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ABSTRACT
An atmospheric river (AR) event in November 2021 in British Columbia, Canada triggered a record-breaking flood on the Coldwater River, 

causing damage to infrastructure and property in the community of Merritt. Records of the flood were deemed unreliable, leading to uncer-

tainty in the peak discharge of the event at Merritt. We present a distributed HEC-HMS rainfall-runoff model to simulate this flood to estimate 

the peak discharge at Merritt. The model was also used to simulate the effects of wildfire on runoff in the catchment during the event. The 

results indicate that the flood was caused by intense precipitation and snowmelt, with little contribution from burned areas. The model was 

also used to simulate the Probable Maximum Flood, which resulted in a simulated flood peak over 3 times greater than the November 2021 

event. This study provides insights into the conditions that led to the Coldwater River flood and sheds light on flood risks to mountainous 

watersheds from climate change.

INTRODUCTION
Climate change is expected to further intensify weather extremes, including an increased probability of extreme rainfall events that lead to 

intense flooding (Seneviratne et al., 2021). Climate change is expected to bring more frequent and intense atmospheric river (AR) events, 

defined as plumes of moisture-laden air, to coastal British Columbia (BC) (Sharma & Dery, 2020, 2014). These events can simultaneously 

trigger various natural hazards, including clearwater floods, debris floods/flows, and landslides. Landfalling of an AR on November 14, 2021 

brought two days of extreme rainfall to parts of southwestern BC and quickly became the costliest natural disaster in the province’s history 

(Gillet et al., 2022). The AR event resulted in the deaths of five people, temporarily cut off road and rail access to Vancouver, and cost the 

province up to $5.6 billion in damages (Lee & Parfitt, 2022). 

The Coldwater River watershed (Figure 1) was heavily impacted during the November 2021 event; two-day precipitation totals averaged 

over the watershed exceeded the 1 in 100-year event between November 14th and 16th (Gillet at al., 2022). The Coldwater River swelled 

during the event, leading to the evacuation of the entire city of Merritt, BC as flood waters and channel avulsions inundated and/or washed 

away properties and infrastructure. The recorded flood peak on the Coldwater River was deemed unreliable due morphological channel 

changes invalidating the stage-discharge curve at the Water Survey of Canada (WSC) hydrometric station on the river at Merritt (upstream 

watershed area = 917 km²). 

Questions also arose about the potential impact pre-event wildfires in the summer of 2021 may have had on runoff during the event. In 

summer 2021 (prior to the flood), a wildfire burned ~10% of the watershed (Figure 1). Burned areas can temporarily increase runoff in a 

watershed by reducing the infiltration capacity of soils (Soulis, 2018).

Figure 1. Overview of the Coldwater River watershed in southwest, BC (SB = subbasin).
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The goal of this study was to simulate runoff generated during the November 2021 AR event in the Coldwater watershed using a distributed 

rainfall runoff model to obtain an estimate of the flood peak at Merritt, and to quantify the role of the 2021 wildfires on the peak flow. Addi-

tionally, the Probable Maximum Precipitation (PMP) event was modelled to simulate the Probable Maximum Flood (PMF) in the watershed 

to assess the magnitude of floods possible in the Coldwater River watershed under a changing climate.

METHODS
The November 2021 AR event was modelled in the Coldwater River watershed using a distributed rainfall-runoff model in the U.S. Army 

Corps of Engineers (USACE) hydrologic modelling software HEC-HMS (Hydrologic Engineering Centre – Hydrologic Modelling System) ver-

sion 4.10 ( January 19, 2022). In a distributed model, a watershed is broken into grid cells where runoff is calculated separately for each cell, 

while also considering interactions with neighbouring cells, to attempt to simulate natural hydrologic processes in a watershed (Sitterson 

et al., 2017). This approach was deemed appropriate for the Coldwater watershed given its large size (~1,000 km²), variability in the terrain 

(low valley flats to high mountain passes), and variability in precipitation over different areas of the watershed during the event. 

The watershed was divided into seven subbasins with three reaches and junctions and one outlet at the location of the WSC station at Merritt 

(Figure 1). The model terrain was extracted from a 2017 Canada-wide 20 m resolution DEM and referenced to the NAD83 UTM Zone 10N 

horizontal coordinate system and CGVD88 vertical coordinate system (Natural Resources Canada, 2017). The simulation was run over an 

hourly timestep between 12 AM PST November 13 to 12 AM PST November 17, 2021.

