Anomaly 2010 vs 2000-2010
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FiGc. 2.26. Absolute and relative anomalies for river dis-
charge in 2010 with respect to the long-term average
over the 20th century and for the last decade.
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FiG. 2.27. Time series of mean annual ground tempera-
tures at depths between 10 m and 20 m for boreholes
throughout the circumpolar northern permafrost
regions. Data sources: North American (Smith et al.
2010), Russian (Romanovsky et al. 2010b), and Nordic
sites (Christiansen et al. 2010). ‘C’ denotes a Cana-
dian site; ‘A’ denotes an Alaskan site; and ‘R’ denotes
a Russian site. The Svalbard site is Janssonhaugen,
which is also called PACE-10 (Isaksen et al. 2007).
Measurement depth for Russian boreholes and 85-8A
is 10 m; Gulkana, Oldman and Alert are 15 m; and all
other boreholes are 20 m. Coordinates for borehole
locations are: ZS-124: 67.4°N, 63.4°E; 85-8A: 61.6°N

121.1°W; Gulkana: 62.2°N, 145.5°W; YA-I: 67.5°N,
64°E; Oldman: 66.4°N, 150.6°W; Happy Valley: 69.1°N,
148.8°W; Svalbard: 78.2°N, 16.5°E; Deadhorse: 70.2°N,
148.5°W; West Dock: 70.4°N, 148.5°W; Alert: 82.5°N

62.4°W. [Source: Romanovsky et al. (2010b)]

gions with higher-than-average runoff were southern
Spain, Central Europe, Pakistan, India, and China,
while Brazil, the eastern United States, and Alaska
were drier than average.

7) PERMAFROST THERMAL STATE—H. Lantuit, H. Christiansen,
J. Noetzli, V. Romanovsky, N. Shiklomanoy, §. Smith, G. Vieira,
and L. Thao

able (see Table 2.1). Enhancement of the network has
been aimed at areas with little recent information and
to cover the range of climate, vegetation, geomorpho-
logic, and geologic conditions in the global perma-
frost regions. Data from Russia and North America
(see Table 2.1) indicate that permafrost temperatures
within the discontinuous zone fall within a narrow
range, generally 0°C to -2.5°C. In the continuous
zone (e.g., high Arctic), permafrost can be as cold as
-15°C (Fig. 2.27; Romanovsky et al. 2010a; Smith et al.
2010). New information on permafrost in Antarctica
showed temperatures slightly below 0°C in the South
Shetlands near sea level, decreasing southwards and
eastwards in the Antarctic Peninsula region. In other
regions of the Antarctic continent, temperatures are
much lower, varying from -8°C at low-altitude coastal
sites to below -17°C at the McMurdo Dry Valleys
and higher elevation sites. Active layer depths range
from over 1.6 m, especially at bedrock sites in the
maritime Antarctic, to less than 0.1 m in some sites in
continental Antarctica (Vieira et al. 2010). Here, tem-
peratures are often taken from shallow boreholes and
may not be representative of the mean annual ground
temperature (MAGT). In Central Asia, much of the
permafrost is currently close to 0°C (Zhao et al. 2010).
In the European Alps and Scandinavian mountains,
permafrost distribution is discontinuous and MAGT
measured in boreholes are typically between 0°C and
-3°C, with sites at very high elevation as well as in
polar mountain regions being considerably colder
(e.g., Haeberli et al. 2010; Fig. 2.28). Spatial variability
of surface thermal conditions is high here and results
from steep topography, heterogeneous surface char-
acteristics, and snow cover.

Data records, some 30 years in length, are avail-
able for some sites in polar and mountain regions of
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tude regions of Europe, Scandi- Year Year

navia, and Asia (PERMOS 2010;
Schoeneich et al. 2010; Isaksen
et al. 2011; Zhao et al. 2010).
Current permafrost thermal
state data are now publicly avail-
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Fic. 2.28. Observed subsurface temperatures at (a) 10 m and (b) 20 m
depth for selected boreholes in mountain permafrost: the sites of the PACE
transect, the Matterhorn and M.d. Barba Peider sites in Switzerland, and
Dovrefjell in Norway. Data for Swiss sites are provided by PERMOS, and
for Norwegian sites by the Norwegian Meteorological Institute. [Modified
from Haeberli et al. (2010, figure 4).]



FiG. 2.29. Temporal trends in active layer depths along the Qinghai-
Tibet Railway. [Modified from source: Zhao et al. (2010).]
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the Northern Hemisphere for both permafrost tem-
peratures and active layer depths. The latter respond
to seasonal fluctuations in climate while changes of
the deeper ground temperatures indicate long-term
trends since shorter-term variations attenuate with
depth. The deeper the temperatures are measured,
the further back in time the surface temperature
conditions they represent.

Permafrost generally warmed across the Northern
Hemisphere during the past 20 to 25 years of the
20th century, and into the first few years of the 21st
century (e.g., Romanovsky et al. 2007; Harris et al.
2003; Isaksen et al. 2007). Analyses of more recent
data indicate that warming has generally continued.
Permafrost temperatures are now up to 2°C warmer
than they were 20 to 30 years ago although there are
regional differences (Fig. 2.27). The overall range in
permafrost temperature has decreased and is now
about 1°Cless than it was about 30 years ago in the po-
lar Northern Hemisphere (Romanovsky et al. 2010b).
Smaller warming rates are observed at temperatures
close to 0°C compared to colder permafrost. This is
especially true for ice-rich permafrost where latent
heat effects dominate the ground thermal regime at
temperatures close to 0°C (e.g., Romanovsky et al.
2010a; Smith et al. 2010), as well as for mountain re-
gions in Europe where large permafrost areas are close
to melting (PERMOS 2010; Haeberli et al. 2010; Isak-
sen et al. 2011). In European mountain permafrost,
some 10-year records show a general warming trend
(Isaksen et al. 2007; Haeberli et al. 2011) and perma-
frost temperature anomalies associated with extreme
warm years (2003, 2009) have also been observed (Fig.
2.28; PERMOS 2010; Phillips et al. 2009; Zenklusen
Mutter et al. 2010; Harris et al. 2003). However, trends
are more pronounced in Scandinavia than in Central
Europe, where only small changes or even cooling
trends (Zenklusen Mutter et al. 2010) can be observed
because of the strong influence of the snow cover and
temperature ranges subject to latent heat effects. In
the higher altitudes of Asia, ground temperatures have
increased up to 0.5°C decade™ since the early 1990s,
accompanied by a general increase in active layer
thickness (e.g., Zhao et al. 2010; Fig. 2.29). Although
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snow cover, soil properties (including
ice and moisture content), and vegeta-
tion are important factors determining
the magnitude of the changes in the
ground thermal regime (e.g., Haeberli
et al. 2010; Romanovsky et al. 2010b).
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8) GROUNDWATER AND TERRESTRIAL WATER STORAGE—
M. Rodell, D. P. Chambers, and J. . Famiglietti

Most people think of groundwater as a resource,
but it is also a useful indicator of climate variability
and human impacts on the environment. Groundwa-
ter storage varies slowly relative to other non-frozen
components of the water cycle, encapsulating long
period variations and trends in surface meteorology.
On seasonal to interannual timescales, groundwater
is as dynamic as soil moisture (Rodell and Famiglietti
2001; Alley et al. 2002), and it has been shown that
groundwater storage changes have contributed to sea-
level variations (Milly et al. 2003; Wada et al. 2010).

Groundwater monitoring well measurements
are too sporadic and poorly assembled outside of
the United States and a few other nations to permit
direct global assessment of groundwater variability.
However, observational estimates of terrestrial water
storage (TWS) variations from the GRACE satel-
lites (see Sidebar 2.2) largely represent groundwater
storage variations on an interannual basis, save for
high latitude/altitude (dominated by snow and ice)
and wet tropical (surface water) regions (Rodell and
Famiglietti 2001).

Plate 2.1i maps changes in mean annual TWS
from 2009 to 2010, based on GRACE, reflecting
hydroclimatic conditions in 2010. Severe droughts
impacted Russia and the Amazon, and drier-than-
normal weather also affected the Indochinese pen-
insula, parts of central and southern Africa, and
western Australia. Groundwater depletion continued
in northern India (Rodell et al. 2009; Tiwari et al.
2009), while heavy rains in California helped to re-
plenish aquifers that have been depleted by drought
and withdrawals for irrigation, though they are still
below normal levels (Famiglietti et al. 2011). Droughts
in northern Argentina and western China similarly
abated. Wet weather raised aquifer levels broadly
across Western Europe. Rains in eastern Australia
caused flooding to the north and helped to mitigate
a decade-long drought in the south. Significant re-
ductions in TWS seen in the coast of Alaska and the
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SIDEBAR 2.2: CONTRIBUTIONS OF GRACE TO CLIMATE

MONITORING—M. RODELL, |. S. FAMIGLIETTI, D. P. CHAMBERS, AND |. WAHR

The NASA/German Gravity Recovery and Climate Experi-
ment (GRACE) was launched in March 2002. Rather than look-
ing downward, GRACE continuously monitors the locations
of and precise distance between twin satellites that orbit in
tandem about 200 km apart. Variations in mass near Earth’s
surface cause heterogeneities in its gravity field, which in turn
affect the orbits of satellites. Thus, scientists can use GRACE
data to map Earth’s gravity field with enough accuracy to
discern month-to-month changes caused by ocean circulation
and redistribution of water stored on and in the land (Tapley
et al. 2004; Wabhr et al. 2004). Sources of uncertainty include
the inherent limitations of the measurement technique and
instruments, issues associated with spatial resolution and
mathematical representation of the gravity field, and inaccuracy
in removing other gravitational influences, such as atmospheric
circulation, post-glacial rebound, and solid earth movements,
which are either independently modeled and removed or
are assumed to be negligible on a monthly to sub-decadal
timescales.

Despite its coarse spatial (> 150 000 km? at midlatitudes)
and temporal (~monthly) resolutions, GRACE has enabled
significant advances in oceanic, hydrologic, and cryospheric
science, and has great potential for climate monitoring be-
cause it is the only global observing system able to measure
ocean bottom pressures, total terrestrial water storage, and
ice mass changes.

The best known GRACE results are estimates of Greenland
and Antarctic ice sheet loss rates (Fig. 2.30). Previously, scien-
tists had estimated ice mass losses using ground and satellite-

based altimetry and surface mass balance estimates based on
snowfall accumulation and glacier discharge. While such mea-
surements are still very useful for their spatial detail, they are
imperfectly correlated with large-scale ice mass changes, due
to snow and ice compaction and incomplete spatial coverage.
GRACE enables scientists to generate monthly time series of
Greenland and Antarctic ice mass, which have confirmed the
shrinking of the polar ice sheets, one of the most obvious and
indisputable manifestations of climate change (e.g., Velicogna
and Wahr 2006a, 2006b). Further, GRACE has located and
quantified hot spots of ice loss in southeastern Greenland
and western Antarctica (e.g., Luthcke et al. 2006). For 2002
to present, the mean annual rate of ice mass loss has been
estimated between 200 Gt yr' and 300 Gt yr'! in Greenland
and between 70 Gt yr' and 210 Gt yr'! in Antarctica, and
some scientists are suggesting that the rates are accelerating
(Velicogna 2009). Similarly, GRACE has been used to moni-
tor mass changes in alpine glaciers. Tamisiea et al. (2005) first
characterized glacier melt along the southern coast of Alaska,
more recently estimated to be occurring at a rate of 84 £ 5
Gtyr' (Luthcke etal. 2008). Chen et al. (2007) estimated that
Patagonian glaciers are melting at a rate of 28 + 11 Gtyr™', and
Matsuo and Heki (2010) estimated that the high mountains of
central Asia lose ice at a rate of 47 + 12 Gt yr™.

Tapley et al. (2004) and Wabhr et al. (2004) presented the
first GRACE-based estimates of changes in column-integrated
terrestrial water storage (TWS; the sum of groundwater,
soil moisture, surface waters, snow, ice, and water stored in
vegetation) at continental scales. Since then, dozens of stud-
ies have shown that GRACE-based estimates of regional- to
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continental-scale TWVS variations agree with inde-
pendent information and some innovative uses of
1 GRACE data have been developed. Rodell et al.
1 (2004) and Swenson and Wahr (2006) demon-
strated that by combining GRACE-derived terres-
trial water storage changes with observations of
precipitation and runoff in a river basin scale water
budget, it was possible to produce new estimates
of evapotranspiration and atmospheric moisture
convergence, essential climate variables that are
difficult to estimate accurately. Similarly, GRACE
: h; has been used to constrain estimates of global river

3  discharge and the contribution of changes in TWS

Equivalent height of water (cm yr')

Fic. 2.30. (Left) Rate of ice sheet mass change (cm yr’!, equivalent
height of water) in Greenland from GRACE, April 2002-Novem-
ber 2010. (Right) Time series of Greenland total ice sheet mass

(Gigatons) relative to the period mean.
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to sea-level rise (Seo et al. 2009; Syed et al. 2009,
2010). Crowley et al. (2006) observed a negative
correlation between interannual TWS anomalies in
the Amazon and the Congo River basin. Yeh et al.
(2006) and Rodell et al. (2007) estimated regionally-
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Fic. 2.31. Time series of groundwater storage in north-
west India from August 2002 to October 2008 relative
to the period mean. The inset panel shows areas of
depletion in warm colors and areas of increase in cool
colors, with the study region (the Indian states of Ra-
jastan, Punjab, and Haryana) outlined in black. Based
on data from Rodell et al. (2009).

averaged groundwater storage variations based on GRACE
and auxiliary observations. Rodell et al. (2009) and Tiwari et
al. (2009) applied that method to quantify massive ground-
water depletion in northern India caused by over reliance on
aquifers for irrigation (Fig. 2.31), and Famiglietti et al. (2011)
found a similar situation in California’s Central Valley. Zaitchik
etal. (2008) and Lo et al. (2010) described approaches to use
GRACE to constrain hydrological models, enabling integration
of GRACE data with other observations and achieving much
higher spatial and temporal resolutions than GRACE alone.
Such approaches are now supporting applications including
drought and water resources monitoring (Houborg and Rodell
2010; Bolten et al. 2010).

Oceanography has likewise benefitted from the independent
nature of GRACE observations. One application is measure-
ment of the mass component of sea-level rise, which comple-
ments radar altimetry and in situ measurements. GRACE
also measures ocean bottom pressures (OBP), which help
to refine understanding and modeling of ocean circulation
and the ocean’s fresh water budget, among other things (Fig.
2.32). Morison et al. (2007) used GRACE to describe impor-
tant decadal-scale shifts in circulation and an ongoing trend of
freshening of part of the Arctic Ocean, important indicators of
climate variability. The research of Song and Zlotnicki (2008)
and Chambers and Willis (2008) on GRACE-derived ocean
bottom pressures in the subpolar gyre led to the discovery
of an ENSO teleconnection and a long-term change in OBP
in the North Pacific subpolar gyre that was not predicted by
an ocean model. Further, Chambers and Willis (2009) were
able to identify an interannual redistribution of mass between
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oceans, which was not predicted by an ocean model and was
the first direct evidence of sustained mass transport from
one ocean basin to another on periods longer than a year.
Boening et al. (2011) observed a record increase in OBP over
part of the southeastern Pacific in late 2009 and early 2010,
primarily caused by wind stress curl associated with a strong
and persistent anticyclone and likely related to the concurrent
central Pacific El Nifio.

GRACE has far surpassed its five-year design lifetime, but
it will likely succumb to the aging of batteries and instrument
systems sometime in the next few years. NASA has begun
initial development of a follow-on to GRACE with very similar
design, which could launch as soon as 2016 and would provide
continuity in the data record while improving resolution slightly.
Higher resolution time variable gravity missions are also on
the drawing board (NRC 2007).

-10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0

cm yr'

FiG. 2.32. Mean rate of change of ocean bottom pres-
sure (cm yr'! in equivalent sea level) from January
2003 to August 2010, computed from GRACE data
projected onto empirical orthogonal functions (EOF)
modes from a model (Chambers and Willis 2008). The
large trends in the North Pacific, South Pacific, and
Arctic are related to changing circulation and wind
stress, and have been described by Chambers and
Willis (2008), Boening et al. (2011), and Morison et al.
(2007), respectively.

Image courtesy of NASA
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Fic. 2.33. GRACE measurements of terrestrial water storage
anomalies in cm equivalent height of water by latitude. The
anomalies are relative to a base period of 2003-07. Gray areas

indicate regions where data are unavailable.

Patagonian Andes represent ongoing glacier melt, not
groundwater depletion.

Figures 2.33 and 2.34 plot time series of zonal
mean and global GRACE derived non-seasonal TWS
anomalies (deviation from the mean of each month
of the year) excluding Greenland and Antarctica. The
two figures show that terrestrial water storage in 2010
was the lowest since 2003, though it recovered in the
second half of the year. The drought in the Amazon
was largely responsible, but an excess of water in 2009
seems to have buffered that drought to some extent
(Fig. 2.33). The drying trend in the 25°S-55°S zone is

Soil Moisture Network (ISMN; Dorigo et
al. 2011) was established as the successor
of the renowned Global Soil Moisture Data
Bank (Robock et al. 2000), which has been
extensively used for climate studies. The
ISMN offers a centralized system where
historic and current in situ soil moisture
measurements from around the world are
collected, harmonized, and made available
to users (see Table 2.1).

Satellite-based soil moisture estimates
have significantly improved in recent
years to the point where now several
continental-to-global scale soil moisture
products are available (e.g., Wagner et al.
2003; Njoku et al. 2003; Owe et al. 2008).
These products represent moisture conditions in
the top few centimeters and depend on observation
wavelength and soil wetness (Schmugge 1985; Kuria
etal. 2007). Due to different observation wavelengths
and retrieval methods, the quality of these products
varies. Scipal et al. (2008) and Dorigo et al. (2010),
using a statistical method called triple collocation,
quantified satellite-based soil moisture errors in the
order of 0.01 m® m~-0.04 m®m? for the regions with
a (semi) transparent vegetation cover, and > 0.04 m?
m™ for the more densely vegetated regions. Several
studies have revealed that satellite-based products

are highly correlated with in situ measurements

Equivalent Height of Water (cm)

..
Nl
N o

q

(R between 0.6 and 0.8) with root mean square
errors (RMSE) ranging between 0.03 m?m™ for
semi arid regions (e.g., Africa and Australia) to
0.1 m*m™ in France (Gruhier et al. 2010; Draper
etal. 2009; Riidiger et al. 2009).

Satellite-based soil moisture products can
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Fic. 2.34. Global average terrestrial water storage anomalies
in cm equivalent height of water calculated using a 2003-07

base period.

a combination of Patagonian glacier melt and drought
in parts of Australia.

9) SoiL MoisTuRE—R. de Jeu, W. Dorigo, W. Wagner, and
Y. Liu
In 2010, significant progress was made in con-
solidating globally available soil moisture datasets
from a large number of ground-based stations and
satellite platforms. Such harmonized datasets are
essential for studying climate-related variability.
Regarding the in situ component, the International
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provide reliable estimates over sparse to mod-
erately vegetated regions. Current satellites are
not yet able to monitor soil moisture variations
over densely vegetated regions (e.g., tropical
rainforests) because the signals received by satel-
lites are severely disturbed by vegetation. Over
regions with snow cover and frozen soils, satellite-
based microwave instruments cannot provide reliable
estimates either.

The historical microwave satellites have been
used to compile a consistent 20-year record of global
soil moisture (Liu et al. 2009, 2011; Su et al. 2010).
Satellite-based soil moisture products from both
passive and active instruments were collected and
harmonized in one system, covering a period since
January 1991, with a spatial resolution of 0.25° and a
daily time step.
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Soil Moisture Climatology
(1991-2010, m*m*)

Februa
L

Soil Moisture Anomaly
(1991-2010, m*m")
Februa

-

October. Over northern Australia,
dry conditions are seen during
June-August while wet conditions
are seen during February-April.
In Africa, the equatorial region
near the Intertropical Conver-
gence Zone is the wettest portion
of the continent. Annually, the

rain belt across the continent
marches northward into Sub-
Saharan Africa by August, then
moves back southward into south-
central Africa by March, resulting
in wet soil moisture patterns in
Sub-Saharan Africa in August
and in south-central Africa in
February-April.

A series of climatic events
had a strong impact on the global
distribution of precipitation and
temperature in 2010, and these
are reflected in the soil moisture
anomalies (Fig. 2.35, right col-
umn). In February, both a wet
(west) and dry (east) anomaly

was detected over continental
Australia. In April, south-central
Africa was extremely wet due to
excessive rainfall. In June, the first
signs of the long, dry anomaly
were detected over Russia and

Kazakhstan. The anomaly lasted
until the end of the summer. The
hottest summer in Russia on

Fic. 2.35. Monthly soil moisture climatology (1991-2010) (left) and 2010
soil moisture anomaly (right) as derived from both passive and active
microwave satellite sensors.

record dried out a large area and

The monthly dynamics in global soil moisture are
strongly driven by monsoonal circulations. During
the winter phase of the monsoon, there is a low-level
flow of dry, cool air from the cold continent to the
warmer ocean, and precipitation over land is generally
reduced. During the summer phase, there is a strong
flow of atmospheric moisture from the cooler ocean
to the warmer land, where the upward motion of the
heated air produces the heavy rains of the monsoon
season (Hastenrath 1985). These patterns are clearly
visible in the soil moisture climatology (Fig. 2.35, left
column). Over the Indian Peninsula, low soil moisture
values between 0 m® m~and 0.2 m® m™ are observed
during February-April and high values between 0.2

m®m3and 0.4 m®>m™ are observed during August-
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led to several hundred wildfires

in response (see Sidebar 7.8 for
further details about this heat wave). In August, a
wet anomaly was reflected over Pakistan, caused by
extreme wet conditions and the additional flooding
events (see section 7g3). The strong 2010 soil moisture
anomalies from July onwards appear related to the
oceanic phenomenon La Nifa.

10) LAKE LeveLs—C. Birkett and |-F. Cretaux

Lake level as a climatic index was highlighted
for the first time last year (Birkett 2010). Because
lake volumes respond to changes in precipitation
integrated over their catchment basins, they are
indirect indicators of climatic change. The response
can be seen in open lakes and reservoirs but is par-
ticularly marked for closed lakes, i.e., those having
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no significant surface or subsurface outflow. Closed Lake variations can act as climate proxies with
lakes can act as low-pass filters to variations in arid-  correlations to several modes of variability, e.g.,
ity, with a characteristic time constant of between 1 ~ ENSO, Indian Ocean, Pacific Decadal, or North
and 1000 years, depending largely on lake geomor-  Atlantic Oscillations (see Sidebar 1.1 for information
phology (Birkett 2010). Deep lakes with steep shore about modes of variability). However, to date, stud-
topography are good proxies for high amplitude-low ies have only been regional or individual in scope.
frequency changes, while shallow water basins are  Global analyses require the systematic monitoring
better indicators for rapid low-amplitude changes of all global lake volumes. Satellite imagery could
(Hostetler 1995). assist with the monitoring of changing lake surface
area but currently no such products exist. Satellite-
based radar altimetry does offer ~20-year lake level
datasets which can stand alone or be combined with
ground-based measurements (see Table 2.1). Satellite
products have varying temporal/spatial resolutions
i .2 and several centimeters accuracy at best (Fig. 2.36).
mamLmnmmm?(n.wh =] Ground-based products can be found via local, state,
or national agency web sites. Various lakes databases

are also currently available that can assist with the

C Michigan
3 P identification of lake location and type (e.g., Lehner
oF 1 and Déll 2004; Fig. 2.37).
-0.55— M W AM The NASA/USDA web site offers an indicative
: ¥ ] guide in terms of drought or high water (Fig. 2.36)
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% W0E ¥ (section 2b4), air temperature (Smith et al. 2005; Liu
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£ 00 o 3 thickness (Karetnikov and Naumenko 2008; Mishra
B ook ] et al. 2011), and basin-scale water storage anomalies
i o _ __ (e.g., Becker at al. 2010). The type of lake included
§ <0 : ] should be challenged to encompass existing, emerg-
ok 1 ing, and ephemeral high latitude lakes, including
E 1of 3 supraglacial (Box and Ski 2007; Bagshaw et al. 2010),
% 00f 4 and subglacial (Fricker et al. 2007; Smith et al. 2009)
5 10F 3 in the light of recent research.
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FiG. 2.36. (Top) Map showing the near real time lake -
level status of ~70 lakes with respect to a short-term
mean (1992-2002). Red depicts low water drought o e Lk
and navy depicts high water. (Bottom) Examples of 558 150°:W 12:[)°W E;0°W6:0‘W3:0°W [3)0 3(;°E 6:0°E S;0°E12:0°E1:50°E :
lake level time series for the United States (Michi- Longitude
g;“l)(’ A"ge“;'gi,(c'“:“:ta)’ '::a“ (:”m'af)t'hTaS;al‘D“:; Fic. 2.37. Global location of large (> 100 km?) lakes;
(Rukwa), an ina (Hulun). (Courtesy of the closed (pink), ephemeral (red), open (blue), and reser-

FAS CropExplorer, http://w-wyv.pecad.fas.usda.gov/ voirs (green). Based on Birkett and Mason (1995).
cropexplorer/global_reservoir/index.cfm.)

-30°8):
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Fic. 2.38. The Australian Bureau of Meteorology
Southern Oscillation Index time series for (top) 1876
to 2010 and (bottom) from 2001 to 2010 relative to
the 1879-2010 average. Data for HadSLP2r (Allan and
Ansell 2006) are shown.

d. Atmospheric Circulation

I) MEAN SEA LEVEL PRESSURE—R. Allan

In 2010, El Nifo conditions gave way to La Niia,
with a major event having developed by the latter
part of the year. Indications are that it could be one
of the strongest La Nifa events in the historical
instrumental record, with major precipitation and
temperature impacts across the Indo-Pacific region
and at higher latitudes in both hemispheres. Record
positive Southern Oscillation Index (SOI) measure-
ments were reached for March (since records began
in 1876) and April (since 1971) according to the Aus-
tralian Bureau of Meteorology (http://www.bom.gov.
au/climate/enso/).

El Nifio and La Nifa can be quantified by the
SOI—the normalized mean sea level pressure
(MSLP) difference between Tahiti and Darwin (Allan
et al. 1996). Other indices, using sea surface tem-
peratures, are also commonly utilized (see Sidebar
1.1). El Nifos (negative SOI) and La Nifias (positive
SOI) vary in magnitude, duration, and evolution,
with no two events or episodes exactly the same.
The SOI since 1900 is dominated by interannual to
multidecadal vacillations, but longer-term trends
are not evident (Fig. 2.38, top). The SOI trace since
2000 highlights the shift from the La Nifia of 2007/08
through the EI Nifio of 2009/10 to the moderate-to-
strong La Nifa of 2010/11 (Fig. 2.38, bottom). Major
El Nifio and La Nifa events can be near-global in
their influence on world weather patterns, owing to
ocean-atmosphere interactions across the Indo-Pa-
cific region with teleconnections to higher latitudes
in both hemispheres.

The Northern Hemisphere winters of 2009/10 and
2010/11 were dominated by long periods of extremely
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Winter 2009/2010
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FiG. 2.39. Winter sea level pressure anomalies (1961-90
base period) averaged over Dec-Feb for (top) 2009/10
and (bottom) 2010/11. The data shown are from Had-
SLP2r.

negative North Atlantic Oscillation (NAO)/Arctic Os-
cillation (AO) conditions (Fig. 2.39, top and bottom).
There were positive pressure anomalies over higher
latitudes and negative anomalies over the midlati-
tudes and an associated reduction in westerlies. This
is further evident in Fig. 2.40 (top and bottom), where
periods of negative observed and modeled daily and
five-day northern NAO/AO values for December
2009-February 2010 and December 2010-January
2011, respectively, highlight the major snow and cold
temperature events across parts of Europe in the last
two boreal winters.

In the Southern Hemisphere, the latter half of 2010
experienced one of the strongest periods of positive
values of the Antarctic Oscillation (AAO)/Southern
Annual Mode (SAM; the Antarctic counterpart to
the AO) observed in the historical record (see Sidebar
1.1 and section 6b for further details). The combina-
tion of both a strong and positive AAO/SAM and
SOI (reflecting the moderate-to-strong La Nifa) has
been suggested as leading to the above-average levels
of Antarctic sea-ice observed in the last four months
of 2010 (NSIDC, 5 January 2011: http://nsidc.org/
arcticseaicenews/).
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Fic. 2.40. The North Atlantic Oscillation Index is
shown for winter (top) 2009/10 and (bottom) 2010/11
using station data (red) and the Met Office Global
Model forecast (blue). (Courtesy of the UK Met Office
Hadley Centre.)

2) OCEAN SURFACE WIND SPEED—C. Mears

Surface wind speed over the world’s oceans began
to be monitored continuously with the launch of the
first Special Sensor Microwave Imager (SSM/I) satel-
lite in late 1987. The SSM/I instrument is a microwave
radiometer that makes measurements of upwelling
microwave radiation to infer the surface roughness
of the world’s oceans, and thus the surface wind
speed (Wentz 1997). Since the first SSM/I instrument,
a number of additional microwave imaging sen-
sors, including the Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) and Windsat have been
launched and intercalibrated to the accuracy neces-
sary for climate studies (Wentz et al. 2007). Globally-
averaged winds from satellite-borne radiometers and
six reanalysis datasets are plotted in Fig. 2.41. Some
reanalysis-generated winds (see Sidebar 2.1) show
much less variability than the satellite data (NCEP
CFSR, ERA-40), while others show more variability
and greater long-term changes. A further complica-
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FiG. 2.41. Global average surface windspeed anomalies
over ocean shown for the SSM/l and AMSR-E combined
monthly smoothed observations (1988-2007 base pe-
riod) and six reanalyses annual products (1989-2008
base period for all except ERA-40 which uses 1961-90).
All time series are adjusted to have a mean of zero over
the common period 1989-2001 to aid comparison. The
extent to which inhomogeneities in the observations
assimilated by the reanalyses, arising from changes
in measurement systems, impact the accuracy of the
analyzed surface winds is not yet known.

tion is that surface wind speed over the oceans is
dominated by short-term variability and regional
character (Fig. 2.42), making it difficult to discern
long-term trend behavior.

Winds in the tropics, especially the central tropi-
cal Pacific, were above normal in 2010, as the tropi-
cal Pacific transitioned to La Nifa. Negative wind
anomalies in the Atlantic around 55°N coincided
with the strong negative phase of the North Atlantic
Oscillation (Hurrell et al. 2003) during most of 2010.
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Fic. 2.42. SSM/l and AMSR-E combined smoothed
monthly average surface ocean wind speed anomalies
(1988-2007 base period) by latitude for the period June
1987 to December 2010. Gray areas indicate regions
where data are unavailable.

Positive wind anomalies in the South Pacific and
Indian Oceans near 55°S are correlated with the
intensification of the Southern Annular Mode (Hall
and Visbeck 2002) during 2010 (Plate 2.1k).



SIDEBAR 2.3: SURFACE WINDS OVER LAND—T. C. PETERSON, R. VAUTARD, T. R. McVICAR,

J-N THEPAUT, AND P. BERRISFORD

Wind speed and direction have been observed at many
thousands of stations around the world. These data are regu-
larly transmitted on an hourly or synoptic basis. Figure 2.43
shows the annual mean wind speed at || 853 stations with at
least five years of data since 1979 from the Integrated Surface
Database (ISD-Lite; Lott et al. 2008) hosted at NOAA’s
National Climatic Data Center (NCDC). While such analysis
offers guidance on where to install wind-energy generators,
wind data have a variety of problems that limit their usefulness
in climate change analysis.
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Climatological Mean (m s)

FiG. 2.43. Observed mean wind speed at |l 853
stations with at least five years of observations in
Lott et al. (2008) between 1979 and 2010.

These problems include limited periods of record and
missing data, due to either operations at a station or data
transmission. They also include breaks in time series due to
station moves, exposure changes due to modification in nearby
obstacles, as well as instrument, observation protocol, or units
changes. For instance, new instruments are often more sensi-
tive to very light breezes and therefore have fewer observations
of zero wind speed.

-5.00 -1.50 -1.00 -0.75 -0.50 -0.25 0.00 0.26 0.50 0.76 1.00 1.50 5.00
Anomalies from 1989-2008 (m s™)

Fic. 2.44. 2010 wind speed anomalies from ERA-
Interim reanalysis. Note that the base period used
here (1989-2008) differs slightly from that used in
Plate 2.1k (1988-2007).
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Therefore, to accurately assess wind speed anomalies
and particularly trends, careful attention must be paid to the
homogeneity of station time series. This was done by Vautard
et al. (2010) and McVicar et al. (2008). Their homogeneous
wind data, with updates to McVicar et al. (2008) provided by
data in Lott et al. (2008), allows an assessment of station wind
anomalies for 2010 (Plate 2.1k), but with less than 10% of the
stations shown in Fig. 2.43. These data were stitched onto the
time series using a First Difference approach to avoid creating
discontinuities at the transition (Peterson et al. 1998; Free etal.
2004). For complete global coverage of 2010 wind anomalies,
one can use reanalysis (Fig. 2.44).

Observed wind speed over much of the global land areas,
as shown in Fig. 2.45, tends to be decreasing (e.g., Roderick et
al. 2007). Yet mean reanalysis wind speed does not show this
decrease (Fig. 2.46). The difference is hypothesized to be at
least partly due to increases in surface roughness associated
growth of vegetation over much of the region with adequate
long-term observations (Vautard et al. 2010; McVicar and Rod-
erick 2010). These land-surface changes are currently not fully
represented in present-day reanalysis systems and it is unclear
how roughness changes near observing sites can be translated
to higher elevation sites that are important for wind energy.
Surface Winds
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FiG. 2.45. Observed trends in wind speeds at lo-
cations with long and fairly homogeneous data
records.
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Fic. 2.46. Global average wind speed anomalies
over land from reanalysis and observations.
The green curves display the wind speed anom-
alies over land restricted to 30°N-70°N from
reanalyses (corresponding to the area covered
by the bulk of surface observations). The base
period for the anomalies is the 1989-2001 pe-
riod of overlap from all three datasets.
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e. Earth radiation budget at top-of-atmosphere—D. P.
Kratz, P. W. Stackhouse, Jr, T. Wong, P. Sawaengphokhai, A. C.
Wilber, and N. G. Loeb
The net radiation at the top of the atmosphere

provides an estimate of the balance between the in-

coming shortwave flux from the sun with the outgo-
ing reflected shortwave and emitted longwave fluxes
from the Earth-atmosphere. Analyses of the Clouds
and Earth’s Radiant Energy System (CERES; Wielicki
et al. 1998) instrument data taken aboard the Terra
spacecraft revealed that between 2009 and 2010 the
global-annual mean outgoing longwave radiation

(OLR) increased by ~0.40 W m and the reflected

shortwave radiation (RSW) increased by ~0.60 W

m2 (Table 2.4). Data from the Solar Radiation and

Climate Experiment (SORCE; Kopp et al. 2005)

indicated that the annual average total solar irradi-

ance (TSI) also increased by ~0.10 W m from 2009

to 2010. Thus, the changes in the combined global-

annual averaged OLR and absorbed shortwave (TSI

minus RSW) fluxes resulted in a reduction of ~0.90 W

m in total net radiation into Earth’s climate system

for 2010 as compared with 2009. The data between

July 2010 and December 2010, however, may include

modest instrument drift artifacts (below +0.1%),

since the final instrument calibration coefficients
for those months are not yet available. Relative to

the multiyear dataset average for 2001-09, the 2010

global-annual mean anomaly (Table 2.4) is +0.00 W

m2/+0.50 W m%/-0.55 W m2 for OLR/RSW/total net

radiation, respectively. These results are comparable
to the corresponding 2-sigma interannual variability
for this period.

Global-monthly mean deseasonalized anomalies
since March 2000 have been produced by merging

Earth Radiation Budget (ERB) datasets from two
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Fic. 2.47. Global average monthly mean deseasonal-
ized anomalies of top-of-atmosphere earth radiation
budget for outgoing longwave radiation (upper panel),
absorbed shortwave (TSI minus RSW) (middle panel),
and total net (TSI minus RSW minus OLR) (lower
panel) from Mar 2000 to Dec 2010. Anomalies are
computed relative to the calendar month climatology
derived for the Mar 2000 to Dec 2010 period. The time
series shows the CERES SSF IDeg Lite Ed2.5 data
(Mar 2000 to Jun 2010) by a red line, and the CERES
FLASHFIlux data (Jul 2010 to Dec 2010) by a blue line.
Mean differences between datasets were removed us-
ing available data from the overlap period from Mar
2007 through Feb 2010 and the absolute value of the
CERES SSF IDeg Lite results before deseasonalization
(see Table 2.1 for source information).

sources: (1) the CERES SSF (Single Scanner Foot-
print) 1x1 Degree Lite [SSF 1Deg Lite Ed2.5 Top-of-
Atmosphere (TOA) only version] using the Edition
3 instrument calibration, and (2) the CERES Fast
Longwave and Shortwave Radia-

have been rounded to the nearest 0.05 W m2.

Table 2.4. Global-annual mean Top-of-Atmosphere radiative flux
changes between 2009 and 2010, the 2010 global-annual mean
radiative flux anomalies relative to their corresponding 2001-10
mean climatological values, and the 2-sigma interannual variabili-
ties of 2001-10 global-annual mean fluxes (units in W m2) for the
outgoing longwave radiation (OLR), total solar irradiance (TSI),
reflected shortwave (RSW) and total net fluxes. All flux values

tive Fluxes (FLASHFlux) product
(Stackhouse et al. 2006; L'Ecuyer et
al. 2008). The results are presented
in Fig. 2.47, where the FLASHFlux
data have been normalized to the
SSF 1Deg Lite data using TOA
fluxes from both datasets for the
three-year period from March

o 2010 anomaly Interannual 2007 though February 2010. The
ne year change lative to variabilit i i

(2010 minus 2009) ('fe 2001 ¢ 20)’| 0 2-sigma monthly uncertainty from

G EY)) ( ©2010) | this overlap period was +0.55 W

OLR 0.40 0.00 +0.55 m2/£0.50 W m2/+0.70 W m™ for
TSI 0.10 -0.05 +0.20 the OLR/RSW/total net radiation,
RSW 0.60 0.50 +0.50 respectively. The OLR showed a
Net -0.90 -0.55 +0.70 general, albeit somewhat irregular,
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downward oscillation from late 2009 throughout
2010. Changes in the absorbed shortwave (TSI minus
RSW) showed a significant decrease in the first sev-
eral months, followed by a reversal of that decrease
in the latter half of 2010. Although dominated by
the RSW, the relative month-to-month level of the
absorbed shortwave was raised by the recovery of
the TSI after a prolonged minimum stretching back
to late 2007. The combined OLR and absorbed short-
wave resulted in a minimum in the total net TOA
flux at midyear, with a recovery to levels at the end
of 2010 comparable to the beginning of the year. A
smoothed version of the averaged TOA OLR showed
a general agreement in fluctuations with a similarly
smoothed multivariate ENSO index, where the index
peaked positively at the beginning of 2010 before fall-
ing. Thus, the change in the ENSO intensity appears
to influence strongly the global averaged monthly
TOA variability during this time period. Finally,
the dynamic nature of the OLR and RSW between
2009 and 2010 produced one-year changes that were
comparable to the 2-sigma interannual variability.
Further fluctuations are anticipated as the ENSO
cycle evolves. Thus, long-term trend analyses are
discouraged due to the natural fluctuation in ERB
relating to ENSO activity in the short record, the
large uncertainty from the data merging process, and
instrument drift potential in the FLASHFlux data. A
long-term homogeneous data source with in-depth
instrument stability analysis is required to reduce
uncertainties in future reassessment activity.

f. Atmosphere composition

I) ATMOSPHERIC CHEMICAL COMPOSITION

(i) Carbon dioxide, methane, and carbon monoxide—

E. J. Dlugokencky

(A) CARBON DIOXIDE

The contribution of carbon dioxide (CO,) towards
Earth’s total terrestrial greenhouse effect is 20%, with
non-CO, greenhouse gases (GHG; 5%), water vapor
(50%), and clouds (25%) comprising the remainder
(Lacis et al. 2010). During the past few decades, most
of the increase in the atmospheric burden of CO, (Fig.
2.48a) has been due to fossil fuel combustion. This is
known from multiple lines of observational evidence
(Tans 2009). Measurements of atmospheric CO, at
Mauna Loa, Hawaii, and the South Pole show that
the north to south difference is increasing, consistent
with increasing CO, emissions from fossil fuel com-
bustion, predominantly in the Northern Hemisphere.
Strong evidence also comes from measurements of
tracers such as *C in CO,, which is decreasing as
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a result of adding CO, from fossil fuel combustion
(depleted of *C), 1*C in CO,, which shows that the
added CO, is of organic origin, and measurements of
a decrease in the ratio of O,:N,, which is also consis-
tent with O, consumption by fossil fuel combustion.
The current rate of increase in atmospheric CO, is
exceptional when compared to changes on geologi-
cal time scales, as assessed from measurements of air
trapped in ice cores.

