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to Mgr. Alena Trojáková for needed help with the problematics of the station
network and script creation. Last but not least, I would like to thank my family
and friends for their ongoing support of my studies.

ii



Title: Validation of snow cover forecast by numerical weather prediction model
ALADIN

Author: Jáchym Ševč́ık

Department: Department of Atmospheric Physics
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Introduction
Snow cover is an important component of the global climate system. Fresh snow
has high values of reflectivity, increasing the surface albedo. High thermal emis-
sivity of snow influences the amount of energy lost by infrared radiation. Its
low thermal conductivity causes it to partly insulate the ground from the atmo-
sphere. The snowpack is an important reservoir of water, that is released during
spring melting. At this period, high value of snow specific latent heat prevents
the rise of underlying surface temperature. Its occurrence can also significantly
lower surface roughness, affecting the height of the friction layer. Through these
characteristics, snow affects the radiation, thermal and hydrological balance of
the Earth’s surface as well as its mechanical properties.

The above-mentioned impacts make it important for numerical weather pre-
diction models to accurately parametrize the evolution and properties of snow,
especially in regions with variable snow cover, such as Czechia.

To have a well-calibrated snow scheme, it is first necessary to know its current
accuracy and systematic behaviour. This is the main aim of the thesis, which
focuses on the ALADIN model and the validation of its snow cover forecast. The
thesis is divided into three main sections. The first section briefly presents the
ALADIN model and its snow parametrization. The second section introduces
the station network used for snow observations and summarizes the methodology
of snow measurements. The third section compares measured and forecast data
from the winter season 2021/2022. This comparison is separated into three sub-
sections. They deal with the validation of snow depth, snow water equivalent,
and snow density. Finally, the results are summarized, and a possible cause for
the model error is outlined in the conclusion. The more technical part of the text
dealing with code implementation of the relations from the first section is in the
attachments chapter.
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1. Parametrization of ALADIN
snow cover evolution

1.1 Theoretical description
ALADIN1 is a numerical weather prediction system which originated as a limited-
area version of the global ARPEGE2 model established by Météo-France. It is
being developed by a consortium of 16 European and northern African countries,
which are also using it for their weather-forecasting applications (Termonia et al.
[2018]).

At the Czech HydroMeteorlogical Institute, one of ALADIN so-called canon-
ical configurations ALARO3 is being developed and used, with its current reso-
lution of 2, 325 km (Brožková et al. [2019]).

Two different approaches to snow parametrization can be used in the soil-
vegetation scheme of the model, one being the Douville et al. [1995] scheme
and the second one the Bazile et al. [2001] scheme. In the model code these
schemes are implemented respectively under keys LSNV and LVGSN. Since the
current version of the model snow treatment used at CHMI is based on the latter,
that one will be described in more detail. A schematic view of different reservoirs
and water transfers in the ISBA4 scheme is shown in Fig. 1.1. ISBA is part of
the model code dealing with soil variables, including the ones regarding snow.

In this scheme, the snowpack is characterized by 3 prognostic variables: snow
water equivalent alias snow reservoir, albedo and density. The model calculates
the value of these variables from their time evolution ∂Xs

∂t
in the following way

Xs(t + ∆t) = Xs(t) + ∆t · ∂Xs

∂t
(t), (1.1)

where Xs stands for any of the 3 mentioned prognostic variables and ∆t is the
time step of model integration. It is thus an explicit time marching scheme, where
right-hand side terms are evaluated at time level t. Time evolution of prognostic
variables is described in subsections 1.1.1 - 1.1.3. Additional characteristics -
snow depth and snow fraction - are diagnosed accordingly to subsections 1.1.4
and 1.1.5.

1.1.1 Snow reservoir
Snow reservoir is in this case represented by snow water equivalent Ws [kg m−2].
Ws is the amount of water contained in snowpack per unit area. Its evolution is,
according to Gerard [2005], described by equation

∂Ws

∂t
= Ps − Fm + (Fevs − Fevi), (1.2)

1Aire Limitée Adaptation Dynamique développement InterNational
2Action de Recherche Petite Echelle Grande Echelle
3Short for ALadin–AROme, where AROME stands for Application of Research to Opera-

tions at Mesoscale
4Interactions Sol Biosphère Atmosphère
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Figure 1.1: Schematic view describing various reservoirs and fluxes in the ISBA
scheme, an image courtesy of Luc Gerard (Gerard [2005]). Notation in the scheme
is derived from French. However, further in the text, these English-derived equiv-
alents will be used: snow reservoir Sn → Ws, snow melting flux Fn → Fm, flux
from solid reservoirs Fevn → Fevs

where Ps is the flux of solid precipitation, Fm is the snow melting flux and
(Fevs − Fevi) is the evaporation flux from snow reservoir, given as the difference
of evaporation flux from solid reservoirs (snow plus ice) and the evaporation flux
from the ice reservoir alone. The plus sign preceding Fevs −Fevi is consistent with
a convention that the value of vertical fluxes is negative in the upward direction.
In the case of horizontal snow melting flux Fm, the value is positive when melting
occurs and therefore its sign in snow reservoir evolution has to be negative. The
unit of all mentioned fluxes is [kg m−2 s−1].

The value of snow reservoir computed from its time tendency according to
Eq. (1.1) has to be non-negative. That is secured by the truncation

Ws := max(0, Ws(t)), (1.3)

where := denotes assignment in the model code.

1.1.2 Snow albedo
Time evolution of snow albedo An → As, is evaluated at time level t according to
the following equation (Gerard [2005]):

∂As

∂t
= Ps

W new
s

−
{︄

rexp(As − Amin
s ) if Fm > 0

rlin if Fm ≤ 0,
(1.4)
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where W new
s is the minimum amount of snowfall necessary to renew snow albedo,

Amin
s is minimum snow albedo, rexp denotes the exponential decrease rate in snow

albedo and snow density during snow melting, while rlin is the linear decrease
rate in snow albedo in freezing conditions.

The actual value of snow albedo is again given by Eq. (1.1) and it is secured
from overflowing into non-physical values by truncation

As := min
(︂
max(As, Amin

s

)︂
, Amax

s ). (1.5)
Thanks to Eq. (1.5), snow albedo cannot take values lower than minimum snow
albedo Amin

s and higher than maximum snow albedo Amax
s .

The final gridbox albedo is then, according to Bazile et al. [2001], estimated
as
A = (1 − fveg) ·

(︂
Abg · (1 − fbg

s ) + As · fbg
s

)︂
+ fveg ·

(︂
Aveg · (1 − fveg

s ) + As · fveg
s

)︂
,

where Abg is the albedo of snow-free bare ground and Aveg the albedo of snow-free
vegetation, fveg is fraction of vegetation, fbg

s is fraction of snow on bare ground,
and fveg

s is fraction of snow on vegetation.

1.1.3 Snow density
According to Gerard [2005], the evolution of snow density ρs evaluated at time
level t is treated as follows:

∂ρs

∂t
= −rexp(ρs − ρmax

s ) − min
(︄

Ps

max(Ws, ϵ) ,
1

2∆t

)︄
(ρs − ρmin

s ). (1.6)

Here ρmin
s and ρmax

s denote minimum and maximum snow densities. The first term
on the right-hand side of this equation has a positive value and represents growth
in density caused by the settling of snowpack over time. The second term ensures
a decrease in density of snowpack in case of snowfall. It is supposed that fresh
snow has minimum density ρmin

s . The denominator max(Ws, ϵ) then ensures that
the whole fraction Ps/max(Ws, ϵ) does not approach infinity in case of snowfall
onto snow-free ground. The purpose of the above minimum function, limiting the
rate of change towards ρmin

s , can be best viewed by omitting the settling term and
supposing heavy snowfall with (Ps/max(Ws, ϵ)) ≥ (1/2∆t). Then, breaking down
the derivative and the expression containing model time step ∆t in a discretized
form, yields:

ρs(t + ∆t) − ρs(t)
∆t

= − 1
2∆t

(ρs(t) − ρmin
s )

By simple manipulations we obtain

ρs(t + ∆t) = ρs(t) + ρmin
s

2 . (1.7)

From Eq. (1.7) it is apparent that the minimum function in Eq. (1.6) prevents
snow density from decreasing too fast in case of heavy snowfall, by allowing the
value of ρs(t+∆t) to only decrease half-way to the value of ρmin

s in one time step.
That is a simple way of taking into account higher density of snowpack, onto
which fresh snow is falling.

