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Summary

Accurate and rapid determination of near-surface wind fields
in a complex area (orography, inhomogeneous surface
properties) is a challenge for applications like the evalua-
tion of wind energy production, the prediction of pollution
transport and hazardous conditions for aeronautics and ship
navigation, or the estimation of damage to farm plantations,
among others. This paper presents a statistical downscaling
approach based on generalized additive models that pro-
vides accurate, rapid and relatively transparent simulations
of local-scale near-surface wind field based on a method
calibrated on both large-scale upper air and surface atmo-
spheric fields. Our statistical method is used to downscale
near-surface wind components to weather surface stations
in southern France from ERA-40 reanalyses between 1991
and 2001. The region of interest is characterized by the
presence of major mountain ranges which play a major role
in redirecting large-scale circulations making difficult the
prediction of local wind. This study compares the perfor-
mance of our statistical approach with different sets of
explanatory variables, to explain the near-surface wind field
variability. The performances are interpreted by evaluating
the contribution of the explanatory variables in the equa-
tions of motion. This approach generates accurate depic-
tions of the local surface wind field, and allows to go one

step further in statistical wind speed downscaling. Indeed,
it is adapted to explain wind components and not only wind
speed and energy in contrast to past studies and it is suited
for complex terrain and robust to time averaging in this
region.

1. Introduction

Trends in near-surface wind speeds are ack-
nowledged as having particular importance for
climate impacts on society (e.g., insurance in-
dustry, coastal erosion, forest and infrastructure
damage, storm surges, air–sea exchange). They
also have relevance for applications such as pol-
lutant diffusion evaluation, wind energy resource
estimation and construction issues. Moreover,
surface wind speeds exhibit variability at much
smaller spatial scales than that resolved by gen-
eral circulation models (GCM). Hence there is a
need to develop tools for downscaling GCM pro-
jections to generate finer scale projections of
near-surface wind climatologies. Downscaling
is the process of deriving regional climate infor-
mation based on large-scale climate conditions.
Both dynamical and statistical downscaling
methods have been used extensively in the last
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decade to produce regional climate (see Wilby
and Wigley 1997 for a review). Statistical down-
scaling is a computationally inexpensive method
for obtaining high-resolution climate from GCMs
by deriving statistical relationships between ob-
served small-scale (often station level) variables
and larger (GCM) scale variables, using either
circulation typing (or weather regimes) or regres-
sion analysis (Wilby and Wigley 1997; Wilby
et al. 1998). Statistical downscaling of wind is
generally restricted to wind speed and energy
(for wind energy application) (e.g., De Rooy
and Kok 2004; Guti�eerrez et al. 2004; Pryor et al.
2005) and is not designed to produce wind com-
ponents. Dynamical downscaling consists in driv-

ing a regional climate model (RCM) by a GCM

over an area of interest since decreasing grid
spacing in meso-scale models generally im-
proves the realism of the results (Mass et al.
2002). It is computationally more expensive but
it is suited to complex terrain environment and
gives access to the gridded fine-scale wind vec-
tor field (Zagar et al. 2006; Frech et al. 2007;
Gustafson and Leung 2007).

This paper presents a statistical downscaling
approach based on generalized additive models
(GAM) that provides accurate, rapid and relative-
ly transparent simulations of local-scale near-
surface wind components based on a method
calibrated on both large-scale upper air and sur-

