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Abstract

Winter coastal upwelling off northwest Borneo in the South China Sea (SCS) is investigated by using satellite
data, climatological temperature and salinity fields and reanalysis data. The upwelling forms in Decem-
ber, matures in January, starts to decay in February and almost disappears in March. Both Ekman trans-
port induced by the alongshore winter monsoon and Ekman pumping due to orographic wind stress curl
are favorable for the upwelling. Transport estimates demonstrate that the month-to-month variability of
Ekman transport and Ekman pumping are both consistent with that of winter coastal upwelling, but Ek-
man transport is two times larger than Ekman pumping in January and February. Under the influence of El
Nifo-Southern Oscillation (ENSO), the upwelling shows remarkable interannual variability: during winter of
El Nifio (La Nifia) years, an anticyclonic (a cyclonic) wind anomaly is established in the SCS, which behaves
a northeasterly (southwesterly) anomaly and a positive (negative) wind stress curl anomaly off the north-
west Borneo coast, enhancing (reducing) the upwelling and causing anomalous surface cooling (warming)
and higher (lower) chlorophyll concentration. The sea surface temperature anomaly (SSTA) associated with
ENSO off the northwest Borneo coast has an opposite phase to that off southeast Vietnam, resulting in a
SSTA seesaw pattern in the southern SCS in winter.
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1 Introduction

Coastal upwelling, as the best known type of upwelling,
occurs near the coast as a result of Ekman transport: uniform
alongshore winds push water offshore due to the Earth’s rota-
tion. To compensate for the loss of mass near the coast, cooler
and nutrient-rich water is brought towards the sea surface. The
nutrient-rich upwelled water stimulates the growth of prima-
cy producers such as phytoplankton, resulting in high levels of
primary productivity and fishery production. Thus coastal up-
welling has significant impacts on ecosystem and fishery (Barth
et al., 2007).

Besides Ekman transport, Ekman pumping induced by
wind stress curl would significantly enhance local upwelling
(Enriquez and Friehe, 1995; Pickett and Paduan, 2003; Caste-
lao and Barth, 2006). During the process of Ekman pumping,
wind stress curl generates divergence, forcing an upward water
movement. Compared with Ekman transport, Ekman pump-
ing makes an equal or even greater contribution to upwelling
in some regions (Pickett and Paduan, 2003; Castelao and Barth,
2006; Croquette et al., 2007; Jing et al., 2009).

Borneo is the third largest island in the world, which is sur-
rounded by the South China Sea (SCS) to the northwest, the

Balabac Strait to the north and the Sulu Sea to the northeast
(Fig. 1a). North-south oriented mountain ranges are located in
the center of Borneo and the highest point is Mount Kinabalu
with an elevation of 4095 m. In winter (winter refers to Janu-
ary, February and March in this study), the northeasterly mon-
soon prevails off northwest Borneo and blows nearly along the
northwest coastline (Fig. 1a). Due to orographic blockage of the
mountains, a wind jet with positive wind stress curl forms off
the northwest Borneo coast (Figs 1a and b). Both Ekman trans-
port induced by the alongshore winter monsoon and Ekman
pumping due to the positive wind stress curl are favorable for
winter coastal upwelling off northwest Borneo.

Studies on winter coastal upwelling off northwest Borneo
are few, and they focused on upwelling ecosystem: phytoplank-
ton and algal blooms were found here as a result of coastal
upwelling associated with the northeasterly winter monsoon
(Isoguchi et al., 2005; Knee et al., 2006; Wang et al., 2008). So
far, spatial-temporal characteristics of the upwelling and the
roles of Ekman transport and Ekman pumping in the upwell-
ing are still not clear. In this paper, winter coastal upwelling
off northwest Borneo is firstly examined using satellite data
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Fig. 1. QuickScat winter mean (a) wind stress (color), wind stress vector (arrow) and (b) wind stress curl. Land topography with el-
evations greater than 300 m is shaded in Black and the red triangle is the highest point Mount Kinabalu with an elevation of 4095 m.

and climatological temperature and salinity fields, and then its
month-to-month variation and the relative importance of Ek-
man transport and Ekman pumping are investigated. Lastly, the
interannual variability of the upwelling is presented.