Despite the long-term trend in atmospheric CO,
being driven by fossil fuel emissions, interannual
variability in the rate of increase of atmospheric CO,
is driven by small changes in the net fluxes between
the atmosphere and terrestrial biosphere and the at-
mosphere and oceans. During 2010, globally averaged
atmospheric CO, at Earth’s surface increased by 2.60
+ 0.07 ppm (see Conway et al. 1994 for a description
of sampling network and methods); uncertainty 1

380
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Fic. 2.48. Mixing ratios (dry air mole fraction) of (a)
CO,, (b) CH,, and (c) CO from measurements of
discrete air samples collected approximately weekly
at NOAA'’s Mauna Loa observatory. Symbols are the
average of two samples collected in series. Red lines
are smooth curves fitted to the data. Blue lines are
deseasonalized trend curves.
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standard deviation. This is greater than the average
rate of increase from 1980 through 2010 of 1.69 + 0.58
ppmyr Itisalso larger than the increase in 2009 of
1.62 + 0.07 ppm.

(B) METHANE

After a decade of near-zero growth, atmospheric
methane (CH,) increased globally in 2007 and 2008
by ~7.5 ppb yr! (Rigby et al. 2008; Dlugokencky et
al. 2009). Bousquet et al. (2010) used two different
inversion models to estimate changes in emissions
and sinks during 2006 to 2008 and found that global
CH, emissions exceeded the 1999-2006 average by
19 Tg CH, (16 Tg-21 Tg) in 2007 and 13 Tg CH, (6
Tg-20 Tg) in 2008. Changes in tropical wetland
emissions were the dominant driver in 2007, with a
minor contribution from Arctic wetlands. Although
the inversion models gave inconsistent results for
2008, the global vegetation model used by Bousquet
et al. (2010) implied a tropical source for the excess
methane. Bousquet et al. (2010) found that changes
in hydroxyl (OH) radical concentrations, the primary
oxidant for CH,, were less than 1%, and had only a
small impact on observed CH, changes. During both
2009 and 2010 (Fig. 2.48b), globally averaged atmo-
spheric CH, provisionally increased by ~5 + 2 ppb
yr'l; the causes of this continued increase are not yet
known, but it is likely related to increasing emissions
from rapidly developing economies in Asia.

(C) CARBON MONOXIDE

Carbon monoxide (CO) is a key species in atmo-
spheric chemistry, particularly in cycling of reactive
species like the hydroxyl (OH) and hydroperoxyl
(HO,) radicals. The four major sources of CO to
the atmosphere are: biomass burning, mostly from
forest clearing and savannah burning in the tropics;
combustion of fossil fuels; atmospheric oxidation of
natural volatile organic compounds; and atmospheric
oxidation of CH,. There has been no significant long-
term CO trend since NOAA/ESRL measurements
began in 1990 (Novelli et al. 2003), but CO anomalies
occurred during 1997 to 1998, and again in 2002 to
2003 (Fig. 2.48c¢). These anomalies are likely the re-
sult of interannual variability in the rates of tropical
and boreal biomass burning (section 2g3). Since the
lifetime of CO is only a few months, the CO enhance-
ments quickly disappeared. The preliminary globally
averaged CO mole fraction in 2010 is ~83 ppb, slightly
larger than in 2009.

560 | BAMS JUNE 2011

(i) Nitrous oxide and sulfur hexafluoride—). W. Elkins

and G. §. Dutton

Atmospheric nitrous oxide (N,0O) and sulfur
hexafluoride (SF,) have significant man-made sources
and are two of six gases selected for emission reduc-
tion under the Kyoto Protocol of the United Nations
Framework Convention on Climate Change. Atmo-
spheric N, O currently has the third strongest climate
forcing of the long-lived trace gases after carbon
dioxide (CO,) and methane (CH,), recently surpass-
ing chlorofluorocarbon (CFC)-12, and is considered
a major greenhouse gas (Forster et al. 2007; Hofmann
et al. 2006).

Current emissions of nitrous oxide are expected
to contribute more to future ozone depletion than
current emissions of halogenated ozone-depleting
substances (ODS) (Ravishankara et al. 2009). Nitrous
oxide is produced naturally by both the oxidation
of ammonium and the denitrification of nitrate.
Significant emissions of nitrous oxide occur during
the application of nitrogen fertilizers on agricultural
crops (Davidson 2009). This, along with other anthro-
pogenic sources, contribute to an almost 30% imbal-
ance in the budget of atmospheric N,O, where the
global growth rate has averaged 0.75 + 0.01 ppb yr!

N.0 = 0.75 ppb yr"

J15F 6.0 &
— M
£ 310 4
= 50 3B
o, 305 =
=

44.0
SF,=0.24 ppt yr'

2980 To55T890 7995 2000 2005 2010

T T T - 0.30

1.5F L0.28
— w
-
2 -~
;N - -0.22 i

= L0.20

-0.18

0"9990 1995 2000 2005 2010
FiG. 2.49. (Top) Global monthly mean mixing ratios of
N,O (red) and SF, (blue) with estimates for the linear
growth rate from NOAA/ESRL in situ and flask obser-
vations, and (bottom) instantaneous growth rates of
N,O and SF, derived using a Fast Fourier Transform
smoothing algorithm (Thoning et al. 1989) with a two
year filter.



since 1977 (Fig 2.49). However, the observed growth
rate of N,O exhibits interannual variability, some of
which may be the result of limited global sampling
and changes in atmospheric transport (Fig. 2.49,
bottom). The mean global atmospheric N,O mixing
ratio for 2010 was 323.16 + 0.21 ppb. On average,
global N O concentrations between the two major
global networks, NOAA and the Advanced Global
Atmospheric Gases Experiment (AGAGE), agree to
within 0.2 ppb (Huang et al. 2008).

Sulfur hexafluoride (SF, ) is an important green-
house gas because it has one of the strongest global

influence the radiative atmospheric balance indirectly
through their destruction of stratospheric ozone. Be-
cause of concern over stratospheric ozone depletion,
production of many halocarbons has been restricted
in recent years through amendments and adjustments
to the 1987 Montreal Protocol on Substances that
Deplete the Ozone Layer. As a result, mixing ratios
of most of the potent ozone-depleting gases have been
declining at Earth’s surface; this decline continued in
2010 (Fig. 2.50).

The NOAA/ESRL data show that mixing ratios of
some halogenated gases continue to increase globally

warming potentials of all trace gases—23
900 times greater than carbon dioxide (CO,)
with a 100-year time horizon and a very long
atmospheric lifetime of 3200 years (Solomon
etal. 2007). Sulfur hexafluoride is primarily
used as a dielectric insulator for transmis-
sion of electricity and emissions are entirely
anthropogenic. Its global average concentra-
tion for 2010 was 7.02 £ 0.05 ppt (Fig. 2.49,
top). The average linear growth rate has been
0.24 £ 0.01 ppt yr! since 1995. The global
atmospheric growth rate increased after
2006 from a mean of 0.22 + 0.01 ppt yr! to
0.28 + 0.02 ppt yr! (Fig. 2.49, bottom). The
increase in emissions could be the result of
new electrical capacity in Southeast Asia
(Rigby et al. 2010). The decline in the growth
rate noted in last year’s report appears to have
been short-lived. Data from the two networks
generally agree very well for atmospheric SF,,
with a mean bias (NOA A minus AGAGE) of
around +0.02 ppt with a standard deviation
0f 0.05 ppt determined from coincident mea-
surements (Rigby et al. 2010). Currently, the
global radiative forcing due to SF, is small;
however, its rapid growth rate (4% per year),
high global warming potential, and long
atmospheric lifetime mean that SF_ could
contribute significantly to climate forcing
by the end of the century.

(iii) Changes in atmospheric abundances
of ozone-depleting gases and their replace
ments—S. A. Montzka and G. Dutton
Long-lived halocarbons affect the radia-
tive balance of the atmosphere because they
efficiently absorb terrestrial IR radiation
(section 2f1v). Long-lived halocarbons con-
taining bromine (Br) and chlorine (CI) also
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Fic. 2.50. (a, b, ¢, d) Atmospheric abundances (global mean tro-
pospheric mixing ratios, dry air mole fraction) of the most abun-
dant CFCs, HCFCs, HFCs, chlorinated solvents, and brominated
gases, (e) changes in atmospheric Equivalent Effective Chlorine
(EECI; ppb), and (f) recent changes in Equivalent Effective Strato-
spheric Chlorine (EESC; ppb) observed by the NOAA/ESRL
global network relative to the secular changes observed in the
past, including the level observed in 1980 when the ozone hole
was first observed, and a projected future through 2050 (Daniel
et al. 2010). EECI is derived as the sum of [C] + (Br *60)] from
observed mixing ratios of ozone-depleting substances appearing
in the other four panels. EESC is derived from EECI here by add-
ing three years to the time axis to represent the lag associated
with mixing air from the troposphere to the middle stratosphere,
where the ozone layer resides. The Ozone Depleting Gas Index
for midlatitudes (ODGI-ML) is derived (right-hand axis) from
rescaling EESC. [Source: Montzka et al. (1996, 1999)]

JUNE 2011 BAMS | Sél



(Fig. 2.50¢,d). The most rapid increases are observed
for hydrochlorofluorocarbons (HCFCs) and hydro-
fluorocarbons (HFCs), which are common replace-
ments for chlorofluorocarbons (CFCs), halons, and
other ozone-depleting gases. Increases in HCFCs
have recently accelerated owing to enhanced use in
developing countries (Montzka et al. 2009). Both
HCECs and HFCs are efficient absorbers of infrared
radiation (Table 2.5). While HCFCs contain chlorine
and deplete ozone with a reduced efficiency compared
to CFCs, HFCs do not participate in ozone-destroying
reactions.

Future levels of ozone-depleting halogens in the
stratosphere (and, therefore, the threat to stratospheric
ozone) can be estimated from weighted sums of Cl
and Br in long-lived halocarbons, accounting for the
enhanced efficiency for Br to destroy ozone [a factor
of 60 is used here (Montzka et al. 2011)]. These sums
are derived from surface-based measurements and
are expressed as Equivalent Effective Chlorine (EECI;
Fig. 2.50¢) or Equivalent Chlorine (ECI), depending
on if weightings are chosen to be relevant for the
midlatitude (EECI) or polar stratosphere (ECI). EECI,
for example, provides an estimate of the near-future
ozone-depleting power of trace gases, i.e., once air at
Earth’s surface becomes mixed into the midlatitude
stratosphere. An additional metric, Equivalent Ef-
fective Stratospheric Chlorine (EESC), provides an
estimate of the ozone-depleting power of trace gases in
the stratosphere and is often derived from EECl or ECI
with the addition of a time lag owing to transport.

The EECI content of the lower atmosphere has
declined fairly steadily through 2010 at a mean rate
of 27 ppt yr'! since the peak in 1994 (Fig. 2.50e).
Despite these substantial changes, full recovery of
stratospheric ozone is not expected until the middle
to latter part of the 21st century owing to the long
lifetimes of many of these chemicals (Table 2.5). A
similar conclusion can also be drawn from measure-
ments of trace gases obtained by the AGAGE group.
Both NOA A and AGAGE measurements show similar
trends in EECl in recent years (Montzka et al. 2011).
Progress towards EECI reductions can now be read-
ily assessed with the NOAA Ozone-Depleting Gas
Index (ODGI; see Table 2.1; Hofmann and Montzka
2009). This index is derived from EECI (Fig. 2.50f).
It is scaled so that a value of 100 represents the EECI
(or EESC) abundance at its peak, and zero represents
the 1980 level (a reference point during which ozone
depletion was thought to have been small). In 2010,
the ODGI-Midlatitudes was 67.1. Less progress is
evident for the index when the tropospheric data are
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Fic. 2.51. Global average surface concentrations of
PFC-14 and PFC-116 (ppt) from the AGAGE network

(Miihle et al. 2010).

weighted to be relevant for considering Antarctic
changes; the ODGI-Antarctica was 82.6 in 2010.

(iv) Perfluorocarbons—). Miihle and A. L. Ganesan

Perfluorocarbons (PFCs) are extremely long-lived,
potent greenhouse gases. PFC-14 (CF,) and PFC-116
(C,F,) have conservative lower limits for atmospheric
lifetimes of 50 000 and 10 000 years, respectively, and
global warming potentials (100-year time horizon)
of 7390 and 12 200, respectively (Ravishankara et al.
1993; Morris et al. 1995; Forster et al. 2007; Montzka
etal. 2011). Anthropogenic PFC-14 and PFC-116 were
historically emitted as by-products of aluminum pro-
duction and are now also emitted from the electronics
industry. However, the onset and extent of PFC emis-
sions from the electronics industry is poorly known
due to limited reporting (Khalil et al. 2003; Worton
et al. 2007; EDGAR 2009; Miihle et al. 2010).

A small natural source of PFC-14 from degassing
of Earth’s crust has been identified (Harnisch and
Eisenhauer 1998; Harnisch et al. 2000), which, be-
cause of its extraordinarily long atmospheric lifetime,
accounts for its significant pre-industrial abundance
(Harnisch et al. 1996a, 1996b) of 34.7 + 0.2 ppt (Miihle
et al. 2010), or ~44% of its 2010 abundance.

Global average surface concentrations of PFC-14
and PFC-116, respectively (Fig. 2.51), were 50.8 + 0.8
pptand 1.0 £ 0.1 ppt in 1978, 77.7 + 0.1 ppt and 4.01
+0.01 pptin 2009, and 78.3 £ 0.1 ppt and 4.09 + 0.02
ppt in 2010 (Miihle et al. 2010). PFC-14 rose at ~1.1
ppt yr! from the late 1970s to the early 1990s and by
~0.7 ppt yr'! since that time. PFC-116 rose at ~0.09
pptyr! from the late-1970s to the mid-1990s followed
by an increase to ~0.12 ppt yr'! until the mid-2000s
and a subsequent decline to ~0.09 ppt yr! afterwards
(Miihle et al. 2010).



Table 2.5. Mixing ratios, radiative efficiencies and lifetimes of chemicals considered in the AGGI (CO,

mixing ratios in ppm, N,O and CH, in ppb, all others in ppt).

Radiative

Mean suface
mixing ratio

Industrial Designation Chemical AGGI ODGI Efficiency mid-2010 Lifetime
or Common Name Formula e a [change (years)
(W m™ ppb™) from prior
year]®
Carbon Dioxide CO, Y N 1.41x10- 388.5[2.2]
Methane CH, Y N 3.7x10# 1799.2[5.0]¢ ~9
Nitrous oxide N,O Y N 3.03x1073 323.2[0.9] 1149
Chlorofluorocarbons
CFC-11 CCI,F Y Y 0.25 241.0[-2.2] 45
CFC-12 CCLF, Y Y 0.32 530.5[-2.5] 100
CFC-113 CCLFCCIF, Y Y 0.30 75.4[-0.5] 85
Hydrochlorofluorocarbons
HCFC-22 CHCIF, Y Y 0.20 204.0[7.3] 1.9
HCFC-141b CH,CCLF Y Y 0.14 20.4[0.6] 9.2
HCFC-142b CH,CCIF, Y Y 0.20 20.1[0.7] 17.2
Hydrofluorocarbons
HFC-134a CH,FCF, Y N 0.16 57.2[5.0] 13.4
HFC-152a CH,CHF, Y N 0.09 6.0[0.2] 1.5
HFC-143a CH,CF, Y N 0.13 10.1[1.17¢ 47.1
HFC-125 CHF,CF, Y N 0.23 8.3[1.0]¢ 28.2
HFC-23 CHF, Y N 0.19 23.3[0.7]¢ 222
Chlorocarbons
Methyl Chloroform CH,CCl, Y Y 0.06 7.6[-1.5] 5.0
Carbon Tetrachloride CCl, Y Y 0.13 88.5[-1.0] 26
Methyl Chloride CH,CI N Y 0.0l 536[-3] 1.0
Bromocarbons
Methyl Bromide CH,Br N Y 0.0l 7.1[0.0] 0.8
Halon 1211 CBrCIF, Y Y 0.30 3.9[-0.06] 16.0
Halon 1301 CBrF, Y Y 0.32 3.1[0.02] 65
Halon 2402 CBrF,CBrF Y Y 0.33 0.46[-0.01] 20
Fully fluorinated species
Sulfur Hexafluoride SF, N 0.52 7.02[0.28] 3,200
PFC-14 CF, N N 0.10 78.3[0.6] > 50000
PFC-116 C,F, N N 0.26 4.09[0.08] > 10000

2 Radiative efficiencies and lifetimes are taken from Daniel et al. (2007), Montzka et al. (2011), and Prinn et al. (2005).

b Mixing ratios are global surface means determined from the NOA A global cooperative sampling network (Hofmann et al. 2006),
except for PFC-14 and PFC-116, and HFC-23 in 2009 which were measured by the AGAGE group (Miihle et al. 2010; Miller et al.
2010). Changes indicated in brackets are simply the difference between the 2010 and 2009 annual global surface mean mixing

ratios. Units are ppm for CO,, ppb for CH, and N, O, and ppt for all others.

¢Preliminary estimate for 2010.

dPerturbation lifetime
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(v) The combined influence of long-lived trace gases

on the radiative balance of the atmosphere —B. D.

Hall, J. Butler, and S. A. Montzka

Long-lived trace gases have direct and indirect
influences on the energy balance of the atmosphere.
The direct radiative forcing (RF) of a trace gas is
proportional to its change in atmospheric abundance
since the start of the Industrial Revolution around
1750 and how efficiently it absorbs available infrared
radiation (its radiative efficiency; Table 2.5). The
NOAA Annual Greenhouse Gas Index (AGGI) was
developed based upon the direct RF from long-lived
trace gases (Hofmann et al. 2006). It represents the RF
due to these trace gases in a given year relative to 1990,
the Kyoto Protocol baseline year. Indirect effects (e.g.,
arising from stratospheric ozone depletion or water
vapor feedbacks) are not considered in this index. The
index is derived from global, surface measurements of
carbon dioxide (CO,), methane (CH,), nitrous oxide
(N,0), chlorofluorocarbons CFC-12 and CFC-11 (the
major long-lived greenhouse gases), and 15 minor
greenhouse gases (e.g., HCFCs, HFCs; see Table 2.5).
The AGGI offers a relatively straightforward way to
assess the increase in direct RF due to long-lived trace
gases since 1990.

By mid-2010, the increases in the abundances of
these gases over their preindustrial values amounted
to a direct RF to the atmosphere totaling approxi-
mately 2.80 W m2 (Fig. 2.52). This compares with
2.17 W m2 in 1990. With the AGGI defined as 1.0 in
1990, the preliminary value of the AGGI in 2010 was
1.29. Thus, the accumulation of long-lived trace gases
in the atmosphere since 1990 has resulted in a 29%
increase in RF due to long-lived gases. The direct RF
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Fic. 2.52. Direct radiative forcing (W m2) due to
long-lived trace gases relative to 1750 (left axis) and
the total radiative forcing from long-lived trace gases,
relative to 1990, defined as the Annual Greenhouse Gas
Index (AGGI; right axis). The value of the AGGI was
1.29 in 2010, an increase of 29% since 1990.
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FiGc. 2.53. Average relative contributions to changes
in direct radiative forcing due to various trace gases
through three decades. For example, comparing dec-
adal averages, changes in CO, are responsible for 61%
of the change in radiative forcing between the 1980s
and 1990s.

increased by about 0.043 W m2 each year in the 1980s
and by about 0.031 W m™ in the 1990s and 2000s.
Currently, carbon dioxide accounts for about 64% of
the RF due to long-lived trace gases (Fig. 2.52).

While an increase in the abundance in CO, is
responsible for the majority of the increase in RF, the
relative contributions of CO, and other trace gases
to increases in RF have changed over time. Nitrous
oxide has recently overtaken CFC-12 as the third
most important long-lived trace gas contributing to
RF (Forster et al. 2007). Chlorofluorocarbons (CFCs)
and other ozone-depleting substances played a larger
role in the relative changes in the 1980s and 1990s
(Fig. 2.53). Through the dual benefits of the Montreal
Protocol on Substances that Deplete the Ozone Layer
(Velders et al. 2007), the relative contribution of CFCs,
halons, carbon tetrachloride (CCl,), and methyl chlo-
roform (CH,CCl,) to changes in RF has decreased in
the last decade, partially offseting increases due to
other gases.



2) AerosoLs—A. Benedetti, |. W. Kaiser, and ].-|. Morcrette

The importance of atmospheric aerosols with
respect to climate has long been recognized and
highlighted in scientific studies (Haywood and
Boucher 2000; Kaufman et al. 2002; Yu et al. 2006).
Aerosols are often cited as one of the most uncertain
factors influencing climate (Solomon et al. 2007),
due to both their direct radiative effects and their
indirect radiative effects linked to cloud feedbacks.
Absorbing aerosols such as black carbon can have a
net warming effect, while reflecting aerosols have a
cooling impact that can partially offset the warming
induced by greenhouse gases.

Aerosol abundance and distributions are influ-
enced by many factors including land cover, surface
winds, volcanic activity, biomass burning, and other
human activities, and remain a major source of un-
certainty in modeling. Progress in aerosol physical
parameterizations has improved models, while
advances in observing techniques from satellite, air-
craft, and ground-based sensors have made it possible
to better describe and understand aerosol properties.
However, to obtain a more integrated view of the
aerosol distribution, and to be able to understand
aerosol climatic impacts, it is necessary to integrate
the information from models and observations into
a common framework. Reanalyses can provide this
framework and offer some insight into changes in key
climate variables.

ECMWPF’s operational numerical weather predic-
tion model has recently been extended to include
prognostic aerosols and related sources, sinks, and
physical processes, underpinned by 4DVAR assimila-
tion of observations of Aerosol Optical Depth (AOD)
at 550 nm from the MODIS sensor (Benedetti et al.
2009; Morcrette et al. 2009). Results from an initial
aerosol reanalysis were obtained as part of the GEMS
(Global and regional Earth-system Monitoring us-
ing Satellite and in situ data) project (Hollingsworth
et al. 2008) and presented in last year’s State of the
Climate report (Kaiser et al. 2010a). The follow-on
project, Monitoring Atmospheric

a global adaptive bias correction for MODIS aerosol
data in the assimilation. These major changes have re-
sulted in a new set of reanalysis data, and highlighted
the need for continuous development and research in
this area in order to establish high-quality long-term
climatologies for aerosols. In parallel to the reanalysis,
MACC also runs a Near Real Time Analysis/Forecast
(NRTA/F) suite. The model versions used in the
NRTA/F and in the reanalysis system are based on the
same meteorological cycle with identical dynamical
cores and physical processes. However, differences
exist in the treatment of the bias correction of the
MODIS data and in the definition of the observation
error. Moreover the resolution of the initial-guess
forecast is higher than in the reanalysis fields. Despite
these differences, the spatial patterns of the AOD
distribution and their variations with respect to the
multiyear average can be attributed to changes in
atmospheric state rather than to model changes. The
MACC reanalysis will eventually cover the period
2003-11, and will then provide a consistent dataset
for a possible trend analysis. Here we compare the
global aerosol distribution for 2010 produced by the
MACC NRTA/F system with the MACC reanalysis
data for years 2003-06.

Figure 2.54 shows the daily mean AOD at 550 nm
for 2010 derived from the NRTA/F run for the differ-
ent species. Dust aerosols show a fairly regular annual
cycle with a maximum in the boreal summer. In 2010,
the boreal spring peak is also quite pronounced. The
annual cycle of sulfate shows consistent boreal spring/
summer maxima. Biomass burning aerosols (organic
matter and black carbon) peak around September-
October, consistently with the seasonality of wildfires
in South America and southwestern Africa. Note also
the high values of biomass burning AOD starting in
August, related to the Russian/Siberian fires. Sea salt
AOD does not show a seasonal dependence.

Maps of average AOD for the years 2003-06 (re-
analysis) and 2010 (NRTA/F) are shown along with
the absolute difference between the two (Fig. 2.55).

Composition and Climate (MACC)
is currently providing an improved
aerosol reanalysis for use in climate
evaluation and assessment (Simmons
2010). The MACC reanalysis system
uses upgraded inventories of biomass
burning emissions (GFED V3; van der

Global Daily Averaged AO

|

— Total —— Sulfate Aerosol
— Sea Salt —— Biomass Burning
Dust

Werf et al. 2010), an updated aerosol

model with improved organic matter Fic. 2.54. Daily means of globally-averaged forecast aerosol optical

modeling and revised dust source, and  gepth (AOD) at 550 nm for 2010.
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Fic. 2.55. Total aerosol optical depth (AOD) at 550
nm for (top) 2003-06, (middle) 2010, and (bottom)
absolute difference between 2010 and the multiyear
average. Left panels are derived from MACC data and
right panels are from MISR data. (Courtesy of Goddard
Earth Sciences Data and Information Services Center,
through the GIOVANNI interface; see Table 2.1.)

A general decrease in total AOD is evident, although
some areas show an increase in AOD: the high lati-
tudes in the Northern Hemisphere, where the increase
can be attributed to the Alaskan fires in spring/early
summer and the Russian/Siberian fires in summer;
South America, due to the particularly lively biomass
burning fall season; and eastern China, most likely
due to high values of sulfate aerosols. A decrease in
AOD is seen over Indonesia, consistent with a lower-
than-average burning season, as also indicated from
satellite observations of fire radiative power (section
2g3). This is also confirmed by independent AOD
observations from the Multi-angle Imaging Spectro-
Radiometer (MISR; Kahn et al. 2010), shown in Fig.
2.55. Discrepancies between MISR and the MACC
datasets are evident over the Sahara Desert where
no data are assimilated and the MACC systems have
too little dust. All other regions show good agreement
with the reanalysis and NRTA/F systems.

Figure 2.56 shows fractional contributions to the
total AOD at 550 nm from the different modeled
aerosol species. Sea salt aerosols are the largest con-
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Fic. 2.56. 2010 fractional contributions of sea salt, dust,
biomass burning, and sulfate aerosols, respectively
from top to bottom, defined as the ratio between the
aerosol optical depth (AOD) due to a given species and
the total AOD (left). Right panels show the differences
between the single-species fractional contributions for
2010 and for the 2003-06 base period.

tributors in the Southern Ocean and along the storm
tracks. The Sahara, with its outflow over the Atlantic,
and the Middle East are the areas with the largest
contribution from dust to the total AOD. Biomass
burning aerosols are dominant over the Amazon,
southern Africa, over boreal forests, and over the
Southern Hemisphere high latitudes (although total
AOD is low at southern latitudes). The maxima in
fractional contribution of sulfate aerosols reflect the
anthropogenic emission inventory used in the model,
with sources in North America, Europe, India, and
China. Note the large contribution from sulfate over
the Arctic. Differences in single-species fractional
contributions between 2010 and the multiyear average
(right panels of Fig. 2.56) highlight an increase in sea
salt contribution over the tropical oceans. Increased
sea salt fractional contribution is also evident around
the storm tracks in both hemispheres. The fractional
contribution of desert dust for 2010 is lower than the
multiyear average everywhere except in the Middle
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FiGc. 2.57. Time variation (1979-2010) of total ozone
anomalies. Anomalies are based on the SBUV/TOMS/
OMI MOD V8 merged data record (1978-96; Frith et
al. 2004) and GOMEI/SCIAMACHY/GOME2 (GSG)
merged total ozone (mainly GOME2 data in 2010;
Weber et al. 2007). Anomalies were calculated from
area weighted monthly mean zonal mean data in 5°
latitude steps after removing the seasonal mean from
the base period 1980-2008, which was derived from the
MSR analysis (Van der A et al. 2010). Possible correc-
tions from the overlap period (1996-2009) with MOD
V8 were not applied to the GSG data set. Grey areas
indicate regions where data are unavailable.

East region. Biomass burning aerosol fractional
contribution to total AOD is substantially larger in
2010 nearly everywhere, while sulfate shows regional
increases in already-polluted areas.

3) STRATOSPHERIC 0ZONE—M. Weber, W. Steinbrecht, R.
J. van der A, P. K. Barthia, V. E. Fioletov, R. McPeters, and
R. S. Stolarskl

The 2010 annual mean ozone anomaly was positive
for most of the Northern Hemisphere, with values of
up to 40 DU above the 1980-2008 mean (Plate 2.11).
Similar high positive anomalies were observed in the
late 1990s, but more frequently in the 1980s (Fig. 2.57).
Above Central Europe, the annual mean was the high-
est of the last 25 years (Steinbrecht et al. 2011). This is
also true for the midlatitude zonal mean (30°N-60°N;
Fig. 2.58). The Arctic stratosphere in spring was char-
acterized by very high ozone anomalies exceeding
100 DU in the Eurasian sector in February. The posi-
tive anomaly in the Northern Hemisphere persisted
throughout the year.

In the tropics, annual mean ozone was close to
the long-term mean. During the first half of 2010,
ozone anomalies were quite negative (below -15 DU)
and changed to positive in the second half (above +15
DU). This is largely attributed to the switch from the
easterly phase of the quasi-biennial oscillation (QBO)
to the westerly phase (Fig. 2.57; Baldwin et al. 2001).
In the Southern Hemisphere, annual ozone was close
to the long-term mean at midlatitudes and negative in
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the polar region. The depleted polar ozone reflected
a deeper than average ozone hole during Antarctic
spring (see section 6g). From Fig. 2.57, it is evident
that the QBO modulates extratropical and polar
ozone as well.

Long-term trends in total ozone (Fig. 2.58) are
confined to the extratropics. The midlatitude losses
between 1980 and the early 1990s were followed by
stable values in the Southern Hemisphere and in-
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Fic. 2.58. Annual mean total ozone time series of
ground-based measurements combining Brewer,
Dobson, and filter spectrometer data (red; Fioletov
et al. 2002), merged BUV/SBUV/TOMS/OMI MOD V8
(blue; Frith et al. 2004), GOMEI/SCIAMACHY/GOME2
GSG (green; Weber et al. 2007), and OMI OMTO3
(OMI-TOMS; Kroon et al. 2008; McPeters et al. 2008)
satellite data in the (a) 60°S-60°N, (b) 30°N-60°N, (c)
20°S-20°N, and (d) 30°S-60°S zonal bands.
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creases in the Northern Hemisphere. The substantial
minimum in the Northern Hemisphere in the early
1990s arose from additional ozone loss associated
with the Mount Pinatubo volcanic eruption and a
series of unusually cold Arctic winters with reduced
ozone transport and enhanced polar ozone loss (e.g.,
Dhomse et al. 2006). Total ozone is expected to re-
cover because stratospheric halogens leveled off in the
late 1990s and are now declining (see Fig. 2.50 and
section 2f1iii). However, other factors like the 11-year
solar cycle and, in particular, changes in stratospheric
circulation patterns [i.e., Brewer-Dobson circulation,
teleconnection patterns such as the North Atlantic
Oscillation (NAO), and annular modes of internal
variability such as the Arctic Oscillation (AO)] con-
tribute to variations on interannual to decadal time
scales (Appenzeller et al. 2001; Steinbrecht et al. 2001;
Weber et al. 2003; Orsolini et al. 2004; Yang et al.
2005; Dhomse et al. 2006; Stolarski and Frith 2006;
Vyushin et al. 2007; Harris et al. 2008).

JFM Total Ozone 45°N-60°N |
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FiG. 2.59. Top: Jan—Mar (JFM) total ozone area weight-
ed between 45°N and 60°N as measured from ground
(Fioletov et al. 2002) and satellites, SBUV/TOMS/
OMI MOD V8 data in red, GOME/SCIAMACHY/
GOME2 GSG merged data in blue, and OMI OMTO3/
OMI-TOMS (Kroon et al. 2008; McPeters et al. 2008)
in light brown. The thick black line is the three point
triangular smooth of the ground data. Middle panel:
Dec-Feb (DJF) Arctic Oscillation (AO) index (blue
values correspond to positive AO values). Thick black
line is the three point triangular smooth of the AO in-
dex. Bottom panel: Equivalent effective stratospheric
chlorine (EESC; Newman et al. 2007) drawn with a
reversed y-axis.
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The very high 2010 total ozone anomaly pole-
ward of about 30°N coincided with an unusually
pronounced negative phase of the AO, starting in
December 2009 and lasting throughout most of 2010
(Steinbrecht et al. 2011). Winters with large negative
AO indices are characterized by the enhancement
and deflection of planetary waves towards the polar
region. This is associated with an enhanced Brewer-
Dobson circulation that transports more ozone into
the extratropics, weakens the polar vortex, and re-
duces polar ozone loss (Hartmann et al. 2000; Randel
etal. 2002; Weber et al. 2003). The easterly QBO phase
during the first half of 2010 further strengthened the
deflection of planetary waves (Baldwin et al. 2001).
Winter/spring ozone anomalies in the Northern
Hemisphere usually weaken due to photochemical
decay, but persist until the end of the following fall
(Fioletov and Shepherd 2003); in 2010 this resulted in
very high 2010 annual mean ozone in the Northern
Hemisphere (Steinbrecht et al. 2011).

Figure 2.59 highlights the long-term evolution of
the winter AO, stratospheric halogen load (Equivalent
Effective Stratospheric Chlorine, EESC), and northern
midlatitude ozone in January-March (JFEM) over the
last 40 years. Apart from the year-to-year variability,
the AO state changed from negative to a positive state
in the late 1980s and since then has trended back to
negative values. Decadal changes in stratospheric
circulation as expressed by the AO appear to go hand
in hand with chemical changes (EESC). As the AO isa
leading mode of Northern Hemispheric climate vari-
ability and couples the stratosphere and troposphere
(Thompson and Wallace 2000; Hartmann et al. 2000),
stratospheric ozone changes may have contributed on
long time scales to changes in the global circulation
and climate (Steinbrecht et al. 2011). When attributing
different factors to long-term changes in ozone, it is,
however, difficult to separate dynamical and chemical
contributions (Kiesewetter et al. 2010).

g Land surface properties

I) ALPINE GLACIERS AND ICE SHEETS—M. §. Pelto

The World Glacier Monitoring Service (WGMS)
record of mass balance and terminus behavior
(WGMS 2008; WGMS 2009) provides a global index
for alpine glacier behavior. Mass balance was negative
in 2009 for the 19th consecutive year. Preliminary
data for 2010 from Austria, Greenland, Italy, Nor-
way, New Zealand, and the United States indicate it
is highly likely that 2010 will be the 20th consecutive
year of negative annual balances.

Alpine glaciers have been studied as sensitive



indicators of climate for more than a century, most
commonly focusing on changes in terminus position
and mass balance (Oerlemans 1994). The worldwide
retreat of mountain glaciers is one of the clearest sig-
nals of ongoing climate change (Haeberli et al. 2000).
The retreat is a reflection of strongly negative mass
balances over the last 30 years (WGMS 2008). Glacier
mass balance is the difference between accumulation
and ablation. A glacier with a sustained negative bal-
ance is out of equilibrium and will retreat. The recent
rapid retreat has led to some glaciers disappearing
(Pelto 2010).

The cumulative mass balance loss of the last 30
years is 12.3 m w.e., the equivalent of cutting a 14 m
thick slice off the top of the average glacier (Fig. 2.60).
The trend is remarkably consistent from region to
region (WGMS 2009). WGMS mass balance results
based on 30 reference glaciers with 30 years of record
are not appreciably different from the results for all
reporting glaciers. The decadal mean annual mass
balance was -198 mm in the 1980s, -382 mm in the
1990s, and -654 mm for 2000-09. The declining mass
balance trend during a period of retreat indicates
alpine glaciers are not approaching equilibrium and
retreat will continue to be the dominant terminus
response.

In 2010 winter accumulation on Austrian and
Italian glaciers was about average, and summer tem-
perature was above the mean in 2010. The result was
mass losses on glaciers in the Alps: Sonnblickkees,
Austria, -790 mm; Ciardoney, Italy, -830 mm; and
Fontana Bianca, Italy, -130 mm. The Swiss Glacier
Monitoring Network reported that in 2010 the termini
of 86 glaciers were in retreat, six were stationary, and
three advanced.

In Norway, terminus fluctuation data from 30
glaciers for 2010 indicate 27 retreating, one stable,
and two advancing. The average terminus change
was -17 m, compared to -183 m in 2009. Mass bal-
ance surveys found deficits on all Norwegian glaciers.
Winter 2009/10 was cold but with little snow on the
glaciers, 50%-80% of the long-term normal. Sum-
mer was warmer than normal in the south and a bit
colder than normal in the north. (L. Andreasson 2011,
personal communication).

In the North Cascades, Washington (M. Pelto
2011, personal communication), a transition from El
Nino to La Nifna conditions led to equilibrium mass
balances. El Nifio winter conditions led to reduced
winter snowfall. La Nifia conditions developed by
summer causing low summer melting, which offset
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Fic. 2.60. The (top) annual mean and cumulative annual
mean balance and (bottom) decadal mean cumulative
specific mass balance (mm w.e.) reported for the 30

reference glaciers to the WGMS.

the low accumulation. The result was positive annual
balance on four glaciers, negative balance on five gla-
ciers, and an equilibrium balance on one glacier. All
33 glaciers observed retreated in 2010. In southeast
Alaska, snowlines were 50 m above average on Lemon
Creek and Taku Glacier of the Juneau Icefield indica-
tive of moderate negative balances.

