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Abstract. Global-scale water issues such as its availability,
water needs or stress, or management, are mapped at various
resolutions and reported at many scales, mostly along polit-
ical or continental boundaries. As such, they ignore the fun-
damental heterogeneity of hydroclimates and natural bound-
aries of river basins. Here we describe the continental land-
masses at two levels: eight hydrobelts strictly limited by river
basins, defined at a 30′ (0.5◦) resolution, which are decom-
posed on continents as 26 hydroregions. The belts were de-
fined and delineated, based primarily on the annual average
temperature (T ) and run-off (q), to maximise inter-belt dif-
ferences and minimise intra-belt variability.

This new global puzzle defines homogeneous and near-
contiguous entities with similar hydrological and thermal
regimes, glacial and postglacial basin histories, endorheism
distribution and sensitivity to climate variations. The mid-
latitude, dry and subtropical belts have northern and southern
analogues and a general symmetry can be observed forT and
q between them. The boreal and equatorial belts are unique.
Population density between belts and between the continents
varies greatly, resulting in pronounced differences between
the belts with analogues in both hemispheres.

Hydroregions (median size 4.7 M km2) are highly con-
trasted, with the averageq ranging between 6 and
1393 mm yr−1 and the averageT between −9.7 and
+26.3◦C, and a population density ranging from 0.7 to
0.8 p km−2 for the North American boreal region and some
Australian hydroregions to 280 p km−2 for some Asian hy-
droregions. The population/run-off ratio, normalised to a
reference pristine region, is used to map and quantify the

global population at risk of severe water quality degradation.
Our initial tests suggest that hydrobelt and hydroregion divi-
sions are often more appropriate than conventional continen-
tal or political divisions for the global analysis of river basins
within the Earth system and of water resources.

The GIS files of the hydrobelts and hydroregions
are available at the supplement of this article and at
doi:10.1594/PANGAEA.806957 as well asgeotypes.net.

1 Introduction

Mapping global water resources was first done for precip-
itation and run-off; the maps were at a very coarse resolu-
tion due to sparsely available data, a lack of global models
and a lack of satellite imagery. In 1964 the Soviet Academy
of Science in Moscow issued a novel work, thePhysico-
geographic Atlas of the World(Gerasimov et al., 1964),
which presented a similar set of maps for precipitation and
run-off for each continent and for the Soviet Union. The
maps included relief, geology, climate, vegetation, etc., at
an unprecedented resolution (1/20 000 000). In 1975 Baum-
gartner and Reichel published the World Water Balance with
detailed maps and tables on precipitation, evaporation, and
run-off for each continent as well as specific tables for latitu-
dinal zones, and Soviet hydrologists (Korzoun et al., 1978)
established for UNESCO another description of the water
balance for each continent. Even though Baumgartner and
Reichel (1975) considered drainage basins to oceans, ulti-
mately none of these global-scale analyses took into account
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the natural hydrographic entities delineated by river basins in
their reporting and tabulations.

Global hydrology outputs have changed markedly in the
last twenty years due to satellite imagery, global hydrologi-
cal models and geographic information systems (GIS). Sub-
sequently, these three tools have made it possible (i) to map
the components of the hydrological balance at high resolu-
tion (Vörösmarty et al., 2000c; Fekete et al., 2002; Alcamo
et al., 2003; Oki and Kanae, 2006); (ii) to delineate the surfi-
cial river networks and/or the boundaries of river basins at a
global scale, first at 2◦ (two arc degrees; around 200 km at the
equator) (Probst, 1992; Probst et al., 1997) then at 30′ (30 arc
minutes or 0.5◦; around 50 km at the equator) (Vörösmarty et
al., 2000a, b; Oki and Kanae, 2006) and finer, and the lakes
and wetland distributions (Lehner and Döll, 2004); (iii) to
replace paper copies of the world hydrological atlases with
digital geospatial maps at various resolutions (Vörösmarty et
al., 2000a, b, c; Alcamo et al., 2003; Lehner and Döll, 2004;
Oki and Kanae, 2006; van Beek et al., 2011); and (iv) to com-
bine water resources with other numerical maps, particularly
population maps, resulting in the analysis of water needs and
availability at high resolutions (V̈orösmarty et al., 2000c;
Viviroli et al., 2007; Kummu et al., 2010; Wada et al., 2011).

The analysis of global water-related issues, needing dis-
crete river basins as the analysis unit, is now commonly per-
formed at 30′ resolution (n = 60 000 cells,n = 6200 individ-
ual river basins) (V̈orösmarty et al., 2000a, b) for global anal-
yses and higher resolution for regional analysis or specific
questions. When multiple issues need to be compared, vari-
ous spatial delineations and/or reporting formats have been
used; this has been done, for instance, for river water man-
agement using various scales: (i) continents (Kulshreshtha,
1998; Vörösmarty et al., 2000c; Rockström et al., 2009;
Wada et al., 2011); (ii) economic and/or political regions
(Falkenmark, 1997; Kulshreshtha, 1998; Arnell, 2004; Islam
et al., 2007; Kummu et al., 2010); (iii) countries (n = 100 to
200 entities) (Sullivan et al., 2003; Falkenmark et al., 2009;
World Water Assessment Programme, 2009); (iv) latitudinal
bands (Baumgartner and Reichel, 1975; Kummu and Varis,
2011); and (v) climate (K̈oppen, 1931) and ecosystem bands
(Holdridge, 1967). Other river aggregation has been done
to assess the impact of dam construction (n = 100 to 1000)
(Vörösmarty et al., 1997; Nilsson et al., 2005), as well as the
hydro-ecoregions (Abell et al., 2008).

Global river systems are also considered for the analyses
of the response of the Earth system under past, present and
future global change (Talaue-McManus et al., 2003; Kabat
et al., 2004; Steffen et al., 2004). Global river datasets were
therefore assembled to map river inputs to coastal oceans
for carbon and nutrients (e.g. Ludwig and Probst, 1998;
Seitzinger et al., 2005, 2010; Dürr et al., 2011), and for
sediments (Milliman and Farnsworth, 2011). Studies on ag-
gregated river basins have been gradually regionalised, first
for rivers discharging water into oceans at different latitu-
dinal bands (Probst, 1992), then for homogeneous coastal

zone catchments – termed COSCATs (Meybeck et al., 2006,
2007) – specific ocean basins, regional seas and estuarine
types (Meybeck and D̈urr, 2009; Laruelle et al., 2010; D̈urr
et al., 2011).

Similarly, the regionalisation of water-related issues has
been increasingly studied based on more homogeneous
hydro-climatic, political and/or socioeconomic regions. For
instance, Asia has been divided into Eastern Asia, South-
ern Asia, Northern Asia and the Middle East using coun-
try aggregates (e.g. Kummu et al., 2010). Researchers have
also recently clustered world river basins into 426 homoge-
neous ecoregions (Abell et al., 2008), with catchment areas
ranging from 23 km2 to 4.53 M km2 (average 311 000 km2)
on the basis of their fish populations. The largest basins,
which are more heterogeneous, are also fragmented, for ex-
ample, into 13 ecoregions for the Amazon River basin (Abell
et al., 2008).

Traditional global-scale reporting, however, faces multiple
complications. Aggregating the results at a country level may
smooth out major hydro-physical and social discrepancies
for the largest countries, such as China, Russia, the US, Aus-
tralia, Canada or Brazil. Furthermore, it is difficult to com-
pare studies on different geopolitical entities when the polit-
ical situation is evolving, such as for the European Union
or the former USSR. It is also difficult to analyse a great
number of entities just using tables: similarities and/or con-
trasts are not obvious when more than 50 entities are used,
while they are masked if only a very small number of objects
(e.g. six continents) are used. Natural hydrological bound-
aries, which delineate rivers basins, are now often stated to
be more appropriate to analyse a society’s water consumption
behaviour and manage its water-related issues (Millennium
Ecosystem Assessment, 2005; World Water Assessment Pro-
gramme, 2009).

We postulate that both the analysis and tabulation of multi-
ple water-related issues is better performed when using sim-
ilarly defined permanent spatial entities, particularly when
done on a global scale, rather than traditional reporting
scales. We argue thatan analysis of global water issues can
be improved and harmonised using a limited and fixed num-
ber of spatial entities that are delineated without compromis-
ing river basin boundaries.

We thus propose to delineate the continental landmass into
homogenous hydrological regions, thehydrobelts, which are
formed with aggregated river basins and decomposed on con-
tinents ashydroregions. The goal is to define hydrobelts at a
useable resolution that makes it possible to easily connect
them to other databases at the same resolution. We consider
less than thirty hydroregions, for which the physical charac-
teristics, climate, hydrology, and life zones are first tabulated
and compared. We then apply this new global-scale fragmen-
tation to the population distribution and population pressure
on river run-off at different spatial scales.
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Table 1.Target limits of annual average temperature (T ) and run-off (q) for aggregated river basins defining hydrobelts.
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Indicator / 
Index 

Year Source Data 
format 

Notes 

COSCAT ~1960-
1990 

(Meybeck et al., 2006) Gridded 
Polygon 

Global spatial data with 30’ resolution 
(~60 km at the equator) 

Temperature 1960-1990 WorldClim v1.4 (Hijmans 
et al., 2005) 

Raster Global spatial data with 30” resolution (~1 
km at the equator). 

