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CO2 FLUX IN INDONESIAN WATER DETERMINED BY SATELLITE DATA
Ni Wayan Ekayanti*? and Abd. Rahman as-syakur®?

Abstract. The oceans was considered to be a major sink for CO,. The improving of quantitative and
qualitative description about the ability of sea in uptaking or emitting CO, is a great scientific concern in
meteorological and climatological science. Measurement of the ability of sea in uptake or emitting CO,
could determined by measuring the CO, exchange coefficient on sea interface and the measuring the
different partial pressure of CO, between the air and sea. In this study, CO, flux distribution of
Indonesian waters in 2007 to 2009 was computed using monthly CO, exchange and the different partial
pressure of CO, estimated from wind speed, salinity, SST, and sea characteristic, which were obtained
from satellite data. The carbon dioxide flux thus was estimated and discussed by two different designs of
transfer velocity (k), of Wanninkhof (1992), kwe, relationship and by Nightingale et al. (2000), ky,
relationship. The result indicated that generally, Indonesian water was emitting the CO, to the air.
Average CO, emitting from sea to the air for recent year in 2007 to 2009 are 3.80 (mol m™2year™) and 2.85
(mol m™year™) with kys, relationship and ky relationship calculation, respectively. The total average CO,
emission from sea to the air in 2007 to 2009 for the Indonesian waters areas are 0.15 (PgC year™) and

0.12 (PgC year™) based on kg, relationship and ky relationship calculations, respectively.
Keywords: CO, flux, salinity, SST, sink and sources of CO..

1. Introduction

Carbon dioxide (CO,) is a principal
greenhouse gas (Frankignoulle et al., 1998).
Measurements of the atmospheric CO,
concentration indicated that it has been
increasing at a rate about 50% as of which is
expected from all industrial CO, emissions. The
oceans have been considered a major sink for
CO,. Hence, the improved knowledge of the net
transport flux across the air—sea interface is
important for understanding the fate of this
important greenhouse gas emitted into the earth’s
atmosphere (Takahashi et al., 1997).

Meanwhile, the world ocean plays an
important role in the earth climate. It does not
only absorb heat from the sun, but also plays
major role in carbon cycle processes (Akiyama,
2002). For long-term climate forecasts,
knowledge of the heat, momentum, and
substance exchange between the atmosphere and
the ocean is essential (Balifio et al., 2001).

The cycling of carbon between its various
organic and inorganic forms and carbon transport
from the surface to the deep sea is governed by
physical and biological processes. The processes
are commonly referred to as the physical (or
solubility) pump and the biological pump
(Frankignoulle et al., 1998). Both pumps act to
increase CO, concentrations in the ocean interior.
The physical pump is driven by the slow
overturning circulation of the ocean and by CO,

being more soluble in cold waters. Cold and
dense water masses in high latitude oceans,
particularly of the North Atlantic and Southern
Ocean, absorb atmospheric CO, before they sink
to the ocean interior. The sinking water is
balanced by upwelling (vertical transport) in
other regions. Upwelled water warms when it
reaches the surface where the CO, becomes less
soluble and some is released back to the
atmosphere (by a process known as outgassing).
The net effect is to pump CO, into the ocean
interior (Takahashi et al., 2002, 2008).

According to Balifio et al. (2001), the oceans
currently absorb approximately one-third to one-
half of the anthropogenic CO, emitted from fossil
fuels and industries. However, preliminary results
from ocean-atmosphere models suggest that we
will not be able to rely on the oceans to mop up
excess CO, in the future if current global
warming trends continue. If the surface ocean
becomes warmer, it may alter the nature and
intensity of the ocean circulation or the
availability of nutrients. Any such changes will
have an impact on the oceans’ ability to absorb
and retain the excess CO, in the future. The fate
of anthropogenic carbon emitted into the
atmosphere is essential as government’s debate
plans for emissions control and the utility of
carbon sinks. With 50 times more carbon dioxide
than the atmosphere, the ocean contains the
largest reservoir of carbon actively circulating in
the biosphere. In the long term, the ocean usage
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plays the dominant role in the natural regulation
of CO, in the atmosphere and thus exerts a
powerful influence on the climate.

The greenhouse phenomenon, for example, is
very serious for the global environment and
mainly caused by carbon dioxide in the
atmosphere. The exchange rate of CO, between
the atmosphere and ocean is therefore of great
importance. The exchange of carbon dioxide
between air and sea can be determined from air-
sea CO, concentration differences and CO, gas
exchange between air and sea (Takahashi et al.,
2002).

