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Abstract: Drought is an event of shortages in the water supply, whether atmospheric, surface water
or ground water. Prolonged droughts have negative impacts on ecosystems, agriculture, society, and
the economy. Although existing drought index products are widely utilized in drought monitoring,
the coarse spatial resolution greatly limits their applications on regional or local scales. Machine
learning driven by remote sensing observations offers an opportunity to monitor regional scale
droughts. However, the limited time range of remote sensing observations such as vegetation index
(VI) resulted in a substantial gap in generating high resolution drought index products before 2000.
This study generated spatiotemporally continuous Standardized Precipitation Evapotranspiration
Index (SPEI) data spanning from 19012018 in southwestern China by machine learning. It indicated
that four Classification and Regression Tree (CART) approaches, decision trees (DT), random forest
(RF), gradient boosted regression trees (GBRT) and extra trees (ET), can provide valid local drought
information by downscaling the Estacion Experimental de Aula Dei (EEAD) data. The in-situ SPEI
dataset produced by the Penman-Monteith method was used as a benchmark to evaluate the temporal
and spatial performance of the downscaled SPEI. In addition, the necessity of VI in SPEI downscaling
was also assessed. The results showed that: (1) the ET-based product has the best performance
(R2 = 0.889, MAE = 0.232, RMSE = 0.432); (2) the VI provides no significant improvement for SPEI
re-construction; (3) topography exerts an obvious influence on the downscaling process, and (4) the
downscaled SPEI shows more consistency with the in-situ SPEI compared with EEAD SPEI. The
proposed method can be easily extended to other areas without in-situ data and enhance the ability
of long-term drought monitoring.

Keywords: SPEI; downscaling; machine learning; vegetation index

1. Introduction

Drought, as one of the major natural disasters in the world, is costly; it causes huge
harm to agriculture, the environment, and the social economy each year [1-4]. Economic
stress and disruption caused by natural disasters are escalating at an alarming rate, which
calls for forward-looking risk management [5]. Drought monitoring and prediction can help
policy makers’ response to drought events [6,7]. Therefore, persistent drought monitoring
and prediction are critical to decision-making processes for the sustainable management of
water resources and drought risk management [8-10].
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Drought is an event of shortages in the water supply, whether atmospheric, surface
water or ground water [11]. Earlier studies monitored drought generally with univariate
indices, which characterize only one component in the water balance, e.g., Standardized
Precipitation Index (SPI) [12], Standardized Runoff Index (SRI) [13], and Standardized Soil
Moisture Index (SSMI) [14]. These univariate indices could not fully represent a drought
event [15-17]. Thus, several multivariate drought indices were proposed, including the
Palmer Drought Severity Index (PDSI) [18] and Standardized Precipitation Evapotranspira-
tion Index (SPEI) [19]. In contrast to the PDSI, the SPEI can be obtained at varying time
scales, which is crucial to representing the lagged and cumulative effects of drought [20,21].
Specifically, the 3-month scale SPEI has been widely used in monitoring and assessing
agriculture drought [22-24], as it can satisfactorily capture the vegetation response to
drought [25,26]. Recently, researchers have derived a drought index based on reanalysis
data, such as the Estacion Experimental de Aula Dei (EEAD) SPEI and the Climatic Research
Unit (CRU) self-calibrating PDSI. These products mentioned above are characterized by
low spatial resolution (0.5° spatial resolution), but elaborate drought monitoring in small
areas requires high-resolution data.

In recent years, machine learning methods, e.g., cubist, random forest (RF), boosted
regression trees and gradient boosted regression trees (GBRT), have been widely used to
obtain a high-resolution product [27-29], however, their performances vary significantly
depending on the target variable and the training dataset [30,31]. Previous studies mainly
constructed a relationship model between the in-situ drought index and other variables by
using machine learning [29,32-35]. Another approach is to aggregate the surface variables
into a low-resolution grid and build a relationship model between the surface variables
and low-resolution target variable [36,37]. Large numbers of studies have demonstrated
the potential of the vegetation index (VI) in characterizing drought [32,38—40].

