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of the World’'s Mountains

Mﬂunlam and highisnds are often callad the worlds
natural *water towers” because they provide essential
ﬁ'ﬂsfmatw for populations both upstream and down-
stream. Despite this, knowledge about the significance
of mountains in the: hydrological eycle is stiil uncertain.
The present article takes a regional approach, using
case studies (0 assess and compare the hydrologlcal
~ significance of mountains. Methods are developed
based on the experience gained In the Rhine River
camhmen: and then applied to 19 additional selected
‘catchments worldwide, with the river Euphrates serving
&5 an Exampie The resulting comparative assessmoent
- serves as an elaboralion on the hydrological slgnifi-
EEﬂE‘E of the world's mountains and underscores their
] ﬁmcrmn as sources of [arge, reliable, and compensa-
1 tw_mscnar:g_ﬂ. The mean annual mountain contribution
to total discharge in the river basins included in our
case studies is d!spmparrﬁanambr high, at 63%, with a
‘mean relative mountain ares of only 32%. Furthermaors,
- aistinctions can be made according te climatic regions,
clearly highlighting the vital roleé of mountain runaff in
iowianads in arid and semiarid arcas. This means taking
nmuniafns and highlands more carefully into account in
terms of monitoring and scientific research and espo-
cially in terms of walershed management and conflict

management.
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Introduction

Experis at an internatonal conference on mountains
held in Lima in 19495 stated that, worldwide, ]lnnihh A5
much as 80% of running freshwater originates in moun-
tain arcas. This astonishing figure—which is of tn.unr
polincal imporiance in view of the emerging water crisis
in the 21st cenmurv—was originally scheduled tor publi-
cation for the 1997 Special UN General Assembly on
Agenda 21, Later, however, a decision against publica-
tion was taken, owing to uncerlainty and doubt sur-
rounding the validity of the data and enormous gaps in
knowledge, particularly with reference o mountain
areas in the wopics and subtropics. This served to con-
firm a 1988 st:iement h}‘ Rlemes: “*mountain I.'I::giﬂl‘ls
fepresent, in practical terms, the blackest of black box-
e5 in the hvdrological cvele.” This, in lurn, was recon-
firmed by Rodda {lﬂ'.'l-i} “Mountains are the origin of
much of the world's witter resnurees, Yet less is known
hydrologically about mountains on a global scale than
about plains, hilly regions, and other areas.” Meybeck et
al (2001) seemed to contest these claims concerning

TABLE £ Comparison of water halance figurns far Eurane and the Alps
[Bapmgarinet et 2l 1963 o 185).
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the hvdrological significance of mountains: on the basis
of a 0.5° gri.ill, they determined that on a global scale
the surface discharge from mountains was 32%. Their
stuedy 15 of great interest for its definition of mouniains
from a hmdmlagical point of view. Yet their figure
inclhuded areas such as the cold ]l.lg]l lautudes {]H‘r].ﬂ
subpaolar, or permafrost regions) and the humid equa-
1orial low latitudes (rainforests and adjacent areas),
where discharge is not determined by mountains, land
nse is not intensive, and pepulavon density is low.
The kev questions therefore remain unchanged

toikiey:

¢ llow much discharge can we expect in the regions
most vulnerable to water scarcity, where the popula-
tion will increase and irmgied areas could decrease?

®» What is the most promising approach for assessing
monntin waler resaources and dees :'llinin.gr the
amount of discharge in light of the estimated 80%
anel the globally madeled 32%32

The present siudy is based on discharge data series
from the Global Runoff Data Centre (GRDC 1494),
Despite the existence of these data, we should bear in
mind that on a global scale very few measurement serics
exist for different alumdes aml ihat the periods cov-
ered are extremely limited. This situation is furcher
complicated by the fict that discharge conditions in
mountain arcas ¢xhibit a high degrec of spatial and
temporal heterogeneity, Moreover, these limitations are
aggravated by politcal conditdons: it is preciscly in the
{'ﬁli'l'_':'-'l AFeAas "'.'h‘l'lt'-'l‘-t" H{{'I"'-Illlilrl': WIlLET TesiIrDes Carn meE.Ln
the diflerence between life and death that secrecy pre-
vails, This makes basice scientufic studies more difficule
and conllict resolution impossible.

Methods

Because relatively few data are available, monthly
means (GRDC 1999) had to be used; from these data



Irrigation practice

The smanuals supplied with the Kits suggest
irigation with 2 buckets,/ barrels per day
tor highland areas. On this basis, [armers
provide 1 bucket/barrel in the morming
and 1 in the afiermoon thiroughout the
growing period. But there are |4 distinet
stages in the life oyvele of a plant the initial
stage, the mid-season stage, the Eate sesison
sfangre, and the harves: SLAgC. Al cach stage,
crop water requirements are dhifferent.

