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1. INTRODUCTION 

The numerical Water Cycle Prediction System 
(WCPS) was developed by Environment and Climate 
Change Canada’s (ECCC) Canadian Centre for 
Meteorological and Environmental Prediction 
(CCMEP). WCPS consists of coupled atmospheric, 
hydrological and hydrodynamic models. WCPS 
currently provides twice daily analyses and 84-h 
forecasts for the Great Lakes and St Lawrence River 
watershed. 

The Great Lakes region is densely populated and is 
home to 25% of Canada’s population. Some 9 million 
Canadians depend on these lakes for drinking water. 
The region generates 40% of Canada’s Gross 
domestic product. Commerce amounts to CAD$180 
billion per year. Pleasure boating adds a further 
CAD$1.5 million per year. Agricultural in the region 
represents 40% of the country’s capacity.  
The Laurentian Great Lakes region is the biggest 
freshwater lake system in the world. The region 
contains four primary lakes: Lakes Superior, 
Michigan-Huron, Erie and Ontario. Three of these four 
lakes, (all except Lake Erie) are individually among 
the world’s ten largest lakes by volume. Indeed, the 
Great Lakes as a group contain 18% of the planet’s 
fresh surface water. The average depth in the four 
lakes ranges from Lake Erie’s 19 m to Lake Superior’s 
147 m. The 406-m maximum depth of Lake Superior 
is well below sea level; the lake’s elevation is 183 m. 
The St Lawrence River, which stems from the Great 
Lakes, is the largest Canadian river by discharge. 

Water levels of the Great Lakes exhibit variability at 
hourly, decadal and longer time scales (Smith et al. 
2016). For instance, lake levels were abnormally low 
during the first ~14 years of this century. Nonetheless, 
wind-driven storm surges can cause changes in water 
level on the order of 2.5 m in 1 hour. Flooding can  
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also be caused by rapid rises in river water levels. 

The development of WCPS supports Canada’s 
participation in the International Joint Commission 
(IJC). The IJC is tasked with fulfilling the obligations of 
the Boundary Waters Treaty of 1909. Three boards, 
which govern the management of dams at the outlets 
of Lakes Superior, Erie and Ontario, advise the IJC. 
Also providing guidance is an advisory body that 
handles issues such as risk assessment, hydroclimate 
and adaptive management. 

WCPS was constructed in stages. Initially, simulations 
with WATROUTE of riverine streamflows were 
performed in offline mode from 2004-2009, forced by 
RDPS (Deacu et al. 2012). This study was funded by 
the IJC. WATROUTE, forced by ECCC’s Regional 
Deterministic Prediction System v5.0 (RDPS; Caron 
et al. 2016), has been running on a daily basis since 
June 2015. Initial experiments using NEMO to 
simulate the hydrodynamics of the Great Lakes from 
2004-2009 were funded by Search and Rescue New 
Initiatives Funds (SAR-NIF; Dupont et al. 2012). The 
GEM-NEMO coupled system started producing daily 
forecasts in November 2014. Its products supported 
forecasting for the Pan-Am games in Toronto during 
the summer of 2015. WCPS was launched in 
November 2015.  

2. DESCRIPTION OF WCPS 

WCPS is a chain of interconnected numerical models. 
(Fig. 1). The core of the system couples a limited area 
version of ECCC’s 3D atmospheric model GEM 
(GEM-LAM; Côté et al. 1998a, 1998b; Girard et al., 
2014), the 3D surface and soil model Interactions 
between Surface–Biosphere–Atmosphere (ISBA; 
Bélair et al. 2003a, 2003b), the 3D hydrodynamic 
lake/ocean model Nucleus for European Modeling of 
the Ocean (NEMO; Madec et al. 1998; Madec and 
NEMO team 2008), the 2D dynamic and 
thermodynamic Community sea-ICE model (CICE; 
Hunke and Lipscomb 2010), the 2D hydrological river 
routing model WATROUTE (Kouwen 2010), and the 
Coordinated Great Lakes Regulation and Routing 
Model (CGLRRM; Tolson 2009) for flow in the rivers 
connecting the Great Lakes. Horizontal resolutions 
vary in the models from 10 km (GEM, ISBA), to 2 km 
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(NEMO, CICE), to 1 km (WATROUTE). Together, 
these models simulate the complete water cycle. 

