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[1] Hurricanes influence the local rates of air-sea CO2

exchange. Changes in fCO2w, the fugacity of CO2 in bulk
water, result from storm-induced sea surface temperature
(SST) changes and from upwelling. Using numerical studies
and comparing recent formulations for the gas transfer
velocity kL, we discuss the impact of Hurricane Gustav
(2002) on fCO2w and air-sea CO2 exchange. We show that
Gustav resulted in enhanced CO2 flux, with the maximum
occurring at the storm’s peak intensity. INDEX TERMS:

0312 Atmospheric Composition and Structure: Air/sea constituent

fluxes (3339, 4504); 4504 Oceanography: Physical: Air/sea

interactions (0312). Citation: Perrie, W., W. Zhang, X. Ren,

Z. Long, and J. Hare (2004), The role of midlatitude storms on air-

sea exchange of CO2, Geophys. Res. Lett., 31, L09306,

doi:10.1029/2003GL019212.

1. Introduction

[2] Although the effect of hurricanes on the thermal and
physical structure of the upper ocean is relatively well
known, their impact on air-sea CO2 transfer is still emerg-
ing. Air-sea gas transfer includes processes such as upper
ocean temperature changes and upwelling of carbon-rich
deep water. Data sets are few. In the sub-tropical North
Pacific, Kawahata et al. [2001] report that Hurricane John
(1994) caused a 20 matm fCO2w decrease, upwelling and
2�C SST depression. In the sub-tropical North Atlantic,
Bates et al. [1998] studied Hurricane Felix (1995), reporting
a 60 matm fCO2w decrease, upwelling, and 4�C SST
depression.
[3] Here, we examine the influence of extratropical

Hurricane Gustav on air-sea CO2 exchange in the North
Atlantic. This is a CO2 source region, in terms of annual
air-sea flux [Takahashi et al., 2002]. Gustav was selected
because it passed 120 km south of the NOAA Ship Ronald
H. Brown (hereinafter referred to as Ron Brown) which
recorded fCO2w and fCO2a, (fugacity of CO2 in bulk air)
for the Ocean-Atmosphere Carbon Exchange Study
(OACES, http://www.aoml.noaa.gov/ocd/gcc/index.php).
We describe our model simulation of Gustav in section 2.
We present four kL formulations, and give their U10 (wind

speed at 10 m height) variation in section 3. These are by
Wanninkhof [1992], Wanninkhof and McGillis [1999],
Zhao et al. [2003]], and Fairall et al. [2000]. Our Gustav
simulation allows estimation of the impact of Gustav on
the kL s, and on the CO2 air-sea flux at the Ron Brown, in
section 4.

2. Hurricane Gustav

[4] Gustav propagated by Cape Hatteras on 10 Sep-
tember embedded within a southwesterly flow from a
baroclinic cyclogenesis over New England, began inten-
sifying over 28�C Gulf Stream waters and merged with
the low, dominated by baroclinic processes. It became a
hurricane near 12 UT 11 September, reaching maximum
intensity of 42 m/s by 18 UT, and made landfall over
Cape Breton at about 06 UT 12 September. Transitioning
to an extratropical cyclone, it made a second landfall over
Newfoundland.
[5] Gustav influenced the CO2 exchange (Figure 1).

However, no fCO2w data was collected when the storm
center passed near the Ron Brown because of high seastate.
Thus, we estimate fCO2w as increasing linearly from
377 matm on 06 UT 11 September until the time of Gustav’s
peak, and we assume it remains constant at 387 matm until
14 UT 12 September, following Bates et al. [1998]. After
the storm passed (after 00 UT 13 Sept.), fCO2w and SST
oscillated strongly, reflecting the Gulf Stream environment
through which the Ron Brown was moving. Minor oscil-
lations in fCO2a result from sea level pressure (SLP)
variations.
[6] Our simulation of Gustav’s impact on the CO2

