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Abstract

The Himalayan region of Nepal and northern India experiences hydrological extremes from monsoonal floods during July to September,
when most of the annual precipitation falls, to periods of very low flows during the dry season (December to February). While the monsoon
floods cause acute disasters such as loss of human life and property, mudslides and infrastructure damage, the lack of water during the dry
season has a chronic impact on the lives of local people. The management of water resources in the region is hampered by relatively sparse
hydrometerological networks and consequently, many resource assessments are required in catchments where no measurements exist. A
hydrological model for estimating dry season flows in ungauged catchments, based on recession curve behaviour, has been developed to
address this problem. Observed flows were fitted to a second order storage model to enable average annual recession behaviour to be examined.
Regionalised models were developed, using a calibration set of 26 catchments, to predict three recession curve parameters: the storage
constant; the initial recession flow and the start date of the recession. Relationships were identified between: the storage constant and
catchment area; the initial recession flow and elevation (acting as a surrogate for rainfall); and the start date of the recession and geographic
location. An independent set of 13 catchments was used to evaluate the robustness of the models. The regional models predicted the average
volume of water in an annual recession period (1st of October to the 1st of February) with an average error of 8%, while mid-January flows

were predicted to within £50% for 79% of the catchments in the data set.
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Introduction

The Himalayan regions of Nepal and northern India
experience the full range of hydrological extremes. Up to
80% of the annual rainfall occurs during the monsoon
(Thapa, 1993) and the corresponding peak flows during July/
September may be 10 to 40 times the average dry season
flows of December/ February. While floods can cause acute
disasters, including the loss of human life, property and
infrastructure, the lack of water during the dry season has a
chronic impact on the lives of local people, particularly as
most of the population depend directly on agriculture for
their livelihoods. Shortages of water during the dry season
reduce yields from irrigated crops and threaten the food
security of the region.

Integral to any effective water resource management is
the quantification of the natural availability of water within
a catchment area. In catchments where gauging stations exist

and flow records are available, this assessment may be
undertaken by analysing the observed hydrographs.
Measures of the average volume of water available on an
annual, or monthly, resolution and estimates of the variability
of daily flows may be obtained directly from the
observations. However, the network of gauged catchments
is very sparse in the Himalayas and estimates of resource
availability are commonly needed in ungauged catchments.
Hence, there is a requirement for regionalised hydrological
models that estimate resource availability, based on readily
obtainable catchment characteristics.

Background

To predict aspects of Himalayan flow regimes, a number of
models have been developed; many to assess the
hydropower potential of ungauged catchments. For example,

891



H.G. Rees, M.G.R Holmes, A.R.Young and S.R. Kansakar

the Water and Energy Commission Secretariat of Nepal
estimated flow duration statistics in ungauged catchments
in Nepal using linear regression-based models (WECS,
1990). In north-western India, Singh et al. (2001) developed
regional flow duration curves for nine regions in the
Himalayas for planning micro-hydropower projects. A
regionalised flow estimation method was developed by Rees
et al. (2002) to enable flow duration curves to be estimated
using catchment characteristics in rain and snow-fed zones
of both Himachal Pradesh (India) and Nepal.

The use of flow duration statistics enables exceedence
probabilities to be assigned and, hence, the dependability
of a given flow can be assessed. However, from a water
resources perspective, the temporal sequencing of flows is
also important. Approximately 90% of the water abstracted
in Asia is associated with irrigated agriculture (FAO United
Nations, 1999); this usage commonly coincides with the
dry season, when competing demands for water reach a peak.
Hence, the ability to assess the availability of water
throughout the agricultural calendar is important for
effective management of water resources in the region.

One approach to studying dry season flows is recession
curve analysis. Within the hydrograph, recessions are a
sequence of progressively decreasing flows during periods
with little or no rainfall. This represents water being removed
naturally from the catchment via a complicated combination
of soil and groundwater drainage processes and
evapotranspiration. The rate of decrease in flow is affected
by factors including hydrogeology, soil types, topography,
climate, catchment size and slope. Boussinesq (1877) used
recession curves to describe groundwater flow and Hall
(1968) defined baseflow and described baseflow recession
behaviour. Recently, Moore and Bell (2002) used recession
analysis to model intermittent streamflow and the impacts
of groundwater pumping in English chalk catchments.
Recession analysis has also been used to define drainage
parameters in hydrological models (Harlin, 1991) and Delft
(1995) used observed recession behaviour to calibrate slow
flow drainage coefficients in a two-layer Sacramento rainfall
runoff model. A detailed review of baseflow recession
analysis can be found in Tallaksen (1995).

