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ARTICLE INFO ABSTRACT

Keywords: Study region: The state of Oklahoma located in the Southern Plains region of the United States.
SPEL o Study focus: The standardized precipitation evapotranspiration index (SPEI) is a widely used
Evapotranspiration meteorological drought index that incorporates potential evapotranspiration (PET) into a
ELZEE‘;};LS;HM“OH precipitation-based index. However, the understanding of the appropriate PET method for SPEI
Hargreaves across different temporal scales in non-arid climate conditions remains limited. We compared

Penman-Monteith Thornthwaite (TW), Hargreaves (HG), and Penman-Monteith (PM) equations for SPEI at various

Oklahoma accumulations, considering three temporal scales: 1) long-term (25 years), 2) event-based, and 3)
monthly. Also, we examined the log-logistic and generalized extreme value distributions to test
the normality of SPEI computed from the three PET methods. To do this, we utilized high-quality
climate datasets measured at 107 stations across the state of Oklahoma, United States, which has
a diverse climate ranging from semi-arid to humid subtropical.
New hydrological insights for the region: The log-logistic distribution was found to be suitable for
SPEL The SPEI-HG showed better agreement with SPEI-PM than SPEI-TW in this region for the
analyses of three temporal scales. However, for accumulations of SPEI longer than one year, both
TW and HG equations showed no significant differences with SPEI-PM. The findings provide
practical guidance for selecting an appropriate PET equation in the Southern Plains region
depending on the purpose of study without resorting to data-intensive methods for PET
estimation.

1. Introduction

Drought is one of the most pressing issues of our time, profoundly affecting the environment, society, and economy (Liu et al., 2021;
Pyarali et al., 2022; Wilhite and Glantz, 1985). It can have detrimental effects on various sectors such as industry, agriculture, and
water quality (Bussi and Whitehead, 2020; Lai et al., 2019; Rajbanshi and Das, 2021; Teutschbein et al., 2023; Wang et al., 2021).
Climate change is expected to exacerbate these issues, as longer and more severe droughts are projected to become more frequent
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(Ahmadalipour et al., 2017a; Li et al., 2022; Trenberth et al., 2014; Zhou et al., 2021), making it even more difficult to address the
impacts of droughts in the future (AghaKouchak et al., 2021; Cook et al., 2021; Peterson et al., 2021; Saft et al., 2016). These concerns
emphasize the need for more research to evaluate droughts through a rigorous approach.

Drought commonly originates from a deficiency of precipitation. Therefore, most of the meteorological drought indices utilize
precipitation (Schyns et al., 2015), and these indices are usually standardized for use in drought studies (Gholizadeh et al., 2022;
Johnson and Sharma, 2015; Meresa et al., 2023; Naresh Kumar et al., 2009; Tirivarombo et al., 2018; Yao et al., 2018). For example,
the Standardized Precipitation Index (SPI) (McKee et al., 1993) is a key index to provide normalized anomalies in precipitation,
recommended by the World Meteorological Organization (WMO, 2006). However, the SPI does not account for the effects of tem-
perature on drought (Begueria et al., 2014; Guttman, 1998), despite several studies showing the significant role of temperature
(Ahmadalipour et al., 2017b; Diffenbaugh et al., 2015; Williams et al., 2015). To address this limitation, the Standardized Precipitation
Evapotranspiration Index (SPEI) was developed by Vicente-Serrano et al. (2010).

The SPEI is a variant of the SPI that incorporates the effects of temperature on drought by considering potential evapotranspiration
(PET). This standardized index provides a more comprehensive assessment of drought, maintaining the simplicity, multi-temporal
perspective of the SPI, making it a useful index for drought monitoring and management (Stagge et al., 2014; Strzepek et al.,
2010). The SPEI uses the concept of monthly climatic water balance, which is the difference between precipitation (P) and PET. This
concept compares the water availability with the atmospheric evaporative demand, providing an additional information incorporating
the effects of temperature (Stagge et al., 2014).

Vicente-Serano et al. (2010) suggested the use of the Thornthwaite (TW) equation (Thornthwaite, 1948) to estimate PET for SPEI as
it only requires mean air temperature and mean daylight hours, which can be calculated from latitude. However, the TW equation is
based on an empirical relation between the mean temperature and PET, resulting in an underestimation of PET in arid and semiarid
regions (Jensen and Allen, 2016), and an overestimation of PET in humid and tropical regions (Van Der Schrier et al., 2011). Food and
Agriculture Organization of the United Nations (FAO) and the American Society of Civil Engineers (ASCE) recommended the stan-
dardized Penman-Monteith (PM; Monteith, 1965) equation for estimating PET (Allen et al., 1998; Walter et al., 2004). The PM
equation incorporates physiological and aerodynamic parameters and has been validated in various climatic regions using lysimeter
measurements (Berti et al., 2014). However, the PM equation requires extensive meteorological datasets (e.g., solar radiation, wind
speed, relative humidity) that may not be available in many parts of the world. The Hargreaves (HG) equation that uses the maximum
and minimum temperature (Hargreaves and Samani, 1985) can be an alternative method. However, the PET estimates based on HG
equation also showed a range of discrepancies compared with the PM equation in different parts of the world (Amatya et al., 1995;
Temesgen et al., 2005; Trajkovic, 2007).

