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Abstract

The Yukon River Basin (YRB) is one of the most important river networks

shared between Canada and The United States, and is one of the largest river

basins in the subarctic region of North America. The Canadian part of the

YRB is characterized by steeply sloped, partly glaciated mountain headwaters

that generate considerable runoff during melt of glaciers and seasonal snow-

cover. Snow redistribution, snowmelt, glacier melt and freezing–thawing soil

processes in winter and spring along with summertime rainfall-runoff and

evapotranspiration processes are thus key components of streamflow genera-

tion in the basin, making conceptual rainfall-runoff models unsuitable for this

cold region. Due to the remote high latitudes and high altitudes of the basin,

there is a paucity of observational data, making heavily calibrated conceptual

modeling approaches infeasible. At the request of the Yukon Government, this

project developed and operationalized a streamflow forecasting system for the

Yukon River and several of its tributary rivers using a distributed land surface

modeling approach developed for large-scale implementation in cold regions.

This represents a substantial advance in bringing operational hydrological

forecasting to the Canadian subarctic for the first time. This experience will

inform future research to operation improvements as Canada develops a

nationally coordinated flood forecast system.
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1 | INTRODUCTION

The prohibitive costs of flood disasters in terms of life
and property losses and acute human stresses, have urged

scientists, governments, and organizations to encourage
the development of a new generation of flood forecasting
systems that incorporate advances in hydrometeorologi-
cal and hydrological modeling, computing and

Received: 27 December 2021 Revised: 31 May 2022 Accepted: 29 June 2022

DOI: 10.1111/jfr3.12835

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Journal of Flood Risk Management published by Chartered Institution of Water and Environmental Management and John Wiley & Sons Ltd.

J Flood Risk Management. 2022;e12835. wileyonlinelibrary.com/journal/jfr3 1 of 19

https://doi.org/10.1111/jfr3.12835

https://orcid.org/0000-0002-3621-0021
mailto:mohamed.elshamy@usask.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jfr3
https://doi.org/10.1111/jfr3.12835


hydroinformatics with improvement in observational
technologies. As Perera et al. (2019) stated, the direct
quantification of benefits from Flood Early Warning Sys-
tems (FEWS) is difficult but can be indirectly assessed by
correlating the number of established systems during
2000–2017 and the reported reduction in damages and
loss of life from flooding during the same period by the
Centre for Research on Epidemiology of Disasters Emer-
gency Events Database—CRED's EM-DAT (https://www.
emdat.be). The number of established FEWS in 2000–
2017 accounted for 50% of the surveyed systems (Perera
et al., 2019) indicating the level of effort exerted world-
wide since the turn of the 21st century. Cold regions are
indeed prone to flooding threats of different types, and
the incorporation of snow hydrology models into some
FEWS has helped to better predict and manage snowmelt
floods. For instance, in spring 1993, the Watershed Simu-
lation and Forecasting System (WSFS) developed in
Finland (Vehvilainen & Huttunen, 2001) saved around
5 million Finnish Marks of damage cost by informing
appropriate operating rules for regulated lakes at the
northern River Kemijoki. A popular flood forecasting
software framework is Delft-FEWS, which was intro-
duced as an open shell that can flexibly integrate models
and data (Werner & van Dijk, 2005). The latest overview
map of Delft-FEWS (https://fewsapplications.netlify.app)
indicates 126 flood forecasting applications worldwide.
This is only one software system, many other FEWS do
not necessarily utilize that software, but the number is
indicative of the developments of forecasting systems
worldwide.

Arduino et al. (2005) synthesized scientific and tech-
nological efforts by 150 presenters at the International
Conference on Flood Forecasting in Europe (Rotterdam,
3–5 March 2003). They categorized them into precipita-
tion forecasts, coupling precipitation forecasts with
hydrological models, data-driven and process-based
hydrological models, predictive uncertainty and flood
risk assessments, and operational flood forecasting linked
to flood warning dissemination. For cold regions, Gelfan
and Motovilov (2009) provided a historical review and a
summary of recent improvements of long-term hydrologi-
cal forecasting methods practiced in the former USSR,
the United States, Canada, and Scandinavia, with a focus
on Russian methods. More recently, Zahmatkesh et al.
(2019) reported in detail on operational flood forecasting
as practiced in Canadian Provinces. Modeling methods
have evolved from simple index and physical–statistical
models, to semi-distributed and distributed hydrological
models which are complex and not often successful in
operational mode. Another review of river forecasting
methods in cold regions and ungauged basins by Belve-
deresi et al. (2022) noted that regionalization, calibration,

and interpolation or regression are the main approaches
to cope with limited data availability in remote cold
regions. In a larger context presenting challenges sur-
rounding floods and droughts prediction, Brunner et al.
(2021) touched likewise upon the problem of limited data
as the most important restriction, categorized it into eight
main issues and suggested some tractable ways to address
the problem.

