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Abstract The responses of the upper ocean to Typhoon
Haitang in July 2005 are investigated using Argo float
and multiplatform satellite data. The results show
decreasing sea surface temperature (SST), a deepening of
the mixed layer depth (MLD), and enhanced Chloro-
phyll-a (Chl-a) concentration. Two extreme cool regions
are identified. While the magnitude of SST cooling in
the two regions is similar, the biological response (Chl-
a enhancement) differs. To facilitate comparisons, the
region to the northeast of Taiwan is defined as region A
and the region east of Taiwan as region B. Ekman
pumping and the intrusion of the Kuroshio play an
important role in the enhancement of Chl-a in region A.
Cold eddies provide the material source for the forma-
tion of the cold center in region B, where mixing is
dominant. Because of the relatively high translation
speed (5 m/s) in region B, Ekman pumping has little
influence on the cooling and Chl-a enhancement pro-
cesses. Moreover, the MLD is shallower than the nutri-
cline, which means that mixing does not result in a
marked increase in nutrients in the euphotic layer (where
the nutrient concentration is uniformly depleted). Sea
temperatures, in contrast, gradually decrease with depth
below the bottom of the mixed layer. In contrast to
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region A, region B showed no significant enhancement
of Chl-a but strong SST cooling.

Keywords Ocean response - Tropical cyclone -
SST cooling - Ekman pumping -
Chlorophyll-a enhancement

1 Introduction

Tropical cyclones (TCs) can cause a significant decrease in
sea surface temperature (SST) and enhanced Chlorophyll-
a (Chl-a) concentration. Previous studies have shown that
SST dropped by more than 9 and 11 °C in response to the
passage of typhoons Kai-Tak [1] and Lingling [2],
respectively. In addition, SST cooling of 2.0-2.5 °C has
been also attributed to the equatorial typhoon Vamei,
which formed at 1°30'N [3]. The primary mechanisms
accounting for the cooling caused by TCs include
entrainment/vertical mixing, upwelling, exchange of air—
sea heat fluxes, and the intensity and translation speed of
TCs [4-8]. The upper ocean cooling is mainly controlled
by the entrainment of cold water from the thermocline into
the mixed layer. The entrainment/mixing accounts for
75 %90 % of the SST drop in the wake of a TC [4, 6, 7].
Upwelling can cause a significant SST cooling response to
a slowly moving TC (<4 m/s) [4]. Ocean mixing and
upwelling induced by the passage of a typhoon can bring
the nutrient-rich water of the bottom layer to the euphotic
layer, where light is abundant for photosynthesis but
nutrients are commonly in short supply. These conditions
contribute to the growth of phytoplankton and the
enhancement of Chl-a concentrations at the ocean surface.
Chl-a enhancement ranges from 5 % to 91 % in the wake
of hurricanes [9], with elevated levels typically lasting
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2-3 weeks
concentrations.

Recent studies of the upper ocean response to TCs
emphasize the importance of understanding the dynamic
processes and interactions with the atmosphere, ocean
currents, wave breaking, and spray effects [10-15]. Oce-
anic responses to individual TCs are unique, which makes
generalization of the processes problematic. There are
many existing studies in relation to Typhoon Haitang [16—
24]. For example, the impact of pre-existing oceanic con-
ditions on predictions of a TC during its intensification
phase has been evaluated by forcing a coupled atmo-
sphere—ocean model with different initial oceanic condi-
tions [21]. Wada et al. [22] investigated the wave—ocean
interaction of Typhoon Haitang using a numerical model.
Chang et al. [24] used satellite-tracked drifter data to study
the surface flows in the Taiwan Strait during Typhoon
Haitang’s passage. Although the SST cold patch is usually
a pronounced feature of a moving typhoon, the dynamic
and thermodynamic processes associated with the SST cold
patch during Typhoon Haitang remain poorly understood
[16-19, 23]. Indeed, two distinct cold patches with similar
magnitude have been identified associated with Haitang.
Significant enhancement of Chl-a was found to the north-
east of Taiwan, and the mechanisms accounting for the
strong cooling and Chl-a enhancement have been investi-
gated in a previous study [16]. However, there was no
obvious enhancement of Chl-a in the east region of Tai-
wan. Indeed, Chl-a enhancement is usually accompanied
by SST cooling after the passing of a typhoon, and an
inverse correlation between SST and Chl-a concentration
has been widely reported [1, 9, 25, 26]. Here we use var-
ious datasets to confirm the mechanisms (as proposed in
previous studies) of the similar SST cooling in the two
regions. In particular, we explore the possible causes of the
weak biological response but strong SST cooling in the east
region of Taiwan.

