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Performance of equations to estimate the hourly actual vapor
pressure
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Abstract: The objective of the present study was to analyze the performance of equations to estimate the hourly actual vapor
pressure (e,) in the regions of Parana State, Southern Brazil, and in the main Brazilian climate types. Four equations were tested,
being considered the equation that uses the relative humidity (RH) as standard. Hourly data series from automatic
meteorological stations of the Brazilian National Institute of Meteorology (INMET) were used in the analyses, being 25 from the
Parana State (data measured between December 1, 2016 and November 8, 2018) and 8 representing the main Brazilians climate
types (Af, Am, Aw, Bsh, Cfa, Cfb, Cwa and Cwhb; data measured between December 12, 2018 and December 11, 2019). The
association between standard and alternative equations was verified using linear regression analysis, correlation coefficient (r),
index of agreement (d) and root mean square error (RMSE). The alternative equations did not differ from the standard equation
in the locations of Parana State (d = 1.0 and r = 1.0; RMSE < 0.02 kPa) and Brazilian climate types (d = 1.0; r > 0.99; RMSE <

0.02 kPa). The equation to be used must be made considering the quality and availability of the necessary input data in each

equation.
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1 Introduction

The water vapor derives from evaporation, which is
the transition from the liquid phase to the vapor phase
that occurs at a temperature lower than the boiling point.
The pressure exerted by vapor on the liquid mass is
denominated as vapor pressure (Gooch, 2011; Marshall,
2014; Speight, 2020). The atmospheric pressure is not
exerted only by water vapor, there is a mixture of gases
that compose it. According to Dalton’s law of partial
pressure, moist air behaves almost like an ideal gas
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(Webb et al., 1980; Callahan et al., 2019).

The evaporation process occurs when the liquid
molecules overcome the force of attraction between each
other and escape from the water layer, passing into vapor
form. The process occurs until the air becomes saturated
with water vapor. For each temperature, the equilibrium
occurs at a specific vapor pressure, denominated
saturation vapor pressure or maximum vapor pressure.
The difference between the pressure exerted by the
amount of water vapor in the air at a given time and
the
maximum pressure that can be reached under these

temperature (e,; actual vapor pressure) and
conditions (es; saturation vapor pressure) is called a
saturation vapor pressure deficit of the air (Ae). The Ae
is directly related to the evaporation processes (air

evaporative capacity), as it depends on the vapor
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pressure gradient between the evaporating surface and e, = 0.6108 - exp [17.27-Tdew] )
a ) Tgew+237.3

the air (Allen et al., 1998; Marek and Straub, 2001;
Monteith and Unsworth, 2013).

Among other variables, the reference
evapotranspiration (ETo) depends predominantly on Ae,
and as the air temperature decreases, there is an increase
in relative humidity and a decrease in reference
evapotranspiration. Thus, studies involving air humidity
are important to realize accurate ETo estimates. In humid
climates of tropical regions, high relative humidity
reduces the ETo, as the air is always close to saturation.
Therefore, the humidity and air temperature are
determinants in the vapor pressure accounting, which is
an indicator of the evaporative capacity of the air
(Bouzenada et al., 2017; Islam et al., 2019; Wang et al.,
2020). The e, is one of the most sensitive variables to
estimate ETo (Hosseini et al., 2013; Islam et al., 2019).

The ASCE manual (ASCE-EWRI, 2005) presents
some equations to calculate the e, that considers
different input data, such as relative humidity, dew point
temperature and dry and wet bulb temperatures.
However, there are no aspects in the literature showing
the performance of these equations for different
environmental conditions, such as climatic variation.

Due to the importance of vapor pressure, mainly
considering its impact on more accurate ETo estimates,
particularly in e, the objective of this study was to
analyze the performance of equations to estimate hourly
actual vapor pressure (e,) in the regions of Parana State,
Southern Brazil, and in main Brazilian climate types.

2 Materials and methods

2.1 Equations to estimate the actual vapor pressure
(€a)

The literature commonly reports Equations 1 to 5
(ASCE-EWRI, 2005) to estimate the actual vapor
pressure (e,):

— e, value calculated with relative humidity (Allen et
al.,1998; Equation 1):

eq = 155-€°(T) (1)

— e, value calculated with Tetens equation (Tetens,
1930; Equation 2):

— e, value calculated with the average between the
Tetens (1930) equation and relative humidity (Equation
3):

. 17.27Tgew | ,RH o
_ 06108 exp[Tdew+237.3]+1oo e®(T)

eq = : ©)

— e, value calculated with average between

temperature and relative humidity (Allen et al.,1998;
Equation 4):

€q

17.27 * Tpin ) . (RHmax) 40.6108 - exp( 17.27 - Thax ) . (RHmm)

06108 exp ( o8 Toax + 237.3) "\ 100
2

Tonin + 237.3

(4)

Where: e, — actual vapor pressure (kPa); RH — mean
relative humidity (%); e°(T) — function of saturation
vapor pressure (kPa); Tqew — dew point temperature (°C);
T — air temperature, which can be minimum, maximum
or average (°C).

