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This study investigates contributions of wind speed and sea-air humidity difference (dq) terms to the seasonal change and time
scale dependence in the relationship between surface latent heat flux (LHF) and sea surface temperature (SST) using daily data.
Generally, the dq term is dominant in the SST effect on LHF in the midlatitude SST frontal zones and tropical Indo-western
Pacific, and the wind speed term is dominant in the LHF effect on SST in the subtropical gyres and tropical Indo-western
Pacific. The seasonal change in the dq term accounts for a larger SST effect in winter than in summer in the midlatitude
frontal zones, and that of the wind speed term explains a larger LHF effect in summer than in winter in the subtropical gyres.
In the tropical Indo-western Pacific, the dq term is dominant in the SST effect in summer, and the wind speed term is
dominant in the LHF effect in winter. The contribution of the dq term to the SST effect increases with the time scale. The
contribution of the wind speed term to the SST effect varies regionally: It is supplementary in the midlatitude frontal zones in
winter and summer and in the Arabian Sea in summer, but it is opposite in the Philippine Sea in winter and summer and in
the South China Sea and Bay of Bengal in summer. The contribution of the wind speed term to the LHF effect is confined to
short time scales in most of the tropical Indo-western Pacific regions.

1. Introduction

Surface turbulent heat flux is an important quantity in
atmosphere-ocean interactions. It is composed of latent heat
flux (LHF) and sensible heat flux. LHF is much larger than
sensible heat flux in most oceans [1, 2]. The direction of the
influence of the atmosphere or ocean through surface turbu-
lent heat flux can be determined by the relative magnitude of
the simultaneous correlation coefficients of LHF with the sea
surface temperature (SST) and the SST tendency (the change
in SST with time). The SST influence on LHF is manifested
in the simultaneous correlation between LHF and the SST as
the atmospheric response to the SST forcing is quick. The
LHF influence on the SST is through the SST tendency and
thus is manifested in the simultaneous correlation between
LHF and the SST tendency. The SST influence on LHF dom-

inates if the magnitude of the correlation coefficient between
LHF and SST is larger than the absolute value of the correla-
tion coefficient between LHF and the SST tendency, whereas
the LHF influence on the SST is dominant in the opposite case.
This representation of the air-sea relationship has been illus-
trated by simulations of a simple stochastic model driven by
atmospheric or oceanic forcing [3–6]. In the case of oceanic
forcing, a large positive correlation is obtained between LHF
(positive denoting upward) and the SST, which denotes
warmer water heating the overlying atmosphere by an
enhanced LHF. In the case of atmospheric forcing, a large
negative correlation is obtained between LHF and the SST
tendency, which denotes an enhanced LHF leading to the
SST decrease. Physically, in the case of oceanic forcing, oceanic
processes play a major role in the SST change, and the induced
SST anomalies, in turn, drive the atmosphere by modulating
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LHF. In the case of atmospheric forcing, atmospheric process-
induced surface heat flux plays a larger role than oceanic
processes in SST changes.

Previous studies have examined the features of the
atmosphere-ocean relationship through diagnosis of the
correlation or covariance of LHF and the SST or the SST
tendency [4, 5, 7–18]. Spatial differences and seasonal
changes have been detected in the relationship between
LHF and SST/SST tendencies [4, 5, 8, 13–16]. In the North
Pacific, the SST effect on LHF is larger than the LHF effect
on the SST in the Kuroshio Extension region, whereas the
LHF effect on the SST is dominant in the subtropical gyre
region [4, 5]. In the Arabian Sea, the SST effect dominates
in summer, but the LHF effect is larger in winter [5]. Along
the Gulf Stream and Kuroshio Extension, the SST effect is
larger in winter than in summer [4, 5, 13], which is attrib-
uted to seasonal changes in the SST gradient [4, 11, 13, 19].

One question is why the relationship between LHF and
SST variations changes with location and season. This is
associated with the relative roles of surface heat flux and oce-
anic processes in the SST change and the relative contribu-
tions of surface wind speed and the sea-air humidity
difference to the LHF change. The role of ocean advection
in the SST change is determined by the SST gradient and
ocean current. In regions with large mean SST gradients,
such as the SST frontal zones along the Gulf Stream and
Kuroshio Extension, high-speed ocean currents related to
small-scale ocean eddies [20, 21] act on large mean SST gra-
dients; thus, ocean advection may play a major role in SST
changes, which leads to the large SST effect on LHF [4, 5,
11, 13]. In contrast, in regions with weak mean SST gradi-
ents, such as subtropical gyre regions, ocean advection is
small, and surface heat flux may play a major role in SST
changes [4, 22]. The role of LHF in SST changes depends
upon both the surface wind speed and sea-air humidity
difference [11, 23]. The wind speed effect is mostly related
to atmospheric processes, whereas the sea-air humidity
difference effect is associated with both the SST and atmo-
spheric thermodynamics. This study attempts to investigate
the relative contributions of wind speed and sea-air humid-
ity difference effects to the spatial and seasonal changes in
the relationship between LHF and SST variations.

