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Abstract

The present study examined the relationship between turbulent surface heat flux (SHF) and sea surface temperature (SST)
variations using daily observational data. The SHF and SST relationship displays notable differences between winter and
summer and prominent time-scale dependence in both seasons. In the mid-latitude SST frontal regions, SST has a larger
role in driving SHF in winter than in summer. In the subtropical gyre regions, SHF plays a larger role in the SST change in
summer than in winter. In winter, SHF has a larger effect on the SST change in the South China Sea than in the Arabian Sea
and Bay of Bengal. In summer, the SST effect on SHF is dominant in the Arabian Sea, whereas the SHF impact on SST is
dominant in the Philippine Sea. In the Gulf Stream, Kuroshio Extension and Agulhas Return Current, the SST effect extends
up to 90-day time scales in winter, the SHF impact is limited to time scales below 20 days and the SST effect is dominant
on time scales above 20 days in summer. In winter, the SHF effect extends up to 90-day time scales in the Bay of Bengal,
South China Sea, and Philippine Sea, but is limited to time scales below 40 days in the Arabian Sea. In summer, the SST
effect extends up to 90-day time scales in the Arabian Sea, whereas the SHF and SST effect is large on time scales shorter
and longer than 40 days, respectively, in the Philippine Sea.

Keywords Surface heat flux—SST relationship - Seasonal difference - Time-scale dependence - The mid-latitude frontal
zone - The subtropical gyre region - Tropical Indo-Western Pacific

1 Introduction

Ocean and atmosphere interact in various manners. One of
the ocean—atmosphere interaction processes is the exchange
of turbulent heat fluxes. On one hand, the upper ocean may
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supply heat to the atmosphere by modulating the sea—air
humidity and temperature differences. On the other hand, the
atmosphere can change the thermal condition of the upper
ocean through wind-induced turbulent heat fluxes.

The importance of ocean—atmosphere interactions has
been demonstrated by many studies, which have reported
discrepancies in the precipitation variability and precipi-
tation-sea surface temperature (SST) relationship between
stand-alone atmospheric model simulations and the obser-
vations (Sperber and Palmer 1996; Kumar and Hoerling
1998; Wang et al. 2005; Wu et al. 2006; Wu and Kirtman
2007; Wu and You 2018) and between forced and coupled
model simulations (Barsugli and Battisti 1998; Kitoh and
Arakawa 1999; Lau and Nath 2000, 2003; Wu and Kirt-
man 2004, 2005, 2007; Wu et al. 2006). These discrepan-
cies are attributed to the lack of air—sea interactions in
the stand-alone atmospheric model simulations and to the
misrepresentation of the air—sea relationship in the cou-
pled model simulations. Therefore, revealing the seasonal
and spatial changes as well as the time scale dependence
of the ocean—atmosphere relationship is essential for
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understanding the climate variability and the performance
of climate model simulations.

The local lead-lag correlation between rain rate or sur-
face turbulent heat flux (SHF) and SST or local simultane-
ous correlation or covariance between rain rate or SHF and
SST and SST tendency, which is the temporal derivative of
SST, have been diagnosed to help the understanding of the
air—sea relationship in previous studies (Frankignoul and
Hasselmann 1977; Frankignoul 1985; Wallace et al. 1990;
Cayan 1992; Barsugli and Battisti 1998; Frankignoul et al.
1998; von Storch 2000; Wu and Kirtman 2005, 2007; Wu
et al. 2006, 2007, 2015; Ye and Wu 2015; Bishop et al.
2017; Wu and You 2018; Wu 2019; Small et al. 2019).
The representation of air—sea relationship using local
correlation of SHF with SST and SST tendency has been
illustrated using a simple stochastic model (Barsugli and
Battisti 1998; Wu et al. 2006; Bishop et al. 2017). There
is a marked difference in the SHF—SST and SHF-SST ten-
dency correlation between the atmospheric and oceanic
forcing cases. In the case of oceanic forcing, a positive
correlation exists between SHF (positive denoting upward)
and SST, indicating warmer water heating the overlying
atmosphere by upward SHF. In the case of atmospheric
forcing, a negative correlation exists between the SHF and
SST tendency, indicating more upward SHF lowering SST.

Previous studies revealed the spatial change in the SHF
and SST relationship. Bishop et al. (2017) showed that the
SHF-SST and SHF-SST tendency relationship displays
a pronounced difference between the western boundary
currents in the mid-latitude oceans and the subtropical
mid-ocean gyres. Along the western boundary current and
the Antarctic Circumpolar Current regions, large positive
SHF-SST correlation is observed, indicating that SST
drives the SHF change in those regions. In the mid-ocean
gyre regions, prominent negative SHF-SST tendency is
observed, indicating that SHF drives the SST change.
Similar results were obtained by Small et al. (2019) with
multiple turbulent heat flux data. Wu and Kinter (2010)
identified a difference in the surface latent heat flux (LHF,
a dominant part of SHF over the ocean) and SST rela-
tionship between the western and central part of the mid-
latitude North Pacific. In the central part, LHF is a driv-
ing factor of SST anomalies in both winter and summer.
In the western part, SST induces LHF anomalies that in
turn feedback on the SST change in boreal winter. The
spatial change in the LHF and SST relationship has been
also detected in the tropical Indo-western Pacific region
(Wu et al. 2006; Duvel and Viallard 2007; Ye and Wu
2015; Wu et al. 2015). For example, Duvel and Viallard
(2007) showed that the LHF drives the intraseasonal SST
variation in the Indian Ocean and north of Australia in
boreal winter and the effect of LHF is small in the western
Pacific.
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Previous studies identified the seasonal variation in the
SHF and SST relationship. Bishop et al. (2017) found that
the SHF-SST covariance along the Gulf Stream and Kuro-
shio Extension is largest in boreal winter. Wu and Kinter
(2010) showed that the impact of LHF on the interannual
SST anomalies in the western part of the mid-latitude North
Pacific is prominent in boreal winter but weak in boreal sum-
mer. Jin et al. (2020) found that the coherence between the
intraseasonal variations of SHF and vertical heat transport at
50 m along the Kuroshio Extension is larger in boreal win-
ter than in boreal summer. Seasonal variations of the LHF
and SST relationship have also been observed in the tropi-
cal Indo-western Pacific region (Duvel and Viallard 2007,
Wu et al. 2015). Duvel and Viallard (2007) found that the
LHF impact on intraseasonal SST variations in the Arabian
Sea, north of the Bay of Bengal, and China Sea is larger in
boreal summer. Wu et al. (2015) obtained a larger coherence
between intraseasonal LHF and SST variations in the west-
ern North Pacific in boreal summer than in boreal winter.

