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Abstract. Global air-sea CO; fluxes are commonly determined using the CO»
partial pressure difference between surface water and air (ApCO:), and wind
speed. Numerical interpolation techniques and coarse grid spacing, typically of
the order of 4°, used when estimating the global fluxes smooth out small-scale
variability in wind and pCO: fields. There is significant variability on smaller
scales in these fields. In particular, wind speed is strongly affected by sea surface
temperature (SST) on oceanic mesoscales. Here we provide an estimate of the
impact of this small-scale variability on global CO. fluxes utilizing a high-
resolution wind product, and estimates of surface water CO, changes in response
to small-scale changes in SST. The results show that, on a global scale, the
annual air-sea CO; fluxes for 1° smoothed fields is 2 to 4% greater than for 10°
smoothed SST and winds fields. This suggests that, while the coarser resolution
fields used in climatologies miss much of the small-to-regional scale variability
in fluxes, they adequately present global and basin-scale flux estimates.
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1. Introduction

The ocean is a major sink for anthropogenic CO, with long-term (> decadal)
uptakes well constrained from isotopic measurement (Quay et al. 1992; 2007);
empirical techniques based on observations of changes of total inorganic carbon
(Sabine et al. 2004) or transient tracers (Khatiwala et al. 2009); and models
(Doney et al. 2001; Le Quéré et al. 2009). Estimates of uptake on timescales of
several years or less are generally obtained from the bulk air-sea CO, flux method.
In this approach the flux is defined as the partial pressure difference of CO:
between surface water, pCOaw, and air, pCO2, (ApCO:) multiplied by the gas
transfer velocity, k, and solubility, Ko:
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F=k K, ApCO: (1)

Global and regional air-sea CO. flux estimates have been obtained on
climatological and annual time scales that are in overall agreement with the
aforementioned, independent oceanic and atmospheric constraints, albeit with a
significant uncertainty. The iconic climatological flux results of Takahashi et al.
(2009), henceforth referred to as T-09, are the best known of these efforts. They
yield a net flux of —1.620.9 Pg C a' (that is, an uptake of 1.6 20.9 Pg C a™ ") for
a non-El Nifio year (2000). This corresponds to an anthropogenic air-sea CO flux
of —2.1 Pg Ca ' after accounting for the increase in uptake during El Nifio events
and the net air-sea CO, emission of +0.4 Pg C a~' due to continental weathering
and run-off. As the error bars, indicating 1 standard deviation from the mean,
show, the air-sea fluxes are subject to considerable uncertainty due to a dearth of
pCOa2w measurements and the subsequent necessity to extrapolate over time and
space. There also exist significant uncertainties in k. For bulk flux estimates, the
gas transfer velocity is related to wind speed, with many different published
functional dependencies that have a large impact on the fluxes. Moreover, there
are big differences between different wind products, such that the winds have a
first-order impact on the estimates of global fluxes. Sweeney et al. (2007) and
Naegler (2009) suggest a normalization of the coefficient in the gas transfer and
wind parameterizations based on the global mean wind speed, or variance in
winds, that corrects for some of the differences in global fluxes. The impacts of
different parameterizations and winds on global and regional air-sea CO fluxes
have been investigated. For instance, Signorini and McClain, (2009) found global
air-sea CO; flux differences of up to 24% and regional flux differences of up to
44% comparing two different wind products and 3 different gas exchange- wind
speed parameterizations.

