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Abstract: The article describes the characteristics of water circulation in the coastal Lake Gardno. The water cycle is based on water balance 
data calculated for the period 2003–2007 concerning hydrological years, including the components of horizontal and vertical exchange. 
Due to the coastal location of the lake, particular attention was paid to the share of the seawater in the lake water cycle. It was found that the 
inflow of sea water accounts for 10% of the total inflow, while  inflow from the land accounts for 86% of the total.
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Introduction

Water exchange in lakes, which results in changes 
in reservoir retention, results from the dynamic water 
balance (Rockstrom 2013). Changes in retention, how-
ever, are expressed through the variability of the water 
level (Bajkiewicz-Grabowska 2002). Hence, the stand-
ard equation of a lake’s water balance includes vertical 
and horizontal exchange streams, including the income 
components of atmospheric precipitation on the water 
surface (P), and surface and underground inflow of wa-
ters from the catchment (Hd), as well as water outflow 
components, which consist of evaporation from the 
water body surface (E) and outflow (Hw). The balance 
equation is closed by the retention difference corre-
sponding to the lake capacity change at the beginning 
and end of the balance period (Mikulski 1970a).

However, today this is one of the least researched 
elements in hydrology. The existing water balance cal-
culations concern mainly large lakes (Lichter 1995; Yin 
and Nicholson 1998; Zangh et al. 2016). Smaller lakes 
are disregarded due to the lack of a monitoring system, 
which in turn is associated with the lack of sufficient 
data. Another reason is the complicated water cycle and 
the uncertainty respecting the number of components 
needed to calculate such a balance. This mainly applies 
to the coastal zone of seas and oceans. Here, apart from 
the elements that are permanent for all lakes (precipita-
tion, evaporation, underground and surface inflow and 
outflow), new components appear (surface and under-
ground intrusions of sea waters) (Appelo and Willem-

sen 1987), for which there is often no reliable data. This 
is particularly true of groundwater inflow (Burnett et 
al. 2001), with particular regard to saltwater intrusion 
(Recinos et al. 2015).

Another problem is the difficulty in choosing a 
method for calculating evaporation. Recently some 
new approaches have appeared, e.g. using systematic 
isotopic patterns in surface waters (Gibson and Ed-
wards 2002). This method allows regional differences in 
losses caused by evaporation to be determined and has 
already been applied to different climatic conditions as 
well as geographical locations and altitudes (Gibson et 
al. 2016). Another helpful solution is the use of math-
ematical and hydrological models. For example, studies 
on the development and application of monthly water 
balance models have been conducted since the 1940s. 
Monthly water balance models were initially intro-
duced to assess the significance of selected parameters 
under various hydrological conditions. Current appli-
cations of water balance models are oriented in three 
main directions: reconstruction of catchment hydrol-
ogy, climate change assessment and seasonal and geo-
graphical water demand patterns (Xu and Singh 1998). 
In the case of constant measurements of water level 
changes, it is now possible to use satellite data that al-
lows changes in water levels in the sea and lakes to be 
tracked (Crétaux et al. 2011).

In the case of coastal lakes, which are also called 
transiently open/closed estuaries or sporadically closed 
and open lakes and lagoons (Jones et al. 2018), the pro-
cess of water exchange and its size is co-decided by the 
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location of the reservoir in the coastal zone. Lake Gard-
no, which is the subject of research, lies on the coast of 
the South Baltic (Fig. 1). The lake is a recipient of waters 
flowing into it from its total and immediate basin. The 
water reaches the lake in a natural or forced manner 
from the surrounding polders. In favourable air pres-
sure conditions, seawater inflows into the lake as a re-
sult of intrusion. This is thanks to the mouth section 
of the River Łupawa which connects the lake with the 
sea. In this situation the composition of the lake’s water 
balance is extended by an additional element, which is 
alimentation from the sea (Hm). The following equa-
tion represents its mathematical form:

 (P – E) + (Hd + Hm – Hw) = ΔR, 

where: P – atmospheric precipitation, E – evaporation 
from the water surface, Hd – surface and underground 
water inflow, Hm – seawater inflow, Hw – surface and 
underground water outflow, ΔR – retention difference

