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Sea-state-dependent wind work on the oceanic general circulation
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[1] We examine sea-state-dependent wind work on the
oceanic general circulation, using a wave hindcast dataset,
QuikSCAT winds, and geostrophic and total ocean surface
currents from (1) AVISO and (2) ECCO2 model products.
For wind work on surface geostrophic currents estimated
from AVISO or ECCO2, sea-state-dependent wind
stress increases an average of 24% (0.17TW) or 23%
(0.15TW), compared with estimates that exclude sea state
effects. For wind work on the total surface currents, the
sea-state-dependent wind stress increases the wind work by
about 24% (0.4TW). In terms of spatial distribution, the
increase in wind power input occurs mainly in high-wind
tropical regions and the mid-latitude storm track regions,
like the Antarctic Circumpolar Current region, where the
relatively rough ocean surface is characterized by young
waves and high winds. By comparison, in some regions
with relatively low winds and mature ocean waves,
there is a slight reduction in estimated wind power
input. Citation: Liu, G., and W. Perrie (2013), Sea-state-
dependent wind work on the oceanic general circulation,
Geophys. Res. Lett., 40, 3150-3156, doi:10.1002/grl.50624.

1. Introduction

[2] The mechanical energy input to the ocean by winds is a
major source for driving the oceanic general circulation and
maintaining the abyssal stratification [e.g., Ferrari and
Wunsch, 2009]. Wind work on the ocean is also a fundamen-
tal quantitative indicator of the interactions between the
atmosphere and ocean. The mean mechanical energy input
from wind to the global quasi-steady oceanic general circula-
tion can be estimated from, e.g., Wang and Huang [2004]
and Huang [2010] as

P = [[7v,ds (1)

where 7 is the wind stress, surface current vy=v,+v,q, v, is
the surface geostrophic current, v, is the surface ageostrophic
current (Surface Ekman current), the over bar denotes a time
average, and []- ds represents integration over the global
oceans. The first component P, = H@ds is the wind work
on the surface geostrophic current, which is believed to be of
vital importance for deep-ocean mixing. It is estimated as
about 0.76-0.93TW [e.g. Wunsch, 1998; Huang et al.,
2006; Hughes and Wilson, 2008]. The second component
Py = H@ds is the wind work on the surface ageostrophic
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current, previously estimated as about 0.5-0.7 TW over the
near-inertial frequency band [Alford, 2003; Watanabe and
Hibiya, 2002], and about 2.4 TW for the sub-inertial frequency
band [Wang and Huang, 2004]. The wind power input to the
ageostrophic currents is mainly dissipated in the upper ocean.
Based on equation (1), Huang et al. [2006] estimated that the
wind work on the total surface currents is 1.16 TW, using a
coarse resolution model for surface currents, while Von
Storch et al. [2007] suggested a value of about 3.8 TW, using
estimates from an eddy-resolving model with a very shallow
uppermost layer (5 m), for surface currents. These estimates
depend essentially on accurate expressions for wind stress.
Scott and Xu [2009] reported that the errors in estimating wind
work on the general circulation are dominated by wind stress
uncertainty. Presently, general circulation models (GCMs)
often take the surface wind stress, exerted by the atmosphere
on the ocean, as a function of wind alone, written as

T:paCD|Ua‘Ua 2)

where U, is the 10 m atmospheric wind, p, is the density of
air at sea level, and Cp, is the drag coefficient, which is often
taken as a constant, or depends on wind speed only. On one
hand, the bulk parameterization in equation (2) neglects the
dependence of 7 on surface ocean currents in calculations
of the wind stress. Although the current speed is thought to
be much smaller than wind speed, Duhaut and Straub
[2006] showed that neglecting surface ocean currents could
reduce the estimate for the wind work on the surface geo-
strophic circulation by 20%-35% (hereafter, the DS effect).
For the North Pacific, the DS effect reduces the wind work
by 27% [Dawe and Thompson, 2006], and for the eddy-rich
Gulf Stream region of the northwest North Atlantic, by
17% [Zhai and Greatbatch, 2007].