Runoff ~1960-
1990 

(Fekete et al., 2002) Raster Global spatial data with 30’ resolution 
(~60 km at the equator) 

Precipitation 1960-1990 WorldClim v1.4 (Hijmans 
et al., 2005) 

Raster Global spatial data with 30” resolution (~1 
km at the equator). 

exorheism/ 
endorheism 

~1960-
1990 

(Vörösmarty et al., 2000b, 
a) 

Gridded 
Polygon  

Global spatial data with 30’ resolution 
(~60 km at the equator) 

Permafrost ~1960-
1990 

(Brown et al., 1998) Raster  Spatial data with 30’ resolution (~60 km 
at the equator); northern hemisphere only 
(very minor occurrences in southern 
hemisphere)  

Glacier cover Quaternary  (Dürr et al., 2005) Polygon  Global data; Maximum ice extent 
throughout one of the Quaternary ice 
ages (mostly Late Glacial Maximum but 
not necessarily)  

Holdridge 
life-zones 

1990 (Leemans, 1992) Grid Global spatial data with 5’ resolution (~10 
km at the equator) 

Climate 
regions 

1975-2005 (Rubel and Kottek, 2010) Polygon The average Köppen-Geiger climate 
classification for the year 1975-2005. 

Population 
density 

2005 HYDE (Klein Goldewijk et 
al., 2010) 

Raster Global spatial data with 5’ resolution (~10 
km at the equator) 

 

2 Hydrobelt delineation principles and datasets used

2.1 Principles of hydrobelt delineation

In order to facilitate mapping, reporting and analysis at a
global scale, we defined hydrobelts to cross the continental
borders, forming hydrologically homogenous regions, based
on the following criteria:

1. hydrobelts are delineated by natural hydrological
basins, which cannot be segmented (e.g. headwaters are
not separated from lowlands);

2. belts are defined based on their average water balance
attributes (the hydroclimate);

3. hydroregions correspond to the expression of hydrobelts
on the different continents; they are contiguous.

The long-term objective of the hydrobelt delineation is (i) to
facilitate theEarth system analysisrelated to riverine fluxes,
land – ocean interactions, climate change impacts on river
basins, past climate changes and (ii) to provide aninte-
grated analysis of water-related issues, such as river changes,
demographic trajectories and water resources analysis, for
fixed spatial entities. Therefore, hydrobelts and hydroregions
should also take into account the continental limits. Although
hydrobelt delineation is designed to minimise intra-belt hy-
droclimate heterogeneity and to maximise inter-belt discrep-
ancy, this optimisation was not conducted automatically by
using purely quantitative criteria for the basin clustering. We
also took into account previous studies of river basins at a
global scale.

We focus on the non-glaciated part of continents, exclud-
ing Greenland and Antarctica. As they have few flowing
rivers, they could only be considered in global tabulations as
glaciated hydrobelts. The first level of aggregation defined
eight hydrobelts based on the average annual temperature
and run-off in the aggregated river basins (see Table 1 for
the temperature and run-off targets):

– Boreal belt(BOR), essentially defined by its annual av-
erage temperature, below 0◦C, and only found in the
Northern Hemisphere;

– North and south mid-latitude belts(NML and SML),
defined by medium run-off and temperature figures and
by their general latitudinal position centred at 45◦ N and
45◦ S;

– North and south subtropical belts(NST and SST), de-
fined by an average temperature exceeding 15◦C, by
medium run-off and by their position at 17◦ N and
17◦ S;

– North and south dry belts(NDR and SDR), only defined
by their low run-off (0< q < 150 mm yr−1);

– Equatorial belt(EQT), defined by its high and relatively
constant temperature throughout the year (annual av-
erage temperatureT > 20◦C) and its elevated run-off
(q > 750 mm yr−1), and by its position centred near the
equator.

All of the belts have been named based on their latitudinal
position, except for the dry belts, which have considerable
latitudinal ranges (see below). The second level of aggrega-
tion of river basins is the decomposition of hydrobelts into
hydroregions on each continent. Six continents are consid-
ered: North and South America; Europe including Anatolia;
Asia separated from Europe by the Ural and South Cauca-
sus Mountains and also including New Guinea; and finally
Australia including New Zealand.

2.2 Datasets used to characterise the hydrobelts and
hydroregions

The datasets used to divide and characterise the hydrobelts
are detailed in Table 2 and fully tabulated in the Supplement.
Two main hydroclimate indicators were used to delineate the
hydrobelts: (i) the annual water run-off (q, mm yr−1), de-
rived from the run-off data constructed at 30′ by Fekete et
al. (2002). The dataset is based on a hydrological model that
is calibrated against observed discharge, mainly for the pe-
riod of 1960–1990. The run-off dataset we used does not
take into account the impact of simulated water use, water
withdrawal, nor dam construction (Fekete et al., 2002); and
(ii) the average air temperature, available at a finer spatial res-
olution of 30′′ (30 arc seconds; around 1 km at the equator)
(Hijmans et al., 2005). Temperature data were aggregated

www.hydrol-earth-syst-sci.net/17/1093/2013/ Hydrol. Earth Syst. Sci., 17, 1093–1111, 2013
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Table 2.Datasets used for the hydrobelt delineation and analysis.

Indicator/Index Year Source Data format Notes

COSCAT ∼ 1960–1990 Meybeck et al. (2006) Gridded Polygon Global spatial data with 30′ resolution (∼ 50 km at the equator)
Temperature 1960–1990 WorldClim v1.4 (Hijmans et al., 2005) Raster Global spatial data with 30′′ resolution (∼ 1 km at the equator)
Run-off ∼ 1960–1990 Fekete et al. (2002) Raster Global spatial data with 30′ resolution (∼ 50 km at the equator)
Precipitation 1960–1990 WorldClim v1.4 (Hijmans et al., 2005) Raster Global spatial data with 30′′ resolution (∼ 1 km at the equator)
Exorheism/endorheism ∼ 1960–1990 V̈orösmarty et al. (2000a, b) Gridded Polygon Global spatial data with 30′ resolution (∼ 50 km at the equator)
Permafrost ∼ 1960–1990 Brown et al. (1998) Raster Spatial data with 30′ resolution (∼ 50 km at the equator); Northern

Hemisphere only (very minor occurrences in the Southern Hemisphere)
Glacier cover Quaternary D̈urr et al. (2005) Polygon Global data; maximum ice extent throughout one of the Quaternary ice ages

(mostly Late Glacial Maximum, but not necessarily)
Holdridge life zones 1990 Leemans (1992) Grid Global spatial data with 5′ resolution (∼ 10 km at the equator)
Climate regions 1975–2005 Rubel and Kottek (2010) Polygon The average Köppen–Geiger climate classification for the year 1975–2005
Population density 2005 HYDE (Klein Goldewijk et al., 2010) Raster Global spatial data with 5′ resolution (∼ 10 km at the equator)

to a spatial resolution of 30′, similar to run-off data. The
climate and hydrological data represent the situation in the
latter half of the 20th century (in most cases 1960–1990).
For our analysis the hydrological data (precipitation, run-off)
were area weighted (discharge x area calculated per individ-
ual cell, then summed up per entity, and finally divided by
total entity area).

Arheic areas are operationally defined here by an inter-
annual run-off of less than 3 mm yr−1 (Vörösmarty et al.,
2000a, b), based on the global hydrological model provided
by Fekete et al. (2002). This limit betweenarheism(total
absence of river flow) and rheism (some river flow, at least
one flood event every 10 yr) has been verified for extremely
arid regions, such as the Lake Eyre basin in Central Australia
(Kotwicki, 1986).

The maximum Quaternary glacial extent is derived from
the global-scale maps of Gerasimov et al. (1964) and other
sources, digitised by D̈urr (2003); according to Gerasimov
et al. (1964) it mostly corresponds to the Late Glacial Max-
imum. We also took into account the classical descriptions
made by hydrologists (Rodier, 1964; Korzoun et al., 1978;
Haines et al., 1988). The geological history of river basins is
derived from Potter (1978) and Potter and Hamblin (2006).

Hydrobelts are also compared to previous global analysis
of the climate and vegetation on different continents done
by Köppen (1931) and Holdridge (1967). The fish biodiver-
sity description that we provide is adapted from Tedesco et
al. (2008) and Abell et al. (2008). The ecozones description
is from Schultz (2005).

The population data (Klein Goldewijk et al., 2010) is for
the year 2005. Average population density is the ratio be-
tween the total population and the total area of any belt or
region. Full ranges of cell attributes and latitudes correspond
to the 5–95 % percentiles of their spatial distributions. A pre-
liminary analysis of main human pressures is also presented,
based on various regional to global-scale analyses (Meybeck
and Helmer, 1989; Meybeck, 2003; Nilsson et al., 2005; Sa-
lomons et al., 2005; V̈orösmarty, 2005, 2010; Seitzinger et
al., 2010).