The connection of the lake with the main drainage 
base (the sea) determines the hydraulic contact of both 
water bodies, expressed in a synchronous course of fluc-
tuations in the level of the lake and the sea. The way the 
sea affects the lake depends on the current difference 
in the water levels between them. Therefore, we may 
observe a phenomenon which supports the outflow of 
water from the lake as a result of high sea level (blocked 
discharge) or the creation of an inverted gradient and 
the flow of water from the sea towards the lake. In Lake 
Gardno, this provokes certain quantitative and qualita-
tive repercussions. The role of the sea basin in shaping 

the water cycle in the lake boils down to the formation 
of outflow conditions from the lake or the real, periodi-
cally occurring share of sea water in the water balance.

In reference to the above, the paper aims to deter-
mine the structure of the water cycle in Lake Gardno, 
taking into account the volume of vertical and horizon-
tal exchange streams. This involves a numerical speci-
fication of individual components taking part in the 
balance as well as an indication of the relations between 
them and seasonal fluctuations in the water level in the 
lake. It is primarily the recognition of the size of lake ali-
mentation from the sea, indicating the periods in which 
sea waters have a decisive role in shaping the balance.

Methods

The water balance of Lake Gardno for the hydrologi-
cal years 2003–2007 is presented. The estimation of its 
components was based on the selected meteorological 
and hydrological elements from the database of the In-
stitute of Meteorology and Water Management PIB and 
a meteorological station in the village of Gać owned by 
the Institute of Geography of the Pomeranian Academy 
in Słupsk. The study uses daily data. The amount of 
atmospheric supply was determined based on the pre-
cipitation totals from the following stations: Ustka, Ob-
jazda, Smołdzino, Kluki, Izbica and Łeba. Evaporation 
from the water surface was calculated from the Davidov 
formula (Kossowska-Cezak and Bajkiewicz-Grabows-
ka 2009). For this purpose, data from the coastland sta-
tions in Ustka and Łeba as well as from the station in 
Gać were used. The applied formula contained only two 

Fig. 1. Location of the study area
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elements; air saturation deficit and wind velocity and is 
given by the following equation:

 E = 0.4d (1 + 0.25v), 

where: E – daily evaporation from the water surface 
(mm), d – average daily air saturation deficit (mm Hg), 
and v – average daily wind speed (m s–1). In the periods 
of full ice formation, the simplified Ostromęcki formula 
was used (E = 0.63d).

The volume of inflow of potamic waters to the lake 
was based on the daily values of the flow of the River 
Łupawa in the Smołdzino profile. Due to the lack of 
permanent hydrometric measurements on the other 
streams supplying Lake Gardno, their share in the water 
balance was omitted. The inflow to the lake was, how-
ever, supplemented with the discharge from five active 
polders located around the lake, as well as the lateral 
inflow from the immediate catchment, calculated from 
the monthly average outflows of the river subjected to 
hydrometric control (Łupawa). The volumes obtained 
in this way from the direct basin were reduced by the 
values of discharges from the pumping station to sepa-
rate the gravity outflow from the forced one. Intrusions 
of marine waters into the lake were estimated for peri-
ods in which the level of the Baltic Sea in the Ustka port 
was higher than the level of the lake in Gardna Wielka. 

These periods were determined by comparing the level 
of both basins after reducing data to a common refer-
ence point – zero of the water gauge. This method was 
successfully used before (Mikulski 1970b; Mikulski et 
al. 1969; Balicki 1978). To determine the volume of sea-
water inflow it was assumed that during the intrusion, 
the outflow of water from the basin is stopped (which 
increases its volume in the lake basin), and the surface 
of the lake does not change despite fluctuations in water 
levels (Weber 1973). The inflow volume was obtained 
after deducting the atmospheric inflow, as well as the 
inflow from the lake basin and the immediate basin.

A lack of observed changes in the level of ground-
water in the vicinity of Lake Gardno caused difficul-
ties in determining underground alimentation and 
outflow. For this reason, it was considered that these 
components were balanced and thus were omitted. The 
outflow from the lake was calculated from the balance 
equation. Balance data was presented in three reference 
units: water volume [hm3], water layer [mm] and per-
cent, and were presented as the average annual value 
and monthly averages from the period 2003–2007.

