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Abstract
Air and sea interact on a wide range of scales, shaping climate and influenc-
ing weather. The direct effect of sea surface temperature (SST) structures on the
extratropical atmosphere at the daily time-scale is generally masked by the large
variability associated with atmospheric dynamics. With 25 years of daily SST
and surface wind observational products, obtained with data from buoys, satel-
lite and atmospheric analysis in the Mediterranean, we show that strong surface
wind convergence preferentially occurs when the air encounters a cold SST
front. The mechanism responsible for the influence of ocean fronts on surface
winds is rooted in the thermal disequilibrium that emerges at the air–sea inter-
face, where cold water enhances the stability of the boundary layer, decoupling
surface winds from the stronger winds aloft. Surface convergence drives upward
motion which, under appropriate conditions, favours cloud formation. Thus,
these results suggest that weather forecast models need to properly represent the
small-scale ocean thermal structures, which could affect rainfall.
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1 INTRODUCTION

Recent development of high-resolution remote sensing
of sea surface temperature (SST) and surface winds has
stimulated research on the two-way interactions between
atmosphere and oceans (Chelton and Xie, 2010). On
large scales (>1000 km), a negative correlation has been
observed between SST and wind magnitude (e.g., Xie,
2004). This is indicative of a passive behaviour of the
ocean, which is cooled by the vertical mixing induced by
the winds. However, at the mesoscale (10–1,000 km), there
is instead observational evidence of a positive correlation
(Liu et al., 2000; Chelton et al., 2001; Hashizume et al.,

2001). This indicates the control that the ocean has on the
atmospheric boundary layer. In the presence of sharp SST
gradients and mesoscale structures, the atmosphere does
not have the time to fully adjust to the ocean temperature,
which varies on much longer time-scales, and large air–sea
thermal disequilibrium emerges. This implies that the SST
modulates the surface air–sea heat fluxes (Businger and
Shaw, 1984). Cold water enhances air column stability
which decouples surface winds from the stronger winds
aloft, and the opposite occurs for warm water. The oceanic
signature can penetrate into the free troposphere and affect
upward motion and precipitation, as indicated by the con-
nections found between mesoscale SST structures and
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rainfall (Minobe et al., 2008; Li and Carbone, 2012; Frenger
et al., 2013; Byrne et al., 2015), lightning (Minobe et al.,
2010), and dramatic boundary-layer deepening (Messager
and Swart, 2016).

The ocean mesoscale can affect the atmospheric
boundary layer through the influence of the surface
oceanic currents on the surface stress and winds, a process
known as the Current Feedback (CFB), and through the
effects that the SST field has on the surface wind, known as
the Thermal Feedback (TFB), as summarised, for example,
by Renault et al. (2019). In the present study the focus is
on the surface wind divergence response to the SST spatial
structure. It has been shown that the CFB mainly affects
the wind curl response (Renault et al., 2019) and thus only
the TFB is studied here.

Through appropriate mesoscale-resolving ocean–
atmosphere coupled numerical simulations, Renault et al.
(2019) calculate all the coupling coefficients that are com-
monly introduced in the literature to measure the strength
of the air–sea coupling. These coupling coefficients are the
linear regression coefficients between some pairs of vari-
ables, such as surface wind (stress) and SST, wind (stress)
divergence and downwind SST gradient, and wind (stress)
curl and crosswind SST gradient. In this work, we analyse
the relationship between SST and wind-derived variables
through the calculation of various correlation coefficients.

Correlations between SST and winds have been found
in many studies using observational data in regions with
long-lived oceanic structures characterised by steep SST
gradients, such as mesoscale eddies (Bourras et al., 2004;
Frenger et al., 2013; Sun et al., 2016) and western boundary
current fronts and rings (Park et al., 2006; Song et al., 2006;
Messager et al., 2012; O'Neill et al., 2012; Ma et al., 2015;
Rouault et al., 2016). Usually, the correlations emerge
considering the wind averaged over weekly or seasonal
time-scales (Xie et al., 1998; O'Neill et al., 2005; Minobe
et al., 2008; Bryan et al., 2010; Chelton and Xie, 2010;
Roberts et al., 2016; Wang and Castelao, 2016). Notable
exceptions are the recent works of O'Neill et al. (2017),
Seo (2017), and Gaube et al. (2019). The latter find evi-
dence of the SST–wind relationship at kilometric and
sub-kilometric spatial scales, with cutting-edge satellite
measurements of wind speed and SST from a case-study
along the Gulf Stream frontal system. O'Neill et al. (2017)
find that the surface atmospheric boundary layer responds
to the presence of a SST gradient on daily scales, and the
response critically depends on the relative direction of the
wind and the SST gradient. Seo (2017) shows the daily
highpass filtered SST–wind link on the global scale and
highlights that the correlations are higher over regions
with strong mesoscale activity. The atmospheric response
to SST structures has also been shown to influence cloud
cover and rain rate (Frenger et al., 2013).

