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Index in the Guanzhong Plain, China
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Abstract—The vegetation temperature condition index (VTCI)
has been shown to perform well for drought monitoring using
multiyear advanced very high-resolution radiometer (AVHRR) and
moderate resolution imaging spectroradiometer (MODIS) data.
Compared to single-year VTCI, the VTCI calculated by multi-
year data can quantitatively reflect the degree of drought and
precipitation in a region. Sentinel-3 is a recently launched remote
sensing satellite with high temporal resolution and is similar to
the satellites carrying AVHRR and MODIS sensors. One year of
Sentinel-3 data is available for calculating the VTCI, and given
the need for developing quantitatively drought monitoring capa-
bilities, the aim of this study is to investigate the methods used to
calculate the potential multiyear Sentinel-3 VTCI for quantitative
drought monitoring. This is based on a comparison with multiyear
Terra MODIS VTCI and a correlation analysis with cumulative
precipitation data. The analysis results indicate that the poten-
tial multiyear Sentinel-3 VTCI can be accurately calculated from
the single-year Sentinel-3 VTCI based on the linear correlation
between the single-year VTCI and multiyear VTCI derived from
Terra MODIS, which do not exhibit obvious systematic deviations
from the multiyear Terra MODIS VTCI (the absolute value of
the average bias <0.04). The multiyear Sentinel-3 VTCIs can
quantitatively reflect the drought levels, which are significantly
correlated with the recent cumulative precipitation throughout the
study period (R2 = 0.731, P < 0.001). Therefore, it is proposed
that Sentinel-3 can successfully inherit the VTCI-based drought
monitoring tasks from MODIS.
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I. INTRODUCTION

DROUGHT is one of the most important factors that in-
fluence crop yields. Drought can seriously threaten water

and food security and may lead to a reduction in crop yield
[1], [2]. Therefore, it is necessary to monitor droughts quickly
and accurately. Traditional crop drought monitoring is usually
measured in fields and at meteorological stations using data with
high temporal resolution such as soil moisture and precipita-
tion. However, these data are point-based, and it is difficult to
accurately obtain a continuous spatial distribution of drought
conditions [3], [4].

Remote sensing data can capture, in a continuous manner,
the spatial distribution of drought, which cannot be captured by
ground measurements. The Normalized Difference Vegetation
Index (NDVI) has been successfully used for global drought
monitoring. NDVI itself has no direct quantitative relationship
with drought. It has been reported that the relationship between
the current NDVI and multiyear NDVI can reflect the degree
of drought. For example, the maximum and minimum NDVI
values in multiple years were used to change the current NDVI
into the Vegetation Condition Index (VCI) [5], which reflects
how close the NDVI in the current period is to the minimum
NDVI over multiple years. However, the VCI cannot accurately
monitor drought in some cases, such as when soil moisture
is excessive [6]. Drought monitoring using the VCI combined
with the temperature condition index (TCI) can more accurately
reflect the area and intensity of drought. The calculation formula
for the TCI is similar to that for the VCI, which replaces NDVI
with land surface temperature (LST) and indicates how close the
LST in the current period is to the maximum LST over multiple
years. The TCI can be used to monitor the temperature-related
vegetation stress and the stress caused by excess soil moisture
[6]. In addition, researchers found that the two-dimensional
scatterplots of NDVI and LST are triangular at the regional
scale [7], [8]. Based on this, the vegetation TCI (VTCI) was
developed for drought monitoring. The results indicate that the
VTCI exhibits good performance in classifying the relatively
dry–wet conditions in the Guanzhong Plain [9]. Thereafter, the
methods for determining the multiyear warm edge and cold edge
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for the VTCI were developed [10]. Since the drought levels in a
region do not range from extreme drought to extreme humidity in
a short period, the VTCI calculated using the single-year warm
edge and cold edge (called the single-year VTCI below) can only
reflect the relatively dry–wet conditions. However, similar to the
TCI, the VTCI calculated using the multiyear warm edge and
cold edge (called the multiyear VTCI below) reflects the drought
level over multiple years. It is considered that the drought
levels in a region can range from extreme drought to extreme
humidity in multiple years. Therefore, the multiyear VTCI is a
comparable quantitative drought monitoring result over a given
10-day interval in different years. At present, the VTCI has been
successfully used for drought monitoring in the Guanzhong
Plain of China, the Great Plains of the United States, and
Punjab in Pakistan. These results show that the VTCI exhibits
strong correlations with both cumulative precipitation and soil
moisture [10]–[13].

To date, advanced very high-resolution radiometer (AVHRR)
and moderate resolution imaging spectroradiometer (MODIS)
images have been successfully used for drought monitoring
with the VTCI. MODIS sensors are still available but have been
operational for almost 20 years. Drought monitoring systems
based on NDVI and LST could be affected should MODIS
sensors become unavailable. Therefore, it is necessary to test the
feasibility of using data from new sensors for these drought mon-
itoring methods and evaluate the comparability of the drought
monitoring results between MODIS and new satellite sensors.

