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Understanding plant phenological and physiological changes in response to drought will provide key insight into
the response of terrestrial ecosystems to climate change, but is still limited due to the increased drought severity
and frequency in recent decades. Here, we combine solar-induced chlorophyll fluorescence (SIF) along with
SSiB2 (Simplified Simple Biosphere Model) simulations to investigate the plant phenological and physiological
responses to the 2019 drought in southwestern China. Our results show that this 2019 drought had substantial
impacts on vegetation phenology and photosynthesis due to the soil moisture deficit in spring, while the
rewatering process in July alleviated the water deficit and reduced drought damage to plants. Moreover, SIF
observations provide a physiology-related vegetation response, as the recovery of plant photosynthesis indicated
by fluorescence yield (SIF,;q) is much stronger than the recovery of greenness described by vegetation indices
during the rewatering in July. The SSiB2 simulations captured the physiological response of plants to moisture
deficit during drought period, while the lack of realistic energy dissipation mechanisms under stressed conditions
may lead to discrepancies in the timing of peak response to drought. Our findings highlight the prospective
application of remote sensing SIF measurements in monitoring the timely response of plant physiology to

changes in water conditions and to provide important information for model evaluation and improvement.

1. Introduction

Terrestrial ecosystems serve as a key factor influencing carbon di-
oxide concentrations in the atmosphere (Humphrey et al., 2021). More
than 30% of anthropogenic CO, emissions are absorbed by terrestrial
ecosystems, which effectively mitigates global warming (Friedlingstein
et al., 2019). However, accumulating evidence shows that anthropo-
genic climate warming will increase extreme weather and climate events
(Stocker, 2014). Among extreme climatic events, droughts and heat-
waves are expected to aggravate water stress through increased deficits
of precipitation and soil moisture (De Kauwe et al., 2019) and thus have
substantial impacts on vegetation by impairing photosynthesis as well as
triggering tree mortality and crop failure (Beillouin et al., 2020), thereby
impairing the carbon absorption capacity of terrestrial ecosystems
(Smith et al., 2020).

One of the largest terrestrial carbon sinks in China lies in the
southwestern regions (Piao et al., 2009). Being widely covered by
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subtropical vegetation, a strong carbon sequestration capacity is found
year round (Wang et al., 2020). In recent decades, climate extremes such
as drought events in the Southwest China region have shown increasing
severity and frequency (Han et al., 2014) and have adversely affected
vegetation phenology and photosynthesis in the region (Wang et al.,
2019). For example, a prolonged and spatially widespread extreme
drought event occurred from autumn 2009 to spring 2010 (Li et al.,
2019) and substantially suppressed plant photosynthesis, resulting in a
significant GPP (gross primary productivity) loss. Overall, plant photo-
synthesis is vulnerable to frequent drought suppression in Southwest
China.

Recently, solar-induced fluorescence (SIF) has revealed a novel
approach for detecting vegetation photosynthesis (Frankenberg et al.,
2011). Being directly related to the photochemical process, SIF enables
accurate and timely monitoring of the physiologically relevant re-
sponses of vegetation to extreme climate events (Sun et al., 2018). Ev-
idence from observations indicates the promising applications of SIF
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observations in investigating the response of plant phenology and
photosynthesis to extreme drought events at various timescales (Jiao
et al., 2019). Moreover, satellite SIF retrieval has provided promising
information for constraining photosynthesis progress simulations in
land surface models. During the last decade, substantial improvements
have been achieved in the development of mechanistic SIF schemes (Qiu
et al., 2019a). However, studies focusing on vegetation responses to
drought by combining remotely sensed measurements along with model
simulations are still very rare.

Here, we combine remotely sensed observations together with sim-
ulations from the terrestrial biosphere model to investigate the plant
phenological and physiological responses to the 2019 drought in
Yunnan Province, China. We use satellite observations from various
sources along with the SSiB2 (Simplified Simple Biosphere Model)
coupled with the SIF scheme to examine the plant phenology and
physiology response to the extreme drought event in 2019. Based on the
observations and model simulations, we aim to (1) examine the effects of
the 2019 drought on plant phenology and physiology and the underlying
mechanisms of vegetation to drought dynamics; and (2) assess the
capability of the land surface model in reproducing the plant responses
to water deficits during a severe drought event.

