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Abstract

A hydrological modelling framework was assembled for simulating the daily discharge of the
Mandovi River on the Indian west coast. Approximately 90% of the west-coast rainfall, and
therefore discharge, occurs during the summer monsoon (June—September), with a peak during July—
August. The modelling framework consisted of a digital elevation model (DEM) called GLOBE, a
hydrological routing algorithm called THMB (Terrestrial Hydrological Model with
Biogeochemistry), an algorithm to map the rainfall recorded by sparse raingauges to the model grid,
and a modified Soil Conservation Service Curve Number (SCS-CN) method. A series of discharge
simulations (with and without the SCS method) was carried out. The best simulation was obtained
after incorporating spatio-temporal variability in the SCS parameters, which was achieved by an
objective division of the season into five regimes: the lean season, monsoon onset, peak monsoon,
end-monsoon, and post-monsoon. A novel attempt has been made to incorporate objectively the
different regimes one encounters before, during, and after the Indian monsoon, into a hydrological
modelling framework. The strength of our method lies in the low demand it makes on hydrological
data. Apart from information on the average soil type in a region, the entire parameterisation is built
on the basis of the rainfall that is used to force the model. That the model does not need to be
calibrated separately for each river is important because most of the Indian west-coast basins are
ungauged. Hence, even though the model has been validated only for the Mandovi basin, its
potential region of application is considerable. In the context of the PUB (Prediction in Ungauged
Basins) framework, the potential of the proposed approach is significant because the discharge of
these (ungauged) rivers into the eastern Arabian Sea is not small, making them an important element

of the local climate system.
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1. INTRODUCTION

Orography makes the Indian west coast home to the heaviest rainfall in the Indian subcontinent. The
most striking feature of this coast is the presence of the Sahyadris range (upper right inset in Fig. 1),
which runs parallel to the coast and therefore lies perpendicular to the summer-monsoon (June—
September) winds (Rao, 1976). The dominant mode of precipitation is orographic lifting of the
moisture-laden winds blowing from the sea (Sarker, 1966), causing heavy rainfall on the windward
side and distinguishing it from the much drier leeward side. The small area and mountainous terrain
make it difficult to impound water, leading to a large fraction of the heavy summer-monsoon rainfall

flowing into the eastern Arabian Sea through numerous rivers.

Rivers play an important role in the freshwater budget and climate. Although the connection
between water resources and rivers is obvious, river discharge is also an important climate variable
affecting the regional climate system (Han et al., 2001; Howden and Murtugudde, 2001; Montégut et
al., 2007; Shenoi et al., 2002). Recognition of this crucial role played by rivers has led to the
assembling of global databases on river discharge (Fekete et al., 2000; Vorosmarty et al., 1996) and

the construction of numerical models to simulate river discharge on continental scales (Coe, 2000).

In the Indian subcontinent, however, there is a dearth of information on river discharge
(Shankar et al., 2004; SKS04 hereafter). A large number of ungauged rivers along the Indian west
coast, and their high runoff (Fekete et al., 2002), makes numerical modelling the only viable tool for
predicting the potentially large discharge in these ungauged basins (SKS04; Sivapalan et al., 2003).
Therefore, the relevant context for this work is provided by the PUB (Predictions in Ungauged
Basins; Sivapalan et al., 2003) programme. It is thus important to be able to simulate the discharge
of these rivers, while working within the constraints imposed by the available data, which, for the

most part, consists only of a sparse distribution of raingauges.

This need for estimating the freshwater discharge into the seas around India led SKS04 to
assemble a quantitative modelling framework. Their framework is based on Terrestrial Hydrological
Model with Biogeochemistry (THMB), a distributed hydrological model developed by Coe (1998,
2000) (formerly called HYDrological Routing Algorithm (HYDRA)). The framework requires only
the basic data input for any hydrological model, namely, topography, rainfall, and evapotranspiration.
The viability of the framework was demonstrated by SKS04 for the Mandovi (Fig. 1), a typical west-

coast river basin.

Since existing rainfall data sets proved inadequate for capturing the large rainfall gradient

across the Sahyadris, Suprit and Shankar (2008; SSO8 hereafter) developed a method to map the
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rainfall using the sparse raingauge data available. To obtain an accurate rainfall distribution, SS08
interpolated the rainfall separately for the windward and leeward sides, and merged the resultant
maps using a three-point smoothing. Specifying the ridge was the key to reduce the underestimation
(overestimation) of rainfall on the windward (leeward) slopes. The monthly rainfall maps thus
generated were used to force THMB. The annual simulated discharge for the Mandovi river basin
was within the estimated error of ~15-25% (Coe, 2000; Cogley, 1989; Di Baldassarre and
Montanari, 2009; Dickinson, 1967) associated with the observed discharge. Specifically, during
1981-1998, the average error for the discharge simulation was 8% (as compared to the natural

variability of 19%).

In the present work, we extend the efforts of SSO8 to simulate the daily discharge. The higher
temporal resolution demands one major improvement to THMB. SSO08 used a constant partitioning
of the difference of rainfall and evapotranspiration to obtain the surface and subsurface runoff. This
constant partitioning was a good approximation for simulating annual discharge because the annual
discharge of the west-coast rivers does not have any memory (SS08): the discharge over a year
depends only upon the effective rainfall during that year (Fig. 2). The discharge curve starts from
and ends at near zero every year, implying that the discharge of each year is independent of the
discharge of the previous year. Hence, details of the discharge curve are not important for simulating
the annual discharge and constant parameterisation works. To account for the interannual variability
seen in discharge, the framework has to include a more complex rainfall-runoff model than the one
used in THMB. It is the development of this rainfall-runoff parameterisation for THMB, given the

severe data availability constraints, that is the main contribution of this paper.

