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Abstract. A technique of using satellite-derived data for correspondence of simulated and observed hydrographs in
constructing continuous snow characteristics fields for dis-the Vyatka River are considered as an indicator of the ac-
tributed snowmelt runoff simulation is presented. The curacy of constructed fields of snow characteristics and as a
satellite-derived data and the available ground-based metaneasure of effectiveness of utilizing satellite-derived SWE
orological measurements are incorporated in a physicallydata for runoff simulation.

based snowpack model. The snowpack model describes tem-
poral changes of the snow depth, density and water equiva-
lent (SWE), accounting for snow melt, sublimation, refreez- 1
ing melt water and snow metamorphism processes with a

specigl focus on forest cover effects. The remote sen_sing datpne spatial variations of snow characteristics play a sig-
used in the model consist of products include the daily maps,ificant role in the hydrological cycle of river basins and
of snow covered area (SCA) and SWE derived from obsersnowmelt runoff generation. Information on these variations
vations of MODIS and AMSR-E instruments onboard Terra can pe used in distributed physically based models of runoff
and Aqua satellites as well as available maps of land Suryeneration for simulation of the spatial peculiarities of hy-
face temperature, surface albedo, land cover classes and tr@?ological processes and improving prediction and forecast-
cover fraction. The model was first calibrated against avail-ing of snowmelt floods. However, the existing network of

able ground-based snow measurements and then applied {3ond-based stations most often does not provide measure-
calculate the spatial distribution of snow characteristics Usingnents of snow cover at the required spatial and temporal

satellite data and interpolated ground-based meteorologicgleso|ution. Spatial maps of snow cover derived from satel-
data. The satellite-derived SWE data were used for assigninges provide a promising opportunity to enhance the assess-
initial conditions and the SCA data were used for control of ment and monitoring of the spatial and temporal variability of
snow cover simulation. The simulated spatial distributions of gy characteristics, particularly in areas with a sparse net-
snow characteristics were incorporated in a distributed physiyork of meteorological stations. Reliability of these prod-
cally based model of runoff generation to calculate snowmeltcts and their spatial resolutions have noticeably improved
runoff hydrographs. The presented technique was applied tQring the last years. To a large extent this improvement
a study area of approximately 200 0o0kimcluding the VY- \as due to the launch of several new satellite observing sys-
atka River basin with catchment area of 124 006kriihe  tems with advanced capabilities such as the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) onboard Terra
and Aqua satellites and the Advanced Microwave Sound-
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2002). However, the potential of satellite snow data is lim- The current technique was applied to a study area of about
ited by a number of environmental factors (cloudiness, land200 000 knd located in the European part of Russia with
cover type, terrain peculiarities, etc.) as well as by insuf-56° N-6C° N and 48 E-5# E spatial coordinates. The study
ficient, in many cases, accuracy of satellite measurementsarea incorporates the Vyatka River basin with a catchment
Clouds create discontinuity in the spatial distribution and inarea of approximately 124 000 EngFig. 1), for which this
time series of snow data. Dense forest vegetation complitechnique was used for simulation of snowmelt runoff hy-
cates snow cover identification and mapping due to snow indrographs.
terception and ability to mask snow cover on the forest floor. The study area has flat terrain and mixed vegetation cover.
The accuracy of satellite measurements of snow water equivin its northern part more than 80% of the area is covered by
alent (SWA) significantly depends on the actual properties ofconiferous and mixed forests. The southern part is mostly
the snow, especially the amount of liquid water. agricultural land with less than 10-15% forest cover (Fig. 2).
A possible way to improve characterization of the snow The snow season lasts for about 5 months with seldom thaws.
spatial distribution and temporal variability consists in cou- Maximum snow water equivalent accumulates in the end of
pling satellite snow cover products with ground-based meteMarch and ranges from 100-120 mm in the south of the re-
orological measurements and snow pack models. Most ofjion to about 200—-250 mm in the north. Snow melting starts,
the studies are focused at using satellite measurements @ average, on the 27 March and ends in the beginning of
snow covered area (SCA) (e.g. Rodell and Houser, 2004, AnMay.
dreadis and Lettenmaier, 2006, Dressler et al., 2006, Kolberg
et al., 2006). US National Operational Hydrologic Remote
Sensing Center (NOHRSC) has developed a Snow Data A2 Satellite and ground-based information used in
similating System (SNODAS) where the ground-based, air- the study
borne and satellite snow observations were assimilated into
the snow model to obtain the snow cover characteristics abn the basis of measurements from the Advanced Mi-
1 km spatial resolution and hourly temporal resolution (Car-crowave Scanning Radiometer (AMSR-E) of NASAs Earth
roll et al.,, 2006). A joint US Air Force/NASA blended, Observing System (EOS) Aqua satellite, NASA issues since
global snow product named “ANSA’ utilizing both MODIS, 2002 daily maps of SWE for the entire globe with 0.2
AMSR-E and QuikSCAT sensor data has been developed andrid pixel size of the latitude-longitude projection (AMSR-
presented in (Foster et al., 2007). E/Aqua Daily L3 Global Snow Water Equivalent EASE-
In this paper we present a technique for constructingGrids — AE-DySno). These maps are computed using the
space-time continuous fields of snow cover characteristicempirical relationship between SWE and the difference in
(SWE, snow depth, snowmelt, etc.) on the basis of a physibrightness temperature of the land surface at 18 and 36 GHz
cally based model of snow pack and with the use of satelliteusing appropriate fractions of forest cover and assuming ver-
measurements of SWE. Satellite SCA products are used fotical polarization. The potential error in SWE estimates us-
control of the calculated snow cover fields and for calibra-ing this satellite and retrieval algorithm is about 25% (Chang
tion of the snow model. Satellite products also include mapsand Rango, 2000), yet for forested areas these errors can be
of land surface temperature and albedo, which are utilizedsignificantly larger. Moreover, the accuracy of the SWE es-
by the model when these maps are available. The moddimated from the radiometric satellite measurements notice-
is first calibrated against available snow measurements aably decreases during melt period when snowpack is satu-
meteorological stations. Next, satellite-derived SWE mapgated by melted water (Engen et al., 2004). Significant errors
specifically corrected for forested areas are utilized as thecan occur during thawing and when the land surface contains
initial conditions and ground-based meteorological data asa thin ice crust. In addition, study by Dong et al. (2005)
boundary conditions to simulate the spatial distribution of shows that the SWE retrievals are not sensitive to thin snow
snow characteristics. Finally, the simulated spatial distribu-packs (SWE10 mm). Results of validation of daily maps
tions of snow cover characteristics are incorporated in a disAE-DySno against ground snow courses for several test areas
tributed physically based model of runoff generation to cal-in the European part of Russia have shown that the satellite-
culate snowmelt runoff hydrographs. The correspondence oflerived values of SWE before snowmelt can deviate as much
simulated and observed hydrographs may be considered s 200% from the actual ground SWE values (Nosenko et al.,
an indicator of the accuracy of the constructed fields of snow2006).
characteristics and at the same time, as a measure of effec- On the basis of measurements from MODIS aboard
tiveness of utilizing satellite-derived SWE data as the initial NASA's Terra and Aqua satellites, NASA issues since 1999
conditions for runoff simulation. It is obvious a priory that daily maps of SCA (MOD10.2 and MYD1QL2, respec-
because of possible large errors in satellite SWE maps suctively) with a resolution of 0.0%1in the latitude-longitude
utilizing can be effective if the ground-based meteorologi- projection. Every pixel in the map is classified as snow,
cal network is sparse and does not represent properly spati@ahow-free land surface or undetermined. The latter class
heterogeneities of snow characteristics. includes pixels that were obstructed by clouds, did not get
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Fig. 1. Location of the study region (red points — meteorological gauges; blue points — hydrological gauges). The Vyatka River is highlighted
in yellow.

