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Abstract: In the Prairie provinces of Alberta, Saskatchewan, and Manitoba, agricultural production
depends on winter and spring precipitation. There is large interannual variability related to the
teleconnection between the regional hydroclimate and El Niño and La Niña in the Tropical Pacific.
A modeling experiment was conducted to simulate climatic and hydrological parameters in the
Canadian Prairie region during strong El Niño and La Niña events of the last decade in 2015–2016 and
2010–2011, respectively. The National Center for Atmospheric Research (NCAR) Weather Research
and Forecasting (WRF) model was employed to perform two sets of sensitivity experiments with a
nested domain at 10 km resolution using the European Centre for Medium-Range Weather Forecasts
Reanalysis (ERA) interim data as the lateral boundary forcing. Analysis of the hourly model output
provides a detailed simulation of the drier winter, with less soil moisture in the following spring,
during the 2015–2016 El Niño and a wet winter during the La Niña of 2010–2011. The high-resolution
WRF simulation of these recent weather events agrees well with observations from weather stations
and water gauges. Therefore, we were able to take advantage of the WRF model to simulate recent
weather with high spatial and temporal resolution and thus study the changes in hydrometeorological
parameters across the Prairie during the two extreme hydrological events of the last decade.
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1. Introduction

The Canadian Prairie provinces of Alberta, Saskatchewan, and Manitoba are known for their
extreme seasonal climate and large interannual variability of hydrometeorological parameters [1,2].
Precipitation exhibits the largest spatial and temporal variability [3,4]. The major drivers of
the interannual variability are the teleconnections with various large-scale climate patterns,
especially El Niño Southern Oscillation (ENSO) [5–8]. Sea surface temperature (SST) anomalies in the
tropical Pacific during the two phases of ENSO (El Niño/La Niña) affect North American mid-latitude
weather through modulation of atmospheric circulation.

The Oceanic Niño Index (ONI) is an index of SST anomalies in the tropical Pacific commonly
used to estimate the intensity of the phases of ENSO. The ONI is calculated by averaging sea surface
temperature anomalies in an area of the east-central equatorial Pacific Ocean (5◦ S to 5◦ N; 170◦ W
to 120◦ W). A 3-month time average (running mean) is calculated to better isolate variability closely
related to the ENSO. An ONI of +0.5 or higher indicates El Niño conditions when the east-central
tropical Pacific is significantly warmer than normal. An ONI of −0.5 or lower corresponds to La Niña
conditions when SSTs in the region are cooler than usual. The last decade has experienced one of
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the strongest El Niño events of the century in 2015–2016 and a strong La Niña event in 2010–2011
(Figure 1). An El Niño (La Niña) year is characterized by warmer (colder) SSTs in the tropical Pacific
with associated changes in oceanic and atmospheric circulation [9–12]. Ref. [13] demonstrated how
mid-tropospheric circulation characterized by ridging and troughing is associated with dry/cold and
wet weather, respectively, in the Canadian Prairies.
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Figure 1. Oceanic Niño Index (ONI) calculated from NOAA Extended Reconstructed SST v4 from 1854
to 2018.

The agriculture sector, in particular, is sensitive to the large interannual variability in precipitation
requiring careful management of surface and soil water [14]. In winter and spring, extratropical cyclones
are the only source of precipitation for the Canadian Prairies due to its distance from the Pacific
Ocean and its location on the westward (leeward) side of the Rocky Mountains. Winter snowfall
and subsequent spring melt supply soil moisture for the production of crops. With recent climate
change, the storm tracks exhibit an overall poleward shift according to the analysis of observational
data and climate model output in northern high latitudes [15–17]. Reference [18] showed, however,
that elevated tropical Pacific sea surface temperatures cause a southward shift of the storm track over
North America. Previous investigations reveal a strong regional and seasonal dependence of storm
activity and extreme weather events [15].

The Prairie region of Canada experiences both severe drought and extreme precipitation.
The coefficient of variation of the climate moisture index in Canada is highest over the Prairies
and southern interior British Columbia [19–21]. Previous studies [22–24] have investigated the
atmospheric, hydrological, and land surface processes associated with extreme hydroclimatic events
such as severe droughts and floods. While various studies [5], reference [25–27] have examined
the recorded Prairie weather associated with ENSO, but the linkages between El Niño/La Niña and
hydrological parameters have not been simulated for the extreme phases of ENSO. The relatively scarce
distribution of weather stations suggests a model-based detailed spatial analysis of climatological and
hydrological parameters during ENSO events. So, in this study, we investigate the teleconnections
between the strong El Niño in 2015–2016 and strong La Niña in 2010–2011 and hydrometeorological
parameters in the Canadian Prairies using high-resolution output from the Weather Research and
Forecasting Model (WRF). This study compares the two extreme hydrological scenarios in the Prairies
in the context of ENSO teleconnection in the last decades.