2 Data and method

Optimum interpolation (OI) of sea surface temperature
(SST) analysis product (Reynolds et al., 2007), which combines
advanced very high resolution radiometer (AVHRR) infrared
satellite SST data with in situ data from ships and buoys, is
used to show spatial-temporal characteristics of winter coast-
al upwelling. The product has a spatial grid resolution of (1/4)°
and temporal resolution of 1 d. To examine the vertical struc-
ture of the upwelling, high resolution (1/4)° World Ocean Atlas
(WOAO01) monthly temperature and salinity climatology (Boyer
et al., 2005) is also used here.

Chlorophyll-a concentration (Chl a) is obtained from the
Moderate Resolution Imaging Spectroradiometer (MODIS) in-
strument aboard the Terra satellite launched in December 18,
1999. Monthly average level-3 Chl a with 9-km resolution is
downloaded from the Ocean Color website (http://oceancolor.
gsfc.nasa.gov/).

QuickScat wind stress and wind stress curl with a (1/8)° reso-
lution derived from NOAA CoastWatch (http://coastwatch.pfeg.
noaa.gov/erddap/griddap/erdQSstresslday.html) are used to
estimate Ekman transport and Ekman pumping following Pick-
ett and Paduan (2003). The Ekman transport M and Ekman
pumping velocity o are calculated as (Smith, 1968)

1

M=—7x{, 1
pf M

szva 2)
pf

where 7 is wind stress vector, / is a unit vector tangent to the
local coastline, p is the density of seawater and fis the Corio-
lis parameter. The Ekman pumping velocity is integrated out
to 125 km offshore (approximately to where the positive wind
stress curl extends) to obtain a vertical transport that could be
compared with the Ekman transport calculated by Eq. (1) (Cas-
telao and Barth, 2006).

To investigate interannual variability of winter coastal up-
welling, wind speed at 10 m from 1982 to 2012 with a resolution
of 0.75° derived from daily full resolution ERA-Interim, which is
produced by the European Centre for Medium-Range Weather
Forecasts (ECMWEF) (Dee et al., 2011), is used to estimate wind
stress and wind stress curl.

3 Results

3.1 Evidences of winter coastal upwelling off northwest Bor-
neo

Due to upwelled cooler water and increased phytoplankton
biomass, coastal upwelling can be identified by low SST and
high Chl a. Figure 2a shows winter mean SST off northwest Bor-
neo. The most conspicuous feature is cold water off the north-
west coast with the lowest temperature about 26.9°C located
nearby the coast. Meanwhile, high Chl a occurs in the area and
its center coincides with that of the cold water (Fig. 2b). These
satellite data suggest that coastal upwelling may occur off
northwest Borneo in winter.

SST in winter derived from (1/4)° WOAO01 data bears much
resemblance with satellite data: low SST appears off the north-
west Borneo coast and the minimum value is located nearby the
coast (Fig. 3a). High-salinity water is also found in this region
(Fig. 3b). Besides, the vertical distribution of temperature and
salinity shows that the isotherms and isohalines ascend toward
the northwest Borneo coast (Figs 3c and d). The climatological
temperature and salinity fields confirm the occurrence of win-
ter coastal upwelling off northwest Borneo. Furthermore, field
observations capture the features of the upwelling as well (Figs
2a and d in the study of Yao et al., 2012).

3.2 Month-to-month variation of coastal upwelling and
the relative importance of Ekman transport and Ekman
pumping
Figure 4a shows month-to-month variation of SST off north-

west Borneo from December to April. The cold water off the

northwest coast firstly appears in December and then contin-
ues cooling until SST attains minimum values in February. After
that, SST rises. Chl a shows similar month-to-month variability:
itincreases significantly in January, reaches maximum values in

February and then decreases in March (Fig. 4b). The month-to-

month variability of SST and Chl a imply that coastal upwelling
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Fig. 2. Winter mean OISST (a) and MODIS Chl a (b) off northwest Borneo (=0.6 mg/m? are shaded).
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Fig. 3. The distribution of winter mean sea surface temperature (a), sea surface salinity (b), temperature along a zonal cross section

(c), and salinity along a zonal cross section (d) derived from (1/4)° WOAO1 data. The location of section is marked by dashed black
line.
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Fig. 4. Month-to-month variation of OISST (a) and MODIS Chl a (b) off northwest Borneo (=0.6 mg/m? are shaded).
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off northwest Borneo has obvious month-to-month variability
as well.