Sentinel-3 is a satellite with high-temporal resolution that
was developed by the European Space Agency and recently
launched. Sentinel-3 can be used for frequent monitoring of
land, ocean, and the atmosphere [14], [15]. Sentinel-3A and
Sentinel-3B were launched on February 16, 2016, and April
25, 2018, respectively. The sensors on Sentinel-3 include
the ocean and land colour imager (OLCI), the sea and LST
radiometer (SLSTR), and the Synthetic aperture radar altimeter.
The temporal resolution of a single Sentinel-3 satellite is
less than 2.8 days, and the combination of Sentinel-3A and
Sentinel-3B can provide a temporal resolution of less than 1.4
days. Compared to MODIS sensors, Sentinel-3 OLCI provides
a spatial resolution of approximately 300 m in 21 bands from
visible to near-infrared, thus resulting in a higher capability to
capture spatial detail. SLSTR provides thermal infrared data
with a spatial resolution of 1000 m similar to that of MODIS.

The OLCI Level-2 products from Sentinel-3A have been
available since November 29, 2017, and the SLSTR Level-2 LST
products from Sentinel-3A have been available since September
8, 2017. The OLCI Level-2 products and SLSTR Level-2 LST
products from Sentinel-3B have been available since January 22,
2019 and February 25, 2019, respectively. At the time of writing,
there are single-year of Sentinel-3A OLCI Level-2 products and
SLSTR Level-2 LST products. Therefore, drought monitoring
results cannot be obtained for a multiyear Sentinel-3 VTCI,
as can be done for AVHRR and MODIS data. It is necessary
to compare the similarity between the Sentinel-3 VTCI and
MODIS VTCI and analyze the feasibility of calculating the
multiyear Sentinel-3 VTCI for quantitative drought monitoring
based on multiyear Terra MODIS data.

The aims of this article are to investigate the methods for
calculating the multiyear Sentinel-3 VTCI based on multiyear
Terra MODIS data and test the capability of multiyear Sentinel-3
VTCI for drought monitoring using multiyear Terra MODIS
VTCI and cumulative precipitation data. Therefore, the objec-
tives are to 1) compare the similarity between the single-year
Sentinel-3 VTCI and Terra MODIS VTCI and the similarity
of warm edges and cold edges for calculating the single-year
VTCIs derived from Sentinel-3 and Terra MODIS in the same
period; 2) calculate the multiyear Sentinel-3 VTCI based on
multiyear Terra MODIS data and analyze the difference between
the single-year Sentinel-3 VTCI and multiyear Sentinel-3 VTCI;
and 3) test the capability of multiyear Sentinel-3 VTCI for
drought monitoring using the multiyear Terra MODIS VTCI
and cumulative precipitation data.

II. STUDY AREA AND DATA

A. Study Area

The study was conducted in the Guanzhong Plain with an av-
erage elevation of 500 m, which is located in Shaanxi Province,
China (see Fig. 1). The climate is continental monsoon, with
cold and dry winters and warm and rainy summers. The average
annual rainfall in this plain ranges from 500 to 700 mm, with an
average annual temperature of approximately 13 °C. Up to 70%
of the land in the Guanzhong Plain is covered by cropland, which
includes both irrigated and rainfed cropland. The Guanzhong
Plain belongs to a semi-humid area. More than 50% of the crop-
lands in the Guanzhong Plain are rainfed. Most of the croplands
in the east are rainfed, while there are many irrigated croplands
in the west and middle. The main cropping pattern in this plain is
winter wheat in rotation with summer maize. In general, winter
wheat is sown from early October to mid-October and harvested
in early June of the following year [10], [16].

B. Remote Sensing Data

Sentinel-3A images (OLCI and SLSTR) acquired in 2018
and Terra MODIS images acquired over the past 18 years were
utilized for drought monitoring. The growth period of winter
wheat from the reviving stage to milk stage is from early
March to early June; thus, only the images in this period of
each year were utilized in this study. The acquisition dates
of the Sentinel-3 and MODIS data acquired in the morning
at nadir and near-nadir views under clear-sky conditions are
shown in Table I, in which there are eleven days overpassed
by both Sentinel-3 and MODIS, and the quantity of MODIS
data is greater than that of Sentinel-3 data in the study period
due to the high temporal resolution. Because there is only
one Sentinel-3 image in late April, which cannot represent
the drought conditions over a 10-day period, the Sentinel-3
image from late April was not utilized in this study. The Terra
MODIS products were downloaded from Atmosphere Archive
& Distribution System Distributed Active Archive Center (https:
//ladsweb.modaps.eosdis.nasa.gov/search/), which include the
collection of six reflectance product with 500- and 1000-m

https://ladsweb.modaps.eosdis.nasa.gov/search/
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Fig. 1. Location of the Guanzhong Plain in Shaanxi Province, China. The right figure is the false color composite imagery of the Guanzhong Plain on April 9,
2018 using the band 6, 10, and 17 of Sentinel-3 OLCI product.

TABLE I
ACQUISITION DATES OF SENTINEL-3 AND MODIS DATA UNDER CLEAR SKY CONDITIONS

spatial resolution (MOD09GA) and the LST product with 1000-
m spatial resolution (MOD11A1). The Sentinel-3 OLCI Level-
2 land products with 300-m spatial resolution (OL_2_LFR)
and the SLSTR Level-2 LST products with 1000-m
spatial resolution were downloaded from the Sentinels Scientific
Data Hub (https://scihub.copernicus.eu/). The reflectance of the
red and near-infrared bands (RC681 and RC865) in the OLCI
Level-2 product are both largely corrected for atmospheric and
angular effects. During the preprocessing of these data, both
Sentinel-3 products and MODIS products were transformed
to the Lambert azimuthal equal-area projection with a spatial
resolution of 1000 m, which is conducive to making area com-
parisons from imagery.

