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ABSTRACT: The impact of weak submeso- to mesoscale SST anomalies on daily averaged trade cumulus cloudiness
is investigated using satellite observations that have been validated against shipboard measurements from the Atlantic
Tradewind Ocean–Atmosphere Mesoscale Interaction Campaign (ATOMIC). Daily spatial SST anomalies are identi-
fied from GOES–POES Blended SST analysis within a 1083 108 region during January and February 2020. Daily aver-
aged cloud fraction and 10-m neutral wind from satellite observations and reanalysis are composited over the
identified SST features, using a common coordinate system based on the near-surface background wind directions.
Composites of satellite cloud fraction show a statistically significant increase of cloudiness over the SST warm core
with a reduction of cloudiness away from it. These responses are largely the same but with opposite signs over SST
cold anomalies, suggesting that spatial heterogeneity in SST can locally imprint on daily cloud fraction. Composites of
daily 10-m wind speed and wind convergence anomalies from both satellite and reanalysis show that surface wind
speed is increased over SST warm anomalies, implying enhanced turbulence over warmer SSTs. Correspondingly, the
surface convergence anomalies in these composites are located around the maximum downwind SST gradient, offset
downwind from the cloudiness anomalies. These results indicate that the response of daily cloudiness to these SST
anomalies is more likely generated by spatial variability of surface-driven turbulence and surface fluxes rather than
that of surface or boundary layer convergence.
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1. Introduction

Marine trade cumuli play a key role in Earth’s climate by
cooling the planet. Understanding the key factors that control
the trade cumulus cloud amount at cloud base has become an
active topic of investigation in recent years (Vial et al. 2017).
Cloud-base cloudiness is controlled by the local interplay be-
tween turbulent, convective, and radiative processes, each of
which can further interact with their surrounding environ-
ment and can be influenced by shallow mesoscale cloud or-
ganization (Vial et al. 2017; Bony et al. 2017; Schulz et al.
2021). Studies have evaluated effects of large-scale cloud-
controlling factors, including near-surface wind speed,
lower-tropospheric stability, free-troposphere relative hu-
midity, subsidence, and sea surface temperature (SST), on
low-level cloud cover and trade cumulus organizations
(e.g., McCoy et al. 2017; Bony et al. 2020; Scott et al. 2020;
McCoy et al. 2023). Since shallow cumuli are rooted in the
subcloud mixed layer (Malkus 1958; Johnson and Ciesielski
2017), where the atmosphere can be forced by mesoscale
ocean processes (Small et al. 2008; Seo et al. 2023), in this
study we investigate the role of mesoscale and/or submeso-
scale SST anomalies in locally regulating trade-cumulus
cloudiness.

Our study region is the northwestern tropical Atlantic, where
in situ measurements were recently collected as part of the Elu-
cidating the role of cloud-circulation coupling in climate
(EUREC4A) field campaign (Bony et al. 2017; Stevens et al.
2021) and Atlantic Tradewind Ocean–Atmosphere Mesoscale
Interaction Campaign (ATOMIC) from 9 January to 11 February
2020 (Quinn et al. 2021). The EUREC4A/ATOMIC sampling re-
gion is about 250 nautical miles (nm;;465 km) upwind of Barba-
dos, which, at this time of year, has fewer ocean eddies and less
persistent SST fronts as compared to the nearby coastal western
boundary current region (Fig. 1 of Mauzole 2022). Nevertheless,
mesoscale to submesoscale SST spatial anomalies still exist ubiqui-
tously in daily satellite SST analysis in the EUREC4A/ATOMIC
area, albeit with a weak magnitude compared to the coastal
North Brazil Current (NBC) rings (Fratantoni and Glickson
2002). In situ SST measurements from wave gliders in this
wintertime ATOMIC campaign estimated SST variability up
to 0.78C across an order of 10–100 km with a maximum gradi-
ent of (0.0478C km21) (Iyer et al. 2022a). Similar SST vari-
ability was also observed on board NOAA ship Ronald H.
Brown in ATOMIC (Fig. 1). These ocean submesoscale gra-
dients of SST exist in this region due to nearby eddies, fronts,
and filaments of different water properties (temperature, salin-
ity, currents; Fratantoni and Glickson 2002; Fratantoni and
Richardson 2006; Iyer et al. 2022a,b).

Clouds have been shown to respond to SST features in vari-
ous ways and in a variety of ocean regions. In the tropical
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western Pacific warm pool, a 1-day lag correlation exists be-
tween the SST Laplacian and rainfall (Li and Carbone 2012),
which may be related to enhanced cloudiness over mesoscale
SST warm patches (Skyllingstad et al. 2019). Enhanced cloud-
iness is evident above large-scale SST features like the Gulf
Stream (Minobe et al. 2008). Similar cloud response appears
even at smaller spatial scales near large warm-to-cold SST
gradients, as seen in the Mediterranean Sea (Desbiolles et al.
2021), at the downwind edge of midlatitude mesoscale warm-
core rings (Park et al. 2006), and downwind of 10-km warm
spots in the western Caribbean Sea (Malkus 1957).

In all of the above studies, increased cloudiness is con-
nected to vertical motion triggered by SST-induced surface
wind convergence, which can be generated via two primary
mechanisms. In one mechanism, the boundary layer air tem-
perature and air density are affected by local SST perturba-
tions, resulting in pressure adjustment (Lindzen and Nigam
1987) due to reduced hydrostatic pressure over warm water
and increased hydrostatic pressure over cold water (Shimada
and Minobe 2011; O’Neill et al. 2010b). When the associated
horizontal hydrostatic pressure gradients dominate the mo-
mentum budget, the wind convergence is highly correlated
with the negative SST Laplacian (e.g., Shimada and Minobe
2011; Lambaerts et al. 2013; Foussard et al. 2019). In the other
mechanism, turbulence is enhanced over warmer SST, helping

to redistribute the larger horizontal momentum in the upper-
atmospheric boundary layer to the surface (e.g., Hayes et al.
1989; Shimada and Minobe 2011; O’Neill et al. 2010b). This
downward momentum mixing mechanism (Wallace et al.
1989; Hayes et al. 1989) is associated with acceleration of sur-
face wind over warmer SST and surface wind convergence
near the maximum SST gradient (e.g., Chelton et al. 2001;
O’Neill et al. 2003; Chelton et al. 2004; O’Neill et al. 2005;
Small et al. 2008; O’Neill et al. 2010a; Meroni et al. 2020). As
a result, the wind divergence pattern mirrors the SST gradient
dipole over semicircular ocean eddies (e.g., Park et al. 2006;
Frenger et al. 2013; Byrne et al. 2015; Foussard et al. 2019).
The dominant mechanism of surface wind response to SST
spatial variations further depends on large-scale advection
(Schneider and Qiu 2015; Skyllingstad et al. 2019; Foussard
et al. 2019) and the spatial scale of the SST anomalies (Spall
2007). These two mechanisms in changing surface momentum
are nonexclusive and can act in concert (O’Neill et al. 2010b;
Foussard et al. 2019).

