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Abstract A continental scale evaluation of Antarctic
surface winds is presented from global ERA-40 and ERA-
Interim reanalyses and RACMO2/ANT regional climate
model at 55 and 27 km horizontal resolution, based on a
comparison with observational data from 115 automatic
weather stations (AWS). The Antarctic surface wind cli-
mate can be classified based on the Weibull shape factor
k,. Very high values (k,, > 3) are found in the interior
plateaus, typical of very uniform katabatic-dominated
winds with high directional constancy. In the coast and all
over the Antarctic Peninsula the shape factors are similar to
the ones found in mid-latitudes (k,, < 3) typical of syn-
optically dominated wind climates. The Weibull shape
parameter is systematically overpredicted by ERA reanal-
yses. This is partly corrected by RACMO2/ANT simula-
tions which introduce more wind speed variability in
complex terrain areas. A significant improvement is
observed in the performance of ERA-Interim over ERA-40,
with an overall decrease of 14 % in normalized mean
absolute error. In escarpment and coastal areas, where the
terrain gets rugged and katabatic winds are further inten-
sified in confluence zones, ERA-Interim bias can be as high
as 10 m s~ . These large deviations are partly corrected by
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the regional climate model. Given that RACMO2/ANT is
an independent simulation of the near-surface wind speed
climate, as it is not driven by observations, it compares
very well to the ERA-Interim and AWS-115 datasets.
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1 Introduction

In the last 50 years significant advances have been made in
the understanding of the circulation of Antarctic near-sur-
face winds. The factors controlling the near surface wind
are described for instance by van den Broeke and van
Lipzig (2003). They showed that a clear distinction can be
made between large-scale (synoptic) and local katabatic
(boundary-layer) forcing, the latter generally dominating
over the continent. Antarctic katabatic winds are forced by
the quasi-permanent radiative cooling of the snow surface.
This cooling creates an almost permanent flow of sensible
heat from the atmosphere towards the surface, creating a
temperature deficit between the near surface air and the
free atmosphere that can be as large as 35 K. The density
of the air near the surface in the interior plateau becomes
higher than that situated at some distance downslope,
creating a horizontal pressure gradient due to buoyancy
effects. Persistent winds develop downslope and are
deflected in the cross-slope direction with an Eastward
component due to Coriolis forces, and retarded and
deflected in the downslope direction due to frictional drag.

The katabatic wind direction is largely controlled by
local topography, and therefore shows high directional
constancy. Near the coast, the wind direction shows a
wider distribution due to the larger influence of synoptic
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activity. In this sense, the Antarctic wind climate can be
broadly classified as katabatic or synoptic dominated,
depending on the influence of these two distinct forcing
mechanisms.

Because of their unique nature, many papers are devoted
to describe the role of katabatic forcing in Antarctic winds,
both from observations and from numerical models.
Observations in Antarctica are scarce, compared to mid-
latitude regions, and the harsh environmental conditions
present significant challenges for regular maintenance.
Surface winds are monitored routinely at manned research
stations and automatic weather stations in remote areas.

Numerical weather prediction (NWP) models are a good
complement to observations for the characterization of the
Antarctic wind climate. Global circulation models (GCM)
are not sufficiently resolved in time and space to capture
regional or local weather phenomena. Besides, the
parameterizations are not necessarily adjusted to the par-
ticular needs of a specific region, as it may be the case for
the Antarctic continent. It is therefore necessary to use
regional climate models (RCM) in order to integrate spe-
cific features of the Antarctic climate at higher resolutions.

The use of limited area models in Antarctica can be
traced back to Ball (1960), who constructed a numerical
model of katabatic wind based on the balance of three
forces: the horizontal pressure gradient, Coriolis forces and
surface friction. Pettré et al. (1990) used Ball’s model
nested in a GCM to increase the vertical resolution and
have a better representation of katabatic winds. Using
estimates of the terrain slopes and temperature stratification
of the lower atmosphere, Parish and Bromwich (1987)
diagnosed the near-surface air flow over the Antarctic
continent. The air flows away from the Antarctic domes
and converges into a number of narrow confluence valleys
situated close to the coastal slopes (Bromwich et al. 1993).
These confluence zones reduce the divergence of the flow,
limiting downward motion and adiabatic compression/
heating, keeping the air cold, increasing the intensity and
persistency of the katabatic winds (Van de Berg et al.
2008). This is particularly evident in Adélie Coast where
the strongest winds on Earth close to sea level are
observed, with an annual wind speed of approximately
20m s (Wendler et al. 1997; Wendler and Radok 2000;
Paristh and Walker 2006). The zone affected by these
intense katabatic winds is limited to some 100 km of
coastline, from Port Martin to Dumont d’Urville. Inland
traverses suggest that this extreme wind region extends
some 250 km inland from Cape Denison (Parish and
Wendler 1991). The confluence channeling of this strong
wind jet has an extension and structure that cannot be
resolved by global circulation models.

At the synoptic scale, there seems to be a strong link
between the surface wind regime and the continental
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circulation flows. Drainage flows transport air masses away
from the continent, generating a rising motion over the
adjacent continental coastline, where the circumpolar low-
level cyclonic trough develops.

Modern mesoscale models include: Modele Atmo-
sphérique Régional (MAR, Gallée and Schayes 1994), the
Antarctic Mesoscale Prediction System (AMPS, now
Polar-WRF, Parish and Bromwich 2007), and the regional
model HIRLAM-ECHAM Regional Atmospheric Climate
Model (RACMO) adapted to simulate the Antarctic climate
(van Lipzig et al. 1994).

van den Broeke et al. (2002) and van den Broeke and
van Lipzig (2003) run the model RACMO/ANTI, at a
horizontal resolution of 55 km, for 14 years (1980-1993),
corresponding to the ECMWF ERAL1S5 reanalysis that was
used as forcing. The study aimed at quantifying the terms
in the ABL momentum balance over the entire continent. It
was found that the physical characteristics of the East
Antarctic ice sheet determine the pressure, temperature and
wind fields both in the ABL and in the lower free atmo-
sphere. In summer, the ABL wind regime is generally
dominated by large-scale synoptic forces. In contrast, in
winter it is dominated by katabatic forcing due to stronger
radiative cooling. However, near the coast and extending
several 100 km inland, synoptic forces are typically com-
parable to katabatic forces and often considerably more
important (Parish and Cassano 2003), putting in evidence
the role of topography in shaping the Antarctic surface
winds.

Van de Berg et al. (2005) used the RACMO2 model
(RACMO2/ANT1 hereafter), driven by ERA-40
(1980-2004), also at 55 km resolution, to study the long-
term Antarctic surface mass balance and heat budget. The
most recent version of this regional model (RACMO2/
ANT?2 hereafter) is driven by ERA-Interim reanalysis and
run at a resolution of 27 km (Lenaerts et al. 2012).

