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Abstract: As a newly emerging satellite form of data, solar-induced chlorophyll fluorescence (SIF)
provides a direct measurement of photosynthetic activity. The potential of SIF for drought assessment
in different grassland ecosystems is not yet clear. In this study, the correlations between spaceborne
SIF and nine drought indices were evaluated. Standardized precipitation evapotranspiration index
(SPEI) ata 1, 3, 6, 9, 12 month scale, Palmer drought severity index (PDSI), soil moisture, temperature
condition index (TCI), and vapor pressure deficit (VPD) were evaluated. The relationships between
different grassland types and different seasons were compared, and the driving forces affecting the
sensitivity of SIF to drought were explored. We found that the correlations between SIF and drought
indices were different for temperate grasslands and alpine grasslands. The correlation coefficients
between SIF and soil moisture were the highest (the mean value was 0.72 for temperate grasslands
and 0.69 for alpine grasslands), followed by SPEI and PDSI at a three month scale, and the correlation
coefficient between SIF and TCI was the lowest (the mean value was 0.38 for both temperate and
alpine grasslands). Spaceborne SIF is more effective for drought monitoring during the peak period
of the growing season (July and August). Temperature and radiation are important factors affecting
the sensitivity of SIF to drought. The results from this study demonstrated the importance of SIF in
drought monitoring especially for temperate grasslands in the peak growing season.

Keywords: solar-induced fluorescence; drought; temperate and alpine grassland

1. Introduction

Drought influences the functions of the terrestrial ecosystem and the carbon budget [1]. Several
studies have highlighted the negative impact of drought on groundwater availability [2,3], agricultural
production and food security [4,5], ecosystem net primary production [6], and socio-economic status [7].
These impacts are projected to be exacerbated under the current and future changing climate [8].
Therefore, it is important to understand and monitor the behavior of this phenomenon in order to
accurately plan for adaptation and mitigation strategies.

Drought can impact vegetation photosynthesis in both physical (i.e., vegetation greenness) and
physiological (i.e., stomatal responses) pathways, which differs in terms of time scale and the process
involved [9]. The drought impact on vegetation greenness can be reflected by vegetation indices
(VIs). The change in vegetation greenness causes a reduction in absorbed photosynthetic active
radiation (APAR), which may take effect at the time scale of days. However, the physiological functions
impacted by drought can occur in time scale of hours to days. Over the last decades, the traditional
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VIs, such as the normalized difference vegetation index (NDVI), were in widespread use for drought
monitoring [10-13]. However, it is difficult for traditional VIs to manifest the accurate response of an
ecosystem to drought. The reason for this is that they are able to indicate the potential photosynthetic
ability instead of the actual condition. Moreover, some VIs have been detected showing a delayed
response to drought [14-20].

During the process of photosynthesis, about 1-2% of the energy absorbed by chlorophyll is
re-emitted at longer wavelengths as fluorescence, which is called solar-induced chlorophyll fluorescence
(SIF) [14,21]. The physical and physiological responses of plants to drought can be mirrored in SIF
and reduce the magnitude of reflected fluoresce [21]. Therefore, SIF provides a new way of estimating
photosynthesis activity and has a closer relationship to the photosynthesis process than VIs.

The important role of meteorological factors, such as precipitation [22], temperature [23], and
evapotranspiration [24,25], in drought analysis has been well established in the literature. Accordingly,
several indices have been developed to account for the timing and magnitude of drought incident;
for example, the standardized precipitation evapotranspiration index (SPEI) [26], Palmer drought
severity index (PDSI) [27], and temperature condition index (TCI) [28]. However, the relationship
between these indices and SIF has remained uncertain given its dependency on vegetation type and
regional climate.