Fig. 1. Map of southern France with the topography shaded in grey when higher than 500 m above sea level. 200 m
height isocontour as well as the coastline are shown with solid and thick solid lines, respectively. The large black dots
indicate the locations of the operational meteorological surface stations operated by M�eet�eeo-France. The small subpanel
at the upper right corner indicates with a rectangle the region of France shown in the main panel
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face atmospheric fields. Our statistical method is
used to downscale near-surface wind components
to weather surface stations in southern France in
the north western Mediterranean basin. While the
Mediterranean climate system is relatively isolat-
ed during summer with very local breeze-like
wind system (e.g., Drobinski et al. 2006, 2007),
teleconnexions, i.e. long-range interactions, are
more important during other periods relating
more tightly large-scale circulation to local sur-
face wind (e.g., D€uunkeloh and Jacobeit 2003). In
particular, the southern France region features a
complex coast shape, high orography (the Alps,
the Massif Central and the Pyr�een�eees culminating
at 4807 m, 1885 m and 3298 m, respectively; see
Fig. 1) which play a crucial role in steering the
large-scale air flow so that energetic meso-scale
features are present in the atmospheric circula-
tion which can evolve to high-impact weather
systems during fall and winter such as wind
storms over very urbanized littorals. The ability
to model such dramatic events remains weak be-
cause of the contribution of very fine-scale pro-
cesses and their non-linear interactions with the
larger scale processes. Offshore wind storms
like the Mistral and its companion wind, the
Tramontane are frequent (5 to 15 days per month)
and develop along the Rhôone and Aude valleys
(Fig. 1) (e.g., Drobinski et al. 2005; Gu�eenard
et al. 2005, 2006; Salameh et al. 2007). These
wind storms can cause severe damage to farm
plantations, hazardous conditions for aeronautics
and ship. Onshore winds are also frequent during
fall season causing frequent intense precipita-
tions and flash-flooding in the C�eevennes region
(e.g., Ducrocq et al. 2002).

Considering the connexion between large-
scale patterns and the Mediterranean circulation
during the fall-winter seasons, the aims of the
present study are thus (1) to identify between
November and March, possible winter relation-
ships between dominant fine-scale patterns of
near-surface winds and large-scale weather reg-
imes characterizing the typical large-scale atmo-
spheric circulation in the northern and meridional
European area and (2) to model the distribution
of near surface wind components over complex
terrain in southern France, using a statistical ap-
proach. Our statistical approach is based on the
physical explanation of the wind circulations and
of the choice of large scale explanatory variables.

Following this introduction in Sect. 1, possible
links between weather regimes and near surface
wind fields are investigated in Sect. 2. Section 3
details the statistical method used to downscale
the two components of the wind at different
weather stations in southern France, and the re-
sults are discussed. In Sect. 4, we conclude and
suggest some future works.

2. Relationships between weather regimes
and near surface wind fields

In order to downscale wind, we check the link
between persistent large scale circulations over
the North-Atlantic region and local near surface
circulations. Indeed, it has been shown in the
literature a strong connexion between the region-
al Mediterranean circulation and the so-called
North Atlantic weather regimes which are persis-
tent large-scale atmospheric flow regimes (e.g.,
Plaut and Simonnet 2001; Simonnet and Plaut
2001; D€uunkeloh and Jacobeit 2003). The con-
cept of weather regimes has been developed for
obtaining high-resolution climate from GCMs
by deriving statistical relationships between ob-
served small-scale variables and larger (GCM)
scale variables (e.g., Plaut and Simonnet 2001;
Casola and Wallace 2007). The derivation of
weather regimes requires clustering techniques
consisting in either defining states of the atmo-
sphere with the highest probability of occurrence
(e.g., Mo and Ghil 1988; Molteni et al. 1990; Smith
et al. 1998), or in searching for patterns associated
with geopotential anomalies, that persist more than
a given number of days (Mo and Ghil 1988), or that
are quasi stationary (Michelangeli et al. 1995).
Here, the North-Atlantic weather regimes are esti-
mated by classifying daily geopotential height
anomalies at 500 hPa (Z500) from ERA40 re-
analyses (horizontal resolution 1.125�) for fall
and winter data (November through March),
from 1991 to 2001, over the domain ranging be-
tween �60�=30� E and 30�=70� N (Vautard
1990). Before applying our clustering algorithm,
we perform an empirical orthogonal function
(EOF) analysis in order to reduce the number of
spatial variables (projection on the first 10 eigen-
vectors explaining 85% of the variability). We
apply the k-means algorithm to the correspond-
ing principal components (Michelangeli et al.
1995).