The topic has stimulated several modelling and the-
oretical studies at the submesoscale, both in idealised
and in realistic set-ups (De Szoeke and Bretherton, 2004;
Skyllingstad et al., 2007; Spall, 2007; Small et al., 2008; Kil-
patrick et al., 2014; Byrne et al., 2015; Meroni et al., 2018;
Renault et al., 2018; Wenegrat and Arthur, 2018). Particular
attention has been devoted to the role that SST structures
have on heavy precipitation events in the Mediterranean,
where widespread coastal urbanisation leads to large expo-
sure of population and infrastructure to intense weather
events. While the total amount of rain is not influenced
much by the spatial resolution of the SST forcing field (Mil-
lán et al., 1995; Pastor et al., 2001; Lebeaupin et al., 2006;
Cassola et al., 2016), numerical studies show that the spa-
tial structure of the heat fluxes and the position of the rain
bands can be influenced (Katsafados et al., 2011; Ricchi
et al., 2016; Rainaud et al., 2017; Meroni et al., 2018; Iizuka
and Nakamura, 2019). The landward moisture fluxes can
also be influenced by the mesoscale SST structures on sea-
sonal scales, as shown by the numerical work of Desbiolles
et al. (2018). All these works suggest that a proper rep-
resentation of air–sea interaction is required in order to
obtain reliable forecasts of precipitation.

In the attempt to explain the physics of the TFB,
i.e. how the ocean SST fronts influence the atmospheric
boundary layer, two mechanisms have previously been
identified. In the pressure adjustment (PA) mechanism
(Lindzen and Nigam, 1987), the presence of a maximum
in the SST induces an atmospheric pressure low, which
generates surface convergence and a secondary circula-
tion across SST gradients. In the downward momentum
mixing (DMM) mechanism (Hayes et al., 1989; Wallace
et al., 1989), when an air parcel crosses a SST front going
from warm to cold water, its buoyancy decreases, static
stability increases, and surface winds, strongly limited by
friction, decouple from the free troposphere. The resulting
net effect is a deceleration of the surface wind on the cold
side of the front and, consequently, the generation of a
convergence line along the front itself. Figure 1 shows
schematically how the DMM mechanism works. The rel-
ative importance of the two mechanisms (PA and DMM)
depends on cross-frontal wind velocity with respect to
the front size (Spall, 2007; Small et al., 2008; Foussard
et al., 2019) and on the boundary-layer stability (Fous-
sard et al., 2019). The two mechanisms have a different
signature in the surface wind field, u: while PA gener-
ates winds across SST gradients (𝛁SST), dominance of
the DMM would imply positive correlations between sur-
face winds and SST anomalies. Also, PA produces con-
vergence on warm SST patches (on maxima of SST), and
DMM produces convergence on crosswind fronts, when
the scalar product between wind vector and SST gradient
is negative (u ⋅ 𝛁SST< 0), that is, an air parcel travelling
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F I G U R E 1 Schematic showing how the increased air stability
near a SST front while going from warm to cold reduces the vertical
mixing of horizontal momentum. The net effect is a deceleration of
the surface wind that generates convergence and, very likely,
upward motion (light grey arrow). In this figure u ⋅ 𝛁SST< 0, and
𝛁 ⋅ u < 0 [Colour figure can be viewed at wileyonlinelibrary.com]

with the surface wind moves from a higher to a lower
SST.

The purpose of this work is to investigate the physi-
cal mechanisms that link the SST field to the surface wind
on daily time-scales. In particular, we want to demon-
strate that the numerical results that underline the fast
response of the wind to SST fronts over daily and sub-daily
scales (e.g., Meroni et al., 2018) are indeed supported by
observational data, properly treated and analysed. The use
of daily data is particularly relevant to study the effects
that SST fronts have on the dynamics of a single weather
event, which could not be investigated using monthly aver-
ages. We aim at verifying whether SST gradients can affect
strong wind convergence, typically associated with atmo-
spheric fronts embedded in low pressure synoptic systems,
or whether the effects of ocean fronts are manifest only
when the weather conditions are benign. In Section 2 we
introduce the datasets used for the study. In Section 3 we
describe the atmospheric response to SST structures in
terms of surface wind convergence, presenting the analy-
sis carried out in the work. Section 4 discusses the reasons
why the atmospheric response to the SST is not visible
at the daily scale by looking at the correlation between
wind speed and SST. Section 5 then draws the conclu-
sions of the work, highlighting the importance of a proper
representation of the SST in weather forecasts.

2 DATA

To investigate the effects of SST structures on the atmo-
spheric boundary layer, we use 25 years of Mediterranean
daily SST (OISST; Banzon et al., 2016) and wind data
(CCMPv2.0; Atlas et al., 2011; Scott et al., 2016), from 1990
to 2014, both available on a grid with spatial resolution of
0.25◦.

The SSTs are obtained from the NOAA daily Optimum
Interpolation Sea Surface Temperature dataset (OISST;

https://www.ncdc.noaa.gov/oisst; accessed 13 January
2020). It is an analysis product that combines observations
coming from satellites, ships and buoys, at a daily time
step and 0.25◦ resolution on a regular grid (Banzon et al.,
2016). The Advanced Very High Resolution Radiometer
(AVHRR) is the relevant satellite SST sensor in this dataset.

