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Abstract The present and twenty-first century near-sur-
face wind climate of Greenland is presented using output
from the regional atmospheric climate model RACMO2.
The modelled wind variability and wind distribution
compare favourably to observations from three automatic
weather stations in the ablation zone of southwest Green-
land. The Weibull shape parameter is used to classify the
wind climate. High values (x > 4) are found in northern
Greenland, indicative of uniform winds and a dominant
katabatic forcing, while lower values (x < 3) are found
over the ocean and southern Greenland, where the synoptic
forcing dominates. Very high values of the shape parameter
are found over concave topography where confluence
strengthens the katabatic circulation, while very low values
are found in a narrow band along the coast due to barrier
winds. To simulate the future (2081-2098) wind climate
RACMO?2 was forced with the HadGEM2-ES general cir-
culation model using a scenario of mid-range radiative
forcing of +4.5 W m™2 by 2100. For the future simulated
climate, the near-surface potential temperature deficit
reduces in all seasons in regions where the surface tem-
perature is below the freezing point, indicating a reduction
in strength of the near-surface temperature inversion layer.
This leads to a wind speed reduction over the central ice
sheet where katabatic forcing dominates, and a wind speed
increase over steep coastal topography due to counteracting
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1 Introduction

The Greenland ice sheet (GrlS) is the largest body of ice on
the Northern Hemisphere, equivalent to 7.3 m of sea level
(Bamber et al. 2001). In response to global climate change,
an increasing rate of GrIS mass loss has been observed
(Rignot et al. 2011), which is about equally split between
surface processes and ice dynamics (Van den Broeke et al.
2009). To understand these processes and predict future
changes thereof, it is necessary to consider mass exchanges
at the surface, which are strongly coupled to the wind
climate.

Driving forces of the near-surface wind can be split into
large-scale forcing and local boundary layer processes
(Van den Broeke and Van Lipzig 2003). Low pressure
systems from the North Atlantic storm track produce rel-
atively higher rates of precipitation along the southeastern
and western coasts (Dethloff et al. 2002). The net effect of
these passing systems is the climatological Icelandic Low
to the southeast of the ice sheet. Large-scale synoptic
systems are disturbed by the topography and size of the
GrIS, giving rise to various interesting circulation patterns
such as tip jets near Cape Farewell (Vage et al. 2009). The
GrIS boundary layer is characterised by a surface temper-
ature inversion that is strongest in winter, but persists year-
round (Cassano et al. 2001; Duynkerke and van den Bro-
eke 1994). This inversion is predominantly caused by a
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negative surface radiation balance, and a resulting down-
ward sensible heat flux that cools the near-surface air. The
negative buoyancy of this layer creates a horizontal pres-
sure gradient in the downslope direction that drives per-
sistent and uniform katabatic winds (Klein et al. 2001).
These winds are deflected in the cross-slope direction by
the Coriolis force, while friction limits the speed and
maintains a downslope component. Several field cam-
paigns to study the katabatic wind have been carried out
(e.g. Van den Broeke et al. 1994; Heinemann 1999; Steffen
and Box 2001) showing that katabatic forcing is generally
dominant over the ice sheet, except in summer, when the
large scale forcing may become important (Heinemann and
Klein 2002).

Horizontal variations in the height and strength of the
temperature inversion layer give rise to thermal wind
effects in the surface layer. The strength of the surface
temperature inversion layer can be quantified using the
concept of potential temperature deficit, which is defined as
the difference between the actual potential temperature,
and that of the free atmosphere, when extrapolated to the
surface. The layer of cold air at the surface is then char-
acterised by a potential temperature deficit, and will be
referred to as the “temperature deficit layer” hereafter.
Because air density is strongly determined by temperature,
surface pressure is influenced by the vertically integrated
potential temperature deficit. This effect is generally
strongest over rough topography, where the height of the
temperature deficit layer increases in the downslope
direction, leading to a thermal pressure gradient force in
the upslope direction. If the top of the temperature deficit
layer is flat, thermal wind forcing is equal and opposite to
the katabatic forcing (Van den Broeke and Van Lipzig
2003). Van Angelen et al. (2011b) showed that thermal
winds are the primary transport mechanism of sea ice into
the North Atlantic through Fram Strait, and crucial in
understanding and predicting the seasonal sea ice cover
along the east coast of the GrIS. Furthermore, thermal
forcing gives rise to strong barrier winds that develop along
the coast in the presence of strong temperature gradients
that result from the large scale flow (Moore and Renfrew
2005; Van den Broeke and Gallée 1996).

Because of the harsh and remote environment, observa-
tional campaigns face technical difficulties which limit the
temporal and spatial coverage of measurements on the
GrIS. Significant improvement of spatial coverage has been
realised through the setup of a network of Automatic
Weather Stations (AWS) on and around the ice sheet. These
stand-alone measurement devices continuously monitor
near-surface temperature, wind speed, humidity, radiation
balance and other variables. Most notably, the Greenland
Climate Network (GC-net) consists of 15 AWS covering
most geographical regions of the ice sheet (Steffen and Box

