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Abstract

Understanding and modeling the permafrost system, hydrologic cycle, energy balance, and 

biologic systems in the Arctic are dependent, in part, on snow depth and snow distribution. Point

source snow measurements provide ground-truth observations of snow depth and snow water 

equivalent, although these measurements may be limited in their spatial and temporal distributions. 

Satellite-derived remote sensing products and gridded model output provide spatial coverage of 

snow properties, but their applicability is affected by their balance of resolution, computational 

speed, and accuracy confidence. The goal of this research is to assess the performance of three 

snow data products derived from remote sensing techniques as well as model output across the 

North Slope of Alaska with the International Land Model Benchmarking (ILAMB) Project 

software. Historic ground-based snow data, collected by agencies, academia, and industry, and 

dating from 1902 to 2021, was curated to create an ILAMB-compatible benchmark dataset for 

end-of-winter (EOW) snow depth and snow water equivalent (SWE) for the evaluation of the three 

snow data products: Canadian Sea Ice and Snow Evolution (CanSISE) network SWE; Arctic 

Boreal Vulnerability Experiment (ABoVE) snow depth; and Energy Exascale Earth System Model 

(E3SM) Earth Land Model (ELM) snow depth. The ILAMB evaluation results showed that the 

ABoVE data product is effective in providing the average EOW snow depth for regions of the 

North Slope but lacks representation of interannual and spatial variability of snow depth. 

Comparatively, the CanSISE data product and ELM results are inaccurate in magnitude for 

applicability across the North Slope of Alaska in addition to lacking representation of snow 

condition spatial variability. In interpreting ILAMB results, factors to consider were representation 

bias from inconsistent benchmark site distribution throughout the evaluated time period, the range 

of dates considered to represent the spring snow data, and uncertainty within the individual 

benchmark values. Future analysis of the same datasets with ILAMB could include diagnostic tests 

to understand the sources of error better. Thorough spring snow data collection should continue 

on the North Slope of Alaska to inform and improve Earth System Models.

iii



Table of Contents

Abstract .....................................................................................................................................................  iii

Table of Contents ....................................................................................................................................  iv

List of Figures ........................................................................................................................................  viii

List of Tables .........................................................................................................................................  xiii

List of Appendices ................................................................................................................................  xiv

Acknowledgements .................................................................................................................................xv

1. Introduction.................................................................................................................................... 1

1.1 North Slope .............................................................................................................................1

1.2 Relevance of Snow ................................................................................................................1

1.3 Importance of ESMs and ILAMB.........................................................................................2

1.4 Research Goals........................................................................................................................ 2

1.5 Thesis Organization ................................................................................................................3

2. Study Area .................................................................................................................................... 4

2.1 North Slope of Alaska ........................................................................................................... 4

2.2 Sagavanirktok River Basin ...................................................................................................6

3. Literature Review...........................................................................................................................7

3.1 Impact of Snow on Broader Systems................................................................................... 7

3.1.1 Hydrologic Cycle ...................................................................................................7

3.1.2 Surface Energy Budget .........................................................................................7

3.1.3 Ecology ...................................................................................................................8

3.1.4 Human Activity.......................................................................................................9

3.2 Snow Properties ..................................................................................................................... 9

iv



3.2.1 Snow Depth, SWE, End-of-Winter Snowpack ...................................................9

3.2.2 Spatial Variability ................................................................................................ 10

3.2.3 Temporal Variability............................................................................................ 11

3.3 Snow Data Sources ...............................................................................................................12

3.3.1 Snow Survey ......................................................................................................... 12

3.3.2 Meteorological Stations .......................................................................................12

3.3.3 Remote Sensing Techniques ...............................................................................13

3.3.4 Earth System Models ...........................................................................................14

3.4 International Land Model Benchmarking ..........................................................................15

4. Data ............................................................................................................................................... 16

4.1 Historic Observational Snow Data......................................................................................16

4.2 CanSISE SWE ...................................................................................................................... 19

4.3 ABoVE Snow Depth............................................................................................................ 20

4.4 ELM Snow Depth .................................................................................................................21

5. Methods.........................................................................................................................................23

5.1 ILAMB................................................................................................................................... 23

5.1.1 Input ....................................................................................................................... 23

5.1.2 Evaluation ............................................................................................................. 25

5.1.3 Output and Interpretation  .................................................................................... 27

5.1.4 Treatment of Point Benchmark ...........................................................................27

5.2 Historic Observational Snow Data......................................................................................27

5.3 CanSISE SWE Processing ...................................................................................................28

5.4 ABoVE Snow Depth Processing ........................................................................................29

v



5.5 ELM Snow Depth Processing ........................................................................................... 29

5.6 Scenarios for ILAMB Evaluation .......................................................................................29

6. Results......................................................................................................................................... 32

6.1 Historic Snow Data Summary ............................................................................................ 32

6.2 ILAMB Evaluation Results..................................................................................................33

6.2.1 ILAMB Evaluation Output ................................................................................. 33

6.2.2 CanSISE SWE ......................................................................................................35

6.2.3 ABoVE Snow Depth............................................................................................36

6.2.4 ELM Snow Depth ................................................................................................ 37

6.3 Summary of Results ............................................................................................................. 37

7. Discussion ...................................................................................................................................39

7.1 Interpreting Results...............................................................................................................39

7.2 Spatial and Temporal Variability in Represented Snow Condition............................... 39

7.2.1 Spatial Variability ................................................................................................ 39

7.2.2 Temporal Variability............................................................................................ 41

7.3 Assumptions and Limitations ............................................................................................. 41

7.3.1 Benchmark Representation Bias ........................................................................ 41

7.3.2 Range of Dates Associated with EOW Surveys .............................................. 42

7.3.3 Uncertainty within Benchmark ...........................................................................42

7.4 Implication of ILAMB Results ...........................................................................................43

7.4.1 Implications on the Applicability of the Data Products ................................. 43

7.4.2 Implications of Misrepresenting the Snow Condition ..................................44

7.5 Future Work ...............................................................................................................................45

vi



8. Conclusion ................................................................................................................................... 46

References................................................................................................................................................. 47

Appendices................................................................................................................................................ 55

vii



List of Figures

Figure 1: Location map of the North Slope of Alaska and the Sag River basin ..............................5

Figure 2: The location and number of years of data availability of curated historical North Slope 
of Alaska snow data ................................................................................................................................17

Figure 3: CanSISE Observation-Based Ensemble of Northern Hemisphere Terrestrial Snow
Water Equivalent, Version 2 data product ...........................................................................................20

Figure 4: The ABoVE: High Resolution Cloud-Free Snow Cover Extent and Snow Depth,
Alaska, 2001-2017 data product ........................................................................................................... 21

Figure 5: ELM Sag 1 km2 snow depth results ................................................................................... 22

Figure 6: Map showing the custom regions input to ILAMB for ESM evaluation ........................24

Figure 7: The location, data type, and number of years with spring observations of the historical 
snow data benchmark..............................................................................................................................  28

Figure 8: Number of sites represented per year in the historic SWE benchmark ..........................30

Figure 9: Number of sites represented per year in the historic snow depth benchmark ...............31

Figure 10: Historic snow depth benchmark yearly average value ....................................................32

Figure 11: Historic SWE benchmark yearly average value ...............................................................32

Figure 12: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
North Slope Region - period means ......................................................................................................34

Figure 13: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
North Slope region - bias, bias score, RMSE, and RMSE score ......................................................35

Figure 14: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
North Slope Region - regional mean ....................................................................................................35

Figure B.1: An example regions text file input to ILAMB to define bounds of different areas for 
the ILAMB evaluation to be performed over ......................................................................................58

Figure B.2: An example configuration file (filetype .cfg) input to ILAMB to define the 
confrontation package, variable, and benchmark file to be used in ILAMB evaluation .............. 58

Figure B.3: The dimensions and variables of the 2001-2010 historic snow depth point-source
benchmark, defined within a netCDF file ...........................................................................................  58

viii



Figure B.4: The dimensions and variables of the ABoVE snow depth data product, defined 
within a netCDF file ................................................................................................................................ 59

Figure D.1: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the 
North Slope region - period means .......................................................................................................63

Figure D.2: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
North Slope region - bias, bias score, RMSE, RMSE score ..............................................................63

Figure D.3: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
North Slope region- regional mean ......................................................................................................64

Figure D.4: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
Sag region - period means ..................................................................................................................... 64

Figure D.5: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
Sag region - bias, bias score, RMSE, RMSE score ............................................................................65

Figure D.6: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the
Sag region - regional mean .................................................................................................................... 65

Figure D.7: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
North Slope region - period mean ........................................................................................................ 66

Figure D.8: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
North Slope region - bias, bias score, RMSE, RMSE score .............................................................66

Figure D.9: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
North Slope region- regional mean ...................................................................................................... 67

Figure D.10: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
Sag region - period mean ...................................................................................................................... 67

Figure D.11: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
Sag region - bias, bias score, RMSE, RMSE score ............................................................................68

Figure D.12: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the
Sag region - regional mean .................................................................................................................... 68

Figure D.13: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
North Slope region - period mean ........................................................................................................ 69 

Figure D.14: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
North Slope region - bias, bias score, RMSE, RMSE score .............................................................70

ix



Figure D.15: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
North Slope mean - regional mean.......................................................................................................70

Figure D.16: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
Sag region - period mean ...................................................................................................................... 71

Figure D.17: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
Sag region - bias, bias score, RMSE, RMSE ......................................................................................72

Figure D.18: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the
Sag region - regional mean .................................................................................................................... 72

Figure D.19: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over
the North Slope region - period mean ..................................................................................................73

Figure D.20: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over
the North Slope region - bias, bias score, RMSE, RMSE score ...................................................... 73

Figure D.21: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over
the North Slope region - regional mean .............................................................................................. 74

Figure D.22: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over 
the Sag region - period mean .................................................................................................................74

Figure D.23: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over
the Sag region - bias, bias score, RMSE, RMSE score ..................................................................... 75

Figure D.24: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over
the Sag region - regional mean ..............................................................................................................75

Figure D.25: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over
the North Slope region - period mean ..................................................................................................76

Figure D.26: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over
the North Slope region - bias, bias score, RMSE, RMSE score ...................................................... 77

Figure D.27: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over 
the North Slope region - regional mean .............................................................................................. 77

Figure D.28: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over 
the Sag region - period mean .................................................................................................................78 

Figure D.29: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over
the Sag region - bias, bias score, RMSE, RMSE score ..................................................................... 78

x



Figure D.30: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over
the Sag region - regional mean............................................................................................................. 79

Figure D.31: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over 
the North Slope region - period mean ..................................................................................................80

Figure D.32: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over
the North Slope region - bias, bias score, RMSE, RMSE score ......................................................81

Figure D.33: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over 
the North Slope region - regional mean .............................................................................................. 81

Figure D.34: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over 
the Sag region - period mean .................................................................................................................82

Figure D.35: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over
the Sag region - bias, bias score, RMSE, RMSE score ..................................................................... 83

Figure D.36: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over
the Sag region - regional mean ............................................................................................................. 83

Figure D.37: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
North Slope region - period mean ........................................................................................................ 84

Figure D.38: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
North Slope region - bias, bias score, RMSE, RMSE score .............................................................84

Figure D.39: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
North Slope region - regional mean .....................................................................................................85

Figure D.40: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
Sag region - period mean ...................................................................................................................... 85

Figure D.41: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
Sag region - bias, bias score, RMSE, RMSE score ............................................................................86

Figure D.42: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the
Sag region - regional mean ....................................................................................................................86

Figure D.43: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
North Slope region - period mean ........................................................................................................ 87 

Figure D.44: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
North Slope region - bias, bias score, RMSE, RMSE score .............................................................87

xi



Figure D.45: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
North Slope region - regional mean .....................................................................................................88

Figure D.46: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
Sag region - period mean ...................................................................................................................... 88

Figure D.47: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
Sag region - bias, bias score, RMSE, RMSE score ............................................................................ 89

Figure D.48: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the
Sag region - regional mean .................................................................................................................... 89

Figure D.49: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
North Slope region - period mean ........................................................................................................ 90

Figure D.50: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
North Slope region - bias, bias score, RMSE, RMSE score .............................................................91

Figure D.51: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
North Slope region - regional mean .....................................................................................................91

Figure D.52: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
Sag region - period mean ...................................................................................................................... 92

Figure D.53: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
Sag region - bias, bias score, RMSE, RMSE score ............................................................................93

Figure D.54: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the
Sag region - regional mean ....................................................................................................................93

xii



List of Tables

Table 1: Curated historic snow data references .................................................................................. 17

Table 2: Scenarios evaluated in ILAMB ............................................................................................. 31

Table 3: ILAMB evaluation results for nine scenarios ...................................................................... 33

Table C.1: Yearly statistics for the historic snow depth benchmark dataset ................................. 60

Table C.2: Yearly statistics for the historic snow depth benchmark dataset ................................. 62

xiii



List of Appendices

Appendix A: Meteorological Station Snow Data Sources .................................................................55

Appendix B: ILAMB Input File Examples ..........................................................................................58

Appendix C: Yearly Statistics on Historic Snow Observation Benchmark......................................60

Appendix D: ILAMB Output Figures....................................................................................................63

xiv



Acknowledgements

This research was funded as part of the Interdisciplinary Research for Arctic Coastal 

Environments (InteRFACE) project through the U.S. Department of Energy, Office of Science, 

Biological and Environmental Research RGMA program. I thank the members of my committee, 

Dr. Bob Bolton, Dr. Sveta Stuefer, and Dr. Katrina Bennett, for their guidance throughout the 

research process and assistance in thesis edits and reviews. I also thank Dr. Jitu Kumar for his 

help in utilizing ILAMB software and Ross Spicer for his guidance in manipulating netCDF 

datasets and communicating with a variety of software.

xv



1. Introduction

1.1 North Slope of Alaska

The Arctic is rapidly warming due to climate change, with some regions warming at twice 

the global rate (Serreze and Barray, 2011). The warming climate directly increases rates of 

permafrost degradation, coastal erosion, and snow and ice loss (Boslough et al., 2008). The 

systems of the Arctic, both environmental and human, are interconnected such that the effects of 

climate change on one system in turn affect other systems and may form a feedback loop with the 

global climate (Chapin et al., 2008). Comprehending these systems with respect to climate change 

and one another is important for people, and specifically policy makers, so that they better know 

what to expect in the coming years and understand the consequences of current actions (Boslough 

et al., 2008). The North Slope of Alaska is the northernmost area of Alaska and is classified as 

within the Arctic region. The changes within the North Slope of Alaska due to continued warming 

are of national interest, in part, due to the North Slope's role in national security, the oil extraction 

industry, and the large amount of carbon stored within the permafrost (Chalecki, 2007; Bert, 2012; 

Strauss et al., 2013).

