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Abstract

:

This study assessed how hydraulic fracturing (HF) (water withdrawals from nearby river water source) and its associated activities (construction of well pads) would affect surface water and groundwater in 2021–2036 under changing climate (RCP4.5 and RCP8.5 scenarios of the CanESM2) in a shale gas and oil play area (23,984.9 km2) of northwestern Alberta, Canada. An integrated hydrologic model (MIKE-SHE and MIKE-11 models), and a cumulative effects landscape simulator (ALCES) were used for this assessment. The simulation results show an increase in stream flow and groundwater discharge in 2021–2036 under both RCP4.5 and RCP8.5 scenarios with respect to those under the base modeling period (2000–2012). This occurs because of the increased precipitation and temperature predicted in the study area under both RCP4.5 and RCP8.5 scenarios. The results found that HF has very small (less than 1%) subtractive impacts on stream flow in 2021–2036 because of the large size of the study area, although groundwater discharge would increase minimally (less than 1%) due to the increase in the gradient between groundwater and surface water systems. The simulation results also found that the construction of well pads related to HF have very small (less than 1%) additive impacts on stream flow and groundwater discharge due to the non-significant changes in land use. The obtained results from this study provide valuable information for effective long-term water resources decision making in terms of seasonal and annual water extractions from the river, and allocation of water to the oil and gas industries for HF in the study area to meet future energy demand considering future climate change.
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1. Introduction


Surface water and groundwater are essential resources for the survival of human beings, livestock, wildlife, terrestrial and aquatic ecosystems. They are extensively used in agricultural, industrial, oil and gas exploration, household and recreation activities. Surface water and groundwater are closely connected components of the hydrologic system. Because of their close connectivity, the use of any one component can affect the other. As a result, it is necessary to conduct integrated surface water and groundwater analysis for developing sustainable water resources management. However, surface water (e.g., rivers, streams, lakes, wetlands, estuaries) and groundwater are extremely vulnerable to climate change [1]. The Intergovernmental Panel on Climate Change (IPCC) reported that the projection of global atmospheric concentrations of greenhouse gases (GHG) will continue to increase in the following decades, which will result in increased temperature and lead to continuing climate change [2]. Therefore, climate change might have significant effects on the temporal pattern of annual temperature as well as precipitation at the regional level, which in turn will affect the regional water resources (i.e., surface water and groundwater) and future water availability.



The extraction of oil and gas using hydraulic fracturing (HF) from vast shale reserves often requires large volumes of water from nearby water sources to be used as a fracturing fluid. The volume of water used by the oil and gas industries varies depending on geologic formations, type of well, number of hydraulic fracturing stages, length of the reach within the production zone and the type of hydraulic fracturing fluid (i.e., cross-linked gel or slick water) [3]. For example, in northeast British Columbia of the Western Canadian Sedimentary Basin, the water volume varies widely from less than 1000 m3 to more than 70,000 m3 per well [4]. In addition to water withdrawals, associated activities (i.e., construction of roads, well pads, pipelines, seismic lines, and power transmission lines) related to HF, change the natural soil lithology significantly by altering the upper soil layers. The alteration of soil layers results in different soil infiltration rates, which in turn affects groundwater recharge and discharge, surface runoff and stream flow significantly [5,6]. The use of HF has increased significantly in North America, and forecasts show continued growth and application of HF across the world [7]. For example, in the United States, natural gas production from shale resources increased from 0.1 to 3 Tcf (Trillion cubic feet) in the last decade [8]. By 2050, shale gas production is expected to account for 91% of the United States natural gas production [9]. The number of wells in North America that used HF for extracting oil and gas from shale reserves has changed over time to meet energy demand. For example, in the United States, about 278,000 wells were completed using HF from 2000 to 2010 [10]. However, there is considerable public concern regarding the sustainability of water withdrawals from nearby water sources for HF due to the potential negative impact on water resources (i.e., surface water and groundwater) especially during low flow period [11], as well as environmental (e.g., spills) [12] and health [13] related issues. Therefore, it is necessary to forecast climate change effects on water resources for developing future water resources management plan at regional level, so that HF and its associated activities meet future energy demand without causing significant negative effects to surface water and groundwater.



Due to the significance of water resources, the quantification of the effects of water withdrawal for HF on water resources has received increasing attention from a research point of view during the last 6 years. Although there are missing information (i.e., location of water withdrawal, type of water source, timing of water withdrawals, and whether any water was recycled), various assumptions were made related to these missing information for assessing the effects of water withdrawal for HF on water resources. Those research activities addressed daily stream flow [14,15,16], monthly stream flow [16,17], annual stream flow [18,19], stream low flow [20,21,22], environmental flow components (i.e., high flow, low flow and extremely low flow) of the stream [18,23], annual surface water and groundwater availability [24], and annual groundwater table [19,22]. In addition to water withdrawals, very few research activities have been conducted on associated activities related to HF on water resources. Those research activities highlighted annual stream flow [18,19], and annual groundwater table [19]. However, there is little knowledge regarding how HF and its associated activities would affect temporal patterns (i.e., monthly, seasonal and annual) of groundwater discharge under changing climate. This study attempted to fill up this gap.



The objective of this study was to quantify the effects of HF (i.e., water withdrawals from nearby river water source) and its associated activities on temporal patterns of stream flow and groundwater discharge under changing climate. The assessment of temporal variation of stream flow and groundwater discharge due to HF and its associated activities under changing climate will provide useful information for future planning of water uses to meet the industry’s water demand, and the natural hydrologic system. In this study, the effects of HF and its associated activities on mean monthly, seasonal and annual stream flow and groundwater discharge were evaluated for 2021–2036 under the Representative Concentration Pathways (RCP) 4.5 and 8.5 of the CanESM2 (Second Generation Earth System Model) from the Fifth Assessment Report (AR5) of the IPCC [25]. An Integrated Hydrologic Model (i.e., MIKE-SHE and MIKE-11 models [26]), and a cumulative effects landscape simulator (i.e., ALCES: A Landscape Cumulative Effects Simulator [27]) were used for the evaluation. A case study was used in a shale gas and oil play area of northwestern Alberta, Canada. Here, we define water withdrawal as the amount of water extracted from the river in a particular month to be used in HF.




2. Materials and Methods


2.1. Study Area


A study area (23,984.9 km2) was selected in a rich shale gas and oil region of the Upper Peace Region of northwestern Alberta, Canada based on data availability for a significant number of hydraulically fractured wells, coupled with a number of active surface water monitoring stations and groundwater monitoring wells (Figure 1). It contains parts of the Montney, the Duvernay and the Muskwa formations. Among those, the Montney and the Duvernay are the most productive shale gas and oil reserves in Alberta. Forest (34.4%) and agriculture (34.1%) dominate land use in the study area. Other land uses are perineal crops (forage) and pasture (18.2%), water (i.e., river, lake, and wetland) (6.7%), grassland (4.9%), shrub land (1.2%), road (0.4%) and clear cut area (0.1%), based on the land use/land cover map of the study area for year 2000 collected from Natural Resources Canada (www.nrcan.gc.ca). Surface water is mostly used to meet forestry and agriculture needs [28]. Clay loam, loam, silty loam, silty clay, paved area and sand cover 31.74%, 29.2%, 24.46%, 14.1%, 0.45% and 0.05% of the study area, respectively, based on the soil map of the study area collected from Alberta Environment and Parks (https://soil.agric.gov.ab.ca/agrasidviewer/).



