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Synopsis

Freshwater is one of the most essential requirements for human civilizattbnveers are the
most important and easily available source of freshwater. They proatks for various purposes
such as agriculture, industry, domestic and recreational use. Watkabditsgt depends upon the
vagaries of weather and climate, and issues related to it arouse cohiddaterest.

Rivers are a vital component of terrestrial hydrology, which also ireduather surface wa-
ter bodies such as lakes and wetlands. They also form a crucial link éetilve land-ocean-
atmosphere interaction processes as they transport freshwater fidntolacean. The role of
river discharge in the hydrological cycle makes it an important climatic vigriab

There are two important issues associated with the large spatio-tempaadlititgrobserved
in hydrological variables: first, quantitative estimation of the hydrologieaiables, and second,
understanding the climatic feedback processes causing this variabilitgx&ople, in the vicinity
of the Indian subcontinent, heavy rainfall over northern Bay of Beisgeelated to its ability to
remain warm even after the onset of the monsoon: the Arabian Sea cobthgtbhay does not.
This difference has been attributed to the stable stratification in the bay, it wihiter with low
salinity (low density) sits on top of water with high salinity (high density). Thersewf this
low-salinity water is the copious discharge from rivers like the Ganga am@tahmaputra and
the rainfall over the bay.

Although rainfall over India is estimated fairly accurately, very little quantigainformation

is available on river discharge on the relevant scales. This is primarilyadtveo reasons: first,
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the dearth of information related to the variables of interest, and secondcthef a quantitative
framework that can put these variables in perspective. A quantitaweefivork is needed to
address both these issues. The framework should be simple, freelywudaitdy scalable and the
demand it makes on the database should be consistent with the availability of bratia and the
other countries in the region.

This study begins with the above premises. An existing hydrological modeHamgeiwork
has been modified to simulate the river discharge on the west coast of Tindiavest coast is also
a region of heavy rainfall; it is one of the two rainfall maxima in the region, tierbeing the
northeastern Bay of Bengal. The heavy rainfall and the small geoigedjainea of the coast ensure
that a large number of small rivers drain into the eastern Arabian Seaefdhes the freshwater
influx into the eastern Arabian Sea is expected to be large, making the régitar $0 the bay.
Are the feedback processes also the same? We do not know, as tharecqarantitative estimates
of river discharge available (except on the global scales, whichiabgrsuffer from poor data
coverage and coarse resolution). A large percentage of westydgastis ungauged or poorly
gauged, making hydrological modelling the only viable tool.

The motivation for this thesis is presented in Chapter 1. The aim of the thesisnsdify
an existing hydrological modelling framework to simulate daily river dischaige apply the
framework to the Mandovi, a typical west-coast rain-fed river. It tves discharge gauges (one
on the main river and another one on a tributary). Most of the west-caiaall (~ 90%) occurs
during the summer monsoon (June—September). As a consequence f tfestiszcharge also
occurs during this season, with a peak during July—August.

In Chaptei 2, we describe the components of the modelling framework. Atethg of the
framework is a hydrological routing algorithm called THMB (Terrestriabifylogical Model with
Biogeochemistry; THMB was earlier known as HYDRA), which, given thealorainfall and
evapotranspiration, routes the runoff through the land surface to itaagsn—the sea or an

inland lake. THMB has been used to model water budget of basins raimggiges from a few
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square kilometers to continents. The framework derives the basin gepmelugling river-flow
directions and basin area, from a DEM (Digital Elevation Model). The DEEun this study is
called GLOBE (Global Land One-kilometer Base Elevation), and it hasautésn of ~ 1 km.
The framework includes a free and open-source geographicaiiafan system called GRASS
GIS.

The modelling framework was applied to the Mandovi river to simulate the amhsEharge
and simulations were compared with the observations. THMB, when forgecwonthly maps
of available spatial rainfall datasets, gave large errors and heavibrestimated the annual dis-
charge. This underestimate implied that the available rainfall datasets atichatte the rainfall
in the region. Hence, we had to obtain rainfall maps by interpolating availablegauge data.
The rainfall mapping algorithm has been discussed in Chapter 3. Mapgimall on the west
coast is made difficult by the complex mountainous terrain, the large spaitikgts of rainfall,
and the sparsity of rain gauges. Part of the Mandovi basin lies in thea8ahyountain ranges
and the basin has only five rain gauges. A multivariate interpolation methapi@esed Spline
with Tension (RST)), using elevation as the third variable, was used fopitging rainfall. The
method requires locations and heights of the rain gauges, along with a DB;taio the rainfall
maps, and depends upon two interpolation parameters called tefiiand smoothingf). The
optimal values ofl" and.S were determined by a cross-validation procedure. The interpolation
was done separately for the leeward and windward sides by specifygngdipe linea priori.
The resulting spatial fields were merged together to get the rainfall forifiegsimulated annual
discharge compared well with the observations. Specifying the ridge wakethto reducing
underestimation of rainfall.

In THMB, the runoff was calculated as a fixed fraction of rainfall minuapmtranspiration.
This simple partitioning worked well for the annual simulations as discharge dot have any
memory from year to year: it starts from a near-zero value to reach itsipelaly—August, and

then slowly recedes to a near-zero level at the end of the calendariyeampproach, however,
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is not adequate for simulations at higher temporal resolutions. The higgmepbral resolution

of rainfall data available to us was a day; the daily rainfall was availabléh®rain gauges.
Hence, our next step was to simulate the daily discharge. On the daily time isiafell, and
hence runoff, shows large variability. To capture this variability, a rdinfaoff model is re-
quired. To address this issue, a conceptual rainfall-runoff modeldbas the Soil Conservation
Service Curve-Number (SCS-CN) method was incorporated into THMB.S®S-CN method,
one of the most popular rainfall-runoff models, was derived empiricatiynfistudies done on
small catchments. For each day in a grid cell, given the rainfall and tworedeas C'N and
initial abstraction coefficientX)) based on the physical characteristics of the basin, this method
converts rainfall into surface runoff and sub-surface runofe TIES-CN method provides a refer-
ence value o andC'N for the basin. For the same rainfall, wet conditions produce more runoff
than dry conditions. This temporal variability in moisture conditions is accouoted the SCS-

CN method through the antecedent moisture condition (AMC) classes baghd minfall over

the preceding five days. In Chapfér 4, we discuss the incorporatiore 8@5-CN method into
THMB and present the daily discharge simulations.

C'N and) depend on the physical characteristics, such as soil type and cegetation cover
and land use, of the basin, and these characteristics are seldom hemagener the whole basin.
Apart from the spatial variations encountered in the basin, the soil moistmaition (or AMC)
varies with season. For example, a wet spell in the peak-monsoon deatitfarent from that
in the post-monsoon season. In the first case, almost all the rainfalhispipethe river (higher
runoff) as the soil is already saturated with moisture, and in the secoadacaart of the rainfall
has to wet the drying soil (lower runoff). Thus, the model parameters toebe a function of both
space and long-term variations or seasons. To resolve the spatio-téngrahbility, exhaustive
data sets are required, but were not available. Spatial parameterisasancgrporated using the
limited information available on the physical properties of the basin, and the WE#used to

divide the basin into four homogeneous regions. An objective method togligtimthe long-term
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moisture regimes was also developed. This method uses rainfall and cusudatifall at each
grid cell and defines different states of prevailing moisture conditiongchwéffect the runoff
generation in the SCS-CN method. The strength of the parametrisation lies in the kitaiteand
it makes on the input data: apart from some information on the average geiinythe basin,
the parameterisation is built solely on the basis of the rainfall that is usedde fbe model.
In Chaptei b, we discuss these spatio-temporal parameterisations iratetpimto the SCS-CN
method. After introducing these parameterisations, simulated daily dischargsces well with
the observations.

A detailed discussion on the implications of the modelling framework is discussgtdp-
ter[@. This Chapter also discusses the strengths and caveats of the drduriElae biggest strength
of the framework is its low demand on input data, which makes it viable for simglétie dis-
charge of other ungauged basins on the Indian west coast. On theaasstthe inter-river varia-
tions are much less than the intra-annual and interannual discharggovexfar a river, implying
that the framework will also work for the other west-coast rivers.

In summary, we develop a modelling framework to simulate river dischargeeorenge of
scales. The modelling framework is highly scalable, it simulates river digehés demand on
input data is minimal. The conclusions of the thesis are summarized in Chhptet theasalient

points are presented below.

1. The modelling framework is applied and tested for the Mandovi rivee. discharge simu-

lations compare well with the observations on annual to daily timescales.

2. Rainfall is the most important variable in the modelling framework owing to itdadbik
ity and relative accuracy. The complex mountainous terrain of the west,db& large
gradients of rainfall and small geographical area of the west-coagisbkead to a large
underestimation of rainfall in existing global and regional rainfall dataseigesolve this

orographic rainfall on the west coast and obtain the rainfall forcird,faerainfall mapping
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algorithm was incorporated into THMB.

3. Resolving spatial and temporal variability in the runoff-generationgg®owhich is param-
eterised by the SCS-CN method, requires exhaustive data on the phgsiogtaphical,
and biological characteristics, which are not available easily. The sktr&iigour method
is that these processes, specially long-term seasonal variation ranegtarised using only
the input rainfall data. For most of the west-coast river basins, the a@yable data is
the rainfall from the sparse distribution of rain gauges. That the modd dot need to be
calibrated separately for each river is important because most of theses lare ungauged.
Hence, though the model has been validated only for the Mandovi, its potegtian of
application is considerable for prediction in the several ungauged basitie Indian west

coast.
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Chapter 1

Introduction

1.1 Motivation

From time immemorial rivers are the most important and easily available sourfcesbfvater
to us. All the great civilizations of the past were based on the banksefsri In this modern
era the demand for freshwater for agriculture, industries and domeatie Uigs increased many
fold, making economy and development of a region closely dependenatam. issues related to
water resources attract considerable interest. Water resource gjaalt@rnative and renewable
sources of energy (hydroelectric projects), waste-effluent syrated flood forecasting are some
of the many facets in which rivers play an important role. Rivers are aisoat for maintaining
some of the most delicate environments like wetlands and coastal-estuarsysteats.

Rivers carry freshwater to their destination which is usually a sea or allakieis way rivers
play a crucial role in the movement of water on the land surface, thus makingety impor-
tant component of the global hydrological cycle [Dai and TrenoefB822Coe, 1998; Dl et all,
2003]. The water evaporated from the oceans is returned througivéng along with direct pre-
cipitation over the ocean. Rivers carry the water precipitated over lande@ns, and thus help

maintain the freshwater balance in the oceans. The freshwater inflesfonanges in the salinity
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of the sea water. Variability in the freshwater forcing to the oceans hasdie®vn to affect the
global climate|[Dickson et al., 1988; Aagaard and Carmack,|1989; Aridi2009; Peterson etlal.,
2002; Hatun et all, 2005; Alley etlal., 2003; Kingston et/al., 2006; Lentah £2008].

The weather and climate models incorporate a representation of the phiysicésture, en-
ergy and momentum balances between land, ocean and atmosphere.elmtusss, represen-
tation of land surface hydrology plays a crucial part to validate or closenbisture and energy
budget.

As rivers flow through land surface, they modify it through erosioenaical weathering and
deposition. These processes cause the river discharge to caicylpée and dissolved minerals
and nutrients to the oceans, affecting the global biogeochemical cydeseProcesses change
the surface characteristics of land (albedo, heat capacity and gelofrenergy, moisture and

momentum), affecting the climate.

1.1.1 Riverdischarge

One of the most important aspects of river discharge is that it can be redaguectly, giv-
ing a unified account of the complex hydrological variables in the catchmienfact among
all the hydrological variables, river discharge is one of the most atelyrmeasured quantities
[Hagemann and Dumenil, 1998; Fekete aritdsmarty, 2007]. Unfortunately, the importance of
river discharge in climate studies was not realized early enough; thediseharge data were
collected by hydrological agencies through out the world for the solpgser of managing or
designing hydrological projects and utilisation of water resources. Sireceata were primar-
ily collected with the view to solve the problem of water resources, only wateeldped areas
were preferred. These reasons also limited the scientific community'ssaccdse data. Thus,
although river discharge is very useful and is one of the most acturagasured hydrometeoro-
logical variables, its monitoring and sharing is limited to the catchment or regionéds only.

The importance of river discharge was duly recognized in the 1970sgféorts to make the
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discharge information available were made. One of the earliest estimateglobat maps of
river discharge prepared by Baumgartner and Reichel [1975]UHited Nations declared 1980s
as the hydrological decade and the first compilation of river dischaagge skts were released
in the form of printed books [UNESCO IHP, 1984]. These data sets foitime basis of World
Meteorological Organisation’s (WMO) Global Runoff Data Centre (GRE&ta archive under
the World Climate Program. GRDC was established in 1987 with a mandate to cottdovea
and disseminate data pertaining to river flows and surface runoffs ontegous long-term basis
for the member countries and scientific community. The access to the actueargis¢ime series
is by request, but the metadata information of GRDC data catalogue is avaitdiedn the web.
There are other sources, which by synthesis of observations (GRGther sources)
and various analytical tools, provide river discharge datasets [@rahal.,| 1999; Cogley,
1989; Dai and Trenberth, 2002; Fekete et al., 2002; Peel and Moii&006| Perry et al., 1996;
Vorosmarty et al., 1996]. In addition, there exists a whole range of numemniodels to simu-
late river discharge on global scales [Coe, 1998, 20@0; € al., 2003} Miller et al., 1994; Yates,

1997; Sausen et al., 1994].

1.2 Setting of the problem

1.2.1 Geography of the region

Its unique position makes the Indian subcontinent a land of diverse gjguigal and climatic
conditions. It is bounded along the north by the Himalayas range and byr#isafh Sea to the
southwest, Bay of Bengal to the southeast, and Indian Ocean to theiggethFiguré 1]1). This

makes the Indian subcontinent a unique geographical and climatic entity.

ITogether these seas are called North Indian Ocean (NIO).
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Figure 1.1 Topography of the Indian subcontinent (in metres above mean sea lagel) bn the
2' (~ 4 km) ETOPO datd [ETOPO, 2006]. Major rivers are also shown.
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The Indian subcontinent is well fed by numerous rivers, all of thenmarg into either the
Bay of Bengal or Arabian Sea (Figurell.2). These rivers can bsifitakinto different categories
by considering their final destination, size or by the place of origin. In tieantinent the rivers

can be categorised broadly into three types by their place of origin:

1. The Himalayan rivers;
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Figure 1.2 Rivers (in blue) of Indian subcontinent on the shaded relief map. Al-
most all the rivers drain into either the Arabian Sea or Bay of Bengal. Ta®m d
(drainage network) is extracted from tligital Chart of the World Servefavailable from
htt p://ww. mapr oom psu. edu/ dcw ).The black circles represent the discharge gauges
included in GRDC, showing the sparsity of observations available froma indylobal data sets.
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2. The central Indian rivers;

3. The western ghat rivers.

1.2.2 Climate of the region

The major feature of the Indian climate is the intra-annual variation of the atrads@and oceanic
circulation. A feature of the intra-annual variation of atmospheric circuiasithe complete rever-

sal of winds and precipitation pattern, which is known asrttmsoonsThe whole subcontinent
depends upon the vagaries of the monsoon. Hence, concentrated effee been made to im-
prove our understanding of the climate. A major step in this regard is to uaddrihe variability

of the monsoon and oceans over a range of scales. For most of thieyc@xcept east coast of
India), a major share of rainfall{ 70%) occurs in four months, June to September, known as the
summer monsoon season. There are clearly two regions of rainfall maxenaeth coast and the
northeastern part of India (Figure1L.3).

Rainfall during the monsoon season is the source of water in the rivéne dridian subconti-
nent. Almost 75% of rainfall occurs in monsoon. As rainfall is the main sofavater in rivers,
they also swell up during the monsoon season (Fidurés 1.4 and 1.5).

This unique geographical setting makes the climate of the subcontinentddepesn the
atmosphere-land-ocean interaction processes. The air-sea intefacto@sses and differential
heating of land and sea are some of the well-known processes affeaingotisoon. The fresh-
water discharge influences oceanic circulation on various time scalesfr@stisvater discharge
reduces the salinity of the sea water it mixes with. This fresher water, of dtinitg, is lighter
and sits on the top of the denser saline oceanic waters. It changes tiligystatd salinity of the
surface water layer in the ocean, making it more stable. This stable stratifibasamplications
for the climate as the upper layer of the ocean is always in contact with thegteres The role

of freshwater in the physics of surface mixed layer is relatively well kméo the Bay of Bengal



Introduction 7

Figure 1.3 Climatological rainfall (mm day') over India for June to September. The rainfall is
from India Meteorological Department (IMD) gridded rainfall data [Ragn et al!, 2006b].
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region. Rivers like Ganga (Figufe 1.4) and Brahmaputra bring huge s ofi freshwater into
the bay. The ability of the Bay of Bengal to support the tropical convediasbeen attributed
to the high freshwater influx into the bay through high river dischargeramdall over the bay.
There are global data sets which resolve the rainfall over the sea. gBint, dhere is a lack of
guantitative information on the river discharge; whatever little is availableoi® fylobal-scale,
coarse-resolution studies or estimates based on gross generalizataituBiion is worse for the
western coast of India, where there is practically no information on tlee discharge.

The most striking feature of the Indian west coast is the presence oathari range (West-
ern Ghats), which runs parallel to the coast. The coast itself is narmmone than a few tens of
kilometres wide and extending up to the foothills of the Sahyadris. From thkillspthe slopes
of the Sahyadris rise abruptly in the form of an escarpment to an avetagation of~ 700

meters. At several places, the escarpment is broken by river vallagsaxis of the range lies per-



Introduction 8

Figure 1.4 Monthly discharge (in mis!) for three west coast rivers. The rivers are Narmada
(northern part of the coast), Mandovi (central) and Periyar (son}heThe discharge data are
taken from GRDC.
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Figure 1.5Monthly discharge (in ms™?) for Ganga, Mahanadi, and Goadavari rivers. The dis-
charge data are taken from GRDC.
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pendicular to the prevailing summer-monsoon winds. The moisture-laden oronsods cause
heavy rainfall on the windward side of the range, distinguishing it fromntlueh drier leeward
side. Most of the west-coast rainfalt ©0%) occurs during June—September (summer monsoon),
there being negligible rainfall during December—April. The heavy raimfiadl small coastal plain
bounded by hills of Sahyadris ensure that a huge number of rive88Q by an estimate of Central
Water Commission (CWC)) flow into the eastern Arabian Sea and most of thewot thave river
discharge observations (Figlire]1.6). Establishing gauges on eaclisrppractically not possible.
Furthermore, for most rivers with available discharge data, there is o@ydscharge gauging
station, that too maintained away from the coast (see Figures 1[2"and dr.@heRvest coast this
distance is of the order 6f 50 km because discharge measurements from conventional methods
are not feasible in tidal streams. The discharge gauge has to be locateshup of the regime

influenced by tides.

1.3 Problem

As pointed out earlier, on the global scale the role of rivers on climate isestud detail. For
the Indian subcontinent, their role is still not studied in detail because ofdaakformation
on discharge. Global datasets on discharge suffer from estimatevémyrfew discharge gauges
(Figurel1.2) often situated hundreds of kilometers from the river mou#irseaesolution and their
ability to provide only annual discharges [Fekete et al., 2000]. Even bryges like the Brahma-
putra and Ganga have very limited records in the global discharge daj@seend Trenberih,
2002]. In the north Indian Ocean, the importance of river dischargeht® thermodynamics
of the upper ocean_[Han etlal., 2001; Howden and Murtugudde, Z80dnoi et al., 2002] and
low-frequency variability of sea level along the Indian coast [ShaakdrShetye, 1999, 2001;
Shankar, 2000; Han and Webster, 2002] has been highlighted. TEinn @ information on dis-

charge forced most of the studies listed earlier to use estimates [BaumgarnthReichel, 1975;
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Figure 1.6 Same as Figurle_1.2, but zoomed to show rivers (blue) of the west ddasiia High
rainfall and small geographical terrain of the coast results in a large euoflsmaller rivers,
contributing substantial discharge into the Arabian Sea. The black ciepessent the discharge
gauges included in GRDC.
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Martin et al.,. 1981] made decades earlier, leading, at times, to attempts to detehmindlis-
charge through inverse modelling [Yaremchuk etlal., 2005]. The typeuadfysrequired to fill
this void is non-existent, not only for the west coast of India but for titeeIndian subcontinent
[Shankar et al., 2004]. A little more detailed information on river dischargaaslable through
the work oflRao[[1975]. Recently, few articles appeared on climate amer wesources of the
country [Ramesh and Yadava, 2005; Narasirhan, 2005/ 2008] aawl hook has been also pub-
lished by Jain et al! [2006]. Although they are very useful for qualiainformation and other
metadata information like watershed area and other observations, the ititormlaout quantita-
tive estimates and methods is not enough as the approach is more of atteskirig. This lacuna
is due to lack of quantitative studies on the relevant scale [Shankar20@dt]. The problem of
management and planning of water resources in India is still viewed as altgpigineering prob-
lem, which is surprising since the economy of the subcontinent is driverebyatiaries of climate
and related water resource issues.

To address this issue along with the issues related to water resourcdsiswiggeded is
a modelling framework which provides a reliable quantitative estimate of the wedeurces.
Shankar et al! [2004] highlighted the strong need for quantitative estimaftibrer discharge and
other hydrological variables on a resolution fine enough to evolve sieatéy an average Indian
district, yet large enough to make possible estimates on the scale of the sodrbrSimulations
give us a tool to estimate the discharge at any point on a river. Once thiagons are validated
reasonably, they can be used to fill the gaps in observations, or evetetwlehe record back-
wards as long as forcing fields are available. They give us a tool to andigarry out numerical
experiments for different climatic scenarios. This information can be Ukefiarious sections of
society, such as climate scientists, policy makers, industrial managersrandtage practitioners
at the level of the issues and scales relevant to them.

This objective led Shankar etlal. [2004] to assemble a framework for dsignaver dis-

charge. To demonstrate its viability the framework was applied and testecefdahdovi (Fig-
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ure[1.T), a river system in Goa on the Indian west coast (Flgute 1!8).frfimework is simple
to implement, consists of freely available tools, and requires only the basidnaiiafor any

hydrological model: topography, rainfall, and evaporation. The fraonkvwe based on Terrestrial

Hydrologic Model with Biogeochemistry (THMQ a numerical model developed oe [2000].

THMB model provides a reliable water balance of a river system.

Figure 1.7 The Mandovi and Zuari (all rivers digitized from Survey of India maae the two
major rivers of Goa (border overlaid on the map). The Mandovi orig;atehe Sahyadris and
drains into the Arabian Sea near Panaji. The Mandovi basin (black)ctia&two discharge gaug-
ing stations, at Ganjem on the Mandovi itself and at Kulem on its major tributeyhandepar.
The region has two distinct topographical and climatic features: to the west li@astal plain
with heavy rainfall (windward side), and to the east lies a plateau with legslfgleeward side).
The rainfall stations in and around the basins are marked by black star.
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2This model was earlier called HYDrological Routing Algorithm (HYDRA).
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1.3.1 Mandovi river system

Mandovi river is the major river of Goa, and it has two discharge gafmewvhich daily estimates

of the discharges are available (Figlire 1.7). It is typical of the smalgiflewing down from the
Western Ghat mountains (Sahyadris) into the eastern Arabian Sea (Ei§urés over the rest of
the west coast 90% of the rainfall in the Mandovi basin occurs in the monsoon months{June
September) and consequenthy90% of discharge too occurs at this time. There is considerably
more variability in both the discharge and rainfall in the basin on the seamodaiter-annual time
scales (FigurE118). The rainfall variability in space is also prominent;athintreases as we go
eastwards from the coast (Panaji), on the hills and slopes of Sahy&@dwsl{), and decreasing

thereafter in the rain shadow zone on the leeward side (Asoga) (Flbdresd 1.B).

Figure 1.8Rainfall climatology (cm; for 1981-1998) at the five rain gauge stations iMtredovi
basin (Panaji, Mhapsa, Valpoi, Gavali, and Asoga) and discharge clirggitiiécum or Mn?(10°
mq); for 1981-1998) at the two runoff gauging stations in the Mandovin{@anjem and Kulem).
The vertical bars indicate the standard deviation of the monthly rainfall amaff; the height of
the bars is a measure of the inter-annual variability.
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There is also considerably more variability in the discharge and rainfall @mtha-annual

time scale (Figurg 119). On the daily time scale, the correspondence betiselearde and rainfall
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Figure 1.9 Daily rainfall (mm; for 1992) at the five rain gauge stations in the Mandosirba
(Panaji, Mhapsa, Valpoi, Gavali, and Asoga) and discharge (Mcummt {10° md); for 1992)
at Ganjem and Kulem.
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is less obvious, especially during monsoon-onset (June) and late-am(Beptember) seasons.

1.4 Objective of the thesis

This thesis presents our attempt to develop a viable quantitative framewdrkutate the river
discharges on the west-coast of India. Since the Mandovi is typicakoivést coast rivers, it is
assumed that the modelling framework will also work for the other river Basirthe west coast of
India. The modelling framework components and tools are described itecffaprhe framework
requires a rainfall forcing field: a method to map the rainfall from rain gaug the model grid
is presented in chaptel 3. Monthly rainfall maps were generated to simulaterthal @ischarge
of the Mandovi river; the mapping method and simulation results are deddrikthis chapter.
The modelling framework is unable to simulate daily discharge, and the frarkdvasrto be
extended by incorporating a rainfall-runoff model. This extension of thdetliag framework is
the subject of Chapt&l 4. Though the rainfall-runoff model improvesithelations considerably,
it is unable to capture the large intra-annual variability accurately. Hemeentroduce spatio-
temporal variabilty into the rainfall-runoff model; this parameterisation is thgestibf Chapter
[B. The applicability and generality of the framework, along with its strengtis\araknesses, are

discussed in chaptEl 6. Finally, the main findings of the thesis are summariZeaeiY .



Chapter 2

Hydrological Modelling framework

2.1 Hydrological modelling process

2.1.1 Runoff production and flow processes

River discharge is a vital component of surface hydrology, integranigus processes occurring
at varying temporal and spatial scales (catchment scale). What aeepitteesses? Let us begin

by considering what happens when rainfall occurs in the catchmentréfil).

1. Rainfall varies both in space and time.

2. Some of the rainfall will fall directlythroughfall) on the ground and flow according to local

topography.

3. Some of the water will be intercepted by the vegetation canaréeptior) and evaporated

back to the atmosphere.

4. Vegetation can concentrate the flow near itself by collecting and direcgrrgitifall through
branches, leaves and stestgmfloyy. This channeling results in higher concentration of wa-

ter, resulting in higher intensity flow near plants.
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Figure 2.1 Different hydrological processes on the catchment scale. Cartoonfieaod
fromhttp://snobear. col orado. edu/ I ntroHydr o/ geog hydro. ht mi . (See Ap-
pendix(A for a brief description of basic hydrological variables.)

PRECIPITATION

EVAPORATION
LR,

5. As the water reaches the ground, it starts infiltratinfil{ration) the soil surface to increase

the soil moisture and some part of this water even percolptsdlatior) to deeper levels.

If the underlying ground consists of an impermeable area of rock or ati§itucture, the
runoff will start immediately. This near-surface downslope rapid flow m&masthrough-
flow. The rate of infiltration depends on the rainfall intensity and the infiltratiomcip of

the soil. When the rate of rainfall exceeds the infiltration capacity, excats Wows over
land surface asverland flow according to the local topographic gradient. Some of this
excess water is retained in the surface depresssn&ae storagebefore overland flows

Ooccur.

