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A B S T R A C T

A 17-year (1999–2015) HYbrid Coordinate Ocean Model (HYCOM) reanalysis is used to calculate the wind work to the global oceanic circulation with a focus on the
global integral of the wind work on the ageostrophic currents. While the wind work on the geostrophic currents estimate of the study is in good agreement with
previous research, our estimation of the wind work on the ageostrophic currents (5.44 TW) is significantly larger than previous estimates. The two main reasons for
this difference are: (1) the thickness of HYCOM's first vertical layer is 1m and thus the surface ageostrophic currents are better represented than those in numerical
models that use a thicker top layer; and (2) the reanalysis is forced with hourly surface stresses and thus contains wind work contributions from high frequency wind
stress variations compared against previous estimates using daily wind stress.

1. Introduction

The wind is one of several possible mechanical energy sources to
drive ocean interior mixing (Munk and Wunsch, 1998) and the wind
energy input to the global oceans is the most important mechanical
energy source in maintaining the oceanic general circulation
(Huang et al., 2006). The average wind mechanical energy input rate is
defined as the total wind work

= τ VW · , (1)

where W is the rate at which the wind stress (τ) works on the ocean
surface current (V) and an overbar denotes time averaging.

The ocean surface current in Eq. (1) can be split into geostrophic
(Vg) and ageostrophic (Vag) components:

= +V V V .g ag (2)

Thus, the wind work input into the global ocean circulation contains
both wind work on surface geostrophic currents (Wg) and ageostrophic
currents (Wag):

= + = +τ V τ VW W W · · .g agg ag (3)

Wg and Wag can be further divided into mean and eddy parts as re-
spectively shown in Eqs. (4) and (5):

= + ′ ′V VW τ τ· · ,gg g (4)

= + ′ ′V VW τ τ· · ,agag ag (5)

where the prime denotes fluctuations relative to the corresponding time
average. The different components of wind work have been explored by
researchers using different methodologies and demonstrated con-
sistencies in some and disagreements in others (Wunsch, 1998; Wang
and Huang, 2004; Huang et al., 2006; Von Storch et al., 2007; Hughes
and Wilson, 2008).

1.1. Previous estimates of wind work on surface geostrophic currents

Many efforts have been conducted to estimate the global Wg. Prior
to the satellite era, only rough estimates were possible using ship drift
observations to approximate Vg and wind climatologies to estimate τ
(Fofonoff 1981; Oort et al., 1994). Wunsch (1998) provided the first
detailed estimate of global Wg in the satellite era. Using geostrophic
currents calculated from satellite altimetry and the National Centers for
Environmental Prediction (NCEP) wind stress, he calculated a 4-year
(1992–1996) average total global integral Wg as 0.88 TW (Table 1),
about one half the estimate given by Fofonoff (1981) and
Oorr et al. (1994). From this total, 0.84 TW comes from the mean part
( Vτ· g ) and 0.04 TW from the eddy part ( ′ ′Vτ · g ). In his calculation, both
geostrophic currents and wind stresses were averaged over a 10-day
period that was determined by the TOPEX/POSEIDON data, and the
wind work on the geostrophic currents by higher frequency wind
fluctuations was assumed to be small. Subsequently, using the TOPEX/
POSEIDON data but with two different wind stress products from NCEP-
National Center for Atmospheric Research (NCAR) Reanalysis I and the
European Centre for Medium-Range Weather Forecasts ERA-40
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Reanalysis, Huang et al. (2006) estimated the 10-year average
(1993–2003) Wg as 0.84 TW (Table 1), consistent with Wunsch (1998).
Hughes and Wilson (2008) estimated 0.76 TW (Table 1) total global Wg

using 7-day averaged QuickSCAT scatterometer data and geostrophic
surface currents calculated from a combination of satellite altimetry
and surface drifter data. QuickSCAT directly measures wind stress and
thus implicitly includes the effect of ocean surface currents in the wind
stress measurements. This is different from the NCEP wind stress used
in Wunsch (1998), which does not take into account the ocean surface
currents. Duhaut and Straub (2006) found that wind work on the
geostrophic currents was reduced by 20% when ocean surface currents
dependency is considered in the wind stress formulation. To be con-
sistent with Wunsch (1998), an additional 0.19 TW of wind work was
added to their original wind work estimate to account for the reduction
due to the effect of ocean currents (Hughes and Wilson, 2008). There-
fore, their total of 0.95 TW is slightly larger than the estimate by
Wunsch (1998) and Huang et al. (2006). To understand the effect of
wind averaging frequency on Wg, Zhai et al. (2012) estimated Wg using
7-day averaged surface geostrophic currents and wind stress derived
from 6-hourly, daily, and monthly NCEP winds. They found that wind
work on geostrophic currents was increased by more than 70% when 6-
hourly winds are used to calculate wind stress instead of monthly mean
winds.

Numerical model output has been used to estimate the global Wg.
Such estimates include Wunsch (1998), Huang et al. (2006), and
Von Storch et al. (2007). All three studies give similar results range
from 0.84 to 1.06 TW. Scott and Xu (2009) recognized that all these
numerical studies used NCEP wind stress and thus studied the un-
certainties associated with wind stress products finding it to be the
dominant source of error. Their results suggested that ignoring the
surface currents in the wind stress formulation can lead to an over-
estimate of Wg by 10 to 30%, a similar finding as Duhaut and
Straub (2006). Zhai et al. (2012) found even larger overestimation of
Wg by ∼50% when surface currents in the wind stress formulation are
omitted.

1.2. Previous estimates of wind work on surface ageostrophic currents

The ageostrophic current consists of the Ekman currents, produced
by slowly varying and steady wind components, and near-inertial cur-
rents produced by high frequency winds. The wind work on the near-
inertial motions has been described using a damped slab mixed layer
model (D'Asaro, 1985; Alford, 2001; Watanabe and Hibiya, 2002;
Alford, 2003). It was estimated to be 0.5 TW by Alford (2003).
Wang and Huang (2004) developed a simple one dimensional (1D)
model using the classical Ekman spiral. They estimated the average
global wind work input into the surface Ekman currents to be 2.3 TW
over a 54-year period (1948–2002) using the daily averaged wind stress
data from the NCEP-NCAR reanalysis. When adding the numbers from
these two studies together, we get the total wind work on surface
ageostrophic currents (Wag) to be 2.8 TW (Table 2).

