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A numerical model system was developed and applied to simulate air-sea fluxes of

CO2 and coral reef calcification in the Indonesian Seas and adjacent ocean basin for

the period 1960–2014 on a fine resolution grid (ca. 11 km) in order to study their

response to rising sea water temperatures and CO2 concentrations in the atmosphere.

Results were analyzed for different sub-regions on the Sunda Shelf (Gulf of Thailand,

Malacca Strait, Java Sea) and show realistic and different levels, signs and pronounced

temporal variability in air-sea CO2 flux. The Gulf of Thailand changes from an atmospheric

CO2 sink during the boreal winter to a CO2 source in summer due to higher water

temperatures, while other sub-regions as well as the entire averaged Sunda Shelf act as

a continuous source of CO2 for the atmosphere. However, increasing atmospheric CO2

concentrations weakened this source function during the simulation period. In 2007,

the model simulations showed even a first flux inversion, in course of which the Java

Sea took up CO2. The simulated trends suggest that the entire Sunda Shelf will turn

into a permanent sink for atmospheric CO2 within the next 30–35 years if current trends

remain constant. Considering the period between 2010 and 2014, coral reef calcification

enhanced the average CO2 emission of the Sunda Shelf by more than 10% from 15

to 17 Tg C yr−1 due to lowering the pH and increasing the partial pressure of CO2 in

surface water. During the entire period of simulation, net reef calcification decreased

although increasing seawater temperature mitigated effects of reduced CO2 emission

and the resulting decrease of the pH values on reef calcification. Our realistic simulation

results already without consideration of any biological processes suggest that biological

processes taking up and releasing CO2 are currently well balanced in these tropical

regions. However, the counteracting effects of climate change on the reef calcification,

on other biological processes and the carbonate system need to be investigated in more

detail. SST increased by about 0.6◦C during the last 55 years, while SSS decreased by

about 0.7 psu.
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Mayer et al. Air-Sea CO2 Flux and Calcification

FIGURE 7 | Simulated parameters as spatially averaged yearly running means for the entire Sunda Shelf Sea (gray), Gulf of Thailand (red), Malacca Strait (green), and

the Java Sea (blue). pH is in seawater scale; “Omega” is the saturation state of aragonite; “calc rate” means aragonite calcification rate. Locations of regions are

shown in Figure 2C.

3.2. Carbonate System at Certain Points
For spatially non-averaged simulation results, seven different
locations have been selected to present the differences of the
simulation results “without-with” calcification, again as yearly

running means, see Figure 9: two neighboring points (nBan) in
the Banten Bay, just north of west Java Island, with 55 and 10%
coral reef coverage, two almost neighboring points (wMak) in the
Spermonde Archipelago, southern Makassar Strait, with 44 and
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FIGURE 8 | Simulated parameters as spatially averaged monthly means for the Java Sea without biological processes (blue) and with calcification (red). pH is in

seawater scale; “Omega” is the saturation state of aragonite; “calc rate” means aragonite calcification rate. SSS and SST are for both simulations.

14%, and three points without any coral reefs: central western
Java Sea (wJaS), central and southernMalacca Strait (cMlc, sMlc).
All locations are marked in Figure 1.

The time series for both nBan locations nearly match each
other, even though their reef coverage with 55 and 10% is quite

different. Their calcification rates per m2 are nearly the same
because of similar water properties at both locations–due to the
current system and the resulting dispersion. The calcified mass
(not shown), however, is much larger at nBan55 due to the higher
coral occurrence. In contrast to this, both wMak points (44 and
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FIGURE 9 | Differences of simulated parameters without-with reef calcification as yearly running means for certain grid points (see Figure 1). Colors are mapped to

locations in the calc rate graph: nBan: north of Banten Bay, wMak: west of City of Makassar, wJaS: western Java Sea, cMlc/sMlc: central/southern Malacca Strait,

numbers in location names mean % of reef coverage. pH is in seawater scale; “calc rate” is aragonite calcification rate (only simulation with corals). CO2 flux and pH

values are shown twice: the lower two panels are monthly values to visualize the seasonal variability.

14%, green and blue curves in Figure 9), which are not direct
neighbors, show slightly different but comparable calcification
rates per m2, but their unequal calcified masses, due to different
coral occurrence, influence the water properties in their grid cells

also quite differently. As expected, the changes in the wMak44
water are larger for all parameters, e.g., with higher pH decrease
of around 0.025 at wMak44 vs. 0.01 at wMak14, higher pCO2

increase of 15-25µatm at wMak44 vs. 5–15µatm at wMak14.
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FIGURE 10 | Simulated aragonite calcification rates as spatially averaged yearly running means for the entire Sunda Shelf Sea (gray), Gulf of Thailand (red), Malacca

Strait (green), and the Java Sea (blue). Shown are the rates in gCaCO3 m
−2 y−1 (upper), and in Mt y−1 of carbon and of aragonite.