The V2.0 Cross-Calibrated Multi-Platform (CCMP)
analysis product provides the ocean surface equivalent
neutral winds, at the height of 10 m every 6 hr on the same
regular 0.25◦ grid as the Optimum Interpolation Sea Sur-
face Temperature (OISST; Atlas et al., 2011; Wentz et al.,
2015). A Variational Analysis Method (VAM; Hoffman
et al., 2003) is used to merge various Remote Sensing Sys-
tem data (the radiometer wind speed of SSM/I, SSMIS,
AMSR, TMI, WindSat and GMI and the scatterometer
wind vectors of QuickSCAT and ASCAT) with moored
buoy data, and ERA-40 reanalysis and the ECMWF opera-
tional analysis (Atlas et al., 2011).1

The SST data have daily resolution while wind data
have a 6 hr time step. In the analysis presented here, the
winds at 0000 UTC have been used, but it was verified
that very similar results are obtained for winds at different
times of the day and for daily averaged winds.

SST and wind data have been used only over the com-
mon time period 1990–2014, and they have been taken
over the Mediterranean Sea only. It should be noted that
a lot of wind systems along the Mediterranean coasts
are associated with the steep orography surrounding the
basin (Zecchetto and Cappa, 2001). To avoid including the
sea–land breeze and other coastal dynamic features of the
wind field in the current analysis, a band two grid steps
wide (roughly 50 km) is removed along the entire coast-
line of the Mediterranean Sea. The results are insensitive
to the exact width of this band in the range from 1 to 5 grid
steps (roughly 25 to 125 km, not shown). We highlight that
the fact that the SST and wind datasets come from differ-
ent instruments and processing methods means that the
energy and mass balances at the air–sea interface might
not be strictly closed. The independence of the two obser-
vational products implies that the correlations found in the
present work are truly physical and are not a byproduct
of a common data treatment. Since the resolution of the
datasets is 0.25◦, the daily and sub-daily control of the SST
on the surface wind is studied with an effective resolution
of (100) km. The numerical work of Meroni et al. (2018)

1ECMWF=European Centre for Medium-range Weather Forecasts.
ERA-40= 40-year reanalysis from ECMWF. SSM/I=Special Sensor
Microwave Imager. SSMIS=Special Sensor Microwave Imager/Sounder.
AMSR=Advanced Microwave Scanning Radiometer. TMI= the Tropical
Rainfall Measuring Mission Microwave Imager. GMI=Global
Precipitation Measurement Microwave Imager. QuikSCAT=Quick
Scatterometer. ASCAT=Advanced Scatterometer.
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shows that the SST–wind relationship dominated by the
DMM mechanism gets stronger for increasing resolution
in the range 1–100 km. Thus, anticipating the main out-
comes of the present analysis, the results of this work are
expected to become more relevant at smaller scales.

3 THE LINKS BETWEEN
SURFACE WIND CONVERGENCE
AND SST FRONTS

We calculate both spatial and temporal correlation coeffi-
cients (as defined in detail in the Appendix) between three
pairs of variables from the datasets, indicated by 𝜌s[a, b]
and 𝜌t[a, b], respectively, with a and b denoting the two
variables of interest. To characterise the DMM mechanism,
the correlation coefficients between wind divergence, 𝛿 =
𝛁 ⋅ u, and the scalar product between wind and SST gra-
dient, 𝛾 = u ⋅ 𝛁SST, are calculated. Using the spherical
coordinates {𝜑, 𝜃} over a sphere of radius R = 6371 km,
where 𝜑 is the longitude and 𝜃 is the latitude, surface wind
divergence is

𝛿 = 𝛁 ⋅ u = 1
R cos 𝜃

𝜕u
𝜕𝜑

+ 1
R cos 𝜃

𝜕

𝜕𝜃
(v cos 𝜃), (1)

with u and v being the eastward and northward wind
components, respectively, and the SST rate of change expe-
rienced by an air parcel moving with the surface wind is

𝛾 = u ⋅ 𝛁SST = u
R cos 𝜃

𝜕SST
𝜕𝜑

+ v
R
𝜕SST
𝜕𝜃

. (2)

The quantity 𝛾 is the effective SST rate of change felt
by the single air parcel during its motion. Its sign is deter-
mined by the relative direction of the instantaneous wind
and the SST gradient.

The correlation coefficients between wind speed |u|
and SST, and wind divergence and SST Laplacian are also
calculated. The Laplacian of the SST is explicitly

Λ = ∇2SST = 1
R2cos2𝜃

𝜕2SST
𝜕𝜑2 + 1

R2 cos 𝜃
𝜕

𝜕𝜃

(
𝜕SST
𝜕𝜃

cos 𝜃
)
,

(3)
and a positive correlation between SST Laplacian and wind
divergence is indicative of the action of the PA mechanism,
as mentioned in the Introduction.

The advantage of calculating both temporal and spatial
coefficients lies in the fact that different mean values are
subtracted in the two cases. When computing 𝜌s, anoma-
lies are calculated with respect to the instantaneous spatial
mean; thus spatially averaged long-term trends and sea-
sonal cycles are eliminated. On the other hand, temporal
correlations are calculated for each month separately by
computing the anomalies at each location with respect to

their point-wise climatological monthly mean. Thus, any
spatial structure at the regional or even the basin scale is
removed.

