
Geo log i cal Quar terly, 2017, 61 (2): 384–395
 DOI: http://dx.doi.org/10.7306/gq.1341

Eval u a tion of ground wa ter re charge in Po land us ing the in fil tra tion 
co ef fi cient method

Rob ert TARKA1, Tomasz OLICHWER1, * and Stanis³aw STAŒKO1

1 Wroc³aw Uni ver sity, In sti tute of Geo log i cal Sci ences, M. Borna sq. 9, 50-204 Wroc³aw, Po land

Tarka, R., Olichwer, T., Staœko, S., 2017. Eval u a tion of ground wa ter re charge in Po land us ing the in fil tra tion co ef fi cient
method. Geo log i cal Quar terly, 61 (2): 384–395, doi: 10.7306/gq.1341

Vari able meth ods and re sults are re ported on ground wa ter re charge in Po land. The eval u a tion of re charge on a small scale
re quires the use of a sin gle method. In or der to eval u ate these out comes and their dis tri bu tion, the au thors have de cided to
ver ify dif fer ent ap proaches and se lect the in fil tra tion co ef fi cient by com par i son. The ar ti cle is an ex ten sion of the stud ies on
ground wa ter re charge con ducted by the au thors. The main goal is to ver ify pre vi ously de signed val ues of the in fil tra tion co ef -
fi cient based on ground wa ter run off from ad di tional river bas ins in Po land. To tal ground wa ter re charge from pre cip i ta tion in
Po land was cal cu lated at 34,118 km3 per year, which equals 109.3 mm of wa ter col umn. The ob tained value is close to the
av er age multi-year value of the ground wa ter run off. Re charge con sti tuted 18.6% of av er age pre cip i ta tion in Po land, which
was cal cu lated at 588.5 mm. The es ti mated ground wa ter re charge value was ver i fied re fer ring to ground wa ter run off from 37
river bas ins with known dis charge rates in the years 1976–2005. Dif fer ences in mean ground wa ter run off for the en tire area
(37 river bas ins) ob tained by the in fil tra tion co ef fi cient method and by the use of Wundt’s method amounts to only 0.7%. De -
spite the sim pli fied cal cu la tion meth ods, the re sults ob tained on a small scale are more ac cu rate than other cal cu la tions,
which are based on data per tain ing to pre cip i ta tion, soil type, land use, to pog ra phy of the area, and depth to the ground wa ter.
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INTRODUCTION

The ar ti cle is an ex ten sion of the stud ies on ground wa ter re -
charge de scribed by Staœko et al. (2012). At that stage, soil maps
at a scale of 1:500,000 were se lected to es ti mate ground wa ter re -
charge by the in fil tra tion co ef fi cient method for re gional eval u a tion. 
Based on mea sured value of ground wa ter run off and rock types,
the in fil tra tion co ef fi cient (re charge rate) was de fined for se lected
soil types. Next, in des ig nated 15 test river bas ins from Lower
Silesia (SW Po land), the re charge rate was cal cu lated as a
ground wa ter-re lated run off as so ci ated with the catch ment area.

The main goal of this pa per is to ver ify pre vi ously de signed
val ues of the in fil tra tion co ef fi cient based on ground wa ter run off
from ad di tional river bas ins of Po land. In to tal, 37 river bas ins,
with a long-term and uni form river flow da ta base, have been
eval u ated. Re sult of the pre vi ous study al lows more cor rect eval -
u a tion of the re charge value as so ci ated with the pre cip i ta tion dis -
tri bu tion in the same way for the whole coun try. The re sults have
been com pared with se lected out comes from nu mer i cal mod el -
ling and re ported val ues in Po land and other coun tries.

Ground wa ter re charge is an in di ca tor of ground wa ter re -
sources. It has a di rect im pact on the size of ground wa ter re -

new able re sources and, to a large ex tent, de ter mines the de -
gree of ground wa ter vul ner a bil ity to con tam i na tion. Due to the
high vari abil ity of phys i cal and cli ma tic con di tions in Po land,
many dif fer ent meth ods have been em ployed in or der to as sess 
the re charge of par tic u lar river bas ins. How ever, the eval u a tion
of re charge on a smaller scale, such as that of the whole coun -
try or large river bas ins, re quires the use of a sin gle method. For 
this rea son, the au thors have de cided to as sess ground wa ter
re charge in a gen eral scale for the whole area of Po land us ing
the in fil tra tion co ef fi cient method.

While de vel op ing the meth ods of eval u at ing ground wa ter
re charge, it is nec es sary to in clude pro cesses oc cur ring in the
un sat u rated and sat u rated zones and take into ac count ar eal
and lin ear re charge, as well as re charge in pref er en tial zones.
They also com prise meth ods of eval u at ing ground wa ter run off
as the fi nal stage of re charge. These meth ods can be di vided
into sev eral groups: wa ter bal ance, lysimeter, iso tope track ing,
nu mer i cal mod el ling, heat trans fer, ground wa ter ta ble fluc tu a -
tion, and river hy dro graph sep a ra tion. The ben e fits and draw -
backs of each of these tech niques are ana lysed by Pazdro and
Kozerski (1990), de Vries and Sim mers (2002), Scanlon et al.
(2002), and Brodie and Hostetler (2005).

Wa ter bal ance meth ods re quire not only the knowl edge of
the change ability of pre cip i ta tion, but also the eval u a tion of
evapotranspiration, which adds to dif fi cul ties. Lysimeter meth -
ods are ex pen sive ex per i ments that al low for pre cise cal cu la -
tions in shal low zones. Iso tope and heat trans fer meth ods are
more re li able on a lo cal, rather than a re gional scale. The
ground wa ter ta ble fluc tu a tion method, de spite nu mer ous and
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lengthy ob ser va tions, re lies heavily on the as sump tion that the
pa ram e ters of aqui fers are con stant. Nu mer i cal mod el ling tests, 
based on the the ory of wa ter-bear ing sys tems, are a use ful tool
when con duct ing ex per i ments on a re gional scale. Sep a ra tion
of river hy dro graphs il lus trates the fi nal re sult of ef fec tive in fil tra -
tion and re charge along with its re gional vari abil ity and is con -
sid ered the most rep re sen ta tive on a re gional scale.