In this article, multiyear Terra MODIS reflectance and LST
data were used to calculate multiyear Sentinel-3 VTCI by pro-
viding quantitative drought monitoring results over the past
several years and test the capability of multiyear Sentinel-3
VTCI for drought monitoring.

C. Precipitation Data

There are 32 meteorological stations in the Guanzhong Plain,
which are located in each county of the plain. The daily precip-
itation data in the study period from March to May 2018 mea-
sured by the meteorological stations in 20 counties with rainfed
croplands on this plain were used to analyze the capability of
multiyear Sentinel-3 VTCI for drought monitoring. In the coun-
ties with rainfed croplands, precipitation is the key influence
factor of drought. To remain consistent with the temporal scale
of VTCI, similar to the methods in the study by Sun et al. [10],
the precipitation data were processed into 10-day and 20-day
cumulative precipitation data.

III. METHODS

The methods used in this study include the calculation of the
multiyear Sentinel-3 VTCI and the validation of its capability for
drought monitoring. The flowchart of the entire process is shown

https://scihub.copernicus.eu/
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Fig. 2. Multiyear Sentinel-3 VTCI calculation and validation flowchart.

in Fig. 2. First, the daily NDVI and LST data in the morning were
obtained from the Sentinel-3 OLCI Level 2 Land product and
SLSTR Level 2 LST product, respectively. To reduce the effects
from the solar elevation angle, satellite observation angle, orbit
drift, clouds, and shadows, the 10-day maximum NDVI and LST
products were generated using the maximum value composite
(MVC) approach [17], [18]. The single-year Sentinel-3 VTCI
was then calculated using the 10-day MVC products. To obtain
the multiyear Sentinel-3 VTCI, the multiyear Terra MODIS data
were used to calculate the multiyear Sentinel-3 VTCI. Finally,
the drought monitoring results from the multiyear Sentinel-3
VTCI were evaluated by comparing them with the multiyear
Terra MODIS VTCI and cumulative precipitation data. The key
sections of the method are described below.

A. Calculation of VTCI

The VTCI is defined as [9]–[11]

VTCI =
LSTmax (NDVIi)− LST (NDVIi)

LSTmax (NDVIi)− LSTmin (NDVIi)
(1)

where

LSTmax (NDVIi) = a+ bNDVIi (2)

LSTmin (NDVIi) = a′ + b′NDVIi (3)

where LSTmax(NDVIi) and LSTmin(NDVIi) are the maximum
and minimum LSTs of the pixels that have the same NDVIi,
respectively. LST(NDVIi) is the LST of one pixel with NDVI

value NDVIi. Coefficients a, b, a′, and b′ are estimated from the
study area where the surface soil moisture spans from wilting
point to field capacity. The NDVI is calculated as follows:

NDVI =
ρ (NIR)− ρ (red)
ρ (NIR) + ρ (red)

(4)

whereρ(NIR) andρ(red) are the reflectances of the near-infrared
band and red band, respectively. For the MOD09GA products,
the first two bands were used to calculate NDVI, and for Sentinel-
3 OLCI, RC681, and RC865 were used to calculate NDVI.

One of the key issues in drought monitoring using the VTCI is
the determination of warm edges and cold edges. In this study,
the warm edges and cold edges for calculating the VTCI are
determined according to the methods of Sun et al. [10]. The
warm edges and cold edges for calculating the Sentinel-3 VTCI
can be determined from the data from only 2018 because there
are currently only one year of Sentinel-3 OLCI reflectance data
and SLSTR LST data. However, the warm edges and cold edges
for calculating the Terra MODIS VTCI can be determined from
the data over the past 18 years. For a single-year VTCI, the warm
edges and cold edges were determined using the MVC NDVI and
LST in each 10-day interval of 2018. For the multiyear VTCI,
the warm edges were determined using the multiyear MVC
NDVI and LST, and the cold edges were determined using the
multiyear MVC NDVI and the multiyear maximum–minimum
value composite LST [10]. To obtain the multiyear Sentinel-3
VTCI similar to the MODIS VTCI, two methods can be used
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to combine the single-year Sentinel-3 VTCI with the multiyear
Terra MODIS data.

1) If there is a good linear correlation between the single-year
VTCI and multiyear VTCI derived from Terra MODIS,
then the multiyear Sentinel-3 VTCI can be derived from
the single-year Sentinel-3 VTCI according to the linear
correlation between the single-year VTCI and multiyear
VTCI derived from Terra MODIS, which is called method
1. 2) If the slope and intercept of warm edges and cold
edges for calculating the single-year Sentinel-3 VTCI and
single-year Terra MODIS VTCI are the same, the warm
edges and cold edges for the multiyear Terra MODIS
VTCI can be directly used to calculate the multiyear
Sentinel VTCI, which is called method 2.

