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FOREWORD 
 

 I became interested in the importance of National Weather Service Earth-based 

observation systems during my time as an intern at the Great Falls, Montana Weather 

Forecasting Office. I utilized many Sky Warn weather spotters and COOP observers to 

verify and help pinpoint forecasts in severe weather situations. I also met a few spotters 

and observers at their properties in Montana, and I was struck by their dedication to the 

rigors of observation. I began to understand that this is one method of valuable in-person 

community outreach in a primarily technologically connected industry. Most of the 

Impact Based Decision Support philosophy at the National Weather Service focuses on 

partnerships with institutions and other entities, but it doesn’t emphasize the impact of 

partnerships with the individual. Because Montana is rich with a variety of Indigenous 

nations and their traditional knowledge, I was interested in what overlap exists between 

observers, in-situ weather stations, and Indigenous nations. Since these observation 

stations can help improve forecasts and community partnerships, I am interested in the 

networks that currently exist and what disparity between lands exists.  

 I became interested in how relationships between Indigenous nations and federal 

agencies could operate and what exists where and why. I found that the why became 

difficult to pinpoint, and that there are likely reasons beyond my limited perspective and 

timeframe that need to be addressed by those with more experience and from an 

Indigenous perspective. However, this research seemed like it would be an interesting 

avenue to apply both my meteorological and statistical experience. I also wanted to learn 

more about the history of land rights and usage and the disenfranchisement of Indigenous 

nations in our country. 



ABSTRACT 

THE DISPARITY OF IN-SITU WEATHER STATIONS ON INDIGENOUS NATIONS 

VERSUS STATE LANDS IN THE UNITED STATES 

by 

Sophia L. Adams 

Plymouth State University, July 21, 2021 

 The National Weather Service, National Oceanic and Atmospheric 

Administration, and academic institutions operate a variety of in situ weather stations that 

monitor weather across the country. The purpose of this study is to identify if gaps exist 

in official U.S. observational weather networks on Indigenous nation land compared to 

state lands. The locations of weather stations from federally recognized, national weather 

station networks were plotted using qGIS. The difference in total number of weather 

stations across state and Indigenous designated land areas were then calculated using 

multiple linear regression.  

 Results found that Indigenous nations were under-observed by a margin of 42% 

compared to state lands. Omitting outliers, land area and land designation (i.e. state vs. 

Indigenous nation) were highly correlated (r = 0.96) and the difference in spatial 

distribution of weather stations by land designation was statistically significant (p-values 

< 2.2x10-16). This means thatPrevious studies showed that implementing mesoscale 

observation networks could increase Indigenous participation in atmospheric science, 

which is sorely needed to diversify the science. 
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Chapter 1  
1. Introduction 

 
 Indigenous nations in North America first observed and understood the variety of 

weather phenomena that affects the United States (US). Their oral histories and physical 

records demonstrate their spatial knowledge of weather events that kept their society and 

traditions alive and well through the millennia (Therell et al. 2011 ). The modern weather 

enterprise has few Indigenous scientific leaders and a lack of traditional knowledge to 

supplement modern technocentric atmospheric science. Dr. Susanna Van Cooten, a 

hydro-meteorologist from the Crow nation who works with the National Weather Service 

(NWS), has suggested implementing more in situ observational networks on Indigenous 

nations to provide opportunities for greater participation and interest in atmospheric 

science careers (2014). 

 Since the National Weather Service (NWS) started as part of the U.S. Signal 

Service, weather observations from community members that had other careers have been 

the bedrock of our institution and our science (Grice 1991). However, areas of the US are 

void of NWS or institutional in situ weather stations. Observational networks around the 

world are the backbone of data points for numerical weather prediction, military 

operations, safe air travel, and a variety of important industries (Plummer et al. 2003). 

These observational networks consist of strategically located stations that report a variety 

of atmospheric conditions that are used to improve the accuracy of weather models. 

Without these networks, meteorologists would not be able to do their jobs accurately, and 

weather models would be in disarray. However, there is a method to placing stations 

around the country. Most stations require expensive monitoring sensors and batteries or 

solar power. Stations that report conditions in METAR are almost always located near 
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airports and along interstate highways. There are significant gaps in our observational 

networks around the world, especially in the ocean and in South America and Africa (Fig. 

1.1). 

 Given the long history of mistreatment of Indigenous nations in the US, the NWS 

and other federal agencies have taken steps to include Indigenous communities into core 

partnerships for impact-based decision support services (Uccellini and Hoeve 2019). To 

successfully create these partnerships, Indigenous peoples need to be involved as both 

NWS meteorologists and community leaders. According to a study published by Dr. 

Susan Van Cooten, less than 1% of employees in National Oceanic and Atmospheric 

Association (NOAA) identified as American Indian or Alaska Native (Van Cooten 2014). 

These numbers have remained much lower than the representative demographics. Van 

Cooten explains that the likely cause for much of this disparity is the extreme lack of 

resources afforded to many Indigenous nations in the US (Van Cooten 2014).  She 

recommends implementing mesoscale observational networks in these communities and 

particularly in schools because they could be beneficial to encouraging Indigenous 

students to pursue a career in meteorology. Implementing mesoscale observational 

networks can positively impact community awareness around careers in atmospheric 

science. Indigenous perspectives can be hugely beneficial, including diverse perspectives 

on impact decision support services as well as forecasting techniques. Traditional 

ecological knowledge has been proven extremely useful in diversifying scientific 

approaches and gaining new information especially in local areas that can be insightful to 

helping protect and understand the atmosphere and biosphere (Kimmer 139).  
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 The Weather Ready Nation strategic plan seeks to outline the strategy of the NWS 

to prepare communities for weather related hazards. They have outlined several proposals 

to help Weather Forecasting Offices create lasting partnerships with Indigenous nations 

throughout the US (Uccellini and Hoeve 2019). There are many existing partnerships 

with different Weather Forecasting Offices and local Indigenous nations that are mutually 

beneficial. As Van Cooten (2014) suggested, this could be supplemented by creating 

more mesoscale and synoptic scale observation networks throughout Indigenous 

communities in the US. This could also ensure that Indigenous lands throughout the US 

are monitored for climate related changes and during extreme weather. By incorporating 

traditional meteorological knowledge into more weather-related practices, there could 

also be expanded opportunities to grow forecasting and theoretical atmospheric science.    

