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PREFACL

The National Institute ot llvdrology, lRoorkee., established
its second regional centre at Jammu (J & K), 1n 14Y%0., with snow
hydrologic studies as one of its thrust areas in the Western
llimalayas. Ihe western liimalayvas have a large water resources
potential from the snow dominated catchments. which at present is

largely untapped.

Modeliling runoiff has been a central problem of hydrology. 1in
the present report a simple model is presented to simulate snow-
meit runoftf on a monthly bhasis trom a catchment in upper Illima-
lavas. 'I'he model conceptualisation was mainly designed Keepling
data availability and data constraints in mind. l'he model wuses
monthly precipitation 1in the form of rain, snow (SWlk), mean
temperature and snowline elevation (from satellite imageries) as
driving inputs. ''ne results of the model are encouraging. lurther
scope exists, for model genralisation and application to other
catchments in western liimalayas.

I'he case study was carried out hy Sri 5 vV N HKao, 8¢ C,
Western llimalaya regional centre, Jammu under the guidance of DUr
K 5 Hamasastri, Sc I,

Y\
( s.M. SETH

Director
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ABSTRACYT

T'he catchments located in upper llimalayvas have a significant
part under permanent snow cover and (lacliers. Modelling runofft
pbecomes difficult with almost no data trom these parts, lLven 1n
the temporary snow covered zones, the network is generally 1nade-
quate, llowever precipitation characteristics show repetitive
patterns and snowiine movement elevation wise (as ohserved from
satellite imageries) by and large occurs in the same manner each
vear. The location of the permanent snowiine 1is also more or less

~onstant at 4500 M.

A simple runottf model is proposed on a monthly basis to take
advantage aof above mentioned characteristics, using the degree
day approach. T'he model uses monthly rain, snow (SWiK), mean
temperature and snowlline elevation as primary inputs. Model
conceptualisation has been made especially, Keeplng data con-

straints in mind.,

I'he model results are encouraging. ltunottf simulation also
provides a hetter understanding of snowmelt processes, l'arther
scope for model genralisation and application exists, to several

other catchments in western llimalavas,

lv




in ilimalayvas diverse hyvdrometeorologic, topographic and
genlogic conditions make it difficult for modelling. At higher
elevations (Greater llimalayas) a signiticant part ot the catch-
ment 1is under perpetual snow and glaciers. There is almost no
data available from permanent snowcovered zones, except their
areal extent of snow obtained through synoptic coverage of remote
sensing pictures , lven in the seasonal snow cover zone the data
network 1is poor and inadequate. Therefore runotft modelling be-

comes diftficult,

in the present report a simple model based on certain sim-
plitfied assumptions, keeping data constraints in mind, has been
developed on a monthly basis tor a subcatchment ot Chenabh located
in upper llimalayas using conventional data ot precipitation and
temperature besides remote sensing. lhe simple model structure
divides the catchment into several elevation bands and utilises
snowline movement data along elevation bands from remote sensing
imagerlies on a monthly basis. 'he designated elevation bands with
mean showtfall are torced to melt as flow during each month., l'rom
all higher elievation hands (considered as reservolrs) the model
draws melitwater by degree day approach using lapsed temperatures
and degree day factors. Rain on snowiree area 1s converted to
flow wusing simple runoft coetticients. IFfainally the 1ntegrated
tlows are routed through a linear reservolr with an optimised

storage coefticient K using the least square criterion.



I'ne model results are found to be encouraging. l'urther scope

exists, for genralisation and application otf the model to

catchments in Western llimalayas.

other



2.0 REVIEW:

Several snowmelit torecasting models have heen developed 1in
the western countries to suit specific needs and hydrologic
conditons. These are either data intensive and/ or are complex to
handle, very tew models can handle varied hydrologic conditions
in general. The popular ones include SAARR (US Army, 1872}, SiM

{Martenec, 14Y7Y5%), PRMS (Leavesley, 14Y83), etc.

in lndia, several etforts have heen made tor modelling
rainfall-runotft 1in llimalayvan catchments. KRoohani (14Y86) carried
out a detailed study for modeling runottf from several subcatch-
ments 1in Chenab basin. llis model was based on a split watershed
approach by subdividing it into permanent snow covered, temporary
snow covered and snow free zones. lunoft coefficient from the
abaove fhree zones along with two routing coefficients were opti-
mised using the least square criterion tfor computing daiiy flows,.
Seth (1Y8Y) developed a similar model for Sutle) basin using

pattern search optimisation.

Singh et al (19Y93) concluded on an average (10U vyears) the
snowmelt and glacier contribution to be nearly dU % 1in Chenab
catchment upto AKhnoor. Singh (1¥Y0) in another study in Wwestern
lilimalayas found that temperature lapse rate was not constant but
varied significantly each month. Other relevant studies 1n West-
ern llimalayas include those by Upadhayayva (1483), Upadhyvava and
Bahadur (198Z), Jeyram and DBagchi (14821}, Bazchi (1981),

Abb1(1Y83), Woohani and Seth (1Y8Y), Dey et al (1Y83), etc,




4. 0THE PROBLIEM

The catchments in (Greater llimalayas suftfer from poor rain/
snow guage network. lhere is also no data from permanent snow
covered zones, llowever remote sensing pictures provide the much
needed information of snowcover through repetitive coverage,
though 1n a limited sense. lTheretore certain simplitied assump-
tions have been made to build a simple deterministic, distributed
and physically based runoiff model on a monthly basis, suitable to

snow dominated catchments in upper llimalavas.

To 1liustrate the capability ot the model, data trom a
subcatchment of Chenab hasin - Marsudhar river upto birshl guage

site 1s used.