B. Comparison of VTCIs Derived From Sentinel-3 and
Terra MODIS

The comparison of the Sentinel-3 VTCI and Terra MODIS
VTCI included a comparison of the single-year Sentinel-3 VTCI
and single-year Terra MODIS VTCI, a comparison of the single-
year VTCI and multiyear VTCI both derived from Terra MODIS
and Sentinel-3, and a comparison of the multiyear Sentinel-3
VTCI and multiyear Terra MODIS VTCI. Among these com-
parisons, the first was used to evaluate the consistency of the
single-year VTCIs derived from Sentinel-3 and Terra MODIS
and the feasibility of calculating the multiyear Sentinel-3 VTCI
using methods 1 and 2. The second comparison was used to
analyze the linear correlation between the single-year VTCI
and multiyear VTCI derived from Terra MODIS; therefore, the
feasibility of calculating the multiyear Sentinel-3 VTCI using
methods 1 was analyzed. The second comparison also analyzed
the advantages of the multiyear Sentinel-3 VTCI compared to
single-year Sentinel-3 VTCI. The third comparison was used
to analzse the differences in the drought monitoring results be-
tween the multiyear Terra MODIS VTCI and multiyear Sentinel-
3 VTCI calculated using methods 1 and 2, thereby testing the
capability of multiyear Sentinel-3 VTCI for drought monitoring.

To quantitatively achieve these assessments, the root mean
square error (RMSE), average bias, and RMSE of the fit between
the Sentinel-3 and Terra MODIS data were used in this study.
RMSE is an important indicator for quantifying the differ-
ence between estimated and reference values. Average bias is
the mean difference between estimated and reference values,
which shows the tendency of the model to underestimate or
overestimate the reference values. The RMSE of the fit is the
RMSE between reference values and the fitted values derived
from the estimated values based on the correlation between the
estimated values and reference values, which can largely reflect
the random error of the estimated values. In the comparison of
the NDVIs, LSTs, and VTCIs derived from Sentinel-3 and Terra
MODIS, the estimated values represent the Sentinel-3 values,
and the reference values represent the Terra MODIS values. In
the comparison of the single-year VTCI and multiyear VTCI,
the estimated values represent the single-year VTCI, and the
reference values represent the multiyear VTCI.

To display the size relationship between Sentinel-3 VTCI
and Terra MODIS VTCI and the size relationship between

single-year VTCI and multiyear VTCI more intuitively, differ-
ence frequency histograms were drawn in this study. If the VTCI
difference is concentrated at approximately 0, there is no obvious
systematic deviation between the values. However, if the VTCI
difference is mostly distributed around [-1, 0] or [0, 1], there are
significant systematic deviations between the values.

C. Correlation Analysis Between VTCI and Precipitation

Linear regression was applied to link the multiyear Sentinel-3
VTCI with cumulative precipitation to evaluate the capability of
multiyear Sentinel-3 VTCI for quantitative drought monitoring.
In this study, the multiyear Sentinel-3 VTCIs with 10-day inter-
vals in the study period from March to May 2018 were linearly
regressed with the cumulative precipitation over the previous
10 days and the previous 20 days, respectively. The coefficient of
determination (R2) was used to indicate the correlation between
the multiyear VTCI and cumulative precipitation.

In addition, to test the representativeness of the samples used
for linear regression analysis, the hypothesis test was used in
this study, in which the P-value reflects the probability that the
differences between the samples are caused by the sampling
errors. Normally, P < 0.05 is considered to be significant, and
P < 0.01 is considered to be very significant.

IV. RESULTS

A. Comparison of NDVIs and LSTs Derived From Sentinel-3
and Terra MODIS

As described in Section II-B, ten days of data acquired in the
morning at nadir and near-nadir views under clear-sky condi-
tions in the study period were selected to test the comparability
of NDVIs and LSTs derived from Sentinel-3 and Terra MODIS.
The RMSEs, average biases, and RMSEs of the fit for NDVI
and LST between MODIS and Sentinel-3 for the ten selected
days are shown in Table II. The RMSEs of NDVI between
MODIS and Sentinel-3 are from 0.080 to 0.109. Furthermore,
the average biases between the two sensors are much smaller
than the RMSEs, and the RMSEs are very close to the RMSEs
of the fit, which indicates that there is no significant systematic
deviation in NDVI between the two sensors. The RMSEs of
the fit for the ten selected days also changed very little, which
indicates that the magnitude of the random differences in NDVI
between the two sensors does not substantially change with date
and vegetation growth.

For the LST, the absolute values of the average bias are signif-
icantly greater than zero and close to the RMSEs on many dates,
which indicates that there are significant systematic deviations
in LST between the two sensors on these dates. Because the
LST is strongly influenced by the duration of sunlight, these
systematic differences in the LST can be due to the different
overpass times of Sentinel-3 and MODIS. In addition, these
systematic differences in LST can also be due to the algorithmic
differences and the effect of cloud. The RMSEs of the fit reflect
the random deviations in the LST, which indicate that the random
differences in LST between Sentinel-3 and MODIS are close to
1 K on most dates. Many studies have validated that the RMSEs
of MODIS LST C6 products are less than 1 K in most land
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TABLE II
RMSES, AVERAGE BIASES, AND RMSES OF THE FIT IN NDVI AND LST BETWEEN SENTINEL-3 AND TERRA MODIS

TABLE III
WARM EDGES AND COLD EDGES FOR THE SENTINEL-3 VTCI AND TERRA MODIS VTCI

types and could exhibit large errors in bare soil areas [19], [20].
In addition, considering that changes in weather, soil moisture,
and other factors may cause differences between MODIS and
Sentinel-3 LST, the error of Sentinel-3 LST can be similar to
that of MODIS LST.

