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Abstract: The traditional view holds that a weakened upwelling has often been observed off the coast
of southeast Vietnam during the post-El Nifio summer. This study investigated a strong upwelling
and concurrent phytoplankton bloom off the coast of southeast Vietnam in August 2016 by comparing
it with another case in 1998. Analyses of the upwelling structure and formation mechanisms indicated
that the abnormal strong upwelling in August 2016 was attributable to strong wind-driven offshore
Ekman transport and Ekman pumping, which were caused by the accompanying southwesterly
anomalies south of the anomalous cyclone (AC) over the western North Pacific (WNP), and vice versa
in August 1998. This anomalous southwesterly wind associated with the AC over the WNP could
not be explained by La Nifia, the negative Indian ocean dipole, or the positive Pacific meridional
mode events. Further analyses showed that the Madden-Julian oscillation (MJO)-induced westerly
winds could have contributed more than 75% of the original zonal winds. Nine tropical cyclones
generated over the WNP were favorable for excessive precipitation. The opposite configurations of
precipitation patterns over the WNP and the Maritime Continent could have further strengthened the
AC via a Gill response.

Keywords: Vietnam upwelling; anomalous cyclone; Madden-Julian oscillation; tropical cyclones

1. Introduction

Upwelling, one of the most important ocean circulation patterns [1], is characterized by a
relatively low sea surface temperature (SST) and relatively high chlorophyll-a (Chl-a) concentration [2].
The South China Sea (SCS), the largest semi-enclosed marginal sea in the western North Pacific (WNP),
is dominated by the East Asian monsoon, with southwesterly and northeasterly monsoonal winds
in summer and winter, respectively [3-5]. Seasonal reversal of the wind direction can drive different
upwelling systems in the SCS, such as the upwelling along the eastern Guangdong coast and southern
Fujian coast in summer [6], and the upwelling off the northwestern coast of Luzon Island (known as the
Luzon cold eddy) in winter [7,8]. All of the upwellings in the SCS and their formation mechanisms are
primarily caused by monsoonal wind forcing, but can be greatly affected by topography, stratification,
tide, and tropical cyclone (TC) [9-12].

The summer monsoonal wind forcing is the strongest in the western SCS due to the orographic
induced southwesterly wind jet, which could lead to a strong coastal and open ocean upwelling off the
coast of southeast Vietnam [13-15]. The Vietnam upwelling is one of the most important features of
the ocean circulation pattern of the SCS in summer, and has been widely studied with respect to its
structure, formation mechanism, and variabilities on intra-seasonal to decadal timescales. Specifically,
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the upwelling off the coast of southeast Vietnam starts in June, reaches a peak in August, and disappears
in October [13]. The major features of this upwelling are that an eastward jet (or cold filament) forms
near 12° N between an anticyclonic eddy in the southwestern SCS and a cyclonic eddy off the central
coast of Vietnam [16,17], with high Chl-a concentration along the cold SST zones. Compared with
the complex mechanisms of the coastal upwelling in the northern SCS, the prevailing southwesterly
winds are the most important factor in driving this upwelling through offshore Ekman transport due
to alongshore wind [18,19] or Ekman pumping due to wind stress curl [15,19].

The upwelling off the coast of southeast Vietnam is modulated by different climate patterns, such
as the El Nifio-Southern Oscillation (ENSO) [15,20], the Indian Ocean dipole (IOD) [21,22], and the
Madden-Julian oscillation (MJO) [23,24]. El Nifio influences the SCS primarily through a direct
influence on the summer monsoonal winds [25]. During the post-El Nifio summer, the anomalous
anticyclone over the WNP (WNPAC) weakened the southwesterly wind, and led to weak upwelling [15].
For example, during the summer of 1998, the SCS experienced the most extreme basin warming on
record induced by the 1997/98 super El Nifio [26-28], and the upwelling off the coast of southeast
Vietnam completely disappeared. It seems that the WNPAC is the key factor in the El Nifio-weak
upwelling connection, and thus, we speculate whether there could be any special case breakdown of
this connection? The El Nifio events in 1997/98 and 2015/16, and their impacts on the SCS, were quite
different [29,30]. In this study, we report an abnormal strong upwelling off the coast of southeast
Vietnam during the post-2015 super El Nifio summer (August 2016) by comparison with the 1997/98
case. Although the upwelling in the SCS has been widely studied because of its strong impact on
the regional climate and ecosystems [15,31,32], the study of certain special cases could help us to
understand the upwelling in response to climate change.