 While this project does not seek to explain the reasons behind the lack of weather 

stations, nor to assume that Indigenous nations would want more coverage of weather 

stations, it is obvious that disenfranchisement exists today. In the 19th century, Indigenous 

people were repeatedly forcibly resettled on lands in the plains and Mid-West (Leonard et 

al. 2018). These nations were then exploited by the US government to make more space 

in the plains and West for westward expansion and European colonizers (Leonard et al. 

2018).  The lands most of these nations were settled on, especially in the West, have had 

a false narrative that they are low-quality lands. However, the land quality itself is not the 

reason for the lack of sufficient infrastructure on the lands and the poverty present on 

Indigenous nations. Leonard et al. (2018) showed that the “land fractionization and lack 

of private land ownership is to blame for nations that have mid-quality land and require 

colonial-like federal administration of land rights.” This lack of self-determination 
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instigated by the Allotment Act of 1887 has led to increased difficulty for Indigenous 

people to have access to advanced infrastructure and land investments (Natural Resources 

Revenue Data 2021). This disenfranchisement might be to blame for the lack of access to 

environmental infrastructure like weather stations and other hazard mitigation tools.   

In the US, the erasure of many Indigenous cultures and traditions in the 19th century by 

kidnappings, genocide, and “re-education” of many Indigenous nations also led to the 

loss of much of this traditional knowledge. This abuse of Indigenous people by the US 

government and its citizens has led many Indigenous people to distrust research 

scientists, especially in health-related research (Simmonds and Christopher 2013).  

 The Weather Ready Nation strategic plan seeks to outline the strategy of the NWS 

to prepare communities for weather related hazards. They have outlined several proposals 

to help Weather Forecasting Offices create lasting partnerships with Indigenous nations 

throughout the US (Uccellini and Hoeve 2019). There are many existing partnerships 

with different Weather Forecasting Offices and local Indigenous nations that are mutually 

beneficial. As Van Cooten (2014) suggested, this could be supplemented by creating 

more mesoscale and synoptic scale observation networks throughout Indigenous 

communities in the US. This could also ensure that Indigenous lands throughout the US 

are monitored for climate related changes and during extreme weather. By incorporating 

traditional meteorological knowledge into more weather-related practices like Zimbabwe 

and Sweden, there could also be expanded opportunities to grow forecasting and 

theoretical atmospheric science.   

 Climate change has already increased dangerous weather events and changed 

natural resource access across the US. The National Wildlife Federation (NWF) released 
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a report in 2011 that found that Indigenous communities in the US are more at risk for 

extreme weather and climate change. Droughts, wildfires, snowfall events, and flooding 

events were shown to greatly impact communities in Indigenous nations (Curry et al. 

2011). This has affected many Indigenous communities across the US, especially in the 

Plains and the West. During the January 2010 winter storm, the Cheyenne River 

reservation lost power and roads were closed for several weeks (Curry et al. 2011). The 

$175,000 emergency fund budget was quickly emptied and there were significant 

emergency roadblocks to refueling propane tanks (Curry et al. 2011). Increasing weather 

observation stations in these areas could help with hazard mitigation plans to understand 

when to clear important access roads and powerlines. The Wind River Reservation in 

Wyoming has had difficulty obtaining ground water rights and with increasing 

temperatures and continued loss of snowpack, there will be difficulty accessing water for 

the communities (McNeely 2017). Increasing observation stations, especially within the 

climate reference network, will allow these communities to observe longer term trends 

and adapt to changing hydrologic environments.  

 Visual and statistical analysis indicates that Indigenous nations in the US are 

under-observed. This is likely due to land fractionization and inconsistent relationships 

with weather forecasting offices and other observing institutions. By expanding these 

observation networks to data void regions in Indigenous nations, weather forecasting 

offices will expand long term climate observation datasets and ideally spark interest in 

the atmospheric sciences. According to data collected from the US Census Bureau and 

US Geological Survey, about 5% of land in the US is Indigenous land, or about 190,000 

square miles, which is roughly the size of Texas.  Implementing Indigenous spatial 
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knowledge and expanding observation stations and programs on Indigenous lands with 

Indigenous perspectives leading the charge could help with increased monitoring of 

climate change impacts from local weather. Results from this project will help identify 

the disparity in weather data that exists between Indigenous lands and state lands.   
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Figure 1.1: Worldwide AWOS, ASOS stations as reported to the World Meteorological 
Organization (Iowa State University 2021) 
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Chapter 2 
2. Data and Methods 

 
 Most of the largest tribal nations are West of the Mississippi River, where NWS 

offices often have limited coverage from NWS radar and rawinsonde observations. 

Various institutions, businesses, and government agencies supplement this lack of data 

through a variety of in situ weather stations. This project quantifies the spatial 

distribution of weather stations hosted by the NWS, Federal Aviation Administration 

(FAA), and participating academic institutions on native land compared to non-native. 

