Simulation of snow water equivalent by mathematical models of different complexity
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MpeacTasieHbl pesynbTatbl anpobUPOBaHUS HECKONIbKUX MOAENEN HAKOMIEHUA U
TasHUSA CHEXXHOrO MOKPOBa A/18 TPEX Pa3/IMUHbIX yyacTKoB B ceBepHoi CnoBakuu:
[OJIMHA, OTKPbITOE NPOCTPAHCTBO B ropax M ropHbIi Jiec.

Introduction

Snow water equivalent (SWE) is the most important
hydrological characteristic of the snow cover, because it
provides the information on the amount of water that can
eventually contribute to river runoff during the snowmelt.
Basic principles of snow accumulation and melt, and thus
the SWE simulation were elaborated about 50 years ago
[1-3, 36, 37]. However, new models which profit from the
progress in knowledge and technological development (data
acquisition, computing) are developed permanently. Cur-
rent models of snow cover evolution strive to simulate also
some internal properties of the snowpack such as snow
stratigraphy, temperature distribution in the snowpack,
mass and energy fluxes, etc. [e.g. 6, 19, 23]. Some models
attempt to include the effects of vegetation on snow-related
processes [18, 26] or consider snowdrift [14, 24, 25, 31].
Except point simulation of snow cover evolution, distribut-
ed models have been developed to simulate SWE for river
basins [10, 30, 33, 39]. Koivusalo [20] has recently provi-
ded an overview of snow cover modeling for hydrology.

Most snow models similarly using the threshold air
temperature (or temperatures) to determine the portion of
precipitation falling as snow generally simulate snow
accumulation. Algorithms of snow melting can be roughly
divided into three big groups. The simplest ones (index
models) are based on the relationships between snowmelt
and the conventionally measured meteorological vari-
ables, e.g. air temperature (the degree-day model), wind
speed, etc. These models attempt to describe the complex
process of snowmelt by means of simpler relationships.
Algorithms of the second group strive to solve the com-
plex energy balance of the snow cover (the energy-based
models). Some models that are denoted as the «energy-
based» still employ empirical relationships for snowmelt
(e.g. using the air temperature to simulate melt contribu-
tions from various energy fluxes). Other energy-based
models use more sophisticated physical approach in
snowmelt modeling, although in details none of them can
avoid empirical relationships. This is due to computation-
al complexity or unavailability of necessary input data.
Algorithms of the third group use generalized equations
based on direct empirical relationships between snowmelt
and selected meteorological characteristics. They are not
used so often as the algorithms of the first two groups and,
strictly speaking, they may not be called «mathematical
models».

The most often used are the index models. Tempera-
ture index (degree-day) models proved their efficiency and
are used in operational streamflow forecasting for a long
time [9, 22, 27, 38, etc.]. World Meteorological Organiza-
tion [40] has compared 11 different models used in several
countries. Most of them were the degree-day models and
were designed to work at a basin scale. Melloh [28]
reviewed 7 major operational models that are based on the
investigations of the U.S. Army Corps of Engineers [36, 37]
and the U.S. National Weather Service [4, 5]. Except the
degree-day, they have also the option of using the energy-
balance of the snowpack to calculate the snowmelt.

Along with the development of the snow models,
numerous studies attempted to inter-compare their results
[7, 11, 13, 16]. The comparison is based on using the same
input data and comparing modeled outputs with actually
measured values [15]. Bengtsson and Singh [8] highlighted
that the complexity of the model should reflect basin con-
ditions. A simple degree-day model can be suitable for
large basins in which runoff permanently increases during
snowmelt, but the model has to be distributed related to
land cover and topography. Also for small-forested basins
where most of streamflow is of groundwater origin, the
degree-day model combined with a conceptual runoff
model can reproduce runoff well. In catchments in which
the overland flow is an important runoff component, runoff
fluctuates during a day. In such conditions, a high-resolu-
tion snow model is required to simulate the runoff.

The objective of this paper was to compare the abili-
ty of snow models with different complexities to simulate
snow cover characteristics (mainly SWE) under different
meteorological and landscape conditions.

