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Abstract

In situ observations from Argo profiling floats combined with satellite retrieved SST and rain rate are used to 
investigate an upper ocean response to Typhoon Bolaven from 20 through 29 August 2012. After the passage 
of Typhoon Bolaven, the deepening of mixed layer depth (MLD), and the cooling of mixed layer temperature 
(MLT) were observed. The changes in mixed layer salinity (MLS) showed an equivalent number of increasing 
and decreasing because the typhoon-induced salinity changes in the mixed layer were influenced by precipi-
tation, evaporation, turbulent mixing and upwelling of thermocline water. The deepening of the MLD and the 
cooling of the MLT indicated a significant rightward bias, whereas the MLS was freshened to the left side of 
the typhoon track and increased on the other side. Intensive temperature and salinity profiles observed by 
Iridium floats make it possible to view response processes in the upper ocean after the passage of a typhoon. 
The cooling in the near-surface and the warming in the subsurface were observed by two Iridium floats located 
to the left side of the cyclonic track during the development stage of the storm, beyond the radius of maxi-
mum winds relative to the typhoon center. Water salinity increases at the base of the mixed layer and the top 
of the thermocline were the most obvious change observed by those two floats. On the right side of the track 
and near the typhoon center when the typhoon was intensified, the significant cooling from sea surface to a 
depth of 200×104 Pa, with the exception of the water at the top of the thermocline, was observed by the other 
Iridium float. Owing to the enhanced upwelling near the typhoon center, the water salinity in the near-surface 
increased noticeably. The heat pumping from the mixed layer into the thermocline induced by downwelling 
and the upwelling induced by the positive wind stress curl are the main causes for the different temperature 
and salinity variations on the different sides of the track. It seems that more time is required for the anomalies 
in the subsurface to be restored to pretyphoon conditions than for the anomalies in the mixed layer.
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1 Introduction

A typhoon (tropical cyclone, hereafter TC) is one of the most 

extreme air-sea interactions, and its energy is mainly supplied 

by warm waters through a surface heat flux (Emanuel, 1986). 

The strong typhoon winds induce strong turbulent mixing and 

entrainment of cold water from below into the mixed layer 

(ML), which results in the cooling of the mixed layer water and 

deepening of the MLD (Bender et al., 1993; Ginis, 2002). Price 

(1981) suggested that the entrainment by turbulent mixing gen-

erated by a hurricane was responsible for 85% of the irreversible 

heat flux out of the ocean mixed layer, while a direct air-sea heat 

exchange played a minor role in the cooling. Generally, the ty-

phoon-induced sea surface cooling can exceed 3°C, and in some 

cases even up to 7–11°C, within a few hundred kilometers of the 

typhoon center, which can persist for 1–3 weeks. The cyclonic 

wind stress induced by the typhoon causes cold water upwell-

ing in a large region (about several hundred kilometers), and 

subsequently, the rising of the thermocline (Price, 1981). It was 

suggested that the MLD changes played an important role in 

determining the responses of sea surface temperature (SST) to 

the TCs (Mao et al., 2000). The cooling rate of the deep ML could 

be slower, which prolongs the heat transport to the atmosphere. 

Strong TCs usually result in the decreasing of the SST and the 

near-surface temperature, but the warming of the subsurface 

water. Upwelling caused by the positive wind stress curls in the 

centre of a cyclonic track, and surface heat loss to the atmo-

sphere lead to the upper ocean cooling, though without causing 

subsurface warming (Park et al., 2011; Maneesha et al., 2012). In 

short, tropical cyclones are known to pump heat downward and 

drive colder water upward due to Ekman-pumping induced by 

strong cyclonic wind stress curl.  Near the TC center, the sur-

face water is transported outward and the cold deep water is 

pumped upward (upwelling). In the periphery of the storm, the 

surface water accumulates and weak downwelling occurs (Gi-

nis, 2002). Emanuel (2001) proposed that the near-subsurface 

cooling would be restored by air-sea heat fluxes toward the pre-

TC state within a few weeks after a TC passage, while the sub-

surface warming would persist for a longer time. The ocean’s re-

sponse processes to a TC includes forced and relaxation stages 

(Price et al., 1994). The forced stage response during the storm 
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passage is a mainly local (depth and time dependent) response 