The ma jor ity of these tech niques have been used in Po land,
es pe cially the wa ter bal ance method. The iso tope tech nique has
also been im ple mented, al beit to a smaller ex tent (e.g.,
Pleczyñski, 1981). The method most fre quently em ployed when
doc u ment ing ground wa ter re sources is the wa ter bal ance and
ef fec tive in fil tra tion method, which is mainly based on the per me -
abil ity of sur face for ma tions (Pazdro and Kozerski, 1990;
Paczyñski, 1995). This method does not take into ac count the
wa ter ca pac ity of rock for ma tions. Meth ods based on the re sults
of long-term pump ing tests and the in creas ingly pop u lar re sults
of nu mer i cal mod el ling dom i nate in car to graphic re cords.

An ef fi cient way of eval u at ing the ground wa ter re new able
re sources is de ter min ing ef fec tive in fil tra tion by means of the in -
fil tra tion co ef fi cient. This ap proach as sumes that a por tion of
pre cip i ta tion reaches aqui fers and then is dis charged through
sub ter ra nean out lets into springs, rivers, lakes or the sea. The
vol ume of wa ter seep ing to wa ter-bear ing lay ers is de fined by
means of an ef fec tive in fil tra tion co ef fi cient show ing the ra tio of
ef fec tively in fil trated wa ter ta ble to the arith me tic mean of an -
nual rain fall mea sured over a num ber of years. The re sult is
given ei ther in per cent age or dec i mal frac tions. In Po land, the
in fil tra tion co ef fi cient method was gen er ally used in low lands
(Pazdro and Kozerski, 1990). How ever, at tempts were also
made to em ploy this method in up lands (Tarka, 2001) and
moun tain ous ar eas (Duda et al., 2006).

STUDY AREA

The study is lo cated in the east ern part of the North Eu ro -
pean Plain, dom i nated by low lands mark edly slop ing down from 
south-east to north-west, with an av er age el e va tion of 173 m
(Fig. 1). Low lands (<300 m above sea level) take up around
91.3% of the to tal area of Po land, with high lands (be tween
300 m and 500 m) and moun tain ous ar eas (above 500 metres
above sea level) con sti tut ing, re spec tively, 5.6% and 3.1% of
the to tal area (Kondracki, 1994) . The av er age an nual rain fall
for the whole coun try is around 600 mm, al though pre cip i ta tion
de pends strongly on the el e va tion. For low lands and high lands,
for ex am ple, the fig ures range from 450 to 750 mm, while in
moun tain ous ar eas, pre cip i ta tion as high as 1200–1500 mm
can be ex pected (Kondracki, 1994). The rain fall peaks dur ing
the sum mer months.

The Sudetes and Carpathians dom i nate the land scape of
south ern Po land. The ero sive and ac cu mu la tive ac tiv ity of
Pleis to cene gla ciers and ice sheets dur ing the Qua ter nary pe -
riod had a sig nif i cant im pact on the geo log i cal struc ture of sur -
face lay ers in cen tral and north ern Po land. Four glacials in ter -
spersed with interglacials have lead to the ac cu mu la tion of
com pact gla cial drifts such as sand, gravel or clay, whose thick -
ness reaches 150–200 m in some places (Stankowski, 1996).
These de pos its con tain about 75% of re new able ground wa ter
re sources of Po land (Fig. 2). Ground wa ter in Qua ter nary de -
pos its oc curs in sev eral lay ers, whose num ber and thick ness in -
creases from the south to the north of Po land. The wa ter is ac -
cu mu lated in po rous ma te rial such as sand and clay sed i ments, 
which are the most com mon aqui fers in cen tral and north ern
Po land. The oc cur rence of ground wa ter in the high lands and
the West Tatra Montains is strictly con nected to the for ma tion of 
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Fig. 1. General overview map of Poland



frac ture-karstic res er voirs by car bon ate struc tures. In the
Sudetes area, ground wa ter is mostly linked with frac tured crys -
tal line for ma tions and their gran u lar weath er ing cover.

The ground wa ter ta ble usu ally oc curs within the up per most
aqui fer that can be found at vary ing depths de pend ing on the lo -
ca tion. In car bon ate-rich high lands, these aqui fers usu ally lie at
depths of 10–50 m. In the Carpathians, Sudetes and in ter mi nal
mo raine ar eas of the lake dis trict in north ern Po land, they can
be found at depths of up to 20 m. In the cen tral low lands and
Forecarpathian Vallies, the depth, at which these aqui fers are
lo cated, usu ally does not ex ceed 5 m (Paczyñski and Sadurski,
2007).

In or der to eval u ate the ground wa ter re charge map of Po -
land, 37 river bas ins from all over Po land have been se lected.
The river bas ins 1–15 are lo cated in Lower Silesia (test area –
stage II). Next 22 river bas ins (16–37, test area  – stage III)
have been se lected from the re main ing part of Po land (Ta ble 1
and Fig. 3).

A more de tailed hydrogeological de scrip tion of the 37 river
bas ins and the ver i fi ca tion of the cal cu la tions of ground wa ter
re charge are il lus trated in Ta ble 1. The river bas ins (Fig. 3) dif -
fer be tween each other in their sur face ar eas and lo ca tions rel a -
tive to phys i cal, geo graph ical and hydrogeological units, and
cover a to tal area of 50,737 km2.

METHODS AND MATERIALS

An ef fi cient way of eval u at ing the re new able ground wa ter
re sources is de ter min ing ef fec tive in fil tra tion by means of the in -
fil tra tion co ef fi cient. This ap proach as sumes that a por tion of
pre cip i ta tion reaches aqui fers and then is dis charged through

sub ter ra nean out lets into springs, rivers, lakes or the sea. The
vol ume of wa ter seep ing to wa ter-bear ing lay ers is de fined by
means of an in fil tra tion co ef fi cient method.

