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A B S T R A C T   

Meteorological and oceanic responses to Typhoons Hato and Mangkhut were captured by storm-monitoring network buoys over the northern shelf of the South China 
Sea. With similar shelf-traversing trajectories, these two typhoons exhibited distinctly different features in storm-induced oceanic mixing and oceanic heat transfer 
through the air-sea interface. A well-defined cold wake was detected underneath the storm due to a rapid drop in sea surface temperature during the Hato crossing, 
but not during the Mangkhut crossing. Impacts of oceanic mixing on forming a storm-produced cold wake were associated with the pre-storm condition of water 
stratification. In addition to oceanic mixing produced through the diffusion process by shear and buoyancy turbulence productions, the short-time scale of mixing 
suggested convection/overturning may play a critical role in the rapid cooling at the sea surface. The importance of convection/overturning to mixing depended on 
the duration of atmospheric cooling above the sea surface-the longer the atmospheric cooling, the more significant effect on mixing. Including the oceanic mixed 
layer (OML) in the WRF model was capable of reproducing the observed storm-induced variations of wind and air pressure, but not the air and sea surface tem
peratures. Process-oriented numerical experiments with the OML models supported both observational and modeling findings. To simulate the storm-induced mixing 
in a coupled atmospheric and oceanic model, we need to improve the physics of vertical mixing with non-hydrostatic convection/overturning. Warming over the 
shelf is projected to have a more energetic influence on future typhoon intensities and trajectories.    

P L A I N  L A N G U A G E  S U M M A R Y   

The South China Sea (SCS) is a region vulnerable extremely to tropical cyclones (TCs). Typhoons 
Hato and Mangkhut were the strongest TCs attacking the SCS in 2017 and 2018, respectively. 
Storm-monitoring network buoys with a layout along the 50-m isobath over the northern shelf of 
the SCS captured meteorological and oceanic responses to these two typhoons. The observations 
revealed that these two typhoons exhibited distinctly different features in storm-induced oceanic 
mixing and heat transfer, even though with similar shelf-traversing paths and intensities. A well- 
defined cold wake formed beneath the storm due to a rapid drop in the sea surface temperature 
during the Hato crossing, but not during the Mangkhut crossing. The data synthesis elucidated 
that impacts of oceanic mixing on forming a storm-produced cold wake were associated with the 
pre-storm condition of water stratification. In addition to oceanic mixing produced through the 
diffusion process by the turbulence shear and buoyancy productions, the short-time scale of 
mixing suggested that convection/overturning may be a primary physical process that rapidly 
cooled the sea surface. The importance of convection/overturning to mixing depended on the 
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atmospheric cooling duration above the sea surface, more significant as air-cooling lasts longer. 
To evaluate the essential role of ocean mixing in typhoon simulation, the Weather Research and 
Forecasting (WRF) model was applied to simulate these two typhoons under conditions with and 
without an oceanic mixed layer (OML). Results indicated that including the OML in the WRF 
reproduced observed storm-induced variations of wind and air pressure but not the air and sea 
surface temperatures. Process-oriented numerical experiments with the OML models supported 
both observational and modeling findings. To resolve the OML and vertical mixing, a coupled 
atmospheric and oceanic model must improve the physics of mixing with non-hydrostatic con
vection/overturning. The influence of warming on typhoon intensity and pathway is projected to 
be more energetic in the future.   

1. Introduction 

The South China Sea (SCS) is a region vulnerable extremely to 
tropical cyclones (TCs) (Neumann, 1993; Emanuel, 2003). According to 
the IBTrACS database (https://www.nodc.noaa.gov/ibtracs/index.php 
), a total of 739 TCs struck the SCS in the past 70 years over the 
period 1949–2018, with an average of ~10 per year. Most of these TCs 
were formed in the tropical region of the Northwest Pacific Ocean and 
moved into the SCS initially as tropical depressions and then intensified 
to become severe tropical storms or typhoons (Fig. 1). They occurred in 
all four seasons, with super typhoons usually appearing in late summer 
through fall. The maximum wind records have been available since 
1977, which reported five super typhoons; Tita, Dot, and Megi in 
October 1978, 1985, and 2010, respectively; Haiyan in November 2013 
and Meranti in September 2016. The SCS has undergone three storm- 
intensity periods. 1977–1995 was a high-frequency period of severe or 
super typhoons during which the average maximum wind speed of the 
storms was ~55.0 m/s. 1996–2006 was the low-frequency period of 
moderate storms during which the average storm maximum wind speed 
was ~41 m/s. Especially in 1997 and 2002, the strongest storm’s in
tensity had only a peak wind speed of ~31.0 m/s. Since 2007, the SCS 
has entered a high-frequency period of severe or super typhoons again, 
during which the average storm maximum wind speed was ~54.0 m/s. 
Especially in 2010, 2013, and 2016, the super typhoon’s maximum wind 
speed reached ~62.0 m/s or higher. 

A storm-monitoring system consisting of eight meteorological and 
oceanic buoys was established over the northern SCS, with layouts of 
five buoys roughly along the 50-m isobath, two buoys at the 1000-m and 

2000-m isobaths over the slope within major pathways of TCs, and one 
buoy at the ~50-m isobath over the western shelf of Hainan Island, 
respectively (Fig. 2). This regional storm-monitoring system was 
initially set up in 2005–2006 and upgraded by adding more sensors. It is 
integrated with 19 tidal gauges along the coast of the SCS to form the 
storm-monitoring network. This network has successfully recorded key 
meteorological and oceanic variables near the air-sea interface during 
storm events since 2006, including Typhoons Hato and Mangkhut that 
struck the northern coast of the SCS in August 2017 and September 
2018, respectively (Fig. 2). 

In this paper, we have selected Hato and Mangkhut as examples to 
examine the short-term oceanic responses to typhoons over the northern 
shelf of the SCS. These two typhoons moved towards the coast with 
parallel trajectories, and both traversed through the buoy array over the 
shelf (Fig. 2). The former continued to be intensified as it entered the 
shelf, while the latter was not. The observational data recorded on buoys 
provided us with a unique opportunity to examine these two typhoon’s 
structures and behaviors and typhoon-induced air-sea interaction pro
cesses near the sea surface. In particular, how did storm-induced vertical 
mixing, latent heat flux, and sea surface temperature (SST) vary with the 
intensity, thermal character, and duration of typhoons? 

Over the SCS, numerous efforts have been made in TC researches, 
with publication records tracking back to the’70 s (Chen and Yin, 1979). 
These studies covered a broad range of subjects, including the co- 
relation between typhoon and El Nino (Chen et al., 2013a; Li, 1988); 
TC development (Wang and He, 1979); convection in TCs (Chan et al., 
2004), TC genesis associated with monsoons (Wang et al., 2007) and TC- 
induced extreme precipitation (Qiu et al., 2019), etc. Due to the lack of 

Fig. 1. Trajectories of tropical storms entering the 
South China Sea over the period 1949–2018. 
Upper-left panel represents the yearly maximum 
wind speed of the strong typhoon over the period 
1977–2018. Red line: the maximum wind speed. 
Thick red dashed line: the period-averaged mean 
speed. The data used for this plot is from the 
IBTrACS database (https://www.nodc.noaa.gov/ 
ibtracs/index.php). (For interpretation of the ref
erences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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direct atmospheric and oceanic measurements over the continental shelf 
of the SCS, however, few observational and modeling studies were 
conducted to examine the storm-induced air-sea interaction over the 
continental shelf. The TCs are a major weather system for flood risk 
along the coast of the SCS. Early warning of coastal inundation requires 
an accurate prediction of the intensity, path, and landfall location of a 
storm as it enters the continental shelf. Since TCs can move very fast 
towards the coast, it is critically important to examine the short-term 
variability of storm-induced oceanic mixing and air-sea energy trans
fer over the continental shelf and their impacts on the performance of 
the storm forecast models. 

The physics of tropical cyclones (TCs) have been well explored 
theoretically in the past decades. A comprehensive review of the TC’s 
formation and development was given by Emanuel (2003). The Weather 
Research and Forecasting (WRF) model has become a popular mesoscale 
atmospheric model that has been widely used for the storm forecast in 
many tropical and subtropical coastal regions (https://www.mmm.ucar. 
edu/weather-research-and-forecasting-model). However, the perfor
mance of WRF in storm forecast differs substantially in terms of pa
rameterizations relating to the atmosphere and marine boundary layer 
dynamics (Braun and Tao, 2000; Jacob et al., 2000; Fierro et al., 2009; Li 
et al., 2020a). 

Coupling WRF with an oceanic model is a straightforward solution 
for improving both atmosphere and marine boundary parameteriza
tions, especially in resolving the physics of heat energy exchanges and 
wind-current-wave interaction processes attributing to surface rough
ness at the air-sea interface. Recent studies indeed demonstrated that the 
air-sea interaction with oceanic feedback resulting from storm- 
generated cold wake could significantly influence the hurricane’s in
tensity and trajectory (Glenn et al., 2016; Mooney et al., 2016). The cold 
wake at the sea surface is attributed to two physical mechanisms, 1) 
storm-induced vertical mixing/cooling, and 2) Ekman pumping. Storm- 

induced strong wind and surface cooling can produce vigorous oceanic 
mixing, bringing the cold water through thermoclines into the ocean 
mixed layer (OML). Meanwhile, the storm-induced cyclonic wind curl 
can move the near-surface water cyclonically and push the water away 
from the storm center by the Coriolis’ deflection. As a result, the near- 
surface divergence can cause cold thermocline water to upwell to
wards the sea surface. 

Relative contributions of storm-induced Ekman pumping and verti
cal mixing depend on their time scales. Pumping-induced upwelling is a 
latitude-dependent, vertical motion with an inertial time scale 
(Tf= 2π/f) (Greenpan, 1968; Frank, 1987). In the ocean, vertical mixing 
is caused by two major physical processes: turbulence diffusion and 
convection/overturning (Schlichting, 1979). The former is produced by 
shear and buoyancy turbulence productions with a time scale (TD)in an 
order of magnitude ~h2

m/Ah, where hm is the mixed layer depth and Ah is 
the vertical thermal diffusion coefficient. The latter is generally pro
duced by the rapid cooling of the air above the sea surface through static 
or buoyancy instability, with a time scale (Tv)in an order of magnitude 
~hm/w, where w is the vertical velocity. The storm-induced convection/ 
overturning is a non-hydrostatic process, during which w is one or two 
orders of magnitude greater than the vertical diffusion rate defined as 
Ah/hm. Therefore, Tv << TD. Theoretically, to capture a storm-induced 
cold wake, especially in terms of intensity and timing, a coupled 
atmosphere–ocean model is required to appropriately resolve the right 
physics of oceanic mixing, not only vertical diffusion but also vertical 
convection/overturning. 

