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Abstract
The full ﬂuxes and associated air-sea variables based on three months of operational buoy
observations in the East China Sea (ECS) in summer 2020 were analyzed for the ﬁrst time. The surface
net heat ﬂux (Qnet) was positive (139.7±77.7 W/m2) and was dominated by the combined eﬀects of solar
shortwave radiation (SW) and latent heat ﬂuxes (LH). The mean heat ﬂux components of 4 reanalysis
datasets (NCEP2, MERRA-2, CFSR, and ERA5) and buoy data were compared to assess the mean ability of
the modeling/reanalysis simulation. Among the four components of air-sea ﬂux, SW was the best simulated,
while LH was the worst simulated. The longwave radiation (LW) and LH values from reanalysis were higher
than those from buoy data, especially LH. The high LH resulted in low Qnet. Furthermore, the 4 reanalysis
datasets were compared with the buoy dataset. Among all ﬂux products, the diﬀerence in radiation ﬂux was
the smallest, while that in the turbulent ﬂux was the greatest. The observed variables related to turbulent ﬂux
were analyzed to help determine the cause of the ﬂux discrepancies. High wind speeds were the main cause
of this diﬀerence. Using the variables provided by the reanalysis data and the same bulk formulas of the
Coupled Ocean-Atmospheric Response Experiment (COARE 3.0), we found that the recalculated sensible
heat ﬂux (SH) and LH were closer to the observed heat ﬂuxes than the direct model outputs. The signiﬁcant
diﬀerences between these methods could account for the discrepancies among diﬀerent data. Among all
air-sea ﬂux products, the air-sea ﬂux in ERA5 was closer to the in-situ observations than the other products.
The comparison results of reanalysis data provide an important reference for more accurate studies of the
summer heat ﬂux in the ECS at the synoptic and climatic scales.
Keyword: buoy observations; East China Sea; air-sea turbulent heat ﬂux; radiative ﬂux; reanalysis

1 INTRODUCTION
The heat ﬂuxes at the air-sea interface include
radiative ﬂuxes and turbulent heat ﬂuxes, which are
fundamental physical processes for studies of upper
ocean dynamics and air-sea interactions. The surface
net heat ﬂux (Qnet) is composed of mainly solar
shortwave radiation (SW), longwave radiation (LW),
evaporative latent heat ﬂux (LH), and conductive
sensible heat ﬂux (SH). Qnet and surface wind stress
are two main drivers of the evolution of the oceanic
mixed layer (Price, 1979). In the tropical ocean, the

evaporative LH associated with high sea surface
temperature (SST) and signiﬁcant evaporation
primarily balances the incoming solar radiation
(Carton and Zhou, 1997). The heat ﬂux released from
the warmest sea surface in the warm pool region (the
western part of the tropical Paciﬁc Ocean delineated
by the 28-°C isotherm of SST) drives atmospheric
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Fig.1 The mean Qnet=Qsw–Qlw–Qlh–Qsh (W/m2) from June to August 2020 in the northwestern Paciﬁc based on the reanalysis
of ERA5
The mean SST (°C) is shown by black contours with a contour interval of 1 °C. The location of the buoy is marked by a purple solid dot oﬀ the
Changjiang River.

deep convection and aﬀects the global atmospheric
circulation (Bjerknes, 1969; Graham and Barnett,
1987). At high latitudes, when solar radiation is weak,
the air-sea turbulent heat ﬂuxes (LH+SH) determine
the SST variations (Cayan, 1992) under air-sea
feedback mechanisms (Frankignoul and Kestenare,
2002). Thus, producing accurate air-sea heat ﬂux
products is vital for understanding air-sea interactions.
However, the air-sea ﬂuxes suﬀer from great biases
over the global oceans among diﬀerent heat ﬂux
products (Yu, 2019; Song, 2020a), especially in the
western boundary current systems and at high
latitudes (Fig.A1 in Song, 2020a). This bias impedes
our accurate understanding of upper ocean processes
and climate changes. The uncertainties of the heat
ﬂuxes are basically induced by diﬀerent ﬂux
algorithms and essential air-sea variables for the ﬂux
calculations. Therefore, comparisons between pointto-point observations (e.g., buoy observations) and
products are one of the eﬀective ways to identify ﬂux
biases (Gleckler and Weare, 1997; Josey, 2001;
Brunke et al., 2011), which helps further improve
diﬀerent heat ﬂux products. Buoy observations can
also provide reliable air-sea variables to validate the
ﬂux products, for example, the reanalysis and
objectively analyzed products based on the available
marine observations.
The East China Sea (ECS) is close to the Kuroshio,
where the heat ﬂux is released into the atmosphere
and contributes to the global heat ﬂux budget balance
due to the signiﬁcant air-sea diﬀerences in temperature
and speciﬁc humidity (Kubota et al., 2008; Konda et

al., 2010). However, the heat ﬂux biases in this region
are also larger than those in other regions (Song,
2020a). Full-ﬂux observations in the ECS are rare,
although some operational buoys have been deployed
for marine disaster (for example, tropical cyclone)
monitoring. The authors of this paper equipped
operational buoys with radiative measurements to
obtain the full ﬂux in order to examine the uncertainties
in ﬂux products in the ECS. In addition, a recent study
by Song and Yu (2017) showed that the air-sea heat
ﬂuxes in coastal regions play a non-negligible role in
contributing to the basin-scale energy budget. With
high-resolution modeling grids and accurate coastline
data, the simulation of the mean heat ﬂux in a semiclosed basin closely matches the ocean heat content
because the land-sea processes can be captured well
at synoptic scales. Figure 1 shows the evident
gradients of SST and Qnet in ERA5, highlighting the
importance of buoy observations in the ECS for the
validation of air-sea processes. Relatively low Qnet
values can be obtained oﬀ the Changjiang (Yangtze)
River, while high Qnet values can be seen in the open
ocean of the ECS. A signiﬁcant Qnet diﬀerence of
approximately 60 W/m2 occurs between these two
areas.
The new data in this study shed light on the
magnitude of the summer Qnet in the ECS, which has
rarely been measured. The three-month time series
heat ﬂux data from a speciﬁc location in the ECS
provide a good chance to make a detailed assessment
of reanalysis datasets, such as the 5th major
atmospheric reanalysis produced by the European
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Fig.2 Photographs of the buoy used in the East China Sea
The left panel shows in-situ observations by the 10-m operational buoy in the ECS maintained by the East China Sea Bureau of the MNR. The observation height
of the meteorological variables is approximately 11 m. The right panel shows an enlarged ﬁgure to show the meteorological sensors at the top of the buoy.