This leads also to a stronger increased CO2 release at wMak44
than at wMak14.

Naturally, dispersion of properties plays also an important role
in marine environments. This is evident from the time series of
the three locations without any coral coverage (wJaS00, cMlc00,
sMlc00), where the visible differences between simulation results
without and with calcification in Figure 9 were not locally
generated but transported to these places.

To stronger illuminate the variability, the lower two panels
of Figure 9 display monthly averages instead of yearly running
means for two important parameters, the atmosphere-ocean CO2

flux and the pH value. Seasonally and locally (e.g., at wMak44,
green curves), the pH value can decrease by up to 0.06 units,
and the CO2 outgassing can increase by up to almost 10 mmol
Cm−2 d−1.

4. DISCUSSION

In this section, we discuss our model results according to the
most important processes we aimed to investigate in this first
step of our model application: the air-sea flux of CO2, the ocean
acidification, and the coral reef calcification. They are connected
to each other, because the first one has implications on the second
and subsequently on the third one.

In the previous section, we have shown that our model results
agree quite well with observational data already for the first
part of simulation, which was without any biological processes.
This might suggest that the basic biological processes in
the tropical shelf sea—photosynthesis, respiration, calcification,
dissolution—are overall well balanced. The consideration of
realistic net coral reef calcification rates leads to a slight change
of geochemical parameters in the seawater and in the exchange
of CO2 between ocean and atmosphere. Obviously, this has an
overall moderate impact on the carbonate system in the tropical
shelf sea, which might, however, alter with climate change
effecting the several involved processes differently.

4.1. Air-Sea Fluxes of CO2
For the entire Sunda Shelf, the air-sea CO2 exchange are generally
directed from ocean to atmosphere with a seasonal variation

due to the seasonality of the atmospheric CO2 concentration.
In some areas like the Gulf of Thailand, emission of CO2

occurs only seasonally, in other parts like the Java Sea, seasonal
CO2 uptake started in recent years. Obviously, there is a trend
toward less outgassing or more uptake for all areas superimposed
by the trend of growing atmospheric CO2 content. Assuming
constant trends in atmospheric CO2 concentration, in SSS and
SST development, according to Table 2, there will be no CO2

emission in the Sunda Shelf domain any more after 30–35 years–
with all consequences on the ocean acidification and the marine
biology.

The effect of Equation 3 showing the production of CaCO3

and additional CO2 in the seawater is a shift of the curve of air-
sea CO2 flux toward more emission. For the Sunda Shelf water,
this effect amounts to about 10% from 15 to 17 TgC y−1 because
of the overall small coral reef coverage. For local areas, however,
the effect can be as high as visible in Figure 9 by the green curve
showing an increase of outgassing by up to 3.5 mmol Cm−2 d−1

for a location with a 44% coral reef coverage.

4.2. Ocean Acidification
The simulated trend for the pH values (see Table 2: decrease
of around 0.1 per century) is consistent with publications for
other regions (e.g., Santana-Casiano et al., 2007, Canary Islands,
around 0.1 units per century). This indicates that biological
processes may not change the trend significantly. Most likely,
they influence the pH level, correspondingly to what we found
in our results without and with coral reef calcification. Following
DeCarlo et al. (2017), the consideration of biological processes
in coral reefs would increase the pH value and also the aragonite
saturation state because of net CO2 fixation from net ecosystem
production (NEP). This would, in turn, enhance NEC. But NEC
would reduce the pH value again. Also Silverman et al. (2007)
found from their observations a dependency of NEC on nutrient
concentrations, which corresponds to a dependency of NEC on
NEP.

Therefore, the consideration of biological processes other than
reef calcification by means of NEP would, on the one hand,
lead to an increase of the pH level and a subsequent increase of
calcification rates, which would then, on the other hand, lower
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TABLE 1 | Some geometric data about the sub-domains mentioned in the text.

No Region 2D Grid 3D Grid ∅Depth Area Volume Reef area Reef cover

points cells (m) (km2) (km3) (km2) (%)

1 inner Sunda Shelf 15,396 89,063 48.8 1,893,307 92,374 14,689 0.8

2 Gulf of Thailand 2,587 13,606 41.7 315,437 13,161 1,279 0.4

3 Malacca Strait 1,131 6,726 50.6 139,330 7,052 724 0.5

4 Java Sea 3,543 17,907 40.3 436,274 17,576 4,249 1.0

5 entire Sunda Shelf 21,425 166,277 116.9 2,629,059 307,200 43,128 1.6

Regions are shown in Figure 2C; “inner Sunda Shelf” corresponds to the sum of all four colored regions in that figure.

TABLE 2 | Averages (2010–2014) and trends (1965–2014, 50 years, in units per century) in simulated time series without biology (“no bio”) and with calcification (“w calc”).

