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Abstract

Navajo land and wind resource within Arizona were analyzed to determine suitable land for wind energy 
development and potential wind energy capacity. This presentation will show which areas of land can and 
cannot be developed on the Navajo Reservation. It will highlight how 30 m, ReGAP, satellite data can be used 
to identify developed land, wetlands, forests, and other important ecosystems. It will present Topographic 
Position Index, a method for identifying ridge crests, mesas, and other important landscape features pertinent 
to wind energy development. 

The audience will be engaged through high-quality maps that highlight the relationships between land 
exclusions and wind resource. These maps show how wetlands are prevalent on the reservation, especially 
when compared to the rest of Arizona. After removing land that cannot be developed, maps will show the 
potential wind energy capacity on the Navajo Reservation to be 4562 MW or 79 percent of total potential 
capacity at 50 m. 

Introduction

Indian lands are not typically thought of when considering the future of electricity generation in the 
United States, but in the American Southwest, tribes are uniquely and integrally linked with the electrons we are 
all so dependent upon.  For the Navajo, a history of uranium, oil, gas, and coal extraction, each with its own 
important story, have set the stage for future energy decisions.  Fossil energy sources remain the primary 
drivers of on and off reservation energy policy.  Renewable energy, however, is making headway. 

This work focuses on energy from the wind, a form of renewable energy that is now commercially viable 
and gaining much momentum amidst rising, and at the very least, uncertain natural gas prices.  At the same 
time, wind energy is only suitable in some conditions.  Navajo land within the State of Arizona was analyzed 
using Geographic Information Systems (GIS) to determine areas suitable for wind energy development.  This 
work is modeled after a study performed by the National Renewable Energy Laboratory (NREL), but includes 
additional data and higher resolution data.  Importantly, it utilizes recently published Southwest Regional Gap 
Analysis Program (SWReGAP) data. These satellite data offer landscape classifications at 30m resolution that 
provide the location of sensitive ecosystems and urban/developed areas.   

The Navajo Nation is a large and diverse landscape, rich in energy resources.  Its modern political history 
is relatively short, plagued by the general problems of Indian land management, but also plagued by energy 
politics that predate the tribe’s ability to truly guide their future.  Most notably, the issues surrounding Black 
Mesa coal development and its unique relationship with regional water have, and continue to influence tribal 
politics.  The Energy Policy Act of 2005 (EPACT) is major motivator for this work.  The bill incorporates 
provisions for wind energy development.  It also includes, for the first time, a specific title dedicated to energy 
on Tribal Lands: “Title V: Indian Energy.”   

This work presents the analyses, techniques, and perspectives relevant to GIS.  It avoids any analyses of 
relevant policies and politics, only acknowledging their importance in the future of wind energy on the Navajo 
Nation. 

The suitability of land is determined by land use, environmental considerations, and additional windy land 
factors such as slopes greater than 20%.  Those areas of land determined to be unsuitable are considered wind 
energy development exclusions.  These exclusions and the reasons why they are unsuitable are often easy to 
understand, but some are arbitrary, and not as straight-forward.  Particular attention is given to these 
exclusions. 

Navajo Wind Energy Development Exclusions provides a tool for GIS professionals.  It brings together a wide 
variety of GIS data, often high-resolution and computing intensive data, and compares and contrasts these data 
to national wind power models.  Together, they provide a foundation for understanding the future of wind 
energy development on the Navajo Nation.   
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Background

The Navajo Nation 

The size of the Navajo Nation gives the Navajo tribal government prominence in Indian country.  They 
govern and administer the largest reservation in the country (approximately 27,000 square miles), with nearly 
300,000 members (Fig. 1).1  These members are spread across remote and challenging environments.  
Historically, energy development occurred on the reservation without much tribal involvement.  Decisions 
were made in Washington D.C., administered by the Bureau of Indian Affairs (BIA).2  This changed during the 
decade following the passage of the Indian Self-Determination and Education Assistance Act of 1975.3  The 
Navajo government and its people began to have more influence over the future of their nation.  

One of the first and most notable actions taken to improve past negotiations that had hurt the tribe was a 
1978 issuing of tax ordinances that impacted energy companies doing business on the reservation.  These tax 
revenues helped finance additional decisions that created the policy environment of today.  

 

Figure 1. The Navajo Nation (shown in green).  The Navajo Nation surrounds the Hopi Nation. Canyon de Chelly National 
Park is the area in the eastern portion of the reservation, shaped like a delta.  