Statistical downscaling of near-surface wind over complex terrain in southern France



We emphasize that our goal is not to explore
new clustering methods or circulation structures
but rather to base our study on well-established
weather regimes. The clustering step is here lim-
ited to the classical Z500 variable over the North
Atlantic region. Other variables like Z700 (geo-
potential height anomalies at 700 hPa) or mean
sea level pressure, have not been retained for
this study. Indeed, Z500 is a classical variable
used for determining North Atlantic recurrent
weather regimes influencing Western Europe and
Mediterranean climates (e.g., Cheng and Wallace
1991; Michelangeli et al. 1995; Plaut and
Simonet 2001). Moreover, Vrac et al. (2007a)
and Simonnet and Plaut (2001) showed that
weather regimes obtained from mean sea level

pressure and Z700 display patterns similar to
those obtained from Z500. They also remarked
that surface pressure data present too much vari-
ability to be correctly captured by a small num-
ber of regimes. From our clustering algorithm,
we obtain the classical four North Atlantic circula-
tion regimes (e.g., Vautard 1990; Michelangeli
et al. 1995; Plaut and Simonet 2001; Yiou and
Nogaj 2004) shown in Fig. 2: the ‘‘Atlantic Ridge’’
(AR) with a north-westerly flux over France and
a depression over Greenland, the Scandinavian
‘‘Blocking’’ (BL) with a northerly flux over cen-
tral and southern France and a depression on
the east of Greenland and the two phases of the
North Atlantic Oscillation NAOþ and NAO�
corresponding respectively to a north-westerly to

 

Fig. 2. Weather regimes (full lines) represented by the mean geopotential heights at 500 hPa, taken from ERA-40
re-analyses from 1991 to 2001. The weather regimes found are: (a) the Atlantic Ridge (AR), (b) the Blocking (BL),
(c) the NAOþ , and (d) the NAO� . Dotted lines represent the mean sea level pressure corresponding to each regime
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Fig. 3. Frequency of occurrence [%] of wind speed versus wind direction as a function of the weather regime at Lyon
(left column) and Toulon (right column). Panels (a) and (b, c) and (d, e) and (f) and (g and h) correspond to weather
regimes AR, BL, NAOþ and NAO� , respectively. The darker the colors, the higher the occurrence
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westerly flux over France and a westerly to north-
westerly flux over France.

At fine scale, the 10 m wind data available
from the M�eet�eeo-France surface stations for the
last three decades are used to derive the fine-
scale patterns of near-surface winds. Figure 1
displays the locations of the meteorological sur-
face stations in southern France. Figure 3 shows
the frequency of occurrence of wind speeds ver-
sus wind directions corresponding to each weath-
er regime, at the stations of Lyon and Toulon,
located at the Rhôone valley entrance and exit,
respectively. For Lyon, it shows a large occur-
rence of strong north-westerly winds for regimes
1 (AR) and 2 (BL) (maximum around 10 m s�1

and a mean around 4.4 m s�1), and strong south-
westerly winds for regimes 3 (NAOþ) and 4
(NAO�) (maximum around 12 m s�1 and a mean
around 5.5 m s�1). For all regimes we however
have bimodal distributions with the strong winds
peaking around the south (between 160� and
230�) and north (between 310� and 40�) direc-
tions. This allows to concluding that local cir-
culations do not derive univocally from large-
scale weather regimes (and conversely).
Indeed, local circulations are mainly controlled
by the orography (Drobinski et al. 2003) since
the main wind directions are north and south
which correspond to the valley axis direction
in the area of Lyon. The occurrences of norther-
ly and southerly winds represent 87% of the to-
tal wind observations at Lyon. Similar bimodal
distributions are found at all the meteorological
surface stations (e.g., wind data at Toulon in
Fig. 3, right panels). The classical North-
Atlantic weather regimes are thus not relevant
for surface wind downscaling.

3. Statistical downscaling of near-surface
winds using a generalized additive model

Our goal is thus to develop a statistical model
capable of explaining the values of the surface
wind components (u, v) called explained vari-
ables – i.e. values to be explained – provided
by M�eet�eeo-France. The explanatory variables Xj –
i.e. the variables used to explain u and v – are
variables from ERA-40 re-analyses. The statisti-
cal approach retained is a Generalized Additive
Model (GAM) that models the explained vari-
ables u and v as a sum of spline functions applied

to different explanatory variables Xj (Hastie and
Tibshirani 1990):