Recession curve analysis is suited for defining dry season
flows in the Himalayas due to the regular and uninterrupted
nature of the post-monsoon recessions that occur in the
region. The river flows during these periods reflect the
characteristic drainage of catchment storages, which is rarely
interrupted by significant rainfall events. Recession
behaviour is very predictable, with low between-year
variability and, hence, the average annual recession would
provide a good measure of resource availability during an
average dry season. Furthermore, analysis of dry season
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flows separately from the entire hydrograph reduces the
impact of the hydrometric uncertainties associated with
measurement of high flows during the monsoon season.

Recession analysis

Hydrological recessions are conceptualised as ever-
decreasing flows that result from drainage of catchment
storages during periods of little or no precipitation inputs.
The outflow from a conceptual catchment store during a
recession period is assumed to be proportional to a power
of the volume of water stored within the catchment;

q=kSm k>0, m>0 @)
where q = q(t) is the outflow at time t, k is the recession
constant, S = S(t) is the storage at time t, and m is an
exponential describing the form of the storage (m=1 for a
linear store, m=2 for quadratic store, etc.).

When this is combined with the continuity equation;

dS/dt=u—q 2)

Where u =u(t) is the input (i.e. effective rainfall) to the
catchment store then the general Horton-Izzard (Dooge,
1973) model describing the rate of change of flow from the
catchment store can be derived as follows:

dg/dt = a(u-q)q° (3)
where

a=mk'™
and
b=(m-1)/m

A special case of Eqn. 3 exists when inflows are assumed
to be zero, which is to say that the catchment experiences
no effective rainfall during the recession period. The validity
of this assumption was assessed across a selection of
Himalayan catchments for which rainfall data were
available. It was found that rainfall events tended either to
be significant enough to signal the end of the recession
period or insufficient to impact on the observed shape of
the recession curve. Similar observations had been made
by Boorman et al. (1996) who were able to collect high
resolution (30 minute) rainfall data. Hence, it was concluded
that zero inflows could be assumed and Eqn. 3 as shown by
Gill (1976 and 1977) reduce to Eqn. 4 for the case of a
linear store, and Eqn. 5 for a non-linear store.
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. = exp(-kT)q, “4)

Q. =[q*+a.b.T]'P (%)

MODEL DEVELOPMENT

The suitability of the theoretical recession models for
application in the Himalayas was examined using a dataset
of catchments from rain and snow fed regions of Himachal
Pradesh (India) and Nepal. Only catchments with natural
flow regimes and a minimum of ten years’ flow data were
considered: 39 catchments were identified and each full
hydrograph was inspected and quality controlled. The data
set was divided into 26 ‘calibration’ catchments, to develop
the recession models, and 13 ‘evaluation’ catchments that
comprised an independent test data set, see Fig. 1.

Mean daily flow measurements for the Nepalese
catchments were reduced to ten-day average data, to be
consistent with the format of the flow data available for
Himachal Pradesh. Automated procedures identified
recession periods from hydrographs using the following
criteria; a recession was defined to begin at the third
consecutively decreasing flow value and to end at the first
increasing flow value; a minimum recession length of 100
days (ten 10-day flow values) was set to ensure that only

Himachal Pradesh

205056

102620
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the main, annual recession was identified. These criteria
were similar to those used by authors such as Vogel and
Kroll (1992). Examples of annual recessions derived by the
automated methods are shown in Fig. 2.

Annual recessions for the calibration catchments were
identified in this manner and fitted to model forms described
by Eqns. 4 and 5 using linearisation techniques. The
goodness of fit was assessed for discrete values of m =1, 2
and 3 to determine the most appropriate storage model. The
storage coefficient (m) in Eqn. 3 defines the conceptual-
isation of the drainage behaviour of the catchment store.
Considering overland flow, Horton (1945) showed that fully
laminar flow conditions are represented by the third order
storage case (m = 3) and for fully turbulent flow conditions,
m = °/_. Following the Werner and Sundquist (1951)
theoretical analysis of flow from a deep unconfined aquifer,
based on Darcy’s Law and the Dupuit’s assumption, Ding
(1967) concluded that the quadratic storage function
(m = 2) was appropriate for this type of groundwater flow.
The current study suggested that a second order model
performed consistently better than a linear storage model
and comparably to a third order model. No relationship could
be identified between storage coefficient and catchment
characteristics and so a second order model was considered
applicable for the study areas.

