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Abstract

Drought research is of great importance for planning and management of water resources, due
to the great impact that droughts have on society and ecosystems. In this study, the effect that
using different models for calculating evapotranspiration has on the analysis of droughts in the
semiarid region of North Central Mexico is investigated, using climatological information from
14 meteorological stations. Drought was analyzed using the Reconnaissance Drought Index
(RDI) and the Standardized Precipitation Evapotranspiration Index (SPEI) at the scales of 3, 6
and 12 months. Eight evapotranspiration models were used: those of Thornthwaite, Hargreaves
— Samani, Droogers — Allen, Allen, Dorji, Priestley — Taylor, Makkink and Irmak. According
to three of the efficiency indices that were used — the root mean squared error (RMSE), the
medium absolute error (MAE) and the concordance index — the Hargreaves — Samani model
yields the best evapotranspiration results as compared to the Penman—Monteith model, whereas
the models of Thornthwaite and Dorji are the least recommended for this purpose. The non-
parametric Wilcoxon test, at a 5% significance level, leads to the conclusion that there are no
statistically significant differences between the RDI and SPEI drought indices calculated using
the Thornthwaite or the Hargreaves — Samani model. At the three scales of analysis, differences
in the RDI index calculated using evapotranspiration estimated with the Thornthwaite or the
Hargreaves — Samani model are minimal, but are slightly larger for the SPEI index. Drought
events detected with the RDI and SPEI indices are more intense when the Thornthwaite model
is used to calculate evapotranspiration instead of the Hargreaves — Samani model. These results
may prove valuable in the analysis of droughts, especially in arid and semiarid regions.

Keywords Mexico - Drought - Reconnaissance drought index - Standardized precipitation
evapotranspiration index - PET calculation methods - Rainfall

1 Introduction
Drought is one of the most complex, harmful and less understood climatic events, which

causes millions of dollars in damages worldwide, and affects millions of people every year
(Yagci et al. 2013; Halwatura et al. 2017). Drought affects the environment, agriculture,

P< Ruperto Ortiz-Gémez
ortizgr@uaz.edu.mx

Extended author information available on the last page of the article

Published online: 02 May 2022 ) Springer


http://orcid.org/0000-0003-3764-5091
http://crossmark.crossref.org/dialog/?doi=10.1007/s11269-022-03154-9&domain=pdf

R. Ortiz-Gémez et al.

vegetation, human beings, wildlife, as well as local economies (Zarei et al. 2019), and is
one of the greatest threats to human survival, which imposes serious adverse impacts on
social, economic and environmental sustainability. It is expected that the frequency and
severity of droughts will increase in the future due to climate change (Mishra and Singh
2009; Dai 2011).

A drought can be defined as a recurrent natural climatic event caused by less than nor-
mal precipitation as compared with the long-term average, which extends over a long
period of time (Hisdal and Tallaksen 2003; Dai 2011). Drought must be considered as a
three — dimensional event, characterized by its severity or intensity, its duration, and its
affected area (Tsakiris and Vangelis 2005; Vangelis et al. 2013). Droughts are classified
in four main types: meteorological, agricultural, hydrological and socioeconomic (Heim
2002; Bayissa et al. 2018). Timely monitoring of meteorological drought is essential for
early warning and risk management of water resources and agricultural production.

To identify drought and monitor its development, many different indices have been pro-
posed and applied (Yuan and Quiring 2014; Zhang et al. 2015), which are used to quan-
tify and compare the severity, duration and extension of droughts in regions with varied
climatic and hydrological regimes (Vangelis et al. 2013; Zhang et al. 2016). Such indices
are based on indicator variables such as precipitation, soil moisture, runoff and evapotran-
spiration (Ortiz-Gémez et al. 2018; Yue et al. 2018). Among the most prominent indices
according to their worldwide use figure Palmer’s Drought Severity Index (PDSI; Palmer
1965), the Standardized Precipitation Index (SPI; McKee et al. 1993), the Reconnaissance
Drought Index (RDI; Tsakiris and Vangelis 2005) and the Standardized Evapotranspiration
Index (SPEI; Vicente-Serrano et al. 2010). The SPI is probably the index that is most used
around the world, due to its simplicity and to the fact that it uses only precipitation data.
The SPI has shown its usefulness in drought monitoring and early warning, but it exhibits
deficiencies in that it is unable to identify drought conditions caused not by lack of pre-
cipitation, but by an above normal demand of atmospheric evaporation (Mohammed and
Scholz 2017a). The main limitation of the SPI is that it is completely based on precipita-
tion data, and it ignores other variables such as temperature, which affect the demand of
surface water (McEvoy et al. 2012).

