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Abstract

:

El Niño events are known to be associated with climate extremes and have substantial impacts on the global carbon cycle. The drought induced by strong El Niño event occurred in the tropics during 2015 and 2016. However, it is still unclear to what extent the drought could affect photosynthetic activities of crop and forest in Southeast Asia. Here, we used the satellite solar-induced chlorophyll fluorescence (SIF), which is a proxy of actual photosynthesis, along with traditional vegetation indices (Enhanced Vegetation Index, EVI) and total water storage to investigate the impacts of El Niño–induced droughts on vegetation productivity of the forest and crop in the Southeast Asia. We found that SIF was more sensitive to the water stress than traditional vegetation indices (EVI) to monitor drought for both evergreen broadleaf forest and croplands in Southeast Asia. The higher solar radiation partly offset the negative effects of droughts on the vegetation productivity, leading to a larger decrease of SIF yield (SIFyield) than SIF. Therefore, SIFyield had a larger reduction and was more sensitive to precipitation deficit than SIF during the drought. The comparisons of retrieved column-average dry-air mole fraction of atmospheric carbon dioxide with SIF demonstrated the reduction of CO2 uptake by vegetation in Southeast Asia during the drought. This study highlights that SIF is more beneficial than EVI to be an indicator to characterize and monitor the dynamics of drought in tropical vegetated regions.
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1. Introduction


Observation and terrestrial biosphere modelling studies have demonstrated the strong impacts of extreme climatic events on terrestrial ecosystem carbon cycle [1,2,3]. The years of 2015/16 experienced one of the strongest El Niño events since the 1950s, which led to historic warm and dry conditions over the tropical region. This El Niño event has likely caused the historically high atmospheric CO2 growth rate over 3 ppm year−1 in 2015 and 2016 [4]. Subsequently, the historic warm and dry conditions resulted in widespread droughts globally, with greatest severity over regions including Amazon, central Europe, north China and Southeast Asia [5,6,7,8]. Drought can have adverse impacts on both ecosystems and human society, such as regional agriculture and water resources. In Southeast Asia, severe drought associated with this monster El Niño event has caused a severe impact on crop production in Vietnam and Thailand [9]. In particular, the extended dry conditions in Indonesia led to widespread forest and peatland fires and largest carbon emissions in 2015 in the Southeast Asia since 1997 [6]. The ocean-atmosphere events e.g., El-Niño and the Madden-Julian Oscillation (MJO), have substantial influence on extreme dry/wet conditions, which is associated with air temperature and precipitation [10].



Many efforts have been made to develop various quantitative measures for accurate monitoring of drought extent and severity [11]. Satellite observations of vegetation status, with its global coverage, provide useful information to monitor the spatiotemporal changes of vegetation in response to drought at broad scales, and thus improve simulations of carbon fluxes of terrestrial ecosystems. Since droughts are associated with vegetation state and coverage, greenness-based vegetation indices (VIs), such as normalized difference vegetation index (NDVI), have been widely used for drought monitoring [12]. Based on NDVI, several drought indices have been developed for regional to global scale drought assessment [11,13]. Some other VIs, such as the enhanced vegetation index (EVI) [14], has been also widely used to monitor the vegetation response to drought in the Amazon [15] and in central Africa [16]. EVI has less saturation problems over dense forest area than other greenness index. However, the greenness-based VIs only indicates potential photosynthesis and relates to vegetation functioning indirectly. Furthermore, saturation of VIs in dense canopies of tropical forests leads to a lack of sensitivity to detect the stress-induced degradation in the forest canopy. Therefore, it has been suggested that greenness-based VIs are not sufficient to capture the dynamic response of vegetation to varying water stress [17].



In this regard, for stress detection, chlorophyll fluorescence (ChlF) is especially useful as a non-destructive probe, and has been used to investigate the plant response to water stress at leaf and canopy scales on the ground [18]. ChlF is an emission in the 650–800 nm range originating at the core of the photosynthetic machinery after light absorption [19], and the ChlF emission has been widely used as a signal on plant photochemical function. Global retrievals of solar-induced chlorophyll fluorescence (SIF) have become available over the recent years [20,21,22,23]. Recent studies have shown that SIF is a good proxy for vegetation photosynthesis or gross primary productivity (GPP) [21,24,25,26,27,28]. Under drought conditions, satellite-based SIF data have also been used to monitor large-scale vegetation status in Amazon forest [15], Midwest US [29], Russia [30], and Australia [31]. These studies show that SIF provides unique, perhaps the most direct, spatial information for early warning and accurate monitoring of appearing drought.