Since ocean general circulation models (OGCM) can simulate both
Ekman and near-inertial currents, they are widely used to estimate
wind work on surface ageostrophic currents (Wag). However, the results
vary significantly among different studies due to their choice of model
resolution, wind forcing, and averaging time scales. Using the daily
mean surface currents from numerical simulations forced with daily

mean wind stresses, Huang et al. (2006) estimated that the wind work
on the ageostrophic surface currents was only 0.3 TW (Table 2), much
smaller than the 2.8 TW estimated above. The spatially averaged
thickness of the first layer in their numerical model is about 30m and
the horizontal resolution is 1°× 1°. Von Storch et al. (2007), on the
other hand, reported a 2.7 TW (Table 2) of wind work on the ageos-
trophic surface currents using data from the OGCM for the Earth Si-
mulator (OFES) at much finer vertical (5 m in first layer) and horizontal
(0.1°) resolution. However, the OFES output was stored as snapshots on
every third day and a daily averaged wind stress was applied to the
numerical model.

1.3. Uncertainties of the wind work estimation on surface ageostrophic
currents

As discussed in Section 1.2, there is an order of magnitude differ-
ence in previous estimate of the wind work on ageostrophic currents
(Table 2) from 0.3 TW (Huang et al., 2006) to 2.7 TW (Von Storch
et al. 2007) and 2.8 TW that is the sum of the estimates of Alford (2003)
and Wang and Huang (2004). One reason is that neither
Huang et al. (2006) nor Von Storch et al. (2007) have sufficient wind
stress frequency to resolve the near-inertial currents at latitudes higher
than 10°. But since the wind work on the near-inertial currents was
estimated to be 0.5 TW (Alford 2003), most of the discrepancy comes
from the wind work on the Ekman currents.

From the theoretical point of view, Wang and Huang (2004) sug-
gested that they may underestimate the wind work on the Ekman
currents because the classical Ekman spiral predicts an angle of 45° to
the right (left) of wind stress in the Northern (Southern) Hemisphere,
while field measurements find that the angle between the wind stress
and surface drifter velocity is between 5° and 20° (Cushman-
Roisin, 1994). Assuming the same Ekman depth in their 1D model and
replacing the 45° surface angle used by Wang and Huang (2004) with
5°–20° angles, the wind work would increase by 33%–41% from 2.3 TW
to 3.1–3.2 TW. Additionally, their estimate is also very sensitive to the
calculation of the Ekman depth De. The authors chose an empirical
formula (their Eq. 15 as shown below) to calculate De,

=D γ u
f
* ,e

(6)

where u*is the frictional velocity, f is the Coriolis parameter, and γ is an
empirical constant set to be 0.5 determined through a best fit of six sets
of observations (Wang and Huang, 2004, their Fig. 2). Their estimate of
γ is higher than commonly used values (γ ≈ 0.25− 0.4). If we take the
5°–20° angle and vary the γ value, the wind work estimate will change
to 3.8–4.1 TW if γ=0.4 is used and it is doubled if γ=0.25 is used.

For the numerical studies, the surface current is not the current on
sea surface (z= 0) but rather the vertical average of the currents in the
first layer of the OGCM. The choice of first layer thickness in the model
greatly affects the magnitude of the Ekman currents used in the wind
work estimations. Assuming the diffusivity is vertically constant and
taking the direction of τ as the x-axis, the classical solution of Ekman
spiral is
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where Ue is the Ekman velocity along the x direction, ρo is the density of

Table 1
Previous estimates of the global integral of the wind work (TW) on the geos-
trophic currents (τ V· g ). The equatorial region (within± 3° of the equator) is
omitted from the calculation.

Wunsch (1998) Huang et al. (2006) Hughes and Wilson (2008)

τ V· g 0.88 0.84 0.76

Table 2
Previous estimates of the global integral of the wind work (TW) on the
ageostrophic currents (τ V· ag ).

Alford (2003) plus Wang and
Huang (2004)

Huang et al. (2006) Von Storch
et al. (2007)

τ V· ag 2.8 0.3 2.7
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the ocean, and z is the vertical coordinate. Since the cross-wind Ekman
current component does not contribute to the wind work, we only need
to integrate the along wind component Ue in the first model layer:

∫ ⎜ ⎟= ⎛
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where Δz is the thickness of the first layer. Thus, the ratio of the depth-
average Ue in the first model layer (Uelayer) to the Ue at the ocean surface
is
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Previous studies have suggested that the surface Ekman layer ex-
tends only about 10–20m deep. Price et al. (1987) estimated De=12 m
defined by the depth of the e-folding scale of the amplitude of the
surface ageostrophic currents in the western Sargasso Sea.
Chereskin (1995) suggested a similar value of De=18 m in the Cali-
fornia Current, and a 22m Ekman depth in Drake Passage was reported
by Lenn and Chereskin (2009). Numerical models with the first layer
thickness of 5 (Von Storch et al., 2007), 10 (Von Storch et al., 2012),
and 30m (Huang et al., 2006) underestimate the surface Ekman current
along the wind stress direction and thus the wind work on the surface
Ekman currents by 42% (23%), 69% (42%), and 100% (85%), respec-
tively when the Ekman depth is 10m (20m).

Furthermore, Wang and Huang (2004, their Eq. 14 as shown below)
suggested that wind work on surface Ekman currents generated by the
variational wind stress is
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where ωn and Tn are the frequency and magnitude of the nth compo-
nent of the wind stress, respectively. Thus, all the three previous esti-
mates of wind work on Ekman currents (Wang and Huang, 2004; Huang
et al., 2006; Von Storch et al., 2007) lack the contribution from com-
ponents with frequencies higher than the daily resolution of wind stress
since they all utilized daily averaged wind stress forcing.