 

1 Ahasteen, Larry. October 19, 2005. Navajo Nation: Navajo Tribal Utility Authority: Wind Energy Feasibility Study on the Navajo Nation.
Presentation at Department of Energy Tribal Energy Program Annual Meeting. Denver, CO. United States Department of Energy. 
2 Wilkinson, Charles F. 1996. Home dance, the Hopi, and Black Mesa coal: Conquest and endurance in the American Southwest. Brigham
Young University Law Review 1996: 449-482. 
3 Ashley, Jeffrey S., J. Secody. 2003.  Negotiated Sovereignty: Working to Improve Tribal-State Relations. Hubbard Praeger Publishers.

Canyon de 
Chelly National 

Park

Hopi Nation
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Navajo Tribal Utility Authority 

The Navajo Nation Tribal Council created the Navajo Tribal Utility Authority (NTUA) in 1959.4  A 
Management Board governs the operation of the Authority, with board members being appointed and 
confirmed by the Government Services Committee.  Any powers given to the Board are granted through 
Section 7 of Title 21 of the Navajo Nation Code.   

In addition to electricity, NTUA provides water, waste-water, natural gas, and garbage collection.  While 
this list of services is large, do not think that NTUA reaches all the people on the reservation.  Nearly 38% of 
Navajo households are still without electricity, compared to 12% of reservation households nationally, and 
1.4% of non-reservation homes nationally.5  This is a large number of people without access to electricity.  

NTUA is responsible for all electricity distribution within the Navajo Nation. Most of their lines are 
69kV, while some are 115kV. Higher-voltage lines on the reservation are owned and maintained by other, non-
Navajo Nation entities. 
 

Diné Power Authority 

The Diné Power Authority (DPA) is responsible for all high-voltage transmission and power generation.6
The Navajo Nation still relies on non-reservation electricity sources, so technically, DPA has no operational 
power projects to oversee; however, DPA has spent the last decade developing a coal plant, which has now 
become known as the Desert Rock Project.  This and some high-voltage transmission lines that will be used to 
export power produced at Desert Rock are the main issues on DPA’s agenda.   

 
 

The National Energy Policy Act of 2005 (EPACT) 

EPACT was the first major federal energy policy in over a decade.  It attempted to address a broad array 
of energy issues in the United States, but importantly, incorporated Indian energy issues into an actual Title 
(Title V: Indian Energy) for the first time in the history of federal energy legislation.  EPACT describes a 
number of important policies that affect wind energy and wind energy in Indian country specifically.7  EPACT 
provides the federal policy cement needed to spark the next great build-up of energy, especially in the West.  It 
impacts the Navajo Nation in ways that are unique, not only to the region, but also to tribes in general.  A full 
discussion of the tribal impacts of EPACT is beyond the scope of this work, but some provisions are worth 
noting.

 
The Production Tax Credit (PTC) was extended to the end of 2007: The PTC is the major 
federal incentive driving the wind industry today.  It provides a direct tax credit for every kWh of 
electricity produced from a wide range of renewable energy sources, including wind.  This credit is 
literally the make-or-break for wind, for when the PTC is active there is boom and when it is not, 
there is bust.   

Tribal renewables will be double-credited toward the federal purchase requirement: EPACT 
calls for the federal electricity load to be provided by a certain percentage of renewable energy, 
beginning in 2007 and ramping up to 7.5% by fiscal 2013.  While the federal load may seem 
insignificant, remember that the federal load is the largest load in the world, and getting double credits 
is valuable.  How valuable remains the question.  

4 Ahasteen, Larry. October 19, 2005. Navajo Nation: Navajo Tribal Utility Authority: Wind Energy Feasibility Study on the Navajo Nation.
Presentation at Department of Energy Tribal Energy Program Annual Meeting. Denver, CO. United States Department of Energy. 
5 Connor, Michael.  August 5, 2005.  “EPACT 2005.” Presentation given at the Arizona Governors Tribal Energy Meeting. Northern 
Arizona University, Flagstaff, AZ. 
6 Begay, Steven C.  November 17, 2005.  Personal communication with General Manager, Dine Power Authority.  Denver, CO.  
7 The full text of the Energy Policy Act of 2005 can be found online: http://frwebgate.access.gpo.gov/cgi-
bin/getdoc.cgi?dbname=109_cong_bills&docid=f:h6enr.txt.pdf
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Section 368: West-wide Energy Corridor Programmatic Environmental Impact Statement: 
This federal study has been in the pipeline for a number of yeas as a solution to the problem of 
extended uncertainty when planning energy on federal lands.  The reason this is so important out west 
is that much of the land is under federal ownership status.  To plan energy in the west, especially 
when planning the transmission of that energy, means interacting with federal lands.  This study will 
identify corridors across these federal lands and perform programmatic environmental impact 
statements on those areas, dramatically decreasing planning uncertainty.   Because the Navajo are 
adjacent to many of these federal lands, the results of this study will be telling of where they ‘sit’ in the 
energy corridor future of the West.  
Section 1813: Valuation of Tribal Energy Rights-of-Way: This issue strikes deep chords in Indian 
country.  As one might imagine, historical values for energy rights-of-way (ROW) on Indian lands 
were undervalued, dramatically in some cases.8  Recently, following an era of Indian self-
determination which, at times,  has tipped the power scales back in favor of tribes, energy ROW on 
tribal lands are now “overvalued,” at least from the perspective of some.  The study implies a move 
toward some standard form of valuation for tribal ROW; however, most tribes view this language as a 
direct attack at sovereignty.  Tribal ROW clearly incorporate a premium that other energy ROW do 
not have, and attempting to standardize that “premium” is not something the tribes are exactly willing 
to entertain.  Additionally, the reason for over-valuation is often explained by comparing the value to 
energy ROW values on adjacent lands.  In the West, tribal lands are often adjacent to federal lands, 
like BLM and Forest Service lands.  One can argue that energy ROW granted on these lands are a 
form of indirect energy subsidy, a discount premium for the public good.  The Navajo Nation is 
crossed by many energy ROW, including gas pipelines and electric transmission lines.  The results of 
this study will impact the energy future of the tribe. 