4,0 DESCRIPTION OF CATCHMENT
4.1 General

I'he Chenab catchment has heen described 1n detail bhy Koohani
{1986) and Singh et al (1993), llowever the Marusudhar river
subcatchment of Chenab, upto Sirshi bhridge site relevant to the

study area 1s briefly discussed here,

The Marusudhar river originates at an altitude of 80300 M 1in
the greater llimalayas. ln the beginning two streams namely Datkot
and Gumbar Jjoin to form Warwan river, which is known as Marusud-
har raiver in the lower reaches., Some of the main tributaries of
Marusudhar are llelka Nala, llein Nala, Kair Nala and Nath Nala
upto Sirhsi bridge. liver Marusudhar flows almost north to south
direction till 1ts confiluence with Kivar nala downstream of

Sirshi Ruage site where it meanders east to west,

The tan sﬁaped catchment of bth order stream encompasses an
area ol 4030 sqgkms with elevations ranging from 1700 M to 6000 M,
fhe mean (area) wtd elevation of the catchment 1s 4050 M, Ahout
one third of the catchment is under perpetual snow and glaclers.
T'he permanent snowline is at about 4500 M, T'he seasonal snowline
normally comes down to ZUUU M, almost covering tne entire catch-
ment under snow during winter. lhe catchment 1s virtually a cold
desert with sparse vegetation 1n the lower reaches. 'he geologic
conditions have been reported as Faleozoic sedimentary bhelt and

Metamorphic crystailine {Roohani, 1486),




The catchment is shown 1S figufeé 1 through 3. Area eleva-
tion curve is shown in tig 4, Some important geomorphological
parameters ot the catchment are reproduced here (labhle 1.) from
koohani (1986},

Table 1

Geomorphological parameters of Marsudhar subbasin

1. Area (saqkm) 4535.,00
2, Basin length (km) 85.00
3., Basin shape factor 1.88

4, Length of main

stream channel (km) 109,00
b, brainage density 0.54
6, llelief ratio 0,0
i, Channel slope (%) 2.14
8, SEream trequency 0,18

10. Modified llickok et al

parameter 17482.00
11. Grav's parameter H6,33
12. Ruggedness No. 2.923

4.2 Data Availability And Data Constraints:

pPaily precipitation temperature and flow data are availilahle
tor 18 - 20 yvears since 1467, Precipitation 1s recorded as ran
and snow (snow water equivalent) separately at 6 stations within

the study catchment 1s shown 1in tig 2. The highest station
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{Rikhinivas) is located at an altitude ot 3660 M. Thus elevation
wise the network covers only one third of the catchment., 'l'empera-
ture 1is recorded at Sirshi (1700 M) and Tillar (2165 M) twice a
dayv (Max and Min) within the catchmeﬁt with relatively less
ditference 1in elevation. No temperature data 1is recorded at
higher elevations., Tlherefore temperature data of Sirshi alone
have been used in the present study. lhe network of rain/ snow
gaug€es 1in the catchment is shown in tig 2. A poor network of
rain/ snow gauges is a severe data constraint for computing mean

areal rain and snowfall.

Besides topographic sheets (301l), snowline movement along
time period (months) using remote Sensing imageries for 4 Vears
{14974 - (YY) were obtained from koohani’s (1986) Phd thesis (see
tig 5. & 6.). Precipitation, temperature and discharge data were

obtained tfrom CWC Publications (1990, 1991, 1993).

4.3 Precipitation and lunott Characteristics ot Study Catchment:

‘I'he precipitation and runott characteristics 1n llimalayas
have been dealt at length by Upadhayaya and Lahadur (1982), singh
{1993), Uoohani (1Y86) etc., llowever they are briefly discussed

here relevant to the study area.

Precipitation 1n greater llimalayas 15 predominantly in the
torm of snow. Precipitation occurs almost through out the year 1in
the torm of rain or snow. lhe most important factors controlling

weather and climate in llimalavas are the altitude and aspect. Al-

1
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though rain ceontribution is relatively greater during Monsoon

season its areal influence tapers to elevations at ahout 4000 M.

The winter precipitation resulting from western disturbances
leads to accumulation of snowpack from Nevember to March, The
snowline descends to an average elevation of 2000 M almost cover-
ing the entire catchment. Subsequent spells ot snowtall during
April/ May are not common and are contined to higher elevations
onlv. With increase in temperatures snowmelt begins during Mar/
Apr and the snowline gradually shitts upwards to permanent snow-

line at about 4500 M towards the end ot June /July,

The precipitation pattern in Marsudhar river subcatchment ot
Chenab is depicted in the table 2, below showing 20U vear normals
of six rain/ snow guage stations (also see tig Z),

Table 2.

Precipitation pattern in Marsudhar river subbasin
(20 Year Normals)

5.No station lkie Annual Percentage
(M) PP (Cms) Rain Snow Monsoon

1. Ssirhshi 1700 1034 /1 29 2t
2. Tillar } 2130 104 6f 23 46
3 Yardu 2165 (o 64 36 24
4, Sarkund 2350 61 6 38 26
o. Inshan 4440 102 o3 49 Zb
6. Rikhinivas 4660 154 33 b6 14

Note: Monsoon % 1ncluded i1n llain aliso.
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'he above table gives a plcture of rain as a major contribu-
tor of river flows. lt 1s not actualliy so, instead the converse
is true (as will be discussed later). This 1s because the rain-
tall bhy and large becomes negligible bevond 4000 M, while snow-
tall 1increases with elevation. The area otthe catchment below
4000 M is less than 40 % of the area of the catchment. I'ne water
halance of permanent snowcovered zone {about one third the area)
15 not known. lt could be negative or positive ftor several VYvears
continuousliv, bpuring monsoon period the air temperatures are at
the peak (relatively), which result in snowmelt trom both tempo-
rary and permanent snow zones. lhe monsoon flows carrv (general-
iy} a greater component of snowmelt compared to tlows resulting

from monsoon rains.

