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ABSTRACT 
 
The development and siting of new water resources projects has become increasingly 
difficult in recent years due to the intense scrutiny of stakeholders and special interest 
groups organized to mobilize resistance through the internet and social networking.  
Although public engagement and participation in the decision making process is crucial, 
GIS combined with multi-criteria decision analysis (MCDA) tools can provide a means 
of enhancing knowledge and information on impacts of the project for promoting 
compromise and reducing conflict.  In response to the increased demand for water 
supplies in northern Colorado, the Northern Colorado Water Conservancy District 
(NCWCD) has initiated the Northern Integrated Supply Project (NISP) on behalf of 15 
Front Range water providers.  Four alternatives for proposed water storage projects are 
analyzed using GIS spatial analysis combined with several multi-criteria decision 
analysis tools to consider impacts on endangered species migration routes, geologic 
hazard, land ownership costs, site development costs, storage capacity, highway 
relocation, pipeline costs, and evaporation/seepage losses. 
 
 
INTRODUCTION 
 
The Northern Colorado Water Conservancy District (NCWCD) has initiated the Northern 
Integrated Supply Project (NISP) on behalf of 15 Front Range water providers to increase 
available storage needed to meet future water demands in this rapidly growing region.  
The NCWCD investigated the following four reservoir sites as part of the project (also 
refer to Photos 1 - 4): 
 

 Glade Reservoir Site 
 Grey Mountain Reservoir Site 
 New Seaman Reservoir Site 
 Cactus Hill Reservoir Site 

 
All four of these potential reservoir sites are in close proximity to Fort Collins, Colorado, 
with the Glade Reservoir option currently considered as the preferred location.  The 
Cactus Hill site is located northeast of Fort Collins between Country Roads 84, 15, 96 
and 19, with no relocation of any major roads required at this site.  The other three sites 
are located northwest of Fort Collins.  The Glade site is in an open valley with a major 
highway (Highway 287) passing through the valley, thereby requiring 5 miles of highway 
to be relocated.  The Grey Mountain site is located in the Poudre River Basin, and would 
inundate a secondary canyon to the north of the main Canyon.  Highway 14 runs along 
the length of Poudre Canyon, and would require relocation if the Grey Mountain site is 
selected.  The New Seaman site is located in the secondary canyon to the north of the 
main Grey Mountain canyon.  Figure 1 gives an indication of where the sites are located: 
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Figure 1 - Possible Reservoir Sites 

Figure 1 was created by geo-referencing an image from Google Earth and overlaying the 
shape files created for each reservoir site.  USGS DLG-24K transportation data for the 
study area were downloaded and the area roads used as reference points.  Labels were 
added for each shape file by using the Labeling toolbar.  Photos from visual inspection of 
the sites are shown below: 
 

 
Photo 1 - Glade Reservoir Site (note Highway 287 to the far left) 

City of Fort Collins 
and existing 
Horsetooth Reservoir 
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Photo 2 - Grey Mountain Reservoir Site (Highway 14 in the foreground) 

 
Photo 3 - New Seaman Reservoir Site 

 
Photo 4 - Cactus Hill Reservoir Site 
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OBJECTIVES 
 
The objective of this study is to assess the validity of the preliminary selection of the 
Glade Reservoir site as the best option for the NISP through integration of GIS with 
multicriteria decision analysis.  The following criteria were used for evaluation of the 
reservoir sites: 
 

 potential storage volumes 
 evaporation losses 
 pipe line costs (from reservoir to water treatment works) 
 highway relocation costs 
 land ownership costs 
 land cover costs 
 seepage losses 
 geological hazards 
 environmental costs 

 
 
DATA ACQUISITION 
 
Data acquisition formed an integral part of this project, with several resources explored to 
obtain the necessary data.  The table below gives a summary of where the required data 
were obtained: 

Table 1 – Data sources 
 

Type of data Source 
elevation http://seamless.usgs.gov/ 
endangered species http://ndis.nrel.colostate.edu/ 
land cover http://www.mrlc.gov/   
land ownership  http://www.co.blm.gov/metadata/cothemes.htm 
roads http://www.dot.state.co.us/app_DTD_DataAccess 
geologic http://pubs.usgs.gov/of/2005/1351/index.htm 

 
Although an in-depth analysis of the hydrology of the Poudre River basin and available 
water rights would also be necessary for accurately assessing the amount of water 
available for retention at the proposed sites, it was assumed that preliminary estimates of 
storage volumes determined by the NISP planners were consistent with the hydrology of 
the basin. 
 
