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Abstract

A well-defined surface wind divergence (SWD) belt with distinct cloud properties forms
over the equatorial Atlantic during the boreal summer months. This belt separates the
deep convective clouds of the intertropical convergence zone (ITCZ) from the shallow
marine stratocumulus cloud decks forming over the cold-water subtropical region of the
southern branch of the Hadley cell in the Atlantic. Using the QuikSCAT-SeaWinds and
Aqua-MODIS instruments, we examined the large-scale spatiotemporal variability of the
SWD belt during a 6-year period (2003—2008) and the related links to cloud properties
over the Atlantic Ocean. The Atlantic SWD belt was found to be most pronounced from
May to August, between the equator and 2°N latitude. A positive correlation and a strong
link were observed between formation of the SWD belt and a sharp sea-surface
temperature gradient on the northern border of the cold tongue, supporting Wallace’s
vertical-mixing mechanism. The dominant cloud type over this region was shallow
cumulus. Cloud properties were shown to be strongly linked to the formation and strength
of the SWD zone. The findings will help to understand the link between ocean-
atmosphere dynamics and cloud properties over this region, and suggest that the SWD

zone be considered a unique cloud belt of the southern branch of the Atlantic Hadley cell.
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1. Introduction

The intertropical convergence zone (ITCZ) is located north of the equator throughout the
year over the eastern tropical Pacific and Atlantic oceans [Hu et al., 2007]. This defines
an interesting narrow belt bounded by the geographical equator and the ITCZ. Both
oceanic and atmospheric processes along the geographical equator are affected by
changes in the magnitude and sign of the Coriolis force. The ITCZ marks the warmest sea
surface temperatures (SST) where the Hadley cells converge. The narrow band between
the equator and the ITCZ is therefore controlled by a unique set of oceanic and
atmospheric features. As a part of this band there is an area with a zonal belt of surface
wind divergence (SWD) that is seen during the boreal summer months (JJA, [Hastenrath
and Lamb, 1978; Risien and Chelton, 2008; Zhang et al., 2009]). The SWD strongly
affects the properties of clouds that form over and near it. In this study, we propose that
this oceanic region be considered a unique cloud belt in the southern branch of the
Atlantic Hadley cell.

Specifically, this narrow belt is bounded by the oceanic cold tongue that forms over the
equator during the boreal summer months [Mitchell and Wallace, 1992] and the warmer
ITCZ waters (see Fig. 1a). Studies on the coupling between SST and the magnitude of
surface winds clearly show a positive correlation on spatial scales of 25 to 1,000 km (e.g.,
Small et al., 2008; Chelton and Xie, 2010). The trade winds accelerate as they blow over
the SST gradient from cold to warm water. Such acceleration implies an increase in the
mass flux out along the wind trajectory that drives local SWD and therefore subsidence
of the air mass from above (Fig. 1b). This belt of wind divergence is located (on average)

between latitudes 0° and 2°N.

Two main scenarios have been suggested to explain the link between SST, surface wind
speed, and the formation of SWD, the first by Lindzen and Nigam [1987] and the second
by Wallace et al. [1989]. While both hypotheses explain how the change in SST affects
the surface winds to form SWD, each of these mechanisms suggests a different location
for the SWD. The first hypothesis suggests that the SWD should overlap the cold SST
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(i.e. cold tongue) and the second hypothesis links it to the cold-to-warm SST gradient.
Figure 2 presents the mean monthly SST for July 2007 in the equatorial Atlantic Ocean
(black contours) and the mean SWD field (color). In agreement with Wallace et al.'s
[1989] theory, anomalous positive values of mean SWD (red color) in July are positioned
over the sharp SST gradient on the northern border of the Atlantic cold tongue (Fig. 2a).
Moreover, when the equatorial cold tongue and the sharp SST gradient are absent (in
October, for example), the SWD belt does not appear (Fig. 2b).
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Figure 1. (a) A schematic map of the main tropical Atlantic players from May to August.
(b) A north—south cross section along the narrow band between the equatorial cold
tongue and the intertropical convergence zone (ITCZ) showing acceleration of the trade
wind path along the sharp sea-surface temperature (SST) gradient which imposes surface

wind divergence.
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Figure 2. Tropical Atlantic monthly maps of mean surface wind divergence [in units of
10™ s, color] and sea surface temperature [°C, black contours] for (a) July and (b)
October, 2007, using QuikSCAT-SeaWinds and MODIS-Aqua.

