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Abstract

:

Gross primary production (GPP) is a key component in assessing the global change in carbon uptake and in evaluating the impacts of climate change on terrestrial ecosystems. A decrease in the photosynthetic rate due to stomata closing by vegetation could have an impact on GPP. Nonetheless, the uncertainty in long-term GPP patterns and their resilience to drought disturbances has not yet been examined thoroughly. In this study, four state-of-the-art GPP datasets, including the revised EC-LUE algorithm-driven GPP (GLASS-GPP), the EC flux tower upscaling-based GPP (FluxCom-GPP), the MODIS algorithm-driven GPP model (GIMMS-GPP), and the vegetation photosynthesis model-GPP (VPM-GPP), were used to assess GPP characteristics in the Middle East region for 36 years spanning the period of 1982 to 2016. All investigated datasets revealed an increasing trend over the study period, albeit with a more pronounced upward trend for the VPM-GPP dataset in the most recent decades (2000–2016). On the other hand, FluxCom-GPP exhibited less variability than the other datasets. In addition, while GLASS-GPP presented a significant increasing trend in some parts of the region, significant negative trends dominated the other parts. This study defined six significant drought episodes that occurred in the Middle East region between 1982 and 2017. The most severe drought events were recorded in 1985, 1989–1990, 1994, 1999–2001, 2008, and 2015, spreading over more than 15% of the total area of the region. The extreme droughts accounted for a high decline in GPP in the north of Iraq, the northeast of Syria, and the southwest of Iran, where 20.2 and 40.8% of the ecosystem’s GPP were severely non-resilient to drought according to the GLASS and VPM-based GPP responses, respectively. The spatial distribution patterns of the correlations between the SEDI and GPP products were somewhat similar and coherent. The highest positive correlations were detected in the central and western parts of Turkey, the western and northeastern parts of Iran, and north Iraq, which showed anomalous r values (r = 0.7), especially for the SEDI-VPM and SEDI-FluxCom GPP associations. The findings of this study can provide a solid base for identifying at-risk regions in the Middle East in terms of climate change impacts, which will allow for better management of ecosystems and proper implementation of climate policies.
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1. Introduction


During the last few decades, the Earth’s ecosystems have absorbed one-third of human CO2 emissions [1]; much of this absorbance occurs via carbon accumulation in forest biomass and soils [2]. The terrestrial gross primary productivity (GPP) and ecosystem respiration (ER) are the two largest fluxes in the global carbon cycle. GPP, which represents the total ecosystem carbon uptake via photosynthesis [3], tends to increase, mostly due to increased photosynthetic CO2 absorption [4]. Overall, this terrestrial uptake relieves the human increase in atmospheric CO2 levels by inducing negative feedback in the climate and carbon cycle systems [5]. It is critical to examine in what range, how long, and in which ecosystem this negative feedback and net CO2 absorption will continue.



GPP is considered one of the primary mechanisms that drives climate regulation, carbon sequestration, and carbon storage. In addition, it is seen as a key proxy for a variety of ecosystem services such as food, fiber, and fuel production, as well as the management of Earth’s habitability [1,3]. However, future predictions of ecosystem reactions and consequently the feedback strength are exceedingly unknown and uncertain. Nonetheless, recent evidence suggested that significant tropical CO2 absorption has been identified that is roughly offsetting net deforestation and demonstrating significant negative global feedback to atmospheric CO2 and climate [6]. On the contrary, the occurrence of extreme events such as droughts, heatwaves, or rainstorms, as well as the related disruptions, can partially balance carbon sinks or even cause net losses in carbon stocks, thereby releasing CO2 into the atmosphere [7,8,9]. For example, droughts can impact the global carbon balance by limiting vegetation development at different stages or within a wide range of tree mortalities and ecosystem fires [7]. Since climate extremes can produce rapid and delayed reactions in ecosystems, it is expected that even minor changes in the frequency or severity of climate extremes might significantly diminish carbon sinks and result in significant positive feedbacks to climate change [10,11,12].



Net ecosystem exchange (NEE) is commonly measured at the ecosystem scale using data from eddy covariance (EC) flux towers. NEE is defined as the sum of GPP (representing net photosynthesis) and ER (total energy return), both of which are positive in nature. Although nighttime ER can be quantified via the EC approach, daytime GPP or ER cannot be directly observed by the EC. Rather, it can be separated at the ecosystem scale by using flux-partitioning methods based on night- and daytime NEE data [13,14]. Since EC flux towers have a comparatively tiny footprint and are distributed randomly across the terrestrial ecosystems, it is crucial to create global gridded data for the GPP. In recent years, several types of models have been developed (see Table 1) that are widely used to assess the spatio-temporal trends of GPP [15,16]. Overall, these methods can be classified into three major categories. The first category is the EC flux data-driven models based on random measurements at flux tower sites. These models account for the relationships between the inferred GPP and other explanatory factors at the site level in order to estimate GPP. These covariates can then be upscaled into gridded data using machine learning algorithms [17,18]. The second category is the satellite-based models, of which the light-use-efficiency (LUE) model is a representative example [19,20,21,22,23,24]. The third category is the process-based models, which simulate the interactions between various ecosystem synthesizers [5,25] such as biochemical and physiological processes that characterize vegetation’s response to climatic and environmental conditions [15,26,27,28]. In recent decades, there have been increasing efforts to quantify GPP using satellite measurements, such as solar-induced chlorophyll fluorescence (SIF) [29], the updated two-leaf LUE model (GPP derived from sunlit and shaded leaves) [30], the P-model [31], and the BEPS model [32,33]. As a whole, these models combine process- and data-driven approaches to sidestep some of the more unsettling limitations of both complex process-based models and observed data-driven models.