A stily in Kiambu, Kenya, compared
water usc cfficiency under current priac-
tice< with an aliernatve that uses the same
amount of water (2 barrels/ buckets), hut
for a difterent fixed schedule of 7, 2, 2,
and 14 davs during the 4 growing stages,
1':-5]:};-1'111.'1-' ['.": the Latler i aclice saved abour
40% of the water consumed by the tormer.

Conclusions and recommendations

"Smallholder” does not necescirily mesn
*smple.” The couplings. fittings, and con-
ol vilves could make svstems as simple as
the IDE kits appear complex for smallhold-
er [armers in rural arcas, since these are
unfamiliar. Farmers iy not be able 1o
opene and maintain the system if thev do
not get the necessary theoretical and prac-
pcal imformation. The attitude that a
farmer knows better than others how 1o
irrigate his field needs to be changed. This
attitude nsually leads 1o the tendency not
o provide sufficient explanation about the
installation, operation, and maintenance
of the system, as many of the steps involved
are assumed 1o he simple (Figure 5).

The main objective of farmers 1s to
improve their crop vields, which is possible
with drip irrigation. However, this cannot
come about unless the clogwing problem is
addressed. For low cost drip systems, prac-
tical solutions could include the following:

« Enlarging the ares of the bucker Xt fil-
ter and chlorinating, when clogging is
mainly due o suspended sediments.

Development

» Preparation of acidic chemicals trom
locally sivailable mnerials 1o neatialize
he sals in saline water.

Sinallliolder drip svstems require little
initial capital. Nevertheless, the loow 1ot
investment of USS10 needed for the 1DE
bBucket and USS20 for o droem ki may sull
be expensive for poor farmers. This could
impede the adoption of the system
because most farmers will not risk their
limited resources and helds. The govern-
ment or internauonal development organ-
izations should thus supporl the introdie-
tion of such sustainable new technolomes,

The success of smallholder drip svs-
s also depends wi catlv on ct:u'n'im:in;f
farmers thzu'thr t}'&.'rr'm will pay for isell
within a maximum of 1-2 vears. Hence,
Invesuganng means of further ll'l!.lll'llll'l_-]'
cosls without decreasing qualitv should be
a reseiarch prionty.

Many villages in the highlands of
Eritrea are remote sond diffieall 1o aceess.
The following sirategics are thus crucial to
disseminate the technology quuekly and
ensure that i is susiainable:

* Development of & network of traders
and dealers that can deliver goads 1o
rernole areas for a reasonable prulit.

» Conducting a massive public informe
ton campaign to stimulate demand for
the product at a sustanable level,

Icdentibiciion and EIHHIHFIEIIII of :-illlpll.'.
and low-cost technologies that enable
access to and delivery of waler is also ciscn-
11l for a successful adopuon of drip tech-
nology, For r-'~.-.'i'r|:|i.-!r. iresuille pumps can L
nsedd when the water source is a shallow
open well, The hilly topography of the
highlmds also allows gravity flow 1o the
tanks if water is tapped at upstream siles.

st Dt non least, imn‘:-;lucim.-; a NCw
technology means a change in the Lined
st systemn: therefore, ﬁtp.‘l(ilk huih:itng is
cssennal,
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we proposcd 1o determine the interaction between
mountains and lowland areas, o devise aml suhse-
ruently test i snitable approach, we chose the Rhine
basin as an exemplary region for which reliable sl rel-
atively detaled dista are available. Analyvses showed that
it is possible to ditterentiate and ohain an overview of
the basic hydrological chavacier of the whaole caichment
using discharge measuremenlts for the mam river (V-
roli 2001).

