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The exchange of heat and momentum between the ocean and the atmosphere
greatly affects the growth of typhoons. Utilizing the meteorological and oceanic
variables observed by a Drifting Air-sea Interface Buoy (DrIB) during Typhoon
Molave, a new air-sea turbulent fluxes product (referred to as DrIB product) is
developed with the consideration of the thermal and dynamic effects of sea spray
in the Coupled Ocean Atmosphere Response Experiment algorithm. The
performances of two reanalysis products, ERA5 and MERRA2, under typhoon
conditions are evaluated by comparing them to the DrIB observations. In
particular, the air-sea turbulent fluxes during Typhoon Molave are
systematically studied. The averaged heat (momentum) flux of the DrIB
product is ~200% (~30%) higher than the reanalysis. However, the reanalysis
products have higher latent heat than the DrIB product, because the reanalysis
products have lower wind speed, smaller air-sea temperature difference, and
drier atmosphere. The sea spray-induced mean heat (momentum) flux increase
is ~1% (8%) in normal weather and is ~5% (17%) at the during-typhoon stage. Sea
spray amplifies the dominance of wind speed on heat fluxes and weakens the
contribution of air-sea temperature and humidity differences to heat fluxes. Sea
spray starts to obviously contribute to the heat fluxes at a 10-m wind speed of
~10 m/s, and it non-linearly accelerates the air-sea heat exchange at a 10-m
wind speed of ~20 m/s. When the 10-m wind speed is less than 20 m/s, the basic
momentum flux (without sea spray effects) at the air-sea interface is roughly one
or two orders of magnitude higher than the sea spray-induced momentum flux.
Including the sea spray effects, the maximum momentum flux can even double
at the 10-m wind speed of ~30 m/s.
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1 Introduction

The development of typhoons is accompanied by complex air-
sea exchanges of momentum and heat. These momentum, sensible
heat, and latent heat fluxes are continuously transferred between the
ocean and the atmosphere through turbulent transport, which
profoundly affects the structural development and intensity
changes of typhoons and plays an essential role in their
formation, growth, and extinction (Emanuel, 1999; DeMaria
et al., 2005; D’Asaro et al., 2011; Duan et al, 2014). However,
typhoon intensity forecasting has been challenging due to a lack of a
comprehensive understanding of the dynamics and thermal details
at the air-sea interface during typhoons. Although the Coupled
Ocean-Atmosphere Response Experiment (COARE) algorithm has
usually used to estimate the air-sea fluxes based on the key
meteorological and oceanic variables at the air-sea interface
(Fairall et al., 2003), multiple uncertainties in the estimation
persist. These uncertainties are mainly attributed to the accuracy
of the input physical variables, and the empirical parameters in the
algorithm (Weare, 1989; Gleckler and Weare, 1997; Grist and Josey,
2003; Yu, 2019). Accurately quantification of the air-sea turbulent
fluxes during the typhoon process is of great significance to various
aspects such as improving the numerical weather prediction
models, enhancing typhoon forecasting skills, and mitigating the
meteorological and oceanic disasters (Shan et al., 2020).

Chen et al. (2007) pointed out that the inability to predict
typhoon intensity may be due to incomplete consideration of the
physical processes of the air-sea interface under typhoon
conditions. Typhoons result in strong wind stress, which
generates sea spray at the air-sea interface from broken bubbles
in the whitecap and the foam of wave crests torn by the wind. When
droplets evaporate or fall back into the ocean, they significantly
affect the heat and momentum fluxes (Li, 2004). In terms of heat
fluxes, the evaporation of sea spray leads to a substantial cooling in
the atmosphere a few meters above the sea surface, intensifying the
exchange of sensible heat fluxes and thus enhancing the storm’s
intensity (Andreas and Emanuel, 2001). When the 10-m wind speed
reaches ~11-13 m/s, sea spray can contribute to the sensible and
latent heat flux accounting for a large portion of the total heat fluxes
(Andreas et al.,, 2008). Jeong et al. (2012) showed that the exchange
coefficients of heat fluxes tend to increase with wind speed at lower
wind speeds (5-25 m/s) and saturate when the wind speed exceeds
25 m/s due to sea spray. Xu et al. (2022) found that sea spray
reduces heat fluxes at the larger radii and increases heat fluxes at the
smaller radii of typhoon Olwyn. For momentum flux, typhoon
disturbance increases the effective roughness length of the sea
surface, thereby increasing the drag coefficient and the rate of
kinetic energy dissipation (Andreas and Emanuel, 2001). Sea
spray droplets are accelerated by the wind and complete the top-
down transfer of momentum flux when they fall back into the ocean
(Sroka and Emanuel, 2022; Shi et al, 2023). The total air-sea
momentum fluxes consist of the effective and sea spray-induced
momentum fluxes (Shi et al., 2021). Exploring the physics and
parameterization of sea spray is beneficial to enhance the
applicability of the COARE algorithm and improve the estimation
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of air-sea fluxes during typhoons. Andreas (1998) constructed a sea
spray model to explain how sea spray droplets participate in heat
exchange. Zhang L. et al. (2021) established a dynamic roughness
length including the sea spray effect at full wind speed range and
introduced it into the COARE algorithm, extending the applicable
wind speed of the algorithm to more than 60 m/s.

Due to the difficulty of real-time observations under extreme
typhoon conditions, most studies of air-sea turbulent fluxes during
typhoons rely on reanalysis products and remote sensing data with
large spatial coverage. However, there are significant uncertainties
in these off-site data (Yu, 2019), accounting for another critical
reason that hinders the accurate understanding of the development
mechanism of typhoons. Therefore, there is a need to evaluate the
accuracy and reliability of the normally used reanalysis products
under typhoon weather conditions. Using observations to evaluate
the air-sea flux products is an effective way to check their biases. Xu
and Gao (2012) evaluated the heat fluxes of Objectively Analyzed
air-sea Flux (OAFlux) product using a ship-measured flux database
and showed that the latent heat fluxes of OAFlux are generally
higher than the ship observations, and the difference between the
two increases with the increasing wind speed. Song et al. (2021)
compared the air-sea fluxes from the tropical Indian Ocean buoy
observations with three reanalysis products during three tropical
cyclones and found that the simulations of high-frequency net heat
fluxes from reanalysis are generally closer to the buoy observations,
however, the deviations are more significant under
typhoon conditions.