Previous studies have indicated that the northern and southern borders of the cold tongue
are characterized by a pattern of westward-propagating waves termed tropical instability
waves (TIW). This is observed in both the Atlantic [Duing et al., 1975] and Pacific
[Legeckis, 1977] oceans. These waves form in response to intensification of the
southeasterly trade winds and the onset of the equatorial cold tongue during the early
boreal summer months. Hayes et al. [1989] tested Wallace et al.'s [1989] hypothesis and
explored how the variability of SST in the eastern Pacific TIW influences the surface
winds. They showed high correlations between the meridional SST gradient and the wind
speed gradient along the same direction. They also showed that the northern border of the
cold tongue is the region with the sharpest SST gradient and the strongest SWD. More
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recent works corroborate this coupling from satellite observations of SST and high-
resolution scatterometer measurements of surface winds in the Pacific and Atlantic cold
tongues [Xie et al., 1998; Chelton et al., 2001; Hashizume et al., 2001].

Moving northward from the equatorial cold tongue, the atmospheric conditions change
gradually. Aircraft measurements at 30 m height in the eastern equatorial Pacific (along
95°W) showed nearly zero latent and sensible heat fluxes over the cold tongue waters
(~18°C) and maximal heat fluxes of 160 W m™ and 30 W m™, respectively, over the
warmer waters (~24°C) around 2°N [deSzoeke et al., 2005]. Additional observational
studies for the same geographical region [Zhang and McPhaden, 1995; Thum et al., 2002;
Small et al., 2005] estimated changes in fluxes in the range of 6.5-7.5 W m in sensible
heat flux and 25-35 W m™ in latent heat flux both for 1°C change in SST. Over the same
region, observations of the marine boundary layer (MBL) depth based on a radiosonde
transect along 2°N showed vertical displacement of the inversion layer base height from
1 km over the cold water of the TIW (126°W) to 1.5 km over the warm water (123°W)
[Xie, 2004]. Increased water vapor content over warm water, as well as increased cloud
liquid water content and rain amount were observed in an 8-year study over the Atlantic
TIW [Wu and Bowman, 2007]. The deepening of the atmospheric MBL and the increase
in heat and water vapor fluxes moving from the cold tongue to warmer water favors the
formation of marine stratocumulus clouds, as observed from satellite images [Deser et
al., 1993]. In agreement, Mansbach and Norris [2007] described a decrease in the
amount of low-level clouds over the Pacific cold tongue when it is well defined,

highlighting the frequent formation of cloud-free boundary layers over the cold tongue.

The strength of the inversion layer and SST have been shown to be main players in
determining the atmospheric conditions, and hence cloud properties, over the subtropical
oceans [Albrecht et al., 1995; Myers and Norris, 2013]. Under conditions of cold SST
and low inversion, inversion-topped marine stratocumulus clouds will form in a structure
of closed cells and be maintained by downdrafts driven by cloud-top radiative cooling
[Wood, 2012] and turbulent mixing in the cloud layer [Bretherton and Wyant, 1997]. This

gradually transforms into an open cell structure and then to trade cumulus clouds while
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moving to regions with warmer water (dictating larger fluxes) and the MBL inversion
climbs and becomes weaker [Wyant et al., 1997]. Such transitions are valid as one moves
westward or southward (toward the equator) from the eastern shores of the subtropical
oceans off Africa or America, with upwelling-driven cold SSTs, experiencing gradual
warming of the SST and deepening of the MBL. This transition is characterized by a
distinct decrease in cloud cover with a minimum over the trade cumulus regime
[Muhlbauer et al., 2014]. Figure 3 shows the ITCZ and shallow Marine Stratocumulus
(MSc) clouds regimes characterized by high cloud cover and the decrease in cloud cover

between them.