2.3 Delineation of hydrobelts

Delineating the hydrobelts was a stepwise, standardised
process that considered the aggregation of river basins.
First exorheic and endorheic river basins were separated.
The exorheic drainage of the continents, i.e. connected
to the world’s oceans, includes 6140 river basins exceed-
ing 400 km2 (catchment area ranging from 400 km2 to
6.1 M km2) at a resolution of 30′ (Vörösmarty et al., 2000a,
b). The 47 largest river basins (exceeding 0.5 M km2) corre-
spond to over half of the exorheic continental area (Meybeck
and Ragu, 1995; V̈orösmarty et al., 2000a, b; Milliman and
Farnsworth, 2011). Therefore, the greatest parts of the belt
boundaries correspond to these large basins, among which
the Amazon (#1, 6.1 M km2), the Congo (#2, 3.7 M km2), the
Ob (#3, 3.0 M km2), the Mississippi (#4, 3.0 M km2) and the
Nile (#5, 2.9 M km2) are the largest ones. The next largest
exorheic river basins (n = 150) were then considered. The
remaining smaller basins (n = 6000) were finally clustered
using a previous aggregation of world rivers into 156 coastal
river catchment entities termed COSCATs (Meybeck et al.,
2006).

COSCATs (median size of 0.45 M km2) were originally
designed to harmonise the reporting of river fluxes to oceans
at a global scale (Meybeck et al., 2006). They are continuous
spatial entities delineated by river basin boundaries at the 30′

resolution. They originally were defined in two steps. First,
two coastal cells used as boundaries were determined with
multiple criteria as ocean floor topography, regional sea basin
limits, continental limits, or a coastal run-off gradient. Then
the COSCAT basin delineation is realised upland from the
two boundary cells on the basis of the upstream river network
(see detailed presentation of COSCATs in Supplement).

Since theendorheicdrainage of the continents was not
originally part of the COSCATs, the dataset was completed
here by 91 additional endorheic river basins (median size of
0.086 M km2). The endorheic basins include the Great Basin
(USA), the Caspian Sea basin, split between Europe and
Asia, the Lake Chad basin, the Rift Valley and the Okavango
River basin in Africa, the Aral Sea basin in Asia, the Lake
Eyre basin in Australia and many smaller ones in Central
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Fig. 1.Delineation of coastal catchments (COSCATs), exorheic and
endorheic river basins and their aggregation into hydrobelts: exam-
ple of Central and South Asia. COSCATs coding (except endorheic
regions) from Meybeck et al. (2006) (see Supplement for tabulated
information and coding of the endorheic COSCATs).

Asia, Australia and the Americas. All endorheic basins can
be found in the dry belts, except the Volga Basin and the NW
Caspian tributaries that have a medium to high run-off.

We needed to make several minor modifications to
the original COSCAT division when delineating the hy-
drobelts. The modifications concerned first those islands
and archipelagos which are originally attributed to several
COSCATs due to the topography of the ocean floor and have
now been re-attributed to single hydrobelts. A second set of
adjustments concerned a few COSCATs that originally had
mixed climate features, which we now split into two differ-
ent hydrobelts (see details about these re-attributions in the
Supplement).

The re-aggregation of the world’s river basins results in
a definition for 246 hydrological entities; these entities are
limited by the natural drainage area limits. An example of
how we delineated the COSCATs and their re-aggregation
for Central and South Asia is schematically presented in
Fig. 1. For instance, three adjacent cells in Tibet are linked,
through river networks, to three receiving cells in the fol-
lowing ways: (i) the Indian Ocean through the Indus River;
(ii) the Aral Sea through the Amu Darya River; and (iii) the
Lop Nor salt lake in China through the Tarim River at its
maximum extension.

Finally, we clustered these 246 entities into eight belts (see
Fig. 2) until the intra-belt hydroclimatic homogeneity and

inter-belt discrepancy could not progress any more without
significantly fragmenting the belts into a number of pieces,
thereby violating a major criterion (see Sect. 2.1). We also
considered in this step former global outlooks on river basins
made by physical geographers, particularly for endorheic
basins, past glacial cover and river run-off regimes. This pro-
cess was iterative and included multiple verifications and de-
cisions regarding the identification and clustering of various
hydrological conditions. The mid-latitude belt in Asia and
the subtropical belts were the most difficult ones to define
(see Sect. 3.2).

The hydroregions correspond to the portion of the hydro-
belts present on each continent. In Asia the very large boreal
(14.5 M km2) and dry (13.6 M km2) hydroregions present
marked temperature differences and were split into two parts.
The Asian boreal region (14.5 M km2) was split intoWest
Siberia, which faces the Arctic Ocean (BOR-Asi(WSb),
6.5 M km2, −4.3◦C on average), andEast Siberia, which
faces the Arctic Ocean, the Bering Sea and the Okhotsk
Sea (BOR-Asi(ESb), 8.0 M km2, −9.7◦C on average). Sim-
ilarly, the Asian northern dry region (13.6 M km2) was
split into the Middle East, which extends from the Jor-
dan Basin to the Iranian endorheic regions (NDR-Asi(MdE),
5.2 M km2, +21◦C),with only one major river, the Shatt
El Arab (or Euphrates/Tigris), andCentral Asia (NDR-
Asi(CAs), 8.4 M km2, +5.1◦C), which extends from the
Eastern tributaries of the Caspian Sea to the Kerulen in
Mongolia, including such Afghanistan rivers as the Helmand
(Fig. 2). All rivers of Central Asia, as defined here, are en-
dorheic. This contrasts with the Middle East rivers basins,
of which only 23 % are endorheic; the Arabian Peninsula is
presently arheic.

With these separations we were able to define 26 major
hydroregions (see map in Fig. 2). Once we had delineated
the belts and hydroregions, we used existing databases to es-
tablish their general attributes based on their cell distribution
(median values and percentiles) and their cell area weighted
averages.

3 Hydrobelts and hydroregions characteristics

In this section we present the hydrophysical characteristics
of the hydrobelts, then the limitations of their delineation
and their climate and vegetation characteristics. Finally, the
hydrophysical characteristics of each hydroregion are briefly
given.

3.1 General hydrophysical characteristics of hydrobelts

The general geographic position, size, the current propor-
tions of the endorheic area, permafrost and past glacial cover
(maximum Quaternary glacier extent – mostly Late Glacial
Maximum (LGM)) for each belt are presented in Table 3,
along with their average temperature, precipitation, run-off
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Fig. 2.Limits and coding of global hydrobelts and hydroregions.
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Fig. 3. Distribution of average annual cell characteristics in
hydrobelts presented with box plot graphs.(a) annual mean
temperature;(b) annual mean precipitation;(c) annual run-
off; and (d) population density. BOR = boreal, NML = northern
mid-latitude, NDR = northern dry, NST = northern subtropical,
EQT = equatorial belts and SML, SDR, SST their southern ana-
logues (see Fig. 2 for their spatial distributions). Ranges correspond
to the 5–95 percentile distribution. Note: outliers are not plotted.

and population density (see also Fig. 3). The characteris-
tics of each belt are introduced below along with their ma-
jor rivers (see Supplement for a full list of river basins), river
hydrological and thermal regimes, past Holocene history and
sensitivity to climate change.

Theboreal belt(surface area: 26 M km2, mean elevation:
410 m) is the coldest of all belts. Its annual temperature
is largely negative with−6.6◦C on average (ranging from
−9.7◦C for East Siberia to−1.4◦C for Northern Europe; Ta-
ble 4, Fig. 4). Its average latitude is 62◦ N, ranging from
49.7◦ N to 73.2◦ N (5 % to 95 % of the cell distribution). It
extends throughout the northern parts of Europe, Asia and

North America. The average precipitation (P ) in the boreal
belt is 437 mm yr−1, resulting in an average run-off (q) of
223 mm yr−1 (Table 3).

Some of the world’s greatest river basins are found in
this belt. These include the Yukon, Mackenzie, Churchill and
Nelson rivers in North America, the Northern Dvina and Pe-
chora rivers in Europe, and the Ob, Yenisei, Lena, Indigirka,
Kolyma, Anadyr, Penzhina and Amur rivers in Siberia. All of
these rivers have sufficient run-off to reach the Arctic Ocean
and regional seas (the Bering Sea and Sea of Okhotsk for
the Pacific Ocean, and Hudson Bay and Ungawa Bay for
the Atlantic Ocean). These rivers are frozen during several
months of the year and are characterised by snowmelt river
regimes with marked seasonal variations in run-off. This
regime is characterised by a very pronounced late spring or
early summer flood pulse, with ice jams that have huge ero-
sive power on riverbanks (Costard et al., 2007), limiting the
aquatic biota.

