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The pa per dis cusses an ef fec tive and sim ple ap proach to pre lim i nary long-term pre dic tive mod el ling to the es ti ma tion of the
ef fects of pre dicted cli mate change on ground wa ter re sources in aqui fer re charged by rain in fil tra tion for the end of the 21st
cen tury. The ground wa ter re sources in an ana lysed catch ment were as sessed based on pre dicted pre cip i ta tion and air tem -
per a ture from seven cli mate change pro jec tions in two sets of the In ter gov ern men tal Panel on Cli mate Change (IPCC)
green house gas emis sion sce nar ios (SRES), as so ci ated with var i ous re gional cli mate mod els (RCM). The pre dicted ground -
wa ter re sources were ob tained by di min ish ing the pre dicted re new able re sources by re cent en vi ron men tal flows in a river
dewatering the catch ment. The pre dicted re serve was as sessed tak ing into ac count the fore casted ground wa ter ab strac tion. 
The study re vealed that the pre dicted ground wa ter re serve de pended on the as sumed pre dic tion model, based on par tic u lar
SRES and RCM en sem bles. The ground wa ter re sources in the study area at the close of the 21st cen tury are ex pected to
con sid er ably de crease when com pared to the ref er ence pe riod 1971–1990. The fu ture ground wa ter re serve as sessed by the 
cli mate change model based on IPCC emis sion sce nario B2 con nected with the re gional cli mate model HIRHAM and re -
gional cli mate model RCAO, may de crease when com pared to the ref er ence pe riod, by 51 or 92%, re spec tively. In view of
the IPCC emis sion sce nario A2 as sump tions, this pre lim i nary pre dic tive mod el ling shows that there may be a short age of
ground wa ter re sources in the ana lysed catch ment in the fi nal de cades of the 21st cen tury.
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INTRODUCTION

In many re gions, ground wa ter is cen tral to the wa ter- food-
 en ergy-cli mate nexus (Green, 2016). Ground wa ter re sources
are de pleted wide spread on the Earth (Wada et al., 2010; Tay -
lor et al., 2012), yet avail able subsurface stor age may be key to
meet ing de mand dur ing times of short age (Green et al., 2011).
Ground wa ter is, and will be, crit i cally im por tant for global food
se cu rity, eco sys tems or hu man health, set ting new chal lenges
for ground wa ter re sources man age ment (Tay lor et al., 2012;
Gorelick and Zheng, 2015). Ex ces sive ex trac tion where groun -
d wa ter is slowly re newed is the main cause of fresh ground wa -
ter re sources de ple tion, and cli mate change has the po ten tial to 
ex ac er bate the prob lem in some re gions (Aeschbach-Hertig
and Gleeson, 2012). This mainly re fers to very densely pop u -

lated ar eas (Liu et al., 2011; Leng et al., 2015). Pre dicted
ground wa ter re sources need to be as sessed in the con text of
at mo spheric CO2 en rich ment and cli mate warm ing trends, even 
though pro jec tions in space and time are un cer tain (Green,
2016). The un cer tainty of pre dicted cli mate change stems
mainly from the as sump tions and gen er al iza tion of data in
global cli mate mod els (GCMs), downscaling meth ods and hy -
dro log i cal mod els (Crosbie et al., 2011; Vetter et al., 2017). The
de vel op ment of cli mate sce nar ios us ing down scaling meth ods
is de scribed by Winkler et al. (2011).

Un der stand ing how cli mate change could af fect ground -
wa ter sys tems is a vi tal com po nent of sound long-term man -
age ment of our wa ter sup plies (Earman and Dettinger,  2011).
Cli mate change im pacts on ground wa ter (mainly re charge of
the re sources) and has been in ves ti gated by var i ous au thors
(Ng et al., 2010; Earman and Dettinger, 2011; Jack son et al.,
2011; Ali et al., 2012; Baruffi et al., 2012; Hiscock et al., 2012;
Tay lor et al., 2012; Emam et al., 2015; Jaworska-Szulc, 2015;
Olichwer and Tarka, 2015; Tillman et al., 2016; Malekinezhad
and Banadkooki, 2017). How ever, these stud ies did not usu -
ally fo cus on de ter min ing ground wa ter re sources by tak ing
into ac count pre dicted ground wa ter de mand and the need to
pre serve en vi ron men tal flow in rivers. There fore, ef fec tive
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meth ods of fore cast ing ground wa ter re serves with re spect to
long-term cli mate change had to be worked out. Crosbie et al.
(2011) and Holman et al. (2012) rec om mended im pact stud -
ies, based on cli mate sce nar ios from mul ti ple GCMs, or re -
gional cli mate mod els (RCM) in clud ing mul ti ple CO2 emis -
sions sce nar ios due to un cer tainty, es pe cially in a long-term
per spec tive. 

Pre dic tive mod el ling of ground wa ter re sources should at
least be worked out for the end of the 21st cen tury, al though
rough pre dic tions for the 22nd cen tury can also be ex pected
soon. The es ti ma tion of ground wa ter re serves in aqui fers re -
charged by rain in fil tra tion can be treated as pro jec tions of the
most rel e vant risks of cli mate change, re lat ing to fresh wa ter
sys tems. The man ner in which the re duc tion of these risks can
be in te grated into re cent sus tain able wa ter man age ment was
pre sented by Döll et al. (2015).

The big gest ob sta cle en coun tered while es ti mat ing groun -
d wa ter re serves is the very long-term wa ter de mand fore cast
that is re quired for chang ing cli mate. This type of pre dic tion re -
quires many data sources from var i ous do mains (Brown et al.,
2013; Meza et al., 2014). Such data are fre quently un avail able 
and some un pre dict able fac tors may also oc cur in the fu ture,
sig nif i cantly chang ing the value of the de mand. For this rea -
son, de tailed prog no ses may be dif fi cult to ob tain on such a
ba sis. For ob vi ous rea sons the fore casts should ac count for
mul ti ple sce nar ios, as well as in the con text of CO2 emis sions
(Brown et al., 2013). The es ti mat ing of ground wa ter re sources 
should also take into ac count the eco log i cal wel fare of rivers,
e.g. to main tain the en vi ron men tal flow. The lat ter is im por tant
for pre serv ing good con di tions in fu ture aque ous eco sys tems.

