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Abstract:

The use of a statistical-dynamical downscaling approach to obtain a high-resolution rainfall climatology for a subtropical
region in southern Morocco is analysed. The statistical part of the downscaling uses Circulation Weather Types (CWTs) as
a measure for near-surface wind fields calculated from sea-level pressure (SLP) data. The daily CWTs are correlated with
daily rainfall data at three different climate stations in the region for the period 1978—1997 and systematic differences are
discussed. Results are viewed for one extreme dry year (1984) and one extreme wet year (1989) to show the limits of
purely statistical downscaling.

Dynamical downscaling is realized for representative days to enable statistical-dynamical downscaling. Comparison of
statistically-dynamically downscaled rainfall with measured rainfall for the year 2002 and climatological results show
that the method is capable of capturing the relevant mechanisms triggering rainfall in the area. For extreme dry (wet)
years, rainfall is overestimated (underestimated) by the method and errors might occur even for normal years. However,
application to a climatology calculated for the period 1958—1997 via analysing daily SLP fields from NCEP Reanalyses
gives satisfactory results. For sufficiently long periods, the method is well capable of producing a reliable high-resolution
rainfall climatology. We will therefore apply the method to climate change simulations in part II of this paper. Copyright
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INTRODUCTION

Semi-arid regions, such as southern Morocco, experience
high interannual variability of scarce rainfall distribution
and are most vulnerable to climatic changes. Average
annual rainfall determines the production of biomass, thus
affecting the capacity for farming, herding, and tourism
(Le Houérou and Hoste, 1977; Parish and Funnell, 1999).
Against this background, analysis of the regional impact
of climate change on rainfall distribution is essential for
planning and managing water demand and distribution in
these regions.

Long-term data is mostly available in the form of Gen-
eral Circulation Model (GCM) simulations. These models
have horizontal resolutions of hundreds of kilometers,
and are therefore not suited to represent local effects
properly. Additionally, the resolution is unsatisfactory for
complex orographic terrain. In the case of North Africa,
the high peaks of the Atlas Mountains (max. 4165m,
Jebel Toubkal) cannot be resolved by GCMs. Neverthe-
less, the high Atlas Mountain ridge provides a significant
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weather- and watershed for the region (Hasler, 1980;
Nicholson and Kim, 1997). North of the Atlas Mountains,
precipitation is often associated with depressions along
the polar front. Several authors have successfully asso-
ciated precipitation in the Mediterranean and northern
Morocco with the phase of the North Atlantic Oscilla-
tion (NAO, e.g. Quadrelli et al., 2001; Knippertz et al.,
2003a), while seasonal precipitation in spring is also at
least partly influenced by the El Nifio/Southern Oscilla-
tion (ENSO, e.g. Nicholson and Kim, 1997; Knippertz
et al., 2003c). However, the rain only seldom reaches
the southern flank of the high Atlas. Rainfall there is
more often associated with depressions off the Moroc-
can coast, steering moist air onto the African continent
that might be released owing to forced lifting at the
southern slopes of the Atlas Mountains. In several cases,
moisture supply originates from tropical latitudes and is
advected in the middle troposphere above the dry bound-
ary layer northward along the western coast of Africa
(Knippertz, 2003; Knippertz et al., 2003b). Further east,
the so-called Sharav cyclones play an increasingly impor-
tant role in generating precipitation (Alpert and Ziv,
1989; Egger et al., 1995). As the precipitation caused
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by these processes is not well represented in GCMs, a
reliable tool for downscaling meteorological information
from GCM climate simulations is essential to determine
the regional conditions (e.g. Trigo and Palutikof, 2001).

There are different approaches for downscaling meteo-
rological information from GCMs to regional scales (see
Yarnal et al., 2001, for an overview). Statistical methods
use known correlations of large-scale features that are
well represented in GCMs to the variable to be investi-
gated on the regional scale and apply these correlations to
the GCM scenario output fields (e.g. Timbal, 2004; Zhao
et al., 2005). However, results obtained with this method
are restricted with regard to the availability of measure-
ments. Long-term measurements in the research area are
scarce (if available at all) and it is only recently that some
further stations have taken up measurements as part of
the IMPETUS research project (An integrated approach
to the efficient management of scarce water resources in
West Africa). Thus, spatial information is not sufficient
for a purely statistical downscaling approach. To add
spatial information, dynamical simulations are used. The
dynamical coupling of the downscaled information with
the driving model enables spatial upscaling of the scarce
measurements. It additionally allows application of the
results to climate change simulations, as will be shown
in the second part of this paper. Purely dynamical down-
scaling (e.g. Christensen et al., 1997; Jones et al., 1997,
May and Roeckner, 2001) is computationally expensive
and is therefore difficult to be applied to long periods of
time, as is necessary to obtain climatological information.