The operationalization of a streamflow forecasting
system in data-sparse cold regions does not lend itself to
standard hydrological modeling practice. Sparse monitor-
ing infrastructure, due to its high cost and the remoteness
of the region, requires a different forecasting approach
that uses a blend of more traditional forecasting
approaches and detailed process-based understanding
based on physically based models to achieve the desired
result. The modeling system used in the development of
the Yukon operational forecasting system presented here
is one that has had a long history of development within
Canada and was deemed appropriate for this domain
given its unique cold-regions aspects, physical basis, and
the scarcity of streamflow observations to calibrate
models. The modeling system is the MESH hydrology
land-surface model whose development began in Canada
in the 1990s (Soulis et al., 2000) with the World Climate
Research Programme's Global Energy and Water Experi-
ment (GEWEX) and its regional hydroclimate study, the
Mackenzie GEWEX Study (MAGS). The focus at the time
was the coupling of land surface schemes (LSS), common
in Global Circulation Models (GCMs), to hydrological
models (Pietroniro et al., 2001; Pietroniro & Soulis, 2003).
The result culminated in the MESH framework (Pietroniro
et al., 2007). Since its inception, MESH has been adapted to
incorporate important cold regions hydrological processes
and specifically those considered necessary for simulations
in subarctic hydrological environments. Important consider-
ations in choosing this H-LSM was its ability to deal with
snow, glaciers, and the dominant processes required to
maintain model fidelity, deal with sub-grid heterogeneity,
and include important hydrological controls such as glaciers
(Wheater et al., 2022).

There has been the perception amongst flood fore-
casters that research models are unsuitable for opera-
tions, partly due to their complexity and partly due to
that they are computationally too expensive for large
domains in real-time operational settings. There is also
the argument that prediction in ungauged basins requires
physically based process hydrology methods to constrain
parameter uncertainty and model uncertainty (Pomeroy
et al., 2004, 2013). The purpose of this study is, therefore,
to demonstrate the feasibility of adopting a hydrological
land surface model to forecast river discharge and peak
streamflow in the Canadian subarctic. Specifically, it
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aims to develop, parameterize, validate, and operationa-
lize a discharge forecast support system for the Yukon
River and several of its tributary rivers within the Yukon
Territory, Canada. This effort requires a model capable of
simulating the dominant hydrological processes in this
cold region. The Yukon is one of the regions of Canada
most impacted by climate change (Bush & Lemmen,
2019). The seasonal snowcover start, end, and duration
are found to be sensitive to warming in the subarctic
Yukon (Rasouli et al., 2021), confirming the need for a
robust high fidelity model. Often, “physically-based”
models in hydrology require computationally expensive
and non-trivially convergent optimization of parameters
(Clark et al., 2016; Kirchner, 2006). Therefore, the
approach here tries to minimize the calibration burden
by parameterizing the model from the results of advance-
ments in hydrological science in the region, particularly
the long-studied Wolf Creek Research Basin (Janowicz
et al., 2004; Pomeroy et al., 2006; Pomeroy & Granger,
1999) and parameters that can be chosen from soil and
biophysical inventories or remote sensing imagery. In
this application, years of effort in developing models,
including many years of observations and process experi-
ments in Wolf Creek have allowed for parameterization
of models based on the best-available science and experi-
ence in the region.

2 | MODELING DOMAIN AND
METHODS

2.1 | The modeling domain

The Yukon River Basin is the fifth largest basin in North
America with an area of more than 850,000 km2, about
324,000 km2 of which lies in Canada. The river originates
at the Llewellyn Glacier in northwest British Columbia
(BC) and flows northwest then west/southwest along a
3185 km course to discharge into the Bering Sea through
the Yukon–Kuskokwim Delta (Figure 1 inset). The
Yukon River and its tributaries cross impressive physio-
graphic landscapes, as mapped by Brabets et al. (2000)
with extremely to moderately high rugged mountains,
high elevation icefields, rolling low mountains, rolling
topography and gentle slopes, plains, and lowlands. The
St. Elias Icefield in the SW Yukon headwaters is the larg-
est continental icefield in the world after Greenland and
Antarctica and has elevations up to 4700 m.a.s.l.
(Figure 1). Many important lakes and wetlands in the
basin add complexity to the Yukon River system. The
part of the YRB considered here is gauged at Eagle
(288,000 km2) and does not include the Canadian north-
ern Porcupine River Basin. This basin is large, with its
area exceeding that of the United Kingdom by 19%.

FIGURE 1 Digital elevation model of the Yukon River Basin at Eagle. Main cities/towns (black dots) and meteorological network (red

dots) are also shown. Inset shows the basin location within the entire Yukon River Basin.
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The YRB at Eagle, AK (hereafter YRB@Eagle), lies
mainly within the Boreal Cordillera terrestrial ecozone
except for narrow northern and eastern strips, located in
the Taiga Cordillera (Smith et al., 2004). Soil categories
include rough Alpine land in mountains, Brunisols in the
majority of the domain, Cryosols toward the north and
west, and Podzols in few areas in the south (Brabets
et al., 2000). Drainage in the seasonally thawed active
layer above permanently frozen ground, permafrost, is
generally poor due to factors such as shallow soils, fine
soil texture, and the presence of ice under the topsoil.

The climate of the Yukon River basin is continental,
influenced by mountain topography and characterized by
high seasonality expressed as long cold winters and short
warm summers. Annual mean daily temperatures range
between �2�C around Whitehorse to colder than �15�C
in the St Elias Mountains at the headwaters of the White
River (Wahl, 2004). January and July mean daily temper-
ature ranges are �30�C to �15�C and �5�C to 15�C,
respectively. Total annual precipitation varies substan-
tially and is controlled by orography. The normal snow
season spans from October to May, but at very high ele-
vations, snow may fall throughout the year and

accumulate to contribute to glaciers. Solar irradiance and
air temperature are the principal drivers of snow/ice melt
and runoff amounts. According to Wahl et al. (1987),
Jones and Fahl (1994), and Brabets et al. (2000), mean
annual precipitation can exceed 1300 mm over the east-
ern slopes of St. Elias Icefields of the White River head-
waters and Llewellyn Glacier of the Yukon Headwaters.
Lower precipitation amounts, between 300 and 750 mm,
fall over most of the basin, except for a corridor north of
Whitehorse, YT which is downwind of high mountains
and receives only 200–300 mm annually. It should be
noted that the YRB@Eagle has a low density of unevenly
distributed meteorological stations (Figure 1), with about
1 station per 3000 km2.

