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Abstract

Sensitivity analysis of reference evapotranspiration (ETo) plays a key role in the simplification and improvement of measure-
ments of terrestrial water balance. The aim of this study was to perform sensitivity analyses of the ASCE-Penman—Monteith
reference ET equation (ETop,,) for different tropical and subtropical climates, where a quantitative understanding of water
fluxes to the atmosphere is limited. Sensitivity coefficients were derived on a daily basis for maximum and minimum air tem-
perature, solar radiation, vapor pressure deficit and wind speed at 2 m height using data from 44-year of actual measurements
for calibration (1970-2014), for nine different climatic zones across Brazil. A multiple regression analysis was performed
to estimate the relation between meteorological data and ETopy across climatic zones. Seasonal and annual average esti-
mates were obtained by averaging daily values and spatial patterns of ETop,,; were obtained by interpolating meteorological
data from all sampled locations. Five climate variables were used in the analysis, which revealed diverse effects on ETopy
across seasons and climatic zones. In order of importance, ETop,; was most sensitive to annual variation in vapor pressure
deficit (VPD), wind speed (U,) and solar radiation (R,) in all climate types. Our analysis also showed that VPD, calculated
from measurements of relative humidity and temperature (T), are essential to accurately predict ETop,, across tropical and
subtropical climates. Due to the lack of direct meteorological measurements in many Brazilian regions, we recommend the
adjustment of climate-driven hydrological fluxes predictions to the most sensitive variables, i.e., VPD, to improve the preci-
sion of reference ET losses. Our results will be useful in delineating the influence of different climatic variables in the ASCE
Penman—Monteith model and in guiding new climatic modeling efforts in tropical and subtropical regions.

1 Introduction

Brazil is one of the most important producers of agricultural
commodities in the world. Among other products, the coun-
try leads the world in production of coffee, sugar, ethanol
and orange juice (MAPA—Brazilian Ministry of Agricul-
ture, Livestock and Food Supply 2016), largely for exporta-
tion to Europe and the USA, with an expected increase of its
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international role in food production caused by increasing
demand from Asian countries. To meet these demands the
design of efficient irrigation systems is important to con-
serve water resources and achieve sustainable commercial
crop production. In this context, reference evapotranspiration
(ETo) is a critical parameter for designing irrigation systems,
as well as for conducting climatological and hydrological
studies. Rather than using the old term potential evapotran-
spiration, which is often ambiguously defined, we define ETo
as the evaporation of water from soil and plant surfaces and
transpiration from a reference crop defined as a hypothetical
crop of 0.12 m height, surface resistance of 70 s m~' and an
albedo of 0.23. This might be considered the evaporation
from an extensive surface of green grass of uniform height,
actively growing and not short of water. The flux of water
from the land to the atmosphere consists of plant transpira-
tion, which strongly depends upon plant species and stage of
development and, soil evaporation, which is affected by soil
moisture and management practices (Allen et al. 1998). Thus,
under well-watered conditions, the variability of climatic
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variables, such as air temperature, relative humidity, solar
radiation and wind speed, controls the flux of water from land
to the atmosphere via plant transpiration and soil evaporation,
which is directly related to the evaporative demand of the
atmosphere. The ETo term is arguably the most important
hydrologic variable currently used for estimation of agricul-
tural water balances and recommended irrigation amounts
in a wide variety of crops (Blaney and Criddle 1950; Xu and
Singh 2005), and a key predictor of shifting biogeochemical
cycles in natural ecosystems (Gatti et al. 2014). However, it
is also the least understood of the biophysical processes cur-
rently being altered by climatic change (Silva 2015).

Over the past 50 years, empirical models have been devel-
oped to estimate ETo based on different combinations of cli-
matic variables (Allen et al. 1998). The need to find accurate
models to represent reference crops led to the Penman—Mon-
teith equation (Monteith and Evaporation 1964), which is
widely recognized as the standard method to estimate ETo.
This method combines the first proposition (Monteith and
Evaporation 1964) and adjustment (Allen et al. 1998) of
Penman—Monteith method (Penman—Monteith FAO) and is
now recognized as the standard approach to estimate ETo in
different regions of the world, however, there is a growing
need to improve ETo estimates in tropical and subtropical
regions (Silva and Anand 2013). Recent isotopic studies have
suggested that plant transpiration dominates the evapotran-
spiration fluxes (Jasechko et al. 2013), providing a quantita-
tive path to the analysis of climate-induced changes in ET in
agricultural and natural ecosystems, based on the analysis of
plant tissues (Maxwell et al. 2014; Silva et al. 2015). Thus,
following evidence that soil evaporation is negligible, sim-
ple and accurate estimates of reference ET may lead a better
understanding of the dominant climate variables affecting
transpiration flux. The reference ET estimates can be also
easily adapted to assess plant evapotranspiration, through
addition of plant and soil factors, such as water holding
capacity, stomatal resistance to transpiration, and rooting
characteristics (Jerszurki et al. 2017; Maxwell et al. 2018).

