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Abstract

Two procedures (o estimate the nrea-averaged snowmelt and meltwater outflow from 4
snowpack were compared for a niver basin in the south part of European Russia, Both methods
ate Based on the same model of melting spow but use two different methods for computing the
snowmelt rate ut the surface of the snowpack, the degree-dav method and the Kuzmim method.
For averagng, the spatial change in the metleorological lnputs and the statisucal distnbution of
the premelting snow witer equivalent before mell are taken intoaccount, The caleulated basin-
averaged meltwater outflow 1s.checked against the snowmell input obtained from the measured
runofl hydrograph by solving the inverse problem lor & runofl generation model. Ivalso gives
opportunitics to calibrate the basin-averaged degree-day factor, coefficients of the heat com-
ponent dependences, or dependences for parameters of spatial statistical distribution of snow
charaoteristics. T he procedure based on the Kuzmin method gave better results than that hased
on the degree-day method, both in the case of a priori assigned parameters and in the case of
parameter calibration. '

1. Introduction

Most efforts in the development of models of snowmelt runoll processes have been
devoted to the description of snow cover formation and of snowmelt at a point or
over umiform areas (Anderson, 1976: Morris and Godlrey, 1978; Male and Gray,
1981: Kuusisto. 1984: Motovilov, 1986). perhaps reflecting the availability of experi-
mental measurement and the relative simplicity of point processes. However, to
estimate the spowmelt as an input to a runoff generation model for a real river
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hasin requires knowledge of the spatial change in the heat fluxes as well as of the snow
chardctenstics. Vatiations in snow depth, density, albedo, liqguid water reténtion
caused by spatial heterogencities of meteorological processes, terrain types and
land use as well as lock of the necessary obscrvations can influcnce the advantages
and disadvantages of models of snow cover formation and of melt rate at the river
basin scale. Therefore, in estimating melt rate and the meltwater outflow from o
snowpack as a imput to runofl models, it 15 necessary to take into consideration
both the accuracy of estimations of these values at a point and the possible eflects
of spatial averaging over vanous spatial scales. To improve the représentation of the
spatially averaged values of the snowmelt and the snowpack outflow, empirical par-
ameters, used in the point model or for spatial averaging, need to be calibrated.

One way of estimating the accuracy of computing the ares-averaged meltwater
outflow from meteorological data and determining the empincal paranieters s a
comparison of the calculated outAow with the snowmelt input obtained from mea-
sured runoff hydrographs by solving the inverse problem for a runoff’ generation
muodel,

The objective of this paper is to study the use of this approach for the choice of the
most reliable snowmelt model and the comparisen of the basin-averaged snowmelt
rate and the melt water outflow from the snowpack based on the heat budget and
degree-day methods 1n a case study of the River Sosna basin.

The River Sosna (the catchment area is 16300 km®) is one of the major tributaries
of the River Dan and is located in the lorest=steppe zone of Eurapean Russia, The
hasin terrain is g smooth plam. The elevation difference between highest and lowest
points of the basin is about 50 m. The dominant soils are chernozems (black soils).
About 80% of the basin area is ploughed. Ravines and rills occupy 8% of the basin
arca and ftorest about 2%. The groundwater level 1s at a depth of 10-30 m. The
climate is temperate: the mean annual air temperature is 4.5°C, the mean annual
precipitation sum is 463 mm: The measured valies of maximum snow witer equiva-
lent vary significantly from year (o vear (the maximum observed valueg 1s 180 mm and
the minimum is 17 mm). The mean maximum snow water equivalent changes from
the northern part of the basin to the southern part in the range of 130-80 mm. The
snowmelt runoff coefficients are in the range of 0.22-0.90.

The observations used dare the standard 6 h meteorological measurements and
measurements of snowpack at four meteorological stations (Verchovie, Livoy, Jeletz
and Schigry). as well as the runoff hydrographs at the outlet of the basin during the
spring seasons of 1967-1973 and 1976.

2. Computing the snowmelt and meltwater outflow at a point

If the temperature of the snowpack is 0°C. the melting rate S can be found from the
heat budget equation as '

§= {Q-m- + qu = Qf_'- T Q}" T EE id QF' + QHHPIL} i “]

where O, is the net shortwave radiation, @y, 15 the incoming longwave radiation, Oy,
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is the outgoing longwave radiation, Q7 is the sensible heat exchange, O 15 the latent
heat exchange, . is the heat content of liguid precipitation. {J; is the heat exchange
at ground surface, L is the heal of ice fusion, and p, 15 the ice density.