of the ocean to the strong wind stress. The forced stage baro-

clinic response includes ML currents of O (1 m/s) (Sanford et 

al., 1987) and the substantial cooling of the ML and the sea sur-

face by vertical mixing (Black, 1983; Stramma et al., 1986; Gi-

nis and Dikiniov, 1989). The barotropic response consists of a 

geostrophic current and an associated trough in a sea surface 

height set up almost instantaneously. The time scale of the 

forced stage response is the TC residence time, which is typi-

cally half a day. The relaxation stage response after a TC passage 

is an inherently nonlocal baroclinic response to the stress curl 

of the TC. The energy of wind-driven ML currents is dispersed 

and penetrated into the thermocline in a spreading wake of 

near inertial frequency internal waves (Geisler, 1970; Gill, 1984; 

Brooks, 1983; Shay and Elsberry, 1987; Brink, 1989), and eventu-

ally leaving behind a baroclinic geostrophic current along the 

TC track. The time scale of the relaxation stage response is typi-

cally 5–10 d.

Owing to the severe weather condition during the TC pas-

sage, it is very difficult to obtain in situ observations of the up-

per ocean. In the past, only a few in situ data obtained from 

airborne expendable bathythermograph (AXBT) and airborne 

expendable current profiler (AXCP) were used (Sanford et al., 

1987; Black, 1983). D’Asaro (2003) studied the evolution of the 

upper ocean during the passage of Hurricane Dennis in the 

North Atlantic, with aircraft-deployed neutrally buoyant floats 

for observing the water temperature and pressure. Some time-

series observations from moorings where a few hurricanes for-

tuitously passed were used to analyze the upper ocean respons-

es (Dickey et al., 1998; Black and Dickey, 2008). In recent years, 

various satellite remote sensing data were widely used to study 

the upper ocean responses to TCs (e.g., Lin et al., 2003; Sun et 

al., 2009; Yang et al., 2010; Sun et al., 2012). As the global Argo 

array consisting of 3 000 profiling floats was achieved in 2007, 

more and more in situ observations of the upper ocean could 

be obtained by Argo floats during the passage of TCs, and used 

to analyze the upper ocean responses to TCs (e.g., Yang et al, 

2010; Park et al., 2011; Liu et al., 2006; Liu et al., 2007; Chen et al., 

2012). In particular, the Iridium communication system with 

the advantage of high speed transmission and two-way com-

munication advantages are widely used, with which the Argo 

float could adjust its cycle time, maximum depth of high reso-

lution profile, and so on during TCs passage. The deployments 

of Iridium Argo floats can carry out an intensive observing be-

tween the middle and the upper ocean, which will vastly facili-

tate us to further analyze the upper ocean responses to TCs.

In this paper, we use the Argo profiling data (including some 

Iridium Argo floats) obtained during the passage of Typhoon 

Bolaven, combined with the satellite retrieved data, to analyze 

the upper ocean response and its process.

2 Data

2.1 Typhoon track

Typhoon Bolaven’s track data are provided by Unisys weather 

information systems, USA (http://weather.unisys.com), which 

is based on the best typhoon track data prepared by the Joint Ty-

phoon Warning Center (JTWC). The track information includes 

typhoon center positions in latitude and longitude, maximum 

sustained winds, and a typhoon scale (according to the Saffir-

Simpson Hurricane scale) every 6 h. The track of Typhoon Bo-

laven is shown in Fig. 1. Developed as a tropical depression in 

the western north Pacific (17.3°N, 141.5°E) on 20 August, Bolav-

en intensified near the region of 18.7°N and 139.8°E, reaching 

Category 1 (maximum sustained wind speed about 33.4 m/s) 

on 21 August. As of 28 August, Bolaven depressed as a tropical 

storm near the region of 34.8°N and 124.7°E. 

2.2 Sea surface winds

The NOAA NESDIS National Climatic Data Center (NCDC) 

blended daily 0.25° sea surface winds (10 m height above sea 

level) are used to investigate the wind vector distributions 

for Typhoon Bolaven. This gridded data set is generated from 

the multiple satellite observations of DOD, NOAA, and NASA, 

and wind retrievals of the remote sensing systems (RSS), Inc. 

