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Executive Summary – Part B – Projected Meteorology and Hydrology 
The climate change analysis presents a combination of three tasks including HH4, flow simulation tools development, 

HH5 Climate Change Analysis, and HH9 Model System Integration.  Natural climate variability and the potential 

future impacts of human-driven climate change poses a formidable challenge to long-term water management plans 

for the Souris River basin. To better understand and plan for climate variability and change, the Study team 

generated a literature review and conducted statistical analysis of observed hydrometeorological records (see Part 

A – Literature Review and Historical Trends Analysis). The team also identified and analyzed datasets, and developed 

methodologies that can be used to characterize projected hydrometeorological conditions within the Souris River 

basin.  

To gain broad insight into climate change impacts in the Souris River basin, an ensemble of twelve raw, GCM based 

temperature and precipitation outputs were evaluated for the Souris River basin. A comparison was conducted 

between historic, simulated meteorology for 1951-2005 to projected, climate changed meteorology for 2006-2100.  

The analysis demonstrated that on average, all models for all seasons show an increase in future temperatures, with 

Spring and Winter demonstrating the greatest potential increases. Precipitation, on average, is expected to increase 

in the future in Spring and Winter, while a slight decrease is anticipated in Summer, and Fall precipitation is almost 

unchanged.  

There are numerous GCMs available which produce projections of future climatic conditions at a coarse spatial 

resolution, and prior to application to a watershed scale hydrologic model, GCM-based meteorological data must be 

spatially downscaled (i.e., adjusted from a larger regional scale to be applicable to a smaller spatial region) and bias 

corrected to be consistent with observed meteorological data. The downscaling and bias correction process was 

beyond the scope of this study and thus only readily available downscaled and bias corrected datasets were 

considered as part of the Study.  Very few transnational products are readily available. For this study, downscaled 

outputs from the Second Generation Canadian Earth System Model (CanESM2) dynamically downscaled using 

Environment and Climate Change Canada’s (ECCC’s) Canadian Centre for Climate Modelling and Analysis (CCCma) 

Regional Climate Model (CanRCM4, ~50 km resolution) are adopted. The RCM dynamically downscaled projections 

incorporated into this assessment span the Canadian-United States border and thus can be directly used to model 

hydrologic response in the Souris River basin. Adopted RCM projections are subsequently bias-corrected and further 

downscaled using the best available gridded, long record product for the region encompassing the Souris River 

(WFDEI-GEM-CaPA abbreviated as WGC, ~10 km resolution). The projections used for this Study referred to as the 

CanRCM4-WGC dataset represent a 15 member subset of the available 50 member ensemble generated as part of 

CMIP5 assuming RCP 8.5. The CanRCM4-WGC product represents results derived from one GCM, the CanESM2 GCM, 

which was used for inputs at the CanRCM4 boundary prior to generating the CanRCM4 ensemble. To adequately 

characterize and communicate the considerable uncertainty associated with future projections of climate changed 

hydrometerology, additional downscaled and bias corrected products would need to be generated and/or acquired.   

As was done with the raw GCM outputs, a comparison of bias corrected future and historic simulation period RCM 

meteorological outputs (temperature & precipitation) were analyzed for the Souris basin for a time period of 1951-

2100. The comparison between past (historic simulation: 1951-2005) and future (projected: 2006-2100) model 

simulations showed a consistent increase in temperature for all seasons, and an increase in precipitation for all 

seasons except for summer, which showed a slight decrease. This is consistent with the results documented in the 

previous literature. 

To develop the tools necessary to model future, climate changed hydrology in the Souris River basin; the technical 

team developed a proof-of-concept hydrologic model for the basin. A more thorough analysis was outside of the 

scope of the study. The Souris River basin presents several challenges to hydrologic modeling. The basin is difficult 

to model because its topography consists of prairie potholes which cause the basin’s contributing drainage area to 

vary considerably as a result of antecedent moisture conditions (i.e. soil moisture and prairie pothole extent) and/or 

precipitation event magnitude and duration. In addition, blowing snow is common in the Souris River basin and 
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results in increased sublimation (from snow directly to the atmosphere) and wind redistribution from wind-swept 

areas to wind-sheltered areas. Frozen soils also impact snowmelt infiltration and streamflow in ways that is rarely 

modelled effectively. Given these challenges, the Study team selected the MESH model (“Modélisation 

Environnementale, Surface et Hydrologie”) as the most appropriate tool to simulate the dominant hydrological 

processes in the Souris River basin. MESH is a spatially distributed model which incorporates algorithms that 

represent variable contributing drainage area, blowing snow, blowing snow sublimation, and infiltration into frozen 

soil. The MESH model developed for the study covers the full extents of the Souris River basin and is configured to 

model unregulated basin conditions. The model was calibrated to reduce errors in streamflow on two gauges on 

Moose Mountain Creek (Saskatchewan, Canada) using streamflow recorded by ECCC from 2008 to 2011. Calibration 

results were validated for the entire watershed using observed streamflow data collected between Jan 1, 2012 to 

Dec 31, 2017. Calibration and validation results were evaluated using the same set of statistical metrics used by the 

USGS to evaluate how well the USGS water balance model (HH2) was able to reproduce the reconstructed 

unregulated hydrologic response.  

Climate change scenarios were not run as a part of the Souris Study, but a proof-of-concept run was carried out to 

develop a workflow and verify that the CanRCM4-WGC outputs could be used to force the MESH model and generate 

an ensemble of projections of future, climate changed hydrology. This proof-of-concept assessment was extended 

to include coupling with the Study HEC-ResSim model. By establishing this workflow, the Study team has developed 

a tool which can be extended to support more in-depth assessments of the impacts of climate change on the Souris 

River basin’s hydrology in the future. 

In addition to needing to include a larger ensemble of projections as part of the analysis, additional work would need 

to be carried out before projected, climate changed hydrology could be compared to what has been observed 

historically. This would consist of comparing hydrology generated using GCM based inputs for the historic simulation 

time period (1951-2005) to observed streamflow timeseries for the same time period. Based on such a comparison, 

necessary post-processing steps would need to be defined and applied.   
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1. Introduction  
This report, Part B- Projected Meteorology and Hydrology, summarizes the Environment and Climate 

Change Canada (ECCC) work to evaluate the potential impacts of climate change on the 

hydrometeorological response in the Souris River Basin. This work was completed as a proof-of-concept 

for the International Souris River Study Board in support of the Plan of Study being undertaken to review 

the operating plan for the Souris River Project reservoirs (Rafferty, Boundary, Grant Devine and Lake 

Darling). The Souris River originates in the Province of Saskatchewan, flowing through the State of North 

Dakota, and then crosses back into Canada in the Province of Manitoba where it joins the Assiniboine 

River (Figure 2). Its total length is about 700 km (440 miles), with a gross draining area of about 61,100 sq. 

km (23,600 sq. mi.). The river valley is mostly flat and has been extensively cultivated. Much of the 

drainage basin is composed of fertile silt and clay deposited by former glacial Lake Souris.  Historically, 

most of the annual flow in the Souris River has come from snowmelt and spring rains. The annual average 

flow recorded along the Souris River at Melita is about 48 m3/s (1695 ft3/s – based on 1993-2015). During 

the summer months flows at Melita range from a minimum of 0 m3/s (0 ft3/s) to a maximum of 759 m3/s 

(26804 ft3/s).  

1.1. Purpose 
The purpose of this study was to identify how climate change might be affecting the Souris River basin 

now and in the future by examining modeled, projected trends in hydrometeorological response. In the 

past, infrastructure management and design has been based on the concept that past hydroclimatic 

records are the best indicator of plausible futures. However, it is no longer sufficient to assume that the 

future climate conditions at any given location will be like those experienced in the past. The range of 

plausible future climates should now be considered in infrastructure management to reduce vulnerability 

and increase resilience (Milly et al., 2008; Kotamarthi et al., 2016). By studying evidence of climate change 

already occurring in the basin and examining what the future may hold for the basin, this information can 

be used to make recommendations regarding how the impacts of climate change pertain to the overall 

Plan of Study and the plan formulation process. A proof-of-concept run was carried out to develop a workflow 

and verify the feasibility of an ensemble of projections of future, climate changed hydrology. By establishing this 

workflow, the Study team has developed a tool which can be extended to support more in-depth assessments of the 

impacts of climate change on the Souris River basin’s hydrology in the future. 
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1.2. Approach 
In addition to analyzing observed data and reviewing previously completed research (see Part A – 

Literature Review and Historical Trends Analysis), the climate team sought to analyze trends in projected 

hydrometeorology modeled for the Souris River basin. Meteorological outputs specific to the Souris River 

Basin produced from an ensemble of global climate models (GCMs) were analyzed by the Study team to 

evaluate trends in future precipitation and temperature. A calibrated, coupled land-surface and 

hydrologic model of the Souris River Basin was developed using the ECCC software package MESH 

(Modélisation Environmentale Communautaire Surface & Hydrology). The climate team sought out pre-

existing downscaled GCM based meteorological outputs that could be used to force the MESH model to 

produce climate changed hydrology. Only one product was available that provided coverage of both the 

Canadian and U.S portions of the Souris River basin. Producing downscaled meteorological datasets 

derived from raw GCM outputs was deemed beyond the scope of this study. The identified readily 

available dataset consisted of output from a single GCM, run using a single representative pathway to a 

specified greenhouse gas concentration (RCP 8.5), dynamically downscaled using a regional climate model 

(RCM). Due to the considerable uncertainty associated with each step in the modeling chain used to 

produce climate changed hydrometeorology, it would be misleading to generate conclusions based on 

climate changed hydrology produced using a single GCM (Clark et al., 2016). Thus this data product and 

Figure 1: The Souris River Basin showing the location of streamflow gauging stations and neighboring river basins [Source: Kolars et al. (2016)] 
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the MESH model were only used to establish a workflow that could be applied to generate climate 

changed hydrology in the future should additional downscaled datasets be generated or become 

available.  (See Appendix A-1 for an overview of the climate team’s originally proposed approach.)  