2. Methodology and Modeling Experiment

The National Center for Atmospheric Research (NCAR) Weather Research and Forecasting (WRF)
model version 4.0 [28] is a mesoscale numerical weather prediction system suitable for atmospheric
research and operational forecasting with a resolution of thousands of kilometers to a few meters.
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The WRF model offers a wide choice of physics and dynamical packages along with different
parameterization options, which makes it widely used for regional climate studies.

In this study, the WRF model was configured with a nested domain (two-way nesting but
feedback option turned off in the namelist) and a horizontal grid resolution of 30 km and 10 km.
The higher-resolution domain primarily focuses on the Prairie provinces extending from the eastern
slopes of the Canadian Rockies to western Ontario. The coarser resolution domain covers a much
larger area, which includes almost the entire Canadian landmass and the northern part of the USA
(Figure 2). The model parameterization includes WRF Single Moment class 6 (WSM6) microphysics [29],
Kain Fritsch cumulus physics [30], Community Atmosphere Model (CAM) longwave and shortwave
radiation [31], MYNN2 planetary boundary layer physics [32,33], Revised MM5 Monin–Obukhov
Scheme surface clay physics [34], and unified NOAH Land Surface model surface physics [35].
The WRF simulated precipitation data were evaluated against the ANUSPLIN gridded observational
dataset produced by Natural Resources Canada (NRCan), and available at 10 km resolution over
Canada [36–38].
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Figure 2. The mother domain (d01) at 30 km resolution and the nested domain (d02)
with 10 km resolution.

The high-resolution of the model output simulates spatial variation on a 10 km grid for
hydroclimatic parameters such as snow depth, precipitation, surface runoff, and soil moisture,
which is not captured in the observed data from weather stations located hundreds of kilometers
apart. In the database of adjusted and homogenized weather data for Canada [39], there are only
97 weather stations in the Prairie provinces over an area of ≈1,780,650 km2, that is, one station for
every ≈18,350 km2.

The justification for using WRF in this study was: (i) the absence of a dataset of observed values
at a resolution finer than 50 km, (ii) the unavailability of data for hydrometeorological parameters
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such as soil moisture, surface runoff, snow depth, et cetera, among the existing gridded datasets for
the Prairie region, and (iii) dynamical downscaling using WRF can provide gridded precipitation
data for the Prairies at 10 km resolution enabling us to investigate the regional distribution of the
hydrometeorological parameters during the two hydrological extreme years in the last decade. In our
La Niña (LAX) and El Niño (ELX) experiments, the WRF simulation was forced with 6 hourly European
Centre for Medium-Range Weather Forecasts Reanalysis (ERA) interim surface and pressure level data
for the modeling of years 2010–2011 and 2015–2016, respectively. The model simulations extended
from 15 November to 31 May to allow ≈2 weeks of model spin up time. However, the study uses
the simulation results from 1 December to 31 May. The two seasons discussed in this paper were
defined in a conventional way—winter (December–February) and spring (March–May). The modeling
experiment produced hourly outputs of the hydrometeorological parameters such as precipitation,
soil moisture, snow depth, and surface runoff.