1.2 Relevance of Snow

The hydrologic cycle is intrinsically connected with the climate, and therefore needs 

specific attention in effort of understanding climate change (Chahine, 1992). In northern regions, 

snow is a significant portion of the annual precipitation and has a large role in the interaction 

between the hydrologic cycle and climate, as well as other systems (Liston and Sturm, 2002). A 

key feature of snow precipitation is that it accumulates as snowpack, where water is stored and 

will not be released into the land phase of the hydrologic cycle until it melts (Chahine, 1992). 

During this time, rivers see a peak in flow volume and groundwater aquifers are recharged 

(Dingman, 2015). Snow properties are interconnected with the surface energy budget, nutrient 

cycle, ecologic activity, and human activity (Cox et al., 2017). For example, snowpack provides 

greater surface albedo than tundra, so it decreases the amount of solar radiation entering the Earth 

(Cox et al., 2017). Overall, snow is an important component of the Arctic environment and global 

climate (Bokhorst et al., 2016).
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1.3 Importance of ESMs and ILAMB

Arctic snowpack properties are challenging to measure directly due to logistical difficulty 

and cost associated with accessing remote areas, especially if broad spatial and temporal data 

representation is desired (Dingman, 2015). To substitute for lack of direct measurements, Earth 

System Models (ESMs) can be used to represent, understand, and predict annual snowpack 

development and melt, at all scales (Luo et al., 2012). ESMs are essential for their ability to 

represent conditions that cannot be observed, such as comparing future snowpack properties based 

on different input scenarios (Bokhorst et al., 2016). ESMs, however, can be subject to error due to 

model mechanics, input parameters, and forcing datasets (Luo et al., 2012).

Within ESM development, reference data, or benchmarks, are used to calibrate ESMs or 

to confirm ESM accuracy (Luo et al., 2012). The International Land Model Benchmarking 

(ILAMB) Project provides software to compare ESM results to benchmarks and simultaneously 

supplies users with a catalog of accepted benchmarks for comparison (Collier et al., 2018). Again, 

due to the limitations of ground-based observations, benchmarks are often derived from remote

sensing and Earth system modeling. Assessing the accuracy of an ESM with ILAMB relies on the 

credibility of the benchmarks (Collier et al., 2018). There is potential for issues to arise due to the 

accuracy and/or available resolution of the benchmark datasets.

1.4 Research Goals

The goal of this research is to evaluate three different snow data sets against historic ground 

measurements to assess the applicability of these snow data products for the North Slope of Alaska 

and Sagavanirktok River Basin. Derived from remote sensing techniques as well as Earth system 

modeling, the three snow data products that are evaluated are the Canadian Sea Ice and Snow 

Evolution (CanSISE) network snow water equivalent (SWE), Arctic Boreal Vulnerability 

Experiment (ABoVE) snow depth, and Energy Exascale Earth System Model (E3SM) Earth Land 

Model (ELM) snow depth products. The evaluation of the three snow data products across the 

North Slope of Alaska and Sagavanirktok River Basin will be conducted using the ILAMB 

software package.
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1.5 Thesis Organization

Chapter 1 of this thesis presents the research goals and the general background information. 

Chapter 2 supplies a description of the study area, the North Slope of Alaska and the Sagavanirktok 

River Basin. Chapter 3 is a literature review including description of the impact of snow on broader 

systems, snow properties, snow data sources, and the International Land Model Benchmarking 

project. Chapter 4 details the data utilized in this study: historic observational snow data, CanSISE 

SWE data product, ABoVE snow depth data product, and ELM snow depth results. Chapter 5 

walks through the methods used within ILAMB software evaluation, processing of the data for 

ILAMB evaluation, and scenarios to be evaluated with ILAMB. Chapter 6 presents the results for 

this study, including a summary of the historic snow data and ILAMB evaluation results for the 

scenarios described in Chapter 5. Chapter 7 supplies thorough discussion of the results, including 

quantitative and qualitative interpretation of the ILAMB output for assessing the accuracy and 

applicability of the gridded snow data products, the assumptions and limitations of the ILAMB 

evaluation, and proposed future work. Chapter 8 concludes the thesis with a summary of the study. 

Appendix A contains a table of the utilized meteorological station snow data sources. Appendix B 

shows example ILAMB input files. Appendix C contains yearly statistics for the historic snow 

observation benchmark. Appendix D contains all ILAMB evaluation output figures, to supplement 

the results presented in Chapter 6.

3



2. Study Area

2.1 North Slope of Alaska

The area of study is the North Slope of Alaska, with a focus on the Sagavanirktok River 

basin, shown in Figure 1 in reference to the State of Alaska. The North Slope is the northernmost 

area of Arctic Alaska, bounded by the Brooks Range to the south and the Arctic Ocean to the 

north. The environment fades from rocky, glaciated mountains to coastal plains. Primary 

vegetation consists of alpine plants in the mountains, tussock tundra in the foothills, and grasses 

and sedge-tussocks in the coastal plain (Homan and Kane, 2015). The North Slope is underlain 

by continuous permafrost, a region where over 90 % of the ground remains at or below 0 oC for 

at least two consecutive years (van Everdingen, 1998). Mean monthly air temperatures are below 

freezing (0 oC) from October through May, allowing seasonal snowpack to accumulate for eight 

to nine months of the year (Huryn and Hobbie, 2012). About a third of the annual precipitation 

falls as snow, of which the volume is largely stored in the snowpack until breakup (Kane et al., 

2004). The spring breakup is typically the largest hydrologic event of the year and typically takes 

place in May (Kane et al., 2004).

The North Slope of Alaska is additionally characterized by being home to natural 

resource industries, residential communities, and unique ecology. The main natural resource 

industry present on the North Slope is oil and gas extraction. The U.S. national government 

interest in the North Slope of Alaska oil and gas reserves began in the 1920's, when the National 

Petroleum Reserve in Alaska was established (Banet, 1991). In the 1950's and 1960's, federal 

land was publicly offered for the purpose of oil and gas industry development, and seismic 

exploration of the North Slope oil and gas reserves began (Banet, 1991). In 1968, oil and gas 

discovery in Prudhoe Bay was announced along with plans for the Trans Alaska Pipeline System 

(TAPS) (Banet, 1991). Operation of TAPS began in 1977 (Banet, 1991). Since 1977, the oil 

fields in and off the coast of the North Slope have produced about 20 % of the total U.S. 

domestic supply (National Research Council, 2003).
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Figure 1: Location map of the North Slope of Alaska and the Sag River basin (shown with a red outline). The Sag River watershed boundary 
layer is from the USGS Watershed Boundary Dataset (2020) and the basemap is the World Imagery map (Esri, 2022).

Extraction of oil from Prudhoe Bay has directly led to further infrastructure developments 

and human activity on the North Slope. Deadhorse, an unincorporated community near Prudhoe 

Bay, was developed for the purpose of servicing the oil production operations and has a 

permanent population of 26 but a transient population of 4,000 oil field workers (Alcorn and 

Dorava, 1995). The Dalton Highway was constructed to support the development of TAPS and 

has corresponding maintenance camps along its extent (State of Alaska, 2022). Beyond the 

Dalton Highway, TAPS operations require pipeline access roads and pump stations (Banet, 

1991).

For residential communities, the North Slope has nearly 10,000 permanent residents who

live within eight communities (Brower, 2022). Most permanent residents are Inupiat, a group of

Alaska Natives who have lived in the Arctic for tens of thousands of years (Brower, 2022). Many

residents rely on subsistence activities, such as hunting, fishing, and gathering, for food supply as

well as cultural identity (Cuomo et al., 2008). The unique ecology of the North Slope allows for
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these subsistence activities. Animals sought after for hunting and fishing include, but are not 

limited to, caribou, whale, walrus, seal, ducks, and geese (Cuomo et al., 2008). Additional 

notable species present on the North Slope are polar bears, grizzly bears, muskox, wolverine, 

four eider species, 39 fish species, and eight types of edible berries (Bacon et al., 2014). The 

Bureau of Land Management (BLM) has many species of the North Slope listed with special 

status, confirming them as sensitive, rare, or endangered (BLM, 2022).

The North Slope of Alaska is a sensitive environment, specifically regarding the 

permafrost thermal regime and ecology response to climate change and infrastructure 

development, which is often driven by the oil and gas industry. Permafrost stability is of high 

interest due to its role in global carbon storage and the hazard that thaw, and potential collapse, 

poses to infrastructure (Schuur et al., 2015). It is estimated that the permafrost region contains 

twice as much carbon currently present in the atmosphere, but frozen in soil (Schuur et al., 

2015). Upon permafrost thaw, organic carbon stored in previously frozen soils decomposes and 

is released to the atmosphere as greenhouse gasses (Schuur et al., 2015). Thaw of permafrost, 

and specifically ice-rich permafrost, causes large subsidence of the ground leading to 

infrastructure damage (Hjort et al., 2022). This damage affects residents and industry physically 

and economically (Hjort et al., 2022). As mentioned, the flora and fauna of the North Slope are 

unique and relied upon by communities for subsistence activities, so are of interest from an 

ecological and social standpoint. Notable changes in wildlife behavior and health have already 

been observed on the North Slope in response to both climate change and oil industry 

development (Cuomo et al., 2008).

2.2 Sagavanirktok River Basin

This study is focused on the Sagavanirktok River basin (herein referred to as “the Sag”). 

The Sag is the second largest river on the North Slope of Alaska, draining about 14,890 km2 of 

land to the Beaufort Sea (Hodel, 1986). Its proximity to TAPS and the Dalton Highway has 

resulted in a significant amount of research and data collection in the area. The basin size and 

data availability make this an accessible study site for assessing the accuracy of satellite-derived 

data products and ESMs within the North Slope, as there should be a large enough 

spaciotemporal sample size of in situ measurements to use for comparison.
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3. Literature Review

3.1 Impact of Snow on Broader Systems

3.1.1 Hydrologic Cycle

As part of the hydrologic cycle, snow is an input of water volume to the Earth's surface so 

it is a necessary component in calculating regional water balances (Ryan and Crissman, 1990). 

Throughout the snow accumulation period, water mass can leave the snowpack via sublimation 

(Li et al., 2017). At snowmelt, the percentage of the water stored in the snowpack that becomes 

runoff is a much greater percentage than that of an equal volume of rainwater (Dingman, 2015). 

On average, 53 % of the annual total runoff originates from snowmelt in the western United States, 

with this percentage increasing at higher latitudes and altitudes (Li et al., 2017; Ryan and Crissman, 

1990). On the North Slope, areas have been observed to have 60 % to 70 % of the annual snowpack 

enter the land portion of the hydrologic cycle via runoff (Homan and Kane, 2015). This high 

amount of surficial runoff corresponds to annual peaks in runoff and in stream discharge (Ryan 

and Crissman, 1990). The timing and magnitude of snowmelt is therefore relevant in assessing 

streamflow dynamics for a region.

3.1.2 Surface Energy Budget

Snow interacts with the surface energy budget mainly by increasing surficial albedo, 

consuming and releasing latent heat during phase changes, and by providing a thermal barrier 

between the subsurface and the atmosphere (Dingman, 2015). Albedo is the percentage of incident 

shortwave radiation from the Sun that is reflected away from the Earth by a surface (Dingman, 

2015). The fractional albedo of snow can range from 0.5 (i.e., 50 % reflectance) to 0.9, compared 

to the typical albedo for tundra which is between 0.1 and 0.2 in the summer (Wiscombe and 

Warren, 1981; Loranty et al., 2011). The albedo of the snow decreases as the snow melts, so 

operates as positive feedbacks in the snowmelt processes (Gardner and Sharp, 2010). The duration 

and extent of snow cover is a notable factor in a region's albedo and therefore is also important in 

calculating the annual surface energy budget of a region (Loranty et al., 2011).