An additional uncertainty and possible bias in air-sea CO: fluxes is the effect
of small-scale variability in pCO. and wind on the fluxes. Since the variability is
often associated with mesoscale features such as eddies and fronts with spatial
scales of 100-1000 km and time scales longer than a month, this is referred to here
as (oceanic) mesoscale variability. Both the wind and pCO:; fields are smoothed
over significant spatial and temporal scales. For example, the climatology of T-09
is provided on monthly timescales on a 4° by 5° grid. Using higher resolution
remotely sensed wind and temperature products, persistent wind speed and
temperature anomalies are observed in the ocean (Chelton ef al. 2004; Xie 2004;
Small ez al. 2008; Chelton and Xie 2010). In particular, the wind speed anomalies
are highly correlated with mesoscale temperature anomalies. The air-sea CO; flux
is related to wind, and indirectly to temperature through its effect on pCOasw, such
that cross-correlation of these parameters could systematically change the flux in a
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manner that would not be observed using the mean quantities over larger scales.
Here we determine the impact of the mesoscale features on global air-sea CO»
fluxes for the year 2000 utilizing high-resolution wind products from the Seawinds
scatterometer on the QuikSCAT satellite (Chelton and Freilich, 2005; Risien and
Chelton 2008), and high-resolution sea surface temperature (SST) analyses
derived from the Advanced Very High-Resolution Radiometer, AVHRR
(Reynolds et al. 2007).

2. Procedures

In performing this analysis of the impact of mesoscale features on global air-
sea CO: fluxes, products have to be used consistently such that any biases between
different products do not result in anomalies. Therefore, in this work the same SST
and wind fields are used for the high-resolution and smoothed products. The low-
resolution products used are created by smoothing and averaging of the high-
resolution products to create an air-sea CO. flux climatology of similar resolution
as that of T-09.

Mathematically, the flux can be expressed by averaging the bulk flux equation

(1):
F=k K, ApCOz (2)

where the over-bar expresses the averaged quantity.
In the bulk flux method, the k and the ApCO are averaged over a certain time
and space, and the flux is calculated as:

F=k. Ko ApCOz (3)

where k., is the average k over a certain time and space. The approximation in (3)
compared to the exact equation in (2) assumes that the pertinent cross-correlation
term between k and (Ko ApCO:) is small:

F=ku Ky ApCO.+k’ (K, ApCO>)’ (4)

That is, k> (Ko ApCO»)’ is assumed zero. The primes denote deviations from the
long-term average values. As shown by Keeling and Garcia (2002), the other
cross-correlations in the expansion of eqn. 2 are negligible. Most
parameterizations of k are expressed as polynomial functions with wind, and the
magnitude of k will depend on the time interval over which the wind is averaged
and the variability of the wind. As shown by Wanninkhof (1992), the k for a global
mean wind will be about 25% less than if the full wind speed distribution is taken
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into account. Using the appropriate moments rather than the average winds
circumvents these issues. If k is assumed a function of the neutral winds at 10-m
height, k=1(U\), k= <f(U10) > rather than k., =f( <U;,>) where < > denotes
the averaged quantity.

In this analysis we use the dependency proposed by Wanninkhof ez al. (2009):

keso=3+0.1<U;p>+0.071<U;>*> +0.011<U,;>> %)

The keso is the gas transfer velocity normalized to a Schmidt number (Sc) of 660,
and ka,=keso (Sc/660)~ 2. The average winds, <U,o>>; second moment, <U¢*>;
and third moment <U,’>> are based on the monthly averages of each of these
quantities on a 1/4° grid. The coefficient of 0.071 for the quadratic term is higher
than that of 0.064 in Wanninkhof et al. (2009) in order to match global k., of 17
cm hr™' with the QuikSCAT winds in year 2000 as used here.

The QuikSCAT winds used here are on a 1/4° by 1/4° grid after smoothing
with half-power wavelength filter cutoffs of 1° by 1° for the high-resolution fields,
and 10° by 10° for the low-resolution fields. The smoothing of the low-resolution
fields was chosen empirically to match the resolution of the NCEP-II reanalysis
winds used in T-09 (Kanamitsu et al. 2002). The high-resolution AVHRR-based
SST fields (Reynolds ef al. 2007) were on the same 1/4° by 1/4° grid with no
smoothing applied. The low-resolution SST fields were obtained by smoothing
with the same 10° by 10° filter applied to obtain the low-resolution wind fields.
The smoothing used a filter that had a half-power cutoff of 10° wavelength. Again,
the low- resolution products are used to mimic the climatological fields used in T-
09, while avoiding problems with the bias between QuikSCAT winds and the
NCEP-II winds.