Surface wind convergence is not the only pathway for
clouds to be impacted by spatial SST anomalies. Over Southern
Ocean warm-core eddies, enhanced (or reduced) cloudiness
and rain were found to be offset from the surface convergence
(or divergence) center in both satellite observations (Frenger
et al. 2013) and numerical simulations (Byrne et al. 2015). This

FIG. 1. (a) Map of SST sampled by R/V Brown (at 5-cm depth) during the ATOMIC campaign period. (b)–(e) His-
tograms of (b) SST variation magnitude, (c) variation length scale, and (d) the associate SST spatial gradients sampled
on days with SST variance in the upper quartile and when R/V Brown is in transit. The vertical red dashed line in
each panel represents the mean value. Details of the characteristics estimations are included in appendix A.
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suggests that cloudiness is modulated by changes of boundary
layer turbulence and convective mixing over SST anomalies
(Frenger et al. 2013; Byrne et al. 2015). Recent in situ measure-
ments support this view. Daytime warming of SST over large
areas of the ocean is shown to drive surface-based convective
turbulence in the atmospheric boundary layer (de Szoeke et al.
2021), increasing atmospheric mixed-layer height and allowing
for more cumulus cloud formation in the equatorial Indian
Ocean (de Szoeke et al. 2021; Johnson and Ciesielski 2017).
Convergence was not found in these two prior studies. Similarly,
a reduction of cloudiness over an SST cold patch south of the
ATOMIC region was linked to reduced turbulence overhead,
not coincident with surface convergence (Acquistapace et al.
2022). Hence, these studies show consensus that boundary layer
turbulence from surface buoyancy fluxes and/or wind shear can
increase cumulus cloudiness by increasing the opportunity for
boundary layer thermals to reach their lifting condensation lev-
els (Johnson and Ciesielski 2017).

Intriguingly, the locally increased SSTs associated with me-
soscale (or finer) SST warm patches seem to have an opposite
effect on cloudiness compared to a uniform surface warming,
which is often prescribed in idealized climate studies (e.g.,
Rieck et al. 2012; Bretherton and Blossey 2014; Klein et al.
2017). Specifically for trade cumulus clouds, idealized LES
results show that a spatially uniform increase in SST leads to
enhanced surface fluxes and cloud deepening (Rieck et al.
2012). The associated entrainment of warmer and drier air
from above the trade inversion then warms and dries both the
cloud and subcloud layer, resulting in reduced cloud cover.
This surface-flux desiccation mechanism proposed by Rieck
et al. (2012) can also be considered as a form of entrainment liq-
uid flux adjustment, a thermodynamic mechanism conceptual-
ized to explain stratocumulus thinning in a warmer climate
(Bretherton and Blossey 2014). Both of these mechanisms re-
flect the thermodynamic control on shallow cumulus cloudiness
through humidity (Vogel et al. 2022). However, a recent analy-
sis of observational data from EUREC4A presents evidence
that lower-tropospheric convective mixing dominates the ther-
modynamic control and dynamically increases trade cumulus
cloudiness (Vogel et al. 2022).

How trade cumulus cloudiness might respond to the relatively
weak but ubiquitous SST anomalies in the EUREC4A/ATOMIC
region begs further investigation. To complement the cold
ocean eddy case study from EUREC4A-Ocean campaign
(Acquistapace et al. 2022), our study aims to provide char-
acterization of trade cumulus responses to SST anomalies
in the ATOMIC region as well as to better understand the
processes involved. Our approach also serves as a bench-
mark for assessing the ability of GCMs and LES in repre-
senting mesoscale air–sea interactions in the trade wind
regime.

Relevant data and the compositing method are described in
sections 2 and 3, respectively. In section 4, we show assess-
ments of satellite observations, characteristics of SST anoma-
lies in the study region, and the cloud and wind anomalies
associated with SST features. In section 5, the potential mech-
anisms linking SST, winds, and clouds are discussed. Section 6

provides a summary of the key findings and their implications
for future studies.

2. Data

Our data analysis is constrained spatially in a 108 3 108 re-
gion (88–188N, 588–488W) and temporally from 1 January to
24 February 2020. The location and time period are purpose-
fully chosen to encompass in situ measurements collected on
R/V Brown (Quinn et al. 2021) and to be the same as the sat-
ellite SST assessment period in Wick et al. (2023).

a. In situ measurements from R/V Brown

As part of ATOMIC, R/V Brown conducted in situ and re-
mote sensing measurements of oceanic and atmospheric prop-
erties from 7 January to 13 February 2020 (Quinn et al. 2021).
For validation purposes, we use the 10-min-averaged seawater
temperature measured from the sea snake instrument operat-
ing at 5-cm depth (Thompson et al. 2021b) and the hourly
temporal cloud fraction derived from ceilometer measure-
ments (Thompson et al. 2021a). Note that the hourly cloud
fraction describes the frequency of cloud detection within an
hour irrespective of the height of the cloud.

b. Satellite retrievals and analysis products

To identify SST anomalies, we primarily use the NOAA 0.058,
daily Geostationary Operational Environmental Satellite–Polar
Orbiting Environmental Satellite (GOES–POES) Blended anal-
ysis (GPB hereafter; Maturi et al. 2017). Additional sensitivity
tests are conducted with the Met Office Operational Sea Surface
Temperature and Sea IceAnalysis (OSTIA hereafter; Good et al.
2020) (see appendix C). Our results are not sensitive to this
choice of SST analysis product.

Although these two level-4 (L4) gridded SST products have
skills representing the SST variability at spatial scale larger
than 0.58–18, they cannot fully produce the in situ submeso-
scale SST variability (Wick et al. 2023). As a result, for direct
comparison with R/V Brown in situ measurements, we use
the version 2.7 of the 0.028, hourly level-3 collated GOES-16
SST retrieval data (G16-L3C SST hereafter; Petrenko et al.
2019), which is also one geostationary SST input that the
GPB analysis ingested but was not used by OSTIA (see Table
1 of Wick et al. 2023). This G16-L3C SST data is not chosen
to identify SST anomalies because the presence of clouds pre-
vents the retrieval of SST with infrared sensors, and hence,
the high-resolution retrievals are limited to clear-sky condi-
tions. For this reason, making use of the L3C SST retrievals is
not straightforward and will require a declouding algorithm
(e.g., Park et al. 2006).