The premonsoon Snowers occur mostlv in the form of rain 1n
lower elevations starting in Mar/ Apr and extend upto May/ June.
During this period rain-on-snow 1S common on lower reaches and

occasionalliv at higher reaches,

I'he tlows during October includes mostly subsurface and base
fiows. lhe period ot Nov to leb exibit minimum deviation 1in tlows
which essentially constitute the base tlow. The temporal varia-

bi1lity of ftlows are diagrammatically represented 1in fig 7.

14
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9.0 SIMULATION AND RUNOFIEF MODELING:

5.1 General:

A simple deterministic model bhased partly on degree day
method 18 developed to simulate runoftf (velumes) on a monthly
basis trom a snow dominated catchment, using meteorological
inputs of precipitation and mean temperature., ‘l'he catchment is
subdivided 1nto several elevation bands to give a distributed
eftfect to the model. lhe snowline movement (snow depletion) data
{from remote sensing 1mageries) used by the model lends a reason-

abhle phvsical basis to the model.

9.4 Model structure

‘I'he model fundamentally divides the catchment inte 3 zones.
l'hese 1include the permanent snowcovered zone, the temporary snow
covered zone and the snowiree zone, lkach zone 1s turther subdi-
vided 1nto several elevation bands along the area elevation

curve,

I'he conceptual model algorithm bhased on certain assumptions
may bhe described in following steps. T'he basis of assumptions are
also brietly discussed.'l'he model 1s schematicallyv represented 1n

tigs B & 9.

1. RKain and snow {Snow water equivalent) are handled sepa-

16
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rately on a monthly bhasis starting November each vyear{time
lumped as one month) by the model, Lt is assumed that snow
pack is zero and snowline is located at permanent line begin-

ning November.

2. 'The period from Nov - l'eb is considered to he ths pase
tlow, since it exhibits minimum deviation (see tig 7). Rain-
tall if any 1s converted to tlow using simple runoft coetfi-
cients. Snowmelt is assumed to take place only between March

and Octobher .

3., The permanent zone is assumed to be constituted of a tixed
numher of reservoirs connected in parallel and lLocated in
various elevation bands. lkach reservoir is assumed to bhe of
tjarge’ capacity with vield restricted by lapsed temperatures
and degree day tactors., The assumption is based on snowline
movement data (see tig ) of 4 yvears wherein the permanent
snowline 1s more or less at 4500 M, Variable temperature
lapse rate each month is assumed with base temperature at

zero degree (elsius based on a study hy Singh (1980),

4, 'l'he +temporary gzone is assumed to he constituted of a
variahle number ot elevation hands (with reservoirs connected
in parallel) determined by a genralised snow movement line
{.ee tig 6) each month. Snowline movement (snow depletion
curve} has been genralised based on 4 years ot data., Area of
elevation bands {(under snowl} is numerically a step tfunction

ot the elevation determined bv snow movement iine aleong time

19




{months!). Snowline elevation 1is, however distinct on monthly

hasis. Iflow from temporary zone 1s taken as the sum of:

1) Ilow obhtained by forcing snowpack as melt from relevant
bands along snowline movement, each month upto permanent
snowline position (4500 M) (see table 4.).

ii) IFlow obtained trom all higher elevation bands connected
in parallel using degree day approach, lFiows are how-
ever restricted by availability of snowpack (mean)
in temporary zone, i'lows trom permanent zone are gulded

hy step 4 discussed above,.

5, Snowpack left in each elevation band is carried over to
next month starting March to October in the temporary 2zone,
Snowpack left after Octobher is carried over to March next

vear assuming no melt during Nov to Ikebh,

6, The snowfree zone 1s similarly assumed to be constituted

ot a variable number of elevation bands in accordance Wwith

Q

snow movement line each month. Rain falling on snowiree area
(taken as cumulative area of elevation w»nands below snowline
and assumed as a single reservolir - lumped spatially) is
converted as flow using simple runotfif coefficients tfixed ftor

each month.

{. lain-on-snow 1s a complex phenomena occurring mostly

during premonsocn {Mar, Apr & May). A large amount of heat 1s

20



added to the snowpack. The model handles this 1n a simpiified
manner. wlnce rainguage elevations are known, mean rainftfall
15 Aadded teo snowpack 1n all eievation bands bevond snhowline
and upto and slightly hevond the reporting rainguage eleva-
tion. I'he model impiicitly torces snowpack as melt in rele-
vant eievation bands as described 1n step 4. l'or higher bands
the increased snowpack due to rain on snow is depleted by
normal method of degree day approach, lncreased alr tempera-

tures responsible for rain-on-snow are expected to account

for the melt frem higher elevation bands,

8. Accuracy 1in computations tor mean areal snowpack and
raintfall primarily depend on good or had network and can be
arrived at by various methods. The model computes this as a
mean wtd raintfall and snowpack {(actuai method used for the

catchment under study is discussed later).

g, Ilnitially the snowpack 1s accumulated from Nov to Mar
during winter and mean snowpack is allocated to each eleva-
tion band, Snowtall occurring at highest station is assumed
to hoid good for elevation bands hevond and upto the perma-
nent snoewline (no orography is considered). Snowfall accur-
ring during subsequent months is accounted each month, along

the melt season.

10, Rainfall is assumed to be negligible pevond 4000 M,

11. I'lows from the three zones discussed above are integrated

21




{areal convolution) and routed through a linear reservolir with
an optimal k using least saquare criterion (leosenbrock tech-
nique) to ohbhtain computed tlows., All other parameters are

estimated through trial simulations.