However, uncertainty in GPP predictions makes their spatio-temporal patterns and trends incomprehensible. As such, it is difficult to define the potential consistency or inconsistency of the same cluster of GPP models when assessing the spatio-temporal trends and inter-annual variability of terrestrial GPP based on a single or even numerous models [16,30,34]. In this context, when recalling that droughts can affect the global carbon balance by retarding vegetation growth at various stages or within a wide range of tree mortality and ecosystem fires [35,36,37], it is difficult to accurately evaluate the response of terrestrial ecosystems to drought at different timescales, especially with the varying physiological and biochemical activities of plant growth and cultivated crops [38,39,40]. Due to its significant impact on terrestrial ecosystems and political, social, and economic systems, including hydrological processes [41], vegetation growth [42], and food security [43], drought and its spatial repercussions have frequently been the focus of several studies in the Middle East, which is prone to drought due to persistent water scarcity caused by a climate that is nearly transitional between hot–dry and cold–humid. As a result, the Middle East is a critical region for the understanding of global drought [44]. To better understand the ecosystem response to current and future climate change scenarios and to forecast possible changes in carbon cycle dynamics in the Middle East, it is crucial to evaluate the response of ecosystem productivity to drought and its long-term patterns and trends.



Based on four state-of-the-art GPP datasets, including the revised EC-LUE algorithm-driven GPP (GLASS-GPP), the EC flux tower upscaling-based GPP (FluxCom-GPP), the MODIS algorithm-driven GPP model (GIMMS-GPP), and the vegetation photosynthesis model-GPP (VPM-GPP), this study aimed to: (a) detect the spatio-temporal annual trends of GPP in the Middle East and explore whether these trends varied as a function of model parameterizations; and (b) detect GPP sensitivity to dry and wet climatic conditions and assess ecosystem resilience to anomalous drought events on the regional scale and how this resilience could vary in response to dominant land-cover types. The findings of this work, as based on these four global long-term GPP datasets, can be relevant to ecosystem management in the Middle East because they can provide insights into how different ecosystems in the region can respond to drought perturbations.




2. Materials and Methodology


2.1. Study Area


With a land area of 6.928 × 106 km2 and a total population of 357.23 million people, the Middle East region spans southwestern Asia and northeastern Africa between the latitudes of 12°06′N and 42°07′N and the longitudes of 25°E and 63°17′E (Figure 1) [49]. It comprises the Arabian Peninsula and the Levant region in addition to Egypt, Iraq, Iran, and Turkey. The dominant land-cover pattern in the region is bare land, which represents almost 65.6% of the total area, while vegetation areas (mainly shrub- and tree-covered areas, grassland, and cropland) cover roughly 31.75% of the total area [50] (See Figure A1). The region’s climate pattern is distinguished by a transitional climate that ranges from dry–hot to humid–cold. According to the Köppen–Geiger climate classification, the dominant climate pattern in the region is the hot–dry climate (BWh), which represents almost 67.7% of the total area, followed by the cold–semiarid climate (BWh) and temperate–wet climate (Csa), which represent roughly 9.8% and 6.40% of the total area, respectively [51]. Overall, the rainiest regions are situated in the northern mountain ranges due to orographic effects (e.g., the Zagros and Taurus Mountains), along the coasts of the Mediterranean and the Aegean Sea, and along the southern coasts of the Black and Caspian Seas. Due to topographical and latitudinal gradients, air temperatures are distinguished by high intra-annual variability; the annual mean temperature (1991–2020) ranged from 12 °C in the Turkish areas to 26 °C in Saudi Arabia [52]. Rainfall is highly variable over both space and time; the rainy season extends mostly between November and April. Rainfall is controlled largely by the location and frequency of the Mediterranean cyclones. However, a short, rainy summer season dominates the southern part of the region (Yemen, SW Saudi Arabia), which is influenced by the Indian and African monsoons [53].




2.2. Data Description


2.2.1. State-of-the-Art Carbon Productivity Datasets


GPP data were collected from four global datasets that included:




	
The revised EC-LUE-based GLASS-GPP: we employed the yearly GPP data at a spatial resolution of 0.05° in the period between 1982 and 2016 (https://doi.org/10.6084/m9.figshare.8942336.v3 (accessed on 18 March 2020)). This dataset was generated based on the revised EC-LUE algorithm [23] while considering the principle of LUE [19,54,55]. The main version of the EC-LUE was forced by four variables: the photosynthetically active radiation (PAR), the normalized difference vegetation index (NDVI), the Bowen ratio of sensible to latent heat flux, and the air temperature [24]. To precisely detect the long-term change in GPP, GLASS-GPP employed the revised EC-LUE algorithm, in which other variables were added to the revised version to account for the impact of several factors; e.g., the CO2 concentrations, radiation, and vapor pressure deficit (VPD) [23]. The model was superior in the sense that it detected the inter-annual variability in GPP both globally and at the site level. The revised EC-LUE incorporated key environmental factors into the estimation process, which resulted in long-term confident estimates of GPP worldwide.



	
FluxCom-GPP: this dataset was generated through upscaling of EC flux tower stations. The monthly FluxCom-GPP, which is available at a spatial resolution of 0.5°, is an ensemble of daily remotely sensed and observed data that spans the period between 1982 and 2016 [18,56,57]. Three machine learning algorithms (i.e., multivariate regression splines, artificial neural networks, and random forests) were forced by the meteorological data of the CRU JRA version 1.1 [58] to generate the gridded dataset of the FluxCom-GPP. Details of the machine learning algorithms and the training and validation framework are outlined in Tramontana et al. [18]. The dataset is available for the globe via the FluxCom platform (http://www.fluxcom.org (accessed on 6 July 2021)).



	
The Global Inventory Modeling and Mapping Studies (GIMMS-GPP): this dataset is available on a yearly basis at a grid interval of 0.05° and covers the period of 1982–2016 [48]. In this dataset, the GIMMS-FPAR (fraction of photosynthetically active radiation) data, leaf area index (LAI) data, and daily CRU-NCEP weather data were used to generate the gridded dataset of the GIMMS-GPP following O’Sullivan et al. [59]. Due to CRUNCEP’s reliability and widespread use in many models, the “CRUNCEP P1 Standard” model parameterizations were run.