Streamflow from May to September stems from a
combination of snowmelt, glacier melt and summer rain-
storm runoff modulated by the storage and outflow from
a system of large lakes in the Yukon Headwaters and
Teslin River sub-basins (Figure 2). The southern Yukon
Headwaters sub-basin has a total lake area of about
1320 km2. Maximum outflow from this system is reached
in July/August if unregulated or August/September
under controlled conditions for energy production.

FIGURE 2 YRB@Eagle sub-basins (colored polygons) and forecast points (black circles for main points and smaller gray ones for

secondary points) labeled using their Water Survey Canada (WSC) gauge IDs—further details in Table 3.

4 of 19 ELSHAMY ET AL.



Brabets and Walvoord (2009) studied the streamflow
trends in the YRB over the period 1944–2005 and found
that annual discharges have remained relatively
unchanged except for a few glacier-fed rivers that mani-
fested increasing trends due to enhanced glacier melting.
They also showed a high level of correlation in stream-
flow pattern changes with the Pacific Decadal Oscillation
(PDO) where warm episodes are usually associated with
above average winter flows and vice versa.

2.2 | The MESH modeling system

MESH is a community hydrological land surface modeling
(H-LSM) framework coupling the Canadian Land Surface
Scheme (CLASS; Verseghy, 2012), with a two-dimensional
horizontal routing component (WATROUTE) adopted from
the distributed hydrological model WATFLOOD
(Kouwen, 1988). The LSM component aims to simulate the
vertical processes of heat and moisture flux transfers
between the land surface and the atmosphere. Unlike many
LSMs, the vertical column in MESH has a topographic
slope that allows for lateral transfer of overland flow and
interflow (Soulis et al., 2000) to an assumed stream within
each grid cell of the model before it is routed through the
river network. CLASS includes the cold regions hydrology
physical descriptions such as blowing snow transport and
sublimation, snow interception and sublimation, energy
balance snowmelt, influence of canopy on sub-canopy
snowmelt, and water movement in partially frozen soils
(Pomeroy et al., 1998).

MESH typically uses a regular latitude–longitude grid
and represents sub-grid heterogeneity using the grouped
response unit (GRU) approach (Kouwen et al., 1993). In
this approach, a GRU in different grid cells shares the
same set of parameters, which simplifies basin characteri-
zation and model parameterization. While land cover
classes are usually used to define GRUs, other factors can
be included in their definition such as soil type, slope,
and aspect. MESH has been widely used in Canada to

study the Great Lakes Basin (Haghnegahdar et al., 2015)
and the Saskatchewan River Basin (Yassin et al., 2017;
Yassin, 2019) amongst others. Additional information is
provided in Section S1. A full description of CLASS phys-
ics is given by Pomeroy et al. (2016) while Wheater et al.
(2022) provide an account of recent MESH developments
and applications.

3 | MESH MODEL DEVELOPMENT
FOR THE YRB

The complex interdependency of geospatial information,
observations and models requires systematic approaches
for large scale modeling. Pre-processing of the network
topology, land-use information, and driving meteorologi-
cal data are required for basin discretization and model
development. Figure 3 shows a general workflow for
developing a MESH model setup where stage 1 (top)
deals with model delineation and discretization and stage
2 (bottom) focuses on model parameterization. The YRB
MESH model is the backbone of the forecasting system
and therefore its development is described briefly below.

3.1 | Delineation and discretization

Physiographic geospatial information is readily available
from public data sets as highlighted in Table 1. The
YRB@Eagle was delineated—with Eagle AK (USGS
15356000, WSC 09ED001) as the natural outlet based on
the hydrologically corrected MERIT-hydro DEM (Yamazaki
et al., 2019) (Figure 1). The basin (288,000 km2) was discre-
tized using a regular latitude-longitude grid at a spatial reso-
lution of 0.125� (~10 km), matching that of the climatic
forcing data used for model development (see below). This
yielded a drainage database for the domain with 120 col-
umns, 56 rows, and 3448 active grid cells. The initial drain-
age database contained attributes describing cell areas, flow
directions, and slope and length of channels connecting

TABLE 1 Spatial datasets used to build the MESH model for YRB@Eagle

Dataset Source/description Resolution References

Digital Elevation Model (DEM) Hydrologically conditioned MERIT-hydro 3 arc-s (~90 m) Yamazaki et al. (2019)

Land Use/Cover 2010 Land Cover of North America based on
LANDSAT v1.0

30 m CCRS et al. (2017)

Soil Texture Global Soil Database for Earth system modeling
(GSDE)

1 km Shangguan et al. (2014)

Climatic Forcing Global Multiscale Model (GEM-RDPS),
precipitation replaced by the Canadian
Precipitation Analysis (CaPA) as available

10 km
1 h for GEM
6 h for CaPA

Côté et al. (1998)
Mahfouf et al. (2007)
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those cells based on elevations at the selected grid resolu-
tion. Additional fields were later added to improve river
and lake routing as described in the next section.