In addition to the tests with Equations 1 to 4, due to
the difficulty in obtaining the necessary data, only one
case study was carried out with the equation that has the
temperature of dry and wet bulbs as input (Equation 5):

— e, value calculated with psychrometric data
(ASCE-EWRI, 2005; Equation 5):

ea = €°(Taew) — Ypsy * (Tary — Twer)  (5)

Where: e, — actual vapor pressure (kPa); e°(Tuew) —
function of saturation vapor pressure, considering dew
point temperature (kPa); ypsy — psychrometric constant
(kPa °C™); Ty — dry bulb temperature (°C); Tyer — Wet
bulb temperature (°C).

The FAO method (Equation 1) was adopted as a
standard (Allen et al., 1998) to verify the equation that
best estimates the e,. The Equation 1 uses relative
humidity (RH) as an input. Hourly analyses were carried
out associating the €, sandgara (Equation 1) versus
€a_alternative (EQuations 2 to 5). All equations were inserted
in an electronic spreadsheet, previously developed for
this purpose.

2.2 Climates and data used

Most of the analyses in this study were carried out
for Parand State, located in the Southern region of
Brazil, with predominant Cfa and Cfb climate types
(Figure 1; Table 1; Maack, 2012). Data series from 25
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automatic meteorological stations, obtained from the
Brazilian National Institute of Meteorology (INMET)
between December 1, 2016 and November 8, 2018, were
used. The data used were: maximum and minimum air
temperature (T; °C); maximum and minimum dew point
temperature (Tgew; °C) of the air; and, maximum and
minimum relative humidity (RH; %). Hourly periods that
failed in some input variable in the analyzed equations
were excluded. This criterion resulted in 2113992

effective data per equation, out of a total of 8455968
data from the series used.

The climatological normals of the Brazilian National
Department of Meteorology (DNMET, 1992) served as a
parameter to verify if the weather data used in the
analysis well represents the regional climate trend in the
Parana State. The climatological normals are monthly
averages of thirty years (1961-1990), -calculated
according to the criteria recommended by the World
Meteorological Organization (WMO).

55°W 530W S10W 490W 4%°yw @ Suations
i i i i Climate type in Parand State, Brazil
| [eiid
2205 a C[b
Stations Lat. Long.
1 - Campina da Lagoa -24.57-52.81
2 - Castro -24.79-50.01
3 - Cidade Gaucha -23.36-52.93
4 - Clevelandia -26.42-52.35
5 - Colombo -25.32-49.16
6 - Curitiba -25.45-49.23
7 - Diamante do Norte -22.64-52,89
8 - Dois Vizinhos -25.71-53.01
9 - Foz do lguacu -25.601-54.48
10 - General Carneiro -26.41-51.35
o 11- [caraima -23.39-53.64
25°51 12 - Inacio Martins -25.57-51.08
13 - Ival -25.02-50.85
14 - Japira -23.77-50.18
15 - Toaquim Tavora -23.51-49.95
16 - Laranjeiras do Sul -25.37-52.39
17 - Marechal Candido Rondon-24.53-54.02
18 - Maringa -23.41-51.93
19 - Morretes -25.51-48 81
20 - Nova Fatima -23.42-50.58
21 - Nova Tcbas -24.44-51.96
22 - Paranapocma -22.66-52.14
23 - Planalto -25.72-53.75
282G 24 - Sao Mateus do Sul -25.84-50.37
25 - Ventania -24.28-50.21

Figure 1 Parana State containing the predominant climate classification and position of the automatic meteorological stations analyzed

Analyses of Brazilian climate types were performed
using hourly data from eight automatic stations of the
INMET between November 12, 2018 and November
11, 2019, each station being located in a different
climate type (Af, Manaus-AM, latitude -3.11°S and
longitude -62.01°W; Am, Macapéa-AP, latitude 0.03°N
and longitude -52.01°W; Aw, Cristalina-GO, latitude -
16.78°S and longitude -47.61°W; BSh, Petrolina-PE,
latitude -9.39°S and longitude -40.52°W; Cfa, Porto
Alegre-RS, latitude -30.05°S and longitude -51.17°W;
Cfb, Curitiba-PR, latitude -25.45°S and longitude -
49.23°W:; Cwa, Barbacena-MG, latitude -21.22°S and
longitude -43.77°W; Cwb, Uberaba-MG, latitude -
19.71°S and longitude -47.96°W).