Many references can be found describing the evaluation
of meteorological models in Antarctica using independent
observational data of surface temperature, atmospheric
pressure or snow accumulation. On the other hand, few of
them include the evaluation of wind speed. van Lipzig
et al. (2004) quantified wind speed and direction errors
from an initial run of the RACMO/ANT model over a
period of 14 years (1980-1993), corresponding to the ERA
15 reanalysis (van Lipzig et al. 2002). The evaluation was
carried out using long-term averages of 15 stations from
the SCAR/READER database (Turner et al. 2004). Model
and observations reasonably agree in those locations where
the local orography varies smoothly on scales larger than
the model resolution, set to 55 km.

The fidelity of the regional climate model simulations,
RACMO2/ANT1 and RACMO2/ANT?2, at reproducing the
Antarctic surface wind field is evaluated in this paper using
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Table 1 Sources of AWS data included in the AWS-115 database

Alias Organization Project Stn.#

1. USAP Antarctic Meteorological Research Center, Antarctic AWS Project 78
University of Wisconsin-Madison

2. AUST Australian Antarctic Division Glaciology Program The Australian Antarctic AWS dataset 16

3. ITA Italian Antarctic Research Programme 10

4. IMAU Institute for Marine and Atmospheric Research, IMAU Antarctic AWS Project 9
Utrecht University

5. IPF International Polar Foundation Princess Elizabeth Antarctic Base 1

6. SCAR Scientific Committee on Antarctic Research (SCAR), REference Antarctic Data for 103

available from the British Antarctic Survey (BAS)

Environmental Research (READER)

a network of 115 automatic weather stations deployed
throughout the continent since 1980. The baseline quality
of the input data, the ECMWF reanalyses, is also evaluated
in order to show the large improvements of these global
databases in Antarctica.

2 Data and methods
2.1 Observations from the AWS-115 network

The Antarctic is a challenging environment to perform
meteorological observations. Extremely low near-surface
temperatures, winds and blowing snow can adversely affect
measurement instruments. The harsh environment makes it
very expensive to maintain stations, especially in the
interior of the continent. Therefore, most of the permanent
research stations are located along the coast with easier
logistics. To cover the gap between coastal stations and the
interior of the continent, unmanned automatic weather
stations (AWS) are used.

Since 1980, the University of Wisconsin-Madison
deployed around 100 stations with the so-called Madison
AWS design (Stearns and Wendler 1988; Lazzara et al.
2012). The design consists of a 3 m high tower with an
enclosure for the control system at mid-height and most of
the instruments at a horizontal boom in the top (King and
Turner 1997). The basic instrumentation provides 10 min
records of wind speed, wind direction, temperature, relative
humidity and atmospheric pressure.

Automatic weather stations are installed and calibrated
at remote locations during the austral summer. Due to snow
accumulation, the AWS can gradually become buried if left
unattended. Therefore, most AWS are serviced regularly in
order to check possible failures and reset the instruments to
their nominal height.

Nowadays there are other countries with AWS programs,
which have extended the AWS network in the continent to
more than 150 stations. Many AWS databases are freely
available from the Internet for research purposes. In this

study, a survey of AWS data has been made in order to
compile a database of wind speed measurements that can be
used for evaluation of numerical weather prediction models.
Table 1 shows the sources of AWS data used in this study,
composed of AWS programs from the US, Italy, Australia
and The Netherlands. Besides, the Belgian Princess Eliza-
beth AWS and the 8-m level of the 32-m British Halley
mast have also been included in connection with the
boundary layer studies reported in Sanz Rodrigo (2011).

As a general rule, only stations with data coverage of at
least one year have been selected for the AWS-115 data-
base, representing an accumulated period of more than
750 years. The database does not include all the AWS
operating in Antarctica but a significant number of them,
with a quite reasonable spatial coverage (Fig. 14).

Figures 14,15,16 display the location of the AWS’s
together with the stations from the SCAR/READER data-
base, which provides monthly statistics of manned research
stations and some AWS programs. Table 3 provides a list of
the 115 stations, with the coordinates, nominal sensor height,
duration of the measurements and wind speed data coverage.
Figure 1 shows the evolution of the number of operational
AWS and the total wind data availability with time. An
annual cycle is observed in the total availability due to the
lower data quality during the winter months and the contri-
bution from stations that only operate during the summer.
The total wind speed availability is around 40-80 %.

As part of the data quality check, all the AWS data have
been checked for spikes, sensor freeze-up, out of bounds
data, repeated dates, etc. In spite of some automatic data
filtering techniques to remove obvious spurious data, sub-
jective judgment is always required to determine if suspi-
cious data should be retained or discarded. Stearns et al.
(1993) warn users of wind speed data as being the least
reliable variable of the Wisconsin AWS in Antarctica. The
general philosophy of the data screening process has been
to ‘eliminate if suspicious’ in order to keep the database as
clean as possible for evaluation purposes. Hence, isolated
data, i.e. apparently good data but surrounded by erroneous
values or situated within long periods of missing data have
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Fig. 2 Surface wind distributions of mean wind velocity (top-left), directional constancy (top-right), Weibull scale factor A,, (bottom-left) and

Weibull shape factor k,, (bottom-right), from ERA-Interim (2000-2001)
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Fig. 3 Wind speed and direction distributions at Halley (synoptic dominated wind climate) and D-47 (katabatic dominated) AWS. DJF denotes

summer and JJA denotes winter
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also been removed. In case of doubt, a comparison with
nearby stations and time series from reanalysis databases
can aid the decision making process. The clean database
has been synchronized and resampled to hourly values and
then to six-hourly values as this is the standard output of
both the reanalysis and the regional model.
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The uncertainty in the wind speed measurements at the
AWS stations is large compared to manned research sta-
tions due to limited maintenance. The main factors
affecting the reliability of the AWS wind speed measure-
ments are: flow distortion due to sensor geometry and
mast interference, ice build-up, over-speeding and snow
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Fig. 5 Interannual and seasonal
variability of the wind climate
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shelf conditions
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accumulation. Besides, for model evaluation purposes, the
measurements of many stations are vertically extrapolated
from 3 to 4 m to a nominal height of 10 m, which implies
an added uncertainty associated to the assumed vertical
wind profile. Making use of the Monin—Obukhov surface
boundary layer log-law and a map of snow accumulation
(Arthern et al. 2006), it is possible to estimate the uncer-
tainty due to sensor height and vertical extrapolation in first
approximation (Sanz Rodrigo 2011). A more complete
uncertainty assessment requires analysis of the particular
history of each AWS, looking at the periodic maintenance
reports to check for particular problems of each station.

2.2 The ECMWEF reanalyses

The ERA reanalyses, from the European Center for Med-
ium-Range Weather Forecasts (ECMWF), are data assim-
ilation systems that advances forward in time on cycles
where available observations are combined with forecasts
to deduce the evolving state of the atmosphere and its
underlying surface. The data assimilation produces a
physically coherent database of the global state of the
atmosphere constrained by available observations.

The ERA-40 reanalysis (Uppala et al. 2005) includes
previous ERA-15 reanalysis and extends it to the period
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1957-2002. Bromwich and Fogt (2004) analyzed the per-
formance of ERA-40 and NCEP-NCAR reanalyses, for the
period 1958-2001, in Antarctica. The quality of the anal-
yses improves over time and, in the southern hemisphere,
there is a significant improvement after the assimilation of
satellite data in 1978. In general, ERA-40 appeared supe-
rior in performance to the NCEP/NCAR reanalysis.