The calculation of SPEI depends mainly on two key aspects: the choice of the probability distribution and the PET method. Previous
studies examined these two aspects separately with confined climatic zones or limited datasets. These inherent constraints within
previous studies imposed some hindrances on the generalization. In previous studies, various probability distributions such as log-
logistic, general extreme value (GEV), log-normal, and Pearson type III were tested for SPEI. Vicente-Serrano et al. (2010) selected
the log-logistic distribution for SPEI computed by TW equation based on the data at 11 stations across the world, while Stagge et al.
(2015) suggested the GEV distribution as the most suited distribution for SPEI computed by PM using the watch forcing dataset (WFD)
in Europe. In response to Stagge et al. (2015), Vicente-Serrano and Begueria (2016) conducted further research and tested the
goodness-of-fit for different distributions based on global monthly precipitation and PET data, and recommended the log-logistic
distribution for SPEI calculated from PM. Therefore, further research is needed to pinpoint the most appropriate probability distri-
bution for SPEI for specific regional contexts.

For the choice of the PET method, even though previous studies showed that the choice of PET equation has a significant impact on
the SPEI (Begueria et al., 2014; Ortiz-Gomez et al., 2022; Stagge et al., 2014), different PET equation was recommended depending on
the geographic regions and climate conditions (Ortiz-Gomez et al., 2022; Zarei and Mahmoudi, 2020). Especially, these studies focused
mainly on arid to semi-arid regions with limited number of stations. Further, both Begueria et al. (2014) and Stagge et al. (2014)
focused simply on the correlation between SPEI series using different PET methods but did not consider the drought events and
associated properties extracted from the SPEI, which is of particular interest in drought studies. In addition, Stagge et al. (2014)
focused only on a 6-month accumulation period for the PET selection. However, drought is considered as a multi-temporal scale
phenomenon. In other words, time scales of the response of various sources of accessible water (e.g., climatic water deficit, soil
moisture, streamflow, groundwater) to precipitation deficit are different, which can cause different types of droughts (e.g., meteo-
rological, agricultural, hydrological droughts) (Lloyd-Hughes and Saunders, 2002). Therefore, more wholistic and systematic research
is imperative to consider the selection of both probability distribution and PET in various climatic conditions, especially in non-arid
regions.

The main objective of this paper was to conduct a comprehensive analysis of the sensitivity of SPEI to different probability dis-
tributions and PET methods, considering TW, HG, and PM equations using 107 stations across the state of Oklahoma, where diverse
climate conditions are present. We examined the log-logistic and GEV distributions to select an appropriate distribution to calculate
SPEI in this region. To do this, the rejection rates based on the Shapiro-Wilks (S-W) test were compared to test normality of the SPEI
computed from each PET method across various accumulation periods. For sensitivity of the SPEI to the three PET methods, three
temporal scales were examined: 1) long-term (25 years), 2) event-based, and 3) monthly drought analyses at varying accumulation
periods (i.e., 1-24 months). Lastly, a historical drought event was selected to facilitate a robust evaluation among the three PET
methods, providing a more wholistic and systematic approach to assessing the impact of PET method selection on SPEI across
Oklahoma.
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2. Methods
2.1. Study area

The state of Oklahoma is in the Southern Great Plains region of the United States. Oklahoma has experienced frequent and recurring
periods of droughts (Basara et al., 2013; Christian et al., 2015; Garbrecht et al., 2006), with the 1998 drought alone resulting in
approximately $2.0 billion in agricultural losses (Tian and Quiring, 2019). Oklahoma has various climate conditions, ranging from
humid subtropical in the east to semi-arid in the west (Fig. 1a), with a pronounced precipitation gradient from east to west (Fig. 1c).
Further, temperatures decrease from south to north (Fig. 1b), while elevation increases from east to west (Fig. 1d). Given these varied
climatic and topographic features, Oklahoma provides an ideal location for studying the impacts of PET on drought assessments based
on the SPEI, with densely installed high-quality station-based data.

2.2. Dataset

The study utilized data from the Oklahoma Mesonet (hereafter Mesonet), an automated network of 121 stations (Brock et al., 1995;
McPherson et al., 2007) reporting daily precipitation, maximum and minimum air temperature, average air temperature, and esti-
mated potential evapotranspiration based on the Penman-Monteith equation. We used 107 active Mesonet stations that have
continuous records of precipitation and temperature between 1998 and 2022, excluding any stations with missing data (Fig. 1a).
Automated and manual quality assurance methods were implemented across the Mesonet stations to identify and correct sensor drift
and bias as necessary (Brock et al., 1995; McPherson et al., 2007). In this study, these high-quality daily measurements were
aggregated into monthly values using Python.

