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INTRODUCTION

Actuality of the problem. The study of the quantitative and
gualitative change of streamflow and water resources under global
warming and anthropogenic influences represents one of the most
challenging tasks facing modern hydrology. A lot of authors world-
wide found a decrease in the annual, monthly, and seasonal stream-
flow as a result of the rising air temperatures and anthropogenic
impacts (Banasik et al., 2012, Shengzhi et al., 2015, Umar et al.,
2018, Arslan et al., 2020, Zhong et al., 2021, Xu et al., 2022), an
increase in the frequency of extreme hydrological events (Merz et
al., 2014, Thieken et al., 2016, Weerasinghe et al., 2018, Milano-
vi¢-Pesi¢, 2020, Rivera et al., 2021, Achite et al., 2022), an incre-
ase in the volume of water use (Li et al., 2015, Wada et al., 2016),
as well as a deterioration in surface water quality (Terrado et al.,
2010, Romero et al., 2016, Thellmann et al., 2017, Kirschke et al.,
2019, Kuczynska et al., 2021, Villanueva et al., 2021). Those
findings are confirmed in the Sixth report of the Intergovernmental
Panel on Climate Change (IPCC) and occurred with varying inten-
sity at the global and local scale, including on the territory of Bul-
garia. The annual streamflow follows a negative tendency in recent
decades (Lizama-Rivas & Koleva-Lizama, 2005, Artinyan et al.,
2021) and in dry years puts the population of the country in a situ-
ation of water stress (Hristova et al., 2019). The declines in stre-
amflow will most likely continue until the end of the 21 century,
even according to the optimistic scenario RCP 2.6 ("River Basin
Management Plan", 2022-2027). Those trends are combined with
decreasing water use and improving water quality (Protich, 2013,
Varbanov & Gartsiyanova, 2015, Varbanov et al., 2015, Gartsi-
yanova, 2016, 2022, Radeva & Seymenov, 2021, Radeva, 2022,
Seymenov, 2022, "Annual Report on the State and Protection of
the Environment", 2022).



In this context, the current work analyzes the trends in the
volume, regime, and physicochemical state of surface water in the
northwestern part of the country, where small and medium rivers
are located, which are most sensitive to climate changes and
anthropogenic influences. The human pressures, although with a
weakening force due to the negative demographic and economic
processes in the last decades, still affect runoff and water quality.

The results of previous studies support the stated facts. The
changes in runoff conditions (Nacheva, 2016), the sensitivity of
streamflow to long-term climate variability (Seymenov, 2020), the
flow abstraction and diversion (Zaharieva, 2005, Dimitrov, 2018,
Temelkova, 2019, Seymenov, 2023), the increase of the amplitude
between the minimum and maximum flow volume (Dakova, 1976,
Hristova, 2014, Hristova et al., 2017), as well as the change in the
hydro-chemical properties (Vrbanov, 1992, Radeva & Seymenov,
2019, Seymenov, 2019, Radeva & Seymenov, 2020, Seymenov,
2021) prove the instability of the hydrological cycle in the region.
Despite the growing number of papers, devoted to surface waters
in the study area, no up-to-date data can be found in the scientific
literature regarding annual, monthly, and seasonal runoff variations,
extreme hydrological events, the degree of provision with water
resources, and surface water quality in the face of climate change
and anthropogenic impacts. The aspiration to expand and enrich
the existing knowledge with new data for a current period argues
the objective of the PhD thesis.

Object and subject of the study. The object of this study
is the streamflow and water resources in the catchment areas of the
rivers Topolovets, Voynishka, Vidbol, Archar, Skomlya, Lom, and
Tsibritsa (grouped in the watershed of the rivers west of the Ogosta
River, according to "River Basin Management Plan", 2022—-2027).
The subjects of this work are the annual, monthly, and seasonal flow
variations, the extreme conditions of the runoff, the degree of pro-
vision with freshwater resources, and the quality of surface waters.

Aim and tasks of the study. The aim of the PhD thesis is an
analysis and assessment of streamflow and water resources in the



catchment areas west of the Ogosta River. This goal is achieved by
the step-by-step implementation of the following tasks:

e Study of methods for quantitative and qualitative investi-
gation of surface water resources in the face of climate change and
anthropogenic impacts;

e Formation of times-series data about annual, monthly, and
daily runoff values and physicochemical indices and assessment of
their representativeness for the purposes of the study;

o Analysis of spatio-temporal and quantitative characteris-
tics and tendencies in changes of annual runoff, monthly and sea-
sonal streamflow, and extreme hydrological events;

o Evaluating the degree of provision of the population with
water resources and assessing the surface water quality.

The realization of the goal and the implementation of the research
tasks are expected to provide new information on the current state
of the river runoff and water resources in the catchments west of
the Ogosta River. The obtained results would serve as support for
further theoretical analyses and management decisions.

Limitations of the study. The present study is limited by
the lack of publicly available information on daily water quantities
after 1983 and by aggregated water use data referring to the entire
Danube River Basin Management Area rather than to individual
catchments.

