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ABSTRACT

Based on the bivariate Madden—Julian oscillation (MJO) index defined by Wheeler and Hendon and 25 yr
(1979-2004) of pentad data, the association between the North Atlantic Oscillation (NAO) and the MJO on
the intraseasonal time scale during the Northern Hemisphere winter season is analyzed. Time-lagged
composites and probability analysis of the NAO index for different phases of the MJO reveal a statistically
significant two-way connection between the NAO and the tropical convection of the MJO. A significant
increase of the NAO amplitude happens about 5-15 days after the MJO-related convection anomaly reaches
the tropical Indian Ocean and western Pacific region. The development of the NAO is associated with a
Rossby wave train in the upstream Pacific and North American region. In the Atlantic and African sector,
there is an extratropical influence on the tropical intraseasonal variability. Certain phases of the MJO are
preceded by the occurrence of strong NAOs. A significant change of upper zonal wind in the tropical Atlantic
is caused by a modulated transient westerly momentum flux convergence associated with the NAO.

1. Introduction

The North Atlantic Oscillation (NAO) is a dominant
mode of atmospheric variability in the Northern Hem-
isphere (e.g., Wallace and Gutzler 1981; Barnston and
Livezey 1987). The main characteristics of the NAO
include a dipole spatial structure in sea level pressure
over the North Atlantic, with one center over Green-
land and the other center of opposite sign along the
North Atlantic between 35° and 40°N, and an equivalent
barotropic vertical structure. With a time scale ranging
from days to decades, the NAO has long been recog-
nized as a major circulation pattern influencing the
weather from eastern North America to Europe (e.g.,
van Loon and Rogers 1978; Hurrell 1995).

It has been suggested that the primary mechanism for
the NAO is the internal dynamics of the extratropical
circulation. The variability of the Northern Hemisphere
annular mode, or the Arctic Oscillation (AO), which is
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well correlated with the NAO (Thompson and Wallace
1998), is associated with wave—-mean flow interactions
(e.g., Limpasuvan and Hartmann 1999). Franzke et al.
(2004) pointed out that the NAO may be a result of
midlatitude wave breaking. The mechanism related to
extratropical atmospheric internal dynamics implies a
lack of predictability for the NAO variability at an ex-
tended range.

Searches for sources of the NAO variability that are
external to the extratropical atmosphere are of practical
as well as scientific importance. Candidates include the
forcing from the underlying sea surface temperature
(SST) anomaly in the extratropical North Atlantic (e.g.,
Palmer and Sun 1985; Peng and Whitaker 1999), cou-
pling with the stratosphere (e.g., Baldwin et al. 2003),
and interaction with the snow cover in Eurasia (e.g.,
Cohen et al. 2001). A link between the NAO and the
diabatic heating in the tropics has been suggested by
several recent studies. On an interannual time scale, a
positive phase of the NAO is observed to be associated
with a reduction of diabatic heating in the tropical
western and central Pacific (e.g., Pozo-Vazquez et al.
2001; Lin et al. 2005; Li et al. 2006). On a decadal and
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longer time scale, a gradual change of the SST in the
equatorial Indian Ocean is likely to be linked to a slow
variation of the NAO (e.g., Hoerling et al. 2001;
Greatbatch et al. 2003). Because of the small signal-to-
noise ratio and the model dependence of the atmo-
spheric response, whether and how the NAO is related
to a forcing external to the extratropical atmosphere are
far from clearly established.

The Madden—Julian oscillation (MJO) is the domi-
nant mode of intraseasonal variability in the tropics,
which is characterized by a large-scale zonal-vertical
cell propagating eastward along the equator with a pe-
riod of 30-60 days (e.g., Madden and Julian 1971, 1994).
The maximum convective activity associated with the
MJO occurs over the warm waters of the Indian Ocean
and western Pacific where the signal moves eastward at
a relatively slow speed (~5 m s~ '), whereas in the
Western Hemisphere the MJO is less well coupled with
convection and propagates faster (~15 m s '; e.g.,
Zhang 2005). The mechanism for the generation of the
MIJO is not well understood, although there have been
suggestions that processes within the tropical atmos-
phere such as latent heat release, evaporation, and
radiation are important (e.g., Lau and Peng 1987;
Emanuel 1987; Wang 1988; Hu and Randall 1994).

Through the variability of tropical diabatic heating,
the MJO influences the extratropical circulations by
driving teleconnection patterns (e.g., Lau and Phillips
1986; Knutson and Weickmann 1987, Ferranti et al.
1990; Higgins and Mo 1997; Matthews et al. 2004).
Among the various studies, there is a general agreement
regarding the extratropical anomaly in the North Pacific
sector associated with the MJO convection; that is, a
cyclonic (anticyclonic) anomaly in the North Pacific
near 45°N, 180° is likely to be linked to the tropical
enhanced (suppressed) convection of the MJO when it
moves eastward toward the date line. In the other ex-
tratropical regions, however, the results are less consis-
tent, presumably because of different analysis techniques
and relatively short periods of datasets used. The influ-
ence of extratropical atmospheric flows on the tropical
low-frequency variability has also been observed (e.g.,
Liebmann and Hartmann 1984; Hsu et al. 1990; Hsu 1996).