enough daylight to be properly classified or did not pass anybased on observations from AVHRR aboard NOAA's satel-

of data quality control tests. Earlier estimates of the accudite (Hansen et al., 2000). They have been produced at the

racy of MODIS-based snow cover maps range from 90%University of Maryland Department of Geography and were

to 98% depending on the season and the surface type (Hadlcquired fromhttp://glcf.umiacs.umd.edu/data

and Riggs, 2007). Most studies report a substantial increase The full list of the satellite products used in the present

in snow detection error in forested areas (e.g. Simic et al.work is given in Table 1. Figure 3 shows examples of SWE,

2004). SCA, surface temperature and albedo maps. As can be seen
The satellite information used in this study includes AE- from these maps, the satellite data reveal significant spatial

DySno and MOD10.2 maps as well as be-daily land surface heterogeneity of the considered variables.

temperature maps MOD112 and albedo maps of albedo  Meteorological data were collected from 19 ground-based

MODA43C1 derived at 5 km resolution from MODIS-Terrare- weather stations within the study area shown in Fig. 1. The

flective channels data accumulated over 16-day periods. Thdata included 6-hourly observations of air temperature, air

accuracy of land surface temperature estimates is close thumidity, precipitation amount, atmospheric pressure, cloud

1°C. cover and wind speed. Moreover, at the same stations, daily
Besides current MODIS and AMSR-E data, we also usedvalues of snow depth were made.

static datasets such as type of land surface and the type and

density of forest vegetation cover. All latter data products are
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Table 1. List of satellite data products used in the study.