We begin by describing the hydrological system being modelled and the existing modelling
framework in Section 2. This is followed by the proposed changes to the existing rainfall-runoff
model in Section 3. A further modification to account for the spatio-temporal variation of the
parameters of the rainfall-runoff model is introduced in Section 4. The strengths and weaknesses of

the modelling framework are discussed in Section 5, followed by conclusions in Section 6.

2. DATAAND MODEL

The modelling framework requires rainfall and evapotranspiration data, and a digital elevation model
(DEM) to map the topography of the region. Discharge data, where available, are used to validate

the simulation results and to build the relevant parameterisations.

The Mandovi is typical of the rivers along the Indian west coast, but it is one of the few that

is gauged; it is also one of the best-studied estuaries in India (Shetye et al., 2007). With a length of
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87 km and a basin area of 2032 km? (Rao, 1975), it is entirely rain-fed; hence, the discharge is highly
seasonal in nature. The discharge gauge on the Mandovi is located at Ganjem (Fig. 1), about 50 km
from the mouth (Shetye et al., 1995). The catchment area of Mandovi at the Ganjem is 872 km®.
The daily discharge data for Ganjem were obtained from the Central Water Commission (CWC),
India. Daily rainfall data for 20 stations in and around the Mandovi basin (SS08) were obtained from

the India Meteorological Department (IMD).

Most of the rainfall in the Mandovi basin (~ 90%) occurs during the summer monsoon (June—
September), with negligible rainfall during December—April (SS08; Shetye et al., 2007).
Correspondingly, the daily discharge during December—Anpril is of the order of 0.1 hm’ in contrast to
the peak discharge of the order of 100 hm® observed during the peak summer monsoon (July—
August). Depending upon the phase of the monsoon (active or weak/break phase), rainfall, and
therefore discharge, peaks show large variability even at the peak of the summer monsoon (Fig. 2).
There is also considerable spatial variability in the rainfall in the basin. It increases from west
(coastal plain with scattered hills) to east till the Sahyadris range (heavy rainfall on the steep slopes
and hills), before collapsing in the rain-shadow region (leeward side) farther eastward. The sparsity
of the raingauges — only five raingauges are deployed in the basin — and complex terrain of the

basin, make it difficult to map the rainfall variability in space (SS0S).

The daily forcing fields of rainfall on the model grid are generated in THMB by interpolating
the daily-rainfall data from the 20 raingauges. The interpolation method used is the same as in SS08,
but with an important difference. While SSO8 merged the maps for the windward and leeward sides
using a 3-point smoothing, here we choose to avoid smoothing to permit a sharp decrease in rainfall

across the ridge.

A freely available DEM called GLOBE (Global Land One-kilometre Base Elevation)
(GLOBE, 2004), with a resolution of 30 arc seconds (~ 1 km) is used to map the topography (Fig. 1)
and to derive the basin geometry (SKS04). Owing to its coarse resolution, the GLOBE DEM failed
to resolve the narrow river valley in the Mandovi basin. Therefore, SKS04 developed a tool based
on GRASS GIS (Neteler and Mitasova, 2002) to edit the DEM manually. The edited DEM resolves
the basin geometry accurately and was used by SKS04 and SSO8 to simulate the hydrology of the
region. SKS04 chose the GLOBE DEM for computational reasons. Our objective is not merely to
simulate the discharge of the Mandovi, but to assemble a modelling framework that can be extended
to other west-coast rivers. The larger domain involves a much larger number of grid cells, increasing

manifold the computational time required for the simulations.



The focus of this work is thus on three aspects of the discharge in the Mandovi. First, we
seek an accurate simulation of the observed discharge throughout the rainy period (late May to late
October). Second, the large abstraction during the onset phase of the monsoon (late May) is
important and the attempt to simulate it leads to much of the parameterisation of the rainfall-runoff
model. Third, though the baseflow following the peak monsoon is small, it is almost two orders of
magnitude larger than the lean-season flow and is therefore significant enough (~ 10 hm®) to merit

accurate simulation.

To build the model parameterisation, or to calibrate the model, we use three of the available
18 years (1981-1998) of rainfall and discharge data. The remaining 15 years are used subsequently
to validate the model. The three years (1986, 1990, and 1992) chosen to calibrate the model
represent the interannual variability of the data, i.e., low, high, and average rainfall years. These are
also three of the six years for which rainfall data are available for all 20 stations (Table III in SS08),
thus yielding the best possible spatial rainfall maps. All numerical experiments are carried out for
these three years, and only the results of the final numerical experiment are shown for the other 15

years.

2.1 THMB framework

THMB, shorn of the biogeochemistry, is primarily a routing algorithm. A fully distributed grid
model, based on the instantaneous unit hydrograph (IUH) formulation, THMB is highly scalable and
has been used extensively to simulate water balance for basins of various sizes (Coe 2000; Coe and
Foley 2001; Coe et al., 2007, 2009; Donner et al., 2002; Li et al., 2005, 2007; SKS04; SS08). The
general formulation of THMB is given in Coe (2000), whereas specific details pertaining to the
Mandovi basin are the same as in SKS04 and SS08. Using the GLOBE DEM, the basin is divided
into a uniform grid of size ~ 1 km X 1 km. THMB routes the surface runoff and subsurface runoff
through the network of grid cells to its destination, the sea. It uses a linear reservoir model to
simulate water transport in terms of local flow directions derived from the local topography,
residence times within a grid cell, and effective flow velocities. In each grid cell in this network, the
water transport is represented by the time-dependent change of three linear water reservoirs, namely,
Wy (surface water reservoir), Wp (subsurface water reservoir), and Wy (river water reservoir) (Fig. 3).
The residence times of the water in these reservoirs are T, Tp, and Tx, respectively. Wx contains the
sum of upstream and local water in excess of that required to fill a local, surface-water depression,
W contains water that has run off the surface locally and is flowing towards a river, and W) contains

water that has drained through the local soil column and is flowing towards a river. The forcing for
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THMB is derived by partitioning the runoff, which is the difference between rainfall (P) and
evapotranspiration (E), into surface and subsurface runoff. We have Ry = a x (P—E) and Rp =
(1=a) x (P—E). The water entering into each cell of the hydrological network is the sum of the
surface runoff (Ry), subsurface runoff (Rp), and the flux of water from upstream grid cells (3. Fin).