Parameter Unit i. Sunda Shelf Gulf of Thailand Malacca Strait Java Sea

no bio w calc no bio w calc no bio w calc no bio w calc

AVERAGE VALUES FOR 2010–2014

TA µmolC kg−1 2,271 2,262 2,269 2,263 2,270 2,261 2,268 2,257

DIC µmolC kg−1 1,984 1,978 1,972 1,967 2,013 2,007 1,968 1,961

pCO2 µatm 432 434 410 411 494 497 417 420

flCO2 mmolCm−2 d−1 −1.8 −2.0 −1.1 −1.1 −1.8 −2.0 −1.5 −1.7

mol Cm−2 y−1 −0.7 −0.7 −0.4 −0.4 −0.7 −0.7 −0.5 −0.6

gCm−2 y−1 −8.4 −8.4 −4.8 −4.8 −8.4 −8.4 −6.0 −7.2

PgC y−1 −0.015 −0.017 −0.002 −0.002 −0.001 −0.001 −0.003 −0.003

pH − 8.00 7.99 8.02 8.02 7.95 7.95 8.01 8.00

�a – 3.4 3.6 3.3 3.5

�a,cf – 7.3 7.6 7.0 7.4

ratea mmol CaCO3 m
−2 d−1 34.04 37.43 30.89 35.93

gCaCO3 m
−2 y−1 1,317 1,448 1,195 1,390

MtCaCO3 y
−1 18.1 1.9 0.9 5.8

kmol C y−1 175 17 8 58

10−3 PgC y−1 5.5* 2.1 0.2 0.1 0.7

SSS psu 31.8 30.9 30.0 32.0

SST ◦C 29.0 29.2 28.8 29.2

TRENDS FOR 1965–2014 IN UNIT PER 100 YEARS

TA µmolC kg−1 −8 +4 −14 −4 −7 +4 −4 −1

DIC µmolC kg−1 +4 +5 +50 +64 +18 +25 +50 +52

pCO2 µatm +87 +86 +121 +120 +78 +76 +98 +99

flCO2 mmolCm−2 d−1 +5.0 +5.0 +2.3 +2.4 +3.2 +3.2 +5.4 +5.3

mol Cm−2 y−1 +1.8 +1.8 +0.9 +0.9 +1.1 +1.2 +2.0 +1.9

gCm−2 y−1 +21.6 +21.6 +10.8 +10.8 +13.2 +14.4 +24.0 +22.8

PgC y−1 +0.042 +0.042 +0.003 +0.003 +0.002 +0.002 +0.010 +0.010

pH − −0.08 −0.07 −0.11 −0.11 −0.06 −0.06 −0.08 −0.08

�a – −0.46 −0.66 −0.39 −0.50

�a,cf − −0.96 −1.37 −0.81 −1.03

ratea mmol CaCO3 m
−2 d−1 −5.43 −7.96 −2.82 −6.85

gCaCO3 m
−2 y−1 −210 −307 −109 −265

MtCaCO3 y
−1 −2.86 −0.41 −0.08 −1.03

kmol C y−1 −27 −4 −0.8 −10

10−3 PgC y−1 −0.53* −0.32 −0.05 −0.01 −0.12

SSS psu −1.34 −0.96 −2.82 −1.79

SST ◦C +1.05 +1.47 +1.08 +0.96

“i. Sunda Shelf” means inner Sunda Shelf consisting of all color-shaded sub-domains on the Sunda Shelf as presented in Figure 2C. “flCO2” is the air-sea CO2 flux (neg.: outgassing),

“ratea” the aragonite calcification rate, “cf” calcifying fluid. *These aragonite calcification rates are the sum for the entire Sunda Shelf as depicted by the 200 m line in Figure 2C, where

the other region locations are also shown.
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the pH level again. The estimations of the net effect of NEP
plus NEC, i.e., the balanced state at the end including the rates
of NEP and NEC, was not possible within the current study.
However, it would definitely be a further research project worth
to be performed.

In other intensively studied shelf areas like the North Sea,
biological processes such as CO2 uptake during photosynthesis
and its subsequent export into sub-surface water or directly into
the underlying sediment strongly influence the air-sea fluxes
of CO2 (Lorkowski et al., 2012). In their studies, this function
was declining during 1970-2006. Others like Metzl et al. (2010)
found also declining carbon shelf pumping effected by increasing
SST and decreasing pH values. Similar results were obtained by
Lauderdale et al. (2016). These authors quantified the air-sea CO2

flux drivers and find an oceanic CO2 uptake due to biological
activity, opposing all other drivers, for the tropical Indian,
Pacific and Atlantic Oceans. However, their findings result from
investigations in the open ocean and are not necessarily valid for
a tropical shelf sea like the Sunda Shelf region.

