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Abstract. Two different upwelling indices: (1) Ekman transport upwelling index (UIgr) and (2) sea
surface temperature upwelling index (UIgsr) were evaluated to determine likely locations of coastal
upwelling occurring in the Gulf of Thailand (GoT). GoT covers the area between longitude 98.0°E to
106.0°E and latitude 5.0°N to 14.0°N. In addition, inter-annual and annual variability of UIgy along
the east and west coasts were also investigated. Ul was estimated using monthly averaged wind veloc-
ity during 2003-2018, while UIggr was calculated based on the difference between coastal and oceanic
monthly mean sea surface temperature at the same latitude. Based on spatial U Igr, favorable upwelling
conditions existed mainly along the east and west coasts during northeast and southwest monsoons,
respectively. Furthermore, the favorable upwelling conditions were also found sparsely along the east
coast and the west coast during the first and second inter-monsoon. The spatial Ulgsr showed fa-
vorable upwelling condition along the west and east coasts around Ca Mau Cape during northeast and
southwest monsoons. Meanwhile, during first and second inter-monsoons, the favorable upwelling con-
ditions rarely occurred. Disagreement of spatiotemporal coastal upwelling between Ulgy and Ulgsy
were likely due to the shallowness and bottom friction in the GoT. Considering inter-annual variability
of meridionally averaged U7 along east and west coasts, it was found that favorable/unfavorable up-
welling conditions were associated with Multivariate ENSO Index signal. Interestingly, annual cycle of
meridionally averaged U7 along west and east coasts showed alternation of favorable and unfavorable
upwelling conditions.
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1. Introduction

Coastal upwelling is the upward movement of
dense, cool, and nutrient-rich water from the bottom
which in turns displaces the surface water; this usu-
ally occurs along ocean coastlines [[1, 2]. The upwelled,
nutrient-replete water can support the growth of phy-
toplankton which serves as the base of the marine food
web. This upwelled water can sustain high primary
productivity and high fisheries catch [3, #, 5]. Several
mechanisms are used to explain coastal upwelling such
as Ekman pumping induction, dynamic uplift, tidal-
induced upwelling, coastal trapped wave, and classical
wind-driven flow theory which attributes the coastal
upwelling to winds. Wind-driven coastal upwelling is
mainly influenced by alongshore winds. In the north-
ern hemisphere, the winds blowing to the right of coast-
line can generate Ekman transport perpendicular to
shoreline which causes the divergence of surface water.
Therefore, the water underneath moves upward to re-
place surface water moving offshore [6, 7, 8]. This sim-
ilar phenomenon occurs in opposite for the southern
hemisphere, since Coriolis force is one of the main forc-
ings in wind-driven upwelling dynamics.

The coastal upwelling index (UIgr) is commonly
estimated by using the wind-driven Ekman transport
(volume). It is used to indicate the amount of sur-
face water driven offshore and replaced by upwelled wa-
ter. However, the Uy refers to only the possible ef-
fect of wind on ocean and does not represent any real
oceanic variables. Furthermore, the sea surface temper-
ature (SST) difference between coastal and oceanic wa-
ters over the same latitude can be also used to identify
the coastal upwelling. This so-called the SST upwelling
index (UIgsr), is also used as an indicator of coastal up-
welling. The weakness of using UlIgsy to predict up-
welling is that the gradient of SST does not directly at-
tribute to coastal upwelling because the external factors
like river discharge input and air-sea interactions, easily

effect on SST [P, 10, 11].

The Gulf of Thailand (GoT), covering area roughly
between longitude 98.0°E to 106.0°E and latitude 5.0°N
to 14.0°N, is located on the southwestern part of South
China Sea (SCS) continental shelf or Sunda Shelf. The
area of the GoT is approximately 35,000 km? and it is
largely enclosed by the land masses of Malaysia, Thai-
land, Cambodia, and Vietnam (see Fig. [ﬂ) The GoT is
meridionally divided into 3 parts, Upper Gulf (12.5°N
to 13.5°N), Central Gulf (9.0°N to 12.5°N), and Upper
Gulf (6.0°N to 9.0°N). Northeast monsoon and south-
west monsoon mainly control climate and seasonal vari-
ations of water circulation in the GoT. Northeast mon-
soon typically lasts from November to February, while
southwest monsoon lasts from May to September. In

between northeast and southwest monsoons, there are
two inter-monsoons. The first inter-monsoon lasts from
March to April and second inter-monsoon is in Octo-
ber. The GoT is also an important fishery resource pro-
viding a huge income to the country through the fishery
industries, tourisms, and port operations [[12, [13].