Southeast Asia has 2.1 million km2 of forests, only accounting for 17% of the area of global tropical forests [32] but with 26% of the global tropical forest biomass carbon stock [33]. This implies that it has some of the highest carbon density regions on the planet compared to other tropical regions. As an important area of tropical vegetation, few studies have focused on the drought impacts on vegetation in Southeast Asia in comparison to a number of studies in the Amazon area [15,34] and African tropical ecosystems [16,35]. Furthermore, agriculture constitutes the largest sector in the economy of Southeast Asia, accounting for 40 percent GDP. However, agriculture in this region highly depends upon rainfall which occurs during the wet season. Since plant growth and carbon uptake are constrained to a large extent by drought [3], it is important and urgent to monitor and investigate the impacts of the widespread drought induced by the 2015/2016 El Niño event on land vegetation for agricultural planning and carbon budgets in this region. From Oceanic Nino Index (ONI), the 2015/2016 El Niño started at the end of 2014, peaked in late 2015, and ended in May 2016. It lasted 19 months and was 6 months longer than the 1997–1998 El Niño, the strongest El Niño on record [36]. However, direct evidence of the drought impacts during the 2015/2016 El Niño event on Southeast Asia vegetation is currently lacking.



In this study, we evaluated the degree of this drought over Southeast Asia by using multiple satellite-based dataset-conventional greenness-based VIs, newly available retrievals of SIF and meteorological data. In particular, we examined whether SIF can be an early indicator for large-scale vegetation health status under water stress in the tropical region.




2. Materials and Methods


2.1. Study Region


Southeast Asia is located between longitudes 92°E and 140°E and latitudes 10°S and 24°N. Two sub-areas were mainly focused (framed in Figure 1) in this paper according to the land cover types: the northwest region with high density of crops (8–18°N, 98–110°E) and the south region with high density of evergreen broadleaf forests (EBF) (5°S–5°N, 107–118°E). The Land Cover Type Yearly Climate Modeling Grid (CMG) product (MCD12C1) provided the dominant land cover types at 0.05° spatial resolution. We used MCD12C1 dataset in 2015 with University of Maryland (UMD) classification scheme. For the land cover dataset, it offered separate layers for each coverage type and the coverage percent values range from 0 to 100 for unique land cover types. The regions with less than 10% crop coverage and less than 70% EBF coverage were not considered in this paper.




2.2. Climate Dataset


Multiple climatic variables were employed to help interpret the temporal and spatial dynamics of SIF during the drought event. We utilized monthly mean temperature at 0.5° spatial resolution from the Climate Research Unit (CRU) dataset, which was based on monthly observational data, calculating from daily or sub-daily data [37]. The precipitation was taken from Tropical Rainfall Measuring Mission (TRMM) at 0.25° spatial resolution and daily temporal resolution from 2007 to 2016. TRMM data have been widely applied to explore the seasonal and interannual variations of precipitation in tropical continents. In terms of solar radiation, we used surface downscaling shortwave flux in all-day conditions at 1° spatial resolution over the period 2007–2016 from Clouds and the Earth’s Radiant Energy System (CERES). To study the variability of aerosols, monthly mean of aerosol optical depth (AOD) from the Moderate resolution Imaging Spectroradiometer (MODIS) was used. AOD is the degree to which aerosols prevent absorbing and scattering light and can be used as an effective indicator of aerosol concentration [38].