6. The water that percolates the soil column will also tend to flow downslmgeefloy, espe-
cially if the soil column is saturated and sitting over an impregnable layer of fidod flow

due to subsurface processes is called subsurface runoff and igémiparcatchments with


http://snobear.colorado.edu/IntroHydro/geog_hydro.html
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high infiltration capacities and a deep layer of soil.

Thus, a part of rainfall becomes runoff and flows as surface oswstdce flow to appear at
the catchment outlet. The rest of the rainfall can be said to be hydrologetadiyacted; either
it is returned to the atmosphere or percolates deep down in the groundwamoment the
runoff appears in a river, it is callestreamflowor channel runoffor river discharge it has to be
transported on the land surface through the surface hydrologicabrietw

The surface hydrological processes can be understood in termyonémdally linked system
in which rivers, lakes, and wetlands can be defined as a continuotddgidal network. Through
this network the locally derived runoff is transported across the lanfdcuiand is eventually
transported to the ocean or an inland leke [Coe, 11998, 2000].

Thus, there are three very important aspects of hydrological modellmgfifst one is runoff
generation: it decides how much water goes into the stream during and adtiefall event.

The second aspect is how this runoff travels from the source areasléd -6- the routing of
the runoff. It is not possible to measure this inflow into stream networkftijras it depends upon
the velocities of the surface and subsurface flows on the ground aaswefistream components
of the flow in the streams.

The third aspect is similar to the earlier one and is concerned with the manné&idh the
streamflow travels through the land surface in the river channel. Thisowrks river routing.
Thus, essential criteria for modelling the river flows in time and space ineuldmst three com-

ponents:

1. to determine how much of the rainfall is converted into runoff (runoffegation);
2. how this runoff is routed over the land and translated to the stream rketwor

3. how the stream network transports this water.

It should be clear, however, that it is very difficult to separate thesetmamponents at any given

time. In the catchment all the three processes appear simultaneously.



Hydrological Modelling framework 20

A technique called reservoir routing is utilized here to model these flows.s@rveir is a
conceptual tool (similar to a natural or artificial reservoir) that is designestore the incoming
water and release it based upon its intrinsic properties. The function aktgsvoir depends on
the inflow into the reservoir, initial condition of the reservoir and its reseclwaracteristics (like
time scales), and a mathematical expression is used to relate these quantitesarfple, water
flowing on the surface can be represented by a “surface watevoadeSimilarly, water flowing
into subsurface reservoir can be represented by a “subsurfaeeveg” which will be different
from surface reservoir in the flow time scales: surface flow will be mustefahan the subsurface

flow.

2.1.2 Hydrological reservoir routing model

One of the most widely used techniques for reservoir modelling is to use tfeejgbof conser-
vation of mass. In one-dimensional flow the conservation of mass cantbd btathe equation
of continuity. As water is an incompressible fluid, the equation of continuity sthta in the
direction of flow, change in flow per unit length is balanced by the chandilewnarea per unit

time.

0Q 0A
—+—=0 2.1

or "ot @1
whereQ is the flow rate (i s™1) and A is the flow area (in this case width of the flow element
multiplied by depth). Equatiod (2.1) can be written in incremental form for amete of finite

lengthAz for the time intervalAt as

AQ AA
At A =0 (2.2)

The change in flow rate/\()) is nothing but the inflow minus outflow/ (— O) of the water in

the volume element. The change in the volume can be defined a quantity Giibedge AS
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(m®) which is @A x Az). Then Equation[(2]2) can be spatially averaged over the length scales of

interest and is written in the form:

AS

—=I1-0. 2.
AL 0 (2.3)

For At — 0, Equation[(2.8) can be written in the differential form

as
—=1- 2.4
o =1-0, (2.4)
which implies that in the reservoir, the difference between outflow and infidvalanced by the
rate of change in storage volume. The reservoir is physically equivalenucket being filled by

water and having a hole at the bottom for escape of the water as outflow.

2.1.3 Linear reservoir model

Equation[[Z.4) can be used to calculate the outflow for a given input (ihftovly when the storage
S is known. For the real flows outflow is a function of bathand 7, but Equation[(Z}4) can be
simplified using an assumption that for an ideal reservoir, storage is &doraf outflow. For a
linear reservoir model this relationship is assumed to be linear: outflow idlgiproportional to
the storage.

0=KS, (2.5)

where K = 1/T is a constant of proportionality. Physically this parameter is equivalent to the
inverse of residence time of water in the reservoir. Based on Equatidn {Bebequation of a
linear reservoir model can be written as

dS S

—=1——. 2.6

dt T (2.6)
Although in reality the relationship between rainfall and runoff is never lirthg approximation

makes the mathematics of hydrology much simpler to handle. Many authorsse/this relation
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to successfully model catchment hydrology [Beven, 2001].

2.2 Background and approach

This simpler approach avoids the use of more complex ‘hydraulic’ routingadstim which both
momentum and mass conservation are used to obtain the discharge. @toserf momen-
tum and mass leads to the shallow water equations (in hydrology, better law®aint Venant
equations), which are parameterised differently to obtain the various gadiremes (for more in-
formation, see standard hydrological textbooks such as Beven [20@1Chow et al. [1988]). In
hydrological literature, the two most used parameterizations for the floveitielare kinematic
wave [Hagemann and Dumenil, 1998b6smarty et all, 1996; Miller et al., 1994] and diffusion
wave [Julien et all, 1995; Downer et al., 2002] method.

In this thesis we use a linear reservoir hydrological routing model calledB previously
called HYDRA) of.Coe[[2000, 1998]. It uses the concept of lineaemeasirs to route the runoff
through the grid cells defining the region. The flow velocities are constarttome and are pa-
rameterised as a function of the topographic gradient and the grid sizmeAmoves downstream
through the river, the flow generated by the model increases as moreaaifute to the flow.
The rate at which water moves to a downstream grid depends mainly on theofrtagswater
that is above the sill depth (depth over which water can flow to the next, gnielmean distance
between the grid cell and its immediate neighbour and the downstream topmggagdient. The
flow rates are parametrized in the model by using reference velocitiesmdtelling approach
is similar to that of Hagemann and Dumenil [1998], Costa and Foley [199id],Sausen et al.

[1994].
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2.3 THMB model

The THMB modelling framework was already tested by Shankar et al. [[#004he Indian west
coast. Given the distribution of local rainfall and evapotranspiratioriyiBHtan route the surface
runoff and subsurface runoff to its destination, the sea or an inland lakeses a linear reser-
voir model to simulate water transport in terms of local flow directions deriveah the local
topography, residence times within a grid cell, and effective flow velocities.

The water transport is represented by the time-dependent changeseflithear reservoirs
(Figure[Z.2). The first is the river water reservai’g), which contains the sum of upstream
and local water in excess of that which is required to fill a local surfaagmdepression; the
second reservoir is the surface runoff pddld), which contains water that has run off the surface
locally and is flowing towards a river; the third reservoir is the subserfamoff pool {Vp),
which contains water that has drained through the local soil column andwsfdowards a
river. The water entering the hydrological network is the sum of the lamhee runoff Rg),
subsurface runoff (drainagelp), and the flux of water from upstream grid celis ). THMB
also contains the terms including rainfall and evaporation over the watacsuy€o=l, 2000] which
were neglected by Shankar et al. [2004] because there is no sighifiatar body in the Mandovi
basin.

The flow is governed by three differential equations similar to Equafion ¢hé)given by

Coe [2000]:

dWyg Ws
05 - Rg- -5 2.7
dt R Ts (2.7)
dWp Wp
— - 2.8
dt o Tn (2.8)
dWg Ws Whp Wgr
—_— = — | - Fin. 2.9
dt (T5+TD> TR+Z n (2:9)

Here,Ts , Tp, andTr denote the residence times of water in their respective reservoirs. (The
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Figure 2.2 Schematic representation of THMB. The figure shows a THMB grid celtaafluxes
into and out of the three reservoirs (surface runoff, subsuriaweff, and river water) associated
with each cell. P — F) denotes the runoff, the difference between rainfall and evapgiration;
determines the fraction of runoff (surface rundif ) that goes into the surface water reservoir
(Ws), Ts being the time scale over which water flows out of the reserv®ijs;is the subsurface
runoff; Wp denotes the subsurface water reseni@irpeing the time scale over which water flows
out of this reservoir. Water flows from both surface and subsurkeservoirs into the river-water
reservoir (Vr), from which water flows out of the cell to a downstream cell over a timesta.

S Fin is the total inflow from all upstream cells into the river water reservoir.

R,=o(P—E) R,=(1-«)(P—E)

R
R D
WD

w
Tf ‘L?

2F.

reservoirs are expressed irf mthe residence times in seconds, and the surface and subsurface
runoffs andy Fi, in m® s71). Following|Coe [2000] and Shankar et al. [2004] the first two res-
idence times were considered constant for simplicity. The stream flow nesidame, Ty, is
defined as the ratio of the distance between the centres of the local andtdzam grid cells (a
function of the DEM resolution) and the effective velocity of water; the&tffre velocity is pa-
rameterized differently for grid cells with and without wetlands or standingm@aee Coe [2000]

for more details). The model equations are integrated forward in time usiegitit differ-
encing scheme. THMB requires the following inputs: a DEM (Digital Elevatiood®l) to map

the topography, and surface runoff and subsurface runofféon grid cell. THMB then derives
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the hydrological network from the DEM representations of the land sei@ography. This hy-
drological network is linked to a linear reservoir model and forced with estisnaf runoff over

land.

2.3.1 Basin geometry and DEM

Rivers flow on the surface of the earth and follow the terrain. In the nigalenodelling frame-
work the topography of the terrain needs to be specified digitally. A DENVesgmts an estimate
of the average elevation for a given grid cell. There exist a numbereefyfravailable DEMs
with varying degrees of resolution (from 3-arc second to coarselutsns). The choice of DEM

depends upon the computing resources and nature and scale of the basin

2.3.2 Flow directions

The runoff generated in the river basin has to be transported to the mbthk dver through
the flow paths. There must be directed paths connected to the grid-cefisttieo headwaters
of the river to the grid cells which are successively closer to the mouth aiwbe Then there
must be a way to specify how fast the water moves from a grid cell to its immediatestream
neighborhood. The flow paths are denoted by the river direction valueach of the grid cells.
The river direction values are calculated by an algorithm based on & 8lgmithm. As a first
estimate, river direction of a grid is the direction to the neighbouring grid ¢bthe possible 8
grid cells) with lowest elevation. Further, if a grid is identified as lying in a pidepression, an
additional step is performed. Then all depressions are filled using a filiyogithm and the land
surface is sloped towards the outlet of the depression. Using the filleEdteuflow directions are
again calculated. This is done iteratively until all the grid cells have uniyee direction [Coe,
1998/ 2000].

The river direction values are not dependent upon a season gudeétrmined by topography.

And whether a flow is observed or not in the dry season, each cell fegritanique river direction
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value. Apart from the flow directions, the algorithm also takes into acaberakes or depressions

that may be present in the region.

2.4 Viability of the model: Mandovi river basin

The discharge simulations can be compared with observations to asseisbility of the frame-
work . As stated earlier in chapler 1, Mandovi river has two dischaagges. Apart from these,
there exist five rain gauges in the basin to map the rainfall. This, combined witfath that
Mandovi is a typical west-coast river, makes it suitable for testing the hiogléramework.

A freely available DEM called GLOBE (Global Land One-Kilometre Base Elevd |GLOBE,
2004], with a resolution of 30-arc seconds1 km), was used in this study (same as Shankar et al.

[2004] and Suprit and Shankar [2008]).

2.4.1 Editing of DEM

Over a large fraction of its length, the Mandovi is much less than a kilometre. WddBEM
cannot represent the surface topographic features smaller thanoiistieas hence, the GLOBE
DEM failed to resolve the narrow river valleys in the Mandovi basin, amallflow directions
derived from it were inaccurate. Therefare, Shankar et al. [PO&eloped a set of tools based on
a Geographic Information System (GIS) called Geographical ResoArtaysis Support System
(GRASS) GIS|[Neteler and Mitasova, 2002] to edit the DEM manually [Kotamaad Shankar,
2004] so that the river could be represented accurately in the modemdtigéied DEM was able

to resolve the river basin accurately: the area of the basin was estimated 896 kn, within
10% of previously published estimate of 203234{Ra0, 1975]. The catchment area at Ganjem was
estimated at 872 kf just 1% less than the estimate of the Central Water Commission (CWC)
river discharge data. (High-resolution DEMs like Shuttle Radar Topdyraission ((SRTM)

with resolution 3 arc seconds) [USCGS, 2004] also show similar routingigmab(and therefore
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require editing) at least when they are averaged to a 30 arc-secodds g

2.4.2 Inadequacy of existing rainfall data sets

Shankar et al| [2004] used rainfall and evapotranspiration datatiierdational Center for En-
vironmental Prediction (NCEP)/National Center for Atmospheric Resed€AR) Reanalysis
[Kalnay et al.[ 1996] and also rain-gauge data from Panaji and Vaipthie Mandovi basin to
demonstrate the viability of the framework. Following Coe [2000], they parttiothe differ-
ence between rainfall and evapotranspiration (both of which, theyressto be uniform over the
basin in the absence of a method to map the spatial variability) between sunfexti(30%) and
subsurface runoff (70%)._Shankar et al. [2004] showed thataglmtmdels like the one used for
creating the NCEP/NCAR Reanalysis are incapable of resolving the @iogcd the Sahyadris
(owing to a coarse resolution) and therefore considerably underestingatainfall in the Man-
dovi basin. In the NCEP/NCAR reanalysis, rainfall is a Class C variableifmoim impact of data
assimilation)|[Kalnay et al., 1996] and has been shown to be unsuitablénfiatic studies owing
to large errors associated with the data (e. g., Janowiak gt al. [1998frBesults were obtained
by IShankar et all [2004] by using rain-gauge data, but the in situ datachlae mapped to the
uniform model grid. They showed that mapping the spatial variation ofathiws critical for
simulating the discharge at Ganjem.

There exist a few other rainfall data sets for the Indian subcontinenweriitst checked if

they yielded discharge estimates comparable to those observed at Ganjem.

Testing existing gridded data sets

Gridded rainfall data sets based on observations are now availableatsygpatial and temporal
scales. Some of these data sets are based on rain-gauge measurecthamimhamn satellite
estimates; some of them use model-derived reanalysis data. We tested/#iladerainfall data

sets to see if these rainfall data produced discharge estimates consitetitenobservations.
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Table 2.1 Description of the gridded rainfall data sets tested for discharge simulations

Dataset Resolution Type Remarks
NCEP/NCAR  25°, Monthly, Global Model Reanalysis Shankar et al. [2004]
CRUTS 2.0 05°, Monthly, Global  Gridded observed data set Available from CRU
IMD 1.0°, Daily, Regional  Gridded observed data set Available from IMD
TRMM 0.25°, Monthly, Tropics Merged TRMM Algorithm 3B43

In all cases, the evapotranspiration was the same and was based onBERENGAR Reanalysis
[Kalnay et al., 1996]; evapotranspiration was assumed to be unifoentlog basin. The discharge

data at Ganjem and Kulem were obtained from CWC.

CRU data set

The Climate Research Unit’s (CRU, University of East Anglia) CRU TS 2.0n&laly used long-
term data set for climatic variables. This data product consists of nine mariitimigte variables
gridded on a &° grid; the product is based on surface meteorological observations éhel.,
1999, 2000]. The data are available online (Tablé 2.1) for 1901-20@Hgrids were constructed
by interpolating various available observational data sets using a thin-plate sterpolation
scheme. We forced THMB with the monthly rainfall field from CRU. As with NCECAR,
the rainfall forcing was assumed to be constant over the catchment. Asatesfour CRU grid
cells that contain a part of the Mandovi basin, the highest of the foufathimlues was used to
force THMB (the grid cell is marked by a solid dot in Figlire]2.3). The simulaiedharge was
considerably less than the observed, the average error over 138lbéing 53% (Table 2.2). The
problem is the grid size, the area of a single CRU cell being larger than thddvabasin; hence,

it was unable to resolve the rainfall variability in the basin.
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Table 2.2Comparison of simulated and observed discharges at Ganjem; all therdeslaae in
Mm?3. Column 2 (C2): Observed discharge at Ganjem (OG); C3: simulatedatigelat Ganjem
for CRU forcing; C4: asin C3, but for IMD forcing. In columns 1 andt# numbers in parenthe-
sis denote percentage error (simulated minus observed dischargdgsiitweo rows of table show
the mean (percentage error in parentheses) and standard deviatjaf (8®respective variables

Year oG CRU IMD
1981 3895 2188 (-43.8) 2338 (-40.0)
1982 4214 1456 (-65.4) 1943 (-53.9)
1983 3787 2413 (-36.3) 2561 (-32.4)
1984 3540 1329(62.5) 1523 (-57.0)
1985 3171 1005 (-68.3) 2003 (-36.8)
1986 2543 1214 (-52.3) 1068 (-58.0)
1987 2275 866 (-61.9) 1700 (-25.3)
1988 4187 2092 (-50.0) 1943 (-53.6)
1989 2762 1302 (-52.9) 1633 (-40.9)
1990 4018 1230(-69.4) 1748 (-56.5)
1991 3305 1582 (-52.1) 1442 (-56.4)
1992 3326 1849 (-44.4) 1661 (-50.1)
1993 3333 1466 (-56.0) 1456 (-56.3)
1994 4718 2545 (-46.1) 1734 (-63.2)
1995 2940 1036 (-64.8) 2298 (-21.8)
1996 2557 1448 (-43.4) 2098 (-17.9)
1997 3721 2214 (-40.5) 2170(-41.7)
1998 2906 1658 (-42.9) 1870 (-35.7)
Mean 3400 1605 (-53) 1844 (-44)
SD 648 489 359

IMD data set

IMD released a 1 gridded daily rainfall data set, covering whole of the country for 199032
based on their network of rain gauges (Table 2.1) [Rajeevan et al.hP006

This data set was constructed by interpolating station data using Sheptag®iation scheme,
which is essentially an inverse-distance weighting scheme. We tested ichygfdiHMB with the
IMD rainfall product. The Mandovi basin spread across two IMD celith each cell accounting

for a part of the basin (Figufe 2.3). The catchment upstream of Gargkbnim the eastern cell
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(‘E’"), but the rainfall over this cell was much less than the rainfall overwestern cell (‘W’),
in which fell the basin area downstream of Ganjem. We took this to be anartdféhe grid,
with the eastern (western) cell with low (high) rainfall representing the deg\windward) side
of the Sahyadris. Hence, the rainfall data used to force THMB were thiken the western cell
(‘W’). The daily rainfall data were averaged to obtain monthly values #dMB. The estimated
discharge (Table_2.2) was better than the discharge simulated using thea&&Ubuat the errors
were still unacceptably high: average error was 44% over 1981-I9d88discharge was under-
estimated by the IMD rainfall, the error being larger in years with high digghéand therefore
high rainfall). Thus, the IMD data were unable to capture the large intaedmariability inherent
in the west-coast monsoon rainfall and the simulated discharge had a mwahvasance than

observed.

TRMM data set

The third rainfall data set we tested was Tropical Rainfall Measuring iblis§TRMM)
[TRMM, 2006]. We used TRMM data product 3B43 (Combined TRMM alffteo data sources),
which combines calibrated satellite data (from TRMM and other satellite precipitzeén-
sors) and ground-based global rain-gauge data sets to producsirtgke, best-estimate data’
[TRMM, 2006]. The 3B43 rainfall data are available on-line on.23 grid from January 1998
onwards. Since discharge measurements were available only till 1999RM#& Tdata set was
tested only for 2 years, 1998 and 1999. The error in simulated disghamgdetherefore in the
TRMM rainfall estimate, was 75% for 1998 and 69% for 1999. As with the GRU IMD data,
TRMM also considerably underestimates rainfall over the basin. Thtise tfiree data sets tested,
the best discharge estimates were obtained with the IMD data (though it Hagvtst resolution)
because it used in situ rain-gauge data. The problem with the IMD dateatlat its objective was
to map the rainfall over India, not just over its west coast. This led to thepoltion algorithm

ignoring the effect of elevation and the need to ensure continuity led to ¢hef fswver rain gauges
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Figure 2.3 Rainfall distribution in July for the CRU, IMD, and TRMM data sets. The udpé&
panel shows the two discharge gauging stations. Note the differentlgeatidutions of these
gridded data sets. See the text for an explanation for the ‘W’ and ‘E’ esbok the panel for the
IMD data set and the solid dot marked on the panel for the CRU data set.
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than were actually available for (say) the Mandovi basin.

2.4.3 Need to build the rainfall forcing

It is clear from the above section that the available rainfall forcing dataae not suitable for

simulating river discharge on the Indian west coast. They producedruys, simulated discharge
underestimating the observed discharge (Table 2.2). The reason fi tiésstrong influence of

orography on the rainfall on the Indian west coast (Figuré 2.4). Tthimg dependence, when
combined with the complex terrain of Sahyadris and data sparsity, makey idiffecult to map

the rainfall on the west coast. Global and regional data sets like CRWDd@Wffer primarily due
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to their coarser resolution and stricter data length requirement for inclaéiaore representative

stations. Satellite data sets like TRMM are known to produce large errors intaioaus terrain.

Figure 2.4 Influence of topography on rainfall. The topography (meridionally aged over the
interpolated domain) of region is shown shaded along with the mean monsoeaigitation (for
June—September) along an approximate east-west transect passigitRenaji and Khanapur
(see Figur€1l7). The symbol at the top of the shaded topography markgation location. The
same symbol is used to denote the rainfall at that station. For example, the(lgpper) asterisk
(inverted triangle) for Panaji (Asoga) marks the location and the uppe&ef)asterisk (inverted
triangle) the rainfall at Panaji (Asoga) Note that the heights shown drihastation heights but
the meridional average of the elevation at a given distance from the @dktbte stations shown,
except Ponda and Khanapur, lie in the Mandovi basin.
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Using data for years for 22 stations from the area around the Mandswi tISuprit and Shankar
[2006] showed that it is possible to generate a rainfall data set thdtsr@sunore accurate dis-
charge estimates. Their study was limited, however, by the short lengthtifineeries and their
rain-gauge data had not passed through the same levels of quality ¢hatlese mandatory in

IMD. In the next chapter, a method to generate a rainfall forcing daitmdétcussed.



Chapter 3
Rainfall mapping

3.1 Introduction

At any given time, rainfall is measured at a place (point) using a rain g&ajefall, however, is
not a point quantity; it varies in space along with its variation in time. It is defagea continuous
spatial variable. Generally, this variation is more pronounced in a compleirtehan in a flat
region. In hydrology, estimating the spatial and temporal variability of rHiisfaf utmost impor-
tance. Temporal variability of rainfall is relatively easier to resolve as tengrds of daily rainfall
are available from rain-gauge measurements. In some cases rainfédirdatolution even as fine
as hourly are available. Spatial variability, however, is not easy to resiblgannot be measured
directly. In land surface hydrology, estimating spatial rainfall over &re¢areal rainfall and its
variability) is important. It is estimated by available rain gauges in a region ane #heays are
limitations regarding the placement of rain gauges. One has to transfoilabdvaain-gauge
measurements into a spatial field of rainfall, called the rainfall map. Creatimigltanaps from
rain-gauge data is known as spatial interpolation.

Spatial variability of rainfall can also be estimated by remote sensing tectigpireg satel-

lites and radars. These are recent advances: satellite and raddsraavailable only for recent
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decades. As technology evolves, the accuracy of these estimatesrigdfiamting, but they are still
indirect measurements. They require rain-gauge data for validation amdute and reliability
in hydrology is still under investigation. They are useful for identifyingrse scale patterns of
rainfall, but quantitative estimates are still a long way from the desired acgu more practical
problem is availability of data; rain-gauge data and discharge data al&dedor a much longer
period.

Hydrological models require rainfall as a forcing field. THMB requirasfall maps on the
model grid (Figuré_2]2). As discussed earlier Chapier 2, THMB, whetetbwith the exist-
ing rainfall maps, heavily underestimated the discharge. Thus, the exisimiglr maps were
unable to resolve the rainfall in the Mandovi basin and they underestimaraitifell. Of all
the tested data sets, the IMD dataset, which is based on rain gaugesmeeroetter (see Ta-
bles[2Z.1 and2]2). Hence, to produce the rainfall forcing field for THMESsting rain-gauge
measurements, in and around the Mandovi basin, had to be interpolatednmdet grid. The
spatial interpolation problem becomes acute in a complex terrain like the wast abindia,
where rainfall is strongly related to the topography, owing to the sparsédtion of rain gauges

(FigurelZ.3).

3.1.1 Spatial interpolation of rainfall

The importance of spatial variability of rainfall (rainfall maps) in hydrologgs realised long
ago. Initially, hydrologists, equipped with the knowledge of rainfall in thggal, used subjective
method of contouring (rainfall contours are called isohyets) to obtainalhimfips. Later, inter-
polation techniques such as inverse-distance weighted (IDW), Thiesdggons, splines (whole
variety of splines, including membrane, minimum curvature, thin plate, regpliaes, splines
with tension, etc.), kriging, and many others including downscaling and assanitechniques
came into use. These interpolation methods were both quantitative and, fioo$heart, objective

(see Appendik B for more detailed discussion).
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In essence, there are a large number of methods available, and onedha®se a method
based on the specific requirement of the problem. This is crucial in a dataesregion like
the west coast of India, where large gradients of rainfall, combined \eithptex terrain, make
mapping quite difficult (Figurds 2.4 ahd 1.7). Thus, a good interpolatiomigaeh should not only
be objective, but also be subjective enough to use the already knoets faf spatial distribution
of rainfall in the complex terrain so as to complement the sparsity of data. rergle a good
rainfall map should fulfil the following criteria: It should be able to reproelknown spatial
characteristics of rainfall (as it is known to a local observer), it shoolupare favourably with

station rainfall, and it should be validated with independent criteria like waiggdt calculations.

3.1.2 Regularised spline with tension

Suprit and Shankar [Zoog]and Suprit and Shankar [2008] adopted a spline method for interpo-
lating rainfall on the west coast. Spline method was chosen because iteid bas/ariational
technique, hence it is physically more meaningful than statistical techn|ilites[and Mitasova,
1999]. Geostatistical methods like kriging were not chosen because okttt for subjective
decisions|[Journel, 1996]: data in a data-sparse region like the Mahdsin may not contain
enough information about the important features to enable such subjettigticceed. The two
methods, however, have been shown to be formally equivalent [Cré988].

Splines have been used extensively in the interpolation of various climé&éhes[Hutchinsan,
1995, 1998ajb; New et al., 1999; Hofierka etlal., 2002; Jeffrels,2@01]. An implementation of
the multivariate spline interpolation method callBggularized Spline with TensidRST) has
been developed and incorporated within GRASS GIS [Neteler and Mita260&]. The method
has been applied successfully to regions having complex topographytatled discussion of
the mathematical formulation of tHRSTmethod is presented by Mitasova and Mitas [1993] and

Hofierka et al.|[2002]. The spline interpolation technique is based orrémige that the interpo-

1Rain-gauge data available’fo Suprif and Sharikar [2006] was from-atandard source (not from IMD, hence, not
passed through mandatory quality check) and of short duration.
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lation function should pass through or close to the data points while trying tamermamooth as
possible/[Mitas and Mitasova, 1999].

