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Abstract

:

The Himalayas constitute one of the richest and most diverse ecosystems in the Indian sub-continent. Vegetation greenness driven by climate in the Himalayan region is often overlooked as field-based studies are challenging due to high altitude and complex topography. Although the basic information about vegetation cover and its interactions with different hydroclimatic factors is vital, limited attention has been given to understanding the response of vegetation to different climatic factors. The main aim of the present study is to analyse the relationship between the spatiotemporal variability of vegetation greenness and associated climatic and hydrological drivers within the Upper Khoh River (UKR) Basin of the Himalayas at annual and seasonal scales. We analysed two vegetation indices, namely, normalised difference vegetation index (NDVI) and enhanced vegetation index (EVI) time-series data, for the last 20 years (2001–2020) using Google Earth Engine. We found that both the NDVI and EVI showed increasing trends in the vegetation greening during the period under consideration, with the NDVI being consistently higher than the EVI. The mean NDVI and EVI increased from 0.54 and 0.31 (2001), respectively, to 0.65 and 0.36 (2020). Further, the EVI tends to correlate better with the different hydroclimatic factors in comparison to the NDVI. The EVI is strongly correlated with ET with r2 = 0.73 whereas the NDVI showed satisfactory performance with r2 = 0.45. On the other hand, the relationship between the EVI and precipitation yielded r2 = 0.34, whereas there was no relationship was observed between the NDVI and precipitation. These findings show that there exists a strong correlation between the EVI and hydroclimatic factors, which shows that changes in vegetation phenology can be better captured using the EVI than the NDVI.
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1. Introduction


The Himalayan mountain system is one of the most ecologically fragile environments of the natural habitats of the Indian sub-continent [1,2,3]. It constitutes one of the most sensitive ecosystems that plays a vital role in providing necessary ecosystem services, such as the supply of water, biodiversity, and natural resources [4]. However, several anthropogenic activities and global warming have affected these ecosystem services significantly [5]. Unlike other sub-tropical mountain systems across the world, changes in the vegetation cover, type, phenology, density, and other species [3,6] as well as the decreasing forest cover and biodiversity [7,8,9] widely alter the environmental conditions in the Himalayan ranges.



Vegetation is the crucial component in soil–water–atmosphere systems that reflects and regulates the global energy budget, and carbon, hydrological, and biogeochemical cycles [10,11,12,13,14]. It also helps to maintain climatic stability and provides stability against erosion and sediment transport [15,16,17,18]. Therefore, vegetation can serve as a good indicator corresponding to the changes in the environmental, climatic, and hydrological factors such as precipitation, temperature, evapotranspiration (ET), and soil moisture through various monitoring indices. Several studies have related the spatial and temporal variations of vegetation with different hydroclimatic factors [19,20,21,22,23,24]. In recent years, vegetation–climate interactions have gained much attention due to rapid climatic change globally [10,25,26]. However, in the Indian context, there has been limited research illustrating the relation between vegetation phenology and hydroclimatic factors, especially in Himalayan mountainous regions due to data scarcity. This needs a higher degree of attention, as the Himalayan regions in India have huge contrasts, with multiple classes of vegetation types, soil, climate, and altitude from the top of high mountains to the tropical forests in the lowlands [9,17,27]. In recent decades, there has been a tremendous shift in the vegetation pattern which in turn has affected the eco-hydro-geomorphic features in the Himalayan region that is the source of water supply for many regions in its downstream regions [3,10].



In mountainous regions of India, vegetation is sensitive to climatic change, that in turn can have a strong response to hydroclimatic factors such as precipitation, temperature, and evapotranspiration [9,28,29,30,31]. Precipitation-, temperature-, and solar radiation-driven evapotranspiration are the global drivers that affect vegetation greenness through their interactions [32,33,34,35,36,37]. The abrupt changes in the precipitation variability and temperature in steeper terrains result in the shifting of vegetation patterns, drought conditions, and forest fires that alters the hydrology and geomorphology of the catchments. Due to increased irrigation practices in several catchments of the Himalayan region, there has been increasing evapotranspiration in recent years [38,39]. Therefore, studying and monitoring the relationship of these hydroclimatic factors with vegetation through different proxies will help in understanding the long-term changes in vegetation and evaluating the hydrological response of the ungauged catchments. Several indices exist in the literature which have been used in different ecosystems to understand the vegetation dynamics and their relationship with different climatic and hydrological factors [3,9,21]. In order to observe these long-term relationships of vegetation phenology and trends in the mountainous catchments of the Himalayas, Earth observing satellites are one of the best alternatives [4,6,17,40]. These satellite observations provide the vegetation indices at larger temporal and spatial scales, which can be helpful in effective monitoring of environmental changes.



