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SUMMARY

The effect of future global warming on the seasonal snow cover
and runoff is evaluated in the Rio Grande basin at Del Norte, Colorado for
average (1976), low (1977), and high (1979) runofT years. Precipitation data
are extrapolated to the respective elevations of the basin by taking into
account the snow accumulation obtained from snow cover mapping by
satellites. Snow covered areas are used as one of the input variables for the
Snowmelt Runoff Model. In order to derive the climate-affected snow
covered areas of the future, the decrease of the areal snow water equivalent
on | April is computed and used to derive new snow cover depletion curves
indicative of the accelerated snowmelt in the warmer climate. Day-by-day
runoff computations using present temperatures and temperatures increased
by +4°C reveal a short-term and seasonal redistribution of runoff which
differs according to the character of the selected hydrological years. Winter
runoffl approximately doubles in 1976 (+ 107%), considerably increases in
1979 (+ 60%), and slightly rises in 1977 (+ 22%). The summer runoff
consequently declines in all years, but the seasonal runoff peaks are shifted
to earlier in the spring as a result of an earlier beginning of the snowmelt
season in the warmer climate.

INTRODUCTION

The objective of this paper is to evaluate the effect of global
warming on snow accumulation and snowmelt runoff in a mountain basin
for dry, near normal, and wet years. The method is extended from just the
snowmelt season to the entire hydrological year so that changes of snow
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water cquivalent at the slart of the snowmclt scason arc properly taken into
account.

In order to quantitatively assess the cflect of global warming on
runoff in mountain basins, snow conditions in the present and {uturc
climatc should be evaluated as realistically as possible. To do this, the
method prescnted here uscs actual satellite monitoring ol snow covered
arcas during a given snowmelt scason Lo arrive al the snow walcr cquivalent
al the beginning of the mell scason. This dilfers from cvaluations published
clscwhere (Gleick, 1987; Lellenmaicr and Gan, 1990; and Kite, 1993) which
usc a simulated snow cover.

A formalized procedurc is uscd to delermine the time shift of the
snow cover depletion curves for a given temperature increasc of the futurc.
These future snow cover depletion curves arc input to the Snowmelt Runoff
Model (SRM), which is uscd for runoff computations in this paper. It is
important to have a formalized procedure that will work in thc samc way
for SRM uscrs worldwide so that climale change responses can be
comparcd. In the casc of a long-lcrm warming, the current datce for the
beginning of the snowmelt scason (1 April in many locations) would be
shifted well into March. This study concentrates on a tecmperature increasce
becausc it is the change most commonly agreed upon, but other aspects,
such as precipitation, can also be taken into account.

It has been pointed out by Klemes (1985) and Becker and Serban
(1990) that calibration models arc not suitablc for climate change studics
because
paramcters
calibrated
under
present
runoff
conditions
cannolt be
meaning-
fully
adjusted o 5 T
for a L—
changed ® mateorologicsl slation
climate. o
SRM ARG
paramcters Ry raservele i
arc
predetermi QP
ned and

I;;Ebrat ed Figurc 1 Situation of the Rio Grandc basin and location of

mctcorological and strcamgage stations
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(Martinec and Rango, 1986; WMO, 1986; and WMO, 1992). When
properly applied, the degree-day method for calculating snowmelt (used by

many models and also by SRM) has a physical basis (Rango and Martinec,
1995),

In contrast to calibrated models, SRM parameter values must stay
within a range limited by physical measurements and hydrological
judgement. Consequently, SRM requires accurate data on snow cover
which are provided by NOAA, Landsat, and SPOT satellites. The degree-
day parameter is evaluated with regard to snow density (if availablc), stage
of the snowmelt season, and presence of glaciers. The runoff coefficient is
an expression of hydrological losses and is estimated by comparing the
annual precipitation and runoff, by taking into account the progression of
vegetation growth and current snow coverage, as well as size of the basin.
The critical temperature (the temperature dividing precipitation events into
either snowfall or rainfall) is estimated by experience with actual
meteorological records and visual observations and stage of the snowmelt
season. The temperature lapse rate of 0.65°C/100 m is commonly assumed
worldwide but can occasionally be increased (or decreased) according to
season and climatic zone. The runoff lag time is determined from
hydrographs or estimated from basin size and shape. For more detailed
guidance on parameter values, the reader is referred to the SRM User's
Manual (Martinec et al., 1994) and Martinec and Rango (1986).