Study area and data

The climatic data that served as the inputs into test-
ed models and the snow data that were used to validate
them were measured at three sites in the Jalovecky creek
catchment, north Slovakia (Figs 1 and 2).

The first site called Ondrasova, is situated in the Lip-
tov valley at altitude 570 m a.s.l. It represents the snow for-
mation conditions of the wide mountain valley (shallow
snow cover of shorter duration). This site has the best data.
Climatic data are measured there with different frequen-
cies. Precipitation is measured daily, cloudiness and wind
speed three times per day. Air temperature (at 2 m and
5 cm above the surface), air humidity, soil temperatures at
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Fig. 1. Study area and the location of the sites Ondrasova ( 7), Cervenec-open area (2), Cervenec-forest (3)
Puc. 1. Tepputopus uccnepgoBaHuit 1 Mmectonosnoxkenue yuyactkos: OHgpawosa (7), YepeeHel — oTKpbITbiM ydacTok (2),

YepeeHeu-nec (3)

depths of 5, 10, 20, 50 and 100 cm, scalar wind speed, sun-
shine duration and snow depth are measured continuously.
Snow characteristics at the nearby snow course (depth at
20 points, water equivalent at 3 points, snow structure at
one pit, snow temperature at the same pit at several depths)
were measured with varying frequency.

Two other sites (Cervenec) are situated in the Wes-
tern Tatra Mountains. They represent the snow formation
conditions at high altitudes at the open area and in the
forest. Meteorological station is situated at the open area
(site Cervenec-open area). It provided continuous mea-
surements of the air temperature (at 2 m and 15 cm above
the surface), air humidity, wind speed, global radiation,
soil surface temperature and soil temperature at the depth
of 15 cm. Precipitation is measured by the raingauge
(weekly) and storage gauge (monthly). The readings of the
gauges were recalculated into daily precipitation depths
according to station Ondrasova. Snow course data (vary-
ing frequency of measurements) comprised 60 measure-
ments of snow depth (SD) and 3 measurements of snow
water equivalent (SWE). Snow structure and snow tem-
perature at several depths were measured in the snow pit.
The last site (Cervenec-forest) has the most limited data.
Air temperature and air humidity were measured there in
hourly time step in winter 2007. Correlations with data
from Cervenec-open area were used to calculate air tem-
perature and air humidity in winter 2006. Weekly precipi-
tation at the site Cervenec-forest is measured since Janu-
ary 2007. Correlation with data from Cervenec-open area
was again used to calculate precipitation for winter 2006.
Snow course data were measured on the same days as the
ones at the Cervenec-open area site. They comprised 20
measurements of SD and 3 measurements of SWE. Snow
structure and snow temperature at several depths were
measured in the snow pit.

Discharge of the Jalovecky creek measured at the
outlet of the mountain part of the catchment was used as
additional data to identify the snowmelt events.

Winters 2006 and 2007 had different climatic and
snow characteristics. Winter 2006 was cold and long at the
lower elevations, although in mountains the maximum

SWE was just «normal». Winter 2007 was mild with little
snow at lower elevations, but SWE values were above-
average in the mountains.

Snow cover models

The temperature and temperature-wind models rep-
resented Index snow cover models. These models are
lumped, i.e. they do not take into account snow layering
and the snowpack is represented as one layer. Two
lumped models represented the energy-based models and
one distributed model, e.g. the model that simulates
multi-layered snowpack. The lumped energy-based mod-
els were represented by the combined extended approach
by Braun [12] — further denoted as EXT, and the UEB
model [35]. The multi-layer energy-based models were
represented by the SPONSOR [34], which participated
recently in a large model intercomparison project [15].

The models were run in a daily time step. Basic sim-
ulated output was snow water equivalent (SWE) which
was simulated by all the models. The UEB (snowpack and
snow surface temperatures) and SPONSOR (snow depth,
snow temperature, layers) models simulated additional
outputs. The modeling strategy was aimed at proper simu-
lation of both maximum SWE and the timing of snow-
melt, because these two characteristics are the most
important in snow hydrology for flood runoft forecasting.
After satisfactory simulation of SWE, other measured and
simulated characteristics (snow surface temperatures,
snow depths) were compared.

