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Abstract. In traditional climate diagrams a fixed coefficient (a) between temperature and precipitation has been
adopted. It has been shown, however, that such an approach does not correctly describe the conditions of the climatic
balance in Poland for the entire growing season. In this paper, a different solution to this problem is proposed —
the introduction of a variable coefficient for individual months. The analysis of patterns of climatic variables over
the year supports the hypothesis that in order to estimate £70 only by means of mean air temperature (E70 = a-T),
the coefficient a should be variable for the individual months of the vegetative period. The values of the coefficient
were empirically determined for use in calculating daily and monthly E70. The newly proposed coefficients a were
different from those determined with the standard climate diagram (published by Walter, Lieth 1967). The introduc-
tion of the variable value « into the computational model markedly improved the quality of the estimation of E7o.
The mean bias errors determined for the estimation of £70 on the basis of temperature and the changing value

of @ were considerably lower than for the estimation of E70 with a fixed value of a. This provides the possibility
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of a more accurate presentation of periods of both excess and shortage of precipitation.
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1. Introduction

Local climatic conditions affect the possibilities for
the development of agriculture by determining the spe-
cies of crop plants and technologies that can be used for
cultivation (Iglesias et al. 2012). In extreme cases, it is the
abundance of water resources that determines develop-
ment opportunities for regions and even whole countries.
In terms of climate, the main weather factors that limit the
growing of crops are the level of solar radiation, variations
in temperature, and the amount of precipitation. In many
parts of the world, the main factor limiting the possibilities
for the cultivation of crops is the unavailability of water.
One of the measures used to assess the water conditions
of a specific area is its climatic water balance (Szwed
et al. 2010; Radzka 2014). This balance determines the
difference between precipitation and evapotranspiration.
The values of the balance for each month of the growing
season characterise the water conditions of the area, indi-
cating potential needs for irrigation. The climatic criterion
is based on the assumption that the consumption of water
by plants is determined mainly by the weather pattern
and the stage of plant development (Doorenbos, Pruitt
1977; Ley et al. 1994). Determinations of the climatic
water balance are used not only in agriculture (Labedzki,
Bak 2004), but also in climate and phytogeographical
studies (Lauer 1960; de Azcarate 2013). In climatic and

cartographic studies, pluvio-thermal conditions are often
presented in the form of graphs or diagrams. One of the
first diagrams depicting changes in precipitation and tem-
perature was published by Hettner in 1891 (Lauer 1960).
Gaussen (1954) and Walter (1955) found that with the right
ratio between the ordinate axes, the diagram developed
by Hettner could be used to estimate periods of excess
or shortage of precipitation. The graphical comparison of
mean temperatures and total precipitation for individual
months was named the Gaussen-Walter diagram. The rule
for the construction of such a graph is that the months
should be plotted on the abscissa (X) and the mean air
temperatures on the first (left) ordinate (Y,). The values of
total precipitation are plotted on a second (right) ordinate
axis (Y,) while maintaining a ratio of 1°C to 2 mm of pre-
cipitation. Periods of excess precipitation and drought are
conveniently depicted with this type of diagram. Graphi-
cal representation of climatic water balance data can be an
excellent tool for analysing and visually depicting water
relations to facilitate the evaluation of an excess or short-
age of precipitation in agriculture.

