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Abstract

Perennial snowfields, such as those found in the Brooks Range of Alaska, are a critical 

component of the cryosphere. They serve as habitat for an array of wildlife, some of which are 

crucial for rural subsistence hunters. Snowfields also influence hydrology, vegetation, permafrost, 

and have the potential to preserve valuable archaeological artifacts. In this study, perennial 

snowfield extents in the Brooks Range are derived from satellite remote sensing, field acquired 

data, and snowmelt modeling. The remote sensing data are used to map and quantify snow cover 

area changes across multiple temporal scales, spatial resolutions, and geographic sub-domains.

Perennial snowfield classification techniques were developed using optical multi-spectral 

imagery from NASA Landsat and European Space Agency Sentinel-2 satellites. A Synthetic 

Aperture Radar change detection algorithm was also developed to quantify snow cover area using 

Sentinel-1 data. Results of the remote sensing analyses were compared to helicopter and manually 

collected field data. Also, a snowfield melt model was developed using an adaptation of the 

temperature index method to determine probability of melt via binary logistic regression in two 

dimensions. The logistic temperature melt model considers summer season snow cover area 

changes per pixel in remotely sensed products and relationships to several independent variables, 

including elevation-lapse-adjusted air temperature and terrain-adjusted solar radiation.

Evaluations of the Synthetic Aperture Radar change detection algorithm via comparison 

with results from optical imagery analysis, as well as via comparison with field acquired data, 

indicate that the radar algorithm performs best in small, focused geographic sub-domains. The 

multi-spectral approach appears to perform similarly well within multiple geographic domain 

sizes. This may be the result of synthetic aperture radar algorithm dependency on backscatter 

thresholding techniques and slope corrections in mountainous complex topography.

Results indicate that perennial snowfield extents in the Brooks Range are decreasing over 

decadal time scales, with short-lived, interannual and seasonal increases. Results also show that 

perennial snowfields are more persistent at higher elevations over time with notable consistency 

in at least one of the Brooks Range sub-domains of this study, Gates of the Arctic National Park 

and Preserve. Climate change may be altering the distribution, elevation, melt behavior, and 

overall extents of the Brooks Range perennial snowfields. Such changes could have significant 

implications for hydrology, wildlife, vegetation, and subsistence hunting in rural Alaska.
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Chapter 1. Introduction

Pronounced warming of the Arctic is driving significant physical and ecological changes 

(Oechel et al., 2000; Johannessen et al., 2004; Chapin et al., 2005; Hinzman et al., 2005), including 

losses in extent of glaciers and perennial snowfields, as well as a shortening of the annual duration 

of seasonal snow cover (Derksen and Brown, 2012). Glaciers, perennial snowfields, and seasonal 

snow cover are all important hydrological components of the cryosphere, and the cryosphere is 

shifting rapidly. Dramatic alterations to high latitude and high elevation snow and glacial cover 

(Lenaerts et al., 2013) are contributing to a substantial decrease in planetary albedo (Pistone et al., 

2014). This lowered albedo may be creating a feedback cycle known as Arctic Amplification 

(Polyakov et al., 2002; Bekryaev et al., 2010), which impacts hydrology, the oceans, the 

atmosphere, and thus, is changing the climate (Jeffries and Richter-Menge, 2015).

Perennial and seasonal snow and ice have historically covered a substantial portion of the 

planet, though significant reductions in snow-covered extents are now being observed (Derksen 

and Brown, 2012). Perennial snowfields, in particular, which persist throughout the summer 

season, serve as habitat for an array of wildlife (Rosvold, 2016), including caribou (Ion and 

Kershaw, 1989; Anderson and Nilssen, 1998). Caribou are a crucial species for food and cultural 

resources for rural and indigenous subsistence hunters. Perennial snowfields, glaciers, and 

seasonal snow also influence hydrology, vegetation, permafrost, and sometimes even have the 

potential to preserve valuable archaeological artifacts and paleoecological specimens (Dixon et al., 

2005; Hare et al., 2012; Meulendyk et al., 2012).

This study focuses on perennial snowfields, specifically those which dot the landscape 

across the Brooks Range mountains of Northern Alaska. The purpose of this research is to quantify 

how perennial snowfields are changing due to Arctic climate warming, using multi-spectral and 

synthetic aperture radar (SAR) satellite data analysis, field observations, and snowmelt modeling. 

The inaccessibility of the Brooks Range and the high elevation of the perennial snowfields make 

field observations challenging, but not impossible. Since this study area is in a remote place, the 

data utilized is from a smaller collection of in situ field data from several site visits, with the bulk 

of the data sets coming from remotely sensed information via NASA Land Remote-Sensing 

Satellite System (Landsat) and European Space Agency (ESA) Sentinel satellite products.
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Perennial snowfield classification techniques were developed using optical multi-spectral 

imagery from Landsat and Sentinel-2 satellites. A SAR change detection algorithm was also 

developed to quantify snow cover area (SCA) using Sentinel-1 data. Results of the remote sensing 

analyses were compared to helicopter and manually collected field data. Also, a snowfield melt 

model was developed using an adaptation of the temperature index method to determine 

probability of melt with a spatially distributed binary logistic regression equation. The logistic 

temperature melt model considers summer seasonal SCA changes per pixel in the remotely sensed 

products and relationships to several independent variables, including elevation-lapse-rate- 

adjusted, gridded air temperature and terrain-adjusted, gridded solar radiation.

Evaluations of the SAR change detection algorithm via comparison with results from 

optical imagery analysis, as well as via comparison with field acquired data, indicate that the SAR 

algorithm performs best in small, focused geographic sub-domains. The multi-spectral approach 

appears to perform equally across multiple geographic domain sizes. The results of mapping and 

quantifying SCA indicate that perennial snowfield extents in the Brooks Range are decreasing over 

decadal time scales, with short-lived, interannual and seasonal increases. Results also show that 

perennial snowfields are more persistent at higher elevations over time with notable consistency 

in at least one of the Brooks Range geographic sub-domains of this study, Gates of the Arctic 

National Park and Preserve (GAAR).

Evaluation of the logistic temperature melt model for perennial snowfields in the Brooks 

Range show that the algorithm performs relatively well at several thresholds, including 50%, 60%, 

and 70% probabilities of melt. The model was calibrated for a focused study domain in the Brooks 

Range and then evaluated in a larger study domain around the Alaska Native village of Anaktuvuk 

Pass (AKP), for two melt transition periods from 2017-18 and 2018-19. Results indicate that the 

2017-18 model slightly over-estimates melt and 2018-19 slightly under-estimates.

Climate change may be altering the distribution, elevation, melt behavior, and overall 

extents of the Brooks Range perennial snowfields. Such changes could have significant 

implications for hydrology, wildlife, vegetation, and subsistence hunting in rural Alaska. The 

results of this project may be helpful to these subsistence hunters, as well as to hydrologists, 

ecologists, and other scientists and stakeholders seeking to understand climate change and its 

impact on perennial snowfields.
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The following PhD dissertation presents research performed in order to quantify how 

perennial snowfields in the Brooks Range are changing. After this introduction (chapter one), is 

chapter two, which provides background information on past and current state of the science 

remote sensing for terrestrial snow and ice cover. Chapter three presents a summary of information 

obtained from a perennial snowfield pilot study undertaken with the US National Park Service 

(NPS) in GAAR. This chapter was published in 2017 in Alaska Park Science, which is a public 

outreach journal, meant for a wide audience. Chapter four describes the use of Landsat multi- 

spectral imagery to track changes in snowfields in GAAR over a multi-decadal time scale (1985

2017), including changes in SCA, elevation, equilibrium (bright) areas, and ablation (dark) areas. 

The Landsat analysis was published in 2019 in the journal Hydrology.

Chapter five, which is in preparation for publication, involves development of a Sentinel- 

1 SAR backscatter change detection algorithm for deriving perennial snowfield SCA. This chapter 

includes an evaluation of SAR algorithm results by comparison with SCA derived from Sentinel- 

2 optical imagery and from field data. Chapter six presents a binary logistic temperature melt 

model for the snowfields, along with an approach for deriving melt onset and freeze-up dates using 

SAR and is also in preparation for publication. Chapter seven is a brief framework for a perennial 

snowfield taxonomy, proposed as the foundation for a future, more comprehensive classification 

system. Chapter eight summarizes and concludes the dissertation work, and chapter nine is a 

personal reflection on the PhD experience. Appendix A includes a detailed collection of perennial 

snowfield data in the Brooks Range, acquired in situ during an NPS internship with GAAR. Lastly, 

appendix B is a public outreach science brief about perennial snowfields, published in 2015 in 

partnership with NPS.
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Chapter 2. Background: Remote Sensing of Seasonal and Perennial Snow and Ice

While snow and ice persist in regions of the world that are populated and accessible, they 

also persist in very remote, inaccessible locations. Accessibility is an important factor to consider 

as it pertains to the possibilities for on-the-ground field monitoring of snow and ice. This type of 

field work can be especially difficult in the Arctic regions of the world, yet these regions are 

experiencing the most rapid changes in seasonal and perennial snow and ice cover (Hinzman et 

al., 2005). Along with remote, high latitude Arctic regions, high elevation mountain zones with 

extremely steep topography can also be difficult to access for field surveys of snow and ice (Aniya 

et al., 1996; Dozier, 1989a, b).

In places that are accessible, on-the-ground measurements can still be challenging because 

the area covered by the snow or ice is too vast for comprehensive field survey (Bolch et al., 2010). 

Due to financial and logistical challenges of in situ monitoring, therefore, remote sensing of the 

cryosphere is crucial. By utilizing aerial photography and satellite imagery (Kaab et al., 2002; 

Fountain et al., 2007; Wolken et al., 2008; Paul et al., 2009), snow hydrologists and glaciologists 

can gain a better understanding of the behavior of these cold climate hydrological features. Earth 

remote sensing products are extremely important for both operational monitoring of the 

cryosphere, as well for modeling past (Wolken et a1., 2006; 2008; Swanson, 2014; Macander et 

al., 2015), present (Nolin and Dozier, 2000; Hall et al., 2002; Molotch et al., 2004; McFadden et 

al., 2011), and future behavior of seasonal and perennial snow and ice. This includes studies related 

to estimating snow and ice properties, such as snow water equivalent (SWE), using remotely 

sensed data (Dressler et al., 2006; Fassnacht et al., 2016; Saavedra et al., 2018).

The most widely used remote sensing datasets for observing snow and ice cover across the 

planet include the Land Remote-Sensing Satellite System (Landsat) and the Moderate Resolution 

Imaging Spectroradiometer (MODIS) satellite imagery. These datasets, both of which include 

information acquired by satellites launched and maintained by the National Aeronautics and Space 

Administration (NASA), have been used for decades to obtain information about the cryosphere 

and are still highly relevant in contemporary remote sensing of snow and ice cover (Rundquist et 

al., 1980; Dozier, 1989a, b; Jacobs et al., 1997; Hall et al., 1995, 2002; Painter et al., 2012; 

Selkowitz and Forster, 2016a, b). This is because these multispectral and multiresolution data sets 

are easily accessible and publicly available. Some information is provided below about important 
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contributions to this field using MODIS, however, there is more in-depth information provided 

about Landsat in this review because these are the data that will be used in the analysis and 

modeling of the Brooks Range perennial snowfields project.

Acquisition and dissemination of Landsat data is currently a joint effort between NASA 

and the United States Geological Survey (USGS) and is the longest-running enterprise for 

acquisition of satellite imagery of Earth. The Landsat-1 satellite was launched in 1972 with 

replacement satellites launched throughout the decades (Markham et al., 2004). Each subsequent 

Landsat satellites' payloads contained newly developed observational technology on board, which 

has allowed for additional spectral bands to be observed and recorded (Markham et al., 2004). The 

newest, Landsat-8, was sent into orbit in 2013, and currently acquires nine different spectral bands, 

including those in the visible RGB range, as well as in the infrared and near-infrared ranges. The 

development of Landsat sensors has included the Thematic Mapper (TM) class, on Landsat-4 and 

5 (Markham et al., 2004); the Enhanced Thematic Mapper (ETM+) class, on Landsat-7 (Markham 

et al., 2004); and currently, Landsat-8 carries on its payload the Operational Land Imager (OLI) 

and Thermal Infrared Sensor (TIRS) technologies. The spectral resolution of historic imagery 

captured by Landsat-1 through 5 is on the scale of 60 m to 30 m pixels, while Landsat-7 and 8 can 

capture imagery with 30 m to 15 m resolutions. Landsat-7 and 8 data are acquired at the 30 m scale 

for multi-spectral bands and the 15 m scale for the panchromatic band.

Glacier ice mapping, and monitoring of climate driven changes in glacial ice extent, are 

probably the most common utilizations of Landsat satellite data within the field of cryospheric 

remote sensing. This application is closely followed by Landsat applications related to the tracking 

of seasonal snow cover changes (also a wide application of MODIS). While few studies have 

targeted perennial snowfields specifically for remote sensing-based mapping, some of the more 

comprehensive (fine scale and concentrated spatial extent) glacier studies most likely include some 

perennial snowfields that have been mapped incidentally (Bishop et al., 2004; Selkowitz and 

Forster, 2016a, b). Other studies (discussed below) have begun to develop more recently, which 

specifically focus on the contributions of perennial snowfields to the cryosphere.

In terms of glacier or land ice mapping, automated and semi-automated multispectral 

glacier mapping methods are common. Some of these methods include supervised classification 

(Aniya et al., 1996; Gratton et al., 1993; Paul et al., 2004; Bolch et al., 2010), thresholding of ratio 
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images (Paul et al., 2002) and the Normalized Difference Snow Index (NDSI) (Hall et al., 1995; 

Raup et al., 2007a, b; Burns et al., 2014; Selkowitz and Forster, 2016a, b). A 2013 study by Paul 

et al. analyzed the accuracy of glacier outlines derived from automatic classification of Landsat 

TM imagery and concluded that the method is preferable to manual classification, with only a 5% 

coverage difference found when the same images were analyzed using the two methods. 

Thresholding of ratio images is also a robust and effective approach compared to manual 

digitization because it enables identification of snow and ice in shadow (Paul et al., 2004; Paul and 

Kaab, 2005; Bolch et al., 2010).

Perennial snowfields tend to be more difficult to map using land cover classification 

techniques applied to satellite imagery, though this type of work is becoming more possible as 

imaging technology improves. One result of the development of newer payload sensors for Landsat 

is the ability for the satellite to acquire images at finer resolutions. Perennial snowfields can often 

be misclassified, or missed completely, because they are too small to be observed on coarse scale 

satellite imagery. Landsat-8 has some finer scale imagery available, and additional spectral bands 

are now measured. One of the first attempts at mapping perennial snowfields using remote sensing 

occurred in 1976 when Andrews et al. used Landsat-1 imagery to derive Little Ice Age (LIA) 

permanent snow cover in the Canadian Arctic. Extensive areas of the Canadian Arctic have light 

grey and white regions visible on satellite imagery, which stand out from the surrounding darker 

toned terrain. These abrupt contrasts in ground color are known as trimlines, and Andrews et al. 

(1976) were able to use images from Landsat to derive former extents of perennial snowfields, 

when the trimlines were visible in the satellite imagery. Others to use the trimline method with 

remote sensing to derive former extents of perennial snowfields include Wolken et al. (2006, 

2008). Also, Langer and Damm (2008) used satellite images of perennial snowfields to map spatial 

extent and distribution of mountain permafrost.

Automated and semi-automated multispectral mapping techniques used to derive coverage 

estimates of seasonal and perennial snow and ice from satellite imagery rely heavily on the satellite 

sensor's ability to record reflectance in various bands or wavelengths. This is a measure of the 

albedo of snow and ice. Remote sensing techniques analyze surface reflectance in order to classify 

land cover types. For example, in 2006, the Landsat Ecosystem Disturbance Adaptive Processing 

System (LEDAPS) at NASA processed and released 2100 Landsat TM and ETM+ surface 

reflectance scenes, providing 30-m resolution wall-to-wall reflectance coverage for North America 
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for epochs centered on 1990 and 2000 (Masek et al., 2006). This type of methodology is an 

incredibly powerful technique for mapping the cryosphere. Previous studies have used Landsat 

digital numbers (DNs) to compute the at-satellite planetary reflectances to distinguish different 

phase types of snow, firn, and ice on glaciers and on seasonal snow (Hall et al., 1987; Williams et 

al., 1991). A DN is a generic value assigned to each pixel in a satellite image, which can be applied 

to an algorithm to convert the pixel to its radiance value. That radiance value can then be used to 

derive reflectance of the land cover (snow, ice, soil, etc.), as reflectance is the proportion of the 

radiation striking a surface to the radiation reflected off of it.

A number of studies have utilized Landsat DNs to derive radiance, and either Top-of- 

Atmosphere (TOA) Reflectance or Surface Reflectance to map the accumulation and ablation 

zones of glaciers and have compared these calculated reflectances to in situ measurements of 

reflectance using radiometers in Alaska (Hall et al., 1988; 1989), Austria (Hall et al., 1988), 

Svalbard (Winther, 1993), and East Antarctica (Bronge and Bronge, 1999). Results of these studies 

indicate that both calculated and measured values compare favorably with published reflectance 

curves, though values of surface reflectance measured on snow-covered glacier ice in situ tend to 

be higher than the Landsat-derived reflectances. The accuracy of the at-satellite planetary 

reflectances appears to be affected by topographic and atmospheric effects and by the anisotropic 

nature of snow reflectance (Hall et al., 1988). Reflectance has also been studied previously for 

seasonal snow cover to estimate grain sizes across a snowpack's surface. These studies have used 

either Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data alone (Painter et al., 1998; 

Nolin and Dozier, 2000), or in combination with Landsat TM and MODIS (Dozier et al., 2009). 

Painter et al. (1998) used a linear spectral unmixing method to map relative grain size at subpixel 

resolution from AVIRIS imagery by employing a snow-spectra characterizing the full range of 

snow grain sizes. Also, spectral and broadband albedo of snow surfaces can be derived using 

estimates of grain sizes (Dozier et al., 2009).

With increasingly complex technology available to measure more spectral bands onboard 

subsequent Landsat payloads, the ability to inventory local, regional, and global coverage of 

glaciers and perennial snowfields (or icefields) comprehensively has become a reality. One such 

comprehensive inventory, the Global Land Ice Measurements from Space (GLIMS) project, uses 

Landsat data and several types of automated and semi-automated classification techniques (Bishop 

et al., 2004; Kargel et al., 2005; Raup et al., 2007a, b). Another globally complete collection of 
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digital outlines of glaciers derived from analysis of satellite imagery is the Randolph Glacier 

Inventory (RGI) (Pfeffer et al., 2014). Discussions to combine GLIMS and RGI into one highly 

comprehensive global ice cover data set are ongoing (Raup et al., 2013). Other, more regional 

glacier and perennial snow/ice coverage inventories include those created for Western Canada 

(Bloch et al., 2010), Arctic Canada (Paul and Kaab, 2005), the American West (Fountain et al., 

2007), Switzerland (Kaab et al., 2002; Paul et al., 2002), and Greenland (Rastner et al., 2012), 

among others.

NDSI is an effective method for mapping both seasonal and perennial coverage of snow 

and ice. The NDSI is a numerical indicator that highlights snow cover over land areas. The green 

and short-wave infrared spectral bands are used to map snow cover extent. Snow and clouds reflect 

most of the incident radiation in the visible band; however, snow absorbs most of the incident 

radiation in the short-wave infrared, while clouds do not. This enables the NDSI to distinguish 

snow from clouds. In addition to using NDSI to map glaciers from Landsat imagery, seasonal snow 

cover is also commonly monitored by deriving NDSI from Landsat, MODIS, or both (Riggs et al., 

1994; Salomonson and Appel, 2004; Macander et al., 2015).

The importance of distinguishing snow from clouds during satellite imagery analysis 

cannot be overstated. This has been one of the most difficult tasks within the field of cryospheric 

remote sensing, especially when monitoring seasonal snow cover, which has more ephemeral 

coverage than perennial snowfields or glaciers. This task became a bit easier in the late 1980's 

when Landsat-4 was launched with the Thematic Mapper (TM) multispectral sensor, which 

measured reflectance in five spectral bands (revolutionary at that time). A study by Dozier in 1984 

forecasted timing of spring melt of seasonal snow cover in California by combining solar radiation 

calculations with spectral albedo measurements from Landsat-4 in band 5 (wavelengths 1.57 to 

1.78 μm), which can more often discriminate clouds from snow. In 2004, Molotch et al. used 

gridded temperature data, positive accumulated degree-days (ADD), and snow cover area (SCA) 

derived from the Advanced Very High Resolution Radiometer (AVHRR) to define a threshold 

ADD for deriving the area of snow cover underneath clouded images.

Ju and Roy (2008) concluded that applications requiring at least one cloud-free observation 

in a season, over two different seasons, and applications requiring at least two cloud-free 

observations in a year, were all severely affected by cloud contamination and data availability 
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constraints within the Landsat-7 ETM+ dataset. One cloud detection method, Fmask, was 

developed in 2011 using Landsat Top of Atmosphere (TOA) reflectance, Brightness Temperature 

(BT), and Potential Cloud Pixels (PCPs), combined with temperature, spectral variability, and 

brightness probabilities to produce a probability mask for clouds that had an accuracy as high as 

96.4% (Zhu and Woodcock, 2012). Other studies have found various methods to estimate SCA, 

even when limited by the availability of cloud-free satellite imagery, though this work is still 

ongoing and experimental.

In recent years, remote sensing of seasonal and perennial snow and ice has seen great 

improvements in accuracy and efficiency due to the launch of NASA's Landsat-8 satellite in 2013, 

which can measure nine spectral bands (an improvement on older Landsat payloads that measured 

five). Several commercially maintained satellites have also been acquiring Earth imagery with 

uncanny image quality at scales much finer than Landsat, as well. It is important to keep in mind, 

however, that some key foundational techniques for mapping the cryosphere with remotely sensed 

data, including ones being applied to the most recent and sophisticated satellite imagery were 

previously applied and tested on MODIS data. For some applications, the MODIS system is still 

the preferred source for these data. MODIS is a key instrument aboard the Terra (originally known 

as EOS AM-1) and Aqua (originally known as EOS PM-1) satellites. Terra's orbit around the Earth 

is timed so that it passes from north to south across the equator in the morning, while Aqua passes 

south to north over the equator in the afternoon. Terra MODIS and Aqua MODIS are viewing the 

entire Earth's surface every one to two days and acquiring data in 36 spectral bands, which include 

much more spectral data than that recorded by Landsat. Landsat-8, however, can acquire imagery 

at a finer spatial resolution than MODIS. Land cover type classification techniques using spectral 

radiance and reflectivity have been used for mapping snow and ice with MODIS imagery for 

several decades with good results (Riggs et al., 1994; Hall et al., 1995, 2002; Salomonson et al., 

2004; Dozier et al. 2009; Painter et al., 2009, 2012; Rittger et al., 2013; Swanson, 2014).

Advancements in remote sensing of snow and ice using synthetic aperture radar (SAR) 

data are rapidly increasing. SAR has the advantage of operating at wavelengths not impeded by 

cloud cover or a lack of illumination and can acquire data over a site during day or night under all 

weather conditions. An example of a relatively new satellite acquired SAR collection of data now 

being utilized to monitor snow and ice is the Copernicus Sentinel-1 mission, which comprises a 

constellation of two polar-orbiting satellites (Sentinel-1A and Sentinel-1B). These satellites 
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operate day and night and perform C-band SAR imaging, enabling them to acquire imagery 

regardless of the weather or cloud cover. The Sentinel satellite constellation, created by the 

European Space Agency (ESA) is a series of next-generation Earth observation missions, and also 

includes the Sentinel-2 constellation, which collects multi-spectral images similar to Landsat and 

MODIS. The Sentinel constellation has the advantage of acquiring data at a finer resolution than 

previous technology, with most bands in both Sentinel 1 and 2 at the 10 m pixel scale. As Sentinel- 

1A, 1B, 2A, and 2B were launched in 2014, 2016, 2015, and 2017, respectively, snow and ice 

cover studies using these data are only now emerging, although quite rapidly.

Glaciers, perennial snowfields, and seasonal snow cover are all important hydrological 

components of the quickly shifting cryospheric landscape. Climate driven changes to high latitude 

and high-altitude snow and glacial cover may be creating a feedback cycle known as Arctic 

Amplification. It is important to remember that seasonal and perennial snow and ice are vital 

sources of water supply for agricultural, domestic, and industrial applications across the Earth. 

This is true of both populated and remote regions of the world. Remote sensing of these frozen 

features is important for monitoring present conditions, as well as for modeling both past and 

future changes to global land ice cover.
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Chapter 3. US National Park Service Public Outreach Publication 
Perennial Snowfields of the Central Brooks Range: Valuable Park Resources

Thousands of years ago, snow and ice in the central Brooks Range mountains of Arctic 

Alaska might have looked very different than it does today. Glaciers and perennial snowfields 

(also known as snow patches or ice patches) in what is now Gates of the Arctic National Park and 

Preserve (Figure 3.1) were probably much more extensive then than they are now. Perennial 

snowfields, like glaciers, are masses of snow and ice that persist for many years and form through 

the accumulation and compaction of snow; however, unlike glaciers, snowfields never grow thick 

enough to flow with gravity. In both modern times, as in the past, caribou herds move to these 

snowfields in the summer to stay cool and avoid insects (Anderson and Nilssen 1998). Perennial 

snowfields are also important ecosystems for an array of different bird species (Rosvold 2016). 

They influence water availability for down-slope vegetation (Lewkowicz et al., 1990) and alter 

geology (Berrisford 1991) and permafrost (Luetschg et al., 2004).

Figure 3.1. Gates of the Arctic National Park and Preserve (map from NPS Alaska Region GIS Program: 
http://inpakroms03web/rgr/akgis/index.cfm?action=dsp&topic=map&item=library)

Article in print: Tedesche, M.E. & Rasic, J. (2017). Perennial Snowfields of the Central Brooks 
Range: Valuable Park Resources. Alaska Park Science, 16(1), pp. 50-53.
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Perennial snowfields are an important component of Arctic parks in Alaska, but with 

pronounced warming (Johannessen et al., 2004; Hinzman et al., 2005), the Arctic is shifting 

rapidly, and these snowfields are retreating. Snowfields are relatively small and sensitive to climate 

change (Figure 3.2), and reductions in their extent have been evident in the Brooks Range during 

the late 20th century (Evison et al., 1996). Their loss also has the potential to reveal well-preserved 

archaeological artifacts or ancient animal remains with significant cultural value. Such discoveries 

have been made in the last decade in snowfields in the southern Yukon (Alix et al., 2012; Hare et 

al., 2012) and Northwest Territories (Meulendyk et al., 2012) of Canada, and in Wrangell-St. Elias 

National Park and Preserve (Dixon et al., 2005). Archaeologists think that ancient caribou herds 

used snowfields in a manner similar to modern herds for insect relief, where ancient hunters 

tracked them, and sometimes left behind weapons and other tools that became frozen in ice.

Figure 3.2. Small perennial snowfield in the central Brooks Range, Alaska shows signs of retreat.
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In the summer of 2015, we initiated a project to study the extent of changes to perennial 

snowfields in order to target archaeological field surveys. NPS researchers began by creating an 

extent model to map and classify individual snowfields by proximity to caribou, as a proxy for 

ancient herds (Figure 3.3). This was done by combining caribou movement data from the Western 

Arctic Caribou Herd with a map of snow persistence based on Landsat satellite imagery for 

Northwest Alaska (Macander et al., 2015). Snowfields in close proximity to places frequented by 

caribou were then prioritized for field survey based on factors contributing to possible ease of 

access by ancient hunters, such as gentle slope angles of snowfields and the surrounding terrain.

Figure 3.3. Perennial snowfield extent map derived from Landsat imagery-based data, classified by 
proximities to caribou movements.

Ground-based and aerial surveys were then conducted to look for artifacts and investigate 

locations and extents of the snowfields (Figure 3.4). Seventeen snowfields and three glaciers were 

surveyed for geometry on foot using a global positioning system (GPS) with high spatial 

resolution. Each site was characterized using snow test pits, ice auger bore holes, snow crystal 
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structure and layering, and melt-water chemistry parameters. We surveyed 160 snowfields by 

helicopter, and conducted visual evaluations for archaeological potential, and location agreement 

with the extent model. We collected hydrological and biological samples, including water samples, 

bird remains, and caribou bones and dung. Results of the fieldwork indicate agreement between 

modeled and surveyed locations of snowfields.

Figure 3.4. A helicopter assisted field survey of perennial snowfields in July of 2015 provided a much 
needed opportunity to field validate the model of locations and proximity to caribou.

During the 2015 study, no archaeological artifacts were discovered; however, we identified 

well-preserved animal remains (including soft tissue, skin, and feathers) dating to up to 200 years 

ago. These materials can help reconstruct a record of ecological and biological change that 

provides context for understanding recently observed changes in the environment. Snow test pits 

and ice auger bore holes indicated that several of the perennial snowfields surveyed were between 

0.74 and 2.23 meters deep, while several others were much deeper than the ice auger could bore, 
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or test pits could reasonably be dug. Chemistry indicated that the melt-water pH was neutral to 

quite acidic. These results establish a baseline for future perennial snowfield monitoring.

The nature of change in perennial snowfields in the central Brooks Range is one of rapid 

decline, and these changes are of increased significance to the high alpine hydrology and ecology 

of Gates of the Arctic. Ongoing work will build on the 2015 findings to quantify past perennial 

snowfield extent and create a snowfield taxonomy that categorizes snowfields with similar 

physical, topographic, and microclimatic characteristics to predict projected rates of change. 

Results of this research will help archaeologists continue to target field survey areas, as well as 

address the impacts that these changes are having on park resources, such as hydrology, vegetation, 

and wildlife.
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Chapter 4. Extent Changes in the Perennial Snowfields of 
Gates of the Arctic National Park and Preserve, Alaska

Abstract
Perennial snowfields in Gates of the Arctic National Park and Preserve (GAAR) in the central 

Brooks Range of Alaska are a critical component of the cryosphere. They serve as habitat for an 

array of wildlife, including caribou, a species that is crucial as a food and cultural resource for 

rural subsistence hunters and Alaska Natives. Snowfields also influence hydrology, vegetation, 

permafrost, and have the potential to preserve valuable archaeological artifacts. By deriving time 

series maps using cloud computing and supervised classification of Landsat satellite imagery, we 

calculated areas and evaluated extent changes. We also derived changes in elevations of the 

perennial snowfields that remained stable for at least four years. For the study period of 1985 to 

2017, we found that total areas of perennial snowfields in GAAR are decreasing, with most of the 

notable changes in the latter half of the study period. Equilibrium areas, or bright areas, of the 

snowfields are shrinking, while ablation, or dark areas, are growing. We also found that the 

snowfields occur at higher elevations over time. Climate change may be altering the distribution, 

elevation, and extent of perennial snowfields in GAAR, which could affect caribou populations 

and subsistence lifestyles in rural Alaska.

4.1. Introduction

Pronounced warming of the climate is driving significant physical and ecological changes 

throughout the Arctic cryosphere (Oechel et al., 2000; Johannessen et al., 2004; Chapin et al., 

2005; Hinzman et al., 2005), including both a shortening of the annual duration of seasonal snow 

cover (Derksen and Brown, 2012), as well as retreat and loss of glaciers and perennial snowfields. 

Perennial snowfields, like glaciers, are masses of snow and ice that persist for many years and 

form through accumulation and compaction of seasonal layers of snow; however, in contrast to

Article in print: Tedesche, M. E., Trochim, E. D., Fassnacht, S. R., & Wolken, G. J. (2019). Extent 
changes in the perennial snowfields of gates of the Arctic national park and preserve, Alaska. 
Hydrology, 6(2), 53.
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glaciers, these features never grow thick enough to flow under the influence of gravity. They are 

most persistent where the climatological snowline intercepts subtle terrain and plateau topography 

in the Arctic (Wolken et al., 2006), and where preferential snow deposition occurs and topography 

limits exposure to solar radiation (Hoffman et al., 2007). Preferential snow deposition involves the 

uneven distribution of snow cover due to orographic influences on winter precipitation, wind- 

influenced snow transport, and avalanches (Higuchi et al., 1980; Kuhn, 1995, 2003; Lehning et 

al., 2008; Dadic et al., 2010). Perennial snowfields are vulnerable to climate changes because they 

are strongly controlled by the height of the summer freezing level in the atmosphere.

Perennial snowfields are an important component of the Arctic cryosphere because they 

influence hydrology, downslope vegetation (Lewkowicz et al., 1990), bedrock weathering through 

freeze-thaw cycles (Berrisford, 1991), soil temperatures, and permafrost distribution (Luetschg et 

al., 2004). They are also important ecosystems for an array of birds and mammal species (Rosvold, 

2016). Reductions in the extent of both glaciers and snowfields during the late twentieth century 

(Barclay et al., 2009) have been observed across the Arctic, including in Gates of the Arctic 

National Park and Preserve (GAAR) in the central Brooks Range of Alaska (Evison et al., 1996). 

Changes in perennial snowfields could influence caribou in GAAR, since caribou often flock to 

these snowfields in the summer to stay cool and to avoid mosquitos (Ion and Kershaw, 1989; 

Saperstein, 1996; Toupin et al., 1996; Anderson and Nilssen, 1998). Caribou are crucial to 

traditional subsistence for indigenous Alaska Native people (Rattenbury et al., 2009; Joly et al., 

2011a, b, c; Braem, 2012). The loss of perennial snowfields in GAAR may also have the potential 

to reveal well-preserved archeological artifacts and ancient animal remains with significant 

cultural and paleoecological value, as have been found in other alpine snow and ice fields in Alaska 

and Canada (Dixon et al., 2005; Alix et al., 2012; Andrews et al., 2012; Hare et al., 2012; 

Meulendyk et al., 2012; VanderHoek et al., 2012). Federal agencies in Alaska also consider 

perennial snowfields to be important cultural, hydrological, and ecological resources (Tedesche et 

al., 2015, 2017).

Perennial and seasonal snow and ice encompass a substantial portion of the planet, and by 

utilizing satellite imagery, snow hydrologists and glaciologists can gain a better understanding of 

their behavior (Armstrong and Brodzik, 2001; Kaab et al., 2002; Fountain et al., 2007; Wolken et 

al., 2008a; Paul et al., 2009). Satellite imagery and earth remote sensing are important for 

monitoring changes in the cryosphere, including past (Wolken et a1., 2006; 2008b; Swanson, 2017; 
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Macander et al., 2015), present (Nolin and Dozier, 2000; Hall et al., 2002; Molotch et al., 2004; 

McFadden et al., 2011), and future behavior of seasonal and perennial snow and ice. One of the 

most widely used of these datasets for observing snow and ice is the National Aeronautics and 

Space Administration's (NASA's) Land Remote-Sensing Satellite System (Landsat). Landsat has 

been used for years to obtain information about the cryosphere (Rundquist et al., 1980; Dozier, 

1984, 1989a, b; Jacobs et al., 1997; Hall et al., 1987, 1988, 1989, 2002; Painter et al., 2012; 

Selkowitz and Forster, 2016a, b; Swanson, 2017), including glacier and ice sheet mapping (Kaab 

et al., 2002; Paul et al., 2002; Paul and Kaab, 2005; Fountain et al., 2007; Bloch et al., 2010; 

Rastner et al., 2012) and the tracking of seasonal snow cover (Dozier, 1984; Rosenthal and Dozier, 

1996; Crawford et al., 2013). Few remote sensing studies have targeted perennial snowfields 

specifically, and instead, typically focus on mapping glaciers (Bishop et al., 2004; Selkowitz and 

Forster, 2016a, b). Other studies have specifically focused on the contributions of perennial 

snowfields to the cryosphere (Allen, 1998; Wolken et al., 2006, 2008a, b; Langer and Damm, 

2008).

Automated and semi-automated multispectral glacier and land ice mapping methods are 

common, including supervised classification (Aniya et al., 1996; Gratton et al., 1993; Paul et al., 

2004; Bolch et al., 2010) and the Normalized Difference Snow Index (NDSI) (Hall et al., 1987, 

1989; Raup et al., 2007; Burns et al., 2014; Selkowitz and Forster, 2016a). NDSI is an effective 

method for mapping both seasonal (Salomonson and Appel, 2004; Macander et al., 2015) and 

perennial (Selkowitz and Forster, 2016a, b) snow and ice. NDSI is a numerical indicator that 

highlights snow cover over land and uses the difference of the green and short-wave infrared 

spectral bands divided by the sum of the same band:

NDSI=
Green Spectral Band - Short Wave Infrared Spectral Band
Green Spectral Band + Short Wave Infrared Spectral Band Eqn. (1)

Snow and clouds reflect most of the incident radiation in the visible band, but snow absorbs most 

incident short-wave radiation and clouds do not, distinguishing snow from clouds.

Glaciers, perennial snowfields, and seasonal snow are all important hydrological 

components of the quickly shifting cryospheric landscape. Perennial snowfields, in particular, are 

the main component of the cryosphere in GAAR. Remote sensing of these frozen features is 

important for monitoring their present conditions, as well as for modeling both past and future 
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changes. Therefore, the purpose of this research is to quantify changes in perennial snowfield 

extents, by studying Landsat satellite imagery of GAAR in the central Brooks Range in Alaska. 

To quantify snowfield changes, four objectives were addressed in this study: (1) identify and map 

perennial snowfield minimum extents by applying NDSI to Landsat imagery across GAAR during 

the available period of record (1985-2017); (2) apply supervised classification to those snowfields 

to derive time series maps of two sub-classes of perennial snowfields, including equilibrium areas 

(brightly colored areas that indicate snowfields are maintaining or increasing area) and ablation 

areas (darker regions that indicate snowfields are shrinking); (3) quantify perennial snowfield 

areas, including calculations of total, equilibrium, and ablation areas, and testing for statistical 

significance (trends) in area changes; and (4) quantify changes in point elevations (PEs) of the 

perennial snowfields.

4.2. Study Area

This study focuses on perennial snowfields in Gates of the Arctic National Park and 

Preserve (GAAR), which is a United States (US) federally managed land unit in northern Alaska 

(Figure 4.1). GAAR is the northernmost, and second largest, national park in the US, with its 

entirety lying north of the Arctic Circle and covering an area of about 34,287 km2. It is located in 

the central portion of the Brooks Range Mountains and was chosen as the focus area of this study, 

rather than the entire Brooks Range, because, as a national park, it is managed differently than 

other areas of this mountain range. In addition, the Brooks Range covers a vast area where the 

climate varies from region to region (Davey et al., 2007). These differences can affect the behavior 

and persistence of perennial snowfields.

Additionally, three detailed local study areas were used to represent changes in perennial 

snowfield extents at scales finer than can effectively be seen across such a large study area as 

GAAR. The local areas were chosen based on the most concentrated clusters of perennial 

snowfields and included the Nanushuk River, Mount Igikpak, and Kurupa River study areas 

(Figure 4.1). The mean elevations of the Nanushuk River, Mount Igikpak, and Kurupa River study 

areas are, respectively, 1511, 1271, and 1473 m. Their mean slope angles are 28°, 29°, and 26°, 

respectively, and their mean aspects are southeast, southwest, and south, respectively.
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Figure 4.1. Study area map of Gates of the Arctic National Park and Preserve (GAAR) in the central Brooks 
Range in Alaska. Top left shows location of GAAR relative to state of Alaska, USA. Bottom shows a 
detailed close-up of GAAR, including the 5 m Digital Elevation Model (DEM) used in the study. Also seen 
are the three localized areas that were evaluated in more detail, including Nanushuk River, Mount Igikpak, 
and Kurupa River.

GAAR was created in 1980 as part of the Alaska National Interest Lands Conservation Act 

(ANILCA), which has had a major impact on subsistence caribou hunting for rural Alaska Native 

communities. The ability of very remote communities to secure food sources through local hunting 

has serious consequences for their socio-economic and cultural sustainability. This includes 

caribou hunters in the remote Alaska Native village of Anaktuvuk Pass, which is located inside of 

GAAR, as well as caribou hunters across the North Slope of Alaska. Land management decisions 

influence local rural peoples' ability to hunt, and climate change affects perennial snow and ice, 

which in turn, may affect wildlife populations, such as the caribou that these communities depend 

on for subsistence. In this way, both changes in perennial snowfields and in land management 

decisions have an impact on local people living in this area.

