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Abstract. The sole factors of major importance to Bulgaria’s agrarian output are temperature, and water
probability. Between these two factors it is the component relating to soil moisture that proves more limiting.
Probabilities of occurrence of water and of given temperatures are estimated by reference to summed temperatures
and total rainfall, but also in relation to certain more specific indicators. Heat conditions and heat resources can be
summed up by reference to the continuity of the vegetation period or growing season, which are limited for each
type of plant, with thresholds for each crossed over the spring-autumn period in relation to biological minima.
In the case of agricultural crops in Bulgaria, the biological minima are taken to be: 5°C - for wheat, barley, oats,
peas, lentils and sunflowers; 10°C for corn, haricot beans and soybeans, and 15°C for cotton, vegetables and
other spring cultures. The durations of cold and warm periods are of course interrelated characteristics. In the
first period a key further issue is to determine the number of days with snow fall and with snow cover, these
being fundamental to the shaping of soil-moisture reserves after the spring snow melt. Defining regions with
thermal stress during the vegetation season is a further priority in describing agroclimatic conditions. Values
indicative of limitations on crop growth would be one or more periods of at least 10 consecutive days with
maximal air temperature over 35°C. Temperatures over 28°C are considered stresses that slow growth, and may
even destroy plants if heat stress develops. The components most limiting the growth, development and formation
of yields from agricultural crops are conditions as regards moisture represented in relation to atmospheric
and soil moisture. The most apparent indicator is the annual total rainfall, or else the rainfall total in periods
with average daily temperatures over 5 or over 10°C. A cross correlation matrix between the meteorological
elements upon which evapotranspiration depends, i.e. air temperature, relative air humidity, wind speed and
vapour pressure deficit, is discussed. One of the ways of assessing the actual necessity for water is to consider
the difference between rainfall totals and potential water use, i.e. evapotranspiration. The difference between
these two variables presents the balance of atmospheric moisture (BAM). Values for the relationship between
real and potential evapotranspiration were calculated for two potential vegetation sub periods: March-June (the
period in which the yields from winter crops are shaped) and July-August (the period in which the yields for
spring crops are shaped).
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Introduction

Just a few years ago, sceptics were still inclined to maintain that climate change was a fiction created
by politicians, who were seeking to explain away some of their own failures by reference to it. In
contrast, there is now much detailed research reporting the existence of marked changes in all ele-
ments of the climate (e.g. Degérski 2000, Salinger et al. 2000, Banski & Btazejczyk 2006, Easterling
etal. 2007, Trenberth 2011, Btazejczyk & Zmudzka 2013). Indeed, evidence is now well-documented
for all regions of the world, though there remain several key questions, such as:

e What is the magnitude of change?

e How may present changes be characterised and accounted for?

e  What are the trends to changes?

e How will the changes impact upon agriculture?

e How can the effects of changes be mitigated and sustainable agriculture developed?

e What is the role of zoning to optimize the utilisation of agroclimatic resources?

Agriculture is a very important sector of most national economies and one that is highly depend-
ent on climatic and weather conditions (Brandani et al. 2010, Dalla Marta et al. 2011, Kazandjiev et al.
2011). The main components to the aforementioned agroclimatic resources are overall temperatures
and amounts of precipitation characteristic for a given period at a given location. Obviously appropri-
ate thermal and water resources during the growing season are very important, though different plant
species are known to have various requirements where the factors of temperature and precipitation
are concerned. In general, cultivated plants can be divided into four groups from this point of view,
where Group 1 refers to cool and temperate conditions (and crops would include spring wheat, beans
and potatoes). Here with the temperature optimal for photosynthesis is of 15-20°C. Group 2 in turn
refers to crops of warm climates (e.g. soya, cotton and rice), with optimal temperature in this case
being 25-30°C. Group 3 refers to very warm climates with optimal temperature of 30-35°C (with
suitable crops being proso, sorgo and sugar cane). Finally, Group 4 refers to temperate climates with
optimal temperatures of 20-25°C (where crops include mountain species of sorgo and maize) (Banski
& Btazejezyk 20006).