The time scale dependence of the SHF and SST rela-
tionship has been detected in a few studies. Bishop et al.
(2017) showed that the SHF-SST correlation along the Gulf
Stream, Kuroshio Extension, and Agulhas Return Current
becomes larger when the time scale changes from a few
months to 1-2 years, indicative of an increase of the oce-
anic influence with the time scale in the mid-latitude SST
frontal zones. Small et al. (2019) found that the magnitude
of simultaneous SHF-SST correlation changes largely with
the time window of smoothing used before calculating the
correlation in the northwest Pacific and Atlantic regions.
Jing et al. (2020) obtained a large coherence between SHF
and vertical heat transport at 50 m in the Kuroshio Exten-
sion on intraseasonal time scales. Ye and Wu (2015) and Wu
et al. (2015) found a larger contribution of LHF to intrasea-
sonal SST variations in the tropical western North Pacific
on 30-60-day than 10-20-day time scales.

The SST tendency can be approximately explained by
total SHF and ocean heat flux convergence driven by ocean
advection. The relative contribution of total SHF and ocean
advection to the SST change determines to a large extent the
SHF and SST relationship. The contribution of SHF to the
SST change depends upon the ocean mixed-layer depth and
the amplitude of SHF perturbations. In small ocean mixed-
layer depth regions, the contribution of SHF to the SST
change tends to be large. In such regions, the SHF and SST
relationship likely belongs to the atmosphere-driven case,
such as the central part of the mid-latitude North Pacific (Wu
and Kinter 2010) and the tropical North Indian Ocean and
western North Pacific in boreal summer (Duvel and Vial-
lard 2007; Ye and Wu 2015; Wu et al. 2015). In regions
with large atmospheric perturbations, such as the tropical
Indian Ocean in boreal winter where intraseasonal oscilla-
tions are strong, the amplitude of SHF anomalies may be
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large and the SST response to SHF is prominent (Duvel and
Viallard 2007). The contribution of ocean advection to the
SST change depends upon the mean SST gradient and the
magnitude of ocean current anomalies. In weak SST gradi-
ent regions, such as the subtropical gyre regions, the contri-
bution of ocean advection is expected to be small and thus
SST is likely driven by SHF (Bishop et al. 2017; Small et al.
2019). In strong SST gradient regions, the ocean advection
may contribute largely to the SST change. The impact of the
SST gradient is prominent in the mid-latitude SST frontal
zones, such as the Gulf Stream, Kuroshio Extension and
Agulhas Return Current (Bishop et al. 2017; Small et al.
2019).

The SHF and SST relationship has been analyzed using
monthly data (Wu et al. 2006; Wu and Kinter 2010; Bishop
et al. 2017; Small et al. 2019). The atmosphere has high
frequency variations that may contribute to the upper ocean
variation (Hassleman 1976; Wallace et al. 1990). Deser and
Timlin (1997) indicated that the coupling between SST and
500-hPa geopotential height variations in the mid-latitude
North Pacific and North Atlantic reaches the strongest when
the atmospheric variability leads SST by 2-3 weeks, which
cannot be resolved using monthly data. In addition, simul-
taneous correlation derived based on monthly mean data
may include the effect of atmospheric persistence as daily
anomalies may be maintained for weeks and contribute to
monthly mean anomalies (Frankignoul and Hasselmann
1976; Frankignoul et al. 1998). Further, the correlation cal-
culated based on monthly mean may be reduced compared to
that calculated based on daily mean (Wu et al. 2006). Small
et al. 2019 showed that the 30-day mean leads to a much
higher simultaneous SHF-SST correlation than the 1-day
mean in the northwest Pacific and Atlantic regions. Some
previous studies analyzed the air—sea relationship based on
daily data (Duvel and Viallard 2007; Ye and Wu 2015; Wu
et al. 2015; Jin et al. 2020). For example, Ye and Wu (2015)
and Wu et al. (2015) found that the 10-20-day and 30—-60-
day intraseaseasonal SHF and SST variations have different
spatial structure and strength of coherence in the tropical
western North Pacific. However, it is unknown whether and
at which time scale there is a transition between the atmos-
phere-driven and ocean-driven regimes. Thus, it is worthy of
further investigation regarding the regional feature, seasonal
variation, and time scale dependence in the SHF and SST
relationship using the daily data.

The present study compares the SHF and SST relation-
ship in winter and summer and the change of the SHF and
SST relationship with the time scale in winter and summer
in the mid-latitude SST frontal regions, the subtropical gyre
regions, and the tropical Indo-western Pacific regions. The
rest of the paper is organized as follows. Section 2 introduces
the observation datasets and methods. In Sect. 3, we present
the results of a stochastic model simulations serving as a

physical rationale of understanding the local SHF and SST
relationship. In Sect. 4, we present the regional feature of the
SHF-SST and SHF-SST tendency covariance. In Sect. 5, we
contrast the lead—lag correlation of SHF and SST variations
between winter and summer at selected locations to illus-
trate the seasonal variation of the relationship. In Sect. 6, we
document the time scale dependence of lead-lag correlation
of SHF and SST variations at a few locations. Section 7 pro-
vides the summary of results and discussions.

