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[t] The effects of ocean surface currents and dominant and temporal variability of wind and wave effects on CD
waves on the wind stress drag coefficient (CD) are examined over the entire global ocean. Such an investigation is
over the global ocean. Major findings are as follows: (1) the essential because climate studies are often concerned about
combination of both ocean wave and current speeds can large-scale processes. Given the strong sensitivity of C1',
result in reductions in daily CD (>10%), but the notable to water vapor effects at very low wind conditions [e.g.,
impact of the latter is only evident in the tropical Pacific Kara et aL, 2005], one would also need to determine the
Ocean- (2) the presence of waves generally makes winds role of ocean currents and waves at these very low wind
weaker and CI) lower almost everywhere over the global conditions.
ocean; (3) strong ocean currents near the western [4] It may be important to take ocean current and wave
boundaries (Kuroshio and Gulf Stream) do not effects into account in determining CD over the global
substantially influence CI) since the winds and currents ocean. However, experimental measurements for ocean
are not always aligned; and (4) the change in speed used in currents and waves are rarely available and those that are
bulk flux parameterization also causes large changes in available do not have sufficient temporal and spatial reso-
fluxes. Globally, the combined outcome of ocean currents lution to determine their global distribution. Local process
and waves is to reduce CI) by about (2%), but spatial studies over many parts of the global ocean often exclude
variations (0% to 14%) do exist. Citation: Kara, A. B., E. J. such current and wave effects on wind stress through C0 . In
Metzger, and M. A. Bourassa (2007), Ocean current and wave some regions, such effects might be so small (i.e., weak
effects on wind stress drag coefficient over the global ocean, ocean currents and negligible wave heights) that they can be
Geophys. Res. Leif., 34, L01604, doi:10.1029/2006GL027849. considered insignificant. If so, there is no need to include

the impact of such factors, eliminating the need to obtain

1. Introduction local current speed and wave height information at a
specific time and place.

[2] The momentum exchange through wind stress at the [5] Examining the spatial and temporal distribution of the
atmosphere and ocean interface is of importance for many influence of ocean currents and waves on CI) requires
purposes, including air-sea interaction studies, climate reliable global data sets. The quality of readily available
studies, ocean modeling, and ocean prediction on various archived numerical weather prediction (NWP) products,
time scales. The total wind stress magnitude (r) at the such as European Centre for Medium-Range Weather
ocean surface is typically calculated from the square of the Forecasts (ECMWF) and the Navy Operational Global
wind speed at 10 m above the sea surface (V), the density Atmospheric Prediction System (NOGAPS) has greatly
of air (p,), and a dimensionless drag coefficient (CD) using improved since 1990s. They even provide high tetporal

-= pajV2 [Fairall et al., 2003]. Turbulent energy fluxes resolution (e.g., 3-6 hourly) output over the global ocean.
are proportional to V. The change in fluxes due to the Thus, using the near surface meteorological variables from
change in V is easily estimated. The dependence of CI3 on the existing NWP centers, CD including air-sea stability
sea surface currents and ocean waves will be examined can be determined. As to waves (i.e., significant wave
herein. height, dominant period, etc.), and ocean currents (speed

[3] Possible impacts of ocean currents and wind waves and direction), their global coverages can also be obtained
on V and C7D were discussed in both theoretical studies from wave models and ocean general circulation models
[e.g., Hwang, 2005], and various regions of the global (OGCMs) at high temporal resolution (see section 2).
ocean [e.g., Wuest and Lorke, 2003]. In regions of strong [6] Given the need for a quantitative analysis of the
currents (e.g., Kuroshio and Gulf Stream), it may not be impact of ocean currents and waves on Co over the global
simply the wind speed that is important for determining ocean, the main focus of this paper is two-fold: (1) to
CD, but the difference in near-surface winds and surface present spatial variations of daily and monthly mean
ocean currents. On the other hand, based on the authors' changes in the wind speed at 10 m above the sea surface
knowledge there is no quantitative study examining spatial and corresponding CD when including vector averages of

ocean currents and waves, and (2) to determine regions in
1Oceanography Division, Naval Research Laboratory, Stennis Space the global ocean where surface currents and waves can have

Center, Mississippi, USA. significant influence on CD.2Ccntcr for Ocean-Atmospheric Prediction Studies, Florida State
University, Tallahassee, Florida, USA.

