Biogeosciences Discuss., 11, 8023-8048, 2014 ) . g -5\ O
www.biogeosciences-discuss.net/11/8023/2014/ Biogeosciences N 6\ 8 BGD
doi:10.5194/bgd-11-8023-2014 Discussions & é
© Auth 2014. CC Attribution 3.0 Li : Z ol
uthor(s) ribution icense g 11, 8023-8048, 2014
Ny
This discussion paper is/has been under review for the journal Biogeosciences (BG). ° .
. . . . € Changes in the ocean
Please refer to the corresponding final paper in BG if available. .
_ carbon sink
1 H 1 g N. C. Swart et al.
Wind driven changes in the ocean carbon ¢
=
H (7]
sink g
=)
1 1 1 2 S
N. C. Swart , J. C. Fyfe ', O. A. Saenko , and M. Eby g

'Canadian Centre for Climate Modelling and Analysis, University of Victoria, P.O. Box 1700
STN CSC, Victoria, BC, V8W 2Y2, Canada
23chool of Earth and Ocean Sciences, University of Victoria, Victoria, BC, Canada

Received: 3 April 2014 — Accepted: 16 May 2014 — Published: 4 June 2014
Correspondence to: N. C. Swart (neil.swart@ec.gc.ca)

Published by Copernicus Publications on behalf of the European Geosciences Union.

Jaded uoissnosiq

(cc) W)

Jaded uoissnosiq

8023


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/8023/2014/bgd-11-8023-2014-print.pdf
http://www.biogeosciences-discuss.net/11/8023/2014/bgd-11-8023-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

We estimate the historical ocean carbon sink over 1871 to 2010 using an ocean bio-
geochemical model driven with observed wind forcing. We focus on the influence of
wind and mesoscale eddy changes on the net surface CO, flux, which are most signif-
icant after 1950. The observed wind changes act to reduce the annual ocean carbon
sink by 0.009 to 0.023 Pg yr'1 decade™' over 1950 to 2010, and are consistent with
previous studies covering only the latter part of the 20th century. The response of the
ocean circulation and the carbon cycle to wind changes is sensitive to the parame-
terization of mesoscale eddies in our coarse resolution simulations. With a variable
eddy transfer coefficient, eddy activity in the Southern Ocean increases in response
to intensifying historical winds, partially compensating for direct wind-driven circulation
changes. Thus with a variable eddy transfer coefficient the response to wind changes
is about 2.5 times smaller than when using a constant coefficient. Finally, we show by
comparing six reanalyses over 1980 to 2010 that estimated historical wind trends differ
significantly. Through simulations forced with these reanalysis winds we show that the
influence of historical wind changes on ocean carbon uptake is highly uncertain and
depends on the choice of surface wind forcing product.

1 Introduction

Estimates of historical ocean carbon uptake by ocean biogeochemical models are
a central constraint in our understanding of the global carbon cycle (Le Quéré et al.,
2013; Wanninkhof et al., 2013; Sarmiento et al., 2010). The rate of simulated ocean
carbon uptake in such models is sensitive to trends in the surface wind forcing, partic-
ularly over the Southern Ocean. Several previous ocean model studies, forced at the
surface by reanalysis winds, have suggested that the historical intensification of the
Southern Hemisphere westerlies has reduced the Southern Ocean CO, sink (e.g. Le
Quéré et al., 2007; Lovenduski et al., 2007). The intensified winds reduce the CO, sink
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by increasing the Southern Ocean residual overturning circulation and therefore the
rate of outgassing of natural CO, (Lovenduski et al., 2008).

However, significant uncertainties exist in previous model based estimates of the
wind feedback on historical ocean carbon uptake. Firstly, the previous studies have
primarily used NCEP Reanalysis 1 (R1) to derive the surface wind forcing, limiting
them to the period after 1948. The influence of wind changes prior to 1948 remains un-
known. Secondly, the wind-induced circulation changes are modulated by ocean eddies
(Lovenduski et al., 2013; Boning et al., 2008) which are not resolved nor adequately
parameterized in many studies using coarse resolution models (e.g. Lovenduski et al.,
2008; Le Quéreé et al., 2007). Finally, the historical wind changes are themselves un-
certain, as evidenced by differences amongst trends over 1980 to 2010 in the available
reanalyses (Swart and Fyfe, 2012).