Latent heat is exchanged at all phase changes that occur within the snowpack. Throughout 

the snow accumulation period, snow grains are consistently sublimating and depositing due to 
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pressure and temperature gradients within the snowpack and air (Burns et al., 2014). During 

snowmelt, snow grains melt and refreeze due to movement to colder parts within the snowpack 

and diurnal temperature changes (Burns et al., 2014). The addition of rain to the snowpack also 

promotes the melting of snow grains or freezing of the rain (Dingman, 2015). Latent heat 

exchanges move thermal energy from one part of the snowpack to another and play a significant 

role in snowpack melt mechanics (Burns et al., 2014). The nuances of albedo and latent heat 

exchange feedbacks during snowmelt are relevant to the regional energy budget because energy 

input during seasonal warming will be consumed by snowmelt processes prior to affecting the state 

of the subsurface (Dingman, 2015).

In addition to snowmelt processes consuming thermal energy during seasonal warming, 

the snowpack has a relatively low thermal conductivity so it acts as an insulator between the air 

and subsurface for the entire duration of snow cover (Park et al., 2015). In winter, this means the 

air temperature can be much cooler than the base of the snowpack, whether there is permafrost, 

lake or river ice, or other features below the snowpack (Hicks, 2016). Opposingly, in spring, the 

air may be much warmer than the base of the snowpack, which will remain at or below freezing 

until the snowpack has completely melted (Park et al., 2015). The timing of snow cover onset, 

offset, and magnitude of snow depth, impacts the thickness and temperature of the winter ice 

formation on lakes, rivers, and below the ground surface (Park et al., 2015; Hicks, 2016). The 

interaction between snowpack and the surface-energy budget strongly links snowpack to Earth's 

climate.

3.1.3 Ecology

The snow properties of the North Slope affect the ecology through impacting mobility 

efficiency, providing thermal insulation, and impacting the timing of annual biological cycles (i.e., 

phenology). For grazing animals, such as muskox and caribou, shallower snowpacks make it easier 

for them to travel and to access vegetation, their food source, which is at the base of the snowpack 

(Spencer and Lensink, 1970). Deeper snowpacks are advantageous for smaller animals who may 

burrow, such as fox and ermine, as they are able to stay warmer due to the thermal barrier provided 

by the snow (Berteaux et al., 2017). Similarly, plants benefit from the thermal insulation provided 

by the snowpack as it helps keep soil temperatures relatively stable and warmer (Kelsey et al., 
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2020). Deeper snow conditions can also make it easier for small animals to hide from predators 

(Bilodeau et al., 2013). The timing of snowmelt on the North Slope directly correlates with the 

timing of annual ecological cycles, such as the vegetation growing season, bird migration, and 

seabird egg laying season (Kelsey et al., 2020; Cox et al., 2017).

3.1.4 Human Activity

Many human activities, from necessities for life to recreation and development, are 

impacted by the snow conditions. First, snow contributes to the water available to people. Snow

fences have been used to enhance the volume of fresh water within specific drainages for human 

consumption (Ryan and Crissman, 1990). Secondly, snow depth impacts winter mobility options. 

For the oil industry, regulations in place by the State of Alaska require that there be at least a 

specified amount of snow in managed areas for operations to take place, to protect the tundra from 

heavy machinery (Derry et al., 2012). Additionally, the oil industry relies on ice roads, in which a 

certain thickness of ice on lakes is required for safe travel (Derry et al., 2012). Outside of the oil 

industry, residents of the North Slope similarly require a degree of snow cover and lake-ice 

development for winter tundra travel via snow-machines or human-powered devices, although a 

lower threshold may be required, compared to requirements for the oil industry, for lighter weight 

equipment (Cuomo et al., 2008). Although snow can aid freshwater access and winter mobility, it 

can also promote hazards to infrastructure and lives. Some snow related hazards and engineering 

considerations are avalanches, wind drifting, snow loading, and flooding caused by snowmelt 

(Ryan and Crissman, 1990). Snow also affects people indirectly via its effect on the ecology and 

permafrost stability on the North Slope.

3.2 Snow Properties

3.2.1 Snow Depth, SWE, End-of-Winter Snowpack

The snow properties that are evaluated in this study are end of winter (EOW) snow depth 

and SWE. Snow depth is the height of the snowpack and SWE is the amount of liquid water stored 

within the snowpack. Equation 1 gives the calculation for SWE [L], given snow depth (hs [L]), 

snow density (ps [M/L3]) and water density (pw [M/L3]).
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(1)SWE = hs —

While snow depth and SWE are related, they are not interchangeable in what they inform 

about the snowpack conditions. SWE is a more fundamental metric, used in the determination of 

total water input from snow precipitation, but snow depth is still relevant for understanding other 

snowpack properties (Sturm et al., 2010). For example, calculation for snow thermal insulation 

requires snow depth and snow density (Hicks, 2016).

The EOW snowpack condition is at the end of the snow accumulation period, just before 

the ablation period (Hinkler et al., 2008). The EOW snowpack represents the net winter 

precipitation from snow, where throughout the winter, water mass is added to the snowpack via 

snowfall and relocated by wind and sublimation (Hinkler et al., 2008). If sampling resources are 

limited, EOW snow measurements are often prioritized by researchers due to applicability of the 

net winter snow input measurement, or the total amount of water entering the land part of the 

hydrological cycle from winter precipitation on an annual basis.

3.2.2 Spatial Variability

Spatial variability in snow depth and SWE is driven by a variety of mechanisms, including 

local ground-surface variation, snow transport and increased sublimation from wind, orographic 

effects, and moisture availability. There is often ground-surface variation on the sub-centimeter to 

multi-meter scale due to the presence of microtopography (i.e., ice wedge polygons), vegetation, 

rocks, or standing water (Wainwright et al., 2017). Typically, wind will cause there to be an even 

snow surface despite such local anomalies (Wainwright et al., 2017). For example, snow depth 

measured on top of a tussock may be 15 cm less than that measured aside the tussock (Lawrence 

and Zedeler, 2011).

A second factor of snow spatial variability is transport and increased sublimation from high 

winds, which can cause snow surface variation on the 1- to 10- kilometer scale (Pomeroy and 

Jones, 1996). This component has been observed to have extreme impact on the North Slope of 

Alaska, promoting large heterogeneity of snow depth spatial distribution (Liston and Sturm, 2004).
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The orographic effect is the lifting of air masses over higher elevation topography, which 

causes the cooling, condensation, and precipitation of moisture in the air mass (Houze, 2012). In 

general, this leads to greater precipitation at higher elevations, and is a process that occurs on local 

to continental scales (Mott et al., 2014). A previous study, however, has found that the North 

Slope's winter precipitation distribution is controlled more by moisture availability rather than 

topography; Homan and Kane (2015) observed an increase in precipitation with elevation from the 

coast to 225 m elevation but then decreasing precipitation with elevation, as distance from the 

ocean increased (Homan and Kane, 2015).

3.2.3 Temporal Variability

Temporal variability in snow properties exists on a seasonal and interannual scale. Seasonal 

variability is driven by the seasonal warming and cooling of the Arctic (Cox et al., 2017). Snow 

cover onset is in fall, followed by winter snow accumulation, maximum SWE and EOW snow 

condition, snowmelt, and snow cover offset in the late spring (Dingman, 2015). The precise day 

of snow onset, SWE magnitude, duration of snowmelt, and day of snow offset varies year to year 

based on meteorological conditions (Cox et al., 2017). Previous study on the North Slope found 

that, for a watershed in the eastern foothills of the Brooks Range, the EOW snow depth ranged 

from 51 - 169 mm from 1997 to 2017, displaying a large range of interannual variability in the 

regional snow properties (Stuefer et al., 2020).

While year to year variability in snow properties can appear stochastic, long term temporal 

trends exist from climate forcings. With climate change and consequent rapid warming of the 

Arctic, changes are being observed in Arctic snow properties (Box et al., 2019). Broadly, over the 

past 20 years there has been a trend of decreasing water volume stored in pan-Arctic seasonal snow 

cover (Box et al., 2019); however, trends in annual snow accumulation are quite location specific, 

with EOW SWE increasing in some areas while decreasing in others (Box et al., 2019; Brown and 

Braaten, 1998). On the North Slope, decreasing snow depth has been observed in Utqiagvik since 

the mid-1950's, with a 36 % decrease in October to February snowfall over a 35-year period (Stone 

et al., 2002). Opposingly, an increasing trend in SWE was observed from 1985 to 2017 at Imnavait 

Creek, a watershed in the northern foothills of the Brooks Range (Stuefer et al., 2020). A more 

consistent trend across the Arctic is that the duration of snow cover and areal snow cover extent 
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are decreasing (Box et al., 2019). In Utqiagvik, snow onset has been getting later by about 4.6 days 

per decade and snow offset has been getting earlier by about 2.86 days per decade (Cox et al., 

2017).

3.3 Snow Data Sources

There are several methods of supplying snow data. Ground-based methods are those in 

which the snow condition is measured at a specific location directly (Dingman, 2015). Two 

ground-based methods of snow data collection are snow surveys and meteorological surveys (Ryan 

and Crissman, 1990). Where ground-based observations are limited, snow data derived from 

remote sensing and ESMs can be used to inform snow conditions (Dingman, 2015).

3.3.1 Snow Surveys

Snow surveys consist of a person physically visiting the field location to measure the snow 

properties. The most basic snow survey would be somebody using a type of probe or ruler to 

measure the snow depth in a single location at a specific point in time (Ryan and Crissman, 1990). 

A more diligent snow survey consists of measuring SWE in addition to snow depth and 

systematically multi-sampling across an area to find a representative area average (Rovansek et 

al., 1993). SWE is typically measured by using a snow tube to collect a snow core, weighing it, 

calculating the snow density, and then calculating the SWE (Dingman, 2015). Snow surveys are 

the most direct way to measure snow properties and are considered the most precise, typically 

yielding SWE errors of about 10 % (Stuefer et al., 2020).

A snow survey requires researchers active in the field, which can be costly and logistically 

challenging. To conserve resources, snow survey site locations are frequently biased towards road 

systems or other facilities and researchers will often prioritize EOW snow surveys, providing one 

snow measurement per site per year (Dingman, 2015). Overall, snow survey data availability is 

spatially and temporally limited.

3.3.2 Meteorological Stations

Meteorological stations are another way of measuring snow properties. There are a variety 

of instruments that are used to measure snow depth and even SWE at meteorological stations such 
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as ultrasonic sensors (for example the Campbell Scientific SR-50 sensor), snow stakes, universal 

precipitation gauges, or snow pillows (Dingman, 2015). The advantage of operating these 

instruments at meteorological stations is that data can be collected at high frequency, such as daily 

intervals, and then reported back to researchers or downloaded during site visits. Spatially, the 

placement is limited due to cost of equipment and maintenance as well as difficulty and expense 

in transporting equipment to remote locations (Dingman, 2015). The error associated with 

meteorological station measurements depends on the type of snow gauge being used, the setup of 

the meteorological station (i.e., presence of a windshield or not), and the specifics of the weather 

(Yang et al., 2005). On average, in northern regions the winter gauge undercatch is around 50 %, 

requiring a correction factor of 2.0 (Yang at el., 2005).

3.3.3 Remote-Sensing Techniques

Snow conditions can be determined remotely using satellite imagery. From imagery using 

the visible and infrared light spectrum, the high albedo of the snow is used to identify areas with 

or without snow and determine snow cover extent (Frei et al., 2012). Methods using visible light 

are negatively affected by low light, clouds, vegetation cover, and terrain irregularity (Frei et al., 

2012). Imagery instruments that capture microwave emissions are also used to evaluate snow 

conditions because snow scatters microwaves (Frei et al., 2012). The amount of microwave 

scattering is proportional to the number of snow grains in the snowpack, so microwave imagery 

can be used to determine SWE (Frei et al., 2012). This method is not affected by low light or non

precipitating clouds but is limited by liquid water in the snowpack because microwave emissions 

from liquid water mask the signal from the snowpack (Frei et al., 2012).

Algorithms, and sometimes modeling, are required to transform the satellite imagery to a 

final snow data product. For visible light, this processing may be extrapolating information for 

cloud covered grid cells (Yi et al., 2020). For using microwave emissions to determine SWE, 

algorithms are required to convert the microwave emission to the number of snow grains and then 

SWE (Frei et al., 2012). This is particularly challenging due to the heterogeneity of the snowpack 

- variation in snow grain size and shape, ice lenses and other irregularities, and ongoing snowpack 

metamorphism, which changes the snow grain characteristics throughout the snow accumulation 

13



period (Frei et al., 2012). The interpretation of satellite imagery is not straightforward, and the 

processing introduces potential for systemic error in the resulting data product.

A benefit to satellite-derived data is that data can be provided at high frequency temporal 

intervals, such as daily, and for large geographic regions. Limitations to applicability include 

systematic error applied in imagery processing algorithms and data product resolution, which is 

limited by the imagery instrumentation and processing computational power.

3.3.4 Earth System Models

Earth System Models (ESMs) are designed to capture the interactions between components 

of the Earth System (Flato, 2011). They are necessary so that we are better able to understand and 

predict how the environment will respond to climate change (Clark et al., 2015). An advantage of 

ESM snow data is that it can provide information for points of interest that are not able to be 

directly observed, including future conditions. The applicability of ESM snow data depends on the 

resolution of the ESM product, scale of processes represented within the ESM, and accuracy of 

the ESM results.

ESM snow data may be available from local to regional to global scales and on variable 

temporal frequencies (Luo et al., 2012). The ESM output resolution, spatial and temporal, is driven 

by limitations in both computational power and scale of data available for ESM input (i.e., initial 

conditions, process parameters, and forcing data) (Bloschl, 1999). In addition to output resolution, 

the spatial and temporal scales represented by ESMs vary model to model, based on specific model 

development goals and resources (Clark et al., 2015). For example, simplifications may be made 

in representing fine scale snow processes if a project's research question is related to global scale 

snow processes.