GRUs were defined by land cover classes. There is a
strong correlation between natural vegetation cover and
sub-surface soil texture, drainage, permafrost, and geol-
ogy in the region (Carey & Woo, 2001) which makes land
cover classification a suitable determinant for GRU clas-
sification in the absence of soil surveys. The 2010 North
American Land Cover (NALC; CCRS et al., 2017) remote
sensing derived land cover classification was used for this
purpose. The database has 19 land cover classes from
which eight classes were considered in this study. The
dominant landscape types considered (see Table S5) in
the sub-grid discretization were alpine regions (rock out-
crops), glaciers, grasses and shrubs, water bodies, wet-
lands, needle leaf forest, mixed forest, and broadleaf
forest (Figure 4). This discretization resulted in 15,929
tiles (mapping GRUs to grid cells) across the entire
domain. The soil column was discretized into four layers,
with thicknesses 0.10, 0.25, 1.65, and 2.00 m increasing
from top to bottom. LSM calculations are made at the tile
level while routing moves the flow between grid cells.

High resolution RDPS and CaPA (2.5 km) have been
available only since 2018 and thus could be used for fore-
casting but not for model development. The sparsity of
station data in the region means there is little advantage
in using the higher resolution over the 10 km resolution,
especially when considering the additional download and

processing load. Model resolution was thus selected to
match the resolution of the input forcing data used for
model development, considering issues around routing
between grid cells, and computational time. The sparse
assimilation of surface observations in this remote region
means that 10 km is a reasonable resolution of the MESH
model configuration for such a large domain.

Given the detailed calculation required in resolving
energy and water budget components, CLASS requires
seven meteorological forcing inputs outlined in Table 2.
Meteorological forcing data were extracted at the resolu-
tion of 0.125� (~10 km) from the Regional Deterministic
Prediction System (RDPS) and the Global Deterministic
Prediction System (GDPS) products of the Global Envi-
ronmental Multiscale (GEM; Côté et al., 1998) numerical
weather model that is currently maintained operationally
by Environment and Climate Change Canada (ECCC).
The Canadian Precipitation Analysis (CaPA; Mahfouf
et al., 2007) was used as the most reliable available data-
set to replace GEM precipitation in hindcast mode and
for historical calibration and validation simulations dur-
ing model development. CaPA is an operational product
that combines precipitation observations (i.e., stations,
and more recently radar) with a background field
obtained from the short-term RDPS to produce a near
real-time six hourly analysis (Lespinas et al., 2015). The
use of GEM predictions as a background partly accounts
for topographic information. Strict quality control proce-
dures are used to avoid the assimilation of biased

FIGURE 3 MESH model development workflow (dashed shapes/connectors indicate optional datasets that may be used; double-

directional arrows indicate iterative procedures).
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observations, and in particular wind-induced undercatch
of solid precipitation which is detected and handled using
temperature and wind speed analysis (Gasset
et al., 2021).

3.2 | Model parameterization

The next step in model development was to populate the
parameters with appropriate values to replicate the water
budget at the designated forecast points while

maintaining an acceptable degree of model fidelity, based
on the physical understanding of the basin. Validation of
basin states and fluxes (e.g., snow depth or SWE, evapo-
transpiration, soil moisture, etc.) could be performed
using limited available data from research sites. For
example, correlation analysis between accumulated win-
ter precipitation (from CaPA) and May 1st snow surveys
from Yukon Environment was conducted for the Klon-
dike sub-basin and showed discrepancies in CaPA precip-
itation from 1 year to another. It was found that when
the agreement between CaPA accumulated snow and
May 1st snow survey at Midnight Dome site (09EB-SC01)
is not good, the model is unable to capture the spring
freshet due to errors in input precipitation. For example,
the model underestimated the peak flow of 2013 and
overestimated it in 2010 and this was due to underestima-
tion and overestimation of winter snow accumulation by
CaPA in those 2 years, respectively. The MESH GRU
approach is largely landscape-based, which permitted
parameter transfers across large regions as demonstrated
by Dornes et al. (2008) who transferred tundra parame-
ters in CLASS over 1000 km from Wolf Creek Research
Basin in southern Yukon to Trail Valley Creek Research
Basin in the Northwest Territories.

FIGURE 4 Land cover data for the YRB@Eagle based on 2010 NALC LANDSAT 30 m dataset.

TABLE 2 Meteorological variables used in MESH

Variable Units Height

Incoming shortwave radiation W m�2 Surface

Incoming longwave radiation W m�2 Surface

Total precipitation rate (CaPA) kg m�2 s�1 Surface

Air temperature K 40 m

Wind speed m s�1 40 m

Barometric pressure Pa Surface

Specific humidity kg kg�1 40 m
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The model requires several types of parameters for
vegetation, soil, and routing as explained is Section S1.
Vegetation parameters are usually obtained from litera-
ture and previous studies in the basin, but some are cali-
brated. Soil hydraulic and thermal parameters are
typically estimated from soil texture information. Soil tex-
ture parameters were grouped by GRU in accordance
with the ecotypes typically found in the Yukon basin
where soil types, vegetation types, and permafrost charac-
teristics often coincide. The Global Soil Database for
Earth system modeling (GSDE; Shangguan et al., 2014)
provided guidance on soil texture parameter ranges and
final values were calibrated due to inconsistencies in this
database across national borders and the uncertainty in
soil for regions such as Yukon where soil surveys are
sparse to non-existent.

For the current study, streamflow records were used
to calibrate a selected set of sensitive parameters while
other parameters were transferred from previous studies
on other basins. To maximize the utility of streamflow
gauge records available in the basin, and to inform the
calibration process, the period 2004–2015 was selected for
analysis of discharge based on the concurrent availability
of flow records and climatic forcing. The analysis
(Section S2.1) resulted in a total of 25 usable streamflow
gauges and indicated the important source sub-basins as
well as those with very little contribution.