@ Springer

2001), the Danish Meteorological Institute maintains a
network of AWS in the surroundings of the ice sheet
(Cappelen et al. 2001), the Institute for Marine and Atmo-
spheric Research of Utrecht University (UU/IMAU) main-
tains a transect of AWS across the ablation zone in
southwest Greenland (Van den Broeke et al. 2008b), and
recently the Geological Survey of Denmark and Greenland
(GEUS) started the Programme for Monitoring of the
Greenland Ice Sheet (PROMICE) which currently consists
of 14 AWS in the Greenland ablation zone (Van As et al.
2011). Despite these improvements, these data only extend
roughly 20 years back and large areas for which no mea-
surements are available exist. This gap is partially filled by
the large scale atmospheric reanalyses ERA-40 and ERA-
interim from the European Centre for Medium-Range
Weather Forecasts (ECMWF), which provide physically
based interpolation and integration of a wide range of
existing data (Dee et al. 2011). Because the width of the
Greenland ablation zone ranges from a few km to more than
100 km (Bgggild et al. 2010), the resolution of the reanal-
yses is insufficient to capture the complex processes in this
region. To circumvent this problem, the use of regional
climate models (RCMs) that provide data with high spatial
resolution is increasingly popular. Examples of these
models include the Modele Atmosphérique Régional
(MAR) with 25 km resolution (Gallée and Schayes 1994;
Franco et al. 2012), the Regional Atmospheric Climate
Model version 2.1 (RACMO2) with 11 km resolution (Van
Meijgaard et al. 2008), and the Polar MMS with 24 km
resolution (Box et al. 2009).

Several studies have investigated the characteristics of
the wind distribution over the ocean using the two-
parameter Weibull distribution as a convenient tool to
characterise both wind speed and variability (Pryor et al.
2005; Monahan 2006b; Isemer and Hasse 1991). However,
these studies were based on scarce observational data or on
coarse reanalysis data and none of them have included the
GrIS and surrounding seas. Sanz Rodrigo et al. (2012)
evaluated the quality of the ECMWF reanalyses and output
from RACMO?2 against a large set of AWS on Antarctica,
again using the Weibull distribution as a tool to quantify
the properties of the wind distribution. The wind distribu-
tion in the high-resolution RACMO2 model was consid-
erably improved relative to the distribution provided by the
coarser reanalysis data. Previously, RACMO2 was used
over the GrIS to give a detailed account of the near-surface
climate (Ettema et al. 2010a) and the momentum budget
(Van Angelen et al. 2011a).

Here, we present the wind climate of the GrlIS and
surroundings from high-resolution (11 km) RACMO?2
model simulations, and we provide a description of the
wind climate in terms of the Weibull parameters. To
evaluate model performance, the results are compared with
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data from three AWS in the ablation zone of southwest
Greenland. Because a more exhaustive evaluation of
RACMO?2 already exists, here only a limited evaluation
focusing on the wind distribution is presented. Further-
more, we present for the first time projected changes in
average wind speed and wind variability by comparing
model simulations for the period 1981-1998 with those for
2081-2098, following a scenario of mid-range warming
developed for the next Intergovernmental Panel on Climate
Change assessment report (ARS).

2 Data and methods
2.1 Observations from AWS

The observational data used in this study originate from
three AWSs in the ablation zone of southwest Greenland.
These AWS from the Institute for Marine and Atmospheric
Research Utrecht (IMAU) are part of the K-transect near
Kangerlussuaq that was set up in 1990 as part of the
Greenland Ice Margin Experiment. The transect consists of
a line of mass balance measurements along the 67°N lati-
tude, ranging from the ice edge to an elevation of 1,800 m
above sea level (Oerlemans and Vugts 1993; Van de Wal
et al. 2012). The three AWSs were added to the K-transect
in 2003 at three locations known as S5, S6 and S9 in order
of progressing distance from the ice edge. Table 1 sum-
marises the details of the AWS locations.

The AWSs are located in different climatic regions of
the ablation and percolation zone. The surface at S9 is
smooth, and covered with a layer of wet snow throughout
the summer, while the surface at S5 is free of snow in
summer and covered in a thin layer of snow in winter.
Furthermore, the terrain at S5 and to a lesser extent S6 is
covered with ice hummocks that cause a rough surface
topography. The AWS are mounted on four legs that make
a small angle with the horizontal and stand on the surface,
so that they are allowed to sink with the lowering surface
during the ablation season. Furthermore, the AWSs are
equipped with sensors for temperature, specific humidity,
wind speed, wind direction, pressure, and sensors that
measure the radiation budget. The radiative fluxes are

Table 1 Elevation and distance from the ice edge of the AWS used
in this study

S5 S6 S9
Elevation (m ASL) 490 1,020 1,520
Ice edge (km) 3 38 88
Latitude 67°06'N 67°05'N 67°05'N
Longitude 50°07'W 49°23'W 48°14'W

measured at 6 m height, wind speed and direction, tem-
perature and humidity are measured at both 6 and 2 m
height, and pressure is measured in the electronics box. The
10 m wind speed was determined using Monin—Obukhov
similarity theory, while observed 10 m wind direction was
taken equal to 6 m wind direction. Van den Broeke et al.
(2008a) present an overview of all the individual sensors,
their accuracy and mean values of measured variables.
Hourly AWS data for the period 2003-2010 were used
throughout this study. All data were quality checked before
use, removing events of sensor freeze-up and other spuri-
ous data (Van den Broeke et al. 2008a).

