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Abstract Ocean surface vector wind fields from reanalysis data sets and scatterometer-derived gridded
products are analyzed over the Nordic Seas and the northern North Atlantic for the time period from 2000
to 2009. The data sets include the National Center for Environmental Prediction Reanalysis 2 (NCEPR2), Cli-
mate Forecast System Reanalysis (CFSR), Arctic System Reanalysis (ASR), Cross-Calibrated Multiplatform
(CCMP) wind product version 1.1 and recently released version 2.0, and QuikSCAT. The goal of the study is
to assess discrepancies across the wind vector fields in the data sets and demonstrate possible implications
of these differences for ocean modeling. Large-scale and mesoscale characteristics of winds are compared
at interannual, seasonal, and synoptic timescales. A cyclone tracking methodology is developed and applied
to the wind fields to compare cyclone characteristics in the data sets. Additionally, the winds are evaluated
against observations collected from meteorological buoys deployed in the Iceland and Irminger Seas. The
agreement among the wind fields is better for longer time and larger spatial scales. The discrepancies are
clearly apparent for synoptic timescales and mesoscales. CCMP, ASR, and CFSR show the closest overall
agreement with each other. Substantial biases are found in the NCEPR2 winds. Numerical sensitivity experi-
ments are conducted with a coupled ice-ocean model forced by different wind fields. The experiments
demonstrate differences in the net surface heat fluxes during storms. In the experiment forced by NCEPR2
winds, there are discrepancies in the large-scale wind-driven ocean dynamics compared to the other
experiments.

1. Introduction

Surface wind is one of the atmospheric parameters required for estimating momentum and turbulent heat
fluxes to the sea ice and ocean surface [e.g., Rothrock, 1975; Large and Pond, 1981; Steele et al., 1997]. In the
ocean models forced by atmospheric analysis, errors in surface wind fields result in errors in air-sea heat
and momentum fluxes [Chelton et al., 2004], sea ice formation and drift [Hunke and Holland, 2007], as well
as sea ice and water transport in the straits [Vinje et al., 1998; Martin and Gerdes, 2007]. The role of winds in
the northern North Atlantic and the Nordic Seas has been discussed in other studies where a strong rela-
tionship between the wind forcing and ocean and sea ice processes has been demonstrated [e.g., J�onsson,
1991; Malmberg and J�onsson, 1997; Marshall and Schott, 1999; Woodgate et al., 1999; Pickart et al., 2003;
Petersen and Renfrew, 2009].

Microwave radiometer and scatterometer wind observations have provided relatively high spatial and tem-
poral coverage of the ocean, fostering development of global reanalyses and surface ocean wind products.
Today, more than 10 global and regional atmospheric reanalysis and wind products are available for the
research community [Dee et al., 2016]. Evaluation of the ocean surface wind data sets is limited by scarce in
situ observations especially in the subpolar and polar regions. Moreover, nearly all available wind observa-
tions are assimilated in the atmospheric reanalyses and wind data products leaving very few independent
data sources for validation of the wind data sets. Combined with uncertainty of wind observations [e.g.,
Kent et al., 1993; Large et al., 1995; Zeng and Brown, 1998; Smith et al., 1999; Taylor et al., 2003], this makes
validation of the wind products a challenging problem. Global winds from numerical models have been
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investigated and compared to satellite-based products and in situ observations [Meissner et al., 2001; Wall-
craft et al., 2009; Renfrew et al., 2009; Smith et al., 2011]. Several studies have analyzed wind data sets in the
Arctic and the northern North Atlantic [Kolstad, 2008; Tilinina et al., 2013, 2014; Lindsay et al., 2014].

The focus of this study is to compare ocean vector winds and to determine uncertainty in hydrodynamic
simulations related to discrepancies in the wind forcing fields. The study region is the northern North Atlan-
tic (north of 558N and east of �508W) and the Nordic Seas, which include the Iceland, Greenland, Norwe-
gian, and Barents Seas (Figure 1). The wind fields are derived from reanalysis and scatterometer-based data
sets (section 2) in order to evaluate their discrepancies at different temporal (interannual, seasonal, and syn-
optic) and spatial (large-scale and mesoscale) scales for the time period from 2000 to 2009. We start with cli-
matology and large-scale wind circulation (section 3). Then characteristics of cyclones derived from the
wind data sets are compared (section 4). Wind speeds and directions from the reanalysis and
scatterometer-derived wind data sets are evaluated against independent in situ wind observations collected
from meteorological buoys deployed in the central Iceland Sea between 23 November 2007 and 21 August
2009 and in the Irminger Sea between 24 July 2004 and 7 December 2004 (section 5). Finally, results from
the numerical experiments are presented to demonstrate sensitivity of numerical solutions to discrepancies
in the wind forcing (section 6).

2. Wind Data Products

The analysis is performed for ocean 10 m vector wind fields derived from the following wind data sets
(Table 1): the National Center for Environmental Prediction (NCEP) and Department of Energy (DOE) Atmo-
spheric Model Intercomparison Project reanalysis (also known as NCEP/DOE AMIP II reanalysis, hereafter ref-
erenced as NCEPR2), the NCEP Climate Forecast System Reanalysis (CFSR), Arctic System Reanalysis version
1 (ASR), Cross-Calibrated Multiplatform (CCMP) winds versions 1.1 and 2.0, and QuikSCAT data produced by
Remote Sensing Systems (RSS). It is worth mentioning that QuikSCAT winds are defined as 10 m equivalent
neutral winds [Liu and Tang, 1996; Chelton and Freilich, 2005]. Scatterometers respond to surface characteris-
tics, which are a function of the surface stress. Therefore scatterometer winds (and other remotely sensed
winds such as those used in CCMP) are adjusted in a manner consistent with observation of stress. These

Figure 1. Bathymetry of the study region. The red boxes designate locations of three regions for which wind statistics are analyzed in sec-
tion 3.2. The red bullets indicate approximate locations of the meteorological buoy observations in the Irminger and Iceland Seas.
The magenta line ‘‘AB’’ designates a cross section shown in Figure 18a. The yellow box is the central Greenland Sea region discussed in
section 6.
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winds, called equivalent neutral winds, are calibrated to estimate the correct stress with an air density and a
neutral drag coefficient (one that is determined for neutral stability). Meanwhile, the winds from the reanal-
ysis products and both the Iceland Sea and Irminger Sea buoys are calibrated to 10 m height above the
ocean with consideration to air-sea stability.

2.1. NCEP Reanalysis
The first reanalysis, NCEP/NCAR Reanalysis I (NCEPR1) [Kalnay et al., 1996] provides global analysis of the
atmospheric fields from 1948 to the present. The second reanalysis, the NCEP/DOE AMIP-II reanalysis
(NCEPR2), is an improved version of NCEPR1 with updated data assimilation technique and physics [Kana-
mitsu et al., 2002]. NCEPR2 covers the satellite period from 1979 to the present. Both reanalysis data sets
have been extensively used as forcing fields in Arctic Ocean modeling studies. For example, NCEPR1 and
NCEPR2 were the primary atmospheric forcing data sets used in the Arctic Ocean Model Intercomparison
Project (AOMIP) coordinated experiments [e.g., Proshutinsky et al., 2011].

2.2. Climate Forecast System Reanalysis
NCEP/CFSR (CFSR) is classified as ‘‘state-of-the-art’’ atmospheric reanalysis (https://reanalyses.org/atmo-
sphere/overview-current-reanalyses) and is updated in near real time (days to months behind). CFSR was
designed and executed as a global, high resolution, coupled atmosphere-ocean-land surface-sea ice system
to provide the best estimate of the state of these coupled domains. The data span is from 1979 to 2010.
The current T574 analysis is an extension of the CFSR as an operational, real-time CFSv2 product from 2011
into the future.