Statistical-dynamical downscaling uses the advantages
of both, the statistical approach and the dynamical
approach. Large-scale fields with good correlations to the
local effect to be investigated are statistically analysed
to obtain relevant groups or classes of days for the
meteorological field on the local scale that is in focus.
Dynamical downscaling is then applied to representative
days or episodes of the classes obtained. Finally, the
dynamically simulated representatives of the classes
are recombined according to the statistical distribution
of the large-scale driving field. Statistical-dynamical
downscaling has been successfully applied to rainfall and
wind climatologies in different regions of the world (cf
Fuentes and Heimann, 2000; Heimann, 2001). However,
its use is limited by the availability of large-scale driving
fields that contain sufficient correlation to the high-
resolution field to be investigated.

Since the pressure fields are generally better represen-
ted in GCMs than precipitation distribution (e.g. Corte-
Real et al., 1995), patterns of sea-level pressure (SLP) or
500 hPa height are used frequently for downscaling pur-
poses (e.g. Trigo and DaCamara, 2000; Trigo and Palu-
tikof, 2001; Quadrelli et al., 2001; Palutikof et al., 2002).
Circulation Weather Types (CWTs) calculated from daily
SLP fields are known to have significant influence on
dynamically induced rainfall for mid European regions
(e.g. Buishand and Brandsma, 1997) or the Mediterranean
(e.g. Palutikof et al., 2002; Goodess and Palutikof, 1998).
Several authors have shown that performance increases
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when multiple fields are used for the classification. When
aiming at precipitation, humidity fields are most bene-
ficial (e.g. Enke et al., 2005). However, in the region
investigated here, a very dry boundary layer often pre-
vents rainfall from reaching the ground, and humidity
advection is often limited to relatively thin layers. There-
fore, the simulation of humidity with a GCM is very
difficult in this region. Since the analysis of a single field
(SLP) yields good results, we decided to stick to this.

In this paper we will use objectively calculated CWT
classifications (Jones et al., 1993) to downscale rainfall
in a subtropical region in North Africa. We selected
this method for reasons of simplicity and easy exten-
sion to further data sets, since it uses a single variable
that is available from reanalyses and GCM simulations
in sufficient quality. CWTs have a sound physical basis
and are easy to interpret as synoptic relevant patterns
(Goodess and Palutikof, 1998). Furthermore, the results
are surprisingly good, considering the possible errors
due to presence of the Atlas Mountains in the analysis
region. A meteorological model chain is employed for the
dynamical downscaling. At the high-resolution end of this
model chain, the non-hydrostatic prognostic mesoscale
model FOOT3DK (Flow Over Orographically structured
Terrain, 3 Dimensional, Koln Version) is used, which
is nested in a one-way approach into the Lokal Model
(LM) of the German Weather Service. Performance of
the model chain and the FOOT3DK model is tested for
the region and some necessary adjustments of soil mois-
ture are implemented (Shao et al., 2001; Hiibener et al.,
2005).

In the section on Investigated Area and Data of this
paper, we will give a short introduction to the investigated
area and data used. In the section on Statistical Down-
scaling, the calculation of CWTs is described and the
resulting climatological monthly CWT distribution for
the National Centre for Environmental Prediction (NCEP)
period (1958—1997) is shown. Thereafter, correlation of
CWTs with rainfall at different climate stations will be
discussed and the chosen station for further use in this
study will be motivated. Results for the dry year (1984)
and the wet year (1989) are presented to outline the relia-
bility and also the limits of the purely statistical approach
in the area. The section on Statistical-dynamical Down-
scaling briefly describes the model chain used for the
dynamical downscaling and coupling of the statistical and
dynamical methods. Results of the statistical-dynamical
downscaling for the year 2002 are presented in the sec-
tion on Results and compared with measured data in
the area. Some additional remarks for the extreme years
1984 and 1989 are given. Finally, a climatology for the
NCEP Reanalyses period (1958—1997) is presented. A
short summary and suggestions for further research con-
clude the paper.