2.2 The RACMO?2 regional climate model

The Regional Atmospheric Climate Model version 2.1
(RACMO?2) used in this study, was developed by the Royal
Netherlands Meteorological Institute (KNMI) (Van Mei-
jgaard et al. 2008) and consists of the semi-Lagrangian
dynamics kernel of the numerical weather prediction model
HiRLAM (Undén et al. 2002), complemented with the
physics package of the European Centre for Medium-
Range Weather Forecasts Cycle 23r4 (White 2001). It was
adapted for use in the polar regions by the UU/IMAU. The
model has been shown to realistically simulate the surface
mass balance of Greenland (Ettema et al. 2009) and Ant-
arctica (Lenaerts et al. 2012b). Furthermore, it was used to
investigate the near-surface climate and extensively eval-
uated against observations from AWS on the GrIS (Ettema
et al. 2010b). The model includes a multi-layer snow
scheme that includes the effects of meltwater percolation,
retention and refreezing (Bougamont et al. 2005). A new
snow albedo scheme has also been included in the model,
which treats the effects of dry and wet snow metamorphism
on snow grain size, and improves the modelled length of
the melt season (Kuipers Munneke et al. 2011). Finally, a
drifting snow routine has been added to the model (Lena-
erts et al. 2012a). Wind speeds at the 10 m standard level
are calculated from the lowest model level using stability
corrections to allow comparison with other data.

The model domain comprises the GrIS and surrounding
seas, including parts of the Canadian Arctic, Svalbard and
Iceland. The model has 40 hybrid vertical levels. Surface
layer values of variables are calculated using similarity
theory. The horizontal model domain has 306 x 312 grid
points, which translates to a resolution of roughly 11 km.
This high horizontal resolution is essential for capturing
small scale variations in the ablation zone where complex
topography and surface type variations influence the local
climate.

For the evaluation of the present day climate, the model
is forced every 6 h at the lateral boundaries by observa-
tionally based ECMWF reanalyses ERA-40 (1960-1988)
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and ERA-interim (1989-2011). Sea ice extent and sea
surface temperature are prescribed from the reanalyses to
ensure accurate surface conditions. Finally, bare ice albedo
in the ablation zone is prescribed from remote sensing
measurements from the MODerate resolution Imaging
Spectroradiometer to capture the variability in the ablation
zone (Van Angelen et al. 2012). The interior model domain
is allowed to evolve freely, and is therefore independent of
observations. To study projected changes of the wind cli-
mate, the model is forced with output from the HadGEM2
General Circulation Model for 1970-2098 at the lateral
boundaries and the ocean-atmosphere interface. Bare ice
albedo is fixed at a value of 0.45. For future simulations
after 2004, HadGEM?2 is forced with a scenario of mid-
range warming known as the Representative Concentration
Pathway 4.5 (RCP4.5) that was developed for the next
IPCC assessment report. This scenario assumes an increase
of radiative forcing relative to pre-industrial values of
+4.5 W m~2 at stabilisation after 2100 (Moss et al. 2010).

2.3 Evaluation of the wind climate

The near-surface climate including the annual average
wind speed from RACMO?2 has been extensively evaluated
against a large set of AWS for an older version of the
model (Ettema et al. 2010b). This evaluation showed that
RACMO is capable of realistically simulating the average
near-surface climate and wind field. The narrow ablation
zone is characterised by strong gradients and topographic
differences, and is therefore the region where model res-
olution is most critical. Good performance of the model in
this region gives confidence that the rest of the ice sheet is
well represented, as confirmed by earlier evaluations. As a
result, we limit our present evaluation to a comparison of
model results with three AWS in the ablation zone in
southwest Greenland, focussing particularly on the distri-
bution of wind speed and wind direction. An inverse dis-
tance-squared algorithm was used to interpolate RACMO2
data from the model grid to the locations of the AWS. It
should be kept in mind that the evaluation presented here
covers a small region, which is not representative of all
other areas of the GrIS.

The frequency distribution of wind speeds is a very
valuable tool to characterise the wind regime. A narrow
distribution implies a relatively constant forcing, such as a
katabatic forcing, while a wide distribution indicates vari-
able (synoptic) forcing (Renfrew and Anderson 2002). To
facilitate comparison between the distributions at different
locations, it is convenient to fit the data to the two-
parameter Weibull distribution (Pavia and O’Brien 1986):

o))
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where F(V) is the frequency distribution of wind speeds,
V is the modulus of the wind speed, k is the shape
parameter and A is the scale parameter. A is linearly related
to the annual mean wind speed V,,, through:

Vavg

)‘:r(lﬁ)

(2)
where I is the complete gamma function. A generally lies
very close to the mean wind speed and will be used as an
indicator thereof. The value of the shape parameter deter-
mines whether the distribution is narrow or wide. High
values (kK > 4) represent a narrow distribution with a short
tail, such that winds are very uniform and high wind events
are rare. These winds tend to derive from a very constant
forcing mechanism, such as the katabatic forcing. Con-
trastingly, the shape of the wind distribution is wide and
long-tailed for low values of the shape parameter (x < 2).
This is representative of wind regimes of more variable
forcing and more frequent high wind speed events. A value
of x = 3.6 represents approximately a symmetrical
Gaussian distribution. Methods of differing complexity
exist to determine the best-fit Weibull parameters, but
negligible differences are generally found between them
(Monahan 2006a). Therefore, the standard method of least
squares is used to fit the distribution to the available data.