5.3 Sources of Lrror in Model

Following error are likely to occur, when model assumptions

a

do not hold good or have not bheen consilidere

1. Spatial variability 1s not accounted properly as result

oor network ot rain/ snowguages.

e

[a
s

spect and orographic etftfect has not been considered,
3, Movement of snowline mayv not confirm to that used

tor calibration at all times,
4., Permanent snowline position may vary year atter vear.
5. llain-on-snow needs energy budget approach ftor ad-

quare simulation.

5.4 ''he program:

I'he program was coded using tortran /7. llowever, some milnor

changes are required for application to other catchments., The

listing 1s presented in appendix 1.
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6,0 MODEL APPLICATION

.1 General:

The model was applied on study catchment discussed earlier.
The catchment was subdivided into 36 elevation bands. I'he perma-
nent zone was constituted of ten eievation bands starting at 4500
M (see tig #. and table 4.). The remaining elevation bands were
distributed among temporary and snowtree zones consistent with
snowline position each month. Mean snowtall was computed eleva-
tion wise as average of snowdepth located in one or more adjacent
elevation bands, Mean raintfall was computed as wtd average.
Weights were assigned as ratios ot 20 year mean monthly raintall
at a station to the sum of the 20 vear mean monthly raintall of
ail stations within the basin. This approach 1s believed to
induce 1sohevtal pattern to raintall in snowfree zone |(however,

simple arithmetic mean computed raintall did net change model

results signiticantlyvi).

Water vear was assumed to commence from Nev when the snow-

ack was practically zero and permanent snow line at 4500 M. ‘len

e |

vears ot concurrent monthly data of rain, snow (SWk), mean tem-
peraturs and tlow trom 1974 to 1Y84 were used. Abstractions
snowmelt were assumed to be negligible, KRunott ceoefticients
assumed to account for losses trom rainfall during monsoon

son.

23




6.2 Model Calibration and Parameter kstimation

Monthliy time series data of rain, snow, mean temperature and
tflow were examined to obtain an understanding ot the hvdrology of
the catchment tfor the calihration period., The rain contribution
was contined to lower reaches as evident trom area elevation

curve and rainfall data.

S1xX ‘Years at data was used tor model calibration, although
snowline elevation data was availahle for onlv 4 vears. The
genralised _curve tor snowline movement (1ig &) was assumed to
hold good tor entire calibration period., All the parameters were
estimated using trial and error simulation except routing coetfti-
cient k (being sensitive), which was optimised using lesast square
criterion bhy losenbrock technique, The parameter adjustment

through trial simulation include:

i. Degree day factors for each month tfrom Mar to Oct.
4., Monthlv ltainfall runoft tactors
3. Moving snowline position slightly elither side.

4, Monthly temperature lapse rates.

Table 3. shows some of the parameters arrived through trial
simulations (should be near optimal)., Tahle 4. indicates the
snowline movement along elevation hands consistent with 1fig #&.
Parameter for optimisation and optimised value of storage coefti-

cient K (for linear reservoir) 1s given in tabhle b,
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Month

LI

1L

B

Bl =

b =

Tahle 3.

parameters arrived through trial simulation

1 4 4 4 R o] { H ] 10 11 12
Nov Dec Jan I'eb Mar Apr May Jun Jul Aug Sep Oct
= = & 2.0 2.4 2.2 4.3 3.1 4,0 3.1 3.0
0.6 h.h (1.4 1, h .h 0,6 0,6 D.H 0.4 n.g 0.7 0.
2.4 2.3 1.8 1.6 1.2 1.3 2.0 2.1 3.0 3.5 4.0 2.5

0,2 0.2 0.2 0.0h 0,04 U,14 0.Z 0,33 0.4 U.45% U, 40 0.4

= - - - 0,01 n,02 0,04 0.1 0n,41 .17 v,y 0,03

Temperature lapse rate in degree Centigrade/ Km
aintall runott coetticient

Base tlow in depth (Cms), assumed hased an 20 year tlows
durine Nov to leb

Area integration ftactor is the ratio ot cumulative
area nt elevation hands upto snowline ta total area
nt catchment.

Degree dav tactors (Cmg).

25



‘'able 4.

Snowline position along time (Months)

Area 1in
elevation

band

(sqkm)

Mean Month
elevation starting
(M) November

8o
100
100

100
100
100
100
100

100
100
100
100
100

100
100
100
100
100

100
100
100
100
100

100
100
100
100
100

100
100
100
100
100

2000 b
22400 o
250U o
21020 6
2950 &

be 3

3025
3100
3200
3300
3300

0L~ = =

3500
3600
3ol
2800
3900

¢ X O X X

34560 4
4025 Y
4080 ]
4130 10
4170 10

4240 14
42710 10
4320 10
4360 10
4400 10

4430 10
4500 10
4530 11
4610 =
4600 -

4820 =
44900 -
allbi) -
albol) -
2500 —
K400 -

Note: Nov 1s the starting month in column 3. llence
5 1ndicates March, 6 as April and so on.
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MAXK=

ALPl=

TOTAL
TOTAL

I'INAL

4

Table 5.

ROSENBROCK OPTIMISATION PARAMETLRS

1000 MKA'l'= 30

00 BETA= .50

NO OF STAGLS= &

N

UMBER OF FUNCTLON EVALUATIONG=

MCYC= 50

LEpPsY=

VALUE QF OBJECTLIVE FUNCLELON=

Optimised value ot K

X( 1)

+44445310L+02

24 .44 days

27

NSTEPP= 2

00100000
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B0O1.,96220000



6.3 Results and Discussion:

I'ne simulated and observed flows for calibration and valida-
tion perinds are shown in tig 1U. through 11. I'or wvalidation
none ol the parameters were changed except the forcing of snow-
rack along snow movement line was confined to elevation bands
less than 4000 M, T'his 1is because, the snowline movement normally
goes bheyond this elevation. 'he model performance parameters are

shown in table 6.

