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ABSTRACT
In the spring and early summer of 2011, the Assiniboine River basin in Canada experienced an extreme
flood that was unprecedented in terms of duration and severity. The flood had significant socioeconomic
impacts and caused over $1 billion (Canadian dollars) in damage. Contrary to what one might expect for such
an extreme flood, individual precipitation events before and during the 2011 flood were not extreme; instead,
it was the cumulative impact and timing of precipitation events going back to the summer of 2010 that played
a key role in the 2011 flood. The summer and fall of 2010 were exceptionally wet, resulting in above-normal
soil moisture levels at the time of freeze-up. This was followed by record high snow water equivalent values in
March and April 2011. Cold temperatures in March delayed the spring melt, resulting in the above-average
spring freshet occurring close to the onset of heavy rains in May and June. The large-scale atmospheric flow
during May and June 2011 favored increased cyclone activity in the region, which produced an anomalously
large number of heavy rainfall events over the basin. All of these factors combined generated extreme
flooding. Japanese 55-year Reanalysis Project (JRA-55) data are used to quantify the relative importance of
snowmelt and spring precipitation in contributing to the unprecedented flood and to demonstrate how the
2011 flood was unique compared to previous floods. This study can be used to validate and improve flood
forecasting techniques over this important basin; the findings also raise important questions regarding floods
in a changing climate over basins that experience pluvial and nival flooding.

1. Introduction
During the spring and summer of 2011, the Assiniboine River basin (ARB; Fig. 1) in Canada experienced
an unprecedented and devastating flood. The flood was
exceptional in terms of both the volume of water and its
longevity, and it was rated as Canada’s number one
weather event for 2011 (Phillips 2012).
The impacts of the 2011 flood over the ARB were
widespread and costly. The Canadian Wheat Board estimated that almost 5.5 million ha of farmland did not
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produce crops in 2011 because of flooding. Additionally,
critical infrastructure (such as roads and bridges) sustained significant damage, and over 7000 people were
displaced (Government of Manitoba 2013a). Impacts of
the flood are ongoing at the time of writing, with thousands of people still displaced, and the current accumulated cost is estimated at $1.2 billion (Canadian
dollars; Government of Manitoba 2013a).
Floods are not uncommon in the ARB, and at least 12
major events have been documented since official records started in 1913 (Government of Manitoba 2013b;
Rannie 2002). Records indicate that the largest flood
over the ARB prior to 2011 occurred in 1976. The
unique and unprecedented nature of the 2011 flood is
underscored by the fact that the annual discharge measured at the city of Brandon, Manitoba (Fig. 1), for 2011
was higher than the discharge from the entire basin for
the year of the 1976 flood; the flow at Brandon typically
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FIG. 1. Location of the ARB (red boundary) study area. Locations of stream gauges and cities are shown by colored symbols.
Numbers represent the Assiniboine River (1), Qu’Appelle River
(2), and Souris River (3).

represents only 55% of the basin’s discharge. In addition, the Assiniboine River at Brandon was at flood
stage for a record 110 days in 2011, and the Portage diversion was operated for a record 126 days and was required to function above its design capacity for a record
31 days between early May and late June 2011
(Government of Manitoba 2013b).
Extreme floods occur because of numerous factors
that can act individually or in concert. On the Canadian
Prairies, April and May are the most common months
for flooding, due to either runoff from snowmelt (i.e.,
nival) or heavy precipitation (i.e., pluvial) from largescale systems, or a combination thereof (Lawford et al.
1995). For river basins with seasonal freezing of the soil
(such as the ARB), snow accumulation and snowmelt
play a key role in modulating spring flood potential (e.g.,
Lee et al. 2005). Spring floods are also affected by net
solar radiation, soil state [frozen or not; soil moisture
content as discussed by, e.g., Gray et al. (1985)], intensity
and amount of precipitation, and timing and rate of snowmelt (e.g., Shanley and Chalmers 1999). Flooding during
the summer months tends to be localized and associated
with convective rainfall, especially over saturated soils.
The preponderance of extreme floods in recent years
in North America (e.g., Lavers and Villarini 2013),
Europe (e.g., Blöschl et al. 2013), South America (e.g.,
Satyamurty et al. 2013; Marengo et al. 2012), Asia
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(e.g., Zhou et al. 2013; Komori et al. 2012), and Australia
(e.g., Christidis et al. 2013; King et al. 2013) has led to
concern that floods are increasing globally as the hydrological cycle accelerates in response to anthropogenic
global warming (Hall et al. 2013). The hydroclimate over
the temperate regions of North America is also changing
in ways that may affect spring floods in the ARB (Brown
and Mote 2009; Vincent et al. 2007; Vincent and Mekis
2006). Exactly how the spring streamflow and flooding
potential over the ARB will respond to future changes in
the hydroclimate is unclear, because there is uncertainty
as to how the key variables relevant to severe flooding
identified above will change (Field et al. 2012). For
example, Diffenbaugh et al. (2013) found that some highlatitude regions, despite increasing cold-season temperatures, will remain cold enough to ensure high March
snow water equivalent (SWE) values on account of increasing winter snowfall, thereby leading to increased
spring runoff. In contrast, a decrease in winter snowpack
in regions where the temperature response overwhelms
the increase in winter precipitation would reduce spring
runoff (e.g., Dankers and Feyen 2009). It may be that the
response of individual variables is not as critical as how
the sequence of events, or interaction between variables,
may play a role in muting or exacerbating a flood. Consequently, it is important to undertake studies of significant events such as the 2011 flood to identify the key
factors at play and their interactions.
Despite the aforementioned issues and the socioeconomic costs associated with flooding over the ARB, to the
authors’ knowledge, no previous peer-reviewed article has
undertaken a detailed hydroclimatic analysis of floods over
the ARB or similar basins in Canada. Studies have focused
on flooding associated with ice jams (e.g., Goulding et al.
2009; Peters et al. 2006; Beltaos et al. 1996), rainfall-driven
floods (e.g., Spry et al. 2014; Roy et al. 2001), or spring
snowmelt floods (e.g., Saint-Laurent et al. 2009; Loukas
et al. 2000). The results of this study will address the
aforementioned knowledge gap, will be of value to
stakeholders in the basin, and may also be applicable to
other basins globally that experience pluvial and/or
nival floods (e.g., the Ural and Don River basins).
The 2011 flood is well suited for a detailed analysis
because of the wealth of available data. We used these to
fulfill the following two objectives: 1) to characterize and
quantify the hydroclimatic conditions responsible for
the 2011 flood and 2) to determine why the 2011 flood
was so dramatically different from previous floods in the
ARB that were preceded by similar conditions such as
heavy winter snowpack or heavy spring rains. To this
end, surface and atmospheric conditions observed prior
to and during the 2011 flood will be characterized and,
where possible, placed in historical context.
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The paper is organized as follows. Section 2 outlines
the study area and datasets. In section 3, the hydrologic
aspects of the ARB and the 2011 flood are discussed and
compared with previous major floods. Section 4 documents the hydroclimatic factors prior to and during the
flood, including the spatiotemporal variability of the
surface precipitation and temperature, SWE, and soil
moisture. The occurrence and distribution of heavy and
very heavy precipitation events are reviewed in section
5. Section 6 examines the exceptionally wet spring of
2011 and attendant large-scale atmospheric forcing, and
section 7 investigates the surface water balance to
quantify the relative contributions of snowmelt and
precipitation to the flood and to determine what made
the 2011 flood so extreme and unique. The summary and
conclusions are provided in section 8.