FIRST CHAPTER

THEORETICAL AND METHODOLOGICAL
BASIS OF THE STUDY

The investigation of the quantitative and qualitative features
of surface water is based on experimental, statistical, graphic, and
cartographic methods (Hristova, 2010, Gartsiyanova, 2022).



SECOND CHAPTER
STUDY AREA, DATA AND METHODS

2.1 Study area. The investigated region includes the catch-
ments of the rivers Topolovets, VVoynishka, Vidbol, Archar, Skom-
lya, Lom, and Tsibritsa — right tributaries of the Danube River in
Northwestern Bulgaria (Fig. 1). The studied region covers an area
of 3790 km? (Hristova, 2012).
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Figure 1. Map of the relief, drainage systems, and gauging stations
in the catchments west of the Ogosta River (Hristova et al., 2017)

2.2 Data. The basis of this study is data from the National
Institute of Meteorology and Hydrology (NIMH) regarding annual,
monthly, and daily discharge at eight hydrometric stations (HMS),
as well as information from the control monitoring of the Environ-
mental Executive Agency (EEA) concerning ten physicochemical
variables measured at eight water sampling points.

2.3 Methods. The current research is based both on general
(analysis, synthesis, comparison, etc.) and specific (statistical, hy-
drological, graphic, etc.) scientific methods, which are described
in detail in the dissertation.



THIRD CHAPTER

FACTORS AFFECTING STREAMFLOW AND WATER
QUALITY IN THE CATCHMENTS WEST OF THE
OGOSTA RIVER

The third chapter describes the nature-geographical factors
(climate, relief, geology, soil, vegetation, etc.) and anthropogenic
conditions (agriculture and industry), influencing river runoff and
water quality (Fig. 4, Fig. 9, etc).
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Figure 4. Map of the mean annual amount of precipitation
for the period of 1961-2020
(according to published data in Climate reference book to 1985
and information from NIMH for 1986—-2020)
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Figure 9. Map of the density of drainage network in the catchments
west of the Ogosta River

(according to Topographic map of Bulgaria, 1989)

Conclusions

The hydrological processes in the studied area:

- occur in relatively homogeneous nature-geographical and
anthropogenic conditions;

- presuppose an occurrence of altitudinal zonation;

- suggest changes in the volume, regime, and physicoche-
mical status of surface water resources.
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FOURTH CHAPTER

STREAMFLOW AND WATER RESOURCES IN THE
CATCHMENTS WEST OF THE OGOSTA RIVER

4.1 Quantitative investigations of streamflow and water
resources

4.1.1 Statistical features of annual streamflow. Mean annual
streamflow. The check for homogeneity of time-series data reveals
that most of them have statistically significant non-uniformity,
which is confirmed by the double-mass curves. The homogeneity
is impaired around the middle of the 1980s (between 1983 and
1987 for the individual river basins). To the extent that there is no
evidence of an increase in the anthropogenic pressure on the exa-
mined river systems after the second half of the 1980s, the reason
for the impaired structure of the time-series data should be sought
in climate change and methods of collecting and processing hydro-
metric information. Since 1982, a tendency toward a hydrological
drought has begun in watersheds from the northwestern, southern,
and southwestern sections of Bulgaria (Gerasimov & Bozhilova,
2003, Gerasimov et al., 2004, Dimitrov, 2018, Hristova et al., 2020,
Kirilova, 2022). Added to this circumstance are the changes in the
methods and approaches for performing hydrometric observations
and measurements in the country after the 1980s (Angelov, 2021).

The obtained results are grounds for dividing the multi-year
period into two sub-periods (with conditionally unimpaired and
impaired flow), which contain homogeneous data and have appro-
ximately the same length. Based on the sub-periods, the descripti-
ve statistical characteristics of the annual runoff were calculated
and presented (Table 19). Exceptions are the drainage basins of the
Stakevska River at the village of Falkovets and the Lom (Barza)
River at the village of Gorni Lom, for which the homogeneity of
the time series is established. A normal type of distribution is regi-
stered for the same river basins, and a log-normal theoretical mo-
del of distribution is accepted for the rest of the catchment areas.
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The mean annual flow for the sub-period with unimpaired
runoff conditions varies between 0.65 m®/s (the Salashka River at
the village of Veshtitsa) and 6.72 m%/s (the Lom River at the vi-
llage of Vassilovtsi) with a relatively small standard error of the
arithmetic mean value and a moderate variability of water quanti-
ties — the coefficient of variation (Cy) ranges from 0.22 (the Lom
(Barza) River at the village of Gorni Lom) to 0.47 (the Topolovets
River near the village of Akatsievo) (Table 19), which testifies to
the constancy of the runoff-forming conditions, especially in the
mountainous part of the catchment areas.

The mean annual flow decreases after the mid-1980s in all
drainage basins with impaired runoff conditions and varies from
0.42 m®/s (the Salashka River at Veshtitsa) to 5.32 m®/s (the Lom
River near Vasilovtsi) (Fig. 13, Table 19). The annual streamflow
increases its variability compared to a first sub-period — Cy ranges
between 0.44 (the Tsibritsa River at the village of Ignatovo) and
0.81 (the Voynishka River at the village of Tarnyane) (Table 19),
which is indicative of a change in the runoff-forming complex.