Several observations on coastal upwelling in the
GoT point to the occurrences along the east coast dur-
ing northeast monsoon and along the west coast dur-
ing southwest monsoon [[14, [15, [16]. This coastal up-
welling is also related to the counterclockwise circula-
tion along the west coast during southwest monsoon
[17]. Additionally, the circulation features in the GoT
were investigated by applying ocean color data to repre-
senting the chlorophyll aconcentration often used as an
indicator of phytoplankton biomass and one of possible
signs of upwelling condition [[18]. As the result of [18]’s
study, the high chlorophyll a concentration was found
year round around Samui Island, Surat Thani province
(see Fig. E] for location of Samui Island). Samui Island
is Thailand’s third largest island located at 100°E and
10°N with an area of 247 km? [[19]. Samui Island is
also an important tourist destination due to its high ma-
rine biodiversity and beautiful sandy beaches [20]. Fur-
thermore, water near Sumui Island is also believed to be
one of spawning grounds of short mackerel found in the
GoT.

To effectively manage the living resources manage-
ment and handle fishery-related problems in the GoT,
we need to have the in-depth understanding in coastal
upwelling which might provide geographical mapping
and mechanism of fisheries resources (e.g., habitats, fish
eggs, nursery, and larvae grounds) [21,, 22, 23, 24]. Since,
the comprehensive knowledge of coastal upwelling in
the GoT is still lacking, this study focuses on the sea-
sonal variability of coastal upwelling found in the GoT
as investigated through the upwelling index estimation
using two different approaches, Ekman transport and
gradient of sea surface temperature between coastal and
oceanic waters.

2. Methodology

To describe seasonal coastal upwelling found in the
GoT, two different upwelling indices which are Ekman
transport upwelling index and sea surface temperature
index are evaluated in this study. Details of each ap-
proach and how to calculate them are described below.

2.1. Ekman Transport Upwelling Index (UIgr) Es-

timation

The 10-m monthly mean of daily mean zonal and
meridional wind components during 2003-2018 with
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resolution of 0.125° x0.125° were downloaded from the
European Centre Medium-range Weather Forecast, in
short ECMWEF (https://www.ecmwti.int/). This data is
so-called ECMWF Reanalysis Interim or ERA-Interim
[@]. It is the global atmospheric reanalysis data set cov-
ering from the period of 1979 to present, and offering
online and near-real time data of various atmospheric
parameters.

To visualize the upwelling characteristics in the
GoTI, monthly mean wind components mentioned
above were used to calculate Ekman transport upwelling

index through the following equations (Egs. —(E)) as
described by [],

Ty
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The east-west and north-south Ekman transport
(Qe and @) are expressed in Egs. (ﬂ) and (@), re-
spectively, where 7, is zonal wind stress, 7, is merid-
ional wind stress, p,, = 1025 kg/m? is the density of
seawater, and f = 2Qsin# is the Coriolis parameter
(Q = 7.292 x 1075 rad/s is the Earth’s angular veloc-
ity and 6 is latitude laid between 6°N and 14°N). The
zonal and meridional wind stresses are determined us-
ing empirical formula as presented in Egs. (H) and (H),
respectively, where p, = 1.22 kg/m? is air density,
Cp = 1.3 x 1073 is a constant dimensionless drag co-
eflicient, W1, and Wig,, are wind speed at 10 m above
mean sea level in east-west and north-south directions,
respectively [H]. Generally, the Ekman transport is the
magnitude of two transport vectors which are the east-
west and north-south transport (@, and @),). Finally,
the Ekman transport upwelling index, U g7, is defined
in Eq. (B), where ¢ is an angle between coastline and
equator. For instance the western side of the Upper
Gulf (see Fig.lﬂ) has ¢ = —90°, while the eastern side has
¢ = 90°. A positive value of UIg means a favorable
upwelling condition, while a negative value of Ulgr
means an unfavorable upwelling condition [, @, g].
Hence, negative and positive values of Ulgy will be
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Fig. 1. Study area (the Gulf of Thailand). The Upper Gulf, Central Gulf, and Lower Gulf are defined and sepa-
rated by black dash line. Red asterisks and red crosses are locations, where spatio-temporal of Ekman Transport

Upwelling Index were analyzed.
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used to separate upwelling area/occurrence from down-
welling area/occurrence.