Land surface Satellite Name of Product Latitude-Longitude  Time Resolution  Time Period

characteristic Resolution

Snow Water Equivalent AQUA  NASAE-DySno 0.20x0.2C° Once per day 1 Mar to 30 May
2003 to 2005

Snow Covered Area TERRA NASMOD10.L2 0.01°x0.01° Once per day 1 Mar to 30 May
2002 to 2005

Land Surface Temperature TERRA NASMOD11L2 0.0°x0.07° Twice per day 1 Mar to 30 May
2002 to 2005

Land Surface Albedo TERRA NASAMODO043C1 0.08x0.0% 16-day product 1 Mar to 30 May
2002 to 2005

Land Cover Classification NOAA  Land Cover Type 6D.0T°

Fraction of Evergreen Tree Cover NOAA Evergreen Tree Cover °x0101° Static data generated

Tree Cover Fraction NOAA  Tree Cover Fraction 6&D.01° from NOAA AVHRR data

d
CsE(TsH)ZQa_Qg_prS+,0iLSi 4)

whereH represents the snow depthandw signify the vol-
umetric content of ice and liquid water, respectively;de-
notes the temperature of snowpadkrepresents the snow
melt rate;S; signifies the rate of freezing of liquid water in
snow, E; denotes the rate of liquid water evaporation from
show; E; represents the rate of snow sublimatia@h, sig-
nifies the net heat flux at the snow surfa¢, denotes the
ground heat fluxX; andX; represent the snowfall and rain-
fall rate at the snow surface, respectively; signifies the
snowpack compression ratR;denotes the snowmelt outflow
from snowpack;c, represents the specific heat capacity of

AVHRR—based Land Clas

- B S Miced Forest B 10 Grassiand show; py, pi, andpg signify the densities of water, ice, and
e e et [ 7 e ) e e bt fresh-fallen snow, respectively; denotes the latent heat of
[ 3 Deciducus Meedleleaf Farest [ B Clozed Shrubland I 13 Urban ond Built—up . .
B ¢ Deciducus Broodieaf Forsst  [] 8 Open Shrubland ice fusion.
The snow melt rate§, is computed from the energy bal-
Fig. 2. Land cover classification within the study region. ance of the snowpack & = 0°C as:

S={ (Qa=04) (puwL) ' =(Qsw+Quw—Qis+Q7+0r+0p=0Q¢) (Pw L)+, Qu=0Qy>0
. . . . . . 0,0,— 0
3 Snow pack model, its calibration and validation using Qa=Ce<

ground-based data )

The snow pack model (Gelfan et al., 2004; Kuchment andVhereQsw represents the net short wave radiation: sig-
Gelfan, 2004) used in this study is a system of vertically Nifies the downward long wave radiatiogis denotes the up-
averaged equations which includes description of temporavard long wave radiation from snowgr represents the sen-
changes of the snow depth, contents of ice and liquid wateriPle heat exchange&l signifies the latent heat exchange;
taking into account snow melt, sublimation, refreezing melt @7 denotes the heat content of liquid precipitation.

water, and snow metamorphism: Radiation fluxes are calculated differently depending on
the properties of the vegetation cover. Componentg of

aH =p [X ol (S+E )(pi)—l] v 1 (n Wm~2) for an open site are calculated as follows. The

dt Lo A net short wave radiation and long wave radiation are ex-

d Ow pressed with the empirical relationships (Egs. 6—9) where the
E(i H)=—(X;—S—Ey)+Si (2)  observed air temperature, air humidity, wind speed, precipi-
pi tation, and cloudiness are used as input:

d Oi
7y WH)=Xi+S—E —R— =5 ®)  Qew=00(1.00—a,)(1.00—0.20N —0.47No) ©)

w
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Fig. 3. The satellite-derived maps of SWE, SCA, land surface temperature and albedo for the study area.

where 0p=10008 represents the short-wave radiation flux g, signifies the effective emissivity of the snowpack taken
under clear sky conditions for the day and the hour in ques-equal to 0.99 in this study

tion; B denotes the angle of short-wave radiation above the The turbulent fluxes of sensible and latent heat are calcu-
horizontal in radians, calculated as a function of the local lat-lated using:

itude, the declination, and the hour angle; apgignifies the
snow albedo calculated from:

a5 =ag— pspy (7)

in which «g represents an empirical coefficient; denotes
the density of snowpack equal = p;i + pyw; N and Ng

Or = (p:ca +QT) (T, —Ty) (10)
0.622Lp,
Op= (P—p +QE) (eq —e5) (11)
ala

wherer, represents the aerodynamic resistangejenotes

signify the total and the lower level cloudiness (ratiometric), the saturation air vapor pressure at the temperature of snow

respectively;
Ow =0T, (0.61+0.050°) (1L00+0.12V +0.12No)  (8)