Initial and hourly boundary conditions for GEM-LAM 
are provided by RDPS. Hourly lateral boundary 
conditions for RDPS are provided by ECCC’s Global 
Deterministic Prediction System v5.1 (GDPS; 
Qaddouri et al. 2015). RDPS and GDPS are both 
based on GEM and are both operational weather 
forecasting models. GDPS runs on a global domain 
with a 25-km horizontal resolution, 80 vertical levels 
and a 12-minute timestep. RDPS covers North 
America with a 10-km horizontal resolution, 80 vertical 
levels and a 5-minute timestep. 

GDPS and RDPS assimilate numerous observations 
at the start of the forecast to generate an analysis of 
the state of the atmosphere. The observations of 
winds, temperatures, water vapour, clouds, rain, and 
snowpacks are from multiple satellites as well as 
radiosonde, aircraft, ship and buoy data. GDPS 
ingests some 12 million observations daily (J. 
Morneau and J. St.-James, ECCC, 2016, personal 
communication). RDPS separately ingests 2.2 million 
observations each day (M. Reszka, ECCC, 2016, 
personal communication). A sequential assimilation 
scheme (Bélair et al. 2003b) produces the analysis of 
the state of the land surface and the soil that 
constitutes the starting point for the forecast by ISBA. 

GEM-LAM, which is at the core of WCPS, is an 
application of GEM over the Great Lakes and St. 
Lawrence River watershed. GEM-LAM uses, like 
RDPS, a 10-km horizontal resolution and 80 vertical 
levels.  However, GEM-LAM’s timestep is shorter; 
such that there are two of GEM-LAM’s 3.75-minute 
timesteps for every 7.5-minute NEMO-CICE timestep. 
Furthermore, surface water temperature and lake ice 
cover are at a 10-km horizontal resolution and remain 
fixed throughout the RDPS forecast while the 2-km 
pseudo-analysed temperatures and ice cover of GEM-
LAM evolve during the forecast. More details of GEM-
LAM’s configuration are provided in Table 1. 
Also at the core of WCPS, the NEMO-CICE ice-ocean 
model (Madec and NEMO team 2008; Hunke and 
Lipscomb 2010; Dupont et al. 2015, Smith et al. 2015) 
represents processes occurring within and at the 
surface of the Great Lakes (Dupont et al. 2012; 
however, with a different sea-ice component at that 
time, namely LIM2). Currents, water temperatures and 
lake ice evolve dynamically. In the Gulf of St. 
Lawrence, NEMO coupled with a marine ice model 
has been run by CCMEP (initially with MoGSL; 
Saucier et al. 2003, Smith et al. 2012; replaced in 
2014 by CICE) on an operational basis in real time 
since 2011. On the Great Lakes, NEMO and CICE 
use a 2-km horizontal resolution and a 7.5-minute 
timestep. NEMO represents 35 vertical levels. More 
details of NEMO’s configuration are provided in Table 
2. 

NEMO-CICE generate initial conditions on their 2-km 
grid for their forecasts by inserting observations of the 
concentration and thickness of marine ice retrieved 
from RADARSAT satellite images directly into the 

model. Despite the lack of sophistication of this data 
assimilation method and even though no observations 
of either water temperature or salinity are ingested, 
the quality of the marine ice and surface water 
temperature analyses matches or surpasses the 10-
km operational CCMEP analyses of these variables 
(Smith et al. 2012). 

