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Verification of a hydrometeorological model of
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ABSTRACT. A hydrometeorological model designed for climatological applications
with monthly time-steps and 100 m altitude intervals was calibrated with runoff and climate
data on five small, glacierized basins in the Silvretta mountains, Austria (46°55' N,10°10 E).
These basins are exposed to similar synoptic weather conditions but differ in their altitude
ranges and glacier covers, enabling the model to be tested for a variety of physical condi-
tions. The structure of the model, the data input and the calibration and tuning proced-
ures are described. Sensitivities of the model to temperature and precipitation changes are
derived and applied to annual and decadal values of 7" and P, respectively. Judged by the
difference between observed and calculated sums of runoff, simulation of decadal values is
satisfactory, while annual simulations and measurements have rms differences of the

order of 200 mm.

1. INTRODUCTION

As an analytical tool for studies of the reaction of the Alpine
water balance to climatic changes, a hydrometeorological
model has been developed at the Institut fiir Meteorologie
und Geophysik (Kuhn and others, 1982; Kuhn and Pellet,
1989; Kuhn and Batlogg, 1998, 1999). While it was originally
designed to determine basin precipitation, it was obviously
well suited for the analysis of the development of seasonal
snow covers and glacier mass balance at basin scale using
temperature and precipitation records of reference stations.
Tor the resolution of the synoptic or daily time-scale a model
with daily or hourly data input has to be used such as the
HBV-ETH described by Braun and Renner (1992) and
applied by Braun and others (2000).

With a resolution of monthly values of the four compo-
nents of the water balance of which only runoff is directly
measured, only 12 of 48 variables are known and the re-
maining 36 have to be inferred by the model from addition-
al information. The model results thus stand on shaky
ground and need to be verified under a variety of climatic
conditions and applications. The purpose of this paper is to
reproduce two plausibility tests by comparing modeled and
observed runoff at annual and decadal scales, where de-
cadal refers to periods of approximately 10 years. The five
basins selected for these tests are situated close enough to
one another to ensure equal synoptic weather conditions,
while differing strongly in topography and glacier cover.

2. TESTAREA

The basins are situated in the Silvretta mountains in Vorarl-
berg and Tirol, Austria, centered around 46°55' N, 10°10’ E.
The runoff flowing past Paznaun, Verwall and Illbiche
gauging stations is collected from several individual catch-
ments; Kleinvermunt is a nearly ice-free sub-basin of Paz-
naun that is topographically and hydrologically different

https://doi.org/10.3189/172756400781820228 Published online by Cambridge University Press

Table 1. Topographic characteristics of the test basins

Basin Area Glacier cover Altitude range
km? % m
Paznaun 119.7 10.6 1900-3300
Kleinvermunt 20.2 0.0 1700-3000
Verwall 33.8 6.5 19003100
Bieltal 10.1 17.2 21003000
Illbache 319 0.6 1800-2900

from the main basin. Some topographic characteristics are
given in Table 1. Hydrological and glaciological conditions
of the area have been treated in detail by Stuefer (1994)
and Batlogg (1995).

All basins are situated essentially above timberline, and
display grass cover up to about 2600 m a.s.l. They have pre-
dominantly northerly aspect except Kleinvermunt which
runs east to west. Verwall, Bieltal and Illbache are open to
the advection of moist air from the northwest, while Klein-
vermunt and Paznaun are better screened and drier, as is
apparent in'Table 2.

