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Abstract: The Chlorophyll-a (Chl-a) dynamics in the upwelling system associate with physical variables 

that accompany it, whether it is a driver or a response to the upwelling process. As an upwelling driver, wind and 

current could enhance the Chl-a concentration through a process known as wind-driven and current-driven 

upwelling, respectively. On the other hand, Sea Surface Temperature (SST) and Sea Surface Height Anomaly 

(SSHA) come as the upwelling response. We examine these four physical variables against the Chl-a dynamics in 

the South Java Sea shelf using satellite-derived and ocean reanalysis data from 2002 to 2017. Chl-a variability was 

examined using Empirical Orthogonal Function (EOF) to find spatial and temporal contrasting differences, then 

relate them to the physical variables. Our result exhibits seasonal patterns in the Chl-a variations, indicating the 

well-known South Java upwelling system, which is high during the south-east (SE) monsoon and low during the 

north-west (NW) monsoon. March and September were the two contrasting months shown by the significant 

differences of Chl-a, alongshore wind stress, SST, and SSHA between the two. The alongshore wind has a 

significant correlation with the Chl-a at the shelf area in September since wind-driven upwelling during that time. 

The alongshore bottom stress significantly correlates with the Chl-a at the 109.5˚E, 8˚S in March (wind-driven 

downwelling periods), indicating an upwelling-favorable current. However, the vertical cross-shelf temperature and 

alongshore current do not show a current-driven upwelling nor water masses uplift at this point in March. 

Keywords: chlorophyll-a, physical variables, Empirical Orthogonal Analysis, South Java upwelling. 

 

南爪哇海陆架叶绿素一种的时空变异性及其物理变量 

 

摘要：上升流系统中的叶绿素-一种(叶绿素) 动力学与伴随它的物理变量相关联，无论是

驱动力还是对上升流过程的响应。作为上升流的驱动力，风和洋流可以分别通过称为风驱动

和电流驱动的上升流的过程来提高叶绿素的浓度。另一方面，海面温度（不锈钢）和海面高

度异常（SSHA）作为上升流响应。我们使用 2002 年至 2017 年的卫星衍生数据和海洋再分

析数据，针对南爪哇海陆架的叶绿素动力学研究了这四个物理变量。使用经验正交函数 

(EOF) 检查了叶绿素变异性，以找到空间和时间对比差异，然后将它们与物理变量联系起来

。我们的结果展示了叶绿素变化的季节性模式，表明著名的南爪哇上升流系统在东南 (东南) 

季风期间高，在西北 (西北) 季风期间低。 3 月和 9 月是两个截然不同的月份，两者之间的

叶绿素、沿岸风应力、不锈钢和 SSHA 存在显着差异。 9 月陆架区沿风风与叶绿素具有显着

相关性，因为当时风驱动上升流。沿岸底部应力与 3 月 109.5˚E、8˚S 的叶绿素显着相关（

风驱动下流期），表明有利于上升流。然而，垂直跨大陆架温度和沿岸水流在 3 月的这个时

间点没有显示出电流驱动的上升流或水团上升。 

关键词：叶绿素-一种，物理变量，经验正交分析，南爪哇上升流。 
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1. Introduction 
As the major primary productivity producer in the 

ocean, phytoplankton is the base of marine food [1]–[3]. 

Chlorophyll-a (Chl-a) concentration has become 

widely used as the proxy of phytoplankton biomass [4]. 

The previous study has shown that Chl-a 

concentrations and the taxonomic composition of 

phytoplankton communities are qualitatively correlated 

with the physical variables [5], oceanic circulation, and 

mesoscale physical processes [6]–[8]. The Chl-a in the 

coastal upwelling system area has high variability as 

the upwelling, high during the upwelling period and 

mostly low during the non-upwelling or the 

downwelling period. The selective absorption of certain 

wavelengths (blue and blue-green) by Chl-a as a 

photosynthetic pigment allows the quantification of 

phytoplankton biomass through satellite-derived 

measurements of ocean color [9], [10]. 

Southern Java coast is well known as the upwelling 

system in the South East Tropical Indian Ocean 

(SETIO). Lies in the majority region of the ocean’s 

productivity [11], the southern Java coast becomes the 

site of important fisheries in Indonesian waters [12], 

[13]. The oceanic and atmospheric process in this 

region may influence Chl-a concentrations, such as the 

monsoon system [14], tides [15], the Madden-Julian 

Oscillation (MJO) [14], [16], [17], Kelvin and Rossby 

waves [18], [19], the Indian Ocean Dipole (IOD) [20],  

the El-Niño Southern Oscillation (ENSO) [21], [41], 

the Indonesian Throughflow (ITF) [22], [23], the South 

Java Current (SJC) [22], [24], the South Equatorial 

Current (SEC) [22], and eddies [25], [26]. 

The southern Java upwelling responds to the 

monsoonal winds, which is associated with the 

seasonal southeasterly wind and well known as the 

wind-driven upwelling. In turn, southern Java waters 

rich in nutrients and Chl-a during the upwelling event. 

The study of [27] reveals a westward shift of upwelling 

signal along the southern Java coast, consistent with 

the alongshore wind shift.  

