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The response of areal snow cover to climate change
in a snowmelt—runoff model
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ABSTRACT. The cryosphere is represented in some hydrological models by the arcal
extent of snow cover, a variable that has been operationally available in recent years
through remote sensing. In particular, the snowmelt-runofl’ model (SR M) requires the
remotely sensed snow-cover extent as a major input variable. The SRM is well-suited for
simulating the hydrological response of a basin to hypothetical climate change because it
is a non-calibrated model. In order to run the SRM in a climate-change mode, the res-
ponse of the areal snow cover to a change in climate is critical, and must be calculated as
a function of elevation, precipitation, temperature, and snow-water equivalent. For the
snowmelt—runofl season, the effect of climate change on conditions in the winter months
has a major influence. In a warmer climate, winter may experience more rain vs snow
events, and more periods of winter snowmelt that reduce the snow water equivalent pre-
sent in the basin at the beginning of spring snowmelt. As a result, the spring snowmelt
runofl under conditions of climate warming will be affected not only by dilferent temp-
eratures and precipitation, but also by a different snow cover with a changed depletion
rate. A new radiation-based version of the SRM is under development that will also take
changes in cloudiness and humidity into account, making climate-change studies of the
cryosphere even more physically based.

INTRODUCTION

ing snow-cover extent, and use this information in the
- X o ) y model. Such measurements are now available operationally
T'he areal extent of snow cover is important in both clima- iri certain countries (Carroll, 1995)

The snowmelt—runofl’ model (SRM), which has widely
been used and documented (Martinec and others, 1994;
Rango, 1992), requires the measured snow-covered area as
one of its driving input variables. In the simulation mode,

tology and hydrology. Because snow is so different from
other natural surfaces, it can have an important effect on
climate. In the Northern Hemisphere in winter, over 50%
of the land surface can be covered by snow (Foster and Ran-
¢ ) PR e AN 21007 1 » @ o> T QUR
go. 1982), which can have a major influence on we dtht} sys- e SRM ican direetly accept measured remotely sensed
tems and storm tracks. In hvdrology, there are mountainous ’ : " ;
. ’ : ; snow-cover data. In the forecasting or climate-change
areas that receive more than 90% of total streamflow from
snowmelt (Goodell, 1966). This snowmelt-fed runofl’ makes
up about 33% of worldwide irrigation waters, and in some
locations it is responsible for 100% of the irvigation water
supply (Steppuhn, 1981).
Snowmelt-runofl’ models are commonly used as tools in

modes, the SRM must first calculate the snow-cover extent
in the future climate using previously derived relationships
between snow cover, temperature, precipitation and snow
water equivalent, In the forecasting mode, when actual
snow-cover measurements are obtained, these relationships
can be used to update the calculations. In the climate-

evaluating the ellects of climate change (Cooley, 1990, i h
change mode, once the projected future snow-cover extent

Gleick, 1989; Kite, 1993; Pangoulia, 1991; Van Katwijk and _ ; -
others, 1993). The areal extent of snow cover is explicitly 1s_a\';ulahlt‘, l..h.e SEM can thea ba r.m] upiler _Lh.(: ==
climate conditions, and compared with the existing or

required by a few models. Any models that operate on an -
current climate. Climate scenarios that include changes in

areal basis require some sort of information on arcal extent

of snow cover, explicit or implicit, because it is necessary to temperature and precipitation can be accommodated.

know where, in the basin of interest, to apply snowmelt algo-
rithms and rain-on-snow algorithms. Some models cal-
culate the snow water equivalent accumulation using
precipitation and temperature measurements, and from this
calculated snow water equivalent derive a snow-cover
extent value. The main difliculty here is that the measure-
ment of precipitation in mountain regions is seriously
flawed. Major problems with precipitation-gauge catch def-
icits, inadequate numbers of gauges, and extrapolation to
higher elevations are known to exist. Rather than calculate
snow-cover extent with flawed data, it is much preferable
simply to use remote sensing actually to measure the exist-
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Because the SRM is a non-calibrated model, it is appropri-
ate for use in this climate-change mode. The World Meteor-
ological Organization (Becker and Serban, 1990) has
pointed out that it is not appropriate to use calibrated
models for climate-change evaluations, although many in-
vestigators have done so.