These networks were chosen because these are the largest, longest running, and most 

financially well supported observation networks.  

a. In situ weather station data 

 The FAA and NOAA work together to facilitate the Automated Weather 

Observation Stations (AWOS) and Automated Surface Observing Systems (ASOS). 

These are 24/7 operational stations, and they don’t require human assisted observation 

(NWS ASOS 2021). The FAA operates over 1100 AWOS at airports, while the NWS, 

FAA, and Department of Defense jointly operate over 900 ASOS at airports (NWS 

ASOS 2021). The “primary climatological observing network in the US” is the ASOS 

network, providing some of the most valuable and timely weather information to NWS 

forecasters and aviators (NCDC 2021). The reportable elements from both ASOS and 

AWOS are sky condition, visibility, present weather information, obstructions to vision, 

pressure, ambient temperature, dewpoint temperature, wind direction and speed, 

precipitation accumulation, and significant weather remarks (NWS ASOS 2021).  

 The Community Collaborative Rain, Hail, and Snow Network (CoCoRaHS) is 

“a grassroots volunteer network of backyard weather observers of all ages and 
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backgrounds working together to measure and map precipitation (rain, hail and snow) in 

their local communities” (CoCoRaHS 2021). This data is utilized by NWS forecasters, 

and many other stakeholders, to understand daily weather events in a larger variety of 

locations. Variable reportable elements are collected from these stations including 

precipitation, snow fall and depth, hail, and other significant weather. We tabulated 

station locations from the water year summaries, as this gave an indication of stations that 

consistently reported precipitation and other weather elements.  

 The US Climate Reference Network includes over 130 stations that observe long 

term temperature, precipitation, and soil moisture measurements. This program involves 

much more rigorous site selection criteria than others due to the necessity of remoteness 

and “spatial representativeness.” (NCEI 2021). The reportable elements include air 

temperature, precipitation, soil moisture, soil temperature, surface (skin) temperature, 

solar radiation, wind speed, relative humidity, and wetness (NCEI 2021). This program is 

not directly overseen by the WFOs in the NWS, but rather the NCEI.  

 The Cooperative (COOP) weather observing stations are locations where, under 

the direction of the NWS, weather observations are taken by private citizens, institutions, 

or by other government agencies (NWS Manual 10-1315 2017). There are over 33,000 

active stations in the US according to the National Center for Environmental Information 

(NCEI). Each station varies in the reporting elements, which could include one or more 

of these reporting elements: precipitation, air temperature, snow observations, pan water 

evaporation, soil temperature, river stage, and observable hazardous weather events (such 

as hail, tornadoes, rain, or dense cloud cover) (NWS Manual 10-1315 2017). Instruments 
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at these stations are often provided and standardized by the NWS (NWS Manual 10-1315 

2017). 

 Three observational networks that are crucial to weather forecasting and climate 

change monitoring were left out of the analysis due to impermanence and low frequency 

issues. Coastal Marine Automated Network (CMAN) and anchored buoy networks were 

intentionally left out of this analysis. Most Indigenous nations in the US are landlocked 

(except for those in Alaska and Hawai’i) and initial results indicated that there are very 

few CMAN and Buoy stations on Indigenous lands in the US. A better disparity 

comparison can be determined with networks that are on similar topographic landscapes 

that do not include ocean monitoring, and the CMAN and Buoy stations skewed the data 

slightly. The Remote Automated Weather Stations (RAWS) that are crucial to wildfire 

monitoring were also left out of this analysis due to their impermanence and frequent 

change in placement. 

 Iowa State University’s data access site on observational networks showedd 

extremely helpful for downloading AWOS, ASOS, USCRN and COOP stations’ latitude 

and longitude. Encoded METAR data were downloaded from this website, including all 

levels of METAR encoded data: AWOS, ASOS, and some offshore buoys that weren’t 

included in the final data set. The ISU website was chosen for most data collection 

because repeated elements are deleted and the weather station data is often utilized by 

NWS employees. 

b. Mapping methodology 

 Mapping software from Quantum Geographic Information System (qGIS) 

provided background boundary and topographic maps from the US. These maps allowed 
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for synthesis of the data and quick tools to clip boundaries and find totals per state, NWS 

Region, and Indigenous nations. This project included both land held in trust by the US 

federal government and fee land owned by Indigenous nations to capture all the land held 

by Indigenous nations (Natural Resources Revenue Data 2021). The total weather 

stations per state and Indigenous nation were individually calculated and confirmed by 

the mapping software. Land area in square miles was converted from the land area in 

square meters provided by the shapefile data layers. The National Weather Service 

regional data are publicly available and free to download in GIS formats. The following 

regions are shown in the maps: Western, Central, Southern, Eastern, Alaska, and Hawaii. 

National Weather Service regions are shaded in light blue, while Indigenous nations are 

shown in a black cross-hatch pattern to show where observational networks are for each 

region (Fig. 2.1 and 2.2). Indigenous nation boundary data are also publicly available and 

free to download from the Department of Homeland Security website. The boundary data 

comes from the Bureau of Indian Affairs and the Census Bureau was updated in January 

2021. 

c. Multiple linear regression methodology 

 To quantitatively represent this data, the summation of these totals was 

categorized by both Indigenous nation and state. Two datasets utilized the multiple linear 

regression model by comparing total number of stations, land area in square miles, and 

designation. The multiple linear regression models consisted of one dataset that included 

every state and nation, the other dataset included all nations and forty-eight states. One 

dataset utilized a box plot to compare total weather stations weighted by land area to the 
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land designation.  This allowed further analysis on the statistical significance and gaps 

between Indigenous nations, state, and local lands.  

y=0+1x1+2x2 +3(x1*x2) 
(1) 

 
A multiple linear regression model (eqn. 1) was compiled to determine the influence of 

land being Indigenous or state land on the number of weather stations in the designated 

region. The y variable equals total weather stations. The 0 is the constant y-intercept. 