In recent decades, the application of remote sensing-based vegetation productivity indices has provided an improved understanding of vegetation modelling, water resource management, and hydrological and environmental assessment [41,42,43]. Vegetation indices accurately quantify the crop phenology, classification of vegetation, density of vegetation, seasonal variations, and gross primary productivity through combinations of different red and near-infrared spectrum reflectance with various spectral resolutions [32,37]. Vegetation indices such as the normalised difference vegetation index (NDVI) and enhanced vegetation index (EVI) are widely used indices across the world [41,44] for monitoring vegetation cover changes. The NDVI is utilised due to its simple estimation, easy availability at different spatial and temporal resolutions, and cancellation of noise that is caused due to solar angle, topographic illumination, clouds, and atmospheric conditions [45,46]. Despite these several advantages, the NDVI is more saturated at higher biomass levels due to leaf canopy variations [47]. Therefore, as an alternative, we have utilised the EVI to minimise these errors as it improves the estimation of biomass level under saturation conditions [48]. In addition, the EVI range is more extensive and dynamic and allows the capture of more variations than the NDVI as it includes the coefficient of resistance terms which corrects the influence of aerosols. Although the EVI has been used as a vegetation proxy in many previous studies due to its improved performance in many regions across the world [46,49,50], the usage of the EVI in mountainous terrain is limited. For instance, Li et al. [51] used both the NDVI and EVI derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) to estimate the vegetation cover in mountainous regions and showed that MODIS-NDVI was more correlated with the available field data. Due to their wide applicability, accurate capturing of spatial and temporal patterns of vegetation cover, and response to different hydroclimatic factors in various regions of the world, the NDVI and EVI were estimated from MODIS.



Based on the aforementioned studies, it can be outlined that there is a need to use both of the vegetation indices for better predictions of vegetation pattern and dynamics, as seasonal and inter-annual vegetation patterns cannot be determined solely by relying on one index due to their different limitations. Therefore, using both of the indices will provide an important contribution to the field of environmental management for stakeholders and policymakers to determine the early warning signals of degradation or improvement in land conditions in any specific locations. Limited effort has been made to understand the relationship between hydroclimatic factors and vegetation indices in this region. There has been a lack of effort to understand the vegetation–hydroclimatic relationships, which have become the key aspect of this study. Sparse observational networks with minimal maintenance in the UKR Basin region of the Indian Himalayas limit the spatiotemporal coverage of precipitation, temperature, evapotranspiration, and vegetation cover data, which has been a major constraint in the effective understanding of long-term vegetation patterns. Very limited studies have been carried out on assessing the spatiotemporal pattern of the NDVI and EVI in this region. We selected the Upper Khoh River (UKR) Basin, which lies in the state of Uttarakhand of India and is a unique hot spot susceptible to drastic changes because of both anthropogenic modifications and climate change.



Though there have been several advancements in the use of the EVI for vegetation monitoring, the differences in the NDVI and EVI data have not been thoroughly explored. The aim of the present study is to analyse the relationship between the spatial and temporal variations of the seasonal and interannual NDVI and EVI and associated climatic and hydrological drivers within the UKR region of the Himalayas. In this study, NDVI time-series data for the last 20 years (2001–2020) derived from NASA’s MODIS were analysed. The main findings of this study could advance knowledge on the ecohydrological aspects of the poorly studied UKR Basin region of the Himalayas. This study is the first of its kind to investigate in detail long-term vegetation greenness by using the NDVI and EVI and their relationship with hydroclimatic factors.