Table 6

Pertormance Parameters of the Model

Calibration Validation

1. Period (Years) 6,0 4.0
2. Standard error

{CMS) 28,30 34.80
3. Ltftficiency (%) 91.88 BU .30
4. Average absolute

error (CMS) 2,02 2.61
. Percentage absolute

error (%) 2.81 5.b8

1'ne model results are reasonably good considering the data
constraints. 'l'he results generally improved by manipulation of
temperature lapse rate, degree day factors, snowline position and
increasing the number of elevation bands (i.e subdivision of

drainage).
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The cdegree day factors indicated in tahle 3, reflect partial
{or complete) snowmelt flows in any given month depending on the
position of snowline., Once the snowiine reaches 1its permanent
position (4500 M) degree day factors are completely responsible
for snowmelt quantities (i.e no elevation band will he forced by
the model as melt). Several simulation trials indicatted that the
temporary snow zone by and large depleted completely by end of
June/ July. Gross snowmelt contribution (assuming baseflow to be
snowmelt) generally varied from 8 to Y3 percent of the total

simulated flows each yvear during the calibration period of &

vears,




6,0 CONCLUSLONS:

In view of data constraints in catchments located in greater
llimalavas the assumptions made in the conceptualisation of the
praoposed model are reasonably valid., ''he model results are very
encouraging. None of the model parameters are optimised except
the storage constant K. With little changes the model can be run
on a ten dailv basis. Snow cover data instead of snowline eleva-

tion data should he more usetul in modelling.

'urther scope exists, for application and genralisation of

the model to other catchments 1in western ilimalavas,
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200

MALN PROGIRAMML
1TO COMPUTE FLOWS ON A MONTHLY BASLS

FROM A SNOW/ GLACLER DOMINATLED CATCHMENT

DIMENSLION TEMP(12) AESL(36,3),TEM(12,36),RL(12)
DIMENSLON AMELT(12,36),5P(14,36) ITMELT(12),A(2)
DIMENSLION PPT({12,15) ,LOW(L12),B1(12), 000 12),10C(72)
DIMENSLION FLO(L1Z2),HWI(6,12),5PL{36),R1(12),FL{72)
DIMENSLON AMI(1Z2)  WIARK(1Z),DI(12) NM{12),SKEL(H,2)
DIMENSLION DU3) . VI3,3),BL03,3), BLEN(3),EPS(3),tr(10),tf(10)
DIMENSLION AJ(3),(3),AL13,3) AK(3),BK(3),8K1(1)
CHARACTER*10 I'1LI1

WRITEHE*,% ) GLVE QUL PUT FLILK NAMES LFOR UNLT &°
READ{*,44 )LL)

IFORMA'L'{ A )

OPEN(L, MLLE=COMB’ ,STATUS="0LD? )

OPEN(Z, 'LLk="TP’ ,STATUS="0LD? )

OPEN( 3, IFILE=" W’ ,8TATUS=’0LD )

OPEN(4, 1P LK=" XXXX1',5TATUS="0LD? )

OPEN(S, FILE="YYYY’ ,STATUS="0OLD?)
OPEN(6,FLLE=I1LIL , STATUS="NEW? )

OPEN( Y PLLE= 444417 , STATUS="0LD )

OPEN(8, '1LE="OPT117,STATUS="NEW® )

OPEN(Y, LILE="11T44" ,STATUS="NEW")

AREA=3535.00

READ FROM SCRELN

READCY,*)(RL{1),1=1,12)

WRITK(*,*)’GLVE FACTOR FOR OROG AND LI’
WRLITE(6,47)(RLIL),1=1,12)

FORMA'T'{ 'MEAN RAINFALL®',1218,2)

WRLTE(*,%¥) GLlVE RAINFALL RUNOELE LFACTORS LFOR 12 MONTIS®
READ(Y %) (RIML),1=1,12)

WRLTE(*,% ) GLVE BASEFLOWS IFOR 12 MONTUS'®

READ(T *)(BI(L),1=1,12)

WRITE(*,%) GLVE WID AREA IFOR 12 MONTHS ( SNOWKREK) -12 MONTHS'®
READCY,*) (WIARK(L1),1=1,12]}

WRITIE(*, %) GLVE INLITIAL SNOW PACK DisPTIIS (CAL) - 36 DBANDS’
READ(Y,*)(SPL{1),L1=1,36)

READ( Y, ) (DIF(L),1=1,12)

RIEAD Y, *)(NM(L1),1=1,12)

READ{ ¢, * ) (DI(L),1=1,12)

WRLITE( 7, *)GLVE OPI'1 PARAMETERS’

READ(' % ) KM ,MAXK .MKA'l' \ MCYC ,NSTLPP
WRITI(*,* )KM, MAXK, MKAT' , MCYC ,NSTEPP

READ( YV, * ) (EPS(1).1=1,KM)

READ{ Y, * ) LKPSY ,ALPU, BETA

READ(Y ,*)(BK1{1),1=1,KM)

READ FROM FLLES

READ( /7 ¥ ) {SEL(J.K) K=1,2),J=1,7)

READ(4, %) ( (ALSL(J,K) ., K=1,3),4=1,36)

READIS %) (RWI'L L, ) d=1,12),1=1,6)

KN=1

NR=0

DO J=1,14
READCL,* ) (PPI(J,K),K=1,13)
READ(Z,* )TEMP(J)




45

oo

C

(=1

READE S, *)iLOW(J )
FLOW(J )=FLOW(J ) =11 (J)
FORMAYT( 3618 .,1)

END DO

ACCUMULATLE 'TiIE SNOW DURING TIHE YEAR
p=u.

