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ABSTRACT
In this century, increasing carbon dioxide anthropogenic concentration in the atmosphere becomes an
important issue which causes environmental problems such as global warming and ocean acidification.
Oceans are known to act as a buffer in the ocean acidification. The key marine organisms such as fish
and coral reef could diminish due to the difficulty to survive and sustain because of ocean acidification.
Bali, an island in Indonesia has a good quality of coral cover can also be affected by ocean acidification.
Monitoring the Sea Surface Total Alkalinity would help us to know how far our ocean can survive from
additional acid due to ocean acidification. It could give us a better understanding of the correlation
between ocean acidification and ecological condition. This study will help the stakeholders for mapping
the vulnerable areas and determine the necessary mitigation criteria regarding ocean acidification.
The aim of this study is to quantify the ocean acidification in Indonesian ocean, particularly in Nusa
Penida, Bali using earth observation data for 1 year. The study generates a local model based on global
Sea Surface Total Alkalinity Model where the sea surface salinity (SSS) as input parameters were retrieved
from CMEMs product (SMOS satellite) and the sea surface temperature (SST) were obtained from the
Sentinel-3 satellite. The result shows that the local model of Sea Surface Total Alkalinity is able to estimate
the total alkalinity concentration on the dry season with 0.8 R2. The reliability of this local model of Sea
Surface Total Alkalinity was assessed with a chemical model using Aqion/Phreeqc software.
Keywords:
Ocean Acidification, Total Alkalinity, Sea Surface Salinity (SSS), Sea Surface Temperature (SST), and
Sea Surface Total Alkalinity Model.
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1.

INTRODUCTION

1.1. Background
In this century, the increasing carbon dioxide anthropogenic became an important issue. The
environmental problems such as global warming and ocean acidification will emerge due to increasing of
CO2. Oceans are known to act as a buffer in the ocean acidification. Around 30% of the atmospheric
carbon in the air sank in the ocean (United Nations, 2015). This carbon sink will generate acidification in
the ocean. Ocean acidification will change coral reef health and ecological condition (Soekarno, 1989). If
this condition continues, the key marine organism such as fish and coral reef could diminish due to the
difficulty to survive and sustain (Eisler, 2012). This is because all organisms in the ocean, from the
smallest (plankton) to the largest, are very sensitive to small changes in pH levels.
We know that any decrease in pH leads to an increase in acidity. Ocean acidification is formed by CO2
that is captured/absorbed on the sea surface reacts with seawater then form carbonic acid (H2CO3), thus
reduce the pH level in seawater. However, this carbonic acid is unstable, they can turn into carbonate
and bicarbonate ions in the sea water. This condition causes a decline in the growth of coral reefs and
even further damages coral reef, because their ability to form calcium carbonate (CaCO3) for their needs
will disturbed (Eakin et al., 2010). The illustration of the ocean acidification process on the seawater can
be seen in Figure 1.

Figure 1. Ocean acidification process on the seawater (Ritter, 2016).
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As a resume, the aquatic chemistry reaction for seawater acidification can be seen on the equation 1:
CO2 + H2O ↔ H2CO3 ↔ HCO3- + H+ ↔ CO32- + 2H+

(1)

Seawater saturation state is important in biogeochemical equilibrium in the ocean. This carbonate
saturation state consists of calcite and aragonite ion level. Calcite saturation more related to calcifying in
the ocean, while aragonite saturation is a state of mineral carbonate equilibrium in the ocean. The seawater
saturation state can give us the information regarding acidification in the ocean (GEOMAR Helmholtz
Centre for Ocean Research Kiel, 2015). The equation for quantifying a saturation state is shown in the
formula below.
Ω = ([ Ca2+ ] x [ CO32- ]) / [ CaCO3 ]

(2)

The seawater saturation state can decrease because of ocean acidification, especially on aragonite
saturation. If ocean pH decrease for 0.4, the carbonate ion will decrease approximately 50% on seawater
(R. A. Feely et al., 2012). Furthermore, the aragonite saturation level will decline with respect to the
decrease of the carbonate ion. Most marine organisms can live with aragonite conditions of more than 3.
However, if the condition falls below 3, their lives will be disrupted (especially for organisms that require
carbonate ions). Furthermore, if the saturation is below 1, they will disappear (NOAA, 2017a). In general,
the aragonite saturation condition of the ocean in the world is supersaturated (around 4). However, for
some regions, it has a low level of aragonite saturation. For instance, western arctic has aragonite
saturation which varies between 0.9 – 1.2, and the southern ocean area around 1.3 – 1.5 (depending on
the season) (Takahashi, Sutherland, Chipman, Goddard, & Ho, 2014). The Global aragonite saturation
distribution can be seen in figure 2.

Figure 2. Global aragonite saturation distribution in August 2005.(Takahashi et al., 2014)
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Aragonite saturation level on tropical area mostly in supersaturated condition (NOAA, 2014). If the
aragonite condition in seawater is stay supersaturated, the ability of seawater to hold CO2 in the ocean
become maximum (IPCC, 2007). Ocean acidification can reduce this aragonite saturation state. Further,
this aragonite state is related to the alkalinity. The additional acid will reduce the alkalinity in the seawater
solution (Doney, Fabry, Feely, & Kleypas, 2009). According to Millero, the total alkalinity and pH doesn’t
have a direct relationship(Doney et al., 2009). However, there are some additional influences from
carbonate ions (Frank J Millero, 1995). Further research is still needed to find out the relationship
between the two. We can see the correlation between the total alkalinity and pH from equation 3.
TA = [ HCO3- ] + 2[ CO32- ] + [ B(OH)4- ] + [ OH- ] – [ H+ ]

(3)

According to NOAA (NOAA, 2017b), the global sea surface pH conditions nowadays is at level of 8.1
nowadays. Although a lot of CO2 is absorbed by the oceans, it can still be buffered by the alkaline ions
in the ocean (Dore, Lukas, Sadler, Church, & Karl, 2009).
It will be beneficially if the alkalinity levels are known by remote sensing globally. This will provide
information about how far the ocean can survives from the acidity that occurred. Furthermore, the effect
of the alkalinity level decreasing and ecology changing due to ocean acidification can be explained
effectively and efficiently.
Satellite observation and in-situ measurements have their advantages and disadvantages respectively. On
the one hand, several advantages of using remote sensing observation are synoptic coverage from local
to global scales (high scale), frequent revisit time and extended time series (temporal scale), and the most
important factor is low cost. On the other hand, remote sensing also has limitation, such as difficulty to
directly measure and quantify acidification. In this case, model is needed for processing the data from
satellite observation to quantify the acidification on the ocean. For example in this study, sea surface
temperature (SST) and sea surface salinity (SSS) are the important parameters to be measured in observing
the occurrence of the ocean’s acidification (Eakin et al., 2010). For instance, Sentinel-3 can be used to
observe sea surface temperature (SST) (ESA, 2018.-a) and SMOS to observe Salinity (SSS) (ESA, 2018.b). Although in-situ measurements have low spatial resolution compared to the remote sensing
observation, in-situ measurements are still used in the remote sensing observation to calibrate and
validate the model (Yang, Liu, & Shan, 2013). The challenge is to integrate between the in-situ and the
satellite observation. This combined approach can give the accurate information regarding ocean
acidification and how it affects to the environmental in the ocean (Knudby, Pittman, Maina, & Rowlands,
2014).
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1.2. Research Problem
Ocean acidification has become an important phenomenon nowadays. Hence, it would be useful if we
can figure out the impact of the ocean acidification on the ecological parameters such as the concentration
of Chlorophyll-a changes based on remote sensing observation. Further, the problem occurs because
these phenomena cannot be observed directly from satellites. Therefore, we must use modelling
approach.

Figure 3. Average pH in the Indonesian ocean using Hamburg Shelf Ocean Model (HAMSOM) for 1992-2009
(Putri, 2015).

Various studies have been conducted to analyse ocean acidification. However, their model approach is
based on in-situ measurements. For example, there is a study of pH variations in the Indonesian ocean
carried out by Indonesian researcher using the Hamburg Shelf Ocean Model. Their modelling approach
used a database from the World Ocean Atlas 2009 (WOA 2009) for salinity and sea surface temperature
as input parameters (Putri, 2015). World ocean atlas (WOA) is in-situ climatology measurement for
several parameters such as temperature, salinity, dissolved oxygen, etc (N. N. C. for E. I. US Department
of Commerce, 2017). Their research results depicted on figure 3.

