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Chapter 1

General introduction

1.1 Background

1.1.1 Importance of streamflow

Streamflow is the spatial integration of runoff and is a
major component of the annual catchment water bal-
ance. Streamflow is composed of a ‘slow’ component
usually referred to as baseflow, which mainly originates
from groundwater storage or other delayed sources (Hall,
1968; Smakhtin, 2001), and a ‘quick’ component called
stormflow or quickflow (Jakeman and Hornberger, 1993).
Stormflow can be generated as overland flow, when the
soil is saturated (saturation overland flow; Dunne and
Black, 1970) or when the rainfall intensity exceeds the
soil’s infiltration capacity (infiltration-excess overland
flow; Horton, 1933), or as subsurface stormflow in the
form of rapid lateral flow above an impervious horizon
(or bedrock) when the groundwater level increases and
subsurface saturated areas become connected (Tromp-
van Meerveld and McDonnell, 2006) or via rapid pipeflow
through soil pipes and other macropores at shallower
depth under (near-)saturated conditions (Jones, 1981;
Chappell, 2010). The relative importance of each of
the mechanisms is mainly controlled by catchment at-
tributes related to geology, soils, topography, climate,
and land cover (e.g., Davis, 1969; Boorman et al., 1995;
Zhang et al., 2001; Kirkby et al., 2002; Price, 2011),
the level of antecedent soil water content (e.g., Meyles
et al., 2003), and rainfall intensity (e.g., Bronstert and
Bárdossy, 2003; Chappell et al., 2012).

Streamflow serves a number of essential purposes, such
as irrigation, recreation, drinking water, industrial uses,
and transport (e.g., Brauman et al., 2007; Quintero
et al., 2009). In addition, it is used as a renewable source
of energy (Cyr et al., 2011), currently accounting for ∼17
% of the global energy production1. Streams further play
a key role in the maintenance and regulation of aquatic
habitats (Poff et al., 1997). However, streamflow also
carries some negative implications for society and en-
vironment. Since the turn of the century floods have
caused each year on average ∼26 billion US dollars in
damage, ∼6000 deaths, and affected ∼110 million peo-

1The World Bank (http://water.worldbank.org/topics/
hydropower)

ple worldwide2, with developing tropical countries gen-
erally the most severely affected (UNISDR, 2011). Fur-
thermore, the transport of pollutants by streams (e.g.,
Jordan et al., 1997; Kirchner et al., 1999; Kolpin et al.,
2004) can adversely affect ecohydrological systems down-
stream, e.g., in the form of eutrophication of estuaries or
lakes with subsequent adverse effects on aquatic biodi-
versity (Anderson et al., 2002).

Changes in climate, caused by increases in atmo-
spheric greenhouse gases, are seriously affecting the
Earth’s hydrological cycle (IPCC, 2007; Bates et al.,
2008). Continued human-caused emission of greenhouse
gases are projected to exacerbate these effects, while con-
tinued population growth will further increase both vul-
nerability to hydrologic disasters and pressure on fresh-
water resources (Huppert and Sparks, 2006; Vörösmarty
et al., 2000). It is thus of great importance to improve
our understanding of streamflow timing and quantity
around the globe under current and future conditions.
Perhaps the greatest obstacle to advancing current un-
derstanding is that much of the land surface is ungauged
or poorly gauged (Fekete and Vörösmarty, 2007), as
demonstrated by Fig. 1.1. Although streamflow estima-
tion in ungauged regions poses a major challenge (Siva-
palan et al., 2003), the increasing availability of multi-
temporal satellite data provides unique opportunities to
rise up to this challenge (Moradkhani, 2008; Van Dijk
and Renzullo, 2011; Miralles et al., 2011). Arguably,
tropical regions require priority attention in that these
have some of the highest population densities and are
thus particularly vulnerable to hydrologic extremes (cf.
Bradshaw et al., 2007), while at the same time being
increasingly poorly gauged in recent decades (cf. Wohl
et al., 2012; Fig. 1.1).