The governing equations are the following (Coe, 2000; SKS04; SS08).

dw ~ R _&

dt ST (1a)
Wy W

dt P, (1b)

AWy _[Ws Wy _ﬂJrz F

dt T T, Ty " (1c)

Given the surface runoff (Rs) and subsurface runoff (Rp), THMB uses a finite-difference
numerical scheme to route the water through the river network to the destination. The direction of
flow of Rp is assumed to be the same as that of the Rs, except that the time-scale of Rp is greater than
that of Rs. The partitioning of the excess rainfall (P—E) was constant in Coe (2000), who used
experimental results from large-scale hydrology to set Rs (Rp) to 30% (70%) of the total runoff.

We forced THMB with the daily rainfall maps (obtained using the method of SS08) and
analysed the results for the three years 1986, 1992, and 1990; this simulation is called SO (Fig. 3).
The simulated discharge for 1992, along with the observed discharge and the catchment-integrated
rainfall, is shown in Fig. 4a. As in SKS04 and SS08, the seasonal cycle is poorly simulated. The
cause of this poor simulation is the constant a: the strong seasonal cycle in rainfall and soil moisture,

and hence in runoff, in the Mandovi basin implies a time-dependent .

Constant partitioning of runoff smoothes the observed variability in discharge because this
parameterisation ignores the differing hydrological response to variations in space (geographic) and
time (climatic). Hence, there is a need for a modified rainfall-runoff parameterisation, which is
simple enough to work with the sparsely available data, but capable of accounting for the temporal

variability.

3. RAINFALL-RUNOFF PARAMETERISATION

The only observational data available in the Mandovi basin are rainfall and discharge, making the
choice of a usable model more difficult. The discharge data are not available for most of the west-

coast rivers, ruling out the use of discharge data in model parameterisation. We choose the Soil
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Conservation Service Curve Number (SCS-CN; SCS hereafter) method (SCS, 1985), a simple and

widely used model, to parameterise the separation of runoff into surface and subsurface runoff.

In the THMB framework, rainfall is mapped onto the grid cells defined by the DEM, and the runoff
forcing is generated for each grid cell. In the rest of this section, we incorporate the SCS method

into the THMB framework to parameterise the rainfall-runoff relationship.
3.1 Runoff partitioning

We give here a brief but self-contained description of the SCS method, even though it is well known
(see Mishra and Singh (2003) for a more detailed description). According to the SCS method, the
ratio of the actual runoff to potential runoff is equal to the ratio of the amount of water detained in
the basin and the maximum storage in the watershed. Thus, Rg and Rp, the surface and subsurface

runoff in THMB, are defined as follows in the SCS formulation:

P:RS+1a+Fa (23) RD:bxFa (2d)
Fa RS
S T p-q, for P (2b) Rp=P=Rs= 1. (2¢)
(P-1,)
R, = “aJ 1,=A%xS§
S (P-1,+S) (2¢) @

25400 _
S=7cn ~P* (g

where P is the rainfall, /, the initial abstraction (amount of rainfall for which there is no runoff), F,
the water detained in the basin, and S the storage in the basin. All the above quantities are in mm.
The base flow index, b, varies between 0 and 1. Equations (2f) and (2g) involve non-dimensional
parameters, A (initial abstraction coefficient) and CN (Curve Number). Except Rs, Rp, and b, all the

notations here have the standard meaning as in the SCS method.

As data on infiltration are meagre, estimation of R is difficult. Hence, as in Geetha et al.
(2007), we use equations (2d) and (2¢) to define Rp. Since baseflow is small in the Mandovi basin,
we assume that all the water that infiltrates contributes to Rp, i.e., b=1. Hence, as in the original
THMB formulation, there is no groundwater-recharge term in the model and the only loss term is /,
(equivalent to evapotranspiration in THMB).

A depends on the geographic and climatic conditions of the watershed (Ponce and Hawkins,
1996; Mishra and Singh, 2003) and a wide range of 4 (0—1) has been reported in the hydrology
literature. A practical range for CN, which depends on the physical properties of the watershed (soil

8



type, vegetation cover, etc.), is 40—100 (Mishra and Singh, 2003). For the Mandovi, we pick 60-90
as the possible range of CN for our study.

The CN used in equation (2g) represents an average or normal hydrological condition in the
basin, i.e., it does not account for the antecedent moisture conditions, whose variability translates
into variability of the basin’s runoff generation potential. This variability is incorporated by a simple
parameterisation scheme called AMC (Antecedent Moisture Conditions) to differentiate dry and wet
soil conditions from the average soil condition (Chow et al., 1988; Mishra and Singh, 2003). The
CN() (dry) and CN(III) (wet) are calculated from the average CN (CN(II)) by the empirical

expressions given below (Chow et al., 1988):

4oy CN (1)

N (1)= 42 % RN (1) (3a)
0y, CN(1)

CN (I )= 23 % 53N (1) (3b)

Application of the above parameterisation (with the conventional five-day AMC threshold) to
the Mandovi basin demands a sensitivity test to determine the optimum values of the SCS

parameters: CN, 4, and the AMC thresholds.

3.2 Sensitivity to SCS parameters

For the CN range 60-90, we carried out simulations to test the sensitivity of the simulated discharge
to CN (Fig. 5a). In all these experiments, the initial abstraction coefficient 4 was set to 0.2 (SCS-
recommended), and the lower and upper AMC thresholds were 100 and 250 mm. Five-day
antecedent rainfall less (greater) than 100 (250) mm is equivalent to dry (wet) AMC and
correspondingly CN(I) (CN(III)) is used. The correlation between the simulated and observed
discharge was comparable across this CN range, but was highest for CN equals to 80. The results
were similar to SO: higher (lower) CN values resulted in higher (lower) simulated discharge

irrespective of seasonality.

