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Abstract

It is well known that tropical cyclones can cause upwelling, decrease of sea surface temperature, increase of chlorophyll-a (Chl-a)
concentration and enhancement of primary production. But little is known about the response of dissolved oxygen (DO) concentration
to a typhoon in the open ocean. This paper investigates the impact of a typhoon on DO concentration and related ecological parameters
using in situ and remote sensing data. The in situ data were collected 1 week after the passage of the super-typhoon Nanmadol in the
northern South China Sea in 2011. An increase in DO concentration, accompanied by a decrease in water temperature and an increase in
salinity and Chl-a concentration, was measured at sampling stations close to the typhoon track. At these stations, maximum DO con-
centration was found at a depth of around 5 m and maximum Chl-a concentration at depths between 50 and 75 m. The layer of high DO
concentration extends from the surface to a depth of 35 m and the concentrations stay almost constant down to this depth. Due to the
passage of the typhoon, also a large sea level anomaly (21.6 cm) and a high value of Ekman pumping velocity (4.0 � 10�4 m s�1) are
observed, indicating upwelling phenomenon. At the same time, also intrusion of Kuroshio waters in the form of a loop current into
the South China Sea (SCS) was observed. We attribute the increase of DO concentration after the passage of the typhoon to three effects:
(1) entrainment of oxygen from the air into the upper water layer and strong vertical mixing of the water body due to the typhoon winds,
(2) upwelling of cold nutrient-rich water which stimulates photosynthesis of phytoplankton and thus the generation of oxygen, which
also increases the DO concentration due to cold water since the solubility of oxygen increase with decreasing water temperature, and,
possibly, (3) transport of DO enriched waters from the Western Pacific to the SCS via the intrusion of Kuroshio waters.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Tropical cyclones, typhoons or hurricanes are strong
wind events in the weather system, which influence the
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upper ocean dynamics and the ecosystem, in particular
upwelling, water temperature, salinity, chlorophyll-a
(Chl-a) concentration, primary production (Price, 1981;
Price et al., 1994; Liu et al., 2002; Xu et al., 2005; Chang
et al., 2006; Shi and Wang, 2007; Chen et al., 2009; Siswan-
to et al., 2008, 2009; Smitha et al., 2006; Yang and Tang,
2010; Hung et al., 2010; Hung and Gong, 2011; Chung
et al., 2011) and fish abounce (Yu et al., 2013). Typhoons
can induce upwelling and thus transport nutrient-rich
water to near-surface water levels (Zheng and Tang,
2007; Chen et al., 2007; Chang et al., 2008; Siswanto
rved.
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Fig. 1. (a) Location of the study area (box S). (b) Track of the super-typhoon Nanmadol between 22 and 30 August 2011, location of the 17 sampling
stations in the study area during the 2011 cruise, and the near-surface wind field retrieved from ASCAT data acquired on 28 August. The Stations 1–5 are
aligned along the transect A (marked by a black line).

Fig. 2. Horizontal distribution of DO concentration (in mg l�1) at different depths at 19–22�N, 116–120�E (a–g). Location map (h).
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et al., 2008; Su and Pohlmann, 2009; Pun et al., 2011). Fur-
thermore, they cause strong vertical mixing of the upper
water layers above the thermocline (Dickey et al., 1998;
Jacob et al., 2000; Lin et al., 2003a,b; Lin, 2012; Shang
et al., 2008). Previous studies mainly have focused on the
effect of typhoons on phytoplankton bloom (i.e., strong
increase of Chl-a concentration), increase in primary pro-
ductivity, and decrease in water temperature (Cione and
Uhlhorn, 2003; Smitha et al., 2006; Chen et al., 2007; Zhao
et al., 2009; Sanford et al., 2011). But we know of no paper
dealing with the response of dissolved oxygen (DO) con-
centration to typhoons in the open ocean.
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
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DO in sea water is critical to marine life and primary
productivity. It is mainly influenced by composition and
decomposition of organic matter, by dynamic processes
in sea water, and by air–sea interactions (Han, 1995).
The depth of maximum DO concentration is usually lies
above the depth of maximum Chl-a concentration (Lin
et al., 2001, 2003a,b). Furthermore, there is an inverse rela-
tionship between DO concentration and water temperature
(Long et al., 2006; Ning et al., 2009).

