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Upwelling is a vital ocean behaviour, especially for the Fisheries Industry, where upwelling will 

help to detect fish ground at a particular ocean area. However, the study of upwelling is minimal 

and not well understood due to some reasons and constraints, such as limited observation. 

Upwelling lacks a comprehensive in-situ observation system where it relies on limited information 

collected from the ground-truthing execution such as ships, buoys, and current meter.  This study 

aims to analyse the upwelling pattern in the southern region of the South China Sea by using a 

multi-mission satellite altimeter. In order to derive the physical oceanography that involves 

upwelling, such as sea surface height (SSH), Mean Dynamic Topography (MDT), and the Sea Level 

Anomaly (SLA), the Radar Altimeter Database System is used. Five Satellite Altimeter mission is 

used in this study, which is JASON-2, JASON-3, CYROSAT2, SARAL, SENTINAL3A from 2013 to 

2017. Validation is made using a statistical method showing a good correlation between Altimetry 

data and Tidal Data at tide gauge, which is 0.84 to 0.97, respectively. Also, monthly altimetry 

derived Geostrophic Current was assessed by analysing the current pattern where it shows a 

similarity with a previous study where the current velocity is 0.5ms-1 to 2ms-1. From the result, 

eddies can be seen in the seasonal and monthly Absolute Geostrophic Ocean Current (AGOC) map, 

indicating the present presence of upwelling. In conclusion, this study will benefit other 

researchers in terms of both upwelling and eddy studies.   
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I. INTRODUCTION 

 
South China Sea (SCS) is the largest marginal sea in 

Southeast Asia, with a total area of 3.5 million km2 (Zhuang 

et al., 2010). Geographically, SCS is connected with the East 

China sea through the Taiwan Strait, the Pacific Ocean 

through the Luzon Strait, and the Java Sea through the 

Karimata Strait. Ocean upwelling studies in the SCS have 

received greater attention from many research communities 

to understand this phenomenon (e.g., Xie et. al., 2003; 

Villanoy et. al., 2011; Yan et. al., 2015; Akhir et. al., 2015; 

Ndah et. al., 2016; Yie et al., 2021). Ocean upwelling is one 

of the essential features of global ocean circulation patterns 

and plays an important role in supporting fisheries activities, 

especially in the South China Sea. It is because the ocean 

upwelling will function to bring the nutrients at the 

subsurface water to the surface (Cropper et al., 2014), which 

needs to sustain populations of phytoplankton, the primary 

source of nutrition of marine fish. Thus, good fishing 

grounds typically will be found in the upwelling area.  
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Typically, the ocean upwelling which occurs at the open sea 

or coastal area can be driven by many factors such as 

alongshore wind stress, wind stress curl, bottom topography, 

coastline orientation, shelf circulation, eddies, islands and 

capes, and the shape of the coastline (Ndah et al., 2016).  

Literature records show various approaches have been used 

to understand the ocean upwelling phenomenon such based 

on the wind stress curl information (Uti et. al., 2013; Junker 

et. al., 2015; Desbiolles et. al., 2016; Renault et al., 2016), 

interactions of coastal currents with topography (Gan et. al., 

2009; Wang et et al., 2014), based on the cyclonic eddies 

activities (Djakouré et al., 2014) and etc.  

The advent of the satellite altimeter over the past two 

decades has been a beacon of our vision in understanding 

ocean behaviour (Pa’suya et al., 2014a). The sea level 

anomaly derived from altimetric datasets become beneficial 

information to study the behaviour of sea level, cyclonic 

ocean eddies (Faghmous et al., 2015) as well as the ocean 

current circulation (Pa’suya et. al., 2014b; Rio et. al., 2016; 

Chafik et al., 2019), which is quite a relation to ocean 

upwelling phenomenon (Umaroh et al., 2016). The basic 

principle of a satellite altimeter is based on the premise that 

time is a distance. The distance between the satellite and the 

ocean surface is measured using the satellite radar 

discharged from the round-trip travel time of microwave 

pulse. More than 1700 pulses per second are capable of the 

most accurate high-frequency satellite altimeter, and the 

echo will be reflected in the ocean and back onboard. 