2.3. Arctic System Reanalysis
The Arctic System Reanalysis (ASR) is a new regional reanalysis developed for the Arctic region [Bromwich
et al., 2010, 2016; Tilinina et al., 2014]. Specifically, improved physics of regional meteorological phenomena
and representation of boundary layer processes in high latitudes have been developed and implemented in

Table 1. Wind Data Sets

Characteristics

Wind Data
Analysis Data

Spatial and Temporal
Resolutions

Atmospheric
Component Assimilated Wind Satellite Observations

NCEPR2 �1.98, 6 h NCEP Global Operational
model T62, 28 levels

Satellite winds produced by European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT),
Japanese Meteorological Agency (JMA), and National
Environmental Satellite, Data, and Information service
(NESDIS) including SSM/I ocean surface wind speed, ERS-1,
ERS-2, QuikSCAT, MODIS winds

CFSR �38km, 1 h T382, 64 levels Wind speed from SSM/I since July 1993; ocean surface wind
from ERS-1 since 1991, ERS-2 from 1996, QuikSCAT Sea
winds since 2001, the NRL WINDSAT since 2008

ASR v1 (interim) 30 km, 3 h Polar WRF, 71 levels SSM/I ocean surface wind speed and ocean scatterometer
surface winds

CCMP v1.1 0.258, 6 h ECMWF ERA-40 for 1987–1998
ECMWF ECOP for 1999–2011

Wind speed from microwave radiometer SSM/I, SSMIS, AMSR-
E, TRMM TMI, and polarimetric radiometer WindSat (direc-
tions are not assimilated from WindSat)

Wind vectors from microwave scatterometers (QuikSCAT and
SeaWinds)

CCMP v2.0, 0.258, 6 h ECMWF ERA-Interim Same as in CCMPv1.1 and addition of winds from new
instruments: ASCAT Metop-A, AMSR2, and GMI

Observational Data Period of observations Notes
RSS QuikSCAT v4 Jul. 1999 to Nov. 2009 Scatterometer-based wind

speed and wind direction at 10 m above the water surface
Twice-daily swath product on a 0.258 grid

Iceland
Sea buoy

23 Nov. 2007 to
21 Aug. 2009

Deployment location 86.478N, 9.278W
1 h observations of wind speed and direction (4 m), air temperature (3.5 m), humidity (3.5 m), sea level

pressure, ocean temperature and currents (1.5 m depth)
Irminger

Sea buoy
24 Jul. 2004 to

7 Dec. 2004
Deployment location 59.68N 38.68W
1 h observations (2.44 m) include wind speed and direction, air temperature, relative humidity, sea surface

temperature
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ASR providing a more accurate depiction of mesoscale processes in the Arctic including tip jets, katabatic
winds along the southeast coast of Greenland and polar cyclones. Here, ASR version 1 is evaluated in the
study region. The atmospheric model used in ASR version 1 is the Weather Research and Forecasting (WRF)
model version 3.3.1 [Skamarock et al., 2008] adapted for application in the polar regions (Polar WRF) [Hines
and Bromwich, 2008]. The vertical grid in ASR is a terrain-following, dry hydrostatic-pressure vertical coordi-
nate system with 71 levels and a constant pressure surface at the top of the model of 10 hPa.

2.4. Cross-Calibrated Multiplatform Wind Product Versions 1.1 and 2.0
The Cross-Calibrated Multiplatform version 1.1 (CCMPv1.1) data set provides a long-term, high-resolution
record of ocean surface (10 m) winds [Atlas et al., 2011]. CCMPv1.1 combines RSS cross-calibrated wind
speeds and directions and background model wind fields. Specifically, RSS radiometer wind speeds, QuikS-
CAT, and ASCAT scatterometer wind vectors are used. The analysis also employs conventional winds con-
sisting of all available ship and buoy observations. The background wind field was provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF). The CCMPv1.1 wind product provides
three types of data sets. For this study, the level 3.0 (regularly gridded and filled) data set is utilized.

Recently, a new version (version 2.0) of CCMP ocean surface vector wind fields (CCMPv2.0) has been pre-
pared by RSS [Wentz et al., 2015]. Similar to CCMPv1.1, CCMPv2.0 also combines satellite-based wind speeds
and directions and the background model wind field using the same assimilation technique. ECMWF ERA-
Interim model wind fields are employed in the processing, as well as more recent intercalibrated wind data
sets. The main impetus for production of CCMPv2.0 was continuation of the highly demanded CCMP prod-
uct. Although no changes have been made to the overall approach and the methodology of the CCMPv1.1
product, improvements in the wind products are anticipated due to: (1) use of a consistent and newer ver-
sion of satellite data (version 7 versus versions 4 through 6 in CCMPv1.1); (2) addition of newly available sen-
sors (ASCAT Metop-A, AMSR2, and GMI); (3) use of improved moored buoy data with better quality control;
and (4) employment of a higher resolution background model wind field (ERA-Interim Reanalysis winds).
Thus, the CCMPv2.0 winds are different from the CCMPv1.1 winds (more detail is provided on the RSS
CCMP website http://www.remss.com/measurements/ccmp).

2.5. QuikSCAT
The QuikSCAT version 4 data used in this study are supplied by RSS. The product provides equivalent neutral
[Kara et al., 2008] surface wind speed and wind direction at 10 m above the water surface, derived from back-
scatter measured by the scatterometer. Compared to the older versions, the recent version 4 of the RSS QuikS-
CAT data have decreased wind speeds greater than 20 m s21 [Ricciardulli et al., 2011]. The presented analysis
is based on the swath product, which contains the data stored on a twice-daily basis (morning and evening)
across the entire globe, starting in July 1999 through November 2009. The grid spacing is 0.25 by 0.258, which
is equivalent to 28 km in the meridional direction and 7 km in the zonal direction at latitude 758N.

Rain influences scatterometer retrievals by biasing wind speeds toward higher values under low wind
speed conditions and toward lower values at high wind speeds. While these biases are usually negligible,
sometimes they are quite large [Weissman et al. 2012]. The RSS QuikSCAT data set contains radiometer-
based information on a rain-rate estimate and a scatterometer rain flag. Preliminary analysis of the QuikS-
CAT winds with the rain-flagged data removed indicated substantial loss of wind information over the
study region especially during cyclone passages that are frequent there. Spatial gaps in the wind fields
were a major conundrum for vorticity analysis and cyclone tracking. Thus, rain-flagged data were includ-
ed in the analysis. Comparison between winds with and without the rain flag did not reveal substantial
differences in the analyzed characteristics. This illustrates that the use of a rain contamination flag
removes a substantial amount of data that are critical for many applications. Note that the rain contami-
nation flag was developed for calibration applications, which have much more strict accuracy require-
ments than many applications.

3. Wind Comparison at Seasonal and Interannual Scales

3.1. Wind Climatology
The wind climatologies reproduce major features of the wind climatology in the region with strong winter
winds (>10 m s21 over most of the study domain) and weak to moderate winds (3–7 m s21) during
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summer. Examples of winter (December, January, and February; DJF) and summer (June, July, and
August; JJA) wind climatology from 2000 to 2009 are shown in Figure 2. Winter winds are strongest in
the northern North Atlantic with mean wind speeds exceeding 12 m s21. In agreement with Kolstad
[2008], there are several regions in the Nordic Seas with relatively low winter wind speeds (below 12 m
s21) with the lowest wind speeds found in the Barents Sea. These low wind regions are not represented
in the NCEPR2 wind fields. The most distinct difference between the spatial wind distribution in the
NCEPR2 and the other wind data sets is observed in the Greenland, Iceland, Norwegian (GIN Seas), and
Barents Seas. Specifically, the local minimum north of Iceland is reproduced in all data sets except for
the NECPR2 where the DJF winds over most of the GIN Seas are of the same magnitude as in the north-
ern North Atlantic. In the Barents Sea, the NCEPR2 winds are markedly higher (>10–11 m s21) than in
the other data sets (predominantly below 10 m s21). The discrepancies among the data sets are smaller
for the summer (JJA) winds. Again NCEPR2 is an outlier with higher wind speeds south of Iceland than
seen in the other data sets.

The discrepancies across the climatology wind fields derived from the data sets are characterized by com-
puting the root mean square error (RMSE) and mean bias (B) using monthly means from QuikSCAT as refer-
ence fields. Then the difference between monthly mean wind speeds from QuikSCAT (SRef) and the other
data sets (Sm) at a given month is quantified by computing the following statistics

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i51

ðSmðiÞ2SRef ðiÞÞ2

vuut ; (1)

B5
1
N

XN

i51

Sm ið Þ2SRef ið Þ; (2)

where i is the QuikSCAT grid index and N is the total number of open ocean points in the QuikSCAT grid
inside the region bounded by roughly 508W–608E and 568N–778N. Inspection of the QuikSCAT wind fields
revealed several grid points with spurious high speeds randomly distributed along the coast lines and along
the sea ice edge in the northern Greenland and Barents Seas. Inaccurate wind estimates in the near-coastal
regions and in the ocean with sea ice result from land and sea ice contamination discussed in the satellite
scatterometer literature [e.g., Owen and Long, 2009; Hullinger and Long, 2014]. Thus grid points along the
coast (shallower than 200 m) and sea ice edge were not considered. Wind speed fields from the other
gridded products were interpolated into the QuikSCAT grid for this comparison.

The discrepancy statistics of the monthly mean wind speeds shows general agreement between the QuikS-
CAT climatology and the other wind products (Figure 3). Except for NCEPR2, RMSE for the wind data sets
is< 1 m s21 and the absolute bias is <0.5 m s21. The differences are larger in winter, as reflected both in
RMSE and bias statistics. The NCEPR2 monthly wind speeds have the largest disagreement with the QuikS-
CAT climatology. The RMSE ranges from about 0.7 m s21 in summer to 1.3 m s21 in winter. The bias is posi-
tive (meaning higher speeds in NCEPR2 relative to QuikSCAT) for all months ranging from �0.6 m s21 in
summer to � 1 m s21 in winter. Both CCMP products demonstrate the closest resemblance to the QuikSCAT
in terms of wind speed climatology. Both RMSE and bias statistics are in general lower for CCMP than for
the other products.