The L4 SST products have the advantage of providing gap-
free and spatially continuous SST values, which represent the
daily foundation temperature free of diurnal influence. More-
over, because of the small diurnal SST variations throughout
the EUREC4A/ATOMIC region, we can further regard the
L4 daily SST maps as a good estimate of the daily mean SST
fields. Therefore, our choice here means that we set out to es-
timate the daily averaged location of SST anomalies in the
EUREC4A/ATOMIC region.
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We calculate the daily averaged cloud area fraction on the
0.258 3 0.258 ERA5 grid from the 0.028, hourly cloud mask in-
herent in the G16-L3C SST data, which is generated by the
Advanced Clear-Sky Processor for Oceans (ACSPO) (re-
ferred to as G16-L3C ACSPO cloud mask hereafter). In this
cloud mask, misclassifications of clear pixels as cloudy and
false cloud detections over ocean thermal fronts have been
minimized (Petrenko et al. 2010). Note that the G16-L3C
ACSPO cloud mask likely shares the same limitations with
the NOAA Enterprise Cloud Mask in the GOES-16 satellite
(Heidinger and Straka 2020), where shallow clouds with cloud
top below 2 km are the most commonly missed cloud type
(Luebke et al. 2022). At a given hour, it is unlikely for trade
cumuli to completely cover a 108 3 108 area. However, be-
cause the clear-sky identification is affected by clouds at dif-
ferent altitudes and can be affected by other cloud-equivalent
factors, there are times (;1%) when the clear-sky mask sug-
gests our study region being 100% cloudy, which we exclude
to reduce cloudiness signal coming from factors other than
trade cumuli. Note that the results are insensitive to including
these data.

We use the 0.258, 6-hourly Near-Real Time Cross-Calibrated
Multi-Platform ocean surface vector wind analysis (CCMP-
NRT hereafter; Mears et al. 2019) to estimate the daily aver-
aged 10-m neutral wind and its divergence field. For the data
period examined here, CCMP-NRT takes in vector wind re-
trieval only from the Advanced Scatterometer (ASCAT). In
areas without ASCAT coverage, wind fields are estimated with
the variational analysis method (Atlas et al. 2011), where NCEP
GDAS wind fields are used as a first guess and the final wind
fields are optimized based on available radiometer wind speed
retrievals. Note that ASCAT retrieved winds are much less con-
taminated by rain compared to previous Ku-band scatterome-
ters (e.g., QuikSCAT) and have been recently used to study
changes of surface wind divergence associated with mesoscale
convective systems (King et al. 2022).

c. ERA5

ERA5, the fifth generation of atmospheric reanalysis pro-
duced by the European Centre for Medium-Range Weather
Forecasts (ECMWF; Hersbach et al. 2020), is utilized to com-
pare with satellite analysis and to aid interpretation of the satel-
lite composites. ERA5 uses the daily OSTIA SST analysis as
the ocean surface boundary condition and provides hourly at-
mospheric fields at horizontal resolutions of 0.258. Its 10-m sur-
face wind field is close to the ASCAT observations (Belmonte
Rivas and Stoffelen 2019). Above 150 m, the ERA5 wind biases
are recently evaluated against EUREC4A soundings in Savazzi
et al. (2022). In our analysis, 10-m neutral wind field and total
cloud cover are taken at the same temporal frequency as their
satellite counterparts (6 hourly and hourly, respectively) to com-
pute the daily averaged fields. Ten-meter surface wind conver-
gence is computed using central differences.

3. Methods

We apply feature-based composite analysis to detect daily
atmospheric response, represented as spatial anomalies, over

SST features. A key step is to identify daily SST anomalies
and locate their edges, which provide the locations to con-
struct composites.

a. Definition of spatial anomalies

As in previous studies (e.g., O’Neill et al. 2003), we define
spatial anomalies in the daily SST and atmospheric fields as
spatial high-pass filtered signals using the following high-pass
response function:

Rhp(kx, ky) 5 1 2 e22(k2x1k2y)/k2c ,

where kx and ky are the wavenumbers in longitudinal and lati-
tudinal directions, respectively, and kc 5 2p/Lc is the charac-
teristic wavenumber corresponding to a 300-km characteristic
length scale Lc.

For data in a limited two-dimensional (2D) area, high-pass
spectral filtering can generate high-wavenumber spectral arti-
facts, which we aim to reduce by adopting the following pro-
cedures (Kruse and Smith 2015). First, the given 2D data field
A(x, y) is deplaned by subtracting a least squares best-fit
plane from the original data field. Then, the anomaly field
A′ is obtained by applying a high-pass filter to the deplaned
perturbation field using a 300 km characteristic length scale
(Lc). Note that this characteristic length scale is consistent
with the pressure adjustment length scale estimated using U/f
(Spall 2007) and that the results remain qualitatively similar
when Lc varies between 200 and 400 km. The associated
large-scale background field is by definition Abg 5 A 2 A′.
To further limit possible contamination from edge artifacts
near the boundary of our study region, we extend the edge of
our data region by 28 for the above procedures, which is large
enough (.0.55Lc) so that edge artifact amplitude becomes
negligible within our study region (Kruse and Smith 2015).

b. Detection of SST anomaly features

We detect coherent SST objects from GPB L4 SST obser-
vations. Spatially coherent warm and cold anomalies are iden-
tified as contiguous regions of anomalous SST that exceed an
absolute anomaly of 0.18C based on an 8-connectivity crite-
rion (Dias et al. 2012). We only select features that are larger
than 5 3 5 GPB SST pixels (one ERA5 grid box) and whose
centroids are within the region of study. An example of the
detection results is shown in Fig. 2.

Submesoscale-to-mesoscale SST anomalies are ubiquitous in
the ATOMIC region with 1156 warm anomalies and 1052 cold
anomalies detected in the domain and time period considered.
Properties of these SST objects are also computed by the algo-
rithm. Specifically, the object’s centroid, area equivalent radius
(Re), major (Lmaj) and minor axis lengths, orientation angle,
and bounding box are relevant for constructing composites and
computing the large-scale background mean.

c. Construction of feature-based composites

We adopt a normalized coordinate system to composite at-
mospheric fields over the irregular and elongated SST fea-
tures. The method, originally developed for Gulf Stream rings
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(Park et al. 2006), defines the coordinate based on back-
ground wind direction, which is a common choice as it physi-
cally describes the SST gradient magnitude experienced by
the background wind. The coordinate transformation involves
three key steps illustrated in Figs. 2c–e (see appendix B for
mathematical details).

For each SST feature, a given geophysical data field (e.g.,
SST anomalies, cloud fraction anomalies) is first extracted in
a 3Lmaj 3 3Lmaj square area centered at the SST object centroid
(Fig. 2c). This is referred to as a data cutout, whose geophysical
coordinate is converted to a feature-centric Cartesian distance
coordinate. Next, each SST feature is approximated by an el-
lipse using the object’s major and minor axis (e.g., Fig. 2b), and
a new distance coordinate is formed using the feature’s major
axis as its abscissa (Fig. 2d). The final SST feature-centric,

normalized, and background wind-aligned coordinate system
(Fig. 2e) is constructed by normalizing the data position in this
new distance coordinate with the elliptical radii and aligning the
abscissa with the averaged 10-m large-scale background wind.
Note that the mean large-scale background wind is computed
over the data cutout area using the CCMP wind field and that
the composite results are not sensitive to using the ERA5 coun-
terpart. Additionally, a shared grid representing fractional dis-
tance from 23 to 3 with a 0.05 spacing is set up in this final
coordinate system, on which the data cutout is interpolated with
the nearest-neighbor method to enable compositing across dif-
ferent features.