2. Materials and methodology
2.1. Meteorological variables and soil water content

The China Meteorological Administration provides daily mean
temperature and daily precipitation data. We performed quality control
and discarded sites with missing values exceeding 1% of the total
number of days. As a result, data from 24 meteorological stations within
Yunnan Province remain. We also collected the 36 km x 36 km Soil
Moisture Active Passive (SMAP) level-3 soil moisture product (SPL3SMP
version 8) and the 0.25 European Space Agency Climate Change
Initiative (ESA CCI) soil moisture dataset (version 05.2). Both data have
shown great consistency as compared with in situ measurements (Dorigo
etal., 2017; O’neill et al., 2019). Data from 2015 to 2019 are used in this
study.

2.2. Remotely sensed vegetation indices and SIF measurements

The Orbiting Carbon Observatory 2 (OCO-2) is a high-precision
observation satellite flying in a sun-synchronous orbit, providing
robust and accurate SIF retrieval due to its high spectral resolution. We
collected OCO-2 Level 2 bias-corrected SIF (OCO2_L2_Lite_SIF V10r)
observations from GES DISC (Gunson, 2020), and processed the original
daily SIF at 757 nm from 2015 to 2019 into gridded monthly data with a
1° spatial resolution. In addition to the OCO-2, the Tropospheric
Monitoring Instrument (TROPOMI) is a sun-synchronous satellite
providing nearly daily global coverage at a high spatial resolution due to
its wide swath width (~2600 km) as compared to OCO-2 (~10 km)
(Kohler et al., 2018). TROPOMI SIF from February 2018 to December
2019 is also used in this study.

As the SIF value depends largely on the magnitude of photosyn-
thetically active radiation (PAR), we collected the 1° x 1" monthly PAR
(SYN1deg Ed4.1) data from CERES (Doelling et al., 2016). We summed
the surface PAR direct flux and the diffuse flux for all-sky conditions as
the total amount of PAR flux. In addition, the fraction of PAR (fPAR)
product from MODIS (MOD15A2H Version 6) was collected from the LP
DAAC (Myneni et al., 2015). The 8-day fPAR dataset with a 500-meter
pixel size is aggregated to 1° x 1° monthly data to maintain consis-
tency with the spatiotemporal resolution of SIF.

The remote sensing normalized difference vegetation index (NDVI)
and enhanced vegetation index (EVI) are recognized as important
vegetation phenological indicators. In this study, we obtained the
MODIS 0.05° x 0.05  product (MOD13C2 Version 6) from LP DAAC
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(Didan, 2015) and aggregated it to monthly data with 1° x 1" spatial
resolution. Data from 2015 to 2019 are used in this study. Documen-
tation and detailed descriptions can also be found at the MODIS and LP
DAAC websites.

2.3. In situ observations

The ChinaFlux of Xishuangbanna Tropical Rainforest Ecosystem Flux
Observation Station (XSBN) (21°5539 N, 101°1555 E) sits in
southwestern Yunnan Province, China. In this study, ground-based
measurements of XSBN from 2015 to 2019 provide additional vali-
dating information for investigating drought dynamics as well as
drought effects on vegetation phenology and physiology. We derived the
canopy top air temperature, precipitation, PAR, and other meteorolog-
ical variables, as well as the GPP of flux observations, and calculated the
light-use efficiency of vegetation as an important supplement to explore
the physiological response of plants under drought stress. Further details
on the geography, climate, soil properties, and vegetation of this site and
nearby region are listed in previous studies (Fei et al., 2019).

2.4. SSiB2 model

The SSiB2 model coupled with the SIF module was used in this study.
SSiB2 realistically and efficiently simulates complex biophysical pro-
cesses and provides accurate descriptions of the surface energy partition
and vegetation canopy processes (Zhan et al., 2003). Recently, the SIF
module considering the mechanisms of chlorophyll fluorescence was
incorporated into SSiB2, which enables the SSiB2 model to reproduce
global patterns of SIF measured from satellites (Qiu et al., 2018).