We highlight again that the use of daily data allows us
to study the effects of the SST structure on single storms,
which is impossible with longer time-averaged data. This
becomes clear when looking at the differences between
a snapshot and a climatology of the fields under study.
Figures 2 and 3 show, respectively, an instantaneous map
at 0000 UTC on 12 October 2014 (a random October day
from the whole dataset) and the climatological values for
the month of October for all the fields of interest. In partic-
ular, wind speed, SST, surface wind divergence, SST gradi-
ent, dot product between wind and SST gradient, and SST
Laplacian are shown. Note that, to allow a direct compari-
son between the two figures, the colourbar for a given vari-
able is the same. It is worth noticing that, as highlighted
for example by O'Neill et al. (2017), the climatological sur-
face wind divergence is an order of magnitude lower than
its instantaneous values when a storm is present. Thus,
the use of monthly averages prevents us from studying
the effects that SST has on the response of single weather
events, which are often characterised by intense values of
surface convergence.

When considering directly SST and surface wind, a
mean negative correlation emerges (Figures 4b and 5b).
While the negative spatial correlation probably reflects the
fact that the SST has a latitudinal gradient and that the
most intense winds are typically found in the northern
basin (e.g., in the Gulf of Lion; Figure 3a,b), the nega-
tive temporal correlation indicates that strong winds trig-
ger upper-ocean processes (upwelling and mixing) that
generate negative thermal anomalies even at those short
time-scales, while typically the ocean has a slower reac-
tion. This result is consistent with what is shown by
Seo (2017), who finds the negative correlation at these
spatio-temporal scales to be a peculiarity of the Mediter-
ranean region, while most of the rest of the globe, espe-
cially the regions with large oceanic variability, has pos-
itive correlations. By investigating the seasonality of the
correlation coefficients, we notice that the negative val-
ues are particularly evident during summer (Figure 4e),
when the mixed-layer base is very shallow and the stratifi-
cation underneath is very strong (D'Ortenzio et al., 2005).
In these conditions, even a relatively short-lived wind gust
is able to significantly reduce the SST, resulting in a nega-
tive correlation. The correlation between wind speed and
SST being close to zero for the rest of the year, instead
might be mostly related to the synoptic-scale activity and
a relatively deeper mixed layer (D'Ortenzio et al., 2005).
Further analysis on the role of the oceanic stratification is
needed to support this hypothesis, but since it goes beyond
the scope of the present work, it is left for the future.
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MERONI et al. 1447

F I G U R E 2 Instantaneous fields on 12 October 2014: (a) wind speed (|u|, m⋅s−1), (b) SST (◦C), (c) surface wind divergence (𝛿 = 𝛁 ⋅ u,
s−1), (d) magnitude of the SST gradient (|𝛁SST|, K⋅m−1), (e) dot product between wind and SST gradient (𝛾 , K⋅s−1), and (f) SST Laplacian
(Λ, K⋅m−2). Negative values are hatched with horizontal lines [Colour figure can be viewed at wileyonlinelibrary.com]

In summary, the analysis of the correlations between
SST and surface wind speed in the Mediterranean does
not provide evidence of an atmospheric response to SST
anomalies.

The relevance of the DMM mechanism becomes evi-
dent when looking at the correlation between surface wind
divergence and the downwind SST gradient. Figure 4d
shows the climatological seasonal cycle of the spatial cor-
relation coefficient between 𝛿 and 𝛾 , with a daily resolu-
tion. For most of the year, the correlations are generally
positive, indicating a preference for convergence (diver-
gence) when SST gradients are aligned with the wind and
the wind goes from warm to cold (cold to warm) waters,
in accordance with the DMM mechanism. From January
to April, the mean correlation coefficient is roughly con-
stant. It reaches its minimum in summer and its maximum
in autumn. The seasonal differences are also visible in
Figure 4a, where the histograms of the spatial correlation
coefficients calculated for four different months of the year
are shown. It should be noticed that during autumn strong
SST gradients form due to the presence of a shallow sea-
sonal thermocline removed by wind-induced mixing and
buoyancy losses, which transform vertical gradients into
horizontal ones (not shown).

Figure 4c,f shows that the spatial correlation coef-
ficient between SST Laplacian and surface wind diver-
gence is low and non-significant throughout the year. Also
the temporal correlation coefficient between SST Lapla-
cian and surface wind divergence is found to be low and
non-significant, as shown in Figure 5c for the autumn
season.

The climatological correlation coefficients of Figure 4
have also been calculated for the monthly averaged quan-
tities, with the aim of relating the present work with previ-
ous results shown in the literature (e.g., Small et al., 2008;
Chelton and Xie, 2010; O'Neill et al., 2017). These works
highlight that, on average, the surface wind responds to
mesoscale SST structures by accelerating over the warm
side of the fronts (Small et al., 2008; Chelton and Xie,
2010). With the appropriate considerations (for example
the absence in the Mediterranean of a persistent and strong
SST gradient that characterises the western boundary cur-
rents, and the relatively shallower ocean mixed layer, as
discussed above), there is agreement with previous results.
For this reason, and because various papers highlight
the importance of the wind response at daily time-scales
(O'Neill et al., 2017; Plougonven et al., 2018), they are not
discussed here in detail.
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F I G U R E 3 As Figure 2, but showing climatological fields for the month of October calculated between 1990 and 2014. [Colour figure
can be viewed at wileyonlinelibrary.com]

Figure 5a shows the map of the temporal correlation
coefficients between 𝛾 and 𝛿 calculated for the autumn
season (SON). The correlation is positive and significant
in most of the basin, suggesting that the DMM mech-
anism plays a considerable role in shaping convergence
patterns. Although the values of the correlation coeffi-
cients shown here are large for some regions and seasons,
on average the correlation is relatively low, (0.1). Never-
theless, this value is statistically significant and it shows
that, despite the large and certainly dominant source of
variability related to the internal atmospheric dynamics,
SST spatial structure impacts air–sea fluxes and modi-
fies surface winds. The low and non-significant values of
the correlation coefficients between surface wind diver-
gence and the SST Laplacian (Figure 5c) suggests that the
PA mechanism is not important over the spatio-temporal
scales considered in the present work. However, no defini-
tive conclusion can be drawn with the datasets used in
this study, as we cannot assess the role of advection, which
has been shown to break the correlation between surface
wind divergence and the SST Laplacian (Song et al., 2006;
Foussard et al., 2019).