Gravity Recovery and Climate Experiment (GRACE) observed monthly total water storage anomalies (TWS) in Earth’s gravity field due to mass redistribution, which were caused mainly by the movement of water in a variety of surface and groundwater reservoirs [39]. We applied the mascon solutions from Centre for Space Research release 05 (CSR RL05) [40] from 2007 to 2016 to analyse the water content in the study area. The GRACE total water storage anomalies used in these mascon solutions were relative to the baseline average over January 2004 to December 2009 [40]. The Palmer Drought Severity Index (PDSI), an effective indicator of soil moisture in terms of precipitation and temperature [41], was utilized to illustrate the severity of various drought events [42]. The traditional PDSI used a set of empirical weighting factors derived from the average results from the US Great Plains. While the monthly self-calibrating PDSI (scPDSI) determined specific factors for each location separately, individually appropriate to that location [43]. Compared with PDSI data, scPDSI is a more suitable index to compare the spatio-temporal variability of soil moisture globally. The scPDSI data at 0.5° spatial resolution used in this study were derived from CRU climate dataset [44].




2.3. Satellite Vegetation Indices (VIs) and XCO2 Data


Compared with NDVI, EVI reduced influences from the atmosphere and canopy background and improved sensitivity in high biomass areas to enhance the vegetation signal [16]. We used the 0.05° monthly EVI data (MOD13C2, V6), which contained quality assurance flags layers from 2007 to 2016. We only employed good quality EVI data (pixel reliability = 0) without contamination of clouds or aerosols in this study. Moreover, bidirectional reflectance distribution function (BRDF) correction for small biases was applied for EVI data.



We utilized the Greenhouse gases Observing SATellite (GOSAT) short-wave infrared Fourier transform spectrometer (FTS) data from April 2009 to December 2016, the v201 version of the L1B calibrated spectral radiance. We detrended the GOSAT XCO2 data by correcting for the year-to-year average global XCO2 trend. The Orbiting Carbon Observatory-2 (OCO-2) observed the CO2 bands at wavelength in 1.61 and 2.06 µm and aimed to measure the column-averaged CO2 dry-air mole fraction, XCO2, to identify and characterize sources and sinks of CO2 on regional scales [45]. O’Dell et al. [46] applied the Atmospheric CO2 Observations from Space algorithm to retrieve the XCO2. In addition, the OCO-2 SIF at 757 nm was a serendipitous but important supplementary by-product.




2.4. Satellite Chlorophyll Fluorescence Data


We used satellite SIF data retrievals from the Global Ozone Monitoring Experiment-2 (GOME-2) instrument on MetOp-A platform, which used channel 4 with the spectral resolution of 0.5 nm and near the wavelength of 740 nm far-red peak. The SIF at 740 nm was retrieved from a spectral range between 720 and 758 nm with an improved algorithm [21,22,47], which reduced the retrieval noise and sensitivity of the SIF retrieval to cloud contamination. Specifically, we applied the monthly gridded SIF product at 0.5° resolution from 2007 to 2016. The product has removed the data when the cloud fraction is greater than 0.5 for the cloud filtering. The GOME-2 instrument degraded significantly during its lifetime, particularly in the early stage of the record [48]. Therefore, we detrended SIF product to remove the degradation to allow focused analysis on interannual variability.



Chlorophyll fluorescence yield is a sensitive indicator for the photochemical and biochemical processes of photosynthesis [49]. The fluorescence yield of the canopy and the fraction of the canopy emission escaping to the atmosphere can be indicated by SIF yield (SIFyield). SIF contained the amount of absorbed photosynthetically active radiation (APAR) and can be formulated as [24,29,30]:


SIF=APAR×εf×Ωc



(1)






SIFyield=SIFAPAR



(2)






APAR=EVI×Radiation



(3)




where εf is the actual fluorescence yield at the leaf level, and Ωc is the probability of SIF photons escaping from the top of the canopy. SIFyield is defined as the actual fluorescence yield at the top of the canopy. SIFyield, which is related to leaf biochemistry and canopy structure, removes the impact of APAR on SIF. This variable can indicate the dynamic process of SIF and photosynthetic efficiency of plants when the drought occurs [29]. Since the amount of incoming photosynthetically active radiation is proportional to the total downwelling shortwave radiation, the products of shortwave radiation and EVI were used to calculate APAR [50].




2.5. Analysis


The resolution of different data sets used in this study varied at the spatial and temporal scale. In order to minimize potential differences due to the mismatch in spatial and temporal resolution, we aggregated all the variables to 0.5° × 0.5° and monthly mean to maintain the consistency with GOME-2 SIF data.