In this study, we obtained the atmospheric forcing variables from the
ERA5-Land dataset to drive the SSiB2 model offline (Munoz Sabater,
2019). The 3-hourly forcing data were aggregated to 1° x 1" to match
the spatial resolution of the observations. Since the leaf area index (LAI)
plays a crucial role in SIF modeling as the key information to charac-
terize canopy structure, we obtained the 8-day GLASS LAI dataset (LAIL
MODIS 0.05°, Version V60) and aggregated it to 1° x 1° monthly data
(Liang et al., 2021). The model takes the 4-year average monthly LAI
from 2015 to 2018 as input parameters throughout the entire period of
simulation to provide information on the seasonal variations in LAL. We
processed an offline run of SSiB2 with an integration time step of 3 h and
a spatial resolution of 1°. The simulation period starts from January
2013 and ends in December 2019. Simulations of the first two years are
used as the spin-up time, and the results from 2015 to 2019 are analyzed
and discussed in this paper.

2.5. Data analysis

According to Guanter et al. (2014), the intensity of solar radiation
directly affects the values of GPP and SIF to a large extent. By using PAR
and fPAR to normalize SIF and GPP, we derived the light-use efficiency
(LUE) as well as SIFpsr and SIF,;q, which can be formulated as follows:

LUE = GPP/APAR = GPP/(PAR x fPAR) (€))
SIFpsr = SIF/PAR (2)
SIFiq = SIF/APAR = SIF/(PAR x fPAR) 3

By dividing by PAR and APAR, LUE eliminates the influence of APAR
on GPP, and SIFpsr and SIF,;q eliminate the influence of PAR and APAR
on SIF. During drought and heatwaves, PAR and APAR are expected to
rise above normal levels. Therefore, these variables can be used as in-
dicators of vegetation photosynthesis efficiency, which can contribute to
our understanding of the physiological response of drought stressed
plants.

To obtain the drought stress-forced signals and vegetation response
dynamics, we calculated the standardized anomalies for the aforemen-
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tioned meteorological variables as well as the vegetation phenological
and physiological indicators. The pixel-by-pixel standardized anomalies
can be formulated as follows:

STDA2019 = (VARZOIQ - AVG2015—2018)/SD2015—2018 (4)

where STDAy(19 is the standardized anomaly of a variable in 2019,
VAR 9 is the value of the same variable in 2019, and AVGo15.2018 and
SD2015.2018 are the average values and standard deviations from 2015 to
2018.

3. Results
3.1. A “natural rewatering” during a severe drought in 2019

According to the meteorological data, a severe and persistent
drought event occurred in Yunnan in the spring of 2019 (Fig. 1) and

continued throughout the summer. The temperature from April to June
is approximately 1.4 °C above the multiyear average. From April to

a Air Temperature
29°N
26°N
23°N
99°E 102°E 105°E
I
3 -2 -1 0 1 2 3
C SMAP
29°N
26°N
23°N

99°E

L

3 -2 -1 0 1 2 3

102°E 105°E

International Journal of Applied Earth Observation and Geoinformation 111 (2022) 102832

September, the air temperature at more than 80% of the sites exceeded
the multiyear average by 1 standard deviation (SD), while the precipi-
tation in nearly 60% of the areas was below —1 SD (Fig. 1a and b). Se-
vere meteorological drought has led to a soil moisture deficit, resulting
in 10% and 5% deficits in SMAP and ESA CCI soil moisture, respectively.
In terms of spatial distribution, approximately 94% and 89% of the re-
gion has an anomaly below —1 SD for SMAP and ESA CCI soil moisture,
respectively (Fig. 1c and d). In summary, most of the Yunnan region
experienced strong and persistent hydrological drought in 2019 as
revealed by the spatial patterns of precipitation and soil water content
(SWQ).