=0,

1;=0.

8=0,

1T=0,

u=o,

DO J=1,5

P=P+PPI(J.3)
Q=R+PPT(J,.5)
R=R+PPT(JL 0 )
S=S+PPI(J,.Y)
T=1+PPI{(J,11)
UzU+PPT({J,13)

END DO
WRLTE(*, %)  CHLCKZ?
bo J=1, 36

LIM(J . B0, 1)S8P(5,1)=P/10+5P1(J)

IIN(J 0, 2)SPI5,2)=(@+1k)/20+5P1(J)

Li(J  EQ,3)SP(b, 4 =(S+ 1) /2048P1L(J)
lF((J.GT.SJ.ANU.(J.LT.II)JSP{&,J}=!S+T+UJ/3U.+SPL(J)
lF((meu.lll.ou.(d.ﬁa.lZ)]SP(b,JI=U/10+5P1(J}
LIt{J,. Lk, 12160 10 866
1F((J'GE.la).AND.(J.LE.ZTJ)THEN
OROGRAPILC FACTOR KEPL ZikkO
SP(b,Jl=5P(b,J—li+sPl(di

BLSL

SPLY.Ji=bPliJ)

LNDLIY

EEND DO

COMPUTLE MEAN WELGHTED RAINFALL MONTHWLSE
DO K=1,12

NN=1

Pp=0

DO M=2,12,.2

PP=PP+PPI{ K, M)¥RWI{NN,K)

NN=NN+1

END DO

AMR(K)}=PP/1LO

END DO

WHLTE{9,41)(AMH(K},K=1,IZ!

bhc=0,

chc=0,

PO 50 N=1,1%2

WRLTE(9,45)(SP(N,J},J=1,36)

LEF(N.GE,5)GO TO 100
FLO(N)I=RE(N)*AMRIN I *WIARIIN)
bhc=bbc+tlo(n)

che=chc+floin)

GO 10 50

CALL SUBROUTLINIE LAPSE 10O COMPUTE TEMPS EKLEVATLON WLSk




100 CALL LAPSE{N,TLEMP,AESL,TLEM,RL)
LEF(N.EQ. 5. OR N, Q. 6,01 N, 10, 7 ) IUEN
CALL RALNSNO{SP,N,AMR, SKL,PPT,AESL,KN)
LS
ENDLL
5000 T=0
C CALL SUBROUTINE ADDSNO TO ADD SNOW DURING CURRENT MONTL
LIY(N,GE,8)CALL ADDSNO{N,PPI,S8P)
DO YH LiP=1,36
FORMAT (12,3619, 2)
LE(LP.GY. 27 )1GO 10 33
LI(SPIN,LP) . Q.0 )GO TO b
IF((AESLILF,3) .10 ,N) JAND, (N.LIE,10) ,AND, (LP.LIE, 27) )TUHEN
AMELT{N,LPI=SP(N,LP)
GO 1O B8
BLSL
ENDLL
AMELT(N, LP)=ERIM (N ) TEM(N, LP )XNM(N)
LIFCAMELT(N,LP) .GE.SPIN,LP) JAMELT(N,LP)=SP(N,LP)
SPIN+1,LP)=SPIN.LP)-AMELT(N,LP}
LN KQ.12) TN
SP{N,LP)=SP(N,LF}-AMELT({N,LP)
SPLILPI=SP(13,LP)
ELSE
ENDLL
SM=(AMELT(N,LP)*ABSL{LP,1) ) /AREA
T="1+5M
CONTLINUL
TMELT(N) =T
WRLTIE(Y, 333 )N, (SP(N.J).J=1,386}
LN B IZIWRLTE(Y, 333N, (SPL(L),1=1,36)
IFINJEQ, 12 IWRLITE(Y, 333 )N, (AMELT(N,1),1=1,36)
FLOCN ) =RE(NY¥AMRINVR*WTARE (N )+ IMELT(N)
bhe=hhc+tloin)-tmelt(n)
chc=che+flo(n)+btin)
CONTINULE
triknj)=hbc
tt({kn)=chc
FORMAT(3412,3)
DO J=1,12
NIE=NKR+1
FA(NR)=EFLOW( )
FCINRI=ELO(I)

END DG
KN=KN+1

LFCEN.LE, 6)G0O TO bU00

DLT=30,62

BK{1)=BK1(1)

CALL SUBROUTLNE ROSEN TO OQOPTIMISE STORAGE COEFEFLITIENT K
CALL ROSBEN(BK,LPS5,KM,MAXK,MKAT' ,MCYC,NSTLEPP,ALPIL, BETA,
V. EPSY . D, BL,BLEN,AJ, 5, AL,AFK, FA, DL, FC)

CALL SUBROUTINE OBJLECT REQULRED BY SUBROUTLINE ROSEN
CALL OBJECT(FA,I'L, BK, SUMN, DLT, I'C)

JK=1

PO NR=1,72
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o

Juo00

C

C

C

C

FA(NRI=FA(NR)+BI(JK)

FCONR)=FCINR)+BI(JIK)

FLINR)=FL{NR)+DBLI(JK)

JEK=JK+1

1IM(JK. BQ,13)JK=1

WRLTE (6, 2000 ) FA(NR) JFCINR) , FLINR)

END DO

write(5,5555)(tr{i),1=1, b).ltf(1).1 1,6)

tormat( ‘rain and snow contribution’ S BEBL2,//,688,2)

CALL SUBROUTINE ERROR 'TO COMPUTE 'THE STATLSTLCAL PARAMETLRS

CALL LERROR(LFA, VL, SE, EIFL,AV,PAV)