1.1.2 Influence of physiography and cli-
mate on streamflow

There have been numerous studies examining the rela-
tionships between catchment attributes and streamflow
characteristics using observations from meso- (1–10 000
km2) and macro-scale (> 10 000 km2) catchments (see
Li et al. (2013) and Cheng et al. (2012) for recent ex-

2Emergency Events Database (EM-DAT; http://www.emdat.
be).
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Figure 1.1: Global map showing interstation regions in random colors. Interstation regions are defined as the catchment of a gauging
station excluding nested subcatchments of upstream gauges. Ungauged regions are indicated in gray. Ideally, the interstation regions
are small, indicating a high station density. Streamflow and catchment boundary data originate from the Global Runoff Data Centre
(GRDC; Koblenz, Germany; http://grdc.bafg.de), the Model Parameter Estimation Experiment (MOPEX; Schaake et al., 2006), and
the Peel et al. (2000) dataset. The global maps in this thesis are presented in the Robinson projection (80◦S–80◦N and 180◦W–180◦E)
with grid lines at every 15◦ latitude and 30◦ longitude.

amples). Streamflow characteristics often used in such
studies include: mean annual streamflow; runoff coef-
ficient, defined as the ratio of long-term mean stream-
flow to precipitation; baseflow index (BFI), defined as
the ratio of long-term mean baseflow to total streamflow
(Smakhtin, 2001); baseflow recession constant, defined
as the rate of baseflow decay (Tallaksen, 1995); and var-
ious flow percentiles. Olden and Poff (2003) and Monk
et al. (2007) provide a more exhaustive list of streamflow
characteristics.

Climate encompasses the atmospheric water supply
(precipitation) and demand (potential evaporation), and
has long been recognized as the dominant control on the
long-term water balance of catchments (Schreiber, 1904;
Ol’dekop, 1911; Budyko, 1974). The most often used
climate index is the so-called aridity index, defined as
the ratio of long-term precipitation to potential evapo-
ration (UNEP, 1992). The aridity index and the runoff
coefficient are strongly positively related: the higher the
aridity index of a catchment, the higher its runoff coef-
ficient (e.g., Arora, 2002). The relationship between the
aridity index and the runoff coefficient has been formal-
ized in the well-known empirical Budyko (1974) equa-
tion. Subsequent studies have demonstrated that the
runoff coefficient is also related to the phase difference
between precipitation and potential evaporation season-
alities (Milly, 1994; Wolock and McCabe, 1999; Potter
et al., 2005). Climate indices have further been linked
to baseflow recession rates (Tschinkel, 1963; Czikowsky
and Fitzjarrald, 2004; Peña-Arancibia et al., 2010; Van
Dijk, 2010) and BFI (Mazvimavi et al., 2005; Van Dijk,
2010).