Study area

Gardno Lake is one of the few coastal lakes in the Pol-
ish zone of the Southern Baltic and the second largest. 

Fig. 2. Hydrographic sketch of the Łupawa catchment and direct catchment of Lake Gardno
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It is located within the limits of the Slovincian National 
Park, SNP (Słowiński Park Narodowy) in the geomor-
phological unit known as the Gardno-Łeba Lowland. 
The lake is surrounded from the south and west by the 
moraine of the Gardno lob, and from the north sepa-
rated from the Baltic Sea by the sandy embankment of 
the Łeba Spit (Rotnicki 2008). The eastern shore of the 
lake is formed by an inflow fan of the River Łupawa. 
The immediate surroundings of the lake are taken up 
by wetlands. Several rivers flow into the lake, the larg-
est of which is the Łupawa. It creates a basin with an 
area of 925 km2, which almost entirely constitutes the 
catchment of the lake. Leaving the lake, the river breaks 
through the dunes and feeds into the main drainage base. 
This section was partially regulated in the 1970s, which 
is why it is often called a canal. At the junction of the 
canal with the sea there is a small seaport in Rowy. The 
remaining rivers flowing into the lake form its immedi-
ate catchment, with an area of 125.4 km2 (Cieśliński et 
al. 2009). These include the Bagienica, Grabownica and 
Brodna rivers. The immediate catchment is also formed 
by polders cut by a network of drainage ditches: Gardna 
V, Gardna V–VI, Gardna VII and Gardna IX–X (Fig. 
2). The lake exibits a highly active hydrological system, 
manifesting itself through a high water exchange rate at 
the level 9.3 (Bogdanowicz and Cieśliński 2007).

The lake is shallow. Its average depth is 1.3 m, and 
the maximum reaches only 2.6 m (Choiński 1991). The 
bottom of the lake is flat, covered with mud and a lay-

er of sediments with a thickness of 2.5 m. It covers an 
area of 2468 ha, constituting 20% of the immediate ba-
sin and is continuously shrinking. The surface of Lake 
Gardno is gradually being reduced due to overgrowth, 
the sediments delivered by the River Łupawa and aeoli-
an processes. As a result, in its north-eastern part, Lake 
Smołdzińskie developed; its area is 28 ha, and average 
depth is 1.3 m.

Results

Lakes located in the coastal zone are also dynamic 
coastal systems, which may be susceptible to changes in 
catchment hydrology (Sadat-Nooria et al. 2016). This was 
demonstrated by the water balance studies carried out on 
Lake Gardno. It turned out that the state of retention of 
the Lake Gardno basin is determined by the horizontal 
water exchange, while the vertical phase plays a marginal 
role. Similar results were obtained for the neighbouring 
Lake Łebsko (Chlost 2009. 2016). In the period 2003–
2007, the atmospheric exchange rate was balanced and 
amounted to several percents of the total volume of ex-
changeable water (Fig. 2). On average, 673 mm of rain fell 
on the surface of the lake, supplying it with 16.609 hm3 of 
water. The largest pluvial supply values were recorded in 
the warm season with the maximum in July and August 
. Low precipitation was recorded from February to April 
(Table 1). The average evaporation value in the five-year 
study was 601 mm, which was 14.852 hm3 of water. The 

Table 1. The average monthly water balance of Lake Gardno from the period 2003–2007
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov–Apr May–Oct

Ve
rti

ca
l e

xc
ha

ng
e hm3 1.347 1.333 1.535 0.963 0.745 0.750 0.963 1.229 1.831 2.345 1.747 1.821 6.673 9.936

Pmm 55 54 62 39 30 30 39 50 74 95 71 74 270 403
% 8.1 8.0 9.3 5.8 4.5 4.5 5.8 7.4 11.0 14.1 10.5 11.0 40.2 59.8
hm3 0.587 0.449 0.415 0.301 0.691 1.338 1.925 2.330 2.305 1.831 1.530 1.150 3.781 11.071
Emm 24 18 17 12 28 54 78 94 93 74 62 47 153 448
% 4.0 3.0 2.8 2.0 4.7 9.0 13.0 15.7 15.5 12.3 10.3 7.7 25.5 74.5

