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Abstract

Statistical downscaling is widely used to overcome the scale gap between predic-
tors from Numerical Weather Prediction (NWP) models or General Circulation Models
(GCMs) and predictands like local precipitation, required for example for medium-term
operational forecasts or climate change impact studies. The predictors are considered
over a given spatial domain which is rarely optimised with respect to the target pre-
dictand location. In this study the geopotential predictor domains used by an analogue
downscaling method are optimised for 608 target zones covering France. An extended
version of the growing rectangular domain algorithm provides an ensemble of five near-
optimum domains for each target zone. All five near-optimum domains are consistently
equally skillful based on the Continuous Rank Probability Score. Relevance maps cal-
culated for selected target zones first reveal high skill geopotential regions with specific
shapes for locations in south-eastern France compared to the rest of the country. In all
cases, the optimised domains tend to include the most relevant area on the relevance
maps. The domain centers of the optimised domains are mainly distributed following
the geographical location of the target location, but there are apparent differences be-
tween the windward and the lee side of mountain ridges. Moreover, domains for target
zones located in south-eastern France are centered more east and south than the ones
for target locations on the same longitude. The size of the optimised domains tends
to be larger in the southeastern part of the country, while domains with a very small
meridional extent can be found in a east-west band around 47° N. Sensitivity tests on
the archive length for the analogue method show a general robustness except for zones
with high interannual variability like in the Cévennes area. Moreover, results appear to
be rather unsensitive to the starting point of the optimisation algorithm except for zones
located in the transition area north of the zones having optimized domains with a small
meridional extent. This study paves the way for defining regions with homogeneous
geopotential predictor domains for precipitation downscaling over France.
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1 Introduction

For both climate change impact studies and operational hydrological forecasts precipi-
tation information on the scale of small subcatchments is needed. Numerical Weather
Prediction (NWP) models and General Circulation Models (GCMs) provide relevant
information about the atmospheric large scale circulation but have too coarse resolu-
tion to be directly used in impact models like hydrological models or for precipitation
forecasts on the scale of small subcatchments. A downscaling step is therefore re-
quired, and this can be done dynamically, using regional climate models and limited
area models or using statistical methods that make use of statistical relationships be-
tween large-scale predictors and local-scale predictands.

Requirements for hydrological use of predictands specifically include the spatial co-
herence of precipitation fields over potentially large basins. Indeed, the generation of
floods is for example particularly sensitive to the spatial distribution of precipitation
over the catchment considered. When dynamical downscaling methods naturally pro-
vide such a sought-after spatial coherence, it is not necessarily the case for statistical
methods. This paper therefore attempts to address this issue by considering an ana-
logue downscaling method with more than 600 target zones covering the whole of
France. A number of statistical downscaling studies with various methods have been
performed over France over the last few years, but mainly on specific regions like the
French Mediterranean (e.g. Quintana Segui et al., 2010, 2011; Lavaysse et al., 2012;
Kallache et al., 2011; Carreau and Vrac, 2011; Nuissier et al., 2011; Beaulant et al.,
2011), Western France (e.g. Timbal et al., 2003), the French Alps (e.g. Martin et al.,
1997) or the Seine basin (e.g. Boé et al., 2006). Until the present study, only a few
of them have been performed at the country scale (Boé and Terray, 2008; Boé et al.,
2009).
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1.1 Statistical downscaling methods

In statistical downscaling a relationship between large scale predictors provided by
GCMs and local scale predictands is established. There are three major groups of sta-
tistical downscaling methods used in a climate change context: model output statistics
(MOS) (e.g. Chandler, 2002; Friederichs and Hense, 2007; Vidal and Wade, 2008;
Lavaysse et al., 2012), Perfect Prognosis (PP) (e.g. Timbal et al., 2003; Boé et al.,
2006; Hertig et al., 2012) and weather generators (e.g. Vrac et al., 2007; Chen et al.,
2010; Bellone et al., 2000). A review of methods and their strengths and weaknesses
to produce relevant input for impact models can be found in Maraun et al. (2010). Both
PP and MOS methods are also applied for operational precipitation forecast (e.g. Marty
et al., 2008, 2012, 2013; Voisin et al., 2010; Nam et al., 2011; Liu and Coulibaly, 2011;
Muluye, 2011).

The downscaling method used in this work follows an analogue approach. The ana-
logue method belongs to the PP methods and is based on the idea that similar causes
have similar effects, i.e. similar predictor fields lead to similar predictand values. The
analogue principle was introduced in forecasting by Lorenz (1969). Today numerous
variants using different types of predictor fields and distance measures are in use.
They range from weather typing-based methods based on principal components of
mean sea level pressure fields (Boé et al., 2006) to MOS-like techniques based on
precipitation field analogues (Hamill and Whitaker, 2006; Turco et al., 2011). A descrip-
tion of the theory of probabilistic forecasts with analogues can be found in Hamill and
Whitaker (2006).

Analogue methods have been applied in different regions of the world with very
diverse climates, e.g. Switzerland (Horton et al., 2012a), Australia (Timbal and
McAvaney, 2001), central Sweden (Wetterhall et al., 2005), Punjab (India) (Raje and
Mujumdar, 2011), south-east USA (Zhang and Georgakakos, 2012), the Alpine region
(ThemeBl et al., 2011), and north-east Spain (Ibarra-Berastegi et al., 2011).
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1.2 Predictor domains: spatial variability and optimisation

The predictor variables used for statistical downscaling and the predictor domains have
to be chosen carefully. The predictor variables should have predictive skill for the quan-
tity to predict, here precipitation, they should be quantities that are reliably simulated
by GCMs and ideally they should be related to the processes leading to precipitation
and this relationships should persist in a changing climate (Wilby et al., 1998). When
analogue methods are applied, only one predictor domain for all target locations is
generally used, because this ensures that the same analogue dates will be selected
for the whole region and this naturally leads to spatial coherence of the precipitation
field. But for large target regions like whole France or large catchments with diverse
precipitation climates like the Rhone basin this will likely result in less skill for smaller
subcatchments.