Analogously to snow reservoir and albedo, the actual value of snow density can
be obtained from Eq. (1.1). The physical limits of ρs are secured by truncation

ρs := min
(︂
max(ρs, ρmin

s

)︂
, ρmax

s ). (1.8)
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1.1.4 Snow depth
Snow depth ds [m] can be diagnosed from snow reservoir Ws and snow density ρs
using the relation

ds = Ws

ρs
. (1.9)

Ws is snow mass ms per unit area and ρs is snow mass ms per unit volume as is
depicted in Fig. 1.2.

ds ms

S

Ws = ms

S
= ρsV

S
= ρsds

Figure 1.2: A diagram illustrating the relationship between snow depth and snow
reservoir

1.1.5 Snow fraction
Snow fraction fs represents the share of the gridbox surface, which is effectively
covered by snow. According to Mašek [2018] the following sum for computing
total gridbox snow fraction is currently being used

fs = (1 − fveg)fbg
s + fvegfveg

s ,

fveg being the vegetation fraction. The snow fraction over bare ground fbg
s is

diagnosed by a hyperbolic formula

fbg
s = Ws

Ws + W crit
s

(︄
1 + zbg

0D
a2

)︄ , (1.10)

where Ws represents the snow reservoir and W crit
s is a constant critical value of

it. The bracket in the denominator lowers the value of fbg
s , taking into account

the effect of surface roughness. Here zbg
0D represents dynamic roughness length of

bare ground and a2 is a tuning parameter. Dynamic roughness length z0D is the
height at which the logarithmic profile of wind, extrapolated from the inertial
layer, goes to zero (Bednář and Zikmunda [1985]). Typically it equals to 1

10 of
the height of roughness elements. The value of zbg

0D does not exceed 2 m and a2
is set to 10 m, therefore the effect of surface roughness can only cause a rather
small increase of the value of W crit

s by a factor of 1.2 (Mašek [2018]).
The snow fraction over vegetation fveg

s is given by

fveg
s = F (LAI, As)fbg

s ,
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where F (LAI, As) is a factor depending on snow albedo As and the Leaf Area
Index LAI so that

F (LAI, As) =

⎧⎪⎨⎪⎩
1 if LAI < 3

1 − min
(︂
1,

LAI

Klai

)︂
· A1 − max(A2, As)

A1 − A2
< 1 if LAI ≥ 3,

(1.11)

where Klai, A1 and A2 are tuning parameters. This configuration reflects on
the fact, that fresh snow can stick to high vegetation and fall down as it becomes
older. For low vegetation, this effect is much less pronounced (Bazile et al. [2001]).
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2. Snowpack measurements
According to Lipina et al. [2022], snow cover is considered to be a layer of snow
or ice, which has occurred as a consequence of solid precipitation such as snow,
hailstones, snow pellets, snow grains, ice pellets, small hail or ground ice. At
CHMI stations, the following characteristics of snow are being measured:

• snow depth ds,

• snow water equivalent Ws,

• fresh snow depth.

In the case of this thesis, only data from snow depth and snow water equivalent
measurements have been used. These are both being measured only in case of
continuous snow cover, which stands for snowpack covering more than half of the
station’s area and its surroundings (Lipina et al. [2022]).

2.1 Station network in Czechia
For this validation, measurement data from the CHMI climatological database
CLIDATA were used. This database gathers measurements from various types of
stations. These stations can be classified based on different criteria, for instance,
one can distinguish professional and volunteer meteorological stations (Lipina
et al. [2021]). Professional stations can be then divided into groups based on their
observation program, while volunteer stations are usually sorted with regard to
their equipment, way of data entry and presence of an observer.

Apart from professional and volunteer meteorological stations, the database
also collects data from a wide range of other station types, often referred to as
additional. Data from these stations are not being systematically checked and
their sensors are not regularly calibrated by CHMI. Among these stations are
for example CHMI hydrological stations, which provide data about water level,
water temperature and runoff. They also include automatic snow-measuring de-
vices, also called snow pillows. As additional are also considered weekly snow
profile measurements, stations owned by non-professional meteorologists and or-
ganizations, hydrological stations owned by the Czech Water Management En-
terprises and other waterworks companies which provide their data to CHMI and
finally, manual stations which serve for checking automatic precipitation- and
snow-measuring stations (Lipina et al. [2021]).

Data from all of these mentioned types of stations were contained in a primary
selection made for this validation, which has been later narrowed down, as is
described further in the text.

2.2 Snow depth measurements
Snow depth is measured by manual and automatic stations. Manual stations
measure snow daily at 06 UTC, automatic stations every 10 minutes. In the
case of manually operated stations, a snow stake is being used, while automatic
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stations have laser and ultrasonic sensors at their disposal. The measurement
should be made in a place unaffected by wind. At stations with exceptionally
deep snow, 2 to 3 m long stakes are being used, at regular stations 1 m stakes are
enough. In specific situations, these symbols are being used for the record:

• 0N - not continuous snow cover

• 0P - ”trace”

• 0A - anthropogenic influence

As ”trace” is referred to snow cover of fewer than 0.5 cm. However, in the case
of the data used for this validation, all measured values have been rounded to
whole centimetres (Lipina et al. [2022]). This means that snow ”trace”, as well
as all the other specific situations, was equivalent to no snow cover at all.

2.3 Snow water equivalent measurements
Snow water equivalent is being measured weekly, every Monday at 06 UTC in the
proximity of the place of snow depth measurement. At regular weather stations,
solid precipitation is collected using a snow gauge, in which it is subsequently
melted and the height of the water column is measured (Lipina et al. [2022]).
In the case of automatic stations, the value of Ws is obtained by weighing on
a snow pillow. Snow pillow is an automatic measuring device which, among
other meteorological elements, estimates the value of snow water equivalent, using
hydrostatic pressure inside a bag filled with an antifreeze liquid or by weighing
snowpack on tenzometric scales (Česká meteorologická společnost).

At regular climatological stations with an observer, Ws is measured only in
case of snow cover deeper than 4 cm. At professional stations, this threshold
is lowered to 1 cm and on the specific stations used for hydrological forecast,
snow water equivalent is being measured for snow depth greater than 0.5 cm. In
all cases, the value is rounded to a tenth of a mm of the water column height.
Alternatively, kg m−2 can be used, as the height of a water column from 1 kg
of water on an area of 1 m2 is 1 mm. By that is assumed that water density is
1000 kg m−3, which is an approximation commonly used in practice.
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3. ALADIN forecast validation

3.1 Used statistical measures
For comparison of observed and forecast data, these three statistical measures
have been used: bias b, standard deviation σ and root mean square error δ. For
clarity, one can define the forecast error vector as

E = X f − Xo,

where Xo is a vector consisting of observed values for different stations and the
elements of X f are the forecast values for the model grid points in the closest
proximity of the respective stations. Since bias is the average error of the forecast
(Coiffier [2011]), it is given by

b = 1
N

N∑︂
i=1

Ei, (3.1)

where N is the number of measuring stations. Bias b then expresses the system-
atical component of forecast error.

Analogously to absolute bias, relative bias b(r) is defined as

b(r) =
∑︁N

i=1(X f
i − Xo

i )∑︁N
i=1 Xo

i

. (3.2)

Relative bias serves as a useful measure for comparing systematic error of forecast
between different station groups or quantities.

The standard deviation σ can be interpreted as an indicator of the variability
or spread around the bias values in the data set. It is defined as

σ =

⌜⃓⃓⎷ 1
N

N∑︂
i=1

(Ei − b)2, (3.3)

and root mean square error is defined as

δ =

⌜⃓⃓⎷ 1
N

N∑︂
i=1

E2
i . (3.4)

It can also be shown that these three measures are connected by a simple relation
(Coiffier [2011])

δ2 = b2 + σ2. (3.5)
The averaging in Equations (3.1), (3.2), (3.3) and (3.4) was done over all the
stations available on a specific day. By applying them daily in case of snow depth
or weekly in case of snow water equivalent, one can obtain these characteristics
in the form of a time series. To get the total value of these statistical measures
over the whole season, they can be averaged as follows: The value of total bias
B is given by the weighted average

B =
∑︁M

j=1 Njbj∑︁M
j=1 Nj

,
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where M is the number of time slots or days on which measuring was carried out,
N is a vector of daily station counts, and b is a vector of daily biases computed
according to Eq. (3.1).