The significance of a composite field is evaluated using a two-
sided Student’s t test and false discovery rate (FDR; see Wilks
2006, 2016) with an aglobal of 0.1. FDR has the advantage of

FIG. 2. Examples of (a) daily SST fields from GPB, (b) SST anomalies identified with the object-based algorithm
and (c)–(e) coordinate transformation for composite analysis. In all panels, black solid contours outline the boundary
of SST anomaly objects. In (a), the magenta solid line represents the R/V Brown ship track between 9 and 10 Jan
2020 (UTC) with the starting location marked by a magenta star; gray dashed contours within two SST anomalies
crossed by R/V Brown are the estimated locations of subdaily SST anomalies in G16-L3C SST retrievals.
In (b), large-scale background SST is denoted with black dashed lines with a 0.58C increment. Each SST anomaly
object is approximated by an ellipse (thin black dotted line) with major (red dotted line) and minor axis (blue dotted
line). In (c)–(e), the black vector denotes the averaged large-scale background wind direction within the data cutout.
Black dotted circle in (e) outlines the normalized ellipse boundary.
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being conservative when the underlying data are spatially corre-
lated (Wilks 2019). The null hypothesis (H0) to test is that there
is no coherent response pattern of a given atmospheric field to
the daily SST perturbations.

4. Results

a. In situ validation of satellite SST and cloud fraction

In situ measurement of subsurface seawater temperature is
used to validate the G16-L3C SST retrieval, which is one of
the data sources used to generate the GPB L4 SST analysis.
G16-L3C SST are well correlated (0.87) with the R/V Brown
subsurface SST for the entire campaign period (Fig. 3a) with a
20.12-K bias and a 0.17-K standard deviation (SD) of differ-
ences. The agreement between G16-L3C SST and in situ meas-
urements are good with the best fit line close to the 1-to-1 line
(Fig. 3b). Similarly, the GPB L4 SST (not shown) has a 20.14-K
bias and a 0.17-K SD. Good performance of the G16-L3C SST
retrievals and the GPB L4 product relative to nighttime
R/V Brown measurements have also been noted in Wick et al.
(2023) with slightly smaller biases and 0.16-K SD. Given the fa-
vorable agreement and small diurnal SST variations throughout
ATOMIC (Wick et al. 2023), the GPB L4 product is assumed to
provide a reasonable estimate of the daily averaged SST field.

Daily averaged area cloud fraction derived from the G16-
L3C ACSPO cloud mask along the RHB track is plotted
against the ship ceilometer daily cloud fraction in Fig. 3c. Al-
though the day-to-day variation in the satellite cloud fraction
are consistent with the ceilometer observation with a 0.50 cor-
relation, the agreement between daily averaged satellite cloud
fraction and the in situ observation (Fig. 3d) is less well com-
pared to that of the SSTs. The different field of view can be
the main reason for the differences. The ceilometer footprint
at cloud base is less than 10 m wide and gives the frequency of
cloud detection within a given time window, while the satellite
derived hourly cloud fraction is a spatial average (over 0.258
ERA5 grid) based on hourly snapshots of clear-sky detection
at 2-km resolution. The cloud fraction variability within a
given day, represented by the range of the central 80% of
data (shaded area in Fig. 3c), tends to be larger in the satellite
than in the in situ measurement.

Two examples of warm anomalies traversed by the R/V
Brown on 9 January 2020 are zoomed in in the inset of
Fig. 3a. The hourly cloud fraction measured over these two
warm anomalies are also displayed in the inset of Fig. 3c. The
SST space–time series shown in Fig. 3a inset consists of large-
scale background SST gradients and local SST variations as
R/V Brown headed upstream against the trade wind (Fig. 2a).
The first peak of SST sampled around 0600 UTC reflects SST

FIG. 3. Satellite data (red) compared against observations on board R/V Brown (black) for the entire ATOMIC pe-
riod. (a),(c) Black markers represent 10-min in situ temperature measurement at 5-cm water depth and daily-mean
cloud fraction computed from the hourly ceilometer cloud fraction, respectively; red markers denote the equivalent
G16 L3C hourly SST retrieved in clear sky in (a) and the daily mean area cloud fraction derived from the G16 L3C
SST clear-sky mask in (c). The shaded area in (c) denotes the range between 10th and 90th percentiles of hourly cloud
fraction within each day. The insets in (a) and (c) show the details of SST and cloud fraction variation on 9 Jan 2020,
respectively. (b),(d) Regression relation between the satellite SST and cloud fraction against in situ measurements.
Black dashed line: 1-to-1 line. Red solid line: regression fit of the relation.
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variation across a linear feature detected in the G16-L3C
hourly SST retrieval (indicated by dashed-gray contour in
Fig. 2a) along a direction close to the minor axis of the feature.
The second SST peak sampled between 1200 and 1800 UTC,
however, represents the SST variation across the southern
part of a large feature at a slanted angle. These two anomalies
are still visible in the daily GPB SST (solid black contour in
Fig. 2a), suggesting that they are persistent features on a daily
time scale at the least.

Having reasonable satellite estimates of daily SST anoma-
lies and cloud fraction is important because R/V Brown only
sampled through about 20 SST features with different diame-
ters and anomaly magnitudes during the entire campaign.
Also, different parts of the SST features were sampled by
chance at different times of the day without much consistency
relative to the background wind. Hence, it is difficult to com-
prehensively examine the subdaily and daily SST–cloud rela-
tionship using only the ship-based measurements.

b. Characteristics of SST features and background
environments

A subset (40%) of GPB daily SST features, whose area
equivalent radius lies between 40 and 140 km (Park et al.
2006), is selected to perform composite analysis on. We sum-
marize in Fig. 4 the characteristics of these 877 SST features
and their background environments, which are representative
of the full sample group (not shown), except that the subset
consists of larger SST objects with stronger SST anomalies.
Note that the other 60% of the SST features are mostly

smaller than 40 km, where the representativeness of the in situ
SST variability is reduced in L4 SST analyses (Wick et al.
2023). Including these less reliable feature locations can affect
the statistical significance of the composites.