3 Results
3.1 Evaluation of model performance

To evaluate the performance of RACMO2 in simulating
the near-surface wind climate, the modelled and observed
10 m wind speed frequency distributions for 2004-2009
are shown in Fig. 1. At S6 and S9 the wind speed is very
well represented in RACMO2 and shows minimal devia-
tions from observations as further shown in Table 2. Here,
the model is able to capture differences in the terrain which
show up in the lower wind speed at S6. For S6, the model
bias is small compared to the range of variability. This is
also true for S9, although a small negative wind speed bias
is simulated here, which is also seen at S5. At S5, the
relative frequency of low wind speeds is overpredicted by
the model while the relative frequency of high wind speeds
is underpredicted. One explanation for this is that the
position of S5 near the front of Russell Glacier is not well
resolved by the model topography, despite the relatively
high resolution. Another possible explanation is that
RACMO?2 overestimates the surface friction through an
overestimation of the surface roughness length for
momentum. Considering that aside from some inaccuracies
at this location of complex topography, RACMO?2 is able
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Fig. 1 Frequency distributions of 10 m windspeed (m s™') of all
three AWS. Both observations (red) and RACMO2 results (blue) are
shown. A inverse distance squared algorithm was used to interpolate
RACMO? data to the desired location. Mean hourly wind speeds from
2004 to 2009 are used from the AWS, while three hourly instanta-
neous wind speeds from RACMO?2 are used

Table 2 Comparison statistics between RACMO2 and observations
from the K-transect, based on data from 2004 to 2009. The standard
deviation is presented from RACMO2 data

S5 S6 S9
Mean Obs. Wind (m s™") 5.28 6.58 7.86
Mean Mod. Wind (m s™") 4.40 6.72 7.32
Mean Bias (m s™}) —0.87 0.14 —0.54
RMSE (m s~ }) 2.04 1.87 2.03
SD (m s ") 2.48 2.89 3.29

to provide a reasonable description of wind speed at the
three stations. We conclude that the wind speed distribution
in the ablation zone is generally realistically modelled.

Figure 2 presents the modelled and observed frequency
distribution of 10 m wind direction for 2004-2009. Again,
distributions at the locations S6 and S9 further from the ice
edge are well represented and S5 shows considerable dis-
crepancies. A small model bias of wind direction is found at
S9 (—19.9°), which is well within the range of variability and
on the order of the accuracy of the sensors. No model bias of
the wind direction was found at S6, but variability was
overpredicted. At S5, the spread of modelled wind direction
is too large, and the dominant wind direction is biased. The
observed variability of wind direction may be smaller than
the predicted because of small scale topographic features that
are not resolved by the model. This may also explain part of
the bias of the average wind direction.

To gain insight into the ability of RACMO?2 to resolve
the seasonal cycle, short-term variability and extreme

wind direction (°)

Fig. 2 Frequency distributions of 10 m wind direction at the
locations of the three AWS. Obervations (red) and RACMO?2 (blue)
results are shown. Mean hourly data from the AWS, and three hourly
data from RACMO2 was used from the period 2004-2009

events, the daily average modelled and observed 10 m
wind speed for the year 2004 are presented in Fig. 3. A
summary of model performance is presented in Table 2.
Wind speeds are well represented at S9 with a model bias
and RMSE considerably smaller than the modelled stan-
dard deviation. Seasonal bias does not vary significantly
over the year, indicating that RACMO?2 realistically sim-
ulates the yearly cycle. At S6, the model performs even
better. The mean bias and RMSE are smaller at S6, and are
again considerably smaller than the modelled standard
deviation. At S5 the 2004—-2009 mean bias is —0.87 m s~ !,
but at this location the bias is not constant over the year,
and a clear summer mean bias of —1.46 m s~ is observed.
RACMO?2 therefore overestimates the magnitude of the
seasonal cycle at S5. Possibly this is related to enhanced
contrasts between the ice sheet and nearby tundra in
summer. Particularly at S6 and S9, a clear seasonal cycle is
observed, with higher wind speeds and larger variability in
winter and considerably lower wind speeds in summer.
This seasonal cycle closely follows the strength of the
katabatic forcing, which is strongest in winter. The low
summer variability can partly be explained by a surface
temperature that is limited to the melting point and there-
fore constrains temperature variations of the near-surface
air and the strength of the katabatic forcing. Modelled wind
speed variation on a timescale of days agrees well with
observations, and RACMO? is able to capture strong wind
events lasting no more than a day. Not all extreme events
are captured by the model, but considering it is allowed to
evolve freely in the interior domain the observed deviation
from observations is small. Remaining biases result from
the poorly known spatial and temporal patterns of
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Fig. 3 Time series of daily 21
averaged observed (red) and
modelled (blue) 10 m wind
speed (m s’l) at three AWS
locations for selected year 2004
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roughness length and poorly defined stability corrections
during very stable conditions that regularly occur in winter
(Bromwich et al. 2001).

According to RACMO2, strong climatic gradients in
wind speed exist over the ablation zone where the AWS
are located. Figure 4 shows the average 10 m wind speed
and direction in the region of the AWS in southwestern
Greenland for the years 1960-2011. Wind speeds range
from less than 2 m s~' over the summer tundra to 10 m
s~! over the higher regions of the ice sheet in winter
where the surface is smooth and strong katabatic winds
develop. The model resolution is sufficient to capture the
spatial scale of variations of the average wind field in this
region and underlines the strong gradients near the ice
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margin. Over the tundra and the lower ablation zone the
spatial scales of variation are very small, and the model
resolution is not sufficient to resolve all topographic
features. Since we present here the average wind climate
we do not concern ourselves with these small-scale fea-
tures that are of little influence on the average state (Van
Angelen et al. 2011a).