3. Results

The cold climate hydrology of the Prairies is primarily dependent on winter and spring precipitation
from mid-latitude storms. The Rocky Mountains receive the heaviest precipitation from these storm
systems and this water is transported across the adjacent plains by major rivers. Figures 3 and 4 show
the total precipitation (mm) calculated from the model output of accumulated non-convective and
convective precipitation for each winter and spring, respectively, for the La Niña of 2010–2011 and
El Niño of 2015–2016. In the figures, the blue color indicates a higher amount of precipitation. In both
seasons, the Rocky Mountains received maximum precipitation of 140–200 mm. However, a secondary
precipitation maximum extends widely over Alberta and Saskatchewan in LAX. In spring 2016 the
highest precipitation occurs over most of the Canadian Prairies (Figure 4) in both the experiments.
The winter months for 2015–2016 received less precipitation than 2010–2011 (Figure 3).
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A comparison (ELX-LAX) of the total winter and spring precipitation reveals a decrease in winter
precipitation by 20 to 40 mm over the Canadian Prairies in 2015–2016 (Figure 5). During spring,
the total precipitation increases over the northern part of the Prairie provinces but decreases over
southern Saskatchewan in May. In both winter and spring, the Canadian Rockies exhibits the highest
difference in total precipitation with remarkably lower precipitation in ELX.
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The model simulated precipitation corresponds well with the historical observed precipitation.
The model result shows similar changes in total precipitation with a decrease in winter precipitation
over the Canadian Prairies and an increase in precipitation in spring precipitation over the northern
region of Alberta, Saskatchewan, and Manitoba in 2015–2016 (Figure 6). Table 1 shows the quantitative
assessment of the changes in precipitation.
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Table 1. Changes in precipitation (mm) between La Niña and El Niño in simulation and observation
in Regina.

Regina

Simulated
La Nina

Simulated
El Nino

Simulated
Difference

Observed
Difference

December 24 19 −5 −1

January 42 26 −16 −12

February 21 27 6 2

March 48 53 5 2

April 52 41 −11 −16

May 121 62 −59 −36

The accumulated snow from winter precipitation plays a significant role in the regional energy
and water balance. Typically, snow depth increases from late November through February before it
starts melting in March. The map of snow depth in Figure 7 illustrates the dry winter of 2015–2016 in
ELX. For example, in the city of Regina snow depth was 0–0.2 m with no snow cover in December.
This pattern of extremely low snow depth persisted over the entire Canadian Prairies in the winter
months in ELX. The highest snow accumulation occurs over the Rockies. The difference (ELX-LAX)
of the snow depth simulations shows 20–40 cm less during the El Niño in comparison to the La Nina
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winter (Figure 8). The entire Canadian Prairies exhibits a prominent deficit in snow depth in the winter
months of 2015–2016.
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In Canada’s western interior, spring snowmelt runoff recharges soil moisture and the levels of
lakes and rivers. Figure 9 shows the difference in the spring runoff between the ELX and LAX. In the
ELX, due to a drier and warmer winter, the surface runoff in spring was reduced by 100–200 mm in
May over the southern Prairies. Surface runoff increases in the ELX over the northern parts of the
Prairie provinces, and high elevations of the Rocky Mountains, but otherwise is reduced prominently.Water 2020, 12, x FOR PEER REVIEW 9 of 14 
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Figure 9. WRF simulated difference (ELX-LAX) in spring runoff (mm).

Streamflow is an indirect measure of surface runoff. The simulated surface runoff from the WRF
experiments corresponds well with the observed streamflow at various sites in the Saskatchewan
River Basin in Alberta and Saskatchewan. Table 2 records the changes in Saskatchewan River Basin
streamflow from the Water Survey of Canada (WSC) which shows a prominent decrease in the river
discharge in the Canadian Prairies during spring 2016 in comparison to spring 2011.
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Table 2. Differences in recorded flow (m3/s) of the North and South Saskatchewan Rivers (NSR and
SSR) in Alberta (AB) and Saskatchewan (SK) between 2011 and 2016.

STREAMFLOW GAUGE
Difference (m3/s; 2016–2011)

March April May

NSR near Deer Creek, AB 101 −31 −216

NSR at Prince Albert, SK 83 −138 −290

SSR at Medicine Hat, AB −28.9 −207.7 −484

SSR at Saskatoon, SK −121 −168 −676.8

The recharge of soil moisture from the melting spring snowpack is critical for the production
of crops in the Prairies. A comparison of the spring soil moisture (m3 m−3) between ELX and LAX
indicates notably reduced soil moisture over the southern prairies starting in March and continuing
until May (Figure 10). A secondary prominent decrease in soil moisture occurs over the northern part
of the Prairie provinces in April–May.Water 2020, 12, x FOR PEER REVIEW 10 of 14 
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The decrease in soil moisture simulated in the modeling experiments is consistent with data
provided by Alberta Agriculture and Forestry, Alberta Climate Information Service (ACIS) https:
//agriculture.alberta.ca/acis. The soil moisture data are recorded at weather stations outfitted with
soil moisture sensors at three depths (Theta Probe ML2X from Delta-T Device Ltd., Cambridge, UK).
Table 3 shows the changes in soil moisture (first 5 cm) in volume % and precipitation changes in mm
for several stations in the Alberta network. The recorded soil moisture shows a consistent decrease in
spring 2016. Thus, the observed changes in total precipitation (Figure 6) and soil moisture (Table 3)
correspond well with the spatial changes obtained from the WRF simulations (Figures 5 and 9).

