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Резюме. Целта на настоящия обзор е да представи резултатите от изследвания на воден баланс 
в почвата и по-специално в ненаситена зона, проведени в България през миналото столетие 
с прилагане на големи тегловни лизиметри (с площ от 3 до 4 m2). конструкцията, тегловната 
чувствителност и прилаганата методика за наблюдения с този тип лизиметри дава основание 
получените стойности на водобалансовите елементи да се считат за достатъчно достоверни.

движението на вода в почвата и ненаситената зона е предимно вертикално: 
(i) низходящо при напояване и след валежи и (ii) възходящо при транспирация от растения 
при капилярно всмукване на вода (от почвата и от плитки подземни води). Чрез всекидневно 
претегляне на лизиметрите и измерването на подаваната и изразходваната вода, единствен 
водобалансов елемент определен чрез изчисление е евапотранспирацията на засетите в 
лизиметъра култури.

Воднобалансовите изследвания с големите тегловни лизиметри бяха проведени в 
софийска, Пловдивска и старозагорска напоителни системи и в подножието на Витоша 
(близо до село Бистрица), а впоследствие в карабоазката низина, гр. гулянци. В долната 
част на лизиметрите се приложиха два варианта на гранично условие: свободен дренаж и 
контролирано оттичане на водата. Последната система поддържа високи нива на грунтовите 
води и по този начин транспирацията на култури се осъществява за сметка на плитките 
подземни води.

Основните резултати са представени в таблична и графична форми за периода 1983-
1991 г. те показват изменчивост на воднобалансовите елементи в зависимост от валежите, 
подаваната вода за напояване и вида на засадените култури. Представените изследвания дават 
стойности на воднобалансовите елементи при условия близки до естествените, включително 
чрез отчитане на сложните биологични и хидро-мелиоративни условия. Получените данни 
и резултати за действителната евапотранспирация са важни за управлението на водите и 
планиране на напоителните дейности.

Ключови думи: лизиметър; воден баланс; ненаситена зона; евапотранспирация; 
свободно изтичане; контролирано ниво на подземните води

Abstract. The aim of this review is to present research results on the water balance of the unsatu-
rated zone, carried out in Bulgaria last century by large weighing lysimeters (with area from 3 to 
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4 m2). The construction features, accuracy of the weighing, as well as the applied methodology of 
observations allow us to consider the obtained water balance values as representative.

The main flow directions in the soil and unsaturated zone are: (i) downward after a rain or 
irrigation event, and (ii) upward, caused by capillary suction of moisture by plants (both from the 
soil and shallow groundwaters). By daily measurements of the lysimeter weight and water inputs 
and outputs, the only calculated water balance element is evapotranspiration by the crops planted 
in the lysimeter.

The water balance studies by large weighing lysimeters were carried out in Sofia, Plovdiv 
and Stara Zagora irrigation systems, and in the foothills of Vitosha (near Bistritsa village), and later 
in Karaboaz lowland (near the town of gulyantsi). Two variants of conditions were applied at the 
bottom of the lysimeters: free drainage (fd) and drainage water management (dWm). The last 
variant implies a system to support high groundwater levels and thus allows evapotranspiration of 
crops on the account of the shallow groundwater.

The main results are presented both in tabular and graphical forms for the period 1983-
1991. They represent the variability of the water balance elements depending on the rainfall and 
irrigation amounts, and type of crops grown in a lysimeter. The significance of the results consists 
of the obtained values of water balance elements for the conditions close to natural, taking into ac-
count the complex biological and irrigation conditions. The determined values of the actual evapo-
transpiration are important data for water management and planning irrigation.

Keywords: lysimeter; water balance; unsaturated zone; evapotranspiration; free drainage; 
managed groundwater level

Introduction
Weighable lysimeters are devices for measuring soil water balance components. 
generally, large lysimeters provide good representation of conditions around them. 
The author of this paper shares experience and presents results from the long-term 
water balance studies with large weighable lysimeters in Bulgaria.

long-term lysimeter studies in Bulgaria were conducted by research group 
from former iWP-BaS (institute of Water Problems at Bulgarian academy of 
Science, later transformed to a department at the national institute of meteorology 
and Hydrology).

at the early stage, the research objective was to define methods to assess 
overall efficiency of irrigation systems (both losses from irrigation canals and water 
consumption of crops). later the main objective was to assess the soil water balance 
and its effect on crop yields under drainage water management (dWm), often referred 
to as controlled drainage.

compared to the conventional free drainage (fd) from the bottom of a 
lysimeter (studied on the first stage), the dWm system supports high groundwater 
levels, hence wetter soil profile. Thus, the dWm system during growing seasons 
could be regarded as an alternative of traditional irrigation. This last system provides 
bilateral action of drainage system.

