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ABSTRACT

To facilitate evaluation andmonitoring of numerical weather predictionmodel forecasts and satellite-based

products against high-quality in situ observations, a data repository for collocated model forecasts, a satellite

product, and in situ observations has been created under the support of various World Climate Research

Program (WCRP) working groups. Daily measurements from 11 OceanSITES buoys are used as the refer-

ence dataset to evaluate five ocean surface wind products (three short-range forecasts, one reanalysis, and one

satellite based) over a 1-yr intensive analysis period, using the WCRP community weather prediction model

evaluation metrics. All five wind products correlate well with the buoy winds with correlations above 0.76 for

all 11 buoy stations except the meridional wind at four stations, where the satellite and model performances

are weakest in estimating themeridional wind (or wind direction). The reanalysis has higher cross-correlation

coefficients (above 0.83) and smaller root-mean-square (RMS) errors than others. The satellite wind shows

larger variability than that observed by buoys; contrarily, the models underestimate the variability. For the

zonal and meridional winds, although the magnitude of biases averaged over all the stations are mostly

,0.12m s21 for each product, the magnitude of biases at individual stations can be.1.2m s21, confirming the

need for regional/site analysis when characterizing any wind product. On wind direction, systematic negative

(positive) biases are found in the central (east central) Pacific Ocean. Wind speed and direction errors could

induce erroneous ocean currents and states from ocean models driven by these products. The deficiencies

revealed here are useful for product and model improvement.

1. Introduction

Accurate global high-resolution surface winds and re-

lated momentum fluxes (surface stresses) are critical for

improving numerical weather prediction (NWP) and cli-

mate model forecast skills, and are essential to ocean

modeling and marine forecasting (Josse et al. 1999;

Curry et al. 2004; Large et al. 1991; Bourassa et al. 2010).

Earlier NWP forecast or analysis winds fall short in

representing the temporal and spatial variability of

synoptic-scale systems. For example, the coarse spatial

resolution in the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis (with a horizontal resolution

of 2.58 3 2.58) could offset the center of a synoptic-scale

cyclonic eddy that occurred in October–November 1996

by nearly 38 compared to satellite-based winds derived

from National Aeronautics and Space Administration

Scatterometer (NSCAT) along-swath measurements

(Peng 2004). On the regional scale, the surface winds

from the National Meteorological Center (NMC, now

known as NCEP) 80-km operational regional EtaModel

were insufficient to model the local spatial variability of

surface winds in south Florida when compared to in situ

observations from April 1994 to April 1995 (Peng et al.

1999). The tropical Pacific surface wind analyses from

the low-resolution models of NMC, the Met Office,

and the European Centre for Medium-Range Weather

Forecasts (ECMWF) compared poorly with the Tropical

Atmosphere Ocean (TAO) buoy winds for the period of
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February–July 1987, with a bias as large as 3.1m s21

(Reynolds et al. 1989). At that time, the TAO buoy data

were not assimilated in any of these three analyses but

have been since and have also been proven to be valuable

in validating model and remote sensing products; a com-

prehensive review of the Tropical Ocean Global Atmo-

sphere (TOGA) observing system and its application can

be found in McPhaden et al. (1998).

Satellite measurements have been shown to be ca-

pable of resolving small-scale features (Cornillon and

Park 2001; Kelly et al. 2001; Chelton et al. 2004; Tang

et al. 2004). Assimilating the Quick Scatterometer

(QuikSCAT) observations, which provide estimates

of both wind speed and direction over the oceans, has

shown improvements in the accuracies of 10-m wind

analyses from the operational ECMWF and NCEP

NWP models (Chelton and Freilich 2005). In that case,

buoy data had already been assimilated into the models.

Many international modeling centers are assimilating

both in situ and remotely sensed measurements and are

now producing global high-resolution surface winds.

The World Climate Research Program (WCRP) Work-

ing Groups on Numerical Experimentation and on the

Surface Fluxes (WGNE and WGSF), Observation and

Assimilation Panel (WOAP), and the Ocean Observa-

tion Panel for Climate (OOPC) have initiated the Sur-

face Fluxes Analysis (SURFA) project to evaluate the

performance of global NWP forecast winds. This effort

was recently further endorsed by the Action Plan for

WCRP Research Activities on Surface Fluxes (WCRP

2012). A collocated in situ and NWP model data re-

pository center has been established at the National Cli-

matic Data Center (NCDC; www.ncdc.noaa.gov/thredds/

surfa.html), which is also one of the data centers for the

National Oceanic and Atmospheric Administration’s

(NOAA’s) satellite and other climate data, to facilitate

the evaluation and monitoring effort of weather and

climate model forecast skills and satellite-based prod-

ucts against high-quality in situ observations. A pre-

defined horizontal grid for all NWP models has been

agreed upon, which minimizes the effort and potential

errors of collocating data from different data grids at the

user end.

With the recent NCEP release of its latest Climate

Forecast System Reanalysis (CFSR; Saha et al. 2010), it

is of interest to various user communities to see howwell

its wind product compares with observations and other

wind products.

A satellite-based blended ocean surface wind dataset

has been produced routinely at NCDC as a research

product (Zhang et al. 2006). As the NCDC blended sea

wind product becomes more accepted in the user com-

munity for research, modeling, and monitoring-related

projects, there has been increasing demand to provide

some qualitative evaluation of the product in various

regions, as well as ways to improve it.

As a first step in evaluating the performance of the

global NWP forecast winds, Peng et al. (2011) have

compared short-range forecast winds from three global

high-resolution NWP models, together with the NCDC

blended ocean surface winds and the CFSR surface winds,

against high-quality in situ observations at three locations

in the equatorial Pacific Ocean. They have uncovered

a negative (positive) directional bias in the central (east

central) Pacific Ocean. Here, we expand that work to 8

more stations, for a total of 11 station locations in the

Indian, Pacific, and Atlantic Oceans.

In situ measurements are valuable when validating

satellite-derived products (Freilich and Dunbar 1999;

Ebuchi et al. 2002; Freilich and Vanhoff 2006; Abdalla

et al. 2011). Most previous satellite, model, and in situ

wind comparisons have been focused on absolute speed

only (Mears et al. 2001). This is because most derived

variables of remotely sensed measurements, such as

those derived from microwave radiometers, only pro-

vide wind speeds and do not provide directional in-

formation. The availability of satellite wind vectors,

such as those derived from scatterometer measure-

ments, allows for comparisons that do include wind di-

rection. They have proven to be useful in identifying

directional errors in buoymeasurements (Dickinson et al.

2001) andmodels (Brown et al. 2005) and, therefore, have

led to improvements in buoy measurements (Dickinson

et al. 2001). The purpose of SURFA is to reveal temporal

and spatial biases in the NWP forecast winds to improve

NWP surface flux products including the vertical mo-

mentum flux (surface stress). Since zonal and meridional

(u, y) components of the winds, rather than wind speeds,

are NWP forecast variables and inputs for computing

surface wind stresses and the stress curl, the focus will be

on the biases in u and y of these wind products against

point observations. However, wind speed and directional

biases will also be examined for completeness.