Index models. Two index models were used — the
temperature index model and the temperature-wind index
model. Snow accumulation in both models was calculated
identically. The snow was accumulated if the air tempera-
ture was below the threshold value determining the begin-
ning of the snowmelt. The type of falling precipitation
depended on the air temperature. Fraction of snow was
calculated according to the following equation [33]:

Tris+ T, T

Psnow = %’ (] )

trans

where P

now 15 the fraction of snow on the total precipita-
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Fig. 2. Snow profiles Ondrasova (a), Cervenec-open area (b),
and Cervenec-forest (c)

Puc. 2. MectononoxxeHue npodunen B Ongpawosa (a),
YepBeHel, — OTKpbITbIM yyacTok (b), YepeeHeu-nec (¢)

tion, Trys [°C] is the air temperature at which 50% of
snow is falling as snow, 7, - [K] is one half of the transi-
tion range from snow to rain.

The following equations were used to calculate the
snowmelt [33]:

temperature index: M= cy(T—Ty,,),

temperature-wind index: M = (¢ + cou)(T — To,m),
where M [mm] is snowmelt, ¢, and ¢; [mm/°C-day] are the

air temperature dependent melt factors, 7 [°C] is measured
air temperature, Tom [°C] is the threshold air temperature
for the beginning of snowmelt, ¢, [mm/(°C-m-s-!day)] is
the wind dependent melt factor, u [m/s] is wind speed.

Energy-based models. Three energy-based models were
used in the study. Braun [12] based the first one on the
extended combination approach (EXT). Snow accumulation
in the EXT model was simulated the same way as in the
index models above. Snowmelt was simulated differently for
the days with and without precipitation. During the days
with precipitation above 2 mm, the snowmelt is composed
of radiation melt, melt from sensible heat, melt from latent
heat and melt from energy given by precipitation. The air
temperature is mostly the main parameter to calculate these
melt components. Detailed information can be found in
[33]. Snowmelt during the days without precipitation is cal-
culated by the equation analogical to equation (1).

Snowpack in the UEB model [35] is characterized
by three state variables, water equivalence W [m], energy
content U [kJ/m] and the age of snow surface which is
used only for albedo calculations. Time evolution of U
and W is determined by solving the following energy and
mass equations:

‘ii_[l{ = an+ Qli+Q17+ Qg_Qle+ Qh+Qe_Qm’

L
dt

where Q,, is net shortwave radiation, Q, is incoming long-
wave radiation, Qp is advected heat from precipitation, Qg is
ground heat flux, Q,, is outgoing long-wave radiation, Q, is
sensible heat flux, Q, is latent heat flux due to sublimation/
condensation and Q,, is advected heat removed by meltwa-
ter (all in kJ/m?hr?). P, is the rainfall rate, P is the snowfall
rate, M, is the meltwater outflow from the snowpack and £
is the sublimation from the snowpack (all in mm/hr).

Measured precipitation is partitioned into rain and
snow using threshold air temperatures similar as in equa-
tion (1). The influence of wind on snow redistribution is
expressed by the drift factor used to multiply the snowfall
rate. The model considers also the influence of forest
cover on the energy balance of the snowpack. The SOLEI
model [29] calculated solar radiation for UEB.

The SPONSOR model [34] is the updated land sur-
face model using the multi-layer snow scheme that
includes physical properties of each layer. The density of
each snow layer is taken into account during its evolution.
After the snowfall a new snow layer appears. Its physical
properties change according to meteorological conditions
and previous evolution of the snow layers according to
certain criteria [17, 21, 32, etc.]. Snow layers are united
once their properties are close enough. Basic characteris-
tics of the models are given in Table 1.

Results and discussion

The results of simulations with different models
together with selected input data (precipitation, air tem-
perature) are shown in Fig. 3 and summarized in Table 2.