The patterns of mean monthly dischurge, the
clanges in specific discharge with increasing catchment
size, and the variation in mean monthly discharge
prravedd to e particularly suitable parameters for the
present study, In the case of the river Rhine, there is
clear contrast in the :liu.llurf_l: paticrn bemween the
mountainous upper section and the lower reaches of the
river, where the discluoge patiern changes as a result of
the feeder supply changing from snow to rain. In an
average vear, discharge in the Swiss section of the Rhine,
which is mainly mountainous, contributes 15% of the
total diselurge, although the caichment arca within Swiss
territory represents only 22% of the total catchment,

The above figures are confirmed by water balance
¢stimations by Baumgartner et al (19583). As can be
seen in Table 1, precymianon volumes are about 2.2
times larger in the Alps than in Europe, whereas evapo-
ration volumes are camparable and therefore represent
a smaller percentage of precipitation (it should be not-
ed thar the ﬂ“puf"’.ﬂiﬂ“ witliie af 58 cm for F.mﬂ[l-t'
secms 1oo low). This results in discharge volumes for
the Alps 3.5 times larger than those far F.un:r[:r. AN A
whole, These gencralized patterns are further con-
tirmed by ancmalysis of catchment-luased date Do the
European Water Archive (FRIEND 1994}, which showed
larger precipitation sunl discharge volumes as well as
more rcliable discharge patterns for the alpine section
of the Rhine cuchment (Vivirol: 2001). Long-tcom sior-
age in glacicrs, which in Switzerland amounted to 74
km® in 1980-—1.85 times the anmizal ronoff onginating
[roum Swiss territory (Schadler 1985)—is not considered
in these water balance figures,

Rused on the knowledge gained about the river
Rhine, and taking into account the limited data avial-
able, the lollowing parameters were chosen for the case
studics: discharge character, generation of discharge, cli-
miatie Getors, variation in discharge. and use of mnofl.

Nineteen river basins in various parts of the world
were selected for the case studics, depending on climadc
and topographical criteria and availability of data, includ-
g investigation of the mterrelanon between mountain
and lowland discharge. A measuring station above 1K) m
served as a1 “mountain station,” and another on the lower
reaches of the river served as a “lowland station.” The sta.
tions used are hsted m Talile 2, Those case studwes formed
the basis for the concluding synthesis,

Research

The limit of 1000 m (27% of the earth’s continental
surface hes above thas alinmnde) should be nnderstoodl
as an approximate value only and not as an absolute
lima for mountain areas, panticalarly because a precise
and uniform definition of "mountains” on a global scale
15 haredly possable (Ives et al 1997). This limit should be
seen in relation not enly to topography but also to the
illt'l'-t'ilH' ill [Hl!(:iElilHlilHl “ill‘l ;li[itlllll.‘ W]li{:]l iﬁ l[:\lﬁl“}'
grcatest between 1500 and 4000 m (Rodda 1994),

Tt st be noted that the selected approach daes
not take into account changes in long-term groundwa-
ter, glacier, amd veservonr storige beeaose the s are
insuflicient to assess these parameters. The same
applies (o evaporation losses sunlk water use, which can-
not be separated in the hvdrograph comparison
hetween mountain and lowland stations, Owing 1o
msulficient data, as mentoned above, only an overview
of the busic hvdrological character ol highbmd-lowlknd
interactions can be considered, rather than a dewailed
witter balance analysis, which would require detiled
data sets lor runofl, precipitation, evaporation, storage
change, and waler use.,

Exemplary case study: The Euphrates

The Euphrates catchment was chosen as an example
because, topographically, it can be divided casily into
mountain and lowland areas and because a clear hydro-
Iugif‘;tl iﬂll‘.l!l"'lillillll ol the highhtml—]qIw|:lml relstion-
ship is possible. This example explains the method
I.l!'lil"l'.].

. Dudrr:rgr charactoraifies: Discharge fvom the Ponunc
Mountains and the Taurus is a decisive factor in the
discharge pawern of the river Euphrates (Figure 1).
PFarticularly in spring, the discharge pattern is domi.
nated by large volumes of meliwater from the moun-
tains, with the result that mountain discharge
Berween March and May is aciually greater than toral
discharge. On the one hand, the low-lving areas gen-
erate virlually no discharge acall, amd on the other,
discharge is in fact "consumed,” principally for irri-
_gntilln JrIrpHbses, Overall, the Pllrliﬂﬂ of toal dis
charge a1 Kadaheyeh (lowland station) gencrated in
the mountainous section of the catchment up o
Reban (mountain station) varies berween 55% and
HHOSE secording 1o the season.

¢ Soecific rioneff: Mountain runoff represents a much
higher specific discharge {(discharge per squire kilo-
meter per sccond) than does total discharge, in par-
ticular during the period of maximum discharge in
spring mentioncd above (Figure 2). Conscquently,
the dominant role of discharge trom the mountiin-
ous part of the carchment is the result of the dispro-
portionately high level of discharge generated in the
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TABLE 2 fliver hasing with moasuring siations used in Uns ludy: inounlan (1) and Bl (2).