2. Data

The wind data and products used in this study consist

of four categories: 1) observed in situ winds, 2) satellite-

based blended and gridded winds, 3) NWP short-range

forecast winds, and 4) reanalysis winds.

a. In situ winds from OceanSITES

The high-quality in situ reference observations are

wind measurements from OceanSITES, a global network

of open-ocean sustained time series sites as an integral
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part of the Global Ocean Observation System (http://

www.oceansites.org). There are 12 buoy stations in the

OceanSITES network that provide surface wind mea-

surements (Fig. 1), consisting of three ResearchMoored

Array for African–Asian–AustralianMonsoon Analysis

and Prediction (RAMA) buoys in the Indian Ocean

(McPhaden et al. 2009), four Tropical Atmosphere

Ocean (TAO) moorings (McPhaden et al. 1998), one

Kuroshio Extension Observatory (KEO) buoy (Cronin

et al. 2008; Donohue et al. 2008), and four Prediction

and Research Moored Array in the Tropical Atlantic

(PIRATA) buoys (Bourl�es et al. 2008).

The analysis presented here is with wind data for the

year 2009, the SURFA intensive analysis period that

contained the most complete 1-yr wind records for both

model and in situ datasets from the participating in-

stitutions when this analysis began. The data from

the eastern equatorial Pacific Ocean (08, 1108W) station

are not included in the analysis as less than 2 months of

buoy data are available. One midlatitude buoy station

(the KEO buoy located at 32.48N, 144.68E in the Pa-

cific Ocean) is included, together with 10 tropical

OceanSITES stations (three RAMA buoys in the trop-

ical Indian Ocean, three TAO moorings in the equato-

rial Pacific Ocean, and four PIRATA buoys in the

tropical Atlantic Ocean). (See Table 1 for station IDs

and attributes; the station IDs will be used in the fol-

lowing text and figures except where the geolocation is

emphasized; then, the latitude and longitude values will

be used.) The winds from these 11 OceanSITES stations

will be referred to as the OS winds hereafter. These

winds are measured at a height of 4m, with an accuracy

of about 0.3m s21 for wind speed and about 1.08 for wind
direction (Freitag et al. 2001). For comparison with

other wind products, these 4-m buoy winds are adjusted

to 10-m height, as detailed in section 3.

b. Remotely sensed blended sea surface winds

Sea surface wind speed has been observed from mul-

tiple satellite instruments, including passive microwave

radiometers and the active scatterometers (Zhang et al.

2006). The Department of Defense Meteorology Satel-

lite Program (DMSP) passive microwave observations

are from the onboard Special Sensor Microwave Imager

(SSM/I; Hollinger et al. 1987; Wentz 1997). Later addi-

tions to these passivemicrowave observations include the

Tropical Rainfall Measuring Mission (TRMM) Micro-

wave Imager (TMI; Kummerow et al. 1998) and the

Advanced Microwave Scanning Radiometer of the

National Aeronautics and Space Administration’s

(NASA) Advanced Microwave Scanning Radiometer

for Earth Observing System (EOS) (AMSR-E; e.g.,

Wentz and Meissner 2000). The scatterometer (e.g.,

NSCAT or QuikSCAT), which is active by nature, uses

a microwave radar and retrieves both the wind speed

FIG. 1. Location of the RAMA (circles), KEO (square), TAO

(triangles), and PIRATA (diamonds) buoys in the OceanSITES

network.

TABLE 1. The OceanSITES station IDs and attributes.

Station ID WMO ID Lat Lon Program Records (daily)

08S067E 14040 28.08 67.08 RAMA 284

00N080E 23001 0.08 80.58 RAMA 293

15N090E 23009 15.08 90.08 RAMA 363

32N145E 28401 32.48 144.68 KEO 306

00N165E 52321 0.08 165.08 TAO 357

00N170W 51010 0.08 2170.08 TAO 361

00N140W 51311 0.08 2140.08 TAO 364

15N038W 13008 15.08 238.08 PIRATA 281

12N023W 13001 12.08 223.08 PIRATA 365

00N023W 31007 0.08 223.08 PIRATA 333

10S010W 15001 210.08 210.08 PIRATA 363
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and wind direction (e.g., Dunbar et al. 1991a,b; Liu et al.

1998).

The number of long-term U.S. sea surface wind speed

observing satellites has increased from one in July 1987

to five or more in 2000, on board various satellite pro-

grams. The multiple-satellite observations made it pos-

sible to generate globally gridded products, including

the high-resolution winds produced routinely as a re-

search product at NCDC (Zhang et al. 2006). This

product has gained increased use throughout the re-

search community in climate and oceanography efforts,

as well as for applied applications such as the World

Coral-Reef Watch and marine transportation/ship rout-

ing services.

The 6-hourly gridded winds are generated on a global

0.258 3 0.258 grid over ice-free oceans (658S–658N)

(blended winds hereafter). The swath wind speeds were

retrieved by Remote Sensing Systems, Inc. (RSS). RSS

has been processing climate-research-quality satellite

oceanwinds (at 10-mheight above sea level) fromvarious

satellite instruments (e.g., SSM/Is, TMI, QuikSCAT, and

AMSR-E), funded by NASA’s Data Pathfinder and

Making Earth System Data Records for Use in Re-

search Environments (MEaSUREs) programs, etc. For

our analysis year of 2009, data retrieved from satellite

measurements made by the AMSR-E, SSM/I on board

the DMSP F-13 satellite, TMI, and QuikSCAT were

downloaded from theRSSwebsite (ftp://ftp.remss.com),

and are used in constructing the 2009 blended wind

speed fields. In this analysis, wind directions from

NCEP–Department of Energy (DOE) Reanalysis II

(NRA-R2) are used in the decomposition of the blended

wind speed in the east–west and south–north wind

components. The blended winds are the 10-m equivalent

neutral winds (Wentz 1997; Wentz and Meissner 2000;

Zhang et al. 2006). The satellite retrievals are physically

based, and no buoy data are used. However, a small

correction has been applied to the SSM/I wind speeds to

match the buoy winds on a yearly basis (Wentz et al.

2007).

c. NWP winds from international operational centers

TheNWPwinds are short-range forecast 10-m surface

winds (NWP winds hereafter) from three participat-

ing operational NWP centers: ECMWF, the German

Weather Service (Deutscher Wetterdienst, DWD), and the

Japan Meteorological Agency (JMA).

The ECMWF data are obtained from the operational

global atmospheric model, which is a hydrostatic spec-

tral model based on the ECMWF Integrated Fore-

casting System. In 2009, it had a spectral resolution of

T799, roughly equivalent to a gridpoint spacing of 25 km

with 91 levels in the vertical from about 10m to 0.01 hPa

(Untch et al. 2006). The latest operational resolution

since January 2010 is T1279 (16 km). The initial condi-

tions for the forecasts are obtained from the advanced

four-dimensional variational data assimilation system

(Bauer et al. 2010). The quality of the ECMWF tropical

winds has recently been assessed (Bechtold et al. 2012).