(http://www.remss.com) with direction from NCEP Reanaly-

sis-2, using scientific methods such as objective analysis (OA). 

The data set has a global ocean coverage with a 0.25° resolution, 

and a daily temporal resolution. It is available at  http://www.

ncdc.noaa.gov/thredds/OceanWinds.html?dataset=oceanwind

sdly. Note that though the data set is the product of multiple 

satellite observations, its wind speed under a TC is usually less 

than that of the maximum sustained wind speed reported by ty-

phoon track, and a large area of missing data can still be found 

under a TC center.

2.3 Satellite data

Though the satellite remote sensing technology makes it 
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Fig.1. The track of Typhoon Bolaven and positions of nearby Argo floats. The colors indicate the maximum sustained wind speed. 
Black open circles indicate standard Argo floats, and black open triangles indicate Iridium Argo floats. The three selected Iridium 

floats in our study are marked with filled triangles.
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possible to obtain widespread data such as sea surface temper-

ature (SST), wind speed and rain rate under typhoon weather 

condition, in many satellite retrieved products, there is rela-

tively large errors or missing values affected by clouds, water 

vapour, and strong wind speed. Therefore, the MW OI SST 

product provided by the remote sensing system (http://www.

ssmi.com) was selected in our study. The product merged daily 

SST products, with a 0.25° spatial resolution retrieved from the 

Microwave Imager (TMI) and the Advanced Microwave Scan-

ning Radiometer for EOS (AMSR-E). The 7th version of WindSat 

product including surface wind speed and rain rate from the 

RSS was also selected, which had the same temporal and spatial 

resolutions as those of the MW OI SST. 

2.4 Argo profiling data

In order to intensively investigate the upper ocean water 

parameters of the typhoon origin and frequently passing re-

gion in the western north Pacific, China Argo Real-time Data 

Center (CARDC) (http://www.argo.org.cn) adjusted the cycle 

time of the operating Iridium Argo floats in this area, from the 

original 10 d to 2–4 d in August 2012. Those floats were installed 

SBE-41 CP CTD sensors, with which they were able to mea-

sure a high resolution water temperature and salinity within 

depths of 0–1 000×104 Pa, with a vertical sampling interval of 

2×104 Pa. During the passage of Typhoon Bolaven, two Iridium 

floats (WMO numbers: 2901201 and 2901527) were found drift-

ing within 300 km of the Bolaven’s track, which measured nine 

and ten temperature and salinity profiles, respectively. For each 

profile, a real-time quality control had been implemented at 

the CARDC. Another Iridium float (WMO number: 5901989) de-

ployed by the Japan Meteorological Agency (JMA) with a cycle 

time of 1 d and a maximum profiling depth of 800×104 Pa was 

also selected. To analyze the restoration period after Bolaven, 

more profiles were collected for the above mentioned three 

floats. Furthermore, the data obtained from 13 standard Argo 

floats (with Argos satellite communication system) and three 

Iridium floats were also collected during the passage of Bolaven 

(Fig. 1). Since each Argo float parks at a depth of about 1 000×104 

Pa, and the period it stays on the sea surface for transmitting is 

less than 10 h, its drifting distance would usually be less than 20 

km between two cycles. As a result, the spatial variation of the 

water column can be disregarded. The MLD was determined 

by a criterion of a temperature difference less than 0.8°C. com-

pared to its first temperature (Kara et al., 2000). The mixed layer 

temperature (MLT) and the mixed layer salinity (MLS) for each 

Argo profile are defined as the averaged temperature and salin-

ity in the mixed layer.