Here we argue that when examining meridional features of the southern branch of the
marine Hadley cell, the special zone discussed here, located between the cold tongue and



166  the ITCZ, should be considered a unique zone with special wind and cloud patterns.
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168 Figure 3. (a) Aqua MODIS true color image (RGB) of the tropical and southern

169  hemisphere subtropical Atlantic Ocean on 8 July 2012. (b) CALIPSO CALIOP 532 nm
170 total attenuation backscatter presenting a vertical profile of cloud and aerosol while
171  crossing the eastern Atlantic Ocean on the same day. Note the area of relatively less
172 cloud amount between the tropical deep convective clouds and subtropical marine
173 stratocumulus decks.
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2. Data and Methods

Observational data retrieved from high-resolution active and passive satellite instruments
were used to specify the equatorial SWD belt, cold tongue, and cloud properties.
Analyses were based on a full 6 years of daily data collected from 2003 to 2008.

The SWD was calculated using 0.25° x 0.25° resolution surface wind measurements from
the SeaWinds active microwave scatterometer instrument on board the QuikSCAT
(Quick Scatterometer) satellite. Launched in 1999 [Spencer et al., 2000], SeaWinds
passes twice a day (06:30 and 18:30 local time), measuring surface wind speed and
direction at 10 m above sea level. The SWD was defined using a divergence term (Eq.
1):

SWD = ou/ox+ov/oy Q)

where u and v are the zonal and meridional components of the wind. Wind divergence is
presented in units of m s™ per distance of 1° degree (~100 km), which is equal to 10° s™.
The monthly mean divergence ranged mostly between 2 and -2 x 10® s, where negative
divergence is referred to as convergence. Examining the ITCZ through the SWD showed
that it is characterized by mean values of around -1.5 x 10 s™ during most of the year
(Fig. 4). QuikSCAT provides surface wind data under both clear and cloudy conditions,
but possible errors can be caused by rain [Draper and Long, 2004]. The monthly mean

SWD values used here were calculated using daily data.

SST [Esaias et al., 1998] and cloud properties [cloud optical thickness (COT), and cloud
fraction (CF), Platnick et al., 2003] were obtained from the moderate resolution imaging
spectroradiometer (MODIS) instrument on board the Aqua satellite (equatorial crossing
at 01:30 and 13:30 local time).

Our research domain was set to cover the equatorial Atlantic cold tongue and the SWD
belt. Therefore, an area between 10°N and 10°S is presented in the first part of the results
section. The focused investigation of the SWD belt was performed over a subset of this
area located in the central Atlantic (20°W-10°W), between 0° and 2°N latitude, covering

the belt of maximum mean SWD (Fig. 4a).
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3. Results

The spatial association between SST, SWD and cloud properties (COT and CF) was
examined first. Figure 4 presents maps of mean monthly SWD, cloud properties (colors)
and SST (black contours) for July 2007. The SWD belt (colored in red) is evident (Fig.
4a) along the sharp SST gradient at the northern border of the equatorial cold tongue.
Note that the TIW cannot be recognized in a monthly average SST field due to the same
(monthly) characterization time scale of this phenomenon. High SWD values (>1.5 x 10
s™) can be recognized slightly south of the equator over the eastern Atlantic, and between
latitudes 0° and 2°N over the central Atlantic. Strong convergence dominates over the
ITCZ belt north of latitude 5°N (<-1.5 x 10°s) but also in the area south of the equator,
induced by the warm-to-cold SST gradient. Two fundamental properties of clouds are
presented as well, the COT (Fig. 4b) and daytime CF (Fig. 4c).

