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Abstract Regime-dependent evaluation is a relatively
new approach to assess model performance. It con-
sists of classifying the model biases according to a
discrete number of regimes and evaluating model out-
put within each regime. In this paper, the regimes
are firstly defined by the large-scale atmospheric cir-
culation, based on the objective Jenkinson-Collison
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classification technique which distinguishes synoptic
patterns by strength, direction and vorticity of the
geostrophic flow. Eight directional and two vorticity
circulation regimes (circulation types) are specified.
In this way, it is possible to quantify the model per-
formance for cases with for example westerly winds
only, or with cyclonic circulation only. A second regime
classification is based on temperature, which allows
for detection of temperature-dependent model perfor-
mance. Modelled accumulated precipitation (mm/6 h)
is evaluated with rain gauges for the years 2007 and
2008. Two variants of the COSMO model are evalu-
ated: a fine-resolution version (2.8 km, COSMO-DE)
and a coarse-resolution version (7 km, COSMO-EU).
In COSMO-EU, a windward/leeward effect becomes
visible since circulation is related to dominant wind
direction, hence to windward and lee side of orog-
raphy. In COSMO-DE, no circulation dependent but
a height-related bias is identified and further ex-
plored, making use of temperature-dependent evalua-
tion which unveils a positive model bias related to solid
precipitation.

1 Introduction

Model evaluation is a necessary part of model devel-
opment. A general assessment of overall model biases
(evaluating the “model climate”) is common among the
numerical weather prediction and climate community
who possess the standard tools for this evaluation.
A range of possible techniques has been developed
and used. The verification of weather forecasts is typi-
cally done by constructing a verification measure (“skill
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score”) representing the model’s degree of correct-
ness (Baldwin and Kain 2006). The model can also be
evaluated on climate time scales (decades), by com-
paring model output with long time series of obser-
vations, e.g. rain gauge networks (Frei et al. 2006).
Moreover, advanced observation techniques have been
recently used, allowing more extensive and detailed
evaluation possibilities on time scales of years, e.g.
Illingworth et al. (2007) using high-resolution cloud
observations.

Despite all this, actual model development often re-
lies on case studies, which implies a choice for suitable
and representative cases (Jakob et al. 2005). This calls
for a different approach which identifies situations in
which the model bias is higher than the average, here
called problem regimes. The identification of regimes
consists of stratifying the model biases according to
an external parameter (observed or modelled) which
represents the differentiation in situations. The gap
between overall model evaluation and detailed case
studies can be closed by regime identification, where
the choice for case studies becomes an objective and au-
tomated process (Jakob 2003). In this way, advantages
of both the long-term model evaluation and detailed
case studies can be fully exploited. The stratification
of the verification dataset into relatively homogeneous
subsamples also allows for detection (unmasking) of
systematic model biases (Rossa et al. 2008), by poten-
tially decomposing an apparently small overall model
error into larger cancelling errors which are regime-
dependent (Jakob et al. 2005).

Jakob (2004) evaluated modelled surface solar radia-
tion from a global climate model (GCM) and found that
the model exhibited an overall negative bias. But much
more information came from the regime-dependent
evaluation, in which the dataset was stratified according
to four cloud regimes, defined by cloud top pressure
and cloud optical thickness (i.e. the external parame-
ters). Only in the two convection-suppressing cloud
regimes, the model exhibited a negative bias. This
example illustrated the benefits of regime-dependent
evaluation by revealing the main reasons for the overall
model error, and indicated here that case studies should
focus on problem regimes, in this case situations when
convection is suppressed.

Instead of evaluating a GCM, regime-dependent
evaluation can also be applied on numerical weather
prediction models, which was already done by Rossa
et al. (2003, 2004) for the Swiss Alps with the ALMO
model. They stratified the dataset according to weather
situations which also include four advective regimes
(i.e. the main wind directions) according to the Schüepp
classification scheme, designed for the Alpine region.

One of the results was an overestimation of precipi-
tation on the windward side of the Alps and a pro-
nounced underestimation on the lee side (Rossa et al.
2004).

