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Operational snowmelt runoff forecasting in the Spanish
Pyrenees using the snowmelt runoff model
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Abstract:

The snowmelt runoff model (SRM) is used to simulate and forecast the daily discharge of several basins of the
Spanish Pyrenees. We describe a method for snow mapping using NOAA–AVHRR data and a procedure to estimate
retrospectively the accumulated snow water equivalent volume with the SRM. A linear combination of NOAA channels
1 and 2 is used to obtain a snow cover image in which the product is the percentage of the snow-covered area in
each pixel. Real-time snowmelt forecasts are generated with the SRM using area snow cover as an input variable.
Even in basins with a total absence of historical discharge and meteorological data, the SRM provides an estimation
of the daily snowmelt discharge. By integrating the forecasted streamflow over the recession streamflow, snowmelt
volume is obtained as a function of time. This function converges asymptotically to the net stored volume of water
equivalent of the snowpack. Plotting this integral as a function of time, it is possible to estimate for each basin both
the melted snow water equivalent (SWE) and the SWE remaining in storage at any point in the snowmelt season
Spanish hydropower companies are using results from the SRM to improve water resource management. Copyright 
2002 John Wiley & Sons, Ltd.
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INTRODUCTION

The use of satellite remote sensing to study snowmelt water resources in the Spanish Pyrenees began in 1991
with an agreement between individual hydropower companies and the Spanish government. Prior to this,
the government estimated snowmelt water resources in this area using variously located snow depth stakes.
Statistical correlations derived from manual measurements of snow depth, snow density, and altitude at these
stake locations were used to estimate the snow water equivalent. Although this method is still used, it is both
expensive and of limited accuracy due to fluctuations in the spatial distribution of snow. As such, satellite
remote sensing appears to be a more efficient and effective method of estimating snowmelt water resources
than is the use of depth stakes.

Based on the specific requirements of the hydropower companies, 18 main basins were chosen on the
Spanish side of the Pyrenees; these contain a total of 42 flow measuring points or subbasins. Two experimental
basins are also being studied, one in Cordillera Cantabrica (north of Spain) and another in Sierra Nevada
(south of Spain). The repeat period of the NOAA satellites can provide three or four images a day of the
same area, thus allowing a daily monitoring of the snow-covered area, except when the area is cloud covered.
Some of the basins are as small as 10 km2, whereas the AVHRR spatial resolution is approximately 1Ð1 km2

at nadir. Thus, it is not practical to apply a snow/non-snow classification based on NOAA images in such
small basins, and it is necessary to work at subpixel levels.

The snow cover for each basin is obtained from a linear combination of channels 1 (visible) and 2 (near-
infrared) of NOAA–AVHRR. Both channels are previously normalized (geometric and radiometric corrections
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are performed) and a UTM resample is necessary due to a discontinuity of the Pyrenees area on the ordinary
Universal Transverse Mercator (UTM) grid. Each pixel of the resulting combined image contains the snow
cover percentage of its corresponding area. The coefficients of the linear combination depend slightly on
the albedo variations of snow and ground. To verify this method, several Landsat TM images of the same
geographic window (Pyrenees area) and approximately the same day were used. Correlations between NOAA
snow cover images and Landsat TM multichannel classifications of snow were always greater than 0Ð9.

A digital elevation model (DEM) is used together with the snow cover image of each basin to obtain a
hypsometric table that contains the percentage of snow-covered area in each elevation range of the basin.
Snow hypsometric tables are generated approximately once every 15 days over the whole year, and more
frequently during the melting season (April to June). Improvements in the snow-mapping procedure using
consecutive NOAA images are presently being developed to facilitate more accurate location of the shapes
of snow patches.

Monitoring snow cover over time enables the generation of snow depletion curves for each basin (Martinec
et al., 1998). These curves are used together with meteorological data as input variables in the snowmelt
runoff model (SRM).

Even in basins with a total absence of historical discharge and meteorological data, the SRM provides an
estimation of the daily snowmelt discharge. The model parameters of these ungauged basins are obtained
indirectly from criteria such as the basin size, proximity of other gauged basins and shape similarities with
gauged basins.

The snowmelt streamflow of each basin is integrated over the recession streamflow to obtain the snowmelt
volume as a function of time. This function converges asymptotically to the accumulated daily discharge, which
is converted into the stored volume of water equivalent using the losses reflected in the runoff coefficient. If
the snow density is known, the stored volume of the snowpack can also be determined.

