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Abstract

Surface latent heat flux (LHF) is an important component in the heat exchange between the ocean and atmosphere over the
tropical western North Pacific (WNP). The present study investigates the factors of seasonal mean LHF variations in boreal
summer over the tropical WNP. Seasonal mean LHF is separated into two parts that are associated with low-frequency
(>90-day) and high-frequency (< 90-day) atmospheric variability, respectively. It is shown that low-frequency LHF varia-
tions are attributed to low-frequency surface wind and sea-air humidity difference, whereas high-frequency LHF variations
are associated with both low-frequency surface wind speed and high-frequency wind intensity. A series of conceptual cases
are constructed using different combinations of low- and high-frequency winds to inspect the respective effects of low-
frequency wind and high-frequency wind amplitude to seasonal mean LHF variations. It is illustrated that high-frequency
wind fluctuations contribute to seasonal high-frequency LHF only when their intensity exceeds the low-frequency wind
speed under which there is seasonal accumulation of high-frequency LHF. When high-frequency wind intensity is smaller
than the low-frequency wind speed, seasonal mean high-frequency LHF is negligible. Total seasonal mean LHF anomalies
depend on relative contributions of low- and high-frequency atmospheric variations and have weak interannual variance
over the tropical WNP due to cancellation of low- and high-frequency LHF anomalies.

Keywords Surface latent heat flux - Low-frequency surface wind speed - High-frequency wind intensity - Tropical western
North Pacific

1 Introduction (Nitta 1987; Huang and Lu 1989; Huang and Sun 1992; Hu

1997), modulate precipitation in East Asia through anoma-

Sea surface temperature (SST) changes in the tropical west-
ern North Pacific (WNP) play an important role in the cli-
mate variability. They induce meridional atmospheric tel-
econnection pattern over the western Pacific and East Asia
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lous atmospheric circulation (Lu and Dong 2001; Sui et al.
2007) and water vapor transportation from the tropical WNP
(Zhou and Yu 2005; Wang and Chen 2012), and affect the
intensity and frequency of tropical cyclones over the tropical
WNP (Webster et al. 2005; Zhan et al. 2013; Wang and Chen
2018). Anomalous heating associated with the tropical WNP
SST anomalies influences the mid-latitude atmospheric cir-
culation and eastern Pacific SST through anomalous Hadley
and Walker circulations (Park and An 2014). Understand-
ing the mechanism of SST variations in the tropical WNP
helps to improve the knowledge of air-sea coupled variations
and seasonal to interannual climate variability in the WNP
region (Yoo et al. 2004; Wang et al. 2012).

SST variation is affected by surface heat fluxes, includ-
ing shortwave radiation, longwave radiation, latent heat flux
and sensible heat flux, oceanic advection, and processes
associated with diffusion and static instability (Stevenson
and Niiler 1983). The SST variation in the tropical WNP
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is dominated by surface heat fluxes and weakly affected by
oceanic dynamic processes due to deep thermocline depth
and weak horizontal temperature gradient there (Chou et al.
2000). Surface latent heat flux (LHF) is one of the major
factors of the interannual SST variation in the tropical WNP
(Meyers et al. 1986; Wang et al. 2003; Park et al. 2017).
Wang et al. (2003) showed that LHF had a leading con-
tribution to total surface heat flux anomalies and played a
fundamental role in generating the large scale dipole SST
anomaly pattern in the WNP. Park et al. (2017) identified
a larger effect of LHF in the development of the leading
mode of tropical WNP SST variation, which showed overall
warming or cooling with a center in the subtropical region,
than other surface heat flux components (shortwave radia-
tion, longwave radiation, and sensible heat fluxes) and the
oceanic heat transport.

The LHF variation is determined by surface wind speed
and sea-air humidity difference according to the bulk aero-
dynamic formula. The interannual variations of atmospheric
circulations over the tropical WNP can be modulated by SST
anomalies in other oceanic regions (Wang et al. 2003). The
accompanying seasonal surface wind speed and humidity
variations may induce seasonal LHF anomalies and further
provoke variations in local SST (Rasmusson and Carpenter
1982; Deser and Wallace 1990; Wu and Kirtman 2007; Wu
et al. 2014). The role of wind-evaporation-SST feedback in
the generation and maintenance of seasonal SST and atmos-
pheric circulation anomalies in the tropical WNP has been
illustrated in previous studies (Wang et al. 2000, 2003; Wu
et al. 2003; Wu et al. 2014; Park et al. 2017).