The accuracy of ESM output is dependent on the computational representation of 

mechanical processes involved in the storage and movement of water as well as the quality of data 

available to use as model forcing (Lawrence et al., 2019). While the goal of ESMs is to inform 

future conditions, ESM historical output is also produced so that it can be compared to observed 

measurements for the purpose of calibration and accuracy assessment (Lawrence et al., 2019). The 

reference datasets used for the evaluation of ESM accuracy are benchmarks, which can be sourced 
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from ground-based observations, remote-sensing, and products derived from a combination of 

remote-sensing and modeling (Collier et al., 2018; Flato, 2011).

3.4 International Land Model Benchmarking

ILAMB is a model-data intercomparison project. The ILAMB project goals include 

developing internationally accepted benchmarks for ELM performance, encouraging the use of 

these benchmarks, and supporting the development of open-source software for evaluating ESMs 

against these benchmarks (Collier et al., 2018). The ILAMB software Python package is a tool for 

researchers to evaluate ESM results against benchmarks. Given ESM results and specified 

benchmarks, ILAMB performs a series of calculations to assess the ESM accuracy, outputting a 

series of figures and numerical scores (Collier et al., 2018). Most notable is the unitless overall 

score on the scale of zero to one given to the ESM (Collier et al., 2018). ILAMB calculation and 

display methods were developed specifically for hydrology, biogeochemistry, radiation and 

energy, and climate forcing variables (Collier et al., 2018). The package provides users with a 

catalog of internationally accepted benchmarks and default evaluation settings but is generally a 

framework where users can adjust input settings to best fit their needs (Collier et al., 2018).
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4. Data

4.1 Historic Observational Snow Data

A historical snow observation dataset was created by curating ground-based snow data 

previously collected by researchers on the North Slope of Alaska and published in databases, 

articles, or reports. Table 1 reports the references that historic snow data were curated from, as 

well as the associated data type, number of individual sites, temporal frequency of supplied data, 

and the number of years for which data were available. Except for “NOAA” and “SNOTEL,” all 

references in Table 1 provided data from snow surveys, totaling over 400 snow survey sites with 

SWE measurements and over 2,000 with snow depth measurements. Meteorological station data 

were gathered from 25 stations with data housed by either the National Oceanic and Atmospheric 

Administration (NOAA) stations of the U.S. Department of Agriculture Natural Resources 

Conservation Service (NRCS) Snow Telemetry (SNOTEL). Appendix A supplies further 

information about the meteorological station data, including each meteorological station's 

associated agency, name, identification number, data type, data frequency, period of spring snow 

record, and data access link. Figure 2 shows the location of all historic snow observations curated 

from the references in Table 1.

16



Figure 2: The location and number of years of data availability of curated historical North Slope of Alaska snow data. Data curated from 
references in Table 1. Alaska watershed boundaries from United States Geological Survey (USGS) Watershed Boundary Dataset (WBD) (2020). 
The mapped geographic extent is from latitude 66.5N to 71.5 and longitude -143.7 to -167.2.

Table 1 : Curated historic snow data references.

Citation
Number of 

Sites
Number of 

Years
Frequency 

of Data Data Type

Arp, 2018 16 7
Once per 

year
Snow depth, snow 
density and SWE

Berezovskaya et al., 2007 130 1
Once per 

year
Snow depth, snow 
density and SWE

Berezovskaya et al., 2008 97 1
Once per 

year
Snow depth, snow 
density and SWE

Berezovskaya et al., 2009 132 1
Once per 

year
Snow depth, snow 
density and SWE

Berezovskaya et al., 2010 94 1
Once per 

year
Snow depth, snow 
density and SWE

Glude and Sloan, 1980 7 1
Once per 

year
Snow depth, snow 
density and SWE
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Table 1 continued

Citation
Number of 

Sites
Number of

Years
Frequency 

of Data Data Type

Homan and Kane, 2015 79 1
Once per 

year
Snow depth, snow 
density and SWE

Arctic Transportation Network 
(Derry et al., 2008; Derry et al., 
2009; Derry et al., 2010; Derry et 
al., 2011; Derry et al., 2012;
Hilton et al., 2012; Murray et al., 
2010a; Murray et al., 2010b;
Murray et al., 2010c; Murray et 
al., 2010d) 61 3

~ Monthly in 
winter

Snow depth, snow 
density and SWE

Kane et al., 1991 4 7
Once per 

year
Snow depth, snow 
density and SWE

Kane et al., 2006 120 1
Once per 

year
Snow depth, snow 
density and SWE

Ohara, 2020 2041 1
Once per 

year Snow depth

Parsekian, 2020 257 1
Once per 

year Snow depth

Pedersen et al., 2019 81 2
Once per 

year
Snow depth, snow 
density and SWE

Sloan et al., 1979 75 2
Once per 

year
Snow depth, snow 
density and SWE

Stuefer et al., 2020 33 32
Once per 

year
Snow depth, snow 
density and SWE

Stuefer et al., 2011 77 1
Once per 

year
Snow depth, snow 
density and SWE

Walker et al., 2003 12 1
Once per 

year
Snow depth, snow 
density and SWE

Walker et al., 2018 3 1
Once per 

year
Snow depth, snow 
density and SWE

NOAA* 23 * Daily Snow depth

SNOTEL* 2 * Daily
Snow depth, 1 with 

SWE
*See Appendix A for further details about the meteorological station data from NOAA and 
SNOTEL
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4.2 CanSISE SWE

The CanSISE Observation-Based Ensemble of Northern Hemisphere Terrestrial Snow 

Water Equivalent, Version 2 data product, further referred to as the CanSISE data product, is a 

satellite-derived data product developed by the Canadian Sea Ice and Snow Evolution (CanSISE) 

network. The CanSISE data product provides SWE across the Northern Hemisphere daily from 

1981 to 2010 at 1 x 1 degree resolution and an example is shown in Figure 3 (Mudryk and Derksen, 

2017). The CanSISE data product is based on five component SWE products, GlobSnow combined 

SWE product, European Centre for Medium-Range Weather Forecasts (ECMRWF) Re-Analysis 

(ERA) Interim/Land reanalysis SWE product, Modern-Era Retrospective Analysis for Research 

and Applications (MERRA) reanalysis SWE product, Crocus SWE snowpack model output driven 

by ERA-Interim meteorology, and Global Land Data Assimilation System (GLDS) SWE product 

version 2 (Mudryk and Derksen, 2017). The component data sets use a combination of satellite 

imagery, models, and ground-observations in their processing. The CanSISE product is the 

internationally-accepted SWE benchmark encouraged for use by the ILAMB project, and is nested 

within the ILAMB software benchmark catalog.
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Figure 3: Example of CanSISE Observation-Based Ensemble of Northern Hemisphere Terrestrial Snow Water Equivalent, Version 2 
data product. The product is cut to the North Slope of Alaska and shown with respect to the watershed boundaries (USGS, 2020). Grid 
cells without data or that are out of the North Slope of Alaska bounds are white.

4.3 ABoVE Snow Depth

From the NASA sponsored Arctic Boreal Vulnerability Experiment (ABoVE), the 

ABoVE: High Resolution Cloud-Free Snow Cover Extent and Snow Depth, Alaska, 2001-2017 

data product, herein referred to as the ABoVE data product, is another satellite-derived data 

product. The ABoVE data product provides weekly snow depth across Alaska from 2001 to 2017, 

at 1 km2 resolution and an example is shown in Figure 4 (Yi et al., 2020). The original Modern- 

Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) global 

reanalysis 0.5-degree snow depth data, was downscaled to 1 km2 resolution using Moderate 

Resolution Imaging Spectroradiometer (MODIS) Snow Cover Extent (SCE) (MOD10A2) to 

account for topography (Yi et al., 2020). Elevation-based algorithms were applied to MODIS 

cloud-contaminated pixels and the cloud-free MODIS SCE data were then used to downscale 

MERRA-2 snow depth data (Yi et al., 2020).
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Figure 4: Example output of the ABoVE: High Resolution Cloud-Free Snow Cover Extent and Snow Depth, Alaska, 2001-2017 
data product for April 27, 2009 (Yi et al., 2020), shown with respect to the watershed boundaries (USGS, 2020).

4.4 ELM Snow Depth

The ELM Sag 1 km2 snow depth results were developed within the Energy Exascale Earth 

System Model (E3SM) version 1 Earth Land Model (ELM) component. ELM is an expansive 

ESM, developed for simulation needs of understanding Earth's water cycle, biogeochemistry, and 

cryosphere system (Leung et al., 2020). The precipitation forcing used in ELM is Daymet, a data 

product which provides gridded estimates of daily weather variables (Thornton et al., 2021). The 

algorithm used to create the Daymet gridded estimate is based on a combination of interpolation 

and extrapolation of input weather station data (Thornton et al., 2021). ELM snow depth results 

are provided across the Sag River basin and bordering areas. The results are reported at daily 

intervals from 1980 to 2014 at a 1 km2 gridded resolution, and an example is shown in Figure 5.
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Figure 5: Example ELM Sag 1 km2 snow depth results for April 27, 2009, shown with respect to the watershed boundaries (USGS, 2020). 
Areas in white are not represented in this ELM model run.
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5. Methods

5.1 ILAMB

5.1.1 Input

To operate ILAMB the following files must be supplied: regions file, configuration file, 

ESM result, and benchmark data. The regions file is a text file describing the extent of custom 

regions for the ESM to be evaluated over (Collier and Hoffman, 2014). An example regions file is 

shown in Appendix B, Figure B.1. By default, all ESMs are evaluated on the global scale (Collier 

and Hoffman, 2014). In this study, the two regions that are used for evaluation are the North Slope 

of Alaska and the Sag River basin. The geographic extent of these regions are defined as the 

rectangularize extent of the areas, shown in Figure 6.

The configuration file is a setup file that communicates to ILAMB which variables are to 

be evaluated, the associated benchmark files, and if there is a specific confrontation package for 

ILAMB to use (Collier and Hoffman, 2014). An example configuration file is shown in Figure 

B.2. For this study, the only confrontation used is “h2: Snow Water Equivalent” nested under the 

category “h1: Hydrological Cycle”. By default, the confrontation is given a weighting factor of 5 

and the benchmark a weighting factor of 25. The former is related to ILAMB evaluation of 

variables across multiple factors of the carbon cycle and is moot for the evaluation of the single 

hydrologic variable (Collier et al., 2018). The latter is related to the trust in the benchmark and is 

again only relevant if evaluating the ESM against several variables' benchmark datasets 

simultaneously (Collier et al., 2018).
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Figure 6: Map showing the custom regions input to ILAMB for ESM evaluation, “North Slope Region” and “Sag Region” with respect to the 
watershed boundaries of Alaska (USGS WBD 2020). The North Slope region spans from latitude 67N to 72N and longitude -141E to -168E.

The Sag region spans from latitude 68N to 71N and longitude -146E to -149.9E.

The benchmark data, which is called by file path within the configuration file, is a netCDF 

file, which follows Climate and Forecast (CF) documentation conventions (Collier and Hoffman, 

2014). The benchmark spatial variables must be given in EPSG:4326 coordinate system with units 

in degrees latitude and longitude (EPSG:4326 lat/lon). Additionally, the dimension used to define 

the ‘y’ parameter of the benchmark variable must be named “data,” and it is suggested that time 

units are given in days, even if the observation is at less frequent intervals. The benchmark data 

can either be point source or gridded observations. In this study, the benchmarks used are point

source historic snow observations. Figure B.3 shows an example of the formatting for the 

benchmark dimensions and variables of the benchmark datasets used in this study.

The ESM results must similarly be formatted as a netCDF file, follow CF conventions, and 

have spatial variables given in EPSG:4326 lat/lon. The ESM results must be gridded datasets. In 

this study, the CanSISE SWE data product, ABoVE snow depth data product, and ELM snow 

depth results are being evaluated as ESMs in ILAMB. As an example, Figure B.4 shows the
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formatting of the dimensions and variables of the ABoVE snow depth data product, as prepared 

for input to ILAMB for this study.

5.1.2 Evaluation

ILAMB uses a series of mean-state analysis calculations to evaluate ESM performance by 

different standards before giving an overall score to the ESM (Collier et al., 2018). In general, the 

different standards are bias, root-mean-square-error (RMSE), phase-shift, interannual variability, 

and spatial distribution (Collier et al., 2018). Each parameter itself is summarized in a normalized 

score, from which the ESM's overall performance score is a weighted average of the individual 

parameter scores (Collier et al., 2018). ILAMB determines by which standards to assess an ESM 

and which to skip, based on the frequency and data type supplied in the ESM and benchmark. For 

this study, ILAMB only evaluated ESMs by bias and RMSE to contribute to the overall score. The 

bias score measures how well the ESM represents the magnitude presented in the benchmark 

(Collier et al., 2018). The RMSE score measures how well the ESM represents the interannual 

variability presented in the benchmark (Collier et al., 2018). The overall score is a general measure 

of how well the ESM performed against the benchmark (Collier et al., 2018). In addition to these 

scores, ILAMB calculates and presents the temporal mean at each location as well as the regional 

mean for each year for both the benchmark and ESM datasets.