Thanks to the deterministic approach of SRM, parameters can be
altered with regard to a changed climate of the future. In this study, the
degree-day parameter and the runoff coefficient for snowmelt are shifted to
carlier months in accordance with the acceleration of the snowmelt process
and with the shift of snow cover depletion curves. At present there is no
strong evidence in the climate scenarios to indicate changes in the other
parameter values. As the climate change scenarios become more specific,
additional parameter changes will be possible.

STUDY BASIN CHARACTERISTICS

In the Rio Grande basin at Del Norte, CO, the seasonal snow
cover attains the maximum accumulation around 1 April and is melted in
the subsequent months. The locations of meteorological stations and of the
hydrometric station are shown in Figure 1 for this mountain basin. The
basin of the Rio Grande at Del Norte has an area of 3419 km® with an
elevation range of 2432-4215 m a.s.l. For application of SRM, the Rio
Grande is split into three elevation zones: Zone A - 780 km’, 2432-2926 m,
Zone B - 1284 kml, 2926 - 3353 m; and Zone C - 1355 km’, 3353 - 4215 m.
Altitude distribution and elevation zones for model computations
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an important headwatcr Grande basin and locations of the clevation zoncs

basin which produccs spring A+ B, and C
and summer walcr supplics
for southern Colorado, New Mexico, Texas, and the Republic of Mexico.

HYDROMETEOROLOGICAL DATA ANALYSIS AND
INTERPRETATION IN SELECTED YEARS

A widc range of hydrologic conditions were cxpericnced on the Rio
Grandc at Decl Norte in the period of 1976-1979. 1976 experienced flow
close to the long-tcrm average, 1977 was the drought year of rccord, and
1979 had the highest runofT in recent ycars. Using SRM and thesc three
years we can evaluate hydrological responsc to climate change under
average and extreme hydrological conditions, a situation not normally
obscrved in such a short time period. Data arc analyzed and evaluaicd for
all three years (1976, 1977, and 1979), and the results are presented in
tabular and graphical form. The high runoff ycar 1979 is discusscd as an
cxample because there has been much interest in hydrological responsc in
extreme ycars.

Precipitation mcasurements in mountainous regions arc sparse and
somctimes completely missing. When precipitation dala at high altitudes
arc available, they arc suspect becausce of raingage catch deficit and wind
redistribution of the snow. This usually results in the precipitation data
being unreliable and inadequate. Only two mcteorological stations arc
availablc in or very closc to the basin. Totals for the winter and summecr
hal(-ycar precipitation listed in Table 1 indicatc unusually high
precipitation-clevation gradients between the two metcorological stalions
comparcd to previous studics. By extrapolating precipitation to Zone C
(Figurc 2) using such high gradicnts, the basin precipitation appears to be
excessively high and this would lcad, in turn, to unusually high Josses il the
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annual precipitation is
compared with the
runoff depth. Also,
the water equivalent of
the snow cover in the
respective elevation
zones (evaluated in the
next section) does not
show such a high
increase with elevation.
In order to render the
determination of the

Table 1 Precipitation in the basin Rio Grande at Del
Norte during hydrological years 1976, 1977, and 1979

s Del Norte Woll Creck Pass (WCP
Station: D Sttt )| WCPDN
1976 Oct-March 7.42 om 55.42 cm 15
Apr-Sept 18.19 cm 42.70 cm 23
1977 Oct-March 4.04 cm 18.36 cm. 45
Apr-Sept 14.55 cm data missing -
1979 Oct-March 13.79 cm* 134.24 em 9.7
Apr-Sept 14.48 cm 60.83 cm** 12

* February interpolated

** § days missing

basin precipitation more realistic, the average precipitation of both stations
was considered to be representative of the average elevation of the two

stations, i.e., 2823 m
a.s.l. This average
value at 2823 m for
each daily

Tablc 2 Precipitation and runoff in the basin Rio
Grande at Del Norte

precipitation event
was extrapolated to
the hypsometric
mean altitudes of the
respective elevation
zones by a gradient
of 4% per 100 m
elevation difference.
This gradient was
derived from snow
water equivalent
accumulations at
different altitudes in