Weather conditions are among the main factors determining the productivity of agricultural
crops. In many cases, yields are determined by environmental conditions to the tune of about 80%.
Extreme weather events and climate anomalies thus have a strong impact, and can compromise yields
and/or reduce the quality of output. Knowing the timing and amplitude of meteorological events and
weather anomalies can nevertheless allow for effective planning of remedial activities. While the
whole period since 1980 has been associated with more tangible climatic fluctuations and changes, of
more serious consequences, the last 20 years in particular have seen extreme weather events become
more frequent and increasingly destructive.

Against this background, the aims of the work described here have thus been: to discuss the
dynamics and trends characterising temperature time series and the spatial distribution of average,
maximal and minimal annual temperatures; to discuss the dynamics and trends associated with
time series for rainfall and their spatial distribution; to investigate stress conditions caused by high
temperatures and conditions of low or insufficient moisture; and finally to present a zoning of
agroclimatic resources in Bulgaria, in relation to thermal and hygric parameters.
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Material and methods

All of the aforementioned objectives have been served through the use of data from climatic observa-
tions made at 60 stations of the meteorological network of the National Institute of Meteorology and
Hydrology of the Bulgarian Academy of Sciences (NIMH-BAS). The data in question refer to the
35-year period 1971-2005, in regard to such meteorological elements and phenomena as: minimum
and maximum temperatures, rainfall totals, relative air humidity, vapour pressure, sunshine duration
and number of days with rain.

Another index which defines thermal conditions is the duration in days of the period during which
average daily temperatures are above a defined value corresponding to the biological threshold for
winter and spring crops. The number of days with average daily temperature above 5°C is considered
to represent the duration of the Potential Vegetation Period (PVP). The came index for thermal
conditions characterising the duration of the period with average daily temperatures above 10°C is
in turn denoted as the Real Vegetation Period (RVP).

Stress conditions in agricultural can be affected by thermal and/or moisture conditions. Such
conditions unfavourable for the cultivation of crops are classified in summary as:

e those affected by high temperatures (HT)

e those affected by a low quantity of rainfall (LR)

e those affected by a combination of high temperatures and low rainfall or dry spells (DS)

o those connected with a short growing season on account of a lack of soil moisture reserves
corresponding to drought (DR).

At the same time, moisture conditions can be determined using a measure called the Balance of
Atmosphere Moisturizing (BAM), whose analytical expression assumes the form of equation [1].

BAM =Y r-YE (1]

where: Zr - sum of rainfall (mm) and XE - sum of evaporation (mm).
Hydrothermal conditions can also be presented using the drought index (k,), with this presented in
equation [2], as a relationship between totals for rainfall and evaporation during the growing season

k{)ZZI”/ZE [2]

These two formulae are typical agrometeorological indices where the description of moisture
conditions is concerned. They are considered determinant factors in describing agroclimatic condi-
tions in Bulgaria. However, another category type of this kind is the degree-days approximation used
in the Selyaninov index (HTK). This is a hydro-thermal index, given that it combines daily values
for temperature above 10°C and rainfall totals in a given calculation period [3].

HTC = L (3]
0.1 mect

where:
Zr - is the rainfall total (mm) for the period with temperatures above 10°C;
Z100c - 1s the sum of temperatures above 10°C (°C) in the given month, season or year.

The Selyaninov hydro-thermal coefficient can assume values in the range 0.3-0.4 to 1.2-1.3 and
more. The classification of hydro-thermal conditions is then related to the values obtained for HTC
on a scale where 0.4-0.7 denotes very dry, 0.7-1.0 dry, 1.0-1.3 insufficiently wet and >1.3 wet.
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An additional means of characterising hydrothermal conditions can be obtained if the relationship
between real and potential evapotranspiration is investigated. The index in this case is the Crop Water
Stress Index (CWSI) [4].

