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ABSTRACT

A combination of satellite and in situ datasets is used to investigate the impact of interannual changes in
atmospheric dust content on the sea surface temperature (SST) of the tropical North Atlantic Ocean.
Throughout most of the region the authors find, in agreement with previous studies, that positive anomalies
of dust are associated with a significant reduction in surface shortwave radiation (SWR), while negative
anomalies of dust are associated with an enhancement of SWR. Statistical analysis for 1984-2000 suggests
that changes in dustiness in the tropical North Atlantic (10°-25°N, 20°-60°W) explained approximately 35%
of the observed interannual SST variability during boreal summer, when climatological dust concentrations
are highest. Measurements from a long-term moored buoy in the central tropical North Atlantic are used
to investigate the causes of anomalously cool SST that occurred in conjunction with a period of enhanced
dustiness at the start of the unexpectedly quiet 2006 hurricane season. It is found that surface SWR varied
out of phase with dustiness, consistent with historical analyses. However, most of the anomalous cooling
occurred prior to the period of enhanced dustiness and was driven primarily by wind-induced latent heat
loss, with horizontal oceanic heat advection and SWR playing secondary roles. These results indicate that
dust-induced changes in SWR did not play a major direct role in the cooling that led up to the 2006 Atlantic
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hurricane season.

1. Introduction

During boreal summer easterly winds over Africa
and the eastern tropical North Atlantic transport
~1.4 X 10" kg of dust westward several thousands of
kilometers over the tropical North Atlantic Ocean (e.g.,
Prospero and Lamb 2003; Kaufman et al. 2005; Fig. 1a).
The dust that remains in the atmosphere affects solar
radiation directly through scattering and absorption (Li
et al. 2004) and indirectly through its interaction with
clouds (Mahowald and Kiehl 2003; Wong and Dessler
2005; Kaufman et al. 2005). The direct effect tends to
decrease the amount of solar radiation reaching the
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ocean’s surface (Li et al. 2004). The overall impact of
the indirect effect on surface radiation is less clear since
Saharan dust tends to increase low-level cloudiness but
may suppress deep convection (Mahowald and Kiehl
2003; Kaufman et al. 2005).

Sea surface temperature (SST) of the tropical North
Atlantic Ocean plays an important role in weather and
climate, mainly through its effects on rainfall in North-
east Brazil and sub-Saharan Africa (Lamb 1978; Has-
tenrath and Greischar 1993; Giannini et al. 2003), and
tropical cyclone formation and intensification within
the Atlantic basin (Saunders and Harris 1997; Shapiro
and Goldenberg 1998; Goldenberg et al. 2001; Latif et
al. 2007). Previous studies have attributed interannual
and decadal SST variability in the tropical North At-
lantic mainly to changes in wind-induced latent heat
loss, with shortwave radiation (SWR) and horizontal
oceanic heat advection playing important secondary
roles (Carton et al. 1996; Czaja et al. 2002; Foltz and
McPhaden 2006a,b).

During the first half of 2006 SST was above normal
throughout most of the tropical North Atlantic (Bell et
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FiG. 1. (a) June—August 1984-2000 mean aerosol optical depth
(shaded), surface wind velocity (arrows), and 600-hPa zonal wind
speed (contours, m s~ ). White shading indicates regions without
data owing to persistent cloud cover. (b) Standard deviation of
JJA AOD. White shading indicates regions with insufficient data
(<5 JJA means). (c) JJA mean surface shortwave radiation
(shaded) and standard deviation of JJA SWR (contours, W m™2).

al. 2007). Warm SSTs combined with low vertical wind
shear led many forecasters to predict above-normal
tropical cyclone activity in 2006 following record activ-
ity in 2005 (12 tropical storms and 15 hurricanes, Bell et
al. 2006). The 2006 season was significantly quieter than
anticipated, however, with only four tropical storms
and five hurricanes developing. The sharp reduction in
activity in 2006 has been attributed mainly to a late-
developing El Nifio event (McPhaden 2008), which en-
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hanced vertical wind shear in the tropical North Atlan-
tic and Caribbean during September and October 2006
(Bell et al. 2007).

Lau and Kim (2007a,b) suggest that changes in atmo-
spheric dust concentration also may have played a sig-
nificant role in suppressing tropical cyclone activity in
the western tropical North Atlantic during 2006. They
argue that an anomalous increase in dust loading during
June 2006 triggered SST cooling through coupled air—
sea interaction, leading to an environment less favor-
able for tropical cyclone development. In contrast, Evan
(2007) argues that the changes in dustiness during 2006
were not large enough to significantly affect SST. On a
broader scale, Schollaert and Merrill (1998) used histori-
cal satellite estimates of dust and in situ SST for the
month of July to show that changes in dust content in the
eastern and central tropical North Atlantic are associ-
ated with a significant reduction in the underlying SST.

The aforementioned studies are incomplete regard-
ing the impact of changes in dustiness on tropical North
Atlantic SST. For example, Lau and Kim (2007a,b)
made arguments based on observed changes in dust
content and SST during 2005-06 only, together with
estimates of the climatological mixed layer depth
(MLD). Evan’s (2007) analysis also relied on a mixed
layer depth climatology together with a qualitative
comparison of changes in dustiness and SST during the
1980s and 1990s. The analysis region of Schollaert and
Merrill (1998) was limited to narrow ship tracks in the
eastern and western tropical North Atlantic, and the
time period they considered covered only four years.
None of the aforementioned studies performed an ex-
plicit oceanic mixed layer heat budget analysis.