During at least one of the Quaternary ice ages, 54.3 % of
this belt was covered by ice caps or glaciers (23 % in West
Siberia, 34.7 % in East Siberia, 77.7 % in Europe and 88 % in
North America;). Therefore, many of today’s river networks
are very recent (Potter and Hamblin, 2006). The last glaciers
melted about 6000 yr ago, leaving multiple legacies that still
impact present morphology, land cover, hydrology and bio-
diversity of the river basins: (i) the occurrence of major lake
provinces – Canadian and Scandinavian shields and Taymir
peninsula – and large wetland provinces (Lehner and Döll,
2004); (ii) the permafrost dominance (from 30 % to 88 % of
their area, average 75 %); (iii) the specific coastal topogra-
phy, such as fjords and archipelagos, associated with a hard,
rocky coast (D̈urr et al., 2011). The aquatic biota diversity,
e.g. the richness of fish species and endemism, is limited
in these river basins, which often have a very short history
compared to other rivers in the world (Abell et al., 2008).
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Table 3. General average characteristics of hydrobelts (cell averages, weighted averages and totals). BOR= boreal, NML= northern mid-
latitude, NDR= northern dry, NST= northern subtropical, EQT= equatorial belts and SML, SDR, SST their southern analogues (see Fig. 2
for their spatial distributions and Table 2 for data sources).

Name Mid-lat. Area Pop. pdens Temp Prec Run-off % of total area

(◦) (103 km2) (106 p) (p km−2) (◦ C) (mm yr−1) (mm yr−1) Endorheic Arheic Permafr. Glaciat.

BOR 60.5 25 995 123 4.7 −6.6 437 223 – 0.4 % 74.8 % 54.3 %
NML 41.3 24 199 3300 136.4 9.1 809 343 8.7 % 1.0 % 6.1 % 27.8 %
NDR 27.7 30 234 740 24.5 17.2 253 36 41.2 % 38.8 % 6.1 % 4.0 %
NST 16.7 10 579 1252 118.4 23.9 1112 383 3.5 % 0.7 % 1.7 % 1.7 %
EQT −2.5 16 826 638 37.9 23.9 2124 960 – 0.2 % – –
SST −16.9 10 599 303 28.6 21.9 1035 233 0.6 % 3.9 % – 0.4 %
SDR −26.4 8677 42 4.8 18.3 318 31 42.4 % 56.7 % – 4.0 %
SML −33.6 4008 109 27.3 14.5 872 292 – 4.7 % – 10.7 %

Total* 31 131 119 6509 49.6 12.7 789 277 14.2 % 13.5 % 17.6 % 17.7 %

* Total of non-glaciated land.
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Fig. 4. North to south distributions for the 26 individual hydroregions on each continent along three north–south profiles: (1) North Amer-
ica (NAm) and South America (SAm), (2) Europe (Eur) and Africa (Afr), (3) Asia (Asi) and Australia (Aus).(a): average temperature;
(b): run-off; and (c): population density. BOR = boreal, NML = northern mid-latitude, NDR = northern dry, NST = northern subtropical,
EQT = equatorial belts and SML, SDR, SST their southern analogues (see Fig. 2 for their spatial distributions).

3.1.1 Mid-latitude belts

Mid-latitude belts are characterised by their median run-off,
close to the world average for exorheic regions, and their av-
erage temperature. Former glacial cover has affected them
much less than the boreal hydrobelt. They have limited en-
dorheic or arheic areas (Table 3). Due to the imbalanced
distribution of land area between the Northern and South-

ern Hemisphere, the corresponding areas of the mid-latitude
belts are quite different (24.2 M km2 for the Northern Hemi-
sphere vs. 4 M km2 for the Southern Hemisphere) and their
mean latitudes are somewhat different (43◦ N and 34◦ S).
Mid-latitude river basins have contrasted thermal regimes
and medium run-off seasonality, often regulated by snowmelt
from mountain regions. A significant proportion of these
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Table 4. General average characteristics of hydroregions (area weighted averages and totals) presented in three north–south profiles.
BOR= boreal, NML= northern mid-latitude, NDR= northern dry, NST= northern subtropical, EQT= equatorial belts and SML, SDR,
SST their southern analogues; North America (NAm), South America (SAm), Europe (Eur), Africa (Afr), Asia (Asi) and Australia (Aus).
RPI stands for relative pressure indicator= (dpop/q) hydroregion/(dpop/q) N. Am boreal region. See Fig. 2 for the spatial distribution of
hydroregions and Table 2 for data sources (see Sect. 4.2).

Name Mid-lat. Area Pop. pdens RPI Temp Prec Run-off % of total area

(◦) (103 km2) (106 p) (p km−2) (–) (◦C) (mm yr−1) (mm yr−1) Endorheic Arheic

BOR Nam 60.6 9383 7.4 0.8 1 −6.7 426 224 – 1.1 %
NML Nam 42.1 7667 304 39.6 33 8.0 874 345 – 1.2 %
NDR Nam 31.2 2835 78 27.2 181 14.6 431 42 15.1 % 12.5 %
NST Nam 19.7 1634 166 102.7 67 21.9 1441 434 – 1.7 %
EQT Sam −3.8 9183 100 10.9 3 24.1 2,171 1069 – 0.1 %
SSTSam −18.4 5054 169 33.4 40 21.5 1126 235 – 0.2 %
SDR Sam −31.5 1835 22 12.1 31 10.3 290 111 29.3 % 22.3 %
SML Sam −35.1 1696 66 39.1 24 12.9 1,031 462 – 0.3 %

BOR Eur 65.2 2070 10 4.7 4 −1.4 608 364 – –
NML Eur 49.1 8633 778 90.0 101 7.2 660 252 24.4 % 0.5 %
NDR Afr 18.7 13 825 382 27.6 223 23.6 290 35 17.9 % 51.6 %
NST Afr 12.8 4704 260 55.2 95 26.3 735 165 7.8 % 0.8 %
EQT Afr −1.5 4620 111 24.1 15 23.2 1630 460 – –
SSTAfr −15.1 4230 134 31.6 35 21.3 966 254 1.6 % 2.4 %
SDR Afr −23.8 2150 16 7.4 114 18.6 390 18 39.9 % 16.1 %
SML Afr −31.0 387 19 48.3 244 15.9 616 56 – 34.3 %

BOR Asi(WSb) 58.7 6529 38 5.8 8 −4.3 432 199 – 0.0 %
BOR Asi(ESb) 60.6 8014 68 8.5 12 −9.7 409 206 – 0.1 %
NML Asi 32.1 7900 2218 280.8 181 12.2 909 440 – 1.4 %
NDR Asi(MdE) 27.0 5189 175 33.7 269 21.0 154 35 22.7 % 35.5 %
NDR Asi(CAs) 41.6 8386 112 13.3 105 5.1 192 36 100.0 % 17.5 %
NST Asi 19.9 4241 822 193.8 91 21.9 1,403 606 – 0.2 %
EQT Asi −0.1 3023 427 141.2 29 24.3 2738 1393 – 0.5 %
SSTAus −16.9 1314 0.9 0.7 1 25.1 908 157 – 22.7 %
SDR Aus −25.6 4692 3.9 0.8 42 21.3 296 6 48.6 % 88.6 %
SML Aus −32.7 1925 24 12.7 19 15.6 784 188 – 2.6 %

Total 31 131 119 6509 49.6 51 12.7 789 277 14.2 % 13.5 %

basins has been glaciated (27.8 % in the north, 10.7 % in the
south).

The northern mid-latitude belt(24.2 M km2, 761 m) is
quite extensive. It is characterised by a medium positive
temperature (mean hydroregions temperature ranging from
+7.2◦C to +12.2◦C, +9.1◦C on average), precipitation
(809 mm yr−1) and run-off (343 mm yr−1) – all of which
are close to the world’s means for the non-glaciated re-
gions and non-endorheic regions (12.9◦C, 869 mm yr−1 and
340 mm yr−1, respectively) (Tables 3, 4; Fig. 3). This belt
ranges from a latitude of 26.7◦ N to 58.2◦ N (mean 41.3◦ N)
and also extends throughout half of North America, more
than 95 % of the European continent, large parts of Eastern
Asia, and parts of Southern Asia. It is important to note that
the NML belt is totally interrupted between Europe and Asia
by the northern dry belt (Fig. 2) and fragmented in Asia into
two parts, south and east of the Tibetan Plateau (Fig. 2).

These river basins of this belt are connected to the
coastal ocean: the Columbia, Mississippi/Missouri and Saint
Lawrence rivers for North America; the Rhine, Elbe, Rhone,
Danube, Don and Dnepr rivers for Europe; and, the Indus,
Ganges–Brahmaputra–Meghna, Yangtze (Chang Jiang) and
Yellow (Huang He) rivers for Asia. This belt also includes
the western Caspian tributaries from the Volga to the Kura,
which aresensu strictoendorheic basins but characterised by
medium to high run-off figures: this inclusion results in an
exceptional endorheism rate of 8.7 % for this belt.

In mountain ranges many of these NML basins were ex-
posed to glacial cover (27.8 % on average), and the legacies
of the glaciations can be important: 14 % of the basin area in
Asia, 25 % of those in Europe and 44 % of those in North
America. This rate reaches 100 % for the Saint Lawrence
River basin (attributed to this belt based on its latitudinal
position). In comparison, the Danube River basin has been
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much less glaciated. The extent of the present permafrost is
also limited in the NML belt, compared to the boreal belt
(6.1 % vs. 74.8 %).