2. Study Area


The study site is the Upper Khoh River (UKR) Basin that extends between latitude 29°41′29″ N and 29°56′06″ N and longitude 78°29′54″ E and 78°42′04″ E (Figure 1). It has a geographical area of about ~200 km2. This basin lies in the Pauri-Garhwal region of the Himalayan range in the Indian state of Uttarakhand. The Garhwal Himalayas lie in the central part of the Himalayan range, extending over a distance of approximately 2400 km with a width ranging from 230 to 320 km [52]. The area has an average annual rainfall of about 1400 mm of which most of the rainfall occurs from June to September. The average annual temperature of the UKR Basin varies from 15 °C to 30 °C. The elevation ranges from 322 m to 2000 m. The basin has the major land uses/land covers of forest (dense and open), agricultural land (on river terrace and hill slope), built-up areas, and riverbed regions. The UKR Basin falls under temperate climatic conditions. The summers are usually hot while winters are severely cold depending upon the elevation of the specific location within the UKR Basin. The nearby hilly regions often receive snowfall during winter but the temperature in the UKR Basin is not known to fall below freezing. Most of the agricultural lands in this basin have fertile alluvial soil with adequate drainage systems.




3. Data and Methods


3.1. Hydrometeorology, Vegetation Index, and Topographic Datasets


We obtained the daily precipitation datasets from the newest version of the Tropical Rainfall Measuring Mission (TRMM) (https://developers.google.com/earth-engine/datasets/catalog/TRMM_3B43V7 accessed on 10 January 2021) at a spatial resolution of 0.25° × 0.25° with daily resolutions, for the period of 2001–2020 for the catchment. Rainfall estimates from the 3B43V7 product give the best monthly precipitation values as it combines several satellite-based data along with rain gauge datasets [53]. The monthly average land surface temperature was obtained at 1 km × 1 km from the Moderate Resolution Imaging Spectroradiometer (MODIS) [54] (https://developers.google.com/earth-engine/datasets/catalog/MODIS_006_MOD11A1 accessed on 25 January 2021) for the entire period. The annual evapotranspiration was obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) [55,56] which is well correlated with observations of ET for Indian conditions [17,24,33,36]. MODIS global evapotranspiration product MOD16A2 (https://developers.google.com/earth-engine/datasets/catalog/MODIS_006_MOD16A2 accessed on 10 February 2021) has a spatial resolution of 500 m at 8 daily, monthly, and annual intervals. The NDVI and EVI data utilised here were obtained from NASA Land Processes Distributed Active Archive Center’s MODIS products (MOD13Q1) (https://developers.google.com/earth-engine/datasets/catalog/MODIS_006_MOD13Q1 accessed on 20 January 2021) at a spatial and temporal resolution of 250 m and 16 days, respectively. The vegetation indices were downloaded from Google Earth Engine™ (GEE) (https://developers.google.com/earth-engine/datasets accessed on 15 February 2021) for the same period as the other data used in this study. The topographic data, such as elevation of the catchment, were obtained using 30 m resolution digital elevation models (DEMs) obtained from GEE (https://www2.jpl.nasa.gov/srtm/ accessed on 20 February 2021) [57].




3.2. Evapotranspiration Estimation from MODIS


MODIS-ET is estimated from the evaporation from the canopy, plant transpiration, evaporation from wet and moist soil, and the sublimation of water vapour from snow. The MOD16 algorithm as given by Mu et al. [56] is a modified version of the original MODIS-ET algorithm [55], given by


    E  T a  =   L E  λ  =    sA +  ρ  Cp   (  e esat  - e ) /  r a       λ  [ s +  γ  ( 1 +  r s  /  r a  ) ]    · E  T o     



(1)




where    λ      is latent heat of vaporisation; LE is latent heat flux; s is d(    e  s a t     )/dT, representing the slope of the saturated water vapour pressure (    e  sat     ) to the ratio of temperature; A is net energy divided into latent heat flux, sensible heat flux, and soil heat flux;   ρ   is air density;     C p     is specific heat capacity of air;     r a     is aerodynamic resistance;     r s     is the surface resistance which acts on evaporation from the bare soil and transpiration from the canopy; and   γ   is a psychometric constant given by:


   γ =     C p     P a   M a       λ  M w      



(2)




where     M  a        and     M  w       , respectively, represent the dry and wet air molecular masses, and     P a     is the atmospheric pressure.