3.2 Present day wind climate

An anti-cyclonic wind pattern persists over the GrlIS
throughout the year, as shown in Fig. 5, which shows
average wind speed and direction for the years 1960-2011.
This illustrates the quasi-permanent nature of the katabatic
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Average 10m Wind
DJF

1 2 3 4 5 6 7 8 9 10 11 12 13

Fig. 4 10 m Wind speed (m s~') and direction in the region of the
AWS in southwestern Greenland from daily average data for the
period 1960-2011. Wind direction vectors represent vector average
wind velocity vector. AWS sites are indicated with a black circle

winds that create a circulation that is deflected downslope
of the height contours through the effects of friction. Rel-
atively low wind speeds (5-8 m s~ ') are found over the
interior ice sheet, since in the absence of a significant
surface slope katabatic forcing is weak. Wind speeds
increase towards the margins as the surface slope increases,
and average wind speeds of up to 10 m s™" are found over
large regions in west and south Greenland during winter.
Over the west coast of the GrIS the large scale pressure
gradient acts in the same direction as the katabatic forcing
such that a persistent southerly jet of high wind speeds
exists (Van Angelen et al. 2011a). The strongest winds are
found in Dronning Louise Land in the northeast, where
very cold conditions are combined with a large surface
slope. The wind shows a pronounced seasonal cycle that is
due to the katabatic forcing. A strongly negative surface
radiation balance is observed in winter, such that the sur-
face cools. This is compensated by a sensible heat flux
from the air to the surface, which cools the near-surface air.
Because this forcing is very strong and constant in time,
strong katabatic winds result. In summer, the radiation
balance is positive over most of the ice sheet, except the
high and northern areas where surface albedo is very high

1 2 3 4 5 6 7 8 9 10 11 12 13

1 2 3 4 5 6 7 8 9 10 11 12 13

(S5), square (S6) and triangle (S9). From left to right the panels
represent annual average, winter (DJF) average, and summer (JJA)
average

(Box et al. 2006). Furthermore, air temperatures are mostly
higher than surface temperatures because the surface is
limited to the melting point (Duynkerke and van den
Broeke 1994). Therefore, during summer the surface
energy balance is closed by a positive radiation balance, a
positive sensible heat flux and a negative latent heat flux or
melt. The potential temperature deficit that results from this
sensible heat flux is much smaller than in winter, and the
modelled wind speeds reflect that.

In the absence of a large surface slope the cold air from
the ice sheet accumulates over the tundra, a phenomenon
known as cold air pooling. Cold air pooling can lead to
strong temperature contrasts and associated thermal winds.
This phenomenon acts over the sea ice covered western
part of the Greenland Sea and Fram Strait. Very cold air
from the northeast of the GrIS pools over this sea ice,
which insulates the air from the warm sea. A strong east-
west temperature contrast is set up that drives the northerly
Greenland Sea Jet that can be linked to the transport of sea
ice into the North Atlantic (Van Angelen et al. 2011b). In
summer, sea ice is absent from the Greenland Sea, and
wind speed is strongly reduced in the absence of thermal
forcing (Fig. 5).
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Average 10m Wind

Annual

50 W 40W 30W 50 W
1 2 3 4 5 6 7 8 9 10 11 12 13

Fig. 5 10 m Wind speed (m s~1) and direction over the Greenland
ice sheet and surrounding seas from daily average data for the period
1960-2011. Wind direction vectors represent vector average wind

The southeast coast of the GrIS is characterised by
strong winds in response to the presence of the Icelandic
Low which causes air flow along the coast (Fig. 5). Air is
forced towards steep topography by the large scale circu-
lation. Because it cannot rise over this topography, a
pressure gradient builds that drives flow along the coast
instead (Harden and Renfrew 2012). This mechanism of
large scale forcing is further enhanced by thermal effects.
The average wind direction shown in Fig. 5 also indicates
the direction of average atmospheric mass transport. Along
the southeast coast these arrows show a distinct pattern
parallel to the coast, whereas hardly any mass transport
occurs in the region of tip jets near Cape Farewell despite
the high wind speeds. This difference is related to the
directional constancy of the wind.

Directional constancy is defined as the ratio of the
vector mean wind speed to the scalar mean wind speed:

(#* + vz)%
(u? +v2)%

DC = 3)

Here, u and v are the components of the wind in easterly
and northerly direction respectively. A directional
constancy of 0 signifies winds with random direction,
while a directional constancy of 1 indicates winds of
uniform direction. A very high directional constancy of 0.8
or higher is found over most of the ice sheet, with the
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velocity vector. From left to right the panels represent annual average,
winter (DJF) average, and summer (JJA) average

exception of the two domes and the ice ridge running over
the ice sheet (Fig. 6). Here, in the absence of a surface
slope the katabatic forcing is weak and winds are
controlled by synoptic processes, which are much more
variable in direction. Extremely high values (>0.95) are
found in regions of strong katabatic winds in the north near
the ice sheet edge. Surprisingly uniform winds are found
along the southeastern coast. These are a direct result of the
average large scale forcing associated with the presence of
the Icelandic Low, and the presence of the ice sheet which
acts as an orographic barrier. Over the ocean, a directional
constancy of 0.4 or lower is observed for most regions,
except the seas east of the GrIS where thermal forcing is a
stabilising factor. Directional constancy is therefore a
useful tool to give a broad classification of the wind regime
and the associated forcings, as it clearly discriminates
between regions of katabatic forcing and synoptic forcing.