As a TC moves over the sea, it gains significant heat energy from the 
ocean (Emanuel, 2003; Huang et al., 2009). Taking a TC as an ideal 
Carnot system (Emanuel, 1986), the observations revealed that the 
storm-induced latent heat flux was one order of magnitude greater than 
the sensible flux, and their relationship does not comply with the so- 
called Bowen’s ratio (Beardsley et al., 2003; Chen et al., 2005). The 

Fig. 2. Locations of buoys, hydrographic 
survey sites, and tidal gauges overlapping by 
trajectories of Typhoon Hato (thick red 
curve) and Typhoon Mangkhut (thick blue 
curve). Red solid dots: tidal gauges with 
water elevation records available for August 
2017 and September 2018. Solid blue dots: 
additional tidal gauges with the water 
elevation records available for September 
2018. Red filled triangles: the buoys named 
QF307, QF308, QF305, QF306, and SF301 
with time-series records available in August 
2017. QF303, QF305, and QF306 in blue 
color on some of these buoys: the buoy 
names used in 2018 with the time series re
cords available in September 2018. Blue fil
led triangles and names of SF304, SF306, 
and QF304: the buoys deployed in 2018, 
with time-series records available in 
September 2018. Filled diamond symbols on 
typhoon trajectories: the locations of the ty
phoon’s center over a 6-h interval. The 
number nearby the first diamond symbols 
from the right: the time with month/day and 
hours. Hexagram symbols: the CTD mea
surement sites of hydrographic surveys taken 
on August 12, 2017 (red) and September 20, 
2018 (blue). Upper-left panels: the time se
ries of the maximum wind (red curve) and 
central pressure (blue curve) of Hato (left) 
and Mangkhut (right). (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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spatial and temporal variabilities of this source directly influence the 
intensity and trajectory of TC. The latent flux is produced by evaporation 
associated with the moist air density, latent heat rate of evaporation of 
water, friction velocity, and water vapor mixing ratio. It can be esti
mated by observational data recorded on surface buoys through the 
Monin-Obukhov Similarity Theory (Fairall et al., 1996, 2003; Edson 
et al., 2013). The observed latent flux can be used as an index parameter 
to evaluate the performance of WRF with and without ocean coupling, 
particularly to examine whether or not a simulated storm can reasonably 
or accurately produce the heat transfer from the ocean in terms of total 
energy, variability, and timing. A storm model fails if it cannot get the 
air-sea energy transfer correct, no matter how advanced the numerical 
technique is. 

We applied WRF to simulate Hato and Mangkhut. The simulations 
were aimed to examine whether or not the WRF could capture the 
observed features on buoys. If not, what were the critical physical pro
cesses missed? The numerical experiments were done under the condi
tion with and without the ocean mixed layer (OML). WRF includes a 
one-dimensional (1-D), temperature-dependent OML model developed 
by Pollard et al. (1973). Vertical mixing in these 1-D models is produced 
by surface wind stress and air cooling while ignoring the horizontal 
momentum and temperature advections. Given the initial fields of hm 

and the OML-averaged sea temperature (Toml), the 1-D model predicts 
the spatiotemporally-varying SST with the change of hm. The WRF takes 
oceanic feedback to the storm into account by updating the SST field at 
every time step. Although this approach does not encompass a fully air- 
sea interaction process, it does allow us to make a first-order assessment 
of the impact of spatiotemporally-varying SST field on storm simula
tions. This type of experiment should be done before a fully coupled 
atmosphere–ocean model is applied. 

In addition, most of the primitive equation ocean models are 
developed based on hydrostatic assumptions in which vertical turbu
lence mixing is parameterized using various diffusion-based turbulent 
closure models (Burchard, 2002; Chen et al., 2013b; Mellor and Yamada, 
1982). Coupling WRF with these ocean models does resolve vertical 
advection as an incompressible fluid but not convection produced by 
overturning (Warner et al., 2010; Li et al., 2020a,b). The fundamental 
questions are raised here: under what condition is a storm-induced 
convection/overturning required to be taken into account for storm 
simulations? This question has not been well explored yet in terms of 
observations and modeling, even though the non-hydrostatic versions of 
coupled atmosphere–ocean models have been available for some time 
(Li et al., 2020b). This paper attempts to address this question by con
ducting a diagnostic analysis through the SST and salinity simulation 
experiments using either diffusion-based or bulk instability oceanic 
mixing models. 

The remaining sections are organized as follows. Section 2 describes 
the data and the model. Section 3 presents the data analysis results. 
Section 4 evaluates the WRF performance for typhoon simulations 
through comparisons with observational data. Section 5 discusses the 
physics of storm-induced oceanic mixing through experiments with 
diffusion-based and bulk-instability OML models, followed by an illus
tration of the potential impacts of regional warming on typhoon-induced 
air-sea interactions. Finally, Section 6 summarizes the conclusions. 

2. Data and models 

Both Hato and Mangkhut appeared initially as a tropical depression 
when they were in the Philippine Sea on August 19, 2017 and September 
14, 2018 (Fig. 2). Hato became a tropical storm on August 20 when it 
entered the SCS. It reached a severe typhoon intensity with a maximum 
swirl wind speed of ~48.0 m/s when arriving over the northern shelf of 
the SCS on August 23. Two hours later, Hato made landfall at Jinwan, 
Zhuhai. Hato was the strongest typhoon striking the coast of Guangdong 
Province, China, in 2017 and was also recognized as the severest storm 

that has attacked Macau and Hong Kong in the past 50 years (https://en. 
wikipedia.org/wiki/Typhoon_Hato). Differing from Hato, Mangkhut 
was first intensified into a super typhoon with a maximum swirl wind 
speed of >65.0 m/s on its journey to Luzon, and then significantly 
weakened when it arrived in the SCS after traversing the mountains of 
Luzon. Mangkhut turned to a severe typhoon with a maximum swirl 
speed of ~45.0 m/s before making its second landfall at the coast of 
Jiangmen, Guangdong Province, on September 16 (https://en.wikipedi 
a.org/wiki/Typhoon_Mangkhut). Although both Hato and Mangkhut 
were turned into severe typhoons and traveled through the continental 
shelf of the SCS with parallel trajectories, their dynamical performance 
significantly differed. The former was intensified with a kinetic energy 
gain, while the latter was weakened with a kinetic energy loss. 

2.1. Observational data 

The data used in this paper were from 8 buoys and two hydrographic 
surveys taken in August 2017 and September 2018, respectively. Since our 
studies were focused on oceanic responses to typhoons over the northern 
shelf of the SCS, the water elevation records at tidal gauges along the coast 
were omitted here. Each buoy was equipped with meteorological (Wind 
Monitor-MA-Model 05106, Relative Humidity/Temperature Probe- 
Model-4138LC2, Air Pressure Senor-Model-QYX4-1), and oceanic (Wave 
Sensor-Model-SBY1-1; Temperature Probe- Model-YQS-SW-1; AAN
DERAA 5800RR Current Meter) sensors to measure the wind speed and 
direction at a 3-m height, air pressure, air temperature and relative hu
midity at a 2-m height, sea temperature, water velocity and direction at a 
2-m depth beneath the sea surface, and significant wave heights and peak 
periods. Data were generally recorded at hourly time intervals. During the 
period that Hato and Mangkhut passed the buoy array, the measurement 
time interval was changed to 0.5 h or shorter. The storm-monitoring 
system network was operated and maintained by the SCS Marine 
Surveying and Technology Center, State Ocean Administration of China. 
All data received from this network were processed with routine quality 
controls. The sensors were maintained yearly with subject to changes of 
locations and names of buoys. In 2017, the data on buoys QF307, QF308, 
QF305, and QF306, as well as SF301, were available. In 2018, QF308 was 
re-named QF303, and the data were available on QF303, QF305, SF304, 
and QF306 as well as SF306 and QF304. Due to technical malfunction, 
some sensors failed during the storm periods. 

In 2017, a cross-isobath hydrographic survey was conducted at three 
sites on a transect from (114◦29′53.88′′E, 22◦00′00.00′′N) to 
(115◦00′00.00′′E, 21◦30′00.00′′N) near the Pearl River over the northern 
shelf of the SCS on August 12, about ten days before Hato arrival (Fig. 2). 
In 2018, a hydrographic survey was carried out at seven sites along a 
transect from (111◦30′11.88′′E, 20◦29′59.64′′N) to (112◦59′54.00′′E, 
18◦59′57.12′′N) in the western area of the northern shelf of the SCS east 
of Hainan Island on September 20, about four days after Typhoon 
Mangkhut made landfall (Fig. 2). At each site, the temperature and 
salinity were recorded at 1.0-m vertical intervals by the CTD profiler. 

The observed surface wind stress, latent flux, and sensible flux were 
calculated using the MATLAB air-sea toolbox program developed orig
inally by R.C. Beardsley and upgraded by the user community (https 
://sea-mat_github.io/sea-mat/). The bulk air-sea heat flux algorithm 
was based on the Monin–Obukhov similarity theory with modifications 
for the roughness–stress relationship, boundary-layer-scale gustiness 
velocity, and convective limit (Fairall et al., 1996, 2003; Edson et al. 
2013). This bulk algorithm compared well with direct turbulent flux 
measurements made in the open ocean and is widely used in coastal 
ocean research (Beardsley et al. 2003; Chen et al. 2005). 

