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A strong atmospheric river made landfall in southwestern British Columbia, Canada on November 14th, 2021,
bringing two days of intense precipitation to the region. The resulting floods and landslides led to the loss of at
least five lives, cut Vancouver off entirely from the rest of Canada by road and rail, and made this the costliest
natural disaster in the province’s history. Here we show that when characterised in terms of storm-averaged

Streamflow . . . . . L
British Columbia water vapour transport, the variable typically used to characterise the intensity of atmospheric rivers, west-
Flooding erly atmospheric river events of this magnitude are approximately one in ten year events in the current climate of

this region, and that such events have been made at least 60% more likely by the effects of human-induced
climate change. Characterised in terms of the associated two-day precipitation, the event is substantially more
extreme, approximately a one in fifty to one in a hundred year event, and the probability of events at least this
large has been increased by a best estimate of 45% by human-induced climate change. The effects of this pre-
cipitation on streamflow were exacerbated by already wet conditions preceding the event, and by rising tem-
peratures during the event that led to significant snowmelt, which led to streamflow maxima exceeding
estimated one in a hundred year events in several basins in the region. Based on a large ensemble of simulations
with a hydrological model which integrates the effects of multiple climatic drivers, we find that the probability of
such extreme streamflow events in October to December has been increased by human-induced climate change
by a best estimate of 120-330%. Together these results demonstrate the substantial human influence on this
compound extreme event, and help motivate efforts to increase resiliency in the face of more frequent events of
this kind in the future.

breached; the town of Princeton, where the Tulameen and Similkameen
Rivers converge, which was flooded due to overtopping of levees; and

1. Introduction

An atmospheric river (AR) event on November 14th and 15th 2021
brought two days of intense precipitation to southwestern British
Columbia (B.C.). This event and associated antecedent conditions
caused a number of landslides in the region, resulting in at least five
fatalities. Floodwaters, landslides, wash-outs and bridge collapses
caused by the event closed all the highways, pipelines and rail lines
connecting Vancouver and southwestern B.C. with the rest of Canada for
several days (Figs. S1 and S2), with some highways closed for weeks
after the event. Key areas impacted by flooding included the Sumas
Prairie area of Abbotsford where more than 1000 homes were flooded
and thousands of farm animals died after a dike on the Sumas River was
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the town of Merritt, which was completely evacuated due to the threat of
inundation of the wastewater treatment facility and other hazards (these
and other geographical features referred to in this paper are shown in
Fig. S1). Insurance Bureau of Canada (2021) estimates the insured losses
from this event as 450 million Canadian dollars, making this the most
costly weather extreme in the province’s history, but notes that the
overall financial losses will be much higher, in part because many res-
idents impacted by the event were not insured.

ARs are long, narrow, shallow filaments of concentrated water
vapour transport typically found ahead of cold fronts in extratropical
cyclones (Ralph et al., 2018; Douville et al., 2021). Sharma and Déry
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(2020a, 2020b) report that the phenomenon is responsible for more than
90% of extreme rainfall in coastal regions of B.C. Two successive ARs
impacted the coasts of southern B.C. and northern Washington state in
mid-November 2021. A less intense event primarily impacted northern
Washington state on 11th-13th November, followed by a more intense
system that is the subject of this work. The orientation of these ARs was
driven by a positive 500-hPa geopotential height anomaly that created a
ridge over North America’s Pacific coast (Fig. 1). Past studies have
shown that the strength of this ridge determines the orientation of the
AR’s axis and the resulting latitude of landfall along North America’s
western coastline (Mundhenk et al., 2016; Sharma and Déry, 2020c).

Sharma and Déry (2020c) report a statistically significant upward
trend in landfalling ARs over the west coast of B.C. and Alaska between
1979 and 2016. Based on this and other studies, the IPCC Sixth
Assessment Report assessed that it was likely that an increase in AR
activity in the eastern North Pacific had occurred since the mid-20th
century, though no formal attribution assessment of this change was
made (Douville et al., 2021). While the report found that an overall
increase in extreme precipitation for the Western North America and
North Western North American regions has not yet been observed or
attributed, an increase in extreme precipitation averaged over the whole
of North America was found to be attributable to human influence
(Seneviratne and Zhang, 2021). Moreover, Sun et al. (2021) found that a
number of stations in southwestern B.C. have exhibited statistically
significant increasing trends in 5-day extreme precipitation.
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Fig. 1. Synoptic evolution of the AR from November 13th to 15th, 2021, shown
in terms of geopotential height anomalies (left column) and total column water
(right column), from ERAS5. Red-colored contours show geopotential height,
while vectors depict the vertically integrated vapour transport. The magenta
rectangle in the right column shows the area used to calculate means of inte-
grated vapour transport and precipitation in this study. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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There is a close link between landfalling ARs and extreme river
discharge (Neiman et al., 2011; Sharma and Déry 2020b). For example,
Sharma and Déry (2020b) show that AR-related maximum runoff in
coastal B.C. watersheds is significantly higher than non AR-related
runoff, and that 78% of flood-related disasters in B.C. between 1979
and 2016 are linked to ARs. Compared to other winter storms, AR storms
typically transport relatively warm, moist air that raises the altitude of
the 0 °C isotherm, or freezing level (Neiman et al., 2008; Kim et al.,
2013; Warner et al., 2012). This results in more precipitation falling as
rain (instead of snow) at high elevations and increased snowmelt, which
often leads to runoff over a much larger catchment area than during a
typical storm (Neiman et al., 2011; Guan et al., 2016). The combined
rain-on-snow effect can increase extreme runoff and streamflow,
resulting in increased flood hazard in temperate-climate mountain sys-
tems throughout the world (Freudiger et al., 2014; Li et al., 2019;
McCabe et al., 2007; Musselman et al., 2018; Ohba and Kawase, 2020).