A portion of the eastern boundary of the park is located about 8 km from the Dalton 

Highway (Alaska State Highway 11), with the westernmost part of the Arctic National Wildlife 

Refuge (ANWR) located about 16 km further east. The Middle Fork of the Koyukuk River is 
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located between GAAR and the Dalton Highway, with the Trans Alaska Pipeline System running 

parallel to the Dalton. Anaktuvuk Pass is located on a Native land withholding inside GAAR 

(Elevation: 683 m; Coordinates: 68.1433°N, 151.7358°W). Access to the park by non-residents is 

limited by the terrain and lack of roads. Extreme inter-seasonal temperature range and low annual 

precipitation characterize the climate of GAAR. Up until the 1990s, temperatures could drop as 

low as -38 °C in the winter, but they could also reach as high as 22 °C (Davey et al., 2007) for a 

short time in summer, due in part to nearly continuous daylight during the mid-summer. Over the 

33-year period of this study, however, the weather stations in and around GAAR recorded 

minimum air temperatures as low as -30 °C and maximum air temperatures as high as 16 °C, with 

a mean annual air temperature of -9.75 °C (ncdc.noaa.gov).

GAAR has very few large glaciers remaining (Evison et al. 1996), especially in comparison 

to other regions of Alaska, but has many rivers that are fed by a combination of groundwater 

sources, seasonal and perennial snow melt, and ice melt. The majority of perennial ice and snow 

cover in GAAR consists of either the many small perennial snowfields that are sparsely distributed 

across mid-to-high elevation valleys and north-facing aspects of the Brooks Range, or perennial 

aufeis. Aufeis is ice that accumulates during the winter over rivers and lakes, formed by upwelling 

of water behind ice dams, or by groundwater discharge. The perennial portion of aufeis persists in 

low-lying valleys year-round where there is less exposure to solar radiation.

4.3. Data Sources and Methods

4.3.1. Data and Imagery Used

NASA Landsat imagery was accessed and analyzed using Google Earth Engine (GEE), a 

cloud-computing-based platform for planetary scale geospatial analysis (Gorelick et al. 2017). 

GEE integrates a supercomputer, satellite and reanalysis data, and a Javascript coding 

environment. GEE contains the full Landsat archive, with pixel-scale co-registration of all scenes. 

The data used are from the Landsat Tier 1 (T1) top of atmosphere (TOA) reflectance collections 

for missions 4, 5, 7, and 8, which include a period of study from 1985 through 2017 (Figure 4.2). 

GEE's T1 TOA product is pre-calculated and includes calibration of TOA reflectance. Calibration 

coefficients are extracted from the image metadata (Chander et al., 2009).
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Acquisition and dissemination of Landsat data is currently a joint effort between NASA 

and the United States Geological Survey (USGS), with the first Landsat satellite being launched 

in 1972. Replacement satellites have been launched throughout the decades, with each containing 

new technology, allowing for additional spectral bands (Markham et al., 2004). The evolution of 

Landsat sensors includes the Thematic Mapper (TM), the Enhanced Thematic Mapper (ETM+), 

the Operational Land Imager (OLI), and the Thermal Infrared Sensor (TIRS) technologies 

(Markham et al., 2004). Some years of Landsat 4 and 5 data were not of useable quality because 

there were missing tiles within the study area of GAAR, including all years before 1985. Multiple 

spatial scales, spectral bands, and temporal scales in the imagery were analyzed in this study 

(Figure 4.2).

Figure 4.2. Landsat missions' years of availability in Gates of the Arctic National Park and Preserve 
(GAAR); satellite payload sensor technologies; spectral bands; pixel spatial scales of each band analyzed 
in this study.

Also used in this study was a 5-m resolution digital elevation model (DEM). It was 

important to obtain an accurate DEM for calculation of PEs and for other topographic corrections 

associated with shadowing from mountainous terrain. Our DEM is primarily based on ArcticDEM, 

released in 2016 from the University of Minnesota's Polar Geospatial Center 

(pgc.umn.edu/data/arcticdem). In 2017, Candela et al. performed an accuracy study on this DEM, 
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wherein it was registered to seasonally subsetted ICESat elevations (Ice, Cloud, and Land 

Elevation Satellite). The vertical accuracy of ArcticDEM was obtained from the statistics of the 

fit to ICESat and averaged -0.01 ± 0.07 m. ArcticDEM has very good spatial coverage for GAAR 

but is missing some data. Our DEM is a combination of ArcticDEM and the University of Alaska 

Fairbanks' Geographic Information Network of Alaska's (GINA's) interferometric synthetic 

aperture radar (IfSAR) dataset, which was also obtained in 2016, via aircraft-mounted radar 

detection. The IfSAR data were used to fill in missing data from ArcticDEM. IfSAR has a vertical 

accuracy of 3 m and a horizontal accuracy of 12.2 m (ifsar.gina.alaska.edu).

4.3.2. Data Preprocessing

The methods described below are also depicted schematically in the flow chart in Figure

4.3. Two primary datasets, containing annual cloud-free mosaics, were generated from: (1) 

Landsat 4 and 5 (L4/L5), and (2) Landsat 7 and 8 (L7/L8). Landsat tiles located entirely or partially 

within GAAR during a 6-week summer season of interest (1 July to 15 August) were included. 

This summer season is defined here as the time of snowfield minimum extent (late summer) when 

perennial layers are revealed beneath the seasonal snow cover. The L4/L5 dataset was temporally 

discontinuous, as some years of data were missing for the study area, including 1993, 1994, 1996

1998, and 2000-2004. The data were first cloud-masked using a simple and standardized approach 

to arrive at a cloud score per pixel (Irish et al., 2006). In order to verify that clouds were not 

actually snow, the cloud score also included a calculation of the NDSI for each pixel (Macander 

et al., 2015). The cloud-masking algorithm then created a derived image of cloud scores 

corresponding to each pixel, to screen out excessively cloudy pixels. We also used the quality band 

(QA) available for L7/L8 to exclude pixels designated as “cirrus” or “cloud.”

There are striping gaps in Landsat 7 (Howard and Lacasse, 2004; Maxwell et al., 2007; 

Chen et al., 2011). We corrected them using a striping mask by detecting pixels with reflectance 

values at or near zero and mosaicking those pixels with others georeferenced from the same tile 

but imaged during a different pass of the satellite. Our annual mosaic for each dataset was created 

by calculating the median TOA reflectance value from all non-cloud-covered pixels available per 

summer for each pixel. This technique also mitigated the darkening effects of mountain shadows 

and cloud shadows. We pan-sharpened the L7/L8 data with the pan-chromatic 15-m scale band 

using the Hue-Saturation-Value (HSV) approach (Amro et al., 2011; Johnson, 2014).
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Figure 4.3. Schematic flow chart of methodology used in the study. 1a) Pre-processed Landsat data from 
missions 4, 5, 7, and 8, for summer (1 July to 15 August) in GAAR were acquired from GEE. 1b) 5 m DEM 
was constructed from ArcticDEM and IfSAR data. 2a) Landsat imagery was cloud masked and mosaicked 
to obtain one imager per summer. 2b) Mosaicked Landsat 7 and 8 datasets were pan-sharpened to 15 m 
scale with panchromatic band and HSV technique. 3a) Non-snow land cover types were masked out, 
including surface water using NDWI, 3b) elevations below 900 m to eliminate aufeis, and 3c) very steep 
terrain that cannot hold snow with slope angles over 55 degrees. 3d) Remaining image evaluated using 
NDSI and 25% darkest pixels (shadows) removed using a percentile function. 4a) NDSI areas sub-classified 
into ablation and equilibrium areas using supervised classification and 4b) error analysis. 5) Snowfield areas 
calculated annually for total, equilibrium, and ablation areas, across GAAR and in three local study areas. 
6) Lowest Point Elevations (PEs) calculated using DEM and 2 km2 grid for each snowfield area remaining 
stable for at least four years.

The final preprocessing step was to mask out areas of the images that would never contain 

snow in the summer. The two land cover types removed included (1) areas of liquid water and (2) 

areas with elevations and slope angles unlikely to retain snow during the summer. Liquid water 

was determined using the Normalized Difference Water Index (NDWI) with a threshold value of 

0.3, as well by using the Global Surface Water Recurrence dataset (Pekel et al., 2016):
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GEE has a 32-day NDWI composite made from Tier 1 orthorectified scenes, using the 

computed TOA reflectance (GAO 1996); however, we used our own calculations of NDWI per 

annual summer mosaic for the masking process, as our study time period was different than the 

32-day composite. For the areas unlikely to retain summer snow, we included low elevation valleys 

below the perennial snow line, as well as extremely steep terrain with slope angles over 55 degrees, 

which were determined using the 5-m DEM created for GAAR. Aufeis has a similar spectral 

signature as perennial snowfields, and so, it was also necessary to mask out aufeis as part of the 

pre-processing. This was achieved when the low elevation valleys were removed, since aufeis 

typically occurs as part of rivers located in the valleys.

4.3.3. Imagery Analysis

To find the snow that remained stable throughout the entire study period, areas designated 

as snow by NDSI were used to calculate a forward gradient (NDSIn - NDSIn+1) and a reverse 

gradient (NDSIn+1 - NDSIn) for each dataset (L4/L5 and L7/L8). These values were used to 

compute the minimum gradient between successive images. We calculated NDSI for our specific 

mosaics used in this study, rather than using an existing Landsat snow cover product, since our 15

m pan-sharpened L7/L8 data would have been difficult to compare with existing snow cover data 

at the 30-m scale, such as the Tier 3 Fractional Snow Cover (FSC) product (Selkowitz et al., 2017).

A percentile function was applied where the darkest 25% of each pixel in the snowfield 

was removed from the bottom 75th percentile (darkest 75% of each pixel). This helped mitigate 

the effects of mountain shadows and cloud shadows. Also, since GAAR is so far north, the sun 

remains high for most of the day in the summer. The sun's incident angle is quite small, and 

shadows have less influence on the brightness of images here. Areas of perennial snow were 

derived for quartiles within the period of record for each of the two datasets, with L4/L5 quartiles 

consisting of L45_Q1 from 1985 to 1988, L45_Q2 from 1989 to 1992, L45_Q3 from 2005 to 2007, 

and L45_Q4 from 2008 to 2011. The L7/L8 quartiles included L78_Q1 from 1999 to 2003, 

L78_Q2 from 2004 to 2008, L78_Q3 from 2009 to 2013, and L78_Q4 from 2014 to 2017. Due to 

the temporally discontinuous nature of the L4/L5 data, 1995 and 1999 were excluded from the 

quartiles. This was the basis for defining “perennial” in our study. There are few other studies that 
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have attempted to define the minimum age of a snowfield that could be considered perennial. For 

those studies that have broached this topic, the minimum number of years needed to define a 

snowfield as perennial ranged from two (Muller, 1970; Higuchi et al., 1980) to 20 (DeVisser and 

Fountain, 2015). For our study, we considered snowfields as perennial if they persisted year-round 

for at least four years.

To determine equilibrium and ablation areas of the perennial snowfields, we used 

supervised classification on those areas designated as snow by NDSI, which involved the use of 

training and testing pixels (Foody and Mathur, 2004; Langer and Damm, 2008). This sub

classification routine involved two classes: equilibrium areas with high NDSI values, and ablation 

areas with low NDSI values. This was done as an additional metric to the overall net changes in 

the perennial snowfield extents in order to investigate the effects of seasonal variability, and to 

quantify snowfield areas that may have remained stable but have transitioned from viable snow 

(equilibrium) to vulnerable or thinner snow (ablation). Thirty percent of the pixels per class were 

used for testing and error assessment, while 70% were used for training. Equilibrium and ablation 

area training and testing pixels were randomly derived, using high NDSI values (0.8 to 1.0) and 

low NDSI (0.4 to 0.5), respectively. These values were designated using an iterative process, rather 

than by simply applying a threshold value, to allow for the machine learning process to expedite 

the classification of areas with NDSI values between 0.5 and 0.8 and to pinpoint areas misclassified 

as snow.

Extent changes across GAAR were then calculated for total, equilibrium, and ablation areas 

annually. The nonparametric Mann-Kendall statistic for testing of a trend was calculated for the 

annual changes in the three localized study areas, for both L4/L5 and L7/L8, and Theil-Sen trend 

lines were applied. We assessed the accuracy of the classification procedure by quantifying the 

errors of commission (EC) and the errors of omission (EO) associated with classifying of the land 

cover types as Not Snow, Equilibrium Areas, or Ablation Areas. Accuracy percentage and the 

kappa index (K) were found in GEE using error algorithms. K, a common statistic in remote 

sensing, measures agreement for qualitative (categorical) items and takes into account the 

possibility of the agreement occurring by chance (Cohen, 1960; Congalton, 1991; Xu, 2006; Tuia 

et al., 2009). Error matrices were created, and testing pixels were used to generate a confusion 

matrix for each year, including overall accuracy percentage, K, EC, and EO (Tables 4.1.a and b).
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Table 4.1.a. Supervised sub-classification error assessment

Landsat 4/5 - 30 m Pixel Scale

resuYltesarfor

Not Snow Equilibrium Areas Ablation Areas Overall
Accuracy (%) Kappa

IndexEC EO EC EO EC EO
1985 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
1986 0.00 0.00 1.00 0.83 0.95 1.00 96 0.88
1987 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
1988 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
1989 0.00 0.00 1.00 0.50 0.88 1.00 89 0.61
1990 0.00 0.00 0.00 0.00 1.00 1.00 100 N/A
1991 0.00 0.00 1.00 0.89 0.97 1.00 98 0.93
1992 0.00 0.00 0.00 0.00 0.98 0.98 96 N/A

1993 - 1994 No Data
1995 0.00 0.00 0.80 1.00 1.00 0.97 97 0.87

1996 - 1998 No Data
1999 0.00 0.00 1.00 0.50 0.86 1.00 86 0.60

2000 - 2004 No Data
2005 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
2006 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
2007 0.00 0.00 1.00 0.50 0.97 1.00 97 0.65
2008 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
2009 0.00 0.00 1.00 0.50 0.98 1.00 98 0.66
2010 0.00 0.00 0.00 0.00 1.00 1.00 100 N/A
2011 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00

Finally, we quantified changes in point elevations (PEs) by placing a 2 km x 2 km grid 

across the study area of GAAR and deriving coordinates of the lowest elevation point in each grid 

cell for snowfields that were persistent for at least four years (quartiles). The 2-km grid was used 

because it was the finest resolution that could be overlain onto a land area as vast as GAAR and 

still be a reasonably efficient computational task for our computing methods. PEs of quartile 

perennial snowfields for equilibrium and ablation areas in L4/L5 and L7/L8 were obtained from 

the DEM.
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Landsat 7/8 - 15 m Pixel Scale

Table 4.1.b. Supervised sub-classification error assessment results for L7/L8

Year

Not Snow Equilibrium Areas Ablation Areas
Overall

Accuracy (%)
Kappa
IndexEC EO EC EO EC EO

1999 0.00 0.00 0.00 0.00 1.00 0.91 91 0.00
2000 0.00 0.00 1.00 0.60 0.93 1.00 94 0.72
2001 0.00 0.00 0.67 1.00 1.00 0.98 99 0.79
2002 0.00 0.00 0.88 0.88 0.86 0.86 87 0.73
2003 0.00 0.00 1.00 0.96 0.95 1.00 98 0.96
2004 0.00 0.00 0.60 1.00 1.00 0.88 90 0.69
2005 0.00 0.00 0.86 1.00 1.00 0.92 95 0.88
2006 0.00 0.00 1.00 0.75 0.94 1.00 95 0.83
2007 0.00 0.00 0.00 0.00 0.86 0.86 75 0.14
2008 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00

2009 0.00 0.00 0.00 0.00 1.00 0.91 92 0.00
2010 0.00 0.00 0.80 0.80 0.95 0.95 92 0.75
2011 0.00 0.00 0.98 0.96 0.97 0.98 97 0.95
2012 0.00 0.00 1.00 0.83 0.97 1.00 97 0.89
2013 0.00 0.00 0.00 0.00 0.78 0.88 70 0.15
2014 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00
2015 0.00 0.00 0.50 1.00 1.00 0.67 75 0.50
2016 0.00 0.00 0.33 1.00 1.00 0.67 71 0.36
2017 0.00 0.00 1.00 1.00 1.00 1.00 100 1.00

4.4. Results

The overall accuracy assessment of the equilibrium and ablation area sub-classification 

(Tables 4.1.a and b) indicates relatively high accuracy. Accuracy percentages range from 100% to 

70%, although the majority of 19 years analyzed in the procedure fall within the 100%-90% range. 

Six out of the 19 years, or about 30%, had overall accuracies below 90%. The results of the kappa 

index (K) analysis were more variable than overall accuracy, with a majority of K values ranging 

from 1.00 to 0.60. Six out of the 19 years, or about 30%, had K values below 0.60, with all of those 

years being in the L7/L8 dataset.

Extent changes across GAAR were calculated for total, equilibrium, and ablation areas 

annually. Figure 4.4 provides a summary of these results, comparing the first year of the study 

period (1985: L4/L5 30-m data) to the last year (2017: L7/L8 15-m data), including coverage 

change percentages within each cell of a 1-km2 grid for 1985 and 2017. Annual snowfield extent 

changes across all of GAAR show an overall decrease in snowfield area of 13 km2 between 1985 
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and 2017, although larger seasonal variations existed within that time period (Figure 4.4). While 

net total area between 1985 and 2017 decreased only slightly, the composition of the perennial 

snowfields shifted notably towards more ablation areas and less equilibrium areas. There was a 

larger 48 km2 decrease in viable equilibrium areas, indicating that the composition of the 

snowfields shifted largely towards more ablation areas, which increased by 35 km2. Percentage 

changes in all of the coverage maps indicate substantial decreases within the 1-km2 grid for 

equilibrium, ablation, and total areas in GAAR (Figure 4.4). Snowfield extent changes in GAAR 

are seen in annual summer season (1 July-15 August) perennial snowfield minimum extents and 

in the Mann-Kendall Theil-Sen trend lines, within the three detailed study areas for Nanushuk 

River, Mount Igikpak, and Kurupa River (Figure 4.5: 30-m L4/L5; Figure 4.6: 15-m L7/L8).

Figure 4.4. Annual summer season (1 July - 15 Aug) perennial snowfield areal extent changes from the 
beginning of the study time period (1985, derived from the 30 m scale Landsat 4 and 5 imagery) to the end 
of the study time period (2017, derived from the 15 m scale Landsat 7 and 8 imagery). The top panel shows 
net changes in the total area between 1985 and 2017, including changes in the sub-classified equilibrium 
(bright) areas and ablation (dark) areas of the snowfields. The bottom panel shows changes in percent cover 
between 1985 and 2017 per 1 km2 grid cell across all of GAAR for equilibrium, ablation, and total areas.
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Figure 4.5. Annual summer season (1 July - 15 Aug) perennial snowfield minimum extent time series maps derived from the 30 m scale Landsat 
4 and 5 imagery (L4∕L5), showing several example years in the three localized study areas of Nanushuk River, Mount Igikpak, and Kurupa 
River. The maps depict changes in overall snowfield coverage, as well as changes in equilibrium areas (light blue) and in ablation areas (dark 
blue). The accompanying graphs show the extent changes in the three study areas quantitatively, including calculated areas for each summer 
from observed extent changes, as well as trends in the area changes. The trend lines are derived from the nonparametric Mann-Kendall Theil 
Sens statistical approach, for total extent changes, as well as for equilibrium and ablation area changes.



Figure 4.6. Annual summer season (1 July - 15 Aug) perennial snowfield minimum extent time series maps derived from the 15 m scale Landsat 
7 and 8 imagery (L7∕L8), showing several example years in the three localized study areas of Nanushuk River, Mount Igikpak, and Kurupa 
River. The maps depict changes in overall snowfield coverage, as well as changes in equilibrium areas (light blue) and in ablation areas (dark 
blue). The accompanying graphs show the extent changes in the three study areas quantitatively, including calculated areas for each summer 
from observed extent changes, as well as trends in the area changes. The trend lines are derived from the nonparametric Mann-Kendall Theil 
Sens statistical approach, for total extent changes, as well as for equilibrium and ablation area changes.



Both area-trend line graphs, as well as mapped extent changes, are provided as sets of time 

series for all three study areas (Figure 4.5). Example years shown for L4/L5 include 1985, 1995, 

2005, and 2009, with equilibrium areas mapped in light blue and ablation areas in dark blue, 

overlain onto the DEM. Most of the trend lines indicate that snowfield extents decreased over the 

L4/L5 time period, except in Mount Igikpak, where the equilibrium areas remained relatively 

constant, while ablation areas slightly increased, resulting in a slight increase in overall snowfield 

extent. In the Nanushuk River area, trends indicate that snow-covered areas here slightly decreased 

over the summer seasons within the discontinuous time period of 1985-2011. Calculated areas in 

Nanushuk River for the L4/L5 data indicate that both equilibrium and ablation areas decreased 

slightly, resulting in an overall total area decrease. This is in contrast to the Mount Igikpak study 

area where snow-covered areas slightly increased over the summer seasons within L4/L5. 

Calculated areas in Mount Igikpak indicate that both equilibrium and ablation areas increased 

slightly, resulting in an overall total area increase. Like the Nanushuk River area, the Kurupa River 

snow-covered areas remained stable or slightly decreased over this time period. Areas for L4/L5 

in Kurupa River indicate that equilibrium areas remained stable, while ablation areas slightly 

decreased, resulting in an overall decrease.

L7/L8 is presented in a manner similar to L4/L5 (Figure 4.6). Example years shown for 

L7/L8 include 2002, 2007, 2014, and 2016. Most of the trend lines indicate that snowfield extents 

decreased over the L7/L8 time period, except in Mount Igikpak, where trends (and snowfield areas) 

remained nearly constant. In the Nanushuk River, trends indicate that snow-covered areas 

decreased over the summers of 1999-2017 (Figure 4.6). Calculated areas in Nanushuk River for 

L7/L8 indicate that both equilibrium and ablation areas decreased, with a more noticeable decrease 

in equilibrium and a very slight decrease in ablation. This resulted in an overall total area decrease 

for L7/L8 in the Nanushuk River area. In Mount Igikpak, trends indicate that snow-covered areas 

essentially remained stable. The trend in Kurupa River shows that snow-covered areas remained 

close to stable or very slightly decreased, including a very slight decrease in ablation areas, while 

equilibrium areas remained stable. It is important to note that annual minimum snowfield extent 

changes across GAAR, as well as in the three local study areas, may include variability from both 

seasonal snowpack and perennial snowfields (Figures 4.4-4.6).

Lastly, scatterplots of point elevations (PEs) of perennial snowfields persistent over the 

four-year quartile periods, including equilibrium and ablation areas, are provided in Figure 4.7. 
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These include the first four-year quartile period of L4/L5 (1985-1988) and the last four years of 

L7/L8 (2014-2017). When PEs are grouped by latitude, Cluster A includes the Kurupa and 

Nanushuk rivers, and Cluster B includes Mount Igikpak. When they are grouped by longitude,

Cluster C includes Kurupa River and Mount Igikpak, and Cluster D represents Nanushuk River. 

Elevation changes versus latitude and longitude over time show that the lowest elevations in all 

clusters of points in the scatterplots consistently shifted upwards between the 1985-1988 and 

2014-2017 quartiles.

Figure 4.7. Observed changes in PEs of perennial snowfields' equilibrium and ablation areas for snowfields 
persistent over first four years (top panel) and last four years (bottom panel) of the study period. The top 
panel shows snowfields persisting from at least 1985 to 1988 (30 m L4/L5) and the bottom panel shows 
those persisting from at least 2014 to 2017 (15 m L7/L8). PE changes in latitude are on the left and changes 
in longitude are on the right. The encircled clusters of PEs indicate the most concentrated areas of 
snowfields, which correspond to the three localized areas. Cluster A is Kurupa and Nanushuk Rivers; B 
represents Mount Igikpak; C is Kurupa River and Mount Igikpak; D is Nanushuk River.

4.5. Discussion

This study quantified changes in perennial snowfield extents in GAAR in the central 

Brooks Range of Alaska using the Google Earth Engine (GEE) cloud-computing-based platform. 

Mapping snow- and ice-covered areas with GEE (Li and Coll, 2016; Zeltner, 2016; Kraaijenbrink 
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et al., 2017; Alifu et al., 2018; Zhang et al., 2018) has a much greater speed, efficiency, and 

accuracy than other older remote sensing software packages because GEE consists of a multi

petabyte analysis-ready data catalog co-located with a high-performance, intrinsically parallel 

computation service. It enables users to compute petabytes of data through an internet-accessible 

application programming interface (API) without having to navigate the complexities of cloud

based parallelization (Gorelick et al., 2017). The assessment of our supervised classification 

routine performed in GEE indicates good accuracy, with the procedure being slightly more 

accurate in L4/L5 than in L7/L8 (Tables 4.1.a and b). For L4/L5, overall accuracies in each year 

ranged from 86% to 100% and for L7/L8, the accuracies ranged from 70% to 100%. L4/L5 Kappa 

values ranged from 0.60 to 1.00 and in L7/L8, they ranged from 0.00 to 1.00. While several L7/L8 

years had low Kappa values, most were above 0.70, and many years in both L4/L5 and L7/L8 had 

Kappa values above 0.80. Kappa values above 0.60 indicate a moderate level of agreement and 

those above 0.80 indicate strong agreement (Cohen, 1960; Congalton, 1991).

By using GEE, these robust methods for detecting changes in the perennial snowfields in 

GAAR are open source, with publicly available code and transparent methodologies that are 

repeatable. Since we performed the bulk of these analyses in GEE, the code and methods are easily 

shared and re-usable, as the environment in GAAR continues to change (our L4/L5 GEE code: 

https://code.earthengine.google.com/db00680d06e75d0a763aee62a9d6a759; our L7/L8 GEE 

code: https://code.earthengine.google.com/e05be7ba8f99505af418021fa715cdc2). The cloud

computing format also means this code can be run by those with limited computing resources.

4.5.1. Mapped and Quantified Perennial Snowfield Areas

Perennial snowfields are highly susceptible to climate change (DeVisser and Fountain, 

2015) and are sensitive indicators of such change. This is because snowfields are much smaller 

than glaciers, yet they persist longer than seasonal snow (Allen, 1998). They can be quickly altered 

by shifts in temperature and precipitation patterns at both local and regional scales (Kuhn, 2003). 

Perennial snowfields in GAAR may be particularly vulnerable to these shifts, due to the 

accelerated rate of climate change in the Arctic (Chapin et al., 2005; Hinzman et al., 2005; IPCC, 

2014; USGCRP, 2018). Snowfields are strongly influenced by many factors, including 

topography, wind, and exposure to solar radiation. These factors can change snowfield shape, 

extent, and distribution (Higuchi et al., 1980).
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Perennial snowfields are ephemeral and susceptible to changes in weather (Allen, 1998) 

and climate (Fountain et al., 2017). It is important to consider changes in perennial snowfield 

extents in the context of climate, weather, and topography interactions (Dadic et al., 2010). These 

considerations could aid in an overall understanding of perennial snowfield behavior in response 

to climate change, including any feedback cycles between climate and an array of other factors 

such as size, exposure to sunlight, slope angle, and color or brightness. When we mapped the 

perennial snowfields across the extent of GAAR for both the L4/L5 and L7/L8 datasets, we saw 

the influence of several of these topographic factors, including the effects of cirque backwall 

sheltering and limited exposure to sunlight in narrow deep valleys. These features, typical of alpine 

terrain, provided shading from summer ablation. As our time series progressed, however, warming 

temperatures or lack of snow appeared to become controlling factors in the slow decrease in overall 

extents of perennial snowfields in GAAR.

Biologists and subsistence hunters are eager to understand why changes in populations of 

caribou herds occur. These changes are most likely the result of multiple environmental and 

biological factors, including the locations of concentrated areas of perennial snowfields in regions 

that caribou herds frequent (Toupin et al., 1996; Anderson and Nilssen, 1998; Rattenbury et al., 

2009; Joly et al., 2011a, b, c). The initial NDSI processing (Objective (1)) yielded similar 

geographical results in both the L4/L5 and L7/L8 imagery for the two time periods (1985-2011 

and 1999-2017) (Figures 4.4-4.7). The two datasets show the perennial snowfields to be similar 

in terms of spatial coverage and locations of the most concentrated clusters. The majority of the 

snowfields are located in extremely mountainous areas in the northeast (NE), southwest (SW), and 

northwest (NW) corners of GAAR. This is why these locations were chosen for more detailed 

inspection as the localized areas of Nanushuk River (NE), Mount Igikpak (SW), and Kurupa River 

(NW) (Figure 4.1).

The Nanushuk River valley runs down the middle of the study area and northwest-facing 

snowfields to both the east and west of the valley appear to lose equilibrium areas. This is 

especially true for the more rounded snowfields to the east. A similar glacier and perennial 

snowfield mapping project in 1998 in Glacier National Park also used visual comparison of co

registered satellite images to assess variations in firn lines, annual boundaries between ice and 

snow facies, and changes in the shape of glaciers and snowfields (Allen, 1998). Like that study, 

the results of this research, including information regarding extent and shape changes of the 
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snowfields, can be determined by investigating the individual clusters of perennial snowfields that 

are seen in more detail in the three local study areas. The time series maps summarize annual 

behavior and changes in extents for equilibrium and ablation areas (Figures 4.5 and 4.6). In 

Nanushuk River, there may be some seasonal variations mixed in with perennial areas; ablation 

areas vary greatly, and equilibrium areas decrease.

For the Mount Igikpak study area (Figure 4.5), the time series also indicates some seasonal 

variations of snow cover remaining throughout the summer, mixed in with the perennial areas. The 

seasonality of the ablation areas is very apparent in Mount Igikpak, indicating that some of the 

areas classified as perennially ablating coverage could be short-term persistent seasonal snow 

cover. There is a dramatic decrease in equilibrium areas in Mount Igikpak for the L4/L5 data 

(Figure 4.5), moving across the example years from 1985 to 2009. The Kurupa River area 

encompasses a much larger area than what is seen in Nanushuk River and Mount Igikpak. Overall, 

total snowfield extents decreased in Kurupa River, as was the case in Nanushuk. This can be seen 

in the time series for Kurupa River for the L4/L5 data, with practically zero coverage of 

equilibrium areas by the end of 2009.

The results of this study also have implications for archeologists working in these areas to 

find artifacts (Dixon et al., 2005; Alix et al., 2012; Andrews et al., 2012), as they may not find 

well-preserved specimens if in fact the snowfields are only persistent for several years at a time. 

The equilibrium areas were almost completely gone by the latter part of this time series, leaving 

mostly darker-colored ablation areas (Figure 4.5). This may mean that there were longer-term 

perennial areas in the 1980s, but that they completely disappeared by the 2000s, leaving snowfields 

that persisted somewhat randomly for only a summer or two. In the Nanushuk River study area 

(Figure 4.6), the time series indicates a substantial amount of equilibrium areas, which steadily 

decreased throughout the years, along with decreases in the ablation area extents. The Nanushuk 

River snowfields in 2016 show some small amounts of coverage of equilibrium areas, but the 

graphical results indicate almost zero coverage by 2017.

In a 1998 study in Glacier National Park, potential effects of cirque backwall sheltering of 

perennial snow and ice were found to provide shading from summer ablation (Allen, 1998) and 

therefore create an ideal topography. Despite this, warming temperatures (or lack of snow) appear 

to have eventually won out over the influences of the cirque basin in the Mount Igikpak study area. 

47



For Mount Igikpak (Figure 4.6), areal extents of the snowfields appear to remain annually steady 

across the L7/L8 time period, which can also be seen in the area calculations. There appears to 

have been a substantial decrease in 2010 (not shown), followed by a rebound in the latter years of 

this time series. This may also be an indication of high levels of seasonality in Mount Igikpak for 

L7/L8. In the earlier images of the L4/L5 Mount Igikpak time series, there is a substantial ablation 

area in a northeastern cirque basin; however, by the end of the L4/L5, and throughout the L7/L8, 

this ablating snowfield all but disappears.

Some of our results also indicate that perhaps the northwest corner of GAAR is changing 

more rapidly than other areas of the park. There may be a more influential and warmer climate 

here, as a result of documented changes in climate on Alaska's North Slope and from changes in 

Arctic Ocean cycles (Polyakov et al., 2002; Jefferies et al., 2015). In the Kurupa River area in the 

northwest (our largest study area) there is substantially less areal coverage of total snowfield extent 

for the L7/L8 data than what was seen in the L4/L5 data (Figure 4.6). A quantitative correlation 

is not feasible between the datasets in Kurupa River, since results of the classification process are 

from two disparate spatial scales; however, it appears that snowfield extents substantially 

decreased from 1985 to 2017, taking into account both datasets at their differing resolutions.

There are an array of stakeholders and scientists, including hydrologists, geologists, 

biologists, and archaeologists, who need to understand the behavior of perennial snowfields and 

how they are changing because of climate warming (Oechel et al., 2000). Wildlife biologists are 

investigating how perennial snowfields provide important habit to all sorts of different species 

(Rosvold, 2016). Perennial snowfields provide a source of water for downslope vegetation, 

including lichen in the Brooks Range (Lewkowicz et al., 1990), which is primary forage for caribou 

(Joly et al., 2011a, b, c). Upon comparison of overall snowfield extent changes during the study 

period in GAAR, there was only a small total decrease in snowfield area between 1985 and 2017; 

however, there was a much larger decrease in the viable equilibrium areas, indicating that the 

composition of the snowfields shifted notably towards more ablation areas, which increased 

substantially (Figure 4.4). The overall percentage change in coverage also showed substantial 

decreases for equilibrium, ablation, and total areas (Figure 4.4). Both hydrologists and ecologists 

use quantifiable results from cryospheric research such as this in order to plan for ecological shifts, 

for changes in water supplies for northern communities, and for climate change adaptation (Berkes 

and Jolly, 2002; Larsen et al., 2008).
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Calculating gross snowfield extent changes for the entire park may be a useful approach 

for multiple natural science disciplines; however, utilizing our local detailed study areas to inspect 

extent changes and test for significance in those area changes could be the ideal method for other 

types of scientists and stakeholders. For example, archeologists and paleo-ecologists around the 

world are looking for cultural artifacts and paleo-ecological specimens that have remained well 

preserved in snow and ice for centuries or millennia (Meulendyk et al., 2012). Once snow and ice 

melt, it is critical for these scientists to retrieve such items before exposure to the elements starts 

to degrade artifacts (Hare et al., 2012; VanderHoek et al., 2012). Knowing where perennial 

snowfield perimeters have most recently changed at a relatively finer scale, through quantitative 

analyses, could help them target areas of priority for their cultural resource surveys. These types 

of quantifiable changes in snowfields, measured annually, could give archaeologists important 

information about the places they look for artifacts.

4.5.2. Trends in Perennial Snowfield Area Changes

It is important to note that when supervised classification was applied to annual extent 

changes in the snowfields, there was a probability that some of these areas were actually part of 

the seasonal snowpack and not necessarily perennial. Even within the designated summer season 

of 1 July-15 August in the Brooks Range, seasonal snowfall is possible, as well as non-typical late 

melt or early season re-accumulation of snow cover (Davey et al., 2007). Keeping in mind this 

mixing of seasonal and perennial snow coverage signals in the annual data, Sen trend lines were 

calculated and applied to the results, which summarize summer snow coverage in the localized 

study areas. Objective (3) was to quantify perennial snowfield areas, as measured from the time 

series maps, and to test for statistical significance in area changes using a Mann-Kendall Theil- 

Sen nonparametric technique. In the Nanushuk River area, there is an overall decrease in total 

snowfield extents, with both equilibrium and ablation areas decreasing (Figure 4.5). In the Mount 

Igikpak study area, there was an overall slight increase in total snowfield extent for L4/L5. The 

equilibrium areas remained nearly constant; therefore, the increase in this study area is attributed 

completely to the increase in ablation areas. For the Kurupa River study area (Figure 4.5), overall 

total snowfield extents decreased, as was the case in Nanushuk River. Kurupa River, a much larger 

study area than the other two, had equilibrium areas that nearly disappeared by 2011.
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The L7/L8 analysis for the Nanushuk River study area indicated an overall slight decrease 

in total snowfield extent from 1999 to 2017 (Figure 4.6). Equilibrium areas decreased to nearly 

zero by 2017, with a very slight decrease (or nearly constant coverage) in ablation areas. In Mount 

Igikpak (Figure 4.6), areas of perennial snowfields remained steady across the L7/L8 time period. 

There appears to have been a substantial decrease in 2010, followed by a rebound in the latter years 

of the time series. This may also be an indication of high levels of seasonality in Mount Igikpak, 

and perhaps 2010 represents the actual perennial coverage. For L7/L8, there is substantially less 

coverage by snowfields in Kurupa River (Figure 4.6) than was seen in the L4/L5 data. This could 

mean that the snowfield extents were gaining each winter season, but only in short-term coverage, 

around the perimeters of the snowfields. While the perennial snowfields were growing, the total 

growth could be attributed to ephemeral areas that were also ablating.

Inspecting snowfield changes is also important for permafrost research. Perennial 

snowfields provide insulation for permafrost-dominated landscapes (Luetschg et al., 2004) in 

many regions of the Arctic cryosphere. As permafrost thaws and permanently frozen land becomes 

unfrozen for the first time in human history (Osterkamp and Romanovsky, 1999; Jorgenson et al., 

2010), a quantitative understanding of how snowfield retreat in high latitude and high elevation 

regions is contributing to the loss of permafrost could be critical to monitoring such changes. 

Trends in perennial snowfield coverage could have implications for permafrost in GAAR. For both 

L4/L5 and L7/L8 in the Nanushuk area, snowfield coverage continued to slowly decrease over the 

entire 1985-2017 time period. This could signal an eventual thaw for permafrost in this part of 

GAAR, as the snowfields slowly lose their ability to insulate permafrost from the summer heat 

(Young and Lewkowicz, 1990; Kenner et al., 2017). The permafrost in the Mount Igikpak area 

might have been less vulnerable during the study period, as snowfield coverage remained relatively 

stable in both L4/L5 and L7/L8, providing consistent insulation (King, 1986; Etzelmüller et al., 

2007). Permafrost may have changed most recently in the Kurupa River area, as the perennial 

snowfield coverage increased in L4/L5, but then decreased in L7/L8.

The more recent and finer-scale data show larger decreases in extents with very little re

growth of the snowfields for both the annual and quartile results. It is possible that these more 

substantial decreases in snowfield extents are an outcome of a warming Arctic (Hinzman et al., 

2005), as the L7/L8 data represent latter years in the study area of GAAR; however, it is also 

important to mention that the disparate scales may be contributing to the differences in trends 
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between the older 30-m and newer 15-m resolution data. This is a very important potential error, 

and in some cases might impact the sign of the trend. The 15-m data may be a more accurate 

representation of the behavior of the snowfields, as these bodies of snow and ice are quite 

ephemeral and vulnerable to small changes due to their smaller sizes (DeVisser and Fountain, 

2015). If scaling issues are the controlling factor in the results (Cline et al., 1998; Bloschl, 1999; 

Fassnacht et al., 2003), the 15-m data would likely do a better job of representing changes.

4.5.3. Perennial Snowfield PE Changes

Deriving changes in elevations for both perennial snowfields and glaciers has been shown 

to be one of several effective ways for monitoring responses to climate change (Benn and 

Lehmkuhl, 2000). There are a variety of ways to measure these elevation changes for snowfields 

and glaciers, including the equilibrium line altitude (ELA) approach, as well as by tracking 

changes in the elevation of specific points. An increase in measured elevation over time generally 

indicates a reduction in area of the snowfield or glacier (Allen, 1998; Paul et al., 2002, 2005, 2009, 

2013). This is another important indicator of the impacts of a changing climate on the cryosphere. 

Elevation changes could affect the nature of the relationship that caribou and other wildlife have 

to these frozen features as habitable ecosystems (Toupin et al., 1996; Anderson and Nilssen, 1998). 

This may include the ability of wildlife to access the terrain where snowfields remain steady 

throughout the summer seasons (Joly et al., 2011b). Therefore, the final objective of this study, 

Objective (4), is to quantify changes in point elevations (PEs) of the perennial snowfields.