Previous studies are more focused on using the remote sensing datasets such as
VI as input variables, resulting in a substantial gap in high resolution drought index
products before 2000. It is impossible to collect VIs at the early time before the satellite
launch, limiting the temporal coverage of these methods. For example, the Moderate
Resolution Imaging Spectroradiometer (MODIS) VI data are available only for the period
after 2000 [32,41]. Since VI is not an independent variable, other parameters (such as
temperature and precipitation) may contain enough information to represent VI [42,43].

Therefore, as an extension of the previous studies, we focused on generating high-
resolution drought indices before 2000. The overall objective of this study is to identify the
necessity of VI in downscaling the SPEI and generate a 1 km and long-term (1901-2018)
SPEI dataset to investigate the local elaborate drought. Specific objectives include: (1) com-
paring four commonly used machine learning methods in drought indicator downscaling,
including decision trees (DT), RE, GBRT, and extra trees (ET); (2) identifying the necessity
of VI in downscaling the SPEIL (3) downscaling the EEAD product to generate a long-term
(1901 through 2018), 1 km, and monthly SPEI dataset with a 3-month temporal scale; and
finally, (4) validating the generated dataset. Our study was implemented over Southwest
China, where is located the largest terrestrial carbon sink in China, and which is prone to
severe drought.

2. Materials and Methods
2.1. Study Area

The study area is situated in Southwest China, composed of four provinces and a
municipality, including Sichuan, Yunnan, Guizhou, Guangxi, and Chongging municipality
(Figure 1). The climate is dominated by a subtropical monsoon climate with warm, wet sum-
mers, causing a high vegetation coverage [44,45]. Our study area is the largest carbon reser-
voir of China, accounting for more than 30% of CO, uptake in Chinese mainland [46,47].
However, Southwestern China has the large area of karst landform, with fragile ecosystems
and frequent clouds, making plant growth in the region vulnerable to drought.
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Figure 1. Land cover in our study area. The meteorological stations used for validation were
also shown.

Over the past 30 years, the growing population has increased the demand for water
in Southwest China, and drought has become a repeatedly natural disaster in this area,
causing great agricultural loss and severe drinking water shortage. For example, the
2009 drought reportedly resulted in declined vegetation productivity and drink water
shortage for 8.1 million people [48]. Drought, in 2011, caused the destruction of more than
98.9 million hectares of crops and the lack of drinking water for more than 4.9 million
people [49].

2.2. Data

Several streams of data were involved in our study (see Table 1). In-situ climate
data, including precipitation, temperature, wind speed, and sunshine duration, over
145 meteorological stations spanning 1961 through 2015, were downloaded from the Na-
tional Tibetan Plateau Scientific Data Center (TPDC) (Figure 1). They were applied to
calculate the in-situ SPEI to evaluate the downscaled dataset. The potential evapotran-
spiration in the in-situ SPEI is from the Penman-Monteith method to match the EEAD
SPEI [50]. The 1 km and monthly gridded climate dataset (GCD) including precipitation
and temperature data spanning 1901 through 2018 were also downloaded from the TPDC.
They are important independent variables to construct the relationship model to estimate
the SPEIL This dataset was generated from CRU v4.02 and WorldClim datasets by Delta
downscaling method [51]. The daily MCD43A4 data was used to obtain VI data including
the Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI)
to identify the necessity of VI in downscaling the SPEL. NDVI information is more about
spatial differences in vegetation and EVI focuses on expressing the seasonal change of
vegetation. Substantial studies have demonstrated that when combined, they can better
characterize the vegetation information [52]. The monthly 0.5° gridded SPEI from 1901 to
2018, downloaded from EEAD, is referred to as EEAD SPEI hereafter. This dataset was
calculated based on the CRU dataset and the potential evapotranspiration in SPEI is from
the Penman-Monteith method [50]. The Digital Elevation Model (DEM) collected from
Resource and Environmental Science Data Platform of the Chinese Academy of Sciences
was used to analyze the topographic dependence of the downscaled SPEI.
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Table 1. Information about the data used in this study.

