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Abstract: This study was undertaken to investigate the responses of streamflow to the combined 9 
impact of climate and LULC change in the watershed in the 2020s and 2050s. The physically-based, 10 
distributed MIKE SHE/MIKE 11 model was coupled with a LULC cellular automata model to 11 
simulate streamflow using two extreme GCM-scenarios and two LULC change scenarios. Results 12 
reveal that LULC change is the dominant factor affecting the majority of the hydrological 13 
processes, especially streamflow, and that it plays a key role in amplifying a rise in flow discharge 14 
in the Elbow River. The separated impacts of climate and LULC change on streamflow are 15 
positively correlated in winter and spring, which intensifies their influence. This is particularly the 16 
case in spring when the combined impact of climate and LULC results in a significant rise in 17 
streamflow, which may increase the vulnerability of the watershed to floods in this season. This 18 
study clearly reveals that climate and land-use/cover change will induce significant modifications 19 
on either the annual or the seasonal streamflow in the watershed.  20 
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 24 

1. Introduction 25 

In the future, water stress is predicted to increase across the world as a result of population 26 
growth and environmental and climate change [1, 2]. Around five billion people (out of a world 27 
population of around eight billion people) are expected to live in areas that are vulnerable to 28 
fluctuations in water supply and water stress by 2025 [3]. Climate change and land-use/land-cover 29 
(LULC) change are two main factors that can directly alter water supply [4]. For instance, changes in 30 
LULC can modify the total annual runoff [5], streamflow, while changes in climate are associated 31 
with extreme events frequency [6]. 32 

 33 
Numerous studies have been conducted to investigate hydrological responses to climate 34 

change. They focused on the responses of hydrological processes to climate change [7, 8, 9, 10, 11], 35 
while neglecting to account for changes in LULC over time. Other studies have focused on the 36 
changes in hydrological processes due to changes in LULC [12, 13, 14]; however they assumed the 37 
climate variables were constant. Addressing the limitations of the previous studies, this research 38 
aims at understanding the relationship between climate, LULC, and hydrology using an integrated 39 
modeling framework which consists of three major components: (i) a LULC change cellular 40 
automata (CA) model, (ii) the distributed physically-based, MIKE SHE/MIKE 11 model, and (iii) 41 
GCM-scenarios. The framework is applied to the Elbow River watershed in southern Alberta, 42 
Canada to understand how streamflow responds to both LULC and climate change. 43 

 44 
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1.2. The Elbow River watershed 45 

The Elbow River watershed, located in southern Alberta, drains approximately 1235 km2. The 46 
Elbow River originates at Elbow Lake and flows 120 kilometers long through the alpine, subalpine, 47 
boreal foothill, and aspen parkland before joining the Bow River in downtown Calgary. The river 48 
supplies the Glenmore Reservoir that provides water to nearly half of the City of Calgary, and water 49 
uses such as industrial and irrigation for agriculture. In terms of LULC, the watershed is comprised 50 
of urban areas (5.9%), agriculture (16.7%), rangeland/parkland (6.2%), evergreen forest (34%), 51 
deciduous forest (10%), and clear-cuts (1.8%) (Figure 1). 52 

 53 
Models of future climate trends along with population growth scenarios have indicated that 54 

Calgary will face significant water supply challenges in the future. For this city to maintain a 55 
sustainable water supply, it will require water conservation efforts to reduce the per-capita water 56 
consumption to less than 50% of the current level by 2064. Even then, in the hot and dry projected 57 
periods, water demand could exceed the supply allotments [15]. As a result, the Province of Alberta 58 
has stopped accepting new applications for the allocation of water since August 2006 in the Bow 59 
River basin (the Elbow River is an important multi-use tributary of the Bow River Basin) [16].  60 

 61 

Figure 1. Location of the Elbow River watershed 62 

2. Method 63 

2.1. Land-use/land-cover modelling  64 

A cellular automata (CA) model was developed to project future LULC changes in the study 65 
area. CA is a rigorous modeling approach for characterizing complex spatial systems through a 66 
bottom up simulation of local interactions between neighboring cells. A typical CA consists of five 67 
main elements [17]: 1) geographic space that is represented by a grid of cells, 2) cell states that define 68 
the set of possible values associated to the cells, 3) a neighborhood of adjacent cells that can influence 69 
the central cell, 4) transition rules that define the next state of the central cells according to their 70 
states, the states of the adjacent cells in the neighborhood, and some external factors, and 5) time step 71 
which is discrete for all cells to change state simultaneously. 72 