H
or

iz
on

ta
l e

xc
ha

ng
e

hm3 26.060 27.777 31.020 28.468 29.792 25.515 23.601 20.501 22.808 21.903 21.252 22.793 168.632 132.858
Hdmm 1056 1126 1257 1153 1207 1034 956 831 924 887 861 924 6833 5383
% 8.6 9.2 10.3 9.4 9.9 8.5 7.8 6.8 7.6 7.3 7.0 7.6 55.9 44.1
hm3 4.393 5.928 4.251 2.251 3.115 2.370 0.701 3.320 1.717 0.667 2.514 2.564 22.308 11.483
Hmmm 178 240 173 91 126 96 28 135 69 27 102 104 904 465
% 13.0 17.5 12.6 6.7 9.2 7.0 2.1 9.8 5.1 2.0 7.4 7.6 66.0 34.0
hm3 30.473 32.072 35.749 37.748 33.257 30.012 19.786 20.153 24.051 21.110 25.118 28.496 199.311 138.714
Hwmm 1235 1300 1449 1529 1347 1216 801 818 974 855 1018 1155 8076 5621
% 9.0 9.5 10.6 11.2 9.8 8.9 5.9 6.0 7.1 6.2 7.4 8.4 59.0 41.0

R
et

. hm3 0.740 2.517 0.642 −6.367 −0.296 −2.715 3.554 2.567 0.000 1.974 −1.135 −2.468 −5.479 4.449
ΔRmm 30 102 26 −258 −12 −110 144 104 0.0 80 −46 −100 −222 182

In
flo
w hm3 31.800 35.038 36.806 31.682 33.652 28.635 25.265 25.050 26.356 24.915 25.513 27.178 197.613 154.277

mm 1289 1420 1492 1283 1363 1160 1023 1016 1067 1009 1034 1102 8007 6251
% 9.0 10.0 10.5 9.0 9.6 8.1 7.2 7.1 7.5 7.1 7.2 7.7 56.2 43.8

O
ut
flo
w hm3 31.060 32.521 36.164 38.049 33.948 31.350 21.711 22.483 26.356 22.941 26.648 29.646 203.092 149.785

mm 1258 1318 1466 1541 1375 1270 879 912 1067 929 1080 1202 8229 6069
% 8.8 9.2 10.2 10.8 9.6 8.9 6.1 6.4 7.5 6.5 7.6 8.4 57.5 42.5
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obtained results corresponded with the values listed in 
the Hydrological Atlas of Poland (Stachy 1987), where 
the annual sums of evaporation from the water surface 
(calculated using the Jurak 1976 method) for the Lake 
Gardno area ranged from 560–580 mm. On a monthly 
basis, losses due to evaporation exceeded atmospheric 
precipitation in the first months of the growing season, 
i.e. from April to July, and fluctuated in the range of 54–
93 mm (1.338–2.330 hm3).

The location of Lake Gardno in the surface drainage 
system (Drwal 1985; Bajkiewicz-Grabowska 2002) af-
fects the amount of water taking part in the horizontal 
exchange of water. The location of the reservoir in the 
estuary section of the Łupawa means it is a recipient 
of almost the total volume of waters flowing from the 
river’s basin. Therefore, it is evident that the inland wa-
ter supply plays a dominant role in the lake’s balance. 
In 2003–2007, this inflow amounted to 301.490 hm3 of 
water (12 216 mm), corresponding to 85.7% of the ex-
changed volume. This was a similar result to the calcu-
lations of Balicki (1980), who in this way estimated the 
lake alimentation to be 11 528 mm. The total volume on 
the land side was made up mainly of the River Łupawa, 
contributing on average 260.882 hm3 of water per year 
(10 571 mm). In the total mass of lateral inflow, polder 
systems delivered an average of 11.854 hm3 a year and 
the immediate catchment of 28.754 hm3 (Fig. 3).

In the annual system, fluctuations in the inflow of 
waters from the basin were associated with the hydro-

logical regime of the River Łupawa. The most signifi-
cant mass of water fell during the cold season, with the 
maximum in January (Tab. 1). At that time, an average 
of 31.020 hm3 of water flowed into the lake (1 257 mm). 
The lowest volume, reduced by over 30% in relation to 
the winter climax, was reached in the spring and sum-
mer months, with a minimum in June. The inflow vol-
ume was then at the level of 20.501 hm3 (831 mm).

