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0. Executive Summary 

The Cumulative Effects Toolkit is being developed for the Morice River area of north-western British 

Columbia (BC), Canda, to support cumulative effects analysis.  

This document is an addendum to the primary toolkit document, which describes the conceptual basis 

for the toolkit and overviews of components. This document provides additional details regarding the 

approaches to hydrological model components. These components at present include hydrological flow 

modelling, identification of ridge lines, avalanche risk, water runoff (water balance) and glacier dynamics 

(glacier mass balance), slope to stream coupling, and coarse sedimentation hazard.  
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1. Introduction 

The Cumulative Effects Toolkit is being developed to support cumulative effects analysis in British 

Columbia (BC), Canada, with a present application in the Morice River of north-western BC. Hydrology 

plays a significant role in ecosystems, and is a key aspect of cumulative effects analysis. A number of 

hydrology related model components are being developed as part of this toolkit to support inclusion of 

different risk factors, interactions among processes and disturbances, and resulting impacts on values of 

interest. This document presents additional details, at a technical level, for some of these model 

components, and was written as an addendum to the main toolkit document Fall and Morgan (2014). 

Overview information on these components is provided in Fall and Morgan (2014), as well as the 

conceptual basis and design of the analysis toolkit. Some hydrologic model components were fully 

described in Fall and Morgan (2014), but others are elaborated upon herein. In addition, example 

outputs and presented for all components. 

2. Study area and data inputs 

The study area encompasses the headwaters of the Morice River, upstream from Houston in 

northwester BC. The study area is entirely within the Morice Timber Supply Area and Morice Land and 

Resource Management Plan (LRMP) area. This is an area of about 439,00 hectares. 

Spatial data were provided by the BC government, which was converted to raster grids at a resolution of 

1ha (100m x 100m). Some attributes were also stored at finer resolutions (e.g. elevation at 25m x 25m 

grid cells) and coarser resolution (e.g. climate data at 400m x 400m grid cells), as appropriate and with 

different resolutions nesting. Most of the analysis is done at a resolution of 1ha (100m x 100m grid 

cells), with a time horizon from several decades to several centuries. 

Key attributes include a digital elevation model (particularly elevation, from which slope and aspect can 

be computed), land cover (non-forest, biogeoclimatic zone, glaciers), forest cover (species, stand age 

site index, etc), mining attributes, habitat attributes for moose, grizzly and salmon, water 

quality/quantity variables, climate variables, and reporting attributes (e.g. watershed assessment unit). 

The specific requirements for each toolkit component are provided with the description of the 

component in the appendices. 

Key attributes for the hydrological models include a digital elevation model (particularly elevation, from 

which slope and aspect can be computed), glaciers, land cover (forest, biogeoclimatic zone) and climate 

variables. Climate variables were obtained from ClimateWNA (Spittlehouse 2006) as layers of monthly 

average temperature degrees Celsius) and precipitation (mm). 
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2.1. ClimateWNA inputs 

The water and glacier balance component requires and monthly temperature (in degrees C) and 

precipitation (mm) for a single year, time period (e.g. climate normals) or time sequence (e.g. annual 

historic data or future climate projections). Creating 400m (16ha cell) climate variable grids from 

ClimateWNA (Spittlehouse 2006) is a multi-step process: 

1. Create layers with the latitude and longitude in each grid cell.  

We did this by re-projecting any shapefile from BC Albers to UTM, saving as a 400m grid, and 

using the following set of formulas to convert UTM northing/easting positions to latitude and 

longitude. The resulting lat/long grids are then re-projected back to BC Albers to align with the 

rest of the data set. 

a. Constants: 

k0 = 0.9996 

a = 6378137 

b = 6356752.3142 

e2 = 1 - b^2/a^2 

ei2 = e2/(1-e2) 

rad2deg = 180 / 3.14159265  

deg2rad = 1 / rad2deg 

zone = 9 

longOffset = 0 

latOffset = 0  

b. Compute once: 

   e1 = (1 - (1 - e2)^0.5)/(1 + (1 - e2)^0.5)  // ei 

J1 = (3*e1/2 - 27*e1^3/32)  // ca 

J2 = 21*e1^2/16 - 55*e1^4/32  // cb 

J3 = 151*e1^3/96  //cc 

J4 = 1097*e1^4/512  //cd 

zoneCM = 6 * zone - 183 - longOffset // long0 //-111  shifted by 4 to -115 

c. Compute in each grid cell, given UTM northing and easting for the cell: 