The wind induced increase in outgassing of natural CO, from the Southern Ocean
is also offset by an enhanced uptake of anthropogenic CO, driven by the rising at-
mospheric concentrations, though which process dominates is subject to debate (Le
Quéreé et al., 2010; Zickfeld et al., 2008). The resulting net trend in historical Southern
Ocean uptake remains uncertain (Lenton et al., 2013), but it is of key interest given
the primary importance of the region for anthropogenic CO, uptake (Wanninkhof et al.,
2013; Gruber et al., 2009).

Here we work to address the uncertainties in the wind feedback on ocean carbon
uptake. We use the 20th Century Reanalysis version 2 (20CR, Compo et al., 2011) to
produce a model based estimate of historical ocean carbon uptake since 1871. First
we examine the influence of time evolving wind changes on surface carbon fluxes. Next
we test the sensitivity of the wind-induced changes in circulation and surface fluxes to
the type of eddy parameterization. Finally we show how differences in wind changes
among six reanalyses influence the wind feedback on carbon uptake over the period
1980 to 2010.
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2 Data and methods
2.1 The UVic Earth System Climate Model

We use version 2.9 of the University of Victoria Earth System Climate Model (UVic
ESCM), which is an Earth System Model of Intermediate Complexity described by
Weaver et al. (2001). The UVic ESCM has a fully dynamic 3-D ocean general circulation
model, coupled to a vertically integrated energy-moisture balance (EMB) atmosphere
model and a thermodynamic-dynamic sea ice model (Weaver et al., 2001). All the
model components share a global domain with a horizontal resolution of 3.6° longitude
by 1.8° latitude, and there are 19 vertical levels in the ocean.

The UVic ESCM also incorporates a state of the art carbon cycle, which produces re-
alistic distributions of dissolved inorganic carbon (DIC) and alkalinity in the ocean (Eby
et al., 2009; Schmittner et al., 2008), realistic surface fluxes of CO, (Eby et al., 2009)
and can reproduce historical ocean carbon uptake to within observational uncertainty
(Eby et al., 2013, 2009).

In the default version of the UVic ESCM, mesoscale ocean eddies are represented
via the Gent—McWilliams (GM) eddy parameterization (Gent and McWilliams, 1990),
which has a constant eddy transfer coefficient of 800 m?s™". Here we have also imple-
mented a variable eddy transfer coefficient. In this formulation, which follows Gnanade-
sikan et al. (2006) and Farneti and Gent (2011), the GM eddy transfer coefficient is
allowed to vary in space and time and is prescribed as:

-h
m 2
a gL
Kontxy.t) == [ [Wplaz <pONO> (1)
m
“h

where g is the gravitational acceleration, p, = 1025 kg m~2 is a constant reference den-

sity, N, is a prescribed constant buoyancy frequency of 0.004 s'1, L is a constant pre-

scribed eddy length scale of 50 km, « is a dimensionless tuning constant set to 1, and
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|[Vp| is the horizontal density gradient or baroclinicity which is averaged over depths
between h,, = 100m and h = 2000 m. The range of Kg)y is then constrained between
a minimum of 300 and a maximum of 5000m?s~". For each experiment described be-
low, one version is conducted with the constant GM coefficient and a second version is
conducted with the variable GM formulation.

2.2 Experimental design

Due to the simplified nature of the UVic ESCM’s atmosphere, ocean surface wind-
stress and wind-speed fields are specified, but the surface buoyancy flux is computed
prognostically. The model was equilibrated for over 10 000 years with year 1800 forcing
(greenhouse gas, sulphate aerosol, land-use, orbital, solar) using surface wind speed
and wind stress climatologies derived from 20CR over the years 1871 to 1899. 20CR
is an ensemble reanalysis, and we use the ensemble mean monthly wind fields. Then,
transient simulations were run for the period 1800 to 2010 under historical forcing.

Two sets of transient runs were conducted under 20CR winds. In FIXED the radiative
forcing evolved in time but the winds were held fixed by using repeating monthly winds
from 1871. In TRANSIENT the winds evolved according to 20CR monthly winds from
1871 onwards. The influence of wind changes on surface CO, fluxes is computed as
TRANSIENT minus FIXED.