2. Study area and data
The ARB encompasses an area of 162 000 km2 over
southeastern Saskatchewan, southwestern Manitoba, and
northern North Dakota (Fig. 1). The main basin consists
of three subbasins: the Souris River (62 000 km2), the
Qu’Appelle River (58 000 km2) and the Assiniboine
River (42 000 km2). Land use is dominated by annual
cropland, with patchy mixed evergreen–deciduous forest
found over the extreme eastern portions of the Assiniboine subbasin. The elevation declines from ;640 m
near the source to 230 m at Headingley. The ARB is
located within the Prairie Pothole Region, which was
formed by glaciation during the Pleistocene epoch. The
potholes exert an important influence on the basin’s
water balance (and peak runoff) on account of their
large potential storage capacity (Hayashi et al. 2003).
Unlike more ‘‘traditional’’ river basin drainage systems,
these potholes cause the ARB’s contributing area to vary
from year to year, thereby complicating the basin’s hydrology (e.g., Shaw et al. 2012). Furthermore, the potholes do not always contribute to the drainage network,
but under extreme wet conditions can do so by connecting to streams through the so-called ‘‘fill and spill’’
mechanism (e.g., van der Kamp and Hayashi 2009).
The ARB receives 400–500 mm of precipitation annually (1971–2000 baseline), of which about 65%–70%
falls in the warm season (May–September; http://climate.
weather.gc.ca). June is typically the wettest month (basinaveraged precipitation of almost 80 mm), whereas
February is the driest (only 15 mm of water-equivalent
precipitation). Mean annual accumulated snowfall
over the basin is near 100 cm.
To accomplish the objectives of this study, an analysis
of several datasets was required. These included precipitation and SWE data, in addition to atmospheric
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variables. Identifying suitable datasets to quantify the
spatial and temporal variability of key hydrometeorological variables at the spatial and temporal scales relevant for this study (i.e., from subdaily through decadal
time scales) required drawing upon a diverse range of
datasets, as no single one met all the requirements. With
this in mind, the following products were chosen because of their suitability for investigating particular aspects of the ARB’s hydroclimate.
Precipitation and temperature data from the 50-km
Canadian Gridded Temperature and Precipitation
(CANGRD) data product (Zhang et al. 2000) were used
at monthly and seasonal time scales, whereas precipitation data (on a 0.28 grid) from the Canadian Precipitation Analysis (CaPA; Mahfouf et al. 2007) project
were used for daily and subdaily time scales. CANGRD
temperature and precipitation values are derived from
climate station data that have been adjusted for homogeneity issues caused by station relocation and changes
to instrumentation and observing times (Vincent and
Gullett 1999; Mekis and Hogg 1999; Vincent 1998). In
addition, precipitation data have been adjusted for
gauge undercatch, wetting loss, and trace events (Mekis
and Hogg 1999). The CaPA product has proven valuable
in recent hydrometeorological research in Canada (e.g.,
Milrad et al. 2013; Deacu et al. 2012). Organized precipitation systems over or near the ARB were tracked
using NOAA’s interpolated outgoing longwave radiation (OLR) product (Liebmann and Smith 1996). Previously, Bao et al. (2005) used OLR data in Ontario,
Canada, for a similar purpose.
SWE data from GlobSnow (Takala et al. 2011) were
used to track the temporal and spatial evolution of the
snowpack. GlobSnow is a hybrid product, in that it assimilates spaceborne passive radiometer and ground-based
measurements. A comparison between GlobSnow SWE
data and those from the Canadian Meteorological Centre
showed excellent agreement between 1999 and 2011.
GlobSnow data were selected because they are available
for the entire satellite era (since 1979) and are superior to
other pure Earth-observation-derived products for monitoring the seasonal SWE cycle (Hancock et al. 2014).
Furthermore, GlobSnow data have been used widely for
hydrometeorological research (e.g., van Dijk et al. 2013).
Snow cover extent data from the Rutgers Global Snow
Lab (http://climate.rutgers.edu/snowcover/) were also
incorporated. Streamflow data were extracted from the
archived hydrometric dataset maintained by the Water
Survey of Canada (http://wateroffice.ec.gc.ca/index_e.html).
Lightning data were from the Canadian Lightning Detection
Network (Burrows and Kochtubajda 2010).
To explore the physical processes associated with the
2011 flood, atmospheric variables including mean sea
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level pressure, vertical motion, winds, and geopotential
heights from the state-of-the-art ERA-Interim (hereafter
ERA-I) product (Dee et al. 2011) were analyzed. ERA-I
has been used extensively for hydroclimatic studies (e.g.,
Klehmet et al. 2013; Trenberth and Fasullo 2013) but has
the disadvantage that it covers only the satellite era. To
address this, the recently released Japanese 55-year Reanalysis Project (JRA-55; Ebita et al. 2011) product was
selected to investigate the surface water budget over the
ARB because it extends back to 1958, thereby allowing us
to compare the 2011 flood with those occurring prior to
the satellite era. Chen et al. (2014) found that, over East
Asia, the JRA-55 was comparable (or superior to) other
reanalysis products in reproducing the diurnal cycle.
Simmons et al. (2014) noted that JRA-55 atmospheric
temperatures compared well with those from ERA-I.
More importantly, the suitability of using JRA-55 for this
research was assessed by comparing the JRA-55 terrestrial water budget over the ARB (between 1979 and 2012)
with budgets from other products used in hydroclimatic
studies (e.g., ERA-I, GLDAS-VIC, and GLDAS-Noah).
This analysis revealed that, while the annual residual for
JRA-55 (;70 mm yr21) was larger than those for the
GLDAS products, it was smaller than the residual for
ERA-I (not shown). The JRA-55 also successfully captured the seasonal cycle of the key water budget terms.