The DWD’s global numerical weather prediction

model (GME) is a hydrostatic gridpoint model operat-

ing on an icosahedral–hexagonal grid. Hence, the mesh

size is almost uniform across the whole globe (Majewski

et al. 2002). In 2009 the mesh size was 40 km and the

model had 40 levels from 10m to 10 hPa. (In the current

operational version, however, the resolution is 20 km

with 60 levels to 5 hPa.) The dry parts of GME’s equa-

tions are solved by semi-implicit Euler integration

whereas semi-Lagrangian advection is employed for the

humidity variables (Majewski et al. 2002).

The NWP wind data from JMA are an operational

forecast product of its Global Spectral Model (GSM;

Nakagawa 2009). GSM is JMA’s operational NWP

model for short- and medium-range forecasts covering

the entire globe, and its resolution is TL959L60, ap-

proximately 20 km in the horizontal with 60 layers up to

0.1 hPa in the vertical. GSM runs 4 times a day, and

provides 216-h (9-day) forecasts at 1200 UTC and 84-h

forecasts at 0000, 0600, and 1800UTC.A four-dimensional

variational data assimilation (4DVAR) system is em-

ployed to provide initial fields to GSM (Iwamura and

Kitagawa 2008).

For this SURFA project, all NWP winds have been

interpolated by the NWP centers onto the same global

0.258 3 0.258 grid as the blended winds, prior to their

data submission into the SURFA data repository,

making it easier for end users to intercompare those

products. All forecast runs used in this study started at

1200 UTC. Thus, the forecast winds at 12, 15, 18, 21, 24,

27, 30, and 33 h correspond to winds at 0000, 0300, 0600,

0900, 1200, 1500, 1800, and 2100 UTC of the following

day. The daily winds are obtained by averaging those

3-hourly winds. As the NWP models assimilate the OS

winds in some way when producing their analyses (i.e.,

initial conditions) for forecasts, NWP winds are not

completely independent of the OS winds.

d. Winds from the NCEP Climate Forecast System
Reanalysis

The surface winds from the latest reanalysis produced

by NCEP, referred to as CFSR, are also included in the

comparison (CFSR winds hereafter). A number of im-

provements from its predecessors are associated with

this reanalysis product, including a 6-hourly coupling

between the atmosphere and ocean, an interactive sea

icemodel, and higher spatial and temporalmodel outputs
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(Saha et al. 2010). The CFSR winds are 10-m winds on

the T382 grid with a grid spacing of about 0.318 3 0.318 in
the tropics. The CFSR winds are interpolated bilinearly

onto the OceanSITES locations. The daily winds are

averaged from 0000, 0300, 0600, 0900, 1200, 1500, 1800,

and 2100 UTC winds to be consistent with the temporal

resolution of NWP winds. The OS winds from all but

station 32N145E are generally assimilated into the

CFSR winds and therefore the CFSR winds are not in-

dependent of the OS winds.

3. Buoy winds adjustment

The OS winds are measured at a height of 4m, while

the blended satellite, NWP, and CFSR winds are 10-m

winds. There are a number of methods for adjusting the

buoy winds in height. The methods can range from a

simple approach assuming a logarithmically varying wind

profile as a function of the roughness length (Peixoto and

Oort 1992) to a more sophisticated approach that also

takes atmospheric stability into consideration (Liu and

Tang 1996; Fairall et al. 2003).

The simple logarithmical height-adjustment methods

are primarily based on Monin– Obukhov similarity

theory, which assumes that the surface fluxes in the

surface layer are uniform with height. The wind speed at

a height z is given by

Uz 5 [ln(z/zo)/ln(zref/zo)]Uref ,

where Uz is the wind speed at height z, zo is the mo-

mentum roughness length, andUref is the observed wind

speed at height zref.

In reality, the surface fluxes are rarely uniform in the

surface layer. They are affected by the atmospheric

stability, which can be influenced by the surface sea

state, as well as air–sea temperature and moisture con-

trasts. The more general wind speed dependence on

height is therefore normally expressed as

Uz5Us 1 (u*/k)[ln(z/zo)1u(z, zo,L)] ,

where Us is the surface speed (e.g., the surface current

over ocean); u
*
is the surface friction velocity, which is

the square root of the kinematic stress; k is the von

K�arm�an constant that has a value of 0.4; and u is an at-

mospheric stability term, which is a function of the mo-

mentum roughness length, zo, and the Monin–Obukhov

scale length L.

Mears et al. (2001) demonstrated that the mean dif-

ference between the wind speeds corrected with the

sophisticated method and corrected with the simple log-

arithmical method is about 0.12m s21, with a standard

deviation of 0.17 m s21. This bias is shown to be

largely independent of the buoy wind speed. Kara

et al. (2008) have compared the performance of three

commonly used sophisticated algorithms: Coupled

Ocean–Atmosphere Response Experiment, version

3.0 (COARE3.0), Bourassa–Vincent–Wood (BVW),

and Liu–Katsaros–Businger (LKB) within the context

of air–sea stability effects over the global ocean. [A good

review of the current state of the algorithms and detailed

descriptions of these three algorithms can be found in

Brunke et al. (2003).] The performance from these three

algorithms was found to be quite similar globally; the

local difference can be large, especially in the regions

near the Kuroshio and Gulf Stream current systems

(Kara et al. 2008).

The satellite-basedwinds are 10-m equivalent neutral-

stability winds relative to the surface currents while the

NWP and reanalysis winds are estimates of the actual

winds at 10m. The surface currents may have a positive/

negative impact linearly to actual winds depending on

their relative directions to the winds. The NWP 10-m

winds have been shown to be about 0.2m s21 lower than

the satellite-based 10-m winds (Mears et al. 2001;

Chelton and Freilich 2005) while the localized impact of

surface current to the 10-m adjusted buoy winds could

be as large as 0.5m s21 (Chelton et al. 2004; Kelly et al.

2001; Cornillon and Park 2001; Hersbach and Bidlot

2008). Hersbach and Bidlot (2008) have also pointed out

that the impact of surface currents can be quite systematic

in the tropics because the relative direction between the

winds and currents is quite persistent, resulting in a posi-

tive bias in winds in the tropical Pacific Ocean but

a negative bias in both the tropical Atlantic and Indian

Oceans in ECMWF data, although the biases tend to be

less than 0.5m s21. As the majority of the OceanSITES

buoys are located in the tropical regions away from the

Kuroshio and Gulf Stream, the impact of height-adjusted

10-m winds due to different algorithms is expected to be

less than 0.5m s21. More quantitative analysis on the

surface current’s effect on the height-adjusted 10-m

winds will be shown later in this section.

In this study, the COARE3.0 algorithm (Fairall et al.