The study of air-sea gas exchange is
multifaceted (Wanninkhof et al., 2009).
Understanding exchange processes at the
molecular level has improved our understanding
of how environmental factors control the rate of
exchange at the air-water interface. Some of the
first studies on transfer across liquid-gas surfaces
were focuse on industrial  applications
(Danckwerts,  1970). For  environmental
applications, a significant effort has been devoted
to techniques for determining gas transfer rates,
processes that control them, theories, and
techniques to quantify gas fluxes. For
determination of gas exchange over the ocean,
many efforts have been of an opportunistic nature
and take advantage of O, disequilibria that arise
from biological productivity (Redfield, 1948) or
utilize C excesses in the atmosphere from
nuclear bomb tests, called bomb **C, that invaded
the ocean (Broecker et al., 1985, 1995, Sweeney
et al., 2007). Of particular note, there is some
improvements in meteorological flux techniques
that measure air-sea gas fluxes in the atmospheric
boundary layer on minute timescales (McGillis et
al.,, 2001) and waterside, deliberate tracer
techniques that can provide gas exchange
estimates in the field with timescales on the order
of 24 h (Ho et al., 2006).

However, much of the interest in gas fluxes
over the ocean relates to regional or global
phenomena that occur over seasonal to decadal
timescales such that upscaling of field studies is a
major consideration. Upscaling involves relating
gas transfer to the environmental factors that
influence the exchange. Most commonly,
upscaling is accomplished by relating gas transfer
to wind speed (Wanninkhof, 1992). The
upscaling is challenging because of uncertainties
in the relationship between gas exchange and
wind speed, biases in different wind speed
products, and issues with ignoring the cross

correlations between gas transfer and wind. There
is also increasing evidence that gas transfer
cannot be adequately quantifie with wind speed
alone. Several studies have shown that other
effect such as surface films (Broecker et al.,
1978, Asher and Pankow, 1986, Frew et al.,
1990, 2004, Asher, 1997; Bock et al., 1999,
Saylor and Handler, 1999, Zappa et al., 2001,
2004, 2007, Tsai and Liu, 2003). In addition,
bubble entrainment (Monahan and Spillane,
1984; Wallace and Wirick, 1992; Farmer et al.,
1993; Asher et al., 1996; Zhang et al., 2006;
McNeil and d’Asaro, 2007), rain (Ho et al., 1997,
2004; Takagaki and Komori 2007), and boundary
layer stability (Erickson, 1993) can affect the gas
transfer process.

Much effort has gone into determining a
relationship between gas transfer and wind speed,
such that gas fluxes between ocean and air can be
determined  from air-water  concentration
differences and wind speed over the ocean (Liss
and Merlivat, 1986; Wanninkhof, 1992;
Takahashi et al., 2002; Ekayanti et al., 2009;
Ekayanti et al., 2011).

Indonesia as an archipelagic country has a
great impact from climate change (Susandi et al.,
2006). In recent year, a large forest fire and coral
reef damage caused by changing of El Nino
characteristic as a result of global warming
impact. As a tropical country, Indonesia has a
large tropical forest that is important for carbon
cycle, as an absorbent of CO,. Meanwhile in
recent decade, there is much deforestation in
Indonesia, which decrease the ability of forest in
absorbing the CO, (Panjiwibowo et al., 2003).
Beside forest, as archipelagic country, Indonesia
also has large seas with total area of of 3.288.680
km? (Susandi et al., 2006). Indonesia as an
archipelagic country in equatorial area has a high
annual sea surface temperature affecting the
partial pressure on sea interface become higher
than the partial pressure in the atmosphere that
could affect the emission of CO, from sea to the
air (Takahashi et al., 2002). High annual sea
surface temperature in equatorial, also affects the
solubility, which is a physic-chemical process
that transports carbon (as dissolved inorganic
carbon) from the ocean's surface to its interior.
The solubility of CO, is a strong inverse function
of seawater temperature (i.e. solubility is greater
in cooler water and lower in warmer water)
(Raven and Falkowski, 1999). High annual SST
in equatorial area could affect the solubility of
carbon dioxide become lower so the dissolved
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inorganic carbon from the ocean's surface to its
interior is pursu.

According to Balifio et al. (2001), a physical
pump of the CO, flux is driven by gas exchange
at the air-sea interface and the physical processes
that transport CO, to the deep ocean.
Atmospheric CO, enters the ocean by gas
exchange depending on wind speed and the
differences in partial pressure across the air-sea
interface. The amount of CO, absorbed by
seawater is also a function of temperature
through its effect on solubility i.e., solubility
increase as temperatures decrease, hence cold
surface waters pick up more CO, than warm
waters.

Qualitative and quantitative study of the

ability of Indonesian waters as an absorbent or
emission carbon dioxide is very important for
Indonesia and in the effort of improving
Indonesian  negotiation  in  international
consultation about global climate policy (Susandi
et al., 2006). In recent year, there are very rare
researches in describing and informing CO, flux
and the ability of Indonesian waters in absorb or
emitting CO, in qualitative and quantitatively.
In this paper, we present CO, flux distribution of
Indonesian waters in 2007 to 2009 qualitative and
quantitatively, computed using monthly data of
CO, exchange and the different partial pressure
of CO, (ApCO,) obtained using wind speed,
salinity, SST, and sea characteristic by satellite
data. The carbon dioxide flux thus is estimated
and discussed by two different design of transfer
velocity  (k), Wanninkhof (1992),  kwey,
relationship and Nightingale et al. (2000), ky,
relationship. Those two different designs are
guadratics function of wind. Meanwhile those
two functions of wind were used to derive CO,
transfer velocity in other to get a variation of CO,
flux distribution.