Table 1 Summary of wind (U,,), temperature (SST), and CO, products used.

Case Field Grid size  Smoothing Name Source/Comment
Input
1. Uy 4° % 5° 10° QuikSCAT a
2. Uy Vo x} Vst 1 QuikSCAT
3.SST 47 x 5° 10° AVHRR c
4.SST Va® x Vi - AVHRR d
5. ApCO, 4° x5° - CO; climatology Takahashi et al. (2009)°
6. 0pCOL/OSST V4" x Y4° - Isochemical (0.0423)  Takahashi et al. (2003)
7. 0pCOL/OSST V4" x Y4* - Optimum sub-annual Park et al. (2010)

a: Data obtained from www.remss.com/data/gscat and smoothed at 10°

b: Data obtained from www.remss.com/data/qscat and smoothed at 1°

c: Data obtained from www.ncdc.noaa.gov/oa/climate/research/sst/oi-daily and smoothed at 10°
d: Data obtained from www.ncdc.noaa.gov/oa/climate/research/sst/oi-daily

e: Data from www.ldeo.columbia.edu/res/pi/CO2/carbondioxide/pages/air_sea flux 2009.html
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Table 2 Summary of the global net air-sea CO, fluxes (Pg C a™).

Case Field Grid size Name Case® Flux
Output

8. CO; flux 4°x5° Base case 1&3&5° -0.948°
9.CO flux %" x %’ Impact wind 2&3&5° -0.949

10. CO, flux %" x %" Wind and SST (isochemical) 2&4&5&6° -0.989
11. CO  flux %" x %4’ Wind and SST (optimum) 2&4&5&7  -0973

* The scenario values (Case) are those in column 1 of Table 1
°: These fluxes are significantly smaller than the -1.6 Pg C a™ presented in T-09 because
a different wind product is used.

The pCOxw do not resolve 1/4 ° resolution and it estimated from the pCOaq
climatology available on a 4° by 5° grid, the 1/4° SSTs, and an assumed
functionality of pCOaw and SST. The pCOxsy field of T-09 is used as the base state
(Table 1). To superimpose the variability in pCOxsw, the mean SST for each 4° by
5° grid is determined from the AVHRR smoothed product and the anomalies are
calculated from the 1/4° product. Two different dependencies of pCOxw and SST
are investigated. For the isochemical case, in which the pCO.w changes in
response to temperature alone without changes in alkalinity or total inorganic
carbon, the anomaly in pCO,. associated with an SST anomaly is:

PCO26w.ci=pCOasw.c exp (0.0423 (Tei — Tc)) (6)

(Takahashi et al. 1993) where the subscript Ci is the particular 1/4° sub-grid
embedded in the monthly 4° by 5° grid cell, C.

In the second simulation, specific dependencies of pCOa with SST for each
4° by 5°grid cell and season are used based on the relationships developed from the
T-09 climatology as shown in Park et al. (2010), referred to as P-10:

pCOZSW,Ci :pco2sw,C + (6pCOzsw/GSST)C (Tci - Tc) (7)

While different permutations of smoothing (1° versus 10°), spatial gridding
(4°X5° versus 1/4° grid cells), and associated wind and pCOaw products are
possible, we focus on comparing the 10° smoothed products on 4° X 5° grid with 1°
smoothed products on a 1/4° grid.