2 Datasets and methods

This study uses daily SST of the National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpola-
tion Sea Surface Temperature (OISST) v2.0 (Reynolds et al.
2007). The OISST data are available from 1981 to 2020
with a spatial resolution of 0.25° grid. The OISST data were
obtained from ftp://ftp.cdc.noaa.gov/Datasets/noaa.oisst.v2.
highres/.

The daily SHF data are from the objectively analyzed
air—sea sensible heat and latent heat fluxes (OAFlux) prod-
uct of the Woods Hole Oceanographic Institution (Yu and
Weller 2007). The OAFlux flux data have a 1° spatial reso-
lution and cover the time period from 1985 to 2018. We
obtained the OAFlux turbulent SHF via ftp://ftp.whoi.edu/
pub/science/oaflux/data_v3/daily/turbulence/.

We interpolate the OAFIux SHF to 0.25° spatial grids to
match the NOAA OISST SST data in the analysis of local
SHF and SST relationship. We note that SHF tends to dis-
play smoother spatial features than SST along the mid-lati-
tude SST frontal zones. As such, interpolating SHF to higher
resolution does not alter the spatial distribution of SHF so
that the analysis can retain the spatial structure of the SHF
and SST relationship. The time period of analysis extends
from January 1, 1985 to December 31, 2018.

Local simultaneous grid-point covariance between SHF
and SST and between SHF and SST tendency are analyzed
for all the months as well as for the winter months (Novem-
ber—March/May—September, NDJFM/MIJJAS in brief) and
summer months (MJJAS/NDJFM) of the Northern/Southern
Hemisphere, respectively, to examine the seasonal change
of the relationship. The lead-lag correlation between SHF
and SST or SST tendency is calculated for the winter and
summer months, respectively, at selected locations. The SST
tendency at a specific day is obtained by the difference of the
succeeding day SST minus the preceding day SST divided
by 2. The SHF is the sum of sensible heat flux and latent heat
flux. The convention of SHF is that positive value represents
upward flux. We note that sensible heat flux is usually much
smaller than latent heat flux over the ocean.

The statistical significance of the SHF-SST and
SHF-SST tendency covariances is estimated based on the
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effective sample size (Nogeqiive
of Preisendorfer (1988):

n —ax (=2
effective 1+ 72 ’

where r is the correlation coefficient and n is the total sam-
ple size, i.e., the number of all the days in the calculation of
SHF-SST covariance. For the SHF-SST tendency covari-
ance, n is set to the number of all the days divided by 2
because each daily value is used twice in the calculation
of SST tendency except for the first and the last day. After
D freciive 18 calculated for all the grid points, the smallest one
(Nefrective)min 15 Used to obtain the critical correlation coef-
ficient (r,) at the 95% confidence level based on the Stu-
dent’s ¢ test. The critical value r, of the SHF-SST correla-
tion for the North Atlantic, the North Pacific, the Southern
Ocean and the tropical North Indian Ocean—western North
Pacific is 0.025, 0.019, 0.021 and 0.024, respectively. For the
SHF-SST tendency correlation, the critical value r. in the
above regions is 0.033, 0.027, 0.030 and 0.028, respectively.

A 2-90-day running mean of the daily data is used in
the calculation of the lead—lag correlation between SHF
and SST/SST tendency to diagnose the time-scale depend-
ence of the relationship. The winter spans from December
15 to February 14 and the summer covers from June 15 to
August 15 in the calculation of the above lead—lag correla-
tion. This avoids the inclusion of signal in other seasons in
the calculation of correlation for summer and winter using
the running mean.

To estimate the error margins of the SHF-SST and
SHF-SST tendency correlation coefficients, we calcu-
late the SHF-SST and SHF-SST tendency correlations
by adding/subtracting the SHF and SST errors, which are
included in the heat flux and SST datasets, to/from the
daily mean SHF and SST values. As such, we obtain four
additional correlation coefficients at each grid point. Then,
we obtain the maximum and minimum values of those four
correlation coefficients. The differences of those maximum
and minimum correlation coefficients from the correla-
tion coefficients based on original SHF and SST is used
as an indication of the error margins of the SHF-SST and
SHF-SST tendency correlations.

We performed a parallel analysis using SST and tur-
bulent SHF from the Japanese Ocean Flux (J-OFURO)
data obtained from http://dtsv.scc.u-tokai.ac.jp/j-ofuro/.
The J-OFURO flux data have a 1°/4° spatial resolution
and cover the time period from 2002 to 2013. We have
compared the results based on the OAFlux and J-OFURO
data and the results are in good agreement in general. The
present analysis focuses on the results based on the OAF-
lux data with short descriptions of the results based on the
J-OFURO data.

