We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Response of Coastal Upwelling
East of Hainan Island in the South
China Sea to Sudden Impact

and Long-Term Variability of
Atmospheric Forcing

Lingling Xie and Mingming Li

Abstract

The wind-driven coastal upwelling east of Hainan Island (UEH) in the north-
western South China Sea (SCS) is sensitive to the multi-scale variability of atmo-
spheric forcing. This chapter focuses on two ends of time scales of atmospheric
forcing: very short-time or sudden impact, i.e., typhoon passages; and long-term
variability associated with El Nifio events. The response of the sea surface tempera-
ture (SST) associated with the UEH to typhoon passages was investigated based on
concurrent satellite SST and wind products. The long-term variability and response
of the UEH to super El Nifio events were analyzed based on recent 30 years of satel-
lite data. The results show that the UEH has significant responses to atmospheric
forcing. Meanwhile, the ocean circulation also plays an important role in modula-
tion of the coastal upwelling.

Keywords: coastal upwelling, typhoon, ENSO, long-term variability, South China Sea

1. Introduction

As one of the important dynamic processes in continental shelf seas, coastal
upwelling is capable of bringing the cold and nutrient-rich subsurface water to the sur-
face [1-3]. Thus, it plays a crucial role in the local fishery [4, 5], sedimentation process
[6, 7], and weather system [8, 9]. Meanwhile, the coastal upwelling is of significance
for the air-sea CO, flux and the global carbon cycle [10, 11]. Hence, oceanographers
have paid much attention to the coastal upwelling in various ocean areas [12-18].

The wind-forced offshore Ekman transport is the general mechanism for the
coastal upwelling [16, 19-21]. In recent decades, with global climate change, the
long-term and interannual variability of upwelling, particularly its response to
extreme events, such as the El Nifio-Southern Oscillation (ENSO) events, has been
paid more and more attentions [22-27]. On the other hand, the coastal upwelling
in low latitudes is susceptible to frequently passing tropical cyclones. The sudden
impacts by typhoon passages on the upwelling process are worth pursuing [28-31].

As shown in Figure 1, upwelling east of Hainan Island (UEH) is seasonal coastal
upwelling in the northwestern South China Sea (SCS). It occurs mostly within a
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Figure 1.

Climatological monthly mean SST (a—c), wind stress vector (d—f), and wind stress curl (g—i) in summer
months of June, July, and August in northern SCS. Black boxes A and B represent the coastal upwelling zone of
the UEH and the background zone without upwelling in deep water, respectively.

range of 40 km off the coastline in summer months as the southwesterly monsoon
prevails [16, 21, 32]. The wind-driven offshore Ekman transport and Ekman pump-
ing, as well as the topography effect, are main mechanisms of the UEH [33-35].
Since pioneer studies in the 1960s, researchers have investigated the hydrographic
features and the variability of the UEH [16, 31, 33, 36-39]. In recent years, the 3D
vertical circulation and diapycnal turbulent mixing in the UEH zone have been
investigated from cruise observations [21, 40].

2. Long-term variability of UEH
2.1 Climatology

As shown in Figure 1a—c, the SST reaches above 28°C in the most northern
SCS. One can see that the low-temperature area along the eastern coast of Hainan
Island formed by upwelling is quite evident with SST decreasing from 27.5°C at 40 km
offshore to 26°C along the coast. In July and August, the SST reaches above 29°C in
the deep water but is still lower than 27.5°C in the coastal upwelling zone. Influenced
by East Asia monsoon, the southwesterly winds prevail in the northern SCS in
summer as shown in Figure 1d-f. One can see that the wind stress in the offshore
water east of Hainan Island is lower than that in the deep water. The winds blow
northeastward over the offshore water. The non-zero wind stress curl is produced by
nonuniform spatial distributions of wind speed and wind direction. From the wind
stress curl shown in Figure 1g—i, one can see that in summer, the wind stress curl east
of 112°E in the northern SCS is generally negative, while that over the coast upwelling
zone between 110° and 111°E is positive in June—August, and the value and extent are
larger in July. Driven by the positive wind stress curl, the Ekman pumping can cause
upwelling of lower layer cold water, leading to the UEH with low SST.