The same monthly 4° by 5° pCO; values for air (pCO..) are used as in T-09
which are obtained from marine background dry mole fraction of COz, (xCO2.)
from Globalview-CO2 (2007) and the sealevel pressures from NCEP according to:

pCO,=xCOx (P — pH:0) (8)

where pH.O is the water vapor pressure at the appropriate SST and P is the
sealevel pressure obtained from NCEP-II. Systematic mesoscale changes in pCOx.
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due the changes in P are believed to be small and are not taken into account. The
different products and permutations used to determine the fluxes are summarized
in Table 1, and the different scenarios used to determine the fluxes and resulting
global ocean CO; uptake are shown in Table 2.

3. Results and discussion

3.1 The impact of different products

The impact of small-scale variability cannot directly be determined from the
air-sea CO; flux climatology of T-09 as the winds and SSTs used to calculate the
fluxes in T-09 do not resolve the fine space scales needed. Utilizing different SST
and wind products in such a comparison can lead to large differences unassociated
with the impact of scale of analysis. For example, Figure 1 shows the difference in
fluxes resulting from QuikSCAT winds smoothed at 10° by 10° and the NCEP-II
re-analysis winds used in T-09. The annual flux patterns in Figures la and 1b are
qualitatively similar overall, but the differences shown in Figure 1c are large. The
global mean winds <Uo>, k., and the global air-sea CO. fluxes when using the
T-09 ApCOsz are 7.5 m s™ ', 16.4 cm hr™' and -0.95 Pg C a' when using 10° by 10°
smoothed QuikSCAT winds; and 8.0 ms™', 19.8 cm hr ' and -1.52 Pg C a' when
using NCEP-II winds. The 63 % difference in flux is much larger than the 21%
difference in k., because of the strong large-scale correlation between direction of
flux and wind (Wanninkhof et al. 2009). The NCEP-II re-analysis shows higher
winds at high latitude in areas of net CO, uptake and lower winds in the tropical
regions with outgassing of CO., compared to the QuikSCAT product. The greater
uptake and less release with the NCEP-II product compared to QuikSCAT results
in a large difference in net global CO, uptake. Thus, it is not only the magnitude of
winds that impact the results, but also the spatial patterns of the winds. Other
investigations conclude that the magnitude of NCEP-II scalar U)o is biased high (e.
g. Walcraft ef al. 2009; Chien et al. 2010).

3.2 Effect of small-scale variability

Persistent small-scale anomalies in SST and winds, on timescales longer than a
month, are readily observable in high-resolution satellite products. The variability
is particularly evident in the sub-polar and polar frontal boundaries in the Southern
Ocean and along major current boundaries such as the Gulf Stream, the Algulhas
Return Current and the Kuroshio Current (Figure 2). As reviewed in Small et al.
(2008), the SST and wind anomalies are highly correlated, with higher winds over
the warm SST anomalies and lower winds over cold anomalies.

An example of the clear correspondence between SST and wind speed
anomalies in the Southern Ocean is shown in Figure 3. The 1/4° observations in a 4
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Figure 1 Global mean CO; fluxes using winds from NCEP-II
re-analysis (a); and 10° by 10° smoothed QuikSCAT (b);
and (c) the difference in fluxes (QuikSCAT - NCEP-II).
Yellow and red colors indicate areas where the QuikSCAT
product shows less uptake (or more release) compared to the
NCEP-II. Flux values are in mol m™>a™".

X 5 grid cell centered at 48°S, 87.5°E are shown, and contains all the data for
August 2000 (n=320). In this example, the k using eqn. 5 is 5.5% higher for the
high-resolution winds compared to the smoothed product. This difference is
because of the convex (that is, curving up) trend of the relationship of gas transfer
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Figure 2 Difference in 10° smoothed and 1° smoothed wind
(m s™") (a) and SST (°C) (b) plotted on 1/4° grid showing
the high degree of mesoscale variability in areas near major
fronts.

with wind speed (Eqn. 5). However, on a global scale the higher resolution winds
by themselves do not have a significant effect over the smoothed wind product,
yielding a global CO. uptake that is less than 0.1% greater (Table 2).

