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Evaluation of the value of infiltration in the Vistula

River valley was carried out in the Kampinoski Na-

tional Park area (KNP). the hydrogeological and geo-

logical conditions in this area are common to the valleys

of the Polish lowlands, what allows to apply the same

data set on infiltration to characterize hydrogeological

water systems in any large valley having the same envi-

ronmental conditions. the unique position of the Vistula

River valley in the vicinity of warsaw because of envi-

ronment protection and city water supply, and its role in

the system of protected areas of Poland and Europe, i.e.

due to Nature 2000 natural habitats and refuges, systems

corine (cENtRE… 1998), and Econet (liro 1998), re-

sulted in numerous detailed hydrogeological studies of

this area, including one of the most important elements

of the circulation system – rates of infiltration. the Vis-

tula River has still retained a semi-natural character for

most of its length and is considered to be one of the most

valuable rivers in central Europe. International recog-

nition of this unique river valley is reflected in the rec-

ommendation of the contracted Parties of the Ramsar

convention on wetlands to conserve the middle reach of

the Vistula River.

this paper presents some of the most commonly

applied methods of quantitative evaluation of the infil-

tration rates, indicating their ranges.
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the Vistula river valley groundwater system has a strong hydraulic connectivity with the surface waters of the Vis-

tula River. typically, it is dominated by infiltration, and may at the same time represent a transitional system, in which

lateral baseflow discharge takes place from surrounding units (e.g. plateau) to the river valley. a relatively simple mech-

anism of infiltration represents one of the elements of a complex water circulation system in the valley unit. the recog-

nition of the entire recharge mechanism in a valley unit allows indicating a variable but significant role of infiltration.

Evaluation of the value of infiltration on a regional scale has been made for the Vistula River valley in the

Kampinoski National Park (KNP) area. Data on the spatial distribution of infiltration, averaged for a particular time

interval, are indispensable e.g. for balance calculations as well as for evaluation of groundwater vulnerability to con-

tamination.

Evaluation of infiltration into the groundwater system of the KNP area was made using the following methods:

meteorological and empirical methods, water table fluctuation (wtF), runoff hydrograph sub-division (bFI), and

numerical simulations. 
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National Park.
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HYDRogEologIcal coNDItIoNs oF tHE

KamPINosKI NatIoNal PaRK aREa

Aquifer characterization

the Kampinoski National Park (KNP) is located in

central Poland, in the middle of the River Vistula valley

within several geological-geomorphological units, of

which the most common are Pleistocene–Holocene river

terraces of up to several kilometres wide (text-figs 1, 2).

In the KNP region, the principal aquifer has a thickness

ranging from 10 to 50 meters, and is composed of fine-

grained sands, commonly containing silty material. the

aquifer is unconfined, which causes rapid recharge after

rainfall events. Vertical hydraulic conductivity values for

two types of sediments were determined by in-situ in-

vestigations and represent: 

• sands and sandy-gravel horizon with vertical hydraulic

conductivity (kav) = 28.2 m/d; and,

• medium-grained sands horizon with numerous in-

terbedded washed out boulder clays with vertical hy-

draulic conductivity (kav) = 20.3 m/d.

aquifer hydraulic conductivity values were also de-

termined by statistical analysis of data obtained from ap-

proximately 1,000 wells located within the study area

(Krogulec 2003, 2004). the average hydraulic conduc-

tivity for this sandy aquifer was determined from pump-

ing tests as 27.7 m/d (range of 1.2 m/d to 89.6 m/d).

the following environmental criteria: differences in

geology and geomorphology, lithology of sub-surface

sediments and related vegetation cover, depth to ground-

water table, range of water level fluctuations and human

economic activities were used to distinguish zones of

similar hydrodynamic and environmental conditions,

the so called hydrozones (Krogulec 2004). the follow-

ing zones have been distinguished as (text-fig. 1):

a – dune zones,

b – valley (swamp) zones,

c – Vistula River flood plains and terraces over flood

plains,

D – blonie level (lowicko-blonska Plain and post-

glacial plateau).