Rivers of the NML often have their headwaters in colder
climate areas (Rocky Mountains, Alps, Caucasus, Central
Asia, and Himalayas), resulting in marked longitudinal gra-
dients of temperature and hydrological regimes, mixing
snowmelt and/or icemelt in the headwaters of the rivers, and
rainfall-evaporation dominance in the lower tributaries. Such
contrasts are at their maximum in Asia and made the belt
delineation delicate (see Sect. 3.2). The river ecology of the
mid-latitude regions can also be complex and it varies spa-
tially, reflecting the longitudinal variations (e.g. Tedesco et
al., 2008). The fish population diversity of the related hydro-
ecoregions is intermediate between those of the boreal rivers
and the subtropical and equatorial rivers, with the exception
of the Asian hydroregion (Abell et al., 2008).

Thesouthern mid-latitude belt(4.0 M km2, 507 m) is dif-
ferent from its northern analogue in many ways. It is six
times smaller (4.0 M km2 versus 24.2 M km2) and much
warmer (+14.5◦C versus+9.1◦C). Its main hydroclimate
characteristics are, nevertheless, similar in terms of precipi-
tation (862 mm yr−1 versus 809 mm yr−1 for NML) and run-
off (292 mm yr−1 vs. 343 mm yr−1) (Table 3; Fig. 3). The
temperature difference between the north and south mid-
latitude belts is mostly due to the continentality of the
NML since their mean elevation is relatively close (761 m
vs. 507 m). This belt is essentially exorheic and it can be
found on three continents: it covers the westward tip of South
America, along the coast of Chile and in central Argentina,
a narrow strip of coastal basins in southeast Africa, and is
found in eastern Australia (Murray–Darling River basin) and
in New Zealand. As the continental climate is totally ab-
sent in this belt (see Sect. 3.3), the thermal and hydrological
regimes of these rivers are different from those of the north-
ern mid-latitude belt: the influence of snowmelt is very lim-
ited, except in parts of New Zealand and Patagonia (Haines
et al., 1988).

3.1.2 Dry belts

The northern and southern dry belts are characterised by
common hydrological features: (i) high proportions of en-
dorheism (41 % of the total area) and/or arheism (43 %),
(ii) allogenic rivers, (iii) waddis, and (iv) a high sensitivity to
climate variations. The proportion of endorheic basins in the
dry hydroregions ranges from 15.1 % in North/Central Amer-
ica to 100 % in Central Asia (Table 4). Dry hydroregions
have generally not been formerly glaciated, except for South
America (18.8 % of basin areas) and Central Asia (3.7 %)
(Table 4).

Allogenic riversare quite representative of the dry belts
basins, although not exclusively located there. Allogenic
rivers correspond to river regimes controlled by headwater
hydroclimate: snow- and icemelt as in Central Asia (Amu

Darya, Syr Darya, Tarim rivers), higher rainfall (Nile, Chari,
Orange rivers), or their combination as in North America
(Colorado and Rio Grande rivers). These more humid head-
waters, with local positive water balance, are generally lo-
cated in high-relief regions while the rest of their basin is lo-
cated in semi-arid or arid lowlands, with local negative wa-
ter balance: they correspond to water towers, as defined by
Viviroli et al. (2007). Other allogenic rivers (e.g. Niger, In-
dus, Huang He, Murray rivers) correspond to those basins,
which have been difficult to attribute to a given hydrobelt
(see Discussion). Water towers are essential features of the
dry belts, but they may also be observed in more humid
mountain basins of the mid-latitude belts originating from
the Rocky Mountains, Alps, Caucasus, Andes, and even in
Alaska (Viviroli et al., 2007).

When the water balance of the allogenic river basins is
positive, they naturally fill the land depressions and reach
the coastal ocean. If not, they constitute endorheic basins
where the totality of the water generated in the water
towers is ultimately evaporated via salt pans (Uyuni, Lop
Nor, Kara Bogaz), saline aquifers (Lake Chad) and internal
brackish (Caspian Sea, Aral Sea, Balkash Lake) or hyper-
saline lakes (Dead Sea, Great Salt Lake). Therefore, allo-
genic rivers of the dry belt can be either exorheic or en-
dorheic (*): the Colorado, Rio Grande/Bravo, Pampa rivers,
Chari/Logone (*), Nile, Orange, Shatt el Arab, Amu Darya
(*), Syr Darya (*), Tarim (*), Kerulen (*), Murray. The In-
dus and Huang He rivers, also allogenic, are attributed to
the mid-latitude belt (see discussion). Regular annual hydro-
graphs are observed for allogenic rivers fed by water tow-
ers, such as the Nile, and/or for fed by snow- and icemelt
as in Central Asia (e.g. Shatt el Arab, Amu Darya, Syr
Darya, Tarim) (Dukhovny and De Schutter, 2011). All allo-
genic rivers are very sensitive to their water tower climate,
for precipitation changes and/or for temperature changes
(Viviroli et al., 2007).

Waddisare generally lacking humid headwaters and are
highly irregular rivers characterised by flash floods, marked
seasonal dryness, and large inter-annual variations. In the
very dry and/or smallest basins these rivers may not flow
at all for a year or more (q between 3 mm yr−1 and
30 mm yr−1), as in the Lake Eyre basin (Kotwicki, 1986).
During the rare flow events, the specific run-off in waddis
can exceed 1000 L km−2 s−1, with catastrophic flooding and
enormous sediment transport, which are seldom described in
the scientific literature (Cruette and Rodier, 1971; Milliman
and Farnsworth, 2011). Water resources in waddis are there-
fore very difficult to store and manage, in contrast to most
allogenic rivers basins.

Dry belts are very sensitive to climate variations, particu-
larly for precipitation and run-off, as shown by palaeohydro-
logical studies, which still need to be synthesised on a global
scale. When the climate becomes drier, the permanent flows
(typically more than 100 mm yr−1 run-off) are first turned
into highly seasonal flows (30 to 100 mm yr−1), typical of
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allogenic permanent rivers, then into non-permanent flows
(3 to 30 mm yr−1), resulting in seasonal dryness and river
course fragmentation that characterises waddis. Finally, the
changing climate may lead to permanent dryness or arheism
(< 3 mm yr−1) and filling by aeolian deposits. Such a trajec-
tory is the one that has been observed, for example, for the
Sahara and Arabia River networks over the last 6000 yr: the
lower Nile tributaries were active, Lake Turkana was con-
nected to the White Nile (Nyamweru, 1989), and the Sahara
mountain massifs – Hoggar and Tibesti – served as the head-
waters for numerous past allogenic rivers (Sarnthein et al.,
1980; Said, 1993; Petit-Maire and Guo, 1995). Other exam-
ples are known from Asia (Caspian, Aral and Balkash lake
connections, Kerulen to Amur connection), the Americas
(Great Salt Lake basin connected to Columbia River basin,
Mar Chiquita basin connected to Paraná) and Central Aus-
tralia (Fairbridge, 1972; Dukhovny and De Schutter, 2011).

Thenorthern dry belt(30.2 M km2, 938 m) has the great-
est surface area of all belts. It corresponds to catchments with
very low run-off (average 36 mm yr−1), which is almost ten
times lower than the global average for exorheic rivers. It
covers a wide latitudinal range, from 6.7◦ N to 47.7◦ N (mean
27.7◦ N) and a large elevation range, with elevation maxi-
mum in Central Asia (Table 3). This results in marked dif-
ferences in average annual temperatures which range from
+5◦C to +24◦C between hydroregions (Table 4; Fig. 4).
The belt can be found on three continents: (i) in North Amer-
ica (Colorado and Rio Grande/Rio Bravo basins, both ex-
orheic); (ii) in Northern Africa, where it includes the Sahara
Desert from the Mauritanian coast to the Red Sea plus the en-
dorheic Lake Chad basin; and (iii) in Asia, from the Arabic
Peninsula and the East Caspian basins to Mongolia, includ-
ing only one major exorheic river basin, the Shatt el Arab
(or Euphrates/Tigris), and numerous endorheic ones (Ural,
Tedzhen, Helmand, Amu and Syr Darya, Balkash Lake basin,
Dzungaria, Tarim, Kerulen).

The southern dry belt(8.7 M km2, 789 m) extends from
17.2◦ S to 44.2◦ S (mean 26.4◦ S). Due to the landmass
distribution, its area is less than one-third of that of its
northern counterpart. Despite a higher precipitation aver-
age (318 mm yr−1 versus 253 mm yr−1), the average run-off
figures are equivalent (q = 31 mm yr−1 in the SDR versus
36 mm yr−1 in the NDR) (Table 3; Fig. 3). The southern
dry belt is also largely characterised by endorheic basins
(42.4 %) and arheic areas (56.7 %). It is more fragmented
than its northern counterpart. In South America, the belt is
split into four parts: the exorheic, but very dry, Peruvian
coast; the endorheic Altiplano Plateau (Titicaca Lake basin);
the endorheic Mar Chiquita basin; and the exorheic Argen-
tinean Pampa, which is fed by numerous allogenic rivers. In
Southern Africa, it corresponds to the endorheic basins of
the Etosha Pan and the Okavango swamps and to the large
Orange River allogenic basin. In Australia this belt is par-
ticularly developed, including the huge endorheic Lake Eyre

basin (1.17 M km2) and numerous smaller endorheic and/or
arheic basins in Central and Western Australia.