An important component in the coherent fluctuations
between the tropical intraseasonal variability and the
extratropical circulation is the possible link between the
NAO and the MJO. Understanding such a link is crucial
for answering questions related to the origin of both the
NAO and MJO and atmospheric predictability on an
intraseasonal time scale. Zhou and Miller (2005) in-
vestigated the relationship between the AO and the
MJO in the Northern Hemisphere winter season, and
found that a high (low) AO phase tends to be coupled
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with a strong (suppressed) convective activity associ-
ated with the MJO over the Indian Ocean. They argued
that the MJO influences the AO polarity by altering the
geopotential height anomaly in the North Pacific sector
through meridional dispersion of Rossby waves. This
result is supported by L’Heureux and Higgins (2008),
who analyzed the boreal winter links between the MJO
and the AO using observational data and model output.
Although highly correlated, whether the AO and NAO
are the same phenomenon is not without a debate (Deser
2000; Ambaum et al. 2001; Wallace and Thompson 2002).
The NAO is considered to be a more localized circulation
pattern in the North Atlantic sector. Without the con-
tribution of the North Pacific center of the AO, how
the NAO is connected with the MJO is of great in-
terest. Another important question to ask is what is the
role played by the NAO in the NAO-MJO connection.
With a primitive equation dry atmospheric model [sim-
plified general circulation model (SGCM)] with time-
independent forcing, Lin et al. (2007a, hereafter LBD07)
were able to simulate tropical intraseasonal variability
that had many features similar to the MJO. They argued
that interactions between the tropical and extratropical
flows are responsible for the simulated intraseasonal
variability. A tropical influence on the extratropical
flow occurred in the North Pacific region with a north-
ward wave activity flux, while in the North Atlantic
sector a strong extratropical influence on the tropics was
evidenced by a southward wave activity flux that forced
an equatorial Kelvin wave propagating eastward. An
objective of the present study is to see whether this two-
way interaction can be observed in the real atmosphere.
In this study, we look at the interaction between the
NAO and the MJO on an intraseasonal time scale.
Section 2 describes the data and methodology of anal-
ysis. In section 3, lagged composites of the NAO index
with respect to the MJO phases are presented. Section 4
discusses the time evolution the extratropical flow
anomaly associated with two phases of the MJO and the
wave activity flux. In section 5, the influence of the
NAO on the tropical intraseasonal variability is ana-
lyzed. Section 6 gives a summary and discussion.

2. Data and methodology

The daily data of the National Centers for Environ-
mental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) global reanalysis of atmo-
spheric fields (Kalnay et al. 1996) are used in this study.
Variables used here include geopotential height on 500
hPa, zonal and meridional winds on 200 and 850 hPa.

To represent the MJO, the Real-Time Multivariate
MJO (RMM) index of Wheeler and Hendon (2004) is
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used. The daily values of RMM1 and RMM2 is obtained
from the Australian Bureau of Meteorology Web
site (http://www.bom.gov.au/bmrc/clfor/cfstaff/matw/
maproom/RMM/). The RMM1 and RMM2 were cal-
culated by projecting the combined fields of 15°S-15°N
meridionally averaged satellite-observed outgoing long-
wave radiation (OLR) and zonal winds at 850 and 200 hPa
onto the two leading empirical orthogonal function (EOF)
structures as derived using the same meridionally av-
eraged variables. The time series of RMM1 and RMM?2
vary mostly on the intraseasonal time scale, and the as-
sociated three-dimensional flow structure captures the
MJO variability.

To represent the tropical convection associated with
the MJO, the pentad data of the Climate Prediction
Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997) are used. Additional data
applied to represent a proxy for tropical convection are
the daily averaged OLR data from the National Oce-
anic and Atmospheric Administration (NOAA) polar-
orbiting series of satellites (Liebmann and Smith 1996).

The horizontal resolution for the NCEP-NCAR
reanalysis, the OLR, and the CMAP precipitation is
2.5° X 2.5° The daily values of the NCEP-NCAR
reanalysis, the OLR, and the MJO index are averaged
for consecutive five days to construct pentad data. The
analysis is conducted for 25 extended winters from 1979/
80 to 2003/04, where the extended winter is defined
to be the 36 pentads starting from the pentad of 2-6
November and ending at the pentad of 26-30 April,
resulting in a total of 900 pentads. To match the pentad
definition of the CMAP precipitation, the 24th pentad
of each extended winter always covers a period from 25
February to 1 March, no matter if it is a leap year or not.
Thus in the case of a leap year, the data for that “pen-
tad” are actually an average for six days.

The seasonal cycle, which is the annual mean and first
two harmonics of the 25-yr pentad climatology, is first
removed for each grid point. The mean for each ex-
tended winter is then removed in order to eliminate
interannual variability. The seasonal cycle and inter-
annual variability have already been removed in the
RMM1 and RMM2 data.

To identify the NAO pattern, a rotational EOF
analysis technique (REOF) is used, following Barnston
and Livezey (1987). The REOF is conducted for the
monthly mean 500-hPa geopotential height over the
Northern Hemisphere using the NCEP-NCAR rean-
alyses from 1948 to 2004. Monthly mean anomalies for
all 12 calendar months are used. The NAO is defined as
the second REOF mode, with its spatial distribution
shown in Fig. 1. The structure is largely localized in the
Atlantic sector, and almost no height anomaly can be
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FIG. 1. The NAO pattern used in this study, which is the second
mode of a rotated EOF analysis of monthly mean 500-hPa geo-
potential height, represented as regressions of monthly mean 500-
hPa height onto the time expansion coefficient. The magnitude
corresponds to one std dev of the time coefficient. The contour
interval is 10 m. Contours with negative values are dashed.

seen in the North Pacific, a clear contrast to the AO
structure (e.g., Thompson and Wallace 1998). Since the
NAO variability has the largest variance in the cold
season, the pattern is thus dominated by characteristics
in winter. Similar definition of the NAO was used in
Johansson (2007). To test the sensitivity of the result to
the definition of the NAOQO, all the calculations presented
below have been repeated with two other definitions,
that is, REOF of winter months only and of winter
seasonal mean (December, January, and February) 500-
hPa geopotential height, and no change to the conclu-
sion was found. The NAO index is calculated as the
projection of the pentad 500-hPa geopotential height
anomaly onto this pattern and normalized so that its
standard deviation over the 900 winter pentads is unity.