In 2006 a new reanalysis was initiated by ECMWF, ERA-
Interim (Berrisford et al. 2009; Dee et al. 2011), covering the
data-rich period since 1979 and continuing in real time.
ERA-Interim uses input observations prepared for ERA-40
prior to 2002, and ECMWF’s operational forecast system
thereafter. Besides improved data assimilation methods, a
significant increase in the horizontal resolution from
ERA-40 (freely available at 2.5° ~ 250 km resolution) to
ERA-Interim reanalysis (0.7°~ 70 km) has been intro-
duced. Bromwich et al. (2011) evaluated the performance of
eight different reanalyses in the assessment of the precipi-
tation changes in Antarctica in the period 1989-2009. They
conclude that ERA-Interim likely offers the best perfor-
mance of contemporary reanalyses. Precipitation trends
agree with those predicted by van de Berg et al. (2005) based
on RACMO2/ANT1 regional model. The binomial of ERA
reanalysis and RACMO2/ANT regional model is further
analyzed in this paper with focus on the wind climate.
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Fig. 6 Interannual and seasonal
variability of the wind climate 8
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2.3 The RACMO2/ANT regional climate model

The Regional Atmospheric Climate Model RACMO2/
ANT, developed by the Royal Netherlands Meteorological
Institute (KNMI) (van Meijgaard et al. 2008) and adapted
for use over the polar regions by the Institute for Marine
and Atmospheric Research of Utrecht University
(UU/IMAU), is based on the dynamics of the limited area
model HIRLAM and the physics of the IFS Cycle 23R4
model (White 2004). Polar adaptation include reduced
roughness lengths of heat and moisture, improved snow
model (Ettema et al. 2010), snow albedo (Munneke et al.
2011) and the inclusion of snowdrift physics (Lenaerts
et al. 2012). Reijmer et al. (2004) describes the surface
scheme of the model, based on Monin—Obukhov similarity
theory and Louis (1979) analytical expressions for the
turbulent fluxes.

The model is forced every 6 h at the lateral boundaries
and at the sea surface by ECMWF reanalyses. The inner
part of the model is allowed to evolve freely. The com-
putational domain covers the Antarctic continent and the
surrounding Southern Ocean.

Apart from the model physics, the main influence in the
simulation of the near-surface wind speed comes from the

0
1990 1995

2000 2005 1 3 6 9 12

roughness length and, more importantly, the horizontal
resolution of the computational grid. It is important to note
that RACMO/ANT1, at 55 km resolution, is forced with
ERA-40 reanalysis (1957-2004) and RACMO/ANT?2, at
27 km resolution, is forced with ERA-Interim (1989-2008).

RACMO2/ANT]1 includes subgrid roughness which is
one and two orders of magnitude lower than those found in
the ERA reanalyses to reduce the overestimation of the
surface fluxes and underprediction of surface winds and
(van de Berg et al. 2005). In the other hand, RACMO2/
ANTI1 applies a flat value of 107> all over the continent. In
Antarctica the driving force of katabatic winds is within the
atmospheric boundary layer rather than the free tropo-
sphere. Due to the persistent stable stratification, the cold
air will tend to flow around rather than over obstacles like
mountains (low Froude number). This predominant situa-
tion cannot be captured with increased roughness but rather
with increased spatial resolution. Therefore, choosing a
constant roughness throughout the continent does not
deteriorate the simulation of the surface winds and, at the
same time, it allows easier interpretation of the results.

The effect of the added roughness in the models cannot
be independently quantified since both simulations also
differ in model physics and boundary conditions.
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Fig. 7 Interannual and seasonal
variability of the wind climate
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2.4 Evaluation method

A continental scale evaluation of the surface wind climate
is reported herein making use of the AWS-115 observa-
tional database. Even though the evaluation will treat rea-
nalyses and regional climate model simulations in the same
way, it is important to distinguish between the two sources
of data. The ECMWF reanalysis do not use near surface
wind velocity measurements over land, due to their high
variability and dependency on local topography, but other
variables like the vertical distributions of temperature,
relative humidity and atmospheric pressure are included.
Therefore, near-surface wind speeds from reanalyses are
not fully independent from the AWS observations: through
the thermal wind relation that is used to initialize the three-
dimensional wind field, near surface winds will follow the
observations. On the other hand, regional model simula-
tions use reanalysis data to define the lateral and sea sur-
face boundary conditions, while the inner domain evolves
freely, unconstrained by observational data. Therefore,
simulations with the regional model can be considered
independent of the AWS observations.

The wind climate evaluation is composed of two stages.
First, the interannual and seasonal variability of the wind
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speed distribution is considered, making use of the two-
parameter Weibull distribution as best fit to the data. This
study is limited to stations with more than 10 years of good
data coverage (each year/season with more than 60 % of
data availability). Then, a reference year is selected for
each station in order to evaluate the intraday variability of
the wind using the 6-hourly dataset.

The reference year is not coincident in all the stations in
order to maximize the spatial coverage of the evaluation. The
procedure for selecting the reference year is the following:

e A moving window of one year is used throughout each
time series to extract (1) the ERA-Interim wind speed
anomaly (relative difference between the annual wind
speed and the 1979-2008 mean), (2) the annual AWS
wind data availability and (3) the annual correlation
coefficient (R?) between the monthly wind speed
averages of the AWS and ERA-Interim data.

e Periods with R? > 0.9 max(R?) are first selected as best
candidates considering the seasonal similarity between
measurements and the global reanalysis as a good sign of
good data homogeneity. This avoids including years with
anomalous seasonal behavior due to undetected instru-
ment malfunctions or too low monthly availabilities,
which are unfortunately quite frequent in AWS records.
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e Then, those periods with the highest availabilities are
selected in order to retain as much data as possible in
the statistics (Av > 0.9 max(Av)).

Finally, from the available yearly periods, the one with
the nearest anomaly to zero is selected, considering that
this period will be more representative of the long term

mean than the others.

An alternative and admittedly more consistent method of
evaluation based on a fixed period (2000-2001) was also
tested (Sanz Rodrigo 2011) in order to keep a more homo-
geneous quality in the reanalysis and the AWS datasets. This
time, all the data of the period were used, regardless of the
data availability or correlation with the ERA reanalysis,
making the evaluation fully independent. As the number of
stations was significantly reduced to 74, but the overall
results were similar to the ones resulted from the mixed

AWS Weibull k,

periods evaluation, the results presented in this paper will be
based on the mixed periods evaluation. Nevertheless, it is
important to note that the evaluation is based on concurrent
observational and simulated registers and not on long-term
averages as in van Lipzig et al. (2004). Hence, missing data
in the AWS records are also treated as missing data in the
meteorological datasets. In general, missing data is randomly
distributed. Only in coastal areas, with higher probability of
frost formation than in the interior of the continent, there is
more probability of missing data at low wind speeds, when
the anemometer can freeze out. Nevertheless, the wind dis-
tribution is dominated by higher winds and the Weibull fit
can be considered a robust statistical tool for the evaluation
of the overall characteristics of the wind climate.