The deep convective clouds over the ITCZ (COT > 10), but also in the western
subtropical Atlantic (COT > 7, colored in turquoise—yellow) were characterized by high
COT. As the eastern subtropical SST gets warmer toward the west or toward the ITCZ,
the MBL becomes deeper, permitting formation of thicker low clouds (5 < COT < 10). A
cloudy area characterized by relatively low COT (<5) formed between the subtropical
and ITCZ belts, with the lowest values centered along the sharp SST gradient (the SWD
belt).

The map of CF spatial distribution (Fig. 4c) presents high values over the deep
convective ITCZ belt (with SST > 27°C) and over the subtropical eastern Atlantic (with
SST < 24°C), whereas over the belt between them, the cloud cover was significantly
smaller. Specifically, the lowest CF values (<0.4) were between latitudes 5°S and 0°,

overlapping the cold tongue area.
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Figure 4. Monthly-mean maps of (a) surface wind divergence (in units of 10 s™), (b)
cloud optical thickness (in arbitrary units), and (c) daytime cloud cover fraction
(normalized units between 0 and 1) during July 2007. SST [°C] is presented as black
contours in all panels. The yellow and green boxes in Fig. 4a define the areas focused on

in Figs. 5 and 6.
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237
238  Figure 5. Latitude-time Hovmoller diagrams (2003-2008) of zonal and monthly mean

239  (a) surface wind divergence [10® s™], (b) cloud optical thickness, and (c) cloud fraction.
240  The central Atlantic section (20°W-10°W) averaged for these Hovmoller diagrams is in

241  the yellow square in Figure 4a.
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We examined the annual variability of the SWD belt and cloud properties in the central
Atlantic between longitudes 20°W and 10°W (defined by the yellow square in Fig. 4a).
Figure 5 presents Hovmoller diagrams for the years 2003 to 2008. The upper panel (Fig.
5a) shows the changes along the years in the position and magnitude of the SWD. In this
domain (i.e. the central Atlantic), the SWD forms around May-June and remains until
August-September. It is prominent between the equator and 2°N latitude. The patterns of
the SWD belt correlate with the migration of the ITCZ belt in the northern hemisphere
(as illustrated by the blue color in Fig. 5a). The ITCZ belt is positioned closer to the
equator during the months of December to April, and in May, it migrates northward,
reaching its most poleward northern position during July—August. This is when high
values of SWD (>1.5 x 10°s™) appeared (while the ITCZ moved northward, May-July),
suggesting a link to the sharpest meridional gradient in the SST that forms during this
period. Later, when the ITCZ migrated back toward the equator, the SWD belt was still
evident but in a weaker form (~0.5 x 10®° s™) and with smaller meridional extent. The
SWD was not evident between December and April when the ITCZ was in its closest
position to the equator.

Clear correlations are evident between the temporal and spatial variability of the COT
and the seasonality and spatial distribution of the SWD belt. A clear minimum in COT
(<5) was seen in the area between the equator and 2°N from May to August (Fig. 5b).
The CF's temporal evolution was similar, but with a slight southward shift in the location
of the minimum synclines toward the cold tongue (Fig. 5c¢). To gquantify the strength and
robustness of the correlations, we extracted the central part around our study area
(between latitudes 3°N and 6°S) of the COT and CF Hovmoller matrixes and checked the
correlations for a gradual shift between each of them and the SWD matrix. The 2D
correlation was calculated for each displacement between the two matrixes (Fig. 6). Both
COT and CF matrixes showed that the peak in correlations with the SWD corresponds to
no shift in time. The peak correlation with COT was R = 0.74, showing a perfect match
with the SWD (no shift in latitude or time). The peak correlation with CF was R = 0.75,
corresponding to a shift of 2° southward relative to the SWD field, and suggesting a
stronger link to the cold SST south of the equator. Note the oscillations along the time