1.4. Goals of this study

In this study, we calculate the wind work (W) input to the global
surface currents using model output from a 17-year global HYbrid
Coordinate Ocean Model (HYCOM) reanalysis. This research differs and
improves on previous studies in that (1) the model surface layer has a
thickness of 1m and thus the ocean surface Ekman currents are better
represented; (2) the reanalysis is forced by hourly surface stress and
thus is able to fully resolve near-inertial currents in high latitudes and
capture the wind work on surface Ekman currents from the high fre-
quency wind stress variations; and (3) the reanalysis provides more
realistic sea surface height (SSH) fields and thus more accurate surface
currents than non-data assimilative simulations.

Note that in the real ocean, surface gravity waves play an important
role in redistributing momentum and energy in the water column
through wave breaking and Langmuir turbulence. Large eddy simula-
tion studies have shown that both wave breaking and Langmuir tur-
bulence reduce the mean vertical velocity shear near the surface with
the influence of surface gravity waves on the Ekman layer (McWilliams
et al., 1997, 2012). However, OGCMs (including HYCOM used in this
study) usually apply a mean surface wind stress that varies smoothly in
space and time on scales much greater than those of the surface gravity
waves. High-frequency and small-scale motions generated by breaking
waves and Langmuir turbulence are naturally filtered out by the grid
resolution of the OGCMs. Even though the 1m thick surface layer in
HYCOM can provide a better representation of the surface currents than
the 5–30m surface layer thicknesses in the other models mentioned in
Section 1.3, the surface gravity waves are not part of the model physics

in any of these systems.
The reanalysis output contains hourly instantaneous surface cur-

rents, surface stress, and SSH fields. This provides an opportunity to
estimate both wind work on the surface geostrophic and ageostrophic
currents. We are especially interested in the total wind work on
ageostrophic currents (τ V· ag ) since the uncertainty of the previous es-
timates is large. Although the wind stress formulation used in this
HYCOM reanalysis takes into account the ocean surface currents
(Pacanowski, 1987; Luo et al., 2005; Duhaut and Straub, 2006; Hughes
and Wilson, 2008; Xu and Scott, 2008; Yu et al., 2017), the global wind
work difference due to the wind stress formulation with or without
ocean surface currents is not the focus of this research and beyond the
scope of this study.

This paper is organized as follows: Section 2 describes the numerical
model and data assimilation for the reanalysis. The wind work on
surface geostrophic currents is validated against previous studies in
Section 3. The reanalysis results of wind work on ageostrophic currents
are presented in Section 4, which is followed by discussion and con-
clusions in Section 5.

2. Numerical model and simulation

A 17-year global HYCOM reanalysis from 1999 to 2015 is used for
this study. HYCOM is widely used in the ocean community (http://
www.hycom.org) and is the ocean model component for the present
operational US Navy Global Ocean Forecast System (Metzger et al.,
2014). It has been applied to large scale, marginal seas, and coastal
studies. HYCOM is a primitive equation general ocean circulation
model and solves five prognostic equations: two horizontal velocity
components, mass conservation, temperature and salinity conservation.
A detailed description of HYCOM physics is provided by Bleck (2002).
HYCOM is briefly presented below with emphasis on the numerical
aspects that are relevant to this study. There are no tides or surface
waves in this reanalysis.

2.1. Model outputs, grids

The HYCOM horizontal resolution in this study is 0.08° (1/12.5°)
that is ∼9 km at the equator and ∼6.5 km at mid-latitude making it
globally eddy-resolving. The grid is uniform cylindrical from 78.64°S-
66°S, Mercator between 66°S-47°N and includes a bipolar patch north of
47°N providing ∼3.5 km grid spacing at the North Pole. There are 41
hybrid (z, sigma, and isopycnal) coordinate layers vertically with po-
tential density referenced to 2000m. The first vertical layer has a
uniform layer thickness of 1m.

For the output, hourly instantaneous surface stress, surface current
velocities, and SSH fields are interpolated to a uniform 0.08° resolution
between 40°S-40°N and to 0.04° resolution poleward of these latitudes.
The ocean surface geostrophic currents are calculated from SSH fields
assuming geostrophic balance. The ageostrophic currents are the dif-
ference between the surface currents and the geostrophic currents.

2.2. Data assimilation

The data assimilation technique employed for the reanalysis is a
three dimensional (3D) variational scheme used within the Navy
Coupled Ocean Data Assimilation (NCODA) (Cummings 2005;
Cummings and Smedstad, 2013). Available remotely sensed sea surface
temperature (SST), SSH, sea ice concentration, and in-situ observations
of temperature and salinity from profiles, ships, and moored and
drifting buoys are all assimilated into HYCOM. NCODA also generates
synthetic temperature and salinity profiles for assimilation that are
formed from the two dimensional SSH and SST using a 3D synthetic
profile method, the Improved Synthetic Ocean Profile (Helber et al.,
2013).
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2.3. Initialization and surface forcing

The 17-year reanalysis is separated into one 3-year stream starting
in 1999, six 2.5-year streams starting in 2001, and one 3-year stream
from 2013 to 2015. For each stream, the initialization state comes from
a previous 20-year ocean reanalysis (Thoppil et al., 2015; Yu et al.,
2015) on December 1 of the previous year except the very first stream
started in June 1998.

Atmospheric forcing for this reanalysis is from the 0.3125° hourly
NCEP Climate Forecast System Reanalysis (CFSR) (Saha et al., 2010).
The wind stress formulation in the model includes the ocean surface
currents. The NCEP CFSR 10-m wind velocities are read by HYCOM and
the surface stress is calculated at every time step taking into account the
ocean surface currents. The surface stress in the previous 20-year ocean
reanalysis used to initialize the model does not include the ocean sur-
face currents in the wind stress formulation. When the new wind stress
formulation (include ocean surface current) is applied to the model, the
mesoscale eddy field adjusts to the satellite altimeter data within the
first month (Yu et al., 2015) but the basin wide kinetic energy takes
another 6 months to reach “equilibrium”. Thus, while the ∼2.5-year
streams start on December 1 of the previous year and end after 31
months of integration, i.e. the end of June, only the last two years of
output (i.e. July 2001–June 2003) from each ∼2.5-year stream are
used in the analysis here. Reanalysis data from January 1999 to June
2001 in the first stream and from July 2013 to December 2015 in the
last stream are used in the analysis.