ET,
CWSI = T [4]

P

Results

Thermal conditions as an agrometeorological resource

In the case of climatic conditions in Bulgaria, air temperatures do not constitute a limiting factor
for agricultural production. The study period was characterised by an increase in average monthly,
seasonal and annual values for temperature as related to the WMO reference period (1961-1990).
Hence sums for active and effective temperatures will increase, while the frost-free period and
growing season have been becoming longer. This fact is the basis for increased activity of winter crops
even during the winter dormancy period, as well as increased consumption of soil water supplies in
winter and a severe reduction of water resources at the beginning of the growing season in the spring.
Higher temperatures are also associated with increased average daily values for evapotranspiration,
and even more with a reduction of water reserves in the soil.
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Figure 1. Variation in average annual temperature across Bulgaria in years of the 1971-2000 period (pink
line), deviation in relation to 1961-1990 (blue), moving average of deviations (black) and trend line for
deviations (red); left ‘y” axis - annual average temperature in °C, right y’ axis - values for temperature

deviations in comparison with 1961-1990; ‘x” axis - years

The dynamics characterising average annual air temperatures in the period 1971-2000, differ-
ences from the reference period, a moving average for these differences and the trend characterising
change are all presented in Figure 1. In the investigated period, average temperatures were up from
11 to 13°C, or by 0.1-1.5°C in relation to the individual years of the 1961-1990 period. There were
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nevertheless some years in which temperature differences as regards these comparisons of the periods
were negative (i.e. 1972, 1976, 1980, 1990, 1992, 1995, 1996 and 1997). However, during all other
years the differences in question are positive, suggesting that warming is observed. The key question
then becomes the manner in which this warming is being distributed across the territory of Bulgaria.

Spatial structure characterising the temperature field is as presented in Figure 2, in which
a ten-year trend for temperature change is depicted. As is clear, temperatures in the northern part of
Bulgaria are displaying an upward trend, while the opposite is true of southern regions. The process
is slow and there is even a tendency for average temperatures to decrease. These observations all
correspond with what we know of the typical and actual circulation processes for the two parts of
Bulgaria in question.

Figure 2. Spatial distribution of temperature change for the 1971-2000 period as compared with 1961-1990;
the brown colour shows mountain regions (at altitudes above 1000 m), which are not used for agriculture

The peculiarities to the spatial distribution of average temperatures are connected with the types
of climate present in the different parts of the country, i.e. temperate continental in the north and
transitional Mediterranean in the south. The absolute maximum temperature in the study period was
the 44.4°C recorded on July 5th 2000 at the town of Yambol. The absolute maxima recorded for the
north-eastern and west-central parts of Bulgaria are relatively much lower (Fig. 3).
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Figure 3. Spatial distribution of highest maximum air temperatures (°C) recorded in different parts
of Bulgaria in the years 1971-2000; the brown colour indicates mountain regions (of altitudes above 1000 m)
that are not used in agriculture

The point in the country recording the lowest minimum temperature during the period is situated
in the north-west of Bulgaria (in Kneja), where a minimum temperature of -29.3°C was measured on
January 13th 1985 (Fig. 4). This means that the maximum possible amplitude as regards temperature
in the studied years was of 73.7°C, and is thus indicative of a continental type of climate.