Figure 4. Experimental model for Total alkalinity concentration (μmol/kg) in Greater Caribbean Region on
2012(NOAA, 2014).
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Researcher at NOAA coral reef watch division observed the alkalinity level of the Great Caribbean
Region since 2008. They applied the Lee's model for subtropics ocean on the Atlantic region to analyse
the total alkalinity concentration in their study area. For the Input model parameters, they used the
NOAA-AVHRR satellite data for SST and Real-Time Ocean Forecast System (Atlantic) for SSS data.
The result of this modeling was then validated using in-situ measurements from geochemical cruise data
sets by NOAA (Gledhill, Wanninkhof, & Eakin, 2009). The result of the analysis regarding this total
alkalinity can be seen in figure 3 below, where the spatial resolution obtained is still rough, which is 0.25 °
or equivalent to 27 km.
The aim of this study is trying to quantify the ocean acidification in Indonesian ocean, particularly in
Nusa Penida, Bali using earth observation data for 1 years. The study will generate local model based on
global Sea Surface Total Alkalinity Model (Lee et al., 2006) where the sea surface salinity (SSS) as input
parameters will be retrieved from SMOS satellite and the sea surface temperature (SST) will be retrieved
from the Sentinel-3 satellite.
1.3. Justification
Monitoring acidification will help understanding the correlation between ocean acidification and
ecological and its effect on aquatic environment. This study will help the stakeholder for mapping the
vulnerable areas and determining the necessary mitigation criteria with regards the ocean acidification.
Furthermore, stakeholder can take proper actions or make appropriate regulation to minimize the impact
of ocean acidification on the area of their responsibility.
1.4.

Research Objectives and Questions

1.4.1. General Objective
The general objective of this study is to quantify the total alkalinity in Nusa Penida, Bali, Indonesia using
modelling.
1.4.2. Specific Objective
➢ To simulate the ocean acidification using remote sensing and aqua chemistry model.
➢ To generate a local sea surface Total Alkalinity model based on a global model of Lee et.al. (2006)
for analyzing the ocean acidity and conditions based on total alkalinity around Nusa Penida, Bali.
➢ To map the total Alkalinity on Indonesian ocean water with finer spatial resolution.
1.4.3. Research Questions
➢ What is the ocean acidification condition in the study area based on remote sensing and aqua
chemistry modelling?
➢ How temperature and salinity effect pH and total alkalinity on the study area?
5

1.5. Study Area
95 percent of coral in South-East Asia is highly vulnerable to bleaching due to ocean acidification.
Indonesia, as one of the countries in South-East Asia, is one of coral reef triangle in the world which has
a high diversity (Jennerjahn, 2012). According to Hedley, Indonesia together with Philippine have high
coral reef coverage (±32.000 km2) on their coastal area (Hedley et al., 2018). In Indonesia, Bali have good
coral quality and coral cover. The study area is located on Badung strait, on Nusa Penida region, Eastern
Bali, Indonesia. Geographically, Nusa Penida is located at 8°44'49'' S and 115°31'56'' E.

Figure 5. In-situ measurement trajectory.

The study area in this study can be seen in Figure 5, where the yellow line is the boundary of the study
area. The study area is divided into 6 trajectories, where each route will be taken 2 times during fieldwork.
This is because there are 12 times matchups between the in-situ measurements with Sentinel 3 during
fieldwork (10 September to 15 October). We expect 1 trajectory will get 2 matchups with satellite
observation. On one in-situ measurements traject, we will devided by 10 sampling points, and several
points have been measured more than 2 times. The distance of each point is 1 km, and approximately
measurement time is 15 minutes for each point. The insitu measurement was carried out from 09.00 until
13:00 local time. This is because, based on the calculation of the solar zenit angle (SZA) in the Nusa
Penida, Bali on that time range is between 60° until 20°. In this SZA range good for matchup between
in-situ measurements and satellite observations.
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2.

METHODOLOGY

2.1. Work Flow
Figure 6 describes a general methodology flowchart of this research to answer the research questions
and obtain the desired objectives. The research is intended to quantify the total alkalinity concentration
in Nusa Penida based on earth observation data by applying Lee’s model (Lee et al., 2006).

Figure 6. The flow chart of the methodology for the study.
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2.2.

Fieldwork

2.2.1. General Description
This research was carried out in Badung Strait, Bali, Indonesia. On the fieldwork, data measurement was
divided into two periods. The first period was on 10 to 18 September 2018, and the second period was
held on 6 to 15 October 2018. The study area consists of 6 trajectories. Each trajectory has 10 sampling
point. Sampling points distribution that we observe is shown in Figure 7. The trajectory order from
number 1 to number 6 respectively from right to left side. First sampling points measurement was noted
by round dots, while the second measurement was noted by square dots. Garmin GPS MAP was used
for sampling points marking. This sampling points marking was done after arriving at the target
measurement location. The accuracy of the target sampling point with the actual point is less than 50 m.

Figure 7. Sampling point on this research
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2.2.2. Measurement Procedure
Firstly, all the instrumentation used for in-situ measurement, except the echo sounder, was assembled
when the boat was still on the harbour. The echo sounder instrument (fish detector) was mounted on
the boat side at the first sampling point for time saving reason. This was done because when the eco
sounder device was installed, the boat speed becomes very limited, which is less than 6 knots.
After reaching the first sampling point, firstly the actual sampling point was marked using GPS. In
addition, the fish and bathymetry data were taken by using eco sounders. Then the water quality was
measured using the WQC-TOA DKK instrument for pH, temperature, salinity, and chlorophyll
parameters at the sampling location. The next step was taking a radiometer measurement using Trios
Ramses. The last step was taking seawater sampling using bottle for alkalinity measurements. Specifically,
the alkalinity analysis was carried out shortly after arriving on land using AquaMERCK 111109.0001 by
titration method. All these measurements were carried out with less than 5 minutes. Figure 8 and 9
illustrates our measurement process.

Figure 8. Instrument preparation (left) and WQC-TOA DKK measurement (right).

Figure 9. Seawater sampling (left) and Total Alkalinity measurement (right).
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2.2.3. In-Situ Measurement
Table 1. Instruments list for in-situ measurement.

Equipment
Trios Ramses
Garmin GPSMap
Aquamerck 1.11109.0001
TOA-DKK WQC 24

Dataset
Radiometer
Sampling point coordinate
Alkalinity
Salinity
Seawater temperature
Chlorophyll
pH

Unit
Nm (Nano Meter)
mmol/l
PSu
°C
μg/l
-

The in-situ data will be used to analyse the accuracy of the calculations obtained from the model. 120
samples were taken from in-situ measurement, obtained from 10 sample points from each trajectory. Insitu measurements were taken from the boat operating in accordance with the satellite pass schedule.
Hence, the matchup between in-situ sampling data with satellite dataset has to be done on the same
location at the same time over the study area. In-situ measurement was taken several data such as
radiometer, bathymetry, salinity, sea temperature, and chlorophyll. Instrumentation details for in-situ
measurement, can be seen on the table 1.

Figure 10. Instrument used for field measurement in this research are TOA-DKK WQC 24 (left), Garmin
GPSMAP sounder (middle) and Trios Ramses (Right).

pH measurement
The TOA-WQC DKK 24 instrument was used in this in-situ measurement. In this measurement we
found that the overall pH value in the study area was high. This is because the observations were done
in the dry season where the seawater temperature is high. This is in line with the results of research from
BROL which states that low temperatures will increase dissolved CO2 and will reduce pH (Triyulianti,
Widagti, Rintika, & Tenggono, 2012). In addition, according to Safitri researh, the highest pH in the
Balinese sea occurs around September (Safitri & Putri, 2009).
The results from pH in-situ measurements can be seen in the figure 11. The pH value in the study area
varies from 8.11 to 8.43, with an average 8.28. The average pH of this in situ measurement is high (more
than 8.2). According to Milerio, the average pH of the seawater is around 8.2 (Frank J Millero, 1995).
10

The lowest pH (8.11) was found in point 3 on trajectory number 4 in the day 9 measurement. The highest
pH value was found in point 3 on trajectory number 1 in the day 12 measurement. The standard deviation
for this pH measurement is less than 0.075.

pH Distribution
8.5
8.4

pH

8.3
8.2
8.1
8.0
D1 D2 D3 D4 D5
Above mean
Below mean

D6

D7

D8

D9

D10 D11 D12

Day

Figure 11. pH field measurement distribution.