axis indicating a peak in the correlations when the shift matches 1 year. A secondary
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maximum is shown when the latitudinal shift is large enough to correlate with the marine
stratocumulus decks in the south. A minimum is shown when the latitudinal shift to the

north is large enough to correlate over the opposite trends of the ITCZ.
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Figure 6. Correlation matrixes between the Hovmoller diagrams of the surface wind
divergence (SWD, with a negative sign) and the cloud optical thickness (COT, left) and
the cloud fraction (CF, right). Both matrixes show that the correlation peaks correspond
to no shift in time (X axis). The peak correlation with COT, R = 0.74, also corresponds to
no shift in latitude (Y axis). The peak correlation with CF, R = 0.75, corresponds to a 2°
southward shift relative to the SWD field, suggesting a stronger link to the cold SST over
the equator than to meridional gradient of SST (gradSST).

Zooming in over the SWD region, the link between SST, meridional gradient of SST
(gradSST) and SWD with time was investigated (Fig. 7), focusing only on the area of the
most significant SWD in the central Atlantic (latitudes/longitudes: 0°-2°N/20°W-10°W,
green square in Fig. 4a). Monthly mean SST (Fig. 7a) ranged between ~29°C around
March—-May to ~24°C around July—August. The changes in SST with time showed a
relatively rapid cooling period compared to the warming period, in agreement with the

known dynamics of the equatorial Atlantic cold tongue [Okumura and Xie, 2004]. The
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sharpest SST gradients (Fig. 7b) appeared about a month before the mean SST minimum
(i.e. June or July). Here, positive values of gradSST reflected SST warming from the
equator northward. Temporal variability of SWD (Fig. 7c) behaved like a combination of
the SST and meridional gradSST fields. It had rapid evolving and slow decaying times,
similar to the SST field, but its maximal values clearly correlated in time with the

gradSST peaks (June or July, marked by red-shaded columns).
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Figure 7. Mean monthly time series (2003-2008) of oceanic and atmospheric dynamic
state and cloud properties along the equatorial Atlantic (Latitudes/Longitudes: 0°-2°N
[20°W-10°W,). The presented fields are (a) sea-surface temperature (SST), (b)
meridional gradient of SST, (c) surface wind divergence (SWD), (d) total cloud optical
thickness (COT), and (e) daytime cloud cover fraction (CF, in normalized units between
0and 1).
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The most pronounced SWD belt appeared (June/July depending on the year, Fig. 7)
before the beginning of the coldest SST phase (July/August). This trend could be related
to the northward migration of the ITCZ. During the stage at which the equatorial cold
tongue begins to evolve, the ITCZ location is relatively closer to the equator and
therefore, the ratio between the temperature differences and distance from the equator
northward (i.e. gradSST) is the largest. When the cold tongue is well established and the
ITCZ is in a northern-most position (July/August), both gradSST and SWD are on their
descending branch. When the ITCZ is close to the equator (December—March), the
equatorial SST is warm, gradSST is at its minimal values and the SWD exhibits its

minimal (negative) values (i.e., convergence).

The mean COT over the location of the prominent SWD belt (between 0° and 2°N
latitudes) varied between 2 and 13 (Fig. 7d), and the mean CF over this region ranged
between 0.4 and 0.9 (Fig. 7e). Both cloud characteristics showed a distinct seasonal link
to the activity of ocean-atmosphere dynamic features. The boreal summer seasons with
cold SST, sharp gradSST and strong SWD were characterized by optically thinner clouds
(low COT) and a decrease in cloud cover. On the other hand, the boreal winter and spring
seasons were characterized by warm SST, mild gradSST, negative SWD and therefore
optically thicker clouds (high COT) with larger cloud cover. The evolution of the Atlantic
cold tongue and the SWD belt is illustrated by a decrease in SST, increase in gradSST
and a sharp transition to minima in COT and CF.