2003) is used to adjust 4-m buoy wind speeds to 10-m

neutral wind speeds, which are computed as

U10n5 [u*/(G1/2k)] ln(10/zo) ,

where G is the gustiness factor (Fairall et al. 2003).

Peng et al. (2011) used the simple logarithmical ap-

proach to adjust the buoy winds from 4 to 10m based on

Peixoto and Oort (1992) with a typical oceanic value of

1.52 3 1024m for the roughness length. This practice

tends to overestimate the adjusted buoy wind speeds
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slightly (Fig. 2). For these three locations in the equa-

torial Pacific Ocean, the difference between simple log-

adjusted wind speeds and 10-m neutral wind speeds

utilizing the COARE3.0 algorithm is less than

0.17m s21, with a mean difference of about 0.11m s21

(Fig. 2b).

The time series of daily 4-m OS winds for all 11 lo-

cations are shown in Fig. 3a. As expected, the mid-

latitude winds (station 32N145E) are dominated by

more variability from synoptic scales as compared to the

less-variable tropical winds. The majority of the air–sea

temperature differences are within 08 to228C, except at
station 32N145E, where the difference can be as large as

288C (Fig. 3b). Thus, according to Kara et al. (2008), the

impact of the air–sea temperature difference on the

10-m adjusted neutral winds from 4-m buoy winds is

expected to be within 0.5m s21 and the difference be-

tween the 10-m adjusted neutral winds and 10-m actual

winds is less than 0.3m s21.

Among the 11 OceanSITES stations used in this

analysis, there are 4 with little or no surface current data

available, 4 with less than 50% surface current mea-

surements available, and only 2 with good surface cur-

rent temporal coverage for 2009 (more than 85% of data

available) (Fig. 3c). As illustrated by May and Bourassa

(2011), surface currents into the winds tend to enhance

the resultant 10-m neutral winds and vice versa. The

direct linear dependency of adjusted winds on surface

FIG. 2. (a) The scatter diagram for 2009 of 10-m buoy wind

speeds adjusted logarithmically with a constant roughness length

(U10log, vertical axis) and 10-m neutral buoy wind speeds

adjusted using COARE3.0 (U10n, horizontal axis) for the three

OceanSITES buoy stations in the equatorial Pacific Ocean used in

Peng et al. (2011) and (b) distribution of the difference between

the two adjusted 10-m wind speeds over 4-m observed buoy wind

speeds.

FIG. 3. The daily evolution of 2009 measurements at the buoy

sites: (a) wind speeds (m s21), with dashed line denoting 3m s21;

(b) near-surface air–sea temperature differences (8C), with dashed

lines denoting the 08 to 228C range; (c) surface current speeds

(m s21); and (d) rain rate (mmh21). In the plot, the numbers for the

‘‘record/total’’ are in days, which indicate the valid record count

over the total possible record count.
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currents is evident in Fig. 4, using the COARE3.0

package for the two stations that have good coverage of

surface current data for 2009 (stations 00N080E and

00N165E). The averaged difference between 10-m neu-

tral winds with or without observed surface currents is

merely 0.02m s21 with a standard deviation of about

1m s21 for these two tropical stations (Fig. 4).

Station 32N145E, however, deserves special attention

due to its proximity to theKuroshio. As shown in Fig. 3c,

no surface current data are available for 2009 at this site;

however, the 15-m-depth subsurface current data ex-

isted about 80% of the time for 2009, and we use this

dataset as a proxy to examine the potential current ef-

fect on the winds. The 15-m current data are plotted in

Fig. 5 (top panels) together with the monthly means

derived from the Global Drifter Program (http://www.

aoml.noaa.gov/phod/dac/dac_meanvel.php). Figure 5,

including the power spectral density plots shown in the

bottompanels, reveals that themonthly climatology based

on the drifter data does not capture the synoptic-scale

variability. A scatter diagram of adjusted 10-m neutral

wind speeds using 15-m subsurface currents (U10n-Us)

versus the ones with zero surface currents (U10n-Zero) is

shown in Fig. 6. It shows that there is no distinct systematic

bias between the two. The 2009 mean bias of 10-m ad-

justed neutral wind speeds with and without currents is

minimal (;0.02ms21), even at this location.

Due to the insufficient availability of surface current

data for most of the buoys for 2009 and the minimal and

similar impact on the mean bias that is expected for all

NWP and reanalysis wind products, surface currents are

set to be zero in this analysis. We will treat wind speed

biases of 0.5m s21 or smaller as within the uncertainty

level associated with unresolved processes, measure-

ment accuracy, or parameterizations.

The time series of COARE3.0-adjusted 10-m neutral

buoy winds are shown in Fig. 7a. The 10-m neutral wind

speeds, on average, are about 0.4m s21 higher than the

4-m buoy wind speeds (Fig. 7b). The differences be-

tween the full COARE3.0 adjusted 10-m neutral winds

and the simple logarithmically adjusted winds are within

0.2m s21, except at station 32N145E where a small

portion of the difference values exceed 0.2m s21, asso-

ciated with a higher than 28C positive air–sea tempera-

ture difference (Fig. 7c).

4. Results

The evaluation of various wind products is carried out

using commonly employed statistical metrics defined by

WorldMeteorological Organization (WMO) for weather

and climatemodel evaluations (WMO1999; Phillips et al.

2004). These metrics include the mean, bias, standard

deviation, root-mean-square (RMS) errors, and cross-

correlation coefficients, using the OS winds as our ref-

erence time series.

a. Global spatial distribution of means and standard
deviations

Before we show the statistical analysis results with

point measurements, it is beneficial to provide large-

scale patterns for the five products considered in this

paper and differences among them. The 2009 mean and

standard deviation of the zonal and meridional CFSR

winds are displayed in the top panels in Figs. 8a and 8b,

FIG. 4. (top) Scatter diagram of 10-m neutral buoy winds with

and without observed surface currents and (bottom) the difference

between the two as a function of the along-wind direction surface

current speeds for the 00N080E and 00N165E stations during 2009.
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respectively. Global distributions of both 2009means and

their standard deviations are remarkably similar for all

fivewind products with largelywestwardmean equatorial

winds. Therefore, distributions of differences between

the CFSRwinds and the other four products are shown in

the bottom four panels of Figs. 8a and 8b, instead. The

highmean bias tends to be located near landmasses, more

so in the polar regions (both Arctic and Antarctic). The

standard deviations are relatively small in the tropical

regions as expected. The noticeable difference in stan-

dard deviation occurs, again, near landmasses, more so in

the polar regions as well, particularly for the blended

winds (Figs. 8a and 8b, bottom panels). This is likely to be

associated with some artifacts of satellite measurements

or retrieving algorithms in dealing with ice. The 11 sta-

tions examined in this paper are located within extra-

tropics and in the open ocean away from the coastal

regions, thus avoiding the potential near-land-region ar-

tifacts. Overall and when referenced to the CFSR winds,

the model-based products are close to each other and

tend to underestimate the temporal variability, while the

blended satellite winds exhibit high variability.