	
The vegetation photosynthesis model (VPM-GPP): over 17 years (2000–2016), the VPM-GPP dataset has been made available at a 0.05° spatial resolution (https://doi.org/10.6084/m9.figshare.c.3789814 (accessed on 6 July 2021)). Using the LUE scheme, the VPM-GPP dataset was generated and GPP was estimated as the amount of light absorbed by chlorophyll in vegetation (i.e., the PAR absorbed by chlorophyll). The VPM algorithm was used to generate the VPM-GPP gridded dataset using different MODIS datasets (e.g., EVI, LSWI, nighttime LST, and land-cover types) as well as daily NCEP reanalysis II temperature and radiation data, [21].








GPP data based on the eddy covariance (EC) tower: the EC method is the most popular and straightforward way to compute the carbon flux at the ecosystem level [60]. Since 2000, EC measurement has been performed continuously in the Yatir Forest in Israel [61,62] based on the European approach; since then, it has been part of the EuroFlux and FLUXNET communities. The EC tower was installed in the central part of the Yatir Forest (longitude of 35°03′07.01″E, latitude of 31°20′42.25″N, and 658 m a.s.l.) in 2000 and has been in operation since then [63]. Since this is the only EC tower in the Middle East, the GPP data from the Yatir Forest was employed in this study. This dataset spans the period of 2000–2016 and is available via the EuroFlux database (http://www.europe-fluxdata.eu/home (accessed on 24 September 2022)).




2.2.2. Actual and Potential Evaporation


To quantify the evapotranspiration deficit index (SEDI) as well as the ecosystem’s GPP resilience and ability to tolerate droughts, the yearly evaporation estimates of the Global Land Evaporation Amsterdam Model (GLEAM, version 3.3a) were used [64,65]. In this product, the potential evaporation (PET) is estimated based on the Priestley–Taylor method, which considers the near-surface air temperature and surface net radiation as inputs. In this study, the PET and AET datasets were used on an annual basis at a spatial resolution of 0.25° for the period of 1982–2018 (www.gleam.eu (accessed on 7 May 2019)). It is well established that the actual evaporation (AET) is generally lower than the estimated PET. As such, GLEAM converted PET estimates into AET, or evaporation of bare soil (based on the land cover), by considering a multiplicative stress factor S (-) with values that ranged between 0 and 1. The AET data were calculated based on the GLEAM algorithm and validated against FLUXNET stations (eddy covariance towers) worldwide, which demonstrated a high agreement between these two independent datasets [64,65,66,67,68]. In this context, Martens et al. [65] reported an average Pearson’s correlation of 0.81–0.86 based on data from 91 FLUXNET stations. More recently, Martens et al. [66] used five FLUXNET stations and noted an average correlation that ranged from 0.68 to 0.94 with a mean absolute error (MAE) of 0.4–0.8 mm d−1. In addition, according to [67,68], the GLEAM AET dataset outperformed other evaporation datasets and had better agreement with the Budyko, LSA-SAF, and Makkink estimates.





2.3. Data Analysis


2.3.1. Assessing GPP Based on EC Tower


To assess the state-of-the-art GPP estimates, the outputs of the four models had to be plotted against the FLUXNET stations. Due to the scarcity of measured GPPs in the study area, we only used the output of the Yatir GPP data in Israel. In this study, the EC tower product from Yatir was evaluated against all of the GPP models. To evaluate the performance of the GPP, four indicators were used: (1) the Nash–Sutcliffe efficiency (NSE), (2) Wilmott’s index of agreement (d), (3) the root-mean-squared error (RMSE), and (4) the correlation coefficient (r) (Table A1). In addition, a Taylor diagram was used to evaluate the GPP performance against the GPP values of the EC tower.




2.3.2. Trends and Variability in GPP


Long-term changes in GPP were assessed for the period of 1982–2016. The magnitude of change was determined using Theil–Sen’s slope estimator, while the statistical significance of these changes was assessed using the non-parametric Mann–Kendall (M-K) statistics. The M-K test does not assume a priori distribution of the data and is less sensitive to the presence of outliers and anomalous values in the data [69]. For this reason, it has been widely applied in different environmental applications [21,70,71,72,73]. The M-K test’s S statistic [74,75] was computed as:


  M − K    ( S )  =   ∑   k = 1   n − 1     ∑   j = k + 1  n  s g n  (   x j  −  x k   )  :  (  j > k  )  ,  



(1)




where    x  j       and    x k    are the GPP values in years  j  and  k    ( j > k )  ,  n  is the time series length, and   s g n  ( θ )      is the sign function expressed as:


  g n  (   x j  −  x k   )  =  {      + 1  (  i f  (   x j  −  x k   )  > 0  )        0  (  i f  (   x j  −  x k   )  = 0  )        − 1  (  i f  (   x j  −  x k   )  < 0  )      ,                                



(2)







When  n  ≥ 8, the  S  statistic has a normal distribution, and its average and variance can be computed as:


  E  (  S  )  = 0 ,    



(3)






  Var  ( S )  =   n    (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  m   t i   (   t i  − 1  )   (  2  t i  + 5  )    18     ,                                  



(4)







Equation (4), which was used to calculate the variance in M-K (S), was based on the idea that there are tied values in the series (i.e., the same consecutive data) for modifying the variance, where m denotes the number of tied groups and is the number of data values in the i-th group. The  Z  statistic of the M-K test can be computed as:


  Z =  {        s − 1     var  ( s )       (  s > 0  )        0  (  s = 0  )          s + 1     var  ( s )       (  s < 0  )                ,      



(5)




where the  Z  statistic was applied to examine the existence or non-existence of statistically significant trends at α significance level (a positive  Z  suggested a rising trend in the time series and a negative  Z  denoted a declining trend in the time series). Herein, the null and alternative hypotheses were tested at a significance level of 95% (p < 0.05).



To quantify the change ratio of the GPP trend (i.e., the change per unit time), the non-parametric Theil–Sen’s slope estimator was applied [76,77]. The merit of using this method is that it is not sensitive to the presence of extreme values; it can be computed as:


  m e d i a n  (  b i  )  =    x j  −  x k    j − k   , w h e r e   j > k ,    



(6)




where    x j    and    x k    are the GPP data values for years j and k (j > k). The Sen’s slope   b i   is the median of n values of b. The  n -values of  b  are ranked from the smallest value to the largest, and the Sen’s slope is defined as:


  Q =  {      b  (  N + 1  )  / 2                                                           n   i s   o d d        1 2   (  b N / 2 +  (  N + 2  )  / 2  )                    n   i s   e v e n           ,  



(7)







Overall, the Sen’s slope ratio of trends was calculated for all gridded data points for the GPP time series spanning the period of 1982–2016.