The in fil tra tion of pre cip i ta tion in an area can be com puted
by re fer ring to geo log i cal or soil maps. Thus, the test ar eas have 
to be iden ti fied on the map and as signed to sep a rate in fil tra tion
classes. There are sev eral clas si fi ca tions used for the as sign -
ing, e.g. clas si fi ca tions by Paczyñski (1972), Schnei der and
Züschang (Za³uski, 1973), Wright et al. (1982), Pazdro and
Kozerski (1990), Daly (1994), Singh (2003), Voudouris et al.
(2007) and Ali Rahmani et al. (2016). In these clas si fi ca tions the 
in fil tra tion co ef fi cient of very good per me able rocks (flu vio gla -
cial and ae olian sands and gravel, frac tured and karst rocks)
ranges from 0.3 to 0.5, and for good and me dium per me able
de pos its (sands and gravel in ter mi nal mo raines, gla cial sands
and gravel, sands and muds, al lu vial fill ter races, diluvial sands,
peat, silty sands) it is 0.2–0.25. The low est fig ures <0.1 are typ i -
cal for tills, loams, stag nant-river/lake muds, diluvial clays,
non-frac tured clay rocks, phyllites, lime stones, sand stones,
shales and hard rocks. The in fil tra tion co ef fi cient value is as so -
ci ated not only with the per me abil ity of the soil/rock in the un sat -
u rated zone, but also with the cli ma tic zonation. For ex am ple,
Ali Rahmani et al. (2016) re ported these val ues for the
semi-arid con di tion.

The lithological maps and knowl edge of pre cip i ta tion lev els
is nec es sary to cal cu late ef fec tive in fil tra tion. Large-scale geo -
log i cal maps, which de pict var i ous types of sur face cover, are
use ful when cre at ing lithological maps. When con duct ing re -
search on a smaller scale or whole coun try, lithological maps
must be gen er al ized or sub sti tuted with other avail able sources, 
such as small-scale geo log i cal maps. Soil maps are also suit -
able for de ter min ing the in fil tra tion co ef fi cient, since the type
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Fig. 2. A schematic map of the first aquifer formation in Poland (after Paczyñski, 1995)
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No. River/gauge
Sur face 

area
[km2]

Pre cip i -
ta tion
[mm]

Type of aqui fer Aqui fer stra tig ra phy
Depth to ground wa ter 

ta ble/type of ground wa ter
flow

1 Orla/Korzeñsko 1141 525 po rous Qua ter nary 0–10/con fined, un con fined

2 Barycz/Osetno 4589 533 po rous Qua ter nary 2–10/con fined, un con fined

3 Ma³a Panew/Staniszcze Wlk. 1068 637 po rous, frac -
tured-karstic Qua ter nary, Tri as sic 5–15/con fined, un con fined

4 Bia³a/Dobra   358 625 po rous Qua ter nary,
Paleogene 0–10/con fined, un con fined

5 Bia³a L¹decka/L¹dek Zdrój   161 846 frac tured Pa leo zoic 5–30/con fined, un con fined

6 Bystrzyca Dusznica/Szalejów Dln.   174 742 po rous-frac tured Cre ta ceous 5–40/con fined, un con fined

7 Nysa K³odzka/K³odzko 1060 622
po rous, 

po rous-frac tured,
frac tured

Qua ter nary, Cre ta -
ceous, Pa leo zoic 0–40/con fined, un con fined

8 Nysa K³odzka/Skorogoszcz 3927 614
po rous, 

po rous-frac tured,
frac tured

Qua ter nary,
Paleogene, Cre ta -

ceous, Tri as sic,
Perm ian, Pa leo zoic

0–40/con fined, un con fined

9 O³awa/O³awa   961 577 po rous, frac tured Qua ter nary, Pa leo -
zoic 0–40/con fined, un con fined

10 Œlêza/Bia³obierze   186 575 po rous Qua ter nary,
Paleogene 0–10/con fined, un con fined

11 Bystrzyca/Jugowice   120 622 frac tured Pa leo zoic 5–30/con fined, un con fined

12 Bystrzyca/Krasków   678 585 po rous Qua ter nary,
Paleogene 0–10/con fined, un con fined

13 Kaczawa/Œwierzawa   136 575 frac tured, 
frac tured-karstic Pa leo zoic 5–30/con fined, un con fined

14 Czarny Potok/Mirsk     51 725 frac tured Pa leo zoic 5–30/con fined, un con fined

15 Bóbr/¯agañ 4258 605
po rous, po -

rous-frac tured, frac -
tured

Qua ter nary, Cre ta -
ceous, Pa leo zoic 0–40/con fined, un con fined

16 Gwda/Pi³a 4697 605 po rous Qua ter nary 2–10/con fined, un con fined

17 Drawa/Drawsko Pomorskie   609 673 po rous Qua ter nary 2–10/con fined, un con fined

18 Ina/Goleniów 2127 573 po rous Qua ter nary 2–10/con fined, un con fined

19 S³upia/S³upsk 1428 674 po rous Qua ter nary 5–15/con fined, un con fined

20 Warta/Dzia³oszyn 4092 608 frac tured-karstic,
po rous-frac tured Ju ras sic 5–20/con fined, un con fined

21 Prosna/Mirków 1249 579 po rous Qua ter nary 5–15/con fined, un con fined

22 Noteæ/Pakoœæ 2174 525 po rous Qua ter nary 2–20/con fined, un con fined

23 Reda/Wejherowo   393 670 po rous Qua ter nary 5–10/con fined, un con fined

24 Bukowa/Ruda Jastkowska   650 581 po rous Qua ter nary 5–0/con fined, un con fined

25 Pisa/ptaki   355 615 po rous Qua ter nary 5–10/con fined, un con fined

26 Liwiec/£ochów   246 525 po rous Qua ter nary 20/con fined, 

27 Bia³a/Grybów   205 736 po rous-frac tured Paleogene 8–20/con fined

28 Skawa/Jordanów     98 950 po rous-frac tured Paleogene, Cre ta -
ceous 8–20/con fined

29 £ososia/Piekie³ko   154 810 po rous-frac tured Paleogene 8–20/con fined

30 Skrwa/Parzeñ   154 525 po rous Qua ter nary 5–10/con fined, un con fined

31 Kamienica/Nowy S¹cz   237 698 po rous-frac tured Paleogene 8–20/con fined

32 Œwider/Wólka Ml¹dzka   835 525 po rous Qua ter nary 5–10/con fined, un con fined