Table 1 Information on the observed variables and associated instruments on the buoy
Parameter

Manufacturer and sensor

Sea surface temperature

YSI EXO2

Surface air temperature
Relative humidity

Vaisala, HMP155

Resolution

Accuracy

Nominal depth or height (m)

0.001 °C

0.003 °C

-0.5

0.003 °C

0.2 °C

+11

0.003% RH

1% RH

+11

0.08%

+1

Sea level pressure

Vaisala, PTB210

0.02 hPa

Wind speed

RM. YOUNG 05106 (compass,
PNI Sensor Corporation TCM2.5)

0.003 m/s

2%

+11

Wind direction

0.02° (compass, 0.1°)

3° (compass, 0.8°)

+11

SW

Eppley Laboratory, SPP

0.03 W/m

1%

+11

LW

Eppley Laboratory, PIR

0.08 W/m

1%

+11

2
2

Values in the last column indicate the observational heights of the meteorological variables.

Centre for Medium-Range Weather Forecasts
(ECMWF), which is called ERA5 for short (Hersbach
et al., 2019, 2020), and the Modern-Era Retrospective
analysis for Research and Applications, Version 2
(MERRA-2) (Gelaro et al., 2017).
We described the ﬁrst full-ﬂux observations in the
ECS, with radiation observations from an operational
10-m buoy (Fig.2) aﬃliated to and maintained by the
State Oceanic Administration (SOA), Ministry of
Natural Resources (MNR), China. Qnet was constructed
in terms of radiative observations and turbulent heat
ﬂuxes based on the observed air-sea variables. The
observed air-sea variables and heat ﬂuxes were
compared with the new reanalysis, helping ﬁnd the
biases in the reanalysis and enhances our conﬁdence
in using this product in this region. The remainder of
this paper is organized as follows: Section 2 introduces
the buoy observations and heat ﬂux calculation
algorithms, Sections 3.1 and 3.2 show the results of
the observations of the full heat ﬂuxes in summer and

their variations associated with the air-sea variables,
Section 3.3 provides the comparisons between the
buoy observations and reanalysis and identiﬁes the
biases in the reanalysis, Section 4.1 discusses the
reasons for the deviation, Section 4.2 assesses the
overall simulation capability of the 4 reanalyzed
products, and a summary is given in Section 5.

2 MATERIAL AND METHOD
2.1 Data description
2.1.1 Buoy observation
An air-sea 10-m buoy (Fig.2) was deployed in the
ECS at 122.4°E / 31.4°N, as indicated by the purple
solid dot in Fig.1. This buoy provided high-resolution
observations of standard meteorological variables
(detailed information in Table 1), including surface
wind speed, wind direction, surface air temperature
(SAT), SST, relative humidity (RH), and sea level
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pressure (SLP). The observational heights for wind,
SAT, and RH were 11 m above the sea surface, while
the sensors for measuring the SST were located at a
depth of -0.5 m. The temporal resolution of the
meteorological parameters and SST was 30 min. The
daily mean variables were calculated by averaging
the high-resolution measurements. Three months of
data from June to August 2020 were used here to
investigate the variations in air-sea heat ﬂuxes in the
ECS.

Table 2 List of the surface heat ﬂux products and associated
main characteristics used in this paper

2.1.2 Newly released atmospheric reanalysis

Qnet=Qsw–Qlw–Qlh–Qsh,
(1)
where Qsw represents the net downward SW, Qlw
represents the net upward LW, Qlh represents the LH
(positive is upward), and Qsh represents the SH
(positive is upward).
For buoy observation data:
(2)
Qsw=Qsw↓–Qsw↑,
where Qsw↓ denotes the incoming solar radiation
directly measured by the buoy, and Qsw↑ denotes the
upward shortwave radiation ﬂux.
For NCEP2 and CFSR data:
(3)
Qsw=Qsw↓(1–α),
where Qsw↓ denotes the downward shortwave
radiation ﬂux. Although the surface albedo α is not
constant but changes with the surface state, the mean
value is set to 0.06 according to the conventional
choice for buoy observations (Fairall et al., 1996b).
For buoy observation data, the net LW (Qlw) is
calculated from the upward LW (Qlw↑) associated
with the surface thermal state and the observed
downward LW (Qlw↓) (Dickey, 1994) as follows:
(4)
Qlw=Qlw↓–Qlw↑,
where Qlw↓ as observed directly by the buoy. The
upward LW leaving the sea surface includes two parts
(Eq.5): one is the emissions associated with SST
(Fairall et al., 1996a, 2003; Alappattu et al., 2017),
and the other part is the reﬂection of downward LW
(Dickey, 1994):
(5)
Qlw↑=εsσ(Ts)4 + (1–εs)Qlw↓,
-8
where σ=5.7×10 is the Stefan-Boltzmann constant
and εs=0.985 is the surface emissivity, which is
associated with the temperature and wavelength. Ts
denotes SST. In this study, the surface net LW is
deﬁned as the diﬀerence between the downward
longwave radiation (DLW) associated with
atmospheric absorption, emission, and scattering
within the entire atmospheric column and the upward
longwave radiation (ULW) emitted and reﬂected by
the ocean surface (Eq.5).
Following Eq.4, Qlw↓ and Qlw↑ in NCEP2 and

