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ARTICLEINFO ABSTRACT

The oceans play a pivotal rnlmhe carbon cyele due to its dynamics to act as a carbon source or sink to the

Keywords:

Carbon dioxide flux atmosphere. Previous studies showed that the Java Sea acts as a carbon dioxide (CO32) source. Ho , their

ft NmS: analysis was only based on the observation data which was limited in time and coverage. In the prese dy, we
lava A

utilize the advantage of satellite measurements which have wide coverage and continues monitoring. Sea surface
temperature, chlorophyll-a, sea surface salinity, surface wind speed, tropospheric mole fraction of CO, and sea
level pressure were analyzed to caleulate CO; gas transfer velocity, COg solubility, CO3 pressure in the sea water
and atmosphere to estipate CO9 flux in the Java Sea. We found that the Java Sea acts as a CO32 source. However,
during May 2015 and st 2016 small argi along the southern Borneo Island become the sink areas of CO3.

Satellite measurements

The influence of CO, gas transfer velocity CO; solubility is stronger than the difference of CO, pressure
between sea and atmosphere to determine ux in the Java Sea. Therefore, wind speed and sea surface
salinity play important role to determine the uariabililﬁ:‘{)g flux in the Java Sea. El Nino condition tends to
amplify the release of CO3 to the atmosphere since CO, gas transfer velocity, CO3 solubility and the difference of
sea and atm

€Oy pressure

1. Introduction

The glcmclimate has changed relative to the
due to the increase in global mean surface temy e, which reached
0.87 °C in 2006-2015 relative to 18! (Hoegh-Guldberg et al.,
2018). The Paris Climate Conference led to a new international climate
agreement aiming to keep global warming below 2 “C (1.5 °C), in
accordance with the recommendations of the Intergovernmental Panel
on Climate Change (IPCC) (Rogelj et al., 2018). One of the major con-
tributors for this surface warming is anthropogenic carbon dioxide
(CO: t releases to the atmosphere. The emissions of anthropogenic
COs due to fossil fuel use, cement manufacture and land-use change
have increased rapidly over the last decade (Friedlingstein et al., 2008).
The accumulated anthropogenic CO» at the atmosphere can be also
taken up by the t | biosphere and oceans. 1

The oceans play an important role as a carbon storage. The annual
global ocea take is estimated at 1.4 to 2.5 Pg C yr-1 (e. akahashi
et al., 2002; Takahashi et al., 2009; McKinley et al., 2011), with annual
rates of CO, uptake increasing with time (Le Queére et al., 2009). The
cumulative total global ocean uptake of anthropogenic CO: since

re-industrial period

increases during El Nino.

pre-industrial time is efEEfated at 120-140 Pg C (Sabine et al., 2004;
Khatiwala et al., 2009). Le Quéré etal. (2010) stated that one quarter of
the carbon emitted by anthropogenic sources is thought to be seques-
tered in the oceans, annually. Furthermore, the ocean has a vast uptake
capacity. It currently contains an estimated 40,000 Gt C (billion tons of
carbon), mostly in the form of dissolved inorganic ions. This is not
comparable with only about 800 Gt C contained in the atmosphere and
Gt C in the land biosphere (Adams and Caldiera, 2008). Thus,
understanding the role of ocean in the carbon cycle may become the
important key for global warming mitigation. Howeve ans can act
as the source or sink of atmospheric gases influenced by a number of
biological and physical processes. The airsea CO; flux is a function of
surface mixing which ishrmi.ned by wind speed and the concentra-
tion differ between COs in the air and water. The concentration in
the ocean depends e partial pressure of COs (pCO2) in the atmo-
sphere and ocean which is the functon of temperature, salinity,
photosynthesis, and respiration rate (Chester, 2000; Botkin and Keller,
2000).
Global air-sea flux of CO, has been mapped by Takahashi et al.
(2009) based on 3 million measurements of pCO2 difference between
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Fig. 1. a) Indonesian Seas Bathymetry. White arrows represent
Asian-Australia monsoon wind sy (see text for more
explanation). White contour denot 0 m depth. b) Study
area. Black boxes represent the area in the western and eastern
part of the Java Sea used for time series analysis shown in
Figs. 10-14. The background color is the average map of CO»