Ac cord ingly, the pre sented re search goal was a multi-sce -
nario pre dic tive mod el ling of ground wa ter re serves in the area
ana lysed, un der pro jected warm ing cli mate con di tions for the
years 2080 to 2100, and us ing the as sumed method of mod el -
ling the pre dicted ground wa ter re serves. The nov elty of this
pre lim i nary re search is prog nos tic mod el ling of re serves of
ground wa ter re sources in the dis tant fu ture, based on avail able
CO2 emis sion sce nar ios and RCM for the study area, tak ing
into ac count fore casted wa ter de mand in the fu ture (es ti mated)
and the need to pre serve the en vi ron men tal flow of the river

drain ing the catch ment, de ter mined for hy dro log i cal con di tions
from the ref er ence pe riod.

The ref er ence pe riod 1971–1990 adopted by the au thors
for the ini tial as sess ment of pos si ble im pacts of cli mate
change us ing long-term pre dic tive mod el ling is dif fer ent from
the ref er ence pe riod 1981–2010, which is the ba sis for the for -
mal de ter mi na tion of the so-called dis pos able ground wa ter re -
sources in the bal ance ar eas in Po land based on the meth od -
ol ogy given by Herbich et al. (2013). Both meth od ol o gies dif fer 
sig nif i cantly from the source data, ac cepted as sump tions and
the method of solv ing the task, due to the dif fer ent pur pose to
which they are pre pared. This is the au thors’ de lib er ate in ten -
tion be cause the ap proach to the pre lim i nary long-term prog -
nos tic mod el ling, de scribed in this pa per, is only a pro posal for
re search pur poses, which also aims at check ing whether a
sim i lar multi-sce nario mod el ling of the im pact of cli mate
change on the re serve of ground wa ter re sources in the dis tant
fu ture is fea si ble at all.

MATERIALS AND METHODS

STUDY AREA

The study area is a low land part of the Lower Wieprz River
catch ment, lim ited by wa ter gauges in Lubartów and Koœmin,
and is lo cated in the Cen tral Vistula River ba sin in east ern Po -
land (Fig. 1). The area (3899.8 km2) com prises mostly an ag ri -
cul tural plain (73% of the to tal area) and for ests (23% of the to -
tal area). In the ma jor ity of the Lower Wieprz River catch ment,
the ground wa ter sys tem is multi-level: Up per Cre ta ceous-Neo -
gene-Qua ter nary (Paczyñski and Sadurski, 2007). In the cen -
tral and south part of the Lower Wieprz River catch ment the
main use ful aqui fer is a frac tured-po rous Up per Cre ta ceous
aqui fer con sist ing of marls and chalk. The aqui fer is un con fined
and the depth to the ground wa ter ta ble is 15–50 m. The aqui fer
is re charged by rain wa ter in fil trat ing di rectly in the out crop ar eas 
or through the Qua ter nary sed i ments.
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ASSUMED SETS OF CLIMATE CHANGE 
FORECASTS

The cli mate changes at the end of the 21st cen tury were
pre dicted by the In ter gov ern men tal Panel on Cli mate Change
(IPCC), based on a few as sumed CO2 emis sion sce nar ios
(SRES) as so ci ated with var i ous GCMs (Nakiæenoviæ et al.,
2000). GCMs are based on a gen eral cir cu la tion in the at mo -
sphere and oceans. Par tic u lar mod els sig nif i cantly dif fered in
the de scrip tion of phys i cal phe nom ena. Four groups of SRES
pre dicted a broad range of CO2 emis sions, tak ing into ac count
the as sumed global de mo graphic, so cial, eco nomic and tech -
no log i cal de vel op ment trends. Ac cord ing to pre dic tions by
Nakiæenoviæ et al. (2000), the global an nual emis sions of green -
house gases in IPCC high-emis sion sce nario A2, sce nario
A1B, mod er ate emis sion sce nario B2, and sce nario B1 could
be 29.1 gigatonnes of car bon (GtC), 13.5, 13.3 and 4.2 GtC, re -
spec tively. No prob a bil ity of oc cur rence was es tab lished for
par tic u lar SRES.

The pre dic tive mod el ling of re serves of ground wa ter re -
sources in the ana lysed catch ment was made by the au thors
based on cli mate change pro jec tions in the fi nal de cades of the
21st cen tury. The fore cast re lied on pre dicted pre cip i ta tion and
air tem per a ture data ob tained with two sets of SRES, joined by
var i ous cli mate mod els. The first set was worked out for Po land
(Miêtus and Wibig, 2011), and the other one for Eu rope (Ciscar
et al., 2009). Miêtus and Wibig (2011) pre dicted cli mate chan ges
in Po land for the years 2011–2030 and 2081 –2100 and com -
pared them with the ref er ence pe riod 1971–1990 for three
SRES: A1B, B1 and A2. The cli mate model was based on an
RCM, worked out us ing the sta tis ti cal-em pir i cal downscaling
method, based on av er aged re sults of two GCMs (i.e. ECHAM-5
and HadCM3). Ciscar et al. (2009) pro jected cli mate changes in
Eu rope for the years 2071–2100 and com pared them with the
ref er ence pe riod 1961–1990 for four vari ants, unit ing SRES A2
and B2 with two RCM, i.e. HIRHAM (Christensen et al., 2007)
and RCAO, both stem ming from GCMs HadAM3h/HadCM3 and 
ECHAM4/OPYC3, re spec tively. 

CONTEMPORARY GROUNDWATER
 RESOURCES

The nat u ral ground wa ter re sources should be used tak ing
into ac count the en vi ron men tal re quire ments. It was as sumed
that the ground wa ter re sources pos si ble to use (A) would be
equal to the dif fer ence in the av er age an nual re new able re -
sources, i.e. ground wa ter re charge, and en vi ron men tal flow in
the river be ing the ba sis for drain age of the ana lysed catch ment:

A = Ar – Fenv [1]

where: Ar – re new able ground wa ter re sources, and Fenv – en vi ron -
men tal flow.

The re new able ground wa ter re sources in the ba sin are ap -
prox i mately equal to the amount of re charge (rain fall in fil tra tion)
– de ter mined by var i ous meth ods. How ever, the en vi ron men tal
flow of the river can be de ter mined mainly by the hy drau lic
method. There fore, in or der to main tain com pat i bil ity of the
meth ods of de ter mi na tion of both vari ables, it was as sumed
that the re new able ground wa ter re sources would also be de ter -
mined by the hy drau lic method.