106500 106600

Fig. 1. Location of catchments in the calibration (n=26, shaded) and evaluation (n=13, non-shaded) data sets
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Fig. 2. Examples of annual recessions identified by automated procedure

The annual recessions, fitted to a linearised form of the
quadratic form of Eqn. 5, enabled average values of the
three key recession parameters to be identified for each year
of data: the storage coefficient (k), the initial recession flow
(Q,) and the start date for the recession (T ). These values
were then averaged across all years of data for a given
catchment to give an average annual recession parameter.
The range and average values of these average parameters
across the data set are shown in Table 1.

Given the relatively small data set and existence of only a
few recessions in some catchments, the between-year
variability of recession parameters was tested to assess
whether the observed between-catchment variations in
average parameter values could be due purely to sampling
errors. A matrix of t-tests was performed for each possible
combination of catchments in the data set. At a 95%
confidence level 73% of the combinations of catchments
had significantly different values of AVE k, 50% of
combinations had significantly different values of AVE_Q_
and 40% of combinations had significantly different values
of AVE_T . This suggested that the variability of the AVE_k
and AVE_Q_ were unlikely to be due to sampling error, but
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that the variability of AVE_T_may be, in some instances.
Hence, to explain the variation of these recession curve
parameters across the data set, development of models was
warranted.

Regionalised models for recession
curve parameters

Regionalisation of recession curve parameters by developing
relationships between these variables and catchment
characteristics would enable the recession curve model to
be applied in ungauged catchments. Relationships between
the observed average recession parameters and catchment
characteristics were examined over the calibration data set
using Spearman rank correlation analysis. The relationships
thus identified were then examined for intercorrelation with
other catchment characteristics, Table 2.
Multivariate-linear regression techniques were used to
develop relationships between the recession parameters and
catchment characteristics using transformed and un-
transformed variables, see Table 3. The final models and
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Table 1. Statistics for observed average annual recession curve
parameters for the full data set (n=39)

Parameter Box plots!"

Storage coefficient
AVE_k (x107%)
Max = 80512

| . . . |
Min = 113 0 3000 6000 9000 12000
mn Observed AVE_K (X10-8) excluding maximum value

Average = 3404

Initial Recession Flow
AVE_Qo (mm)?!
Max = 700

Min = 86 0 100 200 300 400 500 600 700 800
Observed AVE_Qo (mm)

Average =273

Start Date

AVE To (days)"!

Max =291 °
Min =222
Average = 261

220 230 240 250 260 270 280 290 300
Observed AVE_To (days from Jan 1st)

Notes:

[1] Box plots - centre vertical line marks the median of the sample
and length of each box shows the range within which the central
50% of the values fall, with the box edges (hinges) at the first and
third quartiles, the whiskers from the hinges to + 1.5 times the
inter-quartile range.

[2] AVE Qo is the ten day average flow value expressed as an
equivalent depth per unit area

[3] AVE To is expressed as number of days from January 1%

expressions of model fit over the calibration data set are
also shown.

Catchment 102620 was identified as an outlier
(Studentised residual of 5.4) in Model A and the recessions
from this catchment represented one of the poorest fits to
the second order storage model assumed. Catchment 106500
was identified as an outlier (Studentised residual of 4.7) in
Model B and investigations revealed that this catchment
exhibits atypical runoff behaviour, generating almost twice
the observed average annual runoff of a neighbouring
catchment 106600, possibly due to hydrometric error or
errors in catchment delineation. These outliers were
excluded from the development of the respective models.
Standard checks of parameter collinearity, parameter
significance and distributions of residuals were made.

EVALUATION

The regional models were evaluated using an independent
test set of 13 catchments. The performance of the regional
models with the calibration and evaluation data sets is
summarised in Table 4. The performance indicators, root
mean squared error (RMSE) and average standardised
residual (BIAS), reflect the random and systematic
components of error in the models, (Eqns. 6 and 7).