2.3. Potential evapotranspiration

To estimate monthly PET values, we used three PET equations: PM, TW, and HG equations. For PET based on PM (PETpy), the
Mesonet provides estimated daily PET data based on the ASCE Standardized reference equation (Walter et al., 2004) as follows:

0.408A(R, — G) + y 2%z (e, — €4)

PETpy =
o A+ (1 +0.34u,)

@

where R;, is the calculated net radiation at the crop surface (MJ m’z), G is the soil heat flux density at the soil surface (MJ m™2 d’l), Tis
the mean daily air temperature at 1.5-2.5-m height (°C), us is the mean daily wind speed at 2-m height (m s™1), e, is the saturation
vapor pressure at 1.5-2.5-m height (kPa), A is the slope of the saturation vapor pressure-temperature curve (kPa °c™1), and y is the
psychrometric constant (kPa °c .

The daily PETpy values were aggregated to monthly values to calculate monthly climatic water balance. Also, from monthly
temperature data, PET based on Thornthwaite (PETry) and Hargreaves (PETyc) were calculated using the PyETo package in Python as
follows:
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Fig. 1. Maps of (a) Mesonet stations across the state of Oklahoma with Koppen-Geiger climate classification, (b) average temperature (degree
Celsius) from 1998 to 2022, (c) annual precipitation (millimeters) from 1998 to 2022, and (d) elevation (meters above mean sea level)
across Oklahoma.
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where I is the heat index for the whole year, and m is a coefficient as a function of I such thatm = 6.75 x 107/ 13- 7.71 x 107° I + 1.79
x 10721 + 0.492, and K is a correction coefficient as a function of the latitude and month.

PETy = 0.0023R,(T + 17.8) (Toax — Tin) ™ 3)
where Ty and Ty, are the maximum and minimum air temperature (°C), respectively, and R, is extraterrestrial radiation (MJ m~2).
2.4. SPEI

To estimate the SPEI values, the monthly deficit (D) should be calculated. Here, we used three different equations for PET values as
discussed in Section 2.3.

D; = P, — PET; 4

D series using TW D series using HG D series using PM

1
- | -
1
- -
R\ /P

Calculating accumulated n-month D series
for each method

Log-logistic GEV

SPEI TW, SPEI -TW,
SPEI-HG, SPEI-HG,
and SPEI-PM and SPEI-PM
for n- month for n- month

S-W test
(a=0.05)

S-W test
(a=0.05)

Select a distribution with lower rejection rate

Fig. 2. Conceptual Flowchart for Selecting Probability Distribution using the Shapiro-Wilk (S-W) Test. D represents the monthly deficit between
precipitation and PET.
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Once the D; values are calculated, the values are aggregated at different time scales. The probability distribution (e.g., three-
parameter log-logistic distribution) is fitted to accumulated D; series at each Mesonet station. Hereafter, SPEI-n represents SPEI
with n-month accumulation period. The SPEI values can be calculated by standardizing the cumulative D series as follows:

2.515517 + 0.802853W; + 0.010328W;?

SPEIL; = W; — 2 3
1+ 1.432788W; + 0.189269W;~ + 0.001308W;

G))

W; = v/—2Inpforp < 0.5 (6)
W; = v/=2In(1 — p)forp > 0.5 @

where p is the probability of exceeding a given D;, and the sign of the resultant SPEI is reversed for p > 0.5. A detailed description of
calculating the SPEI is provided by Vicente-Serrano et al. (2010).

2.5. Distribution for SPEI

We evaluated the goodness-of-fit for both log-logistic and GEV distributions in fitting SPEI using ground-based datasets across
Oklahoma. The resultant SPEI values represent the D series as standard normal scores with zero mean and unit variance. We followed
the previous studies of Stagge et al. (2015) and Vicente-Serrano and Begueria (2016), and evaluated SPEI goodness-of-fit based on the
S-W test for normality of the SPEI values. We selected the log-logistic and GEV distributions for evaluation because they generally
performed better than other distributions in previous studies (Stagge et al., 2015; Vicente-Serrano et al., 2010; Vicente-Serrano and
Begueria, 2016). Hence, we applied the S-W test with a significance level of a=0.05 for the SPEI fitted by the log-logistic and GEV with
TW equation (SPEI-TW), HG equation (SPEI-HG), and PM equation (SPEI-PM) on different accumulation periods at the stations
(Fig. 2). The parameters for each distribution were estimated using a maximum likelihood algorithm, and the rejection rate was
calculated as the proportion of rejected distributions across 107 stations for each accumulation period.

2.6. Three temporal scales

In this study, we evaluated SPEI calculated by the three PET methods across three different temporal scales: long-term, event-based,
and monthly drought analyses. For long-term analysis, we examined the overall relationships and disparities between the two SPEI
series using the entire time series. Previous studies focused mainly on the long-term analysis using the correlation coefficient to
evaluate the sensitivity of SPEI to the PET equations. However, relying only on this coefficient may lead to false conclusion, given its
focus on linear relationships and susceptibility to the influence of extreme values (outliers). Especially, in drought studies, the main
focus lies on drought characteristics (e.g., frequency, duration, severity) associated only with negative values of SPEI. Therefore, a
More effective and practical evaluation can be achieved by directly comparing these characteristics. To address this, we conducted two
additional temporal scales in this study: event-based and monthly drought analyses, enabling a more systematic approach.