The Penman—Monteith equation is a physical-mathemati-
cal model derived from the energy balance and mass transfer
of a system. In order to simplify the equation and enhance
its applicability to different periodicities and reference sur-
faces (Walter et al. 2000; Itenfisu et al. 2003) the equation was
updated (Penman—Monteith ASCE) by the American Society
of Civil Engineers (ASCE) (Allen et al. 2005; Allen 2008).
The new equation is similar to the Penman—Monteith FAO for
daily periods, but with important differences in the way that the
hourly fluxes are represented. The role of climate variables on
the sensitivity of ETo is well described in the literature (Allen
et al. 1998, 2005; Xu and Singh 2005; Monteith and Evapora-
tion 1964; Saxton 1975; Rana and Katerji 1998; Hupet and
Vanclooster 2001; Gong et al. 2006; Irmak et al. 2006; Chen
et al. 2007; Ligiao et al. 2008; Estévez et al. 2009; Lemos
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Filho et al. 2010). However, there are few studies relating the
sensitivity of the Penman—Monteith model under contrasting
climatic conditions. For example, by analyzing the sensitiv-
ity of the Penman—Monteith model (Monteith 1965) in semi-
arid regions, it was observed that calculations of ETo were
highly sensitive to vapor pressure deficit (VPD) (Berengena
et al. 2005) and solar radiation (R,) (Rana and Katerji 1998).
In contrast, a relatively greater influence of R, and wind speed
(U,) was observed for wetter and colder regions (Hupet and
Vanclooster 2001). In North America, the Penman—Monteith
model outputs vary significantly depending on different combi-
nations of VPD, U, and R, that characterize different climatic
zones (Irmak et al. 2006). Moreover, a strong dependency of
the Penman—Monteith model to relative humidity (RH) was
related in China, depending of the season and region (Gong
et al. 2006; Liqgiao et al. 2008).

In Brazil, the model has yet to be explored (Carvalho
et al. 2011) and the Penman—Monteith FAO equation is com-
monly found in the Brazilian literature (Lemos Filho et al.
2010; Carvalho et al. 2011; Silva et al. 2011; Pereira et al.
2015, 2002; Souza et al. 2016), but the climatic data needed
to validate the model are often not available, which limits
its use. Even considering the different climate databases of
meteorological data around world, as World Climate Data-
base (Hijmans et al. 2005), a complete set of data needed to
estimate ETo by the Penman—Monteith method is not avail-
able, because key variables such as wind speed, solar radia-
tion, daily insolation and relative humidity are still missing.
Testing the influence of different climate variables on the
model by sensitivity analysis is therefore an important next
step for developing simplifications and verifying the pre-
cision of ETo methods (Saxton 1975; Irmak et al. 2006).
Accordingly, here for the first time in Brazil, we examine
the sensitivity of ASCE Penman—Monteith ETo estimates to
weather data for the most representative climate types. Our
goal is to develop a better understanding of ETo variability
to improve the standard Penman—Monteith model and pos-
sibly decrease the number of input variables needed for an
accurate representation of different regions of the country.

2 Materials and methods
2.1 Climatic data

Analyses were carried out for a set of 26 National Mete-
orological Institute stations (INMET—Brazilian National
Institute of Meteorology 2014) (Fig. 1) distributed across
all Brazilian regions and most representative climate types
(Alvares et al. 2013) (Table 1), with daily observations of
maximum, minimum and average air temperature (°C), rela-
tive humidity (%), daily sunshine hours (MJ m~2 day_l) and
wind speed at 10 m height (m s™!), from January 1970 to
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Fig. 1 Brazilian climatic zones
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January 2014. The daily sunshine hours were measured by
a heliograph Campbell-Stokes (model 240-1070-L). Daily
wind speed was obtained at 10 m height by an anemometer
Vaisala WT521 and transformed to wind speed at 2 m height
by the wind profile relationship (Allen et al. 1998). Between
1970 and 2000, daily air temperature (maximum, minimum
and average) and relative humidity were measured by one
mercury thermometer and one capacitive sensor, respec-
tively; and, between 2000 and 2014, the measurements were
obtained by one Fluke 5699 thermometer and one humidity
sensor Vaisala HMK15 respectively.

2.2 Penman-Monteith reference
evapotranspiration (ETop,,)

Daily reference evapotranspiration was estimated by the Pen-
man—Monteith method, parameterized by American Society
of Civil Engineers (ASCE) (Allen et al. 2005).
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where EToyp), is the reference evapotranspiration (mm
day™!); A is the slope of the saturated water-vapor-pressure
curve (kPa °C™1); R, is the net radiation at the crop surface
MJ m™? day‘l); G is the soil heat flux (MJ m™> day‘l);
Ypsy 18 the psychrometric constant (kPa °C~1); T is the aver-
age daily air temperature (°C); U, is the wind speed at 2 m
height (m s™1); e, is the saturation vapor pressure (kPa); e,
is the actual vapor pressure (kPa); C, is the constant related
to the reference type and calculation time step, considered
equal to 900 for grass (dimensionless); and, C is the con-
stant related to the reference type and calculation time step,
considered equal to 0.34 for grass (dimensionless).