The method is able to capture a more complex, spatially variable relation betaigen r
fall and elevation than the traditional methods based on statistical correlitufiefka et al.,
2002]. The explicit form oRSTfunction and solutions for undetermined coefficients are given in
Mitasova and Mitas [1993] and Hofierka et al. [2002]. To interpolatefadliwith elevation as the
third dimension, an approach similar to that of Hutchinson [1995] is used iR8¥module in
GRASS; the interpolated function is therefore a function of horizontairdinate as well as ele-
vation, which can be interpreted as the intersection oRBd@volume model of rainfall with the
terrain surface [Neteler and Mitasova, 2002]. The introduction of &mvas a co-variate serves
as an important proxy for rainfall in complex data-sparse regions.rpacating elevation in the
interpolation tends to improve the results of interpolation [Goovaerts, 200feiHa et al, 2002].

This trivariate (3, with elevation as the third dimension) form &ST method is
implemented in the GRASS GIS as the modulerol.rst [Neteler and Mitasova, 2002;
GRASS Development Team, 2008]. It requires the location and height oath gauges as inputs
to interpolate rainfall to a B grid. The resulting 2 rainfall field is obtained by intersecting the
interpolated volume by the terrain surface represented by a DEM. An inrmpdetature of the im-
plementation is a set of tuning parameters, which provide the flexibility needled interpolation
procedure to represent the modelled phenomena. The most importamiepersare tensior §
and smoothing9) [Neteler and Mitasova, 2002]T controls the range over which a given point
influences the resulting surface. For higheach point influences only its close neighbourhood
and the surface changes rapidly to the trend between the pointd) Bndlogy,T tunes the in-
terpolation surface from a stiff plate to an elastic membrane [Neteler and Mitaa002]. On the
other handSallows the surface to deviate from the data points in an effort to minimize itsyenerg
Low (high) Simplies that the interpolation function passes close to (deviates more from)tthe da

points. Sis important when using low because it prevents overshoots (unusually high or low
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values);Salso removes noise that may be present in the data [Neteler and Mitas0g4, 20

The optimal values of these parameters were chosen by minimization of thetpeedrror
estimated by a Cross-Validatio®'{") procedurel[Tomczak, 1988; Neteler and Mitasova, 2002],
which is also incorporated in thevol.rst module [GRASS Development Team, 2008]. In this
approach, one data point was eliminated at a time, and the interpolation i@asest using the
remaining points. Then the residual between the actual value of the elimir@tecpd the value
estimated (interpolated) at this point was computed. This procedure weateepsubsequently
for all the data points. This resulted in the same number of residuals as atpuga@ints. Then the
overall performance of the interpolation was evaluated as the root meguoaifed residuals (Root
Mean Square Error, RMSE). This step was repeated for a rangduafsvaf T andS (0.01-0.09)
and the combination that yielded the lowest RMSE was chosen as the optiro&irgetpolation
parameters. The entire procedure was carried out for a domain laayetith model domain
(Figured 3.1 an117). The locations and heights were specified basked Gi.OBE DEM grid,
but these values were almost the same as the in-situ locations and height®gidD. (The
averaging over a grid cell in the DEM implies that the height at a location in the Biiviot be
equal to the IMD height in a region with complex terrain. The GLOBE value®\pecferred to
the in-situ values for interpolation because the rainfall in any cell reptesa average over the
cell and is therefore not the same as the in-situ measurement using a rgén)gau

The CV method provides an objective criterion to evaluate the selection of the intégmola
parameters. Although there are many issues involved witiCtieprocedure, the final assess-
ment of the spatial estimate of precipitation and its consistency should be jbydled discharge

simulations, which provide an independent spatial climate element [Daly].2006
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Figure 3.1 The topography of the region as in the edited GLOBE DEM. The outer ared nect-
angles denote the interpolation and THMB model domains; rainfall interpolat@snperformed
over a larger domain in order to include more rain gauges to map the variatierblack jagged
line is the ridge separating the windward and leeward sides of the SahyRdnsgauge stations

on the windward (leeward) sides are marked in black (white).
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3.2 Application to the Mandovi basin

We first interpolated the rainfall for 1981-1998 using the rain-gaugge fdam 20 stations in and
around the Mandovi basin (Figure B.1). Of the 20 stations, data for dnlCastle Rock, Mor-

mugao, Panaji, Sanguem, Khanapur, Kalasai, and Kumbarwada) walabés over the entire
analysis period (Table_3.1). All available data, however, were useihterpolation in order to

generate the best possible map for each month. The entire regioN @35 48 N and 73 36

E — 74 34 E) in the GLOBE DEM was divided into 96 116 grid cells with a resolution of 30

arc seconds.

TheT andSwere varied in the range 0.01-0.09 to obtain optimal parameters by minimising
the RMSE obtained through th@V" procedure; the range farandSwas arrived at subjectively
after a few interpolations. The RMSE for the optiminandS (Figure[3.2) varied between(BL
and 923 cm during the peak rainfall months (June—September). The resultiriglraiaps were
unable to capture the large gradients expected in the vicinity of the Sahy@idrise[3.8) owing
to the poor rain-gauge coverage in the regions with large rainfall gresdiee., the ridge and the
slopes of the Sahyadris. This poor coverage resulted in understmateajues) and overshoots
(high values) when we tried to simulate the large rainfall gradient by redubmsmoothness of
the rainfall surface (by lowerin§). Hence, smoother surfaces had to be fitted to the rain-gauge
data, resulting in the inability to simulate the large spatial gradients. When thagalraaps
were used to force THMB, the error in the simulated discharge at Ganjeoghhmw less than

when the IMD data were used, was still too largel4—44%) (see Table 3.2).

3.2.1 Separate interpolation for windward and leeward sids

The reason for the large errors in interpolation is the sparse distributioairofgauges. This

poor spatial sampling did not permit a clear separation between the windwdngeward sides,
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Table 3.1Name, location (latitude (longitude) in degrees north (east)) and heightf {im¢ cain-
gauge stations, along with a summary of the annual rainfall statistics (mes®Cgraim year?).
Stations in the top (bottom) half of the table are from the windward (leewarep$ithe Sahyadris.
Column 5 lists the years for which data were not available (at least for theenarmonths).

Station Longitude Latitude Height Missing years Mean SD
Castle Rock  74.35 15.4 559 — 597.8 931
Gavali 74.26 15.6 744 1982-85 661.1 172.7
Madgaon 73.96 15.28 10 1988,1998 292.8 58.2
Mhapsa 73.8 15.59 22 1988-89,1998 303.1 57.6
Mormugao 73.79 15.41 22 — 2709  39.9
Panaji 73.81 15.48 1 — 286.0 45.0
Ponda 74.02 15.4 32 1988,1998 3320 616
Quepem 74.06 15.21 48 1987-89, 1998 357.3 838
Sanguem 74.15 15.23 52 1998 361.7 50.3
Valpoi 74.13 15.55 67 1988,1993-95,1998  413.2 56.2
Asoga 74.36 15.6 692 1997 160.5 495
Desur 74.5 15.75 732 1997 143.8 345
Jamagaon 74.48 15.55 673 1982,1984-85 3940 96.7
Khanapur 74.51 15.63 646 — 183.0 42.8
Londa 74.5 15.45 650 1984-85,1987-89,1997 227.8 93.5
Akheti 74.42 15.75 766 1987 519.2 101.1
Jagalpet 74.5 15.25 515 1987,1998 256.2 61.2
Kalasai 74.42 15.07 640 — 327.3 593
Kumbarwada 74.46 15.14 614 — 366.9 100.1
Kundar 74.35 15.14 666 1989 498.8 121.7

which is obvious in the large-scale rainfall distribution, to emerge naturaliy the data. Hence,
in order to overcome this problem, we interpolated the rainfall separatetéowindward and
leeward sides. We defined a ridge separating the windward and leeidresd choosing, as a first
approximation, the location of maximum elevation along a latitude circle as the fidigeridge
was then subjectively edited where river valleys (like the Mandovi; sea&lif.7) cut through the
Sahyadris. This subjective editing was necessary to ensure a “eddgbsmooth and continuous

ridge. This definition separated the domain into a high-rainfall windwardasidea low-rainfall
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Figure 3.2RMS error (RMSE, in cm) for obtaining optimal tension and smoothing paramteter
be used in rainfall interpolation. The top panel shows the RMSE when oltgign was done for
windward and leeward stations combined (dischatgen Table 3.2); the bottom panel shows the
RMSE for separate interpolation for windward and leeward sides (digelSg, ., 1, in Table[3.2).
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leeward side, with 10 rain-gauge stations on both sides (Table 3.1). WegbkditheCV procedure
to map the rainfall separately for each side; on both sides, the opfiraa S ranged between
0.01 and 0.09. The two maps were then merged together to obtain the rainfall map

Suprit and Shankar [2008] used a 3-point smoothing for merging leksrad windward side

map:

R; = (Ri-1+ Ri+ Rit1) /3, (3.1)
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Figure 3.3 Interpolated rainfall maps for August 1982. The left (right) panel isstmulationS¢
(Sw+r). The black curve is the Mandovi basin. The ridge separating the winbarad leeward
sides is shown by the black curve in the right panel. The six rain-gautienst41—6) are the ones
for which estimated and observed rainfall are compared in Figufe 3.4.
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whereR; is the rainfall in the first grid cell on the leeward sidg,; the (adjacent) leeward cell to
its east andr; 1 the (adjacent) windward cell to its west; herés the zonal index. This smoothing
was done to ensure a smoother transition from the high rainfall on the widdsi@e to the low
rainfall on the leeward side, but this smoothing causes overestimation &lrain the leeward
side. As rainfall is generally underestimated, on monthly rainfall maps this ireprine results
a little. On the leeward sides, however, interpolated rainfall is alreadyilpesmerestimated (See
Figure 3.4 for Asoga (top panel)) and this smoothing adds to this overestimation

The RMSE for the windward (leeward) side was 0-37.8 (0-94.2) cm (&f§12). The reason
for the larger error on the leeward side could not be ascertained, dwugpect the complex
relation between rainfall and elevation and the clustering of rain gaugesaintgroups on the
leeward side (Figurie3.1). The errors were, however, lower whewitidwvard and leeward sides
were mapped separately; note also that the leeward side constitutes a muchfsaatilbe of the
catchment of the Mandovi at Ganjem, 1% by area and on the average 13.8-20.4% by rainfall;

see Table3]1). The RMSE values still seem large, but they are unalmidabdata-sparse region
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Table 3.2Comparison of simulated and observed discharges at Ganjem; all therdeslaae in
Mm?2. Column 2 (C2): Observed discharge at Ganjém); C3: simulated discharge at Ganjem
for forcing with interpolated (windward and leeward sides combined)aliff is the simulated
discharge for this experiment); C4. as in C3, but with the rainfall interpaladione separately
for the windward and leeward sideSi{  ;, is the simulated discharge for this experiment); C5:
observed discharge at Kulem; C6: as in C4, but for Kulgp (s the simulated discharge at
Kulem for separate interpolation experiment). In columns 3, 4 and 6 the marimbparenthesis
denote percentage error (simulated minus observed discharge). Calu@ipg and 8 (Pr) are

the areal rainfall (in Mrd) over the windward and leeward parts, respectively, over the catcthmen
area at Ganjem for the forcing used in C4y(, ;). The last two rows of table show the mean

(percentage error in parentheses) and standard deviation (SD)refkttective variables.

Year (Og) Sc SW+L (OK) (SK) Py Py,

1981 3895 3001 (-22.9) 3513(9.8) 456 429(-5.9) 3585 770
1982 4214 2522 (-40.2) 3528 (-16.3) 530 455 (-14.2) 3631 757
1983 3787 2648(-30.1) 3558 (-6.0) 640 444(-30.7) 3587 740
1984 3540 2003 (-43.4) 2750(-22.3) 635 358(-43.6) 2887 634
1985 3171 2115(-33.3) 2838(-10.5) 599 349 (-41.7) 2943 637
1986 2543 1678 (-34.0) 2443(-3.9) 440 335(-24) 2620 555
1987 2275 1768(-22.3) 2219(-2.5) 331 287(-13.4) 2531 404
1988 4187 2353 (-43.8) 3193 (-23.7) 474 426 (-10.0) 3309 643
1989 2762 2102(-23.9) 2863(3.7) 401 370(-7.8) 2986 603
1990 4018 2552 (-36.5) 3578(-10.9) 610 483(-20.8) 3823 804
1991 3305 2203(-33.3) 2957 (-10.5) 458 389 (-15.2) 3092 726
1992 3326 2346 (-29.5) 3028(-9.0) 431 381(-11.5) 3189 714
1993 3333 2113(-36.6) 2851 (-14.5) 457 381(-16.7) 3046 682
1994 4718 3140 (-33.4) 4018 (-14.8) 614 532 (-13.3) 4021 1025
1995 2940 1964 (-33.2) 2501 (-14.9) 400 310(-22.4) 2806 542
1996 2557 2193 (-14.2) 2877 (12.5) 418 356(-14.8) 3026 620
1997 3721 2673(-28.2) 3466 (-6.9) 514 430(-16.3) 3451 884
1998 2906 1877 (-35.4) 2387 (-17.9) 423 302 (-28.7) 2686 559
Mean 3400 2292(-31.9) 3032(-9.9) 491 390(-19.5) 3179 683
SD 648 391 480 91 63 414 137
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Figure 3.4 Interpolated and observed rainfall (in cm yeYrat the stations marked in Figure3.3;
note that Castle Rock is not in the Mandovi basin, but is the only station on ftipe fiddd which
data were available. The vertical bars are a measure of the variability iltieeved rainfall; the
length represents one standard deviation on either side of the obsanvied.r
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like this: we have no means of comparing the RMSE with any other studies ingioar&d heCV
method also usually overestimates the interpolation error because the estingtgisdmputed
at a location where data are genuinely available, and lack of data pointvatgthis further
[Hofierka et al., 2005].

The interpolated rainfall compared well with observed rainfall at the gainge stations in the
basin and at Castle Rock, the station nearest the ridge (but outside tievlbasin) (Figuré 3]1
and Figuré_314). The interpolation procedure captured the sharp secireaainfall on the slopes
(see panel for Gavali), but the rainfall was consistently underestimatéaovindward side. On
the leeward side (see panel for Asoga), the rainfall was consisterhgstimated. This error was
due to the curve tending to become smooth (in order to avoid overshootgjonsehat are data-
sparse but have large gradients. The resulting rainfall maps weretimeless able to catch the
sharp increase in rainfall on the slopes of the Sahyadris, with the raméiimum hugging the

Sahyadris (Figure=3.3). For the peak rainfall months, we obtained similas faapll the years.

3.3 Simulation results and discussions

THMB was then forced with the new rainfall maps. The simulated dischanggaed well with
the observed discharge at Ganjem (Fiduré 3.5 and Table 3.2). Theresionulated discharge
was within the natural variability in the system (except in 1984 and 1988).ahimual discharge
error was less than 20% for 16 of 18 years; the average error awei8tlyears was 10%. This
is comparable to the measurement errors involved with discharge obsesyatibich is of the
order of~ 15 to 25%|[Dickinson, 1967; Cogley, 1989; Coe, 2000; Di Baldassand Montanari,
2009]. Except in two years, the simulated discharge was lower thanvelosethis was due to
the underestimation of rainfall at Gavali and Valpoi, which are repreteaiaf the heavy rainfall
on the hill slopes. The percentage error was higher at Valpoi (ofteatgr than 20%), but the

much higher mean rainfall at Gavali implied that the smaller percentage eererltd to a higher
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absolute rainfall error. Rain-gauge data for Gavali (Valpoi) wereavailable for 1984 (1988);
these were the two years in which the discharge error (underestimaes)dedt20% (Table 3.2).
The larger simulation errors occur in years when data for Gavali or Vahgomissing (Tablg 31
and Tabld_3]2). The large error in 1998 is owing to data for six of the 10wandl stations not
being available. Note, however, that (as may be expected witl'ifigorocedure) the RMSE is
the error in rainfall at a station (Figure 8.4) and bears no obvious relatithe error in simulated
discharge (Table 3.2 and Figlre 13.5).

The simulated discharge showed larger errors when compared with theudjecmeasure-
ments at Kulem on the Khandepar (Figlrel 3.5, Table 3.2). One reasthigdarger simulation
error is the much lower discharge of the Khandepar. Another reasoe igbtbence of critical
data. The discharge errors are largest (greater than 30%) dur@33-1985, when the observed
discharge was high and rainfall data for Gavali were missing. (Note thiat for several sta-
tions were missing in 1998, another year with a large error.) There araim@auge stations
on the slopes in the Khandepar basin, implying a high impact of Gavali artte@xsck rainfall
on the discharge simulated at Kulem. Absence of data at Gavali therefal® tie an underesti-
mate in basin rainfall, the error being larger when the rainfall is high becdugshighest rainfall
(and the highest standard deviation) is on the slopes of the Sahyadrie[B[&). Note, however,
that the discharge during 1983-1985 at Ganjem was closer to the mehardiscsuggesting an
unmapped, higher-than-normal rainfall in the Khandepar basin. Siecawdilable data do not
suggest a north-south trend during these years, it is likely that thesesaiafall in the Khandepar
basin was restricted to it. The absence of a rain gauge in the basin makesgsibipdo resolve
the spatial variation any better than done above. Hence, the method is opbodsas is the
distribution of data: sparsity of data implies larger errors in smaller sub-asin

Nevertheless, the mean simulated discharge was lower at both Ganjem lenal Kine sim-
ulated variance was also lower than the observed variance. Both poistioather rainfall map

than probably exists in nature, with the sparse coverage of the basatjapon the hill slopes,
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Figure 3.5Simulated discharges at Ganjem and Kulem (bottom panel). The obséscbdme is
plotted for comparison. The shaded area is a measure of the variability ibskeved discharge;
the shading is done for one standard deviation on either side of the elds#ischarge. The black
curve is the simulated discharge. Note the negligible impact of evapotratimpif@dicated by
the thickness of the black curve) and that the error in simulated dischavgthia the natural
variability of the system (except in 1984 and 1988, where the black dateejust outside the
shaded region).
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resulting in a lower estimate of basin rainfall than observed. A consequiitis sparse coverage
is the lack of variation in rainfall between Gavali and Castle Rock, whiclseparated by 25
km (Figure 3.1). Though Gavaliis at a higher elevation (Table 3.1), CRsti& is on the ridge and
Gavali on the slopes. The observed rainfall is higher at Gavali thaasttedRock, but the sparsity
of rain gauges masks this spatial gradient. Data from south of Goa aledtlsap in accordance
with theory [Sarkar, 1966, 1967], the maximum rainfall occurs on the ward slope of the
Sahyadris (Gavali, for example), not on the ridge (Castle Rock, fanpley [Basappa and Jose,
2008]. Hence, sparsity of data, which is common in the vicinity of the Safsjadlill imply a
similar rainfall underestimate all along the Indian west coast.

The results did not show an obvious relationship between the rainfall Rivi8Ehe discharge
errors: the correlation between the two errors is low. It is known, hewekiat theC'V’ method
does not provide optimum parameters in all cases, and is dependentdentiy and homogene-
ity of data points|[Hofierka et al., 2002; Daly, 2006]. The THMB simulatiomsenable to capture
the variability in discharge observations reasonably well on the anralel @gguré-35), and since
the discharge is an independent measure of the rainfall interpolation, mdsestringent test of

the rainfall interpolation/[Daly, 2006].

3.3.1 Rainfall mapping on higher temporal scale

Simulations forced with interpolated annual rainfall, however, resulted getagrrors: though
the interpolation error was lower for annual rainfall, the discharge evesr higher because the
annual-rainfall map was much smoother and it underestimated the rainfathev8ahyadris.
Simulations on higher temporal scale (e. g., on daily time scale) require raimdalbing on
daily time scale. The method outlined above for mapping monthly rainfall is aldacable for
daily rainfall [Hofierka et al., 2002]. The GRASS GIS routinesol.rst, used to perform the RST
interpolation is embedded within the GRASS environment, but the procesdomas\ging to the

internal GRASS GIS computational overheads. Since daily forcing woualgtase the compu-
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tational load, the C routines used for the interpolation were extracted frel@RASS GIS and
converted to a stand-alone program that was used to determine the oplirands. Generation
of the rainfall-forcing maps requires only the DEM, the rain-gauge dathtlze optimuml and

S hence, the rainfall-mapping procedure was integrated with THMB, allovéimdall maps for a

given day to be generated online within THMB during the simulation.

3.3.2 Discussion

We have shown that an interpolation algorithm that includes elevation asariede yields a better
rainfall map for the Mandovi basin than an algorithm that ignores elevaiibis.improvement is
due to the influence of orography on the rainfall on the Indian west.cdags IMD interpolation
[Rajeevan et al., 2006a,b], which did not account for elevation, alslon@gd several stations that
did not have a long record in order to produce a consistent estimate dittfelll Hence, the
interpolated IMD rainfall underestimated the rainfall over the Mandovirbas key result is that
in data-sparse regions with a complex mountainous terrain (like the Mandswi)bit is better to
extract the ridge line priori and map the windward and leeward sides separately. This separate
mapping reduces the underestimation of rainfall by ensuring that the dleatime in rainfall
across the ridge, which does not emerge naturally from a combined mayfheyentire basin, is
now guaranteed to the extent that rain-gauge data are available on the alapthe ridge. Note
that such subjectivity is common in geostatistical techniques like kriging.

The resolution of the interpolation also matters. The CRU data set also inclelegion
as a co-variate, but the® resolution of the data set was too crude for it to resolve the sharp
rainfall gradient induced by the Sahyadris. Interpolating the rainfalllggh resolution and then
downscaling the interpolated rainfall to a coarser grid also proved isugeran interpolation at
a coarse resolution. We downscaled the rainfall interpolated at 30 @ndeto a ®5° grid and
then forced THMB (at a 30 arcseconds resolution) with the resultingathimiap. The rainfall

forcing, as with the TRMM/CRU/IMD data sets, was now invariant over thgela25° grid,
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but the results were superior to those obtained with the other data sets: etfagi@wischarge
error was 4.8% (underestimate), as opposed to 10% when THMB wasifaiith the interpolated
rainfall at 30 arc-seconds resolution without any rescaling (Table 8TRE lower error does not
imply that rescaling is better. For the Mandovi basin, the positioning of therésolution and
high-resolution grids means higher rainfall from outside the bggilted into the basin, resulting
in a positive rainfall error that countered the overall underestimatiomsihirainfall.) When the
terrain is complex and data are sparse, it is important to grid the rainfallighadsolution even
if the final resolution at which data are required is much lower. Hencedifdiggical consistency
is an objective, mapping at different resolutions in different regions beagecessary, the maps
being subsequently rescaled to the common desired resolution. In othds,vioe IMD data
set [Rajeevan et al., 2006b] might have benefited from a higher resolotithe mapping grid
along the Indian west coast; the coarser grid is probably sufficient inotirgradient terrain
common over most of India. The final data set could always be prepagdommon resolution
by downscaling the high-resolution maps to the lowest common resolution [gossib

The results presented here are significant. It is impossible to understahgdiology of the
Indian west coast without resolving the variability of rainfall. The rainfadipping algorithm was
validated by discharge simulations, an independent measure. The intedowlanthly rainfall,
when used to force THMB, produced an annual discharge estimate wih2b% of the obser-
vations. Further, the mapping algorithm has been incorporated into TH&Befivork, making
simulation experiments faster and seamless on daily time scales. But, on the dailydlehere
is much more variability in the discharge and rainfall (Figurg 1.9). Hence,lating the daily
discharge of the Mandovi will present a challenge to resolve this varighilitich forms the basis

of the next chapter (Chapter 4).



Chapter 4

Rainfall-runoff modelling

4.1 Introduction

The highest temporal resolution of data available with us was on daily time stahee, our next
step was to simulate the daily discharge in the Mandovi river. The method sestirsChaptdr] 3
for mapping monthly rainfall is applicable for daily rainfall also. The THMBrfrework now
incorporates the interpolation algorithm, where daily rainfall forcing maps frain gauges are
generated on the fly. Simulating the daily discharge of the Mandovi will, hewgresent an-
other challenge. The seasonality of rainfall over the Indian west omaktalmost no rain during
January—April and November-December (Fiduré 1.8), implies that th# od®ach year is inde-
pendent of that of the preceding years: the system has no memoryas danual discharge is
concerned and there is no correlation between the discharge of twessiweyears. Physically,
the land dries up soon after the rains cease, and the rains of the nefdlyea empty surface and
subsurface reservoirs. Hence, the annual discharge curveatattaost zero each year (and is
almost zero till April). Therefore, the integral of monthly discharge fartegear is independent
of the details of the discharge curve and is a function of only the total thover (and evapo-

transpiration from) the basin. Hence, the details of model parameterisatrematimportant for
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simulating the annual discharge: model parameters could be held corastanttie simulations
of|Coe [2000]| Shankar etlal. [2004] and Suprit and ShankargpR@@thout affecting the results.

With daily discharge, however, this will no longer hold true. On the daily timé&staere is a
large temporal variability embedded in the seasonal variation. There iseaMarigbility of rain-
fall, and hence of runoff (and discharge), on daily time scale (Figue THs variability is also
evident in the daily rainfall forcing maps generated by THMB (Fiduré 4vhere observed dis-
charge is compared with the integral of the rainfall over the catchmentrge@darea 872 k).
A simple parameterisation like (o« = 0.3, a constant) that partitions rainfall minus evapotranspi-
ration (P — E) into subsurface runoffl — «) (P — E) and surface runoffu( P — E) will not work.
On daily time scales, this constant partitioning can no longer be held valid.

In other words, a more complex rainfall-runoff model than the one usdigrelm THMB is
required. In this chapter, incorporation of a rainfall-runoff model inbMB for daily discharge
simulations is discussed in detail.

We forced THMB with the daily rainfall maps and analysed the results fol492898. The
simulated discharge for three years, 1986, 1990 and 1992, is shoviguire Z.2. The simulated
discharge at Ganjem is compared with the observed discharge and catéhtegrated rainfall.
As in|Suprit and Shankar [2008] and Shankar et al. [2004], theosahsycle is poorly simulated.
Discharge is underestimated during the peak monsoon months (July—Awqustverestimated
during the onset (May—June) and post-monsoon phases (Septerosemiber). Changing the
value ofa did not improve the simulations. On decreasing (increasirtg)0.1 (0.7), the simulated
discharge improved (deteriorated) in the onset period, but deteriofiatpdoved) in the peak-
monsoon period (Figure 4.2). The cause of this poor simulation is the corstafhe strong
seasonal cycle in rainfall and soil moisture, and hence in runoff, in theddvi basin implies a

time-dependent.
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Figure 4.1 Daily observed discharge (black curve, in Mnat Ganjem and the rainfall integrated
over the catchment (blue curve, in Mpfor May—October (a) 1981, (b) 1982, (c) 1983, and (d)
1984. Daily rainfall maps obtained by interpolating the rain-gauge data iwegrated over the
catchment area at Ganjem to obtain the catchment-integrated rainfall. Theckattharks on the
abscissa indicate beginning and end of a month.
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Figure 4.1 (continued) Daily observed discharge (black curve, indlat Ganjem and the rainfall
integrated over the catchment (blue curve, in Mifior May—October (a) 1985, (b) 1986, (c) 1987,
and (d) 1988. Daily rainfall maps obtained by interpolating the rain-gaatg \dere integrated
over the catchment area at Ganjem to obtain the catchment-integrated rdinéatiold tick marks
on the abscissa indicate beginning and end of a month.
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Figure 4.1 (continued) Daily observed discharge (black curve, indlat Ganjem and the rainfall
integrated over the catchment (blue curve, in Mifior May—October (a) 1989, (b) 1990, (c) 1991,
and (d) 1992. Daily rainfall maps obtained by interpolating the rain-gaatg \dere integrated
over the catchment area at Ganjem to obtain the catchment-integrated rdinéatiold tick marks
on the abscissa indicate beginning and end of a month.
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Figure 4.1 (continued) Daily observed discharge (black curve, indlat Ganjem and the rainfall
integrated over the catchment (blue curve, in Mifior May—October (a) 1993, (b) 1994, (c) 1995,
and (d) 1996. Daily rainfall maps obtained by interpolating the rain-gaatg \dere integrated
over the catchment area at Ganjem to obtain the catchment-integrated rdinéatiold tick marks
on the abscissa indicate beginning and end of a month.
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Figure 4.1 (continued) Daily observed discharge (black curve, in¥at Ganjem and the rainfall
integrated over the catchment (blue curve, in Mlfor May—October (a) 1997, and (b) 1998. Daily
rainfall maps obtained by interpolating the rain-gauge data were integnagethe catchment area
at Ganjem to obtain the catchment-integrated rainfall. The bold tick marks obshissa indicate
beginning and end of a month.

