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Abstract

:

The climate change scenarios, especially global warming, have raised significant concerns, and the Himalayan regions such as Uttarakhand are highly vulnerable to such climatic shifts. Considering 10 Coordinated Regional Climate Downscaling Experiments in South Asia (CORDEX-SA), experiments with 3 regional climate models (RCMs), driven by 13 global climate models, historical estimates and future projections are analyzed from the mid-century (MC) i.e., from 2021–2050 to the end of the century (EC) i.e., from 2070–2099 to characterize annual and seasonal variations in precipitation and temperature. The analysis shows a decrease in the annual average precipitation by 5.92% at MC and an increase of 5.97% at EC for the Representative Climate Pathway (RCP) 4.5, while precipitation may likely increase from 2.83% to 15.89% towards MC and EC in the RCP 8.5. The maximum temperature may likely increase from 0.42 °C to 3.07 °C from MC to EC in the RCP 4.5 and from 0.83 °C to 5.49 °C in the RCP 8.5. In addition, the minimum temperature may increase from 0.80 °C to 3.25 °C from MC to EC in the RCP 4.5 and from 0.30 °C to 5.86 °C from MC to EC in the RCP 8.5. Notably, a decrease in the pre-monsoon precipitation at EC and a higher increase in the maximum temperature during the monsoon season are observed. An increase in the maximum temperature along with precipitation may lead to an increase in the frequency of the monsoon season’s extreme rainfall events.
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1. Introduction


The global carbon cycle is known to be a crucial component of future climate change. It has close linkages with anthropogenic CO2 emissions, which change the atmospheric CO2 concentration and, consequently, the climate [1]. Climate change is a major challenge for Uttarakhand in the Himalayas as it faces not only large-scale climate variability but also direct impacts on livelihoods [2]. The mountainous region of Uttarakhand is endowed with a variety of medicinal plants with huge demand in the domestic and international markets [3,4,5], forest area, perennial rivers, biodiversity, and sustainable tourism [6]. The majority of the area in Uttarakhand is mountainous, and people are dependent on the natural ecosystems. Agriculture is a major contributor to Uttarakhand’s gross state domestic product (11% in 2011–2012), and it is the source of livelihood for 70% of its population [7].



Forests, agriculture, glaciers, and rivers are highly vulnerable to climate impacts such as flash floods, landslides, and other natural calamities. The majority of the area in Uttarakhand is under forest, and because of the high intensity of extreme events in the hill region, forests are becoming highly fragile [8]. The intensity and frequency of extreme events may increase with changes in climate at different spatial scales [9,10], and therefore the most important task is to document future changes in the climate variables such as precipitation and temperature. The general trend of rainfall [11] and temperature [12] in India has been changing in the past [11,13,14], and therefore it is pertinent to analyze the projections for the mountainous region of Uttarakhand as well. Recent studies in future projections have also revealed the high possibility of an increase in the sea surface temperature in different emission scenarios, and therefore, because of the continuous oceanic warming, changes in the climate dynamics may impact the precipitation and temperature pattern over inland regions such as Uttarakhand [15].



Agriculture is vulnerable to climate variability because of the changes linked with temperature, rainfall, and crop cycles [16,17] (https://www.prepdata.org/dashboards/uttarakhand-agriculture-dashboard (accessed on 9 January 2022)). Agriculture is one notable piece of evidence that shows that anthropogenic activities are affecting the present climate [18], which is leading to the warming of the Himalayas at a higher rate than the global average [13]. Shrestha et al. (2012) highlighted the climate change in the Himalayan region and its repercussion on the local ecosystem [19] and noted the high importance of the critical climate parameters such as temperature and precipitation concerning their impact on the vegetation phenology.