exchange depends on a reliable model storm simulation.
Figures 2a–2b show that Gustav’s storm track from our
‘full-coupled’ atmosphere-ocean model (Appendix A)
[Perrie et al., 2004], agrees well with the NHC (National
HurricaneCenter) storm track andmaximumU10 verifieswell
with QSCAT/NCEP (http://dss.ucar.edu/datasets/ds744.4)
data. Further verification is given in Figures 3a–3b, for U10

and SLP, at NDBC (National Data Buoy Center) buoy 44011
(noted in Figure 1a).
[7] Figures 4a–4b show model estimates for storm-

enhanced vertical velocity w, SST and temperatures, as
functions of time and depth, area-averaged over (71.5�W–
73.5�W, 38.5�N–40.5�N), encompassing the Ron Brown’s
ship track. These variables follow weak oscillatory pat-
terns, with respective magnitudes of 0.0001 m/s for w, and
2–3�C for SST depression, because this area is on the left
of storm track, and rather distant from the area of Gustav’s
maximum intensity. SST peaks and upwelling occur in
approximate phase, suggesting that both contribute to
fCO2w enhancement. This differs from areas of significant
SST cooling and upwelling that occur to the right of the
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Gustav’s storm track where the storm intensity is strong
[Perrie et al., 2004].

3. Air-Sea Gas Transfer Velocity

[8] Using variables provided by our coupled model
simulation, we estimate the gas transfer velocity kL. The
air-sea CO2 flux may be written as,

Q ¼ kLaDfCO2 ð1Þ

where a is the solubility of CO2 and DfCO2 is the
difference between fCO2w and fCO2a. Units for Q are mmol
CO2/m

2/h. The simplest kL relations are due to Wanninkhof
[1992] (hereinafter referred to as Wanninkhof 92) and
Wanninkhof and McGillis [1999] (hereinafter referred to as
Wanninkhof 99),

kL ¼ 0:31 U2
10 Sc=660ð Þ�1=2 ð2Þ

kL ¼ 0:0283 U3
10 Sc=660ð Þ�1=2 ð3Þ

in terms of U10 and the Schmidt number Sc. Units for kL are
cm/h. Additional factors involve wave-breaking and
bubbles, as given by Zhao et al. [2003] (hereinafter referred

to as Toba-Zhao), using a wave-breaking parameter RB, and
the wave spectrum’s peak frequency wp

kL ¼ 0:13 R0:63
B and RB ¼ u

*
2=uwp ð4Þ

where u* is the air-side friction velocity, and u is the
kinematic viscosity.
[9] A fourth kL relation relies on matched water and air

fluxes, turbulent and radiative fluxes, U10, sea-state, cur-
rents, SST, whitecap fraction f, and near-surface thermal
structure, as given by Fairall et al. [2000] (hereinafter
referred to as Fairall)

kL ¼ kL bulkð Þ þ kbreaking ð5Þ

where the wave-breaking term kbreaking [Woolf, 1997] is

kbreaking ¼ fVa�1 1þ eaS�1=2
c

� ��1=n
� ��n

; ð6Þ

in terms of whitecapping fraction [Monahan and Torgeresen,
1991],

f ¼ 3:8� 10�6 U
b
10; b � 3:4: ð7Þ

a is the gas solubility and V, e and n are empirical constants
from the GasEx-1998 field experiment (described by Fairall
et al. [2000]), respectively 14, 1.2 and 4900 cm/h, and may

Figure 1. Time series of observed fCO2w, fCO2a, SST
(�C), and estimated fCO2w (- - -).

Figure 2. Simulations by the uncoupled MC2 model (- - -),
full-coupled model (—6), NHC analysis (—&) and QSCAT/
NCEP data (—), for (a) storm track and (b) peak U10 (m/s)
following the storm center, beginning at 18 UT 10 Septem-
ber. Buoy station 44011 is �.