2.2. Sea Surface Temperature Index (UIssr) Esti-
mation

The satellite-derived cooling of surface water dis-
placed by the upwelled water is another potential
proxy of the coastal upwelling detection [28, 29]. The
global daily multi-scale ultra-high resolution sea sur-
face temperature analysis (MUR-SST; see more detail
in [BO, 31]), which is longest and finest observation of
SST recorded by satellite instruments during 2003-2018
were retrieved from the Physical Oceanography Dis-
tributed Active Archive Center or PODAAC’s website
(https://podaac.jpl.nasa.gov/). This data set was spa-
tially averaged to obtain monthly averaged SST. To re-
veal the upwelling characteristics found in GoT, the up-
welling index based SST (UIgsr) was then estimated
using Eq. (H) [11, B2]. Equation (H) defines the gradi-
ent of SST between coastal SST (SST,.ousta; 1t is either
the nearest to shoreline of narrow continental shelf or
slightly separated from the shoreline) and the oceanic
SST (SSTyceanic; it is offshore temperature with a dis-
tance of 2 degree along the same latitude). It should
be noted that the SST accuracy is particularly depen-
dent on its spatial resolution [33]. The negative value
of Ulgsr means favorable upwelling condition, while a
positive U Issr means unfavorable upwelling condition
9, 2d, 271,

UISST = SSTcoastal - SSToceanic (6)

3. Results and Discussions

3.1. Seasonal Wind Patterns

Seasonal wind patterns in GoT are shown in Fig. @
These patterns were based on 16-year long monthly av-
eraged wind vector. In January, which represents north-
east monsoon (see Fig. (a)), northeasterly wind domi-
nated in the Upper Gulf and the entrance of the GoT,
while easterly wind is mostly found in the Central Gulf.
Generally, the strong wind speeds (4-5 m/s) were ob-
served at the Lower Gulf and their speeds gradually de-
creased toward the Upper Gulf (1-2 m/s). This pattern
was also found during the first inter-monsoon (March),
where the wind field seemed to blow westward in the
Lower Gulf, northwestward in the Central Gulf, and
northward in the Upper Gulf (see Fig. E(b)) How-
ever, the magnitudes of wind vectors were quite similar
(about 4-5 m/s) for the whole GoT.

Figure (c) depicted wind pattern in August, which
represents southwest monsoon. In this period, winds
mainly prevailed east-northeastward in the Central

Gulf. In the Upper Gulf and Lower Gulf, southwest-
erly winds were the major influences. Apart from wind
direction, wind speeds of 4-5 m/s were found almost
for the whole Gulf. During the second inter-monsoon
(October), weak winds (1-2 m/s) blew southward to
southeastward in the Upper Gulf and Central Gulf, re-
spectively (see Fig. @(d)) From Fig. E, the impact
of East Asian and Indian monsoons on wind patterns
in the GoT can be noticed. Wind patterns at the Up-
per Gulf and Lower Gulf clearly prevailed in north-
east and southwest direction depending on monsoon
winds. However, in the Central Gulf wind patterns
were mainly easterly and westerly during northeast and
southwest monsoons, respectively. These monsoonal
wind patterns shown in Fig. P will be used to estimate
the upwelling index in the following section.

3.2. Ekman Transport and Ulgr

Using Egs. @)—@), the magnitude and direction of
Ekman transports can be calculated using seasonal wind
velocity components as previously analyzed in section

(see Fig. B). Theoretically, the Ekman transports ob-
viously move perpendicular to wind vector. In north-
ern hemisphere, it is to the right of wind direction and
vice versa in southern hemisphere. The stronger the
wind speed, the more transported water. Hence, dur-
ing northeast monsoon (January; Fig. H(a)) strong trans-
port from SCS moved northwestward into the Lower
Gulf and turned north toward Central Gulf. While
weak northwestward transport appeared in both the
Upper Gulf and Central Gulf. In addition, SCS’s wa-
ter that moved into the Gulf mostly propagated from
the west coast of Vietnam during northeast monsoon
[B4]. Based on wind speed shown in Fig. (a), strong
and weak transport were found in the Lower Gulf and
Upper Gulf, respectively.