The topography of the hilly region remains very complex and unstable, with much regional heterogeneity and poor representation of mesoscale processes; therefore, general circulation model (hereafter GCM) is not suitable for climate study in the Himalayan region [20]. The resolution of the GCM data is too coarse for a small region of Uttarakhand that a few grid points can easily cover the whole region. Because of the coarse resolution (~250 and 600 km) of the GCM data, it becomes very difficult to obtain an accurate projection of the climatic parameters of temperature and rainfall for Uttarakhand [21]. Therefore, GCM data are unable to represent the local phenomena accurately, and RCM data, or downscaling process, are necessary in such a case. Nowadays, regional climate models (hereafter RCMs) are widely used to analyze present climate, future climate, and paleoclimate in different regions across the world [22,23]. In the RCM, the finer resolution is used at a larger scale, which is in the interest of the regional domain [24]. In RCM, the dynamical downscaling technique is used [25]. The RCM intends downscaling techniques to generate a realistic regional climate at finer resolution across the world [26] with higher resolution and model skill over a smaller domain of interest [24]. The use of high-resolution data is always a high priority of the scientific community. PRECIS data (high-resolution dataset) were used earlier to know the projections over the Hindu Kush Himalayan region, and it showed significant warming trend in Uttarakhand towards the end of the 21st century [27].



Similarly, an analysis based on the CMIP3 and CMIP5 data also provides the estimates of the extreme temperature and precipitation over the Hindu Kush Himalayas [28]; however, the central Himalayan region, covers the Uttarakhand state, was not the part of the analysis. Using the station data over the northwestern Himalayan region, a study revealed that the temperature range over the region increased particularly due to the rise in maximum temperature [29]. Sanjay et al. (2017) discussed the seasonal projections of temperature and precipitation over the Hindu Kush Himalayan region using CORDEX-SA and highlighted the need for the improvement by incorporating regional processes and feedback to narrow the uncertainty in the regional climate models [30].



Scientists are engaged in various research studies over the Himalayan region for analyzing precipitation patterns using different Coordinated Regional Climate Downscaling Experiments (CORDEX) in South Asia experiments for the southwest monsoon season in India [31] and its future projection [32]. CORDEX is a framework of the World Climate Research Programme (WCRP), and it was implemented for the detailed and accurate projections and their use in the provision of robust regional climate information for application in vulnerability, impact, and adaptation analysis-related studies [33]. CORDEX data have been used and tested for the study of seasonal climatology and its performance over the Asian region [34] and have been adopted for the assessment of RCMs in the CORDEX South Asia (CORDEX-SA) for evaluating their ability to capture and characterize the rainfall pattern [35]. CORDEX is a high-resolution simulation model for regional climate downscaling and consists of 17 domains, and CORDEX-SA is one of them. CORDEX RCMs have a resolution of 0.44° (~50 km) over the CORDEX-SA domain. This domain consists of 11 different suites with different RCMs driven by GCM’s initial and boundary conditions. All CORDEX historical or future datasets were developed by different modeling groups and centers working across the world.



CORDEX experiments can simulate the climate of the Himalayas for the present climate of the monsoon season and identify the best-performing model through many statistical analyses [31]. However, winter precipitation is not verified for its future projection suitability using an RCM [36]. Understanding CORDEX experiments, the study focuses on identifying better-performing experiments for winter precipitation analysis over the region and its future projection under Representative Climate Pathways (RCPs)—radiative forcing scenarios intended to support research on impacts and potential policy responses to climate change [37]. They are the product of an innovative collaboration between integrated assessment modelers, climate modelers, terrestrial ecosystem modelers, and emission inventory experts. The changes represented in these RCPs are radiative forcing at the tropopause by 2100 relative to preindustrial levels. There are four RCPs (RCP 2.6, RCP 4.5, RCP 6, and RCP 8.5) and are named based on their changing radiative force (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively) by 2100 [38,39,40].



The objective of the present study is to analyze the future projections of the annual average precipitation, maximum temperature, and minimum temperature in RCP 4.5 (moderate emission scenario) and RCP 8.5 (high emission scenario) for mid-century (MC), i.e., from 2021–2050, and end of the century (EC), i.e., from 2070–2099. The years 1976–2005 are the historical period Climate Research Unit (hereafter CRU) reference data for the Uttarakhand. Along with the annual analysis, the seasonal projections, i.e., for January–February (hereafter JF) [41,42], March–April–May (hereafter MAM) [42], June–July–August–September (hereafter JJAS) [11,42], October–November–December (hereafter OND) [42,43,44,45] are also presented in the present study. Many studies on temperature trend in the Himalayan region have shown a high rate of increase in the minimum and maximum temperature over the high altitudinal regions [13,46]. In the present study, districtwise annual analysis using the CORDEX-SA data is presented specifically for Uttarakhand, and therefore the present study provides the estimate of the historical and future projection-based analysis of temperature and precipitation.