_74 -



L. Holko et al.

Table 1
Overview of the snow models used in this study*

Model Approach—simulated output Input data Number of parameters
Temperature index (TI) Index—SWE P, T 4
Temperature—wind index (TWI) Index—SWE P, T, WS 5
Extended combined (EXT) Energy balance—SWE P, T, WS E 8

P, T, WS, RH, 6 basic of 19 ibl
UEB Energy balance—SWE, SST, SPT | 2 ', "> 0 asic o 19 possible
Q@ parameters
Energy balance—SWE, SD, SST, | P, T, WS, RH, 7 process-related, type of
SPONSOR *% *% . .
SPT, snow layers Q;, Q; soil, type of vegetation

*SWE — snow water equivalent, SD — snow depth, SST — snow surface temperature, SPT — snowpack and soil
temperature, P — precipitation, 7— air temperature, WS — wind speed, £— saturation vapour pressure, RH — relative
humidity, Q,;— incoming solar radiation, @,— incoming long-wave radiation.

**|f not measured, Q and Q,are calculated.

Index models. The results given by the temperature
and temperature-index models were very similar. Wind-
induced snowmelt was less significant than the melt
caused by the air temperature. Fixed values of the melt
factors did not allow to simulate sudden changes of
SWE (e.g. at Ondrasova in winter 2006). Fixed value of
threshold air temperature 7; ,, (beginning of snowmelt)
sometimes resulted either in delayed simulation of snow-
melt or underestimation of SWE before the beginning of
the main phase of snowmelt.

With regard to simulation of snow accumulation, it
seems that the threshold temperature TR/S should also
vary. Fixed value of Tp g results either in underestimated
snow accumulation during the accumulation phase of
winter or overestimation of SWE during the melting phase
(the model simulates snow accumulation despite it does
not occur in reality). At Cervenec the snow accumulation
was not very sensitive to the threshold air temperature
Ty,s. For a wide range of T g the simulated SWE during
the accumulation phase of winter 2006 was similar. It

could mean that the daily precipitation (input data) was
too low to simulate measured SWE. This is especially evi-
dent for Cervenec-forest in winter 2006. In reality is
would either point out to lower measured precipitation,
e.g. due to wind losses, or higher measured SWE due to
snowdrift.

Energy-based models. Extended combined approach
(EXT) allowed better simulation of SWE variability at
Ondrasova in winter 2006 than the index models while the
simulation of melting was similar (very close to measured
values). Otherwise, the results were comparable with those
provided by the temperature index model. UEB provided
much better results for the Ondrasova (2006) and Cervenec-
forest than EXT and the index models. Snow surface tem-
perature was simulated by the UEB with varying efficiency.
In the forest, the simulated and measured snow surface
temperatures were very similar; at Ondrasovaand Cervenec-
open area the simulations were not so successful.

SWE simulations by SPONSOR for Ondrasova and
winter 2006 were better than the simulations of other

Table 2

Summary of the results achieved by the snow models

Model Simulated output Evaluation of results
Ondragova 2006 — problem with short snowmelt episode; Cervenec-forest
Tl SWE . .
underestimated in winter 2006
TWI SWE AsTI.
EXT SWE Similar to Tl, better simulation for Ondrasova 2006.
UEB SWE T.thO:E best simulations for Ondrasova 2006 and Cervenec-forest; otherwise
similar to Tl
SST Very good for Cervenec-forest, worse for Ondrasova and Cervenec-open area
SPT Comparable with measurements, especially in the forest
SPONSOR SWE Better f'or OndraSO\v/a than TI, very good for Cervent?cc-op'en area (2006),'
overestimated for Cervenec-open area (2007), no simulations for other sites
sb Very good for Ondrasova and Cervenec-open area 2006, overestimated for
Cervenec-open area 2007
SST Similar to UEB
SPT Worse than the results of UEB
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Fig. 3. Selected input data (P — precipitation, 7 — air temperature) and results of simulations at Ondrasov4 (a), Cervenec-open
area (b), and Cervenec-forest (¢)

71— measured values; calculated by models: 2— UEB, 3— SPONSOR, 4— Tl, 5— EXT; 6 — measured runoff in the Jalovecky creek. SST — snow
surface temperature, SPT — snow and soil temperature, SD — snow depth, SWE — snow water equivalent; Tl — temperature index
model, EXT — the model using the extended combined approach (energy balance)