The warm and cold features share similar characteristics and
background environments. Specifically, the warm and cold cat-
egories both have a mean equivalent radius Re around 62 km
(Fig. 4a), with the feature major axis length being about twice
as long as the minor axis length (Fig. 4b) and mostly (.50%)
oriented at more than 308 from due north (Fig. 4c). The aver-
aged SST anomaly magnitude in both categories is about
0.258C, with more SST warm anomalies reaching an anomaly
magnitude of 0.48C than the cold ones (Fig. 4d). The mean
background SST associated with these anomalous SST features
is ;26.58C (Fig. 4e). The distribution of background wind
speed and wind direction from satellite are also quite similar
between the warm and cold feature groups with an 8 m s21

mean wind coming from east of northeast (768–788) (Figs. 4f,g),
indicating that the background surface wind is fairly spatially
uniform as expected in the trade wind region. The ERA5 wind
statistics are similar to those from CCMP-NRT. As for back-
ground mean cloudiness (Fig. 4h), both satellite and ERA5 cloud
area fraction is about 0.4 over the two categories of SST anoma-
lies. Although ERA5 represents the mean and the interquartile
range of background cloud fraction reasonably well, ERA5 does
not resolve cloud fraction lower than 0.2 as frequently as the sat-
ellite observation. Note that ERA5 cloud fraction is a model esti-
mate and does not directly contain observations. The averaged
decorrelation time of the SST anomalies and cloud fraction in

FIG. 4. Statistics of (a)–(d) characteristics and (e)–(h) background environments of warm (red) and cold (cyan) GPB SST features in
the 108 3 108 study region used to construct the composite. The hollow rectangular box and filled compact box in (f)–(h) show statistics
from satellite observations and ERA5, respectively. Line (target symbol) and asterisk (open black triangle) marker in the hollow (filled)
rectangular box mark median and mean, respectively. The lower and upper edges of the box represent 25th and 75th percentiles, respec-
tively. The lower and upper ends of the whiskers mark the most extreme data that are not outliers (outliers omitted) with the maximum
whisker length 1.5 times the interquartile range.
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our study region is about 5 and 0.6 days, respectively (Fig. C1).
Therefore, the SST features are still considered slow varying rela-
tive to the transient clouds.

c. Composite response of cloudiness and 10-m surface
winds to SST warm anomalies

Composites of SST anomalies, downwind SST gradients,
and SST Laplacian over 461 warm SST features are shown in
Figs. 5a–c. The mean SST anomaly magnitude in the ATOMIC
region is 2.5–10 times weaker than composite SST anomalies
from studies of the Southern Ocean eddies (Frenger et al.
2013), Gulf Stream rings (Park et al. 2006), North Brazil Cur-
rent rings (Bueno et al. 2022), and idealized eddies (Foussard
et al. 2019).

Composites of ERA5 and satellite cloudiness both show an
increase of cloud cover within the SST warm core (Figs. 5d,g).

However, only the response in satellite composite (Fig. 5g) is
statistically significant. Outside of the SST warm core, a statis-
tically significant reduction of cloud fraction relative to the
mean state is also present in the satellite composite. This sig-
nal is physical and not an artifact of our method. Note that al-
though the cloudiness anomaly integrated over the entire
study region is zero by definition, our composite method does
not constrain the total cloud fraction anomalies to zero when
integrated over the data cutout area. Therefore, the enhanced
cloud cover over the SST warm core and reduction of cloud
cover away from the SST warm core in Fig. 5g suggest that
SST warm anomalies contribute to the heterogeneity of cloud
fraction in nature. These satellite cloud fraction anomaly magni-
tudes are between 0.01 and 0.02, which is about 2%–4% of the
satellite mean cloud fraction and explains 10%–15% of its small-
scale (,300 km) spatial variability. The anomaly magnitude in

FIG. 5. Composites of various data fields over SST warm patches in a feature-centric, normalized, and wind-aligned coordinate.
(a)–(c) SST warm anomalies, the downwind SST gradients, and SST Laplacian, respectively. (d)–(f) Cloudiness anomalies, wind speed
magnitude anomalies, and wind convergence anomalies from ERA5 (positive 5 convergent), respectively. (g)–(i) As in (d)–(f), but from
satellite products. X axis (Y axis) is aligned with (normal to) the direction of background mean wind. The dotted circle roughly denotes
the edge of the composited warm feature. Black stippling indicates locations with 90% field significance. Note that using field significance
reduces the chance of false discovery in spatially correlated data.
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the ERA5 counterpart is 2 to 4 times weaker. Yet, the ERA5
cloud fraction anomalies still account for up to 10% of the
high-frequency spatial variability in ERA5 cloud fraction, sug-
gesting that the spatial variability of ERA5 cloud fraction is
weaker than that in the satellite observation. The qualitatively
consistent cloud response in ERA5 and satellite composites sug-
gests that the ERA5 lower atmosphere is impacted by daily sat-
ellite SST features (from OSTIA) similar to those in the GPB
product. Note, OSTIA has similar and even slightly better skill
in representing subdaily in situ SST variability compared to
GPB, especially in the southern part of the study region (Wick
et al. 2023). Constructing the composite based on SST features
detected from OSTIA (with the same criteria as GPB) gives
similar cloud response results (Fig. C3).

Both ERA5 and CCMP-NRT daily averaged surface wind
magnitude are increased above the SST warm anomalies by
0.05 m s21 (Figs. 5e,h), which is 0.4% relative to the mean
state and accounts for 8% of the small-scale (,300 km) spa-
tial variability in 10-m wind speed in both datasets. Albeit
weak in magnitude, this response is statistically significant and
it is largely in phase with the SST perturbation in both prod-
ucts. While the wind speed anomalies look similar for both
ERA5 and CCMP-NRT, the wind convergence anomalies
look different (Figs. 5f,i). The ERA5 pattern resembles the
Laplacian of SST, with the convergence anomaly center
shifted downwind and located around the maximum SST gra-
dient. The CCMP-NRT convergence composite appears simi-
lar to the dipole pattern of downwind SST gradients but less
confined and rotated about 458 counterclockwise from the
background mean wind.

Interestingly, the wind convergence anomalies are statistically
significant in ERA5 but not in CCMP-NRT even though the
magnitude of the anomalies in these two datasets are similar,

suggesting more variability in the satellite wind convergence
patterns across features. Note that we think CCMP-NRT con-
vergence anomaly pattern is a physical signal because it remains
similar over SST features that fall within the ASCAT swaths
(not shown). The downwind ERA5 wind convergence anoma-
lies reach about 60% of the background mean wind conver-
gence and constitutes about 10% of its small-scale (,300 km)
spatial variation. This is about 2 times larger than the relative
magnitudes of the satellite convergence anomalies. The mecha-
nisms associated with these wind speed and wind convergence
anomaly patterns are discussed further in section 5.

The composites of cloudiness, wind speed, and wind con-
vergence anomalies over SST cold anomalies are similar but
with opposite signs (Fig. C2).

d. Conditional composites of cloudiness anomalies over
SST warm anomalies

To better understand if the cloud response signal is stronger
in certain conditions, we explore conditional composites over
the 461 SST warm anomalies using different parameters. Quar-
tiles of a given parameter are used to divide the limited samples
into four more-or-less equal groups. After exhausting mean-
ingful parameters (e.g., wind speed, inversion strength, SST
anomaly size), we found that the maximum SST anomaly and
background cloud fraction are the two parameters that yield
further insights. Note that the magnitude of the positive cloud
fraction anomaly in Fig. 5g does not show clear dependence
on the large-scale lower-tropospheric stability or the estimated
inversion strength. Also note that these conditional cloudiness
composites shown in Fig. 6 are noisier compared to the full
composite in Fig. 5 due to a smaller sample size and a large
spatial variability of daily cloud fraction.

