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Abstract

The evolution of thermohaline structure at the upper ocean during three tropical cyclones (TCs) in the Northwest
Pacific was studied in this study based on successive observation by two new-style underwater gliders during fall
2018. These remote-controllable gliders with CTD sensor enabled us to explore high frequency responses of
temperature, salinity, mixed and barrier layers in the upper ocean to severe TCs in this area. Results showed that
three significant cooling-to-warming and stratification destructing-to-reconstructing processes at the mixed layer
occurred during the lives of three TCs. The maximal cooling of SST all reached =0.5°C although TCs with different
intensities had different minimal distances to the observed area. Under potential impacts of solar radiation, tide
and inertial motions, the mixed layer depth possessed significant high-frequency fluctuations during TC periods.
In addition, barrier layers appeared and vanished quickly during TCs, accompanied with varied temperature

inversion processes.
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1 Introduction

Tropical cyclone (TC) is a severe atmospheric event nouri-
shed by the upper ocean through air-sea interaction (Price, 1981;
Emanuel, 1986). In return, the upper ocean is modulated by TCs
both in thermodynamics and hydrodynamics, which may even
have an impact on large-scale ocean circulation and the climate
system (Emanuel, 2003; Sriver and Huber, 2007; Dare and
McBride, 2011; Hart, 2011). Every year, an average of about 86
TCs occur in tropical regions around the world. Among several
sources of TCs, the Northwest Pacific (NWP) is the most active
area, accounting for around one-third of all TCs worldwide
(Elsner and Liu, 2003; Guo and Tan, 2018). On the other hand,
understanding of the upper ocean response to TCs is important
for accurate TC prediction. Yet few researches have studied the
upper ocean response to TCs in the NWP based on detailed and
integrated observation. There is still uncertainty in many pro-
cesses because of the lack of in-situ observation.

The cooling of the sea surface temperature (SST) is the most
significant consequence caused by TC (Emanuel, 2003; Wang et
al., 2016). The maxima of SST reduction by TCs can range from
less than 1°C up to 9°C (Cione and Uhlhorn, 2003; Lin et al., 2003;
Walker et al., 2005; Meyers et al., 2016; Zhang et al., 2018). It takes
a few days to weeks for SST to restore in the wake area (Emanuel,

2001; Dare and McBride, 2011; Hart, 2011; Vincent et al., 2012b).
The SST cooling by TC is primarily due to three main processes:
enhanced latent and sensible heat fluxes from the water to the
air, entrainment mixing of cold water at the mixed layer base in-
duced by heavy wind shear instability, and upwelling induced by
wind curl. Among them, entrainment mixing and upwelling are
considered to be the dominant processes for cooling under fast-
and slow-moving TCs, respectively (Huang et al., 2009; Price,
1981). The air-sea heat flux is unignorable for the case of weak TC
(Vincent et al., 2012a).

Furthermore, TCs change the depth and structure of mixed
layer of the upper ocean. It is generally recognized that a power-
ful tropical cyclones can deepen mixed layer depth (MLD)
(Bender et al., 1993; Ginis, 2002; Pan and Sun, 2013). Liu et al.
(2007) found more complex results of both deepening and shoa-
ling of TC impact on the MLD by comparison of pre- and post-
storm Argo profiles, and attributed the deepening to vertical en-
trainment mixing and the shoaling to upwelling of thermocline.
Yang et al. (2015) reported that enhanced vertical mixing can
lead to destruction of the stratification of mixed layer during TC
period.

Moreover, TCs influence the variation of barrier layer. Acting
as a “barrier” in heat exchanging and turbulent mixing between
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mixed layer and thermocline, the presence of barrier layer affects
the mixed layer variation under TC conditions (Sprintall and
Tomczak, 1992; Balaguru et al., 2012; Domingues et al., 2015). A
pre-existing barrier layer is able to mitigate the SST-cooling
response by as much as 0.4-0.8°C/d (Wang et al., 2011). Zhang et
al. (2019) reported that TCs can either intensify or weaken a pre-
existing barrier layer through processes of vertical mixing,
upwelling and precipitation, and it even can build a new one or
destruct a pre-existing one in some cases.