2. Materials and Methods


2.1. Study Area


Uttarakhand is a region in the northern part of India (Figure 1), and India’s two important rivers (Ganga and Yamuna) originate in the region. The region can be divided into two distinct hydrogeological regions, the Himalayan Mountain belt and the Gangetic alluvial plain. Uttarakhand is broadly divided into two subregions, Garhwal and Kumaon having a total of 13 districts. Uttarakhand’s 80% of the total area is hill-covered, and the rest falls under plains [47]. It has a total geographical area of 53,483 km2, and 65% of it is covered by forest [48].



Uttarakhand is a region quite rich in natural resources, especially water and forests, with many glaciers, rivers, dense forests, and snow-clad mountain peaks. It is blessed with rare biodiversity, including, 175 rare species of aromatic & medicinal plants, and major climatic zones, making it amenable to a variety of commercial opportunities in horticulture, floriculture, and agriculture [49]. It has vast tourism potential in adventure, leisure, and ecotourism. The Himalayan ecosystem of this region is unique and plays host to a large number of animals, plants, and rare herbs [50]. Because of the region’s particular terrain and its favourable climate conditions, agriculture continues to be the primary source of income for more than three-fourths of the State’s population. However, the region experiences a variety of climates, from tropical in the foothills to alpine in high altitude regions [27]. The monsoon season of Uttarakhand falls in JJAS and receives more than 70% of total annual rainfall. The average temperature range lies between 15 °C to 25 °C in most places, and the annual average rainfall varies between 500 mm to 1900 mm [51]. The rise in the temperature generally takes place in March, and the maximum temperature is observed from May to mid-June. During this time of the year, the mean maximum temperature in the southern Uttarakhand region ranges between 34 °C to 38 °C, and the mean minimum remains at 20 °C to 24 °C (https://www.imdpune.gov.in/library/public/Climate%20of%20Uttarakhand.pdf (accessed on 18 January 2022)).




2.2. Data


The precipitation, maximum, and minimum temperature data are obtained from CORDEX-SA (https://esg-dn1.nsc.liu.se/search/cordex/ (accessed on 9 December 2021)) and CRU (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.23/ (accessed on 9 December 2021)). There is a list of 10 CORDEX-SA RCMs used in this study (Table 1), where RCP 4.5 (moderate emission scenario) and RCP 8.5 (high emission scenario) [52] were used to calculate the multimodel mean or ensemble for precipitation and maximum and minimum temperature data. Each model is evaluated concerning the ensemble and observed datasets [31].



The CRU TS 3.23 version incorporates the monthly climatological variables, i.e., precipitation, daily maximum and minimum temperatures, cloud cover, and other variables, and the principal sources used for the routine updating of the CRU monthly climate archives come through the auspices of the World Meteorological Organization (WMO) in collaboration with the US National Oceanographic and Atmospheric Administration (NOAA), via its National Climate Data Center (NCDC) [53]. The series has an interpolation function for improving data discontinuities in regions with sparse observations from 1901 to 2017 [54]. The future was divided into two parts, namely MC and EC. CRU data are used to estimate the simulation model data at 0.5° × 0.5° grid-scale resolution from 1901 to 2017 [55] on the basis of an analysis of over 4000 individual weather station records.




2.3. Methods


The annual average and seasonal data of precipitation and temperature are used in the study to evaluate future changes under the RCP 4.5 and RCP 8.5 scenarios [7,56] for 30 years of historical data. Each experiment is compared with CRU data as a reference for the historical period data. Periods 1976–2005 (historical), 2021–2050 (MC), and 2070–2099 (EC) were selected after bias correction of the CORDEX dataset (Figure 2). The various dataset used for this study had a spatial resolution of 0.5° × 0.5°, but for improving dataset quality downscaling, (Delta) methods [57,58] were processed, and the scale of the dataset improved to 0.25° × 0.25°.