Table 2. Mean water-balance components, 1968/69-91/92,
and range of runoff coefficients in that period

Precipitation  Runoff  Evaporation  Storage Runoff
coefficient
mm mm mm mm %
Paznaun 1591 1332 255 4 79-89
Kleinvermunt 1554 1262 291 0 79-84
Verwall 1994 1750 260 -16 85-90
Bieltal 1844 1614 246 -16 79-98
Tllbiche 1924 1663 265 —4 83-89
15
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Table 3. Seasonal course of runoff expressed in parts per thousand of annual sums

Fan. Feb. Mar Apr. May Jun. Jul. Aug. Sept. Oct. Nou. Dec. Year
Paznaun 14 11 11 22 113 211 235 183 107 51 25 18 1000
Verwall 12 9 10 20 122 239 252 167 91 42 21 15 1000
Bieltal 9 7 7 13 93 255 274 182 90 39 18 12 1000
IlIbéche 6 3 3 11 137 305 249 140 79 44 15 8 1000
Kleinvermunt 17 13 20 53 174 206 184 133 88 57 32 23 1000

The range of runoff coefficients reflects the degree of gla-
cierization: the highest values arise in the basin with the
largest ice-covered fraction, and the lowest maximum value
in the ice-free Kleinvermunt basin. Similarly, inTable 3 the
glacierized basins Paznaun, Verwall and Bieltal have runoff
maxima in July, while in the nearly ice-free basins Illbache
and Kleinvermunt the maximum is reached in June. Basin
precipitation has maximum monthly values in July and
August and minima in the late-fall and winter months.

3. MODEL STRUCTURE AND INPUT

In view of its climatological application, the model uses
monthly time-steps and resolves altitude at 100 m intervals
for which the total area a(h) and glacier-covered area g(h)
are entered as initial input.

Hydrological variables are approximated in two steps:
first, the annual balance of precipitation P, runoff @),
evaporation F and storage S for the basin is closed by using
measured values of () and a first estimate of E, and by trans-
ferring S from the nearest glacier with actual mass-balance
measurements, which yields annual basin precipitation in a
first approximation. The next step consists of several itera-
tions using monthly runoff data Q(mo), basin precipitation
P(mo) constructed in analogy to the monthly course of sta-
tion precipitation, and estimates of E(mo).

The transfer of mass balance is based on specific balance
b(h), measured in a distant basin, applied to the local basin
with area altitude distribution of glaciers g(h) and total area
a(h).

Evaporation is approximated with a crude model that
uses 0.5mmd " over snow and 2mmd ' over snow-free
vegetation, the snow cover being estimated initially. The ac-
tual snow cover is generally reached after two iterations of
the model.

This yields the first approximation of the annual basin
precipitation P. Monthly values of basin precipitation
P(mo) are then calculated in analogy to the relative
monthly values of reference stations

P(mo) = Poet(mo) P/ Pres.

All precipitation records are corrected for errors due to
snowfall according to Sevruk (1983). The monthly storage
1s then calculated as

S(mo) = P(mo) — E(mo) — Q(mo).

The altitudinal gradient of precipitation is estimated
from meteorological stations in the basin or its surround-
ings. As is often observed in central Alpine stations, the pre-
cipitation gradient increases with altitude. In the Paznaun
basin, for instance, a value of 30 mm (100 m) ' was adopted
up to an altitude of 2500 m, and a value of 40 mm (100 m)~'
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above. In the simplest version of the model these gradients
were kept constant throughout the year. Based on the
monthly reference values of precipitation, a matrix of rela-
tive contributions Pyj(mo, h) was constructed for all alti-
tudes under the condition that its area-weighted integral
over all altitudes and all months equalled the annual basin
precipitation determined from the annual water balance.
This matrix was kept constant in all years.

The distinction between snowfall and rain was made on
the basis of observations on surrounding stations of various
altitudes, from which the following relation between the
temperature and the fraction 7 of snow in the total monthly
precipitation was found:

r = 0.6 — 0.0557(mo, h).

Being based on monthly mean temperatures, this kind of
parameterization generally requires different coefficients
than that based on actual temperatures during precipita-
tion, which are expected to be below monthly average in
summer and above monthly average in winter.