Evapotranspiration is an essential parameter of the drought phenomenon, espe-
cially in arid and semiarid regions. Consideration of this parameter in the evaluation
of droughts by means of selecting an appropriate index increases the validity of results
(Khanmohammadi et al. 2018). In an effort to improve the SPI, the RDI and SPEI
indexes were developed, which incorporate the potential evapotranspiration (PET)
as an estimation of the demand of atmospheric water. The RDI is calculated as the
ratio of precipitation to potential evapotranspiration (Tsakiris and Vangelis 2005).
As an improvement to the SPI, the RDI calculates the aggregate deficit between the
atmosphere’s evaporative demand and precipitation, and is a multiscalar index. The
RDI has been applied in numerous places worldwide, particularly in arid and semiarid
regions, and is characterized by its high sensitivity and resistance, and by its low data
requirement (Tigkas et al. 2012; Mohammed and Scholz 2017b). On the other hand,
the SPEI uses precipitation — evapotranspiration differences as input data, instead of
only precipitation data. The SPEI combines sensitivity to changes in water demand
(caused by temperature fluctuations and trends) and the multitemporal nature of the
SPI (Vicente-Serrano et al. 2010). The SPEI may be a useful drought indicator, since
evapotranspiration is the main form of water loss in dry regions with high temperatures
(Tirivarombo et al. 2018).
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To determine atmospheric water demand in the study of drought using the RDI and
the SPEI, the use of Thornthwaite’s model (Thornthwaite 1948) was initially proposed,
since it only requires temperature data and the latitude of the study site. The wind
velocity, surface humidity and solar radiation, which also affect evapotranspiration
are not considered in its estimation. Van der Schrier et al. (2011) and Sheffield et al.
(2012), among others, indicate that Thornthwaite’s model overestimates evapotranspi-
ration in humid equatorial and tropical regions, and underestimates evapotranspiration
in arid and semiarid regions. The use of different evapotranspiration models to esti-
mate drought indices has been studied by different researchers (e.g., Vangelis et al.
2013; Vicente-Serrano et al. 2015; Zhang et al. 2016). However, their results disagree
on the magnitude of impact which the method used for estimating evapotranspiration
has on drought indices. Therefore, further research on the impact of evapotranspira-
tion estimation methods on drought analysis is needed, especially in arid and semiarid
regions. Namely, determining the sensitivity of drought indices to the evapotranspira-
tion estimation method is important in these regions.

The main objectives of this work are: (1) to determine, among eight analyzed mod-
els, which is the best for estimating evapotranspiration using minimal climatologi-
cal information in the semiarid region of North Central Mexico; (2) to evaluate the
potential impact (examine the sensitivity) of some of the analyzed evapotranspiration
models in the estimation of drought characteristics using the RDI and SPEI indices, at
scales of 3, 6 and 12 months. The novelty of this work lies in the use of evapotranspi-
ration data obtained directly by means of the Penman — Monteith model, which is unu-
sual in Mexico due to lack of information. With these data, it was possible to select an
empirical PET estimation method, and to study its impact on the analysis of droughts
using the RDI and SPEI indices.

2 Materials and Methods
2.1 Characteristics of the Study Area

Mexico is located at the same latitude as the Sahara and Arabian deserts, and two
thirds of its territory are considered arid or semiarid, with annual precipitations below
500 mm (Comisién Nacional del Agua (CONAGUA) 2018). The state of Zacatecas,
which is the study region of this research, has a surface area of 75 284 km?, and is
located in Central Mexico, between 25° 07’ 31” and 21° 02’ 31" North latitude, and
between 100° 44' 32" and 104° 21’ 13" West longitude (Instituto Nacional de Estadis-
tica y Geografia (INEGI) 2015), and its elevation varies between 788 and 3162 m
above mean sea level, with an average value of 2054 m. Zacatecas exhibits mostly dry
and semidry weather (73%), and temperate sub humid weather (17%), with a mean
annual precipitation of around 510 mm, which ranges from 300 mm in the North, to
860 mm in the South; 75% of rainfall happens in summer (June to September).

2.2 Climatological Information

To determine the best models for estimating evapotranspiration, series of daily clima-
tological data of maximum and minimum air temperature and evapotranspiration from
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five automatic stations in Zacatecas were used, which belong to the National Network of
Automated Agrometeorological Stations of the National Institute of Forestry, Agricul-
ture and Livestock Research (INIFAP, as per its Spanish acronym). These series cover
the 2009-2019 period, and have an average percentage of missing data of 0.21%. Daily
precipitation and maximum and minimum temperature data from 14 meteorological sta-
tions in and around Zacatecas, from the CLICOM (CONAGUA 2020) database, were
also used to evaluate the RDI and SPEI drought indices. These series span from 1961
to 2018, and have an average percentage of missing data of 10.1%. In total, 19 climato-
logical stations were used, whose geographical descriptors, as well as their mean annual
precipitation (P,,) and temperature (7,,) are shown in Table 1, while their locations are
shown in Fig. 1.