For the first interrmonsoon (see Fig. H(b)), the
strongest transport still existed in the Lower Gulf, while
weak transport occurred in the Central and Upper
Gulfs. The transport directions moved into the GoT
from the Lower Gulf and turned northeastward and
eastward at the Central Gulf and Upper Gulf, respec-
tively. These patterns were related to the directions of
wind as depicted in Fig. @(b) The movements found
during this period can cause the water to pile up in the
eastern GoI. During the southwest monsoon (see Fig.
E(C)), the strong north-northeastward wind appeared
for the whole Gulf causing water be transported out
of the GoT. Unlike other monsoons, the second inter-
monsoon’s transport was very minimal (see Fig. H(d))
Note that vector scale in Fig. B(d) is different from oth-
ers with 5 orders of magnitude smaller. However, trans-
port found in this period was eventually opposite to the
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Fig. 2. Surface wind vector (m/s) in (a) January (Northeast monsoon), (b) March (1** inter-monsoon), (c) August
(Southwest monsoon) and (d) October (2™ inter-monsoon).

transport of first inter-monsoon. This means that trans-
port for the whole Gulf tended to move toward the west-
ern GoT (the piling up of water was found in the western

Gol).

From Fig. H, conclusion can be drawn that Ekman
transport pushed water in and out GoT during north-
east and southwest monsoons, respectively. As a result,
higher and lower seasonal sea levels were found in the
GoT during northeast monsoon, November-February,
and during southwest monsoon, May-September (see
Fig. H(a)—(d) in [B5]), respectively. In addition, during
northeast and southwest monsoons the Ekman trans-
port near Samui Island (for location see Fig. E]) seemed
to agree to surface current shown in [36]. The surface
currents near Samui Island moved northwestward dur-
ing northeast monsoon and eastward during southwest

monsoon. For the first and second inter-monsoon, wa-
ter in the GoT had been pushed toward the eastern and
western GoT, respectively.

To investigate upwelling/downwelling areas in
GoT, Ekman transport upwelling index (Ulgr) was
determined by considering the transport directions,
shown in Fig. H, to the shoreline angle with respect
to the Equator. Generally, the offshore transport will
be considered as upwelling favorable and vice versa for
the shoreward transport. Figure §f demonstrates the up-
welling condition based on Ekman transport upwelling
index for 4 different monsoons. As mentioned above,
the direction of Ekman transport during northeast and
southwest monsoons were in opposite directions, hence
upwelling and downwelling areas were also presented in
opposite location depending on what monsoon is taken
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Fig. 3. Ekman transport (m3/s/m) in (a) January (Northeast monsoon), (b) March (1% inter-monsoon), (c) Au-
gust (Southwest monsoon) and d) October (2™ inter-monsoon). Blue arrows denote Ekman transport (magni-
tude and direction). Remark: black arrow scale shown in (d) is about 5 times smaller than others.

into consideration. This is also true for the first and
second inter-monsoon. In general, favorable upwelling
condition existed along the west coast of the GoT dur-
ing northeast monsoon and first inter-monsoon, except
some areas, such as the western side of the Upper Gulf
down to the western side of the Central Gulf (see Fig.

E](a) and E](b))

Conversely, along the eastern side of the GoT, fa-
vorable upwelling conditions were found along the east
coast of the Upper Gulf during northeast monsoon and
along the western side of Ca Mau Cape during the first
inter-monsoon. During southwest and second inter-
monsoon, favorable upwelling condition generally oc-
curred along the east coast of the GoT, except the west
coast of the Upper Gulf during southwest monsoon and

the western side of Ca Mau Cape during the second
inter-monsoon (see Fig. E](c) and #(d)). Furthermore, fa-
vorable upwelling conditions also found along the west-
ern side of the Upper Gulf down to the Lower Gulf dur-
ing southwest monsoon. The locations of favorable up-
welling conditions obtained in this section were based
upon the Ekman transport caused by wind phenomena
(more detail analysis will be discussed in section @) It
is worth noting that not only Ekman transport used to
identify upwelling area, but also other parameters, such
as sea surface temperature gradient between near-shore

and offshore. This upwelling index based SST will be
demonstrated in the following section.
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3.3. Sea Surface Temperature and Ulgsy Gulf (see Fig. E(a)). In addition, the clear cooler front

of 27.0-28.0 degree Celsius were found at west coast of

Seasonal sea surface temperature (16 years monthly the Upper Gulf and 27.0-28.0 degree Celsius at Lower