Small et al. [11] decomposed LHF into terms related to
the surface wind speed and sea-air humidity difference and
found that the dominant driver of LHF variability changes
with location. Atmospheric humidity is a predominant fac-
tor at high latitudes, and the wind speed effect is the most
important driver of LHF changes in most of the tropics
and subtropics [11]. Small et al.’s [11] analysis is based on
monthly mean data that cannot resolve submonthly high-
frequency variations in the ocean and atmosphere. In the
tropical Indo-western Pacific region, large intraseasonal
oscillations are prominent in both the atmosphere and ocean
[14, 18]. In the Gulf of Mexico, anticyclonic loop current
frontal eddies show variations on submonthly time scales
[24, 25], and submonthly mesoscale heat flux convergence
contributes to lateral advection [26]. Time smoothing may
remove high-frequency atmospheric wind and humidity
fluctuations that influence the upper ocean [27, 28]. The

atmosphere changes with SST anomalies within a week,
and the ocean mixed layer can respond to the changing
atmosphere on submonthly time scales [29]. Using daily
data, Sun and Wu [5] detected transitions from atmospheric
forcing to oceanic forcing at submonthly time scales, which
is not possible using monthly data. In this study, daily data
are used to investigate the contributions of wind speed and
sea-air humidity difference effects to the spatial and seasonal
changes in the relationship between LHF and SST variations.

The relationship between LHF and SST variations
depends on the time scale [4, 5]. With the time scale increas-
ing from 1 to 24 months, the oceanic contribution to the SST
change increases, and the LHF influence is diminished [4].
In the tropical western North Pacific, the contribution of
LHF to intraseasonal SST variations is larger on 30-60-day
scales than on 10-20-day time scales [14, 18]. Sun and Wu
[5] revealed that the transition from the LHF effect to the
SST effect occurs on an approximately 20-day time scale in
the Gulf Stream and Kuroshio Extension and on an approx-
imately 40-day time scale in the Philippine Sea in summer.
The present study intends to document the contributions
of surface wind speed and sea-air humidity difference effects
to the time scale dependence of the relationship between
LHF and SST variations based on daily data.

The present study compares the contributions of surface
wind speed and sea-air humidity difference effects to the
correlation of LHF with the SST and the SST tendency in
the midlatitude SST frontal zones, subtropical gyre regions,
and tropical Indo-western Pacific regions. Our purpose is
to understand the changes in the relationship between LHF
and SST variations with season and time scale in the above
regions. The rest of the paper is organized as follows. The
observational datasets and methods are introduced in Sec-
tion 2. The regional features of the contribution of the sur-
face wind speed and sea-air humidity difference to LHF
and its relationship with the SST are shown in Section 3.1.
In Section 3.2, we present the seasonality of the lead-lag cor-
relation between the driving factors of LHF and the SST/SST
tendency at different locations. Section 3.3 focuses on the
time scale dependence of the lead-lag correlation at different
locations. A summary and discussion are given in Section 4.

2. Materials and Methods

The daily observational SST data used in this study are
from the National Oceanic and Atmospheric Administra-
tion (NOAA) Optimum Interpolation Sea Surface Temper-
ature (OISST) v2.0 [30]. The OISST data have a 0.25°

spatial resolution and are available from January 1, 1985,
to December 31, 2018. The daily OISST data were
obtained from the following website: https://psl.noaa.gov/
data/gridded/data.noaa.oisst.v2.highres.html.

For the daily LHF, surface air specific humidity, and
wind speed data, we used the objectively analyzed air-sea
flux (OAFlux) product [31] for the time period from 1985
to 2018. The spatial resolution of the OAFlux data is 1° grids.
The OAFlux variables are interpolated to 0.25° grids to
match the OISST data. The interpolation to high resolution
does not alter the LHF information and its driving factors,
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as the signals of LHF variability tend to have larger spatial
scales than the signals of SST variability.

We also used the daily LHF, surface air specific humidity
and wind speed data from the Japanese Ocean Flux Data
Sets with Use of Remote Sensing Observations version 3
(J-OFURO3). The J-OFURO3 is a third-generation surface
flux dataset estimated using satellite remote sensing tech-
niques [32]. The dataset has been recently updated from
V1.0 to V1.1. LHF, surface sea-air humidity difference, sur-
face wind, and SST variables are contained in the dataset
and cover the time period from 1988 to 2017 on 0.25° grids.
The J-OFURO3 variables were downloaded from http://
search.diasjp.net/en/dataset/JOFURO3_V1_1. The results
obtained from the SST and J-OFURO3 V1.1 were compared
with those based on OAFlux. The results based on J-
OFURO3 and OAFlux showed similar features except for
the correlation of the sea-air humidity difference (dq) term
and SST, which is generally larger based on OAFlux than
on J-OFURO3, and the negative correlation of the wind
speed term and the SST tendency, which is larger based on
J-OFURO3 than on OAFlux. We present only figures based
on OAFlux.

Surface turbulent heat flux is composed of LHF and
sensitive heat flux. LHF makes much greater contributions
than sensitive heat flux [1, 2]. Therefore, this study focuses
on the decomposition of LHF and the effect of LHF on
SST variations. LHF (QL) is calculated using the following
aerodynamic bulk formula:

QL = ρaLECEua qs Tsð Þ − qað Þ, ð1Þ

where ρa, ua, and qa are the surface air density, wind speed
at 10m above the sea surface, and specific humidity at 2m
above the sea surface, respectively. qsðTsÞ represents the
saturated specific humidity at the SST (Ts). LE is the latent
heat of vaporization for water, and CE is the bulk coefficient
for moisture. According to Tanimoto et al. [23] and Small
et al. [11], the LHF anomalies (QL

’) can be written using
the climatological mean and anomalies:

QL′ =QL − �QL

= ρaLECE ua′ �qs − �qað Þ + �ua qs′− qa′
� �

+ ua′ qs′− qa′
� �

−
�

ua′ qs′qa′
� �� �� �

,

ð2Þ

where overbars represent the climatological mean and
primes denote the deviation from the climatological mean.
The climatological calendar day mean is calculated based
on the arithmetic mean of all same calendar day values in
the analysis period. The meanings of the remaining symbols
are the same as those in Formula (1). The first term on the
right-hand side of Equation (2) is the contribution of the
wind speed (denoted as the wind speed term for conve-
nience), and the second term is the contribution of the
specific humidity difference between air and sea (denoted
as the dq term for convenience). We focus on the first two
terms on the right-hand side of Equation (2), as the third
and fourth terms are considered to be small and are negligi-

ble [11]. In this study, we analyze the correlation of the wind
speed term and dq term with the SST and SST tendency to
explain the relationship between LHF and SST variations.
The quantity dq contains both qa and qs. The dq variation
is highly correlated with qa in the subtropical gyre regions,
but qs is of vital importance to the dq variation in the mid-
latitude frontal zones and the tropics within 0-15°N (not
shown). In the present analysis, we show only the correlation
of the dq term with the SST and SST tendency, and the cor-
relation of qa is not presented for brevity.

The local correlation of LHF, the wind speed term and
dq term with the SST and SST tendency is examined for all
months and separately for months in winter and summer.
The daily value of the SST tendency is the difference in the
subsequent day SST minus the preceding day SST divided
by 2. Northern winter (southern summer) extends from
November to March in the following year (NDJFM), and
northern summer (southern winter) covers from May to
September (MJJAS). In Section 3.3, the correlation is calcu-
lated with respect to northern winter (southern summer)
from December 15 to February 14 in the following year
and northern summer (southern winter) from June 15 to
August 15 to avoid the inclusion of signals in the other
seasons in time smoothing.

In Section 3, the two-tailed Student’s t test is used to
examine the significance of the correlation coefficients of
LHF, the wind speed term and dq term with the SST and
SST tendency. The effective degree of freedom is employed
to obtain the critical correlation coefficient at the 95% confi-
dence level. The effective sample size (neffective) is estimated
using the method of Preisendorfer [33]:

nef f ective = n × 1 − r2

1 + r2

� 	
, ð3Þ

where r is the correlation coefficient and n is the total num-
ber of days used to calculate the correlation coefficient. For
the correlation coefficient with the SST tendency, n is
divided by 2 in view of the use of each daily value twice in
the calculation of the SST tendency. Most grid correlation
coefficients are significant due to the large number of days
in the 34 years, and the critical correlation coefficient is
small (ranging from 0.020 to 0.060 in the North Pacific
and from 0.020 to 0.052 in the tropical Indo-western
Pacific). In Section 4, the error margins of the correlation
coefficients are estimated based on the maximum and
minimum values of the correlation coefficients for a specific
lead-lag time. The maximum and minimum correlation
coefficients are obtained based on a comparison of the four
correlation coefficients calculated using variables including
the errors, which are included in the heat flux and SST data-
sets. For details, refer to Sun and Wu [5].

3. Results

3.1. Regional Features of the Wind Speed and dq Term
Contributions. In this subsection, we examine the spatial
changes in the contribution of the wind speed and dq terms
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of LHF to the relationship between LHF and SST variations.
First, we provide a comparison of the contributions of the
wind speed and dq terms to LHF variations. The wind speed
and dq terms of LHF are calculated based on Equation (2).
The features in the North Pacific, North Atlantic, and South-
ern Ocean are generally similar. Therefore, we mainly
describe features in one of the three regions.

Linear regressions of the wind speed and dq terms of LHF
onto total LHF are shown in Figure 1. Positive values indicate
a positive contribution of the term to LHF, while negative
values mean that the term has a negative effect on LHF varia-
tion. The sum of the regression coefficients of the wind speed
and dq terms may deviate from 1, which indicates contribu-
tions of the third and fourth terms of Equation (2). In the
North Pacific, the distribution of the regression coefficient
(Figures 1(a) and 1(b)) indicates that the wind speed term
has a larger contribution at lower latitudes and that the dq
term is dominant at higher latitudes. The sum is somewhat
smaller than 1 at higher latitudes (Figure 1(c)), indicative of
the effects of the third and fourth terms there. Similar features
are observed in the North Atlantic and southern oceans. In the
tropical North Indian Ocean-western North Pacific, the
regression coefficient of the wind speed term onto LHF
decreases northward from the equator (Figure 1(a)) and that
of the dq term is small near the equator and turns positive
north of 10°N (Figure 1(b)). In comparison, the wind speed
term is dominant in driving LHF near the equator, and both
the wind speed and dq terms contribute to the LHF variation
north of 10°N. The sum of the two terms is close to 1
(Figure 1(c)), confirming the negligible effects of the third
and fourth terms in Equation (2).