2.3 Methodology

Nine evapotranspiration models and two drought indices were used in this research. Of
the nine evapotranspiration models, the Penman—Monteith model was used as a refer-
ence, against which the other eight simpler models were compared. The comparison of
the PET models and their impact on drought analysis was done in six stages: 1) selection
and quality control of the climatological information; 2) calculation of the PET using
information from INIFAP; 3) determination of the best model for PET estimation by
comparison to the Penman—Monteith model; 4) calculation of the RDI and SPEI indices
at the timescales of 3, 6 and 12 months, considering the PET estimated with the mod-
els that exhibit the best and worst efficiency indices in relation to the Penman—Monteith
model; 5) sensitivity analysis of the drought indices considering the PET models used in
stage (4); and (6) evaluation of the impact of PET on drought intensity according to the
RDI and SPEI indices.

2.3.1 Selection of Climatological Information

Selection of INIFAP stations to determine the best PET estimation model was done fol-
lowing two criteria: 1) record length should be of at least 10 years, and 2) selected sta-
tions should be the closest possible (not more than 30 km) to the meteorological stations
from CONAGUA s CLICOM (CLImate COMputing project) database. The selection of
the climatological information from the CLICOM database used to calculate the drought
indices was based on four criteria: 1) meteorological stations should be active; 2) record
length should be of at least 45 years; 3) the percentage of missing data should be less
or equal to 15%; and 4) stations should be distributed throughout the entire study area.

2.3.2 PET Calculation Models

Different models have been developed to calculate PET, which have been grouped into
various categories: based on temperature, based on radiation, based on mass transfer,
combined, among others (Gocic and Trajkovic 2010). Temperature based models only
require temperature input to calculate PET, which include the models of Thornthwaite
(Thornthwaite 1948), Blaney Criddle (Blaney and Criddle 1950), Hargreaves-Samani
(Hargreaves and Samani 1985), etc. Radiation based models are based on an energy
balance, and include the models of Makkink (Makkink 1957), Jensen-Haise (Jensen
and Haise 1963), Priestley and Taylor (Priestley and Taylor 1972), Irmak (Irmak et al.
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Fig. 1 Location of selected meteorological stations

2003), etc. Meanwhile, mass transfer models are based on Dalton’s evapotranspiration
law, and take into account meteorological factors such as wind, temperature, humidity,
among others. This category includes the models of Rohwer (Rohwer 1931), Ivanov
(Romanenko 1961), etc. Combined models consider aecrodynamic influence and require
a great number of parameters and a more complicated calculation process. The models
of Penman (Penman 1948) and Penman — Monteith (Allen et al. 1998) fall into this
category.

In this research, five temperature-based and three radiation-based PET models were evalu-
ated to determine which gives results closest to those obtained with the Penman—Monteith
PET model (reference model).

Combined Model The Penman—-Monteith model was used as a reference model for PET
calculation.

Penman—Monteith Model (Allen et al. 1998)
0.408A(R, — G) +y723=uy (e, —¢,)
PET = - (D
A +y(1+40.34u,)

where: PET is reference or potential evapotranspiration (mm day™'); R, is net radiation (MJ
m~2 day~!); G is soil heat flux (MJ m~2 day~!); y is the psychrometric constant (kPa °C~");
T, is mean daily air temperature (°C); u, is wind speed (m s™') at 2 m above the ground; e,
is saturated vapor pressure (kPa); e, is current vapor pressure (kPa); A is the slope of the
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pressure curve (kPa°C™') at air temperature. For PET calculation at a daily scale, G may be
considered negligible (G = 0, Allen et al. 1998).

Temperature-Based PET Models The following five temperature-based models were used
in this research:

Thornthwaite model (Thornthwaite 1948)
T\
PET = 16<107> 2

where: / is annual heat index; and a is given by a third-order polynomial that depends on /.
Hargreaves — Samani model (Hargreaves and Samani 1985)

PET = 0.408 x 0.0023 x (T, + 17.8) x (T, )™ xR, 3)

max —

T,

min

where: T,,,. y T,,;, are, respectively, maximum and minimum temperature (°C); and R, is
extraterrestrial radiation (MJ m™> day_l).

