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The water budget of a small stream watershed provides important information on the hydrological cycle components 
within the local area. The paper overviews the six-year observation of water budget elements in four small watersheds 
ranging in their size from 0.16 km2 to 18.5 km2. Annual precipitation over the six-year observation period ranged 
from 488 mm in 2021 to 763 mm in 2020. The total number of rainy days was 621. The maximum monthly precipita-
tion of 169.8 mm was recorded in June 2020. Snow precipitation accounted for 16 % to 37 % of the total precipitation 
over the hydrological year. Calculations show that the snowmelt produced infiltration ranging from 69 mm to 106 mm 
with the six-year average of 88 mm. The water balance shows an annual change in water storage, which reached an 
average of 41 mm/year. This value represents 7 % of the average annual precipitation layer. The baseflow was identi-
fied by separating the runoff hydrograph. Data analysis showed that the baseflow of the surface runoff was 102 mm 
on average over the six years evidencing that 60 to 70 % of the surface runoff accounted for the baseflow.

Keywords: streams, watershed, water budget, precipitations, surface runoff, evapotranspiration, infiltration, stream hydrograph, 
Nizhnekanskiy massif, Yenisey Range, radioactive waste.

Introduction 

The dynamics of water balance elements at the 
sites of nuclear facilities, which include, in par-
ticular, the planned geological disposal facility for 
Class 1 and 2 radioactive waste (RW) in the Nizh-
nekanskiy massif (Krasnoyarsk Territory, Yeniseis-
kiy site) is seen as a most important research area 
addressing the environmental factors at the design 
development stage. Identification of the under-
ground flow component (infiltration groundwater 
recharge) in the total water exchange along with 
the flow structure of the massif is required to calcu-
late the radionuclide transport in the underground 
hydrosphere during the operational and post-ope
rational periods, i. e., to assess the long-term safety 
of the facility. At the construction and operational 
stages, this characteristic is largely responsible for 

the amount of water inflow into the underground 
excavations and the effectiveness of implemented 
drainage measures. Finally, the impact of construc-
tion work and facility operation on the surface and 
ground water in the region can be reliably forecast-
ed only based on reliable data on all water balance 
elements. In particular, the accumulated meteoro-
logical and hydrological data are required to assess 
the consequences associated with normal opera-
tion of a RW disposal facility developed in accor-
dance with the requirements set in RB-003-21 [1].

Water balance data become especially important 
for the long-term safety assessment [2] given the 
instability of modern global climate introducing 
certain variability in the hydrological conditions. 
For example, long-term observations at water 
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balance stations show how general climatic chan
ges affect moisture cycles within small river catch-
ments driving non-stationarity in the long-term 
runoff series [3]. Changes associated with moisture 
cycles and relevant processes are observed in the 
European territory of Russia, in the southern taiga 
of the Western Siberia [4], [5] and in the Baikal re-
gion [6]. Individual observations and modeled hy-
drological conditions show considerable decrease 
in the surface runoff, probable seepage increase 
in the catchment basins of small streams and in-
creased evapotranspiration expected in the taiga 
zone [7], [8]. Undoubtedly, changes in the moisture 
cycles will manifest themselves in the Nizhnekan
skiy massif area as well. However, to identify certain 
local features, as well as some contemporary and 
expected changes, specific data obtained from local 
water balance observations are required.

Water balance studies are performed widely 
throughout the world and, provided their consis-
tent long-term application, pave the way for most 
complete understanding of the water exchange 
processes in particular areas [9]. Water balance 
calculation is a quantitative expression of the law 
of conservation of matter [10], [11] and can be suc-
cessfully applied at different scales [6], [12]. Under 
the studies discussed in this article, a catchment 
basin is considered as a unit in water balance obser-
vations, i.e., a section of the earth's surface where 
the cycle of atmospheric precipitation transforma-
tion into other water balance elements occurs [10]. 
At the same time, in small basins in southern tai-
ga landscapes, the heterogeneity of local factors 
governing the runoff redistribution is high. Such 
factors as heterogeneity of vegetation cover, the 
degree of economic development of the territory 
in combination with the geomorphological condi-
tions of the catchment produce quite considerable 
impact on the ultimate annual volume of surface 
runoff measured at the terminal hydrological sec-
tion. This consideration is not sufficient to make 
forecasts based on data available on any single 
small basin only, therefore, four catchments were 
covered by the monitoring observations.