2. Assessment of Projected Hydrometeorology 
Initially, the climate change team planned to characterize future flows in the Souris River basin by using 

multiple bias corrected and downscaled projections of future climate generated using multiple GCMs as 

inputs to a hydrologic model. However, it was determined that only one off-the-shelf bias corrected, and 

downscaled product is available that includes the data requirements necessary to force the selected 

hydrologic modeling platform and provides coverage of the Souris River basin. This product relies on a 

single GCM. Developing and analyzing climate changed hydrology based on output derived using a single 

GCM in inadvisable because it does not appropriately convey the uncertainty associated with modeling 

climate changed hydrometeorology. Thus, results derived based on a single GCM cannot be used as the 

basis for water management decisions or design.  

For this reason, the Souris River climate team was limited to analyzing an ensemble of raw GCM output 

specific the Souris River basin to assess broad trends in changing precipitation and temperature 

conditions. In addition to assessing trends in GCM outputs, the team used the identified bias corrected 

and downscaled product to produce a workflow integrating climate changed meteorology and a 

hydrologic model to produce climate changed hydrology. When additional downscaled/bias corrected 

meteorological datasets providing coverage of the Souris River basin become available, these can be 

used alongside the defined workflow to characterize projected streamflows in the Souris River basin.  

2.1. GCM Based Temperature & Precipitation Projections – Souris River Basin 
An analysis was conducted using output from a dozen GCM simulations for a rectangular area 

(Coordinates: 50.522 [ymax], 47.713 [ymin], -104.797 [xmin], -99.591 [xmax]) encompassing the Souris 

River basin. This assessment was carried out to investigate the differences (delta) between historical 

simulations and future projections of temperature and precipitation.  The purpose was to broadly 

understand the directionality of trends in precipitation and temperature being projected with respect to 

the Souris basin.  

2.1.1. GCM Selection   
The World Climate Research Program’s Working Group on Coupled Modeling creates and runs the 

framework within which modeling groups perform sets of prescribed experiments. The Intergovernmental 

Panel on Climate Change (IPCC) then takes up some of the products of that work for its Assessment 

Reports, and makes them freely available. A subset of the GCM models included as part of the latest 

Coupled Model Intercomparison Project Phase 5 (CMIP-5) assessment was adopted for analysis, based on 

information from the Pacific Climate Impact Consortium (PCIC) website for statistically downscaled 

climate scenarios for Canada (https://www.pacificclimate.org/data/statistically-downscaled-climate-

scenarios). The PCIC downscaled scenarios could not be used to produce climate changed hydrology for 

the study because they were only available for the Canadian portion of the Souris River Basin. Raw (not 

bias corrected nor downscaled) GCM based precipitation and temperature data for the entire Souris River 

basin was downloaded from the IPCC data repository. There are outputs from over 53 different GCMs 

available under the CMIP-5 experiment. Of the 53 different CMIP5 GCM outputs available, twelve models 

were adopted for analysis. GCMs were selected based on information provided by the PCIC. The PCIC 
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recommended that these models be used for the Central North America (CAN) Giorgi Region (Giorgi and 

Francisco, 2000), which encompasses the Souris River Basin. This subset of models provides the widest 

spread in projected future climate for smaller subsets of the full ensemble following Cannon (2015). 

Cannon’s method used an automated procedure for choosing as few scenarios as possible without 

compromising the full range of simulated future changes. Selected GCM outputs analyzed covered from 

1850 to 2100.  The selected GCMs have a coarse spatial resolution ranging from 2 to 12 grid squares within 

the Souris River basin, which translates to approximately 90,000 km2 to 10,000 km2 per grid square.  The 

GCMs used in the analysis are shown in Table 1. GCM outputs analyzed apply the Representative 

Concentration Pathway (RCP) 8.5 greenhouse gas concentration scenario. RCP 8.5 was chosen for the 

analysis representing the “business as usual” or “high emission” scenario, where a divergence from this 

path would require a large change in current year over year increases in global greenhouse gas (GHG) 

emissions.  In this scenario, GHG emissions would continue to rise throughout the 21st century, with no 

peak and decline; concentrations would reach a radiative forcing value of 8.5 W/m2 by the year 2100.  

Table 1 – Adopted GCMs Analyzed   
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2.1.2. Approach 
Analysis consists of comparing future, projected versus simulated, historic temperature and precipitation. 

For the historic simulation period a reconstruction of green housed gas emissions observed in the past is 

applied to force the models. For the future period simulation RCP 8.5 is assumed. The historic simulation 

and projected, future time periods typically included years from 1850 to 2005 and 2006 to 2100, 

respectively. However, there were a few exceptions. For experiments run using two of the GCMs the 

historic simulation period began in 1859 and 1861. Two GCMs were run to project data beyond 2100. The 

analysis performed for the Souris Study was conducted from 1951 to 2005 and 2006 to 2100 to be 

consistent with the RCM based analysis described in Section 2.3.2. 

The dataset was assessed seasonally. Seasons were defined using the northern meteorological seasons of 

Spring (March - May), Summer (June - August), Fall (September – November), and Winter (December - 

February). Future differences in average temperature were calculated for each season by subtracting the 

average historical temperature from the average future temperature for each of the 12 GCMs. The 

percent change in accumulated seasonal precipitation was calculated by subtracting the historical 

precipitation from the future precipitation and computing a percentage.  

2.1.3. Results 
Figure 2 shows the seasonal spread in mean temperature along the x-axis and accumulated precipitations 

(as a %) along the y-axis.  

 

 

Figure 2- Souris Basin- future vs historic GCM based temperature & precipitation  
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2.1.4. Conclusions 
An average of all GCM outputs for all seasons shows an increase in future temperatures, with Winter 

indicating the greatest temperature increase. Meanwhile, precipitation, on average, is expected to 

increase in the future in Spring and Winter, while a slight decrease is anticipated in Summer and a slight 

increase in Fall. There is more uncertainty in the Summer and Fall as the models do not all agree on the 

direction of change in precipitation. See Table 2 for details. 

Table 2 Average future seasonal temperature and precipitation changes for the 12 models listed above. 

 Winter Spring Summer Fall Average 

Temperature 
Change (°C) 

4.64 
 

3.08 
 

3.71 
 

3.63 
 

3.77 
 

Precipitation 
Change (%) 

13.20 
 

20.81 
 

-6.58 
 

5.79 
 

8.30 
 

Precipitation 
Change (mm) 

8.23 28.96 -10.37 5.16 7.99 

 

2.2. Hydrologic Modeling Approach 
The study team initially planned to use multiple hydrologic models to generate projected climate changed 

hydrology specific to the Souris River basin, but this was deemed infeasible due to time and resource 

constraints. The community modelling platform MESH (Modélisation Environnementale communautaire 

- Surface Hydrology; Pietroniro et al., 2007) was adopted to analyze land-surface hydrology in support of 

this study. The meteorologic forcings required to run the MESH model include sub-daily values of 

temperature, precipitation, wind speed, incoming longwave radiation, incoming shortwave radiation, 

barometric pressure and specific humidity. Many GCM based datasets do not include all of these outputs 

and thus cannot be used to force the MESH model.  More detail related to the development of the MESH 

model is presented in Section Error! Reference source not found..  

2.3. Downscaled GCM Outputs- Meteorological Data Sources for Hydrologic Analysis 
As a first step to analyzing projected hydrology specific to the study area, an effort was undertaken to 

inventory available, GCM based downscaled data products providing coverage of the Souris River basin. 

Because of the scale and size of the Souris basin, directly forcing hydrological models using raw GCM 

outputs would not produce meaningful results.  Downscaling and bias correction are necessary to 

translate raw GCM outputs, which are configured to represent large spatial extents, to a scale applicable 

to water resources planning and decision making.  The grid size associated with GCMs is not appropriate 

to capture the resolution of meteorologic forcings required to run a hydrologic model (Wilby et al., 2000; 

Maraun, 2016; Turco et al., 2017).  In general, there are two types of downscaling: statistical downscaling 

and dynamic downscaling. Statistical downscaling uses observed data and statistical techniques to adjust 

and bias correct GCM outputs to a finer resolution. Dynamical downscaling uses high resolution RCMs 

forced at the boundaries by a GCM, and typically requires bias correction with observed data. In both 

cases, downscaling is a computationally intensive process and thus, the study was limited to using only, 

readily available downscaled data products. A summary of data products considered is displayed in Table 

3. 
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Table 3. Inventory of Off-the-Shelf Downscaled Datasets 

Downscaled 
Dataset 

Resolution 
(km) Timestep  Realizations 

Available 
forcing 
variable 

Variable 
location Domain 

Time 
Span RCP 

Type of 
Downscaling 

Bias 
Corrected 

 
Suitability 

WRF CONUS 
(Liu et al., 

2017) 
4km hourly 

pseudo global 
warming- single 

realization 

P, T, h, Pr, 
Wind, 

SW, LW 
surface CONUS1 

13 years 
historic 

- 13 
years 
PGW 

Multiple 
avg. 

Dynamical 
with 

convention 
permitting 

scheme 

No 

 
Not suitable. Only 
one realization for 

a short time 
period. 

CanRCM4-
WGC 

(Asong et 
al., 2020a) 

10km 
(0.125°) 

3-hourly 
15 realizations 
from CanRCM4 

P, T, h, Pr, 
Wind, 

SW, LW 
40 m 

Most of 
North 

America 

1951-
2100 

RCP8.5 
Dynamical 

then 
interpolated 

Yes 

 
Suitable. 

CanRCM4-
WFDEI 

(Asong et 
al., 2020b) 

50km (0.44°) 3-hourly 
15 realization 

from CanRCM4 

P, T, h, Pr, 
Wind, 

SW, LW 
Surface 

Most of 
North 

America 

1951-
2100 

RCP8.5 Dynamical Yes 

Not suitable. 
Resolution too 

coarse and limited 
bias correction 
compared to 

CanRCM4-WGC 

ICAR 
(Gutmann et 

al., 2016) 
10km hourly  

P, T, h, Pr, 
Wind, 

SW, LW 

surface 
& 40m 

North 
America 

1950-
2100 

RCP8.5 "Dynamical" no 

 
Not suitable. This 
is an atmospheric 

model. 