The use of Eg. (1) requires measurements of radiation and of heat exchange com-
ponents which commonly are not available, As ah alternative, the components of the
energy budget van be determined from empirical relationships with the dominant
meteorological characteristics (air temperature und humidity, wind velocity; cloud-
ness) (e.g. US Army, Corps of Engineers, 1956; Kuzmin, 1972). The accuracy of such
relationships is afTected significantly by many physiographic and climatic factors.

The most widely applied procedure for estimation of the rate snowmelt is the
degree-day method, based on the assumption that the daily meun air temperature
is a integrated index of the heut budget and that the rate of snowmelt is proportional
to the daily mean air temperature T;

S=m,,T, (2]

where m, is the degree-day factor.

Detailed investigauons of the degree-day method. carried out for different chimatc
and geographic zones (Komarov et al.. 1969; Bergstrom, 1976; Kuusisto, 1984), have
illustrated the successful application of this method in many cases. However. the
deerce-day factor varies strongly as a function of physiographic conditions, meteor-
ological situations and snow properties, For the rlw:r basins of Ceniral Russm the
degree-day facter commonly varies t‘rum 46210 t069% 10" m“C' s and
sometimes exceeds 1.2 x 107" m 'C ' (Appolov et al.. 1974),

Using the metcorological measurements for the springs of 1967-1973 and 1976 at
each of four meteorological stations in the River Sosny basin, the snowmelt and the
snowpack outflow at a point have been calculated applying the degree-day method
and the Kuzmin modification of the heat balance method. The degree-day fuctor has
been taken as equal to 6.3 10 " m ‘C"s ! (the value obtained for the Sosna River
region by Deleur (1974) as a result of 4 detailed analysis snow measurement at a water
balance station).

For estimation of the heat budgel compoenents Q. O, O7. O (in Won %), the
following relationships adopted by Kuzmin (1972) were applied:

0., = 17.46/5(1.0 = #)( 10 = 02N — 0.47N,) 3)

where hy 15 the angle of the shortwave radiation with the honzontal in degrees,
calculated as a function of local latitude, declination and sun’s hour angle, » is the
snow albedo: N and N, are the total and the lower cloudness (in fructions of umit),

respectively:
0, = to( T, +273)*[0.61 -+ 0.05(e,) " 1(1.0 + 012N 4 0.12N;) (4)

where ¢, is the vapour pressure (in mbar). « 1s the effective emussivity of the atmo-
sphere (e = 0.99), 7 is the Stefan—Boltzmann constant,

Q7 = 1885(T, — T,)(0.18 + 0.098x) (3)

where T, is the temperature of the snow surfiace i C) (7, 1s assumied (o be equal 1w
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T,if T, < 0°Cand 0°C i 7, 2 0°C), uis the wind velocity (in ms ');
Or = 32.82(¢, —¢,)(0.18 + 0.098x) (6)

where ¢, 18 the vapour pressure over the iee (in mbar).
The outgoing longwave radiation is given by

0y, = eo(T, + 273* (7
The heat content of liguid precipitation £ p 18
E‘I‘ - _'}15'{‘11' T.'_i R.‘ {E]

where p, 1s the density of water, C,, is the heat capacity of water and R, is the rainfall
rite.

To caleulate the snow albedo, the empirical relation deriyed from experimental
data of Kuchment et al. (19%83) 1s used;

r=1.03 — 4 (9)

where p, 15 the density of snow (in g cm *). The heat exchange (g at the boundary of
the melting snow cover and the ground is assumed 1o be equal to zero,

Tao caleulate the change in the characteristics of the snow cover during the melting
season and to estimate the meltwater outflow from the snowpack at a point, the
system of vertically #veruged equations of the snow cover formation described by
(Motovilov, 1993) has been applied. This system is written as follows:

di

=== plRips' —(S+E)NpY -V

d L

E{"h”ﬂ =pH.fﬂ, -85 =E)+ 5 (10))

% l-#nghr] - I":L-L RI == Rll'j o ‘Hi

where H is the snow depth; [, # are the volumetric content of ice and liquid witer.
respectively; R, 1s the snowfall rate (it 1s assumed that if T, =0 C only rainfall occurs
and if T, < 0°C only snowlill occurs); gy 18 the density of new snow (140 kg m Y oy i
the density of ice; E is the rate of sublimation; 8, 1s the rate of relreezing mell water i
snow; R, is the mell waler cutflow; F is the compression rate, which is found as

V' ="0.5K,p, exp(0.08T, — dp, ) H* (11)

where K, =272 107" m’s "kg .80=21 10  m’ kg ".
The raté of sublimation is calculated from
E=Qplpdl)™" (12)

The meltwater outAow is determined as

R, = { Ry+ 8, #= Hnuu.