Droogers — Allen model (Droogers and Allen 2002)

PET = 0.408 X 0.0025 X (T, + 16.8) X (Tpus = Toin) " X R, (4)
Allen model (Allen 1993)
PET = 0.408 X 0.0030 X (T, +20) X (T, — Tpuin) " X R, (5)
Dorji model (Dorji et al. 2016)
PET = 0.408 X 0.0020 X (T,, +33.9) X (Tpas = Toin) " X R, 6)

Radiation-Based PET Models The following three radiation-based models were used in
this research:

Priestley — Taylor model (Priestley and Taylor 1972)

A R, -G
PET = 1.26—— (7)
A+y A
Makkink model (Makkink 1957)
A R,
PET =0.61 ——— - 0.12
A+y 24 ®)
Irmak model (Irmak et al. 2003)
PET = —0.611 4+ 0.149R, + 0.0797T, )

Evapotranspiration models were designated as follows: Penman—Monteith model (PM),
Thornthwaite model (TW), Hargreaves — Samani model (HG), Droogers — Allen model
(DOO), Allen model (ALL), Dorji model (DRIJ), Priestley — Taylor model (PT), Makkink
model (MKK) and Irmak model (IMK).
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2.3.3 Drought Indices

Drought Reconnaissance Index (RDI) The RDI allows the assessment of the severity of
a drought, and can be calculated at different time scales (monthly, seasonal or annual).
The RDI is expressed in three forms: RDI initial value (a;), normalized RDI (RDIn) and
standardized RDI (RDIst). In this research, the RDI was calculated fitting the Gamma
distribution to the a; values. Detailed descriptions of the RDI calculation can be found
in Tsakiris et al. (2007), Vangelis et al. (2013), Ortiz-Gémez et al. (2018), among others.
Drought severity may be classified into four classes: light, moderate, severe and extreme.
The respective limits of RDI are—0.5 to—0.99,-1.0 to—1.49,—1.5 to —1.99, and <-2.0,
respectively.

Standardized Precipitation-Evapotranspiration Index (SPEI) The SPEI is based on a
monthly climatic water balance (precipitation minus potential evapotranspiration — called
D series), which is calculated at different time scales. Its calculation follows a similar
approach to the one followed for the calculation of the RDI, but using a three-parameter
Log-logistic distribution instead of a two-parameter Gamma distribution. The RDI drought
classification may be used to assess the SPEL.

Detailed descriptions of the SPEI calculation can be found in Vicente-Serrano et al. (2010),
Ortiz-Gomez et al. (2018), Tirivarombo et al. (2018), among others.

2.3.4 Evaluation Criteria for the PET, RDI and SPEI

Four efficiency indices and one statistic test were applied in this research: 1) the root mean
squared error (RMSE); 2) the mean absolute error (MAE); 3) the concordance index (d); 4)
the determination coefficient (R%); and 5) the Wilcoxon test for comparison of means. The
first three of these criteria were used in the comparison of the different evapotranspiration
models against the Penman — Monteith model (reference model), whereas the last two criteria
were used to evaluate the effect of the different PET calculation models on the RDI and SPEI
indices.
The four efficiency indices are defined as follows:

(10)

an

(12)
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[2;1:1 (ye,i _ye)<yo,i _yo)]z
2?21 (ye,i _56)2 2?:1 (yo,i _50)2

where: N represents the total number of daily or monthly PET observations; P; are daily or
monthly PET values estimated using the analyzed PET models, in mm/day and mm/month,
respectively; O, are daily or monthly PET values calculated using the PM model (reference
model), in mm/day and mm/month, respectively; O is the mean of daily or monthly PET
values calculated using the PM model, in mm/day and mm/month, respectively; n repre-
sents (in this case), the total number of data values in the RDI and SPEI drought index
series for the three scales of analysis; y, ; are the RDI and SPEI values estimated using PET
values obtained with the best fitting PET model; y,; are the RDI and SPEI values calcu-
lated from PET values obtained with the TW model; y, is the mean value of the RDI or the
SPEI calculated from PET values obtained with the best fitting model; and y, is the mean
value of the RDI or the SPEI calculated from PET data obtained with the TW model.

The RMSE and MAE efficiency indices vary from zero to infinity; however, the smaller
its values, the better the fit (optimum value=0), and have the same units as the analyzed
variables.

The d and R? indices vary from O to 1, and the highest values indicate the best fit (opti-
mum value=1).