The mag ni tude of re new able ground wa ter re sources (Ar) in
the catch ment over the ref er ence pe riod (1971–1990) was as -

sessed by the au thors in a sim pli fied man ner, as sum ing that the 
av er age in flow of wa ter from the re charge in the catch ment over 
a long-term pe riod equals an av er age ground wa ter out flow to
the river, i.e. river baseflow. The ground wa ter out flow to the
river can be de ter mined based on wa ter gauge in di ca tions in
ob ser va tion pro files across the river, for ex am ple by a river flow
hy dro graph anal y sis. How ever, for prog nos tic anal y ses, an as -
sess ment based on long-term ob ser va tions is nec es sary.
There fore, the Kille hy drau lic method (Kille, 1970), which is
based on sta tis ti cal anal y sis of river flow gaug ing, was used as
more ef fec tive for de ter min ing ground wa ter out flow to the river
in a multi-an nual pe riod. In this method, the av er age ground wa -
ter out flow to the river was de fined as a me dian with min i mum
monthly stream flows in the ana lysed pe riod, thus 

Ar = Hg = sLQm [2]

where: Hg – ground wa ter out flow to the river, and sLQm – me dian
of the min i mum monthly stream flows.

The au thors as sume that, in a many-year per spec tive, the
sta tis ti cal dis tri bu tion of the min i mum monthly stream flows in the
suc ces sive months of the ana lysed pe riod is not nor mal; it ap -
prox i mates to log-nor mal. The log-nor mal dis tri bu tion is cau sed
by in creas ingly fre quent ex treme phe nom ena, e.g. mas sive
floods. It is pos si ble that such ex treme flows will be more fre quent 
with the oc cur rence of cli mate change. How ever, these high
flows gen er ally do not af fect the in crease of ground wa ter out flow
to the river. For this rea son, it is rec om mended to as sume a me -
dian, not an arith me tic mean from the data pop u la tion.

En vi ron men tal pro tec tion re quires main tain ing en vi ron men -
tal flow, i.e. the flow re gime that is re quired in a river to achieve
de sired eco log i cal ob jec tives. This ap plies to the amount of wa -
ter that should be left in the wa ter course for bi o log i cal and eco -
log i cal rea sons (Acreman, 2016). A re view of en vi ron men tal
(eco log i cal) flow as sess ment meth od ol o gies is given, among
oth ers, by Tharme (2003), Acreman (2016) and Hao et al.
(2016). Hy drau lic meth ods also may be used to cal cu late the
en vi ron men tal flow, in which the amount of this flow is iden ti fied
with some char ac ter is tic flow of the river. These meth ods are
char ac ter ized by the ease of ob tain ing re li able data and their
sta tis ti cal elab o ra tion. The char ac ter is tic flow, for ex am ple min i -
mal an nual streamflow, is se lected to meet the en vi ron men tal
cri te ria adopted by the au thors of the given method, usu ally hy -
dro-bi o log i cal cri te ria – based on en sur ing con di tions for sur -
vival of var i ous aquatic eco sys tems and or gan isms. 

In Po land, works lead ing to the im ple men ta tion of a uni form
method of en vi ron men tal flow as sess ment, pro posed by Grela
et al. (2018), have been fin ished by 2018, nev er the less other
an a lyt i cal stud ies in this sub ject were also on go ing (e.g., Madej, 
2018; Parasiewicz et al., 2018; Pus³owska-Tyszewska and
Tyszewski, 2018). For needs of herein de scribed pre lim i nary
long-term pre dic tive mod el ling, the en vi ron men tal flow (Fenv) in
the Wieprz River in the ref er ence pe riod was es ti mated in a sim -
pli fied way by the hy drau lic method as a me dian of the min i mal
an nual stream flows (LQa) in the ref er ence pe riod:

Fenv = sLQa [3]

This char ac ter is tic flow was ac cepted by the au thors as a
cri te rion for the es ti ma tion of en vi ron men tal flow be cause many
years of ob ser va tions have shown that dur ing these low est
flows, eco sys tems and aquatic fauna have sur vived in good
con di tion un til to day, un der the hy dro log i cal con di tions of the
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tem per ate cli mate usu ally found in most of Eu rope. How ever,
this does not ap ply to re gions with pe ri odic rivers. The rea son
for choos ing the me dian in stead of the arith me tic mean from a
set of data is anal o gous to the case of the av er age ground wa ter 
out flow to the river.

RESERVE OF CONTEMPORARY GROUNDWATER 
RESOURCES

The re serve of ground wa ter re sources was de ter mined on
the ba sis of the ground wa ter bal ance:

BA = A–U [4]

where: BA – re serve of ground wa ter re sources, and U – ground wa ter 
ab strac tion.

PREDICTED PRECIPITATION, AIR TEMPERATURE 
AND EVAPORATION

The av er age an nual pre cip i ta tion and air tem per a ture in the
study area for the fi nal de cades of the 21st cen tury were as -
sessed by the au thors by mak ing cor rec tions to the av er age an -
nual pre cip i ta tion and tem per a tures for the pe riod from 1971 to
1990. The cor rec tions were car ried out ac cord ing to the pre -
dicted cli mate changes in Po land (Miêtus and Wibig, 2011) and
in Eu rope (Ciscar et al., 2009).

The pre dicted an nual ter rain evap o ra tion was es tab lished
with the Pardé nomogram, based on av er age an nual pre cip i ta -
tion and air tem per a ture, as pro jected by Ciscar et al. (2009)
and Miêtus and Wibig (2011). The ap prox i mate es ti ma tion of
evap o ra tion was ac cepted as be ing suf fi cient af ter tak ing into
ac count (i) the de gree of un cer tainty and gen er al iza tion of data
in the study area, ac quired with RCM (these, in turn, were ob -
tained by the downscaling method from GSMs), and (ii) the de -
gree of un cer tainty of SRES pre dic tions. For ob tain ing spa tial
dis tri bu tions of pre dicted pre cip i ta tion and ter rain evap o ra tion in 
the study area, point data were in ter po lated by the au thors with
the in verse dis tance method.

PREDICTED RENEWABLE GROUNDWATER 
RESOURCES

The hy drau lic method does not pro vide the pos si bil ity of de -
ter min ing fu ture re new able ground wa ter re sources, as it does
not re li ably de ter mine the fu ture streamflow – this is due to the
un cer tainty of cli mate change. The in fil tra tion method (Staœko
et al., 2012; Tarka et al., 2017) also can not be used for pre dict -
ing ground wa ter re sources in the fu ture be cause the em pir i cal
value of the ef fec tive pre cip i ta tion in fil tra tion co ef fi cient for par -
tic u lar near-sur face soils de pends on the evap o ra tion in ten sity
which, in turn, de pends on air tem per a ture. With in creas ing
global warm ing, evap o ra tion may change (Lorenz et al., 2010)
and, there fore, ef fec tive in fil tra tion co ef fi cient val ues de ter -
mined at pres ent may change too. There is no re li able for mula
cor re lat ing ef fec tive pre cip i ta tion in fil tra tion co ef fi cients for par -
tic u lar soils with tem per a ture. These prob lems mean that
ground wa ter re charge in the dis tant fu ture will be as sessed by
new meth ods, mak ing use of very com plex sta tis ti cal cal cu la -
tions and so phis ti cated pre dic tion mod els (Tillman et al., 2016). 