In this manner, wind direction can be used to provide
insight into the driving processes of the wind and to
characterise the wind climate without the need for an
elaborate analysis of the terms of the momentum budget.
Complementary to this analysis, a classification of wind
speed and variability can be made through a Weibull
analysis. Figure 7 shows the application of the Weibull
analysis to the modelled and observed wind field at S9. As
noted in Sect. 3.1, the low wind speeds are slightly over-
estimated by RACMO?2, leading to a small negative model
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Fig. 6 Directional constancy (-) of the 10 m daily average wind for
the period 2004-2009

bias at S5 and S9, but the overall performance of the model
is good. In particular, we note that the model appears able
to accurately resolve the shape parameter k. Even at S5 and
S6, where the terrain is more challenging to model, mod-
elled values of the shape parameter x deviate only from
observations by 0.01 (not shown). Differences in the scale
parameter A are larger by up to 1 m s~

Maps of the scale parameter of the Weibull distribution
(Fig. 8) closely follow the patterns of wind speed presented
in Fig. 5 as they are related through Eq. (2). Because of this
the scale parameter is not very discriminating and yields
little new information. The shape parameter varies signif-
icantly over the modelled region and is therefore more
discriminating (Fig. 8). For the value x = 3.6, the wind
distribution has a symmetrical Gaussian shape. Locations
where the shape parameter is high (x > 4) are character-
ised by a narrow distribution with low wind speed vari-
ability and a low frequency of high wind speed events.
Locations where k < 2 are characterised by a long-tailed
right-skewed distribution with a large windspeed variabil-
ity and a high frequency of high wind speed events.

Over the ocean, a shape parameter of roughly k¥ = 3 is
observed, which, compared to a typical mid-latitude value
of ¥ = 2, signifies more constant winds at high latitudes
with fewer extreme events. Near the coast a clear band of

14

10F

>A>A
[T
~IDNoo o
0 L W
S X o

Wind Frequency [%]

I R ST
0 5 10 15 20 25 30

Wind Speed [ms™]

Fig. 7 Two-parameter Weibull distribution of observed (red) and
modeled (blue) 10 m wind speeds at S9. Wind speeds are binned in 1
m s~ ! intervals (dots). The fitted Weibull distribution is shown as a
solid line. The fitted values of the shape parameter x and the scale
parameter A are shown

variable winds is present where k < 2. This is the signature
of strong barrier winds near the coast (Moore and Renfrew
2005). Over the ice sheet the shape parameter is higher,
which is a result of the constant nature of the katabatic
forcing which creates relatively uniform winds. The
absence of strong katabatic forcing over the two ice domes
and the ridge in between is reflected in the value of « that is
approximately the same as that over the ocean, underlining
the synoptic influence in this region. Interestingly, the
value of k¥ over the sloped surface of the southwest is
surprisingly low, considering the significant katabatic
forcing in the area. In this region the spatial distribution of
the shape parameter shows a very different pattern than the
directional constancy (Fig. 6), underlining the comple-
mentary nature of the two. The low value of « is likely a
result of the synoptic activity associated with passing low
pressure systems over the southern part of the GrIS or the
occurrence of barrier winds in summer (Van den Broeke
and Gallée 1996). High values of the shape parameter (>4)
occur to the north where the potential temperature deficit is
stronger and katabatic winds dominate most of the year.
Extreme values (>5) occur in the north in regions of con-
cave topography, where katabatic air flows show conflu-
ence. In regions without confluence, the supply of
negatively-buoyant air poses a limitation to the persistence
of katabatic flow (Parish and Bromwich 1987). Due to
confluence of the flow, the cold air drainage basin is
enlarged, increasing the intensity and persistence of kata-
batic winds and reducing the adiabatic heating (Van de
Berg et al. 2008). As a result, some of the most uniform
winds on Earth are created, only rivalled by those in
Antarctica where a similar pattern was found (Sanz Rodr-
igo et al. 2012). Over convex topography, the opposite
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Fig. 8 Map of Weibull parameters of modelled wind speed distribu-
tion. The top three figures show the shape parameter x (=), the bottom
three figures show the scale parameter A (m s~ ). From left two right,

effect is observed and a relatively low shape parameter is
found. The resultant pattern in northern Greenland shows
three large regions of high x, separated by regions of
somewhat lower k due to convex topography. Furthermore,
several smaller scale regions of high x are found, for
example the drainage basin of Inglefield Fjord (77.5°N,
65°W). As expected, the shape parameter, being a rough
measure of the forcing mechanisms of the wind, follows
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figures show the 1957-2011 annual average, winter (DJF) average
and summer (JJA) average

the yearly cycle of the katabatic forcing. Over the ocean,
katabatic forcing is absent and the seasonal cycle reflects
changes of thermal wind and large scale forcing instead.
Over Baffin Bay to the west of Greenland a thermal jet is
present in winter, which represents a relatively constant
forcing and associated higher (2.5-3) values of the shape
parameter. In summer, reduced sea ice concentrations and
reduced cold air drainage from the ice sheet limit the
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accumulation of cold air in this region and reduce thermal
forcing. As a consequence, large scale forcing is more
important and a lower shape parameter results.