Hydrologic properties of soils and geology control the

infiltration, storage, transmission, and release of water
within a catchment, and are thus considered as pri-
mary controls on baseflow (Farvolden, 1963; Davis, 1969;
Tague and Grant, 2004; Price, 2011). Accordingly, many
observation-based studies have found good relationships
between BFI and indices related to soils (Boorman et al.,
1995; Santhi et al., 2008; Ahiablame et al., 2013) or geol-
ogy (Lacey and Grayson, 1998; Longobardi and Villani,
2008; Bloomfield et al., 2009). These studies consistently
indicated that the more permeable the subsurface ma-
terials of a catchment, the higher will be its BFI. Soil
properties have also been found to exert some influence
on the long-term water balance by inducing infiltration-
excess runoff (Potter et al., 2005). In addition, in re-
gions where the precipitation and potential evaporation
seasonalities are strongly out of phase, the soil storage
capacity can influence the long-term water balance by
determining how much water can be stored during wet
periods and subsequently evaporated during dry periods
(Wolock and McCabe, 1999). Although there has been
some progress in terms of the development of global-
scale harmonized datasets of soils (Sanchez et al., 2009;
FAO/IIASA, 2012) and geology (Gleeson et al., 2011;
Hartmann and Moosdorf, 2012), there is still a major
lack of consistent, detailed, hydrologically-relevant in-
formation with respect to soils and geology on a global
scale. However, satellite remote sensing provides an as
yet largely untapped opportunity to improve the spa-
tial interpolation of soil-profile observations (cf. Mulder
et al., 2011). Another important factor to consider is
land degradation, the general term encompassing long-
term reductions in ecosystem function and land produc-
tivity (FAO, 1979). Soil compaction due to heavy ma-
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chinery or cattle trampling is a form of land degradation
with severe hydrological implications (Batey, 2009), in-
cluding reductions in dry-season baseflows and increases
in the frequency and magnitude of stormflows and sed-
imentation (Bruijnzeel, 2004). Bai et al. (2008) have
made an attempt to quantify land degradation world-
wide using remotely sensed vegetation productivity. Al-
though their approach has been heavily criticized (Wes-
sels et al., 2012) it was considered the best global repre-
sentation of surface degradation status in a recent study
addressing the potential impacts of land degradation on
storm runoff across the tropics (Peña-Arancibia, 2013).

Topography controls the hydraulic gradient and thus
further mediates the streamflow response of a catch-
ment, particularly in steep terrain. Based on theoret-
ical considerations one would expect a negative rela-
tionship between mean surface slope and BFI or base-
flow recession rate, as more steeply sloping aquifers are
expected to drain faster (Brutsaert and Nieber, 1977).
However, sensitivity experiments using the widely-used
TOPMODEL (Beven and Kirkby, 1979) have demon-
strated that this relationship is positive (Wolock et al.,
1989), while observation-based studies have found it to
be either negative, non-existent, or positive (Haberlandt
et al., 2001; Mazvimavi et al., 2005; Zecharias and Brut-
saert, 1988; Post and Jakeman, 1996; Brandes et al.,
2005). Another often used topograhic index is the to-
pographic wetness index (TWI) of Beven and Kirkby
(1979). However, the use of TWI to locate contribut-
ing areas within catchments has generally been unsat-
isfactory (e.g., Jordan, 1994; Seibert et al., 1997; But-
tle et al., 2001). On the whole, more work is necessary
to improve our understanding of topography-streamflow
linkages (cf. Price, 2011), and the near-global 90 × 90-
m resolution digital elevation model derived from Shut-
tle Radar Topography Mission (SRTM) data (van Zyl,
2001; http://srtm.csi.cgiar.org/) should prove use-
ful in this regard. However, the fact that surface to-
pography is not necessarily representative of subsurface
flow paths and hydraulic gradients constitutes an impor-
tant confounding factor (e.g., Beven, 1997). Moreover,
topographic indices tend to covary with climate (Peña-
Arancibia et al., 2010) and soil properties (Price, 2011),
thereby rendering it difficult to isolate causal variables.

Last but not least, it is widely recognized that the type
of land use and land cover in a catchment affects stream-
flow totals and regime. Urbanization typically involves
an increase in the impervious area of a catchment, which
promotes overland flow and thus increases the peak flow
frequency and magnitude (Leopold, 1968; Hollis, 1975;
Lee and Heaney, 2003; Jacobson, 2011). Conversely, the
presence of extensive lakes, wetlands, and/or reservoirs
in a catchment tends to promote baseflow, resulting in a
higher BFI (Neff et al., 2005; Ahiablame et al., 2013).
The effects of agriculture on streamflow are typically
mixed, and depend on management practices (notably
irrigation, crop rotation, and degree of soil disturbance
and/or surface degradation; cf. Price, 2011; Bruijnzeel,

2004). The forest-streamflow relationship deserves spe-
cial attention and is discussed in the next section.