The aim of this research is to apply a similar evalua-
tion method. Regimes are firstly defined by geopoten-
tial height fields as external parameter, which reflect
the large-scale atmospheric circulation or geostrophic
wind direction. Eight directional and two vorticity
regimes are distinguished and an average precipitation
bias for each regime is calculated. A second evaluation
is based on temperature regimes. A snow-free, summer,
winter, and snow regime is defined. This method is illus-
trated here with the modelled precipitation in COSMO
(formerly Lokal-Modell), a non-hydrostatic limited-
area model for NWP (Steppeler et al. 2003). The cov-
ered observation area consists mainly of Germany,
and hence forms the evaluation area in this research.

2 Method and data

2.1 Model output

The COSMO model is a non-hydrostatic, fully com-
pressible model in advection form (Steppeler et al.
2003). Different versions exist, from which two are
considered in this paper, COSMO-DE and COSMO-
EU, the Deutscher Wetterdienst’s operational NWP
applications of the COSMO model (Baldauf et al.
2011). The former has a high-resolution grid (2.8 km,
50 vertical layers) centred above Germany, and al-
lows the mesoscale part of large convective systems
to be resolved (hereafter mentioned as “convection-
resolving”). The mass fractions of moisture, cloud and
rain water, cloud ice, snow and graupel are prognos-
tic variables. COSMO-EU has a lower resolution grid
(7 km, 40 vertical layers) centred over Europe, and
makes use of the Tiedtke convection parametrisation
scheme (Tiedtke 1989). Except for graupel, the same
mass fractions are calculated as prognostic variables.
COSMO-DE is nested in COSMO-EU, which in turn
is nested in the global hydrostatic model GME (40 km
horizontal resolution, 40 vertical layers). COSMO-DE
forecasts start every three hours for target times rang-
ing from 0 to 21 h in advance.

2.2 Observed data

The model output is evaluated with an extensive
dataset, composed during the General Observation Pe-
riod (GOP) campaign in 2007–2008. The GOP dataset
is discussed in-depth by Crewell et al. (2008) and
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Mathes et al. (2008). One of the GOP products is
RANIE-1, an interpolated surface precipitation analy-
sis based on rain gauges with 6 h precipitation sums
on a 1 km spatial resolution. Some quality checks are
applied (e.g. outlier test) and orographical influence is
taken into account by a regression method.

2.3 The bias dataset

Six-hourly accumulated precipitation (mm/6 h) is de-
rived from the operational COSMO model output, by
averaging all available forecasts for a targetted accu-
mulation period. All forecast lead times are taken into
account because the overall model performance is in-
vestigated. The modelled six-hourly accumulation is an
average over the six available forecasts with different
lead times (0–6 h, 3–9 h, ..., 15–21 h). Excluding the
forecast with a zero lead time did not influence our
results. The total precipitation is considered and hence
includes solid precipitation.

To make an evaluation possible, the RANIE obser-
vation product is converted to the COSMO-DE and
COSMO-EU grid by means of an aggregation algo-
rithm. RANIE observations are then subtracted from
COSMO model output. This forms the bias dataset with
model bias fields (mm/6 h) for each accumulation pe-
riod in the years 2007 and 2008 (00-06UTC, 06-12UTC,
etc.). Gridboxes with a positive bias value indicate a
model overestimation, negative biases indicate an un-
derestimation.

3 Regime classifications

How to come to the regime datasets is described in
Sections 3.1 and 3.2. In Section 3.3, the bias dataset
and the regime datasets are linked through the regime-
dependent evaluation, which will be described in detail.

3.1 Circulation regimes

One way to classify the large-scale synoptic situa-
tion is the use of circulation pattern regimes. Often,
these regimes are based on the large-scale pressure or
geopotential distribution (Huth et al. 2008), which is
here the external parameter. While circulation pattern
definition was in the beginning a subjective method
(Großwetterlagen by Baur et al. (1944) or Lamb
classification by Lamb (1972) for the British Isles),
Jenkinson and Collison (1977) automated the Lamb
classification by using a pattern of 9 gridpoints with
sea level pressure data. Afterwards, this method was
optimized to 16 gridpoints by Jones et al. (1993). In

a slightly different configuration, this study applies
a pattern with 16 horizontally isotropically arranged
data points with a distance of �x ≈ 8◦, �y ≈ 5◦ (see
Fig. 1). The distance is adapted to the domain of inter-
est and can be easily modified to other scales. Different
from the above-mentioned studies, geopotential data
at 850 hPa level are used in order to avoid surface
influences. Three-hourly geopotential data of archived
COSMO-DE analyses (produced with observational
nudging, i.e. no forecasts) are used to derive the circu-
lation patterns.