The final model at the core of WCPS is WATROUTE, 
which simulates the flow of water (Kouwen 2010, 
Deacu et al. 2012, Gaborit et al. 2016) through a river 
network by solving the continuity equation in each grid 
cell: the change in river channel storage during a 
given timestep equals the difference of the inflow and 
outflow. The model progresses downstream from the 
high-elevation cells; the upstream grid cell’s outflow is 
passed as inflow to the cell downstream. 

WATROUTE’s domain extends over the Great Lakes 
and St. Lawrence River watershed to Tadoussac at a 
∼1-km resolution (Fig. 1). The river network is derived 
from the U.S. Geological Survey’s (USGS) 
Hydrological data and maps based on SHuttle 
Elevation Derivatives at multiple Scales 
(HydroSHEDS) dataset (Lehner et al. 2008; Gaborit et 
al. 2016) and then modified locally to promote 
agreement between observed and simulated sub-
watersheds. The initial 7.5-minute model timestep is 
reduced as required to simulate significant pulses of 
streamflow generated by intense rainfall or rapid 
snowmelt. 

Initializing streamflows for WATROUTE’s forecasts 
are generated by directly inserting into the model 
hourly observations of discharge. In the Canadian 
portion of the Great Lakes area, observations from 
213 ECCC stations are currently assimilated. 
Downstream of major dams (discharge from Lakes 
Muskoka, Nipigon, Nipissing, White, and 
Kaministiquia River) where changes in flow are 
unpredictable, the most recent observed discharge 
value is persisted throughout the 84-h forecast. 

The Coordinated Great Lakes Regulation and Routing 
Model (CGLRRM; Tolson 2009) represents the flows 
through the interconnecting channels between the 
lakes using a stage-discharge curve. The model 
considers the mean water level of either the lake 
discharging the water (Lakes Superior, Erie, Ontario) 
or of the lake at both ends of the connecting channel 
(Lakes Michigan-Huron, St. Clair). CGLRRM is 
embedded in NEMO-CICE. 

The models at the core of WCPS communicate with 
each other. At every NEMO-CICE timestep, GEM-
LAM provides NEMO-CICE with atmospheric forcing 
fields at the surface of the water such as winds, 
temperature, moisture and solar radiation (Table 3). 
During the following NEMO-CICE timestep, or 7.5 
minutes later, these atmospheric forcing fields drive 
currents in the surface waters and modify the surface 
water temperature and the ice cover. Given that the 
horizontal resolution of NEMO-CICE is higher than 
that of GEM-LAM, and that NEMO-CICE is better 
informed on the characteristics of the marine ice and 
its snow cover, NEMO-CICE calculates the fluxes of 



momentum, heat and moisture between the 
atmosphere and the surface. NEMO-CICE calculates 
fluxes for the different categories of water, ice and 
snow, then aggregates the fluxes and passes them to 
GEM-LAM. The data is transmitted between GEM-
LAM and NEMO-CICE via CCMEP’s server Globally 
Organized System for Simulation Information Passing 
(GOSSIP; Smith et al. 2017). GOSSIP only transmits 
the data. GEM-LAM and NEMO interpolate and regrid 
the data as needed. 

To facilitate the exchange of information between the 
four models, GEM-LAM, NEMO and CICE are 
launched each day at 00 and 12 UTC while 
WATROUTE is launched at 06 and 18 UTC. Thus, 
hourly accumulations of surface runoff from GEM-
LAM are available for WATROUTE at the start of its 
simulation (Table 3). However, since GEM-LAM’s 
forecast is launched 6 hours before WATROUTE’s, 
the last 6 hours of WATROUTE’s forecast is forced by 
runoff from RDPS. WATROUTE is also forced by 
hourly accumulations of recharge, or the water that 
exits the bottom of the soil column. Whereas surface 
runoff is released into the river network 
instantaneously, recharge is released at a slowly-
evolving rate to represent the groundwater 
contribution to river flows. Climatological (2004-2009; 
Deacu et al. 2012) recharge produced by GEM-Hydro 
(Gaborit et al. 2016) is currently used in WCPS owing 
to its overestimation by the sequential surface data 
assimilation system (see above).  