The calibration strategy proceeded initially in two
stages; water balance parameters were first calibrated for
dominant GRUs to minimize volume balance errors at
the 25 stations (Section S2.2); then routing parameters for
stream channels, overland flow and baseflow compo-
nents were calibrated to maximize the sum of NSE
(Section S2.3). The 2004–2015 record was split into two
periods: 2004–2011 and 2012–2015 used as calibration
and validation periods, respectively. We used a split-
sample ratio of 2:1 to have enough data for calibration

and used them in series to avoid issues with initialization.
The two periods do not exhibit large differences in terms
of climate or streamflow except that 2013, which is
included in the validation period, was a high flow year
for most sub-basins. The parameter set selected for cali-
bration was limited to a subset of what Haghnegahdar
et al. (2017) listed in their analysis as the most sensitive
parameters. In both stages, calibration was performed
using the Dynamically Dimensioned Search (DDS;
Tolson & Shoemaker, 2007) optimization algorithm with
5000 iterations and metrics were calculated based on
incremental sub-basin runoff contributions to avoid over-
weighing downstream sub-basins over upstream ones).
Five river classes were created to increase the degrees of
freedom when calibrating the routing parameters as
explained in Section S2.3.

Due to remaining water balance errors affecting the
glacier-fed southern sub-basins (Atlin, Upper White, and
Kluane), hard-coded glacier albedo in CLASS had to be
adjusted as described in Section S2.4. The basin also
includes several important lakes which control stream-
flow through changes in storage, specifically in Teslin,
Yukon Headwaters, Takhini, and White River sub-basins.
These were integrated in the model setup (drainage data-
base) as routing elements and storage-outflow relation-
ships for a set of lakes were developed (Section S2.5). The
parameterization process was iterative. After adjusting
the glacier albedo and calibrating lake outflow relation-
ships, additional fine-tuning runs were executed to re-
optimize parameters further considering those changes.

3.3 | Model performance assessment

All eight forecast points in the basin, except 09EB001
(Yukon River at Dawson), had flow records for the
selected calibration/validation periods with minimal

TABLE 3 Designated forecast points

Station ID Station name Sub-basin Area (km2)

09AB001 Yukon River at Whitehorse Yukon Headwaters 19,552

09BA001 Ross River at Ross River Pelly River 7306

09BC002a Pelly River at Ross River Pelly River 18,400

09BC001 Pelly River at Pelly Crossing Pelly River 48,867

09CB001 White River at Km 1881.6 Alaska Highway White River 6233

09DC006a Stewart River near Mayo Stewart River 31,600

09DD003 Stewart River at The Mouth Stewart River 51,023

09EA003 Klondike River above Bonanza Creek Klondike River 7814

09EB001 Yukon River at Dawson Yukon Main Stem 264,000

09ED001 Yukon River at Eagle Yukon Main Stem 288,071

aSecondary forecast points not used for validation (recent discharge records are not available).

8 of 19 ELSHAMY ET AL.



gaps. Gaps were skipped when calculating performance
metrics. To evaluate the model at 09EB001, a flow record
was reconstituted in two steps: (1) an open water rating

curve was constructed from concurrent level and flow
records (1960–1976) and used to extend the flow record
until mid-1996 when water level records at Dawson

FIGURE 5 Hydrographs at main forecast points over the 2004–2015 period, the vertical dashed gray line separates the calibration and

validation periods (2004–2011 and 2012–2015, respectively). Metrics shown are for the whole period.
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stopped; (2) a correlation between open water flows at
Dawson and Eagle was established for the period 1983–
1996 and applied to extend the record at Dawson until
2016. Water level measurements at Dawson were
resumed in 2014 and the establishment of an updated rat-
ing curve there would further improve flow estimates at
Dawson.

Figure 5 shows streamflow hydrographs for main
forecast points (Figure 2; Table 3) during the calibration
and validation period, which visualizes model perfor-
mance in all simulation aspects (low and high flow, tim-
ing, and volume). Table 4 summarizes NSE and PBIAS
over the calibration, validation, and lumped periods.
Biases are acceptable (below 10%) for all gauges except
for Ross and Klondike Rivers with 15% and �19.5%
(overall). The model performance is satisfactory for fore-
cast points on the main Yukon River stem for most years
and does not drastically deteriorate when moving to the
validation period. The representation of sizable lakes in
the model and the parameterization of glacier albedo
helped attain good simulation results at Whitehorse,
which propagated downstream at Dawson and Eagle
with NSE > 0.80. At the Ross River forecast point
(09BA001), the results are acceptable but vary in quality
from 1 year to another (overall NSE = 0.65). The impact
of this behavior is alleviated to some extent downstream
at the Pelly River outlet (09BC001), which is satisfactory
for most years (NSE = 0.79). The simulation performance
of the Klondike River (09EA003) is moderate
(NSE = 0.62) while the lowest overall NSE (0.37) was
found for the Upper White River (09CB001), where the
model tends to overestimate peaks. This is likely due to
the uncertain accuracy of the forcing meteorology over
high mountains, the occurrence of glacial lake outbursts
and melt of ice-cored moraine, and the presence of small
water bodies that could not be resolved within the large-
scale modeling framework here. The lack of high

elevation weather stations and detailed hydrological stud-
ies in much of the glaciated headwaters prevented a diag-
nostic assessment of model performance beyond
streamflow.