LOCA 
(Pierce et 
al., 2014) 

6km (0.063°) daily 
32 realizations 
from different 

GCMs 
P,T only surface 

North 
America 

1950-
2100 

RCP8.5 
RCP4.5 

Statistical Yes 

 
Not suitable due 
to lack of other 
meteorological 

inputs for MESH. 

CORDEX-NA 
(Mearns et 

al, 2017) 

25 or 50km 
(0.22° or 

0.44°) 
daily 

34 realizations 
from different 

GCM/RCM 
Combinations 

P, T, h, Pr, 
Wind, 

SW, LW 
surface 

North 
America 

1950-
2100 

RCP8.5 
RCP4.5 

Dynamical Yes 

 
Not suitable due 

to coarse 
resolution. 

1CONUS =Conterminous US & Southern Canada 
 

P= Precipitation, T = Temperature, h=humidity, SW = shortwave radiation, LW = longwave radiation, h = humidity, Pr = pressure 
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There are two challenges associated with trying to find an off-the-shelf dataset that could be used to force 

a hydrologic model of the Souris River Basin. First, the dataset had to include the meteorological variables, 

at the temporal and spatial resolution, required to drive the hydrological model developed for the study. 

Second, the data products had to provide seamless coverage across the U.S-Canadian international 

border. Downscaled data products are often produced by national agencies with an interest specific to 

their country of origin. As a result, discontinuities in the products can be found along political boundaries. 

In examining the downscaled datasets available in the U.S and Canada it was found that all, but one 

product (CanRCM4), did not provide coverage far beyond the international border between the two 

countries. Because watersheds, like the Souris River basin are not constrained by political boundaries, this 

highlights the need for additional transboundary products.  

2.3.1. Selected Bias-Corrected, Downscaled, Projected Meteorologic Dataset 
For this study, downscaled outputs from the Second Generation Canadian Earth System Model 

(CanESM2) are adopted. CanESM2 outputs are dynamically downscaled using Environment and Climate 

Change Canada’s (ECCC’s) Canadian Centre for Climate Modelling and Analysis (CCCma) Regional Climate 

Model (CanRCM4). Bias correction is carried out using the WFDEI-GEM-CaPA (WGC) dataset (Asong et 

al., 2020a). This downscaled and bias corrected product is referenced as CanRCM4-WGC. The RCM 

dynamically downscaled projections incorporated into this assessment span the Canadian-United States 

border and thus can be directly used to model hydrologic response in the Souris River basin. This 

product includes all the meteorological data inputs required to force the MESH model. None of the 

other off-the-shelf products evaluated met these criteria. The datasets applied are available at a 3-hour 

time scale, with a 0.125 degree spatial resolution (approximately 10 km2). For this study 15 different 

ensembles of the downscaled CanRCM4 outputs were applied.   

Adopted RCM projections are bias-corrected using the best available gridded, long record product for 

the region encompassing the Souris River (WFDEI-GEM-CaPA abbreviated as WGC). The projections used 

for this Study represent a subset of a 50 member ensemble generated using CMIP5 protocols under 

RCP8.5. The adopted subset of 15 members were applied (as opposed to the full ensemble) because 

those were the only realizations available at the time of the Study. The 15 realizations reveal some of 

the uncertainty associated with using different atmospheric conditions to initialize the RCM model runs. 

Downscaling and bias correction of the climate traces (CanRCM4-WGC) 

Historical (1950 – 2005) and Future (2006 – 2100) simulations of Canadian Centre for Climate Modelling 

and Analysis Canadian Regional Climate Model (CanRCM4) were produced using the CanESM2 GCM for 

inputs at the RCM boundaries. The CanESM2 GCM was developed using the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) guidelines. The WFDEI-GEM-CaPA (WGC) product was then used 

to bias-correct climate projections from the CanRCM4 from 1951 to 2100.  The WGC dataset provides an 

improved set of forcing data that can be used in hydrological modelling over most of North America.   It 

is derived from a duration-limited high resolution analysis product provided by ECCC called the Canadian 

Precipitation Analysis (CaPA).  CaPA is a blended observational and modelled product which uses Canadian 

GEM numerical weather model outputs. Precipitation analysis dating from 2005 to present is made 

available by ECCC and forms the basis for the GEM-CaPA dataset.  In order to back-extend the CaPA 

dataset to 1979, it is blended with the WATCH global dataset. The European Union WATCH interim 

analysis (WFDEI) dataset is a globally available product like CaPA, but is interpolated based on a small 

subset of observational data, making it less reliable for precipitation estimation over North America. GEM-
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CaPA and WFDEI datasets were combined using the common overlap period to correct for systematic bias 

between the two datasets, resulting in a more robust, blended product referred to as WGC.  The WGC 

dataset includes the seven variables at a sub-daily timestep required by the MESH model: temperature, 

precipitation, downwelling shortwave radiation, downwelling longwave radiation, humidity, wind speed 

and barometric pressure.   

A timeseries comparison of mean annual precipitation before and after systematic bias were corrected 

for is displayed in  

 
Figure 3.   Figure 4 highlights the correction for mean monthly precipitation for the Souris basin for the 

2005-2016 overlap period.  The plots show that the WGC product matches the higher resolution and more 

accurate CaPA product reasonably well between 2005 and 2016. Figure 3 and Figure 4 both also provide 

a comparison to Environment and Climate Change Canada’s (ECCC’s) Regional Deterministic Reforecast 

System (RDRS) for 2005 – 2016 (Gasset et al., 2021). The RDRS is considered to be more accurate than 

GEM-CaPA because it uses a more recent version of GEM throughout the entire time period, whereas 

GEM-CaPA precipitation is influenced by the version of GEM that was used to generate the CaPA 

precipitation field at that time. GEM-CaPA precipitation is only able to assimilate observed precipitation 

that is available in real-time. The RDRS has the advantage of being able to assimilate additional 

precipitation data that was not available when the GEM-CaPA fields were initially generated. These 

Figures illustrate that there is room for improvement to GEM-CaPA by incorporating more ground-based 

precipitation observations on a real-time basis. 
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Figure 3 – Example of Removal of Systematic Biases Example in total Annual Precipitation Series for the 

mean over the Souris River Basin 
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Figure 4- Mean Monthly Total Precipitation over the Souris River Basin for the period 2005-2016 – datasets: CaPA, WFDEI, and 
WGC.  

A total of 50 different CanRCM4 outputs where initial conditions were perturbed have been bias corrected 

using the method by defined by Cannon et al. (2015). In order to bias-correct the original CanRCM4 

dataset for the period of record which overlaps the WGC outputs: 1979-2016, GEM-CaPA and WFDEI were 

both resampled to a 3h x 0.125° resolution. The multivariate bias correction-model fitting method of 

Cannon et al. (2015) was then used for the period of overlap from 2005-2016 and hindcasting was 

performed from 1979 to produce WGC from 1979-2016.  To confirm the effectiveness of the bias 

correction, the data were also stratified by season. An analysis of the datasets shows the biases in the 

original WFDEI product have been removed (e.g. Figure 5 and Figure 6) and the climate signals in CanRCM4 

are preserved (e.g. Figure 7).  Figure 5 shows the mean monthly total precipitation for 1979 to 2008 

forCanRCM4, WFDEI, WGC, and CanRCM4-WGC. This figure illustrates that the bias correction of 

CanRCM4 to WGC closely mirrors the monthly precipitation of WGC. Figure 6shows the impact of the bias 

correction on a seasonal and annual timescale. The left-hand panel shows box-whisker plots from 1979 – 

2008 for the temperature difference between CanRCM4 and WGC for each season and the entire year, 

while the right-hand panel shows the same box-whisker plots comparing the temperature difference 

between CanRCM4-WGC and WGC. The middle line of each box-whisker plot shows the median 

difference, with the boxes illustrating the 25th and 75th percentiles. The whiskers extend from the top and 

bottom of each box to a value at most 1.5 times the interquartile range. Data beyond the whiskers are 

outlier points plotted individually. As expected, the bias is completely removed. Figure 7 illustrates that 

the climate change signal is preserved in the bias correction process. Each line shows the mean monthly 

temperature difference for the entire basin for a future (2071 – 2100) and past (1979 – 2008) period. Since 

this difference is practically the same for CanRCM4 and CanRCM4-WGC, the climate change signal of 

CanRCM4 is retained in the bias correction process. Figures 5, 6 and 7 were also generated for all 7 forcing 

fields (not shown) and were found to be similar to the examples shown in this report. 
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Figure 5 – Bias correction of the Canadian RCM precitation using WGC. 
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Figure 6 Example: Temperature Bias of CanRCM4 Ensemble with respect to WGC before and after bias correction for the Souris basin.  This shows the effect of bias correction 
across the 15 ensemble members. 
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Figure 7 Example: Climate Change Signal (defined as Mean Temperature Difference over the Souris River Basin for 2071-2100 minus 1979-2008) for one ensemble member of 
CanRCM4 before and after correction to WGC. This shows that the bias correction was able to preserve the climate change signal. 
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2.3.2. Analysis of CanRCM4-WGC Based Meteorology 
A comparison of bias corrected, future model data assuming RCP 8.5 (2006-2100) and simulated historical 

data (1951-2005) derived using the CanRCM4, regional climate model was analyzed for the Souris Basin 

area for a period of 1951-2100 using the WGC_CRCM4 dataset.  Data was analyzed seasonally. Changes 

in mean, seasonal temperature and total accumulated seasonal precipitation are assessed by finding the 

difference (delta) between the simulated historic model outputs and future projections.  The comparison 

between past and future CanRCM4-WGC model simulations showed an increase in temperature for all 

season and an increase in precipitation for all seasons except for summer, which showed a slight decrease.  

Because this output is derived based on a single GCM, trends displayed in Figure 8 were compared to 

analogous analysis generated using raw GCM output in Section 2.1.4. The trends derived using the 

downscaled and bias corrected product based on the CanESM2 GCM are consistent with the trends 

identified when an average of raw (not bias corrected or downscaled) outputs based on an ensemble of 

GCMs was evaluated. Both the CanRCM4-WGC model simulations and the ensemble of GCM outputs 

indicate that future temperatures will increase for all seasons.  Both the CanRCM4-WGC model 

simulations and the ensemble of GCM outputs indicate that future fall, spring, and winter precipitation is 

projected to increase, while summer precipitation may decrease in the future.  