ta from April 2015 to February 2017. Positive (negative)

denote CO; release from (uptaken by) the sea surface.
(For interp jon of the refe es to color in this figure
¢n legend, the reader is referred to the Web version of this article.)
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Fig. 2. Coverage of observation period provided by dataset used in the mm study and the determination of El Nino and normal/weak La Nina period. Green box
denotes the observation period used in the analysis of the present study. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

surface water and male atmosphere (ApCO2) from 1970s to 2005.
They showed that the net global ocean uptake for COz is-1.42 Pg-C/yr.
Temperat polar regions become the major sink for the atmospheric
C0, while equatorial oceans are the major source for CO,. The Atlantic
Ocean becomes the most important region for CO, sink since 41% of CO,
uptake occurs in the Atlantic Ocean. The Indian Ocean and Southern
Ocean only contribute 27% of CO: uptake. The Pacific Ocean

contributes to absorb COz by 32%. However, the equatorial Pacific
(14°N-14°S) becomes the major source for atmospheric CO2, Eellitting
about +0.48 Pg-C/yr which is about 3 times larger than the net CO,
uptake of the global oceans.

As a part of the western equatorial Pacific, Indonesian Seas are left as
blank space in Takahashi et al. (2009)'s map due to the limitation of
ApCO2 measurements. On the other hand, Indonesian Seas may also
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Fig. 3. Monthly CO; flux in the Java Sea during normal ENSO condition. Positive (negative) values denote CO» release from (uptaken by) the sea surface.

play rtant role to the global carbon cycle. As one of the areas with
the longest comne in the world, Indonesian Seas receive huge amount
of terrestrial organic matter and nutrient input (Sasai et al., 2011).
Furthermore, the existe f Indonesian Throughflow which transports
about 15 Sv water mass from the Pacific Ocean to the Indian Ocean (e.g.
Sprintall et al., 2009; Susanto et al., 2016) may also contribute to the
carbon transport between these two oceans.

To overcome this problem, Kartadikaria et al. (2015) collected and
conducted the measurements of sea surface pCOz from 1984 to 2013
within Indonesian Seas mainly during summer monsoon. By inter|
lating into 30 min grid and 150 km radius, they showed that Indon
Seas predominantly act as the carbon source spread from the Java Sea,
Flores Sea, Savu Sea and the most part of the Makassar Strait. The carbon
sink is observed in the Sulawesi Sea, small parts of Makassar Strait and
the northem part of Bali Island. However, due to the limitation of the
continuity measurement, their results cannot briefly explain the sea-
sonal variation of pCO2 flux within Indonesian Seas. On the other hand,
Zhu et al. (2009) offered the sea surfa 0, calculation from satellite
data. They managed to estimate pCO, in the South China Sea by using

the algorithm derived from AVHRE B2 Surface Temperature (SST)
and SeaWiFS Chlorophyll-a (Chl a) data with good accuracy. The root
mean square error (RMSE) of the estimated pCO, ily 4.6 patm.
Adopting their algorithm, the present study estimates sea surface pCO2
in the Java Sea, the area which is adjacent to the South China Sea. Both
seas also have the same characteristics as the shallow seas and become
the major rou the Asian-Australia Monsoon System (e.g. Wyrthd,
1961; Mohtadi et al., 2011; EERhuwardani et al., 2018; Susanto et al.,
2006) which may affect the rate of air-sea gas exchange (I'iz. 1). The
Summer Asian monsoon is characterized by northwesterly wind blowing
from Asia to Australia, which brings humid air and therefore causes the
rainy season in most areas in Indonesia, while Winter Australia monsoon
blows southeasterly from Australia to Asia b g dry air mass which
causes the dry season in Indonesia (Griffiths et al., 2009; Chang et al.,
2005; Chang et al., 2006). Summer Asian (Winter Australia) monsoon
occurs from June to August (December to February). Thus, March to
May (September to November) is categorized as the first (second)
transition season. For atmospheric pCO,; we used tropospheric CO, mole
fraction from Atmospheric Infrared Sounder (AIRS) following the
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Fig. 4. Monthly ApCO; in the Java Sea during normal ENSO condition. Positive (negative) values denote pCOz, is higher (lower) than pCOz,.

algorithm of Dickson et al. (2007). Taking the advantage of satellite
measurements which have wide coverage and continues monitoring, the
present study is the first study to investigate the spatio-temporal dis-
tribution of CO3 flux in the Java Sea. It is also the first study to examine
the key parameters at the sea surface (i.e., 55T, Chla, sea surface
salinity, and surface wind) to obtain the most influencing parameter for
COs flux in the Java Sea. Furthermaore, ffect of El Nino 2015-16
which is categorized bymer El Nino (e.g. Chen et al., 2017) is also
described in the present study.