— Observed discharge — Catchment rainfall

200 —fubusisdusdsbbiadusdssbubiudsbublbubbbabbbbobobbuolg

& 1 (@) 1997 C
E . o
S 1507 g
3= 100 ] ?
=58 100 ‘: :’
< < ] L
o'g ] r
L ] r
a 50 ] -
0 ] Il ! ! An ~\:

TS R

200 —fubusbisdusdssdbisdusdssbubidudssbubbbubbabbbboboblbuol

& 1 (b) 1998 C
£ E g
s 07 :
o _ ] r
275 100 3
< < ] [
o'g ] r
RN - -
8@ 50 7 :

0~ TR

May Jun Jul Aug Sep Oct




Rainfall-runoff modelling 58

Figure 4.2 Observed discharge (black), discharge simulated by Simulatidrired), and the
catchment-integrated rainfall at Ganjem (blue). (a) 1986. (b) 1992.1980. The units are
Mm3. The bold tick marks on the abscissa indicate beginning and end of a momrtiyr@nband
shows the variation in simulated discharge wheis varied over the range 0.1-0.@;= 0.3 in
SimulationSQ
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4.1.1 Limitations of the framework: Model parameterisation

Thus, simulation of daily discharge requires realistic estimates of surfatsudsurface runoff
on this time scale. Constant partitioning of rainfall into runoff smoothens tkergbd variabil-
ity in discharge because this parameterisation is simplistic and ignores thénditfgdrological
response to differences in geographical and climatic conditions, i.e., itdgmariations in space
and time. The hydrological processes, in turn, affect the generatinmoff, implying the need
for a new, but simple, rainfall-runoff model to calculate the runoff reegiito force THMB. This
rainfall-runoff model has to be simple enough to work with the meagre availaltde but complex
enough to account for the basic hydrological processes involved inyti®logical response of

the Mandovi basin to the rainfall forcing.

4.1.2 Rainfall-runoff model

Hydrological systems are very difficult to observe owing to limited measuretaehniques and
range of measurements. This is especially true for a complex process tikersimn of rainfall
into runoff. The flow of water on the surface through soil, until it appeara stream, is a very
complex and nonlinear process. Hydrological models represent thi@nebetween total rainfall
and runoff generated during the event and also route the runoff tauthet point of the watershed.
Almost always, errors involved in routing are much less than in the pradfassioff generation.
The generated runoff depends upon the rainfall and antecedatitioos of the watershed.
There exist many hydrological models, of varying complexities, to coriherrainfall into
runoff [Chow et al.| 1988, Wanielista, 1990; Beven, 2001]. Raimiatleff processes are very
complex and numerous modelling strategies are used to tackle the problenasshigtk-box,
analytical, empirical, and conceptual approaches. Furthermore, a gauéke eithetumpedor
distributed or even the two combined. Lumped models average the input and outpablgar

over the watershed area, treating it as a single unit. Distributed models tiad spriability into
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account, most commonly by dividing the region into grid cells. Furthermoret ofdke hydro-
logical models aréleterministi¢ producing a single output from a single set of input variables and
parameters. They are different from the less comstoohastionodels, which allow uncertainty
and give a probabilistic output. Apart from these approaches, there@tels based on techniques
as varied as ANN (Artificial Neural Network), fuzzy logic, and SVM (fport Vector Machines).

The THMB framework, shorn of biogeochemistry, is basically a routingrélyo. For daily
discharge simulation, it requires a rainfall-runoff model. According toahjectives, the model
should be freely available. The challenge is to select a model that repsesasonably a fair
approximation of the hydrological processes that culminate in generatioff from rainfall. An-
other major constraint is the availability of data: the model should not be d&tasive. The only
observational data available in the Mandovi basin are rainfall and digehaaking the choice of
a usable model more difficult. It is also worth noting that discharge dateotuavailable for most

of the west-coast rivers, ruling out the use of the discharge data in ttelmparameterisation.

4.2 Soil Conservation Service (SCS) method

The Soil Conservation Service Curve Number (SCS-CN) method is one afidist popular mod-
els available for converting rainfall into runoff. An empirical model, the SC$ method, was
derived from the analysis of runoff volumes from several experinheatahments maintained by
the United States Department of Agriculture [Mockus, 1949]. The methadresgonly rainfall as
the input data and uses a single parameter called Curve NudibBérthat defines the antecedent
conditions. Since its simplicity matches that of the existing modelling framework deptdhe
SCS-CN method (hereafter referred to as just the SCS method) to paliaméierseparation of
runoff into surface and subsurface runoff.

Despite its inherent limitations_[Lyon etlal., 2004; Madtet al.,[ 2005; Ponce and Hawkins,

1996], the SCS method (or a variant) is used in all types of hydrologicathmgl systems like
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the water-yield models like SWAT, CREAMS, AGNPS, etc. [Arnold etal., 199SDA, 1980;
Young et al.; 1989], continuous hydrological simulation models [Geethia, &097; Choi et al.,
2002; Mishra and Singh, 2004], and grid-based and GIS-basedisridtdkite, 1988]. However,
the SCS method is a purely conceptual model derived empirically from thialtaumnoff data. It
has been shown subsequently by various authors [Hawkins let all; [@Hra and Singh, 1999;
Yu, 11998; Steenhuis et al., 1995] that the method can be derived thppagess based approach.
This physical basis and empirical soundness, combined with the undesiyipgjcity, makes the
SCS method probably the most widely used hydrological-process modalialbgical modelling
systems [Smith and Thomas, 2008].

The SCS method was developed as an event-based model to generatedheudwff from
the rainfall excess due to the rainfall event [Ponce and Hawkins,]198® use the model in
the THMB framework, a day’s rainfall is considered as an event andutheff is generated for
the day (e. g.._Choi et al. [2002]; Geetha et al. [2007]). The tempa@nadtions are introduced
by taking into account the moisture condition prevailing before the evewy).(dalthough the
shortcomings of this assumption, which extends the event-based SCS metbatinaous, long-
term hydrological modelling, have been pointed out by various authogs,(Bonce and Hawkins
[1996]), it has been applied with success in many continuous-modellingsti@hoi et al., 2002;
Geetha et al., 2007; Mishra and Sihgh, 2004].

The SCS method is a conceptual model and is therefore not limited by the Hiwevedtershed
[Mishra et al.| 2003]. By itself, however, it does not take into accopatial variations because it
was developed as a lumped model, in which the basin-runoff-generatioagses are lumped into
a single mechanism. Distributed or cell-based models like THMB, which requeranffut data
and parameters to be specified for each grid cell, have become thegdefboice for modelling
because of the observed spatial variability. In the THMB frameworkfatiiis mapped onto the
grid cells defined by the DEM, and the runoff forcing is generated foh egid cell. In the rest

of this section, we incorporate the SCS method into the THMB framework taneesise the
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rainfall-runoff relationship.

According to the SCS method, the ratio of the actual runoff to potential fusaqual to
the ratio of the amount of water detained in the basin and the maximum storagenatdrehed
[Mishra and Singh, 2003]. FaP > I,,

F, Ry

ST PoI, (4.1)

whereF, is the water detained in the basi# the storage or potential maximum detention in the
basin, P the rainfall, R, the direct or surface runoff, anfj the initial abstraction or amount of
rainfall for which there is no runoff. All the above quantities are in mm. Thiee water-budget

(or mass-conservation) requirement implies
P=R,+1,+F,. 4.2)

From Equations (4]1) and (4.2), we obtain

(P—1,)?

b= T rs)

(4.3)

A part of the water (detained in the basin) that infiltrates the surface laystoried as soil
moisture, a part penetrates to recharge the groundwater, and thewestfl subsurface runoff
towards a river or water body. As data on infiltration are meagre, estimdfimfiloration, and
therefore of the subsurface runoff, is difficult. The subsurfaoeffus defined as in Geetha et al.
[2007] as

Rp =bF,, (4.4)

whereb is the base flow index, which varies between 0 and 1. Since baseflow is iantiad

Mandovi basin, we assumed that all the water that infiltrates contributes suliseirface runoff,
i. e.,b = 1. Hence, as in the original THMB formulation, there is no groundwatehnagye term
in the model and the only loss term is the initial abstraction (evapotranspirafidw) direction

of flow of this subsurface runoff is assumed to be the same as that ofrfaeesmunoff; only the
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time scale associated with this subsurface flow is greater than that assedthtde surface flow.

Then, from Equation$ (4.2) anld (4.4),
Rp=P—R,—1,. (4.5)

Equations[(4.3) and (4.5) give the surface and subsurface ruRgfGd Rp), which are used to
force THMB. Thus, we have replaced THMB'’s originaparameterisation with the SCS method.
This is a very important addition to THMB, and this model is called hereafter BES(S. Once
the SCS parameters are estimated, THMB-SCS (see the modelling frameWwerkai in Fig-

ure[4.3) can be used for discharge simulations.

4.2.1 Parameters of the SCS method

The two unknown quantities in Equatioris {4.3) andl(4.5)arand S, which are parameterised
by the SCS using two dimensionless quantities called initial abstraction codfficemd Curve

Number C'N).

Model calibration and validation

Before going into the details of the estimation of parameters, it is necessaigresa the prob-
lem of parameter calibration. The optimum values of parameters are dégvedmparing the
discharge simulations with the observed discharge. For most of the wasttra@rs, however, the
observed discharge data are not available. Hence, parameter catilstatiald not be based on a
mere comparison of simulated and observed discharge: it should besprogented. Therefore,
observed discharges are not used in the THMB-SCS parameterisation.

Furthermore, instead of employing global optimum parameters (derived alithe years of
observed data), we used a calibration and validation approach. Onigt afihe observations
are used for model calibration; the rest are used for validating the paasagion. To build the

model parameterisation, or to calibrate the model, we use three of the avaapdars (1981—
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Figure 4.3 Schematic representation of the THMB-SCS. The Soil Conservation $ebticve
Number (SCS) method was incorporated to parametrise the rainfall-ruglaffonship. The
top panel shows how the surface (subsurface) ruRgff(Rp) are parameterised using the SCS
method.Rg and Rp derived from the SCS method, then used to force THMB. THMB schematic

is same as in Figuie 2.2.
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1998) of rainfall and discharge data. The remaining 15 years aresugesgquently to validate
the model. The three years (1986, 1990 and 1992) chosen to calibrateothed represent the
inter-annual variability of the data: they are years of low, high, anda@eerainfall respectively
(see Figuré 4l4). These are also three of the six years for whichltaiafa are available for all 20
stations (Tablé_3l1), thus yielding the best possible spatial rainfall mapslm®dgorov-Smirnov

test (e. g., see Papoulis and Pillai [2002]) shows that the data for theseyidars are only qual-
itatively representative of the inter-annual variability (Figurd 4.5). Theriannual variability is

much more than can be statistically represented by a small subset of tharl@aye set. Increas-
ing the number of sample years, however, does not lead to an improventeapiarameterisation
because the number of potential variables is very high and the informatdalae is very low.

Hence, we use only these three years as the test data for calibration.

Initial abstraction coefficient, A

The initial abstraction represents the minimum amount of rainfall requiredriergte surface
runoff. To simplify estimation of runoff, the SCS proposed a linear relatetwbenS and/, on

the basis of empirical evidence. Hence,
I,=)\xS, (4.6)

where is the initial abstraction coefficient, a dimensionless quantity that conceptepligsents
the loss term in the model. The losses consist of surface detention, intencemd infiltration, all

of which finally evaporate or transpire to the atmosphere. Thereforeittad abstraction term as
well as the storage in the basin are a function of evapotranspiration. J8e€ommends using

A = 0.2 even though theoretically can vary from zero to infinity [Mishra and Singh, 2003]. The
empirical basis for this choice of are the experiments carried out in watersheds in the United
States|[SCS, 1985; Mishra and Sihgh, 2003] that yield a scatter of y&ld&sof which lie in the

range 0.095-0.38. Though the SCS recommends a constiaig a space-time varying parameter
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Figure 4.4 Annual observed discharge (top, in Mrand the catchment-integrated rainfall nor-
malised by the catchment area (bottom, in cm); the abscissa shows the yeatis@lmarge and
rainfall increase monotonically over the abscissa. The two vertical lingdedihe 18 years into
three bands: low rainfall, average rainfall, and high rainfall. 19862188d 1990 are represen-
tative of these three bands, respectively. The central horizontal linesrtiee mean discharge or
rainfall and the other two horizontal lines mark one standard deviation thimean.
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depending on the geographic and climatic conditions of the watersheddRaddHawkins, 1996;
Mishra and Singh, 2003]. A wide range &f(0-1) has been reported in the hydrology literature

related to models based on the SCS method (see [Table 4.1).

Storage.S and Curve Number CN

The storages is mapped onto a dimensionless quantity called Curve Number (CN), whicleis giv

by:
25400

§="5y —254 (4.7)

where S is in mm. Since higher (lower) storage implies lower (higher) surface ruhdafher

(lower) C'N implies higher (lower) dischargeS depends on the physical properties of the wa-
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Figure 4.5 Kolmogorov-Smirnov diagram showing the cumulative distribution plot for daiiby
charge during June—September for all 18 years (red curves forraigfall years, black curves
for average-rainfall years and blue curves for high-rainfall geafhough 1986, 1992, and 1990
represent the low-, average-, and high-rainfall years, the spectfwvariability is too high for any
reasonable sample of the data to be representative of the whole.
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tershed, and therefor@ N depends on the soil type, vegetation cover, land use, and hydrological
and moisture conditionsC' N, as defined in Equatio (4.7), varies from 0-100, with a value of
0 implying infinite storage (capacity) and therefore no runoff, and a valu0 implying that
all the rainfall runs off because there is no storage in the basin. A mactigal range foC' N,
however, is defined by various authors to be 40-100, implying a range3&1 mm forsS.

The values of® N for basins having different physical characteristics (soil type, |a®ed vege-
tation cover, hydrologic conditions) have been prepared and tabukatbd BCS|[Mishra and Singh,
2003]. These&' N values are based on the rainfall-runoff calculations done over a largber of

watersheds in the United States. Only a subset of this table is relevant fdatisovi and these



Rainfall-runoff modelling 68

Table 4.1A wide range ofl, is used in the models based on the SCS method.

Range References Region Remarks
(Mean)
0-0.26 i USA Small humid and arid catchment
Springer et al.|[1980]
0-0.3 _ .
Cazier and Hawkins
[1984] and [ Bosznay
[1989]
0.05 : USA Useful in lower rainfall depths or lower
Hawkins et al.|[2001] CNs
0.014-0.037 Greece Experimental watershed
Baltas et al.[[2007]
0.01-0.154 i China Three Gorges Area of China
Shi et al. [2009]
Basins classified into 5 categories
0-1 (0.06) P <127mm
0-1(0.06) Mishra et al.[2005] USA 127< P >254mm
0-1(0.17) 254 < P >381mm
0-1 (0.37) 381< P >508mm
0-1(0.2) P >50.8mm

CN values are listed in Table 4.2, based on which we pick 60-90 as the possigeafC N for

the Mandovi basin.

Antecedent Moisture Conditions (AMC)

TheCN values given by SCS represent an average hydrologic condition irafie, o e., they do
not account for the variability in antecedent conditions. The variability iratitecedent moisture
conditions translates into the basin’s runoff generation potential and theerieility in C V.
This variability is incorporated in the SCS method by a simple parameterisatiomsatedled
AMC (Antecedent Moisture Conditions) to differentiate dry and wet sailditions from normal
or average soil condition [Chow etlal., 1988; Mishra and Singh, 2008 C' N for dry AMC is
usually denoted a§'N (1) and that for wet AMC a&' N (I1I); CN(II) is theCN for average

AMC. Thus, CN(II) (written simply asC N) represents the central tendency in the rainfall-
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Table 4.2 A subset of the Curve Numbe€'(V(11)) classification.C'N for different hydrologi-

cal characteristics in humid range lands or agricultural uncultivated laasibeen adapted from
Mishra and Singh, (2003). Although these CNs are based on basins initexl States, sim-

ilar ranges ofCN are applicable to India, especially in the Sahyadris (see Tables 1 and 2 in

Mishra et al.|[2008]).

Hydrologic Hydrological soil group

Land use description condition
A B C D

Poor 45 66 77 83
Woods or forest land Fair 36 60 73 79
Good 25 55 70 77
Poor 57 73 82 86
Wood-grass combination Fair 43 65 76 82
Good 32 58 72 79

runoff data, and’’ N (I) andC' N (111) represent the two extremities of the dispersion in the data
[Mishra and Singhl, 2003]C'N () andC N (/I1) are calculated from the normal AMCN by

the empirical expressions given below [Chow et al., 1988]:

B CN(II)
CN(I)=42x 0= 0580 N T (4.8a)
B CN(II)
CN(III) =230% g5 oo ik (4.8b)

For example, ifCN(11) = 90, implying a basin with low storage capacity, theiv (I) = 79
andCN(I1I)=95. Thus, once the centr@lN is determined for a watershed on the basis of
its soil type, etc., the impact of differing hydrological conditions (dry to vietJetermined using
Equation[(4.8). All that needs to be determined is how to assess what typeigifire condition
is prevalent at any given time, i. e., we need to determine the rainfall tHdsstoo the AMC.

The most popular method to determine the AMC thresholds is based on the aofidbat
rainfall in the preceding five days (5-day antecedent rain), calledifeeedent precipitation index
(API). Although the term antecedent does not specify a limit on the nunfogays, the AMC

is determined based on a range of from 5 to 30 days [Mishra and Sin@8)].2GCS [[1971]
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uses the 5-day rainfall for the AMC thresholds. Other methods similar to ARIde antecedent
baseflow index (ABFI), soil moisture index (SMI), and the more recetg@dent runoff condition
[Mishra and Singh, 2003]. Nevertheless, the 5-day AMC remains the pugsilar, owing to

its simplicity and applicabilityl [Mishra and Singh, 2003]. Although SCS [197¢¢g the 5-day

rainfall value to determine the AMC for watersheds in the United States, it atsmmmends
developing separate AMC criteria for different watersheds [see alsodPand Hawking, 1996].
As an example, we note that the factors for convertihy (/) to CN(I) andCN(I11) differ

from Equation[(4.B)/[Mishra et al., 2008].

4.3 Application to the Mandovi basin

Application of the above parameterisation (with the 5-day AMC thresholdingheédviandovi
demands estimation of the optimum values of the SCS paramétérs\, and the AMC thresh-
olds. An inherent assumption in optimization is that the observations, with wimntliagions are
compared, are without error and that the model is a true representatitateof Obviously, both
these assumptions are not correct. hence, it is important to check thigvigrof simulations to

the SCS parameters.

4.3.1 Sensitivity toC'N

For theC' N range 60—-90, we carried out simulations to test the sensitivity of the simuleted d
charge toC' N (Figure[4.6). In all these experiments, the initial abstraction coefficiamas set

to 0.2 (SCS-recommended), and the lower and upper AMC thresholdsl@@rand 250 mm re-
spectively. Five-day antecedent rainfall less (greater) than 13®) (Bm is equivalent to lower or
dry (upper or wet) AMC and correspondinglyN (I) (CN(II1I)) is used. Moreover, the AMC
setting was also constant for the basin. The correlation between the simatatexdbserved dis-

charge was comparable across i’ range, but was highest fa' N = 80. The results were
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similar to SimulationS0 in the sense that higher (lowef)N values resulted in higher (lower)
simulated discharge irrespective of seasonality.

The range ofC N values for the above experiments was based on the different soil and hy
drological characteristics in the basin. In spite of its small size, the Marm®in shows a great
degree of variability in these characteristics. On one hand, the regime 8atheadris, with steep
slopes and hard soils, implies largeV values; on the other hand, the coastal sandy area implies
low CN. Therefore, an average value GfV (CN = 70) was considered representative of the

entire basin.

Sensitivity to A

The initial abstraction coefficient also depends on the geographical and climatic conditions in
the watershed. Simulations were done for different values: @.05, 0.2, 0.3, and 0.6. For all
these simulations;' N was fixed at 70 for the entire basin and the AMC thresholds were also fixed
as in theC'N sensitivity tests. The results (Figurel4.6) show that the simulated dischamnge is
as sensitive to\ as it is toCN. Note that in these sensitivity tests,varied by over 100% in

comparison to the- 10% variation in the”' N sensitivity tests.

Sensitivity to AMC thresholds

Sensitivity tests were carried out by varying the lower AMC threshold betve® and 150 mm
and the upper AMC threshold between 200 and 400 mm. The other two parsndedé(17)
and ), were set to 70 and 0.2, respectively. The simulations show (Figure 4t@hthaimulated
discharge is not sensitive to the definition of the AMC thresholds.

A histogram and a cumulative frequency curve (Fiduré 4.7) of the Sraiaall pick 100 and
250 mm as the appropriate lower threshold (distinguishing the dry andgav&idC) and upper
threshold (distinguishing the average and wet AMC), respectivelysd tieesholds were chosen

such that Te ( 36%) of the days had rainfall above the lower threshold afid {~ 14%) of the
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Figure 4.6 The SCS parameters were constant in space and time. The black (nezlsbaws the
observed (simulated) discharge and the light grey band shows theofihigesimulated discharge
over the parameter range in the sensitivity test; the units aré.Mine bold tick marks on the
abscissa indicate beginning and end of a month. (a) SensitiviyNo¢/I) . C N (II) was varied

in the range 60-90; for all the experiments, we set 0.2 and the AMC thresholds to 100 and
250 mm. CN(I) andCN(1I1) were estimated using Equatidn (4.8). The simulated discharge
was higher for higher values 6t N (I1). (b) Sensitivity to initial abstraction coefficieit, which
was varied in the range 0.05-0.6. For all the experimefif$(//) was set to 70 and the AMC
thresholds to 100 and 250 mm. The simulated discharge was higher for lalgswof\. (c)
Sensitivity to the lower AMC threshold, which was varied in the range 5080 For all the
experimentsC' N (I1) was set to 70 and = 0.2 . The simulated discharge was higher for lower
values of this threshold. (d) Sensitivity to the upper AMC threshold, whiak waried in the
range 200—400 mm. For all the experimerisy (17) was set to 70 and = 0.2. The simulated
discharge was higher for lower values of this threshold.
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days had rainfall over the upper threshotd22% of the days experienced the “average” rainfall.
The hydrologic rationale for these numbers is as follows. The soil anddemnexpected to adjust
to the normal or expected runoff over most of the rainy season. Hareassume that the dry
CN, implying greater storage and lower runoff, would hold for{1/¢) of the days and that the
averageC' N would hold for(1— 1/e) of the remaining 1e days, leaving 1e? of the days in the
higher-than-average-rainfall band. The simulations also suggeghthargument is reasonable:
the best results are obtained for these thresholds of 100 and 250 mnefofbethese were the

AMC values used for th€’ N and\ sensitivity tests.

Figure 4.7 Determination of the AMC thresholds for Simulatiéii. The histogram shows the
percentage of the total days (during May—October) that had a 5-dageatent rainfall in the
rainfall bands (mm) marked on the abscissa. The histogram was draawebgging the number
of days in each band over the entire basin and summing over the threel@8#,s1992, and
1990. The curve is the cumulative fraction. The vertical lines reprabentower and upper
thresholds. The lower (upper) threshold at 100 (250) mm; the cumulatieddn curve shows
that 1/e (~ 36%; bottom horizontal line) of the days had rainfall above the lower timidsand
1/e? (~ 14%; top horizontal line) of the days had rainfall over the upper thildsho
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4.4 Results and discussion

We useC’ N =70,\ = 0.2, and AMC thresholds of 100 and 250 mm as the optimum basin-average
values to simulated discharges (Simulatii) for 18 years (1981-1998). The simulations showed
marked improvement; there were two major improvementSlirover SO (Figures 4.8 and 4.2).
First, as expected, the baseflow decreased during the weak spells pgakenonsoon season
(July—August). Second, as with the observed discharge, there wategwariability in the sim-
ulated discharge in Simulatio$il than in Simulation50. The reason for these improvements is
that the highC'N values in the average and wet periods lead to a dominance of surfaféatin
these times and the relatively lo@N during the dry periods allows much of the rainfall to be
abstracted.

One drawback of Simulatio§1 is the underestimation of the discharge following the peak
of the monsoon, i. e., the simulated baseflow in September is lower than ahsériie main
drawback, however, lies in the simulated discharge being much higher thasbtierved dis-
charge during the onset phase of the monsoon in May—June (FFigure3h&)possible reason is
an overestimate of the runoff on the lee side, which is drier than the windswdedand should
therefore have lowe€’' NV values compared to the slopes of the Sahyadris. The SCS parameters
in SimulationS1 were, however, constant across the basin, and did not accawudb spatial
or geographical differences. Another possible reason is that tlet-phase”’ N is overestimated
on the windward side too. The basin is much drier before the monsoon ttesroaget, and the
storage capacity should therefore vary accordingly. The SCS panaire&mulationS1 did not,
however, vary with season, leading to a possible overestimate of the phressd-surface runoff.
The sensitivity of the simulations to the SCS parameters implies a large poteniggioram the
rainfall-runoff relationship across the basin, and possibly also in timetheravords, the 5-day
AMC used inS1 is not sufficient to capture the spatial and temporal variations that atg ilike

the SCS parameters even within this small basin. Nevertheless, incorpdtai®CS method
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Figure 4.8 Observed discharge (black), discharge simulated by Simulaibrired), and the
catchment-integrated rainfall(blue) at Ganjem for May—October, (a§,1®3 1992, and (c) 1990.
The units are M/ day. The bold tick marks on the abscissa indicate beginning and end of a
month.
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into THMB does improve the simulated discharge, suggesting that this simple¢@résation
is useful. Further improvements can be made by incorporating spatial andrednaariations in
the SCS parameters. The challenge is to incorporate these variations in errteatris not only
physically reasonable, but also simple. Incorporating spatial and temyaoitations in the SCS

parameters is the subject of the next chapter.