13 (i i 2
RMSE =\/nz(xOBS ~Xbeeo ) (6)
i=1
BIAS = 12( Xoss _| X pren J (7
ni= XOBS
where X' is the observed parameter value and X', is

the predicted parameter value for catchment ‘i’, evaluated
over all ‘n’ catchments.

The results suggest that the regional models are relatively
robust as the performance over the evaluation data set is
comparable to that over the calibration data set, see also
Fig. 3. Catchments within the evaluation data set contained
values of both the observed recession parameters and the
explanatory catchment characteristics, which were outside
the ranges of these variables shown in the calibration data
set. Hence, assessment of the regional models over this
evaluation data set represents a harsh test as they are being
extrapolated for use beyond the data range used to originally
develop them. This resulted in the exclusion of an evaluation
catchment from the assessment (105362) and prevents strong
conclusions from being drawn regarding the robustness of
the models. Outliers 104280, 105500 and 104393 were
identified by Studentised residuals greater than 3.

DISCUSSION

The average recession constant (AVE k) was found to be
most strongly correlated with catchment area. Larger
catchments experience flatter recessions (smaller recession
constants) which reflects the ‘dampening’ of the recession
response in large catchments. This type of relationship
between recession rates and scale has been noted by authors
such as Wittenberg (1994) who suggested a relationship
between non-linear recession constants and catchment area
for a number of German and Chinese catchments. However,
conceptually, recession rates reflect the physiography of a
catchment and the underlying hydrogeology, with more
permeable systems being associated with flatter recessions
due to slower drainage rates. Such relationships have been
suggested by Mansell and Johnson (1994) in Zimbabwe,
by Pereira and Keller (1982) for Swiss Pre-Alp basins and
by Demuth and Schrieber (1994) for German catchments.
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Table 2. Spearman correlation between observed average recession parameters and catchment characteristics (shading indicates the

catchment characteristics adopted in the final regional models)

Variable Catchment Description Spearman correlation
characteristic coefficient
AVE k AREA Catchment area in km? —0.844
MEAN ELEV Mean elevation of catchment based on a 1x1 km elevation grid derived
from the USGS GTOPO30 data set (USGS, 1996) 0.331
MEAN_ASP Mean aspect, based on a derived 1x1 km aspect grid of discrete values
(360 = north, 180 = south) -0.332
MEAN RAIN Catchment average annual rainfall (mm) derived from a digitisation of
(ICIMOD, 1996) -0.322
FRAC_GT 4500 Fraction of the catchment area above an assumed permanent snow line
at 4500m, derived from the 1x1 km elevation grid —0.049
AVE Qo AARD OBS Observed average annual runoff depth, mean flow expressed as an
equivalent depth over the catchment 0.913
MEAN_ELEV 0.454
CV_ELEV Coefficient of variation of elevation (standard deviation / mean) based
on the 1x1 km elevation grid 0.191
MEAN_ASP As above 0.134
MEAN RAIN As above 0.084
AVE To LAT CENT Latitude of the centroid of the catchment —0.714
LNG_CENT Longitude of the centroid of the catchment 0.663
DIST Geographical distance (decimal degrees) between the catchment
centroid at an origin at Latitude 25.3° Longitude 90.0° —0.659
MEAN ELEV As above —0.769
MIN_ELEV Minimum elevation of catchment based on a 1x1 km elevation grid
derived from the USGS GTOPO30 data set (USGS, 1996) —0.689
SD_ELEV Standard deviation of elevation within a catchment, based on the
1x1 km elevation grid —0.355

Table 3. Regional models for recession curve parameters

Model Regional model Standard error R’
Al AVE_k = 57544 x AREA" 1.45 1 0.88
B AVE_Qo =128.743 x CV_ELEV + 0.0215 x MEAN_ELEV —4.393 27 (mm) 0.41
C AVE_To =291.031 —2.044 x DIST — 0.008 x MEAN_ELEV 10.8 (days) 0.61
Notes:

[1] AVE k (x 10*%)

[2] The standard error is a factorial standard error, because the model for AVE k is logarithmic

In this study, identification of relationships between
catchment hydrogeology and recession rates was hampered
by a lack of geological or hydrogeological data sets of
suitable scale. Coarse geology classifications in Nepal,
mapped at 1:1000 0000 scale, were used to examine possible