3. Wind work on geostrophic currents

In this study, the overbar terms in Eqs. (1)–(5) are 17-year averages
and the prime terms are eddy components relative to the 17-year
average of ocean currents and wind stress. All figures are presented in
the latitude range from 80°S to 80°N, while global integrals are given in
the region between 63°S and 63°N to be consistent with previous stu-
dies. A detailed description of the wind work terms in Eq. (4) is given in
this section.

3.1. The mean part of the 17-year average wind work on the surface
geostrophic currents (τ V· g)

The 17-year average mean wind stress (τ) and geostrophic currents
(Vg ) are used to calculate the mean part of the wind work on the surface
geostrophic currents. To be consistent with Wunsch (1998), the equa-
torial region (within±3° of the equator) is omitted from these calcu-
lations. The two components (τ ugx and τ vgy ) of Vτ· g are shown in
Fig. 1a and c, respectively. The global (63°S–63°N to be consistent with
Wunsch, 1998) integral (Table 3) shows the dominance of τ ugx (0.78
TW) relative to τ vgy (0.03 TW), which are 0.02 and 0.01 TW smaller
than the Wunsch (1998) estimate, respectively. This is due to the in-
clusion of surface current in the wind stress formulation in our model
that reduces the wind work (Duhaut and Straub, 2006). Please note that
the two decimal points do not imply an absolute accuracy of 0.01 TW,
but are given to allow a comparison with the numbers of the same order
by Wunsch (1998).

The spatial patterns are very similar to that found in previous stu-
dies (Wunsch, 1998; Von Storch et al., 2007; Hughes and Wilson, 2008;
Scotts and Xu, 2009; Zhai et al., 2012). The most significant positive
input of τ ugx comes from the Antarctic Circumpolar Current (ACC) in
the Southern Ocean, the Gulf Stream, the Kuroshio (Wunsch, 1998),
and the Caribbean Current (Hughes and Wilson, 2008). Seventy one
percent of the global integral of τ ugx occurs to the south of 40°S due to
the persistent strong winds above the ACC that is the world's strongest
current system (Fig. 1b). The most significant negative values of τ ugx
are found over the North Equatorial Countercurrent (Fig. 1a and b),
which is the same as Hughes and Wilson (2008, their Fig. 1). Twenty
one percent of the global integral of τ ugx comes from tropical-

subtropical regions within± 20° of the equator. Notice that although
the Gulf Stream and Kuroshio have their strong signatures in the global
pattern (Fig. 1a), their contributions to τ ugx are small when integrated
zonally (Fig. 1b). This is because the ocean surface areas occupied by
both current systems are small, and thus their contributions are
smeared out by the zonal integration. τ vgy (Fig. 1c) is much smaller
than τ ugx , and 91% of the wind work occurs within±20° of the
equator (Fig. 1d). The total mean component of the wind work on
geostrophic currents ( Vτ· g , Fig. 1e) thus follows closely the spatial
distribution of τ ugx (Fig. 1a). Its global integral is 0.81 TW with 69% of
the wind work occurring to the south of 40°S and another 23% occur-
ring within± 20° of the equator (Fig. 1f).

3.2. The eddy part of the 17-year average wind work on the surface
geostrophic currents ( ′ ′τ V· g)

To calculate ′Vg, we first calculate 10-day average SSH from the
hourly SSH outputs and then the 10-day average geostrophic current Vg

is calculated assuming geostrophic equilibrium following
Wunsch (1998). ′Vg is the difference between the 10-day average
geostrophic current and the 17-year average geostrophic current. The
surface stress is also averaged every 10-day period to calculate τ′.

Unlike the mean part, both components ( ′ ′τ ux g and ′ ′τ vy g ) of ′ ′Vτ · g
show similar magnitude, and their spatial patterns (Fig. 2a and c) are
very similar to Wunsch (1998). The most dominant positive contribu-
tion comes from the tropics and the most dominant negative values
occur in the Southern Ocean (Fig. 2a–d). Like Wunsch (1998), the re-
analysis results also show significant positive and negative contribu-
tions in the western monsoon region of the Indian Ocean. The global
integral of ′ ′τ ux g and ′ ′τ vy g in our calculation is −0.042 and −0.057 TW
(Table 4), respectively, in comparison to 0.029 and 0.01 TW in
Wunsch (1998). These differences mainly come from the high me-
soscale eddy activity regions: south of 40°S, the Agulhas Current, the
Kuroshio Extension, and the Gulf Stream.

Duhaut and Straub (2006) pointed out that the reduction of geos-
trophic wind work due to the surface currents in the wind stress for-
mulation is the strongest in regions of high mesoscale eddy activity.
Hughes and Wilson (2008) further show that more than 75% of this
effect is represented by ′ ′Vτ · g . Thus, the negative values of ′ ′Vτ · g (Fig. 2a
and c) found in the Southern Ocean, the Agulhas Current, the Kuroshio
Extension, and the Gulf Stream can be attributed to the effect of in-
cluding ocean surface currents in the wind stress formulation, which is
not included in Wunsch (1998).

The spatial distribution of ′ ′Vτ · g and its zonal integral are shown in
Fig. 2e and f. They look very similar to Fig. 5a in Hughes and
Wilson (2008), which also contains the effect of ocean currents in their
wind stress formulation. There are strong positive and negative con-
tributions in the tropics with positive contributions dominating and
strong negative contributions in the regions with strong mesoscale eddy
activity. However, a closer inspection reveals that our results have a
systematic low bias in comparison with Hughes and Wilson (2008). The
integral between 20°S and 20°N in our model is 0.027 TW that is
smaller than the Hughes and Wilson (2008) 0.039 TW estimate. In our
zonal integration (Fig. 2f), the magnitude of negative contributions
from the Southern Hemisphere around 40°S is larger than the maximum
positive contribution around 10°N (Fig. 2f), which is opposite to the
findings by Hughes and Wilson (2008, their Fig. 5a). Our total integral
south of 20°S is −0.103 TW, quadruple the integral of −0.026 TW for
the same region in Hughes and Wilson (2008, their Table 3). The global
integral of ′ ′Vτ · g of the reanalysis is −0.099 TW compared with
0.009 TW in Hughes and Wilson (2008) and 0.039 TW in
Wunsch (1998).