The study area has an elevation ranging from 302 m to 1024 m, with an average slope of 2.1%. The hydrologic system in the study area is mainly rainfall dominated. The mean annual precipitation and temperature of the study area were 423 mm (312 mm of rain, and 111 mm of snow), and 1.9 °C, respectively, for the period of 1985–2014. The study area contains parts of three rivers: the Peace River, the Smoky River and the Little Smoky River. The Little Smoky River joins with the Smoky River, and then the Smoky River joins with the Peace River. There are three surface water monitoring stations in the study area maintained by Water Survey of Canada (https://wateroffice.ec.gc.ca/). One station is located in the Smoky River named as Smoky River at Watino (here it is named as SW3 for convenient results discussion). The others named as Peace River above Smoky River confluence (SW2) and Peace River at Peace River city (SW1) are situated in the Peace River. The SW1 station is the outlet of the study area. The SW1 and SW2 stations are approximately 76 and 54 km away from the SW3 station, respectively. The upstream parts of the Peace River, the Smoky River, and the Little Smoky River (which are outside of the study area) contributed 88%, 8.1% and 2.3% of the stream flow at the outlet (SW1) of the study area, respectively, based on the observed data at the monitoring stations of those areas in 2000–2012. There are 1235 active and inactive monitoring wells in the study area based on the information of Alberta provincial groundwater monitoring wells database (http://environment.alberta.ca/apps/GOWN/). In Figure 1a, only four groundwater wells (i.e., GW1 and GW2 are situated in lower elevation areas; GW3 and GW4 are located in higher elevation areas) are shown, which were used in the results and discussions section.




2.2. Integrated Hydrological Modeling


An integrated hydrological model was developed for the study area by using MIKE-SHE and MIKE-11 models. MIKE-SHE is a physically-based, distributed, and structured grid based hydrologic model. It simulates various hydrological processes for example, snowfall accumulation and melting, evapotranspiration, unsaturated flow, saturated groundwater flow, overland flow and infiltration in a watershed under given hydrometeorological inputs. In this study, snow melting was estimated by using the modified degree-day method [29]. Overland flow was computed by using the finite difference method by solving the diffusive wave approximation of the Saint Venant Equations [30]. Saturated groundwater flow was simulated with a finite difference representation of 3-D saturated groundwater flow equation. The saturated zone was divided into two layers: unconfined aquifer and bedrock (underlain by unconfined aquifer). Unsaturated flow was simulated by using the two-layer water balance method [31] because of the lack of detailed soil characteristics and geological layer data. On the other hand, MIKE-11 is a 1-D hydrodynamic model, and computes channel flow by using 1-D Saint Venant equations. In this study, channel flow was calculated by using the implicit finite difference scheme [32] to solve the dynamic wave version of the Saint Venant equations [33]. Then, the MIKE-11 model was coupled with the MIKE-SHE model to simulate stream flow as well stream water level along the channels, and groundwater level in the aquifer under given hydrometeorological inputs. Water flux between the stream and the saturated zone was estimated based on Darcy’s law. The details of MIKE-SHE and MIKE-11 models can be found in MIKE-SHE user manual [30] and MIKE-11 reference manual [33], respectively. The coupled MIKE-SHE/MIKE-11 model needs a number of inputs. These are watershed specific data (i.e., elevation, land use/land cover, channel geometry, and soil type), vegetation characteristic (i.e., rooting depth and leaf area index) data, climatic (i.e., precipitation, temperature and reference evapotranspiration) data, and hydrological (i.e., stream flow and level, and groundwater level) data. Table 1 provides the details of these data for this study.



The MIKE-SHE model domain was discretized into 284 m by 284 m grid cells. The initial potential head (i.e., groundwater table) maps in the aquifer (unconfined) and bedrock were prepared by using observed groundwater table data collected from 1235 active and inactive monitoring wells in the study area from Alberta provincial groundwater monitoring wells database (http://environment.alberta.ca/apps/GOWN/) and inverse distance weighted (IDW) interpolation method [34]. Aquifer and bedrock lower level maps were prepared by using bore log data of those wells in the study area and IDW interpolation method.



No-flow boundary condition was assumed around the perimeter of the study area for the developed MIKE-SHE model for model simplicity, and due to the lack of adequate information in the study area for setting appropriate boundary conditions (e.g., general head or specified head). Similarly, for MIKE-11 model, no-flow boundary condition was assumed for all unconnected ends (branches) of the river network except the Peace River, the Smoky River, and the Little Smoky River. Since the upstream parts of these large rivers (which are outside of the study area) contributed 98.4% of the flow at the outlet of the study area based on the observed stream flow data in 2000–2012, inflow boundary condition was chosen at the upstream parts of these three rivers. Water level boundary was selected at the downstream (the Peace River) of the model based on the relationship of stream flow vs. water level at the downstream location. A sensitivity analysis of the modeling parameters was performed before calibration to determine which parameters are sensitive to the model outputs (stream flow, river water and groundwater levels). The shuffled complex evolution method [38] was used for automated model calibration. The coupled model was calibrated and validated by using observed climate data (i.e., precipitation, temperature and reference evapotranspiration) at monitoring weather stations, and stream flow and stream water levels at three monitoring stations (SW1, SW2, and SW3), and groundwater levels at monitoring wells (only GW1 well is shown here). The coefficient of determination (R2), and coefficient of efficiency (NSE: Nash-Sutcliffe efficiency) were used for evaluation of the goodness-of-fit of this integrated hydrologic model. The model calibration was conducted from 1 January 2000 to 31 December 2006, and the validation was conducted from 1 January 2007 to 31 December 2012. The average inflow (98.4% of the flow at the outlet of the study area) of the 2000–2012 period was used in numerical simulation for future climate change, HF and its associated activities impacts on water resources in this study due to the lack of future stream flow data at those upstream parts of those rivers.




2.3. Climate Scenarios


Statistically downscaled daily temperature and precipitation for the period of 2021–2036 under the RCP4.5 and RCP8.5 scenarios from the AR5 of the IPCC were directly obtained from the Pacific Climate Impacts Consortium (PCIC) data portal [39]. Those RCP4.5 and RCP8.5 outputs were generated by using the Second Generation Earth System Model (CanESM2) outputs of the CCCma (Canadian Centre for Climate Modeling and Analysis), and Bias Correction/Constructed Analogues with Quantile mapping reordering (BCCAQv2) method. The CanESM2 was used in this study area because the CanESM2 historical simulations on precipitation and temperature in 2000–2012 mimic well with the corresponding historical observations of precipitation and temperature, respectively. The RCP4.5 and RCP8.5 outputs are of roughly 10 km grid resolution. In RCP4.5, GHG emissions peak around 2040 and then decline [40]. The RCP4.5 scenario was chosen here because it is the pathway of stabilized GHG emission, whereas, in RCP8.5 GHG, emissions rise continuously over time [41]. The RCP8.5 scenario was chosen because it is a high-emission scenario, which is frequently referred to as “business as usual”. This scenario will likely occur if the society does not make any efforts to cut GHG emissions. Future climate change scenarios assessed for two decades were used in a number of climate change impacts studies on water resources [42,43,44]. However, in order to be consistent with the forecast of future number of hydraulically fractured wells in Alberta until 2036, in the study conducted by Johnson et al. [45], the period of 2021–2036 (less than two decades) was used in this study.




2.4. Generation of Future HF Scenarios


HF data (i.e., number of wells and water use) for 2-year (2013–2014) were collected from the publicly available Frac Focus Chemical Disclosure Registry (www.fracfocus.ca). In Alberta, fracking data are publicly available according to the requirements of the Alberta provincial regulator since 19 December 2012 [46]. These data were collected for this study because HF activities occurred during this period when oil and gas prices were relatively high (e.g., oil at USD$100/barrel in 2013–2014) [47]. It represents the traditional HF scenario in Alberta, when oil price is good from a business point of view. The annual number of hydraulically fractured wells in 2013 and 2014 was 186 and 247, respectively. The monthly variation of those wells is presented in Table 2.



The future number of hydraulically fractured wells in the study area for 2021–2036 was projected based on the published report by Johnson et al. [45], which forecasted the number of hydraulically fractured wells in various provinces (i.e., Alberta, British Columbia, Saskatchewan, Manitoba, and Newfoundland and Labrador) of Canada from 2016 to 2036. In this study, the projection of wells in 2021–2036 was conducted based on the ratio of the total number of wells that was completed by HF in the study area in 2013 and 2014 to the total number of wells completed by HF in Alberta in 2013 and 2014 collected from Alberta Energy Regulator [48,49]. On average, that ratio was 5.3%. The annual variation in the number of hydraulically fractured wells from 2021 to 2036 is presented in Figure 2. The annual number of wells of each year from 2021 to 2036 was distributed monthly according to the monthly percentage of wells to the total annual number of wells in 2013 and 2014 (Table 2). This approach resulted in a prediction of 2014 wells being completed in the study area using HF.