There exist several papers dealing with the response of
DO concentration to hurricanes or typhoons in estuaries.
In estuaries, DO concentration can decrease in a short time
n and related marine ecological parameters to a tropical cyclone in the
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Fig. 3. Horizontal distribution of Chl-a concentration (a1–a3), temperature (b1–b3) and salinity (c1–c3) at depths of 1, 25 and 50 m. The units are:
mg m�3 in panels a, �C in panels b, and psu in panels c.
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due to intrusion of saline water (Mitra et al., 2011a, 2011b;
Van Dolah and Anderson, 1991; Stevens et al., 2006; Tom-
asko et al., 2006). But it also can increase due to enhanced
water exchange between upper and lower water layers.
Chen et al. (2012) found that the DO concentration after
the passage of the super typhoon Muifa was at a high level
for about 6–8 days and then returned to the normal values
in about 11–13 days in the Changjiang (Yangtze) Estuary
in 2011.

During the cruise of the research vessel SHIYAN 3 of
the South China Sea (SCS) Institute of Oceanology
between 19 August and 12 September 2011, the tropical
cyclone Nanmadol passed over the northern SCS, which
provided a rare opportunity to explore the response of
DO concentration to a typhoon event. In this paper we
present in situ measurements of DO and Chl-a concentra-
tions as well as water temperature and salinity at sampling
stations close to the typhoon track 1 week after the passage
of the tropical cyclone. In addition, satellite remote sensing
data are used to supplement the shipboard data.
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
South China Sea. J. Adv. Space Res. (2014), http://dx.doi.org/10.1016/j.a
2. Data and data analysis

Since 2004, the South China Sea Institute of Oceanol-
ogy, Chinese Academy of Sciences, Guangzhou, has been
conducting yearly cruises in the SCS, called “Northern
South China Sea Open Cruise”. The area, where oceano-
graphic measurements were carried out during the 2011
cruise (19–22.5�N, 116–120�E), is marked by the box S
inserted in Fig. 1, panel a. Its eastern section is located west
of the Luzon Strait, which connects the Western Pacific
Ocean with the SCS. The sampling stations are marked
by red stars in panel b. The five stations with the numbers
1–5 are aligned along the transect A (19.5–21.5�N, 120�E).

Depth profiles of temperature and salinity (from the sur-
face to a depth of 200 m) were measured by a Seabird con-
ductivity-temperature-depth (CTD) sensor and depth
profiles of the DO concentration (from the surface to a
depth of 50 m) by a multi-parameter water quality measure-
ment instrument YSI 6600. Chl-a samples (from the surface
to a depth of 200 m) having volumes between 0.5 and 2 l
n and related marine ecological parameters to a tropical cyclone in the
sr.2014.01.005
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Fig. 4. Depth profiles of the DO (a) and Chl-a concentrations (b), temperature (c), and salinity (d) along the transect A 1 week after the passage of the
typhoon. Note that the depth scales in panel a reaches to 60 m, in panel b to 100 m, and in panels c and d to 200 m.
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were collected, filtered, and analyzed by a fluorescence spec-
trophotometer. In the present study, we measured Chl-a
concentration only down to a depth of 100 m, because the
Chl-a concentration was very low below this depth.

2.1. Typhoon track data

The track data of the typhoon Nanmadol were obtained
from the Unisys Weather Website (http://weather.uni-
sys.com), which is based on typhoon data provided by
the Joint Typhoon Warning Center (JTWC). The data
includes maximum sustained surface wind speed and longi-
tude and latitude of the center of the typhoon every 6 h.
The category of the tropical cyclone is based on the Saf-
fir–Simpson scale.