For the ILAMB evaluation of a variable, v, represented through space, x, and time, t, in an 

ESM against that in a benchmark dataset, Equations 2 through 6 describe how the bias score is 

calculated and Equations 7 through 11 show how the RMSE score is calculated, where the mod 

subscript refers to ESM values and the ref subscript refers to benchmark values (Collier et al., 

2018). Equation 2 gives the bias value for a single location, where the bias is the difference 

between the ESM temporal mean and benchmark temporal mean (Collier et al., 2018):
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Equation 3 gives the benchmark centralized root mean square (crms) error for a location, 

calculated to determine a nondimensionalize bias relative error, ebias, given in Equation 4 (Collier 

et al., 2018):



Equation 5 calculates the bias score, Sbtas, as a function of space, and Equation 6 gives the 

final scalar bias score (Collier et al., 2018):

The RMSE for a location is given by Equation 7 (Collier et al., 2018):

The bias centralized RMSE (crmse) for a location is given by Equation 8, used to calculate 

the nondimensionalize root mean square relative error, εrmse, in Equation 9 (Collier et al., 2018):

Equation 10 calculates the RMSE score, Srmse, as a function of space, and Equation 11 gives 

the final scalar RMSE score for the variable evaluation (Collier et al., 2018):

The ESM's overall score, S, is the weighted average of the bias score and RMSE score, 

shown in Equation 12 (Collier et al., 2018):
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5.1.3 Output and Interpretation

The ILAMB results are given in the form of a hypertext markup language (html) document 

that displays figures and tables to convey the performed calculations, including the overall bias 

score, RMSE score, and overall score. In interpreting the results, users must consider that although 

the product is framed as assessing ESM performance, the score given alone cannot determine an 

ESM to be “good” or “bad” (Collier et al., 2018). Rather, ESMs' scores are to be looked at more 

relative to one another, with further interpretation from the user required (Collier et al., 2018). 

Additionally, the publishers of ILAMB note that the usefulness of ILAMB is dependent on the 

quality of the benchmark observational data (Collier et al., 2018).

5.1.4 Treatment of Point Benchmark

In the evaluation of gridded ESM results against point-source benchmarks, the ESM value 

at every point represented in the benchmark is extracted to represent a point-source version of the 

ESM. ILAMB retrieves ESM values for all locations of the benchmark dataset at every time step, 

even though every location of the benchmark may not have data at every time-step. This opens the 

possibility for representation bias within ILAMB analyses. For example, if an ESM is evaluated 

over the course of 20 years and there is a site with only one year of observational data in the 

benchmark, the benchmark temporal mean for that site is calculated from one year of data while 

the ESM temporal mean for that site is calculated from 20 years of data. This promotes error in 

the comparison of temporal means, regional means, bias score, RMSE score, and overall score.

5.2 Historic Observational Snow Data Processing

The historic snow data curated from the sources described in Table 1 and Appendix A were 

filtered and reformatted for input into ILAMB as a snow data benchmark. Most data curated were 

from EOW spring snow surveys, meaning that for most sites there is just one EOW snow 

measurement per year. Therefore, the data were reorganized such that only one spring snow 

measurement is reported per site, per year. The majority of spring snow surveys occurs from mid

April to mid-May in the North Slope of Alaska, so this window of time was used to define the 

“Spring” snow value. The data from meteorological stations are typically reported daily. To 

associate data from the meteorological station locations with that of the yearly snow surveys, the 
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April 27th snow depth and the May 1 st SWE measurements were selected from every year. These 

dates were chosen for being midway within the spring snow survey time window, and to align with 

date selection options in the ESM datasets to be evaluated in ILAMB. The data were compiled 

into a netCDF document, as required for ILAMB benchmark files. Ultimately two observational 

benchmark data sets were made, historic SWE and historic snow depth. The snow depth 

observation benchmark spans from 1902 to 2021 and the SWE observation benchmark spans from 

1977 to 2021. Figure 7 shows the locations of spring snow measurements used in the benchmark, 

annotated with the number of years of spring measurement and data type available.

Figure 7: The location, data type, and number of years with spring observations of the historical snow data benchmark. Alaska watershed 
boundaries from United States Geological Survey (USGS) Watershed Boundary Dataset (WBD) (2020).

5.3 CanSISE SWE Processing

For evaluation in ILAMB, the CanSISE data product had to be reformatted so that it 

matched the format of the historic SWE benchmark in having one EOW snow value per site per 

year. To align with the time range of spring snow surveys, the May 1st SWE value was extracted 

from the 30 years of data.
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5.4 ABoVE Snow Depth Processing

To evaluate the ABoVE data product in ILAMB, the data product had to be reformatted to 

follow ILAMB requirements and align with the formatting of the historic snow depth benchmark. 

First, the ABoVE spatial variables were reprojected from Lambert Equal Area Conic to 

EPSG:4326 lat/lon. Then, the EOW snow depth was extracted from the 17 years of data. Because 

the ABoVE product reports snow depth weekly rather than daily, the April 27th, rather than May 

1st, snow condition was used to represent the EOW snow depth for each year.

5.5 ELM Snow Depth Processing

To align with ILAMB input requirements, the ELM spatial variables were reprojected from 

Lambert Equal Area Conic to EPSG:4326 lat/lon. To match the benchmark format of having one 

EOW snow depth value per site per year, the April 27th snow condition was extracted from each 

of the 35 years of ELM output. Although ELM does provide snow depth results at daily intervals, 

April 27th was used to represent the EOW condition to align with the format of the ABoVE data 

product, since they both provide snow depth data and will be evaluated against the same historic 

snow depth benchmark.

5.6 Scenarios for ILAMB Evaluations

In this study, ILAMB was used to evaluate the accuracy of the CanSISE data product, 

ABoVE data product, and ELM results against historic observational snow data. The ILAMB 

framework is set up for an ESM to be evaluated against a benchmark dataset. Although the 

CanSISE and ABoVE data products are not ESMs, they were categorized as such to be evaluated 

within the ILAMB framework.

The ILAMB evaluation was repeated multiple times for each of the three evaluated datasets 

in consideration of the potential representation bias effect from the historic snow data benchmarks 

having inconsistent site representation throughout their time-ranges and the time-range of overlap 

between datasets. Considering the two benchmarks, historic SWE, historic snow depth, and three 

evaluated datasets (CanSISE, ABoVE, and ELM), all five datasets have different periods of data 

coverage. Figure 8 displays the number of sites represented in the historic SWE benchmark per 

year and by region from 1977 to 2021, as well as the time range of data coverage from the CanSISE 
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data product, 1980-2010. Figure 9 displays the number of sites represented in the historic snow 

depth benchmark per year and by region from 1902 to 2021, as well as the time range of data 

coverage from the ABoVE data product, 2001-2017, and ELM results, 1980-2014. The time range 

covered by all five datasets is 2001 to 2010.

CanSISE, ABoVE, and ELM were each evaluated with ILAMB three times: first against 

the entire corresponding benchmark (SWE or snow depth), secondly against the corresponding 

benchmark cut to the ESM time-range, and lastly against the corresponding benchmark cut to the 

period of overlap between all datasets, giving a total of nine ILAMB evaluation scenarios. Table 

2 lists and describes each of the nine scenarios evaluated in ILAMB. For each scenario, ILAMB 

evaluated the ESMs over both the North Slope and Sag region.

Figure 8: Number of sites represented per year in the historic SWE benchmark within the North Slope region and the Sag region, noted with the 
time range represented within the CanSISE SWE data product and the time range of overlap of all datasets considered in this study.
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Figure 9: Number of sites represented per year in the historic snow depth benchmark within the North Slope region and the Sag region, noted 
with the time range of the ABoVE data product, ELM results, and overlap of all datasets considered in this study.

Table 2: Scenarios evaluated in ILAMB.

Scenario ESM
Time Frame of

ESM Benchmark
Time Frame of

Benchmark
1.A CanSISE 1981 - 2010 Historic SWE 1977-2021

1.B CanSISE 1981 - 2010 Historic SWE 1981-2010

1.C CanSISE 1981 - 2010 Historic SWE 2001-2010

2.A ABoVE 2001-2017 Historic Snow Depth 1901-2021

2.B ABoVE 2001-2017 Historic Snow Depth 2001-2017

2.C ABoVE 2001-2017 Historic Snow Depth 2001-2010

3.A ELM 1980-2014 Historic Snow Depth 1901-2021

3.B ELM 1980-2014 Historic Snow Depth 1980-2014

3.C ELM 1980-2014 Historic Snow Depth 2001-2010
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6. Results

6.1. Historic Snow Data Summary

The yearly average, minimum, and maximum values were identified for the two 

benchmark datasets, historic snow depth and historic SWE. Figure 10 graphs these yearly 

statistics for the historic snow depth benchmark and Figure 11 graphs them for the historic SWE 

benchmark. The values graphed in Figures 10 and 11 are given explicitly in Tables C. 1 and C.2, 

respectively. Years with a greater range of snowpack conditions correspond with years with 

more site representation, with 2019 having the greatest spread in snow depth, 1.8 cm to 290 cm.

Figure 10: Historic snow depth benchmark North Slope yearly average value, with error bars extending to the yearly minimum and maximum 
values.

Figure 11: Historic SWE benchmark North Slope yearly average value, with error bars extending to the yearly minimum and maximum values.
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6.2. ILAMB Evaluation Results 

6.2.1. ILAMB Evaluation Output

Table 3 shows the results from the nine ILAMB evaluation scenarios done to evaluate the 

accuracy of the CanSISE SWE data product, ABoVE snow depth data product, and ELM snow 

depth results when compared to historical snow data benchmarks. All figures output by ILAMB 

for the nine scenarios, each evaluated over two regions, are in Appendix D. As an example of the 

visual output from ILAMB, the figures associated with the benchmark scenario 1.A North Slope 

evaluation are shown in Figures 12, 13, and 14. Figure 12 shows the benchmark, historic SWE 

(1977 - 2021), and ESM, CanSISE, period means for each site location over the North Slope 

region. Figure 13 shows the corresponding bias, bias score, RMSE, and RMSE score for each 

location over the North Slope region. Figure 14 graphs the North Slope regional mean for each 

year.

Table 3: ILAMB evaluation results for nine scenarios.

Scenario ESM
Bench
mark

Time 
Frame of 
Bench
mark Region

Bench
mark 
Period 
Mean (cm)

ESM 
Period 
Mean 
(cm)

Period 
Mean 
Percent 
Error (%)

Bias 
(cm)

RMSE 
(cm)

Bias
Score

RMSE 
Score

Overall
Score

1.A CanSISE SWE
1977 -
2021

North
Slope 9.59 5.72 40.4 -4.5 6.17 0.211 0.284 0.259
Sag 9.57 5.4 43.6 -4.53 6.16 0.226 0.288 0.267

1.B CanSISE SWE
1981 -
2010

North
Slope 9.59 5.18 46.0 -4.5 6.17 0.211 0.284 0.259
Sag 9.57 5.07 47.0 -4.53 6.16 0.226 0.288 0.267

1.C CanSISE SWE
2001 -
2010

North
Slope 9.56 4.68 51.0 -4.97 6.24 0.187 0.291 0.256
Sag 9.56 4.6 51.9 -5.02 6.23 0.202 0.294 0.264

2.A ABoVE
Snow
Depth

1902 -
2021

North
Slope 38.2 46.8 22.5 7.18 17.4 0.027 0.263 0.184
Sag 39.6 45.7 15.4 5.42 16.5 0.297 0.278 0.284

2.B ABoVE
Snow
Depth

2001 -
2017

North
Slope 38.1 45.8 20.2 7.23 17.4 0.374 0.264 0.3
Sag 40 45.4 13.5 5.42 16.5 0.403 0.279 0.32

2.C ABoVE
Snow
Depth

2001 -
2010

North
Slope 38.8 44.7 15.2 5.45 16.7 0.371 0.258 0.295
Sag 39 44.3 13.6 5.03 16.5 0.378 0.262 0.301

3.A ELM
Snow
Depth

1901 -
2021

North
Slope 37.5 11.2 70.1 -26.3 28.4 0.0799 0.316 0.237
Sag 39.5 11.5 70.9 -27.7 30.3 0.0855 0.323 0.244
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Table 3 continued

Scenario ESM
Bench
mark

Time
Frame of
Bench
mark Region

Benchmark
Period 

Mean (cm)

ESM 
Period 
Mean
(cm)

Period 
Mean 

Percent 
Error (%)

Bias
(cm)

RMSE
(cm)

Bias 
Score

RMSE 
Score

Overall
Score

3.B ELM
Snow
Depth

1980 -
2014

North
Slope 39.5 11.3 71.4 -26.3 28.4 0.0799 0.316 0.237
Sag 39.5 11.4 71.1 -27.7 30 0.0855 0.323 0.244

3.C ELM
Snow
Depth

2001 -
2010

North
Slope 38.8 10.7 72.4 -27.9 30.2 0.0972 0.334 0.255

Sag 39 11 71.8 -28 30.5 0.0996 0.335 0.256

Figure 12: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the North Slope region. Period mean SWE at each 
location for, (A) the benchmark and (B) the ESM. The magnitude of SWE at each point is represented on a color scale, where white is 0 cm 
SWE, and the darkest blue is 16 cm SWE.
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Figure 13: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the North Slope region. A. SWE bias between the 
benchmark and ESM. Cool colors represent a negative bias, where the ESM period mean is less than the benchmark period mean, warm colors 
represent a positive bias, and white represents low or no bias. B. Unitless and normalized bias score. On the scale from 0 to 1, a higher bias score, 
shown in green, represents better fit between the ESM period mean and benchmark period mean, and a lower bias score represents worse fit, 
shown in orange. C. RMSE in SWE between the benchmark and ESM. D. Unitless and nondimensionalized RMSE score. On a scale from 0 to 1, 
a higher RMSE score, green, indicates where the ESM better represents the interannual variability observed in the benchmark.