In the case of total relative bias, another form of weighed average has to be
used:

B(r) =
∑︁M

j=1 Xo
j b

(r)
j∑︁M

j=1 Xo
j

.

Here the weights Xo
j = ∑︁Nj

i=1 Xo
ij are daily sums of observed values. Days on

which Xo
j was equal to 0 and b(r) was thus not defined were simply left out from

the calculation B(r).
Due to the properties of square root, the value of total root mean square error

∆ has to be calculated as
∆2 =

∑︁M
j=1 Nj(δj)2∑︁M

j=1 Nj

,

where δ stands for the vector of daily values of root mean square errors given by
Eq. (3.4).

Finally, since Eq. (3.5) holds universally, the value of standard deviation over
whole season Σ can be determined from

Σ2 = ∆2 − B2. (3.6)

3.2 Snow depth validation

3.2.1 Snow depth station analysis
The period of this validation is the winter season 2021/2022, specifically from
1st November 2021 to 2nd May 2022. In the case of snow depth, data with
daily measurements from 436 stations were available. These were picked from
all available stations measuring snow depth, based on their reliability by CHMI
experts (A. Trojáková, personal communication, January 2023). However, not
all these stations have measured on each day, leading to problematic behaviour
of average snow depth time series. This can be well illustrated by the case of
a group of 19 stations with altitudes greater than 800 m a.s.l., which provided
measurements only on Mondays. Since the value of snow depth measured by these
stations was substantially higher than the average, they have caused periodically
recurring peaks in the time series. For these reasons, only data from stations
which have measured regularly every day were used in the case of snow depth,
reducing the total number of available stations to 366. These stations were then
sorted based on their altitude into 4 categories. These groups are summarized,
together with the area of Czechia covered by them, in Tab. 3.1 (P. Lipina, personal
communication, April 2023).

The spatial distribution of these 4 groups and the excluded stations is dis-
played in Fig. 3.1. Counts of all and regularly measuring stations are summarized
in Tab 3.2.

The loss of data caused by omitting irregularly measuring stations is the most
significant for mountain stations. In their case, the 19 above-mentioned prob-
lematic stations make up approximately 35.2 % of the total amount of mountain

11



Excluded stations
Mountain stations
Upper stations
Middle stations
Low stations

Figure 3.1: Map of excluded and used snow-depth-measuring stations distinguish-
ing 4 altitude categories

Table 3.1: Altitude limits of the 4 categories and percentage of Czechia’s area
covered by them

mountain upper middle low

altitude [m a.s.l.] > 800 600 − 800 400 − 600 < 400

area [%] 4.2 12.4 41.7 41.7

Table 3.2: Counts of stations which measured snow depth at least once, counts
of regularly measuring stations and their percentage of the original count

total mountain upper middle low

all stations 436 54 83 166 133

regularly measuring 366 35 70 139 122

percentage [%] 83.9 64.8 84.3 83.7 91.7

stations. Thanks to consultations with CHMI experts, it was found that data
from these stations originate from weekly profile observations. Profile observa-
tions are the result of 10 measurements of snow depth, which are being averaged
and can be therefore considered more accurate than ordinary observations.
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Figure 3.2: Daily time series of observed and forecast snow depth, averaged over
all regularly measuring stations and their absolute bias, at forecast ranges 6 and
30 hours
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Figure 3.3: Daily time series of observed snow depth averaged over different
altitude groups
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Since all these problematic mountain stations have provided Monday mea-
surements with relative availability > 85 %, a separate Monday time series could
have been made for them, to avoid losing data from this amount of mountain sta-
tions. By relative availability is meant the ratio of the number of measurements
made by a station and the maximum number of measurements possible. This
approach, which allows the number of stations to vary over the course of time,
could potentially cause some inaccuracy. Nonetheless, it has been chosen, since
the main objective of this work is not to look into the time evolution of snowpack
but to compare the observed and forecast values.

3.2.2 Comparison of observed and forecast snow depth
Observed data have been compared to daily forecasts of snow depth with forecast
ranges of 6 and 30 hours. These data have been taken from the archive of CHMI,
and since the software for forecast validation commonly used at CHMI does not
support snow-related variables, the data have been processed using a tool devel-
oped for this work, based on Python. Additionally, snow depth is not a model
prognostic variable and had to be estimated from forecast snow water equivalent
Ws and density ρs using Eq. (1.9).

Comparing the forecast and observations averaged over all stations, the model
turned out to underestimate the value of snow depth. The total value of bias is
approximately −3.4 cm in the case of the 6 hour forecast range and −3.3 cm for
the 30 hour one. From these values and also from Fig. 3.2, it can be seen that
the difference between both forecast ranges is not very significant.

From Fig. 3.2 it is also evident that the model seems to have a tendency
to underestimate the snow accumulation phase while exaggerating the melting
phase. This tendency is most pronounced during February and March with the
greatest forecast error occurring on February 10, when bias of the 6-hour forecast
was at its minimum value of −10.71 cm.

However, as can be seen from Fig. 3.3, there are significant differences in
observed snow depth among the mentioned altitude groups and one can expect
the forecast error to vary with altitude as well. A very rough idea about the
dependence of model error on altitude can be obtained from Fig. 3.4. Even though
these graphs do not provide much information about the frequency of under- or
overestimation due to high density of the scattered points, they show that in
the case of middle, upper and especially mountain stations, the values of model
error are generally greater when the forecast is underestimated. For instance,
in the case of mountain stations, complete misses of values up to 1.5 m can be
seen. On the other hand, for lower altitudes the distribution seems to be rather
symmetrical, suggesting that there is not a prevalent tendency of systematic error.

These conclusions are consistent with the time series and statistical scores
of the altitude groups evaluated separately. The averages of bias B and the
other statistical measures for all groups are summarized in Tab. 3.3 and Tab. 3.4.
Looking at them, it is obvious that from the perspective of root mean square error,
integrating both bias and standard deviation, the 30 h forecast range performs
slightly better for most of the altitude groups. On the other hand, the order of
magnitude of this difference between the two forecast ranges is percent units of
the actual values and can be thus considered negligible.
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Figure 3.4: Scatter plots comparing forecast and observed snow depth for different
altitude groups, both axes with square root scale, at 6 h forecast range

Table 3.3: Values of used statistical characteristics for all regularly measuring
(denoted rm) stations together and split accordingly to altitude groups, values of
scores of all mountain stations measuring on Mondays, at 6 h forecast range

rm all mnt. rm mnt. rm upp. rm mid. rm low

B [cm] -3.4 -34.5 -24.9 -4.3 -0.6 0.1

B(r) [%] -65.4 -81.5 -80.4 -60.8 -31.2 18.9

Σ [cm] 14.1 42.2 35.4 10.6 3.7 1.1

∆ [cm] 14.5 54.5 43.3 11.4 3.7 1.1

From Tab. 3.3 and Tab. 3.4 and also from the daily time series of snow depth
averaged over all regularly measuring mountain stations in Fig. 3.5 can be clearly
seen, that ALADIN indeed underestimates snow depth in mountain altitudes,
with values of bias exceeding −0.5 m during February and March. Moreover,
the inclination of bias towards negative values gets even more significant in the
case of the Monday time series, which contains data from all mountain stations,
including the more exact profile measurements. This time series is plotted in
Fig. 3.6.
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Table 3.4: The same as in Tab. (3.3) for 30 h forecast range

rm. all mnt. rm mnt. rm upp. rm mid. rm low

B [cm] -3.3 -34.0 -24.4 -4.2 -0.6 0.1

B(r) [%] -64.3 -80.2 -78.8 -59.5 -32.1 18.0

Σ [cm]- 13.9 41.9 35.1 10.5 3.6 1.1

∆ [cm] 14.3 54.0 42.7 11.3 3.7 1.1
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Figure 3.5: Time series of daily snow depth measurements, forecasts and their
absolute bias for all regularly measuring stations in mountain altitudes

From the values of seasonal bias and standard deviation (Tab. 3.3, Tab. 3.4),
it can be seen that standard deviation dominates bias in the case of all altitude
groups. In other words, the random component of forecast error is more significant
than the systematical one. However, this is partly caused by seasonal standard
deviation taking into account the interdiurnal variability, when being calculated
according to Eq. (3.6). For the daily values of standard deviation σ and bias b,
which can not include this information, the value of σ is being dominated by b in
the case of mountain altitudes. That can be seen from Fig. (3.7), leaving space
for improvement of the current forecast approach.
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Figure 3.6: Time series of weekly snow depth measurements, forecasts and their
absolute bias for all stations in mountain altitudes, barplots with counts of sta-
tions available on the day of measurement