Figure 4. Spatial distribution of lowest minimum air temperatures (°C) recorded for the 1971-2000 period;
the brown colour indicates mountain regions (of altitudes above 1000 m that are not used in agriculture

The duration of the Potential Vegetation Period (PVP) is important for winter crops. The aver-
age duration of this period in Bulgaria is 250-260 days. This is a period 7-10 days longer than its
equivalent in the years 1961-1990 (Fig. 5). The duration of the Real Vegetation Period (RVP) is in
turn of 200-220 days, on average (Fig. 6).
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Figure 5. Duration of the Potential Vegetation Period (PVP), relating to days with an average daily
air temperature above 5°C in the 1971-2000 period; the brown colour marks mountain regions
(of altitudes above 1000 m) that are not used in agriculture

Figure 6. Duration of the Real Vegetation Period (RVP), relating to days with an average daily
air temperature above 10°C in the 1971-2000 period; the brown colour marks mountain regions
(of altitudes above 1000 m) that are not used in agriculture

Rainfall as an agrometeorological resource

Figure 7 presents average annual rainfall totals, differences in comparison with the 1961-1990 period,
the moving average and a trend line for precipitation. Minimum rainfalls were measured in 1985,
1992, 1993 and 2000, while maximum quantities fell in 1979, 1980, 1987, 1991, 1995, 2002 and 2005.
The spatial distribution of differences in rainfall between the studied and reference periods across
Bulgaria reveals an irregular field (Fig. 8).
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In assessing moisture conditions of agroclimatic resources for PVP and RVP it is sufficient to
calculate rainfall totals for specific time intervals limited by the crossing of temperature thresholds
of 0, 5 and 10°C. The spatial distribution of these rainfalls was investigated, and the results show
a decline in rainfall, as well as an enlargement of the area in the south and centre of the country in
which totals are below average for the country (Fig. 9-12).
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Figure 7. Annual rainfall totals for the 1971-2000 period (blue bars), deviations in comparison
with the 1961-1990 period (blue line), moving average for the deviations (yellow line) and trend
for the deviations (red line). The left ‘y” axis correspond to annual totals and the right ‘y’ axis to deviations;
while the ‘x” axis presents the years of the period

S0

Figure 8. Spatial presentation of deviations (in mm) of annual totals of rain for the 1971-2000 period
in relation to 1961-1990. Coloured orange are mountain regions (of altitudes above 1000 m) not used
in agriculture
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Figure 9. Rainfall totals during the 1971-2000 period; red line corresponds to average rainfall total
for Bulgaria as a whole. Depicted in brown are mountain regions of altitudes above 1000 m not used
in agriculture
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Figure 10. Spatial distribution of totals for rainfall in the 1971-2000 period, at times with an average daily
air temperature above 0°C. The red line corresponds to the average for the country. Depicted in brown are
mountain regions of altitudes above 1000 m not used in agriculture
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Figure 11. Spatial distribution of totals for rainfall in the 1971-2000 period, at times with an average daily
air temperature above 5°C. The red line corresponds to the average for the country. Depicted in brown are
mountain regions of altitudes above 1000 m not used in agriculture
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Figure 12. Spatial distribution of totals for rainfall in the 1971-2000 period, at times with an average daily
air temperature above 10°C. The red line corresponds to the average for the country. Depicted in brown are
mountain regions of altitudes above 1000 m not used in agriculture

Stress conditions

Stress conditions for agriculture can be generated by thermal and/or moisture conditions. Particularly
severe damage to crops is observed when stressing conditions occur in the period between 10 days
before and 30 days after flowering. Exposure to short (10-day) periods of HT stress at flowering
and 10 days before flowering cause maximum reductions in seed set and seed yield, while HT stress
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at post-flowering stages (10, 20, and 30 days after flowering) leads to a seed-yield decrease, with
a more marked reduction at early stages of seed development.

