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1 Overview 
Polar bears are protected under provisions of the 1972 Marine Mammal Protection Act and 
were listed as a threatened species in 2008 under the Endangered Species Act (ESA).  
Protective measures implemented within this legal framework include efforts to avoid 
disturbing maternal polar bear dens.  This is challenging, however, because dens are 
difficult to detect under the snow surface.  Human activities in northern Alaska, including 
those related to the oil and gas industry, are regulated with the intent to minimize “take” in 
the form of disturbance.  Under the terms of their federal authorizations, oil and gas 
exploration and development activities must implement specific measures to avoid 
disturbing polar bear dens.  These measures may include surveys using trained dogs and/or 
Forward-Looking Infrared (FLIR) imagery to detect maternal dens.  It is in the interests of 
both bear conservation and cost-containment for industry to obtain the most accurate 
predictions possible of potential polar bear den locations.  
 
Approximately half of the annual maternal dens for the southern Beaufort Sea polar bear 
population are located on land or land-fast ice and are typically sparsely distributed within a 
narrow margin of coastal habitat.  The proportion of dens located on land has been 
observed to be increasing in response to delays in sea ice formation due to climate 
warming.  Denning females seek suitable sites in the fall and generally enter dens in 
November.  They typically have their cubs in early January and leave the dens in early April. 
 
Historically, available den habitat models have been based primarily on the presence of 
topographic features capable of capturing drifting snow.  In any given season, however, the 
availability and precise location of snowdrifts of sufficient size to accommodate a bear den 
depends on the antecedent snowfall and wind conditions, and these vary from one year to 
the next.  Thus, suitable topography is a necessary pre-condition, but is not sufficient to 
accurately predict potential den sites in a given year.  
 
To satisfy the requirements of agency and industry managers what is needed is a user-
friendly decision-support tool that takes into account the current fall and early-winter 
meteorological conditions, and provides den habitat information that can be used to guide 
polar bear management and avoidance decisions for the rest of that winter after the bears 
have entered their dens.  
 
This user’s guide describes a snowdrift den-habitat decision-support tool based on the 
recently developed SnowDens-3D polar bear snowdrift den habitat mapping tool (Liston et 
al., 2016).  The decision-support software described herein ingests available topographic 
and weather data, and provides output maps of high-probability den locations, for any year 
of interest, including the current year.  The software is available to end-users interested in 
polar bear management activities, and is available to help “fine tune” habitat search 
parameters and locations when managers are looking for likely denning areas.  A copy of 
Liston et al. (2016) is provided in the Appendix of this user’s guide. 
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The presentation that follows is configured in the following order: 
 

• The steps to install (and uninstall) the program are described. 

• Detailed descriptions of the model input requirements are presented. 

• How to run the model and what is displayed during the model run. 

• What the figure generation options are for viewing the model run. 

• A step-by-step model setup and run example is provided. 

• The command-line interface option is described. 
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2 SnowDens-3D-Win32 (For Windows) 
SnowDens-3D-Win32 is a Windows-based version of SnowDens-3D that includes an easy to use 
Graphical User Interface (GUI) for manipulating model inputs and outputs. 

 

The above figure is the primary “run” screen. In it are 3 main tabs. The “Model Input” tab is the 
interface where the user provides key setup information for the model run of interest. The 
“Model Output” tab is the tab where the model is run from; while the model is running, the 
model progress is displayed on the screen. And the “Model Figures” tab is where the user 
defines which figures they want generated and how they will be configured and displayed.  
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2.1 Installation 

2.1.1 Supported Operating Systems 

SnowDens-3D-Win32 is supported on the following operating systems: 

SnowDens-3D-Win32 Supported Operating Systems 
Microsoft Windows 7 (x86/x64) 
Microsoft Windows 8 (x86/x64) 
Microsoft Windows 8.1 (x86/x64) 
Microsoft Windows 10 (x86/x64) 

2.1.2 Software Pre-Requisites 

Prior to installing SnowDens-3D-Win32, all pre-requisite software must be installed first: 

SnowDens-3D-Win32 Pre-Requisites 
Pre-Requisite Download Link 
Microsoft .NET Framework 4.5 https://www.microsoft.com/en-

us/download/details.aspx?id=30653 

2.1.3 Steps to Install 

SnowDens-3D-Win32 comes with an installer application called “SnowDens-3D-Win32-
Installer.exe.”  In order to install SnowDens-3D-Win32, please follow the instructions below: 

NOTE:  Please install all pre-requisite software first. 