In New Zealand, El Nifio led to normal to below-
normal temperatures through summer and into fall
2010, leading to snowlines in a near steady state (]J.
Hendrikx 2011, personal communication). On 50
glaciers surveyed, the average snowline was at the
equilibrium snowline elevation, after two strongly
negative years in 2008 and 2009.

For information on 2010 ice melt on the Greenland
ice sheet and in Antarctica please refer to sections 5f
and 6e, respectively.
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SIDEBAR 2.4: STRATOSPHERIC WATER VAPOR—K. H. ROSENLOF AND D. F. HURST

Stratospheric water vapor modulates Earth’s climate,
directly through long-wave radiative processes, and indirectly
through its influence on stratospheric ozone abundance (Shin-
dell 2001). An increase (decrease) radiatively warms (cools) the
troposphere and cools (warms) the stratosphere. Solomon et
al. (2010) modeled the radiative forcing of an observed rapid
10% (~0.5 ppmv) post-2000 decrease and found that it slowed
the rate of increase in global surface temperature over 2000—
09 by about 25% compared to that which would have occurred
from well-mixed greenhouse gases. This makes it imperative
that stratospheric water vapor be closely monitored.

The main sources of stratospheric water vapor are entry
through the tropical tropopause (Brewer 1949) and in situ
oxidation of methane (CH,) and hydrogen (H,), yielding two
water molecules for each CH, molecule oxidized (LeTexier
et al. 1988). The stratosphere is extremely dry (< 10 ppmv)
because water vapor is condensed out as air moves through
the extremely cold tropical tropopause region. Other sources
include convective overshooting of ice particles and transport
across the tropopause into the extratropical lower strato-
sphere. Both are difficult to globally quantify but are likely
minor contributors. The main loss process, polar dehydration
during Antarctic winter, annually removes ~2% of the water
vapor burden (Douglass and Stanford 1982).

Near-global measurements by satellites began in late
1978 with seven months of Limb Infrared Monitor of the
Stratosphere (LIMS) measurements (Gille and Russell 1984)
that provided the first insights into the global budget (Jones
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Fic. 2.61. Vertical profiles of tropical (10°N-10°S) stratospheric
water vapor mixing ratios from HALOE (1991-2005) and Aura
MLS (2004-present). HALOE version 20 mixing ratios were ad-
justed to better agree with the MLS version 3.3 based on coinci-
dent profiles during 2004-05. Adjustments are altitude dependent

with a maximum shift of ~0.5 ppmv.
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etal. 1986). Longer-term datasets from satellite-borne instru-
ments have been available since 1984, with the longest records
from the Stratospheric Aerosol and Gas Experiment (SAGE II)
(1984-2005) and the Halogen Occultation Experiment (HA-
LOE) (1991-2005). The Aura Microwave Limb Souder (MLS),
active since 2004, provides a critical extension to HALOE.

Entry into the tropical lower stratosphere varies with the
seasonal cycle of temperatures near the tropical tropopause,
with minima and maxima during the Northern Hemisphere
(NH) winter and summer, respectively (Reed and Vleck 1969).
As air enters the stratosphere it is imprinted with a seasonally-
dependent water vapor mixing ratio (Fig. 2.61). The seasonality
is large, typically 50%—60% of the annual mean. Air masses
retain these imprints as they are advected to higher altitudes
in the tropics by the Brewer-Dobson circulation (BDC), a
phenomenon dubbed “the tropical tape recorder” by Mote et
al. (1996). Seasonal signals are gradually eroded through mixing
as air moves upward and poleward. Mixing ratios increase with
altitude as greater fractions of CH, and H, are oxidized.

The global distribution and variance are controlled by
the seasonal cycle of tropical entry conditions coupled with
seasonally-dependent transport by the BDC, with stronger
extratropical downwelling during winter. The NH winter
downwelling is stronger than in the Southern Hemisphere (SH),
and is accompanied by the strongest tropical upwelling with
the coldest tropical tropopause. Hence, in January the tropics
are extremely dry, especially over the Western Pacific, while
the Arctic is significantly moistened by strong downwelling
with minimal polar dehydration (Fig. 2.62a). At the
lowest stratospheric levels, longitudinal structure
reflects the impacts of tropospheric dynamics,
while distributions are zonally uniform in the
mid- and upper stratosphere. In July (Fig. 2.62b),
lower stratospheric mixing ratios over Antarctica
are extremely low within the vortex, substantially
higher within a zonal band surrounding the vortex,
and highest over the Indian subcontinent as the
lower stratosphere is moistened by convective
uplift within the monsoon. The net result is that
the annual mean SH is drier than the NH (Rosenlof
etal. 1997).

The determination of multidecadal trends from
satellite-based datasets is challenging and uncertain
because there are significant discrepancies between
coincident measurements by the different sensors
(Vomel et al. 2007; Kley et al. 2000; Randel et al.
2004; Lambert et al. 2007). These discrepancies,
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FiG. 2.62. Six-year (2005-10) average global distribu-
tions of water vapor at 82 hPa, near the point of strato-
spheric entry in the tropics, as measured by Aura MLS
during (a) January and (b) July, the months of seasonal
extremes in water vapor entry mixing ratios.

ranging from 10% to 50% or even greater in some cases, pre-
clude simple compositing to produce longer-term records.

The longest continuous record is in the NH midlatitudes
over Boulder, Colorado, (40°N) from balloon-borne frost
point hygrometers (FPHs; Fig. 2.63). These data portray net
increases over Boulder of 14 + 2% (0.6 = 0. ppmv) during
1980—2000 (Scherer etal. 2008) and 27 + 6% (1.0 £ 0.2 ppmv)
during 1980-2010 (Hurst et al. 2011). These and other in situ
and satellite data in the NH imply a 50% increase in entry-
level stratospheric water vapor during 1950-2000 (Rosenlof
et al. 2001) while tropopause temperatures decreased (Zhou
et al. 2001).

Prominent in both HALOE and NOAA FPH data over
Boulder (Fig. 2.63), and in tropical HALOE data (Fig. 2.6l), is
a~10% (~0.5 ppmv) decrease after 2000. Randel et al. (2006)
attributed this to anomalously cold tropical tropopause tem-
peratures and increased tropical upwelling. Although attribution
of this large and rapid decrease supports the idea that tropical
tropopause temperatures control stratospheric water vapor
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entry (Randel et al. 2004; Fueglistaler and Haynes 2005; Rosen-
lof and Reid 2008), trends in tropical cold point temperatures
cannot explain the long-term increase in the NH midlatitudes.
With only ~30% of the observed increase attributable to CH,
growth (Rohs et al. 2006), the predominant cause(s) remains
unidentified. Hurst et al. (2011) noted that water vapor growth
over Boulder during 2006—10 strengthened with altitude in
the absence of sufficient CH, growth, requiring a dominant
mechanism other than an increase in water vapor in the tropi-
cal lower stratosphere. ldentifying the underlying cause(s) of
the observed long-term net increase remains elusive despite
substantial ongoing efforts.
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FiG. 2.63. Stratospheric water vapor mixing ratios
at 46 hPa over Boulder, Colorado. The NOAA
FPH data (red markers) and smooth curves (red)
in four discrete trend periods depict a net in-
crease of 27 * 6% since FPH measurements began
in 1980 (Hurst et al. 2011). Data from Aura MLS
(black markers) and adjusted data from HALOE
(blue markers) are also included. Note the post-
2000 decrease in both the FPH and HALOE data,
and the post-2006 increase in both the FPH and
MLS data.

Photo Courtesy of Allen Jordan (NOAA/ESRL Global Monitoring Div.)

Balloon launch at Marshall Field
Site, Boulder, Colorado
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FiGc. 2.64. Fraction of Absorbed Photosynthetically Active Ra-
diation (FAPAR) anomalies from the 1998-2010 base period by
latitude provided by SeaWiFS (NASA) and MERIS (ESA) sensors.
Gray areas indicate regions where data are unavailable.
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The most striking negative anomaly
occurred in central Russia, where high tem-
peratures and low rainfall have translated
into extreme FAPAR negative anomalies.
Cropland, grassland, and forests were all
affected. In some cases, catastrophic fires
occurred, but fire apart, the region as a
whole exhibits significantly depressed
levels of photosynthetic activity and plant
growth. Amazonia was also affected by

Year

2) FRACTION OF ABSORBED PHOTOSYNTHETICALLY ACTIVE
RapiaTioN (FAPAR)—N. Gobron and A. S. Belward

Analysis of a 13-year record of global earth ob-
servations has showed considerable variations in
vegetation dynamics on regional and continental
scales. The state of vegetation has been monitored
using estimates of the Fraction of Absorbed Photo-
synthetically Active Radiation (FAPAR) from 1998
to 2010 (Gobron et al. 2010). These data highlight
geographical regions with anomalous vegetation in
2010 with respect to previous years.

In Plate 2.1m, positive anomalies indicate favor-
able vegetation growing conditions in 2010, while
negative values, in brown, imply vegetation stress.
The strongest positive anomalies are found in central
and eastern Australia, followed by minor positive
anomalies over the middle of the United States, India,
central Europe, and southern Africa. Strong negative
anomalies occurred in Russia and South America.

The situation in Australia contrasts notably with
previous years’ values and provides quantitative
confirmation of the break in the persistent droughts
that have affected this region over the last decade.
Vegetation activity in 2010 has now returned to levels
seen in 2000-01.

| |
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strong droughts in September 2010 and the
effects of this are seen in Plate 2.1m. How-
ever, in comparison with previous years
and in terms of the annual average, these
anomalies are not as strong as in Russia.

Figure 2.64 shows zonally-averaged
FAPAR anomalies since 1998. The Southern
Hemisphere contrasts markedly with the Northern
because of persistent negative anomalies through all
seasons from around 2002 up to 2009. This feature
ended in 2010, with positive anomalies in the Southern
Hemisphere at the beginning and end of the year.

Despite dramatic regional impacts, neither the
renewed plant growth vigor in Australia nor the wide-
spread vegetation stress in central Russia were large
enough to cause major changes in the global average.
When globally averaged (Fig. 2.65), 2010 appears to
be part of a gradual return to positive values, though
not to the levels seen between 1998 and 2001.

3) BioMass BURNING—]. W. Kaiser, A. Heil, and G. R. van
der Werf

Biomass burning occurs in all vegetated terrestrial
ecosystems. Humans ignite most fires in the tropics
and subtropics, while lightning fires are more com-
mon in remote boreal regions. Fires contribute to the
buildup of carbon dioxide (CO,) through deforesta-
tion and tropical peatland fires, and from areas that
see an increase in the fire frequency. They also emit
other greenhouse gases and are a major source of
aerosols, carbon monoxide (CO), and oxides of ni-

v T r r
~— SeaWiFS & MERIS

trogen (NOx), impacting local and regional
air quality. Overall, fires impact 8 out of 13
identified radiative forcing agents (Bow-
man et al. 2009) and indirectly impact the
fluxes of water and energy by modifying
vegetation.

Satellite observations of burned area

=]

Year
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(Giglio et al. 2010) in combination with
biogeochemical modeling indicate that
carbon emissions from fires were 2.0 Pg

cally Active Radiation (FAPAR) anomalies from the 1998-2010
base period.
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C yrl, averaged over 1997-2009 (van der Werf et
al. 2010; Global Fire Emissions Database, GFED).
About a quarter (0.5 Pg C yr'!) is emitted from fires
used in the deforestation process or in degraded
peatlands and is a net source of CO,. The remainder
is balanced by CO, uptake of regrowing vegetation.
Deforestation and peat fires in particular show large
variability from year to year, partly related to changes
in annual deforestation rates and drought conditions
in deforestation zones.

In addition to providing updates to GFED, the
European Union (EU) Monitoring Atmospheric
Composition and Climate (MACC) project assimi-
lates satellite-observed fire radiative power (FRP)
to estimate biomass burning trace gases and aerosol
emissions (Kaiser et al. 2010b; Global Fire Assimila-
tion System, GFAS). The products are available start-

ing in 2003 and are extended in real time. Initial field
research (e.g., Wooster et al. 2005) indicated that FRP
is universally proportional to biomass consumed.
However, a biome dependency has been found and
implemented following Heil et al. (2010). The pre-
sented GFAS data are based on Moderate Resolution
Imaging Spectroradiometer (MODIS) FRP only to
ensure consistency of the time series. GFED and GFAS
agree within about 25%, as illustrated in Fig. 2.66.

The annual biomass combustion calculated by
GFAS for the reference period 2003-09 is shown in
Fig. 2.67 and the anomaly for 2010 is shown in Plate
2.1n. The global- and continental-scale budgets are
summarized in Table 2.6, alongside GFED emissions,
which span a longer timeframe (1997-2009) but can-
not be calculated in real time.

Table 2.6. Annual continental-scale biomass burning budgets in terms of
burnt carbon (Tg Cyr')
Dataset GFED3.1 GFASI.0
2010 w.r.t.
Time Period 1997-2009 2003-2009 2010
2003-2009
absolute relative
Quantity mean range mean range value
anomaly anomaly
Global 2000 | 15142760 | 2062 | 177-2305| 1876 -185 -9%
30°N-57°N,
N America 62 9-140 98 70-137 106 8 8%
190°E-330°E
30°N-57°N,
C America 43 23-112 67 56-9I 53 -14 -21%
190°E-330°E
0°-60°S,
SH America 269 90-570 348 176—456 418 70 20%
190°E-330°E
Europe and 30°N-75°N,
19 8-3I 33 30-41 6l 28 85%
Mediterranean 330°E-60°E
0°-30°N,
NH Africa 478 358-584 425 378-459 332 -94 -22%
330°E-60°E
0°-35°S,
SH Africa 552 478-676 511 485-589 571 60 12%
330°E-60°E
30°N-75°N,
N Asia 148 30-366 214 111-466 105 -110 -51%
60°E-190°E
10°N-30°N,
SE Asia 103 38-170 132 I1-16l 157 25 19%
60°E-190°E
10°N-10°S,
Tropical Asia 192 21-1065 103 36-217 22 -8l -79%
60°E—190°E
10°S-50°S,
Australia 134 78-185 130 87-175 53 -77 -59%
60°E-190°E
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Contribution Rate (Tg C month™')

In 2010, global emissions were 9% below the
2003-09 mean, well within the historic range. The
distribution of fire activity, however, was anomalous
with more fire activity in Southern Hemisphere (SH)
America and Europe, notably European Russia, and
less fire activity in Australia, Northern Hemisphere
(NH) Africa, Central America, and northern and
tropical Asia.

The combustion rate in SH America was 20%
above the 2003-09 average, and more than double
that of 2009 (Table 2.6; Fig. 2.66). SH America ex-
perienced drought conditions during the fire season
in the southern Amazon where most fire activity is
concentrated in the arc of deforestation. The increase
is remarkable because the Brazilian space agency has
reported a downward trend in deforestation since
2004 for the Brazilian Amazon (Regalado 2010;
http://www.obt.inpe.br/prodes/). Fire data support
this trend, except for 2007 and 2010. The Amazon
fires in 2010 have been linked to a warm sea surface
temperature anomaly of the tropical North Atlantic
via the geographical pattern of the accompanying
drought, similar to the situation in 2005 (Lewis et
al. 2011; Marengo et al. 2008). Both 2007 and 2010
also feature strong transitions from El Nifio to La
Nifia. Finally, part of the increase in 2010 stemmed
from fires that were out of control in Bolivia and
Peru, while understory fires, maintenance fires, and
deforestation fires in areas not covered by the assess-
ment of the Brazilian space agency could have also
contributed to the strong fire season.

Western Russia experienced anomalously dry and
hot conditions during May to August 2010. They
triggered widespread fire activity in an area east of
Moscow, where drained organic soils provided ample
tuel for prolonged burning of peaty soils. High rates
of smoke emissions and atmospheric subsidence led
to a severe impact on air quality in July and August
2010. This area is included in Europe in Table 2.6 and

0.001 0.005 0.010 0.025 0.050 0.075 0.100 0.150 0.200 0.250 0.300
Climatology over 2003-2009 (kg C m?)

FiG. 2.67. Climatological global biomass burning over
the 2003-09 base period as burnt carbon area density

(kg C m*?).

explains the large positive anomaly; fire activity in
Europe excluding Russia was below average.

The low combustion rate in NH Africa with its
peak in boreal winter appears to continue a negative
trend that is beginning to emerge from the GFED
dataset (Fig. 2.66). The negative anomaly in 2010
could also be related to a relatively late fire season,
transferring part of the emissions to 2011.

The strongest relationships between the El Nifio-
Southern Oscillation and fire are usually found in
Indonesia and Australia, where El Niflo-induced
drought in general leads to higher fire activity (vice
versa for La Nifa), although low rainfall rates in
Australia’s more arid regions may actually lower fire
activity because of reduced fuel availability (van der
Werf et al. 2008). In 2010, the transition to La Nifa
conditions occurred before the fire season started in
Indonesia and northern Australia, and anomalous
wet conditions strongly inhibited fire rates in both
regions (Table 2.6).

The positive aerosol anomaly over SH America
and a negative one over Indonesia reported in sec-
tion 2f2 (Fig. 2.56) is likely to be explained by the fire
anomalies reported here.

4) FOREST BIOMASS AND BIOMASS CHANGE—

P. Cais, S. Quegan, and §. Saatchi
Biomass stored in forests is a major
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global carbon stock whose dynamics
affect climate both through emissions
when forest is cleared or degraded and
by taking up carbon dioxide (CO,) when
forest is growing. Key sources of infor-
mation on global biomass and its change
in each country are the periodic Global

FiG. 2.66. Monthly carbon combustion rate (kg C mo-") in Northern Forest Resource Assessment (FRA)

Hemisphere Africa (red) and Southern Hemisphere America (blue)

by GFED (dashed line) and GFAS (solid line).
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Organization (FAO 2006, 2010), which are typically
based on inventory data. The uncertainties in the
country data are not reported and are likely to be
highly variable, particularly for countries without a
well-developed forest monitoring infrastructure (as is
the case in many tropical forest countries). Individual
plot data are not distributed, but the data underlying
the individual country estimates in the FRA can be
accessed through FAO. Revisit of inventories allows
measurement of biomass changes over periods of
several years.

The key findings of FAO (2010) are: (1) that the
global forest area extent is 40 M km?, storing a total
biomass of 290 Pg C; (2) that the rate of tropical
deforestation since 2000, 0.13 M km? yr'l, seems to
have decreased compared to the 1990s rate of 0.16 M
km? yr'l; Brazil and Indonesia, which had the highest
forest loss rates in 1990s, have reduced deforestation
in the 2000s; and (3) that large-scale forest plantation
partly counterbalances tropical forest loss. Biomass
stocks are decreasing in tropical countries because
of deforestation, but increasing in temperate coun-
tries due to forest growth, and increased forest stand
density in Europe and in the United States. China
also has a major reforestation program. Forest in
European Russia seems to be gaining carbon, but this
is counterbalanced in Asian Russia by increased fire
disturbance losses (Shvidenko et al. 2010).

Carbon dioxide emissions from land use change
(LUC; mainly tropical deforestation) were revised
to 2009 by Friedlingstein et al. (2010) using data on
forest cover reported by FAO (2010) incorporated in
a LUC emission model (Houghton 2003). The aver-
age LUC emissions estimate for the period 2000-09
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is 1.1 £ 0.7 Pg C yr'!, which is lower than the previ-
ous estimate of 1.5 + 0.7 Pg C yr! with the same
LUC emission model when driven by data from
FAO (2006), mainly because of replacement of the
originally anticipated rates of deforestation in tropi-
cal Asia by actual values. The downward revision of
LUC emissions to 2009 by Friedlingstein et al. (2010)
is also consistent with satellite observations over the
Brazilian Amazon indicating a slowdown of defor-
estation in that region (Regalado 2010). There are
two major sources of uncertainty in these estimates:
the area of forest lost and the average biomass of this
forest. Differences in the assumed value of the aver-
age biomass gave rise to differences of 1 Pg C yr!
in the range of estimates of emissions from tropical
deforestation (Houghton 2005). Satellite estimates
of deforestation also tend to be significantly lower
than inventory-based estimates (Achard et al. 2004;
DeFries et al. 2002). A recent benchmark map devel-
oped from ground and satellite observations provides
spatially refined and methodologically comparable
carbon stock estimates for forests across 75 devel-
oping countries in tropical regions (Fig. 2.68). The
map improves upon previous assessments based on
often old and incomplete national forest inventory
data and earlier spatial products. With systematic
quantification of the errors, the map improves and
constrains the pantropical estimate of total tropical
forest biomass carbon (247 Gt C at 10% tree cover),
and similarly national-scale carbon stocks (Saatchi et
al. 2011). With the uncertainties quantified spatially
along with biomass values, estimates of emission from
tropical forests can improve significantly.
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FiG. 2.68. Benchmark map of magnitude and uncertainty of forest carbon stock in tropical regions. (a) Forest
carbon stock defined as 50% of AGB+BGB is mapped at I-km pixel resolution and colored based on 12 Mg C
ha'-25 Mg C ha' range to show the spatial patterns. (b) The uncertainty of the benchmark map is estimated
using error propagation through spatial modeling approach. The uncertainty is given in terms £% and it in-
cludes all errors associated with prediction from spatial modeling, sampling errors associated with variability
of forest AGB at I-km grids, estimation of Lorey’s height from ICESAT GLAS Lidar used to sample the forest
structure over all tropical forests, estimation of AGB from Lorey’s height using inventory data from 493 plots
distributed over three continents, and errors associated with BGB estimation from allometry relating AGB
and BGB (Saatchi et al. 2011).
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3. GLOBAL OCEANS—|. M. Levy, Ed.
a. Overview—tE. ). Kearns and ). M. Levy

Calendar year 2010 exhibited anomalies in ocean
temperature, salinity, sea level, heat content, cur-
rents, carbon, and phytoplankton that were highly
influenced by the transition from El Nifio to La
Nifia conditions in the Pacific Ocean, maintenance
of a negative phase of the North Atlantic Oscilla-
tion, and transition to a negative phase of the Pacific
Decadal Oscillation. Consequentially, the state of the
ocean climate in 2010 was characterized by relatively
anomalous patterns compared with climatologies and
with the previous calendar year. The following high-
lights are fully described in the chapter that follows:

«  Theglobal sea surface temperature variations
observed in 2010 were characterized by the
transition from El Nifio to La Nifa during the
summer 2010, the development of a negative
Pacific Decadal Oscillation pattern in the
North Pacific during the fall/winter of 2010,
and the development of a tripole sea surface
temperature (SST) anomaly pattern in the
North Atlantic.

o Global integrals of upper ocean heat content
for the past several years have reached values
consistently higher than for all prior times
in the historical record, consistent with the
dominant role of the ocean in the Earth’s net
energy uptake. Deep and abyssal waters of
Antarctic origin have also trended warmer
on average since the early 1990s.

o The global ocean latent and sensible heat
fluxes in 2010 reflected a primary role of
near-surface wind anomalies in causing heat
flux anomalies; the latter, in turn, served as
a forcing mechanism for many of the SST
anomalies in the North Atlantic and the tropi-
cal Indian and western Pacific Oceans. The
globally-averaged heat flux from the ocean
was close to that in 2009, remaining below the
peak value seen about a decade ago.

o The sea surface became saltier in 2010 rela-
tive to 2009 in the western equatorial Pacific,
and fresher in the central equatorial Pacific,
mostly owing to an eastward shift in con-
vection and precipitation associated with El
Nifo. Overall, saltier (higher evaporation)
regions of the ocean surface continue to
be anomalously salty, and fresher (higher
precipitation) regions anomalously fresh in
2010. This pattern, which has held over the
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last several decades, suggests an increase in
the hydrological cycle, consistent with climate
model predictions for a warming atmosphere.
Changes between 2009 and 2010 in subsurface
salinity of 0.02-0.04 (Practical Salinity Scale)
have occurred in the upper 1000 m of all three
major ocean basins.

Westward La Nifa-associated surface cur-
rent anomalies in the equatorial Pacific were
the strongest seen in the last decade. The
Kuroshio shifted northward compared with
the previous four years, and an anomalously
high North Brazil Current shed rings into the
Northern Hemisphere.

The meridional overturning circulation
shows no statistically significant trend be-
tween April 2004 and April 2009, and there
are no unusual anomalous features of note. A
significant surface component of this circula-
tion, the Florida Current, has continued the
slight decrease observed over the past four
years, and now falls within its lowest 25%
of all annual mean values from the 29-year
record.

The effects of negative Pacific Decadal Oscil-
lation and North Atlantic Oscillation states
are evident in regional sea level changes in the
North Pacific and North Atlantic during 2010,
as well as in extreme coastal sea level ampli-
tudes with above-normal levels off the west
coast of North America and below-normal
levels in Northern Europe.

The global net carbon uptake flux for the
2009 transition period from La Nifia to El
Nifio conditions is estimated to be 1.40 Pg
C yrl, very similar to the 27-year mean. A
recent synthesis suggests that, between 1800
and 2008, up to 8.2 Pg C accumulated in the
marginal seas, i.e., approximately 6% of the
global ocean storage of 148 Pg C.

Estimates of chlorophyll trends were derived
from the SeaWiFS sensor, whose 13-year mis-
sion ended in December 2010. A statistically-
significant, decadal decrease in chlorophyll
concentration at midlatitudes reflects the
trend in positive SST anomalies. The cool
Southern Ocean shows an increase in concen-
trations that may be tied to a decrease in mean
SST in that region. Historical in situ studies
confirm the signs of the trends but suggest a
larger rate of change than that derived from
SeaWiFS.
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b. Sea surface temperatures—Y. Xue, R. W. Reynolds, V.

Banzon, T. M. Smith, and N. A. Rayner

The global sea surface temperature (SST) varia-
tions in 2010 were characterized by: (1) the transition
from El Nifio to La Nifa during the boreal summer
2010; (2) the development of a negative Pacific Dec-
adal Oscillation (PDO) pattern (Mantua et al. 1997)
in the North Pacific during the fall and winter 2010;
and (3) the development of a tripole SST anomaly
(SSTA) pattern in the North Atlantic. To quantify
uncertainties in SSTA, three SST products were used:
(1) the Optimal Interpolation SST version 2 (OISST;
Reynolds et al. 2002); (2) the Extended Reconstructed
SST version 3b (ERSST; Smith et al. 2008); and (3)
the UK Met Office Hadley Centre sea ice and SST
dataset (HadISST1; Rayner et al. 2003). The OISST
is a satellite-based analysis that uses in situ data for
bias adjustments of the satellite data for the period
since November 1981, when satellite AVHRR became
available. The ERSST and HadISST1 analyses are
historical analyses beginning in the 19th century, and
both analyses use statistics from the more recent pe-
riod that includes satellite data. The ERSST includes
in situ data only, while the HadISST1 includes both
in situ measurements and AVHRR retrievals from
1982 onwards.

In this section, SSTA is defined as departure
from the 1981-2010 climatology, which was recently
constructed to meet the World Meteorological Or-
ganization’s standard for climatology to reflect the
most recent 30-year period (http://www.wmo.int/
pages/prog/wcp/wedmp/documents/ WCDMPNo61.
pdf). The 1981-2000 climatology, which was utilized
in past State of the Climate reports, is about 0.2°C
higher than the 1971-2000 climatology (Xue et al.
2003) over much of the tropical oceans and North
Atlantic (see details in http://www.cpc.ncep.noaa.gov/
products/people/yxue/sstclim/Note_SST_Climatol-
ogy_1981-2010.doc).

The yearly mean SSTA in 2010 was characterized
by negative SSTA in the tropical central and tropical
eastern Pacific (Fig. 3.1a), reflecting the dominant
influence of La Nifa (see section 4b). Outside of the
tropical Pacific, the 2010 SSTA was characterized by
anegative PDO pattern in the North Pacific, a tripole
pattern in the North Atlantic, and general warmth in
the Indian Ocean, the central-west South Pacific, and
the South Atlantic (Fig. 3.1a). The 2010 minus 2009
SST differences show a cooling of about 1°C in the
central and eastern tropical Pacific related to the tran-
sition from El Nifio to La Nifia, a moderate cooling in
the midlatitude eastern North Pacific, a strengthen-
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FiG. 3.1. (a) Yearly mean OISST anomaly in 2010, (b)
2010 minus 2009 OISST anomaly.
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ing of the tripole SSTA in the North Atlantic and a
moderate warming near the Maritime Continents, in
the midlatitude southern Indian Ocean and central-
west South Pacific (Fig. 3.1b).

The evolution of seasonal mean SSTA in 2010 is
shown in Fig. 3.2. Positive SSTA dominated in the
central tropical Pacific during the winter 2009/10
(December-February) with an amplitude of more
than +1.5°C (Fig. 3.2a). By the spring (March-May)
2010, SST had returned to near-normal conditions
in the eastern tropical Pacific while SST remained
weakly above normal west of 150°W (Fig. 3.2b). Nega-
tive SSTA developed and covered the equatorial Pa-
cific east of 170°E during the summer (June-August),
indicative of development of La Nina conditions
(Fig. 3.2¢). At the same time, a negative PDO pattern
developed, characterized by positive SSTA (more
than +1.0°C) in the midlatitude western and central
North Pacific and negative SSTA (less than -1.0°C)
extending from the central tropical Pacific to the
west coast of North America and Gulf of Alaska (Fig.
3.2¢). The negative SSTA near the Gulf of Alaska and
along the North America west coast were associated
with enhanced upwelling and anomalous anticyclonic
winds in the northeast Pacific. During the fall (Sep-
tember-November), negative SSTA strengthened in
the central and eastern tropical Pacific, while negative
SSTA near the Gulf of Alaska weakened associated
with suppressed upwelling.
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Positive (negative) SSTA usually appear in ocean
basins away from the Pacific approximately three
to six months after El Nifno (La Nifia) peaks in the
tropical Pacific (Klein et al. 1999; Enfield and Mayer
1997); due to the remote impacts of the El Nifio, posi-
tive SSTA strengthened in the tropical Indian Ocean
and tropical North Atlantic during the spring 2010
(Fig. 3.2b). In fact, the SST in the tropical North At-
lantic reached a historical high during the spring and
summer 2010 that has been attributed to combined
forcing from the El Nifio, the persistent negative phase
of the North Atlantic Oscillation (NAO; Fig. 3.3a) and
the long-term trend (Hu et al. 2011). Positive SSTA
in the tropical Indian Ocean weakened gradually
from values higher than +0.5°C during the spring
to less than 0°C during the fall 2010 in the western
and central tropical Indian Ocean (Figs. 3.2b-d).
The cooling is probably associated with the remote
impacts of La Nina.

The tripole SSTA in the North Atlantic, charac-
terized by positive (negative) SSTA in the subtropics
and high latitudes (midlatitudes), developed during
the winter of 2009/10 and spring 2010 (Figs. 3.2a,b),
and strengthened during the summer and fall, due
to substantial warming in the subpolar region (Figs.
3.2¢,d). Figure 3.3 shows the evolution of the zonal
average SSTA in the North Atlantic along with the
NOAA Climate Prediction Center’s NAO index from
January 2009 to December 2010. There is a southward
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North Atlantic SST in

2 &b the early spring can be

Fic. 3.2. Seasonal mean SSTAs (°C) for (a) December 2009-February 2010, (b) March- ,ttributed to the com-
May 2010, (c) June-August 2010 and (d) September-November 2010. SSTs are the
monthly fields temporally averaged from the weekly 1° OISST.

bined forcings from
the El Nifo and a per-
sistent negative NAO
that often warms the

(a) Monthly Standardized NAO

ST |||||-|||||
<1.54
APR  JU (

JAN APR  JUL OCT JAN
2009 201
: (b) Zonal Averages SSTAln 80W-20W

7’%

=1

-

JAN  APR  JUL OCT JAN APR JUL OCT
2009 2010

Fic. 3.3. (a) Monthly standardized NAO index from
http://[www.cpc.ncep.noaa.gov. (b) Time-Latitude
section of SST anomalies averaged between 80°W
and 20°W. SSTs are the monthly fields temporally
averaged from the weekly 1° OISST.
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SST in the subtropics and high latitudes, and cools
the SST in midlatitudes by modifying evaporative
heat loss from the ocean (Deser and Blackmon 1993).
Positive SSTA in the subtropics decayed rapidly from
+1.2°Cin April to -0.6°C in September when El Nifio
dissipated rapidly during the spring and transitioned
into La Nifna during the summer. The tripole SSTA
persisted from January 2010 through December 2010,
and this persistence is largely attributed to the consis-
tently negative NAO during the period from October
2009 to December 2010 (Fig. 3.3a).

The historical perspective of the 2010 SSTA is
shown separately for the (a) global ocean, (b) tropical
Indian Ocean, (c) tropical Pacific, (d) North Pacific,
(e) tropical Atlantic, and (f) North Atlantic using
OISST and ERSST in Fig. 3.4. The SSTA time series of
OISST and ERSST are very similar during 1982-2010,
and the similarity suggests that the SSTA signals
discussed below are robust and insensitive to SST
analysis techniques. The mean SSTA in the global
ocean has a dominant warming trend over which are
superimposed interannual variations that are largely
associated with EI Nifio and La Nifia events (Fig. 3.4a).
For example, the peaks and valleys in the global ocean
SSTA often correspond with those in the tropical Pa-
cific SSTA (Fig. 3.4c). However, the correspondence is
not present in 2010. The tropical Pacific SSTA cooled
by 0.3°C from 2009 to 2010 under the influence of La
Nifia, while the global ocean SSTA remained largely
the same due to a substantial warming in the tropi-
cal Atlantic (Fig. 3.4e) and a small warming in the

tropical Indian Ocean (Fig. 3.4b). The tropical Indian
Ocean SSTA increased by 0.17°C from 2009 to 2010,
reaching a historical high in 2010, slightly higher
than the value in 1998 (Fig. 3.4b). The tropical Indian
Ocean SSTA is dominated by an upward trend with
an increase of 0.9°C over the period 1950-2010. The
interannual variations in the tropical Indian Ocean
SSTA correspond well with those in the tropical Pa-
cific SSTA due to remote influences of ENSO (Klein
et al. 1999). In the tropical Atlantic, SSTA increased
by 0.33°C from 2009 to 2010 and reached a historical
high that is about 0.2°C higher than the previous high
in 1998 (Fig. 3.4e). In contrast, there is little upward
trend in the North Atlantic and North Pacific SSTA.
The North Pacific SSTA trended downward from
1950 to 1987, and then rebounded from -0.5°C in
1987 to +0.31°C in 1990, and has been persistently
positive since then (Fig. 3.4d). The North Atlantic
SSTA has decreased from 1951 to early 1970s, and then
increased and reached a historical high in 2006. It has
been trending downward since 2006 (Fig. 3.4f).
There are some uncertainties in the analysis of
SSTA; the 2010 SST based on OISST is about 0.4°C
higher than that based on HadISST1 in the south-
eastern tropical Indian Ocean, Bay of Bengal, and
Arabian Sea (Fig. 3.5a). The SST differences in the
southeastern tropical Indian Ocean also led to un-
certainties in the Indian Ocean Dipole Mode Index
(DMI), defined as the SSTA differences in the west-
ern tropical Indian Ocean and southeastern tropi-
cal Indian Ocean (Saji et al. 1999). DMI was about
-0.9°C during September-October

g: (@ ﬁ:s ) in OISST but was about -0.2°C in
Bg g HadISST1 (not shown). The reasons
. M i for the large SST uncertainties are

06 06 suspected to be related to satel-
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) T ; 8 S S ——— Ocean (Fig. 3.5a). Differences near
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06 06 have large differences near western
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Fic. 3.4. Yearly mean SST anomalies (°C) from ERSST in 1950-2010
(black) and OISST in 1982-2010 (red) averaged in the (a) global ocean,
(b) tropical Indian Ocean, (c) tropical Pacific, (d) North Pacific, (e)
tropical Atlantic, (f) North Atlantic.
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boundary currents, equatorial Pa-
cific upwelling regions, and high
latitude Southern Ocean, but the
two SST products agree well in the
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southeastern tropical Indian Ocean and near the
Maritime Continents (Fig. 3.5b).

c. Ocean heat content—G. C. Johnson, |. M. Lyman, J. K. Willis,

S. Levitus, T. Boyer, J. Antonov, and S. A. Good

Storage and transport of heat in the ocean are
central to aspects of climate such as EI Nifo (Zebiak
1989), the North Atlantic Oscillation (Curry and Mc-
Cartney 2001), hurricanes (Mainelli et al. 2008), sea-
level rise (Domingues et al. 2008), the global energy
budget (Trenberth 2009), and constraining global
warming scenarios (Knutti and Tomassini 2008).

First an estimate of upper (0 m-700 m) ocean heat
content anomaly (OHCA) for the period 1 January-31
December 2010 (Fig. 3.6a) is discussed, computed
from a combination of in situ ocean temperature data
(Johnson et al. 2009; World Ocean Database 2009,
http://www.nodc.noaa.gov/OC5/indprod.html; and
Argo, Roemmich et al. 2009) and satellite altimetry
data following Willis et al. (2004), but displayed rela-
tive to a 1993-2010 baseline, hereafter the combined
estimate. Then changes in the combined estimate
between 2010 and 2009 (Fig. 3.6b) are described,
as well as maps of the linear trend of the combined
estimate from 1993 to 2010 and its statistical signifi-
cance (Fig. 3.7). Three different time series of global
integrals of in situ-only estimates of upper OHCA
are presented (Fig. 3.8). Finally, the contribution of
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warming deep and bottom water of Antarctic origin
since the 1990s to ocean heat content is assessed.
Since OHCA changes are related to depth-integrated
ocean temperature changes, increases in OHCA are
sometimes referred to below as warming and OHCA
decreases as cooling.

In recent years, many of the globally distributed
in situ subsurface ocean temperature data are from
Argo. Data from Argo floats with possible uncor-
rected systematic pressure biases (http://www.
argo.ucsd.edu/Acpres_drift_apex.html) have been
removed from the combined estimate. In addition,
annual estimates of expendable-bathythermograph
(XBT) fall rate corrections have been applied for deep
and shallow probe data using Table 2 of Wijffels et al.
(2008), but with no XBT data used after 2005. Details
of all the fields analyzed here may change after more
Argo real-time data are subject to delayed-mode
scientific quality control, as more data are reported,
and as XBT corrections improve.
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Fic. 3.6. (a) Combined satellite altimeter and in situ
ocean temperature data estimate of upper (0 m-700
m) ocean heat content anomaly OHCA (107 ] m*2) for
2010 analyzed following Willis et al. (2004), but rela-
tive to a 1993-2010 baseline. (b) The difference of 2010
and 2009 combined estimates of OHCA expressed as
alocal surface heat flux equivalent (W m2). For panel
comparisons, note that 95 W m2 applied over one year
results in a 3 x 10° ) m2 change of OHCA.
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The combined estimate of OHCA in 2010 (Fig.
3.6a) shows eddy and meander variability down to the
100-km mapping scales, as does, to a greater extent,
the difference of the 2010 and 2009 combined esti-
mates (Fig. 3.6b). Strong small-scale spatial variability
in OHCA fields is associated with the western bound-
ary currents in every gyre, as well as the Antarctic
Circumpolar Current (Fig. 3.6b). The difference in
the combined estimates between 2010 and 2009 (Fig.
3.6b) illustrates the large year-to-year variability in
regional ocean heat storage, with changes reaching
or exceeding the equivalent of a 95 W m™2 magnitude
surface flux applied over one year (~3 x 10° ] m™).
Ocean advection likely plays a dominant role in many
of these changes.