1.1.3 The forest-streamflow relationship

The relationship between forest cover and streamflow is a
subject of ongoing and intense discussion (Andréassian,
2004; Bruijnzeel, 2004; FAO, 2005; Bradshaw et al., 2007;
Van Dijk et al., 2009). Until the 1980s, the common per-
ception was that forests act as giant sponges which soak
up water during rainy periods and release it gradually to
the streams during dry periods. Reviews of micro-scale
(< 1 km2) experimental catchments have since revealed
that forests generally reduce amounts of streamflow due
to their higher water consumption and high rainfall in-
terception relative to grassland and agricultural crops
(Bosch and Hewlett, 1982; Bruijnzeel, 1990; Sahin and
Hall, 1996; Zhang et al., 2001; Brown et al., 2005; Jack-
son et al., 2005; Buytaert et al., 2006, 2007). However, at
the scale of interest to water resource managers and plan-
ners (> 100 km2) the relationship is far less clear (e.g.,
Buttle and Metcalfe, 2000; Wilk et al., 2001; Robinson
et al., 2003; Zhou et al., 2010). The reasons for this may
include any (combination of) the following: (1) uncer-
tainties in the land-cover, precipitation, and/or stream-
flow data; (2) additional catchment climate character-
istics overriding the effects of land-cover change; and
(3) covariance between streamflow and catchment at-
tributes (Van Dijk et al., 2012). Recent studies have
also highlighted the important role played by soil sur-
face conditions in mediating the hydrological impacts of
land-cover changes (Bruijnzeel, 2004; Bonell et al., 2010;
Ghimire et al., 2013). Post-forest soil disturbance and
degradation associated with road building, urbanization
and prolonged cropping or overgrazing without remedial
measures, may well override the effects of changes in for-
est cover (and thus vegetation water use) on flows (cf.
Bruijnzeel, 2004; Peña-Arancibia, 2013). In the trop-
ics, forest regrowth on abandoned agricultural uplands
is increasing in areas experiencing outmigration to urban
areas (Wright, 2010) whereas other areas undergo rapid
urbanization (Gupta, 2002). Yet, comparatively little
is known about the hydrological implications of rapidly
growing secondary forests (Bruijnzeel, 2004; Hölscher
et al., 2005) or tropical urbanization (Chin, 2006).

1.1.4 Streamflow estimation in un-
gauged catchments

Several observation-based studies have established
(multi-variate) models relating catchment attributes and
streamflow characteristics (e.g., Mazvimavi et al., 2005;
Brandes et al., 2005; Longobardi and Villani, 2008; Van
Dijk, 2010; Peña-Arancibia et al., 2010; Krakauer and
Temimi, 2011; Ahiablame et al., 2013). These models
provide, in theory, a means to estimate streamflow char-
acteristics in ungauged catchments. However, there are
several reasons as to why the applicability of such mod-
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els outside the region for which they were originally de-
rived can be expected to be limited. First, the major-
ity of models was typically based on a relatively small
number of streamflow gauging stations (< 200), which
can lead to less reliable models. Second, the models fo-
cused mostly on a particular region and used regional
datasets to characterize geology or soils, thereby poten-
tially restricting their larger-scale applicability. Third,
most studies did not evaluate the generalization ability
of the model using an independent set of catchments,
and thus it is difficult to judge the true capability of the
models. Finally, different studies reached conflicting con-
clusions regarding the importance of specific catchment
attributes, notably mean surface slope and percentage
forest cover.