[3] On the other hand, the drag coefficient Cp, itself varies
not only with wind speed, but also with the sea surface rough-
ness, as determined by the sea state (wave age or wave steep-
ness) [e.g., Taylor and Yelland, 2001; Drennan et al., 2005;
Oost et al., 2002]. Generally, for wind speeds greater than
about 5 m/s, ocean surface waves are an important factor in
the surface roughness of the ocean, which in turn affects
the wind stress [e.g. Drennan et al., 2003]. Experiments
show that Cp, can vary by up to 50% depending on different
sea states at a fixed location [Donelan et al., 1995]. Over the
global oceans, on average, Liu et al. [2011] found that sea
state effects on Cp, can account for 14% of its variation.

[4] Although wind-generated surface waves are thought to
be dissipated within the upper mixed layer and cannot
directly feed into the general circulation [Agrawal et al.,
1992], it is apparent that ocean surface waves can influence
the wind work on the general ocean circulation by modifying
the surface roughness and, therefore, the momentum transfer.
This present paper investigates the effects of sea-state
(surface ocean waves) on wind work on the oceanic general
circulation, using the ECCO2 products (ftp://ecco2.jpl.nasa.
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gov/datal/cube/cube92/; Estimating the Circulation and
Climate of the Ocean, Phase II), altimetry surface geo-
strophic currents, and scatterometer winds.

2. Data and Method

[5] In present study, we use QuikSCAT scatterometer
10 m neutral wind data U, to calculate surface wind stress.
The scatterometer naturally measures the relative motion
U,y between the wind vector U, and the total surface cur-
rent Vg [Kelly et al., 2001], where U;o=U, — Vg. Thus,
the surface current Vg impacts on the wind vectors U, are
implicitly included in the scatterometer winds Uy, Here,
daily 1/4° latitude-longitude gridded QuikSCAT data (3 day
moving averages) and 10 m neutral winds from September
1999 to August 2008 are used. We use recent parameteriza-
tions for the momentum roughness length z, by Fan et al.
[2012] to calculate the wind stress, including the effects of
the sea state. Assuming that mean wind profile is close to
logarithmic, it is written as

u, = u,/xln(z/zp) 3)

where u, is wind speed at the reference height z, u« is the
friction velocity at the air side, and x=0.4 is the Von
Karman constant. From field data studies [Drennan et al.,
1996, 2003; French et al., 2007; Powell et al., 2003] it
follows that

200 = 20/ = m(cy /)" @)

wherem = 0.023/1.0568/Y! and n=0.012|U, | [Fan et al.,
2012]. Here, c,/u~ is wave age, where c, the phase is speed
of the waves at the spectral peak and u~ is the friction velocity
at the air-water interface. For neutral stratification, the drag
coefficient has a one-to-one correspondence with the rough-
ness length through the relation

Cp = *[In(z/z0)] 2. (5)

[6] We solve equations (3) and (4) together with equation
(5) at z =10m to obtain Cp. To calculate wind stress, we
need air density p,=1.223kgm™ 3, U}, and ¢,. Here ¢, is
computed from the deep water (linear) dispersion relation
c,=g/2nf, , where f, is the frequency of the waves at the
spectral peak. Related studies using ocean surface waves
have been restricted by the spatial limitations of buoy data,
which are sparse point locations, concentrated in coastal
areas, and also by the temporal and spatial resolution limita-
tions of satellite altimeter data, which have only been avail-
able since the late 1980s, and have tens of kilometers
separating consecutive tracks. To counteract these limita-
tions, spectral wave models have been developed in recent
decades and have reached a sufficiently high level of accu-
racy that they can provide reliable estimates for H, (signifi-
cant wave height) and T, (peak wave period) with errors of
the order of 20% [e.g. Bidlot et al.,2001; Rascle et al., 2008].