Next, we compare the contributions of the wind speed
and dq terms of LHF to the relationship between LHF and
SST variations. The relative importance of the contributions
of the wind speed and dq terms is assessed based on the
absolute value of their simultaneous correlations with the
SST and SST tendency. Figures 2 and 3 present the correla-
tion coefficients of LHF, the wind speed term, and dq term
with the SST and SST tendency in the North Atlantic and
tropical North Indian Ocean-western North Pacific. Accord-
ing to previous studies [4–6], a positive correlation between
LHF and the SST illustrates the influence of the SST on LHF,
and a negative correlation between LHF and the SST ten-
dency indicates the influence of LHF on SST changes. In
the SST frontal zone of the North Atlantic, the dq term has
a large positive correlation, and the wind speed term has a
small correlation with the SST (Figures 2(a), 2(c), and
2(e)). This result indicates a dominant contribution of the
dq term to the positive LHF-SST correlation, and the contribu-
tion of the wind speed term is small. Similar results are
obtained in the SST frontal zones of the North Pacific and
southern Indian Ocean (Figures S1a, S1c, and S1e). This
finding is related to the strong currents and large SST
gradient along the narrow SST frontal zones, where oceanic
advection plays a major role in the SST change that in turn
influences LHF by modulating the sea-air humidity
difference [4, 11]. In subtropical gyre regions, the dq and
wind speed terms tend to have opposite correlations with the
SST with comparable magnitudes (Figures 2(c), and 2(e);

Figures S1c and S1e), leading to small LHF-SST correlations
(Figure 2(a); Figure S1a). The negative wind speed-SST
correlation in the subtropical gyre regions is likely related to
atmospheric circulation changes. For example, when the
subtropical high moves poleward, the wind speed is
enhanced on the one hand, and on the other hand, the SST
falls due to the cloud-related downward shortwave radiation
decrease and wind-related LHF increase, leading to a
negative wind speed-SST correlation. The wind speed term
has a larger negative correlation with the SST tendency than
the dq term in the subtropical regions, and thus, it has a
larger contribution to the negative LHF-SST tendency
correlation there (Figures 2(b), 2(d), and 2(f); Figures S1b,
S1d, and S1f). This result indicates the role of atmospheric
processes in driving LHF and in turn the SST change.

In the tropical North Indian Ocean-western North Pacific,
the dq term has a large positive correlation (Figure 3(e)), and
the wind speed term has a negative correlation with the SST
(Figure 3(c)), leading to a small positive LHF-SST correlation
in most regions (Figure 3(a)). The negative wind speed-SST
correlation in the tropical North Indo-western Pacific region
is likely associated with monsoon wind changes. For example,
when the summer monsoon intensifies, the wind speed
becomes enhanced on the one hand, and on the other hand,
the SST falls due to the cloud-related downward shortwave
radiation decrease and wind-induced LHF increase, leading
to a negative wind speed-SST correlation. The western Ara-
bian Sea is an exception where the positive LHF-SST correla-
tion is relatively large (Figure 3(a)) due to the relatively small
negative correlation of the wind speed term (Figure 3(c)).
The wind speed term has a dominant contribution to the
negative LHF-SST tendency correlation, and the contribution
of the dq term is small in most regions (Figures 3(b), 3(d), and
3(f)). This finding agrees with the dominant contribution of
the wind speed term in the LHF decomposition
(Figures 1(b), 1(d), and 1(f)).

In the SST frontal zones of the North Pacific, North
Atlantic and southern Indian Ocean, the positive LHF-SST
correlation decreases from winter to summer (Figures S2a
and S3a). This seasonal change is partly contributed by a
decrease in the positive contribution of the dq term
(Figures S2e and S3e) and partly by an increase in the
negative contribution of the wind speed term (Figures S2c
and S3c). In the subtropical gyre regions, the negative
LHF-SST tendency correlation increases from winter to
summer (Figures S2b and S3b), which is mainly attributed
to the increase in the contribution of the wind speed term
(Figures S2d and S3d). Along the west coast of the Arabian
Sea, the positive LHF-SST correlation displays an obvious
increase from winter to summer (Figures S2a and S3a),
which appears to be associated with an increase in the
positive contribution of the dq term (Figures S2e and S3e)
and a decrease in the negative contribution of the wind
speed term (Figures S2c and S3c). More details about the
seasonal changes in the relationship between LHF and SST
variations are presented in the next subsection.

3.2. Seasonality of the Lead-Lag Correlation at Different
Locations. In this section, we compare the lead-lag
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correlations of LHF, the wind speed term, and the dq term
with the SST and SST tendency at different locations in
winter and summer. The purpose is to understand the con-
tributions of the wind speed and dq terms to seasonal
changes in the relationship between LHF and SST variations.
The relative importance of the contributions of the wind
speed and dq terms is determined based on the magnitude
and change with the time lag in their correlations in individ-
ual seasons. The lead-lag correlations are analyzed for
selected representative points, including 3 points in the mid-
latitude SST frontal zones of the Gulf Stream, the Kuroshio
Extension, and the Agulhas Return Current; 3 points in the
subtropical gyres; and 4 points in the tropical North Indian
Ocean-western North Pacific with each in the Arabian Sea,
the Bay of Bengal, the South China Sea, and the Philippine
Sea. The 3 points in the midlatitude SST frontal zones repre-

sent dominant oceanic forcing, and the 3 points in the
subtropical gyres represent dominant atmospheric forcing
[4, 5]. The 4 points in the tropical North Indian Ocean-
western North Pacific feature dominant atmospheric forcing
with supplementary oceanic forcing, except for the Arabian
Sea in summer with dominant oceanic forcing [5]. The
locations of those points are the same as those in Sun
and Wu [5], and those points in the North Atlantic and
tropical North Indian Ocean-western North Pacific are
denoted by black diamonds in Figures 2 and 3. Following
previous studies [4–6], a positive and symmetric lead-lag
correlation between LHF and the SST signifies an SST
effect on LHF, and a negative and symmetric lead-lag cor-
relation between LHF and the SST tendency indicates the
LHF effect on SST changes. In the following, we present
only figures for the 3 points in the midlatitude SST frontal
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Figure 1: Linear regression of individual terms of LHF decomposition onto total LHF and their sum. Linear regression of (a) the wind speed
term and (b) sea-air humidity difference (qs-qa) term of LHF decomposition onto total LHF and (c) their sum based on daily anomalies in
all months from OAFlux.
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zones and the 2 points in the Arabian Sea and South China
Sea. Short descriptions are provided for the 3 points in the
subtropical gyres and the 2 points in the Bay of Bengal and
Philippine Sea.