In recent years, SIF has been explored as a novel approach to estimate photosynthesis, which is
closely related to gross primary production (GPP) and can respond rapidly to drought [29-31]. Several
studies demonstrated that SIF responds earlier than VIs to water deficits, and SIF also showed more
sensitivity to drought than VIs [15,29,31-33]. Ni et al. (2018) compared the sensitivity of SIF, GPP,
NDVI and land surface temperature (LST) to drought. The results illustrated that SIF is highly sensitive
and has earlier responses than GPP, NDVI, and land surface temperature (LST) in the condition of
drought [34]. Chen et al. (2019) explored the ability of satellite-borne SIF in drought assessment and
found that the regional averaged SIF declined more than NDVI and land surface water index (LSWI).
They also found that the relationship between GPP and SIF was more significant than that between
GPP and NDVI [35]. Wang et al. (2019) showed that SIF can capture the spatiotemporal pattern of the
drought process, and SIF demonstrated a significant reduction and earlier response than EVI [19].

Previous studies have reported the feasibility of satellite-borne SIF in drought monitoring.
However, previous studies have mostly investigated SIF related to drought [36] and explored whether
SIF is superior in drought monitoring compared with traditional VIs. Few attempts have been
made to find out the difference of the sensitivity of SIF to drought between different ecosystems.
The spatiotemporal pattern of the feasibility of SIF to monitor drought among different vegetation types
remains poorly understood. Some studies have looked at SIF in different seasons, some studies have
looked at SIF seasonality for different vegetation [37], but studies have not focused on or evaluated SIF
as a drought monitoring tool for grasslands across seasons.

The arid and semiarid zone of China, a region mostly dominated by temperate grasslands
and alpine grasslands, includes important ecosystems in livestock production and climate change
mitigation. These two grassland ecosystems have increased drought suppression over the past decades.
The temperate grasslands and alpine grasslands have different mechanisms in the adaptability to
environmental stress. The difference in the response of SIF to drought between temperate grasslands
and alpine grasslands deserves further research. Whether the seasonality of the SIF sensitivity to
drought exists in the two typical grasslands is still unclear. In an effort to address these issues, this
study attempts to answer these three questions:

(1) do theresponses of SIF to drought indices show a consistent pattern between temperate grasslands
and alpine grasslands?

(2) How do the sensitivities of SIF to different drought indices shift in different seasons?

(3) What are the main drivers influencing the relationship between SIF and drought indices?
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2. Materials and Methods

2.1. Study Region

The study area located in northern China covers 47% of China’s territorial area, which is the
arid and semiarid zone of China. The arid and semiarid zone is defined as the area with a ratio of
precipitation to evapotranspiration smaller than 0.5. It ranges from 73°29” to 125°51” longitude and
from 27°14’ to 50°08’ latitude, covering a total area of 4.6 x 10° km? and falling within 12 provinces [38].
The average altitude of the study area is 2530 m. The major ecosystem types are grasslands and
deserts. The grasslands include temperate grasslands and alpine grasslands (Figure 1). The temperate
grasslands are mainly located in Inner Mongolia and the Loess Plateau with an average elevation of
1200 m, and the alpine grasslands are mainly located in the Tibetan Plateau with an average elevation
of more than 4000 m above sea level. These grasslands are different in climate, plant species and soil
properties [39]. The growing season is from April to October for temperate grassland, and from May
to September for alpine grassland [40]. To facilitate analysis and comparison, we selected the months
from April to October as the research period. The extents of the temperate and alpine grasslands
were extracted from a 1:1 million China vegetation map. Meanwhile, pixels with a multiyear mean
NDVI < 0.1 were excluded to eliminate the impact of sparsely vegetated areas [41]. Here, the mean
NDVI was calculated by averaging the monthly NDVI during 2007-2018.
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Figure 1. Geographic location of the study area.
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2.2. Data

2.2.1. Satellite Chlorophyll Fluorescence Data

SIF is emitted by plants as a by-product of photosynthesis. The SIF signal has been shown
to approximate photosynthetic activities. It is based on the theory that chlorophyll of plants emits
fluorescence in the near infrared range during the photosynthesis process [21,42]. Large-scale
photosynthetic activities can be derived by space borne measurements of SIF. In this study, satellite
SIF data from the Monitoring Experiment-2 (GOME-2) instrument on MetOp-A platform were used.
The SIF at 740 nm was retrieved from a spectral range between 720 and 758 nm with an algorithm, which
reduced both the retrieval noise and the sensitivity of the SIF retrieval to cloud contamination [43].
A monthly gridded SIF product at 0.5° latitude x0.5° longitude resolution from 2007 to 2018 was
applied in our study.