River

Amu Da'ﬂra
Cauvery
Colorado
ﬂu‘lu:ﬁhia
Danube
Ebro
Euphrates
Indus
Mekong

Niger

Nile
Orange
I]lh:ll::;
Rhine

Rio Negro
540 Franclsco
| MNorth Eﬂkﬂuhﬂm
=

Wisla

Station

1 Kerki
2 Chatly

1 Krishnarajasagar
2 Grand Anicut

1 Lees Ferry _
2 Limite Internacional Norte

1 Birchbank
2 The Dalles, Oregon

1 Bratislava
2 Ceatal Izmail

1 Castejon
2 Tortosa

1 Keban
2 Hindiya

1 Altock
2 Kotni

1 Chiang Saen
2 Mukdahan

1 Koulikoro

Z Malanville

1 Tamaniat
2 el Ekh=ase

1 Upinglon
2 Vioolsdrif

1 Tama-lTama
2 Puente Angostura

1 Rheinfelden
2 Lobith

1 Paso de los Indios (Rio Neuquén)®
2 Primera Angostura (Rio Negro)

1 Manga
2 Juazelro

1 Lea Park
2 The Pas

1 Galougo
2 Dagana

1 Mosul
2 Baghdad

1 Szczucin
2 Terew

Country

Russlan Federation
Uzbekislan

India
India

USA
Mexico

Canada
USA

Slovakia
Romania

Spain
Spain

Turkey
lraq

Pakistan
Pakistan

Thalland
Thailand

Mali
Benin

Sudan
Egvpt

South Africa
South Africa
Venezusla
Venczucla

Switzerland
Nelherlands

Argentina
Argentina

Srazl
Brazil

Canata
Canada

Mali
senegal

lrag
Iraqg

PFoland
Poland

Catchment area (km?)

309,000
450,000

10,600
74.004

289,562
631,960

88,100
513,830

131,338
807,000

25,194
84,230

36,835
274,100

265,122
B32,418

189,000
391.000

120,000

1,000.000

1,913,194
3,746,812

364,560
850,530

7. 870
836,000

34,550
160,800

40,200
25,000

200,789
510,800

56.200
347,000

127.000
268.000

54,900
134.000

23,901
194,376

“ The Two eourvalent tritulanss Nauquin ana Limay farm the Rio Negro ot Lhen confllysrcs autsida the mauntaln section. The mountain station values
ware ablained by acding the correspondimg fipures from hath tridutanes. |Source: GRDL 1993)

MLuiLsia Researih 2nd Dovelzpmears Wal 23 No 1 Feh 2000



monntains &t the mountain measuring station an
annual average of as much as 85% of the total dis-
charge was measured, whereas this part of the catwch-
ment represents only 23% of the total area of the
basin (see Figure 3). Discharge s therefore around
3.7 times greater than would be expected from the
arest of thas section of the catchment.

Ciimate: High summer is a dry peooil i hoth moun-
batins saned lowlands, discharge being considerably low-
er at this time in both areas. The div season lasts
longer in the lowlands, and winter precipitation fig-
urcs are markedly lower than in the mountins.
Whereas 1o1al annual precipitation ¢an be as much as
1000 mm in mountain areas (mainly in wintter sl
spring), the and condiions of the Svrian Desert dom-
inate in the middle section of the catchment, with
annual precptation of butween 100 and 150 mm or
less (Miller 1987; New et al 19949). 'The source ol any
significaint runoff s therelore only the mountain sec-
tion, with its considerable precipitation and winler
accumulanon, mainly in the form of snow,
!'nrmbrhn'-{.htrall vear-to-vear variabilily m monthly
discharge in the mountains is fairly low, Ttisin
spring in particular that discharge from the moun-
tains has o marked compensatory effect on wo1al dis-
charge, which, interestingly. can be seen also in the
summer halfyear. The persistenee ol the lauer elfect
is most likely cansed by conwributions trom ground.
water discharge.

Water wse: Thanks to discharge volumes that ciin be
relied on every vear, it is possible 1o operate irviga-
ton systems in the Euphrates basin on &t permanent
basix; 1115 not by chanee that this arca was the cen-
ter of the fertile crescent (Mesopotiumin) in ancient
times. The areas along the river Euphrates is still
important for agriculture today. Despite the prevail
ing dry conditions, intensive larming is possible
thanks to irrigation svstems comprising numerans
channels. In Syria, the use of discharge from the
Euphrates is intensified on account of the Assad
Dam; the surrounding steppe area is an imporiant
lfocal point for Syrian development policy because
the western parts of the counitry, which reccive
large amounts of rainfall, are already heavily over-
farmed. The Atatiirk Do, which was buile in 1990
as part of the Southeast Anatolia project, and 22
other dams that are planned will lead 10 a2 consider-
able inercase in the use of mountain discharge in
Turkey (Carkodlu and Fder 1998). The discharge
theta for the Enphrates used here (196414972,
CRDC 19949) date trom before the binnch of the
Southeast Anatolia project and the construction of
the Atatiirk Dam and were therefore subjected 1o
only minor human influence (for details see Kolars
and Mitchell 1991).