M = y/k0 // meridional arc // arc 

mu = (M/(a*(1 - e2/4 - 3*e2^2/64 - 5*e2^3/256))) * rad2deg 

 

// calculate footprint latitude  // phi1 

fp = mu + (J1*SIN(2*mu) + J2*SIN(4*mu) + J3*SIN(6*mu) + J4*SIN(8*mu)) * 

rad2deg// footprint lat 

 



 

Cumulative effects toolkit adapted to the Morice River 

Page | 5  Morice CEA 

Note: This document does not represent a formal position or commitment of the BC Government. 

// calculate lat/long 

C1 = ei2 * (COS(fp)^2) // Q0 

T1 = TAN(fp)^2 // t0 

R1 = a*(1-e2)/((1-e2*(SIN(fp)^2))^1.5)  // r0 

N1 = a/((1-e2*(SIN(fp)^2))^0.5)  // n0 

D = x/(N1*k0)  // dd0 

 

Q1 = N1 * TAN(fp) / R1  // fact1 

Q2 = D^2/2  // fact2 

Q3 = (5 + 3*T1 + 10*C1 - 4*C1^2 - 9*ei2) * D^4 / 24  // fact3 

Q4 = (61 + 90*T1 + 298*C1 + 45*T1^2 - 3*C1^2 - 252*ei2) * D^6 /720 // fact4 

 

Lat = fp - (Q1 * (Q2 + Q3 + Q4)) * rad2deg + latOffset // in ibm version Q3 is added? 

 

Q5 = D  // lof1 

Q6 = (1 + 2*T1 + C1) * D^3 / 6  // lof2 

Q7 = (5 - 2*C1 + 28*T1 - 3*C1^2 + 8*ei2 + 24*T1^2)*D^5 / 120  // lof3 

a2 = (Q5 - Q6 + Q7)/COS(fp)  // _a2 

a3 = a2 * rad2deg 

 

Long = zoneCM + a3 // in ibm version a3 is subtracted 

2. Generate ClimateWNA input file. 

We created a tab-separated text file (SELES format) with one row for each grid cell containing 

latitude, longitude and elevation. We then re-formatted a CSV file (ClimateWNA format). 

3. Run ClimateWNA to obtain climate variable outputs. 

Using the above input file, run ClimateWNA to produce monthly climate variables for each grid 

cell for the desired time period (specific year or years, or normal period). Convert the output 

CSV file to .txt format. 

4. Generate monthly temperature and precipitation grids. 

The CimateWNA file has one row for each 400m grid cell a number of climate variables, 

including monthly average temperature and precipitation. There is a separate file for each year 

(historic), future projection (year plus climate scenario) or normal period. Each file is handled 

separately (although automated). Using the lat/long grids, the relevant output row for each grid 

cell is found and the climate variables are extracted. The resulting grids are then saved (24 grids 

per year or period).  The 400m grids were scaled from 400m x 400m to 100m x 100m layers 

without interpolation (i.e. we assume ClimateWNA outputs are only valid at the 400m x 400m 

resolution) for use with the water and glacier balance component. 
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3. Hydrological model components 

3.1. Ridge lines 

Ridge lines were used in the snow avalanche hazard component as well as to decompose glacier patches 

by basin. A ridge delineates area of divergent water flow. There are two main types of ridges: (a) inter-

peak ridges are ridges that follow relatively high elevation areas between mountain peaks; and (b) 

ascending ridges are ridges that divide sub-basins going up from valley bottoms to mountain tops. 

Ascending ridges can be found by computing contributing area on an “inverted” elevation layer (where 

low means high, and vice versa). In this case, “pits” are not filled, since all mountain peaks would be 

considered as pits (and most of the landscape would be filled). Ascending ridges are areas with relatively 

high contributing area increasing towards, and terminating at, local peaks. 

Inter-peak ridges do not generally end up with high contributing area in the above step since distances 

between the low point of an inter-peak mountain pass may not be very far from the peaks. Instead, 

mountain peaks are joined by least-cost paths using spatial graph models (Fall et al. 2007). The cost 

surface is defined as the geometric mean of slope and contributing area. This keeps ridges along the 

highest routes between peaks. As maximum contributing area threshold is also applied (i.e. infinite cost) 

to avoid linking peaks across large valley (i.e. a low drop to a mountain pass is part of a ridge, but not a 

large drop down and across a valley to entirely different mountain chain).  Peaks are otherwise linked 

into a minimum spanning tree (i.e. no cycles). 