NOTE:  If necessary, please uninstall any previous versions of SnowDens-3D-Win32.  For 
instructions on uninstalling SnowDens-3D-Win32, please refer to Section 2.1.4 – Steps to 
Uninstall. 

1. As an Adminstrator on the computer, double-click the “SnowDens-3D-Win32-
Installer.exe” installer file 

 

NOTE:  Administrator rights on the computer are required to install SnowDens-3D-
Win32. 

 

 

 

https://www.microsoft.com/en-us/download/details.aspx?id=30653
https://www.microsoft.com/en-us/download/details.aspx?id=30653


 
 

 8 Version 1.1 

NOTE: If you encounter a message that looks like: 

 

Click the “More info” button. You should then see a screen that looks like: 

 

Then click the “Run anyway” button and the installation will proceed. 

 

NOTE:  If you receive a message about installing Microsoft .NET Framework 4.5 or 
above, please see the pre-requisites in the previous section. 

 

2. At the “License Agreement” screen, please review the license agreement, select “I 
accept the agreement,” and click [ Next > ] 
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3. At the “Select Start Menu Folder” screen, make any necessary modifications and click      
[ Next > ] 
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4. At the “Select Additional Tasks” screen, select the appropriate options and click                
[ Next > ] 

 

5. At the “Ready to Install” screen, review the installation options and click [ Install ] 
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6. At this point, the installation program will install SnowDens-3D-Win32 and OpenGrADS 

 

7. At the “Setup Complete” screen, click [ Finish ] 
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8. At this point, SnowDens-3D-Win32 is installed and can be found in the Start Menu or 
Desktop, depending on the selections made during the installation 

 

2.1.4 Steps to Uninstall 

SnowDens-3D-Win32 comes with an uninstaller application that is installed along with the 
application.  In order to uninstall SnowDens-3D-Win32, please follow the instructions below: 

1. As an Adminstrator on the computer, click [ Start ] > [ Control Panel ] > [ Uninstall a 
program ] 

 

NOTE:  Administrator rights on the computer are required to uninstall SnowDens-3D-
Win32. 

NOTE:  The location of Control Panel shortcut will differ depending in the version of 
Windows where SnowDens-3D-Win32 is installed. 



 
 

 13 Version 1.1 

2. At the “Uninstall or change a program” screen, select the SnowDens-3D application and 
click [ Uninstall ] 

3. At the “SnowDens-3D Uninstall” screen, click [ Yes ] 

 

4. At this point, the uninstallation program will uninstall SnowDens-3D-Win32 and 
OpenGrADS 

5. At the “SnowDens-3D Uninstall” screen, click [ OK ] 

 

NOTE:  All files may not be removed from the “C:\SnowDens-3D” directory.  This is 
because there may be user-generated figures that the user may want to keep.  If these 
files are no longer wanted, please delete them manually. 
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2.2 Model Input 

The Model Input tab is used for inputting data into the model and executing a model run. Two 
data inputs are required to run the model: met data and topographic data. In addition, an 8-
character “run name” must be provided. 

2.2.1 Meteorological Data 

In order to generate an accurate snowdrift den habitat distribution, meteorological data for the 
period of snowdrift formation are required.  To meet this requirement, the model can process 
data downloaded from the web OR it can make use of user defined data obtained from other 
sources.  The model will not process both downloaded data AND user defined data, but only 
process data for the tab that is currently selected in the interface.  Downloaded data can be 
downloaded from specific resources on the web and user defined data can be created manually 
by the user.  These two options are described below. 

2.2.1.1 Downloaded Data 

Downloaded data are downloaded directly from the National Oceanic and Atmospheric 
Administration (NOAA) Integrated Surface Database (NSD) and the National Resources 
Conservation Service (NRCS) Snow Telemetry (SNOTEL) systems.  If providing downloaded data, 
user defined data will not be processed. 

 

Specifically, the model requires the following downloaded data (Section 2.5 – Example Model 
Run provides step-by-step download instructions if this option is selected): 
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1. A DS3505 TXT data file from the NOAA ISD website which includes Air Temperature, 
Wind Direction, and Wind Speed (these are called Air Temperature Observation, Wind 
Direction, and Wind Observation on the web site) values specific to the model date 
range. 