To explicitly verify that the presence of SST fronts
that are crossed from warm to cold induces surface
convergence in the atmosphere, some conditional
probability density functions (pdfs) are estimated from

the entire datasets. In particular, the conditional pdfs of
the downwind SST rate of change conditioned on the
occurrence of surface wind divergence (𝛿 > 0) and surface
wind convergence (𝛿 < 0), and the conditional pdfs of
the surface wind divergence, conditioned on the presence
of a front crossed from warm to cold (𝛾 < 0) and a front
crossed from cold to warm (𝛾 > 0) are computed.

Figure 6 shows the normalised conditional pdfs of the
downwind SST rate of change 𝛾 , P(𝛾|𝛿 < 0) (conditioned
on the presence of surface wind convergence, displayed
as a solid line) and P(𝛾|𝛿 > 0) (conditioned on surface
wind divergence, dashed line), calculated for four months:
January, April, July and October, in (a), (b), (e) and (f),
respectively. In the case of wind divergence, both the mean
downwind SST rate of change (indicated by the vertical
dashed line) and the skewness of the distribution are pos-
itive at all times, while the same is not true in the case of
wind convergence. To better visualise the differences in the
two distributions, the ratio between them is introduced,
namely

r(𝛾) = P(𝛾|𝛿 < 0)
P(𝛾|𝛿 > 0)

. (4)

Figure 6c,d,g,h show r(𝛾) for the same months pre-
sented above. These ratios are typically larger (smaller)
than the one for negative (positive) downwind SST rates of
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MERONI et al. 1449

F I G U R E 4 (a) Histograms of the spatial correlation coefficients, 𝜌s, between surface divergence, defined in Equation (1) and denoted
by 𝛿, and the SST rate of change felt by an air parcel moving with the surface wind, defined in Equation (2) and denoted by 𝛾 , for four
different months (January, April, July, October). (b, c) are as (a), but for (b) SST and wind speed, and (c) for surface divergence 𝛿 and SST
Laplacian, defined in Equation (3) and denoted by Λ. (d, e, f) show the seasonal cycle of mean climatological spatial correlation coefficient
calculated over 25 years for (d) 𝛿 and 𝛾 , (e) |u| and SST, and (f) 𝛿 and Λ. An interval of one standard deviation is highlighted by the shading
area. In all the panels, the width of the line corresponding to 𝜌s = 0 includes the 95% confidence interval for the null hypothesis of zero
correlation [Colour figure can be viewed at wileyonlinelibrary.com]

change. Considering the month of October, for instance,
and focusing on strong negative downwind SST rates of
change, one can notice that the pdf conditioned on the
cases of wind convergence is about twice as large as the
one conditioned on the cases of wind divergence (r(𝛾) ≃ 2),
while it becomes half of the latter (r(𝛾) ≃ 0.5) for strong
positive SST gradients. This means that, over a strong SST
gradient crossed from warm to cold, it is more likely to have
surface wind convergence than divergence. In the Mediter-
ranean region, wind divergence is encountered more often
than convergence. Among the reasons for this, there is
the fact that extratropical cyclones are more compact and
affect a smaller area than anticyclones. The fact that wind
divergence is more frequent than convergence is shown by
the ratio of the non-normalised distributions, namely

rNN(𝛾) =
F(𝛾|𝛿 < 0)
F(𝛾|𝛿 > 0)

, (5)

where F(𝛾|𝛿 < 0) is the histogram of the observed
downwind SST rate of change, conditioned on the presence
of convergence, and F(𝛾|𝛿 > 0) is the same for divergence.
The relationship between F(𝛾|𝛿 < 0) and P(𝛾|𝛿 < 0) is

simply

P(𝛾|𝛿 < 0) = F(𝛾|𝛿 < 0)
∫ +∞
−∞ F(𝛾|𝛿 < 0) d𝛾

. (6)

The ratio rNN(𝛾) differs from the ratio r(𝛾) only by a
multiplicative constant, which is the ratio of the number of
occurrence of surface convergence divided by the number
of occurrence of surface divergence. The fact that rNN(𝛾) <
r(𝛾)means that there is a higher frequency of occurrence of
surface divergence than surface convergence. Despite this
bias, however, if we look at the autumn season which is
characterised by intense storm activity, over strong fronts
crossed from warm to cold, the chances of having sur-
face wind convergence are about 50% higher (rNN(𝛾) ≃ 1.5)
than having surface wind divergence. We interpret this
result as the manifestation of the effect that ocean fronts
have on near-surface winds.

In a similar way, Figure 7 shows the pdfs of wind diver-
gence conditioned on the presence of a front crossed from
warm to cold (solid line, 𝛾 < 0) or from cold to warm
(dashed line, 𝛾 > 0), together with their corresponding
ratios r(𝛿) and rNN(𝛿). In Figure 7a,b,e,f, one can notice that
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1450 MERONI et al.