Alkalinity measurement
On average, our in-situ alkalinity measurement results relatively high. The values vary from 1.9
mmol/liter to 2.6 mmol/liter. The average result, is 2.3 mmol/liter, is higher than Lee's model prediction
that the alkalinity in the equator ranges around 2.29 mmol/liter. This is due to the high temperature and
salinity conditions in the dry season. These two parameters are important factors that cause high values
of alkalinity of seawater in our study area, especially in the Badung Strait of Bali.

Alkalinity Distribution
2,700
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2,500
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2,100
1,900
1,700
1,500
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D10

D11
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Day

Figure 12. Total alkalinity field measurement distribution.
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In this alkalinity in-situ measurement, the lowest alkalinity value (1.9 mmol/liter) was found in the 9th
day measurement on trajectory number 5 at point 9. While the highest alkalinity value (2.6 mmol/liter)
was found in measurements of days 9 and 11. The standard deviation in this field measurement is less
than 0.167.
Salinity measurement
The salinity measurements in this study area was used the TOA-WQC DKK instrument. However, due
to the obstacles in the salinity sensor, the measurements from day 7 to day 10 used a refractometer and
on day 11 until 12 use both instruments. We can see from the figure 13, between refractometer and TOAWQC DKK have close measurement result on day 11 and 12. The salinity mean measurement on TOAWQC on day 11 (33.7 PSu) and day 12 (33.9 PSu) are close to refractometer measurement which is 34
PSu. However, the refractometer precision is less then TOA-WQC sensor because the refractometer
cannot measure the value below decimal.

Salinity measurement
35
34

PSu

33
32
31
30
D1
WQC

D2

D3 D4 D5
Refractometer

D6

D7

D8

D9

D10 D11 D12

Day

Figure 13. Salinity consistency measurement between WQC and refractometer.

The measured salinity values in the study area was vary from 33.2 to 34.3 PSu. Salinity values in this study
area are high. The highest salinity of the Indonesian sea occurs around September, on the peak of dry
season, and the lowest occurs around May on the rainy season (Najid, Pariwono, Bengen, Nurhakim, &
Atmadipoera, 2012). However, the value of salinity in Indonesia has seasonal variability (seasonal
changes). In the in-situ measurements, we found the lowest salinity value (33.2) occur on the 1st day
measurement on trajectory number 6 at point 1. And the highest salinity value was found on days 3, 4,
11 and 12 measurements. The standard deviation of this field measurement is less than 0.388.
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Figure 14. Salinity field measurement distribution.

Temperature measurement
The TOA-WQC DKK instrument was used to measure the temperature. In this in-situ measurement,
the temperature values obtained are varied from 19.2oC to 28.5oC. This large measurement
range/variation was obtained because the measurements were done in the morning until noon. This can
be seen from the value of the temperature which was initially low at point one then increased to point
number 10. On the dry season, the peak of the sea temperature can vary from 28 oC to 30 oC. The sea
surface temperature on September and October 2018 are high because these months are still in the dry
season of 2018 which starts from April 2018 and the peak is on September (BMKG, 2018).
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Figure 15. Field measurement of temperature distribution.
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The average of sea surface temperature in this measurement is 26.9 oC. The lowest sea surface
temperature (19.2 oC) was found in the measurement of day 11 on trajectory number 6 at point 2. The
highest sea surface temperature was found in measurements of day 12 on trajectory number 1 at point
10. The standard deviation in this sea surface temperature measurement is less than 3.59. the temperature
measurement variability on day 7 until 11 is high due to low temperature measurement on the beginning
(morning).
Nutrient and Seawater composition
Table 2. Seawater composition on salinity 35 PSu.

Source: (F. J. Millero & Leung, 1978)

Nutrient and seawater composition are needed for running the Aqion / Phreeqc model. The seawater
composition was taken from reference on salinity 35 PSu (F. J. Millero & Leung, 1978). While the nutrient
composition was obtained from Marine Research and Observation Center (BROL), The Ministry of
Marine and Fishery. The sample was taken on the first week of October 2018 on two location of the
study area (mangrove point and crystal bay). The nutrient composition can be seen on the table 3.
Table 3. Nutrient concentration (gram/liter) on Nusa Penida seawater.
Location
Mangrove point
Crystal Bay
Average

Nitrat
0.034
0.063
0.0485

Silika
Nitrit
0.419 < 0.002
0.311 < 0.002
0.365 < 0.002

Fosfat
< 0.002
< 0.002
< 0.002

Amonia
< 0.006
< 0.006
< 0.006
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2.3.

Remote Sensing Data

2.3.1. General Description
Satellites observation that have been used in this research are Sentinel 3 and CMEMs (SMOS level 4).
These satellites are owned by ESA (European Space Agency) to support their mission regarding Global
Monitoring for Environmental and Security (ESA, 2018a). Sentinel satellite has several advantages, such
as good spatial and temporal resolution. The SMOS (Soil Moisture and Ocean Salinity) satellite is an ESA
satellite specifically designed to monitor soil surface moisture and sea surface salinity globally. The
detailed information about the satellites that will be used can be seen in the table 4.
Table 4. List of satellite for matchup.
Satellite

Spatial

Temporal

Resolution

Resolution

Size

Format

Sentinel 3 (SLSTR)

0.5 Km

1 Day

100 MB

NC

SMOS (L4)

15 Km

3 Days

7 MB

NC

2.3.2. Reprocessing Satellite Data
Sea surface temperature
In this study, sea surface temperature data was retrieved from Sentinel 3 SLSTR. Actually, during the
fieldwork, Sentinel 3 was passing 11 times on our study area. However, from 11 times Sentinel 3 passed,
there were only 8 days that had SLSTR data, the remaining 3 days only had OLCI data. In this study, the
data used came from Level 1 product then processed using SNAP software to get sea surface temperature
data.

Figure 16. Sentinel 3 ARC SST data product at 14 October 2018.
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In the data reprocessing, first, re-projecting the level 1 SLSTR product data from Sentinel 3 that has been
downloaded. Reprojection was done to change the coordinate system on the image into the WGS 1984
coordinate system. Then the subset process was done for image from Sentinel 3 focused only in the study
area. Furthermore, processing level 1 data into temperature data using the ARC toolbox at SNAP. For
instance, the product from ARC-SST toolbox can be seen on figure 16. Then extracting the value from
the raster image correspond to the sampling point in in-situ measurement. However, there are several
sampling points that do not have temperature data due to cloud cover.
Sea surface salinity
In this research, the sea surface salinity products from SMOS satellites was used to get salinity from
remote sensing data. During the fieldwork, there were only 5 times SMOS satellite passing on the study
area (ascending and descending). Although the data used was a level 2 product from SMOS, the salinity
data cannot be used directly due to the absence of salinity data on the study area. This is because the
study area in the Badung Strait of Bali is flanked by the main islands (Bali) and Lembongan which is close
to the land value.

Figure 17. SMOS salinity (level 2) data on 15 October 2018.

Therefore, this research uses the higher salinity product level from CMEMs (Copernicus Marine
Environment Monitoring Services). They provide daily until monthly composite data of Sea Surface
Salinity Level 4 based on SMOS satellite (Copernicus, 2012). They fill the NaN (Not a Number) data
using the interpolation from combination between SMOS data, salinity in-situ data, dan SST (sea surface
16

temperature) dataset (Nardelli, 2012). Further, this CMEMs-SMOS data was processed in the Map Arc
to do the resample and interpolation process. The Resample aim is to change the pixel size from 10 km
to 500 meters. The interpolation method used is inverse distance weighted (IDW) to fill the the mixing
pixel near the land value. For instance, the interpolation results on salinity data from CMEMs-SMOS can
be seen in the figure 18. The salinity in study area obtained from this data close to the in-situ
measurement. During the fieldwork, CMEMS Salinity values vary from 33.88 PSu to 34.34 PSu.