In this study we use ~15 yr of satellite aerosol, short-
wave radiation, and SST data to examine the impact of
interannual changes in atmospheric dust content on the
SST of the tropical North Atlantic Ocean. We expand
on the results of Schollaert and Merrill (1998) through
the use of a combined satellite-in situ SST product,
which offers enhanced spatial and temporal coverage
with respect to in situ observations. We also use in situ
measurements from a long-term moored buoy in the
central tropical North Atlantic Ocean, together with
satellite estimates of dust concentration, to examine the
impact of increased dust loading on SST leading up to
the 2006 Atlantic hurricane season. We consider the
mixed layer heat budget at the mooring location, ex-
panding on the analyses of Lau and Kim (2007a,b) and
Evan (2007).

2. Data

A variety of satellite and in situ datasets is used in
this study. Aerosol optical depth (AOD) at 380 nm was
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obtained from the Total Ozone Mapping Spectrometer
(TOMS) on board the Nimbus-7 and Earth Probe sat-
ellites and is used as a proxy for total atmospheric dust
content (e.g., Torres et al. 1998, 2002). These data are
available as monthly averages on a 1° X 1° grid. The
Nimbus-7 data cover the period January 1980-April
1993, and the Earth Probe data are available during
August 1996-December 2001. Data from 2001 are ex-
cluded owing to a spurious drift in the Earth Probe
TOMS (Kiss et al. 2007). We also use AOD measure-
ments at 550 nm from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) on board the Terra
satellite (e.g., Remer et al. 2005). This dataset consists
of monthly means on a 1° X 1° grid for February 2000—
May 2007. Measurements from TOMS and MODIS
correspond reasonably well to ground-based measure-
ments of AOD (Hsu et al. 1999; Remer et al. 2005).
Satellite-based estimates of AOD include contributions
from absorbing aerosols such as smoke and soot in ad-
dition to soil dust. However, over the tropical and sub-
tropical North Atlantic the aerosol load is dominated
by soil dust originating from North Africa (Li et al.
1996; Tegen et al. 1997; Chiapello et al. 1999).

We also use estimates of surface shortwave radiation
that are based on satellite measurements from the In-
ternational Cloud Climatology Project (ISCCP) (Ros-
sow and Duenas 2004) and a radiative transfer model
(Zhang et al. 2004). This dataset is available on a 2.5° X
2.5° grid for July 1983-December 2004. Interannual
variations of aerosol concentration are not included ex-
plicitly but are present indirectly through the classifica-
tion of dust as low cloudiness in the ISCCP dataset
(Zhang et al. 2004; Evan et al. 2006).

Monthly surface and 600-hPa wind velocity data were
obtained from the National Centers for Environmental
Prediction-Department of Energy (NCEP-DOE) re-
analysis-2 (hereafter NCEP2), available on a 2° X 2°
grid for 1979-2006 (Kanamitsu et al. 2002). We also use
daily surface wind velocity from the SeaWinds scatter-
ometer on board the Quick Scatterometer (Quik-
SCAT) satellite. This dataset is on a 0.25° X 0.25° grid
and is available for 1999-2006. Two different SST prod-
ucts are analyzed in this study: The first is a combined
satellite—in situ product, available monthly on a 1° X 1°
grid for 1981-present (Reynolds et al. 2002), and the
second is from the Tropical Rainfall Measuring Mission
(TRMM) Microwave Imager (TMI), available daily on
a 0.5° X 0.5° grid beginning December 1997 (Wentz
1997).

Horizontal ocean currents were obtained from the
Ocean Surface Currents Analysis—Real Time (OSCAR).
This product calculates velocity averaged in the upper
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30 m of the water column using a diagnostic model and
satellite estimates of surface wind stress, sea level, and
SST (Bonjean and Lagerloef 2002). The dataset is avail-
able on a 1° X 1° grid every five days beginning Octo-
ber 1992 and is interpolated to a daily resolution for use
with the mooring data described below.

In situ measurements were obtained from the north-
ernmost moored buoy site of the Pilot Research Array
in the Tropical Atlantic (PIRATA) (Servain et al.
1998) located at 15°N, 38°W. Measurements, begun in
1998 and continued through the present, include sub-
surface temperature and salinity, air temperature, rela-
tive humidity, wind velocity, shortwave radiation, and
precipitation. From 1998 to June 2005, ocean tempera-
ture was measured at 11 depths between 1 and 500 m,
with 20-m spacing in the upper 140 m, while salinity was
measured at 1 m, 20 m, 40 m, and 120 m at all moorings.
Beginning in July 2005, additional temperature mea-
surements have been made at 10 and 13 m and addi-
tional salinity measurements at 10 and 60 m. Air tem-
perature and relative humidity are measured at a height
of 3 m MSL, shortwave radiation and rainfall are mea-
sured at 3.5 m, and wind velocity at 4 m. Daily averages
are transmitted to shore in real time, while high tem-
poral resolution data (1-10-min averages) are internally
recorded. Here we use the daily averaged data for Janu-
ary 2000-December 2006.

The NCEP2 surface and 600-hPa wind velocity, to-
gether with TOMS AOD and the SWR dataset, are
used to examine mean conditions and interannual vari-
ability in the tropical North Atlantic during boreal sum-
mer when atmospheric dust concentrations are highest
(Fig. 1). The SWR data, in combination with the AOD
and SST datasets, are used in section 3 to examine the
relationships between dustiness, SWR, and SST on in-
terannual time scales, focusing on the time period July
1983-December 2000 when all datasets are available.
Finally, QuikSCAT wind velocity, MODIS AOD, TMI
SST, OSCAR currents, and PIRATA mooring data are
used in section 4 to examine the conditions in the tropi-
cal North Atlantic during October 2004-September
2006, a period characterized by significant interannual
variations of dustiness and SST (e.g., Foltz and
McPhaden 2006a; Lau and Kim 2007a). We also use
these data to analyze the mixed layer heat budget at the
PIRATA mooring location in order to assess the causes
of the anomalous SST cooling leading up to the 2006
hurricane season.