Snow water equivalent estimation may be improved using the microwave remote sensing of the brightness
temperature of snow together with radioactive transfer theory applied to the snow layer. Ongoing microwave
experiments will reveal the possibilities of these bands in operational snow hydrology (Hallikainen, 1998).

SNOW-COVER MAPPING

A linear combination of NOAA–AVHRR channels 1 and 2 is used to determine the snow cover of the
Pyrenees basins. Orbital geometric and atmospheric radiometric corrections are performed on the NOAA
raw data received by the Remote Sensing Laboratory of the University of Valladolid (Spain) and the semi-
processed product is sent to the USDA–ARS Hydrology Laboratory (Beltsville, MD, USA). Both channels 1
and 2 receive reflected sunlight: channel 1 is in the visible spectrum and channel 2 in the near-infrared, with
slight differences among the spectral responses of AVHRR sensors of the four NOAA operative platforms
(NOAA 10, 11, 12 and 14). NOAA 14 is preferred because of its noon orbit over the Pyrenees area. Based
on the snow and ground albedos, the combination Im of channels 1 and 2 is given by the simple equation

Im D a1C1 C a2C2 �1�

where C1 and C2 are the pixel values of channels 1 and 2 respectively. To find the combination coefficients
a1 and a2, the following condition is imposed:
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where 255 is the maximum value of an image with 8 bits per pixel. S1 and S2 are the minimum snow thresh-
olds of channels 1 and 2 respectively. The interpretation of these thresholds is as follows (see Figure 1): a
pixel value greater than or equal to S1 corresponds to a fully covered snow area in channel 1 (the same can
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Figure 1. Channel ratio C2/C1 as function of C1

be said for channel 2). In the same way, G1 and G2 are the maximum ground thresholds in each channel,
so that a pixel value lower than or equal to these thresholds corresponds to a snow-free area. Pixels between
these values are mixed pixels of snow and ground in different percentages. These percentages can be found
using Equations (1) and (2). The linear behaviour of the mixed pixels of channels 1 and 2 (continuous solid
line in Figure 1) leads to linear behaviour of the combined image, given that Equation (1) is linear as well
(Landesa, 1997).

Figure 1 represents the ratio of channel 2 to channel 1 as a function of channel 1. Zone A contains bare
ground pixels that verify C1 < G1. Zone C contains fully snow-covered pixels that verify C1 > S1. Zone B
contains mixed pixels of snow and ground that verify G1 < C1 < S1. Representing C2/C1 as a function of
channel 2, a similar graphic to this one is obtained, leading to the same analysis.

Snow and ground thresholds are obtained by classification in both channels, comparison with Landsat
images, and ground observations. Changes in snow and ground albedo produced different thresholds, so that
the classifications must be repeated at least once a month. During the melting season it is recommended
the classifications be repeated once a week, due to the rapidly changing snow albedo values. Using these
thresholds, from Equation (2) the coefficients a1 and a2 are obtained as

a1 D 255
(

G2

S1G2 � S2G1

)

a2 D �255
(

G1

S1G2 � S2G1

)
�3�

Each pixel of the snow-cover image is then obtained from the pixel values of channels 1 and 2 using

Im D C1a1 C C2a2 D 255
(

C1G2 � C2G1

S1G2 � S2G1

)
�4�

Assuming a linear behaviour of the pixel values C1 and C2, this equation leads to 255 in the case of full snow
cover and to zero in the case of bare ground. It also results in a pixel value proportional to the percentage
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of snow-covered area in the case of a mixed pixel. It can be verified assuming a percentage p of snow cover
inside an arbitrary pixel, so that

C1 D pS1 C �1 � p�G1 �5�

C2 D pS2 C �1 � p�G2

together with Equation (4), returns a grey level 255p, which is directly proportional to the percentage p of
snow-covered area.

It is unnecessary to add a constant coefficient to Equation (1). Statistical optimization of the correlation
coefficient between NOAA and Landsat snow-cover images gives a constant coefficient on the order of 10�2,
which produces a negligible effect on the grey levels of the resulting combination. Moreover, a constant value
does not contribute real information and has no physical significance and, therefore, is not included.