before  returning to  pre-hurricane

2 Data and methods
2.1 Data

The typhoon track data used in this study are available from the
Unisys Weather website (http://weather.unisys.com/hurricane/
w_pacific/), and are based on the hurricane-track data issued by
the Joint Typhoon Warning Center (JTWC). The data include
the maximum sustained surface wind speed, the location of the
hurricane center, and the central pressure at 6-h intervals. The
translation speed of the hurricane was subsequently estimated
based on the 6-h position of its center in this analysis.

The SST data used are the daily global high-resolution SST
(GHRSST) Level 4 (L4) product (http://data.nodc.noaa.gov/
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ghrsst), which is Advanced Very High Resolution Radiometer
(AVHRR) and Advanced Microwave Scanning Radiometer-
Earth Observing System (AMSR-E) optimally interpolated
(OI) SST with a spatial resolution of 25 km. The merged 8-day
averaged Chl-a concentration data (Level 3), with a spatial
resolution of 9 km, are obtained from both Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Sea-viewing
Wide Field-of-view (SeaWiFS), available from the National
Aeronautics and Space Administration (NASA) Goddard
Space Flight Center’s Ocean Data Processing System. Ocean
surface wind data are derived from spatial blending of high-
resolution satellite data [Seawinds instrument on the Quick
Scatterometer (QuikSCAT)] and National Center for Envi-
ronmental Prediction (NCEP) reanalyses, which produces high
temporal (6-h) and spatial (0.5° x 0.5°) resolution datasets of
wind vector components (U and V). Sea surface height anomaly
(SSHA) and absolute geostrophic velocity data are obtained
from Archiving, Validation and Interpretation of Satellite
Oceanographic data (AVISO). This dataset has a temporal
resolution of 7-day and a spatial resolution of 1/3° x 1/3°. The
climatological sea temperature, and nitrate and phosphate mean
concentration data are obtained from the World Ocean Atlas
2009 (WOAO09). In situ temperature and salinity profiles are
from Argo data of the Global Ocean Data Assimilation
Experiment (GODAE; http://www.usgodae.org/ftp/outgoing/
argo/).

2.2 Methods

Ekman pumping velocity (EPV) is an important index of
vertical upwelling movements in the upper ocean. EPV is
estimated using wind data, as follows [27]:

EPV = Curl (%) (1)

The wind stress 7 is calculated with the following bulk
formula:

?:pacd|[_j|l77 (2)

where p, is the air density (1.29 kg/m?), p is the sea water
density (1,020 kg/m?), f is the Coriolis parameter, U is the
wind speed at 10 m, and Cy is a wind-speed limited drag
coefficient that fits data for low, moderate [28], and high
wind speeds [29], as follows:

Cax 10°=1.2,|U|<11m/s

=0.49+0.065|U|, 11 <|U|<19m/s

= 1.364+0.0234|U| —0.00023158|U|?, 19 < |U| < 100m/s.
(3)

The mixed layer depth (MLD, m) is defined as the first
depth where T is 1.0 °C lower than the temperature of the
first observation depth [30]; it is usually about 5 m for the
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Argo data. Mixed layer temperature (MLT) and mixed
layer salinity (MLS) are the mean temperature and salinity
in the mixed layer, respectively.

3 Results

Typhoon Haitang was the first Category 5 super typhoon
(Saffir—Simpson scale) of the 2005 season to make landfall
in Taiwan and mainland China; it formed at 21.9°N,
154.9°E on July 10. Figure 1 displays its track. It moved
northwestward and strengthened into a typhoon on July 13.
By July 16 the storm continued tracking west and Haitang
strengthened into a Category 5 super typhoon. Influenced
by the easterly wind in the south of the subtropical high,
the storm direction switched from a south-westerly to a
north-westerly direction. On July 17 it weakened to a
Category 4 typhoon as it continued its westward move-
ment. Haitang made landfall near Hualien, Taiwan at 00:00
UTC on July 18. It then struck the regions near the midline
of Taiwan Strait before turning northwards. Weakening to
a tropical storm as it entered the southern East China Sea,
Haitang made landfall for the second time near Lianjiang,
China at 12:00 UTC on July 19. It rapidly lost its strength
and dissipated when it moved over land.