In this study we start by examining the AR event itself, characterised
in terms of its vertically integrated vapour transport (IVT), before
moving on to consider precipitation, and lastly examining streamflow
during this event. In this way we start with the most well-understood
aspects of the event, before moving on to consider streamflow, which
is more closely related to the event’s impacts, but which is influenced by
a broader range of factors, including snowmelt and antecedent condi-
tions. For each variable in turn we characterise the event, and its esti-
mated return period, based on available observations, before estimating
the contribution of human-induced climate change to any changes in
this return period.

2. Integrated vapour transport
2.1. Event definition

ARs are generally characterised by their IVT. Our event definition is
based on the AR scale developed by Ralph et al. (2019), which rates the
severity of AR storms based on the duration of exceedances of IVT
thresholds at a location. To define the event, we average 3-hourly IVT
over a rectangular box covering parts of southwestern B.C. and north-
eastern Washington state between 48.25°N and 50.25°N, and between
120.5°W and 125°W, which encompasses the areas of heaviest precipi-
tation associated with this event and the areas that were most impacted
(Fig. 1, Fig. S1). In the Ralph et al. (2019) scale, an AR is assigned a
categorical rating of 1 (primarily beneficial) to 5 (primarily hazardous)
based on event maximum IVT exceeding thresholds of 250, 500, 750,
1000, and 1 250 kg m~! 571, respectively. Storm duration is defined by
Ralph et al. (2019) as the length of time that IVT continuously exceeds
250 kg m™! s71; if the storm lasts less than 24 h, it is downgraded
one category, and if it lasts for 48 h or more, it is upgraded
one category. Storm-total precipitation and flooding have been found to
be highly correlated with storm-total IVT integrated over the duration of
the AR (TIVT), especially the upslope component of TIVT
(Ralph et al., 2013), although it is not the only driver of precipitation
variations (Mo et al., 2021). Hence, we characterise the intensity of each
AR event using TIVT, taking into consideration storm orientation. To
apply extreme value analysis, as described below, we only consider the
strongest AR in each year. Our primary event attribution metric is thus
the annual maximum TIVT value associated with ARs having a similar
westerly trajectory as the observed event.

2.2. Observations and models

This study uses the ERAS5 reanalysis (Hersbach et al., 2020) and its
extension to 1950 (Bell et al., 2021) to calculate IVT (using data on
levels from 1 000 hPa to 300 hPa) and characterise the event of interest.
ERAS has a higher horizontal resolution of 31 km, compared to 80 km
in ERA-Interim, which allows it to represent synoptic-scale
variability more realistically (Hersbach et al., 2020; Bell et al., 2021).
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ERAS5 has already been used for studies of ARs across the globe
(e.g. Shu et al., 2021).

Fig. 1d shows IVT from ERA5 at 12:00 UTC on November 14th, 2021,
which corresponds to the maximum intensity (>550 kg m! sfl) of the
second, stronger AR that hit the region during the flooding event.
Following the Ralph et al. (2019) definition, the AR lasted 48 h, from
00:00 UTC on November 14th to 00:00 UTC on November 16th (Fig. 2a),
and was rated a Category 3 storm. This rating is based on
spatially-averaged IVT rather than IVT at individual ERAS5 grid cells. The
AR reached Category 4 at grid cells on the western edge of the event
region near Vancouver Island, but Category 2 over the eastern, inland
part of the region. Climatologically, ARs over the region come from
southerly to westerly directions (Fig. 2b), with most having a south-
westerly orientation. The November 14th storm was more westerly
oriented (median angle of 246° during the event). This aligns with the
east-west axis of the Fraser Valley, and hence is favourable for inland
penetration and precipitation over the eastern portion of the region (e.
g., coinciding with the flooding that occurred in Princeton and Merritt).
Observed event-total precipitation in the eastern portion of the region
(120.5°W to 121.5°W) is more highly correlated with annual maximum
TIVT for ARs with a westerly orientation (r = 0.6, 90% Confidence In-
terval (CI): 0.39-0.75) than for those with a southwesterly (r = 0.47 CL:
0.23-0.66) or southerly (r = 0.32, 90% CI: 0.07-0.55) orientation.
Similar sensitivity of precipitation and flooding to AR orientation in
neighbouring Washington state was noted by Neiman et al. (2011).

When compared with the strongest event in each year since 1950
(Fig. 2¢), irrespective of orientation, the TIVT of the November 14th AR
was 111% of the average annual maximum. Based on a fit of the
Generalised Extreme Value (GEV) distribution to annual maxima from

Weather and Climate Extremes 36 (2022) 100441

1950 to 2021, the magnitude corresponds to a 1 in 3.2 year event
(90% CI: 2.5-4.1 year). Strong events in November 1990 and October
2003 were associated with the Skagit Basin/Sumas River floods
(Hubbard, 1994), and the Pemberton/Sea to Sky floods (Sharma and
Déry, 2020b) respectively. By this metric, the 2021 event was stronger
than the typical strongest storm of the year, but weaker than a number of
other events in the record. However, when our analysis is restricted to
events with a westerly orientation (>240°), which exhibit stronger
water vapour transport into the eastern portion of the lower Fraser
Valley, the 2021 event has a TIVT of 180% of the average annual
maximum. Based on this definition, the 2021 AR is estimated to be a 1 in
11.8 year event (90% CI: 7.8-17.9 year).