The selected climate types (Table 1) are the most
representative in Brazil, according to the Kdppen’s
(1936) climate classification (Alvares et al., 2013).

Hourly data of maximum and minimum air temperature
(T; °C), maximum and minimum dew point temperature
(Tgew; °C) of the air, and maximum and minimum
relative humidity (RH; %) were obtained in each
weather station. The data series of the eight stations had
210240 readings. However, when any of these variables
was not available, it was decided to exclude the
respective hour. Thus, the final composition of the
database was 193902 hours reading, resulting from the
exclusion of 7.8% of the hours analyzed.

The case study used data series from the automatic
meteorological stations in Castro, Curitiba, Ivai and
Maringé (Figure 1), belonging to the INMET, between
December 1, 2016 and December 1, 2017. The analyzed
period was chosen due to the least number of failures in
the necessary data, considering the four weather stations
analyzed. Only these four meteorological stations
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provide, for Parana State, the wet bulb data needed for

the analyses carried out.

Table 1 Characterization of the Brazilian climates analyzed.

Climate Description of each climate
Af Tropical without dry season, with the average temperature of the warmest month exceeding 18°C. The total rainfall in the driest month is over 60 mm,
with the highest rainfall from March to August, exceeding 1500 mm per year;
Am Tropical monsoon, with annual precipitation above 3300 mm and annual average temperature of 27.6°C, seasonally varying between 25.8°C and
29.0°C;

Aw Tropical with dry winter season, precipitation between 1600 and 1900 mm per year and annual average temperature between 19°C and 20°C;

BSh Dry semi-arid, low latitude and altitude, characterized by shortage and irregular rainfall distribution, which are 250 to 750 mm per year, and annual
average temperature of 27°C;

Cfa Humid subtropical with hot summer, with good rainfall distribution throughout the year, on average 1500 mm, and annual average temperature of

19°C;

Cib Humid subtropical with temperate summer, with well-distributed rainfall throughout the year, exceeding 1200 mm, and mild summers with an annual
average temperature of 17°C;

Cwa Humid subtropical with dry winter and hot summer, annual precipitation below 700 mm, with January being the warmest month and July the coldest

month, with averages temperatures of 23.5°C and 17.5°C, respectively;
Cwb Humid subtropical with dry winter and temperate summer, with annual average rainfall of 700 mm and annual average temperature of 19.3°C.

Source: Adapted from Alvares et al. (2013).
The variables used in the case study on a daily

periodicity were: average air temperature at dew point
(Tgew); and, dry (Tary) and wet (Tye) bulb temperatures.
In which Ty and Ty Were collected with three (0, 12
and 18 h) or two (0 and 12 h) measurements per day,
being averaged to obtain daily values. The e, values
calculated with the Equation 5 were compared with the
e, daily values, obtained with the average of 24 h of e,,
calculated with Equations 1 to 4.
2.3 Statistical analysis of the analyzed equations

The results obtained with the actual vapor pressure
(e,) estimation equations, including the case study, were
compared and verified in linear regression analysis, as
well as with the main errors, indexes and coefficients
recommended in the literature (Equations 6 to 8;
Jacovides and Kontoyiannis, 1995).

RMSE = |~ 3, (Y, = Ya,) (6)
(V=) (Yo~ Ya
(U 1 B
JERA P B Te)
2
P4 Ya;=Yp,
d=1 — 1( pl) (8)

JZ?=1(|Yai‘7p|'|Ypi‘7p|)2

Where: RMSE - root mean square error (kPa) r —
Pearson’s correlation coefficient (dimensionless); d —
Willmott  (1982)
(dimensionless); Yp, - € values obtained with the

index of agreement from
standard method at each i-hour (kPa); Y, ,— e, values
obtained with the alternative equation at each i-hour
(kPa); n — number of analyzed hours (dimensionless); Yp

— average of e, values obtained with the standard method
for all analyzed hours (kPa); Y, — average of e, values
obtained with the alternative equations for all analyzed
hours (kPa).

The linear regressions, indexes and errors were
obtained with software R (version 3.1), packages
“ggplot2” version 3.3.2 and “hydroGOF” version 0.04,
respectively (Zambrano-Bigiarini, 2017; Wickham et al.,
2020).