averaged) is shown in Fig. E In January, the cooler wa-  Gulf (near Ca Mau Cape, Vietnam). Since northeast-
ter (25.0-29.0 degree Celsius) was present for the whole
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erly wind dominates in the Upper Gulf, the surface flow
was pushed to the west and left the Upper Gulf to the
Central Gulf along the west coast. That is why cooler
front along west coast of Upper Gulf and Central Gulf
was observed during this period. In addition, the ap-
pearance of cooler water near the GoI”’s entrance was a
result of the intrusion of the cooler SCS water mass due
to strong northwestward Ekman transport (see section
and Fig. H(a) for more detail explanation). These
cooler signals (the temperature dropped to 27.0-29.0 de-
gree Celsius) continued to exist near Ca Mau Cape dur-
ing first inter-monsoon (see Fig. H(b)) Conversely, in
the Upper Gulf, the cooler water-front disappeared and

instead warm water (29.0-32.0 degree Celsius) was de-
veloped, especially in the northern part of the Upper
Gulf. Generally, the warm water initially occurred dur-
ing first inter-monsoon and continued to develop for the
whole GoT (the temperature around 29.5 degree Cel-
sius). The warmer SST was formed mostly in the shal-
low area. Then, during southwest monsoon (see Fig.
E(c)), the warmer water in the Upper Gulf (tempera-
ture around 31.0-32.0 degree Celsius) dispersed south-
ward towards the Central Gulf. It is similar to the one
found near the west coast of the Lower Gulf. How-
ever, the temperature of water in the Central Gulf and
Lower Gulf, especially near the east coast, remained the
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same. The temperature near the GoI’s entrance was
also warmer than the previous monsoon.

For the second inter-monsoon, the wide patch of
cooler water of 28.5-29.5 degree Celsius was found at
the center of the GoT and the east GoI to Ca Mau
Cape. The spread of warmer water seaward found in
the Upper Gulf and along the west coast of the Lower
Gulf seemed to decrease. This pattern seemed to con-
centrate near the coastline. From Fig. B, it is clearly
seen that the SST in the GoT changed seasonally. Dur-
ing the northeast monsoon, the SST was cooler than
other periods due to the net heat loss in the winter-

DOI:10.4186/¢}.2021.25.7.1

GoT through the GoI’s entrance between Kotabaru,
Malaysia and Ca Mau Cape, Vietnam. During the first
and second inter-monsoon and southwest monsoon, the
warm SST existed almost for the whole gulf due to the
net heat gain during summertime. However, the intru-
sion of colder water from the SCS still remain during
the first inter-monsoon. This signal disappeared during
southwest and second inter-monsoon. The characteris-
tics of SST found in the GoT will be utilized to obtain
the SST upwelling index later and will be discussed as
follows.

Figures H and H depict sea surface temperature up-

time. Colder water from the SCS intruded into the welling index (UIgsr) and sea surface temperature
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east monsoon) and (b) March (1** Inter-monsoon). Blue and red dots denote favorable and unfavorable up-
welling condition, respectively.
ENGINEERING JOURNAL Volume 25 Issue 7, ISSN 0125-8281 (https://engj.org/) 9



DOI:10.4186/¢j.2021.25.7.1

Z
<
<
transect 1
30.0 r T
i p 298 F ]
N =
0296 -
29.4 L L P L - L L P L - L - L L L P L - L - L L - L - L 1|
_g Z I 0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
2 2F Distance (degree)
=R transect 2
© 29.8 1 T
® Favorable upwelling conditions
® Unfavorable upwelling conditions
29.2 L L L L L L - L L L P L - L - L L - L - L
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
| Distance (degree)
99.0 E 101.0 E 103.0 E 1050 E
=
Q
<
transect 1
298 1
z 29.6
o ko)
2 =294
~
= 5
292
29.0 L L L L L L L L L
g Z ¥ 0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
2 = 4 Distance (degree)
=
<
—
® Favorable upwelling conditions
® Unfavorable upwelling conditions
28.8 L L L L L L L L L
> 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
° | Distance (degree)
Q
O 1 1
99.0 E 1010 E 1030 E 1050 E
Longitude

Fig. 7. Sea surface temperature upwelling index (UIssr) (left) and temperature cross section profile (right) of
line number 1 (upper) and line number 2 (bottom) extracted from shoreline to offshore in (a) August (Southwest
monsoon) and (b) October (2 Inter-monsoon).

along 2 example line transects 1 and 2 (the distance is
measured from shoreline toward offshore in degree lon-
gitude off west and east coast of the GoT, respectively)
at 4 different periods. In general, the higher the tem-
perature offshore means the favorable upwelling condi-
tion to be existed. Hence, the favorable upwelling con-
ditions (blue color dots) estimated from sea surface tem-
perature upwelling index as mentioned in section .2 ap-
peared in January during northeast monsoon and in Au-

ust during southwest monsoon. In January (see Fig.
E(a)), the favorable condition occurred along the west
coast and around Samui Island with about 0.6 degree
Celsius temperature difference, and along the south of
east coast around Ca Mau Cape with approximately 0.8

degree Celsius temperature difference. In August (see
Fig. H(a)), the upwelling condition existed along the
west coast with the temperature difference of 0.6 degree
Celstus, and near the Ca Mau Cape with the tempera-
ture difference about 0.4 degree Celsius.