This study focuses on two main aspects to improve the accuracy
of air-sea turbulent fluxes during Typhoon Molave. First, we use
near-real-time in situ observations of air-sea variables during
typhoons to effectively reduce the input error of the COARE
algorithm. Second, the thermal and dynamic effects of sea spray
are introduced into the air-sea fluxes to improve the rationality of
the physical processes during typhoons. Utilizing the
meteorological and oceanic data observed by the Drifting Air-Sea
Interface Buoy (DrIB), and including the sea spray parameterization
scheme into the COARE algorithm, we developed a new product of
air-sea turbulent fluxes (referred to as DrIB product) during
Typhoon Molave. The reliability of the DrIB product has been
verified with two typical reanalysis products, ERA5 and MERRA2.
On the other side, the performance of the two reanalysis products
during Typhoon Molave has also been evaluated based on the DrIB
product. The effects of sea spray on air-sea fluxes under normal and
typhoon weather conditions, as well as the characteristics of the air-
sea fluxes during Typhoon Molave, have been systematically
analyzed and discussed.

2 Data and methods
2.1 DrIB observations

DrIB is a small-sized, lightweight, and low-cost buoy
innovatively developed by National Ocean Technology Center,

China, for measuring vital air-sea variables in real-time. No. 3390
DrIB, which is selected for this study, continuously drifted from the
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South China Sea downstream to the waters near Vietnam from 30
September 2020 to 12 November 2020, with a sampling interval of 1
hour (Figure 1). A total of 1064 records were collected, including
variables of sea surface temperature (SST), wave height, wave
direction, wave period and wind speed, wind direction, air
pressure at 3 m above the sea surface, air temperature, and
relative humidity at 2.8 m above the sea surface. The sensors and
measurement indexes of DrIB are listed in Table 1.

Quality control including repetition check, time increment
check, range inspection, and continuity check, has been
performed on the DrIB observations to identify and exclude the
abnormal values. The repetition check aims to remove duplicate
observations. A total of 26 duplicate observation records are
removed. The time increment check ensures that the DrIB works
normally by discerning the monotonic increment of the observation
time. The range inspection checks whether the data are expected
based on the reasonable range of the observed variables and the
observation capabilities of DrIB. For example, the air pressure range
is usually 850~1050 hPa and the sea surface temperature is -4°

10.3389/fmars.2023.1228560

C~44°C. It detects one missing measurement stored at -999.999 on
each of 14 October and 31 October. According to the differential
theory, the continuity check finds the spikes that exceed the
continuity rules of the time series. Among them, one abnormal
data is detected in each of the time series of sea surface temperature,
air pressure, and air temperature, and two anomalies are detected in
the time series of wind speed. To keep the continuity of DrIB
observations, the linear interpolations of the nearest samples are
used to replace the missing and anomalous values, resulting in a
total of 1038 records available for this study.

2.2 Reanalysis products

Two typical reanalysis products, ERA5 and MERRA2, were
evaluated using the quality-controlled DrIB observations. The
reanalysis data has a temporal resolution of 1 hour, which is
consistent with the sampling interval of DrIB. ERAS is the fifth
generation of global atmospheric reanalysis produced by ECMWFE,

FIGURE 1
The Observation scene (A) and drifting trajectory (B) of No. 3390 DrIB.

TABLE 1 Sensors and measurement indexes for observations of DriB.

Variable Producer and sensor Resolution Range Accuracy Frequency (Hz) = Observation height (m)

Wind speed AirMar, 220WX 0.1 m/s 0~40 m/s <5% RMS 1 3.0
Wind direction AirMar, 220WX 0.1° 0~360° +10° 1 3.0
Air pressure AirMar, 220WX 0.1 hPa 850~1050 hPa + 1 hPa 1 3.0
Air temperature NOTC, SHT16-1 0.1°C -20~50°C +0.25°C 1 2.8
Relative humidity NOTC, SHT16-1 0.1% 0~100% + 3% 1 2.8
SST NOTC, MT15 0.001°C -2~32°C +0.01°C 1 -0.2

Wave height NOTC, OWS-1A 0.1 m 0.2~30 m +0.1m 2 0

Wave direction NOTC, OWS-1A 0.1° 0~360° + 10° 2 0

Wave period NOTC, OWS-1A 0.1s 2~20's +05s 2 0
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covering the period from 1940 to the present. ERA5 applies
advanced numerical models and data assimilation systems to
integrate historical observations into global estimates, providing
hourly estimates of atmospheric, terrestrial, and oceanic variables.
The ERAS5 reanalysis covers the Earth in a grid of 30 km with a
spatial resolution of 0.25°%0.25° for the atmosphere and 0.5°x0.5°
for sea waves. MERRA2 is an atmospheric reanalysis dataset
produced by the National Aeronautics and Space Administration
(NASA), USA, since 1980, which replaces the previous MERRA
reanalysis product using an updated model (Molod et al., 2015) and
global statistical interpolation analysis scheme (Wu et al., 2002),
and variables are provided on the original vertical grid (72 layers or
73 edges) or interpolated to 42 standard pressure layers. The spatial
resolution of the MERRA2 dataset is 0.625° (longitude)x0.5°
(latitude). To avoid the interference of grid averaging or spatial
interpolation with the extreme values during the typhoon, the
nearest grid data of the reanalysis products to the buoy location
at the observation time were selected for comparison.