896

relationships across the Nepalese catchments. However, no
conclusive relationship could be found and catchments of
very similar lithology exhibited very different recession rates
and vice versa. Catchment area explained the underlying
variability of the recession constant but was not correlated
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Fig. 3. Performance of regional models over calibration and evaluation data sets

Table 4. Performance of regional models over calibration and evaluation data sets

Model Performance indicator Calibration (n=26)  Evaluation(n=13) Comments

AVE k
BIAS —0.062 0.133 Excluding outliers 102620, 104393,
RMSE 802.457 1365.406 105362 and 105500

AVE Qo
BIAS —0.160 -0.310 Excluding outliers 106500 and 104280
RMSE (mm) 27.587 37.137

AVE_To
BIAS 0.025 0.028 Excluding outliers 106500 and 104393
RMSE (days) 11.923 12.212

with the fractional extents of geological classes. To examine Furthermore, as noted by Kinsel (1963), the relationship

whether permanent snow and ice cover had an influence on between recessions and geological factors is complex and
recession rates, the fraction of the catchment above 4500 m will be influenced by site specific conditions. Such
elevation (FRAC_GT _4500) was used; the very weak conditions include; the connectivity of aquifer and surface
correlations indicated this was not supported by the data. waters; the orientation of groundwater storages relative to
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stream networks; and the degree of fracture of confining
material, none of which could be determined from the
geological data sets available to this study. In a review of
baseflow recession analysis, Tallaksen (1995) concludes that
qualitative rather than quantitative descriptions of such
relationships are more commonly reported by researchers.

The two-layer Sacramento rainfall runoff model
developed by Delft Hydraulics (1995) for Western Nepal
included a regional equation for predicting the slow flow
recession constant, using catchment elevation as an
explanatory variable. The equation suggests that high
elevation catchments experienced more rapid rates of
recession than low elevation catchments. However, in the
data set available for this study, catchment area and mean
elevation proved to be intercorrelated (Spearman correlation
—0.26); higher elevation catchments tend to be headwater
catchments and hence small in area. Therefore, in the Delft
Hydraulics (1995) model, elevation may be acting as a
surrogate for catchment area.

The very strong relationship found between the average
initial recession flow and the average annual runoff
(Spearman correlation of 0.91) suggests that the factors
controlling the scale of the runoff processes may also control
the initial recession flows. Higher initial recession flows
could be expected in catchments experiencing higher than
average annual runoff. Therefore, a relationship between
AVE_Q_ and climatic variables could be expected. However,
no such relationships were determined from the data
available and the Spearman correlation for average annual
rainfall was low (0.08). This may be because the use of a
relatively coarse characterisation of rainfall (particularly in
Himachal Pradesh), which is unable to reflect the true
heterogeneity of climatic conditions caused by orographic
effects and the massive variations in local relief.

The regional model for estimating the initial recession
flows shows a weak relationship with topographic variables
average elevation (MEAN_ELEV) and a measure of the
variability of elevation (coefficient of variation CV_ELEV).
High elevation catchments with significant variations in
topography are associated with large initial recession flows.
The elevation-based variables have been shown to act as
surrogates for rainfall and climatic conditions in the region,
Rees et al. (2002). While the nature of relationships between
elevation and rainfall are complex, Singh ef al. (1997)
suggests rainfall increases to a maximum at approximately
1600 to 2200 m elevation and then decreases with increasing
elevation thereafter. Within the Middle Himalayas there is
a general increase of rainfall with elevation, which is
consistent with the form of the regional model. Examination
of the spatial distribution observed AVE_Q_ values for
Nepalese catchments, where better quality average annual
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rainfall data were available, confirmed that annual rainfall
explained approximately 50% of the variance in the model.

Hence, although the final adopted Model B explains only
a small portion of the variance (R* =0.41) this was the best
relationship that could be determined from the available data
sets. It is noted that the uncertainty associated with
estimating initial recession flows in ungauged catchments
using Model B is high. The understanding of initial recession
behaviour would benefit from the collection of flow data
during the post-monsoon period.