In the standardized Penman—Monteith method, the equa-
tions used to calculate aerodynamic and bulk surface resist-
ance have been combined and reduced to two constants C,
and C, (Allen et al. 2005). The constant C,, is a function of
the aerodynamic resistance and time step and C, is a func-
tion of the bulk surface resistance, aerodynamic resistance
and time step, with the aerodynamic and bulk surface resist-
ances varying according to the reference surface (Allen et al.
2000). Here we considered the constants C, and C, for a
daily time step in a commonly used short reference crop
(similar to grass) (Allen et al. 2000, 2005). Daily vapor
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Table 1 Temperature and rainfall criteria for the complete Koppen’s climate classification. Adapted from standard climatic classification (Alva-

res et al. 2013)

Symbol Temperature (°C) Rainfall (mm) Climate
Monthly Annual
T, T, T; Ry R,

Af > 18 > 60 >25 (100-Ry) Tropical without dry season

Am <60 Tropical monsoon

As <25 (100-Ryyy)  Tropical with dry summer

Aw <25 (100-R,4,) Tropical with dry winter

Bsh >18 <5.Rpy Semi-arid with low latitude and altitude

Cfa -3<T<18 222 > 40 Humid subtropical, oceanic climate without dry
season, with hot summer

Cfb 4 <Typ<22 Humid subtropical, oceanic climate without dry
season, with temperate summer

Cwa -3<T<18 >22 <40 Humid subtropical with dry winter and hot summer

Cwb 4 <Typ<22 Rgyer = 10.R e Humid subtropical with dry winter and temperate

summer

T, temperature of the coldest month; T, temperature of the hottest month; T; annual mean temperature; R rainfall of the driest month; R, rain-

fall of the wettest month; Ry,

rainfall of the driest month in summer; R

rainfall of the driest month in winter; Ry, rainfall of the wettest

wdry swe

month in summer; R, rainfall of the wettest month in winter; R; j; rainfall of the driest month of the year; Ty, number of months where the

temperature is above 10 °C

pressure deficit (e, —e,) was estimated by the difference
between saturated and actual vapor pressure. Saturated vapor
pressure was calculated using air temperature based on the
Tetens formula (Murray 1967). Actual vapor pressure was
obtained by saturated vapor pressure multiplied by relative
humidity at each time step.

As the purpose of this work was to analyze the standard
evapotranspiration method in Brazilian climate types, being
useful as a guide for evapotranspiration studies, the radiation
components were calculated according to the Penman—Mon-
teith method (Allen et al. 1998), which is widely accepted
and used in different climate conditions. Daily net radiation
(R,) is defined as the balance between net shortwave radia-
tion (R,,) and net longwave radiation (R ;).

R, = R, +R, @

The R, is defined as the difference between outgoing and
incoming longwave radiation, and as the outgoing longwave
radiation is almost always greater than the incoming long-
wave radiation, R represents an energy loss, being consid-
ered in this study as the “net outgoing” longwave radiation.
On the other hand, the net shortwave radiation is normally
positive and results from the balance between incoming and
reflected solar radiation (R,) (Allen et al. 1998). During day-
time, net shortwave radiation flux is positive, net longwave
radiation flux is negative and, thus, R, was estimated by
the difference between net shortwave radiation (R ) and net
longwave radiation (R;).

The R, was obtained by air temperature, actual vapor
pressure and relative shortwave radiation, which is the ratio
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of the solar radiation (R) to the clear-sky solar radiation
(Ry)-

o - (Tmax)4 + (Tmin)4
nl 2

R§
: <1.35 P o.35>
RSO

where ¢ is the Stefan—Boltzmann constant (4.903 x 10~ MJ
K=*m™2day™"); T,,,, is the maximum absolute temperature
of the day (K); and, T,., is the minimum absolute tempera-
ture of the day (K).

The R, represents the solar radiation that actually reaches
the earth’s surface in a given period under cloudless condi-
tions. The following equation have been largely used in the
tropics to estimate the R (Carvalho et al. 2013).

(034 -0.14 - \/&,)
&)

min

R, =(075+2-107z) - R, “)
where z is the local altitude; and, R, is the extraterrestrial
radiation (MJ m~2 day™").

The R is the fraction of the R that is not reflected from
the surface, which is obtained as a function of the albedo (o).

R, =(-a)-R, 5)

The R, was estimated by the relationship between extra-
terrestrial radiation (R,) and relative sunshine duration
(n/N), obtained from the ratio of the measured daily sun-

shine hours (n) to the maximum possible duration of sun-
shine or daylight hours (N), which expresses the cloudiness
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of the atmosphere and accounts for differences in cloud
cover across climatic zones.

R, =R, (a+b-%> 6)

where a is the linear coefficient; and, b is the angular
coefficient.

The R, was estimated as a function of the solar constant,
latitude and the time of year (Allen et al. 1998).

e w -Gy, - d, - [w, - sen(¢) - sen(d)
T i @)
+ cos(¢) - cos(6) - sen(wy)]

R

where G, is the solar constant (MJ m~2 min~!; G, =
0.0820 m™2 min_l); d, is the relative distance Earth—Sun
(dimensionless); w, is the hourly angle corresponding to
sunset (rad); ¢ is the latitude (rad); and, § is the inclination
of the sun (rad).