2. Methods

Carbondioxyde  flux  distribution  of
Indonesian waters in 2007 to 2009 were
computed using monthly CO, exchange and
ApCO, was obtained using wind speed and SST
monthly derived from satellite data.

2.1 CO; transfer velocity

Carbondioxyde transfer velocity derived
from Quickscat satellite wind speeds used two k-
U relationships, k-U Wanninkhof (1992) and k-U
Nightingale et al. (2000).

CO2 Flux in Indonesian Water Determined by Satellite Data

The Wanninkhof (1992), kwe,, relationship
was deduced by assuming that k was proportional
to U?, the global distribution of U was a Rayleigh
distribution and the global k average was
constrained by the Broecker et al. (1985) ocean
C inventory (Wanninkhof, 1992).

The Wanninkhof (1992) parameterization
used a quadratic fit to the bomb *C inventory.
Since high-resolution satellite wind speeds are
used, the parameterization suitable for short-term
wind speed, would be:

kwez = (0.31 Uso)? x (660/Sc)*® (1)

Where:

Kwez =The Wanninkhof CO, gas transfer
velocity (cm hr?),

Sc  =Schmidt Number of radon gas =

kinematic viscosity of water divided by
diffusion coefficient of gas
(dimensionless)

U;y, =wind speed at 10 meters above mean sea
level (ms™)

The Nightingale et al. (2000), ky, relationship
was deduced from in situ tracer measurements
(SFs, 3He) performed at sea and assuming a
second order polynomial k-U relationship.

kny =(0.222 Uy? + 0.333Uy) X (600/Sc) % (2)
Where:

ky =The Nightingale CO, gas transfer velocity
(cm hrh),

The transfer of inert gas through the air
interface was controlled by the aqueous viscouse
boundary layer (Witting, 1971; Wanninkhof,
1992). Furthermore, viscosity and diffusivity
show an opposite temperature dependence.
Through this, diffusion coefficient fitted to a
temperature relationship as following formula
(Zhao, 1995).

Sc=- 8.3x10T®+ 6.7954T — 224.30T + 3412.8 (3)

2.2 Carbon dioxide (CO,) flux calculation

The carbon dioxide flux was calculated as the
following formula (Akiyama, 2002):

F=kxLxApCO, 4)
Where,
F = CO, flux (mol m? year™)

ApCO, =CO; partial pressure between ocean and
atmosphere (patm)

Lcoz = CO, gas solubility (mol liter™ atm™).
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Wanninkhof (1992) provided an empirical
formula to estimate CO, gas solubility, L based

on data fitting between the solubility,
temperature, and salinity as the following
formula:

InL = Al+ A2(100/Taps) +A3 In(Tas/100) + S
((B1+B2(T 15/100)+B3(T 1/100)?) (5)

Where, T.ps =absolute  temperature
(273.15+ T °C) K,
S = salinity (psu)

The value of active coefficient A1-A3 and B1-
B3 are shown in Table 1 (Wanninkhof, 1992).

Table 1. Coefficient for calculation of the solubility of CO,
in molar and gravimetric units

°K) =

No L with unit (moles liter" atm™)
Al -58.0931

A2 90.5069

A3 22.2940

Bl 0.027766

B2 -0.025888

B3 0.0050578

Carbon dioxide partial pressure distribution
between the atmosphere and ocean, 4pCO,, were
derived from sea surface temperature. The
ApCO, was a function of temperature, total
inorganic CO, concentration (T CO,), alkalinity,
and salinity. Metzl et al. (1995) derived pCOoypater
from the relation with sea surface temperature in
Indian Ocean. As pCO, 4, in the atmosphere
varied slowly in both spatial and temporal scale,
Zhao (1995) derived the difference of CO, partial
pressure between air and sea (4pCO,) from sea
surface temperature. The relationship between
ApCO, and SST was investigated using in situ
data and MODIS data monthly in year 2007 to
2009. Due to data limitation, related to summer
and winter period were derived using least square
fit method and the relation between ApCO, and
SST can be expressed as:

ApCO, =0.0147 T° — 0.1241 T? — 12.3453 T +
115.5879 (6)
Where,

T = Sea Surface Temperature (°C)
ApCO, = CO, partial pressure different between
atmosphere and ocean.

If seawater pCO, is less than the atmospheric
pCO,, then seawater takes up CO, from the
overlying air (indicated by negative 4pCQO,). If it
is greater than the atmospheric pCO,, it emits
CO, to the air (positive 4pCO,) (Takahashi et al.,
2002).