2.3.3. Drought Characterization


To characterize the drought severity in the region, we applied the SEDI at the annual time scale, which accounted for the standardized difference between the actual and potential evapotranspiration (AET-PET) [49,78]. The SEDI was computed for each grid point (0.25°) over the period of 1982–2016. The normality of the calculated SEDI was tested for each grid point using the Shapiro–Wilk (S-W) statistic [79]. The aim was to test whether the SEDI followed a normal distribution. The statistical significance of the S-W test was assessed at the 95% level (p < 0.05). The normality test confirmed that almost 79% of the SEDI time series followed a standard normal distribution, which demonstrated the applicability of the SEDI in the characterization of droughts over a large extent across the Middle East region without biasing the index data or increasing or underestimating the drought severity.




2.3.4. Resilience Analysis


The ecosystem’s GPP resilience was assessed based on its ability to tolerate external disorders (such as droughts) while maintaining the same pattern and trend under severe to extreme conditions [80,81]. Our research considered the ecosystem’s GPP resilience (ERI) as a functional index by quantifying GPP resilience to drought as follows:


  E R I =   G P  P i o    G P  P i   ( τ )        ,  



(8)




where ERI is the ecosystem’s GPP resilience index,   G P  P i o    is the observed GPP in the driest year, and   G P  P i   ( τ )      is the value of the de-trended value of GPP in the same year. The values of the ERI could be classified into four categories, which were predetermined for crop resilience as follows: slightly non-resilient (0.9 < ERI < 1), moderately non-resilient (0.8 < ERI < 0.9), and severely non-resilient (ERI < 0.8) [80,82]. The driest year for each pixel was defined using the lowest annual SEDI over the study period.



Finally, the Pearson correlation (r) was used to examine the relationships between the SEDI and GPP as well as to detect the consistency among the GPP models (i.e., the spatial cross-correlation analysis) in terms of trends and their resilience to severe drought.






3. Results


3.1. Performance of GPP Products against EC Tower


The GPP was extracted from all datasets and validated against the EC tower in Yatir Forest (Israel) for the common period of 2001–2016. Overall, the accuracy metrics suggested a good agreement between the GLASS-GPP and EC-GPP datasets with a Pearson’s correlation coefficient of 0.76 and an RMSE of 84 gCm−2 yr−1. This finding was confirmed by the Taylor diagram given that the averaged-GPP correlation value was 0.77 but with a higher RMSE value (139 gCm−2 yr−1). In comparison to GLASS-GPP, the other products showed lower correlations (0.52 to 0.61) with EC-GPP (Figure 2 and Table 2).




3.2. Dynamic Change in Ecosystem GPPs


Recalling that the GLASS-GPP showed the best performance for observed GPP, we present the magnitude of changes in the GLASS-GPP time series and their statistical significance using the Z-statistic. As shown in Figure 3, the Z-statistic for the majority of the GPP time series was 1.95 or more (p < 0.05). GLASS-GPP showed a significant increasing trend in Turkey, west Iran, and Syria, while the western portions of Egypt and south Saudi Arabia witnessed significant negative trends (Figure 3). As illustrated in Figure 3, the annual GLASS-GPP exhibited significant trends over the whole domain and had slope values ranging from −1 to 60 gCm−2 yr−1. The greatest changes were observed in the Nile Delta and along the Nile River, which had values ranging from 7.5 to 60 gCm−2 yr−1. Conversely, changes in Egypt’s eastern and western deserts were less pronounced and had values ranging from 0 to 3.5 gCm−2 yr−1. In Turkey, the changes were in the range of 3.5–15 gCm−2 yr−1 but were much weaker (<3.5 gCm−2 yr−1) in central Turkey. In Saudi Arabia, changes in GLASS-GPP varied from −1 to 3.5 gCm−2 yr−1 compared to a range of −1 to 3.5 gCm−2 yr−1 in Oman, Yemen, and the eastern part of Iran.



However, for more insights into the regional trends of GPP across the region, we also looked at changes in GPP using the different GPP datasets. This comparison was restricted to the common period (1982–2016) for all products. Moreover, we looked at the short-term changes in GPP by dividing the entire study period into two identical short sub-periods: 1982–1999 and 2000–2016.



For almost all products, the regional GPP in the Middle East showed an increasing trend between 1982 and 2016 except for FluxCom-GPP, which suggested a decreasing trend (Figure 4). Notably, the GLASS-GPP dataset showed a significant upward trend from 1982 to 1999 and then a decreasing trend from 2000 to 2016. The highest GLASS-GPP value was noted in 2013 (1.53 PgC), while the lowest was observed in 1989 (1.09 PgC) followed by 2008 (1.23 PgC). In contrast, the GIMMS-GPP’s series slope was +0.0026 PgC yr−1 (p < 0.05) for the period of 1982 to 1999; it then showed a significant increasing trend after 2000 to +0.0052 PgC yr−1. The highest GPP value was observed in 2016 (0.709 PgC), while the lowest was seen in 2008 (0.613 PgC).



In comparison to other products, the VPM-GPP showed the highest increasing magnitude over the study period of +0.019 PgC yr−1 (p < 0.05); the highest value was recorded in 2016 (1.57 PgC) and the lowest in 1982 (1.116 PgC) (Figure 4). Interestingly, the datasets based on machine learning models (e.g., FluxCom-GPP) showed the least inter-annual variability amongst all of the products.



Based on several GPP products, our findings showed a significant variation in the spatio-temporal trends of the GPP in the Middle East (Figure 5). Even though there was some consistency in the trend patterns across several GPP datasets for some products, we found significant variations in the trend values across these GPP datasets. As presented in Figure 5, a significantly increasing trend in GPP was recorded in the northern parts of the study area between 1982 and 2016 as shown by the GLASS, GIMMS, and VPN models. In contrast, a significantly decreasing trend was detected in the central and southern parts of the study area.




