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Abstract. This work presents an assessment of changes in the hygro-climatic conditions determining the vegetation and 
productivity of forest areas. Selected indices such as the radiant index of climate aridity – RIA, optimal precipitation – Popt, 
critical value of precipitation – Pkrt and CVP index (Climate, Vegetation, Productivity), which describe annual biomass and wood 
production under climatic conditions, were used. The analysis is based on standard meteorological measurements taken from 21 
stations from the period of 1951–2015. The daily data were employed to calculate the previously mentioned indices, and the next 
linear trend coefficient was used to assess changes in hygro-climatic conditions.

The results show an increasing tendency towards dry climate conditions (positive values of the RIA linear trend coefficient) 
in a large part of the area consisting of Wielkopolska, the Silesian lowlands, and southern Poland. These areas are also charac-
terized by the fastest increase in the most favourable sum of precipitation Popt and critical precipitation Pkrt for forest vegetation. 
This means that water resources in the environment and hygro-climatic conditions important for vegetation and the producti-
vity of forest vegetation are deteriorating. On the other hand, the results of the CVP change assessment show an improvement 
in the climatic conditions influencing vegetation and forest productivity. The greatest positive changes of the CVP index are 
observed in the areas of south-eastern Poland.

Keywords: climate change, radiant index of climate aridity – RIA, optimal values of precipitation, critical values of precipitation, 
forest productivity

* The theses contained in this article were presented at the 3rd National Conference entitled ‘The climatic conditions of forest
life’, organized by SGGW, Faculty of Forestry, at CEPL in Rogów on 1–3 June 2017.

1. Introduction

The growth of forest vegetation in Poland largely de-
pends on water resources in the environment, shaped by 
atmospheric precipitation and evapotranspiration. A charac-
teristic feature of Poland's climate is the predominance of 
evapotranspiration over precipitation, leading to a negative 
water balance in significant areas of the country (e.g., Dan-
ielak, Lenart 1989; Łabędzki et al. 2011). The formation of 
water resources is significantly affected by the radiation bal-
ance that determines the amount of available energy used in 
the process of evapotranspiration and the production of pri-

mary vegetation. Research in various types of environments 
indicates that in the conditions of limited energy resources, 
most of the available energy is used in the land evaporation 
process (principle of evaporation priority – Paszyński et al. 
1995), limited by water resources (Kędziora 1999; Launi-
ainen et al. 2005; siedlecki et al. 2016).

In characterizing the hygro-climatic conditions of a specific 
area (including radiation conditions), the Radiant Index of Cli-
mate Aridity (RIA) is used, defined as the quotient of the annual 
radiation balance Rn and the energy needed to evaporate total 
annual rainfall LPa (L – heat of evaporation, Pa  – annual atmo-
spheric precipitation) (Budyko 1975). RIA > 1 values   corre-
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spond to dry climate conditions, where solar energy is sufficient 
to evaporate the occurring atmospheric precipitation. On the 
other hand, RIA values   < 1 indicate moist climate conditions. 
In this case, the energy resources needed to evaporate precipi-
tation are lacking, and therefore, a certain amount remains in 
liquid state (available for vegetation). Research has shown that 
with a given ratio of radiation and precipitation, the develop-
ment of vegetation as well as its primary production are the gre-
atest. The most favourable conditions for the development of 
forests are those areas with an RIA value of 0.8 (Budyko 1975). 
This means that at a specified value of the radiation balance, 
there is a certain amount of precipitation that is referred to as 
optimal precipitation Popt. It is also possible to determine the 
precipitation value that fulfils the condition of RIA = 1, defined 
by the concept of critical precipitation Pkrt, which is the neces-
sary minimum for the functioning of forests in a given region.