The method outlined for use here with the SRM should
be of value for application with any snowmelt-runoff model
that uses snow-cover extent data as an input or output vari-
able. It appears that an increasing number of models are
employing snow-cover patterns to assist in the calculation
of runoff. Leavesley and Stannard (1990) have begun to in-
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corporate snow cover into the Precipitation Runoll’ Model-
ing System (PRMS) model, and Brandt and Bergstrém
(1994) report on experiments to input satellite-derived
snow-cover data to the widely-used Swedish HBV model.
Brandt and Bergstrom (1994) indicate that the satellite data
will become more useful when the snowmelt-runofl models
become more widely distributed in geographical terms. The
Canadian model SLURP (Kite, 1995) employs geographical
information systems to facilitate the input ol satellite-de-
rived snow-cover data to calculate snowmelt runofl” from
large basins. Kirnbauer and others (1994) postulate that
snow-cover depletion patterns are vastly superior to runoll
for evaluating performance of distributed snow models.
This use of snow-cover patterns, as obtained from aerial
photography as an output variable, was demonstrated by
Bloschl and others (1991).

RESPONSE OF SNOW COVER TO A CLIMATE
CHANGE

All models used to evaluate the hydrologic effects of climate
change must make some allowance [or snow cover in the
basin, so that it is adjusted to the new climate conditions. I
no adjustment is made. then erroneous snowmelt runofl’
calculations will result. The snow-cover change that will
result under new climate conditions depends on the topo-
graphical characteristics of the basin and the temperature,
precipitation and snow water equivalent associated with the
new climate. The snow-cover characteristics in the basin at
the beginning of the snowmelt season depend heavily on
how the climate changes during the preceding winter
scason. Although in reality, the amount of precipitation
and perhaps its distribution will be likely o change in the
new climate, the simplest example assumes that the precipi-
tation remains the same for purposes of demonstration. Pre-
cipitation changes can be casily added later, and will be
generally within +20% of the current levels (Nash and
Gleick, 1993). In general, a warmer climate is expected to
prevail during both the snowmelt season and the winter-ac-
cumulation season.

Two major changes take place in winter as temperatures
increase. First, more rain, as opposed 1o snow events, takes
place, resulting in more immediate runofl and less snow ac-
cumulation. Second, the warmer temperatures cause more
snowmelt and runofl’ from the basin during the winter
months. As a result, the snowpack reserves at the beginning
of the snowmelt scason are reduced, and input to snowmelt
models must reflect this.

The following steps are taken in calculating the effect of
increased temperature on snow accumulation and deple-
tion. First, the decrease of the basin snow water equivalent
present at the beginning of the snowmelt season (usually 1
April ) is computed by comparing the simulated winter run-
off (October-March) before and afier a climate change
(temperature increase) during these months. The decrease
ol'snow water equivalent at the beginning of the snowmelt
scason on | April after the climate change is equal to the
difference in the total winter inputs to runoff. Second, the
conventional zonal snow-cover depletion curves, which are
obtained from satellite remote sensing, are converted to
modified depletion curves ( MDCixer, MDCrxer) (Marti-
nec, 19685). As has been explained clsewhere, the arca be-
neath the MDCgxe; indicates the

average water
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equivalent (HW) of the snow cover on 1 April (Martinec
and Rango, 1987). T'hird, in order to take into account the
climate-change effect of the preceding winter half-year, the
MDCgx¢r, must omit any snow that has melted as a result of
the new warmer winter temperatures.

Figure | shows the curves that result from the lowest ele-
vation zone (2432-2926 m a.s.l) for the Rio Grande basin,
Colorado (3419 km®) in 1979 for a +4°C warming, which is
at the lower range of maximum warming in this area as
summarized by Nash and Gleick (1993). When the amount
of winter melt attributed to the +4°C is cut off the
MDCgxcr, the remaining modified-depletion curve is
termed winter adjusted or MDCpxopwa. In Figure 1, it is
apparent that a major reduction, from 58.1 cm to 204 em in
the HW present at the beginning of snowmelt has occurred.
Fourth, the MDCxepawa is used to derive the winter-ad-