Precipilaﬁonlmwyalual:d by ¢levation zone | Runoff depth [em] | Runoff cocfficient
inter  Summer  Year Year Year
ZoncA 3004 V.08 59
1976 ZoncB 3563 3449 012
ZoneC 4074 3946  80.20
Basin (weighted by areas)  71.64 0.78 0.250
ZoneA 1075 21,20 3195
1977 ZoneB 1271 2475 3746
ZoneC 1453 806 4259
Basin (weighted by areas)  38.24 18 0.204
ZoncA 7412 3660 11072
1979 ZoncB 88.03 4324 13127
ZoneC 10108 4949 15057
Basin (weighted by areas) 1343 35.36 0.263

the basin and confirmed later by comparing areal snow water equivalents in
Figure 8. When data from one of the two meteorological stations were
missing, available data were extrapolated from the appropriate station
elevation to all zones by the same gradient. Elevation zone precipitation
and basin runoff for the three study years are shown in Table 2. With
regard to the low runoff coefficient for 1977, it may be noted that this was
an exceptionally dry year.

Temperature data were treated similar to precipitation data: The
average temperature of both stations was taken and assigned to the
reference elevation of 2823 m. The average temperature was extrapolated
to all zones by a lapse rate of 0.65°C per 100 m which was seasonally
increased to 0.8 and 0.9°C per 100 m during summer months according to

© 1999 World Resource Review. All rights reserved.

80




World Resource Review Vol /1 No. /

cxpericice in similar basins in the Rocky Mountains (Rango and Martincc,
1979; Barry and Chorlcy, 1970).

EFFECT OF A TEMPERATURE INCREASE ON RUNOFF

Because of atmospheric global CO, content increascs, air
Llemperature is cxpected to conlinue rising throughout the 21st century.
Original estimales of the maximum global (emperature increase by the ycar
2100 as a result of a CO, content doubling were on the order of 4-6°C, but
recent summary studies by IPCC (1996) have reduced that maximum global
valuc to about 3.5°C. In ccrlain regions, however, the maximum increasc
could be higher than 3.5°C. Giorgi ct al. (1994), for ecxample, report a
scrics of runs with global circulation and mesoscale models over the United
Slales, and the average annual increase for the region of the Rio Grande
basin in southern Colorado is 4.0°C resulling from a doubled CO, conlent,
Whether the doubled CO,

conlenl is rcached by the 100[

yecar 2100 or later is not

relevant for this paper. We \
arc interested in the s

hydrological response of the g \
tempcrature increasc '

cvaluate this response, we

\ ’
whecnever it occurs. To %] so = K \

have chosen a +4°C 25 A
temperature incrcase for
analysis.
The widely-used T MAY JUN JuL
model SRM (Martince ct 1979

al.,, 1994) is used in these Figurc 3 Conventional depletion curves of the

cvaluations. The SRM snow coverage in clevation zones A, B, C of the
parameters can be allccted  Rjo Grande at Del Norte, 1979

by a climatc change

scenario. Certain of the parameters can be shifted in time according to the
amount of warming as illustrated by van Katwijk et al. (1993). Other
paramclers can be changed according to the specifications of the climate
sccnario. The temperature input variable has an immediate cffect on the
snowmelt produced by SRM. Snow covered arca monitored by satellites is
another onc of the input variables of this model. The meltwaler production
is computcd from temperature and snow covered arca. SRM uscs an
altitude range of approximatcly 500 m for an clevation zonc to facilitate the
snow cover mapping (avoiding areas too small for the scnsor resolution)
whilc allowing a differcntiated snowmelt computation in diffcrent arcas of
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the basin. As shown in Figure 2, the steep upper part of the area -
elevation curve justifies a greater elevation range in zone C.