[7] Therefore, in the present study, we use a well-validated
global hindcast of wave parameters, constructed for geophys-
ical applications from WAVEWATCH III, available at ftp://
ftp.ifremer.fr/ifremer/cersat/, with newly developed wind
sea and swell dissipation source terms [Ardhuin et al.,
2010]. The wave hindcast database has been shown to have
relatively high accuracy, using these new source term

parameterizations. The temporal and spatial resolutions are re-
quired to be within 3 h and 0.5°, respectively, using a spectral
grid with 24 directions and 31 frequencies, spaced from 0.037
to 0.72Hz. In order to estimate the wind work on surface
geostrophic currents, two surface geostrophic currents data
sets are used. One is AVISO “Update” absolute geostrophic
velocity data. AVISO data are provided as daily averages on
a 1/3° longitude Mercator grid. The altimeter products were
produced by Ssalto/Duacs and distributed by AVISO, with
support from Cnes (http://www.aviso.oceanobs.com/duacs/).
The second is diagnosed from ECCO2 model-based sea
surface height data, using geostrophy. Because geostrophy is
not applicable at the equator, a latitudinal region of +3° is
excluded. The surface current data is obtained from the
ECCO2, from the uppermost model layer (5m). ECCO2
products have 1/4° latitude-longitude spatial resolution and
use temporal averages of 1day for sea surface height and
3 days for surface currents.

[8] As abaseline comparison, the wind work is also calcu-
lated using a wind stress with wind-only dependency, based
on Large et al. [1994]. To calculate the wind work using
equation (1), the AVISO geostrophic currents and related
wave parameters are re-gridded (using bilinear interpolation)
to the 1/4°latitude-longitude grid used by scatterometer data,
and ECCO2.

3. Results

[s] Following equation (1), the wind work on the surface
geostrophic currents is calculated as the dot-product of the
QuikSCAT scatterometer wind stress with the sea-state-de-
pendent drag coefficient and surface geostrophic currents
from (a) altimetry (P; Aviso) and (b) ECCO2 sea surface
height (Py gcco2). For Py aviso, this approach results in
an estimate of 0.88 TW; however, if the +£3° latitudinal band
on both sides of the equator is excluded, the estimate is re-
duced to 0.81 TW. For the corresponding only-wind-depen-
dent wind stress, these wind power input estimates are
0.71TW, and 0.65TW, respectively. These values are
slightly smaller than those calculated by Hughes and
Wilson [2008], possibly because of the high frequency vari-
ability of the daily geostrophic current, which is used in the
present study. For P, gccon, estimates are 0.81 TW and
0.66 TW with and without the effects of sea state.
Figures la and 1b and Figures 2a and 2b show the distribu-
tions of the wind work, averaged over 10 years, on the sur-
face geostrophic currents for P, sviso and Py gccon, with
and without the effects of sea state. In both cases, the spatial
patterns are consistent with those found in previous estimates
[e.g., Wunsch, 1998; Hughes and Wilson, 2008], with most
of the wind power contribution occurring in the Southern
Ocean, accounting for about two thirds of the total (more than
60%). Moreover, for P, aviso, the maximum in the Southern
Ocean reaches 50x10~ W/m? in the sea-state-dependent case,
while for P, pccoo, the maximum is 55 % 102 W/m?. For the
sea-state dependent wind stress minus the wind-only
dependent wind stress, the differences in magnitudes are
shown in Figures 1c and 2c.