In this study an analogue method is applied over the whole of France, which was
rarely done so far and if so, using only one (Boé and Terray, 2008) or two (Timbal et al.,
2003) different predictor domains and assuming that the same predictor domains are
valid for large target regions. Here we will test if this assumption is valid by looking at
predictor domains for different locations in France.

Additionally, in many downscaling studies no optimisation of the predictor domains
is performed (Gutiérrez et al., 2013). Some tested a few different domains, for example
Timbal and McAvaney (2001) who found that choosing an informative predictor domain
is an important issue for the analogue selection. Ben Daoud (2010) found that some
predictors like temperature or moisture variables have their main influence close to
the target location and therefore a small predictor domain close to the target location is
likely to be sufficient but the predictor domains for the shape of the geopotential field are
usually larger and their optimum location depends on the meteorological situations that
lead to precipitation at the target location. Bontron (2004) optimised the geopotential
predictor domains for individual groups of precipitation station located in France and
northern ltaly and for all groups together and compared the performance difference for
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different groups. For the groups near the center the difference was small, but groups
far from the center benefit from individual predictor domains. Further he suggested to
use the same predictor domain for groups situated not more than 250 km apart from
each other and not separated by a major “climatological barrier”.

Various algorithms may be used to optimise predictor domains. Ideally all predictor
variables, predictor domains and other parameters should be optimised together and
predictor domains of any size and shape should be possible. This was done by Sauter
and Venema (2011) for an artificial neural network downscaling method and one target
location in the Rhineland (Germany). Large computer ressources were needed to do
S0, because the search space is huge. Another interesting approach are genetic algo-
rithms to optimise predictor domains Horton et al. (e.g. 2012b, for some stations in the
Swiss Alps) but they have substantial computational costs as well. With the extended
growing rectangular domains algorithm used in this work, the computational costs are
comparatively low because the optimisation is restricted to geopotential predictor do-
mains. This allows optimising domains for a large number of target zones separately,
but also to obtain an ensemble of near-optimum domains for each target zone (see
Sect. 2.5).

The work presented here builds upon a downscaling method that has a long history
of development with various applications, like hydrological forecasts (Ben Daoud et al.,
2011b) or historical flood reconstruction (Auffray et al., 2011). This analogue downscal-
ing method will be used here to answer the following question: is the assumption made
for example by Timbal et al. (2003) and Boé and Terray (2008) of a unique common
predictor domain for large regions in France actually valid? To this aim, an ensemble of
near-optimum geopotential predictor domains are derived for 608 target zones covering
the whole of France. Sensitivity tests are furthermore performed to check the robust-
ness of findings with respect to (1) the archive length, (2) the version of the optimisation
algorithm and (3) the optimisation starting point.
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The methods used for downscaling and optimisation are described in Sect. 2, results
and sensitivity tests are described in Sect. 3, choices are discussed in Sect. 4 and
conclusions are given in Sect. 5.

2 Data and methods
2.1 Data

2.1.1 Reanalyses

The predictor domain optimisation is done using two archives of reanalysis data. For
the large scale ERA-40 data (Uppala et al., 2005) at 2.5° resolution is used. ERA-40
was chosen because of the trade off between archive length and data assimilation
technique. The NCEP/NCAR reanalysis (Kalnay et al., 1996) has a longer archive but
ERA-40 made use of the more advanced three dimensional variational data assimila-
tion. Ben Daoud et al. (2009) compared ERA-40 and NCEP/NCAR reanalysis as large
scale predictors for the analogue method and found slightly higher skill using ERA-40.
ERA-Interim (Dee et al., 2011) uses an even more advanced data assimilation tech-
nique (4DVAR) but has still a shorter archive than ERA-40. Moreover, ERA-40 data is
used as first guess for computing vertical profiles of near-surface variables by Safran.

Safran (French near surface reanalysis) data (Vidal et al., 2010) are used for the
local daily precipitation which is the target variable addressed by the downscaling. The
Safran reanalysis data are defined on 608 climatologically homogeneous zones cover-
ing France. Inside these zones the meteorological variables are supposed to depend
only on altitude. These zones are used as elementary units in this work and are shown
in Fig. 1. The algorithm used for the Safran analysis, its validation and its applica-
tion over France are described by Quintana-Segui et al. (2008). A detailed validation
of this 50 yr atmospheric reanalysis over France has been carried out by Vidal et al.
(2010). Of particular interest to this study, they found that the reanalysis uncertainty on
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precipitation is both very low and relatively constant over the 1958—2008 period when
considering both dependent and independent validation data. The bias calculated with
83 high-quality independent validation stations is smaller than 0.1 mmday'1 and the
RMSE around 2.5mmday”" (Vidal et al., 2010).

The common archive period for the two reanalysis data archives is from 1 August
1958 to 31 July 2002. The period 1 August 1982—-31 July 2002 is used to optimise the
geopotential predictor domains except for the sensitivity test on archive length where
the whole common archive is used. This is discussed later in Sect. 4.

2.1.2 Case study zones

The domain optimisation was performed for all 608 zones in the Safran dataset, but
detailed sensitivity tests focused on three case study zones. All three selected zones
are part of the Rhone catchment, but have different precipitation climates as shown in
Fig. 2. This has implications on the spatial coherence, since different parts of the catch-
ment receive precipitation in different meteorological situations and this may lead to
different informative spatial predictor domains and therefore different analogue dates.
Furthermore in Sect. 3.1 results are shown for zones located at the geographical limits
of the the country. Relevance maps from these zones were used in a preliminary anal-
ysis to define the edges of the search domain. These as well as the case study zones
are colored in Fig. 1.