In summary, the differences in NDVI between Sentinel-3 and
Terra MODIS are relatively stable because of the stable RMSE
and small average bias. However, the differences in LST between
the two sensors are not as stable as the differences in NDVI,
which vary with the satellite overpass times. Over a 10-day
period, satellite sensors have more opportunities to capture the
largest LSTs in the current period. Therefore, during the process
of calculating the VTCI, the MVC in each 10-day period could
reduce the differences in NDVI and LST between Sentinel-3
and Terra MODIS caused by the differences in overpass time.
Therefore, the MVC is important for improving the reliability
of the VTCI and the consistency of the VTCI between different
sensors.

B. Determination of Warm Edges and Cold Edges for
Sentinel-3 and Terra MODIS

The warm edges and cold edges for calculating the Sentinel-3
and Terra MODIS VTCIs were determined as described in

Section III-A, including the single-year warm and cold edges
and the multiyear warm and cold edges (see Table III). The
slopes of the warm edges for the Sentinel-3 VTCI are essentially
the same as those for the single-year Terra MODIS VTCI. The
intercepts of the warm and cold edges can vary slightly due to the
differences in satellite overpass time. As shown in Table II, the
average deviation between Sentinel-3 and Terra MODIS LST on
the same date can reach 2.910 K. In addition, because the LST
largely changes over the years, using multiyear data to determine
the warm edges and cold edges can reflect the variations in the
LST in the study region over the years, thereby quantitatively
reflecting the level of temperature-related drought. As shown
in Table III, the absolute values of the slopes and intercepts
of the multiyear warm edges for the Terra MODIS VTCI are
significantly larger than those of the single-year warm edges,
and the intercepts of the multiyear cold edges for the Terra
MODIS VTCI are also significantly smaller than those of the
single-year cold edges. In early March, the difference in the
intercepts between the single-year warm edges and multiyear
warm edges is approximately 5 K, and the difference in the
intercepts between the single-year cold edges and multiyear cold
edges is approximately 14 K, which indicates that the overall
LSTs are close to the multiyear warm edges. By the beginning
of May, the difference in the intercept between the single-year
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TABLE IV
RMSES, AVERAGE BIASES, AND RMSES OF THE FIT BETWEEN THE SINGLE-YEAR VTCIS DERIVED FROM SENTINEL-3 AND TERRA MODIS

Fig. 3. Difference frequency histograms of the single-year VTCIs derived from Sentinel-3 and Terra MODIS. (a) Mid-March. (b) Late March. (c) Early April.
(d) Mid-April. (e) Early May.

warm edge and multiyear warm edge is approximately 6 K, and
the difference in the intercept between the single-year cold edge
and multiyear cold edge is within 2 K, which indicates that the
overall LSTs are close to the multiyear cold edge. All these
results indicate that the temperature-related drought decreased
from mid-March to early May in the study area.

C. Comparison of Single-Year VTCIs Derived From Sentinel-3
and MODIS

The single-year warm edges and cold edges determined in the
previous section were used to calculate the single-year Sentinel-
3 VTCI and Terra MODIS VTCI. The RMSEs, average biases,
and RMSEs of the fit between the single-year VTCIs derived
from Sentinel-3 and Terra MODIS in each 10-day period of
the study period are shown in Table IV. In the different 10-day
periods of the study period, the RMSEs between the single-year

Sentinel-3 VTCI and single-year Terra MODIS VTCI range
from 0.120 to 0.154, which indicates that there are large differ-
ences between them. In addition, the average biases are much
smaller than the RMSEs, and the RMSEs are very close to the
RMSEs of the fit, which indicates that the systematic deviations
between the single-year Sentinel-3 VTCI and the single-year
Terra MODIS VTCI are very small. Moreover, the RMSEs
between the single-year Sentinel-3 VTCI and single-year Terra
MODIS VTCI are mainly due to random deviations.

The frequency histograms of the differences between the
single-year Sentinel-3 VTCI and single-year Terra MODIS
VTCI are shown in Fig. 3. Except for early April, the VTCI
differences with the greatest frequencies are close to 0, which
indicates that there are no significant systematic deviations
between the single-year VTCI and single-year Terra MODIS
VTCI in most 10-day periods. In addition, because the warm
edges and cold edges for calculating the single-year Sentinel-3
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Fig. 4. Spatial distributions of the differences between the single-year VTCIs derived from Sentinel-3 and Terra MODIS. (a) Mid-March. (b) Late March.
(c) Early April. (d) Mid-April. (e) Early May.

VTCI and Terra MODIS VTCI shown in Table III are basically
the same in most 10-day periods, it is feasible to use method 2
to calculate the multiyear Sentinel-3 VTCI.