2.2 Variability of upwelling intensity

We use the SST difference between the upwelling zone (Zone A in Figure 1)
and that in the deep water without upwelling (Zone B in Figure 1) as the upwelling
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Figure 2.

Variation of the averaged SST in summer in the upwelling zone (zone A in Figure 1) (a) and the background
zone in the deep water (zone B in Figure 1) (b) and the upwelling index (UI) of UEH (c) from 1982 to 2012.
The straight lines represent the linear trends of the variations (cited from [26] ).

index (UI) to denote the upwelling intensity (refer to [26] for details). Figure 2
shows the variation of SST in zones A and B and the UI of the UEH from 1982 to
2012. One can see that both the SST in the upwelling zone A, i.e., SST),,,, and that
in the deep water without upwelling, i.e., SSTf,,, have increasing trends in recent
30 years. The increase rate is 0.03°C/a for zone A and 0.02°C/a for zone B, respec-
tively. The warming in the upwelling zone is faster than that in the open-sea waters.
Thus, the UI of the UEH has a decreasing trend with a rate of —0.01°C/a. The UEH
weakens as the global climate changes. This is opposite to the intensification in the
coastal upwelling zones on the east coast of the ocean basin [22, 24-25, 41].

In order to investigate the interannual variability of the UEH, we decompose
the Ul time series using the empirical mode decomposition (EMD) method [42].
The first three intrinsic mode functions (IMFs 1-3) are shown in Figure 3. One can
see that the periods of the IMFs 1-3 are about 3 a, 5 a, and 10 a, respectively. The
corresponding variance contributions are 82, 10, and 1%. The IMF1 has the larg-
est amplitude and dominates the interannual variability of the UEH. On the other
hand, the 3-year variation is highly related to the ENSO events [33].

2.3 Variability of upwelling center

Taking the latitude of the maximum UI as the upwelling center, one can inves-
tigate the variation of the position of the UEH. As shown in Figure 4a, one can see
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Figure 3.
First three intrinsic mode functions (IMFs 1-3) of the Ul sevies of the UEH (a) IMF1, the first and largest
mode, (b) IMF2, the second mode and (c) IME3, the third mode (cited from [26] ).
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Figure 4.
The interannual variation (a) and the statistics (b) of the upwelling center of the UEH in 1982—2012 and three
IMFs of the variation (c—e) (cited from [26]).

that the center of UEH oscillated north-southward along the Hainan coast between
18.9° and 19.3°N in the past 30 years. The center positions of the largest probability
are in 19.2°-19.3°N and 18.9°-19°N. For the long-term variation trend, one can

see that the center position shifted northward from 1980 to 2012. The IMFs of the
center position series also show interannual variability with three intrinsic periods
of 3a, 5a, and 10 a, of which IMF 1 has the largest amplitude and dominates the
variance.

2.4 Effects of wind stress and wind stress curl

The UEH is generally driven by the alongshore wind stress. However, for the
long-term variation, the alongshore wind stress has an increasing trend with a rate
of 1.1 x 107> N/m®/a as shown in Figure 5a. This is opposite to the decreasing trend
of the UEH shown in Figure 2c. The correlation coefficient of the interannual
variability of the UI with that of the alongshore wind stress is only 0.43 (P < 0.02).
The alongshore wind stress seems not to be the dominant factor for the long-term
variation of the UEH. Figure 5b shows the variation of the wind stress curl over the
upwelling zone. One can see that the wind stress curl has a decreasing trend with a
rate of —2.7 x 107" N/m?/a. The correlation coefficient of the wind stress curl and
the Ul reaches 0.66 (P < 0.001). For the first two IFMs, the correlation coefficients
reach 0.75 for IMF1 and 0.54 for IMF?2 for the wind stress curl but are 0.52 for IMF1
and 0.46 for IMF?2 for the alongshore wind stress. This result suggests that the wind