3 Results

3.1 Ocean responses in the ML

Figure 2 shows the statistical results of the changes of the 

MLD, the MLT, and the MLS observed by Argo profiles after 

the passage of Bolaven. It was found that most of the MLDs 

were deepened, with the average and maximum deepenings of 

about 24.5×104 and 53.9×104 Pa, respectively. All the MLTs de-

creased after Bolaven’s passage, with the average and maximum 

coolings of 1.6°C. and 4.9°C., respectively. Since the changes 

of the MLS were affected by the processes of the precipitation, 

evaporation, intensified vertical mixing and thermocline up-

welling, the number of the decreased MLS was equivalent to 

that of the increased MLS, ranging from −0.3 to 0.3. The intensi-

fied velocity shears at the base of the ML induced by the strong 

wind stress resulted in enhanced turbulent mixing, associated 

with possible downward motion arising after the passage of a 

typhoon, which tends to increase the MLD (Price, 1981; Shay et 

al., 1989; Shay et al., 1992). Through a statistical analysis, Liu et 

al. (2007) found that about 58.5% of the MLD was deepened af-

ter the passage of the TCs, with an average deepening of 16.1 m. 

The wind stress-induced vertical mixing of the upper ocean en-

trained the cooler waters from the thermocline below into the 

ML, which could lead to 81.6% of the cooling of the ML, with the 

mean cooling of around 1.2°C.

After Bolaven’s passage, the MLD to the right side of the ty-

phoon was deepened more clearly than that of to the left side 

(Fig. 3a). The average deepening to the right of the typhoon 

track could be up to 31.5×104 Pa, whereas the deepening to the 

left side of Bolaven was only 14.4×104 Pa on average. The cooling 

−80−60−40−20 0 20 40 60 80

0

2

4

6

8

10

12

a

Changes of the mixed layer depth/104 Pa

Nu
mb
er
 o
f 
fl
oa
ts

−8 −6 −4 −2 0 2 4 6 8

0

2

4

6

8

10

12

b

Changes of the mixed layer temperature/°C

−0.4 −0.2 0 0.2 0.4

0

2

4

6

8

10

12

c

Changes of the mixed layer salinity

Fig.2. Histogram of MLD (a), MLT (b) and MLS (c) changes observed by Argo floats near Bolaven’s track.



LIU Zenghong et al. Acta Oceanol. Sin., 2014, Vol. 33, No. 11, P. 90–101 93

of the MLs showed a significant characteristic of rightward bias 

after the passage of Balven (Fig. 3b). The MLT to the right side 

of Bolaven decreased by 2.5°C. on average, whereas the MLT 

to the left of the track decreased by only 0.8°C. This rightward 

bias of the cooling of the ML may be induced by the relative 

larger inertial currents present at the right side of the typhoon, 

which could enhance the turbulent mixing (D’Asaro, 2003). The 

MLS increased to the right of the typhoon, while it decreased 

to the left (Fig. 3c). It was showed that the smaller distance to 

the typhoon center, the larger the change in the MLS. Through 

a simple simulation experiment, Robertson (2003) found that 

the inclusion of rain as a freshwater flux into a coupled air-sea 

model would result in pronounced negative sea surface salinity 

(SSS) anomalies to the left side of the storm. He also suggested 

that in case of nearly symmetric fresh water flux on both sides 

of the storm, the significantly weaker entrainment to the left 

of the storm would lead to an obvious leftward bias of the SSS 

anomalies. 

3.2 Response processes in the ML

To study the response processes in the ML after the pas-

sage of Bolaven, the in situ observations from three Iridium 

Argo floats (WMO numbers: 2901527, 2901201 and 5901989) 

were used. The cycle times of these floats were shortened dur-

ing the passage of Bolaven via Iridium satellites. Figure 4 shows 

daily wind vector distribution maps from 21 to 26 August 2012, 

within a range of 12°–28°N and 125°–143°E.  Floats 2901527 and 

2901201 were located on the left periphery of the typhoon cen-

ter on 21 August, whereas Float 5901989 was located in front of 

Bolaven’s center. It likely influenced Float 5901989 on 22 Au-

gust, and had a full influence on 23 August. Furthermore, the 

storm center was confoundedly close to the float.