3.3. SEDI-Based Drought in the Middle East


An assessment of the drought characteristics in the Middle East using the SEDI revealed that a total of six significant drought events occurred in 1985, 1989–1990, 1994, 1999–2001, 2008, and 2015 (Figure 6). The very extreme and extreme droughts of 1989–1990 and 1999–2001 covered approximately 8–12% and 12–15.1% of the total area, respectively. Severe droughts dominated more than 15% of the area in 1985, 1990, 1994, 1999–2001, and 2008. The 2000 severe, extreme, and very extreme droughts, which covered roughly 42% of the total area, were the worst observed droughts in terms of intensity, duration, and area, especially over the eastern and southern parts of the region. On the other hand, the 2008 drought event, which was the second-worst recorded event ever recorded in the region, covered about 33.5% of the total area and mainly dominated in the northern parts of the region.




3.4. Relationships between GPP and Dry–Wet Conditions of the SEDI


This part of the study aimed to detect whether the GPP was sensitive to the SEDI variability and exceedingly related to its dry–wet climatic condition. Herein, the efficiency of the SEDI in detecting drought influences on carbon production was evaluated. Figure 7 depicts the spatial distribution of correlation values between the four GPP datasets and the SEDI from 1982 to 2016. The results indicated that the regional average correlations between GPP and the SEDI were 0.20, 0.33, 0.41, and 0.50 for the GLASS, GIMMS, VPM, and FluxCom models, respectively. The spatial distribution patterns of the correlations between the SEDI and GPP products were somewhat similar and coherent. Based on the pairwise comparisons, the cross-correlations value between the GLASS-GPP and FluxCom-GPP responses to dry–wet conditions of the SEDI was 0.61, but the response patterns in the other GPP models were less coherent and had a cross-correlations value ranging from 0.35 to 0.59 (e.g., the FluxCom and VPM models’ response pattern was the lowest); however, it was still statistically significant. The highest positive correlations were detected in the central and western parts of Turkey, the western and northeastern parts of Iran, and north Iraq, which had anomalous r values (r = 0.7), especially for the SEDI-VPM and SEDI-FluxCom GPP associations.




3.5. Resilience of the Ecosystem’s GPP to Drought Disturbances


The spatial distribution of ERI values was based on GLASS-GPP because it is a high-resolution product (0.05 arc degree) that is able to evaluate the ERI for each land-cover type separately at a national level. As illustrated in Figure 8, most of the ecosystems in the study area were resilient to drought: there was a resilience of 36.1% for the total area. The severely non-resilient area encompassed 28.1% of the total area. Spatially, the highest ecosystem resilience was mainly concentrated in the southern part of the region including Saudi Arabia, Oman, and Yemen. On the contrary, severe non-resilience was mainly located in the northern parts in Turkey, Syria, and Iraq. Slightly non-resilient areas covered 21.6% of the total area and were more concentrated in the eastern part of Egypt and the southern part of Saudi Arabia.



Saudi Arabia had the highest ERI values compared with the other countries followed by Oman and Egypt. In contrast, the ecosystems of Syria, Iraq, and some parts of Yemen exhibited lower ERI values. The shrub-covered area (SCA), tree-covered area (TCA), and grassland (Gr) ecosystems in Iraq had the lowest ER values and were classified as severely non-resilient ecosystems. The grassland (Gr), cropland (Cr), and bare soil (BS) ecosystems in Syria; the herbaceous vegetation aquatic (HV) ecosystem in Turkey; and the sparse vegetation (SV) ecosystem in Oman all had lower ERI values and were also classified as severely non-resilient (Figure 8).



The extreme droughts accounted for a high decline in GPP in the north of Iraq, the northeast of Syria, and the southwest of Iran (Figure 9), where 0.2 and 3.1% of the ecosystem GPP were severely non-resilient to drought according to the FluxCom and GIMMS model-based GPP, respectively; while 20.2 and 40.8% of the ecosystem GPP for both the GLASS and VPM products, respectively, were severely non-resilient. As such, GLASS and VPM showed similar results regardless of the ERI values presented that were different from those of FluxCom and GIMMS. As illustrated in Figure 9c, based on the pairwise comparisons, the cross-correlation values between the ERIs of GPP models in response to extreme droughts were less than 0.48 for all models and the ERI patterns in all GPP models were moderately coherent.





4. Discussion


4.1. Inconsistency in Distinguished GPP Trends and Their Responses to Drought


The climate over the Middle East was characterized by hot to warm temperatures, short (winter) rainy seasons, and a favorable radiation amount and duration for vegetation growth, which combined together to induce a high annual variability in GPP in the study area. However, variability in vegetation productivity is not always linked to climatic factors alone but is also related to human activity [83,84,85]. The GPP for several ecosystems showed an increasing trend in the Middle East. Regardless of the ecosystem type, the annual averages of GPP showed an increasing trend between 1982 and 2016. Spatially, these increasing trends were more prominent in the northwest part of the region. In addition, the results indicated a slight decrease in GPP with a slower rate in the central portion of eastern Iran. There were various prospective catalysts for long-term increments in the terrestrial carbon pool (GPP); the most significant ones were climate change, land-use and land-cover changes, and increasing concentrations of atmospheric CO2 [86]. The distinguished long-term trend in GPP across the region supported the hypothesis of increased CO2 concentrations in the atmosphere leading to increased CO2 uptake [87], and the revised EC-LUE model supported a positive effect of CO2 fertilization on vegetation productivity [23]. Because FluxCom did not account for the CO2 fertilization effects, the lack of trends did not contradict but rather confirmed this hypothesis [57]. According to Wild et al. [88], there was a somewhat strong agreement between the predicted GPP and in situ FLUXNET-GPP trends. It was nevertheless difficult to reach conclusive judgments on the occurrence, extent, and causes of long-term trends in GPP. As a result, the worldwide impact of atmospheric CO2 on vegetation GPP remains ambiguous, but the analyzed GPP models provided insights into the long-term GPP trends and may aid in identifying and quantifying the driving variables to increase the long-term GPP.