For event attribution and projection of future changes in AR storms
over the region, observed annual maximum AR TIVT is compared with
simulated TIVT from a 50-member initial condition large ensemble of
the CanRCM4 (0.44° grid spacing) regional climate model forced by
global CanESM2 simulations under historical and RCP8.5 forcings
(Scinocca et al., 2016; Fyfe et al., 2017; Kirchmeier-Young et al., 2019).
Whan and Zwiers (2016) found that CanRCM4, when supplied with
lateral boundary conditions from ERA-Interim, was able to reproduce
the spatial extent, intensity, and location of landfalling ARs along the
west coast of North America well. The proportion of winter rainfall on
days with ARs also closely matched observationally-constrained values.
As a complement to results from CanRCM4, we also analyse initial
condition ensembles from three CMIP6 global models with
pre-calculated IVT or sufficient sub-daily pressure level data to calculate
IVT during AR events: CESM2 (30) (Rodgers et al, 2021),
MPI-ESM1-2-HR (10) (Miiller et al., 2018), and MRI-ESM2-0 (5)
(Yukimoto et al., 2019), each with simulations from 1850 (1950 for

Fig. 2. (a) Time series (November 1st-16th, 2021) of

(a) November 2021 _ s (D) IVT averaged over the event region shown in Fig. 1;
g - ' | 20% as° vertical lines and shading show the duration
| W Nskt of the AR (IVT >250 kg m~! s~! from November 14th
- |1 00:00 UTC to November 16th 00:00 UTC). (b)
5 R Directional histogram showing the orientation and
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2~ b - indicated in blue. (c). Time series of annual maximum
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MRI-ESM2-0) to 2100 under historical (Eyring et al., 2016a) and
SSP3-7.0 (O’Neill et al., 2016) forcings, where ensemble sizes are indi-
cated in brackets. Each of these global atmospheric models has a hori-
zontal grid spacing of ~100 km.

2.3. Event attribution

To assess the degree to which human influence has affected the rarity
of events like the November 14th AR, we regress simulated values of
annual maximum TIVT during westerly ARs on decadal mean global
near-surface air temperature (GSAT) anomalies using a nonstationary
GEV model. Based on the fitted model, we calculate the probability of an
event with a given magnitude under a climate with present day warming
and a counterfactual pre-industrial climate with no human-induced
warming. The regression takes advantage of the approximately expo-
nential dependence of atmospheric moisture on temperature by
expressing the logarithm of the GEV location and logarithm of the GEV
scale parameter (El Adlouni et al., 2007) as linear functions of GSAT
anomaly; the (scaled) hyperbolic tangent of the shape parameter — used
to keep values between —0.5 and + 0.5 (Martins and Stedinger, 2000) —
is similarly made to be a linear function of GSAT anomaly.

Given that results from GEV regression models can be sensitive to
parameterisation and model structure, 15 alternative formulations of
varying complexity (using different combinations of link functions for
GEV parameters, as well as adopting models with stationary shape, or
stationary scale and shape) were assessed for each climate model
ensemble separately; based on the Akaike Information Criterion, the
nonstationary model described above is recommended for each of the
four climate model ensembles (Table S1). As a further check on model
formulation, quantile regression models, which do not assume a para-
metric distribution for TIVT, were fitted to the climate model outputs.
Results from GEV and quantile regression models are similar (Fig. S3),
which lends further support to the use of the chosen GEV model. Con-
fidence intervals for all quantities derived from the fitted models are
determined by resampling from the pool of years with replacement,
refitting the models, and calculating derived statistics 1 500 times.

Nonstationary GEV models are fitted to each climate model ensemble
separately. Results for CanRCM4 are shown in Fig. 3; values of TIVT
from ERA5 are shown for comparison. An AR like the observed event,
with a westerly orientation and mean recurrence interval of 11.8 years
in a climate with +1.09 °C warming since the pre-industrial (i.e., com-
parable to the amount of observed warming to 2011-2020; IPCC, 2021),
would have been a 20.7 year event in the pre-industrial climate. This
indicates that the probability of an AR event similar to that which
started on November 14th has been increased by more than 60% by the
effects of human-induced climate change (probability or risk ratio of
1.76, 90% CI: 1.64-1.93). Broadly consistent results are obtained from
the other three global climate models (estimated probability ratios of
1.76, 1.38, and 2.42 for CESM2, MPI-ESM1-2-HR, and MRI-ESM2-0,
respectively; Fig. S4); in all cases, confidence intervals exclude one,
which indicates a robust human influence on AR event probability.

For CanRCM4, projected future changes in AR storm magnitude and
rarity can be estimated from Fig. 3. For example, a 10-year event in the
current climate is projected to be an approximately 8-year event with
1.5 °C global warming, a 7-year event with 2 °C warming, and a 5-year
event with 3 °C warming, relative to the pre-industrial climate. Annual
maximum TIVT in CanRCM4 scales with GSAT anomaly at a rate of
~12% per °C for all quantiles. A synthesis of multi-model projections is
provided in Fig. S5 for present day recurrence intervals from 5 to 50
years. There is some indication that rarer events increase in frequency
more rapidly with warming than less rare events in the multi-model
ensemble. This result differs from CanRCM4 and is primarily driven
by MRI-ESM2-0, which shows scaling of TIVT with warming similar to
CanRCM4 for the present day 5-year recurrence interval (12% per °C)
but greater sensitivity for rarer events (17% per °C for the 50-year
recurrence interval). This is also reflected in the increase in risk ratio
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Fig. 3. Annual maximum TIVT for westerly-oriented ARs over the south-
western B.C. event region in the 50-member CanRCM4 large ensemble is shown
against decadal mean GSAT anomaly relative to pre-industrial climate
(1850-1900) in the associated CanESM2 global driving simulations (light blue
dots). For reference, estimates of TIVT from ERA5 are also shown (black
squares); here, observed GSAT anomalies relative to pre-industrial are obtained
by adding the IPCC ARG best estimate of +1.09 °C warming to ERA5 anomalies
taken relative to the 2011-2020 mean. Blue lines show conditional TIVT
quantiles corresponding to 2-year to 50-year recurrence intervals estimated
from a GEV regression model conditioned on GSAT anomaly. Each dot (or
square) shows annual maximum TIVT and GSAT anomaly values for one year.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

with event rarity for MRI-ESM2-0 (Fig. S4). Overall, projected increases
in the frequency and magnitude of AR events with future warming are
consistent with those simulated in the past, which enhances our confi-
dence in the attribution of the November event.