Table 3. Difference between 2016 and 2011 of observed soil moisture (first 5 cm) in volume % in
Alberta (AB).

Drought Net Stations
(AGDM)

Difference (m3 m−3; 2016–2011)

SOIL MOISTURE PRECIPITATION

March April May WINTER SPRING

Manning (North, AB) −0.029 6.239 −6.394 −29.4 62.7
Stettler (South Central, AB) 9.191 −7.555 −3.16 −11.24 59.1

Neir (South West, AB) 12.705 −11.347 −10.98 −1.4 −78.7
Del Bonita (South, AB) −0.547 −9.48 −5.397 −18.9 −12.4
Mundare (Central, AB) 8.005 −4.121 −0.006 −14.3 123

The changes in various hydroclimatic parameters indicate a strong relationship with the ENSO
teleconnection pattern and the Prairie region hydrology. A detailed simulation across the Prairie region,
during the El Niño of spring 2015–2016, exhibits a decrease in total precipitation in winter and hence a
lesser snow accumulation leading to a decrease in surface runoff and soil moisture. The modeling
result corresponds well with the previous research showing that southwestern Canada receives less
precipitation in winter–spring in El Niño years, whereas north-central Canada has surplus precipitation
due to a split jet stream [27] and a southward shift in the winter and spring extratropical cyclone tracks
during El Niño event [18]. Previous research [40] showed two spatially well defined Prairie regions
associated with the temporal evolution of droughts due to ENSO teleconnection using ANUSPLIN
data whereas in this study we showed the spatial variability of the hydroclimate parameters due to two
extreme phases of ENSO by a dynamical downscaling method using high-resolution WRF simulations.

4. Conclusions

El Niño and La Niña conditions in the Tropical Pacific affect the weather of Canadian Prairies
through shifts in atmospheric circulation. A southward shift and splitting of the jet stream result in a
southward shift of the North Pacific and North American storm track. As a result, the mid-latitude
region gets fewer extratropical cyclones during El Niño events. A strong teleconnection between
the two phases of ENSO and the mid-latitude climate produces prominent interannual variability
of hydroclimate parameters, especially precipitation, in the Canadian Prairies. In the last decade,
strong El Niño and La Niña events occurred in 2015–2016 and 2010–2011, respectively. In our modeling
experiment, the WRF model was implemented with 6 hourly ERA interim surface and pressure level
data as the lateral boundary conditions over the study domain for these El Niño and the La Niña years.

The main findings of this study are as follows:

(1) A lesser amount of precipitation in winter and spring during the El Niño of 2015–2016 in
comparison to the 2010–2011 La Niña.

(2) A decrease in soil moisture and surface runoff during the El Niño event of 2015–2016, especially in
the southern Prairies.

https://agriculture.alberta.ca/acis
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(3) The model simulation of precipitation, snow depth, and runoff during the El Niño of 2015–2016
and La Nina of 2010–2011 corresponds with observational data from weather stations and
water gauges.

The variability in precipitation associated with ENSO has significant implications for the Canadian
Prairies, the large region defined by a negative annual average water balance, and which accounts for
more than 80% of the nation’s agricultural land. Recent climate change projections [3,13] for western
Canada suggest increased precipitation and inter-annual variation as a consequence of global warming.
Previous research on the historical and projected hydroclimate of western Canada [1,2,6–8,13,27,40,41]
demonstrated the sensitivity of the surface and groundwater hydrology to climate change trends and
to inter-annual to decadal scale variability related to teleconnections with large-scale climate patterns.
The extent of these changes differs among climate models and greenhouse gas emission scenarios;
however, the largest course of uncertainty is the internal variability of the regional climate regime [3].
Much of this natural variability is linked to ENSO as demonstrated here for two strong and recent
ENSO events. The capacity of the WRF model to simulate the consequences of ENSO for the soil
and surface hydrology enables us to capture these effects with a high spatial and temporal resolution,
and model the teleconnection between ENSO and regional hydroclimate as the climate continues to
warm. However, this study is limited to a comparison between two hydrological extreme years in
the last decade. A generalization and projection of the knowledge acquired from this study to future
events would require an extensive study of the historical ENSO events.
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