3. Composites of the NAO index with respect to
MJO phases

a. Tropical precipitation

Following Wheeler and Hendon (2004), an MJO state
can be represented as a point in the two-dimensional
phase space of RMM1 and RMM2. The distance of a
point from the origin VRMM12 + RMM22 can be
considered the MJO amplitude, and an eastward prop-
agation of the MJO is reflected by a counterclockwise
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FIG. 2. Trajectory of the observed pentad MJO index in the RMM1-RMM?2 phase space for
all the pentads in the extended winter of 1989/90.

movement in the phase space plot. As an example,
shown in Fig. 2 are the MJO states for all the pentads in
the extended winter of 1989/90. Apart from the weak
MIJO area, where the MJO has an amplitude less than 1,
eight phases are defined in Fig. 2. Indicated for each
quadrant of the plot is the location of the enhanced
convection associated with the MJO.

Starting from the RMM1 and RMM?2 pentad values
for the extended winter season from 1979 to 2004,
the pentads that belong to each of the eight phases
of the MJO are identified. Listed in Table 1 are the
number of pentads and the averaged MJO amplitude
for each phase. It can be seen that phases 2—4 and 6-7
have a relative high frequency of appearance. The
maximum amplitude of the MJO tends to occur in
phases 3—4, which correspond to an enhanced convec-
tion over the warm water between the Indian Ocean
and the Maritime Continent, consistent with previous
studies.

The simultaneous composites of the CMAP precipi-
tation anomaly in the tropics for different MJO phases
are shown in Fig. 3. The distributions of precipitation
anomalies agree well with the winter composites of the

OLR for the MJO phases as presented in Wheeler and
Hendon (2004, their Fig. 8). Starting from phase 1, en-
hanced convection and precipitation develop over Af-
rica and the western Indian Ocean. In the subsequent
phases, the positive precipitation anomaly moves east-
ward along the equator, and gets dissipated in phase
1 over the central Pacific after a whole cycle of the MJO.
The maximum precipitation anomaly occurs in phase
3—4 when it is located between the Indian Ocean and the
Maritime Continent. When the positive precipitation
anomaly reaches the western Pacific in phase 5, a neg-
ative anomaly starts to build over Africa and the west-
ern Indian Ocean, which repeats the process of its
positive counterpart. The enhanced (reduced) convec-
tion and precipitation reaches the tropical central Pa-
cific in phases 6-8 (phases 2-4).

TABLE 1. Number of pentads and averaged amplitude
for each phase of the MJO.

Phase 1 2 3 4 5 6 7 8

No. of pentads 55 79 78 78 63 71 87 66
Mean amplitude 1.67 1.66 1.81 1.78 1.66 1.70 1.62 1.75
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FIG. 3. Simultaneous composites of the CMAP precipitation anomaly in the tropics for different MJO phases. The contour levels for
positive values are 0.5, 1.5, 3.0, and 4.5 mm dayi1 and are in solid, while those for negative values are —0.5, —1.5, —3.0, and —4.5 mm
day ! and are in dashed. Shaded in dark gray are areas with precipitation rate anomaly greater than 0.5 mm day !, whereas in light
gray are those with precipitation rate anomaly smaller than —0.5 mm day!. The phase numbers are marked on the right of each
panel.
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TABLE 2. Lagged composites of the NAO index with respect to
each MJO phase. Lag n means that the NAO lags the MJO of the
specific phase by n pentads, while lag —n represents that the NAO
leads the MJO by n pentads. Numbers in bold represent those that
pass a 0.05 significance level.

Phase 1 2 3 4 5 6 7 8

Lag =5 0.05 -0.11 —-0.39 021 0.00 021 028 0.14
Lag -4 —-0.01 -0.26 80.18 0.18 0.17 0.28 0.10 0.11
Lag =3 0.00 —-0.29 0.14 015 021 0.12 012 —-0.08
Lag -2 —0.09 0.02 022 002 008 026 0.00 —0.20
Lag -1 —0.23 0.10 0.09 0.07 0.06 014 -0.17 —0.17
Lag0 —0.16 020 0.07 020 0.06 —0.02 —0.03 —0.41
Lagl —0.18 026 0.27 026 0.02 0.00 —0.25 —0.35
Lag?2 014 034 036 019 —0.06 —0.31 —0.33 —0.29
Lag 3 010 035 0.13 010 —0.08 —0.35 —0.41 —0.12
Lag 4 0.04 017 010 0.01 —-0.24 —0.35 —0.31 —0.02
Lag 5 0.10 0.19 —-0.01 —0.27 —0.11 —0.20 —0.16  0.07