INVESTIGATED AREA AND DATA

The catchment of the Wadi Draa is located at the
southern slope of the high Atlas Mountains. In the valley
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between the high Atlas and the anti Atlas lies the city
of Ouarzazate (30°56'N, 6°54'W), where an artificial
lake samples the waters from the parts lying above
the catchment. From this reservoir, water is distributed
into the irrigation channeling system down river. The
simulation area covers the southernmost part of the
catchment, where the river oasis comprises date palm
groves fed by irrigation water. Further downstream, the
river dries out and gives way to the Saharan desert
(outlined in Figure 1, see Hubener et al., 2005 for further
information on the catchment). The research area has
semi-arid climate, with less than 100 mm rainfall per
year and potential annual evaporation rates of 2000 mm
or more.

Daily rainfall data for the stations Ouarzazate (30°56'N,
6°54W, WMO No. 60265), Er-Rachidia (31°56'N,
4°24'W, WMO No. 60210), and Bechar (31°37'N,
2°14'W, WMO No. 60571, see Figure 1 for location of
the stations) is used to outline the physical soundness of
CWTs as an approach to weather conditions in the region.

To test the reliability of downscaling results for the
region, rainfall measurements for four climate stations
are used: El Miyit (EMY, 30°21'50"N, 5°37'44"W), Asrir
(ASR, 30°21'25"N, 5°50'10"W), Jebel H’ssain ou Brah-
min (JHB, 29°56'12"N, 5°37'43”W), and Lac Ikriki (IRK,
29°58'23"N, 6°20'57"W) (triangles in Figures 1 and 6).
The stations are part of the IMPETUS measurement net-
work and started recording measurements between Dec
2000 (EMY) and Nov 2001 (IRK). Measurements are
still continuing.

LM simulations to drive the nested high-resolution
FOOT3DK simulations were only available for a
14 month period, from Nov 2001 to Dec 2002. Thus,
the selection of representative days for the dynamical
downscaling is restricted to this period. The problem will
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be discussed in more detail in the section on Statistical-
dynamical Downscaling.

To calculate CWTs, SLP data from the NCEP Reanal-
yses for the years 1958—1997 is used.

STATISTICAL DOWNSCALING

Calculation of CWTs

According to Jones et al. (1993), CWTs are calculated
from SLP data at 16 points (asterisks in Figure 2(a))
distributed around the centre of the area of interest (here:
30 °N, 5 °W; black dots in Figure 2).

The calculation is based on the near-surface pressure
gradient, assuming the near-surface wind field to be in
first order parallel to the isobars. Thus, the following
geostrophic wind and geostrophic vorticity definitions are
used:

Uy = iug + jug (1)
1 ap 1 ap
Uy = —— —, v, = — — )
£ pfay’ % pfox
v,  Ou,
=_8__8 3
= ox dy ©)

In Equations (1) to (3), Bg is the geostrophic wind,
with_v, ang u, the meridional and zonal components,
and i and j the normal vectors in the zonal and merid-
ional directions x and y. The air density and corio-
lis parameter are denoted p and f, respectively, and
o is the geostrophic vorticity. Under the above men-
tioned assumption of first order geostrophic approxima-
tion near the surface, mean wind regimes are calculated
for directional (Equations (4), (5), (6)) and rotational

o <s»? Y,
Bechar

30°N

Figure 1. Wadi Draa (black outline), orography (colours), climate stations Ouarzazate, Er-Rachidia, and Bechar, simulation area of LM (large
square) and of FOOT3DK (small square).
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Figure 2. (a) Locations of the points where pressure values are used to calculate CWTs. (b) Mean climatological SLP field for NCEP reanalysis,
1958-1997. Isoline spacing is 2hPa.

(Equations (7), (8), (9)) components of the wind field.
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In Equations (4) to (9), p; is the sea-level pressure
at the position indicated by the index value (compare
Figure 2(a)). The directional components consist of a
westerly part W and a southerly part S. The total direc-
tional flow is given as F. Rotational flow consists of a
westerly vorticity component WV and a southerly vor-
ticity component SV, with total vorticity strength as their
sum V. To account for different areas of representative-
ness due to the convergence of the meridians, trigono-
metric factors are added to the equations. Each daily SLP
distribution is assigned to a directional class (if |V| < F),
a rotational class (if |V| > 2F), a mixed class comprising
a directional and a rotational class (if F < |V | < 2F), or
a low wind situation (if F <4 and V < 4).