) calculated using the method
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3 Stochastic model simulations

Before presenting the analysis of the SHF and SST relation-
ship in the observations, we illustrate different cases derived
from a stochastic model in this section. The SHF and SST
relationship in those different cases serve as a rationale of
understanding the different types of the SHF and SST rela-
tionship obtained from the observational analysis. The sto-
chastic model used in this study was developed by Barsugli
and Battisti (1998) and further extended by Bishop et al.
(2017) to include the stochastic forcing for both the atmos-
phere and ocean:

dar,
7 =a(T,-T,) -y, T, +N,, (1)
dr,

- = B(T,-T,) —7,T,+N,, 2)

where T, and T, are surface air and ocean temperature,

respectively, a and P} are the heat exchange coefficients of
the atmosphere and ocean, respectively, y, and y, are the
radiative damping coefficients of 7, and T, respectively,
and N, and N, denote the stochastic forcing in the atmos-
phere and ocean, respectively. Following Bishop et al.
(2017), the stochastic forcing is represented as a forcing
frequency ® multiplied by a random number with absolute
values less than 1 °C. The atmospheric forcing frequency
o, is set to 2x 107> s~!. We consider three oceanic forc-
ing frequency cases: ®,=2x 1077 s™!, o ,=2x 1076 571,
and ©,=8x 107 s™!. The values of «, B, y,, and vy, used in
the stochastic model simulations are adopted from Bishop
et al. (2017): a=23.9x1077 57!, p=1.195x1077 57},
¥,=2.8x107" 57! and y,=9.5% 107 s7!. Table 1 lists the
values of the above parameters.

The lead—lag correlation between SHF and SST and
between SHF and SST tendency derived based on the sto-
chastic model simulations are displayed in Fig. 1 for the
three oceanic forcing frequency cases. The SHF in the model
is the difference of T, minus 7, multiplied by the coefficient
a and SST is 7,. The SST tendency is calculated using the
central difference of T,. In the case of w,=2x 1077 57!, the

Table 1 Parameters used in the stochastic model simulations

Parameter Atmosphere forcing Ocean forcing (s™1)
(Co)
23.9%1077 23.9%1077

B 1.195%x 1077 1.195x 1077

Ya 2.8x1077 2.8x1077

Yo 9.5x107° 9.5%107°

o) 2.0x107° 2x107°
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Fig. 1 Lead-lag correlation of SHF-SST (blue curves) and SHF-SST
tendency (green curves) based on the stochastic model simulations
with ©0,=2% 107> s™" and a 0,=2x 107" 57, b w,=2% 1075 57", and

SHF-SST correlation is weak and the SHF-SST tendency
correlation is large negative at the zero lag (Fig. 1a). This
represents the atmosphere-driven case (Bishop et al. 2017).
In the case of ®,=8 X 1076 s~!, the SHF-SST correlation
is large positive and symmetric about the zero lag and the
SHF-SST tendency correlation is weak with a switch from
positive to negative at the zero lag (Fig. 1c). This repre-
sents the ocean-driven case (Bishop et al. 2017). In the case
of w,=2X 107¢ s~!, the SHF-SST correlation is positive
with an asymmetric feature and the SHF-SST tendency
correlation is negative at the zero lag (Fig. 1b). The nega-
tive SHF-SST tendency correlation is smaller compared
to Fig. 1a. The positive SHF-SST correlation is smaller

Fig.2 Time-scale depend- (@) w,=2x107 ™
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¢ ®,=8x107% 571, X axis represents SST/SST tendency leading (left)
and lagging (right) time in days. Y axis represents the correlation
coefficient

compared to Fig. 1c. This case represents a situation with
both oceanic forcing and atmospheric feedback. The mag-
nitude of correlation coefficients calculated based on daily
mean is smaller compared to that calculated using monthly
mean (Bishop et al. 2017). This indicates an effect of time
smoothing on the correlation (Small et al. 2019).

The change of the lead—lag correlation with the time scale
derived from the stochastic model simulations are displayed
in Fig. 2 for the three oceanic forcing frequency cases. In
the atmosphere-driven case, both the magnitude and lead
time of peak positive SHF-SST correlation increase with the
time scale (Fig. 2a). The peak negative SHF-SST tendency
correlation weakens with the increase of the time scale and
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the lead and lag time covered by the negative correlation
expands with the time scale (Fig. 2d). In the ocean-driven
case, the peak positive SHF-SST correlation increase with
the time scale (Fig. 2c), so are the positive SHF-SST ten-
dency correlation at lead time and the negative SHF-SST
tendency correlation at lag time (Fig. 2f). In the both oce-
anic and atmospheric forcing case, the asymmetric feature of
the SHF-SST correlation is maintained with the time scale
change (Fig. 2b). The magnitude and lead time of the peak
SHF-SST correlation increase with the time scale. The peak
negative SHF-SST tendency correlation weakens with the
time scale at the beginning and then is maintained with an
increase of the lag time (Fig. 2e).

4 Regional feature of the covariance

In this section, we analyze the covariance of SHF with SST
and SST tendency in the mid-latitude North Pacific, mid-
latitude North Atlantic, and mid-latitude Southern Ocean
as well as in the tropical North Indian Ocean and western

North Pacific. Figure 3 show the simultaneous SHF-SST
covariance and SHF-SST tendency covariance in four ocean
regions. They are the North Atlantic (Fig. 3a, b), North
Pacific (Fig. 3c, d), South Atlantic-Indian Ocean (Fig. 3e,
f), and tropical North Indian-western North Pacific Ocean
(Fig. 3g, h).

In the western boundary currents (WBCs) (the Gulf
Stream and Kuroshio Extension) and the Agulhas Return
Current (ARC), the SHF-SST covariance is large posi-
tive (Fig. 3a, c, e), and the SHF-SST tendency covariance
is large negative (Fig. 3b, d, f). In the subtropical ocean
gyre regions, the SHF-SST covariance is small, and the
SHEF-SST tendency covariance is negative, especially in the
North Pacific and South Indian Ocean.