Based on the results shown above, it is apparent that
upwelling conditions mostly occurred during northeast
and southwest monsoons. And, they can be seen only
in the northern part of the west gulf and the west coast
of Ca Mau Cape. For the rest of the GoT, the unfa-
vorable upwelling conditions were the most prominent.
These unfavorable conditions still existed for the whole
gulf during the first inter-monsoon (see Fig. H(b)) and
the second inter-monsoon (see Fig. é(b)) as seen in the
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temperature difference along transects 1 and 2, which
showed the higher coastal sea surface temperature than
the oceanic sea surface temperature.

3.4. Ulgr and Ulggr Indices Relations in GoT

As mentioned in sections @ and @, sea surface
temperature upwelling index (UIggr) demonstrated
the existence of seasonal patterns of upwelling during
northeast monsoon and southwest monsoon along the
northern part of the west coast of GoT and the western
part of Ca Mau Cape. In addition, this signal also ex-
isted around Samui Island during northeast monsoon.
When comparing with Ekman transport upwelling in-
dex (UIgT), the area around Samui Island was in agree-
ment during northeast monsoon. Meanwhile, dur-
ing southwest monsoon, favorable upwelling condition
found along the northern part of west coast of GoI  and
west coast of Ca Mau Cape were in agreement. From
these results, there were several locations in the GoT
with favorable upwelling condition as shown by UTgsr
and Ulgr were in disagreement when compared be-
tween these two indices. There are a number of reasons
to explain such discrepancy.

Firstly, coastal upwelling is an effect of Ekman trans-
port, the current pushing the surface water offshore as a
result of the steady and slowly varying alongshore wind
stresses and the Earth’s rotation. The current velocity
is typically 0.05-0.10 m/s with the layer extending from
surface to the depth about 100 m [B7, 38, 39]. The Ek-
man transport upwelling estimation (wind-driven trans-
port) is typically better used to investigate the upwelling
condition in the ocean where the water depth is suffi-
ciently deep [9, 26, 40] for the Ekman depth to be de-
veloped. Conversely, the GoT is generally a wide and
moderately shallow basin with an average depth of 45
m and maximum depth of 80 m [[13, 41]. Therefore,
in the GoT it may be not deep enough for the Ekman
depth to fully develop. Hence, the Ekman transport
may not account for the whole Ekman depth. As a re-
sult, the transport of surface water will deviate to the
right of wind direction less than 90 degree (in general,
the Ekman transport is the transport of surface water
90 degree to the right of wind direction).

Secondly, since the GoT is shallow, the bottom fric-
tion will affect surface currents that are generated by
monsoons wind. Therefore, the surface velocity may
not veer 45 degree to the right of wind direction as the-
ory suggests. This will ultimately affect the direction of
transport of surface water due to wind as well.

Lastly, for UIssr, sea surface temperature variation
may be biased by several external factors including local-
scale factors (e.g., river runoff which can alter sea surface
temperature nearshore) and macro-scale factors (e.g., El
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Nifio or La Nifia events may also change coastal sea sur-
face temperature that is not corresponding to coastal up-
welling) [42].

3.5. Inter-annual and annual variability of Uy in

the GoT

As described in [32, 42], UIgr and Ulggr indices
can be used to evaluate upwelling favorable condition in
the coastal area, but Ulggr seems to more sensitive to
the change in temperature caused by external forcings.
Hence, in this section only the spatio-temporal signal of
Ulpr presented in the GoT is discussed.

Unlike previous sections, 16-year of monthly UIgp
during 2003 to 2018 at the points along the West GoT'
and East GoT (red asterisks and red crosses shown in
Fig. EI) together with monthly mean UIgr were visual-
ized using Hovmoller diagram as depicted in Figs. E and

, respectively. From Fig. H, favorable upwelling (pos-
itive value) and unfavorable upwelling (negative value)
conditions over 16 years along the West GoT' (Fig. E(a))
and East GoT (Fig. 8(b)) coasts are clearly differentiated.