3. Results

In this section we examine the relationships between
AOD, SWR, and SST in the tropical North Atlantic.
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Fi1G. 2. (a) Linear correlation coefficients for AOD and surface
SWR (shaded). Values are for JJA means for 1984-2000. (b) As
in (a) but for SWR and d(SST)/¢ (shaded) and for AOD and
d(SST)/at (contours). Shading/contours are shown only where the

correlations are significant at the 10% level. Boxes enclose re-
gions used to form averages shown in Figs. 4 and 5.

We begin by considering mean conditions during boreal
summer when dust rises several kilometers into the at-
mosphere over the Sahara and Sahel. The atmospheric
circulation during this season is influenced by the
northeasterly trade winds near the surface and the Af-
rican easterly jet (AEJ) centered near 600 mb over
western Africa (Fig. 1a). Some of the dust is therefore
advected westward by the AEJ and trade winds, result-
ing in a region of enhanced AOD (>0.3) over most of
the tropical North Atlantic (Prospero and Carlson
1972; Fig. 1a). High values of AOD south of ~10°N are
associated mainly with smoke from biomass burning
(e.g., Chatfield et al. 1998). Surface shortwave radiation
is greatest in the subtropical North Atlantic and North
Africa and reaches minima over the Amazon and in the
0°-10°N latitude band of the ITCZ (Fig. 1c).

To assess the impact of changes in dustiness on the
underlying SST, we first consider the interannual vari-
ability of AOD and SWR. Anomaly time series for
each variable are formed by removing the correspond-
ing monthly mean seasonal cycle at each grid point. We
find that interannual variations of AOD are strongest
in the northeastern tropical North Atlantic where the

FOLTZ AND MCPHADEN

30N

20N 55~
10N+
N

EQ A

10S

-8 ~7 ~6 ~5 ~4 =3 -2Wm>
20N 0.08 Py
Ve
20N 1 EL ? |
0.06 ]
<& 5/£_/ 1 %
N o=~ N\ ]
/ N a5y
EQ AR, K
.
\<b> )
103 : , - : (
BOW 60W 40w 200 0 20E
——

—0.08 =0.07 °C mo™

FI1G. 3. (a) JJA means of SWR regressed onto AOD. (b) As in
(a), except for 9(SST)/ot regressed onto SWR (contours, °C mo™!)
and 9(SST)/or regressed onto AOD (shaded). Regression of SWR
onto AOD has been normalized by one standard deviation of
AOD. Regression of d(SST)/ot onto SWR has been normalized by
one standard deviation of SWR. Shading/contours are shown only
where the regression coefficients are significant at the 10% level.

boreal summer mean AOD is high (Fig. 1b). Variations
of SWR are also strongest in the northeastern basin,
corresponding to the region of enhanced AOD variabil-
ity (Fig. 1c).

Next linear correlation and regression analyses are
used to quantify the relationships between anomalous
AOD, SWR, and SST. The analyses are performed at
each grid point using two methods. The first method
makes use of all calendar months, and the second uses
only the June-August (JJA) mean from each year, cor-
responding to the season when climatological dust con-
tent is highest. Significance of the correlation and re-
gression coefficients for each method is assessed using
the 90% confidence level of a 1000-sample bootstrap
test (Wilks 1995). We have found that the spatial pat-
terns and significance of the correlation and regression
coefficients are similar for each method. We therefore
discuss in detail only the JJA analyses, when the signals
are strongest (Figs. 2-4), and summarize the results for
all months in Table 1.

Throughout most of the tropical North Atlantic SWR
anomalies are significantly negatively correlated with
AOD anomalies, suggesting that enhanced (dimin-
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F1G. 4. JJA mean AOD (shaded), a(SST)/d¢ (solid), and SWR
(dashed) averaged in the tropical North Atlantic (10°-25°N, 20°-
60°W; Fig. 2 shows the averaging region).

ished) dustiness is associated with a reduction (in-
crease) in SWR (Fig. 2a). These results are consistent
with those of previous studies (e.g., Li et al. 2004). The
relationship is strongest in the eastern half of the basin,
where the boreal summer mean and interannual vari-
ability of AOD are high (Figs. 1a,c).

During boreal summer interannual fluctuations of
SWR are significantly positively correlated with
changes in d(SST)/a¢ (which for shorthand we will write
as SST,) in the central tropical North Atlantic, suggest-
ing that in this region SWR may be an important driver
of SST (i.e., Foltz and McPhaden 2006a,b; Fig. 2c).
Negative correlations between AOD and SWR are also
strong in this region (Fig. 2a). As a result, changes in
AOD are associated with significant cooling of the un-
derlying SST that is confined mainly to the central
tropical North Atlantic (30°-50°W). In this region in-
terannual variations of dust content locally explain up
to 50% of the observed SST, variability during JJA
based on the AOD-SST, correlation coefficients.