The annual water use in HF in 2013 and 2014 was 997,291 m3 and 948,931 m3, respectively. The average water use for each well in the study area was approximately 5362 m3 in 2013 and 3842 m3 in 2014. On average, 4495 m3 of water was used for each well in 2013 and 2014. This average amount of water was considered for each well in every month in 2021–2036 due to limited available information during that time period. In total, 9,052,930 m3 of water would be used in 2021–2036. Assuming truck capacity of 25 m3, 362,117 large water tank truckloads would be needed in 2021–2036 for delivering water to drill these hydraulically fractured wells. Publicly available data (www.fracfocus.ca) only reports the date and quantity of water used in HF. It does not include the time of water withdrawal, how the water was transported to the site, the location of the source of water, the type of water source, and whether any water was recycled. Similar to other studies related to water withdrawal for HF on water resources, this constitutes a limitation in our study. In order to reduce these uncertainties, the following assumptions were made:




	
Monthly water use data in 2021–2036 were distributed equally among all days of the particular month for numerical simulations. Best and Lowry [19] distributed all water withdrawals uniformly over the entire year for numerical modeling.



	
Only surface water (i.e., river) was selected as a potential water source.



	
It was assumed that all water was extracted from one location near the time of the fracturing operations, and the location of water extraction was selected close to the water level and flow monitoring station (SW3 station) so that the maximum impacts on river water level could be estimated. The water extraction location was assumed 1 km upstream of the SW3 station in the Smoky River (Figure 1a). This location was selected because the SW3 station is located in the Montney and Duvernay formations, and water extraction from this location would have the maximum impacts on river water level fluctuations at the SW3 station. No recycling of water was considered.








One potential scenario of water use for HF was generated based on the above assumptions. This scenario does not provide exact prediction, however shows the trend and nature of prediction in order of magnitude by using the available data. This scenario was used in the developed model to compare the outputs (i.e., stream flow and groundwater discharge) in 2021–2036 under future climate change scenarios (i.e., RCP4.5 and RCP8.5) with those under sole future climate change scenarios in 2021–2036, and base modeling period (2000–2012), where no HF was used. In this study, the period of 2000–2012 was used as base modeling period because the calibration and validation of the model was done during that period. Albek et al. [50] used a similar approach to compare streamflow variation due to climate change with respect to the base model results (i.e., during 4 years model calibration and validation periods) in the Middle Seydi Suyu Watershed, Turkey. The results illustrate the maximum probable impacts on water resources under future climate change.




2.5. Generation of Future HF Associated Activities Scenarios


Future scenarios of HF associated activities (i.e., construction of roads, well pads, pipelines, seismic lines, and power transmission lines) were generated by using ALCES [27]. ALCES is a fast, user-friendly and powerful landscape simulator that creates a “what-if” modeling environment that allows stakeholders to explore the economic, ecological, land and social consequences of different land use changes on defined landscapes [51]. ALCES generates future scenarios of HF associated activities under a business as usual (BAU) management scenario. ALCES provides future outputs for every decade. However, this study assessed climate change impact for the period of 2021–2036, so that it would be consistent with the outputs of Johnson et al. [45]. Therefore, ALCES simulation was performed from 2010 to 2030. Future scenarios of ALCES outputs were generated for the decades of 2020 and 2030. In addition, we assumed 2020 ALCES BAU scenario for the hydrological simulation for the period of 2021–2029, and 2030 ALCES BAU scenario for the period of 2030–2036. These scenarios were included in year 2000 land use map to get 2021–2029 and 2030–2036 land use maps, which were not shown here because of small land use changes. Wijesekara et al. [52] also used one-year land use map for a 5-year hydrological simulation. In this way, we attained average impacts of HF associated activities on water resources.



Typically, shale gas multi-well pads require 2 acres (8093.71 m2) to 5 acres (20,234.3 m2) of land [53]. However, in this study one grid cell size of the developed model was 284 m by 284 m, which is equivalent to an area of 80,656 m2. Therefore, in this study, 284 m by 284 m was assumed for each well pad size. Six wells were considered for each well pad as per other studies in HF [53,54]. The density of well pad was considered as one well pad per 2.56 km2 [54].




2.6. Limitations and Uncertainties of the Results


There are a number of limitations and uncertainties in the results generated from HF and its associated activities under changing climate. First, uncertainties always exist in future climate change scenarios [55]. Therefore, uncertainty analysis of climate change should be considered in further studies to assess the average impact of climate change scenarios on water resources in the study area. Second, internal variability, which was not considered in this study because climate data was directly downloaded from the PCIC data portal, could affect the patterns of climate change scenarios. Third, different climate models will provide different patterns of future precipitation and temperature trends under the RCP4.5 and the RCP8.5 scenarios. Therefore, other climate models predicted precipitation and temperature should be used to compare the obtained results of this study. Fourth, because of the lack of proper information no-flow boundary condition was used for the MIKE-SHE model domain, which would affect the outputs of this study. Fifth, future HF and its associated activities scenarios were generated based on certain current assumptions and are likely to fluctuate with global energy demand, prices, extraction techniques, etc. Thus, the outputs of this study will not characterize exact prediction, but show the trend and nature of prediction in order of magnitude.





3. Results and Discussion


3.1. Results of Model Calibration and Validation


Based on the sensitivity analysis, it was found that horizontal hydraulic conductivity (loam) was the most sensitive parameter in the model. Horizontal hydraulic conductivity (clay loam), horizontal hydraulic conductivity (silty clay), specific storage (bedrock), specific yield (loam), evapotranspiration surface depth, water content at saturation (loam), degree-day melting coefficient, leakage coefficient of the bed material, channel roughness and overland surface roughness (forest) were ranked as the second, third, fourth, fifth, sixth, seventh, eighth, ninth, tenth and eleventh sensitive parameter, respectively. Since precipitation plays a negligible role (nearly 1.6%) in the rainfall-runoff processes in the study area, most of the sensitive parameters governing the channel routing and saturated groundwater flow play the major roles. Therefore, the model set up in this study favors mostly channel routing and saturated groundwater flow parameters. These parameters were changed during the model calibration stage. The monthly model calibration (Figure 3a) resulted in R2 = 0.88 and NSE= 0.76 at the outlet (SW1 station) of the study area. Santhi et al. [56] suggested an acceptable model evaluation when a R2 ≥ 0.6 and a NSE ≥ 0.5 are obtained. These evaluation statistics criteria showed that the developed model calibration was deemed satisfactory. The model validation resulted (Figure 3b) in R2 = 0.92, and NSE= 0.89 at the outlet of the study area using monthly data. Therefore, satisfactory model validation was also achieved.



The model calibration and validation considering groundwater levels (here showing the results for the GW1 well) showed satisfactory results (Figure 4). Total water balance during the simulation period was also used as an indicator of the model performance. During both calibration and validation periods, the total water balance error was less than 1%, which indicates an adequate model performance. Table 3 presents the calculated R2 and NSE values at various monitoring stations and wells based on monthly stream flow, stream (i.e., river) water level, and groundwater level data.