Puc. 3. MNpumepbl Bxogswux napametpos (P — ocagku, T — TemnepaTypa BO3AyXa) U pe3dyibTaTbl MOLENMPOBaHUS A5 LOJUHbI
(OHppawoga) (a), oTkpbiToro yuactka (YepeeHeu) (b) u ropHoro neca YepeeHel (¢)

1 — u3MepeHHble 3HaueHus; 2— 5 — nonyuenHblie no mogenam: 2 — UEB, 3 — SPONSOR, 4 — Tl, 5 — EXT; 6 — namepeHHbIi CTOK B pyube
Jalovecky. SST — Temnepatypa NnoBEpXHOCTU CHEXKHOrO NoKpoBa, SPT — Temnepatypa nousbl v CHEXXHOM TonwM, SD — TonwmMHa cHex-
Horo nokposa, SWE — BoAHbIM 3KBUBaNIEHT CHEXXHOIO NOKPOoBa; Tl — Mogenb nHAeKcHpoBaHHoW Temnepatypbl, EXT — mogenb, ucnonb-
3yloLan pacLUMpeHHbIi KOMOUHUPOBaHHBIM NOAXOA (3HEpreTHuecKui banaHc)
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models, although UEB provided similar results. Snow sur-
face temperatures from SPONSOR for Ondrasova were
better than the UEB simulations. On the other hand,
UEB provided better simulations of integrated soil and
snow temperatures (SPT). Measured SPT data were cal-
culated as mean values of soil temperatures at the depth of
10 cm and snow temperatures measured every 10 cm in
the snow pits. At Cervenec-forest there are no soil tem-
perature measurements. Measured SPT data were there-
fore calculated only from snow pit measurements.

SWE simulations of SPONSOR and UEB at
Cervenec-open area were similar (see Fig. 3, 5). SPONSOR
simulated Snow depths (SD) very well except for the win-
ter 2007 at Cervenec-open area where the simulated SD
and SWE were significantly overestimated, maybe due to
problems of interpretation of the precipitation type.

Runoff data from the Jalovecky creek (the gauge is
situated at catchment outlet at altitude 800 m a.s.l.,
catchment altitudes vary from 800 to 2178 m a.s.l., mean
1500 m a.s.l.) indicate that the first runoff event at the
beginning of April 2006 and in January 2007 (an unusual
occurrence) were caused by snowmelt (maybe combined
with rainfall) at lower altitudes.

Conclusion

The study confirmed that the index models can pro-
vide acceptable estimates of snow water equivalents under
different conditions of snow cover formation. They can
therefore be used in practical applications where very little
input data is available. However, if the snow water equiv-
alents rapidly change, the energy-based models could give
better results. The more sophisticated energy-balance
models provide also other snow characteristics (e.g. snow
temperatures, snow depths) which can help in the
research oriented studies. However, in all applications the
models should be carefully validated using measured snow
characteristics. The problem of model validation is
beyond the objectives of this study as well as the discus-
sion on the pros and cons of simple versus sophisticated
models. However, the study highlighted the importance of
availability of suitable measured data for both model
development and validation. High quality meteorological
and especially snow data can be an issue even at research
stations.

Acknowledgements

This contribution was supported by the Slovak
Research and Development Agency (project SK-RU-005-
07), the VEGA agency (grant 2/0079/08), the Division of
Earth Sciences at the Russian Academy of Sciences (Pro-
gram 11, project 6), and Russian Foundation for Basic
Research (grant 08-05-00475).

REFERENCES
1. Kyzomur [1./1. Dusanuyeckue CBOMCTBA CHEXHOMO Nokposa. J1.,
Mapometeousgar, 1957, 179 c.
2. Kysemut [1./1. DopMUpOBaHUE CHEXKHOTO MOKPOBA U METO-
[bl onpefeneHus cHerosanacos. J1., F'ngpomereousgar, 1960,
171c.