3. Results and Discussion

Relationship between sea surface temperature,
wind speed, and CO; flux in Indonesian waters
from 2007 to 2009 are shown in Figure 1. In
general, CO, flux in Indonesian waters follows
the monsoon circulation of Indonesia. December
to January is a winter season in the northern
hemisphere and a summer season in southern
hemisphere. July is the coldest temperature in
winter in southern hemisphere and the hottest
temperature in summer in northern hemisphere
(Clift and Plumb, 2008). According to Takahashi
et al. (2002), seawater takes up CO, from the
overlying air when pCO, seawater is less than the
atmospheric pCO,, and it emits CO, to the air
when pCO, seawater is greater than the
atmospheric pCO..

The research of annual CO, flux data in Figure
1 indicated by positive CO, flux, in general,
Indonesian waters was out gassing the CO, to the
air (Figure 2(e) and Figure 2(f)). Even though, in
some part of Indonesian waters, carbon dioxide
was absorbed from air to the sea, the CO,
absorbed become lower in higher sea surface
temperature. In higher SST, water column tended
to emit CO, (Balifio et al., 2001; Takahashi et al.,
1997, 1999, 2002, 2008, and 2009). Average
carbon dioxide emitted from sea for recent year
of 2007 to 2009 was 3.80 (mol m?year™) and
2.85 (mol m?year™) by kg, relationship and ky
relationship calculation, respectively. This mean,
for the total Indonesian water area which is
approximately 3.3 x 10° km? its total average
carbon dioxide emitted from sea to the air in
2007-2009 was almost 0.15 (Pg C year™) and
0.12 (Pg C year™) by ke, relationship and ky
relationship calculations, respectively. The ky
relationship in deriving CO, transfer velocity was
used the ko, relationship, although the value of
kwez Was little bit higher than ky. This result had a
similar value with Susandi et al. (2006) which
the CO, emission from Indonesian sea to the air
varied from 2.64 (mol m?year™) to 3.78 (mol m’
*year™).
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Figure 1. Variation in sea surface temperatures, wind speed, and CO, flux in Indonesian waters from 2007 to 2009

According to Balifio et al. (2001) the
equatorial ocean, such as equatorial Pacific, was
the largest continuous natural source of CO; in
the ocean. This was due to the combination of a
strong upwelling of CO,-rich waters and low
biological activity, as well as due to a strong
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physical pump combined with a sub-optimal
biological pump. Vigorous upwelling along the
equator brings cold, CO,-enriched water to the
surface. As this water warms up during its
journey to the surface, it holds less CO, and the
gas trapped in the water escapes to the air.



Ni Wayan Ekayanti et al.

0N
NoQ

10°5
S0}

1G0°E 110°E 120°E 130°E 140°E

[ SR B |
18 24 30 36
(Degree Celsius)

(a)

100°E 110°E 120°E 130°E 140°E

5 . 3
1C0°E 110°E 120°E 130°E 140°E
0 20 40 80
(em/hr)
(c)
o
g 2
g 3
100°E 110°E 120°E 130°E 140°E
-40 =24 -8 8 24 44Q

(mol €02 m—2 yr-1)

(e)

140°E
o it

g 2
g Biest .~ - g
100°E 110°E 120°E 130°E 140°E
| =
0 [ 12 18
(m/8)
(b)
100°E 110°E 120°E 130°E 140°E
£ 3
=
&= 3
1C0°E 110°E 120°E 130°E 140°E
0 20 40 80
(em/Rx)
C)
1C0°E 110°E 120°E 130°E 140°E
g 5

100°E 110°E 120°E 130°E 140°E

-40 -24 -8 8 24 49

(mol C0Z m—2 yr-1)

0)

Figure 2. Mean SST (a), wind speed (b), kwg, CO, (c), ky CO; (d), CO, Fluxwgy (), and CO, Fluxy (f) in Indonesian waters in

2007 to 2009.

The North Atlantic, on the other hand, is the
most intense region of CO, uptake in the global
ocean. As the Gulf Stream and the North Atlantic
Drift transport warm water northwards, it cools
and absorbs CO, from the atmosphere. This
region is also one of the more biologically
productive ocean regions because of an abundant
supply of nutrients. Thus, in contrast to the
equatorial Pacific, biological and physical factors
combine to create a substantial, though seasonal,
net flux of CO, from the atmosphere into the
North Atlantic and North Pacific. The Southern
Ocean is another important uptake region where
the cold surface water masses sink and biological
activity is sometimes intense. Seasonal changes
in the flux also occurred and the fluxes were

affected on longer time scales in response to
large-scale oceanic and atmospheric
perturbations like the ElI Nifio-Southern
Oscillation (ENSQO) cycles (Takahashi et al.,
1999). Additionally, by Takahashi et al. (2002),
the new global uptake flux obtained with the
Wanninkhof (wind speed) dependence was
compared with those obtained previously using a
smaller number of measurements, about 250,000
and 550,000, respectively, and were found to be
consistent within 0.2 (Pg C vyear'). This
estimate for the global ocean uptake flux was
consistent with the values of 2.0+0.6 (Pg C
year %) estimated based on the observed changes
in the atmospheric CO, and oxygen
concentrations during the 1990s.
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Figure 3. SST (a), wind speed (b), kyg> CO, (C), ky CO, (d), Maximum CO, uptake (CO, Fluxysg,) (€), and CO, uptake (CO,

Fluxy) (f) in Indonesian waters at December 2008.