Figure 2(b) shows the mean climatological SLP field
for the NCEP Reanalyses for the years 1958—1997. Well-
known features like Acores high and Island low are
depicted as expected. Figure 3 shows the mean SLP

Copyright © 2007 Royal Meteorological Society

fields for composites over all days of every CWT in the
left column, the middle column shows the anomaly of
the composite CWT SLP fields from the climatological
mean, and the right column depicts the standard deviation
in each CWT. Particularly in the anomaly fields, mete-
orological interpretations of the CWTs come to mind.
Extension of the Acores high towards southern Europe
leads to north-easterly (NE) and easterly (E) flow at the
southern flank of the high-pressure region. These CWTs
are expected to be of little significance for rainfall, since
the moisture must be advected from the Mediterranean,
overflowing the Atlas Mountains east of the research area.
South-easterly (SE), southerly (S), and south-westerly
(SW) wind directions are diagnosed when a low-pressure
anomaly at sea level is located off the Moroccan coast. At
the southern flank of these systems (troughs or cut-off-
lows), moist air from the Atlantic Ocean can be advected
onto the North African land mass. When this moist air
reaches the southern slopes of the Atlas Mountains, ris-
ing motion is forced, leading to precipitation in the area.
Westerly (W) CWT occurs when a negative SLP anomaly
is located over the Iberian Peninsula. As for the SE, S,
and SW CWTs, the westerly CWT might bring some
precipitation south of the Atlas Mountains, when suffi-
ciently moist air is advected from the Atlantic Ocean
into the region. North-westerly (NW) and northerly (N)
CWTs show a pressure distribution with low values
over the western Mediterranean area, so the research
area is located behind the trough. Therefore, owing to
adiabatic sinking motion in the lee of the mountains,
these CWTs are expected to account for mostly dry days
even though lee cyclogenesis might occur infrequently,
inducing the so-called Sharav cyclones (c¢f Alpert and
Ziv, 1989; Egger et al., 1995). Cyclonic (C) CWT is
associated with a negative SLP anomaly centred over
the research area. Since cyclonic motion is associated
with rising air, these conditions favour rainfall if suffi-
cient air moisture is available. During summer, however,
cyclonic CWT often denotes heat lows over the Saharan
desert region and is therefore not associated with rainfall.
Anti-cyclonic (A) CWT shows positive sea-level pressure
anomalies over the research area. Since this is associated
with sinking motion, this CWT is expected to denote dry
situations. However, some situations are classified as A,
only because several small low-pressure spots are found
around the centre of calculation in the SLP field. This

Int. J. Climatol. 27: 1763-1774 (2007)
DOI: 10.1002/joc



DOWNSCALED RAINFALL CLIMATOLOGY PART I: METHOD AND CURRENT CLIMATE 1767

Figure 3. Pressure fields (left column), anomalies from mean field (middle column, dashed lines indicate negative anomalies), and standard
deviation (right column) for each CWT. Isoline spacing is 2 hPa.

might explain the unusual rainfall occurrence on days
with CWT A.

In-group variability (¢f Enke et al., 2005) in the CWTs
is measured using the standard deviation (RMSE) from
the composite of the respective CWT (Figure 3, right

Copyright © 2007 Royal Meteorological Society

column). It is found below 6 hPa in the direct research
area but reaches values above 10 hPa (thick line) over
the North Atlantic. However, the variability in the North
Atlantic does not significantly influence the precipitation
south of the high Atlas (Knippertz et al., 2003b).
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Table I. Correlation coefficients of station rainfall with CWTs for the whole year and winter (95% significant,
light shaded; 99% significant, dark shaded).

C A NE E SE S SW W NW N
%EYZ 0059 -0.081 -0.034 0014 004 0014 0079 006 -0.005 -0.005
winter 0.187 -0.195 -0.054 -0.061 0083 0055 0152 009 001 00l
lyEeRaf 0.081 -0.076 -0.012 -0.04 0012 -0.003 00l 0015 0026 0.049
winter 0231 -0.167 -0.006 -0.042 0023 -0.002 -0051 0037 0044 0.021
fe(;fl 0.083 -0.074 0001 -0.047 -0.019 -0.008 0028 002 0.023 0.049
winter 0202 -0.156 0016 -0.075 -0.025 -0.024 0046 0041 0.089 0.103

Huebener and Kerschgens I Table 1.