Thus, the results presented in this article involve 
both some important applied and scientific consid-
erations. Firstly, based on water balance data for a 
local territory one may more accurately estimate 
the amount of water seepage into groundwater ho-
rizons. Therefore, the results obtained should be 
taken into account in the long-term safety assess-
ment of the DGR. The scientific consideration is 
related to the fact that relatively few long-term wa-
ter balance observations covering the catchments 
of small rivers and streams were conducted in the 
southern territories of the Central Siberia. 

Based on the above, this study evaluates annual 
and long-term dynamics of recharge and discharge 
water balance elements for four catchment basins 
based on relevant meteorological and hydrological 
monitoring observations. This study has required 
immense field research, as well as the use of vari-
ous calculation methods, in particular, mathemati-
cal modeling of hydrological conditions in water 
bodies. 

Objects and methods

Objects. The studied area is located on the wes
tern slope of the Atamanov Range integral to the 
southern Angara-Kan end of the Yenisei Ridge. 
Considering physical-geographical and geomor-
phological zoning, this region belongs to the Cent
ral Siberian province of stratified-denudation pla-
teaus [13], and the Yenisei Ridge is distinguished 
as one of seven regions within this physical-geo-
graphical province. Its western border accounts for 
the Yenisei River valley. South of the Yenisei Ridge 
is the Kansk-Rybinsk intermontane plain with the 
foothills of the Eastern Sayan that spread further 
southwards. To the west, on the left bank of the 
Yenisei River, is the southern province of accumu-
lative and denudation plains of the West Siberian 
Lowland. Thus, in physical-geographical and geo-
morphological terms, the studied area occupies a 
border position between three different landscape-
geomorphological territories.

The observed water bodies are represented by 
four small rivers and streams integral to a common 
drainage basin of the Yenisei River (Fig. 1) and flow-
ing down the western macroslope of the Atamanov 
Ridge. Hydrological stations were arranged on each 
watercourse, i.e., from GP-1 to GP-5 (Fig. 1), accor
ding to the areas of the monitored drainage basins.

Their morphometric characteristics were cal-
culated based on publicly available digital eleva-
tion models (DEM) — SRTM, ASTER GDEM and 
ALOS [14], [15], [16]. The minimum drainage basin 
of 0.13 km2 in the upper reaches of the Merkuri-
yev Creek is covered by hydrological station GP-3 
(Fig. 1). The rest of the stations covers the drainage 
basins with catchment areas ranging from 2.4 km2 — 
on the Bezymyanniy Creek and up to 18.3 km2 — 
on the Baikal River (Fig. 1). The most contrasting 
morphometric differences are observed between 
the catchment areas of the Shumikha River (GP-1) 
and the Baikal River (GP-4). The catchment area of 
the Shumikha River is 4.1 km long, while the one of 
the Baikal River is 8 km long. With approximately 
the same average width of the catchment areas — 
2.2 km, they stand in contrast to each other in terms 
of their shape: the one on the Baikal River is longer, 



Radioactive Waste № 1 (30), 2025 33

Water Budget of Small Watersheds and the Groundwater Infiltration Recharge 
 Estimated within the Yeniseyskiy Site Area (Nizhnekanskiy Rock Mass, Yenisey Range)

which is quantitatively expressed in the elongation 
coefficient, which is 1.8 for the Shumikha River and 
3.5 for the Baikal River [17].

In addition to routine water balance observations, 
a detailed study of surface runoff and soil moisture 
dynamics in the aeration zone (in the upper part of 
the active water exchange zone) was conducted. For 
this purpose, the Shumikhinsky hydrological tes
ting site was arranged within the catchment area 
of the GP-1 station on the Shumikha River (Fig. 1). 

From a hydrogeological point of view, the Yeni-
seiskiy site is located within the Angara-Kan hy-
drogeological fissure-groundwater massif, which 
occupies the southern part of the Yenisei Ridge [18]. 
The site is located in the watershed part of the 
Yenisei River and the Kan River (first-order rivers) 
interfluve. Thus, this area accounts for the main 
groundwater recharge zone giving rise to a regional 
flow into the indicated watercourses [19]. In the 
water balance studies, it’s considered important 
that the local flows (to a depth of 150—200 m) are 
governed by mesorelief and discharge into sec-
ond- and third-order watercourses, which is indi-
cated by the spatial distribution of groundwater 

levels clearly correlating with terrain heights [19], 
[20]. The upper part of the hydrogeological section 
in the area of the Yeniseiskiy site is composed of 
a locally watered horizon of Quaternary cover de-
posits distributed from the surface to a maximum 
depth of 31.3 m with an average thickness of about 
10 m. In the bedrock massif underlying the Quater-
nary deposits to a depth of 50—150 m, there is an 
aquifer confined to an exogenous fracturing zone of 
the Early Archean rocks. Its flow properties vary in 
a quite wide range, i. e., from 0.0002 to 1.58 m/day. 
In the depth range of 150—700 m, impermeable 
gneisses, crystalline schists, as well as metadoler-
ite, dolerite and gabbro-diabase dikes with water 
permeability coefficients of up to 0.005 m/day are 
predominant [21]. Systematic groundwater obser-
vations in the area of the Yeniseiskiy site have been 
conducted since 2017 [22]. 