For the West GoT case, line transect covers area be-
tween latitude 5.25°N and 13.25°N. Stronger favorable
upwelling signal seemed to occur at the southern most
of Lower Gulf, especially during January to March,
while less favorable upwelling signal appeared for both
Upper and Lower Gulfs (see Fig. H(a)). In the Cen-
tral and Upper Gulfs, unfavorable upwelling signal was
more pronounce than the Lower Gulf. Strongest un-
favorable upwelling signal (more negative value) was
found in 2009, while less unfavorable upwelling signal
was found in 2013. In addition, these signals seemed to
well relate to Multivariate ENSO Index (MEI). During
the strong La Nini condition or negative MEI it was
the condition that strong unfavorable upwelling signal
occurred, while less La Nini or El Nind conditions, less
unfavorable upwelling signal was observed. Noted that,
MEI signal is not presented here.

For the East GoT case, line transect covers area be-
tween latitude 8.50°N and 13.25°N. This line transect
is shorter than West GoT case, starting from Ca Mau
Cape to Upper Gulf. Strong unfavorable upwelling sig-
nals were observed in Upper Gulf and southern most
of Central Gulf (see Fig. §(b)). However, favorable up-
welling signal also existed in the Central Gulf during the
second half of the year, especially in the northern part.

Figure B(c) presents inter-annual variability of
meridional monthly averaged UIgr during 2003 to
2018, where blue and red solid lines represent West GoT'
and East GoT transects, respectively. Favorable up-
welling signal was dominant in West GoT transect than
in East GoT transect and vice versa for unfavorable up-
welling signal. These signals show periodicity both an-
nually and inter-annually. Around January 2005, 2010,
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Fig. 8. (a) Inter-annual variability of monthly UIgy during 2003 to 2018 along West GoT and (b) East GoT. Pos-
itive and negative U I gy are separated by gray solid lines. The Upper Gulf, Central Gulf, and Lower Gulf are
separated by dashed lines. (c) Inter-annual variability of meridional monthly averaged U g7, where blue and
red solid lines are for West GoI and East GoT, respectively.

2014, 2015, and 2016 showed the peak of favorable up-
welling condition for West GoT, while December 2005,
2009, 2012, and 2014 showed the peak of unfavorable
upwelling condition. As mentioned above, for West
GoT the signal of UIgr was mostly above zero for the
first third-fourth of the year. Unlike West GoT' tran-
sect, UIpr of East Gol seemed to have unfavorable
upwelling condition dominated. However, it can be
seen that peak of favorable upwelling condition was ob-
served in December of all year round. In general, up-
welling and downwelling conditions based on Ekman
transport theory in the GoT was occurred seasonally de-
pending on geographic location, shape of coastline (reg-
ular or irregular), and monsoon wind. In some areas,

favorable upwelling condition existed during summer
and disappeared during winter monsoon. Unlike the
major eastern upwelling system (e.g., Iberian Peninsula
[26] and Canary upwelling system E,@]), upwelling con-
dition was observed all year round. Furthermore, coast-
lines for all major upwelling systems seemed to have a
regular shape (i.e., straight coastline), while local up-
welling system (e.g., Eastern Malaysian Peninsula []
and Vietnam coast [3]), changed seasonally. Hence, the
seasonal pattern of U g7 in the GoT will be investigated
by applying monthly averaged for all 16 years (2003-
2018) UIET data.

Figure H shows 16-year averaged annual variability
of Ulgr during 2003 to 2018 for the West GoT (Fig.
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H(a)) and East GoT (Fig. H(b)) transects. In this figure,
seasonal and spatial variation of Ulgy in GoT is easily
distinguishable. As seen in Fig. H(a), the favorable up-
welling condition appeared in Central Gulf and Upper
Gulf during February to October and the rest was unfa-
vorable upwelling condition. These signals were related
to monsoon winds that prevailed in Southeast Asian re-
gion, where northeast and southwest monsoon winds
blew during winter and summer seasons, respectively.
At the lower end of Central Gulf, favorable upwelling
condition was pronounced from January to September
(about 8 months).

In Thailand, the Department of Fisheries closes the
area between latitude 9.00°N and 12.00°N during mid-
February to mid-May to allow short mackerel to spawn
and another 1 month to allow fish larvae to migrate
up north and reach the juvenile stage in the Upper
Gulf. This may relate to favorable upwelling condition
that existed during February to October as mentioned
above. In addition, located at the lower end of Central
Gulf is Sumui Island, where high chlorophyll a concen-
tration (a proxy of high productivity) exist [[18] and it
is an area rich of biodiversity of marine resources [20].