ui ¼
Xp

j¼1

f ui;jðXjÞ þ "ui ; ð1aÞ

vi ¼
Xp

j¼1

f vi;jðXjÞ þ "vi ; ð1bÞ

where i corresponds to the station indice, j indi-
cates an explanatory variable, p is the number of
explanatory variables, ui and vi are the wind com-
ponents at station i, f ui;j and f vi;j are the spline func-
tions "ui and "vi are the errors for ui and vi,
respectively. This model is applied to each sta-
tion separately and corresponds to a nonlinear reg-
ression between large and small scale. Splines are
piecewise parametrical or non-parametrical func-
tions. That means that for each piece, a function
(of a given form) is fitted. For example, if the
chosen form is a second order polynomial func-
tion and the number of pieces (or intervals) se-
lected is three, the associated spline function
corresponds to three second-order polynomial
functions. Consequently, in the present context,
the regressions in Eq. (1) are non-linear. In this
work, the chosen splines are piecewise third or-
der polynomial functions (Hastie and Tibshirani
1990). Conditionally on the distribution family
of the predictands u and v, the statistical theory
imposes some constraints on the distribution fam-
ily of the model errors "ui and "vi (see Hastie and
Tibshirani 1990). In this study, u and v are as-
sumed to be Gaussian so this implies that "ui
and "vi have a zero-mean normal distribution.

We first apply this model to the explanatory
variables used to downscale wind speed similar
to those used in Pryor et al. (2005), namely the
surface pressure gradients along the Rhôone valley
axis, between Lyon and Toulon (see Kossmann
and Sturman 2002) and along the French Riviera
between Nice and Toulon, and the relative vor-
ticity at 500 hPa. This set of large-scale explana-
tory variables is referred to as set (A). Note that
because we apply the GAM model on raw six-
hourly wind measurements, we do not use the
variance of the 500 hPa relative vorticity as done
in Pryor et al. (2005). The best explanation of ui
and vi consists in determining the best combina-
tion of large scale explanatory variables. Table 1
shows the wind component variance explained
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by GAM. The explained wind components are
six-hourly (first row), daily and weekly averaged
(second and third rows, respectively). The analy-
sis of different time frames aims at evaluating
the sensitivity of the statistical regression coeffi-
cients to time averaging, or in other words, at
checking whether one single statistical regression
can be used when predicting instantaneous sur-
face wind, daily, weekly or monthly averaged
wind components. Only six-hourly data, daily
and weekly averaged data are shown and dis-
cussed in the paper.

One can first notice that generally only one
component is accurately modeled, while the
explained variance is much lower for the other
component. This is due to the fact that in this
region, the wind blows along the flanks of the
mountains and along the valley axes (Aude,
Rhôone, Durance valleys). The wind component

perpendicular to the valley and mountain side-
walls is generally much weaker than the along-
valley wind component, so the unexplained vari-
ance is due to small scale turbulence or to very
localized source of perturbation, which is not
explained by large-scale variables. So for the
three weather stations located in the Rhôone valley
(Lyon, Nimes, and Orange), the meridional wind
component (v) is more accurately explained than
the zonal wind component (u). Indeed, for these
three stations, the explained variance for the six-
hourly wind ranges between 67.2% (Nimes) and
83.1% (Lyon) for the v-component and 19.3%
(Lyon) and 51.8% (Orange) for the u-component
(similar values are found for the other weather
stations in the Rhôone valley displayed in Fig. 1,
not shown). Since the Rhôone valley is much
narrower at Lyon (about 80 km width) than at
Orange (about 120 km width) or Nimes (about

Table 1. Explained variance of near surface wind components by the GAM with respect to the measurements collected at
different M�eet�eeo-France weather stations for three sets of large-scale explanatory variables from ERA-40 reanalysis: set (A)
includes surface pressure gradient and 500 hPa relative vorticity (similar to Pryor et al. 2005); set (B) includes near-surface
pressure gradient, low-level winds at 925 and 850 hPa and geostrophic wind at 700 hPa; set (C) is the optimized set of
explanatory variables (i.e. giving the largest explained variance). It includes set (B) and relative vorticity and geopotential at
low levels. For each weather station (left column), the first, second and third raws correspond to results for raw six-hourly
data, daily and weekly averaged data

Explained Sets of large-scale explanatory variables
variance (%)

Set (A) Set (B) Set (C)

u t u t u t

Cannes 58.12 27.82 60.12 36.33 61.54 38.34
73.72 34.52 76.62 47.23 77.72 49.29
75.81 45.41 84.12 52.71 89.72 58.09

Lyon 19.29 83.10 25.93 85.25 28.78 85.89
30.85 88.16 39.32 90.54 46.13 91.37
25.55 88.22 52.00 90.69 66.17 90.68