The historical data (1976–2005) were used in model experiments as well as observational data to assess the spatial distribution of precipitation over the region. The comparison between the observed and model data over the region is made to examine the long-term and short-term spatial representation of two RCPs. An evaluation of multiple aspects of the model and various studies for model intercomparison is performed with the help of the Taylor diagram [59,60,61]. Taylor diagram is suitable and useful for valuing scalar quantities such as precipitation and temperature, but it is not suitable for vector quantities such as wind direction, etc. [62]. The diagram represents how closely each simulated model is related to the referenced or observed data. The representation of spatial projections for precipitation, maximum temperature, and minimum temperature, and also changes and variability of climatology towards MC and EC concerning the historical period, has been analyzed by graphical representation. The change factor is defined as the difference between the long-term (30-year) mean of a climate variable in the future and the historical period [7]. The study further analyzes seasons compared with the cumulative annual rainfall, including all seasons JF, MAM, JJAS, and OND, representing winter, pre-monsoon, monsoon, and post-monsoon, respectively.





3. Results and Discussion


3.1. Intercomparison of Historical Data (CRU and CORDEX-SA)


CRU maximum and minimum temperature are represented with a trend line in Figure 3. The range of average annual maximum temperature lies between 26.62 °C to 28.09 °C, and the average annual minimum temperature lies between 14.65 °C to 16.52 °C. The mean value of the maximum temperature is 27.57 °C, and the minimum temperature is 15.48 °C. The maximum and minimum temperature trend is positive, which represents the changing climate.



All CORDEX-SA experiments show an almost similar pattern concerning historical data of CRU in terms of correlation, standard deviation, and normalized root mean square difference for 30-year periods of precipitation and temperature (maximum and minimum) (Figure 4). In maximum temperature, IPSL_SMHI and MIROC5 show the highest correlation of 0.96 to CRU compared with other models, but their standard deviation value is higher compared with CRU and other CORDEX models, with correlation values between 0.87 to 0.97 with CRU. The ensemble of the experiment shows a correlation value of 0.97, and the standard deviation is ~0.3. In minimum temperature, all CORDEX models have a very close correlation with the ensemble model, the standard deviation is between 0.9 to 1.3, and the normalized RMSE difference for all models is ~1.4 with CRU observation. The low correlation of the minimum temperature compared with the maximum temperature may be due to the high cold bias for the annual minimum temperature for the models and ensemble (especially in winter, i.e., DJF) in the case of the Himalayan region [63]. Such a phenomenon is more prominent with the minimum temperature compared with the maximum temperature at higher altitudes. In precipitation, the statistically normalized precipitation shows that ICHE-EARTH (~0.84), MIROC5 (~0.85), and MPI_LR_SHMI (~0.86) have the highest correlation with CRU. MPI_LR_IITM and ensemble model has the highest standard deviation and low normalized RMSE difference.




3.2. CORDEX-SA and Future Projections


3.2.1. Annual Projections


The CORDEX-SA models are reasonably effective in simulating the annual average precipitation and temperature over the Uttarakhand region. The model projections indicate that an increase in temperature and precipitation will occur throughout the whole region at the end of the 21st Century. Figure 5 shows projection through the spatial representation of annual precipitation and temperature (maximum & minimum) towards mid-century to the end of the century for both emission scenarios (RCP 4.5 and RCP 8.5). For the mid-century, the annual average maximum temperature is projected to increase by about 1.38 °C in RCP 4.5 and 1.45 °C in RCP 8.5, while for the end of the century, 2.30 °C in RCP 4.5 and 5.49 °C in RCP 8.5 increase is projected. The annual average minimum temperature has increased to 1.30 °C in RCP 4.5 and 1.58 °C for a mid-century, while for the end of the century, 2.47 °C in RCP 4.5 and 5.86 °C in RCP 8.5 increase is projected. Annual average precipitation for mid-century is projected to decrease by 5.92% in RCP 4.5 and increase by 2.38% in RCP 8.5, while for end-century, 5.97% increase in RCP 4.5 and 15.89% increase in RCP 8.5 is projected.