3Also at Department of Meteorology, Florida State University, 2. Methods and Data
Tallahassee. Florida. USA. [7] The correct parameterization of CD is still somewhat
Copyright 2007 by the American Geophysical Union. controversial [Taylor and Yelland, 2001]. Testing the dif-
0094-8276/07/2006Gt 027849505.00

DISTRIBUTION STATEMENT A L01604 I of 4

Approved for Public Release
Distribution Unlimited



L01604 KARA ET AL.: WAVE AND CURRENT EFFECTS ON THE WIND DRAG L01604

1BOW 90W 0 90E [8] In this paper, a bulk parameterization that takes full
account of stability in calculating CD is used. Such a

)N parameterization is presented by Kara et al. [2005]. It is
Sbased on the state-of-the-art Coupled Ocean-Atmo-

sphere Response Experiment (COARE) bulk algorithm
(version 3.0), employing a turbulence theory based on the
iterative estimations of the scaling variables to determine
stability-dependent CD [Fairall et al., 2003]. CD is
expressed as polynomial functions of air-sea temperature

S difference, using air temperature at 10 m, V. at 10 m and
relative humidity at the air-sea interface to include air-sea
stability. Due to deficiencies in the COARE algorithm itself

_ _ _ _ _ _ _ _ _at high winds, a constant CD) is used in the parameterization
,,, for winds >20 m s 1 .[9] It is normally assumed that the stress direction is

Figure 1. Spatial variations of wind drag coefficient over equal to the wind direction; however, both currents and
the global ocean on 1 Aug 2005 (OOZ). Note values in the waves can modify the stress direction [Grachev et al., 2003;
color bar must be multiplied by 10-3. Effects of ocean Drennan and Shay, 2006; Bourassa, 2006]. We account for
currents and waves are excluded in calculating these drag this directional change in calculation of the magnitude of
coefficients. The regions where ice exists are masked out the stress.
(shown in gray). [io] Global data sets used for calculating Cf) are as

follows: (1) Near-surface atmospheric variables including
10 m wind speed from 10 x 10 NOGAPS; (2) wave

ferent formulations, Bonekamp et al. [2002] found that information from 10 x 10 Wave Watch 3 (WW3), a third
either a wave age or wave--steepness dependent Chamock generation wave model; and (3) ocean currents from an
parameter was marginally superior to a linear dependence eddy-resolving 1/120 x 1/12' cos (latitude) OGCM, the
on wind speed. However, both sea state parameterizations HYbrid Coordinate Ocean Model (HYCOM). Details of all
perform better than linear bulk formula for most wind sea- data are publicly available online, https://www.fnmoc.navy.
dominant data sets. In fact, the mean is fairly well mil/PUBLIC/ for data sets I and 2. and http://hycom.
represented by the bulk formula, while the variability may rsmas.miami.edu/for data set 3. Simulated ocean currents
not. were binned to 10 squares, so that CI) could be calculated on

(a) Daily snapshot: 1 Aug 2005 (b) Monthly mean: Aug 20051 )2

1A

1.2

Figure 2. Daily snapshot and monthly mean of (from top to bottom) wind speed at 10 m above the sea surface, ocean
current speed and dominant wave speed based on the orbital velocity (see text for calculations) at (a) 1 Aug 2005 (OOZ), and
(b) Aug 2005. The ice mask (gray) at high latitudes (which is not the focus of this study) is based on the NOAA ice
climatology in August.
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the same grid. The binning was necessary to have a (a) Daily chage: AV (b) D-ly cbhu: A CD

consistency in grid resolutions of each data set.

3. Impact of Currents and Waves on the Drag
Coefficient

[11] In order to explore possible influences of ocean
currents and waves on CI), in the COARE-based C1D
parameterization (see section 2), V is simply replaced by
vector averages of V-VC (V-VW), providing an insight of
the effects of current speed (wave speed). Here, V is the
wind speed relative to the sea surface, VC is the ocean
current speed at the sea surface, and VW is the wave speed.
For simplicity, we drop vector notation from each tern.
Note that the vector averages are formed after V, VC and
VW are decomposed to their components in directions. V is
also replaced by V-VC-VW to determine the impact of
both currents and waves on CD at the same time. (C) MoNtly dcagw AV (d) Monthly chane: ACD

[12] Using the data sets (section 2), V and VC values are
used directly from NOGAPS and HYCOM, respectively.
VW is calculated using data from the WW3 model. Fol-
lowing Bourassa [2006], VW is expressed as 0.8 Vjor. The
orbital velocity (VKrb = 3.14 HIT) is based on significant
wave height (1/).and dominant wave period (T). We obtain
V. VC and VW at each 10 x 10 grid point over the global
ocean. V M