The spatial distribution of the SHF-SST and SHF-SST
tendency covariance in the North Pacific, North Atlantic,
and Southern Ocean based on the daily data is similar to
that based on monthly data (Bishop et al. 2017; Small et al.
2019). This is likely due to that the effect of mean state,
such as the SST gradient, does not vary with the time scale.
Along the SST frontal zones, the ocean advection may play

Fig.3 Simultaneous covariance (a) SHF-SST North Atlantic SHF-SST tendency (b)
of SHF-SST (left) and SHF— 60N ! P 60N L L
SST tendency (right) ('C W 53
m~2) in a, b the North Atlantic, SON F SON
¢, d the North Pacific, e, f the 40N {_ 40N
Southern Ocean, and g, h the
tropical North Indian Ocean— 30N - I 30N
western North Pacific. The two
black diamonds in a—d are the 20N 20N
locations within and outside of »
the western boundary current 60N , North PaCIfIgON
extensions. The two black dia-
monds in e—f are the locations 50N b 50N
within and outside of the Agul-
has Return Flow. The four black 40N F 40N
diamonds in g, h are the loca- N N
tions within the Arabian Sea, 30 % o 1 30
the Bay of Bengal, the South 20N IU ; i 20N
China Sea, and the Philippine 120E 150E 180
Sea. The white areas denote the (e) Southern Ocean
correlation coefficient below the 20S : T L 20S
95% confidence level according 305 1 U 30S
to the Student’s ¢ test g

405 | 408

50S 50S

60S T T T 60S

0 30E 60E 90E
(9) Tropical

30N P 30N

20N 20N

10N 10N

0 T T 0 - — f
60E 90E 120E 60E 90E 120E
DT [ [ [ [ T [ |
-45 -30 -15 0 15 30 45 -8 6 4-20 2 4 6 8
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a large role in the SST change that then induces the SHF
change (Bishop et al. 2017). In the subtropical gyre regions,
the contribution of oceanic processes to the SST change is
small and the SHF contribution to the SST change is large.
In comparison, the SHF-SST tendency covariance is larger
based on the daily data than that based on the monthly data.
This may be attributed to larger daily SHF variance than
monthly SHF variance.

The positive SHF-SST covariance is relatively small in
the tropical North Indian Ocean and western North Pacific
(Fig. 3g). This is likely due to smaller SST variance in the
above regions than in the WBC regions (Wu et al. 2015).
Note that the positive SHF-SST covariance is relatively
large off the east coast of Africa, in particular, in boreal sum-
mer (not shown). The negative SHF-SST tendency covari-
ance is larger in the South China Sea and subtropical western
North Pacific (Fig. 3h). This feature is likely related to the
East Asian winter monsoon activity that induces large SHF
variance over the East Asian marginal seas in boreal winter
(Wu et al. 2015). The SHF perturbations in those regions
then induce large intraseasonal SST changes (Wu and Chen
2015; Wu 2016).

The analysis based on the J-OFURO data leads to quite
similar features in the spatial distribution of the SHF-SST
and SHF-SST tendency covariance (not shown). In com-
parison, the positive SHF-SST covariance is larger, whereas
the negative SHF-SST tendency covariance is smaller in the
WBCs, ARC, and tropical North Indian and western North
Pacific likely due to the higher spatial resolution, which
leads to a larger SST gradient and consequently a larger
effect of ocean advection.

5 Seasonality of lead-lag correlation
at different locations

The previous section provides evidence for the relative
importance of oceanic and atmospheric forcing in different
regions. In this section, we examine the lead—lag SHF-SST
and SHF-SST tendency correlation in winter and summer
at specific locations. We select three points in the mid-lat-
itude SST frontal zones (one within the Gulf Stream, one
within the Kuroshio Extension, and one within the Agulhas
return flow), three points in the subtropical gyre regions
(one within the North Atlantic, one within the North Pacific,
and one within the Southern Ocean), and four points in the
tropical North Indian Ocean and western North Pacific (one
within the Arabian Sea, one within the Bay of Bengal, one
within the South China Sea, and one within the Philippine
Sea). The points are denoted by black diamonds in Fig. 3.
The six points in the mid-latitude and subtropics are selected
to represent different types of air—sea relationship (Bishop
et al. 2017). We present the SHF-SST and SHF-SST

tendency correlation from 30-day lead to 30-day lag. The
correlation at the three locations in the mid-latitude region
is displayed in Fig. 4. The correlation at the three locations
in the subtropical region is displayed in Fig. 5. The correla-
tion at the four locations in the tropics is displayed in Fig. 6.

In winter, the SHF-SST correlation is large positive and
the SHF-SST tendency correlation is small in the Gulf
Stream (Fig. 4a), Kuroshio Extension (Fig. 4c), and ARC
(Fig. 4e). The peak SHF-SST correlation occurs when SST
leads SHF by about 2 days. The SHF-SST correlation falls
slowly when SST leads or lags SHF. The above correlation
tells that higher SST is followed by larger SHF and larger
SHF is accompanied by small negative SST tendency. This is
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Fig.4 Lead-lag correlation of SHF-SST (blue solid curves) and
SHF-SST tendency (green solid curves) in winter (NDJFM/MIJJAS
in the Northern/Southern Hemisphere) (left panels) and summer
(MJJAS/NDJFM in the Northern/Southern Hemisphere) (right pan-
els) at the black diamond locations a, b within the Gulf Stream, c,
d within the Kuroshio Extension, and e, f within the Agulhas Return
Flow in Fig. 3. Dashed lines denote the error margins of the correla-
tion coefficients. X axis represents SST/SST tendency leading (left)
and lagging (right) time in days. Y axis represents the correlation
coefficient
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a feature of the oceanic forcing (Barsugli and Battisti 1998;
Wau et al. 2006; Bishop et al. 2017), which occurs due to the
role of oceanic processes in the SST change in the large SST
gradient regions (Bishop et al. 2017).