The different regimes are defined by the geostrophic
wind (vg),

vg = 1

f
k × ∇ � = 1

f

(
− ∂�

∂y
∂�
∂x

)
. (1)

where f represents the Coriolis parameter, k the ver-
tical unity vector, and ∇ � the geopotential gradi-
ent. Subsequently the absolute geostrophic wind speed
(| vg |) and geostrophic vorticity (ζg) are compared,
where vorticity is defined as:

ζg = ∂vg

∂x
− ∂ug

∂y
. (2)

The wind direction classes are divided in 45◦ intervals
(N, NE, E, SE, S, SW, W and NW). Its difference to the
vorticity cases (ζg < 0 high pressure and ζ g ≥ 0 low
pressure domination) is determined by parameter B:

B = | vg

ζg �x
| . (3)
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Fig. 1 Points used for the calculation of circulation regimes:
white points for geostrophic flow and black points for vorticity
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For values B ≥ 1 the weather situation is classified as a
directional case, for values B < 1 the weather situation
is classified as a vorticity case. Situations with |vg| <

0.5 m s−1 are not classified (0.25% of all cases).
Figures 2 and 3 present the distribution of the circu-

lation regimes according to the COSMO-DE analyses
of 850 hPa geopotential data. In Fig. 2, the distrib-
ution of averaged fields (for all days in one regime)
above Germany for the 2-year time period of 2007/2008
is shown. Except for the Alpine region in Southern
Germany, each circulation regime is characterised by
a quite homogenous pattern with higher wind veloc-
ities for westerly regimes and lower wind speeds for
northerly, easterly and southerly regimes. The vorticity
regimes C (cyclonic) and A (anti-cyclonic) are marked
by a trough and a ridge respectively which range along
approximately the 51◦N latitude. Figure 3 shows that
in 2007/2008 Germany was dominated by (directional)
circulation cases (70%) with a peak for westerly circula-

tion regimes. The anti-cyclonic and cyclonic cases were
nearly equal with a percentage of 16% respectively
14%.

The circulation regime dataset is developed three-
hourly at fixed times (00UTC, 03UTC, 06UTC, etc.).
Each of these times is assigned to one regime (for
example cyclonic circulation or a western circulation
regime). The total number of datapoints (n) equals
5,848. To make it comparable with the bias dataset
(Section 2.3), only the regime dataset points that lie
in the middle of an accumulation period from the bias
dataset are considered (the 00-06UTC bias is assigned
to the 03UTC regime, the 06-12UTC bias to the 09UTC
regime, etc). By this, the circulation regime dataset
is reduced by a factor two to n = 2,924. The relative
frequency distribution for the entire and reduced circu-
lation regime dataset is almost the same (not shown),
and its absolute frequency distribution is given on top
of the bars in Fig. 3.

Fig. 2 Geopotential height composites for each circulation regime. From left to right and top to bottom: North, Northeast, East,
Southeast, South, Southwest, West, Northwest, cyclonic and anti-cyclonic circulation regime
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Fig. 3 Relative occurence frequency (%) of the circulation
regimes based on the geopotential of the 850 hPa level. From
left to right: North, Northeast, East, Southeast, South, Southwest,
West, Northwest, cyclonic and anti-cyclonic circulation regime.
On top of the bars, the absolute frequency of the reduced dataset
used for evaluation is shown

3.2 Temperature regimes

The second type of regime used in this paper is de-
fined by temperature at the 850 hPa pressure level
from 8 DWD radiosoundings: Bergen-Hohne (BEHO),
Lindenberg (LIND), Essen-Mülheim (ESSE), Meinin-
gen (MEIN), Idar-Oberstein (IDAR), Kümmers-
bruck (KUEM), Stuttgart-Schnarrenberg (STUT) and
Munich-Oberschleißheim (MUNI). Locations with
names of these stations are shown in Fig. 4.

The temperature-regime dataset is developed at a
temporal resolution of 12 h, also at fixed times (00UTC
and 12UTC). On each point in time, the average
temperature at 850 hPa is calculated for the eight
radiosoundings. Regimes are defined by a temper-
ature threshold. A threshold of > 281 K defines a
regime in which precipitation is supposed to be liquid
when it reaches the surface, hereafter called the no-
snow regime (n = 719). The temperature threshold is
set higher than the freezing point since a significant
amount of model gridboxes is located higher than the
measurement height at 850 hPa, and hence are charac-
terised by lower temperatures.