Figure 3. Buoy 44011 (66.59�W, 41.09�N) observations
and model simulations for (a) U10 (m s�1), and (b) central
SLP (mb).

Figure 4. Model estimates for (a) Vertical velocity
(�10�4m/s) w, and (b) temperature (�C), averaged over
the area 71.5�W–73.5�W and 38.5�N–40.5�N, encompass-
ing the Ron Brown, as a function of depth and time. SST is
included in (b). Positive w is upward.
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need re-adjustment for other data-sets, although their
determination is an ongoing topic of research [Hare et al.,
2004]. The interfacial term kL(bulk) is

kL bulkð Þ ¼
u
*ffiffiffiffiffiffiffiffiffiffiffi

rw=ra
p

hwS
1=2
cw þ ln zw=dwð Þ=k

� �
þ a haS

1=2
ca þ C

�1=2
d � 5þ ln Scað Þ= 2kð Þ

� �

ð8Þ

where subscript ‘‘a’’ (‘‘w’’) denotes air- (water-)side, r is
density, z is the measurement depth, d is the turbulent surface
layer thickness, k is the von Kármán constant, Cd is the drag
coefficient, and h is defined by h 	 LRr

1/4/j, where L is an
adjustable constant, Rr is the roughness Reynolds number,
and j is an empirical function that accounts for buoyancy
effects on turbulent transfer in the ocean. Variables u*, Cd,
and Rr come from the Toga-COARE bulk flux parameter-
izations [Fairall et al., 2003]. The Schmidt number in air Sca
is from Fairall et al. [2000, Table 1].
[10] Figure 5 compares the kL s in equations (2)–(7),

assuming no surface currents or rain, SST is 20�C, screen
temperature (at 2 m) Ta is 18.2�C, water specific humidity is
18.0 g/kg, air specific humidity is 15.5 g/kg, downward
solar flux and infrared flux are 141.0 W/m2 and 419.0 W/m2

respectively, peak frequency is 3 s and 1 s, wave-height is
1 m, and salinity is 35%. Thus, for U10 > 12 m/s, differences
in the kL curves increase rapidly. Wanninkhof 92’s kL
relation is the lowest of all, and the other 3 kL s can be
similar (with wp = 3 s�1).
[11] The Fairall and Toba-Zhao formulations are very

sensitive to changes in b and wp, respectively, and probably
represent the upper bounds on kL. Increasing b slightly from
3.4 to 3.6, or decreasing wp from 1 s�1 to 3 s�1, results in
large kL changes compared to other kL curves. Furthermore,
as whitecap coverage data are extremely noisy, this varia-
tion in b does not begin to capture the variability in the field
data, particularly at high-wind speeds where there is very
little data. In fact b should depend on U10 and seastate
variables. Moreover, the Toba-Zhao kL was calibrated with
freshwater data where whitecaps were generated by waves
shoaling, which can differ significantly with whitecap-
related CO2 transfer in seawater [Asher et al., 1997].

4. Gas Transfer Velocity and CO2 Air-Sea Flux

[12] Using variables from our Gustav simulation, Figure 6
compares the kL s at the Ron Brown location. All kL

formulations follow similar trends, showing the storm’s
impact. As in Figure 5, the Wanninkhof 92 relation is lower
than the other three, at Gustav’s peak. The Toba-Zhao and
Wanninkhof 99 relations are close, except for variations due
to wave effects (RB and wp) when U10 is moderate. Fairall’s
kL is the highest of the four relations (assuming b = 3.4),
particularly at Gustav’s peak.
[13] At Gustav’s peak (18 UT 11 Sept.), kL distributions

for the North Atlantic are shown in Figure 7. Wanninkhof
92’s kL is the lowest, and although the Toba-Zhao kL and
Wanninkhof 99 kL are similar, the former exhibits extensive
variability over the ocean, reflecting wave impacts. By
comparison, the other three kL relations show less variabil-
ity and are significant for local areas near the storm center.
Fairall’s kL has higher values than the other three, more than
twice those of Wanninkhof 92’s kL.
[14] Using the four kL models, and observed and estimated

fCO2w and fCO2a data at the Ron Brown, Figure 8 presents
the net air-sea CO2 flux Q. Solubility a is computed from
the observed SST and salinity, and Q was area-averaged
over (71.5�W–73.5�W, 38.5�N–40.5�N) around the Ron
Brown. Trends in Q reflect kL trends in Figures 6–7. Before
Gustav’s passage, Q is almost zero. Within hours of
Gustav’s passing, Q increases to a maximum out-flux of

