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INTRODUCTION

Snow is a natural reservoir that accumulates water during the winter and releases it during the late spring
and early summer. Irrigation and other human uses rely heavily on the release of water from the snowpack. In
addition, the alpine mountains are ecologically sensitive areas and are inhabited by wild animals and unique plants.
These animals and plants live in harmony with the seasonal cycle of the alpine mountain climate. The snow season
occupies roughly one-third of the cycle in the Sequoia National Forest. Unfortunately, the anthropogenic increase
in CO, concentration will result in a significant threat to this environment. .

In most prior studies of the hydrologic consequences of climatic change, snowmelt runoff is considered to
be either a function of temperature or a function of precipitation (Gleick 1987; Lettenmaier and Gan 1990).
Nonetheless, the greenhouse effect is expected to be accompanied by changes not only in temperature and precip-
itation, but also in radiation, wind, humidity, and the snow/rain ratio (Ramanathan 1981; Washington and Meehl
1983; Manabe and Wetherald 1975; Manabe et al. 1981; Schlesinger 1984; Wilson and Mitchell 1987; Schlesinger
and Mitchell 1987). This study evaluates the impacts of all of the aforementioned changes. In order to evaluate all
these impacts, traditionally used air-temperature-index-based snowmeltrunoff models, such as used by Gleick (1989)
and Lettenmaier and Gan (1990), cannot be used. These air-temperature-index-based snowmelt runoff modeis
cannot determine the impact of changes in radiation, wind speed, and humidity. Therefore, an energy-based snowmelt
runoff model developed by Tsuang (1990) is used for the purpose of this study.

The input data for Tsuang’s (1990) model includes atmospheric pressure, solar radiation in the visible band
andin the near-infrared band, downward longwave radiation, wind speed, humidity, air temperature, soil temperature,
the date, volume and density of snow fall, snow redeposition factor, and initial snow pack temperature, thickness,
and density.

The outputs from Tsuang’s model are the albedo of snow surface, upward longwave radiation, precipitation
temperature, latent heat, sensible heat, conduction energy between soil and snow, advection energy, snow tem-
perature, snow density, snow thickness, snow water equivalent, snowmelt, liquid water content, and the magnitude
and timing of snowmelt runoff.

This snowmelt runoff model has five major characteristics that together are structurally unique: 1) a two-layer
snowmelt runoff algorithm is developed; 2) the variations in the snow albedo are determined as a function of the
snow grain size and the impurities in snow composition; 3) the flux of water in the snow pack is determined by
Darcy’s law; 4) the snow metamorphism of the snowpack is determined; and 5) the model is structured to be readily
used in the analysis of the effects of greenhouse warming on snowmeltrunoff. The model is computer time-efficient,
and the results indicate that the simulated snow water equivalent and snow temperature are in good agreement with
field observations.
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NERGY BALANCE

The model uses an energy balance calculation here for the snow surface layer and the snow lower layer. This
balance calculates the energy flux between the atmosphere, the snowpack, and the underlying soil.

En Balan f 2 now T

The mass of the surface snow layer is involved in the calculations of energy transfer with the atmosphere
and the snow lower layer. The energy balance of the snow surface layer is obtained from

Qs = (1 _a‘v)Rs,v + (1 - am-,)R,'m-, +RI~L —RIT+H _LE +M - GJ,I—LEJ,I (1)

where Q, = net energy change in the snow surface layer (w/m?); R, ,, R, ., = visible and near-infrared solar radiation

on the snow surface (w/m?); o, o, = visible and near-infrared albedo of the snow surface; R, ; = downward longwave
radiation (w/m?); R, = upward longwave radiation (w/m?); H = sensible heat transferring into the snow surface
(w/m®); LE = latent heat transferring from the snow surface to the atmosphere (w/m?); M = advected energy into
the snow surface (w/m?); G, = conduction energy from the surface layer to the lower layer of the snow pack (w/m?);
LE, , = latent heat released from the surface layer to the lower layer (w/m?),

Energy Balan f Lower

The mass of the lower layer is involved in the calculations of energy transfer with the snow surface layer
and the underlying soil. The energy balance of the lower layer of snowpack is obtained from

@

where Q, = net energy change in the lower layer of snowpack (w/m?); G, = conduction energy exchange between

Q,=G, ,+LE, -G, ,~LE

Lg

the snow surface layer and the lower layer (w/m?); LE, , = latent heat released from the surface layer to the lower
layer (w/m?); G, = conduction heat flux to the soil (w/m?); LE,, = latent heat released from the lower layer of
snowpack to the soil (w/m?).