Previous studies have shown that upwelling can be 

intensified or even be generated through both wind-

driven and current-driven processes.  In the case of 

current-driven processes, upwelling can be generated 

through 1) the interaction of boundary currents over 

variable topography [28]–[30], 2) encroachment of the 

boundary current flow to the coast [31], and 3) cyclonic 

eddies [25]. Current-driven upwelling is important 

since it has the same role as wind-driven upwelling in 

nutrient supply and biological productivity by 

increasing the Chl-a concentrations. According to the 

Java upwelling that occurs among the southern Sunda 

shelf area with several ocean circulations, i.e., the 

semi-annually reversing boundary current SJC and 

mesoscale eddies, the existences of current-driven 

upwelling or current-driven uplift would be possible 

along the southern coast of Java. 

It is well documented that the isotherms are 

generally uplifted on the continental shelf adjacent to 

western boundary currents (WBCs) [32], [33] and have 

been shown to occur on the shelf adjacent to the East 

Australian Current (EAC) [31]. The evidence of the 

same process in the South Java shelf has not yet been 

found and would be a new finding. As the wind-driven 

upwelling system generates an Ekman layer at the 

surface, the current-driven upwelling generates a layer 

at the bottom depth, namely Bottom Boundary Layer 

(BBL) [34]. Onshore flow in the BBL can result as a 

response to interior flow along the continental shelf 

(poleward along an eastern coast in the Southern 

Hemisphere) or, in our case, westward flow along a 

southern Java coast. This onshore flow carries dense 

water up the slope like Ekman transport at the surface, 

resulting in upwelling. 

We hypothesize that there is an uplift or upwelling 

process in the shelf area of South Java since it has met 

the requirements for the process to occur, i.e., the 

existence of oceanic circulations in the shelf and its 

adjacent areas such as boundary currents (South Java 

current) and eddies which could infringe the shelf 

break at a certain time and lift the water masses 

originating from the depth to the surface. 

The previous study of South Java upwelling has 

focused more on studies during the south-east monsoon 

[21], [27], [35], while the conditions during the north-

west monsoon are not widely known. [36] examine the 

condition of Indonesian waters during the NW 

monsoon but not focused on the South Java upwelling 

system. Here, for the first time, we reveal the physical 

condition of the South Java upwelling system during 

the north-west monsoon. The analysis is focused more 

closely on the shelf and the adjacent area because it has 

not been discussed before. We hypothesize that there is 

current-driven upwelling on the shelf. 

Although South Java upwelling has been the focus 

of many researchers, studies of upwelling as part of the 

shelf circulation have not yet been conducted. For the 

first time, the Java upwelling (based on Chl-a 

concentration analysis) will be investigated closely in 

the shelf area by involving the various physical 

variables that accompanied the upwelling process. The 

alongshore bottom stress (hereafter referred to as 

bottom stress) as the agent to current upwelling or 

water masses uplift will be included and separately 

discussed. The bottom stress is expected to be directed 

mainly alongshore since alongshore flows generally 

predominate in the coastal ocean [37]. It has been 
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found that the bottom stress can be caused by the 

interaction between near-bottom currents by the 

boundary current, current encroachment, eddy activity, 

and rugged bathymetry [38]. The possibility of current-

driven upwelling or water masses uplift due to 

upwelling-favorable bottom stress in the southern Java 

Sea shelf will be investigated for the first time. 

Enhanced Chl-a in this region is well known as a 

response to wind-driven upwelling. Still, the 

possibilities for other forces or processes (i.e., current-

driven upwelling) that leading this phenomenon have 

never been studied and known well. In this study, we 

present the quantification of the contributions of the 

physical variables to Chl-a variability on the southern 

coast of Java. We aimed to: (1) describe the spatial and 

temporal distribution of Chl-a with a focus on the shelf 

region; (2) quantify the contribution made by four 

physical variables that accompanied the upwelling 

process as the main process influenced Chl-a 

variability in the South Java. 

 

2. Materials and Method 
 

2.1. General Features of the Study Area 

The study site spanned longitudinally from 108˚E to 

114˚E (Fig. 1), including the recently investigated 

upwelling region [9], [27], [39], [40]. The continental 

shelf (hereafter called shelf) presents different 

dimensions along the South Java coast. The 

Cilacapcoast shows the widest shelf (~125 km from the 

coast), followed by the Kretek coast (~75 km) and 

Prigicoast (~50 km). The eastern region has the 

narrowest shelf (~10 km) (Fig. 1).  

 
Fig. 1 The study area spanned at 108 – 114 º E, 7.5 – 10 ºS. Isobath 

40 - 200 m is drawn by contour lines. Inset is our study domain 

among Indonesian islands 

 

The circulation is influenced by the oceanic and 

atmospheric dynamics, which are seasonally reversing 

monsoonal wind [14], the intra-seasonally Kelvin 

waves during the transitional monsoon [18], [19], the 

Indian Ocean Dipole (IOD) [20], and ENSO [21], [41]. 