However, according to Chelton et al. (2001), the utilisation 

of the independent tracking system is to calculate the 

satellite’s three-dimensional position with reference to a 

fixed earth coordinate system. Combining these parameters 

will produce a profile of sea surface height or sea level with 

reference ellipsoid. Figure 1 shows an overview of the 

principle of a satellite altimeter. Independent tracking 

systems are used to determine the satellite's position with 

respect to the Earth's fixed coordinate system, including 

laser ranging stations, Doppler Orbitography and Integrated 

Satellite Radio Positioning (DORIS), and onboard Global 

Positioning System (GPS).   However, getting the value of 

the water height is not simple, and in practice, it is much 

more complex (Fu & Chelton, 2001; Hamid et al., 2018). For 

example, atmospheric correction (ionosphere, dry 

troposphere, and wet troposphere), orbital altitude 

(altimeter range and instrument correction), sea state bias, 

pole tide, ocean tide, ocean tide charging electromagnetic 

bias, and dynamic atmosphere are a few factors that must be 

taken into account. 

 

 

Figure 1.  Overview of the satellite altimeter principle 

(AVISO, 2019) 

 
The present study aimed to understand ocean upwelling 

based on cyclonic eddies derived using altimetric datasets 

for five (5) years. The study area covers the southern region 

of SCS and partially covers the gulf of Thailand (0°N – 10°N 

latitude, 95°E – 120°E longitude) as shown in Figure 2. 

 

II. MATERIALS AND METHOD 

 

A. Multi-mission Satellite Altimeter Data Processing 

 
Since 1991, ERS-1, TOPEX/POSEIDON, ERS-2, Geosat 

Follow on, Jason-1, and Envisat missions have been 

continuously accessible for satellite altimeter estimation. 

From these satellite estimations, it has altered our 

understanding towards the ocean from the study of ocean 

sea level and climate variability. In 1992, satellite altimetry 

TOPEX / Poseidon was launched, and its mission lasted 

until October 2005. Its original ground track was overtaken 

in 2002 by its JASON-1 successor. Both satellite missions 

provide the most accurate altimetry data compared to others, 

mainly due to the precise determination of the orbit. The 

ground track pattern of these satellites repeats every 10 days, 

with this temporal sampling providing near-global (within ± 

66 ° latitude) maps of sea level changes (Din et al., 2014). 

Although satellite altimeter records are still relatively short 
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compared to the tide gauge data sets, this technique seems 

quite promising for the sea level change problem as it 

provides excellent spatial coverage of the sea level 

measurement (Maximenko et. al., 2009; Din et al., 2019). 

 

 

Figure 2.  Study area 

 
Meanwhile, the European Space Agency (ESA) has 

individually propelled the ERS satellites (1 and 2 between 

1991 and 1995). These satellites were the main missions to 

obtain monetarily accessible information on microwave 

radars, offering new open doors for remote all-climate 

detection applications. Both were propelled into a sun-

synchronous orbit at a tendency of 98 ° and an elevation 

somewhere in the range of 782 and 785 km, rendering them 

less appropriate for concentrations of marine tide and 

increasingly impotent to environmental drag, resulting in 

slightly less orbit precision. ESA propelled the 

Environmental Satellite (Envisat) in March 2002, an 

advanced polar-circular earth perception satellite that 

provides climate, sea, land, and ice estimates. This satellite 

mission, which succeeds the ERS satellites, is still 

operational (Ducet et al., 2000). In this research, the sea 

level anomaly used to derive the ocean current is processed 

using the Radar Altimeter Database System (RADS), the 

TUDelft, NOAA, and Altimetrics LLC archiving and 

processing initiative (Naeije et al., 2000).  An auto-

processing system is used to extract and process the 5 years 

of altimetric data from 4 satellite missions. Basically, there 

are three (3) main steps in the altimetric data processing 

using RADS to yield sea level anomaly (Figure 3), namely 

altimeter correction and bias removal, crossover 

minimisation, and data filtering. After processing, the sea 

level anomaly from the 4 satellite missions will be averaged 

and gridded into 0.25 degrees x 0.25 degrees. In the 

crossover minimisation process, the sea level anomaly from 

different satellite missions needs to be adjusted to a 

"standard surface" due to the incoherence of the satellite 

orbit frame and orbital frame.  