Float 2901527 was located to the left side of the typhoon 

center (with a maximum sustained wind speed and translation 

speed of about 30.9 and 3.1 m/s, respectively, on 21 August), 

with a distance of about 266 km. Figure 4 shows the time series 

of temperature and salinity vertical distributions from 16 to 31 

August. It can be seen that the MLD increased from 47.7×104 

Pa before the passage of Bolaven to 70.0×104 Pa on 21 August, 

and increased to a maximum of 74.0×104 Pa on 23 August, then 

decreased gradually. The MLT decreased from 29.3°C before the 

passage of the typhoon on 19 August to 28.8°C on 25 August 

(Fig. 5a), and then was restored gradually. It can also be seen 

from the satellite retrieved SST near this float that the sea sur-

face water was cooled from 29.1°C on 20 August to 28.3°C on 23 

August, and subsequently warmed gradually (Fig. 6).

Figure 5b shows the time series of the salinity vertical distri-

bution. During the passage of the typhoon, the MLS started to 

decrease, and decreased to a minimum of approximately 34.02 

on 25 August (decreased by 0.21). After that, the MLS increased 

gradually, and was restored to about 34.10 on 29 August. It can 

be seen from the daily satellite retrieved rain rate near the float 

(Fig. 7a) that Typhoon Bolaven brought a relatively heavy rain-

fall during 20–22 August, with the average rain rate up to 1.6 

mm/h, while it decreased to 0.1 mm/h on 26 August. It seemed 

that the heavy rainfall did not lead to an immediate freshening 

of water in the ML, but a period of 2–3 d was required by a full 

mixing to prompt a pronounced decreasing of the MLS. 

Float 2901201 was also located to the left of the typhoon 

center (with a maximum sustained wind speed and translation 

speed of about 43.7 and 3.5 m/s, respectively, on 22 August), at 

a distance of 290 km. The nearby SST decreased rapidly from 

28.9°C on 22 August to a minimum of 27.8°C on 24 August (Fig. 

6). As shown by the in situ temperature distribution in Fig. 8a, 

the MLT started to decrease from 29°C on 22 August to a mini-

mum value of about 28.5°C on 26–27 August. The water tem-

perature was the lowest at a depth of 4.1×104 Pa on 26 August, 

with a value of 28.3°C. The MLD was deepened from 40.2×104 Pa 

on 20 August to 73.9×104 Pa on 26 August, which had a similar 

change as that of Float 2901527, but its deepening of the MLD 

would last for 2 d longer than that of Float 2901527.

The change of the MLS was different from that of Float 

2901527. The MLS showed an increasing tendency with an aver-

age increasing of 0.05 from 34.08 on 20 August to 34.13 on 24 Au-

gust (Fig. 8b), which could be induced by an intensified surface 

evaporation and a vertical mixing in the upper ocean. After that, 
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the water salinity decreased gradually. There was lower-salinity 

water at depths of 0–50×104 Pa during 26–27 August. In particu-

lar, a small strand of the lower-salinity water with a minimum of 

33.70 was observed at depths between 0 and 8×104 Pa on 26 Au-

gust, which clearly resulted from the heavy rainfall brought by 

Bolaven. It can be seen from Fig. 7b that the rain rate near Float 

2901201 was evidently higher than that of Float 2901527 during 

22–27 August, with an average value of 3.3 mm/h. However, the 

MLS was not freshly induced by the heavy rainfall during 22–24 

August, and started to decrease until 26 August. 

Float 5901989 was located to the right of the track with a 

distance of 55 km to the typhoon center (with a maximum sus-

tained wind speed and translation speed of about 50.8 and 3.7 

m/s, respectively, on 23 August). It observed 17 temperature and 

salinity profiles from 15 to 31 August. As shown by Fig. 9a, the 

entire ML was cooled on 23 August before the typhoon center 

arrived. The MLT decreased to a minimum of about 26.3°C on 

26 August, and the ML was deepened to a maximum of 80.4×104 

Pa. Subsequently, the MLT increased gradually, and the MLD 

decreased. The ML was deepened by 42.9×104 Pa and cooled by 

2.9°C. compared to the observations of 22 August, which had 

amplitudes of changes far larger than those of Floats 2901527 

and 2901201 to the left of the typhoon. It can be seen from the 

changes of the SST (see Fig. 6) that the cooling of the sea surface 

water near Float 5901989 was noticeably larger than that of the 

other two floats, which occurred on 22 August before the arrival 

of Bolaven’s center. The satellite retrieved SST was only 26.3°C 

on 25 August, with a cooling of 3.2°C. compared to the SST on 21 

August. After that, the sea surface waterwarmed up gradually, 

but the SST was still about 1.3°C. lower than that of the other 

two floats until 30 August.