Temperatures T'(mo, h) were extrapolated from the aver-
age T'(mo) of two or three reference stations using values of
dT'/dh(mo) determined from the nearest mountain obser-
vatories for each month, keeping gradients constant at all al-
titudes. Degree days were counted using positive T'(mo, h)
only, which neglects individual positive daily means in a
month with negative mean temperature. This deficiency
was partly compensated by the introduction of a factor
f(mo) < 1.0, indicating the fraction of the area a(h) that
was snow-covered in that month, as is necessary for the com-
putation of monthly snowmelt. Degree-day factors D = 4 or
5mmdegd ' were used for the basins in this study. Adjust-
ment of both D and f(mo) must ensure that S(mo, h) in
September is equal to the glacier mass balance inferred from
reference glaciers.

At this stage it 1s possible to simulate the build-up and de-
cay of the snow cover S(mo, k) in a first approximation. As the
evaporation was parameterized in terms of snow-covered/
snow-free ground, this delivers the second approximation of
E(mo, h) and basin evaporation E which in turn serves as in-
put to the second approximation of the basin balance. With @
being measured and S being transferred from outside, any
change in E directly affects basin precipitation P.

4. CALIBRATION AND TUNING OF THE MODEL:
THE NEED FOR VERIFICATION

After further iteration, the convergence was considered
satisfactory when the simulated values of monthly basin
runoff Q(mo) agreed by better than £20 mm with the
observed ones. In order to reach this agreement, the liquid-
water fraction of S(mo) had to be explicitly treated. This
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was done without altitude resolution, based on the condition
that winter runoff of the order of 10-30 mm per month gen-
erated at times without any snowmelt had to be stored in
summer, and that temporary retention of meltwater in the
spring snow cover must not exceed 100 mm or 10% of the
snow water equivalent, whichever was lower. Both of these
manipulations affect the monthly course of components
only, and have a sum of zero over the entire year.

At this point it is worth repeating what information has
been transferred from outside the basin and what kind of
internal calibration and tuning has been applied.

The basic input of (mo) has been assumed to be true,
although it may be off by several per cent due to moving
bed load and other changes of the cross-section.

The profiles of specific glacier mass balance b(h) have
been imported from reference glaciers.

The zero-order approximation of monthly evaporation
has been guessed from snow-cover data of the basin.

The seasonal course of T'(mo, h) and P(mo, h) has been
taken from P and T records of reference stations, with
monthly values of dT'/dh but constant d P/dh. (In other
applications of the model a time variance of dP/dh was
introduced to distinguish between advective and con-
vective situations.)

The rain/snow transition was mapped from records at
reference stations as r(mo, h). The shape of this matrix
and the precipitation gradient dP/dh have been tuned
to the amount of autumn runoff and the build-up of the
winter snow cover, the latter being controlled also by the
total amount of melt possible. That amount is controlled
by dT'/dh(mo) and by the degree-day factor D, while
the relative snow-cover area f(mo) determines the pro-
gression of meltwater in spring and summer.

The tuning of the model has been performed with aver-
age data of 1952-92 for Paznaun, Kleinvermunt and
Bieltal, and of 196992 for Verwall and Illb4che. Before
the model calibration can be verified by the simulation
of individual years, the sensitivity of the simulated run-
off with respect to temperature and precipitation must
be established as follows.

5. MODEL SENSITIVITY TO T'AND P

Table 4 summarizes the sensitivities determined by the fol-
lowing experiment: The basin precipitation was increased
by 300 mm, all other parameters were left unchanged and
the resulting change in monthly runoff was noted. When
basin temperature was increased by 1°C, the new degree-
day sums were automatically produced, while the rain/snow
transition, being stored as a matrix 7(mo, k) without expli-
cit reference to 7T, needed manual adjustment. This was ac-
complished by shifting the matrix upward by 160 m,
equivalent to a 1°C warming and a mean lapse rate of
0.6°C:(100m) . The respective changes in glacier mass
balance S were generated by the model from the initially
imported reference balance.