CONTROL RUN

Data from the Emerald Lake watershed, Sequoia National Forest, California (Figure 1), during the 1985/1986
snow season, is used as the control run. These data were obtained under studies funded by the California Air
Resources Board (Dozier et al. 1988). These data have been measured from 1985 to the present. The measurement
site is located at 36°36’N latitude and 118°40°W longitude with an elevation of 2813 m. The data collection
procedures are reported in Dozier et al. (1988) and Marks (1988).

Data available from the Emerald Lake watershed includes all of the model inputs except for the snow
redeposition factors. Snow redeposition is important in the Emerald Lake basin during storm events. During those
storms, significant redeposition occurred due to avalanches and wind scour (Dozier, et al. 1988; Marks 1988). These
snow redeposition effects were not measured. Therefore, it is required that a snow redeposition factor be determined
by calibrating the snow water equivalent. The snow redeposition factor was calibrated to be 0.22 cm of snow water
equivalent per day. Figure 2 shows simulated and observed snow water equivalents.

Figure 3 shows simulated and observed daily average snow temperatures. The simulated snow temperature
varies from a low of -8 °C during the accumulation period to a high of 0 °C during the melt period. The comparison
with the observed values is quite satisfactory as verified by Tsuang (1990).
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RE E NARI

Climatologists agree that a doubling of the present-day atmospheric CO,, which increases downward long-
wave radiation, would cause an increase in surface air temperature and would accelerate the processes within the
hydrologic cycle, causing increases in precipitation, evaporation, humidity, and cloud cover (Schneider et al. 1990).
Therefore, to assess the implications of the greenhouse effect for snowmelt runoff, regional-scale details of future
changes are needed for temperature, precipitation, wind speed, humidity, radiation, and other hydrometeorological
variables. Scenarios for the California region are summarized by Lettenmaier and Gan (1990), who compiled
monthly scenarios. Their scenarios, regarding potential changes in precipitation and air temperature, are derived
from three GCM results (the models of the Geophysical Fluid Dynamics Laboratory (GFDL), the Goddard Institute
for Space Studies (GISS), and the Oregon State University Department of Meteorology (OSU)). Other than pre-
cipitation and air temperature, other climatic factors, especially humidity and downward thermal radiation, may also
have profound impacts on the snowmelt runoff pattern. Unfortunately, these data are not available in the Lettenmaier
and Gan (1990) study, and are not available in most published GCM results.

In order to assess Lettenmaier’s and Gan’s (1990) scenarios, several assumptions are made for the purpose
of this study. Although in doubled CO, experiments, absolute humidity is found to increase substantially, by 40%
in the experiment of Wilson and Mitchell (1987), relative humidity is typically assumed to be invariant. According
to Manabe and Wetherald (1975), the zonal surface relative humidity varies from -1% to 8%, with 0% variation at
a latitude of 35°. Therefore, the relative humidity is assumed to be invariant in this study. The relative humidity
was also assumed to be invariant by Bultotetal. (1988). The increase in the downward thermal radiation is assumed
to have a global value of 15.5 w/m?, out of which 1.2 w/m? is due to direct heating of doubled CO, (Ramanathan
1981). The decrease in solar radiation is estimated to be 0.5 w/m? (Ramanathan 1981). Note that the estimation of
the decrease in solar radiation does not consider the cloud feedback. The wind speed is assumed to be invariant
since not all of the GCMs produce compatible estimates (Lettenmaier and Gan 1990). The temperature differences
and precipitation adjustment ratios are summarized in Table I and Table 2, respectively. The annual average
temperature differences are 4.48 °C using the GFDL scenario, 4.78 °C using the GISS scenario, and 2.12 °C using
the OSU scenario. The annual average precipitation decreases by 10.5% using the GFDL scenario, increases by
8.3% using the GISS scenario, and increases by 0.3% using the OSU scenario.