An example of this combination can be seen in Figure 2, which corresponds to a NOAA image of the
Pyrenees on 21 March 1998. As a result of the linear combination of channels 1 and 2 (Figure 2a and b), a
snow-covered image is obtained in which the ground appears with a value of zero (Figure 2c). Water is often
present with a low grey level due to water vapour.

By taking ground control points on these images, a polynomial is obtained in order to resample an image
into UTM coordinates. Application of a first-order polynomial is sufficient given that a previous orbital
correction has been performed. Given a discontinuity in the UTM grid on the Pyrenees (it changes from grid
30 to grid 31), a new grid was defined with its centre at the meridian 0° 300 E. Extension of the ordinary
grids 30 or 31 to the whole Pyrenees is not apposite; calculations demonstrate that this extension increases
the maximum linear deformation of the UTM projection from 1Ð0004 to 1Ð0037, multiplying the maximum
deformation by approximately ten (Landesa, 1997).

The snow cover of each basin is obtained using a digital elevation model (DEM). Since each basin is a
different size, the DEM area resolution varies from 650 to 13 800 m2. The DEM altitude resolution is 20 m
in all the basins. A snow hypsometric table (snow cover versus elevation) is generated for each basin with
an elevation range of 100 m.

Figure 3, left side, shows an image of Cinca Basin in the central Pyrenees �798Ð1 km2�. This window has
been extracted from a snow-cover image of 10 March 1998. It can be seen that different grey levels correspond
to different percentages of snow and ground. The basin border is outlined and the streams highlighted. The
image on the right side shows the DEM of the same basin, displaying an arbitrary grey-scale palette.

SNOWMELT RUNOFF FORECASTING

The snow cover of each basin is one of the input variables of the SRM. Snowmelt runoff simulations and
forecasts were performed using this model in 42 mountain basins of the Spanish Pyrenees. These results are
now being used by Spanish power companies to improve water management.

The SRM computes the daily discharge from snowmelt and from rainfall of several elevation zones in a
basin. The daily discharge is combined with the recession streamflow to obtain the total discharge. The SRM
has three input variables (snow cover, temperature and precipitation) and eight parameters adjustable using
historical measurements of the basin and hydrological considerations (Martinec et al., 1998). The model can
be applied in basins of almost any size and any elevation range.

The Pyrenees basins in this study have an approximate elevation range of 2500 m a.s.l. (usually from 700
to 3200 m) and are each divided into five or six 500 m elevation zones. Temperature and precipitation are
extrapolated to each elevation zone by the SRM computer code from a reference meteorological station. Snow
input is introduced by means of the snow depletion curves, which are obtained from the snow cover mapping
method described previously.
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Figure 2. NOAA-14 image of the Pyrenees on 21 March 1998: (a) channel 1; (b) channel 2; (c) snow cover image

Running the model in the forecasting mode, a daily discharge is obtained for each basin. The fore-
cast period is usually 5 months, from 1 May to September 30, and includes the snow melting season.
Because no long-term precipitation forecast is available for the Pyrenees, the model is run in absence
of rainfall using historical temperatures. The snow input is extrapolated using modified depletion curves
(Martinec et al., 1998). The resulting runoff includes snowmelt and the recession flow of the basin. To
calculate the volume V (t) of melted snow, the forecasted flow Qa�t� is integrated over the recession flow
Qb�t�:

V�t� D
∫ t

0
[Qa�s� � Qb�s�]ds �6�
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Figure 3. Cinca basin �798Ð1 km2�, central Pyrenees. Left: snow cover image, with basin borders outlined and streams highlighted. Right:
DEM, with an elevation range from 800 (desk grey) to 3200 m a.s.l. (light grey)

The resulting volume V (t) is the snowmelt volume that flows through the measuring point of the basin. To
obtain the water equivalent of stored snow, this volume is corrected using the runoff coefficient of the basin.
The snow volume may be obtained if the snow density is known.