The range of CN values for the above experiments was based on the different soil and
hydrological characteristics in the basin. In spite of its small size, the Mandovi basin shows a great
degree of variability in these characteristics. On one hand, the regime of the Sahyadris, with steep
slopes and hard soils, implies large CN values; on the other hand, the coastal sandy area implies low

CN. Hence, a representative value of CN for the entire basin is 70.

Simulations were also done for different values of 4, the abstraction coefficient: 0.05, 0.2, 0.3,

and 0.6. For all these simulations, CN was fixed at 70 for the entire basin and the AMC thresholds
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were also fixed as in the CN sensitivity tests. The results (Fig. 5b) show that the simulated discharge
is not as sensitive to 4 as it is to CN. Note that in these sensitivity tests (Fig. 5b), 4 was varied by

over 100% in comparison to the ~10% variation in the CN sensitivity tests.

We selected 100 and 250 mm as the appropriate lower threshold (distinguishing the dry and
average AMC) and upper threshold (distinguishing the average and wet AMC), respectively. These
values are significantly larger than those initially recommended by SCS (SCS, 1985). Subsequently,
however, SCS recognised that these AMC thresholds would not be valid for different geographical
and climatic regimes, and therefore discontinued prescribing the SCS thresholds in its subsequent
publications. The recommendation is that the AMC thresholds should be chosen based on the
conditions in the study region (Ponce and Hawkins, 1996). Accordingly, these thresholds were
chosen such that 1/e (~36%) of the days had rainfall above the lower threshold and 1/e” (~14%) of
the days had rainfall over the upper threshold; ~22% of the days experienced “average” rainfall (Fig.
6). The hydrological rationale for these numbers is as follows. The soil and land are expected to
adjust to the normal or expected runoff over most of the rainy season. Hence, we assume that the dry
CN, implying greater storage and lower runoff, would hold for (1—1/e) of the days and that the
average CN would hold for (1-1/e) of the remaining 1/e days, leaving 1/¢* of the days in the higher-

than-average-rainfall band. The simulations also suggest that this argument is reasonable.

3.3 Results
We use CN=70, 4=0.2, and AMC thresholds of 100 and 250 mm as the optimum basin-average

values. This simulation, called S1, uses the SCS prescribed parameters, and yielded a much higher
correlation than did SO, and there were two major improvements (Fig. 4b). First, as expected, the
baseflow decreased to more realistic levels during the weak spells of the peak-monsoon season
(July—August). Second, as with the observed discharge, there was greater variability in the simulated
discharge in S1 than in SO. The reason for these improvements is that the high CN values in the
average and wet periods lead to a dominance of surface runoff at these times and the relatively low

CN during the dry periods allows much of the rainfall to be abstracted.

One drawback of S1 is the underestimation of the discharge following the peak of the
monsoon, i.e., the simulated baseflow in September is lower than observed. The main issue,
however, is the overestimation of the discharge during the onset phase of the monsoon (May—June;
Fig. 4b). One possible reason is an overestimation of the runoff on the lee side, which is drier than
the windward side and should therefore have lower CN values compared to the slopes of the

Sahyadris. The SCS parameters in S1 were, however, constant across the basin and did not account
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for such spatial differences. Another possible reason is that the onset-phase CN is overestimated on
the windward side too. The basin is much drier before the monsoon than after onset, and the storage
capacity should therefore vary accordingly. The SCS parameters in S1 did not, however, vary with
season, leading to a possible overestimation of the onset-phase surface runoff. The sensitivity of the
simulations to the SCS parameters implies a large potential variation in the rainfall-runoff
relationship across the basin, and possibly also in time. In other words, the five-day AMC used in S1
is not sufficient to capture the spatial and temporal variations that are likely in the SCS parameters
even within this small basin. The challenge is to incorporate these variations in a manner that is not
only physically reasonable, but also simple. Nevertheless, incorporating the SCS method into

THMB does improve the simulated discharge, suggesting that this simple parameterisation is useful.

4. SPATIO-TEMPORAL VARIABILITY OF THE SCS PARAMETERS

4.1 Spatial variability

Ideally, estimating the SCS parameters requires rainfall and runoff data from the catchment area, or,
in the case of a distributed model like THMB, from each grid cell. The reason for spatial variation in
the SCS parameters (CN, 4 and AMC thresholds) is the spatial variation in soil type, vegetation
cover, land use, and hydrological and moisture conditions. Though the rainfall-mapping procedure
provides rainfall information for each grid cell, we do not have runoff information for the cells. The

only information available on runoff is the discharge at Ganjem.

Hence, we use the elevation to divide the basin into four hydrological regions (lower right
inset in Fig. 1): the leeward side of the Sahyadris (Lee), the ridge and the windward slope above 200
m (Ridge), the foothills of the Sahyadris or the region on the windward side between elevation
contours 40 and 200 m (Foothills), and the coastal plains or the region at an elevation below 40 m

(Coast). The SCS parameters were determined for each of these regions.

The CN was estimated on the basis of the runoff-generation capacity of the soil in the region
because detailed information on soil cover was not available. The dominant soil type and land usage
for the four regions are listed in Table 1. From the soil type listed in Table 1, it is evident that the
Ridge region has the maximum runoff-generation capacity, followed by Foothills, Lee, and Coast. A
was estimated similarly and AMC thresholds were determined the same way as done earlier (Section

3.2).
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4.2 Temporal variability

The excess rainfall in the Mandovi basin appears neither as streamflow (immediately following the
rain) nor as baseflow (appearing after a lag) (Figs. 2 and 4). This excess rainfall must therefore
either recharge the groundwater or be returned to the atmosphere through evapotranspiration. On the
catchment scale, groundwater recharge is a small quantity (Coe, 2000; Maréchal et al., 2009) and has
been neglected in the THMB formulation. Evapotranspiration is therefore the only loss term in this
model, and in the absence of observations (Maréchal et al., 2009), it is implicitly parameterised in the

SCS method using the initial abstraction, which is a function of CN and 4.