The climate changes observed in the second half of the 20th 
and the beginning of the 21st century are having a significant 
impact both on the natural environment and on many aspects 
of human activity. In addition to the widely described global air 
temperature increase (IPCC 2007), attention is also being paid 
to the changes in atmospheric precipitation, solar radiation and 
evapotranspiration. These phenomena have a direct impact on 
the formation of moisture conditions important for the devel-
opment of forest vegetation. For example, on the basis of mea-
surements in the second half of the 20th century, there has been 
an increase in the value of the radiation balance (Abakumova 
et al. 1996), as well as in the values of solar radiation in Poland 
(Uscka-Kowalkowska et al. 2007). In papers devoted to the 
variability of precipitation in Poland, its increase has been noted 
in the spring and autumn season, with a simultaneous decrease 
of summer precipitation (Żmudzka 2002; Czarnecka and Nid-
zgorska-Lencewicz 2012). Zawora and Ziernicka (2003), based 
on the measurements from 1891–2000, found an increase in the 
annual precipitation in northern Poland, while the precipitation 
in central Poland showed a negative trend. Changes in the radi-
ation balance and an increase in air temperature lead to the in-
tensification of hydrological processes, with evapotranspiration 
as one of their most important elements. Both measurements 
and studies on changes in the process of evapotranspiration 
that take into account the climate models indicate an increase 
of global evapotranspiration in the period of 1982–2008 (Jung 
et al. 2010). Even more, a similar tendency is characteristic 
for climate simulations in the 21st century of various regions 
of the world (Abtew and Melesse 2013). This is also true for 
Poland, with Łabędzki et al. (2012) confirming an increase in 
the evapotranspiration indicator based on the observations con-
ducted in 1970–2004 at the selected Polish meteorological sta-
tions. Jokiel (2007) drew attention to a similar tendency earlier 
and analysed the variability of potential evapotranspiration for 
the years of 1950–1990.

The abovementioned trends of changes are significantly im-
portant for the development of water resources under the condi-
tions of climate change. They are all the more important given 
the fact that a negative climatic water balance is confirmed in 
the large areas of Poland (e.g., Rojek 2001; Bac, Rojek 2012) 
and observed atmospheric precipitation is lower than the values 
of optimal precipitation (Kożuchowski 2013a, b).

The main aim of this study is to assess the changes in the 
hygro-climatic conditions in Poland in the second half of the 
20th and the beginning of the 21st century. In order to achieve 
this, the RIA index was used, and an assessment was made of 
the variability of optimal and critical rainfall values   as well 
as the precipitation deficit for forest vegetation during the 
analysed period. In addition, the change in forest vegetation 
productivity was assessed based on the CVP (Climate, Veg-
etation, Productivity) index. The study can thus be seen as 
an attempt to supplement the existing studies on the spatial 
diversity of the RIA index, optimal precipitation and rainfall 
deficit in Poland (Kożuchowski 2013a, b). The results of this 
work may also broaden the discussion on changes in the hy-
gro-climatic conditions in Poland, based on an assessment 
of the water balance (Rojek, Wiercioch 1995; Rojek 2001).

2. Materials and research methods

The work was based on standard meteorological measure-
ments made at 21 meteorological stations (Figure 1) in Poland 
in the years 1951–2015, obtained directly from the Institute of 
Meteorology and Water Management – PIB. To achieve the 
aims of this study, the average daily value of air temperatu-
re, daily minimum and maximum temperature and the daily 

Figure 1. Meteorological stations used in this work
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totals of atmospheric precipitation were used. The collected 
data served to determine the monthly and annual averages, 
enabling the selected indicators to be specified, which charac-
terize the conditions determining the growth and productivity 
of forest vegetation.

On the basis of the meteorological data collected, the va-
lues of the radiant index of climate aridity were determined, 
which takes into account the changes in the radiation balance 
as well as changes in the annual atmospheric precipitation.

It is defined as:

,

where:
rn – radiation balance,
Pa – total annual atmospheric precipitation,
L – latent heat.

Radiation balance Rn is defined as the difference between 
the net short-wave radiation Rns and the net long-wave radiation 
rnl. Measurements of all components of the radiation balance 
are not performed at each meteorological station; they are usu-
ally multiple-year measurement series (Kożuchowski 2013b), 
therefore, in many studies (e.g., Miara et al. 1987; Paszyński 
et al. 1995), a series of empirical equations to determine the ra-
diation balance were commonly used, whose parameters are air 
temperature, degree of cloud cover, or also water vapor pressu-
re (Kędziora 1999). The present study used the same procedu-
re and the values of radiation balance were determined on the 
basis of standard meteorological measurements.