Climatology of CWTs and correlation to rainfall in the
region

A climatology for the mean monthly distribution of
CWTs for the area is presented in Figure 4(a) for
the period 1958—1997. It shows an occurrence of the
cyclonic class in all months of about 10% (grey). The
anti-cyclonic class (green) is mainly confined to the
winter months, while the NE (light yellow) and easterly
(yellow) winds dominate the distribution during summer.
SE (orange), southerly (red), SW (pink), and westerly
(violet) winds rarely occur and are mostly restricted to
the winter half year. North-westerly (blue) and northerly
(cyan) winds are most frequent during spring, but can be
found around the year, though only seldom.

Measured rainfall amount for stations Ouarzazate, Er-
Rachidia, and Bechar (see Figure 1 for location of the
stations) is distributed to the CWTs on the rainy days
using the years 1978—1997. Results are presented in
Figure 4(b—d) for Ouarzazate, Er-Rachidia, and Bechar.
It should be noted that rainfall occurrence is associated
with different CWTs for the three stations. While for
Ouarzazate, the C (grey), SE (orange), S (red), and SW
(pink) CWTs are the most relevant ones to produce rain-
fall (Figure 4(b)), this is not the case for Er-Rachidia
(Figure 4(c)) and Bechar (Figure 4(d)). This is due to the
precise locations of the stations (see Figure 1). The mean
SLP field for all days with SE, S, and SW CWTs show
negative pressure anomalies off the Moroccan coast,
steering moist air from the Atlantic into the research area
towards the southern slope of the Atlas Mountains (com-
pare Figure 3). This mechanism becomes less efficient
the further east the station is located. For Er-Rachidia
and Bechar, precipitation is more often associated with
N (cyan) and NW (blue) CWTs. Here, moisture can be
advected from the Mediterranean. While the high Atlas
mountain ridge effectively inhibits moisture advection in
Ouarzazate due to adiabatic flow at the lee side of the

Copyright © 2007 Royal Meteorological Society

mountains, the height of the mountain ridge is less further
east and moist air might pass into the African continent.

Correlation of CWTs with rainfall days is presented
in Table I for all three stations for the whole year and
restricted to the winter half year (October to March) for
the period 1978—1997. Significant correlations are shaded
(light: 95%, dark: 99%). All stations show significantly
negative correlations of rainy days for anti-cyclonic CWT
and significant positive correlations with cyclonic CWT.
Further significant positive correlations are found for SW,
westerly, and SE CWTs for Ouarzazate and for northerly
and north-westerly CWTs for Bechar. For Ouarzazate,
the high contribution of rainfall from the southerly CWT
(Figure 4(b), red bars), associated with scarce occurrence
(Figure 4(a), red bars) and not significant correlation with
rainy days (Table I), implies particularly high rainfall
amounts for events during this CWT. Correlations for all
three stations tend to higher values when reduced to the
winter half year, while they are lower during the summer
half year (not shown).

Since the results for the three stations differ noticeably,
we decided to use a single station, Ouarzazate, which
is located nearest to the research area, to determine the
relevant classes and their representatives to be simulated.

Results for an extreme dry and an extreme wet year

Monthly CWT distribution for the dry year (1984) and
the wet year (1989) are displayed in Figure 5 (left
hand side). In the dry year (1984) (Figure 5(a)), CWTs
relevant for rainfall in the region (C, SW, S, SE, W)
occur as often (9.62%) as in the climatological mean
(9.63%, Figure 4(a)). Occurrence frequency of cyclonic
CWT is particularly high in August (>20%), when
this CWT is normally not associated with rainfall since
it mostly depicts heat lows. In the wet year (1989),
these CWTs are analysed noticeably more often (16.26%,
Figure 5(c)). Therefore, analysis of annual occurrence

Int. J. Climatol. 27: 1763-1774 (2007)
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frequency of CWTs might give a hint, but is not sufficient,
to distinguish whether a year is exceptionally dry or wet
or just normal.

Rainfall in 1984 (Figure 5(b)) consisted of two events
on days with mixed CWTs (C+ W, and C+E). In
1989, maximum precipitation occurred in January, Febru-
ary, and September to December, mostly in situations of
troughs and their frontal systems off the Moroccan coast.
In the periods 8—31 Aug 1989 and 14 Sept—5 Oct 1989,
several events of tropical—extratropical interaction were
observed (cf. Knippertz, 2003), which caused precipita-
tion in the region.