[10] Clearly, the positive power input is greatly enhanced
in the Southern Ocean, contributing more than 75%, or about
0.14 TW of the total increase for P, aviso. For Py gccoo,
the contribution is also more than 75%, or about 0.11 TW.
In some areas of the extra-tropical oceans, for example the
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Figure 1. (a) Ten-year mean P, aviso with sea-state dependent wind stress, (b) same as Figure 1a calculated with only wind-
dependence wind stress, and (c) 10-year mean P, sviso as in data in Figure 1a minus data in Figure 1b; (d—f) data are the same
as in Figures 1a—1c but for Py aviso;(g-i) data are the same as in Figures la—1c but for Pg Aviso- Units are 10> Wm™.
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Figure 2. (a)Ten-year mean P, pccon with sea-state dependent wind stress, (b) same as Figure 2a calculated with only wind-
dependence wind stress, and (c) 10-year mean Py gcco> as in data in Figure 2a minus data in Figure 2b; (d-f) data are the same
as in Figures 2a—2c but for P, gccoz; (g-1) data are the same as in Figures 2a—2c but for Pg Eccop- Units are 107 Wm™.
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Figure 3. (a) Zonal integral of wind work on surface geostrophic current P, sviso. Blue line is latitude integral with sea-
state-dependent wind stress (W/degree, along the longitude); red line is with wind-only-dependent wind stress (W/degree); black
line is cumulative integral, starting from the southern boundary, with sea-state-dependent wind stress; and purple line is with
wind-only-dependent wind stress. Left vertical axis is for blue and red lines, and right vertical axis is for black and purple lines.
Units: W. (b) Data are the same as in Figure 3a but for P, pccop. (¢) Data are the same as in Figure 3a but for Pg.

Gulf Stream and Kuroshio Extension regions, both positive
and negative wind work are more notable when the effects
of sea state on wind stress are included. This is also indicated
in zonal and cumulative integrals of wind work in Figures 3a
and 3b. Integrated globally, the sea-state-dependent wind
stress increases the wind work on the geostrophic ocean cir-
culation by about 24%, from 0.71TW to 0.88 TW for
P, aviso, whereas for P, pccon, the increase is about
23%, from 0.66 TW to 0.81 TW.

[11] Therefore, the sea state effect on wind work is compa-
rable to the DS effect, which tends to reduce the wind work
on the oceanic general circulation. Furthermore, in order to

examine the contributions of mean and time-dependent wind
work on the surface geostrophic current, as well as the effects
of sea-state, P, may be written as

P, = [fevgds + [V ds. (6)

[12] The first term on the right side denotes the mean
wind work P, done by the mean wind stress 7 on the mean
surface geostrophic current v, while the second term is the
time-dependent wind power input P’g. The primed fluctuation
7' is taken relative to the time mean of the wind stresses,

3153



LIU AND PERRIE: WIND WORK ON OCEANIC CURRENTS

Figure 4. (a) Ten-year mean Pg with sea-state dependent wind stress, (b) same as Figure 4a calculated with only wind-
dependence wind stress, and (c) 10-year mean P as in data in Figure 4a minus data in Figure 4b; (d—f) data are the same
as in Figures 4a—4c but for Py; (g—i) data are the same as in Figures 4a—4c but for P_. Units are 107 Wm™.

and v/, represents the surface geostrophic current anomalies
(mesoscale eddies). P"g is evaluated from the difference be-

tween P, and P, . Using the mean wind stress and mean
AVISO surface geostrophic current, the mean wind work
(Pg aviso) is 0.85TW. However, excluding the effects of
waves, the corresponding value is 0.69 TW, as shown in
Figures 1d and le. As for mean wind stress and the ECCO2
surface geostrophic current, the mean wind work
(Pg Ecco2) is 0.77 TW and 0.65 TW, respectively, with and
without the effects of sea state, as shown in Figures 2d and
2e. The dominance of the mean contributions of P, aviso
and P, gccon is similar and consistent with previous estimates
[e.g., Wunsch, 1998]. Globally, consideration of sea state
results in an increase of 0.16 TW, or 23%, for Py aviso, while

for Py kccoz, the increase is about 0.14 TW, or 21%.