  73 
The LULC maps of 1985, 1992, 1996, 2001 and 2006 were used to calibrate the CA model. A 74 

sensitivity analysis was conducted to evaluate the sensitivity of the simulation outcomes to the cell 75 
size, neighborhood configuration, external driving factor, and the method for selecting the ranges of 76 
values from frequency histograms. This analysis revealed that a cell size of 60 m, a three-ring 77 
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neighborhood with a radius of 5, 9 and 17 cells (300, 540 and 900 m respectively), and all external 78 
driving factors where the most appropriate to obtain the best simulation outcomes. The considered 79 
driving factors (important factors that influence land-use changes) include distance to Calgary city 80 
center, distance to a main road, distance to a main river, and the ground slope. The model was 81 
validated by comparison of the simulated maps of 2006 and 2010 with the historical data using 82 
various metrics. Two opposite scenarios of LULC change, Lu-(PL) and Lu-(PH), which respectively 83 
represent lower and higher growth in economy, immigration, and population were identified to 84 
cover a plausible range of change in the study area. The LULC changes were simulated up to 2070 at 85 
a 10-year interval. 86 

2.2. Hydrological modelling 87 

The MIKE SHE/MIKE 11 model was used to simulate streamflow in the 2020s and 2050s. MIKE 88 
SHE/MIKE 11 is a distributed physically based modeling system capable of simulating the entire 89 
processes occurring in the land phase of the hydrologic cycle. MIKE SHE includes a full suite of pre- 90 
and post-processing tools and advanced solution techniques for hydrological components such as 91 
overland flow, unsaturated flow, and saturated flow, and their interactions. MIKE 11 is a fully 92 
dynamic and one-dimensional hydraulic model that simulates flows, rivers, channels, and other 93 
water bodies. MIKE SHE and MIKE 11 are coupled to address the interactions between stream flow 94 
and groundwater. 95 

 96 
In this research, MIKE SHE was used to estimate overland flow using a finite difference method 97 

to solve a two-dimensional diffusive wave approximation of the Saint Venant equations.  98 
𝒖h= K x ×〖(-∂z/∂x)〗^(1/2)× h5/3                                            (1) 99 
𝒗h= K y ×〖(-∂z/∂y)〗^(1/2) ×h5/3                                            (2)  100 
where h (m) is the water level on the ground surface, 𝒖h and 𝒗h (m2s-1) are discharge, K x and Ky 101 

are Manning M in the x and y directions. The equation for the flow between grid cells is:  102 
Q = K∆x/〖∆x〗 (1/2)  (Zu-ZD)1/2hu5/3                                       (3) 103 
where Zu and ZD (mm) are the maximum and minimum water levels. 104 
The equations for the MIKE 11 are the vertical integration of conservation of volume and 105 

momentum. 106 
(∂Q/∂x)+(δA/δt)=q                                                            (4) 107 
(δQ/δt)+δ[(α Q2/A)/δx)]+[gA (δh/δx)]+[(gQ|Q|)/(C2 AR)]=0                    (5) 108 
 109 
where Q is the discharge, A is the flow, q is the lateral inflow, h is the stage above datum, C is 110 

the Chezy resistance coefficient, R is the hydraulic or resistance radius, and α is the momentum 111 
distribution coefficient. In order to model groundwater, a 3D finite difference method was used 112 
based on the 3-dimensional Darcy equation.  113 

 114 
∂/∂x [kh (∂h/∂x)]+∂/∂y [kh (∂h/∂y)]+∂/∂z [kv (∂h/∂z)]‒Q =S(∂h/∂t)                (6) 115 
 116 
where h(x,y,z) is the hydraulic head, Kv and Kh are the vertical and horizontal hydraulic 117 

conductivity. S is the specific storage coefficient, and Q is the volumetric source.  118 
  119 
A sensitivity analysis was conducted to select the most suitable parameters for the MIKE 120 

SHE/MIKE 11 in the watershed. The model was also calibrated and validated using three methods 121 
[7]. The first one was the split-sample method that emphasizes different time intervals for calibration 122 
and validation while a different land-use map was used for validation in each time interval. The 123 
second one was the multi-criteria method that uses different criteria to evaluate the goodness of fit 124 
based on different types of data. The third one was the multi-point method that applies different 125 
locations of observed data for calibration from the location which were selected for validation. 126 

  127 
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The calibration of the model was carried out for the period of 1981-1991 with a LULC map of 128 
1985. Four time periods (1991-1995, 1995-2000, 2000-2005, and 2005-2008) were used for validation 129 
with their corresponding LULC maps (1992, 1996, 2001, and 2006). The goodness-of-fit was 130 
evaluated by comparing observed data and simulated data of total snow storage, stream flow, and 131 
groundwater levels.  132 
 133 