3. Precipitation
3.1. Event definition

We focus primarily on precipitation averaged over the same box in
southwestern B.C. as used for the IVT analysis (Fig. 4). This box en-
compasses the regions of highest precipitation during the November
14th-15th event, as well as covering the locations where the biggest
impacts were experienced. We focus primarily on 2-day total precipi-
tation beginning at 00:00 UTC on 14th November, which aligns with the
48-h period in which the AR event occurred (Fig. 2a), and includes most
of the precipitation which fell during the event.

3.2. Observations and models

In this study we use two precipitation products: the ERAS5 reanalysis
(Hersbach et al., 2020), and its extension back to 1950 (Bell et al., 2021);
and the Canadian Precipitation Analysis (CaPA; Lespinas et al., 2015;
Fortin et al., 2018; Gasset et al., 2021). The former extends further back
in time, making it more suitable for event attribution, while the latter is
higher resolution, and better for characterising precipitation variations
on a small scale. Although ERA5 does not assimilate gauge measure-
ments of precipitation for most of its length (Hersbach et al., 2020; Bell
etal., 2021), Hersbach et al. (2020) demonstrate that monthly variations
in precipitation in ERA5 since 1979 correlate well with a gridded
analysis of satellite and gauge observations in the area of interest, and
Bell et al. (2021) demonstrate that the correlation of monthly precipi-
tation in ERA5 with gridded gauge measurements is high in western
North America and similar both before and after 1979. However, we
note that Rivoire et al. (2021) find differences in the simulation of
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Precipitation Analysis (CaPA; colours) and from gauges (circles). The black rectangle indicates the area used to calculate averages of IVT and precipitation in this
study. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

extremes between ERAS5 and a gridded precipitation product in north-
west North America. Hence, for comparison we also use the 10-km
Regional Deterministic Prediction System version of CaPA, which is
higher resolution than ERA5, assimilates a large number of gauge ob-
servations over Canada and the United States, and is available since
1980 (Lespinas et al., 2015; Fortin et al., 2018; Gasset et al., 2021). A
2.5-km version of CaPA is also used for characterising spatial variations,
but the dataset began only in 2016 and is therefore too short for event
attribution (Fortin et al., 2018). We also compare precipitation totals
with rain gauge observations from Environment and Climate Change
Canada, B.C. ministries and BC Hydro, the province’s electrical utility.

Fig. 4 shows the total precipitation observed on November 14th-15th
over the region of interest from the 2.5-km version of the CaPA analysis
and rain gauge observations. There is a generally good correspondence
between the rain gauge observations and the 2.5-km CaPA analysis over
this period. There is also a good correspondence between the gauge
observations and the 10-km CaPA analysis (Fig. S6a), but less good
correspondence with the coarser resolution ERA5 (Fig. S6b). Two-day
gauge precipitation totals reached 312 mm on southwest Vancouver
Island while a maximum in the 2.5-km CaPA analysis of more than 400
mm was seen north of the Fraser Valley (Fig. 4). At Coquihalla Summit,
near some of the most critical infrastructure impacts, a gauge total of
243 mm was recorded.

Fig. 5 shows cumulative precipitation from October 1st to November

Cumulative precipitation using ERAS5 data
in a region from 48.25 to 50.25 N latitude
and from 125.0 to 120.5 W longitude
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30th each year averaged over the box in Fig. 4, based on the ERA5
reanalysis. Similar results were obtained from the CaPA analysis
(Fig. S7). Individual extreme precipitation events correspond to periods
where the cumulative precipitation curves rise steeply. The two-day
precipitation from November 14th-15th 2021 was clearly unusually
high (bold red line): it was exceeded only by events in 1955, 1968, and
2003 (see also Fig. S8). Fig. 5 also shows that cumulative precipitation
immediately prior to the November 14th-15th AR event was already
substantially higher than average. Based on Fig. S8, the 2021 event was
weaker in ERAS than in the higher resolution 10-km CaPA analysis - this
is also apparent from Fig. S6, and might result from topographic effects
being better simulated in the 10-km CaPA analysis.

Fig. S9 shows the distribution of RX2day in ERA5 between 1950 and
2021, and in CaPA between 1980 and 2021. The 2021 event has an
estimated return period of 45 (90% CI: 18-120) and 100 (90% CI:
41-311) years, based on the ERA5 and CaPA datasets respectively,
where uncertainties were estimated by bootstrap resampling years prior
to 2021 with replacement 1 000 times and the 2021 event was added to
each sample (Fig. S9). Hence when characterised in terms of precipita-
tion, the event was substantially more extreme than when characterised
in terms of IVT. However, precipitation is driven by net moisture
convergence rather than by IVT itself (Mo et al., 2021). Based on ERA5,
an analysis of 2-day IVT convergence over the southwestern B.C. box
indicated that annual maximum 2-day IVT convergence and RX2day are

Antedecent precipitation index (API) from ERAS data
in a region from 48.25 to 50.25 N latitude
and from 125.0 to 120.5 W longitude

0
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Fig. 5. Cumulative total precipitation averaged over the southwestern B.C. box shown in Fig. 4 from October 1st each year since 1950 from the ERA5 reanalysis
(left). Antecedent precipitation index (Section 4.2) over the same region is also shown (right). Values for 2021 are shown in bold red, and 1990 is shown in purple for
comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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highly correlated (r = 0.92, 90% CI: 0.87-0.95). Furthermore, when
characterised in terms of net moisture convergence, the November 2021
event had a very similar return period (44, 90% CI: 24-153 years) to that
obtained for RX2day. More detailed study of the moisture convergence
associated with this event, which depends on the interaction between
the large-scale flow and the small scale topography, is beyond the scope
of the present study.