2.2. The WRF model and designs of numerical experiments 

In this study, the typhoon simulation was conducted using the 
Advanced Research Weather (ARW) research and forecasting model. 
The ARW is an updated version of WRF with significant improvements 
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on dynamics required for the simulation and prediction of TCs (Zou and 
Xiao, 2000; Gopalakrishnan et al., 2006; Davis et al., 2008, Skamarock 
et al., 2008). The model was developed and maintained by the Meso
scale and Microscale Meteorological Laboratory (MMM) of the National 
Center for Atmosphere Research (NCAR). Here, to be consistent with the 
popular terminology used in oceanic and atmospheric literature, we 
refer to “ARW” as “WRF.” 

We have developed a Sun Yat-sen University Community Integrated 
Model (SYCIM). An SYCIM-based forecast system was established for the 
western Pacific Ocean region with a focus area on the SCS region. The 
regional forecast system consists of 1) WRF and 2) global-to-coastal 
nested FVCOM (the Finite-Volume Community Ocean Model), 
including a) Global-FVCOM, b) China Sea (CS)-FVCOM, and c) SCS- 
coastal inundation FVCOM. The WRF was configured by three two- 
way nesting domains with grid-resolutions of 36, 12, and 4 km (here
after referring to as D01, D02, and D03) in the horizontal and a total of 
41 vertical layers bounded at 50 hPa (Fig. 3). The D03 output was used 
to compare with the buoy data. The initial and boundary conditions 
were specified using the 0.5◦-resolution Global Forecast System (GFS) 
re-analysis data (https://www.ncdc.noaa.gov). The Global-FVCOM is a 
fully sea-ice-wave coupled global ocean model (Chen et al., 2009, 2016; 
Gao et al., 2011; Zhang et al., 2016a,b; Zhang et al., 2020) with a hor
izontal resolution of up to ~1.0 km. The CS-FVCOM is a current-wave 
coupled regional ocean model with a computational domain covering 
the Japan Sea, Bohai/Yellow/East China Sea, and South China Sea 
(Fig. 3). This model was nested with the Global-FVCOM and had a 
horizontal resolution of up to 17 m in the SCS. The SCS-Coastal Inun
dation FVCOM is a land–ocean-resolving model nested with the CS- 
FVCOM along the 50-m isobath. This model has a horizontal resolu
tion up to ~10 m in the river and on land. 

In this study, the modeling focused on the WRF simulation to 
examine its performance with and without oceanic feedback. The WRF 
experiments were done for two cases with and without the OML, 
respectively. The simulations were conducted over eight days from 
08:00 August 21 to 08:00 August 29, 2017, for Hato and over four days 
from 08:00 September 15 to 08:00 September 19, 2018, for Mangkhut. 
The 1-D WRF OML model developed by Pollard et al. (1973) is a purely 
temperature-dependent model driven by the surface wind stress and net 
heat flux with the shortwave irradiance penetration. Mixing in the 

model is generated through shear and buoyancy turbulence productions 
due to surface wind stress and air cooling. The model is linearized by 
neglecting horizontal and vertical advections in both momentum and 
temperature equations. We used this model for the case with the OML. 
The initial conditions of hm and Tomlwere specified using the nested 
Global-FVCOM and CS-FVCOM forecast fields at 08:00 August 21, 2017, 
for Hato and 08:00 September 15, 2018, for Mangkhut. The 1-D OML 
model updated Toml at each cell, which varied in time and space, and 
thus feedback to typhoons with the updated air-sea temperature dif
ference and moisture at the air-sea interface. 

2.3. The OML models for diagnostic analysis 

We have selected Price-Weller-Pinkel (PWP) (Price et al., 1986) and 
Mellor and Yamada (MY) level 2.5 (Mellor and Yamada, 1982) OML models 
to assess the relative importance of convection/overturning to storm- 
induced oceanic mixing. The PWP is a 1-D parameter-driven OML model 
in which mixing is determined by the criteria of turbulences given by a bulk 
shear instability, including static, mixed layer, and shear-flow instabilities. 
Diving the water column into layers, PWP mixes the water in the two 
neighboring points immediately as the criteria reach. In the case of surface 
cooling, static instability leads to mixing over one time step without delay. 
In this way, it accounted for rapid mixing due to cooling-induced over
turning. In this study, the PWP model was the PWP_UH_version 1.1 modi
fied and updated by Santiago-Mandujano and Lukas at the University of 
Hawaii. The MY level 2.5 model (hereafter referred to as MY2.5) is a 
diffusion-based OML model in which mixing is determined through vertical 
diffusion produced by solving the turbulence kinetic and mixing-length 
equations. These two questions contain turbulence sources from shear and 
buoyancy turbulence productions, sinks due to turbulence dissipation, and 
res-distribution resulting from advection and diffusion. In this study, the 
MY2.5 was from the 1-D code of FVCOM (Chen et al., 2013b). The MY2.5 
does consider cooling-induced mixing through the buoyancy turbulence 
production. However, mixing undergoes a diffusion process with a time 
scale longer than overturning. The comparison between PWP and MY2.5 
could provide insights into the relative importance of cooling-induced 
overturning to observed rapid mixing, understanding that both PWP and 
MY2.5 do not directly resolve non-hydrostatic convection. 

Fig. 3. Illustration of the WRF model domains 
overlapped over the unstructured triangular mesh 
of the Global-FVCOM. Symbols named D-1, D-2, 
and D-3 represent the three two-way nesting do
mains with the horizontal grid-resolutions of 36, 
12, and 4 km. The horizontal grid-resolution of 
the Global-FVCOM in the D-3 domain varied from 
2 to 5 km near the coast and over the continental 
slope to 25 km in the interior. Dashed blue lines 
indicate the nesting boundaries of Global- 
FVCOM/CS-FVCOM and CS-FVCOM/SCS-coastal 
inundation FVCOM, respectively. The meshes 
used in CS-FVCOM and SCS-coastal inundation 
FVCOM were omitted here. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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3. Observed dynamical and thermal features of Hato and 
Mangkhut 

In August 2017, Hato traversed the buoy array consisting of QF307, 
QF308, QF305, and QF306) along the 50-m isobath (Fig. 2). Facing the 
coast, the shortest distances of these buoys to the Hato center were about 
313.6 (QF307) and 147.7 km (QF308) on the right, and 41.2 (QF305) 
and 189.1 km (SF306) on the left, respectively. In September 2018, 
Mangkhut traversed the buoy array consisting of four buoys: QF303, 
QF305, SF304, and QF306 (Fig. 2). Facing the coast, the shortest dis
tances of these buoys to the Mangkhut center were about 233.2 (QF303), 
15.2 (QF305), and 11.1 km (SF304) on the right, and 99.4 (QF305) and 

189.07 km (SF306) on the left, respectively. Although these two ty
phoons had similar paths towards the coast, oceanic responses at buoys 
significantly differed. When entering the northern shelf of the SCS, Hato 
was intensified, but Mangkhut was weakened, even though both were 
ranked as severe typhoons. Distinctly different oceanic responses were 
evident from the time series records of wind vector, air pressure, cur
rents, significant wave height, air temperature, and sea temperature at 
buoys. To shorten the text, we selected QF305 for Hato and SF304 and 
QF303 for Mangkhut to highlight the main finding in the storm-induced 
oceanic mixing and heat energy flux, with the additional detail given in 
Appendix A. Also, Appendix B summarized the observed features of 
storm-induced surface waves. 

Fig. 4. Time series of wind vector (W), air pressure (Pair) oceanic current vector (V), significant wave height (Hs), air temperature (Tair)and sea temperature (Tsea) 
recorded at QF305 for Hato and SF304 for Mangkhut over August 22–25, 2017 and September 15–18, 2018, respectively. 
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3.1. Storm-induced oceanic mixing 

Energetic oceanic mixing was observed during Hato, but not during 
Mangkhut. It was evident in the sea temperature recorded at a depth of 
2 m below the sea surface (Fig. 4). For Hato, at QF305, the air pressure 
dropped rapidly by 35.3 hPa over 31 h, starting at 02:00 August 22 and 
reaching 964.9 hPa (the lowest value) at 09:00 August 23. During this 
period, the wind near the sea surface turned cyclonic, intensified with 
the decrease of air pressure, and reached the maximum speed of 43.4 m/ 
s one hour after the minimum air pressure appeared. Significant wave 
height increased synchronously with wind speed, with a maximum of 
8.5 m coinciding with the peak wind timing. On August 22, the air-sea 
temperature difference was in the range of ~0.1–0.3 ◦C. As the Hato 
center approached, the air near the sea surface cooled rapidly at a rate of 
~0.2 ◦C per hour, with a drop of 5.2 ◦C over 15 h. The seawater became 
colder as air temperature decreased, with a few hour time lag. The near- 
surface sea temperature decreased by 3.8 ◦C over 5 h, implying that 
intense vertical mixing occurred during the Hato crossing. For Man
gkhut, at SF304, the wind speed increased as the air pressure decreased, 
with the wind direction changing ~180◦ at the time of the minimum air 
pressure. The minimum air pressures and peak wind coincided, with 
967.7 hPa and 28.2 m/s, respectively. Although the wind was not as 
strong as that observed at QF305 during the Hato crossing, Mangkhut- 
generated maximum surface waves reached 11.1 m. Like Hato, during 
the Mangkhut crossing, the air temperature decreased significantly as 
air pressure decreased, with a maximum drop of 3.9 ◦C at SF304. 
However, the near-surface sea temperature did not drop substantially 
like air temperature, even though the air was much colder than the sea. 
Considering Hato and Mangkhut struck the northern shelf of the SCS 
with comparable intensities within less than one month, why did one 

exhibit a significant drop in the near-surface sea temperature, but the 
other did not? 