Table 1
Temperature Shifts in °C for Alternative Climate Scenarios
(after Lettenmaier and Gan, 1990)

Case J F M A M J J A S (0] N D avg.
GFDL | 350 | 435 | 450 | 455 | 5.70 { 6.10 | 435 | 390 | 490 | 430 | 4.10 | 345 | 4.48
GISS | 590 | 460 | 460 | 540 | 3.10 | 4.10 | 390 | 550 | 720 | 530 | 340 | 440 | 478
OSU | 055203 | 131|208 { 1.97 | 268 | 2.12 | 3.12 | 239 | 1.58 | 3.08 | 2.57 | 2.12

Table 2
Precipitation Shifts in % for Alternative Climate Scenarios
(after Lettenmaier and Gan, 1990)

Case J F M A M J J A S O N D avg.
GFDL | -64 | 130 | -76 | -89 | -290{ -53 |-89.0|-11.1]-182| 84 | 189 | 96 |-105
GISS | 210 | 60 | 340 |-23.6| -24 | 280 |-345] 260 |-235130.0 | 240} 150 | 83
OSuU 30 | 130 ] 40 | 360} -70 | 50 1.0 |{-120| 70 |-11.0]-240}-110} 03
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REE E ANALYSIS RE T

Model input for the snowmelt runoff simulations under three GCM scenarios is constructed by adjusting the
temperature of the study site by the GCM-simulated temperature shift from Table /. Station precipitation is adjusted
by the factors listed in Table 2. Relative humidity and wind speed are assumed to be invariant for all three scenarios.
Station downward longwave radiation is adjusted by adding 15.5 w/m® Station solar radiation is adjusted by
subtracting 0.5 w/m>.

n ipitation Rati

Figure 4 indicates the simulated distribution of precipitation temperatures at the study site for the 1985-1986
climatic conditions and for the scenarios of GFDL, GISS, and OSU. In the control run, the temperatures for all of
the precipitation events are below -2 °C. All three scenarios show increases in precipitation temperatures. The
GFDL scenario indicates that 43% of the precipitation events have precipitation temperatures larger than 0 °C. For
the GISS scenario, it is 36%. As a consequence, the snow/precipitation ratio decreases. The snow/precipitation
ratios (by weight) are 66% using the GFDL scenario, and 69% using the GISS scenario. However, the OSU scenario
indicates that although the precipitation temperatures increase somewhat, precipitation temperatures are still below
0 °C and the snow/precipitation ratio remains the same.

In the control run, the temperatures of all the precipitation events are below -2 °C. The study site is located
at an elevation of 2800 m. Atlower altitudes, where air temperature is about 2 °C higher and humidity is 20% higher,
the snow/precipitation ratio would change dramatically due to a small perturbation in air temperature and humidity.
If alapse rate of 4 °C/km is used, as measured in the Emerald Lake Basin, the snow/precipitation ratio at an elevation
below 2300 m would change significantly.

Snow Water Equivalent

Figure 5 shows the simulated daily snow water equivalents. In the control run, the snow water equivalent is
1.39 m, and the snow season lasts 262 days. The marked reduction in average snow water equivalent for all the
climate scenarios is striking. Although the general change in the snow water equivalent is consistent in all the cases,
case-specific changes are observed as well. The changes are more significant using the GFDL and GISS scenarios,
which cause a significant change in the snow/precipitation ratio. The GFDL scenario suggests that the snow season
would end 65 days earlier, and the average snow water equivalent for the period of the snow season in the control
run decreases to 0.63 m, which corresponds to a 44% reduction in the snow water equivalent. The GISS scenario
suggests that the snow season would end 68 days earlier, and the average snow water equivalent decreases to 0.53
m, which corresponds to a 60% reduction in the snow water equivalent. The OSU scenario is more modest.
Nonetheless, it suggests that the snow season would end 26 days earlier, and the average snow water equivalent
decreases to 1.19 m, which corresponds to a 14% reduction in the snow water equivalent.

It should be noted that the shorter snow season decreases the albedo of land surface, since the albedo of snow
is much higher than that of vegetation or soil. The decrease in the albedo implies that there is more solar radiation
absorbed in the land surface. The extra land-absorbed energy would eventually be released into the atmosphere, in
the forms of upward longwave radiation, sensible heat, and latent heat. As a consequence, there would be more
upward longwave radiation, sensible heat and latent heat in the atmosphere. These energies would increase air
temperature, enhancing the regional warming. This effect is called the snow albedo feedback. Similar snow and
sea-ice feedbacks have been identified at high latitudes (Dickinson et al. 1987; Harvey 1988). In addition, changes
in the duration of snow storage may affect the climate in a very remote regions (Dickson 1984; Barnett et al. 1988,
1989; Sikka 1985; Yamazaki 1989).