2.7. Long-term drought analysis

We compared the SPEI-TW, SPEI-HG, and SPEI-PM time series using two metrics: the Pearson’s correlation coefficient () and the
mean absolute difference (MAD). To do this, the SPEI values from 1998 to 2022 were calculated at each station at different accu-
mulation periods. Given that the PM equation has been shown to provide more realistic estimates of PET in various climate zones (Gui
et al., 2021; Sheffield et al., 2012; Trenberth et al., 2013), we mainly focused on comparing the Pearson’s r and MAD between the
SPEI-PM and the other two series to determine which one provides closer results for the SPEI series. Note that the statistical analyses in
this study were performed using the SciPy library in python.

2.8. Event-based drought analysis

For the event-based drought analysis, we quantified drought characteristics (e.g., drought frequency, duration, severity, and in-
tensity) from the SPEI series. Drought can be classified into three classes: moderate, severe, and extreme with the corresponding SPEI

Table 1

Classifications of drought using SPEI indices (Danandeh Mehr et al., 2020).
Classification SPEI threshold (Log-logistic)
Extremely wet 1.83 < SPEIL
Severely wet 1.82 < SPEI < 1.43
Moderately wet 1.42 < SPEI < —-1.0
Near normal -1.0 < SPEI < 1.0
Moderate drought (MoD) -1.42 < SPEI < —-1.0
Severe drought (SD) -1.82 < SPEI < —1.43
Extreme drought (ED) SPEI < —1.83
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value ranges of—1.42 to —1.0, —1.82 to —1.43, and < —1.83, respectively (Table 1) (Danandeh Mehr et al., 2020). Here, we defined a
drought event as the SPEI values less than —1.43, which corresponded to severe drought (Table 1). Using this threshold value, drought
frequency was defined as the number of drought events, while drought duration was defined as the number of consecutive months
associated with each event. The drought severity was calculated as the cumulative sum of the SPEI values in each event, and the
intensity was determined as the ratio of severity to duration for the corresponding event. We extracted the maximum duration and
median severity and intensity for each station from 1998 to 2022 following Chiang et al. (2021).

To determine whether each drought characteristic extracted from the three SPEI series (i.e., SPEI-TW, SPEI-HG, and SPEI-PM) at
107 stations behaves differently, we estimated the probability density function (PDF) for each drought characteristic using Kernel
density estimation (KDE) and conducted a two samples Kolmogorov-Smirnov (K-S) test for each PDF. Note that the KDE and K-S test
were performed using the SciPy library in Python.

2.9. Monthly drought analysis

We used the drought classifications presented in Table 1 to identify and quantify the occurrences of moderate drought (MoD),
severe drought (SD), and extreme drought (ED) for accumulation periods ranging from 1-24 months at 107 stations between 1998 and
2022. Specifically, we counted the number of months that the SPEI values fell below each threshold value for MoD, SD, and ED, based
on the three different PET methods: SPEI-TW, SPEI-HG, and SPEI-PM. This allowed us to examine how the choice of PET method
influenced the number of detected drought months. To determine whether there were statistically significant differences between the
counted months for each SPEI classification, we performed a Mann-Whitney U test (¢=0.05) (Mann and Whitney, 1947), which can be
used to compare two independent samples, on the respective counted months that resulted from 107 stations.

2.10. Comparison with a historical drought event
For the assessment endpoint, we selected one of the most severe historical droughts that occurred in 2011 across Oklahoma. This

analysis involved a comparison with the SPEI-3 values computed using three PET methods (i.e., SPEI-TW, SPEI-HG and SPEI-PM). To
establish a benchmark, we downloaded the U.S. Drought Monitor map in October 2011 from the Map Archive (https://
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Fig. 3. Spatial distribution of estimated annual average potential evapotranspiration (PET) based on (a) Thornthwaite (TW), (b) Hargreaves (HG),
and (c) Penman-Monteith (PM) methods, and the differences in annual average values between (d) TW and PM, (e) HG and PM, and the Pearson’s r
between (f) TW and PM, and (g) HG and PW across Oklahoma.
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droughtmonitor.unl.edu/Maps/MapArchive.aspx). This map classified drought intensity into five levels, ranging from DO to D4, with
D4 representing the most severe drought. To align SPEI values with the U.S. Drought Monitor map, we classified SPEI values based on
Table 1. For instance, we assumed that D4 in the U.S. Drought Monitor corresponds to “Extreme Drought” in Table 1. Using this
method, we compared the percentage area of each category to provide a more comprehensive evaluation of the SPEI calculated from
the three PET methods.