33 Orzyc/Krasnosielsk 1275 568 po rous Qua ter nary,
Paleogene 8–20/con fined

34 Brzozówka/Karpowicze   650 575 po rous Qua ter nary 5–10/con fined, un con fined

35 Nurzec/Boæki   546 525 po rous Qua ter nary 5–10/con fined, un con fined

36 Wierzyca/Bo¿epole Szlacheckie   404 588 po rous Qua ter nary 5–10/con fined, un con fined

37 Pilica/Przedbórz 2457 605 karstic-frac tured Tri as sic 0–5/un con fined

T a  b l e  1

Hydrogeological char ac ter is tics of the river bas ins



and cat e gory of soil re flects the geo log i cal struc ture and cli ma -
tic con di tions. There is also a di rect cor re la tion be tween the
lithological form and the grain-size group of the co-oc cur ring
soil. This cor re la tion was re lied upon in the pro cess of draw ing
up guide lines for data com pi la tion for “The map of ground wa ter
vul ner a bil ity to pol lu tion in Po land’’ at a scale of 1:500,000
(Duda et al., 2011).

The as sess ment of ground wa ter re new able re sources by
means of the in fil tra tion co ef fi cient method re quires the di vi sion
of a given area into re gions with vary ing av er age an nual pre cip i -
ta tion lev els. They can be se lected, for ex am ple, by look ing at
isohyets. Next, the area of each class re flect ing in fil tra tion co ef -
fi cients in a given pre cip i ta tion zone must be de fined. This
forms a ba sis for cal cu lat ing the weighted mean [1] of the in fil -
tra tion co ef fi cient for each pre cip i ta tion area.
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where: ar – the av er age in fil tra tion co ef fi cient for pre cip i ta tion zone

(ef fec tive frac tion), r, ai – the in fil tra tion co ef fi cient for the

i-lithological con fig u ra tion within the pre cip i ta tion zone, Ai – the sur -
face of the i-lithological con fig u ra tion [L2] in pre cip i ta tion zone r.

The ag gre gate re charge [2] is the sum of re charge val ues
cal cu lated for each pre cip i ta tion area:
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where: R – ground wa ter re charge, Pr – the av er age an nual rain fall in
pre cip i ta tion area r [L], A – the area un der study [L2], m – the num ber
of se lected pre cip i ta tion zones.

This method for de ter min ing ground wa ter re charge has
been used to cal cu late the to tal re charge in Po land by au thors.

It is worth men tion ing that ground wa ter re charge de pends
not only on the amount of pre cip i ta tion, but also on air tem per a -
ture, depth to the ground wa ter ta ble, and plant cover. Hence,
when mak ing cal cu la tions, e.g. for moun tain ous ar eas, in fil tra tion 
co ef fi cients should in clude the re la tion ships with cli ma tic con di -
tions af fect ing the per cent age in crease in in fil tra tion. An ex am ple
is the meth ods used to es ti mate an ef fec tive in fil tra tion in the
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Fig. 3. Location of river basins (numbers as in Table 1)



frame work of the Hydrogeolgical Map of Po land 1:50,000
(Herbich et al., 2008) and the map of ground wa ter vul ner a bil ity to
pol lu tion in Po land 1:500,000 (Duda et al., 2011). In ten sity of
ground wa ter re charg ing by in fil tra tion was eval u ated by su per po -
si tion of cur rent in for ma tion per tain ing to pre cip i ta tion, soil type,
land use, to pog ra phy of the area, and depth to ground wa ter.

The ground wa ter re charge for Po land has been es ti mated
in three stages. Stage I –  se lec tion of meth ods, stage II – test of 
the meth ods in Lower Silesia and com pi la tion of a map of
ground wa ter re charge for the whole of Po land, stage III – 
check ing the map in par tic u lar 22 ar eas.

The se lec tion of meth od ol ogy to de ter mine the ground wa ter 
re charge on a gen eral scale has been done in first step. The
cre ation of a com pre hen sive map of ground wa ter re charge in
Po land in gen eral scale re quired the iden ti fi ca tion of par tic u lar
in fil tra tion classes. This was done through the use of the in fil tra -
tion co ef fi cient method and with the help of a nu mer i cal soil map 
(a scale of 1:500,000), cre ated by the In sti tute of Soil Sci ence
and Plant Cul ti va tion in Pu³awy. Pre cip i ta tion was de ter mined
ac cord ing to the “Pol ish Cli mate At las” (Lorenc, 2005).

Dur ing the first stage, in fil tra tion co ef fi cients for given soil
class (Ta ble 2) were de ter mined ac cord ing to the prin ci ples
used in the con struc tion of the soil pro file’s pro tec tive layer of
map of ground wa ter vul ner a bil ity to pol lu tion in Po land (Duda et
al., 2011; Ta ble 2).

In the sec ond stage, ver i fi ca tion of the meth ods has been
eval u ated based on se lected rivers with long-term mea sure -
ments in Lower Silesia (SW Po land), where, as a re sult, a pos i -
tive cor re la tion was ap proved (Staœko et al., 2012). Re charge
val ues were first cal cu lated for the test ar eas which cov ered
river bas ins near the up per and cen tral Odra River ba sin. Cal cu -
la tions have been made for 15 river bas ins (test area – stage II;
Fig. 3), dif fer ing from each other in sur face area and lo ca tion
rel a tive to phys i cal, geo graph ical and hydrogeological units,
and cov ered in ag gre gate an area of 17,000 km2. The re charge
was as sessed ac cord ing to the pre vi ously de scribed method
[for mu las 1 and 2]. The es ti mated ground wa ter re charge value
was ver i fied re fer ring to ground wa ter run off from the river bas -
ins un der study. Wundt’s method (Wundt, 1953; Jokiel, 1994)
was ap plied to cal cu late ground wa ter run off from the catch -
ments dur ing the years 1976–2005. Ac cord ing to Wundt (1953)

the mean monthly low wa ter run off yield cor re sponds for long
ob ser va tion pe ri ods to the ground wa ter run off of a catch ment
area and con se quently to the ground wa ter re charge. How ever,
the re charge fig ures ob tained through the use of the in fil tra tion
co ef fi cient were in com pat i ble to these of the ground wa ter run off 
from the ar eas un der study. In or der to cor rect this, both the fig -
ure for the in fil tra tion co ef fi cient and soil classes had to be mod -
i fied. Re sults of sev eral anal y ses prompted the de ci sion to
change the in fil tra tion co ef fi cient for “very light soil� from 27 to
30%. It was also agreed that for est ar eas (Ls) with low soil thick -
ness, pre vi ously clas si fied as “me dium soil�, should in fact fall
into the “light soil� cat e gory. This re sulted in the in fil tra tion co ef -
fi cient val ues for these ar eas hav ing to be changed from 13 to
20%.