2.2. Satellite data

The near-surface wind field (25 km resolution) was
retrieved from data of the Advanced Scatterometer
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
South China Sea. J. Adv. Space Res. (2014), http://dx.doi.org/10.1016/j.a
(ASCAT) onboard the European MetOp satellite (http://
manati.star.nesdis.noaa.gov). Sea surface Chl-a concentra-
tion and sea surface temperature (SST) data (8-day com-
posites with 4 km resolution) were derived from data of
the Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard the Aqua satellite, which was launched
in 1999. The data were downloaded from the Distributed
Active Archive Centre (DAAC) of NASA (http://oceancol-
or.gsfc.nasa.gov). The sea level anomaly (SLA) and sea
surface height data (spatial resolution: 1/3� � 1/3�, tempo-
ral resolution: 7 days) were downloaded from the AVISO
website (http://www.aviso.oceanobs.com). The SLA data
are merged data from the radar altimeters onboard the
ERS1/2, TOPEX/Poseidon, and Jason satellites.

We also use the SLA data (or sea surface height g)
downloaded from the AVISO website) to calculate geo-
strophic velocities u = (u,v) and wind stress data down-
loaded from the NOAA website (http://
manati.star.nesdis.noaa.gov) to calculate the geostrophic
Ekman pumping velocity (EPV).
n and related marine ecological parameters to a tropical cyclone in the
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Fig. 5. Depth profiles of the DO concentration (a), the Chl-a concentration (b), the temperature (c) and the salinity (d) at the Stations 1–5 along the
transect A 1 week after the passage of the typhoon. Note that the depth scales in panel a reaches to 60 m, in panel b to 100 m, and in panels c and d to
200 m.
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The geostrophic current is defined by:

u ¼ � g
f
@g
@y
; v ¼ g

f
@g
@x
;

where g is the gravitational acceleration, f the Coriolis
parameter, and g sea surface height.

The EPV is defined by:

EPV ¼ curlðswind=qwf Þ;
where

swind ¼ qairCDUU

is the wind stress, qw the density of water, qair the density of
air, CD the wind drag coefficient, U the near-surface wind
vector, and U the near-surface wind speed (absolute value
of U).

All remote sensing data were processed by using MAT-
LAB, Surfer and SigmaPlot.
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
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3. Results

3.1. Characteristics of the tropical cyclone Nanmadol

The tropical cyclone Nanmadol evolved from a tropical
depression in the Western Pacific Ocean, then strength-
ened, moved northward and became a super-typhoon
around 0000 UTC on 26 August 2011. It crossed the Luzon
Strait between 0000 UTC on 27 August and 1800 UTC on
28 August. After having crossed Taiwan, it decayed into a
tropical depression and hit the Fujian Province on Main-
land China around 0000 UTC on 31 August. Nanmadol
crossed the Luzon Strait approximately 1 week before
our research vessel arrived. Panel b of Fig. 1 shows the
track of the typhoon and its near-surface wind field on
28 August 2011, when Nanmadol was located over the
Luzon Strait. The wind speed reached 20 m s�1 on 28
August. The location of the sampling stations along the
n and related marine ecological parameters to a tropical cyclone in the
sr.2014.01.005
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Fig. 6. Horizontal distribution of the Chl-a concentration (a1–a4), the sea surface temperature (SST) (b1–b4), and the merged sea level anomaly (SLA)
(c1–c4), 1 week before, during the week, 1 week after, and 2 weeks after the passage of the typhoon. The Chl-a concentration (mg m�3) and SST (�C) maps
are 8-day composites retrieved from MODIS data and the SLA (cm) maps are weekly composites retrieved from altimeter data of several satellites.
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transect A (120�E) near the Luzon Strait, marked 1–5, are
depicted in Fig. 1. Depth profiles of DO and Chl-a concen-
tration, water temperature and salinity were taken at 5 sta-
tions 1 week after the passage of Nanmadol. Station 2 was
located closest to the typhoon track, and Station 5 farthest
away from it. In the following, we shall concentrate dis-
cussing the data collected at Station 2, since they are the
ones most affected by the typhoon.

3.2. Horizontal distributions of the marine parameters

The horizontal distribution of DO concentration (in
mg l�1) at depths of 1, 5, 10, 20, 30, 40, and 50 m in the
area S (19.0–21.5�N, 116.5–120.0�E) after the passage of
the typhoon are depicted in Fig. 2. The DO concentration
ranges from 6.17 to 6.72 mg l�1, and has an average value
of 6.35 mg l�1. The average DO concentration at 5 m depth
is 6.46 mg l�1, which is higher than at other depths. In the
eastern section (20.5–21.5�N, 119.0–120.0�E), a zone of
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
South China Sea. J. Adv. Space Res. (2014), http://dx.doi.org/10.1016/j.a
high DO concentration is present at depths between the
surface and 40 m (marked by red boxes in Fig. 2, panels
a–f). At 50 m depth, the high DO concentration zone is
absent.