Research

FIGURE 1 Mean manihly dechy e imepsaed v 1he Evplinates Desin at (1)
Kahan {mountain stackon) and | 2] Hndhy2 |ictal dschame). Bars show (=)
corrumplivn snd {b) dischsiEs contribulion in 1re lowlanas.
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It can thus be concluded that the greater part of
the Euphrates discharge onginates in the mountan see-
tion of the catchment and is of major importance for
the arid lowhands downstream. The mountain measus-
ing station covers 5% of the catchment ares, whereas
the discharge gencrated here represents a dispropor-
tiomate 85% of the total discharge. If anything, these
figures are conservative because the Euphrates contin:
ues 1o flow through @ mountainous area fora short
time below the mountain measuring siation. Further
more, it is fed by rivers that also originate in mountain
arcas. The indicated values also compare well with a
G15-based water balance study by Akmansoy (1996),
which assigns 89% of the water contributed to the
Euphrates basin to Turkish territory, which is predomi-
nantv mountainous and represents only 31% of the
total catchment arca. The remaining 11% is assigned 1o
Syria (with an 18% share of the watershed), whereas
Iraq shows no contribution al all. The large quantitics

of water from the muountains are especially inportant
because they arrive during the growing season and thus
play a decisive role in agriculiure. In the Euphrates
basin the agriculwral sector is by far the Jargest con-
sumer of freshwitter—in Syria it accounts tor 94% and
in Irae) for 92% of annual tfreshwister withdrawals
(World Bank 2001).

Comparative assesament of selected river basins
Fighteen other river basins were analyzed using the
same standard eriteria used for the Euphrates, The
hvdrolugical significance of their mountainous sections
wats subscquently comprared and assessed.

Generation of discharge: One key aspect of the hvdrologi-
cal signiticinee of 2 mountain range is the dispropor-
tinate discharge it generaies, Specific runoft is a suil-
able dimension: a wpical specific runoll patiern shows a
clear decrease as the lowland carchment arei increases,
The relative importance of discharge gencration in the
mountains can be deduced (rom the rate of this
decrease. In arid arcas in particular, 1he upper reaches
of & river with considerably higher specitic runoff are
predominani, whereas in humid areas the contrast is
somewhat less marked. A noticcably different pantern of
specific runoff can be seen in the case of the Mekong
(monsaon climate) and the Orinoco (tropics): here,
specific runoff imereases in the lower reaches of the riv-
er, which means that discharge genceration in the low.
lands is clearly mare important than in the mountains.
This illustrates the completely different signiticance of
lowland areas in the humid tropics as opposed o those
i arad regions,

Praficrtton of total discharge generated by mountain areas:
Apart from increased generation ol discharge in moun-
sunons arcas, the particular role plaved by the predomi-
nantly higher level of specitic runoff from mountains in
relation 1o wotal discharge is also of interest. For ths
purpose the proportion of total discharge gencrated by
mountain arcas was compared lor the selected river
basins (Figure 41). The conribution trom mountains
represented by the selected measuring stations was
ranked by magnitude, the size of the respective moun-
in station catchment are in reladon o the total caich-
ment area being imdicated for purposes of estimatng
proporuonalit. Figure 4 shows clearly that the propor-
tion of total discharge generated by mountains is deci-
sive, particnlarly in arid zones. With values of over 90%.
the Orange and Colovado vivers, the Rio Negro, the
Amu Daryas, and the Nile are by Gar the most dependent
on mountain discharge. Even when the mean coniribu-
tion rate s lower, there are months in the Euphrates,
Tigris, [ndus, Sio Francisco, Senegal, Niger, and Caue
verv basins when mountain discharge represents almost
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100% of the wtal discharge and is therelore alzo of vital
importance for lowland areas downstream (see Figure
1}, Even i humud 2ones, mountain discharge execeds
by a factor of around # the contribution that could he
expecied on the basis of the relative area. Figures for
the Mekong and Orinoco basins are exceptions, howey
er, with the contibution of discharge [rom the moun-
tains being lower than expected.