The Gaussen-Walter diagram directly represents data
on the levels of temperature and precipitation only (such
are the titles of the left and right ordinate axes, respec-
tively); it can also be used to read off the amount of evapo-
transpiration and thus estimate the excess or shortage of
precipitation. Such an approach might be useful under
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conditions of the limited availability of climatic data —
insufficient for the calculation of evapotranspiration when
using standard models (e.g. the Penman-Monteith model).
If, for a particular month, the temperature line is above the
column representing the amount of precipitation, then the
area below the line designates a negative water balance
— a shortage of precipitation in relation to the estimated
evapotranspiration (a period of drought). The amount of
the shortage of precipitation for that month is the distance
(downwards) between the temperature line and the top end
of the column representing precipitation. The amount of
the shortage in mm can be read off on the axis labelled
‘precipitation’. Similarly, an excess of precipitation read
off the diagram occurs when the temperature line inter-
sects the column (or area) representing precipitation.
The amount of excess rainfall is the distance (upwards)
between the temperature line and the top end of the column
depicting precipitation. The total evapotranspiration for
each month (in mm) is determined by the temperature line
read off on the precipitation axis. Evapotranspiration is
estimated using the simplest of the known models, which
is based on temperature measurements only: E70 = o T
(a — empirically determined coefficient). For the original
Gaussen-Walter diagram it was assumed that o = 2. Lauer
(1960) showed, however, that this ratio is not suitable for
all types of climate. In the climate diagram atlas published
by Walter and Lieth (1967), to express wet and dry peri-
ods, the authors used a ratio of 1°C to 4,5 mm between the
mean temperature of a particular month and the amount of
precipitation (an example of such a diagram is presented
in Fig. 7A). Pacholak (1989) also applied the same model
of the climate diagram to depict periods of excess and
shortage of precipitation in Poland. Lukasiewicz (2006),
after analysing meteorological data for the station Poznan-
Lawica (52°25'N, 16°49'E), found that in the climate
diagram for the conditions in Poland, a ratio of 1°C to
4 mm of precipitation should be adopted between the axes
representing the mean monthly air temperature and the
total monthly precipitation. These examples show that so
far during the plotting of climate diagrams, a fixed coef-
ficient between temperature and precipitation has been
adopted regardless of the season, with the literature giving
different values for it (depending on the results of analyses
of climatic conditions conducted by researchers). In this
paper, we propose a different solution to this problem by
introducing a variable coefficient for the individual months
of the growing season.

The aim of this work is to develop a climate diagram
that will describe precisely the climatic balance for the
weather conditions in Poland.

2. Materials and methods

The meteorological measurements that were used to
calibrate the model were performed between 2009 and
2010 in the localities of Biatousy (53°24'N, 23°13'E),
Kondrajec Panski (52°48'N, 20°13'E) and Skierniewice
(51°57'N, 20°09'E). The assessment of the quality of the
model was conducted for the data obtained in the years
2013-2015 in the localities of Dabrowice (51°55'N,
20°05'E) and Stoje (53°19'N, 23°39'E). The soil at study
sites was light, classified as having loamy, sandy texture.

The measurements were recorded by means of auto-
matic meteorological stations (iMetos, Pessl Instruments,
Austria) mounted at a height of 2 meters above the ground.
The stations were equipped with a solar radiation sensor,
which allowed the determination of reference evapotrans-
piration (E70) using the Penman-Monteith (PMF 56)
model (Doorenbos, Pruitt 1977; Allen et al. 1998).

900
0,408A(R,—G)+y T+273 ux(e;—e,)

A+y(1+0,34u,)

ETo= M

where: ETo — reference evapotranspiration [mm-day’];
R, — net radiation [MJ'm?day']; G — soil heat flux
[MJ'm™day"']; T — mean daily air temperature at a height
of 2 m [°C]; u, — wind speed at a height of 2 m [ms"];
e, — saturation vapour pressure [kPa]; e, — actual vapour
pressure [kPa]; e, — e, vapour pressure deficit [kPa];
A — slope of the saturation vapour pressure-temperature
curve [kPa-°C"']; y — psychrometric constant [kPa-°C"].

The assessment of the quality of the estimation of the
ETo determined with the simplified model (E70 = o-T) in
relation to the PMF 56 model was performed using the
mean bias error (MBE) (Sentelhas et al. 2010).

The MBE (mm-day) is defined as:

(@)

VBE > (P=0)
n

where P; and O, are estimated and reference data, respec-
tively, at the i" data point, and # is the total number of data
points.

Calculations were performed using the statistical pack-
age Statistica (StatSoft, USA).