An additional set of simulations was done to compare wind changes in six different
reanalyses for the 1980 to 2010 period during which they all overlap (Table 1). For
each reanalysis, the model was run for the period 1800 to 1980 with monthly repeating
1980 winds, and evolving radiative forcing. At year 1980 the simulations were branched
in two: the first continued with repeating 1980 winds, while in the second the winds
evolved monthly in time from 1980 to 2010.
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2.3 Trends and significance

We calculate linear least-squares trends for the surface wind and CO, flux fields. The
confidence interval of the trends is calculated from the standard error of the estimate
multiplied by the 5% cutoff value of the student-t distribution with n -2 degrees of
freedom, where n is the length of the record. Trends are considered significant (Table 2)
if the associated p value is less than 0.05.

3 The influence of wind and eddy changes since 1871
3.1 Climatology and changes in 20CR winds

The most prominent trends in the 20CR winds occur in the region of the Southern
Hemisphere (SH) westerlies (Fig. 1). In the zonal mean, the SH westerly jet shows
variability in its strength up until about 1950, indicated by positive and negative depar-
tures from the climatology (Fig. 1b). From around 1950 to 2010 there is additionally
a significant intensification of the jet, with the zonal-mean stress increasing by about
25 % over this period. This strengthening of the westerly jet is consistent with previ-
ous results (Swart and Fyfe, 2012) and is attributable to a combination of ozone and
greenhouse gas forcing (Son et al., 2010; Thompson and Solomon, 2002).

Ocean biogeochemical models have shown that changes in the westerly wind jet
can influence the surface CO, flux, but previous simulations have been confined to the
latter part of the twentieth century. 20CR is currently the best available estimate of the
evolution of ocean surface winds in the pre-satellite era. We note that uncertainties exist
in the 20CR winds, particularly in the Southern Hemisphere during the early part of
the reanalysis when constraining observational data was sparse (Compo et al., 2011).
We will consider the effect of wind uncertainty in Sect. 4. But first we will consider the
influence of wind changes on surface CO, fluxes since 1871 by forcing the UVic ESCM
with 20CR winds.
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3.2 Changes in surface fluxes and carbon uptake

We first consider the TRANSIENT simulations which have time-evolving winds and
atmospheric CO, concentrations which increase according to observations from about
284 ppm in 1800 to 387 ppm in 2010. The simulated net sea to air CO, flux increases
in magnitude in response to these rising atmospheric concentrations (Fig. 2a). The
simulated net fluxes fall within observational estimates for the three decades of the
1980’s, 1990’s and 2000’s (Ciais et al., 2013). The fluxes are generally similar, though
not identical, in the simulations with a constant and a variable eddy transfer coefficient.

Our primary interest lies in the influence of the 20CR wind changes on the net surface
CO, flux. To consider this we compute the difference in the net surface fluxes between
the TRANSIENT simulation and the FIXED simulation (Fig. 2b). The wind changes
result in a negative sea to air CO, flux anomaly from 1871 to about 1900, implying an
enhanced oceanic carbon sink, which is followed by a brief but large positive anomaly.
The flux anomalies over this period are associated with wind variability, particularly the
large reduction in zonal wind-stress near 60° S which occurred around 1883. The timing
of this anomaly is coincident with the eruption of Krakatoa, which may have influenced
the winds though aerosol effects. Following this initial variability the net flux anomaly
remained close to zero on average between about 1920 and 1950.

From around 1950 onwards the wind changes result in a positive sea to air CO, flux
anomaly on average, indicating a weakened ocean sink (Fig. 2b). The positive trend in
the wind induced surface flux anomaly over 1950 to 2010 is significant at the 5% level
under the constant GM scheme (Table 2) and is also coincident with the intensification
of the SH westerlies. Previous studies have reported similar trends in the surface CO,
flux due to wind forcing with a constant GM eddy paramterization (Le Quéré et al.,
2010, 2007; Lovenduski et al., 2008), but these estimates only covered the latter part
of the 20th and early 21st century. Here we have considered wind changes over 1871
to 2010 which in total reduce the ocean carbon sink by between 8.3 and 9.5 Pg, relative
to the simulations with fixed winds.
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The multidecadal trends are sensitive to the time period selected because of the
large interannual variability in the fluxes (Wanninkhof et al., 2013; Lenton et al., 2013),
and because the wind speed trend accelerates in time. To see this we calculated rolling
trends over a period with a start-year which rolls forward from 1871 to 1990 and an end
year of 2010 (Fig. 3). That is, the trend for 1871 is calculated over 1871 to 2010, while
the trend for 1872 is calculated from 1872 to 2010 and so on until 1990. Significant
trends in the surface flux anomaly only emerge above the interannual variability for
trends starting before about 1980 (periods > 30 years). Conversely, flux anomaly trends
starting after 1980 (period < 30 years) are strongly influenced by internal variability and
are not significant. Our long time-series allows us to identify the positive trend in the
surface flux anomaly due to wind changes with a high degree of confidence (p < 0.001)
not attainable with shorter records. Using the rolling trends it can also be seen that
as the Southern Ocean wind-speed trends accelerate after 1960 (Fig. 3a), so do the
positive trends in the surface flux anomalies.