In addition to seasonal mean atmospheric circulation
anomalies, high-frequency atmospheric activities, including
synoptic scale variations and intraseasonal oscillations, can
contribute largely to seasonal LHF variations over the tropical
WNP (Wu 2018; Wang et al. 2020; Wu et al. 2020a). High-
frequency atmospheric activities are strong over the tropical
WNP during boreal summer and accompanied by prominent
high-frequency surface heat flux variations within their life
cycles (Woolnough et al. 2000; Kemball-Cook and Wang
2001; Waliser et al. 2004; Duvel and Vialard 2007). The high-
frequency atmospheric variation induced LHF can accumulate
in a season and contribute to seasonal SST change (Wu and
Cao 2017; Wu 2018; Wang et al. 2020; Wu et al. 2020a, b).
Wang et al. (2020) compared the relative contributions of dif-
ferent surface heat fluxes to boreal summer SST change in the
tropical WNP. They pointed out that contribution of shortwave
radiation to local seasonal SST change exceeded those of total
LHF and other surface heat fluxes, but high-frequency compo-
nent of LHF variation had larger impact than shortwave radia-
tion. Wu (2018) illustrated that the seasonal accumulation of
high-frequency wind induced LHF was due to the non-linear
dependence of LHF on surface winds over the tropical WNP.
Wu et al. (2020a) showed that high-frequency wind-induced

@ Springer

LHFs contributed to both climatological mean and year-to-
year variations of seasonal LHF over the WNP and stressed the
critical effect of weak surface wind background in the seasonal
accumulation of high-frequency LHFs.

The upscale feedback of high-frequency atmospheric activi-
ties to seasonal LHF and consequent SST change has promi-
nent year-to-year variation (Wu et al. 2020b). On one hand,
both synoptic scale activities and intraseasonal oscillations
over the tropical WNP have prominent interannual variations
in their intensity due to modulations of atmospheric back-
ground fields (Chen and Weng 1998; Teng and Wang 2003;
Wu and Song 2018; Zhou et al. 2018; Wang and Wu 2020).
On the other hand, weak background surface wind is an impor-
tant condition for the seasonal accumulation of high-frequency
LHF and the interannual variations of low-frequency surface
wind over the tropical WNP affect largely the upscale feed-
back (Wang et al. 2020; Wu et al. 2020b). Both intensity of
high-frequency atmospheric variability and low-frequency
surface wind are modulated by tropical SST variations, which
is indicative of a close relationship between their year-to-year
variations. The observational studies of Wang et al. (2020) and
Wu et al. (2020a, b) have shown the effects of both seasonal
mean background wind and high-frequency wind intensity on
the high-frequency LHF variations. However, due to the inter-
relationship between them, the individual effects of low- and
high-frequency wind variations on the high-frequency LHF
cannot be determined based on the observations and thus
deserve further investigation. In this study, we construct a
series of combinations of low- and high-frequency wind vari-
ations to address this issue.

In the present study, we decompose seasonal LHF into
low- and high-frequency components, which are related to
low- and high-frequency atmospheric variations, respec-
tively, and investigate factors of variations of seasonal
mean LHF components in boreal summer over the tropical
WNP. The organization of the rest of the text is as follows.
Datasets and methods used in the study are described in
Sect. 2. In Sect. 3, we demonstrate interannual variations of
low- and high-frequency LHFs in boreal summer over the
tropical WNP, and their relationships with local seasonal
SST change. In Sect. 4, we examine the factors of seasonal
low- and high-frequency LHFs. In Sect. 5, we construct a
series of conceptual cases using different combinations of
low- and high-frequency winds to demonstrate their effects
on seasonal accumulated LHFs separately. Summary and
discussions are given in Sect. 6.

2 Data and Methods

The present study uses daily surface heat fluxes, includ-
ing LHF, surface wind stress, wind speed at 10 m, specific
humidity at 2 m, and SST obtained from the TropFlux
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dataset (Kumar et al. 2012) (https://incois.gov.in/tropflux/).
The TropFlux variables are available on a 1°Xx 1° grid over
the global tropical ocean (30°N-30°S) from January 1979
to December 2018. Upward surface heat fluxes are defined
as positive values. Zonal and meridional surface winds are
calculated using surface wind stress and wind speed:

TX Tx
u,=—xXwsd u,=—Xwsd,
T L

where u, and u, are zonal and meridional surface wind, 7,
and 7, are zonal and meridional wind stress, 7 is the magni-
tude of surface wind stress, and wsd is wind speed at 10 m.

The present study distinguishes the effects of low-fre-
quency and high-frequency atmospheric variations on sea-
sonal LHF and SST change in boreal summer. Following
Wang et al. (2020), variables including LHF, surface wind
speed and air-sea humidity difference are decomposed into
low-frequency (> 90-day) and high-frequency (<90-day)
components. Low-frequency component mainly reflects
interannual variations of the variables, with the periods
above 91 days and within 10 years. High-frequency com-
ponent consists of variations with periods within 90 days,
including intraseasonal oscillation and synoptic scale vari-
ations. As for zonal and meridional surface wind, SST,
and specific humidity, the low-frequency components are
calculated as 91-day running mean of the daily data. The
low-frequency components obtained using our method are
highly consistent with those obtained by a 91-day Lanczos
low-pass filtering (figures not shown). The corresponding
high-frequency components are obtained by original daily
data minus the low-frequency components. LHF is estimated
based on the bulk formula:

LHF = paCeL Vlow + Vhigh| [qs(SSTlow + SSThigh) - (qaluw + qa}ugh):l ’

where p,, is the surface air density, C, is the latent heat
exchange coefficient, L is latent heat of condensation, and g
is the saturation specific humidity at SST. Subscripts “low”
and “high” represent low- and high-frequency components,
respectively. C, is calculated using original daily LHF, sur-
face wind speed, SST, and surface air humidity to allow the
recovery of total LHF. We note that the exchange coefficient
C. is a complicated function of atmospheric stability and
roughness length (Fairall et al. 1996) and it is hard to decom-
pose it into low- and high-frequency components. The range
of C, is basically within 1.0-1.8 X 1073 (Pond et al. 1974).
We have conducted a parallel decomposition analysis using
a constant C, value (1.6 X 107%). The obtained LHF compo-
nents display quite similar interannual variations and spatial
distributions with some differences in the magnitude of LHF
anomalies. The above formula of LHF indicates a nonlinear

relationship of LHF to surface wind and SST. In the present
study, we decompose the total LHF as follows:

LHFlow = paCeL Vlow

[Qs (SSTIOW) - qa]ﬂw]

LHF;,;, = LHF — LHF,,,,.

Low-frequency LHF is derived from low-frequency com-
ponents of surface wind, SST and surface specific humidity.
High-frequency LHF is calculated as the difference between
the total and low-frequency LHF. Similarly, the surface wind
speed and humidity difference between sea surface and sur-
face air are also decomposed into low- and high-frequency
components:

2

wsdyy, = \/ U2 +V?

iow T Viow WShigh = wsd — wsd,,,,

AGiow = q,(SSTioy) — qa,, Aflhigh = q,(SST) — g, — dqyoy,-

In the above decomposition method, high-frequency LHF is
calculated using original observed daily LHF minus the calcu-
lated low-frequency LHF. High-frequency LHF is not directly
calculated using high-frequency components of surface wind,
SST and surface air humidity as the LHF component calcu-
lated using this method only represents a part of LHF varia-
tion induced by high-frequency atmospheric activities. Due to
nonlinear relationship between LHF and the input variables,
there are also LHF variations that are associated with both
high-frequency and low-frequency atmospheric variations. In
our decomposition method, the high-frequency LHF contains
all LHF variations that are related to high-frequency atmos-
pheric activities.

In the present study, seasonal mean LHF, surface wind
speed and air-sea humidity difference components in boreal
summer are calculated as June-July—August (JJA) mean of cor-
responding daily variables. SST change in boreal summer is
calculated as the difference of 31-day mean SST from August
16 to September 15 minus that from May 17 to June 16 to
smooth out high-frequency variations. Interdecadal and longer
time-scale variations (> 10-year) of all variables are removed
from the JJA mean time series by applying a 10-year running
mean to the original time series. The significance level of cor-
relation coefficient is estimated based on the Student ¢ test. The
critical value of correlation coefficient at the 95% confidence
level is 0.312 for 40 independent samples according to the
Student ¢ test.
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3 Interannual Variations of Low-
and High-Frequency LHFs

Atmospheric variations over the tropical WNP are compli-
cated, consisting of components of different time scales.
On one hand, interannual SST anomalies, especially in
tropical oceans, can provoke prominent interannual vari-
ations in surface wind, humidity and other related atmos-
pheric fields over the tropical WNP (Wang et al. 2000;
Lau and Nath 2000; Xie et al. 2009). On the other hand,
atmospheric intraseasonal oscillations and synoptic scale
variations over the tropical WNP in boreal summer are
very prominent (Teng and Wang 2003; Liu et al. 2016;
Wu and Song 2018), accompanied by large high-frequency
perturbations in surface heat fluxes and oceanic fields (Wu
et al. 2020a, b). To understand different effects of these
atmospheric variations on LHF, we decompose total LHF
into low- and high-frequency components, which represent
LHF variations associated with low-frequency (90-day to
10-year) and high-frequency (less than 90-day) atmos-
pheric activities, respectively, and analyze their interan-
nual variations.

El Nifio-Southern Oscillation (ENSO) is one major fac-
tor of both interannual and high-frequency atmospheric
variations over the tropical WNP (Wang et al. 2000, 2003,
2020; Wu et al. 2014; Wu and Cao 2017; Wu and Song
2018). Our analysis found that JJA mean LHF anoma-
lies over the tropical WNP may be opposite in different
El Nifio years. We select two El Nifio developing years,
1997 and 2002, as examples to illustrate this feature and
to help to understand the reason. Spatial distributions of

Fig.1 JJA mean a total, b low-

JJA mean total, low-frequency, high-frequency LHFs and
corresponding interannual anomalies in these two years
are displayed in Figs. 1 and 2.

