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ABSTRACT
The effect of a warmer climate on snow cover and runoff was evaluated in the Rio Grande Basin near del
Norte (3416 km2, 2436-4229 m a.s.l.) using the reference hydrological year 2001 and an above average snow year,
1987, for comparison. The parameters of the SRM model were adjusted to the new climate for model runs. The
depletion curves of the snow coverage for a temperature increase T+4°C show that the seasonal snow cover in 2001
has been melted away before 1 April in the lower half of the basin. In the snow-rich year (1987), the depletion of the
snow coverage was also accelerated. Consequently, the runoff in the winter half year (October-March) was tripled in
2001 and doubled in 1987. The runoff in the summer half year was reduced correspondingly. Runoff peaks in 1987
were shifted to earlier dates. These predictions of the future snow cover and runoff in mountain basins are important
for hydroelectricity production, flood control, and agriculture. (KEYWORDS: Snowmelt Runoff Model, climate
change, Rio Grande, streamflow prediction)
INTRODUCTION
Over the past 115 years (1901-2016) global annually averaged surface air temperature has increased by
approximately 1°C with larger increases over land (Weubbles et al., 2017). Documented changes related to this
increase include melting glaciers, diminished snow cover, rising sea levels, and ocean acidification. In order to take
appropriate measures and set priorities, it is necessary to evaluate the effect of various climate scenarios on many
fields and the resultant, interrelated impacts on society.
This paper addresses the impact on water management in mountain basins where seasonal snow cover is an
important runoff factor. The deterministic approach of the SRM model enables the parameters to be adapted to a
new climate when necessary. The Rio Grande Basin near del Norte is used to demonstrate methodology to evaluate
the redistribution of runoff in a hydrological year, resulting from a climate-affected seasonal snow cover. The daily
hydrograph is modelled for a present and future climate. Such results facilitate water resources decisions in a
changing climate.
TEST BASIN
The climate is semi-arid, as confirmed elsewhere (Rango and Martinec, 2000) by comparing the yearly
runoff coefficients c (runoff/precipitation ratios) in different basins. Precipitation in zones A, B, C is computed from
the reference elevation 2875 m a.s.l. to the respective hypsometric elevations with the use of a gradient of 4% per
100 m altitude difference (Table 1). The basin-wide precipitation is computed as a weighted average of zonal values.
Table 1. Physical characteristics of the Rio Grande basin near del Norte.
Area
Elevation range
Zone A
Zone B
Zone C
Basin
Precipitation Stations

779 km2
1282 km2
1344 km2
3416 km2
Del Norte
Wolf Creek
Average

2436-2926 m a.s.l.
2926-3353 m a.s.l.
3553-4229 m a.s.l.
2436-4229 m a.s.l.
2397 m a.s.l.
3353 m a.s.l.
2875 m a.s.l.

Hypsometric mean
elevation
2719 m a.s.l.
3155 m a.s.l.
3566 m a.s.l.

_______________________________________
Paper presented Western Snow Conference 2018
1 Albert Rango, USDA-ARS Southwest Climate Hub
1 Emile Elias, USDA-ARS Southwest Climate Hub, Las Cruces, NM, 88003, Emile.Elias@ars.usda.gov
2 Jaroslav Martinec, Consulting Hydrologist, Davos, Switzerland
3 Ryann Smith, New Mexico State University, Las Cruces, NM, 88003

107

To illustrate the contribution of snow to daily runoff, Figure 1 shows the cumulative runoff components in
the hydrological year 1987: Snowmelt from the seasonal snow cover, intermittent snowfall and rainfall.