2.2.2. Drought Dataset

Drought indices reflect different aspects of drought. SPEI has been widely used because it is
statistically robust and due to its multi-scalar characteristics [44]. The SPEI calculated for 1, 3, 6, 9,
and 12 month timescales would be used to examine the response of SIF to cumulative meteorological
drought ranging from 1 to 12 months. The timescale refers to the period in which antecedent climate
conditions are accumulated. Monthly PDSI from 2007 to 2018 was used to represent the balance
condition of temperature, potential evapotranspiration, and precipitation of the study area [45,46].

The soil moisture data were derived from the Climate Change Initiative (CCI) of the European
Space Agency (ESA). The ESA CCI SM v(04.2 soil moisture product was used in this study. It was
merged from the retrievals of 13 active and passive sensors [47-49]. The daily mean surface soil
moisture datasets at a spatial resolution of 0.25° are available from 2007 to 2018. In this study, the soil
moisture was collated into monthly soil moisture using the average of daily data. These datasets have
been proven to be consistent with in situ soil moisture observations.

The monthly mean air temperature (°C) and relative humidity (%) data in the Global Land Data
Assimilation Systems (GLDAS) from 2007 to 2018 were used to calculate the vapor pressure deficit
(VPD) using the following formulas:

& = 0.611 x e\ 7Y% 75T 1)

VPD = (1—-RH/100) X ¢’ @)

where ¢° is saturated vapor pressure, RH is relative humidity (%), and T is temperature (°C).

The MODIS LST product MOD11C3 with 8 day temporal resolution and 500 m spatial resolution
from 2007 to 2018 was obtained from the Land Processes Distributed Active Center. The night LST was
extracted and combined into monthly LST using the number of days in each month as weight [50].
Then the Temperature Condition Index (TCI) was estimated from the monthly night LST data and can

be formulated as:
LST; max — LST;

TCI; = .
! LS Ti,max -LS Ti,min

®3)
where LST; jqx and LST; i, are the maximum night LST and minimum night LST in month i, respectively.

2.2.3. Vegetation Type Data and Ancillary Data

The spatial distribution of temperate grasslands and alpine grasslands were derived from the 1:1
million China vegetation map (Editorial Board of Vegetation Map of China 2001). The temperate and
alpine grasslands within the arid and semiarid zone were extracted.

To understand the factors influencing the sensitivity of SIF data to drought, eight potential driving
factors were investigated. These include the historical climate data during the growing season (mean
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temperature, maximum temperature, minimum temperature, and mean precipitation), historical
mean GPP data during the growing season, digital elevation model (DEM) data, historical mean
radiation data during the growing season, and historical mean LST data during the growing season.
The gridded historical climate data were obtained from the National Meteorological Information
Center, China Meteorological Data Service Center. These monthly climate surfaces were derived
by the thin-plate-spline method from ANUSPLIN software using data from 2472 weather stations.
The historical mean growing season climate data layers were calculated using 12 year (2007-2018)
10 month (during April and October) data. The growing season mean GPP data were calculated from
the monthly MODIS GPP dataset (MOD17A2).

We integrated all the data used in this study (Table 1) into the same spatial resolution as the SIF
data using the BILINEAR resample technique based on ArcPy. All data pre-processing and statistical
analyses were conducted in Python version 2.7.

Table 1. Details of collected datasets used in this study.