The soil heat flux (G) was calculated using air tempera-

ture (Wright and Jensen 1972).
G=038-(Ty — T3y (8)

where T_5 is the average daily air temperature of the previ-
ous 3 days.

Coefficients of variation (CV) were used to assess the
variability of ETopy, in response to weather data used in the
ASCE Penman—Monteith model. Multiple regression analy-
sis was used to correlate the estimated ETop,, to climatic
variables over climatic zones. Seasonal and annual average
ETop,, estimates were obtained by averaging daily values
and the maps of spatial ETop), patterns were obtained by
interpolating station values to all climatic zones in ArcGIS
10.1 (ESRI ArcGIS Desktop Release 10 2011).

2.3 Sensitivity analysis

In order to analyze the influence of each variable on ASCE
Penman—Monteith, ETo were plotted relative to changes of a
dependent variable against relative changes of the independent
variables as a curve; i.e. a sensitivity coefficient curve (Goyal
2004). This simple mathematical approach has been widely
used as a valuable and consistent way to characterize sensi-
tivity (Saxton 1975; Rana and Katerji 1998; Hupet and Van-
clooster 2001; Gong et al. 2006; Irmak et al. 2006). Due to the
variability of dimensions and range values of climatic variables
used in ASCE Penman—Monteith model, the use of a partial
derivative as a non-dimensional form through daily sensitivity
coefficients allows for its comparison (Smajstrla et al. 1987):

AETopyy;
A

1

®

where S, is the sensitivity coefficient for each i-day (dimen-
sionless); AETop); is the variation of ETopy, by changes
in the climatic variable for each i-day (mm day™'); AV, is
the variation of the climatic variable for each i-day.

Were considered increasing and decreasing by 1 unit up
to 5 units of daily T, ., Trin» VPD, R, and U,, over 44 years
for all evaluated locations, while keeping other variables
constant (Irmak et al. 2006). Considering the saturated vapor
pressure (e,) as an exponential function of air temperature
(Allen et al. 1998), the increase/decrease of daily T,,, and
T,in Was followed by changes of e, and e, and, then, of VPD
in the sensitivity analysis. Due to significantly narrower
ranges of VPD and U, compared to other variables, they
were increased and decreased with 0.4 kPa and 0.5 m s™!
increments up to 2 kPa and 2.5 m s~h respectively.

The daily ETop,, response to changes in each climatic
variable was estimated by daily sensitivity coefficients. Each
daily average sensitivity coefficient was estimated by the
average of its increments for each climatic variable. The
final daily average coefficient for each climatic variable was
obtained by the averaging of 44 daily values, which corre-
sponded to the 44 years of data. We used linear regression
analysis to explain the linear relation between AETop,,; and
AV for each climate type.

min®

3 Results and discussion
3.1 Climatic conditions

Our observations showed large variability for all climatic
parameters (T, T,,in» RH, Rg, U, and VPD) across Brazil-
ian regions, spanning humid subtropical (Cfa, Cfb, Cwa and
Cwb), tropical with dry summers (As), and semi-arid (Bsh)
regions throughout the year (Table 2). This large variability
indicates the existence of different sensitivity coefficients
for predicting ETo throughout the country. In general, VPD
was the most variable in humid climatic zones. High T,
and T;, and low RH in semi-arid climate (Bsh) resulted in
the highest VPD across all climatic zones.

The coefficients obtained by multiple regression analysis
(Table 3) show the largest effect of VPD on ETo estimations
over climate types and seasons, suggesting that the major
changes in ETo are the result of the dynamic of atmospheric
water demand over time. Indeed, the importance of VPD on
ETo has been related at different climate zones around the
world (Rana and Katerji 1998; Irmak et al. 2006; Lemos
Filho et al. 2010; Silva et al. 2011). According to the first
estimates of water evaporation, originally done by Dalton
(Shaw 1993), evaporation was considered a main result
of the vapor pressure deficit, which represents the atmos-
pheric demand in the Penman—Monteith equation (Allen