It is apparent that the most glacierized basin reacts most
strongly to the prescribed warming with strongest melting
and increased evaporation. Ice-free Kleinvermunt increases
evaporation at the expense of runoff. In the highest basins
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Table 4. Model sensitivity of annual evaporation E, glacier
mass balance S and runoff Q to changes in lemperature and
precipitation

9Q/0T 9E/OT 9S/OT 0QJOP OE/OP 9S/OP

—1 -1 —1 —1 -1 -1
mm°C" mm°C’ mm°C mmmm mmmm mmmm

Bieltal 205 43 —248 0.50 —-0.03 0.53

Paznaun 78 32 110 0.80 0.06 0.26

Verwall 56 37 93 097 -0.07 0.10

Illbéche 15 26 —41 0.95 —0.04 0.09

Klein- —6 6 0 1.06 —0.13 0.07
vermunt

the prescribed precipitation increase is mostly deposited as
snow, while at the lowest basin it decreases evaporation to
the extent that runoff increases by >1mm per mm of pre-
cipitation.

6. VERIFICATION AND CONCLUSION

While the model was calibrated with, and sensitivities were
determined from, annual long-term averages, the test of the
model will be using (1) individual years and (2) two periods
of approximately 10 years that differ in temperature by ap-
proximately 1°C.

6.1. Annual values

The deviation of the runoff measured in the year ¢ from the
mean of 1952-92, AQ; = Q; — Qmean, Was compared to the
calculated

AQ.; = AP, — OE/OP(AP,) — 8S/0P(AP)
— OE/OT(AT;) — 0S/OT(AT;) .

The correlation coefficients R(Q;, Q;) and the standard de-
viations 0(Q;) and 0(Q.;) as well as 0(Q.; — Q;) are given in
Table 5 for three basins. These quantities can be interpreted
as a quality proof for the simulation Q.;.

The correlation of simulated with observed annual run-
off is poor in two basins and acceptable in Verwall, the only
possible explanation being the representativity of the refer-
ence stations for the basin. On the other hand, all three
basins have comparable rms differences between observed
and simulated runoff] indicating that if these differences
display normal distribution, approximately two-thirds of
them fall within the bracket of £200 m or roughly £15%.

Table 5. Correlation coefficients R and standard deviations s
of simulated annual runoff Q.; and observed runoff Q;, in
mm,_for the time series indicated

Period R(Q1, Q(ti) S(Qi) S(Q(:i) S(Q(:i - QI)
observed stmulated
Bieltal 1952-92 0.34 183 211 228
Paznaun 1952-92 0.36 188 149 195
Verwall 1969-92 0.74 203 314 214
17
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Table 6. Averages of temperature T, precipitation P and
runoff Q in three test periods. Values in lower part of this table
are for third minus second period

Temperature
Period Galtiir -~ St Anton Obervermunt  Partenen
°C °C °C °C

1951/52-63/64 9.6 11.7 838 14.8
1968/69-79/80 89 109 7.2 13.1
1980/81-91/92 9.5 119 8.1 137
Third minus second 0.6 1.0 0.9 0.6
period

Paznaun  Verwall — Kleinvermunt Bieltal — Illbéiche
AP (mm) 64 49 73 6 115
Applied AT (°C) 0.6 0.8 09 09 09
AQ measured (mm) 97 104 62 60  —130
AQ simulated (mm) 98 92 72 120 -95

6.2. Comparison of three periods

In order to test the model with longer-term averages, three
periods were selected which had significant differences in
temperature and varying differences in precipitation. The
temperatures of four reference stations are given in Table 6,
followed by the differences of P and @) for the two periods
with record in all basins. The table indicates good per-
formance of the model in four of the five basins, the reasons
for the failure in the case of Bieltal remaining unknown.

18
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Compared to the variance analysis of annual values, it
seems that deviations from the model assumptions or from
the mean calibration conditions occurring in individual
years are smoothed even when relatively short periods of
the order of one decade are used. Thus, while the model is
far from perfect for individual years, it seems safe to use it
for climatological purposes.
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