 

 



 

16 
 

 

Figure 8 – Change field in the bias-corrected and downscaled RCM projections 
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2.4. Uncertainty - Projected Hydrometeorology 
Uncertainty in projected hydrometeorology comes from many sources. These sources of uncertainty 

include emission scenario assumed, GCM structures, internal climate variability, methods of climate 

downscaling, and hydrologic model structures and parameters (Clark et al., 2016). An ideal climate change 

analysis would account for, and reduce to the extent possible, all of these sources of uncertainty. In terms 

of the climate model structures, internal climate variability and methods of downscaling/bias correction, 

there is no one product that accounts for all these elements of uncertainty, particularly with respect to 

climate model structure. Due to time and resource constraints, accounting for all of these sources of 

uncertainty is not possible as part of the Souris River Basin Plan of Study.  

Some of the uncertainties associated with climate model structure and internal climate variability is 

revealed in the assessment of raw (not bias corrected/not downscaled) GCM outputs forced using a single 

RCP (8.5) described in 2.1.3. Figure 2 shows the results produced using a dozen different GCMs. As can be 

seen from the figure there is considerable spread in the results generated, as an example, the spring 

model differences highlight a range of near no-change in temperature to a change of almost 12 deg C on 

the far right of the x-axis.  Projected increases in precipitation in the future vary from almost zero change 

to just over 20 % increase depending on the GCM applied.  

Even if the outputs of a single GCM forced with one RCP and downscaled using the same method are 

considered, results can vary due to uncertainty associated with internal climate variability. This is 

illustrated by Figure 8, where outputs are derived using a single GCM (CanESM2), one RCP (8.5) and one 

downscaling (CanRCM4 based dynamic downscaling)/bias correction (WGC) technique. Changes in 

precipitation and temperature vary between the 15 ensemble members considered depending on the 

initial conditions used to force the models.    

3. MESH Model 
The MESH model was chosen for application for this study because of the comprehensive physics included 

in the model, the ability to incorporate non-contributing areas and its physical robustness, particularly in 

cold-regions applications.   The application developed for this study included important prairie process 

such as infiltration into frozen soil, the impacts of variable contributing area, blowing snow, and blowing 

snow sublimation. All of the model configuration files can be found on the following GitHub page 

(https://github.com/Mouse-

Team/MESH_Souris_River/tree/master/Individual_Model_Runs/Final_Configuration_(Ethan_31)).  

3.1. MESH Software Package 
Environment and Climate Change Canada (ECCC), in partnership with academia in Canada, has embraced 

a community-based Earth System Modelling (ESM) approach derived from operational coupled numerical 

models developed with ECCC’s numerical weather prediction (NWP) research programme. The NWP 

platform was enhanced in order to allow for improved development of various physical, chemical and 

biological phenomena that are tied to the state of hydrology in Canada, with a particular focus on cold 

regions.  The hydrological components of this system have been developed as a community hydrological 

(or land) component of the ESM that allows for either one-way or two-way coupling to atmospheric 

models and can provide estimates of surface runoff and groundwater recharge. The earlier versions of 

MESH were developed from combining the Canadian Land Surface scheme (CLASS; Verseghy, 2000) used 

https://github.com/Mouse-Team/MESH_Souris_River/tree/master/Individual_Model_Runs/Final_Configuration_(Ethan_31)
https://github.com/Mouse-Team/MESH_Souris_River/tree/master/Individual_Model_Runs/Final_Configuration_(Ethan_31)
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in the Canadian GCM and with the WATDRAIN hillslope parameterization (Soulis et al., 2011).  The surface 

runoff and groundwater recharge, computed by the surface models on a regular grid, are then routed to 

the outlet using the WATROUTE routing model, which is a component of the WATFLOOD hydrological 

model (Kouwen, 2010).  The acronym MESH (“Modélisation Environnementale, Surface et Hydrologie”) 

has been used by the community for many years when referring to this modelling framework.   MESH 

model development was a direct outcome of the Mackenzie GEWEX Study (MAGS, 1993-2005), which 

made remarkable advances in understanding and describing the large-scale water and energy cycling in 

the Mackenzie basin and continued on for a decade afterwards as the model was applied in other regions 

of Canada (Pietroniro et al., 2007)  

A decade of technical and scientific advancements has converted the original hydrologic component of 

the ESM into a robust modelling framework that is freely available, encourages community 

development, and can be run on many different computing environments. A standalone version of 

MESH is now a modular framework that contains multiple HLSSs, including a newer version of CLASS and 

the Soil-Vegetation-Soil land surface scheme used operationally in ECCC’s operational forecasting 

system.    

3.2. MESH Model Setup: Souris River Basin 
To develop the tools necessary to model future, climate changed hydrology in the Souris River basin, the 

technical team developed a hydrologic model for the basin. The MESH model developed for the study 

covers the full extents of the Souris River basin and is configured to model unregulated basin conditions. 

3.2.1. Basin Hydrology 
Much of the basin is part of the prairie pothole region, which stretches across Alberta, Saskatchewan and 

Manitoba and extends into North Dakota, South Dakota, Iowa, Minnesota and Montana. The topography 

of this region is characterized by the presence of shallow wetlands, called potholes or kettles, which are 

remnants of the last period of continental glaciation in North America. Elevations in the Souris basin range 

from 349 meters above sea level (m.a.s.l) at the Wawanesa outlet to 768 m.a.s.l. at the headwaters of 

Gibson Creek near Radville, SK. The basin contains three major reservoirs in Saskatchewan (Boundary 

Reservoir, Rafferty Reservoir, and Grant Devine Reservoir) and one reservoir in North Dakota (Lake 

Darling).  Other major structures include Moosomin Reservoir, Upper and Middle Des Lacs Lakes, and the 

J. Clark Salyer National Wildlife Refuge in North Dakota. 

Under non-flood conditions, much of the watershed does not directly contribute to the Souris River 

because the potholes store water and keep it from flowing into the river. The region’s hot, dry summers 

result in rapid evaporation loss from these shallow, distributed water bodies, as well from reservoirs and 

the soil. As a result, the basin typically has an extremely low runoff ratio (that is, the percentage of 

precipitation received in the basin that ultimately flows out of the basin), compared to other river basins 

of similar size. Runoff is often less than 1% of the precipitation it receives and is rarely above 5% of 

precipitation (see Figure 9). In comparison, Church et al. (1995) estimates runoff ratios in the northeast 

United States to range from less than 40% to greater than 60%. During major spring snowmelt events and 

substantial rainfall events, the shallow potholes can fill with water and begin to spill creating increased 

hydraulic connectivity/contributing drainage area, resulting in significantly higher runoff ratios (see 2011 

in Figure 9).  
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Figure 9 - Runoff Ratio of the annual streamflow versus precipitation for the Souris River at Sherwood ND, 1979 through 2014. 
These runoff ratios are calculated from the observed streamflow divided by downscaled and bias-corrected precipitation (WGC) 
estimates for the basin. 

3.2.2. Challenges to Hydrologic Modeling in the Prairies 
During the winter, blowing snow is extremely common and results in increased sublimation and wind 

redistribution from wind-swept areas to wind-sheltered areas. Exposed areas can lose 30% to 75% of their 

annual snowfall due to this sublimation and redistribution, having a profound impact on the surface 

hydrology and energy cycle (Pomeroy & Li, 2000). Most hydrological models do not account for this 

process. 

Frozen soils also have a profound influence on snowmelt runoff contributing to streamflow and prairie 

pothole storage. Meltwater infiltration into frozen soils is complex and can be grouped into three general 

classes for the frozen agricultural soils that are predominant in the Souris basin (Zhao & Gray, 1999). One 

type of frozen soil infiltration results from large cracks in the soil, allowing for substantial infiltration of 

snowmelt and little-to-no contribution of snowmelt to streams or prairie potholes. At the other end of 

the spectrum, another type of frozen soil infiltration results from an ice-lens that completely restricts the 

infiltration of snowmelt, which forces all of the meltwater to runoff to the streams and potholes. In-

between these two extremes, snowmelt has limited infiltration that depends primarily on the amount of 
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snow in the snowpack and the water/ice content of the first 30 cm of the frozen soils. As with blowing 

snow, frozen soil infiltration is rarely represented accurately in hydrological models. 

Lastly, and very likely most importantly, the effective drainage area of the basin is dynamic, meaning that 

the percentage of the watershed contributing during any given melt or rainfall event will continually 

change. This phenomenon is unique to the prairie pothole environment, making the simulation of 

streamflow exceedingly difficult.  As was noted in Figure 9 above, the runoff ratio typical in the basin are 

often less than 1 % and rarely above 5 %, with the maximum value estimated to be 17 % in the extremely 

wet year of 2011.  This means that generally more than 95 % of the snowfall or rainfall that falls within 

the basin never makes it to the stream.  It typically gets caught up in the soil and evaporates, or in prairie 

potholes features that will fill and evaporate. The effective drainage area changes with the wetness of the 

basin and the corresponding connectedness of the landscape with the streamflow network.  

Humans have also altered the effective drainage of the Souris River watershed to increase agricultural 

production. These artificial drainage networks add an additional level of complexity by changing the 

relationship between the wetness of the basin and the connectivity of the landscape to the streamflow 

network.  

Characterizing how water moves across a landscape dominated by prairie pothole topography is difficult 

in a hydrological model. A foundational dataset that attempts to characterize gross and effective drainage 

in the Prairie pothole region is available from Agriculture and Agri-Food Canada’s (AAFC) now dismantled 

Prairie Farm Rehabilitation Administration (PFRA). The PFRA began characterizing effective and gross 

drainage areas in 1970 (PFRA, 20131). Figure 11 shows the results of this effort for the Souris River Basin. 