4.3. Coral Calcification
Our estimated calcification rate for the entire Sunda Shelf
amounts to 5.5 TgC y−1 (Table 2). Bauer et al. (2013) give a
rate of 150 TgC y−1 for the global coastal inorganic carbon
burial, Chen and Borges (2009) publish a rate of 180 TgC y−1 for
the global particulate inorganic carbon burial including the fish
catches on shelves. Therefore, according to our model results, the
contribution of the coral reef calcification only on the Sunda Shelf
is 3–4% of the global coastal carbon extraction. If we take this
percentage for all warm water coral reefs and assume that the reef
area on the entire Sunda Shelf amounts to 10% of the global coral
area (see Introduction and Table 1: 43,128 out of 423,582 km2),
the global contribution of warm water coral reef calcification to
the permanent extraction of inorganic carbon from the water
column would be 30–40%.

For the simulation of the calcification process in a coral reef,
we applied an equation for the net calcification rate, which
represents the gross calcification minus biological and chemical
dissolution (NEC of the entire coral reef communities). However,
dissolution of CaCO3 is not necessarily a certain and constant
proportion of the calcified aragonite mass as published for
example by Silverman et al. (2007). Therefore, an improvement
of the model results would be a consideration of dissolution rates
to make this process depend on the aragonite saturation and
the temperature in the seawater, possibly also on the nutrient
concentration.

As obtained from the model results, the trend of SST is
an increase by more than 1◦C per 100 years, which has an
enhancing effect on the calcification process (Cooper et al., 2012).
The pH values are decreasing by 0.07–0.11 units per 100 years,
which is lowering the calcification rate (Kleypas et al., 2006;
Hoegh-Guldberg et al., 2007). Hence, these two trends have an
opposing effect on the calcification process. However, according
to our model results, the dominant component is the pH value
reducing the availability of CO2−

3 in the calcifying fluid when
decreasing in the seawater. Additionally, the SSS time series
show also a decreasing trend (1–2.8 psu per 100 years), due

to increasing precipitation (rain), reducing the availability of
Calcium necessary for calcification.

5. SUMMARY AND CONCLUSIONS

A numerical model systemwas applied to the tropical Indonesian
Seas to simulate the CO2 air-sea flux under the influence of
increasing atmospheric CO2 and under the additional influence
of aragonite calcification from coral reefs for a period of almost
60 yeas. As a first step, simulations were performed without
consideration of any biological processes. The long-term time
series show realistic values and trends for relevant geochemical
parameters of the physical and carbonate systems, supporting
the findings of other authors regarding ocean acidification.
The good agreement of these simulation results (no biological
processes) with estimations from observational data suggests that
biological processes taking up and releasing CO2 are currently
well balanced in these tropical regions. As a second step,
we repeated the simulation but considered reef calcification,
achieving realistic results for the calcification rates (around 1,400
gCaCO3m−2 y−1). The effect of this was an increase of CO2

emissions. During the period from 2010 to 2014, calcification
enhanced the average CO2 emission of the Sunda Shelf by more
than 10% from 15 to 17 Tg C yr−1 due to lowering the pH and
increasing the pCO2 in surface water. The long-term simulation
results for the total rate of reef calcification as well as a lowering
of reef calcification rate.

The Sunda Shelf region used to be generally a source of
CO2 for the atmosphere. However, influenced by increasing
sea surface temperatures, enhancing outgassing, and increasing
atmospheric CO2 concentrations, damping outgassing, the CO2

emissions were reduced on the Sunda Shelf. In some parts,
the CO2 flux was even reversed to oceanic uptake. Overall,
the entire Sunda Shelf is expected to turn into a permanent
atmospheric CO2 sink within the next 30–35 years, assuming
that our estimated trends are constant. On the long-term, this
definitely would have a severe impact on the marine biological
environment.

One of our major findings from our simulations is that
tropical marine environments are really not all the same. It
is possible and necessary to distinguish different regimes even
within the limited Sunda Shelf region. They show different
influences from calcification, different behavior in the carbonate
system with some regions acting as a CO2 source and others as a
CO2 sink for the atmosphere, and—more important—different
trends in the long-term time series. This points out that it is
important but not sufficient to investigate the global impact of
climate change, because consequences on the regional scalemight
significantly defer from the global overall results and be much
more severe.

To obtain further realistic and reliable results, especially
for climate projections, the simulation of net reef calcification
should consider both aragonite production and dissolution rates,
not only an overall net rate, as well as primary production
and respiration processes, because the several components
might change differently with climate change. Furthermore,
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a temperature dependent limitation of coral growth will be
incorporated to enable a consideration of further relevant
processes like coral bleaching. This, however, depends on the
availability of a comprehensive data inventory for this region,
which provides corresponding and consistent biogeochemical
and nutrient data to initialize and force the numerical model.
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