We calculated the maximum drops of air and sea temperatures 
(ΔTair and ΔTsea) at each buoy during the Hato and Mangkhut crossing 
(Fig. 5, Figs. A1 and A2 in Appendix A). Here Δta and Δtswere the times 
taken for ΔTairandΔTsea, respectively, whereas ΔTair− sea and Wmax were 
defined as the difference between mean air and sea temperatures and the 
maximum wind speed over Δts, respectively. For Hato, ΔTsea(ΔTair) was 
the largest at QF305, which was 4.1 (2.5), 2.9 (4.2), and 2.1 (2.2)◦C 
larger than ΔTsea(ΔTair) at QF306, QF307, and QF308, respectively. A 
well-defined cold-wake was evident underneath Hato. The fact that 
ΔTair− seawas − 1.7 ◦C at QF305 but was close to or higher than zero at 
QF306, QF308, and QF307 implied that cooling-induced unstable 
interface condition varied across Hato, stronger within the maximum 
wind zone but weakened or even vanished in the outer area. The un
stable interface condition can cause convection/overturning, intensi
fying vertical mixing at QF305. It explained why ΔTsea was the largest at 
that site. The contribution of convection/overturning to mixing was also 
perspicuous by comparing ΔTsea, ΔTair− sea, and Wmax at QF305 and 
QF306. Wmax at these two sites had the same order of magnitude, but 
ΔTsea was much smaller at QF306. Convection/overturning tended to 
shorten the mixing time scale, which was elucidated in Δts. Δts was 8 h at 
QF305, which was about 7.5, 9.5, and 4.0 h shorter than Δts at QF306, 
QF307, and QF308, respectively. In fact, at QF305, following a signifi
cant decrease in air temperature, a rapid drop in sea temperature 
occurred within 4 h (Fig. 4). It suggested that convection/overturning 
happened in a short-time period during mixing. Convection/overturning 
also seemed to be relevant to Δta, stronger as Δta was longer (QF305) 
and weaker or even vanished as Δta was shorter (QF306, QF307, and 
QF308). 

Fig. 5. Cross-typhoon distributions of the maximum drops of air and sea temperatures (ΔTair and ΔTsea), the difference between mean air and sea temperatures 
(ΔTair− sea) and maximum wind speed (Wmax) over the period undergoing forΔTsea (upper panel) and the times taken for ΔTair and ΔTsea(Δta and Δts) (lower panel) 
for Hato (left panel) and Mangkhut (right panel), respectively. 
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For Mangkhut, ΔTair was in the range of 4.8–5.9 ◦C at QF306, SF305, 
and QF303, except at SF304 where ΔTair was 1.7–2.8 ◦C smaller. Δta at 
four sites were very close, suggesting that air cooling happened during 
the same period. Regarding the distance to the Mangkhut center, SF304 
and QF305 were close, and both were within the same wind intensity 
zone. ΔTair− sea was negative at SF304 and QF303, suggesting that these 
two sites were under a condition in favor of convection/overturning. 
Wmax was ~24.9 and 32.3 m/s at SF304 and QF303, respectively, which 
were all strong enough to produce energetic oceanic mixing. The fact 
that Δts was 48 h at SF304 indicated that either convection/overturning 
or wind-induced shear turbulence production had no significant influ
ence on a slower change of sea temperature at that site. At QF303, a 
2.6 ◦C drop was shown in ΔTsea within a period of Δts = 10.5 h, 
implying that sea surface cooling did occur at that site due to wind- and 
cooling-induced mixing. At QF306, the seawater remained colder than 
the air, i.e., ΔTair− sea> 0.0 and Wmax was 22.9 m/s, so that under such a 
stable interface condition, mixing was generated by the wind-induced 
shear turbulence production. However, no significant change in the 
near-surface sea temperature was observed (Fig. A3). Compared with 
Hato, the observation did not show a well-defined cold-wake under
neath Mangkhut. 

We found that the distinctly different impacts of storm-induced 
mixing on the sea surface temperature (SST) during Hato and Man
gkhut were related to the pre-storm condition of water stratification. 
The CTD profilers showed that the OML was much shallower in August 
2017 than in September 2018 (Fig. 6), with the thicknesses of ~5 and 
~25 m, respectively. The thermoclines were also thinner in August 2017 
than in September 2018, which were in the range of ~5 and ~15 m, 
respectively. For Hato, since the pre-storm OML was shallower, once the 
OML produced by wind- and cooling-induced vertical mixing was deeper 
than 10 m, deepening of the OML could bring the cold water upward to 
cause a significant temperature drop at the sea surface. For Mangkhut, 
however, the observed OML was much deeper, so that the considerable 
change of SST could occur only when the mixing-produced OML was 
deeper than 30–40 m. This finding explained why a well-defined cold 

wake was observed underneath Hato but not evident underneath 
Mangkhut. 

We also collected historical temperature (T) and salinity (S) data 
from the past hydrographic surveys over the northern shelf of the SCS as 
far back as the ‘60s and created the monthly climatologically fields of 
temperature and salinity with a 10-km horizontal resolution (Yi, 2020; 
Yi et al., 2020). A large portion of the historical data was obtained by 
measurements at selected standard levels with a vertical resolution 
insufficient to resolve the OML. Despite this shortcoming, the compar
ison of the in-situ and monthly climatological mean temperature and 
salinity profilers showed that the near-surface water was much warmer 
and fresher in August 2017 (Fig. 6). In September 2018, although the 
near-surface water temperature was close to the climatology, it was 
much fresher (Fig. 6). In recent years, the freshening and warming 
tendencies over the northern shelf of the SCS implied that the storm- 
induced air-sea interaction was more energetic compared with the past. 

3.2. Storm-generated energy transfer 

Using the observed data, we estimated the storm-induced latent and 
sensible heat fluxes at all buoys during August 22–25, 2017, for Hato, 
and September 15–18, 2018, for Mangkhut (Fig. 7). The results showed 
that the ocean provided Hato and Mangkhut with significant latent and 
sensible heat fluxes. Storm-generated maximum latent flux was gener
ally 3 or 4 times greater than the maximum sensible flux. For Hato, the 
observed latent flux changed positively with wind speeds. At QF305, for 
example, the observed latent and sensible heat flux losses were 
approximately around zero under a wind condition of <10 m/s before 
Hato arrived but increased to 507.2 and 145.1 W/m2, respectively, as 
the wind was intensified to 43.4 m/s over the subsequent 13-hour period 
during the Hato crossing, and then returned to the pre-storm condition 
over 4 h as the wind rapidly decreased after the passage of Hato. Man
gkhut also exhibited a significant transfer of latent and sensible heat 
fluxes from the ocean to a storm, but differed concerning the temporal 
and spatial variabilities. At QF303, for example, the Mangkhut- 

Fig. 6. Comparison of August 2017 and September 2018 in-situ temperature (T) and salinity (S) profiles with August (left) and September (right) monthly climatologically 
averaged profiles at the hydrographic survey sites (see Fig. 2) over the northern shelf of the South China Sea. Solid lines: in-situ; dashed lines: monthly-climatologic. Red: 
temperature and blue: salinity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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generated maximum latent and sensible heat fluxes reached 358.0 and 
102.7 W/m2, respectively. They were on the same order of magnitudes 
as those observed at QF305 during Hato’s crossing, but the transfer of 
latent flux to the atmosphere started under a weaker wind condition of 
~5 m/s before Mangkhut arrived. 

We estimated the daily accumulated wind kinetic energy and latent 
and sensible heat fluxes at all buoys. For Hato, the transfer of oceanic 
latent and sensible heats significantly varied across the typhoon: losing 
to the storm at QF305 and QF306, while gaining from the storm at 
QF307, with the transition at QF308. This distribution was not corre
lated to the total wind kinetic energy. On the one hand, the wind kinetic 
energy was the largest at QF305, cooccurring with the maximum 
transfer of latent and sensible heats to the typhoon at that site. On the 
other hand, the wind kinetic energy was larger at QF307 than at QF306, 
but the latent and sensible heat energies were transferred to the ocean at 
QF307, but to the typhoon at QF306. For Mangkhut, although the 
observed wind intensities were much weaker at SF304 and QF303 than 
at QF305 during Hato, the intense wind duration was much longer. As a 
result, the daily accumulated wind kinetic energies at these two sites 
were ~1.2 times as large as that observed at QF305 during Hato. The 

daily accumulated latent and sensible heats were transferred to the 
typhoon at SF304 and QF303 but gained from the typhoon at QF306. 
The maximum heat transfer to the typhoon occurred at SF304, even 
though the daily accumulated wind energy was larger at QF303. 

The cross-typhoon distribution of heat flux was significantly asym
metrical relative to the Hato and Mangkhut centers. Hato gained the 
heat energy over an area bounded by a distance of 190 km on the left 
side and of ~147 km on the right side. Mangkhut gained heat energy 
over an area bounded by a distance of >233 km on the right side but 
only by a distance of 90 km on the left side. Capturing the spatially 
asymmetrical distribution of heat transfer from the ocean to a storm 
could directly help improve the marine boundary parameterization for 
coupled atmosphere–ocean models for storm-related predictions. 

4. WRF simulations of Hato and Mangkhut 

4.1. Typhoon simulations 

We applied WRF to examine whether this model can capture the 
dynamic and thermal features observed during Hato and Mangkhut. By 

Fig. 7. Upper and middle panels: Time series of observed wind speed and sensible/latent heat fluxes over August 22–25, 2017 for Hato (left) and September 15–18, 
2018 for Mangkhut (right). The shaded area is the day during which the accumulated heat fluxes and wind kinetic energy were estimated. Lower panels: Cross- 
typhoon distributions of the accumulated wind kinetic energy and sensible/latent heat fluxes for Hato (left) and Mangkhut (right). 
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comparing the cases with and without the OML, we first verified the 
OML mixing impact on typhoon simulation and then explored the crit
ical needs for model improvements. A Taylor diagram in Appendix C 
summarized the statistics of the model-data comparison. The results 
showed that WRF was robust to simulate the trajectories and central sea- 
level pressures of Hato and Mangkhut (Fig. 8). Including the OML dy
namics did show an improvement for the Hato moving path but not for 
Mangkhut. Hato continued to intensify as it entered the northern shelf of 
the SCS and moved towards the coast. The model reproduced the drop- 
to-rise process of central sea-level pressure but considerably under
estimated its minimum. The simulated and observed minimum central 
sea-level pressures occurred at 11:00 August 23, but the simulated value 
was about 8.8 hPa greater. Mangkhut experienced a weakening period 
after entering the SCS. The model captured the minimum central sea- 
level pressure, not only in magnitude but also in its increase rate. 

The detailed data-model comparisons were made for winds, air 
pressure, and air temperature at buoys for Hato (Fig. 9) and Mangkhut 
(Fig. 10). For both typhoons, the simulated and observed winds matched 
well in temporal variations of wind direction but not in magnitude at 
buoys. For example, at QF305, Hato-generated maximum wind speed 
was 43.4 m/s, while the simulated maximum wind speed was only 27.7 
m/s for the case without the OML and 29.3 m/s for the case with the 
OML. The underestimation was up to 36.2 and 32.5% for the cases 
without and with the OML, respectively. Including the OML did provide 
the wind intensity, but it only accounted for 3.7%. 