As the ultimate purpose of this modeling exercise is
to provide hydrological forecasts to Yukon Environment,
daily peak flows and their days of occurrence were also
compared with observations at the main forecast points
(Figure 6). The performance was satisfactory especially
for the main stem. Three main factors hampering model-
ing performance here could be noted: the poor quality of
the CaPA product due to scarce or non-existent precipita-
tion observations to assimilate within some sub-basins
and at high elevations (see Figure 1); the use of a rela-
tively coarse grid which clearly affected solutions at sub-
basins having smaller areas, such as the Klondike River,
where representing the detailed river network becomes
essential and in high mountains where coarse grids do
not reflect actual topography and hence orographic
effects on precipitation; and the uncertain hydrological
behavior of numerous sub-grid lakes and wetlands in the
YRB system, and thus their rough consideration through
calibration.

4 | FORECASTING SYSTEM
OPERATION AND ASSESSMENT

A cloud-based automated hydrological forecasting system
that accommodates and operationalizes the YRB@Eagle
MESH model was established in a real-time forecasting
mode. The established workflow comprises a set of scripts
to prepare the meteorological forcing data and then
MESH models run for several model setups according to
a few configuration files. The model setups were pre-
pared and organized in separate folders and provide
streamflow forecasts at designated forecast points

TABLE 4 Performance at main forecast points for calibration, validation, whole period and median of annual values over the whole

period (metrics calculated individually for each year)

Forecast point

Calibration: 2004–2011 Validation: 2012–2015 Overall: 2004–2015 Median of annual values

NSE KGE PBIAS NSE KGE PBIAS NSE KGE PBIAS NSE KGE PBIAS

09AB001 0.81 0.90 3.8% 0.90 0.94 3.0% 0.84 0.92 3.5% 0.84 0.85 4.7%

09BA001 0.67 0.79 14.1% 0.63 0.76 16.7% 0.65 0.78 15.0% 0.74 0.73 15.6%

09BC001 0.79 0.89 0.4% 0.78 0.87 5.4% 0.79 0.88 2.2% 0.77 0.79 2.4%

09CB001 0.47 0.56 �7.9% 0.13 0.21 16.7% 0.37 0.46 1.7% 0.57 0.43 3.1%

09DD003 0.56 0.78 �3.4% 0.66 0.81 �2.5% 0.59 0.79 �3.1% 0.70 0.79 1.0%

09EA003 0.64 0.74 �20.3% 0.66 0.76 �18.2% 0.65 0.75 �19.5% 0.62 0.71 �16.5%

09EB001 0.83 0.91 �1.6% 0.83 0.89 1.9% 0.83 0.91 �0.3% 0.84 0.86 0.3%

09ED001 0.84 0.91 �3.4% 0.84 0.90 0.1% 0.84 0.91 �2.2% 0.85 0.88 �1.5%
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(Table 3). This workflow relies on a few configuration
files that provide details about data files to download,
model setups to run, and stations to generate the fore-
casts at. These facilitate the addition of forecast points
and/or model setups (e.g., at higher resolution for a sub-
basin or using a different set of parameters). These also
allow porting the system to other basins once models are
developed for those following the detailed recipe pre-
sented in Section 2. Data and computations are hosted on
the Amazon Elastic Compute Cloud (EC2) provided by
Amazon Web Services (AWS).

4.1 | Forecasting workflow

One forecasting cycle consists of a CaPA hindcast and
two GEM forecasts using the MESH system (Figure 7).
The 24-h CaPA hindcast, from 16:00 PST 2 days before
the day of forecast, updates hydrologic states using CaPA
precipitation data (which assimilates atmospheric obser-
vations as available) and RDPS forecast data for other

variables. A 48-h RDPS forecast follows and starts from
16:00 PST 1 day before the day of forecast and extends
until 16:00 PST the day after the day of forecast. A 10-day
GDPS forecast starts at 16:00 PST 1 day before the day of
the forecast and extends for 234 h (10 days minus 6 h)
until 07:00 PST, 9 days after the forecast day. Given that
the GDPS run starts at 16:00 on the day before the fore-
cast issue, and the forecast is issued on the day of the
forecast (at 07:00 PST), the actual lead time is about
9 days.

The workflow (Figure 8) starts by downloading ECCC
GDPS and RDPS forecast data and CaPA data from
ECCC datamart (https://dd.meteo.gc.ca/ or http://hpfx.
collab.science.gc.ca/). Meteorological forcing data for
each model setup is then prepared from these datasets
and stored. The MESH model is run as mentioned above
to produce discharges for the locations specified corre-
sponding to hydrometric stations for which observed data
is also downloaded. Finally, a set of R scripts post-process
the MESH output and generate the required plots. The
workflow is automated in four stages that are scheduled

FIGURE 6 Performance of hydrological model for annual daily peak values and timing over the period 2004–2015 for main forecast

points. Stations were grouped based on their peak flow values for better scaling.
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at different times to download the data as soon as they
become available. Provisions are made such that stages
1 and 2 can run in parallel; but are also attempted several
times in case of server or communication issues. Model
simulations (stage 4) cannot start unless all forcing data
(CaPA, RDPS and GDPS) have been downloaded and
pre-processed. This is a simple proof-of-concept workflow
based on scripts and can benefit in the long run from a
more robust forecasting scheduling system. The forecast-
ing workflow and the 10 km YRB@Eagle model configu-
ration are available at: https://github.com/MESH-Model/
Yukon-Forecasting-System.