Chapter 5

Spatio-temporal variability in

rainfall-runoff model

5.1 Introduction

SimulationS1 was a major improvement ov80. The reason for this improvement was incorpo-
ration of the SCS method into THMB: THMB'’s simple parameterisation (a singlenpatera)

was replaced by the more complex parameterisation of the SCS métiody, and AMC thresh-

olds). In SimulationS1, the SCS parameters used were constant in both space and time. Constant
parameters represent an average condition of the basin. This palaat&terignores spatial and
temporal variability in rainfall (see Figureés 8.3 dnd 4.1). It also ignorasiapsariability of other
runoff-generating parameters (such as soil, land cover and usetlagidpbysical properties of

the basin). This variability in runoff-generating parameters implies a spatipeel variability

in runoff and therefore in the SCS parameters. Incorporation of thigsfgemporal variability in

SCS parameters in order to improve the discharge simulations is the subjdstaifdptet.

Iwork reported in this chapter is compiled in a manuscript for publicatiopfiet all | 2011].
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5.2 Spatial variations

Ideally, estimating the SCS parameters requires rainfall and runoff datatfre catchment area,
or, in the case of a distributed model like THMB, from each grid cell. Thabgtrainfall-mapping
procedure provides rainfall information for each grid cell, we do neehanoff information for
the cells. The only information available on runoff is the discharge at GaamehKulem. THMB
is a distributed model, but we do not have the runoff data in the same distrieried in order to
build an empirical, cell-based parameterisation of the SCS parameters., fmiogorporating
spatial variability into these parameters, we take recourse to a semi-lumpeaelppyherein the

basin is divided into four sub-basins or hydrologically coherent region

5.2.1 Regionalisation

The reason for spatial variation in the SCS parameterg, (A and AMC thresholds) is the spatial
variation in soil type, vegetation cover, land use, and hydrological aridtane conditions. As
with runoff, we do not have cell-specific information for these charssttes: the only cell-based
data available are elevation and rainfall. Hence, we use the elevation te tiddasin into four
hydrological regions: the leeward side of the Sahyadrés)( the ridge and the windward slope
above 200 mRidgg, the foothills of the Sahyadris or the region on the windward side between
elevation contours 40 and 200 rrRothills), and the coastal plains or the region at an elevation
below 40 m Coas). (The names in the parentheses are used to refer to these regions.) The
regions were delineated using the 40 and 200 m contours on the smoatheglfcellsx 5 cells
averaging) DEM. The resulting regions were made uniform by eliminatinggis©r enclosures.
Thus, the basin was divided into four contiguous regions (Figure 5nt) tlee SCS parameters
were determined for each of these regions. It is evident from F[gulth&tthe sharp change in
elevation that marks the Sahyadris occurs around the 200-m contoawiké the 40-m contour

separates the low-lying Coast region from the relatively higher Foothills.
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Figure 5.1 The four spatial regiong;oast Foothills, Ridge andLeg in the Mandovi basin (region
bounded by black curve). The regions were defined by smoothing t@B&LDEM over 25 cells
(5 cells x 5 cells). Theridge (blue curve; Figure 3]11) separates the regibesandRidge the
smoothed 200 m (green) contour separates the re@lageandFoothills, and the smoothed 40
m (purple) contour separates the regidosthills and Coast Elevation is in metres. The filled
triangles mark the cells used for plotting Figures 5.4[@nd 5.6.
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5.2.2 Estimation of parameters

TheC N was estimated on the basis of the runoff-generation capacity of the soédgicamibecause
detailed information on soil cover was not available. The dominant soil tyddand usage for

the four regions are listed in Taljle b.1. TR&lgeregion is dominated by forests with a thin layer

of laterite soil over an impervious layer of rock [Gokul et al., 1985], inmudythat it belongs to

Soil GroupD. As the hydrologic condition of thRidgeregion is not known, we average th&gVv
over the three types of hydrologic conditions tabulated by SCS (TableyeRjing CN = 75.
From the soil type listed in Table 5.1, it is evident that Ridgeregion has the maximum runoff-
generation capacity, followed Woothills, Lee andCoast

The estimation of\ was done similarly. The minimum value used in the literature (Table 4.1)
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Table 5.1Basin soil and hydrologic characteristics and SCS parameters for Simufi¢BCS
parameters allowed to vary in space).

Parameter Lee Ridge Foothills Coast Remarks

Soil Red, Shallow soils Red, Sandy soil,  Representative
type laterite over rock Sandy loam

Hydrologic

soil group B/C D C A —

CN(II) 65 75 70 60 —

AMC (mm) Dry <100 < 150 <100 <100 5-day antecedent
AMC (mm) Wet > 100 > 400 > 250 > 200 rainfall

A 0.3 0.05 0.1 0.3 SCS value (0.2)

was used for th®idgeregion because of its steep slopes and impervious, rocky soil. The highes
value of\ (0.3) was used for Lee (Talle 4.1) because of its gentle topograph$a@h@roup B8
andC), which would allow more of the rainfall to be abstracted. The same valueused for
Coastbecause it belongs to Soil Grodp which implies low runoff, and has a gentle topography.
As with CN and X, the AMC thresholds were prescribed for each of the four regiong Th
antecedent rainfall, however, was computed separately for eachaifrianc the condition (dry
or average or wet) is determined for each cell. As done earlier for theedrdgin, the AMC
thresholds for each of the four regions were determined on the basitisfagram of rainfall
during May—October and a cumulative frequency curve of the 5-diafath(Figure[5.2): the
thresholds, listed in Table 5.1, were chosen such th86% (~ 14%) of the days had rainfall

above the lower (higher) threshold.

5.2.3 SimulationS2

We extended the SCS parameterisation in THMB to permit spatial variation in tB@p&@meters

(SimulationS2, Table[51l). The simulated discharge (Figuré 5.3) is similar to that in Simulation
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Figure 5.2 As in Figurel4.Y but for Simulatio®2, in which the AMC thresholds depend on the
spatial regioniee(top left) orRidge(top right) orFoothills (bottom right) orCoast(bottom left).
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S1 (Figurel4.8): the spatial variation of the SCS parameters has but a minartionpthe sim-
ulated discharge at Ganjem. The higli&N (1) (75) in the high-rainfall Ridge region leads to
an improvement in the simulated discharge during July—September: the pela#trdisincreases,
and so does the baseflow during the weak spells and following the monsakmnp8eptember.
This increase in the RidgéN (11), however, leads to an increase in the overestimate of discharge
during the onset phase in May—June. Thus, only spatial variation of @& frameters is not
sufficient to simulate the Mandovi discharge accurately. So, we expleieneact of the temporal

variation of the SCS parameters on the generation of runoff.

5.3 Temporal variations

As discussed earlier, most of the west-coast rainfal®(0%) occurs during the summer monsoon

(June-September), with negligible rainfall during December—April (FifitBe Correspondingly,
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Figure 5.3 Observed discharge (black), discharge simulated by Simulatrired), and the
catchment-integrated rainfall (blue) at Ganjem for May—October. (8619B) 1992. (C) 1990.

The units are M/ day. The bold tick marks on the abscissa indicate beginning and end of a
month.
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the daily discharge during December—April is of the order of 0.13\mcontrast to the 100 M
discharge observed in bursts during the peak of the summer monsoorXuglyst, Figuré 411).

The transition from the dry to the wet season occurs in May-June. Them@nsiderable
rainfall during this onset of the summer monsoon, but there is no hydraloggsponse: the
discharge remains low, responding only to rainfall bursts during thistpisese (Figuré_411).
Even during these bursts, however, the discharge is much lower thamttttenent-integrated
rainfall. Thus, most of the rainfall during the onset phase is abstractedtdo the river flow.

After some time following the onset of the monsoon, the discharge starts mgtbgmainfall.
The sharp discharge peaks observed during June—August coimitidéhe rainfall peaks, as is
evidenced by the lack of any time lag between the rainfall and dischargesatatly time scale
(Figure[4.1). This coincidence of peaks has two implications. First, =uriawoff or overland
flow dominates following the onset of the monsoon, and there is practicallylmsusgace runoff
or baseflow. The Mandovi originates on the lee side of the Sahyadri$l@ms for ~ 37 km
before reaching the gauging station at Ganjem. The time taken for this flovath ®anjem
is just 2-3 hours, leading to the coincidence of rainfall and dischargkspeSecond, success
in simulating the peak discharge during June—August is contingent oersgiat mapping these
rainfall peaks accurately. As shown in Figurel4.1, the peak summer-mordischarge, even
allowing for a 15% error in the discharge measurement, is invariably grbeterthe catchment-
integrated rainfall. The rainfall-mapping algorithm is unable to resolve thk pmafall events
and underestimates the rainfall during these bursts. The cause of tleieatichation lies in the
sparsity of rain gauges (see Figlre]3.1): there are too few gaugas farcurate mapping of the
strong rainfall gradients across the Sahyadris and this problem isrbatee for the shorter time
scales. This underestimation of rainfall has implications for the simulated digcha

Though the baseflow is negligible in the Mandovi, there are two seasons iivheakes a
contribution. First, the negligible discharge during the lean season (Deceiqtril) comprises

primarily of baseflow. Second, the discharge during early Septembtre atonclusion of the
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peak-monsoon season, exceeds the catchment-integrated rainféfiigaesl3.1). This excess
flow is also probably sustained by baseflow resulting from the heavyatbihiring the preceding
bursts.

Therefore, our objective for incorporating temporal parameterisaisoiesfocus on three as-
pects of the discharge in the Mandovi. First, we seek an improved simulatitive afbserved
discharge throughout the rainy period from the onset of the monsooteiMiy or early June to
the end of October, by when the baseflow declines to negligible levels Belierscope of this
model. Second, though the baseflow following the peak monsoon is small, it istaineorders
of magnitude larger than the lean-season flow and is therefore signiéioangh ¢ 10 MnT)
to merit better simulation. Third, the large abstraction during the onset plitise monsoon is
important, but neither Simulations1 nor .S2 could simulate it correctly: simulating this large

abstraction is important.

5.3.1 The seasonal change in abstraction

The excess rainfall in the Mandovi basin appears neither as streanfiovedliately following the
rain) nor as baseflow (appearing after a lag) (Figlrds 1.9 ahd 4.i5)eXtess rainfall must there-
fore either recharge the groundwater or be returned to the atmosplmrghtevapotranspiration.
On the catchment scale, groundwater recharge is a small quantity |[Co@,|[@@Echal et al.,
2009] and has been neglected in the THMB formulation. Evapotranspiiattberefore the only
loss term in this model and it is parameterised using the initial abstraction, whadtiigtion of
CN and) in the SCS method. In any case, evapotranspiration observationseaie tiae region
[Maréchal et al., 2009], and estimates of initial abstraction are non-existent.

Before monsoon onset, the sail is dry, temperature is high, and relatmiiyis low. Tran-
spiration through the vegetation canopy also leads to a loss of water frdraghne{Magéchal et al.,
2009]. Therefore, there exists a large potential for initial water retemtimhevapotranspiration

whenever moisture becomes available. These conditions prevalil till tharsgsi@nges from a
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moisture-deficient state to a moisture-saturated state. The rate at whiclchiaegges occur de-
pends on the process of monsoon onset, i. e., fewer rainy days in Jlkeetgtransition slow,
allowing more abstraction.

The basin characteristics change dramatically once the monsoon sets isoilThegins to
soak up moisture, temperature decreases, and relative humidity incré&sgmtranspiration is
highest during this transition period. It is higher than during the precettingeason because the
actual evapotranspiration is limited by the amount of water available. Hebsgaetion is at its
peak during the onset phase. Not accounting for this high abstractids tean overestimate of
the discharge at this time (Figuiles4.8 5.3).

During the peak-monsoon season, availability of water is no longer a limitingrfdt lower
temperatures and high relative humidity, in combination with the increase in theemwhtainy
days, ensure low evapotranspiration and low initial abstraction.

Immediately after the monsoon peaks, the soil is still saturated. Hence, i mresponds
rapidly to rainfall and the abstraction remains low. Therefore, the catctmaiafall at this time is
comparable to the observed discharge (Figurés 4.8 ahd 5.3), but tifeganerated in the model
is low, leading to an underestimate of the discharge even if the SCS paraaretaliowed to vary
spatially (Figuré 513). Later the soil dries out, but the availability of wateobess the limiting
factor and abstraction remains low till the following year’s monsoon onset.

Thus, the SCS parameters exhibit an inherent seasonality that carmatdaented for by the
5-day AMC parameterisation. In other words, there is a difference leetaedry (or wet) spell,
based on the 5-day antecedent rainfall, in the dry and wet seasonse,Hemporal variation of
the SCS parameters needs to be incorporated into the rainfall-runoff model.

One way to incorporate seasonality in the SCS parameters is implementing a simalar pa
eterisation like AMC, but for a longer time scale of 30 days. The idea is th&t@ag param-
eterisation fortC N (I1) and A might be able to capture seasonal or low-frequency variations by

accounting for rainfall over a longer time scale in addition to the higher &eguvariations. The
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basis for this assumption lies in the lower rainfall in May—June compared togtug§eptember,
implying a lower (higher)C'N during monsoon onset (post-monsoon) for the same 5-day an-
tecedent rainfall. This 30-day AMC-like parameterisation was used in adddithe 5-day AMC.

The simulation is better than Simulatiéf2 over only a part of the rainy season, but it is worse at
other times.

The reasons for the inability of a second, longer, AMC-like parameteristtiaccount for the
low-frequency variability are the rapid decrease in rainfall following teakpof the monsoon and
the sudden increase in rainfall during onset. The soil also does muttsedry as much during the
weak phases of the peak-monsoon season. Such weak spells aentliifem a similar rainfall
regime either during the onset or following the peak monsoon. In othersydrs not enough
that a longer, 30-day window is used for determining the runoff: equallypitapt is the location
of this window in the seasonal cycle of rainfall. Hence, the temporal pdesisation has to

incorporate the seasonal cycle of soil moisture in order to generate phepgiate runoff.

5.3.2 Seasonal variation of SCS parameters

In order to build a time-dependent parameterisation of the SCS parametarsed to distinguish
the different rainfall-runoff regimes during the seasonal cycle afth@®bjective criteria for
transition from one regime to another. The only data available, howeegheadaily rainfall used
to force the model and the observed daily discharge. We use both raimdedlischarge to describe
these temporal regimes, but use only the rainfall and its accumulation owazahevhich we call

cumulative rainfallCR), as the criteria for transition from one regime to another.

5.3.3 The temporal regimes

The temporal regimes are described in Tablé 5.2 and depicted graphicalyuire[5.4. The
discharge, rainfall, and CR curves show that there exist five distinct tedmggimes in the Man-

dovi basin. The first regime is theean-SeasoRegime A) at the beginning and end of a calendar
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Table 5.2Classification of hydrological regimes (temporal) and of the transitions fnoeregime
to the next. See Figufe 5.4 for the corresponding graph.

Classification  Condition Rain CR Discharge
A Lean-Season Very dry (scanty Very small No discharge
rainfall)
TransitionAB First spells of Smallinflection —
rain
B Onset- Wet unsaturated Rain in bursts oRising Does not
Monsoon continuous rain respond to rain
peaks
TransitionBC Bigger  burst First large ups- Starts respond-
that continues lope inflection  ing to rain
into peak-
monsoon (3—-6
days into the
burst)
C Peak- Very wet Intense and con-Rising rapidly Follows rainfall
Monsoon tinuous (with plateaus curve
during  weak
spells)
TransitionCD Rain break Second large Recedes expo-
(litle  or no downslope nentially
rainfall) for 5 inflection
(more) days
D End- Wet saturated late-monsoon Flattening out Still  responds
Monsoon active period or some bumps big rain bursts
rain bursts
TransitionDE Longer break of Smooth decline
10-15 days continues
E Post- Moist unsaturated  Scattered burstBlateau Stops respond-
Monsoon of low rain ing to the rain

TransitionEA

A Lean-Season Very Dry

30 days of no Maximum
rainfall
No or
rainfall

scanty Maximum

No discharge
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year. This regime is very dry and the discharge is due to a baseflow tha¢ésdiders of mag-
nitude smaller than the peak discharge during the year. The transition (é&)ed the second
regime, which is thdlonsoon-OnsdRegime B), is marked by the first spells of rain. Regifés
wet, but the soil is unsaturated. In other words, while there is freqaérfail, the discharge does
not respond to the rainfall. The transitioBQ) to the third regime, which is thBeak-Monsoon
Regime (), is marked by a big rainfall burst and a sharp inflection of the CR cuheesoil is
saturated by now and the discharge starts responding to the rainfaly disrransition (instanta-
neous pooling). Rainfall is more sustained during this transition and lasis @afgs, leading to a
different slope for the CR curve during this regime in comparison to the Reirfike transition
(CD) to the next regime, called tiend-MonsoorRegime D), is marked by a break in rainfall.
There is little or no rainfall for five or more days, the CR curve plateaugméfrking a second
major inflection point), and the discharge recedes exponentially. Durigmf®, there are some
rainfall bursts, but they are weaker than during Regnand the discharge still responds to these
bursts because the soil is wet and saturated. The transiiEnt6 the next regime, called the
Post-MonsoorRegime E), is marked by a longer rainfall break, which lasts for 10-15 days: Dur
ing this regime, the soil is moist (but unsaturated), and the discharge sggaswding to the weak
and scattered rainfall. The last transitid? is back to RegimeA): it occurs towards the end of

the calendar year and is marked by a longeBQ days) rainfall break.

5.3.4 Obijective criteria for transition

The transitions described above need quantification, i. e., a set of gbjedteria are needed to
determine the period of transition. The criteria we use (see discussion habhablé 513) are
applied to each grid cell of the Mandovi basin. Hence, a transition cam ascdifferent days

for different cells within a spatial region. The rainfall data, howevetjdate that the transition
occurs for most cells within a week of the first transition in the region.

The rainfall is cumulated starting in January every year because TransS#iomarking the
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Figure 5.4 The temporal regime#-E, and the inter-regime transitions. The vertical lines mark
the transition from one regime to the next. The observed discharge (dattez] o Mnt), daily
rainfall over one grid cell in a region (solid black curve, in mm), and the dative rainfall (CR;
solid red curve, in mm) in the cell are shown. The cell chosen has thegeveaimfall in a region
during May—October and is marked by the filled triangle in Figuré 5.1. Thedanels are for the
Ridge(first), Foothills (second) Coast(third), andLee(fourth) regions during 1992.
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Table 5.30bjective criteria for transition from one regime to the next. Note that CR is egtima
starting from the beginning of a year.

AB BC CD DE EA
CR > 75mm CR1 CR2 — —
AMC — — — AMC < 30 —
mm for 5
consecutive
days
P (1) Sum of 3- P>150mm P <5mm for P < 5mm P < 1mm
dayP > 30mm. one day for 15 con- for 30 con-
(2) P > 5mm secutive secutive
on each of 3 days days
days
Note Both conditions (1) IfP con- CR2 condition AMC first, Transition in
dition true, first and then and thenP. December
transition after rain. The AMC
5 days. (2) If applied only
not, then CR1 once, then P
condition. (3) applied
Transition if
one of the above
is true
CR1 Fita straight line to the CR data and compare the deviation of the curve from
the line. Transition occurs if the deviatioooncave-up inflectigrexceeds 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 deviationgncave-downexceeds one and
half standard deviation for five consecutive days.
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start of the lean-season regime, occurs in December. The first transiti@ndetermined i&B,

i. e., the onset date (phase) of the monsoon. Since scattered pre-mahsegers may occur in
April and May, the first condition is that the cumulative rainfall (CR) shaetdeed 75 mm. A
second condition to ensure that an isolated event is not taken to herald tiseonmnset, is that
the accumulated rainfall over three consecutive days has to exceed ZMhdrnime rainfall on each
of these three days has to exceed 5 mm. This latter condition is similar to thatyiBd® to de-
termine the date of onset of the monsoon over Kerala [Ananthakrishrzdn #9868, Pai and Nair,
2009]. A more complex criterion recently adopted by IMD results in a similar ttatenon-
soon onset [Pai and Nalr, 2009]. These two conditions constitute theiamifer TransitionAB
(Table[5.3B).

The second transitiof8C, is marked by a sharp increase in rainfall, and the CR curve shows

a sharp, concave-upward inflection (Figlre 5.4), which we capturebgg the deviation of the

curve from a line fitted to the CR curve over RegiBieT his procedure is implemented as follows.

1. First, RegimeB is assumed to last at leakC (least count, set to 5) days. From the starting

point (S P) of RegimeB, a least-squares regression line is fitted to the CR curve.

2. Once Regim® is LC days long, a comparison is made between the actual deviatib) (
of the curve from this line with the positive standard deviatiéts (D) of the fitted line;
the difference between these two deviatiod€(is AD minus PSD ) is a measure of the

concave-up inflection of the CR curve.

3. If IC exceeds zero for a minimum number of day$ D), then transition is declared on the

last of theselV/ D days.

LC andM D are determined by the typical time scale associated with these rain events. Rain-
fall observations suggest that the time scale for this peried%sdays, the typical time scale for

dry and wet spells_[Kulkarni et al., 2006] . Thus, we set the minimum nurabdays for both
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LC andM D to 5. Itis worth mentioning here that’ D is not equated to one so as to prevent an
isolated rain event from determining the transition. Such an isolated evenhaaever, change
the hydrological characteristics of the cell if the rainfall associated withetvésnt exceeds some
threshold. Hence, if the rainfall on some day during RegBrexceeds 150 mm, transitidsiC

is assumed to take place five days after this event. Thus, two conditiontutenthe criterion
for BC, but only one of these two conditions has to be fulfilled for the transition to pédkee
(Table[5.3).

The third transitionCD, is opposite tdBC. The CR curve plateaus off, resulting in another
sharp inflection, but now in the opposite direction, i. e., the inflection is a@dawn (Figureé54).
RegimeC is assumed to last at least 60 days. This is a reasonable time-period sinoetbéthe
summer monsoon lasts through July and August. The procedure to @&teemains similar, but
opposite to that used f&C. In other words, iffC is less than zero fab/ D consecutive days and
rainfall is less than or equal to 5 mm for a day, then transi@@nis deemed to occur. As done for
transitionBC, M D was set to 5 foCD. The second condition, that rainfall is less than or equal to
5 mm for a day, is needed to ensure that the transition does not take plaog auwainfall burst,
even if it is a weak event (Table™.3).

Once Regim® sets in, the CR curve is too flat to be used as a criterion to determine Transition
DE (Figure[5.4). Hence, the following two conditions constitute Eiecriteria. First, the 5-day
antecedent rainfall has to be less than 30 mm for five consecutive @ags.the first condition is
fulfilled, then the rainfall has to be less than 5 mm for 15 consecutive day&énsitionD E to
occur. Once the first condition is fulfilled, if the rainfall exceeds 5 mm g&ay) 10 days, then
only the second condition is used again: the first condition is applied onky, it the second is
used more than once, if necessary, to determine the transition [Table 5.3).

The transition to the lean-period regint&, is deemed to occur if the daily rainfall is equal to
or less than the trace rainfall (1 mm) for 30 consecutive days. Tran&#orccurs in December,

and from January, the next year's CR is computed (CR is reset to O amuhid/) and the process
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is repeated.

5.3.5 Estimation of the SCS parameters

The SCS parameters have to be estimated for each regime for each ofrthegions. The AMC
thresholds were determined the same way as doné&foand S2 (Figured 4]7 and 5.2): /&

(~ 36%) of the days in a regime had rainfall above the lower threshold A#fd(4 14%) of the
days had rainfall over the higher threshold22% of the days experienced the “average” rainfall.
The AMC thresholds are listed in Talble b.4.

The exceptions to this rule were Regim@sand C. During RegimeC, the Peak-Monsoon
Regime, it rains on most days and the soil is wet and saturated. Theréferdischarge curve
follows closely the rainfall curve (Figufe_4.1), and almost all the rain iseetqd to run off on
most days even if the rainfall is relatively low. Hence, the thresholds émiRReC (Table[5.4)
were determined using an inversion of the exponential cut-offs usédretiye assumed that only
1/e? (~ 14%) of the days were dry, or had rainfall below the lower thresh@lt¥ (1)), and Ve
(~ 36%) of the days were wet, or had rainfall below the higher thresholdis, 1 22% of the
days had average rainfall'(V (/1)) and~ 64% of the days had rainfall over the higher threshold
(CN(III)).

During RegimeB (onset of monsoon), the discharge does not correspond to thelrainfze.
Since it needs to rain more for the rain water to run off during this regime ssenaed that Ae?

(~ 14%) of the days had rainfall over the lower threshold and {~ 5%) of the days had rainfall
over the upper threshold. Thus9% of the days in this regime experienced average rainfall, 5%
heavy rainfall, and- 86% low rainfall; hence, most days in this regime were sét (7).

Just as the AMC thresholds show considerable variation with season, SaCiuand .

We used the “mean conditions” to define the average b@s\{//) and used thiso N (1) to
estimate the dry-period and wet-periodV (1/7). The average conditions are represented for the

Mandovi by RegimeE, the post-monsoon season, when the soil is still moist but unsaturated.
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Hence, the averagé N (1) used for the four regions were applied to this regime. We used this
CN(IT) and Equation[(4.8a) to estimate the dry-period/ (17), which was applied to Regime

B, the monsoon-onset phase, and used it and Equétiod (4.8b) to estimatt-iheriwdC N (11),
which was applied to Regim®, the end-monsoon phase. Regifes even drier and represents
an extreme case in which there is little spatial variation in the basin’s hydrolatiaeacteristics:
hence, the lowest' N (17) value (40) noted in the literature [Mishra and Singh, 2003] was applied
to all regions in this regime. There is less spatial variation during the extrenstlgnvd extremely
dry periods in comparison to the moderately wet periods. Re@n® also an extreme case
and almost all the rainfall is converted to surface runoff because this sompletely saturated.
Hence, for this regime, we set tt@@/N (I1) for all four regions to 90. Empirical estimates of
CN(I1I) for Indian watersheds spanning a range of hydrological regimessutigt a high value

is appropriate during rainfall events [Mishra and Singh, 2003] . TR&(17) values we use are
comparable to, but less than, the ones reported by Mishra and Sindj [Rfithuse their estimates
were based on very few events.

Thus,CN(I1) varies in both space and time. The spatial variation for selected days during
each regime is shown in Figure b.5 and the temporal variation at the four losatiarked in
Figurdh.1 is shown in Figufe 5.6.

Shankar et all [2004] and Suprit and Shankar [2008] also notedtlo#ter variable that might
require parameterisation is the residence time for the subsurface-maseffvoir {p in Fig-
ure[2.2). Their conjecture was that the residence time was likely to vary ae spal time, just as
« seems to do. Simulations show, however, that the small baseflow in the Mdoadav implies
a minor role forTp in the water balance. Hence, for all the simulations, we Kégpgonstant (15

days).
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Figure 5.5 Variation of C N in the basin on selected days during each temporal regime in 1992 .
RegimesA (top left), B (top right),C ((middle left),D (middle right),E (bottom left) and back to
regimeA (bottom right). Note that the scales are different .
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Figure 5.6 Variation of CN in time for the four regions. The locations are marked by thelfille
triangles in Figur@ 511.
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5.4 Results and discussion

5.4.1 SimulationS3

SimulationS3 was made using the spatio-temporally varying parameters listed in[Table ®4. Th
results (Figuré5]7) show a significant improvement over Simulai®and Simulation$0 and
S1; Figure[5.8). The simulated discharge matches the observed discledigiedeross a range
of conditions. Specifically, the simulated discharge increases during itifalkdursts in July,
August, and September, resulting in a better match with observations. Tkasedn discharge,
however, is also seen during the weak spells in early July, when Simulé8qgrerforms worse
than SimulationS2. The sharp increase @iN with TransitionBC increases the discharge even
during the weak spells. It also leads to an erroneous increase in thamjsaturing the second
rainfall burst at the time of transition: the lowétN in SimulationS2 leads to the simulated
discharge being closer to that observed. The results for the other &vs, 986 and 1990, are
similar (Figurd 5.7).