The remainder of this paper is organized as follows. Section 2 describes the data and methods.
Section 3 discusses the contrasting structures and formation mechanisms of the August upwelling
off the coast of southeast Vietnam in 1998 and 2016. Finally, Sections 4 and 5 present the further
discussions and conclusions, respectively.

2. Data and Methods

2.1. Data

This study used the observational SST data from the National Oceanic and Atmospheric
Administration (NOAA) daily optimum interpolation SST data (version 2) [33]. The daily merged satellite
Chl-a concentration data were obtained from the European Space Agency (ESA) Ocean Colour Climate
Change Initiative (OC-CCI) [34]. The subsurface temperature, salinity, density, and three-dimensional
current fields from the Simple Ocean Data Assimilation (SODA version 3.4.2) reanalysis data were
used to explore the upwelling structure and associated mechanisms [35]. The three-dimensional winds
and relative humidity fields at different pressure levels were sourced from the National Centers
for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) monthly
reanalysis data [36]. Monthly mean precipitation datasets were taken from the NOAA Climate
Prediction Center merged analysis of precipitation (CMAP) [37]. The daily outgoing longwave
radiation (OLR) and zonal winds were obtained from the NOAA satellites [38]. The TC genesis
locations over the WNP were taken from the Joint Typhoon Warning Center (JTWC) [39]. All datasets
cover the period of 1982-2018.



Atmosphere 2020, 11, 940 3of16

2.2. Methods

In this study, we estimate the wind-driven upwelling following the method of Pickett and
Paduan [40], including Ekman transport and Ekman pumping. The offshore Ekman transport (M) and
Ekman pumping velocity (w) at each coastal grid are calculated by following the method of Smith [41],

M=— )

where 7 is the wind stress vector, 7 is a unit vector tangent to the coastline, p is the reference density of
seawater (1027 kg m™), and f is a Coriolis parameter. The offshore Ekman transport are integrated
along the given coastal grids.

A T
w=kVX— ()
pf
where k is a unit vector in the local direction. The Ekman pumping velocities are integrated offshore
from the given grids to obtain the Ekman pumping transport for comparison with the offshore Ekman
transport in Equation (1).

3. Results

3.1. Breaking Down the El Nifio-Weak Upwelling Connection off the Coast of Southeast Vietnam in August 2016

Figure 1 shows the time series of the Nifi03.4 index [42] and the dipole mode index (DMI) [43] in
1982-2018. The La Nifia events and negative IOD events occurred during 1998 and 2016 summers.
Observations show that the early boreal summer (June-July) SST distributions in 1998 were consistent
with those in 2016 (Figure 2a,b,d,e). A narrow cold filament (<2 °C) spread eastward in August in 2016
but did not occur in 1998 (Figure 2¢,f). Satellite observations show that a high Chl-a concentration
tongue greater than 0.2 mg/m> was extended eastward near 113° E in August 2016, differently from the
early summer of 2016, and the entire summer season in 1998. All of the SST and Chl-a observations
reveal an abnormal strong upwelling off the coast of southeast Vietnam in August 2016.
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Figure 1. Time series of monthly Nifio3.4 index (black solid line) and dipole mode index (shading)
during 1982-2018. Red lines indicate August 1998 and August 2016.
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Figure 2. Spatial distribution of monthly sea surface temperature (SST) (units: °C)in 1998. (a)—(c) Correspond
to June to August. (d)—(f) Same as in (a)-(d) but for the results in 2016. (g)—(i) Same as in (a)—(c) but for
the results of the spatial distribution of monthly Chl-a concentration (units: mg/ms). (j)—-(1)Same as in
(g)—(i) but for the results in 2016.