 

Southwest Regional Gap Analysis Program Data (SWReGAP) 

The Gap Analysis Program (GAP) is part of the United States Geological Survey (USGS), an 
administrative arm of the Department of Interior.  It was born in the late 1980s under the pressures of habitat 
loss and out of a need to manage threatened species across typical land management boundaries.9 “Keeping 
common species common” is the goal of the GAP.  GAP provides the seamless GIS products that help land 
managers manage the “gaps” in management data.   

The program has published a number of products since it’s inception, but one of the more recent and 
high-resolution products is the Southwest Regional GAP (SWReGAP) datasets.10  These data cover Arizona, 
New Mexico, Colorado, Utah, and Nevada, providing land cover, animal habitat, and land stewardship datasets.  
These datasets are quite impressive, identifying over 109 ecosystems and 16 anthropogenic landcover classes in 
that five state region.11

 
High-Resolution Wind Resource Data 

The Wind Energy Resource Atlas of the United States, published in 1987, was the first major effort to map 
wind energy potential.12   Figure 4 shows the average annual wind power estimates from this work.  Maps from 
the atlas were published in this form, as well as a “gridded” form, which classifies the map below into 
approximately 20-mile pixels.   

8 United States Department of Energy. Section 1813 Study Public Meeting. April 18-20, 2006. Denver, CO. 
9 Gergely, Kevin. December 2003. Gap Analysis Program History and Overview. U.S. Department of Interior. U.S. Geological Survey.
Available online: http://www.gap.uidaho.edu/portal/gap_fs2004.pdf
10 Lowry, J. H, Jr., R. D. Ramsey, K. Boykin, D. Bradford, P. Comer, S. Falzarano, W. Kepner, J. Kirby, L. Langs, J. Prior-Magee, G. Manis, 
L. O’Brien, T. Sajwaj, K. A. Thomas, W. Rieth, S. Schrader, D. Schrupp, K. Schulz, B. Thompson, C. Velasquez, C. Wallace, E. Waller and 
B. Wolk. 2005. Southwest Regional Gap Analysis Project: Final Report on Land Cover Mapping Methods, RS/GIS Laboratory, Utah State University, 
Logan, Utah. 
11 USGS National Gap Analysis Program. 2005. Southwest Regional GAP Analysis Project—Land Cover Descriptions. RS/GIS 
Laboratory, College of Natural Resources, Utah State University.
12 Elliot, D.L., C.G. Holladay, W.R. Barchet, H.P. Foote, and W.F. Sandusky. 1986. Wind Energy Resource Atlas of the United States.
DOE/CH 10093-4. DE86004442. Solar Technical Information Program. Solar Energy Research Institute (now the National Renewable 
Energy laboratory). Golden, CO. Available online: http://rredc.nrel.gov/wind/pubs/atlas/
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Figure 4. Wind Energy Resource Atlas of the United States (Elliot et. al. 1986).12

 
Following this work, The National Renewable Energy Laboratory (NREL) created higher-resolution wind 

resource models that estimate the wind power potential at 200m resolution for many areas of the United States.  
These maps were completed for 30m, 50m, 70m, and 100m, but only validated at 50m. Figure 5 shows a map 
of the United States with these higher-resolution results.  One can see that while the general pattern is similar 
to the map above, this map is much improved.  Where high-resolution data were unavailable or not validated 
by NREL, the older, “gridded” wind resource data from the Atlas were used.  These new, higher-resolution 
data were used for this study.  