The x1 variable equals land area. The 1 is the land area slope coefficient. The x2 is nation 

designation (1=Indigenous Nation, 0=State). The 2 is designation slope coefficient and 

the 3 is the interaction slope coefficient; this was not significant and is not included the 

final model.  A comma delimited file was compiled of weather station totals in the first 

column, land area in the second column, and a designation of Indigenous or state land in 

the last column (one equals Indigenous, zero equals state). The linear model was 

analyzed in R statistical software and results were tested for statistical significance (alpha 

= 0.05).  

 The complete equations are found by creating a linear model that evaluates the 

effect both land area and nation designation have on the total number of stations and will 

be discussed in detail in the next chapter (Fig. 2.3). Summary statistics can be further 

analyzed by variance and comparing the fit between the linear models. After plotting 

linear equations, an analysis of variance was completed using R software to determine the 

predictability of total weather stations by land area and designation in the US.  
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Fig 2.1: Indigenous land in trust and fee land in the continental US from the Bureau of 

Indian Affairs data.  
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Fig 2.2: Indigenous nations land in trust and fee land in Alaska and the Hawai’i from the 

Bureau of Indian Affairs data.  
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y=0+1x1+2x2 +3(x1*x2) 

 

y=Total Weather Stations 

0=constant y-intercept 
x1=Land Area 

1=Land Area slope coefficient 
x2=Nation Designation (1=Indigenous Nation, 0=State) 

2=Designation slope coefficient 

3=Interaction slope coefficient 

 

Figure 2.3: Multiple Linear Regression equation and terms for the linear model.  
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Chapter 3 
 

3. Map Results 
 

 The number and kind of weather stations in the US varies greatly by region and 

state. Subjective trends can be deciphered from regional maps that break down the 

various types of networks that exist in the infrastructure of the US weather stations. This 

chapter will overview the results of qGIS maps that show the dispersion and number of 

CoCoRaHS, Climate Reference Network, AWOS, ASOS, and NWS COOP stations in 

each NWS Region. Hawai’i will be the only region shown for the Pacific due to the 

presence of Indigenous nations in the US.   

a. Eastern Region map results 

 The Eastern Region of the NWS serves many population centers and includes 

many academic institutions. There are also noticeably few Indigenous nations in this part 

of the country, hinting at some of where the disparity in percent of land could come from. 

The city centers have the extensive clusters of CoCoRaHS stations in the Eastern Region. 

This is a trend that continues throughout the US but is especially present in the Eastern 

Region (Fig. 3.1). The Climate Reference Network (CRN) stations are much more evenly 

distributed across the states in the Eastern Region, except for Northern Maine and in parts 

of Eastern Pennsylvania (Fig. 3.2). The AWOS, ASOS, and COOP stations appear to be 

evenly distributed as well throughout the Eastern Region, indicating that there is a lot of 

coverage for weather observation in this area (Fig 3.3). The AWOS and ASOS are also 

likely co-located with airports, and due to the large populations of people and sufficient 

airport infrastructure, this could help with more even dispersion of stations. The Eastern 

Region appears to be well suited to an evenly distributed number of in situ weather 
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stations. In general, the topography makes it easy to travel across and set up these 

stations, and the Eastern states have a lot of towns, cities, and people, except for parts of 

Maine, New York, and West Virginia.  

b. Southern Region map results 

 The Southern Region of the NWS serves many population centers with many flat 

areas, making even dispersion of weather stations easier. There are slightly more 

Indigenous nations compared to the Eastern Region, but not many. Like the Eastern 

Region, the city centers have the extensive clusters of CoCHoRaHS stations in the 

Southern Region, especially in Texas, Tennessee, Georgia, Florida, and New Mexico 

(Fig. 3.4). The Climate Reference Network (CRN) stations are evenly distributed across 

the states in the Southern Region, except for Alabama and parts of Western Texas (Fig. 

3.5). The AWOS, ASOS, and COOP stations appear to be evenly distributed as well 

throughout the Southern Region, indicating that there is a lot of coverage for weather 

observation in this area. New Mexico and Western Texas have noticeably fewer AWOS, 

ASOS, and COOP stations, likely due to a lower population density that exists in those 

areas and the desert plateaus that dominates the topography (Fig. 3.6). The Southern 

Region appears to be well suited to an evenly distributed number of in situ weather 

stations. Like the Eastern Region, the topography is easy to travel across and set up these 

stations, and the Southern states have a lot of towns, cities, and people. This is slightly 

different for the Central Region due to variable topography and more remote areas of the 

US. 
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c. Western Region map results 

 The Western Region of the NWS serves many population centers with a variety of 

mountain ranges and deserts. There are several Indigenous nations, most of them much 

larger than in other regions. Like the other regions, the city centers and coastal regions 

have extensive clusters of CoCoRaHS stations, especially the coasts of Washington, 

Oregon, and California, and cities in Utah and Arizona (Fig. 3.7). The Climate Reference 

Network (CRN) stations seem mostly evenly distributed across the states, except for 

Southern Nevada, Southeastern California, and Western Arizona (Fig. 3.8). The AWOS, 

ASOS, and COOP stations appear to be evenly distributed as well throughout the 

Western Region (except for Nevada), indicating that there is a lot of coverage for weather 

observation in this area (Fig 3.9). Areas in Nevada and desert areas in Utah, California, 

and Arizona have noticeably less AWOS, ASOS, and COOP stations, likely due to a 

lower population density that exists in those areas and the mountainous regions and 

desert plains that dominate the topography. Overall, the number of stations that are 

presented in most of the Indigenous nations are much lower than urban and state land 

areas. Alaska and Hawai’i have different Indigenous nations and station dispersals, like 

the Western Regions.   