Tak ing into ac count both the high un cer tainty in volved in
pre dict ing fu ture cli mate change, per formed with cli mate mod -

el ling meth ods (Crosbie et al., 2011), and very gen eral SRES
as sump tions, the au thors of the pre sented stud ies con sider it is
ac cept able to ap ply a sim pli fied method for pre dic tive mod el ling 
of ground wa ter re charge. The mod elled ground wa ter re charge,
i.e. ex pected re new able ground wa ter re sources, was es tab -
lished on the ba sis of sim pli fied wa ter bal ance in the catch ment
and on the as sump tion that ground wa ter re charge is equal to
ground wa ter out flow to the river drain ing the catch ment. This
sim pli fi ca tion was con sid ered ac cept able as part of the pro -
posed ap proach in pre lim i nary long-term pre dic tive mod el ling of 
ground wa ter re source re serves in the per spec tive of the on go -
ing global cli mate change on the Earth and the over all un cer -
tainty as so ci ated with the prob a bil ity level of oc cur rence of par -
tic u lar SRES, or an other sce nario which is in def i nite to day.

Ar(pr) = R(pr) = Hg(pr) = P(pr) – E(pr) – Hp(pr) [5]

where: Ar(pr) – pre dicted ground wa ter re new able re sources, R(pr)  –
pre dicted ground wa ter re charge, Hg(pr) – pre dicted ground wa ter out -
flow to the river, P(pr) – pre dicted pre cip i ta tion, E(pr) – pre dicted evap -
o ra tion, and Hp(pr) – pre dicted sur face run off.

Sur face run off is part of the to tal run off ap pear ing in the in -
clined ter rain sur face dur ing rain fall or rapid thaw ing. Ter rain in -
cli na tion is con stant un like the fre quency of rain fall and its in ten -
sity. How ever, to en able us to de ter mine the pre cip i ta tion struc -
ture in the dis tant fu ture, it was as sumed by the au thors (for sim -
plic ity) that the ra tio of sur face run off to ground wa ter out flow in
2071–2100 (h(pr)) would be the same as in the ref er ence pe riod
1971–1990, i.e.
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= = =
[6]

hence

Hp(pr) = h · Hg(pr) [7]

where: Hp(pr) – av er age an nual sur face run off in the pe riod
2071–2100, Hg(pr) – av er age an nual ground wa ter out flow in
2071–2100, h – ra tio of sur face run off to ground wa ter out flow in the
ref er ence pe riod, Hp – av er age an nual sur face run off in the ref er -
ence pe riod, and Hg – av er age an nual ground wa ter out flow in the
ref er ence pe riod.

The com po nents of wa ter bal ance pre sented in for mula [5]
are spa tially vari able in the catch ment; there fore co ef fi cient (h)
must also change spa tially. The spa tial dis tri bu tion of the ra tio of 
sur face run off to ground wa ter out flow in the ref er ence pe riod (h) 
was es tab lished by GIS. For this pur pose, a spa tial dis tri bu tion
of pre cip i ta tion, evap o ra tion and re charge de fined for the years
1971–1990 was used, ac cord ing to the wa ter bal ance equa tion
and for mula [6]:

Hp = P – E – Hg [8]

hence

h
P E H

H

g

g

=
- - [9]

where: P – av er age an nual pre cip i ta tion in the ref er ence pe riod, and
E – av er age an nual evap o ra tion in the ref er ence pe riod. 
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At the first stage of de ter min ing pre dicted re new able
ground wa ter re sources, a map of spa tial vari abil ity of co ef fi cient 
(h) was worked out. This map was pre ceded by a ground wa ter
re charge map and the lat ter was as sumed to equate to the map
of ground wa ter out flow from the catch ment. For de ter min ing
the re charge rate, the in fil tra tion method was ap plied. This
method al lowed for de ter min ing the frac tion of the pre cip i ta tion
that re charges the aqui fer:

Hg = R = P × a × b × g  [10]

where: R – av er age an nual re charge, P – av er age an nual pre cip i ta -

tion, a – in fil tra tion co ef fi cient (which de pends on the li thol ogy of

near-sur face soils and rocks), b – land cover-de pend ent co ef fi cient,

and g – ter rain in cli na tion-de pend ent co ef fi cient.

The as sump tion of the de pend ence [10] is a sim pli fi ca tion,
be cause the ground wa ter out flow (Hg) from the catch ment is in
fact not equal to the ground wa ter re charge (R), but it should be
de fined by the for mula given by Herbich et al. (2013):

Hg = R – ETD – Unr + WG [11]

where: ETD – evapotranspirational drain age of ground wa ter in the
area of a con tin u ously or pe ri od i cally wet marsh ter race with a depth
to the wa ter ta ble less than about 1.5 m, Unr – non-re turn able ab -
strac tion of ground wa ter in the catch ment, and WG – bal ance of
ground wa ter ex change (in flow–out flow) across the catch ment
boun d a ries.

Al though the ac cepted sim pli fi ca tion (de pend ence [10])
leads to in ac cu ra cies in the es ti ma tion of ground wa ter re -
sources and the state of their re serves in the dis tant fu ture, it
was con sid ered ac cept able un der the pre lim i nary long-term
prog nos tic mod el ling, and in the ab sence of data re gard ing the
re main ing com po nents of this bal ance, in ad di tion to the re -
charge.

Maps of the spa tial vari abil ity of mean an nual pre cip i ta tion
and evap o ra tion in the years 1971–1990 pre pared by the au -
thors of this study were based on the re sults of pre cip i ta tion and 
tem per a ture mea sure ments. In or der to ob tain the spa tial dis tri -
bu tion of these fac tors, point data were in ter po lated with the in -
verse dis tance method (Fig. 2A, B). In or der to ob tain the spa tial 
vari abil ity of in fil tra tion co ef fi cient a (which de pends on the li -
thol ogy of near-sur face soils and rocks), a geo log i cal map of
Po land at a scale of 1:200,000 was used. Spe cific val ues of in -
fil tra tion co ef fi cient a were as sumed for par tic u lar soils ap pear -
ing in the ter rain: 0.07 was as sumed for mud, silt and clay; 0.11
for loam and loamy al lu via; 0.13 for loess; 0.21 for sand with
gravel; 0.27 for frac tured marl and chalk (Fig. 2C).