Compensatory effect of mountain divchnrge: The canking for
compensatory effect of mountain discharge is very simi-
lar 1o that of the 2 aspects dealt with above (Figure 5).
The groupang of the viarious rivers, however, is some-
what more marked, that is, a larger number of the
mountin zones stilied have 2 sirong compensaiory
clfect on the lowlands downstream. It is noticeable, tor
example, that the river Ebro s highly dependent on the
reliability of mountain discharge, more so than could
he lt"!l]l-l":l‘tl:‘.’l'i fromm the 2 Asieeils dealt with above; the
same applics to the Sencgal, the Mckong, and the Wis-
i Inthese river basions the compensatory elfect of
mountain discharge is clearly a particularly important
acior, the monntans” role as nanmal “water wwers”™
being characierized principally by the reliabilice of dis
charge rather than by the birge discharge volumes.

Influence of cfimativ conditions: For the river basing
included in this study, an imporwant facior in the inter-
action of upper mountain reaches and lowkaned sirens is
the cless difference bewween the climatic conditions
prevailing in the upper reaches and those in the mil-
dle and lower reaches. On the whole, the climartic con-
ditions in mouniin areas—precipitation sl lempere-
lure pattern—rcsult in an important contribution to
discharge. Apart fronn the boger disclharge volume, the
tlemporary storage of precipitation in the form of snow
and ice during the winter halfyear is especisdly impor-
lant because it leads 1o increased discharge during the
melting period, From this point of view, mounlan
ranges often form a humid and cooler island within a
comparatively dry area. Even in the arid zones includ.
ed here, mountain climates prevail, depending on alu-
tude, creating particular discharge conditions as a
resull of the accnmulation of snow and the precipita-
tion rate.

Significance for lowland amwas: 1t can be clearly seen in the
20 river basins examined in this studv that discharge
from water towers is indeed very important tor lowlands
and the people living there and that this dischasge is
made use of in regions outside mountain zones. The
principal user is the agriculinral sector, wlich, with the
current state of technological development, accounts
tor around T0% of g]ﬂh}ll freshwater consumpl TRl

average (World Bank 2001). Especially in dry climarte

Research

2ones, water use tor irrigation is of paramount impor-
tanee Tor lowLand mhalbaanis,

Synthesis

Fhe particalr hyvdrological chaacienistics of mounian
arcas can be summarized as follows:

1. Disproportionate discharge {ie, higher specific
l'lllltlfﬂ %l I'l.‘.!'illl.l u!' Illl: Illilgl‘..i.llliif lf{rﬂﬂt ﬂ.l“! tlll_'
lower evaporation rate.

2. Seasomial vetarding of discluarge through aecummbanon
of winter precipitation in the form of snow and ice.

3. Highly reliable runoff (e, reduction, in particalian, of
summer runolf variabilioe) as a resule of the regulari-
iy of the melting process and the longterm compen.
satory ¢lfect of glacier storage.

These findings can be used for an overall assess-
ment that gives a ranking for mountin areas according
to their hvdrological significancce for lowlands down-
siream (Ligure 6).

o Croup I iAmn Darya, Celorads, Enfefivates, Nide, Orangy,
Induy, wnd Niger vy and Rio Negro): These are cawche
ments whose mountain sections represent extremely
it wister towers for the arud lowlands down-
strcam. These mountain zones are decisive feeder
sareas el are of vital HOpHIriande for lowlamil [HIIIII]:!.‘
tions throughout the vear. The proportion of dis-
charge genened i the mounion areas exceeds
90'% of total discharge in the majority of cases.

* {(wouf 2 (Sdv Francsen, Senegel, Tigras, Cavvery, and
Lo rivers): In these catchments the proportion of
discharge [rom mountain areas is also impornant,
although it varies from month o month. In this
group. however, mountains are not the only impor-
tant source of water, Nevertheless, thev alwavs pro-
vitle i Hig::iﬁnml prarl ol the 1o1al Ili!ﬂi'll'.ll'!"l': with |
¢xception, the proportion of total discharge gencrat-
el by the mountiin sections ol the catchiments
amounts to 1040%: for at least 1 month.