In summer, the SHF-SST correlation curves display an
obvious asymmetric structure about the zero lag in the Gulf
Stream (Fig. 4b), Kuroshio Extension (Fig. 4d), and ARC
(Fig. 4f). The SHF-SST tendency correlation has a large
negative value at the zero lag. These features tell that higher
SST is followed by larger SHF that is accompanied by a
negative SST tendency, indicative of oceanic forcing with
atmospheric feedback (Fig. 1b). Compared to winter, the
negative SHF-SST tendency correlation is apparently larger.
This means a stronger atmospheric forcing in the WBCs
in summer than in winter, which may be related to smaller
ocean mixed-layer depth in boreal summer than in boreal
winter (Wu and Kinter 2010).
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Fig.6 As Fig. 4 except for the black diamond locations within a, b
the Arabian Sea, ¢, d the Bay of Bengal, e, f the South China Sea, and
g, h the Philippine Sea in Fig. 3

In the subtropical gyre regions, the SHF-SST correla-
tion curves display asymmetric features, accompanied by
negative SHF-SST tendency correlation at the zero lag in
the North Atlantic (Fig. 5a, b), North Pacific (Fig. 5c, d),
and South Indian Ocean (Fig. 5e, f). This is indicative of the
atmospheric forcing (Fig. 1a) (Barsugli and Battisti 1998;
Wau et al. 2006; Bishop et al. 2017). In comparison, the
change of the SHF-SST correlation across the zero lag and
the magnitude of the negative SHF-SST tendency correla-
tion coefficient at the zero lag are larger in summer than in
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winter. This difference suggests a stronger atmospheric forc-
ing in the subtropical gyre regions in summer than in winter,
which may be due to the shallower ocean mixed-layer depth
in those regions in summer than in winter (Wu et al. 2015).

In winter, the SHF-SST correlation in the tropical North
Indian Ocean and western North Pacific displays asymmet-
ric feature across the zero lag, accompanied by negative
SHF-SST tendency correlation at the zero lag at all the four
locations (Fig. 6a, c, e, g). This confirms the atmospheric
effect on the SST change in the above regions. The largest
negative SHF-SST tendency correlation is observed in the
South China Sea. The atmospheric wind effect on the intra-
seasonal SST change in the South China Sea during boreal
winter has been illustrated in previous studies (Wu et al.
2015; Wu and Chen 2015; Wu 2016) showed that large intra-
seasonal SST anomalies in the South China Sea are formed
largely due to wind-related surface LHF changes associated
with the East Asian winter monsoon. Wu et al. (2015) iden-
tified largest LHF-SST tendency correlation in the South
China Sea region during boreal winter.

In summer, the SHF-SST correlation displays notable
differences among the four locations. In the Arabian Sea,
the correlation displays a typical ocean-driven feature
with a large positive SHF-SST correlation at the zero lag
(Fig. 6b) (Wu et al. 2006; Bishop et al. 2017). This is likely
related to the large SST gradient in the Arabian Sea (not
shown) induced by strong southwesterly summer monsoon
wind that causes upwelling of cooler subsurface waters off
the African coast. The large SST gradient leads to a role
of the ocean advection in the SST change. In the Bay of
Bengal, the SHF-SST correlation reaches the peak when
SST leads SHF at about 3 days and the SHF-SST tendency
correlation curve shows a symmetric pattern about the zero
lag (Fig. 6d). In the South China Sea, the SHF-SST and
SHEF-SST tendency correlation displays features similar to
those in the Bay of Bengal except for a larger lead time
of the peak positive SHF-SST correlation (Fig. 6f). The
above lead—lag correlations suggest both atmosphere-driven
and ocean-driven features in the Bay of Bengal and South
China Sea. In the Philippine Sea, the SHF-SST correlation
shows asymmetric feature across the zero lag, accompanied
by negative SHF-SST tendency correlation at the zero lag
(Fig. 6h), indicative of an atmosphere-driven feature. This
is likely due to large intraseasonal SHF perturbations in the
Philippine Sea that contribute to the SST change (Ye and Wu
2015; Wu et al. 2015). Both the positive SHF-SST and nega-
tive SHF-SST tendency correlations are larger compared to
those in winter. According to the above analysis, the role
of the oceanic forcing decreases and the atmospheric forc-
ing increases from west to east in the tropical North Indian
Ocean and western North Pacific region in summer.

Similar temporal evolutions in the lead—lag correlation
at the selected mid-latitude locations are obtained based on

the J-OFURO data (not shown). In comparison, the posi-
tive SHF-SST correlation tends to be larger, whereas the
negative SHF-SST SST tendency tends to be smaller based
on the J-OFURO data. Similar temporal evolutions in the
lead—lag correlation are also seen at the tropical North
Indian Ocean-western North Pacific locations in winter
with slight differences in the magnitude of correlation coef-
ficient (not shown). The magnitudes of positive SHF-SST
correlation and negative SHF—SST tendency correlation in
summer are much smaller at the tropical North Indian Ocean
and western North Pacific locations based on the J-OFURO
data (not shown).

6 Time scale dependence of lead-lag
correlation at different locations

The dependence of the SHF and SST relationship on the
time scale has been illustrated by Bishop et al. (2017) for the
mid-latitude regions based on monthly data and Small et al.
(2019) for the North Pacific based on smoothed daily data
with different filtering windows. In this section, we extend
the analysis using daily data that allows examination of
lead-lag correlation with time lead/lag shorter than 30 days.
Our analysis also covers the tropical North Indian Ocean-
western North Pacific region. Several previous studies have
identified the difference of the SHF-SST and SHF-SST
tendency relationship between the 10-20-day and 30-60-
day intraseasonal variations in that region (Wu et al. 2015;
Ye and Wu 2015). The selected mid-latitude locations of
examining the time scale dependence of lead—lag correlation
are the same as those in the previous section. The lead—lag
correlation is calculated based on all the days (Fig. 7) and
the days in winter and summer (Figs. 8, 9, 10).