 

2.2. Surface Satellite Chlorophyll-a 

Satellite remotely-sensed Chl-a (mg m-3) data 

obtained from daily globally L4 ocean color 

reprocessed from [62]. The Chl-a data have a spatial 

resolution of about 4 km covering the period of 2002–

2017. These Chl-a products (Daily, Monthly, and 

Climatology) are based on merging the sensors 

SeaWiFS, MODIS, MERIS, VIIRS-SNPP&JPSS1, 

OLCI-S3A&S3B. The application of remotely sensed 

Chl-a data is limited in shallow coastal shelf water due 

to a range of factors, including bottom albedo, 

suspended sediment, and coastal turbidity [42]. [43] 

restricting the interpretation and analysis to water 

deeper than 40 m. Here, the limitation of remotely 

sensed Chl-a concentrations was considered by taking 

the pixel of the Chl-a deeper than 40 m isobaths for 

further analysis. 

 

2.3. Physical Variables 

Physical variables promoted Chl-a variations in our 

domain considered both driver and response of South 

Java upwelling system. The driver was wind stress and 

bottom stress, while the response was Sea Surface 

Temperature (SST) and Sea Surface Height Anomaly 

(SSHA). A 10-m daily winds data used an ERA5, the 

fifth generation European Centre for Medium-Range 

Weather Forecasts (ECMWF) atmospheric reanalysis 

of the global climate for 2002–2017. The product has a 

25 km spatial resolution and can be downloaded from 

[61]. Sea Surface Temperature (SST), Sea Surface 

Height (SSH), and bottom currents obtained from [61]. 

Sea Surface Temperature (SST), Sea Surface Height 

(SSH), and bottom currents obtained from 

GLOBAL_REANALYSIS_PHY_001_030 [44], 

distributed through the Copernicus Marine 

Environment Monitoring Service (CMEMS), a global 

ocean eddy-resolving (1/12° horizontal resolution, 

approximatively 8 km,  and 50 vertical levels) 

reanalysis covering the altimetry era 1993-2018. It is 

based largely on the current real-time global 

forecasting CMEMS system. This product can be 

downloaded from [62]. The alongshore wind stress 

(hereafter referred to as wind stress) calculated by the 

following formulation 

𝜏𝑤𝑥 = 𝜌𝑎𝐶𝑤𝑢𝑤√𝑢𝑤
2 + 𝑣𝑤

2  

𝑢𝑤 (m s-1) and 𝑣𝑤 (m s-1) are west-east and south-

north wind velocity components. 𝐶𝑤 is a velocity-

dependent drag coefficient (0.0015)and 𝜌𝑎is the density 

of air with 1.3 kg m-3.Bottom stress (𝜏𝑏𝑥 ) calculated 

using the current at the bottom level for 2002–2017. 

The formula to calculate 𝜏𝑏𝑥 follows the theory applied 

by [43]. 

𝜏𝑏𝑥 = 𝜌𝑤𝐶𝐷𝑢𝑏√𝑢𝑏
2 + 𝑣𝑏

2 

𝑢𝑏  (m.s-1) and 𝑣𝑏  (m.s-1) are zonal and meridional 

components of bottom current velocity. 𝐶𝑑  is a 

velocity-dependent drag (0.0025) coefficient and 𝜌𝑤is 

the density of seawater with 01025 kg m-3. The bottom 

current velocity component was not rotated to the 

alongshore direction, which potentially underestimated 

the bottom stress.  𝜏𝑤𝑥 and 𝜏𝑏𝑥 < 0 N m-2 was 

considered as upwelling favorable while 𝜏𝑤𝑥 and 𝜏𝑏𝑥> 
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0 N.m-2 was considered as downwelling favorable.  

 

2.4. Data Processing and Statistical Analysis 

Chl-a and physical variables in the study region 

were analyzed through monthly mean climatology. The 

spatial and temporal variability of total Chl-a was 

determined using a standard Empirical Orthogonal 

Function (EOF) analysis with a singular value 

decomposition (SVD) technique. The method finds 

spatial patterns of variability, their time variation, and a 

measure of each pattern's magnitude [45]. EOF 

calculates a set of orthogonal functions or spatio-

temporal components, which can be used for 

constructing the original data set at all points during the 

study periods. The first mode, having the largest 

eigenvalue, typically accounts for a considerable 

fraction of the variance of the data or explains the 

dominant variability of the data set. SVD is one of the 

primary methods for computing the EOFs for a grid of 

time series of observations besides the scatter matrix 

method [46]. Using the SVD method, we could 

quantify the total variance of the Chl-a concentration in 

both orthogonal and independent modes as it describes 

the temporal amplitudes of the spatial eigenvectors and 

their associated eigenvalues [47]. The result containing 

the highest percentage of the Chl-a variability, both 

spatial and temporal that allow us to determine (i) the 

most contrasting areas in terms of the spatial Chl-a 

variability and (ii) the main contrasting months in 

terms of the temporal Chl-a variability in the southern 

Java coast. This approach has been successfully 

determined the space-time features of Chl-a data [47]. 