In the midlatitude SST frontal zones, the lead-lag corre-
lation between the dq term and SST has a symmetric struc-
ture with a large positive correlation at zero lag in both
winter and summer (Figure 4). In comparison, the peak pos-
itive correlation is larger in winter than in summer. The

lead-lag correlation between the wind speed term and SST
is small in both winter and summer and displays asymmetric
features in summer. Apparently, the dq term makes a main
contribution to the positive LHF-SST correlation, and it
has a larger value in winter than in summer. The above
results illustrate that ocean-induced SST anomalies affect
LHF by modulating the dq term in midlatitude SST frontal
zones. The main reason for the larger correlation between
the dq term and SST in winter is the stronger ocean currents
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Figure 2: Correlation of LHF, the wind speed term, and the sea-air humidity difference (qs-qa) term with the SST and SST tendency in the
North Atlantic. Correlation of (a, b) LHF, (c, d) the wind speed term, and (c, f) the sea-sir humidity difference (qs-qa) term with (a, c, e) the
SST and (b, d, f) SST tendency in the North Atlantic based on daily anomalies in all months from OAFlux. The two black diamonds are the
locations within and outside of the Gulf Stream. The white regions denote correlation coefficients below the 95% confidence level according
to the Student’s t test. The percentage of grid points with correlation coefficients reaching the 95% confidence level is approximately 48% in
(a), 98% in (b), 95% in (c), 100% in (d), 100% in (e), and 74% in (f).
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and larger meridional SST gradient in winter than in sum-
mer, leading to a larger role of ocean advection in SST
changes and, in turn, a larger influence of the SST on LHF
by modulating the sea-air humidity difference.

In the midlatitude SST frontal zones, the lead-lag corre-
lation between the dq term and SST tendency has an anti-
symmetric structure with positive and negative correlations
when the SST tendency leads and lags, respectively
(Figure 5). In comparison, the antisymmetric feature is more
prominent in winter than in summer. The lead-lag correla-
tion between the wind speed term and SST tendency dis-
plays a symmetric feature with a large negative correlation
at zero lag. In comparison, the simultaneous negative corre-
lation is much larger in summer than in winter. The results
mean that the negative LHF-SST tendency correlation is
mainly attributed to the wind speed contribution, which is
larger in summer than in winter. The seasonal change in
the above wind speed term-SST tendency correlation occurs
for two reasons. One reason is the smaller covariance

between the wind speed and SST tendency in winter than
in summer (not shown). The other reason is the smaller var-
iance in the wind speed in summer than in winter (not
shown), which is related to seasonal changes in the magni-
tude of atmospheric high-frequency fluctuations.

In the subtropical gyre regions, the wind speed term-SST
and the dq term-SST correlations tend to be opposite and
cancel each other at zero lag, leading to a small simultaneous
LHF-SST correlation in both winter and summer (figures
not shown). This finding is consistent with Figures 2(a),
2(c), and 2(e). The wind speed term-SST tendency correla-
tion displays symmetric features with large negative values
at a zero lag in both winter and summer, whereas the dq
term-SST tendency correlation displays an antisymmetric
structure in both winter and summer (figures not shown).
In comparison, the magnitude of the peak correlation coeffi-
cient is larger in summer than in winter. These results are
consistent with Figures 2(b), 2(d), and 2(f). Overall, in the sub-
tropical gyre regions, the wind speed term dominates the LHF
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Figure 3: Correlation of LHF, the wind speed term, and the sea-air humidity difference (qs-qa) term with the SST and SST tendency in the
tropical North Indian Ocean-western North Pacific. Correlation of (a, b) LHF, (c, d) the wind speed term, and (c, f) the sea-sir humidity
difference (qs-qa) term with (a, c, e) the SST and (b, d, f) SST tendency in the tropical North Indian Ocean-western North Pacific based
on daily anomalies in all months from OAFlux. The four black diamonds are the locations within the Arabian Sea, the Bay of Bengal,
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effect on the SST change, and this effect is stronger in summer
than in winter. The reasons for the seasonal changes are
similar to those in the midlatitude SST frontal zones.

In winter, the dq term contributes to the positive SST-
LHF correlation, and the wind speed term has a negative
contribution in both the Arabian Sea and the South China
Sea, leading to a small SST-LHF correlation (Figures 6(a)
and 6(c)). In summer, the contribution of the dq term
dominates the positive LHF-SST correlation, and the contri-
bution of the wind speed term is small in the Arabian Sea
(Figure 6(b)). This finding validates the SST effect on LHF
in the Arabian Sea in summer by modulating the sea-air
humidity difference. The SST effect in this region is related
to the large SST gradient during summer [5]. The contribu-
tion of the dq term is also large in the South China Sea, but it
is mostly cancelled by the negative contribution of the wind
speed term, leading to a small SST-LHF correlation there
(Figures 6(d)). This opposing wind speed term is distinct

from that of the Arabian Sea. The features in the Bay of
Bengal and Philippine Sea (figures not shown) are similar
to those in the South China Sea.

