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Abstract 

This report summarizes the data analysis conducted on the upwelling system along the Java 

and Sumatra coasts in the Indian Ocean. Sea surface temperature, wind stress and 

temperature at 50 m depth values are taken as the main indicators for the seasonal variation 

of the upwelling. Observational data are compared with predictions of 12 CMIP5 models 

with respect to these indicators and reasons for disparities between their outcomes are 

inferred. The 12 models are split into four groups, depending on the main factors influencing 

the representation of the upwelling system in each model. We conclude that balance 

between upper-ocean responses to local and remote zonal wind stresses and mean depth of 

the thermocline are some of the major factors determining differences between models. 

However, further analysis on larger-scale processes, such as surface hear flux, the 

Indonesian throughflow into the Indian Ocean and lager wind field influence is needed in 

order to explain some particular results. 

Introduction 

The Asian monsoon system in the Indian Ocean develops in response to the pressure 

difference between the air masses above the Eurasian continent and the ocean. During 

Northern Hemisphere winter, the air above the continent is much cooler than the air above 

the ocean and its pressure is thus higher. Air flows from this region of high pressure towards 

the atmospheric low, bringing cold, dry air from above the continent. The opposite happens 

during Northern Hemisphere summer, when moist, warm air blows towards the continental 

mass, from above the ocean. The Coriolis Effect causes the flow of air to be deflected to the 

right in the Northern Hemisphere, and to the left in the Southern Hemisphere. At the 

surface of the ocean, wind stress and Coriolis Effect need to be balanced, in order for the 

flow of water to reach an equilibrium state. This necessary equilibrium state causes the 

surface layer of the ocean to have a mean motion 90º to the wind direction, to the right in 

the Northern Hemisphere and to the left in the Southern Hemisphere. The volume of water 

thus transported is called Ekman transport. 

Figure 1 shows the favorable conditions for the occurrence of upwelling in the Southern 

Hemisphere, where the Java and part of the Sumatra island lie: during the summer 

monsoon, when winds blow from the south-east, along the Java and Sumatra coasts, Ekman 

transport causes movement of water away from the shore. This situation leads to 

replenishment of water from the deep ocean: the process is called upwelling. Its importance 

lies in the nutrient supply which colder, deeper waters bring to the surface, sustaining 

marine life and therefore fisheries in the region. 

CMIP5 stands for “The Coupled Model Intercomparison Project Phase 5” and consists of a 

set of global coupled general circulation models (GCMs). My analysis focuses on 12 of these 

models, chosen for reasons of data availability and accurate representation of Java and 

Sumatra coasts. Two types of models are analysed: piControl (pre-industrial control), 

meaning the state of the atmosphere and ocean is considered similar to the one before the 
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Industrial Revolution; historical, meaning the 

simulation takes into account the evolution of 

the climate in the recent past (1850-2005). 

Aims of research and context 

The Eastern Indian Ocean Upwelling Research 

Initiative (EIOURI) aims at contributing to a 

better understanding of upwelling systems in 

the Indian Ocean, their role in influencing the 

climate and their economic and social impacts. 

As part of my research I attempted a partial 

answer to one of the major questions in this 

science plan: How well is the Sumatra-Java 

upwelling resolved in coupled climate models (like 

CMIP) and what is its future projection? 

Thus, the main aims of the project are to 

understand the seasonal characteristics of the 

upwelling, particularly during summer, along the Java and Sumatra coasts, and to 

investigate the performance of climate models in reproducing this phenomenon. 

Data Information and Methods 

Throughout the project, I used datasets with observation and model values and visually 

represented selected data points, in order to compare the observational record with model 

representations along the Java coast. The following datasets have been used as reference: 

 observational sea surface temperature values: the NOAA 1/4° Daily Optimum 

Interpolation Sea Surface Temperature (or Daily OISST) analysis, National Oceanic 

and Atmospheric Administration (observations between 1981-2017); 

 observational temperature and salinity values throughout the entire water column: 

the World Ocean Atlas 2013 version 2 (woa13 v2) set of objectively analyzed (1° grid) 

climatological fields, National Oceanic and Atmospheric Administration 

(observations between 1955-2012); 

 observational wind stress fields: the ERA Interim dataset provided by the European 

Centre for Medium-Range Weather Forecasts (ECMWF) (observations between 1990-

2005); 

 models: individual datasets were provided from the contributing Universities, 

agencies and institutions. The CMIP5 datasets were downloaded from the data web-

page (https://esgf-node.llnl.gov/projects/esgf-llnl/). 