108

Figure 1. Cumulative runoff components for the hydrological year 1987, zones a, b and c.
SRM INPUT VARIABLES AND PARAMETERS IN A CHANGING CLIMATE
Variables: In the simulation mode, precipitation (P) and temperature (T) are measured, the areal extent of
the seasonal snow cover is evaluated from satellite monitoring (Seidel and Martinec, 2004). For climate change, P
and T data are provided by a climate scenario, while snow coverage is automatically derived for a given change of
temperature. As an example, Figure 2 illustrates the shift of conventional depletion curves (CDC) in 1979 for a
temperature increase of +4°C (Martinec et al., 2008) with a step-by-step description of the procedure.
The daily input is computed and transformed to basin runoff by the following parameters:
The degree-day factor (a) [cm °C -1 d -1 ], increases during the snowmelt season in line with the aging of
snow which results in increasing density of snow and decreasing albedo. In a warmer climate, this process is
accelerated according to the shift of CDCs to earlier dates.
The runoff coefficient (C), expressing the losses, varies in a broad range from arid to humid climate and
also according to the size of a basin (Table 2). CS represents the snow runoff coefficient whereas CR represents the
rain runoff coefficient. This is revealed by computing the overall yearly values by Equation 1:
𝑅
𝑐= 𝑃
(1)
Where: R [cm] is the runoff depth in a hydrological year
P [cm] is the basin-wide precipitation, computed from areal-proportionate station
measurements.
Table 2. Runoff coefficients used in SRM simulations of basins varying by size and climate.
Basin
Area
Altitude
C
Dischma
43.3 km2 1668-3146 m a.s.l.
0.84
Swiss Alps
Illecillewaet
1155 km2 509-3150 m a.s.l.
0.779 Very humid, British Columbia
Kings River
4000 km2 171-4341 m a.s.l.
0.511 Humid, California
Rio Grande near del Norte 3416 km2 2436-4229 m a.s.l.
0.263 Wet year, Colorado
Rio Grande near del Norte 3416 km2 2432-4215.2 m a.s.l. 0.204 Dry year, Colorado
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Figure 2. Effect of a changed climate (T + 4°C) on snow covered areas of 1979 in elevation zones A, B and C of the
Rio Grande basin near Del Norte, Colorado. CDCCLIM is shifted from the original CDC due to a reduced snow
cover on 1 April and due to increased temperatures in the snowmelt season. [From (Martinec et al., 2008); Figure
32].
The average values for hydrological year must be adjusted month by month due to vegetation cycle and
snow coverage. Different values for snowmelt (CS) and rain (CR) are sometimes indicated. In a warmer climate, the
depletion of the seasonal snow cover and the vegetation cycle are accelerated so that CS and CR are shifted to earlier
dates. In the climate run for 1979 (Martinec et al., 2008), CDCs were shifted by about one month (see Figure 2) and
CS, CR by 30 days.
Of the SRM parameters, the runoff coefficient is the primary candidate for adjustment if a runoff
simulation is not initially successful. However, once a seasonal pattern has been established, the final values can be
adapted to a new climate as previously explained. Future potential basin water budget losses by evaporation and
evapotranspiration related warmer temperatures can be also taken into account via runoff coefficient adjustment.
The recession coefficient k determines which part of the daily input by rainfall and snowfall contributes to runoff
within 24 hours (I ⸳ (1-k)) and which part follows as recession flow (I ⸳ k), where I=input. In contrast to other
formulas for recession flow, k is related to a daily runoff Q as follows:
𝑘𝑛+1 = 𝑥𝑄𝑛 −𝑦
(2)
Where x and y are constants to be determined for the given basin as described in (Martinec et al.
2008), and n indicates the sequence of days.
The recession coefficient has been adapted to a new climate by including the following algorithm in the
computer program:
If P(rain) ≥ 6 cm, Eq. (2) becomes:
𝑘𝑛+1 = 𝑥(4𝑄𝑛)−𝑦
(3)
for 5 days.
Consequently, k gets lower so that the basin response to heavy rainfalls becomes quicker, as already
experienced in the changing climate. These adaptations of parameters to a new climate do not need calibration data.
There is no compelling need to adjust other parameters, such as the temperature lapse rate (LR), critical temperature
and the lag time because:
Temperature lapse rate (LR) has no seasonal change.
Critical temperature (TCRIT) used to determine whether precipitation is rain or snow has only small
variations.
Lag time (L) depends mainly on the size of the basin.
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With input variables and parameters for runoff simulation as well as for climate change runs complete,
SRM allows climate scenarios of varying complexity, from a simple change in temperature in a future year to daily
changes of temperature and precipitation in a sequence of years, for example 2021-2050.
TEST OF MODELLING SNOW COVER AND RUNOFF IN A CHANGED CLIMATE
Results of climate related modelling cannot be immediately verified because the climate-affected runoff
will be measured in a distant future. However, indirect tests have been conducted (Martinec et al., 2008). In 1979,
the present climate represented by P, T was replaced with a “changed” climate by borrowing P, T from 1977. As
illustrated in Figure 3, the climate-affected runoff in 1979 is now verified by the measured runoff in 1977 with an
acceptable agreement. An available year, 1977, was used as a surrogate for a future, presently unavailable year.
Supported by this test, new evaluations of the effect of a changed climate on the seasonal snow cover and runoff are
presented in the next section.

Figure 3. Transformation of runoff in the Rio Grande basin near Del Norte from runoff in 1979 to runoff in 1977
using temperature and precipitation of 1977 as “new climate” for 1979. [From (Martinec et al., 2008); Figure 41].
EFFECT OF GLOBAL WARMING ON RUNOFF OF A REFERENCE YEAR AND AN
ABOVE-AVERAGE YEAR
Whenever a year or a month with record temperatures occurs, it can be compared with a variety of
reference temperatures. Some examples of prior comparison reference temperatures are listed below:
1. Start of the Industrial Revolution out to 1850 or to 1860.
2. Average T for the period of 1961-1990.
3. 1990 as a reference year.
4. Average T for the period 1991-2000.
5. Start of regular measurements which varies from country to country.
6. Average T in 20th century.
7. Average T for the period 1981-2010.
8. Average T for the period 1850-2010.
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In this paper, climate change is restricted to a temperature increase in a future year. As soon as climate
scenarios with daily T, P data for a future period of 30-50 years are available, SRM is ready to compute the climateaffected snow cover and runoff as well. Also, a normalized year could be derived for a reference period and a period
with a changed climate.
Figure 4 shows the depletion curves (CDCs) from satellite monitoring and the climate affected CDCCLIM for
a climate change T+4°C, for the reference hydrological year 2001. In the new climate, there is no seasonal snow
cover left on 1 April in the elevation zones A, B and the decline of snow coverage in the zone C is accelerated by
more than 1 month. With the input variables thus complete (P unchanged, T+4°, CDCCLIM), the model can be run
for T measured in 2001 and for T+4°.