In boreal summer of 1997, total LHF is positive over the
tropical WNP, with a relatively small value over the sub-
tropical WNP and a large value near the equator (Fig. 1a).
Low-frequency LHF is large in a region extending southeast-
ward from the South China Sea (SCS) to equatorial west-
ern Pacific and in the subtropical North Pacific, where total
LHF is mainly contributed by the low-frequency compo-
nent (Fig. 1b). Low-frequency LHF is relatively small over a
southeast-to-northwest tilted strip from the equatorial central
Pacific to subtropical WNP. JJA mean high-frequency LHF
has a prominent contribution to total LHF over the above
strip, with the center value exceeding the low-frequency
LHF (Fig. 1c). Negative (though small) high-frequency LHF
values are observed over the equatorial western Pacific and
subtropical North Pacific, indicative of damping effect of
high-frequency atmospheric activities on seasonal LHFs.
Seasonal mean anomalies of low- and high-frequency
LHFs are opposite over the tropical WNP (Figs. le, f). Low-
frequency LHF has positive anomalies over the equatorial
western Pacific and negative anomalies over the equatorial
central Pacific and subtropical WNP. The high-frequency
LHF anomalies are mostly opposite, with values smaller
than those of low-frequency LHF anomalies. The spatial
distribution of JJA mean total LHF anomalies is basically
consistent with low-frequency LHF anomalies, negative in
most regions of the tropical WNP but with smaller values
(Fig. 1d).

In boreal summer of 2002, the spatial distributions of
low- and high-frequency LHFs bear similarity to those in
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Fig.2 Similar to Fig. 1 except
for LHFs in 2002
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summer of 1997. Large positive high-frequency LHF cov-
ers most regions of the tropical WNP, with center values
exceeding the low-frequency LHFs (Fig. 2b, c). Low-
frequency LHF anomalies show a west—east contrast, and
high-frequency LHF anomalies are mostly positive over the
tropical WNP (Fig. 2e, f). Different from summer of 1997,
total LHF anomalies are mostly positive in summer of 2002,
which are dominated by low-frequency LHF over the equa-
torial western Pacific and by high-frequency LHF over the
other regions of the tropical WNP (Fig. 2d).

Low- and high-frequency LHF variations in boreal sum-
mers of 1997 and 2002 reflect some typical features in El
Nifio developing stages. In both years, there are opposite
low-frequency and high-frequency LHF anomalies over the
tropical WNP. However, the total LHF anomalies tend to
be opposite over most of the tropical WNP in these two
years. This difference is related to the relative magnitude of
low- and high-frequency LHF anomalies. We select a key
region (10°N-15°N, 145°E-155°E) to illustrate the rela-
tive contributions of low- and high-frequency LHFs to total
LHF variation over the tropical WNP. In this region, high-
frequency LHF is relatively large and both low- and high-
frequency LHFs have large anomalies in boreal summers of
1997 and 2002 (Figs. 1, 2). Both low- and high-frequency
LHFs have larger interannual variations than total LHF, and
their anomalies are mostly opposite (Fig. 3a). This indicates
that low- and high-frequency atmospheric activities have dif-
ferent effects on interannual variations of seasonal LHF over
the tropical WNP.

As LHF is one of the major factors of seasonal SST
change in tropical WNP (Meyers et al. 1986; Wang et al.
2003; Park et al. 2017), we examined the relationships of
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Fig.3 Area-mean a JJA mean total (black line), low-frequency
(blue line), high-frequency (red line) LHF anomalies (W/m?), and b
JJA SST change (°C) anomalies averaged in the region of 10°-15°N
and 145°-155°E. The values at the right are correlation coefficients
between JJA SST change and total, low- and high-frequency LHFs

LHF components with local SST change in the tropical WNP
(Fig. 3b). The significant positive correlation (0.68) between
JJA SST change and upward low-frequency LHF reflects that
SST warming/cooling tends to be accompanied by stronger/
weaker surface evaporation. This indicates a damping effect
of low-frequency atmospheric variability on seasonal SST
change in the tropical WNP through LHF. In contrast, there
is a significant negative correlation (—0.67) between JJA
SST change and high-frequency LHF in this region. It
indicates that larger/smaller seasonal mean upward high-
frequency LHF is favorable for local SST cooling/warming
in summer. Such upscale feedback of high-frequency atmos-
pheric activities on seasonal SST change has been unraveled
in previous studies (Wu 2018; Wang et al. 2020). Due to
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opposite variations of low- and high-frequency LHFs, total
LHF over the tropical WNP in summer has a relatively small
interannual variability and is weakly correlated with local
SST change (correlation coefficient of 0.08).

Above analysis shows that both low- and high-frequency
atmospheric activities have prominent effects on seasonal
LHF variations and SST change in the tropical WNP. The
LHF anomalies induced by high-frequency atmospheric
variability can cancel seasonal mean LHF anomalies associ-
ated with low-frequency atmospheric variability. Total LHF
anomalies actually represent the residual of the opposite
effects of low- and high-frequency atmospheric variability
so that the statistical relationship between seasonal total
LHF and local SST change has little physical meaning. This
confirms the necessity of distinguishing atmospheric vari-
ability on different time scales when analyzing their effects
on seasonal LHF and SST variations.