The average contributing areas are considered to contribute flow to the rivers in 1 out of every 2 years. If 

conditions are drier, the contributing area will be smaller. If conditions are wetter, the contributing area 

will be greater. It is generally assumed that during the 2011 flood of record close to 100% of the gross 

drainage area was contributing to the streamflow response. 

                                                           
1 Agriculture and Agri-Food Canada's Prairie Farm Rehabilitation Administration existed from 1935-2013. The 
reference cited is "PFRA sub-basins of the AAFC Watershed Project - 2013" posted at: 
https://open.canada.ca/data/en/ dataset/4f3c7d6d-e018-4a69-a6cf-a4c327572b24 
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Figure 10 - PFRA average effective and non-contributing drainage areas 
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3.2.3. Data Requirements 
Setting up and running MESH requires a number of different data sources. At a minimum, setting up the 

model requires a basin-wide digital elevation model (DEM; shown in Figure 11) and land-cover 

classification dataset. In addition, running the model requires meteorological forcing data, while 

evaluating the model’s fidelity requires hydrologic observations such as historical streamflow, snow 

water equivalent (SWE), evapotranspiration, or soil moisture. Datasets characterizing changes to 

hydraulic connectivity, anthropogenic storage distribution, water management, land cover and land use 

in the basin are also important for setting up and/or evaluating the model. In the Souris River Basin, the 

most relevant changes to the landscape have occurred as a result of increased agricultural activity in the 

basin. Agricultural practices have resulted in increases in artificial drainage and changes in land 

cover/use.  Land-cover information was derived from the North American Land Change Monitoring 

System for the North American continent produced by the collaborative Commission for Environmental 

Cooperation (CEC). The CEC defines nineteen land cover types. As shown in Figure 12, ten of these land 

cover types appear in the Souris River basin. The most prominent land cover type in the basin is 

cropland (73%). 

The Souris River Basin discharge and water levels are observed by 70 active gauging stations, of which 49 

stations record water levels for the purposes of calculating river discharge, and 21 stations record water 

levels at lakes and reservoirs. Of the active gauging stations, 57 are in Canada and 13 are in the U.S. There 

are also 60 discontinued streamflow gauging station locations in the basin (52 in Canada and 8 in the U.S.). 

The Water Survey of Canada (WSC) and the U.S. Geological Survey (USGS) systematically exchange data 

for 5 of the active gauges (2 in Canada and 3 in the U.S.), and have recently re-established comparison 

measurements at these locations. The 10 remaining gauges in the U.S. are operated by the USGS, while 

42 gauges in Canada are operated by the WSC, 6 gauges are operated by the Saskatchewan Water Security 

Agency (SWSA), and 9 gauges are operated by Manitoba Infrastructure. The active hydrometric stations 

are shown in Error! Reference source not found..  

The meteorological forcing data required to run MESH are more data intensive than many hydrological 

models. In addition to temperature and precipitation, MESH requires incoming shortwave radiation, 

incoming longwave radiation, wind speed, barometric pressure, and specific humidity. Unlike many other 

hydrological models that only require daily meteorological forcing data, MESH requires sub-daily forcing 

data because the model explicitly resolves the diurnal cycle as per the standard practice of ESM land-

surface schemes. Unfortunately, most of these meteorological forcing data are not measured extensively 

and must be extracted from products that are derived from numerical weather or climate models, many 

of which are adjusted based on some observations of the state of the atmosphere, or through empirical 

relationships. These atmospheric model derived fields are often referred to as “analysis” or “reanalysis” 

products.   
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Figure 11 - Digital Elevation map of the Souris Basin 
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Figure 12 - Land-cover map of the Souris Basin 
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Figure 13- Network of active streamflow gauging station
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3.2.4. Model Physics 
As described in Section Error! Reference source not found., important physical processes in the Souris 

basin include prairie potholes, blowing snow and infiltration into frozen soils. MESH incorporates these 

processes in its algorithms.  MESH uses an algorithm called WATROF (Soulis et al., 2000, 2011). WATROF 

incorporates three lateral flow mechanisms from the land surface to the streamflow network. Overland 

flow follows Manning’s equation, near surface interflow is generated using a parameterization of 

Richard’s equation, and baseflow is produced from the bottom of the model’s soil column. To better 

incorporate the prairie’s unique pothole hydrology, MESH currently has three options, including one that 

was developed in support of this study. 

The first prairie option was developed in 2014 (Mekonnen et al., 2014) and is referred to as PDMROF. This 

algorithm uses a probability density function of potholes and assumes a unique relationship between 

pothole storage and fractional contributing area, resulting in a determination of direct land-surface runoff 

to the streamflow network. PDMROF, however, does not incorporate local hillslope hydrology for 

surrounding hills that contribute surface or shallow sub-surface runoff to the potholes. Hossain (2017) 

developed an algorithm that blends WATROF and PDMROF to create a hybrid algorithm called LATFLOW. 

In LATFLOW, The PDMROF algorithm is used to calculate the amount of water available for overland flow, 

which is then routed to the streamflow network using Manning’s equation. (In PDMROF, this water is 

simply considered to directly runoff immediately to the river network.) LATFLOW then calculates the 

interflow to the streamflow network in the same manner as WATROF.  The third option for prairie pothole 

hydrology was developed as a part of the Souris Plan of Study to explicitly simulate the behavior of the 

changing contributing area. This new fill-and-spill algorithm (FILL-and-SPILL) was also developed to blend 

the WATROF and PDMROF algorithms in a slightly different conceptual framework than LATFLOW. As with 

PDMROF, FILL-and-SPILL assumes that any water in excess of the pothole capacity runs directly to the 

streamflow network. So the overland flow and interflow either runs into the prairie potholes, or directly 

to the streamflow network. The key variable in FILL-and-SPILL is the fractional contributing area, which is 

used to partition WATROF’s overland flow and interflow between the streamflow network and the prairie 

potholes. 

The following is a description of how the dynamical fractional contributing area is calculated, as well as 

the meaning of the PDMROF parameters, summarized from section 3 of Mekonnen et al. (2014). The basic 

concept comes from the Probability Distribution Model (PDM) of Moore (1985, 2007), where the runoff 

at a point is determined from the storage capacity at that point. The storage capacity, c, is different for 

each point in the area of interest (e.g. basin, sub-basin, grid square, tile), which can be described by a 

probability distribution function f(c). Runoff occurs at each point when rainfall and snowmelt minus actual 

evapotranspiration is greater than the storage capacity. Rainfall is provided as a meteorological input to 

the model while snowmelt and evapotranspiration is calculated by the land surface scheme. The entire 

storage in the area of interest can be characterized by a unique value of storage capacity called the critical 

storage capacity (C*). Given that the storage elements are represented by the probability distribution 

function f(c), the total storage in a CLASS tile, S(t), and the critical storage capacity are uniquely connected 

to one another based on the following equation: 

𝑆(𝑡) = ∫ (1 − 𝐹(𝑐))𝑑𝑐
𝐶(𝑡)

0
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Where F(.) is the cumulative distribution of store capacity. For a given storage value in the above equation, 

the critical storage capacity, C*, can be determined. The fractional contributing area can then be 

computed as: 

𝐴𝑐(𝑡) = 𝐹(𝐶∗(𝑡)) ∙ 𝐴 

Where A is the area of the tile. This fractional contributing area is dynamic in time. In terms of parameters, 

PDMROF uses the Pareto distribution function: 

𝐹(𝑐) = 1 − [1 −
𝑐

𝑐𝑚𝑎𝑥
]

𝑏

 

Where cmax is the maximum storage capacity of the tile and b is the shape factor parameter. 

Figure 14 illustrates the conceptual diagram of the Fill and Spill algorithm developed as a part of the Souris 

Study. Figure 14.1 illustrates a typical MESH grid with 3 tiles or GRUs. Figure 14.2 provides additional detail 

for the parameterization of the potholes by Tile or GRU. WATROF calculates the overland flow and 

interflow (labelled “land flow” in the Figure 14) throughout the tile. The PDMROF algorithm then 

calculates the fractional contributing area within the maximum pothole pond area and the FILLANDSPILL 

algorithm partitions the overland flow and interflow (land flow) to the prairie potholes and the streamflow 

network. The partitioning occurs based on the PDMROF calculation of fractional contributing area. Finally, 

the direct pothole runoff calculated by the PDMROF algorithm is added to the runoff contributing to the 

streamflow network. One limitation of the new algorithm is that the pothole pond area should change 

with time. In other words, the potholes would expand when they get wet and shrink when they dry. As 

currently implemented, the pothole pond area is a static user inputted value defined by landcover type 

or tile. 

Blowing Snow redistribution and sublimation are also important hydrologic processes in open, cold 

regions basins such as the Souris (Pomeroy and Li, 2000). MESH accounts for these processes by coupling 

the Prairie Blowing Snow Model (PBSM, Pomeroy et al., 1993; Pomeroy and Li, 2000) with CLASS’s snow 

energy and mass balance processes. PBSM calculates snow transport as the sum of saltation (Pomeroy 

and Gray, 1990) and turbulent suspended mass flux (Pomeroy and Male, 1992), and sublimation is 

calculated for a single column that extends from the snowpack surface to the topo of the surface boundary 

layer (Pomeroy et al., 1993). Within MESH, the modeller defines windswept tiles and downwind tiles that 

determines snow redistribution. Model parameter values can be found in Table II of Fang and Pomeroy 

(2007) and Table I of MacDonald et al. (2009). 

Frozen soils also influence the hydrological response in cold regions and can completely restrict 

infiltration, limit infiltration, or allow for unlimited infiltration. MESH accounts for each of these situations 

using the Zhao and Gray (1999) algorithm. This algorithm relates the infiltration to the total soil moisture 

(liquid and ice) and temperature, soil surface saturation and the infiltration opportunity time. Restricted 

infiltration occurs when an ice lens prevents snowmelt from entering the soil, limited infiltration occurs 

when soil ice prevents some infiltration, but not completely. Finally unlimited infiltration occurs when all 

melt water infiltrates due to large cracks or very little soil water and ice. 
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3.2.1. Study Specific Modified Model Landcover Inputs 
The majority of the landcover in the Souris River basin is cropland. An internal technical review of the 

MESH modelling was undertaken by several agencies involved in the study in March 2020. One of the key 

recommendations coming from this technical review was that the cropland be sub-divided and 

parameterized differently between cropland that is normally contributing and cropland that is normally 

not contributing to the streamflow. As a result, the landcover classification that was used for the model 

parameterization included barren, normally contributing cropland, normally non-contributing cropland, 

broadleaf forest, and water. The details of creating the basin configuration file, can be found in Appendix 

B-1 to this report. 