FIG. 6. Conditional composites of satellite cloud fraction anomalies in four quartiles of (a)–(d) SST warm anomaly magnitude and
(e)–(h) background cloud fraction. The range of the conditioning parameter in each composite group is noted in each panel title. Plotting
conventions follow Fig. 5. Note that the color bar range here is 2 times larger than that in Figs. 5d and 5g.
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Intuitively, one may expect that stronger SST anomalies
would force a larger cloudiness response. Compositing the sat-
ellite cloud fraction anomalies in the four quartiles of SST
anomalies shows that the positive cloudiness anomaly over the
SST warm core grows and reaches statistical significance as the
magnitude of the SST warm anomalies increases (Figs. 6a–d).

Conditioning the composites by the satellite background
cloud fraction, which is not correlated with the local SST
anomaly magnitude, shows that the boosting effect on local
cloud fraction from SST warm spots is statistically significant
when the observed background cloud fraction (associated
with the data cutout area) is in the second quartile between
0.25 and 0.36 (Fig. 6f). A similar signal is also discernible in
the third quartile. Therefore, Figs. 6e–h suggest that the co-
herent signal of cloud fraction anomalies over SST warm
anomalies shown in the full composite (Fig. 5g) more likely
occurs when the background cloud fraction around SST warm
patches are within the central 50% of the distribution than at
the tails.

As SST anomaly strength or background cloud fraction in-
creases, the composites of wind speed anomalies are positive
over the SST warm core in all quartiles. But the wind speed
anomaly signal does not show a similar dependence on these
two parameters as the cloud fraction anomalies (not shown).
The wind divergence anomalies become noisier and do not
show much coherent structure over or downwind of the SST
warm core (not shown). We have also tested conditional
compositing using the daily area-averaged 10-m wind speed and
inversion strength as in Bony et al. (2020) (see appendix C). The
composite results are similar, consistently showing enhanced
cloud fraction over the SST warm anomalies, yet the null hy-
pothesis cannot be rejected (Fig. C4). A larger sample size is
likely required to detect the relatively weak signal out of other
spatial variability in the atmosphere.

5. Potential mechanisms linking SST anomalies to
changes in surface winds and clouds

While the in-phase relationship between enhanced cloudi-
ness (Fig. 5g) and SST warm anomalies (Fig. 5a) suggests that
collocated surface convergence anomalies induced by pressure
adjustment mechanism plays a dominant role in triggering
cloudiness anomalies, the center of the convergence anomalies
are significantly downwind from the warmest SST (Figs. 5c,f).
The offset between SST anomalies and convergence makes it
difficult to justify the enhanced cloudiness as a response to sur-
face convergence and the pressure adjustment mechanism be-
cause the convergence anomalies are not collocated with SST
and cloudiness anomalies. Therefore, we explore the possibil-
ity of an alternative mechanism to explain observation of in-
creased cloudiness over warmer SST.

Cloudiness increases can be collocated with SST anomalies
due to increases in boundary layer turbulence. Since turbu-
lence is not yet measurable from satellites, its spatial variation
over mesoscale SST features is often inferred from surface
flux and wind speed anomalies. For example, increased turbu-
lence over warm ocean eddies has been inferred from observa-
tions of increased 10-m surface wind speed through downward

momentum transport by turbulence (Frenger et al. 2013). In a
numerical model, turbulence strength can be represented by
eddy diffusivity, which is a function of both the size and the
kinetic energy of the turbulent eddies in the atmospheric
boundary layer. In this way, Byrne et al. (2015) showed that
the enhanced wind speed and cloudiness observed in Frenger
et al. (2013) are associated with enhanced turbulence above
warm-core ocean eddies. This phase relation also occurs over
cold SST anomalies. For instance, in situ measurements show
reduced cloudiness, weakened surface wind speed, and weak-
ened vertical velocity fluctuations above an SST cold patch in
the northwest tropical Atlantic (Acquistapace et al. 2022). Our
in-phase relation among cloudiness anomalies, surface wind
speed anomalies, and SST anomalies is consistent with the
findings from these three studies.

Here, the positive cloudiness anomaly over SST warm patch
can be related to cloud formation, which requires moisture and
either instability or lift. Frenger et al. (2013) hypothesized that a
modification of boundary layer stability in combination with
changes in surface moisture supply above SST anomalies are the
likely causes for enhanced cloudiness observed above Southern
Ocean warm core ocean eddies. In contrast, studies of SST diur-
nal warming over the moist tropical Indian Ocean emphasize the
lifting of moisture provided by buoyant thermals and surface
driven convective turbulence (Johnson and Ciesielski 2017;
de Szoeke et al. 2021). In this line of argument, the mixed-
layer height surpassing the lifting condensation level (LCL) is
the primary physical criterion for low-level cloud formation
(Malkus 1958; Johnson and Ciesielski 2017; de Szoeke et al.
2021; Acquistapace et al. 2022).

ERA5 surface flux composites in Fig. 7 show spatial vari-
ability similar to that in the cloud fraction. Both surface sensi-
ble, latent, and buoyancy fluxes are increased over the SST
warm patch and decreased in region surrounding the SST
warm anomalies. This spatial variability in the ERA5 surface
fluxes is qualitatively consistent with in situ observation made
in ATOMIC/EUREC4A region (Iyer et al. 2022a; Acquista-
pace et al. 2022). Hence, similar spatial variability for SST-
anomaly-induced MLH variation is plausible because surface
buoyancy flux is a source of subcloud-layer turbulence kinetic
energy.

Interestingly, the locally increased ERA5 surface sensible
and buoyancy fluxes over warmer SSTs, where surface wind is
enhanced, are different from the flux response in idealized
LES results in Nuijens and Stevens (2012), where surface sen-
sible and buoyancy fluxes remained unchanged or even re-
duced when wind speed is uniformly increased. This may be
due to the equilibrium and nonprecipitating configuration in
their trade cumulus simulations. In our study period, the
ERA5 background air–sea temperature difference is mainly
negative (aka, air cooler than the ocean surface); hence, en-
trainment warming may not be strong enough to dominate
other processes, such as cold-air advection, and to suppress
the surface sensible and buoyancy fluxes locally. In situ obser-
vation analysis in Iyer et al. (2022a) also did not find signifi-
cant spatial differences in 0.5-m air temperature between the
warmer and the colder sides of an SST front. Despite this key
difference, the enhanced latent heat flux associated with
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warmer SST and enhanced surface wind speed is shared
among our ERA5 composite, LES of Nuijens and Stevens
(2012), and in situ observations (Johnson and Ciesielski 2017;
de Szoeke et al. 2021; Iyer et al. 2022a; Acquistapace et al.
2022).