The map of catch ment cov er age was con structed by the
au thors on the ba sis of the CORINE Land Cover da ta base
(clc.gios.gov.pl). The pro ject CORINE Land Cover in Po land
was op er ated by the Prime In spec tor ate of En vi ron men tal Pro -
tec tion and ex e cuted by the In sti tute of Ge od esy and Car tog ra -
phy. The fol low ing val ues of co ef fi cient b de pended on the land
cover and were as sumed to be: 0.9 for for ests and swamps, 1.0 
for ur ban ized and in dus trial ar eas, mu nic i pal green lands, ag ri -
cul tural land, ar a ble land, per ma nent crops, mead ows and
mixed crop cul ture zones (Fig. 2D). A map of ter rain in cli na tion
was based on a dig i tal ter rain model of the area, with a 250 m
res o lu tion (srtm.csi.cgiar.org). The fol low ing val ues of co ef fi -
cient g  de pended on the ter rain in cli na tion and were as sumed
to be: 1.0 for an gles <0.50°; 0.95 for an gles be tween 0.5° and
2.0°; and 0.90 for an gles 2 to 4° (Fig. 2E).

Based on GIS cal cu la tions (ac cord ing to equa tion [10]) a
map of the av er age an nual pre cip i ta tion in fil tra tion was ob -
tained for the pe riod 1971–1990, i.e. ground wa ter re charge, for
the zones with par tic u lar near-sur face soils and rocks (Fig. 2F). 

The equa tion for wa ter bal ance [5] was then trans formed,
tak ing into ac count the co ef fi cient of pro por tion al ity (h) be tween
fore casted sur face run off and ground wa ter out flow

Hg(pr) = P(pr) – E(pr) – (h · Hg(pr)) [12]

there fore

(h + 1) · Hg(pr) = P(pr) – E(pr) [13]

and thus:

A R
P E

h
r pr pr

pr pr

( ) ( )

( ) ( )= =
-

+ 1

[14]

The spa tial dis tri bu tion of the fac tors used for fore cast ing
the mean an nual ground wa ter re charge by par tic u lar near-sur -
face soils in the ana lysed catch ment is ex em pli fied by the cli -
mate change sce nario based on en sem ble SRES A2 with cli -
mate model RCAO (see Fig. 3A–C). The pre dicted re charge in
the zones of oc cur rence of in di vid ual soils is shown in Fig -
ure 3D.

For ob tain ing pre dicted ground wa ter re charges in as sumed
cli mate change sce nar ios within the zones of par tic u lar
near-sur face soils, a map of their oc cur rence in the catch ment
area was used. The re new able ground wa ter re sources in the
whole of the catch ment were then fore cast us ing the equa tion:

A R Fr pr pr i ii

n

( ) ( )= ×
=å 1

[15]

where: Ar(pr) – pre dicted ground wa ter re new able re sources; R(pr)i –
pre dicted ground wa ter re charge in the zone of any given near-sur -
face soil or rock oc cur rence, Fi – sur face area of a given lithological
zone.

The long-term pre dic tive mod els of re new able ground wa ter
re sources were per formed by the au thors (i) for the years
2081–2100 with a set of three SRES (B1, A2 and A1B), joined
by an RCM, av er aged from GCMs ECHAM5 and HadCM3, and 
(ii) for the pe riod 2071–2100 for a set of two SRES (B2 and A2),
each one as so ci ated with RCM HIRHAM and RCAO.

PREDICTED ENVIRONMENTAL FLOW

While de ter min ing the en vi ron men tal flow of a river in the fi -
nal de cades of the 21st cen tury, the au thors as sumed that the
value would re main the same as in the ref er ence pe riod, i.e.
1971–1990. This as sump tion guar an tees proper con di tions for
the pres er va tion of aque ous eco sys tems if the flows in the river
were smaller in the fu ture, e.g. due to pos si ble droughts and
higher wa ter ab strac tion in the catch ment.

PREDICTED GROUNDWATER ABSTRACTION

The pre dicted ground wa ter ab strac tion in the fi nal de cades
of the 21st cen tury was es tab lished in two stages based on
avail able lit er a ture. At the first stage, the pro jected ground wa ter
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ab strac tion of 212,400 m3/d was as sumed for the whole Wieprz
River catch ment in the year 2030, based on the work by
Herbich and Przytu³a (2012). This is the only avail able source
ma te rial pro vid ing any fore cast for ground wa ter ab strac tion in
Po land. This fore cast was based on a co ef fi cient, in creas ing the 
ac tual ab strac tion value of 2009 by 15%. Ac cord ing to the au -
thors of the fore cast, this co ef fi cient stands for the in crease for
wa ter de mand by pres ent and fu ture us ers, pro vided that wa -

ter-sav ing tech nol o gies are in volved. The pro jected ab strac tion
in the ana lysed catch ment, be ing part of the Wieprz River
catch ment, was cal cu lated like in the case of con tem po rary ab -
strac tion, i.e. based on the pro por tion be tween the sur face area
of the ana lysed catch ment and the whole Wieprz River catch -
ment. How ever, the amount of ground wa ter ab strac tion as -
sumed in this way is over-es ti mated and is sub ject to a sig nif i -
cant er ror, re sult ing from the fact that the larg est ground wa ter
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Fig. 2. Spa tial dis tri bu tion of fac tors used for ob tain ing co ef fi cient of pro por tion al ity (h) be tween 
sur face run off and ground wa ter out flow for the years 1971–1990 (A–E), and ground wa ter re charge

in the zones of par tic u lar near-sur face soils and rocks, for the years 1971–1990 (F)



ab strac tion in the whole Wieprz River catch ment is con cen -
trated in sev eral ma jor cit ies lo cated out side the study area.

At the sec ond stage, a pos si ble fur ther in crease of wa ter de -
mand in the fi nal de cades of the 21st cen tury was ac counted
for. Ac cord ingly, a co ef fi cient in creas ing the ab strac tion fore -
cast for the year 2030 by next 15% was as sumed ar bi trarily,
due to the lack of other re li able fore casts:

U
F

F
Upr

C

pr c( ) ( ).= × ×115
[16]

where: U(pr) – pre dicted ground wa ter ab strac tion in the ana lysed
catch ment, U(pr)c – pre dicted ground wa ter ab strac tion in 2030 in the
whole Wieprz River catch ment, F – area of the ana lysed catch ment,
and Fc – area of the Wieprz River catch ment.