3. 2011 hydrometric data in context
The streamflow of rivers in the ARB follows a clear
seasonal cycle—increasing rapidly after February,
reaching a peak in April or May during the spring
freshet, and decreasing rapidly thereafter (Fig. 2). The
spring peak is primarily in response to runoff from
snowmelt, although the peak daily flow for the year can
occur after the spring peak, in response to heavy rains.
To prevent frequent flooding along the Assiniboine
River downstream of Portage la Prairie, the Portage
diversion (completed in 1970) was constructed to divert
water to Lake Manitoba. The amount of water diverted
at Portage varies from year to year, with an average of
;325 000 cubic decameters (dam3; 1 dam3 5 1000 m3)
per year between 1970 and 2010.
The degree and duration of flooding in 2011 was unprecedented in records extending back to the early
twentieth century (see Fig. 3). This is also underscored by
the fact that in 2011 the Portage diversion operated for
a record 126 days and diverted 5.83 million dam3 of water.
This is exceptional when compared to the previous maximum of 65 days and 1.72 million dam3 associated with the
1976 flood (Government of Manitoba 2013b).
The availability of hydrometric data for river gauges
discussed here varies considerably. To facilitate comparison
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with data among gauges in the basin, statistics in Table 1 are
based only from 1974 to 2013.
The Souris subbasin accounts for almost 40% of the
ARB’s area and typically contributes ;30% to the
ARB’s annual discharge. The mean peak daily flow
measured at the hydrometric station at Wawanesa (on
the Souris River) is ;140 m3 s21. Discharge between
April and July contributes ;80% of the annual discharge (Table 1). In 2010, the flow tapered off more
slowly than usual because of late summer rain (Fig. 2a).
Discharge records were set for every month between
May and October 2011; the new records were between
10 and 30 times greater than their respective long-term
mean monthly values. The record peak daily flow of
;790 m3 s21, set in early July 2011, was almost over 5
times higher than the mean peak value, and it occurred
much later in the year than did the previous record peak
daily flow of ;740 m3 s21, in April 1976. The expected
return period for the peak daily flow recorded in 2011 is
;130 years (Government of Manitoba 2013b). The cumulative discharge for 2011 was ;5.7 million dam3,
which is almost 10 times greater than the 1974–2013
mean. In 2011, the Souris basin contributed ;45% to the
ARB’s annual discharge (at Holland), which is about
20% greater than the average.
The hydrometric station at Brandon measures the
cumulative discharge from the middle and upper Assiniboine River subbasin and the Qu’Appelle subbasin
(55%, or ;89 000 km2, of the ARB’s area). The mean
peak daily flow for 1974–2013 is ;220 m3 s21, with about
two-thirds of the annual discharge typically occurring
from April through July (Table 1). New discharge records were set at Brandon from September 2010 onward
(Fig. 2b), and the abnormally high flow continued
through the winter. Records were set in January and
February 2011 and in May–August 2011. In May 2011,
a new record discharge for any month was set at
2.1 million dam3 (previous record was 1.3 million dam3,
in May 1995). The record peak daily flow of ;1280 m3 s21
set in May 2011 was about 6 times higher than the mean
value. The return period for the peak daily flow recorded in the 2011 flood is ;250 years (Government of
Manitoba 2013b). In 2011, the flow at Brandon contributed ;6.6 million dam3 (or 50%) to the ARB’s annual
discharge that year. This was about 5 times greater than
the mean annual discharge for this site, and higher than
that measured for the entire ARB during the year of the
1976 floods (;5.5 million dam3).
Hydrometric data from Holland, rather than from
Headingley, are discussed here to avoid complications
of using peak daily flow data from Headingley because it
lies below the Portage diversion. Holland represents the
flow from 160 000 km2, or almost 99%, of the ARB. The
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FIG. 2. Monthly discharge (dam3) at (a) Wawanesa, (b) Brandon, and (c) Headingley for 2010 and 2011. The
normal values are for 1981–2010, whereas the monthly record values are the max values observed in the record
before 2011.

mean peak daily flow at Holland is near 355 m3 s21, with
a mean April–July total discharge of 1.62 million dam3
contributing ;70% to the annual discharge (Table 1).
New discharge records were set in August and
September 2010 (Fig. 2c), and all-time highs were set
in October–December 2010. Monthly discharge
amounts started off relatively high in 2011, and in
May a record high of ;1.4 million dam3 was set (the
previous record was 1.3 million dam3 in May 1923).
New monthly records were also set between June and

September 2011, with records in August and September
superseding those set in 2010. The cumulative discharge at Holland in 2011 was ;13 million dam3, which
is about double the previous record observed during
the 1976 floods, and 3 times greater than observed
during the year of the 1995 flood (Fig. 4). Furthermore,
the accumulated discharge in 2011 was over 5 times
greater than the mean annual discharge. The peak
daily flow at Holland in 2011 had an estimated return
period of 230 years.
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FIG. 3. Accumulated annual discharge (dam3) at Headingley, located near the terminus of the ARB, for 1913–
2011. The discharge at Holland, upstream of the Portage diversion, is shown from 1968 onward. After 1970, the
annual discharge at Headingley was calculated by adding the discharge from the Portage diversion.

4. Contributing hydrometeorological factors
a. Precipitation and temperature
Both 2010 and 2011 were exceptionally wet over the
ARB. In particular, basin-averaged CANGRD precipitation data reveal that 2010 was the wettest year
since 1900. The summer of 2010 [June–August (JJA)]
was the third wettest, followed by the fifth-wettest fall
[September–November (SON)] on record. The water
year between September 2010 and August 2011 was the
fifth wettest on record.
The period between May 2010 and August 2011 was
characterized by persistent moist conditions over most
of the ARB (Fig. 5a), with only one month (March 2011)
recording below-average precipitation. Also, the accumulated precipitation from September 2010 to June
2011 was the highest since 1900. The 2010 growing season (April–September) was associated with exceptionally high precipitation (Fig. 5a), with basin-averaged
accumulated precipitation of 508 mm, nearly 160%
above normal. May 2010 ranked as the seventh-wettest
May since 1900, with large portions of the ARB

receiving .200% of average precipitation (52 mm). The
wet conditions persisted into June when basin-averaged
precipitation of 115 mm was near 150% above normal.
Conditions dried out somewhat in July 2010, but precipitation was still near-to-above average over most of
the basin. Exceptionally wet conditions returned in
August and September 2010, with precipitation over
200% above average over parts of the ARB. Except for
the far western ARB, October 2010 was also wet, with
portions of the eastern half of the basin receiving 150%–
200% of normal precipitation. A heavy rain event between 25 and 27 October (storm totals of 60–70 mm)
contributed to the high rainfall. This event was associated with an extremely deep depression over Minnesota
and Wisconsin that set a new record for the lowest
central pressure (955 hPa) over the contiguous United
States (LeComte 2011) on 26 October.
In November, apart from drier conditions over the
narrow arm of the basin between Brandon and Winnipeg
(hereafter referred to as the panhandle), the remainder of
the basin received well-above-normal precipitation, with
the basin average of 37.5 mm (;200% above average).

TABLE 1. Streamflow statistics for three key gauges (Wawanesa, Brandon, and Holland) in the ARB. Statistics were calculated for the
40-yr period from 1974 to 2013. Return period estimates for the peak daily flow in 2011 are from Government of Manitoba (2013b). Max
values are those that were observed in 2011.
Wawanesa
3 21

Peak daily flow (m s )
Apr–Jul discharge (million dam3)
Annual discharge (million dam3)
Return period for 2011 flood (yr)

Brandon

Holland

Mean

Max

Mean

Max

Mean

Max

142
0.54
0.65

788
4.71
5.67

222
0.92
1.40

1280
5.18
6.61

353
1.62
2.34

1460
10.2
12.8

130

250

230
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FIG. 4. Accumulated annual discharge (dam3) by month for 2011
at Headingley. Also shown are the accumulated annual discharges
for the 1976 and 1955 floods, and the mean-adjusted (1981–2010)
accumulated discharge at Headingley.

Precipitation was also well above average in January
2011, with a basin average of 32 mm (;160% above
normal), making it the seventh-wettest January since
1900. In February 2011, basin-averaged precipitation of
17 mm was ;115% above average, whereas in March
2011 drier conditions (80% of average) were observed.
As was the case in 2010, the 2011 growing season started
out wet (Fig. 5a). In April and May, area-averaged precipitation amounts were 130% and 170% above average,
respectively; however, the northern third of the basin was
persistently dry (,60% of average precipitation). Wet
conditions were observed basinwide in June, with a mean
of 114 mm (near 150% above average). Starting in July
2011, there was a transition to relatively drier conditions
that continued into the autumn. The panhandle area was
especially dry in July, and Winnipeg experienced its driest
July (only 10 mm of rain) since records began in 1887.
Large departures in temperature were also observed
(Fig. 5b). Between May 2010 and January 2011, basinaveraged temperatures were near normal (618C). Two
exceptions were May 2010, when temperatures were 1.58C
below average, and October 2010, when temperature
anomalies were near 138C. February–May 2011 experienced well-below-average temperatures (at least 18C below normal), especially in March, when basin-averaged
anomalies were below 248C. Near-average temperatures
in June 2011 transitioned to above-average temperatures
into the autumn and early winter. Thus, the prolonged wet
period was not associated with persistent warm or cold
temperature anomalies. The importance of the spring 2011
temperatures is discussed in sections 4b,c and 7.