WATROUTE passes hourly riverine discharges to 
NEMO-CICE as boundary conditions (Table 3). 
NEMO-CICE calculates their average over the 48 
hours ending 6 hours prior to the start of its pseudo-
analysis-generating process. It then ingests the 
average discharges throughout that process and 
during the following 84-h forecast. 

The tight coupling between the core models of WCPS 
permits a coherent and swift response to rapidly 
changing environmental conditions. Examples of such 
events include the rapid formation of lake ice in 
response to a cold snap. Similarly, riverine flows react 
quickly to significant increases in surface runoff due to 
intense precipitation or rapid snowmelt. 

3. MODEL VERIFICATION 

To evaluate WATROUTE’s ability to predict the 
component Net Basin Supply (NBScomp), or the net 
supply of water to a lake from its immediate 
watershed, we consider two inpedendent estimates of 
NBS. NOAA’s Great Lakes Enviromental Research 
Laboratory’s (NOAA/GERL) estimates NBScomp with 
their operational NBS hindcast system, GLERL-
LakeP. Additionally, an estimate of residual NBS 
(NBSres) is derived from observations. NBScomp and 
NBSres are calculated, respectively, following Eqs. 1, 
2. 

NBScomp = P – E + R             (1) 

where P is precipitation onto the lake’s surface, E is 
evaporation from the lake’s surface, and R is 
terrestrial runoff from the immediate watershed. 

NBSres = DV – I + O             (2) 

where DV is the change in the volume of lake water, I 
the inflow from the upstream lake, and O the outflow 
from the lake itself. WATROUTE’s estimate of NBS 
generally agrees closely with the two independent 
estimates; it sometimes underestimates extreme 
values (Fig. 2). 

Concerning the lakes, NEMO agrees very closely with 
the observed monthly changes in water level from 
2005-2009 on Lakes Superior and Michigan-Huron 
(Fig. 3). The agreement degrades slightly in Lake Erie 
and further in Lake Ontario. This likely reflects the 
accumulation of error with progression downstream. 

NEMO is also able to represent subdaily fluctuations 
in water level with little degradation in forecast quality 
with lead time (Fig. 4). Moreover, NEMO reproduces 
capably the difference in water level across the length 
of Lake Erie during January, 2016 (Fig. 5). These 
sometimes considerable differences (on the order of 
metres) are caused by wind-driven seiches. 

Lake surface water temperatures from 2004-2009 are 
overestimated by NEMO during the spring compared 
to NOAA/GLERL’s Great Lakes Surface 
Environmental Analysis (GLSEA) and CMC’s (now 
CCMEP) analysis (Fig. 3). However, during fall, 
NEMO’s overestimation is smaller while, during 
summer, the temperature difference is negligible. 
Moreover, the simulated surface water temperature 
averaged over all lakes agrees closely with the 
GLSEA analysis during spring of 2015 (Fig. 6). 

NEMO’s estimate of the fraction of the lake surface 
covered by ice during both 2004-2009 and in 2015 
either agrees closely with the observations or is a 
slight underestimation (Figs. 3, 7). The greatest 
differences between NEMO’s estimate and the 
observations are associated with Lake Erie. This 
lake’s greater differences may reflect its lesser depth 
(Sect. 1). 

Coupling NEMO-CICE to GEM strongly influenced 
atmospheric surface-level temperatures at locations 
closest to a Great Lake from 22 January to 20 March, 
2011 (Fig. 8). The impact was greatest during January 
and declined subsequently (Fig. 9). However, 
throughout the period, the impact was consistently 
greatest at longer (36, 48) lead times than shorter (12, 
24). 