The current workflow has a total of nine model setups:
the YRB@Eagle, described in Section 2, four setups con-
structed for four separate sub-basins at 5 km resolution,
and four other sub-basin setups produced during the 2018–
2019 initial stage of the project (Table 5). With the aid of
configuration files, streamflow plots are produced to include
all forecasts produced for a designated station showing a
small multimodel ensemble. In the future, this will help
assess the forecasting skill of hydrological setups with differ-
ing parameterizations and ensure flexibility in managing

the core of the forecast support system in terms of updates
and addition/retirement of setups.

In terms of computational load, the system uses one
virtual processor on the AWS cloud and requires about
70 min of wall-clock time to download and process GDPS
data for the nine model configurations (Stage 1—refer to
Figure 8). RDPS processing (Stage 2) requires about
15 min of wall-clock-time while other downloading/
processing (Stage 3) is negligible. Running the models
(Stage 4) and producing the final outputs requires around
25 min. Thus, in total, one cycle of the workflow requires
about 2 h of run-time distributed throughout the day.
However, these processing times are achieved during
optimal operation of the workflow, when all data are
readily available on time. The cloud-based scripts allow
for redundancy and data checks in the system, specifi-
cally to deal with missing meteorological forecasts or
periods of poor connectivity, minimizing user interven-
tion. In these cases, run times can be longer.

An example showing the end result of the workflow
is shown in Figure 9 and displays gauged and modeled
discharge for the Yukon River at Dawson, as well as

FIGURE 7 Sketch of forecast timeline with an example of dates/times.

FIGURE 8 Forecast system

workflow.
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precipitation, evapotranspiration, snowpack and soil
moisture from the basin average water balance. Typically,
a hindcast period of 15 days is shown together with the
forecasts. The content and appearance of the plots are
designed to provide a comprehensible, informative, and
visually clear forecast information. Daily forecast support
emails are automatically sent to a predefined list of recip-
ients every morning. Crude streamflow nudging is used
to align the forecast at its start to the most recent stream-
flow observation and is extended to the hindcast.

4.2 | Preliminary evaluation of the
forecast system

The system has been run for the forecast seasons 2020
and 2021, which start mid-April and end mid-October. A

preliminary version of the system was also established
and run in 2018 and 2019 as an initial test program. The
assessment presented below focuses on the workflow
established starting in 2020. During that period, the sys-
tem required minimal manual intervention to overcome
nine failure occurrences in 2020, where the system could
not complete the workflow on time. These failures were
mostly a result of inability to download the meteorologi-
cal forcing data due to production delays or connectivity
issues, but the forecast was usually still issued later that
same day. Failures were analyzed and used to increase
the robustness of the system and thus 2021 recorded only
two failures.

To illustrate the system usefulness in operational fore-
cast setting, three performance examples linked to 2020
summer storms over the basin combined with high alti-
tude snow/ice melt are reported here. The first event
involves the prediction of a critical high-water situation
in the Klondike sub-basin and at its forecasting point,
which put the community of Rock Creek under alert
(CBC News, 2020). Two models (10 K and 5 K
Klondike—see Table 5) consistently forecasted high peak
discharges from June 17. Figure 10a displays the forecast
of June 18 where forecasts from both the 10 and 5 km
models indicated peak flows close to 500 m3 s�1 to be
expected on June 24 and 26, respectively. These signals
informed Yukon Environment flood forecasters, and they
initiated the flood response preparedness plan for vulner-
able populated areas and infrastructure. Actual discharge
peaked at around 662 m3 s�1 on June 23, as shown in
Figure 10b, where the hindcast demonstrated the ability
of the 10 km model to reproduce the peak flow for this
event and indicated that routing parameters' adjustment
was required for the 5 km model to improve the timing
of its forecast. In contrast, the failure of both models to
simulate the two preceding peaks of lower magnitude
was due to excessive smoothing by meteorological fore-
casts and CaPA of two corresponding precipitation events
when amounts were compared with hourly observations
from Dawson Auto and Klondike FC stations down-
loaded from Yukon's Road Weather Information System
(RIWS, 2020).

The second example depicts how the forecasting sys-
tem successfully estimated high flows for the White River
forecasting point (09CB001) in operational mode even
though our model analysis did show difficulties stem-
ming largely from a macrorepresentation of its glacial
hydrology. While the bridge at 1881.6 km Alaska High-
way is relatively safe from historically recognized high
water levels, sudden changes of river flows and levels
remain a danger for communities, encampments and
those fishing and canoeing, especially in late summer.
The system forecasted high peak flows starting August

TABLE 5 Details of current model setups within the forecast

system—See Table 3 for forecast points

Model setup Resolution Description

YRB@Eagle 0.125�

�10 km
Sections 2 and 3, referred to
as 10 K on forecast charts,
produces forecasts at all
forecast points

Klondike 0.0625�

�5 km
Klondike 5 K, produces
forecast at station 09EA003

White White 5 K, produces forecast
at station 09CB001

Pelly Pelly 5 K, produces forecast
at stations 09BA001 and
09BC001

Stewart Stewart 5 K, produces
forecast at station 09DD003

Yukon
Headwaters

0.125�

�10 km
Developed during the pilot
phase (2018–2019), denoted
10 K-old, produces forecast
at station 09AB001

Pelly@Ross Developed during the pilot
phase (2018–2019), denoted
10 K-old, produces forecast
at stations 09BA001 and
09BC002

Stewart@Mayo Developed during the pilot
phase (2018–2019), denoted
10 K-old, produces forecast
at station 09DC006