Type Name Resolution Source
Precipitation station http:// data-tplcl;;ecbcrr;{d i;lzf:)ag/ (accessed on
Temperature station http://data.tpdc.ac.cn/zh-hans/ (accessed on
12 February 2022)
In-situ climate http://datatod Jzh-hans/ ( q
. . p://data.tpdc.ac.cn/zh-hans/ (accessed on
Wind station 12 February 2022)
. . . http://data.tpdc.ac.cn/zh-hans/ (accessed on
Sunshine duration station 12 February 2022)
N http://data.tpdc.ac.cn/zh-hans/ (accessed on
Precipitation 1km 12 February 2022)
. . http:/ /data.tpdc.ac.cn/zh-hans/ (accessed on
Gridded climate Temperature 1km 12 February 2022)
Standardized Precipitation 0.5° https://digital.csic.es/handle/10261/202305
Evapotranspiration Index ’ (accessed on 12 February 2022)
. https:/ /ladsweb.modaps.eosdis.nasa.gov/
Enhanced Vegetation Index 500 m (accessed on 12 February 2022)
MODIS dat.
aa Normalized Difference 500 m https:/ /ladsweb.modaps.eosdis.nasa.gov/
Vegetation Index (accessed on 12 February 2022)
Topographic data Digital elevation model 1 km http://www.resde.cn/ (accessed on

12 February 2022)

2.3. Methods

Figure 2 reveals the flowchart of the downscaling procedure in this study. The down-
scaling process includes three main steps: generation of the training dataset, method
selection, and validation. Details are elaborated as follows:

"""" MODIS data™™"t {7 Gridded ciimate data” "} T Auxiliary data 7 | BAAD data 3 17w situ data
EVI NDVI i month 0.5°SPEI [} 1
1 precipitation il : : precipitation ;
. I
Generation Agg““g““"“ !
of training [
Surface variables at 0.5°SPEL .
dataset ‘ pixcl resolution I — As a dependent variable
. I
T I
As independent variables 1
L I
_____________________________________________________ -
I
_______________________________ 1
Ir Four machine learning methods : I
[}
[ 1
| Decision Random Gradient 1 :
| Extra Trees . 1
\ Trees Forest Boosting H :
| 1
Method | = ~-—————————————=- To—————————— === !
selection Extra'Tmcs :
[ Two combinations | ! :
I
1 1 1
: with VI without VI : :
| 1 1
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—
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Figure 2. Flowchart of the downscaling procedure in this study.
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Generation of training dataset: The NDVI, EVI, and the GCD precipitation and
temperature both with 1-km resolution were first aggregated into the 0.5° grid by averaging
all values within each grid to match the resolution of the EEAD SPEI data. There were a
total of seven variables: NDVI, EVI, precipitation, temperature, latitude, month, and year
were used as potential independent variables, and the EEAD SPEI were used as dependent
variables. 20% of the samples were randomly selected and used for validation, and the
remaining 80% were used as training data [53,54].

Method selection: Four tree-based machine learning approaches, DT, RF, GBRT and
ET, were compared in terms of SPEI downscaling. A preliminary evaluation was performed
to compare the accuracy of the regression results of the four approaches. A larger coefficient
of determination (RZ) value indicates better goodness-of-fit, and the perfect score of the
R?is 1. A lower Mean Absolute Error (MAE) and Root-Mean-Square Error (RMSE) value
indicate higher accuracy, and the perfect score of MAE and RMSE is 0 [55,56]. R2, MAE
and RMSE between the EEAD SPEI and the estimated SPEI at the EEAD grid scale were
obtained and compared:

N N ’

R*=1-Y (SPEI®' — SPEI;”’S)Z /Y (SPEIP" — SPEISY) (1)
i=1 i=1
(SPEISst — SPEI?Ys)”
RMSE = \| =2 N )
N
Y |SPEI® — SPEI¢®
MAE = =1 7 )

where SPEI®! is the estimated SPEI value from machine learning and SPEI?"* is the
EEAD value.