The case study zone called Sadne (212) is located in the Burgundy region, in the
Saone river valley. The terrain is rather flat and the zone is mainly influenced by the
westerlies. The precipitation is uniformly distributed over the whole year. The second
zone, named Arve (317), is located in the upper Arve catchment near the Mont Blanc.
The precipitation has a yearly cycle with a maximum in winter and a minimum in sum-
mer and early autumn. The third case study zone, named Ardeche (442), is located in
the upper Ardeche catchment in the Cévennes area and has a precipitation maximum
in October with high inter-annual variability (Vidal et al., 2010, Fig. 4). The precipitation
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maximum in autumn results from heavy precipitation events that are frequently ob-
served in the Cévennes region during autumn (see, e.g. Ricard et al., 2012).

2.2 Downscaling method

The downscaling method used here is an analogue approach that has already a long
history of development. Duband (1981) was the first who applied the analogue method
in France. Guilbaud and Obled (1998) introduced the analogue selection on gridded
geopotential fields with the Teweles and Wobus shape criteria (Teweles and Wobus,
1954). Obled et al. (2002) calibrated the method for 50 French, Spanish and Italian
catchments. Bontron and Obled (2005) introduced the use of reanalysis data as histor-
ical archive, the NCEP/NCAR reanalysis (Kalnay et al., 1996), instead of interpolated
radiosonde data and added local humidity to the predictor variables. Ben Daoud et al.
(2011a,b) introduced the temperature and the vertical velocity predictor variables. The
algorithm developed by Ben Daoud et al. (2011a) is used here. The main characteris-
tics are summarised below, for details see Ben Daoud (2010). The predictor variables,
similarity criterion and the number of analogue situations selected after each step are
summarised in Table 1. The algorithm performs a four-step analogue selection. The
number of analogue dates retained after step 2, 3 and 4 were taken from Ben Daoud
(2010). The precipitation value for day D corresponds to the precipitation accumulated
between 06:00 UTC day D and 06:00 UTC day D+1.

The first step is a selection on temperature at 925hPa at 12:00 UTC day D+1 and
600 hPa at 12:00 day D. The predictor domain is the ERA-40 grid point closest to the
target location, which is reasonable as temperature can be seen as a proxy for the
thermodynamical properties of the air on the local scale. A similar choice was made by
Hanssen-Bauer et al. (2003). The similarity criteria is the Euclidean distance with equal
weights for the two pressure levels. As shown by Timbal et al. (2008) and Hanssen-
Bauer et al. (2003), including a temperature variable as a predictor is especially im-
portant in a climate change context since different temperatures may occur in a given
season and the amount of water the atmosphere can hold depends on temperature.
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The number of analogue situations selected in step one depends on the length of the
archive, it is 100x number of years in the archive — for example 2000 analogue situa-
tions for a 20 yr archive as it is used for the optimisation of the predictor domains for
geopotential. This approximates the four month season length used by Bontron (2004)
and the 2900 days Ben Daoud (2010) used with a 30 yr archive. The four days before
and after the target date are excluded to avoid the selection of days that are similar
because they are close in time if like in this study the test period is equal to the archive
period during optimisation.

The second step is a selection on geopotential at 1000 hPa at 12:00 UTC day D and
500 hPa at 00:00 UTC day D+1. The similarity criteria used is the Teweles and Wobus
criteria S1 (Teweles and Wobus, 1954), called TWS in the following, which measures
the similarity between the zonal- and meridional gradients between different points of
the predictor domain and therefore measures the similarity of the shape of the fields.
Guilbaud and Obled (1998) found that the TWS leads to better downscaling perfor-
mance than the Euclidean distance for the geopotential predictor. This criterion has
been widely used in various analogue methods (e.g. Wetterhall et al., 2005, 2007;
Teutschbein et al., 2011; Horton et al., 2012a; Brigode et al., 2012) and weather type
classification (e.g. Garavaglia et al., 2010). Again equal weights are given for the two
pressure levels. For this step the predictor domains are optimised using the method de-
scribed later in Sect. 2.5. The 170 most similar days regarding geopotential shape out
of the 2000 with the most similar temperature are selected. Geopotential- or pressure
fields are often used as predictors because they are well simulated by the GCMs and
contain information about the atmospheric dynamics like flow strength and direction or
divergence (Wilby and Wigley, 2000).

The third step is a selection on vertical velocity at 850 hPa at 06:00, 12:00 and 18:00
day D and 00:00 day D+1. The similarity criteria is Euclidean distance and the predictor
domain is the nearest ERA-40 grid cell. Equal weights are given to the different times.
Upward motion is necessary for the formation of clouds and precipitation. With a model
resolution of 2.5° this predictor can only account for large scale upward motion due to
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dynamical reasons and not for upward motion due to local convection or orography.
Ben Daoud et al. (2011a) found some additional skill for the first two forecast days and
fewer false alarms with the vertical velocity added as a predictor. The most similar 70
days out of the 170 days remaining after step two are selected.

The fourth step is a selection on humidity, more precisely the product of the total
column water (TCW) and relative humidity at 850 hPa (RH) at 12:00 day D and 00:00
day D+1. This compound variable was found to be more informative than other simple
indicators by Bontron (2004). The similarity criteria is Euclidean distance and the pre-
dictor domain is the nearest ERA-40 grid cell. The most similar 25 days out of the 70
days remaining after step three are selected.

The predictor variables, their pressure levels and hours and the number of analogues
to select after each step were taken from Ben Daoud (2010) where they were selected
for the Seine and Sadne basins. It has also to be noted that identical combinations
of variables, pressure levels and hours in steps 2 and 4 had also been selected by
Bontron and Obled (2005) for application at various locations in south-eastern France.

2.3 Performance criterion

The skill of the downscaling method is assessed with the Continuous Ranked Proba-
bility Score (CRPS) (Brown, 1974; Matheson and Winkler, 1976). The CRPS is a prob-
abilistic score and is widely used for the verification of probabilistic atmospheric or hy-
drological forecasts (see, e.g. Hagedorn et al., 2008; Demargne et al., 2010; Aspelien
et al., 2011). It is defined as follows:

obs

CRPS = T[F(X)—on (x)]zdx (1)

where F(x) is the forecasted cumulative distribution function of the variable x, ngs

the observed value and HXOb (x) the Heavyside function of x — ngs' The properties of
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the CRPS are as described in Hersbach (2000): the CRPS is sensitive to the entire
range of the parameter, no predefined classes are required, it is equal to the mean
absolute error (MAE) in the case of a deterministic forecast and it can be interpreted
as an integral over all possible Brier scores. In order to compare results from different
zones the Continous Ranked Probability Skill Score (CRPSS) with the climatology as
a reference forecast is used.