4 Factors of Seasonal Low-
and High-Frequency LHF Variations

Surface LHF variation relies on both surface air condi-
tion and SST. According to the bulk formula, upward LHF
increases with the enhancement of local sea-air humidity
difference and surface wind speed. Previous section shows
that low- and high-frequency atmospheric variations have
different effects on seasonal LHF over the tropical WNP. In
this section, we decompose surface wind speed and sea-air
humidity difference into low- and high-frequency compo-
nents and examine their contributions to seasonal low- and
high-frequency LHF variations.

Figure 4 shows the year-to-year variations of JJA mean
low- and high-frequency surface wind speed and sea-air
humidity difference averaged in the region of 10°~15°N and
145°-155°E. Here, high-frequency components of surface
wind speed and sea-air humidity difference refer to those
induced by high-frequency atmospheric activities. The mag-
nitude of anomalies of JJA mean high-frequency sea-air
humidity difference is obviously smaller than that of the low-
frequency component (Fig. 4a). In contrast, JJA mean low-
and high-frequency surface wind speed anomalies have com-
parable magnitude with a significant negative correlation
(—0.76) (Fig. 4b). This indicates that seasonal accumulated
surface wind speed anomalies induced by high-frequency
atmospheric activities over the WNP tend to be larger when
the low-frequency surface wind is weaker. Correlation
coefficients of decomposed LHFs with the corresponding
components of sea-air humidity difference and surface wind
speed over the tropical WNP are calculated to inspect rela-
tive contributions of sea-air humidity difference and surface
wind speed. The low-frequency LHF variation is contrib-
uted by both low-frequency sea-air humidity difference and
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Fig.4 JJA mean low-frequency (blue lines) and high-frequency (red
lines) a sea-air humidity difference (g/kg) and b surface wind speed
(m/s) anomalies averaged in the region of 10°~15°N and 145°-155°E.
The values at the bottom right are correlation coefficients between
low- and high-frequency sea-air humidity difference or surface wind
speed and corresponding LHF components

surface wind speed, with comparable significant positive
correlation coefficients of 0.66 and 0.63, respectively. The
high-frequency LHF variation is dominated by the high-
frequency surface wind speed variation, with a correlation
coefficient of 0.90, while the high-frequency sea-air humid-
ity difference has a small impact on the LHF variation.

The influence of high-frequency wind variability on sea-
sonal mean surface LHF over the tropical WNP has been
unraveled in previous studies (Wang et al. 2020; Wu et al.
2020a, b). These studies have shown that the high-frequency
wind-induced seasonal LHF anomalies depend upon two
factors. One is the low-frequency surface wind background
that plays a critical role in the seasonal accumulation of
high-frequency LHF anomalies. This is due to the non-linear
dependence of daily LHF on high-frequency wind variability
under the condition of weak low-frequency surface wind
speed (Wu 2018; Wu et al. 2020a). When low-frequency
wind speed is small, both westerly and easterly phases of
high-frequency wind variations may enhance surface wind
speed and consequently contribute to surface evaporation
so that the high-frequency LHF anomalies can accumulate
in the whole season. In this way, interannual variations of
low-frequency surface wind speed can modulate the effect of
high-frequency atmospheric activities on seasonal LHF vari-
ation. The other factor is that the intensity of high-frequency
wind fluctuations that has large interannual variations over
the tropical WNP due to the modulation of El Nifio and La
Nifia events (Wu and Cao 2017; Wang and Wu 2020). High-
frequency wind intensity represents the amplitude of daily
high-frequency wind variations. A larger high-frequency
wind intensity induces more LHF and thus contributes to
larger seasonal accumulated high-frequency LHF anomalies
(Wu et al. 2020a, b).
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Relationships of seasonal high-frequency LHF to the
above two factors over the tropical WNP in summer are illus-
trated in Fig. 5a,b. High-frequency wind intensity is meas-
ured by JJA mean kinetic energy of daily high-frequency
surface winds. The seasonal high-frequency LHF is larger
when low-frequency surface wind speed is smaller and when
high-frequency wind intensity is stronger. So, weak low-fre-
quency surface wind background and strong high-frequency
wind intensity are favorable conditions for the increase of
seasonal mean high-frequency LHF over the tropical WNP.
The correlation coefficient of seasonal high-frequency LHF
with low-frequency wind speed and high-frequency wind
intensity is -0.53 and 0.84, respectively, during 1979-2018.
Notice that JJA mean low-frequency surface wind speed and
high-frequency wind intensity variations are not independ-
ent, with a large negative correlation (—0.74; Fig. 5c¢). Under
the effect of ENSO events, positive/negative low-frequency
surface wind speed anomalies tend to be co-located with
negative/positive high-frequency wind intensity anomalies
over the tropical WNP. Individual effects of these two factors
are examined separately in Sect. 5.