3.2.2. Model Calibration & Evaluation  
The MESH model was calibrated to observed flows on Moose Mountain Creek at two locations from Jan 

1, 2008 to Dec 31, 2011 in Saskatchewan, Canada. The two locations are Moose Mountain Creek below 

Moose Mountain Lake (05NC001; 2,310 km2 gross drainage area - Figure 18) and Moose Mountain Creek 

above Grant Devin Lake (05ND010; 4,710 km2 gross drainage area - Figure 19). Moose Mountain Creek 

was selected because it encompasses both agricultural and broadleaf landcover types. Broadleaf 

landcover is located at the height of land on Moose Mountain. By calibrating to locations in Moose 

Mountain Creek, the ability of adopted model parameters to account for multiple landcover types could 

be verified.  

Observed streamflow data was obtained for these two locations from ECCC and applied for model 

calibration. It was necessary truncate the size of the model to perform model calibration to reduce the 

amount of time it takes to run a simulation. This is important considering the number of models runs 

necessary to perform model calibration. The time-period was chosen because it had the best available 

precipitation and other meteorological data available for running the model. Meteorological data used 

for calibration was adopted from Environment and Climate Change Canada’s (ECCC’s) Regional 

Deterministic Reforecast System (RDRS). ECCC has initiated producing a 10 km, North American 

precipitation, and surface reanalysis from 1980 to 2018. However, at the time of analysis, the only dataset 

was for the period of 2000 to 2017 (Gasset et al., 2021).  

The calibrated model was then validated using the same two locations on Moose Mountain Creek for Jan 

1, 2012 to Dec 31, 2017 (temporal validation). Because MESH is a physically-based distributed parameter 

model, calibration consists of modifying the relationships assumed between basin geospatial 

characteristics and resulting hydrologic response. It is assumed that once calibrated, these relationships 

can be applied throughout the full extents of the model being developed. This assumption of parameter 

transferability within the Souris River basin was tested by validating that the model could subsequently 

replicate unregulated streamflow response at 13 locations (Table 4 and Figure 17) throughout the entire 

Souris River basin from Jan 1, 2008 to Dec 31, 2017 (spatial validation). The spatial validation was 

performed by comparing the U.S. Army Corps of Engineers reconstructed, unregulated hydrology flows 

(HH1) to the MESH model’s unregulated simulations.  
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Figure 14 - Fill and Spill algorithm developed as a part of the Souris Study. 

 

Table 4. Locations Adopted – Spatial Model Validation – Basin Wide 

station Station Name Sub Basin 

05NA003 Long Creek at Western Crossing of International Boundary Long and Short Creek 

05NB027 Long Creek near Noonan Long and Short Creek 

05NB036 Souris River below Rafferty Reservoir Souris River Main Stem 

05ND007 Souris River near Sherwood Souris River Main Stem 

5116000 Souris River at Foxholm Souris River Main Stem 

5116500 Des Lacs River at Foxholm, ND Other Tributaries 

5117500 Souris River above Minot, ND Souris River Main Stem 

5120000 Souris River near Verendrye, ND Souris River Main Stem 

5120500 Wintering River near Karlsruhe, ND Other Tributaries 

5122000 Souris River near Bantry, ND Souris River Main Stem 

5123400 Willow Creek near Willow City, ND Other Tributaries 

5123510 Deep River near Upham, ND Other Tributaries 

5124000 Souris River near Westhope Souris River Main Stem 
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Figure 15 - Images showing the location of the two gauges in Moose Mountain Creek used to calibrate the MESH model. 
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Figure 16 - Images showing the location of the two gauges in Moose Mountain Creek used to calibrate the MESH model. 
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Figure 17 – Locations for spatial validation and comparison of MESH with the USGS Water Balance Model used in generating 
the stochastic flows for the Study (HH2).  

Calibration was done in a stepwise fashion by starting with many parameters and relatively wide ranges 

for each parameter, and then narrowing both the number and ranges of parameters calibrated for 

subsequent calibration runs. MESH is a distributed parameter model which blends hydrologic modeling 

functionality with climate-based land-surface modeling capabilities. MESH relies on numerous climate-

based land-surface model parameters that must be specified by the user. Some parameters are defined 

based on physical basin properties and/or typical values and were not modified during model calibration. 

Other parameters were initially defined based on the basin and/or physical basin properties/typical values 

and then fine tuned as part of the model calibration process.  

Relative to MESH models developed for other basins in North America, the Souris River basin required a 

substantial calibration effort. This is in part due to the large role that evapotranspiration plays in the 

water-balance response in the basin. To properly account for evapotranspiration, additional land-surface 

parameters had to be considered in the calibration procedure resulting in a much larger number of 

parameters being calibrated than would normally be done for a typical hydrologic modelling study where 

evapotranspiration is not as significant a driver of hydrologic response.  
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Many of the land-surface parameters used to initially setup the MESH model are initially defined based 

on look-up tables that represent values that are assumed to be uniform for each land-cover type present 

in the basin. These look-up tables are derived based on physical studies at different locations around the 

globe, which are then assumed to be suitable for every other point on the earth that has a similar 

landcover type. To calibrate the MESH model for this study, it was assumed that there may be some minor 

differences in the Souris River watershed’s land-surface parameter values from the global look-up tables. 

For example, maximum crop height, or the natural logarithm of the vegetation roughness length, is likely 

different for crops in the Souris basin compared to crops planted in the southern United States. In reality, 

maximum crop height is likely different from one field to the next within the Souris River basin, depending 

on the crop that is planted. Thus, parameters used to characterize crop height were modified as part of 

the calibration process.  

In this study, the MESH model configuration for the Souris has a total of 338 parameters and initial 

conditions that must be input by the modeler. The majority of these parameters were defined based on 

global look-up tables and were not modified during model calibration. Sixty-four parameters were 

calibrated in the first step of model calibration. The values and rationale of selected parameters and 

calibration parameter ranges can be found in Appendix B-2. The initial calibration runs consisted of a 

sequence of 525 iterative runs carried out while perturbing ranges of parameters for the normally 

contributing and normally non-contributing cropland, and river channel and floodplain routing. After this 

initial calibration effort, additional runs were carried out to fine tune parameters.  The final calibration 

consisted of a sequence of 600 runs looking at the new fill-and-spill algorithm’s parameters for the 

contributing and non-contributing cropland landcovers. The range of parameters considered as well as 

final calibrated values are shown in Table 5Error! Reference source not found..  

Table 5 - Final calibration ranges and values for the fill-and-spill parameters. 

Parameter (units) Land Cover Range Calibrated value 

CMAX (m) Normally Contributing Cropland 1 – 3 2.75 

B (unitless) Normally Contributing Cropland 5 – 10 6.84 

Initial Pond Depth (m) Normally Contributing Cropland 0.05 – 3  0.096 

Pond Area (fraction) Normally Contributing Cropland 0.01 – 0.2 0.1935 

CMAX (m) Normally Non-Contributing Cropland 1 – 3  1.04 

B (unitless) Normally Non-Contributing Cropland 0.1 – 5  0.62 

Pond Area (fraction) Normally Non-Contributing Cropland 0.2 – 1  0.2402 

 

To efficiently carry out the calibration process an optimization algorithm is applied. The optimization 

algorithm used is called the Dynamically Dimensioned Search (DDS) algorithm (Tolson and Shoemaker, 

2007), which is designed for calibrating models with many parameters. DDS is run through the Ostrich 

optimization software toolkit (Matott, 2017) and requires the modeller to provide the list of parameters 

being optimized, their ranges for optimization, the initial values of the parameters (which can be selected 

to be random), the number of model runs required, and a scalar neighborhood size perturbation 

parameter. The algorithm performs the initial runs by perturbing all of the parameters and gradually 

reducing the number of parameters being perturbed. In other words, DDS begins with a global search of 

the parameter space, which turns into a more local search as the maximum number of required model 

runs is reached. The scalar neighborhood size perturbation parameter was set to the recommended value 
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of 0.2. The goal of DDS is to find good global solutions rather than optimum global solutions. The 

interested reader can find more details about the nature of the DDS algorithm by reviewing section 2.2 of 

Tolson and Shoemaker (2007).   

Calibration quality was evaluated using the Nash-Sutcliffe (NS) coefficient, log of the Nash Sutcliffe 

coefficient (log NS), percent bias (% Bias), and monthly correlation coefficient of both streamflow gauges 

from Jan 1, 2008 to Dec 31, 2011. The objective function used to gauge the progression of the DDS 

calibration process was thus based on a weighted sum of the Nash Sutcliffe coefficient (25%), log of the 

Nash Sutcliffe coefficient (25%) and percent bias (50%) for the two Moose Mountain Creek gauges 

(05NC001 and 05ND010).   

The Nash-Sutcliffe coefficient was calculated as follows: 

𝑁𝑆𝐸 = 1 −
∑ (𝑆𝑛 − 𝑂𝑛)2𝑁

𝑛=1

∑ (𝑂𝑛 − �̅�)2𝑁
𝑛=1

 

In the above equation, 𝑆 is the daily simulated streamflow in m3/s, 𝑂 is the observed daily streamflow in 

m3/s, and �̅� is the mean of the observed daily streamflow in m3/s. The log of the Nash-Sutcliffe coefficient 

was calculated as above with log-transformed data, which were calculated as follows, using the observed 

data as an example: 

𝑂∗ =  log10(𝑂 + 𝜀) 

 

The additional parameter 𝜀 is used to ensure that the log of a zero value isn’t taken. For the calculation of 

the log NS, the value used for 𝜀 was 0.0001 m3/s. For both NS and the log NS, the range of possible values 

goes from minus infinity to one, with one representing a perfect match between observed and simulated 

streamflow and zero being equivalent to predicting the mean flow. According to Moriasi et al. (2007), a 

satisfactory value of NSE is greater than 0.5. 