Table 19. Descriptive statistics of annual streamflow in the catchments
west of the Ogosta River

Unimpaired runoff Impaired runoff
River - HMS
) Qav. . Qav.
Period (m¥s) Cv Period (m%s) Cy

Topolovets — Akatsievo  1952-1985 1.17 0.47 1986-2011 0.79 0.69
Voynishka — Tarnyane ~ 1946-1985 0.94 0.45 1986-2020 0.63 0.81
Salashka — Veshtitsa 1947-1986 0.65 0.38 1987-2020 0.42 0.54
Stakevska — Falkovets 1960-2020 3.23 0.30 - - -
Lom (Barza) - G. Lom  1954-2020 0.68 0.22 - - -
Lom — Gorni Lom 1946-1983 1.98 0.33 1984-2020 1.24 0.48
Lom — Vasilovtsi 1959-1987 6.72 0.29 1988-2020 5.32 0.50
Tsibritsa — Ignatovo 1951-1984 2.09 0.38 1985-2007 1.43 0.44
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Figure 13. Mean annual streamflow in the catchments west
of the Ogosta River

4.1.2 Annual streamflow variability. The chronological flu-
ctuations of the river runoff coincide with those established for
the entire territory of Bulgaria (Penchev et al., 1971, Mandadzhi-
ev, 1989, Hristova et al., 2018). The moving average values and
the integral difference curves show a synchronous alternation of
positive and negative cycles: in almost all river basins, a period of
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increased water levels was recorded in the mid-1950s of the 20"
century (with the largest discharge values from 1953 until 1957),
a series of normal water years in the 1960s and 1970s (except for
the dry year 1968), a negative cycle between 1982 and 2004, and
unclear runoff dynamics after 2005 (Fig. 14).

As per the runoff fluctuations outlined in this work, there is
a short period with streamflow volumes above the reference norms
and a longer cycle with discharge values under the mean numbers.

ms Topolovets River at Akatsievo ms Voynishka River at Tarnyane
3

15 mYs Salashka River at Veshtitsa mYs Stakevska River at Falkovets

m7/s Lom (Barza) River at Gorni Lom ms Lom River at Gorni Lom

s Lom River at Vasilovtsi m7/s Tsibritsa River at Ignatovo

——| Annual streamflow dynamics [==1] Moving average values

Figure 14. Dynamics and moving average values of annual streamflow
in the catchments west of the Ogosta River
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sites, excluding the Lom (Barza) River at Gorni Lom and the Lom
River at Vasilovtsi (Table 20).

Table 20. Trend analysis of annual flow according to Mann-Kendall

River - HMS Kendall’s tau Sen’s slope
Topolovets — Akatsievo -0.239 -0.012
Voynishka — Tarnyane -0.205 -0.007
Salashka — Veshtitsa -0.231 -0.004
Stakevska — Falkovets -0.213 -0.018
Lom (Barza) — G. Lom -0.138 -0.001
Lom — Gorni Lom -0.257 -0.013
Lom — Vasilovtsi -0.156 -0.021
Tsibritsa — Ignatovo -0.207 -0.014

Bold - statistical significant trend (p-value < 0.05)

4.1.3 Degree of probability of annual streamflow. Water
resources. Data from the Flow duration curves (FDC) confirm the
significant variability of annual streamflow. The runoff values in
a dry year with a probability of 75% (recurrence once every four
years) vary between 0.32 m%s (the Salashka River at Veshtitsa)
and 3.63 m¥s (the Lom River at Vasilovtsi). The river runoff in a
normal water year with a probability of 50% ranges from 0.50 m%s
to 5.89 m®/s — values close to the reference norm. The streamflow
in a wet year with a probability of 25% varies between 0.75 m®/s
and 8.08 m®/s, respectively.

The distribution of annual streamflow by a degree of proba-
bility is shown in Fig. 17. Those results to some extent coincides
with the series of wet and dry years, established for the entire te-
rritory of the country from 1931 until 2003 (Lazarov et al., 2004).

12700 [x[x x| x| x[x
| 12850
|13as0|x| I |
2850 x| x|x|x|x|x x X X X x x 1
[14820{x x| x| x[x[x|xIx}
|14700
14840 x x| x| x| x| x| x| x| x| x|x x| x E
[1sss0]x[x[x[x[x[ | | 0 xEx[xx [ x[x x| x| x| X[ x| % x|
LecEND.
W weTvesrs (ps25%) [l MoRMAL wATER YEARS (25% <P <75%) [] orvears (p275%) X no 0ATA

Figure 17. Annual streamflow with a various degree a probability in
the catchments west of the Ogosta River
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The results obtained are a basis for an analysis of surface
water resources. The volume of water resources varies widely over

the years (Table 22).