Justed modified depletion curve for the new climate

(MDC¢;awa) by the addition of any snowfalls that sur-
vive after the beginning of the melt season in the new war-
mer climate (ie. precipitation events that occur at a
temperature less than the critical temperature [temperature
that separates rain from snow events| afier the +4°C warm-
ing has been imposed). Figure 2 shows that, because some
snowfalls occurred at low enough temperatures to remain
as snow and not be converted to rainfalls, the MDCepiagwa
is slightly higher than the MDCpxcpwa. Finally, these
MDCy 1arwa curves are converted back into the conven-
tional-depletion curves in the new climate adjusted for the
winter effect, ( (JDC( LN WA )

100 L\\
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Fig 1. Modified depletion curves for zone A of the Rio Grande
basin with new snow excluded. The area below MDCyey
indicales the snow=walter equivalent on | April 1979: the area
below MDCiycy yy:y indicates the snow=water equivalent on
L April 1979 with a temperature increase of +4°C.

Figure 3 shows the original CDC and the CDCpiag wa
as a result of a +47C for cach zone of the Rio Grande basin
in 1979, Figure 4 is a conceptual comparison showing the
resulting CDCy gy if the effect of the winter adjustment
was not considered on a hypothetical basin. Too much snow
would be available for melt on 1 April if CDCl;p iy was used,
and an over-abundance of snowmelt runofl would oceur, If
this erroneous over-prediction was not realized, planning to
cope with the climate-change effects would be in consider-
able error.
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Fig. 2. Winter adjusted modified-depletion  curves

MDCryerna and MDCeppagwa (remaining snowfalls
added ) for a temperature increase of +4°C in zone A in 1979,
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Fig. 3. Conventional depletion curves (CDC) in zones 4, B
and C of the Rio Grande basin in 1979, and vesulting climate-
winter adjusted conventional depletion curves (CDCeppa-
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Fig. 4. Original CDC ( present climate) in a hypothetical
basin and the CDCepngna resulling from a temperalure
increase of +4°C in the entire hydrological year. The conven-
tional depletion curve without the winter half-year considered
(CDCeyppag) ts shown.

HYDROLOGICAL RESPONSE TO A CHANGED
SNOW COVER

Once climate scenarios of changed temperature (and preci-
pitation) are available, SRM will automatically change the
snow cover in a given year in consideration of these new

i
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climate variables. With the new snow cover derived as a
function of the winter adjustment, the year-round runoff
under conditions of climate change can be produced. For
the Rio Grande basin, above-normal (1979), below-normal
(1977). and near-normal (1976) runofl years were selected
for comparison. A +4°C temperature increase with precipi-
tation remaining the same was retained for these runs,
although an infinite variety of changes is possible. Figure 5
shows the new hydrograph under conditions of climate
change for 1976,
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Fig. 5. Simulated runoff in the Rio Grande basin for an aver-
age hydrological year (1976) compuled for present lemper-
atures, and for a lemperature increase of +4°C.

It is apparent from Figure 5 and the other hydrographs,
that the spring runofl’ peaks occur anywhere from two to
four weeks earlier, and, generally, the peak is about the
same magnitude or slightly higher. The month of April re-
ceives large increases in runoff, which may require major
adaptation in the operating rules for the regulation of water
storage reservoirs. June and July experience major decreases
in flow, which may further exacerbate the already existing
competition for a limited water supply.

The winter half-year (October- March) experiences an
increased proportion of the total annual runoff because of
the climate-change redistribution of flow. Figure 6 presents
the relative proportion of flow divided between the winter

% of Annual Runoff

il KRy 7 ug T+4™
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Fig. 6. Proportions of winter and summer runoff in selected
years in the present climate ( T) and in a warmer climate
(T +4°C) for the Rio Grande basin.
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months and the summer months (April- September) for the
Rio Grande basin. The largest change is evident in the near-
normal vear (1976). The extreme years do not experience as
large a percentage change, but in the wet year (1979) the
volume change is large, whereas in the dry year (1977) the
already existing drought conditions are intensified.

In all of these year-round climate-change runs, physi-
cally based model parameters such as the degree-day coctli-
cient and the runoff coeflicient are shifted to approximate
the earlier advance ol the seasons and snowmelt (Van Kat-
wijk and others, 1993). Such logical changes in model para-
meters need to be made by all models if they are to be used
to evaluate the effects of climate change. Thus far, these
parameter effects have generally been overlooked.