The estimation of sea-side feeding has become es-
sential for the balance needs of Lake Gardno. The share 
of sea water in horizontal exchange was set at 10.5%, 
which is 33.791 hm3. The obtained results are 47% high-
er than those presented by Balicki (1978) for the years 
1966–1970 (17.984 hm3).

It was assumed that the intrusion of seawater oc-
curred only when the following conditions were met: 
the sea level exceeded the water level in the lake, and 
the volume of river inflow was smaller than the volume 
formed by the water layer during the periodically dom-
inating sea level above the state of the lake. In this way, 
days with intrusions when the level in the sea exceeded 
the water level in the lake by 1–3 cm were eliminated.

According to the adopted assumption, in the period 
2003–2007 the months with the highest preferences for 
inflow were October (12.7%) and December (11.8%), 
while the lowest number of intrusions of marine waters 
was recorded in March and April (4.5%). It follows that 
the inflows were most frequent in the months of au-
tumn–winter storms, and the least frequent during the 

Fig. 3. The average annual water balance of Lake Gardno (2003–2007)
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period of outflow of meltwater. However, the volume 
of waters flowing in differed from the number of intru-
sions. In this case, the maximum volumes occurred in 
December (5.928 hm3) and November (4.393 hm3), and 
the lowest in August and May, when they did not ex-
ceed 1 million m3 (Table 1).

In the five-year study, the outflow from the lake, 
determined from the balance difference, accounted for 
approximately 96% of the balance expenditure side. On 
average, 338.025 hm3 of water was discharged from Lake 
Gardno during the year, which corresponded to a layer 
of 13 697 mm per one unit of the lake surface. When 
considering individual months, the largest outflow oc-
curred from November to April, covering almost 60% 
of the annual discharge. Its culmination was in Febru-
ary (37.748 hm3). The smallest outflow was recorded in 
the months from May to September, i.e. a period of lim-
ited land supply. The minimum was recorded in May.

The obtained values of streams constituting the wa-
ter balance of Lake Gardno showed that in the period 
2003–2007 retention in the cold season was negative 
and in the summer half-year positive. This proves that 
despite the increased supply in the winter half-year, 
especially in February–April, water resources become 
depleted through increased outflow, leading to the min-
imum level of the lake in May (Fig. 4). From that mo-
ment, water supplied to the lake from various forms of 
supply was retained, rebuilding resources which trans-
lated into an increase in its level. Ultimately, however, 
the average annual retention volume was negative, and 
the deficit was -0.987 hm3 of water.

Discussion

An attempt to evaluate and quantify the water tak-
ing part in the circulation in the Lake Gardno basin 
was the subject of earlier studies by Balicki (1978). 
Cieśliński (2011) also dealt with the size of the horizon-
tal stream exchange. The obtained results correspond to 
those presented in this article, but they differ in details. 
This results from a different methodological approach 

to determining the components of the balance, as well 
as the adoption of a different research period. The high 
compliance concerns the fact that in the entire water 
balance atmospheric exchange plays a secondary role, 
while the potamic inflow determines the resources of 
the lake. A similar ratio of the components of the bal-
ance is represented by the neighbouring Lake Łebsko, 
although in a detailed comparison of the two lakes 
quite large discrepancies emerge (Chlost 2012).