nowmelt Runoff

Figure 6 shows the simulated changes in the daily distribution of snowmelt runoff. The effect of reduced
snow storage is immediately apparent; in all cases the centroid of the hydrograph shifts to earlier in the year. This
is due to the decrease in the amount of snowfall in relation to rainfall. Runoff increases markedly in all cases for
the winter months and decreases substantially in the late spring and summer. Although the general shifts in the
annual snowmelt runoff hydrograph are consistent in all the cases, case-specific change is observed as well. The
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phase shifts are substantial in the cases of the GFDL and the GISS scenarios, because the simulated temperature
increases are above 0°C. Some spikes in the hydrograph are observed. These spikes are caused by rain instead of
snow, and they pose a possibility of flash flooding during the winter months. The phase shift is less in the case of
the OSU scenario because the simulated temperature increase is more modest than for the other two scenarios, It
should be noted that the shift in the annual distribution of runoff will be critical for water resource management,
That is, for controlled surface water reservoir storage volumes, the seasonal distribution of runoff, and its variability,
is more important than the changes in the total annual runoff.

ON ION

An energy-based snowmelt runoff model is used to study the sensitivity of snowmelt runoff to climatic
variations. An alpine climatic site with an elevation of 2813 m in the Sequoia National Forest, California, was
chosen for the case study. The results indicate that under global warming scenarios derived from three GCM
simulations, the hydrograph of snowmelt runoff shifts between 19 and 93 days earlier and the snow season would
end between 25 to 68 days earlier at the alpine climatic site. The most striking change is the decrease in the
snow/precipitation ratio. There would be more precipitation occurring as rain, resulting in flash floods during the
winter months and the shift in the hydrograph. Elevations below 2300 m would suffer a major impact because a
small increase in air temperature would cause significant amounts of snow to occur as rain.

The decrease in the duration of the snow season will further modify the climate regionaily and globally
through the so-called snow albedo feedback. However, this effect cannot be resolved by running a snowmelt runoff
model alone. In order to obtain this feedback between the atmosphere and the snowpack a climatic model such as
a GCM or a mesoscale model should be coupled to this type of a snowmelt runoff model.

Note that this study uses greenhouse scenarios derived from GCMs. However, current GCMs do not have
good cloud parameterization (Schlesinger and Mitchell 1987). The greenhouse effect may increase water vapor
supply to the atmosphere, thus increasing clouds. Clouds will block solar radiation but will enhance longwave
radiation. The net radiation feedback of the clouds is expected to mitigate the total increase in radiation energy
(Ramanathan et al. 1989a, 1989b). The magnitude of cloud feedback, however, continues to be a major source of
uncertainty. The exact climatic change due to the greenhouse effect cannot be determined until the cloud feedback
analysis is quantified (Schlesinger and Mitchell 1987). In addition, the three GCMs do not have detailed formulation
of land surface terrain. Therefore, the regional climatic change can not be identified until a more detailed formulation
of land surface terrain is completed (Gleick 1989; Verstraete 1989; Avissar and Verstraete 1990).
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Figure 1. Topographic map of Emerald Lake watershed and surrounding
area. The study site is shown by a star. The site is located at the
inflow to the lake (Lake site) (from Marks, 1988).



£

SNOW WATER EQUIVALENT
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Figure 2. Snow water equivalent at the lake site, Emerald Lake watershed,
1985/1986 snow season, where observed data are in circles, sim-
ulated results are in solid line.
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Figure 3. Daily average snow temperature at the lake site, Emerald Lake

watershed, 1985/1986 snow season, where observed data are in
circles, simulated results are in solid line.
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DISTRIBUTION OF PRECIPITATION TEMPERATURE
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Figure 4. Simulated distribution of precipitation temperatures under climatic

scenarios at the lake site, Emerald Lake Basin, 1985- 1986.
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Figure 5. Simulated daily snow water equivalents under climatic scenarios
at the lake site, Emerald Lake Basin, 1985-1986.



SNOWMELT RUNOFF
LAKE SITE, EMERALD LAKE BASIN, 1985- 1986
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Figure 6. Simulated daily snowmelt runoff under climatic scenarios at the
lake site, Emerald Lake Basin, 1985- 1986, where (a) is the results
of the control run, (b) by using the GFDL scenario, (c) by using the
GISS scenario and (d) by using the OSU scenario.
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