The horizontal distribution of Chl-a concentration,
water temperature and salinity at depths of 1, 25, and
50 m in the study area are plotted in Fig. 3. These plots
show that in the same area where the DO concentration
is enhanced (20.5–21.5�N, 119.0–120.0�E, marked by red
boxes), the Chl-a concentration, water temperature, and
salinity also exhibit anomalies. Panels a1–a3 show that
the Chl-a concentration increases with depth from an aver-
age value of about 0.07 mg m�3 at the surface to
0.22 mg m�3 at 50 m depth. The high value of the Chl-a
concentration at 50 m depth may suggest phytoplankton
bloom at this level. Simultaneously, the water temperature
decreases with depth from 29.55 to 27.27 �C (panels b1–
b3), while the salinity increases slightly with depth from
33.27 to 34.02 psu (panels c1–c3).
n and related marine ecological parameters to a tropical cyclone in the
sr.2014.01.005
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Fig. 7. Daily averaged Ekman pumping velocity (m s�1) of 28 August in 2011.
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3.3. Vertical profiles along the Transect A

The vertical profiles of DO and Chl-a concentrations,
water temperature, and salinity measured along the tran-
sect A (19.5–21.5�N, 120�E) between 3 and 4 September
2011 are depicted in Figs. 4 and 5. The red dotted boxes
inserted in Fig. 4 mark the area most affected by the
typhoon. At Station 2, which is closest to the typhoon
track, the DO concentration reaches its highest value at
5 m depth, while the Chl-a concentration is highest at
50 m depth. At this station, the water temperature is lower
and the salinity is higher than at other stations.

Fig. 5 shows the same data collected at Stations 1–5 in
another presentation. At Station 2, the DO concentration
is at all depths higher than at all other stations. At 5 m
depth, it is 6.50 mg l�1 and at 35 m it is 6.45 mg l�1. The
depth profile of the DO concentration at Station 2 differs
significantly from the ones at all other stations. It stays
almost constant at depths between the surface and 35 m,
while the depth profiles at all other stations sharply
decrease with depth. Maximum DO concentration
(6.50 mg l�1) is located at all stations at a depth of about
5 m (panel a). The depth profiles of the Chl-a concentration
(panel b) show that at Stations 2 and 3 pronounced max-
ima at 50 m depth. The maximum value measured at Sta-
tion 2 is 0.4 mg m�3, which is about four times the value
measured at Stations 1 and 5. This increase shows that
the typhoon triggered phytoplankton bloom at this layer.
Note that at Stations 2 and 3 not only the maximum value
of the Chl-a concentration is higher than at the other sta-
tions, but also the layer of increased Chl-a concentration
is thicker.
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
South China Sea. J. Adv. Space Res. (2014), http://dx.doi.org/10.1016/j.a
The depth profiles of salinity (panel c) shows high salin-
ity at Station 2 above 50 m, and a strong halocline at a
depth of 50 m. Note that at Station 2, there is a sharp hal-
ocline at 50 m depth. Panel d shows higher water tempera-
tures in the mixed layer at Stations 2 and 3 than at the
other stations. Panel d shows lower water temperatures at
Stations 2 and 3 in the upper layer (down to a depth of
200 m) than at the other stations.

3.4. Remote sensing observations of Chl-a, SST and SLA

Remote sensing data have been used widely in studies of
the ecological response of water bodies to tropical cyclones
(Lin, 2012). The 8-day composite Chl-a concentration and
SST maps, as well as weekly SLA maps are depicted in
Fig. 6. The three maps in the first column refer to the week
before the passage of the typhoon, the ones in the second
column to the week when the typhoon was nearest to the
sampling stations, and the ones in the third and fourth col-
umns refer to 1 week and 2 weeks after the passage of the
typhoon, respectively.