' (13
ﬂ. B < IE":'ruul.
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Fig. 1. Comparison of the caloulated snow water equivalent (2, mm) for the meteorological station Livny
(1. based on the Kwemun method: 2, based on the degreesday method) with the ohserved one (3)
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Fig 2 Compurison of the caleulated snowpack outflins hased on |, the Kuzmin method with 6 hoinpii
ura: 2. the Kuemmm method with dialy inpat ditig 3, the degree-diay method,

where Ry = R, + 5 — F — 8., (dH /dr). and 8, 15 the maximum liguid water hold-
ing capacity of snow related to p, as
| P

s
It is assumed that the rate of refreezing 8, = K,|T,/"" (K, = 38 % 107 ms ' €',
The numerical integration of the system of Egs. (10) has been carried out using an
expheit fimte-difference scheme with Ar=6 h.

The results of the computations of the snowmelt rate, the snow water equivalent
and the outflow from the snowpack for all four meteorological stations are similar. In
general, both the degreée-day method and the Kuzmin method agréed well with obser-
vations when melting is intensive. However, under some hydrometeorological con-
ditions, the dilferences between these two methods are substiritial,

As an example, Fig. | shows the comparison of the calculated snow waler equivi-
lent with the abservations for the metcorological station Liviy situated in the centre
of the River Sosna basin: the two methods gave similar results for the spring periods
of 1972, 1973 and 1976, when melting began at high air temperatures. However, there
are notable differences between the snow water equivalent calculated by these methods
for the springs of 1967-1970 when the snowmelt occurred slowly and -over a long
time. For these four springs, the Kuzmin method results are closer to the measure-
ments than those of the degree-day method. The largest errors of the degree-day
method were for the Spring penod of 1969, when melting began a1l negalive air
temperatures.

On¢ cause of the difference in the results of the degree-day and the Kuzmin'method
mity be the different time intervals over which the meteorological data are avernged
(daily average air temperature for the degree-day method and 6 h average for the

oy = 0.11 —=0.1
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Fig. 3, Comparison of the calculated melt rate (A) and snowpack outflow (B) based on: 1, the Kusmin
method; 2 the degree-day method

Kuzmin method). Fig. 2 presents the calculated outRow Irom the snowpadk based on
the Kuzmin method wsing 6 h and daily meteorological data in comparison with
results of applying the degreg-day method for 1970; using the same time intervil
pives closer agreement.

In spite of retention of the meltwater in the snowpack, the differences in the results
given by the degree-duy and the Kuzmin method for calculating the snowpack out-
flow are approximately the same as for the melting rate, For example, Fig. 3 presents
the temporal changes of outflow and melting rates computed by both methods for the
spring of 1973,

3. Computing the basin-averaged meltwater outflow by the meteorological data

To take into account the large-scale spatial variability of the meteorological inputs
and the snowpack characteristics, the River Sosna basin was divided into approxi-
mately equal subareas corresponding to each' ol the four meteorological stations. To
account for the stochastic variations of the snow water equivalent within each sub-
area, it has been assumed that these variations can be deseribed by the same statistical
distribution as for a whole basin. To choose this type, the detailed snow water
equivalent measurements in the River Sosna basin during the spring of 1970 (102
point measurements) were used. The histogram of the areal distribution of snow
witer equivalent obtained from these data and fitted by gamma- and log-normal
distributions is shown in Fig. 4. The f-tesi gives preference to the log-normal dis-
tribution. The mean value of this distrbution for each subarea has been equated to
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Fig: 4. Histogram of measured snow water equivalems: fitted by a log-normial (1) and 8 gamma (2)
distmbution.

the snow water equivalent measured a1 the corresponding meteorological station. The
coeflicient of vanation €, calculated by the empirical formula (Kuchment et. al, 1986)
{ 0.32 - 0.38D for 0 = 0.08 m

(0,025 +0.23D)(D)'F for D<0.08 m

e (14)
where D is the mean value ol the snow water equivalent for a given subarea,

Caleulations of the outAow from the snowpack have been carried oul for each
subarea of the basin for snow water equivalents exceeding 5%, 22.5%. 50%.
77.5% and 5% of the area. It has been assumed that the Initial value of the snow
density for each subarea isequal to the area-averaged measured value before melting.
Then, the weighted average values ol the outflow from the snowpack have been
compulted for each subares and finully for the entire hasin.