The traditional view holds that weak upwelling often occurs following an El Nifio event [15].
In this study, the strength of the coastal upwelling in the central position located at 11.5° N, 109.5° E
(black star in Figure 2a) was calculated using an upwelling index (UI) [44] based on offshore Ekman
transport (Equation (1)). We compared the Ul in August and the Nifio3.4 index in the former winter
during all El Nifio events (Figure 3). The correlation coefficient between Ul and Nifio3.4 index is only
0.39 but reaches 0.8 (exceeds the 99% confidence level) if the year 2015/16 is excluded. The UI was
only —0.6 m?/s in response to the 1997/98 super El Nifio event, which indicates the weakest upwelling
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intensity during El Nifio decaying years. The question becomes, what happened in August 2016 to
breakdown the El Nifio-weak upwelling connection?
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Figure 3. Relationship of August upwelling index (negative means offshore Ekman transport) and

D(0)JF(+1) Nifio3.4 index. Red line and black line indicate the linear fitting with, and without,
2015/16, respectively.

3.2. Contrasting Upwelling Structures

To answer the above question, different features of the upwelling structure and associated
mechanisms in August between 1998 and 2016 should be clarified first. In this study, the SODA
reanalysis dataset, which can reproduce the observed SST patterns in Augusts during 1998 and 2016
(Figure 4a,b), was selected to detect the upwelling structure among the multi-reanalysis datasets
(ORASS5, EN4, COADS, and GODAS). Figure 4c,d display the depth-longitude transects of the vertical
velocity along 11.25° N in the Augusts of 1998 and 2016. The results demonstrate that the positive
vertical velocity (upward motion) in August 2016 was much higher than that in 1998, which suggests
that the upwelling was stronger in August 2016. The maximum positive vertical velocity occurred at
depths of 15 m near the coast and 50-60 m at 110° E, which is consistent with high Chl-a concentration
centers near the coast and at 111° E in August 2016 (Figure 21).

Figure 5a,b further present the vertical thermohaline structures along the transect in the Augusts
of 1998 and 2016. The 29 °C isotherm was located at a depth of approximately 25 m near the coast
and deepened eastward (approximately 60 m at 113° E) in August 1998, however, the 29 °C isotherm
occurred at the surface (~110° E) and deepened eastward at a depth near 45 m (~112.5° E) in August
2016 (Figure 5a). Figure 5b shows that the 33.8 psu isohaline was located at a depth of approximately
36 m (~52 m), averaged from 110° E to 113° E in August 1998 (2016). Therefore, both the isotherms and
isohalines along the transect were dramatically upraised in August 2016. These variations indicated
that the colder and saltier water upwelled from the subsurface layer, consistent with the strong
upward vertical velocity in Figure 4d. The strong upwelling could have delivered the nutrient-rich
subsurface waters to the surface to increase the surface Chl-a concentration. However, the high
surface Chl-a concentration might have been partially enhanced by the strong vertical mixing process.
Ocean stratification could be represented by the static stability (—%3—5), and was estimated from the
density difference between the surface and subsurface layers [45,46]. Figure 5c shows the vertical
density structures along the transect in the Augusts of 1998 and 2016. We found that the density in
August 2016 was greater than in 1998. The colder surface near the coast resulted in the density difference
between the surface and at a depth of 75 m was approximately —3 kg/m> near 109° E in August 2016
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but was approximately —3.5 kg/m? in 1998 (Figure 5c). The weaker surface stratification near the
coast could have enhanced the vertical mixing of nutrient-richness from subsurface waters in August
2016 [45]. However, the results are different in another high Chl-a concentration center (~111° E).
The density difference between the surface and a depth of 100 m was approximately —3.9 kg/m3
(-3 kg/m3 ) near 111° E in August 2016 (1998), which indicates that vertical mixing could not have
made a contribution to the increased Chl-a near 111° E. Furthermore, the upper layer circulation of the
SCS in August is within the influence of the southwest summer monsoon, but the horizontal currents,
averaged over the mixed-layer depth (ML currents), showed different features off the coast of southeast
Vietnam between these two years (Figure 5d). The ML currents ran nearly alongshore off the coast of
southeast Vietnam, and formed an anticyclonic gyre near 14° N in August 1998. However, a current jet
ran offshore north of 12° N in August 2016 [16].

(a) 1998Aug Tmid (°C)

(b) 2016Aug  Tmld (°C)
1 ]

20N .
g "

20N

16N 30.2 16N 30.2
29.4
28.6
12N 27.8 12N 27.8
27
8N - 8N 4 : .