To obtain signals related to the drought stress, the spatial distribution of normalized anomalies of SIF, SIFyield, EVI, temperature, precipitation, and radiation were computed at the pixel level. The anomaly in a pixel (i, j) for the drought year 2015 and 2016 was calculated as a departure from that averaged of the period 2007–2014 and normalized by the standard deviation (std):


x2015/2016 anomaly((i,j))=x2015/2016(i,j)−mean(x2007−2014(i,j))std(x2007−2014(i,j))



(4)







The anomalies indicated the departure from their relevant multiyear mean for each month. The GOSAT XCO2 data were only available from 2009 to 2016; thus anomalies were calculated as deviations from the average of the period 2009–2014.





3. Results


3.1. The 2015/16 Drought


Firstly, the temperature and precipitation anomalies were analyzed in the two sub-areas (regions framed in Figure 1). Compared to the annual mean precipitation during 2007 to 2014 (Figure 2a), the crop area experienced continuous severe precipitation deficits in 2015 (with minimum anomaly −148.71mm in October) and recovered in 2016. Moreover, substantially warmer temperatures (with maximum anomaly 2.04 °C in April of 2016) during the 2015/16 El Niño event made the drought unique and extreme (Figure 2a). The values of scPDSI were below 0 from the end of 2014–2016 (Figure 2b), which corresponded well to the period of El Niño event. In addition, this extreme drought can also be detected from the persistent negative values of TWS (Figure 2b). Higher temperature and less precipitation led to the sustained deficits of TWS and much lower scPDSI values in the crop region. The values of scPDSI in several extreme dry months were less than −2, reaching moderate drought level (Figure 2b). In EBF area, the precipitation was slightly below the average in late 2015 and early 2016 (with minimum anomaly −85.82 mm in December of 2015) and the temperature increased continuously (with maximum anomaly 1.13 °C in April of 2016) (Figure 2c). Increased temperature and decreased precipitation affected groundwater conditions in this area, leading to a substantial reduction of TWS during the drought. The values of scPDSI were less than −1, which indicated the mild drought level. And the low scPDSI lasted up to 7 months (from July in 2015 to January in 2016) (Figure 2d). Owing to the increase of precipitation in the EBF area, the scPDSI gradually became positive in 2016, indicating the recovery of regional drought conditions.



Spatially, temperature anomalies in 2015/16 (Figure 3a,b) exceeded two standard deviations relative to the multiyear mean from 2007 to 2014 over the most of Southeast Asia. Large increases of temperature existed in 2016 and the anomalies were larger than three standard deviations from the multiyear mean over the EBF area. Significant positive anomalies in radiation, with larger than three standard deviations in 2015, were observed over cropland area in 2015 and 2016 (Figure 3e,f). In EBF areas, radiation dropped dramatically in 2015 because of the fire which happened in Indonesia from September to October in 2015 [6] but significantly increased in 2016 which agreed well with the changes of temperature. In addition, the two studied areas experienced water deficits in 2015 and the precipitation anomalies in cropland area were smaller than 1.5 standard deviations relative to the multi-year mean. Precipitation recovered in 2016 in most parts of EBF area. According to the drought index, scPDSI showed negative values in cropland area in 2015 and 2016, while the values of scPDSI became positive in some parts of EBF area in 2016 (Figure 3g,h). The two sub-areas were greatly affected by the severe drought induced by the strong El Niño event during 2015 and 2016. Therefore, it is important to investigate the drought impacts on vegetation productivity of crop and forest in Southeast Asia.




3.2. Response of Vegetation to Drought


In this part, how vegetation productivity responded to this drought event were investigated in the crop and forest regions. Figure 4 showed the spatial distributions of normalized anomalies of EVI, SIF and SIFyield in 2015 and 2016. For cropland, the spatial patterns presented by EVI anomalies showed an increase compared to the multiyear mean in most of cropland both in 2015 and 2016. SIF had positive anomalies during the early stage of the drought, but turned to negative pattern at the end of the drought. For the SIFyield, substantial SIFyield reduced throughout cropland in both years, with 41.81% and 38.42% of severe losses (<1σ) in 2015 and 2016, respectively (Figure 4). For EBF region, it had very similar results with that from the cropland. The satellite observations of SIFyield showed a response to this drought with a reduction of approximately 60.54% in 2016. However, the EVI and SIF showed slight increases in 2016, which was not able to capture the negative response to the drought.