The ellipse inserted into the SLA map (panel c3) shows a
strong negative SLA, indicating a strong cyclonic eddy,
which is prone to cause upwelling of cold water. The area
marked by an ellipse in panel b3 referring to 1 week after
the passage of the typhoon is cooler by approximately
3 �C than 1 week before (panel b2). However, the Chl-a
concentration map (panel a3) valid for the first week after
the passage of the typhoon is of poor quality due to cloud
coverage. The map valid for the second week after the pas-
sage of the typhoon (panel a4) is of slightly better quality
and shows a slight increase in Chl-a concentration.
n and related marine ecological parameters to a tropical cyclone in the
sr.2014.01.005
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3.5. Ekman pumping velocity (EPV)

The daily averaged EPV of 28 August is depicted in
Fig. 7. During the time the typhoon crossed the Luzon
Strait, the EPV was negative along the typhoon track, indi-
cating strong upwelling. The EPV highest value reached its
highest value of 4.0 � 10�4 m s�1 on that day.
3.6. Sea surface geostrophic currents

The weekly composite sea surface geostrophic currents
1 week before, during, 1 week after and 2 weeks after the
passage of the typhoon are depicted in Fig. 8. On all four
maps, a strong western boundary current (Kuroshio) is
Temperature 
decrease 

DO 
Increase  Vertical  

mixing  
+  

Upwelling 

Kuroshio 

Chl-a 
increase 

Nutrient  
increase 

+ 

Entrainment 

Typhoon 

Fig. 9. Schematic diagram showing the biochemical and physical
processes induced by the typhoon Nanmadol causing increase in DO
concentration.

Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
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visible east of the Luzon Strait. Panel a shows that 10 days
before the passage of the typhoon, the Kuroshio was flow-
ing northward east of the Luzon Strait. Also a weak cyclo-
nic eddy located around 120�E, 22�N is visible. During the
passage of the typhoon, this cyclonic eddy continuously
strengthened and interacted with the northward flowing
Kuroshio (panels b and c). Part of the Kuroshio waters fol-
lowed the path of the cyclonic eddy, moved westward and
intruded into the SCS as a loop current where it modified
the characteristics of the SCS waters (panel c). On 7 Sep-
tember, i.e., 2 weeks after the passage of the typhoon, the
eddy had weakened (panel d).

4. Discussion

4.1. Increase of DO concentration and entrainment

The maps depicted in Fig. 2 clearly show that near the
Station 2, at depths between the surface and 40 m, the hor-
izontal distribution of the DO concentration is significantly
enhanced relative to the surrounding stations. This is also
confirmed by the depth profiles of the DO concentration
depicted in panels a of Figs. 4 and 5.

The fact that the DO concentration is enhanced at Sta-
tion 2 and is almost constant down to a depth of 35 m
(Fig. 5, panel a) is a clear indication that (1) the increase
of DO concentration in the upper layers after the passage
of the typhoon is caused by the entrainment of oxygen
from the air and that (2) the water body is strongly mixed
down to a depth of 35 m.
n and related marine ecological parameters to a tropical cyclone in the
sr.2014.01.005
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Noted that the depth of maximum DO concentration
measured at all stations along the transect A (Fig. 1, panel
b) is 5 m (Fig. 5, panel a), which is different from the depth
of maximum DO concentration usually encountered in the
SCS. According to Liu et al. (2005, 2011), the depth of
maximum DO concentration in the SCS ranges from 20
to 75 m. In summer the average depth is 55 m, but in winter
it is lower due the impact of strong winter monsoon with
high winds. Our measurements show that after the passage
of the typhoon, maximum DO concentration is located at
5 m depth, which is well above the depth of the pycnocline
(around 50 m, see panels c and d of Fig. 5). Thus, we con-
clude that the typhoon winds, like the strong winter mon-
soon winds, might give rise to an uplift of the layer of
maximum DO concentration.

4.2. Increase of DO concentration and upwelling

The increase of DO concentration induced by the
typhoon is accompanied by an increase of Chl-a concentra-
tion and a decrease of water temperature with depth (Figs. 2
and 3). At Station 2, which is closest to the typhoon track,
upwelling of cold water and an increase in salinity is
observed (Panels c and d in Fig. 4), as well as an increase
in Chl-a concentration in the subsurface layer. Further-
more, the occurrence of a negative SLA and a large EPV
(Figs. 6 and 7) shows that upwelling is quite strong in this
area.