3.2. Wind Roses
Wind roses and probability density functions of wind speeds (approximated by normalized histograms)
from the data sets were analyzed for several regions across the study area. There is good overall agreement
across the analyzed wind data sets in wind directions. There is disagreement in wind speeds between
NCEPR2 and the other data sets with the NCEPR2 winds biasing high. Here, results for three regions are pre-
sented (red boxes in Figure 1). In region 1, discrepancies in directions of the QuikSCAT winds were found.
Regions 2 and 3 are collocated with the buoy observations analyzed in section 5. The wind climatology in
these two regions was discussed in detail in previous studies by Moore et al. [2008; Moore, 2003] and Harden
et al. [2015]. Results from these publications are used to assess wind characteristics in these two regions
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Figure 2. Mean wind speeds and mean vectors for (a) DJF and (b) JJA 2000–2009 derived from NCEPR2, CFSR, ASR, CCMPv1.1, CCMPv2.0, and QuikSCAT. The white contour delineates
mean sea ice edge in DJF and JJA during 2000–2009 based on monthly mean NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration [Meier et al., 2013].
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derived from the data products considered in this study. The wind vectors were spatially averaged within
each box. Statistics for winter (DJF) and summer (JJA) months are presented in Figures 4–6.

For the northwestern Greenland Sea box (region 1), all wind data sets have predominant northerly
and southerly winds in summer. Summer wind speeds from these directions range from 3 to
4.5 m s21 in the CFSR, ASR, and both CCMP products. The NCEPR2 speeds range from 4.5 to 6 m s21.
The highest summer speeds in this region are in the QuikSCAT winds with 7.5–9 m s21 for the north-
northwest winds and 6–7.5 m s21 for the south-southeast winds. In winter, all products demonstrate
persistent northerly winds, approximately parallel to the coast, with mean wind speeds from 6–
7.5 m s21 (ASR) to 12–13.5 m s21 (NCEPR2). Strong persistent northerly winds in the northwestern
Greenland Sea were discussed in other studies [e.g., Kolstad, 2008; Tsukernik et al., 2007]. The higher
probability of the near-meridional winds in this region can be related to the orography-induced
steering of geostrophic winds similar to southeastern Greenland coast [Moore and Renfrew, 2005;
Petersen et al., 2009].

It is worth mentioning that QuikSCAT wind directions have some discrepancy with the other products. In
both seasons, the QuikSCAT winds have noticeable east-northeasterly winds (10%) that are substantially
slower in the other wind data. The origin of these easterly winds has not been investigated. It is speculated
that this discrepancy may arise from sea ice contamination of the QuikSCAT scatter signal because the ana-
lyzed box region is heavily impacted by sea ice.

In the central Iceland Sea (region 2), the northerly winds are the most frequent (Figure 5). The westerly and
easterly winds are the least frequent in the region, which is less obvious in the QuikSCAT wind rose. The
directional distributions of winds in the region derived from the data sets are in agreement with Harden
et al. [2015]. In their wind rose for the central Iceland Sea based on the Icelandic Meteorological buoy, there
is a high probability of northerly winds and a distinct minimum for westerly winds. The probability of easter-
ly winds is also high, but still smaller than the northerly flows. The dominant wind directions in this region
are explained by the trajectories of the low-pressure systems travelling across the area as demonstrated in
Harden et al. [2015]. All data sets show moderate summer winds in the region (the median �9 m s21) and
strong winter winds (the median 14–15 m s21). The NCEPR2 northerly wind speeds are biased high com-
pared to the other wind products.

In the Irminger Sea (region 3), the wind climatology is characterized by strong zonal winds [Moore, 2003].
The westerly winds are associated with the tip jets extending eastward from Cape Farewell [Doyle and

Figure 3. Comparison statistics of the monthly mean wind speed fields relative to QuikSCAT monthly means: (a) RMSE and (b) bias.
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Figure 4. Normalized histograms and directional histograms (‘‘wind roses’’) of the maximum winds in summer (JJA) and winter (DJF) in region 1 (Figure 1) estimated from NCEPR2 (a),
CFSR (b), ASR (c), CCMPv1.1 (d), CCMPv2.0 (e), and QuikSCAT (f). In the histograms, the 25th, 50th, and 75th percentiles are listed. In the wind roses diagrams, colors show the average
maximum wind speed within each directional bin.
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Figure 5. Same as Figure 4 but for region 2 in the Iceland Sea.
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Figure 6. Same as Figure 4 but for region 3 in the Irminger Sea.
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Shapiro, 1999; Moore, 2003]. The easterly winds are associated with ‘‘reverse tip jets’’ or ‘‘easterly tip jets’’
[Moore, 2003; Outten et al., 2009]. In good agreement with this, the wind roses in Figure 6 indicate a notably
higher probability of westerly winds both during summer and winter months. In summer, the westerly
winds are predominantly moderate with mean speeds ranging from 4.5–6 m s21 to 7.5–9 m s21 across the
data sets. The westerly winds become more frequent and intensify during winter with the mean speed increas-
ing up to 9–10.5 m s21 in ASR and CFSR, 10.5–12 m s21 in CCMPv1.1 and CCMPv2.0, and 12–13.5 m s21

in NCEPR2 and QuikSCAT. According to the wind roses in Figure 6, the easterly winds are more frequent in
summer with most of the winds blowing from the northeast sector. Summer easterly winds have moderate
mean wind speeds (6–9 m s21 in NCEPR2 and 4.5–7.5 m s21 in the other products). In winter, the easterly
winds become stronger and less frequent.

3.3. Spatially Averaged Wind Vorticity
The mean large-scale atmospheric circulation in the area is cyclonic [Aagaard, 1970; J�onsson, 1991; Furevik
and Nilsen, 2005]. The cyclonic vorticity is intensified during winter and weakens during summer. The large-
scale circulation in the wind data is evaluated by comparing the area-averaged wind vorticity (hereafter
referred to as average vorticity). It is calculated for the analyzed data sets following a technique described
in Bourassa and Ford [2010]. The technique is based on the circulation theorem and computes the circula-
tion around a given shape. The circulation divided by the area of the shape gives the average vorticity in
the shape. Here, the shape is defined as follows. For every ocean grid point, a circle with the radius of
200 km is drawn and all grid cells whose centers fall within the circle are considered inside the shape. The
circulation is computed around the outer grid cells that approximate the circle. The average vorticity is
decomposed into the Empirical Orthogonal Functions (EOF).

The first EOF, which describes the basin-scale variability of the fields predominantly at seasonal scales
[J�onsson, 1991], and the Principal Component (PC) are presented in Figure 7 (note different scales for the PC
time series). The degree of separation of the EOFs can be deduced from the bar diagrams depicting the
eigenvalues for the first 20 modes. The error bars show the standard errors in the estimates of the eigenval-
ues [North et al., 1982]. The first EOF is significantly separated from the second EOF for all data sets.

The first EOF mode represents changes in the large-scale vorticity over the region. The average vorticity
over the Nordic Seas and the Irminger Sea exhibits obvious seasonality increasing (becoming more cyclonic)
during winters and decreasing during summers, as illustrated in the EOF and PC diagrams (Figure 7). Similar
results were reported by J�onsson [1991] from the EOF analysis of the wind stress curl over the Nordic Seas.

The EOFs indicate strong cyclonic vorticity over the Greenland Sea in the NCEPR2 wind fields compared to
the other data sets. Also the first EOF pattern is more dominant in the NCEPR2 vorticity fields explaining
28% of the variability, which is relatively large compared to the other data sets. This finding strongly sug-
gests that smaller-scale variability is more greatly reduced in the NCEPR2 reanalysis than in the other prod-
ucts. The PC time series have similar seasonal variability, yet the NCEPR2 has a less pronounced seasonality.
The intensity of this seasonal pattern varies from year to year. For example, there was a strong cyclonic vor-
ticity over the region in the 2004/2005 winter reproduced in all wind fields.