Figure 5 showed the probability density of the spatial standard anomalies for the drought years. In cropland areas, the largest probability density of cropland precipitation in 2015 shifted left dramatically and it was slightly less than 0 in 2016. Meanwhile, the SIFyield shifted left obviously for both years, which indicated that negative SIFyield anomalies were existed in most of the study area. The largest probability density of SIF shifted left slightly in 2015 and significantly in 2016. However, the largest probability density of cropland EVI did not indicate any drought signal in 2015 and 2016. For the EBF area, the changes in maximum probability density of these factor anomalies were broadly similar, moving slightly left in 2015 and recovering in 2016, which indicated moderate drought condition in 2015. Overall, the spatial analysis demonstrated that satellite SIFyield available from current instruments had the potential to describe the impacts of drought on the vegetation growth.



The strong El Niño during 2015 and 2016 peaked in late 2015, and ended in May 2016 [36]. We further examined the seasonal cycles of the vegetation and climate variables (precipitation, EVI, SIF, and SIFyield) over drought period (from May 2015 to April 2016) in the two sub-areas (Figure 6). For the cropland, the values of EVI were higher than the multiyear mean for most months during the drought period (Figure 6c). SIF had larger reductions than EVI during the early stages of the drought (May to August 2015). As a consequence, SIF had more potential than EVI to monitor the spatial patterns when drought occurred in cropland areas. The SIFyield was much smaller than the multiyear mean for most of the dry months (Figure 6g) and had a similar trend in precipitation (Figure 6a). During the drought period, SIF was affected by higher radiation which can offset the negative impacts of water stress, leading to the smaller decrease of SIF compared with the large negative anomalies of SIFyield. Therefore, SIFyield can be a better indicator to describe the developments of drought impacts of water tress on crop growth.



The drought condition in the EBF region was moderate during the El Niño event (Figure 6b). The decline of EVI, SIF, SIFyield in EBF regions were similar during the El Niño peak time. However, a sudden increase of SIFyield appeared from September to October in 2015. The substantial decrease of solar radiation in EBF area was in September 2015 (Figure 3e), which coincided with the highest monthly aerosol optical depth (Figure 7) caused by fire in September in Indonesia [6]. Consequently, SIFyield increased in October and November because of the fire in EBF area. But for the other months, SIFyield was less than multiyear mean in late 2015. Both regions exhibited larger reduction of SIFyield than that of SIF and EVI during the drought peak time. The SIFyield quickly responded when the drought began, and anomalies of SIFyield became larger as the drought aggravated. The analyses for the crop and EBF regions indicated that the SIFyield not only described the spatial patterns of the drought event but also captured the temporal dynamics of their impacts on effective fluorescence yield.




3.3. Implications on the Regional Carbon Cycle


The variations in atmospheric CO2 are mostly due to fluctuating carbon uptake by terrestrial ecosystems [51]. The GOSAT detrended XCO2 average value was used to investigate the changes of atmospheric CO2 during this strong El Niño event in Southeast Asia. The whole area of Southeast Asia was averaged owing to the coarse spatial resolution of XCO2 data. The XCO2 showed a consistent negative correlation with SIF and EVI (Figure 8)



The correlation coefficient between SIF and XCO2 (R = −0.53, p < 0.01) was more significant than that between EVI and XCO2 (R = −0.40, p < 0.01). As mentioned before, this El Niño peaked in late 2015 and ended in May 2016. SIF showed better capability to capture the response of vegetation to the drought. Figure 8 displayed that in 2016 the CO2 emission rose drastically from March along with SIF and EVI went down to the lowest value, which was 5 months behind the fire event. During this period, SIF was highly correlated to XCO2, much more relevant than EVI.