The MLS observed by this float began to increase on 23 Au-
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gust, and increased by 0.26 until 26 August. Subsequently, the 

MLS decreased gradually as the shoaling of the MLD (Fig. 9b). 

There was a heavy rainfall (with an average rain rate of 3.17 

mm/h) from 23 to 27 August. This positive salinity feedback in 

the ML indicated the strong upwelling of the higher-salinity wa-

ter in the thermocline into the ML, while the freshwater flux on 

the sea surface was insufficient to freshen the water from the 

entire ML. 

3.3 Variation of temperature and salinity vertical sections

The upper ocean changes induced by the typhoon not only 

exist in the ML, but also occur in the thermocline. As seen from 

the changes of the temperature and the salinity at different 

depths (Fig. 10), the water temperature of Float 2901527 de-

creased slightly at depths between 0 and 40×104 Pa from 19 Au-

gust (used as a reference time), and this decrease would be sus-

tained to 1 September at least. The maximum cooling (>0.5°C) 

between 0 and 40×104 Pa occurred 4 d after the passage of Bo-

laven (25 August). At depths of 40×104–200×104 Pa, a wide range 

of warming was found, e.g., the water temperature at a depth of 

60×104 Pa increased by around 0.5–1.5°C. immediately after the 

passage of the typhoon, which resulted from the downwelling 

and turbulent mixing associated with the increased MLD, and 

likewise sustained until 8 September. The water temperature 

at depths of 120×104–200×104 Pa was also warmed (about 0.5 

–2.0°C), but it seemed that more time was required for pump-

ing heat from the ML, and a widespread pronounced warm-

ing (>1°C) arose until 28 August. A small range of cooling was 

observed at about 100×104 Pa where the large temperature 

gradients are located, with a maximum cooling of 0.5°C. How-

ever, this cooling effect was quite unstable. Generally, the sub-

surface water was dominated by the warming tendency led by 

the downwelling at the typhoon periphery. It can be seen from 

Fig. 10b that there existed more significant freshening process 

at depths of 40×104–100×104 Pa than at depths above 40×104 

Pa, with a maximum freshening of about 0.60 occurring within 

2–3 d after Bolaven’s passage. This freshening at the top of the 

thermocline could persist approximately 1 month. It likewise 

resulted from the enhanced vertical mixing at the base of the 

ML and the downwelling of the lower-salinity water from the 

ML into the thermocline. The water salinity below 150×104 Pa 

increased by about 0.06 due to the downwelling of the highest 

salinity water at about 135×104 Pa.

It can be seen from Fig. 11 that an average cooling of 0.5°C 

above 40×104 Pa and a wide range of warming below 40×104 Pa 

were observed by Float 2901201 after the passage of Bolaven, 

in which a significant warming up to 1.5°. existed at a depth of 

about 70×104 Pa and at depths between 160×104 and 200×104 

Pa. The difference was that the former could persist for a longer 

time (from 25 August to 13 September) than the latter (from 24 

to 26 August). The freshening of sea water at depths of 40×104–

80×104 Pa was the most noticeable change after the passage of 

Bolaven on 22 August, with a maximum freshening rate of more 
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than 50%. This freshening anomaly between the ML base and 

the top of the thermocline was still present 1 month after the 

passage of Bolaven. Clearly, the typhoon-induced downwelling 

and intensified entrainment of the lower-salinity water from the 

near-surface into the subsurface led to the significant freshen-

ing of the high-salinity water where the largest gradients in the 

thermocline occurred.