CRPS
CRPSS=1-——"°> (@)
CRpsclimatology

The CRPS jimatology IS Calculated using precipitation data from +60 days around the
target day from different years in order to take seasonality into account.

2.4 Relevance maps

A relevance map represents the forecast skill for each grid cell of the predictor dataset.
Relevance maps were used for example by Bontron (2004) and Horton et al. (2012a)
to select the most predictive pressure level and time step for the geopotential predictor.
Relevance maps are obtained by fixing every parameter except the location of a uni-
tary sized spatial domain (2 x 2 ERA-40 grid points, 2.5° resolution) that moves across
the whole map (Horton et al., 2012a). By iterating the position of this small domain,
the CRPS score corresponding to every spatial unit is obtained. Relevance maps thus
allow to see where the synoptic circulation information is relevant to explain observed
or analysed precipitation time series. It is expected that the best predictor locations
are consistent with the meteorological characteristics that are responsible for the re-
gion’s weather. The predictor’s best locations are therefore expected to be different for
sub-catchments or stations influenced by different meteorological phenomena (Horton
et al., 2012a).

Relevance maps are used in this study (1) to illustrate the different atmospheric
influences for zones in different parts of the country (Sect. 3.1), (2) to compare the
optimised domains with the regions of high skill in the relevance maps (Sect. 3.2.2),
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and (3) to have an additional starting point for experiments on the sensitivity of the
optimisation algorithm (Sect. 3.3.1).

2.5 Optimisation method

For the geopotential predictor a larger region may be relevant for the local precipitation
and the size and location of the optimised domain may vary even for target locations
close to each other. Therefore it is important to optimise the predictor domains for
geopotential for each target location depending on the meteorological influences that
are responsible for the precipitation.

The selected optimisation method is based on the idea of growing rectangular do-
mains as applied by Bontron (2004) and Ben Daoud (2010). The basic version starts
from a given 2 x 2 grid point domain, calculates a score, here the CRPS, and then ex-
pands the domain in 4 directions by adding one gridpoint east, west, north or south.
For this 4 resulting domains the CRPS is calculated and the domain with the smallest
CRPS is selected. This selected domain is used as a starting domain in the next step.
This is done until the score is not improved during 4 consecutive steps or the edge of
the search domain is reached. This method is very fast, but explores only a very small
subset of the space of predictor domains and therefore it is likely that some relevant
domains are not tested.

For this work an extended version of this method, where 5 domains are retained and
expanded in each step was developed. With this method a larger number of domains is
explored and the five best domains found in this procedure are returned, thus providing
an indication of variability around optimal domains. In the first step there are only 4
domains and all of them are expanded in the next step. This gives 16 domains, but
only 10 actually different ones, so 10 new domains are explored. From this 10 the 5
best are selected for the next step. Theoretically there are up to 20 domains (5 x 4)
to explore from step 3 on, but there is some redundancy or some domains already
explored in a previous step so that between 13 and 18 actually new ones were found.
For the starting domain the nearest 2 x 2 grid points domain to the target zone is used.
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Brigode et al. (2012) optimised the predictor domains for a rainfall based weather
pattern classification and therefore tested domains of three different sizes for every
possible location similar to the relevance map calculation. This is a complementary
approach to the one used in this work since they assumed a domain size and shape
and then tested where to center it. In the present work, a starting point is fixed, which
defines a location that has to be included in the final domain, and then domains of
different size and shapes but all containing the starting point are tested. A approach
similar to the one adopted by Brigode et al. (2012) was chosen by Obled et al. (2002)
for a previous version of the analogue method used here. They first tested domains of
six different sizes centered over the target location and then shifted the best one to find
the best location. Sauter and Venema (2011) optimised the predictor domains for an
artificial neural network for all predictor variables together, allowing three dimensional
and disjointed predictor domains. In contrast to our study, they did the optimisation for
only one target location and even for this one location they stated that the computational
costs were very high.

3 Results

In the following sections results are shown on the different regions of influence as
mapped with relevance maps (Sect. 3.1), the size and location of the optimised pre-
dictor domains (Sect. 3.2), the downscaling skill of the method using the optimised
domains during the optimisation period (Sect. 3.2.1) and sensitivity experiments on the
choice of the starting point of the optimisation, the choice of the basic or extended
optimisation method and the archive length (Sect. 3.3).

The downscaling and optimisation methods are implemented in Fortran 2003 using
the NetCDF Fortran90 library (Pincus and Rew, 2011) for data input and output. The
subsequent analysis and figures are done using the R software environement (R De-
velopment Core Team, 2012) with packages ncdf (Pierce, 2011), ggplot2 (Wickham,
2009), reshape2 (Wickham, 2007), RColorBrewer (Neuwirth, 2011; Harrower and
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Brewer, 2003), sp (Pebesma and Bivand, 2005; Bivand et al., 2008), zoo (Zeileis and
Grothendieck, 2005) and gridExtra (Auguie, 2012).