2. Data and method
2.1. Data

For oceanic data we @S‘T and Chl a derived from high spatial
and temporal resolution data of the Moderate Resolution Imaging
Spectroradiometer (MODIS) Aqua Lv3, i.e., daily and 0.04 © = 0.04 ©
(Esaias et al., 1998). These datasets have beel ed and calibrated
against in situ data and ensure the best accuracy (e.g., Zhang €Y., 2006;
Ghanea et al., 2015; Lee et al.,, 2010; Qin et al., 2014). Sea surface
salinity (SSS) is obtained from monthly Soil Moisture Active Passive

(SMAP) mission with spatial resolution of 0.25 © = 0.25 ® (Meissner
et al., 2019).

For atmospheric parameters we used monthly tropospheric fraction
mole of CO» obtained from AIRS measurement (AIRS Science Team/-
Joao Teixeira, 2008). The spatial resolution of this dataset is 2.5° = 2.0
“. Surface wind speed is obtained from daily Advanced Scatterometer
(ASCAT) with spatial resolution of 0.25 * = 0.25° (Figa-Saldana et al.,
2002). For Sea Level Pressure (SLP), we used 6 hourly European Rean-
alysis (ERA) Interim with the grid interval of 0.25 © = 0.25 ° (Dee et al.,

1). In addition, Oceanic Nino (ONI) index was used as reference for
El Nino Soi jllation (ENSO) period. ONI index was obtained
from https mw.cpc.nccp.noaa.gov/data/indiccs/oni.ascii.b(t,
described as the SST anomalies in the Nino 3.4 region (5°N-5%S,
170°W-120°W) wi basis period of 1971-2000. Bathymetry is ob-
tained from ETOPO, a 1 arc-minute global relief model of Earth’s surface
that integrates land topography and ocean bathymetry (Amante and
Eakins, 2009).

2.2, Method

Before commencing the calculation for estimating carbon flux, all
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Fig. 5. Monthly k,, in the Java Sea during normal ENSO condition.

parameters were interpolated into 0.04 © x 0.04 © with nearest neigh-
bour meth follow the spatial resolution of MODIS SST and Chla
data. Since lysis is based on monthly data, the daily and semi
daily data of SST, Chl_a, and SLP data were averaged into monthly data
following Wirasatriya et al. (2017)'s equation:

RN ¢:
Xix,v)= a Z.u(.t, V1) (1)

i=1

where X{(x.y) is monthly mean value at location (x,y), xi(x,y.t) is ith
value of the data at (x,y) location and time t. Furthermore, n is number
of data in 1 month for monthly calculation. If xi is a hollow pixel, that
pixel is excluded in the calculation.

Furthermore, due to the limitation of the observation period of each
dataset, the present study can only estimate the carbon flux in the Java
Sea from April 2015 to February 2017 (Fig. 2). This period of observa-
tion covers El Nino condition from April 2015 to April 2016 as denoted
by the ONI index for more than 0.5 “C. The period from May 2016 to
February 2017 is categorized as a normal year and therefore this period
was used to obtain the seasonal variation of carbon flux in the Java Sea.