2021-11 2021-12 2022-01 2022-02 2022-03 2022-04 2022-05
Months

60

40

20

0

20

40

60

80

Sn
ow

 d
ep

th
 [c

m
]

Rmse +06
Rmse +30
Stdev +06
Stdev +30
Bias +06
Bias +30 

Figure 3.7: Daily time series of used statistical scores for mountain regularly
measuring stations
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The conclusion that forecast snow depth is being underestimated in the case
of mountain altitudes is also supported by the bias frequency distribution of all
regularly measuring mountain stations in Fig. 3.8. The marginal bins in this fig-
ure, and also in all the following histograms, contain values from all the bins
exceeding the selected x-axis range. The mean value of this distribution is nega-
tive for the mountain stations and the 6 h forecast range. This can be seen from
Tab. 3.5, which also includes mean and standard deviation of snow depth bias
distributions for all the other altitude groups. The same information for the 30 h
forecast range is in Tab. 3.6.
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Figure 3.8: Frequency distribution of snow depth forecast bias for regularly mea-
suring stations in mountain altitudes, at 6 h and 30 h forecast ranges

In this analysis, all the values of zero bias originating from correct forecasts
of no snow cover were omitted, since they caused the histograms to have very
little information value. Consequently, Fig. 3.8 and all the other histograms only
provide information about the predominant tendency of forecast bias, but not
about the total counts of correct and false forecasts. This adjustment of the data
set also explains the change in performance difference between the two forecast
ranges. From the seasonal values of bias (see Tab. 3.3, Tab. 3.4), the 30 h forecast
range comes out as more accurate, while in the case of bias frequency distribution,
the absolute values of mean bias are mostly smaller for the 6 h one (Tab. 3.5,
Tab. 3.6). This is most likely caused by the model being slightly more accurate
in forecasting no snow cover 30 hours in advance, causing it to be penalized more
by the exclusion of such cases.

From all the above-mentioned tables it can be seen, that even though the ten-
dency to underestimate snow depth gets quantitatively less significant for upper
and middle stations, it is still present. However, the situation is different for lower
stations. In their case, the model has a tendency to overestimate snow depth as
can also be seen from Fig. 3.9 and Fig. 3.10.
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Table 3.5: Mean and standard deviation of bias distributions for all altitude
groups, 6 h forecast range, zero bias values originating from correct forecast of no
snow omitted, (regularly measuring stations denoted as rm)

rm rm mnt. rm upp. rm mid. rm low

mean [cm] -6.9 -31.2 -6.8 -1.1 0.3

sdev [cm] 19.5 37.0 12.7 5.0 1.8

Table 3.6: The same as in Tab. 3.5 for 30 h forecast range

rm rm mnt. rm upp. rm mid. rm low

mean [cm] -7.6 -31.1 -7.4 -1.3 0.3

sdev [cm] 20.2 36.9 13.0 5.23 2.0
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Figure 3.9: Time series of daily snow depth measurements, forecasts and their
bias for all regularly measuring stations in low altitudes

The relative value of this positive bias is only 18.9 % and 18.0 % for low al-
titudes and forecast ranges 6 h and 30 h respectively, which is substantially less
than the absolute value of relative bias for regularly measuring mountain sta-
tions (80.4 %). Additionally, as can be seen from Fig. 3.11, unlike in the case
of mountain stations, daily bias is being dominated by standard deviation for
low altitudes. Nevertheless, this tendency to overestimate can be still considered
quite important, since, according to the CHMI internal database, altitudes below
400 m cover about 41.7 % of the area of Czechia (Fig. 3.1).
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Figure 3.10: Frequency distribution of snow depth forecast bias for stations in
low altitudes, at 6 h and 30 h forecast ranges
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Figure 3.11: Daily time series of used statistical scores for mountain regularly
measuring stations

20



From the perspective of predicting other meteorological elements, for which
snow albedo plays a key role, the binary information about counts of forecast
false alarms and misses can be interesting. This can neither be seen from any
of the shown time series and histograms, nor the scatter plots. Therefore it has
been summarized in the form of contingency tables in Fig. 3.12 and Fig. 3.13 for
the 6 h forecast range and in Fig. 3.14 and Fig. 3.15 for the 30 h one.
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Figure 3.12: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for regularly measuring stations, at 6 h forecast
range
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Figure 3.13: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for stations in different altitude groups, at 6 h
forecast range
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Figure 3.14: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for regularly measuring stations, at 30 h forecast
range
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Figure 3.15: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for stations in different altitude groups, at 30 h
forecast range

From the above analysis, it is evident, that bias of snow depth is generally
negative. However, from these contingency tables, it can be seen that the number
of false alarm cases is greater than the number of misses for all groups except
mountain altitudes. In total, false alarms of snow cover make up approximately
15 % of all of the 30 h forecasts and 19 % of the 6 h ones, while missed snow
cover only makes up about 3 %. This suggests that any attempt to diminish
the underestimation of snow depth should be considered carefully so that the
tendency towards false alarms would not get amplified.
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Values in the contingency tables are also consistent with the conclusion, that
generally, the model is more accurate when forecasting snow depth 30 hours in
advance. This is especially true with regard to the number of false alarms, while
the tendency for misses is slightly greater for the 30 h forecast range.

As mentioned above, snow depth is not a prognostic variable of ALADIN and
the model diagnosed it from snow water equivalent Ws and density ρs, according
to Eq. (1.9). This makes the causes of the model errors uncertain since one can
not clearly say whether the problem lies in snow water equivalent, snow density
forecast or possibly both. For that reason, the forecast of snow water equivalent
has been validated analogously to snow depth, being the subject of the next
section.

3.3 Snow water equivalent validation

3.3.1 Snow water equivalent station analysis
In the case of snow water equivalent verification, weekly data from 410 stations
were available. However, only 15 stations have measured regularly every Monday.
That means that demanding a constant count of stations, as was the case when
dealing with snow depth, would lead to losing about 96.3 % of the original number
of stations. This would for example result in the verification of upper stations
being made based on data from only 2 stations.

For that reason, the approach based on relative availability of stations has
been used again. The value of the availability threshold has been set to 70 %.
That means that only stations which provided data on at least 19 Mondays out
of the 27 Mondays in the whole winter season have been used. Due to the uneven
counts of stations providing data on each Monday, the resulting time series were
not homogeneous. However, this approach enabled the usage of 363 stations to
find out about the overall trend of the snow water equivalent forecast. Counts of
originally available and actually used stations in the same altitude groups, which
have been used for snow depth validation, are summarized in Tab. 3.7. The
geographic distribution of the stations used for measuring snow water equivalent
is in Fig 3.16.

Table 3.7: Counts of stations which measured snow water equivalent at least
once, counts of stations measuring on at least 19 Mondays and their percentage
of the original number of stations

total mountain upper middle low

all stations 410 42 75 161 132

available enough 363 37 66 135 125

percentage [%] 88.5 88.0 88.0 83.9 94.7
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Figure 3.16: Map of excluded and used stations for measuring snow water equiv-
alent, distinguishing 4 altitude categories

3.3.2 Comparison of observed and forecast snow water
equivalent

Analogously to the validation of snow depth, measured values of snow water
equivalent have been compared to ALADIN 6 h and 30 h forecasts for model grid
points closest to each station. The result of this comparison is in Fig. 3.17. It
shows the weekly values of observed and forecast snow water equivalent for both
forecast ranges, averaged over all stations available on a given Monday. Apart
from that, Fig. 3.17 also shows the daily absolute bias of this forecast and counts
of available stations in each altitude group. One can see that the average value of
snow water equivalent is also significantly underestimated, especially in the last
two-thirds of the winter season.