3.1 Different regions of influence

The relevance maps for different Safran zones located at the geographical limits of
France and in the Rhone basin (cf. Fig. 1) and calculated with the 20 yr archive are
compared in Fig. 3. This figure also contains the corresponding optimised domains that
will be discussed later in Sect. 3.2.2. First the magnitude of the skill differs between the
relevance maps for different zones. The highest skill is found for zones that are mainly
exposed to the westerlies (127, 557, 317). Furthermore there is a clear difference in the
spatial pattern between different zones. The zones in western-, northern- and north-
eastern France (001, 074, 127, 557, 317) have their region of maximum skill located
west or southwest from the zone. Their regions of high skill are larger in zonal direc-
tion than in meridional direction and are cyclonically curved. They are exposed to the
westerlies and receive precipitation mainly from frontal systems. A similar shape was
found by Horton et al. (2012a) for the Marécottes station in Switzerland, located close
to the Arve zone (317). The zones in south-eastern France have their region of maxi-
mum skill located south or south-east from the zone (493, 596, 442, 615). Indeed, the
heavy precipitation events in this region are associated with southerly or south-easterly
flow (e.g. Ricard et al., 2012). Their regions of highest skill are more north-south ori-
ented with high skill regions extending westward at the southern end and eastward
and northwestward at the northern end. What all relevance maps have in common is
a local minimum of skill surrounded by regions with higher skill. This is due to the use
of the TWS criterion that is sensitive to the gradients of the geopotential fields and their
anomalies on days with precipitation. The region of low skill corresponds to the loca-
tion of a minimum in the mean geopotential anomaly fields for rainy days (not shown).
The largest gradients are situated around this minimum which makes this regions more
relevant using a similarity measure based on gradients.
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Given the high seasonality with the precipitation maximum in autumn for the Ardeche
case study zone (442) (cf. Fig. 2) due to specific atmospheric flow conditions, we in-
vestigated the score variations for different seasons. Seasonal relevance maps were
obtained by averaging the CRPSS over different seasons instead of the whole year.
In order to have enough data for each season the score was calculated for the whole
44 yr archive. Relevance maps for the Ardéche case study zone for different seasons
are shown in Fig. 4. The highest skill can be found for the winter season followed
by autumn. The location of the maximum of skill southeast to south-southeast from
the Ardeche target zone corresponds well with the south-southeasterly flow found by
Duffourg and Ducrocq (2011) for heavy precipitation events in the Cévennes region. In
spring and summer the skill is lower due to convective precipitation which is more diffi-
cult to predict based only on large scale fields. This is a common feature for the three
case study zones (not shown). Interestingly the shape of the region with high skill is
very similar between the seasons which was not expected for the Ardeche zone due to
the specific flow condition that leads to the autumn precipitation maximum in this zone
(cf. Fig. 2). Further investigation could look at relevance maps for days with different
precipitation thresholds, but this is beyond the scope of this paper.

3.2 Optimised predictor domains

In this section we will show results on the optimised domains. The downscaling skill
measured with the CRPSS for all 608 zones in France is shown first. The near-optimum
domains found for the case study zones are then presented, before looking at summary
characteristics for all 608 zones in France.

3.2.1 Downscaling skill

Figure 5 shows the CRPSS over the 20 yr optimisation period for the best domains
found. The CRPSS shows unsurprisingly a spatial distribution similar to the one of the
mean precipitation (Vidal et al., 2010). The more precipitation a region receives the
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higher the CRPSS. The highest skill, between 0.30 and 0.35, is found on the windward
side (west side in this case) of the Alps, the Massif Central and the Vosges and along
the Atlantic coast. Poorer skill, around 0.2, can be found on the lee side of mountains
and around the Mediterranean coast.

Figure 6 shows the difference in skill between the best and the fifth best domain
found. The differences in skill measured with the CRPSS between the best and the
fifth best domain are never larger than 0.01. So the difference in skill between different
optimised domains for the same zone are about one order of magnitude smaller than
the differences in skill between different zones. This makes all five domains equally
plausible.

3.2.2 Case study zones

As shown in Fig. 3, the optimised domains tend to include the most relevant area de-
picted by the relevance maps for the case study zones. They differ reasonably between
different locations and inside the ensemble for a given zone. For the majority of the
zones (074, 127, 493, 557, 615, 317) the aspect ratio of the optimised domains varies
little inside the five domain ensemble while there are larger variations of this property
for 001, 596 and 442 zone. This large differences in aspect ratio do not lead to larger
differences in skill as can be seen in Fig. 6.

3.2.3 Domain characteristics at the scale of France

Figure 7a shows the mean location of the center of the optimised domains for each
of the 608 zones using a 2-D colour scheme for bivariate maps introduced by Teuling
etal. (2011). Here the two variables that are combined are the longitude and the latitude
of the domain center. The domain centers for the best domains are mainly distributed
following the location of the target zone but there are some deviations. For zones on the
east side of the Massif Central the centers of the optimised domains are located clearly
more east than the ones for zones on the west side of the massif. The same feature
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can be seen at other mountain ridges, for example the Vosges mountain. Furthermore
the domain centers for the zones in southeastern France are located more east than
north of this area. In some regions like for example Champagne in the northeast of
the country (approximate Lambert coordinates X =700, Y =2400) we can see that
many zones have their average optimised domain center at approximately the same
location. In contrast for the Cévennes and the southern Alpes regions the average
domain centers differ more often between neighbouring zones.

Figure 7b shows the maximum difference in domain center location between two
domains in the five best domain ensemble. For the majority of the zones the domain
center location is a very stable property especially in latitude direction where differ-
ences of more than two degrees are rare. Zones with larger differences, up to eight
degrees in longitude, are located in the southeastern part of the country at the slopes
of the Alpes and the Massif Central.