Figure 18. CMEMs salinity (SMOS level 4) product.
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3.

ANALYSIS

3.1. Fieldwork Data Analysis
Table 5. Field measurement statistical analysis result.
Alkalinity
Salinity Temperature
pH
(mmol/liter)
(PSu)
(°C)
Min
8.1
1.9
33.2
19.2
Max

8.43

2.6

34.3

28.5

Mean
Median
St. Dev
D.Range
CV
CV1

8.28
8.29
0.046
0.33
0.01
0.039

2.26
2.3
0.164
0.7
0.07
0.309

34.04
34
0.2
1.1
0.01
0.032

26.93
27.6
1.873
9.3
0.07
0.345

From the field data that has been obtained, a statistical analysis such as standard deviation, minimum and
maximum values, dynamic range, mean, coefficient of variation was calculated. Standard deviation is the
statistical value used to determine how the data is distributed in the sample, and how close the individual
data points are to the mean (average) of the sample. If the standard deviation value close to 0, then the
sample distribution is relatively the same and close to the mean value. We can see the results of the
calculation of the standard deviation on 5 parameters from the field measurement datasets, only the
temperature which has a value far from 0. This is due to the long measurement range (± 3 hours), where
the temperature changes very easily within the measurement range.
Dynamic range is the range of samples (differences) from the smallest (minimum) measurement values
with the largest value (maximum). The largest dynamic range value from the five parameters is in the
temperature measurement (9.3). Then, we analyse the coefficient of variation from the five parameters.
The variation coefficient can be used to determine the ratio from our data distribution with mean value,
so we can know how vary our data is. From the five parameters, only chlorophyll which has the largest
CV value.
Furthermore, we analyze the field measurement data using histogram analysis to see where the outliers
from each parameter. Based on this analysis, from the five parameters, only the alkalinity measurement
which does not have outlier. We can see from figure 19, on alkalinity histogram, there is no point below
the minimum and above the maximum value limit. Then, we analyze the location where this outlier
occurs. From these four parameters, mostly all the outlier occurs in the first measurement to the third
measurement every day, except the measurement of day fourth (does not have outliers).
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Figure 19. Histogram analysis on each parameter.

3.2.

Satellite Data Analysis

Table 6. Satellite data Match-up.

Satellite

Parameter

Sentinel 3 (SLSTR)
CMEMS

Temperature
Salinity

R2
0.29
0.19

RMSE
2.76
0.15

Unit
o
C
PSu

On the temperature validation part, the research use sea surface temperature product from Sentinel 3
compared with the in-situ datasets. The aim of this validation is to measure the RMSE and R2 from the
retrieval. The RMSE result from temperature retrieval is 2.76 oC. The temperature obtained from Sentinel
3 varies from 26oC to 28.5oC. The average sea surface temperature obtained is 27.8oC. While for salinity
satellite data validation, salinity data from SMOS satellite level 4 (CMEMs) result compared with the
salinity in-situ dataset. From the validation, the RMSE value of the salinity retrieval is 0.15 PSu, with
RMSE 0.15 PSu.
The results from satellite data validation show that even though the resulting error (RMSE) is small, the
R2 value obtained is also small. This small R2 is caused by a bias between satellite measurements and insitu measurements. This bias arises because of the difference in spatial scale between the satellite
measurements and the field measurements (Allard, D.; Baret, F.; Weiss, 2006). Furthermore, bias in
salinity measurement using CMEMs may arise because optimal interpolation results (OI) do not work
well in coastal areas that have complex topography (Nardelli, 2012).
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3.3. Aquatic Chemistry Validation Using Aqion/Phreeqc
Aqion software is hydrochemistry and water analysis modelling that uses the Phreeqc software in it as a
USGS numeric solver. This software was developed by Harald Kalka, a practitioner of environmental
chemistry from UIT Dresden Germany. One of the uses of Aqion is to validate aqueous solutions using
CBE (charge balance error) or EC (electric conductivity) (Aqion, 2012) . On this research, CBE used for
validating the alkalinity dataset from in-situ measurement and also validating the total alkalinity
calculation from remote sensing model.
On water sample data validation, first enter the composition of the seawater sample. At this stage, we
can enter key parameters such as pH, temperature, alkalinity from field measurements. Next, we need to
enter the concentration of each element forming a solution of sea water and nutrients such as Ca, Mg,
Na, K, etc. Then, we run the software for calculating the CBE (Charge Balance Error) on the solution.
The following table are the results of a charge balance error analysis on field measurement dataset.
Table 7. Charge balance error result from total alkalinity field measurement.
Alkalinity (mmol/liter)

CBE (%)

1.9
2
2.1
2.2
2.3
2.4
2.5
2.6

0.03
0.02
0.01
0
0
0.01
0.02
0.03

The largest CBE is found in alkalinity values below 2 mmol/liter and above 2.5 mmol/liter. The accepted
CBE value is under 0.03% based on aqua chemistry analysis from Aqion software. Therefore, can be
concluded that good in-situ alkalinity datasets are in the range 2 mmol/liter to 2.5 mmol/liter. This
validation in the alkalinity dataset can be used to determine which alkalinity value have un-balance
chemical reaction. This is because, this in-situ alkalinity value will be used to validate and calibrate the
local model that will be created. Moreover, the good alkalinity dataset can produce a good local model
and reduce the errors that will arise later.
Using the hydrogeochemical model, we tried to analyze the water speciation in this study. The parameter
inputs used such as seawater composition and nutrient concentration are from tables 2 and 3 in the
previous chapter (chapter 2). Whereas pH and temperature used on calculation are the mean
measurement in October. The results of the analysis using Aqion / Phreeqc model can be seen in table
8. Aragonite and calcite conditions on the study area are still super saturated (> 3).
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Table 8. Output result from Aqion/Phreeqc on seawater od study area.
Water Speciation
pH
Temperature
pe
CO2
EC_25
TDS
Total Alkalinity
DIC
Ω Aragonite
Ω Calcite

Unit

8.21
26.6
9.75
3.41
51275
35.138
2.26
1.98
0.56
3.63
0.703
5.04

°C
pCO2
μS/cm
gr/L
mmol/liter
mmol/liter
*SI
*CaCO3
*SI
*CaCO3

3.4. Total Alkalinity Model Calibration and Validation
As a background on this study, we use Lee’s the global Total Alkalinity model to estimate the ocean
acidification level that occurs within the study area. The model algorithm with the second order
polynomial form is used for the subtropics region, as shown in the equation below:
𝐴 𝑇 = 2305 + 58.66 (𝑆𝑆𝑆 − 35) + 2.32 (𝑆𝑆𝑆 − 35)2 − 1.41(𝑆𝑆𝑇 − 20) + 0.040(𝑆𝑆𝑇 − 20)2

Where: 𝐴𝑇

(4)

= Total alkalinity (μmol/kg)

𝑆𝑆𝑆

= Sea surface salinity

𝑆𝑆𝑇

= Sea surface temperature (°C)

In this study, to get a better spatial resolution on total alkalinity retrieval by Lee’s model, we will use the
data from Sentinel 3 and CMEMs (SMOS) satellite observation. Then, we will use the SMOS satellite to
obtain sea surface salinity data. SMOS is a satellite of one of the ESA (European Space Agency) missions
which aims to observe soil moisture and ocean salinity globally. SMOS has spatial resolution between 1550 km depending on product level, and has 3 days temporal resolution (ESA, 2018c). Furthermore, for
sea surface temperature data input, we will use Sentinel 3 (Sea Land Surface Temperature Radiometer)
with 500 meter spatial resolution (reduced resolution) and 1 day temporal resolution (ESA, 2018b).
In this study, the Global Total Alkalinity Model was run using data sets obtained from field measurements
(salinity and temperature). Furthermore, the results of this total alkalinity modelling are compared with
the field alkalinity datasets. This was done to find out the errors generated by this global model. From
the validation results, the RMSE produced by this global model is quite high, around 129.34 μmol / liter.
This error is far from Lee's estimation that errors may occur around ± 8.1 μmol/liter (Lee et al., 2006).
This high error model by Lee occurred since a global model works well in open ocean areas. Lee builds
his model global total alkalinity model using datasets from the open ocean. The model will have a
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different performance if used in coastal areas. Open oceans have a relatively stable biogeochemistry
compared to coastal areas. This is related to biogeochemical changes in coastal areas affected by
additional fresh water from lands (Land et al., 2015).
.