FIG. 5. (top) Time series and (bottom) power spectral density of near-surface (left) zonal and

(right) meridional currents (red solid lines) at 32N145E during 2009. The circles are monthly

climatological values of surface currents derived from drifters (data source: http://www.aoml.

noaa.gov/phod/dac/dac_meanvel.php). The blue solid lines are for curve-fitted daily surface

currents.
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b. Annual means and biases

The time series of daily OS wind components are

displayed in Fig. 9. As expected, the midlatitude winds

are dominated by the more dynamic synoptic variability

as compared to the less-variable tropical winds. The

seasonal cycles are more pronounced in the tropical

Indian and Atlantic Oceans than are those in the trop-

ical Pacific Ocean. There are relatively long data gaps in

the time series of several stations, such as at 88S, 678E
(13 October–31 December), 158N, 388W (1 January–25

March), and 32.48N, 144.68E (3November–31December),

that may potentially lead to an alias in computing annual

means at these stations.

In this paper, the biases are defined in terms of the

means of the residuals (i.e., the differences between

winds from each product and the OS 10-m neutral buoy

winds). The margin of error associated with unresolved

processes is about 0.5m s21 and results presented below

should be interpreted within this context, and the focus

will be on biases that are larger than 0.5m s21 and sig-

nificant at the 95% confidence level.

As shown in Fig. 10a, the 2009 mean zonal winds are

quite similar for all wind products at each equatorial

station except for station 00N165E, where JMA and

ECMWF show overly strong easterly winds. The biases

from the OS zonal winds are mostly less than 0.5m s21

(Fig. 10b). The most notable exceptions are the

ECMWF and JMA winds at station 00N165E with

biases of about 21.1m s21, which are significant at the

95% confidence level. The JMA winds at 12N23W also

show a large bias of20.95ms21. Others with biases larger

than 0.5m s21 include the CFSR winds at 1408 and 238W
along the equator (biases of 0.65 and 20.63m s21, re-

spectively), blended satellite winds at 15N090E, and all

but DWD zonal winds at 32N145E (all positive); this is

significant because the mean OS winds are near zero at

this location. All the bias values higher than 0.5m s21

are significant at the 95% confidence level. It is worth

noting that bias values at the 00N023W and 10S010W

locations are significant at the 95% confidence level, even

if most of those values are less than 0.5m s21 (Fig. 10b).

The magnitude of the averaged zonal wind bias over all

selected buoy locations for each product is quite small,

ranging from about 0.05 to 0.2m s21 with a mean of

20.03m s21 for all products at all locations (Table 2).Our

results show that one should not be misled by small

globally averaged mean biases; there are strong regional

dependences, as shown also in Kara et al. (2008) and

Hersbach and Bidlot (2008), and large biases that could

occur even with small globally averaged biases. This re-

sult is not unique to the sea winds but is also revealed

for satellite-retrieved sea surface temperatures (Zhang

et al. 2004).

FIG. 6. Scatter diagram of adjusted 10-m neutral buoy wind

speeds using 15-m near-surface currents (U10n-Us) versus the ones

with zero surface currents (U10n-Zero) at 32N145E during 2009.

FIG. 7. The time series of (a) COARE3.0-adjusted 10-m neutral

buoy wind speeds (U10n) during 2009, (b) difference between U10n

and 4-m buoy wind speeds, and (c) difference between simple log-

adjusted with a constant roughness length (U10 log) and U10n.
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FIG. 8. (a) (top) Global spatial distribution of the mean and standard deviation of the 2009 CFSR zonal winds and the difference

between the mean and standard deviation of the CFSR winds and that of the (top middle) DWD, (middle) ECMWF, (bottom middle)

JMA, and (bottom) blended winds. (b) As in (a), but for the 2009 meridional winds.
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FIG. 8. (Continued)
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As shown in Fig. 11, the largest biases for the merid-

ional winds are found at 00N170W (western Pacific

warm pool region), which are larger than 0.5m s21 in

magnitude for all wind products and have a mean of

21.2m s21; all products failed to produce the nearly

2ms21 northward wind component. At the next station

east, however, all products showed an overly northward

wind component than that measured by the buoy at

00N140W, with a mean bias of 0.69ms21. The bias values

at both locations are significant at the 95% confidence

level. At 128N, 238W in the Atlantic Ocean, the ECMWF

and JMA winds failed to produce the strong southward

wind component measured by the buoy, with mean biases

larger than 0.5ms21 and statistically significant at the 95%

confidence level. At 08S067E in the Indian Ocean, the

DWD winds have the largest bias, just over 0.5ms21 but

significant at the 95% confidence level. Also in the Indian

Ocean at 00N080E, the JMA winds fall short of weak

northward buoywindswhile others overestimate thewinds,

resulting in the bias for JMA having the opposite sign

compared to the others. Biases for both JMAandDWD,

however, are significant at the 95% confidence level.

Once again, the magnitude of the averaged meridio-

nal wind bias for all locations for each product is small,

ranging from about 0.006 to 0.055m s21, with a mean of

20.03m s21 (Table 2), while large biases existed at

about half of the 11 buoy locations.

c. Standard deviation and RMS errors

The standard deviation here is the square root of the

variance of the time series of the wind component for

FIG. 9. Time series of COARE3.0-adjusted 10-m neutral buoy

winds during 2009 in all 11 OceanSITEs stations for the (top) zonal

and (bottom) meridional components.

FIG. 10. Bar graph for the 2009 zonal winds: (a) means (ms21) and (b) biases (m s21). The plot

is grouped by stations with different colors denoting different products: DWD (green), ECMWF

(magenta), JMA (blue), CFSR (cyan), blended (red), and OS (black) winds. Bias values outside

of the dashed lines for each station are significant at the 95% confidence level.
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a specific product or observation. It measures the tem-

poral variation magnitude from its own time mean for

each wind product in our case. The standard deviation

ratio (that of each product over the OS winds) is shown

in Fig. 12; the standard deviation of the OS winds is

printed in the plot for each station. As expected, the

extratropical station at 32N145E has the highest standard

deviation for the OS winds stations for both wind com-

ponents, indicating large temporal variation associated

with synoptic-scale weather systems compared to that of

tropical stations. Even for those stations along the equa-

tor, the standard deviation ratios are within the same

range as those for other stations, indicating that themodel

and satellite products captured the high wind variability

relatively well over the tropical and midlatitude stations.