In the Gulf Stream region, the SHF-SST correlation is
positive with the magnitude and lead time of peak correla-
tion coefficient increasing with the time scale (Fig. 7a). The
value of peak SHF-SST correlation coefficient increases
from 0.3 at 2-day time scale to 0.6 at 90-day time scale. This
may indicate a larger oceanic forcing with smoother data,
which may be due to the reduced high frequency variability.
The SHF-SST tendency correlation shows a clear asym-
metric distribution and the lag time of maximum negative
SHF-SST tendency correlation increases with the time scale
(Fig. 7b). Similar variation of the SHF—SST and SHF-SST
tendency correlation is observed in the Kuroshio Extension
and ARC regions (not shown). The above feature indicates
a dominance of oceanic forcing up to 90 days in the WBC
and ARC regions.

In the South China Sea region, the SHF-SST correla-
tion shows an asymmetric feature about the zero lag with
the magnitude and lead time of peak positive correlation
increasing with the time scale (Fig. 7c). The SHF-SST
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Fig. 7 Time-scale dependence of lead—lag correlation in a, b the Gulf
Stream and ¢, d the South China Sea. Left panels are the SHF-SST
correlation. Right panels are the SHF-SST tendency correlation. X
axis represents SST/SST tendency leading (left) and lagging (right)
time in days. Y axis represents the time scale (days)

tendency correlation displays a symmetric pattern with the
magnitude of correlation first increasing up to 20-day time
scale and then decreasing with the time scale (Fig. 7d). Simi-
lar features are observed in the Arabian Sea, Bay of Bengal,
and Philippine Sea (not shown). These features indicate an
atmospheric forcing of SST change in the above regions.
In comparison, the correlation is larger in the South China
Sea and Philippine Sea than in the Arabian Sea and Bay of
Bengal.

In winter, in the Kuroshio Extension region, the positive
SHF-SST correlation displays a symmetric feature with the
magnitude of peak positive correlation increasing with the
time scale (Fig. 8a). The SHF-SST tendency correlation
displays an antisymmetric feature up to 90 days (Fig. 8b).
The above changes in the lead-lag correlation with the time
scale are similar to those of ocean-driven case in the sto-
chastic model (Fig. 2c, f). Similar features are seen in the
Gulf Stream and ARC regions (not shown). These features
indicate a dominant oceanic forcing on time scales up to 90
days or longer in the WBC and ARC regions in winter.

In summer, the positive SHF-SST correlation extends
up to 90 days in the Kuroshio Extension region (Fig. 8c).
The magnitude and lead time of peak positive correlation
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Fig.8 Time-scale dependence of lead—lag correlation in the Kurosho
Extension in a, b winter and ¢, d summer. Left panels are the SHF-
SST correlation. Right panels are the SHF-SST tendency correlation.
X axis represents SST/SST tendency leading (left) and lagging (right)
time in days. Y axis represents the time scale (days)

increases with the time scale. Negative SHF-SST tendency
correlation is seen around zero lag for time scales below
20 days (Fig. 8d). Above 20-day time scales, the SHF-SST
tendency correlation displays an asymmetric feature. The
above changes in the lead—lag correlation are similar to
those of oceanic forcing with atmospheric feedback in the
stochastic model (Fig. 2b, d) but with a larger negative
SHF-SST tendency correlation. Similar features are seen
in the Gulf Stream and ARC regions except for smaller
correlation coefficients in the Gulf Stream region (not
shown). The above features suggest that the relative effect
of atmospheric and oceanic forcing depends upon the time
scale in the WBC and ARC regions in summer. The change
of the relationship in summer from shorter to longer time
scale may be related to the change in the SHF variance.
Wau et al. (2015) showed the LHF variance in the western
North Pacific is larger on 10-20-day time scale than on
30-60-day time scale.

In winter, in the Arabian Sea, the SHF-SST correlation
is asymmetric about the zero lag and the negative SHF-SST
tendency correlation is observed at the zero lag up to time
scale of 40 days (Fig. 9a). These features are similar to the
atmosphere-driven case in the stochastic model (Fig. 2a, d).
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Fig. 10 As Fig. 8 except for the Philippine Sea

Beyond 40 days, the asymmetric feature of the SHF—SST
correlation weakens, so does the negative SHF-SST ten-
dency correlation (Fig. 9b). These results indicate that the
SHEF effect on the SST change is limited to time scales below
40 days in the Arabian Sea and the SST effect on SHF starts
to appear beyond that. This may be related to the change of
the SHF variance that tends to be larger on short time scales
(not shown). In summer, in the Arabian Sea, the SHF-SST
correlation is large positive and symmetric about the zero lag
(Fig. 9¢c), and the SHF-SST tendency correlation is asym-
metric up to the time scale of 90 days (Fig. 9d). These fea-
tures resemble the ocean-driven case in the stochastic model
(Fig. 2c, f). It suggests a dominance of oceanic forcing in the
Arabian Sea in summer, which may be related to the large
zonal SST gradient in the summer monsoon season so that
the ocean advection contributes largely to the SST change.

In winter, in the Philippine Sea, the asymmetric
SHF-SST correlation extends up to 90-day time scale, and
the lead time of maximum positive SHF-SST correlation
increases with the time scale (Fig. 10a). The symmetric neg-
ative SHF-SST tendency correlation covers the time scales
from a few days to 90 days (Fig. 10b). The above changes
in the lead-lag correlation are similar to those in Fig. 2a, d.
These features denote the SHF effect on the SST change in
the Philippine Sea, which may be related to active synoptic
activity and large intraseasonal oscillation. In summer, simi-
lar features of the SHF—SST and SHF-SST tendency corre-
lation are seen in the Philippine Sea (Fig. 10c, d). Note that
large positive SHF-SST correlation expands to the lag time,
indicative of an oceanic forcing at time scale above 40 days.