Spatial distributions of JJA mean low-frequency surface
wind speed and high-frequency wind intensity in 1997 and
2002 are displayed in Figs. 6 and 7 to examine their cor-
respondence to seasonal LHF anomalies in these two years

(Figs. 1, 2). In boreal summer of 1997, the monsoon trough,
which is represented by the zero zonal wind line (black solid
line in Fig. 6), extends eastward to the east of 180° com-
pared to its climatological position (black dash line). JJA
mean low-frequency surface wind speed anomalies show
a west—east contrasting pattern across the monsoon trough,
with positive anomalies located over the equatorial western
Pacific and southeastern Philippine Sea, and negative anom-
alies extending from equatorial central Pacific to subtropical
WNP (Fig. 6¢). High-frequency wind intensity is large over
subtropical WNP (Fig. 6b). Positive high-frequency wind
intensity anomalies are located in a narrow band over the
tropical WNP, which is in good correspondence with the
position of JJA mean monsoon trough (Fig. 6d).
Comparing high-frequency LHF anomalies in sum-
mer of 1997 (Fig. 1f) with anomalies of the two factors
(Fig. 6¢,d), we can see that the spatial distribution of high-
frequency LHF anomalies over the tropical WNP is simi-
lar to that of low-frequency surface wind speed anomalies.
Opposite anomalies of low-frequency surface wind speed
across the monsoon trough can explain the west—east con-
trast of high-frequency LHF anomalies south of 15°N. The
high-frequency wind intensity has a supplementary effect
to seasonal high-frequency LHF anomalies along the mon-
soon trough. In summer of 2002, the low-frequency surface
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wind speed anomalies are positive over southern SCS and
southeast of the Philippines, and negative from equatorial
central Pacific to the subtropical WNP (Fig. 7c). The spatial
distribution of low-frequency surface wind speed anoma-
lies is similar to that in summer of 1997. Values of low-
frequency surface wind speed anomalies are smaller and
the eastward extension of the monsoon trough (black solid
lines in Fig. 7) is also less prominent compared to summer
of 1997. High-frequency wind intensity is large over the
subtropical WNP and eastern Philippine Sea (Fig. 7b). The
positive anomalies of high-frequency wind intensity cover
a wide area over the tropical WNP (Fig. 7d). Different from
summer of 1997, high-frequency wind intensity anomalies
have prominent effects on high-frequency LHF anomalies in
summer of 2002 (Fig. 2f). The positive high-frequency LHF
anomalies over the tropical WNP are mainly contributed by
high-frequency wind intensity anomalies, and those over the
equatorial central Pacific are determined by negative low-
frequency surface wind speed anomalies.

In the above analysis, the variations of low-frequency
surface wind speed and high-frequency wind intensity are
similar in boreal summers of 1997 and 2002, both of which
are El Nifio events. During El Nifio developing summers,
anomalous low-frequency westerly winds are induced over
the tropical Pacific, decreasing low-frequency surface wind
speed east of the monsoon trough. At the same time, sea-
sonal atmospheric background fields associated with tropi-
cal SST variations, including anomalous low-level cyclone,
ascending motion and easterly vertical shear of zonal winds
over the tropical western Pacific, are favorable for inten-
sifying high-frequency wind variability. Therefore, these
two factors together enhance the upscale feedback of high-
frequency atmospheric activities to seasonal LHF during El
Nifio developing summers. In La Nifia developing summers,
the stronger surface wind background and weaker high-fre-
quency wind intensity are unfavorable for seasonal accumu-
lation of high-frequency LHFs.

@ Springer

5 Individual Effects of Low-
and High-Frequency Winds on Seasonal
LHFs

In previous sections, we have noted a close relationship
between JJA mean low- and high-frequency surface wind
speed over the tropical WNP (Fig. 5¢). An issue is individ-
ual impacts of low-frequency surface wind background and
high-frequency wind intensity on seasonal LHF variation.
The individual impacts cannot be determined based on the
observations as the low-frequency wind and high-frequency
wind intensity variations are closely related to each other. In
this section, we construct a series of conceptual cases with
different combinations of low- and high-frequency winds
and calculate the corresponding seasonal LHFs using the
bulk formula. This helps to understand the dependence of
seasonal mean high-frequency LHF anomalies on low-fre-
quency wind and high-frequency wind intensity separately.