OCO-2 is the first NASA satellite designed to measure and characterize CO2. The relationship between the OCO-2 SIF and XCO2 was also investigated based on the OCO-2 products. The average values of OCO-2 XCO2 and SIF from 2015 to 2017 were shown in Figure 9. SIF fell with the rising XCO2 during this period, indicating that vegetation status was relevant with CO2 concentration. OCO-2 XCO2 and SIF products had a strong negative correlation (R = −0.59, p < 0.01), which could show the high potential of OCO-2 data for the drought research in the future.



The net fluxes of production and consumption processes from both natural and anthropogenic sources can be reflected by dynamics of column CO2. And our results confirmed that SIF, as a proxy for vegetation status, can indirectly reflect the regional CO2 variations, especially when the water deficit occurred. Water deficit usually results in the closure of stomata, which then reduces the absorption of CO2 and makes photosynthesis slow down [52]. Thus, a strong carbon emission occurred along with the decreased SIF in Southeast Asia from the end of 2015 to mid-2016 because of the water deficit. Atmospheric CO2 variability is driven by a wide range of processes, such as temperature change, drought/flooding, fire emissions, and land use changes, which all play significant roles in changing the carbon land sink at global and regional scales [53]. Using satellite SIF observations, we can better understand the underlying processes and improve the performance of biochemical models, which still contained many uncertainties for the simulations of carbon cycle [54].





4. Conclusions and Discussion


In this paper, based on the satellite EVI and SIF products along with other climate and vegetation datasets, we examined the impacts of drought on the vegetation photosynthesis for crops and forests in Southeast Asia during the 2015/16 El Niño event. We found that satellite SIF observations were more sensitive than traditional VIs to monitor water stress for both evergreen broadleaf forest and croplands in Southeast Asia. Therefore, the space-borne SIF can be used as an effective indicator to predict the response of vegetation to water and heat stresses in the tropical region. Previous studies have reported that the higher solar radiation motivates leaf flush and leaf expansion in forests [35,55,56]. Leaf area index could be first enhanced because of the increased solar radiation, and then EVI. As a result, two regions in Southeast Asia showed green up when the drought happened according to the increases of EVI anomalies, which was related to the higher radiation (Figure 3, Figure 4 and Figure 5). Similarly, SIF cannot characterize drought well compared to SIFyield in the late 2015 in both areas because of high radiation, but it still showed higher sensitivity to drought than EVI. SIF showed more negative anomalies than EVI (Figure 4) because SIF was directly linked to the vegetation functioning, indicating that SIF can potentially be used as proxy for monitoring vegetation droughts with different onset mechanisms. Moreover, the impacts of drought on SIF became more pronounced when the effect of radiation was removed (Figure 5 and Figure 6). This phenomenon was observed for both vegetation types. Previous studies have demonstrated that the water stress altered the LAI during the drought [30]. As we know, LAI is an important canopy structure parameter and has a direct impact on the fraction of absorbed photosynthetic active radiation (fPAR). Qiu et al. [57] used a generalized radiative transfer model within the canopy to investigate the relationship between fPAR and LAI, and the results demonstrated that fPAR increased with higher LAI. Therefore, the altered fPAR and APAR during the drought may have strong impacts on radiative transfer process of SIF and the probability that SIF photons escaping from the canopy. And our results also confirmed that the drought had more pronounced impacts on SIFyield than SIF and EVI because of elimination of the effects of the solar radiation variations in SIFyield. The effects of vegetation structural variables were eliminated, then important information on drought events could be provided by SIFyield. Changes on vegetation greenness and chlorophyll content may not rapidly reflect the information about vegetation status under drought, but variations on the production of fluorescence have rapid responses to water stress [26,29,30,58]. Therefore, SIFyield is the suitable factor to detect the changes of vegetation function during the drought period in the study areas.



The strong 2015/2016 El Niño provided an opportunity to investigate the response of tropical terrestrial ecosystems to extreme climatic event [36]. Previous studies focused on the drought impacts of the 2015/2016 EI Niño events in the tropics [58,59] and figured out the mechanisms affected canopy photosynthesis. More studies demonstrated that the GPP decreased due to the extreme drought in the tropics [36,60]. The enhanced PAR did not increase GPP in Amazon during the 2015/2016 drought [61]. Field experiments at the Amazon KM83 site convinced that strong radiation resulted in increased leaf temperature, which reduced canopy photosynthesis [60]. Koren et al. [62] applied SIF to quantify the impact of the 2015/2016 El Niño drought in Amazon and found that SIF was strongly inhibited over areas with anomalously decreased soil moisture and high temperatures.