min®
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Table 2 Ar.mual daily. a\./er age Climate  Variable Annual Average CV (%)
and coefficient of variation of
the climatic variables over the Annual  Summer Autumn  Winter  Spring
study period and climate type
Af Toin CO) 22.74 2.64 1.34 1.54 1.61 1.50
Thax CC) 29.83 242 1.33 1.75 1.97 1.45
RH (%) 73.77 3.14 1.89 1.88 2.52 2.05
VPD (kPa) 0.66 13.00 4.71 6.59 10.80 7.40
R,MIm2day™!) 18.06 9.54 3.17 7.53 8.51 3.47
U, (ms™) 1.73 8.45 6.00 6.11 7.00 6.79
ETopy; (mm day™") 3.73 11.10 3.37 8.67 9.97 322
Am Toin CC) 22.22 4.03 0.48 2.94 1.71 1.63
Tax CC) 30.37 2.31 0.49 2.06 1.31 0.80
RH (%) 79.02 2.30 0.49 0.98 2.09 1.05
VPD (kPa) 0.76 10.96 2.34 8.02 9.93 2.81
R,MIm2day™!) 18.56 10.13 2.53 6.97 8.05 2.08
U, (ms™h 1.98 13.84 3.89 7.19 11.90 2.86
ETopy, (mm day ™) 3.97 15.71 14.24 9.84 10.74 2.27
As Tin CC) 23.41 4.52 0.87 2.26 1.83 2.03
Thax CO) 30.01 2.14 0.33 1.44 0.93 0.86
RH (%) 78.41 3.95 1.71 1.07 3.02 0.85
VPD (kPa) 0.78 16.46 6.67 7.21 11.90 2.57
R,MIm2day™!) 21.04 11.49 3.76 5.55 10.29 2.32
U, (ms™h 3.14 14.53 8.26 7.07 8.90 5.50
ETopy (mm day ™) 4.45 14.12 4.46 6.85 12.33 2.40
Aw Tin (°C) 20.68 7.42 0.52 5.76 6.13 1.27
Tax CC) 31.45 3.23 0.70 1.22 3.66 2.06
RH (%) 71.74 11.27 1.67 4.76 6.84 6.80
VPD (kPa) 0.98 31.28 8.09 12.58 16.88 17.82
R,MJIm2day™') 18.98 6.87 3.02 3.09 6.23 3.38
U, (ms™h) 1.47 12.39 6.61 7.39 8.57 5.45
ETopy (mm day™) 4.09 12.83 4.17 4.02 12.49 5.68
Bsh T in (°C) 22.01 5.86 0.97 3.74 2.32 2.63
Tax (CC) 32.14 4.66 1.22 2.50 3.58 1.29
RH (%) 55.37 10.49 5.20 2.73 8.18 6.55
VPD (kPa) 1.59 18.44 11.93 6.26 15.94 4.78
R,MIm~2day™) 1771 11.98 4.13 8.55 10.75 3.19
U, (ms™) 2.28 12.34 8.36 10.05 6.23 6.82
ETopy; (mm day™") 4.28 16.12 8.21 7.50 15.00 3.51
Cfa Tin CC) 16.44 20.84 2.11 15.70 8.00 9.06
Tax (CC) 24.93 13.94 1.88 10.23 4.32 7.57
RH (%) 78.51 3.50 2.16 2.40 2.26 2.51
VPD (kPa) 0.57 30.30 7.98 22.72 13.88 17.42
R, MJ m2day™"  17.01 26.51 8.14 17.88 18.17 9.80
U, (ms™) 2.57 19.84 9.01 14.01 16.28 6.30
ETopy; (mm day™") 3.14 37.78 8.91 27.66 26.88 14.01
Cfb Toin CO) 13.08 2.57 2.57 2.57 2.57 2.57
Thax CO) 23.43 23.53 2.57 19.05 10.74 9.92
RH (%) 81.22 11.33 2.03 8.88 5.09 7.14
VPD (kPa) 0.44 2.46 1.35 1.26 291 2.27
R,MIm2day™") 1631 19.44 7.23 14.55 16.53 15.99
U, (ms™h) 2.10 20.53 6.66 14.17 13.60 8.99
ETopy; (mm day™") 2.78 12.64 7.50 8.56 9.49 6.36
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Table 2 (continued) Climate  Variable Annual Average CV (%)
Annual  Summer Autumn  Winter  Spring
Cwa T in CC) 17.12 16.96 4.00 15.24 14.32 5.75
Tax CC) 29.95 6.28 4.08 5.74 7.66 4.73
RH (%) 65.88 15.21 437 7.30 13.39 11.79
VPD (kPa) 1.06 30.15 14.98 12.74 23.38 26.75
R,MIm2day™!) 18.69 13.04 9.63 11.14 11.36 11.71
U, (ms™h 1.11 41.10 3142 36.95 31.37 33.95
ETopy, (mm day ™) 3.86 19.91 12.06 15.92 20.90 13.09
Cwb Tpin CC) 17.38 11.30 1.44 10.14 6.86 3.35
Thax CO) 27.21 5.20 1.98 4.79 4.30 1.96
RH (%) 68.10 7.52 3.31 2.96 4.98 6.60
VPD (kPa) 0.92 13.67 10.09 5.78 13.62 14.77
R,MJIm~2day™") 18.52 12.58 5.78 9.38 9.65 5.34
U, (ms™h 1.50 10.37 9.04 6.41 11.05 8.96
ETopy, (mm day ™) 3.61 18.81 5.94 15.10 17.60 5.23

et al. 1998). These results also show the importance of VPD
as an essential variable to accurately predicting ETo in the
standard method as well as an important next step to the
development of new simplified ET methods. The alternative
methods are useful when the complete set of data needed to
solve the Penman—Monteith method is incomplete or not
available, which is often the case in Brazil.