Ois=¢50 Ts4 9)

where o represents

surface;pg signifies the air density;, denotes the specific
heat capacity of airP, represents the atmospheric pressure;
L; signifies the latent heat of sublimation of ice in the ab-
sence of liquid water or the latent heat of vaporisation when
liquid water is present in snowyy and gg represent the
wind-less convection coefficients for the sensible and the la-

the Stefan-Boltzmann constanttent heat fluxes, respectively. The coefficiepis and g

(Wm—2K—4); ¢, denotes the air vapor pressure (mb), €nable heat transfer to occur even when wind speed is zero.
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The aerodynamic resistance is calculated as follows: snowfall rate and the forest type part of the snowfall may be
5 intercepted by the forest canopy. For a single snowfall onto
In(Z‘H) a snow-free canopy, the amount of snow intercepted by the
7 py, p y
ra= "5 (1+10JRi[) (12)  forest canopy is defined as:
4

k
whereU, represents wind speed at the heighto denotes 7 — Imax<l—exp_—Xs) (20)
the snow surface roughness assigned as 0.00b repre- max

sents von Karman's constant, aRdiis the Richardson num-  where X* represents the snowfall rate above the canopy;

ber whose value is estimated using: Imax = SpLAI (0.27+ 46,00_1) represents the interception

8T, —T\)(z—H) (13) capacity, found as a function of the species snow loading co-
- UZ[05(T,+Ty)] efficient,S,,. The density of fresh-fallen snowe (in kg m—3)
depends on the air temperature.

The rate of sublimation of intercepted snd@ is derived
from the energy balance of the intercepted snow as:

whereg is the acceleration due to gravity.
The heat fluxQ p caused by the liquid precipitation is ex-

pressed as:
. . . 1
Op=puwcwlaX; (14) E'= _(Raet"i_ QZT+QP)(:0wL) (21)
wherec,, represents the specific heat capacity of water. whereR! o represents the net radiation absorbed by the inter-
The ground heat flu, is found from Eq. (28) describing cepted snowp’, denotes the sensible heat exchange for the
the vertical heat transfer in soil. intercepted snow.

At the forest floor, Egs. (8) and (9) are modified to take into  The net radiationR!,.,, absorbed by the intercepted snow
account the effect of canopy coverage and the type of vegetas expressed as:
tion on radiation fluxes. Net short wave radiatigpg(,) and
downward long wave radiation;, ) fluxes on sub-canopy Rner= Qsw[l—ac —ksw(l—a0)]+ Ow + Qis—2Q1c  (22)
snow surface are calculated as: wherea, represents the canopy albedo taken equal to 0.12 in
this study.

QOsw= Qsw(1=Ce+ksuCe) (15) The componenp), is calculated from the ice bulb tem-
05, =CeQic+(1—C.) O (16) perature and wind speed (Gelfan et al., 2004).

The rate of liquid water freezing in snowpaskis calcu-
where C, represents the canopy coverage (ratiomekdg); lated as:
denotes the transmissivity through the canofy; specifies

o . d |Qa Q | du

the long-wave radiation emitted by the canopy (upward and H G Ti=0°CAQu— Qg <ON=07=2 > HGE
downward), calculated ago7;', whereT, represents the ¢ _ Ianv %l 7.—0°ChQ,— Qg<oA|Qa Q| _ Hdw 23)
temperature of canopyK) and assumed equal to air tem- 0,T,=0°CAQ,— Q>0
perature;s. denotes the emissivity of the canopy taken as X, T, <0°C
0.96.

Transmissivity is calculated using: The snowpack compression ratés found from (in cm s1):

2

ksw=exp(—QexAlsin15) @ y—__ux M (24)

exp(vaTs +v3ps) 2
where LAI denotes the leaf area inde@gx: represents the
extinction efficiency estimated aglexi= 1.088cosB (B is
in radians).

When calculating the turbulent heat exchange under forest
canopy, it was assumed that air temperature and air humidity
in forest are the same in the forest and in the open area ad- { X, +S—E — wmaxdd—i',w = Wmax
joining to the forest. The wind speed in fordt is defined

where the density of snowpacky, is in g cnt3; vy, vo,
andvs specify the coefficients equal %80 ¢ cnm?s1g1;
~0.08°C~1; 21 cnP g1, respectively.

The outflow of liquid water from snow is calculated as:

(25)

0, w < wmax

as:
wherewmax represents the holding capacity of snowpack re-
Ul =k,U; (18) lated to its density; as:
wherek, denotes the coefficient of wind shield calculated as:y, .. —0.11—0. 11P» (26)
0.
ky = 0.56eX{—2.25C.), 0.2<C, <0.9 (19) '

Equations (1-4) were numerically integrated by the implicit
It was assumed that the precipitation type changes from ligfinite-difference scheme. Numerical experiments were car-
uid to solid at an air temperature of0. Depending on the ried out to assess influence of time step of integration on the
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simulation results. It was shown that decreasing of time ste
smaller than 6 h does not lead to increasing of simulation ac-
curacy. As a result, time step of integration was 6 h, i.e. the
same as the time-step of the input meteorological data.