3.2.2. Seasonal Projections


In RCP 4.5 and RCP 8.5 scenarios, the spatial representation of projected seasonal precipitation, maximum temperature, and minimum temperature of multimodel ensemble RCM for Uttarakhand are shown in Figure 6 and Figure 7, respectively. In this study, seasonal months of JF for the winter season, MAM for pre-monsoon, JJAS for monsoon, and OND for the post-monsoon season have been selected for future seasonal analysis. In Table 2, the precipitation in the monsoon and winter seasons increased from MC to EC in both emission scenarios. Pre-monsoon precipitation has also increased in MC, but precipitation in EC decreased. Post-monsoon rainfall will decrease from MC to EC in both RCP 4.5 and RCP 8.5. As per the evaluation, observation shows that maximum temperature (all seasons) will increase from MC to EC for both emission scenarios, while the maximum temperature in monsoon season will increase more compared with pre-monsoon. The combined results for the minimum temperature show that projected warming lies between 0.23 °C to 0.47 °C from MC to EC in RCP 4.5 and RCP 8.5. According to analysis, warming is going to increase more in seasonal temperatures for Uttarakhand at the end of the century from the current temperature.





3.3. Variability of Projected Annual Precipitation and Temperature


In general terms, we define climate as average weather, but in a more narrow, statistical terminology, the climate is referred to as the mean and variability of relevant quantities such as temperature and precipitation, over a period of thirty years where averaging of these variables is analyzed, as defined by the World Meteorological Organization. Climate variability is variation in climate parameters in the form of the mean state, i.e., standard deviation, statistics of extremes, etc., on all temporal and spatial scales beyond individual weather events. Variability may be due to natural internal processes within the climate system (internal) or to variations in natural (e.g., solar and volcanic) external forcing (external).



3.3.1. Precipitation Changes


Projected percentage change in annual rainfall in ensemble CORDEX-SA model simulations from the historical period (1976–2005) to the MC (2021–2050) and the EC (2070–2099) are depicted in Figure 8 and Figure 9, respectively, and Table 3 shows the range of change.



Average annual rainfall for the RCP 4.5 scenario is projected to decrease marginally by about 5.92% towards mid-century and increase by about 5.97% towards the end of the century, while for IPCC AR5 RCP 8.5 scenario, it is projected to increase by about 2.83% towards mid-century and 15.89% towards the end of the century for the State. Thus, the percentage of the projected rainfall increase is very low for MC and EC in both climate scenarios.



The average annual rainfall of Uttarakhand State is 1432.2 mm, with a range varying from 327.8–3673 mm over the 63 years (1951–2013). Amongst all districts, Pithoragarh receives the maximum average annual rainfall, while Pauri Garhwal receives the least.




3.3.2. Temperature (Maximum & Minimum) Changes


The projected change in the temperature for the same time frame and the CORDEX-SA runs are shown in Figure 10 and Figure 11, respectively, and Table 4 shows the range of change. Both figures show the temperature for moderate emission scenarios (RCP 4.5) and high-emission scenarios (RCP 8.5) from MC to EC. As time passes, the temperature is projected to rise by 0.13 °C to more than 5 °C. As per the analysis, the maximum warming is projected for the Uttarakhand region, and the minimum temperature will be increasing instead of the maximum temperature. For the near future (2021–2050), the warming is projected to be from 0.42 °C to 2.16 °C in RCP 4.5 and from 0.83 °C to 2.30 °C in RCP 8.5. For the far future (2070–2099), 1.60 °C to 3.25 °C temperature increase in RCP 4.5 and 3.57 °C to 5.86 °C temperature increase in RCP 8.5 scenario is projected, which would be quite threatening to the entire region.



There will be significant positive trends in temperature change for the majority of Uttarakhand in the RCP 4.5 and RCP 8.5 scenarios, both MC and EC. Thus, there is a warming up scenario for the State of Uttarakhand. However, towards the EC, for the IPCC AR5 RCP 4.5 scenario, these indices start stabilizing, showing no significant trends for Uttarakhand.






4. Discussion


The comparison shows a similar pattern and significant statistical results between CORDEX-SA and CRU data for Uttarakhand. It is known that CORDEX-SA models are unable to simulate the daily parameters such as precipitation [64], and therefore, for the Uttarakhand case, we used the monthly CORDEX-SA data. Many studies have revealed different facts on the performance of the CORDEX-SA dataset [65,66,67]; however, a study focused on Uttarakhand as a domain was needed to track the change in important parameters such as precipitation and maximum and minimum temperature. The CORDEX-SA in this study shows the increase in annual temperature and precipitation at the end of the 21st century. It is found in agreement with the earlier studies completed for the larger domain of the Himalayas [31,63,66].