According to Takahashi et al. (2008), the
annual sea surface temperature in equatorial area
affected the partial CO, pressure on ocean
surface, becoming higher than the partial pressure
in the atmosphere that could affect the CO,
emission from sea. The annual SST in Indonesian
waters as an equatorial area with annual vaerage
value 0f29.34°C to 31.94°C (Figure 2(a)),
affected the ApCO, between the atmosphere and
ocean in positive value (mean ApCO, = +12.97
patm to +39.29 patm). This SST condition could
affect-the CO, outgassing from sea, which also
supported by high wind speed (from 6.02 ms™ to
8.44 ms™) (Figure 2(b)). The high wind speed
could cause the higher annual CO, transfer
velocity (kwsz = 12.42 cmhr™ to 23.24 cmhr™ and
ky = 10.55 cmhr to 18.61 cmhr™) (Figure 2(c)

and 2(d)). High annual SST in Indonesian waters
also affected the CO, solubility with strong
inverse function of seawater temperature (Raven
and Falkowski, 1999). The solubility of carbon
dioxide become lower with annual solubility
0f0.026 mol liter™ atm™).

Maximum CO, absorbtion in the South China
Sea in December 2008 was shown in Figure 3(e)
(kwoz) and Figure 3(f) (ky). Using the Kkwo,
relationship, maximum value of CO, absorbtion
was 46.96 (mol m?year?). Using the ky
relationship, maximum CO, flux was 36.14 (mol
m*year™). The SST values 0f22.51 °C to 29.32°C
(see Figure 3(a)) could produce negative value of
ApCO, (mean ApCO, = -40.01 patm). The
negative ApCO, indicated that the sea could
absorb CO, from air in a maximum value. In

International Journal of Remote Sensing and Earth Sciences Vol. 8, 2011 7


http://en.wikipedia.org/wiki/Sea_surface_temperature

Ni Wayan Ekayanti et al.

adition, high wind speed, from 6.13 ms™ to 12.0
ms™* (see Figure 3(b)) could make the CO,
transfer velocity higher (kwe = 12.0 cmhr™ to
42.29 cmhr and by ky = 10.14 cmhr™ to 32.49
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Figure 4. SST (a), wind speed (b), kygz CO; (€), ky CO, (d), Maximum CO, uptake (CO, Fluxysg,) (€), and CO, uptake (CO,

Fluxy) (f) in Indonesian waters at July 2008.

In southern hemisphere of Indonesian waters,
although the CO, transfer velocity was smaller
than in northern hemisphere (kws; = 1.07 cmhr?
to 12.0 cmhr™ and by ky = 1.34 cmhr™ to 10.14
cmhr?), summer season caused big effect in
southeastern part of Indonesian waters for SST
from 29.32°C to 35.31°C. This sea surface
temperature could increase the ApCO, (mean
ApCO, = +79.94 patm) which mean that CO, was

emitted to the air. With kye, relationship
maximum value of CO, flux from the sea to the
air was 32.00 (mol m?year') and with ky
maximum CO, flux was 27.14 (mol m?year™)
(Figure 5).

During southeast monsoon, in northern
hemisphere, the sea surface temperature becomes
higher than in southern hemisphere.
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Figure 5. Minimum, mean, and maximum value of sea surface temperatures, wind speed, and CO, flux in Indonesia waters

from 2007 to 2009.

Maximum CO, emission in the northern
hemisphere of Indonesia (area of South China
Sea) in July 2009 was shown in Figure 4(e) (kwoy)
and Figure 4(f) (ky). With kwo, relationship,
maximum value of CO, emission was 46.17 (mol
myear™) and with ky relationship maximum CO,
flux was 35.22 (mol m?year™). The SST at that
time was 29.80°C to 35.20°C (see Figure 4(a))
could change ApCO, in positive value (mean
ApCO, = +78.56 patm), which means that the sea
was emitting CO, to the air in a maximum value.
In adition, high wind speed, from 6.83 ms™ to
14.80 ms™ (see Figure 4(b)) could make the CO,

International Journal of Remote Sensing and Earth Sciences Vol. 8, 2011

transfer velocity higher (kwe, = 14.44 cmhr™ to
74.34 cmhr* and ky = 12.79 cmhr™ to 55.90
cmhr), respectively (Figure 4(c) and 4(d)).

Meanwhile, in  southern  hemisphere  of
Indonesian waters, although the CO, transfer
velocity was smaller than in northern hemisphere
(kwez = 3.23 cmhr™ to 15.45 cmhr™ and by ky =
3.31 cmhr?! to 12.79 cmhr), winter season
caused big effect in southeastern part of
Indonesia waters for SST from 25.86°C to
29.80°C. This SST condition could affect the
ApCO; in negative value (mean ApCO, = -17.05
patm) meaning that sea could absorb CO, from

9
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air. With kyg, relationship maximum value of
CO, absorb from air to the sea was 11.76 (mol m’
2year™) and with ky relationship maximum CO,
flux is 9.37 (mol m™year™) (Figure 5).