The spatial distributions of the differences between the single-
year Sentinel-3 VTCI and single-year Terra MODIS VTCI
are shown in Fig. 4. The distributions of the differences are
not uniform, but there are obvious high and low values in
some regions, which indicates that the differences between the
single-year Sentinel-3 VTCI and Terra MODIS VTCI are not
random noise-like differences. Rather, these differences have
obvious regional distribution characteristics. For most 10-day
periods, the differences in the west and middle are lower than that
of the other part, which indicates that these differences between
the single-year Sentinel-3 VTCI and Terra MODIS VTCI can
be due to the algorithmic differences of LST and the difference
of spectral response. In addition, the distributions are different
in different 10-day periods, which can be due to the difference
of satellite overpass times and the effect of cloud. Combined
with the RMSEs and the RMSEs of the fit shown in Table IV,
the random deviations between the single-year Sentinel-3 VTCI
and single-year Terra MODIS VTCI are large, although the
systematic differences between them are very small. These re-
sults indicate that the uncertainties of the single-year Sentinel-3
VTCI and single-year Terra MODIS VTCI are large. These
uncertainties can be reduced by using the MVC of the LST data;
thus, the reliabilities of the VTCI are determined by the quantity
of LST data in each 10-day period. Moreover, the Terra MODIS
VTCI computed using a large quantity of LST data should be
more reliable than the Sentinel-3 VTCI.

D. Relationship Between the Single-Year VTCI and
Multiyear VTCI

The two methods described in Section III-A were used to
calculate the multiyear Sentinel-3 VTCI. In method 1, a good lin-
ear correlation between single-year VTCI and multiyear VTCI

derived from Terra MODIS is required. The RMSEs of the fit
between the single-year VTCI and multiyear VTCIs derived
from Terra MODIS in each 10-day period of the study period are
shown in Fig. 5. The RMSEs of the fit between the single-year
VTCIs and multiyear VTCIs of Terra MODIS range from 0.010
to 0.030, which indicates that the single-year Terra MODIS
VTCIs exhibit good linear correlations with the multiyear Terra
MODIS VTCIs. Therefore, it is feasible to use method 1 to
calculate the multiyear Sentinel-3 VTCI.

The RMSEs, average biases, and RMSEs of the fit between the
single-year Sentinel-3 VTCI and multiyear Sentinel-3 VTCIs
calculated using methods 1 and 2 in each 10-day period of
the study period are shown in Table V. Because the multiyear
Sentinel-3 VTCI calculated using method 1 was directly derived
from the linear transformation of the single-year Sentinel-3
VTCI, the RMSE of the fit between them is 0. For method 2,
which uses the warm edges and cold edges of the multiyear Terra
MODIS VTCI to calculate the multiyear Sentinel-3 VTCI, the
RMSEs of the fit between the single-year VTCIs and multiyear
VTCIs derived from Sentinel-3 range from 0.014 to 0.037.
These results indicate that the single-year Sentinel-3 VTCIs
exhibit a good linear correlation with the multiyear Sentinel-
3 VTCIs calculated using method 1 or method 2. In addi-
tion, the RMSEs between the single-year VTCI and multiyear
VTCI in different 10-day periods are significantly larger than
the RMSEs of the fit, and the absolute values of the average
biases are significantly greater than 0. These results indicate
that there are significant systematic deviations between the
single-year Sentinel-3 VTCI and multiyear Sentinel-3 VTCI.
The single-year Sentinel-3 VTCI reflects the relatively dry–wet
distribution, while the multiyear Sentinel-3 reflects the levels of
temperature-related drought over multiple years. The variation
in the systematic deviations between the single-year Sentinel-3
VTCI and multiyear Sentinel-3 VTCI at different 10-day pe-
riods reflect the variation in the temperature-related drought
levels.
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Fig. 5. RMSEs of the fit between the single-year VTCI and multiyear VTCI derived from Terra MODIS. (a) Mid-March. (b) Late March. (c) Early April.
(d) Mid-April. (e) Early May.

TABLE V
RMSES, AVERAGE BIASES, AND RMSES OF THE FIT BETWEEN THE SINGLE-YEAR SENTINEL-3 VTCI AND MULTIYEAR SENTINEL-3 VTCI

E. Comparison of Multiyear VTCIs Derived From Sentinel-3
and Terra MODIS

The RMSEs, average biases, and RMSEs of the fit between
the multiyear Terra MODIS VTCI and multiyear Sentinel-3
VTCIs calculated by methods 1 and 2 in each 10-day period
of the study period are shown in Table VI. The RMSEs of the
fit between the multiyear Terra MODIS VTCI and multiyear
Sentinel-3 VTCI calculated using method 1 range from 0.043
to 0.083, and those between the multiyear Terra MODIS VTCI
and multiyear Sentinel-3 VTCI calculated using method 2 range
from 0.041 to 0.078. The RMSEs of the fit for these two methods

are basically the same, i.e., the random deviations between the
multiyear Terra MODIS VTCI and multiyear Sentinel-3 VTCI
calculated using method 1 are basically same as those between
the multiyear Terra MODIS VTCI and multiyear Sentinel-3
VTCI calculated using method 2. In addition, for method 1, the
RMSEs between the multiyear Sentinel-3 VTCI and multiyear
Terra MODIS VTCI are basically same as the RMSEs of the fit
between them, and the absolute values of the average biases are
also very small (no more than 0.035), which indicates that there
are very small systematic deviations between the multiyear Terra
MODIS VTCI and multiyear Sentinel-3 VTCI calculated using
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TABLE VI
RMSES, AVERAGE BIASES, AND RMSES OF THE FIT BETWEEN THE MULTIYEAR TERRA MODIS VTCI AND MULTIYEAR