WRLTL(*,3000)8L, KIFI'L, AV, PAV

WRLITE( &, 3000} 58, KI'KL , AV, PAV

LfORMAl‘l// 10X, PSTATLISTICAL PARAMETERS’,/,10X,418,2)
sSTOop

END

SUBROUT LNES

SUBROUTINE FOR COMPUTLING LAPSE RATES

SUBROUTLNE LAPSLE(N,TEMP,ALSL, TEM,RL)

DIMENSLION TEMP{12),TEM(12,36),RL(12),ABLI36,3)
Tr=TEMPIN)

DO LK=1,36

TLM(N,LK)‘TT ((LAKSL{LK,2)-1700)/1000)*RL(N))
IF{TEM(N, LK) . LT.0, )TEM(N,LK)=0,

L(TEM{N,LK) .GL,16)TEM({N,LK)=16

END DO

RETURN

END

SUBROUTLING TO COMPUTE OBJECLLIVE FUNCILON
SUBROUTINE OBJECT(LFA, 'L, AKE, SUMN,DLT, I'C)

DIMENSLION FA(72),0C(72),FL(Y2)AKE(3)

AK=AKLI(1)

Cl=DL1/ (AK+U . 5%¥DLT)

2=1.0-C1

FL(1)=rC(1)

DO L=2,12

FL{L)=CI*¥PC( L) +C2XFLTL-1)

END DO

SUMN=0.0

DO 1=1,72

SUMN=SUMN+(IFL{L)-IFA( L) )**x2

ENDDO

WRLTI(*,% ) SUMN® , SUMN

RETURN

LND

SUBROUTINE ROSENBROCK 'TO OPTIMLISE STORAGE COLFIFICLENT
SUBROUTLINE ROSEN{AKE, LPS,KM,MAXK,MKAT,MCYC ,NSTEPP,ALFL, BETA,
V,EPSY,.D,BL,BLEN,AJ, £,AL, ALK, A, DLT, 1FC )

DIMENSION AKI(3), DI3),. VI3, JD.ULIJ d-.ULLNId).LPbt ) AJ(3)
DIMENSLION K(3),AL(3, dl.AhK(dl FC{Y2) FACY2) , KL{72)
WRITI({®,1001)

WRLTE( *, ¥ )MAXK, MKAT , MCYC | NSTEPP  ALPI , BETA ,, KPSY
WiRLTE(S8, 1002 IMAXK , MKAT MCYC, NSTEPP, ALPI, BETA , KPSY
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KAT=1

DO 11=1,.KM

DO JJ=1,KM
Vill.JJ)=0,
Lifll-d4J)00l,002,001

(LA Vill,JJ)=1.0
0ol LND DO
END DO
C WRITE(*,*) ' ClHECKL’
CALL OBJECT(FA, 'L, AKE, SUMN, DL'E, I'C)
C WRLTI( * %) P ClLKCKZ®

SUMO=5UMN
DO 003 K=1,KM
AFK(KI=AKIE(K ]}

004 CONTLNUL
KK1=1
LE(NSTEPP-1)004,005,004
00b O TO 0ol
R CONTLINULE

DO VOB 1=1,KM
LiL)l=Kpsil)

V06 CON'T'LNUL
051 DO 0VOY 1=1,KM
WRLTI(*, %) ClLICK 4°
FBEST=SUMN
AJ(1)=2,
LIM{NSTEPP-1 008,004,008
vy GO TO 00y
00y CONTINUL
E(L)=EPS(1)
00 DiL)=0,0
111=0
38 111=111+1
2hH 1=1
033 DO 010 J=1,KM
01 AKE(J ) =AKE(J )+ L)I*ViL,J)
CALL OQBJECT(FA,IFL,AKE, SUMN, DL, I'C)
KAT=KAI'+1

SUMDL I =1BLEST - SUMN
LECABS(SUMDLL ) -EPSY )011,011,012

ull GO TO Ul1b
Olz CONTLINUL

LI (KAT-MAXK)U13,014,014
014 G0 TO 01o
013 CONTEIRULE

LE(SUMN-5UMO 016,016,017
016 GO T0 018
017 CONTLINULE

DO U19 J=1,KM

AKE{J )=AKE(J ) -1 )¥V(L,d)
01y CONTLINUL

E(L)=-BETA¥LE(L)

LI(AJ(L)=-1.5)020,021,021
0z0 AJ(1)=0.0
DY CONTINUL
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018

L3
0zb
024
VL2

02
026

028
031
030

03b
034

(VR
037

0ZY

039

042
041

043

044

04

GO 10 L2

DELI=DLL)+EL)
E{L)=ALPHX*E( 1)

SUMO=5UMN

DO 023 k=1,KM
AK({K)=AKE(K)

CONTLINUL
LI(AJ(L)=-1.51024,024,040
AJ(1)=0,

CONTLINUL

DO 026 J=1.,KM
LIF(AJ(J ) =0, 5H)026,026,027
GO 'TO 0Z8

CONTINUL

GO 1O 02y
IV(1-KM)030,031,030

GO 1O 032

CONTINULE

1=1+1

(O 10 033

PO 34 J=1,KM
IICAJ(J)=-2.00103b,034,034
GO 1O 258

CONTINUE
LE(1L1-MCYCIOA6,037,037
GO 10 038

CONTINUE

GO 10 015

CONTINUL

DO 039 1=1,KM

DO 039 J=1 KM
AL(L,J)=0.0

ROTATE AX1S

DO 041 1=1,KM

KL=1

po 041 J=1,KM

DO 042 K=KL.KM
AL(l,J}=D(K)*V(K,J)+AL(1,J)
BL{L,J)=AL(L,J)
BLEN(1)=0.,0

DO V43 K=1,.KM
BLEN{1)=BLEM({1)+BL(1,K)*BL{1,K)
CONTiINUE

BLEN{1)=SQRT({ BLEN(1))