The correlation for Simulatios'3 is comparable to that for Simulati&®? (Table[5.5). Error
histograms for Simulations'1, S2, andS3 show that the major improvement §8 is the lack
of underestimation of discharge (Figurel5.9). Though SimulasiBrhas a greater tendency to
overestimate the discharge during June—August, there is an overall iempeot. Figuré 5/8 shows
that SimulationS3 is much better tha§0, S1, andS2. It captures the variability better over the

range of temporal hydrological regimes.

5.4.2 Evapotranspiration and abstraction

The initial abstraction represents the minimum amount of rainfall requiredriergee surface
runoff. It is the only loss term in the model and represents the water lost tatthosphere owing
to evaporation and transpiration (evapotranspiration). In the model, thisaation is a function

of the initial abstraction coefficienAj and Curve Number{N); theC' N, in turn, depends on the
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Table 5.4 SCS parameters for Simulatic#B (spatial and temporal variation). The numbers in
parentheses in the first column represent the parameter choices for tBimg§lt2; these parame-
ters are used for Regim@. The CN(I1) for Regime B is computed using Equatién (4.8a) and
the CN(I1) for RegimeE, and theC'N(IT) for RegimeD is computed using Equatiop (418b)
and theC'N (I1) for RegimeE. RegimeE therefore represents the average or central hydrologic
regime, Regime8 andD the dry and wet regimes, and ReginfeandC the extremely dry and
wet regimes.

Lean  Onset Peak End Post

period Monsoon Monsoon Monsoon  Monsoon

(A) (B) © (D) (E)

Very Wet Very Wet Moist

dry (Unsaturated) wet (Saturated) (Unsaturated)
Region Curve NumbelC'N
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 coefficientX)
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 (5-day antecedent rainfall range in mm)
Lee (100-200) 30-40 200-250 50-100 20-40 5-20
Ridge (150-400) 40-70 300-450 100-200 30-60 5-20
Foothills (100-250) 50-70 350-450 50-100 20-50 5-20

Coast (100—-200) 50-60 400-450 50-100 20-50 5-20
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Figure 5.7 Daily observed discharge (black), discharge simulated by Simul&Bafmed), and the
catchment-integrated rainfall (blue) at Ganjem for May—October forethedidation years. (A)
1986. (B) 1992. (C) 1990. The units are Maday. The bold tick marks on the abscissa indicate
beginning and end of a month.
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Figure 5.8 Daily observed discharge (black), catchment-integrated rainfall (bdune) simulated
discharge (red) for May—October 1992. The units areM@) SimulationS0. (B) Simulation
S1. (C) SimulationS2. (D) SimulationS3. The bold tick marks on the abscissa indicate beginning
and end of a month.
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Table 5.5A brief description of the simulations and their results (Fiduré 5.8). The ldstro
lists the square of the correlation between the simulated and observedrgéschar the period
May—October. The first number is the correlation for the three yea®6(11990, and 1992) used
to calibrate the model; the second number (in parentheses) is for the otyearE5model valida-
tion). The major improvement occurs with the inclusion of the SCS method in Simulgtiohhe
other refinements — spatial and temporal variation of the parameters —iregujprovements
over a part of the simulation, but the overall May—October correlatios doeimprove any more.

Simulation  Detail Parameters Simulated P
discharge
S0 Only THMB a=03 Figurd4.?2 0.68
(No SCS) (0.67)
S1 THMB+SCS CN(II) (70) Figuré48 0.78
simulation A (0.2) (0.76)
(constant parameters) AMC

(200-250mm)

S2 THMB+SCS Tablé 5]1 Figuie3.3 0.78
simulation (0.77)
(spatially varying param-
eters)

S3 THMB+SCS Tableé 5]4 Figuie3.7 0.79
simulation (0.80)

(spatio-temporal varying
parameters)
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Figure 5.9 Absolute error histograms showing the difference between simulated aedveld dis-
charge (M) for the SimulationsS1, S2 andS3. Histograms are drawn for the three calibrations
year 1986, 1992, and 1990 during the summer monsoon (June-Septefteeordinate shows
number of days averaged over three years. The vertical lines indieas¢atiidard deviation.
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average-conditio@' N (CN(11)) and the AMC thresholds.

The simulations suggest high abstraction during the monsoon-onset re®)ilirégure[5.10).
Abstraction decreases sharply following monsoon onset and incragaesslightly after the mon-
soon. It is low in the dry season because the limiting factor then is the availabilibhpisture.

It is shown by Shankar et al. [2004] and Suprit and Shankar [2008heir annual simulation
that evapotranspiration is very small compared to rainfall. Therefore eifvidndovi basin, the
net fractional abstraction during the year is low because the abstractrmgligible when the
rainfall peaks. It is only during the onset phase that the fraction ofalhiabstracted { 68%
over the 18 years for June) matches the high values suggested fobind@mne recent studies
[Jain et al.) 2007; Narasimhan, 2008]. Similar profiles have been estimateddpotranspira-
tion using the Penman method for some west-coast cities [Krishna Kumar|e9@&i’] and for
reference (or potential) evapotranspiration using satellite data for thkri&risasin (Musi River)
[Bouwer et al., 2008]. It is also evident from the simulations that laggdesdata sets like those
based on the NCEP-NCAR (National Center for Environmental Predictidiaitng Center for At-
mospheric Research) Reanalyses [Kalnay et al.,|1996] consideraddyastimate the abstraction

(Figurel5.1D).

5.4.3 Discussion

We built the model parameterisation using data for only three of the 18 yempsr¢[4.4) for
which rainfall and discharge data are available. Validation of the model is deimg the data
for the other 15 years. The error histogram for these 15 years ¢Higd) is similar to that for
the three years (Figute 5111). The results of Simulafi@rfor all the 15 other years are shown
in Figure[5.12. The model parameterisation works as well for the entire datsst does for
the three calibration years (Table]5.5). Indeed, the strength of Simulé8dies in its ability
to simulate the discharge better across the spectrum of variability from thersgdo the inter-

annual (Figuré5.13). The simpler 5-day AMC parameterisation fails touatdor this spectrum
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of variability not only over a season, but also across years.

Nevertheless, there is a tendency to overestimate the discharge at some tomas years. In
1990 and 1995 (Figurés 5.7 dnd 5.12), TransiB&@woccurs a little earlier than it probably should,
the peak-monsoon regime sets in early, and the simulated discharge is higteebaginning of
RegimeC. In 1992 and 1998 (Figures 5.7 dnd 5.12), there is a long break dugmgtik-monsoon
season and the soil probably becomes unsaturated; hence, the ghsishaverestimated. Other
than these discrepancies, the model performance is remarkable, antwketed discharge cor-
relates well with the observed discharge across all the regimes (TableNof that the major
improvement in the correlation (Talile 5.5) was achieved by incorporatin§@% method, i. e,
the correlation increased significantly from Simulatie® to S1, but there was not much change
in correlation from Simulatiorb1 to SimulationS3. The improvement brought about by incor-
porating the spatio-temporal variation is more subtle: the temporal variatios mejpove the
discharge simulation acrosdl temporal regimes, and though it is not possible to verify it, the
spatial variation probably helps improve the simulation acatisegions.

In summary, even for a small basin like the Mandovi, the variations in spatdirae are
significant enough for them to be incorporated in the rainfall-runoff mdslieice the Mandovi is
a typical west-coast river, our framework has major implications for tliEdiggy of other west-
coast rivers. A discussion on the strengths and caveats of the fralyeamal of its applicability

to other west-coast rivers is the topic of the next chapter.
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Figure 5.10 Abstraction (blue curve) during May—October in SimulatiS8. The observed
discharge (black curve) and the evapotranspiration from the NCERRNReanalysis (red curve)
are also plotted. The units are MniThe bold tick marks on the abscissa indicate beginning and
end of a month. (a) 1992. (b) 1986. (c) 1990.
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Figure 5.11 Absolute error histograms showing the difference between simulated aedvel
discharge (M) for the SimulationsS1, S2 andS3. Histograms are drawn for the 15 vali-
dation years (1981-1998 excluding years 1986, 1992, and 199b)gdine summer monsoon
(June—September). The ordinate shows number of days averagelboxears. The vertical lines
indicate the standard deviation.
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Figure 5.12 Daily observed discharge (black), discharge simulated by Simul&t®(red), and

the catchment-integrated rainfall at Ganjem (blue) for May—October9@},1(b) 1982, (c)1983,
and (d) 1984. The units are MinThe bold tick marks on the abscissa indicate beginning and end
of a month.
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Figure 5.12(continued) Daily observed discharge (black), discharge simulateihtiyl&ion 53
(red), and the catchment-integrated rainfall at Ganjem (blue) for Maiek@r (a) 1985, (b) 1987,
(c)1988, and (d) 1989. The units are MnThe bold tick marks on the abscissa indicate beginning
and end of a monin.
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Figure 5.12(continued) Daily observed discharge (black), discharge simulateihtiyl&ion 53
(red), and the catchment-integrated rainfall at Ganjem (blue) for Maiek@r (a) 1991, (b) 1993,
(€)1994, and (d) 1995. The units are MnThe bold tick marks on the abscissa indicate beginning
and end of a monin.
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Figure 5.12(continued) Daily observed discharge (black), discharge simulateihtiyl&ion 53
(red), and the catchment-integrated rainfall at Ganjem (blue) for Maieker (a) 1996, (b) 1997,
and (c) 1998. The units are MimThe bold tick marks on the abscissa indicate beginning and end
of a month.

— Observed discharge — Catchment rainfall — Simulation S3

200 FYTYY FYYTY FYUTY FPOT PYRTY PYRT FYRYY FYVTY (YUTY [YOTY VXY FYRY IYRTY FYURY (YUTY (YRR (VXY VYA IYRTY FYYRY [YUTY [RUTY VXY UYYA IYRY FYRY (YUTY (RTRRUNT FUYYY PYRY FYRY FYUTY FRURY CYRYY AOTTA POOY

(a) 1996

(Mm®)

Discharge
Rainfall
[N
o
o
IIIIIIIIIIIIIIIIIIII

200 PYTYY YR FEYTY FYYTY FRTY PYRYY PYYTY FYYY FYTTY FYYTY IYRTY PYRYY [YUTY [YOYY (YYYY FYRTY VXYY FYTRY (YUTY FYYYY IYRT FEYYN [VUTY [YURY (RYT PUYY FVRTL FRYTY (YYTY FYYYY FURYI PYYYY (YYTY (RURY FYOTI POYYY IO

(b) 1997

Discharge 3
Rainfall (MM~)
= =
a o a1
o o o
IIIIIIIIIIIIIIIIIIII

©) 1998

N
o
o

[EnY
a1
o

(Mm?)
[EnY
o
o
oo by by by iy

Discharge
Rainfall
al
o

o




Spatio-temporal variability in rainfall-runoff model 111

Figure 5.13Correspondence plot between the daily observed discharge (abddisg) and sim-
ulated discharge (ordinate; Minfor June—September for the 15 validation years. Simulaign

(red hollow circles) performs much better than Simulatiétis(hollow blue stars) and2 (filled

black triangles). The maximum daily observed discharge is 406.5,Mot we have truncated

the abscissa to 200 Min Only seven data points were discarded over the 15 years (1830 days)
discharge is in the range 200-250 Mon four days, in the range 250-300 Mmn two days,

and is 406.5 M on one day. The underestimation seen in the simulations occurs mostly during
July—August, and arises owing to the underestimation of peak rainfalteietine basin.
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Chapter 6

Implications of the modelling

framework

6.1 Introduction

The modelling framework developed in the preceding chapters has major impigédiothe hy-
drology of the Indian subcontinent. There is a dearth of information onytielogical variables
in the country/[Shankar et al., 2004]. Apart from a fairly consistedtlang-term data set on rain-
fall, data on other hydrological variables is non-existent: river diggh& another variable for
which some data is available. Only a few of the rivers have sufficient dagghedata for the rest
of the rivers is available only for the short term. Most of this data is scardyhat easily available.
The number of stream gauges is declining world over [Radhakrishf&)].20he situation is worse
for other hydrological variables like evapotranspiration [Rao et al.11B&0, 2001; Narasimhan,
2008; Maéchal et al., 2009], soil moisture, infiltration rate, for which data on thenhoagnt scale
is non-existent. A much bigger problem, though, is the dearth of modelling stadmuantitative
frameworks. The focus of modelling studies in the country is limited to small catchsoales

for managing hydrological projects, or to solve very specific problermgusomplex hydrologi-
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cal models. There is also a spate of work on climate-change scenaritisesntlated feedback
systems on the hydrology of the country. Hydrological simulation studies eegatchment (or
larger) scale are not readily available: discharge simulations on daily &@alauch rarer. Most
of the information on hydrology in the country is available on either very smialesor based on
some gross statistics over a region (state level) [Shankar et al!,| 2004t ¥y Jain et al., 2007].
This is despite the fact that freshwater (river discharge) is crudialimate and water resources.
Shankar et al.| [2004] realised and addressed this problem: they initiaeoutlling of a
hydrological framework consistent with the realities of the data availability @tthuntry. They

proposed that any framework should follow these four basic guidingipias.

1. The framework should include a simple hydrological model that carige@reliable water

balance of a river system.

2. Demands on the database required by the model should be consistetitenitfalities of

the country.

3. The packages that incorporate the model should be able to handigeaofaspatial scales,
from small rivers to continental scales, to enable many groups workirepardiently on

different river basins, to dovetail their analyses into a coherent giciithe larger scale.
4. The models and their ancillary software should be freely accessible.

Hence, while developing our modelling framework, we have kept thesesljugd in mind.
Instead of going for a complex procedure with a very specific applicatienhave opted for a

more simple approach, with a view to make it applicable in the general scenario.

6.2 Generality of framework: West-coast rivers

The modelling framework was tested for the Mandovi river. Simulations stidhat the frame-

work was able to simulate daily discharges for the Mandovi river basinnexhly well. There
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were three reasons for choosing the Mandovi river for model-buildtirgt, the Mandovi is typi-
cal of the westward flowing west-coast rivers; if the framework wadrde, it is expected to work
elsewhere on the west coast also. Second, both the rainfall andrdisctza were available for it,
allowing us to build the parameterisation by validating discharge simulations with#ssation.
Third, it is the largest and the most important river of Goa (flowing neaNdw#onal Institute of
Oceanography in Panaiji).

The most critical assumption is that the Mandovi is a river typical of the eestt. Successful
application of our method to other west-coast rivers is contingent on tiiityaf this statement.
We have selected two more rivers for which we had observed discdatge Ulhas river to the
north of Mandovi and Aghanashini river to the south (Figure 6.1). doetbwith Mandovi, the
three rivers cover a considerable fraction of the west coast, enalditggexamine the variability
along the coast. A plot of the observed discharge (nhormalised for casopaof these three rivers
suggests (Figure_8.2) that the discharge patterns are comparabls awsisof the coast: the
inter-river variability is no more than the interannual variability for any riv& similar result is
obtained by performing a Kolmogorov-Smirnov test on the discharge datantér-river spread
in the curves is comparable to the interannual spread for a river (Fg8yesuggesting that this

method should work for the other rivers.

6.2.1 Annual variability and spatial variability

The rivers (on the west coast) for which the parameterisation is likely wneeqodification are
the ones in Kerala because it experiences rain during the winter monsmotiméolonger west-
coast rivers like the Narmada and the Tapti because their basins ersompéader spectrum of
hydrological regions, and the dry-region rivers like the Mehi ([Rarsékan et gl!, 2009]) and the

Sabarmati.
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Figure 6.1 The location of discharge gauges for the Ulhas (blue, discharge gauggdlapur)
Mandovi (black, Ganjem), and Aghanashini (red, Santeguli). Thettivers cover a large fraction
of the Indian west coast. The catchment area of the Mandovi, Aghamask Ulhas are 872 kfn
1070 knt, and 785 ki respectively, at the location of the discharge gauge.
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Figure 6.2Daily normalised discharge for 1990-1994 for three west-coasstr{fégurd 6.11). The
discharges are normalised by the highest daily discharge among anyrivttseoccurring in the
particular year. The rivers are Ulhas (blue), Mandovi (black), agkdanashini (red).
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Figure 6.3 Kolmogorov-Smirnov diagram showing the cumulative distribution plot for daily
discharge during June-September for 1990-1995 for the Ulhas ,(Maxdovi (black), and
Aghanashini (red) rivers.
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6.3 Assessment of the framework and future directions

6.3.1 Caveats of the modelling framework

The modelling framework simulates the daily discharges for Mandovi riverss the whole range
of seasonal variability. This was achieved by improving the SCS paranaitenisObtained using
limited data, this parameterisation needs further improvement. One notableadiaistthe need
to specify a minimum duratiom( D) of 60 days for the peak-monsoon regime. This specification
was necessitated by the need to preclude a prolonged weak spellkyrthigegering a transition to
the post-monsoon regime. Would such a constraint be valid in a year gaiexe¢as 2002, which
saw one of the worst droughts on record, with the July rainfall deficdsscindia being almost
50% [Gadgil et al., 2002]? If such a break dries out the soil, a terydiemevhich was noted even
in the simulations for 1992 and 1998, it is likely that the AMC thresholds and’'tN¢/ ) values
would be different. A more elaborate parameterisation scheme is needenldie bach singular
cases.

Another caveat is the specification of absolute rainfall thresholds a®fotiee criteria for
TransitionBC. Absolute thresholds are prone to giving erroneous results whenittiallre “not
normal’”.

A more serious caveat is the averaging of AMC thresholds across arégiere is consider-
able variation in rainfall even within a region, with the rainfall changing bgadr of over two in
the Ridge and Foothills regions (Figure]2.4). The thresholds should ¢here¢ allowed to vary
across the region. Likewise, the absolute rainfall thresholds used tarile¢cthe TransitionEA
andAB should also be allowed to vary within a region.

Hydrologically, monsoon onset, as defined here, is a process, ngeah &his phase begins
with sustained, continual rainfall with its occasional showers marking tHeoéthe dry season.
This phase ends when the discharge starts mirroring the rainfall. Sindedjscgauges are not

available in most basins, it is not convenient to use the discharge asagtaréo define Transition



Implications of the modelling framework 119

BC, making it the most difficult transition to capture. Improvements in this part o&ltperithm

are needed to preclude the overestimation of discharge just beforeribigidrmoccurs.

6.3.2 Strengths of the modelling framework

The framework simulates the hydrology of integrated terrestrial fresihvegitems. It has the
capability of resolving linked terrestrial hydrological systems, which inglladkes and wetlands.
Although lakes and wetlands are not important for the Mandovi basin, fitlligdvantageous to
have such capabilities.The framework is also highly scalable and can deaisanulate river

basins ranging from a very small scale to the continental scale.

Figure 6.4 Simulated runoff for July 1992 (in 1) in the Mandovi river basin. The catchment
area is shown in colour along with the position of two discharge gaugesje@aamd Kulem
(black circles). The spatial variability in runoff is captured well. Some ofrttegor tributaries
(Rivers Khandepar, Mhapsa, Dicholi, Valvat) are identified on the mhp.riodelling framework
allows one to calculate the freshwater discharge at any point along #reimsluding the total
river discharge into the Mandovi estuary at its mouth at Panaji (red kifatewhich there is
no information available. From Ganjem to Panaji, discharge doubles dpptty, with major
contribution from tributaries in between.
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Apart from temporal variability in discharge, a major feature of this modellnagnéwork
is that it resolves spatial variability in discharge also (Fiduré 6.4). In additioits obvious
implications on water resources, spatial variability of discharge has timg#ications in many
applications. For example, ocean models require discharge at the mouthriviethand also as a
function of the coast line. Even to study the estuarine systems, discHhejeng the estuarine
network is a necessary requirement. For Mandovi, the discharge ga@gnjem, located at the
upstream end of the estuary,4s50 km upstream of the mouth of the river. This is typical of
the river discharge measurements; gauges were put beyond the ¢eflfeidal action. There are
no observations for events that happen from the gauging locations to tht wicthe rivers. For
estimating river discharge at its mouth, the normal practice is to use the djsdtaservation as it
is, or in some cases by some means of extrapolation; this is an unsuitable enefaberdischarge
at the mouth.

For example, an estimate of the Mandovi’'s discharge was reported bylR@b][ The Gan-
jem gauge did not exist then ahd Rao [1975] used a classification arapeldtion scheme to
estimate the discharge. Based on the data for gauged rivers in.Indifil ¥&q estimated that the
discharge for river basins with ‘high’ rainfall was of the order of 6Bnkiper 100 knd of basin
area. This method yielded a value ©f1320 Mn? for the Mandovi, which is almost a third of
the discharge measured at Ganjem. This result is not surprising beébaudsta used by Rao was
from rivers spread across India, and rainfall varies from ovér@a to less than 20 cm across the
country. Our estimate of the discharge at Panaji was over 6003, Mith a standard deviation of
890 Mn?. The ratio of the simulated discharge at Panaiji to that at Ganjem varieddretiv@-
2.1. Thus, discharge in the Mandovi increases almost two-fold fronje@ato Panaji (Figures
[6.5 and 6.6). A large fraction of this increase comes from the tributariesdépar ¢ 45%),
Valvat ( ~ 25%; includes Dicholi and Kudnem rivers), and the Mhapsd 4%; includes Moide
and Asnoda rivers); the balance (6%) directly flows into the estuary from the land adjoining

it (Figures[6.4 an@ 616). The model river channel terminates at the pdiaterthe height falls
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below mean sea level in the GLOBE DEM. For the Mandovi, this point (whexeitler ends) is
in the vicinity of Panaji. The rest of the Mandovi basin, which consists ofipgada Bay, does
not form a part of the river-runoff computations in THMB because itdon of the bay is below

mean sea level and therefore forms a part of the sea.

Figure 6.5 Similar to Figurd 3.6 with simulated discharges at Panaji included. The oldsande
simulated discharge at Ganjem are plotted for comparison with Panaji simulation.
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This modelling framework makes very low demands on hydrological datart Aqean some
information on the soil type in the basin, the entire model parameterisation is sinidf anly the
rainfall forcing. All model parameters are derived on the basis of thdalh which is a basic
requirement for any hydrological model. In this low demand on input datdH&strength of the
modelling framework. Furthermore, the results (Figlrek 6.2 and 6.3) suttygé the model should
work for other basins on the Indian west coast too. That the modelrduesed to be calibrated
separately for each river is an important point because most of theseslaae ungauged. Hence,
though the model has been validated only for the Mandovi, its potential rediapplication is
considerable and spans most of the Indian west coast. In the contertdittion in Ungauged
Basins (PUB)|[Sivapalan et al., 2003], this potential of the model is sigmifioecause, although
most of these basins are ungauged, the discharge of these riversietstiern Arabian Sea is not

small [Fekete et al., 2002], making them an important element of the local cliystens.
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Figure 6.6 Bar chart showing the spatial variation of annual simulated dischargeeomdigel
grid. The height of the bar represents annual discharge (if)Mmm Ganjem (on the right) to
Panaji (on the left) for 1992 as a function of distance (abscissa is thearurhigrid cells from
Panaji to Ganjem) along the main channel of river. Discharge in the chisweneases almost two-
fold from Ganjem to Panaji, most of this increase coming from the runofffiee Khandepar,
Valvat (including Dicholi), and Mhapsa rivers (Figurel6.4). The contiidns of these tributaries
are shown in black.
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6.3.3 Future directions

Our modelling framework provides a tested tool to simulate the hydrology of #s @past of
India. The next logical step is to apply it to the remaining west-coast rivierghe course of
this study, we have already collected an exhaustive data set of dailydisaharge (from CWC)
and daily rain-gauge data (from IMD). Daily-discharge data were adailfor 47 stations in 34
river basins. Rain-gauge data were collected from 589 stations cgudenwhole of the west
coast, from Guijarat in the north to Kerala in the south. Availability of this ctwtdéa implies

that the framework can be extended to the whole of the west coast. Neesghwe did not
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implement this framework for the other west-coast rivers. One of thensaf®r not doing so
was the inability of GLOBE DEM to resolve the west-coast river basinsrately: as discussed
in chapte 2, considerable editing of GLOBE DEM is required to resolve #teow channel.
Like any other DEM, GLOBE gives average elevation for a grid cell. Alée most of the
other west-coast rivers, the Mandovi river is much narrowmefLQ0 m) than the resolution of the
GLOBE DEM, especially in its upstream reaches [Shankar et al.,| 200A{is, TGLOBE DEM
topography and river directions derived from the topography redquéditing to represent the
basin geometry accurately in the modelling framework. The DEM editing toatldped by
Shankar et all[2004] and Kotamraju and Shankar [2004] requireahsliting. High resolution
of the GLOBE DEM (large number of grid cells) and the presence of a contpfgraphy of
the coast along with narrower streams, implies investment of large amount ofSoneistead of
extending the framework to other rivers, we chose the more important téskiding the model
parameterisations. It is worth noting that this issue is not only related to theera@solution
of GLOBE DEM with respect to west-coast rivers. Even a high-resoliub&M like SRTM
[Farr et al.| 2007] was unable to resolve the Mandovi channel. We tdse®8RTM data (original
resolution 3 arc seconds) by averaging the 3-arc-seconds elevatlmn36-arc-seconds GLOBE
grid. The resulting DEM was used for a simulation. The results show that #verfar fewer pits
in the coarsened SRTM than were seen in the GLOBE DEM (Figute 6.7 @Fgoft Shankar et al.
[2004])), implying that the elevations are reasonably good. The riges dhot, however, flow to
the sea, the map of river flux showing instead a large number of shonoacted channels
(Figure[6.8). This lack of a well-defined river implies the need for manuddjestive editing.
Hence, at least at coarsened resolutions like 30 arc seconds, tii BRW is also unable to
capture the river valleys sufficiently well (Figure .8). Using a higlesetution DEM increases
the computational expense considerably. Since a major potential applicétiois study is to
estimate the river discharge into the Indian seas, even the 30 arc seesaligion is sufficient

for most of the oceanographic applications. Extension of this modelling Wanketo the rest
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of the west coast is, however, a logical course for future studies.eMisage achieving this
goal in two steps. First, as discussed earlier, application of the frameeguires editing of the
DEM, an exhaustive task in terms of the available resources. What igedqds an automated
editing algorithm to make the DEM hydrologically correct and resolve the basin geometry.
In GRASS GIS, watershed analysis tools likewat er shed andTer r aFl oware available and

they can be used to obtain a hydrologically correct DEM.