To calculate CO, flux in the Java Sea, we used an equation that has
been used by y researchers to estimate the carbon flux for the
marginal seas (e.g., Zhu et al., 2009) and global oceans (e.g., Feely et al.,

2001; Tsai and Liu, 2003; Takahashi et al., 2002) summarized in Rob-
bins et al. (2010). The equation is:

F= k’W.‘l x KH x (ﬂpcoz)sm-.ﬂm:\sphcrc (2)

where F and A,COz are the net ocean—atrrmlene CO;3 flux (mmol/m?/
day) and the partial pressure difference of CO3 in the sea surface and the
atmosphere, respectively. k., is the CO: gas transfer velocity in m/s
which is calculated from SST and wind speed following Wanninkhof
(1992) as:
Ky = 031 % ugy % (Sc/660)™? 3)

where w1y is wind speed (m/s) at 10 m above sea level. Sc is Schmidt
ber, calculated from SST as follows:

Sc = 2073.1 - (125,62 x 1) + (3.6276 x %) - (0.043219 x 1) 4)

where t is 55T in °C. Furthermore, Weiss (1974) provides the formula to
estimate Ky which is COz solubility in mol/l/atm in sea water derived
from SST and S5S.

Ky = -538.00931 + 90.506%/(T/100) +g‘)4ﬂ s An(T/I00)) + ...
S x (0.02776-0.02588 x (T/100) +0.0050578 x (T/100)%) (5)
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where T and § are 55T in Kelvin and S5S in PSU, respectively.
The partial pressure CO:z of sea water (pCOaw) was estimated
following Zhu et al. (2009) derived from S5T and Chl a data.

pCO2y a}lt2 + 619 Chl_a® +365.85t - 94.41 Chl_a +5715.94 (6)

The partial pressure of CO3 in the air (pCO2,) was calculated from the
formula of Dickson et al. (2007).

pCO2 = XxCO24(pp-pH20) (7)

where xCO2, and py, are the CO2 mole fraction in the troposphere (ppm)
and SLP (atm), respectively. pH20 is saturation vapor pressure of sea
water in atmosphere and it was calculated from Weiss and Price (1980)'s
formula as a function of S5T and S55.

15
pH2O = exp (24.4543-67.4509 x (100/T))-4.8489 x In (T/100)-0.000544 x S)

3. Results
3.1. Spatial distribution of carbon dioxide fluxes in the Java Sea

First, we constructed a composite map of all data period, i.e. from
April 2015 to 2017 to obtain the general feature of the spatial
distribution of CO2 flux in the Java Sea. The result is depicted in Fig. 1b.
Positive CO is observed in all grids of the Java Sea. This means that
the Java Sea acts as a CO, source for the atmosphere. The strong (weak)
€0, source is obtained at the eastern (western) part of the Java Sea.

(8)
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For the second step, we analyzed theorlal variation of CO, fluxes especially during August 2016. The positive (lnative) flux is related to
in the Java Sea which is represented by the period of observation from the positive (negative) ApCO, at the eastern (western) n‘t of the Java
May 2016 to February 2017. The spatial distribution of CO, flux, ApCO,, Sea. It should be noted that the negative ApCO, at the western part of
k., and Ky are presented in Figs. 3-6, respectively. The first transition the Java Sea is not as large as the positive ApCO, at the eastern part of
season (represented by May 2016) has the highest values for positive the Java Sea and the negative ApCOsz is only observed partially at the
CO; flux and positive ApCOs. Large positive CO» flux which reaches western part of the Java Sea i.e., along the southem part of Borneo Is-
more than 10 mmol C{)y’mz;’day is observed at the eastern part of the land. ks and Ky attain maximum during summer monsoon. Ky (kya)
Java Sea. The large positive COz flux corresponds to the large positive of shows a maximum in August (July) 2016 and the eastern part of the Java
ApCO2 which reaches 30 at m. At the western part of the Java Sea, COz Sea reaches a magnitude about 2.75x 102 mol/1/atm (25 m/s). Since
flux and ApCO, are still positive but lower than that at the eastern part. k., and Ky is high, the small negative of An)z at the western part still
Contrary to CO, flux and ApCO, the velocity of k,,, is low during the can amplify the negative flux of CO, at the western part of the Java Sea.

first transition season. Furthermore the velocity of k,,, atthe eastern part During the second transition period (September to November 2016},
is only slightly higher than at the western part. For the spatial distri- the COz flux is positive but it is not as large as the first transition and
bution of Ky is almost uniform in the Java Sea and the value is only less summer monsoon. Although positive ApCO3: increases in November
than 2.6 % 10" mol/1/atm. 2016, the magnitude of k. and Ky reach the minimum in November

During summer monsoon (June to August 2016) distinct spatial 2016. The magnitude of k. and Ky in the Java Sea is only less than 5 m/
distribution of CO» fluxes are observed in Java Sea. Positive (nega- s and less than 2.55 x 107 mol/l/atm, respectively. Thus, the weak
tive) CO, flux are identified at the eastern (western) part of the Java Sea positive of the CO, flux corresponds to the small value of positive k,,,
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and Ky during the second transition season.