Response of Coastal Upwelling East of Hainan Island in the South China Sea to Sudden Impact...
DOI: http://dx.doi.org/10.5772/intechopen.88828

o
8
m

o
8
T

o

]

©
T

| L
ARy VAT

0.018
1 |
1990 1995 2000 2005 2010 2012
Year

o
5]
o

e o
2
Y

. 2
Talongshore (N/m®)
2
n

19

x10°7

- -

=] N
T

|

z

cut_+ (N/m%)
(-] -]
T

2 |
1982 1985 1990 1995

| ) |
A AR VAL'S

Year

Figure 5.
Variations of the alongshore wind stress Tyongshore (@) and the curl of wind stress curl.z (b) over the UEH zone in
1982-2012. The straight lines vepresent the linear trends (cited from [26] ).

stress curl-induced Ekman pumping plays a more important role in the long-term
variability of the UEH intensity.

By comparing the latitudes of maximum alongshore wind stress (around
19.1°N) and wind stress curl (around 19.25°N), one can see that the latitude of the
maximum wind stress curl is more consistent with latitudes of the maximum UI at
19.2°-19.3°N. This shows the importance of the wind stress curl on the long-term
variation of the UEH.

3. Response of UEH to super El Nifio events
3.1 Background

As mentioned above and in previous studies, the UEH has interannual variabil-
ity associated with the ENSO events [37]. Comparing with the UEH, the upwelling
east of Vietnam coast (UEV) in the western SCS has different response to the ENSO
events [8, 43]. Jing et al. [33] analyzed the response of UEH and UEV to a super
El Nifio event of 1997-1998 and found that in summer 1998, southerly winds were
intensified in the northern SCS, so that UEH was strengthened, while easterly
winds were abnormally intensified along the Vietnam coast over the southern
SCS, so that UEV is weakened. Most of these previous investigations explained the
mechanisms of response of coastal upwelling to El Nifio events based on wind forc-
ing, and less attentions are paid to the background ocean dynamic processes.

Recently, another super El Nifio event occurred in 2015-2016, which lasted
for longer than 12 months with sea surface temperature anomaly (SSTA) peaks
higher than 2°C for longer than a half year as shown in Figure 6. Shen et al. [39]
use SST, sea surface height (SSH), wind fields, and heat flux data from 1995 to 2016
to compare different responses of UEH and UEV to the two super El Nifio events
of 1997-1998 and 2015-2016 and found that ocean mesoscale eddies significantly
affected the response of coastal upwelling to El Nifio events.
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Figure 6.
Nirio 3.4 index from 1995 to 2016. Blue, orange, and red color bars vepresent SSTA lower than 0.4°C, but higher
than 0.4 and 2°C, respectively (cited from [39] ).

3.2SSTA

The SSTA with respect to climatologic SST is generally used as an indicator to
represent response of upwelling to the El Nifio events [8, 33, 43, 44].

Figure 7a-b shows the averaged SSTA fields of UEH and UEV in local summer
(June-July—August) of 1998. One can see that the extent of cold water in UEH
expanded with totally averaged SST 0.04°C lower than that of climatology, imply-
ing that UEH was slightly intensified. On the other hand, the extent of cold water
in UEV was remarkably shrunk with greatly increased SSTA. The totally averaged
SSTA was 1.15°C. In particular, at the cold center of climatology near 11° 30°N, SSTA
was warmed up as high as 1.8°C. This implies that the UEV greatly weakened after
the super El Nifio event of 1997-1998 ended in spring 1998.