b. Composites of the NAO index

To analyze the connection between the NAO and the
MIJO, lagged composites are calculated for the NAO
index for different phases of the MJO, which are pre-
sented in Table 2. Lag n means that the NAO lags the
MJO of the specific phase by n pentads, while lag —n
represents that the NAO leads the MJO by n pentads.
Numbers in bold represent those that are different from
zero at a 0.05 significance level according to a Student’s
t test. A two-way interaction between the NAO and the
MJO is evident. A negative NAO leads phases 2 and 3
of the MJO by 3~5 pentads, whereas a positive NAO
precedes phases 6 and 7 by 2~5 pentads. On the other
hand, when the MJO leads the NAO, significant posi-
tive NAOs are found for phases 2-4, and negative
NAO:s for phases 6-8, indicating a significant influence
of the tropical MJO on the extratropical NAO varia-
bility. On average, the NAO index is positive (negative)
5-15 days after the MJO is detected in phases 2—4
(phases 6-8). The magnitude of the composite NAO
index that is statistically significant at a 0.05 level ranges
from 0.25~0.41, implying that the amplitude of the
NAO associated with the MJO variability is about
25%~41% of its standard deviation in the extended
winter season.

c¢. Probability of the NAO index in the upper and
lower terciles

Here we present another measure for the connection
between the NAO and the MJO. The NAO index for all
the pentads are categorized as below normal, near
normal, and above normal. Pentads with an above-
normal NAO are those with an NAO index greater than
0.43 (as the NAO index is normalized by its standard
deviation), whereas pentads with a below-normal NAO
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TABLE 3. Lagged percentage probability of the NAO index with
respect to each MJO phase and lag. Lag n means that the NAO
lags the MJO of the specific phase by n pentads, while lag —n
represents that the NAO leads the MJO by n pentads. Positive
values are for upper tercil, while negative are for low tercil. Values
shown are only for those pass a 0.05 significance level according to
a Monte Carlo test. Values greater than 45 are significant at the
0.01 level.

Phase 1 2 3 4 5 6 7 8
Lag —5 —-35 —40 +49  +49
Lag —4 +52  +46
Lag —3 —40 +46
Lag —2 +50
Lag —1
Lag0 +45 —42
Lag 1 +47  +45 —46
Lag 2 +47  +50 442 —41  —41 —42
Lag 3 +48 —41  —48
Lag 4 -39 —48
Lag3 —41

are those with an index smaller than —0.43, and the rest
are categorized as near normal. Each of the three cat-
egories has a probability of 33%.

We investigate the probability of an above- (below-)
normal NAO index when the MJO is in a given phase,
also referred to as the probability of an upper (lower)
tercile. The probability of upper (lower) tercile for a
given MJO phase and a given lag is obtained by
counting the number of pentads for which the NAO
index is above (below) normal and then dividing by the
total number of pentads in that composite. Statistical
significance for the probability composite is assessed
using a Monte Carlo approach, where we randomly
shuffle the order of years for the NAO index and
recompute the composite probability. This is repeated
500 times. We then count how many times the proba-
bility exceeds that of the actual composite. If fewer than
5% of the 500 simulations have a probability greater
than that of the actual composite, we say that the
probability composite passes a 0.05 significance level.

Listed in Table 3 are the NAO probabilities for the
eight MJO phases with lags from —5 to 5 pentads.
Positive values are for the upper tercile and negative for
the lower tercile. Listed are only those that pass a 0.05
significant level according to the Monte Carlo test.

In general, the probability results are consistent with
the composites of the NAO index itself of Table 2.
When the NAO leads the MJO, there is a high probability
that a negative NAO leads phases 2 and 3 by 3~5
pentads, whereas a positive NAO leads phases 6 and 7
by 2~5 pentads. On the other hand, a systematic con-
nection between the NAO and MJO is found when the
MJO leads the NAO. Significant large probabilities of the
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FIG. 4. Lagged composites of 500-hPa geopotential height anomaly for MJO (a)—(c) phase 3 and (d)—(f) phase 7. Contour interval is 10 m.
Contours with negative values are dashed. Shaded areas represent those where the composite anomaly is different from zero at a 0.05
significance level according to a Student’s ¢ test. The numbers in the upper right corners are the projection of the composite anomalies

onto the NAO pattern of Fig. 1 (same as values shown in Table 2).

NAO index in the upper tercile are observed for phases 2—
4 and large probabilities in the lower tercile for phases 6-8.
Hence, a positive (negative) NAO is likely to happen 5-15
days after the MJO is detected in phases 2-4 (phases 6-8),
which correspond to an enhanced (reduced) precipitation
over the Indian Ocean and Maritime Continent and a
reduced (enhanced) convective activity near the tropical
central Pacific (Fig. 3).

4. Evolution of extratropical circulation anomaly

In this section, we take a look at the evolution of the
extratropical circulation anomaly associated with the
MJO and its link to the NAO pattern. As shown in
Table 2, the NAO is significantly influenced by the
tropical convection when the MJO is in one of the two
phase groups, that is, phases 2—4 and phases 6-8. Here
we analyze in detail the lagged composites of the ex-
tratropical circulation anomaly and see how it evolves
after the MJO is observed in these two phase groups.

For simplicity, we use phase 3 and phase 7 to represent
the two phase groups, respectively.

a. 500-hPa geopotential height

Shown in Fig. 4 are the lagged composite maps of
500-hPa geopotential height anomaly for MJO phase 3
(Figs. 4a—c) and phase 7 (Figs. 4d-f). Lag n indicates that
the 500-hPa height anomaly lags the MJO of the specific
phase by n pentads. Shaded areas represent those where
the composite anomaly is different from zero at a 0.05
significance level according to a Student’s 7 test.