For analyzing the physical variable's contribution 

and the prominent factors promoting the Chl-a 

variances, the Linear Pearson correlation analysis 

between Chl-a and the physical variables for the most 

contrasting month was performed by extracting the 

value of these variables at 10 points. The points were 

chosen in the domain according to the bathymetry and 

bottom stress features to cover the current-driven 

investigations on the shelf of our domain. For this, all 

the variables were re-gridded to the lowest spatial 

resolution (~25 km) as applied before [47]. Linear 

stepwise regression was performed at 10 points to 

assess the association between the Chl-a and its 

predicting physical variables for the most contrasting 

month. A stepwise method was chosen to find the best 

explanatory model from all the possible combinations 

of the predictor variables Akaike’s information 

criterion (AIC) [48]. The smallest achieved value of 

AIC indicates the best model, i.e., the best combination 

of the physical predictor variables that explains the 

largest amount of the variation in the response variable 

(Chl-a). 

The possibility of current-driven upwelling or water 

masses bottom uplift was investigated used vertical 

cross-shelf temperature and alongshore current. The 

section was made in the region with the most 

upwelling-favorable bottom stress features resulted 

from the Linear Pearson and stepwise regression 

models. 

 

2.5. Data Reliability 

 

2.5.1. Chlorophyll-a 

The merged OC-CCI total Chl-a data product has 

several improvements, including inter-sensor bias-

corrected time-series data that improves spatial and 

temporal coverage, maintains rigorous standards for 

data quality, error characterization, and per-pixel 

uncertainty characterization based on its validation 

[49]. 

 

2.5.2. Wind 

The ECMWF-based wind has been used for inputs 

of many ocean models in marine forecasting, for ocean 

forces, including their associated biases [50]. ERA5 is 

the latest reanalysis dataset from the European Centre 

for Medium-range Weather Forecasts (ECMWF) after 

ERA-Interim [51]. ERA5 comes with many 

improvements compared with ERA-Interim, most 

notably better spatial (25 km) and temporal resolution 

(1h), a better representation of geophysical processes in 

the forecast model, and more extensive observational 

inputs to the data assimilation system [52]. Besides, it 

is archived at the hourly time step, uses a more 

advanced assimilation system, and includes more 

sources of data [53]. It is produced using high-

resolution forecasts (HRES) at 25 km resolution (one-

fourth of the spatial resolution of the operational 

model), and it computes atmospheric variables at 139 

pressure levels. Data for the 1979–2018 period were 

released in March 2019, and in the next few years, the 

dataset will cover the period from 1950 to near real-

time [54]. Atmospheric data on these levels are 

interpolated to 37 pressure levels (the same levels as in 

ERA-Interim). Many researchers have widely used the 

dataset and can conduct comprehensive global 

simulations, long-term simulations for climate studies 

[52]. ERA5 winds show a 20% improvement relative to 

ERA-Interim and perform better in terms of mean and 

transient wind errors, wind divergence, and wind stress 

curl biases [50]. 

 

2.5.3. Reanalysis Data 

Reanalysis data has been widely used in 

atmospheric sciences to assess the impact of observing 

system changes, gauge progress in modeling and 

assimilation capabilities, and obtain state-of-the-art 

climatologies to evaluate forecast-error anomalies [51]. 

The product GLOBAL-REANALYSIS-PHY-001-030 

(hereafter called GLORYS12V1 reanalysis) consists of 

global ocean reanalyses datasets at 1/12° horizontal 

resolution. [55] obtained a series of diagnostics on 
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GLORYS12V1 reanalysis with several summaries, 

which will be described in this section. In terms of SST 

data, the reanalysis is very stable from the 2000’s up to 

2016. The global mean SST of GLORYS12V1 

reanalysis is close to the observations with a weak 

(warm) misfit of less than 0.1°C all along with the 

reanalysis. The global positive SST linear trend is 

highly consistent with AVHRR data. Since a small 

warm bias (up to 0.1°C) was found in the 0-500 m 

layer (located between 100 and 200 m), the reanalysis 

beat the climatology for the bias and the RMS with 

lower RMS differences in the 0-500 m layer depth. In 

terms of ocean current, this reproduces well the main 

ocean currents. Root Mean Square Difference (RMSD) 

is generally smaller than 0.25 m.s-1 in the water 

column. In terms of SSHA, GLORYS12V1 reanalysis 

is very close to altimetric observations and has a good 

ability to describe the sea level variability. Regional 

trends are particularly well reproduced. Unfortunately, 

however, the globally averaged sea level trend is 

slightly underestimated (2.66 mm year-1) compared to 

the Aviso SLA CCI observed estimates (3.27 mm year-

1). A global and constant 0.07 cm bias is present during 

the 2005-2016 time period. However, long-term in-situ 

observations data are highly suggested to get more 

ample evidence for supporting our result.  
 

3. Results 
 

3.1. Spatio-Temporal Variability of the Annual 

Cycle of Chlorophyll-a 

The annual climatological cycle of Chl-a shows a 

seasonal pattern in the oceanic region, with the highest 

Chl-a concentration values from June to November (> 

~1.5 mg m-3) and the lowest, from December to May (< 

~1 mg m-3; Fig. 2).  

 
Fig. 2 Monthly mean climatology of total chlorophyll-a (Chl-a) in 

the southern Java coast from January 2002 to December 2017. The 

Chl-a is represented by a color scale 

 

The shelf region has the highest Chl-a throughout a 

year with a value above the background (0.2 mg m-3). 