d. Central Region map results 

 The Central Region of the NWS serves many population centers with many flat 

areas allowing for easy dispersion of weather stations. There are more Indigenous nations 

compared to the Eastern and Southern Regions, but not many. Like the Eastern and 

Southern Regions, the city centers have extensive clusters of CoCoRaHS stations in the 

Central Region, especially in Minnesota around Minneapolis and St. Paul, Illinois around 
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Chicago, and Colorado with Denver, Boulder, and Fort Collins (Fig. 3.10). The Climate 

Reference Network (CRN) stations are evenly distributed across the states, except for 

Northern Minnesota, sporadic areas in Wyoming, and parts of Kentucky (Fig. 3.11). The 

AWOS, ASOS, and COOP stations appear to be evenly distributed as well throughout the 

Central Region, indicating that there is a lot of coverage for weather observation in this 

area (Fig. 3.12). Wyoming and Nebraska have noticeably less AWOS, ASOS, and COOP 

stations, likely due to the lower population density that in those areas and the 

mountainous regions and desert plains that dominate the topography. The Central Region 

appears to be mostly well suited to an evenly distributed number of in situ weather 

stations. Like the Eastern and Southern Regions, the topography is mostly flat. This is 

dramatically different for the Western Region with variable topography and less 

population. 

e. Alaska Region map results 

 The Alaska Region of the NWS serves many Indigenous nations and is the largest 

state in the US, with a variety of higher elevation points. There are several Indigenous 

nations in Alaska. Like the other regions, the city centers and coastal regions have some 

clusters of CoCoRaHS stations (Fig. 3.13). The Climate Reference Network (CRN) 

stations are few and far between on a variety of islands in Alaska (Fig. 3.14). The 

AWOS, ASOS, and COOP stations appear to be more evenly distributed as well 

throughout Alaska, indicating that there is a lot of coverage for weather observations 

(Fig. 3.15). The AWOS and ASOS stations are focused on the airports but not many other 

areas on land, likely due to the lower population density in those areas and the 
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mountainous regions and Arctic tundra that dominate the topography. Overall, there are 

barely any weather stations on the Indigenous nations in Alaska.  

f. Hawai’i Region map results 

 The Pacific Region of the NWS serves many island nations with a variety of 

higher elevation points and Indigenous nations. This project focuses on Hawai’i. There 

are several Indigenous nations on the multiple islands on Hawai’i. Like the other regions, 

the city centers and coastal regions have extensive clusters of CoCHoRaHS stations (Fig. 

3.16). The Climate Reference Network (CRN) stations are few and far between on a 

variety of islands in Hawai’i (Fig. 3.17). The COOP stations appear to be evenly 

distributed as well throughout Hawai’i, indicating that there is a lot of coverage for 

weather observations. The AWOS and ASOS stations are focused on the airports but not 

many other areas on land, likely due to lower population density in those areas and the 

mountainous regions and desert plains that dominate the topography (Fig. 3.18). Overall, 

there are barely any weather stations on the Indigenous nations in Hawai’i. Alaska is 

much larger than Hawai’i, with a similar trend of under observation and data void 

regions, in much larger areas of land. 
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Figure 3.1. CoCoRaHS stations in the NWS Eastern Region of the US 
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Figure 3.2. US Climate Reference Network stations in the NWS Eastern Region of the 

US 
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Figure 3.3. NWS COOP, AWOS, and ASOS stations in the NWS Eastern Region of the 

US 
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Figure 3.4: NWS CoCoRaHS stations in the NWS Southern Region of the US 
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Figure 3.5. US CRN in the NWS Southern Region of the US 
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Figure 3.6. NWS COOP, AWOS, and ASOS stations in the NWS Southern Region of the 

US 
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 Figure 3.7. CoCoRaHS stations in the NWS Western Region of the US 
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Figure 3.8. US CRN stations in the NWS Eastern Region of the US 
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Figure 3.9. NWS COOP, AWOS, and ASOS stations in the NWS Western Region of the 

US 
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Figure 3.10. CoCoRaHS stations in the NWS Central Region of the US 

 

 

 

 

 

 

 

 

 

 

 



 31 
 
 

 

 

Figure 3.11. US CRN stations in the NWS Central Region of the US 
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Figure 3.12. NWS COOP, AWOS, and ASOS stations in the NWS Central Region of the 

US 
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Figure 3.13. CoCoRaHS stations in the NWS Alaska Region of the US 
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Figure 3.14. US CRN stations in the NWS Alaska Region of the US 
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Figure 3.15. NWS COOP, AWOS, and ASOS stations in the NWS Alaska Region of the 

US 
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Figure 3.16. CoCoRaHS stations in the NWS Hawai’i Region of the US 

 

 

 



 37 
 
 

 

Figure 3.17. US CRN stations in the NWS Hawai’i Region of the US 
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Figure 3.18. NWS COOP, AWOS, and ASOS stations in the NWS Hawai’i Region of the 

US 
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Chapter 4 

4. Statistical Results  

 Around 5% of land in the US is held by Indigenous nations, so an equal share of 

weather stations held by the NWS would include 5% of in-situ weather stations. 

However, currently only 2.9% of total in-situ weather stations in the US are on 

Indigenous nation lands. A statistically significant disparity of in situ weather stations can 

be identified on Indigenous nation lands in the US. After collection and then visualization 

of ASOS, AWOS, CoCoRaHS, and COOP observation stations on Indigenous nations, 

the data void regions included broad swaths of Indigenous nations. Table 4.1 quantifies 

the difference and shows the general disparity of weather station density on Indigenous 

lands versus state lands per NWS region. For Hawaii, this difference is particularly stark. 