From comparison with Monday time series of snow depth in Fig 3.18, it can
be seen that the behaviour of average Ws and average ds is fairly similar. That
holds except for the two peaks, which appear at the beginning of March and April
in the time series of the former. These peaks do not correspond to the actual
physical situation but are caused by a change in the count of measuring stations.
They appear on days with a smaller number of stations. As is evident from the
barplots in Fig. 3.17, the decline is the most significant in the case of the number
of middle and upper stations, while the number of mountain stations remains
almost constant. Then, suppose that the mountain stations contribute to the
average more than the middle and upper ones, the sum of snow water equivalent
on these days would not decrease as much as the station count. This station
count is being used for normalization of the sum of Ws, which causes the average
to rise. The assumption that mountain stations contribute to the average more
strongly than the middle and upper ones is reasonable, considering Fig. 3.3, which
shows that in the last third of winter, the average snow depth was significantly
higher for mountain altitudes than for all the other groups.
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Figure 3.17: Weekly time series of snow water equivalent measurements and
forecasts, averaged over all available-enough-stations, absolute bias and daily
counts of available stations, at forecast ranges 6 and 30 hours
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Figure 3.18: Time series of average weekly observed and forecast values of snow
depth, forecast bias and counts of regularly measuring stations, at forecast ranges
6 and 30 hours

From Fig. 3.17 it can be seen, that the non-constant number of stations caused
the peaks to appear in the case of observations but not in the case of the forecast.
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This suggests that the forecast values of snow water equivalent were closer to each
other for the different altitude groups, which made the decrease in station count
less problematic in terms of affecting the average. From this it follows, that there
have to be differences in relative bias of Ws forecast among the altitude groups.

Analogously to snow depth, the dependency of forecast performance on alti-
tude was examined for snow water equivalent as well. A general idea about the
accuracy of snow water equivalent forecast for different altitudes can be made
from scatter plots in Fig. 3.19. They show that the model bias is greater when
underestimating snow water equivalent in mountain, upper and middle altitudes,
while such tendency is not observed in the case of stations situated lower.
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Figure 3.19: Scatter plots comparing forecast and observed snow water equivalent
for different altitude groups, both axes with square root scale, at 6-hour forecast
range

Some more precise conclusions can be made from the results of all the men-
tioned statistical scores (see Tab. 3.8, Tab. 3.9). The values of absolute bias show
that the model underestimates snow water equivalent on average, as well as in
the case of mountain, upper and middle altitudes. In the case of low stations,
the model tends to overestimate it.

From the values of relative bias, it is clear that the systematic error of the
forecast gets less significant with decreasing altitude, which is the same behaviour
that has been seen when validating snow depth forecast. However, the systematic
error of Ws forecast averaged over all available stations is roughly 20 % larger than
the one of ds in the case of both forecast ranges. Additionally, Ws forecast seems
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to be more biased than snow depth forecast even in the case of all the separated
groups except the low altitudes.

This could be partly due to the values of bias being enlarged by the mentioned
peaks originating from the non-constant station count (Fig. 3.20). However, the
underestimation of Ws is more significant than the one of ds even in the case of
mountain stations and for these remains the number of stations almost constant
(see Fig. 3.21). This leads to the conclusion, that in the case of mountain and
possibly upper and middle stations, the underestimation of snow depth has not
only been caused by the underestimation of snow water equivalent, but it must
have been partially compensated by the forecast values of density being too low.
That is the subject of Section 3.4.

Table 3.8: Values of used statistical characteristics for all available enough (de-
noted avl) stations together and split accordingly to altitudes, at 6 h forecast
range

avl avl mnt. avl upp. avl mid. avl low

B [kg m−2] -21.00 -159.62 -17.57 -1.97 0.07

B(r) [%] -84.0 -90,0 -74.4 -49.4 7.8

Σ [kg m−2] 81.79 191.94 42.12 11.89 1.73

∆ [kg m−2] 84.44 249.64 45.64 12.05 1.73

Table 3.9: The same as in Tab. 3.8 for 30 h forecast range

avl avl mnt avl upp. avl mid. avl low

B [kg m−2] -20.60 -157.93 -17.04 -1.76 0.19

B(r) [%] -82.4 -89.1 -72.1 -44.1 24.8

Σ [kg m−2] 81.38 191.50 41.86 11.78 1.92

∆ [kg m−2] 83.95 248.23 45.20 11.91 1.93

The conclusion that ALADIN underestimates snow water equivalent in moun-
tain, upper and middle altitudes is also supported by results of the analysis of
bias frequency distribution. The mean values of these distributions are negative
in the case of all station groups except the low altitudes. They are summarized
in Tab. 3.10 and Tab. 3.11, together with standard deviation of these distribu-
tions. The zero values of bias corresponding to correct forecasts of no snow water
equivalent have been left out, the same as in the case of snow depth.
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Figure 3.20: Time series of observed and forecast snow water equivalent averaged
over all stations in upper altitudes, forecast bias and standard deviation, at 6 and
30-hour forecast ranges, barplots with counts of available stations
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Figure 3.21: Time series of observed and forecast snow water equivalent aver-
aged over all stations in mountain altitudes, forecast bias, 6 and 30-hour forecast
ranges, barplots with counts of available stations

The mean values of bias distributions cannot be used for comparing ds and
Ws forecast. That is because the value of ρs for these mean values is unknown.
However, the shape of the bias distributions can be compared, if they originate
from equivalent data sets. By equivalent data sets are meant observations and
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Table 3.10: Mean and standard deviation of snow water equivalent forecast bias
distributions for all altitude groups, at 6-hour forecast range, (avl denotes avail-
able enough stations)

avl avl mnt. avl upp. avl mid. avl low

mean [kg m−2] -47.58 -182.10 -28.43 -4.94 0.26

sdev [kg m−2] 117.87 194.77 50.62 18.45 3.36

Table 3.11: The same as in Tab. 3.10 for 30 h forecast range

avl avl mnt. avl upp. avl mid. avl low

mean [kg m−2] -52.74 -180.64 -30.77 -5.43 0.82

sdev [kg m−2] 123.52 194.54 52.37 20.23 3.94

forecasts of such stations, which measured both snow depth and snow water
equivalent simultaneously. Additionally, the cases of correct forecast of no snow
cover have been excluded from these data sets. These distributions are plotted
in Fig. 3.22 and Fig. 3.23. Their comparison shows that the distribution of snow
depth bias is indeed less shifted towards negative values than the one of snow
water equivalent bias. However, corresponding ranges for Ws and ds in the plots
are only obtained by assuming snow density of 200 kg m−3.

Forecast of Ws for low stations is overestimated. That can be seen from
its positive bias for low stations (see Tab. 3.8, Tab. 3.9). The mean of bias for
low stations (Tab. 3.10, Tab. 3.11) is also positive and the time series in Fig. 3.24
shows the same trend. Unlike in the case of all the other groups and in the case of
snow depth, the accuracy of Ws forecast in low altitudes differs with the forecast
range quite significantly. Its relative bias is 17 % smaller for the 6 h forecast range
than relative bias for the 30 h one. However, as is apparent from Fig. 3.24, this
difference in the performance of the model between the two forecast ranges is not
very statistically significant. That is due to the weakly frequency of snow water
equivalent measurements and also due to the lack of snow in low altitudes during
the second half of the winter season.

From the seasonal values of standard deviation and root mean square error of
snow water equivalent forecast, it is evident, that the random component of model
error tends to outbalance the systematical one as altitude decreases, the same as
it is in the case of snow depth (see Tab. 3.8, Tab. 3.9). This is well illustrated in
Fig. 3.25, where the time series of low stations standard deviation dominates daily
bias and makes up the main component of daily root mean square error. In the
case of upper stations, the daily magnitudes of bias and standard deviation are
comparable, see Fig. 3.20. For mountain stations forecast, the daily values of bias
are greater than the values of standard deviation, as is obvious from Fig. 3.26.
From this, it follows, that in the case of mountain stations, the value of standard
deviation averaged over the whole winter season Σ is greater than the value of
bias B only thanks to the interdiurnal variability being taken into account by Σ.
That was also the case with snow depth forecast.
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Figure 3.22: Frequency distribution of snow water equivalent forecast bias for
stations in mountain altitudes, measurements comparable with snow depth, 6 h
and 30 h forecast ranges
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Figure 3.23: The same as in Fig. 3.22 for snow depth forecast
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Figure 3.24: Time series of observed and forecast snow water equivalent averaged
over all stations in low altitudes, forecast bias, 6 and 30-hour forecast ranges,
barplots with counts of available stations

2021-11 2021-12 2022-01 2022-02 2022-03 2022-04 2022-05
Months

1

0

1

2

3

4

5

6

7

Sn
ow

 re
se

rv
oi

r [
kg

/m
2 ]

Rmse +06
Rmse +30
Stdev +06
Stdev +30
Bias +06
Bias +30

Figure 3.25: Weekly time series of used statistical scores for available enough,
Ws-measuring stations in low altitudes, at 6 and 30 h forecast ranges
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Figure 3.26: Weekly time series of used statistical scores for available enough,
Ws-measuring stations in mountain altitudes, at 6 and 30 h forecast ranges

The analysis of snow water equivalent concerning false alarms and misses is
summarized in Tab. 3.27 and Tab. 3.28 for the 6 h forecast range. For the 30 h one
it is in Tab. 3.29 and Tab. 3.30. Not very surprisingly, it shows the same general
trends which hold for snow depth. These are an overall tendency towards false
alarms over misses of non-zero snow water equivalent forecast. This tendency
is also present for all altitude groups except mountain stations. For those, the
number of misses is greater.