Figure 14: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021). North Slope regional mean of the benchmark and ESM for 
each year.

6.2.2. CanSISE SWE

Of the three benchmark scenarios used to evaluate the CanSISE data product, scenarios 

1.A and 1.B produced identical overall score results, while 1.C produced results with slightly lower 

overall scores (Table 3). Although the overall scores for 1.A and 1.B are the same, they have 

different ESM period mean values. Looking at Figure 12, it is seen that for scenario 1.A, ILAMB 

considered many more sites for the ESM than for the benchmark. This is because for 1.A ESM 

values were considered at every location with benchmark representation within the 1977 to 2021 
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timeframe while for 1.B ESM values were only considered at locations with benchmark 

representation within the 1981 to 2010, resulting in the difference between scenarios 1.A and 1.B 

ESM period means. While scenario 1.C does have the lowest bias scores and overall scores, it has 

the greatest RMSE scores.

For all three scenarios, the evaluation over the Sag region has a better RMSE, bias score, 

RMSE score, and overall score than that over the North Slope region, but a worse bias and period 

mean percent error (Table 3). The Sag region and North Slope region results do not largely differ 

because most of the historic SWE benchmark sites within the North Slope are also within the Sag 

region.

The CanSISE SWE values are generally lower than the historic SWE benchmark values, 

by about 40 % to 50 %, shown by the bias, period mean, and regional mean analyses (Figures D. 1 

- D.18). Based on the annual regional mean analyses (Figures D.3, D.6, D.9, D.12, D.15, and 

D.18), the CanSISE data product tends to underrepresent SWE over the North Slope and Sag 

regions. However, in all CanSISE scenarios there are some positive bias points in the southern 

area of the North Slope region, the foothills of the Brooks Range, indicating this is an area where 

the CanSISE data product tends to over-represent SWE (Figures D.2, D.5, D.8, D.11, D.14, and 

D.17). Figures D.1, D.4, D.7, D.10, D.13 and D.16 show that the CanSISE SWE is homogenous 

across regions where the benchmark SWE is variable. Specifically, depicted in Figure D.4, the 

CanSISE SWE period mean is 4 cm across the whole northern coast of the Sag region while the 

benchmark SWE period mean varies from 0 cm to over 14 cm over the same area. This result is 

likely due to the low resolution (1o x 1o) of the CanSISE data product compared to the spatial 

proximity of the benchmark data points. Overall, the CanSISE data product is not capturing the 

observed spatial variability in SWE.

6.2.3. ABoVE Snow Depth

Considering the results in Table 3 for the three benchmark scenarios used to evaluate the 

ABoVE snow depth data product, the scores given to 2.B are slightly higher than those of 2.C, and 

notably higher than the scores given to scenario 2.A. While benchmark scenario 2.A has a much 

lower bias score than 2.B, the RMSE scores are about the same. In all three scenarios, ABoVE 

scored better when evaluated over the Sag region than the North Slope region. The ABoVE snow 

depth is generally greater than that of the historic snow depth benchmark by 13 % to 15 %.
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The ABoVE regional mean (Figures D.21, D.24, D.27, D.30, and D.33) often covaries with 

that of the benchmark data but, ultimately, tends to over-represent EOW snow depth for both 

regions evaluated, and more so for the North Slope than the Sag region. The locational bias 

(Figures D.20, D.23, D.26, D.29. and D.32) appears stochastic, without a clear spatially based 

trend for which sites may have snow depth over or under-represented by the ABoVE data product. 

There is more locational variability in the benchmark data than the ABoVE data, seen by 

comparing the ESM and benchmark period mean results in Figures D.19, D.22, D.25, D.28, D.31, 

and D.34. For example, Figure D.25 shows that the ABoVE snow depth period mean is about 40 

cm across the whole northern coast of the Sag region while the benchmark snow depth period 

mean varies from 0 cm to over 70 cm over this area. The ABoVE data product does not capture 

the observed spatial variability of snow depth, even with 1 km2 scale resolution.

6.2.4. ELM Snow Depth

In the evaluation of the ELM snow depth results with ILAMB, Table 3, benchmark 

scenarios 3.A and 3.B scored equally and scenario 3.C scored slightly better, with a higher bias 

score, RMSE score, and overall score. The overall scores from the two regions are about the 

same, as the ELM results only cover a little more land than the Sag region defined for the 

ILAMB evaluation (Figure 5). The ELM snow depth results are consistently lower than those 

observed by about 70 % (Table 3). This is visually represented in the period mean and regional 

mean analyses plots (Figures D.34, D. 36, D.37, D. 39, D.40, D. 42, D.43, D. 45, D.46, D. 48, 

D.49, D.51, D.52, and D.54). There is a large range of bias in the results from all three ELM 

based scenarios (Figures D.35, D.38, D.41. D.44, D.47, D.50, and D.53), with the scenario 3.C 

bias (Figure D.53.A) ranging from about -60 cm to 20 cm over the Sag region. This suggests that 

the ELM results are not representing the spatial variability in the observational snow depth 

benchmark, as the bias would be consistent if the snow depth spatial variability was well 

represented and just the magnitude was incorrect.

6.3. Summary Results

The overall scores from this study range from 0.237 to 0.32, which is relatively low on the 

scale from 0 to 1, where 1 is a perfect fit. Of the three ESM datasets, the ABoVE snow depth data 

product has the highest overall scores, highest bias scores, significantly lowest period mean percent 
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error, but the lowest RMSE scores. The ELM snow depth results, in contrast, have the lowest 

overall scores, lowest bias scores, largest period mean percent error, and highest RMSE scores. 

The CanSISE data product scores in between the other two ESMs in all categories. The evaluations 

over the Sag region scored higher than those over the North Slope region. None of the three ESMs 

represented the spatial variability present in the historic snow data benchmarks.
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7. Discussion

7.1 Interpreting Results

The ILAMB results for scenarios 1.C, 2.C, and 3.C were used to evaluate the performance 

of the CanSISE SWE data product, ABoVE snow depth data product, and ELM snow depth results 

relative to each other. Using these scenarios, which evaluated the ESMs over the same time-range 

and against the same period of benchmark record, limits variable impact from benchmark 

representation bias or potential temporal trend and allows for direct comparison of the results. 

Considering the overall scores, the ABoVE snow depth data product best represents the historic 

snow data benchmark. In particular, ABoVE represented the average magnitude of the EOW snow 

condition across the North Slope and Sag region at much higher precision than CanSISE or ELM, 

noted by the bias scores. Considering the RMSE scores, ELM best represented the interannual 

variability of the EOW snow condition throughout the period of evaluation, whereas ABoVE 

performed worst. While the ILAMB scores are informative for this general assessment of data 

product accuracy, the visual output from ILAMB, as well as other knowledge of the data products, 

can provide further insight to their applicability (Collier et al., 2018).

7.2 Spatial and Temporal Variability in Represented Snow Condition

7.2.1 Spatial Variability

Looking at the map figures produced by ILAMB, in Appendix D, none of the three data 

products represented the spatial variability of EOW snow condition presented in the historic snow 

data benchmarks. Considering drivers of spatial variability in snow condition- ground-surface 

variation, snow transport and increased sublimation from wind, orographic effect, and moisture 

availability- misrepresentation of the spatial variability in EOW snow condition could be due to 

either the scale of snow spatial variability compared to the resolution of the benchmarks and 

evaluated data products, or systematic error in the creation of the data products.

Snow depth variation due to local ground-surface variations is on such a small scale that 

not only would it not be represented in even the 1 km2 resolution products, but also it is not the 

goal of these products to represent it (Gisnas et al., 2016). Researchers interested in this mechanism 

of snow property variation would likely aim to represent it on a more local scale rather than 
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regional, such as the data products evaluated in this study, due to the detail and computational 

energy required (Lopez-Moreno et al., 2011; Gisnas et al., 2016). Furthermore, the effect of 

ground-surface variation on interpreting snow data is purposefully reduced by multi-sampling 

techniques employed in most snow surveys (Lopez-Moreno et al., 2011).

The CanSISE data product, gridded at 1 degree, is too low resolution to represent spatial 

variability observed in the historic SWE benchmark. The product does show decreasing snow 

water equivalent with decreasing elevation, a general trend of the orographic effect, but is too low 

resolution to display snow variation from ground-surface variation or wind effects (Houze, 2012; 

Lopez-Moreno et al., 2011; Liston and Sturm, 2004).

The ABoVE product, gridded at 1 km2, is high enough resolution that it could theoretically 

represent snow spatial variability due to snow transport and sublimation via wind, the orographic 

effect, and moisture availability (Pomeroy and Jones, 1996; Homan and Kane, 2015). The ABoVE 

data product shows consistent increase of snow depth with elevation, representing a standard view 

of the orographic effect (Houze, 2012). The ABoVE product description specifies that elevation

based algorithms were used to account for topographic based variation in snow depth (Yi et al., 

2020). To represent the effect of wind, further variables, such as prevailing wind direction and 

topographic aspect, would need to be considered (Liston and Sturm, 1998). The under

representation of snow spatial variability in the ABoVE data product could be due to satellite 

imagery processing algorithms over-compensating for the orographic effect without considering 

the effect of wind or moisture availability, both of which are significant factors in precipitation 

distribution in the North Slope (Pomeroy and Jones, 1996; Homan and Kane, 2015).

ELM, similarly to ABoVE, does not represent the observed spatial variability in snow 

conditions at 1 km2 resolution. This could be due to systematic error in the modeling mechanics 

used in ELM to simulate snow distribution, or due to error in the precipitation dataset used to force 

ELM, Daymet (Leung et al., 2020). As the Daymet gridded precipitation estimate is interpolated 

from meteorological station input, spatial sparsity in meteorological station data on the North 

Slope could be contributing to lower accuracy interpolation (Thronton et al., 2021. Additionally, 

there are many different methods of precipitation data interpolation, some of which apply 

elevation-based algorithms that could overcompensate for the orographic effect (Dingman, 2015).
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7.2.2 Temporal Variability

There are no long-term trends in EOW snow condition observed in the historic snow data 

benchmark statistics or ILAMB output regional means. While some trends in EOW SWE and snow 

depth have been observed in the Arctic and North Slope, the trends are fairly location specific 

rather than regional (Stone et al., 2002; Box et al., 2019). Therefore, long-term trends are 

particularly difficult to distinguish from the considered historic snow data benchmarks, as 

measurements are provided for a different set of sites year after year. Isolating singular sites within 

the benchmark could potentially reveal location-specific long-term trends in SWE or snow depth.

The interannual variability of EOW snow condition is also difficult to discern with 

inconsistent site representation in the historic snow data benchmarks. The yearly EOW snow depth 

and SWE averages is heavily affected and biased by year-to-year variation in the number of sites 

sampled and in sampled site locations.

7.3 Assumptions and Limitations in Study

7.3.1 Representation Bias

One limitation of the ILAMB evaluation of the CanSISE, ABoVE, and ELM data products 

is the error introduced by benchmark representation bias from inconsistent site representation 

through the evaluated time period. This is best presented by comparing the results of scenarios 2.A 

and 2.B, the evaluation of the ABoVE data product against the whole historic snow depth 

benchmark versus that against the historic snow depth benchmark filtered to only sites with data 

present for the ABoVE timeframe. Ideally, ILAMB would interpret the benchmark such that it 

only retrieved ESM values for locations active during a given time step, rather than extracting the 

ESM values at every benchmark data point location regardless of benchmark representation at the 

actual time step. Since this is not the case, the ABoVE data product scored much worse for scenario 

2.A than 2.B. Even for the ILAMB scenarios in which the historic snow benchmark was filtered 

to the timeframe of the ESM, there is still inconsistent site representation throughout the ESM 

period of record, leading to error in the ILAMB evaluation. This error is more common over longer 

time periods, as there is more opportunity for observation sites to be developed or abandoned.
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Knowledge of this error confirms that ILAMB evaluation can be used as a tool for assessing 

model performance, but further thought needs to be put into the interpretation than just looking at 

the overall score. Given that all data products consistently scored better when evaluated over the 

Sag region than the North Slope region, it needs to be acknowledged that this may be due to there 

being more consistent interannual site representation within the Sag region, rather than the data 

products being more accurate over the Sag region.

7.3.2 Range of Dates Associated with EOW Snow Measurements

Another source of error is the assumption that the May 1st SWE condition or April 27th 

snow depth condition would be comparable to the snow properties on the true day that the snow 

survey observations were made. While the surveys did take place between mid-April and mid

May, there could potentially have been a snow deposition/redistribution or melt event between 

May 1st / April 27th and the actual day of observation.