Table 22. Volume of water resources in years with a various degree

of probability

Normal
Dry years water years Wet years
. (P275%) | (o5opep<rsoe) | (PS25%)
River - HMS

W min.| W max. | W min. | W max. | W min. | W max.
*10m3 | *10°m® | *10°m? | "10°m® | "10°m® | "10°m?3
Topolovets — Akatsievo  6.49  18.35 19.24 4289 4352 8451
Voynishka — Tarnyane ~ 4.01  10.72 13.87  39.73 40.36  58.66
Salashka — Veshtitsa 246 1021 1041 2334 2365 38.47
Stakevska — Falkovets 40.64 7899 8230 119.52 122.04 166.39
Lom (Barza) - G. Lom 11.67  17.47 1766 2381 2396  33.05
Lom — Gorni Lom 16.34 3122 3227 6494 6559 12551
Lom — Vasilovtsi 56.07 11455 11523 23478 254.93 455.28
Tsibritsa — Ignatovo 2154 3942 3981 7284 7295 122.67

Of interest is the degree of provision of the population with
water resources during dry years, when the freshwater amounts are
limited. The Falkenmark Index (FI) informs about water volumes

per capita/per year (Table 23).

Table 23. Maximum and minimum values of Fl in a dry year (m*/per

capita/per year)
River basins FI min. FI max.
Topolovets
e incl. the population of Vidin 85 235
e excl. the population of Vidin 384 1063
Voynishka 1211 5554
Lom
e incl. the population of Lom 967 2758
e excl. the population of Lom 2020 6371
Tsibritsa 746 1218
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The FI values in a dry year vary in a wide numerical range
between 85 m®/per capita/per year (for the Topolovets River ba-
sin including the population of Vidin in 1994) and 6371 m®/per
capita/per year (for the Lom River basin excluding the population
of Lom in 2013) which shows "absolute water scarcity" and "lack
of water stress" (Table 23). The results indicate that water stress
and water scarcity are mainly reported in the drainage basin of the
Topolovets River (including and excluding the inhabitants of Vi-
din) and Tsibritsa, while the lack of water stress is present in the
river basins of the Voynishka and Lom. The reason for the greater
freshwater provision of the inhabitants in the VVoynishka River ba-
sin can be found in the smaller number of the population in catch-
ment area. The sufficient freshwater availability in the Lom River
basin is explained by the water abundance and the lower popula-
tion density in the mountainous section of the catchment area. In
contrast, the inhabitants in the drainage basin of the Topolovets
River experience a permanent water shortage, while with data on
water stress, the catchment area of the Tsibritsa River stands out.

4.1.4 High and low streamflow. The high flow occurs every
year during the spring hydrological season lasting from one up to
five months, with an average beginning between the third week
of February and the first decade of April and ending between the
last week of April and the second half of June (Table 24). A linear
relationship was established between the average altitude of the
river basins and the average date of the beginning of high flow
with a coefficient of determination of 0.90.

High flow most often occurs between one and two months
(March/April-April/May) — 42.1% (the Lom River at Vasilovtsi
village) and 51.1% (the Tsibritsa River at Ignatovo) of the events.
Exceptions are the Lom (Barza) River at Gorni Lom and the Lom
River at Gorni Lom, where the high flow most often lasts between
two and three months (March/April-May/June) — between 38.5%
and 44.4% of the events, and more rarely lasting up to two months.

The average runoff during the high flow period ranges from
1.80 m*/s (the Salashka River near Veshtitsa) to 18.34 m®/s (the
Lom River near Vasilovtsi) and concentrates between 52.3% and
58.9% of the annual streamflow volumes (Table 24).
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Table 24. Characteristics of spring high flow in the catchments west
of the Ogosta River

Temporal Qualitative

characteristics characteristics
River - HMS Dates Mea_n O | War | % of

duration m¥s | 108m® | w
Start End (days) an:
Topolovets — Akatsievo  21.02.  02.05. 71 281 1723 523
Voynishka — Tarnyane ~ 19.02.  27.04. 68 226 13.28 553
Salashka — Veshtitsa 05.03.  13.05. 70 180 10.89 57.6
Stakevska — Falkovets 14.03.  17.05. 66 10.07 57.42 555
Lom (Barza) - G. Lom  03.04.  18.06. 76 186 1215 583
Lom — Gorni Lom 01.04. 13.06. 73 393 2478 534
Lom — Vasilowvtsi 12.03. 22.05. 71 1834 11251 58.9
Tsibritsa — Ignatovo 25.02.  30.04. 65 550 30.88 533

In the studied river basins, two prolonged low flow phases
are registered. They are typical for the summer-autumn and winter
hydrological seasons.

In some years, the summer-autumn low flow passes without
interruption into winter low flow, which causes a state with runoff
under the norm lasting more than six months, but more often those
phases are interrupted by a short-term increase of water levels las-
ting about a month.