Upper OHCA and salinity variability, deep OHCA
and salinity variability, and mass signals all contrib-
ute to local sea level anomalies (Llovel et al. 2009).
Despite these confounding factors, there are many
large-scale visual similarities between the combined
estimate (Fig. 3.6a) and sea level (Fig. 3.26a) fields in
2010. This similarity reflects the large contribution
of upper ocean heat content variations to sea level
variations.

Large-scale patterns are evident in the combined
estimate of OHCA for 2010 (Fig. 3.6a) and its differ-
ence from 2009 (Fig. 3.6b). With an El Nifio giving
way to La Nifa early in 2010, the pattern of annual
mean OHCA on the Equator in the Pacific mostly
reflects La Nifa conditions, with a band of anoma-
lously low values around the Equator except in the far
west. In addition, a band of the lowest values in the
southwest tropical Pacific since 1998 (another post-
ElNino year) is found in 2010. The annual averaging
period presented here is too long for detailed study
of the ocean advection of heat associated with ENSO
dynamics (but see Fig. 3.25 and section 4b).

The North Pacific shows a narrow band of high
OHCA in the midlatitudes in 2010, perhaps associ-
ated with a Kuroshio Extension position northward
of the long-term mean (see Fig. 3.21), but little else
in the way of strong patterns (Fig. 3.6a). The band of
high OHCA in the South Pacific that extends from
the eastern Coral Sea in the west to about 50°S in the
central and eastern regions (Fig. 3.6a) appears to have
migrated south from tropical latitudes since 2006 (see
previous State of the Climate reports).

Except for a small patch off Somalia and another
centered near 10°S, in 2010 the Indian Ocean is mostly
higher in OHCA than the baseline period (Fig. 3.6a),
with that patch at 10°S and the Arabian Sea cooling
between 2009 and 2010 (Fig. 3.6b). The low patch
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of OHCA at 10°S is associated with anomalously
eastward currents to its north and anomalously west-
ward surface currents to its south (Fig. 3.19). A zonal
band of high OHCA around the Tropic of Capricorn
(southern tropic) is evident in 2010. A high OHCA
patch in the region west of Indonesia and extend-
ing across the Timor Sea to northern Australia also
stands out in 2010.

In the subpolar North Atlantic, the Labrador and
Irminger Seas are high in OHCA in 2010 (Fig. 3.6a),
and have warmed quite a bit since 2009 (Fig. 3.6b).
This change is consonant with strong wintertime
convection in this region during early 2008 (Vage
et al. 2009) being followed by warming during sub-
sequent years with weaker winter convection. The
continued high OHCA values in the eastern subpolar
North Atlantic (Fig. 3.6a) suggest that subtropical
influences are strong there (e.g., Johnson and Gruber
2007), consistent with anomalously salty surface con-
ditions in that region in 2010 (Fig. 3.12a). In 2010, a
band oflow OHCA is evident in the region of the Gulf
Stream extension, resulting from a large local cool-
ing from 2009 to 2010. This band is consistent with
a southward shift of that current (Fig. 3.19), which
might be anticipated given the low North Atlantic
Oscillation index in the winter of 2010 (Fig. 3.3) and
pronounced local anomalies in wind stress curl (Fig.
3.27). This shift is sooner than expected given the
two-year lag estimated by Taylor and Stephens (1998),
but the index was quite low in winter 2009/10, and
stayed low throughout 2010, which might modify the
phasing. The tropical Atlantic warmed considerably
from 2009 to 2010, with OHCA values higher than
the mean in 2010.

A few distinct (Fig. 3.7a) and statistically sig-
nificant (Fig. 3.7b) regional patterns stand out in
the 1993-2010 local linear trends of OHCA. In the
Indian Ocean, the warming trend is widespread,
and significant. In the Atlantic Ocean, the Labrador,
Irminger, and Greenland-Iceland-Norwegian Seas
have all trended warmer over the interval, reflecting
arobust regional warming trend over the longer time
period (Fig. 3.7a) that is reinforced by the warming
from 2009 to 2010 (Fig. 3.6b). These changes are prob-
ably due to an overall decrease in the North Atlantic
Oscillation index from 1993 to 2010. In addition, the
eastern portions of the Atlantic trend warmer across
both hemispheres. As in the 2010 OHCA map, areas
with warming trends appear more widespread than
areas of cooling, with the latter being limited in the
Atlantic to the Gulf Stream extension.

The statistically significant (Fig. 3.7b) 1993-2010



regional trends in the Pacific Ocean (Fig. 3.7a) are
of warming in the western tropical Pacific and ex-
tratropical cooling in the east, consistent (via the
geostrophic relation) with general strengthening of
the interior subtropical-tropical circulation in the
past two decades (McPhaden and Zhang 2004). The
low 2010 OHCA values in the southwestern tropical
Pacific (Fig. 3.6a) tend to oppose the warming trend
there, but do not negate its statistical significance over
the length of the record (Fig. 3.7b). The statistically
significant warming in the central North Pacific
and cooling south of Alaska and off the west coast
of North America are also consistent with an overall
downward trend in the Pacific Decadal Oscillation
index from 1993 to 2010, and there is similar-looking
pattern in the South Pacific.

The overall 1993-2010 trends in Southern Ocean
OHCA are towards warming, consistent with previ-
ous analyses (e.g., Boning et al. 2008), but with some
local cooling trends evident in the eastern Pacific and
western Atlantic sectors (Fig. 3.7a).
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FiG. 3.7. (a) Linear trend from 1993 to 2010 of the com-
bined satellite altimeter and in situ ocean temperature
data estimate of upper (0 m-700 m) ocean heat content
anomaly OHCA (W m2) analyzed following Willis et
al. (2004). Areas with statistically significant trends are
outlined in black. (b) Signed ratio of the linear trend
to its 95% uncertainty estimate, with increasing color
intensity showing regions with increasingly statistically
significant trends.
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Three different upper ocean estimates (0 m-700
m) of globally integrated in situ OHCA (Fig. 3.8)
reveal a large increase in global integrals of that
quantity since 1993. The interannual details of the
time series differ for a variety of reasons including
differences in climatology, treatment of the seasonal
cycle, mapping methods, instrument bias corrections,
quality control, and other factors (Lyman et al. 2010).
Some of these factors are not taken into account in
some of the displayed uncertainties, hence while the
error bars shown do not always overlap among the
three estimates, they are not necessarily statistically
different from each other. Errors are too large to
obtain reliable trends over a few years. However, the
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Fic. 3.8. Time series of annual average global integrals
of in situ estimates of upper (0 m=700 m) OHCA (10?' },
or Z)) for 1993-2010 with standard errors of the mean.
The NODC estimate (http://www.nodc.noaa.gov/OC5/
indprod.html) follows Levitus et al. (2009) with uncer-
tainties derived solely from the variance of quarterly
estimates of OHCA. The PMEL/JPL/JIMAR estimate is
a weighted integral (Lyman and Johnson, 2008) using
Argo and WOD 2009 (Johnson et al. 2009) data relative
to a 2004-10 climatology with the Wijffels et al. (2008)
Table 2 XBT bias adjustments applied and no XBT data
after 2005 with error estimate methodology following
Lyman et al. (2010). The Hadley estimate applies XBT
bias adjustments from Table | of Wijffels et al. (2008)
to the EN3 dataset (Ingleby and Huddleston 2007;
http://lwww.metoffice.gov.uk/hadobs) also relative to a
2004-10 climatology and is computed from estimates
of monthly OHCA following Palmer et al. (2007) and
Palmer and Brohan (2010) with error estimate meth-
odology similar to Rayner et al. (2006) but adding un-
certainty in the XBT bias correction. For comparison,
all estimates have been individually offset (vertically on
the plot), first to their individual 2004-10 means (the
best sampled time period), and then to their collective
1993-2010 mean (the record length).
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three curves all agree on a significant decadal warm-
ing of the upper ocean since 1993, accounting for a
large portion of the global energy imbalance over this
time period (Trenberth 2009).

In addition to the upper (0 m-700 m) ocean warm-
ing discussed here, a number of regional studies have
shown that deep and bottom waters of Antarctic
origin have been warming since the early 1990s,
strongest near their source, but with abyssal warm-
ing spreading north into the eastern Indian, western
Atlantic, and central Pacific Oceans as summarized
by Purkey and Johnson (2010). Their global synthesis
of these warming changes centered on 1992-2005
estimates a trend in deep OHCA of 48 + 32 TW (10'2
W). The upper ocean estimates reported here have
linear trends over that time period that range from
224 TW to 326 TW, therefore deep changes add a
measurable fraction to the total OHCA.

d. Global ocean heat fluxes—L. Yu, X. Jin, and R. A. Weller

Latent heat (evaporation) and sensible heat fluxes
(hereafter their sum is referred to as LHF+SHF) are
the primary mechanism by which the oceans release
much of the absorbed solar energy back to the atmo-
sphere. These heat transfers from the ocean to the
atmosphere are a cooling mechanism for the oceans
but a source of heating for the atmosphere. The cool-
ing and heating change the temperature gradients
and energize the circulations in the ocean and atmo-
sphere, which in turn affect air-sea temperature and
humidity contrasts and modify the magnitudes of
the ocean heat fluxes. Because of the key role air-sea
heat exchange plays in the coupled atmosphere-ocean
interactions and in the global energy balance, changes
in global heat flux fields on short- and long-term
timescales have important implications for global
weather and climate patterns (e.g., Emanuel 1986;
Cayan 1992).

Estimates of LHF and SHF over the global oceans
are being routinely produced by the Objectively Ana-
lyzed air-sea Fluxes (OAFlux) project (http://oaflux.
whoi.edu) at the Woods Hole Oceanographic Institu-
tion (Yu and Weller 2007). The computation of the
OAFlux products uses the state-of-the-art bulk flux
algorithm version 3.0 developed from the Coupled
Ocean-Atmosphere Response Experiment (COARE;
Fairall et al. 2003), with the surface meteorological
variables determined from an optimal blending of
satellite retrievals of surface-wind and temperatures
and surface-meteorology from reanalysis/forecast
models. The accuracy of the OAFlux LHF and SHF
estimates was evaluated using 126 buoys available
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over the global oceans (Yu et al. 2008); the averaged
root mean square differences between OAFlux and
buoy over the buoy locations are 9.6 W m for LHF
and 2.6 W m for SHF.

The annual-mean LHF+SHF in 2010 (Fig. 3.9a)
shows that the ocean heat loss is most intense in
the vicinity of the warm western boundary currents
(WBCs), such as the Kuroshio off Japan, the Gulf
Stream off the United States, the Agulhas Current
off the African coast, the Falkland/Brazilian Current
off South America, and the East Australian Current.
Magnitude of the annual mean LHF+SHF in these
regions exceeds 200 W m?, produced largely during
the fall-to-winter seasons by strong winds and cold
and dry air masses coming from the lands. Away
from the WBCs, larger ocean heat loss occurs mostly
over the broad subtropical oceans, with a maximum
at about 20°S in the southern Indian Ocean. The
air-sea heat exchange in these regions is sustained
by strong trade winds in the fall/winter. The spatial
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FiG. 3.9. (@) Annual mean latent plus sensible heat fluxes
in 2010. The sign is defined as upward (downward)
positive (negative). (b) Differences between the 2010
and 2009 annual mean latent plus sensible heat fluxes.
Positive (negative) values denote an enhancement (a
reduction) of ocean heat fluxes in 2010 compared to

2009.



distribution of the global LHF+SHF mean field sug-
gests a close relationship of LHF+SHF to SST and
winds (Cayan 1992).

The 2010-minus-2009 difference plot of LHF+SHF
(Fig. 3.9b) shows large-scale variability over the global
oceans, in which two organized patterns of change
are most striking. One of such large-scale changes is
the tripole structure in the North Atlantic, featuring
reduced latent and sensible heat loss (negative anoma-
lies) in the subpolar region, enhanced ocean heat loss
(positive anomalies) in the middle latitudes centered
off Cape Hatteras, and reduced ocean heat loss (nega-
tive anomalies) in the subtropics between the Equator
and 25°N. The tripole pattern is associated with the
atmospheric conditions of a persistent negative phase
of NAO, which has lasted since October 2009 (Fig.
3.3a). A negative NAO state has a weak subtropical
high and a weak Icelandic low. The reduced pressure
gradient causes a southward displacement and weak-
ening of the westerlies across the midlatitudes and
meanwhile slackens the trade winds in the tropical
oceans (Hurrell 1995; Visbeck et al. 2001). The change
in wind is evident in the 2010-minus-2009 difference
plot of wind speed, which is shown in Fig. 3.10 with
the mean 2010 ocean-surface wind vectors at a 10 m
height superimposed. Positive (negative) wind speed
anomalies denote strengthening (weakening or re-
versing) of prevailing winds in 2010 compared with
2009. The global daily wind analysis is developed by
the OAFlux project (Yu and Jin 2010) from synergiz-
ing passive radiometer wind speed retrievals and
radar scatterometer vector wind retrievals. The wind
analysis for the post-QuikSCAT (after November
2009) period uses satellite retrievals from the Special
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Fic. 3.10. Differences between the 2010 and 2009 wind
speed at 10 m (colored background), with the 2010
mean wind vector superimposed (black arrows). Posi-
tive (negative) values denote the strengthening (weak-
ening) of the prevailing winds compared to 2009.
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Sensor Microwave Imager (SSM/I), the Advanced
Microwave Scanning Radiometer for EOS (AMSR-E),
and the Advanced Scatterometer (ASCAT) aboard the
EUMETSAT METOP satellite.

The tripole pattern in the North Atlantic LHF+SHF
correlates well with the NAO-induced change in the
surface wind field. Positive (negative) LHF+SHF
anomalies occurred in the regions of stronger
(weaker) wind speeds, as wind speed facilitates the
heat exchange by evaporation and conduction. Inter-
estingly, wind direction is a more important factor.
The intensified heat flux anomaly off Cape Hatteras
resulted from the interaction between the warm
boundary current and the cold and dry air advected
by the strengthened westerlies from inland. Similarly,
the large heat flux anomalies in the Norwegian Sea
(north of 60°N) were due primarily to the intrusion of
the cold Arctic air associated with the strengthening
of the prevailing northerly winds. It is known that
the basin-scale SST variability on NAO time scales is
driven primarily by the atmospheric forcing via the
effects of LHF+SHF, mixing, and the wind-driven
Ekman currents (Cayan 1992; Deser and Blackmon
1993). It is not a surprise to see that the Atlantic sea
surface had a significant warming (cooling) (Fig.3.1b)
in regions of reduced (enhanced) LHF+SHF and
weakened (strengthened) winds.

The other large-scale organized pattern of change
in LHF+SHF is associated with the transition from
El Nifo to La Nifa in the tropical Pacific and the
coinciding development of a negative PDO in the
North Pacific. Compared to 2009, the sea surface in
2010 was colder in the central and eastern equato-
rial basin and warmer in the western basin (Fig.
3.1b). It is interesting to observe that the correlation
between SST and LHF+SHF in the tropical Pacific is
not as linear as that in the North Atlantic, because
LHF+SHF has reduced not only over the cooler sea
surface in the east but also over the warmer sea sur-
face in the west. That LHF+SHF decreased over the
colder tongue can be explained by thermodynamic
considerations. The SST in the region is controlled by
ocean dynamics through wind-driven upwelling of
cold water from the thermocline (Wyrtki 1981). The
cold tongue became colder as the trade winds became
stronger during La Nifa (Fig. 3.10), which reduced the
evaporation and led to a positive correlation between
SST and LHF+SHF. This suggests that LHF+SHF
responded to the SST anomalies in the cold tongue
and acted as damping to suppress the growth of these
ENSO anomalies.
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LHF+SHF (Wm?)

On the other hand, the decrease of LHF+SHF
over the warmer warm pool in the western Pacific
and southeastern Indian Oceans is governed not by
SST, but by atmospheric dynamics as manifested by
changes in wind speed (Zhang and McPhaden 1995).
Deep convection in the Indo-Pacific warm pool inten-
sifies during La Nifa (Plate 2.1g), leading to enhanced
low-level convergence. By mass continuity, the center
of convergence is the area of low wind speed. In 2010
both the easterlies in the central Pacific and the
westerlies in the central Indian Ocean strengthened
near the equatorial latitudes, while the wind speed
was considerably weaker in the center of the convec-
tion over the warm pool (Fig. 3.10). It is this low wind
speed that appears to have limited LHF+SHF over
the warm pool. The weak LHF+SHF in turn released
less heat to the atmosphere, and the weaker wind in-
duced less mixing. Both effects caused the sea surface
warming that is observed in the Indo-Pacific warm
pool region (Fig.3.1b). Overall, the change in 2010
LHF+SHF in the tropical Pacific reflects more the
wind speed anomalies than the SST anomalies.

The annual mean time series of the globally aver-
aged LHF+SHF from 1958 to 2010 (Fig. 3.11) indicates
that the 2010 LHF+SHF was slightly up from the 2009
mean. Nevertheless, the downward trend that started
around 2000 still prevails. The 53-year time series
from 1958 to 2010 displays an oscillatory nature, with
alow 0f 99 W m2in 1977 and a high of 109 W m? in
1999. The decadal cycle is driven primarily by LHF,
with minor contribution from SHF.

e. Sea surface salinity—G. C. Johnson and |. M. Lyman
Ocean storage and transport of freshwater are in-
trinsic to aspects of global climate, including the wa-
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ter cycle (e.g., Schanze et al. 2010), El Nifo (e.g., Maes
et al. 2006), and anthropogenic climate change (e.g.,
Held and Soden 2006). Only since 2004 has the advent
of Argo allowed an annual assessment of global upper
ocean salinity and its complement, freshwater. (The
Argo array of profiling floats measures temperature
and salinity year round in the upper 2 km of the ice-
free global ocean, nominally at 10 day intervals and
3°x 3° spacing; Roemmich et al. 2009).

The near-global Argo data are used to determine
an annual average sea surface salinity (SSS) anomaly
for 2010 relative to a climatology and to describe how
annual SSS anomalies have changed in 2010 relative to
2009, as well as to assess 2004-10 SSS trends and their
statistical significance. The data, downloaded from
an Argo Global Data Assembly Center in January
2011, are a mix of real-time (preliminary) and delayed
mode (scientific quality controlled). The estimates
of SSS presented could change after all the data have
been subjected to careful scientific quality control and
as other data sources are integrated into the estimates.
[Remote sensing of SSS began in late 2009 with one
satellite (http://www.esa.int/esaLP/LPsmos.html),
with a second satellite anticipated to be launched in
2011 (http://aquarius.gsfc.nasa.gov/).]

The shallowest Argo salinity values flagged as
good (excluding any with pressure > 25 dbar) are
used in this analysis. They are generally at 9-dbar
pressure, with some as shallow as 4 dbar. These values
are subject to a statistical check to discard extreme
outliers. Extreme outliers are defined as points within
a 3°radius of a data point with temperature or salinity
values three times the interquartile range above the
third or below the first quartiles. After this check,
the remaining data are cast as differences from a
climatological mean surface salinity field from
the World Ocean Atlas based on historical data
reported through 2001 to contrast the Argo
period with the earlier record (WOA 2001;
Boyer et al. 2002). The resulting anomalies are
objectively mapped (Bretherton et al. 1976) for
each year using a covariance function combin-
ing a 6° (latitude and longitude) length-scale
Gaussian with a 9° length-scale exponential and
a noise-to-signal variance ratio of 2.2.

Climatological SSS patterns are correlated
with surface freshwater flux: the sum of evapo-
ration, precipitation, and river runoff (e.g.,

FiG. 3.11. Year-to-year variations of global averaged annual
mean latent plus sensible heat flux (black curve), latent heat
flux (red curve), and sensible heat flux (blue curve). The
shaded areas indicate the error bars of the flux estimates at
the 95% confidence level.
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Beranger et al. 1999) where advection processes
are not dominant. In each ocean basin in both
the Northern and Southern Hemispheres,
subtropical salinity maxima centered between



roughly 20° and 25° in latitude are signatures of the
predominance of evaporation over precipitation.
Conversely, in most regions where climatological
surface salinities are relatively fresh, such as the
high latitudes and the Inter Tropical Convergence
Zones (ITCZs), precipitation generally dominates
over evaporation.

The 2010 SSS anomalies from WOA 2001 (Fig.
3.12a) reveal some large-scale patterns that also hold
in 2004 through 2009. The regions around the sub-
tropical salinity maxima are mostly salty with respect
to WOA 2001. Most of the high-latitude climatologi-
cally fresh regions appear fresher than WOA 2001,
including most of the Antarctic circumpolar current
near 50°S and the subpolar gyre of the North Pacific.
These patterns are consistent with an increase in the
hydrological cycle (that is, more evaporation in drier
locations and more precipitation in rainy areas), as
seen in simulations of global warming. These simula-

tions suggest this signal might be discernible over the
last two decades of the 20th century (Held and Soden
2006), consistent with the multiyear nature of these
anomalies. While anomalous ocean advection could
influence the SSS pattern over decadal time scales,
changes observed at the local extrema are presum-
ably relatively insensitive to such effects. The analysis
presented here for SSS anomalies is supported by
others: difference of maps of 2003-07 Argo data and
historical 1960-89 ocean data prepared in the same
fashion show a similar pattern (Hosoda et al. 2009),
as do estimates of linear trends from 1950 to 2008
(Durack and Wijffels 2010; see Sidebar 3.1 for further
discussion, including interior ocean trends).

In contrast to the other high latitude areas, the
subpolar North Atlantic and Nordic seas in 2010
are mostly anomalously salty (except east of Green-
land) with respect to WOA 2001 (Fig. 3.12a), as they
have been since at least 2004 (see previous State of

the Climate reports). On the basin scale the North

Snfae Salinity Anoamly P50l Atlantic loses some freshwater to the atmosphere

05 0.25 0 0.25 05
_ - : . y whereas the North Pacific gains some (Schanze et al.
0Nt 2010), thus the changes here may again be consistent
60°N & ot with an increased hydrological cycle. In addition,
- = @210 % the salty anomaly in this region is consistent with a
N2 A 55 stronger influence of subtropical gyre waters in the
0 LRI northeastern North Atlantic in recent years coupled
30°S - with a reduced extent of the subpolar gyre (Hiakkinen
N~ a etal. 2011).
e Sea surface salinity changes from 2009 to 2010
90°S e B SR eae . . )
30°E 60°E Q0°E 120°E 150°E 180° 150°W 120°W 90°W60°W 30°W 0° 30°E (1.315'3. 3 leb) strongly reflect 2010 anomalies in pre

QONf—e——— cipitation (Plate 2.1g), as well as year-to-year changes
— in evaporation, with the latter being closely related
to latent plus sensible heat flux anomalies (Fig. 3.9b).
s Advection by anomalous ocean currents (Fig. 3.19)
0°- also plays a strong role in year-to-year variability of
g sea surface salinity. For instance, the western equa-

30°S+ . . . .
== torial Pacific became considerably saltier from 2009
W to 2010 while the central-eastern equatorial Pacific
G ey ———————r became fresher (Fig. 3.12b). This shift is likely par-
— : ; | tially owing to advection of salty water from the east
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by the anomalously westward surface currents on the
Equator during that time, but an eastward shift in
convection and precipitation in the equatorial Pacific
during the strong El Niflo in boreal winter 2009/10
also plays a large role. This pattern appears only
partly compensated by the onset of La Nifa later in
2010. The portion of the southwestern tropical region
that became saltier in 2010 relative to 2009 may also
have changed partly owing to anomalous westward
surface currents. The eastern Pacific and Atlantic
ITCZs also became fresher during this time period,

1-Year Surface Salinity Change [PSS-78 yr ']

FiG. 3.12. (a) Map of the 2010 annual surface salinity
anomaly estimated from Argo data [colors in 1978
Practical Salinity Scale (PSS-78)] with respect to a
climatological salinity field from WOA 2001 (gray
contours at 0.5 PSS-78 intervals). (b) The difference
of 2010 and 2009 surface salinity maps estimated
from Argo data [colors in PSS-78 yr'!' to allow direct
comparison with (a)]. Gray areas are too data-poor to
map. While salinity is often reported in practical salin-
ity units (PSU), it is actually a dimensionless quantity
reported on the PSS-78.
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at least partly owing to anomalously strong precipita-
tion in these regions during 2010. Anomalous vertical
advection may also play a role in these changes, but is
not analyzed here. There are strong correspondences
between the surface salinity changes from 2009 to
2010 and subsurface changes over the same period
(Figs. 3.14-3.16), with some of the surface changes
apparently penetrating deep into the water column,
suggesting influences of shifting ocean currents and
fronts.

Trends from 2004 through 2010 are estimated
by local linear fits to annual average SSS maps (Fig.
3.13a). The ratio of these trends to their 95% signifi-
cance are also assessed (Fig. 3.13b). The starting year
is 2004 because Argo coverage became near global
then. The most striking trend patterns are in the Pa-
cific. Saltier surface values in the western and central
tropical Pacific extend into the eastern Pacific sub-
tropics in both hemispheres. A strong freshening also
occurs in the western subtropics of each hemisphere
in the Pacific and the far western tropical Pacific, ex-
tending into the Indian Ocean northwest of Australia.

2004-2010 Surface Salinity Trend [PSS-78 YR ]
'0.’1 -0]05 l? 0;05 0; 1

0| A2
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Ratio of Surface Salinity Trend to 95% Uncertainty

3.13. (a) Map of local linear trends estimated from

annual surface salinity anomalies for the years 2004
through 2010 estimated from Argo data (colors in PSS-
78 yr''). (b) Signed ratio of the linear trend to its 95%
uncertainty estimate, with increasing color intensity
showing regions with increasingly statistically signifi-
cant trends. Gray areas are too data-poor to map.
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Large-scale freshening is also evident in the tropical
Southeast Pacific. These recent trends differ from
the 50-year trends discussed in the salinity sidebar
of this chapter. These differences are not surprising
given the very different time periods over which the
trends are computed.

f- Subsurface salinity—S. Levitus, ]. Antonov, T. Boyer, . Reagan,
and C. Schmid

Levitus (1989a, 1989b, 1989c¢), Antonov et al.
(2002), Boyer et al. (2005), and Durack and Wijffels
(2010) documented basin-scale changes of salinity
for all or part of the world ocean on interpentadal
or interdecadal time scales. Salinity changes reflect
changes in the Earth’s hydrological cycle and also
contribute to change in sea level and ocean currents
(Levitus 1990; Greatbatch et al. 1991; Sidebar 3.1).

The World Ocean Database 2009 (Boyer et al.
2009) updated through December 2010 has been used
as the source of subsurface salinity data used in the
analyses of 2009 and 2010 and climatological salinity
conditions presented here. For 2009-10 it is primar-
ily data from Argo profiling floats (approximately
109 000 profiles) that extend as deep as 2000 m and
provide near-global coverage for the region within
60° of the Equator. Data from the TAO/TRITON,
PIRATA, and RAMA arrays of tropical moored buoys
provide important data in the upper 500 m of the
water column. Approximately 13 000 ship-based con-
ductivity/temperature/depth casts and 52 635 glider
casts (these were highly localized in space) were also
used. Final quality control has not been performed on
some of the most recent observations used here, but
it is not believed that additional quality control will
substantially affect the results presented here. All data
are available at http://www.nodc.noaa.gov.

The analysis procedure is as follows. First, monthly
global analyses of salinity anomalies at standard
depth levels from the sea surface to 2000 m depth are
computed for years 2009 and 2010. For initial fields
in the objective analyses the monthly salinity clima-
tologies from the World Ocean Atlas 2009 (WOA09;
Antonov et al. 2010) are used. Then observed data
averaged on a 1° square grid at each standard depth
are subtracted from the appropriate 1° climatological
monthly mean. The next step is to objectively analyze
(Antonov et al. 2010) these anomaly fields to gener-
ate a monthly anomaly field with an anomaly value
defined at each grid point. The monthly anomaly
fields are time averaged at each depth and gridpoint
to define an annual mean anomaly field for each



standard depth level. This is
done for 2009 and 2010.
Subsurface changes in
salinity for the three major
basins of the world ocean are
documented in two ways.
The first is to zonally aver-
age the WOAO09 climatology
and the 2010 annual mean
field for each basin and plot
these difference fields as a
function of depth and lati-
tude for the upper 1000 m of
each basin as in Figs. 3.14a,
3.15a,and 3.16a. Examining
these figures allows docu-

L2 723 9 e g5 s Lt ey v g s o o o
Latitude (N) Latitude (N)
FiGc 3.14. (a) Zonal mean 2010 salinity anomaly vs. latitude and depth for the
Pacific Ocean. (b) Salinity anomaly 2010 minus 2009 vs. latitude and depth
for the Pacific Ocean. For both plots blue shading is for areas of negative
(fresh) anomaly < -0.01. Red shading is for areas of positive (salty) anomaly
> 0.01. Contour interval shown for anomalies is 0.02. In the background (thick
blue contours) is the zonally averaged climatological mean salinity. Contour
intervals for the background are 0.4. All values are on the Practical Salinity
Scale. WOAO09 was used as the reference climatology for anomalies and for

mentation of the difference
in salinity conditions be-
tween 2010 and the “long-term” mean as best as can
be determined with the historical data available used
to construct WOA09. We only document variability
in the upper 1000 m where signals are the largest
and the figures can clearly document the changes
that have occurred. This does not imply that changes
deeper than 1000 m have not occurred, especially for
the Atlantic. The second way is to document changes
between these two years by zonally averaging the 2009
annual mean field by basins and plotting the 2010
minus the 2009 fields. It should be noted that it is
only the advent of the Argo profiling float observing
system that allows such a computation.

Figure 3.14a shows the 2010 minus climatology
changes in salinity for the Pacific Ocean. There is a
strong region of freshening (negative values) located
in the 50°S-70°S region extending to 1000 m depth.
In the 0°-45°S region there is a region of strong salini-
fication (positive values) in the upper 200 m. This
overlies a region of freshening that extends to about
700 m depth. In the 10°N-28°N region salinity has
increased in the upper 125 m indicating an increase
in the salinity of subtropical mode water (SMW; Ya-
suda and Hanawa 1997), an increase in the amount
of SMW formed or both. In the 30°N-40°N region
freshening occurred with the freshening extending
as far south as 10°N at subsurface depths.

Figure 3.14b shows the 2010 minus 2009 changes
in salinity for the Pacific Ocean. Most changes in sub-
surface salinity occur in the upper 400 m of this basin.
At the sea surface, the 15°N-32°N region has become
more saline with the positive anomaly extending
south to about 10°N with increasing depth. This sug-
gests changes in the properties of, or the amount of,

background means.

STATE OF THE CLIMATE IN 2010

SMW formed. A similar feature appears in the South
Pacific centered around 20°S but with the more saline
near-surface waters extending both further south and
north. The subsurface high saline tongue extends
northward to about 10°S. A surface freshening has
occurred centered near 12°N that extends southward
with increasing depth. This surface freshening may
represent changes in rainfall in the Intertropical
Convergence Zone (ITCZ). A relative maximum in
freshening occurs centered at about 2°N at 125 m
depth. This may not be directly related to changes in
the ITCZ but could be linked to changes in upwelling
or downwelling near the Equator which could be fur-
ther linked to changes in the equatorial and tropical
wind fields. Another region of subsurface freshening
is centered near 12°S at 225 m depth. This might be
related to changes in the tropical wind field.

Figure 3.15a shows the 2010 minus climatology
changes in salinity for the Indian Ocean. Similar
to the Pacific a region of freshening located in the
50°S-70°S region that extends to 1000 m depth. Im-
mediately to the north of this feature a region (30°S-
45°S) of salinification has occurred. Another region
of salinification has occurred extending northward
and downward from 30°S. Freshening has occurred in
the 10°S-20°S region and salinification has occurred
in the 10°S-12°N region.

Figure 3.15b shows the 2010 minus 2009 changes in
salinity for the Indian Ocean. As in the Pacific, most
changes in subsurface salinity occur in the upper 400
m of this basin. A notable exception occurs at 50°S. At
16°N and a depth of 50 m a relatively strong freshen-
ing occurred that extends to about 400 m depth. A
possible explanation for this strong freshening at the
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FiG 3.15. (a) Zonal mean 2010 salinity anomaly vs. latitude and depth for the
Indian Ocean. (b) Salinity anomaly 2010 minus 2009 vs. latitude and depth
for the Indian Ocean. For both plots blue shading is for areas of negative
(fresh) anomaly < -0.01. Red shading is for areas of positive (salty) anomaly
>0.01. Contour interval shown for anomalies is 0.02. In the background (thick
blue contours) is the zonally averaged climatological mean salinity. Contour
intervals for the background are 0.4. All values are on the Practical Salinity
Scale. WOAO09 was used as the reference climatology for anomalies and for
background means.

changes in salinity for the
Atlantic Ocean. Similar
to the Pacific and Indian
oceans, a region of freshen-
ing occurs at high latitudes
of the southern hemisphere
extending to relatively deep
depths (900 m). Immediately
to the north is a region of
salinification that is greater
in magnitude than the cor-
responding region in the
Indian Ocean. Unlike the
North Pacific, the North
Atlantic is characterized by
an increase in salinity ex-
tending to several hundred

590

surface and deeper depths could be the ENSO impact
on the Asian summer monsoon. In 2009 a strong El
Nifio occurred, whereas in 2010 conditions changed
to a moderate-to-strong La Nifia. It has been shown by
Lim and Kim (2007) that during warm ENSO events
(e.g., 2009), the Walker circulation in the tropical
Pacific is displaced eastward resulting in higher sea
level pressure in the western tropical Pacific and con-
sequently results in subsidence over the western tropi-
cal Pacific and Indian Ocean. This pattern in turn,
inhibits the ability for the monsoon to strengthen and
thus less rainfall than normal falls (e.g., less fresh-
ening). Cold ENSO (e.g., 2010) events produce the
reverse, with more lift in the Indian Ocean and west-
ern tropical Pacific resulting in stronger monsoons
and more rainfall (e.g., more freshening). It should
be noted that based on the
work done by Kumar et al.

100—

(1999), this simple inverse 200
relationship between ENSO 3 300+
. o2 400

and the Asian summer mon- 2 5]
soon has weakened over the = 600
past two of decades. At 8°N @ ;gg’
a relatively strong increase 9001
in salinity has occurred ex- 10001

meters depth. One exception
is a very shallow region of freshening in the 0°~10°N
region.

Figure 3.16b shows the 2010 minus 2009 changes
in salinity for the Atlantic Ocean. Unlike the other
two basins, changes in salinity have occurred to
depths of 1000 m even on this one year time scale.
This may be due in part to deep convection and the
shifting position of large-scale fronts that have large
vertical extension. Levitus (1989¢) documented
statistically significant large-scale changes at 1750
m depth for this basin on time scales of 20 years.
Yashayaev and Loder (2009) discuss the variability
of production of convectively formed Labrador Sea
water. In the 60°N-70°N region, salinification has oc-
curred that is strongest at the sea surface but extends
vertically to 500 m depth. In the 50°N-60°N region,

tending to about 125 m with
asimilar increase in the 2°S-

-70° 60° -50° 40° -30° -20°-10° 0° 10° 20° 30° 40° 50° 60° 70°
Latitude (N)

Latitude (N)
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12°S region within the top
50 m of the water column.
Another region of freshen-
ing is centered at 15°S and
100 m depth.

Figure 3.16a shows the
2010 minus climatology
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FiG 3.16. (a) Zonal mean 2010 salinity anomaly vs. latitude and depth for the
Atlantic Ocean. (b) Salinity anomaly 2010 minus 2009 vs. latitude and depth
for the Atlantic Ocean. For both plots blue shading is for areas of negative
(fresh) anomaly < -0.01. Red shading is for areas of positive (salty) anomaly
>0.01. Contour interval shown for anomalies is 0.02. In the background (thick
blue contours) is the zonally averaged climatological mean salinity. Contour
intervals for the background are 0.4. All values are on the Practical Salinity
Scale. WOAO09 was used as the reference climatology for anomalies and for
background means.



SIDEBAR 3.1: OCEAN SALINITY: A WATER CYCLE DIAGNOSTIC?—P. |.

DURACK, S. E. WIJFFELS, AND N. L. BINDOFF

Present-day civilizations thrive in a wide range of tempera-
tures at different latitudes across the Earth, but cannot cope
without available freshwater. Changes to global water distri-
bution are anticipated in the 2Ist century as anthropogenic
climate change signatures become more apparent from natural
variability of the climate system; future projections of surface
moisture fluxes suggest that regions dominated by evaporation
(over rainfall over the course of a year), will become drier,
while regions dominated by rainfall (over evaporation) will
become wetter (Allen and Ingram 2002; Held and Soden 2006;
Meehl et al. 2007; Wentz et al. 2007; Seager et al. 2010). In
water-stressed areas the human population and surrounding
ecosystems are particularly vulnerable to decreasing or more
variable rainfall due to climate change. Therefore, understand-
ing probable future changes to the global water cycle are vital,
as the projections of future climate show considerable changes
to the water cycle are likely to significantly impact much of the
world’s population.

The global oceans cover 71% of the global surface, expe-
rience 75%—90% of global surface water fluxes, and contain
97% of the global freshwater volume (Schmitt 1995). As the
ocean and land surface warms, so will the lower troposphere,
and the amount of water vapor it can carry increases; this
simple effect is anticipated to drive a stronger water cycle,
with arid regions becoming drier and wet regions wetter
(Held and Soden 2006). As the oceans are the engine room of
the global water cycle, ocean salinity
changes can be used to provide an
estimate of broad-scale global wa-
ter cycle changes and their regional
patterns. Here, we review some of
the major progress in understanding
observed global water cycle changes
in the ocean since the publication of
the IPCC Fourth Assessment Report

grates and smoothes high frequency and spatially patchy E-P
fluxes at the ocean surface and provides a smoothed salinity
anomaly field that facilitates detection of large-scale changes.
Patterns of long-term changes to surface salinity are now
available, based on both trend fits directly to ocean data (e.g.,
Freeland et al. 1997; Curry et al. 2003; Boyer et al. 2005;
Gordon and Giulivi 2008; Durack and Wijffels 2010) and com-
parisons of Argo era (2003—present) modern- to historical-
ocean climatologies (e.g., Johnson and Lyman 2007; Hosoda et
al. 2009; Roemmich and Gilson 2009; von Schuckmann et al.
2009; Helm et al. 2010). The patterns of multidecadal salin-
ity change from these analyses show remarkable similarities
between the mean E-P field and mean salinity field (Fig. 3.17).
Rainfall-dominated regions such as the western Pacific warm
pool, for example, have undergone a long-term freshening, and
arid regions in the subtropical, evaporation-dominated ‘desert
latitudes’ have generally increased in salinity (e.g., Fig. 3.17b).
Observed surface salinity changes suggest that changes in
the global water cycle have occurred. The mean surface salinity
climatology and the pattern of multidecadal (50-year) linear sur-
face salinity changes (Durack and Wijffels 2010) have a spatial
correlation of 0.7 (Fig. 3.18). Using this spatial relationship the
amount of salinity pattern amplification can be obtained, with
these data implying an amplification of the mean ocean surface
salinity pattern of 8.0% has occurred between 1950 and 2000

(Fig. 3.18). In order to enhance the signal-to-noise for pattern
Continues on next page

(AR4; Bindoff et al. 2007).