FIG. 5. Basin-averaged CANGRD monthly departures (from the
1971–2000 mean) for (a) precipitation and (b) temperature for the
ARB between May 2010 and December 2011.

flood. Basin-averaged SWE in January 2011 was near
65 mm, which was ;20 mm above the 1981–2010 average (Fig. 6). By February the SWE had increased slightly
to 70 mm, which was ;25 mm above average and the
third-highest value for February in the satellite record.
Although the basin-averaged SWE decreased slightly to
65 mm in March, this was 40 mm above average and was
the highest SWE for March since 1980 (Fig. 6). The mean
SWE in April was ;20 mm—this too was the highest
value in the satellite record. Weekly data (Fig. 7) indicate
that, by the end of January 2011, SWE decreased from

b. Snow water equivalent
The high SWE values of the winter snowpack and
rapid spring melt played an important role in the ARB

FIG. 6. Monthly GlobSnow basin-averaged SWE for 1980–2011.
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FIG. 7. Weekly GlobSnow SWE distribution over the ARB for selected weeks ending on (a) 1 Feb, (b) 1 Mar,
(c) 15 Mar, (d) 1 Apr, (e) 7 Apr, and (f) 15 Apr.

a maximum near 120 mm in the northeast to 50–60 mm in
the far southwest. From 1 February through mid-March,
the distribution and basin-averaged SWE changed very
little, with basin averages near 70 mm. Before basinwide
melt commenced in early April, peak SWE values were
.130 mm over the northeastern ARB.
Analysis of SWE data from 1980 to 2011 indicates that
the snowmelt onset displays marked interannual variability on the Prairies. SWE values typically peak in late
February, with the snowpack usually undergoing rapid
melting from late March onward. The well-belownormal temperatures (248C) in March 2011, however,
delayed the thaw. Specifically, daily mean temperature
data at Estevan and daily streamflow data suggest that
the onset of the thaw in 2011 was delayed by about 2
weeks (i.e., until 5–10 April).
Snowmelt first occurred in the south and over the
panhandle and then spread to the west and north. By the
end of the first week of April, rapid melt had greatly

reduced the snowpack, with maximum SWE values
.70 mm present only over the northeastern ARB;
elsewhere, SWE values were typically ,40 mm (Fig. 7).
By 15 April, bare ground was present over parts of the
basin and SWE values were ,20 mm over large areas.
Daily snow extent data from the Rutgers Global Snow
Lab indicate that by 22 April 2011 the basin was essentially snow-free. Despite its delayed onset, the spring
thaw was rapid and the basin was snow-free only about 3
days later than the 1971–2000 mean.

c. Soil moisture
Soil moisture data from JRA-55 (1976–2011) were
used to calculate basin-averaged soil moisture anomalies for the top 47 cm of the soil column. Focus is placed
on standardized anomalies for three key periods:
September–November (prior to freeze-up), February–
March (the period before snowmelt commenced), and
May–April (Fig. 8).

Unauthenticated | Downloaded 01/09/23 05:55 AM UTC

1258

JOURNAL OF HYDROMETEOROLOGY

VOLUME 16

FIG. 8. Standardized 0–47-cm soil moisture anomalies of basin-averaged soil moisture from
JRA-55 relative to the 1976–2011 climatology.

Following the heavy rain during the warm season of
2010, the standardized anomaly for the 0–47-cm-layer
soil moisture was at two standard deviations above average (Fig. 8). Soil moisture in the fall of 2010 was the
highest going back to 1976. For February–April 2011,
soil moisture in the 0–47-cm layer was over one standard
deviation above average and ranked second highest
on record behind February–April (FMA) 1996 (Fig. 8).
For the period between May 2010 and April 2011, the
0–47-cm soil moisture was the highest between 1976
and 2011, with standardized anomalies over two standard deviations above normal (Fig. 8). Collectively,
these data underscore the importance of the heavy rain
(section 4a) during the 2010 warm season in increasing
the soil moisture levels over the ARB both prior to
freeze-up and before the snowmelt commenced in early
April 2011.
Soil temperature data for Estevan, Yorkton, and
Winnipeg indicate that the soil typically starts to freeze
in late November. By February, the frost line extends
down to 50 cm over the southern ARB, but to at least
100 cm in the north. The soil has usually thawed by early
to mid-April, following the snowmelt. The high soil
moisture content during the winter of 2010–11 would
have likely increased the amount of ice in the soil,
thereby increasing runoff in the spring (e.g., Gray et al.
2001; Granger et al. 1984; Kane 1980). Snowmelt and
soil thaw dates for 2011 are not known, but Hayashi et al.
(2003) found that snowmelt at a Canadian Prairie site
started when the daily mean temperature exceeded 08C,
and Dunne and Black (1971) observed that the soil had
typically thawed within a day after the snow had melted.

Thus, daily mean temperatures from Estevan and
GlobSnow snow extent data suggest that the soil would
have been frozen over most of the ARB until at least
mid-April 2011. Consequently, there was less time for
the upper soil layer to dry out before the heavy events
started at the end of April (see section 4a), and this
would have increased runoff.

5. Heavy precipitation events
The frequency, timing, and severity of heavy precipitation events over the ARB were critical because
they increased soil moisture (2010 warm season), the
winter snowpack (winter of 2010/11), and subsequent
spring runoff in 2011. Here, CaPA data were used to
identify the spatial distribution and frequency of heavy
daily precipitation events.
Heavy and very heavy precipitation days were defined
as days with at least 10 and 25 mm, respectively. Specifically, CaPA grid points with $10 mm of precipitation
(GE10) in a 24-h period (between 0600 and 0600 UTC)
and those with $25 mm in #24 h (GE25) were identified. Zhang et al. (2011) suggested a threshold of
10 mm day21 to identify heavy precipitation days. The
very heavy precipitation threshold of 25 mm day21 has
been used in several studies (e.g., Budikova et al. 2010;
Higgins et al. 2007; Akinremi et al. 1999) over North
America. We only considered very heavy events (GE25)
during the warm season (from 1 May through 30 September). An analysis of daily rainfall data for warm
seasons between 1981 and 2010 at three stations in
the vicinity of the ARB (Estevan, Prince Albert, and
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TABLE 2. Seasonal mean and max counts for heavy (GE10) and very heavy (GE25) precipitation events over the ARB. Climatological
mean and max values are based on station data from Estevan, Winnipeg, and Prince Albert from 1981 to 2010. For example, these data
show that, on average, 10 GE10 events are observed in this region annually, with an annual max of 16. Values in parentheses represent the
mean and max values for October–March. Data for 2010 and 2011 are calculated for CaPA grid points within the ARB, with contributions
of GE10 and GE25 events to the seasonal accumulated CaPA precipitation also shown.
Climate 1981–2010