3. Results
3.1. Potential evapotranspiration

The monthly PET was calculated using TW, HG, and PM methods at 107 Mesonet stations across Oklahoma (Figure S1). The spatial
distribution of annual PET values showed different patterns (Fig. 3a-c). The PM resulted in a large variation in PET, with values ranging
from 990 to 1800 mm/year across Oklahoma, while the PET values ranged from 730 to 980 mm/year and from 1200 to 1500 mm/year
for TW and HG, respectively. Despite the significant spatial variability in PET estimated with PM, TW and HG demonstrated relatively
uniform spatial distributions. Specifically, TW and HG showed approximately 190 and 300 mm/year of variability, respectively,
whereas PM showed a much broader range of 800 mm/year across different climates. This result underscores the robustness and
reliability of the PM method for estimating PET, highlighting potential limitations inherent in both TW and HG methods. On average,
the HG equation produced the PET values lying between the TW and PM (Fig. 3a-c). The TW equation underestimated PET compared to
the PM methods, except for the east parts of Oklahoma (Fig. 3d), due in part to the assumption of zero PET below freezing temperatures
(Stagge et al., 2014). Especially, the TW method significantly underestimated PET values in semi-arid region, which aligned with the
previous findings of Jensen and Allen (2016). The HG method overestimated PET values in the humid subtropical region, while
showing relatively less discrepancies in the semi-arid area compared to PM method (Fig. 3e). A higher correlation was observed
between monthly PETy, and PETpy across the entire Oklahoma (Fig. 3g), while the correlation between monthly PETr, and PETpy
ranged from 0.84 to 0.92 (Fig. 3f), based on the Pearson’s r.

3.2. Distribution for SPEI

The rejection rates based on the S-W test for both distributions were below 5% for all accumulation periods (Fig. 4). The log-logistic
distribution performed better when using the TW equation for SPEI (Fig. 4a) except for SPEI-1, while the GEV distribution showed
lower rejection rates for 1-, 2-, and 3-month accumulations, with SPEI-HG (Fig. 4b). However, for SPEI-PM, which is considered to
provide the most realistic estimates of PET, the log-logistic distribution exhibited lower rejection rates than the GEV distribution,
except for the 24-month accumulation period (Fig. 4c). In addition, the log-logistic distribution demonstrated lower or similar
rejection rates in terms of the mean values for all accumulation periods compared to the GEV distribution (Table 1). Therefore, based
on these results, we selected the log-logistic distribution to fit the D series for SPEI.

3.3. Long-term drought analysis

The Pearson’s r was computed separately for the three different SPEI series at 107 locations across various accumulation periods
(Fig. 5). The highest correlation was observed between SPEI-TW and SPEI-HG, which were computed from minimal-data PET equa-
tions, for all accumulations (indicated as TW-HG in Fig. 5). However, since our focus is on comparisons of the SPEI series resulting from
minimal-data equations (i.e., TW and HG) with the data-intensive equation (i.e., PM equation), we closely examined the comparisons
between TW-PM, and HG-PM. Among the two series, we found that the SPEI-HG showed a higher correlation with SPEI-PM compared
to the correlation between SPEI-TW and SPEI-PM (i.e., TW-PM in Fig. 5), which showed the weakest correlations across all timescales
(Fig. 5).
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Fig. 4. Shapiro-Wilk rejection frequency (%) for SPEI distributions using (a) Thornthwaite, (b) Hargreaves, and (c) Penman-Monteith methods
across different accumulation periods.
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Since the highest variations in the coefficients were observed for the 24-month accumulation period while the other periods
remained almost constant variations for TW-PM and HG-PM (Fig. 5), we further examined the spatial pattern of the correlation for
SPEI-1 and SPEI-24 (Fig. 6). In general, the correlations between HG-PM showed consistently higher values across Oklahoma
compared with TW-PM. For both TW-PM and HG-PM, however, we found relatively higher correlations in the humid climate region (i.
e., the eastern parts of Oklahoma) regardless of temporal scales (Fig. 6). However, for 24-month accumulations, both TW-PM and HG-
PM produced relatively lower correlations in the semi-arid region (i.e., the western parts of Oklahoma) (Figs. 6¢ and 6d). The longer
accumulations tend to smooth seasonal fluctuations and intra-annual variability, and this long-term averaging effect may exacerbate
the discrepancies arising from the choice of PET methods, particularly in drier regions (Fig. 6¢ and d). Consequently, these discrep-
ancies resulted in higher variations of the correlation compared to other short-term accumulations (Fig. 5). These results were

(a) SPEI-1 (TW-PM) (b) SPEI-1 (HG-PM)

(d) SPEI-24 (HG-PM)

1
|

Fig. 6. Spatial distribution of Pearson’s r between (a) SPEI-TW and SPEI-PM, (b) SPEI-HG and SPEI-PM for 1-month accumulation, and (c) SPEI-TW
and SPEI-PM, (d) SPEI-HG and SPEI-PM for 24-month accumulation.



S. Lee et al. Journal of Hydrology: Regional Studies 53 (2024) 101761

associated with the results of PET discussed in the Section 3.1, aligned with the findings of Begueria et al. (2014) that the selection of
PET methods for SPEI is relatively non-significant in areas with high precipitation and vice versa for longer periods.

To confirm this conclusion, we examined the relationships between the correlations of the SPEI series (i.e., Pearson’ r of SPEI-12)
with annual average precipitation and temperature across the Mesonet stations using the non-parametric Spearman’s Rho coefficient
(Figure S2). The results showed that the Pearson’ r between the SPEI series had strong positive correlations with annual precipitation.
In other words, the choice of different PET methods is non-significant in humid regions as both SPEI-TW and SPEI-HG showed very
high correlations with SPEI-PM. However, there were no significant relationships with the annual mean temperature (Figure S2).