the shallow (local) and deeper (intermediate)

groundwater circulation systems are of fundamental im-

portance to the hydrogeological regime of the study

area, and both receive direct infiltration. the shallow (lo-

cal) circulation system is drained by smaller flows, mel-

ioration channels: lasica, Zaborowski, olszowiecki, as

well as by evapotranspiration. the deeper (intermediate)

water circulation system is linked to the Vistula River

drainage system, which also plays an important role in

the regional circulation system.

boundaries between hydrogeological units and their

role in groundwater inflow from surrounding units are

important factors determining the mechanism of recharge

to the KNP area. the boundaries, within which the hy-

drogeological units are located in the KNP and their

protection zones, are typical of Polish river valleys. the

southern boundary is formed by the margin of the

glacifluvial deposits of the ice-dammed plain (blonie

level) and a small part of the post-glacial plateau (Rawa

Plateau); the northern and eastern boundaries by the

Vistula River and partly by the warsaw agglomeration,

and the western boundary by the bzura River. simula-

tion studies indicate insignificant lateral baseflow dis-

charge from the ice-dammed plain and post-glacial

plateau to the Vistula valley that is of some significance

only in the southern part of the valley unit.

Groundwater monitoring network

the ground and surface water monitoring network

consists of 56 piezometers. the spatial distribution of the

monitoring network was designed to take full advantage

of hydrological and hydrogeological analysis within the

enclosed surface drainage basin and the hydrogeological

flow system (Krogulec 1997, 2001, 2004). measure-

ments of groundwater levels were performed manually

at fortnightly intervals, starting from 30 November 1998

(text-fig. 1). the hydrogeological and statistical char-

acterization of the hydrozones distinguished, including

mean, yearly fluctuation, maximum, minimum and stan-

dard deviation, is shown in table 1.

Due to the shallow position of the groundwater table

in the valley units (text-fig. 1), the reliability of manual

monitoring measurements taken fortnightly in order to

evaluate the infiltration was analyzed statistically. In

seven selected piezometers considered representative of

particular hydrozones, electronic sensors were installed

in 2001 (continuous data acquisition) and set on per-hour

measurement of the groundwater level. analysis of ba-

sic statistical parameters was made for data obtained

from manual and continuous measurements during the

period 2001 to 2004 (table 2).

analysis of the results showed small differences in

the mean annual values between the different measure-

ment techniques. the largest differences were obtained

for the maximum value, which reached, e.g., 4.5 cm in

the case of piezometer P33. It is important to note the

small scale of the error, being less than 4% of the am-

plitude of annual water level oscillations (table 2). the

results of automatic data acquisition are obviously im-

portant in evaluation of changes in the recharge process

and analyses for particular ecosystems (generally wet-

land areas). In the case of the evaluation of average in-
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t ext-fig. 1. location of the Kampinoski National Park



filtration the results of manual readings represent a suf-

ficient database (Krogulec and andrzejewska 2005).

REcHaRgE RatEs INto tHE KamPINosKI

NatIoNal PaRK aREa

Definition and methodology of infiltration evaluation

Effective infiltration is defined as the flow of water

downward from the land surface into and through the up-

per soil layer that recharges groundwater, excluding the

volume linked with surface run-off, evapotranspiration

and other processes and man-made factors that decrease

the volume of infiltrating water.

the recharge rate into the river valley with respect to

resource objectives and assessment of the natural vul-

nerability to contamination may be evaluated on variable

time scales – from single precipitation “events” to sea-

sonal and annual studies (simmers 1990; stephens 1996;

learner 1997; learner et. al. 1998). However, in regional

analyses the recharge evaluation typically requires mean

values from a longer time period because it is difficult

from a technical point of view to prepare and interpret

several seasonal groundwater level maps. 

the selection of the method of evaluating infiltration

depends on climatic conditions, time-scale and spatial dis-

tribution of measurements, the study aim (research, wa-

ter supply, commercial), and the range and character of re-

search (for example, preliminary reconnaissance, etc.).