The fi nal re sult of the sec ond stage is a map of ground wa ter 
re charge for the whole of Po land.

In the third stage the re li abil ity of the map was checked in
par tic u lar 22 ar eas (test area – stage III). De tailed cal cu la tions
were made for 22 river bas ins (whole Po land) with mea sured
river flows in the years 1976–2005 (Fig. 3). Wundt’s method
was ap plied to cal cu late ground wa ter run off from the catch -
ments.

Ad di tional two sta tis ti cal in di ca tors have been ap plied to
eval u ate pre ci sion of the de signed value of re charge and
ground wa ter run off. The first means the quo tient of the mod ule
of the dif fer ence among the cal cu lated val ues with the in fil tra -
tion method (R) and the ground wa ter run off (Qg) and ground -
wa ter run off ex pressed in % [100 %(R-Qg)·/Qg]. This value is
ex pressed as AV (ab so lute vari abil ity). The sec ond one, spe -
cific dif fer ence (SD), is a quo tient of the dif fer ence among the
cal cu lated re charge val ues eval u ated by an in fil tra tion method
and ground wa ter run off and the area of the river ba sin
[(R-Qg)/A. It is ex pressed in l/s~km2.

RESULTS AND DISCUSSION

Re sults of ground wa ter re charge ac quired based on the re -
vised in fil tra tion co ef fi cients (stage II – Meth ods) for the 15 river
bas ins (Lower Silesia) were com pared with the ground wa ter run -
off re corded in these bas ins. In fil tra tion val ues cal cu lated based
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Soil pro tec tive 
ca pac ity Soil cat e gory Soil type acc. to grain size group

In fil tra tion 
co ef fi cient 

[%]

Wa ter ca -

pac ity a)

[-]

tg1m ap prox i mate time of wa ter
ex change in 1 m of soil pro file b)

[years]

Very weak very light
gravel soils, loose sands, slightly
clayey sands, rocky soils, skel e tal

soils, sandy soils
30 (27*) 0.12 1.2 

Weak light

clayey sands, slightly clayey and

clayey sands, Neo gene rendzina
soils, Ju ras sic rendzina soils,

old-for ma tion rendzinas, gyp sum
rendzina soils, sandy al lu vial soils,

muck and muck-like soils

20 0.17 1.7

Me dium me dium

slightly clayey soils, silt soils, loess
and loess-like soils, clay soils, pow -

dery soils, Cre ta ceous rendzina
soils, al lu vial soils

13 (20*) 0.24 2.4

Good heavy
clay: me dium and pow dery, heavy
and pow dery, silt loam, peat, silts

and bog soils
8 0.36 3.6

a – av er age wa ter ca pac ity (nat u ral vol ume of soil mois ture); b – ap prox i mate time of wa ter ex change was cal cu lated for the av er age ef fec -
tive in fil tra tion equal to 100 mm per year and based on the pis ton dis place ment model; (27*) value mod i fied by au thors

T a  b l e  2

Pro tec tive ca pac i ties of soil (vide Duda et al., 2011)



on the in fil tra tion co ef fi cient method and those ob tained
usingWundt’s method dif fer from each other by any where be -
tween –0.06 m3/s and 8.02 m3/s (Ta ble 3). These dis crep an cies
are a re sult of im pre cise es ti ma tions of pre cip i ta tion lev els,
which, in the up per most re gions of the Sudetes, are sig nif i cantly
higher than what the rates used for cal cu la tions might sug gest.
The Barycz River ba sin also ap pears to be have in an un usual
man ner, prob a bly due to changes in its nat u ral en vi ron ment and
the in flu ence of pond man age ment on run off con di tions.

The mean pre cip i ta tion level in the tested area equalled
587 mm, while the av er age re charge, cal cu lated through the in -
fil tra tion co ef fi cient method, was 109 mm. This means that re -
charge con sti tuted 18.5% of pre cip i ta tion. Cal cu la tions based
on ground wa ter run off yielded a sim i lar re sult: 108 mm. In the
whole Lower Silesia test area, the dif fer ence be tween re charge
val ues cal cu lated through the use of the in fil tra tion co ef fi cient
and those based on ground wa ter run off is only 0.7% (Staœko et
al., 2012). This means that the val ues of ground wa ter re charge
can be con sid ered re li able on a re gional scale.

The com pat i bil ity of ground wa ter run off de ter mined us ing
the in fil tra tion co ef fi cient method in 15 river bas ins al lowed for
the cre ation of a map of ground wa ter re charge that would cover
the whole area of Po land. Ta ble 4 shows the por tion of the area
of Po land taken up by par tic u lar classes of in fil tra tion. Fig ures

ob tained for par tic u lar cal cu lated fields ranged from 42 to
229.5 mm. Fig ure 4 shows the re sults of these cal cu la tions in
the form of a ground wa ter re charge map where each col our
rep re sents a dif fer ent 25 milli metre bracket.

Based on the con structed map, the to tal ground wa ter re -
charge from pre cip i ta tion in Po land was cal cu lated at
34.118 km3 per year, which equals 109.3 mm of wa ter col umn.
The re charge con sti tuted 18.6% of av er age pre cip i ta tion in Po -
land, which was cal cu lated at 588.5 mm. This value does not
dif fer much from the other sources (Jokiel, 1994; Duda et al.,
2011). In the frame work of the map of ground wa ter vul ner a bil ity
to pol lu tion in Po land 1:500,000, the to tal ground wa ter re charge 
was es ti mated at 31.515 km3/year, which equals 102.2 mm
(Duda et al., 2011).