However, both the temperature and salinity vertical sections 

observed by Float 5901989 to the right side of the typhoon cen-

ter presented totally different variations. As shown by Fig. 12, a 

wide range of cooling (comparing with that on 20 August) was 

observed above 200×104 Pa. Furthermore, except for the water 

between 50×104–80×104 Pa, this cooling anomaly could last for 

at least 1 month. A maximum cooling of up to 2.5°C. was found 

above 40×104 Pa and at depths of 125×104–160×104 Pa about 2–7 

d after the passage of the typhoon. Water salinity above 45×104 

Pa increased by up to 0.50, with a mean increasing of 0.23. This 

salinity anomaly tended to last for about 22 d until 14 Septem-

ber. Almost all the waters were freshened below 40×104 Pa, with 

an average decreasing of about 0.10, while a narrow range of 

saltier water could be found between 50×104–100×104 Pa. By 

disregarding local variations, the variations of the temperature 

and salinity vertical sections to the right of the typhoon were to-

tally different from that of to the left side. The float located near 

the cyclonic track (about 55 km to the right side of the typhoon), 

the negative temperature anomaly throughout the column and 

positive salinity anomaly in the ML indicated strengthening of 

the upwelling and weakening of the turbulent mixing. Upwell-

ing could increase the entrainment rate by reducing the ML 

thickness. The reduced ML thickness will contribute to an en-

hanced SST decrease for the same entrainment heat flux. Thus, 

the SST decrease above the upwelling region may be larger than 

in adjacent downwelling areas (Ginis, 2002). The observations 

in this case were consistent with the output of a numerical ex-

periment done by Ginis (2002). 

3.4 Upper ocean heat content changes

The upper ocean heat content changes observed by the 

three Iridium floats before and after the passage of Bolaven 

were shown in Fig. 13. Here, the upper ocean heat content is 

calculated as 
0

200
( )dpH c Tz zρ=∫ , where T(z), cp and ρ are the tem-

perature profile, the heat capacity and the water density, re-

spectively. Because TCs have little influence on the ocean heat 

content below 200×104 Pa, we only calculate the heat content 

from 0 to 200×104 Pa. It can be seen from Fig. 12 that the heat 

contents observed by Floats 2901527 and 2901201 to the left of 

the cyclonic track had similar changes after the passage of the 

typhoon until 4 September. The heat contents did not show the 

decreasing tendency after 3–4 d the passage of Bolaven, and de-

creased until 26–27 August, restoring quickly to the pretyphoon 

condition around 30 August. As described in Section 3.3, the 
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cooling in the ML induced by turbulent mixing and the sub-

surface warming induced by downwelling on the left side of the 

cyclonic track were observed after the passage of Bolaven. In 

those two cases, the subsurface warming contributed more to 

the changes of the upper ocean heat contents. By contrast, the 

upper ocean heat content observed by Float 5901989 decreased 

significantly by about 1.20 GJ/m2 on 24 August relative to the 

heat content on 22 August. It seemed that 12 d was required for 

the upper ocean heat content to restore to the pre typhoon con-

dition. During the passage of Bolaven near Float 5901989, the 

maximum sustained wind speed could be up to 51.4 m/s, which 

also led to a proportional increasing of the rate of transfer of 

heat from the ocean to the atmosphere. 

During the passage of a TC, the heat transport from the up-

per ocean into the atmosphere could intensify the TC winds. 

Meanwhile, the rate of transfer of the heat is extremely depen-

dent on the wind speed (Emanuel, 1991). Besides, the turbulent 

mixing induced by the TC pumped heat from the ML into the 

thermocline (Emanuel, 2001; Wang et al., 2012). Under TCs, es-

pecially strong TCs (greater or equal to Category 4), the near-

surface cooling and the subsurface warming induced by the en-

trainment process (enhanced vertical mixing) can be observed, 

and the ocean heat content changes resulted from the near-sur-

face cooling and the subsurface warming have comparable am-

plitudes (Price, 1981; D’Asaro et al., 2007).  Similar results were 

concluded by Park et al. (2011) using the Argo profiling data in 

the western north Pacific, but the subsurface warming was not 

detected in the Argo data set under the weak TCs (less or equal 

to Category 3), while the near-surface cooling was still signifi-

cant. Therefore, they suggested that the air-sea heat exchange 

and the upward vertical advection likely played a somewhat 

greater role in the case of the weak TCs.