. Temporal Spatial
Variable Resofution Resl())lution Source
SIF monthly 0.5-degree ftp://fluo.gps.caltech.edu/data/Philipp/GOME-2/
SPEI monthly 0.5-degree http://spei.csic.es/database.html
PDSI monthly 0.5-degree https://crudata.uea.ac.uk/cru/data/drought/#global
LST (MOD11C3) 8-day 500 m https://search.earthdata.nasa.gov
VPD monthly 0.25-degree https://disc.gsfc.nasa.gov/
Soil moisture daily 0.25-degree https://www.esa-soilmoisture-cci.org/node/227
Climatic data monthly Point-based http://data.cma.cn/en
GPP (MOD11C3) monthly 1000 m https://search.earthdata.nasa.gov
Radiation data monthly 1-degree https://ceres.larc.nasa.gov/data/
DEM - 1000 m http://www.resdc.cn/

2.3. Statistical Analysis

The correlation coefficients (r values) between SIF and drought variables (SPEI-1, SPEI-3, SPEI-6,
SPEI-9, SPEI-12, PDSI, TCI), soil moisture, and VPD were used to assess the ability of spaceborne SIF
to monitor drought across the study area.

o Y (xij—x) XY (yij—¥)
VE (=T X L (43 - 7)°

4)

here, x; ; and y; ; are the values of pixel (i, j), and X and y are the mean value of pixel (i, j) from the year
2007 to 2018.

The correlation coefficients were evaluated independently for each month of the growing season.
The r value between SIF and SPEIs, PDSI, TCI, VPD, and soil moisture at each pixel level was calculated
to understand the relationship between them. The differences in the sensitivity of SIF to drought
conditions between temperate grasslands and alpine grasslands were compared. All data processing
and statistical analyses were performed in Python version 2.7 (https://www.python.org/).

Furthermore, the random forest (RF) method was applied to estimate the importance of the factors
influencing the relationship between SIF and drought indices, soil moisture, and VPD. The percentage
increase in the mean squared error (%IncMSE) was calculated using the RF algorithm to evaluate the
variable importance. The RF regression method was performed using the “randomForest” R package
(https://www.r-project.org/) [51]. The 8 driving factors described in Section 2.2.3 (mean temperature,
maximum temperature, minimum temperature, precipitation, GPP, radiation, LST during the growing
season, and DEM) were used as explanatory variables, and the coefficients of correlation between
spaceborne SIF and drought indices were used as dependent variables. In this study, 500 binary
decision trees were included, and each node was split using the best split among all covariates.
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3. Results

3.1. Correlations between SIF and SPEI at Different Time Scales

Each record in Figure 2 is the correlation coefficients between SIF and SPEIs for one grid cell. For
each grid cell, correlation analysis was performed taking SIF and SPEI during 2007 and 2018 as the x and
y variable, respectively. All the presented correlation coefficients in Figure 2 are statistically significant
(p values < 0.05). The r values between SIF and SPEI at different time scales for temperate grasslands
and alpine grasslands were compared. For the temperate grassland, the correlation coefficients between
SIF and 1, 3, 6, 9, and 12 month SPEI were higher in July and August than other months. However,
for the alpine grassland, the correlation coefficients between SIF and the SPEIs were higher in June
and July than other months. At all the time scales, the r values between SIF and SPEI were higher for
temperate grasslands than alpine grasslands (Figure 2). Within the 1, 3, 6, 9, and 12 month time scales,
the correlations between the SIF and three month SPEI (SPEI-3) were slightly higher than SPEI at other
time scales. There were no significant differences between SPEI-3 and longer-term SPEIs.

(a) SPEI-1 (b) SPEI-3 (¢) SPEI-6
1.0 - [ ]
T S . ! 8 o0 a
0.8=
06-
04 -
0.2 = avg_temperate = 0.47, avg_Aplaine = 0.45 avg_temperate = 0.51, avg_Aplaine = 0.47 a\;lg_temem"rue=I 0.50, ?\=g_ARIMne ) 0.46 /

April May June July Aug. Sep. Oct.
(d) SPEL-9 (e) SPEI-12

1.0 =

L
®
08-
0.6 ‘ Alpine grasslands
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ave temll)erate = 0.50, avg Apllaine =I0,47

The correlation coefficients

0.2 - ave tem?eratEﬁO.SO, avy Apllaine=I0.46 f i
April May June July Aug. Sep. Ocl April May June July Aug Sep. Oct

Figure 2. The r values between solar-induced chlorophyll fluorescence (SIF) and standardized
precipitation evapotranspiration index (SPEI) for temperate grasslands and alpine grasslands under
1 month (a), 3 months (b), 6 months (c), 9 months (d), and 12 months (e). All the reported correlation
coefficients are statistically significant (p values < 0.05).