Before the onset of monsoon, the soil is dry, temperature is high, and relative humidity is low.
Transpiration through the vegetation canopy also leads to a loss of water from the basin (Maréchal et
al., 2009). Therefore, there exists a large potential for initial water retention and evapotranspiration

whenever moisture becomes available.

The basin characteristics change dramatically once the monsoon sets in. The soil begins to
soak up moisture, temperature decreases, and relative humidity increases. Evapotranspiration is
highest during this transition period. It is higher than during the preceding dry season because the
actual evapotranspiration is limited by the amount of water available. Hence, abstraction is at its
peak during the onset phase. Not accounting for this high abstraction leads to an overestimate of the

discharge at this time (Fig. 4b).

Immediately after the monsoon peaks, the soil is still saturated. Hence, the runoff responds
rapidly to rainfall (Fig. 2) and the abstraction remains low. Later, the soil dries out, but the
availability of water becomes the limiting factor, and abstraction remains low till the following

year’s onset.

Thus, the SCS parameters exhibit an inherent seasonality, which cannot be accounted for by
the conventional five-day AMC parameterisation. The rest of our work attempts to incorporate the

temporal variation of the SCS parameters into the rainfall-runoff model.

4.3 Seasonal variation of SCS parameters

In order to build a time-dependent parameterisation of the SCS parameters, we need to distinguish
the different rainfall-runoff regimes during the season, and define objective criteria for transition
from one regime to another. We use daily rainfall and discharge (the only available data) to describe
these temporal regimes, but use only rainfall and its accumulation over time as the criteria for

transition from one regime to another.
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The temporal regimes are described in Table 2 and depicted graphically in Fig. 7. Five
distinct temporal regimes are identified in the Mandovi basin. The first regime is the Lean-Season
Regime (A) at the beginning and end of a calendar year. This regime is very dry and the discharge is
primarily baseflow. The transition (called AB) to the Monsoon-Onset Regime (B) is marked by the
first spells of rain. Regime B is wet; however, since the soil is still unsaturated, the discharge does
not respond to rainfall. The transition (BC) to the Peak-Monsoon Regime (C) is marked by a big
rainfall burst and a sharp inflection of the cumulative-rainfall (CR) curve (Fig. 7). The soil is
saturated by now, and the basin responds to rainfall in the form of instantaneous pooling. Rainfall is
more sustained during this transition and lasts a few days, leading to a different slope for the CR
curve during this regime in comparison to the onset regime (B). The transition (CD) to the End-
Monsoon Regime (D) is marked by a break in rainfall. There is little or no rainfall for five or more
days, the CR curve plateaus off (marking a second major inflection point; Fig. 7), and the discharge
recedes exponentially. During Regime D, there are some rainfall bursts (weaker than those during
Regime C), and the discharge still responds to these bursts because the soil is wet and saturated. The
transition (DE) to the Post-Monsoon Regime (E) is marked by a longer rainfall break, which lasts for
10-15 days. During this regime, the soil is moist (but unsaturated), and the discharge stops
responding to the weak and scattered rainfall. The last transition (EA) occurs towards the end of the

year and is marked by a longer (~30 days) rainfall break.

Objective criteria for transition

The transitions described above need quantification, i.e., a set of objective criteria are needed to
determine the period of transition. The criteria we use (Table 3) are applied to each grid cell of the

Mandovi River basin.

The first transition to be determined is AB, i.e., the onset date (phase) of the monsoon. The
rainfall condition for AB transition (Column 2, Table 3) is similar to that used by IMD to determine
the date of onset of the monsoon over Kerala (Ananthakrishnan et al., 1968; Pai and Nair, 2009). A
more complex criterion recently adopted by IMD results in a similar date for monsoon onset (Pai and
Nair, 2009). The second transition, BC, is marked by a sharp increase in rainfall and a corresponding
sharp, concave-upward inflection in the CR curve (Fig. 7), which we capture by noting the deviation
of the curve from a line fitted to the CR curve over Regime B (column 3 and CR1 in Table 3). The
third transition, CD, is opposite to BC (column 4 and CR2 in Table 3). The CR curve plateaus off,
resulting in another sharp inflection, but now in the opposite direction, i.e., the inflection is concave-

down (Fig. 7). Once Regime D sets in, the CR curve is too flat for it to be used as a criterion to
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determine Transition DE (Fig. 7). Hence, criteria based on AMC and rainfall are used to determine
DE (column 5, Table 3). The transition to the lean-period regime, EA, is deemed to occur if the daily

rainfall is equal to or less than the trace rainfall (1 mm) for 30 consecutive days (column 6, Table 3).

The SCS parameters have to be estimated for each regime for each of the four regions. We
used the “mean conditions” to define the average basin CN(II) and used this CN(II) to estimate the
dry-period and wet-period CN(II). The average conditions are represented for the Mandovi by
Regime E, the post-monsoon season, when the soil is still moist but unsaturated. CN values chosen
for each region for each of the five regimes discussed are listed in Table 4. Regime C is an extreme
case and almost all the rainfall is converted to surface runoff because the soil is completely saturated.
Hence, for this regime, we set the CN(II) for all four regions to 90. Empirical estimates of CN(II) for
Indian watersheds spanning a range of hydrological regimes suggest that a high value is appropriate
during rainfall events (Mishra et al., 2008). The CN(II) values we use are comparable to, but less

than, those reported by Mishra et al. (2008) because their estimates were based on very few events.

Just as the CN shows considerable variation with season, so must A and AMC thresholds. The
AMC thresholds were determined the same way as done earlier (Section 3.2). The exceptions to this
rule were Regimes B and C, where different exponential cut-offs were used to reflect the higher
number of dry days in Regime B and the mostly wet conditions in Regime C. 1 and AMC
thresholds are listed in Table 4.