There are many ways for scientists to observe the upper ocean
changes caused by TC. With the development of satellite techno-
logy, it is convenient to get high-spatial-resolution data like air
pressure, SST, surface wind field, and precipitation. However,
satellite observations are constrained to the sea surface and low
temporal resolution of more than 1 d. Shipborne CTD instru-
ment provides a good chance to observe oceanic thermohaline
fine structure, but it is limited by the harsh weather conditions
during TC. Mooring buoy is unaffected by severe weather usually,
but it carries too few instruments to measure detailed vertical
thermohaline structure in vertical in the upper ocean. Argo floats
provide high quality real-time profile data of temperature and sa-
linity. However, their temporal resolution with more than 6 d in-
terval is very low and they are unable to be guided to the targeted
region by remote control. To extract the TC-induced variation
signal from the Argo floats dataset, a very large number of pairs of
pre- and post-storm profiles usually were necessary (Jourdain et
al., 2013; Wu and Ling, 2015; Steffen and Bourassa, 2018).

Underwater gliders with CTD sensors are a new type of in-
strument effective at measuring the upper ocean physical struc-
ture even in severe oceanic conditions. It can work persistently
for several months under control by scientists on land. Moreover,
it has the ability of collecting datasets with higher vertical resolu-
tion and sampling frequency compared to Argo floats. By using
this type of instrument, Domingues et al. (2015) analyzed the up-
per ocean response to TC-induced winds in South Puerto Rico of
Caribbean Sea. In recent years, the Chinese Sea-wing underwa-
ter glider has been applied to many oceanic researches and ob-
servations, such as sea surface cooling (Qiu et al., 2015), meso-
scale eddies (Shu et al., 2016; Qiu et al., 2019b, 2009¢) and assim-
ilation (Peng et al., 2019).

In the fall of 2018, two new type of Chinese Sea-wing 7 000-m
gliders with CTD-37 sensor were deployed to collect hydrologic
data at the “Challenger Deep” of the Northwestern Pacific during
the cruise of R/V Tansuoyihao. During the period, three TCs
named Mangkhut, Trami and Kong-Rey passed nearby the area
and the gliders captured the variation of the local upper ocean
response to the TCs. Based on the thermohaline profile dataset
collected by the two gliders, we described the local upper ocean
response to the three TCs, including surface cooling, destratifica-
tion of mixed layer, and the emergence and disappearance of
barrier layer. Then, we discussed the possible physical mechan-
ism behind them.

2 Data and methods

We used reanalysis product ERA5 from the European Centre
for Medium-Range Weather Forecasts (ECMWF) to illustrate
meteorological conditions during the TCs. Assimilating multi-re-
source observation data with physical model, the ERA5 dataset
provides data including SST, 10-m wind, surface latent and
sensible heat flux, precipitation rate, and evaporation of ocean
surface with a spatial-resolution of 0.125°x0.125° and a temporal
resolution of 1 h. Track data of the TCs were obtained from the
National Meteorological Center of China Meteorological
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Administration (http://typhoon.nmc.cn/) and the Regional
Specialized Meteorological Center of Japan Meteorological
Agency (http://www.jma.go.jp/jma/index.html). The former has
more specific classification of intensity level of TCs and higher
temporal frequency, while the latter contains preliminary data
taken before a TC is formally declared. Therefore, the two data-
sets were combined to show the precise tracks of the TCs (Fig. 1a).
The first glider (Glider 1) deployment covered the period
from September 9 to October 5 and performed 52 pairs of des-
cending and ascending profiles in 27 d. Another glider (Glider 2)
was deployed on September 15 and recovered the same day as
the first one. It performed 50 pairs of descending and ascending
profiles in 21 d (Fig. 1b). In this study, the ascending data from
300 m depth to surface were interpolated with 1 m interval. The
observed region was about 140 kmx85 km. To check the consist-
ency between two gliders, we averaged the profile dataset for
each one from September 15 to October 5 and plotted in Fig. 2. It
can be seen that there was high concordance between the two
averaged profiles in the upper mixed layer and deeper layer.
There is a wide range of defining methods for the MLD which
vary with different areas and research themes, including
threshold criteria, gradient criteria, buoyancy frequency criteria,
and so on (Thomson and Fine, 2003; Holte and Talley, 2009;
Carvalho et al., 2017; Steffen and Bouras, 2018; Qiu et al., 2019a).
In this study, we used the MLD defining method based on buoy-
ancy frequency (N) rather than traditional threshold or gradient
criteria methods. The buoyancy frequency was calculated as:

d
N (2) = —fdf. (1)

The method performed better when stratification changes
largely in the upper ocean (Carvalho et al., 2017). Buoyancy fre-
quency usually reach peak at bottom of stratified layer. The depth
with the first significant peak of the N was regarded as the thick-
ness of the mixed layer. In the case of existence of a barrier layer,
its thickness was calculated as the depth difference between two
remarkable peaks.

3 Results

3.1 TC Mangkhut event

TC Mangkhut was originated from a tropical depression near
the Bikini Atoll on September 6, 2018. It was developed to a
typhoon (12th grade) on September 9 and upgraded to a severe
typhoon (15th grade) when it was closest to the observed region
on September 11, with a mean 7th grade wind radius of 275 km.
Then, it left the region on September 12 as a 18th grade super
typhoon (Fig. 1a). Figure 3 shows the observed region was occu-
pied by a warm core with highest temperature around 30°C be-
fore approach of TC Mangkhut on September 10. A day later, the
warm core was eliminated and replaced by a cold wake due to
approach of the TC. This cold wake lasted more than ten days till
the next TC. Both gliders and satellite SST data showed the de-
crease of mixed layer temperature reached about 0.7°C during TC
Mangkhut (Fig. 4a). The temperature began to restore on
September 14. Correspondingly, wind speed and evaporation
began to increase on September 10, and the net heat flux became
toward air from ocean surface which led to decreasing the mixed
layer temperature. The wind speed and evaporation rate reached
the maximum values on September 11 as TC Mangkhut made it
closest to the observed region (Figs 4c and d). At the same day,
the loss of heat content reached the maximum value accompan-
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ied by the largest drop of air pressure. The precipitation rate rose
to a relatively high level on September 11 and lasted for three
days. However, salinity at the mixed layer observed by gliders
showed increasing trend possibly due to its spatial nonuniform-
ity of precipitation during the period.

The fast-growing wind stirred and deepened mixing layer
gradually through change of salinity, temperature and density
structures since September 9, eventually leading to the destruc-
tion of the mixed layer stratification (Fig. 5f). And the MLD was
deepened to lower than 60 m depth at the beginning of Septem-
ber 10 (Fig. 5d). However, the mixed layer was elevated about 20 m

after six hours indicating a large vertical fluctuation of the MLD
induced by internal tide or near inertial oscillations (Fig. 5¢). An-
other six hours later, the MLD was deepened again to below 60 m
(Fig. 5f). TC Mangkhut left the observed region at September 11
resulting in a warmer and shallower MLD with a thickness of 25 m
(Fig. 5g). Eventually, the MLD kept a stable value of about 47 m
after the whole process (Figs 5h-1).

3.2 TC Trami event
TC Trami was originated from a tropical depression on the
east 530 km from the observed region on September 20 (Fig. 1a).
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Fig. 2. Comparisons of averaged thermohalinic profiles from
two gliders for the same period from September 15 to October 5.
Variable ¢ is the potential density anomaly with respect to

1 000 kg/m3. Black and grey lines represent Glider 1 and Glider 2,
respectively.