In order to analyze the spatial distribution of the errors,
the AWS sites have been classified in four broad categories
(Fig. 14):
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e Plateau: 25 stations located in the interior of the
continent or in gently sloping terrain as it is the case for
the slopes of Marie Byrd Land that connect the West
Antarctic interior with Siple Coast bordering the Ross
Ice Shelf.

e FEscarpment: 34 stations located in sloping terrain
between the Antarctic interior and the coast. These areas
are typical for the development of strong katabatic winds.

e (Coast: 36 stations next to the shore, most of them
characterized by nearby escarpment areas with complex
terrain.

e Jce-Shelf: 20 stations situated on the nearly flat ice
shelves.

The selection of the regions is based on topographic
similitude, each one with different terrain complexity and
subject to different wind climates (synoptic, katabatic or a
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combination of both). The classification is used to broadly
identify model performance with major terrain and wind
climate characteristics. A detailed assessment will always
require a close view to the specific performance of each
station considering local effects as well.

Typical performance indicators used in deterministic
wind power forecasting will be used here (Madsen et al.
2005): normalized bias (NBIAS), normalized mean absolute
error (NMAE), normalized root-mean-square error (NRMSE)
and correlation coefficient (Rz):

> el (1)

t=1

NBIAS =¢ =

2|~

NMAE = %i le(1)] 2)

t=1
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where the normalized prediction error, e, is the difference
between the predicted and the measured wind speed
value divided by the measured mean velocity of the
N samples in the evaluation period. The NBIAS is a
measure of the systematic error while the NMAE and
NRMSE include in absolute terms both the systematic
and the random error.

In addition to the mean 10 m wind speed the evaluation
also considers the velocity distribution, which is generally
well fitted to a Weibull probability density function:

kw ky—1 kyy
Weibull{k,, 4,.} = ;" <Aﬂ) exp|— <Aﬂ) )

where k,, is the Weibull shape factor, A,, is the Weibull
scale factor and U denotes the modulus of the wind
speed vector. The goodness of fit is evaluated with the
Kolmogorov-Smirnof test, which determines if two data-
sets differ significantly. The result of the K-S test is 1 if
you can reject the hypothesis that the data is well fitted to a
Weibull distribution with a confidence level of 95 %. The
K-S statistic measures the maximum deviation between the
observational and fitted cumulative distribution function
(Table 5). As the Weibull shape factor decreases the
quality of the Weibull fit also decreases (higher values of
the K-S statistic). Nevertheless, most of the stations present
maximum deviations below 10 % so the Weibull distri-
bution can be used with confidence.

The scale factor is proportional to the mean wind speed,
U:
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U

R 7R ¥

where I' is the gamma function. The difference between

the Weibull fit to the observational and the simulated data

is evaluated using the normalized ranked probability skore

(NRPS):

NRPS:/ [F(U,k,AJT) — G(U,k,A/T)]*dU (6)
0

where F' and G are the cumulative Weibull distributions
fitted to the simulated and observational data respectively.
The closer to zero NRPS the better the prediction of the
wind speed distribution. Notice that by normalizing with
the mean wind speed, the NRPS is more dominated by
differences in the Weibull shape factor.

3 Evaluation results

Figure 2 shows the distribution of 10 m mean wind speed,
directional constancy, defined as the ratio of the mean wind
vector to the scalar mean wind speed:

(T° +V2)” ’

DC::
(U2 +v2)'2

(7)

and Weibull parameters obtained from the ERA-Interim
reanalysis for the two-year period 2000-2001 where the
largest number of coexisting AWS stations is found. Sim-
ilar maps, not shown, can be obtained for the other models.

Most general features of the Antarctic wind climate are
already captured by the reanalysis datasets. The highest
winds are observed in the sloping terrain between the
Antarctic plateaus and the coast. Most of the continent
shows very high directional constancy due to katabatic
activity, with values well above 0.8 in most of East Ant-
arctica. The Antarctic Peninsula, more influenced by syn-
optic activity, shows lower directional constancies. The
lowest values are found in the region between the Antarctic
coast and the circumpolar pressure trough, where the wind
direction regularly changes from easterly to westerly.

The Weibull scale factor A,, has a similar pattern as the
mean velocity, as they are both related by (5). The shape
factor (k,,) is more discriminating: low k,, values correspond
to sites with high wind variability whereas high k,, values
are typical of winds with high constancy. The shape factor
also has a direct relation with the frequency of extreme
winds. At low k,, values (k,, < 2), the variability is high and
wind speed is more likely to attain very high values (long
tailed distributions). This is the case for synoptically dom-
inated winds, which are found in coastal areas away from
the slope of the main ice sheet, i.e. on ice shelves and in the
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Antarctic Peninsula. The lowest k,, values are found in the
south-eastern margins of the Ross and the Weddell Sea like,
for instance, at Halley with k,, = 1.47 (Fig. 3).

In contrast, high k,, values are characterized by short-
tailed distributions with low wind speed variability. A value
of k,, = 3 produces a symmetric distribution with a Gaussian
shape. This is typical for katabatic dominated winds in the
interior plateaus (away from the domes) and in the escarp-
ment areas. The Transantarctic Mountains and other
escarpment areas show particularly high k,, values due to the
presence of topographically induced confluence zones. This
is illustrated in Fig. 3 for D-47 site, with k,, = 3.8. In con-
fluence zones, katabatic winds are more dominant during the
winter, producing even higher k,, values (k,, = 4.6 in D-47
during winter). The highest k,, values are found around the
AGO-1 site, with k,, values close to 6, representing probably
the most constant near-surface winds found on Earth.

3.1 Evaluation of long term wind climate

The interannual and seasonal variability of the wind cli-
mate and the associated errors of the models are evaluated
in the AWS stations with more than 10 years of high
availability data. Only years or seasons with more than
60 % of data availability are included in the analysis.
Seasonal values are obtained for the austral winter (June—
July—August, JJA) and summer (December—January—Feb-
ruary, DJF). Table 4 provides the results of the 23 sites
selected. Some data-rich areas are discussed next.

Three stations are situated in the South Pole area (Clear
Air, Nico and Henry). The Clear Air (Fig. 4) and Nico sites
present roughly the same wind climate, with rather low mean
winds around 4.5 m s~' and medium Weibull k,, values
around 2. The seasonal variability is low with an almost
constant Weibull shape factor throughout the year. Both the
ERA reanalyses and the regional climate model simulations
overpredict the mean wind speed and Weibull shape factor.
The performance is better in summer than in winter. Similar
wind climate and model performance is found in Dome Fugi
and Dome C. These sites are situated in the domes of the high
Antarctic plateau, where katabatic drainage initiates but with
very low acceleration due to an almost flat orography.

Some 100 km away from Clear Air, at Henry site, the
agreement is improved significantly (from 35 to 18 % NMAE
and 0.08-0.02 NRPS in ERA-Interim) under a more pro-
nounced katabatic acceleration which increases the intensity
(~6m sfl) and constancy of the wind (k,, ~ 2.5). The
seasonal variability is also more pronounced with further
increase of intensity and constancy in winter. The regional
climate model improves the performance of the ERA-Interim
on both the Clean Air and Henry sites.