The percent bias was calculated as follows: 

% 𝐵𝑖𝑎𝑠 = 100% ×
∑ (𝑆𝑛 − 𝑂𝑛)𝑁

𝑛=1

∑ 𝑂𝑛
𝑁
𝑛=1

 

Bias ranges from minus infinity to plus infinity, with zero bias representing the best result. According to 

Moriasi et al. (2007), a satisfactory value of Percent Bias is between plus or minus 25%. 

 

The above three calculations were done using the hydroGOF package for R, version 0.4-0, available on 

CRAN (https://cran.r-project.org/web/packages/hydroGOF/index.html).The correlation coefficient was 

calculated in several steps. First, the monthly means were calculated by the following equation, using the 

observed data as an example:  

𝑂𝑚
′ =

∑ 𝑂𝑑
𝐷
𝑑=1

𝐷
 

In the above equation, 𝑂𝑚
′  is the monthly mean of the observed data 𝑂 for each month in the observed 

data, with 𝐷 as the number of days in that month. Grouping by year is maintained, so monthly averages 

https://cran.r-project.org/web/packages/hydroGOF/index.html
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were calculated for January 2000, February 2000, … , January 2001, etc. All values of streamflow are in 

the units of m3/s. The data were then log-transformed by the following equation: 

𝑂′′ =  log10(𝑂′ + 𝜀) 

 

For the calculation of the correlation statistics, the value used for 𝜀 was 1 m3/s, which eliminates the 

possibility of taking the log of zero. 

Finally, the correlation coefficient was calculated as follows: 

𝑐𝑜𝑟𝑟 =  
∑ (𝑂𝑛

′′ − 𝑂′′̅̅ ̅̅ )𝑁
𝑛=1 (𝑆𝑛

′′ − 𝑆′′̅̅̅̅ )

√∑ (𝑂𝑛
′′ − 𝑂′′̅̅ ̅̅ )2𝑁

𝑛=1 √∑ (𝑆𝑛
′′ − 𝑆′′̅̅̅̅ )2𝑁

𝑛=1

 

In the above equation, 𝑆′′ is the log-transformed grouped simulated streamflow, 𝑂′′ is the log-

transformed grouped observed streamflow, 𝑆′′̅̅̅̅  is the mean of the log-transformed grouped simulated 

streamflow, and 𝑂′′̅̅ ̅̅  is the mean of the log-transformed grouped observed streamflow. This is the 

standard Pearson correlation coefficient, and was calculated using the base R cor function. The 

correlation coefficient ranges from -1.0 to 1.0, with a value of -1.0 representing a perfect negative 

correlation and a value of 1.0 representing a perfect positive correlation. A value of zero shows no 

correlation whatsoever. Values closer to 1.0 are preferred. 

Model Calibration & Validation Results 

Figure 18 and Figure 19, as well as Table 6, show the results of the model calibration and validation for 

the two streamflow gauges on Moose Mountain Creek. Several statistics are included in the figures and 

table that are instructive for illustrating the ability of the model to reproduce historical streamflow. The 

statistics shown in the figures are for the entire calibration and validation periods.  Statistics in Table 6 are 

split between the calibration and validation periods. Table 6 also shows the correlation coefficient. 
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Figure 18 - Calibration and validation results for Moose Mountain Creek above Grant Devine Lake 



 

37 
 

 

Figure 19- Calibration and validation results for Moose Mountain Creek below Moose Mountain Lake. 

Table 6 - Statistics for the calibration and validation periods for both Moose Mountain Creek gauges. 

Gauge Statistic Calibration Period 
(Jan 1 2008 – Dec 31 2011) 

Validation Period 
(Jan 1 2012 – Dec 31 2017) 

05ND010 NS 0.52 0.39 
 Log NS 0.22 0.40 
 % Bias -16.5 1.9 
 Correlation Coefficient 0.89 0.86 
05NC001 NS 0.35 0.42 
 Log NS 0.59 0.46 
 % Bias -57.4 -19.6 
 Correlation Coefficient 0.85 0.79 

 

 

The MESH model parameters that resulted from the calibration to the two Moose Mountain Creek gauges 

were applied to the entire Souris River Basin from Jan 1, 2008 to Dec 31, 2017 and compared to the 
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unregulated reconstructed hydrology simulations (HH1). Correlation coefficients were used to evaluate 

model performance to offer comparison to the USGS’s Souris River water balance model performance. 

The USGS’s water balance model was used to develop the stochastic hydrology traces for the Souris Plan 

of Study (HH2) (USGS, 2016). Table 7 shows these results, which illustrate that MESH model performance 

is comparable to USGS water balance model performance.  

Table 7 – Comparison of correlation coefficient for Souris sub-basins 

station Station Name MESH Correlation 
Coefficient (2008 - 2017) 

USGS Correlation 
Coefficient (1946 - 2011) 

Sub Basin 

05NA003 Long Creek at Western Crossing of 
International Boundary 

0.83 0.77 Long and Short Creek 

05NB027 Long Creek near Noonan 0.85 0.78 Long and Short Creek 

05NB036 Souris River below Rafferty 
Reservoir 

0.78 0.78 Souris River Main Stem 

05ND007 Souris River near Sherwood 0.89 0.85 Souris River Main Stem 

5116000 Souris River at Foxholm 0.81 0.85 Souris River Main Stem 

5116500 Des Lacs River at Foxholm, ND 0.81 0.75 Other Tributaries 

5117500 Souris River above Minot, ND 0.87 0.84 Souris River Main Stem 

5120000 Souris River near Verendrye, ND 0.87 0.84 Souris River Main Stem 

5120500 Wintering River near Karlsruhe, ND 0.83 0.75 Other Tributaries 

5122000 Souris River near Bantry, ND 0.87 0.84 Souris River Main Stem 

5123400 Willow Creek near Willow City, ND 0.82 0.81 Other Tributaries 

5123510 Deep River near Upham, ND 0.77 0.83 Other Tributaries 

5124000 Souris River near Westhope 0.81 0.78 Souris River Main Stem 
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In addition to computing correlation coefficients, the additional statistics of percent bias, NSE, and KGE 

were calculated between observed and modeled flows. Table 8 provides for Souris River MESH model 

validation results for the entire basin. 

Table 8 – Comparison of multiple model statistics for Souris sub-basins 

Station Name NSE log NSE PBIAS KGE 
Correlation 
Coefficient 

Long Creek at Western Crossing of International Boundary 0.07 0.14 47.8 0.25 0.83 

Long Creek near Noonan 0.27 0.31 8.9 0.41 0.85 

Souris River below Rafferty Reservoir 0.27 -0.17 -52.5 0.08 0.78 

Souris River near Sherwood 0.49 0.48 13.1 0.66 0.89 

Souris River near Foxholm, ND 0.37 0.31 1.9 0.68 0.81 

Des Lacs River at Foxholm, ND -0.06 0.48 -20 0.46 0.81 

Souris River above Minot, ND 0.47 0.50 4.4 0.71 0.87 

Souris River near Verendrye, ND 0.53 0.55 -3.5 0.75 0.87 

Wintering River near Karlsruhe, ND 0.39 0.44 -22.4 0.56 0.83 

Souris River near Bantry, ND 0.55 0.52 -3.5 0.75 0.87 

Willow Creek near Willow City, ND -0.77 0.12 11.3 0.26 0.82 

Deep River near Upham, ND -0.1 -0.34 -18.2 0.23 0.77 

Souris River near Westhope, ND 0.43 0.04 -3.5 0.71 0.81 

 

Percent Bias with absolute values of greater than 25% and Nash-Sutcliffe coefficients of less than 0.5 are 

generally considered to be unsatisfactory for most applications (Moriasi et al., 2007). The majority of 

hydrologic models developed for which this sort of criteria are typically applied are fixed parameter 

models, applied in support of event-based modeling or relatively, short continuous simulation windows 

(1-2 years). To accurately model climate changed hydrology by taking into consideration the wide range 

of climate-land surface interactions that could be impacted by climate change is preferable to use a more 

physically based model. To evaluate climate change impacts, hydrologic response must be continually 

simulated for long time frames (for example 1951-2005 and 2006-2099). The physically-based MESH 

model requires numerous inputs which makes the calibration process more onerous. The hydrology of 

the Souris River basin is quite complex as described in Section 3.2.2. Additionally, as a result of the low 

runoff ratios observed in the Souris calibration to streamflow is limited by the weak streamflow signal 

when compared to the meteorological inputs. Thus, attempting to apply metrics like NS and percent bias 

to gauge model adequacy for modeling climate changed impacts to hydrology over decadal timescales is 

likely too rigorous. The uncertainty associated with GCMs, assumed emission trajectories and downscaling 

processes is large and thus for this specific modeling application it is appropriate to place more emphasis 

on the hydrologic model’s ability to accurately model climate-land surface interactions versus its ability 

to match event-to-event flow magnitudes, volumes, and timing with exact accuracy.   

Figure 18 and Figure 19 show that the model does a reasonable job of capturing the timing of the 

hydrograph peaks, which correspond to a reasonable timing of snowmelt (not shown). In addition, the 

model appears to do a reasonable job of producing more streamflow during the high flow years and less 

streamflow during the low flow years, even when they are back-to-back, such as in 2009 – 2011. Some of 
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the years appear to match remarkably well, such as 2009 and 2016. This implies that the model is able to 

replicate the physical processes in the basin driving streamflow response and thus can be appropriately 

applied to evaluate broad trends in hydrologic response driven by changes in meteorological conditions 

over time. The improved performance associated with the addition of specific model features targeted at 

enabling the model to better replicate the physical process specific to the Souris River basin related to 

frozen soil, blowing snow and variable contributing drainage area is further illustrated in the following 

section (Section 3.2.3).  