Figure 3 shows the conventional depletion curves(CDC) of the
snow coverage

during the 1979 300
snowmelt season Simulated
derived from 250 1 Measured

satellite snow cover
mapping on the
Rio Grande basin.
In the winter, when M
sufficient satellite [M*s7]150
data is sometimes
lacking, a stable 100
complete snow § ;
covcrage was 50 v Ay
assumed in bl AL
February and o s :
March in the zones X XU XL 0o OVOVOVE VIV X
B and C. 1979
s Figure 4 Runoff simulation in the Rio Grandc basin at
1gurc unoll simuiauon in € K10 rande basin a
zgz:zdcc?"clgrtg%se Dt;:]g Norte in hydrological year 1979
temporary, which
means that the model derived the runoff from snowmelt by using
temperature and precipitation data. Figure 4 shows the year-round runoff
simulation with the model parameters in the usual range (Martinec and
Rango, 1986) except for the 4
runoff coefficients which
are low as a result of high
losses in the semi-arid T
climate of this region, s
especially in the lowest (%] 5
elevation zone. As has

200

MDCyyco

been explained in an earlier rMOCexcr

paper (Rango and G N

Martinec, 1994), the \
depletion curves of the —
snow coverage are shifted in 40 60 g0 100 120
a warmer climate towards IM -Z M,y ]

earlier dates. This time Figure 5 Modified depletion curves MDC,,, ,
shift is evaluated by the MDC,,, for existing temperatures of 1979, with

so-called modified depletion the adjustment for an increased snowmelt in the

curves (MDC) which relate  winter due to a temperature increase of +4°C
(shaded area)
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the snow coverage Lo accumulated snowmelt depths (2 M [em]) instead of
lo time. Figurc § shows a modificd depletion curve, MDC,y, for Zonc A
which was derived from the depletion curve in Figure 3 and therefore
includes snowfalls during the snowmelt period. By eliminating this new
snow, MDC,, ., is obtained which indicales the waler equivalent of the
scasonal snow cover on | April 1979 (present climale) for Zone A. The
climate change in this cxample consists of a lemperalurc increasc of +4°C
throughout a ycar. As a result of the warmer temperatures afler the climale
change, more snow will be melled in the winter and some snowflalls will
become rain, so that the snow cover on 1 April will be deprived of a certain
amount of snow waler equivalent, AHW, that would exist in the normal
1979 climate. By running SRM from Oclober through March with
temperatures of 1979 and then with temperatures of 1979 increased by
+4°C, the decrcase of the water equivalent on 1 April 1979 in the new
climale is obtained as lollows:

182
AHW = szl[nn ' Tn ' Sn +n||. Tn (l-su)+PKll]

w M
- E:l[a" ' Tn ! Sn +3“‘ Tn (l-s n)+P Rn]
where
AHW = diffcrence between the present and future arcal water
cquivalent of the snow cover on | April [cm]
a = degree-day faclor [cm °C'd™"]
T = temperature in the present climatc [°C] at the mean
hypsometric elevation in degrec days [°C d]
T’ = temperaturc in the changed climate [T + 4°C] in degrec
days[°C d]
S = ratio of snow covered arca to total arca, present climate
S’ = ratio of snow covercd area to total area, changed climate
P. = rain according to a critical tcmperature, present climalte
P, = rain according to a critical lcmperature, changed climate
182 = the number of days from October through March

Eq. (1 ) thus summarizes thc SRM input to runofl which is composcd of
three sources: a) snowmeclt from the stable snow cover (S); b) melling of
snow which temporarily covers the snow free arca (1-S) (this snow is kept
on storage by thc SRM precipitation algorithm until mclting days occur);
and c) rain. When the temporary snow cover has melted away, this b) tcrm
ccascs to contribute input to runofl. The distinction between a stable and
temporary snow cover in the winter is rather arbitrary due to insufficient
salcllitc monitoring, but the total of the rctrospective proportions of both
snowmelt inputs always cquals 1. Conscquently, 100% of the occurring
snowmelt is computed regardless of whether it is attribuled to the stable or
temporary snow cover. Coming back to Figure 5, AHW is indicated by the
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100
shaded arca and the

winter adjusted modificd

deplction curve 75
MDCy o wa 1S shown in
Figure 6, aller the S

shadced arca in Figurc 5 [%I] 50
is subtracted. This
curve relers to the snow
cover on 1 April in a
warmcr climalc. By
adding mclt depths of )
snowfalls that arc not ¢ 20
converted Lo rain cvents, IM -ZM,, leml

cven in the warmer ; . ; : :
climate, MDC, 1y, i i Figurc 6 Winter adjusted modified depletion curves