The high Chl-a seems to propagate westward from June 

and reach its peak during September, while Chl-a with 

value > ~0.25 mg m-3 was covered more than half of 

our study domain. This propagation encountered 

relaxation during October and November. The 

relaxation remains Chl-a with a value of 0.25 – 1 mg 

m-3 across the shelf during December. Chl-a with value 

> ~2 mg m-3 formed a band of high value in the shelf 

during August and becomes wider during September 

and October until crossing the shelf mostly in the 

eastern region. 

The Empirical Orthogonal Functions (EOFs) from 

the monthly total Chl-a values revealed a seasonal 

signal shown by the first and second modes, explaining 

95.88% of the total variance in the annual cycle of Chl-

a in the domain (Fig. 3). The first mode explains 

92.12% of the Chl-a annual variability, while the 

second mode explains 3,76% (Fig. 3A, B). The 

temporal EOF of the first mode (Fig. 3A) showed a 

noted seasonal pattern, characterized by increasing 

Chl-a from August to October, coincident with the high 

amplitude of the annual cycle (> ~0.01) along the 

southern Java sea shelf in our domain decreasing 

towards the oceanic zone (Fig. 3C). The second mode 

showed a smaller amplitude in both spatial and 

temporal modes than Mode 1 (Fig. 3B, D). According 

to this result, in terms of the temporal variability, 

March and September were chosen as the most 

contrasting months for further analysis to explain the 

Chl-a variation connected with the physical drivers. In 

terms of the spatial variability of Chl-a, we expected 

different behavior in the shelf regions according to the 

marked amplitude resulted from spatial EOF modes 

and the bathymetry features; the one is in the western 

side, that is the region between 108.5˚E  – 109.5˚E, and 

the other is in the region between 112˚E – 113˚E, the 

narrow shelf. 

 
Fig. 3 Two modes of Principal Empirical Orthogonal Function 

(EOF) resulted from the annual climatological cycle of the total 

Chl-a in the South Java region: A, B - temporal EOF modes, C, D - 

corresponding spatial EOF modes 

 

3.2. Spatial Patterns of the Physical Variables in 

March and September 

 

3.2.1. Wind Stress and Bottom Stress 

In March, the wind stress was downwelling 

favorable (𝝉𝒘𝒙 > 𝟎 ), which covered the whole oceanic 

region of our domain (Fig. 4A). The western side of the 
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oceanic region, particularly the area between 8-9˚S and 

108-109˚E, encounters the highest wind stress (>0.2 N 

m-2), decreasing towards the eastern side of the domain 

and shelf. Compare with March, the wind stress in 

September was higher but in reverse directions. During 

this time, wind stresses mostly upwelling favorable 

(𝝉𝒘𝒙 < 𝟎 ) with the lowest value (<0.02 N m-2) at the 

eastern and the shelf increasing towards the western 

side off the coast (Fig. 4B).  

Monthly climatology of the bottom stress revealed a 

marked region with westward circulations or upwelling 

favorable bottom stress (𝝉𝒃𝒙 < 𝟎) in the shelf area, 

varies from 0.02 to 0.1 N m-2, spanning longitudinally 

from 108.5˚E until 112.5˚E in March but not in 

September (Fig. 4C). According to the contrasting 

conditions, this area will be chosen for further 

examination to understand better the connection 

between Chl-a dynamics and its physical driver. 

Another notable feature is the weak westward 

circulation (-0.03 N m-2< 𝝉𝒃𝒙 <-0.01 N m-2) off the 

coast at the position of 9.5˚S, 110˚E and 9.5˚S, 111˚E 

(Fig. 4, top). In September, the bottom stress mostly 

downwelling favorable ( 𝝉𝒃𝒙 > 𝟎 ) with the highest 

value in the shelf area (0.05 – 0.1 N m-2) decreasing 

towards off coast.  

 
Fig. 4 Monthly climatology (2002–2016) of wind stress (A, B) and 

bottom stress (C, D) for March (A, C) and September (B, D). Blue 

(Red) shading represents the regions of upwelling (downwelling) 

favorable 

 

3.2.2. Sea Surface Temperature (SST) and Sea Surface 

Height Anomaly (SSHA) 

In March, SST varies from 29.2 to 29.5˚C with 

SSHA higher (> 0.05 m) along the coast and at the 

center off coast of the domain than in the western part 

of the domain (< 0.04 m) (Fig. 5A, B). In September, 

the surface temperature was colder than in September 

with a value lower near the coast (<25 ˚C) increasing 

towards off coast to value >26 ˚C with SSHA lower 

along the shelf and in the eastern part of the domain (< 

-0.16 m) gradiently decreased towards southwestern 

corner of the domain (Fig. 5C, D, bottom). 

 
Fig. 5 Monthly climatology (2002–2017) of Sea Surface 

Temperature (SST) (A, B) and Sea Surface Height anomaly 

(SSHA) (C, D) for March and September. Red (blue) shading in the 

SST and SSHA plot represents the regions with warm (cold) and 

the regions with sea level anomalies above (below) the regional 

average, respectively. The value is plotted by a contour line 

 

3.2.3. Pearson Analysis and Stepwise Regression 

Model  

The Pearson analysis and stepwise regression model 

were performed at 10 points at the shelf break (depth ± 

200 m) and adjacent area by considering the spatially 

bottom stress features and data availability to 

understand better the connection between Chl-a and the 

physical variables (Fig. 7).   