Methods. Under the discussed studies, the water 
balance observation method was used. In particular, 
it combines field and calculation methods. Since 
under the long-term safety assessment, water bal-
ance observations are required to evaluate the in-
filtration layer, the water balance equation can be 
written as follows:

	 ∆ = +( ) − −P P Q ETr s ,

	 Q Q Qsf bf= + ,

	 ∆ ∆ ∆= +M Gsw gw ,

where Δ is the residual term of the water balance 
equation, mm; ΔMsw is the change in the moisture 
reserves in the upper layer of soils and grounds, 
mm; ΔGgw is the change in the moisture reserves in 
aquifers drained by the river, mm; Pr is the annual 
amount of liquid precipitation during the warm 
period from April to October, mm; Ps is the annual 
amount of solid precipitation during the cold pe-
riod from November to March, mm; Q is the annual 
layer of river runoff measured at the terminal gau
ging post, mm; Qsf is the annual layer of fast surface 
runoff in the river runoff, mm; Qbf is the annual lay-
er of base (soil and ground) runoff in the river run-
off, mm; ET is the annual layer of evapotranspira-
tion, mm. All water balance elements are expressed 
in millimeters and calculated as averages for each 
catchment area [23]. Water balance was calculated 
for a hydrological year, which was assumed to start 
on October 1, i. e., since the hydrological year be-
gins with the onset of the autumn low water and 
includes all phases of the hydrological cycle of the 
watercourse.

Thus, the water balance equation consists of an 
incoming part formed by solid and liquid atmo-
spheric precipitation (Ps + Pr) and the sum of the 

Fig. 1. Layout of the territory covered by water balance 
monitoring observations
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expenditure surface runoff (Q) and evapotranspira-
tion (ET) components. Therefore, monitoring ob-
servations combined meteorological observations 
to determine the incoming balance component, 
hydrological observations to determine the surface 
runoff layer and calculation methods to calculate 
the annual evapotranspiration layer. The discrep-
ancy, or the residual term of the balance equation 
Δ, stands for the difference between the recharge 
and discharge water balance elements. This value 
can be positive, and then Δ is the total layer of wa-
ter that has replenished the soil water reserves and 
seeped into groundwater. The discrepancy may also 
be negative if the balance expenditure components 
exceed the layer of atmospheric precipitation du
ring the year. In the second case, its value deter-
mines the layer of moisture reserve depletion in the 
soil and ground layer, which provided the surface 
runoff.

Routine observations over the dynamics of me-
teorological indicators were carried out at two au-
tomatic meteorological stations MS-1 and MS-2 
(Fig. 1): the first one – in the lower part of the 
Merkuriyev Creek catchment area and the second 
one – on the common watershed of the Shumikha 
River, the Merkuriyev Creek and the Baikal River. 
Both stations allowed for continuous observations 
of the following indicators: atmospheric air tem-
perature, relative humidity, atmospheric pressure, 
wind direction and speed, and the amount and in-
tensity of liquid precipitation. The layer of solid 
precipitation that fell during the period of negative 
temperatures from November to March was mea-
sured separately. For this purpose, route snow sur-
veys were carried out annually at the end of March 
(Fig. 1). The moisture reserve levels in snow (in mil-
limeters of water) measured in the last ten days of 
March were taken into account in the water balance 
as the sum of solid precipitation for the cold period. 

Hydrological observations were carried out at five 
stations (Fig. 1 and Fig. 2B, G) with water level mea-
surements performed once every 30 minutes with 
a free riverbed, measurements of water discharge 
(hereinafter WDM) at each hydrological station (Fig. 
2A, B) and some of its physicochemical parameters 
(pH, Eh, electrical conductivity). Based on these 
data, daily flow volumes and the annual volume 
were calculated. Since the bed of all watercourses is 
covered with ice in the winter, these were calculated 
separately for a free steady flow and for a hindered 
flow during this period. For a free riverbed, the flow 
curve was constructed expressing the relationship 
between water discharges and levels, as well as a 
regression equation approximating their relation-
ship [24]. To calculate unsteady and hindered flow 
in the winter period, linear interpolation between 

the WDM values and the mathematical hydrologi-
cal flow modeling were applied.