A comparison between the forecasted volume V (t) and the measured volume is shown in Figure 4,
corresponding to the NR1 basin in the central Pyrenees �572Ð9 km2�. The forecasted volume is 97Ð4 Hm3

(dashed line) and the measured volume is 107Ð5 Hm3 (solid line), resulting in a relative error of 9Ð8%. Similar
results can be seen in Figure 5a and b, corresponding to two small subbasins with no diversions, both located
within the NR1 basin.
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Figure 4. Snowmelt volume forecast and measurement for the NR1 basin, 1998
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Figure 5. (a) Snowmelt volume forecast and measurement for (a) the NR5 basin, 1998, and (b) the NR4 basin, 1998

RESULTS AND DISCUSSION

As can be seen in Table I, the forecasted volume is smaller than the measured volume in the three cases.
This underestimation may be the result of using average temperatures as input in the SRM. Temperatures
in 1998 were warmer than average, causing the snow to melt earlier than usual. Thus, the snowmelt
occurred at a time when losses were low (higher runoff coefficients), producing more runoff than if average
snowmelt had occurred. Given that long-term forecasts of temperature and precipitation are not available,
improvements to these input variables might be based on statistical studies of the historic data of monthly
periods.
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Table I. General results for the 1998 snowmelt season

Basin
area

�km2�

Forecast
volume
�hm3�

Measured
volume
�hm3�

Volume
difference

�hm3�

Relative
error
(%)

NR1. Nog. Ribagorzana en Pont de Suert 572Ð9 97Ð4 107Ð5 10Ð1 9Ð8
NR5. Nog. Ribagorzana en embalse de Baserca 38Ð1 13Ð6 15Ð3 1Ð7 11Ð8
NR4. Salenca en embalse de Baserca 23Ð1 15Ð8 20Ð5 4Ð7 25Ð4

In addition, the start of the snowmelt season was earlier in 1998 compared with the average for the previous
6 years. The overall effect of this is difficult to predict, however, because it depends upon local temperatures
during April and May. The intention of this method is to estimate the accumulated snow water equivalent
volume. Given that the forecast of the snowmelt daily discharge is subject to larger fluctuations in smaller
basins, it can be concluded that the accuracy of the volumetric forecast is higher as basin size increases.

Two areas of concern will be addressed in the future. First, the SRM will be run in the forecasting mode using
both temperature and precipitation data, is contrast to the 1998 assumption of no precipitation. The snowmelt
portion of the input to total runoff can be automatically printed out by the model for use by the hydropower
companies. Second, the comparison of calculated and measured snowmelt-produced streamflow needs to be
improved. Examination of the measured snowmelt streamflow indicates that these totals also include some
effects of precipitation. This is an additional reason why the SRM calculations are consistently lower than the
supplied measured values. In the future it will be better to compare total forecasted and measured streamflow
from each basin and then separate out the various hydrograph components for comparison.

Water equivalent estimation can be improved using microwave remote sensing techniques. It has been shown
that satellite microwave data can be used to obtain information about the average basin snow water equivalent
(Rango et al., 1989). The advantage of these frequencies is the possibility of snow mapping of cloud-covered
areas (Nagler and Rott, 1992). This is not yet an operational method due to difficulties concerning poor
spatial resolution in the case of passive microwave instruments, and image interpretation in the case of active
microwave instruments.

In both active and passive remote sensing, a number of models and computer codes have been developed
by researchers to simulate snow behaviour and many interesting features emerge from the different numerical
simulations (Kong, 1989). Different models based on rather different physical mechanisms often provide
more or less the same correct answer (O’Neill, 1996). Improvements to future remote sensing instruments
will hopefully lead to the use of microwave frequencies in snow hydrology.

CONCLUSIONS

Snowmelt is a major component of streamflow in basins of the Spanish Pyrenees. Spanish power companies
rely on this snowmelt runoff for the generation of hydropower. Because ground-based snow measurements
are expensive and sparse, techniques using NOAA–AVHRR satellite data have been developed to generate
data for input into the SRM for forecasting.

The NOAA–AVHRR data are used to determine the percent of snow cover in each 1Ð1 km2 pixel for
42 basins and subbasins. The NOAA–AVHRR techniques for snow mapping have been verified with high-
resolution Landsat TM data (30 m at nadir), resulting in correlation coefficients consistently exceeding 0Ð9.
It appears that careful registration of the NOAA–AVHRR data permits its effective use in basins as small as
10 km2.

The snow-cover data were input into the SRM and used to forecast seasonal snowmelt-runoff volumes,
which were supplied in real time to the power companies. Comparisons of forecasted and measured values
for the first three basins with available 1998 data show quite good results (volume difference of 9Ð8%) for the
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largest basin �572Ð9 km2�. As the basin size is reduced, underestimation of the forecast has been traced to the
use of average temperatures and inadequate precipitation data. The forecast procedures are being improved
for future years.
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