4. Representation of Cyclones in the Wind Data Sets

The northern North Atlantic and the Nordic Seas are characterized by high cyclonic activity and thus are rec-
ognized as one of the most synoptically active regions on the planet [Serreze et al., 1993, 1997; Tsukernik
et al., 2007; Tilinina et al., 2014]. Hundreds of large, meso, and small-scale synoptic systems travel over the
region each year impacting a wide range of ocean processes from water mass formation and deep convec-
tion to ocean and sea ice circulation [e.g., Marshall and Schott, 1999; Vinje, 2001; Condron et al., 2008; Con-
dron and Renfrew, 2012]. Several studies have addressed the problem of representation of cyclones in
reanalysis products and found that smaller-scale and short-lived cyclones (Polar Lows) in particular were
poorly represented in the observational and global reanalysis data [Zahn and von Storch, 2008; Condron and
Renfrew, 2012; Tilinina et al., 2014]. Here, mesoscale synoptic systems in the wind data sets are compared in
three ways: by comparing kinetic energy spatial spectra, physical representation of selected storms, and
cyclone statistics derived from the wind data sets. The mesoscale range is considered to be within the
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Figure 7. The spatial eigenvectors of the first EOF mode and their principal components of the spatially averaged vorticity of wind velocity for the data sets NCEPR2 (a), CFSR (b), ASR (c),
CCMPv1.1 (d), CCMPv2.0 (e), and QuikSCAT (f). In the spatial eigenvector images, the contour intervals are for positive eigenvectors every 0.005 (0.01 for the NCEPR2) from 0 to the maxi-
mum value listed in the maps. The bar diagrams depict eigenvalues and sampling errors (black lines) of the first 20 modes. In the time series of the PC, the blue shading highlights winter
seasons (October–March). The red-dashed lines are winter and summer means of the principal components with their values listed in the diagrams.
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spatial scale of 100–1700 km [Patoux and
Brown, 2001]. The cyclone is counted only
if the center of the cyclone is over the
open ocean.

4.1. Spatial Spectral Analysis of the
Surface Winds
Spatial spectra of the wind fields character-
ize the spectral distribution of the atmo-
spheric kinetic energy and the transfer of
energy between the large-scale energy-
containing range of motions to the smaller-
scales (energy cascading). According to Kol-
mogorov’s theory, in the inertial subrange
of scales (the subrange between the large-
scale and the small-scale dissipation range)
the energy spectrum is [Pope, 2000]

E kð Þ5Ce2=3k25=3; (3)

where C is a constant, k is wave number
defined as k51/k and k is wavelength,
and e is the dissipation rate of the kinetic
energy. In agreement with Kolmogorov’s
theory, studies of the kinetic energy spec-
trum of atmospheric turbulence found
that the energy spectrum can be approxi-
mated by a power law relationship
between kinetic energy and wave num-
ber [e.g., Horn and Bryson, 1963]

E kð Þ5ckM; (4)

where c is a constant dependent on the
type of data. The M values vary for different length scales. According to the theory of the geostrophic turbu-
lence [Horn and Bryson, 1963; Batchelor, 1969; Boer and Shepherd, 1983], the horizontal wave number energy
spectrum follows a k23 spectrum at larger mesoscale processes (above 500 km). At scales below 500 km,
the wave number energy spectrum follows approximately k25/3 spectrum. It is generally accepted that the
mesoscale range has a power law between k23 and k25/3 spectra [Patoux and Brown, 2001; Waite and
Snyder, 2009; Condron and Renfrew, 2012].

Spatial spectral analysis of the wind data sets is performed for a domain of 578N–778N and 408W–508E over
the time period from 1 December 2005 to 28 February 2006. The time period is consistent with the years of
the numerical experiments described in section 6. Nevertheless, the choice of the time interval for spatial
spectral analysis is arbitrary and does not impact the main results discussed next. The domain covers most
of the study region. QuikSCAT wind data are not used due to spatial and temporal irregular sampling of the
data over the area. All winds are taken at 6 h intervals and are interpolated into a regular 5 km grid. All data
are detrended prior to the spectral analysis. The kinetic energy spectra (Figure 8) are calculated by perform-
ing discrete Fourier transforms of velocity vectors along the latitudes and then averaged providing a narrow
confidence interval for the spectral estimates [Emery and Thomson, 2004; Waite and Snyder, 2009]. Also
shown for reference are spectra of k23 and k25/3 power laws.

The analyzed spectra (Figure 8) have somewhat constant slopes within the range of the expected energy
spectrum except for the NCEPR2. Its energy spectrum does not have a constant slope. It has a much steeper
slope than 23 over the large-scale end of the mesoscale (1000–700 km) and is about 25/3 at the smaller
scales. There is a noticeable decrease in power of the NCEPR2 spectrum at scales within the range 200–
700 km compared to the other spectra owing to an inability of the coarser resolution NCEPR2 product to

Figure 8. Zonal kinetic energy spatial spectral densities (Sxx) estimated from
the 6 hourly wind data sets over the time period from 1 December 2005 to 28
February 2006 for a domain of 578N–778N and 408W–508E. The spectra are
averages over >7000 individual spectra resulting in the 95% confidence inter-
val for the spectral estimates on a logarithmic scale [Sxx(k) – 0.009,
Sxx(k) 1 0.01] which would be indiscernible in the diagram. Slopes M 5 23
and M 5 25/3 are shown for reference. The vertical axis is power spectral den-
sity (m2�s22 per cycle�km21). The horizontal axis is wave number (k,
cycle�km21) and the lower horizontal axis is the wavelength (km). All axes are
in logarithmic scale.
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resolve atmospheric processes at these scales [Chelton et al., 2004]. The shortest wavelength resolved by
NCEPR2 is of O(400 km). All other spectra closely follow k25/3 power law for wavelengths longer than
�300 km. For the shorter wavelengths, the spectra decay at a faster rate converging with the NCEPR2 due
to the fact that smaller-scale mesoscale processes are not resolved in the wind data sets in agreement with
Zahn and von Storch [2008] and Condron and Renfrew [2012].

4.2. Wind Fields of Selected Storms
In order to illustrate the discrepancies in representation of cyclones in the wind products, ocean surface
winds in three storms are depicted in Figures 9–11. The selected storms travelled across the northern North
Atlantic and the Nordic Seas during winter 2005/2006. These storms will be used in section 6 to show the
impact of differences in the storm representation in the wind data sets on the ocean fields in the numerical
sensitivity experiments. The wind fields from the reanalysis data (a, b, and c) and scatterometer gridded
wind products (d and e) are shown for the same time period, whereas the QuikSCAT wind fields (f) are pre-
sented for swaths from the orbit that was closest in time to the selected storm event.

The first storm, which took place on 17 October 2005, was located to the west of Spitsbergen and impacted
the northern Norwegian Sea and the western Barents Sea (Figure 9). The second storm travelled across the
Greenland and Norwegian Seas and approached the Norwegian coast on 11 December 2005 (Figure 10).
The third selected storm was located over the Greenland and Norwegian Seas just southwest of Spitsbergen
on 13 January 2006 (Figure 11).

In all cases, the wind data have good overall consistency in locations and timing of the storms yet the shape
of the storms and their intensities are different. Storms in the NCEPR2 are noticeably wider with high-wind
regions spread over a larger area compared to QuikSCAT and other wind data sets. This is especially obvious
in the wind fields for the January 13 storm (Figure 11a). This result is not surprising given the coarse spatial

Figure 9. Ocean surface wind fields from the wind data sets during storm impacting the northern Norwegian Sea and western Barents Sea on 17 October 2005, 0:00 UTC.

Journal of Geophysical Research: Oceans 10.1002/2016JC012453

DUKHOVSKOY ET AL. SURFACE WINDS OVER THE NORDIC SEAS 1956



resolution of the NCEPR2 data set. The other wind products have better agreement on the shape of the storms
and mainly disagree on the maximum wind speeds in the cyclones. In the cases shown, storms in CCMPv1.1
have higher maximum wind speeds compared to QuikSCAT and the other wind fields. It should be noted that
compared to CCMPv1.1 storm winds in CCMPv2.0 are less extreme and demonstrate a better resemblance to
the most recent version of QuikSCAT winds, especially in the first two cases (Figures 9 and 10).

4.3. Intercomparison of Cyclone Characteristics
4.3.1. Cyclone Detection Algorithm
In order to compare cyclone characteristics from the wind data sets, an automated cyclone detection algo-
rithm has been developed. Because only wind velocity fields are available, the methodology only uses
velocity and velocity-derived fields for cyclone detection. Several criteria are used to define an atmospheric
event as a cyclone. Based on the notion that rotation dominates in a cyclone, the detection algorithm
employs relative vorticity as a physical parameter to identify possible cyclone events. A similar approach
has been successfully implemented in oceanography for eddy tracking [McWilliams, 1990]. The local maxi-
mum (n0) indicates the center of the cyclone. Only vortices whose maximum relative vorticity n exceeds
1�1024 s21 are considered. The boundary of the cyclones is defined as the last closed, near-circular (as
explained below) contour given that n/n0> 0.6 and n> 8�1025 s21. These criteria were chosen empirically
by running multiple tests. Choosing too small n threshold values results in erroneous identification of large-
scale noncyclonic atmospheric systems as cyclones, whereas choosing too high n threshold values leads to
discarding many weak cyclones.