 

Figure 1. South-easterly winds along the Java and 
Sumatra coasts in the Southern Hemisphere cause 
Ekman transport away from the coast and 
replenishment of waters from the deep ocean, 
known as upwelling. Credits: 
http://www.iupui.edu/~g115/mod10/lecture06.html 
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The Python programming language was used in order to display information from datasets 

as figures. Afterwards, Excel was used to make various kinds of plots in order to conclude 

about the differences in representation that each model produces. 

Results and discussion 

1. Deciding on the main indicators 

Mean sea surface temperature (SST) monthly values for the wider region around the Java 

and Sumatra islands were displayed, in order to see how SST seasonal evolution is controlled 

by the basin-scale temperature field. Regions of maximum interest were identified for 

further analysis and to decide whether SST is a good parameter in assessing the strength of 

the upwelling system. The same variable was then plotted only in the vicinity of Java and 

Sumatra, in order to observe the SST distribution in more detail and to notice how the 

region of lowest temperature migrates along the coast. Figure 2 shows the mean SST 

distribution during three representative months: lower SST associated with the upwelling 

develops in boreal summer, with the minimum SST in August off the coast of Java. 

 

Figure 2. Mean SST values (1981-2017) along the Java and Sumatra coasts in April, June and August. The onset of 
the cooler SST appearance is noticed in June. The lowest SST values are observed in August. 

The next step was to display sea temperature at 50 m depth monthly values for the wider 

region around the Java and Sumatra islands, to see its general seasonal variation across the 

eastern ocean basin, to identify whether peak values are reached simultaneous with SST 

peak values and to decide whether temperature at 50 m depth is a good indicator of the 

upwelling system. Figure 3 shows the mean temperature at 50 m depth distribution during 

three representative months: lower values are characteristic of the developing upwelling 

system, reaching a minimum in September, also off the coast of Java. 

Noticing that the smallest temperature values are reached at 110.5 degrees longitude east 

along the Java coast, vertical temperature profiles during the months of the south-east 

monsoon were made, to show how the vertical temperature gradient varies during the 

upwelling system and to identify the thermocline location. 

A similar analysis is done for salinity values: figures showing the monthly distribution of 

surface salinity, salinity at 50 m depth, at 100 m depth and vertical cross-section at 110.5 
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degrees longitude east are produced, to decide if salinity is a good indicator of the upwelling 

system and to assess the seasonal variation of salinity values. 

 

Figure 3. Mean temperature at 50 m depth values (1955-2012) along the Java and Sumatra coasts in May, July and 
September. The onset of the cooler temperature appearance is noticed in July. The lowest values are observed in 
September. White areas along the coasts indicate sparseness of data points. 

The next parameter that we analyzed was mean local wind stress. Local fields were plotted 

over the eastern Indian Ocean, in order to show the seasonal shift of the monsoonal winds 

and to assess if wind stress is a good indicator of the upwelling system. Figure 4 displays 

different phases of the monsoon system during three representative months. 

 

Figure 4. Mean wind vector fields (1979-2016) along the Java and Sumatra coasts in June, October and January. 

Maximum south-easterly wind stress is observed during June, whereas the north-western monsoon is depicted 

during January. 

After plotting this series of figures, it was decided that: 

 the clearest, most easily-noticed seasonal changes were observed for SST, sea 

temperature at 50 m and wind stress, which were therefore chosen as indicators for 

the upwelling system (for the latter, total wind stress is graphically displayed, but the 

final analysis step uses the zonal, or east-west component, as winds are almost parallel 

to the Java coast); 
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 the analysis will focus on the Java coast, where seasonal changes in these parameters 

are greatest and where the upwelling signature is firstly noticed across all sets of 

graphs; 

 the area on which further analysis is focused is between 7.5º to 11.25 º latitude south 

(7.5 º to 11.5 º for models resolution) and 104.25 º to 115.5 º longitude east (104.5 º to 

115.5 º for models resolution). 

2. Graphical representation of the upwelling indicators in the models 

The next steps were to display how the average values of these parameters vary for each of 

the 12 chosen CMIP5 models: graphically, these values are calculated for each degree 

longitude in the agreed interval; for the final step of the analysis (done in Excel), the 

averaged values are calculated over the entire geographical interval. 

As an example, Figure 5 shows the averaged observational values for the three parameters 

in the CCSM4 historical model (differences in depth with reference to observational values 

are due to resolution discrepancies). 

 

Figure 5. Average sea temperature at 5 m, 55 m depth and average surface winds along the Java and Sumatra coasts 

for the CCSM4 historical model. The values are calculated for each degree longitude along the Java coast. The 

latitude interval is 7.5 º to 11.5 º latitude south. 