4.4 Results and Validation

Simulation S2 was made using the spatio-temporally varying parameters listed in Table 4.
Simulations incorporating only spatial variability showed no improvement over S1. The results of
S2 (Fig. 4c) show a significant improvement over S1. The simulated discharge matches the observed
discharge better across a range of conditions. Specifically, the simulated discharge increases during
the rainfall bursts in July, August, and September, resulting in a better match with observations. The
increase in discharge, however, is also seen during the weak spells in early July, when S2 performs
worse than S1. The sharp increase in CN with Transition BC increases the discharge even during the

weak spells. The results for the other two years, 1986 and 1990, are similar.

We built the model parameterisation using data for only three (1986, 1990, and 1992) of the
18 years; validation of the model is done using the remaining 15 years. The results of S2 for four of
the other 15 years are shown in Fig. 8; these four years include two years (1981, 1991) for which
rainfall data are available for all 20 stations and two years (1987, 1994) for which rainfall data are

missing for some stations (SS08). The results for other years are similar. The model parameterisation
14



works as well for the entire data set as it does for the three calibration years: correlations for 15 years
of data are 0.67 (S0), 0.76 (S1), and 0.80 (S2). The major improvement in S2 is the lack of
underestimation of discharge (Fig. 9). Though S2 has a greater tendency to overestimate the
discharge during June—August, there is an overall improvement. S2 captures better the variability
over the range of temporal hydrological regimes (Fig. 4c and Fig. 8). Indeed, the strength of S2 lies
in its ability to simulate the discharge better across the spectrum of variability from the seasonal to
the interannual (Fig. 9). The simpler five-day AMC parameterisation fails to account for this

spectrum of variability not only over a season, but also across years.

We find that there is a tendency to overestimate the discharge at some times in some years.
This is particularly evident when there is a long dry period during the peak monsoon (1992, 1998;
figure not shown), and the soil probably becomes unsaturated, or, when the peak-monsoon regime
sets in early (e.g., 1990). Other than these discrepancies, the model performance is remarkable, and

the simulated discharge matches well with the observed discharge across all the regimes.

5. DISCUSSION

A modelling framework has been assembled for simulating the daily discharge of a poorly gauged
Indian west-coast river. The strength of the proposed framework lies in the incorporation of the SCS
method, modified to allow spatio-temporal variability of the SCS parameters, into THMB.
Specifically, we have objectively incorporated the various kinds of regimes one encounters before,
during and after the Indian monsoon, into a hydrological modelling framework. Incorporating this
spatial and temporal variability in the model parameterisation improved the daily discharge
simulation substantially. The strength of the proposed modelling framework lies in its low demand
on the input data, which is particularly important for an ungauged basin. Apart from information on
the soil type in the basin, the entire model parameterisation is built using only the forcing, i.e.,
rainfall. All model parameters are derived on the basis of rainfall, which is a basic requirement for

any hydrological model.

Though the comparison between simulated and observed discharge is good, there is scope for
improving the parameterisation. One notable drawback is the need to specify a minimum duration of
60 days for the peak-monsoon regime. This specification was necessitated by the need to preclude a
prolonged weak spell or break triggering a transition to the post-monsoon regime. Another caveat is
the specification of absolute rainfall thresholds as one of the criteria for Transition BC. Absolute
thresholds are prone to giving erroneous results when the rainfall is “not normal”. A more serious

caveat is the averaging of AMC thresholds across a region. Ideally, the thresholds ought to be
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allowed to vary across the region to account for spatial heterogeneity of rainfall.

We have also examined the applicability of the modelling framework to other west coast
rivers. We expect the framework to work for all west-coast rivers that have geographical and
climatic regimes similar to the Mandovi. A plot of the observed discharge for some rivers on the
west coast (Fig. 10) indicates that the discharge patterns are comparable across most of the coast: the
inter-river variability is no more than the interannual variability for any river, suggesting that the

model with the proposed modifications should work for these basins as well.

It was this need to extend the framework to other west-coast rivers that led SKS04 to choose the
GLOBE DEM, whose resolution of 30 arc seconds is fairly coarse for a small basin like the
Mandovi. Hence, since the computational power available has increased manifold since SKS04
chose GLOBE, we have run some preliminary simulations with the SRTM DEM (Farr et al., 2007).
We find that even such high-resolution DEMs need editing for flow routing. Hence, given the much
larger number of grid cells, their use will require integration of automatic terrain analysis algorithms
(e.g., ANUDEM (Hutchinson, 1989), PEM4PIT (Grimaldi et al., 2007), and Terraflow (Toma et al.,
2003)) into the modelling framework, alleviating the need for manual editing. Incorporation of high-
resolution DEMs in this modelling framework for future applications will be a natural extension of

this work.

6. CONCLUSIONS

A novel hydrological modelling framework has been assembled to successfully simulate the daily
discharge of a poorly-gauged river, Mandovi, along the west-coast of India. The novelty of the
proposed framework is two-fold: (i) Incorporation of the SCS-CN rainfall-runoff model into THMB,
which is essentially a routing algorithm; and (ii) Modification of the SCS-CN method to incorporate
spatial and temporal variations in the parameters: CN, 4, and the AMC thresholds. Furthermore, the
criteria used to determine the temporal variation of the SCS-CN parameters are based only on
rainfall, the main forcing for the model. This dependence of the parameterisation on just the rainfall

1s one of its chief merits.

Preliminary analysis of the discharge of other west-coast rivers indicate that the proposed
framework should work for other basins as well. That the model does not need to be calibrated
separately for each river is of paramount importance because most of these basins are ungauged.
Hence, even though the model has been validated here only for the Mandovi, its potential region of
application is considerable and spans most of the Indian west coast. In the context of PUB, the

potential of the proposed framework is significant because the discharge of these (ungauged) rivers
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into the eastern Arabian Sea is not small , hence making them an important element of the local

climate system.
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List of Tables

Table 1 Basin soil and hydrological characteristics and base SCS parameters for the four

hydrological regions.