Figure 9 highlights the linear trends of the Weibull
parameters over the period 1990-2011. Monthly values of
the Weibull parameters were calculated from daily average
data, and used to create annual, winter and summer aver-
ages. Regions where trends are significant at the 95 % level
are dotted. Significance of these trends was corrected if a
significant (>95 %) serial correlation was found using the
methods presented in Santer et al. (2000).

Trends in the parameters are generally small, while
substantial interannual variability exists, resulting in few
significant trends. The yearly average scale parameter A
decreases over the entire ice sheet between 1990 and
2011, except in a very narrow band over the ablation
zone in the southwest. Since the scale parameter is
closely related to the average wind speed, this suggests a
reduction of the dominant katabatic forcing, and hence of
the potential temperature deficit over most of the ice
sheet. Over the steep coastal slopes, where the katabatic
and thermal forcing are both large and opposite, an
increase in net forcing may explain the simulated modest
increase of wind speed. The katabatic forcing depends
linearly on the potential temperature deficit, while the
thermal forcing depends on horizontal gradients of the
vertically integrated potential temperature deficit. It can
therefore be expected that both forcings are unevenly
reduced, apparently leading to an increased net forcing in
this region. The shape parameter does not show an clear
decrease over the ice sheet, as might be expected in
response to declining katabatic forcing. However, since
the 1990s there have been changes in the general
atmospheric  circulation which may influence the
observed changes of the shape parameter (Fettweis et al.
2012b).

In summer, wind speeds decrease over most of the ice
sheet, as indicated by a decrease of the scale parameter A.
The relatively uniform pattern of wind speed decrease over
the ice sheet suggests a decrease in katabatic forcing, while
the lack of a clear pattern of the shape parameter suggests a
change of synoptic influence as well. Over coastal regions
where melt occurs, a increase of both wind speed and the
shape parameter is observed in summer. Here, increased
melt rates cause an increased downward sensible heat flux
and resulting katabatic forcing.

The strong negative trend in wind speed over the
Greenland Sea may be related to a decline of the thermal
forcing following a decline in sea ice extent. A decline of
sea ice cover increases the heat exchange between the
atmosphere and ocean and therefore limits cold air pooling
and associated thermal winds. This effect is strongest in
winter, but persists throughout the year.

3.3 Projected changes of the wind climate

To investigate future changes of the wind climate, RAC-
MO?2 is forced at the lateral boundaries by simulations
from the GCM HadGEM2-ES from the UK Met Office.
HadGEM2 is chosen because it is one of the best GCMs of
the 5th Coupled Model Intercomparison Project (CMIPS)
in reproducing the large scale circulation as given by the
ECMWEF reanalyses, and the best of all over the Greenland
ice sheet (Fettweis et al. 2012a). The atmosphere is too
warm in summer in HadGEM2, which is problematic for
surface mass balance estimates. Here, we limit ourselves to
the wind climate, and this model deficiency is likely of
limited importance. Indeed, the simulated near-surface
wind field from the HadGEM2 forced run shows minimal
deviations from the observationally forced run (see Online
Resources).

To investigate the response of the surface wind climate
of the GrlS to further sustained atmospheric warming, we
compare model output from 1981 to 1998 with output from
2081 to 2098. RACMO2 was forced with HadGEM2
simulations which were forced with a scenario of mid-
range warming and radiative forcing of +4.5 W m~? in
2100. A temperature increase over the ice sheet is observed
in response to this forcing that is statistically significant at
the 99 % level everywhere. The smallest temperature
change is found over the southeastern coast where tem-
peratures rise roughly 3 K (see Online Resources). Over
the central ice sheet a 5 K temperature changes is observed
with maxima of over 6 K over the northern tundra and the
sea ice covered area of the Greenland sea. Over the Arctic
ocean north of the GrIS temperature increases are as high
as 9 K.

Figure 10 shows the average change of the Weibull
parameters between 1981-1998 and 2081-2098. The scale
parameter A indicates that annually averaged wind speeds
decrease over the entire ice sheet, except in a band along
the coast. At the same time, a reduction of the shape
parameter k is observed. This pattern is similar to the
recent trend from Fig. 9, and we maintain our conclusion
that reduced katabatic forcing is the dominant cause of this
pattern in the interior of the GrIS, while an uneven
reduction of katabatic and thermal forcing is the cause of
the wind speed increase over the coastal regions. This
conclusion is supported by the modelled change of the
surface potential temperature deficit (Fig. 11), which
shows a decrease in strength over the entire ice sheet in all
seasons except summer. Furthermore, the decrease of the
potential temperature deficit over the sea ice region is
stronger than over the ice sheet, and so the thermal gradient
between the two is reduced. In fact, analysis of the inte-
grated potential temperature deficit shows an increase of
the integrated deficit over the ice sheet, and a reduction
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Fig. 9 Modelled linear trends of Weibull parameters over the period
1990-2011, given in units of dec™! for x (top) and m s~ dec™! for A
(bottom). The Weibull distribution was fitted to daily average data for

over the sea ice region, confirming the decrease of the
thermal forcing.