 
Fig. 7 10 longitudinally points where Pearson correlation analysis 

was performed. Points were chosen according to their bathymetry 

and bottom stress features. In terms of bottom stress features, Points 

1-3 represent the area with upwelling-favorable, while Points 6-8 

represent the area with strong downwelling-favorable bottom stress 

in March (Fig. 4B) 

 

Pearson analysis from the monthly climatology data 

shows no correlation between Chl-a and SSHA in 

March. Several points showed the correlation between 

Chl-a and SST at the western points (Points 2-4) and 

the easternmost point (Point 10) with a 0.05 

significance level. Still, in March, Chl-a correlated with 

the wind stress at Point 5 and correlated with the 

bottom stress at Point 3 at the 0.05 significance level. It 

can be concluded that the physical variables have a 

weak correlation to Chl-a variance at most of the points 

in March. In September, Chl-a has a significant 

correlation with SST, SSHA, and wind stress at most of 

our analysis points. In September, The SST and SSH at 

the western part (Points 1-5) and the eastern part 

(Points 8-10) have a significant correlation at the 0.05 

level with Chl-a. Only two physical variables showed a 

significant correlation with Chl-a at the 0.01 level, SST 

at Point 9 and SSHA at Point 4. The alongshore wind 
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mostly correlated with Chl-a at the western part (Points 

1-5) and the easternmost points (Point 10) with only 

the alongshore bottom stress at Point 2, which 

significantly correlated with Chl-a at the 0.05 level.  

 
Table 1 Pearson correlation analysis results from monthly mean Chla and physical variables at each point during two contrasting months. 

Only values with significance at the 0.01 (**) and 0.05 (*) levels were shown 

Mar    Points      

 1 2 3 4 5 6 7 8 9 10 

SST - -0.51* -0.54* -0.62* - - - - - -0.64* 

SSHA - - - - - - - - - - 

τwx - - - - 0.57* - - - - - 

Τbx - - 0.58* - - - - - - - 

Sep    Points      

 1 2 3 4 5 6 7 8 9 10 

SST -0.58* -0.57* -0.59* -0.64* -0.52* - - -0.55* -0.65** -0.62* 

SSHA -0.59* -0.58* -0.59* -0.66** -0.60* - - -0.55* -0.62* -0.59* 

τwx 0.62* 0.62* 0.54* 0.58* - - - - - 0.57* 

Τbx - 0.62* - - - - - - - - 

Note: Mar: March; Sep: September; SST: Sea Surface Temperature; SSHA: Sea Surface Height Anomaly; τwx and  τbx: wind stress and 

bottom stress, respectively 

 

In March, the stepwise regression model is 

relatively poor to model the combination of physical 

variables and its interaction in explaining the Chl-a 

dynamics (R2<0.5), even though the model was 

significant in describing the observation (p-model < 

0.05) at several points (Table 2). The results noted that 

τbx was significant in explaining the Chl-a dynamics at 

Point 3 (p-value = 0.05), while SST and τbx were 

significant at Point 10 (p-value =5.3e-04 and 0.007 

respectively). In September, the wind usually occurs as 

a predictor of Chl-a functions at all points with a 

significant p-value, particularly at the westernmost and 

easternmost points (Points 1–5 and 9-10, respectively). 

For this result, it can be concluded that wind is the 

main force to the Chl-a dynamic in September. Besides 

the partitional contributions, several interaction terms 

were shown as a predictor in the regression models, 

significantly at the westernmost Points 1-4 in 

September (Table 2). 

 
Table 2 The stepwise linear regression to obtain the physical variables and their interaction in explaining the Chlorophyll-a dynamics in the 

South Java Sea shelf for March (MAR) and September (SEP). The conditional tests show the best combination of the Physical predictor 

variables used in this study that explain the largest amount of the variation in the response variable (Chl-a) based on the smallest value of 

Akaike’s information criterion (AIC). R2 is the proportion of the explained variation for the model, p-model is the p-value of the model to 

show how significant the model to the observation is. The sign '':" between two variables in the predictor (p-value) columns indicates 

interaction between the two. Only significant values are shown (p < 0.05) 

 Points R2 p-model AIC Predictors (p-value) 

 1 0.24 - -39.33 SSHA(-) 

 2 0.49 0.05 -42.56 SST(-),τbx(-), SST: τbx(-) 

 3 0.49 0.02 -40.42 SST(-),τbx(0.05) 

 4 0.39 0.01 -30.52 SST(0.01) 

MAR 5 0.44 0.03 -21.98 SST(-),τwx(-) 

 6 0.14 - -55.92 SSHA(-) 

 7 0.20 - -43.69 τwx(-) 

 8 0.23 - -42.95 τwx (-) 

 9 0.26 0.05 -29.88 SST(0.05) 

 10 0.68 0.001 -54.32 SST(5.3e-04), τwx(0.007) 