L. Holko et al.

3. Ky3zoemun [1.11. Tlpouecc TasHUs cHexkHoro nokposa. Jl., Mu-
apometeousgar, 1961, 345 c. (Kuz'min P.P. Melting of snow
cover. Jerusalem, 1972, 290 p.).

4. Anderson E.A. Development and testing of snow pack
energy balance equations. — Water Resources Research, 1968,
v.4, Ne 1, p. 19—37.

5. Anderson E.A. National Weather Service river forecast
system — Snow accumulation and ablation model (NOAA
Technical Memorandum NWS HYDRO—17, November, 1973).
Silver Spring, MD, U.S. Department of Commerce, 1973,
217 p.

6. Anderson E.A. A point energy and mass balance model of a
snow cover (NOAA Technical Report, NWS HYDRO—17 NWS
19, February, 1976). Silver Spring, MD, U.S. Department of
Commerce, 1976, 150 p.

1. Bengtsson L. Snowmelt simulation models in relation to
space and time. — Modelling Snowmelt-Induced Processes
(Symposium held during the Second Scientific Assembly
of IAHS at Budapest, July 1986). Proc. of IAHS, Ne 155.
Wallingford, 1986, p. 115—123.

8. Bengtsson L., Singh V.P. Model sophistication in relation
to scales in snowmelt runoff modeling. — Nordic Hydrology,
2000, v. 31, Ne 4/5, p. 267—286.

9. Bergstrom S. Development and application of a conceptual
runoff model for Scandinavian catchments. Ph.D. thesis
(Swedish Meteorological and Hydrological Institute). Reports
Hydrology and Oceanography, Ne 7). Norrképing, 1976, 134 p.
10. B#schl G., Kirnbauer R. Point snowmelt models with
different degrees of complexity — internal processes. — Journ.
of Hydrology, 1991, v. 129, Ne 1—4, p. 127—147.

11. Bibschl G., Kirnbauer R., Gutknecht D. Distributed snowmelt
simulations in an Alpine catchment. 1. Model evaluation on the
basis of snow cover patterns. — Water Resources Research,
1991, v. 27, Ne 12, p. 3171—3179.

12. Braun L.N. Simulation of snowmelt-runoff in lowland and
lower alpine regions of Switzerland. Dissertation (Zurcher
Geographische Schriften, Ht. 21). Zirich, Geographisches
Institut ETH, 1985, 166 S.

13. Charbonneau R., Lardeau J.P., Obled C. Problems of
modeling a high mountainous drainage basin with predominant
snow yields. — Hydrological Sciences Bulletin, 1981, v. 26,
Ne 4, p. 345—361.

14. Essery R., Li L., Pomeroy J. A distributed model of blowing
snow over complex terrain. — Hydrological Processes, 1999,
v. 13, Ne 14—15, p. 2423—2438.

15. Etchevers P., Martin E., Brown R. et al. Validation of the
energy budget of an alpine snowpack simulated by several
snow models (SnowMIP project). — Annals of Glaciology,
2004, v. 38, p. 150—158.

16. Fierz C., Riber P., Adams E.E. et al. Evaluation of snow-
surface energy balance models in alpine terrain. — Journ. of
Hydrology, 2003, v. 282, Ne 1—4, p. 76—94.

17. Golubev V.N., Petrushina M.N., Frolov D.M, Winter regime
of temperature and precipitation as a factor of snow-cover
distribution and its stratigraphy. — Annals of Glaciology, 2008,
v. 49, p. 179—186.

18. Hardy J.P., Davis R.E., Jordan R. et al. Snow ablation
modeling in a mature aspen stand of the boreal forest. —
Hydrological Processes, 1998, v. 12, Ne 10—11, p. 1763—1778.

-79-



Mamepuaner ensyuonoeuyeckux uccaedoBarud, Goin. 107

19. Jordan R. A one-dimensional temperature model for a snow
cover: Technical documentation for SNTHERM.89 (U.S. Army
Cold Regions Research and Engineering Laboratory (CRREL),
Special Report 91—16). Hannover, 1991, 49 p.