There are over 75 lands that are owned by Indigenous people, yet there is a station 

density of 0.3 on Indigenous lands compared to a station density of 2.5 on state lands. For 

the Western Region, the difference is also large. There is a station density of 0.4 on 

Indigenous nation lands compared to a station density of 0.8 on state lands. A similar 

story exists in Central and Southern Regions. The Eastern Region and Alaska have an 

opposite result, Indigenous nation lands have a higher station density compared to the 

state lands.  

 While this table tells part of the story of the disparity of in situ weather stations on 

Indigenous nations, these stations need to be weighted to account for land area. Since 

these stations are not part of a unified mesoscale network, they help tell a story about the 

synoptic patterns across the US, but they are placed to allow for inference of conditions 

across land and topographic areas. Around 5% of land in the US is held by Indigenous 
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nations, so an equal share of weather stations held by the NWS would include 5% of in-

situ weather stations; however, currently only 2.9% of total in-situ weather stations in the 

US are on Indigenous nation lands. 

 Due to the variability in land size, the total number of in situ weather stations on 

each state and Indigenous nation needs to be weighted with land area in square miles. 

Square miles were converted originally to calculate normalized population density, 

however, population data for Indigenous nations from the Census Bureau had too much 

of a margin of error. Square mileage was kept as a uniform quantity throughout the 

project. Figure 4.1 shows the relationship between area and total weather stations per 

state. Texas and Alaska are the obvious outliers with land area and total weather stations. 

This confirms that land-weighted stations can help account for the variability in stations.  

a. Multiple linear regression statistical significance 

 The linear regression plot shows total weather stations per state and total weather 

stations per Indigenous nation by their respective land area in square miles. Figures 4.2 

and 4.3 show that most Indigenous nations are smaller than many of the states. This 

obviously influences the total number of weather stations that exist on the lands. Outliers 

in the regression skewed some of the trendline. Due to the larger variability of state land 

area, most of the Indigenous nations are clustered near smaller land area, in part because 

of the scale of the plot. The trendlines in both the regression plot with outliers and 

without outliers show a steady positive slope, indicating a correlation between land area 

and number of stations. This correlation is quantified in the summary table. Two visual 

outliers are prominent in both graphs, these are the states of Texas and Alaska. These 

states are prominent in this analysis due to Alaska’s sheer size and Texas’s number of 
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weather stations and large size. In the residual leverage analysis, Alaska and Texas do not 

impact the trendline, but Hawai’i and Iowa do impact the trendline. These two states 

become our quantitative outliers, likely due to the low number of stations in Hawai’i and 

the high number of stations due to the number of CoCHoRaHS stations in Iowa. Table 

4.2 shows the correlation coefficient improved dramatically after taking out the outliers 

of Hawai’i and Iowa, it increased from 0.62 to 0.95. This means that in the analysis 

without outliers, the linear regression model could predict 95% of the values, meaning 

that the total number of weather stations is highly correlated to land designation and land 

area. For the analysis with outliers, the significance is worse at 0.62, meaning that the 

equation could predict just 62% of the values. These are still significant and show a 

correlation between land designation and land area. The statistical significance of the 

predictor variables is confirmed by the probability values of 2.2x10-16 for both linear 

models (Table 4.2). The trendlines for both models originally included the interaction 

predictor variable, but that showedd to not be significant for either model.  

b. Residual analysis  

 Analyzing the residual plots in the linear model exposed trends in the data that 

warrant further research and allowed for a more specific linear model to reduce 

influential outliers. According to the Cook’s distance residual analysis in Figure 4.4, 

Iowa and Hawai’i influenced the statistical correlation and had the most leverage on the 

model. An additional analysis was completed for the states and Indigenous nations 

without Hawai’i and Iowa. In Figure 4.5, the residuals vs fitted graph shows two distinct 

clusters. The small cluster with little variability represents most of the Indigenous 

nations, the large cluster shows a spread across values, and is quite random. To better 
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capture randomness in the residual graphs, adding another parameter to the model could 

be helpful. In future statistical analysis, it would be helpful to separate the designations 

for land areas. For this analysis, there is sufficient randomness in the statistical model, 

but additional analysis with land weighted data will show weather station disparity in 

Indigenous nations.  

c. Land weighted area analysis 

 An analysis of average weather stations per 100 square miles was created by 

weighting the station data for land area broken down by Indigenous nation and state. 

Figure 4.6 shows a box and whisker plot for this data shows an obvious disparity in 

weather stations. For state land, the median station per 100 square miles is 1.41 stations, 

while the median station for Indigenous nations is zero stations. The mean station per 100 

square miles for state land is 1.75 stations per 100 square miles, while the mean station 

per 100 square miles for Indigenous nations is 0.18 stations per 100 square miles.  
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Table 4.1a: ASOS, AWOS, COOP, CoCoRaHS, and US CRNS Density per Indigenous 
Nation, and NWS Region 
 

NWS Regions Indigenous Nations 
Weather Station Density 
per Region (Stations 
per 100 square miles) 

State land Weather 
Station Density per 
Region (Stations per 
100 square miles) 

Eastern 
2.6 2.0 

Central 
1.2 1.6 

Southern 
0.1 1.5 

Western 
0.4 0.8 

Alaska 
0.9 0.1 

Hawai’i 
0.3 2.5 

 
Table 4.1b: Total ASOS, AWOS, COOP, CoCoRaHS, and US CRNS per Indigenous 
Nation, and NWS Region 
 

NWS Regions Number of 
Indigenous 
Nations per 
Region 

Total Weather 
Stations in 
Indigenous 
Nations 

Total 
Weather 
Stations per 
Region 

Eastern 42 90 4736 

Central 115 645 15413 

Southern 28 27 10864 

Western 271 221 8344 

Alaska 220 177 341 

Hawai’i 75 1 270 

US totals 751 1161 39968 
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Table 4.2: Linear regression results for the linear model including outliers and excluding 

outliers.  