[13] CD is first calculated based solely only on V (i.e.,
without including effects of VC and VW). Calculations are
performed at each 3 hourly time interval at each grid for a
given. As an example, Figure 1 shows how variable CD
can be over the global ocean for a given day, at OOZ on
1 Aug 2005. CI) has generally a value of <1.0 x 10-3 in
the eastern tropical Pacific, and >1.6 x 10 3 at high
southern latitudes and in the Indian Ocean at this particular
time. Magnitude of V values used for calculating Cj) are
provided in Figure 2, along with means in Aug 2005. __ _ ._ .4 ._ o _ _ _ _ __
Large CI) values (Figure 1) generally correspond to j< -30 .-0 S 0 5 10 15 20,1 j .. 2 6

regions having high V over the global ocean. Figure 3. Percentage change in (a) wind speed and (b)
[14] VC and VW are generally very small (<I m 1s-) in wind stress drag coefficient when adding (top) effects of

comparison to V, and this is evident from both the daily surface ocean currents (V-VC), (middle) surface ocean
snapshot and monthly mean values (Figures 2a and 2b). VC waves (V-VW), and (bottom) both of them (V-VW-VC)
variability may seem to be noisy, but note that they are from on 1 Jan 2005 (OOZ). (c, d) Similar percentage changes but
a fine resolution eddy-resolving OGCM (section 2). Rela- values are averaged over a month, during Aug 2005. In all
tively large VC (>1 m s-1) are seen in the central tropical plots, blue (red) color indicates percentage increase
Pacific. Currents are also strong in the Kuroshio and Gulf (decrease).
Stream, having speeds of(>l m s- ). The binning of current
speed (from 1/12' resolution to I') also resulted in losing
the actual strength of some OGCM-based currents at these in daily CD are relatively small (Figure 3b). In reference to
two regions. As to VW shown in (Figures 2a bottom and 2b a given daily V value of 8 in s 1 (see Figure 1), the 20%
bottom), they are generally weak in regions of the western reduction translates to a V value of ;6.5 m s-1, entering
boundary currents. This is because of relatively small wave C0) calculation in this particular region. The impact of
heights (not shown). including wave effects on daily V (i.e., V-VW), and hence

[is] Realizing the large spatial variability in wind, ocean CD, is much larger than that of current eftects (i.e., V-VC)
current and wave speed, we now focus on daily and over many parts of the global ocean. The overall iAfluence
monthly mean changes in V and CD (Figure 3) when of daily VC (VW) is to reduce V by 1.0% (5.4%) globally.
including VC and VW in V. The outcome of adding vector The corresponding decrease in daily CL is small,
averages of VC components themselves to V components is 0.3% (1.7%).
small over the global ocean except the tropical Pacific [16] The combination result of adding daily VC and VW
where VC is relatively large and its components generally to V (i.e., V-VC-VW) is further to reduce V (e.g., >20%),
have same the direction as V. Overall, including VC but relatively less for CD over a large extent of the global
generally results in a decrease of ;20% in the central ocean (Figures 3a, bottom; and 3b, bottom). For example, a
equatorial Pacific on 1 Aug 2005 (Figure 3a), but changes C0 value of •1.2 x 10-3 in the central equatorial Pacific
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(see Figure 1) reduces by l10% (1.1 x 10 3). Because a coefficients have little dependence on V, except through
vector averaging is performed for V-VC-VW using hor- changes in atmospheric stability; therefore changes in these
izontal and vertical components of the each term, a consis- coefficients are expected to be less than changes in CI).
tent increase or decrease in the final result that may be Monthly averaged speed is typically reduced by 5%, result-
evident the individual V-VC and V-VW fields should not ing in 5% reduction in heat fluxes, and 10% in stress. Such
be expected. For example, there is almost no change in the effects can subtly influence the performance of ocean--only,
daily V-VC case and •-5% change for the V-VW case in coupled ocean-atmosphere or ocean-wave-atmosphere cli-
the northern Indian ocean, but the resulting V-VC-VW mate models.
can even be z<-10%. This is also reflected in CD when
using V-VC and V-VW in the Cl) parameterization at the [20] Acknowledgments. This work is funded by the Office of Naval

same region. Research (ONR) under the 6.1 project, Global Remote Littoral Forcing Via
[17] Insights gained from examining the impact of daily Deep Water Pathways. M. A. Bourassa's participation is funded by the NSF.This paper is contribution NRLiJA/7320i06/6085 and has been approved

VC and VW on both V and CD are extended to monthly time for public release.
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