The mean error and standard deviation of 
atmospheric surface-level temperature as forecast by 
WCPS during 2015 are uniformly better than those 
from RDPS at all forecast lead times (Fig. 10). This 
improvement is significant at the 90% confidence 
level. Atmospheric surface-level dew-point 
temperatures forecasted by WCPS for July through 
September 2015 are almost uniformly in better 
agreement with the observations than those of RDPS 
(Fig. 11). 

Forecasts by WCPS of precipitation in the Great 
Lakes region during 2015 are evaluated using the 
equitable threat score and frequency bias index (Fig. 
12). These scores indicate that the WCPS forecasts 



are almost consistently at least as good as or better 
than those by RDPS. Furthermore, the differences in 
the scores were significant at the 90% confidence 
level. 

Although streamflows predicted by WCPS for 4 
November 2015 to 31 January 2016 are not uniformly 
more accurate than those of WATROUTE forced by 
RDPS (Figs. 13-14), the bias improves significantly at 
locations with large (>1000 km2) watersheds 
particularly at longer lead times. The standard error 
improves in the coupled system for small (100-500 
km2), medium (500-1000 km2) and large watersheds 
at all lead times. Furthermore, the standard error 
normalized by the period’s mean observed value is 
smaller in almost all regions (shown in red in Fig 15) 
when predicted by WCPS than by WATROUTE forced 
by RDPS. 

Former versions of NEMO used a monthly climatology 
(2004-2009) of terrestrial runoff to the lakes. The 
climatological runoff underrepresents the spring 
maxima as estimated by WATROUTE forced by 
RDPS, particularly for Lake Superior (Fig. 16). 
Looking more closely at Lake Michigan-Huron, we find 
that the mean weekly inflow from the gauged rivers as 
estimated by this offline version of WATROUTE 
agrees well with the observations, particularly with the 
timing of events (Fig. 17). (See Fig. 18 for the gauged 
portions of the watersheds.) In contrast, the 
climatological inflow formerly used by NEMO shows 
poor agreement with the estimated total inflow to the 
lake. 

Inflows simulated by WCPS from November 2015 
through January 2016 show a negative bias. The 
climatological drainage used to force WATROUTE is 
provided by ISBA (Sect. 2). Unfortunately, ISBA 
underestimates drainage. Furthermore, this period 
was unusually mild. Since the drainage is 
climatological, it was unable to reflect the unusual 
conditions. 

4. PRODUCTS AND THEIR USE 

A list of products generated by WCPS and their 
usages is provided in Table 4. Examples of the 
products are shown in Figs. 19-25. Clients for these 
products within ECCC include the Canadian Ice 
Service, Boundary Waters Unit, the Great Lakes / St.-
Lawrence Regulation Office, the National Hydrological 
Service, Environmental Emergency Response, and 
CCMEP. External clients include the Canadian Coast 
Guard, Public Safety Canada’s Government 
Operations Centre, provincial governments of Ontario 
and Quebec, Hydro-electric companies, and the IJC. 
Finally, national and international collaborators 
include FloodNet, Hydro-Quebec’s Institut de 
recherche, NOAA/GLERL, NOAA/NWS, UK Met 
Office, and Ontario’s Ministry of Natural Resources. 

5. CONCLUSIONS 

WCPS is a prediction system for the atmosphere, 
rivers and lakes of the Great Lakes region. The 
verification indicates that all variables of interest are 

simulated well by WCPS. Through WCPS, CCMEP is 
able to deliver new services including to the National 
Hydrological Service, Canadian Ice Service, the 
Canadian Coast Guard, and Environmental 
Emergency Response. 
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Table 1. Details of GEM-LAM's configuration   

Parameter Value 

Length of timestep 3.75 minutes 

Grid size 340 x 380 

Horizontal resolution 0.09 - 10 km 

Number of vertical Levels 80 

Pressure at the model's top 7.5 hPa 

Rcoef to define vertical levels 4.5, 4.5 

Order of horizontal diffusion for winds 6 

Use of implicit fluxes (explicit if False) FALSE 

 

 

 

 