3. Variation along the Sumatra coast 

Compared to the range of SST values along the coast of Java, the coast of Sumatra shows a 

reduced seasonal variability, as depicted in Figure 6. Consequently, it was decided that for 

analysing the seasonal timescale of the upwelling system, emphasis should be put on the 

Java coast. However, the Sumatra upwelling system should also be analysed in more detailed 

when considered over longer timescales. 
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Figure 6. Average SST along the Sumatra coast and the amplitude of its variation throughout the year. 

4. Excel plots and discussion 

Figure 7 shows the range in average SST along the coast of Java for observation and all 12 

models. The majority of the models predict lower SST values than observed during the 

upwelling season, up to 2º difference (for the IPSL-CM5-LR historical model during the peak 

of the upwelling system); 3 out of 12 models reach the minimum SST value in September, 

whereas the rest of them and the observational data show a minimum SST in August. 

 

Figure 7. Average SST along the coast of Java for observations and the 12 models. Due to model resolution, actual 
depth varies between 0 and 6 m depth.  

Figure 8 displays the same analysis, using temperatures around 50 m depth, for observations 

and all 12 models. The range among the model outputs and observational values is greater 

than that noticed in the SST graph (see Figure 7). Sea temperatures around 50 m depth are 
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lower than observed for almost all models, during the upwelling season (July-October); the 

range is also quite large during the north-west monsoon (December-April); 4 out of 12 

models reach the minimum value in October, whereas the rest of them and the 

observational data show a minimum sea temperature in September, showing a one to two-

month time lag behind the SST minimum.  

 

Figure 8. Average temperature around 50 m depth along the coast of Java for observations and the 12 models. Due 
to model resolution, actual depth varies between 42 and 55 m depth.  

To investigate a possible cause of the SST bias during the upwelling season in the models, 

the relation between SST and the local zonal wind stress (along the coast of Java) is explored. 

The averaged zonal wind stress was calculated for July, August and September (in order to 

catch the maximum in easterly winds); averaged SST values were calculated for August, 

September and October, both in the previously-mentioned geographical interval. 

As Figure 9 shows, there is no significant correlation between the averaged SST bias and the 

local wind bias. Two models (IPSL-CM5A-LR and CSIRO-Mk3.6) demonstrate very low SST 

values, even though the local zonal wind stress values are quite similar to the observations. 

This result suggests that the local wind bias is not the only cause of the range in SST values, 

and other processes should also be considered. 
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Figure 8. Local wind forcing impact on average SST during the upwelling season, for observations and the 12 models. 

The R2 =0.01 factor shows almost no correlation between the values. 

This observation lead to the analysis of two more parameters, zonal wind forcing along the 

equator (and its impact on average temperature around 50 m depth) and thermocline depth 

(and its relation to average SST). Figure 9 (a and b) represents the results of this analysis. 

The averaged remote zonal wind stress was calculated for July, August and September (to 

allow a response time for the temperature along the Java coast); averaged temperatures at 

50 m depth were determined for August, September and October. The coordinates for the 

equatorial wind stress area are: 3.75º latitude N to 3.75 º latitude S, 80.25º to 97.5º longitude 

E for observations; 3.5º latitude N to 3.5º latitude S, 80.5º to 97.5º longitude E for models. 

The remote winds along the equator indicate positive correlation, demonstrating that 

easterly (negative) winds tend to mark stronger upwelling (colder temperatures) and vice 

versa (Figure 9a). Two coldest bias models (IPSL-CM5A-LR and CSIRO-Mk3.6) are 

exceptions to this observation. We can therefore conclude that the combination of the local 

zonal wind stress influence and the remote zonal wind stress impact may create the 

observed temperature bias in the Java upwelling system. 

To see the influence of the ocean subsurface conditions, relation between the SST bias and 

the thermocline depth bias is explored. If the thermocline is shallow, cold subsurface water 

may easily come up to the surface, lowering SST, compared to the case in which the 

thermocline is deep. The thermocline depth was determined at 9.5º and 10.5º latitude south, 

110.5º longitude east, then averaged; for the CSIRO-Mk3.6 historical model, data were 

available only for 10.5º latitude south; the core of the thermocline was determined at 20ºC, 

using the vertical temperature profiles previously done. 
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As shown in Figure 9b, the 

two coldest bias models 

(IPSL-CM5A-LR and CSIRO-

Mk3.6) do show the shallow 

thermocline. There is a weak 

positive correlation, 

indicating that models 

representing shallower 

(deeper) thermocline depths 

have cooler (warmer) SST. 

This suggests that the 

thermocline depth bias is one 

of the possible causes of the 

SST bias. 