In the third stage the re sul tant map of ground wa ter re charge
was ver i fied for ar eas of cho sen river bas ins in Po land. De tailed
cal cu la tions were made for 22 river bas ins (test area – stage III;
Fig. 3) with known dis charge rates in the years 1976–2005. The
au thors tried to ver ify the pre ci sion of the es ti ma tion of the re -
charge based on ear lier 15 test river bas ins (test area – stage II).
The re charge val ues ob tained for 22 bas ins from the test area
has been com pared with the val ues of the ground wa ter run off ad -
e quate to the catch ment. Dif fer ences in the val ues of ground wa -
ter run off and cal cu lated re charge vary from 0.07 to 5.15 m3/s, at
the mean value – 0.18 m3/s. This de pend ence shows sim i lar dif -
fer en ti a tion as in the test area – stage II (Fig. 5). 

In re la tion to the ground wa ter run off, the ab so lute value of the 
dif fer ence be tween ground wa ter run off and re charge  (AV)
ranges from 0.4 to 80.65% (Ta ble 5), at the arith me tic mean
36.18% and the geo met ric mean 23.39%. In this way for 22 test
river bas ins (test area – stage III) it is ob tained the greater com -
pat i bil ity be tween the ground wa ter run off and the cal cu lated re -
charge than for the test area, where the av er age value of the de -
vi a tion was 40.90% and the geo met ri cal mean 28.46%. This
con firms that con structed map of in fil tra tion is re spect able for the
es ti ma tion of the ground wa ter re charge when eval u at ing in a
small scale. The cal cu lated ef fec tive in fil tra tion val ues are higher
that the mea sured val ues of the ground wa ter run off in 10 cases.
These are bas ins lo cated in the up per courses of rivers, which

390 Robert Tarka, Tomasz Olichwer and Stanis³aw Staœko

No. River Gauge
Cal cu lated
in fil tra tion 

[m3/s]

Ground wa ter
run off 
[m3/s]

Dif fer ences
[m3/s]

Ab so lute
vari abil ity 

[%]

In fil tra tion
co ef fi cient 

[%]

1 Orla Korzeñsko   3.08 1.76   1.32   75.0 16.2

2 Barycz Osetno 15.54 7.52   8.02 106.6 20.0

3 Ma³a Panew Staniszcze Wlk.   4.78 4.03   0.75   18.6 22.1

4 Bia³a Dobra   1.16 0.68   0.48   70.6 16.3

5 Bia³a L¹decka L¹dek Zdrój   0.97 2.03 –1.36   67.0 20.2

6 Bystrzyca Dusznicka Szalejów Dln.   0.67 1.3  –0.63   48.5 18.9

7 Nysa K³odzka K³odzko   3.78 6.82 –3.04   44.6 18.1

8 Nysa K³odzka Skorogoszcz 15     17.31  –2.31   13.3 19.6

9 O³awa O³awa   2.09 2.51 –0.42   16.7 11.9

10 Œlêza Bia³obierze   0.52 0.24   0.28 116.7 15.3

11 Bystrzyca Jugowice   0.46 0.52 –0.06   11.5 19.3

12 Bystrzyca Krasków   2.17 1.61   0.56   34.8 17.3

13 Kaczawa Œwierzawa 0.4 0.6  –0.20   33.3 16.1

14 Czarny Potok Mirsk   0.24 0.35 –0.11   31.4 20.3

15 Bóbr ¯agañ 16.41 23.14  –6.73   29.1 20.1

T a  b l e  3

Com par i son of eval u ated ef fec tive in fil tra tion and ground wa ter run off in se lected river bas ins of Lower Silesia 
(test area – stage II) 

Con di tions
of in fil tra tion

In fil tra tion
co ef fi cient

[%]

Area 
[km2]

Per cent age of to -
tal area of Po land

3,444.80 
(sur face wa ters)   1.10

Poor   8   37,073.50 11.88

Me dium 13   93,047.85 29.82

Good 20   74,096.07 23.74

Very good 27 104,421.81 33.46

To tal area 312,075.04 100

T a  b l e  4

In fil tra tion classes in Po land



could be ex plained by the prev a lence of the deeper com po nent
of the wa ter cir cu la tion (re charge area) in this part of the sys tem.
In catch ments sit u ated in lower river course ac cord ing to the flow
sys tems the ory ap pear the ag gre gated ground wa ter re sources.
This ex plains why the cal cu lated val ues are lower than the mea -
sured ones in this case. The fi nal re sults for all the 37 river bas ins
(test ar eas – stages II and III) are pre sented in Ta ble 6.

As a con se quence, in larger catch ments with high val ues
of re ported run off the dis crep an cies be tween eval u ated re -
charge rates could be larger. Due to the size of the de vi a tion of 
the cal cu lated re charge and ground wa ter run off ref er ence to
the mag ni tude of the catch ment ob tain ing the spe cific dif fer -
ence (SD). In the test area –stage II (22 river bas ins), the spe -
cific dif fer ence var ies from –3.48 to 2.54 l/s km2 (Ta ble 6), at
the arith me tic mean  0.04 l/s km2. Anal y sis of Fig ure 6 shows
that spe cific dif fer ences have a sim i lar value re gard less of the
area of the river ba sin. For the 70% of all 37 ana lysed catch -

ments this value is lower from 1.5 l/s km2. There is a lack of
clear re la tion ship be tween  the spe cific dif fer ence and the
ground wa ter run off (Fig. 6).

GROUNWATER RECHARGE ESTIMATION

The ground wa ter re charge val ues for 22 river bas ins (test
area – stage III) range from 93.1 mm (Ina River ba sin) to
179.3 mm (Skawa River ba sin) in the Carpathians. The av er -
age ground wa ter re charge was cal cu lated at 125.7 mm, while
the fig ure ob tained through ground wa ter run off was 129.6 mm
(Ta ble 5).