ADDITION OF A RADIATION MELT COMPONENT
TO THE SRM

Despite the past success with the SRM in both simulation
and forecasting, there are significant drawbacks to a de-
gree-day model. In order to make the SRM more physically
based, and to make it more compatible with additional vari-
ables that may be subject to climate change, a new version of
the SR M incorporating net surface radiation is under devel-
opment (Kustas and others, 1994; Brubaker and others, 1996;
Brubaker and Rango, 1996). Depending on data availability
and user preference, the user would be able to choose
between the simple temperature index version and the
slightly more complex temperature and radiation version.
T'he basic equation for calculating snowmelt in the original
SRM is:

M = aTy (1)

where Ty ("C) 1s the degree-day index and @ (em “C Yd Y is
the degree-day coeflicient. In the radiation SRM version,
Equation [1] is expanded to:

M = a1y + mqRy (2)
where @, (em°C 'd I_; is a restricted degree-day coeflicient,
mq [(emd " (Wm % '] is a physical constant converting
energy to water mass or depth, and Ry (Wm % is the net
radiation index. An immediate advantage of the radiation-
based version is that the a, is not as variable as the simple a
and is casier for the user to estimate. The net radiation ver-
sion can use actual radiation measurements, or can cal-
culate the net radiation based on meteorological data and
topography. As a result, in addition to altered temperature
and precipitation in a hypothetically changed climate, this
radiation-based version can account for changes in cloudi-
ness and humidity that aflect the net radiation received at
the snow surface.

In the original SR M, the basin is divided into elevation
zones for input of remotely sensed snow-covered area. In the
radiation-based SRM, the basin is further subdivided into
aspect/elevation zones to account for differences in solar ra-
diation received. The integrated use of remote sensing and
geographical information systems is necessary (Rango and
Baumgartner, 1996).

o illustrate some of the possibilities of the radiation ver-
sion of the SR M, the model was tested on the Dischma basin
433 km”) in Switzerland, Figure 7 shows a simulated
climate-change scenario based on the 1977 melt season. In
this case, we have a +3"C warming with clouds unchanged
(from 1977 observations), optically thinner clouds, and opti-
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Fig. 7. Simulated climale-change scenarios based on the 1977
melt season in the Dischma basin for a warmer climate
(T + 3 C) with optically-thinner, optically-thicker, and un-
changed clouds.

cally thicker clouds. (In this case humidity remains the
same, although it could also be changed in other scenarios.)
The new model is sensitive to cloud optical thickness. As ex-
pected, optically thinner clouds allow more solar energy to
reach the surface, further increasing the snowmelt during
the shifted peak period carlier in the snowmelt season. The
thicker clouds partially offset the effect of the increased
temperature and resultant melt. Because improved satellite
observations of clouds are becoming available (Simpson
and Gobat, 1995), such model improvements should be use-
ful in the future. Additionally, a new generation of cloud im-
agers associated with the Clouds and the Earth’s Radiant
Energy System (CERES) will be onboard NASAS satellites
starting in 1997 (Wielicki and others, 1996), and should pro-
vide more information for the improved SRM. It is hoped
that general circulation model (GCM ) scenarios of climate
change will also include improved cloud information for the
climate-change evaluations. Rescarch in mesoscale models
and climate-change scenarios may be even better suited for
individual basins than GCM scenarios.

CONCLUSIONS

When snowmelt-runoll’ models are used 1o evaluate hy-
pothetical climate-change scenarios, the arcal extent of
snow cover is an important variable for all models. At a
minimum, maodels should know where the snow is located
in the new climate, so that snowmelt and rain-on-snow algo-
rithms can be applied to the relevant areas ol a basin. The
change of areal snow extent is even more important to the
SRM, which requires snow cover as a driving variable. The
method used by the SRM for calculating the snow cover in
anew climate is described. Results of generating year-round
hydrographs in a new climate (+4°C) are presented for a
near-normal runofl year. A new radiation-based version of
the SRM is also described. The potential for using the ra-
diation version to evaluate not only the effects of changed
temperature and precipitation but changed humidity and
cloudiness is discussed. An example of the effects of chan-
ging cloud optical thickness on the discharge hydrograph is
given.
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