2.3. Climate change scenarios 134 

The output of two climate models: the CGCM2 (Canadian Centre for Climate Modelling and 135 
Analysis) and the NCARPCM (National Centre for Atmospheric Research), forced by two climate 136 
scenarios: A1B [18] and B2 [19], were used to construct time series climate variables for the periods 137 
of 2020s (2011-2040) and 2050s (2041-2070). The A1B scenario assumes a world of very rapid global 138 
economic and population growth with peaks in mid-century, whereas B2 describes lower growth 139 
rates of the global economic and population. 140 

 141 
The climate variables associated with these scenarios include temperature and precipitation 142 

over two periods (2020s and 2050s) relative to 1961–1990. The widely used delta change method was 143 
utilized for downscaling climate model outputs into hydrological model inputs [10, 11, 20]. This 144 
method is easy to employ, but it has the limitation of retaining the temporal structure of the baseline 145 
data. To overcome this limitation, only changes in annual and seasonal responses of hydrological 146 
processes to climate scenarios were taken into account in this study [21]. 147 

2.4. Simulated scenarios 148 

In order to investigate changes in streamflow, a base case scenario (BL) was defined to 149 
represent the baseline climate from 1961 to 1990 with the LULC map of 1985. Then, streamflow was 150 
simulated for the following scenarios over different time periods:  151 

1) Impact of LULC change on streamflow: 152 
a) LU-H scenario: this scenario assumes constant baseline climate (1961-1990) while LULC 153 

changes for the 2020s and 2050s under the Lu-(PH) scenario.  154 
b) LU-L scenario: this scenario assumes constant baseline climate (1961-1990) while LULC 155 

changes for the 2020s and 2050s under the Lu-(PL) scenario. 156 
 2) Impact of climate change on streamflow:  157 
a) A1B scenario: this scenario considers the A1B climate scenario while LULC is constant.  158 
b) B2(3) scenario: this scenario considers the B2(3) climate scenario while LULC is constant.  159 
3) Impact of climate and LULC change on streamflow:  160 
a) LU(H)-A1B scenario: this scenario considers the A1B climate scenario with the LU- PH 161 

scenario.  162 
b) LU(L)-A1B scenario: this scenario considers the A1B climate scenario with the LU- PL 163 

scenario.  164 
c) LU(H)-B23 scenario: this scenario considers the B2(3) climate scenario with the LU- PH 165 

scenario.  166 
d) LU(L)-B23 scenario: this scenario considers the B2(3) climate scenario with the LU- PL 167 

scenario. 168 
 169 

3. Results and Discussion 170 

The LULC change scenarios result in an increase in streamflow in the 2020s (8.1% and 7.5%) and 171 
2050s (13.7% and 12.7%). Changes in streamflow under the A1B climate scenario occur in the same 172 
direction as with the LULC scenarios, which result in an increase in streamflow under the 173 
LU(H)-A1B and LU(L)-A1B scenarios in the 2020s and 2050s. On the other hand, LULC scenarios 174 
compensate the decline in streamflow under the B2(3) scenarios in the 2020s and 2050s.  175 
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The average seasonal streamflow increases under the combined and individual climate and 176 
LULC change scenarios in the winter and spring of the 2020s and 2050s. During these seasons, 177 
streamflow is strongly attributed to snowmelt, which in turn is more controlled by variations in 178 
temperature than precipitation. At high elevations in the watershed, precipitation falls 179 
predominantly as snow in the winter and accumulates in storage until spring melt, although 180 
snowmelt occurs in winter especially at low elevations when temperatures are above freezing, which 181 
results in a low flow through winter and early spring. In 2020s, winter streamflow increases under 182 
the A1B and B2(3) climate change scenarios by 5.9% and 2.5%, respectively, while it also increases 183 
under the LULC change scenarios by 3.4%. The direction of the change in streamflow affected by 184 
LULC change-alone and climate change-alone is the same; therefore, the rise in streamflow is 185 
enhanced in response to the combined climate and LULC scenarios. In the 2050s, the magnitude of 186 
change in winter streamflow under the A1B scenario (24.6%) is considerably larger than under the 187 
B2(3) scenario (1.6%); this can be associated with a rise in precipitation. This results in greater 188 
streamflow under the combined climate and LULC change scenarios, LU(H)-A1B and LU(L)-A1B, 189 
compared to the LU(H)-B23 and LU(L)-B23 scenarios. On the other hand, streamflow increases by 190 
3.8-4% under the LULC scenarios, which is not a considerable change compared to A1B (24.6%); 191 
however it is greater than the increase under the B2(3) scenario (1.6%).  192 