3. Results and discussion
The climatic water balance contained in Gaussen-Wal-

ter diagrams is a relationship between mean monthly tem-
perature and total precipitation, so the £70 is determined
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Fig. 1. Variations in air temperature and solar radiation during
the growing season; mean values for all the stations and years
of the study

here only on the basis of air temperature. The ratio bal-
ancing the mean monthly temperature with the amount of
precipitation determines the amount of evapotranspiration
per unit of temperature. The diagram in the climate atlas
by Walter and Lieth (1967) has a 1:4,5 ratio between the
temperature axis and the precipitation axis, which means
that for a mean monthly temperature of 20°C the estimated
evapotranspiration is 90 mm (zero climatic water balance).
By dividing 4,5 by the number of days in the month, we
obtain the value of the coefficient o by means of which we
can estimate the amount of evapotranspiration for a spe-
cific day using the mean daily air temperature (E70 = a-T).
Because the ratio between the values of the two ordinate
axes Y, and Y, in the diagram is fixed for all months of the
year, for the months with 30 days a = 0,15 (4,5/30), and for
those with 31 days a = 0,145. Further calculations assume
the value of & = 0,15.

Figure 1 show the variations in temperature and solar
radiation during the growing season (mean values for sev-
eral stations and years of research). It is characteristic that
in the spring there was a relatively high level of radiation
at still low air temperatures. During the summer, the soil
and the atmosphere accumulated large amounts of energy.
A result of this was that in the autumn there were relatively
high air temperatures despite the already low radiation.
So, the ratio between temperature and radiation varied
considerably during the growing season, which is the rea-
son why the curves describing the process of evapotrans-
piration and the ratio between radiation and temperature
have decidedly different shapes (Fig. 2).
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Fig. 2. Variations in £7o and the indicator of the level of radiation
per unit temperature; mean values for all the stations and years
of the study

The amount of evapotranspiration depends heavily on
the level of solar radiation, and this relationship is taken
into account by various computational models (Dooren-
bos, Pruitt 1977, Hargreaves, Samani 1985; Allen 1993;
Ley et al. 1994; Allen et al. 1996; Xing et al. 2008).
The pattern of variation in evapotranspiration during the
growing season and the shape of the curve describing the
level of radiation per unit of temperature indicate that in
order to estimate £70 only by means of mean air tempera-
ture, the coefficient o should not be a fixed value but a vari-
able (a_) for the individual months of the growing season.
To obtain the values of the o_ coefficient, linear regres-
sion analyses (y = ax + b) were performed individually
for each month of the growing season (Apr-Oct) between
mean daily temperature (x) and the amount of E7o (y)
(Fig. 3). The shape of the regression lines indicates a dif-
ferent relationship between temperature and evapotranspi-
ration in each month of the growing season.

While determining the value of the intercept (b) at 0,
the values of daily coefficients (a_,), changing in indi-
vidual months, were determined for use in calculating
daily ETo. To obtain monthly coefficients (a_,) for esti-
mating the total evapotranspiration in a specific month, the
value of a_, was multiplied by the number of days in that
month (Tab. 1). The empirically determined coefficients
o_q and a_, reached the highest values in April, decreasing
gradually in the subsequent months of the growing season.
For all months, except October, they were higher than
those determined with the climate diagram published by
Walter and Lieth (1967).

Table 1. Values of a_ coefficients for each month of the growing season

Coefficient Apr May Jun Jul Aug Sep Oct
a,_, for daily calculations 0,28 0,21 0,194 0,182 0,170 0,160 0,146
a,_, for monthly calculations 8,40 6,51 5,82 5,64 5,27 4,80 4,53
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Fig. 3. The relationship between temperature and evapotranspiration in each month of the growing season; aggregate data for the

stations and years of the study

Graphs 4 and 5 comprise assessments of the quality
of the estimation of daily evapotranspiration only on the
basis of measurements of mean air temperature and the
coefficients o and a_, in relation to the reference model
PMF56. The introduction of the variable value «_ into the
computational model markedly improved the quality of
the estimation of E7o. For the two locations and for the
period from April to August in all the years of the study,
the MBE errors determined for the estimation of E70 on
the basis of temperature and the changing value of a were
considerably smaller than for the estimation of E7o with
a fixed value of a for all those months. The values of
these errors reached a level similar to the values of the
MBE errors determined for the conditions in Canada when
estimating E7o with simplified models, such as those of
Priestley-Taylor, Hargreaves, or Thornthwaite (Sentelhas
et al. 2010). In the autumn (Sep-Oct), there were no longer
such marked differences between the values of MBE errors
for the two methods tested. This resulted from the compa-
rable values of the a coefficients. The size of MBE errors
varied depending on the calculation method, location, year
of study and conditions during the growing season. In the
calculations for the spring (Apr-May) and autumn (Sep-
Oct) using a variable coefficient a, the MBE error was
relatively low. However, during the summer it showed an
underestimation of the £7o value in relation to the refer-
ence method. This was particularly evident in the hot and
very dry growing season of 2015. It is most likely that
this was due to the different weather conditions prevail-
ing during the period in which the model was calibrated