NOTE:  An example DS3505 TXT data file (“2995966931609dat.txt” that corresponds to 
the time period 1 September 2015 – 30 November 2015) can be found in the 
“/SnowDens-3D/sample_inputs/met/” directory.  A copy of this file, named 
NOAA_01sep2015-30nov2015.txt to be more meaningful, is also in the same directory. 

2. A CSV TXT data file from the NRCS SNOTEL website which includes daily Precipitation 
(called Precipitation Increment on the web site) values specific to the model date range.  

NOTE:  An example CSV TXT data file (“PRCP__value.txt”) can be found in the 
“/SnowDens-3D/sample_inputs/met/” directory.  A copy of this file, named 
NRCS_01sep2015-30nov2015.txt to be more meaningful, is also in the same directory. 

Note: These two websites are written into the XML config file called “SnowDens-3D-
Win32.exe.config”. In the event that these web sites were to change, they can be modified with 
a generic text editor like “Notepad” if needed. This file looks like the following (where the web 
sites have been highlighted in blue): 

    <applicationSettings> 
        <SnowDens_3D.My.MySettings> 
            <setting name="MetNOAALink" serializeAs="String"> 
                <value>http://www.ncdc.noaa.gov/isd/data-access</value> 
            </setting> 
            <setting name="MetNRCSLink" serializeAs="String"> 
                <value>http://www.wcc.nrcs.usda.gov/snow/</value> 
            </setting> 
        </SnowDens_3D.My.MySettings> 

    </applicationSettings> 

2.2.1.2 User Defined Data 

User defined data have been acquired and configured in the required format by the user 
themselves.  The data must be in the proper format.  If user defined data are provided, 
downloaded data will not be processed. 
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The model requires user defined data made up of the following tab-, comma- or space-
separated 8 columns specific to the model date range: 

1. Count (Arbitrary) 

2. Year 

3. Month 

4. Day 

5. Air Temperature (degrees C) 

6. Wind Speed (m/s) 

7. Wind Direction (0-360) 

8. Precipitation (mm/day) 

A user defined meteorological data file can be compiled in any text manipulation software, such 
as Microsoft Notepad or Microsoft Excel.  If using an application such as Microsoft Excel, the 
data must be exported as a Text (tab delimited; *.txt), CSV (comma delimited; *.csv), or 
Formatted text (space delimited; *.prn)  file. No headers are allowed in this user defined 
meteorological data file. 
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     1  2015   9   1     1.97     6.63   266.07     0.00 
     2  2015   9   2     4.15     2.78   171.23     0.00 
     3  2015   9   3     3.12     6.43    72.93     0.00 
     4  2015   9   4     1.74    11.32    83.33     0.00 
     5  2015   9   5     1.09     6.66    71.68     0.00 
     6  2015   9   6     1.48     2.80    78.41     0.00 
     7  2015   9   7     1.85     1.80    57.10     0.00 
     8  2015   9   8     1.77     2.96   289.12     0.00 
     9  2015   9   9    -0.05     5.21    55.57     0.00 
    10  2015   9  10    -0.43     9.72    55.86     0.00 
    ... 
    83  2015  11  22   -18.93     3.28   318.96     0.00 
    84  2015  11  23   -27.50     4.19   201.10     3.00 
    85  2015  11  24   -17.99     6.83    87.91     0.00 
    86  2015  11  25   -13.36     5.77   135.70     0.00 
    87  2015  11  26    -9.39     4.48   244.80     0.00 
    88  2015  11  27   -12.27     5.17     9.33     0.00 
    89  2015  11  28   -14.34    11.70    57.09     0.00 
    90  2015  11  29   -13.84    10.13    63.33     0.00 
    91  2015  11  30   -17.33    11.19    60.00     0.00  

NOTE:  The above example user defined meteorological data file 
(“SD3D_met_user_defined_test.txt”) can be found in the “sample_inputs” directory of the 
SnowDens-3D-Win32 application (SD3D_met_user_defined_test.prn and 
SD3D_met_user_defined_test.csv examples are also provided there). 