Finally, the inter-peak minimum spanning tree (MST) and inverted contributing area are used to 

determine inter-peak ridges (links in the MST) and ascending ridges (areas with high values of inverted 

contributing area). 

3.2. Water and glacier mass balance 

Water balance and glacier mass balance models can be used to estimate water flow in ungauged 

watersheds, potential changes in future water flow and changes due to glacier advance or retreat. We 

based our model on a hybrid between the coarser-scale methods of Moore et al. (2012) and the finer-

scale methods of Stahl et al. (2008).  Moore et al. (2012) modelled water runoff over a number of 

medium to large basins at a resolution of 400m x 400m (the resolution of ClimateWNA data).  

3.2.1. Glacier delineation 

The glacier mass balance sub-component tracks changes over individual glaciers as units, and hence 

glaciers need to be identified.  In the Morice River watershed study area, a glacier id coverage was 

provided and used to identify glaciers, which cover an area of about 13,600 ha.  
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3.2.2. Water balance and runoff 

The water balance and runoff sub-component runs on a monthly timestep and simulates water balance 

in each cell. Input of water is from precipitation and glacial icemelt. Water may be stored in snowpack, 

soil moisture and surplus, which fluxes due to precipitation, evapotranspiration and runoff. A primary 

output is the volume of runoff within each watershed basin. 

In the description below, equations are referenced to indicate source (e.g. [3,Moore] refers to equation 

[3] in Moore et al. (2012)). 

Inputs: The main static spatial inputs include Catchment (watershed assessment unit), LandCover 

(classification of open/closed forest, open land, glacier, and open water), elevation, aspect, and slope (in 

percent). The LandCover layer was derived as in Moore et al. (2012) from biogeoclimatic zone (BEC) and 

glaciers, but could easily be derived more precisely from forest cover, or to change dynamically. 

Each month step, climate layers are input for monthly mean precipitation P (mm) and air temperature T 

(degrees C). The base run used the sequence of years from 1950 to 2011. A separate run was made in 

which annual values were varied by picked a random coefficient of variation for each month step 

derived from the 1950-2011 data based on the average temporal variance for each grid cell across years 

for a given month. That is, the variance was computed for each grid cell separately across the data yeas 

(1950 to 2011), and then the mean of these variances was used to stochastically pick temperature and 

precipitation offsets (percent increase or decrease, applied to each cells). 

Outputs: Monthly average runoff values summed by catchment. 

Representation: Snowpack (SWE), soil moisture (SM) and surplus (S) water stores are implemented as 

spatial layers in units of mm, as it monthly runoff (RO). 

Initialization: When running the model, a 5 year “initialization period” is used in which water balance 

computed with the same monthly input sequence to converge storages and runoff to stable values. 

Model Details: Each month, the following steps are applied. 

1. Rainfall and snowfall inputs 

Monthly precipitation is partitioned between rainfall (RF) and snowfall (SF) 

 if T > T_rain (degrees C) then SF = 0 

 else if T < T_snow then SF = P  

 else SF = P(T_rain-T)/(T_rain-T_snow)  [1,Moore] 
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 RF = P – SF [2,Moore]  

where T_rain = 3C and represents the temperature below which all precipitation is snow 

and T_snow = -5C and represents the temperature above which all precipitation is rain 

2. Net rainfall and snowfall inputs 

Rain and snow are reduced by landcover-specific interception loss (IL): 

 open land, open water, glacier: 0%  

 open forest: 10% 

 closed forest: 25% 

Interception loss values for rain (IL_rain) and snow (IL_snow) are presently the same as IL. 

Rain is further reduced by direct runoff (DRO), assumed to be 5% to compute infiltration rain. 

 SFnet = SF(1-IL_snow)  

 RFnet = RF(1-IL_rain) 

 DRO = 5% * Rfnet 

 RFinf = Rfnet – DRO 

 

3. Snow storage and melt  

Our model is based on a degree-day model (Hock 2003), and uses the Stahl et al. (2008) approach, 

which, unlike the Moore et al. (2012) approach, accounts for slope and aspect. However, we also apply 

differences in degree-day factors between land cover types as in Moore et al. (20012). 