To quantify the relationships between AOD, SWR,
and SST, further, we consider the linear regression co-
efficients between these terms (Fig. 3). To facilitate
comparison between regression coefficients and to ac-
count for spatial variations in the strengths of interan-
nual AOD and SWR fluctuations, regression coeffi-
cients are expressed in terms of a one standard devia-
tion change in the independent variable (Fig. 1 shows
the magnitude of a one standard deviation change in
AOD and SWR). We find that an increase of one stan-
dard deviation in AOD is associated with a maximum
decrease in SWR of 8 W m ™2 off the coast of northwest
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TABLE 1. Regression and correlation coefficients (in parenthe-
ses) for quantities averaged in the tropical North Atlantic (10°-
25°N, 20°-60°W). First column: Shortwave radiation anomalies
(SWR) regressed onto aerosol optical depth anomalies (AOD)
(W m~2). Second column: Reynolds et al. (2002) a(SST)/at
anomalies (SST,) regressed onto SWR (°C month™"). Third col-
umn: SST, regressed onto AOD (°C month™!). Coefficients are
shown for all calendar months and for June-August only, and
with and without linear trends included. All regression coeffi-
cients correspond to a one standard deviation change in the in-
dependent variable (second one listed in each column heading).
For all months these standard deviations are 0.05 for AOD with
and without the linear trend included, and 5 W m~2 (4 W m~2) for
SWR with (without) the trend. For July-August the standard de-
viations are 0.1 (0.05) for AOD with (without) the trend included,
and 5 W m~? (4 W m~2) for SWR with (without) the trend. Bold
indicates significance at the 10% level.

SWR, AOD SST,, SWR SST,, AOD
All months
Trend included -3(-0.5) 0.03 (0.4) —-0.01 (—-0.2)
Trend removed -2 (—0.6) 0.03 (0.4) —-0.01(—-0.2)
JIA
Trend included —-3(-0.6) 0.04 (0.6) —0.02 (-0.3)
Trend removed -3(-0.7) 0.04 (0.6) —0.04 (—0.6)

Africa. The regression coefficient decreases southwest-
ward to 3 W m ™2 at 50°W, then increases to a secondary
maximum near 60°W (Fig. 3a). The standardized linear
regression coefficients for SWR and AOD correspond
to unnormalized values of —60 to —40 W m 2 AOD !
throughout most of the basin. These values are slightly
smaller in magnitude than the —65 W m~? (AOD) !
clear-sky SWR forcing efficiency estimates of Li et al.
(2004), which are based on different satellite datasets
and model calculations.

A one standard deviation change in AOD is associ-
ated with a maximum change in SST of ~0.07°-0.08°C
month™! in the central basin (35°-45°W) and in the
eastern Caribbean Sea between 10° and 15°N (Fig. 3b).
A change in SWR of one standard deviation has a simi-
lar impact on SST in these regions (~0.08°-0.12°C
month ™), indicating that a significant fraction of the
SWR-driven SST variability covaries with changes in
atmospheric dust content. The AOD-SST, regression
coefficients are consistent with the estimate of Evan
(2007) for June 2006 in the western Atlantic and Ca-
ribbean region (0.1°C month™') and are at the lower
end of the range estimated by Lau and Kim (2007b)
(0.1°-0.18°C month ™).

The preceding statistical analyses showed that there
were significant relationships between anomalies of
AOD, SWR, and SST, during 1983-2000. To examine
the temporal evolution of the anomalies during this pe-
riod and to assess the strengths of the relationships over
a broader region, we consider time series of the JJA
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anomalies averaged in the tropical North Atlantic (10°-
25°N, 20°-60°W). We find that there are significant cor-
relations between the area-averaged AOD, SWR, and
SST, anomalies during 1983-2000 (Figs. 4a,b; Table 1).
An anomalous increase in AOD is associated with an
anomalous decrease in SWR, consistent with Fig. 2.
The most striking aspect of the area-averaged time se-
ries is a sharp drop in AOD in 1989 that occurs con-
currently with increases in SWR and SST, (Fig. 4). The
drop in AOD is followed two years later by an increase
in AOD and a corresponding decrease in SWR. The
higher than normal AOD in 1991 and 1992 is likely
related to the eruption of Mount Pinatubo in June 1991.
The results of the correlation and regression analyses
presented in Table 1 are not significantly changed if
these two years are excluded from the analysis.

In addition to considerable interannual variability,
there is a downward trend in AOD and an upward
trend in SWR. The SWR trend is consistent with the
global analysis of Wild et al. (2005), though a more
recent analysis suggests the trend may be an artifact of
changes in satellite coverage (Evan et al. 2007). The
strength of the out-of-phase relationship between AOD
and SWR on decadal and longer time scales is therefore
highly uncertain. We note, however, that correlation
and regression coefficients between SWR, AOD, and
SST, are not appreciably changed when linear trends
are excluded (Table 1), suggesting that covariability on
interannual time scales dominates. The correlation and
regression analyses presented earlier in this section
(Figs. 2 and 3) are also similar if linear trends in AOD,
SWR, and SST are removed, indicating that our results
are not highly sensitive to potential long-term drifts in
satellite aerosol and cloud retrievals. The relationships
between AOD, SWR, and SST, are also stronger when
examined for JJA than for all months. For example,
when linear trends are excluded interannual variations
of AOD explain ~35% of the SST, variability during
JJA and only ~5% for all months based on the linear
correlation coefficients (Table 1).

The preceding analyses are based on a SST product
that relies on satellite infrared measurements, which
are affected by the presence of aerosols in the atmo-
sphere. It is therefore possible that the significance of
the dust-SST relationship has been overestimated since
uncorrected SST retrievals would be biased low in the
presence of dust (e.g., Nalli and Reynolds 2006). To
explore this possibility, we have recomputed the corre-
lation coefficients between AOD and SST, for JJA us-
ing TMI SST, which is not influenced by aerosols. Fo-
cusing on the time period 2000-06, when MODIS AOD
and TMI SST are available, we find that the dust-SST,
relationship averaged over the tropical North Atlantic
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is slightly stronger when TMI SST is substituted for
Reynolds et al. (2002) SST (correlation coefficients of
—0.2 and —0.1, respectively, though neither coefficient
is significant at the 10% level because of the relative
shortness of the records). The similarity of the correla-
tion coefficients suggests that the observed relationship
between dust and SST is real and not an artifact of
aerosol and cloud contamination of infrared SST re-
trievals.