SENTINEL-3 VTCI CALCULATED USING METHODS 1 AND 2

Fig. 6. Difference frequency histograms of the multiyear Terra MODIS VTCI and multiyear Sentinel-3 VTCI calculated using methods 1 and 2. (a) Mid-March.
(b) Late March. (c) Early April. (d) Mid-April. (e) Early May.

method 1. Therefore, the multiyear Sentinel-3 VTCIs calculated
using method 1 closely reflect the drought levels at the Terra
MODIS overpass time. For method 2, the RMSEs between the
multiyear Sentinel-3 VTCI and multiyear Terra MODIS VTCI
are basically same as the RMSEs of the fit VTCI and multiyear
Sentinel-3 VTCI calculated using between them in most of the
10-day periods, while the RMSEs are slightly larger than the
RMSEs of the fit between them in April. Moreover, the absolute
values of the average biases are also obviously larger than 0 in
April. These results indicate that there are not obvious systematic
deviations between the multiyear Terra MODIS VTCI and multi-
year Sentinel-3 VTCI calculated using method 2 in most 10-day
periods, but there might be some systematic deviations between

them in some 10-day periods due to the differences in the LST
at the different satellite overpass times. In method 2, the warm
edges and cold edges of the multiyear Terra MODIS VTCI were
directly used to calculate the multiyear Sentinel-3 VTCI, which
closely reflect the drought levels at the Sentinel-3 overpass time.
Thus, there might be some systematic deviations between the
multiyear Terra MODIS VTCI and multiyear Sentinel-3 VTCI
calculated using method 2.

The frequency histograms of the difference between the
multiyear Terra MODIS VTCI and multiyear Sentinel-3 VTCI
calculated using methods 1 and 2 are shown in Fig. 6. The
peak frequencies of the differences between the multiyear Terra
MODIS VTCI and multiyear Sentinel-3 VTCI calculated using
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method 1 occur close to 0. While for method 2, the peak fre-
quencies of the differences between the multiyear Terra MODIS
VTCI and multiyear Sentinel-3 VTCI are not close to 0 in some
10-day periods, which indicates that there are some systematic
deviations between the multiyear Terra MODIS VTCI and multi-
year Sentinel-3 VTCI calculated using method 2 in these periods.
In early and mid-April, more values in the difference frequency
histograms are distributed around [0,1], which indicates that the
multiyear Sentinel-3 VTCIs are slightly larger than the multiyear
Terra MODIS VTCIs. These results are similar to those indicated
in Table VI, which indicates that the multiyear Sentinel-3 VTCIs
calculated using method 1 are more similar to the multiyear Terra
MODIS VTCIs than the multiyear Sentinel-3 VTCIs calculated
using method 2 in the study period. Since the MVC of the LST in
each 10-day period can increase the reliability of the multiyear
VTCI, and there are more Terra MODIS data than Sentinel-3
data in each 10-day period, it can be considered that the drought
levels indicated by the multiyear Terra MODIS VTCI are more
reliable. Therefore, it is better to calculate the multiyear Sentinel-
3 data using method 1. The multiyear Terra MODIS VTCIs
and multiyear Sentinel-3 VTCIs calculated using method 1 in
each 10-day period of the study period are shown in Fig. 7.
The values of the multiyear Sentinel-3 VTCI calculated using
method 1 are similar to the values of the multiyear Terra MODIS
VTCI in most 10-day periods, which indicates that there is good
consistency between the multiyear Terra MODIS VTCI and the
multiyear Sentinel-3 VTCI calculated using method 1. Thus, the
multiyear Sentinel-3 VTCI and multiyear Terra MODIS VTCI
approximately reflect the drought levels in the same moment.
The drought in the west and middle of the Guanzhong Plain is
lighter than that in the east since early April, which is consistent
with farming management practices. Most of the croplands in
the west and middle are irrigated, while most of the croplands in
the east are rainfed [10]. In the study period, the droughts in the
Guanzhong Plain are more severe before mid-April, after which
the occurrence of drought is reduced. By early May, the droughts
in this plain are much lighter than those in March and April.
These results are correlated with the cumulative precipitation in
the study periods, which are analysed in the next section.

F. Precipitation and Multiyear Sentinel-3 VTCI

The linear correlation between the cumulative precipitation
over the past 20 days and the multiyear Sentinel-3 VTCIs over
10-day intervals calculated using method 1 in the study period
are shown in Fig. 8. The multiyear Sentinel-3 VTCIs over 10-day
intervals exhibit a significant correlation with the cumulative
precipitation over the past 20 days (R2 is 0.731, P-value is
less than 0.001), in which the data before mid-April are mainly
distributed in the lower left part of the figures and the data in early
May are mainly distributed in the upper right part of the figures.
Similar results can be found in the studies by Lin et al. [21] and
Khan et al. [12]. Heyang is one of the counties with rainfed crop-
lands in the Guanzhong Plain, and it is located in the northeast
of the plain as shown in Fig. 1. In most 10-day periods of the
study period, the multiyear Sentinel-3 VTCI time series profile in
Heyang County has similar fluctuations in the profile of the past

20-day cumulative precipitation (see Fig. 9), which is similar to
the results in the study by Sun et al. [10]. These results indicate
that the multiyear Sentinel-3 VTCI calculated using method 1 is
near real-time and can provide quantitative drought monitoring
results, and the method for retrieving the multiyear Sentinel-3
VTCIs is applicable for quantitative drought monitoring in the
study region.