: : . MDC and MDC, for & temperalure
21?;?;‘::_‘;{;0‘:&1‘”'““1‘ e ncroass of +4°C in 1970 Zonc A T
conventional depletion curves CDC,y, can be derived. These curves arc
shown in Figure 7 in comparison with the original snow cover depletion
curves of 1979. The water equivalent of the snow cover on | April can be
cvaluated by adding up total precipitation and subtracting snowmelt and
rainfall in the winter half year or by adding up daily snowmelt (new
snowfall excluded) in the summer half ycar. In the first case, the water
cquivalent is the residual from the winter precipitation minus winter input
to runoff as specified in Eq. (1). In the sccond case, it is the arca below the
modified depletion curve MDCpyq, or MDCycr wa- In theory, both
cvaluations would give the same result if precipitation could be accurately
measured and correctly

100 =
\ i cvaluated as
\ representalive zonal
75 !

25

80 100

= amounts, and il thc snow
\ N\ v\ 5y,
1 ' cover monitoring could
S \ \\ S \ c always be obtaincd on a
[%] so[—~ —\g frequent and accuratc
\ \ Cy b b
) ) § asls.
] 1
” ' ‘e Usually,
A NN however, precipitation is
" . AN undcrestimated in
o N MU N mountain arcas,
APR MAY JUN JuL cspecially in the winter
1979 because of the raingage

Figurc 7 Conventional depletion curves in Zones cateh deficit, so that tl_l‘c
A, B, and C of the Rio Grande basin 1979 and time  SNOW cover approach is

shifted deplction curves duc to a temperaturc increasc  considered Lo be a more
of +4°C
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Figure 8 Snow accumulation and ablation in terms of the areal snow water

equivalent (HW) in 1979 for zones A, B, and C, under the present temperature
regime and for a temperature increase of +4°C

reliable indicator (Martinec, 1985). A surprisingly good agreement results
in 1979, with winter precipitation producing similar water equivalents on 1
April as the snow cover monitoring in all elevation zones (see Table 3).
However, comparisons for 1976 and 1977 were less satisfactory. This must
be expected not only in view of unreliable precipitation data, but also with
regard to the use of

approximate critical 300 WINTER SUMMER
temperatures to decide

whether precipitation is B ——rrc

either snow or rain. In soob Te4'C .

addition, if snow is :WV\
redistributed by windin =~ @ 45, i

winter months, the [m3s?] i / \ \
accumulation of 100 H 4

snowfalls as they occur o {\M kY \ )

in the respective 50 i RV
elevation zones may not 4 | oA ’j "-—"y\"\.,.
correspond to snow X XUXE U WM WOV oVIoVHovI X
present there on 1 April. 1979

It is, however, this Figure 9 Runoff for the Rio Grande basin in
rcd.lstrilbutcd SNOW COVCT'  hydrological year 1979 computed for present
which is a source of temperatures and for a temperature increase of +4°C
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Table 3 Waltcr cquivalent HW of the snow cover on 1 April 1979 from the

winter walcr balance and (rom snow cover monitoring during the snowmclt
scason

: I 1TW from:
with | witn IP | IW=EP - winter input
Walerinput: | T THC ATIW | Qcl- MDCpxqg ZEXCLWA
o om | March [ 7 TH°C T T+H°C
iy om om om om
T aTs 0 0
A Z aT(l-S) 282 yiRY
LI 152 2.0 36.94 '221.29)
Tular 10.34 418 74.12 6.8 26.84 $8.10 0.41
T aT$§ 0 3.00
B E aT(l-S) 192 3.63
TP 66 | 1om QR
Total 6.58 16.71 10.13 | 88.03 81.45 71.32 8.3 A8
Z aT$ 0 0
C I aT(l-S) 204 1.68
PRy 151 6.04 *(91.94)
Tolal 5.55 A 217 | 10108 95.53 93.36 94.14 1.87

* Computed by actual AIIW and not by inlerpolated A HW which was uscd Lo cut off the MDCpyq.

runoff in the summer half ycar. Evaluations of the watcr equivalent of the
snow cover on I April 1979 from winter precipitation and snowmclt on onc
hand and from thc modificd depletion curves (MDC) on the other hand arc
listed in Table 3. Figurc 8 illustrates thesc results for 1979: it shows the
winter accumulation of snow on | April as a residual from lolal
precipitation with rain and snowmelt deducted (cumulative curves simplificd
as straight lines) and the retrospective evaluation by MDC, using the
accumulated zonal melt with any new snow excluded, AZMye,. AZM