GE10
GE25
GE10 contribution
GE25 contribution

May–Sep 2010

Mean

Max

Mean

10 (3–4)
2 (1)
—
—

16 (16)
6 (2)
—
—

1.3
1.7
53%
15%

Winnipeg) found that this region typically experiences
10 GE10 events in a warm season, with a maximum of 16
events (Table 2). On average, only two GE25 events are
recorded, with a maximum of six events per season
(Table 2), underscoring the fact that 25 mm day21 is
atypical for this region.
Between May and September 2010, a total of 5689
GE10 occurrences were recorded at the 505 grid points
in the ARB (Fig. 9a). The basin average was 11.3 occurrences, with a gridpoint maximum of 19 (i.e., above

Max
19
5
68%
44%

May–Sep 2011
Mean
5.2
2.3
59%
23%

Max
17
4
80%
52%

Cold season 2010/11
Mean

Max

5.7
1
—
—

10
4
—
—

average). GE10 events contributed 36%–68% to the
warm-season rainfall totals (Fig. 10a), with the basinaveraged contribution being 203 mm (53%). In 2011, the
frequency of GE10 occurrences was not as high, at 4158
(Fig. 9c) with a maximum of 17 (i.e., near normal) near
Estevan. GE10 events contributed between 21% and
80% to the warm-season rainfall in 2011 (Fig. 10c); the
mean contribution was 163 mm (59%).
The GE25 fields were more spatially heterogeneous
than the GE10 fields. Almost 860 GE25 occurrences

FIG. 9. Gridpoint counts for GE10 and GE25 events for the (a),(b) 2010 and (c),(d) 2011 warm seasons (from 1 May
through 30 Sep) from the CaPA data.
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FIG. 10. Relative contribution of GE10 and GE25 events to warm-season rainfall for (a),(b) 2010 and (c),(d) 2011
from the CaPA data.

were recorded over the ARB during the 2010 warm
season (Fig. 9b), with a basin average of 1.7 events and
a gridpoint maximum of five events. The contribution of
GE25 events to 2010 warm-season rainfall was 58 mm
(;15%), with a gridpoint maximum of 44% (Fig. 10b).
In 2011, GE25 events were near normal, but higher than
2010, at 1182, with an average of 2.3 events and a maximum of 4 events (Fig. 9d). The contribution of GE25
events to 2011 warm-season rainfall was 63 mm (;23%),
with a maximum contribution of 52% (Fig. 10d).
For the cold season (from 1 October to 30 April), on
average, the ARB can be expected to receive from three
to four GE10 events (Table 2), with the maximum near
nine events. For GE25 events, the mean is less than one
event, with a maximum of two. From October 2010 to
April 2011, a total of 2876 GE10 events were identified,
and the basin average was 5.7 events (Fig. 11), so above
average. The highest incidence of GE10 events was over
the far southeastern ARB, where 10 events were identified. GE10 events contributed a mean of 44% to the
total cold-season precipitation over the basin. The
maximum number of four GE25 events over the far
northeastern parts of the basin was unusually high for
this region during the cold season.

Of 11 heavy cold-season precipitation events
(.10 mm water equivalent) between October 2010 and
April 2011, eight were associated with lows that developed over Wyoming, Montana, or Alberta and then
moved either over or just south of the ARB. These
systems typically had strong upper-level support (e.g.,
cutoff lows), with a strong poleward flow ahead of the
systems advecting relatively warm and moist air over the
basin. Reanalysis data indicated that the vertically integrated water content for these events was typically

FIG. 11. Gridpoint counts for GE10 events during the 2010/11 cold
season (from 1 Oct through 30 Apr) from the CaPA data.
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FIG. 12. Accumulated daily precipitation at Estevan for the water year starting on 1 Sep. Also
shown are the accumulated precipitation amounts for the 1954–55, 1975–76, and climatological
(1971–2000) mean water years.

well above average and was observed in concert with
strong ascent over the basin. Of the three remaining
events, two were associated with slow-moving surface
lows, while another was associated with a weak surface
low and associated Arctic front.
In section 4c, it was noted that the exceptionally heavy
warm-season rainfall in 2010 led to well-above-normal
soil moisture levels over the ARB prior to freeze-up and
that the soil moisture anomalies persisted into the early
spring of 2011. Additionally, there was a higher-thanaverage occurrence of GE10 and GE25 events over the
eastern and southeastern portions of the basin that
contributed to the well-above-average SWE content of
the snowpack.

6. The exceptionally wet spring of 2011
By April 2011, the stage was set for potential flooding
because of the snowpack’s high SWE and the high soil
moisture. However, exceptionally wet conditions in the
spring exacerbated an already serious situation. Given
that heavy rainfall events between late April and June
worsened and extended the flooding beyond the typical
snowmelt peak in late April, it is worthwhile to examine
the nature of these events and their attendant large-scale
atmospheric circulation in greater detail.
In 2011, the ARB experienced its fifth-wettest May–
June in the satellite era and the ninth wettest since the
beginning of the twentieth century. The southern half of
the ARB (south of 50.58N) was especially wet, experiencing its third-wettest May–June since the beginning of
the twentieth century. Specifically, Estevan experienced

its wettest May–June since 1935 (the date from which
continuous records are available) with 335 mm (Fig. 12).
This was 240% above the 1981–2010 average (;140 mm)
and represented over 70% of the mean annual total
precipitation (;435 mm) in only 61 days. An important
aspect of precipitation in May–June was that heavy and
very heavy rainfall events contributed markedly to the
extremely high spring and warm-season precipitation
totals.

a. Heavy and very heavy events
Historically (1981–2010), Winnipeg and Estevan receive an average of four heavy (GE10) events in May
and June combined, with a maximum of seven to nine
events. On average, one very heavy (GE25) event can be
expected for May–June, with a maximum from three to
five. In May 2011, between six and eight GE10 events
were identified at grid points in the far southwest ARB
(Fig. 13a). In June 2011, the occurrence of GE10 events
was slightly lower (Fig. 13c), although the focus of activity was still over the southwestern part of the basin
with up to six events. For May and June 2011 combined
(Fig. 13a), the maximum number of GE10 events observed at any grid point was 13 in the southwest. A total
of 2829 GE10 events occurred in May–June, which accounts for almost 70% of all the GE10 events over the
ARB during the warm season. The contribution of GE10
events in May–June to the warm-season total count exceeded 50% at over 85% of the grid points. Averaged
over the basin, GE10 events contributed almost 65% to
total May–June total precipitation and almost 40% to
total warm-season precipitation (Table 2).
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FIG. 13. Gridcell counts for GE10 and GE25 events for (a),(b) May and (c),(d) June 2011from the CaPA data.