During the method selection procedure, NDVI and EVI were not included in the
training dataset, as they span a very limited temporal coverage (from 2000-2018) com-
pared with other variables (1901-2018), which would reduce the representativeness of the
results. For further identification of the necessity of VI in downscaling SPEI, two input
combinations, with and without the two VIs, were used to drive the selected best model
(ET). At this step, the model runs for the period of 2001-2018, concurrent with the MODIS
acquisition time in this study. In addition to R?, RMSE and MAE, a t-test was also used to
examine whether the two results have a significant difference. We propose that if there was
no significant difference between the two combinations, the parsimony one without VIs
would be preferred, as this combination would greatly extend the temporal coverage from
2000-2018 to 1901-2018.

Validation: The downscaled SPEI data was validated through direct comparison with
the in-situ SPEI calculated from site-measured meteorological data by the SPEI R package
(https:/ /CRAN.R-project.org /package=SPEI (accessed on 12 February 2022)). An identical
algorithm configuration was selected as that for the EEAD product to avoid uncertainty
caused by different SPEI definitions. To match the temporal coverage of the downscaled
SPEI data and in-situ SPEI, we used the standardized anomaly to obtain the number
of standard deviations (SD) of SPEI from its multi-year average during the operational
period of the selected meteorological stations (1961-2015). In addition, DEM was used to
quantitatively analyze the topographic dependence of the accuracy.

According to SPEI classification, the drought events in this study were identified by a
SPEI value less than —0.5 (the threshold = —0.5) for each month [23]. For each decade, we
calculated three common drought metrics: duration, intensity, and frequency [57]. Duration
was defined as the number of consecutive months for which SPEI was below the drought
threshold. Frequency is the number of drought events over a decade. Intensity is the
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difference between the drought threshold and the monthly SPEI, averaged over all months
during a drought event.

To show the potential of the downscaled SPEI in the characterization of high-resolution
spatial-temporal dynamics of drought episodes, we compared the time series of the down-
scaled and the original EEAD SPEI data. Finally, the extreme drought events during
2009-2010 were selected to compare the spatial and temporal disparities between them.

3. Results
3.1. Method Comparison with Cross-Validation

Figure 3 shows the cross-validation results for predicted SPEI from different machine
learning methods (DT RF, GBRT and ET), with the EEAD 3-month SPEI values in the test
dataset as reference. The accuracy of single DT (DT: R2 = 0.655, RMSE = 0.616, MAE = 0.407;
see Figure 3a) is much lower than the other three methods. Compared with Single DT, ET
and REF fit a large number of random DTs on various subsamples of the dataset and average
them to improve prediction accuracy [58]. A GBRT was built by combining several weak
learners into one powerful ensemble. Weak learners are combined in turn, and each new
model attempts to correct the prediction bias of all the previous models [29,59]. ET shows
the best performance with R? = 0.889, MAE = 0.232 and RMSE = 0.432. Therefore, ET was
selected to downscale the EAAD SPEI products.

3—; 3 2000
R™ =0.655 R™ =0.814
5. MAE =0.407 5 MAE =0.308

RMSE =0.616 “| RMSE =0.432 1600

—
—

1200

800

Estimated SPEI
[
Estimated SPEI

L =

| Al 400

B, 0 i ) 3 e 0 ] 2 3 0
EEAD SPEI EEAD SPEI

(a) Decision Trees (b) Random Forest

35 35 2000
R™ =0.846 R™ =0.889
5 MAE =0.279
RMSE =0.394

5 MAE =0232
RMSE = 0.334 1600

800

Estimated SPEI
Lo -
Estimated SPEI
=)

400

5]
|
D

I T B | 2 3 32 10 1 23 0
EEAD SPEI EEAD SPEI
(¢) Gradient Boosted Trees (d) Extra Trees

Figure 3. Density scatter plot between EEAD and predicted SPEI based on (a) DT, (b) RF, (c¢) GBRT,
and (d) ET. Results are from cross-validation.