Figure 4 shows the interannual variability of the errors
in the South Pole, computed using concurrent 6-hourly



Evaluation of the antarctic surface wind climate

365

samples in the models and the observations. The NMAE is
rather uniform with some improvement observed since
2000 coinciding with an increase of the mean wind speed
and k,. Of course, the mean errors computed from the
historical yearly/seasonal time series are lower than those
from the 6-hourly time series since the climatological time
scales are well resolved by all the models.

The Ross Ice Shelf, represented by Schwerdtfeger in
Fig. 5, is characterized by rather low wind speeds and k,,
values of the order of 1.5 typical of a synoptically domi-
nated climate. The area is well known for its high cyclonic
activity, with marked seasonal differences in the intensity
of the wind. The wind climate in the ice-shelf area is well
captured by ERA-Interim with some underprediction of the
wind speed which is well corrected by RACMO2/ANT?2. It
is remarkable that, while RACMO2/ANT2 corrects the
underprediction of ERA-Interim, RACMO2/ANT]1 corrects
the overprediction of ERA-40. A large deviation of ERA-
40 can also be found in the period 1992—-1998 that is cor-
rected in ERA-Interim. The interannual variability of the
errors is quite uniform along the historical period with
almost no seasonal dependency.

The area in the vicinity of the Ross Island (Ferrell,
Pegasus North, Willie Field and Marble Point) presents a
more complex topography. Ferrell is situated on the ice
shelf to the East of the Ross Island and presents reasonably
good performance of the models. In the other hand Pegasus
North and Willie Field, next to McMurdo station show large
underpredictions due to unresolved katabatic speed up from
the glaciers flowing down the Tranantarctic Mountains to
the West. Marble Point along the coast presents more
sheltered conditions and better predictions from the models.
Regardless of terrain complexity, all the stations of this area
show good performance in predicting the Weibull shape
parameter indicating good ability of the models to capture
the dominant synoptic activity of the region.

Further North along the coast several stations are found in
the area of Terra Nova Bay (Adélie Land). A transect from
West to East finds Whitlock site on Franklin Island in the
Ross Sea, followed by Rita, Eneide and Sofia in the coast in
the bottom of Reeves Glacier, Lola in the escarpment area
and Modesta in the interior plateau. Whitlock presents a
similar wind climate observed around the Ross Sea Island
with k,, ~ 1.6 and reasonably good performance of the
models. In contrast, the coastal and escarpment areas present
much lower k, values of the order of 1-1.2 indicating
enhanced wind variability due to the complex topography of
the area. Further inland, in the interior plateau the Weibull k,,
increases to 2.5 in Modesta, due to increasingly more
important presence of katabatic winds. Katabatic winds flow
down the Priestley Glacier where Zoraida station is based
presenting a k,,, of 1.9. The models are not able to capture this
complex transition of wind climates and predict a more

important presence of katabatic winds, typically noticed by a
stronger seasonal dependency in the Weibull shape factor, as
shown in Fig. 6 for Lola site, in contrast with the flat
behavior of the synoptically dominated wind climate. Hence,
the strong seasonal dependency of Lola’s wind climate pre-
dicted by the models can be identified with the presence of a
synoptic summer and a katabatic winter.
Katabatic-dominated winds in plateau areas off the domes
are well captured by the models. Figure 7 shows the evolu-
tion of Relay Station wind climate, one of the sites with the
best models performance. The site is characterized by high
k,, throughout the year with a moderate seasonal dependency
that reaches a maximum of mean wind speed and k,, in
winter. The interannual variability is remarkably low.

3.2 Evaluation of reference years

Figures 8 and 9 show scatter plots of mean 10 m wind
speed and Weibull shape parameter from ERA-Interim
reanalysis and RACMO2/ANT?2 simulation compared with
observational values from 115 AWS stations using refer-
ence years (Table 5). Similar plots (not shown) and the
same conclusions would be obtained from ERA-40 and
RACMO2/ANT]1 simulation.

At first sight it is observed that the regional model reduce
the scatter in both the mean wind speed and the Weibull %,,,.
The sites with the largest bias in the ERA-Interim case still
show large bias in the RACMO2/ANT?2 results but some
improvement is observed. For example the BIAS in Cape
Denison and Port Martin is reduced by 3 m sfl; in Pat, Lola
and Sandra by 2 m s~ ' and in Sutton by 4 m s~'. The
improvement is also found in sheltered sites like Princess
Elizabeth, situated in the S¢r Rondane Mountains (Dronning
Maud Land), where the bias is reduced by almost 20 %.

The shape factor obtained from ERA-Interim reanalysis is
systematically overpredicted. This will reduce wind climate
variability and the probability of occurrence of extreme
winds. The RACMO2/ANT?2 mesoscale model decreases this
bias but still shows underpredictions in many stations, espe-
cially those in coastal areas characterized by complex terrain.

The evaluation statistics are classified in Table 2
according to the four terrain classes. The improvement of
ERA-Interim versus ERA-40 is quite significant with a
decrease of 14 % in the mean NBIAS, 7 % in the mean
NMAE and 8 % in the mean NRMSE. The main improve-
ment is found in the escarpment and coastal classes, where
the mean NBIAS is reduced by 24 and 15 %, the MAE is
reduced by 12 and 5 % and the NRMSE is reduced by 12
and 7 % respectively. In the plateau and ice-shelf classes,
the NMAE is reduced by 3 and 8 % and the NRMSE is
reduced by 2 and 10 % respectively.

The compensation of NBIAS among stations of the same
class can lead to misleading conclusions when interpreting
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Table 2 Overall performance of meteorological datasets

Mean NBIAS (%)

Mean NMAE (%)

Mean NRMSE (%)

Annual DJF JJA Annual DJF JJA Annual DIJF JJA
Total (115)
ERA 40 -21 =25 -21 47 50 46 60 64 57
ERA Interim -7 -9 -6 40 41 39 52 54 49
RACMO2/ANT1 —1 -2 -2 50 51 48 65 65 61
RACMO2/ANT?2 —11 —-17 —-10 47 49 46 62 64 60
Plateau (25)
ERA 40 3 -5 6 38 41 36 47 51 43
ERA Interim 10 6 11 35 36 33 45 46 40
RACMO2/ANTI1 12 6 14 43 42 42 54 53 51
RACMO2/ANT?2 4 —4 5 42 43 37 53 54 47
Escarp. (34)
ERA 40 —-34 -39 -30 44 48 43 53 58 51
ERA Interim -10 —-12 -9 32 34 32 41 43 39
RACMO2/ANTI1 —15 —15 —13 38 39 38 49 49 48
RACMO2/ANT?2 —15 -20 —16 39 41 39 50 52 48
Coast (36)
ERA 40 —34 -36 -36 57 57 55 76 76 73
ERA Interim —19 -23 —-17 52 51 50 69 69 65
RACMO2/ANT1 2 0 -3 64 63 59 83 82 76
RACMO2/ANT?2 -22 -30 —19 57 57 56 76 77 75
Ice-Shelf (20)
ERA 40 -1 2 —4 48 54 46 62 69 58
ERA Interim -2 0 -2 40 43 39 52 56 51
RACMO2/ANTI1 2 8 —1 57 63 53 73 81 68
RACMO2/ANT?2 —4 -6 -2 52 55 53 70 74 70

the mean NBIAS. This is clearly noticed in the surprisingly
good mean NBIAS of RACMO2/ANT1 in the coastal class
where complex terrain leads to large individual biases of
different sign. Hence, the overall quality of the models is
better assessed by looking at the NMAE or NRMSE. In
these terms the regional model cannot improve the
reanalysis results. The reanalysis, being a data assimilation
system, is forced to follow the observations producing time
series that are logically more correlated than the regional
model that is not constrained by any observational data. An
improvement of 3 % is observed from RACMO2/ANT1 to
RACMO2/ANT?2 in the NMAE and NRMSE.