 

 

Figure 3.  Processing flow of RADS (Din et al., 2014) 

 
Because of its high precision orbit, Jason-2 has been 

applied as the standard surface for processing integrated 

data. Details of the satellite used in this study are listed in 

Table 1, and Figure 4 shows the SLA pattern over the study 

area. 
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Table 1. List of satellite altimeter 

Altimeter Agency Phase Cycle Period 

      

Jason-2 

 

 

NASA/ CNES 

A 000-303 

JUL 2008 – DEC 2017 
B 305-327 

C 332-355 

D 356-364 

Jason-3 NASA/ CNES A 000-103 FEB 2016 – DEC 2017 

Cryosat-2 ESA A 004-112 JUL 2010 – DEC 2017 

Saral 
ISRO/ CNES A 001-035 

MAR 2013 – DEC 2017 
B 036-061 

Sentinel-3A ESA A 001-038 MAR 2016 – DEC 2017 

 

 

Figure 4. Gridded sea level anomaly derived from RADS 

 

B. Derivation of Geostrophic Current for Upwelling 

 
The corrected and gridded sea level anomaly that has been 

processed from RADS is used to estimate the geostrophic 

current anomaly based on the geostrophic balance, which 

derived from the relationship of pressure gradient and the 

Coriolis force by using the equation of Pickard et al. (1990) 

as follows: 

𝑓𝑣 =  
1

𝑝
 ×  

𝛿𝑝

𝛿𝑥
     (1) 

 

𝑓𝑢 =  
1

𝑝
 ×  

𝛿𝑝

𝛿𝑦
     (2) 

where the 𝑝 is the ocean pressure, 𝑢 and 𝑣 are the horizontal 

velocities in the x and y direction, ρ is the sea-water density, 

and 𝑓 is the Coriolis force parameter defined as: 

     𝑓 =   2Ω sin 𝜑         (3) 

where Ω denotes the rate of rotation of the earth (7.292511 x 

10-5) and Φ is Latitude. Since the pressure gradient is 

proportional to dynamic ocean topography slope, ζ and (p= 

ρgζ), both the equations above become as below (Zhuang et. 

al., 2010; Pa’suya et al., 2014a): 

                    𝑢 =  
𝑔

𝑓
 ×  

𝛿ζ

𝛿y
        𝑣 =  

𝑔

𝑓
 ×  

𝛿ζ

𝛿x
              (4) 

where g is the local acceleration of gravity and ζ is sea level 

anomaly. Since the Coriolis force reduces to zero near the 

equator, the estimation of geostrophic current is limited to 

the region from 1.75o N.  In order to derive absolute 

geostrophic current, the mean geostrophic current derived 

from DTU15 Mean Dynamic Ocean Topography are added to 

the geostrophic current anomaly to produce absolute 

geostrophic current. 
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Table 2. Six selected tide gauge 

Location Latitude Longitude 

Bintulu 03o15’44” 113o 05’50” 

Cindering 05o15’54” 103o11’12” 

Tioman 02o48’26” 104o08’24” 

Geting 06o13’35” 102o06’24” 

Tanjung Sedili 01o55’54” 104o06’54” 

Labuan 05o16’22” 115o15’06” 

 

C. Altimeter Data Verification 

 
In order to verify the accuracy of sea level anomaly before 

the derivation of geostrophic current, the sea level derived 

from RADS was compared with the tidal data measured at 

six (6) tide gauge stations in the Peninsular Malaysia and 

Borneo (Sabah and Sarawak). All of the data was provided 

by Jabatan Ukur dan Pemetaan Malaysia (JUPEM) through 

Permanent Service Mean Sea Level (Din et. al., 2017; 

PSMSL, 2019). The gridded sea level anomaly was 

interpolated onto the tide gauge location (Table 2) using 

Inverse Distance Weighted interpolation (IDW) methods 

based on the four nearest points as follows: 