Macro-scale hydrological models (land surface schemes
and global hydrological models) simulate the water and
energy balance of the land surface at macro-scales (>
10 000 km2) and are generally used to assess the hydro-
logical implications of global climate change and human
activities (Wood et al., 1997). They have a physically-
based representation of the chief processes governing
the hydrological cycle with a priori estimated param-
eter values, and are therefore expected to provide rea-
sonably accurate streamflow estimates for ungauged re-
gions. However, several studies have shown that stream-
flow estimates derived with macro-scale models are gen-
erally less accurate than streamflow estimates from hy-
drological models generally applied at the catchment
scale (Duan et al., 2006; Nasonova et al., 2009), mainly
due to a lack of calibration of the macro-scale models
(Beven, 1989; Duan et al., 2001). Indeed, many present-
day macro-scale models are essentially uncalibrated, in-
cluding Noah-MP (Niu et al., 2011), Mac-PDM (Gosling
and Arnell, 2011), the Community Land Model (CLM;
Oleson et al., 2010), and PCRaster Global Water Bal-
ance (PCR-GLOBWB; Bierkens and van Beek, 2009;
Van Beek and Bierkens, 2009). Others have been only
crudely calibrated, such as the Variable Infiltration Ca-
pacity (VIC) model (Liang et al., 1994; Nijssen et al.,
2001) and WASMOD-M (Widén-Nilsson et al., 2007),
which all use nearest-neighbor interpolation of calibrated
model parameters, and WaterGAP (Döll and Fiedler,
2008), which has been calibrated based on the runoff co-
efficients of gauged catchments. On the whole, there ap-
pears to be considerable room for improvement regarding
the calibration of macro-scale hydrological models.

1.1.5 The role of satellite data

Satellite remote sensing offers researchers unparalleled
opportunities to collect global-scale data (Melesse et al.,
2007; Tang et al., 2009) that can be integrated in hy-
drological models to improve their streamflow simula-
tion capability (Van Dijk and Renzullo, 2011; Morad-
khani, 2008). Earth observing satellites differ in terms
of their orbit and the sensors they carry (Kramer, 2002),
with the sensor specifications determining which bio-

physical, climatic, or hydrological variables (and changes
therein over time) can be calculated. In recent decades,
substantial progress has been made with sensor and
product algorithms for estimating such key variables
as: precipitation (Stephens and Kummerow, 2007); sur-
face soil moisture (De Jeu et al., 2008); vegetation
productivity (Bannari et al., 1995); evapotranspiration
(Li et al., 2009); surface topography (van Zyl, 2001);
flood inundation area (Smith, 1997); land-cover type
(Xie et al., 2008; Hansen and Loveland, 2012); sur-
face energy fluxes (Liang, 2010); snow and ice cover
(Dietz et al., 2011); continental-scale groundwater stor-
age (using Gravity Recovery and Climate Experiment
(GRACE) data; Ramillien et al., 2008); lake and river
water level (Hall et al., 2011).

The usefulness of remotely-sensed precipitation for im-
proving streamflow estimates is well recognized. Several
regional studies have shown that using a Tropical Rain-
fall Measuring Mission (TRMM)-based multi-satellite
precipitation product (Huffman et al., 2003) gives com-
parable results to using data from a sparse raingauge
network in terms of streamflow prediction performance
(e.g., Su et al., 2008, 2011; Collischonn et al., 2008; Yong
et al., 2012). However, remotely-sensed precipitation
products tend to be less reliable outside the tropics, in
cold and/or mountainous regions, and at finer spatial
and temporal scales (e.g., Hirpa et al., 2010; Ward et al.,
2011; Peña-Arancibia et al., 2013).

Remotely-sensed surface soil moisture can potentially
be used as an indicator of antecedent catchment wetness
to improve streamflow estimates. Indeed, regional stud-
ies using surface soil-moisture products derived from the
now defunct Advanced Microwave Scanning Radiome-
ter for the Earth observing system (AMSR-E) or from
the Advanced SCATterometer (ASCAT) have reported
promising results (e.g., Crow and Ryu, 2009; Brocca
et al., 2010; Koster et al., 2010; Draper et al., 2011).
Some important challenges to overcome are the shallow
penetration depth of the signal (1–2 cm), the large satel-
lite footprint (∼50 km), and the effects of vegetation, all
of which introduce inaccuracies in the observations (De
Jeu et al., 2008). In addition, AMSR-E suffers from
radio frequency interference, a common problem in the
USA, Europe, the Middle East, and Japan (Njoku et al.,
2005).