The summer-autumn low flow period occurs annually with
a duration of one to six months, beginning on average between the
first and fourth weeks of July and ending between the second and
third decade of October (Table 25). Low discharge values outside
the summer-autumn hydrological season, but associated with the
main low flow period, are found most often in the months of June
and November, although not in every hydrological year.
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Table 25. Characteristics of summer-autumn low flow in the catchm-
ents west of the Ogosta River

Temporal Qualitative
characteristics characteristics
River - HMS Dates Mean

Qav. Way. | % of

duration 3 63

Start End (days) m/s | 10°m” | Wan,
Topolovets — Akatsievo  12.07.  19.10. 100 041 354 108
Voynishka — Tarnyane 15.07. 18.10. 9% 031 257 10.2
Salashka — Veshtitsa 20.07.  25.10. 98 023 194 105
Stakevska — Falkovets 18.07.  28.10. 103 137 1219 117
Lom (Barza) — G. Lom 26.07. 23.10. 90 0.28 217 105
Lom — Gorni Lom 25.07. 23.10. 91 0.73 574 121
Lom — Vasilovtsi 15.07. 01.11. 110 243 2309 121
Tsibritsa — Ignatovo 07.07. 28.10. 114 098 965 16.6

The summer-autumn low flow is longer — most often it lasts
from two to three months (July/August—-September/October) in the
mountain drainage basins and from three to four months (June/Ju-
ly—September/October) in the lower reaches of the rivers. Rarely,
low flow lasts from five to six months (May/June—November/Dec-
ember). Hydrogeological conditions have the greatest effect on the
temporal and quantitative parameters of the summer-autumn low
flow. The average runoff during the low flow phase varies between
0.23 m¥s (the Salashka River at Veshtitsa) and 2.43 m®/s (the Lom
River at Vasilovtsi), concentrating approximately from 10.2% to
16.6% of the annual streamflow volumes (Table 25).

The winter low flow occurs annually and lasts between one
and four months, starting from the last decade of November or the
second week of December and ending throughout February (Table
26). There are episodic cases in which winter low flow is register-
ed in the first month of the spring hydrological season — March, but
only in the mountain river basins due to the longer period with sub-
zero air temperatures.
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Table 26. Characteristics of winter low flow in the catchments west of
the Ogosta River

Temporal Qualitative

characteristics characteristics
River - HMS Dates Mea_n On | Wa |90t

duration m¥s | 108m® | w
Start End (days) an
Topolovets — Akatsievo  21.11.  03.02. 75 058 382 117
Voynishka — Tarnyane 24.11. 01.02. 70 046 290 115
Salashka — Veshtitsa 27.11.  09.02. 75 031 203 110
Stakevska — Falkovets 01.12.  12.02. 74 205 1311 126
Lom (Barza) — G. Lom 11.12. 04.03. 84  0.36 257 124
Lom — Gorni Lom 13.12. 03.03. 81 1.06 741 156
Lom — Vasilovtsi 29.11. 11.02. 75 396 2566 134
Tsibritsa — Ignatovo 28.11. 07.02. 72 144 895 155

The winter low flow phase most often continues from two to
three months (November/December—January/February). The mean
runoff during the low flow period ranges from 0.31 m%s (the Salas-
hka River at Veshtitsa) to 3.96 m®/s (the Lom River at Vasilovtsi)
and concentrates between 11.0% and 15.6% of the annual stream-
flow volumes (Table 26).

4.1.5 Monthly and seasonal streamflow

Monthly streamflow. The intra-annual distribution of river
flow belongs to the first sub-type of the temperate-continental type
runoff regime (Hristova, 2004) with increasing streamflow from
autumn to spring months and decreasing in the opposite direction.

The streamflow is concentrated mainly during the months of
March, April, and May, or for the time of snowmelt and maximum
precipitation. No concentration of water quantities in the months of
November and December, when the secondary precipitation maxi-
mum is registered in some of the river basins. The spatio-temporal
features of the intra-annual distribution of runoff include the shift
of the discharge maximum from the month of March to the month
of May from the flat to the mountainous part of the drainage areas,
as well as the concentration of the lowest flow during the months
of August and September (Fig. 19).
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Figure 19. Monthly distribution of streamflow (% of annual
streamflow volume)

Comparing the average runoff values, we found a decrease
in flow volumes after the 1980s, especially during the months of
December, January, February, March, April, and May, as well as
an increase in discharge amounts during the month of August. The
trend analysis evaluates as statistically significant in most part of
the catchment areas the drop of water volumes in the months of
December, February, and May with a slope of the regression line
between -0.005 and -0.084 (Table 28).
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The uneven intensity of the monthly runoff dynamics after
the 1980s causes changes in the temporal structure of the runoff
maxima and minima. Although the generally negative trend in flow
volumes of the Salashka River near Veshtitsa during the months
of March and April, the more intensive drop in the runoff during
the month of March causes a shift of flow maximum to the month
of April. The increase in runoff values during the summer-autumn
months is accompanied by changes in the structure of flow mini-
ma, which are redistributed from the month of August to the month
September (at the Salashka River near Veshtitsa, the Lom River
near Gorni Lom, and the Lom River near Vasilovtsi) and from the
month of September to the month of October (for the Voynishka
River at Tarnyane) (Fig. 19). The redistribution of the largest and
smallest monthly water quantities indirectly shows a change in the
climatic conditions within the investigated drainage basins.

Comparing the frequency of the runoff maxima we establish
a more stable temporal manifestation of the largest water volumes
in the months of March, April, and May for the second sub-period.
The obtained result testifies to more intense snowmelt and to a
weaker dispersion of precipitation outside the spring months after
the mid-1980s of the 20" century. Runoff minima are established
most often during the months of August and September with simi-
lar stability after the second half of the 1980s compared to the first
sub-period.