3.2. Impact of Climate Change on Precipitation and Temperature


The future monthly precipitation in the study area under the RCP4.5 and RCP8.5 scenarios show variable patterns in 2021–2036 (Figure 5a) due to the anthropogenic increases in the atmospheric concentrations of GHG [57]. In this figure, the error bars of the standard deviation of monthly precipitation for the period of 2021–2036 are shown. Both the trend and peak of the mean projected monthly precipitation under the RCP4.5 and RCP8.5 scenarios in 2021–2036 follow the pattern of the base modeling period. This similar pattern also justifies why the CanESM2 projections were used to represent future climate over this region. It was also found that the mean monthly precipitation is higher under the RCP4.5 scenario than under the base modeling period for all months, except August and September. On the other hand, the mean monthly precipitation under the RCP8.5 scenario is higher for all months, except July and August, compared to the base modeling period. The mean monthly precipitation under the RCP8.5 scenario is higher for 4 months (April, May, June and September) than those under the RCP4.5 scenario. From the seasonal (winter: December–February, spring: March–May, summer: June–August, and fall: September–November) point of view, the highest and lowest seasonal precipitation under both RCP4.5 and RCP8.5 scenarios from 2021 to 2036 are expected in summer and winter, respectively (Table 4). The mean seasonal precipitation under the RCP4.5 and the RCP8.5 scenarios is also expected to increase in 2021–2036, with respect to the mean seasonal precipitation under the base modeling period. A greater increase in mean seasonal precipitation is expected during spring (33 mm and 43 mm under the RCP4.5 and RCP8.5 scenarios, respectively) than other seasons in both scenarios. The mean annual precipitation under the RCP4.5 and the RCP8.5 scenarios is expected to increase in 2021–2036, as compared to that under the base modeling period. The mean annual precipitation of 2021–2036 under the RCP4.5 and the RCP8.5 scenarios is expected to be 504 mm (σ = 92 mm), and 509 mm (σ = 102 mm), respectively. These numbers are higher than the mean annual precipitation under the base modeling period by 89 mm (21.4%) and 94 mm (22.6%), respectively.



The trend of mean monthly temperature under the RCP4.5 scenario is similar in every year, with the highest and lowest mean monthly temperature occurring in July and January, respectively, which are similar to those under the base modeling period (Figure 5b). However, under the RCP8.5 scenario this trend is similar in most of the months, except the lowest mean monthly temperature that is expected to occur in December. The mean monthly temperature under both scenarios is higher than the base modeling period for all months. The mean monthly temperature under the RCP8.5 scenario is higher in 6 months (January, April, May, June, July and August) than under the RCP4.5 scenario. The mean seasonal temperature under the RCP4.5 and the RCP8.5 scenarios is expected to increase in 2021–2036 with respect to the mean seasonal temperature under the base modeling period (Table 4) because of the anthropogenic increases in the GHG concentrations [57]. A greater increase in mean seasonal temperature is expected during spring (2.3 °C) and summer (2.92 °C) under the RCP4.5 and the RCP8.5 scenarios, respectively. The mean annual temperature would also increase under both scenarios in 2021–2036. On average, the mean annual temperature of 2021–2036 under the RCP4.5 and the RCP8.5 scenarios would be 3.46 °C (σ = 0.76 °C) and 3.62 °C (σ = 1.06 °C), respectively. The mean annual temperature under the RCP4.5 and the RCP8.5 scenarios is expected to increase by 1.5 °C and 1.66 °C, respectively, as compared to that under the base modeling period.




3.3. Land Use Changes due to HF Associated Activities


Based on the ALCES outputs, very little amount of land use change is predicted to arise from HF associated activities in 2030 compared to 2000 (Table 5). The change would occur in the land uses of minor roads (5.88 km2), well pads for oil and gas exploration and extraction (32.27 km2), and pipelines (21.22 km2). However, the land uses of major roads, power lines and seismic lines would not change. In this study, pipelines and minor roads were not considered for future scenarios of HF associated activities because of the narrow size (diameter) of the pipelines and smaller width of minor roads, which were not possible to include in 30 m by 30 m resolution of land use map. Only the change in well pads, which is 0.13% of the total study area, was considered. The results show that forest, agriculture, and perineal crops and pasture areas would be converted into clear cut area (i.e., well pads here) in 2030. The major decrease would occur in forest (23.27 km2). Agriculture, and perineal crops and pasture areas would decrease by 5.13 km2 and 3.87 km2, respectively, from 2000 to 2030 (Table 5). In Pennsylvania, Drohan et al. [58] also found similar conversion of forest and agricultural areas into gas well pads, which is clear cut area in this study.




3.4. Surface Water and Groundwater Under the RCP4.5, the RCP8.5, HF and Its Associated Activities Scenarios


3.4.1. Monthly, Seasonal and Annual Stream Flows


The integrated model simulated results were analyzed on a mean monthly basis. The results show that the mean monthly stream flows in 2021–2036 under the RCP4.5 and the RCP8.5 scenarios are higher than those under the base modeling period (2000–2012) during the whole year, due to the increased precipitation and temperature predicted under the RCP4.5 and the RCP8.5 scenarios (Figure 6). At the SW1 station (outlet of the study area), the highest mean monthly stream flow occurs in June in both scenarios and the base modeling period (Figure 6a). On the other hand, at the SW3 station, the highest mean monthly stream flow occurs in May in both scenarios and the base modeling period (Figure 6b). This variation occurs because of the spatial and temporal precipitation variability in and outside of the study area. The upstream parts of the Peace River, the Smoky River and the Little Smoky River (which are outside of the study area) contribute 88%, 8.1% and 2.3% of the stream flow at the outlet of the study area, respectively, which also supports the significance of precipitation variability outside of the study area on these results. At the SW1 station, the lowest mean monthly stream flow under both scenarios and the base modeling period occurs in September and October, respectively. At the SW3 station, the lowest mean monthly stream flow under both scenarios and the base modeling period occurs in January and February, respectively. Therefore, climate change significantly affects the pattern of mean monthly stream flows in the study area.



From the seasonal point of view, the mean seasonal stream flows at the SW1 station under the RCP4.5 and the RCP8.5 scenarios are also expected to increase in 2021–2036 with respect to those under the base modeling period (Table 6). This occurs due to the increased precipitation and temperature predicted under the RCP4.5 and the RCP8.5 scenarios with respect to the base modeling period. The highest and lowest water extraction from the Peace River reach, where the SW1 station is located, under both scenarios could be possible during summer and fall, respectively. It would occur due to the highest (i.e., on average 2043.12 m3/s and 2048.85 m3/s under the RCP4.5 and the RCP8.5 scenarios, respectively) and lowest (i.e., on average 1424.93 m3/s and 1424.32 m3/s under the RCP4.5 and the RCP8.5 scenarios, respectively) mean stream flows at the SW1 station during summer and fall, respectively. However, a greater increase in mean seasonal stream flow is expected during spring (2.96% and 3.41% under the RCP4.5 and the RCP8.5 scenarios, respectively) compared to other seasons due to a greater increase in mean precipitation during spring. At the SW3 station, almost similar trends to those at the SW1 station would occur under both scenarios. However, the highest and lowest water extraction from the Smoky River reach, where the SW3 station is located, under both scenarios could be possible during summer and winter, respectively (Table 7). It would occur because the highest (i.e., on average 299.19 m3/s and 302.09 m3/s under the RCP4.5 and the RCP8.5 scenarios, respectively) and lowest (i.e., on average 39.42 m3/s and 38.41 m3/s under the RCP4.5 and the RCP8.5 scenarios, respectively) mean stream flows at the SW3 station would occur during summer and winter, respectively. The mean seasonal stream flows at the SW1 and SW3 stations under the RCP8.5 scenario are higher in spring and summer than those under the RCP4.5 scenario due to the higher precipitation under the RCP8.5 scenario during these seasons. Therefore, more water extraction from both the Peace River and the Smoky River would be possible in spring and summer under the RCP8.5 scenario than under the RCP4.5 scenario. However, the mean seasonal stream flows at the SW1 and SW3 stations under the RCP8.5 scenario are lower in winter and fall than those under the RCP4.5 scenario due to the lower precipitation under the RCP8.5 scenario during these seasons. Therefore, less water extraction from both the Peace River and the Smoky River would be possible in winter and fall under the RCP8.5 scenario than under the RCP4.5 scenario.