The snow pack model was calibrated and validated using
available measurements of snow depth at 19 meteorologica
stations. To calibrate the model we used snow depth datg
obtained during the time period from 1 November 2001 to

Snow depth, cm

Kilmez (56°56'N; 51°04'E)

28.06

0109 1012  20.03 06.10

Kumeny (58°07'N; 49°53'E)

Snow depth, cm

01.09 1012 2003 28.06

06.10

30 May 2002. The values aip (Eq. 7),¢7 (Eq. 10) and

qe (Eq. 11) were calibrated against snow depth and found
equal to 1.01, 0.98Jnfs ! and 0.11JPals !, respec-
tively. Monte Carlo simulation was used to randomly gen-
erate one hundred parameter sets, from which optimal pa-
rameter set was identified. The parameters were assumed t
be uniformly distributed within the pre-determined intervals.

Snow depth, cm

Kirov (58°36'N; 49°38'E)

100
80
60
40

20

01.09 1012 20.03 28.06 06.10

Lalsk (60°41°N; 47°36'E)

Snow depth, cm

28.06

20.03

01.09 1012

06.10

The snow depth measurements at the same meteorologica

stations during the time period from 1 November 2002 to
30 May 2005 were used to assess the model performance
The standard deviations of differences (errors) between cal;
culated and observed snow depths were estimated for each ¢
19 meteorological stations. The overall mean standard devia
tion of errors was equal to 7 cm for the calibration period and
increased to 9 cm for the validation period. As an illustration

Snow depth, cm

Kirs (59°21'N; 52°20'E)

100
80
60
40
20

0
01.09

1012 20.03 28.06 06.10

Mozhga (56°26'N; 52°12'E)

100
80
60
40

Snow depth, cm

20

0

0109 1012  20.03

28.06

06.10

of the obtained results, Fig. 4 compares the results of snow
depth simulations at several meteorological stations for the
period of 1 November 2002 to 30 May 2003.

In order to test the validity of the model calibrated against
the snow depth measurements in predicting SWE, we use(
the snow survey observations within the Vyatka River basin
for 9 snow seasons: from 1971-1972 to 1979-1980. Both

Snow depth, cm

Kotelnich (58°18'N; 48°18'E)

100
80
60
40
20

0
01.09

10.12

20.03 28.06 06.10

Nagornoe (59°19'N; 50°50°'E)

Snow depth, cm

28.06

20.03

0109 1012

06.10

snow depth and SWE observations are available for that pe-
riod. The model demonstrated satisfactory accuracy in pre-
dicting SWE: the overall mean error is 1.2 mm with mean
standard deviation of about 10.6 mm.

4 Modeling spatial fields of snow characteristics

345

Fig. 4. Seasonal change of the observed (points) and simulated
(line) snow depths (in cm) at selected stations within the study area
for the season from November 2002 to June 2003.

as the missed SWE values for open pixels were estimated by

The calibrated and validated snow pack model was applied tonterpolation from open pixels where satellite-derived SWE
simulate the spatial distribution of snow pack characteristicsyalues were available. The interpolated SWE was further
over the study area during the time period from 1 March, multiplied by the factorksnow representing the average ra-
when the SWE is typically close to the maximum value andtio of the pre-melt SWE in the forest to the pre-melt SWE in
errors of its satellite measurements have to be minimal, tahe neighboring open area. The valuekgf,, was obtained
30 June of 2003-2005. The model was run for each0.01 from numerical simulation of snow accumulation in the for-
grid cell within the study area. To obtain the input data for est with the snow cover model driven by meteorological ob-
the snow pack model, the daily ground-based meteorologicaservations during 14 snow seasons from 1970-1971 to 1979—
observation data were interpolated to each pixel using thet980 and from 2000—2001 to 2003-2004. The simulation
inverse distance squared method. results have shown that in the deciduous forest the value of

In the grid cells where the MODIS-based surface tem-ksnowis close to unity. In coniferous forest this value changes
perature and albedo data were not available, we calcuwith the canopy coverage. In the sparse coniferous forest, the
lated surface temperature and albedo using Egs. (4) and (7pre-melt SWE exceeds the SWE in the open area by 9-11%
respectively. because of smaller snow evaporation and snowmelt during a

The initial spatial distribution of SWE for the open, i.e. period of snow accumulation. At the same time, in the dense
forest-free, areas was assigned using AE-DySno SWE mapeoniferous forest, interception and sublimation of intercepted
on 1 March. The SWE values for all forested pixels as well snow during this period is larger and thus the pre-melt SWE
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is 6-13% less to open ones. The numerical simulations hav

Kil Kil
shown that the variations of the value /g from year to 057 " "
year for the same forest area are small and can be negligible| 931

Assuming that the spatial variability of snow density is |4 -

" W - Ham gaw
much less than variability of SWE, the initial snow density |Z01{ * ]

on 1 March was accepted as constant for the whole area an¢ -03
defined from the measurements at the Kirov meteorological| -os ‘ ‘ ‘
station. The initial volumetric moisture content of snow was 05.03 19.03 O%g‘:e 16.04 3004 0503 1003 0204 1604 30.04
assumed equal to zero.