Seasonal streamflow. The seasonal streamflow distribution
in both sub-periods is characterized by the highest runoff amounts
in the spring hydrological season, but with a smaller relative share
of the annual water volumes after the mid-1980s: between 46.5%
(the Tsibritsa River at Ignatovo) and 58.1% (the Lom River at Va-
silovtsi) for the first sub-period and from 44.8% (the Tsibritsa Ri-
ver at Ignatovo) to 55.7% (the Salashka River at Veshtitsa) for the
second sub-period. An exception is Topolovets River at the stream
gauge near Akatsievo, in whose catchment the relative share of the
spring runoff increased from 52.7% to 56.2% (Fig. 21).
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Figure 21. Seasonal distribution of streamflow (% of annual
streamflow volume)

The flow dynamics during the winter hydrological season
are analogous to that described for the spring months. The winter
runoff is second in terms of volume and relative share, but with
decreasing values of those indicators. It concentrates from 26.4%
(the Lom (Barza) River at Gorni Lom) to 34.8% (the Voynishka
River at Tarnyane) of the annual streamflow volumes during the
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first investigated sub-period, and from 26.1% (the Topolovets Ri-
ver at Akatsievo) to 34.4% (the Tsibritsa River at Ignatovo) in the
second one. An exception is the Lom River at Vasilovtsi with ri-
sing relative share of the winter runoff — from 28.6% to 30.9% of
the annual streamflow, respectively (Fig. 21). The reduced relative
share of spring and winter flow probably reflects the smaller depth
of snow cover after the 1980s. The summer-autumn flow is third
in terms of volume and relative share for both sub-periods but with
increasing values of those indicators. It forms between 11.2% (the
Salashka River at Veshtitsa) and 21.4% (the Lom (Barza) River at
Gorni Lom) of the annual flow volume in the first sub-period, and
from 13.6% (the Salashka River at Veshtitsa) to 23.8% (the Lom
River at Gorni Lom) during the second one. An exception is only
the Topolovets River at Akatsievo, where the relative share of the
summer-autumn runoff decreases from 18.2% to 17.7% (Fig. 21).

The comparison of the average values of the seasonal flow
shows a decrease in runoff during the winter and spring hydrolo-
gical seasons after the 1980s, which is most likely due to the mo-
re intensive snow melting.

The Mann-Kendall Test established that the negative trend
is statistically significant with a slope of the regression line from
-0.004 to -0.076. An exception is the summer-autumn flow, which
does not follow a statistically significant tendency (Table 32).

The variability of climatic conditions over the years is exp-
ressed by the seasonal index o showing a ratio between winter and
spring streamflow. The mean annual value of the index in the sub-
period with unimpaired flow regime varies between 0.51 (the Lom
(Barza) River at Gorni Lom) and 0.88 (the Tsibritsa River at Igna-
tovo), while for the sub-period with impaired runoff conditions its
value ranges from 0.60 (the Topolovets River at Akatsievo and the
Lom River at Vasilovtsi) to 0.89 (the Tsibritsa River at Ignatovo).
The obtained results indicate a predominant temperate-continental
climatic impact on the hydrological processes with a more intense
decrease of the spring runoff compared to the winter streamflow in
recent decades.
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Table 32. Trend analysis of seasonal flow according to Mann-Kendall

Hydrological seasons

River -HMS | Indicators ;
Winter Spring Summer
autumn
Topolovets — Kendall’s tau -0.239 -0.167 -0.209
Akatsievo Sen’s slope -0.009 -0.015 -0.006
Voynishka — Kendall’s tau -0.289 -0.172 0.023
Tarnyane Sen’s slope -0.008 -0.008 0.001
Salashka — Kendall’s tau -0.211 -0.178 -0.041
Veshtitsa Sen’s slope -0.004 -0.007 -0.001
Stakevska — Kendall’s tau -0.125 -0.290 0.042
Falkovets Sen’s slope -0.014 -0.058 0.003
Lom (Barza) - Kendall’s tau -0.005 -0.128 0.032
Gorni Lom Sen’s slope -0.001 -0.003 0.001
Lom - Kendall’s tau -0.240 -0.341 0.047
Gorni Lom Sen’s slope -0.012 -0.028 0.001
Lom — Kendall’s tau -0.067 -0.179 -0.082
Vasilovtsi Sen’s slope -0.013 -0.076 -0.008
Tsibritsa — Kendall’s tau -0.242 -0.189 -0.071
Ignatovo Sen’s slope -0.015 -0.022 -0.003

Bold - statistically significant trend (p-value < 0.05)

4.1.6 Extreme streamflow

Extremely high flow is detected between one and five times
in almost all hydrological years except 1967/1968, 2000/2001,
and 2001/002, when due to prolonged drought such events are not
reported in most river basins. The highest number of those events
is concentrated in hydrological years 1953/1954, 1954/1955, and
2004/2005, when torrential and intense rainfall caused sharp peaks
in the hydrographs. The total number of events with extremely
high flow varies from 124 (the Stakevska River at Falkovets) up to
174 (the Lom River at Gorni Lom) and does not increase/decrease
moving from upper to lower reaches of the rivers.
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Extremely high runoff is typical for the spring hydrological
season, especially in the months of March, April, and June. Such
events are also measured in the months of February (in the lower
part of the rivers) and June (in the mountainous sections) due to the
hypsometric differences suggesting non-simultaneous snowmelt.