The results from both research directions in Bulgaria performed with the aid 
of lysimeters are considered in this review paper.

Initial stage of the research
constructing of lysimeters in Bulgaria started in 1954 in connection with the planned 
theme in iWP – BaS “assessing efficiency of irrigation systems”. This topic was 
extremely urgent in connection with implementation of the decree n 50 of the 
council of ministers, where issues on the effective use of irrigation waters were 
strongly placed. 

The research activities were directed to define and improve the irrigation 
efficiency, sub-divided into two parts:

- irrigation water losses in canals and related conveyance efficiency, and
- irrigation water losses in the field and related field application efficiency.
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The first group of issues included program for measuring the flow rates 
in specific categories of canals and from there – calculating water losses and the 
conveyance efficiency of the system under research.

To define crop water use and the field application efficiency, several lysimeter 
stations were built in three regions of intensive irrigation: within the Sofia, Plovdiv 
and Stara Zagora irrigation systems. The respective locations are: dolni Bogrov, 
novi Krichim and Stara Zagora respectively. each lysimeter station was equipped 
with two lysimeters: one of 7 tons and other of 9 tons. By exception, both lysimeters 
at novi Krichim are of 9 tons (Velev, diankov, 1961a; 1961b).

The lysimeters were 120 cm high with surface area of 3 and 4 m2 (Table 1). The 
metal containers were placed in trenches with concrete wall casing. The lysimeters 
were filled in with soil blocks of size 40x40 cm, and the gaps between them were filled 
with dry soil. Several stages of their construction are presented in fig. 1. The bottom 
of the soil blocks was supported by perforated steel pans to allow free drainage. 
The measuring arms of the balance scales were structurally extended with a view to 
increase accuracy of the weight difference measurement – up to 1 kg. 

The construction details 
of the lysimeters concerning 
measuring of surface runoff 
and heat insulation of walls are 
presented in fig. 2.

The data from lysimeter 
stations gave an opportunity 
to quantify condensed water 
vapor on the soil surface as an 
incoming element of the water 
balance. it was proved that after 
rainfall event the increase of 
a lysimeter weight was larger 
than expected based on the rain 
gauge data (most probably, 
the authors overestimated 
the condensation input as a 
result of underestimation of the 
precipitation value from the 

Parameters Stara Zagora novi Krichim dolni Bogrov Bistritsa 

7 tons 9 tons 7 tons 9 tons I II 9 tons 

Area, m2 2.94 3.72 3.00 3.72 3.88 4.00 4.00 

depth, m 1.16 1.19 1.16 1.16 1.17 1.20 1.20 

Volume, m3 3.41 4.35 3.48 4.32 4.57 4.80 4.80 

Total weight at field capacity, t  6.370 7.890 5.500 7.360 7.200 8.991 7.78 

Weight of dry soil, t  4.945 5.970 4.730 6.220 5.685 7.640 6.82 

Soil particle density, g cm-3 2.60 2.60 2.61 2.61 2.60 2.62 2.61 

Bulk density at field capacity, g cm-3 1.87 1.82 1.57 1.71 1.59 1.87 1.62 

dry bulk density, g cm-3 1.44 1.37 1.36 1.43 1.25 1.59 1.42 

Porosity 0.442 0.470 0.480 0.430 0.520 0.390 0.45 

relative volume of water at fc, %  41.7 44.1 23.9 26.4 33.4 28.0 24.4 

Percent of pores filled by water at fc, % 94 94 50 62 64 72 53 

Table 1. Parameters of the lysimeters and properties of the soils (Velev et al., 1975)
Таблица 1. Параметри на лизиметрите и свойства на почвите (Velev et al., 1975)

Fig. 1. Construction stages of the lysimeters (original photos)
Фиг. 1. Етапи на изграждане на лизиметрите 
(оригинални илюстрации)
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rain gauge - Editorial note). from methodological point of view, the error could 
be minimized by weighing immediately after the rainfall stops. another tested way 
(based on the automatic device for recording the weight change in a lysimeter) was 
the recording on a measuring band of the velocity of deviation of the pointer of the 
weigher from its initial equilibrium state. 