105E 110E 115E 105E  110E  115E

(c) Vert. Veloc. |(10'4m/s) (d) Vert. Veloc. I(1O"‘m/s)

20 -, o3 20 -’ r®os
E 40 7 FHO1E 40 - - Ho.1
3 60 1 L 018 60 1 L H-o0.1

80 A - §03 80 A - g3

110E 112E 110E 112E

Figure 4. Spatial distribution of mixed-layer temperature (shading, units: °C) during August in (a) 1998
and (b) 2016. Black line in (b) indicates the transect 107.75°-113.75° E@11.25° N. Vertical velocity
(shading, units: 10~% m/s) along the transect during August in (c) 1998 and (d) 2016.

Wind-driven upwelling can be classified into two processes: Ekman transport and Ekman
pumping [41,47]. Total upwelling is the sum of Ekman transport and Ekman pumping. In this study,
the relative roles of Ekman transport and Ekman pumping, in driving the August upwelling off
the coast of southeast Vietnam between 1998 and 2016, are analyzed using Equations (1) and (2).
The wind stress and the Ekman pumping velocity off the coast of southeast Vietnam in 2016 were
stronger than those in 1998 (Figure 6a,b). We chose five grid points to calculate the offshore Ekman
transport and Ekman pumping transport integrated along the coast (Figure 6¢) and noted that positive
Ekman transport indicates offshore transport. Due to the impact of the 1997/98 super El Nifio, the SCS
experienced a basin-wide warming and weakened southwest summer monsoon [15,25-27]. Thus, the
wind-driven offshore Ekman transport and Ekman pumping transport were 1.48 and 2.39 m3 s™! m™1,
respectively, integrated along the coast. Approximately 62% of the total wind-driven upwelling was
due to Ekman pumping in August 1998. However, the Ekman pumping transport was close to that of
offshore Ekman transport with values of 7.47 and 8.59 m® s~! m~! integrated along the coast in August
2016. This result indicates a 53% contribution of Ekman pumping to the total wind-driven upwelling.
The next question is, why was the total upwelling in August 2016 four times as large as that during the
post-super El Nifio of August 1998?
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Figure 5. Temperature along the transect during August in 1998 (contour, units: °C) and 2016 (shading,
units: °C). (b) Same as in (a) but for the results of salinity (units: psu). (c) Same as in (a) but for the
results of density (units: kg/m?). (d) Spatial distribution of the mixed-layer horizontal currents during
August in 1998 (red vector, units: m/s) and 2016 (black vector, units: m/s).
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Figure 6. Spatial distribution of wind stress (vector, units: N/m?) and wind-driven Ekman pumping
velocity (shading, units: 107* m/s) during August in 1998. (b) Same as in (a) but for the results in 2016.
Blue stars indicate the coastal points at which we calculate the Ekman transport and Ekman pumping.
(c) Comparison of the August offshore Ekman transport and Ekman pumping integrated along the
coastal grid in 1998 and 2016.
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3.3. Linkage with Large-Scale Circulations

We compared the August SST anomalies (SSTa), 850 hPa wind, and precipitation anomalies
in 1998 and 2016 (Figure 7). From the SSTa and the horizontal wind anomalies fields, we clearly
found that the La Nifia-like SST pattern and the associated anomalous easterly winds occurred in
the central-western tropical Pacific during these two years. The positive SSTa off Sumatra and Java,
associated with the anomalous northwesterly winds, were linked with the negative IOD development
over the tropical Indian Ocean. The SSTa configurations are consistent with the Nifio3.4 index and
DM, as shown in Figure 1. Although the SSTa patterns were highly similar to each other in the tropical
oceans in 1998 and 2016, different SSTa patterns occurred in the subtropical Pacific. The positive
SSTa in the northwestern portion, and negative SSTAs in the southeastern portion of the eastern
Pacific, indicated a typical positive Pacific meridional mode (PMM) phase during August 2016 [48,49].
For the 850 hPa wind fields, an anomalous anticyclone (AAC) occurred over the SCS with strong
easterly wind anomalies across the central-southern SCS (Figure 7a). The anomalous northeasterly
wind weakened the southwest summer monsoon, which induced the weak wind-driven upwelling in
August 1998 (Figure 6a,c). However, the situation was completely different in 2016. An anomalous
cyclone (AC) over the SCS, with strong southwesterly wind anomalies across the central-southern SCS,
was observed in Figure 7b, which contributed to the strong wind-driven upwelling in August 2016
(Figure 6b,c). Similar precipitation patterns over the tropical Pacific and Indian Ocean were observed
in response to the La Nifia and negative IOD events in these two years (Figure 7c,d). It is noted that
the negative and positive precipitation anomalies were located over the WNP and Maritime Continent
(MC), respectively, in August 1998. In contrast, the precipitation patterns in August 2016 were opposite
to those in 1998, with excessive precipitation occurring over the WNP.