Nice 19.15 12.51 22.41 21.79 24.13 24.38
35.51 18.57 40.24 28.91 43.42 34.61
34.38 21.86 57.74 38.79 65.46 55.86

Nimes 42.24 67.20 53.02 70.84 55.26 71.46
57.65 77.88 69.31 82.59 71.40 83.33
64.68 86.20 77.79 88.92 86.07 90.60

Orange 51.82 78.98 58.51 80.37 60.10 81.12
60.63 87.75 69.44 89.31 70.99 90.04
60.84 88.74 64.63 90.03 68.78 92.61

Toulon 80.01 33.82 81.15 38.89 82.01 41.81
88.55 51.37 89.90 58.76 90.84 62.93
91.42 53.69 92.68 63.35 95.28 76.65

Statistical downscaling of near-surface wind over complex terrain in southern France



250 km width), the u-component is very weak at
Lyon (the wind direction distribution is peaked
around 170 and 350�, see Fig. 3) and thus most of
its variability is due to local turbulence. For
Orange and Nimes, the valley becomes a delta
and the wind direction distribution is broader,
explaining the increase of the explained variance
on the u-component also. Similarly, for the
weather stations located along the French
Riviera (Cannes, Nice, Toulon), the u-component
is more accurately explained than the v-compo-
nent. The explained variance for the six-hourly
wind ranges between 19.1% (Nice) and 80.0%
(Toulon) for the u-component and 12.5% (Nice)

and 33.8% (Toulon) for the v-component (similar
values are found for the other weather stations
along the French Riviera displayed in Fig. 1,
not shown). The very poor explanation of the
near-surface wind in Nice can be attributed to
either the set of explanatory variables which
may not be appropriate to this area or to the
domination of local elements of wind perturba-
tions. Figure 4 shows the splines for u and v at
Lyon. The spline functions are nearly flat for the
500 hPa relative vorticity suggesting a full decou-
pling between the near-surface circulation and
the atmospheric circulation at 500 hPa (indeed,
replacing the relative vorticity at 500 hPa by oth-

Fig. 4. Spline functions for u and v wind components at Lyon corresponding to set (A), i.e., the pressure gradients along
the Rhôone valley (a) and (d) and along the French Riviera (b) and (e) and the relative vorticity at 500 Pa (c) and (f),
respectively
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er variables at that pressure level, such as geo-
potential, wind, . . . does not improve the model-
ing). In Pryor et al. (2005), the less complex
nature of the terrain allows the 500 hPa vorticity
to be a better explanatory variable. Another fea-
ture to be underlined in Fig. 4 is the piecewise
linear shape of the spline functions relating the
wind components to the surface pressure gradi-
ent. This is an important feature as will be dis-
cussed hereafter.

We thus try to find the best set of explanatory
variables for the near-surface wind components
in such a complex environment. To do so, we
consider the steady equation for u and v (the
downscaling technique does not account for the
dynamical evolution of the near-surface wind):

u
@u

@x
þ v

@u

@y
þ w

@u

@z
� f v ¼ � 1

�

@p

@x
þ Fu; ð2aÞ

u
@v

@x
þ v

@v

@y
þ w

@v

@z
þ fu ¼ � 1

�

@p

@y
þ Fv; ð2bÞ

where u, v are the wind velocity components
along x (west to east axis) and y (south to north
axis), respectively, p is the atmospheric pressure,
� is the air density, Fu and Fv are the turbulence
induced friction terms and f is the Coriolis pa-
rameter. The pressure term is the sum of the syn-
optic pressure gradient, the orography-induced
pressure perturbation at the scale of ERA-40 res-
olution caused by mass adjustement (due to lat-
eral constriction in valleys), the mountain slopes,
and the small scale pressure perturbation caused
by orographic effects at smaller scale or very
localized effects (e.g., thermal gradient due to
inhomogeneous land-use, . . .). Splitting the vari-
ables in a large scale component (subscript ls)
given by the ERA-40 reanalyses and a small-
scale component (subscript ss) to be explained
by the downscaling technique, the equations of
motion are thus:

ðuls þ ussÞ
@ðuls þ ussÞ

@x
þ ðvls þ vssÞ

@ðuls þ ussÞ
@y

þ wls

@ðuls þ ussÞ
@z

� f ðvls þ vssÞ

¼ � 1

�

@pls

@x
�wss

@ðuls þ ussÞ
@z

� 1

�

@pss

@x
þ Fu

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
source of unpredicatbility

ð3aÞ

ðuls þ ussÞ
@ðvls þ vssÞ

@x
þ ðvls þ vssÞ

@ðvls þ vssÞ
@y

þ wls

@ðvls þ vssÞ
@z

þ f ðuls þ ussÞ

¼ � 1

�

@pls

@y
�wss

@ðvls þ vssÞ
@z

� 1

�

@pss

@y
þ Fv

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
source of unpredicatbility

ð3bÞ
From Eq. (3), one can see that uss is a function of
uls, vls, @uls=@x, @uls=@y, @uls=@z and @pls=@x and
vss is a function of uls, vls, @vls=@x, @vls=@y,
@vls=@z and @pls=@y with a source of unpredict-
ability due to small-scale turbulence (random
properties) and local sources of wind pertur-
bations (i.e., small-scale pressure perturbations
which may not have random properties). We thus
find that large scale surface wind uls (here taken
at 925, 850, and 700 hPa) and surface pressure
gradients are possibly relevant explanatory vari-
ables for the small scale component. This set of
explanatory variables is referred to as set (B). Set
(C) finally includes the geopotential and relative
vorticity (in order to account for large-scale wind
gradient) at 500 hPa. Set (C) proved to be the best
set of explanatory variables.

Table 1 summarizes the explained variance for
sets (B) and (C) and shows a significant improve-
ment. The physical dependence between the
near-surface wind components and the large-
scale explanatory variables of set (B) is outlined
in Eq. (3) and makes easier the interpretation of
the explained variance. The addition of the low-
level relative vorticity and geopotential brings
valuable even at 500 hPa. In brief, for the weather
stations located in the Rhôone valley, the ex-
plained variance for the six-hourly wind ranges
between 70.8% (set B) and 71.5% (set C)
(Nimes) and 85.2% (set B) and 85.9% (set C)
(Lyon) for the v-component and 25.9% (set B)
and 28.8% (set C) (Lyon) and 58.5% (set B)
and 60.1% (set C) (Orange) for the u-component.
For the weather stations located along the French
Riviera, the explained variance for the six-hourly
wind ranges between 22.4% (set B) and 24.1%
(set C) (Nice) and 81.1% (set B) and 82.0% (set
C) (Toulon) for the u-component and 21.8% (set
B) and 24.4% (set C) (Nice) and 38.9% (set B)
and 41.8% (set C) (Toulon) for the v-component.
The still low performance of GAM in Nice is

Statistical downscaling of near-surface wind over complex terrain in southern France



Fig. 5. Scatter plots of the six-hourly data (first column), daily (second column) and weekly (third column) averaged
explained u- (first and third rows) and v- (second and fourth rows) wind components at Lyon (first two rows) and at
Toulon (last two rows) as a function of the corresponding measured wind components for set (C)
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probably due to the location of the weather sta-
tion nearby a local source of wind perturbations.
One key element is that, as for set (A), all spline
functions display a piecewise linear trend (not
shown).

Part of the unexplained wind is due to small
scale turbulence. We thus apply GAM on daily
and weekly averaged wind components and
large-scale explanatory variables, since this ran-
dom contribution to the unpredictability of GAM

is to be reduced by averaging. The impact of the
averaging procedure must however be analyzed
with great care. Let us denote by a bar the time
averaging operator. We here apply GAM on the
time-averaged large-scale explanatory variable
and compute spline functions g on the time-aver-
aged near-surface wind components measured at
the weather stations. We thus compute:

ui ¼
Xp

j¼1

gui;jðXjÞ þ "ui ; ð4aÞ

vi ¼
Xp

j¼1

gvi;jðXjÞ þ "vi : ð4aÞ

If we apply the time-averaging operator on
Eq. (1), we have:

ui ¼
Xp

j¼1

f ui;jðXjÞ þ "ui ; ð5aÞ

vi ¼
Xp

j¼1

f vi;jðXjÞ þ "vi : ð5bÞ

Since the spline functions are all quasi-linear or
piecewise linear, we can write