The surface flux response to wind changes is also sensitive to the parameterization
of mesoscale eddies. Between 1950 and 2010 the linear trend in the wind-induced sur-
face flux anomaly was 2.5 times higher under the constant GM scheme than under the
variable GM scheme, at 0.023 and 0.009 Pg yr_1 decade™ respectively (Table 2). The
flux anomaly trends in the simulations using the constant and variable GM scheme are
significantly different at the 5% level, regardless of the period over which the trends
are calculated (Fig. 3b). Most previous studies on the influence of wind changes on
the ocean carbon sink have used a constant GM scheme (Le Quéré et al., 2010, 2007;
Lovenduski et al., 2008). Our simulations highlight the importance of eddy parame-
terization in determining the magnitude of diagnosed wind feedback on ocean carbon
uptake.

The difference in the time-cumulative surface fluxes by latitude indicates that the
largest CO, loss from the ocean due to wind changes occurs in the Southern Ocean
between 40° and 60° S (Fig. 4a). The difference in the fluxes between the variable and
constant GM simulations shows that the eddies also principally modulate the response
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to the wind changes in the Southern Ocean (Fig. 4b). Specifically, the region between
40° and 50° S shows a negative flux anomaly indicating that the intensifying westerlies
cause less oceanic outgassing in the variable GM scheme than in the constant GM
scheme. The subdued response to wind forcing in the variable GM scheme is due
to compensating changes in the wind and eddy driven Southern Ocean overturning
circulation which we now examine.

3.3 Changes in eddies and the meridional overturning circulation

The difference in the zonal-mean eddy transfer coefficient between the TRANSIENT
and FIXED variable GM simulations shows that the eddy coefficient responded to the
surface wind forcing (Fig. 5a). The most prominent change was an increase in the eddy
coefficient in the region between 40° and 50° S, with the strongest increase occurring
after 1950. The eddy coefficient influences the surface carbon fluxes by modulating the
residual overturning circulation. Above topography at the latitudes of Drake Passage
the Southern Ocean residual meridional overturning streanfunction can be approxi-

mately represented as:
TX
Y, = “of T KamSp (2)

where 1, is the zonal wind stress, p is the density, f is the Coriolis parameter, Kg), is
the eddy transfer coefficient and S, is the slope of isopycnal surfaces (Marshall and
Radko, 2003). The first term on the right represents the Eulerian mean (wind driven)
circulation and the second term represents the eddy induced circulation, which tends
to oppose the mean flow.

In our simulations the intensifying westerlies act to increase the rate of the residual
overturning circulation through the Eulerian mean component (Fig. 5b). The trend in the
MOC is significant at around 1.0 Sv decade™ (1Sv=1x1 0°m?* 3'1) in the constant GM
run where the eddy coefficient is held fixed. In the case of the variable GM scheme,
the concomitant increase in the eddy transfer coefficient (Fig. 5a) leads to an increase
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in the eddy induced circulation, which partially compensates for the wind-induced in-
crease in the Eulerian mean circulation'. The net effect is that the wind forced trend
in the residual overturning circulation is about 2.5 times smaller (0.37 Svdecade‘1)
in the variable GM simulations. The partial eddy compensation that occurs in our vari-
able GM simulations is in agreement with recent theoretical predictions (Meredith et al.,
2011), eddy resolving model simulations (Morrison and Hogg, 2012), and other coarse-
resolution simulations using a similar variable GM scheme (Lovenduski et al., 2013).
Spatially, the differing circulation response between the eddy parameterizations oc-
curred principally in the Deacon cell between 40° and 60° S (Fig. 5c).

We note that the response of both the residual overturning and the surface CO,
flux to wind changes was about 2.5 times smaller under the variable GM scheme than
under the constant GM scheme over 1950 to 2010. The parameterization of mesoscale
eddies is therefore a key determinant of the wind feedback on the ocean carbon sink.
However the magnitude of the wind forcing itself is uncertain, to which we now turn.