Districtwise analysis of the obtained results shows that northward districts of Uttarakhand, namely Uttarkashi, Bageshwar, Chamoli, Rudraprayag, and Pithoragarh, show the highest projected maximum temperature and rainfall increase towards EC, while districts in the south and southwest namely, Nainital, Hardwar, etc., show the lowest projected maximum temperature and rainfall increase towards EC for both IPCC AR5 RCP 4.5 and RCP 8.5 scenarios. Such changes, especially in temperature, are well identified in the recent past to know the reason behind the shifting of apple orchards to a higher altitude in the Himalayas [13].



The projected increase in minimum temperature towards MC and the EC does not show significant variation across the districts of Uttarakhand for both IPCC AR5 RCP 4.5 and RCP 8.5 scenarios. However, the projected increase in minimum temperature toward EC varies from 4.6 °C in Bageshwar to 5.1 °C in Chamoli district for the IPCC AR5 RCP 8.5 scenario. Therefore, the lower line of the temperature, i.e., the minimum temperature, remains relatively stable, and the continuous increase in the upper limit of diurnal temperature represented by maximum temperature is of serious concern [68,69].



The relationship between the increase in temperature and the consequent extreme rainfall has been analyzed over different regions [70]. An increase in temperature along with rainfall will lead to soil erosion and land degradation, and most importantly, the retreat of the glaciers will be another issue [71]. All the districts except Champawat show the projected increase in annual rainfall towards EC. Southern districts of Uttarakhand, namely Udham Singh Nagar, Champawat, and Nainital, show the projected decrease in annual rainfall towards the MC and EC for the IPCC AR5 RCP 8.5 scenario. Almora, Dehradun, Pauri Garhwal, and Nainital show a negative trend in annual rainfall. The decrease in the rainfall in the lower Himalayas can be attributed to the increase in anthropogenic activities such as industrialization, intense agriculture, and deforestation, leading to land use and land cover change caused by the high demand for land resulting from the increase in the population [72,73,74,75,76].



The increase in the minimum temperature in RCP 8.5 at the end of the mid-century (especially in the decade 2041–2050) is found to be very high compared with the RCP 4.5. The difference between the increase in the maximum temperature of RCP 8.5 and RCP 4.5 is relatively less compared with the increase in the minimum temperature. Continuous increases in the minimum and maximum temperatures, along with the sharp increase in minimum temperature, will be a serious concern for mountainous regions such as Uttarakhand. The state has a lot of huge glaciers in the high altitudinal regions, and an increase in temperature in the near future may lead to water scarcity for the population due to a decrease in the glacial cover, which provides water for the perennial rivers. Interestingly the significant difference between RCP 8.5 and RCP 4.5 in the increase in temperature at the end of the century is an alarm to adopt the mitigation measures and reduce the anthropogenic intervention with nature. The increase of more than 4 °C (RCP 8.5) in EC looks like the most severe situation; however, the magnitude of increase in the minimum temperature (RCP 4.5) is projected to decrease when it visibly enters the second wave after the year 2086.



As far as the precipitation is concerned, it will increase (RCP 8.5) at the MC, and the majority of the cases with RCP 4.5 shows a relative decrease in the rate of increase in the annual precipitation. However, at the end of the century, in RCP 8.5 and RCP 4.5, precipitation will keep increasing. Therefore, a continuous increase in the precipitation along with the rising minimum and maximum temperature could be highly disastrous for the economy, biodiversity, and various social aspects of the Uttarakhand.



It is a common understanding that all the sectors of the economy are interconnected with each other and changing climate will impact them in the future. The most sensitive sectors of the economy to face the harsh impact of the rising temperature and precipitation in Uttarakhand are the agriculture and tourism sectors. Projections show that the increase in the minimum temperature along with the maximum temperature and the gradual decrease in the difference between the maximum and minimum temperature will lead to an increase in the extreme weather events with a rise in total precipitation, which will be responsible for the endangerment of the livelihood security of the rural population dependent of agriculture. The vulnerability of Uttarakhand to the disasters such as landslides, cloud bursts, and flash floods may take a considerable toll on the state’s economy, and it will also be directly responsible for the significant damage to human health.