4. Mixed layer heat balance

In this section we use in situ measurements from a
PIRATA mooring in the central tropical North Atlan-
tic (15°N, 38°W), together with satellite AOD, to in-
vestigate the impact of interannual changes in dustiness
on SWR and SST. The mooring is within the main de-
velopment region for hurricanes (10°-20°N, 20°-80°W)
(Goldenberg and Shapiro, 1996) and is situated near
the center of the African dust plume (Fig. 1a).

During 2000-06 SST, is negatively correlated with
AOD at the mooring location (—0.3, which is signifi-
cant at the 20% level; Fig. 5), in agreement with the
satellite-based results of the previous section. The SST
and AOD anomalies at 15°N, 38°W are well correlated
with the corresponding SST and AOD anomalies aver-
aged over the tropical North Atlantic (10°-25°N, 20°-
60°W), suggesting that conditions at the mooring were
representative of the larger-scale patterns of variability
(Fig. 5).

Next we focus on the time period October 2004—
September 2006. This period was characterized by
record-high warm SST anomalies in early 2005, fol-
lowed by only slightly above-normal SSTs in 2006
(Foltz and McPhaden 2006a; Lau and Kim 2007a; Fig.
5a). AOD was anomalously low from mid-2004 to early
2005 and anomalously high during boreal summer 2005,
coinciding with periods of anomalous SST warming and
cooling, respectively (Fig. 5b).

During the second half of 2005 SST cooled consider-
ably in the tropical North Atlantic following record
warmth in early 2005 (Fig. 6b). The cooler conditions
occurred in conjunction with enhanced AOD and wind
speed throughout a large portion of the basin and
warmer SST in the eastern equatorial region (Figs.
6b,c). The spatial pattern of the 2006 — 2005 SST dif-
ference in the tropical North Atlantic corresponds well
to the 2006 — 2005 AOD difference, with enhanced
AOD during boreal summer 2006 occurring in conjunc-
tion with cooler SST. The direction of the anomalous
winds from cooler SST in the north to warmer SST
along the equator is suggestive of a coupled wind—
evaporation-SST feedback (e.g., Chang et al. 1997).
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Fi1G. 5. (a) SST anomalies (with respect to the seasonal cycle) at
the PIRATA mooring location (15°N, 38°W; solid line) and av-
eraged in the tropical North Atlantic (10°-25°N, 20°-60°W;
dashed line). Gaps in the PIRATA SST record during October
2004 through July 2005 have been filled with 20-m temperature
after application of a seasonal mean offset correction. (b) As in
(a) but for MODIS AOD. All time series have been smoothed
with successive applications of centered 3-month and 5-month
running means. This procedure gives ~8-month low-pass-filtered
time series while minimizing negative sidelobes in the frequency
response curve and retaining a sufficient number of data points at
the ends of the time series (Zhang et al. 1997). Vertical lines in (a)
and (b) define time periods used in the heat budget analysis in
Fig. 8.

Lau and Kim (2007a,b) argue that changes in dustiness
also may have played a significant role. They hypoth-
esize that an increase in dust loading, through direct
and coupled air-sea interactions, may have significantly
cooled the SST in the western basin (40°-70°W, 15°-
30°N) leading up to the 2006 Atlantic hurricane season.

To investigate the causes of the anomalous cooling
between 2005 and 2006 we consider the oceanic mixed
layer heat balance at the PIRATA mooring location.
Following Moisan and Niiler (1998), the heat balance
can be written:

aT

pcphE=q0— pc,hv - VT + q_,. (1)
The terms in (1) represent, from left to right, mixed

layer heat storage rate, surface heat flux corrected for
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2005 SST (shaded) and wind vector differences. (c) JJA 2006
minus JJA 2005 AOD difference. Black dot in (b) and (c) denotes
location of PIRATA mooring used in this study.

the penetration of shortwave radiation through the
base of the mixed layer, horizontal mixed layer heat
advection, and vertical entrainment/diffusion at the
base of the mixed layer. Here & is the depth of the
mixed layer and T and v are temperature and velocity,
respectively, vertically averaged from the surface to a
depth of —h.

We estimate & and T from subsurface temperature
and salinity at the mooring, using the criterion of a 0.03
kg m—* density increase from a depth of 10 m for h
(equivalent to the criterion of a 0.1°C decrease in tem-
perature when salinity is constant with depth). A depth
of 10 m is chosen to avoid the shallow diurnal cycle,
following de Boyer Montégut et al. (2004). This mixed
layer depth criterion results in mixed layers that are
significantly shallower than those estimated using the
0.125 kg m~* criterion of Monterey and Levitus (1997),
for example. Our choice of the 0.03 kg m > criterion is
based on several factors. First, in this study we estimate
horizontal advection using velocity estimates that are
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averaged in the upper 30 m. Using a larger MLD cri-
terion results in MLDs that are significantly greater
than 30 m throughout most of the year. This, in turn,
may lead to an overestimation of horizontal advection.
Second, a shallower mixed layer results in estimates of
T that are closer to SST. This gives more accurate es-
timations of horizontal mixed layer temperature gradi-
ents, which are estimated with SST as a proxy for 7.
Finally, prior to July 2005 salinity was measured at
depths of 1 m, 20 m, 40 m, and 120 m at the mooring.
The lack of measurements between 40 and 120 m dur-
ing this time period leads to significant uncertainties in
MLD when the mixed layer is >40 m. A criterion of
0.03 kg m > gives a MLD that is <40 m throughout
most of the year. The sensitivity of the terms in the heat
balance to the choice of mixed layer depth criterion is
discussed later in this section.