Another threshold of < 266 K defines a regime
in which much precipitation at 850 hPa is supposed
to be frozen, hence called the snow regime (n = 86).
This value is chosen as a compromise between a large
enough sample size and a cold enough threshold.

The temperature regimes are assigned to the bias
periods preceeding and following the radiosounding

Fig. 4 Location and name of the radiosondes which are used for
the temperature regime calculation

launches (the 00UTC regime is assigned to the 18-
00UTC and 00-06UTC biases and the 12UTC regime
to the 06-12UTC and 12-18UTC biases).

In addition, analyses are done for the five months
November to March (NDJFM, winter regime, n =
1,209) and May to September (MJJAS, summer regime,
n = 1,219).

3.3 Regime-dependent model evaluation

Bias fields belonging to a certain regime are added
and divided by the number of contributing fields (n)
to calculate regime-specific bias composites, which is
the average bias within a single regime (Jakob et al.
2005). Also, observation fields (rain gauge product) are
averaged for each regime. Relative bias composites are
then created by dividing the absolute bias composite by
the observation composite for each regime. It is impor-
tant to note that these regimes do not have an equal
sample size; for example in the circulation-dependent
evaluation there are a lot more cases with westerly
circulation than southerly (see also Fig. 3).

In some regimes, relative bias composites are char-
acterised by large areas with a >100% model bias.
This is often the case when observations show very
low precipitation values. For this reason, pixels with
observation values lower than 0.20 mm/6 h are excluded
from the relative bias calculation.
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Fig. 5 Difference between predicted and observed accumulated precipitation (mm/6 h) in Germany for each directional circulation
regime using the COSMO-DE model and RANIE rain gauge observations. Circulation regimes are Northwest, North and Northeast
(first row), West and East (second row), and Southwest, South, and Southeast (third row). A digital elevation model (m) at COSMO-DE
resolution is given in the centre
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4 Results

4.1 COSMO-DE

4.1.1 Circulation-dependent model evaluation

A systematic height-related overestimation is present
on top of ridges/crests of hills and low mountains.
This bias pattern is visible in most regime composites
(Fig. 5) except for E, SE, and S. Apart from showing

different origins of air masses, the circulation-dependent
evaluation does not explain much of the bias pat-
tern. Therefore another regime-dependent evaluation
is used which is based on temperature and discussed in
the next section.

4.1.2 Temperature-dependent model evaluation

For COSMO-DE, the precipitation bias composites
for different temperature regimes (Fig. 6) show that a
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Fig. 7 Mean difference between predicted (COSMO-DE) and
observed accumulated precipitation (mm/6 h) for each terrain
elevation class and for each temperature regime

positive height-related bias increases with a gradient
from warm regimes (low bias) to cold regimes (high
bias). Each pixel value consists of the regime-averaged
difference of modelled (Pm) with observed (Po) pre-
cipitation (Pm − Po). The coldest regime (the snow
regime) exhibits the strongest positive biases, which
indicates that solid precipitation is possibly the main
problem. The fact that this effect is stronger on higher
elevations confirms this hypothesis. To quantify the
results, the areal-averaged precipitation bias (Pm − Po)
is calculated separately for five elevation classes, 0–200,
200–400, 400–600, 600–800 and 800–2,000 m (respec-
tively 48%, 24%, 20%, 6% and 2% areal proportion)
and for all the temperature regimes going from low to
high temperatures: no-snow, summer, all data, winter,
snow (Fig. 7). In all elevation categories, the mean bias
is positive, indicating an overall positive bias. In the
winter and snow regimes, the mean bias is significantly
higher than in summer and no-snow regimes. Looking
to the snow regime, the bias increases for higher ele-
vations. This pattern can be found in the other tem-
perature regimes but in decreasing magnitude. For the
no-snow regime, there is no altitudinal dependency of
the model bias.

4.2 COSMO-EU

4.2.1 Circulation-dependent model evaluation

In contrast to COSMO-DE, the COSMO-EU model
clearly shows a circulation dependency with positive
biases on the windward sides of the orography and

negative biases on the crest and lee sides (Figs. 8 and 9).
When looking to the bias composite of a particular
regime, one can see that orography has the largest im-
pact on the precipitation bias where the hill/mountain
ridge is perpendicular to the wind direction, because
of the larger area with forced flow uplift. The same
conclusions can be drawn from the vorticity regimes
(figures not shown).