The average duration of extremely high flow events ranges
from three to five days. The torrential rainfalls, which are the main
factor for a rapid rise in water levels, have a short duration, which
explains the large share of extremely high flow events with a dura-
tion of up to a week. The relatively close average duration of the
extremely high flow events does not allow the detection of spatial
differences between upper and lower parts of the rivers and proves
similarity in the hydrological response to climatic conditions.

The geographic analysis does not establish an increase/de-
crease in the duration of extremely high flow events with changes
in altitude, which confirms their dependence on torrential and int-
ense precipitation. The threshold runoff volumes of the extremely
high flow vary from 1.52 m%s (the Salashka River at Veshtitsa)
to 14.33 m%s (the Lom River at Vasilovtsi) with a large amplitu-
de between the highest and lowest values. Water volumes are less
variable only in the mountain catchment areas, occupied by forest
vegetation and fed by snow-rain sources.

Extremely low flow is registered in all hydrological years of
the studied period, except for 1955/1956, 1962/1963, and 2004/
2005, when such events are not reported in about half of the river
basins. Extremely low runoff is established most commonly from
two up to five times in the year, except for 1967/1968, 2000/2001,
and 2001/2002 with six to eight events. The number of the events
with extremely low flow varies from 85 (the Stakevska River near
Falkovets) to 126 (the Tsibritsa River near Ignatovo) and rises from
upper to lower reaches of the rivers due to the decrease in precipi-
tation and the increase in evaporation and infiltration.

The extremely low flow events are typical for the summer-
autumn months, but they are also recorded in the winter months —
mainly in February (in the mountainous drainage basins), as well
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as in June. A flow deficit is not detected in all catchments only in
the month of April. The mean duration of the extremely low flow
ranges from one to two weeks, but the maximum one reaches from
13 up to 24 weeks. The longest drought periods continue over 100
days in almost all drainage basins. The threshold values of the ex-
tremely low streamflow range from 0.04 m?/s (the Salashka River
at Veshtitsa) to 0.49 m?/s (the Lom River at Vasilovtsi) and vary
in relatively narrow limits due to the predominant hydrogeological
feeding during the summer-autumn hydrological season.

4.2 Water quality assessment

4.2.1 Component analysis. The calculations demonstrate
differences in the measured content of the physicochemical para-
meters. The component analysis gives information about the main
pollutants (Table 43).

The values of the pH indicator reveal that the water courses
in the catchments west of the Ogosta River are characterized by a
neutral to slightly alkaline reaction. The values of electrical condu-
ctivity (EC) vary significantly increasing from upper to lower parts
of the rivers. The stream courses are saturated with dissolved oxy-
gen (DO3) and do not suffer from a deficit that would endanger the
vital function of aquatic ecosystems. The results obtained indicate
that river waters are not loaded with ammonium nitrogen (N-NHa)
and the measured concentrations remain in the range of "excellent”
and "good status”. The monitoring data reveals the water courses
are seriously polluted with nitrate nitrogen (N-NOgz). For all water
sampling points, values exceeding by three to four times the refe-
rence norms for "good status™ are established, as a result of which
the physicochemical condition is categorized as "moderate”. The
surface waters are not contaminated with nitrite nitrogen (N-NO>)
— the recorded values of this parameter remain within the numeri-
cal range for "good" and “excellent condition” (Table 43).
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Figure 25. Frequency (% of all samples) of physicochemical
parameters in a given status according to the reference standards in
Regulation Ne H-4/14.09.2012

The results show that the river waters are loaded with total
nitrogen (N-tot) and do not meet the norm of "good status™, there-
fore the physicochemical conditions are categorized as "moderate”.
The most polluted are the Topolovets River before Vidin, the Voy-
nishka River at Tarnyane, and the Tsibritsa River at Dolni Tsibar
with concentrations exceeding the regulatory standards by three
times. Orthophosphate (P-PO.) values do not exceed the referen-
ce norm and are more often in the “excellent” to "good condition™
range. The water courses are not polluted with total phosphorus
(P-tot) whose content remains under the highest permissible limit
of "good status”. An exception is the Lom River at Gorni Lom,
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where the physicochemical properties are "moderate”. The results
establish an excessive biochemical oxygen demand (BODs) at all
water measuring points, and thus the state of the river courses is
assessed as "moderate™ according to this indicator (Fig. 25, Table
43).

The obtained results confirm past works, but also show so-
me differences. Varbanov & Gartsiyanova (2015) inform that for
the period of 1990-2014 constant exceedances for the rivers west
of the Ogosta River up to 20 times above the norm are established
in the values of nitrates, ammonium nitrogen, and orthophospha-
tes. The current study draws a different situation — the content of
nitrate nitrogen exceeds three to four times the norms, and the va-
lues of ammonium nitrogen and orthophosphates are to two times
higher than the requirements, which proves an improvement in
water quality. Radeva & Seymenov (2019, 2020) analyzed hydro-
ecological status of the Lom River for 2012-2016. Those authors
reported concentrations of nitrate nitrogen, nitrite nitrogen, and
total nitrogen exceeding the presented in the current paper, which
confirm that during the period of 2015-2020 there is an improve-
ment in water quality.