Similarly, at the same site, Mangkhut-generated maximum wind was 
31.9 m/s. In comparison, the simulated wind was 27.1 m/s for the case 

without the OML and 29.2 m/s for the case with the OML, about 15.0 
and 8.5% underestimated. Including the OML accounted for a 6.5% 
improvement in wind intensity. For Hato, QF305 was around the 
maximum wind radius, whereas QF307, QF308, and QF306 were 
outside the maximum wind zone. The wind was underestimated at 
QF307 and QF308 locating on the right side of Hato and overestimated 
at QF306 locating on the left side of Hato. This feature implied that the 
model did not resolve the observed asymmetric distribution of the 
Hato’s wind, which was stronger on the right side than on the left side. 
For Mangkhut, the wind intensity was much stronger at QF305 than at 
SF304, even though the difference in the distance to the typhoon center 
at these two sites was only 4.1 km. With a horizontal resolution of ~4 
km, WRF could resolve the spatial variation of the wind. It was evident 
at SF304, where both observed and simulated maximum winds had the 
same value and coincided. QF306 and QF303 were about 189.07 km on 
the left and 233.0 km on the right. The observed maximum wind was 
6.4 m/s stronger at QF303 than at QF306. The fact that the underesti
mation was larger at QF303 than at QF306 suggested that WRF captured 
neither the wind intensity nor the asymmetric distribution of the Man
gkhut wind. 

The model was capable of reproducing the temporal variation of air 
pressure at buoys over the shelf, not only the minimum pressure but also 
timing during the Hato crossing. However, it overestimated the mini
mum air pressure and caused the time delay during the Mangkhut 
crossing. For Hato, the difference between simulated and observed 
minimum air pressures was 0.4, 0.7, and 3.2 hPa at QF307, QF308, and 
QF306, respectively. Compared with these three sites, the model 
remarkably underestimated the air pressure at QF305, at which the 
difference between simulated and observed minimum air pressures was 
up to 7.5 hPa. Including the OML did provide a certain level of 
improvement in air pressure simulation at this site, but it only accounted 
for an error reduction of 5.3%. For Mangkhut, the model-data differ
ences of minimum air pressure were 22.0, 5.4, 10.7, and 2.6 hPa at 
QF306, SF304, QF305, and QF303, with time delays of 4.0, 1.0, 2.0, and 
0.0 h, respectively. With the OML, the differences dropped to 14.0, 3.8, 
9.6, and 0.9 hPa, with improvements of 36.4, 29.6, 10.3, and 65.4% at 
QF306, SF304, QF305, and QF303, respectively. Although the im
provements were more significant in the Mangkhut case than in the Hato 
case, the model-data bias remained larger in the Mangkhut case. 

The model captured the significant air temperature drop during the 
Mangkhut crossing but not during the Hato crossing. For Hato, the 
model over-predicted air temperature in the outer storm area at QF306 
and QF307, where the simulated air temperature was about 1.0◦ or 
2.0 ◦C higher than the observed air temperature. The error was reduced 
significantly within a 150-km radius from the Hato center. QF305 and 
QF308 were located in this region, where the model did reproduce the 
same level of air temperature as observations. However, the model 
underestimated the rapid drop in air temperature, with biases of 0.7 ◦C 
at QF308 and 2.1 ◦C at QF305. Including the OML did not significantly 
improve the air temperature simulation except to a certain degree of 
smoothing out sharp fluctuations. For Mangkhut, the observed and 
simulated air temperatures were in reasonable agreement, not only in 
the daily mean but also in the anomaly, even though the simulated 
minimum air temperature was 1.0–1.5 ◦C higher than the observations. 
Including the OML did not significantly improve the air temperature 
simulation except filtering out the high-frequency fluctuations. 

We plotted the distributions of wind speed and sea-level pressure 
across the storm center when Hato and Mangkhut were traversing 
through buoys (Fig. 11). Simulated winds were asymmetrically distrib
uted to the central sea-level pressure, stronger on the right side. For 
Hato, the maximum wind radius was ~50.0 km on the right and ~46.0 
km on the left. The radius on the left coincided nicely with the observed 
wind at QF305, suggesting that this site was located at the maximum 
wind zone during the Hat crossing. In this case, the distribution and 
values of the simulated and observed sea-level pressures and wind 
speeds matched reasonably well with each other. For this typhoon, 

Fig. 8. Comparisons of the observed with the WRF-simulated trajectories in the 
case with and without the OML for Typhoon Hato (upper panel) and Typhoon 
Mangkhut (lower panel). The upper-right panel in each figure shows the 
comparison between observed simulated central minimum pressures. Black: 
observed; blue: WRF (without the OML).; red: WRF-OML (with the OML). Filled 
diamond symbols on typhoon trajectories: the locations of the typhoon’s center 
over a 6-h interval. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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whether or not including the OML did not show the significant differ
ences in wind and air pressure distributions. For Mangkhut, the 
maximum wind radius was about ~100 km on the right and ~25 km on 
the left. Compared with Hato, the structure of this typhoon was much 
more asymmetric. The model significantly underestimated the decrease 
rate of winds near the center of the minimum air pressure on the left and 
overestimated the minimum air pressure in the Mangkhut center areas. 
This overestimation was not improved after including the OML, even 
though the wind errors were considerably reduced. 

4.2. Air-sea boundary conditions 

Two shortcomings of WRF for storm simulation are to resolve 3-D 
turbulences within the storm and marine boundary parameterizations 
at the air-sea interface. Approaches to solving these problems are to 
upgrade the WRF through the implementation of the Large Eddy 
Simulation (LES) (Moeng et al., 2007) and coupling with current-wave 
interaction ocean models (Warner et al., 2010; Li et al., 2020b). In 
terms of air-sea coupling, it is critical to capture the nature of storm- 

induced oceanic turbulent mixing. Evaluating the capability of WRF to 
simulate the changes in sea surface temperature (SST) and latent/sen
sible heat fluxes can provide insights into the primary reasons why 
including the OML did not show a significant improvement for WRF- 
simulated Hato and Mangkhut. 

Taking QF305 and QF303 as examples for Hato and Mangkhut, 
respectively, we assessed the capability of WRF on simulating the storm- 
induced SST (Fig. 12). Since the observed mixed layer depth was deeper 
than 5.0 m in August 2017 and September 2018, we can treat the sea 
temperature, recorded at the 2-m depth below the sea surface at these 
two buoys, as SST. In the case without the OML, the satellite-derived 
daily SST was implemented to WRF. The simulated SST looked like a 
step function that remained unchanged during each hindcast simulation 
period. Due to heavy cloud coverage, the satellite-derived daily SST data 
did not resolve the local sea temperature drop during the Hato and 
Mangkhut crossings. Turning on the OML dynamics, the model did 
predict a sharp change of SST as Hato and Mangkhut traversed the 
northern shelf of the SCS. 

For Hato, the simulated SST coincided reasonably with the 

Fig. 9. Comparison between observed and simulated wind vectors (W), air pressures (Pair), and air temperatures (Tair)at QF307, QF308, QF305, and QF306 over 
August 21–27, 2017, respectively. Black: observed; blue: WRF (without the OML); red: WRF-OML (with the OML). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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observation over the period before the typhoon arrived. The timing of 
the sharp drop of simulated SST also matched that of the observed SST. 
However, the model significantly under-predicted the magnitude of the 
SST change. The observed SST showed a drop from 30.1 ◦C to 26.4 ◦C, 
cooling the sea surface by 3.7 ◦C over 4 h, while the simulated SST only 
decreased by 1.7 ◦C, 2.0 ◦C less than the observation. The simulated 
OML depth was about 5.0 m on August 22 and rapidly deepened to 26.8 
m over a few hours on August 23. Owing to an underestimate in SST, the 
model seemed to under-predicted vertical mixing in this case. 

For Mangkhut, the temporal variation of the simulated SST coincided 
reasonably with the change of the OML. The simulated OML remained a 
2.5-m thickness before 16:00 September 15, which caused the simulated 
SST to increase by 2.0 ◦C. The OML rapidly deepened to ~45.8 m over 
the subsequent 24-hour period, which caused a drop of the simulated 
SST from ~30.0◦ to 24.7 ◦C. The temporal variation of the simulated SST 
did not agree with the observation. The observed SST first remained 
unchanged on September 15 and then underwent a significant drop of 
~3.0 ◦C over a subsequent 14-hour period starting at 00:00 September 
16. After the passage of Mangkhut, the observed SST experienced a 

rising period, which was not resolved by the model. It seemed that the 
model over-predicted vertical mixing in this case. 

We compared the simulated and observed latent heat fluxes at buoy 
sites, and examples were given at QF305 for Hato and QF303 for Man
gkhut in Fig. 13. The temporal variations of both observed and simu
lated latent heat fluxes had the likelihood of relationships with the wind 
intensity and duration. For Hato, the temporal variations of the simu
lated wind speed for both the cases with and without the OML reason
ably matched with the observations. The main difference was in the 
magnitude. The simulated maximum winds for the cases with and 
without the OML were 14.2 and 6.9 m/s weaker than the observations, 
respectively. After the passage of Hato, the simulated winds were about 
2.0–5.0 m/s stronger than the observation. Correspondingly, the 
observed latent heat flux loss was approximately around zero before 
Hato arrived, increased to 481.5 W/m2 as the wind was intensified over 
the subsequent 13-hour period during the Hato crossing, and then 
returned to the pre-storm condition over 4 h as the wind rapidly 
decreased after the passage of Hato. The simulated latent heat fluxes for 
both the cases with and without the OML agreed with the observation 

Fig. 10. Comparison between observed and simulated wind vectors (W), air pressures (Pair), and air temperatures (Tair)at QF306, SF304, QF305, and QF303 over 
September 15–18, 2018, respectively. Black: observed; blue: WRF (without the OML); red: WRF-OML (with the OML). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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before the Hato arrival. However, they underestimated the maximum 
heat loss from the ocean to Hato during the Hato crossing. The simulated 
maximum heat loss occurred about ~3 h later than the observation. 
After the passage of Hato, the observation showed that the ocean turned 
rapidly from heat-loss to heat-gain, while the simulated latent flux 
remained under a loss condition. 