The estimate of mesoscale variability of pCO.s is not based on observations
but rather approximated based on deviations of fine scale (1/4°) SST from the
mean SST in each 4° by 5° grid cell. Three scenarios are investigated. The first is
where the pCOasw does not change due to variability in SST; the second is using the
isochemical response, that is the response of pCOa.. to temperature alone (Eqn. 6);
and the third is assuming a response based on correlations on sub-annual
timescales of pCOaw and SST determined from climatological trends for each grid
cell (Tables 1 and 2). Sub-annual time scales are defined here as scales ranging
from seasonal to a year. In this approach we use the findings of P-10 in which, for
every 4° by 5° grid cell, optimum sub-annual linear regressions between pCOaq
and SST are created based on the monthly T-09 climatology. These regressions
can show positive or negative relationships of pCO.w and SST, depending on
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Figure 3 Example of correlation of SST and wind speed (Uio)
anomalies for a 4° by 5° grid cell centered on 48 °S and 87.5
°E for August 2000. The wind anomalies are the 1°
smoothed products minus the 10° smoother product at 1/4°
resolution. The SST anomaly is defined as the 1/4°
resolution product minus the 10°smoothed SST product
sampled at 1/4°. The line is a least-squares linear fit through
the points.

location and season. The approach is empirical, but, in broad brush, the trends are
as expected for the different regimes and biogeochemical provinces. For instance,
in upwelling regions where high pCO.s. is associated with cold SST, negative
relationships are observed; negative relationships are observed as well in regions
and seasons with strong algae blooms. For much of the ocean, the relationships
between pCOx and SST are positive but generally less than the isochemical
relationship.

Figure 4 shows the difference between the base case and the higher resolution
scenarios using the isochemical or the empirical dpCO.w/dSST response,
projected on to a 4° by 5° grid. The largest changes are, of course, in the regions
that show the mesoscale anomalies in SST and wind (Figure 2). The responses are
not unidirectional over large regions but significant positive and negative changes
are evident in the areas with high mesoscale SST and U, variability as shown in
Figure 2. For the scenario with the isochemical effect, the changes are appreciably
greater than using the empirical approach. This is attributed to the isochemical
effect always having a positive relationship between pCO.w and SST, while the
empirical approach has sub-annual relationships that can be in either direction.
Moreover, in the Southern Ocean where much of the mesoscale variability in SST
and wind is observed, P-10 show that, overall, the empirical dpCO1u/dSST
relationships are weak.

Table 3 provides a summary of the means and differences in air-sea CO: fluxes
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Figure 4 Difference in the fluxes (mol m 2 a™') using the base
case, (4° by 5° grid cells and 10° smoothed SST and Ui
fields), and the high-resolution 1/4° SST and U)o products.
(a) Difference between the high-resolution air-sea CO; flux
field derived from isochemical correlations of pCOx and
SST, and the base state (Scenario 10-8 in Table 3). (b)
Difference between the high-resolution air-sea CO. flux
field derived from the optimum sub-annual correlations of
pCOy and SST, and the base state (Scenario 11-8 in Table
3). The calculations are performed at 1/4° but output is
presented at 4° by 5° for clarity.

for different latitude zones accounting for mesoscale variability in SST and wind.
Based on these analyses, the overall impact of mesoscale variability of regional
and global air-sea CO, fluxes is small compared to the base state. The small
difference between the base state and the higher resolution scenario implies that,
although mesoscale variations in SST and wind speed lead to large mesoscale
variation in CO; flux, the effects of the positive and negative perturbations in the
flux cancel out, so that the net effect is small when averaged over larger areas. Of
note are the large standard deviations in the differences between the 1° and 10°
smoothed fields. This implies that the air-sea CO: fluxes are more variable on
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Table 3 Global and regional mean air-sea CO, flux differences between scenarios, and the
standard deviations of the mean differences (second line in parentheses) (in mol m2a™").