PREDICTED RESERVE OF GROUNDWATER 
RESOURCES

The pre dicted re serve of ground wa ter re sources in the ana -
lysed catch ment were cal cu lated on the ba sis of the wa ter man -
age ment bal ance:

BA(pr) = A(pr) – U(pr) [17]

and so

BA(pr) = Ar(pr) – Fenv – U(pr) [18]

where: BA(pr) – pre dicted re serve of ground wa ter re sources, A(pr)  –
pre dicted ground wa ter re sources, U(pr) – pre dicted ground wa ter ab -
strac tion, Ar(pr) – pre dicted re new able ground wa ter re sources, and
Fenv – en vi ron men tal flow of a river.

RESULTS

CONTEMPORARY GROUNDWATER RESOURCES

This pre lim i nary long-term pre dic tive mod el ling showed that 
con tem po rary re new able ground wa ter re sources (Ar) in the
ana lysed catch ment (de fined as a me dian of the min i mum
monthly stream flows in the ref er ence pe riod 1971–1990) to -
talled 9.3 m3s–1 (Fig. 4). The en vi ron men tal flow (Fenv) of the
river dewatering the study area (as a me dian of the min i mum
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Fig. 3. Spa tial dis tri bu tion of fac tors used for pre dict ing mean an nual ground wa ter re charge 
for the years 2071–2100 for en sem ble SRES A2 with RCM RCAO (A–C), and fore casted re charge

 for 2071–2100 in the zones of oc cur rence of par tic u lar soils (D)



an nual stream flows) was 4.6 m3s–1. The con tem po rary ground -
wa ter re sources (A) in the ana lysed catch ment were de fined by
equa tion [1], and were found to be 4.7 m3/s.

RESERVE OF CONTEMPORARY GROUNDWATER 
RESOURCES

The con tem po rary daily wa ter ab strac tion in the ana lysed
catch ment was es ti mated at 68,659 m3, i.e. 0.8 m3s–1. How -
ever, this amount of ground wa ter ab strac tion as sumed in this
pre lim i nary pre dic tive mod el ling is over-es ti mated and is sub -
ject to a sig nif i cant er ror, re sult ing from the fact that the larg est
ground wa ter ab strac tion in the whole Wieprz River catch ment
is con cen trated in sev eral ma jor cit ies lo cated out side the study
area. The re serve of ground wa ter re sources (BA) in the catch -
ment in 1971–1990 (de fined by equa tion [4]) may be es ti mated
at 3.9 m3s–1.

PREDICTED PRECIPITATION, AIR TEMPERATURE 
AND EVAPORATION

Con sid er ing the cli mate change fore cast for Po land
(Miêtus and Wibig, 2011), the av er age an nual pre cip i ta tion for
SRES B1 and A2 in the years 2081–2100 in the ana lysed
catch ment could change by 0 to +2.5%, when com pared to val -
ues ob tained in the years 1971–1990. In sce nario A1B, the pre -
cip i ta tion is ex pected to in crease by about 2.5%. The an nual air
tem per a ture in the ana lysed catch ment in SRES B1, A1B and
A2 is ex pected to in crease by ap prox i mately 0.35, 0.50 and
0.52°C, re spec tively, when com pared to the ref er ence pe riod. 

The cli mate change pro jec tion for Eu rope (Ciscar et
al., 2009) al lowed for stat ing that the av er age an nual pre cip i ta -
tion in the ana lysed catch ment in the years 2071–2100 would
change from –5 to +10% of pre cip i ta tion in 1961–1990, de -

pend ing on the as sumed en sem bles of SRES with given RCM.
The av er age an nual tem per a ture in the catch ment area was
also ex pected to in crease from 4 to 5°C for en sem ble SRES A2
with re gional cli mate model HIRHAM, and from 5 to 6°C for en -
sem ble SRES A2 with re gional cli mate model RCAO. The av er -
age an nual tem per a ture may in crease from 2 to 3°C for SRES
B2 joined with model HIRHAM, and from 4 to 5°C for SRES B2
joined with model RCAO.

The pro jected av er age an nual pre cip i ta tion, air tem per a ture 
and evap o ra tion in the study area, fore casted based on pro -
jected changes of pre cip i ta tion and tem per a ture in Po land
(Miêtus and Wibig, 2011) and in Eu rope (Ciscar et al., 2009),
are shown in Ta ble 1.

PREDICTED RENEWABLE GROUNDWATER 
RESOURCES

The spa tial dis tri bu tion of pre dicted av er age an nual ground -
wa ter re charge in the study area at the end of the 21st cen tury,
ob tained by the au thors based on as sumed en sem bles SRES
with RCM, is il lus trated in Fig ures 5 and 6.

The mod el ling re veals that the pre dicted re new able ground -
wa ter re sources in the ana lysed catch ment for the pe riod
2081–2100, tak ing into ac count cli mate warm ing con di tions
fore casted for Po land by Miêtus and Wibig (2011), may equal
8.3 m3s–1 for SRES B1 and A2, and 8.5 m3s–1 for SRES A1B
(Ta ble 2). The au thors have also found that in the case of the
cli mate change pre dicted for Eu rope for the years 2071–2100
by Ciscar et al. (2009), the ex pected re new able ground wa ter re -
sources may be 7.6 and 5.3 m3s–1 for SRES B2 and A2 as so ci -
ated with RCM HIRHAM, re spec tively. If SRES was as so ci ated
with RCM RCAO, these val ues might be 6.0 and 4.7 m3s–1, re -
spec tively. The re new able ground wa ter re sources pre dicted in
this mod el ling for the study area, de fined as an av er age of the
re sults from all mod els, may be 7 m3s–1.
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Fig. 4. Re new able ground wa ter re sources (Ar) and en vi ron men tal flow in Wieprz River
(Fenv) in the pe riod 1971–1990 (based on data from IMGW, 2018)



PREDICTED GROUNDWATER ABSTRACTION

The pre dicted ground wa ter ab strac tion in the ana lysed
catch ment in the fi nal de cades of the 21st cen tury, cal cu lated
by equa tion [16] may be equal to: 
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PREDICTED RESERVES OF GROUNDWATER
RESOURCES

The ground wa ter re serves in the fi nal de cades of the 21st
cen tury, pre dicted in this pre lim i nary mod el ling for the ana lysed
cli mate warm ing sce nar ios, are pre sented in Ta ble 3. In each
sce nario, the fore casted re serves may di min ish when com -
pared to the re serves of the ref er ence pe riod. The au thors of
the mod els re vealed that the great est drop in the pre dic tively
mod elled re sources, con se quently lead ing to a de fi ciency of re -
sources in the pre dicted ground wa ter ab strac tion con di tions,
are ob served for SRES A2 joined with RCM RCAO and
HIRHAM. The av er age de crease of pre dicted ground wa ter re -
serves in the study area, de fined with all seven mod els, may
con sti tute 67% of the re serves avail able be tween 1971 and
1990. The av er age re serve of ground wa ter re sources pre dicted 
in this pre lim i nary mod el ling may be ap prox i mately 1.3 m3s–1. 