Based on several GPP products falling into the same cluster, our findings suggested a significant degree of uncertainty in the GPP spatial trends in the Middle East, although the explained trends in various GPP datasets were somewhat similar for some models regardless of the magnitude of the trend. One key explanation for the models’ low performance and inconsistency in presenting the inter-annual trends is that the influence of environmental controls on vegetation productivity was not fully included in some models [89]. However, there is little agreement on the relevance of various drivers of spatio-temporal changes in GPP. Ecosystem models continue to diverge in their representation of the relative influences of various environmental controls; a better understanding of these controls is essential if future carbon cycle dynamics are to be reliably anticipated [90,91]. As such, ecosystem models are heavily influenced by a number of variables such as nitrogen deposition, CO2 concentration, climatic variables, and land-use/land-cover types [92]. Some earth-system models suggested that soil moisture would also have a significant impact on long-term CO2 absorption [93]. The availability of nutrients, especially phosphorus (P) and nitrogen (N), which play key roles in controlling vegetation photosynthesis and development, is assumed to be a constraint on GPP [94,95]. Thus, long-term GPP changes reflect a complex balance of numerous interacting biophysical (e.g., temperature and water) and biogeochemical (e.g., carbon dioxide and nutrients) feedbacks. According to O’Sullivan et al. [96], long-term increases in nitrogen deposition resulted in a considerable rise in CO2 fertilization, and carbon-nitrogen synergy was a key contribution to the present terrestrial carbon sink.



On the other hand, although the correlation patterns between the annual SEDI and GPP datasets were similar for some models (e.g., the FluxCom response to the SEDI against the GIMMS and GLASS responses), they were different in others. Notably, the values of cross-correlations significantly varied among GPP datasets. However, the results confirmed that there was a significant positive relationship between the ecosystem’s carbon absorption and soil-water deficit as revealed in the SEDI. The SEDI may detect terrestrial carbon fluxes and their long-term variation by reflecting the influence of water stress on plant growth under extreme events such as drought and documenting the significant relationship between vegetation and the evapotranspiration deficit [78]. As a result, the SEDI is based on evaporative stress, which is more directly related to vegetation moisture stress than other drought indices [49]. The PET measures the potential of the atmosphere to accept water or evaporative demand and controls soil-water stress, whereas the AET measures the quantity of water lost from an ecosystem due to evaporation and transpiration. The evaporation deficit (ED) is the difference between the AET and the PET from an ecological and agricultural standpoint. A high ED under climatic stress causes stomatal closure, which reduces accumulated carbohydrates, photosynthetic processes, and ecosystem respiration, thereby resulting in a high reduction in carbon absorption and thus positive feedback to climate change [5,7,11].



Based on the correlations between the GPP products and the SEDI, it can be noted that there were significant differences between the four GPP products in terms of ERI-driven GPP (Figure 7 and Figure 9), and choosing one that significantly outperformed the others was difficult [38]. This showed that we should be careful when using GPP estimates from remote sensing, process-based models, or machine learning or when evaluating GPP responses to drought using these products.




4.2. Uncertainty and Limitations


Due to the varying drought sensitivities of different types of terrestrial ecosystems as well as the interactions between drought and other environmental variables, judgments on regional and global GPP responses to drought are highly uncertain [97]. For instance, satellite-based GPP models do not take into account the interconnected physiological and ecological processes and therefore tend to neglect the increased consequences of ecosystem responses during extreme climatic events [98]. The flux-tower-based FluxCom GPP model, which is forced by machine learning algorithms, may be considered as in situ GPP estimates and thus is widely used to estimate GPPs from multi-decadal space-based datasets and process-based models. However, it provides a poor representation of certain fundamental processes including nitrogen deposition and CO2 fertilization, making it difficult to detect GPP annual changes adequately [56,99]. While the LUE-based model often provides inconsistent long-term trends in GPP due to the absence of key critical processes such as the direct effects of soil moisture and CO2 fertilization on LUE [100,101] it recently was improved by including CO2 effects on LUE photosynthesis (the revised EC-LUE) [23]. However, the revised EC-LUE model did not account for the effect of the soil nitrogen content on photosynthesis in the model. This aspect is critical given that atmospheric nitrogen deposition has increased dramatically in recent decades as a result of immoderate fossil fuel combustion in the transportation and industrial sectors as well as the misuse of nitrogenous fertilizer in agricultural practices [102].



In this context, Stocker et al. [100] revealed that GPP estimates based on remote sensing underestimate the impacts of drought on GPP due to insufficient parameterization in the model such as accounting for the possible impact of soil moisture on the LUE. Some studies have shown that the VPM [49,103] and modified VPM [104] outperformed other GPP estimates in detecting the effect of droughts on GPP due to the inclusion of the impact of soil moisture on photosynthesis in the models, which was presented in our study and several other studies [105,106]. As a result, water-deficit variables (e.g., LSWI in the VPM) that reflect plant ecological and physiological characteristics rather than atmospheric moisture (e.g., the VPD parameter included in the revised EC-LUE) should be considered further in GPP estimates, particularly when used during drought events [106]. Furthermore, fPAR, EVI, NDVI, and LAI remote sensing data may have limitations that contribute to the excess variance in trained variables and result in a poor output in model-parameter adjustment, thus resulting in significant uncertainty in the simulated GPP [107,108]. In general, we selected the SDEI as an influencing factor that reflected the climatic impacts on GPP; however, human interventions also can have an impact on the GPP. As such, a method to quantify the contribution of each influencing factor and extract information that can fully reflect the effects of human interventions will be another focal point of our future work. Furthermore, in terms of discrepancies in the results reported by different GPP products, more attention could be paid to investigating the causes of these discrepancies and determining their sources to reduce uncertainty. However, these findings provided a significant incentive to better comprehend the spatio-temporal changes in terrestrial GPP to meet the increasing requests of global climatic, environmental, and ecological research.





5. Conclusions


	-

	
Based on four state-of-the-art GPP datasets, we evaluated the performances of the GPP products against the EC data to detect the long-term trends in the GPP and their resilience to drought disturbance in the Middle East for the period of 1982 to 2016. Overall, the main results of this research can be summarized as given below.