¢ Gomaufr 3 (North Suskatehewan, Riine, Columina, and
Darialbe vivers): These are catchments where the
!|||1[|-|-'r llllllll'll'.l'i!llﬂll!i l!']-l{'h!"'.'lu AT iII'I]HI'I'I.-I.'I'II oy s
cxtent for discharge in the lower reaches and play a
complementary role. Mountain discharge comprises
bemween 30% and 50% of total discharge and is thus
noel s important as in the first 2 groups, although o
coniributes o and has a compensatory effect on total
discharge,

*  Group 4 (Mekong, Wasla, and Onmnoco mvns): These are
catchments where the upper mountainous reaches
allus Ilr l.'.'lll.:i" Iﬂill“[ illl.!ll.'}l"l.n.lﬂl'.lf. Tlltf Ill'l'-‘!ﬂ.l“!.ﬂ l.'ll.j_“!-'
sutficient to abundant precipitation and discharge,
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which rise as the lowhud carchment area inercascs,
Here, the mountain sections of the catchments do
not make a significant contribution to the total dis-
charge.

The map showing the resulis obtained (Figure 6}
reveals that the world's major nawiral winler towers are to
be founid in arid or semianid rones. The drier the low-
lands. the greater the importance of the wet monuntain
areass the latter provide disproponionately high and redi-
ahle discharge, which has a compensatory effect and
attenuates water shortages in the lowlands, This compen-
sty effect is mainly due 10 scasonal and long-term stor-
age in snow cover and glaciers. In lemperate zones,
mountains are not of such great importance, although
thev still have a certain complementary as well as com-
pensatory value, ltis only in arcas with a marked humid
climate thal mountains are of hittle significance tor dis-
charge in the lower reaches of rivers. Qccasionally, how-
ever, mountain discharge can be very important even in
humid zones; for example, Tor the river Rhine in July
1076—which was an exceprionally dry month—discharge
trom the Swiss Alps measured at Rheinfelden (catchment
arca: 34,550 km®) vepresented nearly 93% of the total
dischiarge at Lobith (catchment area; 160,800 km?,

Trwel CLiiifse=

Climate in lowland areas
[ | Hyparand, arid

PRy Semiarkd, sushumia

GRDC 1999). Tuis interesting o nohe that, despite its
importance as a feeder, the river Rhine is incladed in
Graup 3 above, which only serves 1o underline the
importance of monntain discharge in Groups | and 2,

In & comparison similar to the one above, the
importance af mouniains also can be differentiated in
terms of ime, In the catchments included in Group 1,
mountain reaches play a major role with regard 10 dis-
charge in the lower reaches throughout the vear; in
Group 2, their influence is seasonal (eg, outside the
rainy season): and in Group 3, mouniains are impor-
1ant onlv occasionally, us scen in the example of the
Rhine in 1976, For those rivers included in Group 4,
the influence of the mountain reaches is almost negligi-
ble from this point of view.

Conclusions

Because of the generation of discharge duc o climatic
conditions, mountains play a special hydrological rale,
even though in many areas data are lacking and there is
nuot sulficient understanding ol the process to face the
problems thit will arise in the tuture. To assess the
hvdralogical importance of @ mountain area, it is nol
sufficient simply to analyze discharge datie. Climatic
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conditions il intensity of land use in the lowlands are
also important. In this respece, an elementary ditfer-
ence with highly warable iransinons s evident.

In arid and semiarid areas, mountains form west
islanncds, samel thetr sigmilicice mcreases in proporaon
to the size of their glaciers and the durability and val-
wne ol snow cover, wlich acts as a rescovoir for the dey
scason. This zone, where serious water shortages could
arse in the near Mutare as populations increase, extends
toward the poles in densely populated areas with a
Meduerrancan climate, whereas toward the equator it
sometimes includes even extremely humid areas, with a
high rate of varcation in monsoon climale areas. Henee,
almost all developing counrtries are faced with these
nsky chmatic comdinons. Therefore, 11 comes as no sus-
prisc that according 10 World Development Indicators
(World Bank 2001), 65 counntnes use over 7H% of the
freshwater available today for agriculwure, thac is, food
]]"}IIIII'.IEIHI. T]I.I‘.:\' il":llllll'. EE}'EI[. Illl!iﬂ. :nl.“ll Ehiﬂ.ﬂ.
which rely heavily on mountain discharge. These fig-
ures stlone show that these highly valonerable areas coves
well over 40% of the carth’s surface and that over 50%
of the worlid's population—especially from the large
majority of developing countries—Iive and work there,
It is precisely Tor this reason el mouniin areas
these countries, with their particular hvdrological char-
acter and their compensatory role with regard o
runoll, arc impottant cnough to be considered to a
greiater extent in future conferences on wiler resources
and conflict management, particularly in the Interna-
tional Yeur of Fre<hwater 2008, Winer g el
must begin in mountains and highlands, and it is the
IHHL -I']'I" IIH" '.'lil'.'il."l'lii.r“. I.'.'illtll'ﬂl.l.ll.i.l}' iy I.'.,"'h..LI:'IIiIH:' lhl.f CUISe-
quences for corresponding watershed management, for
ilgﬁi'll[llll'{‘ :-I'Ilii fllll"..‘-ll':q-" i!l'.'l.l r‘.}r Illlllllliﬂilt l'.l}rﬂll"lt]"i"‘
tics. and to prepare the way for sustainable develop-
ment of mountain ecosysicms in 1hese entical regions
of our planel.