The performance is better in plateau and escarpment
classes than in coastal and ice-shelf clasess, and better in
winter than in summer. Hence better performance is cor-
related with larger share of katabatic wind climate condi-
tions indicating that the models tend to produce better
results when the wind climate variability is lower (higher
Weibull shape factor).

The spatial distribution of NMAE and NRPS from
ERA-Interim and RACMO2/ANT2 datasets is shown in
Figs. 10,11,12,13. The sites with the largest NMAE are
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situated in escarpment and coastal areas were strong katabatic
drainage takes place like in Terra Nova Bay and Adélie Coast.
The important change in NMAE in these areas is attributed to
the limitation of ERA-Interim at resolving katabatic conflu-
ence zones due to its coarse resolution. This was already noted
by Parish and Wendler (1991) in early studies in Adélie Land.

In the high Antarctic Plateau the models perform well in
areas dominated by katabatic winds. In the other hand,
calm areas in the domes, where katabatic drainage begins,
present large errors.

Synoptic-dominated wind climates in coastal areas and
in the Antarctic Peninsula present larger NMMAE than kata-
batic-dominated winds in the interior of the continent due to
a higher wind variability and a more complex topography.

The maps of NRPS show good performance on the ice
shelves and some stations on the Antarctic plateaus where
the terrain is smooth. Again, the worst performance is
found in katabatic confluence areas and in the domes.
Interestingly the NRPS is generally improved by RAC-
MO2/ANT?2. This is attributed to the higher spatial reso-
lution of the model which reduces the bias (Fig. 8) and the
overprediction of the Weibull shape parameter (Fig. 9).
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Evaluation of the antarctic surface wind climate

oL 8| ez 92| ez 92| ee- 9z vve e v €| ez el e 92| cz- 9z 95t e6¥| v S| ez 92| 2z 9z| ez- 92| 98'L V'L ¥L| 90¥00-.8uer 3 epreioz| gL
x x x x x x x x x x| e et ¥ e v¥ gl vb- Le-| 6L 9€| € 9| 82 eg| Lz eg|lz- ee-| gL LY 2L zorew-geuer 0 pleid allm| €Lk
x x x x x x x x x x| L ¢l sz eg| 9z eg| 92— <cz-| vzL 8v| L 2| 9L €2 v 6L{0L- 6L-| 6SL 0 LL| souer—pguer o) MOomum| gkt
€8 zeslokL €9| 60+ 29| 60L 29| 92+ 88| 2e S| S9 ge| €9 el €9 z2g| Lzh Le| ce Sk s6 eS| v6 eS| v6 eS| veL 9¢€ €| 20nON-Lguer o) eyos|( 90t
oL 2| 8L 82| st szg| st sz-| et 8s| g i b 8 vL 9 s S sL ge|l 2 e vL 92 € sg| 2 Se-| Ll v 21| 90nON-06220 o) BINIS| LOL
L ¥ 0L 9 8 ¥ S ¥iL-| 26k 6 0 k| 9L 2k €k ok ob— 6| eLt 8¢l 0 L 6 SH L v 9= vi-| L2+ ¥S SL| LOreN-gguer SI| seBeppiemyos| 00L
L1 sl 8L 92| v ve| v ve-| et o] € ¢ €2 vp| o2 ev| oz- ev-| czL el € S| 8 eg| L s 9 se| vL'L 8% €L| 900-geuEr o) end| .6
S v vv oy el v 2e-| 8L o€l LL 02| 09 Zv| 65 9v| 65— 9ov-| 9L €v| L. 6| 6V €| 6y cv|e6v— cv-| LEL 8 €L| L0reN-OBuEr O| uuoN snsebed| 16
oc €I €5 62| 25 92| 25 9¢[ 0z ez 1t 2| 6L 8 St S st g 60 Oo¥| L1 ¥ v 92| €v Se| e€v s2| 86'L v LL| zoren-geuer d 00IN| 88
x x x x x x x x x x 2z 1| L 9| 6 g6 S 6| €ze S| ¢ ¥e| 6L v b e si- el eve g€ v 9000-68uEr 3 elsopop| /8
e v| L& 9| 9¢ ge[9e- ge-| Loe ¥S| ¢ €| 62 02| 92 6L 92— 61-| 89'L e€l S G| g€ €| L& 1e|le- le-| 291 99 LL| LOreN-vguer Sl uAien| 18
€L 9| or ov| 9¢ z2€| 9¢ el vrL 9G] € .| 8¢ 62| se 9g| se- wve-| 2L ov| € | oz e SL e 2L oL 2§+ O L[ Lorew-vguer o  wiod eiaren| 62
0z Gk st er| 2zt o st sl et vzl s 1| 8L o2l e S k- si-| 6zt e¥ s ¥ 2 9 b ¥ oL L] 9Lt ¥S ¥L| 90¥0-06UEr 3 eloq| &/
x x x x x x x x x x] ox xf ox x x x x x x x| 2 | €2 9 2 v 2 v 65t 8¥ ¥L| Louer-oguer Sl nepe| 2L
x x x x x x x x x xl o of tL ozl 6 | 2 | esr ey 0 2 8 1| L el L el L 9v LL| 20reN-58100 SI[ useojussied| 69
9L €2g| 8L 02| ¥+ 6L L= oL 80¢ ¥z + M| or e€2g| 8 g L 12| see v¥| + 2| oL ozl 6 8 s s8I s¥z 69 v Lorew-geuer d faueH| ¥
8 6| ob ¥v| 8¢ ev| 8 ey w1 6 L of 2t | 6 9 9 g 6L ev| L €| 8L 2| 9L +ve| 91 el 191 €v ¥L| LOreN-Gguer Sl ol 1s
€ L 6 8 L L S L= w1 99 0 M| 9L 22| S+ 12| - 12| 65+ LS| 0 2| kb 22| 8 02| 8 oOzc-| Lt €9 9l| Losen-vguer Sl lIlered| 8y
8 v| gL ee| LL lg| s le-| 960 89| v | W 25| 8¢ S| se- SS-| vL'L 6v| ¥ 6| LL €b| S ep|SL- ev-| 20k 19 GL| 90¥0-L8uer o) epleus| G
oLk ke og| sk oz w= 9k WL w2 g 26 8| oe 9| og- ek ov'L el 2 | eg £ 2 9|lee- 2| Wl S LH| 2oren-gguer Sl auel3| e¥
oz el oc ov| ez ee| ez egl 9tz vol v 1| 9L ogl vL 62| vL 62| €t Lel v 8| ve 9g| €z ge| €2 se| 80C G 91| souer-gguer d Iy ues|p| ze
S 1| e 82 22 se| 6L 8| 9L 29| o | e Sg| 92 6L L= | WL Lv|] O | Se 82| 9k €2 € 6| 9L €9 €| Losew-gguer o puesiiepng| ge
9z ¢z| s8 €9 v8 19| v8 19| o0t L¥| et € 8L | SL SI g2 L= eo'L g2l 2 L 1S ve| ey €€| 6 ¢€g| 201 2Ce /1| 90AON-Zguer o) eipuessely| 02
s ) m s ) m s ) m jss) m Myn [« jss) m s) m jss) m s ) m Mv,n [« o m jss) m s ) m jos) m Myn [«
g 23 B & B B 2 |8 2|8 2|/ 8 2| & = 5182828 =8 2 %\ 0409 < ny
N - N - N - N - W N - N - N - N - w N - N - N - N - W o UO_‘_mn_ wwm_o QEGZ #
[00+X] =| looin = looix = SIEOA
SdUN|[%] SWHN| [%] IVIAN|  [%] SYIaN 'Sd0 SdUN|[%] SWEN| [%] avAN| [%] svian 'sq0 SdUN|[%] SWYN| [%] IVIAN| [%] Svian 'Sd0