4 Summary and discussion

Typhoon Bolaven was developed and passed through the 

western north Pacific from 20 through 29 August 2012. The 

Argo profiling data were used to analyze the upper ocean re-

sponses to the typhoon. The results show that most of the MLs 

were deepened and cooled after the passage of the typhoon, 

whereas equivalent numbers of the increasing and decreasing 

of the MLSs were observed. The deepening and cooling of the 

ML showed a significant rightward bias, while the MLS indi-

cated the feature of increasing to the right of the cyclonic track 

and decreasing to the left side. The Iridium floats to the left of 

Bolaven observed around 26.2×104–33.7×104 Pa show the deep-

ening of the ML induced by the enhanced vertical mixing pro-

cess during the development stage of the storm, which could 

persist for 4–6 days. By contrast, the deepening and cooling of 

the ML were much more significant to the right side of Bolaven 

(about 42.9×104 Pa and 2.9°C, respectively) when the storm was 

intensified.

The upper ocean (0–200 m) on the different sides of the cy-
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Fig.12. Vertical section of temperature (a) and salinity (b) anomalies (reference date: August 20) above 200×104 Pa as a function of 
time (August 15 to September 28) observed by Float 5901989.
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clonic track showed different variations after the passage of Bo-

laven. On the left side and beyond the radius of the maximum 

wind relative to the storm center, an average cooling of about 

0.5°C above 40×104 Pa was observed, which could last for ap-

proximately 10 d. There existed a wide range of warming with 

a pronounced warming up to 1.5–2.0°C below 40×104 Pa led by 

the typhoon-induced downwelling and the turbulent mixing. 

The observations indicate that the subsurface warming at the 

top of the thermocline can persist a longer period than the cool-

ing above 40×104 Pa. Meanwhile, an unstable and small range of 

the cooling was found at the depths where the large tempera-

ture gradients are located, which could be resulted from the 

enhanced vertical mixing. A significant freshening up to more 

than 0.50 between depths 40×104 to 100×104 Pa was the most 

notable change after the passage of Bolaven, which could per-

sist for about 1 month at least. The enhanced turbulent mixing 

at the base of the ML and the typhoon-induced downwelling 

are the most important incentive for this freshening. The tem-

perature and salinity time series observations indicate that 

more time is required to restore to pretyphoon conditions both 

for the subsurface warming and freshening than the near-sur-

face anomalies. Beyond the radius of the maximum wind, the 

typhoon-induced downwelling associated with the enhanced 

turbulent mixing is likely to pump heat from the ML into the 

thermocline. A wide range of cooling which could persist at 

least 1 month was found above 200×104 Pa, except for the water 

between 50×104 and 80×104 Pa on the right side of the typhoon 

(near the typhoon center). A maximum cooling of more than 

2.5°C was observed above 40×104 Pa and at depths of 125×104 to 

160×104 Pa. The near-surface salinity above 45×104 Pa increased 

noticeably, with a maximum increasing of 0.50, which lasted for 

about 22 d. The water salinity tended to decrease below 40×104 

Pa, except for the depths between 50×104 and 100×104 Pa, with 

a mean freshening of about 0.10. The strengthening of the up-

welling and the weakening of the turbulent mixing are likely to 

rise the thermocline, then cause the cooling of the near-surface 

and subsurface water, and the increasing of the salinity in the 

near-surface.

Regardless of the seasonal variability of the local sea water, 

the processes of the upper ocean heat content changes were en-

tirely different between the left and right sides of the typhoon. 

The heat content to the left of the typhoon did not tend to de-

crease 3–4 d after the passage of Bolaven. Though a significant 

decreasing was observed subsequently, it was restored imme-

diately to the pretyphoon condition. As the winds were intensi-

fied, the rate of transfer of the heat from the ocean to the atmo-

sphere was proportionally increased. A pronounced decreasing 

of the upper ocean heat content was observed by the float lo-

cated to the right side of the typhoon, which could be sustain 

for about 12 d.

In this paper, the Argo profiling data combined with the 

satellite retrieved data was used to analyze the upper ocean re-

sponses to Typhoon Bolaven. In particular, the data obtained by 

Iridium Argo floats were used to analyze the response processes 

for the first time. Compared to the standard Argo float, the Irid-

ium float has the advantages of two-way communication, faster 

data transmission, high resolution CTD sampling and so on, 

which has been widely used by the international Argo project. 
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