 Included Outliers Excluded Outliers 

Linear Regression 

Equation 

Y=636+0.0019*X1 –0.0635*X2 Y=149+0.0133* X1 –

0.0148* X2 

Multiple-Adjusted 

R2 

0.62 0.96 

P-Value 2.2x10-16 2.2x10-16 

 

 



 45 
 
 

  

Figure 4.1. Total weather stations versus land area in hundreds of square miles per state. 
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Figure 4.2. Total weather stations versus land area in square miles per state and 

Indigenous Nation including outliers. 
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Figure 4.3. Total weather stations versus land area in square miles per state and 

Indigenous Nation excluding outliers. 
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Figure 4.4. Linear regression Residuals versus Leverage.  
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Figure 4.5. Linear regression Fitted values versus Residuals. 
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Figure 4.6. Box and Whisker plot of total weather stations per 100 square miles for 

Indigenous nations and state land. 
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Chapter 5 

5. Discussion 

 The statistical results and visual maps show that Indigenous nations are under 

observed in the US. From a simple percentage calculation, only 2.9% of weather stations 

exist on Indigenous land compared to a total of 5% that would fulfill an equitable 

distribution of weather stations. This means that there are approximately 42% less 

weather stations on Indigenous nations than needed to make an equal share of weather 

stations. Further disparities exist in each NWS Region. Figures 5.1 and 5.2 show that the 

Western and Alaska Regions have the largest share of Indigenous nations. The Central 

and Hawaii Regions consist of 15% and 10%, respectively, of Indigenous nations in the 

US. The Eastern and Southern Regions have the least share of Indigenous nations, with 

6% and 4% respectively. This means that an equitable share of total weather stations 

would mean the Western, Alaska, Central, Hawaii, Eastern, and Southern regions would 

have that order of the share of weather stations. The rank of largest to smallest number of 

total weather stations is Central, Western, Alaska, Eastern, Southern, and Hawai’i. This 

could be explained by the topography and lack of transportation infrastructure in the 

Western and Alaska regions. The most striking case of disparity in observations is in 

specific regions.  Hawai’i has 10% of the Indigenous nations in the US but 0% of the 

weather stations in Indigenous nations.  

 In both the outlier inclusive and exclusive figures, there is an obvious difference 

in the number of stations and land area for states versus Indigenous nations (Fig. 5.1 and 

5.2). The disparity in the linear regression trendlines can be quantified by the land 

designation predictor variable. The slope for the land designation predictor variable is 
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negative in both cases, which indicates that there is a decrease in total stations if the land 

designation is 1 (Indigenous) or an increase in total stations if the land designation is 0 

(states). This indicates that there is a statistically significant disparity in stations on 

Indigenous lands and smaller land areas. The additional land-weighted station analysis 

showed that the number of stations per 100 square miles in Indigenous nations was much 

lower than the average number of stations per 100 square miles in state lands. Both 

results, along with the statistically significant correlation coefficients, show that 

Indigenous lands are under observed in the U.S.  

 Since these Indigenous nations are under-observed, is it right to place observation 

stations on another nation within the U.S.? This question can be answered by further 

understanding the importance of traditional meteorological knowledge within these 

communities and the history of the relationship between the U.S. government and 

Indigenous nations. Much of the knowledge and traditions around these weather events 

and climate patterns was lost or simply ignored by the U.S. government. In academic 

writing, Indigenous knowledge is known simply as Traditional Ecological Knowledge 

(TEK). The term TEK includes global Indigenous practices and a spatial understanding 

of the biosphere, hydrosphere, and atmosphere (Wildcat and Pierroti 1334). This is 

simplified with the perspective that “we are not stewards of the natural world but instead 

we are a part of that world, no greater than any other part” (Wildcat and Pierroti 1334). In 

a TEK framework, observation of weather happens not just through technological 

sensors, but through human senses and through a direct connection with the environment. 

To specify the type of traditional knowledge referred to in this project, traditional 
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meteorological knowledge (TMK) will refer to specific traditional meteorological 

knowledge shared by Indigenous peoples.  

 To better understand the applicability and variety of forecasting methods from 

past civilizations, we virtually interviewed Chief Don Stevens. Chief Don Stevens, a 

current leader of the Nulhegan Abenaki in Vermont, answered questions about the 

Nulhegan Abenaki and their traditional meteorological knowledge and forecasting 

methods. The Nulhegan Abenaki people are some of the original stewards of the land that 

Plymouth State University occupies.  

  The Nulhegan Abenaki utilize trees and other natural markers to determine 

different forecasts. Chief Don Stevens writes that they have listened, “Ever since we 

came out of the Ash Tree. It is part of the Abenaki Creation Story. There are many things 

you can learn from watching the trees. You can tell when a storm is approaching, you can 

tell when the seasons start to change, you can tell when spring is coming, you can tell 

how low the water table is by the dryness of the needles, you can also tell the health of 

the forest by the damage done to trees. The trees do not produce well when under stress 

or attack but natural things” (Chief Don Stevens 2021).  Additionally, the Nulhegan 

Abenaki believe, “The winds are sacred and the first thing that touches your lips at birth 

and the last thing that leaves your body upon death. It keeps things from becoming 

stagnant. Wind carries our ceremonial smoke to the heavens. We interacted with the wind 

on a physical and spiritual level. We did not use objects to measure wind. Only our wet 

fingers to see what side dried faster to determine the direction of the wind” (Chief Don 

Stevens 2021). Birds were watched for forecasting methods, “We watched all birds, 

including the birds of prey. We [knew] when winter was coming because the birds would 
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fly south or leave our homeland. We knew when spring approached because of their 

return. Like robins in the spring and Geese leaving in the fall” (Chief Don Stevens 2021). 