The decrease of the potential temperature deficit also
affects the higher elevation parts of the ice sheet in summer
(Fig. 11), suggesting that the potential temperature deficit
decreases over snow surfaces at subfreezing temperatures.
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all months in the modelled period. Annual averages (left), winter
(DJF) averages and summer (JJA) averages were taken for every year,
after which a linear trend was calculated

The temperature deficit layer is created by a sensible heat
flux from the air to the surface that depends on the tem-
perature difference between them. At subfreezing temper-
atures an increase of near-surface temperature will be
accompanied by an increase of surface layer snow tem-
perature. Possibly positive temperature albedo feedbacks in
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Fig. 10 Average change of the Weibull shape parameter (top) and scale parameter (bottom) between 1981-1998 and 2081-2098 for selected

seasons

the snowpack have enhanced the warming of the snow
surface such that the temperature difference with the
overlying air is reduced.

Over the ablation zone, the surface temperature cannot
rise above freezing in summer, and a stronger temperature
gradient between surface and atmosphere will create a larger
potential temperature deficit, such that katabatic forcing
increases over the ablation zone (Fig. 11). The associated
increase of the scale parameter is clearly visible over the
coastal regions in southern Greenland in summer (Fig. 10).

Because the near-surface air temperature over the ablation
zone is limited by the surface temperature, it warms less than
near-surface air over the tundra. The contrast between the
ablation zone and the tundra and ocean is enlarged. The
increasing wind speed of tip jets and barrier winds along the
southwestern coast may partly be related to this effect.
Franco et al. (2013) found a similar increase of near-surface
winds using the regional climate model MAR.
Interestingly, largest changes of the wind are observed
over the oceans surrounding the GrlIS. Particularly the
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Fig. 11 Difference in average
surface potential temperature
deficit (K) for the period
2081-2098 compared to the
period 1981-1998. Winter (left)
and summer (right) are shown

-5 -4 -3 -2-10

northerly Greenland Sea Jet to the northeast of the ice sheet
substantially reduces in strength by up to 2.5 m s~ in
winter. This change is caused by a strong decline of the
thermal forcing, which is likely related to declining sea ice
extent. Changes of the wind further to the south are related
to changes in large scale forcing and thermal effects.
However, changes of the large scale forcing are likely
limited, as HadGEM?2 simulations do not show a significant
change of the large scale circulation (Belleflamme et al.

2012).

4 Conclusions

The wind climate of the Greenland ice sheet is presented
using output of the high-resolution RCM RACMO2. The
near-surface climate of RACMO?2 has been extensively
evaluated before, and therefore a limited evaluation
focussing on the wind distribution is presented. The quality
of the model wind speed distribution is assessed by com-
paring it to observational data from three AWSs in the
ablation zone of southwest Greenland. Performance of the
model is good over the ablation zone, and only signifi-
cantly deviates from observations for location S5 on the
tongue of Russell Glacier, a location of complex topogra-
phy. Wind direction and wind speed are properly repre-
sented. The wind distribution is fitted to a Weibull
distribution to discriminate between katabatic and synop-
tically dominated winds.
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High values of the shape parameter (x > 4) are indica-
tive of katabatic forced winds and are found over most of
the ice sheet, except in the south where considerable syn-
optic influence is found. Extremely high values of the
shape parameter (x > 5) are found in regions of concave
topography over the northern part of the ice sheet where
confluence of already strong katabatic wind occurs. The
drainage basin of these winds is enlarged in these regions
while adiabatic heating is suppressed, leading to strong,
persistent and constant katabatic winds. Low values of the
shape parameter are found in bands along the southwestern
and southeastern coast, where strong barrier winds occur.
The large scale circulation forces cold winds from the ice
sheet against the steep topography where a pool of cold air
builds up, leading to strong thermal forcing. The value of k
in this region clearly reveals the dominance of the katabatic
forcing in winter, whereas summer values are more
indicative of synoptic influence.

Trends of the Weibull parameters are investigated to
reveal changes in the wind climate in response to observed
atmospheric warming over the GrIS. A reduction of the
katabatic forcing decreases wind speeds over the ice sheet
during the cold season. Over steep topography at the ice
sheet margin an increase of the wind is observed because
the opposite thermal and katabatic forcings are unevenly
reduced. Due to the short time series and high interannual
variability, most observed trends are not statistically sig-
nificant at the 95 % confidence level. More distinct patterns
of change are found in a comparison of simulations from
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1981-1998 with 2081-2098. Again, a decrease of wind
speed is observed over the central ice sheet, whereas wind
speeds increase over the ice sheet margin. Of particular
importance is the strong reduction of the thermally forced
northerly Greenland Sea Jet. A reduction of wind speeds of
up to 2.5 m s~ ' is observed in winter, likely in response to
declining sea ice cover and associated with less pro-
nounced cold air pooling. Since this jet is the dominant
mechanism of sea ice transport into the North Atlantic
through Fram Strait, this represents a positive feedback on
the sea ice cover near the GrIS. In summer, winds decrease
over the high elevation portions of the ice sheet in response
to decreased katabatic forcing, whereas winds increase
over the melting zone. There, near-surface air temperatures
increase while the surface is limited to the melting point.
The stronger resulting sensible heat flux increases the
katabatic forcing of the wind.

The findings of this research reveal a particularly
important role of sea ice in controlling the circulation over
the Greenland Sea. Modelling sea ice in RCMs, rather than
prescribing it, is a promising topic for future research. The
role of the large scale circulation in driving future changes
also requires further study. Finally, this research shows the
importance of local boundary layer forcing to the wind
climate of Greenland, hinting at the need of even higher-
resolution models to capture local variability.
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