 
PROCEDURE AND METHODS 
 
Data Preparation and ArcGISTM Setup 
 
All geo-spatial data for this project were projected to NAD 1983 UTM Zone 13N for 
consistency of analysis.  To eliminate the problem of working with large data files that 
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extend far beyond the project boundaries, several clip features was created.  This allowed 
the clipping of large files such as the land cover data to be the same extent as the study 
area.  All digital elevation (DEM) data were first edited prior to any use in GIS 
operations.  The digital elevation layer was exported to the correct projected coordinate 
system since the base map data were originally in a geographic coordinate system.  A 
mean (low pass) filter was then applied to the DEM to smooth out local anomalies. 
 
Volume Calculations 
 
A shape file was created for each of the proposed reservoir walls and the shape files 
converted to raster files using the Conversion Tools in ArcToolBox.  By using the CON 
command in the Raster Calculator, the values of all cells in the rasters were set to a high 
elevation to represent the elevation of the reservoir wall.  These reservoir wall raster files 
was merged with the elevation layer to create a new elevation layer that could be used for 
cut and fill calculations.  Figure 2 displays the elevation layer that was created for volume 
analysis of the New Seaman reservoir site.  
 

 
Figure 2 - New Seaman Elevation Raster 

Using the Raster Creation tool in ArcToolBox, five rasters with constant elevation were 
created for each reservoir site.  These constant rasters were then used to perform the cut-
and-fill operations (ArcToolBox → Spatial Analyst → Surface → Cut/Fill).  The second 
input raster that was used was the new elevation layer with the reservoir walls that was 
created.  The information from the various cut-and-fill operations was used to develop 
stage–storage relations for each reservoir. 
 
The cut/fill surface, which corresponds to the desired storage volume for each reservoir, 
was converted to a shape file, which was edited to remove of any polygon slivers.  This 
process is illustrated below for the New Seaman reservoir site: 
 
       
 
 

Merged raster file 
for reservoir wall 
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     Cut / Fill Surface    Polygon shape file Final shape file 
  
  
 
 
 
 
 

→                                                                     → 
 
 
 
 
 
 
 
 

Figure 3 - Reservoir shape file creation 

The shape files that created for each reservoir were used for analysis of other criteria in 
the study.  The surface area of each reservoir was also obtained from the shape files and 
used to evaluate evaporation loss.   
 
Pipeline Cost Analysis 
 
The destination point for water supply transported from each alternative reservoir site 
was selected as the water treatment works on the Northwest side of Fort Collins, although 
the project water will likely be piped to several treatment works.  Point shape files were 
created to represent the treatment works and the pipe start locations at each of the 
reservoirs.   
 
An option for analyzing pipe costs is to assume that pipes can only be laid in road 
reserves.  In this case, the roads layer can be used to create a geometric network for least 
cost path analysis from each reservoir to the treatment works.  Since this method assumes 
that pipes can only be laid in the road reserves, and therefore many feasible solutions to 
the optimal pipe route that are not explored with this method.  Therefore, a raster analysis 
was used to find the least cost pipe route from each reservoir.  This allowed exploration 
of pipe route solutions that can traverse any area.  The following criteria were considered 
in the least-cost pipe routing analysis: 
 

 land cover/use 
 slope 
 land ownership 
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Land Cover and Use 
 
Assigning actual costs of pipe routing through each type of land cover is a complex 
process involving estimation of environmental and social costs that should be assigned 
for certain uses.  Estimating costs for the demolition of buildings or other infrastructure 
would also require a more detailed study.  The procedure adopted here was to apply a 
subjective cost range between 0 and 100, with higher values assigned to high intensity 
developed areas and open water, and low costs were assigned to land cover types such as 
barren land or shrub.  The land cover layer was then reclassified to create a land cover 
cost layer. 
 
Slope 
 
The Slope operation in Spatial Analyst → Surface Analysis was used to create a slope 
layer (in percent) from the elevation layer.  Accurate calculation of the impact of slope on 
pipeline construction costs and pumping costs is a complex process that was considered 
to be beyond the scope of this analysis.  Instead, it was assumed that slope cost is an 
exponential function of percent slope.  The Raster Calculator was then used to create the 
slope cost layer as illustrated below: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 – Slope layer to Slope cost layer 
 
Land Ownership 
 
A subjective method for evaluating land ownership costs was applied similar to the 
method used for land cover costs.  Six land ownership types were identified in the study 
area and a cost assigned for each specific type.  The land ownership shape file was 
converted to a raster file and then reclassified to create a land ownership cost layer. 
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Calculation of Least cost Distance 
 
The three cost grids created in the previous steps was summed in the Raster Calculator to 
create the final cost grid.  The Cost Distance and Cost Back Link tools in ArcToolBox → 
Spatial Analyst Tools → Distance were used to create the following two layers in 
preparation for the least cost path analysis. 
 