Local Model
In building the local model for sea surface total alkalinity, we used the global model from Lee model to
be calibrated and validated using datasets (salinity, temperature, and alkalinity) from the field
measurements. From the 120 measurement datasets that we have, we then removed the outliers (which
were obtained from histogram analysis). Further, the alkalinity data is analysed by CBE to estimate which
datasets have a low reaction error (CBE). As the result, 45 good datasets were obtained. These validation
datasets were done to obtain a better local model that has low error.
Satellite based algorithm need to be calibrated and validated by in-situ measurement data (Land et al.,
2015). The calibration and validation process were done using GeoCalVal method. The Calibration and
Validation of geophysical observation models (GeoCalVal) method gives better model error and accuracy
estimation on geophysical parameter (Salama et al., 2012). In this method, 45 datasets were sorted from
low to high based on alkalinity values. Furthermore, these data were ordered in odd and even datasets.
Odd datasets were used for calibration, while even datasets were used to validate the results of model
calculations.

2

R = 0.87

Figure 20. Local model calibration result.
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In calibration, we tried to find 5 variables (a, b, c, d, e) that build up the local model of the total alkalinity
(fitting). In determining these variables, the model fitting was done by the total alkalinity datasets from
field measurements using the input parameters (salinity and temperature) at the same location. The local
model obtained for the sea surface total alkalinity shown in the equation 5.
𝐴` 𝑇 = 1702 + (110.87 (𝑆𝑆𝑆 − 35) − 1026 (𝑆𝑆𝑆 − 35)2 )𝑥0.8 + (1307(𝑆𝑆𝑇 − 20) − 68.25(𝑆𝑆𝑇 − 20)2 )𝑥0.2

(5)

Furthermore, in the validation process, the local total alkalinity model above to be run using an even
dataset (salinity and temperature). Then the local model calculation results are compared with the field
alkalinity value from an even dataset. The validation and calibration results were evaluated based on the
RMSE, MAD and R2. The calibration and validation result can be seen on figure 20 and 21. The
calibration and validation have good R2, because the R2 value are close to 1. The coefficient of
determination (R2) of the local model is 0.87 for the calibration and 0.85 for the validation. The RMSE
(root mean square error) from the calibration is 38.04 μmol/liter and 42.95 μmol/liter for the validation.
The calibration and validation results can be seen in table 9.

Slope
Intercept
2

R
RMSE

= 0.77
= 554.7
= 0.85
= 42.95 μmol/l

Figure 21. Local model validation result.
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Table 9. Model calibration and validation comparison between global and local model.
Model Cal-Val
RMSE
MAD
R2
(μmol/liter) (μmol/liter)
Local model calibration
38.04
31.51
0.87
Local model validation
42.95
33.22
0.85

Figure 22 depicted the local model of total alkalinity performance on temperature 1°C - 36 °C and salinity
1 PSu - 41 PSu. We can see from the simulation that this local model of total alkalinity still sensitive on
salinity changes. The total alkalinity increases along with salinity increase, however, after the salinity value
36 PSu, the alkalinity will decrease on increasing salinity. Although the local model is very sensitive in
salinity, but also still sensitive on the temperature parameter changes (if we compare with the global
model). The total alkalinity model will decrease until temperature 22°C, after that the total alkalinity will
increase with increasing temperature.

Local Model 3D Graph

Figure 22. Local model assessment.
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4.

RESULT AND DISCUSSION

4.1.

Result

4.1.1. Remote Sensing Modelling Result
The local model of total alkalinity from the chapter 3, was applied to the satellite data that has been
processed. The CMEMs data were used as salinity data inputs while the Sentinel 3 (SLSTR) data were
used as temperature data inputs. The total alkalinity estimation of the study area which used the satellite
data can be seen in figure 23. The local model total alkalinity output results range from 1900 to 2593
μmol/liter with 500 meter pixel resolution. The very small value in this total alkalinity mapping occurs
due to the land pixel effect that has low salinity value.

Figure 23. Total alkalinity results from satellite data on 14 October 2018.

Next step is the model validation process. The aim of this process is to know the accuracy of the total
alkalinity estimation based on remote sensing. On this local model satellite validation, the total alkalinity
estimation which comes from the local model was compared with the ground truth (in-situ data). The
total alkalinity dataset that was used in this validation process, were similar to the dataset in the GeoCalVal
process from the previous chapter. However, in this satellite validation, the dataset was filtered only at
the same passing time of the SMOS (CMEMs) and the Sentinel 3 (SLSTR). The validation result of the
total alkalinity estimation analysis can be seen in figure 24. The RMSE result was 65.64 μmol/liter, with
R² value of 0.61. From the figure 24, we also see that the in-situ alkalinity value jumps every 100
μmol/liter. This is due to the sensitivity of the total alkalinity test kit, which only able to measure more
than 100 μmol/liter.
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2

R = 0.61
RMSE = 65.64 μmol/l

Figure 24. Local model satellite validation.

Further, the local model was used to estimate the total alkalinity variability in the study area for one year.
We did this simulation to observe the changes in alkalinity and to evaluate the local model performance
in estimating the total alkalinity value in different seasons. The salinity data that were used in estimating
monthly total alkalinity value were monthly satellite data from SMOS level 4 (CMEMS). Meanwhile, for
the sea surface temperature, we used satellite data of Sentinel 3 (SLSTR) level 1 product which was
processed from level 1 to be presented in monthly mean sea surface temperature data. Further, the
monthly mean data was calculated using cell statistics by ignoring the no data pixel (NaN).
The total alkalinity estimation was carried out for the period starting from December 2017 to December
2018. The total alkalinity mapping generated from the local model of sea surface total alkalinity can be
seen in figure 25 and 26. Figure 25 shows the total alkalinity mapping during the rainy season which
started in December 2017 and last until May 2018. It can be seen that the total alkalinity estimation in
this period is not reliable, which is indicated by the very low value of the total alkalinity estimation resulted
from the local model. Figure 26 shows the total alkalinity mapping during the dry season. In this season,
the total alkalinity model gives better estimation than that in the wet season.
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Figure 25. Local model output in wet season on the study area.
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Figure 26. Local model output in dry season on the study area.
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Referring to the results of the total alkalinity estimation in the study area above, the total alkalinity tends
to be low in the rainy season and high in the dry season. Consequently, Indonesia as a marine country
that has various marine organisms such as shells, coral reefs, etc, will be vulnerable to ocean acidification.
If the total alkalinity in the ocean is low, these marine organisms will be vulnerable to calcifying in the
case of ocean acidification (Schlitzer et al., 2005) since the total alkalinity acts as a buffer against the
additional acid in the ocean (Frank J. Millero, Zhang, Lee, & Campbell, 1993).
We extracted further the monthly total alkalinity from the thirteenth total alkalinity maps above to see
the interannual variability. The lowest total alkalinity values occurred from December 2017 to May 2018.
The values increased from June 2018 and reached the peak in September and October 2018, followed by
a decreasing trend in November and December 2018. The local model of sea surface total alkalinity gives
a good estimation of the total alkalinity values during the dry season (from June to December 2018) but
less reliable when estimating the total alkalinity values during wet season (from December 2017 to May
2018). This is because the fitting model process was using data from September to October, where during
this period the salinity values are high (more than 33 PSu). This results in higher accuracy of the total
alkalinity on dry season which has high salinity and works less on wet season that has low salinity value
(below 33 PSu).

Mothly Mean Total Alkalinity
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Figure 27. Monthly mean total alkalinity’s estimations from local model output.
Table 10. Monthly total alkalinity’s standard deviation in the study area from local model output.
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Table 10 illustrates variability of the monthly total alkalinity in the study area. The highest variability of
the monthly total alkalinity is in December 2018, November 2018 and July 2018. These values were
affected by the temperature’s standard deviation in the study area. The temperature’s standard deviation
in April, July, November and December 2018 are very high (close to 2), while at the other months are
low (close to 1).
4.1.2. Hydrogeochemical Modelling Result

Temperature Vs pH & TA
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Figure 28. Temperature effect on seawater pH and Total Alkalinity.