Global surface salinity is strongly
correlated with the spatial patterns of
E-P [evaporation (E) minus precipita-
tion (P)] in the climatological mean.
This relationship—where regions of
low salinity correspond with regions
of low (or negative) E-P and regions
of high salinity with high E-P—provide
some confidence in using salinity as a
marker of global water cycle changes.
Over long-timescales, the ocean inte-
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FiG. 3.17. (@) Ocean-atmosphere freshwater flux (E-P; m? yr!) averaged over
1980-93 (Josey et al. 1998). Contours every | m? yr'! in white. (b) The 50-year
linear surface salinity trend (PSS-78 50 yr''). Contours every 0.25 (PSS-78) are
plotted in white. On both panels, the 1975 surface mean salinity is contoured
black [contour interval 0.5 (PSS-78) for thin lines, | for thick lines]. Due to
limited observational E-P coverage a direct 1950-2000 climatology is not
currently available, however the field produced by Josey et al. 1998 closely
matches climatological means developed from many varied products over dif-
fering time periods (e.g. da Silva et al. 1994; Schanze et al. 2010) and provide a
very similar spatial E-P pattern of correspondence with surface climatological
mean salinity. Reproduced from Durack and Wijffels (2010).
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P. J. DURACK, S. E. WIJFFELS, AND N. L. BINDOFF

amplification a spatial smoothing technique is applied to the
global data; this develops basin-bound zonal means for both
climatological mean salinity anomalies (compared with the
global surface climatological mean salinity) and their associated
50-year salinity trends, and are termed basin-zonally-averaged
means and anomalies, respectively. This robust global tendency
towards an enhanced surface salinity pattern provides broad-
scale agreement with the regional studies of Cravatte et al.
(2009) and Curry et al. (2003), and numerous global analyses
of surface salinity change (e.g., Boyer et al. 2005; Hosoda et
al. 2009; Roemmich and Gilson 2009). These ocean surface
salinity changes demonstrate that wet regions get fresher and
dry regions saltier, following the expected response of an
amplified water cycle.

Patterns of long-term subsurface salinity changes on pres-
sure surfaces also largely follow an enhancement of the existing
mean pattern. The interbasin contrast between the Atlantic
(salty) and Pacific (fresh) intensifies over the observed record
(e.g., Boyer et al. 2005; Johnson and Lyman 2007; Gordon
and Giulivi 2008; Hosoda et al. 2009; Roemmich and Gilson
2009; von Schuckmann et al. 2009; Durack and Wijffels 2010).
These deep-reaching salinity changes suggest that past water
cycle changes have propagated into the ocean interior, with a
clear enhancement to the high-salinity subtropical waters, and
freshening of the high-latitude waters. A particularly strong and
coherent freshening expressed in the Antarctic intermediate
water subduction pathway centered around 50°S has also been
detected (Johnson and Orsi 1997; Wong et al. 1999; Bindoff
and McDougall 2000; Antonov et al. 2002; Curry et al. 2003;

freshening has occurred in the upper 100 m. A region
of salinification occurs centered at 48°N. Freshening
occurs in the 30°N-45°N belt extending to 1000 m
depth. Salinification occurs in the upper 50 m of the
10°N-30°N belt. At 12°N, freshening occurs centered
about a depth of 100 m. A belt of salinification occurs
centered at 20°N between 150 m and 800 m depth. In
the 0°-10°S, belt there is a region of relatively large
salinification limited to approximately the upper 50
m. In the 10°S-20°S region, there is salinification sug-
gesting an increase in SMW production or an increase
in its salinity. In the region 25°S-30°S, freshening
has occurred. Centered at 40°S, salinification has
occurred in the 125 m-700 m layer.

g. Surface currents—R. Lumpkin, K. Dohan, and G. Goni
Near-surface currents are measured in situ by

drogued satellite-tracked drifting buoys and by cur-

rent meters on moored Autonomous Temperature
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Fic. 3.18. Observed surface salinity changes versus
mean salinity anomalies—fresh gets fresher and salty
waters saltier. The x-axis is the basin zonally-averaged
anomaly from the mean surface salinity (34.8 PSS-78),
and the y-axis is the associated basin zonally-averaged
multidecadal linear salinity change trend (PSS-78 50
yr'"). The blue and red ellipses are representative of
regions where fresh (compared to the global surface
mean salinity) are getting fresher and salty getting
saltier, respectively. Using the full global surface salin-
ity analysis (Durack and Wijffels 2010), and basin-zonal
mean averaging to enhance the signal-to-noise, yields
a mean salinity climatology pattern amplification of
8%.

Line Acquisition System (ATLAS) buoys.! During
2010, the drifter array ranged in size from a minimum
of 887 drogued buoys to a maximum of 1184, with
a median size of 1129 drogued buoys (undrogued
drifters continue to measure SST, but are subject
to significant wind slippage; Niiler et al. 1987). The
moored array included 37 buoys with current meters,
all between 12°S and 21°N. These tropical moorings
compose the TAO/TRITON (Pacific; 16 buoys with
current meters), PIRATA (Atlantic; 6 buoys) and
RAMA (Indian; 15 buoys) arrays.

! Drifter data is distributed by NOAA/AOML at http://www.
aoml.noaa.gov/phod/dac/gdp.html. Moored data is distrib-
uted by NOAA/PMEL at http://www.pmel.noaa.gov/tao.
OSCAR gridded currents are available at http://www.oscar.
noaa.gov/ and http://podaac.jpl.nasa.gov/. AVISO gridded al-
timetry is produced by SSALTO/DUACS and distributed with
support from CNES, at http://www.aviso.oceanobs.com/.
Analyses of altimetry-derived surface currents are available
at http://www.aoml.noaa.gov/phod/altimetry/cvar.



Boyer et al. 2005; Roemmich and Gilson 2009; Hosoda et al.
2009; Durack and Wijffels 2010; Helm et al. 2010). Studies
have also reported long-term and coherent salinity changes on
subsurface density horizons (e.g., Wong et al. 1999; Curry etal.
2003; Helm etal. 2010). In this framework Durack and Wijffels
(2010), show that many changes are dominated by subduction

into the deep ocean driven by a broad-scale warming, and thus
are less useful in reflecting changes in the water cycle.

In summary, several recent studies employing different
analysis techniques find a clear multidecadal ocean surface
salinity change. Broad-scale changes can be characterized as an
amplification of the climatological salinity pattern, a tendency
also found in the subsurface. The consensus view of coherent
salinity change arises, even though many different analysis
techniques and ocean salinity observing platforms have been
used—reflecting the robustness of the signal. To first order,
this suggests that broad zonal changes to E-P have changed
ocean surface salinity, and changes are propagating into the
subsurface ocean following the mean circulation pathways.
An enhancement to mean salinity patterns and basin contrasts
are the result.

How rates of salinity changes translate into rates of water
cycle change remains to be determined. The ocean mixing
through circulation and subduction of salinity anomalies re-
duces the E-P surface flux changes expressed in surface ocean
salinity. Global coupled ocean-atmosphere climate models are
the best tools currently available to investigate salinity and E-P

For homogeneous coverage and analyses such as
the one presented here, ocean currents are estimated
using two methodologies, both using the Archiving,
Validation and Interpretation of Satellite Oceano-
graphic data (AVISO) multimission altimeter near-
real time gridded product. The first is a synthesis
of AVISO with in situ drifter measurements and
reanalysis winds (Niiler et al. 2003), which adjusts the
altimeter-derived geostrophic velocity anomalies to
match the observed in situ eddy kinetic energy. The
second is the purely satellite-based OSCAR (Ocean
Surface Current Analyses—Real time) product, which
uses AVISO altimetry, winds, SST, and the Rio05
mean dynamic topography (Rio and Hernandez
2004) to create a 0.33°-resolution surface current
maps averaged over the 0 m-30 m layer of the ocean
(Bonjean and Lagerloef 2002). In both cases, anoma-
lies are calculated with respect to the time period
1992-2007.

Global zonal current anomalies, and changes in
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change relationships, as the current observed record is
too temporally and spatially sparse.

Many previous studies have used regional and global
estimates of ocean salinity changes to infer water cycle
changes. Hosoda et al. (2009) presented estimates of
water cycle enhancement, derived from ocean salinity
change trends by comparing the Argo period (2003-07)
against the World Ocean Database (~1960—89). They
reported an inferred global E-P enhancement of 3.7 £
4.6% over their 30-year comparison, which considered
surface salinity layer changes to 100 m depth. This
enhancement is supported by the results of Trenberth
etal. (2007) and Yu (2007), obtained from correlations
with SST 1970-2005 (4%) and evaporation estimates
1978-2005 (~10%) respectively.

This ocean footprint of a strengthening water
cycle captured in surface (and subsurface) salinity
changes suggests that the remaining 29% of the global
terrestrial surface has also likely experienced changes
over the 1950-2000 period. Continued monitoring of
future ocean property changes are necessary to effec-
tively monitor and diagnose the effect of anthropogenic
change and the rate of its evolution on our global climate
system.

anomalies from 2009, are shown in Figs. 3.19 and 3.20
and discussed below for individual ocean basins. In
the analysis, an “eastward anomaly” is an increase
in an eastward current, or a decrease in a westward
current, and indicated as a positive zonal current
anomaly. Similarly, negative anomalies are westward
(decrease in an eastward current, or increase in a
westward one).

1) PaciFic OceaN

In the equatorial Pacific, 2010 began with equato-
rial eastward anomalies of ~50 cm s™! in the center
and western side of the basin, associated with the El
Nifio event of 2009 (Fig. 3.20). By the end of January,
eastward anomalies persisted west of the dateline, but
strong (30 cm s1-50 cm s°!) westward anomalies had
developed in the longitude band 130°W-160°W. The
region of eastward anomalies propagated east across
the Pacific during February through early March,
while westward anomalies grew in their wake. By
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3.19. Global zonal geostrophic anomalies for 2010

(top) and 2010 minus 2009 (bottom), cm s’!, derived
from a synthesis of drifters, altimetry, and winds.

Standard Deviation

April, westward anomalies were found across the en-
tire equatorial Pacific. These anomalies reached their
maximum amplitudes in mid-to-late May, with values
0f 60 cm s1-70 cm s! in the longitude band 110°W-
140°W. This La Nifa pattern persisted through boreal
summer, although its amplitude diminished through
this time period. The anomalous westward advec-
tion of salty water likely contributed to salty surface
anomalies in the western equatorial Pacific (Fig.
3.12b). By October, the westward anomaly pattern was
sufficiently weak that mesoscale patterns associated

1t EOF Amplitude as of 26 January 2011
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3.20. Principal empirical orthogonal functions

(EOF) of surface current (SC) and of SST anomaly vari-
ations in the tropical Pacific from the OSCAR model.

Top:

Amplitude time series of the EOFs normalized by

their respective standard deviations. Bottom: Spatial
structures of the EOFs.
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with tropical instability waves began dominating the
surface current anomaly field in the region.

Surface current anomalies in the equatorial Pa-
cific typically lead SST anomalies by several months,
with a magnitude that scales with the SST anomaly
magnitude. Recovery to normal current conditions
is also typically seen before SST returns to normal.
Thus, current anomalies in this region are a valuable
predictor of the evolution of SST anomalies and their
related climate impacts. This leading nature can be
seen clearly in the first principal empirical orthogo-
nal function (EOF) of surface current anomaly and
separately of SST anomaly in the tropical Pacific basin
(Fig. 3.20). In mid-2010, the values of the normalized
surface current and SST EOFs exceeded those of the
2000 and 2008 La Nifias, and hence by this metric,
this year’s La Nina was the strongest such event in
the last decade.

In 2010, the Kuroshio Current exhibited a more
stable path than in the last several years, with a nar-
rower and stronger annual mean signature and a
reduced area of enhanced eddy kinetic energy. Com-
pared to 2006-09, the Kuroshio shifted approximately
1° in latitude to the north (Fig. 3.21). This shift may
be related to the Kuroshio extension jet entering the
strong phase of a decadal-scale fluctuation associ-
ated with the strength of the Kuroshio recirculation
gyre and stability of the jet (Qiu and Chen 2005). Qiu
and Chen (2005) hypothesized that this fluctuation
is driven by the Pacific Decadal Oscillation (PDO),
which in its negative (positive) phase generates nega-
tive (positive) sea height anomalies in the northeast
Pacific which propagate to the western boundary
and weaken (strengthen) the Kuroshio jet. Possibly
consistent with this hypothesis, the PDO index gener-
ally dropped from 2004 to 2008 but rapidly increased
through the latter part of 2009 and early 2010 (Yu
and Weller 2010). However, it subsequently dropped
precipitously in July 2010 (see the “Monthly Ocean
Briefing” presentation by NOA A’s Climate Prediction
Center at http://www.cpc.ncep.noaa.gov/products/
GODAS), suggesting that the northward shift may
not persist through 2011.

2) INDIAN OCEAN

Westward equatorial anomalies began developing
in the western Indian Ocean in January, and by mid-
February exceeded 50 cm s! at 50°E-65°E, with weak-
er westward anomalies from 80°E to the West African
coast. This short-lived anomaly pattern was gone by
the end of March. In July, weaker eastward anomalies
began developing in the center and eastern side of the
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southward-flowing warm, salty Brazil Current meets
40°Nf the northward flowing cold, fresh Malvinas Current
to create the Confluence Front. The location of this
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position did not change significantly from 1998 to
2009. In 2010 the annual mean location of the Conflu-
ence at the South American continental shelf break
was 37.5°S, further north than has been seen since
1997. The 1992-98 trend in the Confluence location

FiG. 3.21. Mean speed of the Kuroshio Current, 2010
minus 2006 (top) and 2010 minus 2009 (bottom) from
OSCAR. Differences between 2010 and 2007-2008 (not
shown) are similar.

basin, and were present across the basin in August-
September. Eastward anomalies persisted through the
remainder of the year in the center of the basin, albeit
with less organization than seen in late boreal summer.

3) AtLanTIC OCEAN

In the tropical Atlantic, near-equatorial surface
currents were anomalously westward in February-
April, with peak values of 20 cm s!-40 cm s east of
30°W in mid-March, associated with anomalously
cold SSTs of -0.5°C to -0.7°C at 12°W-18°W (the
western half of the Atlantic cold tongue). Through
boreal summer, equatorial current anomalies were less
organized, although westward anomalies tended to
dominate in the east-

may be part of a multidecadal oscillation related to
surface temperature anomalies advected from the
Indian Ocean into the Atlantic via the Agulhas-
Benguela pathway (Lumpkin and Garzoli 2010).

h. Meridional overturning circulation observations in the
subtropical North Atlantic—M. 0. Baringer, T. 0. Kanzow,
C. S. Meinen, S. A. Cunningham, D. Rayner, W. E. Johns, H. L.
Bryden, E. Faika-Williams, J. J-M. Hirschi, M. P. Chidichimo, L. M.
Beal, and |. Marotzke
The meridional redistribution of mass and heat
associated with the large-scale vertical circulation
within an ocean basin such as the Atlantic is typically
called the meridional overturning circulation (MOC).

. é?O“W-', 7] TR ‘ V0T R R
ern half of the basin. In £ gswifl 1 ,:‘ i’/ i ,%fﬂr.ﬂg;', “_ i 4 I&l ,!‘ry'ﬁ//’ Jﬂp’}“}f ﬁﬂﬁl
September, eastward S goew T TR )'.« 7 (T EOTIEARTT
anomaliesbegantode- 2 55wl / Ty I {,- Ui J;,‘ .p,'.l it
velop across the basin, é 50 Wi/ i .' f "
reaching ~25cmstby & 45°W§ ' ‘ gl
mid-October. These 0 05 2006 00? 2008 2009 2010

eastward anomalies
persisted through No-
vember and weakened
through December.
The North Brazil
Current (NBC) plays
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Mean SHR (cm)
Fic. 3.22. Sea height residual (annual signal removed) from AVISO altimetry in
the ring shedding corridor region of the North Brazil Current (NBC), 0°-~15°N.
Propagating high (red) signals indicate anticyclonic NBC rings. The longitude of the
Windward Islands, which separates the Atlantic from the Caribbean, is indicated
by a horizontal line.
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The most common definition of the strength of the
MOC is the maximum of the vertically integrated
basin-wide stream function, which changes as a func-
tion of latitude and time and is influenced by many
physical systems embedded within it. Substantial
progress has been made on developing a coordinated
observing system to begin to measure the MOC,
through plans outlined at the international confer-
ence OceanObs’09 in September 2009 (e.g., Cunning-
ham et al. 2010; Rintoul et al. 2010) and subsequent
planning workshops focused on expanding existing
observations to include the subpolar North and South
Atlantic (e.g., Garzoli et al. 2010). A small portion
of the recommended observing system has been
in place since April 2004 spanning the subtropical
gyre in the North Atlantic near 26.5°N. The system
is composed of UK-NERC RAPID MOC moorings,
US-NSF Meridional Overturning Circulation Heat-
Transport Array (MOCHA), and the US-NOAA
Western Boundary Time Series program (see also
Chidichimo et al. 2010; Rayner et al. 2011). For the rest
of the global ocean, changes in the complex, global
MOC can also be inferred only from observations of
individual components of the MOC (for example, a
specific current or ocean layer; e.g., Dong et al. 2009),
which are not discussed here.

The estimates of the MOC from the 26.5°N array
include data from April 2004 to April 2009 (see also
Kanzow et al. 2010). Over this time period the MOC
has averaged 18.5 Sv with a high of 34.0 Sv, alow of 3.2
Sv, and a standard deviation of 4.7 Sv [using the twice
daily values filtered with a 10-day cutoff as described
in Cunningham et al. (2007); note Sv is a Sverdrup,
equal to 10° m® s}, a unit commonly used for ocean
volume transports]. These data suggest no statisti-
cally significant trend in the strength of the MOC
for this extremely temporally limited dataset (-0.8
+ 1.6 Sv decade’!, with 95% confidence limits). After
tive years of data, however, a clear seasonal signal
is beginning to emerge (Fig. 3.23), with a low MOC
in April and a high MOC in October with peak to
trough range of 6.9 Sv. The MOC can be divided into
three components: the northward western boundary
Florida Current, the wind-driven Ekman transport,
and the southward “interior” transport (upper ocean
geostrophic flow between the Bahamas and Africa).
The seasonal cycle of the MOC appears to be largely
attributable to seasonal variability in the interior
rather than Ekman or Florida Current fluctuations;
Kanzow et al. (2010) show that the interior seasonal
cycle is likely due to seasonal upwelling through a
direct wind-driven response off Africa. Of note is
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that all the MOC transport values estimated from five
repeated CTD (Conductivity, Temperature, Depth)
sections by Bryden et al. (2005) can be found within
the seasonal range of the MOC time series (values
ranged from 22.9 Sv in 1957 to 14.8 Sv in 2004). In
fact, Kanzow et al. (2010) demonstrated that remov-
ing the seasonal cycle estimates from Bryden et al.
would effectively eliminate a statistically significant
trend in the transport.

These results do not disprove the presence of a
long-term trend in the strength of the MOC [e.g.,
Longworth et al. (2011) and Wunsch and Heimbach
(2006) both found significant long-term decreases
in the MOC], but they do suggest that a careful error
analysis must be performed that includes the impact
of the underlying higher-frequency variability of the
MOC on trend estimates (see also Baehr 2010; Baehr
et al. 2008; Brennan et al. 2008). Other recent stud-
ies of the MOC trend are contradictory, with some
reporting a decrease in the MOC [e.g., Wunsch and
Heimbach (2006), using data assimilating models;
Longworth et al. (2011), using end-point hydro-

Transport, 10 m?s™!

2007 2008 2000

Year

2005 2006

FiG. 3.23. Daily estimates of the strength of the me-
ridional overturning circulation (MOC: blue line) and
its components, the Florida Current (GS: green),
wind-driven Ekman transport (Ek: red) and the geo-
strophic interior (Int: black), as measured by the UK
National Environmental Research Council (NERC)
Rapid Climate Change Program, the National Science
Foundation Meridional Overturning and Heat Trans-
port Array, and the long-term NOAA funded Western
Boundary Time Series Program. The interior volume
transport estimate (accurate to | Sv, Cunningham
et al. 2007) is based on the upper ocean transport
from April 2004 to April 2009 (see also Kanzow et
al. 2010), with a ten-day low pass filter applied to the
daily transport values. Smooth curves are the annual
climatology of each component estimates from the
full five years of data.



graphic observations following the 26°N mooring
design principles] while others suggest no change or
even an increase [e.g., Lumpkin et al. (2008), using hy-
drographic sections]. Some estimates showing an in-
crease (C. Wang et al. 2010) and no trend (e.g., Schott
et al. 2009) did not include basin-wide estimates of
the MOC. Clearly, while disagreement remains over
the details of findings from any particular observing
systems (e.g., Kanzow et al. 2009), agreement exists
that longer time series at multiple locations, particu-
larly of the deep transport components, are needed
(e.g., Zhang et al. 2010; Zhang 2008). New efforts are
focusing on the use of state estimation models and
“fingerprints” of other readily observed variables
linked to changes in the MOC (e.g., Msadek et al.
2010; Lorbacher et al. 2010; Baehr 2010). Trends in
the MOC can also be determined through proxies of
the MOC strength, such as paleo observations (e.g.,
Y. Luo et al. 2010), tracers (e.g., Nelson et al. 2010;
LeBel et al. 2008) and water mass characteristic (e.g.
Kouketsu et al. 2009; Zhang 2008). For example,
temperature and salinity observations in the Labrador
Sea showed an abrupt return of deep convection be-
tween 2007 and 2008 (Vage 2009). Using water mass
properties, Yashayaev and Loder (2009) showed that
the enhanced deep convection in the Labrador Sea
in the winter of 2008 was the deepest since 1994 and
included the largest heat loss from the ocean to the
atmosphere since the mid-1990s, exceeding the long
term mean by 50%. Such anomalous local events may
be a precursor to changes in the MOC strength (e.g.,
Lohmann et al. 2009).

One of the main contributions to the MOC esti-
mate near 26.5°N is the Florida Current transport, the
longest transport time series of an ocean circulation
feature directly linked to the MOC. Near this latitude
in the Atlantic, the bulk of the warm upper limb of the
Atlantic MOC is thought to be carried to the north
in the Florida Current through the Straits of Florida
and the majority of the cold lower limb is believed to
be carried to the south in the Deep Western Bound-
ary Current (DWBC) just east of the Bahamas (e.g.,
Meinen et al. 2010; Baringer and Larsen 2001). Since
1982, Florida Current transport has been monitored
using a submarine cable across the Straits of Florida in
combination with regular hydrographic sections. In
2010, the mean transport through the Florida Straits
continued the decrease over the past four years to
30.7 + 1.5 Sv (95% confidence limits), lower than the
2009 31.3 + 1.2 Sv, 2008 31.7 + 2.2 Sv, and 2007 32.1
+ 1.0 Sv mean transports (error bars represent stan-
dard error of daily values using degrees of freedom
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calculated for each year, representing a typical deco-
rrelation time scale of around 20 days). The annual
mean of 2010 falls within the lowest quartile of mean
annual values (32 £ 0.14 Sv). Note that while recently
the annual means appear to have decreased (trend
of -0.88 + 0.85 Sv decade™! from April 2004 to April
2009, 95% significance), there is only a very small
significant long-term trend to the Florida Current
transport (Fig 3.24; trend for full time series is -0.14
£ 0.06 Sv per decade).

The daily fluctuations of the Florida Current
transport throughout the year are fairly similar to
2009 and generally fall within 90% confidence levels
(Fig. 3.24). There were, however, a few unusual low
transport events during the year (Fig. 3.24; the most
significant or occurring over three-day or more
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Fic. 3.24. (top) Daily estimates of the transport of the
Florida Current during 2010 (red solid line) compared
to 2009 (dashed blue line). The daily values of the
Florida Current transport for other years since 1982
are shown in light gray and the 90% confidence inter-
val of daily transport values computed from all years
is shown in black (solid line); the long-term annual
mean is dashed black. The mean transport in 2010 of
30.7 £ 1.5 Sv decreased for the fourth year in a row,
below the long-term mean for the daily values of the
Florida Current transport (32.2 Sv). (bottom) Daily
estimates of the Florida Current transport for the full
time series record (light gray), a smoothed version
of transport (heavy black line; using a 30-day running
mean six times) and the mean transport for the full
record (dashed black).
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events during 25-27 May, 5-9 October, 15-17 Octo-
ber, 15-17 November, and 8-10 December with values
as low as 19.8 Sv). In comparison, only the transport
on 24 August was higher than the 90% confidence
range, with a daily average transport of 38.5 Sv. Due
to the fact that these events were relatively short-lived,
it is likely they are local responses to atmospheric
forcing and coastally trapped wave processes and are
not particularly indicative of a climatically impor-
tant shift (e.g., Mooers et al. 2005). These transient
fluctuations can have important environmental
consequences. As examples, in the summer of 2009,
the East Coast of the United States experienced a high
sea-level event that was unusual due to its unexpected
timing, large geographic scope, and coastal flooding
that was not associated with any storms (Sweet et al.
2009). Sweet et al. (2009) showed that this anomalous
event was related to the anomalously low Florida Cur-
rent transport: a reduced Florida Current transport
corresponds to a lower sea surface height gradient
across the front and hence higher sea level onshore.
In 2010, the low transport events could reasonably be
inferred to have influenced sea level along the eastern
U.S.; as of this report no relationship has been docu-
mented. For longer time scales, the same mechanical
effect due to a reduction in ocean currents causes
sea-level changes associated with geostrophy; Yin
et al. (2010) showed that the dynamical response to
MOC reductions associated with

carbon dioxide (CO,) emission (a)

January-March b)

2009 to a weak El Nifo (in terms of sea level) that
peaked in late 2009 to early 2010 (Fig. 3.25a), return-
ing to La Nifia conditions during the remainder of
2010. In the annual mean SSH for 2010 (Fig. 3.26a),
this sequence of events led to a dominant La Nifia
pattern in the tropical Pacific, consisting of low SSH
anomalies (relative to a 1993-2010 baseline) in the
central equatorial region and high SSH anomalies
in the western tropical Pacific, particularly north of
the Equator. SSH anomalies in other regions of the
ocean that stand out in 2010 (relative to the 1993-2010
mean) include negative anomalies in the Southern
Ocean to the west of South America, negative anoma-
lies in the North Atlantic, and positive anomalies in
the northwest Pacific with negative anomalies farther
east (Fig. 3.26a).

The SSH tendency during 2010 is measured by
the difference between the 2010 and 2009 annual
means (Fig. 3.26b). The tendency in the tropical Pa-
cific reflects the transition from El Nifio to La Nifa
conditions, with falling SSH in the central equatorial
Pacific and in the South Pacific Convergence Zone
region. Other SSH tendencies of note during 2010
include negative changes in the North Pacific in the
region of the Aleutian Low, with positive coastal
sea level anomalies along Alaska and Canada. A
similar pattern arises with falling SSH in the North
Atlantic, with positive sea level anomalies along the

April-June

scenarios would lead to approxi-
mately 20 cm rise in regional
sea-level along the East Coast
of the U.S. due to this sort of
circulation change alone. Yin et
al (2010) suggest that this region
may be in greater jeopardy from

regional effects of ocean circula-

tion changes on top of the global
mean sea-level rise predicted by
climate models.

i. Sea level variations—M. Merrifield,
G. Mitchum, E. Leuliette, D. Chambers,
§. Nerem, P. Woodworth, . Holgate, L.
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Miller, and §. Gill

Sea surface height (SSH) vari-
ations exhibited weak-to-mod-
erate amplitudes during 2010,
with the most evident patterns
associated with a transition from
a weak La Nifia during most of

0° _ B0°E 120°E 180° 120°W 60°W _ O°
cm

L W S

20 15 10 5 0 5 10 15 20

Fic. 3.25. Seasonal SSH anomalies (cm) for 2010 relative to the 1993-2010
baseline average are obtained using the multimission gridded sea surface
height altimeter product produced by Ssalto/Duacs and distributed by
AVISO, with support from CNES (http://www.aviso.oceanobs.com).
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Fic. 3.26. (a) The 2010 SSH anomaly (Ssalto/Duacs
product with anomaly, cm) from the 1993 to 2010
baseline is compared to the 2010 anomaly computed
for tide gauge data (dots) obtained from the University
of Hawaii Sea Level Center (http://uhslc.soest.hawaii.
edu/). (b) The difference between 2010 and 2009 an-
nual means (cm).

coast of the Northeast U.S. and Canada. The North
Pacific pattern is associated with a deeper Aleutian
Low, increasing cyclonic wind stress curl (Fig. 3.27),
and lower SSH in the region of the anomalously low
surface pressure. The same wind pattern accounts
for greater Ekman convergence along the west coast
of North America and a positive sea level tendency.
These conditions are consistent with a switch
toward a colder phase of the Pacific Decadal
Oscillation (PDO). A similar change occurs in
the North Atlantic, where the tendency from
2009 to 2010 was associated with a reduction of
the midlatitude westerlies (Fig. 3.27), with an
associated wind stress curl anomaly that favors
lower SSH in the mid-latitude North Atlantic.
The same wind change leads to Ekman con-
vergence and higher sea levels along the east
coast of North America. These conditions are
consistent with a switch toward a more negative
North Atlantic Oscillaion (NAO) state.
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The importance of the negative PDO and NAO
states during 2010 is also reflected in extreme sea level
patterns. Extremes are measured here as the average
of the top 2% largest daily averaged sea levels from
tide gauge data. Extremes generally are larger at high
latitudes (Fig. 3.28a), as is to be expected given that
the extreme sea levels primarily indicate the influence
of storm forcing associated with subtropical cyclones.
To determine where the amplitude of extremes were
below normal, normal, and above normal, we fit a
generalized extreme value (GEV) distribution to the
annual averages of the top 2% largest daily sea levels,
using all available years at each station. The 2010
values (Fig. 3.28a) are assigned a probability based on
the GEV distribution (Fig. 3.28b). The most notable
region of above-average extremes (i.e., less likely oc-
currence and therefore low probability) is along the
west coast of North America from the Aleutians all
the way to San Diego (Fig. 3.28b). We attribute the
above-average extremes to a combination of increased
storminess during the cold PDO state, and high sea
levels along the coast associated with El Nifo and
PDO downwelling-favorable winds. Extremes were
consistently below normal in Northern Europe, which
we associate with the negative NAO phase during
2010, which is characterized by a milder winter in
Northern Europe.

The global rate of sea level change computed over
the years 1993-2010 (Beckley et al. 2010; Leuliette and
Scharroo 2010; Nerem et al. 2010) is 3.1 £ 0.4 mm yr!
(one sigma). Note that the global budget of recent sea
level change can be monitored by comparing total
sea level measured by satellite altimeters to the sum
of changes due to ocean density changes and ocean
mass inputs and redistributions. For the period Janu-
ary 2005 to September 2010, when ocean temperature
and salinity observations from the Argo float array
and ocean mass variations from the Gravity Recovery

siiis
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3.27. Difference in annual mean wind stress, 2010 minus

2009. NCEP Reanalysis data provided by the NOAA/OAR/

ESRL SD, http://www.esrl.noaa.gov/psd.
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(a) Extreme daily water levels, 2010
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Fic. 3.28. (a) 2010 extreme sea levels measured as the average
of 2% largest daily values relative the 2010 annual mean at
each station. (b) Generalized extreme Value (GEV) percen-

tiles for the 2010 extreme sea levels.

and Climate Experiment (GRACE) are available, an
update to the sea level budget analyses of Leuliette
and Miller (2009) and Chambers et al. (2010) shows
that the recent sea level budget can be closed to within
the range of uncertainties, although contribution of
deep ocean heat content requires attention (see sec-
tion 3c). This will be addressed in future assessments,

s 101 — sea level > 200 km from coasts gaﬂimetry) @
£ — ocean mass component (GRACE)
£ — steric sea level (Argo)
= — steric + mass
[
“ 0
= ]
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©
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Fic. 3.29. Monthly estimates from Jason-| and Jason-2
of global mean sea level for areas greater than 200 km
from the coast (black), which are in general agreement
with the sum (purple) of the ocean mass component
from GRACE (red) and the steric component of the
upper 700 m from Argo (blue). Seasonal signals were
removed and the time series smoothed with a three-

month running mean.
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45 but for now this contribution appears to be

40  well within the error bar. Over this brief time
period and in areas more than 200 km from
% the nearest coast where comparisons can be
30 made with Argo and GRACE, the mean rate
o5 of total sea level rise is 1.5 + 0.9 mm yr~! (note
that the uncertainties from here to the end of

20
this section are 95% confidence levels). This
'S rate cannot be compared with the global aver-
10 age over the entire altimeter time period cited
5  abovesinceatleast 10 years of data are required
to determine a reliable rate (Nerem et al. 1999).
100 This rate is, however, in agreement (Fig. 3.29)
with the sum (1.6 + 0.6 mm yr™!) of the rates of
go  theupper (depths < 700 m) ocean steric (0.5 +
0.5 mm yr!) and ocean mass components (1.1

lso +0.6mmyr?).

GRACE also allows for the monitoring of
40  Ocean mass exchange between the basins and
the associated sea level change. For January
S 2005 to September 2010, the Indian basin
shows the continued mass loss observed by
G Chambers and Willis (2009), equivalent to -1.3

+ 0.5 mm yr! of sea level change, while the
Pacific and Atlantic have gained mass (+2.1 +
0.5mmyr, +0.6 + 0.5 mm yr~}, respectively).
Note that these numbers include both the mean
ocean mass trend and the internal redistribu-
tion of mass. On balance, the Atlantic and
Indian Oceans have been losing mass to the Pacific
over this time period, but the relative contributions
of fresh water inputs in each basin versus the basin-
to-basin exchanges of mass are not addressed in this
calculation.

In the future, total sea level changes will be un-
derstood through assessment of altimetry and tide
gauges in terms of ocean density and mass changes
in terms of both buoyancy and mass inputs as well as
redistributions of each quantity. As of yet, the Argo
and GRACE series are too short to be definitive, but
in future years such analyses will be of central im-
portance in this annual review.

j. The global ocean carbon cycle—=C. L. Sabine, R. A. Feely, R.

Wanninkhof, T. Takahashi, S. Khatiwala, and G.-H. Park

I. AIR-SEA CARBON DIOXIDE FLUXES

Global surface ocean CO, levels are extremely
variable in space and time, especially on seasonal
time scales. To document the changing patterns of
air-sea CO, exchange, an extensive observational
program is required. The latest published global
flux map, based on a compilation of approximately



three million measurements collected between 1970
and 2007 (hereafter referred to as LDEO), provides
information on the monthly patterns of air-sea CO,
fluxes during a “normal” non-El Niflo year taken
to be 2000 (Takahashi et al. 2009). The number of
annual surface CO, observations has been growing
exponentially since the 1960s such that today well
over one million observations are reported to data
centers each year. An update to the LDEO climatol-
ogy was released in 2010 which not only includes new
recent data up to 2008, but also a large number of the
data from the 1957 to 1962 International Geophysi-
cal Year cruises in the Atlantic, Pacific, and Indian
Oceans (Takahashi 1961; Waterman et al. 2006a,
2006b, 2006¢, 2006d) thus extending the dataset by
another decade (Takahashi et al. 2010).

The LDEO climatology is significant because it
is directly based on in situ partial pressure of CO,
(pCO,) observations, but it does not provide informa-
tion on how air-sea CO, fluxes vary from one year to
the next. Annually varying global air-sea CO, flux
estimates are based on empirical approaches relat-
ing in situ measurements with satellite observations
of wind and sea surface temperature (Sabine et al.
2008, 2009, 2010). The latest empirical approach for
quantifying the air-sea CO, exchange utilizing in situ,
climatological, and satellite data from 1982 to 2007
is described in Park et al. (2010). Figure 3.30 extends
these estimates through 2009. Lags in availability
of quality-controlled data streams including atmo-
spheric CO,, satellite data, and assimilation products
preclude real-time analysis such that consistent,
climate-quality seasonal air-sea CO, flux maps are
only available through 2009. The global mean air-sea
CO, flux for the period from 1982 to 2009 using the
Park et al. approach gives an average contemporary
net uptake of 1.47 Pg (10'g) C yr'!. Following the
Gruber et al. (2009) estimate that the pre-industrial
steady state ocean was a source of 0.45 Pg C yr'!, the
estimated average net flux equates to an ocean an-
thropogenic CO, uptake of 1.92 Pg C yr™!, at the lower
end of the range of estimates (1.8 Pg C yr'!'-2.4 Pg C
yr'!) recently summarized by Gruber et al. (2009).

The global net CO, uptake flux for the 2009
transition period from La Niifia to El Nifio condi-
tions (see Halpert et al. 2010) is estimated to be 1.40
Pg C yr''. During 2009, greater CO, uptake is found
in the high northern and southern Atlantic Ocean
and higher CO, outgassing is observed in the high
northern and southern Pacific, and also the eastern
Pacific Ocean compared with long-term averages (Fig.
3.31a). However, in the equatorial Pacific during the
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La Nifia that occurred during the first half of 2009
(Fig 3.31b), the increased outgassing is offset by a
decreased efflux during the El Nifio that started in
May-June 2009 and persisted for the remainder of the
year (Fig. 3.31c). Therefore, on an annual basis, much
of the equatorial Pacific shows no net anomaly (Fig.
3.30). A unique feature of the El Nifio in 2009 is that
the largest negative CO_-flux anomalies occur in the
central equatorial Pacific rather than in the eastern
equatorial Pacific (blue colors in Fig. 3.31c). This
is a direct result of greater sea surface temperature
anomalies in the central equatorial Pacific than the
eastern equatorial Pacific (Lee and McPhaden 2010).
This change in El Nifio patterns commenced in the
1990s and is referred to as El Nifio Modoki. (Ashok
et al. 2007).

Negative CO, flux anomalies found in the high-
latitude Atlantic Ocean are caused primarily by in-
creased wind speed but reinforced by SST anomalies
in the region. For the high latitude Pacific Ocean, the
CO, flux anomalies are predominantly caused by SST
anomalies and partially compensated or reinforced
by wind speed changes (Fig. 3.31a). Net CO, uptake
in subtropics (42°N-42°S except the eastern equato-
rial Pacific) shows the second lowest value over the
last 28 years (Fig. 3.30). The regional net air-sea CO,
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Fic. 3.30. Annual air-sea CO, flux anomalies 1982-2009

for th
(EPO

e globe (black line), the equatorial Pacific Ocean
; 10°N-10°S, 80°W-135°E; red dashed line), (Sub)-

tropics (42°N-42°S except the EPO; blue dashed line),
and high-latitude oceans (> 42°N or > 42°S; gray and
green lines). The lower panel shows the Oceanic Nifio
Index (ONI) based on SST change in the Nifio-3.4 re-
gion (Trenberth 1997). For comparison with ONI, the
annual CO, flux anomalies are plotted in the middle of
each corresponding year.
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Fic. 3.31. Global distributions of air-sea CO, flux anomalies
for the full year of 2009 (a) January to May, (b) and June to De-
cember, and (c) compared to the 28-year mean values for the
corresponding months as calculated from the Park et al. (2010)
approach. Positive values indicate less uptake or more release
of CO, by the ocean'. The results for air-sea CO, flux anomalies
are for the calendar year 2009 due to lags in data availability.