In winter, the wind speed term-SST tendency correla-
tion is largely negative at zero lag, accounting for the simul-
taneous negative LHF-SST tendency correlation in both the
Arabian Sea and South China Sea (Figures 7(a) and 7(c)).
The dq term-SST tendency correlation displays an antisym-
metric feature in the above regions. The above feature is
also obtained in the South China Sea in summer
(Figure 7(d)). Similar results are obtained in the Bay of
Bengal and Philippine Sea in both winter and summer
(figures not shown). In the Arabian Sea in summer, the
antisymmetric dq term-SST tendency correlation dominates
the LHF-SST tendency correlation (Figure 7(b)). The above
results confirm the wind speed-related LHF effect on the
SST changes in the tropical Indo-western Pacific region
except for the Arabian Sea in summer.
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Figure 4: Seasonal differences in the lead-lag correlation of LHF, the wind speed term, and the sea-air humidity difference (qs-qa) term with
the SST in midlatitude SST frontal regions. Lead-lag correlation of LHF (blue curve), the wind speed term (green curve), and the sea-air
humidity difference (qs-qa) term (red curve) with the SST in the (a, b) Gulf Stream, (c, d) Kuroshio Extension, and (e, f) Agulhas Return
Current in (a, c, e) winter (NDJFM/MJJAS in the Northern/Southern Hemisphere) and (b, d, f) summer (MJJAS/NDJFM in the Northern/
Southern Hemisphere) based on daily anomalies from OAFlux. Dashed lines denote the top and bottom limitations of the error margins of
the correlation coefficients. The x-axis represents SST leading (left) and lagging (right) times in days. The y-axis represents the correlation
coefficient.
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In summary, in the midlatitude frontal zones, the dq
term in the SST effect is larger in winter than in summer.
In subtropical gyre regions, the wind speed term in the
LHF effect is larger in summer than in winter. In the
Arabian Sea, the wind speed term dominates in winter in
the LHF effect, and the dq term dominates in summer in
the SST effect. In the other tropical Indo-western Pacific
regions, the wind speed term in the LHF effect is larger in
summer than in winter, and the dq term in the SST effect
is larger in summer than in winter.

3.3. Time Scale Dependence of the Lead-Lag Correlation at
Different Locations. The time scale dependence of the rela-
tionship between LHF and SST variations has been illus-
trated by correlation analysis based on time-smoothed
variables in previous studies [4, 5]. In this section, we exam-
ine the correlations of the wind speed and dq terms with the

SST and SST tendency for time scales from 2 to 90 days.
These values are compared to the correlations of LHF with
the SST and SST tendency to understand the contributions
of the wind speed and dq terms to the time scale dependence
of the relationship between LHF and SST variations. The rel-
ative importance of the contributions of the wind speed and
dq terms is indicated in the magnitude and variation with
the time scale of their correlations. The correlation is ana-
lyzed based on daily data for the selected points as in Section
3.2. We present figures only for the points located in the Gulf
Stream, the Arabian Sea, and the Philippine Sea. We also
present figures of one season selected for the correlation with
the SST or the SST tendency. The results for other points are
briefly discussed in the text without presenting figures.

In the Gulf Stream in winter, the positive correlation
between the dq term and SST increases monotonously with
time (Figure 8(e)), which accounts for the increase in the
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Figure 5: Seasonal differences in the lead-lag correlation of LHF, the wind speed term, and the sea-air humidity difference (qs-qa) term with
the SST tendency in midlatitude SST frontal regions. Lead-lag correlation of LHF (blue curve), the wind speed term (green curve), and the
sea-air humidity difference (qs-qa) term (red curve) with SST tendency in the (a, b) Gulf Stream, (c, d) Kuroshio Extension, and (e, f)
Agulhas Return Current in (a, c, e) winter (NDJFM/MJJAS in the Northern/Southern Hemisphere) and (b, d, f) summer (MJJAS/
NDJFM in the Northern/Southern Hemisphere) based on daily anomalies from OAFlux. Dashed lines denote the top and bottom
limitations of the error margins of the correlation coefficients. The x-axis represents the SST tendency leading (left) and lagging (right)
time in days. The y-axis represents the correlation coefficient.

9Ocean-Land-Atmosphere Research



SST effect on LHF with time (Figure 8(a)). The wind speed
term has a supplementary contribution, especially when
the SST leads (Figure 8(c)). The increase in the correlation
of the dq term with time is due to the time smoothing that
reduces the variance in the sea-air humidity difference, and
the effect of time smoothing increases with time. Similar
changes with time are obtained in the correlation with the
SST in summer but with smaller correlation coefficients
(figures not shown). In summer, the simultaneous negative
correlation between LHF and the SST tendency and its
change with time is mainly attributed to the wind speed term
for time scales less than 30 days (Figures 8(b) and 8(d)). The
correlation between the dq term and SST tendency main-
tains an antisymmetric feature for time scales up to approx-
imately 50 days (Figure 8(f)). The results indicate that the
wind speed contribution to the LHF effect is confined to
short time scales. This feature may be related to the change
in the variance in wind speed over time. With the increase
in the time scale, the amplitude of the wind speed fluctuation

decreases, as does its contribution to LHF and its effect on
the SST change. In winter, the antisymmetric LHF-SST ten-
dency correlation is maintained up to a time scale of 90 days,
which follows the correlation of the dq term, whereas the
wind speed term-SST tendency correlation is negative and
increases with time (figures not shown). Similar contribu-
tions of the wind speed and dq terms to changes with time
for the relationship between LHF and SST variations are
observed in the Kuroshio Extension and the Southern Ocean
(figures not shown). One difference to note is that the wind
speed term-SST correlation is larger in the Kuroshio Exten-
sion and the Southern Ocean than in the Gulf Stream.