𝜁′ =
𝑊1𝜁1+𝑊2𝜁2+𝑊3𝜁3+𝑊4𝜁4

𝑊1+𝑊2+𝑊3+𝑊4
                                  (5) 

where 𝜁′  is the unknown value of sea level anomaly at a 

location to be determined and  𝜁1−4  is the nearest known 

point value. The 𝑊 is the weight which   can be computed as 

follows: 

𝑊 =
1

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                                                                  (6) 

 

III. RESULT AND DISCUSSION 

 

A. Sea Level Data Verification between Multi-
mission Altimeter and Tide Gauge 

 
The root mean square error (RMSE) and correlation 

coefficient between both methods (satellite and tide gauge) 

were computed to assess the accuracy of the sea level 

anomaly and summarised in Table 3. Meanwhile, the 

variation pattern of sea level between tide gauge and 

altimeter is shown in Figure 5. The result clearly shows the 

variation pattern of sea level between tide gauge and 

altimeter in a good qualitative agreement is found between 

the two sea level estimates with correlation, R=0.84 to 0.97 

and RMSE=0.028-0.046 m. The consistency in the pattern 

and high correlation indicates good agreement between tide 

gauge and altimetry data. 

 

Table 3. Summary of the correlation and RMSE between 

Satellite Altimeter and tide gauge 

Location Correlation RMSE 

Bintulu 0.84 0.032 

Cindering 0.94 0.037 

Tioman 0.94 0.046 

Geting 0.97 0.041 

Tanjung Sedili 0.92 0.038 

Labuan 0.93 0.028 

 

B. Geostrophic Current Circulation 

 
Geostrophic currents are computed from the 5 years 

averaged SLA (1993-2011) and plotted based on the 

monsoon season (Table 4) and monthly averaged. Here, 

each season is defined as north-east monsoon (NE) from 

November to February and south-west monsoon (SW) from 

May to August, in terms of monsoon variations.  

 

Table 4. Monsoon season period 

Monsoon Month Period 

Northeast Monsoon November – February 

Southwest Monsoon May – August 

First Inter-Monsoon March – April 

Second Inter-Monsoon September - October 

 
The geostrophic current during the Northeast monsoon 

(NE) based on 5 years altimetric datasets is shown in Figure 

6.  During the NE monsoon, it is shown that there is a 

cyclonic eddy occurring northeast of the Natuna Island at 

approximately (6°N, 110°E) where the current is moving 

anti-clockwise, which indicates an upwelling (U) is present 

in that area during the NE monsoon.  
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Figure 5. Comparison of SLA from Satellite Altimeter data and Tide gauge at 6 selected Tide Gauge 

 

This is probably due to the Vietnam Coast Current leaving 

the Vietnam Coast and splitting into two directions. One of 

the directions is moving eastward toward the Natuna and 

Borneo Island. However, many anti-cyclonic eddies occur in 

the SSCS during NE monsoon, which indicates the presence 

of downwelling (D) at the southern part of Borneo, where 

the current at that area split (4°N, 114°E) into two directions, 

and forms an anti-cyclonic eddy and downwelling. For the 

Gulf of Thailand, there is also an indication that a 

downwelling occurs because, during the NE monsoon, the 

current flow is an anti-cyclonic eddy. This is because of the 

geometry of the coastal area, which affects the northward 

movement of the current (Pa’suya et al., 2014b).  

     The geostrophic current during the SW monsoon is 

shown in Figure 7. The result shows that the current flow is 

almost an inverse of the current flow in the NE monsoon, 

where the ocean current flows from south to north. This 

finding is consistent with that of Akhir (2012) who studied 

the ocean current using Global Ocean Model (OCCAM).