 
Figure 5 - Cost Distance Grid 

 
Figure 6 - Cost back link grid 

The results from the previous steps were used to execute the Cost Path tool in 
ArcToolBox to determine the least cost path from each reservoir to the water treatment 
works, with the results displayed in Figure 7. 
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Figure 7 - Least cost pipeline routes 

It should be noted in Figure 7 that pipelines from the Grey Mountain and New Seaman 
Reservoir sites follow the same path.  As expected, the pipeline route from the Cactus 
Hill site follows a least cost path through northern Fort Collins that avoids the higher cost 
cells. 
 
Highway Relocation Costs 
 
Two of the reservoir siting options require relocation of existing roads.  Highway 287 
runs through the Glade Reservoir site and Highway 14 will need to be relocated for the 
Grey Mountain Reservoir site.  The approach for assigning the highway relocation costs 
is essentially the same as for the pipeline cost analysis, but with slope assumed to be a 
more critical factor in highway relocation.  The rationale behind this is: 
 

 construction of a highway will be more difficult against a steep slope than the 
installation of a pipe. 

 fuel consumption of vehicles increases as slope increases, and therefore will have 
a greater economic and environmental impacts than pumping costs for a pipeline. 

 
It was therefore assumed that highway relocation costs increase more rapidly with slope 
as compared to the cost function applied to determining optimal pipeline routes.  The 
cost, cost distance, and cost back link grids were created in the same way as before, with 
results shown in Figure 8. 
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Figure 8 - Least cost highway relocations 

 
Land Cover and Land Ownership of Reservoir Sites 
 
Activities on the four possible reservoir sites include many types of land use and the land 
is owned by different entities.  The assumption was made that the impact of a new 
reservoir would extend further than just the surface area of the water.  Therefore each 
reservoir site was buffered with a distance of 200 meters, as shown in Figure 9. 
 
 
 
 
 
 

                          → 
 
 
 
 
 
 
 

Figure 9 - Glade Reservoir shape file buffering 

The land ownership cost raster that used for the pipe cost analysis was clipped using the 
Raster Calculator for each of the reservoir buffer zones.  From the attribute tables of each 
of the newly created raster layers, the total cost of the land ownership for each of the 

Existing highways 

Relocated highways 
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reservoirs could be determined.  The total cost of the land cover for each reservoir was 
calculated in the same way as for the land ownership.  The same costs that was used for 
the pipe cost analysis was also used for this, except that the cost for ‘Open Water’ was set 
to zero.  
 

Land Cover Cost Land Ownership Costs 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 - Glade Reservoir land costs 

 
Seepage Losses 
 
The amount of seepage that will occur from a reservoir is one of the main criteria upon 
which the selection procedure should be based.  The seepage is based on the following 
equation: 
 

 x
P

.
.

 (Eq. 1) 
 

where: 
 
ν - fluid flow velocity through the medium (m/s) 
κ - permeability of the medium (m2) 
μ - dynamic viscosity of the fluid (Pa s) 
ΔP - applied pressure difference (Pa) 
Δx - thickness of bed through medium (m) 
 
Since applied pressure difference is a factor in the seepage loss, and this in turn is 
dependent on water depth, water depth layers were created for each reservoir in the raster 
calculator by using the following command in the Raster Calculator (reservoir shape files 
were used as Analysis Mask): 
 

depth = setnull([elev] - [res_level] > 0, Abs([elev] - [res_level])) 
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Figure 11 - Glade Reservoir depth 

 
The depth layer was multiplied by 9,804 in the raster calculator to convert the depth layer 
to a pressure layer (1 meter head = 9,804 Pa).  
 
The geological layer was clipped using each of the reservoir shape files, with the 
geological polygon files for each reservoir converted to grids and then reclassified to 
represent the permeability of each of the geological mediums.  Estimates Since exact 
information on the permeability was not available for this study,  and therefore this was 
estimated.  The dynamic viscosity of water depends on temperature, which in turn is a 
function of the depth.  It was assumed that the reservoir temperature at the bottom would 
be fairly low (5° Celsius) resulting in a viscosity of 0.001519 Pa∙s. 
 
No information was available on the thickness of the bed through the medium, and this 
was assumed as 100 meters for all reservoirs.  In Figure 12 it can be seen how seepage 
losses relate to depth (compare with Figure 11) as well as the geology.  Note that higher 
seepage rates occur where limestone (lighter section in the left figure) and alluvium 
(green section) are present, and the water depth is greater. 
 