STATISTICAL-DYNAMICAL DOWNSCALING

The model chain starts with analyses of the GME (global
model of the German Weather Service, DWD). The
regional model LM (Lokal Model of the DWD) is applied
in two successive nesting steps (0.25° and 0.0625° =
7 km resolution) and driven with these analyses for the
area depicted by the larger square in Figure 1 in the low
resolution. Into the LM simulations, FOOT3DK is nested
for the area indicated by the smaller square in Figure 1.
FOOT3DK is a non-hydrostatic meteorological model.
Horizontal resolution used in this work is 3 km x 3 km
for 40 x 40 grid boxes. In the vertical, a terrain following
o-coordinate is used and the resolution varies with
height: 35 layers are distributed over a model height of
13 km, where the lowest layer has a thickness of 50 m
and layer thickness increases with height. Implemented
in FOOT3DK is a Soil-Vegetation-Atmosphere Transfer
(SVAT) scheme, with two soil layers and one layer of
vegetation. Implementation of a groundwater reservoir
below the lower boundary of the model and irrigation is
applied as described in Hubener et al. (2005). Further
information on model physics and parameterizations
can be found in Hubener ef al. (2005) and Shao et al.
(2001). A detailed discussion of simulation results and
comparison to station measurements for a single day
(2002/06/06) can also be found in Hubener et al. (2005).

The statistical-dynamical downscaling requires the sep-
aration of all days into disjunctive classes or groups and
selection of representative days for each group. These
representatives are dynamically simulated and thereafter
statistically recombined to a synthetic climatology. Selec-
tion of appropriate days is restricted to the period when
high-resolution LM simulations are available: Novem-
ber 2001 to December 2002. Station measurements in
the research area are available from November 2001 to
enable validation of the simulation results. Since in this
region, as in most arid and semi-arid regions, rainfall
typically consists of infrequent and often highly local-
ized rainfall, it is difficult to select ‘typical’ rainfall
events. Thus, to avoid dominating the results by a par-
ticular event, we selected two different days for each
rainfall group to cover the in-group rainfall variability. As
pointed out above, the year 2002 was neither an extreme
dry nor an extreme wet year, and can be assumed to cover
the typical range of rainfall events in the area.

Copyright © 2007 Royal Meteorological Society
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Representatives for the CWT classes are obtained
under the following conditions:

e LM simulations as nesting conditions were available
for the period from November 2001 to December 2002.
Representatives must therefore be selected from this
period.

e To reduce the computing effort and avoid redundant
information, CWTs are grouped according to their
correlation with specific weather situations concern-
ing rainfall as follows: (1) cyclonic; (2) anti-cyclonic;
(3) NE and E; (4) SE, S and SW; (5) W; (6) NW
and N.

e If possible, two days with rain and two days with-
out rain are selected for each CWT-group. This is not
possible in all cases. The LM period includes only
one rainy day with CWT west and only one rainy day
with CWTs north-west or north, and no rainy day with
CWT anti-cyclonic. However, two simulations of anti-
cyclonic days produce very small rainfall amounts in
some grid boxes, so these days are taken as representa-
tives for the anti-cyclonic group with rainfall. Westerly
and north-westerly or northerly days with rainfall are
represented by only one member.

e Representatives are restricted to pure directional or
rotational days, no days with mixed classes are used.

e No low wind situations were allowed to serve as
representatives.

e Actual representatives are subjectively selected from
daily surface and 500 hPa maps from the European
Weather Report (EWB), since an objective method
(e.g. similarity to the composite field of the respective
group) might not yield a typical day but a smoothed
SLP distribution, particularly for groups associated
with cyclones in the vicinity.

e Only those days are considered as rainy days where
rainfall is measured at least at one of the stations in
the research area and it is also simulated in the area
(exception: anti-cyclonic group).

e If possible, the two representatives for each group are
selected to account for the mean seasonal distribution
of the group.

The days used as representatives are given in Table II.