The AMC thresholds for each of the four regions were determined on the

basis of a histogram of rainfall during May—October and a cumulative frequency curve of the five-

day rainfall.

Parameter Lee

Soil type Red,
laterite

Land use Mixed,
Forest

Hydrological soil group B/C

CN(ID 65
AMC Dry <100
thresholds

(mm) Wet =200
Initial abstraction 0.3

coefficient (1)

Ridge

Shallow soils Red, sandy Sandy soil

overlying loam
impervious

material

(rock)

Forest Mixed
D C

75 70
<150 <100
> 400 > 250
0.05 0.1

21

Foothills

Coast

Mixed

60

<100

> 200

0.3

Remarks

A (lowest runoff)
and D (highest

runoff)

Based on five-day
antecedent

rainfall

SCS recommended

value is 0.2



Table 2 Classification of the hydrological regimes (temporal; Fig. 7) and of the transitions from one

regime to the next.

Classification  Physical Rain Cumulative Discharge
Condition rain (CR)
A Lean Very dry No or scanty rainfall Very small No discharge
Season
Transition AB First spells of rain Small inflection —
B  Monsoon- Wet Either a break-active cycle  Rising No response to
Onset (Unsaturated) or continuous rain peaks rainfall
A bigger burst that First large Starts responding
Transition BC continues into the peak of  inflection to rainfall
the monsoon (3—6 days into  (upslope)
the burst)
C Peak- Very wet Intense and continuous Rising rapidly =~ Follows the
Monsoon over a sustained rainfall curve
period (with
plateaus during
weak spells)
Rainfall break (little orno  Second large Receding
Transition CD rainfall ) for 5 or more days inflection exponentially
(downslope)
D End- Wet, Active period at the end of  Flattening with ~ Still responds to
Monsoon Saturated the monsoon (late-monsoon a few some bigger rain
rainfall bursts) fluctuations bursts
Transition DE Longer break of 10—15 days Smooth decline
continues
E Post- Moist Smaller scattered bursts of  Plateau Stops responding
Monsoon (Unsaturated) rainfall to the rain
Transition EA 30 days of no rainfall Maximum —
A Lean Season Very Dry No or scanty rainfall Maximum No discharge
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Table 3 Objective criteria for transition from one regime to the next. Note that CR is estimated
starting from the beginning of a year.

AB BC CD DE EA
CR >75 mm see CR1 below  see CR2 below  — —

AMC — — — AMC < 30 mm for —

5 consecutive days

Rain (1) 3-day Rain> 150 mm Rain <5 mm for Rain <5 mm for Rain<1 mm
rainfall sum > one day 15 consecutive for 30
30 mm days consecutive
(2) Rain > 5 mm days
on each of these
3 days
Remarks  Both conditions (1) If the rain The CR2 (1) The AMC This
have to be condition is condition has to  condition has to be transition
satisfied. satisfied, be satisfied first satisfied first, and occurs in
transition occurs and the rainfall  the rainfall December.
after five days.  condition is condition follows
(2) If not, CR1  applied it.
condition has to  afterwards. (2) The AMC
be satisfied. condition is
(3) Transition applied only once.
occurs if one of If the rain
the two conditions condition fails the
is met. first time, it is
applied till it is
satisfied.
CR1 Fit a straight line to the CR data and compare the deviation of the curve from the line.

Transition occurs if the deviation (concave-up inflection) exceeds one and half

standard deviation for five consecutive days

CR2 Fit a straight line to the CR data and compare the deviation of the curve from the line.
Transition occurs if the deviation (concave-down) exceeds one and half standard

deviation for five consecutive days

23



Table 4  SCS parameters for Simulation S2 (spatial and temporal variation). The numbers in
parentheses in the first column represent the parameter choices for Simulation S1; these parameters
are used for Regime E. The CN(II) for Regime B is computed using Equation (3a) (dry AMC) and
the CN(II) for Regime E. The CN(II) for Regime D is computed using Equation (3b) (wet AMC) and
the CN(II) for Regime E. Regime E therefore represents the average or central hydrological regime,

Regimes B and D the dry and wet regimes, and Regimes A and C the extremely dry and wet regimes.

Lean Onset Peak End Post Monsoon
period  Monsoon  Monsoon  Monsoon (E)
(A) (B) (©) (D)
Very dry Wet Very wet Wet Moist
(Unsaturated) (Saturated)  (Unsaturated)
Region CN
Lee (65) 40 44 90 81 65
Ridge (75) 40 56 90 87 75
Foothills (70) 40 49 90 84 70
Coast (60) 40 40 90 78 60
Region Initial abstraction coefficient (1)
Lee (0.3) 0.3 0.2 0.05 0.2 0.3
Ridge (0.05) 0.3 0.2 0.05 0.05 0.2
Foothills (0.1) 0.3 0.2 0.05 0.05 0.2
Coast (0.3) 0.3 0.2 0.05 0.2 0.3
Region AMC (five-day antecedent rainfall range in mm)
Lee (100-200) 3040 200-250 50-100 2040 5-20
Ridge (150-400) 40-70 300450 100-200 30-60 5-20
Foothills (100-250) 50-70 350450 50-100 20-50 5-20