First, solar radiation at the upper limit of the atmosphere 
Ra was determined with the equation:

,

where:
Gsc – solar constant,
dr – Earth-Sun distance for successive days in the year,
ωs – hourly angle of the Sun,
φ – latitude,
δ – declination of the Sun.

The individual components of the equation were deter-
mined according to specified formulas described in detail in 
allen et al. (1998).

The calculated values of Ra and the measured daily values 
of maximum and minimum temperature allowed (based on 
the Hargreaves’ formula) the intensity of solar radiation Rs on 
the surface of the Earth to be determined (Allen et al. 1998):

,
where:
Tmax – daily maximum temperature,
Tmin – daily minimum temperature,
kRs – coefficient taking into account the distance of the sta-
tion from the sea.

Net short-wave radiation Rns was determined with the 
equation:

,
where:
α – albedo (an average value of 0.23 was assumed in this work)

The final element of the radiation balance is the net lon-
g-wave radiation, which was calculated using the formula 
(allen et al. 1998):

,

where:
σ – the Stefan-Bolzmann constant,
ea – actual water vapor pressure,
Rso – radiation under a cloudless sky, calculated as:

,

where:
z – height a.s.l. of the station.

The value of water vapor pressure was calculated based 
on the equation:

.

In addition to the radiant index of climate aridity, the Rn 
values also allowed the next indicators to be determined, 
that is, Popt and Pkrt.

The optimal Popt precipitation corresponds to a value of RIA 
= 0.8, that is, this is the amount of precipitation for which the 
largest increases in the biomass of green plants are recorded:

.

On the other hand, the value of critical precipitation Pkrt 
corresponds to RIA = 1, that is, it specifies the necessary 
minimum amount of moisture in the climate for the growth 
of forest vegetation:

.

Precipitation deficit D is defined as:

.

The collected measurement data and designated indicators 
of hygro-climatic conditions allow changes to be assessed of 
the potential, climate-conditioned productivity of forests. For 
this purpose, the CVP index (Climate, Vegetation, Productivi-
ty) by Paterson (1956) was used (after Kożuchowski 2014):

,

where:
T – mean monthly temperature of the warmest month,
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Pa – total annual precipitation,
G – number of months in which the mean monthly tempera-
ture exceeded 3°C,
E – function of the latitude describing the influence of day 
length on vegetation growth,
A – amplitude of annual air temperature.

The obtained series of selected hygro-climatic indicators 
were then used to determine the linear trend coefficient in the 
analysed period. The Mann-Kendall test (for a significance 
level of 0.05) and an analysis of the values of the determina-
tion coefficient were used to test the significance of the trend.

In order to achieve a better spatial differentiation in the 
area of Poland, geostatistical interpolation – ordinary kri-
ging was used, which allows an approximate presentation 
to be made of the results of the variability assessment of the 
selected hydro-climatic indicators.

3. Results

In the first stage of determining the characteristics of the 
variability of hygro-climatic conditions in Poland in 1951–
2015, comparisons were made of the course of the analysed 
variables as anomalies of the annual average values in the sur-
veyed multiple year period. This approach to the problem al-
lows us to show not only the trends of the increase/decrease of 
the analysed variables, but also indicates the years, pentads or 
decades characterized by the clearly higher or lower values in 
the analysed period. Due to the limitations on the size of this 
article, the issues presented are discussed using the example 

of a meteorological station located in the south-western part 
of Łódź at the Łódź Lublinek airport (Figure 2).

The obtained results indicate an increase in the value of 
the radiation balance in the analysed period, and the last two 
decades of the 20th century and the beginning of the 21st cen-
tury are years with relatively high positive anomalies of Rn 
values   (Fig. 2a). The comparison of the annual anomaly of Pa 
(Figure 2b) and the RIA index (Figure 2c) clearly shows that 
atmospheric precipitation is a factor determining the course 
of the RIA values. Dry periods, such as the years 1985–1993, 
when the RIA index reached a value higher than 1, overlap 
with years with negative anomalies of annual precipitation. 
Another pentad (1995–2000) is characterized by relatively 
high precipitation, which results in lowering the RIA value. 
The course of the anomalies of annual Popt (Fig. 2d), in ac-
cordance with the definition of this parameter, shows a clear 
correlation with the course of the radiation balance anomaly. 
This means a deterioration in water resources, and thus, more 
difficult conditions for the growth of forest vegetation, while 
years with high values   of annual radiation balance are also 
distinguished by high values   of optimal precipitation.