The sensitivity tests with the algorithm showed that the n-based criteria were not sufficient. In many cases,
other atmospheric processes with mean cyclonic shear (such as jet-like flows) were mistakenly identified as
cyclones. Therefore, additional criteria have been added to the algorithm. First, the local vorticity maximum

Figure 10. Same as Figure 9 but for 11 December 2005 12:00 UTC.
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has to closely coincide with the local speed minimum. In the methodology described here, the proximity of
the two extrema is satisfied if the local wind minimum is inside the first closed contour around the local vor-
ticity maximum. Second, the outer contour of the identified cyclone has to have a near-circular or elliptical
shape. The ellipticity of the contour is estimated as a ratio between the minor and the major axes of an
ellipse that approximates the outermost contour. The ratio has to be greater than an empirically defined
ratio of 0.3.

The methodology does not track cyclones in time. Hence every identified cyclone is considered as an inde-
pendent event. It should be noted that the methodology was not efficient for the NCEPR2 on its original
grid due to the coarse grid spacing. The large-scale cyclones that are dominant in this product produced
vorticity fields with multiple local minima and maxima causing the methodology to fail. To overcome this
problem, the NCEPR2 was interpolated into a 0.18 3 0.18 regular grid that covers the study region.

The technique worked well with QuikSCAT swath data after the CFSR winds had been interpolated into the
gaps with missing data. However, many cyclones were not identified in QuikSCAT due to the coarse tempo-
ral coverage of the swaths and spatial discontinuity of the swath fields. The latter resulted in frequent partial
representation of cyclones (e.g., Figures 9f and 11f). Also unlike the other wind fields, QuikSCAT does not
provide continuous wind fields over land and sea ice making it impossible to identify cyclones that are par-
tially over the land or sea ice (e.g., Figure 10f).
4.3.2. Cyclone Statistics
The following cyclone statistics have been derived from the wind fields: cyclone spatial scale (‘‘radius’’), max-
imum wind speed, and integrated kinetic energy (Figure 12). The spatial scale is estimated as a mean dis-
tance from the cyclone center to the bounding (outermost) contour. The largest cyclones are in the NCEPR2
(Figure 12a) with mean radius of 343 km and Interquartile Range (IQR) 282–392 km. Second largest storms

Figure 11. Same as Figure 9 but for 13 January 2006. 6:00 UTC.
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are found in QuikSCAT with mean radius 211 km and IQR 175–237 km. The rest of the data sets have a bet-
ter agreement in the cyclone spatial scale with the mean radius ranging from 135 km (CCMPv2.0) to 153 km
(CCMPv1.1). It is interesting that cyclones in CCMPv2.0 tend to be smaller than in CCMPv1.1 and are in bet-
ter agreement with the ASR cyclones.

Mean cyclone maximum wind speeds range from �15.7 to 18.4 m s21, with the NCEPR2 cyclones having
the strongest winds (Figure 12b). The QuikSCAT mean maximum wind speed in cyclones is the lowest
among the wind products (15.7 m s21). The second highest wind speeds are found in the ASR cyclones
(17.6 m s21).

Cyclone intensity is estimated using the Integrated Kinetic Energy (IKE) methodology of Powell and Reinhold
[2007], which takes into account storm structure and its spatial extent. This integrated quantity

Figure 12. Normalized histograms of the characteristics of cyclones tracked in the wind data sets (in rows). (a) Cyclone size, km. (b) Maximum wind speed, m/s. (c) Integrated Kinetic
Energy (IKE), TJ. Estimates of the mean (E) and its standard error, the median (M), and the interquartile range (IQR) are listed. Note different axis scale.
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characterizes cyclone intensity and energy, describing destructive potential for tropical storms. The IKE (Fig-
ure 12c) is computed from the wind fields by integrating the kinetic energy per 1 m of air slab over areas of
the cyclone where speed exceeds a threshold value (here 10 m s21).

IKE5

ð
V

1
2

qajUj2>10dV; (5)

where qa is air density of 1.2 kg m23. The NCEPR2 cyclones are by far the most intense and energetic storms
with mean IKE of 28.7 TJ and the IQR range 8.8–36.8 TJ compared to the mean IKE of the cyclones from the
other wind products ranging from 4.5 to 7.7 TJ. The substantial disagreement in cyclone energy of the
NCEPR2 with the other data sets is probably due to the larger spatial scales and higher wind speeds of the
former (Figures 12a and 12b). The IKE of the QuikSCAT cyclones is second highest (mean 7.7 TJ) among the
wind products although substantially smaller than in the NCEPR2. This result could be related to the fact
that many cyclones were not tracked in the QuikSCAT fields, as discussed earlier. Figure 12a suggests that
small-scale cyclones were missed in the QuikSCAT fields biasing the IKE estimate toward higher values. It
should be mentioned that the IKE statistics are sensitive to the definition of the cyclone boundary within
which the integration is performed. Thus comparison of the IKE values should be done with caution. Pre-
sumably, the sensitivity is alleviated for higher threshold values of the wind speed.

The interannual variability of the cyclone activity derived from the wind data sets has similar characteristics
(Figure 13). A noticeable interannual variability is obvious in the cyclone counts (Figure 13a). In the study
region the total number of cyclones identified ranges from about 500 to 1100 per year for all wind products
with the exception of QuikSCAT. The number of cyclones varies about 15–20% from year to year. The wind
data sets consistently show a higher number of winter cyclones (October through March) with the mean
fraction of winter cyclones ranging between 0.53 and 0.73. Modest interannual variability is observed in the
maximum cyclone winds (Figure 13b). Several studies suggested possible intensification of cyclones in the
21st century [Simmonds et al., 2008; Sorteberg and Walsh, 2008]. Here, this idea has been tested by comput-
ing the exceedance probability of the maximum wind speed for 15 and 20 m s21 (Figure 13c). While there
is a notable interannual variability in the probability of intense storms with strong winds, there is no evi-
dence of any trends over the first decade of the 2000s. Likewise, there is no obvious indication of a trend in
the annual or seasonal number of cyclones within the analyzed time interval. However, the time series are
too short to provide any meaningful information about long-term trends. It should be noted that the
debate is still open as to whether the number and intensity of cyclones in the North Atlantic have changed
over the last decades (see more discussion in Bader et al. [2011]).

Spatial distribution of cyclones is estimated by calculating the number of tracked cyclones within approxi-
mately a 600-by-600 km box (Figure 14). The cyclone position is estimated by the location of its center. The
dark blue color indicates regions with the highest counts of cyclones. The Irminger Sea has the highest
number of cyclones as shown in all wind products. The number of cyclones is markedly reduced to the
north of Iceland. The major storm tracks over the North Atlantic are reproduced in the data sets and concur
with previous studies [e.g., Walter and Graf, 2005; Tsukernik et al., 2007; Dong et al., 2013; Tilinina et al.,
2014]. The track density in the Nordic Seas is substantially higher in the NCEPR2 (Figure 14a) than in the oth-
er maps.

5. Comparison With Buoy Observations in the Iceland and Irminger Seas

5.1. Buoy Data
This study utilizes wind observations from two meteorological buoys in the Iceland and Irminger Seas
(Table 1). Observations from neither buoy have been assimilated in any of the discussed data sets and thus
provide a unique opportunity for validating surface winds in the data sets discussed here. The buoy obser-
vations were described in detail and analyzed in the previous studies by Moore et al. [2008] and Harden
et al. [2015]. Thus, only a brief description of the buoy data is provided here.

The Icelandic Meteorological Office buoy was moored in the central Iceland Sea from 23 November 2007 to
21 August 2009. The buoy observations were conducted by the Icelandic Meteorological Office in the cen-
tral Iceland Sea (Figure 1). The buoy recorded meteorological and oceanographic measurements hourly.
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Meteorological observations included wind speed and direction at 4 m, air temperature and humidity at
3.5 m, and sea level pressure. Ocean temperature and ocean currents were measured at 1.5 m depth. The
Irminger Sea buoy was deployed to the east of Cape Farewell (Figure 1) from 24 July 2004 to 7 December
2004 when it broke loose from the mooring. The buoy observations included wind speed and direction (at
2.44 m), air temperature, relative humidity, and sea surface temperature (SST).

Wind buoy data were adjusted to 10 m equivalent neutral winds using a boundary-layer model within the
modularized flux test bed [May and Bourassa, 2011], which assumes the modified log-profile is valid at both

Figure 13. Characteristics of cyclones tracked in the wind data sets (in rows) by years. (a) Cyclone counts in winter and summer. The numbers in the bars indicate the percentage of
cyclone counts in the seasons. The ASR does not have the 2000 statistics due to missing winter months (October, November, and December) of 1999. (b) Maximum cyclone winds by
years, m/s. The boxes encompass the 25th and the 75th percentiles and the medians are indicated with the horizontal line within the box. The ‘‘whiskers’’ extending from the boxes indi-
cate 1.5 3 the interquartile range. (c) The probability of the cyclone maximum wind speed to be greater than 15 m/s (grey bars) and 20 m/s (black bars) for different years.
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the observation height and the user-specified adjustment height (10 m). The height adjustment routine
ingests buoy measurements of wind speed relative to the ocean surface current, surface pressure, relative
humidity fraction, air temperature, and SST (Table 1). Atmospheric stability is calculated by means of the
Monin-Obukhov similarity theory and used to modify the log-wind profile relationship between wind speed
and height [Bourassa et al., 1999; Bourassa, 2006].