On average, the mean annual stream flow at the SW1 and SW3 stations under the RCP4.5 scenario is expected to be 1768.72 m3/s (σ = 23.22 m3/s), and 168.60 m3/s (σ = 7 m3/s), respectively. On the other hand, the mean annual stream flow at the SW1 and SW3 stations under the RCP8.5 scenario is expected to be 1770.66 m3/s (σ = 27.57 m3/s), and 169.39 m3/s (σ = 10.07 m3/s), respectively. With respect to the mean annual stream flow at the SW1 (i.e., 1729.87 m3/s) station under the base modeling period, the mean annual stream flow at the SW1 station under the RCP4.5 and the RCP8.5 scenarios would increase by 2.24% (i.e., 38.85 m3/s), and 2.36% (i.e., 40.79 m3/s), respectively. In contrast, with respect to the mean annual stream flow at the SW3 (i.e., 156.22 m3/s) station under the base modeling period, the mean annual stream flow under the RCP4.5 and the RCP8.5 scenarios would increase by 7.92% (i.e., 12.38 m3/s), and 8.43% (i.e., 13.17 m3/s), respectively. It is to be noted that the upstream parts of three large rivers (which are outside of the study area) contributed 98.4% of the flow at the outlet of the study area based on the observed stream flow data in 2000–2012. The mean annual stream flow generated in the study area in the base modeling period (2000–2012) was 27.47 m3/s, and under the RCP4.5 and the RCP8.5 scenarios the stream flow generated in the study area would be 66.32 m3/s, and 68.26 m3/s, respectively. The increment of stream flow generated in the study area under the RCP4.5 and the RCP8.5 scenarios is 141.43% and 148.51%, respectively. A similar high-increase in stream flow due to the increased precipitation was found by Guo et al. [59] in the Xinjiang River basin, China, and Muhammad et al. [60] in the upper Assiniboine River Basin, Canada. Therefore, more annual water extraction from the river, and allocation to the stakeholders for future water supply could be possible under both scenarios in 2021–2036 than under the base modeling period.



When the HF scenario is added to the RCP4.5 scenario in 2021–2036, the mean monthly, seasonal and annual stream flows at the SW1 and SW3 stations would decrease with respect to those under the only RCP4.5 scenario due to water withdrawals for HF from the Smoky River. Those decrements are very small (less than 1%) compared to the stream flow generated in a large study area. Therefore, these results were not possible to show in Figure 6, but the results follow similar trends to those under the sole RCP4.5 scenario. Similar results are obtained when HF scenario is added to the RCP8.5 scenario. Although the impacts of HF on stream flow are very small in the large area, the impacts could be significant in a small catchment area where large amount of water is extracted from the nearby river for HF. Cothren et al. [18] did not find any noticeable change in stream flow at a large basin scale (127,300 km2), but found significant changes in sub-basin scale and in monthly time steps. From seasonal point of view, the highest and lowest decreases in mean seasonal stream flow at both stations under both scenarios would occur during winter (i.e., 0.22 m3/s), and spring (i.e., 0.12 m3/s) seasons, respectively. It would occur because the highest and lowest number of wells would be completed by HF collecting water from the Smoky River in 2021–2036 during winter and spring, respectively. However, those reductions would not decrease the mean monthly, seasonal and annual stream flows at the SW1 and SW3 stations under the effects of (i) HF and RCP4.5 scenario, and (ii) HF and RCP8.5 scenario than those under the base modeling period (Table 6 and Table 7).



When HF associated activities (construction of well pads) are combined with the HF and RCP4.5 scenario in 2021–2036, the mean monthly, seasonal and annual stream flows at the SW1 and SW3 stations are expected to increase with respect to those under the sole RCP4.5 scenario. This occurs because HF associated activities results in increasing surface runoff and stream flow due to increasing area of low hydraulic conductivity soil. However, the increment is very small (less than 1%) because of small amount of land use changes (i.e., 0.13% of the study area). Similar outcomes are expected when HF associated activities are combined with the HF and RCP8.5 scenario. Cothren et al. [18] found significant increase (10%) in stream flow in sub-basin scale (area 387 km2) due to the increase in well pad and shale gas infrastructure in South Fork of the Little Red River watershed, USA. Saha [61] also found similar increase in stream flow in the Mainstem sub-watershed (213.82 km2) of the Kiskatinaw River watershed, Canada. Therefore, significant additive impacts on stream flow could be possible in a small catchment area where large amount of HF associated activities would occur. Since the increments in this study are very small (less than 1%), those results were not possible to show in Figure 6. The highest and lowest increases in the mean seasonal stream flow at both stations under both (i) HF, its associated activities and RCP4.5 scenario, and (ii) HF, its associated activities and RCP8.5 scenario would occur during spring and winter (Table 6 and Table 7), respectively, because of the highest and lowest increases in surface runoff would occur during spring and winter, respectively. However, a slight greater increase (by 0.20 m3/s at the SW1, and 0.07 m3/s at the SW3) would occur during spring under the HF, its associated activities and RCP8.5 scenario than under the HF, its associated activities and RCP4.5 scenario because of higher precipitation during spring under the RCP8.5 scenario. On the other hand, a slight greater increase (by 0.07 m3/s at the SW1, and 0.02 m3/s at the SW3) would occur during winter under the HF, its associated activities and RCP4.5 scenario than under the HF, its associated activities and RCP8.5 scenario because of higher precipitation during fall and winter under the RCP4.5 scenario.




3.4.2. Monthly, Seasonal and Annual Groundwater Discharges


Similar to stream flow, the mean monthly groundwater discharges generated at the outlet of the study area would increase under the RCP4.5 and the RCP8.5 scenarios compared to those under the base modeling period due to the increased groundwater levels under both scenarios resulted from increased precipitation (Figure 7). The highest mean monthly groundwater discharge occurs in June in both scenarios and the base modeling period. The lowest mean monthly groundwater discharge under both scenarios and the base modeling period occurs in January and October, respectively. Because of climate change, the pattern of mean monthly groundwater discharge changes in the study area. From the seasonal point of view, the highest and lowest mean groundwater discharges at the outlet of the study area under both scenarios would occur during summer and winter, respectively (Table 8). However, a greater increase in mean seasonal groundwater discharge is expected during summer (i.e., 131.25% and 147.12% under the RCP4.5 and the RCP8.5 scenarios, respectively) than other seasons. Among all seasons, the increase in seasonal groundwater discharge of less than 100% would occur in winter due to the lower infiltration rate resulted from snow covered land area. The mean seasonal groundwater discharge under the RCP8.5 scenario is higher in spring and summer than those under the RCP4.5 scenario due to the higher precipitation under the RCP8.5 scenario during these seasons. On the other hand, the mean seasonal groundwater discharge under the RCP8.5 scenario is lower in winter and fall than those under the RCP4.5 scenario due to the lower precipitation under the RCP8.5 scenario during these seasons. The mean annual groundwater discharge generated at the outlet of the study area under the RCP4.5 and the RCP8.5 scenarios would be 35.96 m3/s (σ = 0.98 m3/s) and 36.55 m3/s (σ = 1.06 m3/s), respectively. The mean annual groundwater discharge under the RCP4.5 and the RCP8.5 scenarios would increase by 117.56% (i.e., 19.43 m3/s) and 121.12% (i.e., 20.02 m3/s), respectively, with respect to the base modeling period (i.e., 16.53 m3/s). Consequently, more annual water extraction from the Smoky River and the Peace River for the oil and gas industries in the study area would be possible under both scenarios than under the base modeling period without causing any substantial negative impact on regional groundwater levels and groundwater discharge.