In the Arabian Sea, in summer, the increase with time
for the positive LHF-SST correlation is contributed by both
the wind speed and dq terms, with the latter being larger
than the former (Figures 9(a), 9(c), and 9(e)). The positive
wind speed-SST correlation may be due to the SST effect
on vertical mixing. An increase in the SST may destabilize
the atmospheric boundary layer and enhance vertical
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Figure 6: Seasonal differences in the lead-lag correlation of LHF, the wind speed term, and the sea-air humidity difference (qs-qa) term with
the SST in the Arabian Sea and the South China Sea. Same as Figure 4 except the black diamonds represent locations within (a)–(b) the
Arabian Sea and (c)–(d) the South China Sea in Figure 3.
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mixing, resulting in an increase in the surface wind speed,
which results in a positive wind speed-SST correlation. The
increase in the wind speed-SST correlation with time is
due to the effect of the time smoothing that reduces the
variance in wind speed, and the effect of time smoothing
increases with time. In winter, the three correlations are
much smaller (figures not shown). In winter, the wind speed
term appears to have a main contribution to the change with
time for the negative LHF-SST tendency correlation
(Figures 9(b), 9(d), and 9(f)). The negative correlation near
the zero lag displays an increase up to 20-40 days and then
a decrease with time (Figures 9(b) and 9(d)). This finding
indicates that the atmospheric effect on the SST changes
through wind-related LHF is confined to short time scales.
In summer, the change with time for the LHF-SST tendency
correlation is related to both the wind speed and dq terms
but with a larger contribution from the dq term than the
wind speed term (figures not shown). The three correlations
maintain antisymmetric features as the time scale increases.

The time scale dependence of the lead-lag correlations in
the Philippine Sea has a smaller seasonal change than that in
the midlatitude regions and the Arabian Sea. In winter, the
positive correlation between the dq term and SST increases
monotonously with time (Figure 10(c)). The correlation of
the wind speed term has a counteracting effect, which also
increases with time (Figure 10(c)). The net effect leads to a
positive LHF-SST correlation whose magnitude increases
with time (Figure 10(a)). In summer, the three correlations
show similar changes with time, but the positive correlation
of the dq term and the negative correlation of the wind speed
term are larger, and their cancelling effect leads to a small
positive LHF-SST correlation (figures not shown). In winter,
the correlation of the wind speed and dq terms with the SST
tendency tends to be opposite except for the correlation near
the zero lag (Figures 10(d) and 10(f)). The negative LHF-
SST tendency correlation displays a nearly symmetric fea-
ture and first increases up to 20 days and then decreases with
time (Figure 10(b)), which is mainly due to the contribution
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of the wind speed term (Figure 10(d)). Similar results are
obtained in summer (figures not shown). The changes with
the time scale of the lead-lag correlations in the Bay of
Bengal and South China Sea are similar to those in the Phi-

lippine Sea except that the opposing effect of the wind speed
term to the LHF-SST correlation is absent in winter.

In summary, in the midlatitude frontal zones during
summer and the tropical North Indo-western Pacific region
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during winter and summer, the wind speed term in the LHF
effect tends to dominate over a short time scale, and thedq term
in the SST effect tends to be dominant over a long time scale,
with the wind speed term supporting the Arabian Sea and can-
celling the Philippine Sea, the Bay of Bengal, and the South

China Sea. In the midlatitude frontal zones during winter and
the Arabian Sea during summer, the dq term dominates the
SST effect on a time scale up to 90 days. In the subtropical gyre
regions during winter and summer, the wind speed term
dominates the LHF effect on the time scale up to 90 days.
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4. Conclusion

Previous studies revealed the spatial and seasonal changes
and time scale dependence of the relationship between
LHF and SST variations. Using daily data, this study decom-
poses LHF into the wind speed term and dq term. The cor-
relation of LHF, the wind speed term, and the dq term
with the SST and SST tendency is compared to understand
the changes in the relationship between LHF and SST varia-
tions in the midlatitude SST frontal zones, subtropical gyre
regions, and tropical North Indian Ocean-western North
Pacific. The use of the daily data enables a clear illustration
of the effect of time smoothing on the relationship, in partic-
ular, at submonthly time scales and the detection of the
switch in the dominant contribution from the wind speed
term to the dq term at short time scales. The present study
reveals that the relative contributions of the wind speed term
and dq term vary with region and season and depend upon
the time scale. The main results are summarized in Table 1.

The SST effect on LHF is well manifested in the dq term
in the midlatitude SST frontal zones and tropical Indo-
western Pacific. The LHF effect on the SST change comes
mainly from the wind speed term in the subtropical gyre
regions and tropical Indo-western Pacific. In subtropical
gyre regions, the opposing contributions of the wind speed
and dq terms lead to a weak LHF-SST correlation. The
smaller opposing wind speed effect in the Arabian Sea
accounts for the larger LHF-SST correlation compared to
those in the other tropical Indo-western Pacific regions.