4.2.2 Composite analysis. The mean values of CCME WQI
reveal "good" and "very good" water quality during the reporting
period, i.e. the water courses are “"slightly polluted” and "almost
unpolluted™” regarding the ten analyzed physicochemical parame-
ters (Table 44).

Table 44. Mean annual values of CCME WQI for 2015-2020

River — Water sampling point ng\'yla:ies Interpretation

Topolovets — before Vidin 71.58 good quality
Voynishka — Tarnyane 74.14 good quality
Vidbol — Dunavtsi 80.11 very good quality
Archar — Archar 94.04 very good quality
Skomlya — Septemvriytsi 83.42 very good quality
Lom — Gorni Lom 76.45 good quality
Lom — before Lom 90.99 very good quality
Tsibritsa — Dolni Tsibar 70.75 good quality
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Such a summary assessment does not allow a chronologi-
cal analysis of changes in water quality. For this purpose, the an-
nual CCME WQI values are calculated and presented (Fig. 26).
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Water quality:
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Figure 26. Frequency (% of all years) of annual values of
CCME WQI in a certain status

Conclusions

The rising air temperatures and the changes in precipitation
regime after the 1980s:

- impair the homogeneity of time series of annual, monthly,
and seasonal streamflow;

- cause a decrease in annual runoff and increase its variabi-
lity;

- lead to redistribution of the monthly and seasonal flow
and increase the frequency of the extreme hydrological events;

- do not affect water quality.

The anthropogenic impact has declined in recent decades
and almost does not affect the runoff volume and water quality.

CONCLUSION
The hydrological processes in the catchments west of the

Ogosta River are a reflection of regional climate changes and are
less responsive to anthropogenic activities, which weakened their
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influence after the 1980s. The annual river runoff has decreased
statistically significantly in recent decades, while the fluctuations
around the norm increase due to the inclusion in the time-series
data of extreme values with very rare repeatability. The multi-
year runoff dynamics do not prove the presence of pronounced
cyclicality and are described by synchronously alternating series
of wet and dry years according to the long-term flow variations
for the entire territory of the country.

The volume of freshwater resources varies in a wide nume-
rical range over the years, which presupposes a significant con-
trast in the degree of provision of the population. Regardless of
the decreasing volume of water use, the runoff conditions in a dry
year and the poor state of the public water supply system face the
inhabitants with water stress, water scarcity, and an absolute wa-
ter shortage. The ashestos-cement pipes built a couple of decades
ago have been amortized, as a result of which over 60% of the
freshwater volumes supplied to households and industry are lost
in them. Modernization of the water supply network is need-ed to
minimize the loss of freshwater resources.

The hydrological regime has spring high flow (February/
March—May/June), summer-autumn (June/July—October/Novem-
ber) and winter (November/December—January/February) low flow
with altitude-conditioned differences in the beginning and dura-
tion of the runoff phases. The intra-annual runoff dynamics after
the 1980s are characterized by an increase in the amplitude betwe-
en the minima and maxima values of the monthly and seasonal
runoff, by a statistically significant decrease in winter and spring
streamflow and an unclear trend in summer-autumn runoff, with a
redistribution of the monthly runoff maxima and minima, and an
increase in the frequency of the extreme hydrological events —
indirect evidence for climate changes in the investigated region.

Water quality is improving due to the weakening anthropo-
genic pressure, but elevated concentrations are still registered for
some of the physicochemical parameters (such as nitrate nitrogen,
total nitrogen, and biochemical oxygen demand). Although the
prescriptions in Directive 91/271/EEC for the treatment of urban
wastewater in agglomerations with a population equivalent of
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more than 2000 people, the tendentious delay in the process of
construction of wastewater treatment plants continues. In additi-
on, the operating treatment facilities in the settlements with a po-
pulation equivalent of more than 10000 people are technically out-
dated and ineffective. Maintaining a "good chemical state™ of wa-
ter courses requires the liquidation of illegal landfills, expansion
of the sewage system in the settlements, and construction of mo-
dern wastewater treatment infrastructure. The acceptance of agri-
cultural practices with limited use of fertilizers and pesticides is
an additional measure to reduce surface water pollution in the
studied area.

RESEARCH CONTRIBUTIONS

Scientific contributions

Statistically significant negative trends in the annual runoff,
as well as changes in the intra-annual distribution of streamflow
have been detected. A positive tendency in water quality has been
proven.

Practical contributions

The volume of and the degree of provision with freshwater
resources have been documented. Advices and recommendations
have been given to reduce the loss of water resources and improve
their quality.

Methodological contributions

An original methodological algorithm for an assessment of
streamflow and water resources has been compiled. Based on it,
numerous hydrological indicators were calculated and analyzed,
and a quantitative and qualitative assessment of water resources
was prepared.
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