The seasonal cycles of temperature, precipitation, and SWC in 2019
and the multiyear mean are shown in Fig. 2. Overall, high temperature,
low precipitation, and strong soil moisture deficit dominated the spring
and summer of 2019, as significance was regarded as a departure >1 SD.
In April, May, June, and August 2019, the regional average precipitation
and soil moisture in Yunnan were both lower than —1 SD, while the
temperature was higher than 1 SD (Fig. 2). From April to June, the air
temperature anomalies all exceeded 1 °C, and the precipitation was
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Fig. 1. Standardized anomalies of (a) temperature, (b) precipitation, (¢) SMAP SWC, and (d) ESA CCI SWC from April to September 2019.
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Fig. 2. Seasonal variations and the 2019 anomaly of (a) temperature, (b) precipitation, (¢) SMAP SWC, and (d) ESA CCI SWC. The black curves show the multiyear
average from 2015 to 2018 and the red curves show the drought year (2019) values. The gray shaded areas indicate the range of one standard deviation around the

multiyear average.

approximately 50% less than the multiyear average. However, the pre-
cipitation significantly increased in July, which replenished the soil
water and led to a positive soil moisture anomaly. This special drought
dynamic can be considered a natural “rewatering” process, which is
defined as a significant alleviation of soil water shortage during or after
a severe drought event. The “rewatering” experiment is usually con-
ducted at the site level or for specified vegetation types to investigate the
rate and degree of photosynthetic recovery of drought stressed plants
after rewatering treatment (Chen et al., 2016; Zhong et al., 2019). The
2019 drought dynamic in Yunnan is characterized by a persistent
drought from spring to early summer, followed by a significant relief of
water shortage in July, and thus, it can be considered a natural rewa-
tering process at the regional scale, which provides ideal conditions for
understanding the physiological response of plant resilience to water
supply during a severe drought.

3.2. Satellite-observed phenological and physiological suppression and
recovery processes

The 2019 drought in Yunnan is characterized by precipitation and
soil moisture deficits from spring to autumn, while abundant precipi-
tation alleviates water stress in July. Overall, the 2019 drought in
Yunnan altered the vegetation phenology due to the large water deficit
in the early stage of the growing season, as significant negative anom-
alies of vegetation growth and physiology from April to June are widely
distributed in the Yunnan region (Fig. S1). The seasonal cycles of

vegetation indices (VIs) and SIF are shown in Fig. 3. As the moisture
stress strengthens, the growth of vegetation has slowed since April. The
EVI, NDVI, and OCO-2 SIF in May and June were all significantly below
the multiyear averages. In particular, the trend in SIF turns from upward
to downward in April and May, indicating the severe adverse impacts of
drought on vegetation photosynthesis, while such a downward trend
could not be captured by VIs. In July, both VIs and SIF recovered rapidly
in response to the rewatering process. The vegetation restoration
demonstrated by VlIs is stronger than that of SIF. In August, both the EVI
and NDVI have higher values than the multiyear average, while the
OCO-2 SIF merely rises to multiyear average levels. Limited by the short
observation period since 2018, the monthly TROPOMI SIF from 2018 to
2019 is shown in Fig. 3d. The comparison of OCO-2 and TROPOMI SIF
from 2018 to 2019 is also shown in Fig. S2. Although derived from
different sources, both TROPOMI and OCO-2 SIF respond to changes in
moisture conditions in a timely manner by exhibiting a consistent
downward trend from April to May as well as a recovery process after
rewatering, indicating the capability of remotely sensed SIF data to
sensitively characterize the plant photosynthetic response to water
stress.

Fig. 4 shows the seasonal cycle of the effective yield of fluorescence
(SIFpar and SIFy;qq). Similar to VIs and SIF, the fluorescence yield shows
significant negative anomalies during the spring and early summer of
2019. The SIFpar in May and June is approximately 20% lower than the
multiyear average, while SIF;q from April to June is reduced by
approximately 30% and has an anomaly below —1 SD. With the sharp
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increases in precipitation and soil moisture in July, both SIFpsar and
SIFy;1q recover rapidly. In July, SIF,;q significantly exceeds the multi-
year average, followed by a sharp decline in August and September,
which is consistent with the water condition. The seasonal cycles of

precipitation and LUE derived from XSBN are shown in Fig. 5. Similar to
the SIFq, the LUE maintained a continuous downward trend since
March due to the persistent rainfall deficit in spring and rose rapidly
when rewatering occurred in July. Overall, the results from satellite
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the red curves show the drought year (2019) values. The gray shaded areas indicate the range of one standard deviation around the multiyear average.

retrievals indicate that SIF and SIF-related variables, especially SIF);q,
have an accurate and timely response to the rapid changes in moisture
conditions during the 2019 drought process. The response of LUE to
water stress agrees well with SIF 4, indicating the high sensitivity and
the capability of SIF;q in capturing plant physiological responses to
water condition changes.