Theoretically, the percentages in these contingency tables should be the same
for snow water equivalent and snow depth, since naturally, neither of these quan-
tities can occur without the other one. Even in the case of forecast values, snow
depth is calculated directly from snow water equivalent. Yet there are some obvi-
ous differences between the percentages of false alarms and misses of snow depth
and snow water equivalent forecast for all used stations (compare Tab. 3.12 and
Tab. 3.27) and also for the station groups evaluated separately (compare Tab. 3.13
and Tab. 3.28). These are most probably caused by differences between the orig-
inal data sets due to the station sets not being the same for ds and Ws. Another
possible reason for such differences could be, that regular climatological stations
measure snow water equivalent in case of snow depth greater than 4 cm. This
would lead to an increase in alleged false alarms of snow water equivalent forecast
relative to snow depth forecast. However, this is exactly the opposite trend than
the one shown by the contingency tables. This means that this phenomenon has
either been compensated by the mentioned differences between the data sets, or
the methodology of snow water equivalent measurements is not being followed
strictly.
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Figure 3.27: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for regularly measuring sta-
tions, at 6 h forecast range
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Figure 3.28: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for stations in different alti-
tude groups, at 6 h forecast range
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Figure 3.29: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for regularly measuring sta-
tions, at 30 h forecast range
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Figure 3.30: Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent for stations in different altitude
groups, at 30 h forecast range
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3.4 Snow density validation
Snow density is not being directly measured on regular meteorological stations
as often as snow depth and water equivalent are. For that reason, it had to be
calculated from measured snow depth and snow water equivalent using Eq. (1.9).
Because of this, only data from stations which measured both Ws and ds on one
day could be used. For consistency with the rest of the validation, these stations
were only picked from the intersection of the set of stations regularly measuring
ds and the set of stations available enough for Ws measurements.

Additionally, measurements of non-physical values of density were taken out
of the data set. By non-physical are meant those values of density, which lie
outside the interval [50, 830] kg m−3. This interval represents the possible values
of snow density according to Cuffey and Paterson [2010]. These non-physical
values occurred in the data set due to incorrect values of snow depth or snow
water equivalent, which were not outliers on their own, but their combination in
Eq. (1.9) produced unreasonable results. Another condition requires a non-zero
value of snow water equivalent in the model. All these conditions have lowered
the number of useful stations, especially at the end of the winter season, when
there was little forecast snow.

The result of this analysis is in Fig. 3.31, showing that the density forecast
is quite accurate in the first half of the winter season. However, it tends to be
underestimated in the second half, when snow is mostly present in mountain and
upper altitudes and had settled over time. This is consistent with the conclusions
from Subsection 3.3.2, that when forecasting ds, the underestimation of Ws is
partly compensated by the underestimation of snow density ρs in the case of
mountain altitudes.
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Figure 3.31: Time series of observed and forecast density, absolute bias, barplots
with counts of available stations, at 6 h forecast range

35



0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Observed density [kg m 3]

0.000

0.001

0.002

0.003

0.004

0.005

Re
la

tiv
e 

fre
qu

en
cy

 [1
]

Figure 3.32: Histogram showing the distribution of observed density of snow

The result is also consistent with the limits of model snow density introduced
in subsection 1.1.3 being ρmin

s = 100 kg m−3 and ρmax
s = 300 kg m−3. If one consid-

ers the above-mentioned values, which snow density can actually have according
to Cuffey and Paterson [2010], it is evident that the model cannot forecast the
values of snow density characteristic for settled snow and firn at the end of the
winter season. This is illustrated by the histogram in Fig. 3.32, which shows
that the measured values of density indeed do not fit into the model limits. The
histogram only serves as an illustration of the range of values density can have.
Therefore, its data set has not been constrained by any of the previous conditions,
except for the exclusion of non-physical values.
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Conclusion
The aim of this thesis was first to get acquainted with snow parametrization of
model ALADIN in the configuration used at CHMI. It is described by equations,
which have been taken from several resources, compared to the model code and
summarized in Chapter 1. Primarily, they describe the way of computing the
time tendency of snow-related prognostic variables: snow reservoir represented
by snow water equivalent Ws, snow albedo As and snow density ρs. They also
deal with diagnosing additional snow characteristics: snow depth ds and snow
fraction fs. Direct correspondence of these symbolic equations with the model
code is in the attachments chapter in Section A.1.

Chapter 2 presents the station network in Czechia and summarizes the method-
ology of measuring snow-related variables Ws and ds.

The main focus of the thesis was the validation of model snow-related vari-
ables. For that, observations of snow depth and snow water equivalent from
winter season 2021/2022 have been compared to corresponding forecasts. Fore-
cast ranges 6 and 30 hours have been selected. This has been done in sections
3.2 - 3.4.

Along the validation, some specifics about the snow-measuring station network
have been found. These relate for example to the availability of the stations and
their influence on the average time series. Another outcome of the validation
are several verification tools based on Python scripts, which could potentially be
helpful for further work.

The results of this validation are following: The model underestimates fore-
cast of both snow depth and snow water equivalent in altitudes above 400 m
a.s.l. The magnitude of this underestimation gets greater with rising altitude.
In altitudes below 400 m a.s.l., ds and Ws are both overestimated, but this bias
is the lowest from all the altitude groups. There is no significant difference in
accuracy between the 6 h and 30 h forecast ranges. From comparison of Ws and ds

forecasts, prediction of snow water equivalent comes out as the more negatively
biased one in altitudes above 400 m a.s.l. In agreement with that, snow density
was found to be underestimated in the case of higher altitudes and older snow-
pack. Averaged over all altitudes, the forecast of density turned out to be quite
accurate. However, the interval limiting forecast density is too narrow, compared
to observations and theory.

From the perspective of predicting snow occurrence, the overall tendency of
the model is towards false alarms. That holds for all altitudes except stations
above 800 m a.s.l. In their case the number of misses is greater. These results
are valid for both snow depth and snow water equivalent.

Possible cause of the model error could be in the determination of the initial
condition. According to Bučánek et al. [2015], the initial condition for snow-
related variables is taken from the previous 6 h forecast. For security, a weak
relaxation of 4.5 % towards climatological characteristics is made. No assimila-
tion of observed data is being made, unlike in the case of other meteorological
variables. That leaves space for potential future improvement.
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//slovnik.cmes.cz/. Accessed: 2023-04-14.