2.3 Tropical cyclone best track dataset

The information on typhoon track and intensity was obtained
from the China Meteorological Administration (CMA) tropical
cyclone best track dataset. The dataset provides the location and
intensity of tropical cyclones in the northwest Pacific Ocean
(covering the South China Sea, the region north of the equator and
west of 180°E) every 6 hours since 1949 (Ying et al, 2014; Lu
et al., 2021).

2.4 COARE algorithm

The widely used COARE algorithm, which is based on the Monin-
Obukhov similarity theory (MOST), was adopted to estimate air-sea
turbulent fluxes. The exchange coefficients were first calculated by
applying the key meteorological and oceanic variables at the air-sea
interface, and then the turbulent fluxes were estimated. Currently, the
applicable wind speed has extended from 12 m/s to 20 m/s in the
COARE algorithm. The equations for estimating sensible heat, latent
heat, and momentum fluxes are shown below.

Q= pacpaChS(Ts - 9) (1)
Ql = paLeCeS(q$ - q) (2)
T= pacds(usi - ui) (3)

where Q,, Q;, and 7 represent sensible heat, latent heat and
momentum flux respectively. p, is atmospheric density. C,, is
atmospheric specific heat at constant pressure. L, is latent heat of
evaporation. C;,, C,, and C; denote exchange coefficients of sensible
heat, latent heat and momentum flux respectively. S is wind speed.
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T, and O represent SST and atmospheric temperature respectively.
qs and g represent sea surface specific humidity and atmospheric
specific humidity respectively. u; and u; represent surface current
velocity and wind speed component respectively. Because of the
lack of direct observation of sea surface current and low surface
current velocity relative to wind speed, the required surface current
velocity ug; is set to 0 (Zhang et al., 2017; Zhang L. et al,, 2021).
According to MOST,

wx = /228X = €, 84X (4)
AX = Xsea _X(Z) (5)
S= (U + V2 +U2)"? (6)

where x can be the u and v components of the wind speed, the
potential temperature, the specific humidity, or the mixing ratio of
some atmospheric tracers. ¢, is the exchange coefficient
corresponding to the variable x (d corresponds to the wind
speed), and C, is the total exchange coefficient. AX is the mean
air-sea difference of x, and S represents the wind speed relative to
the sea surface consisting of the mean vector and the gust U,. The
dependence of the exchange coefficients on the surface stability is as

follows.
2
Q)= )
|:1 - CX,? le(é’)]
1/2 _ K
M In(2/ 2ex) ®)

The subscript n represents the neutral stability, that is, { is 0. z
is the measured height of the mean value X(z), x is the von Karman
constant, z,, represents the parameter of roughness length, which
describes the neutral transmission performance of the variable x. {
is the parameter of MOST stability and is calculated as follows.

we + 0.61Tw’—q’>

()"

where T is the temperature, g is the gravitational acceleration,

oo

T )

N . . 77
wu denotes the component of current direction, and u, -wu

, 0. = w8 /u,, and g, = —w'q /u, represent the friction velocity,
friction temperature, and friction humidity, respectively. v, is an
empirical function to characterize the stability of mean profile. For

stable conditions, W, ({) = -5 ; for unstable conditions (Businger

et al., 1971),
1+m)\?
2

m=(1-160)"*

1+ m?
2

v (8) =1n [< )} — 2arctan(m) +§ (10)

(11)
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2.5 Sea spray parameterization scheme

In the COARE algorithm, the roughness length z, is calculated
by the Charnock relation (Smith, 1988).

aui 0.11v
= +

2 = (12)
14

U

where Vv represents the air viscosity and ¢, is the Charnock
parameter, which is a piecewise function determined by the wind
speed S.

0.011, $<10m/s

o, =< 0.011+227(§-10),10 < S < 18 m/s (13)

0.018, S>18m/s

Here we applied the Charnock parameterization scheme
established by Zhang L. et al. (2021) instead of equation 13 to
include the effects of sea spray on turbulent fluxes in terms of the
roughness length, to further extend the applicable wind speed of the
COARE algorithm and improve its applicability under typhoon

conditions.

0.0847(1-1/@) g3/ @/2y1jw gmo 17 - 6o
o= (14)

0y, -0 Uy = 60
® = min (1, a.,/Kuy) (15)

1 o\
Cp g

_r_ 16
B u, 1.82m <0‘062u* (16)

where m and n are wave constant parameters of -1.03 and 0.42,
respectively. @ is the modulation factor of the sea spray acting on

10.3389/fmars.2023.1228560

the logarithmic velocity profile, and a,, denotes the speed at which
the sea spray droplets are on the verge of falling, which is 0.64 m/s.
B is the wave age, which can be approximated from the significant
wave height h.

3 Results and discussions
3.1 Typhoon identification

Low pressure and heavy precipitation are the typical features of
typhoons. In the DrIB observation period, the air pressure showed
regular periodic fluctuations. However, it plummeted to a
minimum of ~980 hPa at 0800 UTC, 28 October, followed by a
rapid recovery to normal levels, consistent with the characteristics
of a passing typhoon. The precipitation data from ERA5 and
MERRA2 have been used for further verification, supplemented
by the DrIB observations of air temperature and relative humidity.
Figure 2 indicates that DrIB, ERA5, and MERRA2 can all capture
this extreme weather process. On 28 October, the maximum
precipitation was close to 23 mm/h, the air temperature dropped
by ~4°C in 4 hours, and the relative humidity of the sea surface
atmosphere peaked for some time. It is noted that the three datasets
show slight differences during the typhoon, which may be caused by
the temporal-spatial matching and their different resolutions. The
comparison with the CMA tropical cyclone best track data further
confirms that Typhoon Molave, the 18th typhoon in 2020, passed
over the region around DrIB on 28 October 2020. It is manifested
that No. 3390 DrIB observations completely recorded the typhoon
process of Molave.