The frequency of occurrence of periods of three or more consecutive days with an average daily
air temperature equal to or higher than 25°C (Fig. 13) was investigated, as were cases in which average
daily temperature exceeded 25°C and/or relative air humidity was below 50% (Fig. 14). The analysis
suggests a relatively stable distribution of such days in Bulgaria across the whole study period.
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Figure 13. Occurrence of periods of three or more consecutive days with maximum daily temperature above
25°C in particular months in the years 1971-2005
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Figure 14. Occurrence of periods of three or more consecutive days with average daily temperature above
25°C and/or relative air humidity below 50% in particular months in the years 1971-2005

To determine hydrothermal conditions, use was made of a special matrix including three thermal
categories (cold, warm and hot) and three moisture classes (dry, humid and wet) (Fig. 15). Use of such
a generates nine clusters, of which two are empty in the case of Bulgaria (i.e. cold and dry, as well
as hot and wet). Most cases fall within the warm and humid conditions cluster, corresponding with
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average annual temperatures in the 11-13°C range, and rainfall of 500-700 mm. Moisture conditions
with average annual rainfall below 500 mm are classified as dry, while totals above 700 and up to
900 mm categorise an area as wet.
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Figure 15. Agroclimatic conditions in relation to ranges of values for temperature or rainfall - cold
and dry - yellow; cold and humid - light blue; cold and wet - dark blue; warm and dry - brown; warm
and humid - light green; warm and wet - purple; hot and dry - red; hot and humid - dark green;
hot and wet - rose

Aridity is a characteristic feature of climate relating to insufficiency of precipitation to maintain
vegetation. For a single station, where the usual probability levels can be applied to choose particular
threshold values in accordance with the hypothetical distribution of standard approximations of
potential evapotranspiration, we can establish many types of aridity indices. The simplest way to
approximate evaporation is using temperature alone, or a kind of temperature total and degree-
-days. The theoretical basic form of an aridity index is the evapotranspiration/precipitation ratio
(Dunkel 2009).

Hydrothermal conditions as a basis for zoning Bulgaria’s
agroclimatic resources

Figure 16 presents the dynamics to and trend for the Balance of Atmosphere Moisture (BAM) for
4 representative stations and the whole period of investigation, considered year by year. The BAM
assumes the highest negative values at the Sandanski station (south-west Bulgaria), where evaporation
exceeds rain by more than 1200 mm. By contrast, at the Shabla station, only very low values for
evaporation were measured because both the amount of rainfall and the relative air humidity are
relatively high.
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Figure 16. Average values and trend for the Balance of Atmosphere Moisture (BAM) at the Shabla,
Sandanski, Sofia and Pleven stations, in the period 1971-2000 inclusive

In general, the drought index (k,) assumes lowest values (above 0.5) in north-east and west-central
parts of Bulgaria. It is at the northern and southern edges of the country that values of the k, index
are lowest (Fig. 17).
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Figure 17. Spatial distribution of the drought index (k,) over the territory of Bulgaria, 1971-2000; the orange
colour depicts mountain regions (of altitudes above 1000 m) not used in agriculture

The spatial distribution of values of the Selyaninov coefficient in the 1971-2000 period is
presented in Figure 18. The driest regions are these with an HTK value below 0.7 - located in north-
-west, north-east and south-central parts of Bulgaria. These results entirely confirm those obtained
using the BAM or drought indexes.
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Figure 18. Spatial distribution across Bulgaria of moisture conditions expressed in terms of Selianinov’s
hydrothermal coefficient in relation to the 1971-2000 period; the brown colour denotes mountain regions
(of altitudes above 1000 m) not used in agriculture

The CWSI index was in turn calculated in relation to different periods corresponding with those
in which the yields of winter and spring crops take shape, as well as the growing season as a whole
(Fig. 19-21). Where the CWSI value is below 0.5, conditions are very dry and it is necessary for
crops to be irrigated.