The spatial pattern of the correlation coefficients between the SIF and SPEI-3 was calculated from
April to October at pixel level between 2007 and 2018 (Figure 3). As depicted, the spatial pattern of the
correlation coefficients between SIF and SPEI-3 were similar in the early growing season (April and
May) and late growing season (October). However, in July and August, the pixels with an r value
larger than 0.5 were distributed mainly in the temperature grassland.
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SIF vs. SPEI3 in August - SIF vs. SPEI3 in September
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Figure 3. Spatiotemporal distribution of the correlation coefficients between SIF and three-month SPEI
(SPEI-3) time scale. Pixels with white color mean non-grassland or missing data.

3.2. Spatiotemporal Pattern of Relationships between SIF and Different Drought Variables

In addition, the relationship between SIF and other variables was compared except SPEI, specifically
PDS], soil moisture, TCI, and VPD. Each record in Figure 4 is the r value between SIF and PDSI, SM,
TCI, or VPD for one grid cell. For each grid cell, correlation analysis was performed taking SIF and one
certain drought variable between 2007 and 2018 as the x and y variable, respectively. All the presented
correlation coefficients in Figure 4 are statistically significant (p values < 0.05). Generally, there were
much stronger positive correlations between SIF and soil moisture than the correlations between SIF
and TCI, VPD, and PDSI. The average correlation coefficients between SIF and soil moisture was
0.72 for the temperate grasslands and was 0.69 for the alpine grasslands. The average correlation
coefficients between SIF and PDSI, TCI, VPD were 0.43, 0.38, and 0.39 for the temperate grasslands, and
0.39, 0.38, and 0.40 for the alpine grasslands, respectively. For soil moisture and PDS]I, the correlation
coefficients increased from April to August, and then decreased from July to October. For TCI and
VPD, the medium of correlation coefficients ranged from 0.1 to 0.3, and there was no seasonal trend for
the correlation coefficients.
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Figure 4. Correlation coefficients between SIF and (a) Palmer drought severity index PDSI, (b) soil
moisture, (c) temperature condition index (TCI), and (d) vapor pressure deficit (VPD) for temperate
grasslands and alpine grasslands. All the reported correlation coefficients are statistically significant
(p values < 0.05).

Over the study area, the spatial variabilities of the relationships between spaceborne SIF and
drought variables are shown in Figure 5. The correlation between SIF and PDSI were stronger from
June to August for temperate grasslands than alpine grasslands. While in April, May, September, and
October, there were no differences between the temperate grasslands and alpine grasslands in terms
of the relationship between SIF and PDSI. However, in July and August, the correlation coefficients
between SIF and PDSI were higher than 0.5 for many pixels, especially for temperate grasslands,
whereas for the alpine grasslands, the correlation coefficients between SIF and PDSI only show higher
values in July.

The spatial and seasonal pattern of the correlation between SIF and soil moisture was similar to
that between SIF and PDSI (Figure 6). The blank spaces are larger in Figure 6, because there were
more missing data for the soil moisture data, especially in April, May, and October. The correlation
coefficients of more than 36% of the pixels exceeded 0.6 in July and August.