When it comes to substantiating and predicting 
the seepage levels, it is important to evaluate the 
shares of the annual surface runoff volume record-
ed at a hydrological station making up the water 
moving directly along the surface of the catchment 
basin and the water that first seeped into the soil 
and ground layer and then reached the watercourse 
channel. The first route is usually called the fast 
runoff and the second one — the base runoff. To 
identify the annual volumes of these two runoff 
types, the annual hydrograph was dissected. This 
analysis involved two methods: the Kudelin [25], 
[26] and Line-Hollick [27] methods, which differ 
primarily in the way the base runoff component is 
identified during the flood phase and during rain 
flood episodes. In addition, to assess the base run-
off component, groundwater levels were observed in 
the well P-2-Ts in the watershed part of the Baikal 
River, the Shumikha River and the Merkuriyev Creek 
basins, which was 200 m deep (Fig. 1). Thanks to its 
design, one may observe the natural intra-annual 
dynamics of groundwater level fluctuations in the 
active water exchange zone. Based on such obser-
vations, the seepage groundwater recharge in the 
watershed part of the territory has been calculated.

Fig. 2. Hydrological observations: A — water flow measurement 
at the end of the winter low water period on the Baikal 
River; B — general view of the GP-5 hydrological station 
on the Merkuriyev Creek; C — water flow measurement at 
GP‑1, the Shumikha River; G — general view of the GP-2, 

the Bezymyanniy Creek
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Evapotranspiration is considered a most difficult 
water balance element to measure. To date, a few 
methods have been developed to calculate it [28]. 
With some conventionality, all calculation methods 
can be divided into water balance, empirical and 
microclimatic [29]. Water balance methods imply 
that evapotranspiration is calculated as the diffe
rence between all known water balance elements. 
This approach was not used in this study, since it 
was also seeking to determine the difference (dis-
crepancy) between the water balance elements. 
Empirical and microclimatic methods were used to 
calculate the annual water balance. Evapotranspira-
tion was calculated based on six methods, then the 
obtained values were compared with the average 
ones and the one driving the minimum balance dis-
crepancy was selected [28]. The calculations were 
performed using the Turk, Oldenkop, Postnikov and 
Hargraves equations, which are based on empirical 
relationships between actual evapotranspiration 
and annual evaporation. In particular, in these ap-
proaches it exclusively depends on the average an-
nual air temperature. The Penman-Monteith and 
Priestley-Taylor methods are referred to microcli-
matic calculation methods. The Penman-Monteith 
equation in the FAO-56 modification is perhaps 
the most detailed and at the same time relatively 
easy to calculate. This equation describes the re-
lationship between the reference evapotranspira-
tion with the vegetated soil surface and such mi-
croclimatic values as reflected solar radiation, wind 
speed at a height of 2 m, air temperature and mois-
ture deficit [30]. Most of the required parameters 
are measured directly at the MS-1 and MS-2 wea
ther stations within the Yeniseiskiy area. Thus, this 
method can be considered as the most accurate one. 
The Priestley-Taylor method is quite similar to the 
Penman-Monteith method, since it is also based on 
the Penman equation, but does not explicitly take 
into account the aerodynamic parameters [31]. The 
performed calculations showed that for each water 
balance year, either the Penman-Monteith method 
or the Priestley-Taylor method can be used to cal-
culate the evapotranspiration value that caused the 
smallest water balance discrepancy.

Results

Liquid and solid precipitation is the only recharge 
water balance element in the studied area, since 
clearly no engineering measures are in place in 
the catchment area, i.e., water transfer from other 
catchment basins or irrigation. It was also assumed 
that the lines of the surface and underground wa-
tersheds coincided at least in the upper part of the 
hydrogeological section, i.e., in the zone of active 

water exchange. This assumption appears to be 
important for water balance studies, since mois-
ture from the zone of active water exchange forms 
the base part of the surface runoff. Over the six-
year observation period, the annual precipitation 
amount varied from 488 mm in 2021 to 763 mm in 
2020. A total of 621 days with rain were recorded. 
The greatest amount of precipitation was observed 
in June and July with the maximum amount of 169.8 
mm accounting for June 2020. This suggests that in 
some years the monthly precipitation amount can 
be comparable to the moisture content in the snow 
cover giving rise to the flood phase. Over the en-
tire period of monitoring observations, annual vo
lumes of atmospheric precipitation in the studied 
area were always higher than the reference ones: 
Sukhobuzimskaya (373 mm), Krasnoyarsk, experi-
mental field (454 mm), Uyar (425 mm) [32]. Obvi-
ously, this may be associated with the location of 
the water balance observation area on the western 
macroslope of the Yenisei Ridge, and due to south-
westerly winds prevailing in the area it receives 
more precipitation. 