Table 2. Details of NEMO's configuration 

Parameter Value 

Length of timestep 7.5 minutes 

Grid size 355 x 435 

Horizontal resolution 2 km 

Number of vertical Levels 35 

Ocean drag 0.015 

Under ice roughness 0.015 

Bottom friction quadratic 

Vertical physics non-penetrative TKE-Mellor-Yamada closure 

Momentum advection vector form 

Lateral momentum bi-harmonic momenum diffusion 

Lateral tracer physics harmonic diffusion 

Tracer advection Total Variance Dissipation scheme (TVD) 

 



Table 3. The coupling of the component models of WCPS-GLS     

Source model : 

destination model 

Variables passed from source to destination model Exchange frequency Exchange method 

GEM:NEMO-CICE downward short- and longwave radiation fluxes 7.5 minutes GOSSIP
1
 

near-surface atmospheric temperature, humidity and 

winds 

surface-level and near-surface atmospheric pressure 

precipitation   

NEMO-CICE : GEM upward longwave radiation flux 7.5 minutes GOSSIP
1
 

fractional coverage and thickness of marine ice 

depth of snow on marine ice 

surface roughness 

surface-level and near-surface temperature, humidity and 

winds 

surface-level turbulent sensible and latent heat fluxes, 

and turbulent momentum flux 

GEM : WATROUTE surface runoff hourly offline 

WATROUTE : NEMO riverine discharges the 48-h average 

ending 6 hours prior to 

the forecast start is 

held constant 

throughout the 

psuedo-analysis-

generating process and 

the forecast 

offline 

1
Smith et al. 2017    

 

 

 

 



Table 4. Products of WCPS and their clients               

Variable Water 

cycle   

(P-E+R) 

Navigation Hydro-

electricity 

Flood 

warnings 

Search 

and 

Rescue 

Environmental 

Emergencies 

Weather 

forecasts 

Habitat 

forecasts 

Ecological 

forecasts 

Lake water level 
 

X X 
    

X 
 

Riverine discharges X 
 

X X 
   

X 
 

Lake surface currents 
    

X X 
  

X 

Lake surface water 

temperature 
X 

   
X X X X X 

Vertical profile of lake 

water temperature      
X 

   

Lake ice cover X X X 
 

X X X X 
 

Improved 

atmospheric forecasts 
X X X X X X X X X 

 



NEMO+CICE (2 km) 

ocean-ice model 
GEM GDPS (25 km) 

atmospheric model 

WATROUTE 

routing model (1km) 
GEM LAM (10 km) 

atmospheric model 

(ISBA land-surface scheme) 

GEM RDPS (10 km) 

atmospheric model 

Runoff 

Turbulent fluxes Streamflow 

H2D2 finite element 

hydrodynamic model 

Fig. 1 Environment and Climate Change Canada's Water Cycle Prediction System for 

the Great Lakes and St. Lawrence  River. 



• REGN: EC's 

experimental 

GEM-Hydro 

outputs (with 

assimilation of 

streamflow) 

• GLERL LakeP: 

NOAA-GLERL 

operational 

NBS 

hindcasting 

system 

• Resid: 

residual 

calculation 

from lake 

levels obs. 

Deacu et al. (2012) 
J. Hydromet. 

Fig. 2 Verification of predicted monthly net basin supplies (mm month-1) to the Great 

Lakes. 



    Water level change [m]                Surface temperature [C]                        Ice fraction (LIM)  

Dupont et al. (2012), WQRJC 

Fig. 3 Verification of predicted long-term dynamics of water levels, temperature and ice. 

The sources of the values shown are indicated in each panel. 



Fig. 4 Verification of the predicted water level (m) at specific locations 



Fig. 5 Verification of the predicted difference in lake level (m) across the length of Lake 

Erie (Buffalo – Toledo) . Observed lake level differences are shown in black. 



Fig. 6 Verification of the surface water temperature (K) as predicted by NEMO-CICE for 

each lake individually then averaged. 