General methods

classification of the KNP with its protection area

into one of the hydrogeological units recognized in

Poland allows an indirect estimated method of evaluat-

ing the value of infiltration. the most typical subdivi-

sion into hydrogeological regions has been applied in the

Hydrogeological atlas of Poland, and includes macro-

regions, regions, sub-regions and regions connected

with water management units (balance units) (Paczyński

1995); it is based on hydrostructural (geological, geo-

morphological and tectonic) criteria. the KNP is located

within: the north-eastern macro-region (a), mazovian re-

gion (I), central sub-region (I1), within the warsaw

basin and mazovia-Podlasie region, covering an area of

1900 and 2100 km2, respectively. the rate of infiltration

depends here largely on groundwater renewal and

reaches from 50 to 100 m3/24h m2 (137–274 mm/year).

Renewal is understood as the inflow of water to the sat-
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uration zone where, in the case of shallow groundwater,

the most important role is played by infiltration of pre-

cipitation.

according to the 1:50 000 Hydrogeological map of

Poland (cygański, woźniak 1997; Rudzińska-Zapaśnik

2000), 15 hydrogeological units are located within the

KPN area. the value of groundwater renewable re-

sources is from 4 to 110 mm/year. the value of ground-

water renewable resources in the unit analyzed depends

mostly on infiltration rates of precipitation.

Runoff hydrograph sub-division (BFI)

the study was carried out in the lasica catchment,

situated within the boundaries of the KPN (text-fig. 1).

the total area of the lasica River catchment to the

mouth of the bzura River is 551.4 km2. this area is used

as forest or forest-agricultural land and only in some parts

is suburban settlement (urban) and estate development

(villa) present.

the hydrograph separation was computed using the

automated series processing method developed by the

uK Institute of Hydrology, wallingford (magnuszewski

1990; tomaszewski 1998). the so called Base Flow

Index (bFI) performs hydrograph separation (mag-

nuszewski 1990; tomaszewski 1998). series of daily

runoff during the period 1951–2000 have been used. the

average discharge of the lasica River in 1951–2000 is

1.13 m3/s (minimum 0.016 m3/s, maximum 8.36 m3/s);

runoff from the mouth of the catchment is 121 mm, but

it can change by a factor of four – from 242 mm (1967)

to 52 mm (1991). the highest value occurs during the

spring thaw (19–20 mm), the lowest in summer and au-

tumn from June to october (4–6 mm). 

In certain years of the long-term period analyzed,

the river baseflow varied considerably: from 163 mm

in 1967 to barely 43 mm in 1952 and 1992. a much

larger baseflow (60 mm) occurred in the winter half of

the year (November-april). the seasonal distribution

shows that the most efficient baseflow is from

snowmelt and spring precipitation (march and april)

(12 mm) while the lowest accompanies recharge is ob-

served in the summer–autumn period (3 mm) (soczyn-

ska et. al. 2003).

the results obtained reflect the typical seasonal char-

acter of the baseflow, depending on the recharge into the

lasica River catchment, and probably do not correspond

entirely to the infiltration of the aquifer system in the

KNP area, which is linked, for example, with the catch-

ment area, groundwater basin area, baseflow discharge

and water withdrawal.

In the period 1998–2002 the river baseflow reached

102.1, 89, 49.8, 56 and 72 mm/year respectively.

Meteorological method

the most important element of evaluating infiltration

into a river valley, besides the lithology of the surface de-

posits, is the amount and rate of precipitation which, due

to its variability in time, are parameters that are difficult

to take into account in hydrogeological analysis.

the mean sum of real precipitation in the drainage

basin during the long-term period (1951–2000) calcu-

lated using the thiessen polygons method is 664 mm. In

this 50-year period, the yearly total precipitation in the

lasica drainage basin show significant variability from

952 mm in 1970 to 487 mm in 1951. In respect of the

yearly total precipitation, we can distinguish humid years

with precipitation ≥ 800 mm (1962, 1967, 1970, 1977,

1994, 1995), average years ≈ 664 mm (1975, 1983,

1987) and dry years with precipitation ≤510 mm (1951,

1959). the monthly, seasonal and yearly precipitation

values are characterized by great non-uniformity and dis-

tribution irregularity in time (years and seasons). the

higher monthly precipitation values include the summer

months (may–october, with the maximum in July reach-

ing 89 mm) while the smaller values (≤51 mm) appear

in winter (February 38 mm). In the warm half of the year

(may–october) total precipitation reaches 399 mm, with

even smaller values (265 mm) in the winter season (No-

vember–april) (soczyńska et.al. 2003).