4. The inverse method for determining the basin-averaged snowmelt excess

The snowmelt in the River Sosna basin usually occurs over the entire citchment
simultaneously. The runoff losses depend mainly on the soil moisture content and the
depth of frozen soil before the snowmelt. The runofl coefficient commonly 15 constant
during the melting season (except for special cases when the sail is dry and very cold
before the snowelt). It allows the use of a simple lincar runoff model! for determining
the snowmelt input. |

The runoff hydrograph @{r) can be caloulated with the help of the Duhamel
integral as

i

Qi) = KJPI{: _ FR(7)dr (15)

0
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where P(1) is the response function, R is the basin-averaged outflow from the snow-
pack and K is the coefficient of showmelt runofl.

The solution of (15) for the snowmelt excess g(r) = KR (if the Q) and P(r) are
given) or for the response function P(1) (if the gi(t) and Q(r) are given) leads to a
improperly pesed problem (the small errors in the initial data may result in an infinite
meredsein compulation errors). The method of solution of (13) based on the theory of
improperly pased problems and on use of a priori information on the properties of the
unknown solution was suggested by Kuchment (1967). The essence of this method is
as follows,

The integral in (15) in the discrete form at Ar = | can be expressed as

Qi) =Y Pli—j+ L)ylj) (16)
i=1

or. 1n matrix form.,

Q- Aq (17)

(the symbaols of (17) are clear from (16)).
To obtain the best smoothed approximation of ¢(f), instéad of (16) the lollowing
system is solved:

AT0 = A" 4q+ Mg (18)

where A" is the transpose of 4 and the value A is selected from the additional con-
dition

i Oli) = i#[fl (19)
i=1 =l

The same procedure with the additional condition .5 P(i} = | instead of (19) can
be applied lor determining P(r) from (15),

To estimate the response function P(r) with the help of this approach, the rainfall
and runofl measurements for three large rainfall loods have been used: 20-30 July
1978, 2631 July 1980 and 16-23 Aggust 1980, YValues of rainfall excess have been
obtained by multiplication of the ruinfall rate by the ratio of the measured volume 6f
runoff to the measured amount of corresponding rainfall.

Lising the response function £(r) obtained from summer floods and the observed
snowmell runoff hydrographs of the Sosna River for the spring of 1967-1973 and
1976, values of the basin-averaged snowmelt excess were estimated. These values were
then dividéd by the runoff coeflicients of the corrésponding snowmelt floods to abtain
the basin-averaged outflow meltwater from the snowpack.

5. Comparison of the basin-sveraged snowpack outflow determined by direct and inverse
methods

The example of the comparison of the basin-averaged snowpack outflow calculated
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solution; 2, the Kuznim method; 3, the degroc-day miethid,

averaged snowpack outflow bused on; 1, the inverse problem

from meteorological dats und that obtained by the solution of the inverse problem on
the basis of runoff hydrographs for 19671969 is presented in Fig. 5. The comparison
‘of calculated peaks of meltwater outflow from the snowpack for all springs is
preserted in Table 1. |

[t 1s seen from Table 1 that the basin-averaged outflow from snowpack calculated
on the basis of the Kuzmin method and the degree-day method, as well as the outflow
caleulated by the inverse method, have rather similar timing for all springs, except for
the spring of 1969 (sce Fig. 5). but the differences between the values of calculated

Tahle |

Comparison of the calculited busin-avernged peaks of tneltwater ouflow from the STawWhek

Year Value of outflow peak {mmday h Diage ol outflow peak
Inverse ‘Kuzmin Degree-day Inverse Kurmin Degres-day
priblem methoid mi¢thod prohlem method method
salution solution,
1967 21.) 1.2 10.7 (4% 04 (0804 OF.04
1968 Vs 1R 279 0104 01 14 G1.04
1969 12.0 11.8 a1l 10,04 [00.j4 |2.04
1970 4.6 22.5 246 04,04 (44.0)4 (45,04
1971 19.6 21.3 230 24,03 24.03 24.03
1972 [1.5 RO 7.2 1503 15.03 |8.03
1973 9.0 12.2 i) 3 3003 il03 303
1976 238 2.3 254 115,14 (15.04 GRS
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Fig. 6 Comparison of the eploulited basin-nvernged snowpuck outflow based on: 1, the inverse problem
solution; 2, the depree-duy method withour culibration; 3, the degree-day method with calibrution.