  Geology Seepage Losses 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12 - Glade Reservoir geology and seepage Losses  
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Geological Hazards 
 
The geological data contained a shape file indicating all the fault lines in Colorado.  The 
shape file was clipped using each of the reservoir shape files as the clip features.  From 
the attribute table of each of the clipped shape files the length of fault lines occurring at 
each reservoir site was obtained.  This was used as one of the criteria for comparing the 
reservoir sites. 
 
Endangered species 
 
With a full Environmental Impact Assessments (EIA) not as yet available for the NISP, 
attempts were to evaluate the effects the reservoirs will have on the bald eagle, big horn 
sheep, northern river otter, osprey and Preble’s jumping mouse habitat.  These five 
endangered species were evaluated for impacts on the overall range, nesting sites/ 
concentration areas, and migration corridors.  
 
It can clearly be seen in Figure 13 that the Grey Mountain and New Seaman reservoir 
sites will have a disruptive effect on the migration corridors of the Northern River Otter 
(transparent area) and the Preble’s Jumping Mouse (green areas), even though the 
reservoirs do not intersect any of the occupied ranges of the Preble’s Jumping Mouse. 
 
 

 
Figure 13 – Reservoirs’ effect on migration corridors 
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DISCUSSION OF RESULTS 
 
The output from the GIS analysis provided the necessary input for multicriteria decision 
analysis (MCDA) in evaluating the most preferable site.  The first step was to convert the 
values obtained from GIS to a 1 – 5 range scale, with 5 being the best and 1 being the 
worst.  The impact of the reservoirs on the migration corridors of endangered species was 
considered simply as a 1 or 5 value.  The table below shows the scale conversion: 
 

Table 2 – Output values: Scale conversion 
 

CRITERIA Criteria 
objective 

Actual values 1 - 5 Scale 
ALTERNATIVES ALTERNATIVES 

1 2 3 4 1 2 3 4 
      

1. Area / Evaporation (m2) Min 14,661,928 6,632,068 6,085,512 5,986,696 1.00 4.70 4.95 5.00 
  
2. Pipe line cost Min 2,064,207 861,597 963,153 1,155,889 1.00 5.00 4.66 4.02 
  
3. Highway relocation cost Min 0 825,651 652,608 0 5.00 1.00 1.84 5.00 
  
4. Land ownership cost Min 1,105,070 555,290 631,375 604,015 1.00 5.00 4.45 4.65 
  
5. Land cover / use cost Min 496,200 244,045 395,305 335,100 1.00 5.00 2.60 3.56 
  
6. Seepage losses Min 0 2.4E-06 0 0 5.00 1.00 5.00 5.00 
  
7. Geological hazards Min 0 3,561 15,344 10,345 5.00 4.07 1.00 2.30 
  
8. Endangered species 
  
Bald Eagle - Overall range Min 14,661,928 0 0 0 1.00 5.00 5.00 5.00 
Big horn sheep - Overall 
range Min 0 0 3,700,800 2,532,600  5.00 5.00 1.00 2.26 

Northern river otter - Overall 
range Min 0 0 5,458,500 3,091,500  5.00 5.00 1.00 2.73 

Northern river otter - 
Migration corridors Min No No Yes Yes  5.00 5.00 1.00 1.00 

Osprey - Overall range Min 14,661,928 6,632,068 6,085,512 5,986,696 1.00 4.70 4.95 5.00 
Osprey - Concentration 
areas Min 0 0 891,000 585,900  5.00 5.00 1.00 2.37 

Preble's jumping mouse - 
Overall range Min 14,661,928 6,632,068 6,085,512 5,986,696  1.00 4.70 4.95 5.00 

Preble's jumping mouse - 
Migration corridors Min No No Yes Yes  5.00 5.00 1.00 1.00 

 
Five interest groups were considered for analyzing the results and relative importance 
factors for the criteria were assigned for each group. 
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Table 3 – Interested groups – Relative importance factors for criteria 

 
Relative importance factors G1 G2 G3 G4 G5 
Evaporation 1 2 4 1 3 
Pipe line cost 1 2 1 3 4 
Highway relocation cost 1 3 1 2 4 
Land ownership cost 1 1 3 4 2 
Land cover / use cost 1 3 2 4 1 
Seepage losses 1 1 4 2 3 
Geological hazards 1 4 3 1 2 
Endangered species 1 4 2 3 1 

 
For Group 1,, all the importance factors were set to be equal in order gain perspective on 
what the strongest contenders would be for the preferred alternative.  Group 2 is 
concerned with endangered species and environmental damage that might occur from an 
earthquake (geological hazards).  Groups 3 and 5 represent the engineering component 
concerned with construction of the reservoir and additional infrastructure required.  The 
client will probably place a high importance on the cost of other aspects of the project 
and would be represented in Group 4.   
 