To examine how much human influence contributed to the proba-
bility of the observed November 14th-15th 2-day precipitation extreme,
we examined the distribution of annual maximum 2-day total precipi-
tation (RX2day) in concatenated historical (Eyring et al., 2016a) and
SSP2-4.5 (O’Neill et al., 2016) simulations from 166 simulations of 22
CMIP6 models (Table S2), using ESMValTool v2.4 (Eyring et al., 2016b).
After re-gridding model daily precipitation output onto a 0.5° x 0.5°
grid and area-averaging over the box shown in Fig. 4, we calculated
annual maximum running 2-day total precipitation (RX2day) in the
models and in ERA5. Comparing the distribution of RX2day in the
CMIP6 models with ERAS5 indicates that the models have a mean
RX2day which is 20 mm less than ERA5. Hence, to reduce the effects of
biases in mean RX2day in the models, we divide by mean RX2day over
the 1950-1969 period separately for the observations and each indi-
vidual simulation, to calculate a normalised RX2day (1950-1969 is the
earliest 20-year period available in ERAS). To assess the contribution of
human influence, the distribution of normalised RX2day anomalies over
a 20-year period centred on 2021 (2011-2030), was compared with the
distribution of normalised RX2day over the quasi-preindustrial
1850-1900 base period.

3.3. Event attribution

Fig. 6 shows the distribution of simulated RX2day anomalies over the
1850-1900 base period in green, along with the distribution in the 20-
year present-day period centred on 2021 (2011-2030) in brown. GEV
distributions fitted to the model output using L-moments for each period
were found to fit the simulated values well (Fig. 6, top right). The dis-
tribution of RX2day for the present day is clearly shifted towards higher
values compared to the 1850-1900 base period (Fig. 6). The magnitudes
of the 2021 and 1955 events in ERAS are also indicated on the plot for
comparison. For events with a magnitude at least as large as that of the
2021 event, the ratio of their probability in the current climate
compared to that in the base period, or risk ratio, is 1.45 (90% CI:

Normalised Rx2day in BC relative to 1950-1969 calculated from 22 CMIP6 models
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1.01-1.84). Hence our analysis indicates that human influence has
increased the probability of a 2-day precipitation event at least as large
as that in 2021, and the best estimate of this increase in probability is
45%. This risk ratio, and the results shown in Fig. 6, were obtained by
weighting each individual simulation equally, even though ensemble
sizes differed between models. Similar distributions (Fig. S10) and a
similar risk ratio, albeit with wider uncertainties (1.40 90% CI:
0.85-2.17) were obtained using output from only the nine CMIP6
models with ensemble size greater than two (Table S2) and weighting
simulations such that each model had equal weight. Moreover, broadly
similar risk ratios, ranging from 1.18 to 1.92, were obtained from in-
dividual models with ensemble size of at least 10 (Table S2).

Fig. 6 also shows the simulated distribution of RX2day anomalies for
the study area over the 2081-2100 period under SSP2-4.5, which is
associated with a best estimate warming of GSAT, relative to
1850-1900, of 2.7 °C (IPCC, 2021). As expected, the distribution of
RX2day for this period has a higher mean and also a higher spread
(larger scale parameter) than the corresponding distributions for the
base period or present day. The risk ratio for 2081-2100 is 3.16 (90% CI:
2.49-4.01) for an event of at least the magnitude of the 2021 event,
relative to the 1850-1900 base period, or 2.18 (90% CI: 1.73-3.09)
relative to the present day. Hence by the end of the century under the
SSP2-4.5 scenario, extreme precipitation events comparable to that
observed in November 2021 are expected to occur two to four times
more frequently than in the preindustrial climate.

4. Streamflow

The high streamflow and associated flooding which occurred during
the November 2021 event were influenced not only by the extreme 2-
day precipitation, but also by other factors including snowmelt and
antecedent conditions. Hence in this section we start by characterising
the hydrometeorological conditions relevant to streamflow, before dis-
cussing mechanisms driving the streamflow during this event, and
moving on to discuss observations of streamflow and event attribution.

4.1. Characterization
We characterise the hydrometeorology of the 2021 AR event using
point observations of precipitation, snow water equivalent (SWE), and

streamflow collected at meteorological and hydrometric sites in

Fig. 6. RX2day normalised relative to 1950-1969
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southwestern B.C. (Fig. S11). As an example, observations from moni-
toring sites located in the Chilliwack basin are presented in Fig. 7.
Precipitation began during the evening of 13th November and continued
unabated until around 01:00 UTC on 16th November (Fig. 7a). The
landfalling AR brought substantially warmer air to the region and the air
temperature rose 8 °C from a low of —2.4 °C on the morning of 14th
November to a high of 5.6 °C in the afternoon, and air temperature
remained above 0 °C until just past 00:00 UTC on 16th November
(Fig. 7c). Prior to air temperature rising above zero, precipitation
contributed to increased SWE, causing SWE to rise 35 mm just before the
onset of melt (Fig. 7b). Although local air temperature rose above
freezing on the morning of 14th November, around 4-6 h was needed for
the snowpack to warm and reach saturation, such that snowmelt did not
begin until early afternoon on 14th November. Melt continued until the
evening of 15th November.

Streamflow began to rise shortly after the onset of melt and reached a
peak at about 23:00 UTC on 15th November, coincident with the
cessation of both melt and precipitation (Fig. 7d). Total melt and cu-
mulative precipitation over the 48-h period ending on November 16th,
08:00 UTC, were 104 mm and 178 mm respectively. The effective cu-
mulative precipitation (melt plus precipitation) was 282 mm with a
snowmelt contribution (melt ratio) of 37%. Results for stations in the
Coldwater (Fig. S12) and Similkameen (Fig. S13) basins indicate that the
hydrometeorological evolution of the storm event had very similar
characteristics throughout the region. However, the more leeward
Coldwater basin had lower 48-h effective precipitation (126 mm) and a
lower melt ratio (17%), and the Similkameen, which is further inland,
had a similar 48-hour effective precipitation (116 mm), but an even
lower melt ratio (14%). These results demonstrate that the hydrological
impacts of the AR event were driven by rain-on-snow conditions, where
streamflow was generated by precipitation (predominantly as rainfall)

(a
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augmented by snowmelt associated with a rapid rise in temperatures
over the affected area.