Four heat ﬂux products were used in this study,
including NCEP-DOE Reanalysis 2 (NCEP2)
(Kanamitsu et al., 2002), MERRA-2, the NCEP
Climate Forecast System Reanalysis (CFSR) (Saha et
al., 2010), and ERA5. All the variables were
constructed into daily means from June to August
2020. NCEP2 is the ﬁrst generation of atmospheric
reanalysis products and applies a zero surface balance
constraint over the global ocean. NCEP2 uses a stateof-the-art analysis/forecast system to perform data
assimilation using historical data from 1979 through
the year before the current year. Three recently
updated atmospheric reanalyses, namely, CFSR,
ERA5, and MERRA-2, were also included in the
analysis. Detailed information about the 4 reanalysis
products is summarized in Table 2.
CFSR was initially completed over the 31-year
period from 1979 to 2009. CFSR has created selected
time series products at hourly temporal resolution by
combining either 1) the analysis and one- through
ﬁve-hour forecasts or 2) the one- through six-hour
forecasts for each initialization time. After March
2011, the data from Climate Forecast System Version
2 (CFSv2) replaced CFSR. ERA5 is the ﬁfthgeneration of ECMWF reanalysis for the global
climate and weather for the past 4 to 7 decades.
ERA5 replaces the ERA-Interim reanalysis.
MERRA-2 data provide data from 1980 to present.
This new global reanalysis replaces and extends the
original MERRA dataset (Gelaro et al., 2017).
MERRA-2 data are managed by the NASA Goddard
Earth Sciences (GES) Data and Information Services
Center (DISC). The high temporal resolution data
from the reanalysis were constructed into daily mean
values for comparisons with buoy observations in
this study.
2.2 Air-sea ﬂux calculation method
Qnet consists of four components as follows:

Name

Source

Temporal
resolution

NCEP2

NCEP

Daily

MERRA-2 NASA

Spatial
resolution

Reference

1.9°×1.9°(T62) Kanamitsu et al. (2002)

3 hourly

0.5°×0.5°

Gelaro et al. (2017)

CFSR

NCEP

Hourly

0.5°×0.5°

Saha et al. (2010)

ERA5

ECMWF

Hourly

0.25°×0.25°

Hersbach et al.
(2019, 2020)
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Fig.3 Time series of daily mean SST (blue, unit: °C) and SAT (red, unit: °C) (a), relative humidity (RH, unit: %) (b), wind
speed (WS, unit: m/s) and wind direction (WD) (c) from June to August 2020
During the observational period, the measurements of SST and wind were not transmitted normally, thus the missing data were not used for calculation
in this study. The red line in (c) represents the boundary where wind speed is zero.

CFSR were both provided by the reanalysis data.
Based on buoy observation data, turbulent heat ﬂuxes,
namely, LH and SH, are estimated by bulk formulas
(Liu et al., 1979; Large and Pond, 1981; Clayson et
al., 1996; Fairall et al., 1996b, 2003; Edson et al.,
2013), following the Monin-Obukhov similarity
theory (Monin and Obukhov, 1954):
(6)
Qlh=ρLe cEW(qs–qa),

typical salinity of 34. θz includes a correction for the
adiabatic lapse rate γ. Tz is the air temperature at
height z.

(7)
Qsh=ρcPcHW(θz–Ts),
where qs0.98qsat(Ts) and θzTz+γz.
In above equations, Qlh is LH, Qsh is SH, W is the
wind speed, ρ is the density of air, Le is the latent heat
of evaporation, and cP is the speciﬁc heat capacity of
air. The turbulent exchange coeﬃcients for LH and
SH are denoted by cE and cH, respectively. The surface
and near-surface atmospheric speciﬁc humidity are
denoted by qs and qa, respectively. Ts is SST. qs is the
saturation-speciﬁc humidity qsat of air at temperature
Ts and includes a 2% reduction, which is caused by a

Figure 3a shows that the daily mean SAT and SST
in the summer in the ECS increased by approximately
7 °C, and the increase was the most signiﬁcant in
August. In general (Table 3), SAT (26.5 °C) is slightly
higher than SST (25.8 °C) in summer. SAT also
ﬂuctuated with higher magnitudes (3.1 °C) than SST
(0.9 °C). As shown in Table 3, the daily mean summer
SST in the ECS was 25.8 °C, the highest temperature
was 30.0 °C on August 24, and the lowest temperature
was 23.1 °C on June 30. The average daily summer
SAT of the ECS was 26.5 °C, the highest SAT reached

3 RESULT
3.1 Air-sea variables from buoy observations in
summer

Table 3 The maximum, minimum, mean (±SD) of the daily
SST, SAT, RH, WS, DSW, and DLW from buoy
data from June 1 to August 31, 2020
Item

SST
(°C)

SAT
(°C)

RH
(%)

WS
(m/s)

DSW
(W/m2)

DLW
(W/m2)

Mean 25.8±0.9 26.5±3.1 93.4±8.7 3.2±1.0 196.3±83.6 433.2±14.7
Max

30.0
(24/8)

35.1
(31/8)

100.0
(27/8)

7.3
(04/8)

358.9
(13/8)

453.8
(26/8)

Min

23.1
(30/6)

21.2
(27/8)

67.3
(14/8)

1.4
(24/6)

40.8
(15/7)

391.1
(07/6, 01/7)

The numbers in parentheses are the dates (day/month) when the extreme
value occurred. SST: sea surface temperature; SAT: surface air temperature;
RH: relative humidity; WS: wind speed; DSW: downward shortwave
radiation; DLW: downward longwave radiation.