Super El Nifio event of 2015-2016 ended in spring 2016 has the longest lifetime
and the highest SST anomaly in the equatorial Pacific since 1900. In summer 2016,
SSTAs in UEH and UEV are entirely different. As shown in Figure 7c-d, all SSTs in
UEH show warm anomaly with the SSTA amplitudes of 0.4-1.0°C, and the warm-
est anomaly appeared at about 100 km offshore. Comparing SST distribution (not
shown), the cold water area of UEH greatly decreased, with totally averaged SSTA of
0.67°C, implying that UEH weakened. Meanwhile, SST in the UEV decreased about
0.2°C in the area 50 km offshore from 11° 30°N to 12° 30°N, while SST slowly increased
from the cold center to the deep water. The totally averaged SSTA was 0.17°C with a
maximum warm anomaly of 0.4°C, implying that UEV was also slightly weakened.

3.3 Wind field anomaly

The variability of local wind field is an important factor that must be considered
in response of coastal upwelling to super El Nifio events. Figure 8 shows the wind
vector anomaly (arrows) and the wind stress curl anomaly (color) of the UEH
and the UEV in summer 1998 and 2016. Forced by abnormal southerly winds and
positive wind stress curl anomaly, both favorable conditions for upwelling, UEH
was intensified with expanded sea surface cold water area and lower temperature
in summer 1998 (Figure 8a). This is consistent with SSTA patterns shown in
Figure 7a. Meanwhile, for the UEV, southerly wind anomaly was remarkable, and
wind stress curl decreased with the negative anomaly of —2 x 10~/ N m™>. The two
factors restrained the upwelling development, so that SST in UEV increased in sum-
mer 1998 (Figure 8b). This is consistent with SSTA patterns shown in Figure 7b.

In summer 2016, southerly wind anomaly was still dominant over the UEH; the
wind stress curl anomaly was positive and negative over the northern and southern
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Figure 7.
SSTA in UEH (a, c) and UEV (b, d) in summers 1998 and 2016. Color codes are in °C (cited from [39]).

UEH, respectively (Figure 8c). The wind speeds were higher than the climatologic
means. Theoretically, the wind fields were favorable to the upwelling development.
However, the comparison with the SSTA patterns shown in Figure 7c indicates that
the temperature in the UEH cold water area greatly increased and the region of cold
water became narrower. Based on this fact, Shen et al. [39] speculate that there are
other factors to weaken the UEH. In the UEYV, the southerly wind anomaly was dom-
inant, and the wind stress curl anomaly was positive in most cases with the mean
positive anomaly as high as 1.5 x 107" N m~> (Figure 8d). The wind speeds were
greater than the climatologic values. Such wind field anomaly was greatly favorable
to the upwelling development. However, results in the above section indicate that

in summer 2016, the mean SST in the UEV was close to the climatologic mean, cold
water area was not obviously expanded, and lower SST appeared in partial area
only. This implies that there are some factors to counteract forcing of wind field,
resulting in unchanged upwelling intensity in the UEV.
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Composite maps of wind vector anomaly (arrows) and wind stress curl anomaly (color codes in N m™) of
UEH (a, c) and UEV (b, d) in summer 1998 and 2016 (cited from [39]).

3.4 Surface heat flux

The sea surface heat flux is an important factor to affect the SSTA. Figure 9a
shows summer mean net heat flux of the western SCS in 1998 and 2016. One can see
that the horizontal distributions are characterized by dipole patterns, i.e., a low-value
center, located at the deep basin coexisting with a high-value center at the northwest-
ern shelf. The extent of high net heat flux (NHF) (7.5 x 10°J m™) in summer 2016
(Figure 9b) was much larger than that in summer 1998 (Figure 9a), suggesting that
the heat absorbed by UEH and UEV was higher than that in 1998 summer.