We observed high and constant ETop,, throughout the year
in the semi-arid climate (Bsh). Despite relatively small VPD,
the range of ETop,, in tropical climates (Af, Am, As and Aw)
was similar to semi-arid regions (Bsh) (Fig. 2), mainly due
to the great R observed in tropical climates (Alvares et al.
2013). Under tropical conditions, mainly in winter periods,
the high R offset the small VPD to maintain the ETopy,
which has been related to the maintenance of high plant
productivity. The link between solar radiation, ETopy, and
the ecosystem primary production is not well-know and its
response is highly variable, which can strongly depend upon
the seasonality and cyclicality of weather events (Clark et al.
2003; Fearnside 2004). However, our results are in line with
those obtained for tropical regions over wet seasons, when
decreases in cloud cover may cause an increase in ETopy,
(Butt et al. 2009). Despite the main goal of this work being to
analyze the standard ET method itself and even the main pro-
cedures for estimating solar radiation described in the Pen-
man—Monteith equation have been largely used in the tropics,
we highlight the importance of the development and use of
different solar radiation methods. These methods should take
into account the effect of weather conditions, such as cloud
cover and high relative humidity, being useful for different
climatic zones (Yan et al. 2012). We observed the lowest
ETopy; under subtropical climates (Cfa, Cfb, Cwa and Cwb),
but with high variability over seasons (Fig. 2). The annual
results indicated a clear separation between tropical (Af, Am,

As and Aw), semi-arid (Bsh) and subtropical (Cfa, Cfb, Cwa
and Cwb) climate types (Fig. 2). In summer, autumn and
spring, we observed marked differences between warm (Af,
Am, As, Aw and Bsh) and cold (Cfa, Cfb, Cwa and Cwb)
climate types. Regional and seasonal effects are important, as
shown by the amplitude of the ETo variation across regions
(25.2%) and seasons within (2.2% in spring to 28% in sum-
mer) and across all climatic zones combined (24.8%). In con-
trast with the tropical (Af, Am, As and Aw) and semi-arid
(Bsh) climates, T, ,, and T,;, showed high variability over
the year in humid subtropical climates (Cfa, Cfb, Cwa and
Cwb), due to its strong seasonality, mainly in the autumn and
winter seasons (Table 2). In addition, R, was highly variable,
mainly under wet and cold conditions but with low seasonal-
ity (0.35% in winter to 0.78% in spring) within regions.

3.2 Sensitivity coefficients

The variation of ETop,, as a function of changes in each
climatic variable represented annual average values and did
not shown the seasonal variability of sensitivity (Fig. 3). The
sensitivity coefficients are presented in the Fig. 4. The infor-
mation provided by the sensitivity coefficients is essential to
quantify uncertainties of ETop,, estimates.

As observed in some Brazilian regions and around the
world (Irmak et al. 2006; Liqgiao et al. 2008; Lemos Filho
et al. 2010), our results show a strong and linear response
of ETopy, to changes in climatic variables (R? > 0.98) for
all climate types (Fig. 3). The T,,,, and T,;, showed low
influence on ETop,, on annual basis (Fig. 4a, b). Consid-
ering the saturated vapor pressure (e,) as an exponential
function of air temperature and ETop,, as a linear function
of VPD, the increasing temperature results in increasing
ETopy, (Allen et al. 1998). Indeed, in this study, increasing
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Table 3 (continued)

Coefficient (b)

Cli-

Coefficient (b)

Cli-

Coefficient (b)

Cli-

Variable

Autumn  Winter Spring

Summer

Annual

X - mate
Summer  Autumn  Winter Spring

Annual

- K mate
Autumn  Winter Spring

Summer

Annual

mate

0.04

0.09
0.01
0.02
0.85
0.18

0.21 0.08 0.04 Cfa 0.10 0.17 0.07 0.11 0.11 Cwb  0.08 0.02 0.10
0.09

0.00
0.07
0.05
2.12
0.15

05
04

As 0.

Tmm(oc)
Tmax 0

RH (%)

-0.04

0.04
1.49
0.17

-0.04
0.03

—0.11

0.09
3.07
0.17

-0.10

0.06
2.28
0.20

—0.09

0.03
2.83
0.15

—-0.08

0.02
1.85
0.16

—0.08
0.03

-0.12
0.00

—0.11
0.04
3.08
0.17

—0.03

0.00
1.48
0.15

-0.03
-0.02

0.64
0.13

0.

-0.04

1.03
0.14

0.00

1.

1.17

0.17

3.04
0.15

1.62
0.18

21

VPD (kPa)
R, (MJ

0.17

m—Z

day™")
U, (ms™)