3.1.3 Subtropical belts

The northern and southern subtropical belts have the follow-
ing hydrological features in common: (i) an even thermal
regime with warm conditions throughout the year, with an
average annual temperature ranging from 21.3◦C to 26.3◦C;
(ii) marked seasonal precipitation regimes, e.g. the West
African and Asian-Australian monsoons; (iii) marked sea-
sonal run-off regimes. In such a river regime, the ratios of
maximum over minimum monthly discharges may largely
exceed a factor of ten in large basins (Rodier, 1964; Haines
et al., 1988). The extent of floodplains and/or internal wet-
lands is also highly seasonal, creating some of the world’s
largest existing river wetlands, such as in the Paraná (Pan-
tanal and Lower Paraná floodplain), the Niger (Delta Cen-
tral) and the Mekong (Tonle Sap) rivers. Holocene river net-
work variations may still be important in the driest portions
of these belts in Africa and South America. They have not
been influenced by past glaciations, and are essentially ex-
orheic (96.5 % in NST and 99.4 % in SST): their geological
history is long and relatively steady, compared to the boreal
and dry belts. As a result, fish diversity in the subtropical
rivers varies from medium to extremely high, as in the Asian
subtropical hydroregion (Abell et al., 2008).

The northern subtropical belt(10.5 M km2, 541 m) ex-
tends from latitude 7.2◦ N to latitude 25.2◦ N (mean 16.7◦ N).
It is characterised by warm conditions throughout the year
(+23.9◦C). In contrast, precipitation (1112 mm yr−1 annu-
ally on average), generated by the African and Asian mon-
soons, is seasonal, resulting in a medium amount of run-off
(383 mm yr−1) (Table 3; Fig. 3). This belt extends across
Central America and the Caribbean Islands, from Florida to
the coast of Columbia, across Africa, where it consists of two
parts, separated by the northern dry belt, West Africa (the
Niger Basin and the smaller basins of the Gulf of Guinea) and
the northern East African Rift. In South Asia the NST belt is
also split: the East Deccan dry evergreen forests (Cauwery
to Godavari basins) are disjointed from the Southeast Asian
basins from the Irrawaddy (Ayeyarwaddy) to the Pearl River
(Zhu Jiang).

Thesouthern subtropical belt(10.6 M km2, 591 m) has an
area similar to its northern analogue and extends from a lat-
itude of 4.7◦ S to a latitude of 30.7◦ S (men 16.9◦ S). Its wa-
ter balance (P = 1035 mm yr−1, q = 233 mm yr−1) and an-
nual temperature (+ 21.9◦C) are also similar to those of the
NST belt. The belt extends mostly through South America
(5.5 M km2) from the Sao Francisco to the Paraná basins and
in the coastal basins of Ecuador (Fig. 2), in Southern Africa
(4.23 M km2) (Zambezi and Limpopo basins, and Madagas-
car), and in northern Australia (Flinders, Mitchell basins).
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3.1.4 Equatorial belt

The equatorial belt(16.8 M km2, 492 m) is unique and lies
on both sides of the equator (14.2◦ S to 8.2◦ N). When
delineated by basin boundaries, its mean latitude is slightly
shifted to the south (2.5◦ S). It is very warm (+23.9◦C).
The rainfall pattern is much less seasonal and wetter
(2124 mm yr−1) than in the subtropical belts, resulting in the
maximum belt run-off (960 mm yr−1) (Table 3; Fig. 3).

The belt is particularly developed in the South America
hydroregion, from the Magdalena to the Tocantins rivers,
where it includes two out of three of the world’s greatest
rivers in terms of discharge: the Amazon (#1, 6590 km3 yr−1)

and the Orinoco (#3, 1135 km3 yr−1). In Africa it includes
the Congo River (#2, 1200 km3 yr−1). These three rivers
correspond to 60 % of the equatorial belt area and their
enormous water discharge is responsible for approximately
20 % of the dissolved material inputs to oceans (Meybeck,
1988; Milliman and Farnsworth, 2011). In contrast to these
three giant basins, in South and Southeast Asia this belt
is very fragmented, corresponding to much smaller basins
(< 100 000 km2) located in narrow coastal strips (West Dec-
can, Sri Lanka) and on islands (Indonesia and the Philip-
pines). These small- to medium-sized basins are charac-
terised by some of the world’s highest river run-off, exceed-
ing 2000 mm yr−1 (e.g. Fly, Sepik, and Digul rivers in New
Guinea).

Equatorial river basins have several features in com-
mon: (i) a high annual run-off, (ii) steady thermal and hydro-
logical regimes with limited seasonal variations, and (iii) a
very pronounced aquatic biodiversity. Their average run-off
is 1393 mm yr−1 in Asia and 1069 mm yr−1 in South Amer-
ica, but only 460 mm yr−1 in Africa due to the Congo River
basin, which cannot be fragmented (see the discussion in
Sect. 3.2). The river regimes are regular with limited sea-
sonality: their specific discharges at low flow rates are quite
high compared to all other regions (Rodier, 1964; Haines et
al., 1988). The Amazon and Congo hydrographs are – com-
pared to the other big rivers of the world – very regular with
limited seasonal variations (maximum to minimum monthly
discharge ratio less than three for the Amazon and less than
two for the Congo).

The Amazon, Orinoco and Congo River basins are among
the oldest, millions of years old, and thus most stable in the
world, in contrast to many other large rivers that have been
either exposed to climate variations (e.g. Central Asia), influ-
enced by active tectonics (South and SE Asia) or exposed to
past ice cover (boreal belt) (Potter, 1978). The first two have
marked altitudinal gradients and combine various biotopes
(up to 13 hydro-ecoregions for the Amazon, according to
Abell et al., 2008). The Congo River basin includes one of
the world’s biodiversity hotspots, Lake Tanganyika. These
features may explain why their fish biodiversity is excep-
tional, with indicators more than ten times greater (Abell et
al., 2008) than those observed for many boreal river basins

of similar sizes, in which the present fish communities only
began to develop 6000 yr ago.

This first analysis shows that the eight hydrobelts are well
differentiated regarding their basin hydroclimate (tempera-
ture and run-off), their river hydrological or thermal regimes,
the way in which they are connected with the oceans of
the world (exorheism versus endorheism), their absence of
flow (arheism), their past glacial history, and their sensitiv-
ity to precipitation changes. Although hydrobelts were de-
signed to present the hydroclimate of continents in a sym-
metrical way, some important differences between the analo-
gous northern and southern belts remain (Fig. 3 and Table 3).
These differences combine (i) the uneven distribution of land
masses (NML is, for example, colder than SML, implying
also less evaporation and thus 15 % higher run-off) and the
lack of a continental land mass south of 55◦ S, resulting in
the absence of a boreal belt in the Southern Hemisphere;
(ii) the occurrence of the continental climate only found in
the northern belts. The mean elevation does not discriminate
belts by much, but is very important when considering the
hydroregion level.

3.2 Limitations of hydrobelt definitions

Ideally, hydrobelts should be very homogenous, delineated
in one piece and very different from one another and defined
by continental boundaries, as defined in our objectives. In
reality, these objectives are subject to limitations, which are
directly dependent on the first and third criteria (the delin-
eation of river basins and continental boundaries).

3.2.1 Delineation sensitivity

One target of the delineation was to minimise the intra-belt
hydroclimate heterogeneity based on temperature and run-
off, and to maximise the inter-belt discrepancy. Some regions
and/or basins have been on the edge of our attribution, either
due to their natural heterogeneity (see below) or due to their
geographic situation between belts. Also, we aimed at a min-
imum number of hydroregions, a certain north–south sym-
metry, and a balanced distribution of belts on the continents.

The most sensitive areas in our delineation
were as follows:

– The Huang He (Yellow River; part of NML belt), which
could also be part of the northern dry belt due to its low
run-off. As an exorheic river we considered it, however,
to be closer to the Yangtze than to the Tarim or Kerulen
basins.

– The large Himalayan rivers, from Indus to Mekong,
were difficult to attribute due to the natural heterogene-
ity of the basins. These basins extend from the polar to
the dry climates (Indus basin; COSCAT #1336) or wet
tropics (Ganges–Brahmaputra basin; COSCAT #1332).
After a detailed hydroclimate analysis, we considered
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both entities to be closer to the northern mid-latitude
belt, while we attributed the Irrawaddy and Salween (Nu
Jiang) basins (COSCAT #1331) and the Chao Phraya
and Mekong (Lancang Jiang) basins (COSCAT #1325),
with less extended upper valleys, to the subtropics.