For MJO phase 3, on the simultaneous composite
map (Fig. 4a), a dominant feature is that a significant
positive height anomaly is formed over the North Pa-
cific centered at 45°N, 180°, associated with a depressed
convection and precipitation over the equatorial central
Pacific (phase 3 in Fig. 3), a robust feature consistent
with previous studies (e.g., Matthews et al. 2004). To-
gether with the downstream negative anomaly over
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Alaska and the positive anomaly over Canada, that are
less statistically significant, these circulation anomalies
form a wave train reminiscent of a negative phase of the
Pacific-North American (PNA) pattern except for a
westward phase shift. This tropical-extratropical con-
nection is also reminiscent of a La Nifia event when
there is an anomalous tropical cooling near the date line
associated with a below-normal SST in the tropical
Pacific (e.g., Hoerling et al. 1997).

One pentad later (Fig. 4b), the wave pattern shows
downstream dispersion, with significant height anomaly
centers developing downstream and the North Pacific
center weakening. At the same time, a negative height
anomaly deepens rapidly over the Greenland region.
After another pentad (Fig. 4¢), significant development
of circulation anomalies takes place in the North At-
lantic sector, forming a pattern that projects strongly to
a positive NAO.

For MJO phase 7, the simultaneous composite map
(Fig. 4d) shows a similar feature as that of phase 3 ex-
cept for a reversal of sign. Associated with an enhanced
convection and precipitation over the equatorial central
Pacific (phase 7 in Fig. 3), a significant negative height
anomaly is seen over the North Pacific. This is remi-
niscent of an El Nifio event and a positive phase of the
PNA. In the following pentads (Figs. 4e.f), the North
Pacific negative height anomaly weakens, and a pattern
develops in the North Atlantic sector that projects to a
negative NAO.

For both MJO phases 3 and 7, a full development
of circulation anomalies in the extratropical Atlantic
happens two pentads after the tropical thermal forcing
anomaly is moved to the date line longitude. The timing
of this development is consistent with previous studies,
that have shown that the extratropical response to a
tropical thermal forcing develops in about two weeks
(e.g., Jin and Hoskins 1995; Matthews et al. 2004; Lin
et al. 2007b).

b. Wave activity flux

To analyze the time evolution of the wave activity flux
associated with the extratropical circulation anomalies,
the wave activity flux vector (W vector) proposed by
Takaya and Nakamura (2001) is calculated, which is
based on the conservation of wave activity pseudomo-
mentum. This formulation of wave activity flux vector
allows snapshots of wave dispersion to be taken in each
stage of the evolution of the circulation anomalies. The
horizontal components of the W vector can be given by

wo LU — ) + Vi, — ) )
(0] U, — b)) + Vi, — i) |
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where ¢ is the perturbation streamfunction and the
subscripts represent partial derivatives. Here U = (U, V)
is the 200-hPa two-dimensional time mean zonal and
meridional winds for extended winter. The wave activity
flux vectors are calculated based on lagged composite
maps of the 200-hPa streamfunction with respect to the
MJO phases.

Figure 5 depicts the wave activity flux with respect to
MJO phase 3 for lags 0, 1, and 2 pentads. For clarity and
simplicity, the maps are shown for the extratropical
North Pacific, North American, and North Atlantic
sectors. Also shown on the maps as contours is the 200-
hPa streamfunction anomaly composite. The 200-hPa
streamfunction anomaly distributions are consistent
with those of the 500-hPa geopotential height (Figs. 4a—).
Such an equivalent barotropic vertical structure is not
surprising for extratropical circulation anomalies as re-
mote responses to a tropical forcing. On the simulta-
neous composite map (Fig. 5a), a strong wave activity
flux is clearly seen originating from the subtropical Pa-
cific and pointing northeastward, along the path of the
wave train. With further northeastward penetration of
the wave activity flux (Fig. Sb), downstream circulation
anomaly centers get enhanced. By lag 2, the North
Pacific anomaly centers become dissipated and the
anomaly pattern in North Atlantic becomes very strong,
associated with northeastward wave activity flux in the
west and southeastward flux in the east. The wave ac-
tivity flux associated with the MJO convection agrees
well with that simulated by the SGCM in LBDO07, in-
dicating that a similar dynamical process is in action
in both the observation and the model. As discussed
in LBDO7, the strong southward wave activity flux in the
subtropical Atlantic may lead to further development of
tropical intraseasonal variability.

Wave activity flux with respect to MJO phase 7 (not
shown) shows a similar downstream propagation, al-
though the wave activity flux from the Pacific is weaker
than that in MJO phase 3. As the wave activity is a
squared quantity, its flux is independent of the sign of
the wave patterns. The sign of the anomaly centers is
determined by the Rossby wave source in the subtropical
Pacific associated with upper divergence or convergence
of the tropical heating source (e.g., Sardeshmukh and
Hoskins 1988).