Using the assumptions formulated above, we simu-| os-
lated daily maps of SCA and compared them with NASA | 3
MOD10.L2 SCA maps for the snowmelt season of the years |
2002 and 2004. The comparison was carried out in or- 2, [ *% ™ -'.__." -
der to refine the snow model parameters adjusted agains
the ground-based point measurements (see previous sectior| s | | |
and use the refined parameters for further characterization ol 545 1903 0204 1604 3004 0503 1903 0204 1604 3004
snow fields. The region was divided on to 19 Thissen poly- Date Date
gons according to the location of the meteorological stations. Kirs Kirs
Simulated, SChuc, and satellite-derived, SGA, values 051
were estimated for each polygon and for the dates when mos
of the polygons were free of cloudiness. The value of SCA |y0*
was calculated as the number of open pixels covered by snow =0.1 1
divided by the total number of open pixels within the poly- | -03-
gon. When calculating SCA; only free of cloudiness pixels -05 ‘ ; ;
were taken into account. Two criteria were applied to sum- 05.03 19.03 02&9 16.04 30.04 0503 1003 0204 1604 3004
marize the goodness of fit of the simulated and satellite snow

maps for each selected date: (1) the normalized mean error, _ .
SCA, Fig. 5. Normalized mean error (NME) and normalized root
alg

19
NMEzl—ng (1_ W) and (2) the normalized root mean mean square error (NRMSE) of simulated snow covered area
i=1 o in comparison with one obtained from NASA MOD12 maps

for three Thissen polygons surrounding meteorological stations

19 2
El(SCASﬁ? _[SCAca'Ci) — Kilmez, Kirov, and Kirs (forested pixels are not taken into account).
square error NRMSE= =45 whereSCAsat 1 March 200230 April 2002.

> (SCAsay *@sat)z

i=1
denotes the satellite SCA estimated for the whole polygon. ]
It was appeared that minimum values of the both crite-have the coniferous forest percentage of 9% and 76% respec-

ria are achieved under almost the same values of the snodively. It can be seen from this Fig. 6 that, for the sparsely
model parameters (namelyo=1.03, ¢7=0.98JInr2s 1, forested area the calculated values of SCA are close to the
andgz=0.12JPals1) as the values obtained through the values defined from the satellite data while for the area with

model calibration against the ground-based point measuredense forest there is a significant difference between these
ments. values.

As an illustration of the obtained results, temporal changes Daily maps O_f simula_lted snow characteristics were con-
of the criteria NME and NRMSE are shown in Fig. 5 for 3 of structed for the time period from 1 March to 30 June of 2002—
19 polygons 2005. Figure 7 presents the maps of simulated distributions

One can s.ee from Fig. 5 that NME and NRMSE are CIOSeof SWE for three dates in the second half of April 2003 cor-

to zero in the beginning of spring, then the both criteria in- responding to the period of intensive snowmelt. These maps

. ; ; ) apparently present the spatial picture of snowmelt dynamics.
crease in the period of intensive melt and return to small val- PP yp P P y

ues in the end of melt season. In general, the model allowed

us to reproduce temporal changes of SCA for the open areas  sing spatial snow characteristics for distributed
with satisfactory accuracy. modelling of runoff generation in the Vyatka River

The accuracy of this reproduction is decreasing if we in-  pasin
clude forested pixels in addition to open ones when SCA
calculating. Figure 6 shows the temporal change of SCAThe simulated fields of snow characteristics were used in
for two polygons which are located correspondingly in the the physically based distributed model of runoff generation
south-eastern and north-eastern corners of the study area aimd the Vyatka River basin (Kuchment et al., 2008). The

Kirov Kirov

-0.3

0.3

. om o ¥y ax
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Fig. 6. Changes of the calculated (line) and MODIS-based (points) *°
SCA for two Thissen polygons with different cover percentages of <
coniferous foresa) 9%; (b) 76%).

58.5

58-
model is based on the finite-element schematization of the__
basin and describes the processes of snow cover formation
and snowmelt, freezing and thawing of soil, vertical moisture
transfer and evaporation, surface water detention, overlandses
subsurface and channel flow. In the Vyatka River basin 477
area and 84 channel finite elements were defined taking into
account the basin topography, soil properties, and vegetatio
type distribution as well as river channel structure and strea
gage allocation (Fig. 8).