There are two possibilities that can contribute to these differences.
The first is that the reduction of geostrophic wind work due to the
surface currents via the wind stress is probably diluted in Hughes and
Wilson (2008). In order to be able to fully resolve the effect of ocean
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currents on wind work via wind stress formulation, the wind stress and
current measurements need to be matched well-enough in time and
space for the mesoscale features in both currents and wind stresses field
to be aligned. It is possible that this requirement was not met for ob-
servations (Hughes and Wilson, 2008). The second possibility comes
from the spatial resolution of the available data. As mentioned in
Section 2.1, the horizontal resolution of the HYCOM reanalysis is eddy
resolving at 0.08°. The data used by Wunsch (1998) were gridded at 2°
resolution which is not able to resolve mesoscale eddies. The data used
by Hughes and Wilson (2008) were gridded on a 1/3° Mercator grid,
which is eddy permitting, but not able to fully resolve the mesoscale
eddies properly. Thus, the spatial resolution of available data may limit
Hughes and Wilson (2008) from fully capturing the contribution of

mesoscale eddies on ′ ′Vτ · .g And the decreasing trend of ′ ′Vτ · g (0.039,
0.009, −0.099 TW) with the increase of the spatial resolution among
the three studies supports this assumption.

3.3. The 17-year average wind work on the surface geostrophic currents
(τ V· g )

Both the spatial pattern (Fig. 3a) and its zonal integral (Fig. 3b) of
the 17-year average total wind work on the surface geostrophic currents
(τ V· g ) agree well with Hughes and Wilson (2008). The most dominant
contribution comes from the Southern Ocean, which accounts for 70%
of the total wind work on the geostrophic currents. The global integral
is 0.71 TW, 19% less than the estimate of 0.88 TW in Wunsch (1998)
and 7% less than the 0.76 TW estimate in Hughes and Wilson (2008).
Among the 0.17 TW reduction compared to the Wunsch (1998), 0.14
TW (82%) comes from ′ ′Vτ · .g This clearly supports the idea that most of
the reduction of τ V· g by including the ocean currents in the wind stress
formulation comes from the eddy part ( ′ ′Vτ · g ) of the wind work (Duhaut
and Straub, 2006; Hughes and Wilson, 2008).

4. Wind work on ageostrophic currents

The hourly ageostrophic currents are calculated as the difference

Fig. 1. Seventeen-year average (10−3W/m2) of (a) τ ugx , (c) τ vgy , and (e) Vτ· g over the period 1999–2015, and the corresponding meridional distribution of the
zonal integral (b), (d), and (f), respectively. The global wind work integral is noted over Asia for all figures. Note the range of the color bar is different for some panels
on this figure and on subsequent figures.

Table 3
Global integral (63°S - 63°N) of the mean part of the wind work (TW) on the
eastward (τ ux g ), northward (τ vy g ) geostrophic currents components, and the
ageostrophic currents ( Vτ· ag ). The equatorial region (within± 3° of the
equator) is omitted from the calculation.

Component τ ux g τ vy g Vτ· ag

HYCOM reanalysis 0.78 0.03 1.28
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between the hourly surface currents and the corresponding 10-day
average surface geostrophic currents. The sensitivity of the wind work
on the ageostrophic currents to the choice of different geostrophic
average periods is discussed in Section 5.1. The 17-year average
ageostrophic currents are calculated as the difference between the 17-
year average surface currents and surface geostrophic currents.

4.1. The mean part of the 17-year average wind work on the ageostrophic
currents (τ V· ag)

The 17-year average mean wind stress (τ) and ocean surface
ageostrophic currents (Vag ) are used to calculate the mean part of the
wind work on the ageostrophic currents. Since the 17-year average
ageostrophic currents are surface Ekman currents, classical theory tells
us that the mean part of the wind work on the surface Ekman currents
(Wang and Huang, 2004) is

=V τ
ρ fD

τ· .ag
o e

2

(11)

We should expect a high correlation between Vτ· ag and the mag-
nitude of the mean wind stress. Indeed, the spatial distribution of Vτ· ag
(Fig. 4a) in our model is very similar to the mean wind stress magnitude
(Fig. 5a) with a high correlation coefficient of 0.95.

The global integral of Vτ· ag is 1.28 TW (Table 3). Its main con-
tribution comes from two regions with the largest contribution (47%)
from the Southern Ocean south of 40°S (Fig. 4a and b) due to the strong
currents driven by strong wind stress, and the second largest con-
tribution (35%) from the tropical-subtropical region within± 20° of the
equator.

4.2. Comparing τ V· ag with Wang and Huang (2004)

The 1.28 TW global integral of Vτ· ag is in decent agreement with the
Von Storch et al. (2007) 1.06 TW estimate but more than double the
Wang and Huang (2004) 0.54 TW estimate. However, the 75% con-
tribution from the Southern Hemisphere in our calculation is almost the
same as the 74% estimate in Wang and Huang (2004).

To understand the magnitude difference between the reanalysis and
Wang and Huang (2004), Vτ· ag is also estimated theoretically in the
same way as Wang and Huang (2004, their Eqs. 15 and 13) by applying
the 17-year average surface stress to Eqs. (6) and (11). The spatial
distribution of the theoretical estimate Fig. 5b) is very similar to what's

Fig. 2. Seventeen-year average (10−3W/m2) of (a) ′ ′τ ux g , (c) ′ ′τ vy g , and (e) ′ ′Vτ · g ( ′ ′ + ′ ′τ u τ vx g y g ) over the period 1999–2015 calculated from 10-day average outputs,
and the corresponding meridional distribution of the zonal integral (b), (d), and (f), respectively.

Table 4
Global integral (63°S - 63°N) of the eddy part of the wind work (TW) on the
eastward ( ′ ′τ ux g ), northward ( ′ ′τ vy g ) geostrophic currents components, and the
ageostrophic currents ( ′ ′Vτ · ag ). The equatorial region (within± 3° of the
equator) is omitted from the calculation.