This is also confirmed by the trends seen in the atmospheric 
precipitation deficit D. An increasing value of optimal precipi-
tation, with unchanged totals of annual precipitation, increasin-
gly leads to the conditions that do not provide the necessary 
minimum moisture in the climate needed for the best develop-
ment of forest vegetation. The course of anomalies in the an-
nual precipitation deficit (Fig. 2e) against the background of 
the other analysed values shows that atmospheric precipitation 

Figure 2. The course of annual anom-
alies of selected meteorological pa-
rameter in Łódź during the period 
1951–2015. (Rn – radiation balance, Pa 
– annual precipitation, RIA - index of
climate aridity, Popt - optimal precipita-
tion, D – precipitation deficit, CVP – in-
dex Climate, Vegetation, Productivity)
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is a decisive element in the characteristics of changes in hygro
-climatic conditions. It is in the years of relatively low annual 
precipitation that small precipitation deficits are present. Also, 
the course of the CVP index anomaly has relatively high values 
occurring in years with large annual precipitation totals, even 

though it takes into account both changes in atmospheric preci-
pitation and thermal conditions (Fig. 2f).

The directions of change in the selected hygro-climat-
ic conditions, shown on the example of one meteorological 
station located in Łódź, and having a direct impact on forest 
vegetation growth, were observed at most of the analysed sta-
tions. The spatial differentiation of these changes is presented 
on the maps showing the distribution of the linear trend coef-
ficient of the selected indicators. The obtained values of the 
linear trend in most cases are very low and not statistically 
significant. However, using this approach allows us to answer 
the question about the directions of change for the analysed 
conditions against the background of climate change.

Most of Poland (except for Wielkopolska, the Mazovian 
Lowland and the Lublin Upland) is characterized by an aver-
age value of RIA < 1. The research conducted on the changes 
in this indicator makes it possible to distinguish two zones in 
Poland. In the spatial distribution of the stations in north-east-
ern Poland, improvements in the hygro-climatic conditions 
are noticeable (a negative RIA coefficient), while in signifi-
cant areas of lowland Poland and the Lublin Upland, positive 
RIA values indicate an increase in the aridity of the climate 
(Figure 3), where the trend values are very low.

The tendencies of change in optimal as well as critical 
precipitation are largely dependent on changes in the radi-
ation balance. The highest values of the trend are found in 
areas of south-eastern Poland. At the Lublin, Rzeszów and 
Włodawa stations, trend values indicate an average increase 

Figure 3. The spatial distribution of trend coefficient of the radiant 
index of aridity RIA (per decade) during the years 1951–2015

Figure 5. The spatial distribution of trend coefficient of the critical 
values of annual precipitation totals Pkrt (mm/decade) during the 
years 1951–2015

Figure 4. The spatial distribution of trend coefficient of the opti-
mum values of annual precipitation Popt (mm/decade) during the 
years 1951–2015
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of over 12 and 10 mm/decade of optimal rainfall and critical 
rainfall respectively (Figures 4 and 5).

In southern and south-eastern Poland, a trend was noted 
of an increase in the climate aridity, and changes in the crit-
ical precipitation, significantly important in shaping water 

resources. For example, the highest increase in critical 
precipitation in the Lublin Upland leads to an ever smaller 
difference between Pa and Pkrt, that is, the value of the pre-
cipitation deficit (Figure 6). Thus, changes occurring in the 
hygro-climatic conditions that are influenced by an increase 
in the radiation balance mean that the observed trend in at-
mospheric precipitation is approaching the limit determin-
ing the zone of a dry climate (RIA > 1), which hinders the 
growth of forest vegetation. A negative trend in the differ-
ence between atmospheric precipitation and critical rainfall 
has been recorded at many meteorological stations in central 
Poland and Upper and Lower Silesia. The results confirm 
the deterioration of the hygrometric conditions in the region, 
which in light of many studies is distinguished by a neg-
ative water balance (Rojek, Wiercioch 1995; Rojek 2001; 
Łabędzki et al. 2012) and a negative trend for annual precip-
itation (Zawora, Ziernicka 2003). On the other hand, in the 
north-east of Poland, where the results of the research indi-
cated a decrease in the climate aridity index, we also have 
a positive trend for the atmospheric precipitation deficit. An 
increase in Pa – Pkrt difference translates into conditions in 
which the occurring precipitation is enough to meet the de-
mand for potential evapotranspiration and also serves as a 
resource for vegetation growth.