Of all the rainy days, 448, or almost 72 %, were 
characterized by daily precipitation ranging from 
0.25 to 5 mm. At the same time, modeling showed 
that daily evapotranspiration could vary from 0.5 to 
5 mm in the summer months, and on some days, it 
could amount to up to 6—7 mm. Thus, during the 
summer-autumn low-water period, daily precipita-
tion of less than 5 mm can be almost completely 
spent on evapotranspiration. Under these condi-
tions, the intensity of a rain event and the part of 
the day when it occurred could now be treated as 
important factors responsible for the rain flood 
wave evolving on the watercourses and the portion 
of moisture that seeps into the soil layer. A good 
example of such moisture circulation dynamics was 
the summer of 2022, when, despite intensive rain-
falls, rain floods were recorded quite rarely (Fig. 3). 
The graph clearly shows how, with frequent rains, 
average daily discharges continue to drop down 
to low-water levels and floods evolve only starting 
from mid-August in response to a thick precipita-
tion layer.

The moisture reserves in solid precipitation accu-
mulated in the snow cover by the end of March va
ried over the observation period from a minimum 
of 116 mm in March 2022 to a maximum of 181 mm 
in March 2021. Thus, solid precipitation tends to 
account for 16 % to 37 % of the total precipitation 
within a hydrological year. At the same time, mois-
ture seepage into active water exchange zone de-
pends on the amount of moisture reserves in the 
snow cover. Groundwater levels in the active water 
exchange zone on the watershed tend to grow up 
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sharply in late April and early May in response to 
snow melting as can be seen from the level graph 
for well P-2-Ts (Fig. 4). Calculations based on this 
method [33] show that the seepage layer from the 
snowmelt varied from 69 to 106 mm with an ave
rage value of 88 mm over the six years (Fig. 4), i. e., 
from 68 % to 90 % of the annual seepage layer can 
be attributed to this factor. This seepage moisture 
is subsequently divided into two parts. The larger 
part is drained and used for surface runoff making 
up the base part during the summer-autumn and 
winter low-water phases. The rest replenishes the 
groundwater reserves. After the end of the snow-
melt period, in the summer-autumn low-water 
phase, short-term rises in groundwater levels can 
be observed. These are caused by the heaviest 
rains 

Due to the fact that currently there is no water 
surface and groundwater intake within the studied 
area, the expenditure water balance components 
account for the surface runoff and evapotrans-
piration. The mode of the studied watercourses 
is distinguished by quite distinct intra-annual 
phases, i. e., autumn-winter low water, spring 
flood, spring-summer-autumn low water with rain 
floods (Fig. 5). 

The autumn-winter low water phase starts in Oc-
tober: water levels and discharges tend to decrease 
gradually (Table 1), which can be interrupted by 
some rain or melt floods. Thus, the maximum au-
tumn WDM was observed on the Baikal River on 
October 13, 2022. The water discharge amounted to 
0.3007 m3/s due to a rainfall on October 12 and 13, 
which had a relatively small volume, i. e., a total of 

Fig. 3. Dynamics of summer precipitation and runoff hydrographs for two main watercourses in the observation area, 2022

Note: dotted lines show the intervals on the graph for water level fluctuations corresponding  
to the time intervals of seepage to the groundwater level

Fig. 4. Level regime in the R-2-Ts well and seepage layers calculated according to [33]
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12.2 mm, of precipitation over these two days. This 
event illustrates a situation when, at already low air 
temperatures, a minimal amount of water is spent 
on evapotranspiration and even small amounts of 
precipitation cause large rain flooding volumes.

In the studied watercourses, surface runoff does 
not stop in the winter. Even in the catchment area 
with a minimum area in the upper reaches of the 
Merkuriyev Creek, it takes place during this pe-
riod with the discharges ranging from 0.00019 to 
0.00070 m3/s. Ice cover on the watercourses tend to 
establish in the first ten days of November or, less 

often, in the last third of October. The channel was 
getting completely free of ice in the first or second 
ten days of May, and, thus, the ice phenomena was 
lasting from 152 to 187 days.