Table 4 The same as in Table 3, but for SW, LW, LH, SH,
and Qnet
Item SW (W/m2) LW (W/m2) LH (W/m2) SH (W/m2) Qnet (W/m2)
Mean 183.2±83.7

26.5±19.7

-2.5±24.6

-1.5±5.3

139.7±77.7

Max 381.3 (23/8) 64.6 (23/8) 69.1 (01/7) 15.4 (15/7) 291.6 (04/8)
Min

16.7 (05/8) -3.4 (06/7) -97.3 (04/8) -23.8 (04/8) -41.6 (15/7)

The numbers in parentheses are the dates (day/month) when the extreme
value occurred.

35.1 °C on August 31, while the lowest was 21.2 °C
on August 27 due to the potential eﬀects from tropical
cyclone Bavi. The variations in SAT and SST are
caused by seasonal cycles.
As shown in Fig.3b, RH ranged from 80% to 100%,
indicating that water vapor in the ECS was close to
saturation and that the air was relatively humid in
summer. Shown in Table 3, the average RH in the
ECS region in summer was 93.4%, the highest RH
was 100.0% on August 27, and the lowest RH was
67.3% on August 14. RH was high throughout the
summer because water vapor in the ECS was humid
and saturated in summer. In addition, RH can be
aﬀected by synoptic weather processes. Figure 3c
shows that the southeasterly wind and the southerly
wind prevail in summer, as was found in previous
studies (Ding, 1994). The average wind speed was
3.2 m/s, the highest was 7.3 m/s on August 4, and the
lowest was 1.4 m/s on June 24.
Figure 4 shows that downward shortwave radiation
(DSW) presented an evident oscillation with a
standard deviation (SD) of 83.6 W/m2 in the summer
in the ECS. This oscillation may be caused by the
cloud fraction associated with synoptic weather
processes (Cess et al., 1995; Pilewskie and Valero,
1995; Ramanathan et al., 1995). The average value of
DSW was 196.3 W/m2; however, the maximum value

DSW (W/m2)
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Fig.4 Time series of daily mean DSW (W/m2) (a) and DLW
(b, W/m2) (b) from June to August 2020
DSW: downward shortwave radiation; DLW: downward longwave
radiation.

reached 358.9 W/m2 on August 13 and the minimum
value was only 40.8 W/m2 on July 15. DSW showed a
signiﬁcant upward trend in August with the changing
solar zenith angle in summer. Compared with DSW,
DLW exhibited relatively weak variations, with an
SD of 83.6 W/m2. The average DLW value was
433.2 W/m2, and the maximum value was 453.8 W/m2
on August 26, while the minimum value was
391.1 W/m2, which occurred on both June 7 and July
1, 2020. There was little diﬀerence in DLW in the
three months in summer, with the minimum in August
being slightly higher than the values in June and July.
The extreme value of DLW in June and July coincided
with that of SAT, which indicated that it was
determined by SAT. However, in August, it showed
no relation with SAT variations. A possible explanation
may be associated with the cloud properties, whereas
the buoy observations did not support such an
examination, which was left for future studies.
3.2 Air-sea ﬂuxes in summer calculated from the
buoy observation data
As shown in Fig.5 and Table 4, the daily mean SW
was the largest component among the four heat ﬂux
components with signiﬁcant diurnal variations
(approximately 500 W/m2 in amplitude, not shown
here). The mean value was 183.2 W/m2. The daily
mean SW showed large variation with an SD of
83.7 W/m2. The daily mean SW increased signiﬁcantly
in August, reaching 381.3 W/m2 on August 23, while
the minimum value was 16.7 W/m2 on August 5. The
amplitude of the daily mean LW oscillation in summer
was also quite large, with an SD of 19.7 W/m2, and
increases signiﬁcantly in August, with an average of
26.5 W/m2. The maximum value reached 64.6 W/m2
on August 23, and the minimum value was -3.4 W/m2
on July 6. SW and LW were positive throughout the
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summer, and the magnitudes of SW were higher than
those of LW, which means that the radiant heat ﬂux
was positive, meaning that the ocean obtains heat
from the overlying atmosphere.
The mean values of SH and LH were both negative
(SH, -1.5 W/m2; LH, -2.5 W/m2) and were of an order
smaller than those of the radiant ﬂuxes. The amplitude
of LH was equivalent to LW, with an SD of 24.6 W/m2,
while the amplitude of SH was the lowest of the four
heat ﬂuxes, with an SD of 5.3 W/m2. LH and SH both
changed from positive to negative from June to
August. Positive values of LH and SH represented the
loss of heat from the ocean, while negative values
represented the opposite. The ocean released heat in
June and July because the SST (qs) is higher than the
SAT (qa) when the atmospheric boundary condition
was unstable. However, when the thermal state of the
atmosphere was higher than that of the ocean in
August, the boundary stability gradually stabilized,
and the air-sea turbulent heat ﬂuxes were directed
from the atmosphere to the ocean. Therefore, the
maximum value of LH reached 69.1 W/m2 on July 1,
and the maximum value of SH reached 15.4 W/m2 on
July 15. In August, both LH and SH had minimum
values on August 4, which were -97.3 W/m2 for LH
and -23.8 W/m2 for SH, indicating a loss of heat in the
ocean.
During the whole observation period, the mean
Qnet was 139.7 W/m2, which was mainly aﬀected by

Negative values of SW and Qnet represent the loss of heat from the ocean,
and the positive values represent the opposite. Positive values of LW, SH,
and LH represent the loss of heat from the ocean, and negative values
represent the opposite. As the SST data were not transmitted normally
during the observation period, the net LW, LH, and SH are absent at the
beginning of June and end of August, although the downward SW and
LW are fully observed. The dotted lines in (c–e) indicated that the value
of SH, LH, Qnet is 0.