3.3. Model-simulated phenological and physiological responses

In addition to the timely and accurate phenological and physiolog-
ical responses captured by remote sensing and in situ observations, we
simulated the photosynthetic response of vegetation using SSiB2
coupled with the SIF module. The evaluation of SSiB2 using OCO-2
measurements is shown in Fig. S3. In general, the simulated SIF agrees
with the OCO-2 observations in the spatial distribution as well as sea-
sonal cycles. The four-year average of SIF simulations from 2015 to 2018
shows relatively consistent spatial distributions with the OCO-2 mea-
surements, as large values of SIF are centered in the southwestern region
of Yunnan. The seasonality of simulated SIF agrees reasonably well with
0CO-2, although discrepancies such as the lower values of SSiB2 sim-
ulations during the growing season still exist. Overall, the seasonal cycle
and the spatial distribution of the four-year average SIF simulations are
consistent with the OCO-2 observations, with a spatial correlation co-
efficient of 0.79, indicating a reasonable capability of SSiB2 in
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simulating SIF in the Yunnan region.

Fig. 6 shows the seasonal cycles of the simulated SIF, SIF;q, GPP,
and LUE anomalies averaged in Yunnan Province. Similar to the OCO-2
observations, the simulated SIF and SIF,;;y were severely suppressed by
drought since spring and rapidly recovered during the rewatering pro-
cess. The simulated GPP also shows negative anomalies in the spring and
early summer of 2019, with an average decline of nearly 40% from April
to June, and the seasonal cycle of the LUE anomaly agrees well with
SIF);iq. However, the simulated SIF is generally numerically smaller
than the OCO-2 observations. In terms of indicating the response to
drought, the largest negative anomaly of the SSiB2 SIF appears in May,
while that of the OCO-2 SIF appears in June. Overall, the SSiB2 incor-
porated with the SIF module reproduces the majority of the physiolog-
ical responses to drought dynamics, while discrepancies such as the
timing of the peak response to drought still exist.

4. Discussion

4.1. Prospective application of SIF to detect plant physiological changes
due to water deficit

Evidence from ground and satellite-based observations has indicated

higher sensitivities of SIF to drought and heatwaves than traditional VIs,
as SIF can directly reflect the photosynthetic activity of vegetation (Qiu
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Fig. 6. Regional anomalies in 2019 for the SSiB2 simulated (a) SIF, (b) SIF,;q, (c) GPP, and (d) LUE of Yunnan.
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et al., 2020). Remotely sensed SIF measurements have exhibited accu-
rate and timely responses to external moisture and thermal stresses for
various plant functional types (Yoshida et al., 2015). Most of the studies
focus on capturing the timely response to moisture deficits at the
beginning of the drought with SIF data (Song et al., 2018), while our
study uses SIF measurements to investigate the recovery of vegetation
from drought or the rewatering effects on plant photosynthesis during
the drought period.