3 Results and discussion

3.1 Trends of the climate variables

The lowest air temperatures were observed between
May and October in the two predominant climates in
Parana State (Figure 2). There was also a small variation
in RH throughout the year in the Cfa and Cfb climates.

In the eight Brazilian climate types analyzed, the
monthly average trend of air temperature (T, Tgew)
indicated small variation in Af, Am and BSh climates
throughout the year (Figure 3). The other climates (Aw,
Cwa, Cwb, Cfb and Cfa) showed lower values between
May and October. The RH showed the lowest values
between August and October for Cwb, Aw and Af
climates. The other climates (Aw, Cwa, Cwb, Cfb and
Cfa) showed small variation in the monthly values of RH
throughout the year.

The dry (Tqry) and wet (Tyer) bulb temperatures in the
case study carried out in the Maringa (Cfa climate),
Castro, Curitiba and Ivai (Cfb climate) stations, showed
a very similar trend in the considered climates. The
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lowest temperatures occurred between May and October.
The relative humidity in the Cfa climate showed similar
trend to the temperatures. However, it was observed in
the Cfb climate that there was small variation in RH
throughout the year (Figure 4).

The temperatures and relative humidity used in the
analyses, from the locations of Parana (Figure 2), Brazil
(Figure 3) and case study (Figure 4), had similar trends
to the climatological normals (period from 1961 to 1990)
of the Brazilian National Department of Meteorology
(DNMET, 1992), showing that the period used to carry
out the analyses does not include an atypical period of
climatological data.

3.2 Equations to estimate hourly actual vapor
pressure (ey) in Parand State

The hourly trend of e, estimated with the standard
equation (Equation 1) for the Cfa and Cfb climates
showed average values above 1.50 kPa, with the lowest
values occurring in the Cfb climate (Figure 5). The
associations between e, values estimated with standard
(Equation 1) and alternative (Equations 2 to 4) equations
were very close (d = 1.0 and r = 1.0 for all stations) and
showed very small errors in all 25 automatic weather
stations in Parana State (Table 2; RMSE < 1.60 kPa). The
result indicated that it is possible to use any of the
analyzed equations, without considerable changes in the
e, results. Therefore, the equation choice to calculate e,
should be based on the quality and availability of the
input variables data required in Equations 1 to 4.
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Figure 2 Monthly average and standard error of relative humidity (RH), air (T) and dew point (Tqe,) temperatures in Parana State, in Cfa and
Cfb climates (between December 1, 2016 and November 8, 2018), having RH and T Normal (RH_N and T_N; 1961 to 1990) for comparison

By grouping the automatic stations of the locations
the
classification (Figure 6 and Table 2), there was an

analyzed in Parand, according to climate
excellent linear association between the e, values
estimated with the standard and alternative equations.
The regressions performed with the F test were
significant at 5% probability, with p-value < 0.001
(Figure 6). Although Equation 2 provided the highest
RMSE for the Cfb climate (0.02 kPa), it was still very
low. All associations between standard and alternative
equations showed an index of agreement d = 1.0 and a
correlation coefficient r = 1.0. Therefore, any of the

tested equations can be used to calculate the actual vapor

Cai
calculated with the Tetens equation (Equation 2) in four

pressure. et al. (2007) comparing e, values
climates (arid, semiarid, semi-humid, humid) in China,
observed an index of agreement d > 0.93 and R? > 0.85,
with the less good estimations stations with arid climates.
The best results were obtained for humid and semi-
humid climates, as in humid conditions it is highly
probable that the minimum air temperature is equal to
the temperature at the dew point. The results of the
(2007)

considerations, since the Cfa and Cfb climates are humid

present study agree with the Cai et al.

subtropical.
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Figure 3 Monthly average and standard error of relative humidity (RH), air (T) and dew point (Tq,,) temperatures, in the eight Brazilian
climate types (Af, Am, Aw, Bsh, Cfa, Cfb, Cwa and Cwb; between December 12, 2018 and December 11, 2019), having RH and T Normal
(RH_N and T_N; 1961 to 1990) for comparison.
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The close association between the estimation actual (Figure 7), can be explained by analyzing the input
vapor pressure equations (25 meteorological stations or variables of each equation.
average of Cfa and Cfb climates), verified in the Lawrence (2005) and Gornicki et al. (2017) consider

indexes/errors (Table 2) and linear regression analysis that there is a dependence and direct relationship
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between the dew point temperature (Tge) and relative
humidity. The statement explains the close results

verified in the e, estimates with Equations 2, 3 and 4.
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Figure 4 Monthly average and standard error of relative humidity (RH), dry (Tqr) and wet (T;) bulb temperatures and dew point (Tgey)
temperatures in Maringa (Cfa climate) and Castro, Curitiba and Ivai (Cfb climate) stations, between December 1, 2016 and December 1,
2017, having RH and Ty, Normal (RH_N and T_dry_N; 1961 to 1990) for comparison
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Figure 5 Hourly average and standard error of e, in Parana State, obtained with Equation 1 (standard), considering the stations or locations
grouped in Cfa and Cfb climates (between December 1, 2016 and November 8, 2018)