Water balance under free drainage
The water balance elements in each lysimeter (Р - precipitation; М – irrigation water; 
К – condensed water vapor; Е – evapotranspiration) were defined on the base of its 
periodic weighing and measurement of the water inputs and outputs. additionally, 
surface runoff (О=OР+ОМ+ОК) and free drainage (F=Fp+FM+FK) were taken into 
account. The lower index denotes the source of this output (precipitation, irrigation 
water or condensed water vapor respectively). The water balance equation is as 
follows: 

∆G + P + М + К – Е – О – F  = 0 ,    (1)

where ∆G = G0 - Gend is the change of the lysimeter weight (between the start and the 
end of the time interval).

Here the coefficient “water use efficiency for crop irrigation” is defined by 
equation:

ke = 1 - FM / М.      (2)

if rain occurs during irrigation, the infiltration water from irrigation and rain 
cannot be separated, and the following equation is applied: 

ke = 1 – (FM + Fp ) / (М + P),    (3)

where the water losses in the active soil layer are also determined. 
The analysis of the published data (Velev et al., 1975) shows that the drainage 

fluxes in lysimeters FM or (FM+ Fp) are about 10-25% from the water inputs on the land 
surface. So, one of the tasks assigned gives an answer of practical interest: ke = 0.75 - 
0.90.

The observations and experiments in lysimeters cover 13 varieties of crops 
irrigated in Bulgaria: sunflower, wheat, alfalfa, tomatoes, maize, peas and oats for 
fodder, cotton, spinach, cabbage, sugar beet, barley, tobacco, fallow areas (Velev et 
al., 1975). The irrigations were performed when the pre-defined threshold of soil 
water (65% of field capacity) was attained.

each of the three lysimeter stations (in Sofia, Plovdiv and Stara Zagora) was 

Fig. 2. Construction details for measuring of 
surface runoff, and for heat insulation on walls 
(original illustration)
Фиг. 2. Конструктивни детайли за измерване 
на повърхностен отток и за топлоизолация на 
стените (оригинална илюстрация)
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equipped with a meteorological cell and a rain gauge, with prescribed programs 
for observation. The meteorological data for the vapor pressure deficit values were 
supplemented by the data obtained from the hydro-meteorological stations located 
next to the lysimeter stations. The agro-technical operations are coordinated by 
specialists in the respective irrigated crop.

The obtained values of evapotranspiration for different crops and periods 
presented by Velev et al. (1975) are of practical interest, as information about crop 
water needs is necessary for implementing irrigation projects.

The fourth lysimeter station was built in mountain area, namely in the region 
of Vitosha mountain near to the village of Bistritsa at altitude about 1000 m asl 
(fig. 3). it was the only lysimeter station to study growth of the perennial vegetation 

(young trees) under conditions 
very close to natural. The 
data on evapotranspiration 
presented in Table 2 are unique 
for Bulgaria.

Fig. 3. General view of the 
lysimeter with planted trees (lin-
den and pine) – Bistritsa (Velev 
et al., 1975)
Фиг. 3. Общ изглед на 
лизиметъра със засадени 
дървета (липа и бор) – 
Бистрица (Velev et al., 1975)

Period 

evapotranspiration 
(mm) Sum of daily values 

for the 
period 

daily
average 

VPd* 
(mbar) 

Air
temperature, T 

(ºc) 

19. Vi − 31.X.1962 352.61 2.61 − −

1.Xi.1962 − 31.iii.1963 87.68 0.58 − −

1. iV − 31.X.1963 596.08 2.79 − 2867 

1.Xi.1963 − 31.iii.1964 122.22 0.81 − −3.9

1. iV − 31.X.1964 653.53 3.05 − 2964 

1.Xi.1964 − 31.iii.1965 100.12 0.66 − −1

1. iV − 31.X.1965 523.00 2.44 − 2845 

1.Xi.1965 − 31.iii.1966 114.70 0.76 − 261 

1. iV − 31.X.1966 758.00 3.54 − 2971 

1.Xi.1966 − 31.iii.1967 107.50 0.68 − −25

1. iV − 31.X.1967 744.90 3.50 − 2910 

1.Xi.1967 − 31.iii.1968 138.10 0.92 249.39 4.7 

1. iV − 31.X.1968 611.40 2.86 1305.55 2644 

1.Xi − 31.Xii.1968 41.50 0.27 76.88 144 

*VPd – vapor pressure deficit 

Table 2. Evapotranspiration from the lysimeter near Bistritsa village, planted with trees (linden and pine)
Таблица 2. Евапотранспирация от лизиметъра до с. Бистрица със засадени дървета (липа и бор)



20 geological institute, Bulgarian academy of Sciences ©

Drainage water management (bilateral action of the drainage system)
The subsequent aim of the study was associated with operation of a bilateral drainage 
system. Such a system may be applied in riparian lowlands with managed groundwater 
level with the purpose to provide watering of the crops from below resulting from 
capillary rise (diankov, radoslavov, 1990; diankov, Velkovski, 2011). 