The results of remotely sensed observations indicate that the fluo-
rescence yield of SIF is more sensitive to changes in water conditions
than vegetation greenness. With the onset and intensification of drought
from April to June, both SIF and VIs have sharp reductions due to the
persistent depletion of soil moisture. However, during the rewatering
period in July when precipitation and soil moisture rise above normal
levels, SIF,;q increases sharply above normal in response to abundant
precipitation, while the VIs indicate the restoration of vegetation
through a smaller negative anomaly. According to previous drought
treatments and rewatering experiments at the site level, drought-
induced suppression of vegetation growth and photosynthetic activ-
ities can be significantly recovered after rewatering (Efeoglu et al., 2009;
Zhong et al., 2019). Therefore, the contradiction between VIs and SIFy;;q
in describing the resilience of vegetation to rewatering reflects the
limitations of greenness-based VIs for describing the physiological state
of vegetation and the response to water stress. After the rewatering
period, SIFq drops below the normal level due to the soil moisture
deficit, while the VIs remain larger than the multiyear average since
August. Combining the comparisons of SIF-related variables and VIs
during the drought and rewatering periods, SIF observations, especially
the fluorescence yield, are more sensitive to soil moisture changes than
traditional VIs. Moreover, as the response of vegetation photosynthesis
to environmental stress can also be captured by LUE (Yang et al., 2015),
close relationships between SIFy;;q and LUE are found among different
vegetation types (Li et al., 2020). Our results also reveal an agreement
between SIF,;;qy and LUE in capturing plant physiological responses to
severe moisture deficits as well as the rewatering process (Figs. 4 and 5).
The consistency of SIF;;q and LUE provides evidence that remotely
sensed SIF has a high sensitivity to water stress. Our results highlight the
applications of SIF observations in assessing the resistance and resilience
of photosynthetic activities.

4.2. Uncertainties and limitations

Advances in satellite SIF observations have provided novel ap-
proaches for evaluating and improving the simulation of photosynthetic
processes in land surface models. Porcess-based models coupled with SIF
schemes can provide an estimation of the photosynthetic responses to
water condition changes (Qiu et al., 2019b). According to the simula-
tions from SSiB2, GPP and SIF exhibit suppression from May to July and
recover after the rewatering process, which is consistent with the
remotely sensed measurements. The simulated SIF;; and LUE also
decreased during the spring of 2019 and significantly increased in July
due to the water supply (Fig. 6). This result indicates that the physio-
logical responses of vegetation to this drought can be reasonably
reproduced by the SSiB2 model.

Although most of the vegetation responses to the 2019 drought in
Yunnan can be captured by the model, some disagreements with satellite
observations can be found in this case. The OCO-2 SIF,;iq has the largest
reductions in June compared to the multiyear mean, while the SSiB2
model shows modest reductions in June (Figs. 4 and 6). The model bias
may be caused by the energy dissipation process during the drought
period. Previous studies have shown that nonphotochemical quenching
(NPQ), a protective mechanism employed by plants to emit energy in the
form of heat, is critical to the dissipation of excessive solar radiation
when experiencing external stress (Lee et al., 2015). Recently, a plant
protection mechanism to dissipate heat stress and intensify solar
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radiation by largely increasing NPQ was found by Martini et al. (2022).
NPQ tends to be saturated during the heatwave period, which changes
the energy dissipation distributions and thus affects the SIF value.
However, this mechanism is not well described in the SIF model. Fluo-
rescence parameterization, which is widely used in some terrestrial
biosphere models (Parazoo et al., 2020), was developed from the link
between the photosynthetic light saturation process and NPQ (Magney
et al., 2020). The poor characterization of NPQ saturation during high
light and heat stress may result in SIF bias in the models. The simulated
SIFiq from the SSiB2 model tends to have less reduction in June
compared to the satellite-based SIF;;q, indicating the model bias in
simulating the allocation of energy dissipation pathways toward SIF
during extreme events. In the future, more fluorescence and NPQ ob-
servations can be used to constrain the fluorescence parameterization,
thereby improving the model performance in simulating SIF under
extreme conditions.

5. Conclusion

In this paper, we investigate the impacts of extreme drought on the
photosynthetic activity of subtropical ecosystems in Yunnan. Two sat-
ellite SIF observations and simulations from the SSiB2 model are used to
improve the understanding of drought damage on plant physiology and
the resilience of photosynthesis after rewatering. There is a natural
rewatering process during the continuous severe drought from April to
September. During drought, both the simulated and observed SIFs
exhibited significant reductions during drought, while discrepancies
existed in the timing of the peak response to drought. Furthermore,
SIF,q shows higher sensitivity to moisture condition changes during
the drought period as well as the recovery of photosynthesis after
rewatering. The SSiB2 reproduces reasonable simulations compared to
remotely sensed observations, and the SIF modeling can be improved by
constraining the parameterization with more observations. This study
improves our understanding of using SIF observations to investigate the
impacts of different water conditions on terrestrial ecosystems, as well
as evaluating and improving model performance in SIF simulations.
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