2.2.2 Topographical Data 

In order to generate snowdrift den habitat distributions, topographical data over the domain of 
interest are also required.  Specifically, the model requires a Digital Elevation Model (DEM) in 
standard GIS ARC RASTER ASCII GRID format. This file format has 6 header lines in the following 
format: 

ncols         2400 
nrows       1080 
xllcenter      0.0    
yllcenter      0.0     
cellsize         2.5     
NODATA_value  -9999.0     

The xllcenter and yllcenter can be replaced by xllcorner and yllcorner values, and there can be 
no missing (NODATA) values in the DEM data file. 

In this format, the header information is followed by DEM grid cell values specified in space-
delimited row-major order, starting at the upper-left corner of the domain, with each row 
separated by a carriage return. 
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The projection used can be anything that produces a uniform grid in the x and y dimensions 
(the grid increment, Δx and Δy, has to be constant over the domain), the x and y grid cell 
increment have to be the same (Δx=Δy), and the units of Δx and Δy have to be in meters. 

 

As part of this project, the 2.5-m lidar DEM data described by Liston et al. (2016) are available.  
In that study, DEM data were derived from a Light Detection and Ranging (lidar) dataset 
acquired in 2010 for the U.S. Geological Survey (USGS) as part of a shoreline-change study along 
Alaska’s Beaufort Sea coast (Gibbs and Richmond 2015). The lidar DEM data were provided on a 
2.5 m × 2.5 m grid in the Universal Transverse Mercator (UTM) Zone 6 projection. Because the 
focus of the USGS data acquisition was on coastal erosion, river-sediment depositional areas 
such as the large deltas of the Colville, Kuparuk, and Sagavanirktok rivers were not included. 
The dataset covered nearby barrier islands and an area between the coastline and 
approximately 3 km inland. Also, lake and ocean elevations were not acquired. To prepare the 
lidar data for the SnowDens-3D model integrations, we added a vertical offset of 5.48 m to all 
lidar values to eliminate elevations below sea level (Liston et al. 2016). 

These data cover the color-shaded topography areas in the figure below. 
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This figure shows lidar topography (elevation in m; color shades) along the Beaufort Sea coast 
at a 2.5 m × 2.5 m pixel resolution (Gibbs and Richmond 2015).  The rectangular box in the 
upper left encompasses the SnowDens-3D Jones Island group test area described in Liston et al. 
(2016).  Known historical (1909-2012) polar bear den sites (n=99) are shown as small black 
circles (see Liston et al. 2016). 

The following DEM files have been provided as part of the SnowDens-3D installation: Pingok, 
Bodfish, Staging Pad, and Cottle.  These subdomains are identified in the following figure. 

 

In this figure, the file names and domain dimensions associated with each box are provided in 
the following table: 

Site Name File Name X grid points Y grid points 
Pingok Pingok_topo_lidar_2.5m.asc 2400 1080 
Bodfish Bodfish_topo_lidar_2.5m.asc 1200 900 
Staging Pad Stagingpad_topo_lidar_2.5m.asc 300 300 
Cottle Cottle_topo_lidar_2.5m.asc 1400 1600 

 

In descriptions above, we discuss using user-defined/user-provided DEM datasets.  At the 
discretion of the user, the user can also provide a “land-ocean mask” dataset that is on the 
same grid as the user-provided DEM.  In this mask dataset, the following convention is used: 
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1=high-resolution DEM data, 2=low-resolution DEM data, and 3=ocean.  This file is assumed to 
have the same name as the DEM file, with the exception that the “_topo_” in the name is 
replaced by “_mask_” in the mask file name (see the table above).  In this code and input 
distribution, mask files are provided for each of the four datasets listed above.  As an example 
of how this mask information is used in making the output plots, the mask has been used in the 
above figure, where blue is ocean, grey identifies low-resolution DEM data areas, and the white 
and red (the snow drifts) portions of the figure correspond to areas where high-resolution DEM 
data are available. 

These DEM and mask files are located in the “/SnowDens-3D/sample_inputs/dem/” directory. 

NOTE: The “_topo_” file name listed in the above table are the topographical data files that you 
need to put in the “DEM ASCII Data File:” tab (unless you are providing a user-provided DEM 
data file). If you use the “_mask_” files, the model will run and you will not get an error 
message, but the model outputs will be incorrect. 