4. Conclusion

Generally, Indonesian waters were emitting
the CO, with average of almost 3.80 (mol m’
?year™) or 0.15 (Pg C year™) and 2.85 (mol m’
2year™) or 0.15 (Pg C year™) for the Indonesian
waters from 2007 to 2009, with kyg, relationship
and ky relationship calculation, respectively.
Maximum CO, absorbtion occurred in northern
hemisphere (the area of South China Sea) in
December 2008. With kwe, relationship,
maximum value of CO, flux from the atmosphere
to the sea was 46.96 (mol m?year™) and with ky
relationship maximum CO, flux was 36.14 (mol
m?year?). Meanwhile in southern hemisphere,
CO, was emitted to the air, with kyg, relationship
maximum value of CO, flux from the sea to the
air was 32.00 (mol m?year) and with ky
relationship maximum CO, flux was 27.14 (mol
m?year’). Maximum CO, emission in the
northern hemisphere of Indonesia (area of South
China Sea) occurred in July 2009. With kg,
relationship, maximum value of CO, flux from
the sea to the air was 46.17 (mol m?year™) and
with ky relationship maximum CO, flux was
35.22 (mol m?year"). Meanwhile in southern
hemisphere, CO, was absorbed with kg,
relationship maximum value of 11.76 (mol m
?year™) and with ky relationship maximum value
of 9.37 (mol m?year). Additionally, CO, flux in
Indonesia waters seemed to follow the monsoon
circulation in Indonesia. The ky relationship in
deriving CO, transfer velocity seemed to follow
the kwe, relationship, although the value of ks
was little higher than ky [1 (mol m?year™) or 0.03
(PgC year™)].

5. References

Akiyama, M., 2002, Air-Sea CO, flux estimation
using satellite data, Proceeding of
international symposium on remote sensing,
Tokai, Japan.

Asher, W.E., 1997, The sea surface microlayer
and its effect on global air-sea gas transfer.
In The Sea Surface and Global Change, P.S.
Liss and R.A. Duce (ed.), pp. 251-286,
Cambridge University Press, New York.

Asher, W.E., L.M. Karle, B.J. Higgins, P.J.
Farley, E.C. Monahan, and I.S. Leifer, 1996,
The influence of bubble plumes on air-
seawater gas transfer velocities, Journal of

Geophysical
120.41.
Asher, W. and J. Pankow, 1986, The interaction
of mechanically generated turbulence and
interfacial films with phase controlled
gas/liquid transport process, Tellus B.,

38(5):305-318.

Balifio, B.M., M.J.R. Fasham, and M.C. Bowles,
2001, Ocean biogeochemistry and global
change: JGOFS research highlights 1988-
2000, International Geosphere-Biosphere
Programme Science, 2:1-32.

Bock, E.J., T. Hara, N.M. Frew, and W.R.
McGillis, 1999, Relationship between air-
sea gas transfer and short wind waves,
Journal of Geophysical Research, 104(C11):
258.21-258.31.

Broecker, H.C., J. Peterman, and W. Siems,
1978, The influence of wind on CO,
exchange in a wind wave tunnel, including
the effects of monolayers. Journal of Marine
Research, 36(4):595-610.

Broecker, W.S., T.H. Peng, G. Ostlund, and M.
Stuiver, 1985, The distribution of bomb
radiocarbon in the ocean, Journal of
Geophysical Research, 90(C4):6953-6970.

Broecker, W.S., S. Sutherland, W. Smethie, T.H.
Peng, and G. Ostlund, 1995, Oceanic
Radiocarbon: Separation of the Natural and
Bomb Components, Global Biogeochemical
Cycles, 9(2): 263-288.

Clift, P.D. and R.A. Plumb, 2008, The asian
monsoon causes, history and effects, pp.
270, Cambridge University Press, New
York.

Danckwerts, P.V., 1970, Gas-Liquid Reactions,
McGraw-Hill Book Co., New York.

Ekayanti, N.W., T. Osawa, I.W. Kasa, and A.R.
As-syakur, 2009, Study of Air-sea
interaction and co, exchange process
between the atmosphere and ocean using
ALOS/PALSAR (Study cases of wind wave
bubbling process in Badung and Lombok
Straits), Jurnal Bumi Lestari, 9(2):151-158.

Ekayanti, N.W., T. Tanaka, A.R. As-syakur, I.W.
Kasa, and T. Osawa, 2011, Application of
ALOS/PALSAR to estimate carbon dioxide
transfer velocities compared with satellite
wind speed data 2007-2008, International
Journal of Remote Sensing, 32(24):9789-
9800.

Erickson, D. J., l1l., 1993, A stability dependent
theory for air-sea gas exchange, Journal of
Geophysical Research, 98(C5):8471-8488.