0.35 0.30 0.63 0.34

0.49

0.11 0.12 0.10 0.06

0.10

0.12 0.01 0.16 0.09

0.03

—-3.60
0.94

—442
0.99

-3.93
0.99

-6.52
0.97

-5.35
0.98

—-3.01
0.99

-2.07
0.98

-2.82
0.99

—-0.90
0.98

-3.87
0.99

—0.44
0.94

—1.05
0.99

-1.72
0.96

—6.75
0.92

-2.13

0.99

Constant
R2

222.510%*
0.08

1.890* 1.770*
0.04

0.05

512.610%*

5.300*
0.08

1.380%*

896.690*

670.660*%  3.150%*

2.250%*

234.230%*

3.240%

160.690*  380.140*

8.430*

Error vari-

ance

0.05 level

*Significant at the P

air temperature, while keeping other variables constant,
resulted in a slight increase in ETopy; (Fig. 3). The incre-
ment of air temperature tends to increase the atmospheric
evaporative demand through increase in VPD (Murray 1967,
Sulman et al. 2016). In general, a 1 °C increase in maximum
and minimum air temperature resulted in 0.06 mm day~!
and 0.03 mm day ™! increase in ETop,;, respectively (Fig. 3).
When the VPD is kept constant, the influence of air tem-
perature on ETopy; declines (Irmak et al. 2006; Silva et al.
2011). In combination with our results, this finding suggests
that air temperature is the weakest factor directly influenc-
ing ETopy;. However, for arid climates (Bsh), with rainfall
around 100-400 mm year~! and RH around 40% in the win-
ter period, even a small increase in temperature results in a
significant increase in ETop),. In this climate zone, ETopy,
varied between + 14% in response to the change in tempera-
ture by +20% (Goyal 2004).

Under tropical (Af, Am, As and Aw) climates we
observed low influence of air temperature on ETo sensitiv-
ity (Fig. 4a, b), as already observed in previous studies for
Northern Brazil (Fisch et al. 1998). However, contrasting to
the results observed in warm and humid climates in other
regions of the world (Irmak et al. 2006). In coastal areas
of California and Florida, for example, the maximum tem-
perature is high and is generally associated with high RH,
which reaches up to 97% in the winter period, resulting in a
low vapor pressure deficit (Irmak et al. 2006). Thus, shifts
in temperature have a greater influence in Penman—Monteith
model, due to the small influence of VPD and R, when
compared to Brazilian tropical climates. This finding has far-
reaching consequences for predicting temperature-induced
changes in the regional hydrological and biogeochemical
cycle (Gatti et al. 2014).

Estimated VPD showed the largest sensitivity coeffi-
cients, being strongly correlated with ETop,, in all climate
zones (Figs. 3, 4c). However, the sensitivity gradually
decreased toward summer owing to changes in maximum
temperature (Fig. 4c). Increasing air temperature decreases
the magnitude of the slope of the saturation vapor pressure
curve in the Penman—Monteith model (Irmak et al. 2006;
Monteith and Unsworth 1990). Based on this same princi-
ple, we observed larger sensitivity to VPD in cold climates
(Cfa, Cfb, Cwa and Cwb) over the year (Fig. 4c). The semi-
arid climate (Bsh) showed the largest sensitivity among cli-
mates, especially during winter months (Fig. 4c). In semiarid
regions, low relative humidity favored larger VPD’s, which
increased the sensitivity of ETopy,, especially during winter
when the influence of air temperature is lower (Fig. 4a, b).
A 0.4 kPa increase in VPD resulted in a 1.64 mm day™!
increase in ETopy, in semiarid climate, reaching 2 mm day ™!
during winter months (Fig. 4c). Consistent with our results,
the influence of saturated vapor pressure on atmospheric
water demand has been observed in semiarid regions (Wang
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Fig.2 Spatial distribution of average daily ETop,, during the study period for all climate types to the annual (a), summer (b), autumn (c), winter

(d) and spring (e) periods

and Dickinson 2012) under conditions like those found in
Northeastern Brazil.

The sensitivity to VPD in subtropical climates can also
be explained by the lower R, occurred in these regions
compared to the tropical regions (Table 2). Thus, there is a
reduction of the term corresponding to the radiation com-
ponent in the Penman—Monteith model rather than the vari-
ables related to the atmospheric demand. The influence of
VPD about ETop,, is even larger due to its range interval
(Table 2), with small variations in VPD resulting in large
variations of ETopy,.

Solar radiation had a diverse effect on ETop,, in different
climates (Fig. 3), being higher and more constant over year in
warm and humid climates (Af, Am, As and Aw) (Fig. 4d). A
1 MJ m~2 day~! increase in R, resulted in 0.15 mm day ™' and
0.10 mm day ™" increase in ETop,; for tropical (Af, Am, As
and Aw) and subtropical (Cfa, Cfb, Cwa and Cwb) climates,
respectively. As a result of R, seasonality (Table 2), the sensi-
tivity decreased during winter months in subtropical climates
(Cfa, Cfb, Cwa and Cwb) (Fig. 4d). The large sensitivity
of ETopy, to R has been described in humid climates, even

@ Springer

under high temperatures (Irmak et al. 2003). However, the
importance of solar radiation in the Penman—Monteith model
was observed in cold and wet climates, due to the lower
influence of other climatic variables (Hupet and Vanclooster
2001). Comparatively, the sensitivity of ETopy, under humid
climates in Changjiang—China, was mainly related to the
relative humidity, shortwave radiation and air temperature
(Gong et al. 2006). In combination with our results, these
findings suggest that the influence of R, in ETop,, in subtropi-
cal climate was subjected to RH and air temperature, which
could decrease the VPD and its effect on ETop,,.