For the correlation coefficients between SIF and VPD, and between SIF and TCI, many pixels
showed negative values. The difference between temperate grasslands and alpine grasslands was not
significant for all the months during the growing season. Generally, the correlation coefficients between
SIF and TCI, and VPD were lower than between SIF and soil moisture, SPEI, and PDSI. Furthermore,
there was no seasonal trend for the correlation coefficients between SIF and TCI and VPD (Figures 7
and 8).
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Figure 5. Spatiotemporal distribution of the correlation coefficients between SIF and PDSI in each

month of growing season. Pixels with white color

mean non-grassland or missing data.
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Figure 6. Spatiotemporal distribution of the correlation coefficients between SIF and soil moisture (SM)
in each month of growing season. Pixels with white color mean non-grassland or missing data.
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Figure 7. Spatiotemporal distribution of the correlation coefficients between SIF and TCI in each month
of growing season. Pixels with white color mean non-grassland or missing data.
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r value

SIF vs. VPD in October

Figure 8. Spatiotemporal distribution of the correlation coefficients between SIF and VPD in each
month of growing season. Pixels with white color mean non-grassland or missing data.
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3.3. Regional Scale Comparison of Correlations between SIF and Different Drought Variables

At aregional scale, the correlation coefficients of SIF and the other nine drought variables across
the arid and semiarid region for temperate grasslands and alpine grasslands are shown in Figures 9
and 10, respectively. For the temperate grasslands, SIF had the highest correlation coefficient with soil
moisture in July (r = 0.52), followed by SPEI-3 in July (r = 0.49). The correlation coefficients between
SIF and TCI and the correlation coefficients between SIF and VPD were generally lower than that with
soil moisture, SPEIs, and PDSI.

~ [ R
0.48

SPEI-3
SPEI-6 0.42
SPEI-9

0.36

SPEI-12
PDSI 0.30

Soil moisture L E 0.39 0.52 ‘ 0.48 - ¥
) - 024

TCI 0.2 0.16 0.22 0.22 0.18 0.25 0.19
X

X X X

VPD 0.25 0.25 0.2 0.16 0.21 0.21 0.22 -0.18
X

X

April May June July Aug. Sep. October

Figure 9. Comparison of the correlation coefficients between SIF and drought variables in each
month of growing season for temperate grasslands. The symbol X represent significant correlations
(0.01 < P < 0.05). The correlation without symbol x were significant at 1% level.

SPEI-1
SPEI-3 0300
SPEI-6
0.275
SPEI-9
SPEI-12 0.250
PDSI
- 0.225
Soil moisture 0.31
TCl 02 021 022 022 - 0.200

VPD

April May June July Aug. Sep. October

Figure 10. Comparison of the correlation coefficients between SIF and drought variables in each month
of growing season for alpine grasslands. The symbol X represent significant correlations (0.01 < P < 0.05).
The correlation without symbol x were significant at 1% level.

3.4. Driving Factors of the Variability in the Relationship between SIF and Drought Variables

To investigate the driving factors of the difference in the sensitivity of satellite SIF to drought
variables, eight potential forces were investigated based on the RF regression method. We mainly
studied the correlations between SIF and SPEI-3 (Rsir spgr), between SIF and PDSI (Rgir ppsi), between
SIF and soil moisture (Rgir sm), and between SIF and VPD (Rgig vpp) in July. The comparisons were
made for July because the correlations between SIF and drought variables in July were stronger than
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other months in general. According to the variable importance scores shown in Figure 11, the growing
season mean temperature, minimum temperature, maximum temperature, and growing season mean
radiation were shown to be dominant in the result, followed by DEM, LST, GPP, and precipitation.
Similar to the Rgip spgy, temperature-related variables (minimum temperature, LST, mean temperature,
and maximum temperature) were the most dominant driving forces for the spatial distribution of the
Rsir ppst, Rsir sm, and Rgip vpp. Mean growing season precipitation and GPP were the less important
factors affecting the strength of Rgir ppsi, Rsir sm, and Repr ypp- The results indicate that temperature
variations will affect the sensitivity of grassland vegetation to drought.