The surface heat flux consists of latent and sensible
heat flux, net longwave radiation emission, and short-
wave radiation absorption. Latent and sensible heat
flux are estimated from the Coupled Ocean-
Atmosphere Response Experiment (COARE) bulk
flux algorithm (Fairall et al. 2003) with daily buoy es-
timates of SST, air temperature, relative humidity, and
wind speed. The use of daily values instead of 10-min
values leads to a negative bias in latent heat flux (LHF)
of <3 W m™! (Foltz et al. 2003). This bias is small
compared to the typical magnitude of interannual LHF
anomalies at the mooring location (discussed later in
this section).

Longwave radiation emission is estimated from the
Clark et al. (1974) bulk formula following the method-
ology of Foltz and McPhaden (2005). The net surface
shortwave radiation is available directly from the moor-
ings, assuming an albedo of 6%. Following Wang and
McPhaden (1999), we model the amount of shortwave
radiation penetrating the mixed layer as Qp., =
0.47Q .6 "%, where Q.. is the surface shortwave ra-
diation, d, is the e-folding depth of shortwave radiation,
and 4 is the depth of the mixed layer. Here we assign
d, = 25 m following Wang and McPhaden (1999). The
sensitivity of absorbed SWR to the choice of d, is dis-
cussed later in this section.

Horizontal mixed layer temperature gradients are
calculated as a centered difference over a distance of 3°
using 3-day running means of TMI SST. These esti-
mates are multiplied by OSCAR currents in order to
estimate mixed layer temperature advection. We can-
not directly compute the vertical entrainment/diffusion
term, but can infer it from the residual of the heat
balance.

Uncertainties for the terms in (1) are estimated using
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F1G. 7. (a) SST (black line) and AOD (gray shading) at the
PIRATA mooring location (15°N, 38°W; Figs. 6b,c) during Octo-
ber 2004-September 2006. (b) As in (a) but for latent heat flux
(blue), surface shortwave radiation (dashed red), shortwave ra-
diation absorbed in the mixed layer (solid red), horizontal oceanic
heat advection (green), and the combination of net longwave ra-
diation emission and sensible heat loss (dashed black). All time
series in this and subsequent figures have been smoothed with
successive applications of centered 31-day and 41-day running
means, resulting in ~3-month low-pass-filtered time series.

instrumental errors for the PIRATA sensors (informa-
tion available online at http://www.pmel.noaa.gov/tao/
proj_over/sensors.shtml). We use error estimates for
TMI SST and OSCAR currents that are based on com-
parisons to in situ measurements (see http://www.esr.
org/ % 7Ebonjean/oscar/global_validation/index_files/
Atlantic.htm and Gentemann et al. 2004, respectively).
Errors in £ are estimated following Foltz and McPhaden
(2008).

Before investigating the causes of the anomalous
cooling during late 2005 and early 2006 using (1), we
first consider SST, AOD, and surface heat fluxes at the
mooring location during this time period (Fig. 7). AOD
undergoes a strong annual cycle, with a peak in boreal
summer that occurs ~3-4 months before the seasonal
maximum in SST (Fig. 7a). There is also considerable
interannual variability: SST is ~1°C cooler during early
2006 in comparison to early 2005 and AOD is ~0.1
lower (Figs. 5 and 7a). LHF and SWR also exhibit
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strong annual cycles, with minima in boreal winter (Fig.
7b). The annual means and seasonal amplitudes of hori-
zontal advection and the combination of longwave ra-
diation emission and sensible heat loss are much
weaker in comparison to those of LHF and SWR.
Next, we examine the mixed layer heat balance dur-
ing October 2004-September 2006. First the 2-yr period
is broken into two year-long time series: October 2004—
September 2005 (hereafter “2005”) and October 2005-
September 2006 (hereafter “2006”). Year 2005 is cen-
tered on the peak of the warm anomaly in early 2005,
and year 2006 encompasses the subsequent cooler pe-
riod (Fig. 5). We then calculate daily differences be-
tween 2006 and 2005 for each term in (1) (Fig. 8).
Significant cooling occurred during the first half of
2006 relative to 2005 and was caused primarily by
changes in LHF, with SWR and horizontal advection
playing important secondary roles (Figs. 8a,b). The
LHF term was driven primarily by stronger winds dur-
ing October 2005-February 2006. Anomalous cooling
from horizontal advection resulted mainly from mean
northward currents acting on a weaker southward SST
gradient (i.e., weaker southward SST increase) during
October 2005-February 2006 compared to the previous
October-February. Changes in LWR and sensible heat
flux were insignificant compared to the combined ef-
fects of LHF, SWR, and horizontal advection.
Surface SWR was generally stronger in October
2005-January 2006 and April-June 2006 and weaker
during February—March 2006 and July-September 2006
compared to the previous year, with absolute differ-
ences of up to 20 W m 2 (Fig. 8a). The largest differ-
ences in AOD occurred during February-May and
were associated with significant surface SWR differ-
ences. AOD was greater during February—March 2006
and SWR was weaker (positive and negative differ-
ences, respectively, in Fig. 8a). During April-May the
situation was reversed: AOD was weaker during 2006
in comparison to 2005 and surface SWR was greater.
The out-of-phase relationship between AOD and SWR
during this time period suggests changes in dust content
may have contributed significantly to changes in SWR.
The correlation between differences in mooring SWR
and AOD is —0.4 for the entire year, which is the same
sign but slightly weaker in magnitude than the satellite-
based SWR-AOD anomaly correlation (Table 1). This
correlation is significant only at the 65% confidence
level because of the shorter time period considered.
However, consistency with our historical analysis sug-
gests a plausible physical connection between the two
during 2005-06.
Changes in AOD likely contributed to changes in
SST during 2006, consistent with our historical analysis.
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(solid) and October 2005-September 2006 (dashed).
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The effect is weaker than the influence of LHF on SST,
however, since SWR exerts only a secondary influence
on SST (Fig. 8a). For example, the standard deviation
of the 2006 minus 2005 LHF difference is 15 W m 2,
compared to only 10 W m ™! for surface SWR. In addi-
tion, LHF cooled the mixed layer by 5 W m ™2 more on
average during 2006 compared to 2005, whereas the
reduction in surface SWR heating for the same time
period is only 1 W m™~2. The timing of the surface flux
and SST differences also suggests a stronger influence
from LHF compared to surface SWR. The LHF differ-
ence is most pronounced prior to the maximum cold
SST difference in June, with LHF cooling the mixed
layer by 11 W m~2? more on average during October
2005-June 2006 compared to October 2004—June 2005.
In contrast, surface SWR heated the mixed layer by 2
W m~? more on average during October 2005-June
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2006 compared to the previous year, opposing the cool-
ing effect of LHF. Finally, the correlation between the
2006 minus 2005 differences in LHF and mixed layer
heat storage rate is 0.9 (significant at the 5% level),
whereas the correlation between surface SWR and the
mixed layer heat storage rate is only 0.1. The high posi-
tive correlation between LHF and the heat storage rate
suggests that the pronounced cooling leading up to the
2006 hurricane season was driven primarily by LHF.