5. Influence of the NAO on the tropical
intraseasonal variability

As is discussed in the last section, a possible extra-
tropical influence on the tropics is in the North Atlantic
sector, where a strong southward wave activity flux into
the tropics is found. In LBD07, a set of linear experiments
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FIG. 5. 200-hPa wave activity flux with respect to MJO phase 3 for (a) lag 0, (b) lag 1, and (c) lag 2 pentads. The arrows are the horizontal
(W vectors), and the contours the 200-hPa streamfunction anomalies. Contour interval is 1 X 10° m? s~ . Contours with negative values are
dashed. Scaling for arrows is given below (c) (unit: m” s~ 2). Wave activity flux with magnitude smaller than 0.5 m * s ~? is not plotted.

shows that the tropical atmospheric response to the
extratropical forcing in the North Atlantic leads to an
eastward-propagating forced Kelvin wave in the tropi-
cal easterly mean flow of the Eastern Hemisphere. In
this section, from a different angle, we investigate the
influence of the NAO on the tropical Atlantic zonal
wind. It is possible that an eastward expansion of the

zonal wind anomaly in the tropical Atlantic contributes
to trigger a development of the tropical intraseasonal
variability in the Indian Ocean.

a. Climatology

The wintertime climatology in the Atlantic and African
region is first analyzed. Shown in Fig. 6a is the 200-hPa
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FIG. 6. Wintertime climatology in the Atlantic and African region for (a) 200-hPa zonal wind, (b) precipitation rate, (c) 200-hPa
momentum flux by transients «'v’, and (d) meridional convergence of the momentum flux by transients —du'v’/dy. Shaded areas in (a),
(c), and (d) represent those with a negative value. Contour interval is 5 m s~ ! for (a), 2 mm day ™' for (b), 4 m*s 2 for (c),and 1 X 107>

m s~ 2 for (d). Contours with negative values are dashed.

zonal wind averaged over 25 extended winters. Tropical
upper easterlies are found with maxima over equatorial
America and the African-Indian Ocean region. The
extratropics are dominated by westerlies. Two westerly
jets are observed in the Atlantic and African sectors:
one off the east coast of North America near 35°N,
corresponding to the North American jet stream and
storm track, and the other across North Africa near
25°N. The wintertime climatological precipitation rate
is presented in Fig. 6b. Large precipitation is observed
along the equator across the Atlantic. In the extra-
tropics, associated with the North American jet stream,
there is a band of heavy precipitation across the North
Atlantic. The westerly jet over North Africa, however,
is accompanied with minimum precipitation. As is
known, synoptic transients contribute to the mainte-
nance of extratropical westerly jets by transporting
momentum. To estimate this effect, the momentum flux
by transients is calculated for each pentad as u'v’, where
the overbar represents the pentad average, and the

prime is the departure of daily data from the pentad
average. Illustrated in Fig. 6c is the time mean 200-hPa
transient momentum flux. Northward momentum flux is
seen along the two westerly jets and the area in be-
tween, whereas southward momentum flux occurs to the
north of 45°N and south of 5°N. The meridional con-
vergence of the momentum flux by transients at 200-hPa
level —du'v’/ay is shown in Fig. 6d. Convergence of
transient momentum flux is seen along the North
American jet stream, accelerating the jet. The African jet,
however, is accompanied by divergence of momentum
flux, indicating that the transients are damping the jet
over North Africa.

The different dynamics of the two extratropical
westerly jets have been documented in previous studies
(e.g., Blackmon et al. 1977; Lau 1979). Off the east coast
of North America, the North American jet reaches its
jet exit region, where the transients contribute to
maintain its mean kinetic energy while the eddy heat
flux reduces its vertical shear. The African jet, however,
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develops as a result of thermally direct mean meridional
circulation with upward motion in the tropics and de-
scending motion near the jet.

b. Tropical Atlantic 200-hPa zonal wind associated
with the MJO

Before looking at the influence of the NAO on the
tropical intraseasonal variability, it is useful to see the
signature of the MJO in the 200-hPa zonal wind in
the tropical Atlantic-Indian Ocean sector. Shown in
Fig. 7 are the simultaneous composites of the NCEP
200-hPa zonal wind anomaly for different MJO phases.
In phase 1 (phase 5), an easterly (westerly) wind ano-
maly appears over Central America and the western
Atlantic north of the equator. This zonal wind anomaly
expands eastward across the tropical Atlantic. By phase
2 (phase 6), the easterly (westerly) wind anomaly covers
the whole tropical Atlantic and Africa. As discussed
in Hendon and Salby (1994), the MJO has a predom-
inant Kelvin wave feature in the Western Hemisphere.
The phase speed of the eastward propagation is about
15 m s~ !, which is in agreement with the phase speed
of the forced Kelvin wave simulated by the SGCM in
LBDO7.

c¢. Lagged regressions of 200-hPa zonal wind to
the NAO index

We now look at the lagged regression maps of at-
mospheric flow with respect to the NAO index, and see
if there is any connection between the tropical circula-
tion anomaly and the NAO variability in the Atlantic—
African sector. The statistical significance of the linear
regression is assessed using the Student’s ¢ test. Con-
sidering that the autocorrelation of the pentad data
is not negligible, the effective sample size is esti-
mated using the method discussed in Bretherton et al.

(1999):
, 1 —rnr
N _]V<1‘|’I"1I”2>7 (2)

where N’ is the effective sample size, N is the original
sample size, and r; and r, are the lag 1 autocorrelation
coefficients of the two time series involved. Since the lag
1 autocorrelation coefficient for the NAO index is 0.59,
we have N’ = 0.48N assuming that r; = r,.