Figure 9c shows the difference of spatial mean NHF in summer 2016 from that
in summer 1998. For both of the UEH and the UEV, all the heat flux differences
are positive, i.e., the heat gain due to shortwave solar radiation in summer 2016
was greater than that in summer 1998, and the heat losses due to the long-wave
radiation, latent heat flux, and sensible heat flux were smaller than that in sum-
mer 1998. This result reveals that NHF absorbed by the sea water of two upwelling
zones in summer 2016 was near twice of that in summer 1998. The increase ampli-
tude of the NHF in UEV was twice of that in UEH. However, comparing that in
summer 1998, the mean SST in UEH in summer 2016 increased near 0.71°C, while
that in UEV decreased by 0.98°C as shown in Figure 7, namely, in the UEV, the
NHF increased, but SST decreased. Therefore, the NHF is not a dominant factor to
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Downward mean net heat flux (NHF) in the western SCS in summer 1998 (a) and 2016 (b) and difference of
mean heat fluxes of summer 2016 from 1998 in UEH and UEV (c). Color codes in a~b represent NHF in J m™>

(cited from [39]).

affect SSTA in the upwelling cold water area during the El Nifio events, but there
must be other dynamic factors to counteract the SST increase in the upwelling cold
water areas.

3.5 Effects of ocean dynamic processes on upwelling cold water

As a component of the ocean circulation, coastal upwelling is affected by the
background current. The surface cold water in the upwelling zone is formed by
transport of cold water in lower layers to upper layers carried by the vertical motion
of sea water. Meanwhile, if horizontal currents transport water masses with differ-
ent properties from other areas to the upwelling zone, or alter the current fields to
affect divergence of upper layer sea water, it is possible to change the intensity and
location of upwelling.

Mesoscale eddies are active in the SCS [45, 46]. The horizontal and vertical
motions of eddies would modulate background current and mass transport, so

9
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SSHA distribution in the western SCS in summer 1998 (a) and 2016 (b). Color codes are in m (cited from [39]).

that they may be the important processes to affect UEH and UEV. Here, the SSH
anomaly (SSHA) is used as an index to analyze effects of mesoscale eddies on SSTA
in the upwelling zones. Figure 10 shows SSHA distribution in the western SCS in
summer 1998 and 2016. In summer 1998, SSHA in the northern SCS was negative
(Figure 10a), favorable for UEH development. Meanwhile, there was an ellipse-
shaped warm eddy in SW-NE direction off the South Vietnam coast. The UEV

was located within the extent of warm eddy, so that the UEV was restrained. On

the other hand, in summer 2016, the UEH was located in the positive SSHA area,
and there were multiple weak warm eddies east of Hainan Island (Figure 10b).

The SSHA was also positive in the offshore water of Vietnam. Near the Indo-China
Peninsula, there were a train of stronger warm eddies centered at 10°, 12°, and
15°N, respectively. This might explain that although the wind field anomaly along
the Vietnam coast was quite favorable for upwelling development, the extent of cold
water did not expand, and SST also did not decrease with respect to the climatology.
It is the warm eddies that may counteract the wind forcing effect.

4. Response of UEH to typhoon passage
4.1 Statistics of typhoon

Previous investigators have addressed that the hydrological characteristics and
dynamic structure of the upwelling may have dramatic changes after typhoon
passage [28, 38, 47]. The UEH is located in the pathway of typhoons formed both
in the western Pacific Ocean and the SCS [47, 48]. In order to investigate the sud-
den impact of typhoon forcing on the UEH, Xie et al. [31] analyzed the statistics of
typhoons passing the UEH zone during the past 34 years from 1982 to 2015.

As shown in Figure 11, there were a total of 42 tropical cyclones passing the
UEH between April and September from 1982 to 2015, of which 24 cyclones origi-
nated from the western Pacific and 18 from the SCS. The cyclones originating from
the Pacific passed over the UEH mostly in July, while the locally generated cyclones
in the SCS appeared mostly in August. Most cyclones moved northwestward into
the research area, while several cases passed this region north-/northwestward or
even parallel to the coastline. Figure 11g shows the incidence angles of the cyclones,
which is defined as the angle between the pathway of cyclone when entering the
upwelling region and the trend of coastline, i.e., 0° for the passage parallel to the
coastline and 90° for perpendicular. Twenty-five cyclones entered this area with

10
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Figure 11.