In this research, I try to analyse the changes in pH and total alkalinity along with the increase in
temperature using a hydro-geochemical model. In this simulation, the composition of seawater and other
parameters used are similar with the data in the chapter 3.3. Further, the model was ran from 1 to 35 °C
and the TA and pH along the changes in temperature were recorded. Figure 28 depicts the changes in
pH and total alkalinity along with the increase in temperature. The total alkalinity concentration which
was initially 2.2 mmol/liter at 1 °C, increase slightly to 2.26 mmol/liter at 35°C. Likewise, the pH
increased from 8,147 at 1 °C to 8.22 at 35 ° C.

30

Seawater Dilution Effect
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Figure 29. Seawater dilution effect on chemical speciation

Moreover, this study also tries to simulate the effect of salinity changes on pH, aragonite, calcite, and
total alkalinity concentration on seawater in the study area, employing the Aqion/Phreeqc software. The
simulation was done on 5 steps, each step means 10% dilution of seawater (except step 1, without
dilution). Figure 29 depict the changes in pH, aragonite, calcite, and total alkalinity along with the decrease
in salinity. The pH value decreases from 8.22 on step 1 (35 PSu) to 8.73 on step 5 (0.0035 PSu).
Meanwhile, aragonite, calcite, and total alkalinity drop drastically from step 1 to step 5. Based on the
results of the Aqion chemical model, I conclude that the total alkalinity is affected by salinity changes
and also affected slightly by temperature changes (see figure 28 and 29). This is comparable with the local
model performance of total alkalinity as illustrated in figure 22 of the chapter 3.

Figure 30. The increase of CO2 concentration based on Mauna Loa Observatory(Scripps Institution of
Oceanography, 2009).
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Based on the keelling curve in figure 30, the carbon dioxide concentration in January 2019 is about 411.36
ppm (Scripps Institution of Oceanography, 2009). The atmospheric CO2 concentration is expected to be
higher in the future. The Earth system research laboratory of the NOAA global monitoring division
predicts the atmospheric CO2 concentration increases around 2.3% every 2 years or 1.15% per year (US
Department of Commerce, NOAA, 2015). Referring to this projection, I simulate the ocean acidification
condition in the study area for the 2 next decades using the Aqion/Phreeqc model.
Figure 31 shows simulation results of the Aqion/Phreeqc chemical model regarding the effects of the
projected CO2 increase on pH, calcite, aragonite, and Dissolve inorganic carbon (DIC) in the study area.
The simulation was carried out for two decades from 2019 to 2038. With an increase in the atmospheric
CO2 concentration of 1.15% each year there was a change in chemical speciation of sea water in the study
area. Seawater pH in the study area drops from 8.21 to 8.11. Meanwhile, the saturation condition of
calcite (Ω) decreases from 5.04 to 4.15. Likewise, aragonite (Ω) decreases from 3.63 to 2.99. However,
the effect is different for DIC (Dissolve inorganic carbon), where its concentration increases from 1.98
mmol/liter to 2.03 mmol/liter. As a result, the total concentration of alkalinity remains constant at 2.26
mmol/liter.
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Figure 31. Yearly CO2 increasing effect on the study area.
Table 11. pH, Calcite, and Aragonite yearly decrease trend.

pH
0.0041

Calcite
(Ω)
0.0342

Aragonite
(Ω)
0.0244
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Table 11 shows the decreasing trend of pH, Calcite and Aragonite saturation based on the Aqion chemical
software simulation depicted in Figure 31. With an increase of CO2 in the study area around 1.15% each
year, the calcifying will occur over the next 100 years. Based on calcite saturation indices, calcifying will
emerge 118 years later. Calcite saturation will be less than 1 (initially 5.04) with a pH falling to 7.7 (initially
8.21). Furthermore, based on the condition of aragonite saturation indices, calcifying will occur in the
study area in the next 107 years. Aragonite saturation state will drop from 3.63 to less than 1 with pH
7.7.

4.2. Discussion
Indonesia is the largest archipelagic country in the world, where most of its territory (60%) is ocean(KKP
(Ministry of Maritime Affairs and Fisheries of Indonesia), 2017). Located below the equator, between the
Australia and Asia continent, and between the Pacific Ocean and the Indian Ocean, the Indonesian Sea
has unique characteristics. Several natural phenomena such as El-Nino La-Nina, Madden-Julian
Oscillation, Monsoon, and Indonesian Trough Flow occur at this region and affect the ocean and climate
system on a regional or global basis (Li, Gordon, Wei, Gruenburg, & Jiang, 2018). Further, the variability
of those natural phenomena is also affected by global warming (Li et al., 2018).
4.2.1. La-Nina El-Nino
El-Nino and La-Nina phenomena, also known as El-Nino Southern Oscillation (ENSO), occur due to
extreme temperature fluctuations between the oceans and the atmosphere around the eastern Pacific
equator. (N. O. and A. A. US Department of Commerce, 2018). Indonesia's climate was affected by LaNina and El-Nino, which results in a longer the rainy or dry season in Indonesia (Prasetyo & Nabilah,
2017). Normally, the rainy season on the Java and Bali islands occurs from November to April and the
dry season occurs from May to October. However, the period of both seasons can change due to the
influence of El-Nino and La-Nina (Krave, Straalen, Verseveld, & Roling, 2007) (Supari et al., 2018). In
addition, the phenomenon of El-Nino and La-Nina also affects the duration, intensity and frequency of
rain in Indonesia (Supari et al., 2018). Furthermore, the El-Nino phenomenon also has an impact on SST
in Indonesia (Napitu, Gordon, & Pujiana, 2015).
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Figure 32. Monthly mean salinity and temperature variability in the study area.