ASM Science Journal, Volume 16, 2021  

7 

 

Figure 6. Surface Geostrophic current during Northeast Monsoon 

 

 

Figure 7. Surface Geostrophic current during Southwest Monsoon 

 

 

Figure 8. Surface Geostrophic current during First-inter Monsoon 

 

 

Figure 9. Surface Geostrophic current during Second-inter Monsoon 
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The ocean current flows from the Karimata Strait, moving 

northward along the Peninsular Malaysia coast. An anti-

cyclonic eddy (D) has formed at 6°N,105°E. Concurrent, an 

upwelling (U) near the coast of Borneo (U1) and the Gulf of 

Thailand (U2). Figure 8 shows the geostrophic current 

during the First-inter monsoon. During this season, a giant 

cyclonic eddy (D1) has formed in the middle part of the 

southern SCS, approximately at ~9°N, 113°E and in the Gulf 

of Thailand (D2) approximately at ~9°N, 102°E. Meanwhile, 

an anti-cyclonic eddy (U1) exists around Natuna Island 

during this season. Figure 9 shows the mean of monthly 

geostrophic current during the Second-inter monsoon. 

During this season, the current circulation pattern at the 

coastal Sarawak is experiencing the same behaviour as 

during the SW monsoon. A weak cyclonic eddy (U2) has 

formed near to Sarawak coastal region current.  The cyclonic 

eddy (D2), which formed during SW monsoon, still exists 

during this season. The summary of the upwelling and 

downwelling locations is in Table 5. 

 

Table 5. Summary of upwelling and downwelling over SSCS 

for each Monsoon 

Season Behaviour Location 

NE Upwelling (U1) 6oN, 110oE 

NE Downwelling (D1) 9oN, 104oE 

NE Downwelling (D2) 3oN, 105oE 

SW Upwelling (U1) 4oN, 114oE 

SW Upwelling (U2) 9oN, 103oE 

SW Downwelling (D1) 5oN, 105oE 

FIM Downwelling (D1) 9oN, 113oE 

FIM Downwelling (D2) 9oN, 102oE 

FIM Upwelling (U1) 3oN, 108oE 

SIM Downwelling (D1) 3oN, 112oE 

SIM Upwelling (U1) 7oN, 106oE 

SIM Downwelling (D1) 6oN, 100oE 

  

D. Upwelling Interpretation based on Monthly 
Climatology of Geostrophic Current Circulation 

 
In order to analyse the ocean current pattern during a 

different month, the geostrophic current is computed based 

on the monthly climatology sea level anomaly for 5 years’ 

duration, and the result is shown in Figure 10 until Figure 12. 

From January to March (Figures 10(a)-10(c)), the pattern of 

upwelling mimics the pattern during the Northeast monsoon 

(NE), because during those months, it is clear that NE 

monsoon-influenced the pattern of the upwelling behaviour. 

However, at the start of April (Figure 10(d)), the current is 

almost inversed, where water flow moves northward. From 

here, it can be seen the presence of anti-cyclonic is taking 

place approximately (8°N 110°E) and (9°N 103°E). From 

there, it shows that a particular area during the month of 

April is downwelling. Apart from that, the coast of Sarawak 

shows an upwelling, where the current is forming a cyclonic 

pattern.  

During May (Figure 11(a)), the upwelling can be seen from 

the coast of Johor to Terengganu, where the current at that 

area is a cyclonic eddy. However, in the figure, the presence 

of downwelling is also seen in the Gulf of Thailand and 

northeast of Natuna Island because the transition period of 

the northeast and southeast monsoon system is occurring, 

where the southwest of Karimata strait is forming (Akhir, 

2012). For June, the upwelling can be seen at the Gulf of 

Thailand, where the current pattern forms a cyclonic eddy, 

which indicates the upwelling behaviour as shown in Figure 

11(b). The upwelling can also be seen northwest of Sarawak 

and north of Sabah, in which the current is a cyclonic eddy 

as well. However, downwelling behaviour can also exist at 

approximately (6°N, 105°E) where the current flows 

clockwise, which indicates anti-cyclonic eddy. 