	-

	
The GPP dataset validation demonstrated a good agreement between the GLASS-GPP and EC-GPP datasets, while a low performance was noticed for the other products.




	-

	
The M-K test of the annual variability in GPP presented a significant increasing trend at the pixel scale, specifically in the northern parts. Generally, the temporal trend of the regional carbon stocks (in PgC yr−1) in the Middle East showed an increase during the studied period for all the products except the FluxCom model. The highest increasing trends in the GPP value were obtained from the VPM model during the 2000–2016 period, while the lowest increasing trends in the GPP were detected by the GIMMS model. In contrast, a slightly decreasing trend was obtained by the FluxCom model.




	-

	
The trend patterns in several GPP datasets were somewhat homogeneous for some models regardless of the magnitude of the trend and where the r correlation value between the VPM-GPP slopes and the GIMMS-GPP slopes was high. Other models such as the FluxCom-GPP and the GLASS-GPP had slope patterns that were very different.




	-

	
Based on the annual values of the SEDI, a total of six significant drought events occurred in 1985, 1989–1990, 1994, 1999–2001, 2008, and 2015. The 2000 severe, extreme, and very extreme drought classes covered roughly 42% of the total area.




	-

	
The results indicated that the FluxCom-GPP and VPM-GPP models were more sensitive to SEDI variability. Although the spatial distribution of the GPP response patterns to dry–wet conditions of the SEDI was somewhat similar and coherent among some models such as GLASS-GPP and FluxCom-GPP, the pairwise comparison among the other GPP models was less coherent (e.g., the FluxCom and VPM models).




	-

	
Based on the high-resolution output of GLASS-GPP, the resilience of the ecosystem to drought disturbance was studied. Most of the ecosystems in the study area showed a high ability to tolerate extreme drought while maintaining the normal pattern and trend in GPP under severe to extreme conditions. The area that was not resilient to drought was mostly in the northern part of study area, which made up 49.7% of the total area.







In general, the climate dynamic under global warming will cause high-risk drought occurrences in the Middle East’s ecosystems. Drought management at the regional level necessitates the use of indices that improve drought monitoring both temporally and geographically, thereby resulting in suitable decisions that help mitigate the drought in the region. For several reasons, the formulation and implementation of environmental policies on the regional and national levels, including declaring an urgent plan to reduce humans’ CO2 emissions, has become a critical issue. A plan to transition to the “post-carbon economy” and pursue “carbon neutrality” is also required to balance those emissions; this can be done by reducing forest degradation, establishing afforestation and reforestation projects, and preserving the ecosystem in the long-term.
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Figure A1. Land-cover data from the SHARE dataset [50]. 
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Table A1. Details of indicators with the statistical equations to assess the performance of the modeled GPP against the observed GPP in Yatir Forest station.
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	Index
	Index
	Equation
	References





	Nash–Sutcliffe efficiency
	NSE
	   NSE = 1 −     ∑   i = 1  n     (    GPP   Prd   −   GPP   obs    )   2      ∑   t = 1  n     (    GPP   obs   −     GPP   obs    ¯   )   2      
	Nash and Sutcliffe [109]



	Index of agreement
	d
	   d = 1 −     ∑   i = 1  n     (    GPP   obs   −      GPP    Prd    )   2      ∑   i = 1  n     (   |    GPP   Prd   −     GPP   obs    ¯   |  +  |    GPP   obs   −     GPP   obs    ¯   |   )   2      
	Willmott et al. [110]



	Root-mean-squared error
	RMSE
	   RMSE =    1 N    ∑   i = 1  N    (   GPP   obs   −   GPP   Prd   )  2      
	Hauduc et al. [111]



	Pearson’s correlation
	r
	   r =  [      ∑   i = 1  n   {   (    GPP   obs   −     GPP  ¯    obs    )   (    GPP   Prd   −     GPP  ¯    Prd    )   }        ∑   i = 1  n     (    GPP   obs   −     GPP  ¯    obs    )   2        ∑   i = 1  n     (    GPP   Prd   −     GPP  ¯    Prd    )   2       ]    
	Pearson et al. [112]
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Figure 1. Location of the study area and Köppen–Geiger classification-based climate patterns [51]. 
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Figure 2. Scatter plots of observed GPP (gCm−2 yr−1) data against GPP from the four data sets for the period of 2001–2016 and the Taylor diagram evaluation (a–d). 






Figure 2. Scatter plots of observed GPP (gCm−2 yr−1) data against GPP from the four data sets for the period of 2001–2016 and the Taylor diagram evaluation (a–d).



[image: Remotesensing 14 06237 g002]







[image: Remotesensing 14 06237 g003 550] 





Figure 3. Trends of long-term intra-annual GLASS-GPP series for the period of 1982–2016: (a) the magnitude of annual change given in gCm−2yr−1; (b) the Z-statistic values of trends at a 95% confidence interval. In addition, the results are plotted for specific regions over the Middle East. 
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Figure 4. Temporal trends of the regional carbon stocks (in PgC yr−1) for the Middle East between 1982 and 2016. 1 PgC = 1015 gC. Grouped bars on the bottom row indicate the magnitude of change for the two short sub-periods (1982–1999 and 2000–2016). The black lines are the statistical confidence interval (95%) of the regression lines. 






Figure 4. Temporal trends of the regional carbon stocks (in PgC yr−1) for the Middle East between 1982 and 2016. 1 PgC = 1015 gC. Grouped bars on the bottom row indicate the magnitude of change for the two short sub-periods (1982–1999 and 2000–2016). The black lines are the statistical confidence interval (95%) of the regression lines.