Precip anom (mm/day)

(a) 1}998Aug . SST(°C)&Wind anom (m/s) (c) 1‘998Aug

120W
Figure 7. August SST anomalies (SSTa) (shading, units: °C) and surface wind (vector, units: m/s)
anomalies in (a) 1998 and (b) 2016. (c)—(d) Same as in (a)-(b) but for the results of the rainfall anomalies

(shading, units: mm/day). Red and blue rectangles in (¢)-(d) indicate the excessive and suppressed
precipitation, respectively.

The spatial structures of the anomalous vertical circulation were compared between the Augusts
of 1998 and 2016, as shown in Figure 8. In August 1998, the 200 hPa (upper level) velocity potential
and corresponding divergent winds displayed anomalous divergence (convergence), and the 500 hPa
(middle level) vertical p-velocity showed anomalous ascending (descending) motions over the tropical
Indian Ocean (Pacific). These vertical motions induced an AAC with anomalous easterly winds
over the SCS and the WNP (Figures 7a and 8a,b), which could be explained by the Lindzen-Nigam
mechanism associated with the La Nifia and positive IOD developments [50]. In contrast, the vertical
circulation patterns over the tropical Indian Ocean and WNP in 2016 were opposite of those in August
1998, which displayed an anomalous convergence and descending motion over the north Indian Ocean,
in the upper and middle levels, and an anomalous divergence and ascending motion over the WNP,
inducing an AC with anomalous westerly winds over the SCS and WNP (Figures 7b and 8c,d).
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Figure 8. (a) The 200-hPa velocity potential anomalies (shading, units: 107® m?/s) and divergent wind
anomalies (vectors, units: m/s) in August 1998. (b) The 500-hPa vertical pressure velocity anomalies in
August 1998 (shading, units: Pa/s). (c)-(d) Same as in (a)-(b) but for the results in August 2016.

Why did the opposite horizontal winds occur over the SCS and WNP under similar La Nifia, and
negative IOD backgrounds? Was it related to the positive PMM? We compare the July SSTa, 850 hPa
wind, and precipitation anomalies during 1998 and 2016 (Figure 9). It is clear that the SSTa, 850 hPa
wind, and precipitation anomaly patterns in July 1998 were similar to those in August 1998. In July
2016, the SSTa patterns were similar to those in August 2016, which showed La Nifia and a negative
IOD in the tropical oceans and a positive PMM in the north Pacific. However, the 850 hPa wind and
precipitation anomalies showed patterns similar to those in July 1998, which were opposite of those
of August 2016. These comparisons indicated that the AC over the SCS and WNP, with anomalous
westerly winds in August 2016, could not be explained by the positive PMM but could be attributed to
intraseasonal variability, such as the MJO. Figure 10 depicts the 30-60 day filtered OLR and zonal wind
anomalies averaged over 5°~15° N. A deep and suppressed convection moved eastward and dissipated
approximately 135° E, with the zonal easterly wind anomalies dominating over the SCS and WNP in
August 1998 (Figure 10a). Similarly, a deep and suppressed convection could also be found in August
2016, but the amplitudes were stronger than those in 1998 (Figure 10b). The MJO-related convections
and zonal winds could move eastward across the date line. The maximum MJO-band filtered zonal
wind in August was greater than 4.5 m/s, which could explain more than 75% of the original zonal
wind anomalies over the SCS and WNP in Figure 7b. The active MJO westerly phase and associated
strong westerly wind in August 2016 might have contributed to the abnormal strong upwelling off the
coast of southeast Vietnam. It is also notable that the westerly wind anomalies lagged behind the deep
convection by one quarter period in August 2016, which is indicated by the response of the zonal wind
anomaly to the precipitation (convective heating release) anomaly. Therefore, we used a simple Gill
model to explain the related physical mechanisms [51,52].