(vrr) Jouim (4rq) Jowwng lenuuy

S$o1sne)s wid) MGOA ¥ d1qe L

9IS SAAV Yord I0J s)nsax uonenjeay g xipuaddy

'S pUE § S9[qR], 998

pringer

A



J. Sanz Rodrigo et al.

I S € 0F 9€ ge 19 19 PASIE 14 €€ 144 0og 9€ L2 6e| ¢l—- Lg- <ce-  9g- Ve 0 ve 901 S0- S0 6 16| 20g94—-L0sBiN d Aueq| €5
4 X X X Ll X 9g X 68 X 1S X 19 X ov X 92 X gl X 1’8 L gl 1’9 c0o- 20 'S 26| 906ny-godas S| KolleH| 2s
X I 4 0c X 6 69 6€ X 8. 6t 26 X 19 8¢ 8L X 9 /LI 69 [ 0 g 'S 20— 2o 9Y 26| 88100—L8NON Sl 3]
0 0 0 0 3 9€ €L 29 Ve 39 0c ge le G 9l 0c 0 v S €= v 0 6¢ 8L €0~ €0 0L 0| oeAen-egunp d LWw3H| 09
4 X X X 0e X 1514 X 8L X 1L X i) X 89 x| €c- X 6l X L'8 [T Sy c0- €0 tA4 €6| L0'eN-90idy o} Hnig lissod| 6%
X 3 3 I X cl 89 9g X L. t14 Ly X VS e 9€ X vi= vi- 6- 'S L St 89 €0- €0 1’9 56| 8shen—zgune Sl [[ERECE | -1 4
6 14 9 € 0g 9€ LL 69 8y ¢S e 89 or 144 62 €G| ve- <ob— Le- €5 L'e 0 ZLg¢ 'Sl L0~ L0 g€l 66| L0%8d-|ouer 3 CIEE | i 4
3 X X X 9 X 0c X €8 X 0L X 99 X 61 L X gl- X cclh L gl LY c0o- 20 (24 €6| g0%8d-gouer S| ou3| 9
€ L 6 L ol 8 Sl 61 16 16 €0l €01 cL LL 0L 69| 81— v v Ly— aHE L 0 9 €0- €0 €9 S6| LoAepn-oounpe o} aplu3| Gy
0 X X X St X 69 X cL X 8¢ X i) X 0e X 0 X L X L2 o 9 19 €0~ €0 g's 86| 90AON-G0%8Q Sl 124
4 0 I 4 or e VL 19 14 14 8¢ e Ge Ve I 9¢| 61— € 0I- L= Sy I 1'e €L €0- €0 7’9 00L| 20:/BN-10Mdy d e
€ 4 3 € 8 14 0S pAS 08 L. €9 €9 1S €9 34 9| ve- <cl- - €2 'S [ S'G c0- €0 0s 96| 0ounr-66INr Sl aule|3| ey
0 0 0 c ce 1€ 89 29 8¢  6¢ ge ce 62 1€ 0c e v- S L~ 8- (VA4 L 9%¢ 2ol v0- S0 1'6 66| 00NON-6622a d bnoa| v
L 6 8l 8 8 14 Ly 9€ 66 16 18 €L 18 VL €L 69 29 Sy 99 124 8'8 VA v'e Lo— 1’0 0e 96| 96990-96uEr d ing swoaq| ov
X 9l ck 9 X 9l 99 <14 X 06 S9 19 X 9L i) 1S X 85 ¢S Ge 'S [TV 8¢ 20— 2o v'e 96| 68/eN-88!1dyY d I1D8woqa| 6¢€
X 6 I 0l X el S9 pAS X =72 84 89 X pAs) €€ €9 X p= G- er— 8’ o 9 08 €0 90 WA €6| /81e|N-981dy o} ‘S| uewsjjoq| 8¢
9 0 4 cl Ge ac 8 14 pAs) 89 pA4 €9 (514 14 pAS 6v| le- ¢ le- 4 oe 0o 8 7’6 70— 80 €8 00L| 2oAe—Lounp o} puejs] jewr Ay
0 I 3 I 69 cs 89 19 8y cs (U4 144 9€ 6€ 1€ Ve 8- €l 9 6— €€ o g 8'8 v'0- 0 6L €9 Lrounr=ooine 3 s§saj 9¢
X I 3 I X 6€ 0L €9 X 9g e 0og X 62 0c e X 8 OF 6 14 0 ve 4] 0- 0 €L G6| 98AON-G892Q d 08-a| S€
X 0 3 ol X 914 VL 9 X 8¢ 8L 8¢ X 34 Sl e X 9 L- £~ L'y L g€ Let 90— L0 8Ll 96| /8o8Q-/8uer 3 Lv-a| ve
I € 0 14 9€ 9€ SS 2s 1514 si4 Ve ot Ve pA 9 €e el 4 S ve- L'e 0 ¢€¢ ol ¥'0- 90 26 €6| 061°0—68NON o} oL-a| e€¢
S 8 8 6 [44 L 144 8¢ 09 29 99 99 8 1S 8 9s 8¢ €¢ /g 84 G/ L 0¢ 0's 20— 2o vy 00L| eeunp=ieinr d Ay ues|g| zg¢
I X X X ol X S9 X 9 X pAS X 8 X 8¢ X b= X 0l X v'e 0o 8l 7’9 €0~ €0 'S 00L| 90idy-S0AeN Sl ufjoied| g
6 4 4 8 9 14 6 L 96 98 19 8 29 659 144 VS| v | SVA S ov— €01 [ 'S c0- 20 L'y LL| ookepn—eeunr O| 4teouadgaded| o€
€e ¥4 8¢ 1€ o Ly 614 8¢ 99 9 08 SL 1S S L. g9 85— €S- 0L~  ¥9- 6'S 1 €¢ (A4 cl- €1l L've 98| 2oidy-Lohen 0| uosiusgaded| 62
L 0 X X S 9 Sl X 26 68 28 X 69 09 S X| 8- G- ¥- X 8Ll L vl 1's co- €0 9Y 00| €0des—20R0 o] paigaded| gz
0 b ez ez S S S¢ L S8 /8 99 ¥/ 6§ 19 8y ss| e oL 6Lk- LI VL L9l 9V 20~ 20 84 g8| 0eidv-68heN O| swepyadey| /g
I I 3 I 14 34 VL 69 8 4] €€ 84 PAS oy G € 9 6 9 6— g'e o 9 '8 ¥'0- 7’0 G/ /6| 86094-L618N d pihg| 9z