SW, LW, and LH and showed an oscillating trend
with an SD of 77.7 W/m2. The net SW was primarily
balanced by LH and LW, while the role of the air-sea
SH was secondary. Qnet increased signiﬁcantly in
July and August. Qnet reached a maximum value of
291.6 W/m2 on August 4, while the minimum value
was -41.6 W/m2 on July 15. There was heavy rainfall
(https://www.ecmwf.int/) on July 15, and thus, the
SAT was associated with the lowest value of 23 °C,
which was 15 °C lower than the mean temperature
of 38 °C in July. The SH due to rainfall-induced
surface cooling (Gosnell et al., 1995; Cronin and
McPhaden, 1997) was not estimated in this study
due to the lack of direct precipitation observations.
DSW reached the minimum value (40.8 W/m2) due
to the cloud eﬀect. Both SH and LH reached a second
maximum (SH: 15.4 W/m2, LH: 44.3 W/m2), while
DLW (423.6 W/m2) remained close to the mean
value (433.2 W/m2). Therefore, the minimum Qnet
value occurred on July 15.
3.3 Comparisons between the buoy observations
and reanalysis
Due to the lack of long-term observation data of
sea-air ﬂux in the ECS, we selected 4 reanalysis
datasets (NCEP2, MERRA-2, CFSR, and ERA5) to
compare with the observation data (OBS). This was
the ﬁrst full-ﬂux observation activity for an operational
coastal buoy system. The observations were used to
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Fig.6 The diﬀerence in SW (a, f), LW (b, g), SH (c, h), LH (d, i), and Qnet (e, j) between the buoy data (left panel) and the 4
reanalysis datasets (right panel) (units: W/m2)
Dashed lines indicated that the diﬀerence between the 4 reanalysis datasets and buoy data was 0.

identify the bias in the reanalysis in the ECS to satisfy
the demands for studying long-term ﬂux changes and
increase the conﬁdence in using these products.
Figure 6 shows that the temporal evolution of the 4
reanalysis datasets of the ﬁve ﬂuxes was basically
consistent with that of OBS. The main diﬀerence was
strongly aﬀected by synoptic weather processes
(Song, 2021). LH in NCEP2 showed a large
discrepancy at the end of July with respect to the buoy
observations and other recent updated reanalysis data
(Fig.6d). Table 5 listed the heat ﬂux diﬀerences
between the observations and reanalysis. The mean
diﬀerences of the four components were less than
13 W/m2 except for LH (36–60 W/m2). As seen from
the LH in the left panel of Fig.6d, the signs of LH in
the observation data and LH in the reanalysis data
were basically opposite after mid-July, which was
diﬀerent from other heat ﬂux components. Therefore,
the correlation coeﬃcient of LH in Fig.7 was very
low. In view of the analysis in Section 4.1, in addition

Table 5 The mean and SD of the diﬀerences in SW, LW, SH,
LH, and Qnet among the 4 reanalysis datasets (NCEP2,
MERRA-2, CFSR, ERA5) and buoy dataset (OBS)
Dataset

SW

LW

SH

NCEP2-OBS

LH

Qnet

13.0±64

3.0±11

-9.1±11

36.0±45

-3.2±86

MERRA-2-OBS 11.1±74

11.9±12

3.9±6

59.5±39

-51.2±79

CFSR-OBS

43.3±69

5.0±18

10.0±10

52.2±47

10.1±73

ERA5-OBS

9.9±52

4.7±17

9.3±9

45.3±37

-27.6±61

The values following the mean magnitudes in the rows indicate the SD. All
the units are in W/m2.

to the eﬀect of the algorithm and wind speed, RH may
be an important reason for this diﬀerence. The daily
mean values are compared to avoid the eﬀects of
diurnal variations in heat ﬂuxes, in particular, the SW.
Among the four heat ﬂux components, the diﬀerences
in SW and LH between the reanalysis data and OBS
had SD values greater than 37 W/m2, which was larger
than the values for the other ﬂux components of
approximately 15 W/m2.
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small. Overall, the heat ﬂux components in ERA-5
indicated a relatively improved ability to reproduce
the observed heat ﬂuxes among the 4 reanalysis
products.
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4 DISCUSSION
0
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4.1 Causes of the diﬀerence between buoy data and
reanalysis data
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Fig.7 Taylor diagram for Qnet (number 5) and contributing
heat ﬂuxes (SW (1), LW (2), SH (3), LH (4)) of the 4
reanalysis datasets
Note that the correlation coeﬃcients for the radial line denote the
relationship between the OBS and reanalysis datasets. In addition,
the normalized standard deviations (standard deviation of the
reanalysis divided by that of the observations) are presented on the
x- and y-axes. The points inside the dashed curved line (1) mean
that reanalysis datasets have lower variability than the observations.

Table 5 shows that among all the diﬀerences
between the reanalysis data and OBS of SW, the mean
and SD of ERA5 were the lowest, while those of
CFSR were the highest. As shown in Fig.7, the SW of
the ERA5 data was the closest to the OBS data in
terms of the Taylor diagram (Taylor, 2001). The mean
and SD of LW of NCEP2 were the lowest (3.0±
11 W/m2), and the means of CFSR and ERA5 were
also low (CFSR: 5.0 W/m2, ERA5: 4.7 W/m2), while
the mean of MERRA-2 was high (11.9 W/m2).
However, the SDs of CFSR and ERA5 (CFSR:
18 W/m2, ERA5: 17 W/m2) were higher than that of
MERRA-2 (12 W/m2). Figure 7 shows that the LW of
the ERA5 data was also the closest to the OBS.
The mean and SD of SH of MERRA-2 were the
lowest (3.9±6 W/m2), while the diﬀerences of the
other three reanalysis data were not evident, with a
mean and SD of approximately 10 W/m2. The mean
and SD of the LH of the 4 reanalysis datasets were
high, exceeding 36 W/m2. The mean Qnet of NCEP2
was the lowest, while the SD of ERA5 was the lowest,
as shown in Fig.7. Among the four ﬂux components,
the diﬀerences in SW and LW were relatively low,
while those of LH and SH were relatively high.
However, because the values of LH and SH are
relatively small, the diﬀerence in Qnet was relatively