Although adjacent groundwater levels of the Smoky River reach would decrease under the effects of HF and RCP4.5 scenario than those under the sole RCP4.5 scenario, the mean monthly groundwater discharge of the study area would increase under the effects of HF and RCP4.5 scenario than those under the sole RCP4.5 scenario. This would occur because the minor decrease would happen in groundwater level compared to surface water level due to low groundwater velocity and low hydraulic conductivity of soils. Therefore, the gradient between the groundwater and surface water systems would increase, and would result in increased groundwater discharge under the effects of HF and RCP4.5 scenario. However, these increments are very small (less than 1%) compared to the groundwater discharge generated in a large study area. Therefore, these results were not possible to show in Figure 7, but the results follow similar trends to those under the sole RCP4.5 scenario. From the seasonal point of view, the highest and lowest increases in mean seasonal groundwater discharge in the study area under the effects of HF and RCP4.5 scenario would occur during winter (0.06 m3/s) and spring (0.02 m3/s), respectively (Table 8). This would occur because the highest and lowest number of wells would be completed by using water-intensive HF in 2021–2036 during winter and spring, respectively. Similar results would happen when HF scenario is added to the RCP8.5 scenario. However, the mean seasonal groundwater discharge increases more (i.e., 0.01 m3/s) under the HF and RCP8.5 scenario during winter than that under the HF and RCP4.5 scenario. This happens because lower soil moisture condition would occur due to the lower precipitation in the study area during winter months under the RCP8.5 scenario than under the RCP4.5 scenario, which resulted in higher river water level declines in winter months under the HF and RCP8.5 scenario. Therefore, a higher gradient between groundwater and surface water would occur under the HF and RCP8.5 scenario, and result in higher groundwater discharge during winter. Similar trends occur across all seasons. The mean annual groundwater discharge at the outlet of the study area under the HF and RCP4.5 scenario, and the HF and RCP8.5 scenario would increase by 0.11% (i.e., 0.04 m3/s), with respect to the sole RCP4.5 and RCP8.5 scenarios, respectively. Although the impacts of HF on groundwater discharge are very small in this large study area, the impacts could be significant in a small catchment area where large amount of water is extracted from the nearby river for HF. The mean annual groundwater discharge of the study area under the HF and RCP4.5 scenario, and the HF and RCP8.5 scenario would increase by 117.80% (i.e., 19.47 m3/s) and 121.37% (i.e., 20.06 m3/s), respectively, with respect to the base modeling period. This increased groundwater discharge under both scenarios may result in some positive effects on stream water quality, such as cooler stream temperature during warm months (i.e., months in late spring, summer and fall), and warmer stream temperature during cold months (i.e., months in winter and early spring) in the river [62,63].



The mean monthly groundwater discharges in the study area under the effects of HF, its associated activities, and RCP4.5 scenario would increase with respect to those under the sole RCP4.5 scenario. However, the increment is less than 1% because of small land use changes. Therefore, those results were not possible to show in Figure 7. Although increasing well pads of low hydraulic conductivity soil generally results in increasing surface runoff and decreasing groundwater discharge, the outputs in this study found increasing groundwater discharge at the outlet of the study area. This occurs because most of the land use changes would occur in the forest area, which would provide additional precipitation from canopy interception in the study area. When well pads will be built in forested areas such as surrounding the GW1 and GW2 monitoring wells, canopy rain and snow interception in those areas will decrease and provide additional precipitation amount from canopy interception on those areas. This additional precipitation would result in increased soil moisture, which in turn would increase surface runoff, infiltration, and groundwater levels at those wells. The mean annual groundwater level at the GW1 well under the effects of HF, its associated activities, and RCP4.5 scenario would increase by 0.33 m compared to that under the sole RCP4.5 scenario. The mean annual groundwater level at the GW1 well under the effects of HF, its associated activities, and RCP8.5 scenario would increase by 0.36 m compared to that under the sole RCP8.5 scenario. Because of higher precipitation under the RCP8.5 scenario, the mean annual groundwater level at the GW1 well under the effects of HF, its associated activities and RCP8.5 scenario would increase more than under the effects of HF, its associated activities and RCP4.5 scenario. Therefore, HF associated activities would provide significant additive impacts on groundwater resources mainly in forest clear-cut area (i.e., forest area converted into well pads). Evans et al. [64] found groundwater level increase in forest-harvested area in northeast Alberta, Canada. In contrast, when well pads will be built in agricultural and pasturelands such as surrounding the GW3 and GW4 monitoring wells, additional precipitation from canopy interception will not generate in these areas similar to forested area. Therefore, groundwater level would decrease in those wells due to the increasing areas of low hydraulic conductivity soil, and surface runoff would increase. The mean annual groundwater level at the GW4 well under the effects of HF, its associated activities and RCP4.5 scenario would decrease by 0.04 m compared to that under the sole RCP4.5 scenario. The mean annual groundwater level at the GW4 well under the effects of HF, its associated activities and RCP8.5 scenario would decrease by 0.05 m compared to that under the sole RCP8.5 scenario. Because of higher precipitation and temperature under the RCP8.5 scenario, more surface runoff would occur, and consequently, the mean annual groundwater level at the GW4 well under the effects of HF, its associated activities and RCP8.5 scenario would decrease more than under the effects of HF, its associated activities and RCP4.5 scenario. Therefore, associated activities related to HF affect temporal groundwater levels locally due to various relationships of land use types with precipitation.



The highest and lowest increases in the mean seasonal groundwater discharge in the study area under the effects of HF, its associated activities and RCP4.5 scenario would occur during summer and winter, respectively (Table 8). Similar results would happen under the HF, its associated activities and RCP8.5 scenario. The mean annual groundwater discharge at the outlet of the study area under the effects of (i) HF, its associated activities and RCP4.5 scenario, and (ii) HF, its associated activities and RCP8.5 scenario would increase by 0.44% (i.e., 0.16 m3/s) and 0.45% (i.e., 0.17 m3/s), respectively, with respect to the sole RCP4.5 and RCP8.5 scenarios, respectively. The mean annual groundwater discharge at the outlet of the study area under the effects of (i) HF, its associated activities and RCP4.5 scenario and (ii) HF, its associated activities and RCP8.5 scenario would increase by 118.54% (i.e., 19.59 m3/s) and 122.15% (i.e., 20.19 m3/s), respectively, with respect to the base modeling period. This increased groundwater discharge under both scenarios of the CanESM2 may result in some positive effects on water temperature of the river (i.e., cooler stream temperature during warm months and vice versa) [62,63]. Therefore, HF and its associated activities in the RCP4.5 and the RCP8.5 scenarios would provide more groundwater discharge in the study area for future water supply for oil and gas exploration, and better water quality (stream temperature) compared to those under both base modeling period, and sole RCP4.5 and RCP8.5 scenarios.





3.5. Potential Regarding the Results


The results of this study provide a good prospect for future HF in the study area under the RCP4.5 and the RCP8.5 scenarios of the CanESM2 in 2021–2036 without causing any substantial negative impacts on stream flow and groundwater discharge compared to the base modeling period (2000–2012). These results provide valuable preliminary information to the watershed manager for developing future water allocation plans in the study area for HF and other development activities, irrigation, and forestry. Although the impacts of HF and its associated activities (construction of well pads) on stream flow and groundwater discharge are very small, significant impacts on stream flow and groundwater discharge could be possible in a small catchment area where large amount of HF and its associated activities would occur. In addition, this integrated modeling approach can be used for assessing future water resources in changing climate under the effects of water extraction from river for other water uses, such as irrigation, mining, manufacturing industries and municipal water supply, where water is more used than in HF.