MOD16 is the first global evapotranspiration product which provides actual evapotranspiration for different vegetated ecosystems around the world at 8 daily, monthly, and annual intervals with a 1 km × 1 km spatial resolution. Along with the actual evapotranspiration, it also provides the outputs of potential evapotranspiration (PET) and latent heat flux (λE) which are beneficial in the estimation of the net energy budget of Earth’s surface. Actual evapotranspiration is calculated as the sum of evaporation from wet soil and the intercepted canopy precipitation. The vegetation cover fraction is utilised for estimation of nighttime ET which is calculated based on nighttime average air temperature (Tnight). It is assumed that the daily average air temperature (Tavg) is the average of daytime air temperature (Tday) and Tnight. Subsequently, the total daily evapotranspiration is estimated using the Penman–Monteith equation as [56]


ETa = Ewc + Tdc + Es



(3)






ETp = Ewc + Tpdc + Ews + Eps



(4)




where ETa and Ewc are actual daily ET and actual evaporation from the wet canopy surface, respectively. Tdc is transpiration from the dry canopy surface. Es, Ews, and Eps are actual soil evaporation, evaporation from the wet soil surface, and potential soil evaporation, respectively. ETp is potential daily ET and Tpdc is potential transpiration from the dry canopy surface. The soil evaporations are estimated as a function of soil heat fluxes (G) during day- and nighttime.




3.3. Vegetation Indices


The two MODIS vegetation indices, namely, the normalised vegetation index (NDVI) and enhanced vegetation index (EVI), were utilised in order to understand the vegetation patterns and their relationship with hydroclimatic factors. The NDVI is one of the most widely utilised satellite-based indices due to its simple, computationally efficient, accurate estimation and monitoring of global vegetation cover across the various climatic zones of the world over the last few decades [18,58,59].


   N D V I =    (   ρ  N I R   −  ρ  r e d    )     (   ρ  N I R   +  ρ  r e d    )      



(5)




where pNIR, pred is the surface reflectance for the respective MODIS bands averaged over near-infrared (NIR) (lambda ~0.6 um) and red (lambda ~0.8 um) regions of the spectrum. The NDVI is often mostly well correlated with different biophysical properties such as vegetation cover, vegetation canopy, vegetation dynamics, biomass, and leaf area index. Due to all these vegetation characteristics shown by this index, it is often considered as the vegetation proxy [18,48]. Another index used in this study is the EVI from MODIS that has been successfully applied at various locations in the world [48,56] and is defined as:


   E V I = G  {     (   ρ  N I R   −  ρ  r e d    )     [   ρ  N I R   +  C 1   (   ρ  r e d    )  −  C 2   (   ρ  b l u e    )  + L  ]     }    



(6)




where G is a gain factor (G = 2.5) and C1 and C2 represent the aerosol coefficient that is utilised from MODIS to remove the presence of aerosol influences on the red band of MODIS (C1 = 6 and C2 = 7.5). L represents the adjustment made to correct the effects induced by canopy background, and p values represents the surface reflectance which are atmospherically corrected.




3.4. Method of Analysis


The entire data analysis of the vegetation indices and hydroclimatic factors was conducted using GEE [60]. The UKR Basin was used for extracting the NDVI and EVI datasets after setting the same projections of the MODIS datasets to that of the digital elevation dataset in GEE. The MODIS NDVI and EVI images for the catchment and selected date range were retrieved from the GEE image library after image processing and analysis on the GEE platform itself. Most of the image processing and analysis for this study were implemented through GEE as discussed below.