The av er age value of re charge rate for all 37 river bas ins
(to tal area over 50,000 km2) is 120.5 mm. The mean value of
the in fil tra tion co ef fi cient is 19.73%.
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Fig. 4. Map of groundwater recharge in Poland, based on the infiltration coefficient method 



The re sults show con for mity with re search re sults in other
coun tries. For ex am ple, lysimeter mea sure ments of river and
lake sed i ments show the wide range of the value from 1 to
3000 mm/year in Min ne sota and Wis con sin, and from 12 to
122 mm/year in Ne vada (vide Scanlon et al., 2002). Us ing the
hy dro graph sep a ra tion method ob tained re charge value from
127 to 635 mm/year for rivers bas ins of the east ern USA
(Rutledge 1998, vide Scanlon et al., 2002). Uddameri and
Kuchanur (2006), in turn, ap ply ing the mod el ling of the wa ter
bal ance show low mag ni tudes of the re charge in south Texas
within the range from 0 to 15.2 mm/year. Ap ply ing iso tope tech -
nique (tri tium in jec tion) it has been re ported at the foot of the Hi -
ma la yas that within a pe riod of mon soonal rains the range of the 
in fil tra tion 3–13% of pre cip i ta tion (Israil et al., 2006). Re search
of re charge in In dia per formed by means of indicatory meth ods
showed val ues from 3–10% (20–50 mm) of an nual pre cip i ta tion 
in the West ern Rajasthan to 12–20% (120–200 mm) in Uttar
Pradesh, Punjab, and Haryana (Sukhija et al., 1996). The
coastal ar eas of Pondicherry and Neyveli have an av er age re -
charge rate of about 15–25% (200–300 mm). In the ba saltic
and gra nitic-gneissic rocks the nat u ral re charge rate has been
eval u ated as 3–15% (20–100 mm). In the Ger many and the
Neth er lands with sim i lar cli ma tic con di tions like in Po land, the
ground wa ter re charge is 135 mm to av er age an nual pre cip i ta -
tion equal 859 mm (Zingk, 1988; Otto, 2001).

Ad di tion ally, re sults of the cal cu la tion have been com pared
with pub lished data from nu mer i cal mod el ling eval u a tion and
se lected data pub lished from Po land, Ger many, USA, In dia and 
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Fig. 5. The relationship between calculated infiltration
(infiltration coeficient method) and groundwater runoff

(Wundt method)

No. River Gauge
Cal cu lated
in fil tra tion 

[m3/s]

Ground wa ter
run off 
[m3/s]

Ab so lute
vari abil ity 

[%]

Spe cific
dif fer ence 
[l/s·km2]

In fil tra tion
co ef fi cient 

[%]

16 Gwda Pi³a 22.34 22.58   1.1 –0.05 24.8

17 Drawa Drawsko Pomorskie   2.59   3.64 28.8 –1.72 19.9

18 Ina Goleniów   6.28 11.43 45.1 –2.42 16.2

19 S³upia S³upsk   7.03 12     41.4 –3.48 23   

20 Warta Dzia³oszyn 17.38 17.45   0.4 –0.02 22   

21 Prosna Mirków   4.97   2.75 80.7   1.78 21.7

22 Noteæ Pakoœæ   7.16   4.41 62.4   1.26 19.8

23 Reda Wejherowo 2     3.09 35.3 –2.77 23.9

24 Bukowa Ruda Jastkowska   2.97 2.2 35.0   1.18 24.8

25 Pisa Ptaki 13.77 18.55 25.8 –1.34 19.8

26 Liwiec Lochów   7.82   5.68 37.7   0.87 19.1

27 Bia³a Grybów 0.92 0.62 48.4 1.46 19.2

faul
t28 Skawa Jordanów 0.56 0.31 80.6 2.54 18.9

29 £ososina Piekie³ko 0.74 0.66 12.1 0.52 18.5

30 Skrwa Parzeñ 5.39 3.51 53.6 1.21 20.9

31 Kamienica Nowy S¹cz 1.01 1.3 22.3 –1.22 19.3

32 Œwider Wólka M³¹dzka 2.53 2.11 19.9 0.50 18.2

33 Orzyc Krasnosielsk 4.74 3.28 44.5 1.14 20.6

34 Brzozówka Karpowicze 2.22 1.58 40.5 0.98 18.7

35 Nurzec Boæki 2 1.27 57.5 1.34 22

36 Wierzyca Bo¿epole
Szlacheckie 1.84 2.26 18.6 –1.04 24.3

37 Pilica Przedbórz 10.71 10.26 4.4 0.18 22.7

Ground wa ter re charge [mm] 125.7 129.6

T a  b l e  5

Com par i son of in fil tra tion val ues and ground wa ter run off in the test area – stage III



Ghana (Ta ble 7). Most of the cal cu lated ground wa ter re charge
val ues with nu mer i cal mod el ling tech niques are in the range of
40–150 mm (12–25% of pre cip i ta tion), es pe cially in the low-ly -
ing part of the coun try (Ta ble 7). The low value in cen tral Po land 
(D¹browski et al., 2007) is as so ci ated with the low est pre cip i ta -
tion in the Mazovia re gion and the marsh zones (Krogulec and
Zab³ocki, 2015). As in dicted in most mod el ling stud ies in the
north ern and cen tral part of the coun try, the ef fec tive in fil tra tion
val ues are in the range of 90–160 mm, with some de vi a tions in
the lakelands. Ex cep tion ally high val ues are re ported as
15–43% of to tal pre cip i ta tion for mu nic i pal ter rains un der deep

min ing im pact (Kowalczyk, 2005). In the south ern up lands and
moun tain ous ar eas the re ported val ues are 120–265 mm. Eval -
u a tion of the ground wa ter re sources also in di cates the ef fec tive 
in fil tra tion of 18% (Herbich and Skrzypczyk, 2015).