5.2. Comparison Analysis
The intercomparison of the buoy winds and atmospheric reanalysis as well as the scatterometer-derived
wind products is performed for the data points closest to the buoy position, which was changed slightly
over the period of observations (the mean distances are listed in Table 2). For the QuikSCAT, buoy observa-
tions are selected that fall within 620 min of the satellite overflight time. For the other wind products, the

Figure 14. Cyclone track density estimated from NCEPR2 (a), CFSR (b), ASR (c), CCMPv1.1 (d), CCMPv2.0 (e), and QuikSCAT (f). Densities are calculated as the number of cyclone centers
within per �360,000 km2. The counts are normalized by the maximum number of cyclones (listed in the figure ‘‘Nmax’’). The map is smoothed by a 3 3 3 box filter.

Table 2. Surface Winds Versus Icelandic Meteorological Buoy Observations

Wind Products Da km

Wind Speed Wind Vectors

RMSE m s21 Bias m s21 Slope R2 qT
b dUc

NCERP2 95 4.38 1.03 0.47 0.38 0.47 6.918

CFSR 8 1.86 20.11 0.87 0.81 0.85 5.958

ASR 15 1.94 20.09 0.87 0.79 0.83 8.218

CCMPv1.1 12 1.82 20.55 0.88 0.84 0.87 9.278

CCMPv2.0 12 1.69 20.45 0.88 0.86 0.88 10.68

QuikSCAT 12 2.79 20.84 0.81 0.61 0.62 11.68

aDistance to the nearest grid point.
bCircular-circular linear association.
cPhase offset.
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buoy data have been subsampled to match the time of the wind fields. The RMSE and bias between wind
speeds from buoy observations (SRef) and reanalysis or a scatterometer-derived product (Sm) are estimated
using equations (1) and (2) with index i related to time steps in the wind time series.

The agreement on orientation and rotation of wind vectors across the wind products with the buoy obser-
vations is assessed by calculating a circular-circular linear association statistic and phase offset. A circular-
circular linear association between the wind vectors (qT), which is to some extent analogous to circular cor-
relation, is defined as [Fisher, 1995]

qT 5

X
1�i<j�N

sin ai2aj
� �

sin bi2bj

� �
X

1�i<j�N

sin 2 ai2aj
� � X

1�i<j�N

sin 2 bi2bj

� �" #1=2
; (6)

where a and b are angles between the wind vectors and the east-oriented axis from the gridded product
and buoy, respectively, and N is the number of wind measurements. The phase offset (dU) is defined as the
mean phase shift between wind vectors from the wind data sets and buoy observations [Jammalamadaka
and SenGupta, 2001]

ẑ5AeidU5hzni; n51; . . . ;N (7)

where zn5eidun and dun 5 an – bn is the angle difference between the nth pair of wind vectors from the
gridded product and buoy observations. The mean value of zn is calculated as the mean of a complex ran-
dom variable

Re ẑð Þ5 1
N

XN

n51

cos dunð Þ (8)

Im ẑð Þ5 1
N

XN

n51

sin dunð Þ (9)

and dU5arg ẑ5arctan Im ẑð Þ=Re ẑð Þð Þ: (10)

Wind comparison statistics are summarized in Tables 2 and 3 and Figures 15 and 16. With the exception of
NCEPR2, there is a good correspondence between the wind speeds from the gridded products and buoy
observations in the Iceland and Irminger Seas. All circular-circular linear association statistics are different
from 0 at 0.95 significance level suggesting good agreement between wind vector directions in the data
sets and buoy observations. Comparison statistics for the individual wind products versus the Iceland and
Irminger buoy observations have similar features. Specifically, both CCMP products reveal the best agree-
ment with the buoy wind speeds having the highest coefficient of determination (R2) from the linear regres-
sion fit, the smallest RMSE and absolute bias. Of all wind data sets, the NCEPR2 winds demonstrate the
lowest resemblance to the buoy winds both in terms of wind speeds and directional correlation. It is impor-
tant to note that the NCEPR2 grid point used for the analysis is located relatively far away from the buoy
locations (95 km and 57 km for the Iceland buoy and Irminger buoy, respectively), which is the most remote

Table 3. Surface Winds Versus Irminger Sea Buoy Observations

Wind Products Da km

Wind Speed Wind Vectors

RMSE m s21 Bias m s21 Slope R2 qT
b dUc

NCERP2 57 3.73 0.26 0.59 0.51 0.77 21.88

CFSR 16 1.73 20.12 0.87 0.86 0.90 21.78

ASR 15 2.05 20.34 0.86 0.80 0.89 0.268

CCMPv1.1 5 1.75 0.06 0.85 0.86 0.92 21.258

CCMPv2.0 5 1.67 0.11 0.86 0.87 0.91 21.278

QuikSCAT 5 2.83 0.13 0.73 0.67 0.7 21.008

aDistance to the nearest grid point.
bCircular-circular linear association.
cPhase offset.
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compared to the rest of the data sets. This could explain, in part, the misfit between the NCEPR2 and
observations.

There are some differences in the comparison statistics of the individual wind data sets against the buoy
observations. For the Iceland buoy, all wind products except for NCEPR2 have small negative bias compared
to the buoy wind speeds meaning slightly slower winds in the gridded data sets. The NCEPR2 winds have
�1 m s21 positive bias demonstrating predominantly stronger than observed winds. Relative to the Iceland
buoy validation results, comparison of the wind products with the Irminger buoy observations reveals
smaller and positive bias for NCEPR2, CCMPv1.1, CCMPv2.0, and QuikSCAT. Compared to the bias from the
Iceland buoy observations, the bias of the CFSR winds versus the Irminger buoy observations is only slightly
more negative, whereas the ASR bias is substantially more negative. The circular-circular linear relationship
between the gridded wind vectors and observed winds in the Irminger Sea is stronger for all wind data sets
compared to the Iceland observations. In contrast to the Iceland buoy validation, the phase offset magni-
tude is reduced for all wind data sets when compared against the Irminger buoy observations indicating a
smaller phase shift between wind vectors from the wind data sets and buoy observations in this location.
Interestingly, all winds indicate persistent positive phase offset relative to the Iceland buoy wind directions,

Figure 15. Density plots of Icelandic Meteorological buoy wind speeds (vertical axis) versus wind speeds from NCEPR2 (a), CFSR (b), ASR (c), CCMPv1.1 (d), CCMPv2.0 (e), and QuikSCAT
(f). The wind speeds have been grouped into 1 3 1 m/s bins. The density is normalized by the maximum number of collocated points within the bins (listed as ‘‘Max N’’). The grey line is
a linear regression fit to the data. The statistics of the regression (intercept a0, slope a1 and its 95% confidence interval, the coefficient of determination R2) are listed in the figure. Also
listed are RMSE, bias, and mean distance between the buoy and the closest grid point in the wind data set used for the comparison (D).
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which varies within the range from about 68 to 118, whereas all winds except for ASR have negative phase
offset relative to the Irminger buoy wind directions.

6. Sensitivity Experiments With HYCOM CICE

The previous analysis has demonstrated an overall good agreement across the surface wind data sets yet
there are discrepancies among the products. The question is how crucial these discrepancies are for the
ocean models when being forced by these wind fields. The problem of the Arctic Ocean model uncertain-
ties and errors in the forcing data sets was one of the research topics of the Arctic Ocean Model Intercom-
parison Project (AOMIP) and currently the Forum for Arctic Modeling and Observations Synthesis
[Proshutinsky and Kowalik, 2007; Proshutinsky et al., 2016]. Here, we further explore these data sets in practi-
cal application using the wind fields as forcing data in a coupled Arctic Ocean sea-ice model whose domain
includes the study region. The purpose of this exercise is to demonstrate the sensitivity of numerical solu-
tions to discrepancies in the wind fields.

6.1. Sensitivity Experiments
A suite of sensitivity numerical experiments is performed with a 0.088 regional Arctic Ocean HYbrid Coordi-
nate Ocean Model (HYCOM) coupled to the Los Alamos National Laboratory Community Ice CodE (CICE)
[Hunke et al., 2015]. The model, hereinafter referenced as AO-HYCOM, is similar to that described in

Figure 16. Same as Figure 15 but for the Irminger Sea buoy.
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Dukhovskoy et al. [2016]. The model domain is a subset of the global HYCOM [Metzger et al., 2014] north of
�388N. The computational grid of the AO-HYCOM is a Mercator projection from the southern boundary to
47.88N. North of 47.88N it uses an orthogonal curvilinear Arctic dipole grid. The model employs 32 hybrid
vertical coordinate layers with potential density referenced to 2000 m and includes the effect of
thermobaricity.