The lysimeter station near to gulyantsi within the Karaboaz polder (40 000 
hectares) close to the danube river was built and equipped in 1980 (fig. 4). each 
lysimeter was linked to a special reservoir to manage the groundwater level (fig. 5). 

The lysimeters were filled with different kinds of soil: loamy sand (№ 1), sand 
(№ 2), clay-dominated saline soil (№ 3), clay-rich marsh soil (№ 4). The retention 
curves of the soils in lysimeters 1 and 2 are presented in figures 6 and 7 (diankov, 
1995).

in this case, the water balance equation includes an additional term, d – the 
water coming from a “drainage” for maintaining the groundwater level:

W0+P + K +M + D – E – O –F = Wend   (4)

The surface runoff (O) is measured as overflowing water through the lysimeter 
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Fig. 4. Karaboaz lowland (polder)
Фиг. 4. Карабоазката низина 

Fig. 6. Retention curve of the loamy sand 
(lysimeter N 1) 
Фиг. 6. Водозадържаща крива на 
глинест пясък (лизиметър № 1)

Fig. 7. Retention curve of the sandy soil (lysim-
eter N 2) 
Фиг. 7. Водозадържаща крива на песъчлива 
почва (лизиметър № 2)

Fig. 5. Construction details of a lysimeter 
with groundwater control system 
Фиг. 5. Конструктивни детайли на 
лизиметъра със система за контрол на 
нивото на грунтовите води
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board. The groundwater recharge is equal to percolating water through the bottom of 
the lysimeter (F).

as a result of the water balance calculation, the difference (E –K) is obtained. 
depending of the specific time period, either evapotranspiration (E) or the condensed 
water vapor (K) value may be evaluated.

during the first three years after the construction of the lysimeters, they were 
sown with seeds of alfalfa. during the next six years the cultivated crops on the 
lysimeters and around them were as follows: maize, sunflower, sugar beet, fodder 
beet, oats and tomatoes. all agrotechnical operations were carried out according to 
requirements for the respective crops.

observed daily values of the air temperature, precipitation, evapotranspiration 
and groundwater level for lysimeter no 1, from april to october 1990 are presented 
in fig. 8. 

The water balance 
data for lysimeters no 1-4 
for the period 1983 – 1993 
are presented in Tables 3 
– 6 and figures 9 and 10 
(diankov et al., 1995). 
The results show peaks 
of evapotranspiration 
during July and august. 
The groundwater level 
was held at depth between 
80 and 120 cm during 
vegetation periods. 

Fig. 8. Daily values of the air temperature (red), precipitation (green), evapotranspiration (brown) and 
groundwater level (blue) for lysimeter N 1, IV-X.1990
Фиг. 8. Ежедневни стойности на температурата на въздуха (червено), валежи (зелено), 
евапотранспирация (кафяво) и нивото на грунтовите води (синьо) за лизиметър № 1, IV-X.1990

year Plant
Water input on soil 

surface 
Water input 
on gW level 

change of 
water

storage 
evapo-transpiration yield

, kg 
P K M O D F Wend -Wo E e (mm d-1)

1983 alfalfa 294 30 112 − − − − 29 465 2.1 3.67 

1984 alfalfa 373 18 − 7 459 95 − 238 986 4.6 12.67 

1985 maize 137 20 16 − 801 − − 179 795 3.7 1.39 

1986 maize 286 15 9 − 357 65 11 591 2.8 1.16 

1987 maize 262 10 − 2 407 124 − 4 557 4.5 1.03 

1988 sugar beet 201 1 − − 514 10 11 695 4.6 4.73 

1989 oats 114 - − − 245 − 49 408 4 0.62 

1990 fodder 
beet 165 2 − − 460 13 71 685 4 11.67 

1991 fodder 
beet 483 - 174 2 − 137 81 599 3.3 6.67 

Table 3. Water balance elements for lysimeter No 1 during vegetation periods (mm) 
Таблица 3. Елементи на водния баланс на лизиметър № 1 през вегетационни периоди (mm)
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year Plant
Water input on soil surface Water input 

on gW level 

change 
of water 
storage 

evapo-transpiration yield
, kg 

P K M O D F Wend -Wo E e (mm d-1)