4 The oceanic response to wind changes over 1980 to 2010 in six reanalyses
4.1 Comparison of reanalysis winds

To examine the uncertainty in the wind forcing of the ocean we compare six reanalyses
over the period 1980 to 2010 (Table 1). The zonal mean wind speed climatologies show
that the reanalyses differ significantly, particularly in the key region of the SH westerlies,
which vary in strength by about 20 % amongst the products (Fig. 6a).

The reanalyses also differ significantly in their surface wind trends over 1980 to 2010
(Fig. 6b). The largest trends generally occur in the SH westerly jets. However, the re-
analyses do not even agree on the sign of the trend. The NASA MERRA and NCEP

'With a typical isopycnal slope of 1072 and the circumference of the Earth at Drake Pas-
sage latitudes of 25 x 10° m, a change of Kg, of 10°m®s™" implies a change of eddy-induced
overturning of 2.5 Sv, consistent with our model (Fig. 5b).
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CFSR westerly jets have negative trends, which is in disagreement with station based
observations and may be due to changes in the type of data assimilated over time
(Swart and Fyfe, 2012). Even amongst the remaining four reanalyses which exhibit
a positive trend in the SH westerlies, the magnitude of the trends varies by more than
three times. These uncertainties in the wind climatologies and trends leads to uncer-
tainty in the ocean carbon response which we now consider.

4.2 The ocean carbon response to different reanalysis winds

We return to considering the net surface CO, fluxes, but this time over the period
1980 to 2010, and for six simulations each forced by monthly repeating 1980 winds
from an individual reanalysis and all using the variable GM scheme (Fig. 7a). Each of
these simulations produce a net atmosphere to ocean CO, flux within the observational
uncertainty (Ciais et al., 2013).

Our primary interest lies in the influence of wind changes on the cumulative surface
flux. The difference between simulations with evolving and fixed winds shows a large
separation in time among reanalyses (Fig. 7b). The reanalyses with large positive
trends in the SH westerly jet (20CR, R2) show a large reduction in the ocean car-
bon sink, reaching up to 0.11 Pg yr'1 decade™" over 1980 to 2010. In contrast, other
reanalyses show significantly smaller trends in the surface flux (Table 2). In the case
of the CFSR and MERRA winds, the trend is of the opposite sign indicating enhanced
ocean carbon uptake due to historical wind changes, consistent with the large negative
and possibly spurious trend in those products SH westerly jets. Even ignoring CFSR
and MERRA, the remaining four reanalyses would indicate that there are significant
uncertainties in the magnitude of the wind feedback on the ocean carbon sink over the
historical period.

The CO, flux trends depend on the time-frame selected because of the large inter-
annual variability present, but the general conclusion of a large uncertainty amongst
products is robust regardless of the choice (Table 2). The flux trends due to surface
wind forcing also depend quantitatively on the experimental design. For example, the
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20CR wind-induced trends over 1980 to 2010 differ in the experiment using transient
winds over 1871 to 2010 (0.069 Pg yr‘1 decade’1) compared to the experiment using
transient winds over only 1980 to 2010 (0.027 Pg yr‘1 decade'1). Such a dependency
on the onset date of transient winds makes the wind-product comparison experiments
reported by Le Quéré et al. (2010) hard to interpret because each of their simulations
was initialized at a different time. Our advance here was treating all simulations in
a consistent manner over 1871 to 2010 which allows a direct comparison amongst the
surface forcing products. The key result is that a large uncertainty exists in the trend of
the historical surface CO, flux due to the choice of surface forcing.

5 Conclusions

Using the 20th Century Reanalysis to provide wind forcing we have produced an ocean
biogeochemical model based estimate of ocean carbon uptake over 1871 to 2010. Our
simulations show that wind changes have significantly reduced the ocean carbon sink
since 1871. Particularly over 1950 to 2010 an intensification of the SH westerly wind
jet increased the residual overturning circulation in the Southern Ocean, leading to
an outgassing of natural CO, and a net reduction in the ocean carbon sink reaching
about 8 to 9Pg, or roughly 10 % of the total ocean uptake by 2010. Our simulations
show that the response of the ocean circulation and the carbon cycle is sensitive to
the parameterization of mesoscale eddies. With a variable eddy transfer coefficient
the response to wind changes is about 2.5 times smaller than when using a fixed
coefficient. We also showed that significant uncertainty exists in wind trends over the
period 1980 to 2010 by comparing six reanalyses. Our simulations indicate that the
influence of historical wind changes on ocean carbon uptake is highly uncertain and
depends on the choice of surface wind forcing and eddy parameterization scheme.