[13] Figures 1f and 2f suggest that the sea-state-dependent
wind stress causes a significant enhancement in the wind
work, particularly in the mid-latitude storm track regions,
the Southern Ocean from 35°S to 60°S, and the Gulf
Stream and Kuroshio Extension areas. These areas corre-
spond to relatively high winds and young waves, suggesting
that more momentum is available to the waves and that the
sea surface is rougher than in other regions. This result is also
consistent with estimates for inverse wave age calculated
using the ERA-40 wind and wave data averaged over
1958-2001 by Hanley et al. [2010]. However, there is clearly
a slight reduction in wind work that occurs mainly over an
elongated region of the tropical North Pacific, as well as
subtropical regions of the East Pacific and Atlantic, corre-
sponding to relatively lower winds, more mature ocean
waves, and, thus, ocean surfaces that tend to be smoother

than other regions. Figures 1g and lh and Figures 2g and
2h show the time-dependent contributions to the wind power
input, with and without the effects of sea state, for wind work

on AVISO (P;,_AVISO) and ECCO2 <PIg_ECC02) surface geo-

strophic current anomalies. Both spatial patterns are similar
to the results of Scott and Xu [2009]. Global integration
shows that the time-dependent wind work is 0.03 TW for
P;, rccoz- Without the effects of sea state, the values are about
0.021 TW and 0.026 TW, respectively. Over the Southern
Ocean, and the Gulf Stream and Kuroshio Extension regions,
P:giAVISO is negative, and therefore, the tropical region dom-
inates the time-dependent wind work. For P;g Eccop the sub-
tropical region is the main positive power input area for some
selected regions, e.g., the South China Sea. Figures 1i and 2i
show the difference between the two kinds of time-dependent
wind work for P, yigo and P, pecop. There is an increase of
only 0.009 TW and 0.014 TW, respectively. Therefore, for
Py aviso or Py gccon, the mean wind work component
occupies 94% or 93%, or about 0.16 TW or 0.14 TW, of the
total increase induced by the effects of sea-state-dependent
wind stresses.

[14] Figure 4 shows the wind work on the surface current
(wind stress on the surface current Pg; mean wind stress on
mean surface currents Pg; and the wind work on surface cur-
rent anomalies P,) calculated using wind stress, with and
without sea state effects, and also surface currents from
ECCO?2. Integrated globally, the sea-state-dependent wind
stress increases the wind work on the surface currents by
about 24%, from 1.7 TW to 2.1 TW, and the maximum over
75 x 10~ W/m? is found over the Southern Ocean. P; and P,
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Table 1. Wind Power Input to the Surface Geostrophic Current and Total Surface Current by Daily QuikSCAT Scatterometer Data With
AVISO and ECCO2 Geostrophic Current and ECCO2 Surface Current®

Pg _AVISO PgﬁAVISO P’giAVISO ng ECCO2 PngCCOZ P’gigccoz Ps Ps P;
0.88 0.85 0.03 0.81 0.77 0.04 2.09 1.44 0.65
0.71 0.69 0.02 0.66 0.63 0.026 1.70 1.18 0.52
0.17 0.16 0.01 0.15 0.136 0.014 0.39 0.26 0.13

“Row 1 indicates wind power input with the sea-state-dependent wind stress; row 2 indicates the power input with only-wind-dependent wind stress; row 3

is the difference between row 1 and row 2 (units: TW).

contribute to the total increase of Py by about 66% (0.26 TW)
and 33% (0.13 TW), respectively. The difference in Py, with
and without wave effects, as shown in Figure 4f, suggests
that the sea-state-dependent wind stress induces a significant
increase on the wind power input to mean surface currents in
midlatitude storm track regions and in the Southern Ocean,
corresponding to the high winds and young waves that are
prevalent in these regions. Consistent with the spatial pat-
terns in Figures 1f and 2f, the reductions in wind work on
the surface currents in the tropical North Pacific, as well as
in subtropical regions of the Northeast Pacific and
Northeast Atlantic, are evident. These regions are character-
ized by relatively smooth ocean surfaces, owing to lower
winds and more mature waves.