Component ′ ′τ ux g ′ ′τ vy g ′ ′Vτ · ag

HYCOM reanalysis −0.042 −0.057 4.15
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calculated from the reanalysis data (Fig. 4a) with a high spatial corre-
lation of 0.97. The meridional variation of the zonal integral (Fig. 5c) is
also in good agreement with the reanalysis (Fig. 4b). But the wind work
magnitude of the theoretical estimate is much smaller with a 0.46 TW
global integral, which is in much better agreement with the Wang and
Huang (2004) 0.54 TW estimate. Kelly et al. (2001) find that including
surface currents in the wind stress formulation reduces the wind stress
magnitude. Thus, the 0.08 TW difference between our theoretical es-
timate and Wang and Huang (2004) can mainly be attributed to the
smaller surface stress in the reanalysis induced by the inclusion of
surface currents in the wind stress formulation. Since the choice of wind
stress data only makes a very small difference in the estimate of Vτ· ag
using the same method, the large difference (1.28 vs 0.54 TW) between
the reanalysis and Wang and Huang (2004) resides in their usage of
Eqs. (6) and (11) to estimate the wind work vs the internal physics in
HYCOM.

Eq. (11) is derived from the classical Ekman spiral that predicts a
constant 45° angle (Wang and Huang, 2004) between the surface
Ekman current and wind stress. As can be seen from Fig. 5d, this angle
varies significantly with location. In the Southern Ocean where most of
the wind work occurs, the average angle (Fig. 5e) is 34°. According to
our discussion in Section 1.3, the wind work calculated from the re-
analysis can be 17% larger (cos 34/cos 45) than that calculated using
the classical theory in this region assuming the same Ekman depth.

For a given mean wind stress dataset, the wind work is inversely
proportional to the Ekman depth (Eq. (6)) according to Eq. (11). The
Wang and Huang (2004) estimation will be doubled to 1.08 TW if
γ=0.25 is used in Eq. (6). And their estimate can be further increased
to 1.26 TW when we consider the angle difference in the Southern
Ocean, which is in close agreement with our 1.28 TW estimate.

4.3. The eddy part of the 17-year average wind work on surface
ageostrophic currents ( ′ ′τ V· ag)

′ ′Vτ · g is much smaller than Vτ· g , but ′ ′Vτ · ag (Fig. 4c) is much larger

than Vτ· ag (Fig. 4a). The global (63°S - 63°N) integral of ′ ′Vτ · ag is 4.15
TW (Table 4) and is more than double the 1.83 TW estimated by
Wang and Huang (2004). Despite the large magnitude difference, both
estimates of ′ ′Vτ · ag show 60% of the corresponding contribution from
the Southern Hemisphere.

′ ′Vτ · ag (Fig. 4c and d) is very strong over two regions: the Southern
Ocean and the subpolar basins in the North Pacific and North Atlantic
Oceans. The Southern Ocean to the south of 40°S contributes 43% to the
global integral while the northern storm-track regions to the north of
30°N contributes another 26%. The eddy ageostrophic wind work is
strong over the storm-track regions due to the strong synoptic wind
variability and is in general small in the tropical-subtropical region
(Fig. 4c). But the tropical Indian Ocean and South China Sea show
moderate values of ′ ′Vτ · ag , probably due to monsoon activities in the
regions.

4.4. Comparing τ V· ag with Wang and Huang (2004)

The spatial pattern (Fig. 4e) and its zonal integral (Fig. 4f) of
τ V· ag ( + ′ ′V Vτ τ· ·ag ag ) are very similar to these reported by Wang and
Huang (2004, their Fig. 3) but with much larger magnitude. The three
regions that make significant contributions to τ V· ag in the reanalysis are
consistent with Wang and Huang (2004), namely: 1) the ACC, 2) the
storm track regions in the North Atlantic and North Pacific Oceans, and
3) the South China Sea and South Indian Ocean/Arabian Sea. Fur-
thermore, despite the magnitude difference, the ratio of the Southern
Hemisphere contribution (67%) to the global integral of τ V· ag (5.44
TW) in the reanalysis is similar to the 63% estimate in Wang and
Huang (2004). The difference of the global integral of these two esti-
mates is 3.14 TW.

Part of the 3.14 TW wind work difference comes from the wind
work on the near-inertial currents. The Nyquist frequency of the hourly
surface stress forcing (0.5 cycles per hour) for the reanalysis is much
higher than the inertial frequency in the global ocean. Thus, the re-
analysis is capable of fully resolving the near-inertial currents while the
Wang and Huang (2004) 2.3 TW estimate is wind work purely on

Fig. 3. Seventeen-year average (10−3W/m2) of (a) τ V· g over the period 1999–2015 calculated from 10-day average outputs, (b) the corresponding meridional
distribution of the zonal integral of τ V· g , (c) τ V· calculated from hourly average outputs, and (d) the corresponding meridional distribution of the zonal integral of
τ V· .
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surface Ekman currents. It would be the best if the wind work on the
near-inertial currents can be calculated using the reanalysis output by
temporally filtering the near-inertial surface stresses and currents. But
this is not practical due to the memory limitations for the 17-year
hourly time series of the global eddy resolving grid resolution
(4500×3298). So, the 0.5 TW estimate from Alford (2003) is taken as
a reference of the contribution of the global wind work on the near-
inertial currents to the 3.14 TW wind work difference. The 0.6 TW
estimate from Watanabe and Hibiya (2002) is 20% larger than the es-
timate of Alford (2003), but it doesn't change our conclusions.