– The Ethiopian Plateau was also difficult to split. The
unity of the Nile basin had to be kept and the other
basins (Awash and Omo basins, 0.37 M km2) were at-
tributed to the subtropical belt, based on their higher
run-off (200 mm yr−1).

– The southern mid-latitude hydroregions are not always
well defined: they are fragmented in South America,
limited to a small fringe in Africa, heterogeneous in
Australia where the Murray–Darling river system, a typ-
ical allogenic river system with low run-off (less than
7 mm yr−1), is mixed in the related hydroregion with
much wetter New Zealand basins. The eastern tip of
Southern Africa (0.4 M km2) was attributed here to the
southern mid-latitude belt, despite its relatively low run-
off and high temperature (Fig. 4; Table 4), based on its
river run-off regimes and to keep a balance between the
continents. As such it is separated from the rest of the
much drier and less-populated Southern Africa (Orange
basin). However, this hydroregion is clearly an outlier
when compared to the other mid-latitude regions (see
Sect. 4.2; Fig. 4).

Considering our constraints and objectives, it can be esti-
mated that such sensitive allocations to a given belt corre-
spond to about 6 M km2 out of 131 M km2 of non-glaciated
areas. Different aggregations would not much affect the
overall hydrobelt characteristics but could matter at the hy-
droregion scale, particularly in Southern Asia, Australia or
Southern Africa.

3.2.2 Fragmentation of hydrobelts and hydroregions
cannot be avoided

Hydrobelts and hydroregions are limited by river basins and
continental boundaries. We accepted one minor exception to
this general rule: between Central America and the north-
ern coast of South America, where two hydroregions overlap
with one another (NST-Nam and EQT-Sam, Fig. 2). We de-
cided that it was better to hold out the northern subtropical
region around the Caribbean Sea basin. The fragmentation
of some hydroregions results from the uneven distribution of
relief and hydroclimates on continents (e.g. South American
dry, African equatorial, Asian subtropical belts) and from the
occurrence of islands (Asian equatorial belt).

Some hydroregions are not contiguous and could be split
in further analyses into separate sub-regions, particularly
from the population point of view. In Asia, mid-latitude hy-
droregion river basins from the Indian subcontinent can be
separated from Chinese basins. In the African equatorial hy-
droregion (West African entity and Congo Basin) and in the

South American dry region (Chile/Peru coast and Altiplano
vs. Pampa), sub-regions can also be individualised.

3.2.3 Hydroclimate heterogeneity within a given belt
cannot be totally reduced

The amount of hydroclimate heterogeneity in hydrobelts
cannot be totally reduced for two reasons: (i) the use of
river basin boundaries as a delineation rule: for example,
the Congo River basin (3.7 M km2) as a whole extends be-
yond the wet tropics and includes a large amount of drier
steppes, as defined by Holdridge (circa 1 M km2). As this
heterogeneous basin could not be fragmented into different
belts, it has been allocated to the African equatorial hydrore-
gion, for its geographic situation. It has a much lower run-off
(324 mm yr−1) than the other part of the African equatorial
belt, centred in Sierra Leone (q = 1450 mm yr−1). Average
run-off for the hydroregion is only 460 mm yr−1, i.e. only
half that of the other equatorial regions (Fig. 4b; Table 4);
(ii) some elongated rivers oriented in a north to south direc-
tion cross different climate zones (e.g. the Nile, the Paraná
River, many Siberian and Canadian rivers, and many South
and Southeast Asian rivers); (iii) west–east gradients of pre-
cipitation and/or temperature, amplified by coastal moun-
tain ranges, may induce marked heterogeneity in such basins
(e.g. the Niger and Congo rivers); (iv) spatial climate vari-
ability can be quite high in mountainous areas controlled by
present-day tectonics, as, for example, in the Ethiopian Rift
Valley and in the Himalayas. All these factors may limit the
homogeneity within large basins, hence within a given belt.

The temperature range within hydrobelts (5 to 95 % distri-
bution of cell attributes) illustrates this residual heterogene-
ity (Fig. 3a–c). If the boreal belt is excluded, the intra-belt
temperature ranges may exceed 25◦C for two northern belts
(mid-latitude and dry), i.e. more than the inter-belt range of
average temperatures (15◦C) (Fig. 3a). In contrast to the 5–
95 % range, the interquartile ranges (25–75 %) for tempera-
ture, precipitation and run-off distributions better differenti-
ate each hydrobelt (Fig. 3b and c, respectively).

3.3 Climate and vegetation distribution in hydrobelts

We aimed at maximising the homogeneity within the hydro-
belts and the differences between them. As discussed before,
this objective cannot be fully achieved and hydrobelt climate
and vegetation types are not fully homogeneous.

The analysis of the five K̈oppen climate zones in hydro-
belts is a good example of the limits of hydrobelt homo-
geneity (Fig. 5a). Four hydrobelts are well within a single
dominant K̈oppen climate zone, i.e. exceeding 75 % of the
belt area, while the other belts are situated within two main
climate zones.

The seven Holdridge life zones are fragmented more of-
ten by hydrobelts partly because there are more life zones
than climate zones. Most belts include two or three dominant
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Fig. 5. Distribution of the proportions of K̈oppen climate zones(a)
and of Holdridge life zones(b) in hydrobelts, in % of total for a
given belt.

zones, except for the equatorial belt, which is found at 81.8 %
within the Holdridge tropical zone (Fig. 5b). The boreal,
equatorial and northern and southern dry belts are the most
homogeneous belts, with only one clearly dominant type,
while the mid-latitude and subtropical belts are the least ho-
mogeneous ones, combining two dominant climate types and
three vegetation zones.

3.4 Hydroregions

Hydroregion characteristics are given in Table 4 and pre-
sented in Fig. 4 for annual mean temperature, run-off and
population density for three north–south profiles for the
Americas, Europe and Africa, as well as Asia and Australia.
The temperature and run-off profiles are relatively similar
and present a north–south symmetry, with the exception of
the SML-Africa region (0.4 M km2), which is warmer and
drier than the SML hydroregions in South America and in
Australia. The population density of hydroregions is con-
trolled by the hydroclimate and by the uneven history of
human settlement on the planet. This analysis is further
developed in the following.

4 A first application of hydrobelts and hydroregion
analysis: global population

In this section we first analyse the global population distri-
bution at the hydrobelt level followed by the hydroregion
level. We further explore the heterogeneity of the relation of
population and water using a relative potential pressure in-

dex (RPI). Finally, we compare the population distribution at
three spatial resolutions.

4.1 Population distribution in hydrobelts

The human population in hydrobelts is based on 2005 esti-
mates (Klein Goldewijk et al., 2010), i.e. for a global popu-
lation of 6500 million people (Tables 3, 4; Fig. 3d). As ex-
pected, the north and south hydrobelts differentiate the global
distribution of population.

– The boreal beltis the least populated of all belts, with
123 Mp (million people). Only 1.9 % of the world’s pop-
ulation lives in this cold area which covers 19.8 % of
the planet’s total area; it has quite low mean population
densities, 4.7 p km−2.

– Thenorthern mid-latitude beltis the most heavily pop-
ulated belt, with 3300 Mp; this represents 50.8 % of the
total world population living on only 18.5 % of the non-
glaciated continental landmass. Its average population
density is 136 p km−2.

– Thenorthern dry beltholds 11.5 % of the world’s pop-
ulation, despite very limited water resources. In these
very dry to desert-type areas, which are present across
a large temperature range, population densities (aver-
age 24.5 p km−2) are still one order of magnitude higher
than those found in the boreal regions.

– Thenorthern subtropical beltis the second one in terms
of total population, with a total of 1252 Mp (19.2 % of
global population for 8.0 % of land). The mean popula-
tion densities are high, 118 p km−2 on average, i.e. more
than twice the average population density for the world.

– The equatorial hydrobelt is presently less popu-
lated than the world’s average (37.9 p km−2 versus
49.6 p km−2), totalling 638 Mp, i.e. 10 % of the world’s
population living on 12.8 % of the world’s land area.

– The southern subtropical belt, not as extended as its
northern counterpart, is four times less populated, with
densities of 28.6 p km−2 (compared to 118.1 p km−2 for
the north) and a total population of only 303 Mp.

– Thesouthern dry belthas the smallest population of all
belts, with only 42 Mp and a very low average density,
4.8 p km−2, which is equivalent to that of the boreal belt
and five times lower compared to the northern dry belt.

– The southern mid-latitude beltsupports only 109 Mp,
i.e. 30 times less than its northern analogue. This dis-
crepancy is due to its small size and to its mean pop-
ulation density, 27.3 p km−2, eight times lower than its
northern counterpart and similar to that of the southern
subtropical belt, 28.6 p km−2.
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As a result of these distributions, 81.4 % of the world’s
population lives in the three northern hydrobelts (northern
mid-latitude, northern dry, northern subtropics), which cover
49.6 % of the non-glaciated continental landmass. The popu-
lation density is five times greater in the northern belts than
in their southern analogues (Table 3; Fig. 3d). Only 16.6 %
of the population lives in the equatorial and southern belts,
which cover 30 % of landmass, whereas 1.9 % of the world’s
population lives in the boreal belt, which covers 19.8 % of
the planet’s land area (Table 3).