5. Conclusions


The complex topography of the Uttarakhand region makes it difficult to analyze precipitation and temperature over the region. The study has examined the change in annual average precipitation and annual average temperature and incurred seasonal spatial projections for winter, pre-monsoon, monsoon, and post-monsoon seasons. It provides temperature and precipitation projections for Uttarakhand based on 10 individual RCMs, and CORDEX-SA for two RCP (RCP 4.5 & RCP 8.5) scenarios for the two short-term (2021–2050) and long-term (2070–2099) periods. CRU is used as observation or reference datasets for comparison because of its ability to measure precipitation and temperature patterns over the Uttarakhand region due to the inclusion of mountain slope and elevation. The ensemble mean shows that the climate model is closer to the observed or referenced data compared with any individual models. For this study, a Statistical analysis is conducted with the help of the Taylor diagram to identify the models’ correlation and distance of models with reference datasets over the region. It is observed that the annual average maximum and minimum temperatures may likely increase by more than 5 °C, whereas the projected change in precipitation lies between 23% to 40% concerning the historical period data towards the end of the 21st century for both RCP scenarios. Such a sharp increase may impact the biodiversity and livelihood of the people significantly by the end of the century. In the RCP 4.5 scenario, a decrease in the annual average precipitation of 5.92% in MC and an increase of 5.97% in EC is obtained. In contrast, RCP 8.5 precipitation is found to increase from 2.83% to 15.89% towards the MC and the EC. Such a trend and pattern of precipitation in relation to changing temperature may be detrimental to many sectors of the economy of Uttarakhand. The maximum temperature may likely increase from 0.42 °C to 3.07 °C from MC to EC in RCP 4.5 and 0.83 °C to 5.49 °C in RCP 8.5. Additionally, the minimum temperature may increase from 0.80 °C to 3.25 °C from MC to EC in RCP 4.5 and from 0.30 °C to 5.86 °C from MC to EC in RCP 8.5. The results of the study show the strong implication for agriculture, biodiversity, tourism, regional hydrology, etc., due to the change in the precipitation and temperature pattern in Uttarakhand. An increase in the knowledge of mountain trends and their controlling mechanisms through improved observations, adoption of satellite-based remote sensing for regional monitoring of different aspects, and model simulations can play an important role as a part of the mitigation strategy. The climate projection of this study can be used for impact assessment and adaptation planning for the region.
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Figure 1. Location map of the Uttarakhand in India. 
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Figure 2. Flow chart of methodology. 
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Figure 3. CRU observed annual average maximum and minimum temperature (1976–2005) representation with trend analysis. 
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Figure 4. Taylor diagram represents the statistical comparison of normalized (a) maximum temperature, (b) minimum temperature, and (c) precipitation (mm/m) from 1976 to 2005 of CORDEX-SA models, their ensemble, and CRU observation. 
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Figure 5. Projected spatial representation of annual average precipitation (based on model ensemble) and temperature (maximum & minimum) from MC to EC for the multimodel ensemble of RCM (RCP 4.5 and RCP 8.5). 
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Figure 6. Projected spatial representation of seasonal (JF, MAM, JJAS, and OND) precipitation and temperature (maximum & minimum) from MC to EC for the multimodel ensemble RCM (RCP 4.5). 
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Figure 7. Projected spatial representation of seasonal (JF, MAM, JJAS, and OND) precipitation and temperature (maximum & minimum) from MC to EC for the multimodel ensemble of RCM (RCP 8.5). 
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Figure 8. The projected precipitation change in percentage from MC to EC, concerning historical precipitation for the multimodel ensemble of RCM (RCP 4.5). 
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Figure 9. The projected precipitation change in percentage from MC to EC, concerning historical precipitation for the multimodel ensemble of RCM (RCP 8.5). 
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Figure 10. The variability of projected average annual maximum and minimum temperatures for the multimodel ensemble RCM (RCP 4.5 and RCP 8.5) in MC. 
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Figure 11. The variability of projected average annual maximum and minimum temperatures for the multimodel ensemble RCM (RCP 4.5 and RCP 8.5) in EC. 
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Table 1. List of CORDEX-SA RCMs used in this study with r1i1p1 ensemble.
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Contributing CORDEX Modelling Centre or Group