For the winter monsoon season (November 2016 to January 2017),
we cannot observe the spatial distribution of CO2 flux and ApCO; during
this period, due to high cloud coverage that obstructed satellite mea-
surements. Thus, we skip the analysis for CO2 flux and ApCO2 during the
winter monsoon season. For k,,, and Ky, their magnitude increase dur-
ing the winter monsoon season after reaching a minimum during the
second transition season. The peak of k,,, (Ky) magnitude during winter

monsoon occurs in December (February) 2016. However, their magni-
tudes are still lower than the magnitud ched in summer monsoon.

The third step is the analysis of the effect of El Nino on the distri-
bution of CO3 flux in the Java Sea which occurred from 2015 to mid
2016. During the first transition season (represented by May 2015), COz
release is still observed at the eastern part of the Java Sea (Fig. 7). CO2
uptake is observed at the western part of the Java Sea along the southern
part of Bomeo Island. The magnitude of CO2 flux during El Nino is larger
than that during normal condition. This corresponds to the larger
amplitude of ApCO,, k,,, and Ky during El Nino than during normal
condition.

During summer monsoon season (repnesenteca August 2015), large
CO: release is observed at the eastern part of the Java Sea from the
southern part of Makassar Strait to the southern part of Borneo Island
which is denoted by more than 10 mmol;’mz,a’day of COz flux (Fig. 8).
Furthermore, an extreme CO3 release by more than 20 rrl.rrlol/mz,a’day
appears at the southern part of Makassar Strait. This is caused by the
maximum value of ApCO., k,, and Ky at the southern part of the
Makassar Strait. At the southem part of Borneo Island, only k,,, shows
the high magnitude similar to the southem pa Makassar Strait, while
positive ApCOs, Ky are less than those at the southern part of Makassar
Strait. Thus, th > flux at the southern part of Bormneo Island is less
than that of the southern part of Makassar Strait.

The magnitude of positive CO3 flux in the Java Sea decreases during
the second transition season (represented by October 2015) (Fig. 9). At
the southern part of Makassar Strait, the positive CO, flux cannot reach
20 mmol/m®/day. This is caused by the reduction of ApCO., k,, and Ky
values in the whole Java Sea area. However, the magnitude of positive
€0, flux during the second transition season is higher than that during
the first transition season. Summarizing the analysis for these three
seasons, it can be concluded that E1 Nino tends to amplify the magnitude
of COz flux, ApCOs, kya and Ky during all seasons.

3.2, Temporal variation analysis

To obtain the relationships among variables, we conducted the
temporal variation analysis by extracting the mean value of all monthly
variables in the western and eastern boxes as sh in Fig. 1b. This
separation represents the strength of CO2 release as described in the
previous sub section. Fig. 10 shows the temporal variation of CO3 flux,
ApCO2, kya and Ky. Obviously, we can see that the CO3 source in the
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Table 1
Correlation analysis among variables. Left and right column of each variable denotes western and eastern boxes as shown in Fig. 1 b, respectively.
Variable Flux Koa Ky pCO2w
ApCO2Z ~0.16 0.1
Kua 0.4 0.85
Ky 0.4 0.82
APCO2, Koy Kt 0.5 0.96
55T ~0.89 ~0.95 ~0.99 -0.99 0.75 0.37
Chla _0.65 ~0.29
SST,Chla 0.83 0.41
W5 0.99 0.98
555 0.48 0.52
55T, WS 0.99 0.99
55T, 5585 0.99 0.99
El Nifio Normal > El Nifio Normal
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Fig. 11. Temporal variation of k,,, wind speed and SST in a) western box and
b) eastern box as shown in Fig. 1b.