3.2.3. Impact of Infiltration to Frozen Soil, Blowing Snow and Variable Contributing Area 
Calibration results are based on model runs which include the improved algorithms to represent 

infiltration to frozen soil, blowing snow and variable contributing area. To illustrate the importance of 

accurately representing these physical processes, the following figures shows how the 

calibration/validation results change for Moose Mountain Creek above Grant Devine Lake (05ND010) 

when these algorithms are turned off individually.  

Figure 20 shows the impact to the streamflow calibration when comparing the calibrated model with 

turning off the frozen soil infiltration algorithm. Figure 21 shows the difference in streamflow between 

the two runs. These results show that including the frozen soil infiltration algorithm produces flashier 

flows in the spring due to the restriction of soil infiltration as snow is melting. Although this is appropriate 

in most years, the observed flows indicate that there are some years in which it is unlikely that the 

restricted flow occurs, such as 2010. This indicates that further work is still required to ensure that the 

algorithm is appropriately selecting the type of infiltration occurring in the model: unlimited, limited, or 

restricted. 

Figure 22 shows the impact to streamflow calibration when comparing the calibrated model with turning 

off the blowing snow algorithm. Figure 23 shows the difference in streamflow between the two runs. The 

blowing snow algorithm includes both snow sublimation and snow redistribution. These results show that 

blowing snow sublimation has a significant impact within the model. The snow redistribution does not 

appear to have a large impact on the timing of the spring snowmelt peaks, as one might expect when 

snow is moved from open fields to wetland or forest areas affecting how long it would take to melt the 

increased snow mass in these wind-blown areas. However, the sublimation during snow transport reduces 

the amount of snow available for melting. 

Figure 24 shows the impact to the streamflow calibration when comparing the calibrated model with 

turning off the new fill and spill algorithm. When the new fill and spill algorithm is turned off, the more 

traditional WATROF algorithm is used. Figure 25 shows the difference in streamflow between the two 

runs. These results show that traditional land-surface flow algorithms would produce far too much flow 

in the Souris River basin because they do not properly account for the variable contributing area of the 

prairie pothole region. Traditional hydrologic models often account for variable contributing area by 

masking out areas that do not usually contribute to the flow. If this more traditional approach were 

applied, dynamically accounting for the variable contributing area would require periodically updating the 

masked-out area on an event-to-event basis with little guidance on how much area to exclude from the 

model’s land-surface hydrology. This is where the variable contributing area algorithms show their value 

in basins such as the Souris because they automatically adjust the contributing area through time. 
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Figure 20 - The calibrated model results compared to the same parameterization with the frozen soil infiltration algorithm turned off. 
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Figure 21 - The difference in streamflow between the calibrated models with the frozen soil infiltration algorithm turned on and off. 
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Figure 22 - The calibrated model results compared to the same parameterization with the blowing snow algorithm turned 
off. 
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Figure 23 - The difference in streamflow between the calibrated models with the blowing snow algorithm turned on and off. 
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Figure 24 - The calibrated model results compared to the same parameterization with the new fill and spill algorithm turned 
off. 
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Figure 25 - The difference in streamflow between the calibrated models with the fill and spill algorithm turned on and off. 
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3.2.4. Hydrologic Modeling Recommendations 
To decrease the uncertainty associated with the hydrologic modeling component of the climate changed 
hydrology modeling chain and for applications where a more exact realization of year-to-year and event-
based response is required, a multi-objective approach to model parameterization, and to assess model 
fidelity, needs to be developed for this region. The results are able to replicate streamflow response 
reasonably well along the main stem of the Souris River. However, some basins such as the Des Lacs river 
show a significant bias in total volume, which may be in part due to instream routing issues and inline 
lakes along the river. There is a clear need for in-depth diagnosis of model behaviour for many of the 
tributaries in the Souris basin. A joint U.S.-Canada effort in characterizing and simulating the energy and 
water budget at the local scale is necessary to better understand the hydrology of the basin. Some key 
areas where resources could be dedicated to improving model performance include: 
 

 Resources should be dedicated to further improving upon and getting formal endorsement (via a 
peer-reviewed publication) for the fill-and-spill algorithm developed as part of this modeling 
effort.  

 The differences between the RDRS and GEM-CaPA point to deficiencies in GEM-CaPA for the 
basin. CaPA contains a limited number of ground-based observations in the basin. Although some 
additional non-real-time observations are included in the RDRS, further work is needed to 
incorporate more ground-based observations into both the real-time CaPA and future versions of 
the RDRS to decrease the uncertainty/error associated with the meteorologic forcings used for 
MESH model calibration/validation and GCM/RCM bias correction. 

 Some MESH parameters may be more appropriately set by location rather than landcover type.  

 Because the Souris River basin typically exhibits a low runoff ratio, calibration to other aspects of 
the water balance beyond streamflow is important for this area. Evapotranspiration and water 
storage in lakes, wetlands, prairie potholes and the soil column are substantial elements of the 
water balance that require further monitoring and attention.   

 For the specific application of modeling climate changed hydrology, it would be beneficial to 
produce models of the Souris River basin using multiple hydrologic modeling platforms and 
approaches to hydrologic model parameterization. This would aid in revealing and characterizing 
some of the uncertainty associated with hydrologic modeling approach applied.  

4. Workflow: Climate Changed Hydrology 
To appropriately characterize projections of future climate changed hydrology in the Souris River basin, 

additional downscaled and bias corrected products would need to be generated and/or acquired. Analysis 

would need to be conducted to characterize and communicate the considerable uncertainty associated 

with future projections of climate changed hydrology. In addition to needing to include a larger ensemble 

of projections as part of the analysis, additional work would need to be carried out before projected, 

climate changed hydrology could be compared to what has been observed historically. This would consist 

of comparing hydrology generated using CanRCM4-WGC inputs for the historic simulation time period to 

observed streamflow timeseries for the same time period. Based on such a comparison, necessary post-

processing steps would need to be defined and applied.  To verify that climate changed hydrology can be 

produced using the MESH model CanRCM4-WGC simulated historic and projected climate changed 

meteorology was used as inputs to the MESH model. Simulation runs were successfully completed for the 

15 ensemble members described in Section 2.1.  
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This proof-of-concept assessment was extended to include coupling with the Study HEC-ResSim model 

(Appendix B-3). By establishing this workflow, the Study team has developed a tool which can be used to 

support more in-depth assessments of the impacts of climate change on the Souris River basin’s hydrology 

in the future. However, because the work done as part of this Study, to date, represents only a component 

of the analysis required to generate climate changed hydrology specific to the Study area, output from 

the proof-of-concept run does not support an assessment of expected future flows or water management 

practices in the Souris River basin. To support this sort of evaluation, at minimum a larger ensemble of 

downscaled and bias-corrected forcings from multiple GCMs would be required, along with additional 

post-processing of the streamflows generated. Ideally, insight into further sources of uncertainty in the 

modeling chain would be examined by assessing results derived using multiple emission scenarios (RCPs), 

a variety of downscaling/bias correction techniques, several different hydrologic modeling platforms and 

variation in hydrologic model parameters.  

5. Summary – Projected Hydrometeorology and Hydrology  
To identify the implications of changing hydroclimatic conditions in the Souris River basin to flood control 

and water supply operations, the Study undertook a comprehensive review of recently published 

literature summarizing regional trends in observed and projected hydrometeorological datasets (See Part 

A – Literature Review and Historical Trends Analysis). The Souris River basin’s climate is significantly 

influenced by natural climate variability.  

Projected hydrometeorology and hydrology were also investigated. In general, GCM and RCM based 

projections of future climatic conditions in the region encompassing the Souris River indicate that recent 

trends in temperature are likely to continue. Both the literature review and the GCM/RCM model outputs 

analyzed specific to the Souris River basin indicate that by the end of this century the climate in the region 

will be significantly warmer. However, there is more uncertainty associated with projected precipitation. 

Despite this uncertainty, recent research and the analysis conducted as part of this study both indicate 

that annual average precipitation is likely to increase by 2100. Seasonally, increases in winter precipitation 

and declines in summer precipitation are projected. There is less consensus in trends in fall and spring 

precipitation projections.   

Studies reviewed focused on analyzing trends in projected hydrology offer mixed results. It is difficult to 

develop conclusions related to projected hydrology (streamflow response) because of the significant 

uncertainties associated with GCMs.   

Based on scientific evidence presented, the hydroclimate of the Souris River basin has been highly variable 

and subject to long-term persistent climate trends. Future projections of temperature and precipitation 

show there is also evidence that human driven climate change will have future impacts in the basin. 

However, how human-driven climate change will impact the basin’s hydrology is highly uncertain. Both 

natural variability and the ambiguity associated with how human driven climate change will impact basin 

hydrology presents a challenge to generating an effective and sustainable long-term plan for water 

management in the basin.    

6. Recommendations 
As new GCMs and mechanisms for downscaling and bias correction become available, these data sources 

can be used along with the workflow defined as part of this study effort to further improve understanding 
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of future hydroclimatic conditions in the basin. Currently, many downscaled projections of future 

meteorology do not provide continuous, transboundary coverage between the United States and Canada. 

The Study Board and the International Joint Commission should advocate for the generation of products 

which support the assessment of future, climate changed hydroclimatic conditions in transboundary 

watersheds like the Souris River basin.   

There remains a need to increase the understanding of how future climate and runoff response will be 

affected by climate change, and how additional data resources can be used, and improved modelling can 

be undertaken to guide decisions as the science evolves.  Hydrometeorological monitoring will be critical 

to tracking the basin’s current climate state and in identifying any trends that start to materialize in basin 

meteorology and streamflow response. Thus, the maintenance of the existing meteorological and 

streamflow gauge network is critical to enabling water managers to be responsive to shifts in 

hydroclimatic conditions. Consideration should be given to expanding the network of gauges currently in 

operation. An adaptive management approach would consist of a re-evaluation of certain aspects of the 

operating plan should certain hydrometeorological conditions begin to materialize in either the observed 

record or in model-based evaluations of future climate and hydrology. Consistent with the IJCs adaptive 

management approach, stakeholders should take into consideration the lead times required to make a 

change to the current water management approach. Taking these lead times into consideration, 

thresholds of change in observed and/or projected hydrometeorological conditions should be identified 

at which a required change to the basin’s management plan should be triggered.   
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