Figure 5. United States Wind Resource Map (Brummels, 2006).  This map uses newer, high-resolution wind resource data when 
available.  Wind resources in areas without high-resolution data are shown with the older, 1986, wind resource data.  
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Figure 6 shows difference between the 1986, low-resolution wind resource data and the 2003, high-

resolution data for Arizona.   

Figure 6. The map on the left shows data from the 1986 Wind Resource Atlas. The map on the right shows the high-resolution 
results from NREL’s 2003 mapping effort.  

NREL’s Wind Energy Development Exclusion Research 

NREL has performed the baseline research for wind energy development exclusions.  Their data, 
however, was limited to 1km resolution at best.  Data at this resolution are necessary for broadly assessing 
developable windy land across large areas and when working with relatively limited resources.   

This study of the Navajo Nation, on the other hand, had the luxury of assessing a much smaller area, 
allowing higher-resolution data into the model and resulting in more focused development maps.  While the 
Navajo Nation may seem like a small sample area, please keep in mind that it is the size of the state of West 
Virginia.  Even so, it is much smaller than NREL’s study area and provides a convenient lens through which to 
better understand how higher-resolution data can influence wind energy development exclusions.
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Methods

For the purpose of this analysis, windy land is defined as land with a wind resource greater than or equal to 
Class three as predicted by the high-resolution wind resource data. That is, predicted average annual wind 
speeds are large enough that wind energy may be produced economically. However, not all windy land may be 
developed for wind power. There are many development exclusions that must be considered. For instance, land that 
is owned by the National Park Service must be excluded 100% from consideration for development. Developable 
windy land, therefore, is the windy land that remains after all development exclusions have been applied. Finally, 
excluded windy land is windy land (Class 3 and above) that falls within a development exclusion. 

GIS (ArcInfo 9.1, ESRI, 2005) were used to analyze wind energy development exclusions (WEDEs) on the 
Arizona portion of the Navajo Nation.  This Navajo analysis was limited to Arizona data because WEDE 
datasets are generally available by state.  Limiting the analysis to only the Arizona portion of the Nation limited 
our data inputs and processing while still assessing the majority of the windy lands on the Navajo Nation. 
Figure 7 shows the study area.  The Navajo nation is shown with a green boundary. 

Figure 7. Navajo Wind Energy Development Exclusions study area. Only the Arizona portion of the reservation was analyzed.  
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Digital datasets were gathered that represented areas where wind energy projects should not be developed.  
These unsuitable areas were defined as wind energy development exclusions. Most datasets, once identified, were 
immediately ready for WEDE analysis.  Other layers, like the non-ridgecrest forest WEDE required some 
processing for use in this work. 

This work includes a number of key, higher-resolution datasets.  Whereas past studies were limited to 
1km resolution at best, this work brought 30m-resolution data to important exclusion categories like wetlands, 
urban/developed lands, and open water.  Buffers were added to some, but not all WEDEs.   

Consistent with the methodology applied by NREL, there are three general categories of WEDEs:13

1) environmental exclusions 
2) land use exclusions 
3) additional windy land factors 

This work includes the following WEDEs and their respective buffers.   

National Park Service Lands 
Fish and Wildlife Service Lands 
Special Designated Areas 
Inventoried Roadless Areas 
Sensitive Environmental Lands 
Airports
Urban/Developed Lands (30m SWReGAP) 

Wetlands (30m SWReGAP) 

Open Water (30m SWReGAP) 
Slopes > 20% (90m DEM) 

Non-ridgecrest Forests (Excluded 50%) 
 

13 Schwartz, M. Arizona Wind Resource, presentation to the Arizona Wind Working Group. August 6, 2003. 

3km buffer

100m buffer

no buffer

3km buffer
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Table 1 summarizes these data and their sources.

Table 1. Wind Development Exclusions 

Broad Exclusion 
Category Exclusion Exclusion 

Percentage Exclusion Description GIS Layer 
Source

Environmental 
Exclusions National Park Service 100% United States National Park Service Land ALRIS 14

Fish and Wildlife Service 100% United States Fish and Wildlife service ALRIS  

Congressionally Specially Designated 
Areas 100% Special Areas, like wilderness or wild, and scenic rivers, 

congressionally designated as such USFS 

Inventoried Roadless Areas 100% These are roadless areas of the country on federal land 
that have been congressionally designated as such USFS 

State and Other Environmental Land 
(State GAP Data) 100% Land Stewardship Layer (includes Nature Conservancy 

Land available) 
USGS
SWReGAP 

Other: Wildlife, Wilderness and Recreation 
Areas on Federal land of any designation 
(predominately USFS and BLM lands) 

100% Land Stewardship Layer (includes Nature Conservancy 
Land available) 

USGS 
SWReGAP15

Land Use 
Exclusions Urban/Developed Areas 100% Urban or Developed land as described by USGS ReGAP 

data
USGS 
SWReGAP 

Airports 100% Airports 

National Atlas 
of the United 
States, USGS, 
ESRI 

Wetlands 100% Wetland ecosystems as described by USGS ReGAP 
data

USGS 
SWReGAP 

Water bodies (includes seasonal and dry 
lakes) 100% Areas covered by water all year or part of the year.  