The sensitivity experiments start on 1 October 2005 from identical initial fields derived from the existing
simulation [Dukhovskoy et al., 2016]. The model experiments are integrated for 1 year being forced by differ-
ent surface wind fields. In these experiments, wind forcing is the only parameter that is different in the sim-
ulations. Wind fields are CFSR (experiment ‘‘HYCOM-CFSR’’), ASR (‘‘HYCOM-ASR’’), CCMPv1.1 (‘‘HYCOM-
CCMP’’), and NCEPR2 (‘‘HYCOM-NCEPR2’’). The experiment with CCMPv2.0 was not performed because the
wind fields were not available at the time when all the runs were integrated. The wind fields are very similar
to the CCMPv1.1 and it is speculated that the results of the simulation forced by the CCMPv2.0 would not
substantially differ from the CCMPv1.1 simulation discussed below.

6.2. Results of the Sensitivity Experiments
6.2.1. Surface Heat Fluxes
Since wind speed largely controls air-sea heat fluxes, it would be reasonable to anticipate seeing the mani-
festation of discrepancies in the wind data forcing the AO-HYCOM in the simulated surface heat fluxes. In
the model, surface latent and sensible heat fluxes are calculated using bulk formulas during model run

Figure 17. Net surface heat fluxes (positive to the ocean) from AO-HYCOM sensitivity experiments (W m22). The top row depicts winter mean net surface heat fluxes from the sensitivity
experiments forced by the surface winds from (a) NCEPR2, (b) CFSR), (c) ASR, and (d) CCMP. The bottom row shows instantaneous net surface heat fluxes during storm event on 13 Janu-
ary 2016, 12:00 UTC (the storm shown in Figure 11) from the corresponding numerical experiments. Smaller heat fluxes are caused by the presence of sea ice. Note different color bars
for the top and bottom rows.
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time. The bulk transfer coefficients are parameterized following Kara et al.’s [2000] algorithm. The downwel-
ling shortwave and long-wave fluxes are prescribed by the CFSR radiative fields. During the sensitivity
experiments, the net surface heat flux was saved at each 6 h time interval.

The winter-average net surface heat flux (positive to the ocean) looks nearly identical among the experi-
ments (Figures 17a–17d). The regions with the maximum ocean heat loss are in the northern Greenland
and Norwegian Seas and a small area in the northwestern Barents Sea (exceeding 350 W m22 to the atmo-
sphere). The central and southern GIN Seas are characterized by moderate to low mean net heat flux to the
atmosphere ranging from 2150 to 250 W m22 across most of the region with local extremum in the cen-
tral Iceland Sea around 2300 W m22. The only noticeable discrepancy among the simulations is the stron-
ger ocean-to-atmosphere heat loss over the Barents Sea opening simulated in the HYCOM-NCEPR2
experiment, which stems from higher cyclonic activity over that area in the NCEPR2 (section 4.3.2 and Fig-
ure 14).

The differences are more noticeable in the heat fluxes during individual storm events. Instantaneous net
surface heat fluxes for the storm that impacted the Nordic Seas region on 13 January 2016 at 12 UTC are
presented in Figures 17e–17h. All the sensitivity experiments forecast a broad region of intense surface
heat loss to the atmosphere in the central GIN Seas associated with strong winds in the southern and east-
ern parts of the storm travelling over the region (Figure 11). The simulations agree on the overall magni-
tudes of the net surface heat fluxes, which range from 2500 to 2200 W m22. Due to stronger winds, the
HYCOM-CCMP experiment has a markedly broader area of heat fluxes exceeding 450 W m22 to the atmo-
sphere compared to the other experiments.
6.2.2. Isopycnal Depths in the Central Greenland Sea
The predominantly cyclonic, large-scale atmospheric circulation brings the deep ocean layer up to the sur-
face preconditioning the convective sites in the GIN Seas for deep convection [J�onsson, 1991; Malmberg and
J�onsson, 1997; Marshall and Schott, 1999]. The positive wind vorticity causes a doming of isopycnals in the
central Greenland Sea [Rossby et al., 2009]. It is hypothesized that discrepancies in the wind vorticity fields
should result in different behaviors of the isopycnals in the central Greenland Sea. Here, time evolution of
isopycnal depths in the sensitivity experiments forced by different wind fields is analyzed. The relationship
between the wind stress vorticity and isopycnal doming in the central Greenland Sea has been disputed in
some studies [e.g., Rudels et al., 2012]. Results of these sensitivity experiments demonstrate a relationship
between the two processes as discussed below.

Doming of isopycnals in the Greenland Sea is well reproduced in the AO-HYCOM simulations (Figure 18a).
In this analysis, the spatially averaged depth of the isopycnal surface of r0 5 28 kg m23 is tracked in the
model experiments during winter months (October–March) when the cyclonic circulation is particularly
strong. The isopycnal is shallow enough to be influenced by the wind vorticity, yet deep enough that the
isopycnal exists year-round in most of the central Greenland Sea [Rossby et al., 2009]. This is supported by
the analysis of the r0 5 28 isopycnal depth in the central Greenland Sea derived from UK Met Office Hadley
Centre monthly salinity and temperature data (version EN.4.2.0) [Good et al., 2013]. Climatology of the area-
averaged (within the yellow box shown in Figure 1) isopycnal depth for the time period from 1993 to 2015
is presented in Figure 18b. The isopycnal depth reveals noticeable seasonality although with a large uncer-
tainty range related to spatial inhomogeneity and interannual variability. There is a clear tendency of the
r0 5 28 isopycnal surface to rise during winter months reaching the shallowest position by March and to
deepen during the summer with the deepest location in September–October.

It is important to note that analysis of the in situ hydrographic measurements from bottle and CTD data in
the central Greenland Sea (again within the yellow box in Figure 1) for the time period from 1950 to 2010
derived from the ICES Data Set on Ocean Hydrography (www.ocean.ices.dk) and the Pangaea database
(www.pangaea.de) showed that in winter the isopycnal surface of r0 5 28 kg m23 can be shallow and in
some cases can outcrop. Presumably, these cases are attributed to the mixed layer homogenization caused
by surface cooling and are related to local convection events. Such small-scale processes are not repre-
sented in the HYCOM simulation and no outcropping of the r0 5 28 isopycnal surface within the study
region occurs during the simulations.

The experiments forced by the CFSR, CCMP, and ASR surface winds simulate similar behavior of the isopyc-
nal surface (Figure 18c). In these experiments, the isopycnal surface has been gradually deepening during
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winter. In contrast, HYCOM-NCEPR2 has a quite opposite situation with the isopycnal surface slowly rising
during this time period. By the end of winter, the difference in the mean isopycnal surface depths between
HYCOM-NCEPR2 and the other three experiments reached about 60–80 m. The difference in the isopycnal
depth from HYCOM-NCEPR2 and the other simulations is noticeable compared to the seasonal variability of
this isopycnal in the GIN Seas, which is estimated to be O(100 m) from EN4.2.0 data (Figure 18b) and also
reported from observations in the eastern part of the region [Rossby et al., 2009].

We argue that this difference in the isopycnal behavior in the experiments is related to the discrepancies in
the large-scale vorticity field derived from the wind data products. As discussed in section 3.3, the NCEPR2
winds have much stronger cyclonic vorticity than the other products (Figure 7). While short integration pre-
cludes us from quantifying the relationship between the wind vorticity and the change rate of the depth of
the isopycnal surface, Figures 18c and 18d clearly indicate that there is a relationship between the time
series of the isopycnal depth and the wind vorticity in the HYCOM-NCEPR2 experiment. Indeed, time peri-
ods of high positive cyclonic vorticity are followed by a time lag of about a week by the isopycnal shallow-
ing. Conversely, weakening of the cyclonic vorticity results in deepening of the isopycnal (arrows in Figures
18c and 18d). From the Ekman theory, positive wind vorticity causes divergence in the upper ocean that is
compensated by Ekman pumping, i.e., the vertical motion through the base of the Ekman layer (wE)

Figure 18. Isopycnal depths in the Greenland Sea. (a) Vertical distribution of temperature from HYCOM-CFSR experiment at the section along the 758N in the central Greenland Sea. The
location of the section is shown on the map with the magenta ‘‘AB’’ line in Figure 1. The white contours are isopycnals drawn every 0.5 kg m23 starting from r0 5 26 kg m23. (b) Box-plot
diagrams showing the climatology of the 28 kg m23 isopycnal surface averaged over the central Greenland Sea (the yellow box in Figure 1) for 1993–2015 derived from the Met Office
Hadley Centre data set (EN.4.2.0). (c) Time series of depths of the 28 kg m23 isopycnal surface averaged over the central Greenland Sea (the yellow box in Figure 1) from the simulations
forced by different winds. (d) Time series of the spatially averaged wind vorticity over the GIN Seas. The arrows in Figures 18c and 18d point to the local extrema that are presumably
related with the vorticity time series leading the isopycnal depth. (e) Cumulative mean vorticity over October 2005 through March 2006. The time series are low band pass filtered with
cutoff frequency of 0.01 d21.
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wE5k � r3
s

q0f
; (11)

where s is the wind stress vector, q0 is ocean density, and f is Coriolis parameter. Time integration of equa-
tion (11) gives vertical displacement of the isopycnal at the base of the Ekman layer.