Figure 8a shows the mean size in degrees longitude and latitude of the optimised
domains for each zone. Again the 2-D colour scheme is used with the mean domain
length in zonal direction and the mean domain length in meridional direction being the
two variables. Small optimised domains (green colour) can be found in Brittany (150,
2400), in Champagne (750, 2500), Lorraine (850, 2450), Poitou—Charentes (300, 2200)
and in some parts of Normandy (300, 2500). Optimised domains with small extent in
longitude direction but somewhat larger extent in latitude direction (blue colour) can
be found along the Mediterranean coast and in the northernmost part of the country.
Domains with small extent in the latitude direction and larger extent in the longitude
direction (yellow) form a east-west oriented band in the middle of the country (around
2250 km Y Lambert). Medium sized domains (gray, brown) are found north of this band
(500-900, 2350), in the south-west of the country and on the west side of Corsica
(1150, 1700). The largest domains (purple, red, dark blue) tend to be situated in the
south-eastern part of France, except near the coast. The most prominent feature in
this map is the area in the middle where the optimised domains are very small in the
meridional direction, while being reasonably stretched zonally.
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Figure 8b shows the ratio of domain size range in the five domain ensemble, defined
as follows:

ratio — max(X) — min(X)
mean(X)

(3)

where X is the extent of the domains in degrees longitude or latitude respectively.
A size ratio of 0 means that all five domains have equal extent. A size ratio of 1 means
that the difference in extent between the largest and the smallest domain is equal to the
mean extent. On average the size ratio is larger in longitude direction than in latitude
direction. The figure is quite patchy with individual zones showing large ratios in one or
both dimensions. In the north of the country and along the Mediterranean coast these
individual zones have large ratios in longitude or both dimensions. The zones 001 and
596 shown in Fig. 3 are examples of such zones. The zones with the largest domain
size range in the latitude direction are situated in the southern half of the country,
except near the Mediterranean coast.

3.3 Sensitivity experiments

For the domain optimisation, choices were made concerning the choice of the algo-
rithm, the starting point and the archive length. In this section we take a detailed look
at the impact of these choices on the optimised domains for the three case study zones
by comparing with results for alternative choices.

3.3.1 Starting domain for optimisation

The optimisation of predictor domains is often started from domains centered on the
target location (e.g. Obled et al., 2002) or nearest grid cell (e.g. Sauter and Venema,
2011), but for the growing rectangular domains (Bontron, 2004; Ben Daoud, 2010)
started at the most relevant elementary domain.
The domain optimisation algorithm used in this work requires a predefined elemen-
tary domain to start the optimisation, that has to be included in the final predictor
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domain. One reasonable assumption is that the best predictor domain will comprise
the large scale grid cell closest to the target location as it is done here. Another possi-
bility is to start at the most relevant elementary domain as obtained through a relevance
map to make sure that the most relevant location is included in the final predictor do-
main. The drawback of the second approach is that the computational costs for the
relevance maps are high if performed for over 600 target locations. Roughly 2.8 million
CRPS calculations per zone are for example needed for a 40 x 60 degree sized rele-
vance map with a 20 yr archive. Therefore the relevance maps were computed only for
the case study zones and for these zones the optimised domains obtained with the two
different starting domains are compared.

The first line of Fig. 9 shows the five best domains found with the optimisation proce-
dure starting at the nearest elementary domain, with a 20 yr archive. In the second line
the same procedure is used, but the optimisation was started from the most relevant
elementary domain as found with the relevance map. Comparing them we can see that
for the Arve zone and the Ardéche zone exactly the same five domains are found even
if the two starting domains are different. For the Sadne zone, five different domains
are found, with lower meridional extent and systematically higher zonal extent when
starting from the most relevant elementary domain.

Doing the same experiment but with the basic algorithm, the same best domain
(shown in Fig. 10, second line) is found with the different starting domains using the
20 yr archive. On one hand, it shows that indeed better domains can be found if more
possible domains are explored through the extended algorithm and on the other hand
it highlights some limitations of starting the optimisation algorithm from the nearest grid
cell. A possible “low-cost” improvement could be to calculate scores for example the
four nearest elementary domains and then start the optimisation from the best out of
them.
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3.3.2 Optimisation method

Results obtained with the basic and the extended optimisation algorithm are compared
for the case study zones. Figure 10 shows the optimised domain found with the ex-
tended algorithm (first row) and the ones found with the basic algorithm. For the Arve
zone the best domain is the same for the two algorithms. For the Sadne zone and the
Ardeche zone the domain found with the basic algorithm is the second best found with
the extended version. This shows that for some zones it is possible to find better do-
mains with the extended algorithm. Furthermore the five domains give an indication of
variability between equally skillful different domains for a zone since it was shown in
Sect. 3.2.1 that the skill difference between the five domains is very small.

3.3.3 Archive length

The optimised predictor domains obtained with a 20 yr archive (1 August 1982—-31 July
2002) are here compared with the optimised predictor domains obtained with a 44 yr
archive (1 August 1958-31 July 2002). Figure 11 shows the optimised domains found
with the 20 yr archive (first row) and 44 yr archive (second row). There are slightly
different optimised domains found for the different archive lengths. For the Arve zone
(second column) the differences between the best domains found with the two archive
lengths are small. The best domain found with the 20 yr archive is one grid cell larger in
the west than the one found with the 44 yr archive and was found 5th best with the 44 yr
archive. All top 5 domains found have the same extent in meridional direction. For the
Saodne zone (first column) the domains found with different archive lengths differ, but
the second best domains found are the same and the best domain found with the 44 yr
archive is the same as the 5th best found with the 20 yr archive. For the upper Ardéche
zone five completely different domains are found with the different archive lengths. This
is probably related to the high inter-annual variability in the target region (Vidal et al.,
2010).
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Additionally, the relevance maps obtained with different archive lengths show the
same structure and the same location of maximum values but the absolute values are
slightly higher with the longer archive. On relevance maps obtained with a 10 yr archive
(not shown) the same overall structure is still visible but with a decrease in CRPSS of
approximately one-third.

4 Discussion
4.1 Choice of the archive period

For successful statistical downscaling it is necessary to have long data sets of pre-
dictors and predictands for building and validating the model (Timbal and McAvaney,
2001). The archive length and optimisation period chosen for statistical downscaling
development depends strongly on the data that are available and the validation strat-
egy. Bontron (2004) and Ben Daoud (2010) left only five years of their archive for val-
idation. Ben Daoud (2010) for example excluded the years 1978, 1983, 1988, 1993
and 1998 from the 1972-2002 optimisation period. The specific years were chosen to
resemble the 1972-2002 climate as closely as possible. This approach was designed
to validate the method for forecast purposes in the same climate. The advantage of
keeping only a small part of the data for validation is a longer archive. Timbal et al.
(2003) found that using more than 20 yr of the reanalysis archive does not further re-
duce the error in the reconstructed time series as long as the more recent part of the
data is used, indicating that data quality plays an important roll too.