We used two different averaging approaches for analysing the spatial and temporal variation of vegetation indices. The NDVI and EVI values were obtained and arranged for all the pixels in the UKR Basin and at the monthly time steps over the entire 20-year period (2001–2020). Similarly, we obtained and arranged different hydroclimatic datasets arranged for all the pixels in the UKR Basin and at the monthly time steps over the entire 20-year period. In order to analyse the variability of the NDVI and EVI over time, we computed a mean value of the NDVI and EVI from all pixels in the UKR Basin, and we obtained a value for each month for the last twenty years. Further, the seasonality pattern of the NDVI and EVI were compared by considering long-term monthly means at the basin scale. The mean spatial variance was also computed in order to estimate the coefficient of variation (CV) for the vegetation indices and hydroclimatic factors. In order to capture the spatial variability of the NDVI and EVI, we computed for each of the pixels the mean value of the vegetation index over the entire period.



For the characterisation of drought, we used anomalies of the NDVI and EVI for the UKR catchment to showcase the years which had drought. To derive the NDVI and EVI anomalies, we utilised the mean of each index for the growing season (June to September) for the entire twenty-year period. Firstly, the NDVI for each growing period was computed, then we summed all the values of the growing season for all of the twenty-year period. Thereafter, by computing the mean, we calculated the overall mean of all NDVI means and multiplied it by 100 to convert the value. A drought severity scheme given by Vaani and Porchelvan [61] was followed in this study in which NDVI anomaly values were: >0 = non-drought, 0 to −10 = mild drought, −10 to −25 = moderate drought, −25 to −50 = severe drought, <−50 = very severe drought.





4. Results


4.1. Temporal Pattern of Different Hydroclimatic Factors


Figure 2 shows the inter-annual variability of mean monthly precipitation, temperature, and evapotranspiration for the twenty years (2001–2020). These temporal patterns are based on the mean monthly values of the entire UKR Basin. In Figure 2, each bar plot in the given subplots represents the monthly precipitation for the 20-year period. These bar graphs follow a similar temporal pattern with differences in the magnitude of precipitation throughout the twenty years (2001–2020). When observed at a seasonal scale, these graphs exhibit ~70% of the total rainfall in the months of June, July, August, and September (JJAS), i.e., the monsoon period for the study region. It is observed that the years 2011, 2013, and 2018 were the wettest years in the last twenty-year time period, with maximum rainfall reaching ~600 mm in August. Further, the years 2003 and 2006 were the driest years, as the maximum rainfall in JJAS reached up to ~300 mm only.



Further, Figure 2 also shows the temporal pattern of mean monthly temperature (red line) over twenty years (2001–2020), represented by the linear graphs. There were no changes in the temperature pattern over the twenty years. The mean monthly temperature reflects a sinusoidal curve where the peak occurs in the summer months (May, June, and July). The mean monthly ET for the last twenty years is shown by the green line for the UKR Basin. The monthly ET reaches a maximum of up to ~120 mm in the summer season. It is also observed that for most of the year, precipitation is always higher than the ET, reflecting that this catchment is an energy-limited ecosystem. However, in the non-monsoonal period or the winter season, the ET exceeds the precipitation in almost every year from 2001–2020. It is noteworthy to mention that the response of ET to the precipitation lags by around one month throughout the twenty-year time period.




4.2. Temporal Variations of NDVI and EVI


4.2.1. Inter-Annual Variability of NDVI and EVI


Figure 3 shows the inter-annual variability of the two vegetation indices considered in this study, namely, the NDVI and EVI, for the years 2001–2020. These temporal patterns of the NDVI (Figure 3a) and EVI (Figure 3b) are shown in boxplots for every year. The boxplot corresponding to the annual NDVI temporal patterns shows the way measures of central tendency indicate that the NDVI fluctuates slightly between the years 2001 and 2020. For instance, NDVI values corresponding to the year 2001 seem to be lower compared to the other years considered here. It is noteworthy to mention that the NDVI data points ranging from 2001–2020 contain all months of data from January to December. It is observed that the maximum (~0.8) and minimum NDVI values (~0.3) occurred in the years 2019 and 2014, respectively. In addition, maximum fluctuations of the NDVI also occurred in the year 2014 while the minimum fluctuation of the NDVI is observed in the year 2020. The 25th percentile of NDVI values and the 75th percentile of NDVI values varied from ~0.45 to ~0.58, respectively, across the years 2001–2020. On the other hand, the time series in Figure 3a indicates that NDVI values were always higher than ~0.4, mostly suggesting that the UKR Basin had sufficiently higher vegetation greenness throughout those years.