For Mangkhut, the simulated and observed wind speeds were in 
reasonable agreement, with the maximum wind speed differences of 0.7 
and 2.1 m/s for the cases with and without the OML, respectively. 
Correspondingly, the simulated latent heat flux agreed reasonably well 
with the observations throughout rapid wind intensification during the 
Mangkhut crossing. A significant deviation, however, occurred here
after. The observed latent heat flux turned back to an oceanic gain 
condition within one hour after the passage of Mangkhut. In contrast, 
the simulated latent heat flux remained under an oceanic loss condition 
for a subsequent day. Including the OML did not show a significant 
change of latent heat flux, except for a slight enhancement of the oceanic 
heat loss during the Mangkhut crossing. This result was consistent with 
the simulated SST, which failed to reproduce surface warming after the 
passage of Mangkhut. 

We also compared the cross-typhoon distributions of observed and 
simulated daily accumulated latent heats for Hato and Mangkhut. For 
Hato, although the observed and simulated latent heats displayed the 
same cross-typhoon distribution pattern, the model significantly over
estimated the oceanic heat energy to Hato, with amounts of 22.3% and 
197.4% within and outside of the radius of maximum wind. Similarly, 
for Mangkhut, the model captured the cross-typhoon distribution of the 
oceanic latent heat, but the model-data difference remained in the same 

range as that found in Hato. 
The latent flux is caused by evaporation. For both model and 

observation, it was estimated through a product of Monin-Obukhov 
similarity scaling parameters of the moist air density (ρa), the latent 
heat rate of evaporation of water (Le), friction velocity (u*), and water 
vapor mixing ratio (q*). Le is the function of SST. The reason why the 
model was unable to capture the sharp variability of observed latent 
heat flux is likely related to its failure to reproduce SST and typhoon- 
induced vertical mixing. 

5. Discussions 

The observations revealed the significant different oceanic responses 
to Hato and Mangkhut. During Hato, the SST decreased rapidly with 
drops of air pressure and air temperature, forming a well-defined cold 
wake underneath the storm. This cold wake appeared as a result of 
intense wind-produced vertical mixing and surface cooling-produced 
convection/overturning. Compared with Hato, the cold wake was not 
evident in Mangkhut. The SST did not show a significant drop following 
the rapid decrease of air temperature at most buoys, where the strong 
wind and air cooling were recorded. We did observe the remarkable SST 
drop at Buoy 303, but it was in the marginal zone of storm-induced 
winds at a distance of ~233 km away from the storm center. 

The WRF underestimated and overestimated the minimum sea-level 
pressure of Hato and Mangkhut, respectively. The sea-level pressure of a 
storm is a function of air temperature, inverse perturbation density, air 
moisture, and water vapor mixing ratio. For Hato, the maximum drop of 
air temperature at QF305 was ~8.0 ◦C during the Hato crossing. 

Fig. 11. Distribution of simulated winds (red) and 
sea level pressures (blue) relative to the typhoon 
center on the line connecting QF307, QF308, QF305, 
and QF306 at 08:00 August 23, 2017, for Hato 
(upper panel) and on the line connecting QF303, 
QF305, and QF306 at 17:00 September 16, 2019, for 
Mangkhut (lower panel). The solid and dashed 
curves refer to the case without and with the OML, 
respectively. SLP: Sea level pressure. Red filled tri
angle: the observed wind speed. Blue asterisk: the 
observed SLP. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   
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Considering only the change of air pressure due to air temperature, we 
used an empirical formulation of air pressure to estimate an order of 
magnitude change of air pressure, which was only about 1.8% for an 
8.0 ◦C air temperature drop (Li et al., 2020a). It implied that the un
derestimate of the simulated air pressure was owing to other parameters 
relating to air moisture and water vapor mixing ratio, i.e., the storm- 
enhanced oceanic latent flux loss through the air-sea interface. Since 
the latent heat flux loss was directly related to storm-induced oceanic 
mixing, getting oceanic vertical mixing correct in WRF is imperative if 
one attempts to improve the typhoon simulation. 

The convection/overturning is a non-hydrostatic process, which re
quires an oceanic model to include non-hydrostatic dynamics. The SST 
recorded on buoys clearly showed that the water was mixed rapidly 
within a short-time period, which was likely a convection/overturning- 
dominant mixing feature. Understanding the nature of typhoon-induced 
oceanic mixing could provide insights into the dynamics of mixing 
requiring for the ocean and atmospheric coupling. 

We have selected PWP and MY2.5 models to assess the importance of 
convection/overturning to storm-induced oceanic mixing. As we dis
cussed in Section 2, although both PWP and MY2.5 are unable to capture 
the non-hydrostatic convection process, PWP can directly resolve rapid 
mixing due to surface cooling-induced overturning, while MY2.5 pro
duces mixing through vertical diffusion over a diffusive time scale. Ex
periments were made at QF305 for Hato and QF303 for Mangkhut, with 

initial vertical profiles of temperature and salinity specified using the 
CTD data (see Section 2). 

For Hato (Fig. 14: left panel), both PWP and MY2.5 reasonably 
reproduced the rapid drop of SST at QF305 during its passage. Intense 
mixing coincided with the increase of surface wind stress and cooling, 
representing the shear and buoyancy-induced turbulence productions. 
PWP and MY2.5 over- and under-estimated the minimum SST, respec
tively. Considering the period during which SST decreased from 30 ◦C to 
the minimum, the observed SST dropped at a rate of ~1.0 ◦C/h. The 
simulated SST was reduced by ~1.1 ◦C/h for PWP and 0.4 ◦C/h for 
MY2.5. For MY2.5, if considering only the period with an SST drop from 
30 ◦C to 28 ◦C, it showed a decrease of ~0.6 ◦C/h, which was still about 
40% lower than the observed SST decrease rate. It suggested that in this 
case, the rapid SST drop was likely due to cooling-induced overturning, 
which was reasonably captured by PWP but not by MY2.5. 

Both PWP and MY2.5 showed a similar performance over the 
warming period after the passage of Hato. If shifting the PWP-simulated 
minimum SST to the same level as the MY2.5-simulated minimum SST, 
both SST matched each other during the subsequent period with positive 
net heat flux. 

For Mangkhut (Fig. 14: right panel), at QF303, the wind was rela
tively weak but with a longer duration. Significant surface cooling lasted 
for about 20 h, almost twice as long as found at QF305 during Hato. It 
implied that cooling-induced overturning was much more vigorous 

Fig. 12. Upper panels: comparison of the observed SST with the WRF-simulated SSTs in the cases with and without the OML at QF305 over August 22–26, 2017, for 
Hato (left) and at QF303 over September 15–18, 2018, for Mangkhut (right). Black: observed; blue: WRF (without the OML); red: WRF-OML (with the OML). Lower 
panels: WRF-simulated depths of the oceanic mixed layer over the same periods for Hato (left) and Mangkhut (right). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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compared with the Hato case. That was evident from the PWP and 
MY2.5 simulation results. The PWP-simulated SST agreed with the 
observed SST during the cooling period, but MY2.5 didn’t. The differ
ence in performances of PWP and MY2.5 for this case suggested if 
cooling-induced overturning dominated mixing, a diffusion-based tur
bulence closure model could significantly underestimate mixing in
tensity and timing. This result is consistent with observational findings, 
which showed that convection/overturning became critically important 
as the surface cooling duration lasted longer. 

It should be noted that PWP failed to capture the surface warming 
after the passage of Mangkhut, even that the net heat flux remained 
positive during that period. It seemed that PWP caused an overestimate 
of the wind stress-produced shear turbulence production during the 
weak wind zone, which tended to cancel the heating-enhanced vertical 
stratification. We believe that rapid warming at buoy sites was a result of 
the post-storm current adjustment process. The storm wind produced a 

cyclonic oceanic flow. This flow had positive vorticity, which pushed the 
warmer surrounding water to the storm-influenced area. 

We also compared the PWP and MY2.5-produced OML depths at 
QF305 for Hato (Fig. 15) and QF303 for Mangkhut (Fig. 16). For Hato, 
PWP showed that the OML depth remained around 5–7 m before Hato 
arrived, rapidly deepened to ~40 m (bottom) over a few hours during 
the Hato crossing, and then rose to ~10 m over the warming period after 
Hato passed. Before Hato arrived, the OML depth changed with both 
temperature and salinity. After Hato passed, the OML depth only 
changed with temperature since the salinity remained vertically well 
mixed. The MY2.5-produced OML depth remained around 5–10 m 
before Hato arrived, rapidly deepened to ~25 m over a few hours during 
the Hato crossing, and then gradually rose to ~5 m after Hato passed. 
The MY2.5-produced maximum OML depth was about 15 m shallower 
compared with the PWP result. In this case, both temperature and 
salinity could not be vertically mixed throughout the water column. 

Fig. 13. Upper and middle panels: comparisons between observed and simulated wind speeds and latent heat fluxes over August 22–25, 2017, for Hato (left) and 
September 15–18, 2018, for Mangkhut (right). Lower panels: comparisons between observed and simulated accumulated daily latent heats for Hato (left) and 
Mangkhut (right). Black: observed; blue: WRF (without the OML); red: WRF-OML (with the OML). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 14. Upper panels: observed wind stresses at QF305 over August 22–25, 2017, for Hato (left) and QF303 over September 15–18, 2018, for Mangkhut (right). 
Middle panels: shortwave radiation, longwave radiation, latent heat flux, sensible heat flux, and net heat flux over the same periods for Hato (left) and Mangkhut 
(right). The definitions for each curve are given inside the figure. Lower panels: comparisons between observed and simulated SSTs over the same periods for Hato 
(left) and Mangkhut (right). Black: observed; red: PWP-simulated; red dashed: MY2.5-simulated. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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For Mangkhut, the PWP-produced OML depth remained ~25 m 
before Mangkhut arrived and then rapidly deepened to the bottom over 
a few hours during the Mangkhut crossing. As described above, the PWP 
overestimated the wind stress-produced turbulence mixing over the 
weakly wind period, so that the OML depth remained unchanged after 
Mangkhut passed. The MY2.5-produced OML depth remained around 
20.0–25.0 m before Mangkhut arrived, deepened to ~35.0 m over 8 h 
during the Mangkhut crossing, and then gradually rose to ~20.0 m over 
the subsequent day after Mangkhut passed. The maximum OML depth 
was about 25.0 m shallower in the MY2.5 than in the PWP. MY2.5 
reproduced the surface warming after Mangkhut passed. 