We first examine the magnitude of low and high-fre-
quency wind variations over the tropical WNP. Figure 8
shows the probability density function of area-mean daily
low- and high-frequency surface zonal winds averaged in
the region of 5°N-10°N and 145°E-150°E in boreal sum-
mers of 1979-2018. A small region is selected to avoid the
canceling of high-frequency winds in different phases. The
low-frequency wind varies mostly within —5 to 5 m/s, and
easterly winds appear to be more frequent than westerly
winds (Fig. 8a). Since the variation of low-frequency wind
is relatively smooth, we use a series of constants, varying
from —5 to 5 m/s with an interval of 0.5 m/s, to repre-
sent different cases of low-frequency winds. The high-
frequency wind varies mostly within —8 to 8 m/s, with the
center of probability density function near zero (Fig. 8b).
We use sine functions with different amplitudes (varying
from O to 8 m/s with an interval of 1 m/s) to represent the
high-frequency wind variations. A larger amplitude indi-
cates larger high-frequency wind intensity. Three typical
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periods (5, 15 and 30 days) of high-frequency wind varia-
tions in boreal summer over the tropical WNP are selected
as the periods of the sine functions. Then, daily total LHF
is calculated using the bulk formula:

LHFtotal = Pa CeL

Vlow + Vhigh| (QY - qa)'

Here, we only discuss the influence of surface wind
speed on LHF. So, p,, L, g, and g, are represented by
observed JJA mean climatology averaged in the region
of 5°—~10°N of 145°-150°E. The exchange coefficient C,
is calculated using area-mean climatological LHF, total
surface wind speed, p,, L, g, and q,. The total LHF is
decomposed into low- and high-frequency components as
follows:

Vlow

LHF,o,, = p,C.L|Viow| (45 — 9.)

LHFhigh = LHFtotal - LHFIOW'

Seasonal mean LHFs are represented by 90-day aver-
aged daily LHF components.

Fig.9 90-day averaged a total,
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We now examine the seasonal mean LHFs. The 90-day
averaged LHFs are the same for the high-frequency winds
with a period of 5, 15 or 30 days. So, seasonal mean LHF is
not affected by the period of high-frequency wind variations.
Figure 9 displays the variations of 90-day averaged LHF
components with different combinations of low-frequency
wind (x-axis) and high-frequency wind amplitude (y-axis).
The total LHF is non-linearly related to both low-frequency
wind and high-frequency wind amplitude (Fig. 9a). These
non-linear relationships are more clear when total LHF is
decomposed into low- and high-frequency components. The
seasonal low-frequency LHF increases with the enhance-
ment of both positive and negative low-frequency winds
(Fig. 9b). The seasonal high-frequency LHF is affected by
both low-frequency wind and high-frequency wind ampli-
tude (Fig. 9¢), which is consistent with the previous statisti-
cal analysis (Wang et al. 2020; Wu et al. 2020a, b). Notice
that seasonal high-frequency LHF is zero in some cases,
so the contribution of high-frequency winds to total LHF
depends upon the combination of low-frequency wind and
high-frequency wind amplitude.

We then analyze the individual influence of low-frequency
wind and high-frequency wind amplitude on seasonal LHFs

b LHF(low) ¢ LHF(high)
8.0 1 r
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separately. For this purpose, we fix one of them to display
the LHF variations with the other factor. Figure 10 shows
the relationships between the LHF components and low-
frequency wind with the high-frequency wind amplitude
fixed at a specific value (0, 2, 4, 6, 8 m/s). Upward low-
frequency LHF (black squares in Fig. 10a) increases linearly
with the enhancement of low-frequency wind in both posi-
tive and negative directions. Seasonal high-frequency LHF
(triangles in Fig. 10a) can be modulated by low-frequency
wind even with the high-frequency wind amplitude fixed.
When low-frequency wind speed exceeds the amplitude of
high-frequency wind variability, the seasonal mean high-
frequency LHF is zero and the total LHF is entirely con-
tributed by the low-frequency component. This is because
the high-frequency LHFs induced by high-frequency winds
are opposite when the high-frequency winds are in opposite
directions so that they cancel each other in a season. When
low-frequency wind speed is smaller than high-frequency
wind amplitude, the seasonal mean high-frequency LHF
increases with the weakening of low-frequency wind in both
positive and negative low-frequency wind cases. Therefore,
the high-frequency LHF contributes to seasonal total LHF,
particularly, when the low-frequency wind speed is small.
Nevertheless, with the increase of low-frequency wind
speed, the decrease of high-frequency LHF is always smaller

Fig. 10 Variations of 90-day a LHF(low, high)

than the increase of low-frequency LHF (Fig. 10a). So, total
seasonal LHF increases monotonously with the enhance-
ment of low-frequency wind speed (Fig. 10b).

The dependence of seasonal LHF on high-frequency
wind amplitude is further displayed in Fig. 11 when the low-
frequency wind is fixed at a specific value (0, 2 or -2, 5
or —5 m/s). As seasonal low-frequency LHF is independent
of high-frequency wind amplitude, so only high-frequency
and total LHFs are displayed. Consistent with the preced-
ing analysis, the impact of high-frequency wind on seasonal
LHF is associated with the low-frequency wind background.
When high-frequency wind amplitude is larger than low-
frequency wind speed, the seasonal high-frequency and total
LHFs increase with the enhancement of high-frequency
wind amplitude. The extreme case is when low-frequency
wind is zero. In this case, seasonal high-frequency and total
LHFs always increase with the enhancement of high-fre-
quency wind amplitude (black triangles and dots in Fig. 11a,
b, respectively). When high-frequency wind amplitude is
smaller than low-frequency wind speed, the seasonal mean
high-frequency LHF is zero (Fig. 11a), and total seasonal
LHF is completely contributed by low-frequency LHF
(Fig. 11b).