3.1 Surface response to Typhoon Haitang

This study analyses GHRSST L4 SST data. This dataset is
a merged product of AVHRR and AMSR-E satellite data.
The SST cold patch is usually a pronounced feature of a
moving typhoon, which is biased to the right side of the
typhoon track in the Northern Hemisphere (from the
direction of the typhoon motion). This rightward bias of
cooling has been attributed to the asymmetric wind field
induced by the translation speed of the typhoon, and also to
the “resonance” effects between winds and ocean currents
in the intense wind region to the right of the track [4].
Because TC winds rotate in the same direction as inertial
currents (to the right of the track in the Northern
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Fig. 1 Study area (green box) and track of Typhoon Haitang. Circles
indicate the typhoon center every 6 h. Purple pentagrams indicate the
position of Argo floats
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Hemisphere), this can increase the energy transferred to the
currents. SSTs were greater than 30 °C over the majority of
the study region before Haitang formed. A previous study
has shown that successive SST cooling was found in
response to the passage of Haitang between July 11 and
July 18 [17]. Of the four regions [17], the decrease in SST
in the region to the east of Taiwan (122.5°-128.5°E,
20.5°-24.5°N) was most significant, where SST cooling
was evident for a period of 2-3 days. After Haitang
reached the northeast of Taiwan (121°-124°E,
25.5°-27.5°N), an additional cold patch was identifiable
using AVHRR and AMSR-E data [16]. Due to the different
sources of the datasets, there is a slight difference in the
absolute magnitude of SST and the position of its cooling.
In order to facilitate comparison, the region to the northeast
of Taiwan is defined as region A and the region east of
Taiwan as region B. The exact positions of these regions
are indicated by green rectangles in Fig. 1.

The sequential images of SST from July 19 to July 21
are shown in Fig. 2a. In region A the minimum value of
SST is 22.93 °C on July 20, and for region B it is 23.88 °C
on July 19. The mean SST cooling compared with the pre-
typhoon condition is around —2 °C for these two regions.
The inverse correlation between SST cooling and Chl-
a enhancement has been widely documented [1, 9, 25, 26].
The 8-day averaged Chl-a images in Fig. 2b suggest a
considerable enhancement of Chl-a concentration in region
A, as would be expected. The mean concentration of
Chl-a in region A increases dramatically between July 19
and July 26, from the pre-typhoon level of 0.275 to
1.038 mg/m>. The concentration of Chl-a in region B, in
contrast, displays no obvious increase (with only an
increase of 0.016 mg/m> compared with the pre-typhoon
level). The hypothesis that greater SST cooling is associ-
ated with significant Chl-a enhancement is therefore
invalid for region B.

3.2 Subsurface response to Typhoon Haitang

Because Argo float data are limited spatially and tempo-
rally, just three Argo floats in close proximity to region B
are chosen to investigate the subsurface response to Hai-
tang. The vertical profiles of temperature and salinity from
the floats during the typhoon are shown in Fig. 3. MLD,
MLT, and MLS are also calculated (Table 1). Float
D5900463 is located to the right side of the track, where
the MLD is 42 m deeper than the pre-typhoon depth. This
is caused by enhanced mixing processes due to a combi-
nation of surface wind stress and cooling [31], and vertical
current shear at the base of the mixed layer [4]. Meanwhile,
the MLT decreases by about 2 °C, and MLS increases by
0.04 psu. For float R2900376, the data show that the MLD
is 43 m deeper on July 18 compared with the pre-typhoon
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Fig. 2 SST (°C) images a from July 19 to July 21 and 8-day averaged Chlorophyll-a (Chl-a) concentration (mg/m3); b for the periods July

11-18, July 19-26, July 27 to August 3, respectively

conditions on July 14, while MLT decreases by 1.5 °C on
July 24, which is a slightly smaller decrease than that
recorded by D5900463. Of the three Argo floats, R5900056
is the only one located to the left of the typhoon track, but
is still situated within close proximity to the track. At this
location the MLD is 27 m deeper on July 18, and the
decrease in MLT lags the deepening of the MLD by 4 days.