0 0 4 14 0c 0c 19 pAS 9L =72 8 G9 9G i) pAS 6t €= S 0c- le- 8y [ 8'9 €0 7’0 1’9 S6| 96.eN-G6.dY o} puejs] Jlapng| Se¢
I 0 € €l 0g 62 0L 9s o o 1€ 0S Ie 1€ G vr| €l- G- 0c- = 8’ 0 ¥e 90} S0 g0 7’6 00L| 961dy-G6ABIN d euueng| ¢
4 ok cl 4 8t Sk Ve 8c cL G6 26 29 IS LL VL eS| 91— 8y €S Ll 8'8 [ 1's c0- S0 9Y 56| s6idy-zehen 0| "udeuedeuog| €z
9 S € 1€ S 14 8¢ 9 1ZA 28 pAe) 96 19 19 144 V.| 1e- €~ <o cL- L'y L9l cL €0~ €0 9 00}| 26AON-L698Q o] sllpAy| 22
€ ck 6 €l e VA 19 g9 9% 69 09 99 24 g 144 6y| O0c- €y— 66~ Sh— oS L9t €6 v0- 0 €8 96| 0O0uer-e66ded S| €9 Aiswy| |2
X 9/ L St X L €l €e X 9¥¢ vEl €el X $02 €6 86 X 08+ 8¢ 99 9Lt I L 6L 10— 1’0 6’ /9| s8kepn-zgunp o} eipuesss|y| 02
I I I 14 %4 e 6L 99 19 19 Ge 1S 514 144 12 or| L= 2Sl— €I- (05 6'S L9l 28 ¥'0- 7’0 V. 86| 26d94-L6IeN 3 aus oby| 6L
I € 4 I 6l 3 99 9 09 9S t14 6€ 14 1514 4 6c 6 L1 61 ol c6 [TV 'S 20— 2o 8y S6|  LOINP-00BNY d 6SMV| 8l
0 0 0 I e 6¢ 65 S 1514 144 62 e (4 €€ cc 9 8- L € el- Ly L €¢ 0L €0- €0 29 26| 86990—86UEl d 8SMV| LI
9 14 9 14 ch 8¢ Ly pAS] 68 L 1L 19 VL 19 19 99 9- 61— 0 9= 68 L 0t 29 €0~ €0 €9 00}| 10O-00/AON 3 LSMV| 9L
€ 6 0 9 e 14 0L 89 6y 99 8¢ 94 9€ t14 t44 gg| le- Le- €~ ce- 06 I L'e S8 '0- 0 S, 00L| L0Bny—0odes 3 9SMV| SL
€ el 8 14 0g 0g 6L 69 i) 0L ce 1514 84 i) G ve| 2¢c- 8v— viI- le- 9'8 L 8t 28 ¥'0- 0 cL 00L| LOBny—00des 3 SSMV| v
0 € I 0 pAS 0g 8L VL 19 =72 84 84 8t s €€ 83 ¢ G- vl I 8'9 [ 09 €0- €0 g's 86| L0Bny-0odes o} YSMV| €1
0 I 0 I 12 0c 0s 144 t14 8 (43 pAS €€ 8¢ G 62 G- oL € L 8'g 0 ¥e¢ 9'G 20— 2o 0'g 0€| 86uer-/6age4 d €SMV| ¢
S L 0 L €c %4 34 o pAs) S9 14 6S (514 6v Ve vy| 82— <Sh— 8- - 'S L 6t c8 70— 0 cL 86| 666ny-gedes 3 CSMV| LI
0 L I S e cs 1S S v 99 14 cs A oy Ve 9€ 6- Ge- L 8¢~ (x4 L8l €L €0~ €0 14°) ¥6| 666ny-gedes 3 ISMV| 01
0 14 X X Ly 144 VL X 8¢ 144 8¢ X 62 e 0g X G- €¢- G- X vl 0 L'e 6 v'0- 0 1'8 88| €06ny-godes S| LONY 6
4 € 14 € ¥4 yxd gs 924 Sy av 9€ or| 9¢ e 8¢ 1€ L L1 12 02 g 0 g¢ 1’6 70— S0 1’8 vs| sehen—zeunr 3 9-09V 8
4 € 4 4 02 €c gs €S 9 144 Ve PAS pA Ge 12 6¢ 8l 6L LI 81 9¢ 0 9¢ 'S 20— 2o 6% Y¥| L6094-96/BIN d S-0Dv L
0 I I I %4 e 99 19 1€ 0e 0c ac e € Sl L - 8 /L= L= 1504 L 0¥ L. €0 €0 0L 66| $66ny-vy6des d v-0ov 9
S S 14 S or 6€ 19 9 oe 6c G 8¢ g e 4 ve| le- 02— 8- €e- 144 A4 L0k S0 g0 8'6 €8| 96990-96uer d €-0Dv S
0 4 3 0 143 VA €9 1S oy 8¢ ge oe 0g 0og 61 €e S v 6 0 S I 1'e (4] '0- 0 9L 86| s6hen—zeune 3 2¢-09V 14
€ 4 € 4 e 14 8L 19 [4 62 34 €e 92 €e 8L 6L 8L— ¥I- 91— vi- 0c 0 8¢ FLE §0- S0 Lot 06| L6¥0—96/ON d -0V €
3 0 0 14 0g €e €9 0S €€ 62 I €e yxd €2 9L 82 €l- 9 Vv- e Lec 0 €€ gcl S0- 90 cLL /6| Lounr=ooInr 3 g-820v [4
X € € 13 X 13 €2 L) X [0l 8€ 67 X 1€ 0€ 04 X 8- 61— GE— 6'C 0 1'E Lyl 90— L0 [21% /6| 88Aen—z8une El V-820V L
ZO0VH LOVH IvH3 ObvH3| 2OvH 1OVH Ivd3 ObvH3| 2Ovd LOVH IvH3 OvvH3| 2OvH 1OVH IvH3 Ovvd3| 2OVH LOVH IvH3 OpvHa|[%] 1e1sSM  S6SM 5 [spwlv [s/w]l-nv [sw], v [s/w]®n [I'Av| powed Auesy |ssein swen &
[00LX] SdHN [9%] .4 [%] 3sNEN [%] 3VINN [%] svian suonelssqo

374

SIEOA Q0UQIRJAI PAXIW SUISn 9)IS SMVY YOro JOJ S}NSaI uonenfeAy § dqel

pringer

A's



375

Evaluation of the antarctic surface wind climate
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