To obtain a climatology, weighting factors W(R;)
are calculated for every representative day R; in the
following way:

W(R) = (Y (Ci) - ¥ (P)/N(R;(Cip))

and
W(R;) = (Y (C;) - (100% — ¥ (P;))/N(R; (Ciop))

Where ¢ (C;) is the occurrence frequency of the wind
direction class (in %) of the representative R;, ¥ (P;) is
the percentage of rainy days in this class. N(R;(C;p))
is the number of simulated representatives for this group
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Table II. Representative days selected for the CWT classes with and without rainfall.

C A NE, E SE, S, SW w NW, N
With rain 2002/04/02 2001/12/07 2002/03/08 2001/12/10 2002/11/15 2002/05/22
2002/05/06 2002/04/09 2002/08/28 2002/03/31
Without rain 2002/02/17 2002/01/22 2001/12/04 2002/01/06 2002/04/08 2002/03/06
2002/04/06 2002/03/10 2002/07/14 2002/10/28 2002/11/23 2002/12/28

Huebener and Kerschgens I Table II.

with rainfall, and N (R;(C;,p)) is the number of simulated
representatives for this group without rainfall.

Since the selection of representative days for the
CWT groups (in particular, of the rainy days) is crucial
for the results, we will briefly address the question of
rainy days in the CWT classes where rainfall is not
readily expected. The two days representing the CWT A
with rainfall show shallow pressure minima around the
research area that are nevertheless associated with surface
fronts. The days representing the E and NE CWT with
rain both show a small scale wave disturbance in the SLP
field that plausibly might favour rainfall in the research
area. The day representing the NW and N CWT with
rainfall is characterized by a strong front approaching the
research area from NW and rain crossing the mountain
ridge.

RESULTS

The results of the statistical-dynamical downscaling are
compared to station measurements for the year 2002.
Since the selected representatives are mostly taken from
this year, the procedure should give reliable results for at
least this year. Measurements at all four climate stations
in the area were available for the whole year, thus
the resulting rainfall distribution can be compared to
measured rainfall at those stations.

Figure 6 shows the downscaled rainfall distribution for
2002 for the simulation region (coloured) and the mea-
sured values at the climate stations (triangles, coloured
according to the same colour bar as the field values).
The resulting rainfall distribution displays a noticeable
rainfall gradient in the north—south direction. This seems
to be in good agreement with reality, since the southern
part of the research area is already part of the Saharan
desert. In the northern part, precipitation is clearly bound
to orographic barriers (isolines in Figure 6, compare also
Figure 1 for orography). Simulated mean 2002 rainfall
for the whole simulation area is 50.1 mm. Measured (sim-
ulated) rainfall at the stations is 45.2 (>120) mm for
EMY, 64 (52.5) mm for ASR, 32.4 (52.5) mm for JHB,
and 42.5 (30) mm for IRK. While local rainfall amounts
for 2002 are well represented by the downscaling result
for the stations ASR, JHB, and IRK, simulated rainfall is
significantly overestimated, compared to measurements,
at the station EMY. The maximum rainfall amount at
the mountain ridge east of the station EMY must be
regarded as too large. No station data was available to
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validate the simulated rainfall maximum at the north-
western border of the simulation area, but the values
here should be regarded with caution, since this maxi-
mum is induced by inflow of moist air at the border of the
model on a particular representative day. Keeping in mind
the difficulties of comparing point measurements with
simulated grid-box values for a 3 km x 3 km square,
the results seem reasonable (barring the above-discussed
problem).

Since the recombination for 2002 gives reliable results,
in the following step the two extreme years, 1984 and
1989, are analysed to demonstrate the limits of the
method. Since no measurements are available in the
simulation domain for these years, results will be dis-
cussed in a general manner by comparison to rainfall
at station Ouarzazate. Recombining the year 1984 with
statistical-dynamical downscaling leads to an area mean
annual rainfall of 21.7 mm for the simulation domain
(not shown), which is as large as the precipitation in
Ouarzazate for this year. Since rainfall in the simulation
area typically amounts only to half the value at station
Ouarzazate, this result is presumably an overestimation.
Resulting downscaled precipitation for the wet year 1989
amounts to 92.8 mm (not shown), compared to 251.6 mm
in Ouarzazate. This value seems underestimated, assum-
ing that rainfall in the simulation area normally reaches
half of the rainfall amount of Ouarzazate. We cannot
prove the reliability of the method for the extreme years
without ambiguity, since no measurements are available
in the simulation area. However, we propose to desist
from the method to simulate single years, since extreme
events might be over- or underestimated. Nevertheless, it
seems to be a reliable tool for climatological purposes,
since smoothing of extreme values is required in this
case.