In terms of the differences in the SPEI values, the smallest difference was observed from TW-HG. However, when compared to SPEI-
PM, SPEI-HG showed less difference than SPEI-TW with the SPEI-PM for all accumulated months (Fig. 7). Therefore, the SPEI
computed from the HG equation showed a closer behavior with the SPEI-PM than the SPEI-TW in diverse climate conditions across
various temporal scales. This suggests that the HG equation may be a useful alternative to the PM method when considering long-term
SPEIL

3.4. Event-based drought analysis

The KDE of drought characteristics (i.e., frequency, duration, severity, and intensity) were calculated from the SPEI-TW, SPEI-HG,
and SPEI-PM for various accumulations between 1998 and 2022. Overall, for shorter accumulations (up to 6-month), the KDE of SPEI-
HG fell between that of the SPEI-TW and SPEI-PM in most cases. For the 6-month accumulation, for example, the peak of SPEI-HG for
the frequency, maximum duration, and intensity were closer to SPEI-PM compared to SPEI-TW (Fig. 8). In contrast, for longer ac-
cumulations (e.g., 12- and 24-month), there were no significant differences in the KDE of drought characteristics between the three
PET methods. For 24-month, the KDE of SPEI-HG and SPEI-PM showed almost identical behaviors, while the KDE for intensity from all
three methods was virtually indistinguishable (Fig. 9). In addition to KDE, the spatial patterns of drought characteristics were also
examined for shorter and longer accumulations. For example, SPEI-HG and SPEI-PM demonstrated similar spatial patterns (Fig. 10b
and c), while SPEI-TW had a different pattern and range for its maximum duration (Fig. 10a) for 6-month accumulation. However, as
an example of longer accumulation periods, the drought severity of SPEI-12 computed from the three equations showed relatively
similar spatial patterns across Oklahoma (Figs. 10d-f). Note that the y-axis values, which is dimensionless, represent the density or the
relative likelihood of observing data at a particular point on the x-axis. The values on the y-axis are relative and are scaled in a way that
the total area under the curve integrates to 1 over the entire range of possible values on the x-axis.

To further examine the differences observed between shorter and longer accumulations, the two sample Kolmogorov-Smirnov (K-S)
test (a=0.05) was implemented for each drought characteristic for all accumulation periods. The results confirmed that there were no
differences between the drought characteristics calculated from TW, HG, and PM equations for longer accumulations (e.g., 12- and 24-
months), while some differences were observed up to 6-month accumulation (Table 3). In terms of frequency and severity, both TW
and HG showed significant differences with PM for most of shorter accumulations. However, for maximum duration, HG and PM
constantly resulted in comparable results, while TW showed significant difference with PM for the most accumulations. Lastly, in terms
of drought intensity, both TW and HG resulted in comparable results with PM, except for the 2-month accumulation. Based on the
findings, we conclude that for relatively shorter accumulation periods, the use of HG equation is recommended when data is limited to
PM method, while for longer accumulations, all three equations exhibited comparable results for the drought characteristics. Thus, the
impacts of the choice of PET method for SPEI on drought characteristics is negligible for longer accumulation periods.

SPEI-1 SPEI-2 SPEI-3 SPEI-6 SPEI-12 SPEI-24
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Fig. 7. Mean absolute difference (MAD) between SPEI series calculated by Thornthwaite (TW), Hargreaves (HG), and Penman-Monteith (PM)
equations at 107 Mesonet stations. The green triangle represents the mean value.
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Fig. 8. Kernel density estimations for characteristics of severe drought events: (a) frequency, (b) Maximum duration, (c) Median severity, and (d)
median intensity based on SPEI-6 using Thornthwaite (TW), Hargreaves (HG), and Penman-Monteith (PM) equations at 107 Mesonet stations.

3.5. Monthly drought analysis

The Mann-Whitney U test identified 6 significant differences out of 36 cases in terms of drought occurrences, while 5 differences
were observed in the 1-month accumulation (Table 4). However, for the rest of the accumulation periods, SPEI-TW and SPEI-HG did
not show any significant differences with SPEI-PM, except for one case (i.e., SPEI-HG and SPEI-PM at 3-month accumulation for ED)
(Table 4). Especially, for longer accumulations (e.g., 6-, 12- and 24-month), both TW and HG showed no significant differences with
PM in this analysis (Table 3). Therefore, depending on the interest in drought severity, the alternative parsimonious equation can be
chosen.

To examine the spatial distributions of the probability of occurrences for MoD, SD, and ED drought across Oklahoma, the results
based on the SPEI series from the three PET equations at a 12-month accumulation were analyzed (Fig. 11). Note that the probability of
occurrence was calculated by dividing the number of months classified as drought (e.g., MoD, SD, and ED) by the total number of
months in the study period. The Cohen’s Kappa coefficient (k) (McHugh, 2012) was used to measure the agreements in the spatial
distributions resulting from SPEI-TW and SPEI-HG with those of SPEI-PM. This coefficient ranges between —1 and 1, where a value of 1
represents complete agreement. For MoD, SD, and ED, the SPEI-HG showed the coefficients of 0.67, 0.67, and 0.72, respectively,
compared with SPEI-PM, showing consistently higher values compared to SPEI-TW (Fig. 11). Based on the visual inspections and the
coefficient values, we concluded that the SPEI-HG performed better than SPEI-TW, while the use of any PET method for SPEI did not
produce significant differences with SPEI-PM at longer accumulations in terms of detecting drought occurrences.