The timing of the start of the recession period is shown to
be correlated with geographic location. The DIST variable
reflects the distance of the catchment from the Bay of
Bengal, where the monsoonal weather systems originate,
and the model form indicates that recessions begin earlier
in the most north-western catchments. This is supported by
local observation and studies by authors, such as Chalise
(1996), who notes that the monsoons withdraw from western
Nepal earlier than eastern Nepal. The mean elevation
(MEAN_ELEV) variable may reflect the weakening of the
monsoon as it progresses in a northerly direction, noted by
Kansakar ef al. (2002) to be caused by orographic lifting
over sucessive mountain ranges, which would correspond
to recessions beginning earlier in the northern, higher
elevation catchments.

Model performance

The combined performance of the regional models was
assessed by comparison of observed average annual
recessions with those predicted by the regional models. The
observed average recessions were generated using the
observed parameters AVE_k, AVE_Q_ and AVE_T  and,
hence, represent the long term recession behaviour for a
catchment fitted to the assumed model form (second order).

The measure BIAS, | is a measure of the model’s ability
to replicate the volume of water passing through the
catchment during a recession. This measure is important
from a water resource management perspective, where the
volumetric water requirements during recession periods
must be compared with the natural supply. BIAS, is
calculated as the difference between the area under the
observed and predicted recession curves (during the
recession period), expressed as a fraction of the area under
the observed recession, see Eqn. 8.

Z (QéJBS - Qli:’RED)
BIAS o =5—F—— ®)
> Qe

where Q' is the observed 10d flow value at time ‘i’ in
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cumecs, Q... is the predicted 10d flow value at time ‘i’ in
cumecs, and the ‘n’ flow values considered are from the 1st
of October to the 1st of February (inclusive), 13 individual
10 d flow values. This period covers the recession periods
observed in the data set and, hence, represents the period at
which competition for water resources will be at a peak.

Over the full data set (n=39) the average BIAS,, was
found to be —0.08 suggesting that, on average, the annual
recession volume between 1st of October to the Ist of
February was over estimated by 8%. This average error was
halved if the six outlier catchments were excluded from the
assessment. Of the 39 catchments, the BIAS,  was
predicted to within £25% for 20 catchments, and to within
+50% for 33.

The two catchments where the regional model performs
best (202111 and 107280) and worst (206041 and 102620)
are illustrated in Fig. 4, which shows only the portion of the
recession between the beginning of October to the end of
February. The poor performance of the model in 102620
can be attributed to a poor estimation of the recession
constant ‘k’. This catchment was identified as an outlier
during model development and recessions for this catchment
were poorly described by the second order storage model.
The model in 206041 performs poorly for a different reason:
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here the initial flow of the recession is estimated poorly.
Analysis showed that the overall performance of models in
predicting recession volumes was equally dependent on the
success of the regional model for predicting AVE k and the
model for predicting AVE_Q .

To express the performance of the models in dimensionless
terms the differences between the observed and predicted
10-day flow values were calculated as an equivalent depth
over the catchment area. Use of the absolute sign of this
difference (ABSERR,,,) removed any over- and under-
estimation cancelling out when expressed as a net error.

3600 24x10x|Qbes ~ Qo

ABSER) =
Roeem (1000x AREA)

Where Q' is the observed 10-day flow value at time ‘i’ in
cumecs, Q',. . is the predicted 10-day flow value at time ‘i’
in cumecs, and AREA is the catchment area in km?.

Hence the average error, expressed as an equivalent depth,
could be calculated for each of the 10-day flow periods
between the Ist of October and the 1st of February
(inclusive) is shown in Fig. 5. The average errors put the
uncertainty of the regional models in perspective and show
that the models are able to predict mid-January flows to
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Fig. 4. [llustration of the best model performance in catchments 107280 and 202111 and the worst performance in 102620 and 206041 using
predicted values of AVE k, AVE Qo and AVE To over the period October Ist to February Ist
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Fig. 5. The variation of average ABSERR, ... (mm/km’/10d) for

10d recession flows

within an error in flow representing an equivalent depth of
only 4mm across the catchment. The mid-January
ABSERR_ . .. was found to be less than Smm for 27 of the
39 catchments.

A comparison of mid-month flows for December, January
and February also illustrates the good performance of the
regional models at estimating discrete flow values, see Fig.
6. The mid-January flow was predicted to within £50% of
the observed value, for 31 of the 39 catchments.