5102

60°E 120°E 180° 1200w 60°W 0

fluxes in 2009 in the equatorial Pacific, the Southern
Ocean, and the high northern ocean are very close to
28-year mean values. The global air-sea CO, fluxes
are closely related to the El Nifio-Southern Oscilla-
tion. Higher oceanic CO, uptake (negative anomalies)
occurs during the El Nifo periods. The increase of
global oceanic CO, uptake is not only caused by de-
creased CO, efflux in the equatorial Pacific but is also
reinforced by CO, fluxes in the Southern Ocean and
the subtropics. The monthly flux maps and anomalies
from 1982 to 2009 can be created at the interactive
website: http://cwcgom.aoml.noaa.gov/erddap/grid-
dap/aomlcarbonfluxes.graph.

Implicit in the above estimates is an assumption
that, at least on basin scales, the surface water pCO,
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is increasing at the same rate as the atmo-
spheric CO, (i.e., ApCO, is not changing
with time) and that the surface water pCO, is
only affected by SST anomalies. The LDEO
surface water pCO, database, with observa-
tions collected over the past three decades,
reveals the mean decadal rate of increase
in surface water pCO, in areas where suf-
ficient number of intra- and interannual
measurements are available. In Fig. 3.32, the
1981-2007 mean rates of change in sea-air
pCO, difference (ApCO,) are expressed as
deviations of observed surface pCO, change
relative to the mean rate of change in atmo-
spheric pCO, of 1.68 patm yr! (Le Quéré
et al. 2010). The red circles in the North
Atlantic and the red box areas in the western
equatorial Pacific (Feely et al. 2006) and
Southern Ocean (Takahashi et al. 2009) in-
dicate the ocean areas where surface pCO, is
increasing faster than the atmospheric pCO,
and hence the ocean CO, sink is weakening.
The blue circles indicate the ocean areas
where surface pCO, is increasing slower
than the atmospheric pCO, and hence the
ocean CO, sink is intensifying. Note that the
annual CO, flux anomalies for 2009 (from
the 28-year mean; Fig. 3.31) can differ from
the long-term trend of ApCO, shown in Fig.
3.32 as there is significant regional interan-
nual variability superimposed on long-term
trends. The most likely processes responsible
for these observations are changes in the
lateral and vertical circulation of the ocean
and/or changes in marine ecosystems. Re-
gardless of the mechanism, these data show
that different ocean regions have varying responses
to rising atmospheric CO,.

mol C m2yr!

2. SuBsURFACE CARBON INVENTORY

In the 1990s, carbon samples were collected and
analyzed from approximately 95 research cruises run
as part of the international World Ocean Circulation
Experiment (WOCE) and the Joint Global Ocean
Flux Study (JGOEFS). Based on these data, Sabine et al.
(2004) estimated that the total inventory of anthropo-
genic CO, in the ocean (C_ ) in 1994 was 118 + 19 Pg
C, accounting for 48% of the CO, released from fossil
fuel burning between 1800 and 1994. Since then, two
approaches that heavily rely on chlorofluorocarbon
data have published global inventory estimates for
the reference year 1994: 94 Pg C-121 Pg C based on
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Fic. 3.32. The 1981-2007 observed rates of increase in
sea-air pCO, difference. Red circles and areas indicate
that the sea surface pCO, is increasing at a rate faster
than the atmospheric increase rate of 1.68 patm yr™',
and hence the ocean uptake is weakening; and the blue
areas show that the ocean uptake is becoming more
intense. Large, medium, and small circles signify the
estimated errors of < 0.25, 0.25 to 0.50, and > 0.50 patm
yr!, respectively. A single trend is shown for the South-
ern Ocean representing the circumpolar averaged for
temperature between 0.8°C and 6.5°C using winter
observations only. The gray hatched box in the central
equatorial Pacific identifies the El Nifio-3.4 region
where observations exist but the variability is too large
to clearly identify a trend (Le Quéré et al. 2010).

the TTD method (Waugh et al. 2006) and 114 + 22
Pg C using a Green function approach (Khatiwala
et al. 2009).

None of the global estimates published thus far
have directly evaluated the contributions of marginal
seas (defined as a semi-closed sea adjacent to a conti-
nent that is connected to the ocean), although recent
work shows that several marginal seas store more C_|
per unit area than the global ocean and that marginal
seas contribute significant C__ to their adjacent major
ocean basins. A key process in determining the C_
uptake efficiency of these marginal seas is overturn-
ing circulation; however, the intensity of this process
appears to have weakened in recent years (Lee et al.
2011). A recent synthesis of C_ storage estimates for
the major marginal seas suggests that as of 2008 up
to 8.2 Pg C may be stored in these regions, i.e., ap-
proximately 6% of the global ocean C_ storage (Lee
et al. 2011). Figure 3.33 shows a compilation of these
recent marginal sea estimates together with the 2008
openocean C_ distributions estimated using the ap-
proach of Khatiwala et al. (2009). This compilation
gives a total ocean C_ inventory estimate of 148 +
27 Pg C for 2008. All three of the published global
C, , estimates assume steady state ocean circulation
and use tracer information, which tends to under-
estimate natural variability and changes in ocean
biogeochemistry. Thus, perturbations in oceanic
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dissolved inorganic carbon (DIC) concentrations due
to anthropogenically-forced changes in large-scale
circulation, ventilation, or biological activity are only
partially included in these estimates.

Despite numerous technological advances over the
last several decades, ship-based hydrography remains
the only method for obtaining high-quality, high
spatial, and vertical resolution measurements of a
suite of physical, chemical, and biological parameters
over the full water column. Ship-based hydrography is
essential for documenting ocean changes throughout
the water column, especially for the deep ocean below
2 km (52% of global ocean volume not sampled by
profiling floats). Over the last decade there has been
a collaborative international effort to reoccupy a sub-
set of WOCE/JGOEFS ocean survey lines to quantify
changes in heat content, carbon, and anthropogenic
tracers throughout the water column. A compendium
of planned cruises can be found at http://www.go-
ship.org/CruisePlans.html.

Inlate 2009 and early 2010, a zonal line (designated

2008 C,,
Column

inventory
60 (mol m?)

60°E
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FiG. 3.33. Compilation of 2008 column inventories (mol
m-2) of anthropogenic CO, (C_ ): the global Ocean
excluding the marginal seas (Khatiwala et al. 2009),
140 * 25 Pg C; Arctic Ocean (Tanhua et al. 2009) 2.6
Pg C-3.4 Pg C; the Nordic seas (Olsen et al. 2010) 1.0
Pg C-1.5 Pg C; the Mediterranean Sea (Schneider et
al. 2010) 1.5 Pg C-2.4 Pg C; the East Sea (Sea of Japan;
Park et al. 2006) 0.40 £ 0.06 Pg C. All the marginal sea
estimates were computed for 1994 and then scaled
to 2008 assuming transient steady state storage of

anthropogenic carbon (C_ ).
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as P06), nominally along 32°S across the South Pa-
cific, was completed. The top panel of Fig. 3.34 shows
a section of DIC recently collected along P06. The
previous occupation of that line was in 2003. The DIC
from the 2003 cruise is shown in the middle panel.
The bottom panel shows the difference between the
two sections. To first order the DIC distributions look
similar for both years, but the difference plot (Fig.
3.34, bottom) shows that DIC generally increased in
the upper 500 m of the water column, presumably
resulting primarily from the uptake of anthropogenic
CO, from the atmosphere. Larger and deeper changes
are observed in the eastern and western edges of the
basin in association with the boundary currents in
these areas. The magnitude of the changes is quite
patchy with variations ranging from about -30 pmol
kg to +50 pmol kg™

2009/10 P6: DIC

160°E 1807

Longitude (°)
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The observed changes along P06 reflect both
natural carbon variations as well as the secular an-
thropogenic carbon increases. Techniques are being
developed to isolate the anthropogenic component
of the DIC change. For example, results of a previous
reoccupation of the meridional section A16, through
the center of the Atlantic Ocean from Iceland to
56°S, show a clear pattern of change in CO, inven-
tory between 1989 and 2005. That pattern of change,
however, cannot be completely attributed to invasion
of anthropogenic CO, (Wanninkhof et al. 2010). Con-
comitant large changes in dissolved oxygen suggest
that processes acting on the natural carbon cycle also
contribute to ADIC. To isolate the anthropogenic CO,
component (AC_ ) from ADIC, an extended multilin-
ear regression approach was applied along isopycnal
surfaces. The change in C_ inventory computed us-
ing this approach is shown in Fig. 3.35. The
pattern of inventory change is qualitatively
similar to the C_ changes in the Atlantic
since the start of the industrial era (Lee et
al. 2003) with significant changes in stor-
age in the subtropical and subpolar gyres
and much smaller changes in the tropical
Atlantic. An important difference between
the decadal C_ change compared with the
total inventory, however, is that the largest
accumulation of carbon over the last decade
is in the South Atlantic (15°S-56°S, 0.76 mol
m2 yr') as opposed to the North Atlantic
(15°N-62°N, 0.57 mol m yr). This is op-
posite of the long-term trend (Fig. 3.32).
This difference is attributed to reduced
uptake in high northern latitudes and
reduced transport of anthropogenic CO,
northward in the Southern Hemisphere
(Quay et al. 2007).

The estimated C_ patterns are generally
consistent with changes observed in other
anthropogenic tracers (e.g., chlorofluoro-
carbons and pCO,) along A16. These other
tracers suggest that there is also a very
small anthropogenic signal penetrating
into the bottom waters (> 3500 m) from the
south, but this signal seems to be too small
to detect with the extended multilinear

Fic. 3.34. Sections of dissolved inorganic carbon (umol kg'') nomi-
nally along 32°S in 2009/10 conducted as part of the U.S. CLIVAR/
CO, Repeat Hydrography Program (top) and 2003 BEAGLE
cruise conducted by the Japan Agency for Marine-Earth Science
and Technology (middle). Black dots show sample locations. The
bottom section shows the DIC change (umol kg™') between the
two cruises (2009/10 minus 2003).
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regression (eMLR) approach given the cur-
rent uncertainties of the calculations. Ob-
servations and the subsequent approaches
to understand the processes driving the
observed changes in tracer distributions
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FiG. 3.35. The decadal change in anthropogenic carbon
along the Al6 transect. For the North Atlantic the
change is between 1993 and 2003, and for the South
Atlantic it is from 1989 to 2005. The estimated is
based on the extended multilinear regression (eMLR)
method with separate multilinear regressions (MLRs)
determined for each of 23 distinct density ranges. The
eMLR-based change in anthropogenic carbon is com-
puted utilizing S, T, AOU, NO_", and SiO, from 2003-05
as input parameters. The solid lines indicate potential
density horizons, sigma-0 = 27.0, 27.2, and 27.4 kg m"3
(from Wanninkhof et al. 2010).

have the potential to provide a powerful constraint
on the global estimates of ocean uptake and storage.

3. GLOBAL OCEAN PHYTOPLANKTON—UD. A. Sieger, M. ).
Bennenre, S. Marmorena, R. T. O’Mactey, ano E. Fitos

Photosynthesis by phytoplankton in the up-
per sunlit euphotic layer of the global ocean is the
dominant source of organic matter that fuels marine
ecosystems. Phytoplankton contribute roughly half of
the global (land and ocean) net primary production
(NPP; gross photosynthesis minus plant respiration),
and phytoplankton carbon fixation is the primary
conduit through which atmospheric CO, concentra-
tions interact with the ocean’s organic carbon pools.
Phytoplankton productivity depends on the avail-
ability of sunlight, macronutrients (e.g., nitrogen
and phosphorous), and micronutrients (e.g., iron),
and thus is sensitive to climate-driven changes in the
delivery of these resources to the euphotic zone.

Since 1997, a near-continuous record of global
satellite ocean color observations has been available
from the Sea viewing Wide-Field of view Sensor
(SeaWiFS; McClain 2009). SeaWiFS observations
have enabled investigators to address the relationships
among ocean environmental conditions and phyto-
plankton productivity. The ecosystem property most
often derived from ocean color data is surface chlo-
rophyll concentration (Chl). Chl provides a measure
of phytoplankton pigments and its variability reflects
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the combined influences of changes in phytoplankton
biomass and its physiological responses to light and
nutrient levels (e.g., Falkowski 1984; Behrenfeld et al.
2005). Figure 3.36a shows the SeaWiFS mission mean
(October 1997 to November 2010) fields of Chl. Values
of Chl span three orders of magnitude globally (0.03
mg m~ to greater than 30 mg m~3) and its spatial
patterns mimic large-scale, climatological patterns
in Ekman pumping and seasonal convective mixing
(Sverdrup 1955; Yoder et al. 1993). Higher values of
Chl are found in regions of seasonal deep mixing
(e.g., North Atlantic and in the Southern Ocean) and
sustained vertical upwelling (e.g., equatorial Atlantic
and Pacific Oceans, off California and Peru coasts),
while low values are found in the low-nutrient, per-
manently stratified central ocean gyres.

The SeaWiFS mission is the most consistent satel-
lite ocean color data record ever collected (e.g., Mc-
Clain 2009; NRC 2011). The entire SeaWiFS dataset
has recently been reprocessed and its performance
has been rigorously validated against at-sea ob-
servations (http://oceancolor.gsfc.nasa.gov/WIKI/
OCReproc20100SW.html and links therein). Figure
3.36b shows the natural log (In)-transformed Chl
anomalies for the year 2010. These are calculated as
the difference between monthly data for 2010 and the
long-term monthly climatology and are averaged over
the year 2010. Log transformations are commonly
used to interpret data that vary over many orders of
magnitude, and differences in In (Chl) can be inter-
preted as the difference in Chl normalized by its mean
value, or simply a percentage change (Campbell 1995;
Boyce et al. 2010). Annual means are calculated as
the composite of monthly anomalies of In(Chl) from
December 2009 through the end of November 2010
as the SeaWiFS mission ended on 14 December 2010
(http://oceancolor.gsfc.nasa.gov/forum/oceancolor/
topic_show.pl?tid=3897).

Satellite chlorophyll values in 2010 show differ-
ences from the long-term mean greater than 40%
in many areas (Fig. 3.36b). High Chl anomalies
during 2010 occur east of Greenland, in the western
equatorial Pacific, and throughout the Southern
Ocean south of 55°S. Conspicuously low values of
Chl during 2010 were found in the western Indian
Ocean, north of Iceland, and in the eastern Atlantic
off North Africa. Sea surface temperature variations
for the year 2010 (Fig. 3.36¢) can be characterized by:
(1) a transition from El Nifio to La Nifia conditions
during the summer 2010; (2) the development of a
negative Pacific Decadal Oscillation pattern in the
North Pacific during the fall/winter of 2010; and (3)
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FiG. 3.36. (a) Mean Chl distribution calculated over the
entire SeaWiFsS record (I November 1997 to 30 No-
vember 2010) in units of log(mg Chl m™®). Also shown
is the location of the mean 15°C SST isotherm (black
line). Spatial distribution of anomalies for 2010 for
(b) the log_(Chl) (units are % difference from monthly
mean) and (c) SST anomaly (units are °C). Chl anoma-
lies are calculated using monthly OC4vé products while
SST values are from the MODIS Aqua SST4 product.
Anomalies are calculated as differences in the year
2010 from monthly mean distribution for the entire
SeaWiFS mission period. SST monthly means are
calculated using optimally merged MODIS Aqua/Terra
SST4 and AVHRR Pathfinder night-time SST products.
All analyses are performed on I° bins. The year 2010 is
defined here as | Dec 2009 to 30 Nov 2010 as SeaWiFS
ceased operating on 14 Dec 2010.

the development of a tripole SST anomaly pattern in
the North Atlantic (as explained in section 3b). As
seen by Behrenfeld et al. (2006), increased values of
Chl generally correspond to reduced SST (and vice
versa), supporting the importance of physical pro-
cesses regulating global chlorophyll concentrations
where changes in SST are a proxy for light, nutrient
availability, and other forcing factors. In particular,
a horseshoe-shaped positive Chl anomaly is observed
centered on the western equatorial Pacific Ocean,
indicative of an El Nifo to La Nifia transition (Fig.
3.36b).
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The processing of SeaWiFS data makes extensive
use of external standards (lunar views and intense
ground efforts) to set sensor gains and offsets, and
advanced algorithms to correct satellite signals for
the atmospheric path radiance and establish the
relationships between ocean reflectance spectra
and ocean properties (McClain 2009; Ahmad et al.
2010; NRC 2011). This enables one to assess changes
in Chl over its 14 years of operation. Figure 3.37
shows standardized monthly anomalies for In(Chl)
and SST aggregated over (a) the cool region of the
Northern Hemisphere (NH) oceans (mean SST <
15°C), (b) the warm ocean (mean SST > 15°C), and
(c) the cool region of the Southern Hemisphere (SH)
oceans. (Figure 3.36a shows the location of the mean
15°C isotherm.) The sign of the SST standardized
anomalies in Fig. 3.37 is flipped to accentuate the
correspondence between In(Chl) and negative SST
(-SST). Broad correspondence is observed between
In(Chl) and -SST for the three regions although the
only statistically significant (95% confidence interval)
correlations are found for the warm ocean region
where the mean SST is greater than 15°C (R? = 0.19;
p = 0.00). An interesting feature is that the In(Chl)
and -SST anomalies appear to be coherent at low
frequencies [i.e., decreases in SST correspond to in-
creases in In(Chl)], while on higher frequencies (many
months to a few years) the cool SH region shows an
inverse correlation [i.e., increases in SST correspond
to increases in In(Chl)].

A statistically significant decreasing time trend
for In(Chl) over the length of the SeaWiFS mission
is found for the warm ocean region (trend = -0.19%
yr'l; p = 0.01; Fig. 3.37b), which corresponds to a
significant increasing trend in SST (trend = 0.014°C
yr'l; p=0.00). The opposing signs of these trends are
consistent with ideas of a warming ocean reducing
nutrient supply to the upper layers, thereby reducing
phytoplankton pigment biomass (e.g., Behrenfeld et
al. 2006). Significant trends are also found for the
cool SH oceans (Fig. 3.37¢), but are in the opposite
direction compared with the warm ocean. The cool
SH oceans show increasing anomalies in In(Chl) over
time (0.82% yrl; p = 0.00) and a cooling trend in the
SST (-0.024°C yr''; p = 0.00). Significant time trends
in In(Chl) and SST anomalies are not found for the
cool NH ocean (Fig. 3.37a).

The regional time trends presented here from
the SeaWiFS mission are inconsistent with a recent
analysis of centennial-scale Secchi disk and chloro-
phyll determinations made by Boyce et al. (2010).
Boyce and his coauthors show global chlorophyll



levels decreasing over the past century at a rate nearly
equal to 1% per year (as well as decreasing trends for
six of eight regions in their analysis). For the warm
ocean, the present trends from SeaWiFS (Fig. 3.37b)
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FiG. 3.37. Time series of standardized In(Chl) (green)
and negative SST (blue) monthly anomalies for (a)
ocean regions of the Northern Hemisphere where the
mean SST < 15°C, b) the warm ocean where mean SST
values are greater than 15°C, and (c) regions of the
Southern Hemisphere where the mean SST < I5°C.
Anomalies are plotted in standardized form (unit
variance and zero mean). SST time series are created
from optimally merging MODIS Aqua/Terra SST4 and
AVHRR Pathfinder products on 1° bins and monthly
anomalies are summed over the three regions.
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are roughly one-fifth of the centennial trends found
by Boyce et al. (2010); while for the cool SH ocean,
a trend of increasing chlorophyll concentrations is
observed (Fig. 3.37¢). Obviously, these two ocean Chl
trend estimates are not evaluating the same period of
time and work is needed to connect these two datasets
to make a consistent long-term estimate of change in
phytoplankton chlorophyll levels.

The time trends of In(Chl) and SST are shown on
local scales in Fig. 3.38. The correlation coefficient be-
tween local anomalies in In(Chl) and SST is shown in
Fig. 3.38a where significantly (95% confidence inter-
val) positive correlations are in red and negative cor-
relations in blue. Sites with insignificant correlation
are plotted in gray. The dominant pattern here is the
large degree of significant inverse correlation between
local-scale In(Chl) and SST anomalies throughout the
warm ocean. Positive local-scale correlations are also
found in the cool NH and SH Atlantic Ocean and for
the Bering Sea.
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FiG. 3.38. (a) Spatial distribution of the local-scale cor-
relation coefficient (R) between In(Chl) and SST, (b)
local-scale time trends in In(Chl) anomalies (in % yr™),
and (c) local-scale time trends in SST anomalies (in °C
yr"). Only significant (95% confidence interval) corre-
lations and trends are plotted. Calculations are made
over the entire SeaWiFS record (Oct 1997-Dec 2010)
and on alocal-scale 1° bin in latitude and longitude. Also
shown in (a) is the 15°C SST isotherm (black line).
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Spatial patterns in local-scale time trends can
also be examined. Local-scale trends in In(Chl) and
SST anomalies are shown in Figs. 3.38b and 3.38c,
respectively. Here, regions of significantly decreasing
Chl values are found throughout the warm oceans
and in particular in the tropical Atlantic Ocean (Fig.
3.38b). Values of increasing Chl are found in the
southern Atlantic and Pacific Oceans, the tropical
Pacific, and for the eastern boundary currents of the
Pacific Ocean. Local-scale SST anomaly trends show
interesting patterns with significantly increasing
SST within the major subtropical gyres and decreas-
ing SST within the Southern Ocean, in the eastern
Pacific, and the Gulf of Alaska (Fig. 3.38¢). Clearly,
the aggregated trends shown in Fig. 3.37 have many
local-scale nuances and demonstrate the importance
of global observations for assessing long-time changes
in the oceans.
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This section has focused on addressing changes
seen from the SeaWiFS climate data record. The loss
of this satellite, and hence the data record, creates a
huge hole in observing capability and leaves open the
question of how to bridge existing satellite datasets to
make consistent long-term records of ocean biological
properties (Siegel and Franz 2010; NRC 2011). Both
NASA’s MODIS Aqua and ESA’s MERIS sensors are
global missions and are operating well; fortunately,
similar patterns in Chl are seen with MODIS Aqua
observations. However SeaWiFS data were an im-
portant part of the calibrations for MODIS Aqua (see
http://oceancolor.gsfc.nasa.gov/REPROCESSING/
R2009/modisa_calibration) and MERIS is now being
reprocessed and going through a vicarious calibration
with ground data. At this point, the continuation of
the climate data record initiated by SeaWiFS is not
tully guaranteed as current sensors are aging and
issues exist with its identified successors (e.g., NRC
2011).



4. THE TROPICS—H. |. Diamond, Ed.
a. Overview—H. |. Diamond

The year was characterized by a strong El Nifo
at the beginning of the year, followed by a transition
to La Nifna conditions in the middle part of the year,
and then finally to a moderate-to-strong La Nifla by
the end of the year. By November, the equatorial cold
tongue had intensified significantly, and the Oceanic
Nifio Index (ONI) dropped to -1.4°C, as the area of
sea surface temperature (SST) anomalies colder than
-1.0°C expanded westward to cover the entire central
and east-central equatorial Pacific.

Overall, global tropical cyclone (TC) activity
during 2010 was well-below average, with the lowest
number of named storms globally (70) in the last 33
years. Only one basin, the North Atlantic, experi-
enced above-normal activity. This was also the most
active season, and the only hyperactive season, on
record in the North Atlantic to have no hurricane
landfalls in the United States. On the other hand,
eastern Canada experienced one of its most active TC
seasons on record, as documented in Sidebar 4.1.

This chapter consists of seven sections: (1) El Nifio-
Southern Oscillation (ENSO) and the Tropical Pacific;
(2) Tropical Intraseasonal Activity; (3) seasonal TC
activity in the seven TC basins: the North Atlantic,
Eastern North Pacific, Western North Pacific, North
Indian and South Indian Oceans, Southwest Pacific,
and Australia; (4) Tropical Cyclone Heat Potential,
which aids in summarizing the section for TCs from
an ocean heat perspective; (5) Intertropical Conver-
gence Zone (ITCZ) behavior in the Pacific and At-
lantic basins; and (6) the Indian Ocean Dipole (IOD).
A new section detailing the Atlantic Multidecadal
Oscillation (AMO) has been added to complement
some of the other work related to ENSO, the IOD,
and the Madden-Julian Oscillation (M]JO).

b. ENSO and the Tropical Pacific—a@. D. Bell, M. Halpert,

and M. L'Heureux

1) Oceanic CONDITIONS

El Nifio and La Nifa represent opposite phases of
the El Nifo-Southern Oscillation (ENSO), a coupled
ocean-atmosphere phenomenon centered in the
equatorial Pacific Ocean. NOA A’s Climate Prediction
Center (CPC) classifies El Nifio and La Nifa episodes
using the Nifio-3.4 index, which reflects area-aver-
aged sea surface temperature (SST) anomalies in the
east-central equatorial Pacific between 5°N—5°S and
170°W—-120°W.

For historical purposes, the CPC classifies an El
Nino (La Nifia) episode when the three-month run-
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Fic. 4.1. Time series of weekly sea surface tempera-
ture anomalies (°C) in the Nifio-3.4 region (5°N-5°S,
170°-120°W). Anomalies are departures from the
1971-2000 weekly adjusted OISST climatology of
Smith and Reynolds (1998).

ning mean value of the Nifio-3.4 index (called the
Oceanic Nifio Index, ONI) is greater (less) than or
equal to +0.5°C (-0.5°C) for five consecutive overlap-
ping months. A time series of the Nifio-3.4 index indi-
cates that both El Nifio and La Nifla occurred during
2010 (Fig. 4.1), with El Nino during January-April
and La Nifia from July through the end of the year.

A strong El Nifio! was present during December
2009-February 2010 (DJF), as indicated by an ONI of
+1.7°C. During this period, exceptionally warm SSTs
(= 29°C) extended across the east-central equatorial
Pacific, and the warmest SSTs in the entire Pacific
basin were located east of the International Date Line
(hereafter date line) instead of in their normal posi-
tion north of Papua New Guinea (Fig. 4.2a). Equato-
rial SST anomalies during this period exceeded +1°C
across most of the Pacific Ocean east of the date line
(Fig. 4.2b). During March-May (MAM), El Niio
became a weak event as the region of warmest SSTs
retracted to well west of the date line (Fig. 4.2¢) and
the SST anomalies decreased across the eastern half
of the equatorial Pacific (Fig. 4.2d).

During June-August (JJA), the equatorial Pacific
continued to cool east of the date line, and an anoma-
lously strong cold tongue became established (Figs.
4.2e,f). The resulting SST anomalies reflected the
development of a weak La Nifia?, as the ONI dropped
to -0.6°C. During September-November (SON),
La Nina was a moderate-strength event as the ONI
dropped to -1.4°C and the equatorial cold tongue in-
tensified and expanded westward (Fig. 4.2g). The area
of SST anomalies colder than -1.0°C also expanded

! The CPC unofficially uses an ONI > +1.5°C to classify a
strong El1 Nifio. They classify a moderate strength El Nifio by
an ONI of +1.0°C to +1.4°C, and a weak El Nifio by an ONI
of +0.5°C to +0.9°C.

2 CPC unofficially classifies a weak La Nifia by an ONT of
-0.5°Ct0-0.9°C, and a moderate strength La Nifia by an ONI
of -1.0°Cto -1.4°C. A strong La Nifa is unofficially classified
by an ONI < -1.5°C.
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FiG. 4.2. Seasonal SST (left) and anomaly (right) for (a, b) DJF 2009/10, (c, d) MAM 2010, (e, f) JJA 2010 and (g,
h) SON 2010. Contour interval for total (anomalous) SST is 1°C (0.5°C). Anomalies are departures from the
1971-2000 seasonal adjusted OISST climatology of Smith and Reynolds (1998).

westward to cover the entire central and east-central
equatorial Pacific (Fig. 4.2h).

The subsurface thermal structure is a critical fea-
ture of ENSO. As seen during DJF, El Nifo featured a
deep layer of anomalously warm ocean temperatures
east of the date line (Fig. 4.3a), in association with
a deeper-than-average thermocline in the central
and eastern equatorial Pacific. During MAM, the
total volume of anomalously warm water decreased
substantially across the eastern half of the equatorial
Pacific and the anomalously warm water became
confined to the near surface (Fig. 4.3b). This evolution
reflected a shoaling of the oceanic thermocline and
signified the imminent demise of El Niflo.

During JJA and SON, the subsurface thermal
structure reflected a markedly increased east-west
slope of the oceanic thermocline, which is consistent
with La Nifna’s formation and intensification (Figs.
4.3c,d). This structure reflected a shallower-than-
normal thermocline and a deep layer of negative
subsurface temperature anomalies in the east-central
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and eastern Pacific. It also reflected a deeper-than-
normal thermocline and positive subsurface tem-
perature anomalies in the western Pacific. By SON,
the thermocline in the eastern Pacific had reached
the surface and was approximately 120 m shallower
than observed earlier in the year in association with
El Nino.

2) AtMosPHERIC CIRCULATION: TROPICS

El Nino and La Nifna both impacted the atmo-
spheric circulation and patterns of tropical convec-
tion during 2010, in a manner consistent with past
episodes (Chelliah and Bell 2004). As seen during DJF,
a key atmospheric component of El1 Nifio is a reduced
strength of the normal tropical easterly trade winds
(i.e., westerly anomalies) east of the date line (Fig.
4.4a). This wind pattern contributed to a reduction in
upwelling and to an anomalous eastward transport of
warm water from the western Pacific, both of which
strengthened El Nifo.
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Fic. 4.3. Equatorial depth-longitude section of ocean
temperature anomalies (°C) averaged between 5°N
and 5°S during (a) DJF 2009/10, (b) MAM 2010, (c) JJA
2010, and (d) SON 2010. The 20°C isotherm (thick
solid line) approximates the center of the oceanic
thermocline. The data are derived from an analysis
system that assimilates oceanic observations into
an oceanic global circulation model (Behringer et al.
1998). Anomalies are departures from the 1971-2000
period monthly means.

During this period, convection was enhanced
(green shading) over the central and east-central
equatorial Pacific, and suppressed (brown shading)
over the western Pacific and Indonesia. At 200 hPa,
these conditions resulted in anticyclonic circulation
anomalies in the subtropics of both hemispheres
flanking the region of enhanced convection, and
cyclonic circulation anomalies in both hemispheres
flanking the region of suppressed convection (Fig.
4.5a). Collectively, the above conditions reflect a
weakening of the equatorial Walker circulation, along
with an anomalously weak (strong) Hadley circula-
tion over the western (central) Pacific.

ElNifo’s weakening during MAM was associated
with two main changes in the low-level winds (Fig.
4.4b). First, the trade winds became enhanced west of
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Fic. 4.4. Anomalous 850-hPa wind vector and speed
(contours, m s’') and anomalous outgoing longwave
radiation (shaded, W m2) during (a) DJF 2009/10, (b)
MAM 2010, (c) JJA 2010, and (d) SON 2010. Anoma-
lies are departures from the 1979-95 period monthly
means.

the date line, which acted to transport exceptionally
warm water toward the western Pacific. Second, an
anomalously strong cross-equatorial flow became
established over the east-central equatorial Pacific,
which resulted in increased upwelling and cooler sea
surface and subsurface temperatures in that region.

La Nina’s development and intensification during
JJA and SON was associated with a further strength-
ening of the anomalous easterly trade winds across
the western tropical Pacific and with an expansion in
the area of anomalous cross-equatorial flow to cover
the entire eastern half of the equatorial Pacific (Figs.
4.4¢,d). Consistent with this evolution, equatorial
convection became suppressed across a large area
west of the date line, and enhanced over Indonesia
and the eastern Indian Ocean. These conditions are
typical of La Nifia and reflected an enhanced equa-
torial Walker circulation and a suppressed Hadley
circulation over the central Pacific.
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Fic. 4.5. Anomalous 200-hPa wind vector and speed
(contours, m s') and anomalous outgoing longwave
radiation (shaded, W m2) during (a) DJF 2009/10, (b)
MAM 2010, (c) JJA 2010, and (d) SON 2010. Anoma-
lies are departures from the 1979-95 period monthly
means.

As a result, La Nina impacts on the upper-level
circulation were seen across the tropical and sub-
tropical Pacific in both seasons (Figs. 4.5¢,d). These
impacts included the development and strengthening
of cyclonic circulation anomalies in the subtropics of
both hemispheres, in association with the region of
suppressed convection. In both seasons, the result-
ing downstream easterly wind anomalies extended
across the eastern North Pacific and Caribbean Sea,
which acted to: (1) reduce the vertical wind shear and
enhance the Atlantic hurricane season (section 4d2)
and (2) increase the vertical wind shear and suppress
hurricane activity in both the Central and Eastern
North Pacific hurricane basins (section 4d3).

3) AtMosPHERIC CIRCULATION: EXTRATROPICS

As seen during DJF, El Nifio was associated with
an eastward extension of deep tropical convection
and deep tropospheric heating to well east of the date
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line, resulting in an eastward extension of the sub-
tropical ridges in both hemispheres. The wintertime
East Asian jet stream, which is intrinsically linked
to the poleward flank of the subtropical ridge, also
extended eastward to span the entire Pacific basin.
Likewise, the associated jet exit region (and therefore
the main cyclogenesis region) shifted eastward to the
area immediately upstream of the southwestern U.S.
(Fig. 4.6, shading).

These observations highlight key jet-like features
of the El Nifo-related anomalous anticyclonic cir-
culation over the east-central Pacific. These features
include: (1) an anomalous westerly jet core along its
northern flank (near 30°N between the date line and
the western U.S.), which coincides with the observed
East Asian jet axis; (2) anomalous southwesterly
winds and speed acceleration (solid contours) along
its western flank near the date line, which represent
the anomalous jet entrance region; and (3) anomalous
northwesterly winds and speed deceleration (dashed
contours) along its eastern flank over the eastern Pa-
cific, which capture the anomalous jet exit region.

Consistent with the above conditions, the Pacific
storm track was shifted well south and east of normal
during DJF, resulting in increased storminess and
above-average precipitation across the southern U.S.
Also, the 500-hPa Hudson Bay trough was weaker
than average and the trough over the southeastern
U.S. was stronger than average (see Fig. 8.2). As a
result, a more zonally-uniform distribution of both
temperature and winds, which is characteristic of El
Nifo, prevailed across the Pacific basin and much of
North America.
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FiG.4.6. DJF 2009/10: Total 200-hPa wind speed (m s™',
shaded), anomalous wind vector, and anomalous hori-
zontal wind speed tendency (d/dt) (contours, interval is
I x 10-*m s72). Solid (dashed) contours show anomalous
speed acceleration (deceleration), where
dV /dt=(-VeVZ) - (-VVZ)

where V is the observed total vector wind, Z is the
observed total geopotential height, and the subscript
“c” denotes the climatological mean values. Anomalies
are departures from the 1971-2000 period monthly
means. Vector scale is shown at bottom right.



Later in the year, La Nifa affected the extratropical
circulation over the South Pacific basin. For example,
the cyclonic anomalies over the central subtropical
South Pacific during SON reflected a strengthening
of the normal mid-Pacific trough, and a westward
retraction of the subtropical ridge axis to the extreme
western Pacific (Fig. 4.5d). These conditions were as-
sociated with easterly 200-hPa wind anomalies across
the central Pacific near 30°S, which coincided with
the exit region of the South Pacific jet core and there-
fore reflected a weakening and westward retraction
of that jet to west of the date line.

4) ENSO TeMPERATURE AND PRECIPITATION IMPACTS

During DJF 2009/10, the precipitation patterns
typically associated with El Nifo (Ropelewski and
Halpert 1987) were observed over parts of the world.
These included above-average precipitation over the
central equatorial Pacific, the southern U.S., south-
eastern South America, and equatorial eastern Africa
(see Fig. 8.1). They also included below-average pre-
cipitation over Indonesia, parts of the Amazon Basin,
and southeastern Africa.

Typical El Nifo-related temperature impacts dur-
ing DJF included warmer-than-average conditions
over southeastern Asia, Canada, and southeastern
Brazil, and cooler-than-average conditions across
the southern United States. In the U.S., the tempera-
ture and precipitation patterns were also modulated
by a strong negative phase of the Arctic Oscillation
(AO) and North Atlantic Oscillation (NAO), which
favored exceptionally cool conditions across much
of the country and contributed to a series of heavy
snowfall events along the east coast (see section 7b2
and Sidebar 7.1 for more details).

La Nifna impacted global precipitation patterns
during JJA and SON in a manner consistent with
past cold episodes (Ropelewski and Halpert 1989).
These impacts included suppressed convection
across the central equatorial Pacific, coupled with
above-average rainfall across much of the Maritime
Continent (Indonesia, Philippines, Malaysia, and
Borneo). La Nifia impacts during SON also included
below-average precipitation in southeastern South
America, and above-average rainfall across eastern
Australia (see Fig. 8.7).

c. Tropical Intraseasonal Activity—]. Gottschalck, G. D. Bell,
and §. Weaver
The Madden-Julian Oscillation (MJO) (Madden
and Julian 1971, 1972, 1994) is a leading climate
mode of tropical convective variability that occurs
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on intraseasonal timescales. The convective anoma-
lies associated with the MJO often have the same
spatial scale as ENSO, but differ in that they exhibit
a distinct eastward propagation. If the MJO remains
active, convective anomalies at a given location
repeat approximately every 30-60 days on average.
The MJO can strongly affect the tropical and extra-
tropical atmospheric circulation patterns, and may
produce short-lived ENSO-like convective anomalies
across the tropics (Mo and Kousky 1993; Kousky and
Kayano 1994; Kayano and Kousky 1999) .The MJO is
often quite variable in a given year, with periods of
moderate-to-strong activity sometimes followed by
little or no activity. Overall, the MJO tends to be most
active during neutral and weak ENSO periods, and is
often absent during strong El Nifio events (Hendon et
al. 1999; Zhang and Gottschalck 2002; Zhang 2005).

The MJO is seen by continuous eastward propaga-
tion of 200-hPa velocity potential anomalies around
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Fic. 4.7. Time-longitude section for 2010 of anomalous
200-hPa velocity potential (x 10® m? s°') averaged
between 5°N and 5°S. For each day, the period mean
is removed prior to plotting. Green (brown) shading
highlights likely areas of anomalous divergence and
rising motion (convergence and sinking motion). Red
lines and labels highlight the main Madden Julian Os-
cillation episodes. Anomalies are departures from the
1971-2000 base period daily means.

JUNE 2011 BAIS | SII3



the globe. A time-longitude section of this parameter
shows five MJO episodes during 2010 (Fig. 4.7). These
include: (1) a strong episode that continued from
late 2009 into early February 2010 (MJO #1); (2) a
moderate-strength episode with higher frequency
during April and May (MJO #2); (3) a moderate-
strength but short-lived episode during July and also
during September-October (MJO #3 and #4); and (4)
a generally weak and short-lived episode during mid-
November to mid-December (MJO #5).