R? =

13)

3 Results and Discussion
3.1 Daily Analysis of Evapotranspiration Models

Using the data from the five INIFAP meteorological stations, daily PET was estimated
by applying seven of the temperature-based and radiation-based evapotranspiration mod-
els described in Sect. 2.3.2 (the TW was not used at a daily scale). The results that were
obtained were compared with the PET estimated using the standard Penman — Monteith
(PM) model. Efficiency indices RMSE, MAE and d, were calculated for each of the PET
models which were evaluated against the PM model.

The results of the efficiency indices obtained at a daily scale are shown in Table 2. The
RMSE presented a variation from 0.76 to 1.93 mm/day at Loreto (HG) and CEZAC (DRJ)
stations, respectively, with a mean value of 1.26 mm/day across all five stations. Mean-
while, the MAE index had values ranging from 0.59 to 1.79 mm/day, which happened at
Loreto (HG) and Agua Nueva (DRIJ) stations, respectively, with a mean value of 1.07 mm/
day. Finally, the concordance index d exhibited a variation ranging from 0.91 (Loreto, HG
and DOO) to 0.62 (CEZAC, DRJ), with a mean value of 0.80.

In all five analyzed stations, the PT model overestimated PET. The greatest overestima-
tion happened at CBTA Tepechitlan station, mainly from May to August. On the other
hand, the DRJ model always underestimated PET in all five meteorological stations. It is
worth noting that the DRJ model was developed for the monsoon region of Southern Asia
(Dorji et al. 2016).

At stations Campo Uno and CEZAC, in Northwestern and Central Zacatecas, all evalu-
ated models except PT underestimate PET values in comparison to those obtained with
PM. At stations Agua Nueva, CBTA Tepechitlan and Loreto, the HG, ALL and DOO
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models slightly overestimate PET in comparison to PM, from May to August, whereas the
DRIJ, MKK and IMK models always underestimate PET. The results of the three efficiency
indices lead to the conclusion that, at a daily level, among the seven evaluated PET models,
the HG model yields the best results for the state of Zacatecas using the minimum amount
of weather information. The DOO model exhibits slightly lower efficiency indices to those
of the HG model. The efficiency indices of the HG model range from 0.76 to 1.02 mm/day
for the RMSE, from 0.59 to 0.97 mm/day for the MAE, and from 0.91 to 0.85 for the con-
cordance index d. On the other hand, the DRJ model exhibits the worst efficiency indices
in four of the five stations; this model gives the greatest overestimation of PET values in
comparison to those obtained with the PM model. CBTA Tepechtitlan station is located
at a lower altitude, and exhibits greater mean annual precipitation and temperature than
the other stations (Table 1). These conditions affect PET estimation, as reflected by the
efficiency indices obtained in the comparison between estimated PET and reference PET
obtained using the PM model (Table 2).

In general, results from this research concerning PET estimation agree with those
of Lopez-Urrea et al. (2006) and Tabari (2010), among others, in that the Hargreaves
— Samani (HG) model yields good results for arid and semiarid regions, although it
generally underestimates PET (Azhar and Perera 2010). On the other hand, the PT and
MKK models behaved poorly at estimating PET, in agreement with results obtained by
Tabari (2010) for semiarid climates.

3.2 Monthly and Annual Analysis of the Evapotranspiration Models

For each of the five INIFAP stations analyzed in this research, PET at monthly scale was
obtained with daily PET values estimated using the seven models applied at the daily scale.
Additionally, PET at the monthly level was estimated using the TW model and reference
values of monthly PET were calculated with the PM model.

Table 3 shows the efficiency indices for the monthly values of PET. Efficiency indices at
a monthly level show an improvement with respect to the daily level, as is seen in the val-
ues of the concordance index, since PET variability is reduced at a monthly scale. Results
show that the RMSE ranges from 13.26 to 81.41 mm/month, at Loreto and CEZAC sta-
tions, respectively. The MAE efficiency index varies between 10.40 and 76.91 mm/month,
at Loreto and CEZAC stations, respectively, and the concordance index d varies from 0.96
to 0.48, both values from Loreto station, but for the HG and TW models, respectively.
Figure 2 shows, representatively, monthly PET estimated using the eight adopted models
and the reference model PM. It is observed that, excepting the PT model, all other models
underestimate PET in comparison to the PM model. The TW model exhibits the worse
fit with respect to the PM model, which can also be observed in Table 3, where the TW
has the worst efficiency values of all the evaluated models. In general, the results of the
efficiency indices for monthly PET confirm what was observed at a daily level, that the
Hargreaves — Samani (HG) is the model which produces the best estimations for the study
zone, followed by the DOO model, whereas the TW model is the least recommended for
this purpose, followed by the DRJ model.