Cumulative mean vorticity is positive for all simulations (Figure 18e) suggesting upward motion of the iso-
pycnal surfaces over this time interval driven by positive wind vorticity. The cumulative NCEPR2 vorticity
is nearly two times stronger than the other fields. This has resulted in an actual rising of the isopycnal in
the HYCOM-NCEPR2 whereas in the other experiments (driven by ASR, CCMPv1.1, and CFSR winds) the
isopycnals are gradually decreasing. This is because the isopycnal depth is much deeper than the Ekman
layer depth (<100 m) and the wind stress influence is substantially mitigated by other processes control-
ling vertical motion of the isopycnals at these depths. Nevertheless, wind impact is still evident at these
depths. Note a resemblance in the ordering of curves in Figures 18c and 18e (ASR at the bottom and
NCEPR2 at the top) that further illustrates the relationship between the wind vorticity and the isopycnal
depth.
6.2.3. Volume Transport of the East Greenland Current
Previous studies have discussed changing behavior of the East Greenland Current (EGC) from north
to south. In particular, Woodgate et al. [1999] analyzed mooring observations to demonstrate that
the currents at the Fram Strait and Denmark Strait passages have weaker seasonal variability and
lower transport than the flow at 758N. The suggested rationale was that the transport of the current
at this location has a substantial contribution from wind-driven large-scale circulation. This wind-
driven part of the EGC is a western-intensified return flow of a wind-driven cyclonic gyre in the cen-
tral GIN Seas [J�onsson, 1991]. Calculated flat-bottom Sverdrup balance supported this idea [Woodgate
et al., 1999].

Here, the EGC transports at 758N derived from the model experiments are compared (Figure 19a). Except
for the HYCOM-NCEPR2 experiment, all other simulations predict similar transport across this section. In the
HYCOM-NCEPR, the transport is nearly 1.5 times higher than in the other experiments. The flat-bottom Sver-
drup wind transport (T) is calculated

Figure 19. EGC transport estimates from the numerical experiments and wind vorticity. (a) Volume flux (Sv) of the EGC across 758N (red
line in the map) from the model experiments forced by different wind products. The volume flux time series were low-pass filtered with
cutoff frequency 0.1 d21. Negative transport is southward. (b) Monthly mean wind-driven flat-bottom northward Sverdrup transport at
758N estimated from the wind data sets. The vertical axis is flipped over for ease of comparison with Figure 19a.
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k � r3s dx; (12)

where b is the gradient of the planetary vorticity, and s is the wind stress vector calculated from the wind
vectors forcing the model experiments. The flat-bottom Sverdrup transports estimated from the wind data
(Figure 19b) reveal substantially higher values for the NCEPR2 winds in agreement with the previous analy-
sis in section 3.3 (also Figure 7). Following Woodgate et al. [1999], the higher Sverdrup transport leads to
higher volume transport of the EGC at 758N, as simulated in the sensitivity experiments (Figure 19a). In con-
trast to this result, the transports through the Fram Strait and Denmark Strait do not exhibit the same dis-
crepancy in the EGC volume transport among the model experiments (not shown), suggesting weak
sensitivity of the mean transport at the straits to the basin-scale wind circulation.

Figures 19a and 19b suggest a correlation between the strength of the wind-driven Sverdrup transport and
the EGC southward volume transport, which is lagged by about one month. The maximum in the Sverdrup
transports estimated from the wind data sets occurred in December 2005. The southward EGC transports
simulated in the experiments peaked in January 2006. Then the Sverdrup transport went down reaching a
minimum in February. Similarly, the southward EGC volume flux in the simulations weakened and reached
a local minimum in early March.

Although the simulations were too short to deduce any significant relationship, this result is in agreement
with the previous studies of the timescale of the GIN Seas ocean response to wind disturbances (see discus-
sion in Woodgate et al. [1999]). Specifically, the spatial and timescale analyses suggest that wind-induced
changes in the GIN Seas on seasonal timescales propagate as barotropic Rossby waves. The timescale of the
barotropic adjustment determines the timescale of the setup of the barotropic Sverdrup balance [Anderson
et al., 1979]. The barotropic adjustment timescale estimated from linear barotropic Rossby wave speed is
about one month in this region [Willebrand et al., 1980; J�onsson, 1991]. This timescale estimate agrees
remarkably well with the lag of the simulated variability of the ECG transport at 758N relative to the Sver-
drup balance estimated from the wind stress curl.

7. Concluding Remarks

The ocean surface vector winds from atmospheric reanalysis products and scatterometer-based products
are compared for the time period from 2000 to 2009 in the northern North Atlantic and the Nordic Seas.
The main goal of the analysis is to evaluate biases in the forcing data for ocean models. The wind fields
have been compared at large-scales and mesoscales in space, and at interannual and synoptic scales in
time. In general, there is a fairly good correspondence among the wind data sets at the longer time and
large spatial scales. There is a good overall agreement among the CFSR, ASR, CCMPv1.1, and CCMPv2.0.
There is some disagreement between these wind fields and the QuikSCAT wind data, which could be relat-
ed in part to temporal and spatial discontinuities of the latter. There are apparent discrepancies between
the NCEPR2 wind fields and other products in wind speed climatology, large-scale atmospheric circulation,
and spatial representation of the wind fields.

The discrepancies among the wind data sets become more pronounced at smaller spatial and temporal
scales. Analysis of storm characteristics has revealed disagreements among the wind fields in storm intensi-
ty and size. Yet the location and timing of the cyclone centers were quite similar in the data sets. Compared
to the other wind data sets, the NCEPR2 storms are too energetic due to the overestimated wind speeds
and sizes of the cyclones. Cyclone statistics in the study region derived from the wind data sets do not indi-
cate any obvious trends of cyclone characteristics during 2000–2009.

The wind data have been compared with the buoy wind observations collected in the central Iceland Sea
during 2007–2009 and in the Irminger Sea during 2004. The buoy wind data were a useful independent
source of data for wind validation given the fact that open ocean meteorological observations are rare in
this region. The comparison has shown the best consistency of the CCMP products with the buoy winds.
Again, the NCEPR2 winds had the largest RMSE and bias relative to the buoy observations.

Results from the sensitivity experiments with AO-HYCOM forced by the analyzed wind data have demon-
strated small discrepancies among the experiments forced by the CCMPv1.1, ASR, and CFSR winds. For
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these experiments, the most pronounced disagreement was in the simulated surface heat fluxes over the
regions impacted by storms. In contrast, the HYCOM-NCEPR2 experiment has shown substantial differences
in the diagnostics of the isopycnal depths in the central Greenland Sea and EGC volume transport at 758N.
Both characteristics are controlled by the large-scale wind vorticity over the GIN Seas. Due to the stronger
winter wind vorticity compared to other wind fields, the NCEPR2 winds drive stronger Ekman pumping in
the Greenland Sea resulting in higher Sverdrup transport. The numerical experiments have clearly demon-
strated relationship between isopycnal doming in the central Greenland Sea and large-scale vorticity of the
wind fields. The result repudiates suggestions in other studies that isopycnal doming in the Greenland Sea
is not related to the wind vorticity [e.g., Rudels et al., 2012].

On a closing note, the numerical experiments revealed low sensitivity to the discrepancies among the ASR,
CFSR, CCMPv1.1, and CCMPv2.0 wind fields. Therefore, regional models forced by any of these wind fields
would likely produce qualitatively similar solutions. On the other hand, employing the NCEPR2 winds as a
forcing field would potentially result in significant differences in model simulation. It should be also men-
tioned that smaller mesoscale features (smaller scale cyclones, such as Polar Lows) are not well represented
in any of the analyzed wind products. The impact of these smaller-scale mesoscale features on ocean pro-
cess representation in the numerical models is still not completely understood. Development of higher res-
olution reanalyses and satellite-based wind products will provide an opportunity to investigate the role of
extreme small-scale and short-lived cyclones in the Arctic and North Atlantic.
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