Presented in Fig. 8§ are the lagged regression maps of
200-hPa zonal wind with respect to the NAO index. Lag
n indicates that the 200-hPa u lags the NAO index by n
pentads. The magnitude represents #200 anomaly cor-
responding to one standard deviation of the NAO in-
dex. Shaded areas represent those where the correlation
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is statistically significant at a 0.01 level. From the si-
multaneous regression map (Fig. 8a), a familiar feature
of the zonal wind associated with the NAO is evident
that has been documented in previous studies (e.g.,
Hurrell 1995). A positive NAO is characterized by a
northward shift of the North American jet, with a
westerly anomaly along about 55°N and an easterly
anomaly along about 30°N. Over the Atlantic region, a
third westerly wind anomaly that is weak but significant
is seen around 10°N in the tropics. The three bands of
zonal wind anomalies with alternating signs constitute a
tripole pattern over the North Atlantic. The temporal
evolution of the 200-hPa zonal wind after a positive
NAO can be visualized in the lagged regression maps
(Figs. 8b—d). As the two zonal wind anomalies in the
north weaken, the westerly anomaly near 10°N amplifies
with time. This tropical westerly anomaly reaches its
maximum about two pentads after the positive NAO.
Therefore, a clear signal of southward propagation of
the zonal wind anomaly amplitude is evident over the
Atlantic region.

Using near-surface oceanic and atmospheric datasets
and satellite measurements, Foltz and McPhaden (2004)
presented evidence of intraseasonal oscillations in the
trade winds in the tropical Atlantic. It was found that
the variability in surface pressure and wind speed is
associated with the NAO.

d. Transient momentum flux

It is of interest to understand what physical processes
are responsible for the change of tropical zonal wind
following a strong NAO as observed in Fig. 8.

A positive NAO is associated with a northward shift
of the North American jet and the North Atlantic storm
track (Fig. 8a). The anomalous easterly flow in the
subtropical Atlantic near 30°N provides an environment
that is unfavorable for an equatorward penetration of
extratropical transient eddies (e.g., Webster and Holton
1982). This in turn will change the structure of the
transient momentum flux and the dynamical feedback
of transients to the mean flow. Shown in Fig. 9 are the
lagged regression maps of 200-hPa transient momentum
flux u'v’ with respect to the NAO index. A positive
NAO is accompanied by an increased northward mo-
mentum flux along the storm track (Fig. 9a). To the
south, negative momentum flux anomalies are found in
the subtropical Atlantic near 15°N, reflecting reduced
transient activity due to less southward penetration of
the extratropical transient eddies. The magnitude of the
negative momentum flux anomaly increases with time
and becomes a statistically significant feature in the
subtropical Atlantic (Figs. 9b,c). This leads to an
anomalous convergence of momentum flux near 10°N,
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FIG. 7. Simultaneous composites of 200-hPa zonal wind anomaly in the tropical Atlantic—
Indian Ocean sector for different MJO phases. The contour interval is 1 m s~ . Contours of
positive values are solid, while those for negative values are dashed. Zero line is not plotted.
Shaded in dark gray are areas with wind anomaly greater than 2 m s~ !, whereas in light gray
are those smaller than —2 m s~ ', The phase numbers are marked on the right of each panel.
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Contours with negative values are dashed. Shaded areas represent those where the correlation is statistically significant at a 0.01 level.

which is confirmed by meridional convergence of the
momentum flux —du'v’/dy (not shown). It thus can be
concluded that the increase of westerly wind near 10°N
2-3 pentads after a positive NAO (Fig. 8) is a direct
result of the transient momentum flux convergence.

e. Consequence of tropical upper zonal wind changes

The acceleration and deceleration of the 200-hPa zonal
wind in the tropical Atlantic by the transient momentum
flux is connected to the tropical intraseasonal variability.
Shown in Fig. 10 are the lagged regression maps of 200-
hPa zonal wind in the tropical Atlantic between 20°S and
20°N with respect to the NAO index. Lag # indicates that
the 200-hPa u lags the NAO index by n pentads. The first
four panels in Fig. 10 are the same as Fig. 8 except for
different regions. Shaded areas represent those where
the regression is greater than 0.4 m s~ '. As can be seen,
about 4 pentads after a positive NAO, a clear eastward
expansion of the tropical westerly anomaly occurs. By lag
5 (the lowest panel), the zonal wind distribution becomes
similar to that of phase 6 or phase 7 of the MJO (Fig. 7),

though more concentrated north of the equator. There-
fore, an acceleration of the 200-hPa westerly wind in the
tropical Atlantic by the NAO may contribute to trigger
and/or amplify phases 6 and 7 of the MJO. Indeed, as can
be seen from Tables 2 and 3, a positive NAO is likely to
lead phases 6 and 7 of the MJO by 2~5 pentads. Con-
versely, phases 2 and 3 of the MJO tend to follow a
negative NAO.

The observed connection of the tropical intraseasonal
variability to the NAO in this study is consistent with
the model results as reported in LBDO07. In that study,
a long integration of a dry atmospheric model was
conducted with time-independent forcing. The model
was able to simulate a tropical intraseasonal variability
that has many features similar to the MJO. Tropical—
extratropical interactions were found to be responsible
for significant intraseasonal variability in the model. An
experiment with an anomalous vorticity forcing that
represents the influence of the NAO showed that, in
response to this forcing in the tropical Atlantic, a Kelvin
wave that propagates eastward was generated.
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FIG. 9. Lagged regression maps of 200-hPa transient momentum flux with respect to the NAO index. The magnitude represents the
anomaly corresponding to one std dev of the NAO index. Contour interval is 2 m? s~ 2. Contours with negative values are dashed. Shaded
areas represent those where the correlation is statistically significant at a 0.05 level.