Differences also appear in the calculation of the in-
flow from the immediate catchment to Lake Gardno. Cy-
berski and Jędrasik (1992) assume the value of 26.9 hm3 
while Cieśliński (2011) gives 16.651 hm3. These values, 
however, do not have much significance in the overall 
balance of the tested reservoir. A more critical impact on 
the water cycle in the lake is exerted by the size of the 
marine intrusion and the impact of the sea in regulat-
ing the lake retention level by blocking the outflow. As 
previously indicated, the obtained results of the seawater 
supply to the lake are higher than those quoted by Balicki 
(1978). The outlet part of the River Łupawa connecting 
both reservoirs and their parameters plays a fundamental 
role in the hydraulic contact of the lake and the sea. This 
section is approximately 1.2 km long, with a width rang-
ing from 15 to 20 m, and even up to 36 m, a depth of up 
to 2.5 and an average drop of 0.3‰ (Bogdanowicz and 
Izydorek 2012). Additionally, it is oriented towards the 
north-west, that is towards the winds from the western 
sector prevailing in this region. Hence, these parameters 
change quite often. It happens that as the result of storms 
the mouth of the channel in the fishing port in Rowy is 
entirely or partially obstructed by sand, as pointed out by 
Kunisch (1913). In the years 2003–2007, the number of 
such events was as follows: total sanding – 18 days, par-
tial (one-sided navigable channel) – 114 days, shallowing 
the entire width of the channel (hindering or preventing 
navigation – shallowing to 1 m deep) – 191 days (BPR 
2002–2007). Research carried out by the Maritime Office 
in Koszalin (UMwK 1967) showed that the full sanding 
of the Łupawa channel occurs mainly in the spring and 
summer, while partial sanding in the autumn and winter. 
Thus, this interaction did affect the general conditions of 
the water circulation in the lake.

Analysing the course of fluctuations in the level of 
water in the sea and Lake Gardno, there was a high an-
nual, seasonal and daily interdependence. The coeffi-
cient of determination of the average monthly sea levels 
(Ustka) and the lake (Gardna Wielka) from the period 
2003–2007 was very high and amounted to R2 = 0.878. 
This shows a substantial correlation. It is difficult, there-
fore, to agree with Balicki’s (1978) theorem that “water 
fluctuations of Lake Gardno are subject only to periodic in-
fluences of fluctuations in the states of the Baltic Sea” (page 
90, lines 3–4). The obtained results indicate that the 

Fig. 4. Average monthly changes in the Lake Gardno water level 
(2003–2007)
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studied water bodies behave like communicating vessels. 
Only in certain periods, due to changes in hydrometeor-
ological conditions, interrelationships weaken, but they 
never completely stop. An even higher correlation with 
the main drainage base is found in Lake Łebsko with the 
Pearson correlation coefficient of 0.932. In this case there 
was also a significantly higher share of sea waters in the 
lake’s balance sheet, reaching almost 30% (Chlost 2012). 
This is due to two reasons: a much larger cross-section 
of the dampened canal connecting Lake Łebsko with the 
sea compared to Lake  Gardno, and differences in eleva-
tion of the water level in lakes in relation to the sea level. 
In the period 2003–2007, for which balance calculations 
were carried out, these differences amounted to 13 cm 
for Lake Gardno and 7 cm for Lake Łebsko.

Conclusions

The balance of the volume of water taking part in 
the water cycle in coastal Lake Gardno indicated the 
dominant role of horizontal exchange in the lake. The 
streams of this phase change seasonally and dynami-
cally, affecting the time needed to completely exchange 
water in the lake’s basin and its hydrological system. 
While the crucial balance element is the potamic inflow, 
the main drainage base is of fundamental importance 
in shaping the water level in the lake. Its role is primar-
ily to form conditions for the outflow of the lake. The 
neighbourhood and the connection of the lake with the 
Baltic Sea provide periodic intrusions of sea waters into 
the lake. Comparison of the volume of this component 
in the circulation of the waters of two closely located 
lakes of the coastal zone of the Polish coast (Gardno 
and Łebsko) emphasises its different share in the total 
balance of water reservoirs. The contribution of sea wa-
ters in the balance of Lake Gardno is almost three times 
smaller than in Lake Łebsko. This difference exposes 
the role of local conditions in creating the size of the 
inflow of marine waters to lakes. These include other 
parameters of canals connecting lakes with the sea, dif-
ferent location of lakes’ water level in relation to the sea 
level, as well as other morphometric features of lake ba-
sins. The above conclusions indicate that each tank of 
this type should be balanced individually.

The hydraulic connection with the sea guarantees 
much more favourable conditions for full and quick wa-
ter exchange than in the case of inland lakes. It means 
that the retention time in the lake basin is short. The 
rate of water exchange in Lake Gardno described by the 
ratio of the volume of water flowing out of the lake to its 
capacity, underlines the nature of hydrologically active 
reservoirs (Pasławski 1975). In the 2003–2007 balanc-
es, the exchange rate was 10.9, which equates to nearly 
eleven exchanges during the year.
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