4.2. Mechanisms

Although the importance of precipitation in flood generation cannot
be overstated, basin state is also an important factor (Merz and Bloschl,
2003; Winkler et al., 2010). For instance, high antecedent soil moisture
can condition a basin for increased flood magnitude (e.g. Wasko and
Nathan, 2019; Wasko et al., 2020), and in rain-on-snow events, the
amount of runoff generated depends upon snowpack state and the
amount of energy available for melt (Wiirzer et al., 2016; Trubilowicz
and Moore, 2017). Therefore, we explore not only the effect of precip-
itation which fell during that event, but also snowmelt and antecedent
conditions.

4.2.1. Precipitation and runoff efficiency

The influence of precipitation is assessed by comparing 48-h total
streamflow and precipitation observed during the fall period (October-
November-December; OND) for six basins upstream of hydrometric
gauge sites (Fig. S11, Table S3). The analysis is restricted to peak
discharge events in the OND season as these are presumed to be domi-
nated by the same mechanisms as the AR event under study (i.e.,
rainfall-driven with a varying contribution from snowmelt). A 48-h
period is selected as this corresponds to the duration of the 2021 AR
storm event. For each year we identify the maximum daily discharge
during the OND period and extract the corresponding 48-h discharge
and precipitation (for the 48-h period ending on the day maximum
discharge is observed). Basin-average daily precipitation is estimated
from the 10-km CaPA analysis (1980-2021) and daily discharge is
converted to specific discharge by dividing by the basin area (Table S3).

Fig. 7. Hydro-meteorological conditions for the
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Historical hydrometric data from Water Survey of Canada (WSC) is only
available up to 2019 and streamflow data for years 2020 and 2021 are
based on provisional real-time hydrometric data that has not yet been
subject to quality control. We also use the runoff efficiency, which is
defined as the ratio of discharge to precipitation, to reflect the variation
in basin state and storm characteristics between events. Lower runoff
efficiency would be indicative of conditions causing delayed or damp-
ened runoff (i.e., dry soil and/or cold, dry snowpack, snowfall and snow
accumulation) and higher runoff efficiency would be indicative of con-
ditions facilitating rapid runoff (wet soil and/or a warm, saturated
snowpack, and rainfall) potentially augmented by snowmelt
(Guan et al., 2016).

A strong west-east precipitation gradient is evident, where precipi-
tation and specific discharge values are much higher for windward ba-
sins (Nooksack, Chilliwack and Coquihalla) as compared to leeward
basins (Coldwater, Similkameen and Tulameen) (Fig. 8). In all six basins
annual maximum peak OND discharge increases with the magnitude of
event precipitation (Fig. 8), and associated Spearman rank correlation
coefficients are statistically significant at the 5% level in all cases. Both
48-h discharge (Q4g) and 48-h precipitation (P4g) volume in 2021 rank in
the top two events of all observed years (Fig. 8 and Table S4). However,
there is considerable variation in runoff efficiency (for a given volume of
precipitation, discharge increases with increasing runoff efficiency)
(Fig. 8). Indeed, in all six basins many of the largest OND discharge
events have been the result of relatively modest precipitation coupled
with high runoff efficiency, typically in excess of one (suggesting a
substantial contribution from snowmelt). However, runoff efficiencies
for the 2021 AR event are modest, ranging from 0.43 (Similkameen) to
0.76 (Coldwater) (Table S4).
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4.2.2. Antecedent conditions

The study region is topographically complex, and winter precipita-
tion can occur as either snow or rain (Whitfield et al., 2002; Fleming
et al., 2007). As such, we use both soil moisture and SWE as comple-
mentary indications of the antecedent state of the basin. In the absence
of modelled or direct soil moisture observations we use the antecedent
precipitation index (API) as a proxy (see Supplement for a description of
the API). The 30-day API for each year from 1950, based on ERAS5, is
presented in Fig. 5. The API trace for 2021 demonstrates that the region
experienced wet conditions throughout October and the start of
November. The resulting API on November 13th, 2021 was one of the
highest on record, suggesting that local watersheds were experiencing
unusually high soil wetness conditions (i.e. limited storage capacity)
prior to AR landfall. Results are similar when API is estimated using
precipitation from the CaPA analysis (Fig. S7).

Antecedent SWE is examined using observations from snow pillow
sites in both the SNOw TELemetry (SNOTEL) network in the United
States (Natural Resources Conservation Service, 2022) and the Auto-
mated Snow Weather Station (ASWS) network in British Columbia
(Ministry of Environment and Climate Change Strategy, 2009). Ante-
cedent SWE on November 13th, 2021, observed at snow pillow sites
(with records > 20 years), was higher than normal, but not extreme, and
ranged between the 70th and 90th percentile of historical daily obser-
vations for the 3-day period centred on November 13th (Fig. S14a).

4.2.3. Snowmelt

Melt over the duration of the AR event is examined using both
point melt rates estimated from snow pillow observations and
distributed melt rates from the Snow Data Assimilation System

Fig. 8. Precipitation, discharge and runoff efficiency
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(SNODAS) (Carrol et al., 2001; National Operational Hydrologic Remote
Sensing Center, 2004). SNODAS melt products are only available as 24-h
totals for the period up to 05:00 UTC, hence we report 48-h totals for the
period November 14th 05:00 UTC to November 16th 05:00 UTC. Melt
rates are highest (in places >100 mm) within a belt along the windward
side of the southern Coast Mountains and Cascade Range (Fig. S14b).
The spatial distribution of melt from SNODAS generally agrees with that
of the pillows, although SNODAS melt appears slightly overestimated.
Snow melt was widespread within the windward belt of the Coast and
Cascade Mountains and occurred at all but the highest elevations in the
Coast Mountains, indicating that the melting/freezing level had risen to
at least ~2000 m (e.g., 36 mm of melt was observed at the Hart’s Pass
SNOTEL site, which is at an elevation of 1978 m). This also indicates that
precipitation widely occurred as rain, not snow. Total melt decreases
farther inland to the east and melt becomes negligible on the leeward
side of the Coast Mountains in the northern portion of the domain.