The RH is defined as the relationship between the
amount of water vapor retained in a sample of moist air,
at a given temperature, and the maximum amount of
water vapor that this same air could retain, at the same
temperature (Bradley, 2015; Cai, 2019). Thus, as the
RH depends on temperature, there is also the reason
why there was no difference between Equations 1 and 4.

It is important to note that the input variables in
Equations 1 to 4 were measured on different sensors
and equipment for each weather station. Thus, it was
observed that the measuring equipment of the analyzed
stations are returning consistent environmental
measures (temperatures and relative humidity), as data

errors could impair the performance of associations
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\Figure 6 Linear regression analysis between actual vapor pressure values (e,) estimated with standard (Equation 1) and alternative (Equation
2 to 4) equations, in the predominant climate types in Parana State: a) Cfa; b) Cfb.
Table 2 Root mean square error (RMSE; kPa), correlation coefficient (r; dimensionless) and index of agreement (d; dimensionless)
obtained in the associations between €, sandard (Equation 1) VS- €a_alternative (Equations 2 to 4) IN hourly periodicity, for Cfa and Cfb climate

Stations ---Eq. 1vs. EQ.2 --- --- Eq. 1vs. Eq. 3 - ---Eq.1vs. EQ.4 -
RMSE r d RMSE r d RMSE r d

Campina da Lagoa 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Castro 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Cidade Galcha 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Clevelandia 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Colombo 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Curitiba 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Diamante do Norte 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Dois Vizinhos 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Foz do Iguacu 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
General Carneiro 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Icaraima 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Indcio Martins 0.01 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Ivai 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Japira 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Joaquim Tévora 0.02 1.0 1.0 1.60 1.0 1.0 0.01 1.0 1.0
Laranjeiras do Sul 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Marechal Candido R. 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0

Maringa 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
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Morretes 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0

Nova Fatima 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0

Nova Tebas 0.02 1.0 1.0 0.00 1.0 1.0 0.01 1.0 1.0
Paranapoema 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Planalto 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0

S&o Mateus do Sul 0.02 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Ventania 0.01 1.0 1.0 0.01 1.0 1.0 0.01 1.0 1.0
Stations with Cfa climate 0.01 1.00 1.00 0.01 1.00 1.00 0.01 1.00 1.00
Stations with Cfb climate 0.02 1.00 1.00 0.01 1.00 1.00 0.01 1.00 1.00

3.3 Equations to estimate hourly actual vapor
pressure (ep) in Brazilian climates

Equation 1 presented higher magnitudes of e, values
(close to 3.00 kPa; Figure 7) for Am and Af climates.

The other climates (Aw, Cfa, Cfb, Cwa, Cwb, and BSh)
had e, values between 1.50 and 2.00 kPa.

Af

BSh

ea (kPa)

Cwa

Cwb

Figure 7 Hourly average and standard error of e, in the Brazilian climate types (Af, Am, Aw, BSh, Cfa, Cfb, Cwa and Cwb), with Equation 1
(standard), between December 12, 2018 and December 11, 2019

The analyses for the eight Brazilian climate types
also indicated that there were almost no differences
between the values of €, standard (Equation 1) VEISUS €4 _aiternative
(Equations 2t 4)- T N€ associations were narrow, with indexes
d = 1.0, correlations r > 0.99 and RMSE < 0.02 kPa
(Table 3).

The results obtained for the Brazilian climate types
(Table 3) indicated that, regardless of the climate, the
alternative (Equations 2 to 4) and standard (Equation 1)
equations showed very high correlation in estimating e,.
Allen et al. (1998) recommends in periods of one-week,

ten-days or a month, values of e, calculated using
average measurements over the period. According to the
authors, the procedure allows the failures in the input
data be “diluted”, without compromising the results of e,.
For this reason, Equation 1 is considered standard in
estimating e,. As Equations 2 to 4 showed a very good
regression results in relation to Equation 1 (standard
method), the results reinforce the quality in the database
used.