In the period 1998–2002, the value of the mean an-

nual precipitation was 589.4 mm, thus 74.6 mm lower

than the analogous value for the period 1951–2000.

Daily (24 hours) measurements of the sum of precipita-

tion indicate that in the study area precipitation up to

3mm/24h mm predominates (a precipitation input of 3

mm/24h is considered to be sufficient to influence

groundwater recharge) (małecki 1998). 

the next basic climatic factor influencing the assess-

ment of groundwater recharge in valley units is the rate

of evaporation (various evaporation processes), known in

some cases as “negative” groundwater recharge. 

In this research, the land evaporation was calculated us-

ing potential evaporation estimated as a function of hy-

droclimatologic elements (wind speed and air humidity

deficit). the mean annual potential evaporation in the la-

sica catchment in the period 1951–2000 calculated by the

Penman method is 722 mm. the greater part of this relates

to the warm half of the year (may–october), when it

reaches 546 mm, while values less than 200 mm are found

in the winter season (November–april). the annual totals

of land evaporation in the 50-year period investigated vary

from barely 413 mm (in 1980) to 632 mm (in 1971). In the

warm half of the year (may–october) land evaporation

reaches 365 mm and is even less (178 mm) in the winter

season (November–april) (soczyńska et.al. 2003).



the difference between precipitation and evaporation

is the basis for evaluating the volume of infiltration for

the time interval 1951–2000, reaching 121 mm/year

(rainfall runoff = 0; table 3). During the summer season,

infiltration is low, reaching 34 mm/year on average,

whereas in the winter season it reaches 87 mm/ year. For

the shorter period between 1998 and 2002, with mean an-

nual precipitation of 589 mm and mean annual evapo-

ration reaching 482 mm, the estimated infiltration value

reaches 107 mm/year.

Infiltration recharge using empirical method (infil-

tration rate)

the empirical method offers a quick assessment of

infiltration as a proportion of precipitation in terms of

climate (generally atmospheric precipitation), land use,

terrain and geology (table 4; Pazdro 1983). the infil-

tration rate depends mainly on the precipitation, lithol-

ogy of the subsurface zone and terrain forestation ratio.

the value of infiltration determined by the empirical

method (as a proportion of precipitation and lithology)

that is commonly applied in many Polish reports reaches

161 mm/year, taking into account the average sum of

precipitation as 664 mm/year for the period 1951–2000

and 143 mm/year as the mean precipitation for the period

1998–2002 (tables 3, 4); in selected hydrozones infil-

tration ranges from 110.4 to 170.1 mm/year (table 5).

Water-table fluctuation method (WTF)

the water table fluctuation (wtF) method is a con-

ventional method for quantifying groundwater infiltra-

tion by multiplying the specific yield by the water level

rise. based on the van genuchten model (Healy and

cook 2002), an analytical relationship between ground-

water recharge and water level rise is derived. the equa-

tion is used to analyze the effects of water level depth and

soil physical properties on the recharge estimate using the

wtF method.

Infiltration was calculated using the following for-

mula (Healy and cook 2002):

R=Sydh /dt = Sy∆h/ ∆t
where:

R – infiltration [mm/y]

Sy - specific yield [percentage by volume]

h – water table hydraulic head [mm]

t – time [year]
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application of this equation requires the assumption

that water reaching the saturation zone is stored in-

stantly, and that other factors of the balance equations

during recharge are equal to zero. this method gives the

most precise results for short observation periods in ar-

eas where the groundwater table is shallow, which guar-

antees significant fluctuation in time (scanlon et al.
2002).