The ELA approach is a classic method for tracking elevation changes of glaciers and 

snowfields (DeVisser and Fountain, 2015; Wolken et al., 2008a, 2008b). This technique involves 

measuring the elevation at which mass balance is equal—where accumulation of snow is exactly 

balanced by ablation over a period of a year (Braithwaite and Raper, 2009). The ELA technique 

can be used on individual glaciers and snowfields, or it can be applied to many bodies of snow and 

ice to calculate changes across a broad landscape. Because GAAR is so large and contains many 

small perennial snowfields with geometries that change rapidly from year to year, using the ELA 

technique within the GEE environment proved cumbersome. Therefore, we used another method 

for measuring changes in elevation that could be applied uniformly across the study area. Our 

method involved deriving point elevations (PEs) within a grid for equilibrium and ablation areas 

of the snowfields.
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We determined PEs by placing a 2-km2 grid across the study area of GAAR and deriving 

the lowest elevation point in each grid cell for snowfields that were persistent for at least four years 

during pre-determined quartile time periods, using the 5-m digital elevation model (DEM). Two- 

km2 grid cells were used in our study because this was the finest resolution that could be overlain 

onto a study area as large as GAAR and still be a time efficient computational task for the cloud

computing abilities of GEE. Few other studies have employed the exact method that we used, 

possibly because cloud computing is a newer approach to studying perennial snow and ice; 

however, several other glacier studies have used the approach of measuring elevation changes with 

discrete points both in the field (Sapiano et al., 1998; Vincent et al., 2016), as well as with satellite 

and aerial photography (Sidjak, 1999; Nuth et al., 2007; Paul et al., 2017).

Example scatterplots of PEs of perennial snowfields persistent over the four-year quartile 

periods, including equilibrium and ablation areas, are provided in Figure 4.7. The various 

encircled clusters of PEs indicate the most concentrated areas of perennial snowfields, which 

correspond to the three localized study areas. While this method of clustering is somewhat up to 

interpretation, it appears that the lowest elevations in all clusters consistently shifted upwards 

between the 1985-1988 and 2014-2017 quartiles. Clusters A, B, C, and D shifted upwards about 

100, 125, 150, and 50 m, respectively. Trends of upward movements in elevation indicate that the 

perennial snowfields are shrinking, as the highest elevations of masses of snow and ice last the 

longest. This could be the result of an observed increase in annual air temperatures in the Arctic, 

with higher rates of increase seen at higher latitudes (Chapin et al., 2005; Hinzman et al., 2005; 

IPCC, 2014; USGCRP, 2018).

4.6. Conclusion

The purpose of this research was to quantify changes in perennial snowfield extents in 

GAAR through four objectives: (1) identifying and mapping perennial snowfield minimum extents 

using NDSI and Landsat imagery; (2) using supervised classification to find two sub-classes of 

perennial snowfields, including equilibrium and ablation areas; (3) calculating perennial snowfield 

areas and testing for statistical significance in the changing trends; and (4) finding changes in PEs 

of the snowfields. The accuracy assessment of the equilibrium and ablation area sub-classification 

procedure indicated good accuracy, with slightly more accuracy in L4/L5 than in L7/L8.
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By deriving time series maps using NDSI (Objective (1)) and supervised classification 

(Objective (2)), we were able to calculate changes in the total, equilibrium, and ablation areas of 

the snowfields. For the study period of 1985-2017, we found that the perennial snowfields in 

GAAR are receding, though most of the notable changes in extent were in the latter half of the 

study period. Changes in viable equilibrium areas, or bright areas, of the perennial snowfields are 

shrinking much faster than total areas, and dark ablation areas are growing. Ablation areas are the 

most likely to melt out first, as they absorb more solar radiation. Some of these changes are the 

result of seasonal, inter-annual, and annual variability.

We used a Mann-Kendall Theil-Sen nonparametric statistical approach to determine the 

trends in extent changes of the perennial snowfields in GAAR (Objective (3)). In the Nanushuk 

River local study area, there was an overall decrease in total snowfield extents, with ablation areas 

decreasing slightly, and equilibrium areas decreasing to nearly zero by 2017. In the Mount Igikpak 

area, there was an overall slight increase in total snowfield extent for the L4/L5 time period, while 

areas remained steady during the L7/L8 period, which may be an indication of high seasonality in 

Mount Igikpak. In Kurupa River—a much larger study area than the other two—total snowfield 

extents decreased, with equilibrium areas nearly disappearing by 2011. For the L7/L8 period in 

Kurupa River, there was substantially less coverage by snowfields than the earlier L4/L5 period.

By evaluating changes in the point elevations (PEs) of the perennial snowfields that 

remained stable for at least four years (Objective (4)), we were able to characterize changes in 

elevations of the perennial snowfields. By inspecting changes in elevation versus longitude, as 

well as changes in elevation versus latitude, we found that the snowfields occur at higher and 

higher elevations over time. Increases in PE are an additional indicator that shows that the GAAR 

perennial snowfields are slowly decreasing in areal extent. Further research is needed to investigate 

changes in perennial snowfield extent in the central Brooks Range, including the classification and 

evaluation of different types of satellite imagery. Since changes in snowfields are of significance 

to multiple stakeholders, including scientists and subsistence hunters, it is plausible that the code 

generated in this study could be used again in the future to continue to track changes in snowfields, 

yielding meaningful results for those interested in changes in GAAR. The cloud-computing format 

also means this code can be run by those with limited computing resources, perhaps in rural areas 

of Alaska. Using an interdisciplinary approach, we believe that a detailed understanding of changes 

in perennial snowfields will continue to evolve.
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Chapter 5. Brooks Range Perennial Snowfields: 
Extent Detection from the Field and via Satellite

Abstract
Perennial snowfields are a critical part of the alpine ecosystem, serving as habitat for an array of 

wildlife species, and influencing downslope hydrology, vegetation, geology, and permafrost. In 

this study, perennial snowfield extents in the Brooks Range of Arctic Alaska are derived from 

Synthetic Aperture Radar (SAR) and multi-spectral satellite remote sensing via the Sentinel-1 (S1) 

and Sentinel-2 (S2) constellations. Snow cover area (SCA) is mapped using multi-spectral analysis 

in S2 and via the creation of a SAR backscatter change detection algorithm with S1. Results of the 

remote sensing techniques are evaluated by comparison with field data acquired across multiple 

spatial resolutions and geographic domains, including helicopter points and manual, on-the-ground 

collected SCA. Evaluations of the SAR change detection algorithm via comparison with results 

from multi-spectral imagery analysis, and field acquired data, indicate that the SAR algorithm 

performs best in small, focused geographic sub-domains. This may be the result of SAR algorithm 

dependency on thresholding and slope corrections in mountainous terrain.

5.1. Introduction

Perennial snowfields, such as those in the Brooks Range mountains in Alaska, are a critical 

hydrological component of alpine and arctic ecosystems. They serve as habitat for an array of birds 

and mammal species (Toupin et al., 1996; Anderson and Nilssen, 1998; Rosvold, 2016), affect 

subsistence hunting and overland travel for rural people living in the Arctic, influence soil and 

bedrock weathering through freeze-thaw cycles (Berrisford, 1991), hydrology, vegetation 

(Lewkowicz and Young, 1990), and permafrost distribution (Luetschg et al., 2004). Perennial 

snowfields, like glaciers, are masses of snow, firn, and ice that persist year-round and form through 

accumulation and compaction of seasonal of snow but are too small to move under the influence 

of gravity. They are persistent where the climatological snowline intercepts the terrain that limits

In preparation for publication: Tedesche, M. E., Trochim, E. D., Fassnacht, S. R., & Wolken, G. 
J. (TBD). Brooks Range Perennial Snowfields: Extent Detection from the Field and via Satellite. 
Journal TBD.
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exposure to solar radiation and is favorable to preferential snow deposition, including wind- 

influenced snow transport and avalanches (Lehning et al., 2008; Dadic et al., 2010). The basis for 

defining “perennial” is vague for snowfields, as very few have attempted to define a minimum age 

of persistence to be considered perennial. Among those studies, the minimum number of years to 

deem a snowfield as perennial range from two (Higuchi et al., 1980; Muller, 1970) to twenty 

(DeVisser and Fountain, 2015). In 2019, Tedesche et al. considered snowfields as perennial if they 

persisted year-round for at least four years.

Seasonal and perennial snow and ice cover are monitored using an array of various field

based techniques, as well as with remote sensing via aerial and satellite imagery. Some of the most 

widely utilized satellite imagery for mapping and tracking changes in the cryosphere include Land 

Remote-Sensing Satellite System (Landsat) (Markham et al., 2004; Li and Roy, 2017) and 

Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery (Hall et al., 2002; 

Salomonson and Appel, 2004; Macander et al., 2015; Margulis et al., 2016), including changes in 

perennial snowfields (Tedesche et al., 2019). A relatively new collection of satellites being used 

to monitor snow and ice is the Copernicus Sentinel satellite constellation, which consists of multi- 

spectral imaging and synthetic aperture radar (SAR). Multiple studies have been conducted 

recently comparing the accuracy of mapping snow and ice using multi-spectral images from 

Sentinel and Landsat (Paul et al., 2016; Naegeli et al., 2017; Gascoin et al., 2019). Often, studies 

involving automated mapping of snow and ice employ the Normalized Difference Snow Index 

(NDSI), which uses the green and short-wave infrared spectral bands to map snow cover extent. 

NDSI is an effective method for distinguishing snow from clouds, however, it is still not perfect, 

and the two cannot be completely deciphered in all instances. Therefore, cloud masking is typically 

needed when analyzing multi-spectral imagery to find snow and ice cover (Stillinger et al., 2019). 

One cloud mask that is quite effective, among others, is the Fmask algorithm, which is used for 

the identification and removal of clouds and cloud shadows through a mosaicking process of 

images from Landsat missions 4-7 (Zhu and Woodcock, 2012). A new version of Fmask can be 

used on Landsat 8 and Sentinel-2 (Zhu et al., 2015).

Due to the challenges in discerning clouds from snow in multi-spectral remote sensing, 

some studies focus on the utility of SAR data via satellite as an alternative for snow detection. 

SAR operates independently from cloud cover, as radar backscatter can be measured through 

clouds, and changes in the radar signal over time have been used to find snow and ice cover.
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Backscatter is the portion of the outgoing radar signal that the target redirects directly back towards 

the radar antenna. It is a measure of the reflective strength of a radar target. Other portions of the 

incident radar energy may be reflected and scattered away from the radar or absorbed. If the signal 

formed by backscatter is undesired, it is called clutter, however in remote sensing of the 

cryosphere, backscatter has become a useful tool.

SAR change detection algorithms for wet snow, and wet snow/firn surfaces of the perennial 

snowfields in summer in the case of this study, work on the phenomenon that liquid water, which 

has a dielectric constant of 80.4 at a temperature of 20 oC, dramatically attenuates radar signals 

(Barker and Watts, 1973). The dielectric constant is the relative permittivity of a dielectric 

material, such as water. Liquid water creates high dielectric losses, and therefore reduces the 

backscatter coefficient (σ0) of wet snow and firn, compared to surfaces covered by dry snow 

(Evans, 1965; Tiuri et al., 1984). This means that in the winter composite image, the radar signal 

will pass right through dry snow and return a signal similar to that seen when the signal is returned 

from dry bare ground in the summer.

The backscatter coefficient (σ0) of snow decreases with increasing liquid water content 

(Shi and Dozier, 1995; Ulaby and Long, 2014). SAR C-band has a nominal frequency range of 8 

to 4 GHz (3.75 to 7.5 cm wavelength). C-band penetration depth through dry seasonal snow cover 

is about 20 m, but for snow with a liquid water content of 5% by volume or more, penetration 

depth is only 3 cm (Matzler, 1987). For dry snow, most of the radar signal at the C-band frequency 

is returned is from the snow/ground interface, while for wet snow, the signal is reflected and 

scattered at the surface (Nagler et al., 2016). This study takes advantage of this contrast between 

wet and dry snow backscatter to develop the SAR change detection algorithm for finding perennial 

snowfields in the Brooks Range using the S1 SAR C-band data. The backscatter coefficient (σ0) 

of wet snow and firn also changes with temperature fluctuations caused by the diurnal cycle, 

especially in the spring, which may affect the snow backscatter retrieval abilities of SAR change 

detection methods. Refreezing of the surface layer during a cold night, causes an increase in σ0 

due to the high scattering characteristics of the frozen layer (Reber et al., 1987; Floricioiu and Rott, 

2001). Essentially, ice does not attenuate the radar signal in the same way as wet snow due to the 

differences in dielectric properties. This results in a decrease in the contrast of snow versus snow

free surfaces. Backscatter theory and experimental data show that this effect is less pronounced at 
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C-band SAR than at X-band SAR (for example), because of the smaller scattering efficiency and 

the better penetration through the frozen layer at the longer wavelength (Nagler et al., 2016).

It is also important to consider incident angular dependence of backscatter and its influence 

over SAR change detection algorithm capability to discern perennial snowfield snow cover area 

(SCA). The backscatter contrast between melting snow and snow-free surfaces changes with the 

local incidence angle of the radar beam, which refers to the normal surface (Nagler et al., 2016). 

For co-polarized backscatter in the S1 VV band, σ0 contrast decreases significantly at low 

incidence angles because of a strong rise of the backscatter signal of wet snow (Matzler, 1987; 

Strozzi et al., 1997). Cross-polarized backscatter in the S1 VH band has less angular dependence 

at low incidence angles, but at higher angles, the backscatter may approach the noise floor (Nagler 

et al., 2016). For these reasons, this study uses both polarizations in the change detection algorithm, 

and each are weighted differently depending on the local incident angle. Due to the dependency of 

interpreting backscatter on incident angles, employing change detection to map snow across 

mountainous terrain like the Brooks Range is very challenging (Rott and Matzler, 1987), although 

not impossible given the development of effective radiometric terrain correction algorithms 

(Vollrath et al., 2020).

The purpose of this research is to develop a SAR backscatter change detection algorithm 

for quantifying SCA of perennial snowfields in the Brooks Range, Alaska; and to evaluate the 

SAR-derived SCA by comparing it with NDSI-derived SCA from multi-spectral imagery and from 

field observations. To meet this purpose, five objectives are addressed in this study: (1) apply NDSI 

to S2 imagery to quantify perennial snowfield SCA in a study area around the village of Anaktuvuk 

Pass (AKP) in the Brooks Range, during a 2016 to 2019 study period; (2) develop a SAR change 

detection algorithm for S1 data to quantify perennial snowfield SCA across the same spatial and 

temporal domains as (1); (3) compare 2016 and 2017 SCA from S1 and S2 with field collected 

data in the AKP area and in two small local scale areas; (4) compare snowfield SCA from the 

results of the S1 and S2 analysis for the 2016 to 2019 study period, in a small region located in the 

middle of the AKP area (the Nanushuk River Example Area) and then in the full AKP study area; 

and (5) use S1 and S2 to map the four-year perennial snowfields persisting throughout the study 

period in the AKP area and also across a domain that includes the entire Brooks Range in Alaska.
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5.2. Study Area

This study compares multiple approaches for quantifying SCA of perennial snowfields in 

the Brooks Range, Alaska, by utilizing several focused study areas located within the vast expanse 

of the Brooks Range Mountains in Arctic Northern Alaska. The Brooks Range lies entirely north 

of the Arctic Circle and covers an immense area where the climate varies locally from region to 

region. Extreme seasonal and inter-seasonal temperature ranges, as well as low annual 

precipitation, characterize the climate of the Brooks Range (Davey et al., 2007, Winfree et al., 

2014). These extreme temperature swings are the result of both the low humidity and the nearly 

continuous daylight during the mid-summer and little sunlight during mid-winter. Most of the 

Brooks Range is uninhabited in modern times, as access is limited by the lack of roads and extreme 

terrain.

Gates of the Arctic National Park and Preserve (GAAR) is in the central region of the 

Brooks Range. Within the park, there is a privately-owned Alaska Native withholding where the 

village of Anaktuvuk Pass (AKP) is located (Elevation: 683 m; Coordinates: 68.1433°N, 

151.7358°W). The focused study area for this research is situated around, and just to the east of 

AKP. Within the AKP study area, there are also two embedded local scale study areas designated 

for fine scale comparisons of SCA quantified from the multiple data sources (Figure 5.1). To 

evaluate the S1 SAR backscatter change detection algorithm, S1, S2, and field collected data are 

compared within the local scale and AKP study area domains. The local scale areas allow for a 

more detailed representation of perennial snowfield SCA than can be seen in the larger AKP area. 

Primarily for visual representation purposes, this study also uses an example area around the 

Nanushuk River within the AKP area, for comparing S1- and S2-derived perennial snowfield SCA 

(Figure 5.1).
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Figure 5.1. Study area map of the Anaktuvuk Pass (AKP) area in the Brooks Range, Alaska. Top left shows the location of AKP relative to the 
state of Alaska, USA. Bottom right shows a detailed AKP map derived from a Sentinel-2 cloud masked image generated in this study. Also seen 
are the locations of field collected data via helicopter fly-over points in 2015 and on-the-ground local scale field data collection sites. Local scale 
field sites include East Ingstad Mountain visited in 2016 (EIM16) and North Ingstad Mountain visited in 2017 (NIM17). The Nanushuk River 
Example Area is shown towards the middle of the AKP study area.



The AKP study location covers a rectangular area of 5,650 km2, wherein the S1 and S2 

results are compared to helicopter-acquired point data indicating the locations of snowfields in 

2015 (Figure 5.1). The AKP study area has a mean elevation of 1,225 m, a mean slope angle of 

24o, and a mean aspect of 177o. The two local scale study areas embedded within AKP contain 

sub-meter resolution field data of perennial snowfield perimeters collected via foot using a real

time kinematic global positioning system (RTK-GPS). Field data collected in 2016 were compared 

to the S1 and S2 results within the local scale study area of East Ingstad Mountain (EIM16) and 

those data from 2017 were compared within the local scale area of North Ingstad Mountain 

(NIM17) (Figure 5.1). EIM16 and NIM17 cover areas of 24 km2 and 19 km2, respectively, with 

mean elevations of 1,310 m and 1,383 m, respectively. They also have mean slope angles of 29o 

and 29o, and mean aspects of 186o and 179o, respectively.

While there are a few remaining small glaciers in GAAR (Evison et al., 1996), during field 

data collection in 2016 and 2017, anecdotal observations indicated that some of these included 

very small “dead” glaciers that were no longer growing or moving, as well as “glacierettes” with 

characteristics similar to perennial snowfields. Much of the land surface perennial ice and snow 

cover in the central Brooks Range and GAAR consists of either the many small perennial 

snowfields that are sparsely distributed across mid-to-high elevation valleys and north-facing 

aspects of the alpine, or aufeis. Aufeis is ice that accumulates during the winter over rivers and 

lakes, formed by upwelling of water behind ice dams, or by groundwater discharge. Aufeis persists 

in low-lying valleys year-round where there is less exposure to solar radiation (Yoshikawa et al., 

2007). Aufeis has a similar spectral signature as perennial snowfields, and so, in this study, it was 

masked out as part of the pre-processing of images by removing elevations below a threshold 

where perennial snowfields are unlikely to persist.

5.3. Data Sources

5.3.1. Remotely Sensed Data

In this study, Sentinel-1 (S1) Synthetic Aperture Radar (SAR) satellite data and Sentinel- 

2 (S2) multi-spectral satellite imagery are the primary datasets analyzed to quantify perennial 

snowfield SCA across the Brooks Range and within several smaller study areas. The Sentinel 
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satellite constellation, created by the European Space Agency (ESA) within the frame of the Global 

Monitoring for Environment and Security (GMES) Space Component, is a series of next

generation Earth observation missions, developed on behalf of the joint ESA / European 

Commission initiative Copernicus. Each Sentinel mission focuses on a different aspect of Earth 

observation (sentinel.esa.int/web/sentinel/missions). The green, red, blue, shortwave infrared 

(SWIR), and near-infrared (NIR) bands from S2 are used to calculate NDSI, the normalized 

difference water index (NDWI), and to detect and mask cloud cover during the snowfield mapping 

phase of the study (see more in methods below). S2 imagery is used for 2016 and 2017 perennial 

snowfield SCA within the AKP mesoscale, EIM16 local scale, and NIM17 local scale study areas, 

and S2 imagery from 2016 through 2019 is used to map snowfields across the Brooks Range. The 

SAR backscatter value from S1 in decibels (dB) is used to create the change detection algorithm, 

which also quantifies snowfield SCA for the coverage area and periods of study. The pixel (spatial) 

resolution for most bands used in this study in both S2 and S1 is 10 m. The S2 SWIR pixel scale 

is 20 m (Figure 5.2).

The Copernicus Sentinel-2 mission comprises a constellation of two polar-orbiting 

satellites (Sentinel-2A and Sentinel-2B) placed in the same sun-synchronous orbit but phased at 

180° to each other (Li and Roy, 2017). Sentinel-2A was launched on 23 June 2015, while Sentinel- 

2B satellite was launched on 7 March 2017. The S2 constellation has a wide swath width (290 km) 

and high revisit time (10 days at the equator with one satellite, and 5 days with two satellites), 

which results in 2-3 days at mid-latitudes (sentinel.esa.int/web/sentinel/missions/sentinel-2) 

(Figure 5.2). For polar locations, like the Brooks Range, S2 revisit time is even more frequent, 

due to the curvature of the earth and the satellites' orbit pattern. The S2 Multispectral Instrument 

(MSI) measures the Earth's reflected radiance in 13 spectral bands from the visible infrared 

(VNIR), classical red, green, blue (RGB), and near-infrared (NIR), to the shortwave infrared 

(SWIR) (Drusch et al., 2012). While there are just several spatial resolutions (pixel sizes) amongst 

the S2 bands, the spectral resolution varies greatly (Figure 5.2). The S2 product used in this study 

is the Level-1C Top of Atmosphere (TOA) reflectance and the spectral resolutions of the various 

bands of S2 TOA (measured in bandwidths) range from 15 nm to 175 nm (Drusch et al., 2012), 

while the radiometric resolution (measured in wavelengths) ranges from 442 nm to 2202 nm 

(Figure 5.2).
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Figure 5.2. Sentinel-I and 2 missions; years of data availability; optical and radar bands acquired; spatial, spectral, and radiometric resolutions.



The Copernicus Sentinel-1 mission also comprises a constellation of two polar-orbiting 

satellites (Sentinel-1A and Sentinel-1B) operating day and night performing C-band Synthetic 

Aperture Radar (SAR) imaging, enabling them to acquire imagery regardless of the weather. 

Sentinel-1A was launched on 3 April 2014, while Sentinel-1B satellite was launched on 25 April 

2016 (Potin et al., 2016) (Figure 5.2). Like S2, the S1 satellites share the same sun-synchronous, 

near-polar, circular orbit plane, but with a 180° orbital phasing difference (Torres et al., 2012). 

The C-band imaging operates in four exclusive imaging modes with different resolutions (down 

to 5 m) and coverage (up to 400 km) with dual polarization capability and very short revisit times 

(sentinel.esa.int/web/sentinel/missions/sentinel-1). SAR has the advantage of operating at 

wavelengths not impeded by cloud cover or a lack of illumination and can acquire data over a site 

during day or night under all weather conditions. S1 has a 12-day repeat cycle at the Equator with 

each pass being ascending or descending and the revisit rate is significantly greater over the Brooks 

Range and other polar locations. S1 operates in four exclusive acquisition modes: Stripmap (SM), 

Extra-Wide swath (EW), Wave (WV), and Interferometric Wide swath (IW) (Torres et al., 2012). 

IW is the mode used in the algorithm developed in this study. IW acquires data with a 250 km 

swath at 5 m by 20 m spatial resolution (single look) and incidence angles ranging from 29.1° to 

46.0° (sentinel.esa.int/web/sentinel/ missions/sentinel-1) (Figure 5.2).

In this study, the S1 SAR product used is the Level-1 Ground Range Detected (GRD), 

which consists of focused SAR data that has been detected, multi-looked to reduce speckling, and 

projected to ground range using an Earth ellipsoid model (Torres et al., 2012, Potin et al., 2016). 

The resulting product has approximately square spatial resolution pixels and square pixel spacing 

with reduced speckle at the cost of worse spatial resolution. GRD products can be in one of three 

resolutions: Full Resolution (FR), High Resolution (HR), or Medium Resolution (MR). The 

resolution is dependent upon the amount of multi-looking performed. Level-1 GRD products are 

available in MR and HR for IW mode (sentinel.esa.int/web/sentinel/missions/sentinel-1). Each 

GRD scene contains either one or two out of four possible polarization bands, with possible 

combinations being single band VV or HH, and dual band VV+VH and HH+HV, where:

VV: single co-polarization, vertical transmit/vertical receive

HH: single co-polarization, horizontal transmit/horizontal receive

VV + VH: dual-band cross-polarization, vertical transmit/horizontal receive

HH + HV: dual-band cross-polarization, horizontal transmit/vertical receive
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The Sentinel-1 C-band SAR instruments supports operation in single polarization (HH or 

VV) and in dual polarization (HH+HV or VV+VH) for the IW product (Figure 5.2). Each scene 

also includes an additional 'angle' band that contains the approximate instrument viewing angle in 

each pixel. Of the available polarization band combinations in IW, this study uses the VV single 

co-polarization and the VV + VH dual-band cross-polarization (herein referred to simply as VH), 

as these are the bands typically used in other SAR backscatter change detection algorithms for 

monitoring snow and ice (Nagler et al., 2016; Liang et al., 2021; Lievens et al., 2019 and 2021). 

Snow is a dense medium of clustered, irregularly shaped, ice crystals that contribute most strongly 

to radar backscattering in cross-polarized (VH) and co-polarized (VV) observations (Chang et al., 

2014). Therefore, these previous studies make use of a ratio in linear scale (or difference in dB 

scale) between cross- and co-polarized backscatter to reduce impacts of non-snow surfaces and 

enhance snow sensitivity (Bernier et al., 1999; Lievens et al., 2019 and 2021).

5.3.2. Digital Elevation Model

Also used in this study is a 10-m resolution digital elevation model (DEM) for topographic 

corrections associated with mountain shadowing, SAR backscatter angles, as well as for a masking 

process eliminating unlikely elevations and slope angles from consideration for perennial 

snowfield coverage. This DEM, covering the Brooks Range study area, is taken from the 10 m 

NASA Arctic Boreal Vulnerability Experiment (ABoVE) Composite DEM v2.1 (Burns et al., 

2018). The NASA ABoVE Composite DEM is an aggregation of publicly available digital 

elevation datasets into a single DEM that is free of voids.

5.3.3. Field collected Data

In the summer of 2015, data from a helicopter-supported survey were collected at almost 

190 georeferenced fly-over and touchdown points, where perennial snowfields were sighted (160 

fly-over and 27 touchdowns on snowfields) (Figure 5.1). The snowfield areas targeted during the 

field campaign planning phase were based on minimum summer seasonal snow coverage 

identified using a Landsat-based snow persistence map for northwest Alaska created by Macander 

et al. (2015). These helicopter points are correlated to perennial snowfield SCA detected in 2016 

and 2017 from the remotely sensed data in this study for evaluation. It is also more likely that these 

areas are indeed perennial if their occurrence is seen across multiple years. The helicopter survey 
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was based out of Galbraith Lake (which has road access via the Dalton Highway) to multiple mid- 

to-high elevation sites per day at the upper portions of multiple valleys in the AKP mesoscale study 

area, from 25 - 31 July 2015.

In the summers of 2016 and 2017, a similar approach to the 2015 field campaign was taken, 

but this time on foot, starting from the village of Anaktuvuk Pass. The 2016 and 2017 efforts 

resulted in a field data set with a much smaller spatial extent than the helicopter survey, but also 

with a more robust spatial resolution. Field derived perimeters of a modest set of perennial 

snowfields were obtained using an RTK-GPS with precise and accurate sub-meter spatial 

resolution. These perimeters are also correlated to snowfields detected in the 2016 and 2017 

remotely sensed data for evaluative purposes, with the respective manual field measurements from 

2016 and 2017 taken in the local scale study areas EIM16 and NIM17 (Figure 5.1).

5.4. Methods

5.4.1. Preprocessing and Analysis for S1 and S2

To evaluate the accuracy of the SAR-derived results, S1 SCA was compared to NDSI- 

derived SCA from S2 multi-spectral imagery. These remotely sensed products were then also 

compared to field observed perennial snowfield locations and SCA. All remotely sensed datasets, 

including ESA's S1 and S2 imagery, were accessed and analyzed using Google Earth Engine 

(GEE). GEE is a cloud-computing-based platform for planetary scale geospatial analysis (Gorelick 

et al., 2017). GEE integrates a cloud-based computing environment co-located with satellite and 

climate reanalysis data. This study used the online JavaScript code editor for access. The field 

obtained spatial datasets were uploaded and analyzed in GEE.

All the remotely sensed datasets used in this study were fully archived with pixel-scale co

registration of all scenes in GEE and TOA reflectance for S2 are pre-calculated and calibrated 

(Gorelick et al., 2017). Each S1 scene was pre-processed in GEE for thermal noise removal and 

radiometric calibration (developers.google.com/earth-engine/guides/ sentinel1). For S1 scenes in 

the Brooks Range study area, which is located above 60 degrees latitude, GEE also applied a terrain 

correction using the NASA Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) DEM. The final terrain-corrected values were converted to decibels via log scaling 

(10*log10(x)) by GEE. The ASTER DEM is only available at a coarse, 60 m pixel scale in the 
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study area, therefore, additional corrections were also manually applied using the better resolution, 

10 m NASA ABoVE Composite DEM v2.1 (Burns et al., 2018) (see Section 5.4.2).

For both the S1 and S2 image analyses, two important steps were taken mid-process, and 

are similarly needed for both deriving a SAR backscatter change detection algorithm (S1) and for 

application of NDSI (S2). The first of these is Simple Non-Iterative Clustering (SNIC), which is 

an image partitioning algorithm used to grow super pixels based on multiple bands. SNIC creates 

pixel clusters using imagery information such as texture, color, pixel values (digital numbers), 

shape, and size. This clustering process is a bottom-up, seed-based, segmentation approach that 

groups neighboring pixels together into clusters based on input data and parameters such as 

compactness, connectivity, and neighborhood size. The reason for applying SNIC to imagery 

before classifying land cover types (in this study, simply a binary classification of snow or no 

snow) is to create classified results with less of the “salt and pepper” effect of single outlier and/or 

misclassified pixels due to the complexity of an image. Turning an image into small clusters of 

connected pixels, called “super pixels” is a potent pre-processing tool that simplifies an image 

from potentially millions of pixels to about two orders of magnitude fewer clusters of similar pixels 

(Achanta and Susstrunk, 2017). The SNIC image partitioning technique is typically applied to 

multi-spectral images like those in S2, where the clusters use characteristics found from multiple 

spectral bands; however, in this study, the SNIC technique was also a critical component of the S1 

SAR change detection algorithm, where the clusters were based only on one band value, that of 

backscatter difference in dB.

The other important mid-process step for both the S1 and S2 image analyses was a masking 

procedure that removed areas of images unlikely to contain snow in the summer. Land cover types 

removed included areas of liquid water and areas with elevations and slope angles unlikely to 

retain snow during the summer, as was done by Tedesche et al. (2019). Liquid water was detected 

in the S2 imagery using the NDWI with a threshold value of 0.25, which is the ratio of the 

difference between the green spectral band and the near-infrared band over the sum of these bands. 

Since the S1 change detection algorithm results are not spectral, liquid water was masked in S1 

using the Global Surface Water Recurrence dataset (Pekel et al., 2016). Areas that do not retain 

snow in summer and therefore would not contain perennial snowfields also include low elevation 

valleys, as well as extremely steep terrain with slope angles over 55o. These areas were masked 

out using the NASA ABoVE DEM. Aufeis occurring on valley river bottoms has a similar spectral 

79



signature as perennial snowfields and was also removed from consideration when the low elevation 

valleys were masked out. Lastly, larger glaciers located in the Arctic National Wildlife Refuge 

(ANWR) in the Eastern Brooks Range that are not perennial snow, were noted using the Global 

Land Ice Measurements from Space (GLIMS) layer in GEE (Cogley et al., 2015; GLIMS and 

NSIDC, 2018). This last step was only necessary at the end, when S1 methods were compared to 

S2 NDSI across the entire Brooks Range.

NDSI is an effective method for mapping both seasonal (Salomonson, 2004; Macander et 

al., 2015) and perennial (Selkowitz and Forster, 2016a, b; Tedesche et al., 2019) snow and ice as 

a numerical indicator that highlights snow cover over land and uses the difference of the green and 

short-wave infrared spectral bands divided by the sum of the same band. Snow and clouds reflect 

most of the incident radiation in the visible band, but snow absorbs most incident short-wave 

radiation and clouds do not, distinguishing snow from clouds (Tedesche et al., 2019). To develop 

the S1 SAR backscatter change detection algorithm and perform the subsequent NDSI-derived 

comparisons, the individual methodologies used are described below.

5.4.2. S2 Multi-Spectral Analysis

The first step in this part of the study was to apply NDSI to the 10-m resolution S2 TOA 

imagery to quantify perennial snowfield SCA in the AKP mesoscale study area for 2016 and 2017. 

To perform the terrain corrections and masking functions for both S2 and S1, the 10 m NASA 

ABoVE Composite DEM v2.1 (Burns et al., 2018) tiles that were needed for full coverage of the 

Brooks Range study area were obtained from the ABoVE group, stitched together, and trimmed 

to the Brooks Range study area spatial extent with the Environmental Systems Research Institute 

(ESRI) ArcGIS version 10.7 GIS software. This DEM was then ingested into the GEE API.

Due to the limitations of multi-spectral satellite imagery pertaining to distinguishing clouds 

from snow, an S2 modular cloud masking algorithm for the TOA product was applied, using the 

6-week summer season (1 July to 15 August) images to create a single cloud-free mosaiced image 

for each year (2016 and 2017). Rather than simply mosaicking specific cloud-free pixels from the 

various summer scenes, the cloud masking process employed multiple code modules in GEE to 

create a thorough, stepwise process for removing clouds and creating an RGB/IR (red, green, blue, 

infrared) image that was representative of each summer season during the study period. The S2 

TOA cloud masking process implemented four modules, including (1) mitigation of shadows, (2) 
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mitigation of clouds, (3) a bidirectional reflection distribution function (BRDF), and (4) 

topographic correction, based on GEE code from Poortinga et al. (2019).

The first module, mitigation of shadows, uses a threshold score for cloud shadow masking 

that takes the sum of IR bands to include as shadows. It also calculates the radius of the number 

of pixels to contract (negative buffer) clouds and cloud shadows by, which is intended to eliminate 

smaller cloud patches that are likely errors. Next, the module calculates the radius of the number 

of pixels to dilate (buffer) clouds and cloud shadows by, which is intended to include edges of 

clouds and cloud shadows that are often missed. Finally, a function for finding dark outliers in a 

time series is applied (Housman et al., 2018).

The second module, mitigation of clouds, computes a cloud score per pixel, and adds a 

band that represents the cloud mask. This cloud-masking algorithm for S2 is similar to the Landsat 

cloud score algorithm employed by Irish et al. (2006) and Tedesche et al. (2019). The data were 

first cloud-masked using a simple and standardized approach to arrive at a cloud score per pixel 

(Irish et al., 2006). To verify that clouds were not snow, the cloud score also included an NDSI 

calculation and then a derived image of cloud scores corresponding to each pixel was created to 

screen out excessively cloudy pixels. Also, the quality band (QA60) for S2 was used to exclude 

pixels designated as “cirrus” or “cloud.”

The BRDF module accounts for the fact that the derived surface reflectance in S2 is 

generally directional, and as such, depends upon the incident solar and receiving detector angles. 

The BRDF module is used to compensate for the anisotropic reflectance of a material (such as 

clouds) and employs a nadir BRDF-adjusted reflectance (NBAR) and fixed spectral parameters 

(Roy et al., 2017). The fourth cloud masking module, topographic illumination correction, uses 

terrain layers from the DEM (slope and aspect) within a function to calculate the illumination 

condition using solar position. This illumination condition is then corrected to lessen effects on 

the image being cloud masked.

Finally, a composite was made using the median TOA reflectance value from all non-cloud 

covered pixels available per summer for each pixel. This technique also provides additional 

mitigation of the darkening effects of mountain shadows and cloud shadows. The composite 

images for 2016 and 2017 were then processed through the SNIC image partitioning and the 

masking processes. A percentile function was applied where the darkest 25% of each pixel in the 
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snowfield was removed from the bottom 75th percentile (darkest 75% of each pixel). The last step 

was to apply NDSI to each processed cloud-free mosaic to determine perennial snowfield SCA, 

using an NDSI value threshold range between 0.4 and 1.0.

5.4.3. S1 SAR Change Detection Algorithm

The second step in this study was to develop a SAR change detection algorithm derived 

from the backscatter in the S1 data to quantify perennial snowfield SCA across the same spatial 

(AKP mesoscale area) and temporal (2016 and 2017) domains as in step (1). The Brooks Range 

study area used in the development of the SAR change detection algorithm is much less affected 

by diurnally influenced temporal variations in radar backscatter. As this is a polar location, with 

extreme amounts of daylight and darkness near the summer and winter solstices, respectively, 

there is little change in daily temperature during the seasons from which the summer S1 and winter 

reference S1 scenes are taken. In the mid-winter, the Brooks Range receives almost no sunlight 

and temperatures stay below freezing all day, while in the mid-summer, this is reversed, with 

temperatures rarely below freezing.

Exceptions to this in summer may include a snowfield refreezing cycle in late August as 

darkness is returning, on north-facing aspects that hold perennial snowfields, especially if the 

terrain above has extreme slope angles that put the snowfields into shadow for part of each day. 

This is in fact, one of the formational causes and persistence mechanisms of perennial snowfields. 

For this study's location and period (2016 to 2019), the S1 satellites typically passed over for scene 

acquisition during either the 15:00 and 16:00 UTC hours (6am to 7am in Alaska), or during the 

02:00 to 03:00 UTC hours (5pm to 6pm in Alaska). Upon detailed manual inspection of summer 

S1 scenes input into the SAR change detection algorithm in this polar region, there was little to no 

evidence of variation in σ0 values in images taken at various times of day.

To develop the SAR change detection algorithm, the backscatter values in each pixel of a 

single S1 scene manually selected from the summer study period of 1 July through 15 August were 

differenced from those at the same location during the previous winter. This summer season is 

defined in this study as the time of snowfield minimum extent (late summer) when perennial layers 

are revealed beneath the seasonal snow cover. When possible, the single S1 summer image was 

chosen closest to the middle of the season, around 20 to 25 July. Due to the location and orientation 

of the S1 swaths, it was frequently necessary to choose two to four images around this time frame 
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and mosaic them to encompass the entire AKP study area (Figure 5.3). The previous winter 

reference image was derived using a composite of scenes from S1 during the month of January 

from the same year as the summer single scene. This composite was created by taking the focal 

median to remove or lessen the effect of speckling seen in the SAR imagery. Speckling is a 

granular interference that inherently exists in, and degrades the quality of, the SAR images, but it 

can be smoothed by compositing the images. Also, both ascending and descending orbit 

combinations in the SAR data were considered when images were chosen.

After the S1 SAR winter reference composite and single summer images were chosen, an 

angular-based radiometric slope correction was applied to the images in the GEE computing 

environment (Vollrath et al., 2020). This slope correction is employed to lessen the effects of 

surface scattering on the backscatter signal, which is a significant issue in mountainous and 

complex terrain, such as that of the Brooks Range. Radiometric distortions over rugged terrain 

within SAR backscatter products originate from the side-looking SAR imaging geometry and are 

strong enough to exceed weaker differences of the signal due to variation in land cover (Small, 

2011). The S1 SAR data used in this study are from the Ground Range Detected (GRD) collection 

in GEE, which are pre-processed by applying an orbit file, removing thermal noise, removing GRD 

border noise, applying a radiometric calibration to σ0, and applying a range-doppler terrain 

correction (Vollrath et al., 2020). GEE, however, does not apply a final radiometric slope 

correction, as DEM availability varies globally. The radiometric slope correction was calculated 

and applied by using the angular relationships between the SAR image and the terrain geometry 

(derived from the ABoVE 10 m DEM, Figure 5.3). This included simplified relationships between 

four angles, including radar nominal (incidence) angle, radar look direction, terrain slope 

steepness, and terrain slope aspect angle (Vollrath et al., 2020) (Figure 5.3). The radiometric slope 

correction also generates masks of invalid data in active layover and shadow affected areas.
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Figure 5.3. S1 SAR raw swaths and band values used to create images for each summer during the period 
of 2016 - 2019 in the AKP study area. Left column: Swath locations and location of the AKP study area 
(in blue). Summer backscatter ratios were calculated with winter composite image backscatter. Middle 
column: Frequency histograms of SAR backscatter incidence angles calculated for each 10 m x 10 m pixel 
in corresponding raw SAR swaths. Right column: Frequency histograms of backscatter values (dB) in each 
pixel in the corresponding raw SAR swaths, before and after angular-based radiometric slope correction.
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The local incidence angle was calculated in GEE using the trigonometric relationship 

between terrain slope, terrain angle, and incoming angle of the SAR radar signal (Figure 5.3). This 

backscatter change detection calculation, taken from Nagler et al. (2016), was modified slightly in 

this study. Employing a ratio technique with one polarization in the numerator and the other in the 

denominator (Nagler et al., 2016; Lievens et al., 2019) did not yield good results in the S1 SAR 

data in the AKP study area. Artifacts from the mountainous terrain created strong noise signals 

that made it impossible to discern backscatter changes among the perennial snowfields, even after 

the radiometric slope correction from Vollrath et al. (2020) was applied. Therefore, the 

polarization “ratio” calculated was the difference between subtracting the January composite 

VVref from the single image VVsummer and the VHref from the VHsummer.