Obvious seasonal changes are detected in the contribu-
tions of the wind speed and dq terms. In the midlatitude
frontal zones, the larger SST effect in winter than in summer
is validated by the increase in the contribution of the dq term
from summer to winter. The wind speed term accounts for
the LHF effect on the SST change, and the wind speed effect
is larger in summer than in winter. In subtropical gyre
regions, the larger LHF effect on the SST changes in summer
than in winter is attributed to seasonal changes in the wind
speed term. The correlations of the wind speed and dq terms

with the SST tend to cancel each other in both winter and
summer, leading to a small SST effect on LHF in most of
the subtropical gyre regions. In the tropical Indo-western
Pacific, the SST effect on LHF mainly occurs through
modulation of the dq term, whose contribution is larger in
summer than in winter. The LHF effect on the SST change
in winter and summer comes mainly from the wind speed
term. In winter, the correlation of the wind speed term with
the SST tends to cancel that of the dq term, leading to a weak
LHF-SST relationship. In summer, the correlation of the
wind speed term with the SST is small in the Arabian Sea
but is opposite to that of the dq term in the other tropical
Indo-western Pacific regions. This accounts for the weaker
SST effect on LHF in the Bay of Bengal, South China Sea,
and Philippine Sea than in the Arabian Sea.

The contributions of the wind speed and dq terms dis-
play distinct time scale dependences. The SST effect on
LHF through the dq term increases monotonically with time
in most regions. The contribution of the wind speed term to
the SST effect also increases with time, but its effect varies
regionally. The wind speed term is supplementary in the
midlatitude frontal zones in both winter and summer and
in the Arabian Sea in summer. The wind speed term opposes
the dq term in the Philippine Sea in winter and summer, in
the South China Sea and Bay of Bengal in summer, and in
the subtropical gyre regions in both winter and summer.
The contribution of the wind speed term to the LHF effect
first increases and then decreases with time in the midlati-
tude SST frontal zones in summer; in the subtropical gyre
regions in both winter and summer; in the Arabian Sea in
winter; and in the Bay of Bengal, South China Sea, and
Philippine Sea in both winter and summer. This feature sig-
nifies that the LHF effect on the SST changes through the
wind speed effect tends to be confined to short time scales.

Seasonal changes in the magnitude of the wind speed
effect on SST changes are likely related to the variance in
high-frequency atmospheric wind changes. Atmospheric
wind fluctuations tend to be larger in winter than in summer
in the midlatitude regions, which may partly explain the

Table 1: Summary of seasonal changes and the time scale dependence of the relationship between LHF and SST variations and the
contributions of the wind speed and dq terms in different regions. The symbols “atm” and “ocn” denote atmospheric forcing and oceanic
forcing, respectively. The term in brackets denotes the dominant contribution term. The signs “+” and “-” denote supporting and
cancelling effects, respectively. The number in parentheses denotes the time scale at which the atmospheric forcing switches from
increasing to decreasing with time.

Location Winter Summer

Gulf Stream
Kuroshio Extension
Agulhas Return Current

Ocn increase to 90 days [dq +wind]
Ocn increase to 90 days [dq +wind]
Atm below 30 days (10 days) [wind]

Subtropical Gyre
Atm to 90 days (20-40 days) [wind]

Ocn small [dq-wind]
Atm to 90 days (20-40 days) [wind]

Ocn small [dq-wind]

Arabian Sea
Atm below 50 days (30 days) [wind]

Ocn above 50 days [dq]
Ocn increase to 90 days [dq +wind]

Philippine Sea
Atm below 40 days (20 days) [wind]

Ocn above 40 days [dq-wind]
Atm below 40 days (20 days) [wind]

Ocn above 40 days [dq-wind]

Bay of Bengal
South China Sea

Atm below 30 days (15 days) [wind]
Ocn above 30 days [dq]

Atm below 30 days (15 days) [wind]
Ocn above 30 days [dq-wind]
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larger correlation of the wind speed term with the SST
tendency there. Seasonal changes in the contribution of the
sea-air humidity difference to LHF are attributed to the
SST gradient. The SST gradient in the midlatitude SST fron-
tal zones is larger in winter than in summer. Accordingly,
oceanic advection plays a larger role in the SST changes,
and in turn, the SST has a larger influence on LHF through
the dq term in winter than in summer. The SST gradient is
also a factor for the large SST effect on LHF in the Arabian
Sea in summer. The increase with time of the correlation
of the dq term and SST is attributed to the time smoothing
that reduces the high-frequency atmospheric noise. With
the increase in the time scale, the smoothing reduces the
high-frequency noise more efficiently, and the correlation
between the dq term and SST becomes larger.

Some questions remain to be answered. One is why the
contribution of the wind speed effect on the SST changes is
confined to short time scales (less than 40-60 days).
Another is the spatial changes in the correlation between
the SST and wind speed term of LHF: positive in the SST
frontal zones and the Arabian Sea and negative in the sub-
tropical gyre regions and the Bay of Bengal, South China
Sea, and Philippine Sea. The first issue may be related to
the predominant period of intraseasonal atmospheric wind
variations. The second issue may be related to the regional
changes in the coherence of atmospheric wind and mois-
ture variations. Further investigation is needed to address
the above issues.
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