39

http://slovnik.cmes.cz/
http://slovnik.cmes.cz/


List of Figures

1.1 Schematic view describing various reservoirs and fluxes in the ISBA
scheme, an image courtesy of Luc Gerard (Gerard [2005]). Nota-
tion in the scheme is derived from French. However, further in the
text, these English-derived equivalents will be used: snow reservoir
Sn → Ws, snow melting flux Fn → Fm, flux from solid reservoirs
Fevn → Fevs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 A diagram illustrating the relationship between snow depth and
snow reservoir . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Map of excluded and used snow-depth-measuring stations distin-
guishing 4 altitude categories . . . . . . . . . . . . . . . . . . . . 12

3.2 Daily time series of observed and forecast snow depth, averaged
over all regularly measuring stations and their absolute bias, at
forecast ranges 6 and 30 hours . . . . . . . . . . . . . . . . . . . . 13

3.3 Daily time series of observed snow depth averaged over different
altitude groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.4 Scatter plots comparing forecast and observed snow depth for dif-
ferent altitude groups, both axes with square root scale, at 6 h
forecast range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.5 Time series of daily snow depth measurements, forecasts and their
absolute bias for all regularly measuring stations in mountain al-
titudes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.6 Time series of weekly snow depth measurements, forecasts and
their absolute bias for all stations in mountain altitudes, barplots
with counts of stations available on the day of measurement . . . 17

3.7 Daily time series of used statistical scores for mountain regularly
measuring stations . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.8 Frequency distribution of snow depth forecast bias for regularly
measuring stations in mountain altitudes, at 6 h and 30 h forecast
ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.9 Time series of daily snow depth measurements, forecasts and their
bias for all regularly measuring stations in low altitudes . . . . . . 19

3.10 Frequency distribution of snow depth forecast bias for stations in
low altitudes, at 6 h and 30 h forecast ranges . . . . . . . . . . . . 20

3.11 Daily time series of used statistical scores for mountain regularly
measuring stations . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.12 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for regularly measuring stations,
at 6 h forecast range . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.13 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for stations in different altitude
groups, at 6 h forecast range . . . . . . . . . . . . . . . . . . . . . 21

3.14 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for regularly measuring stations,
at 30 h forecast range . . . . . . . . . . . . . . . . . . . . . . . . . 22

40



3.15 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow depth for stations in different altitude
groups, at 30 h forecast range . . . . . . . . . . . . . . . . . . . . 22

3.16 Map of excluded and used stations for measuring snow water equiv-
alent, distinguishing 4 altitude categories . . . . . . . . . . . . . . 24

3.17 Weekly time series of snow water equivalent measurements and
forecasts, averaged over all available-enough-stations, absolute bias
and daily counts of available stations, at forecast ranges 6 and 30
hours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.18 Time series of average weekly observed and forecast values of snow
depth, forecast bias and counts of regularly measuring stations, at
forecast ranges 6 and 30 hours . . . . . . . . . . . . . . . . . . . . 25

3.19 Scatter plots comparing forecast and observed snow water equiva-
lent for different altitude groups, both axes with square root scale,
at 6-hour forecast range . . . . . . . . . . . . . . . . . . . . . . . 26

3.20 Time series of observed and forecast snow water equivalent aver-
aged over all stations in upper altitudes, forecast bias and standard
deviation, at 6 and 30-hour forecast ranges, barplots with counts
of available stations . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.21 Time series of observed and forecast snow water equivalent aver-
aged over all stations in mountain altitudes, forecast bias, 6 and
30-hour forecast ranges, barplots with counts of available stations 28

3.22 Frequency distribution of snow water equivalent forecast bias for
stations in mountain altitudes, measurements comparable with
snow depth, 6 h and 30 h forecast ranges . . . . . . . . . . . . . . 30

3.23 The same as in Fig. 3.22 for snow depth forecast . . . . . . . . . . 30
3.24 Time series of observed and forecast snow water equivalent aver-

aged over all stations in low altitudes, forecast bias, 6 and 30-hour
forecast ranges, barplots with counts of available stations . . . . . 31

3.25 Weekly time series of used statistical scores for available enough,
Ws-measuring stations in low altitudes, at 6 and 30 h forecast ranges 31

3.26 Weekly time series of used statistical scores for available enough,
Ws-measuring stations in mountain altitudes, at 6 and 30 h forecast
ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.27 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for regularly
measuring stations, at 6 h forecast range . . . . . . . . . . . . . . 33

3.28 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for stations in
different altitude groups, at 6 h forecast range . . . . . . . . . . . 33

3.29 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent forecast for regularly
measuring stations, at 30 h forecast range . . . . . . . . . . . . . . 34

3.30 Contingency tables showing percentage of accurate forecasts, false
alarms and misses of snow water equivalent for stations in different
altitude groups, at 30 h forecast range . . . . . . . . . . . . . . . . 34

3.31 Time series of observed and forecast density, absolute bias, barplots
with counts of available stations, at 6 h forecast range . . . . . . . 35

41



3.32 Histogram showing the distribution of observed density of snow . 36

42



List of Tables

3.1 Altitude limits of the 4 categories and percentage of Czechia’s area
covered by them . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Counts of stations which measured snow depth at least once, counts
of regularly measuring stations and their percentage of the original
count . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 Values of used statistical characteristics for all regularly measur-
ing (denoted rm) stations together and split accordingly to alti-
tude groups, values of scores of all mountain stations measuring
on Mondays, at 6 h forecast range . . . . . . . . . . . . . . . . . . 15

3.4 The same as in Tab. (3.3) for 30 h forecast range . . . . . . . . . . 16
3.5 Mean and standard deviation of bias distributions for all altitude

groups, 6 h forecast range, zero bias values originating from correct
forecast of no snow omitted, (regularly measuring stations denoted
as rm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.6 The same as in Tab. 3.5 for 30 h forecast range . . . . . . . . . . . 19
3.7 Counts of stations which measured snow water equivalent at least

once, counts of stations measuring on at least 19 Mondays and
their percentage of the original number of stations . . . . . . . . . 23

3.8 Values of used statistical characteristics for all available enough
(denoted avl) stations together and split accordingly to altitudes,
at 6 h forecast range . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.9 The same as in Tab. 3.8 for 30 h forecast range . . . . . . . . . . . 27
3.10 Mean and standard deviation of snow water equivalent forecast

bias distributions for all altitude groups, at 6-hour forecast range,
(avl denotes available enough stations) . . . . . . . . . . . . . . . 29

3.11 The same as in Tab. 3.10 for 30 h forecast range . . . . . . . . . . 29

A.1 List of model constants and parameters used at CHMI . . . . . . 48
A.2 List of model variables used at CHMI . . . . . . . . . . . . . . . . 49

43



List of Abbreviations
ALADIN Aire Limitée, Adaptation Dynamique, Development InterNational -
International development for limited-area dynamical adaptation

ALARO ALadin–AROme, where AROME stands for Application of Research
to Operations at Mesoscale

ARPEGE Action de Recherche Petite Echelle Grande Echelle - Small-Scale
Large-Scale Research Action

avl available enough stations

CHMI Czech HydroMeteorological Institute

CLIDATA Climatological Database Application used by CHMI

ISBA Interactions Sol Biosphère Atmosphère - Interactions between Biosphere
and Atmosphere

rm regularly measuring stations

UTC Coordinated Universal Time

44



A. Attachments

A.1 Code implementation
In the code of ALADIN, snow parametrization is handled in three fortran subrou-
tines called ACSOL, CPTENDS and CPWTS. In this section, only their key parts and
correspondence with theoretical description will be shown. All relevant constant
and parameter names together with their notation from the above equations are
summarized in Tab. A.1. Similar information about used variables is in Tab. A.2.

A.1.1 Snow tendencies
Computation of snow tendencies is done by subroutine CPTENDS. The part of the
this subroutine dealing with snow goes as follows:

1 IF ( LNEIGE ) THEN
2 DO JROF = KSTART , KPROF
3 PTDSNS (JROF) = PLSM(JROF) * ( PFPLCN (JROF ,KFLEV) +&
4 & PFPLSN (JROF ,KFLEV) - PFONTE (JROF )+ PFEVN(JROF)-PFEVI(JROF ))
5 IF (LSNV.OR.LVGSN) THEN
6 ZPRECN =PLSM(JROF )*( PFPLCN (JROF ,KFLEV )+ PFPLSN (JROF ,KFLEV ))
7 IF ( PFONTE (JROF) > 0.0 _JPRB) THEN
8 PTDALBNS (JROF) = -TOEXP *( PALBNS1 (JROF)- ALBMIN )+ ZPRECN /WNEW
9 ELSE

10 PTDALBNS (JROF) = -TOLIN+ ZPRECN /WNEW
11 ENDIF
12 ZTO3 = MIN (0.5 _JPRB/PDT , ZPRECN /MAX(PSNS1(JROF),ZEPSN ))
13 PTDRHONS (JROF )= -TOEXP *( PRHONS1 (JROF)- RHOMAX )&
14 & -ZTO3 *( PRHONS1 (JROF)- RHOMIN )
15 ENDIF
16 ENDDO
17 ENDIF

Here LNEIGE is a logical switch for usage of the snow scheme, JROF is a horizontal
gridbox index and KSTART and KPROF are its boundaries. KFLEV then represents
the lowest vertical model layer.