The contribution of snowmelt to the effective precipitation (precip-
itation plus snowmelt) for the 48-h period ending November 15th, 2021,
at snow pillow sites, is shown in Fig. S14c. For most sites located south of
50°N, melt ratios were between 10% and 25%. Although melt ratios
were highest (exceeding 50%) at two SNOTEL sites located in the lee of
the Cascade Mountains (Muckamuck and Salmon Meadows), effective
precipitation in this region was quite low (<48 mm). Melt ratios at
windward sites with effective precipitation exceeding 150 mm ranged
from 17% (ASWS 1D19P, lower Fraser) to 36% (ASWS 1D17P, Chill-
iwack River).

4.2.4. Wildfire

Southern B.C. saw many large wildfires in 2021 (Fig. S2), some near
areas of heavy rainfall in the November event. Therefore, we also
consider the possible influence of recent wildfires in the region on the
extent and magnitude of flooding. There are many mechanisms through
which wildfires can impact the local hydrologic response and suscepti-
bility to debris flows. For example, loss of the vegetation canopy can
result in increased snowmelt and rainfall reaching the ground, loss of
litter can decrease water storage, loss of root structures can decrease
ground stability, and reductions in infiltration and altered soil charac-
teristics can increase runoff (Parise and Cannon, 2012; Winkler et al.,
2010). Although the timing depends on many parameters and can be site
specific, recovery of hydrology-relevant factors following a fire can take
several years (Ebel and Martin, 2017). Parts of southern B.C. have
experienced post-fire debris flows and landslides, particularly after the
2003 fire season, triggered by moderate-to-heavy rainfall, high peak
flow, and/or spring snowmelt (Jordan, 2015). Considering the basins
defined in Section 4.2.1, the Similkameen Basin upstream of Princeton
had almost 8% of its area burned by wildfires in B.C. in 2021 and the
Coldwater Basin upstream of Merritt had about 15% burned (Fig. S2b).
While we cannot rule out a possible influence on runoff efficiency in
these basins, no relationship is apparent between percent of basin
burned and runoff return period or runoff efficiency for the 2021 event
(Figs. S2c and d). Moreover, we can conclude that for other basins which
experienced impacts, such as the Coquihalla and Sumas/Nooksack ba-
sins, the small areas burned there preclude a significant role for wildfire
in driving runoff during the event.

Many road impacts (e.g., debris flows, washouts, flooding) occurred
either in or adjacent to areas burned during the 2021 fire season, rep-
resenting about 25% of reported road impacts in our inventory and
almost 40% of the impacts when focusing on an interior region
(Fig. S2a). While previous literature (Jordan, 2015; Parise and Cannon,
2012) suggests that recently burned areas may be more susceptible to
debris flows during subsequent heavy rainfall and streamflow events,
more in-depth analysis of site-specific data, which is beyond the scope of
the present study, would be required to demonstrate whether or not a
causal link is present here.
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4.2.5. Synthesis

Despite high antecedent wetness, above average snow accumulation
and a contribution from snowmelt, along with a small possible contri-
bution from recent wildfire in certain basins, runoff efficiency for the
2021 event does not rank as extreme (Table S4). Rather it ranges from
normal to high, but was not atypical compared to other high streamflow
events. From an analysis of snow pillow data from several sites in
southwestern B.C., Trubilowicz and Moore (2017) noted that for large
rain-on-snow events, although snowmelt enhances the amount of water
available for runoff (on average by 25%), the total amount of rainfall is
the most important control on water available for runoff. This is also
consistent with the findings of Li et al. (2019), who determined that
runoff generated during rain-on-snow events along the west coast of the
United States is dominated by rainfall. For large precipitation events,
which we define as those falling in the upper quartile for each location,
runoff efficiency appears asymptotically constrained such that runoff
variation between events is predominantly driven by precipitation in-
tensity (Fig. 8). Hence, although runoff and streamflow were affected by
antecedent conditions and the occurrence of snowmelt, the magnitude
and extent of flooding during the 2021 AR event were primarily the
result of extreme precipitation, a large proportion of which was un-
doubtedly in the form of rain.

4.3. Observations

Most streamflow gauges reached their peak flow for the event on
15th November, generally around the time the heavy rainfall ended.
Fig. 9 displays return periods for the event peak flow at natural flow
locations (locations without dams or other flow regulations upstream).
The return periods were estimated using a GEV distribution fitted with
an L-moments approach to annual peak flows at each station location.
The 2021 event was moderately extreme at most locations, with several
stations showing more extreme values. Of the 32 unregulated stations in
Fig. 9, 20 experienced at least a one in 20-year event, 11 at least a one in
50-year event, and 5 experienced more than a one in 100-year event.
These return periods are highly uncertain (as discussed below), but can
provide a general sense of the event. Of the 32 stations, 16 experienced
an event peak flow greater than any value in the prior station record.
Half of those stations saw an increase of more than 25% over the prior
maximum and a quarter saw an increase of over 50%. The drainage
basins contributing to each streamflow gauge location are shown in
Fig. 9.

Small samples and different record lengths at different locations are
sources of uncertainty for placing the streamflow event in the historical
context. The record lengths of the stations shown here range from less
than 10 years of data to more than 50 years (Fig. S15). The robustness of
a comparison to previous records and the fit of a GEV distribution can be
hindered by limited data. Observations of extreme streamflow are also
uncertain as they are extrapolated using an existing relationship be-
tween water level and streamflow. Further, the observations of the 2021
event may not be accurate at many locations as geomorphic changes in
the channel during the flooding event may have changed the relation-
ship between water level and streamflow. Missing data at a few locations
for periods during the event also contribute to lowering confidence in
some observations. Hence, the event streamflow results presented here
should be interpreted with caution.