Case® Global EPOP (Sub)-tropics® High North" Southern®
9-8 0 -0.0036 -0.0003 0.0069 0.0001
(0.1076) (0.1271) (0.0991) (0.1583) (0.0956)
10-8 -0.0119 -0.0066 -0.0101 -0.0173 -0.0186
(0.8578) (0.1262) (0.5845) (1.1077) (1.4917)
11-8 -0.0090 -0.0110 -0.0036 -0.0308 -0.0162
(0.5106) (0.1402) (0.3072) (0.9124) (0.8331)

* See Table 1 for details of different scenarios. In these examples the difference from the base
case (8) are presented.

° EPO: the Equatorial Pacific Ocean (10° N to 10° S and 80° W to 135° E)
(Sub)-tropics: 42°Nto42° S except the EPO
High North: >42° N
Southern Ocean: >42°S
300000 — 4000 . .
(a) (b)
— 1° smoothed 3000 - L
250000 4 n ———10° smoothed | \
2000 A \ F
200000 1 L 10004 N -
-~ £S
& 0+——==
= 150000 4 - 40 50 60 70
é 6000 +————
100000 L 5000 I
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3000 4 3
50000 4 I 2000 4 L
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k,, (cm hr') k,, (cm hr'")

Figure 5 Histograms of k., with 10° (dashed line) and 1° smoothing
(solid) on a 1/4° grid (a). The graphs on the right show blowups of
the difference at high (b) and low kav, corresponding to high and low
winds, respectively (c). A total of 6.2 M observations are shown
covering the year 2000.

small scales than the climatology indicates, and potentially more susceptible to
global changes.

As shown in Figure 4, this is in large part because the positive and negative
flux perturbations cancel out regionally. The variability in wind for the high-
resolution and base states is not sufficiently different for the non-linearity of the k
with Uy to have an appreciable effect on the fluxes either. This can be attributed,
in part, to using the appropriate moments <U,o>>, <Uj’> in determining the
fluxes in both the 10° smoothed and 1° smoothed wind products. As illustration,
Figure 5 compares the frequency distribution of k., when the global 10° smoothed
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and 1° smoothed <Uo> are used. While the 10°smoothed product has less power
at low and high winds and more at intermediate winds, as expected, the overall
differences between products are small.

The effect of winds on k.., and thus the flux, is dependent on the functionality
of the relationship of gas transfer with wind. Variability of wind will have a larger
impact on fluxes for relationships that are strongly non-linear such as cubic or
polynomial dependencies. However, if the same global constraint is used for gas
transfer, the fluxes determined from the polynomial dependency used here closely
match a quadratic relationship (Wanninkhof et al. 2009). Therefore, the
functionality does not appreciably influence the results of this analysis.

4. Conclusions

The comparison between global air-sea CO fluxes for the year 2000 using 10°
smoothed and higher resolution SST, and winds shows that, when applied
consistently, the resolution has little impact on global and basin scale air-sea CO;
fluxes. Higher resolution SSTs have a greater impact than higher resolution winds.
The effect of SST on global fluxes is modeled through its effect on pCOx.w, and is
speculative. For global and basin scale analyses, the 4° by 5° resolution and
smoothed products used to date do not unduly bias the results compared to higher
resolution, other than use of biased NCEP-II re-analysis winds (see Figure 1).
Factors such as lack of sufficient pCO,. observations to constrain the pCOzw
fields on seasonal to annual time scales and uncertainties of the gas transfer
velocity have a greater impact on the estimates of global air-sea CO, fluxes. The
accuracy of the wind speeds is a major uncertainty for flux calculations, with
positive biases likely in the often used the NCEP-II winds. The high-resolution
SST and wind fields used in this analysis suggest that mesoscale variability of SST
and U)o have significant impact on the CO: fluxes on these mesoscales but that the
flux anomalies cancel out on basin scale and greater.
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