20. Koivusalo H. Process-oriented investigation of snow
accumulation, snowmelt and runoff generation in forested
sites in Finland (Doctoral dissertation). Helsinki University of
Technology Water Resources Publications, TKK—VTR, Ne 6).
Espoo, 2002, 89 p.

21. Kominami Y., Endo Y., Niwano Sh., Ushioda S. Viscous
compression model for estimating the depth of new snow. —
Annals of Glaciology, 1998, v. 26, p. 77—82.

22. Kuusisto E. Snow accumulation and melt in Finland (Publ. of
the Water Research Institute, Ne 55). Helsinki, National Board
of Waters, 1984, 149 p.

23. Lehning M., Bartelt P., Brown R.L. et al. Snowpack model
calculations for avalanche warning based upon a new network
of weather and snow stations. — Cold Regions Science and
Technology, 1999, v. 30, Ne 1—3, p. 145—157.

24, Lehning M., Léwe H., Ryser M., Raderschall N.
Inhomogeneous precipitation distribution and snow transport
in steep terrain. — Water Resources Research, 2008, v. 44,
W07404, doi:10.1029 /2007WR006545

25. Liston G.E., Sturm M. A snow-transport model for complex
terrain. — Journ. of Glaciology. 1998, v. 44, Ne 148, p. 498—516.
26. Lundberg A., Calder [, Harding R. Evaporation of
intercepted snow-measurement and modeling. — Journ. of
Hydrology, 1998, v. 206, Ne 3—4, p. 151—163.

27. Martinec J. Snowmelt—Runoff Model for stream flow
forecasts. — Nordic Hydrology, 1975, v. 6, Ne 3, p. 145—154.
28. Melloh R.A. A synopsis and comparison of selected
snowmelt algorithms (U.S. Army Cold Regions Research and
Engineering Laboratory, Report 99—8). Hannover, 1999, 17 p.
29. Mészdiros [, Miklinek P. Modelovanie potencidlnej
evapotranspirdcie v horskom povodi pomocou programu
SOLEI—-32 [Modelling of the potential evapotranspiration in
mountainous basin by means of SOLEI—32 software]. — Acta
Hydrologica Slovaca, 2000, v. 1, Ne 1, S. 41—47.

30. Moore R.J., Bell A., Austin R.M., Harding R.J. Methods for
snowmelt forecasting in upland Britain. — Hydrology and Earth
System Sciences, 1999, v. 3, Ne 2, p. 233—246.

31. Pomeroy JW., Gray D.M., Landine P.G. The Prairie
Blowing Snow Model: Characteristics, validation, operation. —
Journ. of Hydrology, 1993, v. 144, Ne 1—4, p. 165—192.

32. Pomeroy J.W., Gray D.M., Shook K.R. et al. An evaluation
of snow accumulation and ablation processes for land surface
modeling. — Hydrological Processes, 1998, v. 12, Ne 15,
p. 2339—2367.

33. Schulla J., Jasper K. Model Description WaSiM—ETH
(Water balance Simulation Model ETH) (Internal report, I1AC,
ETH Zirich, Switzerland). Zirich, 2001, 167 p.

34. Shmakin A.B. The updated version of SPONSOR land
surface scheme: PILPS-influenced improvements. — Global
and Planetary Change, 1998, v. 19, Ne 1—4, p. 49—62.

35. Tarboton D., Luce D. Utah Energy Balance Snow
Accumulation and Melt Model (UEB): Computer model

technical description and users’ guide. Utah Water Research
Laboratory, Utah State University and USDA Forest Service,
Intermountain Research Station, 1996, 64 p.

36. U.S. Army Corps of Engineers. Snow Hydrology: Summary
report of the Snow Investigations. North Pacific Division,
Corps of Engineers, U.S. Army, Portland, Oregon, 1956, 437 p.
37. U.S. Army Corps of Engineers. Engineering and Design:
Runoff from Snowmelt (CECW—EH Engineer Manual 1110-2-
1406). Washington, D.C., Department of the Army, U.S. Army
Corps of Engineers, 1998, 142 p.