The first MJO (MJO #1) featured strong convec-
tive anomalies that propagated eastward and became
in phase with those associated with El Nifio. The
observations suggest that this evolution likely aided
the development of more persistent and stationary El
Nino-related convective anomalies during late Janu-
ary through early March, as highlighted in the red box
in Fig. 4.7 by suppressed convection over Indonesia
and enhanced convection near the date line. Prior to
this, the El Nifio-related enhanced convection was
more sporadic over the central equatorial Pacific.

Also associated with MJO #1 were strong low-level
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FiG 4.8. Time-longitude section for 2010 of the anoma-
lous upper ocean (0 m-300 m) heat content averaged
between 5°N and 5°S. Blue (yellow/red) shading
indicates below (above) average heat content. The
downwelling phases (dashed lines) of equatorial oceanic
Kelvin waves are indicated. Anomalies are departures
from the 1982-2004 base period pentad means.
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westerly wind anomalies (not shown) within and to
the rear of the main area of enhanced convection. The
resulting westerly wind burst triggered a downwelling
oceanic Kelvin wave (Fig. 4.8, dashed line). This wave
formed over the western equatorial Pacific in late
January and reached the South American coast in late
March and early April. Oceanic warming associated
with this wave likely contributed to the apparent in-
tensification of El Nifio. This was the only appreciable
downwelling oceanic Kelvin wave of the year.

The moderate-strength MJO activity during April
and May (MJO #2) had a shorter periodicity (approxi-
mately 30 days) than that observed earlier in the year.
Short-lived, moderate-strength MJO activity was also
observed during July (MJO #3). Following this event,
the intraseasonal variability during August and much
of September primarily reflected higher frequency at-
mospheric Kelvin wave activity (Wheeler and Kiladis
1999; Wheeler and Weickmann 2001).

The two remaining MJO events (MJO #4 and #5)
were characterized by enhanced convection that was
primarily limited to Indonesia and to the western
Pacific across the South Pacific Convergence Zone
(SPCZ). This off-equatorial displacement of the
convective anomalies was primarily a result of La
Nifia, which contributed to above-average sea surface
temperatures in the SPCZ region and to much-below-
normal sea surface temperatures across the equatorial
Pacific Ocean.

d. Tropical Cyclones

I) Overview—H. ]. Diamond and B. C. Trewin

The global tallying of total tropical cyclone (TC)
numbers is challenging and involves more than sim-
ply adding up basin totals because some storms cross
basin boundaries, some basins overlap, and multiple
agencies are involved in tracking and forecasting TCs.
Compiling the activity over all seven TC basins, the
2010 season (2009/10 in the Southern Hemisphere)
saw a well-below-normal (1981-2009 base) number of
named storms [NS; wind speeds > 34 kts (17.5 m s})]
and a below-average number of hurricanes/typhoons/
cyclones [HTC; > 64 kts (32.9 m s™!)] and major HTCs
[> 96 kts (49.4 m s!)]. Globally, 70 named storms?
developed during the 2010 season (global average is
86.5), with 42 becoming HTCs (global average is 45.4 ).
Of these, 22 (compared to 26 in 2006, 18 in 2007, 20
in 2008, and 16 in 2009) attained major/intense status

31t should be noted that in the Western North Pacific there
were an additional five unnamed tropical depressions re-
corded by the Japan Meteorological Agency that were not
included in this total.
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a wind energy index that measures the combined strength and duration of the
named storms. ACE is calculated by summing the squares of the six-hourly maxi-
mum sustained wind speed (measured in knots) for all periods while the named

records are incomplete  storm has at least tropical storm strength. Pink, yellow, and blue shadings cor-
in all basins, especially respond to NOAA’s classifications for above-, near- and below-normal seasons,
prior to the beginning respectively. The 175% threshold for a hyperactive season is indicated. Vertical
of reasonably compre- brown lines separate high-activity and low-activity eras.

hensive satellite coverage

around 1970. Based on the International Best Tracks
Archive for Climate Stewardship (IBTrACS) dataset
(Knapp et al. 2010), the 2009/10 global NS total was
the third lowest since 1970 and only slightly above
the record low of 63 NSs observed during the 1976/77
season. Focusing only on the January-December cal-
endar year, 2010 featured the lowest number of NSs
(67) since 1970. The previous record-low NS activity
in any calendar year was 68, observed in both 1976
and 1977.

The 2009/10 seasonal total of 70 TCs thus nearly
equals the most inactive season globally since 1976/77
when there were 63 storms globally. No year in recent
times has approached the 2010 seasonal low; the last
sub-75 storm season was 1987/88 (73), and the last
sub-80 storm season was 1994/95 (78). It was a par-
ticularly exceptional record-low season in the North
Pacific. The northwest Pacific had its most inactive
year since satellite records began, while the northeast
Pacific equaled its record low. The 22 named storms
across the two basins were less than half the usual
number in what are normally the world’s most active
tropical cyclone regions. Activity in the North and
South Indian Ocean was also substantially below
normal, while the southwest Pacific was close to

4 Global averages are calculated from the International Best
Tracks Archive for Climate Stewardship dataset at http://
www.ncdc.noaa.gov/oa/ibtracs/.
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normal. Conversely, the Atlantic basin produced 19
NSs, well exceeding the long-term average of 11. In
the southwest Pacific, NS activity during 2010 was
near normal. However, the latter part of the hurricane
season in this region was extremely active, producing
three Category 4 TCs and one Category 5 TC. These
storms resulted in a total of 14 fatalities and pro-
duced a minimum estimated damage of $163 million
(U.S. dollars). Scaling these numbers for a region as
sparsely populated and undeveloped as the southwest
Pacific, these are actually very large totals.

2) ATLANTIC BASIN—G. D. Bell, E. S. Blake, T. B. Kimberlain,
C. W. Landsea, J. Schemm, R. J. Pasch, and S. B. Goldenberg

(i) 2010 Seasonal Activity
The official Atlantic hurricane season lasts from
June through November, with August-October
(ASO) typically being the peak months of the season.
The 2010 Atlantic hurricane season produced 19 NSs,
of which 12 became hurricanes and 5 became major
hurricanes. All but two NSs formed during ASO. The
1950-2000 seasonal averages are 11 named storms?,

®Landsea etal. (2010) indicate that because of improved moni-
toring and analysis of weak, short-lived tropical cyclones in
the last decade, the climatological averages since 1950 may
be biased low by about two tropical storms per year, giving
a more realistic climatology value of about 13 named storms
per year.

JUNE 2011 BAMS | SIIS



Conditions During August-October 2010

Reduced Wind Shear
Lower Surface Pressure
(red area)

Favorable African Easterly Jet

Weaker Easterly Upper-level

Trade Winds
(dark blue arrow)

FiG. 4.10. Schematic depiction of atmospheric and oceanic conditions
over the Atlantic basin during August—October 2010. Green box denotes

the Main Development Region (MDR).

six hurricanes, and two major hurricanes. The IB-
TrACS 1980-2009 seasonal averages are 12.2 NSs, 6.6
hurricanes, and 2.7 major hurricanes.

The 2010 seasonal Accumulated Cyclone Energy
(ACE) value (Bell et al. 2000) was 166.3 x 10* kt?,
which corresponds to 190% of the 1950-2000 median
value (Fig. 4.9). This places 2010 as the 10th most ac-
tive season since 1950. This year also marks the ninth
hyperactive season (ACE = 175% of the median) since
the high activity era for Atlantic hurricanes began
in 1995 (Goldenberg et al. 2001). By comparison, no
hyperactive seasons occurred during the preceding
24-year period (1971-94), which is a low activity era
in the Atlantic Basin.

As is typical of very active seasons, conditions for
tropical cyclone formation and intensification during

100

=]
o
1

[=2]
o
1

-
(=]
1

Percent of Seasons
(o]
=

o
1

Two or more Three or more
Number of U.S. Hurricane Landfalls

One or more

Fic. 4.11. Seasonal frequency of Atlantic basin hur-
ricanes making landfall in the United States (during
1950-2009) for hyperactive seasons (red bars) and for
above-normal seasons that are not hyperactive (blue
bars). Landfalls are based on the HURDAT data pro-
duced by the National Hurricane Center and compiled
by Blake et al. (2007). Only one U.S. hurricane landfall
per storm is counted.
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Higher Pressure in
Upper Atmosphere

Easterlies Expand

2010 were exceptionally conducive
within the Main Development Re-
gion (MDR), which encompasses
the Caribbean Sea and tropical
Atlantic Ocean between 9.5°N and
21.5°N (Fig. 4.10). Most (14 of 19)
named storms formed in the MDR,
accounting for 10 of 12 hurricanes,
all five major hurricanes, and 93%
of the seasonal ACE value.

(ii) Storm Tracks and Landfalls

The Atlantic storm tracks during
2010 were generally divided into
two clusters. One cluster comprised
eight storms that formed over the
eastern tropical Atlantic. Five of
these eventually became hurricanes
(four became major hurricanes) and three remained
tropical storms. The majority of these storms (six of
eight) tracked northwestward and then recurved out
to sea. Two (Earl and Igor) struck Nova Scotia and
Newfoundland, respectively (see Sidebar 4.1 for more
detailed information on the 2010 Atlantic hurricane
season impacts on Canada). This landfall ratio (25%)
is close to the historical probability (29%) for a North
America landfall by storms forming over the eastern
Atlantic (Kossin et al. 2010).

The second cluster of storm tracks consisted of 11
systems that formed over or near the Caribbean Sea.
This region typically sees significantly increased hur-
ricane activity during hyperactive seasons. Many of

August-October 2010
hts and Anomalies, Layer Mean Winds

500-hPa Heig
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120°W 100°W 80°W  60°W 40°W 20°W 10 0°
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Fic. 4.12. Map of August-October 2010 500-hPa
heights (contours, m) and anomalies (shading), and
layer mean vector wind (m s'') between 600 hPa and
300 hPa. Vector scale is located at bottom right. Thick
solid line indicates weakness in upper-level ridge and
blue circle indicates extensive southwesterly flow over
the western Atlantic. August—October 2010 Atlantic
named storm tracks are shown in yellow.
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hurricanes formed
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which can be attrib-
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bean Sea. This ridge
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from propagating
northward into the
central Gulf. Third,
some storms formed
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Fic. 4.13. (Top) Sea surface temperature (SST) anomalies (°C) during (a) June-
November 2010 and (c) August—-October 2010. (Bottom) Time series of consecutive
area-averaged SST anomalies in the Main Development Region (MDR) during (b) and remained over
June-November, and (d) August-October. Red line shows the corresponding five-year the extreme eastern
running mean. Green boxes in (a) and (c) denote the MDR. Anomalies are departures tropical Atlantic

from the ERSST-V3b (Smith et al. 2008) 1971-2000 period monthly means. throughout their
life.
these storms during 2010 formed near land over the
western Caribbean/Mexico/Central America region. (i) Atlantic sea surface temperatures
Five systems in this second cluster made landfall as Mean sea surface temperatures (SSTs) in the MDR

tropical storms, three made landfall as Category
1-2 hurricanes, and one made landfall as a major
hurricane (Category 3-5). It is atypical for above-
normal seasons to have no NSs in the northern Gulf
of Mexico. However, no NSs tracked over this region
during 2010, meaning minimal adverse affects on the
oil well capping and associated cleanup efforts associ-
ated with the Deepwater Horizon accident.

The U.S. also did not experience any landfalling

February-Aprll 2010

EQ ——n—
120°W 100°W 80°W 60°W 40W 20°W 0° 20°E2°40°E

hurricanes during 2010. This was the most active 5 4 .3 2 T 5
season—and the only hyperactive season—on record 10b) ms’

with no U.S. hurricane landfalls. For the 12 hyperac- 9. (22.5°N-27.5°N, 15°W-50°W)

tive seasons that occurred during 1950-2009, each 84

produced at least one U.S. landfalling hurricane and &

90% produced at least two U.S. landfalling hurricanes
(Fig. 4.11, red bars). This rate of multiple hurricane

4
landfalls is more than triple that (25%) associated with 3]
other above-normal seasons that were not hyperac- 24
tive (blue bars). 14

. . 0 - : r T T - r T r T T 7
The lack of U.S. hurricane landfalls during 2010 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2006 2010
can be attributed to several factors. First, there was Year

a pronounced weakness over the eastern U.S. in the FiG. 4.14. (a) Map of February—April 2010 1000-hPa
extensive subtropical ridge that otherwise extended ~anomalous wind speed (shaded, m s™') and vector

from Africa to the southwestern U.S. (Fig. 4.12). This winds, and (b) time series of consecutive area-aver-
weakness reflected mean troughing near the U.S aged total wind speed (m s) at 1000 hPa in the area
""" bounded by 22.5°N-27.5°N, 15°W=50°W (blue box in

East Coast, and was associated with midlevel south- panel a). Green box in (a) denotes the Main Develop-
westerly flow that steered all approaching hurricanes  ment Region.
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(d) August—September 2010
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warm SSTs persisted
in the MDR through
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Fic. 4.15. Atmospheric circulation (left) August—October 2010 and (right) August—
September 2010: (a) August—October anomalous 1000-hPa height (shading) and
vector wind (m s™'), (b) August—-October anomalous 700-hPa cyclonic relative vor-
ticity (shading, x 10-¢ s*') and vector wind, with thick solid line indicating the axis of
the African easterly jet, and (c) August-October anomalous 200-hPa wind speed

10 5 5 10 15 20

September, as the area
of exceptionally weak
trade winds subse-
quently shifted into
the deep tropics (Fig.
4.15a). Weaker-than-
normal trade winds
and anomalously
warm SSTs have gen-
erally prevailed in the
MDR since 1995, in
association with the
warm phase of the At-
lantic Multidecadal

Wm?

(shading) and vector wind. Panels (d, €) show August-September conditions: (d)

total Outgoing Longwave Radiation (OLR, W m2) and 1000-hPa vector wind; and
(e) August-September anomalous OLR (W m) and 1000-hPa anomalous vector
wind. Green boxes denote the Main Development Region. Vector scale is at bottom
right of each panel. Circulation (OLR) anomalies are with respect to the 1971-2000

period monthly means.

during June-November were 0.93°C above average
(Fig. 4.13a). This departure exceeds the previous high
(dating back to 1854) of +0.80°C set in 2005 (Fig.
4.13b). The SSTs in the MDR during August-October
2010 were 0.91°C above average (Fig. 4.13¢c), which
also exceeds the previous high August-October
departure of +0.77°C set in 2005 (Fig. 4.13d). These
record SSTs first appeared during February-April
2010, in association with a pronounced weaken-
ing of the anti-cyclonic gyre over the central North
Atlantic (Fig. 4.14a) and with unusually weak trade
winds north of the MDR (Fig. 4.14b). These condi-
tions were associated with an all-time negative phase
of the North Atlantic Oscillation (NAO) during
December-April, as measured by the 500 hPa-based
NAO index produced by the Climate Prediction
Center (CPC; data available at ftp://ftp.cpc.ncep.noaa.
gov/wd52dg/data/indices/tele_index.nh). During
December-February, this pattern was coupled with a
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Oscillation (AMO;
Enfield and Mestas-
Nuidez 1999) and ac-
tive Atlantic phase
of the tropical multi-
decadal signal (Bell
and Chelliah 2006; Bell et al. 2009). These conditions
have been superimposed upon a weaker long-term
warming trend, which some studies suggest is partly
linked to anthropogenic greenhouse warming (Santer
et al. 2006).

(iv) Atmospheric circulation

Conditions within the MDR reflected an interre-
lated set of atmospheric anomalies (Fig. 4.10) that are
typical of recent active hurricane seasons (Landsea
et al. 1998; Bell et al. 1999, 2000, 2004, 2006, 2009;
Goldenberg et al. 2001; Bell and Chelliah 2006; Kossin
and Vimont 2007). These conditions, combined with
La Nifia and record warm Atlantic SSTs, set the stage
for the 2010 Atlantic hurricane season.

In the lower atmosphere, August-October condi-
tions within the MDR included weaker trade winds,
a deep layer of anomalous cross-equatorial flow, and
below-average heights/sea-level pressure (Fig. 4.15a,
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FiG. 4.16. Map of August—October 2010 200-hPa anom-
alies of (a) streamfunction (shading, x 10® m? s’') and
vector wind (m s*') and (b) velocity potential (shading,
x 106 m?2 s7') and divergent vector wind (m s*'). Vector
scale is at bottom right of each panel. Departures are
with respect to the 1971-2000 period. In (a) anoma-
lous ridges are indicated by positive values (red) in
the Northern Hemisphere (NH) and negative values
(blue) in the Southern Hemisphere (SH). Anomalous
troughs are indicated by negative values in the NH and
positive values in the SH. Green boxes denote the Main
Development Region.

blue shading). Across the Atlantic basin and Sub-
Saharan Africa, the low-level westerly anomalies
extended above 700 hPa, the approximate level of
the African Easterly Jet (AEJ; Fig. 4.15b), and were
associated with an anomalous 5° latitude northward
shift of the AEJ core (black arrow).

Asaresult, the bulk of the African easterly wave en-
ergy (Reed etal. 1977) was often centered well within
the MDR. The AE] also featured increased cyclonic
shear along its equatorward flank within the MDR
(Fig. 4.15b, red shading), which dynamically favors
stronger easterly waves and an increased cyclonic rota-
tion within which thunderstorms can organize.

An opposite pattern of wind anomalies was evident
at 200 hPa, where anomalous easterly flow extended
from subtropical central Africa to the eastern North
Pacific (Fig. 4.15¢). This pattern reflected a stronger
and more westward extension of the tropical easterly
jet, which occurred in association with an enhanced
upper-level ridge that spanned the entire subtropical
North Atlantic (Fig. 4.16a).

These conditions were accompanied by a north-
ward shift of the Atlantic Intertropical Convergence
Zone (ITCZ), which extended into the southern MDR

STATE OF THE CLIMATE IN 2010

during August and September (Fig. 4.15d), and re-
sulted in enhanced convection across the region (Fig.
4.15e, green shading). They were also associated with
an amplified West African Monsoon system during
August-October, as indicated by enhanced convec-
tion across the African Sahel and Sudan regions and
by alarge area of negative velocity potential anomalies
over northern Africa (Fig. 4.16b).

Within the MDR, the low-level westerly and
upper-easterly anomalies resulted in weak verti-
cal wind shear (less than 8 m s'!) across the entire
MDR (Fig. 4.17a). The most anomalously weak shear
spanned the central tropical Atlantic and Caribbean
Sea (Fig. 4.17b, orange shading), where the total
shear was less than 4 m s™.. These conditions were
part of a larger-scale pattern that included increased
shear across the eastern equatorial Atlantic and over
the eastern tropical North Pacific (Fig. 4.17b, blue
shading). This pattern is typical of other very active
Atlantic hurricane seasons (Bell and Chelliah 2006).
At the same time, historically low hurricane activity
prevailed across the central and eastern Pacific hur-
ricane basins (see section 4d3).

For the Atlantic basin, the above conditions meant
that tropical storms developed primarily within the
MDR from amplifying easterly waves moving west-
ward from Africa. These systems quickly entered

August-October 2010
a Total
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Fic. 4.17. Maps of August-October 2010 (a) total and (b)
anomalous vertical wind shear magnitude and vector
(m s!). Vector scale is at bottom right of each panel.
Departures are with respect to the 1971-2000 period
monthly means.
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an extensive area of below-average pressure, deep
tropical moisture, increased low-level convergence as-
sociated with the ITCZ, and increased cyclonic shear
south of the AE] core. Many of these systems then
strengthened while propagating westward within the
extended region of very weak vertical wind shear and
often over record-warm SSTs. These overall anomaly
patterns have favored increased storm formation and
intensification since 1995.

(v) Links to Global Climate Patterns

The regional atmospheric conditions during 2010
showed strong links to a combination of three climate
factors. The first is the active Atlantic phase of the
tropical multidecadal signal, which reflects an inter-
related set of conditions that have been conducive to
increased Atlantic hurricane activity since 1995 (Bell
and Chelliah 2006). The second is La Nifa, which
contributed to the extensive area of weak vertical
wind shear and upper-level easterlies across the
MDR. The third is record-warm SSTs in the MDR,
as discussed above.

(vi) The Tropical Multidecadal Signal and La Nifa

Since 1995, more than two-thirds (11 of 16) of
Atlantic hurricane seasons have been above normal
and only two have been below normal (Fig. 4.9). This
elevated level of activity contrasts sharply with the
preceding low-activity era of 1971-94, during which
one-half of the seasons were below normal and only
three were above normal.

The transition to the current era of high activity
was associated with a phase change in the tropical
multidecadal signal, which reflects the leading modes
of tropical convective rainfall variability and Atlantic
SSTs occurring on multidecadal time scales (Bell and
Chelliah 2006; Bell et al. 2007). This signal directly
links low-frequency atmospheric variability across
the central and eastern MDR to an east-west oscilla-
tion in anomalous convection between western Africa
(Landsea and Gray 1992; Goldenberg and Shapiro
1996) and the Amazon Basin (Fig. 4.16).

All key features of this signal were again present
during 2010, suggesting no weakening of the very
conducive conditions that have prevailed throughout
this Atlantic high-activity era. One key feature of
the tropical multidecadal signal seen since 1995 has
been an enhanced West African monsoon system
(Fig. 4.16b), which is associated with several of the
interrelated atmospheric anomalies described previ-
ously (Landsea et al. 1998; Bell et al. 1999, 2000, 2004,
2006, 2009; Goldenberg et al. 2001; Bell and Chelliah
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Fic. 4.18. Time series showing consecutive August-
October values of area-averaged (a) 200 hPa -850 hPa
vertical shear of the zonal wind (m s™'), (b) 700-hPa
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(x

re

10-¢ s'). Blue curve shows unsmoothed values and
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series. Averaging regions are shown in the insets.

2006; Kossin and Vimont 2007). These include the
enhanced low-level southwesterly flow into the West
African monsoon region (Fig. 4.15a) and the en-
hanced upper-level divergent flow out of that region
(Fig. 4.16b). They also include the stronger upper-level
ridges over the eastern MDR and across the subtropi-
cal South Atlantic (Fig. 4.16a), along with the stronger
and westward extended tropical easterly jet.

Accompanying these conditions, the vertical wind
shear (Fig. 4.18a) and 700-hPa zonal winds (Fig.
4.18b) remained much weaker in critical parts of the
MDR compared to the preceding low-activity era,
and the 700-hPa relative vorticity remained cyclonic
across the southern MDR rather than anticyclonic
(Fig. 4.18¢).

Another major climate factor known to affect
Atlantic hurricane seasons is ENSO, which produces
a combination of vertical shear and atmospheric sta-
bility variations (Gray 1984; Tang and Neelin 2004).
According to the CPC, La Nifia developed during July
2010 (Fig. 4.1), and was a moderate-strength event
during August-October.
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FiG. 4.19. Storm track map for the Eastern Pacific hurricane basins, including all tropical cyclones that occurred
in the Eastern North Pacific and Central North Pacific basins [Source: NOAA's National Hurricane Center
(NHC) and Central Pacific Hurricane Center (CPHC)]. Tracks are color coded by intensity (wave/low, tropical
depression, tropical storm, hurricane, and major hurricane). Also shown is the delineation of the forecast area

of responsibility at 140°W between NOAA's NHC and CPHC.

The 200-hPa velocity potential and divergent wind
anomalies across the tropical Pacific Ocean during
August-October were consistent with La Nina (Fig.
4.16b), as was the overall zonal wave-1 pattern of
200-hPa streamfunction anomalies in the subtropics
of both hemispheres (Fig. 4.16a; Bell and Chelliah
2006). This pattern, which included anticyclonic
streamfunction anomalies over the North Atlantic
basin and Africa, reinforced that associated with the
active Atlantic phase of the tropical multidecadal
signal and resulted in the enhanced subtropical
ridge extending across the entire MDR. Also within
the western MDR, typical La Nifia impacts during
August-October included the anomalous upper-level
easterly winds and decreased vertical wind shear
noted previously. These conditions acted to extend
westward the anomalously low shear associated with
the tropical multidecadal signal.

3) EASTERN NoRTH PaciFic Basin—M. C. Kruk, P. A.
Hennon, E. |. Gibney, J. Hobgood, and |. Weyman

(i) Seasonal activity

The Eastern North Pacific (ENP) basin is officially
split into two separate regions for the issuance of
warnings and advisories by NOA A’s National Weather
Service (NWS). NOAA’s National Hurricane Center
(NHC) in Miami, FL, is responsible for issuing warn-
ings in the eastern part of the basin that extends from
the Pacific Coast of North America to 140°W, while
NOAA’s Central Pacific Hurricane Center (CPHC)
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in Honolulu, HI, is responsible for issuing warnings
in the Central North Pacific region between 140°W
and the date line. In this section, analysis summariz-
ing the tropical cyclone (TC) activity in both these
warning areas is presented using combined statistics,
along with information specifically addressing the
observed activity and impacts in the central North
Pacific (CNP) region.

The ENP hurricane season officially spans from
15 May to 30 November, although storms can develop
outside of the official season, especially during El
Nifio-enhanced hurricane seasons. Hurricane and
tropical storm activity in the eastern area of the basin
typically peaks in September, while in the Central
Pacific, TC activity normally reaches its seasonal peak
in August (Blake et al. 2009). Figure 4.19 shows the
tracks of all of observed TCs in the ENP and CNP in
2010. For the season as a whole, the number of named
storms (NSs), hurricanes, and major hurricanes that
developed was less than 50% of the long-term means.
Primarily due to the development of La Nifia condi-
tions during the boreal summer and early autumn in
the equatorial Pacific in 2010, the hurricane season
was below average in the ENP basin, with eight NSs,
three hurricanes, and two major hurricanes (Fig.
4.20a). These values are far below the 1980-2009
IBTrACS seasonal averages for the basin (21.5 NSs,
12.4 hurricanes, and 6.5 major hurricanes).

Along with the overall below-average activity
in 2010 in terms of storm counts, the Accumulated
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Fic. 4.20. Seasonal tropical cyclone statistics for the
Eastern North Pacific (ENP) basin over the period
1970-2010: (a) number of named storms, hurricanes,
and major hurricanes and (b) the Accumulated Cy-
clone Energy (ACE) Index with the seasonal total 2010
highlighted in red. All time series shown include the
corresponding 1971-2005 base period means for each
parameter.

Cyclone Energy (ACE) Index was also below normal
for the basin with a seasonal total of 48.1 x 10* kt?,
which is well below the 1971-2005 mean (126.3 x 104
kt?), and is the second lowest ACE season on record
since 1975 (Fig. 4.20b).

Just one TC was observed in the CNP region in
2010 (TS Omeka, Fig. 4.19). Tropical Storm Omeka
was the latest-forming central and eastern Pacific
tropical storm since reliable records began in 1949.
On 18 December 2010, the CPHC began monitoring
a subtropical cyclone near the date line for possible
tropical cyclogenesis. Over the following two days, the
system tracked southwestward, entering the western
Pacific basin, and began transitioning into a tropical
cyclone. Shortly before crossing the date line on 20
December, the CPHC assessed the system to have
become a tropical storm. The storm appeared to have
reached its maximum intensity west of the date line.
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The storm was assigned the name Omeka several
hours later as it moved into the Central Pacific basin.
Shortly after crossing the date line into the central
Pacific, wind shear increased, causing the system to
weaken. By 21 December, the center of Omeka was
devoid of convection and later transitioned into an
extratropical cyclone.

Since 1995, the numbers of named storms in
the ENP basin has been near average, fluctuating
about the long-term mean (Fig. 4.20a). However, the
numbers of hurricanes and major hurricanes have
been generally below normal in most seasons, with
above-normal activity having occurred in only three
seasons. NOAA has identified 9 of the 15 seasons in
the ENP as being below normal during 1995-2009,
with only the El Nifio-influenced seasons of 1997
and 2006 producing above-normal activity as mea-
sured by the ACE Index (NOAA 2009). In contrast,
enhanced activity was observed during the preceding
1970-94 period, which had 6 of 25 (24%) below-
normal seasons and 9 of 25 (36%) above-normal
seasons, as measured by the ACE Index.
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Fic. 4.21. The 200 hPa-850 hPa vertical wind shear
anomalies (m s!) averaged over (a) June-August 2010
and (b) September-November 2010, with anomalies
determined relative to the 1979-2004 base period
mean. [Source: North American Regional Reanalysis
(NARR) dataset, provided by the NOAA National Op-
erational Model Archive and Distribution System.]



(ii) Environmental influences on the 2010 Season

The SSTs in the ENP exhibited a La Nifia pattern
that intensified as the hurricane season progressed.
The cooler-than-normal SSTs extended over much of
the ENP where TCs normally develop. The reduction
of energy available in the upper ocean contributed to
the decreased activity. There was a region of above-
normal SSTs early in the hurricane season between
latitudes 10°N-20°N and longitudes 120°W-132°W.
However, fewer than 9% of ENP TCs normally form
over this region and none formed there in 2010. Whit-
ney and Hobgood (1997) suggested that changes of
the SSTs in the ENP may be accompanied by a shift
in the atmospheric flow pattern over the basin. This
appears to have occurred in 2010.

At 850 hPa, the subtropical high was shifted ap-
proximately 10° of longitude west of its normal loca-
tion during the ENP season. This also resulted in
above-average vertical wind shear in the 200 hPa-850
hPa layer (Fig. 4.21a). In addition, a stronger-than-
normal monsoonal trough extended west and south of
Baja California at 850 hPa. The effect of that pattern
was to produce anomalous westerly flow over the por-
tion of the ENP where TCs typically form. By itself,
the westerly flow might have been favorable for the
development of TCs because it would have enhanced
the production of low-level vorticity to the north of
that flow. However, a stronger-than-normal subtropi-
cal ridge at 200 hPa produced faster-than-normal
easterly flow over the ENP in the upper levels. The
200-hPa ridge was centered near its usual position in
July, but was stronger than normal. By August, the
200-hPa ridge had shifted 15° of longitude east of
its normal location. The result of the stronger ridge
and eastward shift in its location was to increase the
easterly flow over the ENP by 5m s - 10 m s during
August. However, from September through Novem-
ber, the 200 hPa-850 hPa vertical wind shear across
the eastern Pacific basin was anomalously low, by
as much as 12 m s’ (Fig. 4.21b). The combination of
highly variable wind shear pattern and below-normal
SSTs was a potential cause for the quiet 2010 ENP hur-
ricane season. The Quasi-Biennial Oscillation (QBO)
phase would have favored more activity (Whitney
and Hobgood 1997), but it does not appear to have
had a significant impact over the ENP in 2010, con-
sistent with Camargo and Sobel (2010). The fact that
Hurricane Celia was able to intensify to a Category
5 level illustrates that, even during less-than-ideal
conditions, if a tropical cyclone moves into a favorable
environment for a couple of days, it can intensify into
a major hurricane.
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(iii) Tropical Cyclone Impacts

Just two tropical cyclones made landfall along the
Pacific Coast of Mexico during the season (TS Agatha
and TS Georgette). In comparison with climatology,
the 2010 season is near the 1951-2000 average of 1.34
landfalling TCs (Jauregui 2003).

Along the Pacific Coast of Mexico, TS Agatha (29-
30 May) made landfall near the Guatemala-Mexico
border, causing widespread flooding. In Guatemala,
over 360 mm of rain had fallen by evening on 29 May
and resulted in the development of a large sinkhole.
Preliminary damage reports suggested that Agatha
was responsible for over 300 fatalities in Central
America.

On 21 September, short-lived T'S Georgette struck
the Baja California Peninsula after spending less than
a day over open waters. As the cyclone spent so little
time over water, its intensity was weak and impacts
were virtually negligible. An estimated 66 mm of rain
fell in Guaymas and no damage was reported.

The strongest storm of the season in the ENP was
Hurricane Celia, which attained Category 5 strength
on 25 June with wind speeds of 140 kts (72 m s!).
Two days later, on 27 June, the storm had weakened
to tropical storm strength over the open waters of the
eastern Pacific. The hurricane appeared impressively
annular and had a path from near 98°W to 125°W
between 10°N and 15°N. As the storm was so far out
to sea, the only impacts were high seas and dangerous
rip currents along western Mexico.

4) WEesTERN NorTH PAciFic BASIN—S. |. Camargo

The 2010 season featured a total of 19 storms
(including five tropical depressions, TDs), forming
in the western North Pacific (WNP) basin. Of these
19 active storms in the WNP, 14 reached NS intensity
(one was unnamed: TS 2W), eight became typhoons
(TYs), and one reached super-typhoon (STY) intensity
(Megi). In Fig. 4.22a, the number of TSs, TYs, and
STYs per year is shown for the period 1945-2010.
The TC data presented here is from the Joint Ty-
phoon Warning Center (JTWC) best-track dataset
for 1945-2009 and from preliminary operational data
for 2010, for the TCs forming in the WNP basin®.

61t should be noted that there were differences between
the 2010 warnings by JTWC and the Regional Special-
ized Meteorological Center at the JMA in Tokyo—the
center responsible for naming the TCs. According to the
Japan Meteorological Agency (JMA), 10 additional TDs
occurred in 2010. Furthermore, TD 01C, which formed in
the Central North Pacific, crossed into the western North
Pacific as a tropical cyclone according to the CPHC, be-
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FiG. 4.22 (a) Number of tropical storms (TSs), typhoons (TYs), and super typhoons
(STYs) per year in the Western North Pacific (WNP) for the period 1945-2010. (b)
Cumulative number of tropical storms with TS intensity or higher (hamed storms)
per month in the WNP: 2010 (black line), and climatology (1971-2000) shown as
box plots [interquartile range: box, median: red line, mean: blue asterisk, values
in the top or bottom quartile: blue crosses, high (low) records in the 1945-2009
period: red diamonds (circles)]. (c) Number of named storms per month in 2010
(red line), mean climatological number of named storms per month (blue line),
the blue plus signs denote the maximum and minimum monthly historical values
(1945-2010) and green error bars show the climatological interquartile range
for each month. In the case of no error bars, the upper and/or lower percentiles
coincide with the median. (d) Cumulative number of typhoons per month in
the WNP: 2010 (black line), and climatology (1971-2000) shown as box plots.
(e) Number of typhoons per month in 2010 (black line), mean climatological
number of TYs per month (blue line), the blue "+" signs denote the maximum
and minimum monthly historical values (1945-2010) and green error bars show
the climatological interquartile range for each month. [Source: 1945-2009 Joint
Typhoon Warning Center (JWTC) best-track dataset, 2010 JTWC preliminary
operational track data.]

Climatology is defined using the period 1971-2000;

fore crossing the date line again into the Central Pacific. A
tropical storm (Domeng) was reported by the Philippine
Atmospheric, Geophysical and Astronomical Services
Administration in August, and not by JMA or JTWC.
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and in addition, this sea-
son’s activity is far below
the 1980-2009 IBTrACS
seasonal averages for the
basin (26.3 NSs, 15.9 TYs,
and 8.0 STYs).

The 2010 WNP TC
season started in late Jan-
uary with TD 0IW. The
first named storm, TS
Omais, formed in mid-
March (see Fig. 4.22b,¢).
The WNP was then qui-
et until July, when TYs
Conson and Chanthu
occurred. The most active
month in terms of num-
ber of TCs was August,
when five NSs formed in
the WNP, though only
one reached TY intensity
(Kompasu). In Septem-
ber, there were four NSs,
three reaching TY in-
tensity (Meranti, Fanapi,
and Malakas). Although
only two NSs—Megi
and Chaba—occurred in
October, they were both
very intense typhoons,
with TY Chaba reaching
Category 4. Megi was the
only super typhoon in
2010 and ranked among
the top 10 strongest ty-
phoons in the historical
record for that region.
The season finished with
TDs 18W and 19W, which
formed in November and
December, respectively.

The total number of
TCs (19), NSs (14), TYs
(8), and STYs (1) were all
equal or below the bot-
tom fifth percentile of the
climatological distribu-

tions (median: 30.5 TCs, 27 NSs, 16 TYs, 3 STYs; fifth
percentile: 23 TCs, 19 NSs, 11 TYs, 1 STY). Only four
previous seasons in the historical record had fewer or
the same number of TCs as in 2010, namely 1946 (15
TCs), 1951 (17 TCs), 1950 (18 TCs), and 1954 (19 TCs).
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Fic. 4.23 (a) Accumulated Cyclone Energy (ACE) In-
dex per year in the Western North Pacific (WNP) for
1945-2010. The solid green line indicates the median
for the climatology years 1971-2000, and the dashed
green lines show the climatological 25th and 75th per-
centiles. (b) ACE Index per month in 2010 (red line)
and the median during 1971-2000 (blue line), where
the green error bars indicate the 25th and 75th per-
centiles. In the case of no error bars, the upper and/or
lower percentiles coincide with the median. The blue
"+" signs denote the maximum and minimum values
during the period 1945-2010. [Source: 1945-2009 Joint
Typhoon Warning Center (JWTC) best-track dataset,
2010 JTWC preliminary operational track data.]

Note that all these seasons are in the pre-satellite
era; therefore, weak storms could have been easily
missed in those years. The 2010 season experienced
the fewest number of TCs in the WNP in the satellite
era. The season also had the lowest number of NSs
and TYs in the historical record; the previous records
were 15 NSs (in 1946) and nine TYs (in 1998). As the
Eastern North Pacific hurricane season was very
quiet as well in 2010, the entire North Pacific had
a very low level of tropical cyclone activity in 2010.
The cumulative distribution of NSs (Fig. 4.22b) and
TYs (Fig. 4.22¢) shows a very slow season start, with
activity increasing in July and August, and flatten-
ing after October, never reaching the climatological
cumulative values in the region. The only months in
which the NSs reach the climatological medians are
March and August. However, only one of the August
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NSs intensified to a TY, an uncommon occurrence in
the region (August 1946: no TYs; August 1976, 1977,
2006, and 2008: one TY).

The accumulated cyclone energy (ACE) in the
WNP (Fig. 4.23) reflects well the activity in NSs. The
2010 season ACE was the second lowest such value in
the historical record. Only in 1999 did a lower value
of ACE occur in the region. The monthly ACE values
were in the bottom quartile of the climatological
distribution in the peak months of the season (June-
November), with the exception of October, when the
ACE value reached the climatological median for that
month. Super Typhoon Megi was responsible for this
higher ACE value in October, corresponding to 71%
of the ACE for that month and 36% of the ACE for the
2010 season. The ACE value of STY Megi was in the
top one percentile of the historical and climatological
distributions of ACE per storm.

There were only 74 days with TCs and 64 days with
NSs in 2010 in the WNP, both record low values in
the historical record (climatological medians: 161.5
and 144.25 days, respectively). From these active days,
only 52.5 days had TYs, another record of lowest
value in the historical record (climatological median
120.4 days). There were 8.25 days with intense TYs
(Categories 3-5), the seventh lowest in the historical
record (25th climatological percentile is 11 days).
Climatologically, 74% (11%) of the TC days consist
of days with (intense) TYs, very close to the rates
in 2010—71% (11%). The median lifetime of NSs
in 2010 was 5.5 days, below the climatological 25th
percentile lifetime of 5.75 days. From the 14 NSs, 12
had alifetime below the climatological median (eight
days), and seven were in the bottom quartile of the
climatological distribution. Only STY Megi had a
lifetime (11.5 days) in the top quartile of the distribu-
tion (above 11.25 days).