Figure 3 shows the relative positions of DrIB and Typhoon
Molave at 0800 UTC each day from 24 to 31 October 2020, in the
study sea area of 105°E-120°E and 10°N-20°N. On 25 October,

A 30 Air temperature (DrIB)
5 T | T 1 T 1 g
O 25 ;WWWWE
20 E 1 | 1 | 1 | 3
B 100 Relative humidity (DrIB)
E T
- 90F ]
S R0E 3
70E 1 1 | =
¢ Precipitation (ERAS)
= 20F ' ‘ E
§ 10E E
g 0t L Mg ] NA__A | | El
D Precipitation (MERRA?2)
=] = I T E
§ JE . AL . u A . :
E .
) 1020¢ Air pressure (DrIB) —
& 1000F =
980 C 1 | | 1 |
30 Sept. 07 Oct. 14 Oct. 21 Oct. 28 Oct. 04 Nov. 11 T\éc())\é.o

FIGURE 2

Time series of air temperature (A), relative humidity (B), and air pressure (E) observed by DrIB and precipitations (C, D) from reanalysis products.
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The position of DrIB and sea level pressure at 0800 each day from 24 to 31 October (A—H). The yellow line is the drifting track of DrIB, the
pentagram represents the position of the buoy, and the black line is the track of Typhoon Molave, indicating the typhoon center every 6 hours. The

data of sea level pressure are from ERA5 reanalysis.

Typhoon Molave began to affect the region around DrIB. On 26 and
27 October, it entered the study area and gradually approached
DrIB while its power and coverage diameter was further increased.
On 28 October, Typhoon Molave passed over DrIB. Based on the
observed wind speed, air pressure, and the distance from the
typhoon center, DrIB was probably located in the spiral rain band
outside the cloud wall at 0800 UTC, 28 October. This study focuses
on the period that the typhoon was captured by DrIB (from 25 to 31
October), during which a total of 168 observations were recorded.
The periods of 25-27 October, the whole day of 28 October, and 29-
31 October are respectively specified to represent the before-,
during-, and after-typhoon stages.

3.2 Evaluation of the reanalysis products
using DrIB observations

We developed a DrIB product during Typhoon Molave by both
using the DrIB in situ observations and incorporating the effect of
sea spray in the calculation. Comparison between the DrIB product
and reanalysis is a meaningful way to evaluate the performance of
the reanalysis data, particularly under extreme typhoon weather
conditions. On the other side, the comparison can also verify the
general quality of the DrIB product.

3.2.1 The DrIB-observed variables at the air-sea
interface during Typhoon Molave

Figure 4 shows the time series of meteorological and oceanic
variables at the air-sea interface observed by DrIB during Typhoon
Molave. At 0800 UTC, 28 October, when the air pressure dropped
to the minimum of ~980 hPa, the wind speed reached a maximum
of ~27 m/s. Correspondingly, the significant wave height grew to a
maximum of nearly 8 m. The low pressure and intense wind stress
triggered a divergence and the vertical mixing (entrainment) of the
upper water and thus the upwelling of the lower cold seawater,
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resulting in a cooling of the sea surface and a large area of cold wake
along the typhoon track. DrIB observed a decrease in SST of ~0.4°C,
which is consistent with the result of D’Asaro et al. (2007). The
cooling of the air temperature is much greater than that of the SST,
causing a greater air-sea temperature difference, thus producing
more heat fluxes transferring to the atmosphere from the ocean. In
addition, the meteorological variables affected by Typhoon Molave
recovered rapidly and returned to the states at the before-typhoon
stage on 28 October. On the contrary, due to the high specific heat
capacity of the ocean, the recovery of SST was relatively slow, and
the cold wake continued until 30 October.

3.2.2 Evaluation of the reanalysis products

The evaluation was performed on two reanalysis products,
ERA5 and MERRA2. Figure 5 shows the time series of the air-sea
fluxes and the associated deviations (the transmission directions
have been unified, positive values indicate that the atmosphere
absorbs heat fluxes from the ocean and momentum fluxes are
transferred from the atmosphere to the ocean; negative values
indicate the contrary). During 25-31 October, when Molave
passed over DrIB, the latent heat fluxes of the two reanalysis
products are generally higher than those of the DrIB product,
while the reanalysis sensible and momentum fluxes are generally
lower than the observations. The averaged sensible heat fluxes of the
DrlIB product, ERA5, and MERRA?2 are 17.9 W/m?, 9.4 W/m?, and
3.3 W/m?, and the mean latent heat fluxes are 82.2 W/m?, 140.3 W/
m?, and 113.5 W/m?, respectively. Overall, the averaged heat flux of
the DrIB product is ~200% higher than that of the reanalysis
products during Typhoon Molave. The averaged momentum
fluxes of the DrIB, ERA5, and MERRA?2 products are 0.30 N/m?,
0.25 N/m?, and 0.22 N/m?, respectively, and the mean momentum
flux of the DrIB product is ~30% higher than the reanalysis. The
deviations between the DrIB product and reanalysis are minimal
during 25-26 and 29-31, and the biases of the sensible and
momentum fluxes vary smoothly around the level of 0, generally
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FIGURE 4

Time series of air temperature (A), SST (B), relative humidity (C), air pressure (D), significant wave height (E), and wind speed (F) observed by DrIB.

verifying the reliability of the DrIB observations. The deviations of
latent heat fluxes are relatively large, indicating a large atmospheric
humidity bias existed in the reanalysis products. The differences
increased during 27-28 October when Molave passed over DrIB.
The sensible heat, latent heat, and momentum fluxes of the DrIB
product are larger than those of ERA5 (MERRA2), with the
maximum deviations of 226.2 (244.9) W/m?, 251 (360) W/m?
and 4.35 (4.6) N/m?, respectively. The above results indicate that the
fig accurate and stable observations of DrIB can better reflect the
details of air-sea fluxes under typhoon conditions, and the
incorporation of sea spray effects improves the rationality of the
physical processes at the air-sea interface during Typhoon Molave.
The performance of reanalysis products during typhoons
is inadequate.