The sensitivity of the optimised domains on the archive was examined for three
case study zones revealing varying degree of sensitivity for the different zones. For
the Ardéche zone five completely different domains are for example found with the dif-
ferent archive lengths. When the downscaling method is applied on an independent
validation period, it would be interesting to see if the skill degrades more than for the
other zones.
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4.2 Optimisation starting point

The starting point for optimisation was chosen to be the nearest elementary domain to
the target zone. The optimisation method used requires that this elementary domain is
included in the final domains. The break line at 47.5° N that can be seen in Fig. 8a is
a result of this choice. Our Sadne case study zone happens to be situated north of
this break line and the experiment with an alternative starting point, more southwest in
this case, showed that the optimised domains differ for this case study zone while they
rest the same for the other case study zones. The domains found starting at the most
relevant elementary domain achieve a 3 % larger CRPSS. The domains found starting
the optimisation from the most relevant elementary domain are indeed very similar to
those found for zones south of the Sadne case study zone (not shown).

5 Conclusions
5.1 On the assumption of a common predictor domain

This work addressed the validity of the assumption of a common predictor domain for
different regions of France for statistical downscaling of precipitation. This assump-
tion has been indeed made implicitly by all previous studies over France, e.g. Timbal
et al. (2003) for western and southern France separately and Boé and Terray (2008) for
the whole of France. Results from the optimisation of geopotential predictor domains
showed a large diversity of near-optimum domains for the set of 608 climatically homo-
geneous zones covering France, and therefore suggest that this assumption is ques-
tionable, at least when one seeks to obtain the most skillful method for each individual
zone. However, relatively large zones have been found to share similar near-optimum
predictor domains and making this assumption within each of them may lead to lim-
ited loss of skill compared to domains optimised for individual locations. Conversely,
large river basins like the Rhone basin include zones with very diverse influence as
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exemplified by the three case study zones located in the Sadne, upper Arve and upper
Ardeche catchments (see Fig. 3).

The most widely used statistical downscaling method in France for climate change
impact studies is currently dsclim (Pagé et al., 2008; Pagé and Terray, 2010) in which
a common domain for the mean sea level pressure predictor is defined for all locations
in France. This method has been initially developed for the Seine basin by Boé et al.
(2006, 2007) where the unique predictor domain assumption appears reasonably valid
in light of the results presented in Figs. 7 and 8. It has been later extended to the
whole of France by Boé and Terray (2008), then used in many subsequent climate
change impact studies on hydrology (see, e.g. Boé et al., 2009; Vidal et al., 2012), and
downscaled products are now disseminated through a national climate service platform
built in the DRIAS project (Lémond et al., 2011). The present work strongly suggests
that the performance of this method is far from optimal for individual locations in France
as a consequence of the assumption of a common predictor domain. It provides some
explanation to identified biases (Boé, 2007) and weak correlations (Boé and Terray,
2008) in downscaled precipitation outputs for regions around the Mediterranean coast.
Indeed, as shown in Figs. 7 and 8, the optimum geopotential predictor domains for
these regions are quite different from the rest of the country.

5.2 Summary of findings

These conclusions first built on relevance maps for several case study zones which
highlight regions of influence for geopotential. The highest skill values was found for
zones along the Atlantic coast and in the Alps. Zones in western- northern- and north-
eastern France have their region of maximum skill located west or southwest from the
zone while for zones in south-eastern France it is located south or south-east from the
zone. Furthermore these two groups differ in the shape of their high skill region.

The domains resulting from an optimisation with an extended version of the grow-
ing rectangular domain algorithm include the most relevant area depicted by the rele-
vance maps for all case study zones. The domains differ moderately between different
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locations and inside the ensemble for a given zone. The centers of the optimised do-
mains are mainly distributed following the geographical location of the target zone but
with clear differences between eastern- and western slopes of mountain ridges. The
domain centers for zones in south-eastern France are located more east than north of
this area. The domain center location is a stable property in the five domain ensemble
except for isolated zones at the slopes of the Alps and the Massif Central. The domain
sizes vary considerably between the zones with ensemble mean zonal extents between
6.5° and 28.5° and meridional extents between 5° and 15.5°. Small domains are mainly
located in northern and western France, domains with small zonal and larger merid-
ional extent in the very north and along the Mediterranean coast. Domains with small
meridional and larger zonal extent form a east-west oriented band in the middle of the
country. Medium sized domains are found in the south-west and on Corsica and the
largest ones in south-eastern France. In some regions like Brittany we found a larger
region with the same optimised domain while especially in the Rhone catchment we
found high variability in the location and even more in the size of the optimised predictor
domains. For the majority of the zones the aspect ratio of their five domains is rather
similar, but for some zones equally skillful domains with very different aspect ratios are
found.

The downscaling skill measured with the CRPSS during the optimisation period has
a spatial distribution similar to the one of the mean precipitation. The differences in skill
between the best and the fifth best domain found is one order of magnitude smaller than
the differences in skill between different zones which makes all five domains equally
plausible.

A sensitivity on the starting point for the optimisation was found for the Saéne case
study zone. Indeed, it belongs to a group of zones situated north of a region where the
zones have optimised domains with a small meridional extent and situated rather south
of the zone. The more northern group would benefit from domains similar to the ones
for the zones south of them, but this domains are not found due to the mandatory inclu-
sion of the nearest elementary domain that is more north. Their slightly larger domains
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lead to a break-line in the mean domain size graph. The sensitivity on the optimisation
algorithm was found to be low as the basic algorithm found either the best or the sec-
ond best domain found by the extend version of the algorithm. The optimised domains
are only sensitive to the archive length for zones with a high interannual variability like
the Ardéeche one.