3.6. Comparison with a historical drought event

In October 2011, a significant historical drought was chosen as the benchmark for comparing SPEI-TW, SPEI-HG, and SPEI-PM
against the U.S. Drought Monitor (USDM) map across Oklahoma. Based on the USDM, all regions in Oklahoma experienced at least
D2 intensity, corresponding to a moderate drought in Table 1 (Fig. 12). Approximately 80% of Oklahoma experienced a minimum of
D3-level drought conditions (Table 5). Among the three SPEI estimates, SPEI-PM closely matched this at 76%, while SPEI-TW reported
the lowest estimate at 45% (Table 5). Except for the northeastern part, most of Oklahoma was categorized as either D3 or D4 based on
the USDM map (Fig. 12d), with SPEI-PM showing a similar spatial pattern (Fig. 12c), confirming the validity of using SPEI-PM as the
benchmark in this study. While both SPEI-TW and SPEI-HG underestimated the severity of the drought compared to the USDM, SPEI-
HG performed slightly better than SPEI-TW in terms of both percentage area and spatial distribution (Table 5 and Fig. 12).
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Fig. 9. Kernel density estimations for characteristics of severe drought events: (a) frequency, (b) Maximum duration, (c) Median severity, and (d)
median intensity based on SPEI-24 using Thornthwaite (TW), Hargreaves (HG), and Penman-Monteith (PM) equations at 107 Mesonet stations.

4. Discussion

The presented work mainly examined the impacts of PET methods on SPEI across Oklahoma, which is dominantly in tropical
climate zone. Previous studies on this subject focused mainly on arid regions (Ortiz-Gomez et al., 2022; Zarei and Mahmoudi, 2020), as
the selection of a suitable PET equation for SPEI was considered less significance especially in areas receiving high precipitation
(Begueria et al., 2014). This was valid only when considering the entire time series as discussed in Section 3.3 such that both SPEI-TW
and SPEI-HG showed very high correlations with SPEI-PM in areas receiving high precipitation (Figure S2). However, further analysis
in this research revealed noticeable differences in terms of drought events and occurrences depending on the choice of PET method
(Figs. 10 and 11). For example, the SPEI-TW underestimated the area of the red region (i.e., highest probability category) for severe
drought (Fig. 11) by 16% compared to SPEI-PM. These discrepancies were observed not only in semi-arid areas, but also in many parts
of the subtropical areas across Oklahoma (Fig. 11). Compared with a historical drought occurred in 2011, SPEI-PM showed similar
spatial patterns with the U.S. Drought Monitor map, confirming its robustness as a benchmark used in this study. Therefore, when data
is available, the use of Penman-Monteith method is preferable instead of using minimal-data PET equations for SPEI calculation.
Nonetheless, the findings presented in this study highlight the need for region-specific research with more comprehensive analysis at
various temporal scales, rather than focusing only on long-term analysis.

Droughts are not confined to specific regions, but occur worldwide, affecting various aspects of water resources, ecosystems,
agriculture, and human societies (Van Loon, 2015). Lack of water resources can affect drinking water supply, irrigation, crop failure,
electricity production (hydropower or cooling water) (Van Loon, 2015). Also, freshwater ecosystems can encounter significant al-
terations in dissolved oxygen levels, water quality, stream connectivity, available habitat, and other essential for sustaining fish
(Ramirez et al., 2018). Especially, in last decades, drought becomes a major hazard, accounting for 34% of disaster-related death
worldwide (Douris et al., 2021), with cascading impacts, triggering secondary events such as wildfires and insect outbreaks (Gill and
Malamud, 2014). The rising temperature due to climate change has led to intensified drought-related risks in numerous regions
worldwide (Lee and Ajami, 2023; Tripathy et al., 2023). This increase significantly alters the PET rate, which holds a crucial role in
determining water demand in various sectors. This underscores the necessity of identifying the suitable/alternative PET method for
accurate drought predictions, which would ultimately aid in making informed decisions to mitigate the impacts of drought.

Although SPEI-HG consistently showed better agreements with SPEI-PM compared to SPEI-TW in this region, it should be noted
that there are limitations associated with these minimal-data PET equations. For example, the accuracy of alternative PET equations
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Fig. 10. Spatial distribution of maximum duration of drought events based on SPEI-6 using (a) Thornthwaite (TW), (b) Hargreaves (HG), and (c)
Penman-Monteith (PM) equations, and medium severity of drought events based on SPEI-12 using (d) TW, (e) HG, and (f) PM equations

across Oklahoma.