Mpot is potential melt in mm. M is actual melt. 

Below is the Moore et al. (2012) approach for comparison: 

 if T < 0C, Mpot = 0 

 else Mpot = k_m * T * n_d [3,Moore]  

where n_d is the number of days in the month  (ranging from 28 to 31) 

and  k_m is a degree-day factor (mm/C/day), with 3.5 for open, 3.5 for glacier snow, 4.5 for glacier bare 

ice, 2.5 for open forest and 2 for closed forest 

Now the Stahl et al. (2008) approach applied. First a meting factor is computed 

 pSummerSolstice = (MonthDaylightH[currMonth]-minDaylightH)/(maxDaylightH-minDaylightH) 

where minDaylightH = monthly average daylight hours in December 

 maxDaylightH = monthly average daylight hours in June 

 MonthDaylightH[currMonth] = monthly average daylight hours in current month 

 s = 90-ARCTAN(100,SlopePct), slope in degrees on a 100m grid 
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 C0 = 1.01 + 2.08 * pSummerSolstice, base melt factor 

where 1.01 is Cmin and 2.08 is DC in Stahl et al. (2008) 

 C = C0 * (1 - 0.25*SIN(s)*COS(Aspect)) [1,Stahl] 

where 0.25 is AM in Stahl et al. (2008) 

The melt factor C is in units of mm/C/day, and corresponds to the k_m parameter of Moore et al. 

(2012). 

Then, Mpot can be computed: 

 if T < 0C then Mpot = 0 

 else Mpot = pNF * C* (k_m[LandCover]/k_m[open land]) * T * n_d [modif. Stahl]  

where n_d is the number of days in the month  (ranging from 28 to 31) 

and pNF = RF/P  (proportion of month with rain, and hence melting conditions) 

and  k_m is a degree-day factor (mm/C/day), with 3.5 for open/glacier, 2.5 for open forest and 2 for 

closed forest. 

The scaling factor (k_m[LandCover]/k_m[open land]) was used to adjust, as in Moore et al. (2012) for 

effects of open or closed forest. The pNF factor was added to account for the proportion of months with 

mean T between 0 and 5 that are assumed to be snowing (and hence presumably not melting). 

Sensitivity analysis showed that the pNF factor has minor influence. 

Melt (M) is the smaller of potential melt (Mpot) and snowpack(SWE) + snowfall (SF): 

 M = min(Mpot, SWE + SFnet)  [4,Moore] 

Update snowpack (SWE or snow water equivalent): 

 SWE = SWE + SFnet - M  [5,Moore] 

4. Potential evapotranspiration 

Potential evapotranspiration (PET; mm) is calculated using Hamon equation.  First compute mean 

monthly hours of daylight in units of 12h (D): 

 D = MonthDaylightH[currMonth] / 12  

Saturation vapor density (g/m3) of air (W): 

 W = 0.0495 * exp(0.062 * T) [7,Moore]  

Potential evapotranspiration (PET, mm): 

 PET = 13.97 * n_d * (D2) * W  [6, Moore] 

5. Non-glacier land cells (including areas of receded glaciers)  

Adjust for interception loss: or no snowpack: 
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 if snowpack < 0 then PETadj = PET – IL_rain = IL_snow  

 else PETadj = 0  

Total water input to soil surface (Ptota): 

 Ptotal = RFinf + M  

Update soil moisture (SM). Compute soil moisture withdrawal (SMW): 

 if Ptotal < PETadj then  

    SMW = (PETadj - Ptotal) * (SM/SMC)  [8,Moore] 

 else SMW = PETadj  

where SMC is the soil moisture capacity (mm); assumed 150mm  

 grossSM = SM - SMW  [9,Moore] 

           SM = MIN(grossSM, SMC) 

Note: there is an error in this part of Moore et al. (2012). 

Update surplus (S) with gross soil moisture above capacity: 

 if grossSM > SMC then  

    dS =  grossSM- SMC  

    S = S + dS 

Update runoff (RO) with surplus release (SR) and direct runoff (DRO). Remainder carries over to next 

month. 