EXCL
integrates the area below MDCyy ., .(sce Table 3), which is the average

- WINTER SUMMER water cquivalent of the
snow cover on [ April.
250 With temperaturc increasced
L by +4°C, thc winter
T+4°C q
200 accumulalion, as wcll as
Q AZM e wa and MDCp,
[m?2s-1] 150 wa, indicates a smaller
100 water cquivalent on 1 April,
..U\ as is numcrically
50 [ ‘~\ \\_.,_,__w documented in Tablc 3.
| e R The cllcct of a
0 i ‘o
X X oxXu ¢ o W v viovik vt ix lcn:pcralurc lnCr(.:abb of
1976 +4°C on runoff in Lhe '
Figurc 10 Runoff for the Rio Grande basin in  hydrological ycar 1979 is
hydrological ycar 1976 computed for present shown in Figurc 9. For
temperaturcs and for a (cmperaturc increasc of October through March,
+4°C
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SRM was run for temperatures of October 1978 - March 1979 and then for

tempceratures WINTER SUMMER
incrcased by +4°C. 390

For

April-Scptember, 259 — Tec

conventional | e T+4°C

depletion curves, 209

CDC, and Q

climalc-affected [m?s-1] 150

depletion curves,

CDCyy ©f the 100

snow coverage

(Figurc 7) were used 50

as input variables

for the model. i X XL X0t nmomo oW Vo oviovi vmoix

Along wilh the time

shilt of the depletion Figurc 11 Runoff for the Rio Grande basin in

curves, the SRM hydrological year 1977 computed for present temperaturcs
paramecters a and for a temperature increasc of +4°C

(degree-day factor) _

and c, (runoff coefficient for snow) were shifted one month ahcad. This
measurc regarding seasonally changing parameters was suggested in an
carlicr paper (van Katwijk ct al., 1993). More expericnce with climate
cffect modeling will be necessary in order to decide which other parameters
should be shifted and, if higher temperatures incrcasc losses, whether the
runofT coefficients should be decreased

correspondingly in addition to being shifted in time. At prescnt, opinions
vary with regard to an increased evapotranspiration by tempcraturc and a
decreased cvapotranspiration by the CO, increase (Carlson and Bunce,
1991; Gifford, 1988). While various options are kept open, a substantial

increase of losses is
Tablc 4 Redistribution of runoff by global warming in  not considered in
the basin Rio Grande at Del Norle, CO this papcr.

Consequently, the

1977

Hydrological it L (-] temperature increase

ydrologicalyear T 5 T3 : T3 . A :

Natural Igsn;3 1;' :?;2143 92/; :(2)(:96 |§) results in a higher
alur: N . o o B .

197 ComputedT o8 76 | 12045 924 | 1212020 100 winter runoff and a
Computed T +2° | 14676 123 | 104616 877 | 119292 100 lower summer

e | B RS E[SE B ol e

mpule B . B B .

CoantedT +0 [ 19295 .l | 09430 N9 | 775 10 annual runoll
Natural 626 86 | 19037 14 | %66 100 femalning

1977 Computed T 654 243 | 19817 757 | 2171 100 approximately the
ComputedT +4° | T34 22 | 189700 108 | %47 100 same. Figurcs 10

and 11 show the
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Figurc 12 Redistribution of runoff between winter and summer duc Lo a
temperaturc increase of +4°C in 1976, 1977 and 1979

present and climate-affected hydrographs for the years 1976 and 1977
obtained by the same procedure as has been demonstrated for 1979. In
1976, a stable snow cover was assumed in February for zone B and in
February and March for zone C. No stable snow cover was assumed in the
winter 1977 because of the extreme drought conditions. Runoff data for
the selected 3 years are listed in Table 4 and illustrated by Figure 12.

The runoff simulation appears to be less accurate in the winter than in
the summer, probably because snow covered areas have to be estimated and
because the model has to rely more on precipitation and temperature data.
The low runoff volume computed in 1976 for T+4 is at least partially
explained by the increased runoff at the end of September (see Figure 10)
and a carry-over to October which is missing in the yearly total.