7.3.3 Uncertainty within Benchmark

In the evaluation of the CanSISE data product, ABoVE data product, and ELM results the 

historic snow data observations were treated as precise within ILAMB evaluation. In reality, there 

is some degree of uncertainty associated with all of the observations. Meteorological station winter 

precipitation gauges, 25 of which contributed to the historic snow depth benchmark and one that 

contributed to the SWE benchmark, are known to undercatch winter precipitation by, on average, 

50 %, with the precise undercatch varying based on specific meteorological station gauge 

conditions (Yang et al., 2005). Snow surveys, which accounted for the majority of SWE and snow 

depth historical observations, have a typical error of 10 % (Stuefer et al., 2020). Additionally, in 

averaging or upscaling the in situ snow measurement, there may be bias due to researchers' snow 

measurement site selection parameters. That is, in performing measurements at sites that are 

determined accessible, based on researchers' available resources, certain snow environments may 

be preferred or avoided, affecting the data (Dingman, 2015). Lastly, there is some uncertainty in 

the location of the observations, due to the number of significant figures supplied in coordinates 

from different sources as well as the techniques used in collection, such as single-sampling or 

multisampling in some radius of the reported location (Lopez-Moreno et al., 2011); however, 

uncertainty in location is made moot by the resolution of the models evaluated in this study.
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7.4 Implications of ILAMB Results

7.4.1 Implications on the Applicability of the Data Products

The ILAMB evaluation of the CanSISE data product, ABoVE data product, and ELM 

results has specific implications regarding the applicability of the data products as well as provides 

insights for future data products.

Across the North Slope, the CanSISE data product on average under-represented the 

historic SWE measurements by 40 % to 50 % and resolution was too low to capture the spatial 

variability in EOW SWE; the benchmark SWE varied by multiple orders of magnitude within 

CanSISE's 1o x 1o grid cell of homogeneous SWE representation. While the CanSISE data product 

was not developed for modeling small-scale watersheds; it can be useful for global scale Earth 

System Modeling. The imprecision of the CanSISE data product is further significant as it is the 

product being encouraged for use as a SWE benchmark in ILAMB software. The evaluation from 

this study can inform users on what to apply as a confidence weight for this benchmark if utilizing 

it for ESM evaluation in ILAMB.

The ABoVE product was the most precise of the three data products. The period mean 

error across the Sag region of about 13 % is not significantly different than the typical error in 

snow survey measurements, 10 %, which is considered one of the most accurate ways to measure 

the snow condition (Stuefer et al., 2020; Dingman, 2015). The ABoVE error is larger across the 

North Slope region and, although the data product represents the average regional snow condition 

decently, it does not represent the interannual variability or spatial variability of the EOW snow 

condition well. Therefore, the use of the ABoVE data product may be appropriate for some 

regional assessments of snow condition in Arctic Alaska, but not in very locational specific 

assessments. In development of the ABoVE product, the authors found that the product error was 

-1 cm across Arctic Alaska, when compared to data from eight SNOTEL sites (Yi et al., 2020). 

The results of this study, where the ABoVE model was instead compared to hundreds of sites and 

showed a bias of around 17 cm across the North Slope region, exemplifies the importance of 

benchmark data volume and distribution for more comprehensive ESM assessment.
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The ELM results have the largest error of the three models, under-representing snow depth 

by about 70 % compared to the physical measurements. Therefore, it would not be good to use the 

current ELM results to supply information on snow conditions across the Sag. The large error 

could be due to inaccuracy in the meteorological forcing used within ELM, Daymet (Leung et al., 

2020). Daymet gridded data is created based on conditions observed at meteorological stations, 

which are known to undercatch solid precipitation (Yang et al., 2005). Undercatch at the 

observation points would lead to undercatch in the gridded interpolation and to ELM under

representation of winter precipitation.

7.4.2 Implications of Misrepresenting the Snow Condition

The ILAMB evaluation of the data products indicates that, on average, both the CanSISE 

data product and the ELM results underestimate the snow properties observed while ABoVE 

overestimates them. If these products were further used for ESM calibration, ESM forcing, or used 

directly for informing hydrologically-related decisions of the area, the error would propagate 

through downstream uses. The underestimation of snow condition, as in CanSISE and ELM, would 

lead to an underestimation in runoff at time of snow melt, and could correspond to overly 

optimistic spring breakup flood forecasts (Zhao et al., 2009). Additionally, in water balance 

calculations, the underestimate of winter precipitation input would lead to under-calculating the 

volume of fresh water available for consumption (Ryan and Crissman, 1990). Over the whole 

14,890 km2 Sag River basin, the CanSISE average SWE bias of 5 cm corresponds to 744.5 million 

m3 of water. Additional issues that could arise from CanSISE and ELM under-representing the 

EOW snow condition are under-calculating the EOW snow load and correspondingly under

building infrastructure, overestimating caribou mobility and access to food and consequently mis

predicting winter survival rates used to guide hunting regulation, and underestimating the winter 

snowpack insulation (Ryan and Crissman, 1990; ADFG, 2022; Park et al., 2015). Underestimating 

the winter snowpack insulation could lead to incorrect permafrost temperature predictions and 

wrongly assessing how susceptible the permafrost is to thaw (Park et al., 2015; Schuur et al., 2015).

The ABoVE data product over-representation of EOW snow condition would correspond 

to opposite effects than the CanSISE and ELM under-representation, with consideration to the 

magnitude of the relative error of the data products. Over-representing the EOW snow condition 
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could contribute to an overly conservative spring flood plan and zealous freshwater consumption 

plan, based on a greater amount of freshwater runoff expected than actual (Zhao et al., 2009; Ryan 

and Crissman, 1990). Considering a modal snow density of 0.25g cm-3 from previous study near 

the Sag, the ABoVE snow depth bias of 5.4 cm is equal to a 1.3 cm SWE bias, or 194 million m3 

of water across the whole Sag watershed (Homan and Kane, 2015). An additional effect of ABoVE 

overestimating EOW snow depth is that the snowmelt process would be expected to take longer 

and consume more energy than it actually would, meaning that the duration of snow cover would 

be less than expected, the regional albedo would decrease faster than expected, and more energy 

than anticipated would penetrate the Earth's surface and warm the ground, or permafrost (Loranty 

et al., 2011).

These are just a few examples of downstream effects from utilizing the imprecise EOW 

snow condition from the CanSISE data product, ELM results, or ABoVE data product. While these 

data products still have applicability, this exemplifies why it was valuable to assess the accuracy 

of the data products, so that data products can be utilized with consideration to the error.

7.5 Future Work

Future work from this study could include performing diagnostic tests with ILAMB and 

the same datasets to understand better some of the sources of error in the ILAMB results. For 

example, an evaluation could be run over a smaller region and time period with consistent and 

well-distributed observational site representation within the benchmark to remove the factor of 

representation bias. Additionally, an evaluation could be run using only the daily-available 

meteorological station data within the benchmark in order to remove potential error from the day 

of observation being different from the day of model representation. Overall, the use of the curated 

observational benchmark in this study expresses the need for, and usefulness of, continued 

thorough snow data collection in the Sag River basin and the North Slope of Alaska for working 

towards more precise ESMs of the region.
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8. Conclusion

ILAMB software was used to evaluate the accuracy of three gridded snow datasets over 

the North Slope of Alaska and the Sag River basin using historical point-source spring snow 

observations as a benchmark. The ILAMB analysis showed that the ABoVE 1 km2 snow depth 

data product was most accurate at considering regional or temporal averages of the yearly spring 

snow conditions, having an average 13.5 % error over the Sag region and 20 % area over the North 

Slope Region. Conversely, the CanSISE 1 degree SWE and the ELM 1 km2 snow depth 

significantly underestimated the snow condition, having average percent errors of about 46 % and 

71 % respectively. Although the ABoVE product represented average snow conditions well, it did 

not score as well in representing the interannual variability in snow depth at individual sites. None 

of the three models represented the spatial variability in snow condition that is present within the 

observational benchmark. ILAMB output cannot alone be used in assessing model performance; 

the output can only be as accurate as the benchmark used. Additional factors to consider were 

representation bias from inconsistent benchmark site representation throughout the evaluated time 

period, the assumption that a single medial day could be used to represent the range of collection 

dates supplying spring snow survey data, and uncertainty in the specific values within the 

benchmark.

Overall, the ILAMB software was helpful in assessing the performance of the three gridded 

models, but the results could not solely be used in determining their applicability. This work can 

provide North Slope snow modelers with a thorough historic observational snow data benchmark 

as well as with suggestions on which gridded datasets may be best to use as benchmarks, for model 

calibrations, as model forcings, or as direct informants in hydrologic assessments. Continued work 

should be done on collecting ground-based snow data, to maintain and expand the utility of the 

observational benchmark as a tool for ESM creators.
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Appendix A: Meteorological Station Snow Data Sources
Meteorological stations from which data was curated for the creation of the historic snow 
observations benchmarks. All meteorological station data is housed by either the National 
Oceanic and Atmospheric Administration (NOAA) or the U.S. Department of Agriculture
Natural Resources Conservation Service (NRCS) Snow Telemetry (SNOTEL) network.

Agency
Station
ID Site Name

Data
Type Frequency

Period of Record of
Spring
Measurements Data Access Link

NOAA
USC00
500235 ALPINE, AK US

Snow 
depth Daily 2011 - 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00500235/detail

NOAA
USS004
9T03S

ATIGUN PASS, AK
US

Snow 
depth Daily 2009 - 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USS0049T03S/detail

NOAA
USW00
027502

BARROW
AIRPORT, AK US

Snow 
depth Daily

1902 - 1904, 1926 -
1928, 1941 - 2018

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USW00027502/detail

NOAA
USC00
500547

BARROW ERL, AK
US

Snow 
depth Daily 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00500547/detail

NOAA
USW00
027401

BARTER ISLAND
WEATHER
SERVICE OFFICE
AIRPORT, AK US

Snow 
depth Daily 1949 - 1988

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USW00027401/detail

NOAA
USC00
501312

CAPE LISBURNE,
AK US

Snow 
depth Daily

1954 - 1958, 1960 -
1962, 1967 - 1968, 
1970 - 1971, 1976 -
1977, 1979 - 1984

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00501312/detail

NOAA
USW00
026631

CAPE LISBURNE
AFS, AK US

Snow 
depth Daily 1953 - 1970

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USW00026631/detail

NOAA
USC00
501341

CAPE THOMPSON,
AK US

Snow 
depth Daily 1960 - 1963

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00501341/detail

NOAA
USC00
501497

CHANDALAR
SHELF DOT, AK
US

Snow 
depth Daily

2001 - 2010, 2012 -
2013

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00501497/detail

NOAA
USC00
502126

COLVILLE
VILLAGE, AK US

Snow 
depth Daily 1997 - 2018

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00502126/detail
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Appendix A Continued

Agency
Station
ID Site Name

Data
Type Frequency

Period of Record of
Spring
Measurements Data Access Link

NOAA
USC00
503210

GALBRAITH, AK 
US

Snow 
depth Daily

1971, 1972, 1975 -
1980

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00503210/detail

NOAA
USC00
503558

HAPPY VALLEY
CAMP, AK US

Snow 
depth Daily 1977

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00503558/detail

NOAA
USS004
9T01S

IMNAVIAT
CREEK, AK US

Snow 
depth Daily 2012 - 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USS0049T01S/detail

NOAA
USC00
505136 KUPARUK, AK US

Snow 
depth Daily 1983 - 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00505136/detail

NOAA
USC00
505544 LONELY, AK US

Snow 
depth Daily 1978 - 1981

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00505544/detail

NOAA
USC00
507431

POINT HOPE, AK
US

Snow 
depth Daily 1946 - 1952

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00507431/detail

NOAA
USC00
507442 POINT LAY, AK US

Snow 
depth Daily

1942, 1943, 1945 -
1948, 1952, 1953

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00507442/detail

NOAA
USS004
8V01S

PRUDHOE BAY, 
AK US

Snow 
depth Daily

1986 - 1999, 2013 -
2020

https://www.ncdc.noaa.gov/cdo 

web/datasets/GHCND/stations/
GHCND:USS0048V01S/detail

NOAA
USS004
8U01S SAGWON, AK US

Snow 
depth Daily 2012 - 2020

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USS0048U01S/detail

NOAA
USC00
506144 TOOLIK, AK US

Snow 
depth Daily 1975

https://www.ncdc.noaa.gov/cdo

web/datasets/GHCND/stations/
GHCND:USC00506144/detail

NOAA
USW00
026537

UMIAT AFS, AK
US

Snow 
depth Daily 1954

https://www.ncdc.noaa.gov/cdo 

web/datasets/GHCND/stations/
GHCND:USW00026537/detail
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Appendix A Continued

Agency
Station
ID Site Name

Data
Type Frequency

Period of Record of
Spring
Measurements Data Access Link

https://www.ncdc.noaa.gov/cdo

NOAA
USW00
026508

UMIAT AIRPORT, 
AK US

Snow 
depth Daily

1946 - 1954, 1977 -
1997, 2000, 2001

web/datasets/GHCND/stations/
GHCND:USW00026508/detail

https://www.ncdc.noaa.gov/cdo

NOAA
USW00
027503

WAINWRIGHT
AIRPORT, AK US

Snow 
depth Daily

1936, 1943 - 1946,
1948 - 1968

web/datasets/GHCND/stations/
GHCND:USW00027503/detail

SNOTEL 1177 Prudhoe Bay
Snow 
depth Daily 2013 - 2020

https://wcc.sc.egov.usda.gov/nw
cc/site?sitenum=1177

SNOTEL 1175 Kelly Station

Snow 
depth

SWE Daily

Snow Depth: 2012 -
2021
SWE: 1993 - 1995,
2012 - 2021

https://wcc.sc.egov.usda.gov/nw
cc/site?sitenum=1175
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Appendix B: ILAMB Input File Examples

#label,name ,lat_min,lat_max,lon_min,lon_max

Figure B.1: An example regions text file input to ILAMB to define bounds of different areas for the ILAMB evaluation to be performed over.

usa ,Continental US 24, 50, -126, -66
alaska,Alaska 53, 72, -169, -129
northslope,North Slope of Alaska 67, 72, -168, -141
sagriver,Sagavanirktok River Basin Alaska , 68, 71, -149.9, -146.3

Figure B.2: An example configuration file (filetype .cfg) input to ILAMB to define the confrontation package, variable, and benchmark file to be 
used in ILAMB evaluation.