Tracks and incidence angles of cyclones passing over the UEH zone (ved box) during the period from April to
September of 1982 to 2015. Black lines in (a)—(f) are tracks of tropical cyclones originated from the Pacific and
blue lines from the SCS. Red boxes represent the UEH zone for statistics (cited from [31]).

incidence angle between 70° and 90°, among which seventeen passages were nearly
perpendicular to the coastline (80°-90° of the incidence angle). Only in two cases
the incidence angles were smaller than 40°.

As for the monthly distribution, the passages of tropical cyclones were prevail-
ing in summer from June to August, when upwelling had been well developed.
There are 36 cases in summer, accounting for 86% of all passing cyclones, in which
18 cases occurred in July. As of the cyclone intensity, the most frequent category was
severe tropical storm (STS) with 12 cases during 34 years, followed by the tropical
depression (TD) and typhoon (TY) of 10 and 9 cases, respectively. The three most
prevailing types account for 74% of all passing tropical cyclones. The severest super
typhoon (super TY) occurred in July 2014.

4.2 Statistics of SST variation

The SST variations in the UEH induced by cyclone passages during 1982 and 2015
are shown in Figure 12. The SST difference (ASST) between the post-cyclone and
pre-cyclone values is used to specify the response of UEH to typhoon passages. Here
the pre- and post-SST are averaged values of the whole region within 7 days before
cyclones enter or after passing the upwelling zone (outlined by red dashed lines
in Figure 11), respectively. In most cases, the SST in the upwelling zone decreased
(ASST < 0) after the typhoon passage, with the greatest decrease of —2.4°C induced
by the severe typhoon (STY) Zeke in 1991. The SST increase occurred in 1985, 1989,
and 2001, with the greatest increase of 3.4°C after the passage of a nameless weak

11



Estuaries and Coastal Zones - Dynamics and Response to Environmental Changes

i s i At S i it i I ___________ i G d [l Vi (o

Lrll'u rlrnllll[ulllllwll

| | | | | 1 | | | | v | | | | | | 1 | 1 | 1 1 | | l | l | l |
1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

’ |
1982 1984

-

Nubmer
C = N W aoO~N®YWOo

May June July August September

&
&
1]
-
o
Sl
N
w
=
!
-3

ASST (°C)

Figure 12.

SST changes induced by the 42 tropical cyclones passing over the UEH from 1982 to 2015. (a) Yearly distribution.
(b) Number of typhoons in different cases. (c) Monthly distribution. Warming cases arve in ved, cooling cases in
blue, and no-significant-change cases in gray (cited from [31]).

tropical depression (WTD). The warming of sea surface after typhoon passages is
distinguished from the prevailing cooling in the open ocean.

All 42 cases are categorized into three types according to the SST variation ASST:
cooling with ASST < —0.5°C, no-significant-change with —0.5 < ASST < 0.5°C, and
warming with ASST > 0.5°C. The statistical result is listed in Figure 12b. Nineteen
cases of forty-two cyclones triggered surface cooling, with ASST concentrated
mainly between —2 and —1.5°C and averaged to —1.5°C; twenty cases were in the
category of no-significant-change with a mean value of 0°C, accounting for 48% of
all cases and the number of slightly warming is larger than that of slightly cooling;
three warming cases were found with a mean value of 2.1°C. The magnitude of aver-
aged warming is greater than that of cooling.

In monthly distribution (Figure 12c), most warming cases occurred from June
to September, with a maximum in June. The largest magnitude and most frequent
cooling were in July, preceding that in June and August.