One of the general features in Fig. 12 is that, the

blended satellite product (red) and the model-based

product (NWP and reanalysis) are often on opposite

sides of the OSwind variability (dashed line of ratio5 1):

the former has a variability close to or higher than that of

the OS winds (i.e., the standard deviation ratio values

are close to or higher than 1), while the model-based

winds mostly show lower variability than that of the OS

winds. This is particularly clear in the meridional winds

(Fig. 12b). Note that the OS measured time series is

normally continuous within 1 day; thus, the daily aver-

aged winds may be closer to the true daily mean. In

comparison, satellite observations are normally more

discrete over timewith spatial gaps between swaths; more

studies are needed to diagnose the reasons for the higher

blended satellite wind variability and whether it is caused

by inadequate observation (subsampling aliases), or po-

tential data spikes, as have been revealed in the past in

other regions. In the next version of the blended satellite

winds, more quality controls will be implemented to

remove data noise. On the other hand, while the blended

satellite winds correspond to a roughly 25-km wind,

NWP forecast winds cannot resolve well spatial scales of

less than four grid cells (i.e., 100 km). In addition to the

numerical smoothing in NWP models, the models tend

TABLE 2. The mean bias and cross-correlation coefficient values for each wind product.

Blended CFSR ECMWF DWD JMA All

u bias (m s21) 0.12 0.09 20.15 20.048 20.22 20.03

y bias (m s21) 20.055 0.006 20.05 20.045 20.035 20.03

Speed bias (m s21) 0.22 20.14 20.15 20.24 20.12 20.07

Directional bias (8) 21.65 20.25 20.61 21.15 0.87 20.46

u cross correlation 0.89 0.95 0.92 0.87 0.90 0.91

y cross correlation 0.78 0.93 0.85 0.76 0.84 0.83

FIG. 11. As in Fig. 10, but for the 2009 meridional winds.
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to undersimulate the spatial variability, which has been

known to the modeling communities based on the past

literature. This shortcoming still prevails across the

board and is an area to be improved upon.

The RMS error is defined as the square root of the

variance of the residuals from the OS time series. The

RMS errormeasures the extent to which the wind values

differ from the buoy measurements statistically. RMS

FIG. 12. Bar graph of the standard deviation ratio of the wind product over a buoy during

2009: (a) zonal and (b) meridional winds. The mean values of the buoy standard deviation are

printed above the bars for each station.

FIG. 13. Bar graph of RMS errors of wind products from the buoys during 2009: (a) zonal and

(b) meridional winds.
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errors have been widely used in the evaluation of data

products as a measure of accuracy. As shown in Fig. 13,

the RMS errors for the CFSR winds are overall smaller

than for other wind products. The RMS errors for the

blendedwinds tend to be larger than others in the tropical

Indian Ocean for both zonal and meridional winds, while

the results are mixed for the other two basins.

Figure 14 shows the time series of wind residuals for

the CFSR (red) and blended (blue) winds. While the

time series of the wind residual for the CFSR winds are

mostly confined within a 22 to 2m s21 range, they are

quite noisy for the blended winds, with large spikes that

are larger than 5m s21 in magnitude. The difference

could be, in part because the CFSR winds are restrained

by buoy winds via a data assimilation scheme, while the

blended winds are not. Rain has been known to be one

of the significant factors that degrade satellite-based

wind retrievals, especially for scatterometer data as the

radar backscattering measurements are augmented by

additional backscatter from both atmospheric rain

and surface rain perturbations (Weissman et al. 2002;

Draper and Long 2004). There is some indication that

the scattering by rain could be one of the influence

factors for generating those spikes. However, it does not

appear to be the dominant factor from our analysis, as

shown in Fig. 15. Closer examination revealed that some

of those large spikes are caused by the wind direction

errors when decomposing the blended wind speeds into

u–v components using the NRA-2 wind directions.

(When the blended satellite product was developed,

CFSR was not available and NRA-2 has been updated

operationally at NCEP and is thus used.) Figure 16

displays the scatter diagrams of blended (left panels)

and CFSR (right panels) winds with the OS winds for all

three stations in the Indian Ocean. The records falling

in the II and IV quadrants denote the days when the

blended or CFSRwinds are at least 908 from those of the

OS buoys. A striking feature is that outliers in those two

quadrants are associated with large residuals (greater

than 3m s21, denoted by a crisscross; Fig. 16). While the

occurrence for the CFSR winds is very minimal (2 and 1

out of 940 valid records, less than 0.2%), it ranges from

3.3% to 4.3% for the blended satellite speed–NRA-2

wind directions. Note that NRA-2 has coarse grid

spacing (;28), which poorly resolves the spatial vari-

ability associated with synoptic- and small-scale sys-

tems (Chelton et al. 2004; Peng 2004; Dukhovskoy and

Bourassa 2011). (Results for the ECMWF winds are

FIG. 14. Time series of 2009 wind residual from the OS winds for the CFSR winds (red) and the blended winds

(blue) for the three locations in the Indian Ocean. Shown are (left) zonal and (right) meridional winds.
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similar to that of the CFSR winds and thus are not

shown.) For future improvements to the blended wind

product, a weather and single-pixel filtering method

taking rain flags into consideration could be used to

reduce those large spikes, together with using directions

from a high-resolution reanalysis such as CFSR for

historical reprocessing, and high-resolution operational

analysis such as the NCEP Climate Forecast System

(CFS) or the ECMWF model for near-real-time process-

ing or monitoring (as currently used for the near-real-time

version), to minimize the impact of the directional error

effects. In addition, a new and improved version of the

satellite-retrieved wind speeds has just been released

by RSS (www.remss.com); an updated version of the

blended product is planned using the new satellite

retrievals.

d. Cross-correlation coefficients

Cross correlation is a standard method of estimating

the degree to which two series covary with each other.

Our analysis shows that the maximum cross-correlation

coefficients between all wind products and the OS winds

occur at the zero lag (not shown), implying no systematic

phase shift in the wind products. The cross-correlation

coefficients between the CFSR winds and OS winds

are the highest, ranging from 0.88 to 0.99 for the zonal

winds and 0.83 to 0.99 for themeridional winds (Fig. 17).

Overall, the correlations are high (above ;0.76) for all

the products for the zonal winds, as well as for the me-

ridional winds for most stations other than the three

tropical Pacific stations and one South Atlantic station,

where correlations are slightly lower. The wind patterns

are dominated by zonal winds in those regions and the

variations are well captured by the model and satellite

products. On the other hand, the meridional winds are

weaker, and the variations are slightly less well captured

by the wind products other than the CFSR, which may

have assimilated the buoy observations well. All values

of the cross-correlation coefficients are statistically sig-

nificant at the 95% confidence level.