It moved northwestwards and strengthened to a tropical storm
(8th grade) on September 21 at 16:00, with a mean 7th grade
wind radius of 255 km. During the period, it reached the minim-
um distance from the observed region on September 21 at 10:00.
After the period, TC Trami was strengthened to severe typhoon
(14th grade to 17th grade) on the way heading northwestwards.
TC Trami also generated a cooling effect at the surface as the
former one and led to similar cold wake (Figs 3e and f). The glider
results showed that the temperature at the mixed layer was de-
creased gradually since the tropical depression formed and it
ended up on September 25 with total drop of 0.5°C (Fig. 4a). Once
TC Trami developed to a typhoon, the regional wind speed reach-
ed the maximum value on September 23, as did the evapora-
tion rate, latent heat flux, net heat flux and precipitation rate (Fig. 4).
Compared with TC Mangkhut, TC Trami was much weaker
and farther from the observed region although it yielded the sim-
ilar maximum wind speed. And it has relative weak impact on the
upper ocean thermohaline structure compared with the former
one (Figs 5 and 6). The deepening of the mixed layer was about
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10 m and the MLD reached about 50 m which was less than the
prior results. As intensified TC Trami approached the observed
region, the mixed layer boundary became hard to identify be-
cause of the weakness of vertical stratification, and more heat
was taken to the sub-surface layer (Figs 6f and m). It can be seen
that the temperature profiles from the mixed layer bottom to the
thermocline varied more gently compared to that during pre-TC.
Consequently, the stratification was weakened much slighter
than before. A barrier layer was shown up on September 22 in a
profile of Glider 1, but none can be seen from the profile of Glider
2 at the same time (Figs 6g and n). We assumed the barrier layer
was generated by the advection mechanism, in which the wind-
driven current brought water mass with high temperature and
low salinity to the mixed layer at the certain area, and local cold
water subducted and replaced by warm water at the mixed layer
that generate a clear two layer stratification in the upper ocean. The
barrier layer was short-lived and can easily be destroyed by
strong wind (Figs 6h-j). Another barrier layer was detected by
Glider 2 and there was a low temperature and salinity water mass
formed above the barrier layer on September 24 and 25 (Figs 6r-t).
Given the absence of strong precipitation, this layer may have
been caused by the advection from other area with heavy precipita-
tion and its stratification was too weak to claim a new mixed layer.

3.3 TC Kong-Rey event
TC Kong-Rey was formed from a tropical depression at the

southeast of the observed region on September 28 and moved
northwestward (Fig. 1a). Compared to the previous two TCs, its
pathway was the closest to the observed region. The distance
between the region and the TC track reached a minimum of 170 km
on September 29 at 16:00, while the TC was a tropical storm (8th
grade) with a mean 7th grade wind radius of 255 km. The temper-
ature profiles from two gliders showed that the drop of the mixed
layer temperature started on September 28 18:00 when Kong-Rey
was about 700 km away from the observed region and ended on
October 1 (Fig. 4a), with total drop of around 0.7°C. However, the
decrease of temperature was insignificant based on the satellite-

observed SST dataset. Figure 4f shows that solar radiation has

low values from September 29 to October 4 indicating that the
high rate of cloud cover might have blinded the satellite and led
to inaccurate observation of SST.

Due to the proximity between TC center and the observed re-
gion, TC Kong-Rey brought abundant rainfall to this area and led
to a sharp decline of mixed layer salinity (Fig. 4). As a result,
massive freshwater was injected into the local ocean surface that
led to the formation of the barrier layer. The ILD also was re-
garded as an indicator for defining the mixing depth. Based on
that, the vertical mixing can reach about 60 m depth on Septem-
ber 28 (Fig. 7c). Figure 7c shows a thick barrier layer about 45 m
was generated due to the heavy precipitation on September 28
13:00 based on Glider 1’s observation. With deepening of the iso-
pycnic layer, the barrier layer thickness was reduced to 15 m at
21:00, and temperature inversion was generated. At September
29 4:00, the barrier layer disappeared, and the temperature inver-
sion was nearly erased. After that, the barrier layer and inverse-

thermal layer occurred again as shown due to more heavy rain-
fall on September 29 17:00 (Fig. 4i). the barrier layer eventually
disappeared in the night. Observation from Glider 2 shows a dif-
ferent development. In profiles shown in Figs 70 and f (one hour
and 62 km apart), an inverse-thermal barrier layer was also de-
tected. However, Fig. 70 has not shown a sub-halocline structure
within the barrier layer compared to Fig. 7f. It is more like the
profile in Fig. 6r, in that they were mostly caused by surface
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advection from the low salinity area which had been recently
rained upon.