It is noticed that different flux calculation schemes are adopted
in the three products. COARE algorithm is used in our DrIB
product, whereas the Louis scheme (Louis, 1979) and Helfand
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and Schubert scheme (Helfand and Schubert, 1995) are
respectively applied in ERA5 and MERRA-2. To investigate the
performances of the three schemes, we recalculated the air-sea
fluxes based on the meteorological and oceanic variables provided
by the two reanalysis products during Typhoon Molave (hereafter
referred to as Re-ERA5 and Re-MERRA2) by applying the COARE
algorithm (as shown in Figure 6), aiming to directly compare with
our DrIB product. It is shown that the air-sea fluxes based on
different schemes do not differ significantly and they all vary
consistently with good correlation. The Re-ERAS5 sensible heat
flux, Re-MERRA-2 sensible heat flux, and Re-MERRA-2
momentum flux show almost no deviation from the original
reanalysis (ERA5 and MERRA-2), under both normal and
typhoon conditions. The latent heat and momentum fluxes of
ERA5 are slightly higher than that of the Re-ERA5 during
Typhoon Molave, while they are almost indistinguishable in
normal weather conditions. The latent heat flux of MERRA-2 is
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FIGURE 5

Time series (A—C) and biases (D—F) of air-sea fluxes from DrIB observations and reanalysis products.

slightly higher than that of Re-MERRA-2, ~30 W/m® on average.
The differences between the two flux schemes are smaller for
MERRA-2 than for ERA5, which may be due to the fact that both
the COARE algorithm and Helfand and Schubert scheme are based
on the MOST.

The air-sea turbulent fluxes are closely related to the
environments at the air-sea interface. Due to the different
observing heights of meteorological variables in the three
products, both the 3-m meteorological variables observed by DrIB
and the 2-m meteorological variables in ERA5 are transformed to
the 10-m height. Figure 7 shows the time series of variations and
biases of wind speed, air temperature, SST, and specific humidity of
DrIB observations and the two reanalysis products. Except for the
specific humidity, the biases for all other variables are smaller in
normal weather than in typhoon conditions. During Typhoon
Molave, the maximum wind speed recorded by DrIB is about 16
(20) m/s higher than that from ERA5 (MERRA2). The inability of

Frontiers in Marine Science 08

the reanalysis products to adequately represent the high wind speed
situation is the main reason why the reanalysis air-sea fluxes are
much lower than those based on DrIB observations during typhoon
Molave. In addition, the reanalysis products fail to fully represent
the effects exerted by the typhoon on air temperature and SST. The
air temperature and SST of the reanalysis products are lower than
the DrIB observations, for ~4.5°C and ~0.5°C, respectively,
resulting in a smaller air-sea temperature difference, hindering the
transport of sensible heat to the atmosphere. As for the specific
humidity, the atmospheric specific humidity of the reanalysis
products is generally lower than that observed by DrIB in both
normal and typhoon weathers. The buoy observation-based latent
heat flux is intense when Typhoon Molave was passed. However,
the drier atmosphere in the reanalysis products increases the air-sea
specific humidity difference, which is key to that the latent heat
fluxes from the reanalysis products are mostly higher than that from
our DrIB product in normal weather conditions.
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FIGURE 6

Recalculated ERA5 (A—C) and MERRA2 (D—F) air-sea turbulent fluxes using COARE algorithm

Statistics have been used to further evaluate the reanalysis
products by quantifying the correlations and deviations. The
statistical factors include correlation coefficient r, mean absolute
error AE, maximum absolute error MAE, and root mean square
error RMSE, which are defined as follows.

> (bi - b) (ki — k)

1

@bi—wz k-

n

-

r= 17)

n
i=1 i=1

3

AE =3 (b, k) 18)

]
—
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MAE = max(|b; — k;|) (19)
RMSE = m (20)

where n represents the number of paired data, b; is the DrIB
observation, k; is the reanalysis data, b represents the arithmetic
mean of the DrIB observations, and k represents the arithmetic
mean of the reanalysis data.

Table 2 shows the statistics between the two reanalysis products
and our DrIB product. Overall, the correlation coefficients between
ERAS5 reanalysis and DrIB product are higher, and the root mean
square errors of ERA5 are lower than that of MERRA-2. The ERA5
reanalysis is closer to the DrIB product, which may be attributed to
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Time series (A—D) and biases (E—H) of air-sea variables from DrIB observations and reanalysis products

its higher spatial resolution, as well as the fact that ERA5 assimilated
more in situ observations than MERRA-2. In addition, to
investigate the influences of Typhoon Molave, the averages of the
variables for the remaining 6 days except for 28 October are
calculated (as shown in Table 3). The correlations of most
averaged variables between the two reanalysis products and the
DrlIB product are improved, and the biases of all averaged variables
are reduced by up to ~50% by excluding the direct effect of Typhoon
Molave. The correlation coefficients of meteorological variables are
improved by about 10%-200%, and the correlation coefficients of
air-sea fluxes are greater than 0.6 except for the sensible heat fluxes
of MERR2. The above findings indicate that the uncertainties of the
reanalysis products during typhoons are greater than those in
normal weather and that it is more difficult for the reanalysis
products to reproduce the extremely nonlinear processes during
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typhoons. The performance of the reanalysis air-sea fluxes under
typhoon conditions is inadequate.