Figure 6.7Figure 5 in_Shankar et a|. [2004]. The stream network is not resoiedt of the local
runoff piles up in 30-50 m deep pools, none of which exist in reality. Thtemevel (in metres)
is also shown. This was owing to the inability of the DEM to resolve the Mandeesi ralley,
which is much less than 1 km wide over much of its length. The large ‘lake’ ipetive centre of
the basin is just upstream of the stream-low gauging station at Ganjem. Cowipiatke runoff
map with the edited GLOBE DEM, where the stream network is resolved quiteriglire 6.4).
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Moduler . wat er shed uses a least-cost search algorithm designed to minimize the impact
of DEM data errorsi|[Ehlschlaeger, 2001]. Moddler r aFl ow, a part of a software project
called computations on massive grids [Toma el al., 2001,/2003] derivgdralbgically correct
version of high resolution DEMs such as SRTIM [Arge et al., 2000]. Tiogept is designed using
efficient algorithms for flow computation on massive numbers of grid cellsagung terrain,
such as SRTM DEMTer r aFl ow computes the flow routing (path when a volume of water is

poured on the terrain) and flow accumulation (amount of water flowing ¢firdle terrain) from



Implications of the modelling framework 125

Figure 6.8 Runoff (m* s~1) simulated for July using (a) GLOBE DEM (edited) and (b) the 3 arc
seconds SRTM downscaled to 30 arc seconds (unedited). As with tdgeth€&LOBE DEM, the

river does not flow in a continuous stream to the sea.
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a given DEM. It is much faster (2 to 1000 times) than the other algorithms atdéden used on
massive datasets, up to®1(L billion) in size [Toma et al., 2003]. It uses a flooding algorithm to
fill the sinks in a DEMI[Arge et all, 2001]. Module. wat er shed is more accurate than module
r.terrafl ow, but this accuracy comes with the drawback of large computer time. A more
careful approach (using case studies) is required to ascertain thiger@lacuracy of these two
algorithms, which will require stream-network data (rivers digitized fronostyeets). For a recent
work on flood-assessment methodology in Goa [CERSC.|2009], wehatbdhe algorithms to
resolve the river basin geometry. We filled the SRTM DEM with the er r af | ow algorithm

and then used. wat er shed for watershed analysis. This combination of modules resolved the
basin geometry of the rivers of Goa (Figlrel6.9).

This result is significant, because once the need for manual editing is elidhitg@rologi-
cally corrected DEMs can be used in the framework for the whole of theaeest. Implementa-
tion of format conversion between these two geometries and incorporétiom agorithms to the
modelling framework is not expected to be as big an issue as managing the reatdr gomputer
time required when using the higher resolution SRTM DEM: running THMB wWiRTE requires
1000 times more grid cells than the GLOBE DEM, implying much higher computatiosapen

simulation. Possible solutions to this problem are to use an averaged SRTMID&Ma coarser
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Figure 6.9 GRASS GIS modules are used to generate the hydrologically correctetilladd
SRTM DEM for Goa. Again the GRASS modutavatershedcan be used to derive the basin
geometry. The areas plotted in grey are the watershed area over thendeatictar) mentioned
for the rivers of Goa. The place names mentioned on the map are thetrieamesinclusion of
these modules in the modelling framework is the next step.
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resolution, or even parallelising THMB to run on a cluster computer.

Second, since rainfall is the main forcing field, we plan to prepare a legblution spatial
rainfall data set for the west coast of India using the available rainegdatp and the method
described in Chapter 3.

Thus, our work can be interpreted as a move in the right direction to adtresproblem
of developing a modelling framework to quantify the hydrological variabéesjmportant but
often neglected issue. We hope that this thesis will provide a much neededigamel a modest
beginning in the direction of preparing a quantitative water budget for thelevcountry and
an estimate of the discharge into the Indian seas. Simulated river dischathe subcontinent
scale can then be used for a variety of studies, including ocean andmestumadelling, terrestrial

ecosystem modelling, GCM studies, and water-resource studies.



Chapter 7

Summary

We have described a hydrological modelling framework to simulate the digludrthe west-
coast rivers. The framework was tested for simulating the daily dischafrgige Mandovi, a
typical west-coast river. Discharge simulations compared well with thergagons, capturing
the spatio-temporal variability in the hydrological variables. This large spatigoral variability
is a major feature of the west-coast rivers, which are fed by the summesamomainfall. It is a
direct consequence of the large spatial and temporal variability in thealieémid its interaction
with the other basin properties such as complex topography and chestictef the soil.

The components of the modelling framework were described in Chapter € fraimework
was applied to the Mandovi basin. The framework consists of a hydrabgiating algorithm
(THMB), GLOBE DEM and GRASS-GIS. The framework is highly scalabid aan be applied
to both, the small river basins of the west coast and the big basins like tiga@ad Brahmaputra.
It also requires little input data: for the rain-fed west-coast riveiafath was the main input.

There is a large variability in rainfall on both spatial and temporal scalesst bfothe west
coast rainfall & 90%) occurs during the summer monsoon (June—September), with caidaler
inter-annual and intra-annual variability. Rainfall on the west coa#,tdits orographic nature,

also shows large spatial variability. Resolving this spatial variability was impoesa THMB
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requires rainfall mapped on the model grid. Rainfall increases fronh twe=ast in the basin and
owing to the barrier-like effect of the Sahyadri mountains, heavy rihinfaurs on the hills and
slopes of the mountain range. Rainfall then collapses as we move furte/aed to the leeward
side of the Sahyadris. The annual rainfall varies from an averag8&€tm at Panaji on the coast
to an average of 661 cm at Gavali on the windward slope of the SahyAdalpoi, which lies at
the foothills of the Sahyadris, the average annual rainfall is 413 cm. Qedhard side, at Asoga,
the average rainfall declines to 161 cm. The distance between Valpoiaradi @nd that between
Gavali and Asoga is about 10 km. Capturing this sharp variability was a olgallbecause of
the sparsity of the rain gauges. In the Mandovi (basin area 2032 dmniy five rain gauges are
available.

In Chapter 3, we have presented a method to resolve the orographaliraiie method was
incorporated into the modelling framework to map the rainfall on the model grichukivariate
interpolation method (RST), using elevation as the third variable, was uséuatégpolating the
rainfall. The method requires locations and heights of the rain gaugeg walitim a DEM, to
obtain the rainfall maps. The key feature of the interpolation was to spedifgaline to separate
the windward and leeward sides of the Sahaydris in order to reduce tiezagtimation of the
heavy rainfall on the hills and slopes. The interpolation was done selyai@t¢he leeward and
windward sides by specifying the ridge limepriori. The resulting spatial fields were merged
together to get the rainfall forcing.

In Chapter 4, we introduced a rainfall-runoff model, called the SCS methtdTHMB. On
the daily time scale, the complex relationship between rainfall and runoff impladHha simple
parameterisation of THMB could not work. The SCS method, which was eralhriderived,
converts rainfall into runoff based on the basin properties and argetednditions. The SCS
method was incorporated into THMB: the parametavas replaced by the parameters of the SCS
method C'V, A, and AMC thresholds). This new parameterisation improved the daily simulations

of discharge.



Summary 130

Initially, the SCS parameters were kept constant for the Mandovi badithé large variabil-
ity of rainfall, and hence runoff in the basin, demanded a spatio-tempatiabildy in the SCS
parameters also. There was still scope for improving the discharge simslatjancluding this
variability. C N and A depend on the physical characteristics of the basin and antecedent con
ditions (soil moisture condition). The physical characteristics of the basinin space and the
soil moisture conditions (or AMC) vary with season. Although the short-tearations in SCS
parameters were taken care of by the 5-day AMC conditions, the variahiléytathe seasonal
cycle was not considered. Hence, the model parameters had to betiarfurfcboth space and
long-term variations or season. The strong seasonality of rainfall, andehthe soil-moisture
conditions, makes it important to resolve this variability.

In Chapter 5, incorporation of this spatio-temporal variability in model patarsevas dis-
cussed. A major contribution was to develop an objective method to distingusiorig-term
moisture regimes. This method uses only the rainfall data to define the diffeat@s of prevail-
ing moisture conditions. According to the different regimes, model parasaterdetermined
and used in the simulations. Incorporation of this spatio-temporal variation delnparameters
improved the overall discharge simulations. The strength of the paraméteriéas in the limited
demand it makes on the input data: apart from some information on the ev&sddype in the
basin, the parameterisation is built solely on the basis of the rainfall thatdda$erce the model.

In summary, we have developed a modelling framework to simulate river digehaf the
west coast of India. The modelling framework is highly scalable, it simulates discharge
considerably well, and its demand on input data is minimal. The salient points tidbis are

presented below.

1. The modelling framework is applied and tested for the Mandovi rivee. discharge simu-

lations compare well with the observations on annual to daily timescales.

2. Rainfall is the most important variable in the modelling framework owing to itdadoikity
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and relative accuracy. The complex mountainous terrain of the wedt, tbadarge gra-
dients of rainfall, and the small geographical area of the west-coaistsbaad to a large
underestimation of rainfall in existing global and regional rainfall dataseigesolve this
orographic rainfall on the west coast and obtain the rainfall forcind,feerainfall-mapping

algorithm was incorporated into THMB.

3. Resolving spatial and temporal variability in the runoff-generationgg®owhich is param-
eterised by the SCS-CN method, requires exhaustive data on the phgsicgtaphical,
and biological characteristics, which are not easily available. The strefgur method is
that these processes, especially long-term seasonal variationsranegperised using only
rainfall as input data. For most of the west-coast river basins, thisfdne only available
data owing to the sparse distribution of rain gauges. That the model doesed to be
calibrated separately for each river is important because most of theseslare ungauged.
Hence, though the model has been validated only for the Mandovi, its potesgiian of
application is considerable for prediction in the several ungauged basitie Indian west

coast.

The implications of this modelling framework for the hydrology of the west tagsimmense.
The framework can be used to study the water budget of the regiondprgvaluable information
in diverse fields for potential users. The two communities expected to bé&oefithis work are

the oceanographic modelling community and water-resource planners.



Appendix A

Basic hydrological variables

A.1 Precipitation

Precipitation denotes the quantity of water falling on the land surface froratthesphere. The
liquid form of the precipitation is called rainfall, which is different from soligrths such as
snowfall and hailstorm. It is common to use rainfall and precipitation interaegnly unless
specified otherwise. The rainfall is caused by the adiabatic cooling drsgguent condensation
of water vapour in a rising parcel of air. Based on the lifting mechanismeoéithparcel, rainfall
is classified into the three categories: frontal rainfall, convective faiafad orographic rainfall.
Rainfall is measured by rain gauges, which give the rainfall amount ithdeqits over a
certain accumulation period. The period of accumulation is generally 24 hdurother inter-
esting variable is rain intensity or rain rate, but its measurements are donéoomfgportant
meteorological stations, and they are not common. In India, rainfall memsunts are made by
the India Meteorological Department (IMD; URt t p: // www. i nd. gov. i n). It provides
guality-controlled rain-gauge data to researchers. During the cofitsis avork, rain-gauge data

from 589 west-coast stations for the period 1975-2000 were colletsdMD.
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A.2 Evapotranspiration

Evapotranspiration denotes the amount of water transferred from ttestaface to the atmo-
sphere through its conversion from liquid to gaseous state. Concepsadlyptranspiration is
similar to precipitation, but reverse in direction of transfer. Evapotraaspir is also represented
in depth units. Evapotranspiration consists of two processes, evapoaatibtranspiration. The
term evaporation refers to the loss of water from the land surface threwgace water bodies,
soil moisture and vegetation surfaces. Transpiration refers to thegsrbgevhich plants transfer
water from the soil through their roots to the small openings in the leaves (sthrfram where
water escapes to the atmosphere.

Evapotranspiration is a complex process depending upon the energgdgtaevailing wind,
and relative humidity; availability of moisture is the limiting factor. A major conceptrideas-
stand evapotranspiration is potential evapotranspiration. Potentialtemagairation denotes the
amount of water evapotranspired when the moisture supply is not limited.uvégasnt of actual
evapotranspiration is very difficult. Except in short-term field experimént$and-atmosphere
interaction studies, direct observations are not used in hydrologiatiestuln hydrology, evap-
otranspiration is generally estimated indirectly [Beven, 2001]. Evapgiiat®n studies and
estimates for India are still rare [Rao et al., 1971; Narasiimhan, 20@shia Kumar et al|, 1937,

Maréchal et al., 2009]. It is estimated only in full observatories of IMD.

A.3 Subsurface water

The most complex hydrological process takes place under the landsiBRven, 2001]. A large
part of the rainfall that reaches the land surface is infiltrated into thaseidoil layer to become
subsurface water. The water that infiltrates the soil either becomes soiluneo{so evaporate
later) or flows close to the surface tlisoughflow(unsaturated flow) or it percolates under gravity

to become groundwater flow (saturated flow) through the soil or roctastfréow is saturated when
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the porous medium (soil) has voids and these are completely filled with watés andaturated
when some of the voids are still filled by air. Rainfall enters the soil zonev@mes downwards
into the water table. Water table is the surface where water in the pores is stithaspheric
pressure; it marks the upper layer of the saturation zone. Above the tabte is the capillary
fringe in which, owing to capillary action, pores are under saturation.viddle soil and capillary
fringe is the intermediate zone where the movement of water is mainly downWaege zones are
highly dynamic and show high variation in both temporal and spatial domaird¥fzat Robinson,
2000]. Both saturated and unsaturated flow processes are importantféce-water hydrology as
subsurface and groundwater outflow occur when the subsurfaee @aerges to become surface
flow in a stream or spring [Chow etlal., 1988]. Apart from these outfldtes groundwater is of
no interest for surface hydrology as average residence time fondwater is around 300 years

[Ward and Robinson, 2000].

A.3.1 Infiltration

Infiltration is the process by which water from rainfall is absorbed intodiiie Bhe infiltration rate
is the rate at which water enters into the soil at the surface. It is measuced/s1 The maximum
rate at which a given soil can absorb water isiitfltration capacity When rainfall intensity
exceeds the infiltration capacity, surface ponding occurs and ovditamdesults. Infiltration rate
depends upon the state of soil surface, vegetation cover, propéty £6il (hydraulic conductivity

and porosity), and antecedent moisture condition.

A.3.2 Soil water

Soil water is the water contained in the soil profile and the subsurface imatiee unsaturated
layers above the water table. This definition includes region of soil uptautheod layers, which
can be from tens to even hundreds of meters below the surface. The tbdibpgorb and retain

moisture is a very important control of the surface hydrological preses3ver thin and/or imper-
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meable soils, rainfall runs off quickly, while deep and permeable soils tcae sioisture longer
to contribute to river flow in even dry conditions. The soil-moisture capaditysoil depends on

its texture and structure.

A.3.3 Groundwater

A part of the infiltrated water goes into the ground to be stored as grouedwide groundwater
is stored in saturated layers of the soil column. The top layer of this deefatsatzone of soil is
called the water table. Although sitting deep, the groundwater also interactthegirface water

based on topography.

A.4 Surface water

Surface water is water stored or flowing on the earth’s surface. KRorestreamflow form the most
important component of surface-water hydrology.

A hydrologist quantifies the amount of water flowing in a river by a quantiled river
discharge. At any point along the channel of a river, river disphés defined as a volumetric flux
of water through that location. Integration of this volume flow rate over agef time gives
the volume of water brought by the river at that point. Being a very impbpgarameter in many
fields, river discharge is known by a variety of names such as streanifibow, river runoff, or
freshwater influx. All these quantities denote river flow and the only wiffee is in describing
flow in terms of volumetric rate or absolute volume.

An important concept to understand river flow is hydrograph or stregdnograph. It is
a plot of river discharge (both volume or volumetric flow) versus time at atios on a river.
Surface runoff is defined as averlandflow that contributes to the stream hydrograph or flow
in the river at any point. The surface runoff or overland flow is gatesl mainly by two basic

processes. The first procesdrnfiltration excess runoffwhere runoff is generated when rainfall
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intensity exceeds the infiltration capacity of the soil surface. This is alswikras Hortonian
runoff based on the name of Robert E. Horton. The second processuisation excess runoff
where runoff is generated by rainfall on the saturated soil surfacéig case, rainfall intensity
may not exceed the infiltration capacity of the soil. Surface runoff canskd to represent the
point-scale processes (or grid scale) in the catchment or can be uiesl Gtchment scale to
represent a part of discharge (hydrograph) due to overland flow.

Different from the surface flow is the subsurface flow. This is the flomtgbuted to the river
flow purely by subsurface processes. The major component of tisergate flow is thdaseflow
Baseflow was classically defined as the contributing part of the rivenfloieh occurs even after
the rainfall event has stopped, but, this usage is not strictly true. Thalkgags some contribution

of subsurface flow during a rain event.

A.4.1 River discharge measurements

The river discharge at a location is estimated by measuring the velocity ofrdersand the
cross-sectional area of channel at that point. Whenever measurefastocity is not possible
owing to operational reasons, river discharge is estimated by measueistatie (water level in
the stream) and using a stage-discharge rating curve to obtain the rigbaidjs. The location
where these measurements are obtained is called the stream gauging sthtienraaasurements
are called stream gauging. In India, the main agency involved in streaginggis the Central
Water Commission (CWC), from where discharge data was obtained for #ssthApart from

CWC, many states have their own agencies involved in gauging operations.

A.5 Basin geometry

Watershed is the basic hydrological unit for surface water flow. Hesgnts a geographical region

contributing to the flow in the river at any point. The runoff (surface andsurface) generated
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over this area only is translated to the flow at the given point on the streaenpdiht for which
this area is defined is known aatchment outleand the area is known as thatchment areaver
this point. The entire area drained by a river along with its tributaries is krasfasin and the

outlet is a sea, an inland lake, or wetlands.



Appendix B

Rainfall-mapping algorithm

B.1 General problem of mapping

In general, what are available are point measurements of rainfall. Agdoemulation of inter-
polation can be defined as follows (following Mitas and Mitasova [1999)ethe N values of
rainfall P,, wheren =1,2,--- | N, measured at distinct pointsz,, within a defined region in a

d-dimensional spacel(=1,2,3,...),

Tn =[xt 22, 2l (B.1)

nytns’

find thed-variate functionF'(z,, ), that passes through all the given rainfall poififs i. e.,
F(x,) = Py, (B.2)

wheren =1,2,--- | N. As there are an infinite number of functions satisfying the above criterion,
additional conditions are required to arrive at a particular solution. Alevkaite of different
interpolation techniques are designed by choosing different additi@malittons. The choices
depend on the problem in hand, and are usually based on the diffeqgritaments of the ap-
plications. The most common interpolation techniques are usually based oegeal surface

interpolation, where each point influences the resulting surface atarcinite distance (such as
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Inverse-Distance Weighted (IDW)), or based on variational techsitike interpolation based on
mathematical surface that have certain property (such as splines)tlue gao-statistical concept

of random variation (such as kriging).

B.2 Multivariate interpolation by regularised spline with tension (RST)

The general mathematical description of regularised spline method is gilditdsova and Mitas
[1993] and_Mitasova et al. [1995]. The RST method (both its&d 34 formulation) was used
by [Hofierka et all.|[2002] for interpolation of rainfall. The mathematicaivdgion given below
follow from|Hofierka et al.|[2002].

The RST interpolation is a type of variational interpolation. Variational inttjmn is based
on the assumption that the interpolation should pass through (or as closssisig) to the data
points and, at the same time, should be as smooth as possible. The spline fi§iictiarsed for
interpolation fulfills the above two requirements simultaneously, reducing thedwgrements

into a single condition:
1. it minimises the deviations from the measured points, and

2. at the same time, it is as smooth as possible, where the smoothness semiir(also

known as smooth seminorm or roughness penalty) is the measure of snssothne

Hence, the interpolation problem reduces to minimis%lgpn — S(zn) 2wy, +woI(S), wherew,
andw, are positive weighting factorsuw, /w,, is the smno_othing parametef), andp,, is measured
value at discrete points,, (see Equation[{Bl1)), where = 1,2,--- N within a region of ad-
dimensional space. Far,/w,, = 0 the functionS(x) passes exactly through the data. The general
solution of above minimisation can be represented as a sum of two compdiafts &nd Gilat,
1977])

S(z)=T(z)+ Z MnR(x,xy), (B.3)
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whereT'(z) is a ‘trend’ function andR(z,z,,) is a radial basis function. The explicit form of
R(z,z,) depends upon the choice 6{S). In the literature, there exist numerous choices of
splines [see Mitas and Mitasova, 1999, for previously known splines]tie RST method(S)

is chosen such that it can synthesise properties of previously kndimesmto a single function
and have desired properties like an explicit form, multi-variate formulation ofmderivatives

of higher orders and variational freedom through tension and smodjHfierka et al.| 2002].
The explicit forms (for 2, 3, and dimensions) of (S) for RST are given in [Mitas and Mitasava,
1999; Hofierka et all, 2002]. The RST method is related to ANUSPLIN [koson| 1998a,b], a
rainfall interpolation software, but uses a different forn7 ¢f), leading to different properties of
the interpolated function. With a particular choice of coefficients, as memtioneofierka et al.

[2002], an explicit form of the RST function in @{d = 3) is

S(x) = a1+§1/\n [\/jerf(\/f)) —2}, (B.4)

wherep = (¢r/2)?, r2 = Z?:l (z; —xi,)? is the squared distance, erf is the error function, and

v is the generalised tension parameter. The interpolation function given bgtign [B.3B) is
obtained by solving a system &f linear equations for the coefficienig and\,,.

To resolve the effect of topography on precipitation, RST interpolatiarbegformulated with
elevation as the third dimension (based on approach similar to Hutchinson abB|i$983]).
Given theN values of rainfallP,,, wheren = 1,2, --- | N, measured at distinct pointsz,, within

a defined region in a d-space (following Hofierka et al. [2002]),
xn =[xt 22 2B, (B.5)

n)»*nrrn

we can compute a functign= F'(x1,z2) representing the spatial distribution of precipitation over

the terrain surfaces = G(z1,z2) as
p=F(r1,22) = S(:lcl,xz,cG(avl,xg))7 (B.6)

wherec is the vertical rescaling parameter afids the trivariate RST function.



Rainfall-mapping algorithm 141

The main advantage of the RST method is its flexibility, which is the result of af $eteo-
nal tuning parameters within a single basis radial function. This is in coniisuser-supplied
variogram (subjective based on observed co-variances) used-stagstical method like kriging.
The RST parameters like tension, smoothing and vertical scaling controh#tnaater of the re-
sulting interpolated surface or volume. The resolution and smoothing of thé iDffuences the
spatial variability of the resulting precipitation map (Equatibn [B.6)). Thesarpeters can be

selected empirically or may be based on a cross-validation procedure.

B.2.1 Implementation of RST in modelling framework

The spline methods are used for interpolation of various spatial variablestdikain and
bathymetryl[Mitasova and Mitas, 1993], climatic variables like rainfall [Hutshimand Bischof,
1983; Hutchinsan, 1995, 1998a; Hofierka etlal., 2002], chemiaatexatrations and soil proper-
ties, and image rectification [see Mitas and Mitasova, 1999].

An advanced interpolation method like RST, with its flexibility and potential applinatio
wide-ranging applications, becomes a desirable choice for incorporatiagGlS. A potential
drawback of RST is the computational expense required to solve the sgflamar equations
for large datasets. As computer time scalesVas processing of large datasets makes a heavy
demand on computer time. This problem was solved by implementing a segmentatespin
the GRASS-GIS [Neteler and Mitasova, 2002]. The segmentation proeéxibased on the fact
that splines have a local behaviour and the impact of data points dexraas#y with increasing
distance from the given location. A detailed discussion of the RST method dsnimpted in
GRASS-GIS as module. vol . r st is given in chapter 3.

Though, the RST method is computationally intensive, the GRASS-GIS implementan
fast enough to be used for interpolating monthly rainfall for a small domainttikeMandovi
basin. For extension of the modelling framework to daily simulations and its usiggerdo-

main, the extra computational overheads required to work in a GIS envirdrame avoidable.
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Hence, source code ({f) of RST implementation in GRASS (vol . r st ) was extracted to be a
stand-alone program. The extracted RST module was incorporated into tledlimgpframework.
The stand-alone RST interpolation function is called from within THMB codac&sTHMB is

in FORTRAN, mixed programming paradigms (C-FORTRAN inter-operability iégplres) were
used to achieve this task. This stand-alone program was parallelisedMBIr{iylessage Passing
Interface) to be used exclusively for rainfall mapping for much laggete applications, such as

mapping rainfall for the entire west coast.



Bibliography

K. Aagaard and E. Carmack. The role of sea ice and other freshwattes lrctic circulation.

Journal of Geophysical Researd:14,485-14,498, 19801 2

R. B. Alley, J. Marotzke, W. D. Nordhaus, J. T. Overpeck, D. M. BEetR. A. Pielke, R. T.
Pierrehumbert, P. B. Rhines, T. F. Stocker, L. D. Talley, and J. M. \8&llaAbrupt climate

change.Science299(5615):2005-2010, 2003. doi: 10.1126/science.1081056. 2

R. Ananthakrishnan, V. Srinivasan, A. R. Ramakrishnan, and R.ulaatian. Synoptic features
associated with onset of southwest monsoon over Kerala, forecastmgimBMU report IV-18.