The impact of El-Nino is clearly seen in the study area. If we look at figure 32, the SST from July to
November tend to be lower compared to the wet months (February - May), despite the fact that July to
November period is a dry season. One characteristic of El-Nino is the low sea surface temperature during
the dry season (which is characterized by a little rainfall)(Prasetyo & Nabilah, 2017). Based on the
information from BMKG (Meteorological Climatological and Geophysical Agency of Indonesia), during
2018 there has been an increase in the impact of El-Nino since May (Indonesia), 2019). As a result, the
rainy season in 2018 which should have started in November, retreated until early January 2019(CNN
Indonesia, 2018). Furthermore, the salinity and temperature data in December 2018 is higher than in
December 2017, owing to the retreat of the rainy season as a result of the El-Nino phenomenon in the
study area.
4.2.2. Monsoon
The Monsoon wind system is a seasonal winds patterns that occurs in Indonesia. This phenomenon
occurs because Indonesia lies between the continents of Asia and Australia. Monsoon winds blow from
one area to another in a certain direction and period, whereas in other periods the wind blows in the
opposite direction. The occurrence of the Monsoon wind is caused by differences in air pressure between
Asia and Australia continent. (Nicholls, 1995). Furthermore, this monsoon system also affects the
circulation of seawater in Indonesia. The monsoon wind system blows permanently, although the speed
is relatively small, so it can create a very good condition for the occurrence of a current pattern. In the
North-west monsoon season, the pattern current of Indonesian sea water moves from the South China
Sea to the Java Sea (Harvianto & Koropitan, 2015).
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There are two Monsoons in Indonesia. The North-West (NW) Monsoon which carries currents and
winds from the east, and South-East (SE) Monsoon which carries currents and winds from the west. SE
Monsoon usually occurs in June-September where intense heating and low air pressure occurs.
Meanwhile, the NW Monsoon season occurs from December to March, which is characterized by high
rainfalls (Najid et al., 2012). The SE monsoon is the dry season in Indonesia, where dry and warm air
comes from the Australian mainland. whereas in the NW monsoon is the rainy season, where warm and
humid air comes from the Eurasian region (Manjunatha, Krishna, & Aswini, 2015).
Sea water density is influenced by temperature and salinity, where this change is affected by the monsoon
in the south Asia region (Yuan, Salama, & Su, 2018). Further, the salinity variability is influenced by
complex mechanisms such as freshwater flux, horizontal advection, turbulent mixing and diffusion (Yuan
et al., 2018). Additionally, seawater mass in Indonesia is affected by the monsoon system, which affects
the variability of temperature and salinity of the seawater. The lowest salinity occurred in the 1st Monsoon
transition season i.e. from March to April. In the NW monsoon season, which is marked by the rainy
season (from November to March), the salinity tends to be low. Meanwhile, the SE monsoon is marked
by the dry season (from June to October), where the salinity tends to be high (Najid et al., 2012). This
phenomenon is clearly seen in the study area where the lowest salinity occurred in April and the highest
in October (see figure 43). The salinity variability of those months is influenced by the presence of
Monsoon which causes rain variability in Indonesia (Steinke et al., 2014). This salinity variability is
influenced by complex mechanisms such as freshwater flux, horizontal advection, turbulent mixing and
diffusion (Yuan et al., 2018)
4.2.3. Madden-Julian Oscillation
Madden-Julian Oscillation (MJO) is an important component of annual variability in the tropic region.
This phenomenon affects the climate and weather in the ocean. MJO has a period between 30-100
days/year. The peak occurs during the monsoon summer of Australia, with the strongest MJO occurs in
the east of the equator (Zhang, 2005). MJO have an influence on the rain intensity. MJO (Median Julian
Oscillation) affects rainfall in Indonesia, with average rainfall anomalies around 5 mm / day on the ocean.
Southern parts of Indonesia, such as Java, Bali and Southeast Nusa Tenggara, have been affected by
positive rainfall due to MJO. However, the impact of MJO on the ocean (Indian Ocean) is greater than
in the maritime area (Hidayat & Kizu, 2010).
MJO together with Monsoon wind affect intra-seasonal variability of SST by 70% (Hidayat & Kizu,
2010). MJO affects the climate of the tropics and equator. Because of MJO, the Indonesian sea tends to
be warmer in the rainy season (Dec-Feb) and colder in the dry season (June-Aug). The influence of MJO
on SST is high in the wet season and weakens in the dry season, but this weakening also due to the
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influence of La-Nina(Napitu et al., 2015). Figure 32 shows that the MJO effect occurs in the study area,
where warm temperatures occur in the month of February, and the trend is low from June to August.
4.2.4. Indonesian Through Flow
The Indonesian through flow (ITF) phenomenon is one of the characteristics of the current system in
Indonesia. ITF is a marine circulation system in Indonesian waters, where this trajectory of seawater
currents carries water masses from the Pacific Ocean to the Indian Ocean. ITF current occurs due to
differences in sea level between the Pacific Ocean and the Indian Ocean. the sea surface of the western
Pacific Ocean tropic is higher than in the eastern Indian Ocean, because of a pressure gradient (Meyers,
Bailey, & Worby, 1995). Indonesian waters, especially on the Makassar Strait, has unique waters
characteristic because they are influenced by different seawater masses from the Pacific Ocean and Indian
Ocean due to ITF. The ITF transfers the mass of water from the Pacific Ocean to the Indian Ocean
through the Indonesian sea area. The mass of seawater carried by the ITF in the Makassar Strait is around
58-80% of the total seawater mass with a depth of 1000 meter (Li et al., 2018).

Figure 33. Indonesian Throughflow current.(Sprintall, Wijffels, Molcard, & Jaya, 2009)

Three main exits of ITF are Lombok, Ombai and Timor Straits. ITF is also influenced by the monsoon
wind (Sprintall et al., 2009). The maximum ITF flow occurs during the Monsoon SE (second quartile)
and weakens at the NW monsoon (fourth quartile) especially on the month of December and January
(Manjunatha et al., 2015). The core of ITF flow is between 100-150 m depth (Mayer & Damm, 2012).
Apart from being influenced by Monsoon, the reduction in water mass transfer in the ITF is also affected
by weakening pacific wind speeds (Li et al., 2018).
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Beside affected by local monsoon from Indonesian waters, the ITF interannual variability are also
affected by El-Nino phenomenon. The ITF flow is strong during La-Nina and weak during El-Nino.
This flow is influenced by the difference in pressure between the Pacific Ocean and the Indian Ocean
and is also reinforced by the forcing of currents and wind. This pressure difference is also affected by the
variability of temperature and salinity. La-Nina gives refreshment to the Indian ocean and causes
variability in salinity. Variability in the 65% transport ITF is influenced by temperature variability. During
El-Nino, ITF tends to be low owing to different levels between small Indian and Pacific oceans.
The El-Nino and La-Nina phenomena in the equator area affect the characteristics of the ITF. SST
variations occur in the Makassar strait as the main flow of the ITF. In April (transition season) when the
wind speeds are low while the solar radiations are high, the weather is warmer. Meanwhile strong winds
in June results in SST cooling. Low SST trends occur from December to April. Furthermore, monsoon
SE winds increase SST in the Lombok Strait. SST tends to be lower in the dry season (Manjunatha et al.,
2015). ITF mass transfer rises during the dry season and falls during the wet season, and decreases during
El-Nino (Li et al., 2018). ITF also affects the rainfall patterns in Indonesia (Hu & Sprintall, 2016).
In the Lombok Strait, Indonesian throughflow affects the salinity and temperature of Indonesian
seawater (mainly affecting salinity), due to the vertical mixing (Mayer & Damm, 2012). According to
Harvianto (2015), the average temperature carried by this flow is around 28.7°C with salinity 33.25 PSu
(Harvianto & Koropitan, 2015). If we look at figure 26, this ITF phenomenon clearly occurs in the study
area. We can see the shadow of Nusa Penida Island towards the south of the sea area. This indicates that
the area has a low temperature and salinity compared to other regions, so that the sea surface alkalinity
of the area is also low compared to other areas.
4.2.5. Sea Surface Total Alkalinity Variability
According to the research results that have been obtained in the study area, the variability of the total
alkalinity very much depends on the season (wet or dry). This is because the variability of total alkalinity
is closely related to the dilution of sea water (Koné & Borges, 2008). The total alkalinity in the study area
is also affected by the ITF phenomenon where ITF causes changes in salinity and temperature, which
influence the variability of total alkalinity (Fine, Willey, & Millero, 2017). According to a research done
by the Indonesian Institute of Science (LIPI), the total alkalinity of Java and surrounding islands is
sensitive to the transition of the Monsoon season, and the peak occurs in the Monsoon SE season. In
the NW Monsoon season there is a lot of rain, while in the SE Monsoon season it is characterized by
little rainfall or drought (Rustam, Bengen, Arifin, & Gaol, 2015). This study reveals that total alkalinity
concentrations in the study area were high in the dry season and low in the rainy season.
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Spatial and temporal variability of total alkalinity in the surface seawater is largely determined by salinity
in the area (Fine et al., 2017). Furthermore, Bakker et.al. (1999) points out that the variability of total
alkalinity almost has a linear relationship with the salinity, where the changes are very dependent on
rainfall and wind speed in the study area. Beside salinity, the variability of total alkalinity has a correlation
with temperature (Bakker, Baar, & Jong, 1999)(Takatani et al., 2014). In the tropics and subtropics region,
80% of the total alkalinity changes depend on the variability of the sea surface salinity (F J Millero, Lee,
& Roche, 1998).
Variations in the concentration of alkalinity in the surface layer of sea waters are controlled generally by
an increase or reduction in the mass of freshwater that occur through the process of precipitation and
evaporation (Triyulianti et al., 2016). TA in areas close to the equator and in shallow seas is relatively
high, due to the upwelling process (R. A. Feely et al., 2012) while TA in areas with high latitude is also
influenced by sea surface temperature (SST) (Jiang et al., 2014). Further, Jiang (2014) indicates that TA
variability in coastal areas is more complex because of the influence from biology activities such as coral
reefs. This is because biological activities in warm (tropical) regions, such as CaCO3 and photosynthetic
production, consume nutrients from sea water that affect alkalinity (F J Millero et al., 1998). For instance,
NOAA's researchers try to estimate TA using experimental models called ‘ocean acidification product
suite’ (OAPS). They found that the model gives a good estimation for areas that have low Chl-a, but less
reliable for areas with high Chl-a (Land et al., 2015)
4.2.6. Future Prediction of Total Alkalinity
The Aqion software (including Phreeqc v.3) was applied to predict the acidification in the study area for
the next 20 years. Figure 31 shows, the results of the simulations. The results indicate that the DIC
concentration increases slightly. In contrast, the pH, aragonite and calcite saturation decrease. The
addition of CO2 due to the uptake of anthropogenic carbon in the ocean is not directly related to alkalinity
(Jiang et al., 2014). The CO2 increase in seawater will affect the alkalinity in a very long term. It will require
several decades, before calcification occurs (Cooley, S., Mathis, J., Yates & and Turley, 2012)
Several studies also found that CO2 flux from the sea-exchange water has no significant effect on
alkalinity changes on the area which has supersaturated of aragonite and calcite condition (Fine et al.,
2017) such as in the study area. Furthermore, Feely (2004) found that TA will decreases with the addition
of anthropogenic CO2 after the conditions of aragonite and calcite undersaturated. This condition will
occur if pCO2 reach 1700-2800 μmol/kg which expected to be reached in the next few hundred years
(R. a Feely et al., 2004).
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The saturation state is high in warm and shallow oceans like in Indonesia. This condition also causes a
longer time for total alkalinity to decrease (Koné & Borges, 2008). Therefore, the total alkalinity in the
study area will remain constant until the value of aragonite and calcite drops below 1 (under saturated).
When this condition is reached, the CO2 addition will reduce the TA concentration. However, this
prediction can be different if there is a drastic change in salinity and temperature since an increase in
temperature or salinity can also reduce the CO2 ability to dissolve in the ocean (Bakker et al., 1999).
According to the IPCC 2018 report, the continuous increase of CO2 concentration in the atmosphere
will increase the earth's temperature by 1.5 - 2 degrees globally. Further, this condition will lead to extreme
weathers in almost all parts of the world (Masson-Delmotte et al., 2018). In the Indonesian region, heavy
rainfalls may occur related to the tropical cyclones. This phenomenon will add more dissolve CO2 in
Indonesia's oceans, because CO2 flux in the rainy season is 5 times greater than in the dry season (Land
et al., 2015). Since the increase of pCO2 in seawater will cause more carbonate dissolve on seawater, it
will ultimately cause a decline in alkalinity conditions in the Indonesian ocean, especially in Nusa Penida
(study area).
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5.