(a) Variable importance for SIF correlated to SPEI

Temp Mean - [N
Temp Max - [N
Radiation - | N
Temp_Min - [N
DEM - [
LsT - [
crp - [
Precipitation - [N
1 1 1
0.00 0.01 0.02
Variable importance

(c) Variable importance for SIF correlated to SM

Radiation - [
Temp_Max - [N
Temp_Mean - [N
Temp Min - [N
peM - I

Precipitation = _
LsT- [
Gep - [N

1 1 1 1
0.00 0.01 0.02 0.03
Variable importance

(b) Variable importance for SIF correlated to PDSI

Temp_Min - [N
Temp_Mean - [ NEEE—
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LsT -  [——
DeM - [
Precipitation - NG
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cer - [N
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(d) Variable importance for SIF correlated to VPD

Temp_Mean - [N
Temp_Min - [N
Temp_Max - [N
LsT- [
Radiation - [N
peM - [
Precipitation = _
crr - [

1 1 1
0.00 0.01 0.02
Variable importance

Figure 11. Importance of the eight factors for interpreting the correlation between satellite SIF and
(a) SPEI, (b) PDSI, (c) SM, and (d) VPD. Temp_Mean, Temp_Max, Temp_min, and LST represent the mean
temperature, maximum temperature, minimum temperature, land surface temperature, respectively.

4. Discussion

4.1. Relationship between SIF and Different Drought Variables

Generally, the correlation coefficients between SIF and drought variables are relatively low. There
are several reasons, for example, the processes and algorithms of SIF retrieval are complicated, and may
contain some uncertainties. The coarse spatial and temporal resolution increased these uncertainties.
This is similar to previous studies. For example, Chen et al. found that the correlation coefficients
between SIF and SPEI, soil moisture, LST, precipitation were between —0.4 and 0.5 over the North China
Plain [35]. Jiao et al. calculated the correlation coefficients between SIF and meteorological drought
indices for different ecosystem types in the continental United States, and the reported medians of the
statistically significant correlation coefficients between grass SIF and drought indices were around
0.5 [1]. The correlations between SIF and soil moisture, SPEI, and PDSI were much stronger than other
variables. In contrast, the correlation coefficient between SIF and TCI was the lowest. The results
can be explained by the characteristics of the arid and semiarid climate zone. SPEI can account for
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meteorological drought calculated from precipitation and potential evapotranspiration, while PDSI
represents the balance of precipitation, potential evapotranspiration and temperature. However, TCI
is derived solely based on temperature data. In the arid and semiarid zone, other than temperature,
water condition is the dominant force accounting for the variance of vegetation growth. Therefore,
the SIF was less sensitive to TCI than other drought variables. The VPD was calculated from the
GLDAS NOAH temperature and vapor pressure, with a spatial resolution of 1°. The weak correlation
between SIF and the VPD may primarily be due to the noise in the VPD data caused by the coarse
spatial resolution, and it could not capture the localized information in space. In addition, the coarse
temporal resolution (monthly time step) of the data also led to the weak correlation.

Furthermore, the results show that SIF has weaker correlations with SPEI-1 than SPEI under
other time scales, because changes in the grass growth could be buffered by soil moisture. Drought
condition does not inevitably lead to vegetation water pressure immediately. In some cases, when
the early stage of drought occurs, plants could still take up moisture from the soil to maintain normal
growth without suffering water deficiency for a period. The hydraulic redistribution effect of roots
such as the water compensation capacity, can prevent or alleviate the harm of drought [52,53]. How
long the grassland can withstand water storage depend on many factors, such as soil properties, grass
species, and drought degree. This result is similar to previous studies [1,54]. The study performed in
continental United States also showed that grassland SIF has the strongest correlation with SPEI-3 and
longer-term drought did not significantly change grassland SIF sensitivity [1].

4.2. Variance of SIF Response to Drought in the Two Grassland Ecosystem Types

The results demonstrated that temperate grasslands and alpine grasslands have different SIF
sensitivity to drought variables. The magnitude and seasonality of the correlation coefficients between
SIF and drought indices are different for temperate grasslands and alpine grasslands. Generally, SIF
was more sensitive to drought for temperate grassland than alpine grassland. The temperate grasslands
in the arid and semiarid zones are water limited. Therefore, the soil water deficit hinders vegetation
growth by means of reducing the plant maximum photosynthetic rate [41]. Permafrost is a primary
water source for the alpine grasslands, so the sensitivity of vegetation growth to drought was weaker
in alpine grasslands [55]. The carbon and water cycle mechanisms for temperate grasslands and alpine
grasslands are also different [56]. The results of RF regression revealed that climatic factors, topographic
characteristics, and radiation could influence the ability of SIF to monitor drought. The high sensitivity
of SIF to drought for temperate grasslands in arid and semiarid zones supports recent studies [1,26].
Xu et al. [26] found that the highest sensitivity of SIF to drought is particularly agro-pastoral ecotones
in semiarid regions, which is consistent with high SIF sensitivity in this study.