2, India Meteorological Department, Punt968.[91

J. T. Andrews. Millennial-scale climate variability. In J. H. Steele, K. K. kigg, and S. A.
Thorpe, editorsEncyclopedia of Ocean Sciencgsmages 881-889. Academic Press, Oxford,
2009.[2

L. Arge, L. Toma, and J. S. Vitter. 1/O-Efficient algorithms for problems gnid-based
terrains. InProc. Workshop on Algorithm Engineering and Experimentati2®00. URL

http: /7 ww. cS. duke. edu/ . [124

L. Arge, J. Chase, L. Toma, J. S. Vitter, R. Wickremesinghe, P. Halpid,Ca Urban. Digital
Terrain Analysis for Massive Grids. IRroc. Symposium of the U.S. Chapter of International

Association of Landscape Ecolo@3001.[12b


http://www.cs.duke.edu/

Bibliography 144

J. G. Arnold, P. M. Allen, and G. Bernhardt. A comprehensive sergroundwater flow model.

Journal of Hydrology pages 47—69, 1998.161

E. A. Baltas, N. A. Dervos, and M. A. Mimikou. Technical note: Determinatiof
the SCS initial abstraction ratio in an experimental watershed in Greddgdrology and
Earth System Science41(6):1825-1829, 2007. doi: 10.5194/hess-11-1825-2007. URL

http://ww. hydrol - eart h-syst-sci.net/11/1825/2007/.[68

V. Basappa and M. K. Jose. Identification of homogeneous rainfathesgin parts of Western

Ghats region of Karnatakdournal of Earth System Sciende 6, 2008[ 48
A. Baumgartner and E. Reichélhe World Water BalanceElsevier, 197513,710

K. J. Beven. Rainfall-runoff modelling: The primerJohn Wiley and Sons Ltd, The Atrium,

Southern Gate, Chichester, West Sussex, PQ19 8SQ, England,difiéd, 2001 2P 59, 133

M. Bosznay. Generalisation of SCS curve number metldodrnal of Irrigation and Drainage

Engineering 115(1), 139-144 1989.°68

M. L. Bouwer, T. Biggs, and J. Aerts. Estimates of spatial variation in@szjon using satellite-
derived surface temperature and a Water Balance Mddigdrological Processe2:670-682,

2008.[108

D. J. Cazier and R. H. Hawkins. Regional application of the curve numie¢ihod. Water today

and tomorrow, Proc. A.S.C.E, 1984168

CFFSC. Report of the Canacona Flash Floods Study Committee constituted l§yoth
ernment of Goa. Technical report, National Institute of Oceanogra@i$/R), 2009. URL

http://ww. nio.org/.[125

J.-Y. Choi, B. A. Engel, and H. W. Chung. Daily streamflow modelling aneésswent based on

the Curve-Number techniquélydrological Processed6:3131-3150, August 2002.161


http://www.hydrol-earth-syst-sci.net/11/1825/2007/
http://www.nio.org/

Bibliography 145

V. T. Chow, D. R. Maidment, and L. W. May#\pplied Hydrology Water Resources and Envi-

92359/ 68 6B, 134

ronmental Engineering. McGraw—Hill Book Company, Singapore, 1

M. T. Coe. Modeling terrestrial hydrological systems at the continemes¢asting the accuracy
of an atmospheric GCMJournal of Climate 13:686—704, 200d.]1 8, 118,119,122 ] 23] P4l 25, 27,
45,[52[ 84

M. T. Coe. A linked global model of terrestrial hydrologic processesaufation of modern
rivers, lakes, and wetlandsournal of Geophysical Research03:8885-8899, 1998, [} 3,119,
22,25

J. G. Cogley. Run-off from the world’s landmasses: Amounts and taio&es at 2-degree

resolution.Trent Climate journal3(25):89, 198913, 45

M. H. Costa and J. A. Foley. Water balance of the Amazon Basin: Deperdmn vegetation

cover and canopy conductanc®urnal of Geophysical Researct02:23973-23989, 199[. 122
N. A. C. Cressie Statistics for spatial dataJohn Wiley & Sons Inc, New York, 1998, B5

A. Dai and K. E. Trenberth. Estimates of freshwater discharge framirgents: Latitudinal and

seasonal variationgournal of Hydrometeorologys:660-687, 20041 1] 8,110

C. Daly. Guidelines for assessing the suitability of spatial climate datalst#mational Journal

of Climatology 26:707-721, 2006317, 48

G. Di Baldassarre and A. Montanari. Uncertainty in river dischargeplations: A quantitative
analysis.Hydrology and Earth System Scienc#8(6):913—-921, 2009. ISSN 1027-5606. URL

htt p: /7 www. hydr ol - eart h- syst - sci . net/ 13/ 913/ 2009/ | 45

W. T. Dickinson. Accuracy of discharge determinations. Technicainegfolorado State Uni-

versity, Fort Collins, USA, 196745


http://www.hydrol-earth-syst-sci.net/13/913/2009/

Bibliography 146

R. R. Dickson, J. Meincke, S.-A. Malmberg, and A. J. Lee. The “gsaéibity anomaly” in the

northern North Atlantic 1968—1982rogress In Oceanographg0(2):103-151, 1988] 2

P. Doll, F. Kaspar, and B. Lehner. A global hydrological model for degvwater availability

indicators: Model tuning and validatiodournal of Hydrology 270:105-134, 2003 fl 3

C. W. Downer, F. L. Ogden, W. D. Martin, and R. S. Harmon. Theoeygtbpment, and applica-
bility of the Surface Water Hydrologic Model CASC2Mydrological Processesl6:255-275,

2002.[22

C. Ehischlaeger. Using thd” search algorithm to develop hydrologic models from digital
elevation data. IfProceedings of International Geographic Information Systems (IS{®&)po-

sium’89 pages 275-281, Baltimore, MD, 2001, 1124

ETOPO, 2006. ETOPO2v2 2-Minute gridded global relief data, 2006. L UR

Www. ngdc. noaa. gov/ ngg/ fl1ers/ 06ngg01. htni . @

T. G. Farr, P. A. Rosen, E. Caro, R. Crippen, R. Duren, S. HenMeyKobrick, M. Paller,
E. Rodriguez, L. Roth, D. Seal, S. Shaffer, J. Shimada, and J. Um|ding. Shuttle Radar

Topography MissionReviews of Geophysicss, 2007123

B. M. Fekete and C. J. %dsmarty. The current status of global river discharge monitoring and
potential new technologies complementing traditional discharge measurene/=edictions

in Ungauged Basins: PUB Kick-¢f809. IAHS, 2007[ 2

B. M. Fekete, C. J. Wrosmarty, and W. Grabs. Global composite runoff fields
based on observed river discharge and simulated water balanced). 200URL

http://ww. baf g. de/ grdc. ht m Rep. No. 2210

B. M. Fekete, C. J. ¥frosmarty, and W. Grabs. High resolution fields of global runoff combining


www.ngdc.noaa.gov/mgg/fliers/06mgg01.html
http://www.bafg.de/grdc.htm

Bibliography 147

observed river discharge and simulated water balar@ledal Biogeochemical Cycle$6, 2002.

doi: 10.1029/1999GB00125#] [3, 121

S. Gadgil, J. Srinivasan, R. S. Nanjundiah, K. Krishna Kumar, A. Anbtyand K. Rupa Kumar.
On forecasting the Indian Summer Monsoon: The intriguing season of 2D0&ent Science

83:394-403, 2004118

K. Geetha, S. K. Mishra, T. . Eldho, A. K. Rastogi, and R. P. Pantitadifications to SCS-CN
method for long-term hydrologic simulatiodournal of Irrigation and Drainage Engineering

133:475-486, 20076 62

GLOBE. The Global Land One kilometer Base Elevation (GLOBE) Digital El-
evation Model, Version 1.0. Online documentation, National Oceanic and At-
mospheric  Administration, National Geophysical Data Center, 2004. URL

htt p: // ww. ngdc. noaa. gov/ ngg/ t opo/ gl obe. ht m | [28

A. R. Gokul, M. D. Srinivasan, K. Gopalkrishnan, and L. S. Vishwaaa. Stratigraphy and
structure of Goa. Technical report, Geological Society of India, 1985Earth resources for

Goa’s development._79

P. Goovaerts. Geostatistical approaches for incorporating elevatiothaspatial interpolation

of rainfall. Journal of Hydrology 228:113-129, 2000._B6

S. T. Graham, J. S. Famiglietti, and D. R. Maidment. 5-Minute, 0.5—degred -aledjree data
sets of continental watersheds and river networks for use in regiobdjlobal hydrologic and

climate system modeling studieg/ater Resources Resear@5:583-587, 1999 3

GRASS Development Team, 2008. Geographic Resources Analysiaid@ystem (GRASS)

software. Online, 2008. URhtt p: // grass.itc.it. GRASS Development Teafn.]36) 37


http://www.ngdc.noaa.gov/mgg/topo/globe.html
http://grass.itc.it

Bibliography 148

S. Hagemann and L. Dumenil. A parameterization of the lateral water flow bfabkcale.

Climate Dynamics14:17-31, 1994.12, 22

W. Han and P. J. Webster. Forcing mechanism of sea level interanawi@bity in the Bay of

Bengal.Journal of Physical Oceanograph$2:216-239, 2002, 10

W. Han, J. P. McCreary, and K. E. Kohler. Influence of precipitation mievaporation and
Bay of Bengal rivers on dynamics, thermodynamics, and mixed layeiqsiysthe upper Indian

Ocean.Journal of Geophysical Researct06:6895-6916, 200L. 110

H. Hatun, A. B. Sando, H. Drange, B. Hansen, and H. Valdimarssoifuehce of the Atlantic
subpolar gyre on the thermohaline circulatiddcience 309(5742):1841-1844, 2005. doi: 10.
1126/science.111477[] 2

R. H. Hawkins, B. Yu, S. K. Mishra, and V. P. Singh. Another Look @SsCN Method.Journal
of Hydrologic Engineering6:451-452, 2001_6L, 68

J. Hofierka, J. Parajka, H. Mitasova, and L. Mitas. Multivariate intepmiaof precipitation
using Regularized Spline with Tensiohtansactions in GI1S6:135-150, 200235, BE, 48, 139,
1400141

J. Hofierka, T. Cebecauer, and Buri. Optimisation of interpolation parameters using a Cross-
validation. In R. Peckham and G. Jordan, edit@sst Practice in Digital Terrain Modelling:
Development and Applications in a Policy Support EnvironpnEaropean Commission Joint

Research Centre, Ispra (VA), 2005 45

S. Howden and R. Murtugudde. Effect of river inputs into the Bay afidgé. Journal of Geo-
physical Researct106:19825-19843, 200L.110

M. F. Hutchinson. Interpolation of mean rainfall using thin plate smoothingeplinternational

Journal of Geographical Information Systers385—-403, 199935, 86, 141



Bibliography 149

M. F. Hutchinson. Interpolation of rainfall data with thin plate smoothing splireart I: Two
dimensional smoothing of data with short range correlatimurnal of Geographic Information

and Decision Analysj:139-151, 19984. 85, 140, 141

M. F. Hutchinson. Interpolation of rainfall data with thin plate smoothing splirfeart 1l: Anal-
ysis of topographic dependencéournal of Geographic Information and Decision Analyss

152-168, 19980, 35, 140

M. F. Hutchinson and R. J. Bischof. A new method for estimating the spattabditon of mean
seasonal and annual rainfall applied to Hunter Valley, New South Waledralian Meteorolog-

ical Magazine 1983.[140, 141

M. K. Jain, S. K. Mishra, P. S. Babu, K. Venugopal, and V. P. Singthdhced runoff curve num-
ber model incorporating storm duration and a nonlingar S relation. Journal of Hydrologic

Engineering 11:631-635, 2006.12

S. K. Jain, P. K. Agarwal, and V. P. Singhlydrology and water resources of Indieolume 57

of Water Science and Technology Libra§pringer, Dordrecht, Netherlands, 2007.1103] 113

J. E. Janowiak, A. Gruber, C. R. Kondragunta, R. E. Livezey,@nd. Huffman. A comparison
of the NCEP/NCAR reanalysis precipitation and the GPCP rain-gaugesatetititarced data set

with observational error consideratiorklurnal of Climate 6:1009-1026, 199827

J. S. Jeffrey, J. O. Carter, K. B. Moodie, and A. R. Beswick. Usiafial interpolation to con-
struct a comprehensive archive of Australian climate dataironmental Modeling & Software

16:309-330, 200135

A. G. Journel. Modelling uncertainity and spatial dependence: Stocliastiing. International

Journal of Geographical Information System®:517-522, 1996._85



Bibliography 150

P. Y. Julien, B. Saghafian, and F. L. Ogden. Raster-based hydralagodeling of spatially

varied surface runoffWater Resources BulletiB1:523-536, 1995. 22

E. Kalnay, M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, k&dell, S. Saha,
G. White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J.algiak, K. C. Mo,
C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, ands8pldoThe NCEP/NCAR
40-year Reanalysis Proje®ulletin of the American Meteorological SocieRf:437-471, 1996.
27,28/ 108

D. G. Kingston, D. M. Lawler, and G. R. McGregor. Linkages betweaemoagpheric circulation,
climate and streamflow in the northern North Atlantic: research prospesigress in Physical

Geography30(2):143-174, 2006. doi: 10.1191/0309133306pp4Tlra. 2

V. Kotamraju and D. Shankar. Using the GRASS GIS in a framework fontifyang water

resources in India. IRoster presented at Maplndia 2004ew Delhi, India, 200426, 123

K. Krishna Kumar, K. Rupa Kumar, and R. K. Rakhecha. Comparisorenfrifan and Thornth-
waite methods of estimating potential evapotranspiration for Indian conditidreoretical and

Applied Climatology38:140-146, 1987103, 133

A. Kulkarni, S. S. Sabade, and R. H. Kripalani. Intra-seasonal Negaf the Indian Summer

Monsoon Rainfall. Technical report, Indian Institute of Tropical Metéagy, Pune, 200691

T. M. Lenton, H. Held, E. Kriegler, J. W. Hall, W. Lucht, S. Rahmstorfdat J. Schel Inhu-
ber. Tipping elements in the Earth’s climate systetoceedings of the National Academy of

Sciences105(6):1786—1793, 2008. doi: 10.1073/pnas.0705414105. 2

S. W. Lyon, M. T. Walter, P. Gerard-Marchant, and T. S. SteenhuisindJa topographic in-
dex to distribute variable source area runoff predicted with the SCS Nueber equation.

Hydrological Processed8(15):2757-2771, June 2004] 60



Bibliography 151

J. C. Magchal, M. R. R. Varma, J. Riotte, J. M. Vouillamoz, M. S. M. Kumar, L. Rui,3¢khar,
and J. J. Braun. Indirect and direct recharges in a tropical fateséershed, Mule Hole, India.

Journal of Hydrology 364:272-284, 2009. 84, 112, 133

J. Martin, J. D. Burton, and D. EismaRiver Inputs to Ocean Systemdnited Nations Press,

New York, 1981[1pP

C. Michél, A. Vazken, and C. Perrin. Soil Conservation Service curve numie¢nod: How to

mend a wrong soil moisture accounting procediéater Resources Reseaydi:1-6, 2005, 60

J. Miller, G. Russell, and G. Caliri. Continental scale river flow in climate mod&bsirnal of

Climate 7:914-928, 1994.18, p2

S. K. Mishra and V. P. Singltoil Conservation Service Curve Number (SCS-CN) Methodology
volume 42 ofWater Science and Technology Libratkgluwer Academic Publishers, Dordrecht,

Netherlands, 2008.-6P, H5,166] 67] 68,[69,[70, 94

S. K. Mishra and V. P. Singh. Long-term hydrological simulation baseithersoil Conservation

Service curve numbeHydrological Processed8:1291-1313, February 2004, 61

S. K. Mishra and V. P. Singh. Another look at SCS-CN methddurnal of Hydrologic Engi-
neering 4(3):257-264, 1999. 61

S. K. Mishra, V. P. Singh, J. J. Sansalone, and V. Aravamuthan. Mdd8ICS-CN method:

characterization and testingvater Resources Managemgeht:37—-68, April 2003861

S. K. Mishra, M. K. Jain, P. K. Bhunya, and V. P. Singh. Field applicabdftthe SCS-CN-Based
Mishra—Singh general model and its variant¥ater Resources Managemeh®:37—-62, 2005.

10.1007/s11269-005-1076{3.168

S. K. Mishra, R. P. Pandey, M. K. Jain, and V. P. Singh. A rain duradioth modified AMC-



Bibliography 152

dependent SCS-CN procedure for long duration rainfall-runofiiesvéNater Resources Man-

agement22:861-876, 2008. 60, 70

L. Mitas and H. MitasovaGeographical Information Systems: Principles and technical issues
volume 1, chapter Spatial Interpolation, pages 481-492. John Wiley & 36089[ 35, 36, 138,
M40[141

H. Mitasova and L. Mitas. Interpolation by Regularized Spline with Tensiortheory and

implementation Mathematical Geology25:641-665, 1993, 86, 86, 139, 141

H. Mitasova, L. Mitas, W. M. Brown, D. P. Gerdes, |. Kosinovsky, ahdaker. Modelling
spatially and temporally distributed phenomena: new methods and tools for GRAS In-
ternational Journal of Geographical Information Systerisi43—-446, 1995. special issue on

integrating GIS and Environmental modellifng."139

T. N. Narasimhan. A note on India’s water budget and evapotranspirafiournal of Earth

System Scieng@17(3):237-240, 200812, 103,112,133
T. N. Narasimhan. Water: Science and soci€yrrent Science89(5):787—-793, 200%. 112

M. Neteler and H. MitasovaOpen Source GIS: A GRASS GIS Approagtuwer Academic

Publishers, Dordrecht, Netherlands, 2002.[26[ 35, 36, 31, 141

M. G. New, M. Hulme, and P. D. Jones. Representing twentieth-centagestime climate
variability. Part I: Development of a 1961-90 mean monthly terrestrial climgyoldournal of

Climate 12:829-856, 1999. 2B, B5

M. G. New, M. Hulme, and P. D. Jones. Representing twentieth-centagesgime climate
variability. Part Il: Development of 1961-90 monthly grids of terrestnmface climateJournal

of Climate 13:2217-2238, 2000. P8



Bibliography 153

D. S. Pai and M. R. Nair. Summer monsoon onset over Kerala: New defiitid prediction.

Journal of Earth System Sciendel 8:123-135, 2009. 91

A. Papoulis and S. U. PillaProbability, Random Variables and Stochastic ProcesbasGraw

Hill Publication, 200265

M. C. Peel and T. A. McMahon. Continental runoff - A quality-controltgdbal runoff data set.

Nature 444:E14-E14, 2006] 3

G. D. Perry, P. B. Duffy, and N. L. Miller. An extended data set oéridischarges for validation

of general circulation modelslournal of Geophysical Researct01:21339-21349, 1996 3

B. J. Peterson, R. M. Holmes, J. W. McClelland, C. J. Vorosmarty, R.arhers, A. I. Shik-
lomanov, I. A. Shiklomanov, and S. Rahmstorf. Increasing river digghto the Arctic Ocean.

Science298(5601):2171-2173, 2002. doi: 10.1126/science.1077445. 2

V. M. Ponce and R. H. Hawkins. Runoff curve number: Has it reachedinibg? Journal of

Hydrologic Engineering1(1):11-19, 1994, 60, 6, H6,]170

B. P. Radhakrishna. Linking of major rivers of India - bane or booQurrent Science84:

1390-1394, 2003112

M. Rajeevan, J. Bhate, J. D. Kale, and B. Lal. Development of a highiiutsn daily gridded
rainfall data set for the Indian region. Technical report, India Metiegiical Department, Pune,

2006a. IMD Meteorological Monograph No. Climatology 22/2005. 49

M. Rajeevan, J. Bhate, J. D. Kale, and B. Lal. High resolution daily gdddafall data for the
Indian region: Analysis of break and active monsoon spddsirnal of Climate 86(3):296-306,

2006b.[T[ 29, 49, 50

D. Ramakrishnan, A. Bandyopadhyay, and K. N. Kusuma. SCS-CN&8ebased approach



Bibliography 154

for identifying potential water harvesting sites in the Kali watershed, Miakr basin, India.

Journal of Earth System Sciendel 8:355-368, 2009. 1114

R. Ramesh and M. G. Yadava. Climate and water resources of I@liarent Science89(5):

818-824, 2005.12

K. L. Rao. India’s Water Wealth: Its assessment, uses and projecti@gent Longman, New

Delhi, 197512, 26, 118, 120

K. N. Rao, C. R. V. Raman, C. E. J. Daniel, and S. Venkataraman. [Eatigo over India.
Technical Report PPSR No. 146, India Meteorological Department,dvidtgical Office, Pune,
1971.[11P[133

P. S. Rao. Large-scale field experiments and modelling land surfacesgex: A reviewJournal

of Agrometeorology3:1-21, 2001112

R. P. Sarkar. A dynamical model of orographic rainfAllonthly Weather Reviev@4:555-572,
1966.[48

R. P. Sarkar. Some modifications in a dynamical model of orographic HaiManthly Weather

Review 95:673-684, 1967, 48

R. Sausen, S. Schubert, and L. Dumenil. A model of river runoff é&rin coupled atmosphere-

ocean modelsJournal of Hydrology 155:337-352, 1994 B, 22

SCS. Hydrology, National Engineering Handbook. Technical refait,Conservation Service,

United States Department of Agriculture, Washington, D.C, 1871[_69, 70

SCS. Hydrology, National Engineering Handbook. Technical refait,Conservation Service,

United States Department of Agriculture, Washington, D.C, 188b. 65

D. Shankar. Seasonal cycle of sea level and currents along thieofdadia. Current Science

78:279-288, 2000.10



Bibliography 155

D. Shankar and S. R. Shetye. Why is mean sea level along the Indiarhigizex in the Bay of

Bengal than the Arabian Se&*eophysical Research Lette8:563-565, 2001._10

D. Shankar and S. R. Shetye. Are interdecadal sea level changesladndian coast influenced
by variability of monsoon rainfallJournal of Geophysical ResearctD4:26031-26042, 1999.
10

D. Shankar, V. Kotamraju, and S. R. Shetye. A quantitative framewarledtmating water
resources in IndiaCurrent Science86(4):543-552, February 2004.112] 23, [24,[26 [27[ 2B, 52,
04, [108[11P, 118, 128, 14

S. S. C. Shenoi, D. Shankar, and S. R. Shetye. Differences in hdgets of the near-surface
Arabian Sea and Bay of Bengal: Implications for the summer monssmrnal of Geophysical

Research107, 2002. doi: 10.1029/2000JC0006[/9. 10

Z.-H. Shi, L.-D. Chen, N.-F. Fang, D.-F. Qin, and C.-F. Cai. Researcthe SCS-CN initial
abstraction ratio using rainfall-runoff event analysis in the Three Gotgea, ChinaCATENA

77(1):1~7, 200988

M. Sivapalan, K. Takeuchi, S. W. Franks, V. K. Gupta, H. KarambiriL&kshmi, X. Liang,
J. J. McDonnell, E. M. Mendiondo, P. E. O’Connel, T. Oki, J. W. Pomelh Schertzer, S. Ul-
henbrook, and E. Zehe. IAHS decade on Predictions in UngaugedsB@&4JB), 2003-2012:
Shaping an exciting future for the hydrological sciendégdrological Science18(6):857-880,
December 2003121

M. C. Smith and D. L. ThomasEncyclopedia of water sciencehapter Hydrological Process

Modelling, pages 518-520. Taylor and Francis, 2008. 61

E. P. Springer, B. J. McGurk, R. H. Hawkins, and G. B. Colthrap. d®ucurve numbers from

watershed data. A.S.C.E. Watershed management Symposium Proce:88ty68



Bibliography 156

T. S. Steenhuis, M. Winchell, J. Rossing, Z. A. Zollweg, and M. F. WalB&'S runoff equation
revisited for variable source runoff areakurnal of Irrigation and Drainage Engineering.21:

234-238, 1995, 61

K. Suprit and D. Shankarediction in ungauged basins for sustainable water resources plan-
ning and managementhapter Simulating the discharge of the Mandovi River, Goa, pages 175

186. Jain Brothers, New Delhi, 2006.]1 32] 35

K. Suprit and D. Shankar. Resolving orographic rainfall on the Indiast coastinternational

Journal of Climatology28:643—657, 2008._26, 35,141,152] 04,1103

K. Suprit, D. Shankar, V. Venugopal, and N. V. Bhatkar. Simulating thi& afischarge of
the Mandovi river, west coast of IndiaHydrological Sciences JournaP011. Accepted for

publication 7V

A. Talmi and G. Gilat. Method for smooth approximation of dafurnal of Computational

Physics23:93-123, 1977189

L. Toma, R. Wickremesinghe, L. Arge, J. S. Chase, J. S. Vitter, P. Npitjaand D. Urban.
Flow computation on massive grids. Rroc. ACM Symposium on Advances in Geographic

Information System2001. URLhtt p: // www. cS. duke. edu/ geox.

L. Toma, R. Wickremesinghe, L. Arge, J. S. Chase, J. S. Vitter, P. lpitjand D. Urban. Flow
computation on massive grid terrain§&eolnformatica, International Journal on Advances of
Computer Science for Geographic Information Systefn#):283—-313, December 2003. URL

http://ww. cs. duke. edu/ geo=*. [124,[125

M. Tomczak. Spatial interpolation and its uncertainty using automated anigoingprse dis-
tance weighting (IDW): Cross-validation/jackknife approadburnal of Geographical Informa-

tion and Decision Analysj®:18-33, 198837


http://www.cs.duke.edu/geo*
http://www.cs.duke.edu/geo*

Bibliography 157

TRMM, 2006. TRMM on-line documentation, 2006. URL

http://trnmm gsfc. nasa. gov/ 3b43. htmi |[30

USDA, 1980. CREAMS - A field scale model for chemicals, runoff, arebiem from agricultural

management systems. Congressional Research Report 26[1P980. 61

USGS. Shuttle Radar Topography Mission (SRTM), 3 arc-secongksaefilled unfinished 2.0.

Online documentation, 2004. URtii t p: // gl cf . um acs. und. edu/ dat a/ srt ni . [28

C. J. Worosmarty, B. M. Fekete, and B. A. Tuckefslobal river discharge database (RivDis
Version 1.0), Vol. 0: Introduction, overview, and technical notésternational Hydrological
Program Tech. Document in Hydrology SC. 96/WS/26. UNESCO, DivisioWater Sciences,

1 rue Miollis, 75732 Paris, France, 1996 3] 22

M. Wanielista. Hydrology and Water Quantity Controlohn Wiley and Sons, Singapore, 1990.
59

R. C. Ward and M. RobinsorRrinciples of Hydrology Alfred Waller, McGraw—Hill Publishing

Company, Shoppenhangers Road, Maidenhead, Berkshire SL&E@land, 2000134

D. White. Grid-based application of runoff curve numbelsurnal of water resources planning

and managemen114(6):601-612, 1988. doi: 10.1061/(asce)0733--9496(19885(601)[ 6L

M. Yaremchuk, Z. Yu, and J. P. McCreary. River discharge into the@a&engal in an inverse

ocean modelGeophysical Research LetteB2:DOI: 10.1029/2005GL023750, 2005112

D. N. Yates. Approaches to continental scale runoff for integrateglsassent modelsJournal

of Hydrology 201:289-310, 1997] 3

R. A. Young, C. A. Onstad, D. D. Bosch, and W. P. Anderson. AGNP3& Non-point source
pollution model for evaluating agricultural watershedsurnal of Soil Water Conservatipd4:

168-173, 198961


http://trmm.gsfc.nasa.gov/3b43.html
http://glcf.umiacs.umd.edu/data/srtm/

Bibliography 158

B. Yu. Theoretical justification of SCS method for runoff estimatiodournal of Irrigation
and Drainage Engineeringl24(6):306—310, 1998. doi: 10.1061/(ASCE)0733-9437(1988)1

6(306). URLhttp://11nk.alp.org/link/?Q R 124/ 306/ 1.[6]


http://link.aip.org/link/?QIR/124/306/1

	Statement
	Certificate
	Vita
	Acknowledgements
	Synopsis
	List of Tables
	List of Figures
	Introduction
	Motivation
	River discharge

	Setting of the problem
	Geography of the region
	Climate of the region

	Problem
	Mandovi river system

	Objective of the thesis

	Hydrological Modelling framework 
	Hydrological modelling process
	Runoff production and flow processes
	Hydrological reservoir routing model
	Linear reservoir model

	Background and approach
	THMB model
	Basin geometry and DEM
	Flow directions

	Viability of the model: Mandovi river basin
	Editing of DEM
	Inadequacy of existing rainfall data sets
	Need to build the rainfall forcing


	Rainfall mapping
	Introduction
	Spatial interpolation of rainfall
	Regularised spline with tension

	Application to the Mandovi basin
	Separate interpolation for windward and leeward sides

	Simulation results and discussions
	Rainfall mapping on higher temporal scale
	Discussion


	Rainfall-runoff modelling
	Introduction
	Limitations of the framework: Model parameterisation
	Rainfall-runoff model

	Soil Conservation Service (SCS) method
	Parameters of the SCS method

	Application to the Mandovi basin
	Sensitivity to CN

	Results and discussion

	Spatio-temporal variability in rainfall-runoff model
	Introduction
	Spatial variations
	Regionalisation
	Estimation of parameters
	Simulation S2

	Temporal variations
	The seasonal change in abstraction
	Seasonal variation of SCS parameters
	The temporal regimes
	Objective criteria for transition
	Estimation of the SCS parameters

	Results and discussion
	Simulation S3
	Evapotranspiration and abstraction
	Discussion


	Implications of the modelling framework
	Introduction
	Generality of framework: West-coast rivers
	Annual variability and spatial variability

	Assessment of the framework and future directions
	Caveats of the modelling framework
	Strengths of the modelling framework
	Future directions


	Summary
	Basic hydrological variables
	Precipitation
	Evapotranspiration
	Subsurface water
	Infiltration
	Soil water
	Groundwater

	Surface water
	River discharge measurements

	Basin geometry

	Rainfall-mapping algorithm
	General problem of mapping
	Multivariate interpolation by regularised spline with tension (RST) 
	Implementation of RST in modelling framework


	Bibliography