In contrast to the tropical Pacific stations, large wind

synoptic variability observed in the midlatitude KEO sta-

tion in both the zonal and meridional directions is well

captured by all thewind products studied here (correlation

of above 0.88). With generally high temporal variation

associated with synoptic variability, as displayed in the

standard deviation (Fig. 12), this may imply that all wind

products are able to capture well the synoptic temporal

variability in their winds—a very encouraging aspect.

e. Bias of wind speed and direction

Figure 18 shows the means of wind speeds, and the

means of the speed and wind direction residuals (dif-

ference between speeds or wind directions of a wind

product and theOSwinds). Theweakwinds (wind speed,
3m s21) are not included in the calculations of the di-

rectional bias due to the large uncertainty associated

with the resultant wind direction. For the wind speed, the

satellite-based blended product generally overestimates

the speeds compared to the OS observed values, while

the model-based products generally underestimate the

speeds (Figs. 18a and 18b). The average speed bias for

the blended winds is about 0.23m s21 higher than that of

the OS winds while the other four winds are 0.12–0.24

lower with a spread of about 0.4m s21 (Table 2), which is

consistent with the previous study. The spread of the

speed bias for individual stations can be larger than

1m s21 (Fig. 18b). Chelton and Freilich (2005) showed

that 10-m wind speeds from the ECMWF analysis are

systematically lower than those of satellite (NSCAT)

observations for the periods of August 1999–July 2000

and February 2002–January 2003. Our results here have

indicated that the same is true for the ECMWF short-

range forecast winds, along with the JMA and DWD

short-range forecast winds, aswell as theCFSR reanalysis

winds for the period of January–December 2009. Based

on Chelton and Freilich (2005), a wind speed bias of

0.4m s21 could increase the wind stress bias by more

than 10%, which could potentially induce erroneous

ocean currents and states from ocean models driven by

these model products.

Keeping with meteorological convention, wind di-

rections are expressed in degrees clockwise from north,

FIG. 15. The scatter diagram of the magnitude of the 2009

blended wind residual from the OS winds for the three locations in

the Indian Ocean as a function of rain rate.

1296 WEATHER AND FORECAST ING VOLUME 28

http://www.remss.com
https://www.researchgate.net/publication/260260482_Scatterometer-Based_Assessment_of_10-m_Wind_Analyses_from_the_Operational_ECMWF_and_NCEP_Numerical_Weather_Prediction_Models?el=1_x_8&enrichId=rgreq-a0d6d14843c7f19e4c734776f63febb1-XXX&enrichSource=Y292ZXJQYWdlOzI2MDIwMTI2NDtBUzoxMzk5NTQ4NDgwMTQzMzZAMTQxMDM3OTI0NDU2Nw==
https://www.researchgate.net/publication/260260482_Scatterometer-Based_Assessment_of_10-m_Wind_Analyses_from_the_Operational_ECMWF_and_NCEP_Numerical_Weather_Prediction_Models?el=1_x_8&enrichId=rgreq-a0d6d14843c7f19e4c734776f63febb1-XXX&enrichSource=Y292ZXJQYWdlOzI2MDIwMTI2NDtBUzoxMzk5NTQ4NDgwMTQzMzZAMTQxMDM3OTI0NDU2Nw==


describing the direction from which the wind is blowing.

For example, a windwith u522m s21 and y522m s21

would be expressed as 458.
Directional anomalies An are calculated relative to

buoy winds by

An5Dn 2Db ,

where Dn represents the direction given by each wind

product andDb represents the direction given by the buoy.

Thus, An 5 2108 corresponds to a situation in which the

direction given by a wind product is 108 counterclockwise
to that of the buoy. Anomaly values are adjusted such that

21808 , An # 1808, which is occasionally necessary

when the values given by a wind product and the buoy

are on opposite sides of north.

The wind direction biases are shown in Fig. 18c,

computed as the annual mean of the directional anom-

aly An for 2009. Figure 18c does not show any global

systematic biases for any individual product; that is, the

averaged biases can be both positive and negative. On

the other hand, the biases tend to be station dependent.

For example, in the extratropical Pacific Ocean, the

32N145E buoy station reveals negative directional bia-

ses for all products with the bias value of 29.628 for the
blended winds being significant at the 95% confidence

level, the 12N023W buoy station in the tropical Atlantic

Ocean reveals positive directional biases for all products

with the bias value of 9.678 for the JMA winds being

significant at the 95% confidence level, and in the

tropical Indian Ocean the 08S067E station reveals neg-

ative directional biases for all products but the blended

FIG. 16. The scatter diagrams of 2009 (left) blended winds and (right) CFSR winds with 10-m buoy winds for the

three locations in the Indian Ocean. The (top) zonal and (bottom)meridional winds. The crisscross marks the record

when the blended or CFSR wind directions are at least 908 away from that of the buoy winds and with wind speed

residuals higher than 3m s21.
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winds and the 15N090E buoy station reveals positive

directional biases for all products except the blended

winds (all bias values are not statistically significant at

the 95% confidence level). The largest directional bias

occurs at 08, 1708Wwith the means of the wind direction

residuals being in a range from 29.948 for CFSR to

213.898 for ECMWF with an average value of 210.098
for all products (Table 3). A positive bias is observed at

08, 1408Wwith the means of the wind direction residuals

in a range of 3.258 for DWD to 8.88 for JMA, with an

average value of 5.318 for all products. With mean wind

directions of about 1058 and 958 for the osTAOwinds at

08, 1708W and 08, 1408W, respectively, a negative bias

of 2108 will reduce the meridional winds at 08, 1708W
and a positive bias of 5.318 will increase the meridional

winds at 08, 1408W, which contributes to the negative

(positive) values we have seen in the biases of the

meridional winds at 08, 1708W (08, 1408W). The more

critical implication will be that it may potentially induce

an artificial local stress curl and, therefore, could gen-

erate spurious upper-ocean circulation if used to drive

ocean models, which was first noted by Peng et al.

(2011).

Figure 19 shows a complementary cumulative distri-

bution function, illustrating how often each wind product

deviates from the buoy direction by at least a given amount

(in degrees). For example, the CFSR winds (shown in

light blue) deviate from buoy-observed winds by at least

208 in 5.6%of cases, while the blendedwinds (i.e., NRA-2

directions, shown in red) deviate by the same amount in

21.2% of the cases. It clearly shows the improvement of

the latest NCEP reanalysis over its predecessor.

The speed and directional biases shown in Fig. 18 are

computed using scalar averaging where the wind speed

and direction are treated separately as scalar values. As

the wind is a vector quantity, another commonly used

averaging is done by summing the u and v components

that are derived from the wind speed and direction and

averaging at the end of the averaging time (i.e., vector

averaging).

During periods of moderate to high wind speeds, the

difference between the vector and scalar averages will

be small. In the case of wind speed, vector-averaged

speeds will never be larger than the scalar-averaged

values and will generally be lower. Larger differences

could occur with greater wind direction variance, which

typically occurs at lower wind speeds (below 2m s21)

(Gilhousen 1987). Figure 20 shows that the vector-

averaged directional bias exhibits a larger variation than

that of the scalar-averaged one, although the results

from both methods tend to be consistent overall.