Since SST and Chl a are the results of the cumulative effects
of the upwelling, they could not be used to represent the upwell-
ing intensity directly. To show the month-to-month variation of
coastal upwelling, upwelling-induced changes in SST are used
as an indicator of the upwelling intensity, which is estimated as
the difference of SST tendency and SST tendency at the north-
ern tip (marked by red line in the upper left panel of Fig. 5). Gen-
erally, SST tendency in the ocean area at the same latitude is
subtracted to remove the effects of large-scale process on SST.
But SST tendency in the ocean area west of the upwelling re-
gion, dominated by the SCS western boundary advection (Liu
et al., 2004), is not a good proxy for large-scale process. Thus
the upstream of the upwelling where coastal upwelling does not
occur (the northern tip) is chosen. In this study, SST tendency
in a given month is calculated by the difference between SST in
the given month and that in the previous one. The results show
that SST cooling induced by coastal upwelling appears nearby
the northwest corner of Borneo in December, attains maximum
off the northwest coast in January with around 0.6°C cooling
nearby the northwest corner of Borneo, weakens in February
with 0.1-0.2°C cooling off the coast, and almost disappears near
the coast in March (Fig. 5), which means that coastal upwelling
forms in December, matures in January, decays in February and
almost disappears in March. The month-to-month variability
of the upwelling can also be observed from the WOAO1 tem-
perature tendency: coastal upwelling has a maximum depth of

112° 114° 116° 118° E

about 120 m and a maximum cooling of 2°C nearby Borneo in
January and then it becomes shallower and weaker in February
(Fig. 6).

As mentioned above, both Ekman transport induced by the
alongshore winter monsoon and Ekman pumping due to the
positive wind stress curl are favorable for coastal upwelling off
northwest Borneo. In order to quantify the relative importance
of the Ekman transport and Ekman pumping to the upwelling,
the average Ekman transport and Ekman pumping are calculat-
ed from the northern tip to Kuala Belait where wind stress curl
decreases sharply (Fig. 1b). Both transport estimates show sim-
ilar month-to-month variability (Fig. 7): they attain maximums
in January and then weaken in February, which is consistent
with that of coastal upwelling. A comparison of them shows the
Ekman transport is two times larger than the Ekman pumping
and the Ekman transport tendency accounts for about 90% of
the total transport (the sum of Ekman transport and Ekman
pumping) tendency in January and February, demonstrat-
ing that the Ekman transport makes a greater contribution to
the upwelling than the Ekman pumping and dominates the
month-to-month variation of coastal upwelling. We also notice
that Ekman transport and Ekman pumping in December and
March are helpful for the upwelling, but upwelling-induced SST
changes show the upwelling almost does not occur, probably
because winds are weaker than the threshold value for the up-
welling and cannot bring cold water from the pycnocline to the
surface (Roughan et al., 2006; Taylor et al., 2008).
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Fig. 5. Month-to-month variation of upwelling-induced changes in SST (°C). Upwelling-induced changes in SST are estimated as
the difference of SST tendency and SST tendency at the northern tip (marked by red line in the upper left panel).
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Fig. 7. Month-to-month variation of average Ekman transport (solid), Ekman pumping (dashed) and total transport (dash-dotted)
calculated from the northern tip to Kuala Belait. Total transport is the sum of Ekman transport and Ekman pumping.

3.3 Interannual variability of winter coastal upwelling

Figure 8a shows the correlation coefficients in the SCS be-
tween winter mean SST and January Nifio3.4 SST. A positive
correlation occurs in most parts of the SCS, especially off south-
eastVietnam. This is because cold advection by the SCS western
boundary current reduces, resulting in a warming cold tongue
off southeast Vietnam during winter of El Nifio years (Liu et al.,
2004). In contrast, a significant negative correlation is found off
the northwest Borneo coast (in coastal upwelling area), indicat-
ing that winter coastal upwelling may has remarkable interan-
nual variability associated with El Nifo-Southern Oscillation
(ENSO).