For the alpine grasslands, more grid cells showed a negative correlation between SIF and drought
variables than the temperate grasslands. The negative correlation means that drought events, such as a
rise in temperature or a decrease in precipitation, could also increase the SIF signal in certain areas.
The negative correlations in alpine grasslands are likely due to soil water not lacking when the drought
occurs [57]. Sometimes when droughts occur, the temperature is high and the sky is clear, and the
increased temperature and PAR may also increase the SIF value. Additionally, in some regions the
heterogeneous pattern of positive and negative correlations could be attributed to the data quality.
Negative SIF SPEI correlations were also observed in previous studies [26], which were likely caused
by changes in leaf phenology and radiation limitation [58]. The RF regression analysis in this study
also demonstrated that radiation was one of the important determinants for the sensitivity of SIF
to drought.

4.3. SIF Sensitivity in Different Stages during the Growing Season

The results indicate that the correlations of SIF to SPEIs, PDSI, and soil moisture during July
and August were much higher than that in other months for temperate grasslands. For alpine
grasslands, the correlations during June and July were higher. Model simulations also showed that the



ISPRS Int. ]. Geo-Inf. 2020, 9, 542 14 of 17

seasonal photosynthesis responses of these two grassland types to climatic variation were different [30].
The weaker correlation between SIF and the drought variables in the early and late growing season
may also be due to the sparse coverage of plants during these periods. Xu et al. also found that the
intra-annual variation of spatially averaged OCO-2-based SIF was close to the normal distribution in
northern China, and the averaged SIF in April, May, and October was much lower than that in June,
July and August [26]. SIF data were lacking for many grid cells with low vegetation coverage in these
months of the early and late growing season. The data quality could not reflect the vegetation variation
reasonably and finally caused statistical uncertainties. Future studies can apply other sensors that have
finer spatial resolution and temporal frequency, such as GeoCARB [59], TROPOMI [60], and FLEX [61].
In addition, some spatial downscaling algorithms have been developed to downscale satellite SIF data
to a finer resolution [32,62].

There were several limitations in this study. First, the response of SIF to drought was assessed
using correlation analysis. Correlation relationships do not certainly denote causation relationships.
Second, the current applied SIF data have a coarse spatial resolution of 0.5°, and detailed spatial
information could not be captured soundly. Third, the time series are short and cover 12 years only
(the period from 2007 to 2018). Recently, Li and Xiao [63] developed a SIF data set over the period
2000-2017 based on discrete OCO-2 SIF soundings, MODIS data, and meteorological data, which could
be used in future research.

5. Conclusions

This study examined the characteristics of spaceborne SIF correlations to drought variables in
arid and semiarid regions from 2007 to 2018 for two typical grassland ecosystems. We found that the
correlation coefficient between SIF and soil moisture was the strongest, followed by SPEI and PDSI,
while the correlation coefficient between SIF and TCI was the weakest. For this arid and semiarid
region, we also found that the temperate grassland SIF demonstrated higher sensitivity to drought than
alpine grassland SIF, and more negative correlations were found in alpine grasslands than temperate
grasslands. Generally, the response of SIF to drought was more pronounced during the peak period
of the growing season than during the early and late growing season. Among the climatic factors,
DEM, GPP, growing season temperature factors and radiation are the most important variables for the
correlation of SIF to the drought variables. Spaceborne SIF has great potential to detect drought for
temperate grasslands during the peak growing season in arid and semiarid zones. It should be noted
that this research explored the responses of satellite SIF to drought from a statistic perspective; in future,
field SIF measurements should also be performed to provide more information about the mechanisms.
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