3.2. Influence of Vegetation Indices on Method Performance

Both input combinations with and without VI using the ET model were tested in
our study (Figure 4). Their performances were comparable (R%: 0.921 vs. 0.908, MAE:
0.203 vs. 0.209, and RMSE: 0.289 vs. 0.307). A t-test revealed no significant difference
between the two combinations (p < 0.01). VI has very limited temporal span. For example,
MODIS VI cannot be obtained before 2000. Therefore, we did not use VI in our study, and
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this ensured the generation of a very long-term high spatial resolution SPEI, concurrent
with the EEAD and GCD products (1901 through 2018).

[

R> =0.921

MAE =0.203
RMSE = 0.289

[

R® =0.908

MAE =0.209
RMSE = 0.307

200

160

120

Estimated SPEI
(=]
Estimated SPEI

=3 -2 -1 0 1 2 3
EEAD SPEI

(a) With VI

EEAD SPEI
(b) Without VI

Figure 4. Density scatter plot between EEAD and estimated SPEI from Extra Trees (ET) with (a) both
gridded climate data and vegetation index (VI) as input, and (b) with only gridded climate data as
input. Results are from cross-validation.

3.3. Direct Validation and Sensitivity Analysis

The direct comparison between the downscaled and in-situ observed SPEI demon-
strated a high consistency (R? = 0.491, MAE = 0.603 and RMSE = 0.773. See Figure 5). This
accuracy is very satisfactory considering the scale difference between the downscaled and
in-situ observed SPEI

35
R =0.491 L 160
) MAE =0.603
RMSE-= 0.773
0 120
~ 1
w
b5
G 80
2
21
Q
a 140
-2 p.
B e NS R S S

In-situ SPEI

Figure 5. Density scatter plot between estimated and in-situ SPEI.

Southwest China is characterized by a complicated topography. Therefore, we ana-
lyzed the topography-dependence of the accuracy. As shown in Figure 6, downscaled SPEI
datasets in the region with almost constant elevation are generally more likely to match
with in-situ SPEL. However, downscaled SPEI with low R? can also be identified, mainly
distributed in northwest Sichuan, the border of Sichuan eastern plain and Yunnan and the
border of Sichuan eastern plain and Guizhou, where there are huge elevation differences.
To further illustrate the accuracy variation of the downscaled SPEI with slope, we divided
Southwest China into four categories according to slope, i.e., 0-5°, 5-10°, 10-15° and 15-50°
and calculated R? and RMSE in each category (Figure 7). The results show that low slopes
result in higher R? and lower RMSE, especially for 0-5° and 5-10°. In Southwest China,
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74.57% of the area is 0-10° and 11.45% of the area is over 15°. These results imply that the
downscaled SPEI is reliable and robust in most areas of Southwest China.
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Figure 6. Spatial distribution of coefficient of determination (R?) between the downscaled SPEI and
in-situ SPEI at each meteorological station.
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Figure 7. Boxplot summarizing the sensitivity of predicted SPEI to slope: (a) R? and (b) RMSE.

3.4. Derived High-Resolution and Long-Term SPEI Dataset

The temporal behavior of the downscaled SPEI data was compared with the original
EEAD SPEI from 1901 to 2018 (Figure 8a). The results show that our downscaled SPEI
satisfactorily reproduced the temporal evolution of EEAD over the entire study area. The
two products both indicate that Southwest China has presented a rising trend of drought.
Figure 8b—d illustrate a slightly increasing trend of drought events in terms of frequency,
duration, and intensity. Especially after 1980, there is a dramatically rising trend in terms of
duration and frequency, as shown in Figure 8e—g, which is consistent with Wang et al. [23].
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Figure 8. The temporal evolution of SPEI and interdecadal changes of the frequency, duration and
intensity of drought events from 1901 to 2018 and 1980 to 2018: (a) the time series of SPEIL (b) the
frequency of drought events from 1901 to 2018; (c) the duration of drought events from 1901 to 2018;
(d) the intensity of drought events from 1980 to 2018; (e) the frequency of drought events; (f) the
duration of drought events from 1980 to 2018; (g) the intensity of drought events from 1980 to 2018.
Black line in b-g is the trend of downscaled SPEL

There have been many severe drought events in Southwest China, and the 2009/2010
drought event is the most severe one. To evaluate the potential application of the down-
scaled SPEI data, Figure 9 shows the evolution of this drought episode revealed by down-
scaled and EEAD SPEI. From a visual perspective, both SPEI maps showed similar spatial
distribution patterns over the study area. However, the downscaled high-resolution SPEI
data has more spatial details.