4. Discussion and Conclusions

[15] Ocean surface waves are the medium that transfer mo-
mentum across the air-sea interface. Generally, wind stress
over the ocean surface depends on the sea surface roughness,
which is determined by the surface waves. Underdeveloped
wind seas are rougher than their fully developed counterparts,
resulting in increased Cp, and vice versa. Although sea state
can significantly modify Cp, the wind stress computed from
only-wind-dependent, or constant Cp, is often used for model-
ing currents or estimating wind work on the oceanic general
circulation, which can result in errors. In this study, we present
the effects of sea state on wind stress and, therefore, on esti-
mates of wind work on the oceanic general circulation using
observed winds and currents, and numerical estimates from
models. Table 1 summarizes the various effects of wind work.

[16] There are substantial uncertainties in the datasets and
drag coefficient parameterizations that we used. On one hand,
besides the errors in the spectral wave and ocean model results,
satellite products have errors. For example, for wind speed, the
error is about 0.75 m/s in the along-wind direction and 1.50 m/
s in the cross wind direction. For wind direction, the error is
14° for winds higher than about 6 m/s [Chelfon and Freilich,
2005]. On the other hand, drag coefficient parameterizations
are still subject to debate [e.g. Drennan et al., 2005].
However, the uncertainty in estimate of P, aviso, due to
uncertainty in the surface geostrophic currents, is relatively
negligible, within +0.01 TW [Scott and Xu, 2009]. By
comparison, uncertainties from scatterometer wind and wave
data constitute a larger source of error, about +0.05 and
+0.04 TW, respectively, for Py aviso and Py gccon, while
for Py , the uncertainties are about £0.08 and +0.07 TW owing
to the uncertainties in scatterometer wind and wave data. In
terms of wind stress parameterizations, variations in sea-
state-dependent wind stress, ranging from that of Large et al.
[1994] to the algorithm of Liu and Tang [1996], imply in-
creases of Py aviso (Pg Eccoz.Ps ) from 0.71 (0.66, 1.70) to

0.75 (0.68, 1.75) TW, suggesting a relatively small uncertainty
of about 0.04 (0.02, 0.05) TW. For sea-state-dependent wind
stress, comparing the method of Fan et al. [2012] to the algo-
rithm proposed by Drennan et al. [2003], we find that
PgiAVISO (PgiECCOst ) increases from 0.88 (081, 209) to
0.91 (0.83, 2.14) TW, an uncertainty of about 0.03 (0.02,
0.05) TW.

[17] Accuracy depends on the data and method used. Our
methodology for estimating the sea state contribution to wind
work is based on concurrent scatterometer wind and oceanic
current data and is therefore generic and robust. The increase
of 25% (or 23%), or about 0.17 (0.15) TW for AVISO
(ECCO2) surface geostrophic currents, is significant when
taking account of the effects of sea state. It means that more
wind power will drive the large-scale circulation and feed
deep-ocean mixing. For wind work on the total surface cur-
rent from ECCO2, there is a significant increase of about
24%, or about 0.4TW, due to sea state effects.

[18] Therefore, the contribution to the large-scale ocean
circulation due to sea state effects is comparable to the DS
effect on wind work, which implies a negative bias on the
wind work by about 20%-35%. Therefore, our conclusion
is that analysis winds, like NCEP or CFSR datasets, may per-
form better, as forcing fields, for an ocean-only model, than
QuikSCAT scatterometer data, which potentially contain
the DS effect. Moreover, when scatterometer data is used,
both the DS effect and the sea state influence should be taken
into consideration in order to avoid underestimating the wind
work on ocean circulation. However, in the cases where
ocean-only models are used, without the sea-state-dependent
wind stress, results may include significant errors and lead to
underestimates in the intensity owing to a reduction of 0.17
(0.15) TW energy input to the deep ocean. Thus, results may
fail to achieve accurate spatial patterns for the large-scale
ocean circulation and underestimate the intensity of the
meridional overturning circulation, which needs 2 TW to tur-
bulently warm the abyssal waters so that upwelling can occur
[Munk and Wunsch, 1998]. We suggest that accurate coupled
ocean-wave-atmosphere models, in which both sea-state and
DS effects are taken into consideration, may be able to address
these issues for large-scale circulation simulations.
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