Research, 101(C5):120.27-

10 International Journal of Remote Sensing and Earth Sciences Vol. 8, 2011



Farmer, D.M., C.L. McNeil, and B.D. Johnson,
1993, Evidence for the importance of
bubbles in increasing air-sea gas flux,
Nature, 361:620—623.

Frankignoulle, M., G. Abril, A. Borges, I
Bourge, C. Canon, B. Delille, E. Libert, and
J.M. Theate, 1998, Carbon dioxide emission
from European estuaries. Science, 282:434-
436.

Frew, N.M., E.J. Bock, U. Schimpf, T. Hara, H.
HauRecker, J.B. Edson, W.R. McGillis, R.K.
Nelson, S.P. McKenna, B.M. Uz, and B.
Jéhne, 2004, Air-sea gas transfer: Its
dependence on wind stress, small-scale
roughness, and surface films, Journal of
Geophysical Research, 109(C08):C08S17.1-
C08S17.23.

Frew, N.M., J.C. Goldman, M.R. Dennett, and

A.S. Johnson, 1990, Impact of

phytoplankton-generated surfactants on air-

sea gas exchange, Journal of Geophysical

Research, 95(C3):3337-3352.

D.T., L.F. Bliven, R. Wanninkhof, and P.

Schlosser, 1997, The effect of rain on air

water gas exchange, Tellus B., 49:149-158.

D.T., Law, C.S. Law, M.J. Smith, P.

Schlosser, M. Harvey, and P. Hill, 2006,

Measurements of air-sea gas exchange at

high wind speeds in the Southern Ocean:

Implications for global parameterizations,

Geophysical Research Letters,

33:L16611.1-1.16611.6.

D.T., CJ. Zappa, W.R. McGillis, L.F.

Bliven, B. Ward, JW.H. Dacey, P.

Schlosser, and M.B. Hendricks, 2004,

Influence of rain on air-sea gas exchange:

Lessons from a model ocean, Journal of

Geophysical  Research, 109:C08S18.1-

C08S18.15.

Liss, P.S., and L. Merlivat. 1986. Air-sea gas
exchange rates: Introduction and synthesis.
In The Role of Air-Sea Exchange in
Geochemical Cycling, P. Buat Ménard (ed.),
pp. 113-127, D. Reidel Publishing
Company, Dordrecht.

McGillis, W.R., J.B. Edson, J.E. Hare, and C.W.
Fairall, 2001, Direct covariance of air-sea

Ho,

Ho,

Ho,

CO2 fluxes, Journal of Geophysical
Research, 106(C8):16729-16745.
McNeil, C., and E. D'Asaro, 2007,

Parameterization of Air-Sea gas fluxes at
extreme wind speeds, Journal of Marine
Systems, 66:110-121.

Metzl, N., A. Poisson, F. Louanchi, C. Brunet, B.
Schauer, and B. Bres, 1995, Spatio-temporal

CO2 Flux in Indonesian Water Determined by Satellite Data

distributions of air-sea fluxes of CO2 in the
Indian and Antarctic oceans: a first step,
Tellus B., 47:56-69.

Monahan, E.C., and M.C. Spillane, 1984, The
role of oceanic whitecaps in air-sea gas
exchange, In: Gas Transfer at Water
Surfaces, W. Brutsaert and G.H. Jirka (ed.),
pp. 495-503, Kluwer Academic Publishers,
Dordrecht.

Nightingale, P.D., G. Malin, C.S. Law, AJ.
Watson, P.S. Liss, M.I. Liddicoat, J. Boutin,
and R.C. Upstill-Goddard, 2000, In situ
evaluation of air-sea gas exchange
parameterizations using novel conservative
and volatile tracers, Global Biogeochemical
Cycles, 14(1):373-387.

Panjiwibowo, C., M.H. Soejachmoen, Tanujaya,
and W. Rusmantoro, 2003, Mencari Pohon
Uang: CDM Kehutanan di Indonesia,
Pelangi, Jakarta, p. 40.

Raven, J.A., and P.G. Falkowski, 1999, Oceanic
sinks for atmospheric CO2 Plant, Cell and
Environment, 22:741-755.

Redfield, A.C., 1948, The Exchange of Oxygen
across the Sea Surface, Journal of Marine
Research, 7:347-361.

Saylor, J.R., and R.A. Handler, 1999, Capillary
wave gas exchange in the presence of
surfactants, Experiments in Fluids,
27(4):332-338.

Susandi, A., A. Subki, and I.M. Radjawane,
2006, Kajian Pertukaran Gas Karbon
Dioksida (CO2) Antara Laut dan Udara di
Perairan Indonesia dan Sekitarnya, In
Proceedings Convention-The 31st Annual
Scientific Meeting (PIT) HAGI, 13-15
November 2006, Semarang, Indonesia.

Sweeney, C., E. Gloor, A.J. Jacobson, R.M. Key,
G. McKinley, J.L. Sarmiento, and R.
Wanninkhof, 2007, Constraining global air-
sea gas exchange for CO2 with recent bomb
“C measurements, Global Biogeochemical
Cycles, 21:GB2015.