 SR = 50% * S 

 S = S – SR 

 RO = SR + DRO 

6. Glacier cells (with ice cover) 

Compute ice melt (iceM) and update spatial ice depth layer if snowpack is gone. Subtract snowmelt (M) 

and don’t except current ice depth (mm; see glacier sub-model). 

 if Mpot > M 

       iceMpot = Mpot * (k_m[bare glacier]/k_m[snow covered glacier] [modif. Moore] 

    iceM = min(iceMpot - M, IceDepth) 

    IceDepth = IceDepth – iceM 

where k_m[bare glacier] is 4.5 and k_m[snow cover glacier] is 3.5, as in Moore et al. (2012). 

Update surplus (S) with rainfall and snow/ice melt: 

 S = S + RFnet  + M+ iceM 
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Update runoff (RO) with surplus release (SR). Surplus release increases from 50% to 90% on bare ice.  

Remainder carries over to next month. 

 if Snowpack > 0 then SR = 50% * S 

 else SR = 90% * S 

 S = S – SR 

 RO = SR 

Update glacier attributes (see glacier sub-model) 

 Increment yearly rainfall (RFnet) and snowfall (SFnet) for glacier 

 Increment yearly snowmelt (M) for glacier 

 Increment yearly ice melt (iceM) for glacier 

7. Surface water cells  

Update runoff (RO), which may be negative (runoff sink) when precipitation is less than potential 

evapotranspiration. 

 RO = P -PET  

3.2.3. Glacier mass balance 

The glacier mass balance sub-component runs on a yearly timestep, at the low end of the snow cycle 

(Oct) and simulates changes in glacier volume, area and depth by individual glacier units, based on Stahl 

et al. (2008). Glacier area may retreat and expand, but at present, cannot expand beyond the initial 

footprint for each glacier.  

Inputs: The main static spatial inputs include glacier id and elevation 

The water balance model computes the minimum snowpack for the year in each cell, as well as cell-level 

loss of ice due to melting of exposed ice. The Snowpack layer is largely maintained by the water balance 

sub-model, but is updated here to account for snow becoming glacier ice. 

Outputs: Yearly attributes for each glacier, overall and by logarithmic size class (0: 1ha, 1:2-10ha, 2:11-

100 ha, 3:101-1000ha), 4:1001-10000ha and 5:>10000ha). Attributes include area, volume, depth, 

accumulation area, ablation area, net accumulation, net ablation, net rainfall, net snowfall and net 

snowmelt). Area is in hectares, depth in metres volumes are in m-km2. 

Representation: Glaciers are modelled as units. An array with one line per glacier is tracked, with glacier 

area, volume, depth, net minimum snowpack, net melt, area increase/decrease, net snowfall, net 

rainfall, net snowmelt and size class. A spatial ice depth layer is created so that the water balance model 

can track ice melt using spatial temperature and precipitation. A spatial ice cover layer is used to track 

accumulation zone (1), ablation zone (2) or receded ice (0). 
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Initialization: When running the model, a 1 year “initialization period” allows the water balance model 

to update the snowpack layer.  This is part of the 5-year initialization period of the water balance model. 

At model startup, the initial area (A; ha) for each glacier is summed computed. Volume (V; m-km2) is 

then estimated using the methods in Stahl et al. (2008): 

 V = 28.5 * ((A/100)1.36) [8,Stahl] 

Average depth (D; mm) is then 

 D = 1000 * V / (A/100) 

Then Ice depth (IceDepth, mm) is assigned spatially: 

 IceDepth = D 

Model Details: Each year, the following steps are applied: 

1. Spatially, for each cell with ice cover: 

 Glacier net min. snowpack  = Glacier net min. snowpack  + Minimum Snowpack  

 if Minimum Snowpack > 0 then 

     IceCover = accumulating zone 

     Glacier net accumulating zone Glacier net accumulating zone + HaPerCell 

     Snowpack = Snowpack –Minimum Snowpack 

 else 

     IceCover = ablating zone 

     Glacier net ablating zone Glacier net ablating zone + HaPerCell 

where the water balance model tracks Minimum Snowpack 

and HaPerCell is the hectares/per cell (1 ha/cell in this case) 

and the update to Snowpack accounts for conversion of residual year-end snow to glacier ice 

2. Non-spatially, for each glacier 

Update glacier attributes, in particular update volume and estimate expected area (Aexpected from 

current glacier volume: 

 V = V + net minimum snowpack – net snow melt – net ice melt 

 A_expected = (V/28.5 )^(1/1.36) ) *100 [9,Stahl] 

Average depth (D; m) is then 

 D = 1000 * V / (A_expected/100) 

Computed area to expand (positive) or reduce (negative) glacier: 

 A_to_change = A_to_change + A_expectedt - A_expectedt-1 
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where the subscript t represents the current year and t-1 the previous year. Since glaciers can only 

change in units of entire cells, this accounts for accumulation of sub-cell changes. 