While Nagler et al. (2016) advises against this approach, Lievens et al. (2021) used a 

similar differencing approach as the one employed in this study with success. Also, the VV 

backscatter ratio (difference) created a much stronger contrast in the SAR images than that of the
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After pre-processing the S1 SAR data, the change detection between January composite 

reference images and summer images was implemented using an algorithm that considers the VV- 

polarized channel, the VH-polarized channel, and a combined VV- and VH-based channel using a 

weighting function that accounts for effects of the local incidence angle (Nagler et al., 2016). This 

algorithm exploits the backscatter attenuation occurring in wet snow, such as found in perennial 

snowfields during the warm summer season, compared to the lack of attenuation in the signal seen 

during the winter when the snow is dry and underlying ice is frozen. In each S1 pixel, the 

backscatter ratio between summer and winter images was calculated separately for VV and VH, 

as RVV and RVH, respectively (Nagler et al., 2016). Considering angular behavior, the following 

relation was applied for merging RVV and RVH ratios to create a combined single channel, RC:

where the weight (W) varies depending on the local incidence angle (θ) of the terrain using the 

following rule:



VH, so the VV portion of the change algorithm was also given more weight and multiplied by a 

constant factor of 3. This factor was found after many iterations of trial and error to be the most 

effective weighting constant for discerning perennial snowfields from bare ground in the resultant 

images created using the SAR change detection algorithm. Finally, the resultant images of the 

combined VV and VH ratios were segmented using the SNIC process described earlier and then a 

binary Otsu thresholding approach (Lv et al., 2020) was applied to find a dynamic threshold value 

unique to each image that delineated the perennial snowfields from bare ground in the summer 

images.

5.4.4. S1 — S2 Multi-scale Evaluation

The third objective of this study involves an evaluation of the S1 change detection 

algorithm by comparing the S1 SAR-derived SCA with field collected data and with NDSI-derived 

SCA from S2. For 2016 and 2017, S1 and S2 results are compared to the field acquired helicopter 

point data from 2015 across the AKP study area, by inspecting convergence between the remotely 

sensed snowfields with the helicopter data. Two Cohen's Kappa coefficients (K), one for 2016 and 

one for 2017, were then calculated to find the relative agreement between the Sentinel and 

helicopter data sets (Vieira et al., 2010). Percent accuracies (% A) were also calculated for the four 

datasets: S1 2016, S1 2017, S2 2016, and S2 2017, as the number of times a snowfield was 

observed in the Sentinel data as co-located under a helicopter point (Sn), divided by the total 

number of helicopter points (Hn = 189). Cohen's Kappa coefficient is a statistic used to measure 

inter-rater reliability (and also intra-rater reliability) for qualitative (categorical; yes or no) items. 

It is generally thought to be a more robust measure than simple percent agreement calculation, as 

K takes into account the possibility of the agreement occurring by chance (McHugh, 2012). 

Cohen's Kappa, as it relates to this study, was calculated as:

S1
Yes No

S2
Yes a b
No c d

where S1 is the result of the Sentinel-1 SAR change detection algorithm, S2 is the result of the 

Sentinel-2 optical/multi-spectral NDSI analysis, Yes is when a snowfield is observed in the 
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Sentinel results under a helicopter point, and No is when a snowfield is not observed in the Sentinel 

results under a helicopter point. K is defined as:

This objective also includes the evaluation of the results of the S1 change detection 

algorithm by multi-resolution comparison of perennial snowfield SCA in S1 (10 m scale) and in 

S2 (10 m scale) with on-the-ground field collected SCA (sub-meter scale). This was done in two 

small, local scale study areas in 2016 and 2017: East Ingstad Mountain (EIM16) and North Ingstad 

Mountain (NIM17), respectively (Figure 5.1). Calculations of S1 and S2 perennial snowfield 

SCAs were made in EIM16 and NIM17, for 2016 and 2017, respectively. Calculations of the areas 

of convergence, i.e., where these data overlapped, were also made and compared with the total 

areas of the field collected SCA.

5.4.5. S1 — S2 Period of Record Evaluation

The fourth objective of the study is a perennial snowfield SCA comparison of results 

between the S1 change detection and S2 NDSI analysis, for the full period of record, within both 

the Nanushuk River example area and the AKP study area. This included calculations and 

comparisons of S1 SCA and S2 SCA for each summer season from 2016 to 2019, as well as 

evaluations of the areas of convergence between S1 and S2. The Nanushuk River example area 

was used for visual representation of the results, since it is difficult to see the 10 m resolution 

Sentinel results across the larger AKP study area.
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Results from the larger AKP study area for each year in each data set were then mapped. 

Because of the difficulty visualizing the 10-m resolution Sentinel results, a grid with 250 m x 250 

m cells was placed over the AKP area and the percent coverage of perennial snowfield SCA was 

calculated within each grid cell. These representative percentages were used to map the S1 and S2 

results for easier visualization. Some divergence between the total SCA calculations for S1 and S2 

in the same study areas and years will be the result of the cloud-masking mosaic process 

implemented in the S2 imagery. Therefore, void spaces or areas of no data in the S2 mosaics were 

found and overlain onto the S1 data from the same year in AKP. This was done to see where there 

may have been snowfields detected in the radar but not in the optical data, due to consistent cloud 

cover over certain pixels in all optical images during that year's summer season. Where this was 

the case, the S2 data were combined with the portion of the S1 data of the same year that fell within 

the cloud-masked void spaces from S2. Another SCA metric was then calculated, which involved 

adding the S2 SCA with the S1 SCA found within the no data areas of S2. Finally, areas of 

convergence between S1 and S2 plus S1 within S2 void spaces were calculated.

5.4.6. Four-Year Perennial Snowfields

Finally, the last objective is to map and quantify the four-year perennial snowfields 

persisting throughout the study period of 2016 to 2019 by combining the S2 and S1 results, for the 

AKP study area, and across a domain that includes the entire Brooks Range mountains. This was 

done by extending the NDSI multi-spectral technique for the S2 snowfield product and the S1 SAR 

change detection algorithm beyond the AKP study area across the Brooks Range. Results for this 

larger Brooks Range area consisted of eight images, four from S1 and four from S2, for the four- 

year period of record.

Two (an S1 only and an S2 only), four-year perennial snowfield maps were created by 

finding snow-covered pixels that persisted across all four years of the study period in each product. 

Then, these eight images were stacked in GEE and each pixel was evaluated for snow persistence 

over the four years in parallel. The S2 product was given preference, as it had better agreement 

with the helicopter point data in the AKP area, but S1 areas of snow coverage were considered in 

places without S2 snow coverage as a possible location of cloud cover in S2. A logical sequence 

was performed to determine if a pixel contained seasonal versus perennial snow. The sequence 

included the following evaluation to indicate perennial coverage: (1) if all four years of the S2 
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results contained snow, then the pixel was determined to be perennial; (2) if three years of S2 

contained snow and one year did not, but had snow coverage in that same missing year in the S1 

results, then that pixel was considered perennial; and (3) if two years of S2 contained snow and 

two years did not, but there was snow in those two same years of S1, then the pixel was considered 

perennial. All other combinations of S2 and S1 were not designated as perennial.

5.5. Results

To evaluate the accuracy of the S1 change detection algorithm, results of the S1 SAR- 

derived SCA were compared with field collected data, as well as with NDSI-derived SCA from 

S2. In 2016 and 2017, S1 and S2 results were compared to 2015 field acquired helicopter point 

data across the AKP study area. This comparison was done on a per-pixel basis for every pixel 

containing a helicopter point, by inspecting the convergence between remotely sensed snowfields 

derived from S1 and S2, with the helicopter data (Table 5.1). Results of this comparison were used 

to calculate percent accuracies of the SCA detection techniques and the Cohen's Kappa coefficient.

The results of the percent accuracy (% A) calculations for convergence of S1 and S2 SCA 

with helicopter fly-over and touch down points (Table 5.1), include four values. For 2016 and 

2017 in S1, percent accuracies are 44.4% and 36.0%, respectively, and in S2, they are 78.8% and 

82.5%, respectively. This indicates higher accuracy with the NDSI technique using optical S2 

imagery as compared to the SAR change detection technique using the S1 radar. Cohen's Kappa 

coefficient (K) analysis of convergence between S1, S2, and the helicopter point data, resulted in 

values of 0.35 for 2016 and 0.69 for 2017. Cohen suggested Kappa results be interpreted as: K ≤ 

0 means no agreement, K = 0.01 to 0.20 means slight agreement, 0.21 to 0.40 is fair, 0.41 to 0.60 

is moderate, 0.61 to 0.80 is substantial, and 0.81 to 1.00 means perfect agreement (McHugh, 2012). 

Therefore, the Kappa coefficients in 2016 and 2017 indicate fair and substantial agreements, 

respectively.
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Table 5.1. Convergence of perennial snowfields found from 2015 field collected helicopter fly-over and 
touch down points with snowfields found from the S1 SAR change detection algorithm and from the S2 
multi-spectral NDSI analysis in 2016 and 2017. Each dot indicates that there was convergence; meaning 
snow cover was present in the dataset in the same pixel as the helicopter point indicating snow cover.

2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017
Heli
Pts

1

S1 S2 S1 S2 Heli
Pts

49

S1 S2

•

S1 S2

•

Heli
Pts

97

S1

•

S2

•

Sl

•

S2

•

Heli
Pts

145

S1

•

S2

•

S1

•

S2

•
2 50 • • 98 • 146 • •
3 51 • 99 • • 147 • • • •
4 52 • • 100 • • • • 148 • •
5 53 • • 101 • • 149 •
6 • • • • 54 • • • • 102 • • • 150 • • • •
7 • • 55 • • • 103 • • • 151 •
8 • • • 56 • • • • 104 • • • • 152 • • • •
9 • • 57 • • • 105 • • 153 • • •
10 • • • 58 • • • 106 • • • 154 • •
11 59 • • • 107 • • • • 155 • • •
12 60 • • 108 • • 156 • •
13 61 • • 109 • • 157 • • •
14 62 • • 110 • • • 158 • • • •
15 63 • 111 • 159 • • •
16 • • 64 • • 112 • • 160 • • •
17 • 65 • • • 113 • • 161 • •
18 • 66 • • 114 • • • • 162 • •
19 • 67 • • 115 • • • • 163 • • • •
20 • • 68 • • 116 • • 164 • • •
21 • • 69 • • • 117 • • • 165 • • • •
22 70 118 • • • 166 • • • •
23 • • • 71 • • 119 • • 167 • •
24 • • • 72 • • 120 • 168 • • •
25 • • • • 73 121 • • 169 • • • •
26 • • • • 74 • • • • 122 • • • • 170 • •
27 • • • • 75 • • 123 • • 171 • • •
28 • • • • 76 • • • 124 • • • 172 • •
29 • • 77 • • • 125 • 173 • • •
30 • 78 • 126 • • 174 • • •
31 • • 79 • • • 127 • • • • 175 • • •
32 • • 80 • • • 128 • • • 176 • •
33 • • • 81 • • • 129 • • 177 • • • •
34 • • • 82 • • 130 • • 178 • •
35 • • 83 • • • • 131 • • • 179 • • •
36 • • 84 • • 132 • • 180 • • • •
37 • • 85 • • • • 133 • • 181 • •
38 • • 86 • • • 134 • • • • 182 • •
39 • 87 • • 135 • • 183 • •
40 • • 88 • • • • 136 • 184 • •
41 • 89 • • • • 137 • • • • 185 • •
42 • 90 • • 138 • • 186 •
43 • • 91 • • • • 139 • • • • 187 • •
44 • • • 92 • • 140 • • • 188 • •
45 • • 93 • • 141 • • • • 189 • • • •
46 • • • 94 • • 142 • • • •
47 • • 95 • • • • 143 • • •
48 • • 96 • • 144 • • • •
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Evaluation of results from the S1 change detection algorithm were also done using a multi

resolution comparison of snowfield SCA in S1 and S2 (10-m scale) with on-the-ground field 

collected SCA (sub-meter scale). This was done in the two focused local scale study areas within 

the AKP area; EIM16 in 2016 and NIM17 in 2017 (Figure 5.4). The overall areas of manually- 

collected perennial snowfield SCA in EIM16 and in NIM17 are 4,332 m2 and 1,517 m2, 

respectively (Figure 5.4). Calculations of the areas of convergence between remotely sensed SCA 

and field collected SCA in EIM16 are 1,260 m2 for S1 and 3,400 m2 for S2. For NIM17, the areas 

of convergence are 960 m2 for S1 and 900 m2 for S2 (Figure 5.4). In 2016, the S1 radar and S2 

optical datasets were able to detect about 30% and 80%, respectively, of the field-verified perennial 

snowfield SCA in the small example area of EIM16. In 2017, S1 performed better than it did in 

2016, while S2 performed worse, with detection rates of about 63% and 60% of the field collected 

SCA, respectively, in NIM17.

To create a robust evaluation of results from the S1 SAR change detection algorithm, a 

comparison between the S1 results with the S2 analysis was done for the full period of record 

(2016-2019) in the AKP study area (Figures 5.5 and 5.6). This is in addition to the field data 

comparisons in the local scale areas and with helicopter point data, which were done only for 2016 

and 2017. Comparisons between S1 and S2 results were performed in the Nanushuk River example 

area (Figure 5.5), for a more detailed representation than what can be seen visually in the larger 

AKP area.

Calculations of perennial snowfield SCA derived from S1 and from S2 in the Nanushuk 

area in 2016 were both equal to 28 km2, while their areas of convergence equaled 8.76 km2 (Figure 

5.5). S1 and S2 SCA in the Nanushuk area in 2017 were 14 km2 and 19 km2, respectively, with a 

convergent area of 2.87 km2. In 2018 and 2019, S1 and S2 SCA equaled 76 km2 and 63 km2, 

respectively (2018), and 34 km2 and 24 km2, respectively (2019), with convergent areas of 19.4 

km2 (2018) and 5.21 km2 (2019) (Figure 5.5). This means that for the Nanushuk River example 

area, the S1 SAR change detection algorithm was able to pinpoint about 30% of the SCA identified 

using S2 NDSI thresholding in 2016. In 2017, 2018, and 2019, the S1 algorithm detected about 

20%, 30%, and 22%, respectively, of the SCA found in the S2 results.
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Figure 5.4. Results of the multi-resolution comparison of SCA from S1 and S2 with field collected SCA 
in two focused study areas. North Ingstad Mountain (NIM17, left) and East Ingstad Mountain (EIM16, 
right) local scale areas. Topography for each area is shown on top. Focused sample areas show sub-meter 
resolution, on-the-ground field collected perennial snowfield SCA mapped in red, with 10 m x 10 m S1 
(blue) and S2 (cyan) SCA. Below the maps, total SCA calculations for the field data are shown with 
convergence areas for S1 and S2.
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Figure 5.5. Nanushuk River Example Area perennial snowfields delineated and mapped from 2016 to 2019. 
The S1 SAR change detection algorithm results are in blue and the S2 NDSI-derived results are in cyan. 
Also shown are SCA totals for S2 and S1 in the Nanushuk River Example area, along with areas of 
convergence (overlap) between the datasets.
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Figure 5.6. Perennial snowfield SCA results from the S1 change detection (first column) and the S2 NDSI 
analysis (second column) are shown for the full period of record from 2016-2019 in the AKP study area as 
percent coverages per 250 m x 250 m grid cell. In the third column, S2 results are combined with the 
portion of S1 results of the same year that fell within cloud masked void spaces in the S2 results.
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A third S2+S1 combination dataset for AKP is compared to the S1 only and S2 only results 

in Figure 5.6. While in Figures 5.4 and 5.5, the perennial snowfields seen directly represent SCA, 

in Figure 5.6, they are represented as a percentage of snow cover per 250 m x 250 m grid cell. 

This was done for better visualization of the perennial snowfields across the large AKP area. 

Calculations of SCA and convergences in the AKP area were still performed using the simple raw 

area, as was done in the local scale and Nanushuk River areas (Figure 5.7). Total SCA calculations 

in AKP for S1, S2, S2+1, and their convergences, are also seen in Table 5.2.

Table 5.2. SCA results in km2 the AKP study area from S1 SAR algorithm (S1), S2 NDSI analysis 
(S2), S2 with S1 to fill in the S2 cloud voids (S2+S1), and convergences between the data sets.

Summer
Season S1 S2 S2+S1 S1 & S2 

Convergence
S1 & S2+S1 
Convergence

2016 394 253 309 137 193
2017 176 406 455 63 112
2018 600 355 553 182 380
2019 423 132 146 96 110

The convergent areas in AKP indicate that the S1 SAR change detection algorithm was 

able to find 54% of the SCA identified in the S2 NDSI results in 2016 and 62% of the SCA in the 

S2+S1 combination dataset, also in 2016 (Figure 5.7, Table 5.2). In 2017, 2018, and 2019, the 

S1 algorithm detected 16%, 50%, and 73%, respectively, of the SCA found in S2 of the 

corresponding year, as well as 25%, 70%, and 75%, respectively, of S2+S1 SCA of the same year 

(Figure 5.7, Table 5.2).

The last step of this study involved generating maps of perennial snowfields that persisted 

in all four years of the study period within the AKP study area and across a large domain, which 

includes the entire Brooks Range. Three maps were created for the Brooks Range, with the AKP 

area highlighted, including an S1 SAR only map of four-year perennial areas, an S2 only map, and 

a map which combines S2 and S1, with S2 as the basis supplemented by S1 (Figure 5.8).
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Figure 5.7. Total SCA calculated from the S1 SAR change detection algorithm (S1), the S2 NDSI analysis 
(S2), and from S2 results combined with S1 results of the same year that fell within cloud masked voids in 
S2 (S2+S1). SCA totals were calculated within the AKP study area for each summer season during the 
study period of record (2016-2019). Also shown are areas of convergence (overlap) between S1 and S2, 
and between S1 and S2+S1.
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Figure 5.8. Four-year perennial snowfields persistent for 2016-19 period in AKP and Brooks Range areas, 
as percent coverages per 250 m x 250 m and 2 km x 2 km grid cell, respectively. S1 (top) and S2 (middle) 
snowfields were found from snow-covered pixels persistent in all years. S2+S1 (bottom) snowfields are a 
combination of S2 and S1, including: (1) persistence in all years of S2, (2) persistence in three years of S2 
and in S1 of missing S2 year, and (3) persistence in two years of S2 and in S1 of both missing S2 years.
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5.6. Discussion

The need for a cloud-cover independent approach to detecting and quantifying perennial 

snowfields with remotely sensed imagery is especially salient in the Brooks Range, as this area of 

the Alaskan Arctic is frequently covered with dense clouds. These clouds form at the interface 

between the Arctic Ocean and North Slope of Alaska (Zhang et al., 1996) and move unencumbered 

across the open flat tundra until they are stopped by the orographic barrier created by the Brooks 

Range (Mülmenstädt et al., 2012). Perennial snowfields are an important part of alpine and arctic 

ecosystems, as they provide habitat for many birds and mammals (Toupin et al., 1996; Anderson 

and Nilssen, 1998; Rosvold, 2016), influence soil and geology formation (Berrisford, 1991), 

contribute to the hydrologic cycle and provide moisture for vegetation (Lewkowicz and Young, 

1990), and influence permafrost distribution (Luetschg et al., 2004). These snowfields affect vital 

subsistence hunting practices for local people in remote Alaska, since they attract game animals 

such as caribou and influence overland travel by hunters (Rattenbury et al., 2009; Joly, 2011).

As such, there is a need to understand the behavior of perennial snowfields better. This 

study was conducted to develop a remote sensing technique to monitor this behavior. By adapting 

SAR backscatter change detection methods employed in previous studies for delineating melt areas 

within seasonal snow and on perennial ice, a SAR algorithm was created specifically for finding 

perennial snowfields in our study area (Matzler, 1987; Reber et al., 1987; Rott and Matzler, 1987; 

Shi and Dozier, 1995; Strozzi et al., 1997; Bernier et al., 1999; Chang et al., 2014; Nagler et al., 

2016; Lievens et al., 2019; Liang et al., 2021; Lievens et al., 2021). While the following discussion 

focuses specifically on methods and evaluations of the SAR algorithm, it is important to keep in 

mind that the purpose of this work is to inform local stakeholders and scientists who are interested 

in how changes in perennial snowfields in the Brooks Range may affect the ecosystems that they 

work and live in.

There are three levels of accuracy from which to evaluate the results of the S1 change 

detection algorithm analysis. These levels include the on-the-ground field collected SCA data from 

the RTK-GPS at the sub-meter resolution (Figure 5.4), the S2 NDSI -derived SCA data at a 10-m 

resolution, and the field collected helicopter point data (Figure 5.1), which are very accurate, but 

have a coarse scale. Although the on-the-ground field data sets are quite small when considering 

their spatial coverage, they contain a robust level of detail within their fine spatial scale. At this 
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level of accuracy, the S1 and S2 datasets have good agreement (convergence) with the field data 

in NIM17; however, in EIM16, only S2 has fairly good agreement with the field collected 

perennial snowfield SCAs (Figure 5.4). The areas of convergence between both Sentinel data sets 

generally show that either S2 underestimates SCA, or S1 overestimates. In both 2016 and 2017, 

the NDSI results from S2 appear to converge more frequently with the 2015 helicopter point data 

than those from the S1 change detection algorithm, although both S1 and S2 have fairly good 

overlap with the point data (Table 5.1).

Evaluation of the performance of both S1 SAR change detection and S2 NDSI 

thresholding, by comparison with field collected data, were only done for the 2016 and 2017 

remote sensing results (Table 5.1, Figure 5.4). This was because field collected helicopter point 

data and on-the-ground SCA data were acquired in 2015, 2016, and 2017. The aim of this study is 

to pinpoint the perennial areas of snowfields, which in theory, should be the same each summer 

season. In reality, much interannual and seasonal snow cover variability is seen in the AKP study 

area during the period of record (2016-2019), even during the summer when seasonal snow should 

not have much influence. Interannual variability has also been noted in other studies of perennial 

snow and ice; for example, in reconstructions and time series of mass balance calculations of 

glaciers (Gardelle et al., 2013; Brun et al., 2017). Also, there are inherent, or at least potential, 

divergences in SCA represented by the remotely sensed versus field collected data, due to 

differences in spatial scaling. Therefore, additional challenges due to different temporal scales, 

that have been seen in other studies (Granewald et al., 2010; Fassnacht et al., 2020) were 

eliminated by only comparing 2016 and 2017 datasets.

On-the-ground field collected SCA in the local scale study areas (Figure 5.4), is a small 

sample size of the perennial snowfields in the AKP area overall, as field work in remote locations 

of the Brooks Range is logistically challenging. Therefore, there may have been a number of other 

locations where the manually collected and remotely sensed SCA would have aligned either worse 

or better. This sample indicates that the remotely sensed SCA in both S1 and S2 are at least in the 

vicinity and/or adjacent to, the actual SCA found in the field (Figure 5.4). Some misalignments 

between the remote sensing results and the field collected data could be from errors in both the 

SAR change detection algorithm and NDSI thresholding techniques. These approaches may need 

further experimentation with additional years of Sentinel imagery; however, some disagreements 

between S1, S2, and the manually collected SCA may also be related to inherent differences in 
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snow measurement scaling, which previous studies have shown are not easily resolved (Fassnacht 

and Deems, 2005; Fassnacht et al., 2016; Tedesche et al., 2017). Specifically for this study, that 

may be the case when comparing 10-m resolution spatial data to sub-meter resolution data (Figure

5.4) .

A third remotely sensed data set, also representing perennial snowfield SCA in the AKP 

study area for the full period of record, was generated by finding no-data areas (void spaces) in S2 

that are artifacts of the cloud-masking optical mosaicking process (Figure 5.6). These void spaces 

were filled with S1 data of the same year and matching pixel, where S1 indicated that there was a 

snowfield present. The S2 results were chosen as the primary dataset for this combination, with 

S1 results as a supplement in the no-data areas, because the S2 results yielded higher percent 

accuracies during the evaluation with the helicopter point data. S2 also performed slightly better 

at the local scale evaluation, where areas of convergence with manually collected SCA were nearly 

equal between S1 and S2 in 2017, but higher in S2 than S1 in 2016, indicating more agreement 

between S2 and the field data (Figure 5.6).

The ability of the S1 SAR algorithm to detect perennial snowfields varied widely, although 

results tended to improve in later years. Detection rates by S1 as a percentage of field collected 

SCA in the two local scale study areas improved between 2016 and 2017, going from 30% to 63% 

of the field verified SCA (Figure 5.4); however, S1 perennial snowfield SCA detection rates as a 

percentage of the S2 NDSI analysis results in the Nanushuk River example area stayed relatively 

constant across the four-year study period of 2016 to 2019, ranging from 20% to 30% (Figure

5.5) . S1 detection rates as a percentage of S2 and of S2+S1 in the larger AKP study area also 

generally improved over the progression of the study period, except between 2016 and 2017. S1 

detection rates in AKP for S2 and S2+S1 in 2016 ranged from about 50% to 60%, while 2017 

through 2019, the rates ranged from about 20% to 75%, with an improvement in each subsequent 

year (Figures 5.6 and 5.7, Table 5.2). This may be related to the increase in availability of SAR 

images to choose from for analysis over the Brooks Range in each subsequent year of the study 

period. In 2015 and 2016, S1 coverage over Alaska was temporally limited (Potin et al., 2016), as 

compared to 2018 and 2019, with the launch of the second Sentinel-1 satellite (1B). Sentinel 1B 

alternates return times with the original Sentinel-1A, generating more SAR images over the same 

time period (Schwerdt et al., 2017).
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The S1-derived four-year perennial snowfields presented in Figure 5.8 might be an 

overestimate of overall SCA across the Brooks Range, while S1 only four-year perennials in AKP 

align much more closely with S2 only and S2 - S1 combined in the AKP area (Figure 5.8). As to 

be expected, the S2 only and S2 - S1 combined four-year perennial snowfield maps are quite 

similar in both the Brooks Range and AKP study areas, although there is noticeably more SCA in 

AKP for S2 - S1 than for S2 alone in AKP (Figure 5.8). All three maps of the Brooks Range, 

including the more divergent S1 only map, detect the highest concentrations or clusters of 

perennial snowfields in the same general regions across this mountain range, although percent 

coverage values within those regions vary.

One consistent observation, seen in almost every component of the evaluation of the S1 

SAR algorithm for detecting perennial snowfields, is that S1 results indicate more snowfields are 

present and therefore, a larger value of the calculated SCA. Only in 2017 did S2 estimate more 

snow coverage than S1 (Figures 5.5 and 5.6). One explanation for the larger estimates in S1 is that 

these are more accurate, while S2 is underestimating SCA because of missing data or voids in the 

mosaic of multi-spectral imagery in S2. These voids are the result of the cloud masking process, 

which cannot find a value for individual pixels if every image during the summer has a cloud 

present in that pixel (Poortinga et al., 2019; Stillinger et al., 2019). This is only a partial explanation 

for the divergence between the S1 and S2 results, however. The S2+S1 combined datasets for each 

year typically increased S2 SCA totals and brought them closer to S1 SCA totals (Figure 5.7, 

Table 5.2), but S1 still indicates more SCA than S2+S1. In 2016 and 2018, S2+S1 SCAs were 

notably larger than S2 alone and closely aligned with SCA calculations in S1, with additional SCA 

values in the S2 voids equaling 56 km2 and 198 km2, respectively (Figure 5.7, Table 5.2). In 2017, 

S2 was larger than S1 and in 2019, there were almost no S2 voids in the mosaic. Therefore, S2 and 

S2+S1 were nearly the same in 2019, with only a 14 km2 increase from S2 to S2+S1 (Figure 5.7 

Table 5.2).

Paul et al. (2016) found snow cover extents derived from Landsat 30-m bands to be 4%- 

5% larger than S2, indicating a more generous interpretation of mixed pixels. They found that 

mapping of snow cover with S2 provided accurate results but believe that the required topographic 

correction would benefit from a better orthorectification with a more precise DEM than what they 

used. Paul et al. (2016) used the 30-m ASTER GDEM Version 2. In our study, it was also found 

that some individual snowfields detected in S2 were larger than those from the same year in S1; 
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however, overall S1 appears to overestimate SCA in comparison to S2. The DEM used for 

orthorectification in our study, the 10-m ABoVE DEM, has a finer spatial scale than ASTER V2, 

and was also created more recently. Therefore, our DEM may be more accurate than that used by 

Paul et al. (2016) and likely yielded more accurate results from the angular-based radiometric slope 

correction used in this study (Vollrath et al., 2020).

After close inspection of the raw radar backscatter change results, it was also observed in 

S1 that results of the SAR algorithm sometimes detects only a portion of a perennial snowfield. 

This portion is typically the outer perimeter. This is possibly because the outer edges of perennial 

snow and ice might be the warmest and wettest parts of the frozen mass during the summer, due 

to more solar radiation exposure. It was expected that the S1 radar signal would be attenuated 

across the entire surface of each snowfield in the summer, as the surface would be isothermal, 

while the inside may still be fully frozen. The dielectric properties of liquid water change the 

strength and angle of radar backscatter signals (Barker and Watts, 1973), and therefore, reduces 

the backscatter coefficient (σ0) of wet snow (Evans, 1965; Tiuri et al., 1984). In other words, the 

σ0 coefficient of snow decreases with increasing liquid water content (Shi and Dozier, 1995; Ulaby 

and Long, 2014); however, it appears that sometimes the attenuation (or dielectric loss) is so small 

that the change in radar backscatter values is outside of the threshold and not detected as snow 

cover by the S1 SAR algorithm developed in this study. These areas of the snowfields might be 

more frozen than expected in mid-summer, containing only a small amount of liquid water.

In this sense, both S1 and S2 contain no-data or void spaces, although for different reasons. 

Voids in the S1 results do not explain how S1 can still indicate more SCA than S2, even after S2 

is supplemented with S1 in the cloud voids, since frozen areas of the S1 data would only further 

detract from total SCA (Evans, 1965). Notably, it was observed in some areas that the magnitude 

of difference in backscatter, measured in dB, between the summer images and the winter reference 

image, were greatest around the edges or perimeter of certain perennial snowfields and then the 

magnitude of backscatter differences gradually decreased towards the center of the snowfield.

Methods explored in this study, but ultimately not implemented, included the removal of 

early morning S1 images before deriving changes in the backscatter values between the winter 

reference image and the summer images. In the end, this approach did not seem to add accuracy 

to the S1 snowfield SCA estimates. Times of day when perennial snowfields might be colder and 
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possibly frozen during summer seasons would be close to the middle of the night or in the early 

morning. The angle of diurnal solar radiation in the study area does not change substantially during 

the summer, as the Brooks Range is located above the Arctic Circle; however, there are slight 

changes to the angle of the sun in early and late summer, and when combined with steep 

mountainous terrain, some shadowing does still occur in this season. We considered that this 

shadowing may allow for some freeze-melt cycling of the snowfields' outer layers and ice does 

not attenuate SAR backscatter in the same way as wet layers of perennial snowfields (Rott and 

Matzler, 1987; Floricioiu and Rott, 2001). In the AKP study area, all S1 images appear to be taken 

at 6am to 7am AKST (15:00 to 16:00 UTC) or 5pm to 6pm AKST the day before, if the image 

indicates 02:00 to 03:00 UTC. Ultimately, removing the 16:00 UTC images on the assumption that 

snowfields could be frozen at 7am did not produce a detectable improvement in the results of the

S1 algorithm.

The calculations of areas of convergence between S1 and S2 in this study were performed 

by simply overlapping each corresponding pixel in the two datasets for each of the same years 

(Figures 5.5 and 5.7, Table 5.2). With keen manual inspection, it appears that sometimes S1 and

S2 are each detecting the same perennial snowfield, but for different areas. This may be because

S1 SAR change detection is sensitive to liquid content of the snowfields (Tiuri et al., 1984), while

S2 NDSI is sensitive to the optical properties of the snowfields, such as reflectance or albedo 

(Naegeli et al., 2017). Therefore, it may be a more effective approach to not only count areas of 

convergence where S1 and S2 snow covered pixels directly overlap, but also within a defined 

spatial proximity of each other via a statistical filter or spatially weighted boundary area as was 

done in Li et al. (2013).

Another explanation for the divergence in spatial coverage of perennial snowfields 

indicated by the S1 SAR change detection algorithm versus the S2 NDSI multi-spectral method, 

may be related to the thresholding technique employed in the SAR algorithm. This technique 

involves a binary Otsu thresholding approach (Lv et al., 2020), which is dynamic and dependent 

on the size of the area being considered. Also, both S1 and S2 imagery were processed using a 

scale dependent SNIC segmentation process.

In the S1 change detection procedure, resultant images of the combined VV and VH ratios, 

segmented using SNIC, and thresholded with the Otsu technique, were used to find values unique 
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to each S1 image. Previous SAR change detection algorithm studies, including Nagler et al. (2016) 

and others, simply and effectively used a -2 dB threshold standard for finding wet snow in the 

backscatter ratio images. This approach did not work well in our study, potentially because VVref 

and VHref were subtracted from VVsummer and VHsummer, respectively, rather than put into a ratio 

of one over the other. As discussed in the methods, we did not get good results when SAR reference 

images were put into a ratio with the image of interest, as was done by Nagler et al. (2016). Rather, 

subtracting the two backscatter values, as was done by Lievens et al. (2021), resulted in backscatter 

values that were easier to interpret and threshold.

The SNIC technique was implemented in both remotely sensed data sets in order to 

eliminate the residual “salt and pepper” effects often seen in results of various supervised 

(Hirayama et al., 2019) and un-supervised land classifications in remote sensing. In this study, 

SNIC noticeably improved the results in both S2 and S1 by eliminating these erroneous areas from 

the snowfield areas; however, SNIC combined with a dynamic thresholding technique such as 

Otsu, may have caused some errors in the thresholding of the SAR backscatter change values. 

Many experimental runs of both the S1 SAR algorithm and S2 NDSI technique were performed 

with various values for the SNIC input parameters, such as compactness, etc., and the final input 

values were chosen based on manual inspection. Overall, S1 still identifies major clusters of 

snowfields in the same locations as S2, but individual SCA values differ when comparing S1 to 

S2 in the same year of the study period.

Finally, divergences between S1 and S2 could also be an artifact of the angular-based 

radiometric slope correction applied to the S1 imagery (Vollrath et al., 2020). This terrain 

correction algorithm greatly improved the results of the S1 change detection, and without it, 

finding perennial snowfields across terrain as mountainous as the Brooks Range would have been 

nearly impossible (Floricioiu and Rott, 2001). Dramatic changes in slope angle have a significant 

impact on the return angle or local incidence angle of the radar backscatter (Figure 5.3); however, 

it may be the case that this slope correction, while accounting for the majority of terrain effects, is 

still not enough of a correction to eliminate all effects of very steep mountains completely (Small, 

2011), such as those found in this study area.

The SCA in the AKP study area detected by the S1 SAR change detection algorithm 

decreased from 2016 to 2017 (Figures 5.5 - 5.7), which is generally to be expected, as previous 

104



studies have found an overall decreasing trend in perennial snowfield coverage in the Brooks 

Range over the last several decades (Tedesche et al., 2019); however, the S1 decrease from 2016 

to 2017 was by over half, which is substantial and indicates that some of the snow classified in 

2016 as perennial may have been long-term seasonal coverage from interannual variability after a 

high snowfall winter (Gardelle et al., 2013; Brun et al., 2017). In contrast, the SCA in AKP found 

by the S2 NDSI results increased from 2016 to 2017. This contradicts what is seen in the S1 data 

for these years. This discrepancy could be due, as discussed above, to several factors, including 

data voids in S2 resultant of artifacts from the cloud masking algorithms that are necessary to 

evaluate perennial snowfield coverage in optical imagery. During the creation of the S2+S1 dataset 

for Figures 5.6 and 5.7, areas of cloud voids in the S2 mosaics were quantified. In 2016 and 2017, 

these voids were 2,470 km2 and 1,582 km2, respectively, in the AKP area. Therefore, this is likely 

the reason why S2 SCA was lower in 2016 than in 2017, while it was the opposite for S1 in AKP.

5.7. Conclusion

Perennial snowfields, such as those found in the Brooks Range, are a critical hydrological 

component of alpine and arctic ecosystems. They serve as habitat for many species, affect 

subsistence hunting and overland travel for rural people living in the Arctic, and influence soil, 

geology, hydrology, vegetation, and permafrost. As such, there is a need to understand the behavior 

of perennial snowfields better by monitoring and quantifying changes over time.

Therefore, the purpose of this research was to create a Sentinel-1 (S1) synthetic aperture 

radar (SAR) backscatter change detection algorithm for mapping and quantifying snow cover area 

(SCA) of perennial snowfields in the Brooks Range, Alaska. The study also evaluated the accuracy 

of the SAR-derived SCA results by comparing with SCA derived from Sentinel-2 (S2) optical 

imagery that was analyzed using the multi-spectral Normalized Difference Snow Index (NDSI) 

approach. S1 and S2 SCA results were also evaluated by comparison with field collected SCA and 

with location data acquired via aircraft.

Generally, both S1 and S2 effectively detect perennial snowfield locations, but also capture 

some interannual variability in seasonal snow cover persisting for a single summer season. When 

multiple years of S1 and/or S2 results of our analyses are combined and only pixels with snow 

cover persisting across all years are mapped, much of the seasonal variability is eliminated. There 
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are also differences between the results from the S1 SAR change detection algorithm and the S2 

NDSI multi-spectral analysis. Consistently, S1 estimates more SCA than S2 in a given year, which 

may be due to areas of missing data (voids) in S2 from the cloud masking and mosaicking process 

required to implement NDSI effectively. When these voids in the S2 results were identified and 

filled with the spatially and temporally matched S1 SAR results, SCA calculations of this S2+S1 

data set more closely aligned with SCA of S1.

It was also observed that S1 and S2 may be detecting different portions of the same 

perennial snowfields in some instances. Magnitudes of differences in radar backscatter values 

sometimes varied over the same snowfield in the S1 data, ostensibly due to variations in liquid 

water content and dielectric losses in the SAR imagery. Radiometric terrain correction was critical 

in this mountainous study area, however, there may still be some errors in the SAR results due to 

steep terrain. Overall, both S1 and S2 identified the same clusters of snowfields, but SCA estimates 

within the clusters were typically larger in S1. This study focuses specifically on the development 

and evaluation of a Sentinel-1 SAR backscatter change detection algorithm for perennial 

snowfields in the Brooks Range of Alaska; however, it's important to keep in mind the aim of this 

work; to inform subsistence hunters in the Arctic, and other stakeholders interested in how the 

ecosystems that they work and live in are affected by changes in perennial snowfields.
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Chapter 6. A Logistic Temperature Melt Model for
Perennial Snowfields in the Brooks Range, Alaska

Abstract
Perennial snowfields in alpine and arctic environments, such as those found in the Brooks Range 

in Alaska, provide crucial hydrological inputs to the ecosystem, and provide habitat for multiple 

wildlife species. To understand extent changes and persistence of these snowfields, this study 

developed a spatially distributed perennial snowfield melt model using the simple, but effective 

temperature melt index method, paired with a multivariate binary logistic regression approach. 

Probabilities of melt at several thresholds were modeled using terrain-adjusted gridded 

temperature and net solar radiation reanalysis data with a DEM. Conditions of snowfield 

disappearance (melt) or persistence (no melt), from one melt season to the next, were derived from 

NDSI analysis of Sentinel-2 multi-spectral imagery. Season-specific melt onset and freeze-up 

dates were found for each melt season in the study period from 2016 to 2019 by using a Sentinel- 

1 SAR backscatter change detection approach. The model was calibrated for a focused study 

domain in the Brooks Range and then evaluated in a larger study domain around the Alaska Native 

village of Anaktuvuk Pass (AKP), for two melt transition periods from 2017-18 and 2018-19. 

Results indicate that the model works well at probability thresholds over 50% to 70%, with the 

2017-18 model slightly over-estimating melt and 2018-19 slightly under-estimating melt.