Coast (100-200) 50-60 400450 50-100 20-50 5-20
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Fig. 1: The topography of the region as in the edited GLOBE DEM. The Mandovi (basin shown
by the black curve) originates in the Sahyadris and drains into the Arabian Sea near Panaji. The
discharge gange on the Mandovi is located at Ganjem. The outer and inner rectangles denote the
rainfall-mapping and THMB domains. The white jagged line shows the ridge separating the wind-
ward (high rainfall) and leeward (low rainfall) sides of the Sahyadris. Stations on the windward
{leeward ) sides are marked in black (white). The four spatial regions, Lee (1), Ridge (2), Foothills
(3), and Coast (4), are shown in lower right inset.
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Fig. 2: Daily observed discharge (solid curve, in hm* /d) at Ganjem and the rainfall integrated over
the catchment (dotted curve, in hm*/d) for 1986 (low-rainfall year, top), 1992 (average-rainfall
year, middle), and 1990 {high-minfall year, bottom). Daily rainfall maps obtained by interpolating
the rain gauge data (Fig. 1) were integrated over the catchment area at Ganjem to obtain the
“catchment-integrated rainfall”. The bold tick marks on the abscissa indicate beginning and end of
a month.
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Fig. 3: Schematic representation of THMB (top) with the So1l Conservation Service Curve Number
(SCS) method incorporated (bottom) to parametrise the rainfall-runoff relationship. The top panel
shows a THMB grid cell, indicated by the dashed line, and the Huxes into and out of the three
reservolrs associated with each cell. The surface (subsurface) runoft 1s 5 (f;) and it Hows into
the surtace (subsurface) water reservoirr We (W), Te (I'n) 15 the nme scale over which water
flows out of the surface (subsurface) reservolr into the river-water reservolr (M), from which
water flows out of the cell to a downstream cell over a tme scale 1. Z Fi,, 15 the total inflow
from all upstream cells into the river-water reservoir. The bottom panel shows how s and I, are
parameterised using THMB and the SCS method. Three simulations were done. Simulation S0
used THMB, while 51 and 52 used THMB with the SCS method (SCS-THMB). The difference
between S1 and 52 simulations 1s shown at bottom-nght in the figure.
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200
~ 1 {a}r 2= o8 Simulation S0 T
£ 150 - | | -
o ] fl I C
25 100 J “._ I i C
2 ] il C
@ @ ] Al Wil C
g - 50 A L 1 -
] ot T s M -
1 I {/\'::_' T:‘-::—J_:— - I'N\;:I -Mf"-w Wi, D r
L] _W#WW-- T ||mp1n17n1]11n1m|]"'nTnT|Fn1Trn|]17rr[ran|||]11nTnT|]nn1nm|? Fﬁ"rfrn'ﬂrﬂ'.—

(b)r 2=0.78

(hm’)
&
=1

Discharge
Rainfall

=L
=4 =]
=] =]

(IS A A |

{c}r 22 o Simulation 82

=
=]

(hm’)
&
=1

Discharge
Rainfall
=
=]

n
=]

e
T
LIS L L L L LB

1992

Fig. 4: Daily observed discharge (black), catchment-integrated rainfall (grey). and simulated dis-
charge (dotted) for May—October 1992, The units are hm*. {a) Simulation S0. (b) Simulation S 1.
(c) Simulation 52. Square of the correlation ir’) between the simulated and observed discharge
1s computed over the period May—October for the three calibration years (1986, 1990, and 1992).
The bold tick marks on the abscissa indicate beginning and end of a month.
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Fig. 5: Sensitvity tests for the SCS parameters. The parameters were constant in space and time, as
in Simulation 5 1. The dashed (solid) curve shows the observed (simulated) discharge and the light
erey band shows the range of the simulated discharge over the parameter range in the sensitivity
test; the units are hm®*. (a) Sensitivity to CN(IT). CN(II} was varied in the range 60-90. The
simulated discharge was higher for higher values of CN(II). (b) Sensitivity to A, which was varied
in the range 0.05-0.6. The simulated discharge was higher for lower values of A
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Fig. 6: Determination of the AMC thresholds for Simulation 51. The histogram shows the percent-
age of the total days (during May—October) that had a five-day antecedent rainfall in the rainfall
bands (mm) marked on the abscissa. The histogram was drawn by averaging the number of days
in each band over the entire basin and summing over the three years 1986, 1992, and 1990. The
curve 1s the cumulative fraction. The vertical lines represent the lower (100 mm) and upper (250
mm) thresholds.
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Fig. 7: The temporal regimes, A-E. and the inter-regime transitions for the Ridge, Foothills, Coast,
and Lee regions during 1992, The vertical lines mark the transition from one regime to the next.
The daily rainfall (solid black curve, in mm) and the cumulative rainfall (CR: solid grey curve, in
mm) over one grid cell are shown. The observed discharge (dotted curve, in hm®) at Ganjem is
also plotted.
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Fig. 8: Observed discharge (black), catchment-integrated rainfall (light grey). and simulated dis-
charge (dotted: Simulation 52) for May—October. The units are hm®. (a) 1981. (b) 1991. The daily
observed discharge on 26 July 1991 is 207.6 hm*, but we have truncated the ordinate to 200 hm®.
(c) 1987, (d) 1994, 1981 and 1991 are years for which rainfall data are available for all 20 stations;
in 1987 and 1994, rainfall data are missing for some stations (see Table IIT in SSO8).
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Fig. 9: Correspondence plot between the daily observed discharge (abscissa: hm*) and simulated
discharge (ordinate; hm*) for June—September for the 15 validation years. Simulation S2 (black
hollow circles) performs much better than S1 (grey hollow stars) and S0 (light grey hollow trian-
gles). The maximum daily observed discharge is 406.5 hm*, but we have truncated the abscissa to
200 hm* (discarding seven data points out of 1830 days). The underestimation seen in the simula-
tions occurs mostly during July—August, and arises owing to the underestimation of peak rainfall
events in the basin.
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Fig. 10: Daily normalised discharge for three west-coast rivers for 1992, 1990, 1993, and 1994,
The discharges are normalised by the highest daily discharge occurnng in the particular year. The
rivers are Mandovi (black), Aghanashini (dotted), and Ulhas (grey). The catchment area of the
Mandovi, Aghanashini and Ulhas are 872 km?, 1070 km?, 785 km?, respectively, at the location of
the discharge gauge (gauge locations are marked on the inset map).
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