Does not include Rivers and Streams 
USGS 
SWReGAP 

Non-ridge Crest Forests 50% Areas of forest cover that are not considered ridge crests 
by TPI analysis 

SWReGAP + 
TPI 16

Ridge Crest Forests 0% Areas of forest cover that are on ridge crests SWReGAP + 
TPI  

Additional Windy 
Land Factors Slopes > 20% 100% These are landscapes with slopes greater than 20% Grant 

Brummels 

Non-ridgecrest forest exclusions were created by combining SWReGAP forest data with a layer derived from 
Jim Jenness’ Topographic Position Index (TPI), an ArcView 3.3 extension.16  TPI categorizes the landscape 
into 10 different categories by comparing the results of a “small-“ and “large-neighborhood” analysis of a 90m 
digital elevation model (DEM).  The large-neighborhood analysis was done at 5000m; the small-neighborhood 
analysis was done at 1000m.  Pinyon-Juniper (PJ) forests were not included as WEDEs. 

The landscape categories are:  

1. canyons, deeply incised streams 
2. mid-slope drainages, shallow valleys 
3. upland drainages, headwaters 
4. u-shaped valleys 
5. plains
6. no areas reported this classification 
7. upper slopes, mesas 
8. local ridges/hills in valleys 
9. mid-slope ridges, small hills in plains 
10. mountain tops, high ridges 

14 ALRIS—Arizona Land Resource Information System 
15 ReGAP—Regional Gap Analysis Program, 30m satellite data 
16 Jenness, J. 2005. Topographic Position Index (tip_jen.avx) extension for ArcView 3.x. Jenness Enterprises. Available at: 
http://www.jennessent.com/arview/tpi.htm.  TPI was applied to a 90m Digital Elevation Model. 
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WEDEs, including their buffers, were clipped to the Navajo Nation Boundary and used to erase un-

developable wind resources.  A layer for developable windy land was derived from this process and used to identify 
developable wind resource data.  

It is important to note that the high-resolution wind resource datasets are modeled at 200m-resolution.  A 
select-by-location operation was utilized to select all data points that were completely within the boundary of 
the area of interest.   

Wind energy capacity (MW) was estimated at 50m and 70m hub heights using NREL’s conservative 
standard of 5MW per km2.  This factor was applied to all areas of land with a wind resource of Class 3 and 
greater.   

 
 
 

Results

This work found the total potential wind energy capacity at 50m hub height, without applying WEDEs, 
to be 5770MW.  After removing all WEDEs, the wind energy capacity was found to be 4562MW, or 79% of 
the total wind energy capacity at 50m.  At 70m hub height, 14,046MW of potential capacity was found. Of 
which, 11,806MW, or 84% of the total capacity at 70m was available for development after all WEDEs were 
applied. Table 2 summarizes the results for each hub height by wind class.   

Table 2. Total and developable potential installed wind capacity for 50m and 70m hub heights by wind class

Figure 8 shows there results at 50m and 70m hub heights.  Notice that most of the developable windy 
land is Class 3.  Table 3 shows the results as a percentage of total land area.  Windy land is a small percentage 
of total land on the Navajo Nation. Figure 9 shows the results at 50m.  WEDEs are shown in blue.  Wind 
Resources are also shown in this map.  Transmission lines are shown in red. 

50m 70m

Wind Class 

Navajo Nation 
Potential 
Installed 
Capacity (MW) 
on  Windy Land 
(no Exclusions) 

Navajo Nation 
50m Potential 
Installed Capacity 
(MW) on
Developable 
Windy Land  

% Develop-able 
Windy Land  

Navajo Nation 
Potential Installed 
Capacity (MW) on  
Windy Land (no 
Exclusions)

Navajo Res. 70m 
Potential Installed 
Capacity (MW) on  
Developable 
Windy Land  

% Develop-able 
Windy Land  

3 4,751 3,870 81% 12,405 10,591 85%

4 636 428 67% 1,282 990 77%

5 256 183 71% 276 184 66%

6 110 71 65% 73 38 52%

7 17 10 60% 10 4 43%

Total 5,770 4,562 79% 14,046 11,806 84%
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Navajo Developable Windy Land by Wind Class

84.8%

89.7%

9.4%

8.4%

4.0%

1.6%

1.6%

0.3%

0.2%

0.0%

0% 20% 40% 60% 80% 100%

50m

70m

Class 3 Class 4 Class 5 Class 6 Class 7

Figure 8.  Navajo Developable Windy Land by wind Class. 