4.4. Event attribution

To assess the role of human influence in the occurrence of events like
the November 15th extreme streamflow, we compared the magnitudes
of different return period events for the 1950-1969 and 2011-2030
climate states using hydrologic simulations driven by the CanESM2 large
ensemble. The simulations from the CanESM2 large ensemble, which
also provided boundary conditions to the CanRCM4 dynamical down-
scaling used in the IVT analysis, were statistically downscaled and bias
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Fig. 10. Flood frequency plots showing estimated October-November-December period (OND) peak streamflow for 1950-1969 (black) and 2011-2030 (blue) against
return period in seven locations, based on empirical fitting. Shading denotes the 90% confidence interval. The relative change in the magnitude of the 100-year OND
peak streamflow between 1950-1969 and 2011-2030 and the risk ratio comparing the probability of the 100-year OND peak flow in the 1950-1969 climate state
between the two periods are shown in the upper left corner. (h) Map showing the locations used for the analysis. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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corrected to a high-resolution (0.0625° latitude by 0.0625° longitude)
gridded temperature and precipitation dataset (Werner and Cannon,
2016; Werner et al., 2019) and then used to drive the VIC-GL hydro-
logical model (Schnorbus, 2018). A benefit of using a large ensemble is a
more statistically robust estimation of the return periods of large events.
Although the analysis of streamflow gauge observations was based on
the annual peak flow, which is a very commonly used metric, the res-
olution and data availability of the hydrological simulations allow the
event definition to be more specific to the November 2021 event. The
peak flows in October-November-December (OND) were extracted for
each year and each model run of the large ensemble, resulting in 900
streamflow values for each period (20 years for each of 45 ensemble
members) at each grid point. The 2-, 5-, 10-, 20-, 50-, 100- and 200-year
return levels during the earlier 20-year period (1950-1969) and current
(2011-2030) periods were estimated empirically using the function
“quantile” from the R stats package (R Core Team, 2019). Note that we
could not use an earlier base period because the available simulations
started in 1950, but anthropogenic warming to 1950 was only about 0.2
°C (Eyring et al., 2021), hence we use this period as an approximation
for preindustrial for our hydrological analysis. The confidence intervals
for each quantile were estimated using a bootstrapping approach,
sampling 1 000 times.

Here we present the flood frequency results for seven locations that
are 1) unregulated, 2) located within the Fraser Basin, and 3) have a
drainage area >285 km? (i.e., about 10 model grid cells). The results are
summarized graphically as flood frequency curves in Fig. 10. Flood
magnitudes for all return periods in the current climate are larger than in
the 1950-1969 climate at all seven locations. The best estimates of the
100-year OND peak flow in the current climate are 16.5-63.2% larger
than those in the 1950-1969 period, depending on location. For an
event with the magnitude of the 100-year OND peak flow in the
1950-1969 climate, the ratio of its probability in the current climate
compared to the 1950-1969 period, or risk ratio, is 2.2-4.3, depending
on location. At all seven locations, the lower bound of the 90% confi-
dence interval on the risk ratio is greater than one, indicating an increase
in the likelihood of the event in the warmer climate. However, at some
locations, these uncertainty ranges only just exceed one and changes in
the sample size or event definition may change the attribution result.
Overall, the results indicate that the 100-year OND peak flows in the
1950-1969 climate now occur roughly 2-4 times as frequently due to
the effects of human-induced climate change.

5. Conclusions

The atmospheric river which made landfall in southwestern B.C. on
November 14th, 2021, and the flooding and landslides it caused made
this the costliest natural disaster in the province’s history. The results
presented in this paper characterise the event and its meteorological and
hydrological drivers, and evaluate the contribution of human-induced
climate change to the event. Drawing together our results, we find
that when characterised in terms of storm averaged water vapour
transport over the impacted region, the variable typically used to
characterise the intensity of atmospheric rivers, the November 2021 AR
event was unusual, but not unprecedented. Based on the strength of
other westerly events, it was estimated to be about a 1 in 10-year event.
When characterised in terms of two-day precipitation it was found to be
substantially more extreme, approximately a 1 in 50 to 1 in 100-year
event. When characterised in terms of peak streamflow, return periods
varied across the region, but exceeded 1 in 100-year events in several
basins.

An analysis of the contributions to the extreme streamflow indicated
that the very high precipitation during the event was the primary driver,
but that snowmelt associated with a rapid rise in temperatures during
the event also made a significant contribution over most basins.
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Relatively wet conditions prior to the event also contributed. While
wildfire has been suggested as having contributed to the severity of the
impacts in some places, the small fraction of most basins in the region
which burnt in recent years, including the Sumas River and Coquihalla
River basins, preclude wildfire having been a primary driver of the
event’s impacts.

An event attribution analysis applied to vapour transport indicated
that the probability of a westerly atmospheric river event as strong as
that observed has been increased by at least 60% by the effects of
human-induced climate change, and a similar analysis applied to two-
day precipitation events at least as strong as that observed in 2021
indicated that human influence had increased their likelihood by a best
estimate of 45%. Similarly, an event attribution analysis applied to
October-December peak streamflow for several basins in the impacted
area indicated that 1 in 100-year peak streamflow has been increased by
16-63% by the effects of human-induced climate change, with the
probability of a 1 in 100-year event comparable to that observed having
increased by a best estimate ranging from 120% to 330% across basins.

Drawing these results together indicates that human-induced climate
change contributed substantially to the probability of the November
2021 atmospheric river event and associated flooding. Our results
further indicate that the probability of such events is expected to in-
crease further in the future, demonstrating the importance of developing
increased resiliency to such events here in B.C., and across the world.
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