Lyra et al. (2004) evaluating the influence of the

vapor  pressure  deficit on  the  reference
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evapotranspiration, considered that the methods that
used the average of RH to calculate the actual vapor
pressure presented more narrow correlations. This aspect
was not observed in the present study, since the tested
equations presented close correlations and excellent
indexes of agreement values (Tables 2 and 3) in the
estimation of hourly actual vapor pressure (e,), for
Brazilian climate types.

Jerszurki et al. (2017) developing an alternative
method to estimate ETo, obtained high variability in the

saturation deficit (Ae) between Brazilian climate types,
mainly between humid and arid climates. Despite the
variation of Ae between climates, justified by the
difference in temperatures and relative humidity (Figures
3, 4 and 5), the equations tested in the present study
(Equations 1 to 4) were adequate in any of the eight
climates analyzed. Therefore, the equation to be used to
calculate the actual vapor pressure must be chosen
according to the availability and quality of the climatic
data series of the place to be analyzed.

Table 3 Root mean square error (RMSE; kPa), correlation coefficient (r; dimensionless) and index of agreement (d; dimensionless)

obtained in the associations €, sandard (Equation 1) VS- €a_alternative (Equations 2 to 4y IN hourly periodicity, for the Brazilian climate types

Climate Locations Standard equation vs. Alternative equation RMSE d r

Equation 1 vs. Equation 2 0.02 1.00 0.99

Af Manaus-AM Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 0.99

Am Macapa-AP Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

Aw Cristalina-GO Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

BSh Petrolina-PE Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

Cfa Porto Alegre-RS Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

Cfb Curitiba-PR Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

Cwa Barbacena-MG Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

Equation 1 vs. Equation 2 0.02 1.00 1.00

Cwb Uberaba-MG Equation 1 vs. Equation 3 0.01 1.00 1.00
Equation 1 vs. Equation 4 0.01 1.00 1.00

3.4 Case study with the daily actual vapor pressure
(eo) estimation with Equation 5

In the case study with the Equation 5, wet bulb
temperature data was needed. Due to the lack of hourly

data, comparative analyses of e, estimates in the
locations of Castro, Curitiba, lvai and Maringa, Parana
State, were possible only for daily periodicity (Table 4).

Table 4 Root mean square error (RMSE; kPa), correlation coefficient (r; dimensionless) and index of agreement (d; dimensionless)

obtained in the associations between €, standard (Equation 1) VS- €a_alternative (Equations 2 to 5) IN daily periodicity, in four locations

Associations Stations RMSE r d
Castro 0.00 1.00 1.00
Equation 1 vs. Equation 2
Curitiba 0.01 1.00 1.00
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Ivai 0.00 1.00 1.00
Maringa 0.00 1.00 1.00
Castro 0.00 1.00 1.00
Curitiba 0.06 0.99 0.99
Equation 1 vs. Equation 3
Ivai 0.23 0.89 0.92
Maringa 0.00 1.00 1.00
Castro 0.00 1.00 1.00
Curitiba 0.00 1.00 1.00
Equation 1 vs. Equation 4
Ivai 0.00 1.00 1.00
Maringa 0.00 1.00 1.00
Castro 0.11 0.97 0.98
Curitiba 0.24 0.91 0.89
Equation 1 vs. Equation 5
Ivai 0.19 0.97 0.95
Maringa 0.35 0.96 0.89

There were close associations between standard
(Equation 1) and alternatives (Equation 2 to 5) equations
in Castro, Curitiba, Ivai and Maringa, with RMSE < 0.35
kPa, index of agreement d > 0.89 and correlation r >
0.89, for daily periodicity. With the exception of lvai
station, the other stations showed higher errors with
Equation 5 for e, estimates. However, the highest errors
were not significant to impair the correlations and
concordances observed in the four weather stations
tested.

Although the statistical results of the daily e,
estimates (Table 4) were very good, with the exception
of Ivai station, the other locations had with Equation 5
the worst indexes and errors in the e, estimation.
Therefore, it is understood that more in-depth analysis
would be important, encompassing a larger number of
stations with wet bulb measurements, to be more
representative. However, such analyzes will be possible
only when the automatic weather stations have wet bulb
temperature measurements. In this way, with the
possible analyses, the results of the daily e, estimates
also indicated that any of the tested equations can be
used to calculate e,. It is believed that the use of
Equation 5 is currently unfeasible on a large area scale.
The reason is due to the difficulty in obtaining wet bulb
data for a large number of locations (that is why only
four stations were used in Parana State), as well as the

existing data are not in the hourly basis (reason why we
chose to perform the analyses on a daily periodicity).