To further illustrate the difference between the downscaled SPEI dataset and EEAD,
Figure 10 shows their time series and the in-situ SPEI time series during the 2009/2010
drought episode over four selected meteorological stations. Results show that the drought
(detected by in-situ measurements) can be well captured by both the downscaled SPEI and
the EEAD SPEI data. Close inspection reveals that our downscaled SPEI is closer to the
in-situ measurement than the coarse-resolution EEAD product. For example, the in-situ
SPEI during November 2009 to September 2010 over site 1 was significantly underestimated
by the EEAD, whereas this underestimation was mediated by our downscaled product
(Figure 10a). A similar pattern was also found for SPEI from July 2009 to December 2010
over site 4 (Figure 10b).
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Figure 9. Drought conditions in Southwest China monitored by downscaled SPEI and EEAD SPEI
from September 2009 to June 2011. The first and third rows display the downscaled SPEI, and the
second and fourth rows show the EEAD SPEIL
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Figure 10. Time series of the in-situ SPEI, downscaled SPEI, and EEAD at the four selected meteoro-
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4. Discussion

More recent work on drought used meteorological station observed data and multiple
variables to derive high-resolution datasets based on data-driven models [29,33,53,54].
However, the time span of the in-situ observations and remote sensing data was limited.
For example, affected by the time range of MODIS data, the high-resolution integrated
surface drought index was obtained, and only the drought events and their impacts from
2001 to 2017 were analyzed [32]. Moreover, the uneven distribution of sites can also greatly
affect the relationship model in a small region, and some areas even have no effective
sites (e.g., Xinjiang and Guizhou) [60]. In this study, we constructed a relationship model
between EEAD SPEI and gridded climate data to downscale the EEAD SPEI. Since VI was
not considered as the input, this model supports the generation of SPEI with a longer time
span. Based on the model, a 3-month scale SPEI with the longest (1901-2018) time span
and the highest spatial resolution over Southwest China was generated. Compared with
previous studies, the relationship model without relying on remote sensing data and station
data can be applied to any region.

Machine learning has several advantages over traditional statistical methods including
the flexibility in handling various data types (e.g., nominal, interval, and ratio); the ability
to handle non-parametric data and hierarchical relationships among variables, and the
efficient processing of large data volumes [61-63]. Tree-based machine learning approaches
have been proven to be able to provide more effective local drought information. The
evaluation of the SPEI relationship model in our study indicated that an ET-based regression
method is better than DT, RF, and GBRT in expressing the complex interaction between
SPEI and other surface variables (Figure 3). However, Seonyoung et al. [33] suggested
that RF is better than other tree-based algorithms since an ensemble approach was used
for preventing an overfitting problem [64]. Verrelst et al. [31] and Upreti et al. [30] give
some reasons as to why different research used different machine learning algorithms.
When the target variable and the structure of the training dataset are different, the best
machine learning algorithm for retrieving biophysical parameters varies. Moreover, huge
discrepancies in location and climatic conditions might be another reason. In general,
we recommend that different machine learning algorithms are compared when building
relational models.