Due to its basic assumption and the possibility of

evaluating groundwater level changes based on regular

monitoring measurements, this method has been ap-

plied to evaluate infiltration in the Vistula River valley

in the KNP area. the wtF method is precise enough for

regional hydrogeological analyses, although it is worth

remembering its oversimplification, influencing the re-

sults of calculations.

In calculations (table 6), the following values of the

storage coefficient for deposits building the aquifer hori-

zon in the KNP area (somorowska 2003) were adopted:

• 0.0826 for areas of very shallow groundwater level (up

to 1.5 m in the KNP area);

• 0.1731 for shallow groundwater level (more than 1.5 m

in the KNP area).

the monitoring database for the period 1998–

2002 enables recharge for different time intervals to be

calculated. For example, the recharge value for the pe-

riod with the smallest precipitation during the winter sea-

son reached a mean of 90.5 mm/year, which is about

10% of the mean annual precipitation. 

During the highest precipitation in July, infiltration

reached 207 mm, i.e., about 30% of the average sum of pre-

cipitation and 40% higher than the mean annual recharge.

Numerical simulation

to compare results obtained from different monitor-

ing and computation methods, a numerical model was

applied to simulate recharge into the Vistula valley

groundwater system. the model was constructed using

ca 12–18 km cross-sections in the central and eastern part

of the KNP and its protection zone (text-fig. 1). the

cross-section lines, running N–s, start from the blonie

level and end on the Vistula River. simulation studies

have allowed proper water balance calculations using

modelling on hydrozones distinguished in KNP area

(Krogulec 2004).

modelling simulations have been made for steady

state flow conditions; the model was calibrated taking

into account the mean groundwater level measured in

piezometers and other monitoring and observation points

for the period 1998–2002. 

model calculations were performed with Visual

moDFlow 2.20 software, which uses the finite dif-

ferences method. model simulations were done with

the strongly Implicit Procedure Package – sIP digi-

tal method (Harbaugh et. al. 2000; mcDonald and

Harbaugh 1988). Infiltration recharge of the system

was modelled through the combination of the II- and

III-type conditions. the II-type condition was set as

fixed for the entire area of the recharge size. the III-

type condition was used to calculate evapotranspira-

tion. Evapotranspiration package (Visual moD-

Flow program) was applied for this, which enables

to calculate the amount of losses in the depth function

of the depth to groundwater occurring. combining II-
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and III-type conditions, together with applying the nu-

meric model of the territory’s area allows determining

the net recharge as one of the result maps of the

model.

space discretization of models in the KNP area took

place in two stages. In the first stage, the area was sub-

divided into blocks characterized by ∆x = 500 m (∆y =

1 m – models in vertical 2D space), whereas ∆z was ap-

plied to the evaluated geological conditions. In the fol-

lowing stage, the blocks were fused, mainly at the con-

tact zone of the valley with the glacifluvial plain and

glacial plateau as well as in the vicinity of smaller flows

in the study area (text-fig. 2).

the standard error of the calculated and observed

groundwater heads was compared and calculated to be

smaller than 10 cm, which satisfies compatibility test re-

quirements. In addition, an error analysis (anderson and

woessner 1992) was performed. the mean error be-

tween the computed and measured heads was found to

be negligible. the mean absolute error and the root

mean square error were also low, which indicates that the

model was properly calibrated. 

the relation of the model with the surrounding was

determined using the II- and III-type border condi-

tions. For boundaries passing through the Vistula River

channel, the type III condition was applied (the RIVER

packet was used in this case in all models), based on

data referring to the surface water state. In blocks with

condition III, values of transmissivity of the bottom de-

posits measured during model calibration were ap-

plied. on the south border along margin of the glaciflu-

vial deposits of the ice-dammed plain and the

post-glacial plateau, the III type condition was set

(gHb). the lower boundaries of the models were re-

stricted by the base of the aquifer horizontal position,

whose basement was considered as practically imper-

meable, thus this boundary was described by condition

type II (type Q = 0).