Over the southern half of the basin, some grid points
recorded up to two GE25 events in May (Fig. 13b). In
June, the GE25 events shifted to the western half of the
basin (Fig. 13d), with some locations in the southwest
receiving up to three events. For May–June, a maximum
of five GE25 events were observed at any grid point and
a total of 553 events at all grid points. This represents
almost 50% of the 1182 GE25 events identified over the
basin for May–September. In May–June, the contribution of GE25 events to the warm-season total count
exceeded 50% at over 60% of the grid points. Averaged
over the basin, GE25 events contributed almost 30% to
total May–June total precipitation and almost 20% to
warm-season precipitation (Table 2).

b. Atmospheric circulation
1) MAY 2011
The monthly-mean 500-mb geopotential height map for
May 2011 (Fig. 14b) shows a split flow, with a negatively

tilted trough along the Canadian and U.S. west coasts
and an omega block extending northwestward from
the Canadian Prairies. Below the 49th parallel, the flow
was relatively zonal. Consistent with this regime, 500-mb
heights were above average over most of western Canada
(500-mb height anomalies over the Canadian Arctic were
.90 gpm, the highest for May for this region since 1979),
with below-average heights along the U.S. West Coast
(260 gpm) extending eastward toward the Great Lakes
(Fig. 14c).
Strong descent was observed over the northern portions of the ARB (Fig. 14d) in association with the
blocking high, with enhanced ascent over the southern
ARB and U.S. Northwest downstream of the west coast
trough. At the surface (Fig. 14e), a persistent surface low
over the northern Great Plains of the United States drew
warm, moist air northward to the ARB. Thus, the largescale flow favored increased cyclone activity over the
northern Great Plains and attendant precipitation over
southern Saskatchewan and southern Manitoba. Zonal
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FIG. 14. Monthly maps for May 2011 for (a) CANGRD precipitation departure from normal (%), (b) mean 500-mb heights (gpm), (c) 500-mb
height anomalies (relative to 1981–2010 climatology), (d) 500-mb vertical motion (Pa s21), (e) mean sea level pressure (mb), and (f) 250-mb
zonal wind anomalies (m s21). Data in (b)–(f) are from ERA-I.

wind anomalies at 250 mb indicate that the upper-level
flow was .10 m s21 weaker than the long-term mean
over the Canadian Prairie provinces (Fig. 14f). The location of the jet stream suggests a preferred storm track
extending from the Four Corners region northeastward
to the Great Lakes.

2) JUNE 2011
The omega block over western Canada broke down
in late May. The trough over the west coast shifted
southward and weakened slightly, while a ridge formed

downwind over the midwestern United States and extended to a blocking high between Baffin Island and
Greenland (Fig. 15b), where the 500-mb height anomalies were the highest for June since 1979. Height
anomalies at 500 mb were near 230 gpm upwind of the
ARB. Strong ascent was observed over the ARB (Fig. 15d).
Surface pressures were below average over the northern
Great Plains of the United States (Fig. 15e), and this
acted to draw moist air northward over the ARB. The
250-mb zonal wind anomalies indicate that the jet stream
was weaker than average over the Canadian Prairies and
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FIG. 15. As in Fig. 14, but for June 2011.

northern Great Plains (Fig. 15f). Over the same region,
the meridional wind component at 500 mb was over
4 m s21 stronger than normal. These data suggest that
the large-scale flow favored increased cyclone activity
and precipitation over and in the vicinity of the ARB,
with systems typically tracking south of the ARB.

c. Outgoing longwave radiation
The monthly maps shown in Figs. 14 and 15 provide
insight into the dominant weather patterns during
a given month, but they smooth out the details concerning the evolution of the atmospheric flow. To assess

the sequence of events over the ARB, a time–longitude
Hovmöller diagram of remotely sensed OLR anomalies
was examined (Fig. 16). Negative OLR anomalies (blue
shades) typically represent high cloud tops and enhanced precipitation, whereas positive anomalies are
indicative of little or no precipitation. Additionally,
comparison between Hovmöller diagrams for OLR
anomalies and 500-mb vertical motion anomalies (not
shown) indicate that OLR is a good proxy for baroclinic
activity. This is consistent with the high correlations
found by Lim and Wallace (1991) between tropospheric
vertical motion and OLR.
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FIG. 16. Hovmöller diagram of daily remotely sensed OLR
anomalies from NOAA for a domain extending from 458 to
558N and from 1208W to 808E between 20 Apr and 30 Jun 2011.
Solid black vertical lines indicate the approximate position
of the ARB. Red rectangles indicate timing of heavy precipitation events.

The eastward progression of precipitation areas is
clearly evident by the slope of the negative OLR
anomalies in Fig. 16. Further, multiday precipitation
events over a given latitude band spanning days are also
evident (e.g., between 19 and 22 May). Hovmöller diagrams of OLR anomalies indicate that six organized
systems affected the ARB between late April and the
end of June 2011 (Fig. 16). This is corroborated by surface and 500-mb upper-air analysis maps. Thus, rather
than a single very heavy precipitation event causing the
flooding, at least six systems yielding very heavy precipitation affected the ARB. Only three events occurred
in June, and all but two were associated with a deep
surface low and attendant upper-air cold low.
In late April 2011, a deep low-pressure system (992 mb)
and associated upper cold low that developed near Colorado traversed the ARB (Fig. 16), producing up to
70 mm of precipitation over the eastern parts of the basin,
some of it as snow. Between 10 and 11 May, another

surface low-pressure system affected the ARB. This system produced 40–50 mm of rain over the extreme southern portion of the ARB. The positive OLR anomalies
from 11 to 18 May were the result of subsidence associated with an upper-air ridge over the Prairies. A deep
surface and upper cold low (that originated over Wyoming) moved south of the ARB on 21 May 2011 and produced 30–40 mm of rain (Fig. 16). On 31 May, a deep
Colorado low (996 mb) was located over southern Manitoba and produced a wide swath of heavy rain (40–
50 mm) over the eastern and southeastern ARB, with
isolated locations receiving from 70 to 80 mm of rain.
Apart from intermittent positive OLR anomalies in
early June 2011, Fig. 16 suggests that frequent precipitation episodes affected the ARB region. These
events were associated with systems spawned by a persistent longwave trough along the west coast. Specifically, on 7 June a deep low (994 mb) that originated over
Wyoming produced very heavy rain (50–60 mm) over
the southern ARB. Between 20 and 21 June, a persistent trough of low pressure extending from western
Saskatchewan to the Dakotas produced a wide swath of
heavy rain (up to 80 mm) over the central and western
ARB. Lightning data (not shown) suggest that, unlike
the prior events, a significant portion of the rainfall for
the 7 June and 20–21 June events were associated with
thunderstorms. The relative contribution of thunderstorm rain to precipitation totals was investigated using
the same technique as Brimelow et al. (2014). Thunderstorm rain is of interest because the high rainfall
rates lead to high surface runoff that can exacerbate
flooding. Thunderstorm rain was estimated using coincident 6-hourly cloud-to-ground lightning flash and
CaPA data. For May and June 2011, 26 mm (;15%) of
the basin-average precipitation of 170 mm was attributed to thunderstorms. By comparison, in May and June
2010, over 50 mm (;25%) of the basin average of
200-mm total was attributable to thunderstorms. Hence,
if May–June 2011 had as much thunderstorm rain as in
2010, the flooding may have been even worse.