Figure 3b shows the inter-annual variability of the EVI for the UKR Basin for 2001–2020. Unlike the NDVI values, it is observed that the range of EVI values is comparatively lower than the NDVI values throughout the time period. The boxplot corresponding to the EVI values shows that the EVI varies from only ~0.2 to ~0.52 across all twenty years. The lowest and highest EVI values are observed in the year 2012 and 2019, respectively. The median EVI within the basin varies between ~0.28 to 0.38 throughout the time period. It is also observed that the years 2012 and 2020 showed maximum and minimum fluctuations in the EVI values, respectively. In addition, the 25th percentile of the EVI ranges from ~0.24 to 0.32 while the 75th percentile of the EVI ranges from ~0.35 to ~0.43 across the twenty years.



Figure 4 shows the trend of the NDVI and EVI over the last twenty years in the UKR Basin. By averaging the mean NDVI (Figure 4a) and EVI values (Figure 4b) over all pixels within the UKR Basin, the linear regression model was developed to identify the vegetation temporal variation since 2000. The mean NDVI values vary from ~0.54 to 0.64 while the mean EVI has a range of ~0.31 to 0.35. It is observed that there has been an overall temporal increasing trend in NDVI values since 2007. As shown in Figure 4a, the mean NDVI showed a significant greening trend (p < 0.05) with an increasing rate of 0.001/year. This implies that the UKR Basin has experienced an obvious vegetation greening and ecological improvement process since the new millennium. Although the NDVI showed a significant increasing trend, the inter-annual fluctuation is relatively greater, especially from 2009 to 2015. In addition, it is also seen that the mean and standard deviation of the annual NDVI from 2001–2020 were 0.55 and ±0.015, respectively. Unlike the NDVI, the mean EVI showed an insignificant increasing trend over the last twenty years.




4.2.2. Seasonal Variability of NDVI and EVI


Figure 5 shows the seasonal patterns of the NDVI and EVI for the UKR Basin. The boxplot reflects the mean monthly values of the NDVI (Figure 5a) and EVI (Figure 5b) for the twenty years (2001–2020). It is observed that the NDVI and EVI have their seasonal peak in September and August, respectively, while April is observed to have the lowest NDVI and EVI mean values in the UKR Basin. Further, it can be seen from Figure 5 that monthly NDVI values have fewer fluctuations, especially in the winter season, as compared to the monthly EVI values. It is also observed that the vegetation greening usually starts from May and reaches its maximum in September (NDVI) and August (EVI), and thereafter starts decreasing till the next April. This shows that the seasonality of the EVI and NDVI in the UKR Basin follows a similar pattern.





4.3. Spatial Variations of NDVI and EVI


Figure 6 shows the spatial plots of long-term mean monthly NDVI for the period of 2001 to 2020. It can be seen that January to June show a higher variation in the NDVI than July to December, as more variation is observed in NDVI values from January to June than the rest of the year. Further, higher vegetation greenness is seen from July to December. The mean NDVI varies from 0.25 to 0.89. Among all the months, February has a larger number of red pixels covering the UKR Basin, which shows that majority of the basin has lower NDVI values in this month. However, the reverse pattern is seen in the month of December, where the majority of the basin is covered with higher NDVI values. Similar patterns are observed in the spatial analysis of the EVI (Figure 7), however, the range of the mean EVI (0.15–0.65) is smaller than the mean NDVI.




4.4. Relationship of NDVI and EVI with Different Hydroclimatic Factors


Figure 8 shows the coefficient of variation (CV) of the different hydroclimatic factors as well as the vegetation indices considered in this study. It represents the long-term monthly CV values for precipitation, temperature, ET, NDVI, and EVI. The maximum variation in the CV is observed for the precipitation followed by the ET and temperature. The CV of precipitation increases from ~60% (January), reaching its highest value up to ~95% (March), and then declines sharply with the lowest CV of ~30% (July) (Figure 8a). In general, high seasonal variations are seen in the CV of precipitation in non-monsoon months. Unlike precipitation, the CV of ET increases from ~15% (January), reaching its maximum value of ~80% (April and June), and then it declines for the rest of the year (Figure 8b). The variability of the temperature from July to September is lower (CV = ~2% in August) than the variability in the rest of the year (Figure 8c). Among the vegetation indices, the NDVI and EVI show a similar trend throughout the seasons. The NDVI variations increase from January to July, from ~5% to ~18%, respectively (Figure 8d). Similar patterns were observed in the CV of the EVI as shown in Figure 8e. It is clear from the patterns of the EVI and NDVI that higher variations are observed from May to August that correspond to the different plantation dates and their growth and maturity period and the vegetation type in the catchment.