Understanding LCL response to local SST warming is chal-
lenging because it depends on small-scale temperature and
moisture responses over SST warm patches. Although ERA5
estimates suggest drying and warming (hence an increased
LCL) above SST warm patches (Fig. C5 in appendix C), it is
unclear how reliable these ERA5 thermodynamic variables are
on the scale of our interest. In addition, validating this process-
level mechanism (MLH higher than LCL over warmer SSTs)
with in situ observation from RHB is not a straightforward task.
Only a few soundings were launched directly over SST warm
and cold patches, limiting a robust statistical comparison of the
behavior of LCL and MLH in different local environments.
Large sample sizes are needed to average out influence from
other processes that can affect the MLH relative to LCL (e.g.,
rain; Acquistapace et al. 2022). Also, accurately identifying 2D
SST patches from the 1D ship measurements is complicated
and requires some sensitivity testing. A combined process-
oriented work analyzing available measurements collected in
both the EUREC4A and ATOMIC along with idealized LES
studies might be helpful for this purpose.

6. Summary and conclusions

We have shown that submesoscale-to-mesoscale SST anoma-
lies are ubiquitous and leave an imprint on daily mean cloud
fraction in the EUREC4A/ATOMIC regime, contributing to
the heterogeneity or spatial variance of the cloud fraction on
the daily time scale. This signal is revealed through satellite
composites using 2 months of data focusing on the EUREC4A/
ATOMIC period. The quality of the satellite SST and cloud
fraction are assessed through a comparison with the in situ ob-
servations collected on R/V Brown. This key finding is surpris-
ing because the spatial variability of SST over 10–100-km spatial
scale is relatively weak (,0.78C) in the tropical northwestern
Atlantic trade wind alley compared to those in the tropical and
extratropical boundary current regions.

Over SST warm patches, our composites show that both
the daily mean cloud fraction and the 10-m surface wind
speed are increased and that the sign of these modulations re-
verses over SST cold patches. Further, the enhancement in
cloud fraction scales with the magnitude of the SST warm
anomalies. The statistically significant cloud and wind speed
anomalies explain up to 15% and 8% of the small-scale
(,300 km) spatial variations (heterogeneity) in cloud fraction
and wind speed, respectively. Interestingly, surface conver-
gence anomalies are offset from the enhanced cloudiness
and centered around the maximum downwind SST gradient.
These composite results are not sensitive to the SST analysis
product used.

The spatially in-phase patterns of SST, surface wind, and
cloudiness anomalies favor explaining the cloud response
over SST warm (cold) patches through locally enhanced (sup-
pressed) turbulence instead of surface convergence anoma-
lies. ERA5 composites suggest that surface sensible, latent,
and buoyancy heat fluxes are also increased over SST warm
anomalies, potentially increasing the mixed-layer height lo-
cally and enabling moister surface air parcel to be lifted above
their LCL. These findings and interpretations are consistent
with previous work in other part of the oceans (e.g., Frenger
et al. 2013; Byrne et al. 2015; de Szoeke et al. 2021) and also
with the in situ case studies in the same study region (Iyer
et al. 2022a; Acquistapace et al. 2022).

This work suggests that thermal heterogeneity of the ocean
surface represents another pathway in which mesoscale variabil-
ity in clouds can arise, beyond self-aggregation due to inherent
instabilities (Janssens et al. 2023) and shallow mesoscale over-
turning (secondary) circulations in the atmosphere (George et al.
2023). Several follow-up questions can be investigated using
more years of satellite observation data and/or LES. First, does
cloud response over SST anomalies depend on large-scale envi-
ronmental conditions where different types of cloud organiza-
tion/morphologies have been found (Bony et al. 2020)? Second,
other than cloud fraction, how would the localized effect from
these SST anomalies affect other aspects of the cloud (e.g.,
cloud-top height, morphology, or organization state; Bony et al.
2020; Luebke et al. 2022; McCoy et al. 2023), and hence affect
the trade cumulus cloud radiative feedbacks? Since cloudiness

FIG. 7. Composites of ERA5 surface flux anomalies over SST warm patches. (a) Sensible heat flux anomalies, (b) latent heat flux anomalies,
and (c) upward buoyancy flux anomalies. Plotting conventions follow Fig. 5.
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near cloud base is controlled by the local interactions of turbu-
lent, convective, and radiative processes (Vial et al. 2017), our
results imply that surface flux–turbulence–cloud interaction
over mesoscale SST anomalies may be one of the important
processes that needs to be better represented in climate models.
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APPENDIX A

Characteristics and Interpretations of SST Variations
Sampled by R/V Brown

R/V Brown operated in two modes during the field cam-
paign. On some days, it collected samples while transiting
between locations. On other days, the ship stayed put at
fixed locations (roughly) and measured the environments.
In the former mode, the ship measured spatial–temporal
variability of the SST, while in the latter mode, the ship col-
lected time series of SST. We separated the SST records
into three groups by its daily variance: weak (,25th percen-
tile), moderate (25th–75th percentiles), and strong (.75th
percentile). The daily SST variation is typically weak when
R/V Brown stayed put, consistent with Wick et al.’s (2023)
notion of weak diurnal cycle. R/V Brown was in transit
with an average speed of 5.6 m s21 on days when strong
SST variations were recorded, suggesting that these SST
variations are associated with spatial variability rather than
temporal variability (SST anomalies hereafter).

We estimate the magnitude and size of these strong SST
variations by detecting peaks and troughs in the daily R/V
Brown SST records. The SST feature size is estimated based
on the horizontal distance between the consecutive peak and
trough (DL). The SST variation magnitude (DSST) is esti-
mated as the vertical distance between the consecutive peak
and trough. The associated SST spatial gradient is then esti-
mated as DSST/DL.

The ATOMIC sampling region, away from the major west-
ern boundary currents and eddies, can be considered as the
“submesoscale soup” region (Fig. 6 of McWilliams 2019). To
better characterize the dynamical regimes of these SST anom-
alies, their Rossby number (Ro) are assessed using the cross-
track component of surface current measurements via the
following equation:

Ro 5
z

|f | 5
y

s

/
| f |,

where y is the cross-track components of the observed
surface current, s is the along-track distance, and f is the
Coriolis parameter. Note that estimations are made on the
straight segments of the R/V Brown track to reflect only
the changes in y .

Based on the Rossby number (not shown), the majority
of the strong SST anomalies have a time scale [1/(fRo)] be-
tween 2 and 20 days, with a mean at around 6 days. Note
that this time scale also supports our interpretation of these
SST variations as spatial SST anomalies since the ship sam-
pled across the associated features in less than 6 h.

APPENDIX B

Mathematical Descriptions of Coordinate Transformation

From geographical coordinates (lon, lat) to the feature-
centric Cartesian coordinates (xc, yc),

xc 5 (lon 2 lon0) 3 rearth 3 cos(lat)
yc 5 (lat 2 lat0) 3 rearth

,

where (lon0, lat0) is the centroid of the detected SST anom-
aly; rearth 5 111 3 103 m.