In summary,human population is not distributed on the
continents according to the same statistical laws as the hy-
droclimate attributes(Fig. 3d). The intra-belt range of pop-
ulation density, as measured by the 5 % to 95 % percentile
ranges on 30′ cells, is greatest in the northern mid-latitude
belt and the northern subtropical belt, i.e. in the most pop-
ulated belts (an average of 136 and 118 p km−2, respec-
tively). This is probably due to the occurrence, and some-
times the dominance, of urban population hotspots. Further
work is needed to confirm this hypothesis. Population density
is mostly limited by hydroclimatic conditions in the boreal
belt, and less so in the dry regions. This is supported by the
findings of Kummu et al. (2011). The main control factors
explaining the north versus south and “Old World” versus
“New World” population discrepancies are linked to the dif-
ferent histories of human settlement (McNeill and McNeill,
2003; Klein Goldewijk et al., 2010), as we demonstrate in the
following when hydroregion population is considered.

4.2 Population and human pressure in hydroregions

The population differences highlight the various hydrore-
gions on each continent through the variability and relative
importance of population and water run-off. To illustrate this
global heterogeneity, we focus on the potential human pres-
sure on surface waters at the hydroregion level, normalised
to boreal regions, least populated with regards to the river
run-off. Thisrelative potential pressure indicator (RPI):

RPI= (dpop/q)hydroregion/(dpop/q)N. Am Boreal, (1)

wheredpop stands for population density andq for run-off.
RPI ranges from 1.0 (for the North American boreal hydrore-
gion) to 269 (for the Middle East hydroregion). We use this
indicator here to quantify and map the relation between pop-
ulation and run-off in each hydroregion (Table 4, Fig. 6). Wa-
ter availability for population is typically a reverse indicator
to RPI, i.e. expressed as m3 capita−1 yr−1, as established first
by Falkenmark at the country level (Falkenmark and Lindh,
1974; Falkenmark et al., 1989), then used at a much finer
resolution made possible by GIS analysis at resolutions such
as 30′ (e.g. Arnell, 2004; Alcamo et al., 2007; Islam et al.,
2007; Kummu et al., 2010). We consider that RPI provides
an estimate of the overall pressure on river basins. In further
studies the water resources availability and use of water re-

sources, addressed at higher resolution, should be reported at
the hydroregions level.

The spatial distribution of the potential human population
pressure on river run-off by hydroregions (Fig. 6) illustrates
the general north to south and Old World–New World dis-
parities. The geometric progression of the indicator is val-
idated on various global and regional water quality assess-
ments (Meybeck and Helmer, 1989; Salomons et al., 2005).
Only 8 regions are found in the blue (1< RPI< 10) and
green domain (10< RPI< 20), where impacts are limited, 7
in the yellow domain (20< RPI< 50), 3 in the orange do-
main (50< RPI< 100) and 8 in the red domain (RPI> 100).
More than half of the world’s population (3.7 billion) is living
in the red zone, which covers now about 40 % of the global
river basins (49 M km2). On average, the potential pressure
has already reached fifty times the pristine reference level
established in northern Canada and Alaska.

Such global picture provides only a first-order analysis of
human pressure on river basins. Each major river has its spe-
cific pressures and related trajectories (e.g. Meybeck, 2003).
A more detailed analysis and discussion for each hydrobelt
is given in the Supplement.

The following conclusions can be made: (i) differences
between population densities for hydroregions of the same
belts can exceed those noted between belts; (ii) for a given
belt the following order is generally found, from the most to
the least densely populated: Asia> Europe> North Amer-
ica≥ Africa > South America� Australia; (iii) the relative
human pressure, i.e. the ratio of population density over an-
nual run-off, normalised to its minimum figure in the North
American boreal region, is a first-order indicator for overall
human impact on river basins, although it is not always ap-
propriate to measure impacts from dams, mining, or agricul-
ture. It ranges over more than two orders of magnitude from 1
to 269 (Middle East) and is maximum in northern dry regions
and in mid-latitude and subtropical Asia. The population dis-
tribution fully justifies consideration of each hydroregion as
a distinct spatial entity when addressing human-related water
issues.

4.3 Reporting scales of global water issues

Nowadays, global mapping can be done at high resolution,
but thereporting of resultsis not yet harmonised: continen-
tal scale, political or economic regions, or country levels are
commonly used. They are compared here, for the population
distribution at the global scale, with three sets using natural
river basin boundaries: hydrobelts, hydroregions, and coastal
catchments. We represent the population of each entity by
bubble charts within a temperature vs. run-off domain (log
scale for run-off) (Fig. 7).

At the continent level, Asia, Europe, and North Amer-
ica are very close to each other, while Australia, Africa and
South America are differentiated (Fig. 7a). The differenti-
ation between eight hydrobelts is much greater (Fig. 7b),
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and three clusters of population under severe hydroclimatic
stress are well identified: the boreal hydrobelt, where 123
million people live at negative temperatures,−8◦C on aver-
age, and the north and south dry hydrobelts with 740 million
people that live under potential water shortage, with only
35 mm yr−1 on average.

When we compare the hydroregion level of aggrega-
tion (n = 26) to the UN economic regions (n = 19) (United
Nations, 2000) (Fig. 7c, d), the following appears: on
both scales the population distribution is more differenti-
ated than in hydrobelt and continent cases. Many differ-
ences are noted as (i) the overestimation of population
living in cold areas, when Eastern Europe is mixed with
Siberia, and the population living with run-off less than
20 mm yr−1; (ii) a biased message provided for highly het-
erogeneous regions/countries in Australia, Northern Amer-
ica (excluding Central America) or South America. At such
scale the hydroregions are generally performing well for a
global analysis.

Local analysis is often made at the country level (n =

171; Fig. 7e). It is here compared with coastal catch-
ments (n = 246, here including additional endorheic enti-
ties; Fig. 7f). At such scale the overall global picture is diffi-
cult to decipher and the bubble size, i.e. the population, lim-
its the visualisation. In the biggest countries, the population
is not well represented in theT vs. q domain: it is too cold
for most Russians, too dry for most Chinese, too wet for most
Brazilians. At this scale the coastal catchments provide a bet-
ter scale for reporting. For instance, the hydroclimate condi-
tions of Huang He (Yellow River; COSCAT # 1325) are well
separated from other Chinese coastal catchments (Yangtze,
# 1326). In some hydrobelts (BOR, EQT, NST, SST), the
coastal catchments are well clustered in such a representa-
tion. For the northern mid-latitude and the dry belts, they are
more dispersed.

5 Conclusions and perspectives

In this paper, we presented the hydrobelt/hydroregion con-
cept, designed for the analysis and reporting of water-related
issues. Using three criteria, based purely on hydrophysi-
cal features (average temperature, run-off, and basin bound-
aries), we divided the world into eight hydrobelts, which are
hydrologically as homogenous as possible, while the inter-
belt differences are maximised. The hydroclimates are rela-
tively similar within a single belt and in the analogues found
in the Northern or Southern Hemisphere. The hydrobelts suf-
ficiently take into account many important physical features
of the Earth system and hydrological concepts such as en-
dorheism/exorheism, arheism and the former glacial cover of
river basins.

Hydrobelts are represented on the continents by 26 hy-
droregions. At this level the global distribution of popula-
tion is very contrasted due to the history of global demogra-

phy: (i) the belts in the Northern Hemisphere are more heav-
ily populated than their counterparts in the Southern Hemi-
sphere; (ii) the hydroregions of the “Old World” are much
more populous than those of the “New World”; (iii) the Aus-
tralian hydroregions are much less populated than all other
similar hydroregions; (iv) the hydroregions of the boreal belt
are the least populated. The distribution of average popu-
lation density varies over two orders of magnitude when
analysed at the level of hydroregions.

When applying hydrobelts and hydroregions to the pop-
ulation pressure on river run-off, using a simple, dimen-
sionless indicator, we can scale and identify the populations
and regions at risk of severe degradation of water quality
if no remedial measures are taken. Our analysis also shows
higher differentiations compared to many conventional ag-
gregations, e.g. those done using continental or political de-
lineations.

We argue, therefore, that hydrobelts and hydroregions
could be, in many cases, more appropriate for the global-
scale reporting of water-related issues, compared to the more
conventionally used continents or other non-physical re-
gional aggregations. Hydrobelts and hydroregions are also
suitable when the global analyses of water issues require
fixed river basin boundaries, which is unlikely to change
within the coming decades. These analyses include, for ex-
ample, climate change impacts, relationships between basins
and population, water management, aquatic biodiversity,
river fluxes and basin yields, and their alteration by humans.
The double reporting level – eight hydrobelts or twenty-six
hydroregions – also offers flexibility when tabulating and
reporting the global-scale analyses.

Supplementary material related to this article is
available online at:http://www.hydrol-earth-syst-sci.net/
17/1093/2013/hess-17-1093-2013-supplement.zip.
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