Figure 9 shows the relationship of the NDVI and EVI with monthly evapotranspiration and precipitation. The EVI is strongly correlated with ET, with r2 = 0.73, whereas the NDVI showed satisfactory performance with r2 = 0.45. On the other hand, the relationship between the EVI and precipitation yielded r2 = 0.34, whereas no relationship was observed between the NDVI and precipitation. Among the two vegetation indices selected here, the EVI showed better correlation between hydrological factors, ET and precipitation. Thus, the EVI can be a better option when selecting the vegetation proxy to determine the biophysical characteristics.



Figure 10 shows the NDVI and EVI anomalies from 2001 to 2020 to show the pattern of drought occurrence in the UKR region. The drought severity ranged from normal to moderate drought conditions. The variation of the NDVI and EVI with a positive value indicates normal conditions (non-drought period), whereas a negative value of anomalies indicates drought conditions based on the range. According to the drought severity range, there existed only mild drought conditions in the UKR Basin. The mild drought conditions in the basin occurred in most of the years and reached a maximum in the year of 2008. It can also be inferred from the figure that almost fifty percent of the years were under normal conditions and the remaining years suffered from mild drought periods. From 2015 to 2020, there were very few drought events.





5. Discussion


The UKR Basin region falls under the lower Himalayan range where the climate is temperate. Under such climatic conditions, it is observed that the basin generally has wetter summers and cooler winters. The maximum amount of precipitation falls in JJAS as observed from Figure 2. This is also consistent with previous studies in the Himalayan region of the Indian sub-continent [3,4]. Further, it is observed that the ET is usually lower than the precipitation (<130 mm) in most of the months of the year throughout the twenty-year period (2001–2020). This shows that the UKR Basin is mostly governed by energy-limited conditions [62,63]. Unlike precipitation (Figure 8a) and ET (Figure 8b), the temperature showed the lowest variation in the last twenty years, though there were seasonal variations (Figure 8c). This may be attributed to the fluctuations in the precipitation and ET over the time period within this region. There was a shift in the vegetation pattern across the lower Himalayan range that altered the feedback mechanisms between climate–vegetation interactions [32,34].



The vegetation greenness over the UKR Basin was investigated using two different vegetation indices, namely, the NDVI and EVI, for the twenty-year period. Both of the vegetation indices showed an increasing trend in the vegetation greening over the given time period. The mean NDVI and EVI increased from 0.54 and 0.31 (2001), respectively, to 0.65 and 0.36 (2020). This shows that the UKR Basin has experienced greater vegetation greening processes over the past two decades. This pattern is supported by the findings of previous studies in similar ecosystems [3,4]. It is noteworthy to mention that the NDVI is consistently higher than EVI values estimated over the UKR Basin from 2001 to 2020. This is due to the fact that the EVI considers the effect of aerosol correction and canopy background adjustments which are not accounted for in the NDVI estimation [46,48,56]. As this catchment falls under a humid region, the canopy layer and the aerosol particles play a critical role in determining biophysical characteristics through any vegetation indices [49,50].



As compared with both the vegetation indices. The EVI seems to correlate with ET and precipitation comparatively better than the NDVI. The EVI is found to perform better than the NDVI and is also consistent with other field- and remote sensing-based findings [64,65]. It is also observed that both the NDVI and EVI have shown up to a one- or two-month lag with the precipitation. These differences in timing by the EVI and NDVI responding to variations in the precipitation in the monsoon season are probably responsible for the lack of a clear linear relationship between vegetation greenness and precipitation. Further, the magnitudes of vegetation phenology (i.e., NDVI and EVI) showed a strong correspondence with the magnitudes of ET (Figure 9a). It is evident from the strong correlation between the EVI and ET that changes in vegetation phenology can be better captured using the EVI, as it is more sensitive in temperate regions. These results are consistent with the findings of previous studies that reported a strong correspondence between the seasonality of satellite-derived vegetation indices (e.g., EVI) and hydroclimatic (e.g., ET) factors [66,67].