PET calculated with the PM model at CEZAC station had an average value of 1681 mm/
year, whereas with the TW model, which was the model originally used in the development
of the RDI and SPEI drought indices, the average value was 758 mm/year, that is, 55%
less than with the PM model. In turn, with the PT model, which overestimated PET with
respect to PM, an average PET of 1969 mm/year was obtained, that is, 17% more than with
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Fig.2 Monthly evapotranspiration estimated at CEZAC station, Zacatecas, Mexico

the PM model. The HG and DOO models, which produce the best PET estimations with
respect to PM, give average values of 1548 and 1634 mm/year, that is 8% less and 2.8%
less, respectively.

According to the evaluation of the PET estimation models, and to meet the objective of
this research, which is determining the importance of PET in the estimation of the RDI and
SPEI drought indices, the models of Hargreaves — Samani (HG) and Thornthwaite (TW)
were selected as the best and worst PET estimation models, respectively, with respect to
the PM model.

3.3 Long Term Calculation of PET

The first step for calculating the RDI and SPEI drought indices consisted in estimating long
term monthly PET, using information from the 14 selected CONAGUA meteorological sta-
tions. According to results from previous sections, PET estimated with the HG model was
greater than that estimated with the TW model. For the 14 meteorological stations which
were analyzed in this second stage, annual PET calculated with the TW model had a vari-
ation from 748 to 1014 mm, with a mean value of 819 mm, whereas with the HG model it
varied from 1544 to 1856 mm, with a mean value of 1693 mm. The HG model gives, on
average, values of annual PET 874 mm greater than those obtained with the TW model.
Inter annual PET variation estimated with the HG model is greater than that estimated with
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Fig.3 RDI and SPEI drought indices in Northern (Juan Aldama station) and Southern (Nochistlan station) p
Zacatecas, Mexico

the TW model, which exhibits a more homogeneous behavior over time. That is to say, the
HG model is more sensitive to variations in temperature values.

3.4 Calculation of the RDI and SPEI Indices

Once the PET values had been estimated using the TW and HG models, the next step was
to calculate the RDI (;) and SPEI drought indices in the three selected scales for the 14
analyzed stations.

Figure 3 shows some of the results of the RDI and SPEI indices in graphic form, for
Northern and Southern Zacatecas, at short, medium and long terms (three, six and twelve
months). It is observed in the figure that differences in the RDI indices calculated using
PET estimated with the TW or HG models are minimal. The slight differences that appear
in some of the years cannot be considered significant, since they do not affect the severity
of droughts. Only in few cases does a drought change its class, particularly at the 12-month
scale. In the case of the SPEI, differences in the index calculated using PET obtained by
the TW and the HG models are slightly greater than those of the RDI, and the greatest dif-
ferences are observed at the 12-month scale. However, they do not seem to be significant
either.

These results seem to support the assumption by Vicente-Serrano et al. (2010), that the
PET estimation method is not critical in the calculation of drought indices, since its pur-
pose is to provide a relative temporal estimation of evapotranspiration. Since in practice,
the RDI is less sensitive to evapotranspiration than the SPEI (Vicente-Serrano et al. 2015),
the effect of the PET estimation method is less for the RDI than for the SPEI.

The short-term evolution of the RDI and SPEI series exhibited a high temporal fre-
quency of dry and wet periods. In the medium and long terms, dry and wet periods had
a lower temporal frequency and a greater duration. Dry and wet periods are more clearly
defined at a twelve-month scale. In the three scales of analysis, drought events detected
with the RDI and the SPEI are more intense when the TW model is used to calculate PET
instead of the HG model. However, the difference between intensities calculated using the
two PET models is smaller for the RDI. The use of the TW model has a greater impact on
the calculation of the SPEI, particularly at the scales of three and six months. When the
HG model is used, the difference in the intensities of drought events calculated with the
RDI and the SPEI are practically non-existent at the three-month time scale. Nevertheless,
at the scales of six and twelve months, the RDI presents more intense drought events than
the SPEI, which are of a different category in many cases.

3.5 Sensitivity of the RDI and SPEI to PET Estimation Models

When comparing the RDI drought index obtained using PET estimated with the TW or the
HG model, and the drought index SPEI obtained using the same PET estimation models,
it is observed that the determination coefficient R? is greater for the RDI than for the SPEI
in the 14 meteorological stations and the three time scales which were analyzed (Fig. 4).
At the three-month scale, R? varies from 0.94 to 0.99 for the RDI, with an average value of
0.97, and from 0.80 to 0.97 for the SPEI, with an average value of 0.93. At the six-month
scale, R” ranges from 0.94 to 0.99 for the RDI, with an average value of 0.98, and from
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Fig.4 Determination coefficient of the RDI and SPEI drought indices using PET estimated with the TW or
the HG model in the three time scales

0.74 to 0.96 for the SPEI, with an average value of 0.93. Finally, at the twelve-month scale,
R? varies from 0.94 to 1.00 for the RDI, with an average value of 0.98, and from 0.63 to
0.96 for the SPEI, with an average value of 0.91. From these results it is observed that there
is no significant difference in the calculation of the RDI and SPEI indices whether the TW
or the HG model is used, regarding the analysis of droughts in Central Mexico.