The links between gradSST to SWD and the associated cloud optical thickness were
further examined during the boreal summer months. Daily data (in 1° degree) were used
for the period of JJA 2007, for the area between 0°-3°N and 30°W-10°W (to ensure
large enough dataset). Clear positive correlations are shown between gradSST (R*=0.75)
and SWD and inverse correlations with COT. We estimated that in this case and
resolution, COT decreased by ~0.57+0.1 for increase of 1x10°s™ in SWD.

16



336
337

338
339
340
341
342
343
344
345
346
347
348

COT[au]

= 6
2+ = -
]
5.5
1.5F B .
_ = § 5
0 [ ] [
l::7C_> = |} |
= m
o 1 1 445
=
wn
1]
I 44
0.5F =i =
=
- e
o ] 3.5
ot A
| | 1 1 3
-0.05 0 0.05 0.1 0.15

GradSST [°C/1° lat.]

Figure 8. Three-dimensional scatter plot displays the link between daily values of
GradSST [°C/1° lat], SWD [10° s'] and COT [au] over the SWD belt
(Latitudes/Longitudes: 0°-3°N/30°W-10°W), during June, July, and August 2007. This
plot illustrates the robustness of the correlations between the three parameters using a
daily resolution. The relevant data is divided into 50 bins that contain equal number of

samples.
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4. Summary and Discussion

The equatorial Atlantic SWD belt which spans over the central Atlantic between the
equator and 2°N latitude and is characterized by a mean monthly divergence higher than
~1.5 x 10™s™* (for a resolution of 1° x 1°), which is of the same order of magnitude (but
opposite sign) as the average ITCZ convergence. It is most pronounced from May to
August. Here we show a positive correlation and tight connection in space and time
between the (large-scale) distribution of sharp mean monthly gradSST and SWD. These
results support vertical mixing as the responsible mechanism [Wallace et al. 1989] for
formation of the SWD belt over the northern SST front of the Atlantic cold tongue.

Investigating the link of cloud properties to the SWD and cold tongue, we show that the
COT correlates in space and time with gradSST and SWD, whereas CF correlates better
with SST. We show that the minimum COT is located exactly over the sharp SST
gradient and the SWD belt (0°-2°N), while the area of minimum cloud cover overlaps the
cold tongue (5°S-1°N). Temporal analysis focusing on the SWD belt only showed
similar results (Fig. 7). Shallow cumulus clouds, which are the dominant clouds in the
SWD region, form under moderate SST conditions (~24°C-27°C) and their coverage was
positively correlated with SST. The cumulus cloud COT and CF were highly correlated
with the magnitude of the SWD (Fig. 7).

Previous studies have shown a gradual decrease in cloud cover along the subtropical-to-
tropical cloud transition [Sandu et al., 2010; Muhlbauer et al., 2014], with a minimum
over the trade cumulus region. But in general, this transition has received little attention
in observational studies and climate models find it difficult to correctly represent its
properties. The subtropical-to-tropical cloud transition was recently investigated in the
Northeastern Pacific Ocean to provide a framework for evaluating climate-model results
against observations [Karlsson et al., 2010; Teixeira et al., 2011]. Over the Atlantic
Ocean, the belt bounded by the equator (in the south) and the ITCZ is better defined, and
therefore the SWD and its links to cloud properties are clearer. Our results suggest that
this belt should be considered a separate entity of the southern branch of the Hadley cell

18
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over the Atlantic. A better understanding of the essential dynamic features and their link
to cloud properties over this narrow strip may help improve low-level cloud
representation in climate models. The appearance of SWD belt during the boreal summer
over the Atlantic and the quantitative link between its magnitude and COT as presented
here can be used for cloud parameterizations in climate models as well as for model

validation for cloud resolving ones.
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