5.3 Towards predictand areas with homogeneous predictors

The spatial coherence of the downscaled precipitation is often taken as given when us-
ing the analogue method, but this is only true if the same analogue dates are found for
the whole target region, which is not guarantied if different subtarget regions are using
different predictor domains. On the other hand, if the target region is large, like a large
river basin, a common predictor domain is likely to be suboptimal on the local scale as
the best domains differ for the subcatchments as shown in this study for example for
the Rhone catchment.

Despite the simplicity of the concept, the analogue method has a large number of
parameters: the predictor variables and their spatial and temporal domains, the similar-
ity criteria and the number of analogues. A global optimisation of all these parameters
together is desirable but involves high computational costs. Sauter and Venema (2011)
and Horton et al. (2012b) did a global optimisation of spatial predictor domains for
a small number of predictand locations. In this work the optimisation was restricted to
the horizontal domains of the geopotential predictor but was done for a large number
of predictand zones.

Using individual predictor domains for each zone will in general result in different
analogue dates. With different analogue dates the analogue method looses the spatial
coherence it has if the same parameters were used for all predictand locations. There-
fore it will be beneficial to group zones together that can use the same parameters, i.e.
the same geopotential predictor domain. The presented analysis will help to this end.
The idea is to group zones by equal domains in the five domain ensemble, as equal
optimised predictor domains reflect proximity and similar flow exposure. To this end for

4040

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
10, 4015-4061, 2013

Optimising predictor
domains for
precipitation
downscaling

S. Radanovics et al.

(3 ““““““
; ““““““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

each zone one predictor domain from the five domain ensemble has to be selected
such that contiguous areas with the same predictor domain are formed. The smooth
distribution of the domain center locations together with their rather small range should
facilitate this. The domain size has a higher spatial variability that could hamper the
attempt of aggregating zones by same domain, but this goes along with a larger range
that may compensate it to a certain degree.
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Table 1. Predictors and their corresponding pressure levels, times, similarity criterion and num-
ber of situations selected in the given step used by the downscaling method. E.d.: Euclidean
distance, TWS: The Teweles and Wobus shape criteria (Teweles and Wobus, 1954).

Predictor Pressure level [hPa] and time [UTC] Similarity citerion Number of analogues
Temperature 925 at 12:00 D+1, 600 at 12:00 D E.d. 2000*

Geopotential 1000 at 12:00 D, 500 at 00:00 D+1 TWS 170

Vertical velocity 850 at 06:00, 12:00, 18:00 D and 00:00 D+1 E.d. 70

Humidity (TCW x rh) 850 at 12:00 D and 00:00 D+1 E.d. 25

*depending on the length of the archive: 100x number of years in the archive (44 yr — 4400, 20 yr — 2000, ...).

4050

Jaded uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD
10, 4015-4061, 2013

Optimising predictor
domains for
precipitation
downscaling

S. Radanovics et al.

(8
S

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

2600 -

2400 -

2200 -

2000 -

Y Lambert [km]

1800 -

\\;\&'ﬂ" o \IaN 7y

i LY \“"‘

D AR,
(RIS
TSN Y o

[ 7 X
..{{‘\
&

SN N (f _4‘
= )Eti:’t S ar

Lg_,t‘\ TS

v
(

SRR
N VRN E T L
7 {‘*ff‘f‘ &g{é!g:‘f" -‘

1600

Fig. 1. The 608 climatologically homogeneous zones defined in the Safran data. The case
study zones used in this study are colored. The three zones situated in the Rhéne catchment
are Sadne (212, dark green), Arve (317, light red) and Ardéche (442, dark red). The seven
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Fig. 3. Relevance maps truncated at CRPSS = 0 (regions with higher skill than the climatology)
and optimised domains for nine zones using the 20 yr archive. The best domain found is drawn
in red followed by the orange, yellow, green and blue one. The zone location is indicated by
a red dot.
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Fig. 4. Seasonal relevance maps for the Ardeche case study zone.
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Fig. 6. Difference in CRPSS between the best and the 5th best domain found during optimisa-

tion.

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
10, 4015-4061, 2013

Optimising predictor
domains for
precipitation
downscaling

S. Radanovics et al.

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
(72
(@)
a) (‘I:J HESSD
@
2 10, 4015-4061, 2013
T
QO
e 5 ... .
S Optimising predictor
. . domains for
. precipitation
@ downscaling
| (=
Ji 1 &, S. Radanovics et al.
L i S
T
Q
200 0 600 a0 1000 1200 1400 ©
b) =
- 9 !!!!!!! !!!!!!!
(72
(@]
2400 (=
Ll 1 <)
P i, =
| = 1
> Q
©
) I
. Bak Cbss
1600 | | | | (72)
(=
&
Fig. 7. (a) Mean domain center of the five best domains found during the domain optimisation. g'
(b) Maximum difference in domain center location between two domains in the five best domain T _I
(0]

4057

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

HESSD
10, 4015-4061, 2013

a)

Jaded uoissnosiqg

Optimising predictor
domains for

2
longitude

" o precipitation
@ downscaling
- =
()] g
2 S. Radanovics et al.
1800~ S
i 3
QO
©
; B I T ST T o) g
X Lambert [km] -
b)
o O
o
e Y ot &
- o
izau =
c 1
3 QO
> ©
2000 (0]
_ I N
g - [
(7]
X Lambert [km] m
@,
Fig. 8. (a) Mean domain size of the five best domains found during the optimisation procedure = _
for each zone. (b) Ratio of domain size range in the five domain ensemble (range/mean size). .
)
- TR
@

4058

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4015/2013/hessd-10-4015-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Ardéche

T
-20

i
-10

-30 -20 0

Fig. 9. Optimised predictor domains for three case study zones and different starting domains
for the optimisation. First row: start at the nearest elementary domain (NG), second row: start

from the most relevant elementary domain (RC).
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Fig. 10. Optimised predictor domains for three case study zones using the extended optimi-
sation method with five domains (first row) or the basic optimisation method with one domain

(second row).
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Fig. 11. Optimised predictor domains for three case study zones using 20 yr (first row) and 44

yr (second row) archive for optimisation.
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