4 Discussion

4.1 SST cooling

The cooling-warming processes of SST response to the three
TCs were clearly depicted based on our in-situ glider observation.
However, compared to previous reports about TC-induced cool-
ing event, the cooling processes in this study were relatively moder-
ate. The maximum SST drops were 0.7°C, 0.5°C and 0.7°C, re-
spectively, due to long distances between the observation region
and TC’s centers with values of 315 km, 455 km and 172 km. Note
that for all three TCs, our observation region was located on the
left side of the storm tracks which might weaken the cooling ef-
fects; in the northern hemisphere, SST cooling is typically greater
on the right side (Lin et al., 2003; D’Asaro et al., 2007; Zhang et al.,
2016). Yang et al. (2015) reported that the maximum SST cooling
can reach about 1.5°C (4.4°C) at the region with 120 (50) km dis-
tances right of the tropical storm Washi (typhoon Damrey) based

on buoy data during 2005. Even more, Zhang et al. (2016) showed
that the maximum cooling can reach about 2.5°C at the region
with 144 km distance right to Typhoon Kalmaegi during 2014.
Generally, stronger TC can cause stronger SST cooling. And
the farther away, the smaller the impact of SST. However, the
three TCs with different intensities and distances with observed
region caused almost the same SST cooling =0.5°C. We as-
sumed that it might be related to their fast translating speed (i.e.,
around 6.7 m/s, 8.3 m/s, and 6.4 m/s, respectively) compared to
others. Mei et al. (2015) stated that the SST cooling by weak and
fast TCs with translation speed =3 m/s and intensity <33 m/s
was around 0.5°C within 3°x3° area of TC trails in the Northwest Pacific.
Our results showed that there was SST bias existed between
glider observation and ERA5 dataset during TCs. The SST from
ERA5 only showed cooling processes during the first two TCs. no
SST drop was found during TC Kong-Rey and the SST restora-
tions after TCs Trami and Kong-Rey were insignificant (Fig. 4a,
SST). The ERA5 dataset has assimilated several satellite-ob-
served SST data based on thermal infrared and microwave re-
mote sensors, which may lead to large error by clouds, aerosols or
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water vapor during severe weather conditions (Liu et al., 2014).
Previous studies revealed that the difference between satellite-de-
rived SST and oceanic surface temperature from in-situ mea-
surements mostly ranged from 0.3°C to 0.7°C (Bhaskar et al.,
2009; Kim et al., 2010). Hence, satellite observation may be un-
able to capture the small change of the SST response to TCs.

4.2 Mixed layer fluctuation
It has been known that TC-induced strong wind stress
enhances turbulent and entrainment mixing of the upper ocean

that leads to the deepening of mixed layer (Bender et al., 1993;
Ginis, 2002; Pan and Sun, 2013). However, other processes also
can influence the variation of MLD. For example, vorticity and
convergence input from the TC have been found to cause up-
welling of deeper water and decrease the MLD in the South
China Sea (Zhang et al., 2016). In addition, diurnal internal
tides can outweigh TC-induced near-inertial oscillations in some
cases reported by Yang et al. (2015). Moreover, even solar radi-
ation can lead to diurnal variation of MLD (Sutherland et al.,
2014). Compared to pre- and post-TC profiles (Figs 5d and f), the
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profile in Fig. 5e shows an evident uplift of mixed layer, which
might be due to internal tide or near-inertial oscillations in this
area. Several similar fluctuations on MLD also were found in Figs 6
and 7. To explore the detail, high-frequency observation of ther-
mohaline structures will be required.