(the years 2009-2011 were characterised by moderate tem-
peratures and a relatively high frequency of precipitation).
The use of a fixed coefficient « for all the months, as is
customary when constructing a climate diagram, resulted
in a considerable underestimation of £7o during the spring
and summer. The diagram presented by Walter and Lieth
(1967) correctly describes the conditions of the climatic
balance in Poland only in the autumn. In September and
October, the MBE errors were relatively low. The fixed
ratio between the values of temperature and precipita-
tion (Y, and Y, axes), which is the principle of climate
diagrams used thus far, without taking into account the
changing relationship between temperature and radiation
during the season, cannot properly describe the climatic
balance during the entire growing period. We obtained
a much smaller error in the balance using a variable value
of a in the calculations.

The use of temperature only to determine evapotrans-
piration cannot be, in principle, a sufficiently precise
method. The quality of the estimates depends here on
the weather pattern during the growing season. This is
confirmed by the variation in the amount of evapotrans-
piration determined for the data from individual years
(Fig. 6). When air temperatures exceeded the mean values
for the respective periods (2015), the proposed model gave
ETo values lower than those calculated with the reference
method. The quality of the estimates, however, was always
better than that used in traditional climate diagrams.

For the climate diagram to accurately depict water
balance, we propose breaking with the existing principle
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Fig. 7. Different versions of climate diagrams; A — traditional,
B — new, C — new, including the value of the crop (apple) coef-
ficient k (Stoje, 2013)

the abscissa (X) and the values of mean air temperature
on the first (left) ordinate (Y,). Values of total precipi-
tation and evapotranspiration determined according to
the model ETo = a_T are presented on a second (right)
ordinate axis (Y,). Because precipitation and evapotrans-
piration are shown on one axis (Y,), areas of excess and
shortage of precipitation are automatically determined in
relation to the amount of evapotranspiration, and the ratio
between Y, and Y, can be chosen arbitrarily depending
on the needs of the researcher.

Graph 7 shows three climate diagrams (A, B, C) for the
station Stoje and the 2013 growing season. The diagrams
were prepared using the graphing functions in the Excel
spreadsheet program.

— A — Gaussen-Walter diagram (1°C:4,5 mm of precipi-
tation);

— B —new version of the diagram (E7o = a_,T);

— C—new version of the diagram (ET,,, s yees = k*ET0).

According to the diagram proposed by Walter and
Lieth (1967), in the spring there were slight shortages of
precipitation only in April (Fig. 7A). In fact, a negative
climatic water balance occurred in 3 consecutive months
(Apr-Jun), which is shown by the new version of the cli-
mate diagram (Fig. 7B). Fig. 7C shows crop water balance
for apple trees, which was determined by multiplying
ETo by the corresponding values of the crop coefficient &
(Doorenbos, Pruitt 1977). The graph shows that in the case
of apple trees a negative crop balance occurred in June,
August and October.
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4. Conclusions

A. The analysis of the patterns of climatic variables
(temperature, solar radiation) during the year indicated
that in order to estimate E7o only by means of mean
air temperature (E70 = a-T), the coefficient o should
not be a fixed value but a variable for the individual
months of the growing season.

B. The values of a coefficient were empirically deter-
mined for use in calculating daily and monthly E70
in Polish climatic conditions.

C. Itwas proven that the introduction of the variable value
o into the evapotranspiration computational model
markedly improved the quality of the estimation of
ETo. The quality of the estimates was better than that
used in traditional climate diagrams, giving the pos-
sibility of a more accurate presentation of the periods
of both excess and shortage of precipitation.

D. Given the strong evidence of an increase in global tem-
peratures in recent decades, research in this area should
be continued so that the results will have predictive
value, containing elements of prognosis of future
climate conditions.
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