To identify the error sources of the heat ﬂuxes in
the 4 reanalysis products, eight variables used for heat
ﬂux calculations are compared to observational
parameters, including SAT, SST, ΔT(SST–SAT), wind
speed, DSW, DLW, SLP, and RH. Table 6 shows that
the diﬀerences in the 8 variables between the
reanalysis data and the observed data were acceptable.
Except for the individual variables of individual
reanalysis products (e.g., DSW of CFSR), the mean
value and SD of the diﬀerences were generally one or
more orders lower than their own orders. All the
reanalysis data indicate a cold and dry atmosphere
with strong wind speed, which caused high air-sea
temperature and humidity diﬀerences and high
turbulent heat ﬂuxes. In the reanalysis data, the colder
atmosphere enhanced the air-sea temperature
diﬀerence, and thus, the reanalysis products predicted
a higher SH than the observations. Similarly, the drier
atmosphere made the phase transition, such as vapor
evaporation, stronger compared with the observation
data. Combined with the enhanced wind speed, LH
became signiﬁcantly higher. Both of these were well
illustrated in Fig.6. The mean value and SD of the
diﬀerence in wind speed were high compared with the
order of 3.0 m/s, which was also reﬂected in Fig.8. A
high wind speed may be the reason why SH and LH
had larger diﬀerences than the other ﬂux components
based on Eqs.6–7. Similar ﬁndings were also found in
the reanalysis during the passages of tropical cyclones
in a recent study by Song et al. (2021) using full-ﬂux
buoy observations in the southeastern Indian Ocean.
Although the SW in all reanalysis products showed
high estimates ranging from 9.9 to 43.3 W/m2 (Table
5), a relatively cold Qnet (-3.2 W/m2 to -51.2 W/m2)
was obtained in Table 5 with high estimates of
turbulent heat ﬂuxes, in particular the LH (36.0 W/m2
to 59.5 W/m2). CFSR produced both a high SW due to
the high DSW and a high LH due to a dry atmosphere.
The net eﬀect was a high Qnet due to the dominant role
of a high SW in CFSR.
The problems with small correlation coeﬃcients
reﬂected in the left panel of Fig.8 mainly occur in
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Table 6 The same as in Table 4 but for SAT, SST, ΔT, WS, DSW, DLW, SLP, and RH
SAT (°C)

SST (°C)

ΔT (°C)

WS (m/s)

SLP (hPa)

RH (%)

-5.2±8

CFSR-OBS

-1.0±2

-0.3±1

-1.1±3

2.8±2

41.8±69

-20.9±10

-0.3±2

-12.2±9

ERA5-OBS

-0.9±2

0.3±1

-0.6±3

2.2±2

6.8±48

-17.8±9

0.4±1

-5.2±10

0
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0
0.8

1.50
1.25
1.00

0

0.9

0.95

0.75
0.50

0.99

0.

2.00
1.75

0

0.8

1.50
1.25
1.00

0

0.9

0.95

0.75
0.50

0.99

0.25

0.25
0

Normalized standard deviation

70

2.00

70

0.6

0

2.25

0.

2.25

0

b
2.50

0.5

0

2.75

0.6

2.50

0.5

0

a

ERA5
CFSR
MERRA-2
NCEP2

0

-9.1±9

-0.2±1

0.4
0

-4.9±2

13.0±16

0.30

-13.4±11

9.9±73

0.20

12.4±63

1.5±1

0.10

2.6±2

-0.5±3

0.4
0

-1.3±3

0.9±1

0.30

-0.2±1

0.20

-0.8±2
-0.3±2

0.10

NCEP2-OBS
MERRA-2-OBS

2.75

Normalized standard deviation

DSW (W/m2) DLW (W/m2)

0 0.25 0.50 0.75 OBS 1.25 1.50 1.75 2.00 2.25 2.50 2.75
Normalized standard deviation

1.00

0

0 0.25 0.50 0.75 OBS 1.25 1.50 1.75 2.00 2.25 2.50 2.75
Normalized standard deviation

1.00

Fig.8 Taylor diagram of eight observed elements for calculating ﬂuxes and Taylor diagram of turbulent ﬂux and recalculated
turbulent ﬂux
a. the Taylor diagram for SAT (1), SST (2), ΔT (3), WS (4), DSW (5), DLW (6), SP (7), and RH (8) from 4 reanalysis datasets; b. the Taylor diagram
for SH_R (recalculated SH based on bulk formulas using Eq.7, following the Monin-Obukhov similarity theory,) (1), SH (2), LH_R (recalculated LH
using Eqs. 6) (3), and LH (4) of 4 reanalysis datasets.