3.3 The role of sea spray in air-sea fluxes

3.3.1 Stability of the atmospheric boundary layer

The stability of the atmospheric boundary layer is a crucial
factor in determining the air-sea turbulence, which can be classified
according to the stability parameter z/L estimated by the COARE
algorithm. L denotes the Monin-Obukhov length, and z/L < -0.4,
-04< z/L < 0.1, and z/L > 0.1 characterize the unstable, near-
neutral, and stable stations, respectively (Song, 2020).

1)
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TABLE 2 Comparison of DrIB observed variables and reanalysis products.

10.3389/fmars.2023.1228560

Variable r(confidence level of 95%) AE MAE RMSE

Wind speed (m/s) 0.7088 3.1443 15.7129 4.3998

Air temperature (°C) 0.2487 0.9223 5.2706 1.2510

SST (°C) -0.4746 0.2577 0.5431 0.2814

ERA5 Specific humidity (g/kg) 0.5557 2.3726 4.9436 2.6760
Sensible heat flux (W/m?) 0.3250 17.1215 221.7920 35.3286
Latent heat flux (W/mz) 0.5429 84.3499 639.5942 120.1266

Momentum flux (N/m?) 0.4343 0.2505 4.3456 0.6514

Wind speed (m/s) 0.6366 3.3012 19.5261 4.7650

Air temperature (°C) 0.1610 0.9049 5.2070 1.3983

SST (°C) -0.5574 0.2061 0.5578 0.2308

MERRA2 Specific humidity (g/kg) 0.4430 1.6760 42637 1.9826
Sensible heat flux (W/mz) -0.1464 19.0479 244.8847 40.7781

Latent heat flux (W/m?) 0.5891 68.0286 360.0374 86.0553

Momentum flux (N/m?) 0.3217 0.2686 4.6159 0.6747

(22)

W T is the Reynolds stress caused by temperature perturbation
and vertical motion perturbation. During the observational period,
the near-neutral conditions are dominant. In particular, during the
period from 27 to 29 October, when Typhoon Molave passed over
the DrIB, the atmospheric boundary layer maintains a near-neutral
level and continues to absorb heat from the ocean.

3.3.2 The effects of sea spray on
air-sea turbulent fluxes

Here we systematically analyze the variability of air-sea fluxes
and detect the role of sea spray, particularly under typhoon
conditions. The fluxes calculated with the original COARE
algorithm are the basic (or original) fluxes, and those adding the
sea spray effects are the total fluxes. The differences between the
basic and total fluxes are the sea spray-induced fluxes. On 26 and 30
October, the observed variables change smoothly without great

TABLE 3 Comparison of six-day averages of DrIB observed variables and reanalysis products excluding 28 October.

Variable r(confidence level of 95%) AE MAE RMSE
Wind speed (m/s) 0.7048 2.5758 11.9682 3.4010
Air temperature (°C) 0.4071 0.8111 2.8680 1.0343
SST (°C) -0.3433 0.2486 0.5146 0.2726
ERAS Specific humidity (g/kg) 0.6929 22911 4.8987 2.5530
Sensible heat flux (W/m?) 0.6035 11.8823 83.5642 20.1463
Latent heat flux (W/m?) 0.6738 68.7781 350.8615 83.6847
Momentum flux (N/mz) 0.7086 0.1213 1.9260 0.2714
Wind speed (m/s) 0.7016 2.6509 10.7567 3.5618
Air temperature (°C) 0.4688 0.7519 3.6736 1.1284
SST (°C) -0.5204 0.1928 0.4307 0.2150
MERRA2 Specific humidity (g/kg) 05755 1.6614 42637 1.9516
Sensible heat flux (W/mz) 0.3917 12.7311 93.7409 23.9438
Latent heat flux (W/mz) 0.6363 60.1407 153.1111 69.6447
Momentum flux (N/m?) 0.6875 0.1433 1.3557 0.2867
Frontiers in Marine Science 11 frontiersin.org
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Time series of sensible heat flux (A-C), latent heat flux (D—F), and momentum flux (G-1) observed by DrIB.

fluctuations. They are generally not affected by typhoon Molave or
other weather processes, and the sea spray-caused changes are
minimal, similar to the situation of normal weather conditions.
Figure 8 shows the changes of sensible, latent, and momentum
fluxes at the before-, during-, and after-typhoon stages and Table 4
lists the fluxes for different weather conditions. The time series of
the basic fluxes are basically consistent with the total fluxes. Overall,
the total fluxes are higher than the basic ones. The energy exchange
is dominated by heat transfer from the ocean to the atmosphere,
especially the latent heat. Including the sea spray effects, the
maximum total latent heat flux is ~630 W/m?, almost three times
the maximum total sensible heat flux. The sea spray intensifies the
heat and momentum exchange, significantly contributing to the
momentum flux. Considering the sea spray effect, the total sensible
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and latent heat fluxes are respectively increased by 0.92 W/m” and
3.51 W/m® on average, with the maxima of 32.61 W/m? and 89.02
W/m?. Sea spray contributes slightly greater to the growth of latent
heat flux than that of the sensible heat flux, consistent with the
thermodynamic phase transformation. With the growth of wind
speed, the air-sea interface is filled with a large amount of sea spray
droplets. On one hand, the evaporation of the sea spray droplets
cools the air temperature near the sea surface, increases the air-sea
temperature difference, and promotes the transfer of sensible heat
from the ocean to the atmosphere (Andreas et al., 2008). On the
other hand, the warm and humid water vapor formed by the
evaporation flows toward the center of the typhoon, releasing a
lot of latent heat in the processes of rising with the convergence of
low-pressure airflow and condensing with cold, which is an
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TABLE 4 Comparison of mean air-sea turbulent fluxes under common weather and typhoon conditions.