It should be noted that runoff measurements 
during the autumn-winter low-water period pro-
vide essential input data for the hydrogeological 
modeling and substantiation of seepage values 
since this phase yields entirely from groundwater. 
At the same time, these measurements account for 
the most labor-intensive process due to negative 
air temperatures and ice formation. Hydrological 

Fig. 5. Hydrographs of watercourses at three hydrological stations over a six-year period

Table 1. Average monthly surface runoff indicators for a six-year period (2017—2023)

Month
GP-1 GP-2 GP-3 GP-4 GP-5

*Qm,mean, m
3/s *Qm,max, m

3/s *Qm,mean, m
3/s *Qm,max, m

3/s *Qm,mean, m
3/s *Qm,max, m

3/s *Qm,mean, m
3/s *Qm,max, m

3/s *Qm,mean, m
3/s *Qm,max, m

3/s

10 0.0574 0.2360 0.0062 0.0556 0.0008 0.0057 0.1168 0.5171 0.0654 0.2565

11 0.0371 0.1834 0.0077 0.0154 0.0003 0.0004 0.0969 1.0293 0.0449 0.2090

12 0.0262 0.0543 0.0071 0.0085 0.0002 0.0003 0.0511 0.0880 0.0373 0.0527

01 0.0224 0.0343 0.0060 0.0082 0.0001 0.0005 0.0439 0.0654 0.0355 0.0511

02 0.0214 0.0396 0.0059 0.0107 0.0004 0.0008 0.0418 0.0634 0.0327 0.0495

03 0.0259 0.0581 0.0063 0.0371 0.0005 0.0013 0.0426 0.0616 0.0329 0.0724

04 0.1130 0.8960 0.0289 0.2013 0.0024 0.0094 0.1637 1.7889 0.1029 0.4779

05 0.1306 0.8083 0.0107 0.1052 0.0021 0.0051 0.2264 1.7918 0.1156 0.4851

06 0.0749 0.4590 0.0118 0.0614 0.0010 0.0041 0.1090 0.9853 0.0862 0.4527

07 0.0552 1.2098 0.0125 0.1615 0.0017 0.0450 0.0819 0.5982 0.0695 0.7448

08 0.0437 0.1828 0.0087 0.0247 0.0011 0.0043 0.0827 0.5804 0.0605 0.1920

09 0.0520 0.4044 0.0092 0.0256 0.0010 0.0045 0.1139 0.6877 0.0705 0.2352

*Qm,mean — average monthly water consumption over six years; Qm,max — maximum daily water consumption over six years in a given month.
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mathematical modeling plays an important role in 
the low-water winter runoff and its evaluation. 

The accumulated monitoring data show that 
water discharges in all watercourses commonly 
decrease linearly from October till the end of De-
cember and, apparently, reach the minimum annual 
level in January (Table 1). For example, at GP-1, the 
minimum WDM that accounted for 0.0196 m3/s was 
recorded on December 22. Average daily dischar
ges on the Shumikha River were found to be ran
ging from 0.018 to 0.0343 m3/s and from 0.021 to 
0.0654 m3/s on the Baikal River (Table 1).

Over the six-year observation period, the autumn-
winter low-water period often ended in the third, 
and in some years in the second ten-day period 
of April. Moreover, the greatest flood tends to oc-
cur almost at the same time, i. e., between April 23 
and 30. During the measurement period, the abso-
lute maximums of the flood WDM were recorded 
on April 29, 2021. On this day, the WDM amounted 
to 0.9685 m3/s, 2.1298 m3/s and 0.489 m3/s on the 
Shumikha River, the Baikal River and the Merkuri-
yev Creek respectively. Average daily water dis-
charge varied from 0.031 to 0.8960 m3/s on the 
Shumikha River and from 0.0385 to 1.7889 m3/s 
on the Baikal River. During the observation period, 
the flood phase was ending in the first ten days 
of May, and in some years, it could last until the 
15th—16th of May. During this long extended phase, 
individual rain floods tend to get superimposed on 
the melt runoff. Thus, in May there is a gradual de-
crease in its volumes, and no later than the second 
ten days of May, the summer-autumn low water 
starts on the watercourses (Table 1). The minimum 
runoff is usually established in the last third of July 
and continues until the first ten days of September. 
This general picture may change depending on the 
number of rain floods and their intensity. It can be 
noted that individual rain floods are characterized 
by water discharges comparable to flood dischar
ges. For example, on July 10, 2021, the WDM equal 
to 0.6078 m3/s was recorded on the Shumikha Ri
ver, and the average daily discharge on July 7, 2021 

reached 1.2098 m3/s. Average daily low-water dis-
charges at the end of July, August and beginning of 
September may drop to values comparable to win-
ter low-water discharges. For example, at the end 
of August 2023, they dropped to 0.0264 m3/s on the 
Shumikha River and to 0.0242 m3/s on the Baikal 
River.