SAT, wind speed (WS), and RH. The correlation of
SAT was good in June and July until late August,
when there was a tropical cyclone process. There was
a large ﬂuctuation in SAT observed by the buoys, but
the reanalysis product did not reproduce it. This
indicates the relatively poor ability of reanalysis to
accurately reproduce synoptic weather scale
processes. Although the variations in wind speed
from reanalysis are in accordance with the OBS, the
wind speed of reanalyzed products was consistently
higher than that of OBS. The RH of the reanalyzed
product was signiﬁcantly diﬀerent from the buoy data
after late July. This could be due to the lower water
vapor saturation in the reanalyzed products.
The exact magnitudes of the diﬀerences in DSW
and DLW between the reanalysis and observations
were summarized in Table 6. All the reanalysis
products predict a high DSW ranging from 6.8
(ERA5) to 41.8 (CFSR) W/m2 with signiﬁcant SDs.
However, a low DLW has obtained for NCEP2
(-13.4 W/m2), CFSR (-20.9 W/m2), and ERA5

(-17.8 W/m2), while a high DLW was found for
MERRA-2 at a magnitude of 13.0 W/m2.
The ﬂux component was related to not only the
variables involved in the calculation but also the
calculation method. In a recent study by Yu (2019),
heat ﬂux discrepancies were primarily induced by
diﬀerent heat ﬂux algorithms, for example, diﬀerent
versions of bulk formulas. In this study, the LH and
SH were recalculated using the output variables from
the reanalysis, as shown in Table 7, using the same
algorithm. The results indicate that by using the
variables provided by the reanalysis data and the
same method for calculating the ﬂux from the buoy
observation data, the SH and LH calculated by using
the variables from the 4 reanalysis datasets were
signiﬁcantly improved compared with those from the
direct model output (Table 7 and the right panel of Fig.8).
It is still diﬃcult to conclude which algorithm was
more accurate in this study, except for the fact that the
state of the atmosphere was colder and drier in the
reanalysis products than in the in-situ observations. In
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Table 7 The same as Table 4 but for SH_R, SH, LH_R, and
LH
Dataset

SH_R
(W/m2)

SH
(W/m2)

LH_R
(W/m2)

LH
(W/m2)

NCEP2-OBS

-5.4±8

-9.1±11

44.5±46

36.0±45

MERRA-2-OBS

2.5±4

3.9±6

38.0±29

59.5±39

CFSR-OBS

-5.0±7

-7.0±8

63.2±50

52.2±47

ERA5-OBS

-0.0±5

9.3±9

39.8±34

45.3±37

addition, the direct observations of radiative ﬂuxes
provided a good test bed for the reanalysis. To
calculate air-sea turbulent heat ﬂuxes in the reanalysis,
the old algorithm of the Louis scheme (Louis, 1979)
was employed in ERA-5 and other operating forecast
systems. The buoy-observed turbulent heat ﬂuxes
were based on bulk formulas, for example, COARE
3.0 (Coupled Ocean-Atmospheric Response
Experiment) (Fairall et al., 1996b, 2003). There were
signiﬁcant diﬀerences between these schemes, which
accounted for the discrepancies among the diﬀerent
reanalysis products.
4.2 Capability assessments of the 4 reanalysis data
Based on in-situ ﬂux measurements, the mean
ﬂuxes of 4 reanalysis datasets (NCEP2, MERRA-2,
CFSR, and ERA5) and buoy data were compared.
Scatter plots reveal the assessment of the mean
ability of the modeling/reanalysis simulation. Figure
9 shows that among the four components of air-sea
ﬂux, SW had the best simulation eﬀect, while the LH
simulation was poor due to a dry atmospheric
environment, as presented above. LW and LH were
higher than the buoy data, especially LH. A high LH
resulted in a low Qnet. Furthermore, four reanalysis
datasets were compared with the buoy dataset, which
revealed that the diﬀerence in radiation ﬂux was low,
while the turbulent ﬂux was high. To determine the
mechanism for the uncertainties, the directly
observed variables related to turbulent ﬂux were
analyzed, and the high wind speed was the main
cause of this diﬀerence. Among all air-sea ﬂux
products, the air-sea ﬂux in ERA5 was closer to the
in-situ observations than the other products (Fig.7).
In addition, the spatial and temporal resolution of the
reanalyzed product should also be one of the reasons
for the diﬀerence between the reanalyzed products
and the observed data. One of the reasons that ERA5
was closer to the OBS than the other reanalysis
products is that not only its temporal resolution
(hourly) is closest to the OBS (30 min) but also its
spatial resolution (0.25°×0.25°) is the highest of the
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4 reanalysis datasets (Table 2). Other researchers had
also compared buoy data with reanalysis data in other
areas of the ocean. For example, Song (2020b)
compared the heat ﬂux of buoy data with reanalysis
products in the Bohai Sea and pointed out that the
surface current, wind speed, unstable boundary
conditions, and diurnal variation were the factors that
caused the diﬀerences between the heat ﬂux of the
reanalysis product and the buoy data. Song (2020b)
also concluded that MERRA-2 and ERA5 were
superior to the OAFlux data in the Bohai Sea.
Air-sea heat ﬂux is one of the frontier research
areas in physical oceanography. Air-sea heat ﬂux not
only provides a thermal driving force for upper ocean
dynamic processes but is also an important aspect of
ocean-atmosphere interactions, which is a key factor
in the study of climate change. However, there are
still two problems in the current studies. One problem
is how to more accurately quantify the heat ﬂux under
various ocean conditions to better understand the
dynamic processes in the upper ocean. The second
problem is how to deeply understand the mechanism
of the changes in multiscale ocean-atmosphere
dynamic processes aﬀecting the air-sea heat ﬂux to
more accurately understand the ocean-atmosphere
interaction process. Scientists have conducted more
than half a century of research on the basic issue of
the sea-air heat ﬂux (Yu, 2019) and have a relatively
clear level of understanding; for example, the spatial
pattern of global distribution and the related principles
of large-scale changes have been examined. However,
because the physical mechanism has yet to be
determined, the parameterization scheme must be
improved; therefore, the global air-sea heat ﬂux
remains largely unknown and uncertain. In summary,
there are still two questions in air-sea heat ﬂux
research, namely, “how much” and “how does it
change”. Currently, it is diﬃcult to meet the needs of
physical oceanography research, which demands heat
ﬂux precision within a magnitude of 10 W/m2
(Godfrey and Lindstrom, 1989). This study is only a
starting point for full-ﬂux observations in the ECS,
where air-sea interactive processes are intense. In
future works, the authors will continue to collect
observations and improve the calculation algorithms,
which will improve the understanding of the global
heat ﬂux balance and energy cycles.