Total flux

Basic flux at the
air-sea interface

Sea spray-induced flux

Sensible heat flux

-5.6191 -5.5574 -0.0617
(normal weather) W/m?
Sensible heat fl
ensible heat fux 42,0111 -37.8133 41978
(typhoon condition) W/m
Growth rate 647.65% 580.41% 6692.56%
Latent heat fl
atent eat fux 36,2913 35,8022 -0.3991
(normal weather) W/m
Latent heat flux
. 2 -191.0684 -176.0383 -15.0301
(typhoon condition) W/m
Growth rate 426.49% 390.46% 3666.00%
Momentum flux 0.0374 0.0331 0.0043
(normal weather) N/m? ’ ’ ’
Momentum flux 13364 1.056 0.2804
(typhoon condition) N/m* ’ ’ ’
Growth rate 3473.26% 3090.33% 6420.93%

important source of energy supply to sustain and further develop
the typhoon (Zhang J. et al., 2021). However, the atmosphere also
provides part of the absorbed sensible heat to evaporate the sea
spray, so the contribution of sea spray to the latent heat flux is
greater than that of the sensible heat flux. The momentum is
transferred when the droplets at the bottom of the sea spray
region are accelerated by the wind and then fell back into the
ocean again. The total momentum flux increases by an average of
0.052 N/m? (~11.9%) and a maximum of 1.70 N/m? (~51.75%) by
including the effect of sea spray. At the before- and after-typhoon
stages, sea spray droplets are scarce, and there is little difference
between the basic and total heat fluxes. The momentum flux has a
stronger dependence on wind speed, therefore, it can be influenced
by sea spray more importantly than the heat flux, under both
normal and typhoon weather conditions. Abundant sea spray
droplets are formed on the sea surface as the increase of wind
speed and air-sea temperature and humidity differences. When
Typhoon Molave passes the DrIB, the sea spray impacts on heat and
momentum fluxes cannot be ignored. The sea spray-caused increase
in heat (momentum) flux is ~1% (~8%) in normal weather
conditions, and is more than 5% (17%) at the during-typhoon
stage. The maximum sea spray-induced sensible and latent fluxes in
normal weather conditions are both ~1 W/m?, while they can be
over 32 W/m? and 89 W/m? under typhoon conditions,
respectively. The peak of the sea spray-induced momentum flux
can even be nearly equal to the basic momentum flux. It is
emphasized that the role of sea spray in the air-sea energy
transfer is greatly important in typhoon conditions.

The linear correlation between the basic and total heat fluxes is
better than that between the basic and total momentum fluxes
(Figures 9A-C), with the sea spray-induced sensible and latent heat
fluxes mainly within the ranges of 0-10 W/m> and 0-30 W/m?,
respectively. As the heat loss from the ocean intensifies, the scatter
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points become more inclined to the total fluxes, indicating the
increased contribution of sea spray to the heat fluxes. For the
momentum flux, the slope of the scatter points toward the total
momentum flux is more significant, suggesting that they are
previously more influenced by the sea spray. The wind is essential
in the formation of sea spray and also acts directly on the turbulent
fluxes. Within the wind speed range observed by DrIB, both the
heat and momentum fluxes are positively correlated with the wind
speed (Figures 9D-F). The actions of sea spray droplets are
delimited at wind speeds of ~10 m/s and ~20 m/s, respectively
corresponding to the stage they begin to contribute to the heat
fluxes and the stage they accelerate the heat fluxes at a non-linear
rate, which is consistent with the previous findings (Andreas et al.,
2008). When the wind speed is below 20 m/s, the sea spray-induced
momentum flux is roughly one to two orders of magnitude lower
than the basic momentum flux. However, when the wind speed
reaches ~30 m/s, the sea spray-induced momentum flux and the
basic momentum flux are almost equivalent, and the basic
momentum flux is ~1.5 N/m? higher than the sea spray-induced
momentum flux. Sea spray significantly enhances the transport of
momentum from the atmosphere to the ocean with the
growing winds.

According to Figure 9G, the energy exchange between the ocean
and the atmosphere shows a strong negative correlation with the
wave age and the total sensible, latent, and momentum fluxes
decrease with the increase of wave age. The younger the wave
age, the rougher the sea surface is, and the greater the exchange
coefficients of air-sea fluxes under the influence of sea spray. When
the wave age is less than 20, the total sensible, latent, and
momentum fluxes decrease at a non-linear rate with increasing
wave age. When the wave age increases to 30, the sea surface
roughness decreases greatly and the total heat and momentum
fluxes generally remain constant.
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The distribution between the basic fluxes and the total fluxes (A—C) and the variation of air-sea fluxes with wind speed at 10 m (D—F) and the
variation of air-sea fluxes with wave age (G)

3.3.3 Heat fluxes and the impact factors A perturbation is applied to the terms in equations (1) and (2),
According to the MOST, the sensible and latent heat fluxes are ~ respectively, to linearize the formulas for calculating heat fluxes.
determined by the variables of wind speed, air-sea temperature, and

specific humidity. In order to detect the effects of those variables on Q= PaCpaCiS(Ts = 0) = PaCpaGpSAT (23)
the heat fluxes during Typhoon Molave, the perturbation method

(Alexander and Scott, 1997; Tanimoto et al., 2003) is used to Qr = p,L.C.S(qs — q) = paL.C.SAq (24)
quantify the impact of each variable on the heat fluxes in the

cases with and without the sea spray effects. Q + Q; = PaCpaCh <§ + Sl) (ﬂ + AT’) (25)
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Qi+ Q= pLCe(S+5) (Aa+4q) 26)
Q; = PaCpaCy(SAT + S AT') 27)
@ = puLeC.(Sag+54q) (28)
Therefore,
Q. = PuCpaCi (EAT’ +SAT + S AT - s’AT’) (29)
Q)= puLC.(SAq +SAg + 5 aq -5aq ) (30)

Eventually, the heat flux perturbation is transformed to a
summation of several terms, where the bar represents the average,
and the apostrophe indicates the perturbation. For equations (29)
and (30), the first terms on the right side of the equal sign represent
the effect of the air-sea temperature (specific humidity) difference
perturbation on the sensible (latent) heat fluxes perturbation under
the condition of mean wind speed; the second terms represent the
effect of the wind speed perturbation on the sensible (latent) heat
flux perturbation under the condition of mean air-sea temperature
(specific humidity) difference. The last two terms give the nonlinear
relationship between them, which is usually neglected.