5785

48 485 . . R . X 54

Mhottom: 14, 19, 22 April 2003).

(26) were applied vertical water and heat transfer in the soilthe thermal conductivity of soilD = K

To calculate the characteristics of snow cover, Egs. (1) Ay
57 ) andD; =

347

Eig. 7. The calculated maps of SWE (mm) (From the top to the

associated with soil freezing, thawing and infiltration of wa- K %)9; ¥ = (0, 1) denotes the capillary potential of the

ter is described with the following equations (Gelfan, 2006): f
rozen
ot 9z

—+puwl
o Pw

CT——=7—
9z

ot z 0z

soilicr = ceff + puw L 3%; cery represents the effective
aW 9 90 9l heat capacity of soitet = pgcg(1— P) + pwewd + piciI; p
= ( ) (27) andc specify the density and the specific heat capacity, re-
spectively (indexesv, i and g refer to water, ice and soil
matrix, respectively)P represents the soil porosity.
aT 9 (x aT)+Pwa (D%—{-D[ﬂ—K) oT aw 28) Tr_]e_ capillary potentialy = v (0, 1) a_nd the hydra_ulic con-
0z ot ductivity K = K (9, I) of the frozen soil are determined from

_ therelations proposed in Gelfan (2006). Equations (27)—(28)
where W, 6 and I represent the total water content, lid- \yere numerically integrated by an implicit, four-point finite
uid water content and ice content of soil, respectivély< gitrerence scheme. The corresponding difference equations

0+ ”—u”)l); K =K (¢, 1) denotes the hydraulic conductivity of \yare solved by the double-sweep method.
the frozen soilI" specifies the soil temperatuverepresents
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dh  dg
(P—6y) 57 + ™ =R, (30)
q=K,ioh

whereh is the subsurface flow depthjs the subsurface flow
dischargejg is the slope of the layer with subsurface flow;
K, is the horizontal hydraulic conductivity.

The kinematic wave equations are numerically integrated
by the finite-element method coupled with the Galerkin
method.

To calculate the water movement through the river channel
elements, the advection-diffusion equation is applied. This
equation was numerically integrated by the four-point im-
plicit difference scheme.

To take into account subgrid effects, it was supposed that
the saturated hydraulic conductivity is gamma-distributed
within each finite element area. Mean value of this param-
eter within a finite element was assessed using the available
experimental measurement data for the different types of soil
in the Vyatka River basin. Coefficient of variation within
a finite element was determined from the empirical formula
(Kuchment et al., 1986) which relates this coefficient to the
mean value of the saturated hydraulic conductivity.

Most of the model parameters were assigned on the ba-
sis of the available measurements of the basin characteristics

y including the basin topography and river channel data, soil,
mglqe p;{g,,\a‘r.H 17 vegetation and snow constants as well as from empirical re-
AN lationships that were derived and tested in (Kuchment et al.,
2008) using mainly Russian experimental data and field ob-
Fig. 8. Finite-element schematization of the Vyatka River basin S€rvations. Six parameters influencing the processes of in-
(bold lines represent the channel network; thin lines represent thdiltration, soil moisture evaporation, detention in basin stor-
boundaries of finite elements; green labels mark the forested eleage and flood routing were calibrated against the observed
ments). snowmelt flood hydrographs for the period from 1940 till
1959. Two parameters influencing snowmelt rate were cal-

At the lower boundary of the podzol soils typical for the ibrated against snow measurements. The validation was car-
Vyatka River basin, there is an impermeable layer at theried out by comparison of the observed and simulated hy-
depth of 1-2m. The vertical water flux is assumed zero atdrographs for the period from 1960 till 1980. The simulated
this boundary. It is also assumed that the horizontal move-and the observed hydrographs at the Vyatskie Polyany gage
ment of water along the impermeable layer occurs if the soil(the outlet gage of the Vyatka River basin) for the last ten
moisture content exceeds the field capaéify,of soil. Asa  years of the validation period are presented in Fig. 9. The

\

¥ ;‘ J Y v
\ .-/11 1

result, the horizontal fluxg,, is calculated as: standard deviation of errors of the simulated flood volumes
9 and peak discharges are equal to correspondingly 131 km
Ry=— [(6—6f)zp] (29)  and 486ms~t. The Nash and Sutcliffe efficiency criterion
for the flood volume and discharge simulations are 0.94 and
wherezp is the soil layer in whict® > 6. 0.84, respectively.