6.1. Introduction

Perennial snowfields, such as those that pepper the landscape of the Brooks Range 

mountains in Alaska, are crucial to local alpine and arctic hydrology and ecology. These 

snowfields are habitat for an array of bird and mammal species (Toupin et al., 1996; Anderson and 

Nilssen, 1998; Rosvold, 2016) and influence downslope and downstream hydrology, vegetation 

(Lewkowicz and Young, 1990), and permafrost (Luetschg et al., 2004). Snow and ice that persists 

throughout the summer season within topography like the Brooks Range, including snowfields and

In preparation for publication: Tedesche, M. E., Fassnacht, S. R., Trochim, E. D., & Wolken, 
G.J. (TBD). A Logistic Temperature Melt Model for Perennial Snowfields in the Brooks Range, 
Alaska. Journal TBD.
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glaciers, are typically the result of co-location with terrain that limits exposure to solar radiation 

and favors preferential snow deposition like wind-loading and avalanches (Lehning et al., 2008; 

Dadic et al., 2010). Perennial snowfields in Alaska persist because of high latitude, high elevation, 

and complex mountainous terrain. The climate in the Brooks Range has historically consisted of 

long cold winters and short summers, which favor the formation and persistence of perennial 

snowfields. Both snowfields and glaciers, while persisting perennially, are subject to interannual 

changes in composition from snow accumulation and summer ablation (melt). Since perennial 

snowfields are smaller by orders of magnitude as compared to glaciers, they do not flow under the 

influence of gravity and are also subject to more dramatic and ephemeral interannual changes from 

snow accumulation and ablation.

Snow and ice cover have been mapped and monitored using many approaches, including 

remote sensing via satellite imagery. Some of the most widely utilized satellite imagery for 

tracking change in the cryosphere include Land Remote-Sensing Satellite System (Landsat) 

(Macander et al., 2015; Li and Roy, 2017; Tedesche et al., 2019), Moderate Resolution Imaging 

Spectroradiometer (MODIS) (Hall et al., 2002; Salomonson and Appel, 2004; Margulis et al., 

2016), and Sentinel-1 and 2 (Paul et al., 2016; Naegeli et al., 2017; Gascoin et al., 2019). Often, 

cryospheric remote sensing involves automated mapping of satellite imagery (Keller, 1992; 

Rosenthal and Dozier, 1996; Trochim et al., 2016a, b; Selkowitz and Forster, 2016a, b), with those 

focused on snow and ice employing the Normalized Difference Snow Index (NDSI). NDSI is an 

effective method for mapping both seasonal (Salomonson, 2004; Macander et al., 2015) and 

perennial (Selkowitz and Forster, 2016a, b; Tedesche et al., 2019) snow and ice as a numerical 

indicator that highlights snow cover over land by using the difference of the green and short-wave 

infrared spectral bands divided by the sum of these bands. Snow and clouds reflect most of the 

incident radiation in the visible band, but snow absorbs incident short-wave radiation and clouds 

do not, distinguishing snow from clouds. NDSI is not fool proof, however, and substantial cloud 

cover can still be a hindrance in extracting snow from multi-spectral imagery. Therefore, cloud 

masking is typically needed when analyzing optical imagery to find snow and ice cover (Zhu and 

Woodcock, 2012; Zhu et al., 2015; Stillinger et al., 2019).

Monitoring and modeling change in year-round snow and ice cover has also been achieved 

by empirical characterization of melt (Wheler et al., 2014) and by using physical melt models 

(Hock, 2005). A relatively simple, yet effective and elegant method for modeling such changes
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includes the temperature melt index method (Hock, 1999; 2003), which is frequently used to 

estimate glacier melt (Pellicciotti et al., 2005; Litt et al., 2019). The temperature melt index 

method, which involves development of a melt factor, does not rely on winter precipitation and 

resultant snow accumulation, though studies frequently include them for the mass balance 

approach. The temperature melt index approach also does not consider every factor that would be 

used in an energy balance model (Braithwaite and Olesen, 1990; Sicart et al., 2008; Fujita et al., 

2021), or mass balance equation (Rye et al., 2010; Kumar et al., 2021), such as latent and sensible 

heat exchanges, for example.

A popular modification to the temperature melt index method includes net shortwave and 

net longwave solar radiation, but both versions of this melt model are relatively simple compared 

to others. Despite its simplicity, this modeling technique has proven to be exceptionally accurate 

in an array of studies (Braithwaite and Olesen, 1989; Ohmura, 2000; Pellicciotti et al., 2005). Other 

snow melt and run-off approaches have been developed and implemented for estimating snow 

water equivalent (SWE) within a seasonal snowpack (Hock et al., 2005; Kampf and Richer, 2014; 

Fassnacht et al., 2016, 2017), with some using a spatially distributed approach (Metcalfe and 

Buttle, 1998; Marks et al., 1999; Zappa et al., 2003; Liston and Elder, 2006; Molotch and Margulis, 

2008; Molotch, 2009). While melt models, spatially distributed and otherwise, have been used to 

model seasonal snow and glacier ablation, they have not yet been applied to model melt associated 

with perennial snowfield coverage. Therefore, this study proposes a spatially distributed approach 

to model season-to-season melt of perennial snowfield extents using remotely sensed snow cover 

data and gridded reanalysis data over a study domain in the Brooks Range of Alaska.

Temperature and radiation melt factors, mf and rf, have been derived through a 

combination of direct measurements of changes in snow and ice, along with weather station data 

or climate model data (Hock, 1999). Some studies have used a combination of weather station data 

with snow and ice cover extent from remote sensing products. Molotch and Margulis (2008) 

reconstructed a spatial SWE time series from snowmelt modeling over each pixel integrated with 

snow cover area (SCA) from Landsat, MODIS, and Advanced Very High-Resolution Radiometer 

(AVHRR) data. The spatial distribution of montane SWE has been estimated using binary 

regression tree models with independent variable selection and a digital elevation model (DEM) 

as an input (Molotch et al., 2005). One conceptual snowmelt runoff model used DEM data as 

critical input to estimate contributions of different elevation zones to basin-scale discharge in a 

117



snowmelt-dominated Rocky Mountain River (Kampf and Richer, 2014). The runoff model 

evaluated scenarios with various model configurations, input variables, and parameter values, 

simulating basin discharge well (NSCE and R >0.90) when input temperature was distributed with 

different elevation lapse rates and a snowmelt temperature threshold parameter was between 0 and 

3.3 oC. Ma et al. (2019) used observations from 68 Snow Telemetry (SNOTEL) weather stations 

to show that temperature adjustments create more reliable records for use in hydroclimatic 

modeling.

In our study, the change in annual summer seasonal minimum extent of perennial 

snowfields is estimated as melt using binary logistic regression. The melt model considers a binary 

condition of melt (disappearance) or no melt (persistence) from season to season, that is calibrated 

from multi-spectral Sentinel-2 derived SCA. Since the dependent binary variable (melt or no melt) 

in each pixel occurs at the annual time scale, neither melt factors (mf) or radiation factors (rf) can 

be uniquely defined for our model structure. Therefore, a probability of melt versus persistence in 

each pixel is the outcome of the melt model developed in this study. Temperature and radiation 

data, from gridded climate reanalysis, were terrain-adjusted using an elevation-dependent 

temperature lapse rate, an incidence angle adjustment to net solar radiation, and a snowmelt 

temperature threshold of 0 oC, similar to Kampf and Richer (2014).

Binary logistic regression is a classification algorithm that is used to predict a dichotomous 

categorical variable (Yes/No, Pass/Fail) based on a set of independent variables (Cohen et al., 

2013). In the Logistic (logit) Regression model, the log of odds of the dependent variable is 

modeled as a linear combination of the independent variables (Tabachnick et al., 2007). Other 

approaches for probabilistic modeling of variable relationships include techniques such as ordinary 

least squares (OLS) and two-group discriminant function analysis. The two-group discriminant is 

a multivariate method for dichotomous outcome variables. The OLS regression, when used with a 

binary response variable, is known as a linear probability model and can be used to describe 

conditional probabilities (Long, 2008); however, the errors (i.e., residuals) from the linear 

probability model violate the homoscedasticity and normality of errors assumptions of OLS 

regression, resulting in invalid standard errors and hypothesis tests (Long, 1997). In this study, the 

logit model is implemented to determine perennial snowfield melt probability by a logistic 

regression model using the generalized linear model (GLM) function.
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The temporal range of the gridded reanalysis climate data used in our study is based on a 

unique summer melt duration for each year of analysis. Melt onset and freeze-up dates for each 

year were derived from observed changes in Sentinel-1 C-band Synthetic Aperture Radar (SAR) 

backscatter (σ0), as was done previously with various SAR datasets for snow and ice melt onset 

detection (Sharp and Wang, 2009; Wolken et al., 2009; Sharp et al., 2011; Wang et al., 2011; Marin 

et al., 2020). The dielectric properties of water are such that the liquid phase attenuates radar 

backscatter dramatically, while in its frozen state, radar backscatter magnitude, measured in 

decibels (dB), stays relatively constant over snow and ice (Evans, 1965; Tiuri et al., 1984; Shi and 

Dozier, 1995). A winter reference SAR image was used as comparison to spring, summer, and fall 

SAR images to detect change in σ0 as an indication of the presence of liquid water within the 

perennial snowfields (Nagler et al., 2016). Since σ0 is also highly influenced by variations in terrain 

angle, such as those found in mountainous regions like the Brooks Range, an angular-based 

radiometric slope correction was applied to the SAR data (Vollrath et al., 2020) during the melt 

season determinations. In our study, dates of SAR images where changes in liquid water content 

were indicated by changes in radar backscatter behavior were used as the melt onset and freeze- 

up dates for each melt season in the binary logistic temperature melt model.

To meet the purpose of this study, four objectives were addressed: (1) estimate perennial 

snowfield SCA with NDSI using Sentinel-2 (S2) multi-spectral imagery across the Brooks Range 

in Alaska; (2) find melt onset and freeze-up dates for each year of the S2-derived snowfield SCA 

from Sentinel-1 (S1) SAR backscatter change detection methods; (3) model the probability of melt 

out one summer season to the next using a binary logistic regression with the temperature melt 

index approach for each S2 SCA pixel. The model was calibrated for a focused study domain in 

the Brooks Range and evaluated in a larger domain around the Alaska Native village of Anaktuvuk 

Pass (AKP). Finally, objective (4) was to make comparisons of the S2 NDSI-derived snowfield 

SCA with local snow cover information during the study period.

6.2. Study Domain

The Brooks Range mountains in Alaska stretch from the Chukchi Sea in the west across 

Northern Alaska to Canada's Yukon Territory in the east (Figure 6.1). The full Brooks Range 

study domain covers 167,387 km2, with elevations ranging from sea level to about 2,730 m asl at 
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the highest peak, Mount Isto, located in the east within the Arctic National Wildlife Refuge 

(Figure 6.1). In the first objective of this study, Sentinel-2 (S2) derived perennial snowfield SCA 

is delineated across this large domain. The Alaskan Brooks Range domain contains all alpine and 

foothill regions of the range and encompasses multiple US federally managed land units (Figure 

6.1). These mountains lie north of the Arctic Circle and cover an immense expanse where climate 

varies locally from region to region (Davey et al., 2007, Winfree et al., 2014), affecting the 

formation and persistence of perennial snowfields.

Figure 6.1. Study map of the Brooks Range in Alaska, USA, with the focused Anaktuvuk Pass (AKP) study 
domain delineated in red. Top right shows location of the Brooks Range relative to state of Alaska, as well 
as the locations of US federally managed land units within the Brooks Range, including: Cape Krusenstern 
National Monument (CAKR), Noatak National Preserve (NOAT), Kobuk Valley National Park (KOVA), 
Gates of the Arctic National Park and Preserve (GAAR), and Arctic National Wildlife Refuge (ANWR).
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The Alaska Native village of Anaktuvuk Pass (AKP) is in the central portion of the Brooks 

Range on a Native land withholding inside of GAAR (Elevation: 683 m; Coordinates: 68.1433°N, 

151.7358°W). For the second and third objectives of this study, melt onset and freeze-up date 

derivation and calibration of the logistic temperature melt model for perennial snowfields, smaller 

focused study domains were delineated within the boundaries of the AKP domain shown in red in 

Figure 6.1. The AKP study domain covers 5,650 km2 with a mean elevation of 1,225 m.

Other small remote communities in the Brooks Range include Bettles (Elevation: 191 m; 

Coordinates: 66.9189°N, 151.5161°W), Chandalar (Elevation: 571 m; Coordinates: 67.5053°N, 

148.4936°W), and the Alaska Native village of Arctic Village, located in the Eastern Brooks Range 

within ANWR (Elevation: 629 m; Coordinates: 68.1269°N, 145.5378°W). The Dalton Highway 

(Alaska State Highway 11) and the Trans Alaska Pipeline System run parallel to each other and 

are located between GAAR and ANWR in the eastern third of the Brooks Range. The Dalton 

Highway crosses Atigun Pass (Elevation: 1,444 m; Coordinates: 68.1294°N, 149.4758°W), and 

lies adjacent to the small communities of Coldfoot (Elevation: 309 m; Coordinates: 67.2524°N, 

150.1772°W) and Wiseman (Elevation: 360 m; Coordinates: 67.4100°N, 150.1075°W). Major 

river systems that flow through the Brooks Range include the Noatak, Kobuk, Koyukuk, Colville, 

Bettles, John, Canning, Chandalar, and Sagavanirktok Rivers, among others.

Extreme seasonal temperatures and low precipitation characterize the climate of the Brooks 

Range (Davey et al., 2007, Winfree et al., 2014). These extreme temperatures result from low 

humidity, nearly continuous daylight at summer solstice, and little sunlight at winter solstice. Four 

Brooks Range weather stations, located at various elevations, were chosen as a representation of 

the range of observed air temperatures (ncdc.noaa.gov). Average temperatures at each station were 

calculated using data from the beginning of their respective period of record through the end of 

2020 (Table 6.1). The Helmut Mountain weather station is located furthest east in ANWR, the 

Wiseman station is located between ANWR and GAAR along the Dalton Highway, the Imelyak 

station is located between GAAR and NOAT, and Kelly Station is located furthest west in NOAT 

(Table 6.1). Of these four stations, only Wiseman records precipitation. The lowest average 

monthly cumulative precipitation at the Wiseman station occurs in March at 32 mm, with the 

highest in July at 128 mm. The average annual monthly cumulative precipitation in Wiseman is 

73 mm (ncdc.noaa.gov).
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The Brooks Range has few large glaciers remaining (Evison et al., 1996), especially in 

comparison to other regions of Alaska, and as compared to other alpine regions of the world 

(Cogley et al., 2015); however, there is a significant collection of moderately sized glaciers in the 

far eastern portion of the study domain, within ANWR. According to the Global Land Ice 

Measurements from Space (GLIMS) initiative, in 2017 there was approximately 350 km2 of glacier 

coverage in the Brooks Range study domain, with over 80% located in ANWR, including the 

iconic McCall and Peters Glaciers. The other 20% consisted of small glaciers peppered primarily 

throughout the northeast corner of GAAR (GLIMS 2018, Cogley et al., 2015). Although these 

glaciers are clearly seen in the results of the S2 NDSI analysis, they are not considered part of the 

overall perennial snowfield SCA of interest in our study.

Table 6.1. Representative Brooks Range air temperatures

Helmut
Mountain Wiseman Imelyak

Kelly
Station

Metadata
Station Number USR0000AHEL USC00509869 USR0000AIMY USR0000AKEL

Elevation (m) 853 360 1088 126

Coordinates 67.7414°N 67.4082°N 67.5461°N 67.9333°N

144.1225°W 150.1096°W 157.0692°W 162.3000°W

Period of Record 1989 - 2020 1920 - 2020 2012 - 2020 1990 - 2020

Years of Data Used 30 43 9 31

2014
2019

1922 - 1935
Data Gaps 1953 - 1995

2017

Air Temperatures (oC)
Average Daily Low -19.7 -28.4 -16.4 -7.3

Average Daily High 16.4 20.6 11.2 19.3

Mean Annual -4.5 -5.5 -4.6 -3.8
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6.3. Data Sources

6.3.1. Sentinel Satellite Imagery

To estimate perennial snowfield SCA, cloud masking, mosaicking, and NDSI thresholding 

procedures were applied to Sentinel-2 (S2) multi-spectral imagery across the Brooks Range. The 

Sentinel satellite constellation, jointly managed by the European Space Agency (ESA) and the 

European Commission initiative Copernicus, is a series of next-generation Earth observation 

missions (sentinel.esa.int/web/sentinel/missions). The Copernicus Sentinel-2 mission consists of 

two polar-orbiting satellites (Sentinel-2A and Sentinel-2B) placed in the same sun-synchronous 

orbit but phased at 180° to each other (Li and Roy, 2017). Sentinel-2A was launched on 23 June 

2015, while Sentinel-2B satellite was launched on 7 March 2017. The S2 constellation has a wide 

swath width (290 km) and high revisit time (10 days at the equator with one satellite, and 5 days 

with 2 satellites), which results in 2-3 days at mid-latitudes. For polar locations, like the Brooks 

Range, S2 revisit time is even more frequent, due to the curvature of the earth and the satellites' 

orbit pattern. Perennial snowfield SCA was mapped for the summer seasons of 2016 through 2019, 

by mosaicking images from 1 July to 15 August, which are considered the most likely dates of 

minimum extent (Tedesche et al., 2019).

The S2 Multispectral Instrument (MSI) measures the Earth's reflected radiance in 13 

spectral bands from the visible infrared (VNIR), classical red, green, blue (RGB), and near infrared 

(NIR), to the shortwave infrared (SWIR) (Drusch et al., 2012). In this study, the green, red, blue, 

shortwave infrared (SWIR), and near infrared (NIR) bands from S2 are used to calculate NDSI, 

the normalized difference water index (NDWI), and to detect and mask cloud cover. The S2 

product used is the Level-1C Top of Atmosphere (TOA) reflectance, and the bands of interest have 

a spatial resolution of 10 m x 10 m pixels, with the exception of SWIR, which is 20 m x 20 m. The 

spectral resolutions of the various bands of S2 TOA (measured in bandwidth) range from 15 nm 

to 175 nm (Drusch et al., 2012), while the radiometric resolution (measured in wavelength) ranges 

from 442 nm to 2202 nm.

The melt onset and freeze-up dates for each year of the S2 perennial snowfield SCA were 

determined from Sentinel-1 (S1) SAR backscatter change detection methods. The Copernicus 

Sentinel-1 mission also consists of a constellation of two polar-orbiting satellites (Sentinel-1A and 

Sentinel-1B, similar to S2). The S1 satellites perform C-band Synthetic Aperture Radar (SAR) 
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imaging at wavelengths not impeded by cloud cover or lack of illumination, which enables them 

to acquire imagery regardless of weather conditions. SAR C-band has a nominal frequency range 

of 8 to 4 GHz (3.75 to 7.5 cm wavelength). Sentinel-1A and 1B were launched on 3 April 2014, 

and 25 April 2016, respectively (Potin et al., 2016). Like S2, the S1 satellites share the same sun- 

synchronous, near-polar, circular orbit plane, but with a 180° orbital phasing difference (Torres et 

al., 2012). S1 has a 12-day repeat cycle at the Equator, with each pass being ascending or 

descending, and the revisit rate is significantly greater over the Brooks Range. S1 Interferometric 

Wide swath (IW) mode is used, which has a 250 km swath width at 5 m by 20 m spatial resolution 

(single look) (sentinel.esa.int/web/sentinel/ missions/sentinel-1).

The Level-1 Ground Range Detected (GRD) S1 SAR product consists of focused SAR data 

that has been detected, multi-looked to reduce speckling, and projected to ground range using an 

Earth ellipsoid model (Torres et al., 2012, Potin et al., 2016). Each GRD scene contains either one 

or two out of four possible polarization bands, with possible combinations being single band VV 

(vertical transmit/vertical receive) or HH (horizontal transmit/horizontal receive), and dual band 

VV+VH (vertical transmit/horizontal receive) or HH+HV (horizontal transmit/vertical receive). 

Each SAR scene also includes an additional 'angle' band that contains the approximate instrument 

viewing angle in each pixel. Of the available polarization band combinations in IW mode of the 

GRD product, we used the VV single co-polarization to determine melt onset and freeze-up dates, 

as this band had the most consistent coverage in the AKP study domain over the 2016 to 2019 

period. Additionally, since snow is a dense medium of clustered, irregularly shaped ice crystals, 

these crystals contribute most strongly to radar backscattering in cross-polarized (VH) and co

polarized (VV) observations (Chang et al., 2014).

6.3.2. Digital Elevation Model

A 10-m resolution digital elevation model (DEM) was used for topographic corrections 

associated with mountain shadowing and SAR backscatter angles, and for a masking process that 

eliminated certain terrain unlikely to contain perennial snowfields. The DEM was used to adjust 

the gridded climate reanalysis data (temperature and radiation) for local terrain influences. This 

DEM covers the full extent of the Brooks Range study domain and is taken from the 10 m NASA 

Arctic Boreal Vulnerability Experiment (ABoVE) Composite DEM v2.1 (Burns et al., 2018). The 
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NASA ABoVE Composite DEM is an aggregate of publicly available digital elevation datasets 

into a single DEM that is free of voids (above.nasa.gov/cgi-bin/available_archived_products.pl).

6.3.3. Gridded Climate Reanalysis Data

The Daymet Version 4: Daily Surface Weather and Climatological Summaries dataset 

(Thornton et al., 2020) gridded temperature data are available in the Google Earth Engine (GEE) 

(Gorelick et al., 2017) cloud computing platform. The 1-km Daymet daily maximum and minimum 

2-meter air temperature data were used to calibrate and evaluate the binary logistic temperature 

melt model. Also, for the comparison of S2 NDSI-derived snowfield SCA with local snow cover 

data, daily gridded SWE data from the Daymet V4 collection were investigated. Daymet daily 

weather variables include minimum temperature (tmin), maximum temperature (tmax), 

precipitation (prcp), shortwave radiation (srad), vapor pressure (vp), SWE (swe), and day length. 

Data are derived from the Daymet version 4 software where the primary inputs are daily 

observations of near-surface maximum and minimum air temperature and daily total precipitation 

from weather stations (Thornton et al., 2021). The main algorithm to estimate primary Daymet 

variables (tmax, tmin, and prcp) at each Daymet grid is based on a combination of interpolation 

and extrapolation, using inputs from multiple weather stations and weights that reflect the spatial 

and temporal relationships between a Daymet grid and the surrounding weather stations (Thornton 

et al., 2021). Secondary variables (srad, vp, and swe) are derived from the primary variables (tmax, 

tmin, and prcp) based on atmospheric theory and empirical relationships (Thornton et al., 2021).

The Freezing Degree Days (FDD) and Thawing Degree Days (TDD) are defined as 

departures of air temperature cooler than or warmer than 0 oC, respectively (Figure 6.2). 

Cumulative FDD or TDD for a given winter or summer indicate how cold or warm it has been for 

how long. As such, both FDD and TDD are used to describe weather patterns, climate warming 

or cooling over time, and as a proxy for the state of freezing or melting of snow and ice cover. 

Figure 6.2 illustrates thirty-year normals from 1991 to 2020 across the Brooks Range domain, 

with 2016 to 2019 anomalies (departures from average) shown for the smaller AKP study domain.

The gridded net solar radiation data used to calibrate and evaluate the binary logistic 

temperature melt model were obtained from the ERA5-Land hourly - European Center for 

Medium-Range Weather Forecasts (ECMWF) climate reanalysis dataset, which is also available
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Figure 6.2. Thawing Degree Days (TDD) and Freezing Degree Days (FDD) thirty-year normals (1991 to 2020) in Brooks Range study 
domain calculated from Daymet V4 temperature, along with the anomalies for each year in the study period (2016 to 2019) in AKP.



for cloud computing through GEE. ERA5-Land is a reanalysis dataset providing a consistent view 

of the evolution of land variables over several decades at an enhanced resolution compared to other 

versions of ERA5 (Munoz-Sabater, 2019, Hersbach et al., 2020). ERA5-Land was produced by 

replaying the land component of the ECMWF ERA5 climate reanalysis approach. The reanalysis 

method for ERA5 combines model data with station observations from across the world into a 

globally complete and consistent dataset using physically based modeling (climate.copernicus.eu/ 

climate-reanalysis). GEE provides 50 climate variables that are modeled via the ERA5-Land 

dataset, among which net solar radiation is just one.

ERA5-Land net surface solar radiation is available in J/m2 at a 9 km x 9 km pixel scale for 

the Brooks Range and northern Alaskan latitudes, since ERA5-Land has a spatial resolution of 0.1 

arc degrees. This dataset provides the amount of solar radiation (also known as shortwave 

radiation) reaching the surface of the Earth (both direct and diffuse) minus the amount reflected 

by the Earth's surface, which is governed by the albedo (Munoz-Sabater, 2019). Radiation from 

the sun is partly reflected back to space by clouds and particles in the atmosphere (aerosols) and 

some of it is absorbed. The rest is incident on the Earth's surface, where some of it is reflected 

(Munoz-Sabater, 2019). The difference between downward and reflected solar radiation is the 

surface net solar radiation, with the ECMWF convention for vertical fluxes being positive 

downwards (Hersbach et al., 2020). This variable is accumulated from the beginning of the forecast 

time to the end of the forecast step. In this study, we converted the net solar radiation to Watts per 

square meter (W/m2) by dividing the accumulated values by the accumulation period, expressed 

in seconds.

6.3.4. Snow Telemetry Data

A simple comparison was made between the S2 snowfield SCA and general trends seen in 

local snow cover data for winters 2016 through 2019. The US Natural Resources Conservation 

Service (NRCS) manages three snow telemetry stations (SNOTEL) <wcc.nrcs.usda.gov>, located 

at various elevations and adjacent to the AKP study area that measure snow depth (SD). In our 

study, we used data from the beginning each SNOTEL station's respective period of record for SD 

through the end of 2020. These stations are: Imnaviat Creek (site number 968; Latitude: 68o37'N, 

Longitude: 149o18'W; Elevation: 930 m; reporting SD from 2011 to 2020), Atigun Pass (site 

number 957; Latitude: 68o8'N, Longitude: 149o29'W; Elevation: 1,463 m; reporting SD from 2008 
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to 2020), and Coldfoot (site number 958; Latitude: 67o15'N, Longitude: 150o11'W; Elevation: 317 

m; reporting SD from 2000 to 2020). Only the Coldfoot station measures SWE. Despite their 

relatively long periods of record, beginning in 1980 for Imnaviat Creek, in 1981 for Atigun Pass, 

and in 1994 for Coldfoot, daily winter SD has only more recently been reported at each station. 

SD has been recorded continuously, with no missing years since each station's respective start.

6.4. Methods

The remotely sensed imagery from ESA's Copernicus S1 and S2, as well as the gridded 

climate reanalysis datasets of 1 km resolution Daymet V4 temperature and 9 km resolution ERA5- 

Land radiation, were accessed and analyzed using GEE, a cloud-computing-based platform for 

planetary scale geospatial analysis (Gorelick et al., 2017). GEE integrates a supercomputer, 

satellite, and reanalysis data, and a Javascript coding environment into one application 

programming interface (API). Additionally, to perform terrain corrections and masking for S2 and 

S1, tiles from the 10 m NASA ABoVE Composite DEM v2.1 (Burns et al., 2018) that cover the 

Brooks Range were obtained from ABoVE, stitched together, trimmed to the Brooks Range 

domain spatial extent, and then uploaded and analyzed in GEE.

6.4.1. Preprocessing for S1 and S2

All the remotely sensed datasets used in this study were fully archived with pixel-scale co

registration of all scenes in GEE, and Tier 1 Top of Atmosphere (TOA) reflectance for S2 were 

pre-calculated and calibrated. Each S1 scene was pre-processed in GEE for thermal noise removal 

and radiometric calibration (developers.google.com/earth-engine/guides/sentinel1 ). For S1 scenes 

in the Brooks Range study domain, which is located above 60 degrees latitude, GEE also applies 

a terrain correction using the NASA Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) DEM. The final terrain-corrected values were converted to decibels via log 

scaling (10*log10(x)) by GEE. The ASTER DEM is only available at a 60 m pixel scale in our 

study domain, therefore, we applied additional radiometric terrain corrections to the S1 imagery 

using the 10 m NASA ABoVE Composite DEM v2.1 (Burns et al., 2018; Vollrath et al., 2020).

The S1 SAR slope correction was employed to lessen the effects of surface scattering on 

the backscatter signal, which is a significant issue in mountainous and complex terrain, such as 
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that of the Brooks Range. Radiometric distortions over rugged terrain within SAR backscatter 

products originate from the side-looking SAR imaging geometry and are strong enough to exceed 

weaker differences of the signal due to variation in land cover (Small, 2011). The S1 SAR data 

used in this study are from the Ground Range Detected (GRD) collection in GEE, which are 

preprocessed by applying an orbit file, removing thermal noise, removing GRD border noise, 

applying a radiometric calibration to σ0, and applying a range-doppler terrain correction (Vollrath 

et al., 2020). GEE does not apply a final radiometric slope correction, as DEM availability varies 

globally. In our study, the additional radiometric slope correction was calculated and applied by 

using the angular relationships between the SAR image and the terrain geometry (derived from the 

ABoVE 10-m DEM). This included simplified relationships between four angles, including the 

radar nominal (incidence) angle, the radar “look” direction, the terrain slope steepness, and the 

terrain slope aspect angle (Vollrath et al., 2020). The radiometric slope correction also 

simultaneously generated masks of invalid data in active layover and shadow affected areas.

For the S2 NDSI thresholding process used to derive perennial snowfield SCA, two 

important pre-processing steps were taken. The first of these is Simple Non-Iterative Clustering 

(SNIC), which is an image partitioning algorithm used to grow super pixels based on multiple 

bands. SNIC creates pixel clusters using imagery information such as texture, color, pixel values 

(digital numbers), shape, and size. This clustering process is a bottom-up, seed-based, 

segmentation approach that groups neighboring pixels together into clusters based on input data 

and parameters such as compactness, connectivity, and neighborhood size. The reason for applying 

SNIC to imagery before classifying land cover types (in this study, simply a binary classification 

of snow or no snow) is to create classified results with less of the “salt and pepper” effect of single 

outlier and/or misclassified pixels due to the complexity of an image. Turning an image into small 

clusters of connected pixels, called “super pixels,” is an effective pre-processing tool that 

simplifies an image from potentially millions of pixels to about two orders of magnitude fewer 

clusters of similar pixels (Achanta and Susstrunk, 2017).

The other important S2 pre-processing step was a masking procedure that removed areas 

of the optical images unlikely to contain snow in the summer. This masking process allowed for 

quicker run times and more efficient computing in GEE, since the API did not need to impart 

resources to analyze these areas. Land cover types removed included areas of liquid water and 

areas with elevations and slope angles unlikely to retain snow during the summer, as was done in 
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Tedesche et al. (2019). Liquid water was detected in the S2 imagery using a threshold value of 

0.25 (Ji et al., 2009) with the NDWI, which is the ratio of the difference between the green spectral 

band (S2 Band #3, wavelength of 560 nm) and the near infrared band (S2 Band #8, wavelength of 

834 nm), over the sum of these bands. The NDWI threshold value was found from an iterative 

process of trial and error applied to summer season images in the Brooks Range (Liu, 2012; Qiao 

et al., 2012). Areas that do not retain snow in summer and therefore would not contain perennial 

snowfields include low elevation valleys, as well as steep terrain with slope angles over 55 degrees. 

These areas were masked out using the DEM. Aufeis are sheets of ice that accumulate during the 

winter and often persist throughout the summer, forming along valley bottom rivers by upwelling 

of water behind ice dams or by groundwater discharge (Benson et al., 1997; Yoshikawa et al., 

2007). Aufeis has a similar spectral signature as perennial snowfields and was also removed from 

consideration when low elevation valleys were masked in the imagery.

6.4.2. S2 NDSI Analysis

NDSI was applied to the multi-spectral S2 TOA imagery to derive perennial snowfield 

SCA in the Brooks Range study domain for the summer seasons (1 July to 15 August) of 2016 

through 2019, by using the difference of the green spectral band (S2 Band #3, wavelength of 560 

nm) and shortwave infrared band (S2 Band #11, wavelength of 1610 nm), divided by the sum of 

these bands. Due to the remaining limitations of multi-spectral satellite imagery in distinguishing 

clouds from snow, an S2 modular cloud masking algorithm for the TOA product was applied in 

this study, using the summer season images to create a single cloud-free mosaiced image for each 

year (2016 through 2019). Rather than simply mosaicking specific cloud-free pixels from the 

various summer scenes, the cloud masking process employed multiple code modules in GEE to 

create a thorough, stepwise process for removing clouds and creating an RGB/IR (red, green, blue, 

infrared) image that was representative of each summer season during the study period. The S2 

TOA cloud masking process implemented four modules, including (1) mitigation of shadows, (2) 

mitigation of clouds, (3) a bidirectional reflection distribution function (BRDF), and (4) 

topographic correction, based on GEE code from Poortinga et al. (2019).

The first module, mitigation of shadows, uses a threshold score for cloud shadow masking 

that takes the sum of IR bands to include as shadows. It also calculates the radius of the number 

of pixels to contract (negative buffer) clouds and cloud shadows by, which is intended to eliminate 
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smaller cloud patches that are likely errors. Next, the module calculates the radius of the number 

of pixels to dilate (buffer) clouds and cloud shadows by, which is intended to include edges of 

clouds and cloud shadows that are often missed. Finally, dark outliers are detected and removed.

The second module, mitigation of clouds, computes a cloud score per pixel, and adds a 

band that represents the cloud mask. This cloud-masking algorithm for S2 is similar to the Landsat 

cloud score algorithm employed by Irish et al. (2006) and Tedesche et al. (2019). The data were 

cloud-masked using a standardized approach to arrive at a cloud score per pixel (Irish et al., 2006). 

To verify that clouds were not snow, the cloud score also included an NDSI calculation and a 

derived image of cloud scores corresponding to each pixel to screen out excessively cloudy pixels. 

The quality band (QA60) was used to exclude pixels designated as “cirrus” or “cloud.”

The BRDF module accounts for the fact that the derived surface reflectance in S2 is 

generally directional, and as such, depends upon the incident solar and receiving detector angles. 

The BRDF module is used to compensate for the anisotropic reflectance of a material (such as 

clouds) and employs a nadir BRDF-adjusted reflectance (NBAR) and fixed spectral parameters 

(Roy et al., 2017). The fourth cloud masking module, topographic illumination correction, uses 

terrain layers from the DEM (slope and aspect) within a function to calculate the illumination 

condition using solar position. This illumination condition is then corrected to lessen effects on 

the image being cloud masked.

Finally, a composite was made using the median TOA reflectance value from all non-cloud 

covered pixels available per summer for each pixel. This technique also provides additional 

mitigation of the darkening effects of mountain shadows and cloud shadows. The composite 

images for each year in the Brooks Range study domain (2016, 2017, 2018, and 2019), were then 

processed through the SNIC image partitioning and the masking processes. A percentile function 

was applied where the darkest 25% of each pixel in the snowfield was removed from the bottom 

75th percentile (darkest 75% of each pixel). The last step was to apply NDSI to each processed 

cloud-free mosaic to determine perennial snowfield SCA, using an NDSI value threshold range 

between 0.4 and 1.0.
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6.4.3. Melt onset and freeze-up from S1 SAR

A unique melt onset and freeze-up date for each year of the study period from 2016 through 

2019 was estimated from S1 SAR backscatter (σ0) change detection. Melt onset and freeze-up 

dates for each year were found where the differences in radar backscatter (measured in dB) 

between SAR images from the previous winter, as compared to the rest of the year, became 

noticeably larger in magnitude. A winter reference image was used as comparison to spring, 

summer, and fall images to detect large and sudden changes in σ0. Changes towards a more 

negative backscatter value (as compared to the winter reference image) indicates the presence of 

liquid water within the perennial snowfield, or the onset of spring melt. Changes where the 

backscatter value then returns to a closer value as that of the winter reference image, indicates a 

lack of liquid water, or the occurrence of fall freeze-up. In our study, dates of the SAR images, 

where these changes in liquid water content were found, are used as the melt onset and freeze-up 

dates for each melt season (each year) in the binary logistic temperature melt model.

A relatively small domain within the AKP study domain was used as the S1 SAR melt 

onset and freeze-up date analysis. The previous winter reference image, occurring before spring 

melt onset, was derived using a composite of scenes from S1 during the months of January and 

February from the same year as the scenes being analyzed to find the melt and freeze dates. This 

winter composite was created by taking the focal median to remove or lessen the effect of speckling 

seen in the SAR imagery. Speckling is a granular interference that inherently exists in, and 

degrades the quality of, SAR images, but it can be smoothed by compositing SAR images. Also, 

both ascending and descending orbit combinations in the SAR were considered when images were 

chosen, but only the VV band was used, as it has the most consistent coverage in the study period.

The S1 SAR images for each year were masked so that only S1 pixels occurring over S2 

pixels, identified as perennial snowfields during the NDSI analysis, were considered for melt onset 

and freeze-up dates. Further, before the S1 analysis was conducted, the four years of S2 derived 

snowfield pixels were stacked together and only those pixels that occurred in all four years were 

kept for the S1 analysis. This was done to create an image of four-year persistent snowfields.

Based on previous melt onset SAR detection studies (Wolken et al., 2009; Sharp et al., 

2011; Wang et al., 2011), an optimized set of thresholds was developed to estimate melt onset and 

freeze-up dates for perennial snowfields. Onset was determined as the first date in a series of 
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chronologically ordered SAR images, when the radar backscatter was 4.0 dB lower than the winter 

mean backscatter and occurred more frequently than once a month. This ensured that enough dates 

were consecutive to eliminate an erroneous, or a once-a-winter warm-up date in a single SAR 

image. This was done by removing the bottom 10th percentile and top 90th percentile of dates, in 

chronological order. The 4.0 dB value was taken from similar work in Wang et al. (2011), where 

melt onset was determined when backscatter was either 3.0 dB lower than the winter mean 

backscatter for three or more consecutive days, or 3.5 dB lower than the winter mean for one day. 

Similarly, the freeze-up date was found as the first date in chronological order to change back to a 

backscatter value that deviated from the winter reference image by 4.0 dB or less and occurred 

after a series of summer SAR images with larger departures from the winter reference image.

This chronologically based SAR backscatter change detection thresholding approach was 

applied to each S1 pixel occurring within the four-year persistent S2 snowfield pixels, so that each 

pixel for each year (2016-2019) had one melt onset and one freeze-up date as a result. To find a 

single set of dates for each year, all the dates were analyzed in two frequency histograms, one for 

melt onset and one for freeze-up. The most frequently occurring date for each year was chosen as 

the melt onset or freeze-up date, respectively, for that melt season.

The Brooks Range is much less affected by diurnally influenced temporal variations in 

radar backscatter, as this is an Arctic location with extreme daylight and darkness near the 

solstices, and little change in daily temperature during S1 SAR summer and winter image 

acquisition dates. In the mid-winter, the Brooks Range receives almost no sunlight and 

temperatures stay below freezing all day, while in the mid-summer, this is reversed, with 

temperatures rarely below freezing. Exceptions to this in summer may include a snowfield 

refreezing cycle in late August, as darkness is returning, on north-facing aspects that hold perennial 

snowfields, especially if the terrain above has extreme slope angles that put the snowfields into 

shadow for part of each day. For this study's location and period (2016 to 2019), the S1 satellites 

have typically passed over for scene acquisition during either the 15:00 and 16:00 UTC hours (6am 

to 7am in Alaska), or during the 02:00 to 03:00 UTC hours (5pm to 6pm in Alaska). Upon manual 

inspection of summer S1 scenes, there was little to no evidence of pronounced variation in σ0 

values between single scenes taken from various times of day during the same season.
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6.4.4. Binary Logistic Temperature Melt Model

Logistic regression, also called a logit model, was used in conjunction with the temperature 

melt index method, to model the dichotomous outcome variable (melt or no melt, i.e., persistence) 

in each pixel of the S2 NDSI perennial snowfield SCA. Melt versus persistence was observed in 

each pixel of the snowfields from one melt season to the next. In 2016, both S1 and S2 Sentinel 

satellites were just beginning their operation, and Alaska was not well-covered as in subsequent 

years, especially in winter 2016. Therefore, in this study, two of the possible three melt transitions 

from one summer season to the next were considered for calibration and evaluation in the melt 

model. These included perennial snowfield melt from 2017 to 2018, and from 2018 to 2019.