Table 3. Windy land and developable windy land by wind class and compared to the entire area of the Navajo Nation. 

Navajo Nation Wind Class Area Analysis (50m) 

Wind
Class Power (w/m2)

Total Area 
(km2)

Windy Land 
as Percent of 
Total Land 

Area

Developable  
Windy Land 

(km2)

Developable 
Windy Land as 

Percent of 
Total Land 

Area

Installed
Capacity 

(MW)

3 300-400 950 2.34%             774  1.906%              3,870  

4 400-500 127 0.31%               86  0.211%                428  

5 500-600 51 0.13%               37  0.090%                183  

6 600-800 22 0.05%               14  0.035%                  71  

7 >800 3 0.01%                2  0.005%                  10  

    40,616 50m Total
             

4,562

    2.84%   2.246%   
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Figure 9.  Navajo Wind Energy Development Exclusions.  WEDEs are shown in blue.  Electric transmission lines are shown in 
red.  

Results from the woodlands analysis are shown in Figure 10.  Over 90% of areas considered “woodlands” 
by the SWReGAP data were Pinyon-Juniper (PJ) woodlands.  PJ woodlands are shown in light-green, while 
Ponderosa pine woodlands are shown in dark, striped green.  Remember, PJ woodlands were not excluded for 
this study. 

Wetlands on the Navajo Nation are shown in red in Figure 11.  Wetlands in the southwestern portion of 
the map are part of the Little Colorado River System.  Wetlands in the northeastern portion of the reservation 
are part of the de Chelly river system.  Figure 12 shows two examples of wetlands on the Navajo Nation.  The 
photograph on the right shows wetlands along the Little Colorado River, near Cameron, AZ.  The photograph 
on the right shows wetlands along the Colorado River, near Page, AZ. The walls of this canyon are 2000-3000 
feet high. 
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Figure 10.  Navajo Woodlands.  Pinyon-Juniper woodlands (not excluded in this work) are shown in light-green.  Ponderosa 
pine woodlands, not on ridgecrests, were excluded 50%.  

Figure 11. Navajo Wetlands (shown in red). 
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Figure 12. Examples of Wetlands from the SWReGAP datasets.  The photograph on the right shows wetlands on the Little 
Colorado River near Cameron, AZ.  The photograph on the right shows wetlands along the Colorado River near Page, AZ.  The 
canyon walls in this photograph are 2000-3000 feet tall.  

Slopes were also an important WEDE category.  Figure 12 shows slopes greater than 20% on the Navajo 
Nation in red. 

Figure 13. Slopes greater than 20% on the Navajo Nation (shown in red). 
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Figure 14 shows the results of the TPI analysis for the entire state of Arizona. Notice the large areas of 
green.  These areas were categorized as “plains.”  Areas shown in red and pink are drainages, valleys, and 
canyons; areas shown in gray and blue are ridgecrests and mountain tops.  Conveniently, the analysis resulted in 
no category 6 landscapes, so the line for ridgecrests was drawn between classification 5 and 7.  Classifications 
7-10 were considered ridgecrests for WEDEs.    

Figure 14. Topographic Position Index results for all of Arizona.  Plains are shown in green.   
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Figure 15 shows the TPI results for an area on the western portion of the reservation called Gray 

Mountain.  The drainage to the north of Gray Mountain is the Little Colorado River, which drains into the 
Grand Canyon, the obvious feature in the northwest corner of the map.  Notice the level of detail in the 
analysis.  

 
Figure 15. Topographic Position Index results for Gray Mountain at two different scales.   
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Figure 16 shows WEDEs (blue) and wind resources for Gray Mountain.  Most of the wind energy 
potential remains after all WEDEs are excluded.  This map also shows existing transmission lines in red. 

 
 

 
Figure 16. WEDEs (blue) and wind resources for Gray Mountain.   
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Discussion

Understanding where and where not to put wind turbines is important for planning the energy future of 
the Navajo Nation.  This study provided maps and data that help energy planners and policy makers better 
understand how much wind can actually be developed on the reservation.  By incorporating higher-resolution 
GIS data, this work also advances previous research done on WEDEs. Because it assesses the Navajo Nation, 
it uncovers interesting issues related to WEDE research on Indian lands. 

Federal lands are key qualifiers for WEDEs (i.e. Nat’l Parks, SDAs, IRA, etc.). In many cases, the reasons 
these federal lands are excluded relate to ecosystem qualities—they are some kind of protected land, wilderness 
area, or other such valuable land because of the landscape and ecosystem supported.  Indian lands, or course, 
do not have these types of federal lands, yet ecosystems rarely change according to political boundaries.  As 
such, this study highlights the importance of looking at WEDEs from an ecosystem perspective when assessing 
WEDEs on Indian lands.  