7. Surface water budget and runoff generation
Streamflow is integrated runoff, which is in turn related to water cycling components in a drainage basin by
way of water mass conservation, as in the following
equation:
d(S 1 SM)/dt 5 P 2 E 2 R,

(1)

where S, SM, P, E, and R are basin-average SWE, soil
wetness, precipitation, evapotranspiration, and runoff,
respectively. In this section, we use JRA-55 data to
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examine the surface water budget to determine why the
2011 flood was so dramatically different from previous
record floods in the ARB (e.g., 1976 and 1995) and why
record floods were not observed in years when the
snowpack was deeper than in 2011 or when the spring
rains were heavier than in 2011.
The application of reanalysis data to estimate water
budgets in the neighboring Saskatchewan River basin
was discussed in Szeto (2007). It was found in that study
that the estimated basin-averaged water budget could
vary substantially between different reanalysis datasets.
Here, we found that the JRA-55 budget compares quite
favorably with available observations and other modern
reanalysis data such as ERA-I. In particular, the interannual variability of the JRA-55 spring [March–May
(MAM)] precipitation agrees well with those of ERA-I
and CANGRD, with correlations of 0.91 and 0.83, respectively. However, JRA-55 exhibits a wet bias, with P
roughly 27% higher than CANGRD for MAM, declining to ;5% for JJA.
The JRA-55 SWE compares well with GlobSnow,
with contemporaneous correlations of 0.92 for their
January–February SWE values. There are no observations of E or SM to validate the JRA-55 values, but its E
for MAM compares well with those of ERA-I, with
a correlation of 0.7, and the two products’ long-term
means for E are within 0.1 mm day21 of each other.
Likewise, the JRA-55 soil wetness data correlate well
with those of ERA-I, with the correlation coefficient
of their monthly values .0.7. It is difficult to directly
compare the model runoff values with streamflow
data because of the extensive coverage (;62% of total
area) of noncontributing areas (NCA) in the ARB
(Agriculture and Agri-Food Canada 2013). Additionally, although the archived model runoff values exhibit
high (.0.8) 1-month lag correlations with measured
streamflow data at Headingley over the 1970–2011 period, the values were found to be not in balance with the
rest of the budget terms. As such, R was instead estimated from the residual from balancing the budget
terms in Eq. (1). The runoff values diagnosed using this
approach also exhibit high (.0.8) 1-month lag correlations with measured streamflow data at Headingley. In
addition, with a couple of exceptions, years with the
highest March–June (MAMJ) runoff (in decreasing order of magnitude: 2011, 1976, 1974, 2010, 1997, 1995, and
1999) also correspond well with the years with highest
observed MAMJ discharge volume at Headingley (in
decreasing order of magnitude: 2011, 1976, 1974, 1995,
1975, and 1999). These results demonstrate that our
approach for quantifying the surface ARB water budget
reasonably captures the interannual variability and extremes of at least some processes, including spring
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runoff, in the basin. Although the effects of NCA are not
modeled in the reanalysis, an analysis of the water
budget should still provide valuable insight into runoff
generation in the basin. Additionally, if we make the
assumption that the relative contribution of P and dS to
changes in R and dSM during the melting period are
proportional to the their relative magnitudes, then we
can also keep track of the relative contributions of P, dS,
and initial dSM to runoff in subsequent periods.
The accumulated daily P, E, dS, and dSM from 1
March to 30 June for the 1980–2011 mean and for 1976,
1995, and 2011 are presented in Figs. 17a–d, respectively. The long-term average budgets (Fig. 17a) show
that snowmelt typically occurs from March to early
April in the ARB. Runoff and soil moisture recharge
occur at roughly the same rate during the melting period. After the spring thaw, runoff decreases and the soil
wetness is depleted through evapotranspiration and runoff. Both P and E increase steadily throughout the period
in step with increasing temperatures, with P being slightly
greater than E during the early spring, resulting in nearly
constant accumulated P–E of ;11 mm during the latter
part of the period. Consequently, runoff after the melt is
mainly sustained by the subsurface flow, and accumulated
SM becomes negative by the end of the period. For the
spring melt period, P and dS contribute about 52% and
48%, respectively, to the runoff. In contrast, between
1 March and 30 June, P and dS contribute about 76% and
21% to the runoff, respectively, with a marginal contribution of only 3% from dSM.
The 1976 budget (Fig. 17b) confirms the importance of
rapid and significant snowmelt in causing the flood event
that year. SWE was higher in 1976 than in 2011, with the
result that large surface runoff and rapid soil moisture
recharge occurred during the melt from late March to
early April, after which it closely followed variations in
P. It should be noted that short-duration decreases in
the accumulated runoff are artifacts that arose in using
the current approach of budget balance to estimate the
total runoff. An intense rainfall event in mid-April
contributed to enhancing the surface runoff shortly after the snowmelt. This was followed by an extended dry
period that lasted until the end of May. Consequently,
SM was depleted to below its original value by early
May. Similar to the observed discharge (Fig. 4), runoff
tapers off rapidly in May. Although the accumulated
P–E was somewhat close to the long-term mean values
during March and April, the two accumulated terms
closely balanced each other throughout May and June as
temperatures rose above normal in late April and May.
Soil moisture in the early spring was well above normal,
so antecedent SM for the 1976 flood could have initially
had a greater impact on the spring runoff than in 2011.
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FIG. 17. Accumulated amounts (mm) for the surface water budget terms from JRA-55
from 1 Mar through 30 Jun for (a) 1980–2011 mean, (b) 1976, (c) 1995, and (d) 2011.
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The relative contribution of P and dS to the accumulated runoff between 1 March and 30 June in 1976 were
;30% and ;70%, respectively. This is the complete
opposite of the climatological values and stems from the
fact that, for the spring melt period, P and dS contributed 13% and 87%, respectively, to the accumulated
runoff. These data underscore the importance of the
snowmelt in the 1976 flood.
There was substantially lower SWE in JRA-55 in 1995
than in 1976 (Fig. 17c) and 2011 (Fig. 17d), which is also
consistent with the 2011 GlobSnow data. There were
two short melt periods in mid-March and again in midApril. Precipitation and the March snowmelt contributed to rapid runoff during the second half of March,
and runoff was maintained at a slower (but steady) rate
until late May, when it tapered off. The main difference
between the 1995 and 1976 surface budgets is found in
the somewhat-higher accumulated P–E throughout the
period, which can be partially attributed to the belowaverage temperatures in April and May 1995 and to the
well-above-normal P in March and April. Although
SWE was higher in 1976, the higher P–E in 1995 reduced
the difference in the accumulated runoff at the end of
the period, as did the fact that rainfall after 1 May was
near unexceptional (i.e., near normal). The relative
contributions of P (77%) and dS (22%) to the accumulated runoff through 30 June were consistent with the
long-term climatology. The contributions of P (70%)
and dS (30%) during the spring melt reflect the elevated
role of P compared to dS, on account of the relatively
modest snowpack.
Accumulated budgets for 2011 are presented in
Fig. 17d. The budgets clearly illustrate the reasons why
runoff was substantially higher than in the previous two
cases. First, although the SWE was slightly lower in 2011
than in 1976, it was markedly higher than the values in
1995. More importantly, the accumulated P–E was increasing throughout the period, to a value that was
substantially higher than for either of the two earlier
flood events. The enhanced P–E can be attributed to the
frequent and heavy P and the cold spring temperatures
in 2011. As noted earlier, the cold spring delayed the
melt until April. The delayed melt, combined with the
frequent cloudy conditions that accompanied the rain
events, reduced E, and the large difference in P–E
largely accounts for the difference in accumulated runoff by the end of the period. As in 1995, the relative
contributions of P (72%) and dS (24%) to the accumulated runoff through 30 June were consistent with the
long-term climatology. However, during the spring
freshet, the contributions of P (30%) and dS (70%) to
the accumulated runoff were essentially reversed, reflecting the snowmelt from the record SWE. It must also
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be kept in mind that these are relative contributions and
that the actual (absolute) contributions from P and dS
were well above normal. These data suggest that, had it
not been for the delayed freshet and the heavy and
persistent rains in May and June 2011, the 2011 flood
would have likely instead been of a similar magnitude to
the 1976 flood.
The importance of the sequence of events for the 2011
flood is highlighted by the fact that river flooding did not
necessarily follow years with either well-above-average
SWE, SM, or spring P. For example, April–June precipitation totals in 1991 and 2010 were ranked first and
second highest on record, respectively, yet there was no
flooding. For 1991, the February and March SWE were
well below average, and the soil moisture prior to freezeup the preceding fall was almost one standard deviation
below average. As for 2010, the budgets (not shown)
show that although SWE in the beginning of March was
slightly higher than normal, melt also occurred early in
March due to warm spring temperatures (;38C above
normal in March and April). In addition, spring P was
low while E was higher than normal throughout the
warm March and April. As a result, the accumulated
P–E remained low until late May, and runoff was close
to the normal value at the end of May, despite the
higher-than-normal SWE and the high rainfall that
started in the latter part of May. A large amount of
runoff was generated in June from the exceptional
rainfall, and this runoff was reflected in the high July
discharge (ranked third during the period 1970–2011)
observed for the year. The year 1997 provides an example of a high-SWE case that produced no flooding.
Specifically, 1997 had the second-highest March SWE in
the satellite record, but there were no spring floods. The
behavior of the accumulated water budget terms (not
shown) is remarkably similar to that in 1976, and the
accumulated runoff by the end of the period is similar
in magnitude to that in 1995. The JRA-55 data are,
therefore, not very useful in providing clues to explain
the absence of a flood in 2010. Examining the budgets in
greater detail reveals that the JRA-55 precipitation for
MAM 1997 was 50% higher than that in the CANGRD
data, and the observed April–June P was actually well
below average (sixteenth lowest on record). The lower
observed P, along with the potentially higher E, could
have accounted for the spring flow volume being relatively modest despite the high SWE.