The extended formula of the temperature melt index method considers the effect of 

temperature and solar radiation on snow and ice melt (Hock, 1999; 2003). One version of this 

extended model, among others, can be expressed as:
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where: M is melt (mm/oC), mf is a temperature melt factor, Td is daily temperature, T0 is the 

reference temperature at which melt begins, rf is a radiation melt factor, R is net solar radiation, 

and θ is the local solar incident angle. In order to derive mf and rf, measurable changes in snow 

and/or ice must be observed within the same melt season. Deriving perennial snowfield SCA in 

this study entailed mosaicking S2 multi-spectral images to create one cloud-free image per summer 

of the minimum extents of annual SCA. Since this approach did not allow for inter-seasonal 

observations, mf and rf cannot be derived, and instead we took a spatially distributed probability 

approach to model melt.

The extended temperature melt index was interpreted to identify the independent variables 

of temperature and net solar radiation that relate to the categorical dependent variable of melt or 

no melt (persistence) from one summer season to the next summer in each pixel. These three 

variables were then used in the binary logistic regression equation to find a probability of melt 

equation. The reference temperature at which melt begins, T0, was taken as zero degrees Celsius 

and the temperature melt equation used in the probability model is:



where: P(M) is the probability of melt (%), T is temperature, T0 is the reference temperature at 

which melt begins, R is net solar radiation, and θ is the local solar incident angle.

There is one value of the dependent variable of melt or persistence from the start year (or 

first melt season) to the subsequent year (or following melt season) to enter into the model. 

Therefore, the independent variables of temperature and radiation were averaged to one value per 

season per pixel in each of their gridded datasets, at 1 km and 9 km square pixel scales, 

respectively. Daily Daymet temperature and hourly ERA5 radiation were averaged for the melt 

season of interest, or the starting melt season. This means that the 2017 melt season provided the 

input climate variables for the 2017 to 2018 melt model, and the 2018 melt season variables were 

the input for the 2018 to 2019 model. For each melt season, the gridded climate data were averaged 

over a unique melt duration period that was derived from the melt onset and freeze-up dates found 

using the S1 SAR analysis from objective (2).

To account for the local effects of terrain on the independent variables, including elevation 

and slope aspect, which are highly influential in mountainous regions (Kumar et al., 1997; 

Collados-Lara et al., 2021; Smith et al., 2021) such as the Brooks Range, temperature and solar 

radiation were spatially distributed and downscaled using the 10-m resolution ABoVE DEM. This 

was done before they were input into the temperature melt equation, and subsequently the binary 

logistic regression. For temperature, all 10m DEM pixels co-located within each 1 km Daymet 

pixel were averaged to find one value of elevation per Daymet pixel (ZAVG). Then, for each 10 m 

pixel, an adjusted temperature value was calculated by subtracting the elevation of the individual 

DEM pixel (ZPIXEL) from that of the average elevation across the 1 km pixel, multiplying the 

difference by the environmental lapse rate (ELR) for temperature (TLapse), and adding this 

adjustment value to the seasonal average Daymet temperature, using methods similar to Kampf 

and Richer (2014). ELR is the rate of decrease of temperature with altitude in the stationary 

atmosphere, and as an average, the International Civil Aviation Organization (ICAO) defines a 

temperature lapse rate of 6.49 °C∕km from sea level to 11 km (https://www.icao.int/).

To adjust and downscale the 9 km x 9 km ERA5-Land net solar radiation data, a value for 

Cos θ was found for each 10 m DEM pixel and then multiplied by the co-located value of the net 

solar surface radiation from the ERA5 reanalysis data (Kumar et al., 1997). The Cos θ factor was 
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where: P(M) is the probability of melt (%), TAVG is seasonal average Daymet temperature, T0 is 

the reference temperature, TLapse equals -0.00649 oC/m, ZAVG is average elevation across each 1 

km Daymet grid cell, ZPIXEL is the individual elevation for each 10m DEM pixel, RAVG is seasonal 

average ERA5-Land net solar surface radiation, and:

Cos θ = [(cos Zenith)· (cos Slope)]+[(sin Zenith)· (sin Slope)· (cos (Azimuth - Aspect))] Eqn. 4

Each run of the temperature melt model in GEE began by masking the gridded, terrain 

adjusted climate variables, so that only those pixels shown as having perennial snow coverage in 

the start year were considered. All snowfield SCA pixels in the start year had a value of 1 and then 

we investigated whether the pixel persisted in snow coverage in the following year (stayed as a 

value of 1 in both seasons) or melted out (went from a value of 1 to a value of 0). Therefore, the 

outcome of the calibration phase of the melt model equation, run in a small sub-domain within the 

AKP study domain in GEE, included two lists of melt (0) or no melt (1) versus terrain adjusted 

temperature and solar radiation. These two lists, for the 2017-18 and 2018-19 melt transitions, 

included pixels totaling over 108,000 and 235,000 unique individual observations, respectively.

Subsequently, the calibration lists for the two melt transition periods were input into the R 

statistical computing software program (www.R-project.org/; R Core Team, 2021), using the GLM 

function. GLM estimated the coefficients for the binary logistic regression model, as well as a list 

of summary statistics that evaluated the performance or fit of the melt model for each of the two 

transitions. The GLM function gives a y-intercept value, along with coefficients for the terrain- 

adjusted temperature and the terrain-adjusted net solar radiation. These coefficients were then put 

into the binary logistic regression to find one probability of melt formula for each of the transitions 

from 2017 to 2018 and from 2018 to 2019. These coefficients are expressed as the components of 

the log odds of the outcome of melt or persistence.
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calculated using Equation 3 (Hock, 1999), which includes local values of median melt season solar 

zenith and azimuth angles in the AKP study domain of 45o and 178.5 o, respectively. These values 

were taken from the S2 swath metadata during the middle of the summer season in July. Also used 

in the Cos θ calculation were slope angle and aspect from each pixel of the 10m DEM. Considering 

these terrain adjustments, the final melt probability equation used in this study is expressed as:

http://www.R-project.org/


where: P is the probability of Y occurring (%), e is the natural logarithm base, b0 is the y-axis 

intercept, x1, x2, ... xn are predictor variables, and b1, b2, ... bn are line gradients or regression 

coefficients of each predictor variable.

The resultant coefficients from the R procedure for the terrain adjusted temperature and net 

solar radiation were then used in the above equation as b1 and b2, respectively. R gives the 

coefficients as log - odds, and after entering these coefficients into the binary logistic regression 

equation, probability was expressed as a percent. In this case, it was the percent chance that a pixel 

will melt out from the start season to the end season. The two probability equations for 2017-18 

and 2018-19 were then entered back into GEE, to run a larger evaluation procedure within the 

remainder of the AKP study domain that was not part of the calibration phase. Finally, each pixel 

in each of the two melt transitions gave a percent value of the chance that the pixel would melt 

between the start of the summer season and the subsequent ending one. Modeled results of melt 

per pixel were quantified as SCA and compared to the observed melt in SCA from S2.

6.4.5. S2 SCA comparison with local data

Objective (4) of the study involved a simple comparison of the S2 NDSI-derived snowfield 

SCA with local snow cover data (SWE and SD) during the study period. For this general 

comparison, SWE was obtained from the 1 km x 1km daily Daymet V4 gridded reanalysis dataset. 

This SWE was averaged across the Brooks Range study domain and thirty-year normals from 1991 

to 2020 were mapped. Additionally, the 2016 through 2019 anomalies (departures from average) 

were calculated and mapped in the AKP domain.

Other comparisons were made with SD from local, on-the-ground observational datasets 

from three NRCS SNOTEL stations adjacent to the AKP study domain. Each winter season

137

In the logit model, the odds of the dichotomous outcome were modeled as a linear 

combination of the predictor variables. The general form of the multivariate binary logistic 

regression includes the slopes of the independent variables from the GLM analysis and a y-axis 

intercept:



(September through June) with available SD from each station was plotted, with winters of interest 

for comparison with the SCA results highlighted in the SD plots. Period of record SD averages 

were also plotted. Winters of interest in the SNOTEL SD data included winter 2015-16 for 

comparison with the 2016 summer S2-derived SCA; SNOTEL SD winter 2016-17 for comparison 

with 2017 S2 SCA; SNOTEL winter 2017-18 to compare with 2018 S2 SCA and modeled 2018 

SCA, and finally, SNOTEL winter 2018-19 to compare with 2019 S2 SCA and modeled SCA.

6.5. Results

Results of the first study objective, to apply the NDSI approach to the multi-spectral S2 

imagery to derive perennial snowfield SCA in the Brooks Range study domain, include four maps, 

one for each summer melt season (1 July to 15 August) of 2016 through 2019 (Figure 6.3). Since 

the Brooks Range is such a large expanse, it would be difficult to view details of the SCA in a 

figure. Therefore, these four SCA maps are shown as percent coverages per 2 km x 2 km grid cell 

in the Brooks Range. The AKP study domain is highlighted in each summer melt season map and 

displayed as percent coverages per 250 m x 250 m grid cell, for easier visual interpretation (Figure

6.3) . Total S2 SCAs in AKP for 2016 through 2019 were calculated to be 253 km2, 406 km2, 355 

km2, and 132 km2, respectively. In the first highlighted AKP study domain SCA map for the 2016 

summer season, the location of the S1 SAR melt onset/freeze-up analysis that was performed in 

objective (2) is also shown for reference (Figure 6.3).

To determine a unique melt onset and freeze-up date for each year of the study period from 

2016 through 2019, the second objective of the study was to perform an S1 SAR backscatter 

change detection analysis. Within a focused sub-domain inside of the AKP study domain (Figure

6.3) , the S2 SCA that persisted throughout all four-years of the study period was found. S1 SAR 

imagery in each pixel of the SCA four-year persistence was considered for the melt onset and 

freeze-up date calculations (Figures 6.4.a and b). Dates of melt onset and freeze-up for each pixel 

of each melt season were categorized into date ranges 18 days, or 2.5 weeks, per bin. For 2016, 

the range of melt onset dates found in each pixel were 6 July to 21 November and the range of 

freeze-up dates were 30 July to 17 December (Figure 6.4.a). In 2017, melt onset and freeze-up 

dates in each pixel ranged from 11 March to 3 November and 28 April to 30 November, 

respectively (Figure 6.4.a). In 2018 and 2019, melt onset and freeze-up dates in each pixel ranged
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Figure 6.3. NDSI-derived perennial snowfield extents in the Brooks Range study domain using S2 multi- 
spectral imagery. Results of the analysis are shown for the full period of record from 2016-2019 as percent 
coverages per 2 km x 2 km grid cell in the Brooks Range, with the AKP study domain highlighted as percent 
coverages per 250 m x 250 m grid cell. The top AKP map also shows the location of the S1 radar-derived 
annual melt onset/freeze-up date calculations, depicted in the black rectangle.
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Figure 6.4.a. Melt onset and freeze-up dates for the 2016 and 2017 melt seasons, within a small subdomain inside the AKP study domain, 
calculated across S2 SCA that persisted in all four years of the study period. Melt onset and freeze-up were derived from an S1 SAR backscatter 
change detection technique. One of the perennial snowfields located on the Eastern boundary of the sub-domain is enlarged, as an example.



Figure 6.4.b. Melt onset and freeze-up dates for the 2018 and 2019 melt seasons, within a small subdomain inside the AKP study domain, 
calculated across S2 SCA that persisted in all four years of the study period. Melt onset and freeze-up were derived from an S1 SAR backscatter 
change detection technique. One of the perennial snowfields located on the Eastern boundary of the sub-domain is enlarged, as an example.



from 4 March to 6 October and 8 April to 19 December, respectively, and 8 March to 17 November 

and 7 May to 12 December, respectively (Figure 6.4.b).

Pixel melt onset and freeze-up dates were then plotted in frequency histograms and the 

most frequent date for each season was chosen (Figures 6.4.a and b). In 2016 and 2017, melt onset 

and freeze-up dates were determined to be 8 July and 19 October 2016, and 9 June and 24 

September 2017. In 2018 and 2019, melt onset and freeze-up dates were determined to be 6 June 

and 2 October 2018, and 2 June and 15 September 2019. Melt onset and freeze-up dates for 2017 

and 2018 were used as the start year melt duration periods for the binary logistic melt model in

2017- 18 and 2018-19, respectively. This means that 2017 and 2018 melt onset and freeze-up dates 

were the boundaries for gridded temperature and radiation inputs.

The first step in creating the binary logistic melt model for the AKP study domain, was to 

distribute spatially and downscale the reanalysis data for the 2017 and 2018 melt seasons. This 

was done by adjusting the 1 km gridded Daymet temperature data using the 10 m DEM and ELR, 

and by adjusting the 9 km ERA5 net radiation with the DEM and local solar azimuth and zenith 

angles. Raw climate data at coarser scales were compared to the adjusted climate data at the 10 m 

resolution by plotting raw and adjusted temperature and net solar radiation frequency histograms 

and noting the changes in the frequency distributions (Figure 6.5).

When calibration lists from GEE of pixel-wise snowfield melt/persistence versus climate 

data were entered into GLM regression, distribution box plots were generated for 2017-18 and

2018- 19 (Figure 6.5). As seen in the box plots, median values of terrain-adjusted temperature 

under melt conditions in 2017-18 and 2018-19 were approximately 4 oC and 2 oC, respectively, 

while median values under persistence conditions were about 3.5 oC and 1.5 oC, respectively 

(Figure 6.5). The first and third quartiles (25th and 75th percentiles) of temperature were 3.2 oC 

and 4.7 oC (2017-18) and 1.2 oC and 2.6 oC (2018-19) (Figure 6.5). The ranges of adjusted 

temperatures were approximately 0.5 oC to 9 oC for 2017-18 and 0 oC to 6 oC for 2018-19. Median 

net solar radiation values under melt conditions in 2017-18 and 2018-19 were 435 Watts/m2 and 

450 Watts/m2, respectively, while median values during persistence were quite similar at 430 

Watts/m2 and 440 Watts/m2, respectively (Figure 6.5). The first and third quartiles of radiation 

were 193 Watts/m2 and 734 Watts/m2 (2017-18), and 184 Watts/m2 and 710 Watts/m2 (2018-19)
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Figure 6.5. Frequency histograms of raw gridded climate data versus the histograms and distribution box 
plots of the terrain-adjusted climate data. Top: 1 km scale seasonal average (15 May - 15 August) Daymet 
V4 temperature data versus 10 m scale, terrain adjusted average temperature. Bottom: 9 km scale seasonal 
average ERA5-Land net solar radiation versus 10 m scale, terrain adjusted solar radiation. Below the 
histograms are the distribution box plots of the adjusted variables versus melt probability.
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Table 6.2. Perennial snowfield melt model summary statistics

2017 - 2018
Melt Predictor Variable

2018 - 2019
Melt Predictor Variable

Temperature 
(oC)

Radiation
(Watts/m2)

y
Intercept

Temperature
(oC)

Radiation
(Watts/m2)

y
Intercept

Average 4.066 463.8 1.941 449.1

Standard
Deviation 1.186 301.7 0.983 284.5

Standard
Error 0.007967 0.000027 0.033414 0.006033 0.000019 0.014114

2.5%
Confidence -0.515143 -0.000096 0.645625 -0.480775 -0.000084 -0.62795

Interval

Exponentiated
2.5% Confid 0.597 0.999 1.907 0.618304 0.999916 0.533684

Interval

97.5%
Confidence -0.483910 0.000010 0.776608 -0.457124 -0.000010 -0.57262

Interval

Exponentiated
97.5% Confid 0.616 1.000 2.174 0.633102 0.999989 0.564043

Interval

Exponentiated
Coefficient
Odds Ratio

0.606 0.999 0.625668 0.999953

Deviance Residuals Deviance Residuals

1stMin Qtr
3rdMedian Qtr Max 1stMin Qtr

3rdMedian Qtr Max

-1.373 -0.754 -0.619 -0.368 2.475 -0.934 -0.695 -0.584 -0.445 2.475
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(Figure 6.5). The ranges of radiation were 0 to 1,000 Watts/m2 for the 2017-18 melt season and 

0 to 950 Watts/m2 in the 2018-19 melt season.

Also generated when the calibration phase lists of pixel-wise snowfield melt or persistence 

versus climate data were input into the GLM regression, were summary statistics indicating the 

level of performance (or fit) of the calibration runs of the model for 2017-18 and 2018-19 

snowfield melt (Table 6.2). Statistics for the melt predictor variables of temperature and net solar 

radiation included averages, standard deviations, and odds ratios. Additional statistics for 

temperature and radiation, along with the GLM-estimated y-intercept, included standard error, 

2.5% confidence intervals, and 97.5% confidence intervals (Table 6.2). Deviance residuals for the

2017- 18 melt model and the 2018-19 melt model were also calculated as seen in Table 6.2. 

Interpretation of these residuals can be used as an assessment of model fit, as is explained in the 

Discussion.

The GLM estimated coefficients for the y-intercept, terrain-adjusted temperature, and 

terrain-adjusted net solar radiation for both calibration runs of the melt model. For the 2017-18 

melt model, these coefficients were 0.711060, - 0.499492, and - 0.000043, respectively. For the

2018- 19 melt model, the coefficients were 0.600277, - 0.468935, and - 0.000047, respectively. 

The final step before running the models to evaluate the modeled melt compared to observed melt 

in the two transition periods, was to put the coefficients into the binary logistic regression. The 

resultant binary logistic equations used to obtain a probability of melt from 2017-18 and 2018-19 

were:
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Evaluation results of the binary logistic snowfield melt models include quantified area 

comparisons between modeled and observed SCA (Figures 6.6.a and b). The modeled results for 

SCA at 50%, 60%, and 70% chances of melt were evaluated. For the 2017-18 model run, observed 

melt from 2017 to 2018 in the AKP study domain totaled 198 km2, while modeled melt at 50%, 

60%, and 70% probabilities were 218, 216, and 206 km2, respectively (Figure 6.6.a). A smaller 

focused evaluation domain within AKP was also evaluated and highlighted for ease of visual 

interpretation in the figures. For the 2017-18 model in the focused evaluation domain, observed 

melt was 22.5 km2, while modeled melt at 50%, 60%, and 70% were 26.8, 26.1, and 23.4 km2, 

respectively (Figure 6.6.a). For the 2018-19 run of the model, observed melt between 2018 and 

2019 in the AKP study domain totaled 132 km2, while modeled melt at 50%, 60%, and 70% 

probabilities were 132, 91.6, and 44.3 km2, respectively (Figure 6.6.b). For 2018-19 in the focused 

evaluation domain, observed melt was 33.2 km2, while modeled melt at 50%, 60%, and 70% were

31.3, 18.7, and 7.16 km2, respectively (Figure 6.6.b).

In the fourth and final objective of the study, for the simple comparison of the S2 NDSI- 

derived SCA with local snow cover data, daily SWE from the 1 km x 1km grid cell Daymet V4 

reanalysis data was averaged over the Brooks Range study domain to find the thirty-year normals 

from 1991 to 2020 (Figure 6.7). Thirty-year SWE normals in this domain ranged from about 10 

kg/m2 to 260 kg/m2, with higher water content snowpack seen at higher elevations, according to 

Daymet (Figure 6.7). Additionally, the 2016 through 2019 anomalies in the AKP domain showed 

departures from the thirty-year average ranging from - 65 to + 65 kg/m (Figure 6.7).

Lastly, SD from local, on-the-ground SNOTEL stations adjacent to the AKP study domain 

were plotted for each winter season (September through June), with the comparable winters of 

interest highlighted and period of record SD averages also plotted (Figure 6.8). Generally, of the 

three stations evaluated, the Atigun Pass SNOTEL, situated at the highest elevation (1463 m) had 

the deepest snowpack (Figure 6.8). SD from the previous winter to each of the four-summer 

season perennial snowfield SCAs, derived from S2 NDSI analysis, are compared in the Discussion.
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Figure 6.6.a. Logistic temperature melt model extents from 2017 to 2018 for perennial snowfields in the 
AKP domain. On the top left is the net evaluation domain showing observed melt and observed persistence, 
obtained from the S2 NDSI analysis. On the bottom left are total melt areas calculated for the net domain, 
including observed melt and modeled melt with three thresholds (50%, 60%, and 70% melt probability). 
The right panel shows observed melt and persistence, as well as modeled melt, over a focused evaluation 
domain, at 50%, 60%, and 70% thresholds. Bottom right shows calculated areas for the focused evaluation.
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Figure 6.6.b. Logistic temperature melt model extents from 2018 to 2019 for perennial snowfields in the 
AKP domain. On the top left is the net evaluation domain showing observed melt and observed persistence, 
obtained from the S2 NDSI analysis. On the bottom left are total melt areas calculated for the net domain, 
including observed melt and modeled melt with three thresholds (50%, 60%, and 70% melt probability). 
The right panel shows observed melt and persistence, as well as modeled melt, over a focused evaluation 
domain, at 50%, 60%, and 70% thresholds. Bottom right shows calculated areas for the focused evaluation.
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Figure 6.7. Snow water equivalent (SWE) thirty-year normals (1991 to 2020) in the Brooks Range study domain, calculated from Daymet V4 
gridded reanalysis SWE data; along with the anomalies for each year in the study period (2016 to 2019) in the AKP study domain.



Figure 6.8. Daily time series of snow depth at a) Imnaviat Creek, b) Atigun Pass, and c) Coldfoot 
SNOTEL stations near the AKP study domain.
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6.6. Discussion

6.6.1. S2 NDSI Analysis

The estimated perennial snowfield SCA in the AKP study domain, derived from an NDSI 

analysis of the multi-spectral S2 imagery (Figure 6.3), indicates that the minimum extents of snow 

coverage during the summer melt seasons of interest were highest in 2017, with a total SCA of 

406 km2. The second largest SCA occurred in 2018, covering an extent of 355 km2, and third was 

in 2016, with an SCA extent of 253 km2 (Figure 6.3). The summer with the lowest SCA was in 

2019, with an extent of 132 km2. This correlates well with the melt onset and freeze-up dates 

derived from the S1 SAR backscatter change detection. Unfortunately, the melt onset date for 2016 

(8 July) may not be reliable, as the S1 satellites were just beginning their operations and SAR 

coverage for that year in the AKP study area was sparse (Figure 6.4.a).

Setting aside the results from 2016 of the remaining seasons in the study period, 2017 had 

the highest SCA extent and the latest melt onset date (9 June). The middle value of SCA occurred 

in 2018, which also had a melt onset date which occurred in between the other two (6 June) (Figure 

6.4.b). The season with the earliest melt onset in the AKP domain was 2019 (2 June), which also 

had the lowest SCA extent found in the S2 imagery (Figure 6.3). These correlations between melt 

onset dates and total seasonal perennial snowfield SCA are one indication that the cloud-masking, 

mosaicking, and NDSI procedures used in this study, along with the high quality and relatively 

fine scale of the S2 imagery, are effective tools for deriving snowfield SCA. Similarly, Gascoin et 

al. (2019) used S2 imagery (among others) in their “Theia Snow collection” of high-resolution 

snow cover maps derived using cloud-masking and the NDSI technique. They evaluated the S2 

snow products using in situ snow depth measurements and found that snow was accurately 

detected at a 94% proportion of correct classifications (Gascoin et al., 2019).

As mentioned previously, the far Eastern region of the larger Brooks Range study domain 

contains a notable collection of locally well-known Alaska glaciers within ANWR (GLIMS 2018, 

Cogley et al., 2015). The McCall and Peters glaciers are seen in the S2 NDSI results of our study 

(Figure 6.3). While it is clear that these are not the same as the perennial snowfields of interest, it 

does demonstrate the effectiveness of our approach to NDSI and cloud-masking for this study.
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6.6.2. Melt onset and freeze-up from S1 SAR

Melt onset and freeze-up dates for each year of the study period, in a small, focused study 

domain within the AKP domain, were investigated using S1 SAR imagery co-located with pixels 

that contained snow in the S2 data, persisting for all four-year of the study period (Figures 6.4.a 

and b). The S1 SAR backscatter change detection approach taken in this study ultimately yielded 

reasonable dates for melt onset and freeze-up behavior typical of snow and ice cover in cold 

climate regimes at high elevation and high latitude (Davey et al., 2007; Yoshikawa et al., 2007; 

Winfree et al., 2014). By noting sudden and large decreases (and subsequent increases) in the S1 

C-band SAR backscatter, we were able to estimate melt onset (and freeze-up) in each pixel 

(Figures 6.4.a and b). Marin et al. (2020) also found that the C-band SAR backscattering decreases 

as soon as the snowpack starts containing water, as the radar signal and resultant backscatter are 

attenuated by liquid phase water (Nagler et al., 2016).

Despite attempts to eliminate outlier dates by excluding the bottom 10th percentile and top 

90th percentile in chronological order, the overall ranges of melt onset and freeze-up dates found 

were large and did include some physically unrealistic dates; however, by employing frequency 

histograms to pinpoint one date for melt onset and freeze-up in each year, it was clear that the bulk 

of the dates fell within more realistic time frames, similar to those seen in Wang et al. (2011). In 

our study, for 2016 (excluding the SAR data sparse melt onset period), the range of freeze-up dates 

were 30 July to 17 December, but the majority centered around a realistic date of 19 October 

(Figure 6.4.a). In 2017, melt onset and freeze-up dates ranged from 11 March to 3 November and 

28 April to 30 November, respectively, with pinpointed dates of 9 June and 24 September, 

respectively (Figure 6.4.a). In 2018 and 2019, melt onset and freeze-up dates ranged from 4 March 

to 6 October and 8 April to 19 December 2018, respectively, and 8 March to 17 November and 7 

May to 12 December 2019, respectively (Figure 6.4.b). Again, while the 2018 and 2019 dates 

ranged widely, the frequency histograms indicated that the bulk of melt onset and freeze-up dates 

appeared to be reasonable, as 6 June and 2 October 2018 and 2 June and 15 September 2019.

6.6.3. Binary Logistic Temperature Melt Model

The binary logistic model for finding the probability of melt in a pixel, from one summer 

season to the next, was calibrated for a small, focused domain in the Brooks Range, located within 

the AKP study domain. The model was then evaluated in the larger, full AKP domain, with a 
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focused evaluation area highlighted for visual purposes (Figures 6.6.a and b). The gridded 

reanalysis temperature and net solar radiation input data were adjusted for local terrain effects and 

appeared to be more representative of the microclimates created by complex mountainous 

topography, such as that of the Brooks Range and AKP study domains (Figure 6.5 histograms). 

The approach of adjusting snow melt model input temperature data by distribution with elevation 

lapse rates (Kampf and Richer, 2014), along with the distribution of solar radiation inputs using a 

DEM (Molotch et al., 2005), have shown to increase the accuracy of such models (Hock, 1999).

The distribution box plots of the adjusted temperature and radiation, showing the values 

associated with snowfield melt probability, indicate that temperature had more influence over 

snowfield melt than radiation (Figure 6.5 box plots). The median values of terrain-adjusted 

temperature under disappearance versus persistence conditions in 2017-18 were 4 oC versus 3.5 

oC, and in 2018-19, they were 2 oC and 1.5 oC, respectively. This means that in 2017-18, for the 

temperature variable, there was a 13.3% difference between pixels that melted and those that did 

not, while in 2018-19, the difference was 20.5%. Median net solar surface radiation values under 

disappearance versus persistence conditions in 2017-18 were 435 Watts/m2 versus 430 Watts/m2, 

and in 2018-19, radiation values were 450 Watts/m2 versus 440 Watts/m2, respectively (Figure 

6.5). For net solar radiation in 2017-18, there was only a 1.15% difference between pixels that 

melted and those that did not, while in 2018-19, the difference was 2.25%.

The higher dependency on temperature of the melt model developed in this study could be 

attributed to physical reasons, as some melt modeling studies have shown that temperature has a 

greater effect on temporal variation in snow melt than solar radiation might (Jonsell et al., 2012; 

Vincent and Six, 2013), although other studies purport that radiation is just as influential (Hock 

1999, 2003; Huss et al., 2009). The diminished influence of net solar radiation on the model may 

instead, or additionally, be due to scaling effects of the gridded ERA5 reanalysis data. Even with 

terrain adjustments, the radiation data is still largely the product of the 9 km grid cell spacing.

Overall, the 2017-18 binary logistic model tends to over-estimate perennial snowfield melt 

slightly, while the 2018-19 model trends towards under-estimating melt. For the 2017-18 model 

run, observed melt derived from the S2 multi-spectral imagery in the AKP study domain covered 

an area of 198 km2, with the modeled melt at the 70% threshold most closely matching the 

153



observed SCA, at an area of 206 km2 (Figure 6.6.a). In 2017-18 in the smaller focused evaluation 

domain, observed melt was 22.5 km2 and again, the modeled melt most closely aligning to the 

observed occurred at the 70% threshold with an area equal to 23.4 km2 (Figure 6.6.a).

For the 2018-19 model, observed melt from S2 in the AKP domain covered an area of 132 

km2, but now, the modeled melt at the 50% threshold was most representative and essentially equal 

at about 132 km2 (Figure 6.6.b). For 2018-19 in the focused evaluation domain, observed melt

was 33.2 km2, and again, the 50% threshold for modeled melt had an area most similar to that of 

the observed at 31.3 km2 (Figure 6.6.b). Generally, the model performed well within the study 

domains and time periods, since the most closely aligned thresholds occurred at least at the 50% 

or higher probability of melt. Considering various scenarios, the 2017-18 melt model appears to 

be superior, since the output most closely aligned with observed SCA is at the 70% predictive 

threshold.

6.6.4. S2 SCA comparison with local data

While the intent of our study was to examine perennial snowfields in the Brooks Range, 

seasonal and annual variations in extents do occur around these perennially snow-covered areas. 

The four-year persisting snowfields used in the melt onset and freeze-up date calculations (Figures

6.4. a and b) are likely the best representation of the perennially covered areas in our study domain. 

Considering annual variations in perennial snowfield SCA, derived from the NDSI analysis of the 

S2 multi-spectral imagery, the summer season of 2017 appears to have the highest area of snow 

coverage, followed by 2018, 2016, and lastly, with the least amount of snow cover, was 2019 

(Figure 6.3). This suggests that the preceding winters that may have seen the most snowfall should 

be ordered similarly, with 2017 having the most snow, followed by 2018, 2016, and lastly, 2019. 

In reality, there are other climatic factors to consider that could account for annual changes in 

perennial snowfield SCA; however, those are beyond the scope of this comparison.

When inspecting the thirty-year SWE normals, calculated from Daymet data for the Brooks 

Range, as well as the anomalies in the AKP study domain, higher water content is seen in the 

snowpack at higher elevations (Figure 6.7). The elevational response in SWE is especially 

noticeable in the 2017, 2018, and 2019 AKP anomalies (Figure 6.7). Although the S2 imagery 
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indicates that the highest values of SWE in AKP should be in the order mentioned above (Figure 

6.3), the anomalies suggest that highest to lowest SWE is ordered as 2019, 2017, 2018, and 2016. 

The ordered results of the S2 versus SWE analysis line up for 2017, 2018, and 2016, but the winter 

of 2019 appears to have received the most SWE according to the Daymet data (Figure 6.7), while 

S2 indicates that this was the summer of lowest perennial extent (Figure 6.3). As mentioned 

previously, other factors, such as extremely high temperatures, could account for this disagreement 

in the results. Errors in the reanalysis data and/or the multispectral analysis could also account for 

some of the discrepancy.

Comparing the S2 SCA with SD from the SNOTEL sites paints a more nuanced picture 

(Figure 6.8). The inter-seasonal SD variations in the station data indicate that at the highest 

elevation site (Atigun Pass), 2017 had the deepest snow in early winter, but 2018 SD was deepest 

in late winter, with much inter-seasonal variation for all four winters, and both 2017 and 2018 

being deeper than the period of record average (Figure 6.8). At the mid-elevation site (Imnaviat 

Creek), 2018 had the deepest snow over the winter seasons and was deeper than the station average 

for the duration of the season, while 2016 was deeper than 2017 in early season, and the reverse 

was true in late season (Figure 6.8). At the lowest elevation SNOTEL (Coldfoot), 2016 and 2018 

were close to equal as the deepest in early season, while by late winter season, 2019 had the greatest 

SD, and all three were deeper than the period of record average for a substantial portion of their 

respective seasons (Figure 6.8). These SD data, not surprisingly, indicate much variation in SD 

by elevation in the Brooks Range. They also provide some evidence that supports both the S1 SCA 

and the Daymet SWE data, which could mean that 2019 experienced the greatest snowfall during 

the study period, or that 2017 did, as indicated by the subsequent summer season perennial 

snowfield SCA.

6.6.5. Future work

Several aspects of this study and resultant binary logistic temperature melt model could be 

expanded on in future work. Rather than simply adjusting the gridded temperature reanalysis data 

with the constant ELR, a local lapse rate calibrated for the AKP study domain, could be developed 

by regressing temperature data versus elevation at the three SNOTEL stations (Imnaviat Creek, 

Atigun Pass, and Coldfoot), using the approach from Kampf and Richer (2014). Additionally, the 

gridded radiation data could be adjusted further by using the cloud cover band available in the S2 
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data, which expresses the cloud cover on a 10 m pixel scale as 0 (clear sky), 1 (thin or partial cloud 

cover), or 2 (dense clouds). Categorical data such as this can be entered into the GLM regression 

and ranked to find a coefficient appropriate to modify the binary logistic equation.

To make more direct comparisons between the results of this study with local snow cover 

data, SD from the three SNOTEL sites could be manually converted to SWE using a range of 

accepted snow density values as has been done previously (Mizukami and Perica, 2008; Sturm et 

al., 2010), since neither Atigun Pass nor Imnaviat Creek report SWE. This might allow for more 

obvious comparisons with the gridded Daymet SWE. Also, some temperature melt index models 

derive a local, more precise reference temperature to use as the indicator of the beginning of snow 

melt, rather than simply assuming that melt begins at 0 oC. The SWE values resultant from 

conversion from SD could be correlated with temperature at the three SNOTEL stations to find a 

more empirically based reference temperature for the melt model (Martinec and Rango, 1986).

The approach to the S1 SAR backscatter change detection used in this study, to determine 

season-specific melt onset and freeze-up dates, could also be expanded. In addition to deriving 

initial melt and freeze dates, melt intensity per pixel over each season could also be determined. 

Previous studies have used changes in backscatter magnitude to estimate melt intensity, by 

assuming that the larger the change in backscatter, and the longer the duration of that change 

persists for, correlates to a higher intensity of snow and ice melt (Trusel et al., 2012). Finally, we 

acknowledge that modeling melt across the Brooks Range perennial snowfields only tells half the 

story. In order to describe the dynamics of these snowfields fully and simulate their persistence, 

precipitation must factor into the story of mass balance. To complete this melt probability model, 

it will be necessary to incorporate winter snow accumulation.

6.7. Conclusion

The purpose of this study was to create a spatially distributed binary logistic temperature 

melt model for perennial snowfields in the Brooks Range of Alaska. In order to do this, perennial 

snowfield SCA extents were estimated for summer melt seasons 2016 through 2019 by applying 

NDSI to multi-spectral, remotely sensed S2 imagery. This resulted in snow cover maps for both a 

large domain encompassing the Brooks Range in Alaska, as well as for a more focused study 
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domain in the AKP area. Results of the multi-spectral imagery analysis had moderate to fair 

correlation with local snow cover observations from winters previous to each summer melt season.

Unique and temporally precise melt onset and freeze-up dates were derived for each year 

using S1 SAR backscatter change detection. Earlier melt onset dates correlated well with SCA 

extents of the snowfields in the AKP domain, calculated from the S2 NDSI results. These dates 

were used to bound the gridded climate reanalysis data input into the melt model. Gridded 

temperature and net solar radiation were downscaled, and terrain adjusted using a DEM and a 

constant elevation lapse rate for temperature. The model was calibrated in a small, focused study 

domain in the Brooks Range to obtain a pixel-wise data set of disappearance (melt) or persistence 

(no melt) associated with temperature and solar radiation values. The pixel-wise data set was 

regressed using the GLM to find the y-intercept and coefficients for the climate variables, which 

were input into a binary logistic equation for the melt periods of 2017-18 and 2018-19. According 

to the GLM output, temperature influenced the dichotomous outcome of disappearance or 

persistence much more than net solar radiation.

The binary logistic temperature melt model was then evaluated in a larger domain around 

the Alaska Native village of Anaktuvuk Pass (AKP), for the two melt transition periods from 2017

18 and 2018-19. Results indicate that the model works well at probability thresholds over 50% to 

70%, with the 2017-18 model slightly over-estimating melt and the 2018-19 slightly under

estimating melt. To improve upon this melt probability model, future work would need to involve 

the derivation of more precise elevation lapse rates for temperature and a locally calibrated melt 

start reference temperature, which could both be found by regression analysis of data from three 

SNOTEL stations located adjacent to the AKP study domain. Additionally, the net solar radiation 

component could be improved by incorporating the cloud cover band from S2, and ultimately, 

precipitation components would need to be incorporated to better understand the dynamics of 

seasonal and annual SCA extent changes in the Brooks Range perennial snowfields.
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Chapter 7. A Brief Perennial Snowfield Taxonomy

Perennial snowfields can have multiple forms, as a result of the variations in environmental 

drivers (climatic and topographic variables) that are the impetus of their formation and persistence. 

In some sense, perennial snowfields could be considered a subset of the continuum or spectrum of 

inland glacier types, or “glacierets.” Both perennial snowfields and glaciers form as the result of 

accumulation and compaction of snowfall into firn and eventually solid ice, while their size 

(thickness and areal extent) is limited by seasonal ablation of the accumulated snow (Whalley and 

Martin, 1992). This results in a mass balance of snowfields and glaciers (Benn and Evans, 2014). 

In the case of shrinking glaciers and perennial snowfields, ablation also occurs across the 

compacted, multi-seasons old snow and ice, wherein there is a negative net loss in mass balance 

annually. Both snowfields and glaciers, while persisting perennially, are subject to interannual 

changes in composition from accumulation and ablation; however, since perennial snowfields are 

smaller by orders of magnitude as compared to glaciers, they do not flow under the influence of 

gravity and are also subject to more dramatic and ephemeral interannual changes (Tedesche et al., 

2019).

In order to classify perennial snowfield morphology, therefore, it is helpful to use basic 

glacier morphology as a jumping off point, since they are quite similar (Martin and Whalley, 1987) 

and because perennial snowfields are considered an important component of the periglacial 

environment (Goff, 2019). Below is a description of some of the major forms of glacier 

morphology and in what way perennial snowfields could fall into this morphology continuum. 

This includes descriptions of the typical locations of each type of glacier and perennial snowfield, 

in terms of climate regimes that support their formation and persistence. Also included are basic 

descriptions of the physical mechanisms of their formation and persistence, including how this 

persistence is linked to interactions with climate and different types of landscape topography 

(Allen, 1998).

7.1. Morphology of Glaciers and Perennial Snowfields

There are several major types of glaciers, including large ice sheets and ice caps, large ice 

fields, ice shelves and coastal marine glaciers, and finally, an array of relatively small alpine glacier 

types. Ice sheets and ice caps submerge the landscape and patterns of ice flow are largely 
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independent of undulations in the underlying bed. Ice sheets and ice caps can be subdivided into 

ice domes, which are high areas of relatively slowly moving ice, and ice streams and outlet 

glaciers, which are more rapidly flowing zones through which most of the ice is discharged towards 

the periphery (Benn and Evans, 2014). Outlet glaciers and ice streams are rapidly moving, 

channeled ice radiating out from the interiors of ice sheets and ice caps. Outlet glaciers occupy 

troughs or valleys, whereas ice streams are flanked by slowly moving ice.

Ice fields are different than ice sheets and ice caps because they do not have a dome-like 

surface, and because their flow is more closely tied to underlying bed topography. Ice fields 

develop in areas with gentle large-scale topography and complex fine-scale topography. They 

typically occur at high elevations with low temperatures and enough winter precipitation to allow 

for snow accumulation. Marine glaciers are located along the coast adjacent to the ocean, where 

they can calve off into ocean waters. Ice shelves are low gradient, floating glacier tongues, 

produced where marine glaciers flow offshore or where sea ice thickens by surface accumulation 

and bottom accretion (Benn and Evans, 2014).

Finally, relatively small alpine glaciers form as a result of snow accumulation and 

compaction that is limited by the constraints of topography (Allen, 1998). These small alpine 

glaciers can be subdivided into valley glaciers, transection glaciers, cirque glaciers, piedmont 

glaciers, niche glaciers, glacierets, ice aprons, ice fringes, and ice falls. The classification (or 

morphology) scheme for the different types of perennial snowfields would largely fall into 

categories analogous to some of these types of alpine glaciers (Millar and Westfall, 2008).