5. Summary and discussion

A data repository for collocated model forecasts, a

satellite-based product, and in situ observations has

FIG. 17. The cross-correlation coefficients for (a) zonal and (b) meridional winds between each

wind product and OS winds during 2009.
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been created at NCDC under the support of various

WCRP working groups to facilitate the evaluation and

monitoring of weather and climate model forecast skills

and satellite-based products against high-quality in situ

observations. Daily 2009 surface winds from five wind

products are compared with the measurements from 11

OceanSITES buoys located in the open oceans of the

Indian, Pacific, and Atlantic basins. The primary objec-

tives in this study are to provide some statistical measures

of how well each of these wind products (or taken as

FIG. 18. (a) Speed mean, (b) speed, and (c) directional bias of 2009 surface winds. The weak

winds (wind speed, 3m s21) are not included in the calculations of directional bias. Bias values

outside of the dashed lines for each station are significant at the 95% confidence level.

TABLE 3. The means of the wind direction residuals. The boldface italic values are significant at the 95% confidence level.

Station ID DWD ECMWF JMA CFSR Blended All products

08S067E 25.91 25.95 21.47 22.82 0.16 22.66

00N080E 24.27 20.12 7.03 20.29 25.75 20.57

15N090E 5.77 7.56 4.79 2.63 23.13 2.94

32N145E 22.35 20.87 25.71 24.11 29.62 23.77

00N165E 8.44 0.72 1.30 1.70 21.38 1.80

00N170W 213.13 213.89 210.80 29.94 212.76 210.09

00N140W 3.25 5.69 8.80 7.03 7.10 5.31

15N038W 0.16 0.98 21.55 20.73 23.62 20.79

12N023W 0.25 6.94 9.67 3.33 3.39 3.93

00N023W 23.09 26.04 21.95 20.53 4.70 21.15

10S010W 20.40 22.88 21.19 20.37 0.39 20.74
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a whole) performs against the high-quality reference in

situ wind measurements and to uncover if any systematic

bias in the wind products exists.

Our results have shown that the cross correlations

between various wind products and the buoy winds are

all above the 95% significance level, ranging from 0.76 to

0.99 for the zonal winds and 0.45 to 0.99 for the merid-

ional winds. The correlation coefficients are high (at or

above 0.76) for all products at the dynamic midlatitude,

along the prevailing wind direction (zonal wind) at all

of the buoy stations studied, as well as along the weak

meridional directions at all but the three equatorial

Pacific stations and the one Atlantic/PIRATA station in

the south (108S, 108W). The cross correlations between

the CFSR winds and the buoy winds are consistently

higher than the others, with the overall smallest RMS

errors, for both zonal and meridional winds. In contrast,

the cross-correlation coefficients between the blended

or DWD winds and the buoy winds are mostly lower

than the others, especially so for the meridional winds

(Table 2, Fig. 17). On the other hand, the blended wind

product tends to have positive mean wind speed biases

compared to all the model results (Fig. 18b).

This analysis reveals the strong and weak aspects of

the blended product (and the model results as well) and,

thus, directions for future improvements. Work has be-

gun at NCDC to improve the blended satellite-based

winds according to the results shown in this study. For

some oceanography and meteorology studies and appli-

cations, gradients and derivative of surface winds, such as

wind stress and its associated curl, are also critically

important. Intercomparison of these parameters derived

from the different products discussed here is desirable

and could serve as a future research topic.

All of the model-based wind products constrain their

winds (and/or other variables) by either buoy and/or sat-

ellite data to a certain degree. The CFSR and ECMWF

models assimilate both remotely sensed data as well as

in situmeasurements, although the assimilation schemes

and datasets usedmay differ. TheDWDmodel assimilates

buoy winds with satellite scatterometer winds assimilated

since July 2009. The JMAmodel only assimilates satellite

scatterometer data for 2009. The NWP winds are short-

range forecast winds from analyses that are constrained

by the observations. The blended winds are based on the

remotely sensed wind speed with wind directions taken

from NRA-2, which also assimilates both remotely sensed

and in situ data. This may contribute to the fact that the

overall characteristics of all wind products examined here

are fairly similar and the correlations are high.

It is very encouraging that the magnitude of the wind

component bias for all wind products is now less than

1.4m s21 and the majority of those are within 0.5m s21,

which is a significant improvement compared to

3.1m s21, thanks to improvements in the models, ob-

servations, and data assimilation capability. The mag-

nitude of the wind component biases averaged over all

the stations is less than 0.03m s21. All five wind products

examined here compare well with each other and cor-

relate well with the OS winds, especially for the zonal

winds, with the CFSRwinds being closely fitted to theOS

winds. This, again, may be in part due to the similarity

among the sources from which these wind products are

based on or derived. The performance of the three NWP

FIG. 19. Cumulative distribution function over the absolute di-

rectional anomaly (8). The weak winds (wind speed, 3m s21) are

not included in the calculations of directional bias: green is for

DWD, magenta for ECMWF, blue for JMA, cyan for CFSR, and

red for the blended winds.

FIG. 20. Scatter diagram of 2009 directional bias computed from

vector and scalar averaging: DWD (squares); ECMWF (circles);

JMA (triangles); CFRS (diamonds); and blended (crosses).
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forecasts is quite comparable, particularly so between the

ECMWF and JMA winds.

However, our analysis has also revealed that all the

meridional winds have systematic negative (positive)

biases at 08, 1708W (08, 1408W). These biases are asso-

ciated with the consistent negative/positive biases in

wind directions at these locations and are significant at

the 95% confidence level. These directional biases do

not appear to be related to the known alignment error

associated with the instruments for the TAObuoy winds

that was described in Freitag et al. (2001). Brown et al.

(2005) have indicated that systematic directional errors

could be a result in ECMWF short-range forecasts, as

wind turning across the marine atmospheric boundary

layer is systematically underestimated. There are also

negative directional biases at 32.48N, 144.68E and posi-

tive directional biases at 128N, 238W. The directional

biases of opposite signs are observed at 88S, 678E and

158N, 908E, which would potentially induce a spurious

regional wind stress curl. However, the majority of those

biases are not significant at the 95% confidence level.

Even though the 11 OceanSITES stations are spread

across the Indian, Pacific, and Atlantic Ocean basins,

caution should be taken when applying the conclusions

in this paper globally. In addition, because the wind

speeds are mostly less than 13.8m s21, the results should

not be extended to high-wind conditions.

As shown in this study, the average magnitude of

biases for each wind product for all stations could be

very small (less than 0.03m s21 for both the zonal and

meridional winds), while the values for each individual

station could be as high as 1.2m s21 for the zonal winds

and 1.4m s21 for the meridional winds. This implies that

only looking at a collective value, as many studies in the

literature do, could have provided us with a more opti-

mal picture than the analysis of individual stations could

reveal. While it is necessary to carry out this analysis on

a large quantity of stations or to examine the global

characteristics of the selected variables, it is also crucial to

examine a number of carefully selected stations in more

detail to get a more representative picture, as we have

done in this study. The caveat is that near-uniform sta-

tistical characteristics do not necessarily imply uniform

characteristics and performance in resolving individual

weather events, especially in fast-evolving and fast-moving

events such as tropical convection associated with west-

erly wind bursts. In fact, they can be very different in

terms of determining the correct timing and location for

an individual NWP forecast product (J.-R. Bidlot 2012,

personal communication).
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