DISCUSSION

The in trin sic un cer tainty that ac com pa nies the cli mate sce -
nar ios and pro jec tions makes it com pli cated to use them as a
ba sis for de ci sion-mak ing (Kristvik et al., 2019). There fore, the
re sults of pre lim i nary long-term pre dic tive mod el ling, ob tained
by the au thors, should be treated only as ap prox i mate and un -
cer tain. How ever, de spite its ob vi ous un cer tainty, it can be
stated that the mod el ling showed that it is fea si ble – also tak ing
into ac count es ti ma tive fore casted wa ter de mand in the fu ture
and the need to pre serve the en vi ron men tal flow of rivers. The
pre lim i nary mod el ling has shown that the ef fect of un avoid able
cli mate changes in the dis tant fu ture will be a re duc tion in the
amount of ground wa ter re sources avail able for use. This ap -
plies in gen eral to those ar eas where the fore casts in di cate that
the cli mate change will cause an in crease in air tem per a ture
and evapotranspiration.

The mod el ling re sults re veal that the mag ni tude of the pre -
dicted ground wa ter re serves es sen tially de pends on the as -
sumed fu ture cli mate model, based on par tic u lar SRES joined
with given RCM. The au thors’ pre dic tions re sult ing from the as -
sumed tem per a ture and pre cip i ta tion changes, based on fu ture
cli mate mod els for Eu rope by Ciscar et al. (2009), showed a
pos si ble di min ish ing of re serves of ground wa ter re sources in
the study area. The fu ture re serves of ground wa ter re sources
were mod elled on the ba sis of the SRES B2 as so ci ated with
RCM HIRHAM and RCAO, and show a pos si ble de crease by
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T a  b l e  1

Pre dicted av er age an nual pre cip i ta tion [mm], air tem per a ture [°C] and evap o ra tion [mm] 
in the ana lysed catch ment in the fi nal de cades of the 21st cen tury

Meteo 
sta tion

1971–1990 2081–2100 2071–2100

Pre cip i ta tion*

Tem per a ture*

Evap o ra tion

B1 A2 A1B B2 A2 B2 A2

RCM av er aged from ECHAM5 and HadCM3 HIRHAM RCAO

Lublin-Radawiec

573.6

    7.5

385.0

573.6

    7.8

390.0

580.8

    8.0

397.0

588.0

    8.0

400.0

616.6

  10.0

450.0

573.6

  12.0

455.0

573.6

  12.0

455.0

573.6

  13.0

470.0

Radzyñ
Podlaski

534.4

     7.4

370.0

534.4

    7.7

375.0

541.1

    7.9

380.0

547.8

    7.9

385.0

574.5

    9.9

428.0

534.4

   11.9

431.0

574.5

  11.9

450.0

534.4

  12.9

445.0

Bezek

537.8

    7.4

370.0

537.8

   7.7

375.0

544.5

    7.9

382.0

551.3

    7.8

385.0

578.1

    9.9

430.0

537.8

  11.9

433.0

537.8

  11.9

435.0

537.8

  12.9

450.0

Siedlce

530.1

    7.0

365.0

530.1

    7.3

365.0

536.8

   7.5

372.0

536.8

     7.5

372.0

569.9

    9.5

417.0

530.1

  11.5

427.0

569.9

  11.5

450.0

530.1

  12.5

440.0

Jarczew

572.2

   7.2

380.0

572.2

    7.5

385.0

572.2

    7.7

388.0

579.3

    7.7

390.0

615.1

    9.7

442.0

572.2

  11.7

450.0

615.1

  11.7

470.0

572.2

  12.7

465.0

Pu³awy

582.8

    7.8

395.0

582.8

    8.1

400.0

582.8

    8.3

402.0

590.1

     8.2

405.0

626.6

  10.3

459.0

582.8

  12.3

465.0

582.8

  12.3

465.0

582.8

  13.3

480.0

B1, B2, A2, A1B – SRES; * – based on http://klimat.pogodynka.pl and https://pl.cli mate-data.org



51 and 92%, re spec tively, when com pared to the ref er ence pe -
riod. How ever, in line with the SRES A2 as sump tions, the ob -
tained fore cast shows a pos si ble loss of re serves of ground wa -
ter re sources in the fi nal de cades of the 21st cen tury. This pos -
si ble de fi ciency in re serves may reach 0.4 m3s–1 for RCM
HIRHAM con di tions or 1.0 m3s–1 for RCM RCAO con di tions.
Such a large dif fer ence in fore casts on vari ant mod els as sumed 
by the au thors stems from the SRES as sump tion that the hu -
man pop u la tion at the end of the 21st cen tury will be greater in
sce nario A2 than in B2, and that the en ergy pro duc tion will be
based on fos sil fu els. Con se quently, higher green house gas
emis sions oc cur in sce nario A2 than in B2 (Nakiæenoviæ et
al., 2000). Higher emis sions will gen er ate higher tem per a tures
and more evap o ra tion. As a con se quence, the re serves of
ground wa ter re sources may de crease.

Fu ture changes in the ground wa ter re serves can not be
clearly de fined be cause the pre dic tion should be based on a
very re li able cli mate change model, which is still not avail able.
Many dis crep an cies can still be ob served be tween the cli mate
change mod els be ing pro posed by var i ous au thors. The dif fer -
ent as sump tions adopted for par tic u lar GCMs and RCM, var i -
ous cal cu la tion meth ods and other de tailed es tab lish ments
bring about dif fer ent re sults of cli mate change pro jec tions.
The dif fer ences in the pre dic tions also stem from var i ous
downscaling meth ods from GCMs to RCM, de scribed by

Winkler et al. (2011). The sit u a tion be comes even more com -
pli cated when we re al ize that the World’s de vel op ment sce -
nar ios dif fer con sid er ably. It is still the case that none of the
SRES even ap prox i mately de fines the prob a bil ity of oc cur -
rence. Also, we can not ig nore the pos si bil ity that a dif fer ent, to -
day un known World’s de vel op ment might hap pen, es pe cially
in the dis tant fu ture, i.e. at the turn of the 21st and 22nd cen tu -
ries. For this rea son, the as sump tion of an av er age value from
the re sults ob tained with var i ous sets of SRES joined with
RCM seems to be a rea son able so lu tion (Crosbie et al., 2011;
Holman et al., 2012).