4.3 Barrier layer formation

As described in Sections 3.2 and 3.3, several barrier layers
showed up during TCs Trami and Kong-Rey and vanished very
quickly in this study (Figs 6 and 7). However, Wang et al. (2011)

found that pre-existing barrier layers persisted throughout the
whole period of TC. The formation mechanisms of barrier layer
can be generally classified into two broad types: local surface
freshening (e.g., rainfall), and subduction and advection pro-
cesses (Cronin and McPhaden, 2002). TC-induced barrier layer
mostly was attributed to strong precipitation (Pan et al., 2010;
Steffen and Bourassa, 2018). In this study, we found that the bar-
rier layers appeared alternatively may due to synchronous heavy
precipitation and strong mixing (Figs 7c-f). In addition, it can be
seen that the barrier layer formed on September 24 (Figs 6q-t)
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after a relative heavy precipitation on September 22 and 23 could
be caused by another formation mechanism, the advection
mechanism of barrier layer formation, which was rarely reported
by previous studies. most of the barrier layers were accompanied
with temperature inversions which may be related to different
physical mechanisms. Figures 7d and f shows that the temperat-
ure inversion reached about 0.3°C during TC Kong-Rey at the
barrier layer. The reason can be explained as the solar radiation
could penetrate both of the mixed layer and the barrier layer
while heat loss caused by non-solar heat-budget was only con-
fined in the mixed layer, resulting in heat accumulation and tem-
perature rise in the barrier layer (Cronin and McPhaden, 2002;
Pan et al., 2010). Relatively small temperature inversion of <0.2°C
was developed in the barrier layer during TC Trami (Figs 6r-t),
likely attributable to the advection of lower temperature water
mass that reduced temperature at the mixed layer and formed
the temperature inversion.

4.4 Spatial variation of thermohaline structure

Generally, thermohaline structure varies spatially due to the
inhomogeneity of temperature and salinity in oceans. Our re-
sults suggested that this kind of variation was significant in a
small even in this small region during TC period. Figures 7i and r
shows that the difference of the MLD reached about 6.0 m
between the two glider profiles with 23 km distance at the same
moment during TC Kong-Rey. the difference of barrier layer
reached about 9.0 m between two glider profiles with 70 km dis-
tance (Figs 7f and o). Even more, the difference of the MLD was
augmented to 12.0 m between the two glider profiles with 70 km
distance at the same moment during TC Trami (Figs 6g and o). a

barrier layer with 18.0 m thickness was observed by the Glider 1,
but no barrier layer was found by the Glider 2. These results in-
dicated that unignorable bias exists in thermohalinic structure of
the upper ocean within a distance <100 km. However, most studies
applied drifting Argo float profiles with =100 km distance to
identify thermohaline structure response to TC (Park et al., 2011;
Wang et al., 2016; Steffen and Bourassa, 2018). In addition, drift-
ing Argo float sampled a profile with 5-7 d usually. This is insuffi-
cient to diagnose high-frequency variation of thermohaline
structure in spatial and temporal during TC. To achieve that, the
advanced remote-controllable glider should be encouraged to
use for the purpose in the future.

5 Summary

In this study, we investigated the upper ocean response to
three TCs (namely Mangkhut, Trami and Kong-Rey) over the
Northwestern Pacific during fall 2018 by underwater glider in-situ
observation and reanalysis dataset from ERA5. Results showed
that the three TC-induced SST cooling were about 0.7°C, 0.5°C,
and 0.7°C with different distances to the TC tracks of 315 km,
455 km and 172 km respectively. satellite-derived SST did not
show such strong cooling to TCs in the observed region, which
might be due to missing observations under severe weather con-
ditions. Modulated by TCs, the mixed layers were deepened in
different levels under different cases. Our gliders observed high-
frequency variations of MLD and the stratification destruction
and construction processes in the upper ocean during TCs. This
high-frequency varied thermohaline structure might be related
to solar radiation, tide and inertial oscillations. Barrier layers
accompanied with temperature inversions showed up in the ob-
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served area during TC Trami and TC Kong-Rey due to the TC-in-
duced heavy rainfalls. the thickness of barrier layer can reach
about 45 m in some cases. The varying intensities of temperature
inversion under different TCs conditions suggested diversity in
its driving mechanisms.
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