To examine the interannual variability of the upwelling, an
upwelling index (UI) is introduced, which is estimated as winter
mean SST difference between ocean and coastal area (the black
line and box in Fig. 8a) at the same latitude (Nykjaer and Van
Camp, 1994; Santos et al., 2005; de Castro et al., 2008). Larger
Ul represents stronger upwelling. The results show that UI has
strong positive correlation with January Nifio3.4 SST (correla-

tion coefficient is 0.74) and winter mean Chl a (correlation coef-
ficientis 0.71) (Fig. 9), which means winter coastal upwelling off
northwest Borneo intensifies (reduces) during El Nifio (La Nina)
years, bringing more (less) nutrient-rich water and causing an
increase (decrease) of Chl a. Due to the enhancement (weaken-
ing) of the upwelling, anomalous surface cooling (warming) oc-
curs off the northwest Borneo coast during winter of El Nifio (La
Nina) years, thus a negative correlation occurs off the northwest
Borneo coast. The SST anomaly (SSTA) associated with ENSO
off the northwest Borneo coast has an opposite phase to that
off southeast Vietnam, resulting in a SSTA seesaw pattern in the
southern SCS in winter.

Previous studies have testified that the SCS monsoon has
remarkable interannual variability associated with ENSO (e.g.,
Fang et al., 2006; Chen and Wang, 2014). During winter of El
Nifio years, an anticyclonic wind anomaly forms in the SCS (Fig.
8b), which is generated through atmosphere bridge (Klein et al.,
1999; Wang, 2002, 2005). The anticyclonic anomaly behaves a
northeasterly anomaly and a positive wind stress curl anomaly
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Fig. 8. Correlation coefficients in the SCS between January Nino3.4 SST and (a) winter mean SST, (b) winter mean wind vector
(arrow), wind stress curl (color). Correlation coefficients larger than 0.36 are significant at the 0.05 level. Black line and box are the
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Fig. 9. Time series of upwelling index (blue), January Nifi03.4 SST (red) and winter mean Chl a (green) normalized by their respec-
tive RMS variance (0.26°C, 1.29°C and 0.20 mg/m?3). Chl a is calculated in the box in Fig. 8a.

off the northwest Borneo coast (Fig. 8b). Both of them can en-
hance the upwelling, resulting in anomalous cooling and higher
Chl a. The situation is reversed during winter of La Nifia years.

4 Summary and discussion

Winter coastal upwelling off northwest Borneo in the SCS is
investigated using satellite data, the WOAO1 temperature and
salinity fields and reanalysis data. Upwelling-induced changes
in SST suggest that the upwelling has obvious month-to-month
variation: it forms in December, matures in January, decays
in February and almost disappears in March. The month-to-
month variability can also be observed from the WOA01 data.

Both Ekman transport induced by the alongshore winter
monsoon and Ekman pumping due to orographic wind stress
curl are favorable for the upwelling. Transport estimates show
that the month-to-month variability of Ekman transport and
Ekman pumping are both consistent with that of winter coastal

upwelling, but Ekman transport makes a greater contribution to
the upwelling than Ekman pumping and determines its month-
to-month variability.

Under the influence of ENSO, the upwelling shows remark-
able interannual variability. During winter of El Nifio (La Nifia)
years, an anticyclonic (a cyclonic) wind anomaly, behaving a
northeasterly (southwesterly) anomaly and a positive (nega-
tive) wind stress curl anomaly off northwest Borneo, enhanc-
es (reduces) coastal upwelling, resulting in anomalous cooling
(warming) and higher (lower) Chl a. The SSTA associated with
ENSO off the northwest Borneo coast has an opposite phase to
that off southeast Vietnam, resulting in a SSTA seesaw pattern in
the southern SCS in winter.

The paper presents our most up-to-date information about
the physical environment of winter coastal upwelling off north-
west Borneo, which is of great oceanographic significance in
the pursuit of understanding its effects on upwelling ecosystem
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and fishery. Besides, most of previous studies on upwelling in
the SCS focused on the western boundary and northern conti-
nental shelfin summer (e.g., Xie et al., 2003; Jing et al., 2011), the
work fills the gap in winter coastal upwelling along the eastern
boundary of the SCS to a certain extent.
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