The role of mixing and upwelling is examined using the
Argo profiles (Fig. 3). Temperature drops in the upper
40 m, but increases below 40 m at D5900463, which
emphasizes the importance of the mixing process at this
location. Salinity increases in the upper 40 m and below
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100 m, but decreases between these two layers as a result
of mixing. Salinity also decreases at the bottom of the
mixed layer due to upwelling of saline deep water. For float
R2900376, temperature decreases above 60 m, and
increases below 60 m. However, the magnitude of change
in salinity is much smaller in the layer below 60 m for
R2900376 compared with D5900463, suggesting that
upwelling makes little contribution at this location and that
mixing is the dominant process. Temperature drops
throughout almost the entire water column for R5900056.
Salinity decreases above 100 m at this location because of
rainfall, and increases slightly below 80 m, which implies
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Fig. 3 Vertical profiles of temperature and salinity measured by Argo floats (locations are marked by purple pentagrams in Fig. 1)

that upwelling is a key process in this area. In region B the
mixing process is shown to be dominant overall.

4 Discussion

Although the magnitude of SST cooling in region A and B is
similar, the mechanisms are different. Ekman pumping, which
is forced by the spatially inhomogeneous wind stress field, is a
useful oceanographic measure of the direct effect of wind
stresses on the upper layer of the ocean. Figure 4 shows com-
parison maps for wind speed, SST, and EPV for the period July
11-31 for the two regions. These show high EPV values prior to
the SST cooling in region A, indicating strong upwelling in this
region that induces the cooling of SST. The mixing in region A
is also important, because the entrainment/mixing accounts for
75 %-90 % of the SST drop in the wake of a TC [4, 6, 7].

&) SCIENCE CHINA PRESS

Negative sea surface height anomaly (SSHA) features
are regions where sea surface height shoals relative to the
climatology [32-34]. The SSHA maps (Fig. 5a) show
evidence of two cold eddies in region B where the water
column is denser than normal. The eddies exist in this
region throughout the passage of typhoon Haitang. Meso-
scale eddies are a material source for the formation of an
extreme cooling center. The strong wind-driven turbulent
mixing resulting from wind stress is conducive to the
upwelling of cold water. Although the mean wind speed is
nearly 20 m/s and the maximum EPV in region B can reach
103.51 x 107® m/s, the regional mean EPV is negative.
The high translation speed of the typhoon (nearly 5 m/s)
around region B means there is insufficient time for Hai-
tang to bring cold water up from the lower layer. Never-
theless, a near-inertial current to the right side of the TC
can be excited due to shear-induced entrainment of the
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mixed layer [4]. Ekman pumping, therefore, plays an
important role in relation to the drop in SST and should not
be disregarded when investigating typhoon processes [19],
although it makes less of a contribution than other pro-
cesses. The vertical profiles of temperature and salinity
(Fig. 3) also show that mixing is dominant in region B,
which therefore contributes to SST cooling. The significant
SST cooling in region B can be attributed to the mixing
processes, combined with the cold eddy.

Table 1 Observations by Argo floats

The causes of the different biological responses in
regions A and B are now examined. The enhancement of
Chl-a is commonly influenced by the upwelling of nutri-
ents from below the euphotic layer, which supplies the
nutrients required for phytoplankton growth [26, 35].
Chang et al. [16] suggested that the enhancement of Chl-
a in region A is related to the high velocity of Ekman
Pumping, and that the wind-driven Kuroshio moves more
shoreward, increasing its intrusion onto the shelf-break.

Argo Date (2005) Position MLD (m) MLT (°C) MLS (psu)
D5900463 Jul 12 128.404°E/21.832°N 27.703 29.849 34.585
Jul 23 128.356°E/22.079°N 69.762 27.891 34.622
R2900376 Jul 14 126.466°E/24.605°N 30.962 29.311 34.486
Jul 18 127.049°E/24.961°N 73.856 28.241 34.440
Jul 24 127.543°E/24.795°N 57.016 27.864 34.577
Jul 29 127.692°E/24.456°N 44.403 28.379 34.603
R5900056 Jul 14 122.430°E/23.108°N 40.466 29.516 34.532
Jul 18 122.300°E/22.847°N 67.576 28.604 34.474
Jul 22 122.150°E/23.218°N 64.063 27.619 34.400
Jul 26 122.323°E/23.412°N 42.645 27.828 34.367
Jul 30 122.247°E/23.495°N 34.145 29.479 34218
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Fig. 4 Time series of mean wind speed (m/s) and mean SST (°C) (a, b), and mean EPV (x 107% m/s) and mean SST (°C) (c, d) between July 11

and July 31 for regions A (a, ¢) and B (b, d)
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Fig. 5 Maps of SSHA (cm) (a) and absolute geostrophic velocities (cm/s) (b) derived from AVISO for July 13, July 20, and July 27