The ability of the long term average recession to describe
the observed annual recessions is illustrated for a Nepalese

catchment in Fig. 7.
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Fig. 6. Comparison of 10d flow values from predicted and observed
average recessions

Conclusions

Hydrological models predicting river flow during the dry
season in the Himalayan region were developed successfully
using a recession curve approach. A second order storage
model was shown to be appropriate for most catchments
and the assumption of zero inflows was concluded to be
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Fig. 7. Comparison of observed hydrographs with predicted average recessions for catchment 106600
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valid. Individual annual recessions were identified from long
period, good quality flow records and the recession curve
parameters were derived. An average annual recession was
then defined by the average values of the three recession
parameters k (recession constant), Q_ (initial recession flow)
and T (the start date of the recession period). This averaging
process retains the characteristics of individual recessions
and minimises the impact of between year variability in
recession behaviour.

Regional models enabled the recession parameters to be
estimated for ungauged catchments using catchment
characteristics. The models were tested using an independent
evaluation data set of catchments and were relatively robust.
However, the data set was still relatively small (n=39) and
cannot be regarded as representative of all conditions
experienced in the Himalayan region. Future research should
utilise data from other countries in the Himalayan region
and additional information collected from the ever-
expanding hydrometerological networks in Nepal and
Himachal Pradesh. This would improve the sampling of the
hydrological and physiographical characteristics of the
region and, hence, the understanding of recession responses
in these catchments.

The regional models suggest the following relationships
between recession behaviour and catchment characteristics;

® The recession constant (k) is primarily dependent on
catchment area, with smaller catchments showing
steeper recessions. The datasets available did not allow
relationships between the recession constant and
hydrogeology to be identified. However, conceptually
such relationships should exist and a field campaign
designed to capture recession behaviour in small
catchments with very different permeabilities would
address this knowledge gap. For this reason, the
application of the model to catchments with very
different hydrogeologies to those represented in the data
set should be undertaken with caution. Furthermore,
larger data sets would need to be examined to assess
whether the second order model was the most
appropriate for all catchments in the region. The poor
performance in catchment 102620 may have been due
to an inappropriate choice of storage model or could be
related to hydrometric errors in the data.

® The initial recession flow (Q,) is highly correlated with
annual catchment runoff, with ‘wetter’ catchments
having higher Q_ values. Because of high levels of
uncertainty in rainfall datasets, the regional models for
estimating Q_included no measure of catchment rainfall,
which would be highly correlated with catchment

runoff. Within Nepal, where better rainfall data were
available, the importance of annual rainfall for
determining Q_ was evident. Improvements to the
regional model for estimating the initial recession flow
are likely to be realised if an improved and consistent
characterisation of rainfall for the Himalayas is
developed. Furthermore, the understanding of initial
recession flows would be enhanced by the collection
of flow data during these periods.

® The variability in the start date for recessions (T ) was
effectively described by a model including geographic
location and average catchment elevation. The
relationships suggest that recessions begin earlier in the
western Himalayas, where the preceding monsoon
season is less severe, and earlier at higher elevations,
which also experience lower intensity monsoons due
to orographic lifting over sucessive mountain ranges.
The within-year variability of T_ was relatively low for
a given catchment and local knowledge could be used
to build up a better understanding of the spatial
distributions of recession start dates across the region.
The AVE T value estimated from the regional model
is suitable for use in planning the timing of field
campaigns to capture Q and to quantify recession
behaviour.

Given the limitations of the data sets and the regional
models, their performance for estimating long-term annual
recessions was surprisingly good. The average error
(BIAS,,) in estimating the volume of water flowing from
a catchment over the period Ist of October and the st of
February was —8% and the volume was estimated to within
+25% for 20 catchments, and to within £50% for 33 of the
39 catchments. The prediction of the mid-January flow (Jan
11th), in cumecs, was within £50% of the observed value
for 31 of the 39 catchments, and the average absolute error
expressed as an equivalent depth (ABSERR ) was less
than 5 mm for 27 of the catchments.

The development of models for estimating the average
annual recessions provides water resource managers with
the ability not only to estimate the magnitude of flows in
ungauged catchments, but also the timing of these flows.
This represents significant advantages over techniques such
as flow duration curve statistics, for example WECS, (1990)
and Singh et al., (2001) which lose the information regarding
the temporal sequencing of flows. Hence, recession curve
prediction is particularly well suited for application in the
management of irrigation-type schemes, where water use
can be matched to crop growth requirements at the various
stages of the agricultural calendar.
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