Atmosphere 2020, 11, 940 10 of 16

60E 120E 180 60E 120E 180 120W

I(a) 1998 . OLR&U

1Jdun 1dun
40
1Jul 1Jul
1Aug 0 1Aug
1Sep —\\‘{. 1Sep
N
-40
90E 135E 180 90E 135E 180

Figure 10. Hovmoller diagram of 30-60 day filtered outgoing longwave radiation (OLR) (shading,
units: W/m?) and 850 hPa zonal wind (contour, units: m/s) averaged from 5° N to 15° N in (a) 1998 and
(b) 2016.

Excessive and suppressed precipitation could be viewed as anomalous heating and cooling sources
(by the release of excessive (less) latent heat into the troposphere), respectively. We produced a similar
scenario to illustrate the influence of anomalous heating over the SCS and WNP on the zonal winds
using a simple Gill model (Figure 11a,b). In Figure 11a, we placed one heating and one cooling source
over the MC and WNP, respectively, to simulate the precipitation (convective heating release) patterns
during August 1998 (Figure 7c). According to the asymmetric Gill theory [52-54], an AAC formed over
the WNP in response to the anomalous cooling source, and an AC formed over the MC in response
to the anomalous heating source. The anomalous easterly winds occurred over the SCS between
the heating dipoles, which was consistent with the observations (Figures 7c and 11c). In Figure 11b,
the distributions of the anomalous heating sources are opposite those of Figure 11a. The AC was
located over the WNP in response to the anomalous convective heating, with the anomalous westerly
winds over the SCS and WNP (Figure 11d). It is noted that the suppressed precipitation over the MC
had a weaker value than the excessive precipitation over the WNP, which indicates that the heating
source over the WNP was the major factor in deciding the anomalous westerly winds over the SCS in
August 2016.
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Figure 11. Heating patterns associated with convective latent heating over the western North Pacific
(WNP) and Maritime Continent (MC) during August in (a) 1998 and (b) 2016. (c)—~(d) Same as in (a)-(b)
but for the results of the horizontal winds from the Gill model in response to the heating pattern in (a)
and (b).

As mentioned above, the simple modeling results reveal that the different configurations of
precipitation patterns contributed to the anomalous easterly and westerly winds over the SCS via a
Gill response in the Augusts of 1998 and 2016, respectively. What caused the suppressed and excessive
precipitation over the WNP in Augusts 1998 and 2016? The TC is the most active synoptic system
over the WNP in August. To further examine the joint effects of the thermodynamic and dynamic
factors controlling the TC geneses in the Augusts of 1998 and 2016, we calculated the modified genesis
potential index (GPI) following the work of Murakami et al. [55],

GPI = [10°|* (IEI;) (‘;rgt)S(1+0.1Vs)_2(_wT+lm) 3)

where 7 is the 850 hPa absolute vorticity, RH is the relative humidity at 700 hPa, V is the potential
intensity defined by Emanuel [56], Vs is the magnitude of the vertical wind shear between 200 and
850 hPa, and w is the 500 hPa vertical p-velocity.

Figure 12 displays the spatial distributions of the GPI and the TC genesis positions in the Augusts
of 1998 and 2016, respectively. It is clear that the GPI values over most of the WNP were smaller than 4
in August 1998, and only three TCs formed over the region east of the Philippines near 130° E during
early and late August (1st, 5th, and 22th of August), consistent with the position where MJO activity
dissipated (Figures 10a and 12a). No TC activity was observed for more than 20 days under the control
of descending motion over the WNP, to suppress the precipitation in August 1998 (Figures 7c and 8a,b).
This result is consistent with the previous studies because the TCs are generally less active than normal
over the WNP in the decaying years of El Nifio events [49]. In contrast, the GPI values over most of
the WNP were greater than 4 in August 2016. Nine TCs (above the climatology) were generated over
the SCS and WNP throughout August. The mean longitude of the TC geneses in 2016 shifted further
eastward compared with that in 1998 (seven of nine TCs were generated east of 135° E), which was
favorable for the longer lifetime and excessive precipitation of the TCs over the WNP. The TC-induced
excessive precipitation over the WNP could have further strengthened the AC via a Gill response.
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Figure 12. Spatial distribution of the genesis potential index (GPI) (shading) and the tropical cyclone
(TC) geneses positions during August in (a) 1998 and (b) 2016.