	
Asia CORDEX RCM Model

	
Period

(Historical & Future)

	
Grid

Resolution (Lat × Lon)






	
Centre for Climate Change Research (CCCR), Indian Institute of Tropical Meteorology (IITM), Pune (3 Ensemble Members)

	
CSIRO-QCCCE-CSIRO

	
1951–2005

	
1.9° × 1.9°




	
2006–2099




	
IPSL-CM5A-LR

	
1951–2005

2006–2099

	
3.7° × 1.9°




	
NOAA-GFDL-GFDL-ESM2M

	
1951–2005

2006–2099

	
2.5° × 2.0°




	
Rossy Centre Swedish Meteorological & Hydrological Institute (SMHI), Sweden (6 Ensemble members)

	
ICHEC

	
1951–2005

2006–2100

	
2.5° × 1.9°




	
CNRM-CM5

	
1951–2005

2006–2100

	
1.4° × 1.4°




	
IPSL-CM5A-MR

	
1951–2005

2006–2100

	
2.5° × 1.3°




	
NOAA-GFDL-GFDL-ESM2M

	
1951–2005

2006–2100

	
2.5° × 2.0°




	
MPI-ESM-LR

	
1951–2005

2006–2100

	
1.9° × 1.9°




	
MIROC-MIROC5

	
1951–2005

2006–2099

	
1.4° × 1.4°




	
Climate Source Centre (CSC), Germany (1 Ensemble member)

	
MPI-ESM-LR

	
1961–2005

2006–2100

	
1.9° × 1.9°
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Table 2. Projected seasonal mean precipitation and temperature.
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Period

	
Precipitation (mm)

	
Minimum Temperature (°C)

	
Maximum Temperature (°C)




	
RCP (4.5)

	
RCP (8.5)

	
RCP (4.5)

	
RCP (8.5)

	
RCP (4.5)

	
RCP (8.5)






	
January–February (Winter Season)




	
Mid-Century (2021–2050)

	
345.48

	
364.12

	
−3.06

	
−2.83

	
10.15

	
10.81




	
End-Century

(2070–2099)

	
349.45

	
556.37

	
−1.805

	
1.18

	
10.64

	
13.15




	
March–April–May (Pre-monsoon)




	
Mid-Century (2021–2050)

	
381.09

	
458.68

	
6.40

	
6.68

	
20.58

	
20.55




	
End-Century

(2070–2099)

	
891

	
350.90

	
7.5

	
10.47

	
23.70

	
23.70




	
June–July–August–September (Monsoon)




	
Mid-Century

(2021–2050)

	
2030.11

	
2091.79

	
14

	
14.25

	
23.95

	
24.10




	
End-Century

(2070–2099)

	
2196.05

	
2465.47

	
12.59

	
17.31

	
24.77

	
26.90




	
October–November–December (Post-monsoon)




	
Mid-Century

(2021–2050)

	
366.81

	
346.03

	
2.07

	
2.4

	
15.49

	
15.34




	
End-Century

(2070–2099)

	
609.91

	
432.52

	
3.68

	
6.98

	
16.41

	
18.70
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Table 3. The Range of percentage change in the projected precipitation concerning the historical period.






Table 3. The Range of percentage change in the projected precipitation concerning the historical period.





	
Period

	
Scenario

	
Change






	
Mid Century

	
RCP 4.5

	
−43.13% to +23.46%




	
RCP 8.5

	
−32.30% to +40.18%




	
End of Century

	
RCP 4.5

	
−31.57% to +25.56%




	
RCP 8.5

	
−26.23% to +31.64%
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Table 4. The Range of change in the projected seasonal maximum and minimum temperatures concerning the historical period.






Table 4. The Range of change in the projected seasonal maximum and minimum temperatures concerning the historical period.





	
Period

	
Scenario

	
Change (in °C)




	
Temperature (Max.)

	
Temperature (Min.)






	
Mid Century

	
RCP 4.5

	
0.42 to 2.16

	
0.80 to 2.02




	
RCP 8.5

	
0.83 to 2.30

	
0.13 to 2.19




	
End of Century

	
RCP 4.5

	
1.60 to 3.07

	
1.76 to 3.25




	
RCP 8.5

	
3.57 to 5.49

	
4.15 to 5.86
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