the most optimal values of infiltration and evap-

otranspiration for a given model class were obtained

during model calibration. the applied calibration

method (trial-and-error) compared the work (reac-

tion) of the model with the work of the existing sys-

tem. when identifying models, the minimal value of

the function of the object that was considered the in-

dicator of a correct simulation stage, was determined

as the difference between the measured and calculated

value of hydraulic head. In the calibration stage,

model sensitivity was tested based on the presented

methods of error calculation; influence of rates in in-

filtration, evapotranspiration and transmissivity of

bottom sediments. these values were statistically

evaluated and stand deviation values were obtained.

the obtained results: mE = -0.0047, maE = 0.494 m,

and Rms = 0.590 m allowed accepting the optimal

values of particular parameters in further calculations

and modeling.

the lowest value of infiltration was noted within the

swamp belts, where it ranged from 10.5 mm/year to

33.2 mm/year (a mean of 28.6 mm/year) (table 7).

Lateral flow conditions

lateral baseflow discharge from the glacifluvial

deposits of the ice-dammed plain and from the plateau

deposits of the entire valley unit in the KNP area, deter-

mined on the basis of balance model calculations, ex-

ceeds 21552 m3/24h over a length of 59 km (table 8). In

the eastern part of the KNP, the value of lateral baseflow

discharge reaches 6160 m3/24h; in the central part it is
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text-fig. 2. a – geological cross-section through the Vistula River valley in the Kampinoski National Park and b – line of numerical model (central 

part of KPN)



7192 m3/24h (table 8). In the western part, in the neigh-

bourhood of the glacio-fluvial plain deposits is located

a large intake of drinking water, and hence calculations

were not made for this area.

analysis of the results of lateral baseflow discharge

obtained from modelling indicates the low significance

of lateral components from the surrounding areas

(glacifluvial plain deposits and glacial plateau) in the

groundwater flow system of the wide Vistula River

valley, reaching from 4 to 6% of total infiltration in ar-

eas where groundwater intakes do not occur (table 8).

DIscussIoN aND summaRY

the infiltration results obtained differ, depending on

the two computation methods as well as on the time and

spatial scale of the evaluation (table 9).

Variable values of infiltration computed with the ap-

plication of different methods are linked to different in-

put data, applied simplifications, and calculation method.

the different values for the periods 1951–2000 and

1998–2002 are due to the dynamics of the hydrological

process in time and space and depend mainly on mete-

orological factors. the results presented are an argument

for a very careful (particularly in the case of method-

ological basics) and cautious selection of the method of

evaluation recharge and for a correct interpretation of all

factors included in the calculations and final results of the

computation.

the results show that for a mean depth of ground-

water level in the Vistula River valley of 1.69 m below

the ground surface, infiltration reaches according to

modelling values from 8 to 16% of the amount of pre-

cipitation and varies from 8 to over 26% in different hy-

drozones. when indicating the recommended value for
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further calculations, e.g. in evaluation of the groundwa-

ter vulnerability for contamination, results of modelling

of the rates of recharge should be used. 

modelling results which include all factors that in-

fluence the recharge rate, enable calculations for se-

lected areas and regions within larger units. analysis of

the value of lateral baseflow discharge obtained in model

studies indicates the low significance of lateral discharge

from the surrounding areas (glacifluvial deposits of the

ice-dammed plain and the post-glacial plateau) in the wa-

ter circulations system of Vistula valley, where ground-

water intakes do not occur.

Remarks of adopted methods:

• water table fluctuation method characterizes the

recharge in zones beyond the impact of anthropogenic

factors,

• hydrograph separation, based on automated calculation

of baseflow characteristics in accordance with a mod-

ified Base Flow Index (bFI) algorithm, covers only a

part of KNP (lasica River catchment),

• the empirical methods offers a quick assessment of in-

filtration as a proportion of precipitation, land use, ter-

rain and geology, and are useful in regional surveys,

e.g., assessment of the groundwater vulnerability to

contamination,

• the most representative infiltration rates in a river val-

ley on the regional groundwater level, have been ad-

justed and supplemented with results obtained from

other methods such as modelling. simulation studies

have enabled water balance calculations on models

and in specific hydrozones areas.
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