Based on the results and statistical indexes obtained
in the present study, having reliable meteorological data,
it is considered that the tested equations (Equations 2 to
4) can be used in locations with Af, Am, Aw, BSh, Cfa,
Cfb, Cwa and Cwb climate types, without considerable
changes in the e, results.

4 Conclusions

The four alternative equations tested — Equations 2
(variable: T4,y ), Equation 3 (variables: Ty, , RH and
€°(Tyew)) and Equation 4 (variables: Toin s Tmax s
RH,,;, and RH,,,, ) — used to calculate the actual
vapor pressure in hourly periodicity, did not differ
statistically in the 25 climatological stations analyzed in
Parana State. The tested equations (Equations 2 to 4)
also showed no difference for the eight Brazilian climate
types: Af (Manaus-AM); Am (Macapa-AP); Aw
(Cristalina-GO); BSh (Petrolina-PE); Cfa (Porto Alegre-
RS); Cfb (Curitiba-PR); Cwa (Barbacena-MG) e Cwb
(Uberaba-MG). The Equations 2 to 4 to be used to
calculate the actual vapor pressure must be chosen
according to the availability of the climatic data series;

The alternative equations tested (Equations 2 to 5),
used to calculate the actual vapor pressure on a daily
periodicity, did not show any difference in the
climatological stations of Castro, Curitiba, lvai and
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Maringd, located in Parana State. The use of Equation 5
(variables: €°(Tgew) » Tary and T, ) is currently
unfeasible on a large scale, due to the difficulty in
obtaining wet bulb data on an hourly and daily basis for
a large number of locations.

References

Allen, R. G., L. S. Pereira, D. Raes, and M. Smith. 1998. Crop
evapotranspiration-Guidelines for computing crop water
requirements. FAO lIrrigation and Drainage Paper No. 56.
Roma, Italy: FAO.

Alvares, C. A, J. L. Stape, P. C. Sentelhas, J. D. M. Gongalves,
and G. Sparovek. 2013. Koppen’s climate classification
map for Brazil. Meteorologische Zeitschrift, 22(6): 711-
728.

ASCE-EWRI. 2005. The ASCE standardized reference
evapotranspiration equation. Technical Committee Report
to the Environmental and Water Resources Institute of the
American Society of Civil Engineers from the Task
Committee on Standardization of Reference
Evapotranspiration. Reston: Institute of the American
Society of Civil Engineers.

Bouzenada, S., L. Frainkin, and A. Léonard. 2017. Experimental
investigation on vapour pressure of desiccant for air
conditioning application. Procedia Computer Science, 109:

817-824.
Bradley, E. F. 2015. Boundary layer (atmospheric) and air
pollution | Observational techniques In Situ. In

Encyclopedia of Atmospheric Sciences (Second Edition),
eds. G. R. North, J. Pyle, and F. Zhang, Elsevier Ltd. Vol.
1, 274-283. Available at:
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-
382225-3.00088-8. Accessed 21 November 2021.

Cai, J., Y. Liu, T. Lei, and L. S. Pereira. 2007. Estimating
reference evapotranspiration with the FAO Penman-
Monteith equation using daily weather forecast messages.
Agricultural and Forest Meteorology, 145(1-2): 22-35.

Cai, J. 2019. Humidity Measures. Available at: https://cran.r-
project.org/web/packages/humidity/vignettes/humidity-
measures.html. Accessed 21 November 2021.

Callahan, C. W., A. M. Elansari, and D. L. Fenton. 2019.
Psychrometrics. In Postharvest Technology of Perishable
Horticultural Commodities, ed. E. M. Yahia, ch. 8, 271-
310. Duxford, UK: Woodhead Publishing.

DNMET - Departamento Nacional de Meteorologia. 1992.
Normais climatoldgicas (1961-1990). Brasilia: Ministério
da Agricultura e Reforma Agréria / Secretaria Nacional de
Irrigacdo / Departamento Nacional de Meteorologia.

Gooch, J. W. 2011. Vapor Pressure. In Encyclopedic Dictionary of
Polymers, ed. J. W. Gooch, ch. 3, 1-1237. New York, NY:

Springer.

Goérnicki, K., R. Winiczenko, A. Kaleta, and A. Choinska. 2017.
Evaluation of models for the dew point temperature
determination. Technical Sciences, 20(3): 241-257.

Hosseini, S. H., J. Jafari, and M. A. Ghorbani. 2013. Sensitivity of
the FAO-Penman Monteith reference evapotranspiration
equation to change in climatic variables in the north-
western Iran. Research in Civil and Environmental
Engineering, 1: 28-40.