A similar influence of the NAO on the tropical wea-
ther but on an interannual time scale has been reported
in several previous studies. For example, Meehl and van
Loon (1979) demonstrated that the seesaw in winter
temperature between Greenland and northern Europe
that is associated with the NAO is significantly corre-
lated with the strength of the trade winds in the tropi-
cal Atlantic and with the precipitation over Africa.
McHugh and Rogers (2001) found that the NAO index is
negatively correlated with the precipitation in tropical
eastern Africa in austral summer (December—February).

6. Summary and discussion

In this study we have examined the connection be-
tween the NAO the MJO, and the tropical-extratropical
interaction on an intraseasonal time scale. Based on 25 yr
(1979-2004) of pentad data and the bivariate MJO in-
dex in the boreal winter seasons, significant connections
between the NAO and the tropical convection of the
MJO are found. A prominent impact of the MJO on the

North Atlantic localized NAO occurs after the MJO is
observed in phases of 2—4 and 6-8; that is, a significant
amplification of a positive (negative) NAO happens
about 5-15 days after a depressed (enhanced) convec-
tion of the MJO reaches the tropical central Pacific re-
gion. An analysis of the evolution of the 500-hPa
geopotential height anomaly indicates that the NAO is
linked to the equatorial middle Pacific convection
anomaly of the MJO through a Rossby wave train. The
Rossby wave dispersion from the tropical Pacific to
extratropical North Atlantic is supported by a wave
activity flux analysis. On the other hand, in the North
Atlantic sector, there is a significant influence of the
NAO on the tropical intraseasonal variability. Lagged
regression on the 200-hPa zonal wind with respect to the
NAO index reveals a clear southward signal of amplitude
of zonal wind anomaly in the North Atlantic, leading to
a significant change of zonal wind across the tropical
Atlantic. Further analysis indicates that this tropical
zonal wind change is caused by a modulation of the
momentum flux by high-frequency transients associated
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FIG. 10. Lagged regression maps of 200-hPa zonal wind in the tropical Atlantic with
respect to the NAO index. Lag »n indicates that the 200-hPa n lags the NAO index by n
pentads. The magnitude represents u anomaly corresponding to one std dev of the NAO
index. Contour interval is 0.4 m s~ . Contours with negative values are dashed. Shaded areas
represent those where the regression is greater than 0.4 ms ™'

with the NAO variability. The 200-hPa zonal wind
anomaly expands eastward in a similar way as a Kelvin
wave. Along with enhanced tropical convection and
precipitation, this may lead to an MJO development as
the anomalous zonal wind and convection move into the
warm water of the Indian Ocean.

Several studies have suggested a possible wintertime
connection between the MJO and the extratropical AO
(e.g., Zhou and Miller 2005; L’Heureux and Higgins
2008). It was demonstrated that when the MJO-related
convection is enhanced (depressed) over the Indian
Ocean, the AO tends to favor its positive (negative)

polarity. In these studies, the phase of the AO was de-
termined largely by its North Pacific center, which
seems to have a more direct link with the tropical con-
vection anomaly of the MJO. In the present study, the
NAO is considered to be a local phenomenon in the
North Atlantic sector that has a small simultaneous
correlation with the North Pacific center of the AO. A
significant remote impact on the NAO is found fol-
lowing the equatorial central Pacific convection anom-
aly of the MJO with a time lag of about 10 days. In other
words, even without the contribution of the North Pa-
cific sector as for the AO, there exists a significant
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connection between the local NAO and the tropical
convection of the MJO. This indicates that besides the
extratropical internal dynamics, the tropical diabatic
heating anomaly of the MJO provides another driving
mechanism for the NAO variability. It is beyond the
scope of this study to discuss the differences between
the NAO and the AO. In fact they are likely indistin-
guishable (e.g., Feldstein and Franzke 2006), especially
when the NAO is defined through an EOF analysis, as
opposed to a two-point index (Jia et al. 2007). Our result
indicates that a remote forcing of the MJO has a direct
influence on the Atlantic sector of the NAO/AO.

With the observed lagged association of the NAO and
the MJO, the possibility exists that a medium- and ex-
tended-range forecast of the NAO and its associated
weather will benefit from a good knowledge of the MJO
phase. Similarly, knowledge of the NAO would help to
predict the MJO. Therefore, it is important for an op-
erational numerical model to be able to simulate such
an MJO-NAO connection.

An intriguing result of the present study is that a
significant influence of the NAO on the tropical intra-
seasonal variability is observed in the Atlantic—African
sector. A southward propagation of zonal wind signal in
the upper-troposphere North Atlantic leads to a sig-
nificant change of zonal wind in the tropical Atlantic.
Further studies are needed to understand whether this
modified zonal wind in the tropical Atlantic-Africa re-
gion triggers an MJO development, and if this is so, how
the triggering proceeds. As discussed in LBDO07, the
southward wave activity flux in the subtropical Atlantic
can excite a forced Kelvin wave in the tropical Atlantic
and African sectors in a dry atmosphere. It is thus likely
that the convective activity induced by upper zonal wind
anomaly will interact with the intraseasonal variability
of the dry dynamics and reinforce the MJO. Further
studies are needed to better understand this process.
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