In addition to the precipitation and radiation balance, the 
conditions for forest vegetation growth, and thus the con-
ditions for increases in tree mass, are also formed by thermal 
conditions. These factors are taken into account by the CVP 
index used in the study. The higher the value of this index, 
the better the conditions for forest productivity. The results 
of the assessment of the change trends of this parameter in-
dicate an increase in the conditions for forest productivity 
under the conditions of climate change at all analysed sta-
tions. The highest positive changes in the CVP index were 
found for the Podkarpacie region and north-western Poland, 
which are characterized by one of the better conditions for 
the development of forest vegetation (Figure 7).

4. Summary and discussion

The conducted assessment of changes in hygro-climatic 
conditions (in the period of 1951–2015), affecting the vege-
tation and productivity of forest vegetation, shows:

• an increase in climate aridity (increase in the RIA 
value) in the areas of Wielkopolska, Lower Silesia and 
the highlands,

• a decrease in the RIA value for stations located in nor-
th-eastern Poland and partly in Mazovia,

• an increase in the value of optimal and critical pre-
cipitation for the growth of forest vegetation – the highest 
occurring in south-eastern Poland,

Figure 6. The spatial distribution of trend coefficient of the annual 
deficits of observed precipitation totals D (mm/decade) during the 
years 1951–2015

Figure 7. The spatial distribution of trend coefficient of CVP index 
(per decade) during the years 1951–2015
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• an increase in the CVP index, which means an improve-
ment in growth conditions and forest vegetation productivity.

At the same time, it should be emphasized that at most sta-
tions, the above-mentioned trend values of the analysed variab-
les assume very small values that are not statistically significant.

The obtained results indicate a deterioration of the hy-
gro-climatic indicators, and thus – the conditions for the de-
velopment of forest vegetation. The factor of limited water 
resources is most often indicated as the reason for a reduc-
tion in the growth of forest vegetation in various regions of 
the world (Allen et al. 2010; Milad et al. 2011) as well as in 
Poland (e.g., Wawrzoniak et al. 2017). Climate change, ma-
nifested by an increase in the frequency of heat waves and 
periods of drought, is indicated as the reason for the lower 
annual growth increases in the forests of north-eastern Fran-
ce (Charru et al. 2010) or the dying out of pedunculate oak 
(Siwecki, Ufnalski 1998) in Poland or spruce in southern 
Norway (Solberg 2004) and Poland (e.g., Paluch 2015; Ja-
worski and Pach 2013). A consequence of the deteriorating 
health condition of trees as a result of drought also results in 
an increase in the number of forest fires and pest infestations 
(Szczygieł et al. 2008; Szczygieł et al. 2009).

On the other hand, when considering additional meteoro-
logical factors determining the growth of forest vegetation 
that are taken into account by the CVP index used, an incre-
ase is shown in the conditions of forest productivity in the 
analysed period. It is worth emphasizing that the indicated 
tendency is the strongest in the area of the Lakeland belt, the 
Silesian Lowland and the highlands belt, where the average 
CVP index values are the highest (Kożuchowski 2014).

Climate change, apart from changes in temperature and 
precipitation, is also an increase in the concentration of car-
bon dioxide in the atmosphere. This leads to an increased 
intensity of photosynthesis, whereas a faster rate of sequ-
estration by forest vegetation requires the existence of ap-
propriate water resources in the environment. On the other 
hand, with higher concentrations of CO2 in the atmosphere, 
the rate of the water use efficiency of plants increases, de-
fined as the ratio of the carbon dioxide stream to the water 
vapor stream (Lindner et al. 2014; Keenan et al. 2013). This 
process may limit the negative effects of an increasing shor-
tage of precipitation on forest productivity.
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