peaks of outflow are Jarge. In most cases, the outflow calculated by the Kuzmin
method 1s closer 1o the outflow obtained by the inverse method than that calculated
by the degree-day method. The largest deviations of the results of the Kuzmin method
from the inverse problem solutions oceurred in the springs of 1967 (see Fig. 3) and
1972. Such deviations can be explained, at least partially, by the use ol too crude a
model of runoff generation. For example. it is possible to assume that the runofl
coefficient was increasing during the melt period of 1967 and 1972: after a cold winter,
the first portion of meltwater can infiltrate into the frozen soil with overcooled soil
moisture, and an impermeable laver can form a1 the soil surface or at some depth
(such an event usually occurs in the river basins of the forested - steppe zone of Central
Russia it a 4-35 year period),

The snowpack outflow data obtained by the inverse method have been used to
calibrate the degree-day model and to determine some coefficients in the heat com-
ponent relationships of the Kuzmin method. To account for the influence of the snow
density on the degree-day factor, the latter was expressed as

Mgy = M (260

where my; 15 a calibrating coethicient,

Analysis of the sensitivity of the Kuzmin methed lo separate components of the
heat budget equation for conditions in the River Sosna basin hus shown that short-
wave radiation and sensible heat exchange play a major role in the process of snow
melting in this basin, Hence, the calibrating cocfficients have been included in (3) and
(5). The calibration has been carried out for the springs of 1967-1969, The remainder
of the data have been used lor verification of the calibrated models.
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Fig. 7. Comparison of the ealoulnted busin-averaged snowpick outflow bused one L. the inverse problem
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The best results of computing the basin-averaged outflow on the basis of the
degree-day method have been obtained for my =23 x 107" m' kg ! 'c1 g |
(especially for 1970; see Fig. 6), Large errors were ohtained only for the spring of
1969 (Fig. 6), as well as for calculations at the constant degree-day factor,

When using the Kuzmin method. the calibration gave the best resulls by increasing
the coefficient in (3) from 17.46 to 19.56 W m > (deg)™" and using the unchanged
coefficients.in (5). Significant improvements have been achieved for the springs of
1970 and 1976 (Fig. 7).

The numerical experiments have shown that the basin-averaged outflow deter-
mined directly is sensitive to-changing €. For example. Fig. 8 presents the outflow
calculated with the different values of C, for spring 1968. An increase in € . from (0,26
10 0.5 leads to an increase in the outflow peak from 31 mm day ' 10 40 mm day ', and
in the duration of melting seuson, by 3 davs. An attempt has been made 1o apply the
calibration of the coefficients in (14) against the basin-averaged outflow from the
snowpack determined by solving the inverse problem, but with no meaningful
improvement in the results has been obtained; the series of observations may be
too short.

6. Discussion

The relationships and coefficients used in point computations can be reckoned as 4
priori assigned (ohtained from laboratery and experiéntal data from the basin
under consideration). The results of these computations can be improved by applying
the calibration procedure for each point: however. it isim possible to do this for all the
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types ol heterogeneities in the basin. At the same time, in such a large area as ths
Sosna River basin this point calibranon can inerease the errors in determining the
aren-averaged snowmelt characteristics. The differences between the basin-averaged
snowmelt charactenstics calculated directly and the basin-averaged ones obtained by
the inverse method are, in general, of the same order as the errors in computing point
snowmelt characteristics, despite the lack of data for detailed representation of the
spatial distribution of the meteorological inputs and the snow characteristics before
melt, The improved results obtained by applying the Kuzmin method can be attrib-
uted 1o the use of more detailed meteorological information, better descriptions of the
physical processes and improved opportunities to account for spatial changes in
meteorological conditions. The procedure based on the Kuzmin method also offers
opportunities for calibrating parameters taking into account the effects of spatial
averagng. For calibration of the snowmelt model parameters, the entire runoff gen-
¢ration model including the snowmelt model as a input block can be used; however,
the sensitivity of runoff hydrographs to calibrating parameters may in this case be
insufficient for reliable fitting, The solution of the inverse problem for runofl’ of the
model provides a well-expressed temporul simulation of the basim-averaged outflow
and andlysis of consistency even il the runofl’ model is crude.

7. Conclusions
The selution of the inverse problem for a snowmell runoff generation model is an

effective tool for determining the area-averaged meltwater outflow from the snow-
pack and for estimating the accuracy of computation of the area-averaged snowmelt
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characteristics by meteorologicnl data. The calibration of the snowmelt model against
the area-averaged meltwater outlow offers a significant improvement in the proce-
dures of computing area-averaged snowmelt characteristics. The procedure based on
the Kuzmin method provided better results than that based on the degree-day
method, both for peint caleulations and for calculations of the busin-averaged snow-
melt characteristics. Hence, when standard meteorological measureménts are aviil-
able, it 1s recommended that, for calculating snowmell, the Kuzmin or other relevant
heat budget method with calibration of the most important parameters is applied,
instead of the degree-duy method.
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