Combining the results of Figs. 10 and 11, the high-
frequency wind amplitude is favorable for the increase of
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seasonal LHF only when it exceeds the low-frequency wind
speed. Over the tropical WNP, climatological low-frequency
surface wind in boreal summer is weak near the monsoon
trough so that interannual variation of low-frequency surface
wind speed has a large influence on the upscale feedback of
high-frequency wind variability to seasonal LHF. Under the
modulation of ENSO-related tropical Pacific SST anomalies,
low-frequency surface wind speed and high-frequency wind
intensity display opposite interannual variations, leading to
prominent variations of seasonal high-frequency LHFs dur-
ing ENSO events.

The above conceptual cases explain the weak interannual
variation of seasonal LHF over the tropical WNP. During El
Nifio events, there are significant negative low-frequency
LHF anomalies and positive high-frequency LHF anomalies
over the tropical WNP that are induced by smaller low-fre-
quency wind speed and stronger high-frequency wind inten-
sity. The total seasonal LHF anomalies can be positive (e.g.,
in 2002) or negative (e.g., in 1997). Opposite anomalies can
be observed during La Nifia events. Low-frequency surface
wind speed variation has opposite effects on seasonal low-
and high-frequency LHF variations. The total LHF anomaly
to some extent represents the relative contributions of low-
frequency wind speed and high-frequency wind intensity
variations, so that it has weak interannual variability and
small correlation with local SST change in the tropical WNP.

6 Summary and Discussions

The present study investigates interannual variations of sea-
sonal mean low-frequency (>90-day) and high-frequency
(£90-day) LHFs in boreal summer over the tropical WNP,
which are associated with low- and high-frequency atmos-
pheric variations, respectively. Contributions of surface
wind speed and sea-air humidity difference to seasonal LHF
anomalies are inspected. The effects of low-frequency sur-
face wind speed and high-frequency wind intensity on the
seasonal LHF variations are separately examined through
a series of conceptual one-dimensional cases with differ-
ent combinations of low-frequency surface wind and high-
frequency wind intensity. The present results indicate the
necessity to distinguish the roles of atmospheric variations
on different time scales when inspecting their impacts on
seasonal LHF variations and local seasonal SST change.
Our analysis shows that seasonal low- and high-frequency
LHEF variations over the tropical WNP are related to differ-
ent factors. The low-frequency LHF anomalies are contrib-
uted by both low-frequency surface wind speed and sea-air
humidity difference. The high-frequency LHF is mainly
modulated by low-frequency surface wind speed and high-
frequency wind intensity. It increases (decreases) when the
low-frequency surface wind speed is smaller (larger) and

high-frequency wind intensity is stronger (weaker). Con-
tribution of high-frequency sea-air humidity difference is
negligible. Due to the opposite dependence of low- and high-
frequency LHF variations on low-frequency wind speed,
seasonal low- and high-frequency LHFs have opposite con-
tributions to the JJA SST change in the tropical WNP.

Based on results of conceptual cases with different combi-
nations of JJA mean low-frequency wind and high-frequency
wind intensity, it is revealed that the low-frequency wind and
intensity of high-frequency wind variations can separately
modulate the seasonal accumulated high-frequency LHFs. A
larger (smaller) high-frequency wind amplitude is favorable
for the increase (decrease) of seasonal upward LHF only
when the high-frequency wind amplitude exceeds local
low-frequency surface wind speed. Low-frequency wind
can affect high-frequency LHF variation even with the high-
frequency wind intensity fixed. When the low-frequency
wind speed is smaller than high-frequency wind amplitude,
the seasonal high-frequency LHF increases (decreases) with
the weakening (enhancement) of low-frequency wind speed,
which is opposite to its effect on low-frequency LHF. These
results are consistent with the statistical analysis of observa-
tions in previous studies (Wang et al. 2020; Wu et al. 2020a,
b).

Interannual variability of total LHF in boreal summer
over the tropical WNP is much smaller than that of low-
and high-frequency LHFs, and has a weak relationship with
ENSO events and local seasonal SST change. This is attrib-
uted to the opposite variations of low- and high-frequency
LHF variations. Under the modulation of seasonal tropical
Pacific SST anomalies, opposite interannual variations are
observed in variations of low-frequency surface wind speed
and high-frequency wind intensity. The LHF anomalies
associated with high-frequency atmospheric activities can
be large enough to cancel the LHF anomalies induced by
low-frequency wind variation, leading to small interannual
variability of total LHF. During ENSO events, total seasonal
LHF anomalies in summer over the tropical WNP can be
positive or negative, depending on relative contribution of
the opposite low- and high-frequency LHF anomalies. The
total seasonal LHF anomaly reflects the net effects of low-
and high-frequency atmospheric variations and thus have
a weak relationship to local seasonal SST change in boreal
summer.
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