DO 044 J=1,KM
V(i,J)=ULI1,Jl/ULEN(1)
CONTLINULE

DO 04b 1=2.KM

l1i=1-1

DO 045 J=1,KM

SUMAVV=D,

DO D46 KK=1,11

SLUMAV=0,

DO 041 K=1,KM
SUMAV=SUMAV+AL(1,K)*¥V(KK,.K)
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046
40

2517

04y

Oo0
04y
01b

Uod
1001
1002

1003
1004
1000
1006
1007
1008
1009
1010

[\

SUMAVV=SUMAVXV (KK .J ) +SUMAVY
BLiL.J)=AL{1,J)-SUMAVYV

DO V4R 1=2,KM

BLEN (1)=0.,0

DO 267 K=1,KM

BLEN(L)=BLEN(L)+BL{L  K)*BL{L,K)
BLEN(L})=S@RI(BLEN(L))

DO 048 J=1,.KM

VILl,d)=BLIL,J)/BLEN{L

KK1=KK1l+1

L UKKLI-MKAT DAY, 050,050

GO 'O Uld

GO 10O 0b1

WRLITIK{R, 1007 JKK1

WILLTLE(H, 1008 KA

WRITI( B, 1004 ) SUMD

DO 052 1X=1,KM

WRLITE(S,1010 ) LX AKLE(1X)

CONTLINUL

FORMAT /7 /710X, " ROSENBROCK MINIMISATLION PROCEDURE’ )
FORMAT( 7/ . 2%, ' PARAMETERS '/ ,2X, "MAXK=",16,4X, "MKAT=",
13,4X, 'MCYC=" , 13 ,4X, 'NSTEPP=" ,12,//,"ALPI=" ,I'd . 2,4X,
CBETA= L IS, 2, 40, TEPSY=S" L 1P13.8)

FORMAT( // . 2X, 'STAGLE NUMBER',12)

FORMAT( /.7 X, "VALUL OF THE OBJECTIVE FUNCTLON=',116.8)
FORMAL( 7, 7X, ' VALUES OF THE LINDEPENDENT VARLABLES'/)
FORMAT( /., /X, 2UX(,12,411)= ,E16.8)

FORMAL(///7,2X, "TOTAL NO OF STAGES=",13)
FORMAT( /. 2X, "TOTAL NUMBER O FUNCTLION EVALUATIONS=’,10)
FORMAT( /,2X, "FINAL VALUE OF OBJECTIVE FUNCTION=’ ,116.8)
FORMAT( /., 2X,211X( ,12,41l) = ,L16,8)
WHLTE(*, %) ClIBCKLIO?

RETURN

END

SUBHOUTINE TO COMPUTE STATISTICAL PARAMITERS
SUBROUTINE ERROR(LFA, 'L, SE,EIIL AV, PAV)

DIMENSLION FA(2) ., 1L{72)

DM=0.

PK=0,

DO J=1,72

DM=DM+LIALJ )

PE=PK+(FA(J)-LILIJ) ) *x2

ENDDO

SE=SORT(PK)

DM=DM/ (2.

o=,

I'1=0,

DO K=1,7%2

FO=FO+{ FAUK)-DM ) *x2

Fl=F14+{FA(K)-FLIK) )¥%2

END DO

Erri=0(rO-1'1 ) /101 %100,

1r2=0,

DO L=1,72

F2=1'2+AUBS{FA(L)-FLIL))
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L4

s

20
AV

LN DO

AV=IY /02
PAV={AV/(2)1¥100,
RLETURN

END

SUBROUTLINE 10 COMPUTE ADDLITIONAL SNOWPACK DURLNG THE MONTL
SUBROUTINE ADDSNO{N1,PT,55P)

DIMENSLON PT(12,15),58P(14,36)

pe=pPrT(N1,3)

W2=P1T(N1,5)

R2=PT(N1,7)

S2=PT(NL,Y)

PA=Pr{N1,11)

UZ=P1I(N1,13)

DO J=1,29

Li(d. EQ,.1)SSPINL,J)=85P(NL, J)+P2/10.
1F1J.E@.Z}SSP(N1,J1=559(N1,J1+(oz+uz)/zu.
1F(J.EQ.3)SSP(N1,JI=SSP(N1,J)+(SZ+TZ)I3U.
lF((J.GT.31.AND.(J.LT.ll!]SsPiNl,J)=S$P(N1,J]

+{S2+LA+UZ /B0,
iF[(J.GT.lUJ.AND.IJ.LE.ZT!}SSP(NI,Jj=SSP(N1,J)+Uz/10.
ENDDO

FORMAT (2717 . 2)

RETURN

KND -

SUBROUTLINE 10 COMPUTE RALN ON SNOW DURLNG PRIEMONSOON
MONTIIS OF MALR, APR AND MAY

SUBKROUTLINE RALNSNO(SP,N,AMR, SEL, PPT,AlSL,KN)

DIMENSLON SP(14,36),AMR|12),SEL{B,Z),PPT(lZ,lb),AESL{36,3}
NN=14

LE(PPLI(N,12), 0,0 )INN=8
lF((PPT(N,IZ).EQ.U).AND.tPPT(N,B).EQ.U))NN=4

DO 20 J=1,NN

L (ALSLIY 21, L1, SELIN,2))GO TO 20
SP(N,J)=SP(N,JJ+AMN{NI
WRLTI(Y, 25 1KN N, J , AMR(N)

FORMAT{ 315,F9.2)

CONTINUE

RIECTURN

END
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