The Nulhegan Abenaki thrived using these forecasting methods and were even a part of a 

large cooperative, known as the Wabanaki Confederacy between multiple nations in the 

Northeast. The examples generously provided by the Chief from a nation that lived 

locally in land that is currently New Hampshire and Vermont show that there are multiple 

ways to interpret and understand the weather and climate, other than computer reliant 

methods. The Nulhegan Abenaki understanding of weather and climate does not 

necessarily reflect other nations throughout North America. It’s important to think of the 

Indigenous peoples as diverse and with differing spatial perspectives of the atmosphere, 

and not one monolithic culture. 

  These methods of observation and interaction with the environment strayed from 

“Western” meteorological methods and processes due to the advancement of technology 

and an increasing reliance on computer models to forecast efficiently and quickly. 

Because of the importance of understanding TMK and how it can impact local weather 

and climates, local forecasting methods could be improved by implementing this spatial 

kind of knowledge and expanding the inclusion of observation stations and programs on 

Indigenous lands with Indigenous perspectives leading the charge. This could also help 

with increased monitoring of climate change impacts in local weather.  

 In fact, countries around the world have implemented TMK to better understand 

and prepare for climate change related issues. The Sàmi in Scandinavia have been using 

different markers to understand how winter seasons and reindeer grazing patterns could 

be affected by longer winters (Riseth et al. 2011). For centuries, they have categorized 
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snow and ice based on depth and density. These categories were found to be highly 

correlated to their hardness and density levels (Riseth et al. 2011). Additionally, they 

found that elders’ interpretations of the humidity levels around the time of first durable 

snowfall was highly intuitive in determining the type of winter season and length (Riseth 

et. al. 2011). This meant that Sàmi interpretations and scientific measurements resulted in 

similar conclusions. According to Riseth et al. (2011), utilizing both perspectives could 

aid climate change studies. Similar research has been conducted in both Zimbabwe and 

the Pacific Islands. Many local meteorologists in the Pacific Islands are trained in both 

traditional forecasting methods and atmospheric science forecasting methods. These 

indigenous methods of forecasting are still practiced and recognized by the 

Intergovernmental Panel on Climate Change (IPCC) as a strategy to make farm-related 

decisions and assessing environmental hazard risk (Chand et al. 2014). In Zimbabwe, 

traditional methods have been used by farmers to track weather and they are utilized 

more often than the meteorology department issued forecasts (Dube et al. 2016). 

Indigenous peoples do not necessarily need Western forecasters to inform them of the 

weather, and the sheer number of years they have existed is a testament to the validity 

and accuracy of their traditional meteorological knowledge. Moreover, it is important to 

respect the sovereignty and self-determination of Indigenous nations when thinking about 

the influence of federal agencies and using any part of land for federal projects (Preston 

2016).  In general, this sensitivity toward observation placement requires relationships 

and partnerships across different cultures and communities, especially given the history 

of the treatment of these communities.  
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 Visual and statistical analysis indicates that Indigenous nations in the US are 

under-observed. This is likely due to land fractionization and inconsistent relationships 

with weather forecasting offices and other observing institutions. By expanding these 

observation networks to data void regions in Indigenous nations, weather forecasting 

offices will expand long term climate observation datasets and ideally spark interest in 

the atmospheric sciences.  
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Figure 5.1. The percentage of Indigenous nations per NWS region. 
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Figure 5.2. The percentage of total weather stations in Indigenous nations per NWS 

region. 
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Chapter 6 

6. Recommendations for Future Work 

 Many opportunities for future research exist in this topic. Areas of research range 

from the documentation of TMK in US to further evaluation of the observation networks 

throughout the US.  

 Countries around the world have included TMK in their forecasting processes and 

found great success. Understanding and expanding research done on TMK methods 

would allow for expanded documentation of Indigenous cultures and ways of knowing. 

However, this needs to be done with great respect for the sacred aspects of this 

knowledge. This area of research needs to be led by Indigenous scientists or done with 

involvement from Indigenous collaborators to ensure equitable and accurate 

documentation knowledge. 

 Another future area of research could be to compare the numbers of Watch, 

Warning, and Advisories issued by the NWS for Indigenous nations versus state lands. 

This could expand upon risk communication research in these communities and could 

add information about usefulness of weather stations in certain regions.  

 Observation network research can be done with comparing the Integrated Data 

Value metric to further identify the quality of observations from different weather 

stations. This has been applied to mesoscale networks in past research, but could be 

useful for national, state, and Indigenous nation networks (Tyndall and Horel 2012). This 

research could include different predictor variables in the linear regression. 

Differentiating designations by separating the regressions with parameters other than land 

area could ensure a more random residual analysis. This would give a better idea of the 
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predictor variables for total weather stations. Parameters such as infrastructure 

development, population density, and median household income could be added to the 

multiple regression model.  

 These possible areas of further research could help expand upon the literature that 

exists on Indigenous nations and their influence on atmospheric science. This type of 

research should be done with Indigenous collaborators and include nations in the 

processes that leads to published research. Additional efforts should be made to diversify 

the science and include more Indigenous perspectives into academic literature. 
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