A cultural perspective is also important when evaluating WEDEs on tribal lands.  While this work did not 
incorporate specific Navajo datasets, like those that show cultural sites or sites of historical significance, future 
WEDE work in Indian Country should utilize cultural information.   

Incorporating 30m SWReGAP data into the study provided a number of improvements over past studies 
and resulted in some key findings.  First, the higher-resolution data was essential for identifying wetlands, 
especially in this region of the country.  Wetlands in the American Southwest are not like those in many other 
parts of the country.  Because of high elevation, intense sun, and a dry climate, these wetlands have evolved an 
ability to store water below the surface.  They may see standing water for portions of the year, or experience 
the occasional flow during a desert storm, but wetlands in these areas are identified by the vegetation they 
support.   That vegetation often changes rather quickly at its edges, creating unique transition zones between 
wetlands and desert.   Shade, protection, and other qualities assure that these ecosystems are important to 
native and migrating species.  With respect to wind, wetlands are indicative of potential bird and bat corridors.  
Regardless, wetlands are indicative of sensitive habitat and sensitive species.  

Clearly, the majority of wetlands in Arizona are located on the Navajo Nation.  They feed two major 
drainages: 1.) The Little Colorado River and, 2.) The Canyon de Chelly River.  Both feed the Colorado River 
system, the critical watershed for the entire American Southwest.  

Wetlands in these areas can also be very small, yet critically important.  Whether a natural water feature, 
or artificial stock tank, small watering holes can support an even larger wetland.  By incorporating 30m data, 
these smaller wetlands were identified.  Data at 1km resolute would not have captured these critical habitats.    

It was found that when utilizing these wetland data that a standard 3km buffer was inappropriate.  This 
buffer is simply too large for small wetland features.  It may make sense for larger wetland ecosystems, like 
those that run along the de Chelly drainage, to be buffered 3km, but for smaller wetlands, 3km buffers caused 
very large areas to be excluded.  Figure 17 shows the impacts of buffering the wetlands to this distance.  Areas 
in dark red are WEDEs other than wetlands; wetlands are shown in blue; WEDE buffers are shown in pink.  
You’ll notice that very large areas become excluded because of the vast number of small, wetland ecosystems.   
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Figure 17. Wetlands buffered by 3km on the Navajo Nation.  WEDEs other than wetlands are shown in red.  Wetlands are 
shown in blue.   WEDE 3km-buffers are shown in pink.  Large areas of land are removed when buffering wetlands by 3km.  It 
was decided that a 100m buffer for wetlands was more appropriate.  

It was decided, therefore, to only buffer wetlands 100m.  This distance is relatively arbitrary, but it serves 
as a starting point for this research.  It is also understood that this distance may vary regionally depending on 
the true significance and impacts of wetlands on wind energy development.  Certainly wetlands are indicative of 
sensitive biological species, like birds. For now, the 100m buffer allows for at least the physical realities of the 
wetland to be considered.  That is, if wetlands are excluded for the reason that no towers would be installed on 
these areas, then 100m assures that wetlands are completely excluded.  Future work may show that because 
certain sensitive bird species rely on these wetlands that they should be buffered by much more.   

Another key finding of this work revolves around an exclusion category that is also arbitrary—non-ridgecrest
forests.  Interestingly, it is arbitrary for two reasons: 1) for the fact that it deals with forests and, 2) for the fact 
that it includes the concept of a ridgecrest.  This WEDE requires that all non-ridgecrest forests be excluded 50%.  
From this, one must assume that forested ridgecrests are open for development.  Wind resources are generally 
better on ridgecrests than not, so if we are going to develop where there are trees, we may as well do so on the 
ridgecrests.  Yet what defines a ridgecrest?  What defines a forest?  Both of these are worth discussion.  

Here, as in the case with wetlands, SWReGAP data proved very useful in helping make this exclusion 
category clearer.  First, the 30m, SWReGAP data broke “forests,” which are referred to as “woodlands” in the 
ReGAP dataset, into 53 different categories.  On the Colorado Plateau, the two dominate forest species are 
Ponderosa Pine and Pinyon-Juniper (PJ).  They are, however very different with respect to density and canopy 
height.

Ponderosa pine woodlands have taller canopies compared to PJ woodlands.  Wind turbines need to get 
above forest canopy to access the wind and avoid turbulence.  PJ woodlands, because of their lower canopy, 
may be better suited than Ponderosa for wind energy development.  Also, Ponderosa pine forests tend to be 
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relatively dense, while PJ woodlands can have open space between trees.  Figure 18 shows two examples of a 
PJ ecosystem.  You’ll notice in the photograph on the left that there is space between trees.  The photograph 
on the right shows a high-voltage transmission line running above the PJ canopy.  While some PJ ecosystems, 
especially those that border Ponderosa ecosystems, may have much higher canopies and tree densities, to treat 
PJ the same as Ponderosa would be much too arbitrary.   