Takagaki, N., and S. Komori, 2007, Effects of
rainfall on mass transfer across the air-water
interface, Journal of Geophysical Research,
112(C6):C06006.

Takahashi, T., R.A. Feely, R. Weiss, R.
Wanninkhof, D.W. Chipman, S.C.
Sutherland, and T.T. Takahashi, 1997,

Global air-sea flux of CO2: An estimate
based on measurements of sea-air pCO2
difference, Proceedings of the National
Academy of Sciences USA, 94:8292-8299.

International Journal of Remote Sensing and Earth Sciences Vol. 8, 2011 11



Ni Wayan Ekayanti et al.

Takahashi, T., R. Wanninkhof, R.A. Feely, R.F.
Weiss, D.W. Chipman, N.R. Bates, J.
Olafsson, C.L. Sabine, and S.C. Sutherland,
1999, Net sea-air CO2 flux over the global
oceans: An improved estimate based on the
sea-air pCO2 difference, In Proceedings of
the 2nd International Symposium on CO2 in
the Oceans. Nojiri, Y. (ed.), pp. 9-15,
Tsukuba, Japan.

Takahashi, T., S.C. Sutherland, and A. Kozyr,
2008, Global Ocean Surface Water Partial
Pressure of CO2 Database: Measurements
Performed during 1968-2007 (Version
2007), ORNL/CDIAC-152, NDP-088.
Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory,
U.S. Department of Energy, Oak Ridge, TN
37831. p.20.

Takahashi, T., S.C. Sutherland, C. Sweeney, A.
Poisson, N. Metzl, B. Tilbrook, N. Bates, R.
Wanninkhof, R.A. Feely, C. Sabine, J.
Olafsson, and Y. Nojiri, 2002, Global sea-air
CO2 flux based on climatological surface
ocean pCO2, and seasonal biological and
temperature effects, Deep-Sea Research Part
11, 49:1601-1622.

Takahashi, T, S.C. Sutherland, R. Wanninkhof,
C. Sweeney, R.A. Feely, D.W. Chipman, B.
Hales, G. Friederich, F. Chavez, C. Sabine,
A. Watson, D.C.E. Bakker, U. Schuster, N.
Metzl, H. Yoshikawa-Inoue, M. Ishii, T.
Midorikawa, Y. Nojiri, A. Koertzinger, T.
Steinhoff, M. Hoppema, J. Olafsson, T.S.
Arnarson, B. Tilbrook, T. Johannessen, A.
Olsen, R. Bellerby, C.S. Wong, B. Delille,
N.R. Bates and H.J.W. de Baar, 2009,
Climatological mean and decadal change in
surface ocean pCO2, and net sea—air CO2
flux over the global oceans, Deep-Sea
Research 1l, 56:554-577.

Tsai, W., and K.K. Liu, 2003, An assessment of
the effect of sea surface surfactant on global
atmosphere-ocean CO2 flux, Journal of
Geophysical Research 108(C4):3127.

Wallace, D.W.R., and C.D. Wirick, 1992, Large
air-sea gas fluxes associated with breaking
waves, Nature, 356:694-696.

Wanninkhof, R., 1992, Relationship between gas
exchange and wind speed over the ocean,
Journal of Geophysical Research, 97:7373-
7381.

Wanninkhof, R., W.E. Asher, D.T. Ho, C.

Sweeney, and W.R. McGillis, 2009,
Advances in quantifying air-sea gas
exchange and environmental forcing,

Annual Review of Marine Science, 1:213—
244,

Witting, J., 1971, Effects of plane progressive
irrotational waves on thermal boundary
layers, Journal of Fluid Mechanics, 50:321-
334.

Zappa, C.J., W.E. Asher, and A.T. Jessup, 2001,
Microscale wave breaking and air-water gas
transfer, Journal of Geophysical Research,
106(C5):9385-9391.

Zappa, C.J., W.E. Asher, A.T. Jessup, J. Klinke,
and S.R. Long, 2004, Microbreaking and the
enhancement of air-water transfer velocity,
Journal  of  Geophysical Research,
109:C08S16.1-C08S16.18.

Zappa, C.J., W.R. McGillis, P.A. Raymond, J.B.
Edson, E.J. Hintsa, H.J. Zemmelink, J.W.H.
Dacey, and D.T. Ho, 2007, Environmental
turbulent mixing controls on air-water gas
exchange in marine and aquatic systems,
Geophysical Research Letters, 34:L.10601.1-
L10601.6.

Zhang, W., W. Perrie, and S. Vagle, 2006,
Impacts of winter storms on air-sea gas
exchange, Geophysical Research Letters,
33:L14803.1-L.14803.4.

Zhao, C.F., 1995, The CO2 Flux Estimation in
the North Pacific Ocean Based on Satellite
and Ship Data, PhD thesis, Chiba
University, Japan.

12 International Journal of Remote Sensing and Earth Sciences Vol. 8, 2011