F I G U R E 5 Temporal correlation coefficients 𝜌t for the autumn season (SON) between (a) the surface wind divergence and the
downwind SST gradient, (b) wind speed and SST, and (c) surface wind divergence and SST Laplacian. The non-significant values are denoted
by an x symbol. The dash symbol denotes negative values [Colour figure can be viewed at wileyonlinelibrary.com]

the distributions have high tails on the negative side, indi-
cating that convergence reaches larger values than diver-
gence, and large values of convergence are more likely
than large values of divergence. This is related to the
fact that extratropical cyclones are more intense and com-
pact than anticyclones and, in the divergence distribution,
storms accentuate the left tail, which has been associated
with the presence of rain (O'Neill et al., 2017). Moreover,

the two pdfs in each panel indicate that, except in summer,
the negative tail is higher when wind crosses a front from
warm to cold (𝛾 < 0) than from cold to warm (𝛾 > 0). This
means that the DMM mechanism plays a non-negligible
role when a storm, characterised by strong values of con-
vergence, crosses a SST front from warm to cold. The ratio
rNN(𝛿), especially in April and October, shows that, even
accounting for the overall larger number of fronts crossed
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F I G U R E 6 Probability density function
of downwind SST gradients, conditioned on
wind convergence (solid line) and wind
divergence (dashed line), for the months of (a)
January, (b) April, (e) July and (f) October.
Vertical thin lines indicate the mean values
(solid for P(𝛾|𝛿 < 0) and dashed for P(𝛾|𝛿 > 0))
of the distributions. (c, d, g, h) Corresponding
ratios of the pdfs. See the text for more details
[Colour figure can be viewed at
wileyonlinelibrary.com]

from cold to warm usually encountered by winds in the
Mediterranean (as shown in Figure 3e, where the area
with 𝛾 > 0 is larger than the area with 𝛾 < 0, resulting in
rNN(𝛿) < r(𝛿), as in Figure 7h), strong convergence is more
likely associated with fronts crossed from warm to cold.
In summary, we can conclude that, despite the presence
of atmospheric frontal systems that certainly influence
surface winds masking the wind–SST correlation, strong
convergence is particularly sensitive to the underlying SST
structure and preferentially occurs when the flow is from
warm to cold.

4 THE ROLE OF THE
ATMOSPHERIC SYNOPTIC
PATTERNS

When the DMM is effectively in action, SST and wind
speed should also be positively correlated. The explana-
tion why this correlation has not been found here is linked
to the synoptic-scale atmospheric dynamics. These deter-
mine a condition where a weak correlated signal is embed-
ded in a larger background stochastic noise, which is a
typical features of many geophysical fluids, as discussed,
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F I G U R E 7 As Figure 6, but for
probability density function of surface
wind divergence, conditioned on the
presence of a front crossed from warm
to cold (solid line in panels a, b, e, f)
and from cold to warm (dashed line
in panels a, b, e, f) [Colour figure can
be viewed at wileyonlinelibrary.com]

for example, by Plougonven et al. (2018). To pursue this
concept further, a simple model is here introduced. Con-
sider a non-dimensional temperature anomaly profile T(x)
that depends on a single spatial coordinate x. Let u(x) be a
non-dimensional wind velocity profile so that

u(x) = T(x) + 𝜁(x), (7)

with 𝜁(x) being a random noise correlated in space which
mimics the synoptic-scale atmospheric dynamics. Consid-
ering the large variations in wind field associated with
pressure systems and the large-scale spatial correlation of
the wind field, we assume that the noise term is much
larger than the temperature term (𝜁) ≫ (T), and that
the spatial partial derivatives of the two terms are very
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F I G U R E 8 The
non-dimensional temperature
anomaly T(x) is represented as a
fast oscillation in space, compared
to the large-scale noise 𝜁(x). The
sum of the two gives the non
dimensional wind u(x)=T(x)+𝜁(x).
The spatial correlation coefficients
between the fields represented are
shown in each panel. The
functions used in the figure are
T = 0.05 sin(20𝜋x) and 𝜁 = sin(𝜋x).

different, that is, 𝜕x𝜁(x) ≪ 𝜕xT(x), indicating that the auto-
correlation length of the noise is much larger than that
of temperature. When calculating the correlation coeffi-
cients between u and T, it is then clear that the presence
of 𝜁 masks the direct proportionality between the two
variables, as u(x) ≃ 𝜁(x). Instead, if the spatial derivatives
are considered, because of the assumptions above, the
noise term drops out, 𝜕xu ≃ 𝜕xT, and the correlation is
positive.

In such a simple model, the perfect correlation u(x) =
T(x) would be the result of an extremely efficient DMM
mechanism, so that SST anomalies completely control sur-
face wind anomalies. Figure 8 depicts a simple situation in
which a field composed by the sum of a large-scale signal
and a small-scale one is not correlated with the latter, but
their spatial derivatives are so.