3. Spatially, update ice depth 

 IceDepth = D 

4a. Spatially reduce retreating glaciers  

For glaciers where A_to_change < HaPerCell 

Process cells with current ice cover, from the lowest elevation to higher elevations until |A_to_change| 

is less than one cell. 

In each such cell, track glacier retreat: 

 Increment A_to_change for glacier by HaPerCell 

 Decrease A for glacier by HaPerCell 

 IceCover = 0 

 IceDepth = 0 

4b. Spatially increase advancing glaciers  

For glaciers where A_to_change > HaPerCell 

Process cells within original glacier footprint but with no current ice cover, from the higherst elevation 

to lower elevations until A_to_change is less than one cell. 

In each such cell, track glacier avance: 

 Decrement A_to_change for glacier by HaPerCell 

 Increase A for glacier by HaPerCell 

 IceCover = ablation zone 

 IceDepth = D 

3.2.4. Runoff downstream accumulation 

The water balance model computes local runoff – that is, surface runoff from each cell.  At the end of 

each modelled year, a flow accumulation sub-model (adapted from the flow accumulation sub-model in 

the hydrological component) is used to spread runoff downstream in order to calculate the accumulated 

runoff for each cell (i.e. net runoff through each cell). The runoff accumulation sub-component runs on a 

yearly timestep, at the low end of the snow cycle (Oct).  

Inputs: The main static spatial inputs include elevation, and flow direction (aspect). Dynamic spatial 

input is primarily local runoff. 
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Outputs: Yearly attributes for each reporting strata include accumulated runoff (m3/year) and 

accumulated runoff from glaciers (m3/year). 

4. Example model output 

We used a remote sensing image of upper Mess Creek area from the application in the Upper Nass/Iskut 

area (Fall and Morgan 2013) for comparison with the some model outputs (Figure 1). 

 

Figure 1. Image of a portion of upper Mess Creek in study area (courtesy of Google Earth) 

4.1. Contributing area 

We ran the contributing area component on the 100m x 100m data (Figure 2) as well as 25m x 25m data 

(Figure 3). The values have been thresholded, and only values of at least 100 ha are shown. Blue 

indicates cells with contributing area between 100 ha and 999ha, purple between 1,000 ha and 9,999 ha 

and pink between 10,000 and 99,999 ha. For the 25m data, the values were buffered by 25m on each 

side (one cell) to make patterns more visible. The patterns differ mostly in the wide valley bottom, 

where finer scale relief affects flow. 
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Figure 2. Snapshot of contributing area output (overlain on a black and white elevation layer) using 100m resolution data. 

 

Figure 3. Snapshot of contributing area output (overlain on a black and white elevation layer) using 25m resolution data. 

4.2. Ridge lines 

Figure 4 shows ridge line type overlain on a black-and-white elevation image. The cyan coloured dots are 

local maxima (i.e. peaks). The dark blue lines are inter-peak ridges that connect peaks within mountain 

chains.  The red lines are ascending ridges rising from valley bottoms to peaks. 
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Figure 4. Snapshot of ridge line type output (overlain on a black and white elevation layer) using 25m resolution data. 

4.3. Ridge slope type 

Figure 5 from upper Mess Creek shows ridge slope type overlain on a black-and-white elevation image. 

Cyan represents ridges. The purple and pink areas are steep slopes below precipitous and rounded 

crests. Red and yellow areas are toes below steep slopes. 

 

Figure 5. Snapshot of ridge slope type output (overlain on a black and white elevation layer) using 25m resolution data. 
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4.4. Avalanche hazard 

Figure 6 shows wind index with streams overlain in white. Cyan represents lowest hazard: areas 

surrounded by forest. Blue represents next lowest hazard: areas surrounded by open forest or facing 

prevailing winds. Purple represents moderate hazard: areas surrounded by non-forested slopes. Red 

represents high hazard: areas with potential starting zone is on the lee side of a sharp ridge. Yellow 

represents highest hazard: areas with potential starting zone is on the lee side of a rounded ridge. If 

more than one condition applies, this highest hazard class is selected. 