The mean genesis location (17.1°N, 130.9°E) in
2010 was shifted northwest of the climatological mean
genesis positions (12.9°N, 143.5°E). The mean track
position (22.0°N, 125.0°E) was also shifted slightly
northwestward of the climatological mean (19.0°N,
134.2°E). These shifts are consistent with typical La
Nifa events, which tend to have a northwestward
genesis shift (Chan 1985; Chia and Ropelewski 2002).
Many of the characteristics of the 2010 TY season are
typical of La Nifa events, such as: a northwestward
track shift, few intense storms, low ACE values, and
short-lived storms. The influence of ENSO events
on the characteristics of the WNP tropical cyclone
activity are well known (e.g., Wang and Chan 2002;
Camargo and Sobel 2005; Camargo et al. 2007a,b).
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Fic. 4.24. (a) Potential intensity anomalies for July—October (JASO) 2010
from 1971-2000 climatology in m s’'; (b) genesis potential index anomalies
for JASO 2010; (c) 600-hPa relative humidity anomalies for JASO 2010 (in
%); (d) 850-hPa zonal winds for JASO 2010. Contour interval in (a), (c,) and
(d) is 1.5, in (b) contour interval is |; positive contours are shown in solid
lines, negative contours in dash dotted lines and the zero contour line in a
dotted line. [Source: atmospheric variables: NCEP Reanalysis data (Kalnay
et al. 1996); sea surface temperature (Smith and Reynolds 2005).]

during most La Nifia years. The
two years (since 1950) that have
most similar patterns for the
potential intensity and GPI are
1950 and 1999, which also had
very low activity in the WNP.
The negative anomalies of the
midlevel relative humidity at
600 hPa (Fig. 4.24¢) contributed
to the negative anomalies in the
GPI in the basin. In most La
Nifia events, there is an increase
of GPI near the Asian continent,
which is attributed mainly to
an increase in relative humidity
(Camargo et al. 2007a). In 2010,
the region of increased rela-
tive humidity was shifted more
northward (near Japan) than
in other La Nifa events. The
decreased GPI near the date line
in La Nifa events is attributed
mainly to the low-level vorticity,
with some contribution from
the vertical shear and midlevel
relative humidity (Camargo

La Nifia conditions were present for a good portion
of the TY season and were probably responsible for
the low activity in the TY season of 2010. Based solely
on ENSO SST indices, such as Nifio-3.4 (Barnston et
al. 1997), this La Nifia event would be considered a
moderate one. However, the event was quite strong
when including the atmospheric component. The
Southern Oscillation Index and the multivariate
ENSO index (MEI; Wolter and Timlin 1993, 1998)
both indicate the 2010 La Nifia event as one of the
strongest in the historical record. The MEI rank
for this event during the TY season was either the
strongest (August-September) or the second strongest
(July-August and September—October periods); see
http://www.esrl.noaa.gov/psd//people/klaus.wolter/
MEI/rank.html

Figure 4.24 shows the environmental conditions
responsible for the low level of activity in 2010. The
potential intensity (Emanuel 1988, 1995; Fig. 4.24a)
shows a large region of negative anomalies near the
date line. Similarly, the genesis potential index (GPL;
Camargo et al. 2007a) shows negative anomalies in
the eastern part of the basin (Fig. 4.24b). The strength
and size of these negative anomalies are larger than
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et al. 2007a). This was also the

case in 2010 (not shown). Very
strong easterly anomalies in the region throughout
the typhoon season led to a monsoon trough with an
eastern extent restricted to a small region west of the
Philippines (also typical of La Nifa years), as shown
in Fig. 4.24d, which further contributed to the low
activity observed in 2010.

Eleven WNP TCs made landfall during 2010,
which is below the 1951-2000 median of 157. Two
systems made landfall as a TD (median is three),
five made landfall as a TS (median is six), and three
struck as a TY (median is four). Megi made landfall
as a Category 5 ST'Y. Megi was one of the most intense
landfalling tropical cyclones in the historical record,
not only in the WNP, but globally.

As could be expected, the largest impacts in this
TY season were due to STY Megi. The storm made
landfall in the mountain range of Sierra Madre,
Luzon Island, in the Philippines. According to a
United Nations report (OCHA 2010), almost two
million people were affected by the typhoon, mainly

7 Here we consider only one landfall per TC. Ifa TC makes
more than one landfall, the landfall event with the highest
wind speed is considered.
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Fic. 4.25. Annual tropical cyclone statistics for the
North Indian Ocean (NIO) over the period 1970-2010:
(@) number of tropical storms, cyclones and major cy-
clones and (b) the estimated annual Accumulated Cy-
clone Energy (ACE) Index (in kt? x 104) for all tropical
cyclones during which they were at least tropical storm
strength or greater (Bell et al. 2000). The 1981-2005
base period means are included in both (a) and (b).
Note that the ACE Index is estimated due to a lack of
consistent six-hour sustained winds for every storm.

in Isabella province. There were 19 deaths associated
with the storm. Approximately 30 200 houses were
destroyed, and 116 000 were partially damaged. There
was an estimated 80% loss of crops, such as rice and
corn in the Province of Isabella, which is the second
largest producer of rice in the Philippines.

Typhoon Mindulle also had a large impact. The
storm brought heavy rainfall to Vietnam, leading to
significant flooding and agricultural losses in that
country, as well as the death of many fishermen.

5) INDIAN OCEAN BasINs

(i) North Indian Ocean—M. C. Kruk and K. L. Gleason

The North Indian Ocean (NIO) TC season typi-
cally extends from April to December, with two peaks
in activity during May-June and November when the
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monsoon trough is positioned over tropical waters
in the basin. Tropical cyclones in the NIO basin nor-
mally develop over the Arabian Sea and Bay of Bengal
between latitudes 8°N and 15°N. These systems are
usually short lived and relatively weak, and often
quickly move into the Indian subcontinent. However,
strong and “severe cyclonic storms” (Holland 1993)
can develop with winds exceeding 130 kts (67 m s7);
Neumann et al. 1993).

The 2010 TC season produced five named storms
(NSs), four cyclones (CYC), and two major cyclones
(MCYG; Fig. 4.25a). These values, except for NSs, are
above the 1980-2009 IBTrACS seasonal averages of
6.3 NSs, 1.7 CYCs, and 0.8 MCYCs. The season pro-
duced an ACE Index value of 24.7 x 10*kt?, which is
above the 1981-2005 mean of 16 x 10* kt? (Fig. 4.25b).
There is generally an enhancement in TC activity, es-
pecially in the Bay of Bengal, during La Nifia (Singh et
al. 2000), which the globe was transitioning to during
the boreal summer 2010.

The first CYC of the season developed in the Bay
of Bengal from 17 to 21 May and became CYC Laila
with maximum sustained winds of 65 kts (33 m s™).
Laila underwent rapid intensification before making
landfall near Bapatla, Andhra Pradesh, on 20 May.
Damage was extensive in Andhra Pradesh and more
than a dozen persons were killed by the storm. Parts
of the region experienced 24-hour rainfall totals
between 320 mm and 510 mm.

The two MCYCs of the season occurred 31 May-6
June (Phet) and 21-22 October (Giri). Major Cyclone
Phet developed in the Arabian Sea and eventually
made landfall in Oman [125 kts (64 m s!)] where
first estimates of damages exceeded $780 million
(U.S. dollars; http://in.reuters.com/article/2010/06/07/
idINIndia-49106920100607). Phet was the second
strongest storm on record to develop in the Arabian
Sea (behind only MCYC Gonu in 2007). Major Cy-
clone Giri developed in the Bay of Bengal and made
landfall near Kyaukpyu, Myanmar, with maximum
sustained winds of 135 kts (69 m s!). The cyclone
intensified into a Category 5 storm in just over a
24-hour period. Tens of thousands of citizens were
displaced by the approximate 3.7-m storm surge and
heavy rains that accompanied MCYC Giri. Over 150
people were believed to be killed by the storm.

The 2010 season ended with CYC Jal, which had
maximum sustained winds of 70 kts (36 m s!). The
track of CYC Jal was nearly identical to that of CYC
Laila. Jal occurred 4-7 November and began as a
weak disturbance in the South China Sea. The storm
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Southern Indian Ocean (S10) over the period of
1980-2010: (a) number of tropical storms, cyclones
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cumulated Cyclone Energy (ACE) Index (in kt2 x 10%)
for all tropical cyclones during which they were at least
tropical storm strength or greater (Bell et al. 2000).
The 1981-2005 base period means are included in both
(a) and (b). Note that the ACE Index is estimated due
to a lack of consistent six-hour sustained winds for
every storm.

intensified to Category 1 strength before weakening
as it headed toward the Indian coast. Jal produced
widespread flooding and mudslides, and devastated
the local rice crop. The storm was blamed for 54
fatalities in Andhra Pradesh.

(ii) South Indian Ocean—K. L. Gleason and M. C. Kruk

The South Indian Ocean (SIO) basin extends south
of the Equator from 105°E to the African coastline®,
with most CYCs developing south of 10°S. The SIO
TC season extends from July to June encompassing
equal portions of two calendar years (i.e., the 2010
season is comprised of storms from July to December
2009 and January to June 2010). The peak activity
typically occurs from December to April when the

8 In order to generate consistent basin statistics, the SIO basin
boundary overlaps with the Australian Bureau of Meteorol-
ogy’s operational warning area from 90°E to 105°E.
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ITCZislocated in the Southern Hemisphere. Histori-
cally, the vast majority of landfalling CYCs in the SIO
impact Madagascar, Mozambique, and the Mascarene
Islands, including Mauritius and Réunion.

The historical SIO TC data is probably the least
reliable of all the TC basins (Atkinson 1971; Neumann
etal. 1993), primarily due to a lack of historical record
keeping by individual countries and no centralized
monitoring agency; however, the historical dataset for
the region has been updated (Knapp et al. 2010). The
historical data are noticeably deficient before reliable
satellite data were operationally implemented in the
region beginning about 1983.

The 2009/10 SIO season storm numbers were be-
low average with 12 NSs, 5 CYCs, and 4 MCYCs (Fig.
4.26a). The 1980-2009 IBTrACS seasonal averages
are 17.5 NSs, 8.9 CYCs, and 4.6 MCYCs. In addition,
the 2009/10 ACE Index (~68 x 10 kt?) was below the
1981-2005 average (Fig. 4.26b). With the exception
of the 2001/02 season, each season since the mid-
1990s has produced a near-average or below-average
seasonal ACE in the SIO basin.

The strongest storm during the season was MCYC
Edzani, which developed in the central Indian Ocean,
north of the Cocos Islands during the first few days of
January 2010. The disturbance initially showed two
low-level circulation centers before they merged. As
it became more organized, the system was upgraded
to a tropical depression and continued to intensify
over the next several days. Edzani became a strong
Category 4 MCYC on 8 January with maximum
sustained winds of 135 kts (69 m s!). At peak in-
tensity, Edzani was located approximately 590 n mi
east-southeast of Diego Garcia and continued on a
west-southwestward track into cooler waters and an
environment with stronger wind shear. By 14 January,
Edzani had substantially weakened and was classified
as extratropical by the Joint Typhoon Warning Cen-
ter. Edzani remained over open ocean waters during
its lifecycle and had little to no impact on land.

Only two TCs made landfall in the basin during
the season. Tropical Storm Fami developed on 2 Feb-
ruary in the Mozambique Channel and came ashore
on the west side of Madagascar near Belo sur Mer with
maximum sustained winds of 40 kts (21 m s!). While
over land, Fami developed an eye-like feature in the
mid-to-upper levels of the cyclone, which indicated it
was maintaining strength. Friction from the land and
wind shear caused Fami to dissipate prior to reemerg-
ing over open waters. Tropical Storm Hubert formed
in the ocean waters east of Madagascar on 10 March



and made landfall near Mahaela with sustained winds
of 35 kts (18 m s). Bringing heavy winds and rain
to the already saturated soil in southeast and south-
central Madagascar, TS Hubert began to dissipate
and became a heavy rain event once on land. Most of
the strongest winds and heaviest rains stayed south
and east of the capital city of Antananarivo, although
landslides and flooding stranded people in many
towns and villages, disrupted communications and
electricity, and caused at least 70 deaths.

6) SoUTHWEST PaciFic BAasiN—A. M. Lorrey, S. McGree,
J- Renwick, and S. Hugony

During the 2009/10 TC season, New Zealand’s
National Institute of Water and Atmosphere (NIWA)
forecast normal activity for most island nations and
territories in the southwest Pacific region (between
135°E and 120°W). The overall TC activity was ex-
pected to be near normal, with 8-11 storms forecast
for the 2009/10 season. Two or three storms were fore-
cast to reach at least Category 3%, and one storm was
expected to reach at least Category 4, with mean wind
speeds of at least 64 kts (33 m s!). Documentation of
the TC activity during the season was collated from
reports issued by the Regional Specialized Meteoro-
logical Center in Nadi, Fiji, the Australia Bureau of
Meteorology, the Tropical Cyclone Warning Centre
based at the New Zealand Meteorological Service in
Wellington, and the Joint Typhoon Warning Center
(JTWCQ).

In the Southwest Pacific sector, a total of ten TCs
were documented for the season. The onset of the
season did not occur until early December 2009. The
storms that occurred during the first two months of
the season (Mick, Neville, Olga, and Nisha) achieved
only a Category 1 or 2 status. In contrast, the second
half of the season from February to April saw the
development of five systems that reached or exceeded
Category 3 status (Oli, Pat, Rene, Tomas, and Ului).
Three Category 4 storms had winds in excess of 86 kts
(44 m s%; Oli, Rene, and Tomas), and one event had
10-minute sustained winds in excess of 108 kts (56 m
s’ Ului). Tropical Cyclone Sarah, which formed on
26 February, 270 n mi northwest of Rarotonga in the
Cook Islands, only attained Category 1 status.

The existence of El Nifio saw the tropical and
subtropical limbs of the South Pacific Convergence
Zone (SPCZ) located to the northeast of their clima-

° Storm categorizations in this basin are based on the
Australian TC scale and not Saffir-Simpson. See http://
www.bom.gov.au/weather/cyclone/faq/index.shtml for a
definition of Australian TC categories.
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tological positions during the season. This helped
guide a number of tracks to the east of the date line,
with ex-tropical transitions oriented to the southeast
for some storms. The regional ENSO conditions and
influence of the SPCZ’s geometry were especially
obvious for the second half of the TC season, which
saw elevated TC activity in French Polynesia and the
Southern Cook Islands (SCI). Of note, a traditional
environmental knowledge climate indicator used in
the SCI and elsewhere in the southwest Pacific (tim-
ing of mango flowering) was highlighted prior to the
onset of the season by the director of the Cook Islands
Meteorological Service. Based on the early flower-
ing of the mangoes, it was suggested the TC season
would see increased risk to the east of the date line.
This piece of indigenous climate guidance compared
favorably with the TC guidance issued by NIWA in
October 2009, and the forecasted conditions came to
fruition beginning in January 2010'. It should also
be noted that the analog climate guidance!! generated
from looking at past seasonal activity was provided in
the February 2010 update and suggested an increased
risk in the Solomon Islands/north Coral Sea region.
While this was apparently an odd component of the
projection for an El Nifo year, the new guidance was
timely, and provided a three-week lead time prior to
the onset of TC Ului (Category 5) that passed south
of the Solomon Islands.

The onset of significant TC activity to the east of
the date line was first observed for TC Oli, which im-
pacted French Polynesia. This storm produced strong
swells and made a direct impact on the island of
Tubuai (Austral Islands). Oli crossed more than 2700
n mi from 1 to 6 February while in transit through
the Southwest Pacific Ocean. It reached Category
2 status while passing by Mopelia Island, and the
track then veered to the southwest of the Windward
Islands before closing on Tahiti and Moorea late on
3 February. There were 39 kt (20 m s™!) maximal
10-minute sustained winds, with gusts of 57 kts (29
m s!) recorded at Bora-Bora, and very high seas were
noted with waves estimated at 6.1 m across the Society
Island group.

10 The scientific community is beginning to pay more atten-
tion to the value of traditional environmental knowledge
and this information is included here in that light. See
King et al. (2008) and Lefale (2010) as examples of the
work being done in this area of research in the Pacific.

1 See http://www.niwa.co.nz/our-science/pacific-rim/
news/featured/tropical-cyclone-outlook-normal2/
background-information-for-meteorological-services
regarding the analog methodology employed here.
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Several houses as well as some hotels were de-
stroyed or partly damaged by strong winds and waves
from TC Oli, but fortunately on Tahiti and Moorea
there was only minimal damage, with some roofs
torn off and coastal detritus washed up on the shore
due to the significant wave activity. Oli intensified
after passing Tahiti, reaching Category 4 status, and
inflicted damage on Rurutu and Raivavae from wind
and waves with estimated heights of 8 m. Only a few
hours after the arrival of TC Oli on Tubuai, there was
significant wave damage up to 100 m inland. The eye
of TC Oli passed over Tubuai on 5 February, with a
minimum sea level pressure of 955.8 hPa recorded
and sustained winds of 55 kts (28 m s), with gusts
up to 92 kts (47 m s1). The northern and northeastern
coasts of Tubuai were devastated, in contrast with
southern, sheltered coastal areas.

The breadth of latitude covered by the Cook Is-
lands meant that this island nation was battered by
several tropical cyclones during the 2009/10 season.
After feeling the effects of TC Oli, TC Pat (Category
3) directly impacted Aitutaki, Southern Cook Islands.
Strong winds blowing consistently at 100 kts (51 m
s1), with gusts up to 130 kts (67 m s™!), for up to four
hours overnight ripped off roofing, uprooted coconut
palms and trees, damaged water tanks, and destroyed
the local electricity distribution network by taking
down power poles and lines. Many people took shelter
on high ground in alocal church, and the damage was
significant enough for the Prime Minister to declare
a state of disaster. It was suggested by eyewitnesses
who are elders in the Aitutaki community that this
was the worst storm to affect the island in living
memory. These observations are very much in-line
with emerging research related to traditional envi-
ronmental knowledge that contributes to increased
awareness of weather and climate risks in the region
(King et al. 2008; Lefale 2010). For example, the abil-
ity and knowledge of the Samoans to forecast the
onset of extreme weather and climate events, relying
predominantly on local environmental changes, are
vital tools that can be incorporated in the formulation
of climate change adaptation strategies and contem-
porary weather forecasts (Lefale 2010).

Severe TC Rene (Category 4) affected American
Samoa and Tonga in mid-February, with significant
damage to roads and agricultural infrastructure
from heavy rainfall in Samoa. Damage to buildings,
electricity infrastructure, and roads were reported
for Tonga, which experienced a direct impact from
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the storm eye. Subsequently, TC Sarah (Category 1)
affected the Northern Cook Islands, but with no re-
ports of major damage or fatalities. The brief respite
from intense TC activity was curtailed with the joint
onset of TCs Ului (Category 5) and Tomas (Cat-
egory 4). The combination of these systems wreaked
havoc across the central and northwest corners of the
southwest Pacific during the second week in March.
Ului caused significant flooding and damage in the
Solomon Islands, while Tomas affected the island of
Vanua Levu, Fiji, ripping off corrugated roofing iron
and forcing thousands to take shelter in evacuation
centers. “Overwhelming” damage was reported in
the northern and eastern parts of the country by the
Prime Minister of Fiji. Sea surges of up to 7 m were
reported in the Lau Group in the eastern part of the
country.

Overall, the TC activity in the region was in the
normal range for the season, as forecast; however, the
strength of many systems that developed during the
latter part of the season, including three Category 4
storms and one Category 5 storm, were highlighted
on the global stage (Terry and Etienne 2010) as the
minimum estimated damage for the 2009/10 season
was estimated at $163 million (U.S. dollars), and 14
fatalities were reported for the region as a result of
seasonal TC activity.

7) AusTRALIAN REGION BAsiIN—B. C. Trewin

(i) Seasonal Activity

The 2009/10 TC season was slightly below nor-
mal in the broader Australian basin (areas south of
the Equator and between 90°E and 160°E'?, which
includes Australian, Papua New Guinea, and Indo-
nesian areas of responsibility). The season produced
eight TCs, below the long-term average of 10. There
were three TCs in the eastern sector!® of the Aus-
tralian region during 2009/10 (one of these entering
from the Southwest Pacific region), four TCs in the
western sector (one of which formed in the northern
sector), and one in the northern sector. There were
five landfalls during the season.

12 The Australian Bureau of Meteorology’s warning area
overlaps both the southern Indian Ocean and Southwest
Pacific.

13 The western sector covers areas between 90°E and
125°E. The eastern sector covers areas east of the eastern
Australian coast to 160°E, as well as the eastern half
of the Gulf of Carpentaria. The northern sector covers
areas from 125°E east to the western half of the Gulf of
Carpentaria.



(i) Landfalling and Other Significant Tropical Cy-
clones

The most intense TC of the season was Laurence,
which affected Western Australia in mid-December.
Laurence reached TC intensity on 14 December 2009
in the Joseph Bonaparte Gulf near 13°S, 128°E (ap-
proximately 135 n mi north of Wyndham, Western
Australia). By the time it approached the north coast
of Western Australia near Troughton Island, it had
intensified to Category 3 intensity'4, then further
intensified to Category 5 intensity as it moved south-
west, parallel to the coast. Its initial intensity peak
occurred on 16 December at 15.3°S, 124.2°E (offshore
from Kuri Bay), with estimated maximum gusts of 155
kts (79 m s!), maximum sustained winds of 110 kts (56
m s7!), and a minimum central pressure of 932 hPa.
Laurence made landfall as a Category 3 system late on
16 December on a remote section of the coast north-
east of Derby. After weakening to a tropical depression
as it moved over land, it reintensified to a TC as it
moved over water north of Broome on 19 December,
and continued to intensify as it moved southwest,
ultimately regaining Category 5 intensity on 21 De-
cember [maximum gusts 155 kts (79 m s!), maximum
sustained winds 110 kts (56 m s™!), minimum central
pressure 929 hPa]. It made landfall shortly thereafter
near Wallal, about 135 n mi east of Port Hedland. Both
landfalls took place in sparsely populated areas and
there was only limited wind damage, but heavy rain
caused flooding and stock losses in the region east of
Port Hedland. While weakening below TC intensity as
it moved southeast, Laurence maintained its identity
as a system well into the central continent, ultimately
causing flooding as far east as northern New South
Wales. Laurence was the first Category 5 landfall on
the Australian mainland since George in March 2007;
over the last 25 years, Category 5 landfalls have oc-
curred once every three to four years on average.

Ului moved into the Australian region from
the Southwest Pacific region on 15 March. Having
reached Category 5 intensity [maximum gusts 155
kts (79 m s™1), maximum sustained winds 115 kts (59
m s!), minimum central pressure 930 hPa] near 13°S,
161°E, just before entering the Australian region, it
moved southwest across the Coral Sea while in a
slowly weakening phase. It reintensified slightly be-
fore crossing the Queensland coast near Airlie Beach
asa Category 3 system early on 21 March. Significant

14 Storm categorizations in this basin are based on the
Australian TC scale and not Saffir-Simpson. See http://
www.bom.gov.au/weather/cyclone/faq/index.shtml for a
definition of Australian TC categories.
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wind damage occurred between Airlie Beach and
Mackay, with widespread crop and tree damage and
power outages, and many boats in coastal harbors
were damaged or destroyed by large seas and swell.

The other severe TC of the season was Magda,
which made landfall as a Category 3 system near
Kuri Bay (a very similar location to the first landfall
of Laurence) on 22 January. The landfall region is
very sparsely populated and only minor damage was
reported. The other two landfalling systems of the
season, both of which peaked at Category 2 and made
landfall as Category 1 systems, were Olga, which
made landfall on the Gulf of Carpentaria coast west
of Karumba, Queensland, on 30 January (having
earlier reached TC intensity in the Coral Sea and
crossed the southern Cape York Peninsula as a tropi-
cal depression), and Paul, which made landfall on the
Arnhem Land coast of the western Gulf of Carpen-
taria northwest of Groote Eylandt on 29 March. Both
TCs brought heavy rain and subsequent flooding,
particularly Paul, which produced 443 mm at Bul-
man, Northern Territory, on 31 March, the highest
daily rainfall total in Australia in 2010.

60'E 120°E 180° 120'W
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FiG. 4.27. Global anomalies of Tropical Cyclone Heat
Potential (TCHP) corresponding to 2010 computed
as described in the text. The boxes indicate the seven
regions where tropical cyclones occur: from left to
right, Southwest Indian, North Indian, West Pacific,
Southeast Indian, South Pacific, East Pacific, and
North Atlantic (shown as Gulf of Mexico and tropi-
cal Atlantic separately). The green lines indicate the
trajectories of all tropical cyclones reaching at least
Category | [one-minute average wind > 64 kts (33 m
s7')] and above during November 2009-April 2010 in
the Southern Hemisphere and June-~November 2010
in the Northern Hemisphere. The numbers above
each box correspond to the number of Category | and
above cyclones that travel within each box. The Gulf
of Mexico conditions during June~-November 2010 are
shown in detail in the insert shown in the lower right
corner.
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Three other TCs failed to make landfall: Neville
(Category 1) in the Coral Sea in January, and Robyn
and Sean (both Category 2) in the Indian Ocean in
April. None had any impact on land areas.

e. Tropical Cyclone Heat Potential—@. |. Goni, ). A. Knaff,

and Il Lin

Variations in the Tropical Cyclone Heat Potential
(TCHP) in each of the seven tropical cyclone basins
are discussed in this section. The TCHP is defined as
the ocean heat content contained between the sea sur-
face and the depth of the 26°C isotherm. It has been
shown that high TCHP values are more closely linked
to intensity changes than SST (Shay et al. 2000; Goni
and Trinanes 2003; Lin et al. 2008, 2009), provided
that atmospheric conditions are also favorable.

Although SST data provide a measure of the
surface ocean conditions, the data give no informa-
tion about the subsurface (first tens of meters) ocean
thermal structure. It is known that the ocean skin
temperature erodes when the sea surface is affected
by strong winds, creating a well-mixed layer that
can reach depths of several tens of meters. As the TC
progresses, it travels above waters with mixed layer
temperatures similar to their skin temperatures. This
provides the motivation to investigate and monitor
the upper ocean thermal structure, which has be-
come a key element in the study of tropical cyclone
intensifications focused on predictions of sudden TC
intensification. In addition, the inclusion of TCHP in
statistical models has been shown to reduce inten-
sity prediction errors for the most intense cyclones.
Research has shown how the upper ocean thermal
structure is a good indicator for predicting TC in-
tensity (Mainelli et al. 2008).

Fields of TCHP show high spatial and temporal

variability associated with oceanic mesoscale features
that can be detected globally using satellite altimetry
(Lin et al. 2008; Goni et al. 2009). It has been shown
that areas with high values of TCHP can be an impor-
tant factor for TC intensification (e.g., Shay et al. 2000;
Mainelli et al. 2008). To examine the interannual
variability of TCHP with respect to tropical cyclones,
TCHP anomalies are computed during the months
of TC activity in each hemisphere: June-November
in the Northern Hemisphere and November-April in
the Southern Hemisphere. Anomalies are defined as
departures from the mean TCHP calculated during
the same months for the period 1993-2010. These
anomalies show large variability within and among
the tropical cyclone basins (Fig. 4.27).

The west Pacific basin generally exhibits the
anomalies related to ENSO events, with 2010 being
characterized by the onset of La Nina conditions,
which have been in place in the equatorial Pacific
Ocean since approximately June 2010. Similar to the
conditions during 2008 and 2009, the South Pacific
basin showed mostly positive anomalies. The north
Indian basin exhibited positive values in the Bay of
Bengal and in the Arabian Sea. The Gulf of Mexico
(Fig. 4.27 insert, lower right) showed mostly nega-
tive values except for a region of positive values in
the northern region. Similar to 2009, the tropical
Atlantic exhibited mostly positive values, which is
also observed in sea height and SST fields (http://
www.aoml.noaa.gov/phod/regsatprod/atln/index.
php). The most evident changes in TCHP between
2010 and 2009 are the decrease in values in the Gulf
of Mexico and the southwestern Pacific Ocean and
the increase in values in the western Pacific Ocean,
Arabian Sea, and Bay of Bengal (Fig. 4.28).

During 2010, a number of major TCs were posi-
tively identified to have gained strength

40°N et

40°S

Fic. 4.28. Differences between the Tropical Cyclone Heat Potential

when traveling into regions of high values
of TCHP, three TCs exhibited a weak link,
and three did not show any link between
ocean heat content and intensification.
Some examples of these intensification
events are shown in Fig. 4.29. The results
presented here correspond to four major
TCs, where the location of their inten-
sification coincided with an increase of
the values of TCHP along their tracks.
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(TCHP) fields in 2010 and 2009.
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These TCs were Igor (tropical Atlantic),
Celia (Eastern North Pacific, ENP), Megi
(Western North Pacific, WNP), and Phet
(Arabian Sea). The cooling associated with
the wake of intense TCs, which reached



In the ENP, both Ma-
jor Hurricanes Celia and
Darby occurred in late June
and showed peak intensity
nearly coincident with posi-
tive TCHP anomalies. Celia
formed on 18 June, southeast
of Acapulco, Mexico, and on
24 June, with appropriately
favorable atmospheric condi-
tions given by the weakening
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— tensification occurred when
e Celia traveled over a warm
. eddy containing waters with
B o, increased TCHP values
13|0°E 14|0’E which were close to 65 kJ

cm. The cooling under the
track of this TC was weaker
than Igor in the Atlantic
Ocean, with observed SST
values near 3°C and TCHP
of 30 k] cm™. This weaker
oceanic response may be a
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Fic. 4.29. (left) Tropical Cyclone Heat Potential (TCHP) and surface cooling
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_m stronger vertical stratifica-
DSST (°C) tion found in the eastern

Pacific that makes the ocean

given by the difference between post- and pre-storm values of (center) tropical MOre difficult to mix. De-
cyclone heat potential and (right) sea surface temperature for (from top to spite the higher anomaly
bottom) Hurricane Igor, Hurricane Celia, Typhoon Megi, and Cyclone Phet. values of TCHP in the WNP,

values of up to 50 k] cm in TCHP and above 3°C
in SST, is important since these factors influence
the upper ocean thermal structure on regional
scales within weeks to months after the passage
of the storms (Emanuel 2001; Hart et al. 2007).
In the Atlantic, preliminary best track esti-
mates show Igor intensifying from 65 kts (33 m
s1) to 130 kts (67 m s!) in 24 hours while the
TC slowed down and the environmental verti-
cal wind shear conditions improved. Values of
TCHP under the track of this TC during this time
also increased to values greater than 70 k] cm™,
well above the 50 k] cm™ usually found in cases
of Atlantic rapid intensification (Mainelli et al.
2008). The post-storm surface cooling associated
with the wake of this hurricane reached very high
values, of approximately 5°C and 50 k] cm™.

STATE OF THE CLIMATE IN 2010

the season was a record-low
year of TC occurrence. Despite the small number of
observed storms, the TCHP conditions in September
and October 2010 were extraordinarily favorable in
the WNP, especially to the west of 150°E and to the
south of 20°N, with values ranging from 120 kJ cm™
to 170 k] cm™2, which are values well above the TCHP
values commonly observed for super typhoons in this
region (Lin et al. 2008, 2009).

As compared to the conditions in 2009, 2010 TCHP
values were significantly greater by approximately 20
kJ cm2to 50 k] cm2 (Fig. 4.28). These unusually high
TCHP values provided very favorable ocean condi-
tions for the intensification of Super Typhoon Megi,
the most intense TC globally in 2010. Megi formed to
the west of Guam on 12 October 2010, and strength-
ened to a Category 5 super typhoon by 17 October.
According to the preliminary Joint Typhoon Warning
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Fic. 4.30. Rainfall rate (mm day'') from TRMM 0.25° analysis for January—March, April-
June, July-September, and October-December 2010. The separate panels for each
three-month period show the 2010 rainfall cross-section between 20°N and 30°S (solid
line) and the 1999-2008 climatology (dotted line), separately for four 30° sectors from

150°E-180° to 120°W-90°W.
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Center (JTWC) report, Megi’s intensity reached 160
kts (82 m s!), and an aircraft estimated its central
pressure at 885 hPa, which is among the lowest TC
pressures ever observed. Megi developed in this very
favorable warm pool (Fig. 4.29) of extremely high
TCHP values (typically ~100 k] cm2-130 kJ cm)
throughout its genesis and intensification period.
From 14 to 17 October, Megi intensified from a named
storm to a Category 5 TC with maximum sustained
winds of 160 kts (82 m s!). Megi subsequently made
landfall in the Philippines.

Cyclone Phet was the most intense TC in the
Arabian Sea in 2010 (Fig 4.29). The disturbance that
eventually became Phet was identified early on 30
May and upgraded to a named storm on 31 May after
a short genesis period. Early on 1 June, the moderate
vertical wind shear relaxed and Phet intensified to a
Category 1 cyclone with maximum sustained winds
estimated at 65 kts (33 m s!) by JTWC. In the next 18
hours, it rapidly intensified from 65 kts (33 m s) to
125 kts (64 m s™!) to its peak at Category 4, an aston-
ishing intensification rate well above the criteria for
rapid intensification of 30 kts (15 m s) in 24 hours
(Kaplan and DeMaria 2003). The period of rapid in-
tensification took place as Phet entered into a region
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of high TCHP of
~75 k] cm2. Af-
ter its departure
from this high
patch of TCHP,
Phet weakened
to approximate-
ly 105 kts (54 m
s’!) before mak-
ing landfall in
Oman, where it
caused substan-
tial damage es-
. timated at ~$780
- million (U.S.
| dollars) and

accounted for

44 deaths. The

storm later re-
- curved over the
northern Ara-
bian Sea making
a second landfall
near the India-
Pakistan border.
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f- Intertropical Convergence Zones

I) Pacific—A. B. Mullan

This discussion for the Pacific sector covers the
two prominent convergence zones: the Intertropical
Convergence Zone (ITCZ) in the Northern Hemi-
sphere, which lies approximately parallel to the
Equator with a slight poleward tilt on its eastern end,
and varying in position from around 5°N-7°N in
February-May to 7°N-10°N in August-November;
and the South Pacific Convergence Zone (SPCZ),
which extends diagonally from around the Solomon
Islands (10°S, 160°E) to near 30°S, 140°W, and is most
active during November-April.

The behavior of the Pacific convergence zones in
2010 is readily characterized in two parts, with the
first half of the year dominated by El Nifio and the
second half by La Nifia. Thus, in the first half of 2010,
both the ITCZ and SPCZ tended to be further equa-
torward than usual, with well-above-normal rainfall
east of the date line near the Equator. In the second
half of 2010, both the ITCZ and SPCZ tended to be
poleward of their normal positions, with a much en-
hanced dry zone along the Equator. Figure 4.30 shows
quarterly rainfall in the Pacific along transects from
20°N to 30°S, as derived from the 0.25°-resolution



TRMM rainfall: Jan-Jun 2010

during 2010 was a double ITCZ,
whereby a southern branch of
the ITCZ appears in austral fall
in the eastern tropical Pacific.
Circulation and surface flux
anomalies prevent this occur-
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ITCZ absent in 2010 (Fig. 4.31,
top panels).

By July 2010, La Nifa condi-
tions were established across the
Pacific and the climatic and cir-
culation anomalies intensified
turther during the last quarter
of the year. The peak rainfalls
in the centers of the convergence
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Fic. 4.31. Average rainfall rate (mm day’') from TRMM 0.25-degree analysis
for January-June 2010 and July-December 2010, left-hand panels; and per-
centage anomaly from the 1999-2008 average, right-hand panels.

NASA TRMM rainfall data (3B-43 product; Huffman
et al. 2007). The transects are broken up into four
longitude sectors, depicting how the peak rainfall
shifts poleward in each hemisphere as one progresses
eastward across the Pacific. The 2010 positions of the
convergence zones are compared with the 10-year
climatology from 1999 to 2008.

The year began with a significant El Nifio pres-
ent in the Pacific. Although sea surface temperature
anomalies decreased progressively from their peak in
November-December 2009, temperatures remained
at least 0.5°C above average through April 2010 and
were sufficient to support enhanced deep tropical
convection. Figure 4.30 shows substantially higher-
than-normal rainfall in the first quarter of 2010 be-
tween 5°N-7°N and 10°S. Island groups within this
band experienced wet conditions, with the month
of February being particularly extreme; Christmas
Island in eastern Kiribati (approximately 2°N, 157°W)
recorded a new record rainfall for February with
818 mm, and Penrhyn in the Northern Cooks (10°S,
158°W) recorded a new February record of 1033 mm
(ICU 2010).

Conversely, with the ITCZ contracting towards the
Equator, islands north of about 7°N experienced dry
conditions in the first half of the year. The Marshall
Islands and Micronesia (around 7°N-10°N in the
150°E-180° sector, Fig. 4.30) were affected, as was
Hawaii (near 20°N in the 180°-150°W sector); ac-
cording to PEAC (2010), the Hawaiian wet season of
October 2009 to April 2010 was the driest in the past
30 years. One convergence zone feature not present
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zones were not markedly differ-
ent from average, even on a monthly basis. However,
both the ITCZ and SPCZ were shifted polewards and
this had consequences for some island groups; the
Fiji Islands (near the date line at 20°S) experienced
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Fic. 4.32. TRMM (a) mean and (b) anomalous pre-
cipitation rate (mm hr') for 2010. The anomaly was

calculated based on the climatology for the period
1998-2009.
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FiG. 4.33. (a) Atlantic Intertropical Convergence Zone
(ITCZ) position inferred from outgoing longwave
radiation during April 2010. The colored thin lines
indicate the approximate position for the six pentads
of April 2010. The black thick line indicates the At-
lantic ITCZ climatological position. The sea surface
temperature (SST) anomalies (Reynolds et al. 2002)
for April 2010 based on the 1982-2009 climatology are
shaded; and (b) April SST time series averaged over
the tropical coast of northern Africa (20°E-50°E, 5°N-
25°N) for the period 1982-2010. The solid horizontal
central line indicates the long-term mean (climatol-
ogy) of 24.6°C. The other two solid horizontal lines
represent the upper and lower terciles of 24.9°C and
24.4°C, respectively. The dashed horizontal line puts
the record value of 26.1°C measured in April 2010 in
climate perspective.

wet conditions in the last quarter, as for the most
part did New Caledonia on the eastern edge of the
Coral Sea. More remarkable was the intensity of the
dry zone along the Equator, which extended west-
wards of 150°E (Fig 4.31). The second panel in the
October-December TRMM rainfall transects (Fig.
4.30) indicates almost no rainfall between about 5°N
and 7°S east of the date line; in a major turnabout
from February, Christmas Island (eastern Kiribati)
received less than 10 mm in November, while in the
same month Penrhyn (Northern Cooks