4. Discussion

In this study, we presented the weak summer upwelling in the El Nifio decaying phase (El Nifio-
upwelling connection), which could have been broken down by the strong intraseasonal variability
and the TC activities over the WNP. Although it appears that the subtropical variability (the positive
PMM) cannot explain the anomalous cyclone over the SCS and WNP in August 2016, the extension
farther eastward of the warm SSTa over the subtropical Pacific could have contributed to offsetting the
La Nifia-induced WNPAC [57] and additional TCs geneses. It is clearly observed that the WNPAC in
July 2016 was weaker than that in July 1998 (Figure 9a,b), which could be attributed to the positive
PMM. Thus, in August 2016, the MJO-induced westerly winds over the SCS might have been amplified
by the positive PMM. Note that we only compared the impact of the SSTa in the tropical Indian Ocean
and Pacific on the zonal winds over the SCS to induce different intensities of upwelling off the coast of
southeast Vietnam. We ignored the impact of the atmospheric wave train and the Atlantic Ocean on
the abrupt transition of the zonal winds or increased TC geneses over the WNP [58,59], a topic which
requires further study in the future.

5. Conclusions

In this study, satellite observation and reanalysis datasets were used to reveal the abnormal strong
upwelling off the coast of southeast Vietnam in August 2016, by a comparison with the results in
August 1998. The vertical thermohaline structures along the transect of the upwelling system showed
that stronger vertical upward motion associated with offshore currents, and enhanced coastal vertical
mixing associated with weaker surface stratification, occurred in the upper 100 m layer off the coast of
southeast Vietnam in August 2016, compared with those in 1998. Further analyses showed that strong
(weak) wind-driven offshore Ekman transport and Ekman pumping associated with the strong (weak)
southwesterly winds contributed to the abnormal strong (weak) upwelling off the coast of southeast
Vietnam during August 2016 (1998).

We also compared the large-scale background circulations to explain the regional wind difference
over the SCS during these two years. For the SSTa patterns, La Nifia and negative IOD events were
developing in the tropical oceans during the summers of 1998 and 2016 following super El Nifio events.
The only significant difference was that a typical positive PMM phase occurred in the central-eastern
Pacific during August 2016. For the wind anomaly patterns, an AC (anomalous ascending motion)
appeared over the WNP, with strong westerly wind anomalies across the central-southern SCS, which
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contributed to the strong wind-driven upwelling in August 2016, and vice versa in August 1998. For
the precipitation fields, the negative and positive precipitation anomalies were located over the WNP
and the MC, respectively, in August 1998. In contrast, the precipitation patterns in August 2016 were
opposite of those in 1998, with excessive precipitation over the WNP. We also documented the air-sea
variables in the Julys of 1998 and 2016, for comparison with August results. The SSTa patterns in July
were similar to those of August, but the AC did not appear over the WNP in August 2016, which
indicates that the positive PMM phase could not have been the key factor. Further analyses showed
that the MJO-induced westerly winds could have contributed more than 75% of the original zonal
winds. Deep convection, related to the MJO, formed in late July and moved eastward across the date
line during August 2016. The westerly wind anomalies lagged behind the deep convection by one
quarter period, which indicates the response of the zonal wind anomaly to the convective heating
anomaly. A simple Gill model revealed that the opposite configurations of precipitation patterns
over the WNP and the MC contributed to the opposite zonal winds over the SCS via a Gill response.
We also found that nine TCs were generated in a more eastward direction, which is favorable for
longer lifetime, greater intensity, and excessive precipitation over the WNP. The TC-induced excessive
precipitation over the WNP could have further strengthened the AC via a Gill response. Our results
indicate that the joint effects of the active MJO and greater TC activity could have broken down the
impact of the El Nifio on the SCS and should be considered to improve ENSO-induced SCS ecological
environmental prediction.
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