The four reservoir sites were considered as the following four alternatives: 
 

 A1 – Cactus Hill Reservoir Site 
 A2 – Glade Reservoir Site 
 A3 – Grey Mountain Reservoir Site 
 A4 – New Seaman Reservoir Site 

 
Four methods were used in the MCDA, but the setup of the MCDA in MS ExcelTM is not 
discussed in this report.  The four methods are: 
 

 Weighted Average Method 
 Compromise Programming 
 PROMETHEE 
 PROMETHEE Weighted Average Method 

 
The Grey Mountain and Cactus Hill reservoir sites did not achieve good results in the 
analysis and it became clear that the final decision for a reservoir site would be between 
the New Seaman and Glade reservoir sites.  From an engineering viewpoint the New 
Seaman site is the best alternative, but from an environmental and social stance the Glade 
site is the best option.  These results indeed confirm the findings by the Northern 
Colorado Water Conservancy District (NCWCD). 
 
In discussions with representatives from the NCWCD, it was explicitly stated that from 
the studies conducted thus far, the New Seaman reservoir site is considered the best.  
However, the decision was made to opt for the Glade reservoir site as the preferred 
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alternative since construction of a reservoir at the New Seaman site would likely initiate 
an intense conflict with environmental groups.  
 
The results from the MCDA showing the rankings (1 – best option, 4 – worst option) are 
given here for all MCDA methods and interest groups: 
 

Table 4 – MCDA results 
 

Method Group Ranking 
A1 A2 A3 A4 

WAM G1 4 2 3 1 
WAM G2 3 1 4 2 
WAM G3 4 2 3 1 
WAM G4 4 1 3 2 
WAM G5 4 3 2 1 

CP (Norm = 1) G1 4 2 3 1 
CP (Norm = 1) G2 3 1 4 2 
CP (Norm = 1) G3 4 2 3 1 
CP (Norm = 1) G4 4 1 3 2 
CP (Norm = 1) G5 4 3 2 1 
CP (Norm = 2) G1 4 1 3 2 
CP (Norm = 2) G2 3 1 4 2 
CP (Norm = 2) G3 4 2 3 1 
CP (Norm = 2) G4 4 1 3 2 
CP (Norm = 2) G5 4 2 3 1 
CP (Norm = ∞) G1 2 1 4 3 
CP (Norm = ∞) G2 1 2 4 3 
CP (Norm = ∞) G3 2 3 4 1 
CP (Norm = ∞) G4 2 1 4 3 
CP (Norm = ∞) G5 2 3 4 1 

Promethee G1 3 2 4 1 
Promethee G2 3 1 4 2 
Promethee G3 3 2 4 1 
Promethee G4 4 1 3 2 
Promethee G5 3 2 4 1 

Promethee WAM G1 3 1 4 2 
Promethee WAM G2 3 1 4 2 
Promethee WAM G3 4 2 3 1 
Promethee WAM G4 4 1 3 2 

 
The results clearly show that the position for the top ranking is definitely between the 
Glade and New Seaman sites. 
 
More detailed studies are required to make a final decision, but this study has succeeded 
in narrowing down the alternatives which should be included in the detailed studies. 
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CONCLUSIONS 
 
In the coming decades the augmentation of new water supplies will become increasingly 
difficult.  The growing demand and dwindling resources in combination with stricter 
environmental regulations are causing such projects to become more complex and time 
consuming.  This calls for new methods in analyzing alternatives for such projects and 
also assistance for decision makers in evaluating and choosing between the possible 
alternatives. 
 
It is the belief of the authors that GIS provide the perfect tool to analyze numerous 
different aspects of any engineering project.  The vast number of operations that can be 
performed using ArcToolBox or the Raster Calculator allows the user to perform actions 
that would not be possible otherwise, or would have taken much longer.  Another 
advantage is the very clear visual output that GIS provides of the results, giving meaning 
to the phrase “a picture is worth a thousand words”. 
 
Coupling the capabilities of GIS with a MCDA ensures that the results for alternatives are 
compared and evaluated in a logical manner and that clear documentation is available of 
the decision making process.  The many capabilities of GIS and the easy customization of 
a MCDA also allow this combination (GIS/MCDA) to be applied to virtually any project. 
 