5 DISCUSSION
AND CONCLUSIONS

Results shown above indicate that over daily time-scales,
atmospheric convergence is more likely to occur when
wind crosses a SST front from warm to cold. In particu-
lar, the use of daily data enabled us to discover, to our
knowledge for the first time, that the effect of SST gra-
dients on the surface winds is present and detectable
not only under benign weather conditions (weak wind

divergences), but also when wind convergence is partic-
ularly strong (typically, during intense storms associated
with atmospheric frontal dynamics). In fact, in autumn,
strong values of convergence are twice as likely to be
found over fronts crossed from warm to cold. The rel-
evant process for this link is the mixing of fast-moving
air above the marine boundary layer with surface air
which is favoured by higher SST which decreases the
boundary-layer stability.

The results presented here are in line with a previ-
ous numerical work which found that in a midlatitude
set-up the DMM mechanism was responsible for the con-
trol of the surface winds by the SST structures over (1) hr
time-scales and (1–100) km spatial scales (Meroni et al.,
2018). In that work, the fine grid used for the simulations
allowed a comparison of the correlation across scales: it
was found that the DMM mechanism becomes more effi-
cient for smaller-scale SST structures, down to the km
scale. Thus, it is expected that the DMM is even more
important in determining the atmospheric response than
is found in this work, where the spatial resolution is of the
order of a few tens of km.

It should be noted that in this work wind speed is an
estimate obtained by scatterometer data, which actually
measure the wind stress. Oceanic currents are not consid-
ered when converting wind stress into wind speed, result-
ing in possible inaccuracies (Renault et al., 2019). More-
over, the retrieval algorithm assumes a neutral stability
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profile in the boundary layer. The obtained equivalent neu-
tral wind has been shown to overestimate (underestimate)
the actual near-surface wind in the case of an unstable
(stable) boundary layer (O'Neill et al., 2012). On a warm
(cold) ocean, the equivalent neutral wind will thus be
larger (smaller) than the actual wind. For this reason, the
negative correlation found between SST and wind might
actually be underestimated. Our results also indicate that
there is a preference for convergence (divergence) over
fronts crossed from warm to cold (from cold to warm).
In this case, the use of the equivalent neutral wind might
overestimate the magnitude of both divergence and con-
vergence, and thus resulting in larger correlations with
the SST gradients. However, this simply amplifies a signal
which is present (O'Neill et al., 2012) without invalidating
the main results of this work, i.e. the preferential occur-
rence of wind convergence over fronts crossed from warm
to cold.

Surface wind convergence is typically associated with
uprising motion and divergence aloft, favouring cloud for-
mation. If the atmospheric conditions are favourable (i.e.,
the air column is moist and not too stable), convergence
lines can produce precipitation. While it is known that
small-scale SST structures do not impact the total amount
of precipitation (Millán et al., 1995; Pastor et al., 2001;
Lebeaupin et al., 2006; Cassola et al., 2016), our results
suggest that, under the appropriate atmospheric stability
conditions (yet to be properly studied and determined),
they can affect the localisation of precipitation by enhanc-
ing the probability of the development of a surface con-
vergence line. While in the open ocean the forecast of the
exact location of a heavy precipitation event is generally
not particularly relevant for civil protection applications,
the correct forecast of convergence lines over the sea and
of precipitation can be very important in the presence of
islands and in basins with large urbanisation in coastal
areas, such as in the Mediterranean region. Even if in
coastal regions land–sea contrasts and topographic effects
also play a role, our results indicate that the correct repre-
sentation of small-scale SST structures and of the related
air–sea interactions are important aspects in determining
the localisation of convergence lines.

To deepen our understanding of the connections
between SST fronts and precipitation more analyses are
needed. In particular, the long time series provided by
atmospheric and oceanic reanalysis datasets could be help-
ful for this task. By having access to the three-dimensional
fields, the role of atmospheric stability could be studied,
as well as the depth of the atmospheric boundary layer
that reacts to the SST front. In parallel, since results would
be dependent on the specific parametrization of air–sea
fluxes used in the models, the collection of high-resolution
simultaneous retrieval of upper ocean and atmospheric

properties would be highly desirable to identify the rele-
vant processes in the air–sea interactions.
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APPENDIX: STATISTICAL DEFINITIONS
AND METHODS

Given two generic fields a(𝜑, 𝜃) and b(𝜑, 𝜃) defined on a
regular grid in spherical coordinates, their instantaneous
spatial correlation coefficient is

𝜌s[a, b] = 1
𝜎a𝜎b|Ω|∫ ∫Ω

R2 cos 𝜃
[
a(𝜑, 𝜃) − a

]
×
[

b(𝜑, 𝜃) − b
]

d𝜑 d𝜃, (A1)

where

a = 1|Ω|∫ ∫Ω
R2 cos 𝜃 a(𝜑, 𝜃) d𝜑 d𝜃 (A2)

is the spatial mean of the field a(𝜑, 𝜃) and

𝜎2
a = 1|Ω|∫ ∫Ω

R2 cos 𝜃
[
a(𝜑, 𝜃) − a

]2d𝜑 d𝜃 (A3)

its spatial variance over the region Ω, with

|Ω| = ∫ ∫Ω
R2 cos 𝜃 d𝜑 d𝜃 (A4)

its area.
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Pointwise, the temporal correlation coefficients
between two time-dependent quantities a(t) and b(t) is