Note that all our measurements were carried out at left
side of the typhoon track. In accordance with previous
studies (Yang and Tang, 2010) the response of is here less
less strong than on the right side (see Fig. 6).

Upwelling of cold nutrient-rich waters contributes to the
increase of DO concentration after the passage of the
typhoon by two effects: (1) enhancement of primary pro-
ductivity and thus increased generation of oxygen, and
(2) decrease of water temperature which increases the solu-
bility of oxygen in water and thus the DO concentration.

4.3. Increase of DO concentration and Kuroshio intrusion

Intrusion of Kuroshio waters into the SCS frequently
occurs in winter caused by high northeastern monsoon
winds. In summer, the southwestern monsoon winds
restrain this intrusion. Previous investigations have shown
that typhoons can cause Kuroshio intrusion into the SCS
via the interaction of the Kuroshio with typhoon-generated
cyclonic eddies (Sun et al., 2009; Miyazawa et al., 2008).
Thus, we suspect that also during our cruise Kuoshio
waters had intruded into the SCS.

The weekly maps of sea surface currents (Fig. 8) indicate
that indeed Kuroshio waters had intruded into the SCS
through the Luzon Strait, which might be partially caused
by the northwestern typhoon winds. Part of the northward
flowing Kuroshio waters followed the track of the typhoon
and might have given rise to the generation of a cyclonic
eddy propagating into the northern SCS. The interaction
Please cite this article in press as: Lin, J., et al. Response of dissolved oxyge
South China Sea. J. Adv. Space Res. (2014), http://dx.doi.org/10.1016/j.a
between the Kuroshio and the eddy was strongest 1 week
after the passage of the typhoon. Since at Station 2, the
salinity was higher than that at the other stations (panel
d of Fig. 4), we suspect that indeed Kuroshio waters
intruded into the northern SCS since Kuroshio waters in
the upper layers are more saline than SCS waters (Qu,
2002).

The advection of the surface waters from the western
North Pacific into the SCS caused by westward propagat-
ing meso-scale eddies may also contribute to this effect.
Meso-scale eddies were present in this area from at least
1 week before and 2 weeks after the typhoon passed this
area (Fig. 6c).

The different processes causing an increase in DO con-
centration by the passage of a typhoon are summarized
in Fig. 9.

5. Conclusions

The ship-borne measurements carried out 1 week after
the passage of the typhoon Nanmadol in the northern
South China Sea show that at the station closest to the
typhoon track a strong increase in DO concentration is
observed which reaches from the sea surface down to depth
of 35 m and which varies very little with depth. We have
discussed three different mechanisms that can contribute
to this increase, but we suspect that the entrainment of oxy-
gen from the air into the upper water layer combined with
strong vertical mixing of the water body due to the
typhoon winds is the dominant mechanism.

We interpret the increase of DO concentration after the
passage of the typhoon being caused by the following three
effects:

(1) Entrainment of oxygen from the air caused by strong
winds giving rise to enhanced vertical mixing in the
upper water layers;

(2) Upwelling of cold nutrient-rich water to the upper
layers, which stimulates photosynthesis of phyto-
plankton leading to generation of oxygen, and which
also leads to an increase in DO concentration due to
colder waters since the solubility of oxygen increase
with decreasing water temperature;

(3) Transport of DO enriched waters from the West Paci-
fic to the South China Sea via Kuroshio intrusion.

However, one has to keep in mind that the measure-
ments reported in this paper were carried out in a com-
plex hydrological environment close to the Luzon Strait,
where the Asian monsoon, the intrusion of Kuroshio
waters into the SCS, and mesoscale eddies shed by the
Kuroshio affect the water body. Therefore it is difficult
to assess the effect of a single process on the ecology in
this region. Thus, more measurements at different loca-
tions and times have to be conducted, in order to get a
full understanding of the effect of typhoons on the DO
concentration in the northern SCS.
n and related marine ecological parameters to a tropical cyclone in the
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