4. Conclusions


This study evaluated how HF and its associated activities would affect surface water and groundwater in 2021–2036 under changing climate (i.e., RCP4.5 and RCP8.5 scenarios of the CanESM2) in a shale gas and oil play area of northwestern Alberta, Canada as a case study by using an integrated hydrologic model (i.e., MIKE-SHE and MIKE-11 models), and a cumulative effects landscape simulator (i.e., ALCES). The simulation results show climate change (i.e., RCP4.5 and RCP8.5 scenarios) during 2021–2036 would significantly increase precipitation and temperature in the study area, and therefore would result in increases in stream flow and groundwater discharge, with respect to those under the base modeling period (2000–2012). Stream flow and groundwater discharge under the RCP8.5 scenario would be higher during spring and summer (due to the higher precipitation), and lower during winter and fall (due to the lower precipitation) as compared to those under the RCP4.5 scenario. The simulation results show very small (less than 1%) reduction on stream flow due to water withdrawals for HF under both RCP4.5 and RCP8.5 scenarios because of the large size of the study area. However, groundwater discharge would increase negligibly (less than 1%) because of the increase in the gradient between groundwater and surface water systems. The offsetting impacts of HF would not decrease stream flow under the effects of both HF and RCP4.5 scenario, and HF and RCP8.5 scenario than those under the base modeling period. The results also demonstrate a very little (less than 1%) positive impact of HF related associated activities on stream flow and groundwater discharge because of insignificant changes in land use, although the impacts on groundwater levels are locally controlled and closely connected to land use type change. Therefore, associated activities would provide additive impacts on stream flow and groundwater discharge under the effects of both (i) HF, its associated activities and RCP4.5 scenario, and (ii) HF, its associated activities and RCP8.5 scenario. The results obtained from this study provide useful information to the oil and gas industries to expand their shale oil and shale gas exploration in the study area in 2021–2036, without facing public pressure on water extraction for HF. The results also provide useful information for developing future water resources management plan at regional level for HF and its associated activities to meet future energy demand by considering future climate change.
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Figure 1. (a) Surface water monitoring stations and groundwater monitoring wells in the study area. Only those groundwater monitoring wells are shown here which were used for results and discussion section. (b) The location of the study area in Alberta, Canada. 
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Figure 2. Annual variation of the number of hydraulically fractured wells from 2021 to 2036. 
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Figure 3. Observed and simulated stream flows at the SW1 (outlet of the study area) station, and river water levels at the SW3 station by the developed model during (a) calibration and (b) validation periods. 
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Figure 4. Observed and simulated groundwater levels by the developed model at the GW1 well during (a) calibration and (b) validation periods. 
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Figure 5. Comparison of (a) mean monthly precipitation and (b) mean monthly temperature under the RCP4.5 and the RCP8.5 scenarios from 2021 to 2036 and the base modeling period (2000–2012). The error bars represent the standard deviation among monthly precipitation/temperature of 2021 to 2036. 
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Figure 6. Comparison of projected mean monthly stream flows at the (a) SW1 (outlet of the study area) and (b) SW3 stations under the RCP4.5 and the RCP8.5 scenarios from 2021 to 2036 and the base modeling period (2000–2012). The error bars represent the standard deviation among mean monthly stream flows of 2021 to 2036. 
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Figure 7. Comparison of projected mean monthly groundwater discharges generated at the outlet of the study area under the RCP4.5 and the RCP8.5 scenarios from 2021 to 2036 and the base modeling period (2000–2012). The error bars represent the standard deviation among mean monthly groundwater discharges of 2021 to 2036. 
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Table 1. Details of input data used for coupled MIKE-SHE/MIKE-11 model.
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	Type of Data
	Data and Format
	Source





	Watershed
	
	
Canadian Digital Elevation Data of 17.77 m grid





	
	
Natural Resources Canada








	
	
	
Land use/land cover of 30 m by 30 m grid for year 2000





	
	
Natural Resources Canada








	
	
	
Channel geometry





	
	
Digitizing Digital Elevation Data and Google maps








	
	
	
Soil





	
	
Alberta Environment and Parks








	Vegetation Characteristics
	
	
Rooting depths and Leaf area index of each land use type





	
	
Published reports and articles [35,36,37]








	Climate
	
	
Observed precipitation, temperature, and reference evapotranspiration from 1985 to 2014





	
	
14 weather stations in the study area from Alberta Agroclimatic Information Service, and Alberta Environment and Sustainable Resource Development








	Hydrological
	
	
Daily stream flow and water level from 2000 to 2012





	
	
Water Survey of Canada








	
	
	
Daily Groundwater level from 2000 to 2012





	
	
Alberta provincial groundwater monitoring wells database
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Table 2. Monthly variation of hydraulically fractured wells in 2013 and 2014.
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	Month
	Number of Wells in 2013
	Number of Wells in 2014
	Total Wells in 2013 and 2014
	Percentage to the Total Annual Wells in 2013 and 2014 (%)





	January
	18
	20
	38
	8.78



	February
	29
	19
	48
	11.09



	March
	10
	35
	45
	10.39



	April
	3
	9
	12
	2.77



	May
	7
	13
	20
	4.62



	June
	9
	25
	34
	7.85



	July
	20
	13
	33
	7.62



	August
	19
	22
	41
	9.47



	September
	15
	25
	40
	9.24



	October
	22
	25
	47
	10.85



	November
	18
	20
	38
	8.78



	December
	16
	21
	37
	8.55



	Total
	186
	247
	433
	100
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Table 3. R2 (coefficient of determination) and NSE (Nash-Sutcliffe efficiency) values using observed and simulated stream flows, stream water levels, and groundwater levels data at various monitoring stations and wells during calibration and validation periods.
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Monitoring Station/Well (Measuring Parameter)

	
Calibration

	
Validation




	
R2

	
NSE

	
R2

	
NSE






	
SW1 (stream flow)

	
0.88

	
0.76

	
0.92

	
0.89




	
SW1 (stream water level)

	
0.77

	
0.69

	
0.84

	
0.82




	
SW2 (stream water level)

	
0.48

	
0.56

	
0.52

	
0.59




	
SW3 (stream flow)

	
0.92

	
0.63

	
0.9

	
0.75




	
SW3 (stream water level)

	
0.91

	
0.71

	
0.86

	
0.65




	
GW1 (groundwater level)

	
0.71

	
0.69

	
0.75

	
0.81




	
GW2 (groundwater level)

	
0.69

	
0.70

	
0.68

	
0.65




	
GW3 (groundwater level)

	
0.66

	
0.69

	
0.61

	
0.67




	
GW4 (groundwater level)

	
0.73

	
0.77

	
0.87

	
0.85
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Table 4. Mean seasonal precipitation and temperature under the base modeling period (2000–2012), the RCP (Representative Concentration Pathways) 4.5 and the RCP8.5 scenarios in 2021–2036. The values within the parentheses are standard deviation among mean seasonal precipitation and temperature, respectively, from 2021 to 2036. The values within the angle brackets are absolute changes in mean seasonal precipitation and temperature under the RCP4.5 and the RCP8.5 scenarios in 2021–2036, with respect to the mean seasonal precipitation and temperature under the base modeling period, respectively.
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Precipitation (mm)

	
Temperature (°C)




	
Scenario

	
Winter

	
Spring

	
Summer

	
Fall

	
Winter

	
Spring

	
Summer

	
Fall






	
Base modeling period (2000–2012)

	
66

	
87

	
172

	
90

	
−11.31

	
2.21

	
14.66

	
2.28




	
RCP4.5

(2021–2036)

	
91

	
120

	
191

	
102

	
−9.95

	
4.51

	
16.69

	
2.63




	
(29)

<25>

	
(40)

<33>

	
(62)

<19>

	
(25)

<12>

	
(1.65)

<1.36>

	
(1.1)

<2.3>

	
(1.06)

<2.03>

	
(1.76)

<0.35>




	
RCP8.5

(2021–2036)

	
83

	
130

	
195

	
101

	
−10.53

	
4.98

	
17.58

	
2.46




	
(15)

<17>

	
(49)

<43>

	
(70)

<23>

	
(28)

<11>

	
(2.4)

<0.78>

	
(1.48)

<2.77>

	
(1.13)

<2.92>

	
(2.04)

<0.18>
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Table 5. Land use changes due to HF (Hydraulic Fracturing) associated activities from 2000 to 2030 in the study area. Change (%) = [(Area of 2030 land use related to HF associated activities-Area of 2000 land use)/Area of 2000 land use] × 100. Negative sign indicates decrease in land area.
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	Land Use Type
	Area (km2) in 2000
	Area (km2) in 2030
	Change (km2)
	Change (%)