Evapotranspiration from the surface of each wa-
tershed depends on a large number of factors: the 
essential ones account for the moisture content in 
the surface soil layer, the growth phase and con-
dition of vegetation, meteorological factors and, 
above all, the average daily air temperature, which 
determines the amount of potential evaporation. 
Over a six-year period, annual evapotranspiration 
varied from 321 to 535 mm. Its maximum value was 
calculated for 2020 with the highest amount of pre-
cipitation over the hydrological year.

Discussion

Based on the implemented meteorological and 
hydrological monitoring observations one may 
more reasonably judge the water seepage amounts 
at the Yeniseiskiy site. The annual seepage layer 
can be estimated based on the water balance dis-
crepancy, the base flow layer — based on a cut of the 
annual hydrograph, as well as based on the runoff 
modules calculated for the low-water winter period. 
For each catchment area, annual water balances 
were calculated, and then average balances for a 
six-year period were calculated (Table 2). The calcu-
lations show that each annual water balance is cha
racterized by a certain discrepancy Δ, which actual-
ly describes the annual change in moisture reserves 
within the catchment area (Table 2). For the smal
lest catchments, the Bezymyanniy Creek and the 
upper reaches of the Merkuriyev Creek, the discre
pancy Δ also includes some water losses due to in-
complete groundwater drainage by the watercourse. 
As a result, the interannual variability of the ba
lance discrepancies in such catchments appears to 
be much greater. The annual balance discrepancies 

Table 2. Average water balance indicators for a six-year period (2017—2023)

Water body  
(hydrological station index)

Catchment area  
(F), km2

Precipitation  
(Pr + Ps), mm

Total runoff  
(Q), mm

Base runoff  
(Qsf), mm *ET, mm Discrepancy  

(Δ), mm

Shumikha river (GP-1) 9.3 601 199 123 399 4

Bezymyanniy Creek (GP-2) 2.4 600 125 76 399 76

Merkuriyev Creek (GP-3) 0.13 602 120 95 402 80

Baikal river (GP-4) 18.3 595 178 105 398 20

Merkuriyev Creek (GP-5) 11.9 600 173 111 399 28

Average: 599 159 102 399 41

*ET — annual evapotranspiration layer
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in the catchments of the Shumikha River, the Bai-
kal River and the Merkuriyev Creek varied widely 
over the six-year period: from – 59 mm to 100 mm. 
The average discrepancy over the six-year period 
amounted to 41 mm (Table 2). Thus, during the ob-
servation period, 41 mm of precipitation were spent 
on seepage, groundwater recharge and losses due 
to incomplete groundwater drainage. This value 
corresponds to a runoff modulus of 1.30 l/s km2 and 
is about 7 % of the average precipitation layer. It 
should be noted that there are some obvious dif-
ferences in the balance discrepancies between the 
five studied catchments. Since the same methods 
were used to record precipitation levels and to cal-
culate evapotranspiration for all catchments, all 
differences in the balance discrepancies can only 
be associated with some specific characteristics of 
the surface runoff. The annual discrepancies in the 
balance of the Shumikha River, the Baikal River and 
the Merkuriyev Creek catchments varied widely 
over a six-year period: from – 59 mm to 100 mm, 
but the discrepancies averaged over the six years 
turned out to be positive for all the catchments. 
Therefore, moisture accumulation in the active wa-
ter exchange zone prevails over the long-term pe-
riod: the moisture that, among other things, seeps 
into deep horizons. The minimum discrepancy was 
obtained for the Shumikha River catchment, and 
the maximum for the catchment of the GP-3 hy-
drological station on the Merkuriyev Creek, which 
has the smallest area and covers the watershed ter-
ritory in the upper reaches of the creek (Fig. 1). The 
catchment area of the GP-3 hydrological station 
mainly belongs to the groundwater recharge zone. 
Here, the greatest amount of precipitation is spent 
on seepage and not the surface runoff. This yields 
the maximum positive water balance discrepancy 
in the upper reaches of the Merkuriyev Creek (Ta-
ble 2). In parallel, the same process was identified 
based on the groundwater levels monitored in the 
R-2-Ts well, which is also located in the watershed 
area near the GP-3 hydrological station. Apparent-
ly, for small streams draining low-mountain land-
scapes, the balance discrepancy reflects the degree 
to which the groundwater horizons in the active 
water exchange zone are drained by the stream, 
i. e., the obtained discrepancies include both the 
amount of change in the moisture reserves in the 
aeration zone and some of the water losses from 
the catchment area due to incomplete groundwater 
drainage by the stream. Therefore, the balance dis-
crepancy generally increases with a decrease in the 
stream area (Table 2). This general trend is super-
imposed on local features inherent in the geology, 
geomorphology and natural-territorial complexes 
of each catchment basin. Due to such features, the 