CONCLUSIONS

Due to the high vari abil ity of phys i cal and cli ma tic con di tions 
in Po land, many dif fer ent meth ods have been em ployed to as -
sess the ground wa ter re charge of par tic u lar river bas ins. How -
ever, the eval u a tion of re charge on a smaller scale, such as that 
of the whole coun try or large river bas ins, re quires the use of a
sin gle method. Ap ply ing a mod i fied ver sion of the ef fec tive in fil -
tra tion co ef fi cient method for whole Po land has proven an ef fi -
cient way of as sess ing the ef fec tive in fil tra tion equiv a lent to
ground wa ter re charge. The mod i fi ca tion of in fil tra tion co ef fi -
cient val ues for light soil and for est ar eas al lows a high com pat i -
bil ity of re sults with ground wa ter run off mea sure ments. Re sults
of ob ser va tions car ried out in Lower Silesia and other parts of
Po land show ground wa ter re charge rates rang ing from 42 to
229.5 mm, con sti tut ing 16.2–24.8% of to tal pre cip i ta tion. As -
sum ing the av er age pre cip i ta tion lev els in Po land to be around
588.5 mm (183.43 km3), the ground wa ter re charge con sti tutes
18.6% of pre cip i ta tion (109.3 mm of wa ter col umn). Fi nally,
ground wa ter re charge in Po land af ter re cal cu lat ing equals
34.118 km3 per year. The ob tained value is close to the av er age 
multi-year value of the ground wa ter run off (Herbich and
Skrzypczyk, 2015). De spite the sim pli fied cal cu la tion meth ods
the au thors ob tained re sults that are sim i lar to other cal cu la -
tions, which are based on data per tain ing to pre cip i ta tion, soil
type, land use, to pog ra phy of the area, and depth to the ground -
wa ter. How ever, field ob ser va tions and lysimeter mea sure -
ments in moun tain ous ar eas in di cate that, in re al ity, these fig -
ures are much higher and can reach 50%.

This study shows that the ap pli ca tion of a sim ple scheme
based on prop er ties of the soil cover and the pre cip i ta tion dis tri -
bu tion are re li able for ground wa ter re charge eval u a tion on a
small scale. This has also an im por tant prac ti cal mean ing. Con -
versely as re ported some at tempts of the re gard in the anal y sis
of the re charge the greater num ber of fac tors re sults not nec es -
sary in pre cise val ues of this pa ram e ter. For ex am ple, the map
of ground wa ter vul ner a bil ity by Duda et al. (2011) il lus trates that 
ar bi trary in tro duc tion of the val ues of land use, to pog ra phy, and
depth to the ground wa ter did not pro vide better re sults. For the
same of 22 river bas ins which are ana lysed in the cited work the 
out comes showed  av er age de vi a tion of the cal cu lated re -
charge value around –0.94 m3/s, so passed five times higher
than in the propos method. They also ob tained a re peat edly
higher value of the in di vid ual de vi a tion, amount ing to
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Ground wa ter 
run off
[m3/s]

Cal cu lated
in fil tra tion

[m3/s]

Dif fer ence 
[m3/s]

Ab so lute
vari abil ity

[%]

Spe cific
dif fer ence
[l/s·km2]

In fil tra tion
co ef fi cient

[%]

Min.   0.24   0.24 –6.73     0.40 –3.48 11.9  

Max. 23.14 22.34   8.02 116.67   2.54 24.8  

Mean   5.44   5.24 –0.20   40.91 –0.36 19.73

Geo met ric mean   2.70   2.78 –   28.46 – 19.53

Stan dard de vi a tion   6.46   5.70   2.49   27.09   2.09   2.75

Mean de vi a tion   5.02   4.43   1.60   21.00   1.61   2.06

T a  b l e  6

Sta tis ti cal data of in fil tra tion and ground wa ter run off val ues in 37 cho sen river bas ins

Fig. 6. Illustration of the specific differences between
 the calculated infiltration and groundwater runoff

 in 37 chosen river basins
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–0.68 l/s km2. This proves that the ac cu racy of the av er age
value of ground wa ter re charge de creases with in creas ing num -
ber of fac tors in flu enc ing the in fil tra tion pro cess.

Ac knowl edge ments. The data pre sented in this study are
a re sult of ob ser va tions con ducted as part of the stat u tory re -
search car ried out at the In sti tute of Geo log i cal Sci ences,

Wroc³aw Uni ver sity, within the frame work of  pro ject
1017/S/ING/10, ti tled “The pro cesses of re charge, flow and
drain age of ground wa ter”. The au thors ex press their pro found
grat i tude to all the re view ers (B. Jaworska-Szulc and two anon -
y mous re view ers) for their in sight ful com ments and im por tant
sug ges tions.
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Lo ca tion Pre cip i ta tion 
[mm]

Aqui fer: age and type of
rock me dium

Re charge
[mm]

In fil tra tion
[%] Au thors

Kaszuby Lake Dis trict 652 Quatern. sand. gravel 147 22.5 Jaworska-Szulc (2015)

Che³miñskie Lakeland 500–610 Quatern. sand, gravel 40–90 12 Pomianowska (1999)

Odra River val ley Quatern. sand, gravel 52–84 14 Gurwin (2000)

Wis³a River val ley 539 Quatern. sand, gravel
marsh zones

29-105

50

5–19

9

Krogulec (2004);

Krogulec and Zab³ocki (2015)

Cen tral Po land 616 Quatern. sand, gravel 37 6 D¹browski et al. (2007)

Odra River near
Wroc³aw 600 Quatern. sand, gravel 116–160 19–26 Krawczyk et al. (2015)

£ódŸ Ba sin 600 Cre ta ceous, sand stone,
lime stone 144 24 Rodzoch and Pazio-Urbanowicz (2015)

Carpathian flysch,
Tylicz re gion 848 Paleogene, sand stone,

shale 179 21 Porwisz et al. (1999)

Sudetes Cre ta ceous
ba sin 813 Cre ta ceous, sand stone 119–265 15–32 Korwin-Piotrowska et al. (2014)

Up per Silesia 779–864 Tri as sicl, imestone 39–155 5–19 Kowalczyk (2005)

Ger many
(Schleswig-Hol stein
re gion)

859 sand, sand stone, gran ite 
etc. 100–300 16 Zingk (1988); Otto (2001)

NW In dia (semi-arid
re gions) 500–1000 sand, gravel, sand stone 20–200 3–20 Sukhija et al. (1996)

USA (east ern states) 241–1618 sand, sand stone,
 lime stone, ba salt tuff 2.9–191 1–12 Rutledge (1998)

North Ghana (trop i cal
ar eas) 900–1200 mudstones, siltstones,

sand stones 81–252 0.9–21 Menash et al. (2014)
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