 Points R2 p-model AIC Predictors (p-value) 

 1 0.88 2.1e-05 35.34 SSHA(0.0001), τwx(0.00007),SSHA: 

τwx(0.005) 

 2 0.92 1.6e-05 35.77 SSHA(0.01), τwx(0.00007), τbx(0.006), 

τwx: τbx(0.01) 

 3 0.85 6.7e-05 41.90 SST(0.0002), τwx(0.0004),SST: 

τwx(0.003) 

 4 0.86 0.0002 65.17 SST(-),SSHA(0.04), τwx(0.0007),SSHA: 

τwx(0.01) 
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SEP 5 0.77 8e-04 61.72 SSHA(0.0005), τwx(0.002),SSHA: τwx(-) 

 6 0.32 - 62.57 SSHA(-),τwx(-) 

 7 0.34 - 56.28 SSHA(-),τwx(-) 

 8 0.30 0.03 38.03 SSHA(0.03) 

 9 0.26 0.05 -29.88 SST(0.002), τwx(0.02),SST: τwx(0.006) 

 10 0.68 0.001 -54.32 SST(0.03), τwx(0.05),SST: τwx(0.06) 

Note: The predictors are SST: Sea Surface Temperature, SSHA: Sea Surface Height Anomaly, τwx and τbx: wind stress and bottom stress, 

respectively 

 

3.2.4. Cross-Shelf Temperature and Alongshore 

Current Vertical Section 

According to the result described above, Pearson 

analysis and regression model noted that the bottom 

stress usually occurred as a variable that influenced the 

Chl-a dynamics at Point 3 with a significant correlation 

value. This result leads to the further investigation of 

the current-driven upwelling occurrences at Point 3. 

The vertical section of the monthly mean temperature 

and the alongshore current was performed to assess the 

bottom uplift caused by the encroaching boundary 

current at the shelf edge. 

The vertical section of the monthly mean cross-shelf 

alongshore current (in this case: zonal current) and 

temperature at 119.5˚E, from 7.8 – 8.2 ˚S shows the 

process that occurred in the water column in March 

2013 compare to September 2013 (Fig. 8). The year 

2013 was chosen since it is the normal year of 

upwelling (a year with no positive IOD nor ENSO, Fig. 

8 in [27]) to see the differences of the water column 

condition between two contrasting months in the same 

year. In March 2013, the alongshore current mostly 

flowed westward (U0<0) at the depth above 200 m, 

including at Point 3, and encroached the shelf edge 

(Fig. 8A). In terms of bottom stress, it's upwelling-

favorable bottom stress. Coinciding with these 

conditions, the isotherm, particularly 15-25 °C, is 

mostly deeper at the shelf edge than offshore or with no 

uplift at the shelf edge (Fig. 8A). An eastward flow 

dominantly occurs offshore at a depth below 300 m 

(Fig. 8A). Contrastly, in September 2013, the current 

mostly flows eastward (U0>0)  at a depth above 200 m, 

including at Point 3 with a small part of a westward 

flow at depth below 300 m offshore (Fig. 8B). The 

isotherm bands of 20 °C were found at the shallower 

depth in this month (<200 m) than in March (>200 m) 

since September is a wind-driven upwelling period. 

Besides, isotherm 25 °C, which was found at a depth 

below 100 m in March, reaches the near-surface depth 

(±25 m) in this month (Fig. 8B). The same process (a 

westward flow in March and an eastward flow in 

September) occurs every year at this point with 

different patterns and strengths due to additional forces 

differences each year, such as the existence of positive 

IOD or ENSO.  

 
Fig. 8 Vertical section of the monthly mean cross-shelf current 

velocity snapshot (shading) with temperature contours (black lines) 

at 109.5E, from 7.8S to 8.2S (C) on (A) March 2013 and (B) 

September 2013. Black triangles show Point 3 location among the 

section. Red shading/ Positive value (blue shading /negative value) 

represents the eastward (westward) flow. Bottom shelf use 

bathymetry from ETOPO1.Isobath 40 and 200 m marked by 

contour lines in (C) 

 

4. Discussion 
Monthly mean climatology revealed Chl-a patterns 

seasonally with a high value (>0.2 mg m-3) during SE 

monsoon (May - September) while the upwelling 

occurs in this region but not during NW monsoon as 

reported earlier by [36], [56]. Chl-a started to increase 

in May and peaked in September. The upwelling signal 

represented by high Chl-a, as seen in Fig. 2, was 

moved westward [27]. The seasonal signal of Chl-a 

was strongly explained by the first mode of EOF 

analysis result, which explains 95.88% of the total 

variance in the annual cycle of Chl-a. The temporal 

EOF of the first mode showed March and September as 

the months of lowest and highest Chl-a, respectively, 

which were considered two contrasting months for 

further analysis. 

March is the period of downwelling favorable wind, 

which represents positive wind stress as the westerly 

NW monsoonal winds blow during this time. The 

condition reverses during September while the wind 

stress was upwelling favorable ( 𝜏𝑤𝑥 < 0 ) as the 

southeasterly SE monsoonal wind blows in our domain 

during this time. This result was relevant to the earlier 

study of South Java upwelling, which is associated 

with the seasonal southeasterly wind. 