The SWR measurements at the mooring are affected
by the buildup of dust on the radiometer (Medovaya et
al. 2002; Foltz and McPhaden 2005). To estimate the
magnitude of the effect, we applied a correction to the
SWR time series, following Foltz and McPhaden
(2005). Application of the correction results in an in-
crease in SWR of 5-10 W m ™2 during July-September
2006, reducing the magnitude of the surface and ab-
sorbed SWR difference terms in Fig. 8a. However, this
adjustment does not significantly alter our basic con-
clusions.

The response of SST to changes in surface SWR de-
pends on the depth of the mixed layer as well as the
magnitude of the surface SWR, Q. = Oy (1 —
0.47¢~ "), During January-August 2006 the mixed
layer was generally 10-15 m shallower than during the
same period in 2005 (Fig. 8c). As a result, more SWR
penetrated through the base of the mixed layer in 2006,
tending to decrease the amount of SWR absorbed in
the mixed layer. The contrast between surface and ab-
sorbed SWR is most pronounced during April-June
when the difference in MLD between 2006 and 2005 is
greatest. During these months surface SWR was stron-
ger in 2006, coinciding with a reduction in dustiness
(Fig. 8a). Indeed, surface SWR tended to heat the
mixed layer by 0-15 W m ™2 more during 2006 with
respect to 2005. However, because of the increase in
SWR penetrating through the base of the mixed layer,
absorbed SWR heated the mixed layer by 10-20 W m 2
less in 2006 relative to 2005. This decrease in absorbed
SWR contributed to the weak SST cooling trend during
March-June 2006 (Fig. 8).

The amount of SWR penetrating through the base of
the mixed layer is also sensitive to the criterion used to
define MLD and to the choice of the e-folding scale for
light penetration, d,. The choice of MLD criteria has
the strongest impact on MLD and absorbed SWR dur-
ing April-August, when the difference in MLD be-
tween 2006 and 2005 is greatest (Figs. 9a,b). The use of
a 0.125 kg m ™ criterion instead of 0.03 kg m ™ results
in a reversal of the signs of the MLD and absorbed
SWR differences during April-June (Figs. 9a,b). These
changes have important implications for the heat bud-
get during this period, with differences in absorbed
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FI1G. 9. (a) October 2005-September 2006 minus October 2004—
September 2005 differences of MLD at the mooring location using
a 0.03 kg m™> density increase from a depth of 10-m criterion
(thick solid), a 0.07 kg m 3 criterion (dashed), and a 0.125 kg m 3
criterion (thin solid). As in (a) but for the amount of SWR ab-
sorbed in the mixed layer. Dotted line indicates surface SWR. (c)
As in (b) but for a SWR e-folding depth (d,) of 15 m (thick solid),
d, = 25 m (dashed), and d, = 35 m (thin solid), using an MLD

criterion of 0.03 kg m™>.

SWR of up to 25 W m ™2 The use of a deeper MLD
criterion also results in a stronger negative correlation
between changes in dustiness and absorbed SWR.
Changes in d, have a relatively minor effect on ab-
sorbed SWR in comparison to changes in MLD, with
differences of at most 5 W m ™2 for d, ranging from 15
to 35 m (Fig. 9¢c). The choices of MLD criteria and d, do
not alter the basic conclusion from the heat budget
analysis, however, which is that changes in SST were
driven primarily by LHF.

The sum of LHF, SWR, and horizontal advection
explains changes in mixed layer heat storage reasonably
well at the mooring location (Fig. 8b). However, there
are discrepancies of up to 15 W m™2 that cannot be
explained by uncertainties in the terms that we esti-
mated and are likely due partially to our neglect of
vertical entrainment/diffusion at the base of the mixed
layer, which we cannot estimate directly. There are also
uncertainties associated with our horizontal velocity es-
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timates, which are averaged in the upper 30 m. These
errors are difficult to quantify and are therefore not
included in our formal error analysis. They are likely to
be most important during January—February when the
magnitude of horizontal advection is largest and the
MLD is >30 m (Figs. 8a,c).