	Forest
	8250.81
	8227.54
	−23.27
	−0.28



	Agriculture
	8178.85
	8170.22
	−8.63
	−0.11



	Perineal crops and pasture
	4365.25
	4359.00
	−6.25
	−0.14



	Water
	1606.99
	1606.99
	0.00
	0.00



	Grassland
	1175.26
	1175.26
	0.00
	0.00



	Shrub land
	287.82
	287.82
	0.00
	0.00



	Road
	95.94
	101.82
	5.88
	6.13



	Clear cut area
	23.98
	56.25
	32.27
	134.54



	Total
	23,984.90
	23,984.90
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Table 6. Mean seasonal stream flows at the outlet of the study area (SW1 station) under the (a) base modeling period (2000–2012), (b) RCP4.5 scenario, (c) HF and RCP4.5 scenario, (d) HF, its associated activities and RCP4.5 scenario, (e) RCP8.5 scenario, (f) HF and RCP8.5 scenario, and (g) HF, its associated activities and RCP8.5 scenario in 2021–2036. The values within the parentheses are standard deviation among mean seasonal stream flows from 2021 to 2036. The values within the angle brackets are relative changes in mean seasonal stream flows under the (i) RCP4.5 scenario, (ii) RCP8.5 scenario, (iii) HF and RCP4.5 scenario, iv) HF and RCP8.5 scenario, (v) HF, its associated activities and RCP4.5 scenario, and (vi) HF, its associated activities and RCP8.5 scenario in 2021–2036 with respect to the mean seasonal stream flows under the base modeling period (2000–2012).
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Stream Flow (m3/s) at the SW1 Station (Outlet of The Study Area)




	
Season

	
Base Modeling Period (2000–2012)

	
RCP4.5 Scenario (2021–2036)

	
HF and RCP4.5 Scenario

	
HF, Its Associated Activities and RCP4.5 Scenario

	
RCP8.5 Scenario (2021–2036)

	
HF and RCP8.5 Scenario

	
HF, Its Associated Activities and RCP8.5 Scenario






	
Winter

	
1657.58

	
1706.37

	
1706.15

<2.93%>

	
1706.60

<2.95%>

	
1700.71

	
1700.49

<2.59%>

	
1700.87

<2.61%>




	
(40.29)

	
(34.62)




	
<2.94%>

	
<2.60%>




	
Spring

	
1845.88

	
1900.47

	
1900.35

<2.95%>

	
1901.14

<2.99%>

	
1908.81

	
1908.69

<3.40%>

	
1909.68

<3.46%>




	
(72.27)

	
(78.93)




	
<2.96%>

	
<3.41%>




	
Summer

	
2009.66

	
2043.12

	
2042.96

<1.65%>

	
2043.76

<1.69%>

	
2048.85

	
2048.69

<1.94%>

	
2049.62

<1.99%>




	
(48.30)

	
(53.37)




	
<1.66%>

	
<1.95%>




	
Fall

	
1406.36

	
1424.93

	
1424.72

<1.31%>

	
1425.18

<1.34%>

	
1424.32

	
1424.11

<1.26%>

	
1424.55

<1.29%>




	
(25.49)

	
(27.21)




	
<1.32%>

	
<1.27%>
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Table 7. Mean seasonal stream flows at the SW3 station (near the water withdrawal location) under the (a) base modeling period (2000–2012), (b) RCP4.5 scenario, (c) HF and RCP4.5 scenario, (d) HF, its associated activities and RCP4.5 scenario, (e) RCP8.5 scenario, (f) HF and RCP8.5 scenario, and (g) HF, its associated activities and RCP8.5 scenario in 2021–2036. The values within the parentheses are standard deviation among mean seasonal stream flows from 2021 to 2036. The values within the angle brackets are relative changes in mean seasonal stream flows under the (i) RCP4.5 scenario, ii) RCP8.5 scenario, (iii) HF and RCP4.5 scenario, (iv) HF and RCP8.5 scenario, (v) HF, its associated activities and RCP4.5 scenario, and (vi) HF, its associated activities and RCP8.5 scenario in 2021–2036 with respect to the mean seasonal stream flows under the base modeling period (2000–2012).
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Stream Flow (m3/s) at the SW3 Station (Near the Water Withdrawal Location)




	
Season

	
Base Modeling Period (2000–2012)

	
RCP4.5 Scenario (2021–2036)

	
HF and RCP4.5 Scenario

	
HF, its Associated Activities and RCP4.5 Scenario

	
RCP8.5 Scenario (2021–2036)

	
HF and RCP8.5 Scenario

	
HF, its Associated Activities and RCP8.5 Scenario






	
Winter

	
36.30

	
39.42

	
39.20

<8.0%>

	
39.48

<8.76%>

	
38.41

	
38.19

<5.21%>

	
38.45

<5.92%>




	
(12.28)

	
(9.78)




	
<8.6%>

	
<5.81%>




	
Spring

	
212.22

	
241.42

	
241.30

<13.70%>

	
241.62

<13.86%>

	
243.68

	
243.56

<14.77%>

	
243.95

<14.95%>




	
(21.60)

	
(27.26)




	
<13.76%>

	
<14.83%>




	
Summer

	
288.30

	
299.19

	
299.03

<3.72%>

	
299.38

<3.84%>

	
302.09

	
301.93

<4.73%>

	
302.32

<4.86%>




	
(15.16)

	
(16.15)




	
<3.78%>

	
<4.78%>




	
Fall

	
88.04

	
94.37

	
94.16

<6.95%>

	
94.45

<7.28%>

	
93.37

	
93.16

<5.81%>

	
93.44

<6.14%>




	
(7.86)

	
(6.86)




	
<7.19%>

	
<6.05%>
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Table 8. Mean seasonal groundwater discharges at the outlet of the study area under the (a) base modeling period (2000–2012), (b) RCP4.5 scenario, (c) HF and RCP4.5 scenario, (d) HF, its associated activities and RCP4.5 scenario, (e) RCP8.5 scenario, (f) HF and RCP8.5 scenario, (g) HF, its associated activities and RCP8.5 scenario in 2021–2036. The values within the round and square brackets are absolute and relatives changes in mean seasonal groundwater discharges under the (i) RCP4.5 scenario, (ii) RCP8.5 scenario, (iii) HF and RCP4.5 scenario, (iv) HF and RCP8.5 scenario, (v) HF, its associated activities and RCP4.5 scenario, and (vi) HF, its associated activities and RCP8.5 scenario in 2021–2036 with respect to the mean seasonal groundwater discharges under the base modeling period (2000–2012), respectively.
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Groundwater Discharge (m3/s) at the Outlet of the Study Area




	
Season

	
Base Modeling Period (2000–2012)

	
RCP4.5 Scenario (2021–2036)

	
HF and RCP4.5 Scenario

	
HF, Its Associated Activities and RCP4.5 Scenario

	
RCP8.5 Scenario (2021–2036)

	
HF and RCP8.5 Scenario

	
HF, Its Associated Activities and RCP8.5 Scenario






	
Winter

	
15.84

	
29.10

	
29.16

	
29.22

	
27.53

	
27.60

	
27.62




	
(13.26)

	
(13.32)

	
(13.38)

	
(11.69)

	
(11.76)

	
(11.78)




	
[83.71%]

	
[84.09%]

	
[84.47%]

	
[73.82%]

	
[74.21%]

	
[74.37%]




	
Spring

	
17.64

	
40.25

	
40.27

	
40.43

	
43.57

	
43.58

	
43.78




	
(22.61)

	
(22.63)

	
(22.79)

	
(25.93)

	
(25.94)

	
(26.14)




	
[128.17%]

	
[128.29%]

	
[129.19%]

	
[147.00%]

	
[147.05%]

	
[148.20%]




	
Summer

	
19.20

	
44.40

	
44.43

	
44.59

	
47.44

	
47.46

	
47.69




	
(25.20)

	
(25.23)

	
(25.39)

	
(28.24)

	
(28.26)

	
(28.49)




	
[131.25%]

	
[131.42%]

	
[132.24%]

	
[147.12%]

	
[147.19%]

	
[148.40%]




	
Fall

	
13.44

	
30.10

	
30.15

	
30.26

	
27.65

	
27.71

	
27.80




	
(16.66)

	
(16.71)

	
(16.82)

	
(14.21)

	
(14.27)

	
(14.36)




	
[123.96%]

	
[124.34%]

	
[125.15%]

	
[105.77%]

	
[106.16%]

	
[106.89%]
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