eastern part is higher than that in the western part. In the westem part,
the maximum release of COx is only 5 mmol/m*/day in October 2015. In
the eastern part, the maximum release of COz reaches 17 mmol;’ng’day
in August 2015. It also can be clearly seen in both boxes that the vari-
ation of CO, fluxes are much more influenced by the variation of k,,, and
K. However, in the periods when ApCO, are low e.g., July 2015 in the
western box, and August 2016 in both boxes, the high k., and Ky do not
result in high CO; release. Statistical analysis depicted in Table 1 also
shows that k. and Ky have stronger relationship with COz flux than
ApCO2. However, the role of ApCOz cannot be neglected since the
multivariate correlation analysis produces higher correlation value than
single correlation analysis. The correlation among variables for the
eastern box are stronger than the westem box. This may be caused by the
more frequent occurrence of low ApCO, in the western box which re-
duces the correlation value between CO, flux and k,,, or K.

The variations of k,,,, SST and wind speed are depicted in Fig. 11. As

MarMay Jul SepMNovJan MarMay Jul SepNov Jan Mar
| |

2016 2017

Fig. 12. Temporal variation of Ky, 555 and SST in a) western box and b)
eastern box as shown in Fig. 1b.

a function of S5T and wind speed the variation of k. is parallel (reverse)
with the variation of wind speed (SST). In fact, previous studies have
revealed that the variability of SST depends on the variability of wind
speed (Wirasatriya et al., 2018, 2019). The higher wind speed, the more
laten t releases to the atmosphere, causing SST reduction (Wirasa-
triya et al., 2019). This result is supported e statistical analysis
denoted by very strong positive (negative) correl between wind
speed (SST) and k,,,. The correlation is even higher for the multivariate
analysis between wind speed; SST and k.. (Table 1).

The negative correlation is also found between S5T and Ky (Fig. 12,
Table 1). The variation of S5T is opposite to the variation of Ky, while
the variation of $55 nearly follows the variation of Ky. This indicates
that although correlation between S55 and Ky, is positive, the correlation
value is not as strong as 55T and K. This means that SST plays more
significant role in determining the variation of Kyy. Nevertheless, the role
of 555 cannot be ignored since the multivariate correlation among Ky
and SST and SSS is higher than the single correlation between Ky and
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p ion of the refs

SST.

The temporal variations of ApCO,, pCO,,, and pCO,, are shown in
Fig. 13. The variation of ApCO, is in accordance with the pCO,,, vari-
ation. Since the value and the variation of pCO., is too low, the variation
of ApCO3 depends only on the variation of pCOay,. Furthermore, Fig. 14
and Table 1 explain the relation among pCOay, SST and Chl a. pCOay
has positive (negative) correlation with S5T (Chl_a). The correlation of
pCO2y and 55T isstronger than pCOs, and Chl_a. However, multivariate
correlation is stronger than the single correlation. This means that both
SST and Chl_an influence the variation of pCO.,,, in the Java Sea.

Considering the correlation analysis which includes S5Ts, it is
important to be noted that the SST has the opposite impact to the
variation of pCOs,, and k,,, or K. The increase of S5T tends to increase
pCO2y but decrease k., and Ky. Since pCOzy, kywa and Ky determine the
value of CO3 flux, the role of S5Ts on determining COs flux depends on
the strength of pCO2y, kwa and Ky in influencing CO2 flux. In the case of
Java Sea, since CO3 flux is more correlated with k., and Ky than pCOa,,,
the increase of S5Ts tends to suppress CO:z release. There! wind
speed as the function of k., and S5S as the function of Ky play important
role in determining the variation of CO, release in the Java Sea.

10

es to color in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

The results obtained in the present study is further discusa‘m this
section by comparing them with the results obtained from Zhu et al.
(2009) Kartadikaria et al. (2015). Zhu et al. (2009) produces the
map of COz flux in the South China Sea during summer 2000-2005.
Their results showed that South China Sea acts as CO» source, the same
as Java Sea as obtained in the present study. The CO: release in the
South China Sea is about 8 mmol/m®/day, which is equivalent to the
€O, release in the Java Sea especially in the eastern part. Thus, since
both areas exhibit similar characteristics, the Java Sea and South China
Sea act as the CO, source for the atmosphere. In addition, Zhu et al.
(2009) showed that the variation of pCO,,, dej not only on S5T
variation but also Chl a variation as also shown in the present study.