8. Summary and conclusions
In the spring and early summer of 2011, the ARB
experienced an extreme flood that was unprecedented in
terms of its duration and the volume of water involved.
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FIG. 18. Timeline of significant events relevant to the 2011 ARB flood. Rankings for precipitation are relative to records going back to 1900 and for soil moisture and SWE are relative
to records going back to 1979. Discharge records go back to 1906, 1913, and 1974 at Wawanesa,
Headingley, and Brandon, respectively.

In this study, we drew on a diverse set of datasets to
characterize the surface and atmospheric conditions
prior to and during the flood, in addition to elucidating
the key hydroclimatic processes that led to the flood.
This research has led to important insights regarding
the 2011 flood. In particular, the flooding over the ARB
in the spring of 2011 was the result of a sequence of
events starting in the summer of 2010 (Fig. 18). Contrary
to what one might expect for such an extreme flood,
individual precipitation events before and during the
2011 flood were not extreme; instead, it was the cumulative impact and timing of precipitation events going
back to the summer of 2010 that played a key role in the
2011 flood. This corroborates the concept that extreme
natural hazards can arise from the compounding impacts
from a series of nonextreme events (Field et al. 2012).
The sequence of events between 2010 and 2011 may be
summarized as follows.
1) The summer of 2010 was the third wettest on record,
followed by the fifth-wettest fall. Consequently, soil
moisture anomalies for the 0–47-cm layer were
almost two standard deviations greater than average
going into the winter, and the Assiniboine River had
relatively high streamflow through the winter.
2) Precipitation for the winter of 2010/11 was above
average, and there was a higher-than-average

occurrence of heavy and very heavy precipitation
events over the eastern parts of the ARB that contributed to high SWE values. In fact, the March and April
basin-averaged SWE values were the highest in the
satellite record.
3) At the time of the snowmelt, soil moisture anomalies
(0–47-cm layer) were over one standard deviation
above average. Temperatures in March were well
below average, and this delayed the spring melt by
weeks. The impact of the delayed thaw was threefold: 1) higher incident solar radiation and temperatures resulted in a rapid thaw, 2) above-average
streamflows from the snowmelt were peaking just as
the first in a series of heavy rainfall events affected
the ARB, and 3) there was little time available for the
upper soil layer to dry out before the heavy rains
started, thereby increasing runoff.
4) Events in May and June 2011 exacerbated the already
wet conditions. The southern half of the ARB was
especially wet, experiencing its third-wettest May–June
period since the beginning of the twentieth century,
with area-averaged precipitation in only about 60 days
representing ;50% of the annual mean precipitation.
May–June 2011 was also a time when heavy and very
heavy rainfall events were frequent when compared to
the rest of the season and historical data, and the heavy
precipitation would have enhanced surface runoff.
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During this time, the large-scale circulation favored
increased cyclone activity and stronger-than-average
ascent and precipitation over and in the vicinity of the
ARB. At least six major systems produced very heavy
precipitation between late April and the end of June.
This research has also allowed us to determine why
the 2011 flood was so markedly different from previous
floods in the ARB (i.e., 1976 and 1995); ultimately, it was
the particular sequence, timing and magnitude of events
in 2010–11 and their cumulative impact that distinguished the 2011 flood from previous floods. We caution,
however, that the possible role of land use change in the
2011 flood has not been considered here.
Winter and spring temperatures in Canada have increased markedly in recent decades (Vincent et al. 2007),
with a concomitant reduction in spring snow depth and
snow cover (Brown and Mote 2009). Model projections
suggest that winter and spring temperatures will continue
to increase, with an associated increase in the frequency
and intensity of heavy precipitation events (Kharin et al.
2013; Sillmann et al. 2013). Although some precursors to
the 2011 flood were consistent with these expected
changes—for example, the preponderance of heavy precipitation events—it is not possible to use a single season
to support or argue against these observed or projected
changes. It is also important to consider the regional deviations from the larger-scale trends when examining how
the changing hydroclimate might affect the likelihood of
extreme spring floods in Canadian regions. For example,
over the ARB, CANGRD data show no trend in spring
temperature between 1980 and 2011, and contrary to
expectations (e.g., Brown and Mote 2009) and SWE
studies over North America (e.g., Gan et al. 2013),
GlobSnow data indicate that February and March SWE
over the ARB has been increasing on the order of a few
millimeters per decade (p 5 0.10) from 1980 to 2011.
This is corroborated by a similar increase in December–
February (DJF) precipitation over the ARB for the
same period. Should this trend continue, it could have
important implications for spring flooding because of
the potential for increased runoff. The discrepancy in
the satellite data warrants research to determine
whether or not the increase in the March snowpack over
the ARB is real and, if so, why other products have not
identified the increase in SWE. Thus, it would be prudent for stakeholders to keep the possibility of such
atypical SWE conditions in mind when considering future flood potential even though the future hydroclimate
is expected to become less favorable for spring floods.
Another issue arising from this work is, what caused
the atmospheric circulation regimes and particular sequence of events that led to the persistent heavy
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precipitation between the fall of 2010 and June 2011?
Were these circulation regimes (and the sequence of
events) related to stochastic internal variability, ENSO,
or perhaps some mechanism related to warming at the
high latitudes?
Boening et al. (2012) found that the strong La Niña in
2010/11 was associated with a signiﬁcant increase in terrestrial moisture storage along a swath extending from the
northwestern United States to Hudson Bay. This ﬁnding
warrants a closer examination of the linkages between the
2010/11 La Niña and heavy precipitation over the Canadian Prairies, and it also raises the question as to whether
or not the heavy rain events in May and June 2011 could
have been predicted weeks (or longer) in advance. Our
research sets the stage for using the 2011 ﬂood as a test
bed for answering such questions and testing the viability
of improving forecasting of such events in the future.
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