We also compared PWP and MY2.5-produced maximum OML depths 
with the WRF result for the case with the OML. For Hato, the WRF- 
produced maximum OML depth was close to the MY2.5 result but 
significantly shallower than the PWP result. For Mangkhut, the WRF- 
produced maximum OML depth was close to the PWP result. Howev
er, before Mangkhut arrived, the WRF-produced OML depth was too 
shallow compared with the PWP and MY2.5 results. 

Our interests are to examine whether the diffusion-based turbulence 
closure model can capture cooling-induced rapid mixing during storms, 
with no intention to compare the performance of PWP and MY2.5 OML 
models for storm-induced mixing. Our results suggest that MY2.5 did not 

Fig. 15. Temporal variation of the simulated OML depth (thick black dashed line) overlapped with the time series distribution of sea temperature (T) and salinity (S) 
over August 21–27, 2017, for Hato. Left panels: PWP-simulated; right panels: MY2.5-simulated. 
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Fig. 16. Temporal variation of the simulated OML depth (thick black dashed line) overlapped with the time series distribution of sea temperature (T) and salinity (S) 
over September 15–18, 2018, for Mangkhut. Left panels: PWP-simulated; right panels: MY2.5-simulated. 

Fig. 17. Lower panel: distribution of the yearly 
summertime temperature increase rate calculated 
based on the satellite-derived SST data over 
1982–2019. The temperature increase rate was 
estimated based on the annual increase rate 
calculating over two consecutive years. Upper 
panels: the change of the satellite-derived sum
mertime SST at site S (left) and site N (right) over 
1982–2019. Solid black dots: the summertime 
averaged SST for each year; thick red line: the 
linear regression fitting line. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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capture the cooling-induced rapid mixing rate, even though it did pro
vide a good SST simulation in the Hato case. It implies that a coupled 
atmospheric-ocean model might not capture storm-induced rapid 
oceanic mixing and heat energy transfer process if mixing in the ocean 
component of this model is parametrized through a diffusion-based 
turbulent closure model. Since storm-induced rapid mixing is mainly 
caused by surface cooling, it is critical to improving the physics of ver
tical mixing, particularly to include the non-hydrostatic convection/ 
overturning process. 

Stratification in the ocean varies with both temperature and salinity. 
Over the northern shelf of the SCS, the salinity has an equivalent 
contribution as the temperature to vertical stratification. The purely 
temperature-dependent OML model in WRF should also be improved by 
including salinity. 

The comparison results of in-situ and climatological T/S profiles 
(Fig. 6) indicated that the water over the northern shelf of the SCS was 
much fresher and warmer in recent years. We collected the satellite- 
derived SST data over the period 1982–2019 and calculated the yearly 
change rate of the SST in the summer season (Fig. 17). The results show 
that the northern shelf of the SCS is warming, at a yearly temperature 
increase rate varying significantly in space. For example, at sites N and 
S, the SST changed interannually with an oscillation period of ~2–3 
years and fluctuated considerably with an amplitude up to ~2 ◦C. The 
yearly linearly-fitting warming rates at these two sites were 0.03 ◦C/ 
year and 0.02 ◦C/year, respectively. The distribution of the warming 
rate shown in the lower panel of Fig. 17 was calculated using the average 
annual increase rate over two consecutive years, which were higher than 
the least-square linearly-fitting result shown in the upper panel. 

The warming tendency over the northern shelf of the SCS has 
significantly intensified the water stratification and made the OML 
shallower in the summer season. As a result, the air-sea interaction could 
be more energetic for typhoons through storm-induced oceanic mixing. 
It was evident in Hato during which the OML depth was only 5-m before 
the storm. Although our interests in this paper were on the short-term 
oceanic responses to typhoons, the future WRF simulation should 
consider warming effects on TCs. 

We also want to clarify here that the experiments with the OML were 
made using the 1-D OML models. Yablonsky and Ginis (2009) pointed 
out that coupling a 1-D ocean model with a 3-D hurricane model could 
significantly underestimate the storm-core sea surface cooling. Li et al. 
(2020) compared the results of the WRF with and without the 1-D OML 
model for the Hurricane Sandy simulation. They found that the 1-D OML 
was robust to capture the storm-induced cold wake and significantly 
improved the storm’s intensity and trajectories. Further efforts should 
be made to verify the criterion needed for a 3-D OML model in real-time 
storm simulations. 

6. Conclusions 

A storm-monitoring system consisting of 8 meteorological buoys 
were established over the northern shelf of the SCS. This system 
captured the changes of meteorological and oceanic conditions during 
Hato in August 2017 and Mangkhut in September 2018. The observa
tions showed that with similar shelf-traversing trajectories, these two 
typhoons significantly differed in storm-induced oceanic mixing, 
oceanic heat transfer through the air-sea interface, and surface waves. 
Storm-induced vertical mixing caused a rapid sea temperature drop 
during the Hato crossing but not during the Mangkhut crossing. As a 
result, a well-defined cold wake formed underneath Hato but not 

Mangkhut. Impacts of oceanic mixing on forming a storm-produced cold 
wake were associated with the pre-storm conditions of water stratifi
cation and depth of the OML. In addition to oceanic mixing produced by 
shear turbulence production, cooling-induced overturning was a phys
ical process that led to rapid mixing in the OML. This process played a 
more important role in mixing if the atmospheric cooling duration above 
the sea surface lasted longer. 

Storm-generated maximum latent flux was generally 3 or 4 times 
greater than the maximum sensible flux. The transfer of oceanic latent 
heat flux to typhoon varied with wind intensity and duration. Behaviors 
of storm-generated surface waves exhibited a distinct difference for 
storms under the different development status (Appendix C). For an 
intensified typhoon (Hato), the windsea waves with shorter peak periods 
were dominant, while for a weakened typhoon (Mangkhut), swell waves 
with longer peak periods could be as strong as windsea waves. 

The WRF model captured the storm-induced variations of wind and 
sea-level pressure but not air and sea temperatures. Turning on the OML 
in the WRF simulation resolved the storm mixing-induced SST drop. 
However, the OML model in WRF significantly underestimated the 
maximum decrease of SST and failed to resolve the sharp variation of 
storm-enhanced latent heat flux. It was one of the reasons why the 
simulated oceanic feedback to air pressure and winds was insignificant. 

Process-oriented OML model experiments supported the observa
tional finding: rapid mixing was mainly caused by surface cooling- 
induced overturning. For Hato, the change of surface wind stress and 
cooling occurred within a short-time period. In this case, both diffusion- 
based and bulk shear instability OML models enabled to capture the 
observed SST drop, even though the diffusion-based OML model 
significantly underestimated the observed rapid mixing rate. For Man
gkhut, since the surface air cooling lasted for a more extended period, 
storm-induced mixing was dominated by the cooling-induced over
turning process, which was well captured by a bulk instability OML 
model but not by a diffusion-based OML model. To simulate the realistic 
OML and vertical mixing, a coupled atmosphere–ocean model needs to 
improve the physics of vertical mixing with non-hydrostatic convection/ 
overturning. 

Both observations and model experiment results show that the 
importance of the typhoon-induced air-sea interaction is related to 
water stratification and the OML depth. Climate-induced warming tends 
to intensify the water stratification and shallow the OML over the 
northern shelf of the SCS, projecting a more energetic influence on 
typhoon intensity and pathway in the future. 
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Appendix A. Time series recorded at individual buoy sites 

Time series of wind vector, air pressure, oceanic current vector, significant wave height, air temperature, and sea temperature at buoys, including 
QF306, QF307, QF308, and SF301 for Hato and QF304, QF305, QF306, SF306, and QF304 for Mangkhut (Fig. 2), were shown in Figs. A1–A3. QF304, 
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Fig. A1. Time series of wind vector (W), air pressure (Pair) oceanic current vector (V), significant wave height (Hs), air temperature (Tair)and sea temperature (Tsea) 
recorded at QF306, QF307, and QF308 during the Hato crossing over August 21–26, 2017, respectively. 
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QF305, QF306, QF307, and QF308 were located along the 50-m isobath, SF301 and SF306 were over the slope around 1500–2000-m isobaths, and 
QF304 was in the Gulf of Tonkin, SCS. 
A.1. Cross-center structure of Hato 

In addition to the description given in Figs. 5 and 7, the cross-center features of Hato can also be viewed with detail at QF306, QF307, and QF308 
(Fig. A1). The wind intensity decreased rapidly with the Hato center’s distance, with the maximum speeds of 20.7 m/s and 15.7 m/s at QF308 and 
QF307 on the right and 19.1 m/s at QF306 on the left. The wind weakened by 55% over a 47.9-km distance between QF306 and QF305. The air 
pressure exhibited a similar distribution, with the minimum values of 991.0, 998.3, and 993.3 hPa at QF308, QF307, and BQF306. The surface waves 
were dominated by the windseas at QF308 but not at QF307 and QF306. At QF308, the maximum significant wave height was 6.8 m, occurring around 
the maximum wind speed. At QF307, however, the maximum speed occurred at noon on August 23, while the maximum significant wave height was 
observed at 21:30 August 22, about 14.5 h earlier. It was clear that QF307 prevailed with swell waves propagating from the remote region. 

Similarly, at QF306, the maximum significant wave height was 3.2 m, occurring 1.5 h after the maximum wind. It suggested that both windsea and 
swell waves occurred at this typhoon wind marginal site. The temporal changes of air and sea temperatures at QF308 were very similar to those 
observed at QF305 but not at the other two buoys. At QF306, the air temperature decreased from 30.0 ◦C to 25.8 ◦C over 6 h starting at 18:00 August 
22, while over this period, the sea temperature remained unchanged. At this site, the significant sea temperature drop occurred during the rising 
period of air temperature, being cooled by 1.4 ◦C over 16 h. At QF307, the air temperature fluctuated considerably with a magnitude of up to 3.9 ◦C 
during August 22–23, whereas the sea temperature decreased monotonically over that period. 