In winter, the SHF-SST and SHF-SST tendency correla-
tions in the Bay of Bengal and South China Sea (Figs. 11a,
b, 12a, b) are similar to those in the Philippine Sea. In sum-
mer, the SHF-SST ad SHF-SST tendency correlations in the
Bay of Bengal and South China Sea (Figs. 11c, d, 12¢, d)
show features similar to those in the Philippine Sea at time
scales below 40 days but similar to those in the Arabian Sea
at time scales above 40 days. This suggests both oceanic
forcing and atmospheric forcing in the two regions, depend-
ing upon the time scale.

7 Summary and discussions

This study examines the SHF and SST relationship in the
mid-latitude SST frontal zones, subtropical gyre regions,
and tropical North Indian Ocean-western North Pacific
region using daily SHF and SST data. The SHF and SST
relationship in winter and summer is compared for specific
locations. The time scale dependence of the SHF and SST
relationship is examined for winter and summer respectively.
The use of daily SHF and SST data allows the investigation
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of the relationship between SHF and SST variations with
lead and lag time shorter than 1 month. The main results
of seasonal changes and time scale dependence of SHF and
SST relationship are summarized in Table 2.

The SHF and SST relationship displays pronounced dif-
ferences in the mid-latitude SST frontal zones and subtropi-
cal gyre regions. In the WBC and ARC regions, the oce-
anic forcing is dominant. In the subtropical gyre regions,
the atmospheric forcing is dominant. In the tropical North
Indian Ocean-western North Pacific region, the atmospheric
forcing is larger in the South China Sea than in the Arabian
Sea and Bay of Bengal.

The SHF and SST relationship displays seasonal change
in the mid-latitude SST frontal zones, subtropical gyre
regions, and tropical Indo-western Pacific region. In the
WBC and ARC regions, the oceanic forcing is larger in
winter than in summer. Atmospheric forcing is detected in
those regions in summer in addition to the oceanic forcing.
In the subtropical gyre regions, atmospheric forcing is and
larger in summer than in winter. In the Arabian Sea, the
atmospheric forcing is dominant in winter, but the oceanic
forcing is dominant in summer. The atmospheric forcing in
the Philippine Sea is larger in winter than in summer. In the
Bay of Bengal and the South China Sea, atmospheric forcing
is dominant in winter and the oceanic forcing is accompa-
nied by atmospheric feedback in summer.

The relationship between SST and SHF variations dis-
plays different time scale dependence in winter and sum-
mer. In the WBC and ARC regions, the ocean forcing is
dominant up to 90-day time scales in winter. In summer, the
atmospheric forcing is limited to time scales shorter than
20 days and the oceanic forcing is dominant on time scales
above 20 days. In winter, the atmospheric forcing is domi-
nant up to 90-day time scales in the Bay of Bengal, the South
China Sea, and the Philippine Sea. In the Arabian Sea, the
atmospheric forcing is limited to time scales below 40 days
beyond which there is weak oceanic forcing. In summer, the
oceanic forcing is dominant up to 90-day time scales in the
Arabian Sea. In the Philippine Sea, the atmospheric forcing
is large on time scales shorter than 40 days and the oceanic
forcing appears on time scales longer than 40 days. In the
Bay of Bengal and the South China Sea, atmospheric forcing
is seen up to 40-day time scales and oceanic forcing shows
up beyond 40-day time scale.

These results have important implications for future stud-
ies of the air—sea relationship. Our analysis, combined with
previous studies, indicates that the difference of the SHF
and SST relationship between the mid-latitude SST fron-
tal zones and the subtropical gyre regions is extended from
daily to monthly time scales. The prominent difference in
the correlation between winter and summer suggests the
necessity of examining the air—sea relationship for winter
and summer separately. The changes in the atmospheric and
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Table2 Summary of seasonal

. Location
change and time scale

Winter Summer

dependence of SHF and SST
relationship in different regions

Gulf Stream
Kuroshio Extension
Agulhas Return Current

Subtropical Gyre
Arabian Sea

Philippine Sea

Bay of Bengal
South China Sea

ocn up to 90 days atm below 20 days

ocn above 20 days
atm up to 90 days atm up to 90 days

atm below 40 days
weak ocn above 40 days

ocn up to 90 days

atm up to 90 days atm below 40 days
ocn above 40 days
atm up to 90 days atm below 40 days

ocn and atm above 40 days

“atm” and “ocn” denote atmospheric forcing and oceanic forcing, respectively

oceanic forcing with the time scale point to the importance
of taking into account the time scale when investigating
the air—sea interactions in different seasons and in different
regions. Several transitions between the atmospheric and
oceanic forcing have been detected at certain submonthly
time scales. This includes the change from the atmospheric
forcing to the oceanic forcing at about 20-day time scale
in summer in the WBC and ARC regions, from the atmos-
pheric forcing to weak oceanic forcing around 40-day time
scale in winter in the Arabian Sea, and from the atmospheric
forcing to the oceanic forcing around 40-day time scale in
summer in the Philippine Sea. The plausible reasons for such
transitions remain to be investigated in future studies.

Model simulations are often used in climate studies.
Given the importance of air—sea coupling mechanisms in
the climate variability, it is necessary to perform a diagnosis
of the air—sea relationship in the model simulations, which
will help to understand the limitation of the results obtained
based on model simulations. For example, how is the SHF
and SST relationship in winter and summer in the model
simulations compared to the observations? How does the
SHF and SST relationship vary with the time scale in the
models?
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