In July and August, as shown by Figure 11(c) and Figure 

11(d), respectively, the pattern is almost symmetrical to one 

another, where the upwelling location is approximately at 

(9oN, 113oE) and (4oN, 113oE). However, the location of 

downwelling is similar to the downwelling location in June, 

which is (6°N, 105°E). Downwelling was also seen in the 

Gulf of Thailand at approximately (7oN, 104oE). During this 

month, the SW monsoon is dominant. The Karimata strait is 

moving freely northward because it propagates and changes 

direction northward when reaching the coastal current of 

Malaysia. As for September (Figure 12(a)), the presence of 

cyclonic eddy in the coastal area of Sarawak indicates the 

upwelling behaviour is taking place at (5oN, 115oE), in which 

the upwelling dominates the northern part of Borneo. 

Meanwhile, in October (Figure 12(b)), there is an indication 

of upwelling at (9oN, 114oE), where the current is a cyclonic 

eddy. However, downwelling also dominates the northern 

part of Borneo at (5oN, 110oE). 
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Figure 10. Geostrophic current during (a) January, (b) February, (c) March, and (d) April 
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Figure 11. Geostrophic current during (a) May, (b) June, (c) July, and (d) August 
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Figure 12. Geostrophic current during (a) September, (b) October, (c) November, and (d) December 
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Figures 12(c) and (d) show ocean circulation patterns in 

November and December. The pattern during these two 

months is almost the same pattern with January and 

February. The summary of the upwelling and downwelling 

phenomenon is summarised in Table 6. 

 

Table 6. Summary of upwelling and downwelling over SSCS 

for each Month 

Month Behaviour  Location 

January Upwelling (U1) 7oN 110oE 

January  Downwelling (D1) 9oN 101oE 

February Upwelling (U1) 7oN 110oE 

February Downwelling (D1) 9oN 101oE 

March Upwelling(U1) 7oN 110oE 

March Downwelling (D1) 9oN 113oE 

April Downwelling (D1) 7oN 112oE 

April Downwelling (D2) 3oN 106oE 

May Downwelling (D1) 7oN 112oE 

May Upwelling (U1) 3oN 105oE 

June Downwelling (D1) 9oN 104oE 

June Downwelling (D1) 6oN 105oE 

June Upwelling(U1) 3oN 108oE 

July Downwelling(D1) 6oN 105oE 

July Upwelling(U1) 4oN 112oE 

August Downwelling (D1) 6oN 115oE 

August Upwelling(U1) 4oN 112oE 

September Downwelling(D1) 6oN 106oE 

September Upwelling(U1) 5oN 115oE 

October Upwelling(U1) 9oN 114oE 

October Downwelling(D1) 5oN 110oE 

November Upwelling(U1) 9oN 102oE 

November Upwelling (U2) 7oN 108oE 

November Downwelling (D1) 5oN 113oE 

December Upwelling (U1) 7oN 108oE 

December Downwelling(D1) 9oN 102oE 

 

IV. CONCLUSION 

 
The research aims to analyse the upwelling pattern based on 

the formation of cyclonic eddies in the southern region of 

the South China Sea by using multi-mission satellite 

altimetry derived geostrophic current. Five (5) years of 

averaged SLA from altimetric datasets have been used to 

derive the geostrophic current. Comparison of SLA with 

tidal data from 6 selected tide gauges shows that the sea 

level from both methods has a good correlation from 0.84 to 

0.96, respectively. During NE monsoon, the movement of 

the water produces a large cyclonic gyre in the middle part 

of southern SCS, indicates that the upwelling phenomenon 

probably occurs in the region. During SW Monsoon, the 

features of circulation in the SCS almost the opposite 

direction to that seen during NE Monsoon and weaker. The 

large cyclonic gyre in the middle part of southern SCS has 

disappeared during this monsoon and was replaced by anti-

cyclonic eddy. What is interesting to highlight here is that an 

anti-cyclonic eddy has formed near the east coast of 

Peninsular Malaysia. However, the eddy's existence 

probably needs further study to confirm its existence of the 

eddy. The geostrophic current during the first and second 

inter-monsoon are weaker than during NE Monsoon and 

SW Monsoon. The circulation pattern in the SSCS during the 

second inter-monsoon is rather complex than the first inter-

monsoon. Overall, the existence of the cyclonic eddies 

detected through the geostrophic current pattern can 

indicate the existence of the upwelling area. However, other 

factors should be considered in further study to identify or 

reconfirm this phenomenon.  
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