In 86% of the analyzed meteorological stations, R? increases for the RDI as the scale of
analysis increases, whereas for the SPEI, this only happens in 57% of the analyzed stations.
In order to statistically evaluate the difference in means between the RDI and SPEI values
calculated using PET estimated with the TW or the HG model, the Wilcoxon test was used
at a 5% significance level. Results indicate that, in 100% of the 84 evaluated drought index
series, there are no statistically significant differences between the RDI and SPEI indices
calculated using the TW or the HG model.

Regarding the SPEI, results obtained in this research agree with those obtained by
Vicente-Serrano et al. (2015) and Zhang et al. (2019), in that the SPEI is sensitive to the
PET model used in its calculation. However, results from this research are not statistically
significant. On the other hand, results concerning the behavior of the RDI (), are similar
to those found for the RDIst, by Vangelis et al. (2013) in Greece at the same scales of anal-
ysis, by Zarei and Mahmoudi (2017) in Iran at a one month scale, and by Mohammed and
Scholz (2017a) in different parts of the world at a twelve month scale. These authors found
that the influence of using different PET models was not significant in the calculation of
the RDI. However, results from this research differ from those obtained for the RDI (a;) by
Mohammed and Scholz (2017a) at a twelve month scale, since in this case, they found that
the influence of the PET models was statistically significant (p_value < 0.05).

In practice, the RDI is more sensitive to precipitation than to evapotranspiration, as sug-
gested by the strong correlation shown in some studies between the RDI and the SPI (Tsakiris
et al. 2007; Zarch et al. 2011; Ortiz-Gémez et al. 2018). Theoretically, the SPEI is equally
sensitive to precipitation and evapotranspiration, and in practice is generally more sensitive
to evapotranspiration than the RDI (Vicente-Serrano et al. 2015). When applied to the state
of Zacatecas, whose climate is dry but not particularly warm, the RDI would detect more
intense droughts, because of the low precipitation, whereas the SPEI would detect less intense
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droughts, because even though the precipitation is low, evapotranspiration is not particularly
high. The different sensitivities of the RDI and SPEI indices to precipitation and evapotran-
spiration is probably a consequence of how these indices are defined. The RDI is based on
the quotient between precipitation and evapotranspiration, and is sensitive to variations in the
standard deviations, but not to variations in the mean values of these variables. Thus, since
precipitation usually has greater standard deviations than evapotranspiration, the RDI is in
practice more sensitive to precipitation than to evapotranspiration. On the other hand, the SPEL
is based on the difference between precipitation and evapotranspiration, and is sensitive to
variations in both the means and the standard deviations of these variables. Thus, in practice,
the SPEI is sensitive to evapotranspiration in many different scenarios, and is generally more
sensitive to this variable than the RDI (Vicente-Serrano et al. 2015).

The results on the RDI found here strengthen the idea that the RDI is a robust index for
evaluating drought severity, which does not depend on the model used to calculate PET,
particularly in arid and semiarid regions, at different scales of analysis.

These results may be of great relevance for drought analysis in Mexico, since two thirds
of its territory are considered arid or semiarid, which are inhabited by approximately 40%
of its population, and generate 79% of its gross domestic product.

3.6 Influence of PET in Drought Intensity

In order to determine the years with the most important drought events during the period
of analysis, the 15 events with the greatest intensity were analyzed. These events were
detected using the RDI as well as the SPEI, which were calculated using both the HG and
the TW models to estimate PET. At the three-month scale, the years with several greater
intensity events were 2011 and 1999 according to the RDI, and the years 2012, 2011 and
1998 according to the SPEI. At the six-month scale, the years with several greater inten-
sity events were 2011, 2000, 1999, 1991 and 1989 according to the RDI, and the years
2011, 1998, 1989 and 1982 according to the SPEI. Finally, at the twelve-month scale, the
years with several greater intensity events were 2012, 2011, 1998 and 1989 according to
the RDI, and the years 2012, 2011, 1998 and 1982 according to the SPEIL

Form the punctual analysis of the 15 more important drought events which were cal-
culated with each of the indices for each of the 14 selected meteorological stations, it is
observed that the RDI exhibits very similar intensities, regardless of whether PET is cal-
culated with the HG or with the TW model, in the three scales of analysis. At the scales of
three and six months, none of the main 15 analyzed drought events changes its category for
the RDI, and at the twelve-month scale, only two events change their category. In contrast,
from the analysis of the main 15 drought events detected with the SPEIL, it is observed that
intensities are more variable, depending on whether PET is calculated using the HG or the
TW model. At the three-month scale, only one drought event detected by the SPEI changed
its category, but at the scales of six and twelve months, 5 and 7 of the 15 events, respec-
tively, changed their category depending on whether the HG or the TW model was used.