Acknowledgements. We thank Bill Merryfield and Jim Christian for helpful comments on the
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Table 1. List of reanalysis surface winds (speed and stress fields) used in this study. 20CR
is an ensemble reanalysis, and here we have used the ensemble mean. It should be noted
that the publicly available 20CR ensemble-mean wind-speeds were incorrectly calculated. For
application here we have recomputed the ensemble mean speed.

Name Abbreviation Reference
NCEP/NCAR Reanalysis 1 R1 Kalnay et al. (1996)
NCEP/DOE Reanalysis 2 R2 Kanamitsu et al. (2002)
Twentieth Century Reanalysis v2 20CR Compo et al. (2011)
ERA-Interim Reanalysis ERA-Int Dee et al. (2011)
NCEP CFSR CFSR Saha et al. (2010)
NASA MERRA MERRA Rienecker et al. (2011)
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Table 2. Trends in net surface CO, fluxes (Pg yr ' dec.™). Trends that are statistically significant
at the 5 % level are shown in bold. A negative trend indicates an enhanced ocean carbon sink.
Total refers to the net global surface CO, flux trend in the simulation. Wind refers to the surface
CO, flux trend due to wind forcing, calculated as the trend in the TRANSIENT minus FIXED

simulation. The 1980—-2010 simulations were each done with the variable GM coefficient.

1871-2010 1950-2010 1980-2010 1990-2010

Forcing Total Wind Total Wind Total Wind Total Wind
1871-2010 simulations

20CR constant GM -0.117 0.028 -0.303 0.023 -0.147 0.075 -0.137 0.086
20CR variable GM -0.111 0.016 -0.279 0.009 -0.135 0.069 -0.142 0.065
1980-2010 simulations

R1 -0.153 0.102 -0.185 0.123
R2 -0.177 0.112 -0.286 0.064
20CR -0.237 0.027 -0.304 0.020
ERA-Int -0.206 0.060 -0.218 0.096
CFSR -0.318 -0.041 -0.238 0.101
MERRA -0.319 -0.069 -0.309 -0.010
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Figure 2. (a) Global net sea to air flux of CO, with time-evolving 20CR winds and (b) the surface
flux anomaly due to the effect of time-evolving winds, computed as the difference between runs
with time evolving and fixed winds. Fluxes are positive out of the ocean. The grey bars in (a)
are observational estimates of the net flux (Ciais et al., 2013).
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Figure 3. (a) The rolling linear trend in the surface wind-stress averaged zonally and over 40—
60° S. (b) The rolling trend in the sea air CO, flux anomaly due to wind changes for the constant
and variable GM simulations, as well as the difference trend between the two. The trends are
calculated over the period with a start-year which rolls forward from 1871 to 1990 and an end
year of 2010. The solid lines show the trend and the shaded envelopes are the 5 to 95%
confidence interval.
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Figure 4. (a) The cumulative zonal-mean surface CO, flux anomaly over 1871 to 2010 due to
the effect of time-evolving winds for the constant GM experiment (TRANSIENT minus FIXED)
and (b) difference in the flux anomaly between the variable and constant GM experiments.
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Figure 5. (a) The zonal-mean anomaly of eddy diffusivity due to the effect of time-evolving
winds in the variable GM experiment (TRANSIENT minus FIXED); (b) wind-induced changes
in the Southern Ocean residual overturning circulation and (c) in shading the difference in the
residual overturning streamfunction between the variable and constant GM experiments with
transient winds, averaged over 2000 to 2010, with contours giving the overturning streamfunc-
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a) Climatologies

BGD

rather than surface stress fields, because the later are sensitive to the choice of drag coefficient.
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Figure 6. (a) Zonal-mean 10 m wind-speed climatologies over 1980 to 2010 in six reanaly- S
ses and (b) zonal-mean wind-speed trends over the same period. Wind-speeds are compared _%j
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Figure 7. (a) Global net sea to air flux of CO, since 1980 for six runs with different reanalysis
winds and (b) the surface flux anomaly due to the effect of time-evolving winds, computed as
the difference between runs with time-evolving and fixed winds. Fluxes are positive out of the
ocean.
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