Figure B.3: The dimensions and variables of the 2001-2010 historic snow depth point-source benchmark, defined within a netCDF file.
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<class ’netCDF4._netCDF4.Dataset'>
root group (NETCDF4 data model, file format HDF5):

dimensions(sizes): longitude(2847), latitude(969), time(17), bnds(2) 
variables(dimensions): float64 latitude(latitude), float64 longitude(longitude), 

float64 latitude_bnds(latitude, bnds), float64 longitude_bnds(longitude, bnds), 
float32 time(time), float64 time_bounds(time, bnds), float32 snd(time, latitude, longitude)

Figure B.4: The dimensions and variables of the ABoVE snow depth data product, defined within a netCDF file.
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Appendix C: Yearly Statistics on Historic Snow Observation Benchmark

Table C.1: Yearly statistics for the historic snow depth benchmark dataset.

Year
Number 
of Sites

Average 
(cm)

Min 
(cm)

Max 
(cm) Year

Number 
of Sites

Average 
(cm)

Min 
(cm)

Max 
(cm)

1902 1 10.2 10.2 10.2 1966 4 12.3 1.3 22.9

1903 1 20.3 20.3 20.3 1967 4 24.6 1.3 48.3

1904 1 15.2 15.2 15.2 1968 5 14.5 0.6 25.4

1927 1 45.7 45.7 45.7 1969 5 17.9 1.2 45.7

1928 1 38.1 38.1 38.1 1970 3 15.3 0.3 33

1929 1 17.8 17.8 17.8 1971 4 29.5 1.3 50.8

1937 1 2.1 2.1 2.1 1972 4 6.8 0 25.4

1942 1 22.9 22.9 22.9 1973 3 6.5 0 17.8

1943 2 12.9 0.3 25.4 1974 2 13.3 1.2 25.4

1944 3 10.8 0.8 30.5 1975 2 6.6 0.4 12.7

1945 2 26.8 0.3 53.3 1976 4 12.3 0.8 17.8

1946 3 13.3 0.4 38.1 1977 44 41.5 0.6 118

1947 5 15.3 0.7 38.1 1978 47 39.2 1 92

1948 4 16.2 0.4 40.6 1979 12 20.1 1.7 34.1

1949 5 26.2 0.9 73.7 1980 6 13.8 1.2 27.9

1950 5 18.5 0.5 48.3 1981 6 13.4 1.4 27.9

1951 5 18.5 0.8 53.3 1982 5 20 0.9 35.6

1952 5 9 0.2 30.5 1983 4 20 1.2 38.1

1953 6 10.6 0.2 33 1984 5 9.8 1 15.2

1954 6 15.6 0.6 48.3 1985 6 25 0.8 43.2

1955 7 29.2 0.9 55.9 1986 5 21.3 1.1 41.8

1956 5 35.9 0.9 71.1 1987 6 26.5 0.3 58.4

1957 5 25.9 0.9 48.3 1988 6 21.2 1.3 48.3

1958 5 15.2 0.9 43.2 1989 6 21.5 0.6 69.6

1959 5 12.8 0.8 22.9 1990 5 29.6 10.2 58.4

1960 4 33 1.1 91.4 1991 5 17 2.5 36.7

1961 6 35.7 0.8 86.4 1992 5 33.8 10.2 64.7

1962 6 17.7 0.5 38.1 1993 5 26.7 7.6 52.2
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Table C.1 Continued

Year
Number 
of Sites

Average 
(cm)

Min 
(cm)

Max 
(cm) Year

Number 
of Sites

Average 
(cm)

Min 
(cm)

Max 
(cm)

1963 6 12.4 0.8 40.6 1994 4 24.8 10.2 45.7

1964 5 18 1.3 71.1 1995 4 18.4 10.2 25.4

1965 4 19.6 0.9 53.3 1996 4 22.2 5.1 45.7

1997 7 29.9 5.1 55.2 2010 124 37.6 0 127

1998 11 27.8 5.1 42.8 2011 110 43.5 6.4 124.1

1999 5 23 2.5 38.8 2012 27 33 4.4 63.1

2000 19 41.9 5.1 79.5 2013 30 40.5 2.9 119.4

2001 21 43.4 15 70.9 2014 28 39.9 4.3 94

2002 19 45.3 25.4 96.5 2015 31 42 3.9 94

2003 31 48.2 12.5 152.4 2016 34 36.6 3 104.1

2004 19 43.2 17.8 76.2 2017 25 36.7 0.7 127

2005 21 45 21.3 68.6 2018 56 49.5 3.9 119.4

2006 124 40 3.6 137.2 2019 2259 51.9 1.8 290

2007 145 39.3 1.2 147.3 2020 8 47.4 3 127

2008 112 37.2 0 119.4 2021 9 49.4 4.8 116.8

2009 146 50.5 7.9 129.4
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Table C.2: Yearly statistics for the historic snow depth benchmark dataset.

Year
Number 
of Sites

Average
(cm)

Min 
(cm)

Max 
(cm) Year

Number 
of Sites

Average
(cm)

Min 
(cm)

Max 
(cm)

1977 40 12.5 4.4 40.1 2002 77 9.6 3.9 19.8

1978 40 13.3 0.9 32 2003 88 11.6 1.4 22.3

1979 7 8.8 6.7 10.7 2004 57 10.8 3.8 22.8

1985 1 10.6 10.6 10.6 2005 72 10.6 2.1 23.7

1986 1 11.4 11.4 11.4 2006 129 8.9 2.1 21.3

1987 1 10.8 10.8 10.8 2007 151 9.1 0.3 31.4

1988 1 7.3 7.3 7.3 2008 119 8.2 0 33.4

1989 1 15.7 15.7 15.7 2009 153 12.9 1.4 41.3

1990 1 10.6 10.6 10.6 2010 130 9.7 0 23.6

1991 1 8.2 8.2 8.2 2011 104 11 2.3 38

1992 1 18 18 18 2012 27 10.3 3.3 22.8

1993 2 17.8 12.6 22.9 2013 32 11.1 2 19.3

1994 2 12 8 16 2014 17 8.1 4.3 13.4

1995 2 18.2 15.2 21.1 2015 32 14.8 5.6 27.4

1996 1 13.6 13.6 13.6 2016 35 9.6 0 18.3

1997 4 10.8 6.5 14.4 2017 28 13.1 5.3 32.5

1998 7 7.8 3.2 10.2 2018 35 15.3 4.3 28.2

1999 11 8.4 4.7 11.1 2019 47 12.1 1.2 28.2

2000 59 11.4 3 21 2020 1 15.5 15.5 15.5

2001 85 10.4 2.9 23.5 2021 1 14.5 14.5 14.5
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Appendix D: ILAMB Output Figures

D.1. Scenario 1.A: CanSISE SWE vs Historic SWE (1977-2021)

Figure D.1: ILAMB output from scenario 1.A: CanSISE - historic 
location for, A, the benchmark, and the ESM, B.

SWE (1977-2021) over the North Slope region. Period mean SWE at each

Figure D.2: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the North Slope region. A. SWE bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.
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Figure D.3: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021). North Slope regional mean of the benchmark and ESM for 
each year.

Figure D.4: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the Sag region. Period mean SWE at each location for, 
A, the benchmark, and the ESM, B.
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Figure D.5: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021) over the Sag region. A. SWE bias between the benchmark 
and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM. D. Unitless and nondimensionalized RMSE 
score.

Figure D.6: ILAMB output from scenario 1.A: CanSISE - historic SWE (1977-2021). Sag regional mean of the benchmark and ESM for each year.
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D.2. Scenario 1.B: CanSISE SWE vs Historic SWE (1981-2010)

Figure D.7: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the North Slope region. Period mean SWE at each 
location for, A, the benchmark, and the ESM, B.

Figure D.8: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the North Slope region. A. SWE bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.
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Figure D.9: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010). North Slope regional mean of the benchmark and ESM for 
each year.

Figure D.10: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the Sag region. Period mean SWE at each location for, 
A, the benchmark, and the ESM, B.
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Figure D.11: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010) over the Sag region. A. SWE bias between the benchmark 
and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM D. Unitless and nondimensionalized RMSE 
score.

Figure D.12: ILAMB output from scenario 1.B: CanSISE - historic SWE (1981-2010). Sag regional mean of the benchmark and ESM for each 
year.
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D.3. Scenario 1.C: CanSISE SWE vs Historic SWE (2001 - 2010)

Figure D.13: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the North Slope region. Period mean SWE at each 
location for, A, the benchmark, and the ESM, B.
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Figure D.14: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the North Slope region. A. SWE bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.15: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010). North Slope regional mean of the benchmark and ESM for 
each year.
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Figure D.16: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the Sag region. Period mean SWE at each location for, 
A, the benchmark, and the ESM, B.
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Figure D.17: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010) over the Sag region. A. SWE bias between the benchmark 
and ESM. B. Unitless and normalized bias score. C. RMSE in SWE between the benchmark and ESM. D. Unitless and nondimensionalized RMSE 
score.

Figure D.18: ILAMB output from scenario 1.C: CanSISE - historic SWE (2001-2010). Sag regional mean of the benchmark and ESM for each 
year.
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D.4. Scenario 2.A: ABoVE Snow Depth vs Historic Snow Depth (1902 - 2021)

Figure D.19: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over the North Slope region. Period mean snow depth 
at each location for, A, the benchmark, and the ESM, B.

Figure D.20: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over the North Slope region. A. snow depth bias between 
the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.
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Figure D.21: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021). North Slope regional mean of the benchmark and 
ESM for each year.

Figure D.22: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.
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Figure D.23: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021) over the Sag region. A. snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.24: ILAMB output from scenario 2.A: ABoVE - historic snow depth (1902-2021). Sag regional mean of the benchmark and ESM for 
each year.
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D.5. Scenario 2.B: ABoVE Snow Depth vs Historic Snow Depth (2001 - 2017)

Figure D.25: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over the North Slope region. Period mean snow depth 
at each location for, A, the benchmark, and the ESM, B.
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Figure D.26: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over the North Slope region. A. snow depth bias between 
the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.27: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017). North Slope regional mean of the benchmark and ESM 
for each year.
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Figure D.28: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.

Figure D.29: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017) over the Sag region. A. snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.
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Figure D.30: ILAMB output from scenario 2.B: ABoVE - historic snow depth (2001-2017). Sag regional mean of the benchmark and ESM for 
each year.
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D.6. Scenario 2.C: ABoVE Snow Depth vs Historic Snow Depth (2001 - 2010)

Figure D.31: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over the North Slope region. Period mean snow depth 
at each location for, A, the benchmark, and the ESM, B.
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Figure D.32: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over the North Slope region. A. Snow depth bias 
between the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless 
and nondimensionalized RMSE score.

Figure D.33: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010). North Slope regional mean of the benchmark and ESM 
for each year.
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Figure D.34: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.

82



Figure D.35: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010) over the Sag region. A. Snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.36: ILAMB output from scenario 2.C: ABoVE - historic snow depth (2001-2010). Sag regional mean of the benchmark and ESM for each 
year.
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D.7. Scenario 3.A: ELM Snow Depth vs Historic Snow Depth (1902 - 2021)

Figure D.37: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the North Slope region. Period mean snow depth at 
each location for, A, the benchmark, and the ESM, B.

Figure D.38: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the North Slope region. A. snow depth bias between 
the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.
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Figure D.39: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021). North Slope regional mean of the benchmark and ESM 
for each year.

Figure D.40: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.
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Figure D.41: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021) over the Sag region. A. snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.42: ILAMB output from scenario 3.A: ELM - historic snow depth (1902-2021). Sag regional mean of the benchmark and ESM for each 
year.
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D.8. Scenario 3.B: ELM Snow Depth vs Historic Snow Depth (1980 - 2014)

Figure D.43: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the North Slope region. Period mean snow depth at 
each location for, A, the benchmark, and the ESM, B.

Figure D.44: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the North Slope region. A. snow depth bias 
between the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless 
and nondimensionalized RMSE score.
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Figure D.45: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014). North Slope regional mean of the benchmark and ESM 
for each year.

Figure D.46: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.
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Figure D.47: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014) over the Sag region. A. snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.48: ILAMB output from scenario 3.B: ELM - historic snow depth (1980-2014). Sag regional mean of the benchmark and ESM for each 
year.
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D.9. Scenario 3.C: ELM Snow Depth vs Historic Snow Depth (2001 - 2010)

Figure D.49: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the North Slope region. Period mean snow depth at 
each location for, A, the benchmark, and the ESM, B.
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Figure D.50: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the North Slope region. A. Snow depth bias 
between the benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless 
and nondimensionalized RMSE score.

Figure D.51: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010). North Slope regional mean of the benchmark and ESM 
for each year.
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Figure D.52: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the Sag region. Period mean snow depth at each 
location for, A, the benchmark, and the ESM, B.
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Figure D.53: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010) over the Sag region. A. Snow depth bias between the 
benchmark and ESM. B. Unitless and normalized bias score. C. RMSE in snow depth between the benchmark and ESM. D. Unitless and 
nondimensionalized RMSE score.

Figure D.54: ILAMB output from scenario 3.C: ELM - historic snow depth (2001-2010). Sag regional mean of the benchmark and ESM for each 
year.
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