The 3.14 TW wind work difference can also be partially explained
by the frequency difference of wind stress used in the two estimates,
with hourly wind stress in the reanalysis being much higher than the
daily wind stress used in Wang and Huang (2004). To quantify this
effect, we calculate the wind work on the ageostrophic currents with
the daily averaged outputs to be consistent with Wang and
Huang (2004). Its spatial pattern and zonal integral Fig. 6a and b) are
very similar to the hourly results (Fig. 4e and f) and the global integral
is 4.18 TW, 1.26 TW less than the hourly reanalysis results. The dif-
ferences between these two estimates are shown in Fig. 6c and d. There
are two regions that mainly contribute to this difference: the ACC and
the storm track regions in the North Atlantic and North Pacific Oceans
(Fig. 6c) since much of the time dependence of the wind stress in the
tropics is seasonal whereas the time dependence of the wind stress at
the mid-latitudes is more dominated by synoptic time scales (Von
Storch et al., 2007; Zhai et al., 2012). The 1.26 TW global integral

difference contains two parts: 1) the high frequency (daily to hourly)
wind work contribution to the Ekman currents according to Eq. (10),
and 2) the difference from the wind work on the near-inertial currents.
The daily averaged reanalysis output is sufficient to resolve near-in-
ertial currents within 10° of the equator, so the contribution of near-
inertial current in this region cannot be reflected by this difference.
Since Alford (2003, Fig. 1) suggests that 0.10 TW of the wind work on
near-inertial currents comes within±10° of the equator and 0.40 TW
in the remaining global ocean, we calculate that the wind work dif-
ference due to the high frequency wind stress (daily to hourly) variation
on Ekman currents is 0.86 TW (1.26 TW–0.4 TW). In total, the wind
stress frequency difference and the wind work on inertial currents to-
gether counts for 1.36 TW (0.86 TW+0.5 TW) of wind work difference
between the reanalysis and Wang and Huang (2004). The remaining
1.78 TW difference is likely coming from the over-estimate of Ekman
depth and the constant 45° angle between wind stress and surface
Ekman current in Wang and Huang (2004) as discussed in Section 4.2.

4.5. Comparing τ V· ag with Von Storch et al. (2007)

Our total wind work on the surface ageostrophic currents is also
much larger than the 2.7 TW estimated by Von Storch et al. (2007). The
difference between the reanalysis and Von Storch et al. (2007) is likely
due to three major reasons. First, the 1m thickness of HYCOM's first
layer allows it to represent 90% (95%) of the surface Ekman current
when the Ekman depth is 10 (20) m whereas the 5m thick first layer in

Fig. 4. Seventeen-year average (10−3W/m2) of (a) Vτ· ag , (c) ′ ′Vτ · ag , and (e) τ V· ag over the period 1999–2015 calculated from hourly reanalysis outputs, and the
corresponding meridional distribution of the zonal integral (b), (d), and (f), respectively.
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Von Storch (2007) only allows their numerical model to represent 58%
(77%) of the surface Ekman current. Second, Von Storch et al. (2007)
forced their numerical model with daily wind stress. According to
Section 4.4, this leads to an underestimate of 1.26 TW wind work due to
the lack of the high frequency wind stress contribution (from daily to
hourly) to the wind work on Ekman currents and not being able to
resolve the near-inertial currents at latitudes poleward of 10°. Third, the
reanalysis stores hourly surface output while Von Storch et al. (2007)
stores snapshots every three days. This likely leads to an underestimate
of the wind work in their study. For example, Von Storch et al. (2012)
analyzed data from the German consortium project STORM/NCEP si-
mulation, which was forced by 6-hourly NCEP-NCAR reanalysis-1
(Kalnay et al., 1996) wind stress, to estimate the wind work using ac-
cumulated second moments. They were able to obtain a 20% higher
value in the eddy part of the wind work than the estimate in Von Storch
et al. (2007) even with a thicker first layer of 10m. As mentioned in
Von Storch et al. (2012), the higher eddy part of wind work on surface
currents in comparison with the estimate in Von Storch et al. (2007) can
be a direct consequence of calculating the eddy part of wind work using
accumulated second moments rather than snapshots sampled every
three days.

5. Discussions and conclusions

In this study, we calculate the wind work on the surface currents

from a 17-year global HYCOM reanalysis with hourly surface stress,
surface currents, and SSH outputs. The reanalysis is forced with a wind
stress formulation that takes into account the ocean surface currents.
The hourly 10-m wind velocities are obtained from the 0.3125° re-
solution NCEP CFSR datasets. At every time step the surface stress is
calculated using the CFSR 10-m wind velocities and surface currents
from the reanalysis.

For the mean part of the wind work, our estimate of Vτ· g agrees well
with previous research (Wunsch, 1998; Hughes and Wilson, 2008) in
both the global integral (0.81 TW) and the meridional variation of the
zonal integral. However, the global integral of Vτ· ag is estimated to be
1.28 TW, which is more than double the 0.54 TW estimate in Wang and
Huang (2004). The reason for this significant difference is most likely
due to the fact that there are large uncertainties in the estimate of the
Ekman depth in Wang and Huang (2004). In addition, Wang and
Huang (2004) used a constant angle of 45° between wind stress and
surface Ekman currents in their estimate while this angle can have large
spatial variations in the real ocean.

As for the eddy part of the wind work, the global integral of eddy
wind work on the surface ageostrophic currents ( ′ ′Vτ · ag ) is 4.15 TW,
much larger than the Wang and Huang (2004) 1.83 TW estimate.
However, the fact that the global integral of ′ ′Vτ · g is much smaller than

Vτ· g and the global integral of ′ ′Vτ · ag is larger than that of Vτ· ag agrees
well with the previous studies by Wunsch (1998), Wang and Huang
(2004), and Hughes and Wilson (2008).

Fig. 5. (a) Seventeen-year average of wind stress (N/m2) magnitude over the period 1999–2015. (b) The estimated Vτ· ag (10−3W/m2) by applying the 17-year
average wind stress to Eq. (11) and (c) the meridional distribution of the zonal integral of (b), (d) the angle (degrees, positive counterclockwise) between the 17-year
average of wind stress and the surface ageostrophic currents and (e) the zonal mean angle (degrees).
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The spatial pattern of the wind work on the ageostrophic currents
(τ V· ag ) is very similar to that reported by Wang and Huang (2004, their
Fig. 3) but the 5.44 TW global integral is much larger. The 3.14 TW
difference can be attributed to three parts: 1) the wind work on the
near-inertial currents contributes 0.5 TW, 2) the higher frequency wind
stress (daily to hourly) contributes 0.86 TW wind work on surface
Ekman currents, and 3) the remaining 1.78 TW difference most likely
comes from the underestimation by Wang and Huang (2004) from
overestimating the Ekman depth and using a constant 45° angle be-
tween the wind stress and surface Ekman currents rather than spatially
varying angle as indicated by observations.