Figure 5. Gas transfer velocities kL as a function of U10

from: (a) Wanninkhof 92, (b) Wanninkhof 99, (c) Toba-
Zhao with wp = 1 rad/s, and (d) with wp = 3 rad/s, (e) Fairall
with b = 3.4, and (f ) with b = 3.6.

Figure 6. Time series of U10 comparing kL formulations,
averaged over area (71.5�W–73.5�W, 38.5�N–40.5�N),
encompassing the Ron Brown.

Figure 7. kL at Gustav’s peak (18 UT 11 Sept.) from
(a) Toba-Zhao, (b) Wanninkhof 92, (c) Wanninkhof 99, and
(d) Fairall. Units are cm h�1.
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2.1 mmol/m2/h (Fairall’s kL), decreases to zero within 18 h,
and briefly to �0.4 mmol/m2/h, thereafter.

5. Summary

[15] We used OACES data to estimate the impact of
Hurricane Gustav on air-sea CO2 exchange, comparing four
recent kL relations. In high winds, the Wanninkhof 92 kL is
the lowest of these relations. The Toba-Zhao and Wannink-
hof 99 kL s are close to one another, although the former has
extensive variability over the ocean due to the wave effects,
while the other three relations are significant over local
areas near the storm center. During Gustav’s peak, Fairall’s
kL is the highest, more than twice Wanninkhof 92’s, due to
white-capping. Fairall’s kL, and Toba-Zhao’s, are sensitive
to whitecap coverage, and peak frequency, respectively.
[16] Based on interpolated fCO2w data, Gustav caused a

rapid increase in CO2 out-flux, reaching a maximum of
2.1 mmol/m2/h (assuming Fairall’s kL) occurring at the
storm’s peak and diminishing rapidly to zerowithin 18 h later.
However, this kL is tuned to Gas-Ex data and may need
adjustment for other environmental conditions [Hare et al.,
2004].

Appendix A

[17] The model couples atmosphere and ocean compo-
nents, passing fluxes of heat, momentum and mass. The
atmospheric model is MC2 [Benoit et al., 1997], imple-
mented at 0.25� resolution, with 30 vertical layers, and 600s
time steps. Boundary and initial conditions are from
Canadian Meteorlogical Centre analysis data. The ocean
model is POM (Princeton Ocean Model) by G. L. Mellor
(http://splash.princeton.edu/WWWPUBLIC/htdocs.pom)
with 0.16� horizontal resolution, 23 vertical layers.
Boundary and initial conditions are from the Generalized
Digital Environmental Model (GDEM) data [Bender and
Ginis, 2000]. The wave model is WAVEWATCH III. The
sea spray model simulates total air-sea latent and sensible
heat fluxes [Andreas and DeCosmo, 2002].

[18] Acknowledgments. We acknowledge funding from the Canada
Panel on Energy Research and Development and Natural Science and
Engineering Research Council (SOLAS), and assistance with the MC2
model (J. Gyakum, R. McTaggart-Cowan), the sea spray model
(E. Andreas), the URI POM version (I. Ginis), and the fourth kL model
(C. Fairall).
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Figure 8. Time series of CO2 flux Q, using four kL s,
averaged over (71.5�W–73.5�W, 38.5�N–40.5�N) around
the Ron Brown. The gap at 12 UT occurs because no fCO2a

data is available.
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