Table 2

Mean rejection rates of S-W test for all accumulation periods.
SPEI type Log-logistic [%] GEV [%]
SPEI-TW 1.95 2.43
SPEI-HG 1.96 1.88
SPEI-PM 2.15 2.80

Table 3
P-values of two sample Kolmogorov-Smirnov test for comparisons in drought characteristics between TW, HG, and PM methods.
Property Comparison 1-month 2-month 3-month 6-month 12-month 24-month
Frequency TW vs. HG 1.00 0.01 0.74 0.41 0.51 0.85
HG vs. PM 0.00 0.00 0.00 0.00 0.51 1.00
TW vs. PM 0.00 0.00 0.00 0.00 0.07 0.98
Max. duration TW vs. HG 0.63 0.63 0.93 0.25 0.74 0.74
HG vs. PM 0.01 0.07 0.63 0.63 0.51 0.74
TW vs. PM 0.00 0.01 0.13 0.01 0.05 0.32
Median severity TW vs. HG 0.63 0.25 0.74 1.00 0.51 0.85
HG vs. PM 0.85 0.01 0.00 0.01 0.25 0.93
TW vs. PM 1.00 0.00 0.01 0.01 0.13 1.00
Median intensity TW vs. HG 0.63 0.98 0.74 0.41 0.85 0.51
HG vs. PM 0.85 0.05 0.63 0.51 0.98 0.93
TW vs. PM 1.00 0.01 0.25 0.07 0.25 0.41

can vary depending on the climate zone and geographic location. Although the SPEI-HG reasonably performed well in Oklahoma, this
may not be the case in other regions. The minimal-data equations are often used for SPEI because of their simplicity and ease of use.
However, it is recommended to carefully consider potential biased estimates of minimal-data PET to ensure the accuracy, reliability,
and applicability of the research. Nonetheless, the results and findings in this study may be of great importance for drought analysis in
the Southern Plains region of the United States.
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Table 4

P-values of Mann Whitney U Test for comparisons in occurrence of Moderate (MoD), Severe (SD), and Extreme Droughts (ED) observed between TW,
HG, and PM methods.
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Property Comparison 1-month 2-month 3-month 6-month 12-month 24-month

MoD HG vs. PM 0.05 0.11 0.86 0.47 0.45 0.82
TW vs. PM 0.31 0.63 0.80 0.70 0.50 0.83

SD HG vs. PM 0.00 0.94 0.49 0.50 0.36 0.34
TW vs. PM 0.01 0.17 0.61 0.30 0.25 0.15

ED HG vs. PM 0.04 0.37 0.01 0.09 0.13 0.09
TW vs. PM 0.00 0.09 0.08 0.14 0.07 0.05
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Fig. 11. Spatial distributions of the probability of occurrence [%] for Moderate, Severe, and Extreme droughts based on SPEI-12 using Thornthwaite
(TW), Hargreaves (HG), and Penman-Monteith (PM) equations. The value of k represents the Cohen’s Kappa coefficient, compared to the drought
detected by PM.

5. Conclusions

We analyzed the sensitivity of the SPEI for three different PET methods (TW, HG, and PM) at various accumulation periods (i.e.,
1-24 months) for three temporal scales: 1) long-term, 2) event-based, and 3) monthly. Given that many parts of the world do not have
the required data for the Penman-Monteith (PM) method, it is important to explore alternative minimal-data potential evapotrans-
piration (PET) equations that can be used for drought assessments. We considered the log-logistic and GEV distributions to evaluate the
normality of SPEI Based on the S-W test results, we selected the log-logistic distribution to fit the monthly deficit for SPEI. The long-
term analysis of the SPEI revealed that overall, the SPEI-HG performed better than SPEI-TW compared with SPEI-PM. For the event-
based drought analysis, SPEI-HG showed similar results to SPEI-PM, while for longer accumulations, there were no significant dif-
ferences in terms of the drought characteristics (e.g., frequency, duration, severity, and intensity) extracted from the three equations.
For monthly drought analysis, HG equation revealed a better alternative to PM for detecting the occurrence of moderate, severe, and
extreme drought months. However, for longer accumulations, the SPEI calculated from the three equations showed no statistically
significant differences for the drought analysis. Drought indices such as SPEI are commonly used for monitoring drought events or
quantifying drought characteristics at various accumulation periods. Therefore, the comparison results based on the three temporal
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Fig. 12. Comparison of spatial distribution of drought intensity based on (a) SPEI-TW, (b) SPEI-HG, and (c) SPEI-PM, and (d) U.S. Drought Monitor
map in October 2011. The U.S. Drought Monitor map was downloaded at https://droughtmonitor.unl.edu/Maps/MapArchive.aspx.

Table 5
Percentage area of drought intensity in October 2011 across Oklahoma.
Drought Intensity SPEI-TW SPEI-HG SPEI-PM US Drought Monitor
Moderate Drought (D2) 55 48 24 20
Severe Drought (D3) 26 31 33 21
Extreme Drought (D4) 19 22 42 59

Note: Moderate, severe, extreme droughts for SPEI are based on Table 1, while D2, D3, D4 represent drought intensities for the US Drought Monitor
map

scales at various accumulation periods can provide more practical guidance when choosing a minimal-data PET method for computing
SPEI The results indicated that depending on the purpose of study, an appropriate method for PET can be chosen where data is scarce
and uncertain for PM method.
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