A rainfall climatology is obtained for the NCEP
Reanalysis period 1958—-1997. The resulting distribution
of precipitation is depicted in Figure 7. Mean rainfall
is 31.9 mm for the whole area for the climatological
year. The reduced area mean value is comparable to
the 2002 simulation results from a smoother rainfall
distribution and less prominent rainfall maxima, partic-
ularly at the mountainous region east of station EMY
and in the north-western quarter of the simulation area.
Since values for the 2002 simulation were expected to be
overestimated in these locations, the reductions improve
the overall picture.
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Figure 7. Climatological rainfall distribution (mm/a) for NCEP Reanalyses, 1958—-1997.

SUMMARY

A method is developed not only to enable the analysis of
current climate conditions at the northern border of the
Sahara, but also to evaluate the impact of regional future
climate change in the region. Since climate models usu-
ally feature coarse resolutions, and representation of local
precipitation parameters (amount, seasonal distribution,
extremes) is relatively poor, the adapted downscaling
method uses SLP fields, which are better represented in
climate models (e.g. Corte-Real et al., 1995) and show
good correlations with rainfall (e.g. Trigo and DaCamara,
2000; Trigo and Palutikof, 2001; Quadrelli et al., 2001;
Palutikof et al., 2002; Knippertz et al., 2003a). CWTs are
objectively calculated according to Jones et al. (1993)
for a region in southern Morocco located between the
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high Atlas Mountains and the Saharan desert. Correla-
tion of CWTs to precipitation at the stations Ouarzazate,
Er-Rachidia, and Bechar shows that the method is able
to capture a relevant part of rainfall-triggering conditions
in the area. South of the Atlas Mountains, precipitation
is highly correlated with negative SLP anomalies off
the Moroccan coast. The results are in good agreement
with previous findings by Knippertz et al. (2003a), who
distinguished three different rainfall regimes in Morocco:
the Atlantic coast north of the Atlas Mountains, the
Mediterranean coast east of the Riff Mountains, and the
Saharan border south of the Atlas Mountains. In addi-
tion to the results of Knippertz et al. (2003a), differences
in physical relations of CWTs to rainfall mechanisms
between three stations in the region south of the Atlas

Int. J. Climatol. 27: 1763—1774 (2007)
DOI: 10.1002/joc



DOWNSCALED RAINFALL CLIMATOLOGY PART I: METHOD AND CURRENT CLIMATE

mountains are clearly displayed in this work. While rainy
conditions at stations in the western part of the region
are correlated to southerly, SW, and SE winds, stations
further east show enhanced rainfall contribution during
northerly or north-westerly winds, as are typical for the
formation of Sharav cyclones (Alpert and Ziv, 1989;
Egger et al., 1995).

The statistical analysis alone is not sufficient to give
a detailed picture of rainfall distribution in a region
with scarce measurements. Therefore, dynamically nested
high-resolution simulations are realized, using a meteo-
rological model chain consisting of global analyses of
the German Weather Service (DWD), the regional model
LM (Lokal Model of the DWD), and the mesoscale
model FOOT3DK. Simulated representative days are
recombined with respect to the statistical distribution of
their respective CWT groups according to the statistical-
dynamical downscaling procedure.

Comparison of statistical-dynamical downscaling
results with measured precipitation for the year 2002
shows good agreement. However, applying the method
to extreme dry (wet) years leads to overestimation
(underestimation) of rainfall amounts, particularly in
locations of higher rainfall in the simulation domain. As
the region displays extreme interanual rainfall variabil-
ity and the statistical-dynamical downscaling uses single
days as representatives for a whole group of days, it
should not be used for single years. It might be argued
that the statistical-dynamical approach suffers from the
smoothing of the extreme values and coarse temporal
resolution, thus reducing the use of the high-resolution
simulations. However, only high-resolution dynamical
downscaling captures the rainfall patterns in orograph-
ically structured terrain correctly and allows the changes
in the thermal and moisture fields to be taken into
account when applying the method to climate change
simulations.

Statistical-dynamical downscaling using CWTs as
large-scale driving conditions gives a reliable pic-
ture of rainfall distribution for the NCEP climatology
(1958-1997) in southern Morocco. We will therefore
apply the method presented here to climate change sim-
ulations for this region in part II of this paper.
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