minimum balance discrepancy was obtained for the 
catchment area of the GP-1 hydrographic station 
despite the fact that its catchment area was not the 
largest one.

The base flow layer makes up 60 to 68% of the to-
tal runoff layer from the catchment area and avera
ges some 102 mm, which corresponds to the base 
flow module (Ms) of 3.23 l/s·km2. This shows that, 
on average, over the six-year observation period, 
18 % of total precipitation was spent on seepage 
into the soil and ground layer and then constituted 
to the base surface runoff component. According to 
groundwater level observations, the average see
page layer caused by snowmelt amounted to 88 mm. 
Therefore, we can initially state that it is the snow-
melt that provides the bulk of seepage and base flow.

The data described above are summarized based 
on the runoff modules, which characterize some 
individual processes in the general water circula-
tion layout within the Yeniseiskiy site. For the to-
tal surface runoff (Mo), they vary greatly between 
the catchment areas and range from a minimum of 
3.94 l/s·km2 at the Bezymyanniy Creek to a maxi-
mum of 6.32 l/s·km2 at the Shumikha River. The 
average value for the area around the Yeniseiskiy 
site is 5.18 l/s·km2. It characterizes the total surface 
runoff, which can be measured at the final hydro-
logical station. Some of it was involved in the water 
seepage through the soil and ground layer and in 
water exchange with the upper groundwater hori-
zon. It is defined as basic based on the hydrograph 
cutoff and is characterized by an average annual 
runoff modulus of 3.23 l/s·km2. According to the 
calculations performed based on the average water 
flow at the hydrological station in January, the base 
runoff modulus may range from 2.40 to 2.98 l/s·km2. 
In addition to these two values, which characterize 
the directly observed runoff, part of the precipita-
tion accumulates in the soil and ground layer and 
contributes to the seepage into deeper groundwa-
ter horizons. The moisture layer participating in 
this process is determined as a water balance dis-
crepancy during monitoring observations and is 
characterized by an average module over a six-year 
period being equal to 1.30 l/s·km2.

Conclusions

The water balance monitoring observations per-
formed over a six-year period showed complex in-
tra-annual and interannual dynamics of the inflow 
and outflow water balance components. Data ana
lysis shows that monitoring observations should be 
continued to increase the length of the observation 
series. This is especially important due to the fact 
that the stock of meteorological and hydrological 
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data alone is insufficient to substantiate the see
page indicators when one needs to build relevant 
models required to assess the long-term safety of 
an underground structure. First of all, this concerns 
the amounts of atmospheric precipitation, which 
are clearly higher within the study area compared 
to the meteorological stations in this region. For 
example, the performed snow surveys revealed the 
amounts of moisture reserves in snow, which dif-
fer considerably from the amounts presented in the 
stock data. At the same time, the overall moisture 
content in the watersheds in the warm period of the 
year depends on the moisture layer accumulated in 
the snow cover, and this also affects the volumes 
of summer floods and runoff during the low water 
period.

Over a six-year observation period (2017 to 2023), 
the results obtained enabled more detailed evalua-
tion of the moisture seepage rate. The average an-
nual base flow modulus for this period accounted 
for 3.23 l/s·km2. This value determines the total 
volume of water involved in the flow process in the 
upper zone of active water exchange. At the same 
time, surface runoff in January, which is formed by 
groundwater, was found to be characterized by ave
rage modules ranging from 2.40 to 2.98 l/s·km2. In 
addition to these volumes contributing directly to 
the surface runoff, during the observation period, 
an average of 1.30 l/s·km2 was spent on replenish-
ing soil and groundwater reserves and seeped into 
the slow water exchange zone. Thus, on average, 
the modulus reflecting seepage into deep ground-
water horizons at the Yeniseiskiy site over the six-
year observation period turned out to be slightly 
lower than 1.30 l/s·km2.
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