 193 
In spring, streamflow exhibits the largest variations in both the 2020s and 2050s. The greatest 194 

changes in spring occur under the LU(H)-A1B and LU(L)-A1B scenarios in the 2020s (28.3-29.4%) 195 
and 2050s (58.2-59.8%), respectively. This is mostly associated with the A1B climate scenario, which 196 
is the dominant driver compared to the LULC change scenarios and the B2(3) climate scenario. 197 
Streamflow increases considerably in the late spring for both climate scenarios due to a considerable 198 
rise in precipitation along with an intensified snowmelt. High flows can be even further amplified 199 
especially in the late spring when an increase in temperature can lead to a rise in a number of 200 
rain-on-snow events and eventually enhance the risk of flooding. Although there is a decline in 201 
precipitation under the B2(3) scenario in the 2020s, streamflow exhibits a increase in this season, 202 
which implies an intensified snowmelt. 203 

 204 
In the summer, the climate change scenarios generate a decline in streamflow in the 2020s and 205 

2050s, except with the A1B scenario in the 2050s when a slight increase can be observed. On the other 206 
hand, LULC change results in an increase in summer streamflow. Increasing streamflow in many 207 
watersheds has been attributed to LULC change [22, 23]. A change in LULC due to urbanization and 208 
deforestation can result in a decline in rainfall interception loss, canopy evapotranspiration, and a 209 
rise in converted units of rainfall to runoff and snowpack water equivalent. These changes are more 210 
pronounced in the summer when streamflow tends to respond directly and quickly to the 211 
precipitation that falls on the ground, mainly as rain. Simulation of summer streamflow indicates a 212 
rise under the LULC change scenarios, LU-H (8.1%) and LU-L (7.4%), in the 2020s. A rise in 213 
streamflow under the LU-H (8.1%) and LU-L (7.4%) scenarios creates a buffering effect on declining 214 
streamflow under the A1B (-5%) climate scenario, and eventually results in an increased streamflow 215 
under the LU(H)-A1B (2.4%) and LU(L)-A1B (1.8%) scenarios. However, the rise in streamflow 216 
affected by the LULC change scenarios cannot offset the decline in streamflow affected by the B2(3) 217 
(-11.8%) climate scenario, which results in a decrease in streamflow under the combined LU(L)-B2(3) 218 
(-4.1%) and LU(H)-B3(3) (-4.7%), scenarios. In the 2050s, the direction of changes in streamflow in the 219 
summer is the same as the 2020s, but with a higher magnitude, except for the A1B climate scenario, 220 
which causes a rise (3.7%) in streamflow in the 2050s and enhances the increase in LU(H)-A1B 221 
(19.9%) and LU(L)-A1B (18.8%).  222 

 223 
In the fall, an increase in temperature can result in more water losses by evapotranspiration 224 

from the watershed, rather than a rise in the snowmelt when snowpack reaches a lower volume. 225 
Simulation shows that an increase in streamflow due to the LULC change scenarios and the A1B 226 
climate change scenario amplifies the rise in streamflow under the combined LU(H)-A1B (14.3‒227 
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25.4%) and LU(L)-A1B (13.9‒24.7%) scenarios in the 2020s and 2050s, respectively. However, the 228 
B2(3) scenario compensates the LULC change impact and results in a small rise in streamflow in the 229 
LU(H)-B23 and LU(L)-B23 scenarios.  230 

 231 

 232 
Figure ‎2. Average seasonal changes in streamflow for the period of 2020s and 2050s relative to the baseline (1961-1990) 233 

 234 

4. Conclusion  235 

This research describes the streamflow responses of the watershed under two extreme climate 236 
and LULC scenarios over the next 60 years using an integrated modeling system that incorporates 237 
the major components of climate, LULC, and hydrology. Results reveal that the LULC change 238 
scenarios result in an increase in the average annual streamflow, which amplifies the magnitude of 239 
rise associated with the A1B climate scenario and compensates for the decline linked to the B2(3) 240 
climate scenario. The largest rise in streamflow occurs in spring under both the climate and LULC 241 
scenarios. The separated impacts of climate and LULC change on streamflow are positively 242 
correlated in winter and spring, which intensifies their combined influence and may also increase 243 
the vulnerability of the watershed to floods in spring. Our findings highlight the fact that 244 
investigating the hydrological responses to climate change-alone or LULC change-alone may lead to 245 
an underestimation or overestimation of the hydrological response of a watershed. 246 
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