As machine learning methods become ubiquitous, there has been a surge of interest
in interpretable machine learning: systems that provide explanations for the relation-
ship between response and driver variables [65]. Gunnar et al. [66], Li et al. [67], and
Ben-Ari et al. [68] analyzed the model to reveal the shape of the functional relationship
between response and driver variables. In this study, response curves of the models were
given (Figure 11) and greatly demonstrated the response of precipitation and temperature
to SPEIL Generally, adequate precipitation could ease droughts in most parts, whereas
heavy temperature stress tends to worsen droughts event. As seen in Figure 11, the SPEI is
monotonously increasing with precipitation at the same temperature. Moreover, tempera-
ture mainly affects potential evapotranspiration [69,70]; when the temperature is below 0,
there is no potential evapotranspiration [71,72]. In the case of fixed precipitation, tempera-
tures below 0 would not change the SPEI due to low evapotranspiration, whereas the SPEI
significantly decreased and drought events were more likely to occur with temperatures
beyond 5. In addition, both temperature and precipitation together affected the SPEL For
example, with the increase in precipitation, drought caused by the increasing temperature
was alleviated. These observations are consistent with common expectations and textbook
knowledge, which means that our model can well describe the relationship between the
SPEI and driver variable.
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Figure 11. Dependence of the downscaled SPEI on precipitation and temperature.

Drought can cause water loss, reducing soil water for a long time which harms
vegetation growth [40,73,74]. Consequently, VI, which represents vegetation growth, is
a crucial variable for establishing a relationship model with the drought index [32,38,75].
Yang et al. [76] found that there was a significant positive correlation between time-integral
NDVI and precipitation in spring and summer over the grasslands. Ji and Peters [77]
also found significant correlations between monthly NDVI and SPI during the growing
season in the central Great Plains. Similarly, significant correlations between SPEI and
NDVI during the growing season were reported by Jiao et al. [78] in water-deficit regions.
However, our results indicated that the VI did not significantly improve the accuracy. There
are several reasons to explain this phenomenon. Firstly, existing studies have shown that
the SPEL is significantly correlated with VI in the growing season, but the growing season
only accounted for a small part of our study. Secondly, low correlations between SPEI and
NDVI in humid regions were reported by Jiao et al. [78]; most parts of Southwest China
are humid or semi-humid areas. Meanwhile, Sumanta et al. [79] found that the R? for
croplands and forests (0.06 and 0.04) were low, and the R? for grasslands was the highest
(0.22) over the United States America. Croplands and forests are the main land cover in
Southwest China (Figure 1), whereas grasslands account for only a small part.

The dataset has good performance in monitoring long-term drought events, but there
are still some limitations that may affect the performance of the dataset. On the one hand,
there is no absolute “real” drought measure [80]. Although this downscaled SPEI dataset is
more consistent with in-situ data, it does not provide a true validation of drought events.
On the other hand, it is difficult to obtain accurate temperature and precipitation data over
mountainous areas. Therefore, in our study, there is a low correlation between the predicted
SPEI and in-situ SPEI over a slope greater than 15° (Figure 7). In future work, we would
focus on improving the accuracy of the SPEI in complex terrain areas with steep slopes.

5. Conclusions

In this study, four machine learning approaches (DT, RE, GBRT, and ET) were com-
pared in constructing the relationship between climate data and the SPEL. Meanwhile, the
importance of VI as an input variable in SPEI reconstruction was assessed. The climate data
and auxiliary data were applied to establish the downscaled SPEI dataset in Southwest
China from 1901 to 2018 using an ET algorithm. The spatial-temporal characteristics of the
2009-2010 drought were compared with 0.5° EEAD SPEI. The results can be summarized
as follows: (1) Among the four machine learning methods, the ET-based algorithm showed
the best performance (R? = 0.889, MAE = 0.232, and RMSE = 0.432); and (2) VI had no
significant effect on SPEI reconstruction. Based on climate data and auxiliary data, a high-
resolution (1 km) and long-term (1901 to 2018) SPEI dataset over Southwest China using
an ET algorithm was generated. The downscaled SPEI dataset is more consistent with
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in-situ SPEI compared to the 0.5° EEAD SPEI In addition, the downscaled SPEI dataset
was slope-dependent: the accuracy increases as the slope decreases.

Overall, we provided a new and reliable way to overcome the temporal limitation of
input data and generate high-resolution and long-term drought products even with limited
VI data availability. As an important response variable to drought, VI needs to be carefully
applied to reconstruct the drought index. Our product is expected to provide a reference
for long-term regional drought monitoring.
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