 

5. Summary 

Figure 10 summarizes the 

anomalies between the 

averaged values for 

temperature around 50 m 

depth, remote zonal wind 

stress, local zonal wind stress, 

and remote + local wind 

stress between each of the 

models and observational 

values. (Standard deviation of 

the model results were 

calculated and each is 

normalized by this value); 

"positive local wind anomalies” (model values > observation) mean that easterly winds along 

the coast are weaker in the model, causing warm temperature along the coast; “negative 

remote wind anomalies” (model values < observation) imply stronger easterly wind along 

the equator: this excites upwelling Kelvin waves moving towards the Java coast, hence the 

stronger upwelling.  

Based on all observations, the final step of the research was to group the 12 models into 

several categories, depending on common characteristics: 

A. IPSL-CM5A-LR (historical), CSIRO-Mk3.6 (historical):  

 SST much lower during upwelling, reaching minimum value one month later than 

observations; high SST anomalies (-1.82º and -1.46º, respectively) 

a. 

b. 

Figure 9. a. Remote wind forcing impact on average temperature around 
50 m depth during the upwelling season, for observations and the 12 
models. b. Average thermocline depth impact on average SST during the 
upwelling season. The R2 =0.3 factor implies good correlation between the 
values. 
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 Average temperature at 50 m much lower during upwelling, compared to 

observations (values around 22.5ºC, compared to recorded values around 25.5ºC) 

 Very shallow thermocline (around 70 m, versus the recorded value, around 110 m) 

 Strong easterly local wind stress, causing upwelling 

 Remote wind stress forcing should cause downwelling, but the corresponding 

temperatures at 50 m depth are low; 

B. MPI-ESM-MR (historical), MPI-ESM-MR (pi), CCSM4 (historical), NorESM1-M 

(historical): 

 Average SST and temperature at 50 m depth very close to the observations during 

upwelling 

 MPI-ESM-MR (pi) is the model closest to the observations in all graphs, also shown 

by the very low anomaly values 

 Except for MPI-ESM-MR (pi), all other models in this group show positive anomaly 

for local wind stress (weaker easterly zonal winds along the coast) and negative 

anomaly for remote wind stress (stronger easterly equatorial zonal winds); balance 

between these two might explain the observed upwelling; 

C. CCSM4 (pi), CMCC-CM (historical): 

 The remote zonal wind stress favors upwelling (negative anomaly), whereas the 

local zonal wind stress is weaker (positive anomaly) 

 The thermocline depth is shallower compared to observations, the average 

temperature at 50 m depth is considerably lower and both models have -0.52º SST 

anomaly; 

D. NorESM1-M (pi), CNRM-CM5 (historical): 

 Both show quite high SST anomalies (-0.63º and -0.76º respectively), average 

temperatures at 50 m depth approx. 1º lower, shallower thermocline, weaker local 

zonal wind forcing (positive anomaly) and stronger easterly remote wind forcing 

(the same anomaly value, -0.02); 

E. MRI-CGCM3 (pi), ACCESS1.3 (historical): 

 Very deep thermocline (130-135 m), but average SST anomaly is still negative during 

upwelling 

 MRI-CGCM3 has very good distribution of temperature at 50 m depth all across the 

year, whereas ACCESS1.3 shows values very close to observations during upwelling, 

but too high between January-July 

 Both have negative remote forcing anomalies, but local forcing anomalies have 

opposite sign. 
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Conclusions 

Table 1 summarizes the conclusions 

reached regarding various factors 

affecting the representation of the 

upwelling system in the 12 CMIP5 

models. Two of the previously-

mentioned 5 groups are further 

brought together into one category. 

Besides this summarizing table, this 

research project came up with the 

following conclusive aspects: 

 Each of the analysed CMIP5 

models represents the upwelling 

system off the coast of Java with 

various degrees of accuracy, when 

certain parameters are taken into 

consideration; 

 Balance between these 

parameters and also many other 

complex processes within the 

ocean, accounted for differently in 

each model, are the reasons for the 

wide range of model outputs; 

 Large-scale processes need to be considered for further analysis in order to produce 

a more complete and accurate conclusion; such processes include: influence of the 

Indonesian throughflow, larger wind field forcing, surface heat flux, transport of 

water to the Atlantic ocean; 

 Although we might expect a significant difference in accuracy between picontrol 

and historical models, no such relationship is observed during this research; 

 Detailed analysis is needed to explain the observed time lag between maximum local 

easterly wind forcing, minimum SST and minimum temperature at 50 m depth 

among the models. 

Figure 10. Anomalies between the averaged values for temperature 
around 50 m depth (yellow), remote zonal wind stress (grey), local 
zonal wind stress (orange), and remote + local wind stress (blue) 
between each of the models and observational values. 
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Table 1. The four main groups in which the 12 models have been divided, depending on the combination of factors 
contributing to the representation of the upwelling system off Java coast. 
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