Islam, S., R. A. B. Abdullah, A. Algahtani, K. Irshad, and H.
Hirol. 2019. Performance of vapour pressure models in the
computation of vapour pressure and evapotranspiration in
Abha, Asir region, Saudi Arabia. Applied Ecology and
Environmental Research, 17(4): 9691-9715.

Jacovides, C. P., and H. Kontoyiannis. 1995. Statistical procedures
for the evaluation of evapotranspiration computing models.
Agricultural Water Management, 27(3-4): 365-371.

Jerszurki, D., J. L. M. Souza, and L. C. R. Silva. 2017. Expanding
the geography of evapotranspiration: An improved method
to quantify land-to-air water fluxes in tropical and
subtropical regions. Plos One, 12(6): e0150055.

Kdppen, W. 1936. Das geographische System der Klimate. In
Handbuch der Klimatologie, ed. W. Koppen, and R.
Geiger, Vol. 1, part C, 1-44. Berlin: Verlag von Gebriider
Borntrager.

Lawrence, M. G. 2005. The relationship between relative
humidity and the dewpoint temperature in moist air. A
simple conversion and applications. Bulletin of the
American Meteorological Society, 86(2): 225-234.

Lyra, G. B., A. R. Pereira, G. C. Sediyama, G. B. Lyra, A. V.
Santiago, and M. V. Folegatti. 2004. Média diaria do déficit
de pressdo de saturacdo do vapor d’agua do ar e sua
influéncia na evapotranspiracéo de referéncia pelo modelo
de Penman-Monteith (FAO 56) em Piracicaba — SP.
Jaboticabal, Revista Engenharia Agricola, 24(2): 328-337.

Maack, R. 2012. Geografia Fisica do Estado do Parana. 4th ed.
Curitiba: IBPT.

Marek, R., and J. Straub. 2001. Analysis of the evaporation
coefficient and the condensation coefficient of water.
International Journal of Heat and Mass Transfer, 44(1):
39-53.

Marshall, S. J. 2014. The water cycle. In Reference Module in
Earth Systems and Environmental Sciences, eds. S. Topcu,
and C. Kirda, ch. 2, 1-5. Calgary, AB, Canada: University
of Calgary. Available at: http://dx.doi.org/10.1016/B978-0-
12-409548-9.09091-6 . Accessed 21 November 2021.

Monteith, J. L., and M. H. Unsworth. 2013. Properties of gases
and liquids. In Principles of Environmental Physics: Plants,
Animals, and the Atmosphere, 4th ed., eds. J. L. Monteith,
and M. H. Unsworth, ch. 2, 5-23. Amsterdam: Academic
Press.


http://dx.doi.org/10.1016/B978-0-12-409548-9.09091-6
http://dx.doi.org/10.1016/B978-0-12-409548-9.09091-6

December 2021

Performance of equations to estimate the hourly actual vapor pressure

Vol. 23, No. 4 77

Speight, J. G. 2020. The properties of water. In Natural Water
Remediation: Chemistry and Technology, ed. J. G. Speight,
ch. 2, 53-89. Oxford, UK: Butterworth-Heinemann.

Tetens, O. 1930. Uber einige meteorologische Begriffe. Editora
Zeitschrift Geophysic, 6(1): 297-309.

Wang, K., Q. Xu, and T. Li. 2020. Does recent climate warming
drive spatiotemporal shifts in functioning of high-elevation
hydrological systems? Science of the Total Environment,
719: 137507.

Webb, E. K., G. I. Pearman, and R. Leuning. 1980. Correction of
flux measurements for density effects due to heat and water
vapour transfer. Quarterly Journal of the Royal
Meteorological Society, 106(447): 85-100.

Wickham, H., W. Chang, L. Henry, T. L. Pedersen, K. Takahashi,
C. Wilke, K. Woo, H. Yutani, and D. Dunnington. 2020.

Package ‘ggplot2’: Create Elegant Data Visualisations
Using the Grammar of Graphics. R package version 3.3.2.

Available at: http://ggplot2.tidyverse.org,
https://github.com/tidyverse/ggplot2. Accessed 21
November 2021.

Willmott, C. J. 1982. Some comments on the evaluation of model
performance. Bulletin American Meteorology Society,
63(11): 1309-1313.

Zambrano-Bigiarini, M. 2017. hydroGOF: Goodness-of-fit
functions for comparison of simulated and observed
hydrological time series. R package version 0.3-10.
Available at:  https://github.com/hzambran/hydroGOF.
Accessed 21 November 2021.



	(Department of Soil and Agricultural Engineering, Federal University of Parana, Funcionarios Street, 1540, 80035-050, Curitiba, PR, Brazil)