045

04

Figure 19. Spatial distribution of CWSI values for the April-June periods of the years 1971-2000 inclusive;
the brown colour denotes mountain regions (of altitudes above 1000 m) not used in agriculture
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Figure 20. Distribution of CWSI values for the July-August periods of the years 1971-2000 inclusive;
the brown colour denotes mountain regions (of altitudes above 1000 m) not used in agriculture
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Figure 21. Distribution of CWSI values for the March-October periods of the years 1971-2000 inclusive;
the brown colour denotes mountain regions (of altitudes above 1000 m) not used in agriculture

The shortness of the observed Real Vegetation Period reflects a lack of soil moisture caused by
higher temperatures, low rainfall totals, and intensive processes of evapotranspiration from crops.
The vulnerability of agricultural crops to these phenomena is very marked where the duration of the
vegetation period as a result of shortages of water falls to 90 days or less. On Bulgarian territory there
are indeed regions in which meteorological conditions conspire to diminish the vegetation period
to 90 days. A key and extensive area of this kind is Dobrudja in north-east Bulgaria; as well as the
southern part of north-west Bulgaria in the foothill zone and Kazanlak (Fig. 22).

Simulated potential and water-limited yields for winter wheat show that lack of water can be
a factor reducing yields from 50 to 200% kg/dka, particularly in eastern and south-central Bulgaria
(Fig. 23-24).



38 Valentin Kazandjiev, Marek Degorski, Krzysztof Blazejczyk, Veska Georgieva

75

7a

55

Figure 22. Reduction in the length of the Potential Vegetation Period as a result of shortfalls in soil moisture
over the years 1971-2000. Durations <90 days are not suitable, as crops cannot ripen. Marked in black are
mountain regions (of altitudes above 1000 m) which are not used in agriculture
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Figure 23. Long-term (1971-2000) spatial distribution for potential production of winter wheat in kg/dka.
Marked in brown are mountain regions (of altitudes above 1000 m) not used in agriculture
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Figure 24. Long-term (1971-2000) spatial distribution of water-limitation of winter-wheat production
expressed in kg/dka. Marked in brown are mountain regions (of altitudes above 1000 m) not used
in agriculture

On the basis of the hydrothermal conditions identified, it is possible to determine those regions
that are suitable for the cultivation of soybeans. The threshold conditions for soybean crops to grow
are the availability of 3500-3900°C degree-days of temperature and 500-550 mm of rainfall, if
cultivation is to take place under natural conditions. The assessment of thermal conditions suggest
that large areas of north-western and north-central Bulgaria, as well as parts of the south-west and
south-east and almost the south-central part of Bulgaria do have appropriate thermal total (Fig. 25).
However, when requirements as regards water are added in, the areas remaining suitable are seen
to reduce significantly, though with the north-west, and parts of north-central and north-eastern
Bulgaria are left as appropriate for the growing of soybeans under natural conditions (Fig. 26). An
approach to zoning for agricultural crops on the basis of agroclimatic resources is thus demonstrated,
and the same approach can of course be applied to all other types of crops, orchards and vineyards.

Figure 25. Soybean zoning in line with thermal conditions and the requirements of plants (in degree-days)
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Figure 26. Soybean zoning in line with the moisture requirements of plants (in mm of rain)

Conclusions

e Agroclimatic conditions in Bulgaria are markedly varied, due to the influence of relief and
specific features of climate.

e In the overall 1971-2000 period has seen average annual temperatures in Bulgaria increase
by as much as 2.5°C, in comparison with the beginning of the period, or 0.7°C in comparison with
the reference period.

e Rainfall is also changing, as the quantity has decreased overall by 150 mm annually in
comparison with the beginning of the aforementioned period, and by 40 mm in comparison with
the reference period.

e The changes in climate referred to leave extensive areas of Bulgaria identifiable as charac-
terised by conditions adverse to intensive farming. In line with the terminology of JRC, such areas
may be called - Low Favourable regions (LFAs). If the consequences of climate change in these areas
are to be mitigated, it will only be through additional investment by the farmers.

e In Bulgaria it is particularly necessary and urgent for measures to be developed to improve
soil-moisture conditions. At the very least, there is a need for high-tech solutions as regards irrigation
to be brought to bear during the parts of the growing season more crucial from the point of view of
the ultimate yield.
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