4.3 SST changes vs. typhoon parameters

It is usually assumed that the intensity and moving speed of tropical cyclone are
two predominant factors influencing SST decrease in the open ocean. The stronger
or slower-moving cyclones are supposed to induce more SST decrease [49]. Other
studies suggested that the incidence angle and path of tropical cyclone may also play
an important role in SST variation in coastal regions [29, 50]. In the UEH, all the
four mentioned parameters are analyzed in 42 cases from 1981 to 2015.

The distributions of ASST on two joint parameters are illustrated in Figure 13.
One can see that all three warming cases occurred after passage of low-wind-speed
tropical cyclones, with duration period of 5-9 h, and the magnitude of SST varia-
tion increases with the incidence angle. For cooling cases, the relation between SST
variation and maximal wind speed is not significant, with correlation coefficient
R” = 0.29. The magnitude of SST decrease is not dependent on the duration period
of tropical cyclone. Most cooling cases occurred after tropical cyclones with the
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Figure 13.

2-D distribution of SST variation with tropical cyclone parameters (a) SST variation vs. maximum wind
speed and residence time. (b) SST variation vs. maximum wind speed and incident angle. (c) SST variation vs.
incident angle and residence time (cited from [31] ).

duration time smaller than 8 h. All cooling cases occurred with the incidence angles
greater than 50°, and there is an increasing trend of ASST magnitude with the inci-
dence angle. The SST variation in no-significant-change is independent of the wind
speed or the duration time of tropical cyclone. The incidence angles were all larger
than 50°. It seems that the maximal wind speed and the incidence angle contribute
more to the SST response, and the duration time might have slight influence.

4.4 Mechanisms of SST change

The change in SST induced by passage of tropical cyclone depends on the net heat
flux in the research area. As a severe local disturbance, strong vertical convection and
turbulent mixing during the momentum transfer from the cyclone to the sea water are
generally regarded as the primary mechanism for sea surface cooling [47]. The magni-
tude of cooling increases as the strength of the cyclone increases or the movement speed
decreases, due to the enhancement of vertical pumping and mixing. Generally, the heat
variations of the upper ocean due to vertical convection and mixing induced by tropical
cyclone, denoted as Q, and Q,,, respectively, are negative. However, 20 no-significant-
changes and even 3 warming cases appear in the above statistical analysis, indicating
that there are other mechanisms inducing the positive heat flux via tropical cyclones.

As illustrated in Figure 14, the typhoon approaching the upwelling zone might
decrease or increase the SST in the offshore water due to onshore or offshore Ekman
transport induced by the typhoon winds. The heat flux due to the typhoon Ekman
flow is denoted by Qg, and its sign depends on the relative locations of the typhoon
track and the upwelling zone [29]. For three SST warming cases mentioned above,
the locations of tropical cyclone tracks relative to the upwelling zone are variant:
one was south to the upwelling core, one passed the central upwelling zone, and one
veered from the north to the south. The local typhoon-induced heat advection Qg,
by Ekman transport is merely one factor influencing the SST variation.

Zheng et al. [50] suggested that typhoon could force a single sea-level soliton
in the deep offshore water with the positive amplitude. Warm water was thus
transported onshore with the shoreward propagation of the soliton due to nonlin-
earity and resulted in net positive heat flux shoreward. The onshore amplitude of
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Figure 14.
Sketch of typhoon-induced upwelling-favorable/upwelling-unfavorable wind and shoreward propagating soliton.
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Figure 15.
SST variation vs. incidence angle of tropical cyclone for three SST warming cases in UEH (cited from [31]).

soliton induced by typhoon (thus the heat advection marked as Q,,) depends on the
typhoon incidence angle, i.e.,

= alsinl/zgexp(—ﬁg (1)

in which g, is the amplitude of soliton, # the typhoon incidence angle, and a; and
a, are parameters related to the continental shelf width, the turbulent viscosity and
the propagation velocity of the soliton (refer to [50] for detail).