38. Vehvildinen B. Snow cover models in operational watershed
forecasting (Publ. of Water and Environment Research
Institute, Ne 11). Helsinki, National Board of Waters, 1992,
112 p.

39. Watson F.G.R., Newman W.B., Coughlan J.C., Garrott
R.A. Testing a distributed snowpack simulation model against
spatial observations. — Journ. of Hydrology, 2006, v. 328,
Ne 3—4, p. 453—466.

40. WMO. Intercomparison of models of snowmelt runoff
(Operational Hydrology Report Ne 23; WMO Publ. Ne 646).
Geneva, World Meteorological Office, 1986, 440 p.

BOCITPOU3BEJAEHUE BOIHOT'O DKBUBAJIEHTA
CHEXHOTI'O ITOKPOBA MATEMATNYECKNMHA
MOJIEJIAMU PA3HOM CTEIIEHU CJIOKHOCTHU

[IpencraBneH KpaTKuii 0030p pa3BUTHSI MOJAEINPO-
BaHUSI HAKOTUJICHUSI M TasstHUSI CHEXKHOTO TTOKPOBa U TPO-
BEJIEHO CpaBHEHHWE pPe3yJbTaTOB, MOJYUEHHBIX IO
HECKOJbKUM MOJEJSIM Pa3HOU CTENEHU CJIOXHOCTH.
Mopaenu onpoOoBasUCh JisI TPEX YYACTKOB B CEBEPHOM
CnoBakuu — nosuHbl (abcosoTHass Bbicota 570 M),
OTKpPBITOTO TipocTpaHcTBa B ropax (1500 M) u ropHoro
sneca (1420 m). JAns MomenMpoBaHUSI MCTIOIb30BATUCH
IaHHBIE IBYX KOHTpactupyoommx 3um 2006 u 2007 rr. 3a
HCKJTIOYeHNEM BHE3aITHBIX JIMM30JI0B CHETOTasTHUSI, TIPO-
cTeiimrast Monmesb (Tpamychl/IHU) TMoKa3aja CXOIHBIC
pe3yJNbTaThl BOCIIPOU3BEICHUS BOJHOTO 3KBUBaJEHTA
CHEXHOTO TTOKPOBa C MOJYYEHHBIMHU IO OCHOBaHHOW Ha
sHepreTudeckoMm 1motoke Mmomenu EXT (pacmmpeHHBI
KOMOMHMPOBAHHBIN MOAXO).

B 1eslom Hamutyuiee BOCIPOM3BEACHHME BOJHOTO
9KBMBAJICHTa CHEXHOTO IMOKPOBa OBLIO MOJYYEHO IO
06ojiee CJIOXHBIM, OCHOBAaHHBIM Ha YHEPreTUYECKOM
noroke mozaesassMm UEB u SPONSOR. IMocnenHue takxke
MO3BOJISIA TIOJIYYUTh TeMIIepaTypy MOBEPXHOCTH CHEX-
HOTO TIOKPOBa M TeMIIepaTypPHBbI MPOMUIb OT MOYBBI
yepe3 cHexHywo Tojmry. Hamboinblnasgs To4HOCTh ObLIa
JIIOCTUTHYTA ¢ UCIojb3oBaHueM Moaeau UEB mas 3ame-
céHHoro ydactka. BocmpousBeneHue temmepaTypHOIO
npodpwist no monenn UEB Obu10 HECKOJBKO Jydllle, YeM
no mogenu SPONSOR, a moiydyeHHast ¢ MCMHOJIb30BaHU-
em monean SPONSOR TtonmuyHa CHEXXHOro IokpoBa B
OOJIBIITMHCTBE CIyYyaeB XOPOIIO COBMaaaia ¢ U3BMEPEHHbI-
MM BeJIMUYMHAMU. Pe3yiabTaThl CBUAECTEILCTBYIOT O HEOO0-
XOIUMOCTHU JIETAJbHBIX JAHHBIX TI0 CHEXXHOMY ITOKPOBY U
MeTeornapaMeTpam [UIsl TPOBEPKU U CO3MaHMSI MONIETIe.
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