This effect can clearly be seen in the Thüringer Wald
mountains, indicated by the lower red square in the
central elevation map of Figs. 8 and 9. It is a mountain
ridge which is oriented along a northwest-southeast
direction. In the northwestern circulation regime, the
overestimation is relatively small in areal extent and
can be found on the northwestern hillside, while in the
western and southwestern regime the area of overes-
timation is much larger and extends over the entire
(windward) mountain ridge.

Another example is the Harz mountain, located
north of the Thüringer Wald mountains and the most
northern topographic feature with a significant impact
on the bias (upper red square). Here one can compare
the western and eastern circulation regime. For the
absolute bias (Fig. 8) the eastern circulation regime
does not show any windward/leeward bias but for the
relative bias (Fig. 9) a purely orographic signal is visible
with an overestimation on the eastern side. Note that
areas with observed precipitation values lower than
0.20 mm/6 h are excluded.

In some regimes, the wind/leeward-related biases are
smaller (e.g. E, SE, S). This is due to a lower absolute
rainfall amount (continental vs. maritime airmasses)
and a significant lower sample size (Fig. 3) which limits
the probability that spatially fixed biases will overcast
random events.

4.2.2 Temperature-dependent model evaluation

In Fig. 10, the windward/lee bias is visible in all temper-
ature regimes. The windward and lee sides of topog-
raphy are defined by the dominance of the westerly
circulation regime in each temperature bias composite.
However, the bias is also depending on temperature
regime. In the colder regimes, the windward effect
(Section 4.2.1) is amplified, indicating a similar (pos-
itive) height-related bias in COSMO-EU as seen in
COSMO-DE (Section 4.1.2). Hence, bias composites
in Fig. 10 can be interpreted as the joint bias of two
superimposed effects, namely the windward and lee
effect (detected by circulation regimes) and the height
or solid precipitation effect (detected by temperature
regimes).
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Fig. 8 Difference between predicted and observed accumulated precipitation (mm/6 h) in Germany for each directional circulation
regime using the COSMO-EU model and RANIE rain gauge observations. Circulation regimes are Northwest, North, and Northeast
(first row), West and East (second row), and Southwest, South and Southeast (third row). A digital elevation model (m) at COSMO-EU
resolution is given in the centre
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Fig. 9 Same as Fig. 8 but with relative differences (%). Areas with precipitation values lower than 0.20 mm/6 h in the observations are
excluded
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4.3 Comparison of COSMO-DE and COSMO-EU

To compare directly COSMO-DE and COSMO-EU,
and in order to check the effect of the interpolation
in the RANIE product, a cross section has been made
perpendicular to a northeast to southwest oriented hill
ridge, the Rhön mountains (Fig. 11). Along the cross
section, original rain gauge data are compared with
model output for all time periods with the northwest-
ern circulation regime during wintertime. The figure

is a composite for 165 samples of six hours each. This
analysis shows again the typical biases discussed in
Sections 4.1 and 4.2. Indeed, we see a clear COSMO-
DE overestimation at the crest (point 4). At point 3
the positive windward bias of COSMO-EU is superim-
posed on a positive height-related bias (Section 4.2.2),
resulting in a large positive COSMO-EU bias. On the
crest and lee side (points 4 and 5) the positive height-
related bias is partly compensating the negative lee-
ward bias in COSMO-EU. In the results based on the

Fig. 10 Difference between predicted and observed accumulated precipitation (mm/6 h) in Germany for each temperature regime
using the COSMO-EU model and RANIE rain gauge observations. Left on top, a digital elevation model (m) at COSMO-EU resolution
is given. Regimes are no-snow, summer (first row), all seasons, winter and snow (second row)
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Fig. 11 (left) Transect perpendicular to a mountain crest. Values are winter averages for both model output and individual rain gauge
data, and only for the northwestern circulation regime. Hence, the wind direction is northwest (point 1) to southeast (point 6). The
observation points are also shown on the elevation map (right)

gridded RANIE product, these typical bias patterns
might have been caused by the method to interpolate
irregularly distributed gauge data. However, using data
of individual stations clearly shows that the observed
model bias patterns are independent of the RANIE
interpolation.