f ui;jðXjÞ � f ui;jðXjÞ; ð6aÞ

f vi;jðXjÞ � f vi;jðXjÞ; ð6bÞ
so gui;j � f ui;j and gvi;j � f vi;j which means that the

spline functions estimated at each weather station
with six-hourly measurements are robust to time
averaging thus explaining why we obtain very
similar spline functions in the absence of averag-
ing or after averaging (not shown). In detail, the
explained variance significantly improves with
averaging and can reach 170% of relative in-
crease for the lowest explained variance of the
six-hourly wind components (e.g., the two wind
components at Nice) (Table 1). The lowest rela-
tive increase is 6% for the already high explained

variance of six-hourly wind components (e.g.,
the v-component at Lyon).

Figure 5 displays a scatter plot of the six-hour-
ly, daily and weekly averaged explained wind
components at Lyon (first two rows) and at
Toulon (last two rows) as a function of the cor-
responding measured wind components. What-
ever the time averaging, the explained wind
components are unbiased. Since GAM optimizes
the estimation of the expectation of the wind
component distributions, it underestimates the
extreme winds (especially visible for the six-
hourly values). Time averaging significantly con-
tributes to reduce the scatter.

4. Conclusions

The objective of this paper was to downscale the
surface wind components at weather stations
from synoptic scale to the local-scale, in southern
France, a coastal region characterized by high
orography and very urbanized littorals.

As the Mediterranean climate is known to
be tightly related to the North-Atlantic weather
regimes, a first approach was to check the link
between the recurrent large-scale circulation pat-
terns and the measured surface wind. The main
achievements of this paper can then be summa-
rized as follows:

(1) there is no discriminating power of the
classical North-Atlantic weather regimes to
downscale surface wind in a complex region
such as southern France.

(2) using generalized additive models which
generally apply on Gaussian variables, accu-
rate statistical downscaling of the surface
wind components is achieved at nearly all
investigated weather stations even when lo-
cated at very complex locations (in most cases,
the explained variance of the dominant wind
component exceed about 60%). The choice
of the explanatory large-scale variables is
justified physically and the impact of these
choices on the downscaling technique perfor-
mance is discussed.

(3) whatever the set of large-scale explanatory
variables, the coefficients of the statistical
regression are not sensitive to time averaging
so the same statistical regression can be used
when predicting instantaneous surface wind
components or averaged wind components.

Statistical downscaling of near-surface wind over complex terrain in southern France



This method thus allows to go one step further
in wind speed downscaling since it is adapted to
model the wind components and not only wind
speed and energy, it is suited for complex terrain
and robust to time averaging in this region.

However, GAM optimizes the estimation of
the expectation of the wind component distri-
butions and is thus not suited for extreme event
modeling which are thus underestimated. Future
work will be dedicated to improve extreme event
modeling, to adapt GAM for vectorial variables
in order to explain the two wind-components
together: at present the two components are
modeled separately; in the future, we should
model the components altogether conditioned to
the other.
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(ADEME) and support from M�eet�eeo-France that provided the
data from the operational meteorological surface stations.
This work was also supported by the European E2-C2 grant,
the National Science Foundation (grant: NSF-GMC (ATM-
0327936)), by The Weather and Climate Impact Assessment
Science Initiative at the National Center for Atmospheric
Research (NCAR) and the ANR-AssimilEx project. The
authors would also like to credit the contributors of the R
project.

References

Casola HJ, Wallace MJ (2007) Identifying weather reg-
imes in the wintertime 500-hPa geopotential height
field for the Pacific-North American sector using a
limited contour clustering technique. J App Meteor
Clim 46: 1619–30

Cheng X, Wallace J (1991) Cluster analysis of the northern
hemisphere wintertime 500-hPa height field: spatial pat-
terns. J Atmos Sci 50: 2674–96

De Rooy WC, Kok K (2004) A combined physical-statistical
approach for the downscaling of model wind speeds. Wea
Forecast 19: 485–95

Drobinski P, Dabas A, Haeberli C, Flamant P (2003) Statis-
tical characterization of the flow structure in the Rhine
valley. Bound Layer Meteor 106: 483–505

Drobinski P, Bastin S, Gu�eenard V, Caccia JL, Dabas AM,
Delville P, Protat A, Reitebuch O, Werner C (2005)
Summer Mistral at the exit of the Rhôone valley. Quart
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