Valley glaciers form wherever ice is discharged from an icefield into a deep bedrock valley, 

either as a single branch, or through a network of branched valleys. Transection glaciers are 

interconnected systems of valley glaciers flowing down into a system of radiating valleys and the 

ice overspills the preexisting drainage divides (Benn and Evans, 2014). One could potentially use 

the term “Valley Perennial Snowfield” to describe the form of snowfield that is similar to valley 

glaciers in terms of the mechanism of their persistence. That is, the snowfield's persistence can be 

attributed to limits on exposure to solar radiation due to the limits of the valley topography; 

however, valley snowfields are formed only from accumulation and compaction of snow into firn 

and ice, and not from ice flows originating from a larger ice field, which is the case with valley 

glaciers (Benn and Evans, 2014).
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Cirque glaciers form in the semi-circular bedrock hollows found at the end of some valleys. 

Cirque glaciers may be the result of accumulation of intercepted wind transported snow, which is 

subsequently compacted through both wind and pressure from overlying snow layers. One could 

also make a connection here to an analogous type of “Cirque Perennial Snowfield.” These types 

of snowfields could manifest in forms that are dictated and confined by the shape of their hollow 

bedrock topography that collects wind transported and compacted snow.

Piedmont glaciers occur when valley glaciers debouch onto lowland areas after traveling 

through bedrock troughs and spill out into lobe-shaped masses of ice. Many of these glaciers have 

substantial areas below the equilibrium line altitude (ELA) but persist because of consistent flows 

of ice from upland large icefield sources. Icefalls are steep zones on a glacier where ice flow is 

extremely rapid and acceleration of the glacier, as it enters an icefall, results in thinning, stretching, 

and breaking of the ice (Benn and Evans, 2014). There are probably no analogous perennial 

snowfields for these types of glaciers largely controlled by the dynamics of ice motion.

Niche glaciers, glacierets, ice aprons, and ice fringes are the smallest glaciers and probably 

the most similar types to perennial snowfields. One exception is the ice fringe, which relates to 

small ice depressions along coastal marine environments. Thin ice patches occupying depressions 

on gentle gradients are often referred to as glacierets and are produced by snow drifting and 

avalanching. Glacierets that exist due to ice avalanching from ice falls at steep plateau edges have 

been called fall glaciers (Benn and Evans, 2014). Glacierets are probably the most like perennial 

snowfields formed through avalanche debris that persist perennially, and compact as the result of 

multiple avalanches, yet still never grow large enough to form a real moving glacier.

Ice aprons are the smallest of the small alpine glaciers, formed as thin snow and ice 

accumulations adhering to mountain slopes, while niche glaciers are bodies of ice controlled by a 

rock bench in a mountain or valley side (Benn and Evans, 2014). These two types of glaciers differ 

from perennial snowfields in that they undergo movement as the result of internal deformation and 

basal ice sliding. Still, their initial formation from accumulation and compaction of snowfall into 

their typical geometries, as well as their small size, is controlled by the surrounding dramatic alpine 

topography in a similar way to perennial snowfields.
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7.2. Perennial Snowfields in the Brooks Range

As the field work for this perennial snowfield study was primarily conducted in the Brooks 

Range, below are some comments on a couple of types of snowfields frequently seen in the field 

in this area. These comments may or may not apply to common types of perennial snowfields that 

are seen in other Arctic and/or alpine ecosystems.

So called “dead” glaciers are common in the Brooks Range, as the result of how recently 

(on a geologic scale) this mountain range was glaciated and subsequently deglaciated. Rapid 

climate changes in the Arctic may be accelerating this deglaciation. Some consider the dead 

glaciers to be a form of a perennial snowfield; however, this is a matter for debate, or perhaps 

simply a matter of semantics. These glaciers have retreated so much that they no longer move, 

and are not viable; however, they do still provide perennial ice cover. They can still have an effect 

on small scale local climate, including surface air temperatures and wind. They also still serve as 

water resources for downslope vegetation and streamflow. These looked quite different in the 

field from other types of perennial snowfields, in that they consisted entirely of solid ice. Other 

perennial snowfields, even at their annual minimum July ELA, had loose firn covering the surface.

Also observed in the field were several sediment-covered snowfields that could not really 

be observed remotely, as they blended in entirely with the surrounding rock. These were found by 

listening to the flow of near-surface groundwater, and removing rocks in these areas, which 

exposed large sections of solid ice, as well as several forms of wet firn (at least this was the case 

in the summer). Maybe these types of perennial fields could be called “rock snowfields,” since the 

analogous type of glacier is probably the rock glacier (Serrano et al., 1999; Goff, 2019). Perhaps 

these are also a type of “dead” glacier.

Finally, it may be possible that some of the small, flat, and low elevation perennial 

snowfields located at extremely high latitudes could form through processes that are most 

analogous to ice sheets, although they are tiny by comparison. These perennial snowfields are most 

likely formed as the result of extremely cold surface air temperatures and limits of winter exposure 

to solar radiation (Millar and Westfall, 2008). In these locations, there is basically no exposure to 

the sun during the winter. These high tundra perennial snowfields might act as tiny ice sheets, 

controlled by an extremely cold climate.
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It is important to remember that the formation of perennial snowfields is similar to the 

formation of glaciers, and in some cases, perennial snowfields are tiny glaciers. Perennial snow 

cover forms when seasonal snow layers accumulate and compact across topography that limits 

exposure to solar radiation, especially in the winter, but also annually. Perennial snowfields persist 

because at least part of their mass never warms enough to melt out completely. This can be due 

to snowfield location, e.g., on north-facing aspects of mountains or in deep, narrow valleys, as well 

as in locations on the globe with little winter sun exposure and low incident angle of radiation. All 

these factors limit incoming shortwave radiation and the resultant outgoing longwave radiation, 

latent, and sensible heat fluxes, all of which are part of the energy balance responsible for ablation.

Through years of the accumulation of snow, perennial snowfields become more compact, 

as pressure from overlying layers changes snow into more dense layers of firn, and eventually, 

solid ice. This phenomenon is the same for glaciers. What separates them from glaciers, however, 

is in the dynamics of glacier ice. Perennial snowfields are much smaller than glaciers and never 

grow thick enough to flow under the influence of gravity. Keeping this in mind, using aspects of 

glacier morphology to classify perennial snowfield morphology, in terms of the drivers of their 

formation and persistence (climate and topography) is still a plausible starting point.
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Chapter 8. Conclusion

As annual temperatures continue to rise globally, the Arctic, along with other regions of 

the cryosphere, are experiencing substantial change, including the loss of snow cover area (SCA) 

in seasonal snow cover and in perennial snowfield extents. Perennial and seasonal snow and ice 

have historically covered a large portion of the planet, though significant reductions in snow cover 

are now being observed. Perennial snowfields, which persist throughout the summer season, serve 

as habitat for an array of wildlife, including caribou. Caribou are a crucial species for food and 

cultural resources for rural and indigenous subsistence hunters. Perennial snowfields also influence 

hydrology, vegetation, permafrost, and sometimes even have the potential to preserve valuable 

archaeological artifacts and paleoecological specimens.

Therefore, this study focused on quantifying Brooks Range perennial snowfield SCA 

extent changes, using a suite of techniques, including multi-spectral and synthetic aperture radar 

(SAR) imagery analysis, on-the-ground field observations, gridded climate reanalysis data, and 

perennial snowfield melt modeling. The first approach to quantifying SCA involved the 

Normalized Difference Snow Index (NDSI), which was applied to optical multi-spectral imagery 

from Landsat and Sentinel-2 (S2) satellites. Then, a SAR backscatter change detection algorithm 

was also developed to quantify SCA using Sentinel-1 (S1) data. Results of the remote sensing 

analyses were compared to helicopter and manually collected field data. Also, a snowfield melt 

model was developed using an adaptation of the temperature index method to determine 

probability of melt with a spatially distributed binary logistic regression equation. The logistic 

temperature melt model considered SCA changes per pixel in the remotely sensed data and the 

relationship to elevation-lapse-rate-adjusted, gridded air temperature from Daymet V4 and terrain- 

adjusted, gridded net solar surface radiation from the ERA5-Land dataset.

By deriving time series maps using NDSI, applied to multi-decadal Landsat imagery for 

the study period of 1985-2017, we found that the perennial snowfields in Gates of the Arctic 

National Park and Preserve (GAAR) in the Brooks Range are receding, although most of the 

notable changes in SCA extent were in the latter half of that study period. Changes in viable 

equilibrium areas, or bright areas, of the perennial snowfields are shrinking much faster than total 

areas, and dark ablation areas are growing. Ablation areas are the most likely to melt out first, as 

they absorb more solar radiation. Some of these changes are the result of seasonal, inter-annual, 
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and annual variability. By evaluating changes in the point elevations (PEs) of the perennial 

snowfields that remained stable for at least four years in the Landsat results, we found that the 

snowfields occur at higher and higher elevations over time. Increases in PE are an additional 

indicator that shows that the GAAR perennial snowfields are slowly decreasing in areal extent.

The S1 SAR backscatter change detection algorithm for mapping and quantifying SCA of 

the perennial snowfields, effectively pinpointed perennial snowfield locations, but also captured 

some interannual variability in seasonal snow cover persisting for a single summer season. When 

multiple years of S1 and S2 results were combined, and only pixels with snow cover persisting 

across all years were mapped, much of the seasonal variability was eliminated. Also, consistently, 

S1 estimated more SCA than S2 in a given year, which may be due to areas of missing data (voids) 

in S2 from the cloud masking and mosaicking process required to effectively implement NDSI. 

When voids in the S2 results were identified and filled with the spatially and temporally matched 

S1 SAR results, SCA calculations of the S2+S1 data set more closely aligned with the SCA of S1.

It was also observed that S1 and S2 may be detecting different portions of the same 

perennial snowfields in some instances. Magnitudes of differences in radar backscatter values 

sometimes varied over the same snowfield in the S1 data, ostensibly due to variations in liquid 

water content and dielectric losses in the SAR imagery. Radiometric terrain correction was critical 

in this mountainous study area, however, there may still be some errors in the SAR results due to 

steep terrain. Overall, both S1 and S2 identified the same clusters of snowfields, but SCA estimates 

within the clusters were typically larger in S1.

For the spatially distributed binary logistic temperature melt model, unique and temporally 

precise melt onset and freeze-up dates were derived for each year using S1 SAR backscatter change 

detection. Earlier melt onset dates correlated well with SCA extents of the snowfields calculated 

from the S2 NDSI results. These dates were used to bound the gridded climate reanalysis data 

input into the melt model. Gridded temperature and net solar radiation were downscaled, and 

terrain adjusted using a DEM and a constant elevation lapse rate for temperature. The model was 

calibrated in a small, focused study domain in the Brooks Range and a pixel-wise data set was 

regressed using the generalized linear model (GLM) to find the coefficients for the binary logistic 

equation for the melt periods of 2017-18 and 2018-19. According to the GLM, temperature 

influenced melt more than net solar radiation. The binary logistic temperature melt model was then 
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evaluated in a larger domain within the Brooks Range, for the two melt periods. Results indicate 

that the model works well at probability thresholds of 50% to 70%, with the 2017-18 model slightly 

over-estimating melt and the 2018-19 slightly under-estimating melt.

To improve upon the melt probability model, future work could involve the derivation of 

locally calibrated elevation lapse rates for temperature and a specific melt start reference 

temperature, which could both be found by regression analysis of data from on-the-ground 

SNOTEL stations. Additionally, the net solar radiation component could be improved by 

incorporating the cloud cover variability. Ultimately, precipitation components will need to be 

incorporated to understand the dynamics of seasonal and annual SCA extent changes in the 

perennial snowfields.

Climate change may be altering the distribution, elevation, melt behavior, and overall 

extents of the Brooks Range perennial snowfields. Such changes could have significant 

implications for hydrology, wildlife, vegetation, and subsistence hunting in rural Alaska. Since 

changes in perennial snowfields in the Brooks Range are of significance to multiple stakeholders, 

including scientists and subsistence hunters, it is plausible that the methods created in this study 

could be used in the future to continue to track changes in snowfields. Using an interdisciplinary 

approach and an array of remotely sensed, modeled, and field collected datasets, we believe that a 

detailed understanding of changes in perennial snowfields, including those that are the result of 

climate change, can continue to evolve.
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Chapter 9. Reflection

I've been in love with snow ever since I can remember. As a child growing up in rural 

upstate New York, surrounded by thick old growth forests and meadows, I loved going out in the 

cold and dark to crunch around in the snow by myself. I don't know where I got this love from. 

No one else in my family seemed very excited when the long, cold, damp, and dark Great Lakes 

winters rolled around, except one of my three brothers who was a competitive Nordic skier. When 

winter would come, the whole world was wrapped in blanket of snow, softening sharp edges, 

dampening noise. Many have waxed poetic about the beauty of winter, but I'll indulge my cliche. 

I loved the feeling of being alone on dark winter nights in the woods behind my home, the smell 

of the cold, animal tracks preserved in the snow. Ironically, as a loud-mouthed extroverted east

coaster, I'm very sensitive to loud noises and bright lights. The snow-covered woods were an 

escape from overwhelming sounds, harsh lights, and relentless teasing by classmates.

The aspects of snow to marvel at are endless and change dramatically depending on scale. 

Individual snow crystals have infinitely variable shapes. The way they fit together in the snowpack 

is a time capsule of the season's weather. Zoom out a little and marvel at the way snow fills in 

spaces between plants, buildings, across prairies and rangelands, over rolling hillsides, and against 

steep mountains. As snow hydrologists and scientists, we try to model this behavior, but really, 

while we are learning, we still know so little about the way snow moves across landscapes, is 

affected by wind, and how crystals form and fit together. Look at the way snow texture changes, 

how it forms cornices on mountain ridgelines, and the way it can take an entire season to slide off 

a roof top, curling and deforming its shape. Zoom out even more and view snow from space by 

satellite. See how it changes the appearance of entire regions of Earth. Change your timescale, and 

marvel at how snow insulates permafrost, forms into perennial snowfields over decades and 

centuries, and into massive glaciers over millennia.

And you can slide around on it! Sledding as a kid was a thrill, and into adulthood I fell in 

love with skiing and snowboarding. Snow sustains and takes life. It supplies water to vegetation, 

to humans, creates homes for wildlife, and makes it easier and more difficult for animals to find 

food. My love of snow has been one of the driving forces in my life. It's lead to ski bumming in 

Colorado, mountaineering in California and India, a Fulbright scholarship in Mongolia, 

snowboarding in Japan, snow science in Lapland/Finland, trekking across barren Arctic 
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landscapes, helicopter rides over craggy mountaintops, and to becoming a sourdough in Alaska. 

My love of snow also keeps sending me back to school, to earn a masters and now a PhD.

All in all, my PhD took nine years to complete. That's a long time, and basically all of my 

30's. The last two years, I was employed full time outside of academia, so if you want to excuse 

me for those, it was more like seven years. I'm sure that all PhD programs are challenging, 

however, I'm going to go out on a limb here and say that mine may have been in the upper quartile 

(top 25%) level of difficulty. I'm basing that estimate on completely anecdotal evidence. I don't 

purport to say that I was doing the most challenging science (although some of it was pretty damn 

technical). My challenges lied with interpersonal and singularly personal life issues. The 

interpersonal issues were quite surprising to me. Afterall, I always thought I had unusually good 

social skills for a scientist, and I used to be the life of the party. I still make friends fast and easy 

in social settings, but these skills only took me so far in the science world.

During my PhD program, I went through a lot. Maybe lots of people in their 30's go 

through hell, regardless of PhD status. I had two failed long-term relationships, several failed 

shorter-term relationships, a switch in my PhD major and research project, a game of musical 

chairs with committee members, much time spent applying for fellowships and grants to be mostly 

self-funded, lots of science outreach across rural Alaska, the diagnosis of two challenging medical 

conditions, the onset of a global pandemic, the death of my mother as she struggled with dementia 

and another disease that we share, and finally, a toxic day job.

On a cheerier note, other things that made my PhD take forever, because they were fun, 

included building a gigantic garden at my cabin in Fairbanks; Alaskan subsistence activities like 

berry picking, mushroom foraging, and dip netting for salmon; teaching yoga for many years and 

spending a month in an Ashram earning my instructor certification; raising an adorable Alaskan 

Husky and skijoring the heck out of the dog mushing trails with her; taking Refuge (vows) as a 

practicing Buddhist; so many fun parties with friends; countless ski cabin and canoeing trips; trail 

running and mountain biking; and snowboarding at the local Fairbanks ski hills. I also had a very 

fulfilling opportunity to teach science to students of all ages across rural Alaska, learn about Alaska 

Native cultures, and discovered that I have a lot in common with third graders.

I also lived for seven years without running water in a dry cabin (no really, it was fun, just 

super time consuming). That was an experience that so few people in the western world have 

178



anymore. I loved it and now I'm 40 and I never want to do it again unless I'm camping. Listen, I 

am a very sweet and kind person, but if you ever want to see me turn into a total grump, wake me 

up at 2 am. That also happens to be the time when the Northern Lights over Fairbanks are reliably 

most active. If I didn't have to go outside to use the outhouse in the middle of the night, I would 

have missed years of breath-taking displays of the Aurora.

My second year in my PhD program, I was told that my admission into the program must 

have been a mistake, which is not something you want to hear when you've abandoned all the 

trappings of a normal life to move with all your worldly possessions to one of the coldest and most 

sparsely populated places on the planet in pursuit of your education. Spoiler alert - it was totally 

worth it and the right decision anyways. I was told that I needed to re-take a bunch of 

undergraduate classes that I had already taken at another school. I sometimes wonder if the 

additional course work requirement was a bluff, to see if I would switch programs. If it was, I 

called the bluff and took the courses, but in the end, I decided to switch programs anyways, so 

maybe I lost that battle. I felt some vindication after winning a highly competitive three-year 

NASA graduate fellowship, but mostly, just relief that I would be able to pay the bills.

Towards the end of my program, things became even more challenging. After moving 

across the state for a job that was not all I had hoped for, I was diagnosed with Hashimoto's 

Thyroiditis, a chronic autoimmune disease that I am certain went undiagnosed in my mother (turns 

out your thyroid is pretty important). I had a biopsy in December of 2019, which included lying in 

an operating room by myself, with a doctor and a compassionate radiologist, during the darkest 

months of the Alaskan winter. This was after scrambling to figure out who I would put down on 

the medical release forms to notify if I died. I have lots of friends, some of them very good friends, 

but my family is far away. Two months after my diagnosis and biopsy, COVID hit.

Due to constant moving around the Anchorage area because of sky-rocketing rents, I 

managed to experience housing insecurity right when everyone was supposed to be in quarantine 

at home. Leave it to me to give up a home that I lived in for seven years, with a freezer full of 

locally sourced food, and a huge garden, to move from house to house during a pandemic. Things 

also started to fall apart at my new job, when it became clear that pandemic or no pandemic, I was 

expected to produce as if absolutely nothing in the world had changed.
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Thankfully, I managed to meet some amazing people in Palmer, Alaska, who convinced 

me to leave Anchorage (since I was on full-time telework), and hooked me up with secure, 

peaceful, affordable housing, literally at the base of a mountain in the Matsu Valley, with a pristine 

creek running through the yard. In this home, I've been able to start healing my autoimmune 

condition, apply for new jobs, ski and snowboard literally out my front door, and put my nose to 

the grindstone and finish my PhD dissertation. Less than a week ago, I quit my toxic job and 

accepted an offer for a postdoctoral research position in snow hydrology. Frankly, I don't think I 

could have done this without the pandemic. It forced my employer to allow telework and saved 

me so much commuting time, which I devoted to finishing school.

Even since moving to Palmer, it hasn't been all sunshine and rainbows. Last year my 

mother passed away. My mom and I had very different politics and life goals. We fought a lot 

when I was a teenager. Even so, we both had the gift of gab and spent many nights chatting on the 

phone. My mother was highly intelligent, and when dementia started to take her from us, it was 

heart breaking. No more hours on the phone with my mom; her brain just couldn't handle talking 

to someone who wasn't there. One evening last summer in July of 2020, I spent half an hour at my 

home in Palmer meditating on what it would feel like to finish my PhD and visualizing walking 

across the stage in Fairbanks at graduation. When I woke up the next morning, I received what 

would be the last email I would ever get from my mom. She believed that I had finally finished 

school and congratulated me on graduating. We had not emailed each other in weeks, and I did not 

tell her about my meditation. Less than a week later, she was in a coma in the hospital. I got on a 

plane and flew from Alaska to New York just in time to be with her when she passed. That, and a 

job I needed leave, is a lot of motivation to finish a PhD.

When I returned to Alaska, amid my grief, I turned to back to my PhD. It was incredibly 

difficult to concentrate (duh), but in a way that was very familiar to me over a lot of my life. When 

I was able to admit that maybe there was something going on there and stopped trying to hide it 

out of embarrassment, I finally sought help. I was diagnosed with Adult Attention Deficit Disorder 

(ADHD), which honestly, is kind of an asset when you are juggling a million things in your life, 

but it's not good for concentrating on one thing. I think this also explains why third graders are 

straight-up my peeps. When I was finally able to admit that I had ADHD and stop being 

embarrassed, I received successful treatment and learned new ways to focus. This has without a

180



doubt re-ignited my passion for research and allowed me to find the mental space to concentrate 

on my beloved snow hydrology. Essentially, I finished this work out of sheer force of will.

So, what has this nearly decade-long saga taught me, besides how to write computer code 

like a banshee and whip up some sweet-ass science-y figures? If your heart is aching to do 

something with your one short life, never stop fighting for it, no matter what obstacles are put in 

your path. So many people aren't sure what they want in life and that's totally fine but knowing 

what you're meant to do is a gift. Don't waste it. The obstacles are there as bumpers, to keep you 

threading the right path, the way a river flows through a mountain valley. And it never gets easier, 

you just get better at accepting that being human is hard. I've learned that having compassion for 

others, even if they are total jerks, helps with your own healing. That universal energy will come 

back to you through supportive people and what sometimes seems like dumb luck.

Not everybody is good at everything, so find your talents and superpowers, cultivate those, 

and don't worry about everything else. The superpowers that got me through my PhD were 

stubbornness beyond belief, a personality that draws in kindred spirits and supportive people and 

weeds out the others, the sincere desire to receive guidance from my committee, the ability to work 

independently to pursue their advice, being able to go weeks without bathing in the field, an ability 

to ignore being cold, a bad memory for some pretty traumatic crap, and an ability to sleep like a 

freaking champ through about 85% of the most stressful times in my life.

If you've made it this far through my self-indulgent reflection, thank you and I apologize. 

I've never been one to hold back. As the PhD chapter of my life finally comes to a close, I hope 

the next ten years will be less focused on me and more about living my life in service to others. I 

hope to help others through my yoga teaching and through my work as a hydrologist, studying 

water and snow for the health and safety of rural people. Finally, perennial snowfields are amazing 

and not just weird dirty left-over snow that is too stubborn to melt like the rest of the normal snow. 

But I might be biased there. Some snowfields are huge, ancient, and marvelous; some are tiny and 

understated; some of them contain actual artifacts and treasures; and all of them are full of stories 

from the past. In the end, they're all just old snow full of caribou poop and I'm trying to get paid 

to calculate the fudge factor (thanks for that one, Steven). My mom used to affectionately tell me 

that I was “full of it”. I guess being too stubborn to go away and being “full of it” are things I have 

in common with my study subject.
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A. Problem Statement

The perennial snow and ice patch archaeology project in the central Brooks Range Mountains of 
Gates of the Arctic National Park and Preserve in Alaska was initiated because of climate change. 
These historically permanent fields are now melting and retreating due to an increase in global 
average yearly air temperatures. In the polar regions of the world, including in Alaska, this 
warming is increasingly pronounced (Hinzman et al. 2005, Serreze et al.2000). With a steadily 
warming climate, these once permanent patches of snow and ice in the Arctic are now disappearing 
at accelerated rates. Snow and ice features lying within alpine valleys and north facing aspects in 
the Brooks Range could have cultural and paleoecological significance. Prehistoric artifacts or 
animal remains may be frozen within this snow and ice.

Globally significant discoveries have been made recently as ancient artifacts and animal dung have 
been found in melting alpine snow and ice patches in the Southern Yukon (Hare 2011) and 
Northwest Territories (Meulendyk et al. 2012) in Canada, the Wrangell Mountains in Alaska 
(Dixon et al. 2005, VanderHoek et al. 2012), as well as in other areas around the globe. These 
receding perennial snow fields are starting to reveal well preserved artifacts left behind by ancient 
Inuit hunters. These ancient hunters were most likely tracking herds of caribou across the snow 
patches thousands of years ago. Caribou flock to these isolated alpine snow patches in the summer 
months to stay cool and to avoid swarms of mosquitos (Anderson and Nilssen 1998, Ion and 
Kershaw 1989, Toupin et al. 1996). What makes these sites important is that not only do the 
artifacts found in these areas include lithic components, but they have also been found with the 
organic components intact. This includes parts of artifacts that would have decayed under normal 
exposure, such as wooden arrow and spear shafts, and clothing made from animal skins that have 
been preserved in the ice. Caribou dung radiocarbon dated as 4,000 years old has also been recently 
recovered from ice cores obtained from these frozen patches (Meulendyk et al. 2012).

These sites are now melting rapidly, which results in quick decay of the biological components of 
artifacts. In order to retrieve and preserve these archaeological and paleoecological specimens, 
scientists at Gates of the Arctic National Park and Preserve need to be able to model and predict 
which snow patches at mid to high elevation locations in the Brooks Range have archaeological 
potential, how old they are, how deep they are, how have they changed in shape and extent of 
coverage over decades and perhaps millennia, and finally, which of these perennial patches will 
melt out the soonest.

B. Project Objectives

The objectives of the perennial snow and ice patch archaeology project in the central Brooks Range 
in Gates of the Arctic National Park and Preserve (See Figure 1) will most likely be wide reaching 
across an array of interdisciplinary science fields and include many years of field work and 
modeling efforts by National Park Service scientists. For the George Melendez Wright Young 
Leaders in Climate Change Program (YLCC), there were several shorter-term objectives meant to 
be addressed by the YLCC intern within the 12 week time frame of this internship.
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These objectives included the development of a predictive model of perennial snow fields in the 
Brooks Range with high archaeological and paleoecological potential. This model was to be 
developed using GIS mapping software, remotely sensed data, a geospatial snow cover model, and 
caribou movement data derived from GPS collars. This model was meant to inform field surveys 
and inventory efforts by park resources staff. Another objective of the modeling effort was to 
include contact between the intern and scientific content specialists within park staff. A third 
objective was participation by the intern and park service archaeologists in an interdisciplinary 
archaeologic - hydrologic field survey and data collection campaign to test the model's output.

Figure 1. Gates of the Arctic National Park and Preserve

Other objectives included the documentation of the predictive model development and metadata, 
field data processing and documentation, map development, and final curation. Objectives of the 
model development also entailed academic and archival research, and the integration of geospatial 
data with scientific understanding to produce a comprehensive and meaningful snow patch 
archaeology model. The final objectives for the intern include the presentation of project results 
and findings to NPS leadership and staff through a lecture after the completion of the internship, 
as well as presentation of a technical poster at a professional scientific meeting.

C. Research Methods

The initial step in the perennial snow and ice patch archaeology project for Gates of the Arctic 
National Park and Preserve (GAAR) was for the YLCC intern to perform a comprehensive 
interdisciplinary literature review of peer reviewed scientific journal articles. This literature 
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included work that spanned topics such as other snow and ice patch archaeology research, 
perennial snow field hydrology research, artic hydro-climatology, and arctic climate change.

The development methods for the Brooks Range perennial snow field archaeology model included 
using ESRI GIS mapping software, remotely sensed data, a geospatial snow cover model, and 
collared caribou data. This spatial model was developed in order to help plan for the pilot project 
field survey of mid to high elevation snow patches in Gates of the Arctic National Park and 
Preserve during the summer of 2015. The model predicts which snow fields are perennial, based 
on topography and remotely sensed data, and which of those subset of snow fields have 
archaeological potential. Snow patches with potential archaeological significance were identified 
using the 1985 to 2011 Landsat imagery based Northwest Alaska snow persistence map created 
by Macander et al. (2015). These modeled snow patches were ranked for significance and co
located with NPS data sets of collared caribou movements from the Western Arctic Caribou Herd, 
as well as with hydrology and terrain features. The modern movements of the Western Arctic 
Caribou Herd within Gates of the Arctic National Park and Preserve were used as a proxy to model 
the potential movement of ancient caribou herds that may have been tracked by ancient Nunamiut 
hunters. Caribou typically move towards snow patches in the summer months to stay cool and 
avoid mosquitos. These animals also cross perennial snow fields in the winter when a seasonal 
snow cover is present.

Baseline terrain data included 5 m resolution IKONOS satellite imagery and 30 m NED (National 
Elevation Dataset for Alaska) DEM data, both provided by the National Park Service database, as 
well as fine scale 5 m DEM IfSAR data from the Geographical Information Network of Alaska 
(GINA) at the University of Alaska Fairbanks (UAF). The IfSAR data were obtained in 2013 
using low altitude flight lines with airborne / aircraft mounted instrumentation. Unfortunately, 
these data stop part way through the area of interest within the park, so the more course scale NED 
elevation data was used to supplement the IfSAR data in areas of inconsistent coverage. The Snow 
Patch Archaeology study area within Gates of the Arctic National Park and Preserve spans the 
Northeast corner of the park for the modeled data, and within this study area, the field campaign 
spanned the Eastern half of the modeled area. Based on the snow and ice patch archaeology spatial 
model, a series of maps and graphs of the data were generated.

The field work for this project entailed a helicopter supported survey, conducted from Galbraith 
Lake (which has road access via the Dalton Highway) to multiple mid-to-high elevation sites per 
day at the upper portions of multiple valleys in the north-east quadrant of Gates of the Arctic from 
25 - 31 July 2015. The crew spent five days traveling by helicopter for this pilot study, accessing 
remote, mid-to-high elevation perennial snow fields in the Central Brooks Range via aircraft, 
surveying them by foot, and then returning each evening to the front-country base camp at 
Galbraith Lake. Two additional days, mid-trip, were spent in the backcountry near Itkillik Lake, 
surveying for more traditional, low elevation archaeological sites, and returning each night to a 
small, temporary base camp on the Itkillik River. The goal of the field portion of the project was 
to identify new cultural resource sites in and around the perennial snow fields that were identified 
using the predictive spatial model. During foot surveys of perennial snow fields, both archaeologic 
and hydrologic data were collected from each site. Seventeen snow patches and three glacial sites 
were visited by foot. Many dozens of snow patches were identified by air for correlation with the 
Macander et al. (2015) model, in terms of location, shape, and spatial coverage.
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D. Results

The initial results of the perennial snow and ice patch archaeology project in the central Brooks 
Range Mountains of Gates of the Arctic National Park and Preserve include the field work 
campaign and detailed field notes from the physical data collection effort. A helicopter supported 
survey was conducted from Galbraith Lake (which has road access via the Dalton Highway) to 
multiple mid-to-high elevation sites per day at the upper portions of multiple valleys in the north
east quadrant of Gates of the Arctic National Park and Preserve from 25 - 31 July 2015. The field 
crew spent five days traveling by helicopter for this pilot study, accessing remote, mid-to-high 
elevation perennial snow fields in the Central Brooks Range via aircraft, surveying them by foot, 
and then returning each evening to the front-country base camp at Galbraith Lake. Two additional 
days, mid-trip, were spent in the backcountry near Itkillik Lake, surveying for more traditional, 
low elevation archaeological sites, and returning each night to a small, temporary base camp on 
the Itkillik River. The field work lasted a total of seven days. Seventeen snow patches and three 
glaciers were surveyed for geometry by foot using a GPS with high spatial resolution. Each of 
these in situ sites were also characterized using snow test pits, a brief summary of snow crystal 
structure and layering, and melt water chemistry parameters. One hundred and sixty snow patches 
and glaciers were surveyed from the aircraft and categorized as having or not having 
archaeological potential for future visits, along with a binary system of yes or no in terms of 
coverage agreement with the snow patch model derived from the Macander et al. 2015 data set. 
During the 2015 snow patch field survey, no archaeological or paleoecological specimens were 
discovered, however, much was learned about these snow patches, including spatial extent, typical 
slope angles, depths of some of them, and that the Brooks Range patches could be slightly different 
than those in other areas of the globe, as they are quite small, and consist largely of firn (transitional 
phase between snow and ice), with only a small amount of actual ice coverage.

Other results include a series of GIS maps depicting both the pre-field work predictive spatial 
model and post-field work results, a series of graphs showing the relation between collared caribou 
movements to snow patch locations and sizes within the park, a spatial geodatabase with detailed 
metadata, several social media products meant to educate the public on this project being 
conducted on public lands, annotated photos documenting the field work, and four water 
specimens collected at various sites during the field campaign. Many of these products still need 
to be analyzed and synthesized for the longer-term goals of this project. Initial results indicate that 
there is good agreement in permanent snow and ice cover between field surveyed data and the 
1985 to 2011 Landsat imagery-based Northwest Alaska snow persistence map created by 
Macander et al. (2015). The most deviation between the Macander, et al. model and the field 
surveyed results typically occurred as an overestimate of perennial extent on the steepest aspects. 
These differences are either a function of image classification or due to accelerated ablation rates 
in perennial snow and ice coverage between 2011 and 2015. These findings may indicate that the 
Brooks Range snow patches are changing and shrinking even faster than assumed previously 
because they consist primarily of firn that is softer than ice, because they have a small spatial 
extent, and because there is a substantial number of patches that seem to have already disappeared 
from the 1985 to 2011 Landsat imagery. Therefore, the potential to survey newly uncovered 
ground for archaeological discoveries may increase every summer unless there is a substantial 
change in the multi-decade warming of air temperatures that has been observed in the Arctic, as 
well as globally (Hinzman et al. 2005, Serreze et al.2000).
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F. Future Research

Further work is ongoing to develop a model to guide archaeological and paleoecological snow and 
ice field surveys. This work will entail a fine scale, empirically based, model of accumulation 
and ablation to estimate changes in three dimensional geometries of historically perennial arctic 
alpine snow and ice fields in the study area. Science education and outreach activities are being 
planned for a knowledge and cultural exchange between park service scientists and local residents 
and community stakeholders in Anaktuvuk Pass. Anaktuvuk Pass is the local Alaska Native 
village located within Gates of the Arctic National Park and Preserve. Local people living within 
the park will be an important resource to share knowledge of local climate, ecology, and traditional 
landscape use that will inform future iterations the model. Integration of traditional ways of 
knowing as an additional dataset complementing the hydrologic, climatologic, and archaeologic 
datasets will be crucial to future work on this project. Scientists will use established scientific 
procedures for documenting and analyzing data obtained through traditional ecological 
knowledge. Below is a list of future work goals to be undertaken as this research project continues:

• A presentation of project results and findings to NPS leadership and staff in Fairbanks 
during the Fall of 2015

• An YLCC Webinar for the NPS Climate Change Response Program in October 2015

• A presentation for the Northern Alaska Chapter of AWRA (American Water Resources 
Association) in Fairbanks in early 2016

• Additional literature review of pertinent previous research of snow patch archaeology, 
perennial snow fields, and arctic climate change, to inform the intern's future PhD 
dissertation work

• A science education outreach event in Anaktuvuk Pass in early 2016, for K-12 students, 
during their second semester of school, for a cultural exchange, as well to obtain sources 
for traditional ecological knowledge that could inform future work on the project

• A technical poster will be presented by the YLCC intern at the American Geophysical 
Union (AGU) Fall Meeting in San Francisco, California in December of 2015.

• Development of a manuscript for submission to a peer-reviewed academic journal by the 
YLCC intern, along with park service scientists and the intern's graduate academic 
advisers, which will also serve as part of the intern's Snow Hydrology and 
Hydroclimatology PhD dissertation work

• A brief field data collection campaign during peak snow accumulation season in the spring 
of 2016 is proposed, to extract snow cores from several snow fields of interest. This will 
be the best time of year to efficiently obtain preserved, physically intact, core samples and 
keep them frozen. It is also the ideal time for seasonal snowpack field data collection to 
measure the insulative and cumulative properties of the seasonal layer. These properties 
may affect the physical behavior of the perennial layer underneath, during the subsequent 
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melt and ablation season in the summer. Characteristics of the seasonal snowpack layer, 
as it accumulates upon perennial snow and ice patches, may also be useful for 
differentiating long term climate change from short term climate variability in the Brooks 
Range. An additional archaeologic - hydrologic summer field survey is also proposed for 
July or August of 2016 to continue monitoring the behavior of perennial snow and ice 
during minimum snow coverage, and to continue crucial archaeological surveys.

• Development of perennial snow field taxonomy for the Brooks Range snow patches is also 
proposed, using both empirically derived data from the spring 2016 snow cores, along with 
remotely sensed data and climatologic data, to identify types of snow fields and crystal 
structures present. This taxonomy could be employed in future field surveys, based on 
physical, climatologic, and topographic characteristics, to estimate ages and archaeological 
potentials of specific snow patches. Another useful tool for this project could be an 
empirically based historic model of perennial snow field shape and extent change, for 
several Brooks Range snow patches identified in USGS historical aerial photography that 
dates back at least 60 years. A physically based paleo-hydro-climatologic model of 
perennial snow field shape and extent change, based on the historic empirical model, could 
be developed, when coupled with paleo-climatologic models that have been developed for 
the Alaskan Arctic.
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Snow Patch Archaeology Survey in Northeast Gates of the 
Arctic National Park
25 - 31 July 2015
Molly E Tedesche - Field Notes

Summary
A helicopter supported survey was conducted from Galbraith Lake (which has road access via the 
Dalton Highway) to multiple mid-to-high elevation sites per day at the upper portions of multiple 
valleys in the north-east quadrant of Gates of the Arctic from 25 - 31 July 2015. The crew consisted 
of Christopher Ciancibelli, National Park Service archaeologist and flight manager; Molly 
Tedesche, MS, Young Leaders in Climate Change (YLCC) intern and PhD student in snow 
hydrology at UAF with eight years of field experience; and Rick Swisher, helicopter pilot and 
owner/operator of Quicksilver Air, Inc. in Fairbanks, Alaska. The crew spent five days traveling 
by helicopter for this pilot study, accessing remote, mid-to-high elevation perennial snow fields in 
the Central Brooks Range via aircraft, surveying them by foot, and then returning each evening to 
the front-country base camp at Galbraith Lake. Two additional days, mid-trip, were spent in the 
backcountry near Itkillik Lake, surveying for more traditional, low elevation archaeological sites, 
and returning each night to a small, temporary base camp on the Itkillik River. The trip lasted a 
total of seven days of field work, with an additional two days driving from, and returning to, 
Fairbanks at the beginning and end of the survey. The goal of this project was to identify new 
cultural resource sites in and around the perennial snow fields of Gates of the Arctic National Park. 
These historically permanently snow-covered areas are now melting, opening the possibility for 
identification and quick retrieval of archaeological and paleoecological resources with previously 
frozen biological components that could be decaying rapidly. During foot surveys of perennial 
snow fields, both archaeologic and hydrologic data were collected from each site. The following 
information is from the field notes of Molly E Tedesche.

Trip Narrative
24 July
C. Ciancibelli and M. Tedesche spent the day driving Dalton Highway from Fairbanks, Alaska to 
Galbraith Lake front-country research base camp. Unpacked vehicle and set up base operations 
and equipment in Alaska State Fish and Game cabin. Galbraith Lake is located between to Gates 
of the Arctic National Park to the West and the Arctic National Wildlife Refuge to the East.

25 July
C. Ciancibelli and M. Tedesche spent morning at Galbraith Lake basecamp waiting for Rick 
Swisher, helicopter pilot, to fly up from Faribanks. C. Ciancibelli and M. Tedesche reviewed ipad 
basemap with IKONOS data and snow patch archaeology model while waiting. The three 
personnel began Snow Patch Field Data Campaign Day #1 by flying to Site 001. C. Ciancibelli 
and M. Tedesche began archaeology and snow hydrology surveys, respectively, at approximately 
12:18 AKST. They visited sites 001A, 001B, 002, 003, 004, 005A, and 005B, and surveyed the 
final site for the day beginning at approximately 17:50 AKST. Extensive investigation and 
identification of in situ snow coverage as compared to the modeled and remotely sensed data on 
the ipad maps were performed by air throughout the day, including during travel between the 
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patches visited by foot. The three personnel finished the day by flying back to Galbraith Lake 
front-country basecamp.