ENGINEERING JOURNAL Volume 25 Issue 7, ISSN 0125-8281 (https://engj.org/)

In the Lower Gulf, strong favorable upwelling condi-
tion, especially the southern part, dominated between
January and July. Short period (July to November) was
for less unfavorable upwelling condition to dominate.

For East GoT U gy transect (Fig. H(b)), it was found
that unfavorable upwelling condition in Upper Gulf
dominated for all most the year except during north-
east monsoon between October to February. In Cen-
tral Gulf, strong favorable upwelling condition existed
near the southern part between October to April during
the northeast monsoon. As previously mentioned, up-
welling condition in the same latitude for both transects
was in opposite for the whole period.

Annual variation of meridional monthly averaged
Ulgr along West GoT' (blue solid line) and East GoT
red solid line) transects were plotted and showed in Fig.
é(c) This figure was obtained by meridionally averaged
monthly data as seen in Figs. E)(/a) and H(b) Error bars
for each month were estimated form standard deviation
of Ulgr divided by squared root of number of year
(0(UIgr)/VN), where N in this case is 16 years. For
West GoT transect, there were two peaks of favorable
upwelling condition (February and July), while peak
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of unfavorable upwelling condition was in December.
Favorable upwelling condition was observed almost for
the whole year, except between October and Decem-
ber, when unfavorable upwelling condition were pre-
sented. This might be explained by northeast monsoon
pushed surface water toward the West GoI’s coast (see
Fig. E(a)) causing downwelling to be occurred along the
west coast.

For East GoT UlIgy transect, peak of favorable up-
welling condition was found in December (see Fig. H(c))
because northeast monsoon wind pushed water toward
west coast (see Fig. @(c)), causing underneath subsurface
water to compensate offshore transport water above.
On the other hands, unfavorable upwelling condition
was found between February and August with March
as a peak of unfavorable upwelling condition. It can be
noticed that southwest monsoon wind pushed surface
from west coast toward east coast causing downwelling
to be occurred in east coast, which were in agreement
with previous studies (e.g., [14, 15, [16]). The signals
found in East GoT transect was opposite to what have
been observed in West GoT transect.

4, Conclusion

The possibly coastal upwelling in the GoT' was in-
vestigated through the analysis of Ekman transport up-
welling index (UIgr) estimation based on wind veloc-
ity components, and sea surface temperature upwelling
index (U Igsr) estimation. The monthly mean wind ve-
locity data showed wind patterns which were northeast-
erly winds during northeast monsoon and southwest-
erly winds during southwest monsoon. During north-
east monsoon, Ekman transport caused northwestward
movement of SCS water into the GoT. Water in the GoT
was transported out as a result of southeastward Ekman
transport during southwest monsoon. These 2 signals in
both monsoons impacted seasonal variation of monthly
mean sea level found in the GoT, which is high dur-
ing northeast monsoon and low during southwest mon-
soon. According to the estimations of Ekman trans-
port upwelling and sea surface temperature upwelling,
they expressed favorable upwelling conditions along the
west coast and Ca Mau Cape during southwest mon-
soon. Spatially favorable upwelling condition found in
the GoT based on Ekman transport estimation was vari-
able due to spatial variation of seasonal wind pattern.
Disagreement between UIgsy and UIgy indices found
from this study may get affected by the shallowness of
the GoT and bottom friction (invalidity of using Ekman
transport theory).

Inter-annual variability of meridionally averaged
Ulpr estimated along the east coast and west coast of
GoT depicted oppositely periodicity of favorable and

unfavorable upwelling conditions. The inter-annual
variability of UIgr seemed to well associate with Mul-
tivariate ENSO Index. Strong unfavorable upwelling
signal occurred during strong La Nini condition, while
less unfavorable upwelling condition was observed dur-
ing weak La Nini or El Nind conditions. From Annual
variability of UIgy, along West GoI’s coast, where fa-
vorable upwelling condition was dominant, especially
during southwest monsoon, except October to De-
cember (during northeast monsoon). Along the East
GoTI’s coast, unfavorable upwelling condition was the
most prominent, but favorable upwelling condition was
found during northeast monsoon (October to January).

The result from this study can be used for fishery
management in the GoI. However, in order to com-
plete the knowledge about coastal upwelling in the GoT
and to confirm our findings, other research studies are
required.
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