The strong El Niño event also had substantial impacts on the variations of atmospheric CO2 at global and regional scales. Previous studies [36,51,63] have demonstrated that the terrestrial tropics dominated the interannual variability of the global carbon cycle. Based on the simulations from global terrestrial biosphere models, Luo et al. [64] showed that global photosynthesis decreased in 2015 and the decrease in GPP led to 60% of the net ecosystem productivity (NEP) reduction. Since El Niño affected mainly on tropical ecosystems, the growth rate of CO2 in 2015/2016 was higher than the average of previous decade [58]. When the 2015/2016 El Niño events and the fire in Indonesia occurred, tropical Asia experienced severe losses of SIF and GPP, along with increased carbon release [36]. Our results demonstrated that the XCO2 had a strong negative correlation with SIF, indicating the carbon emission in Southeast Asia during 2015 and 2016 (Figure 9). The satellite SIF data can indirectly reflect the regional CO2 variations, especially when the vegetation experienced environmental stresses. Water stress usually results in the stomata closure for plant, then makes photosynthesis slow down and reduces the absorption of atmospheric CO2 [52]. Therefore, satellite SIF can be used to estimate the variations of atmospheric CO2 growth rate during the extreme climate events.



In summary, we found that space-borne SIF observations had great potential for monitoring the spatial and temporal response of plant growth to drought in general, with El Niño event as an example. The EVI was not able to capture the negative response of the vegetation to drought. However, satellite SIF data had more pronounced responses to extreme events than EVI when the drought occurred. Moreover, compared with SIF, SIFyield can provide more accurate information about vegetation conditions during the drought period as it removed the effects of APAR. This study indicated that satellite-based SIF reasonably characterized the spatial and temporal dynamics of drought development in crop and forest regions in Southeast Asia. Responses of vegetation photosynthesis and greenness decoupled in this extreme drought, indicating that satellite-based SIF products would be a better choice for the response of vegetation to extreme climate events induced by the strong El Niño events in the future.
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Figure 1. Land cover map of Southeast Asia, with the northwest region (8–18°N, 98–110°E) and the south region (5°S–5°N, 107–118°E) dominated by crops and evergreen broadleaf forest respectively. 
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Figure 2. Monthly anomalies of temperature, precipitation, TWS and scPDSI in croplands (a,b) and in evergreen broadleaf forest area (c,d) from January 2007 to December 2016. The shaded area showed the drought years. 
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Figure 3. The spatial distribution of normalized anomalies of (a,b) temperature, (c,d) precipitation, (e,f) radiation and (g,h) scPDSI in 2015 and 2016 relative to the means over the period 2007–2014 in Southeast Asia. 
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Figure 4. The spatial distribution of normalized anomalies of (a,d) EVI, (b,e) SIF, (c,f) SIFyield in 2015 (left column) and 2016 (right column) relative to the means over the period 2007–2014 in Southeast Asia. 
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Figure 5. The probability density of normalized anomalies of (a,b) Precipitation, (c,d) EVI, (e,f) SIF, (g,h) SIFyield in 2015 and 2016 relative to that of over the period 2007–2014 in croplands (left column) and evergreen broadleaf forest area (right column). 
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Figure 6. The monthly averages of (a,b) precipitation, (c,d) EVI, (e,f) SIF, (g,h) SIFyield for the croplands (left column) and for the evergreen broadleaf forest area (right column) during the drought period (from May 2015 to April 2016) in Southeast Asia. The shaded area showed uncertainties of the multiyear mean from 2007 to 2014. 
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Figure 7. Normalized anomalies of aerosol optical depth (AOD) for Southeast Asia from 2007 to 2016. The shaded area showed the drought years. 
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Figure 8. Monthly average of XCO2, EVI and SIF for the Southeast Asia from April 2009 to 2016. The shaded area showed the drought years. 
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Figure 9. Monthly average of OCO-2 XCO2, SIF for the Southeast Asia from 2015 to 2017. 
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