V. DISCUSSION

The multiyear VTCIs derived from AVHRR and MODIS have
been successfully applied to drought monitoring and soil mois-
ture retrieval in previous studies. The purpose of this study was to
investigate the methods for calculating the multiyear Sentinel-3
VTCI and the capability of multiyear Sentinel-3 VTCI for quan-
titative drought monitoring. Two methods are used to calculate
the multiyear Sentinel-3 VTCI based on the multiyear Terra
MODIS VTCI. Method 1 exhibits greater applicability, while
sufficient quantities of Sentinel-3 data are required in each
10-day period for method 2, and the warm edges and cold edges
for the single-year Sentinel-3 VTCI are basically the same as
those for the single-year Terra MODIS VTCI. However, the
quantity of Sentinel-3 data in each 10-day period cannot always
satisfy the conditions of method 2 currently. The correlation
analysis between the multiyear Sentinel-3 VTCI and cumulative
precipitation indicates that the multiyear Sentinel-3 VTCI has
good capability to quantitatively monitor the drought levels in
the study period. Therefore, Sentinel-3 data can be another high-
quality remote sensing data source for VTCI drought monitoring
in addition to MODIS data. When there are not enough multiyear
Sentinel-3 data, Terra MODIS data can be used to assist with the
calculation of the multiyear Sentinel-3 VTCI. The reliability of
drought monitoring using VTCI is determined by the quantity
and quality of the images in each 10-day period because the
MVCs of NDVI and LST in each 10-day period are needed to
calculate the VTCI. The combination of Sentinel-3 data with
Terra MODIS data can provide more images for calculating
the VTCI in each 10-day period, thereby further improving the
reliability of VTCI drought monitoring.

At present, the Sentinel-3A satellite cannot pass over the
study area every day. The quantities of Sentinel-3A data are not
sufficient for drought monitoring using VTCI in some periods.
With the recent launch of the Sentinel-3B satellite, the amount of
Sentinel-3 data will further increase, which can largely improve
the reliability of drought monitoring using Sentinel-3 VTCI after
the NDVI and LST data from Sentinel-3A and Sentinel-3B are
intercalibrated.

Because the spatial resolution of Sentinel-3 and MODIS can-
not distinguish croplands from built-up areas and the existence
of built-up areas can affect the accuracy of drought monitor-
ing, remote sensing data with both high spatial resolution and
high temporal resolution are required for drought monitoring.
Spatiotemporal data fusion can be used to fuse satellite data
with high spatial resolution but low temporal resolution and data
with high temporal resolution but low spatial resolution [22].
There have been many visible and near-infrared remote sensing
satellites with high spatial resolution, such as Landsat-8 and



140 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

Fig. 7. Multiyear Terra MODIS VTCI and multiyear Sentinel-3 VTCI calculated using method 1. (a) Mid-March. (b) Late March. (c) Early April. (d) Mid-April.
(e) Early May.
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Fig. 8. Correlation between cumulative precipitation over the past 20 days and
the multiyear Sentinel-3 VTCI over a 10-day interval calculated using method
1 in the study period.

Fig. 9. Time series of cumulative precipitation over the past 20 days and the
multiyear Sentinel-3 VTCI over a 10-day interval calculated using method 1 in
the Heyang County.

Sentinel-2. For thermal infrared sensors, the spatial resolution
of TIRS in Landsat-8 is 100 m, which is the highest spatial
resolution of the current thermal infrared sensors. In addition,
with the launch of China’s Gaofen-5 satellite [23], which has
a spatial resolution of 40 m, more thermal infrared sensors
with high spatial resolution can be used to improve the spatial
resolution of MODIS and Sentinel-3 LST data.

VI. CONCLUSION

Sentinel-3 is a satellite with thermal infrared sensors onboard
with high temporal resolution, which was launched in recent
years. In this study, we investigated the methods used to calculate
the multiyear Sentinel-3 VTCI and tested the capability of multi-
year Sentinel-3 VTCI for drought monitoring by comparing with
Terra MODIS VTCI and linking with cumulative precipitation. It
is more feasible to calculate the multiyear Sentinel-3 VTCI from
the single-year Sentinel-3 VTCI based on the linear correlation
between the single-year VTCI and multiyear VTCI derived from
Terra MODIS, which do not exhibit obvious systematic devia-
tions from the multiyear Terra MODIS VTCI. The multiyear
Sentinel-3 VTCI calculated using the method developed in this

article can quantitatively reflect the drought levels near real-time,
which exhibit a significant linear correlation with the recent
cumulative precipitation in a study period. Our study indicates
that Sentinel-3 can successfully inherit the VTCI-based drought
monitoring tasks from MODIS once the data are not available.
At present, the reliability of drought monitoring using the VTCI
can be further improved by combining Terra MODIS VTCI and
Sentinel-3 VTCI. In addition, after the launch of the Sentinel-3B
satellite, the temporal resolution of Sentinel-3 will be closer to
that of MODIS and the reliability of drought monitoring using
the VTCI can be further improved. However, similar to MODIS
VTCI, the drought monitoring results of the Sentinel-3 VTCI
are also strongly affected by the mixed pixels of vegetation and
built-up areas. Therefore, it is necessary to use a spatiotemporal
data fusion approach to fuse high temporal resolution data with
high spatial resolution data in future studies.
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