The normalized SST variation vs. the incidence angle of tropical cyclone in
three warming cases is shown in Figure 15. One can see that the normalized ASST
increases with the incidence angle and conforms to the idealized curve suggested by
Zheng et al. [50]. It shows that the heat transport by the offshore soliton is a signifi-
cant mechanism of SST increase in UEH after typhoon passages.

To sum up, the heat flux induced by tropical cyclone in UEH consists of two main
categories: nonlocal heat transport Q, through shoreward transport of the offshore
warm water by the tropical cyclone induced soliton, here Q, = Q,, and is positive; local
heat flux by the momentum input of tropical cyclone Qy, including the heat change due
to vertical convection/mixing Q,, (negative) and Ekman flow Qg, (positive/negative),
here Q; = Qym + Qga. Thus, the net heat flux by tropical cyclone is summarized as

>0 ifQ:1>00rQ, >
Qnet:Q_r+Q1 =0 l'fQ1<Oﬂ7’Ld Qr:_Ql (2)
<0 ifQi<and Q, < -Q4
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The above statistics of 42 tropical cyclone passages indicate that the SST
response in the UEH could be warming, no-significant-change, or cooling, account-
ing for 7, 48, and 45%, respectively. The heat flux is affected by the intensity, the
moving speed, the incidence angle, and the relative location of tropical cyclone. The
combination of these factors modifies the relative magnitudes of Q, and Q;, thus
influences the SST response signatures.

5. Summaries

The wind-driven UEH is a typical seasonal coastal upwelling in the northwest-
ern SCS. Satellite SST data and wind products help to investigate the variability
of UEH to multi-scale atmospheric processes. This chapter overviews the recent
progress, including the long-term and interannual variability of UEH with the
global climate change in recent decades, the response of UEH and UEV to super
El Nifio events in 1998 and 2016, the variation of UEH after sudden impacts of
typhoon passages, and the variability mechanisms. The main results are summa-
rized as follows:

1. Different from intensification trend of most east-coast upwelling, the UEH
has a weakened trend in the recent 30 years from 1982 to 2012. The decreas-
ing rate of Ul is 0.01°C/a. The UEH has higher correlation coefficient with
the variation of the local wind curl, which also has decreasing trend than the
alongshore wind stress. Meanwhile, the latitude of UEH core tends to move
northward, so does the latitude of the maximum wind curl location. Three
intrinsic modes with periods of 3, 5, and 10 years are found both for the
upwelling intensity and the core location variation, of which the mode with a
3-year period dominates the variation. The local wind curl plays an important
role in the interannual variation of the UEH.

2. The response of the UEH to the super El Nifio event in 2016 was different from
that in 1998. The responses of the UEH to two super El Nifio events were also
different from that of the UEV. Specifically, the upwelling-favorable wind
anomaly enhanced the UEH, while the upwelling-unfavorable wind anomaly
weakened the UEV in summer 1998. In summer 2016, there were upwelling-
favorable wind anomalies in both the UEH and the UEV. However, the cool
water zone shrunk with warmer SSTA in the UEH region, and the UEV
became warmer, indicating other mechanisms beside the ENSO-induced wind
anomaly. It is found that mesoscale eddies may significantly affect the response
of upwelling to super El Nino events.

3.There are three categories of SST response for 42 cases of typhoons pass-
ing through the UEH from 1982 to 2015, i.e., increasing SST (19 cases),
no-significant-changing SST (20 cases), and decreasing SST (3 cases).
The averaged SST increase is 2.1°C, higher than the averaged decrease of
—1.5°C. The intensity and the incidence angle are found to be main factors
affecting the variation of SST. The typhoon-induced elevation nonlinear
soliton transports heat from the open ocean to the coastal upwelling zone,
so that SST increases. The observed SST variation vs. the incidence angle
of typhoon track conforms to the theoretical predictions, namely, the SST
variation may be caused by both local and remote heat transports induced
by typhoon.
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