[image: Remotesensing 14 06237 g004]







[image: Remotesensing 14 06237 g005 550] 





Figure 5. The left panel shows the spatio-temporal trends of the GPP products (in gC m−2 yr−1) for the Middle East between 1982 and 2016. The small dots denote statistically significant trends at a confidence level of 95% (i.e., p < 0.05) using the Z-statistic of the M-K test. The upper right panel summarizes the cross-correlation matrix calculated among the models’ trend magnitudes (Sen’s slopes), while the lower right panel shows the distribution density curve of the trend slope for all GPP products. 
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Figure 6. (a,b) The regional temporal trend of the SEDI and the percentage of areas affected by drought categories based on the SEDI series at an annual timescale over the Middle East between 1980 and 2017. 
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Figure 7. The spatial distribution of correlation values between the four GPP datasets and the SEDI from 1982 to 2016. Right panels indicate the pairwise comparisons, i.e., the cross-correlation value among the GPP models’ responses to the dry-wet condition of the SEDI. 
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Figure 8. Spatial distribution of GLASS-GPP-based ERI values in the ME region from 1982 to 2016 based on land-cover data obtained from the SHARE dataset [50]. 
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Figure 9. (a,b) Spatial distribution of ERIs in the Middle East during 1982–2016 as suggested when using the different GPP products. (c) Cross-correlation values among the calculated ERIs of several GPP products. 
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Table 1. The widely used models for the prediction GPP dataset; their structure, forcing data, data period, and spatial resolution.
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Models Type

	
Model(s)

	
Forcing Data

	
Method Used

	
Spatial

Resolution

	
Data

Period

	
References






	
Process-based models

	
TRENDY DGVM

	

	-

	
CO2 concentration




	-

	
Climate data (CRU, CRU-JRA55)




	-

	
Land-use change.







	
Land modelling

(Trendy-v8’s experimental protocols) with S0, S1, S2, and S3 simulations and

additional trendy

simulations

	
2.8125° × 2.8125°

1.875° × 1.875°

1.25° × 1.875°

1° × 1°

0.9375° × 1.25°

0.5° × 0.5°

	
1959–2020

	
Friedlingstein et al. [45]

Sitch et al. [25]




	
Eddy covariance (EC) flux data-driven models

	
FluxCom

	

	-

	
FLUXNET eddy covariance dataset




	-

	
Meteorological dataset (CRUJRA-v1, ERA5, GSWP3




	-

	
CERES-GPCP, WFDEI)




	-

	
Remote sensing data: MODIS-based flux data







	
Upscaling the EC data

using machine learning methods (e.g., RF and ANN)Two setups (METEO + RS, and RS) and two flux

partitioning methods

	
0.5° × 0.5°

	
1981–2016

	
Jung et al. [17]

Tramontana et al. [18]




	
Model Tree

Ensembles (MTE)

	

	-

	
FLUXNET eddy covariance dataset.




	-

	
Meteorological dataset (CRU-PIK, GPCC products, and ECMWF ERA-interim reanalysis data)




	-

	
Remote sensing data (fAPAR products of GIMMS, SeaWiFS, and MERIS)







	
Machine learning

technique (model tree

ensembles) to upscale the EC sites into the gridded dataset

	
0.5° × 0.5°

	
1982–2008

	
Jung et al. [46]




	
Satellite-based models

	
MODIS (MOD17)

	

	-

	
Meteorological dataset (NCEP Reanalysis)




	-

	
Land-cover data




	-

	
Satellite data (MODIS fPAR)







	
LUE scheme,

process-based Farquhar von Caemmerer, and Berry (FvCB) model

	
500 m

	
2000–2015

	
Zhang et al. [47]




	
VPM

	

	-

	
Meteorological dataset (NCEP II)




	-

	
Remote sensing data (EVI, PAR, Ta, LSWI)




	-

	
Land-cover data (MCD12Q1 C51)




	-

	
C4 crop percentage, major crop types (Earth Stat)




	-

	
C4 vegetation percentage map (ISLSCP II)







	
LUE scheme

	
0.05° × 0.05°

0.5° × 0.5°

	
2000–2016

	
Zhang et al. [21]




	
GIMMS

	

	-

	
Meteorological dataset (NCEP-DOE Reanalysis II, CRU-NCEP)




	-

	
Remote sensing data: GIMMS’s FPAR and LAI data







	
MODIS algorithm

	
0.05° × 0.05°

	
1982–2016

	
Smith et al. [48]




	
GLASS and Revised EC-LUE

	

	-

	
Meteorological dataset (MERRA-2)




	-

	
Remote sensing data: GLASS LAI data




	-

	
Land-cover data (MCD12Q1 product)




	-

	
C4 crop percentage (SLSCP II)




	-

	
CO2 concentration (NOAA-ESRL)







	
LUE principle

	
0.05° × 0.05°

	
1982–2018

	
Zheng et al. [23]




	
Both data-driven and process-based models

	
Boreal Ecosystem Productivity

Simulator (BEPS) model

	

	-

	
Remotely sensed data (MODIS and GIMMS’s LAI data and GIMMS AVHRR NDVI)




	-

	
Meteorological dataset (CRUNCEP V8.0)




	-

	
Nitrogen deposition data (GOME, and SCIAMACHY)




	-

	
Soil data (the Harmonized World Soil Database (HWSD) v1.2, FAO)







	
Process-based formulation of LUE (FvCB model)

	
0.072727° × 0.072727°

	
1981–2016

	
He et al. [33]




	
P-model

	

	-

	
Remotely sensed data (MODIS FPAR, MODIS EVI, GIMMS fAPAR3g)




	-

	
Meteorological dataset (WATCH-WFDEI, CRU-TS 4.01, and FLUXNET 2015 Tier 1)







	
FvCB and LUE models

	
0.5° × 0.5°

At the site-scale of the FLUXNET2015 dataset

	
2000–2016

	
Stocker et al. [31]
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Table 2. Accuracy metrics summarizing the performance of the four GPP datasets against the observed GPP at the EC tower in Yatir forest.






Table 2. Accuracy metrics summarizing the performance of the four GPP datasets against the observed GPP at the EC tower in Yatir forest.





	Index
	FluxCom-GPP
	GIMMS-GPP
	GLASS-GPP
	VPM-GPP
	Averaged GPP





	NSE
	−0.51
	−2.95
	0.55
	0.033
	−0.24



	d
	0.1
	0.06
	0.85
	0.46
	0.45



	RMSE, gCm−2 yr−1
	153.7
	248.8
	83.7
	123.1
	139.8



	r
	0.61
	0.57
	0.76
	0.52
	0.77
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