Rotation of coordinate is needed for several times, and it
is performed by using a rotation matrix Mr(u), where u is
defined counterclockwise from the abscissas:

Mr(u) 5 cosu sinu
2 sinu cosu

[ ]
:

From (xc, yc) to (x′n, y′n), rotation is first performed using Mr
to obtain (x′c, y′c). In this step, the rotation angle u is set as
the orientation uo of the detected SST object:

x′
y′

[ ]
5 Mr(uo) 3

xc
yc

[ ]
:

Then, the following normalization is carried out to convert
(x′c, y′c) to (x′n, y′n):
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xellp 5
ab�������������������

b2 1 a2 tanu′2
√ ,

yellp 5 xellp tanu
′,

Rn 5

������������
x′2 1 y′2

√
���������������
x2ellp 1 y2ellp

√ ,

where tanu′ 5 y′/x′;

(x′n, y′n) 5 Rn( cosu′, sinu′):

From (x′n, y′n) to (x′′n , y′′n), rotation is performed one more
time, with the rotation angle u as the angle between the large-
scale background wind and the object orientation (Duwo):

x′′n
y′′n

[ ]
5 Mr(Duwo) 3

x′n
y′n

[ ]
:

APPENDIX C

Additional Results

a. Decorrelation time scales of SST anomalies and
cloud fraction

We use decorrelation time scale to estimate the life time of
SST features and the spatial anomalies in cloudiness in our

study region. Figure C1 supports that the cloud fields evolve
much faster than the underlying SST spatial anomalies.

b. Atmospheric response over cold SST anomalies

The cold SST anomalies used for composite have similar mag-
nitudes as its warm counterparts. The cloud fraction–surface
wind speed composites from satellite and ERA5 both display
similar patterns as in Fig. 5 but with opposite signs}reducing
over cold SST anomalies. These atmospheric responses revealed
in satellite data are qualitatively consistent with those reported
over an SST cold patch in Acquistapace et al. (2022). As for
surface convergence, the composite of surface convergence
anomalies from CCMP-NRT shows a different dipole structure
from its warm counterpart in Fig. 5i, bearing less resemblance to
the downwind SST gradient dipole (Fig. C2b). Same as its warm
counterpart in Fig. 5f, the ERA5 convergence anomaly pattern
over SST cold patches displays a monopole pattern absent in
the CCMP-NRT composite.

c. Sensitivity of composites to level-4 SST products

In the main text, composites of several atmospheric fields
are constructed over SST anomalies in the GPB L4 prod-
uct. Here, sensitivity of the composite results to L4 SST
products is examined. Since OSTIA is assessed to be the
best L4 product that captures the in situ SST variability in
the ATOMIC region (Wick et al. 2023) and it is also the
surface forcing used by ERA5, composites are constructed
over SST anomalies in OSTIA.

FIG. C1. Decorrelation time scale of (top) GPB SST anomalies and (bottom) satellite cloud
fraction anomalies in the study region. Magenta solid lines represent the mean value. Lower and
upper blue dashed lines around the magenta line mark the 25th- and 75th-percentile values.
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For cloudiness anomalies, composites of satellite (Fig. C3g)
and ERA5 (Fig. C3d) cloud fraction both show an increase
of cloud cover within the SST warm core, similar to those in
Figs. 5d and 5g. Moreover, only the response in satellite
composite is statistically significant, same as that reported in
the main text. Similarly, the surface wind speed is increased
over SST warm core in both satellite and ERA5 composites
(Figs. C3h,e). Therefore, the cloudiness and surface wind re-
sponse over SST warm patches reported in the main text
are robust and not dependent on the L4 SST product we
use. This also holds true for responses over SST cold patches
(not shown).

As for wind convergence anomalies, the composite pattern in
CCMP-NRT (Fig. C3i) remains similar and insignificant as in
Fig. 5i. However, the ERA5 wind convergence anomaly pattern
is somewhat sensitive to the L4 SST products, showing a com-
bination of a dipole pattern and a monopole pattern (Fig. C3f).
This pattern sensitivity is likely because the ERA5 surface wind
is directly forced by the OSTIA SST. Since a combined dipole
and monopole pattern suggests the pressure adjustment and
downward momentum mixing mechanisms acting in concert to

affect surface momentum, we think that the sensitivity of the
ERA5 convergence pattern to L4 SST products reflects that
downward momentum mixing mechanism operates in the vicin-
ity of SST fronts (Small et al. 2008), at a smaller spatial scale
than the pressure adjustment mechanism.

d. Conditional compositing based on background
environments

Recent studies have suggested that the trade cumulus cloud
radiative effects depends on their organization states (Bony
et al. 2020) and that the four common organization states cor-
relate with the large-scale wind speed and inversion strength
(Bony et al. 2020). Motivated by these results, we further
composite the satellite observation based on the 10-m surface
wind speed (U10) and estimated inversion strength (EIS) using
about 7.9 m s21 and 0.5 K (mean values of U10 and EIS) as
the respective threshold.

The parameter space and their conditional composites
are shown in Fig. C4. First, the cloud fraction composites
in different atmospheric/cloud organization regimes show

FIG. C2. As in Fig. 5, but showing composites constructed over cold anomalies in GPB.
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consistent enhancement of cloud area fraction over the
SST warm anomalies, with a much weaker magnitude in
the Fish-favoring regime (lower U10 and stronger EIS).
Similarly, when the sample size is larger than 50, the in-
creased cloud fraction over the SST warm core remains
visible in different surface stability regimes. However, a
lack of statistical significance of this common signal in
these two independent conditional spaces suggests that
the sample size here is still not large enough for us to
draw any rigorous conclusions.

e. ERA5 estimated LCL and boundary layer height
anomalies over SST warm patches

Daily averaged temperature and specific humidity anomalies in
ERA5 suggest that air in the subcloud boundary layer is warmer
and drier over SST warm patches (Figs. C5a,b), which leads to a
slightly elevatedLCL (Fig. C5c). The anomalies of boundary layer
height (reflecting themixed-layer height) relative to the estimated
LCL are small and do not show a clear in-phase pattern with the
SSTwarm anomalies (Fig. C5d).

FIG. C3. As in Fig. 5, except the composites are constructed based on SST warm anomalies detected in the OSTIA SST analysis.
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FIG. C4. Conditional composites of satellite cloud fraction anomalies in four large-scale atmospheric regimes correlated with four types
of trade cumulus shallow cloud organizations (Bony et al. 2020). (left) Scatters represent the daily mean parameter values averaged over
the study region (following Bony et al. 2020). Black dashed lines in both panels represent the threshold used to define the regime.
(right) Composites shown follow the plotting convention in Fig. 5.

FIG. C5. Composites of 1000-hPa ERA5 (a) air temperature anomalies, (b) specific humidity
anomalies, (c) LCL anomalies estimated from (a) and (b), and (d) anomalies in ERA5 boundary
layer height relative to LCL over SST warm patches.
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