5.1. Sensitivity study of the different geostrophic average period to the wind
work on ageostrophic currents

In this study, geostrophic currents are calculated from 10-day
average reanalysis SSH fields and the ageostrophic currents are defined
as the departure from the 10-day average geostrophic currents. The 10-
day average period is an arbitrary choice chosen to be consistent with
Wunsch (1998). Geostrophic flow also exists in periods less than 10
days and can contaminate the calculation of ageostrophic currents and
thus the wind work on the ageostrophic currents. The difference is the
eddy part of the high frequency wind work on the geostrophic currents.
To address how sensitive is wind work on the ageostrophic currents to
the choice of the geostrophic average period, we calculate the eddy part
of wind work on geostrophic currents ( ′ ′Vτ · og ) using hourly and daily
average reanalysis surface stress and SSH output to calculate geos-
trophic currents assuming geostrophic equilibrium.

′ ′Vτ · og calculated from hourly and daily average output shares very
similar spatial patterns (not shown) with that from 10-day average
output (Fig. 2). The global integral changes only by 0.008 and
0.015 TW (Table 5) when daily average and hourly reanalysis output
are used to calculate wind work on geostrophic currents instead of the
10-day average. Those differences are negligible to the wind work on
ageostrophic currents (5.44 TW). Thus, wind work on the ageostrophic
currents is not sensitive to the choice of the geostrophic average period.

5.2. Total wind work on the global ocean currents

The total wind work on the global ocean currents is estimated as
6.15 TW (Figure 3c and d) when calculated using hourly reanalysis
output. The most important area is the ACC in the Southern Ocean
(Fig. 3d), which contributes 46% to the total wind work. Another 20%
comes from the tropical-subtropical region within±20° of the equator
and 12% comes from Northern Hemisphere storm track regions in the
area 40°−60°N. Previously, the total wind work on the global ocean
currents was estimated to be 3.7 TW as the sum of the 0.88 TW input to
the geostrophic currents (Wunsch, 1998), 2.3 TW input to the ageos-
trophic currents without near-inertial motion (Wang and Huang, 2004),
and 0.5 TW input to the near-inertial currents (Alford, 2003). Our es-
timate, which contains all the spectrum mentioned above, is much
larger. The equatorial region (within± 3° of the equator) is omitted
from our estimate and provides an additional 0.2 TW to the global in-
tegral of the total wind work to the global ocean circulation. The global
integral in this study is integrated from 63°S - 63°N. Contributions be-
yond this region to the wind work on geostrophic currents and the
mean part of wind work on the ageostrophic currents are negligible. But
for the eddy part of wind work on the ageostrophic currents, there is an
additional 0.4 TW poleward of 63°

5.3. Impact of the thickness of the surface layer

In Section 1.3, the classical Ekman spiral theory discussion indicates

Fig. 6. Seventeen-year average (10−3W/m2) of (a) τ V· ag over the period 1999–2015 calculated from daily average reanalysis outputs and (b) the corresponding
meridional distribution of the zonal integral, (c) the difference of τ V· ag between those calculated from hourly output (Fig. 4e) and daily average (Fig. 6a), and (d) the
meridional distribution of the zonal integral of (c).

Table 5
Global integral (63°S - 63°N) of the eddy part of the wind work (TW) on
geostrophic currents using different average periods. The equatorial region
(within±3° from the equator) is omitted from the calculation.

Component 10-day average Daily average Hourly

′ ′τ ux g −0.042 −0.037 −0.033

′ ′τ vy g −0.057 −0.054 −0.051

Z. Yu et al. Ocean Modelling 130 (2018) 29–39

38



that wind work on Ekman currents is reduced when calculated with
vertical mean currents. In this section, we calculate wind work on the
ageostrophic currents using the vertical mean ageostrophic currents in
the top 5m and 30m to show how much of the wind work is reduced
compared with the reanalysis results for June 2004. In these calcula-
tions, we assume the vertical shear of the geostrophic currents is neg-
ligible in the top 30m of the water column to calculate the ageostrophic
currents below the surface layer. The wind work on the ageostrophic
currents calculated from the vertical mean ageostrophic currents in the
top 5m (30m) is only 78% (15%) of that calculated using the currents
in the top 1m. In another words, the total wind work on the ageos-
trophic currents can be reduced by 22% (85%) when a 5m (30m) first
layer thickness instead of 1m is used in the reanalysis. Applying these
ratios to the wind work on ageostrophic currents calculated with daily
average output (4.18 TW, section 4.4) gives us 3.3 TW (0.6 TW) of wind
work on ageostrophic currents if the HYCOM surface layer thickness is
5 m (30m). These estimates are in closer agreement with 2.7 TW in
Von Storch et al. (2007) who uses a first layer of 5m thickness and the
0.3 TW in Huang et al., (2006) who uses a first layer of 30m thickness.

5.4. Impact on the kinetic energy budget and dissipation in the Ekman layer

The estimate from this study is very useful for the global kinetic
energy budget analysis since wind work on the surface currents is the
most important mechanical energy source in maintaining the oceanic
general circulation. Wind work on ageostrophic currents through the
subinertial range is fully dissipated in the Ekman layer on supporting
turbulence and mixing only in the steady state (Wang and
Huang, 2004). The increase of wind work on the ageostrophic currents
through the increase of the wind stress frequency clearly demonstrates
that the high frequency variability can be important for inputting en-
ergy into the global ocean circulation. Since the majority of this addi-
tional energy must be dissipated inside the Ekman layer, this provides
additional information of the mixing process inside the Ekman layer.
How much of the wind work on the ageostrophic currents passes
through the Ekman layer is unknown and is a topic for the future re-
search. As suggested by Von Storch et al. (2007), about 5% (0.14 TW) of
the wind work on ageostrophic currents escapes the surface layer of
110m thickness. The 110m depth is much deeper than the Ekman
depth in general. But even if we apply the same ratio to the reanalysis,
0.3 TW of wind work on the ageostrophic currents would be trans-
ported into the sub-surface layer and play a major role in the oceanic
circulation.
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