Figure 18. Pinyon-Juniper Woodland ecosystems.  The photograph on the left shows the space between trees. The photograph 
on the right shows transmission lines running above the PJ canopy. 

PJ woodlands were separated from Ponderosa woodlands and analyzed separately.  Because of the 
reasons explained above, and because over 90% of what would typically be considered “forest” using standard 
classification techniques was found to be PJ woodlands, it was decided that PJ would not be included as a 
WEDE.  These ecosystems covered far to great of an area to simply arbitrarily exclude by 50%.  Future studies 
should look understand how PJ ecosystems impact wind energy development.  

The second arbitrary characteristic, the ridgecrest, was solved by incorporating Jim Jenness’ TPI.  TPI was 
useful in categorizing the landscape.  Most importantly, it included features that were essential to properly 
understand the Arizona Landscape.   Because it assessed a small and large neighborhood of the 90m DEM, it 
avoided common problems associated with similar, single-neighborhood analyses.  A full discussion of this 
importance is beyond the scope of this work, but for a landscape like the Navajo Nation, assessing both 1000m 
and 5000m, and then comparing the two, provided more accurate assessments of ridgecrests in the region.  

Slopes greater than 20% were also a significant WEDE on the Navajo Nation. Sandstone and limestone 
provide a soft medium for carving steep and narrow canyons and mesas.  These areas are clearly unsuitable for 
wind energy development.  Applying a 90m DEM to this WEDE improved the understanding of developable 
land over past studies.  

While WEDEs on the Navajo Nation excluded 21% of the total windy land at 50m, the large, contiguous 
areas of windy land in the western portion of the reservation were not excluded.  This is a positive sign for the 
wind in the energy future of the Navajo.  Not only are these areas not excluded, but they are transected by 
existing electric transmission.  These lines distribute power both north-south and east-west.  They provide the 
means of moving the Navajo wind resources to market.  



Navajo Wind Energy Development Exclusions  Grant Brummels 
Grant.Brummels@nau.edu

Sustainable Energy Solutions  
at Northern Arizona University, 2006 

- 22 -

Conclusion 

The Navajo Nation is well positioned geographically to take advantage of wind energy.  They have access 
to sites with quality wind resources and access to regional transmission. They are well poised politically to 
incorporate wind into their energy planning.  NTUA and DPA are experienced with energy development and 
offer the channels necessary to move the tribe forward.  The tribe also has a history of energy development and 
a large coal plant in the pipeline which only bolsters the tribes experience with such issues.   

Wind offers an alternative to typical fossil energy development, providing the same electrons without the 
pollution and carbon emissions, and without the use of water.  In the arid American Southwest, the latter 
benefit may prove most important.  It has already played a key role in the shutdown of the Mohave Generating 
Station.  Yet as this work points out, wind is not suitable at all locations.   

On the Navajo Nation, wetlands are prominent, especially when compared to the rest of Arizona.  They 
provide unique habitat for Colorado Plateau species, cutting through the high desert and offering sanctuary 
from the harsh surroundings.  The two major wetland drainages on the Navajo Nation feed the Colorado River 
system, the most important water system in the Southwest.  These wetlands may also be important for 
migrating birds seeking rest and water in their long journey across these dry latitudes.  

Forests on the Navajo Nation are also unique.  While most GIS analyses using satellite classification 
techniques would group Ponderosa pine forests with PJ forests, by using the SWReGAP data, this work was 
able to separate the two and better understand the forest structure wind energy projects may encounter.  
Because PJ forests are such a large portion of the reservation, and because they display a different forest 
structure than Ponderosa forests, they were not included as a WEDE.   

Slopes greater than 20% were also noticeable on the Navajo Nation.  This is expected in such a dynamic 
terrain with soft geology and a history of powerful erosion.  At the same time, in the process of deriving 
ridgecrests for the non-ridgecrest forest WEDE, this work discovered that while there are noticeable areas of steep 
terrain, there are much larger areas of land that are classified as “plains.”  Plains are typically well-suited for 
wind energy development. 

Planning for a wind energy project on the Navajo Nation can now proceed with at least a relatively broad 
understanding of where not to go.  The public, which often takes the not-in-my-backyard approach to all energy 
development, can be reassured with these maps.  Wind developers can more easily avoid problem areas, saving 
money and time.  Utility managers can estimate where wind energy project might be sited within their control 
area.  Finally, and perhaps most importantly, Tribal Council members can wrap their minds around this issue 
and better appreciate the future of wind energy on the Navajo Nation. 
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