The Normalized Difference Vegetation Index (NDVI;
Tucker, 1979) is the most widely used remotely-sensed
vegetation productivity index and its main use has been
to study the vegetation response to climatic variability
(e.g., Gong and Shi, 2003; Piao et al., 2006; Voepel et al.,
2011; Jia et al., 2011). Other uses include estimating leaf
area index (e.g., Wang et al., 2005; Myneni et al., 1997),
estimating biomass and net primary productivity (e.g.,
Box et al., 1989; Ricotta et al., 1999), assessing long-term
vegetation trends (e.g., Pouliot et al., 2009; Anyamba
and Tucker, 2005), drought monitoring (Anyamba and
Tucker, 2012), and mapping land cover and land use
(and changes therein; e.g., Lunetta et al., 2006; Kleyn-
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hans et al., 2011; Lu et al., 2003; Bai et al., 2008). On
the other hand, there has been only a single study us-
ing remotely-sensed NDVI to investigate the vegetation
influence on streamflow (Donohue et al., 2010). NDVI
derived from the Advanced Very High Resolution Ra-
diometer (AVHRR) is particularly interesting in this re-
gard because of its long historical record (dating back
to 1981), although the data are subject to large uncer-
tainties due to a coarse spatial resolution and a lack of
on-board calibration devices (Staylor, 1990).

1.2 Thesis objectives and outline

The general objectives of this thesis are to relate stream-
flow characteristics and catchment physiographic at-
tributes over a wide range of catchment and climatic
conditions, and to determine the value of specific satel-
lite remote-sensing products for use in meso- and macro-
scale hydrological modeling. In order to fulfill these gen-
eral objectives, five specific objectives have been defined,
which are addressed in separate chapters. The specific
objectives are to:

1. Assess the possible improvement in stormflow es-
timates when using soil moisture proxies based on
TRMM precipitation, AMSR-E surface soil mois-
ture, gauged precipitation, and observed baseflow
for 186 Australian catchments (Chapter 2).

2. Globally evaluate four AVHRR-based NDVI
datasets by conducting an intercomparison and
by validating them against high-resolution NDVI
imagery based on the Landsat-5 Thematic Mapper,
which has on-board calibration devices (Chapter
3).

3. Analyze the possible impact of forest regeneration
and urbanization on streamflow characteristics for
a series of catchments on the island of Puerto Rico,
one of the few humid tropical areas for which high
quality data on rainfall, streamflow as well as land-
cover change are available (Chapter 4).

4. Relate selected catchment physiographic attributes
and two important baseflow characteristics (BFI
and baseflow recession rate) using a global stream-
flow dataset consisting of 3520 catchments, and ex-
amine the feasability of producing global maps of
these baseflow characteristics using an artificial neu-
ral network approach (Chapter 5).

5. Examine whether global maps of selected stream-
flow characteristics (mean annual streamflow, BFI,
baseflow recession rate, and two flow percentiles) as
derived using artificial neural networks and a global
streamflow dataset can be used to calibrate a simple
conceptual rainfall-runoff model (Chapter 6).

Finally, a summary of the present findings, chief conclu-
sion reached, and suggestions for possible directions for
future research are presented in Chapter 7.

To achieve these specific objectives, use is made of
large observational datasets which have become avail-

able free of charge thanks to organizations such as
the Global Runoff Data Centre (GRDC; Koblenz, Ger-
many; http://grdc.bafg.de), the U.S. Geological Sur-
vey (USGS; http://waterdata.usgs.gov/nwis), and
the United Nations Food and Agriculture Organization
(FAO; http://data.fao.org/), rather than restricting
oneself to case studies in comparatively small homoge-
neous regions. The aim is to move away from the re-
porting of the idiosyncrasies of single sites or catchments
which has dominated so much of the older hydrologi-
cal literature, and instead attempt to identify robust,
generalizable relationships applicable to different envi-
ronments worldwide (cf. Jones, 2005; Andréassian et al.,
2007; Gupta et al., 2013).