𝜌t[a, b] = 1
𝜎∗

a𝜎
∗
b |𝜔|∫𝜔

[
a(t) − a∗] [b(t) − b

∗]
dt, (A5)

where

a∗ = 1|𝜔|∫𝜔

a(t) dt (A6)

is the temporal mean of the variable a(t) and

𝜎∗2
a = 1|𝜔|∫𝜔

[
a(t) − a∗]2dt (A7)

its temporal variance over the time interval 𝜔, with
duration

|𝜔| = ∫
𝜔

dt. (A8)

To assess the significance of the correlation coeffi-
cients, the 95% confidence interval of the null hypothesis
of zero correlation is calculated using the effective num-
ber of degrees of freedom, following Press et al. (1992)
and Bretherton et al. (1999). In the first place, for the spa-
tial correlation coefficients, the autocorrelation lengths of
both the downwind SST gradient and the surface wind
divergence are calculated. In particular, for a field q(𝜑, 𝜃),
the bidimensional autocorrelation function is

q(𝜉, 𝜂) =
1

𝜎2
q|Ω|∫ ∫Ω

R2 cos 𝜃
[
q(𝜑, 𝜃) − q

]

×
[

q
(
𝜑 + 𝜉

R cos 𝜃
, 𝜃 + 𝜂

R

)
− q

]
d𝜑 d𝜃, (A9)

where {𝜉, 𝜂} is a set of local Cartesian coordinates. The
isotropic autocorrelation function Aq(r) is found in a set of
local polar coordinates {r, 𝛿}, with r being the radial dis-
tance from the origin and 𝛿 being the counterclockwise
angle from the positive 𝜉 axis, by averaging over full circles,
namely

Aq(r) =
1

2𝜋 ∫
2𝜋

0
q(r cos 𝛿, r sin 𝛿) d𝛿. (A10)

Once Aq(r) is known, the autocorrelation length 𝜆q is
the distance at which

Aq(𝜆q) = e−1. (A11)

The autocorrelation lengths are calculated for both
variables and the smallest between the two, denoted by
𝜆, is saved. This is done for the entire duration of the
dataset and it is found that the autocorrelation length of

the downwind SST gradient is systematically smaller than
that of the surface wind divergence. The temporal mean of
𝜆, denoted by 𝜆

∗
, is found to be 𝜆

∗
= 84 km and it is used

to calculate the number of effective degrees of freedom
following Bretherton et al. (1999) as

Ns =
|Ω|
𝜆
∗2 = 224, (A12)

with the area of the basin of interest |Ω| = 1,567, 442 km2.
The standard deviation of the null hypothesis is then
𝜎0 = 1∕

√
Ns = 6.7 × 10−2 (Press et al., 1992). In order to

evaluate the 95% confidence level of the mean value of
the correlation coefficient, its standard error has to be
estimated. Considering that the temporal autocorrelation
length in our dataset is 2 days (see below), the number
of independent repetitions in a representative month of
30 days over 25 years is Nt = 375. Thus, the 95% confidence
interval on the mean correlation coefficient is estimated to
be 1.96𝜎0∕

√
Nt = 6.7 × 10−3.

For the spatial correlation between wind speed and
SST, the width of the 95% confidence interval is 3 × 10−2,
based on the number of effective degrees of freedom Ns =
11, derived using the autocorrelation length of the SST
equal to 371 km and Nt = 375, since the relevant temporal
autocorrelation length is also 2 days here.

For the spatial correlation between SST Laplacian and
wind divergence, the 95% confidence level is found as
1.96∕

√
NsNt = 5.9 × 10−3, where Ns = 440 is here calcu-

lated with an autocorrelation length of 60 km, character-
istic of the SST Laplacian field, and Nt = 250, calculated
considering a representative month of 30 days over 25
years of data, with a temporal autocorrelation length of
3 days.

For the calculation of the confidence interval of the
temporal correlation coefficients, a similar procedure is
followed. Taking the entire duration of the dataset, the
temporal autocorrelation function is calculated pointwise
for each variable. In particular, the Wiener–Khinchin
theorem, which affirms that the autocorrelation function
and the power spectral density are a Fourier transform
pair, is exploited (Press et al., 1992). The temporal autocor-
relation length is then calculated pointwise and averaged
in space both for 𝛁 ⋅ u and u ⋅ 𝛁SST. In this case the small-
est value is for u ⋅ 𝛁SST, and denoted by 𝜆 = 2 days. The
number of effective degrees of freedom for a certain inter-
val of the dataset with duration 𝜔 is

Nt =
𝜔

𝜆
= 1138, (A13)

considering the autumn season for 25 years (𝜔 =
2275 days). The standard deviation of the null hypoth-
esis is found as 𝜎∗

0 = 1∕
√

Nt = 3 × 10−2, which, since

 1477870x, 2020, 728, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.3745 by B
ibliothecaire E

n C
hef U

ni C
atholique D

e L
ouvain (U

cl), W
iley O

nline L
ibrary on [04/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1458 MERONI et al.

the significance of each correlation coefficient is eval-
uated, leads to a 95% confidence interval equal to
1.96𝜎∗

0 = 5.8 × 10−2. This is the value used to assess the
significance of the results shown in Figure 5a,b.

A different confidence interval level is associated with
the temporal correlation between SST Laplacian and wind

divergence, Figure 5c, because the temporal autocorrela-
tion length of interest is of 3 days (typical of the surface
divergence field), which leads to a number of effective
degrees of freedom Nt = 1138 and a confidence interval of
5.8 × 10−2.
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