 

Figure 6. Snapshot of avalanche hazard output, or wind index, (overlain on a black and white elevation layer) using 25m 
resolution data. 

4.5. Water and glacier balance 

4.5.1. Water balance and runoff 

To test the water balance model, we compared outputs with metred flows from the Skeen region1. Only 

four watersheds matched the boundaries used in both studies in the Upper Nass/Iskut CEA (Fall and 

Morgan 2013): Klappan River (361,000 ha), Pitman River (270,000 ha), Spatsizi River (351,000 ha) and 

Tuya River (355,000 ha). Only two watersheds matched the boundaries in the Morice River CEA (Fall and 

Morgan 2014): Morice Lake (193,000 ha) and Nanika Lake (72,000 ha). These watersheds represent a 

wide range of conditions.  

                                                             

1 Obedkoff, W. 2001. Streamflow in the Skeena Region. Water Inventory Section, Resources Inventory Branch, BC 
Ministry of Environment, Lands and Parks. 
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Projected water runoff were based on 1961 to 1990 climate normals from ClimateWNA, and aimed to 

capture natural baseline flows. As such, existing development was ignored, and there was no future 

development.  The results for Tuya River were close (Table 1). Runoff values for Klappan and Spatsizi 

Rivers were higher than the metred data, and values for Pitman River were lower.  

Table 1 Water runoff values from model (run using the 1961-1990 normal temperature and precipitation) compared with 
metred streams from Upper Nass/Iskut CEA. 

Watershed Average runoff depth (mm) Average runoff volume (m3/sec) 

Model Metred Model Metred 

Klappan River 813 649 93.0 72.8 

Pitman River 453 517 38.8 44.7 

Spatsizi River 688 540 76.6 58.1 

Tuya River 345 321 38.8 36.5 

 

We did are more detailed comparison in the Morice River area, in which the model was run on the 

annual climate variables from 1971 to 2000 (Table 2). We also ran a modified version of the model to 

allow potential evapotranspiration (PET) when the ground is covered by snow (the base model sets PET 

to 0 when there is snow cover), which decreases net runoff. Runoff values for Morice Lake were fairly 

close (with the model version bounding the metred values). Modelled runoff values for Nanika Lake 

were somewhat higher than metred values (but closer for the modified PET version). 

Table 2 Water runoff values from model (run using the annual temperature and precipitation layers for 1971 to 2000) 
compared with metred streams from Morice CEA for the period 1971-2000.  The model values in parentheses were obtained 
by allowing full potential evapotranspiration when snow covers the ground. 

Watershed Average runoff depth (mm) Average runoff volume (m
3
/sec) Watershed area (ha) 

Model Metred Model Metred Model Metred 

Morice Lake  1284 (1163) 1217 77.3 (70.2) 74.4 1904 1930 

Nanika Lake 1544 (1393) 1275 34.9 (31.5) 29.1 720 713 
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The water balance model runs on a montly time step, driven by spatial input streams of precipitation 

and temperature (from CimateWNA). The changes over time reflect high levels of runoff during melt 

periods and lower levels during dry or frozen periods, depending on watershed structure (e.g. Figure 7). 

Figure 7. Modelled water runoff for Klappan River, over 20 years (240 monthly time steps) 

 

4.5.2. Glacier mass balance: Upper Nass/Iskut 

There are over 3,700 glaciers in the Upper Nass/Iskut study area (Table 3), some of which form inter-

connected groups or icefields.  Most are under 100 ha, but the large glaciers dominate area and volume. 

Table 3 Base metrics by glacier size class, where classes are 0 (1ha), 1 (2-10ha), 2 (11-100ha), 3 (101-1000ha), 4 
(1001=10000ha) and 5 (>10000ha) 

Size class Number Area (ha) Estimated volume (m-km2) 

All glaciers 3,765 632,878 762,714 

1 ha 1,032 1,032 56 

2 - 10 ha 815 3,383 331 

11 - 100 ha 1,176 51,703 11,814 

101 - 1,000 ha 664 193,446 89,402 

1,001 – 10,000 ha 67 133,263 120,608 

> 10,000 ha 11 250,051 540,503 

Modelled dynamic water runoff for Klappan River
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According to Bolch et al. (2010), glaciers in the Northern Coast Mountains sub-region (which covers the 

majority of glaciers in the study area) declined in area by about 0.35%/year, and in the Northern Interior 

sub-region by about 1.2%/year. 