The regression coefficients of the perturbation of each
influencing factor to the heat flux perturbation are shown in
Table 5. The sensible (latent) heat fluxes are positively correlated
with wind speed and air-sea temperature (specific humidity)
differences during Typhoon Molave. Wind speed is the main
factor controlling the variation of sensible and latent heat fluxes,
while the effects of the air-sea temperature and specific humidity
differences are secondary. As an extension of wind acting on the
ocean surface, sea spray to some extent amplifies the dominance of
wind speed on heat fluxes and weakens the contributions of the air-
sea temperature and specific humidity differences to heat fluxes.

TABLE 5 Regression coefficients of the perturbation of each influencing
factor to the perturbation of heat fluxes.

with the effect of sea without the effect of

spray sea spray

& PuCraCiS

Q&p, e 1.1290 1.0969
AT

18 P4CpaC

Q Papatn 1.8969 2.0244
SAT

& p,L,C,5A

Q&p, e 0.6705 0.6404
q

Q& paLeCeS 1.1098 1.1534
Aq
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4 Summary and conclusions

The exchange of heat and momentum between the atmosphere
and the ocean is the key to sustaining or limiting the development of
typhoons. In situ observations at the air-sea interface are necessary
for improving the estimates of the air-sea turbulent fluxes thus the
energy transfer under typhoon conditions. To this end, we utilized
the meteorological and oceanic variables observed by DrIB during
the passage of Typhoon Molave from 25 to 31 October 2020 and
developed a new air-sea flux product (DrIB product) that
incorporated the effects of the sea spray. The performances of two
widely used reanalysis products, ERA5 and MERRA-2, were
evaluated against our buoy observation-based product. This
comparison and evaluation also served as a validation of the DrIB
product. The air-sea turbulent fluxes during Typhoon Molave were
systematically studied by using those products together.

Under normal weather conditions, the deviation of latent heat
flux between the DrIB product and the reanalysis is larger than that
of the sensible and momentum fluxes, indicating that the
atmospheric humidity from the reanalysis products may have
non-trivial biases. During Typhoon Molave, the differences
between the reanalysis data and the DrIB product increase
significantly, and the sensible heat, latent heat, and momentum
fluxes from DrIB product (including the sea spray effect) are higher
than those from ERA5 (MERRA-2) by about 226.2 (244.9) W/m?,
251 (360) W/m?, and 4.35 (4.6) N/m? at the maximum, respectively.
The averaged sensible heat and momentum fluxes of the DrIB
product are ~250% and ~30% higher, while the mean latent heat
flux is ~35% lower than the reanalysis products. The reasons for
that could be: (1) inadequate representation of the high wind speed
of typhoon in the reanalysis products; (2) the reanalysis products
fail to characterize the reductions of air temperature and SST during
the typhoon; and (3) a drier atmosphere provided by the reanalysis.
Overall, ERA5 is found to be closer to the DrIB product than
MERRA-2. The uncertainty of the reanalysis products under
typhoon conditions is greater than that in normal weather,
indicating the need for further improvements in adequately
representing the extremely air-sea turbulent fluxes during
typhoons. Thus, it is important to optimize the scheme of the air-
sea flux parameterization as well as to improve the accuracy of
variables at the air-sea interface such as the wind speed, air
temperature, and humidity.

The comparison with the reanalysis products also verifies the
overall reliability of DrIB observations and shows that the
consideration of sea spray effects improves the rationality of the
physical processes at the air-sea interface during typhoons.
According to DrIB observations, near-neutral conditions
dominate the atmospheric boundary layer during Typhoon
Molave. The ocean supplies a large number of heat fluxes to
sustain the typhoon, with the latent heat flux dominating. For
normal weather with low wind speeds, sea spray contributes
relatively insignificantly to air-sea fluxes, adding ~1% and ~8% to
the total heat and momentum fluxes, respectively. However, under
typhoon conditions, the sea spray-induced heat and momentum
fluxes can be significant. At the during-typhoon stage, sea spray
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adds more than 5% and 17% of heat and momentum fluxes, with a
maximum increase of 51.75% in the total momentum flux. The
linear correlation between the basic and total heat fluxes is better
than that of the momentum fluxes, and the role of sea spray
involved in heat exchange increases as the intensifying of heat
loss from the ocean. Sea spray droplets start to contribute to heat
fluxes at the 10-m wind speed of ~10 m/s, and they non-linearly
accelerate the heat fluxes at ~20 m/s. If the wind speed is less than
20 m/s, the sea spray-induced momentum flux is roughly one to two
orders of magnitude lower than the basic momentum flux at the air-
sea interface, and when the wind speed reaches ~30 m/s, the
magnitudes of the sea spray-induced momentum flux and the
basic momentum flux are almost equivalent. Wind speed is the
main factor controlling the variation of sensible and latent heat
fluxes, while the air-sea temperature and specific humidity
differences are secondary. Sea spray to some extent amplifies the
dominance of wind speed on heat fluxes and weakens the
contributions of air-sea temperature and humidity differences to
heat fluxes.

The results presented in this study are based on a single typhoon
process that was fully recorded by DrIB. The parameterization
scheme of sea spray is applicable at ultra-high wind speeds of ~60
m/s. However, due to the limitation of the observation sample, the
cases beyond the observed maximum wind speed are not discussed
in this study. In the future, we will apply a coupled typhoon-ocean
model to further explore the extremely air-sea fluxes at higher wind
speeds.Data availability statement
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