5 Discussion and summary

COSMO-EU strongly overestimates precipitation at
windward sides and underestimates at crest and lee
sides. The Western and Northwestern circulation
regimes, in which the effect plays a major role, account
for about 40% of all cases. With its coarse resolu-
tion, COSMO-EU does not resolve convection, and
hence has a convection parametrisation scheme, the
revised Tiedtke scheme (Tiedtke 1989). The scheme
triggers convection too often at the windward side of
hills and low mountains while observations indicate
that convection is rather triggered on the ridges/crests
of these topographic features (Crewell et al. 2008).
This windward/leeward effect (or “convection bias”) is
commonly found in mesoscale NWP and climate mod-
els which require convection parametrisation, such as
COSMOCH7, ALADIN, MM5 and ETA (Wulfmeyer
et al. 2008). An experimental COSMO-EU model run
for 21.11.2008 (wintertime) showed convective precip-
itation which was almost exclusively concentrated on
windward sides of orography (figure not shown).

In COSMO-DE, a positive bias has been identified
on top of topographical features, i.e. mountain or

hill ridges. An increasing magnitude occurs from both
windward and lee side up to the hill crest, because of the
increased influence of solid precipitation (“solid pre-
cipitation bias”). On the windward sides in COSMO-
EU, the solid precipitation bias is superimposed on the
positive convection bias, resulting in an overall positive
bias. On the crest and lee sides the solid precipitation
bias is partly compensating the negative convection
bias, explaining the absence of stronger negative values.
To explain what causes the positive solid precipita-
tion bias, some hypotheses are formulated. Potential
sources of errors are deficiencies in observations and
deficiencies in the model.

The reliability of rain gauge observations depends on
precipitation phase and wind speed: less snow than rain
is captured with higher windspeeds (Sevruk et al. 2009).
The hydrology department of the German weather
service did some experiments in which a rain gauge
product similar to RANIE (REGNIE) was modified
by taking wind speed and precipitation phase into
account, using the correction algorithm from Richter
(1995). COSMO wintertime precipitation (NDJ 2009–
2010) has been evaluated with these modified obser-
vations, and the resulting overall model bias decreased
significantly by about 50%. Although the experimental
corrections are only rough estimates and are not avail-
able for the RANIE product used in this paper, the
analysis shows that uncertainties related to measuring
solid precipitation is likely to be a substantial source
of error. On the other hand, observational errors alone
cannot entirely explain the difference between model
and measurements.
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Model deficiencies can be related to model dynamics
or parametrisation of physical processes. As our evalu-
ation shows that there is no dependency of the model
bias on synoptic scale patterns, deficiencies in large-
scale model dynamics can be ruled out as sources of
error. A likely candidate to improve precipitation dis-
tribution in orographic regions is the parametrisation of
microphysical processes, i.e. precipitation phase, snow
habit and fall speed. This is especially true for COSMO-
DE, in which the fall speeds for snow are about 30%
higher than in COSMO-EU, leading to a relative over-
estimation of solid precipitation. Indeed, changing the
microphysics scheme in COSMO-DE to a COSMO-
EU configuration reduces the orographic precipitation
amounts. Another error source could be the graupel
scheme, unique for COSMO-DE: if precipitation in this
phase forms too often or too quickly, orographic pre-
cipitation enhancement would be overestimated. This
hypothesis however has to be confirmed by additional
future model experiments.

This paper clearly shows the potential of regime-
dependent model evaluation, in this case the circulation-
and the temperature-dependent evaluation. The method
enables an analysis of the windward/lee related
COSMO-EU model biases in a systematic way, isolat-
ing cases in which the large-scale circulation behaves
in a similar way and hence avoiding mixed signals.
Improved model performance is found when going
to higher resolution: The circulation-dependent model
bias is much weaker in COSMO-DE as this model does
not rely on a parametrisation for convection.

A deeper analysis of the overall overestimations
(20–30%) of wintertime precipitation reported by
Crewell et al. (2008) in the COSMO models was pos-
sible through a temperature-dependent model eval-
uation. The regime-dependent evaluation approach
specifically identified a bias related to solid precipita-
tion. It is likely that this bias is partly attributed to the
underestimation of measured solid precipitation and
partly to the model parametrisation of microphysical
processes. Clearly, there is a need for better snow
observations allowing a consistent and reliable estimate
of total precipitation to be used for model evaluation.
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