Infiltration and storage of precipitation in the model was accounted for using the United States Soil Conservation Service (SCS) curve number 

(CN) method (USACE, January 19, 2022). The CN grid for the Coldwater watershed was obtained from global curve number (GCN) maps 

developed using 250 m resolution global land cover, soil, and CN datasets and assuming average antecedent moisture conditions ( Jaafar 

et al., 2019). An initial abstraction (I
a
) ratio (λ or I

a
/potential storage) of 0.05 was used for the model. As potential storage and I

a
 are both 

functions of CN, a change in λ affects the values of CN, and therefore the GCN grids (based on a λ = 0.2) were adjusted using the formu-

lation of Woodward et al. (2003).

To account for the potential reduction in infiltration as a result of the 2021 wildfire in the watershed, burn severity maps were obtained for 

the 2021 wildfire which classified the burned areas as either low, medium, or high severity according to the Burned Area Reflectance Classi-

fication system (BC Ministry of Forests, Lands, Natural Resource Operations and Rural Development, 2021). The CN values in the 2021 burn 

area were adjusted upwards to reflect this potential change in infiltration capacity; the CN values in low, medium, and high burn severity 

areas were adjusted upwards by 5, 10, and 15 units, respectively (Havel et al., 2018; Argentiero et al., 2021), and restricted to a maximum 

value of 100.

The transform method chosen for the Coldwater River model was the Modified Clark Unit Hydrograph (ModClark) method, a variation 

of the Clark Unit Hydrograph method (Clark, 1945). The Clark Unit Hydrograph method is typically employed for lumped rainfall-runoff 

models and explicitly accounts for storage of runoff via a linear reservoir and translation of runoff using a time-area histogram developed 

for a watershed. This approach is modified for distributed rainfall-runoff models in the ModClark method to account for runoff translation 

through grid cells, rather than a single watershed.

Snowmelt was simulated using a gridded temperature index method. The method requires an initial snow water equivalent (SWE) grid to 

represent the initial snowpack, which was acquired from the Snow Data Assimilation System (SNODAS) for the Coldwater watershed. SNO-

DAS reports SWE every 24 hours at 6 AM UTC, thus the initial SWE grid used in the model was representative of snowpack in the watershed 

at 10 PM PST on November 12, 2021 (National Operational Hydrologic Remote Sensing Center, 2004). The initial SWE grid interacts with 

temperature data to simulate behaviour of the snowpack over the simulation (i.e., to determine melt vs. accumulation). Temperature data 

was generated via bilinear interpolation from 61 climate stations in the region (Figure 1) to create temperature grids at an hourly time step 

over the simulation interval.

Similarly, hourly rainfall over the Coldwater watershed during the November 2021 event was generated using the same bilinear interpolation 

method between the same 61 climate stations (Figure 1). The 48-hour PMP depth for the Coldwater watershed was 283 mm, obtained from 

the BC MetPortal (DTN & MGS Engineering, 2020) at a point located within the headwaters of the watershed. This PMP depth was assumed 

to directly correlate to the Probable Maximum Flood (PMF) in the watershed. The PMP rainfall depth was distributed across the same spati-

otemporal distribution as the November 2021 event but scaled up by a factor of 2.4 to yield the total watershed-averaged depth of 283 mm.

Calibration

The Coldwater River rainfall runoff model was partially calibrated to the November 15, 2021 event as recorded at the WSC hydrometric 

station at Merritt. Geomorphic change during the event invalidated the stage-discharge curve at the station, and much of the published 

hydrograph was estimated post-event. 2D hydraulic modelling performed by BGC Engineering Inc. (BGC) for the Coldwater River at Merritt 

suggests that a peak flow of 400 m³/s at the Merritt station is most consistent with observed high-water marks and inundation extents ob-

served in Sentinel satellite imagery, which differed from the published peak value by 100 m³/s (Figure 2).

For this study, the published hydrograph for the WSC station at Merritt was revised between November 15 at 4 AM and November 16 at 9 

AM to be consistent with a peak of 400 m³/s and for calibration purposes (Figure 2). The peak was assumed to have occurred around 11 PM 
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on November 15, close to the second-highest peak in rainfall, which is consistent with past investigations of this event (Gillet et al., 2022). 

Figure 2. Approximated hydrograph used for model calibration (pink dashed line) compared to the observed hydrograph at the WSC hydrometric station (grey line).

The storage coefficient (S) and the time of concentration (Tc) were calibrated for each subbasin using a Monte Carlo simulation where only 

S and Tc were varied (all other model parameters held constant). S and Tc were randomly sampled one hundred times for each subbasin 

from a uniform distribution with a specified minimum of 0.1 hrs and maximum of 12 hrs. The resultant simulation that most closely aligned 

with the approximated hydrograph in Figure 2 was selected, and the S and Tc from that simulation for each subbasin were used in the final 

model. Final S and Tc values ranged from 0.4 – 7.5 hours, depending on the subbasin.