CONCLUSION AND RECOMMENDATION

5.1.

Conclusion

The aim of this study is to generate the Total Alkalinity Model to quantify ocean acidification based on
sea surface total alkalinity in Badung Strait, Nusa Penida, Bali. The global total sea level alkalinity model
was used in this study. This global model was calibrated with the GeoCalVal method using temperature,
salinity and total alkalinity data from in situ measurements. From this Calibration and validation results,
the local model was produced in accordance with the study area. Then, the local performance of this
model was compared with the Aqion chemical model. Finally, this local model was implemented to
estimate the amount of sea surface total alkalinity in the study area using remote sensing data. The
following is a summary of the findings of this study:
❖ Salinity data quality from satellites significantly influences the performance of the sea surface total
alkalinity model, because salinity data is an important input parameter to know the sea water
geochemistry.
❖ Local model sea surface total alkalinity has been successfully run using the SMOS / CMEMS
(salinity) and Sentinel 3 (SST) data satellites resulting in a total alkalinity map in the study area with
a spatial resolution of 500 m pixels.
❖ Since the fitting process was executed during the dry season (high salinity), the local model gives a
good estimation of sea surface total alkalinity on high salinity condition (dry season) and less on
wet season.
❖ We must point out that the Global Ocean Alkalinity model of Lee at al (2005), used here as a
starting point, presents a quadratic model structure for both SST (temperature) and PSU (salinity).
It is known that quadratic estimation functions work well within a certain range but temp to deviate
strongly at lower and higher data input value. So, although we could generate a local model, based
on the measurement in September 2018 (dry season), we are concerned and cannot recommend to
use this model far beyond the currently observed temperature and salinity data ranges (used for
calibration). We recommend to use a longer i.e. a full year observation data set in order to generate
a model applicable at full annual time scale.
❖ In the Cal-Val process, the resulting RMSE is still large if we compared it with research from Lee.
This is because the low precision of the alkalinity test kit due to the titrator was not diluted.
❖ In the study area, the monthly variability of sea surface total alkalinity is influenced by the variability
of salinity. While on the daily, sea surface total alkalinity model is influenced by the variability of
SST. This can be seen from the large monthly standard deviation of the total alkalinity model which
occurs when the SST monthly standard deviation is also large.
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❖ The local model total alkalinity, remote sensing-based, has the same performance as the Aqion
(Phreeqc) chemical model. Both models are very sensitive in salinity changes and slightly sensitive
in temperature changes.
❖ The weather and global phenomena such as Monsoon wind, La-Nina and El-Nino, Madden-Julian
Oscillation, and Indonesia Through Flow, affect the sea surface total alkalinity condition on the
study area.
❖ Also, the El-Nino seems to effect on the total alkalinity in the study area. The phenomenon can be
seen with higher sea surface total alkalinity in December 2018 compared to December 2017
❖ Monsoon winds have an impact on the seasonal variability of the total alkalinity in the study area.
High total alkalinity occurs in SE monsoon and low total alkalinity at NW monsoon.
❖ Madden-Julian had an impact on SST in the study area. However, this phenomenon does not have
a significant effect on the monthly Total Alkalinity variability.
❖ The Indonesian Through Flow phenomenon appears in the study area from June to November
2018. It was characterized by low temperatures and high salinity of seawater in the south of Nusa
Penida
❖ To determine the changes in total alkalinity due to ocean acidification, it would take longer time
because the study areas are located on the equator that have high aragonite and calcite saturation
state.
❖ Global warming which causes climate change could accelerate the effect of ocean acidification on
total alkalinity in the study area.
5.2.

Recommendation

❖ For further research, when using the practical field total alkalinity titrator kit (i.e. no chemical
laboratory available), we recommend to use a small dilution series for the titrator measurement with
the total alkalinity test kit, when doing the in-situ alkalinity measurement. This additional procedure
will increase total alkalinity field measurement accuracy and give better model fittings with smaller
RMSE.
❖ We recommend to extend the combined sea surface temperature (SST), sea surface salinity (SSS),
total alkalinity (and accompanying seawater chemistry) measurements over a longer e.g. annual
period for example using automated CTD (conductivity-temperature-pressure) loggers and regular
(e.g. weekly total alkalinity sampling and measurements). So, model fitting process in the wet season
(expected low salinity, and different temperature) can then be done, to produce a local model that
can estimate the total alkalinity in all seasons.
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❖ The combination of the remote sensing data and model with the chemical model (Aqion/Phreeqc)
can give better modeling result on Sea Surface Total Alkalinity estimation, especially the monitoring
of the spatial and temporal trends in the regional and coastal areas.
❖ The geochemical model (Aqion v.6.7.3, an interface based on Phreeqc v3+), can be used to calculate
seawater speciations (i.e. chemical element concentrations) the total alkalinity concentration on low
salinity, then apply it on local model in wet season. It can also be used to estimate the effects of
other constituents (carbon dioxide, sulphur, borate, nitrogen, phosphate species) and also biological
processes (e.g. photosynthesis) on ocean acidification. This modelling however requires good
understanding of chemical phase equilibria and also non equilibrium processes.
❖ Further research is needed to figure out the effect of biological activity on the performance of this
local model total alkalinity. This is because the study area was located on a coral reef area which
has a lot of biological activities.
❖ To study the effect of ocean acidification on the total alkalinity, it is also very useful to add the
aragonite and calcite mineral saturation state changes on the research. These are the current mostly
used acidification “parameters” in marine and climate change research. These chemical indices also
directly affect coral reef health, growth, and functioning.
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APPENDICES
APPENDIX 1: Sampling point coordinate on fieldwork measurement.

Note:

Lat
: Latitude.
Long
: Longitude.
D1_T6 : Day 1 measurement on Trajectory number 6.
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APPENDIX 2: Schedule of satellite pass on the study area.
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APPENDIX 3 : Aqion Setting Parameters and Result
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APPENDIX 4: El-Nino Index in Indonesia on 2018.

Source: (Indonesia), 2019)
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