To illustrate the modelled glacier dynamics, we compared with a remotely sensed image of glaciers just 

north of Stewart in the divide between Bell-Irving and Unuk watersheds (Figure 8). Figure 9 shows the 

glacier units as different colours and white lines dividing larger ice masses. We illustrate changes at 

simulation years 5 (Figure 10) and 10 (Figure 11) using the 1961 to 1990 precipitation and temperature 

normals, where blue represents are of lost ice, pink represents the ablation zone and yellow represents 

the accumulation zone. These images show how areas with not or little accumulation zone recede much 

faster than areas with larger accumulation zones. The overall rate of loss of ice area is just over 1%/year 

(so higher than in Bolch et al. (2010)). Zooming in on the Google Earth image, which was taking in Sept 

2010, suggests that part of the difference is an underestimation of the accumulation zone (i.e. either too 

little winter snow buildup or too much summer melt). 

To illustrate changes in glacier cover over time over the entire study area, we plotted area covered by 

glaciers and stratified by accumulation and ablations zones (Figure 12), as well as total volume of glacier 

ice (Figure 13) and volume ablated and accumulated annually (Figure 14). 

 

Figure 8. Image of a portion of upper Bell-Irving and Unuk Rivers in study area (courtesy of Google Earth) 
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Figure 9. Snapshot of “glacier units” (separated by white lines and shown in different colours). 

 

 

Figure 10. Snapshot of glacier cover at year 5 of simulation. Blue represents areas of lost ice; yellow is the ablation zone and 
pink is the accumulation zone. 

 

 



 

Cumulative effects toolkit adapted to the Morice River 

Page | 22  Morice CEA 

Note: This document does not represent a formal position or commitment of the BC Government. 

 

Figure 11. Snapshot of glacier cover at year 10 of simulation. Blue represents areas of lost ice; yellow is the ablation zone and 
pink is the accumulation zone. 

 

 

 

 

 

 

 

 

Figure 12. Changes in total glacier area, which is classified into the accumulation and ablation zones, over 15 years of 
simulation (preceded by a 5 year initialization step, not shown). 
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Figure 13. Changes in total glacier volume over 15 years of simulation (preceded by a 5 year initialization step, not shown). 

 

 

 

 

 

 

 

 

Figure 14. Changes in ablation and accumulation volume (net change is the difference) 15 years of simulation (preceded by a 
5 year initialization step, not shown). 

 

4.5.3. Glacier mass balance: Morice 

There are over 108 individual glaciers in the Morice study area (Table 4), some of which form inter-

connected groups or icefields.  Most are under 100 ha, but the large glaciers dominate area and volume. 

 

Table 4 Base metrics by glacier size class, where classes are 0 (1ha), 1 (2-10ha), 2 (11-100ha), 3 (101-1000ha), and 4 (>1000ha) 
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Size class Number Area (ha) Estimated volume (m-km2) 

All glaciers 108 13,632 6,7954 

1 ha 10 10 1 

2 - 10 ha 16 67 6 

11 - 100 ha 55 2,773 655 

101 - 1,000 ha 24 6,339 2,774 

> 1,000 ha 3 4,454 3,359 

 

According to Bolch et al. (2010), glaciers in the Northern Coast Mountains sub-region (which covers the 

majority of glaciers in the study area) declined in area by about 0.35%/year. At test using the historic 

1950 to 2010 climate data indicated that the modelled decline was about 0.6%/year. 

To illustrate changes in glacier cover over time over the Morice River study area, we ran the water and 

glacier mass balance model on future projected climate variables using the CGCM A2 scenario and 

plotted area covered by glaciers and stratified by accumulation and ablations zones (Figure 15). In the 

future projections, the annual decline rate in glacier area is about 1%. 

 

 

 

 

 

 

 

 

Figure 15. Changes in total glacier area, which is classified into the accumulation and ablation zones, over 88 years of 
simulation on projected future climate under the CGCM A2 scenario (preceded by a 5 year initialization step, not shown). 
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