1983 alfalfa 294 47 186 − − − -132 509 2.5 3.33 

1984 alfalfa 373 10 − 13 518 68 -319 1161 4.7 14.67 

1985 maize 137 5 12 − 775 − -148 793 2.9 1.60 

1986 maize 286 8 8 3 435 6 -4 770 3.6 2.02 

1987 maize 262 24 − 1 485 150 54 674 5.5 1.45 

1988 maize 201 4 − − 306 15 3 493 4.0 0.63 

1989 sunflower 147 3 − − 583 3 124 850 6.4 0.107 

1990 oats 154 2 − − 381 − 62 599 4.2 0.257 

year Plant
Water input on soil surface Water input 

on gW level 

change 
of water 
storage 

evapo-transpiration yield
kg 

P K M O D F Wend -Wo E e (mm d-1)

1983 alfalfa 294 33 250 − − − -118 695 3.2 0.75 

1984 alfalfa 373 15 − 6 375 7.5 -199 880 4.1 13.25 

1985 maize 137 7 177 − 93 − 24 438 2.0 0.08 

1986 maize 286 3 15 0 103 6 -32 433 2.0 0.86 

1987 maize 262 9 30 2 111 61 -63 412 3.3 0.40 

1988 sunflower 201 3 − − 601 5 -57 857 7.1 0.198 

1989 sunflower 147 − − − 407 − 98 652 4.9 0.38 

1990 sunflower 154 5 − − 507 − 101 767 4.4 0.43 

year Plant
Water input on soil surface Water input 

on gW level 

change 
of water 
storage 

evapo-
transpiration yield

kg 
P K M O D F Wend -Wo E e mm d-1

1983 alfalfa 294 47 186 − − − 13 540 2.5 4.0 

1984 alfalfa 373 10 − 12 518 108 -216 1002 4.7 15.75 

1985 maize 137 5 12 − 412 − -50 616 2.9 1.06 

1986 pepper 286 2 20 0 179 56 8 423 2.0 −

1987 tomatoes 262 5 2 2 478 69 -52 728 4.1 13.50 

1988 tomatoes 201 1 2 − 513 11 -29 735 4.6 8.22 

1989 tomatoes 147 9 − − 203 1 135 534 3.2 5.5 

1990 oats 154 − − − 126 − 136 416 3.4 0.26 

Table 4. Water balance elements for lysimeter No 2 during vegetation periods (mm)
Таблица 4. Елементи на водния баланс на лизиметър № 2 през вегетационни периоди (mm)

Table 5. Water balance elements for lysimeter No 3 during vegetation periods (mm)
Таблица 5. Елементи на водния баланс на лизиметър № 3 през вегетационни периоди (mm)

Table 6. Water balance elements for lysimeter No 4 during vegetation periods (mm)
Таблица 6. Елементи на водния баланс на лизиметър № 4 през вегетационни периоди (mm)
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The relative yield 
from the lysimeters and the 
fields around them were 
similar. The bilateral effect 
of a drainage system was 
thus proved. considerable 
part of evapotranspiration 
was on the account of 
groundwater. 

Fig. 9. Precipitation, air temperature, vapor pressure deficit, and evapotranspiration for the 
lysimeters N 1-4 for the period 1983 – 1991 (original illustrations)
Фиг. 9. Валежи, температура на въздуха, дефицит на влажност и евапотранспирация 
за лизиметри № 1-4 за периода 1983-1991 г. (оригинални илюстрации)

Fig. 10. Evapotranspiration, 
average soil moisture above the 
groundwater level, and groundwater 
level for the lysimeters N 1-4 for 
the period 1983 – 1991 (original 
illustrations)
Фиг. 10. Евапотранспирация, 
средната влажност на почвата 
над нивото на грунтовите води 
и водното ниво за лизиметри 
№ 1-4 за периода 1983-1991 г. 
(оригинални илюстрации)



24 geological institute, Bulgarian academy of Sciences ©

Conclusion
long-term studies of the water balance elements were carried out by the research 
group at iWP-BaS. large weighable lysimeters were installed in several regions 
Bulgaria under different crop varieties. The bottom conditions of the lysimeters 
were of two kinds: (i) free drainage, and (ii) managed groundwater level. The water 
balance studies at the lysimeter stations gave valuable information concerning water 
fluxes (both downward and upward) in unsaturated zone. The obtained results are 
of theoretical and practical importance. information about crop water needs for 
particular locations is necessary for irrigation scheduling.
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