The oceanic currents near the sea surface were not driven solely by the wind, although the flow turned counterclockwise like a TC at all buoys 
during Hato’s crossing. At QF306, the maximum current velocity exceeded 2.3 m/s, even though the maximum wind speed was about 1.8 times 
weaker than the maximum wind at QF305. Such the wind intensity remained during a weakly wind period. Similarly, at QF308, a strong southward 
flow with a magnitude of >2.0 m/s was observed during the weakly wind period. A northwestward or westward flow with the same order of 
magnitude appeared again over the subsequent period from 08:00 to 12:30 on August 23. During that period, the wind gradually weakened as the air 
pressure increased. At QF307, the flow and wind were often in opposite directions during the Hato crossing. The theory of the cyclonic wind-driven 
circulation could not be used to explain this observed feature. 

A.2. Cross-center structure of Mangkhut 

The additional cross-center features of Mangkhut can be viewed at QF303, QF305, and QF306 (Fig. A2). At all buoys, the wind turned counter
clockwise, a typical characteristic of the storm-induced cyclonic wind. The wind speed and direction changed with air pressure, increasing as air 
pressure decreased, turning ~180◦ at the time of the minimum air pressure, remaining strong during the rapid increase period of air pressure, and then 
weakening rapidly after Mangkhut passed. The minimum air pressures were 983.6, 958.7, and 973.0 hPa occurring at 09:30, 12:30, and 14:30 on 
September 16 at QF303, QF305, and QF306, respectively. The maximum winds during the decrease and increase air pressure periods were 35.6 and 
29.9 m/s at QF303; 32.0 and 28.1 m/s at QF305; and 22.9 and 22.5 m/s at QF306, respectively. 

Mangkhut-generated surface waves behaved differently from those observed in Hato. At QF305, QF303, and QF306, the observed maximum 
significant wave heights at these buoys were greater during Mangkhut than during Hato, even though the maximum winds at these buoys were 
weaker. This evidence suggested that during Mangkhut, the observed surface waves over the northern shelf of the SCS contained a significant 
component of swell waves. 

As the same as Hato, during the Mangkhut crossing, the air temperature dropped significantly as air pressure decreased, with a maximum drop of 
5.2 ◦C at QF303, 5.2 ◦C at QF305, and 5.6 ◦C at QF306. However, the near-surface sea temperature did not significantly reduce like the air temperature 
at all buoys except QF303, even though the strong wind was recorded and also the air was colder than the seawater. 

The oceanic flow responses to Mangkhut were not highly related to the wind changes recording on buoys. At QF303, for example, the flow was 
intensified with the wind speed, but its direction remained southward no matter how the wind direction changed. At QF306, a strong flow was 
observed during a weakly wind period before Mangkhut arrived. 
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Fig. A2. Time series of wind vector (W), air pressure (Pair) oceanic current vector (V), significant wave height (Hs), air temperature (Tair)and sea temperature (Tsea) 
recorded at QF303, QF305, and QF306 during the Mangkhut crossing over September 15–18, 2018, respectively. 
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A.3. Features observed over the slope 

SF301 was located on the left side of Hato with the shortest distance of ~148.0 km away from its center. When Hato traversed the slope and moved 
towards the coast, the air pressure at this buoy dropped by 2.9 hPa during the first 7 h and then increased by 3.0 hPa over the next 8 h. A minimum of 
993.0 hPa occurred at 04:00 August 23 (Fig. A3). Correspondingly, the wind rotated counterclockwise, intensifying as air pressure decreased, reaching 
its maximum of 16.8 m/s around the minimum air pressure, and then gradually weakening as air pressure increased. Two unique features were 
observed at this buoy. First, the maximum significant wave height was 4.6 m, appearing 6.5 h later than the maximum wind. It was clear that Hato- 
generated surface waves over the slope contained a large portion of swell waves. Second, the air temperature showed a drop of ~7 ◦C during the Hato 
crossing, but the near-surface sea temperature did not show a significant decrease. That completely differed from what happened at buoys over the 
shelf. 

SF306 was located on the left side of Mangkhut with the shortest distance of ~553 km from the storm center. Although this buoy was far away, the 

Fig. A3. Time series of wind vector (W), air pressure (Pair) oceanic current vector (V), significant wave height (Hs), air temperature (Tair)and sea temperature (Tsea) 
recorded at SF301 over August 21–26, 2017 and at SF306 and QF304 over September 15–18, 2018, respectively. 

W. Dong et al.                                                                                                                                                                                                                                   



Progress in Oceanography 191 (2021) 102507

24

storm’s influence was evident (Fig. A3). The air pressure dropped by 5.2 hPa, accompanying by intensified, counterclockwise- rotated wind and the 
appearance of relatively strong surface waves. The maximum wind reached 14.8 m/s, occurring during an increased air pressure period after 
Mangkhut entered the slope. The maximum significant wave height was 4.8 m, occurring about 13 h before the maximum wind. The peak wave period 
was 13.0–15.0 secs, which appeared to be swell waves propagating from the deep basin. The near-surface air temperature fluctuated significantly with 
a magnitude up to ~2.0 ◦C, but the near-surface sea temperature remained little change. During most time of that period, the air remained warmer 
than seawater. It was surprising that no strong currents were observed at SF306 during the Mangkhut crossing through the slope. 

A.4. Feature observed in the Gulf of Tonkin 

QF304 was much far away from Mangkhut’s center. Although this buoy was outside the typhoon’s significant influence area, the wind and air 
pressures still exhibited the same influence level as those at SF306 (Fig. A3). No strong surface waves were observed. The maximum significant wave 
height was only ~1.9 m. The near-surface air temperature experienced a sharp decrease period, with a maximum drop of ~5.0 ◦C over 13 h after the 
minimum air pressure appeared. However, the near-surface sea temperature remained almost unchanged. This finding was the same as at the other 
shelf and slope buoys, suggesting that oceanic feedback to this typhoon was much weak compared with Hato. 

Appendix B. Comparisons of Storm-generated surface waves for Hato and Mangkhut 

Behaviors of storm-generated surface waves significantly differed for Hato and Mangkhut. Define Tlag as the time lag of the maximum wave height 
relative to the maximum wind, Twd as the duration of the wind greater than 20.0 m/s, andTsd as the duration of surface waves with a significant wave 
height of ≥5.0 m. For Hato, the significant wave height increased synchronously with the wind speed, with a maximum height coinciding as the 
strongest wind (Fig. A4).Tlag was 0.0, − 1.0, 1.0 and 3.0 hrs. at QF307, QF308, QF305, and QF306, respectively, with peak periods in the range of 

Fig. A4. Cross-typhoon distributions of significant wave height and peak period (upper panels), the lag of the maximum wave height relative to the maximum wind 
(Tlag), the duration of the wind that was ≥20.0 m/s (Twd), the duration of surface waves with a significant wave height of ≥5.0 m (Tsd) and the maximum wind speed 
over Twd (Wmax) (lower panels) for Hato (left) and Mangkhut (right), respectively. 
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6.6–10.1 secs. At all these buoys,Twd was directly proportional to Tsd, suggesting that during Hato, the windsea waves were dominant (Gilhousen and 
Hervey, 2001). 

For Mangkhut, significant wave height was proportional to the peak period; the higher wave had a more extended period. However, the significant 
wave height did not increase monotonically with the wind speed. The maximum wave height was observed at QF304, at which the maximum wind 
speed was weaker than those at AF305 and QF303. Tlag was much longer for Mangkhut than for Hato, with a maximum value of 9.0 hrs. at QF304. Twd 
did not show a proportional relationship with Tsd. The longest Tsd was observed at QF304, where Twd was much shorter compared with that at either 
QF305 or QF303. This evidence indicated that Mangkhut-generated surface waves were predominated by both windsea and swell waves, while in the 
area closed to the typhoon’s center, strong swell waves dominated. 

Appendix C. Taylor statistics for the model-data comparison 

Statistics for the model-data comparison at all buoys were presented using Taylor diagrams shown in Fig. A5, which contained the standard 
deviation, correlation coefficient, and root square mean error (RSME). For the wind speed, the observed and simulated standard deviations were close 
to each other for both Hato and Mangkhut, suggesting that the model captured the observed temporal variability. The correlation coefficients with the 
observed wind were ~0.81 for Hato and ~0.87 for Mangkhut, with RSMEs of <3.0 and ~3.7 m/s, respectively. Including the OML increased the 
correlation coefficient by ~0.01 for Hato and ~0.03 for Mangkhut, with RSME reductions of ~0.2 and 0.7 m/s, respectively. For the wind direction, 
both the observed and simulated standard deviations were around 100◦, with a high correlation coefficient of >0.92 and an RSME of <40◦ for both 
Hato and Mangkhut. For the air pressure, the observed and simulated standard deviations were around 5.0 hPa for Hato, but was ~2.0 hPa larger for 
Mangkhut. For Hato, including the OML did not significantly improve either correlation coefficient or RMSE. They were >0.92 and around 2.0 hPa 
regardless of whether the OML was taken into account. For Mangkhut, however, including the OML did show a remarkable improvement in correlation 
coefficient and RSME. They were <0.90 and ~6.0 hPa for the case without the OML. These two numbers increased to >0.92 and reduced to 4.0 hPa for 
the case with the OML. For the air temperature, the model underestimated the temporal variability with a difference of 0.2 ◦C in standard deviation for 
both Hato and Mangkhut. Including the OML did show a significant improvement for Mangkhut but not for Hato. The correlation coefficients were 
~0.35 for Hato and ~0.7 for Mangkhut, with RSMEs of ~1.3 and ~1.2 ◦C, respectively, no matter whether the OML was considered or not. It was clear 
that the model provided a better simulation of air temperature for Mangkhut. 

Fig. A5. Taylor diagrams summarizing the comparisons of observed and simulated wind speeds (Ws), wind directions (Wd), air pressures (Pair), and air temperatures 
(Tair) for Typhoon Hato (upper panel) and Typhoon Mangkhut (lower panel). 
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