Fig. 7 Verification of the fractional cover of lake ice as predicted by NEMO-CICE 



Fig. 8 The spatial distribution of the impact of coupling GEM-LAM with NEMO-CICE on 

GEM-LAM's prediction of atmospheric surface-level temperature. 



Fig. 9 The temporal distribution of the impact of coupling GEM-LAM with NEMO-CICE on 

GEM-LAM's prediction of atmospheric surface-level temperature. 



Fig. 10 Mean error and standard deviation of atmospheric surface-level temperature 

(°C)  as predicted by GEM-LAM during 2015. 



Fig. 11 Mean error and standard deviation of atmospheric surface-level dew-point 

temperature (°C) as predicted by GEM-LAM for July through September 2015. 



Fig. 12 Equitable threat score and frequency bias index of precipitation (mm) as 

predicted by GEM-LAM during 2015. 



Fig. 13 Bias and standard error both non-normalized (m3 s-1) and normalized (%) by the 

period's mean observed value of riverine discharge as predicted by WATROUTE forced 

by RDPS from 4 November 2015 through January 2016. 



Fig. 14 Bias and standard error both non-normalized (m3 s-1) and normalized (%) by the 

period's mean observed value of riverine discharge as predicted by WATROUTE in WCPS 

from 4 November 2015 through January 2016. 
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500-1000 km² 

 

>1000 km² 

Fig. 15 Spatial distribution of the difference of the standard error (%) normalized by the 

period's mean observed value of riverine discharge as predicted by WATROUTE in WCPS  

and WATROUTE forced by RDPS from 4 November 2015 through January 2016. Red 

shades indicate an improved performance by WCPS. 



Fig. 16 Terrestrial runoff (mm month-1) from the specified lakes' immediate watershed. In 

black are the climatological values formerly used by NEMO. Dashed lines represent inflow 

from the gauged portion of the Canadian part of the watershed. Solid lines represent the 

total discharge from the gauged areas upstream of the Canadian gauges closest to the lake. 



Fig. 17 Terrestrial runoff (mm week-1) from the immediate watershed of Lake Michigan-

Huron for June 2004-May 2009. The solid black line represents the total observed inflow 

from gauged rivers. The dashed black represents the climatological values formerly used 

by NEMO. The red and blue lines represent the simulated inflow from gauged rivers only 

and from the entire watershed, respectively. 



Fig. 18 The regions draining  to the streamflow observation gauges that provide data to 

be assimilated by WCPS. 



Fig. 19 Spatial distribution of the surface currents predicted by NEMO-CICE and the 

riverine flows predicted by WATROUTE for 00 UTC 12 November. 



Fig. 20 Spatial distribution of WATROUTE's analysed riverine streamflows for 20 UTC 2 

February 2016. 



Grand River at Galt 

Fig. 21 Spatial distribution of the riverine streamflows predicted by WATROUTE for 20 

UTC 2 February 2016 and presented as travelling pulses. On the right are the time series 

of the streamflow of the Grand River at Galt (the location indicated by the arrow) as 

observed (lower panel) and as simulated by WATROUTE (upper panel). 



Fig. 22 The prediction of the Halloween storm of 2014 in Chicago: spatial distribution of 

the lake level anomalies predicted by NEMO (left panel). On the right are the predicted 

lake level anomaly at Calumet near Chicago as observed (black) and as simulated (blue) 

from the forecasts launched the day prior to the storm (upper panel) and the day of the 

storm (lower panel).  
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Fig. 23 An example of the spatial distribution of surface water temperature on 19 

August 2015 at the onset of an upwelling event on Lake Superior. 



Fig. 24 An example of the spatial distribution of lake ice and surface water currents at 00 

UTC 12 February 2016 at the onset of rapid freeze-up event on Lake Erie. 



Fig. 25 An example of three clusters of particles against the spatial distribution of 

surface water currents at the onset of a particle tracking forecast launched 00 UTC 9 

February 2016. 