The wind speed had a positive effect on ETop,,, show-
ing the second largest importance for all climates (Fig. 3).
Increasing U, lowers aerodynamic resistance, which
increases the ETopy; (Irmak et al. 2006). We observed a
diverse effect on ETop,, in different climates. The largest and
lowest sensitivity were observed for semiarid (Bsh) and tropi-
cal (Af, Am, As and Aw) climates, respectively. A 1 m s™!
increase in wind speed resulted in 0.77 mm day~! increase
in ETop), at semiarid conditions. Under wet conditions (Af,
Am, As, Aw, Cfa and Cfb), the increase in ETop, reached
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mate types: Af (a), Am (b), As (¢), Aw (d), Bsh (e), Cfa (f), Cfb (g), Cwa (h) and Cwb (i)

only 0.38 mm day~! (Fig. 4e). Under conditions of low
relative humidity, the wind replaces the saturated air more
efficiently, favoring the maintenance of higher vapor pres-
sure deficits and promoting larger ETop,, (Allen et al. 1998;
EMBRAPA—Brazilian Agricultural Research Corporation
2015). Increasing U, lower the thickness of the air bound-
ary layer located at the leaf surface, which is described as
a mechanism of resistance to the diffusion of water—vapor
from leaves to the atmosphere (Nobel 1991). Under semiarid
conditions (Bsh), the largest sensitivity was observed during
spring and summer months, due to low RH and high air tem-
perature, which favored larger VPD’s, improving the effect
of U, on ETop,,. The strong effect of U, over ETo has been
also associated to the surface vegetation cover characteristics
of the semiarid areas (Haghighi et al. 2017). Those areas
are usually covered by short-stature and/or low density tall-
stature vegetation, implying in strong near-surface turbulence
and negligible radiation effect, mainly at high wind velocity,
increasing the evapotranspiration fluxes in soil drying con-
ditions. However, we also observed decrease of evapotran-
spiration rate in some periods of high solar radiation (data
not shown) in the in semiarid climate (Bsh). Under these

conditions, leaf surface is usually warmer than surrounding
air and the increasing wind speed would might be related to
the decrease of evapotranspiration, through enhance of CO,
uptake and decrease of transpiration flux due to the more
efficient convective cooling (Schymanski and Or 2016). In
humid subtropical climates with dry winters (Cwa and Cwb),
the largest sensitivity was observed during winter months,
due to decreased sensitivity to R, during this period (Fig. 4e).

The highest sensitivity coefficients of air temperature
were observed for tropical climates (Af, Am, As and Aw)
during spring and summer seasons. In the semiarid climate
(Bsh), the sensitivity to air temperature was constant over
the year. The variability of sensitivity to air temperature can
be explained by its use to the estimation of vapor pressure
deficit term, net radiation and longwave radiation balance
(Monteith and Unsworth 1990). Compared to other climate
variables, the sensitivity coefficients of air temperature were
lower and close to zero.

In the subtropical climates (Cfa, Cfb, Cwa and Cwb), the
VPD and U, coefficients increased during winter, whereas
R, decreased. Similar results were obtained in colder regions
(Saxton 1975; Hupet and Vanclooster 2001). Decreasing R,
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sensitivity raises the U, sensitivity during winter, due to the
importance of aerodynamic component rather than the radia-
tion in the Penman—Monteith model (Saxton 1975; Irmak et al.
2006). As observed in other regions (Rana and Katerji 1998),
the exception occurred under semiarid conditions (Bsh),
which showed an increase sensitivity to VPD during winter,
while decreasing sensitivity to Rg and U, (Fig. 4c — 4e). This
result suggests the larger effect of VPD on ETop,, under dry
conditions.

In the tropical climates (Af, Am, As and Aw), the R and
U, sensitivity coefficients were almost constant throughout the
year (Fig. 4d, e). Similar results were obtained under warm
and wet conditions (Irmak et al. 2006). This trend was mainly
observed in tropical climate with dry summers (As), which
showed constant values and small magnitude of sensitivity
coefficients for U,. The strongest and positive correlation
between R, and evapotranspiration has been observed under
warm and wet conditions (Wright and Jensen 1972), where
the sensitivity of ETopy, to R, for tropical climates is strongly
dependent of its variability throughout the year.

4 Conclusions
The sensitivity of modeled evapotranspiration (ETop,,) to

climatic variables was analyzed in tropical, semi-arid, and
subtropical climate types throughout Brazil. Five climatic
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speed (e) during the study period for each climate group A (Af, Am,
As and Aw), Bsh, Cf (Cfa and Cfb) and Cw (Cwa and Cwb), grouped
by its similarity of sensitivity coefficients

variables were used in the analysis, which revealed a wide
range of ETop), sensitivities across seasons and climatic
zones. In order of importance, ETop,; was most sensitive
to annual variation in vapor pressure deficit (VPD), wind
speed (U,) and solar radiation (R,) in all climate types.
Our analysis also showed that estimates of VPD by use
of reliable measurements of relative humidity (RH) and
temperature (T), are essential to accurately predict ETopy,
across climatic zones. Due to the lack of direct meteoro-
logical measurements in many tropical and subtropical
regions, we recommend the adjustment of existing models
of climate-driven hydrological fluxes to the most sensitive
variables for each climate zone, i.e., VPD, to improve the
precision of reference ET estimates and limit the number
of input variables in the models. These improved estimates
will be useful to better constrain uncertainties in hydro-
logical and climatic predictions in Brazil and elsewhere.
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