In the humid repiel 2one, mounons cannel ply
the same hvdrological role. Precipitation of more than
1.5=2 m in the surrounding lowkands, evenly distribuated
throughout the year, preduces such a volume of dis-
charge that the comribution of mountains is imaiguiﬁ-
cant. Morcover, population density and intensity of
land use are very lhmited in these regions, It is not water
but soil that is the most vulnerable element in the
ECOYIIEIms in these rhgim:-m We should therefore Iesee
in mand that the mountains again play a crucial role,
not for the amount of waler they contribuie but with
respect 1o sediments transported down to the lowlands,

In the literature the proportion of discharge con-
Irthuted by mountains varies from 20% o 9% accord-
ing to the region, with extreme figures of up to 95%

({ Baonulyopaudhyay e al 1997; Liniger et al 1998); these
figures are corroborated by the results indicared above,

The mecan proportion of mountain discharge in the riv-
er basins examined in our case studies is 63'% of the
|l'.]|..'|.-ll l!i""p['.ll.ﬂlgl.'.. 'I'iill'l wL IRIEEElnl II'I'EIH'II'&I&" élfl!ﬂl i“’l]!]lll‘"lllﬂl-
of 33%. This shows that the influence of mountains is
nl:-lu'l.mi::mlt:lll.' doubde et of thenr relative aren. I one
disregards areas where discharge from mountains is
insignificant (Group 4) and considers only Groups 1, 2,
and 5, the mean proaportion of discharge is 70%, where-
as the mean proportion of 1ol mountain area is S3%.
Mevheck et al (2001) arrived at a figure of 32% for
mouniain discharge in relation o wial discharge, rep-
resenting a global annual mean for all climartic zones;
1hees dloes not refllect the veal imporiance of moantaan
discharge in individual spatio-temporal cases, in partc-
nlar in arid areas with thetr high vare of clinene varse.
tion, ‘The present article is based on an approach by
which H:giun:ll pattierns cimled he deduced from imdwid-
ual studies,

The luture of mountam waler resources will he
influenced by climate change, as described by [PCC
{2001). Changes in local puecipiiation sand snow cover
patterns are likelv to attect discharge in mountain-dom-
inated tervitanies in terms of Giming, volume, and van-
ability. As glaciers are expected o retreat further, their
dixchiage contnbmtion will incerease for some time,
whereas it must be assumed that their compensatory
elfect wall duninish. However, #ven more important
than these changes may be population growth in erin-
] lowland areas, which will produce sharply accentuart-
ed pressure on mountain water resources (sec also
QECD 2001).

Outlook

Access to elean lreshwater s a baste human 1i5hl thiet is
not vet available o all and will be even more dilficult to
guarantec in the futnre, As the world's water towers,
mountains are of paramount importance for lood pro-
ductiom el drinking waner supply, s well as for energy
provision and industrial manufacruring. Increasing
demands on limited water resources, which also resuly
in a growing potcntial for conflicts, ensure that moun-
i waler resources play a predominant role in sustain-
able development in the 21st century (Viviroli and
Weingariner 2002).

In many regions, mountains arc marginal arcas for
himan halnion because they are charmcterized by
steep slopes, poor soils, low temperatures, and inacces-
sibility. The surroundimg lowhmnds are more fvorable
for sctdement, agriculiure, and industry but remain
dependent on the mountains for water, as shown by this
study. In many parts of the tropics, however, mountains
ure preterred areas for human habitation because they
have a beuter climate and more fertile soils. Increased
human activities upstream may reduce the quality and
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quantity of the flow downstream. on which lowland
users depend. Converselv. overdevelopment down-
stream may impose unsustainable densunls on water
towers upstresm. There is thus a complex interaction
beuween mountains and lowlands, which neads o be
recopnized. This interacton should be given para
mount consideration in plannming the development of
resources (macro-scale watershed management).

Our study is based on monthly mean discharge
because there are 1oo few data with a higher time reso-
lution available for a global assessment. In many moun-
tain areas, matnral resowrces are still inadequately mom
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