This changes in category at the scales of six and twelve months may be the result of
evapotranspiration becoming a more important factor in droughts at longer time scales,
because of the accumulation of deficits due to PET. As the importance of evapotranspira-
tion grows, the effect of using different PET models also increases. The SPEI is affected
more than the RDI because of its greater sensitivity to evapotranspiration.

Furthermore, at the three-month scale, the RDI detects most of the drought periods in
the months from January to May, whereas the SPEI detects drought periods in the months
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from April to June. Regarding the six-month scale, the RDI detects most drought peri-
ods from March to June, whereas the SPEI detects them from May to September. At these
scales, the SPEI detects droughts several months after the RDI. It is noteworthy that in
Zacatecas, the rainy season is in the summer, when the highest temperatures also happen.
The RDI, which in practice gives greater weight to precipitation, locates most droughts
during the dry season, which includes the months of January and February, when tempera-
tures are low. The SPEI detects droughts later, when temperatures and evapotranspiration
are higher.

Results from this research may contribute to establishing a disaster preparedness and
management plan for droughts, in order to diminish their effects on different economic sec-
tors. Additionally, they could be useful in the implementation of subsidy programs and in
insurance contracting. The use of drought assessment tools, such as drought indices, allows
for proactive rather than reactive management, and thus contributes to improving resil-
ience to droughts. Moreover, the application of drought indices in the agricultural sector of
Zacatecas, and of neighboring states with similar weather, may be of great help, especially
in the short term, since they would allow detecting drought conditions, and establishing
drought mitigation programs, and direct assistance programs for drought — affected produc-
ers and production areas. Finally, farmers can increase their adaptive capacity to droughts
through research proposals and management policies, as was pointed out by Tigkas et al.
(2020).

4 Conclusions

Of the eight evapotranspiration models which were evaluated, that require a minimum
input of climatological information, the Hargreaves and Samani model is considered best
for estimating evapotranspiration in the state of Zacatecas, since at both daily and monthly
levels, it generally provided PET estimates that were the closest to those of the reference
PM model, as was shown by applying the RMSE, MAE and d efficiency indices. On the
other hand, the models of Doorji and Thornthwaite are the least recommended for estimat-
ing evapotranspiration in this region, since they yielded PET estimates which differed the
most from those of the PM model, at the daily and monthly scales, respectively.

The non-parametrical Wilcoxon statistical test for comparison of means leads to the
conclusion that there are no statistically significant differences between the RDI and SPEI
indices calculated using the TW or the HG model, in the evaluation of droughts at short,
medium and long terms. Differences at the three scales of analysis (3, 6 and 12 months)
of the RDI index calculated using the TW or the HG model were minimal, but are slightly
greater for the SPEI, specially at the twelve-month scale. The reason why differences in
drought indices calculated using TW or HG for PET estimation are not significant may be
that these indices require relative temporal estimates of evapotranspiration as inputs, and
that the absolute values of these estimates are not critical. Differences are greater for the
SPEI than for the RDI, because of the greater sensitivity of the SPEI to evapotranspira-
tion. Differences are also more apparent at a twelve-month scale, when PET related deficits
accumulate.

For the scales of six and twelve months, the RDI gives more intense drought events than
the SPEL and in many cases, of a different category. Drought events detected by the RDI
and the SPEI are more intense when the TW model is used to calculate evapotranspiration
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instead of the HG model. The use of the TW has a greater impact on drought intensity
calculation in the case of the SPEI, specially at the three- and six-month scales. Probably
this is due to how the indices are defined, whereby the RDI in practice is more sensitive to
precipitation than the SPEI, and the SPEI is generally more sensitive to evapotranspiration
than the RDI.

Findings from this research strengthen the idea that the RDI is a robust index for evalu-
ating drought severity, that does not depend on the model used to calculate evapotranspi-
ration, especially in arid and semiarid regions, at short, medium and long terms. These
results may be of great importance for drought analysis in Mexico, due to the country’s
climatic characteristics.
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