Figure 4. Depletion curves of the snow coverage (CDC) in 2001 as measured and as influenced by a warmer climate
T+4° (CDCCLIM).
Figure 5 shows the computed runoff compared with the measured runoff. The climate effect is illustrated
by a comparison of hydrographs computed for T and T+4° in Figure 6. For the climate run, parameters a and CS
have been shifted by 30 days to earlier dates. Runoff volumes for the winter half year (October – March), summer
half year (April – September) and hydrological year are listed in Table 3.
Table 3. Seasonal redistribution of runoff for 2001 due to climate change.
Winter
Summer
Hydrological Year
106m3
%
106m3
%
106m3
%
Measured
93.2
10.3
808.2
89.7
901.4
100
Computed, T
99.7
11.1
798.2
88.9
897.9
100
Computed, T+4°
256.7
29.8
604.1
70.2
860.8
100
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Figure 5. Runoff simulation in the hydrological year 2001

Figure 6. Computed runoff in 2001 (see Figure 5) compared with the climate affected runoff (T+4°).
In the warmer climate, the runoff in the winter half year is increased nearly three times at the expense of the
summer half year. The runoff peaks are moved from May to March – April. Also, they are lower, but this effect is
not generally valid. In another year, a different timing of snowmelt and rainfall may enhance runoff peak instead of
reducing it.
For a second example of the evaluation of climate effect, the year 1987 has been selected because it has an
unusual runoff pattern. Also, it has an unusually high accumulation of snow on 1 April, so that the seasonal snow
cover is preserved in the warmer climate (+4°) in all elevation zones, as shown in Figure 7. Looking back on Figure
2, there is a similar survival of the seasonal snow cover for T+4° in 1979, which was also a year with abundant
snow.
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Figure 7. Depletion curves of the snow coverage (CDC) in 1987 as measured and as influenced by a warmer climate
T+4° (CDCCLIM).
Figure 8 shows an unusual measured runoff with sharp peaks and declines. Nevertheless, the hydrograph
was successfully simulated by P, T and the CDCs. The peak in May was evidently caused by snowmelt, followed by
a decrease due to a cold spell. In June, the definitive decrease of runoff was caused by the diminishing snow
coverage. This example illustrates the possibilities for runoff forecasts, based on temperature and precipitation
forecasts. It is only necessary to use the forecasted P, T, instead of P, T from a climate scenario.

Figure 8. Runoff simulation in the hydrological year 1987
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With CDCCLIM, T+4° and P unchanged, a runoff hydrograph is computed and compared with the computed
runoff (CDC, T, P) In Figure 9. Parameters a, CS, CR, LR, TCRIT have been shifted by 30 days to earlier dates.
Numerical data are listed in Table 4.

Figure 9. Computed runoff in 1987 (see Figure 8) compared with the climate affected runoff (T+4°).
Table 4. Seasonal redistribution runoff for 1987 due to climate change.
Winter
Summer
Hydrological Year
106m3
%
106m3
%
106m3
%
Measured
203.98
15.4 1119.55 84.6 1323.53
100
Computed, T
159.279 11.9 1183.53 88.1 1342.80
100
Computed, T+4°
319.163 25.5 934.085 74.5 1253.24
100
In a warmer climate, the distinct two runoff peaks occur approximately one month earlier. This indicates
possibilities to predict the timing of future floods in a new climate. This time the shifted runoff peaks are only
slightly lower. The yearly runoff for T+4° is moderately lower compared with the runoff for T, possibly because the
proportion of rainfall compared with snowfall (CR < CS) increases.
CONCLUSIONS AND OUTLOOK
For modelling the climate-affected snow cover and runoff, model parameters should be adjusted to a new
climate (Elias et al., 2016). Evaluations are possible for a hydrological year or for a sequence of years according to
climate scenarios. The following effects of climate change (in this paper limited to temperature increase) can be
evaluated:
• Reduced accumulation of snow in terms of water equivalent on 1 April.
• Accelerated depletion of the snow coverage in the snowmelt season.
• Increased runoff in winter at the expense of summer.
• Shift of the seasonal flood peaks to earlier dates.
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Such changes have been observed and may be expected to continue (Wuebbles et al., 2017). It is the task of
the modelling community to provide quantitative results for specific plausible future conditions. These evaluations
are useful for community and water resource planning and decision making. In addition to these long-term
predictions for climate change, runoff can be forecasted in real time by using short-term temperature and
precipitation forecasts.
Apart from Rio Grande near del Norte, runoff simulations have been successfully carried out in 24 basins
within the Rio Grande catchment (Elias et al., 2015). With the sets of parameters thus established, these basins are
ready for continued and future evaluation of the impact of the climate change on snow cover and runoff. In addition.
Runoff simulations using SRM could be compared with others from physically based models to evaluate the
consistency and variability between predictions using differing fundamental assumptions.
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