The detention of melt water by depressions at the catch- The calibrated model of runoff generation in the Vyatka
ment surface is calculated by the formula assuming expoRiver basin was applied to simulate the snowmelt floods of
nential distribution of the storage capacity (Kuchment et al.,2003 and 2005 using the constructed fields of snow charac-
1986). teristics obtained by the technique presented in the previous

The rate of evaporation from an unfrozen, snow-free soilsection. The calculated and observed hydrographs for three
is calculated by the formula presented by Kuchment etgauges of the Vyatka River: Kirov, Kotelnich, Vyatskie
al. (2000). Polyany are compared in Fig. 10. It can be seen from Fig. 10,

The kinematic wave equations are applied to describehat the simulated fields of snow characteristics have pro-
overland and subsurface flow. To account for the subsurvided the satisfactory accuracy of hydrograph simulation.
face flow, the following equations are used (Kuchment et al., The flood volume and the peak discharge errors do not ex-
2000): ceed 20% at the basin outlet.
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Fig. 9. Comparison of the observed (solid line) and calculated Fig. 10. Comparison of the observed hydrographs (bold line) with

(dashed line) hydrographs at the gauge Vyatskie Polyany of the Vythe hydrographs calculated from the constructed SWE fields (thin

atka River (the last ten years of validation period). line) and from AE-DySno SWE maps (dashed line). (The left
column presents hydrographs of the 2003 flood, the right column
presents hydrographs of the 2005 flood).

As a numerical experiment, we calculated snowmelt fields
directly from the AE-DySno SWE maps and used these fields .
as inputs into the runoff generation model. It appears thaf Conclusions
the resulting hydrographs shown in Fig. 10 are significantly ) )
underestimated in comparison with the observed ones. Thi this paper, we have presented a technique that uses satel-
underestimation can be explained by large errors in satellitelit€ rémote sensing data to construct fields of snow charac-
derived SWE in forested areas and for snowpack saturatefristics, which are continuous in time and space and to be
with melt water. used for distributed snowmelt runoff simulations. Within
The obtained results can be viewed as an indication thathiS_téchnique, satellite land surface monitoring data and
characterization of snow cover fields by the proposed tech@vailable standard ground-based meteorological measure-
nique can improve the representation of spatial distributiondM€nts are incorporated in a physically based model of snow
of SWE as compared to the respective fields obtained directhP@ck formation.  The model provides adoption of avail-
from satellite data. There is also an opportunity to fur- a}ble satellite data including snow water equivalent, frac-
ther improve the accuracy of the proposed method using dional snow-covered area, albedo, snow syrfacg temperature,
more comprehensive calibration of the snowpack model withtyPes of the surface land and takes explicitly into account

satellite measurements of SCA (if these data series are lon§j!€ heterogeneities of the river basin and spatial variations
enough) and the observed runoff hydrographs. of its characteristics. As compared to snow products de-
rived solely from satellite data the advantage of this ap-

proach to snow characterization consists in a detailed phys-
ical description of snow processes which includes the forest
cover effects. This allows for obtaining additional informa-

tion on snow cover that is absent in satellite measurements.
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The proposed technique may be useful for runoff simulationGelfan, A. N., Pomeroy, J. W., and Kuchment, L. S.: Modelling For-
in river basins where the ground-based meteorological net- est Cover Influences on Snow Accumulation, Sublimation, and
work is sparse and does not represent properly spatial hetero- Melt, J. Hydrometeorol., 5, 785-803, 2004.
geneities of snow characteristics. Because of large possibl&€lfan, A. N.: Physically based model of heat and water transfer
errors in satellite measurements of SWE during a snowmelt in frozen soil and its parametrization by basic soil data, in: Pre-
period, the satellite-derived SWE are used as the initial con- Jictions in Ungauged Basins: Promises and Progress, edited by:
ditions. The correspondence of simulated and observed hy- Sivapalan, M., Wagener, T., Uhlenbrook, S., Zehe, E., Lakshmi,
: . o V., Liang, X., Tachikawa, Y., and Kumar, P., IAHS Publication,
drographs may be can|dered as an |nd|catqr Qf the accuracy gq, 4o Iguazu, Brazil, 303, 293-304, 2006.
of the constructed fields of snow characteristics and at they p. k. Riggs, G., Salomonson, V., DiGirolamo, N. E., and
same time, as a measure Of eﬁectiveness Of Ut|I|Z|ng Sate”ite- Bayr, K. J.: MODIS snow cover products’ Remote Sens. Envi-
derived SWE data for runoff simulation. It is possible to as-  ron., 83, 181-194, 2002.
sume that the suggested approach is especially designed Hall, D. K. and Riggs, G.. Accuracy assessment of the MODIS
help physically based distributed hydrologic models realize snow products, Hydrol. Process., 21, 1534-1547, 2007

their full potential in predicting spatial peculiarities of river Hansen, M., DeFries, R., Townshend, J. R. G., and Sohlberg, R.:
runoff genesis. Global land cover classification at 1-km resolution using a deci-
sion tree classifier, Int. J. Remote Sens., 21, 1331-1365, 2000.
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