26 July
R. Swisher spent the morning flying a different NPS archaeology survey crew and their equipment, 
over several trips, from Galbraith Lake basecamp to a backcountry location within Gates of the 
Arctic NP&P. C. Ciancibelli, M. Tedesche, and R. Swisher began Snow Patch Field Data 
Campaign Day #2 that afternoon, by flying to Site 006. C. Ciancibelli and M. Tedesche began 
archaeology and snow hydrology surveys, respectively, at approximately 13:00 AKST. They 
visited sites 006A, 006B, and 006C, surveying the final site for the day at approximately 13:00 
AKST. Extensive investigation and identification of in situ snow coverage as compared to the 
modeled and remotely sensed data on the ipad maps were performed by air throughout the day, 
including during travel between the patches visited by foot. The three personnel finished the snow 
patch survey portion of the day by flying back to Galbraith Lake front-country base camp. Later 
that afternoon, R. Swisher dropped off C. Ciancibelli and M. Tedesche in the backcountry near 
Itkillik Lake, on his flight back to Fairbanks. C. Ciancibelli and M. Tedesche ended the day by 
setting up a small, temporary base camp on the Itkillik River.

27 July
C. Ciancibelli and M. Tedesche hiked a short distance from the Itkillik River backcountry 
basecamp, towards Itkillik Lake, to spend the first of two days surveying for more traditional, low 
elevation archaeological sites. The team returned that night to the small, temporary base camp on 
the Itkillik River. Refer to C. Ciancibelli's notes for details on the archaeological work performed 
on this day.

28 July
This was the second day that C. Ciancibelli and M. Tedesche surveyed a short distance from the 
Itkillik River backcountry basecamp, moving closer to Itkillik Lake than on the previous day, to 
survey more traditional, low elevation archaeological sites. The team returned that night to the 
base camp on the Itkillik River. Refer to C. Ciancibelli's notes for details on the work performed 
on this second day at the Itkillik River / Itkillik Lake archaeological sites.

29 July
C. Ciancibelli and M. Tedesche spent morning at the Itkillik Lake backcountry basecamp waiting 
for Rick Swisher, helicopter pilot, to fly up from Faribanks and pick them up. C. Ciancibelli and 
M. Tedesche were picked up that morning and all three personnel and equipement were flown 
back to the Galbraith Lake front-country basecamp. The three personnel began Snow Patch Field 
Data Campaign Day #3 by flying from Galbraith Lake to Site 007. C. Ciancibelli and M. 
Tedesche began archaeology and snow hydrology surveys, respectively, at approximately 13:40 
AKST. This day, they visited sites 007, 008, 009A, and 009B, and surveyed the final site for the 
day beginning at approximately 14:25 AKST. Extensive investigation and identification of in situ 
snow coverage as compared to the modeled and remotely sensed data on the ipad maps were 
performed by air throughout the day, including during travel between the patches visited by foot. 
The three personnel finished the day by flying back to Galbraith Lake front-country basecamp.
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30 July
C. Ciancibelli, M. Tedesche, and R. Swisher began Snow Patch Field Data Campaign Day #4 
by flying from Galbraith Lake front-country basecamp to Site 010. C. Ciancibelli and M. Tedesche 
began archaeology and snow hydrology surveys, respectively, at approximately 10:22 AKST. This 
day, they visited sites 010, 011, and 012, and surveyed the final site for the day beginning at 
approximately 14:40 AKST. Extensive investigation and identification of in situ snow coverage 
as compared to the modeled and remotely sensed data on the ipad maps were performed by air 
throughout the day, including during travel between the patches visited by foot. R. Swisher spent 
the afternoon flying a different NPS archaeology survey crew and their equipment, over several 
trips, from a backcountry location within Gates of the Arctic NP&P back to Galbraith Lake 
basecamp. The three personnel (C. Ciancibelli, M. Tedesche, and R. Swisher) finished the day by 
flying back to Galbraith Lake front-country basecamp.

31 July
C. Ciancibelli, M. Tedesche, and R. Swisher began Snow Patch Field Data Campaign Day #5 
by flying from Galbraith Lake front-country basecamp to Site 013. C. Ciancibelli and M. Tedesche 
began archaeology and snow hydrology surveys, respectively, at approximately 10:20 AKST. This 
day, they visited sites 013A, 013B, and 014, and surveyed the final site 014 beginning at 
approximately 12:23 AKST. The three personnel also returned to collect archaeologic and 
hydrologic samples from site 012 (South Allapah Glacier) following the survey of site 014. 
Extensive investigation and identification of in situ snow coverage as compared to the modeled 
and remotely sensed data on the ipad maps were performed by air throughout the day, including 
during travel between the patches visited by foot. The three personnel (C. Ciancibelli, M. 
Tedesche, and R. Swisher) finished the day by flying back to Galbraith Lake front-country 
basecamp.

1 August
R. Swisher flew out of Galbraith Lake basecamp early this morning around 6am, due to poor 
weather and resultant low visibility conditions not suitable for flying to the mid to high elevation 
snow patch sites in the Brooks Range. He returned South to Fairbanks, Alaska. C. Ciancibelli and 
M. Tedesche packed up the equipment from basecamp back into the NPS vehicle. They spent the 
day driving the Dalton Highway from Galbraith Lake front-country research base camp back to 
Fairbanks.
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Site Descriptions

Site 001 - Snow Patches 001A, 001B

2015-07-25

LOCATION DESCRIPTION
Located in the Northeast corner of the park; about 8 km due South of the Preserve boundary, about 
7 km Southwest of Oolah Pass, and about 10.8 km due South of Oolah Mountain. Also located 
about 13.5 km due West of the Dalton Highway, 6 km Northeast of Alhamblar Mountain, and 4.9 
km East of Oxadak Mountain. Snow patch is part of a larger system of perennial snow and ice 
fields that are located at the headwaters of the Oolah Valley, with melt waters feeding into the 
Itkillik River. Site 001 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this snow patch system is located on a Northwest facing 
aspect and has an elevation between about 4,800 ft - 5,000 ft (1,463 m - 1,524 m). It is located 
within the year-round coverage portion of the snow persistence raster map developed by Macander 
et al. 2015 (see references), but it is much smaller than that designated as year round by the 
Macander model. The patch is also very near, but just outside the boundary of what appears to be 
snow coverage imaged by the 5 m resolution IKONOS satellite data. The Snow Patch - Caribou 
Proximity Model indicates that one or more collared animals from the Western Arctic Caribou 
herd have come within 250 to 300 meters of this snow field.

HYDROLOGIC DATA
Weather: clear skies, calm winds, high visibility, cool temps (~ 12 - 18 °C)

Patch 001A
Time: 12:18 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)

Patch 001B
Time: 12:40 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)

SITE NOTES
• Rock glacier zone with fern visible
• Definite glacially influenced geologic formations around site
• Multiple melt water paths with origins from underlying firn and ice layers in patches
• Likely meltwater infiltration from top permeable snow crystal layers through to 

impervious ice layers
• Highly metamorphosed snow crystals densely structured across both 001A and 001B
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Site 002 - Snow Patch 002

2015-07-25

LOCATION DESCRIPTION
Located in the Northeast corner of the park; about 12.5 km due South of the Preserve boundary, 
about 9.7 km Southwest of Oolah Pass, and about 10 km Southwest of Oolah Mountain. Also 
located about 19 km due West of the Dalton Highway, 7 km Northwest of Alhamblar Mountain, 
and 2 km North of Oxadak Mountain. Snow patch is part of a larger system of perennial snow and 
ice fields that are located at the headwaters of the Oolah Valley, with melt waters feeding into the 
Itkillik River. Site 002 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this snow patch is located on a Northeast facing aspect 
and has an elevation between about 4,800 ft - 5,000 ft (1,463 m - 1,524 m). It is not located within 
the year-round coverage portion of the snow persistence raster map developed by Macander et al. 
2015 (see references), but falls just 100 m outside and to the north of a different patch designated 
as year round by the Macander model. The patch also partially overlaps with the snow coverage 
as imaged by the 5 m resolution IKONOS satellite data. The Snow Patch - Caribou Proximity 
Model indicates that one or more collared animals from the Western Arctic Caribou herd have 
come within 150 to 200 meters of the modeled snow field located 100 m south of Snow Patch 002.

HYDROLOGIC DATA
Weather: clear skies, calm winds, high visibility, cool temps (~ 12 - 18 °C)

Patch 002
Time: 13:26 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)

SITE NOTES
• Seasonal corn snow layer on top of patch
• Snow with presence of red bacteria
• Animal tracks visible on top layers of snow (sheep tracks?)
• Observed multiple caribou sheds around snow patch
• Snow patch located between terminal moraines
• Potentially an avalanche zone
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Site 003 - Dead Glacier - Glacier 01

2015-07-25

LOCATION DESCRIPTION
Located in the Northeast corner of the park; about 15.7 km due South of the Preserve boundary, 
about 1.7 km South of Snowheel Mountain, about 8 km West of Oxadak Mountain, about 11.8 km 
Northwest of Alhamblar Mountain, about 12 km Northwest of Amawk Mountain, and about 8.8 
km Northeast of Inclined Mountain. Also located about 10 km Northeast of Twoprong Mountain, 
about 14.4 km Northwest of Kinnorutin Pass, and about 27 km due West of the Dalton Highway. 
The remains of this no longer active glacier are located within a glacial cirque flanked by 
Alinement Creek to the South, and an unnamed tributary to the North, both of which flow into the 
Itkillik River. Site 003 is located within Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this old glacier site is located on a North facing aspect 
and has an elevation between about 5,000 ft - 5,400 ft (1,524 m - 1,646 m). It is not located within 
the year-round coverage portion of the snow persistence raster map developed by Macander et al. 
2015 (see references) but falls 1.5 km to the northeast of a small system of five snow patches 
designated as year round by the Macander model. The Snow Patch - Caribou Proximity Model 
indicates that one or more collared animals from the Western Arctic Caribou herd have come 
within 600 m to 1 km of the modeled snow field system located to the Southwest of Site 003. The 
field site location of this dead glacial ice does not appear to have snow or ice coverage, according 
to the 5 m resolution IKONOS satellite data. This may indicate some issues in the IKONOS 
imagery, since the site was ground-truthed and very likely perennial, due to its glacial 
characteristics. The modeled system of 5 snow patches from the Macander model is located just 
adjacent to what appears as snow coverage in the 5 m resolution IKONOS satellite data, indicating 
a moderate level of agreement between these two datasets.

HYDROLOGIC DATA
Weather: clear skies, calm winds, high visibility, cool temps (~ 12 - 18 °C)

Patch 003
Time: 15:00 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)

SITE NOTES
• Old glacial ice deposit
• Major ice fault line up the face of glacial cirque headwall
• At least three phases of fern ice visible
• One melt water parameter site measured unusually basic pH of ~4.4, perhaps indicating a 

biologic process occurring or an error with the YSI measurement instrumentation.
• Old bones and fur found on dead glacial ice, with moss growing on one of the bones.
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Site 004 - Snow Patch 004

2015-07-25

LOCATION DESCRIPTION
Located in the Northeast corner of the park; about 19.8 km due South of the Preserve boundary, 
about 14.6 km Southwest of Oolah Pass, 5 km South of Oxadak Mountain, about 10.5 km 
Southeast of Snowheel Mountain, and 15.9 km East of Inclined Mountain. Also located about 6.5 
km Northeast of Amawk Mountain, about 8 km Northwest of Falsoola Mountain, and about 17.7 
km due West of the Dalton Highway. This snow patch is located on the West slope of Alhamblar 
Mountain. The patch is located at the top of a drainage that feeds into Alinement Creek, which is 
a tributary of the Koyukuk River. Site 004 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, Snow Patch 004 is located on a North facing aspect and 
has an elevation between about 4,300 ft - 4,600 ft (1,311 m - 1,402 m). It is not located within the 
year-round coverage portion of the snow persistence raster map developed by Macander et al. 
2015 (see references), but falls approximately midway between two different patches that are 
designated as year-round by the Macander model; with each lying about 1 km to the Southeast and 
to the Southwest of Snow Patch 004, respectively. The Snow Patch - Caribou Proximity Model 
indicates that one or more collared animals from the Western Arctic Caribou herd have come 
within 700 to 750 meters of the modeled snow field located to the Southwest of Snow Patch 004, 
and within 500 to 550 meters of the modeled patch located to the Southeast. However, both the 
modeled snow coverage, as well as the field data from Site 004, are not in agreement with the 
images from the 5 m resolution IKONOS satellite data, which shows little to no snow coverage 
over either the modeled snow patch locations, nor at the location of Snow Patch 004. This may 
indicate that Snow Patch 004 is not perennial.

HYDROLOGIC DATA
Weather: clear skies, calm winds, high visibility, cool temps (~ 12 - 18 °C)

Patch 004
Time: 16:30 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)

SITE NOTES
• Caribou dung found, no initial visual indication of age of dung
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Site 005 - Snow Patches 005A, 005B

2015-07-25

LOCATION DESCRIPTION
Located in the Northeast corner of the park; about 19.4 km due South of the Preserve boundary, 
about 5 km South of Oxadak Mountain, and about 7 km Southwest of Amawk Mountain. Also 
located about 16.5 km due West of the Dalton Highway, 6.8 km Northwest of Falsoola Mountain, 
and 8.5 km North of Alhamblar Mountain. These two snow patches are located on the West slope 
of Alhamblar Mountain, and on the East side of a ridge separating it from Site 004. The patch is 
located at the top of a drainage that feeds into Alinement Creek, which is a tributary of the 
Koyukuk River. Site 005 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this snow patch system is located on a North facing 
aspect and has an elevation between about 4,800 ft - 5,000 ft (1,463 m - 1,524 m). It is located 
within the year-round coverage portion of the snow persistence raster map developed by Macander 
et al. 2015 (see references), but it is much smaller than that designated as year round by the 
Macander model. The Snow Patch - Caribou Proximity Model indicates that one or more collared 
animals from the Western Arctic Caribou herd have come within 500 to 550 meters of this snow 
field. Both the modeled snow coverage, as well as the field data from Site 005, are not in 
agreement with the images from the 5 m resolution IKONOS satellite data, which shows little to 
no snow coverage over either the modeled snow patch locations, nor at the location of Snow Patch 
005A/B.

HYDROLOGIC DATA
Weather: clear skies, calm winds, high visibility, cool

Patch 005A
Time: 17:30 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)

Patch 005B
Time: 17:50 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)
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Site 006 - Snow Patches 006A, 006B, & 006C

2015-07-26

LOCATION DESCRIPTION
Located in the Northeast corner of the park, within the preserve, and about 9 km due South of the 
Northern park boundary. This system of snow patches is also located about 11.5 km Southwest of 
Thibodeaux Mountain, 11.9 km due East of the Nanushuk River, and 16 km due West of the Itkillik 
River. Site 006 is also located about 30 km due West of the Dalton Highway. These snow patches 
are part of an extensive system of small perennial fields whose melt waters feed into various small 
tributaries, eventually flowing into the Itkillik River. Site 006 is in Gates of the Arctic National 
Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this snow patch system is located on a Northwest facing 
aspect and has an elevation between about 5,000 ft - 5,400 ft (1,524 m - 1,646 m). It is not located 
near any of the year-round coverage portion of the snow persistence raster map developed by 
Macander et al. 2015 (see references), and therefore, it is also far from any of the Snow Patch - 
Caribou Proximity Model data. Snow Patches 006A - 006C overlap and therefore agree well, with 
what appears to be snow coverage imaged by the 5 m resolution IKONOS satellite data.

HYDROLOGIC DATA
Weather: clear skies, calm winds, cold temps
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Patch 006A
Time: 13:00 AKST
Hydrologic Data Collected: Liquid Melt Water Parameters (see Table 1)

Solid Water Physical Data (see Table 2)

Patch 006B
Time: 12:00 AKST
Hydrologic Data Collected: Liquid Melt Water Parameters (see Table 1)

Solid Water Physical Data (see Table 2)
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Patch 006C
Time: 12:20 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)

SITE NOTES
• Many Caribou sheds present around snow patch system; ages of sheds appear varied
• These snow patches have a top softer layer underlain by ice underlain by scree
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Site 007 - Dead Glacier - Glacier 02

2015-07-29

LOCATION DESCRIPTION
Located in the Northeast corner of the park, within the preserve, and about 29 km due South of the 
Northern park boundary. This glacial ice remnant is also located just adjacent to the Dalton 
Highway and runs along the Eastern boundary of the park & preserve. It is about 17.3 km Southeast 
of Thibodeaux Mountain, about 13.6 km Northeast of Oolah Mountain, and 11.7 km Southwest of 
James Dalton Mountain. Site 007 is part of a system of old glaciers running along the Eastern 
boundary of the preserve whose melt waters feed into various small tributaries, eventually flowing 
into the Itkillik River in the Oolah valley. Site 007 is in Gates of the Arctic National Park & 
Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this former glacier is located on a Northeast facing 
aspect and has an elevation that varies across the surface from about 5,300 ft to 6,000 ft (1,615 m 
- 1,830 m). It is not located within the year-round coverage portion of the snow persistence raster 
map developed by Macander et al. 2015 (see references), but falls between and to the East of two 
different patches that are designated as year round by the Macander model. One modeled patch 
lies 2.8 km to the Northwest of site 007 and the other lies approximately 2.7 km to the Southwest. 
The Snow Patch - Caribou Proximity Model indicates that one or more collared animals from the 
Western Arctic Caribou herd have come within 550 to 600 meters of the modeled snow field 
located to the Northwest of site 007, and within 850 to 900 meters of the modeled patch located to 
the Southwest. While the modeled snow coverage from Macander et al. is not in agreement with 
the coverage area of site 007, the images from the 5 m resolution IKONOS satellite data line up 
well, spatially, with this field survey site.

HYDROLOGIC DATA
Weather: calm winds, cloudy, visibility dropping

Patch 007
Time: 13:40 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
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Site 008 - Snow Patch 008

2015-07-29

LOCATION DESCRIPTION
Located in the Northeast corner of the park, within the preserve, and about 7.5 km due North of 
the Southern preserve boundary. Snow Patch 008 is also located about 15 km Southeast of 
Thibodeaux Mountain, 7.8 km Northeast of Oolah Mountain, and 10 km North of Oolah Pass. Site 
008 is also located about 5 km due West of the Dalton Highway. Snow Patch 008 is a small patch 
that is part of an extensive system of larger perennial snow and ice fields, as well as dead glacial 
ice, whose melt waters feed into various small tributaries, eventually flowing into the Itkillik River. 
Site 008 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, this snow patch is located on a North facing aspect and 
has an elevation between about 4,800 ft - 5,000 ft (1,463 m - 1,524 m). It is not located within the 
year-round coverage portion of the snow persistence raster map developed by Macander et al. 
2015 (see references), but falls 1.8 km due West of a different patch designated as year round by 
the Macander model. Snow Patch 008 also falls just outside and adjacent to the snow coverage as 
imaged by the 5 m resolution IKONOS satellite data. The Snow Patch - Caribou Proximity Model 
indicates that one or more collared animals from the Western Arctic Caribou herd have come 
within 900 to 950 meters of the modeled snow field located 1.8 km due East of Snow Patch 008.
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HYDROLOGIC DATA
Weather: visibility rising, cold temps

Patch 008
Time: 14:55 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1) 
Solid Water Physical Data (see Table 2)

SITE NOTES
• Remnant of patch is very steep, but with a flat apron/run out along the bottom
• Not identified on the model on ipad
• Depth probing also done around toe of the patch
• Line transitioning from solid ice at toe of the patch to softer, metamorphosed, old snow 

crystals is located 1.3 m from the toe
• Dark organic layer within test snow pit appears to be oriented at a similar slope angle as 

the current year's organic layer on snow surface
• Rounded crystals observed at top on snow surface
• Granular rounds observed near bottom of test pit; ~ ¼ cm or less in diameter
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Site 009 - Snow Patches 009A, 009B, 009C

2015-07-29

LOCATION DESCRIPTION
Located in the Northeast corner of the park, just within the Southeast corner of the preserve, and 
about 360 m due North of the Southern preserve boundary. This system of snow patches is also 
located about 22 km Southeast of Thibodeaux Mountain, 8.6 km Southeast of Oolah Mountain, 
and 4.7 km Northeast of Oolah Pass. Site 009 is also located about 1.5 km due West of the Dalton 
Highway. Snow Patches 009A - 009C are small patches within a larger extensive system of larger 
perennial snow and ice fields, as well as dead glacial ice, whose melt waters feed into various 
small tributaries, eventually flowing into the Itkillik River and Oolah Valley. Site 009 is in Gates 
of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, these snow patches are located on a Northwest facing 
aspect with an elevation between about 4,800 ft - 5,000 ft (1,463 m - 1,524 m). It is not located 
within the year-round coverage portion of the snow persistence raster map developed by Macander 
et al. 2015 (see references), but falls between and to the South of two different system of perennial 
patches that are designated as year round by the Macander model. One modeled system lies 
approximately 3.7 km due North of site 009 and the other lies approximately 3.7 km to the 
Northwest. The Snow Patch - Caribou Proximity Model indicates that one or more collared 
animals from the Western Arctic Caribou herd have come within 500 to 950 meters of both of 
these modeled snow fields. While the modeled snow coverage from Macander et al. is not in 
agreement with the coverage area of site 009, the images from the 5 m resolution IKONOS satellite 
data line up well, spatially, with this field survey site.
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HYDROLOGIC DATA
Weather: calm winds, partly cloudy

Patch 009A
Time: 14:25 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)

SITE NOTES
• No surface water runoff available for measuring for Patches 009B and 009C
• Patches 009A - 009C are shown on the ipad map model as not visited by caribou, 

however, many sheds were seen in the area and identified by air
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Site 010 - Snow Patch 010

2015-07-30

LOCATION DESCRIPTION
Located in the East central part of the park; approximately 17.3 km due South of the preserve 
boundary, near the Eastern slope of Inclined Mountain. This snow patch is also located about 7.3 
km Southeast of Peregrine Pass, about 7 km Southeast of Als Mountain, about 6 km Northeast of 
Twoprong Mountain, and about 6.6 km Southwest of Snowheel Mountain. Site 010 is also located 
about 3.5 km due North of Barrenland Creek, about 5.7 km Northwest of Alinement Creek, and 
approximately 32 km due West of the Dalton Highway. Snow Patch 010 is a small snow patch 
whose melt waters feed into a small tributary of the Koyukuk River, which eventually flowe into 
the Itkillik River and Oolah Valley. Site 010 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, Snow Patch 010 is located on a Northeast facing aspect 
of Inclined Mountain, with an elevation between about 4,300 ft - 4,600 ft (1,311 m - 1,402 m). It 
is not located within the year-round coverage portion of the snow persistence raster map developed 
by Macander et al. 2015 (see references) but falls very closely between two different patches that 
are designated as year round by the Macander model. One modeled snow patch lies about 115 m 
to the Northeast of site 010, and the other lies approximately 200 m due South. The Snow Patch - 
Caribou Proximity Model indicates that one or more collared animals from the Western Arctic 
Caribou herd have come within 300 to 350 meters of the modeled snow field to the Northeast and 
within 850 to 900 meters of the modeled field located due south of site 010. Neither the modeled 
snow coverage, nor the field data from Site 010, overlap exactly with the images of snow cover 
from the 5 m resolution IKONOS satellite data, however, they are spatially quite close, and 
therefore in relatively good agreement.
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HYDROLOGIC DATA
Weather: calm winds, partly cloudy

Patch 010
Time: 10:22 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1) 
Solid Water Physical Data (see Table 2)

SITE NOTES
• This patch was identified as very close to the modeled data; however, it is a different 

shape and size than what is seen on model map
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Site 011 - Snow Patch 011

2015-07-30

LOCATION DESCRIPTION
Located in the East central part of the park; approximately 11 km due South of the preserve 
boundary, relatively near the East Alapah Glacier. This snow patch is also located about 5.9 km 
Southwest of Cockedhat Mountain, about 6.3 km Northwest of Peregrine Pass, about 4.4 km due 
South of Grizzly Creek, 2 km Northwest of Limestack Mountain, and about 5.1 km Southeast of 
Alapah Mountain. Site 011 is also located approximately 38 km due West of the Dalton Highway. 
Snow Patch 011 is located about 1 km West of the East Alapah Glacier, within Gates of the Arctic 
National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, Snow Patch 011 is located on a West facing aspect of 
Limestack Mountain, with an elevation between about 4,300 ft - 4,600 ft (1,311 m - 1,402 m). It 
is not located within the year-round coverage portion of the snow persistence raster map developed 
by Macander et al. 2015 (see references), and therefore, it is also far from any of the Snow Patch 
- Caribou Proximity Model data. Snow Patch 011 does not overlap with what appears to be snow 
coverage imaged by the 5 m resolution IKONOS satellite data, but it does come close, falling just 
850 m to 1 km to the West of the snow and East Alapah Glacier IKONOS imagery.
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HYDROLOGIC DATA
Weather: calm winds, partly cloudy

Patch 011
Time: 12:30 AKST
Hydrologic Data Collected:

Solid Water Physical Data (see Table 2)

SITE NOTES
• No surface water runoff available for measuring, but could hear it running under the 

rocks in the subsurface ground layers / ground water
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Site 012 - South Alapah Glacier - Glacier 03

2015-07-30 & 31

LOCATION DESCRIPTION
This active glacier is located in the East central part of the park; approximately 8 km South of the 
preserve boundary, and relatively near the East and West Alapah Glaciers. The South Alapah 
Glacier, Site 012, is also located to the South of the Mountain with the same name, within Gates 
of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
This active glacier site is a special case for the 2015 snow patch archaeology survey within the 
park. The site falls outside of the original criteria set for this investigation; however, the South 
Alapah Glacier became of special interest during this field campaign. This was due to an 
abundance of caribou remains which lie on the surface of the glacier and are very evident upon 
visual inspection by air. An auxiliary trip was made to briefly land on this site to collect both 
hydrologic and potentially paleoecological samples for study.

HYDROLOGIC DATA
Weather: windy, cloudy

Patch 012
Time: 14:40 AKST
Hydrologic Data Collected:
Liquid Water Sample Taken for Chemical Analyses (See Table 3)

SITE NOTES
• Many, many caribou sheds, old caribou bones, hair, and frozen flesh present on surface of 

glacier
• Many ptarmigan feathers and dung on surface
• Most likely still an active glacier, though it is melting rapidly
• Lots of melted out caribou dung
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Site 013 - Snow Patches 013A, 013B

2015-07-31

LOCATION DESCRIPTION
Located in the Northeast corner of the park, within the preserve, and overlapping with the Northern 
boundary of Gates of the Arctic National Park & Preserve. This system of snow patches is also 
located in between the intersections of the Nanushuk River and Kuhsuman Creek with the 
Northern park boundary, approximately 4.8 km East and 3.5 km West of each intersection, 
respectively. Site 013 is located about 16.8 km Northeast of Marshmallow Mountain, about 17.6 
km Northwest of Thibodeaux Mountain, and approximately 40 km due West of the Dalton 
Highway. These snow patches are part of a larger system of perennial snow and ice fields whose 
melt waters feed into both the Nanushuk River to the West and Kuhsuman Creek to the East. Site 
010 is in Gates of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, Snow Patches 013A and 013B are located on a 
Northeast facing aspect, with an elevation between about 5,300 ft - 5,600 ft (1,615 m - 1,707 m). 
They are not located within, or near, any of the year-round coverage portion of the snow 
persistence raster map developed by Macander et al. 2015 (see references), and therefore, it is also 
far from any of the Snow Patch - Caribou Proximity Model data. Site 013 completely overlaps 
with what appears to be snow coverage imaged by the 5 m resolution IKONOS satellite data, and 
therefore, correlates well, spatially, with the satellite imagery.
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HYDROLOGIC DATA
Weather: partly cloudy, sunny, slight wind, cold

Patch 013B
Time: 10:20 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Solid Water Physical Data (see Table 2)
Liquid Water Sample Taken for Chemical Analyses (See Table 3)

SITE NOTES
• No surface water runoff available for measuring for Patch 013A
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Site 014 - Snow Patch 014

2015-07-31

LOCATION DESCRIPTION
Located in the Northeast corner of the park, within the preserve, and approximately 3.7 km due 
South of the Northern park boundary. This snow patch is also located about 8 km due West of the 
Nanushuk River, about 7.2 km due North of Marshmallow Mountain, about 14 km Northeast of 
Fan Mountain, about 3 km Northeast of Alapah Creek, and about 3.2 km southeast of Ear Peak. 
The melt waters from snow patch 014 most likely feed into Alapah Creek and site 014 is in Gates 
of the Arctic National Park & Preserve.

FIELD VALIDATION OF GIS, REMOTELY SENSED, & MODEL DATA
According to the Alaska 30 m NED DEM, Snow Patch 014 is located on a North facing aspect, 
with an elevation between about 5,000 ft - 5,300 ft (1,524 m - 1,615 m). It is not located within, 
or near, any of the year-round coverage portion of the snow persistence raster map developed by 
Macander et al. 2015 (see references), and therefore, it is also far from any of the Snow Patch - 
Caribou Proximity Model data. Site 014 is also not located over what appears to be snow coverage 
imaged by the 5 m resolution IKONOS satellite data but is located close to such imagery. The 
snow patch is located about 500 m to Northwest of the IKONOS snow cover imagery, and 
therefore, the site 014 correlates relatively well, spatially, with the satellite imagery.

HYDROLOGIC DATA
Weather: clear, calm, sunny weather

Patch 014
Time: 12:23 AKST
Hydrologic Data Collected:

Liquid Melt Water Parameters (see Table 1)
Liquid Water Sample Taken for Chemical Analyses (See Table 3)

Snow Depth Measurements using Circular Plot (see Table 4)

SITE NOTES
• Patch 014 is very large, perhaps the biggest one of the in situ survey, however, it is not 

glacial
• Liquid water sample taken at top of patch from melt water from an overhanging patch 

perched above 014
• Snow depth measurements from circular plot taken in counterclockwise direction, 2 m 

out from center point (4 m diameter), every ~50 m
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Table 1: Liquid Melt Water Parameters

Date
Patch

#
Coordinates (Garmin) Elev

m

Temp

°C

Electrical Conductivity
Salinity

Dissolved Oxygen
pH Notes

N (dd) W (dd) ms / cm μs ∕ cm % mg/L

25-7-2015 001A 68.02361 150.12671 - -0.27 0.262 136 0.12 92.3 13.55 7.53

25-7-2015 001B 68.02379 150.12479 - -0.26 0.196 101 0.09 92.6 13.57 7.27

68.02450 150.12488 - -0.21 0.196 101 0.09 89.3 13.12 7.18

25-7-2015 002 68.04124 150.22856 - -0.29 0.119 61 0.05 90.0 13.29 7.61

25-7-2015 003_ 68.03900 150.43102 - -0.24 0.282 146 0.13 91.3 13.48 7.71

68.03979 150.42577 - -0.22 0.011 6 0.00 92.2 13.52 4.41 Unusually acidic
YSI error?

25-7-2015 004 67.98090 150.26875 - 1.24 0.113 62 0.05 86.4 12.20 7.66

25-7-2015 005A 67.97926 150.24065 - 0.82 0.147 80 0.07 88.0 12.60 7.66

25-7-2015 005B - - - 0.70 0.118 63 0.05 80.0 11.47 7.69

26-7-2015 006A 68.27210 150.37352 1613 1.08 0.026 14 0.01 84.5 11.96 6.01

26-7-2015 006B 68.27219 150.37201 1607 0.31 0.114 60 0.05 82.4 11.93 6.97

26-7-2015 006C 68.27200 150.37090 1597 -0.02 0.153 80 0.07 79.0 11.52 7.29

29-7-2015 007_ 68.17684 149.80591 1657 -0.25 0.043 22 0.02 87.9 12.95 5.29 dead glacier site
fairly acidic

29-7-2015 008_ 68.15737 149.95624 1513 6.12 0.080 51 0.04 84.5 10.46 6.92 wtr temp warm
YSI error?

29-7-2015 009A 68.09733 149.92380 1545 -0.27 0.125 64 0.06 92.0 13.54 7.24

29-7-2015 009B -- No Surface Water Runoff --

29-7-2015 009C - No Surface Water Runoff -

30-7-2015 010 68.02887 150.56808 1385 -0.04 0.188 98 0.09 87.0 12.81 6.86

30-7-2015 011 -- No Surface Water Runoff --

30-7-2015 012 -- South Allapah Glacier Site -- water in moulins flowing too fast to measure using the YSI --

31-7-2015 013A - No Surface Water Runoff -

31-7-2015 013B 68.31014 150.51044 1698 2.16 0.064 37 0.03 85.0 11.69 4.39 Unusually acidic
YSI error?

31-7-2015 014_ 68.27599 150.84624 1632 2.36 0.008 4 0.00 84.5 11.58 3.84 unusually acidic
YSI error?
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TEST PIT
Table 2: Solid Water Physical Data

Date
Patch 

Number
Ds - Test Probes (cm)

Pit #
Coordinates (Trimble) Elev

m

Ds

cm

D∣

cm

Dt

cm

Reached 

bottom?
Notes

Perimeter Mid-Points N (m) E (m)

25-7-2015 002_ 140 20-60 - - - - - - - - middle is convex, so 
probes not to bottom

25-7-2015 005A 20, 60 160 - - - - - - - -
25-7-2015 005B 120 - - - - - - - - -
26-7-2015 006A 45 55 N/A 2038613.87 151155.67 1608.8 50 64 114 Y 006A-C were not pits; 

small ice auger holes
26-7-2015 006B 20 85, 75, 40 N/A 2038645.87 151213.72 1598.4 53 67 120 Y

26-7-2015 006C 15, O (ice) 45, 60, 50 N/A 2038637.32 151306.35 1613.2 63 160 223 Y

29-7-2015 008_ 44, 50, 60 66 001_ 2026977.08 169335.96 1509.5 137 - 137 N ice lense 96 cm from 
bottom; organic layer

29-7-2015 009A 25, 38,15 40 002 2020402.64 171058.90 1528.7 58 55 113 Y

30-7-2015 010 - - 003_ 2011320.79 144426.35 1378.5 148 148 N

30-7-2015 011_ 004_ 2020432.87 134207.63 1402.3 155 - 155 N ice lenses at 109 cm,
90 cm, and 30 cm

from bottom
31-7-2015 013B - 005 2042461.87 145182.29 1710.6 41 33 74 Y

Ds =Depth of Snow
D1 =Depth of Ice (under snow)

Dτ =TotaI Depth



Table 3: Liquid Water Samples Taken For Chemical Analyses

Date
Patch

Number
Sample 
Number

Coordinates (Trimble) Elev

m
Notes

N (m) E (m)

31-7-2015 013B 01 2042537 145237 1697.2

31-7-2015 014_ 02_ 68.27596 150.8463 1627.0 top of patch, Wtr from different patch above 
Coords for sample 02 in dd from Garmin

31-7-2015 012 03 2020961 135410.1 1515.6 melt water from top of S Allapah Glacier, moulin
31-7-2015 012 04_ 2020956 135435.4 1514.7 melt water from top of S Allapah Glacier, moulin
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Center Point Coordinates (Trimble)

Table 4: Patch 014 - Circular Sample Plot: Perimeter Snow Depth Measurements
4 m diameter plot, depth measurements taken from center point to 2 m out 
in counterclockwise direction, every ~ 50 cm

N fm) E (m) Elev (m)
2038090.18 131375 1600.6

Point Ds

Number cm
Center 135

1 125
2 40
3 35
4 100
5 115
6 110
7 28
8 66
9 22

10 100
11 50
12 95
13 86
14 84
15 75
16 133
17 99
18 36
19 56
20 28
21 106
22 140
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Perennial snow fields in 
the Brooks Range 
Mountains in summer 
time, Gates of the 
Arctic National Park 
(photo credit: J. Rasic, 
left, M. Tedesche, 
below)
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Perennial Snow Patches accumulate in cold alpine areas, such as the North facing aspects of 
mountains, since they receive less sunlight. (Photo credit: C. Ciancibelli)
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UAF Snow Hydrologist, NPS YLCC intern, and Engineering PhD student, Molly Tedesche, measures 
snow crystal structure and layering of the younger and older snow and ice in a perennial snow 
field test pit in Gates of the Arctic National Park and Preserve. (Photo credit: C. Ciancibelli)
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UAF Snow Hydrologist, NPS YLCC intern, and Engineering PhD student, Molly Tedesche, digs a 
perennial snow field test pit into some very heavy and wet summertime snow and firn in Gates 
of the Arctic National Park and Preserve. Firn is old snow that is compacting into ice. (Photo 
credit: C. Ciancibelli)
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Perennial snow and ice fields in the Brooks Range of Gates of the Arctic, as in other areas around 
the globe, are melting at unprecedented rates. Some of these patches have releveled culturally 
significant, well preserved archaeological and paleoecological specimens. (Photo credit: M. 
Tedesche)
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Gates of the Arctic National Park and Preserve Archaeologist, Chris Ciancibelli, surveys a 
perennial snow field in the Brooks Range for preserved artifacts, while ss ss s c 's 
archaeological potential for future field campaigns. (Photo credit: M. Tedesche)
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Molly Tedesche, UAF Snow Hydrologist and PhD student, and Chris Ciancibelli, NPS Archaeologist, 
perform an interdisciplinary field survey on a perennial snow field in the Brooks Range, collecting 
both hydrologic and archaeologic data. (Photo credit: R. Swisher)
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Appendix B: Snow Patches in the Brooks Range: US National Park Service Science Brief 
for Gates of the Arctic National Park and Preserve
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National Park Service
U.S. Department of the Interior

Gates of the Arctic National Park and PreserveSnow Patches in the Brooks Range
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Perennial snow field in the Brooks In Gates of the Arctic National Park and Preserve, Alaska, perennial snow fieldsRange in summer, Gates of the ArcticNational Park. are scattered across the Central Brooks Range. These snow patches (also known
as ice patches) are important geological and hydrological resources, and may 
also have archaeological and paleoecological significance. “Permanent” snow 
and ice fields all over the world are quickly melting, or have already disappeared 
completely for the first time in history. Snow patches are masses of ice and 
snow that form from seasonal layers of snow accumulating every winter. While 
much of the snow melts in the spring and summer, some remains, compacting 
over many years until eventually it turns into ice. Snow that persists year ‘round 
is able to do so because it collects in shallow valleys and on the shady sides of 
mountains, which allows the snowpack to stay cool throughout the warm sum
mer months. Perennial snow and ice fields are different from glacier ice because, 
as they become older, they never grow large enough to begin moving.
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National Park Service
U.S. Department of the Interior

Gates of the Arctic National Park and Preserve

History, Resources in
Melting Ice

An interdisciplinary team of scientists with 
the National Park Service and the University 
of Alaska Fairbanks are currently researching 
snow patches in the Central Brooks Range to 
characterize the physical behavior of this “old 
ice.” Using remotely sensed and field collected 
data on these snow patches also can help 
scientists estimate how much they may have 
changed over decades, centuries, and possibly 
even millennia. As scientists begin to unravel 
the clues as to how old these snow patches 
are, and how much they have changed, they 
are learning much about how climate warm
ing is affecting changes in Gates of the Arctic 
National Park and Preserve. Modeling and 
predicting which snow patches are the oldest, 
and which might melt the fastest, is an impor
tant step for understanding what role they play 
in the ecosystem and climate of the Park.

A warming arctic climate means snow patches 
around the world are currently shrinking 
and disappearing. In the southern Yukon and 
Northwest Territories of Canada, as well as 
in Wrangell St. Elias National Park in Alaska, 
these receding snow patches have revealed 
ancient caribou remains and well preserved 
artifacts left behind by ancient hunters. These 
hunters may have been tracking caribou, 
which flock onto the snow to stay cool and 
avoid mosquitoes in the summer. Scientists 
do not yet know whether there are ancient 
artifacts or animal remains lying within the
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A herd of caribou move across a snow patch in 
Southern Yukon, Canada. Caribou may seek out 
snow patches during summer to stay cool and avoid 
mosquitoes.

perennial snow and ice in the Brooks Range; 
however, modeling the behavior of snow fields 
may someday help archaeologists retrieve 
and preserve possible specimens. Modeling 
the rate of change in snow and ice field 
extent and mass could yield clues as to how 
climate change is affecting important hydro
logical, geological, and cultural national park 
resources.

This ancient spear head 
and shaft were discovered 
in a melting snow patch in 
Wrangell St. Elias National 
Park, Alaska.

For more information on the ongoing research of 
snow patches in Gates of the Arctic, please contact 
Snow Hydrologist Molly Tedesche at (907) 474-1875, or 
email her at metedesche@alaska.edu.
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