ASSESSMENT OF RESULTS

As a result of the hypothetical, post-climate change increased
temperature, a certain part of the pre-climate change summer runoff is
shifted backwards to the winter half year when most of the precipitation
actually falls. The magnitude of this effect varies at different elevations and
from year to year. The greatest increase of the winter input to runoff
occurs if the present temperatures are observed to be ncar 0°C. In this
case, higher temperatures cause greater snowmelt as well as conversion of
some of the present snowfalls to rainfalls. For a temperature increase of
+4°C, there is no effect if the present temperatures are below -4°C. For
already warm present temperatures (considerably warmer than 0°C), a
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further rise causes an increased snowmelt but no change in the snow/rain
ratio. Data in Table 4 reflect these varying conditions. In the dry year
1977, the snow accumulation in winter was small. Consequently, the
proportion of the winter runoff was higher than in the other years, but the
increase in winter runoff in a warmer climate was small, particularly in
terms of the actual runoff. There is a significant redistribution of runoff in
1976 because the winter precipitation was sufficient (although not
exceptionally high) and temperatures were in a favorable range to convert
snowfall to rainfall. The climate effect is also appreciable, but smaller in
1979, partly because of the runoff carry-over from winter to summer due to
the runoff increase at the end of March in the warmer climate. In such
cases the winter runoff does not entirely reflect the increase of the winter
input to runoff.

Aside from the partial shift of runoff volume from the summer to
the winter half year, the runoff pattern is shifted in the snowmelt period
approximately one month ahead as shown in Figures 9, 10, and 11.
Complete hydrographs are presented to enable the reader to make any
additional interpretations. Evaluation of the entire hydrological year is
essential because the climate effect in the summer can be correctly evaluated
only if the climate effect on the winter snow accumulation is taken into
account,

CONCLUSIONS

Climate change should have significant hydrological effects in
mountain snowmelt basins. In order to evaluate the effect of climate
change, it is most expedient to use an established snowmelt runoff model.
Furthermore, it is advantageous to use a non calibrated snowmelt model as
recommended by the World Meteorological Organization (Becker and
Serban, 1990). As a result, SRM was chosen to evaluate the potential
hydrological effects of a +4°C increase in temperature in the Rio Grande
basin at Del Norte, Colorado in the southern Rocky Mountains. Because
the input of the snow cover extent variable to SRM is essential, a
formalized method to calculate the change in snow cover in the future
under conditions of climate change had to be developed. First, input to
runoff from the basin in winter (October-March) is calculated with actual
temperatures and then with temperatures increased by +4°C. The
difference in winter input to runoff between +4°C and actual temperatures
is used to reduce the snowpack water equivalent on 1 April. This change in
snow water equivalent is used to produce new modified depletion curves in
the new climate and, in turn, new climate change-influenced conventional
snow cover depletion curves. These curves are used to calculate the
snowmelt runoff in summer (April-September) for the changed climate.
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The hydrological response was evaluated for an average year
(1976), a record drought year (1977), and a high runoff year (1979). Winter
runoff approximately doubles in 1976 (+ 107%) and considerably increases
in 1979 (+ 60%), whereas a smaller increase is realized in the very dry 1977
(+ 22%). Consequently, the summer runoff declines in all years with the
biggest percentage drop resulting in 1976. The overall annual runoffl
volume remains about the same for this simple +4°C climate change.
Additionally, the summer runoff peaks are shifted to carlier in the spring
and summer months which is evidence of the carlicr beginning of the
snowmelt season in the new climate. Runoff volumes in hydrological years
computed with hypothetically increased temperatures may deviate from the
present volumes (even without a change of model parameters) because of
seasonal changes in flow, the changing snow/rain ratio, and the runoff
carry-over from one runoff season to the next one, not to mention glacier
runofT if glaciers are present in a basin.

Belore these effects are identified and cleared up, it appears
Justified to limit the evaluation of the climate effect to temperature, as was
the case in this study. If other hydroclimatic factors, such as precipitation,
evapotranspiration, temperature lapse rate and recession flow
characteristics, are affected by the climate change, the pertinent variables
and parameters must be changed accordingly. It is therefore essential to
use parameters which are based on hydrological and physical judgement
and not automatically calibrated by the model.
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