5 CONCLUSION
In this study, the full ﬂuxes and associated air-sea
variables based on operational buoy observations in
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the ECS in the summer of 2020 were provided and
analyzed. This study revealed that the SAT was higher
than the SST in summertime (which both exceed
25 °C), the air was humid, the water vapor was almost
saturated (93.4%), and southeasterly wind and
southerly wind (3 m/s) prevail, as found in previous
studies. The radiation ﬂux was positive (SW,
183.2 W/m2, LW, 26.5 W/m2), the turbulent ﬂux was
negative (LH, -2.5 W/m2, SH, -1.5 W/m2), and the net
heat ﬂux was positive (139.7 W/m2), which
represented heat gain by the ocean in summer. The
time series of Qnet and other heat ﬂux components
were aﬀected by synoptic weather processes. An
important weather processed with heavy rainfall

Fig.9 Scatter diagrams of SW (a), LW (b), SH (c), LH (d),
and Qnet (e) from the mean of the 4 reanalysis
datasets (NCEP2, MERRA-2, CFSR, and ERA5)
and the buoy dataset
Dashed lines are diagonals, and solid lines are trend lines. The
x-axis represents the buoy observations, and the y-axis denotes the
mean magnitudes of the 4 reanalysis datasets.

occurs on July 15, which was accompanied by high
wind speed and high sea-air temperature diﬀerences.
Therefore, a higher turbulent ﬂux appeared at this
time. However, cloud forcing caused low SW, and
thus, the minimum Qnet value was obtained on that
day. It should be noted that, the mean turbulent heat
ﬂuxes in summer were rather small due to the positiveto-negative switches in magnitudes. This was in close
association with the marine boundary layer stability
in the warm season. In summer, the SAT was higher
than the SST, which generated a stabilized boundary
condition and inhibited turbulent heat release from
the ocean to the atmosphere.
It should be noted that, the mean turbulent heat
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ﬂuxes in summer are rather small due to the positiveto-negative switches in magnitudes. This is in close
association with the marine boundary layer stability
in the warm season. In summer, as shown in Fig.3, the
SAT is higher than the SST, which generates a
stabilized boundary condition and inhibits turbulent
heat release from the ocean to the atmosphere. In
addition, the turbulence ﬂux of the reanalysis data is
recalculated using the variables provided by the
reanalysis data and the same method used to calculate
the ﬂux from the buoy observation data (Eqs.6–7).
The SH and LH, which are recalculated, are
signiﬁcantly improved when compared with the direct
model output. The old algorithm of the Louis scheme
is employed for the reanalysis data, while bulk
formulas are provided to calculate the buoy-observed
turbulent heat ﬂuxes. The signiﬁcant diﬀerences
between these methods can probably account for the
discrepancies among diﬀerent data (Yu, 2019). In
future studies, the authors will focus on the validation
of diﬀerent heat ﬂux algorithms.
The operational observations used in this study
help identify the uncertainties in reanalysis and ﬁnd
better datasets for future studies in physical
oceanography and air-sea interactions in the
Northwest Paciﬁc. In the next study, we will focus on
the air-sea heat ﬂux feedbacks on SST anomalies
(Frankignoul et al., 1985, 1998; Frankignoul and
Kestenare, 2002; Park et al., 2005; Hausmann et al.,
2016) during post-El Niño summers with anticyclonic
anomalies in the Northwest Paciﬁc (Lau et al., 2000;
Wang et al., 2000; Lu, 2001; Wang et al., 2003; Xie
and Wang, 2020). In the summer of decaying El Niño
phases, signiﬁcant air-sea coupling processes and
pronounced precipitation anomalies occur in the
Northwest Paciﬁc. Using the better reanalysis data
(ERA5) based on this work, the mechanism of air-sea
feedback in summer will be further explored under
speciﬁc climate events (e.g., El Niño events). This
study provides only the ﬁrst step for understanding
the basic aspects of air-sea coupled variability.
In order to meet the requirements for the long-term
study of heat ﬂux in the ECS, we compared 4
reanalysis datasets (NCEP2, MERRA-2, CFSR, and
ERA5) with buoy data. Among the four components
of air-sea ﬂux of reanalysis datasets, SW had the best
simulation eﬀect, while the LH simulation was poor
due to a drier and colder atmospheric environment of
reanalysis datasets. LW and LH of reanalysis datasets
were higher than the buoy data, especially LH. Among
the 4 reanalysis datasets, the Qnet and four components
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of ERA5 were closer to the buoy data than other
reanalysis datasets. In order to analyze the reasons for
the diﬀerence of turbulent heat ﬂux between the
reanalysis datasets and buoy data, the turbulence ﬂux
of the reanalysis datasets was recalculated using the
variables provided by the reanalysis data and the
same method used to calculate the ﬂux from the buoy
observation data. The SH and LH, which were
recalculated, were signiﬁcantly improved when
compared with the direct model output. The old
algorithm of the Louis scheme was employed for the
reanalysis data, while bulk formulas were provided to
calculate the buoy-observed turbulent heat ﬂuxes.
The signiﬁcant diﬀerences between these methods
can probably accounted for the discrepancies among
diﬀerent data. The higher wind speed of the reanalysis
products was another important reason for the
diﬀerence. Although the analysis in this study was in
one season, it was the ﬁrst full-ﬂux observation in this
region. The operational observations used in this
study could help identify the uncertainties in
reanalysis and ﬁnd better datasets for future studies in
physical oceanography and air-sea interactions in the
Northwest Paciﬁc.
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