6. Conclusions


In the present study, the Himalayan ecosystem is focused on to understand the response of vegetation to different hydroclimatic factors. Vegetation monitoring is an arduous task in the Himalayan regions due to the rugged and complex topography and extremely harsh climatic conditions. Therefore, a remote sensing approach acts as a boon in studying and monitoring vegetation and evaluating its hydrological response in ungauged catchments. In the current study, the UKR Basin region situated in the lower Himalayan ranges is used to understand the long-term spatiotemporal variability of vegetation greenness and associated climatic and hydrological drivers within the Upper Khoh River (UKR) region.



The NDVI and EVI time series data were derived from MODIS using GEE for the period of 2001 to 2020. Thereafter, the recent precipitation, temperature, and ET datasets were utilised to understand the hydroclimatic conditions in the UKR Basin. It is found that both the NDVI and EVI have shown an increasing trend in the vegetation greening over the entire study period, such that the NDVI was consistently higher than the EVI. Strong seasonal control is observed, where a seasonal peak of the NDVI and EVI is found in September and August, respectively. It is evident from the strong correlation between the EVI and ET that changes in vegetation phenology can be better captured using the EVI than the NDVI. In the UKR basin, droughts are always mild, and there has been never a period with any moderate or severe drought, leading to vegetation greenness in the basin. The outcomes of this study can help in ecological environment protection and water resource management in the UKR Basin and other high mountain regions in the Himalayas. Additionally, we can explore the different types of vegetation and the periodic large-scale die-offs of certain plant species in the Himalayas in our future studies.
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Figure 1. (a) The location map of the study area within India; (b) the index map of Upper Khoh River (UKR) Basin in Uttarakhand, India as an elevation map. 
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Figure 2. Inter-annual variability of precipitation (PPT) in mm, temperature in °C, and evapotranspiration (ET) in mm over twenty years (2001–2020) for the UKR Basin. Note that 1–12 on the x-axis represent the months from January to December. 
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Figure 3. Boxplot for the inter-annual variability of (a) NDVI and (b) EVI over twenty years (2001–2020) for the UKR Basin. 
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Figure 4. Inter-annual variability of (a) NDVI and (b) EVI over the twenty-year period (2001–2020) for the UKR Basin. 
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Figure 5. Mean monthly temporal variations of (a) NDVI and (b) EVI over the twenty-year period (2001–2020) for the UKR Basin. 
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Figure 6. Mean monthly spatial variations of NDVI for the twenty-year period (2001–2020) for the UKR Basin. 
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Figure 7. Mean monthly spatial variations of EVI for the twenty-year period (2001–2020) for the UKR Basin. 
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Figure 8. Mean temporal coefficient of variation (CV in %) plotted as a function of time (months) for (a) precipitation, (b) evapotranspiration, (c) temperature, (d) NDVI for the UKR Basin and (e) EVI. Note that 1–12 on the x-axis represent the months from January to December. 






Figure 8. Mean temporal coefficient of variation (CV in %) plotted as a function of time (months) for (a) precipitation, (b) evapotranspiration, (c) temperature, (d) NDVI for the UKR Basin and (e) EVI. Note that 1–12 on the x-axis represent the months from January to December.



[image: Climate 09 00109 g008]







[image: Climate 09 00109 g009 550] 





Figure 9. Relationship of mean temporal EVI plotted as a function of (a) evapotranspiration, (b) precipitation, and mean temporal NDVI plotted as a function of (c) evapotranspiration, (d) precipitation. 
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Figure 10. NDVI and EVI anomalies shown for the period of 2001–2020 in the UKR Basin. Note that 1 to 20 on the x-axis represent the years from 2001–2020 considered in this study. 
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