Kartadikaria et al. (2015) shows the ApCO2 map created from the
CO2 observation. They d that the Java Sea mostly becomes the
source of COy and this is in line with the results of the present study
(Fig. 15). Regarding the effect of ENSO on the variability of ApCO2,
fortunately Kartadikaria et al. (2015)'s observation covered La Nina
period. Therefore, the result of the present study which covers El Nino
period complete the analysis of the ENSO effect on the variability of CO,
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Fig. 15. The average map of ApCO; data from April 2015 to February 2017.

flux in the Java Sea. Kartadikaria et al. (2015) stated that ApCO2 de-
creases during La Nina event,le the present study suggests that El
Nino tends to increase ApCO». However, it is important to note that both
study mainly focus on the summer monsoon season. During winter
monsoon, the effect of ENSO on the variability of ApCO2 might be
different since Wirasatriya et al. (2018) found that El Nino (La Nina)
tends to increase (reduce) 55T in the Java Sea during this season due to
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the reduction (increase) of northwesterly wind speed. Therefore, the
analysis of COz flux in the Java Sea during winter monsoon season still
remains unclear and to be potentially investigated in the future study.

It has been shown in Fig. 8 that a very large positive flux by more
than 20 mmol/m?/day appears in the southem part of Makassar Strait.
This outstanding positive flux is contributed by the large ApCO., k., and
Ky during El Nino period. Setiawan and Kawamura (2011) found that
the southern part of Makassar Strait is known for the occurrence of
upwelling areas during summer monsoon season. This upwelling con-
dition is denoted by low SST, and high Chl_a caused by strong easterly
wind that generate offshore Ekman Transport. This easterly wind is
enhanced during El Nino condition (Wirasatriya et al., 2018). Therefore,
stronger wind speed and lower SST (higher Chl a) during El Nifio in-
crease k,,, and Ky (pC0Oy,,). This trend continues until the second tran-
sition period (represented by October 2015) (Fig. 9). However, the
amplitude of CO2 flux decreases following the decrease of ApCOz, kya
and Ky. These results show that El Nino tends to increase the CO3 flux as
consequences of the increase of ApCO32, kys and Ky,

Some important findings that need to be ad in the present
study are as follows. We found the signature of the seasonal variation of
€03 flux in the Java Sea. The maximum COz release occurs during the
first transition season which is related to the highest positive value of
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ApCO3 in the Java Sea. In terms of interannual variation, El Nino tends
to increase the magnitude of CO2 flux in the Java Sea. We also found that
among the examined oceanic and atmospheric parameters, wind speed
and 555 plays more important role than SST and Chl a to determine the
variability of CO, flux in the Java Sea. However, it is important to be
noted that since the CO, flux presented in this study is based on the
calculation of various atmospheric and oceanic parameters derived from
satellite measurements, further investigation by using continuous CO»
measurements are needed to support the result of the present study.
These tasks are left for future study.

5. Conclusion

The estimation of COz flux in the Java Sea has been conducted from
various parameters obtained from satellite measurements and the results
are concluded as follows:

1. Generally, the Java Sea acts as a CO, source. However, during May
2015 and August 2016 small areas along the southern Borneo Island
become the sink areas of COa.

2. During the normal ENSO period, the largest source of CO» was found
in the first tranm'l season which is related to the highest positive
value of ApCO: in the Java Sea.

3. The eastern part of the Java Sea has larger CO, flux than the western
part since ApCO., k., and Ky are stronger at the eastern part than at
the western part of the Java Sea.

4. El Nino condition s to amplify the release of CO: to the atmo-
sphere since CO» gas transfer velocity, COz solubility and the dif-
ference of COy pressure between sea and atmosphere increase during
El Nifio. >

5. The influence of CO» gas transfer velocity and CO2z solubility is
stronger than the dil’fefB:e of COy pressure between sea and at-
mosphere to ine CO; flux in the Java Sea. Therefore, wind
speed and SSS play an important role in determining the variability
of CO, flux in the Java Sea.
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The authors regret that Fig. 13 in the original published article is
incorrect and the correct Fig. 13 is included below.
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Fig. 13. Temporal variation of ApCOsg, pCOa,y (red solid line) and pCOs, (red
dashed line) in a) western box and b) eastern box as shown in Fig. 1b.
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