Taking into account Tab. A.2 and line 6, which defines the solid precipitation
flux Ps as a sum of convective and stratiform snow fluxes, it can be seen that
lines 3 and 4 deal with the computation of the tendecy of snow reservoir and are
equivalent to Eq. (1.2). Lines 7-11 then serve for determining the tendency of
snow albedo and stand for Eq. (1.4). Time tendency of snow density according
to Eq. (1.6) is then covered by lines 12-14.

A.1.2 Snow variables evolution
The actual values of prognostic snow variables Ws, As and ρs are calculated in
subroutine CPWTS:

1 IF ( LNEIGE ) THEN
2 DO JROF = KSTART ,KPROF
3 PSNS1(JROF) = PSNS1(JROF) + PDT * PTDSNS (JROF)
4 IF (LSOLV) THEN
5 ...
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6 PSNS1(JROF) = MAX (0.0 _JPRB ,PSNS1(JROF ))
7 IF (LSNV.OR.LVGSN) THEN
8 IF (PSNS1(JROF) > 0.0 _JPRB) THEN
9 PALBNS1 (JROF) = PALBNS1 (JROF )+ PTDALBNS (JROF )* PDT

10 PALBNS1 (JROF) = MIN(MAX( PALBNS1 (JROF), ALBMIN ), ALBMAX )
11 ELSE
12 PALBNS1 (JROF) = ALBMAX
13 ENDIF
14 IF (PSNS1(JROF) > 0) THEN
15 PRHONS1 (JROF) = PRHONS1 (JROF )+ PTDRHONS (JROF )* PDT
16 PRHONS1 (JROF) = MIN(MAX( PRHONS1 (JROF), RHOMIN ), RHOMAX )
17 ELSE
18 PRHONS1 (JROF) = RHOMIN
19 ENDIF
20 ENDIF
21 ENDDO
22 ENDIF

Here line 3 determines the value of snow reservoir Ws from its time tendency ∂Ws

∂t

as is written in Eq. (1.1). Line 6 ensures a non-negative value of snow reservoir
accordingly to Eq. (1.3).

The values of snow albedo and snow density computed according to Eq. (1.1)
are calculated on lines 9 and 15 respectively. The physical limitations given
by Eq. (1.5) and Eq. (1.8) are then secured by lines 10 and 16. In case of no
snow reservoir when PSNS1 = 0, snow albedo is set to its maximum, while snow
density to its minimum value. That makes the variables ready for snowfall, since
maximum albedo and minimum density are the characteristics of fresh snow.

A.1.3 Snow fractions
Snow fractions are calculated by subroutine ACSOL. The part of the code valid for
the Bazile et al. [2001] scheme is

1 ZUZ0CN = 1.0 _JPRB /(RG* ALRCN2 )
2 ELSEIF (LVGSN) THEN
3 IF ( LZ0HSREL .AND. LCOEFKSURF ) THEN
4 PNEIJG (JLON )= PLSM(JLON )* PSNS(JLON )/( PSNS(JLON )+ WCRIN* &
5 & (1.0 _JPRB+ ZUZ0CN * PGZ0HF (JLON )/ STHER ))
6 ELSE
7 PNEIJG (JLON )= PLSM(JLON )* PSNS(JLON )/( PSNS(JLON )+ WCRIN)
8 ENDIF
9 ZCFN =(1.0 _JPRB -MAX (0.0 _JPRB ,MIN (1.0 _JPRB ,PLAI(JLON )/ RLAIMX )))* &

10 & MAX (0.0 _JPRB ,SIGN (1.0 _JPRB ,PLAI(JLON)-RLAI ))+ &
11 & (1.0 _JPRB -MAX (0.0 _JPRB ,SIGN (1.0 _JPRB ,PLAI(JLON)-RLAI )))
12 ZCK = MAX (0.0 _JPRB ,(ALB1 -MAX(ALB2 , PALBNS (JLON ))))/( ALB1 -ALB2)
13 ZCOEF=ZCFN*ZCK +(1.0 _JPRB -ZCK)
14 PNEIJV (JLON )= PNEIJG (JLON )* ZCOEF
15 ENDIF

According to Mašek [2018], the option LZOHSREL specifies the way of determin-
ing thermal roughness. Thermal roughness z0H is an analogue of mechanical
roughness length, applied on heat and moisture turbulent transfers (Ridgen et al.
[2017]). In case of LZOHSREL = F, which corresponds to line 6, effective thermal
roughness is determined as

zeff
0H = sther

√︂
(z0D)2 + (zorog

0D )2,
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where z0D stands for dynamic roughness caused by micrometeorological objects
such as vegetation and rocks, while zorog

0D takes into account the subgrid variations
of terrain elevation. Here sther denotes the ratio of thermal to dynamic roughness
which is for ISBA approximated by a constant sther = 0.1. However, for this
setting of LZOHSREL, surface roughness is not used for any quantity concerning
snow at all and snow fraction is estimated on line 7 simply as

f bg
s = Ws

Ws + W crit
s

.

For the setting LZOHSREL = T which is used on line 3, and which is currently
being used at CHMI, thermal roughness does not have an orographic component,
which is in better agreement with theory (Hewer and Wood [1998]). In other
words

z0H = stherz0D. (A.1)
Using notation from Tab. A.1 and Tab. A.2 and plugging in for ZUZ0CN from line
1, lines 4 and 5 can be rewritten in symbolic form as

f bg
s = Ws

Ws + W crit
s (1 + zbg

0H

a2 · sther

)
,

from which, considering Eq. (A.1), it can be seen that these lines are equivalent
to Eq. (1.10).

On line 13 the above-mentioned function F (LAI, As) ≡ ZCOEF is computed
from variables ZCFN and ZCK. The SIGN functions on lines 10 and 11 acquire a
negative value in case of LAI < 3 ≡ RLAI and cause the associated maximum
functions to become 0. That results in ZCFN = 1 which leads to ZCOEF being 1
regardless of the value of ZCK, which is consistent with Eq. (1.11).

In case of LAI ≥ 3
ZCFN = min

(︂
1 − LAI

Klai

, 1
)︂
.

However, for the values of albedo constants in Tab. A.1 it holds, that the maxi-
mum function in ZCK can be omitted and

ZCK = A1 − max(A2, As)
A1 − A0

,

from which it can be derived, that variable F (LAI, As) = ZCFN · ZCK + (1 − ZCK)
takes on the form mentioned in Eq. (1.11).
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Table A.1: List of model constants and parameters used at CHMI

code variable eq. notation value unit

ZEPSN ϵ 10−3 [1]

TOEXP rexp
0.24

86400 [1/s]

TOLIN rlin
0.008
86400 [1/s]

ALBMIN Amin
s 0.5 [1]

ALBMAX Amax
s 0.85 [1]

RHOMIN ρmin
s 0.1 [g cm−3]

RHOMAX ρmax
s 0.3 [g cm−3]

WNEW W new
s 10 [kg m−2]

WCRIN W crit
s 4 [kg m−2]

RG g 9.80665 [m s−2]

STHER sther 0.1 [1]

ALRCN2 a2 10 [1]

ALB1 A1 0.87 [1]

ALB2 A2 0.84 [1]

RLAIMX Klai 7 [1]

RLAI 3 [1]
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Table A.2: List of model variables used at CHMI

code variable eq. notation unit meaning

PSNS Ws [kg m−2] snow reservoir

ZPRECN Ps [kg m−2 s−1] solid precipitation flux

PFONTE Fm [kg m−2 s−1] snow melting flux

PFEVN Fevs [kg m−2 s−1] evaporation flux of solid reservoirs

PFEVI Fevi [kg m−2 s−1] evaporation flux from ice

PALBSN1 As [1] snow albedo

PRHONS1 ρs [g cm−3] snow density

PTDSNS ∂Ws

∂t
[kg m−2 s−1] tendency of snow reservoir

PTDALBNS ∂As

∂t
[s−1] tendency of snow albedo

PTDRHONS ∂ρs

∂t
[g cm−3 s−1] tendency of snow density

PNEIG f bg
s [1] snow fraction over bare ground

PGZ0HF g zbg
0H [J kg−1] Earth’s gravity · thermal roughness

PDT ∆t [s] integration timestep

ZCOF F (LAI, As) [1] reduction of fs on vegetation

PFPLCN [kg m−2 s−1] prec. flux of convective snow

PFPLSN [kg m−2 s−1] prec. flux of stratiform snow

PLSM land sea binary mask

PIVEG vegetation index
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