Upper Liarda Developed during the pilot
phase (2018–2019), denoted
10 K-old, produces forecast
at station 10AA001 (Liard
River at Upper Crossing)a

aAdditional forecast point in a different basin—not listed in Table 3.
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FIGURE 9 Example forecast plots for station 09EB001 issued on August 10, 2021. The top panel shows hourly streamflow forecast,

hindcast and available observations as well as long-term (1945–1976) maximum, minimum, and median flows for the plotted period (dashed

and dotted lines). The vertical dashed line indicates the start of the forecast. The 10 K refers to the YRB@Eagle model setup with prefixes

RDPS and GSPS indicating the meteorological forcing. The water balance plots show the evolution of two meteorological fluxes:

Evapotranspiration (model output) and precipitation (input), and two modeled state variables: Snowpack and soil total moisture as averages

at the basin level.
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9 and getting higher over the week. On August
11 (Figure 11a), peak flow forecast for August 15 of
620 and 700 m3 s�1 were predicted by the 10 K and 5 K
models. Much higher flows materialized on August
14 causing the failure of the gauge. Disruption and after-
ward WSC determined the actual peak discharge to be
1490 m3 s�1. The models were run in hindcast mode pro-
ducing 1050 and 1175 m3 s�1 for the flood peaks by the
10 K and 5 K models, respectively (Figure 11b).

A demonstration for Dawson City is displayed in the
forecast of August 9, 2020 (Figure 12). The system's
YRB@Eagle model forecasted flow increasing from
around 4840 to 6500 m3 s�1 by August 18, whereas the
later observed crest reached 6000 m3 s�1 on August 19.
These late summer high-flow events are very difficult to
predict since they involve a combination of forecasted
rainfall and high-elevation snowpack/glacier melt. Again,
this model skill provided guidance on quickly changing
conditions allowing the authorities some lead-time in
releasing governmental high-water advisories, flood
watches, or flood warnings.

5 | CONCLUSIONS AND FUTURE
DEVELOPMENT NEEDS

A streamflow forecast support system was developed to
provide operational forecasts of streamflow and water
balance for the sparsely monitored YRB in the Yukon
Territory, Canada. This basin is 119% of the area of the
United Kingdom yet has only 25 streamflow gauges avail-
able for model calibration and verification. The MESH
model was used to simulate the hydrology of this basin
on a continuous basis with good success. A process-
oriented approach to the real modeling constraints in this
region, demonstrated that an epistemic physically based
process hydrology methodology combined with some tra-
ditional modeling approaches provided a good compro-
mise and reasonable guidance around high flow events.
Despite the detailed physical representation and parame-
ter selection from hydrology research in the region, some
model parameter calibration was still necessary in reach-
ing acceptable streamflow simulation results. The scarcity
or absence of meteorological and hydrometric

FIGURE 10 Forecasts issued for the Klondike River above Bonanza Creek (09EA003) on (a) June 18 and (b) June 30 with a longer

hindcast period. The dashed lines represent historic (1965–2017) recorded minimum and maximum for each day while the dotted line shows

median daily flows for each day.
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observations in the YRB sub-basins limited the accuracy
of the streamflow predictions especially for the remote
upper White River which drains extensive icefields. In
many instances, there was no correlation between CaPA
accumulated winter precipitation and Yukon Environ-
ment's snow survey observations, highlighting the highly
variable and complex nature of snow representation in
this complex terrain.

In the operational forecast support mode, MESH was
driven by the ECCC's GEM-CaPA, RDPS, and GDPS to
provide hindcasts, and 2- and 9-day forecasts, respec-
tively. The forecasting system platform was coded in-
house, hosted in the Amazon Web Service and is quasi-
autonomous requiring minimal initialization before the

onset of the melt. So far, 2 years (2020–2021) of operation
as an information product for flood forecasting by Yukon
Environment concretized an instructive experience in
communicating and applying hydrological science
advances to support disaster prevention and management
at the provincial/territorial level in Canada. Although the
amplitude/timing of forecasted flows was not always per-
fect and a simple shift was applied using crude nudging
to observed discharge, the system often recognized flow
peaks and their timings well. In some critical situations,
Yukon hydrologists were able to add value to this forecast
guidance because of their access to local meteorological
observation networks, mainly by comparing CaPA to
actual precipitation. Thus, additional observations from

FIGURE 11 Forecasts issued for the White River at km 1881.6 Alaska Highway (09CB001) on (a) August 11 and (b) August 31 with a

longer hindcast period. The dashed lines represent historic (1974–2017) recorded minimum and maximum for each day while the dotted line

shows median daily flows for each day.
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Yukon and Alaska local/regional networks ingested into
CaPA will likely improve hydrological forecast quality.

The system provides a limited multimodel ensemble
forecast but it can be easily extended to use the meteoro-
logical ensembles of ECCC GEM to provide an ensemble
prediction. The system can also benefit from higher reso-
lution and longer lead times that ECCC GEM is offering
for its GDPS and CaPA products. Introducing data assim-
ilation for initial snow states and ongoing streamflow
observations can also improve the realism of model pre-
diction. Ongoing MESH model research targeting perma-
frost (e.g., Elshamy et al., 2020) and glacier descriptions
is also expected to enhance prediction reliability. The out-
puts of the hydrological models can be used to predict
ice-jam floods as done for the Athabasca River basin by
Lindenschmidt et al. (2019). The current flexibility of the
system allows the incorporation of new features effi-
ciently shortening the time to bring research into opera-
tion in ungauged basins. The experience of creating this
system will inform future research to operation improve-
ments as Canada develops a nationally coordinated flood
forecast system. The system serves as a prototype that
can be adopted to other basins and regions. The detailed
model development and the portable forecasting work-
flows presented provide a recipe to conduct such tasks
and fills a gap for cold basins with sparse observations.
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