Snowmelt was calibrated using the average SWE depth in the watershed from SNODAS data layers over the duration of the event (National 

Operational Hydrologic Remote Sensing Center, 2004). The snowmelt parameters were held constant for each subbasin, as detailed infor-

mation on the spatial variability in the snowpack conditions were unknown.

RESULTS AND DISCUSSION
Model results indicate that an average of 115 mm of rain fell over the watershed between 12 AM on November 13 to November 17. The 

greatest 1-hour rainfall occurred in the hour before midnight on November 14 (4.6 mm), followed by a second peak between 10 PM and 

11 PM on November 15 (3.1 mm). The greatest total precipitation fell in the headwaters (Subbasin 1), which received up to 240 mm of rain 

over the 4-day simulation period (Figure 3).

Figure 3. Cumulative precipitation between 12 AM on November 13 to November 17 (contour interval = 5 m).
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The model results suggest that there were likely two peaks in flow at Merritt during the event: a peak of 306 m³/s at 8 AM on November 15 

followed by the largest peak of 429 m³/s at 11 PM that same day (Figure 4). This modelled peak is consistent with the 2D hydraulic model-

ling performed by BGC for the river at Merritt, which yielded a peak of 400 m³/s late on November 15.

Figure 4. Modelled results of the November 2021 flood event compared to the approximated hydrograph used in calibration (gold) and observations from the WSC hydrometric station at 

Merritt (grey).

Snowmelt likely led to increased runoff during the event. Snowmelt produced a flood peak that was ~18% greater than simulations that did 

not include snowmelt (363 m³/s) (Figure 4). The total modelled runoff volume over the 4-day period was also ~5% greater when snowmelt 

was considered.

The simulations using the upward-adjusted GCN grids to account for the wildfire impacts resulted in an ~3% increase in peak discharge at 

Merritt (Figure 4). This small impact on the flood peak is assumed to be due to two factors: (1) ~10% of the watershed was burned, with 

only around 4% classified as a high severity burn (i.e., a relatively small area with low infiltration capacity), and (2) the burn areas did not 

coincide with areas of the watershed that received the greatest precipitation.

Scaling up the precipitation during the November event to the 48-hour PMP depth of 283 mm yielded a PMF of 1,450 m³/s, which was over 

3 times greater than the runoff modelled for the November 2021 event (Figure 5). This estimate was obtained assuming the same initial 

conditions as the November 2021 event, and the value of the PMF would vary with changes in input parameters. However, this estimate 

of the PMF was provided as reference to demonstrate what could have occurred if the precipitation during the November 2021 event was 

equivalent to the 48-hour PMP.

Figure 5. Modelled November 2021 event scenario (blue) compared to the PMP/PMF scenario (yellow). Climate adjusted peak flow estimates are presented in dashed red, with the red box 

denoting the uncertainty bounds for the 100-year climate-adjusted peak flow.

The PMF estimate was compared to peak flow estimates for the river adjusted for climate change, calculated by BGC. The goal of this com-

parison was to determine if these climate-adjusted flows would be realistically achievable in the watershed. The climate-adjusted 100-year 

and 200-year peak flow estimates for the Coldwater River at Merritt are 575 m³/s and 775 m³/s, respectively. These values represent an in-

crease of 65% over present-day estimates. The modelled PMF fell within the uncertainty bounds of these estimates of climate-adjusted peak 

flows (Figure 5), suggesting that the climate-change-adjusted peak flows are physically possible in the watershed.
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CONCLUSIONS
The results of the distributed rainfall runoff modelling of the Coldwater River watershed yielded a peak flow of 430 m³/s at Merritt, BC during 

the November 2021 flood event. Modelled snowmelt during the event led to an increased overall peak; had no snow been present in the 

watershed prior to the onset of the AR event, the peak could have been up to 18% lower than what was observed according to the results 

of the model simulations. The 2021 wildfires appeared to have little impact on overall runoff, likely due to the low overall area burned, as 

well as the burn’s location in the centre of the watershed where there was less overall precipitation.

Modelling of the 48-hour PMP event (with a precipitation scaling factor of 2.4 compared to the November 2021 event) indicated that the 

PMF in the Coldwater watershed was over 3 times greater than what was observed in November 2021. The modelled PMF lies within the 

uncertainty bounds of climate-change adjusted peak flows estimated for the Coldwater River watershed, indicating these climate-adjusted 

flows are not unreasonable. This result suggests floods larger than the November 15, 2021 flood are physically possible in the Coldwater 

River watershed, and may become more frequent as climate change intensifies weather extremes in the region.
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