5. Summary and discussion

Our results suggest that Saharan dust exerts a signif-
icant influence on surface shortwave radiation (SWR)
in the tropical North Atlantic. An increase (decrease)
in aerosol optical depth (AOD) is associated with a
decrease (increase) in SWR, consistent with previous
studies (e.g., Li et al. 2004). The strongest negative
AOD-SWR correlations occur in the eastern half of the
basin, where interannual variability of atmospheric dust
content is high.

Based on statistical analyses we find that AOD-
related changes in SWR affect the underlying ocean,
with positive (negative) AOD anomalies associated
with SST cooling (warming). The relationship is stron-
gest and statistically significant in the central tropical
North Atlantic where SWR has the greatest impact on
SST. Averaged aerally over the entire tropical North
Atlantic (10°-25°N, 20°-60°W), changes in AOD ex-
plain ~35% of the observed SST variability during
June—-August. A one standard deviation increase (de-
crease) in AOD during boreal summer is associated
with a maximum SST cooling (warming) of 0.04°C
month .

In the central and western tropical North Atlantic
AOD was significantly higher during the early 2006
hurricane season (June-August) in comparison to the
early 2005 season, and SST was significantly cooler.
Measurements from a long-term moored buoy in the
central basin were used to examine the causes of the
SST differences. It was found that the cooling was
caused primarily by an increase in wind-induced latent
heat loss. Variations in surface SWR were negatively
correlated with changes in AOD, consistent with the
satellite-based results of this study. However, changes
in SWR were generally weak in comparison to those of
LHF so that dust-induced changes in SWR did not have
a strong direct impact on SST.

The results of our historical analysis generally agree
with the results of Evan (2007) and Lau and Kim
(2007b). Based on the empirical results of Schollaert
and Merrill (1998), Evan estimated a AOD-induced re-
duction in SWR in the western tropical North Atlantic
(15°-30°N, 40°-70°W) of 4 W m 2 and an associated
SST cooling of 0.1°C in June 2006 with respect to June
2005. Using the same change in AOD (0.05), Lau and
Kim estimated a similar reduction in surface SWR and
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a resultant SST cooling of 0.1°-0.18°C. The difference
in cooling rates of Evan and Lau and Kim is due pri-
marily to the use of different mixed layer depths: Evan
assumed an average depth of 25 m, whereas Lau and
Kim used a range of 15-25 m. Based on the historical
analysis in this study, we find that the increase in AOD
of 0.05 in June 2006 would have resulted in a reduction
in surface SWR of 3 W m 2, which is similar to the 4 W
m~? estimates of Evan and Lau and Kim. Using an
average June mixed layer depth of 27 m for the western
tropical North Atlantic (de Boyer Montégut et al.
2007), we estimate SST cooling of 0.07°C in June 2006
compared to June 2005. These results agree with those
of Evan and are at the lower end of the estimate given
by Lau and Kim.

The analyses of Evan (2007) and Lau and Kim
(2007b) are based on the effects of dust on surface
SWR and do not take into account the penetration of
SWR through the base of the mixed layer. To illustrate
how accounting for penetrative radiation would affect
their results using the SWR reduction and mixed layer
depths that they quote, assume a decrease in surface
SWR of 4 W m~? from a climatological mean value of
300 W m 2 (Zhang et al. 2004) between June 2005 and
June 2006. The penetrative component of radiation in
this case would be 0.6 and 1.0 W m ™2 for mixed layer
depths of 25 and 15 m, respectively. These values are
15%-25% of the 4 W m 2 reduction in surface SWR
associated with enhanced dustiness and would lead to
only a 0.09°-0.13°C SST cooling. The results are still
consistent with, but lower than, those quoted in Evan
(2007) and Lau and Kim (2007b). Evan (2007) and Lau
and Kim (2007b) also neglected interannual changes in
mixed layer depth, which affect penetrative radiation.
We found that the mixed layer was 10 m shallower in
the central tropical North Atlantic during June 2006
compared to June 2005, resulting in less SWR available
to heat the mixed layer in 2006 despite more surface
SWR. These results indicate the importance of consid-
ering changes in the penetrative component of radia-
tion when quantitatively estimating the effects of dust
on SST.

There are uncertainties associated with our use of
satellite-based measurements of SST from infrared sen-
sors, which are affected by the amount of dust in the
atmosphere. The aerosol effect would likely lead to an
overestimate of the true strength of the dust-SST/SWR
relationships. There are also uncertainties associated
with the buoy estimates of SWR that are caused by the
accumulation of dust on the radiometers. Uncorrected,
this effect would likely overestimate the strength of the
dust-SWR relationship. The results of this study should
therefore be viewed as an upper bound of the effects of
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Saharan dust on tropical North Atlantic SWR and SST.
Continued satellite measurements of dust, together
with satellite-based estimates of SST from microwave-
sensors and in situ SWR measurements from the
PIRATA moorings, will help to better quantify the ef-
fects of Saharan dust on the climate of the tropical
North Atlantic.

Finally, the results of this study are based on empiri-
cal analyses, from which it is difficult to address ulti-
mate causality. For example, it is unclear to what extent
changes in dust drive changes in SWR directly (i.e.,
through the scattering of incoming solar radiation) and
to what extent other environmental factors contribute
(i.e., humidity and air temperature). It is also unclear
how changes in SST feed back to affect atmospheric
dust content and whether interannual changes in dust
concentration are strong enough to trigger coupled air—
sea interactions, as suggested by Lau and Kim (2007a).
Examining the results of this study in forced ocean and
coupled ocean—atmosphere model simulations would
be a valuable next step toward addressing these ques-
tions.
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