According to the bottom stress patterns, the 

circulation at the shelf edge could be associated mainly 

with the semi-annually boundary current SJC, relevant 

with the pattern found by [57] that at the beginning of 
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the mooring in mid-March 1997, the daily averaged 

surface current at 55 and 115 are toward the north-west 

(Fig. 2B and 2C in [57]) and remains to the south-east 

at all depths from August until October. Further studies 

are still needed to obtain the contribution of the 

individual process to the net flow for detailed results. 

According to the Pearson analysis, September has 

many more physical variables correlated with Chl-a 

than March due to upwelling during this time. During 

the upwelling period (SE monsoon), the alongshore 

wind drives the water masses' movements at the surface 

offshore, causing the low SSHA near the coast, and 

generates vertical motion of cold water masses from 

the depth to the surface, decreasing the SST. The ocean 

upwelling associated with this ocean-atmosphere 

feedback process was studied by [58]. It can be seen 

that Chl-a significantly correlated at 0.05 significance 

level with SST, SSHA, and wind stress at most of the 

points located at the shelf (Table 1). The wind stress 

usually occurs as a predictor with a significant value in 

the stepwise linear regression at most of the western 

and easternmost points (Table 2). We suggested that 

winds are the main driver of Chl-a dynamics through 

wind-driven upwelling at the shelf area during 

September or the upwelling period. This result relevant 

to previous studies of South Java upwelling [35]. 

Contrastly, Chl-a at Points 6 and 7 were not shown 

any significant correlation with the physical variables, 

both in March and September. We conclude that the 

physical variables used in this study highly influenced 

the Chl-a in the shelf area. Even though most of the 

physical variables have not shown a significant 

correlation with the Chl-a in March, the Pearson 

analysis reveals an important result that the bottom 

stress was significantly correlated with Chl-a at Point 

3, where it was an upwelling-favorable bottom stress 

(negative bottom stress) region as shown in Fig. 4B. 

Besides, the stepwise linear regression reveals the 

important role of the bottom stress at Point 3 since it is 

a significant predictor in the model. These results lead 

the further investigation to reveal the possibilities of 

current-driven upwelling occurrence or water masses 

uplift at this point.  

The vertical section of the cross-shelf temperature 

gradient (Fig. 8A) does not show the current-driven 

upwelling nor the water masses uplift, although there 

was an upwelling favorable bottom stress due to 

encroaching westward bottom flow at the shelf edge. 

We suggested that the upwelling-favorable bottom 

stress at Point 3 in March is insufficient to lift dense 

water or nutrient-rich water through onshore flow in 

the BBL to the shallower depth. In turn, it couldn't 

enhance the Chl-a at the surface. This conclusion can 

be seen in Fig. 2 that Chl-a is relatively lower in March 

(<1 mg m-3) than in September (>1.5 mg m-3) at the 

shelf.  This result further confirms that upwelling in the 

southern coast of Java only occurs in the SE monsoon 

(June-September) but does not occur in the NW 

monsoon (December-March).  

This study uses remotely-sensed and reanalysis 

data; no in-situ data is used. Future studies are 

encouraged, combining in situ experiments with 

satellite-based measurements and reanalysis data for 

better analysis and results. The Chl-a variability only 

involves four upwelling variables SST, SSHA, wind 

stress, and bottom stress. Other influencing factors to 

phytoplankton growth and its Chl-a biomass, such as 

light availability and nutrients [47], [59], are not 

involved and need to be considered in interpreting the 

results. In addition, Chl-a, which represents 

phytoplankton communities and biomass, are governed 

by many limiting and controlling factors, such as 

nutrient availability, light climate, temperature, 

salinity, competition, parasites, and grazing [60]. Even 

though the analysis presented here focuses largely on 

the monthly climatology, the data used here have a 

relatively long time series (almost two decades). They 

have provided sufficient results relevant to previous 

research. 
 

5. Conclusions 
Chl-a was varied seasonally in our domain with a 

higher value during SE monsoon than NW monsoon 

due to upwelling. The alongshore winds were the major 

variable influencing the Chl-a dynamic in the shelf area 

during the upwelling period. During the downwelling 

period, bottom stress significantly correlates with the 

Chl-a at the 109.5E, 8S of our domain. There was 

upwelling-favorable bottom stress at Point 3 in March, 

but the vertical section of the cross-shelf temperature 

gradient does not show the current-driven upwelling 

nor the water masses' uplift. In turn, it couldn’t enhance 

the Chl-a at the surface. The physical variables used in 

this study (SST, SSHA, wind stress, and bottom stress) 

significantly correlate with Chl-a in the shelf area. 

They highly suggest that the southern Java upwelling 

studies cannot ignore the shelf process. Future studies 

are encouraged, comparing the process and conditions 

in the shelf area and its open waters. 
Finally, it is highly suggested to combine different 

observational (in situ and satellite data) and modeling 

tools to evaluate our studies, particularly in the same 

domain or points. We expect that this study will supply 

additional information in understanding the productive 

dynamics of the South Java coast, leading to better 

management decisions regarding fisheries, tourism 

centers, and environmental policies. 
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