Ocean radar data indicate that the Kuroshio axis moved
onto the shelf after the passage of Haitang [20]. The
present study yields similar results based on SSHA and
absolute geostrophic velocity data from AVISO. The
images of the absolute geostrophic velocities (Fig. 5b)
suggest that the Kuroshio flows north-eastward on July 13,
but the pattern alters after the passage of the typhoon, with
a northward flow on July 20 and an apparent shift of the
axis onto the shelf. The image of SSHA in region A shows
a higher pressure gradient on July 20. According to the
geostrophic relation, this implies the existence of a strong
northward current, which could enhance the Kuroshio and
push it east of Taiwan onto the shelf. The Kuroshio
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contains a maximum nutrient flux core in the middle layer
[36]. As the subsurface water moves onto the shelf due to
the movement of the Kuroshio axis, vertical flow associ-
ated with the horizontal current shear of the Kuroshio
triggers the upwelling of subsurface water, which results in
Chl-a enhancement in region A. The EPV and the intrusion
of the Kuroshio onto the shelf-break contribute to the
enhancement of Chl-a in region A.

The mean Chl-a concentration in region A was
0.42 mg/m?, compared with 0.06 mg/m? in July for region
B. The depth of the euphotic layer can be calculated with
Chl-a concentration according to the approach of Morel
et al. [37]. The depth of the euphotic layer in regions A and
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B was approximately 40 and 100 m, respectively. The
vertical distribution of nitrate and phosphate climatological
mean concentrations, derived from WOAQ9, is displayed in
Fig. 6. Nutrient concentrations are depleted in the euphotic
layer, and gradually increase with depth below 100 m for
region B. While for region A the nutrient concentrations
began to increase at about 40 m. The nutricline is deeper in
region B than that in region A, and temperature gradually
decreases with depth below the bottom of the mixed layer.
Previous results suggest that upwelling in region B is less
important, with mixing being the dominant process. It is
unlikely that entrainment alone would change the vertical
Chl-a average, especially when the MLD is significantly
shallower than the euphotic layer depth. Because photo-
synthesis is dependent upon both nutrient concentration
and light intensity, Chl-a concentration is unlikely to
increase in region B where the rich nutrients are unable to
be transported to the euphotic layer because of the shallow
mixed layer. However, the mixing process could transport
the colder water toward the surface, which would reduce
SST.

In a numerical simulation of the western subtropical
North Pacific, Shibano et al. [38] showed that when
upwelling is less important and the MLD is shallower than
the nutricline, then SST would decrease but the surface
nutrient concentration would be only weakly affected. In a
cyclonic eddy, upwelling can bring cold nutrient-rich water
up from the deep layer to the euphotic layer, and thus
enhance the nutrient concentration. The water column is
strongly stratified during the summer, but the cold sub-
surface water and enhanced nutrient concentrations are not
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distinct in regions of cyclonic circulation. Therefore, no
significant enhancement of Chl-a is seen in region B, but
strong SST cooling occurs.

5 Conclusions

The responses of the upper ocean to Typhoon Haitang are
investigated using Argo floats and multiplatform satellite
data. We identify two extreme cooling regions (region A
and B). While the magnitude of SST cooling at regions A
and B is similar, the biological response differs. In region
A, where significant blooming occurs, Ekman pumping and
movement of the Kuroshio contribute to the Chl-
a enhancement. In contrast, EPV has little influence on
cooling in region B because of the relatively high transla-
tion speed of the typhoon, which gives insufficient time for
Haitang to induce cold water upwelling or enhance Chl-
a. The pre-typhoon ocean environment (cold eddies) pro-
vides a material source for the formation of an extreme
cooling center. Vertical mixing and the cold eddy are pri-
marily responsible for the SST cooling at region B. As
upwelling is less important in this region, and because the
MLD is shallower than the nutricline, SST decreases but
the surface nutrient concentration remains only weakly
affected. This is evidenced by SST gradually decreasing
with depth below the bottom of the mixed layer, whereas
nutrient concentration is more uniformly depleted down to
a depth of 100 m.

In this study we analyze satellite and Argo data, but a
limiting factor is the scarcity of observation data. Model
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simulations offer a complementary method for studying the
mechanisms of response to a typhoon, and for investigating
the interaction with wind fields, mesoscale eddies, ocean
currents and waves.
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