Some new re search pro jects make use of a new ap proach,
based on vari ant fore casts of rep re sen ta tive con cen tra tion
path ways (RCPs) of green house gases for the end of the 21st
cen tury (Moss et al., 2010). Fur ther long-term pre dic tive mod el -
ling of the ground wa ter re serves in se lected catch ments or river 
bas ins in Eu rope should be based on the pre dicted cli mate
changes, e.g. in the EURO-CORDEX pro ject (Ja cob et al.,
2014) on en sem bles RCM with RCP4.5 and RCP8.5 (Riahi et
al., 2011; Thomson et al., 2011).

The amount of wa ter re charg ing the aqui fer from the sur -
face de pends on pre cip i ta tion, its form (e.g., heavy rain falls do
not in crease the re charge but con trib ute to the sur face run off),
li thol ogy of near-sur face soils, land cover and ter rain in cli na tion. 
The soil type and ter rain in cli na tion can be treated as be ing con -
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Fig. 5. Pre dicted av er age an nual ground wa ter re charge [mm] for 2081–2100

B1, A2, A1B – SRES; ECHAM5, HadCM3 – global cli mate model (GCM)



stant in time, but not land cover, es pe cially in the dis tant fu ture.
An other fac tor that af fects ef fec tive in fil tra tion is the air tem per -
a ture, which in flu ences evap o ra tion. The higher the tem per a -
ture, the larger the evap o ra tion and lower the in fil tra tion. The cli -
mate change mod els that were ana lysed for the catch ment
show an in crease in av er age an nual air tem per a ture with a si -
mul ta neous lack of, or only a slight in crease in, pre cip i ta tion.

This sig ni fies that, in the fu ture, we prob a bly can ex pect some
de crease of ground wa ter re sources.

An other cru cial dif fi culty in as sess ing the fu ture ground wa -
ter re serves is un cer tainty in de ter min ing fu ture wa ter ab strac -
tion. The ab strac tion value is con nected with such fac tors as:
wa ter de mand of the in hab it ants, the de mands of ag ri cul ture,
par tic u lar in dus tries, such as the power in dus try, wa ter qual ity,
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T a  b l e  2

Pre dicted re new able ground wa ter re sources in the ana lysed catch ment [m3s–1]

Near-sur face soils 
and rocks

2081–2100 2071–2100

RCM av er aged from ECHAM5 
and HadCM3 HIRHAM RCAO

B1 A2 A1B B2 A2 B2 A2

Sand with gravel 5.07 5.07 5.20 4.67 3.28 3.71 2.86

Loam and loamy al lu via 2.21 2.22 2.27 2.04 1.43 1.62 1.25

Mud, silt, clay 0.69 0.68 0.69 0.60 0.42 0.47 0.39

Loess 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Frac tured marl and chalk 0.28 0.28 0.29 0.26 0.18 0.20 0.16

To tal 8.3  8.3  8.5  7.6  5.3  6.0  4.7  

Fig. 6. Pre dicted av er age an nual ground wa ter re charge [mm] for 2071–2100

B2, A2 – SRES; HIRHAM, RCAO – re gional cli mate model (RCM)



de vel op ment of wa ter-sav ing tech nol o gies, and the ad vance -
ment of wa ter and sew age treat ment meth ods. Some of these
fac tors are an tag o nis tic and vary over time, there fore it is dif fi -
cult to give a pre cise and re li able wa ter de mand value for the
end of this cen tury or for a lon ger time per spec tive.

CONCLUSIONS

This pre lim i nary long-term pre dic tive mod el ling car ried out 
by the au thors, how ever bur dened with some un cer tainty, re -
vealed that the ground wa ter re sources in aqui fer re charged by 
rain in fil tra tion in the study area at the end of the 21st cen tury
may de crease due to cli mate change, com pared to the ref er -
ence pe riod 1971–1990. The pre dicted amount of ground wa -
ter re serve, re sult ing from this mod el ling, de pends im por tantly 
on the as sumed fore casted cli mate model, based on par tic u lar 
en sem bles of SRES with given RCM, and other adopted as -
sump tions.

Sim pli fi ca tions in the pro posed method of long-term vari ant
pre dic tive mod el ling of re serves of ground wa ter re sources
cause that the es ti ma tive vari ant mod els ob tained in this pre lim -
i nary study do not give grounds to take for mal de ci sions and
mod i fi ca tions to the ex ist ing wa ter man age ment plans and ac -
tion pro grams in this field in the study area. How ever, the re -
sults of pre sented mod els, de spite con sid er able dif fer ences
and un cer tain ties de pend ing on the adopted en sem bles of
SRES with given RCM and adopted as sump tions to mod el ling,

should help to pro mote pro tec tion of the quan tity and qual ity of
con tem po rary ground wa ter re sources in aqui fer re charged by
rain in fil tra tion in the study area and its vi cin ity.

Af ter some mod i fi ca tions that are re lated, for ex am ple, to
the adop tion of some source data and as sump tions, par tic u larly 
re gard ing the amount of en vi ron men tal flow in rivers and fore -
casted wa ter de mand in dis tant fu ture, a sim i lar ap proach could
be a tool for this type of long-term pre dic tive mod el ling of the im -
pact of fu ture cli mate warm ing on re serves of ground wa ter re -
sources.

In fur ther mod el ling of this type, it is also nec es sary to take
mod els of fu ture cli mate changes that are more ac cu rate than
SRES, i.e. mod els based on rep re sen ta tive con cen tra tion path -
ways (RCPs) of green house gases. Fur ther more, more de -
tailed wa ter de mand sce nar ios should be de vised for the fi nal
de cades of the 21st cen tury (and for even lon ger time per spec -
tives), as they pro vide the ba sis for more re li able pro jec tions of
the ef fects of cli mate change on ground wa ter re sources. For
this pur pose, an in ter dis ci plin ary ap proach, tak ing into ac count
so cial and eco nomic fac tors, should be im ple mented.
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BA
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4.6
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3.9

28
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