Projection information for the provide files can be found in the “/SnowDens-3D/sample_inputs/ 
dem/coords_proj_info/” directory. The provided maps are in a UTM coordinate system with the 
following projection definitions: 

 PROJCS["NAD_1983_UTM_Zone_6N"], 1.
 GEOGCS["GCS_North_American_1983"], 2.
 DATUM["D_North_American_1983"], 3.
 SPHEROID["GRS_1980",6378137,298.2572221010042], 4.
 PRIMEM["Greenwich",0], 5.
 UNIT["Degree",0.017453292519943295], 6.
 PROJECTION["Transverse_Mercator"], 7.
 PARAMETER["latitude_of_origin",0], 8.
 PARAMETER["central_meridian",-147], 9.
 PARAMETER["scale_factor",0.9996], 10.
 PARAMETER["false_easting",500000], 11.
 PARAMETER["false_northing",0], 12.
 UNIT["Meter",1] 13.

For simplicity, the model assumes the coordinates of the center of the lower left grid cell in the 
simulation domain is located at x=0.0, y=0.0. The actual UTM coordinates are located in the 
above directory and are also provided here for reference. 

Pingok:                                                                         
ncols                2400                                                       
nrows                1080                                                       
xllcenter          403712.5 
yllcenter         7828512.5 
cellsize                2.5 
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NODATA_value        -9999.0 
 

Bodfish: 
ncols                1200 
nrows                 900 
xllcenter          414000.0 
yllcenter         7825250.0 
cellsize                2.5 
NODATA_value        -9999.0 
 

Staging Pad: 
ncols                 300 
nrows                 300 
xllcenter          416000.0 
yllcenter         7821500.0 
cellsize                2.5 
NODATA_value        -9999.0 
 

Cottle: 
ncols                1400 
nrows                1600 
xllcenter          419250.0 
yllcenter         7821750.0 
cellsize                2.5 
NODATA_value        -9999.0 

2.2.3 Model Options 

In order to generate snowdrift den habitat distributions, setting specific model options are 
required. 
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• Model Name:  As part of any model simulation, a model name must be provided. This 
must be an 8-character name, with no spaces. It cannot be shorter or longer than 8 
characters. For example, an appropriate run name would be: “ping_001” (without the 
quotes). 

This run name is used to create a run name directory (or folder) that is located here, for 
example: “C:\SnowDens-3D\model_name\” or “C:\SnowDens-3D\ping_001\”. For this 
model run, all of the model output data files and figures that are generated will be 
saved under this directory. This allows the user to save different model run 
configurations under different directory names. 

• Start Date:  The model requires a specific date range to calculate the period of interest 
in the snowdrift simulation.  This begins with the start date for the model run and it 
must match the meteorological data.  For example, if the downloaded meteorological 
data starts on September 1, 2015, then the start date should be set to September 1, 
2015.  SnowDens-3D-Win32 attempts to auto-detect the year value from the NRCS 
SNOTEL file provided. 

• End Date:  The model requires a specific date range to calculate the period of interest in 
the snowdrift simulation.  This field is the end date for the model and it must match the 
meteorological data.  For example, if the downloaded meteorological data ends on 
November 30, 2015, then the end date should be set to November 30, 2015.  
SnowDens-3D-Win32 attempts to auto-detect the year value from the NRCS SNOTEL file 
provided. 

• X (Grid):  This model requires the computational grid size (the number of grid cells in x 
and y) and the size of each cell (meters) corresponding to the DEM file.  This is the grids 
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“X” value, which typically corresponds with the “ncols” value in the DEM file.  
SnowDens-3D-Win32 attempts to auto-detect this value from the DEM file provided. 

• Y (Grid):  This model requires the computational grid size (the number of grid cells in x 
and y) and the size of each cell (meters) from corresponding to the DEM file.  This is the 
grids “Y” value, which typically corresponds with the “nrows” value in the DEM file.  
SnowDens-3D-Win32 attempts to auto-detect this value from the DEM file provided. 

• Grid Size:  This model requires the computational grid size (the number of grid cells in x 
and y) and the size of each cell (meters) corresponding to the DEM file.  This is the grids 
“Grid Size” value, which typically corresponds with the “cellsize” value in the DEM file.  
SnowDens-3D-Win32 attempts to auto-detect this value from the DEM file provided. 

• Process Meteorological Data Only:  Checking this box forces the model to process the 
meteorological data only (without running the drift simulation afterwards).  This option 
is typically used to confirm that the meteorological inputs are correct before moving on 
to the snowdrift analyses. 

2.2.4 Model Limitations and Assumptions 

The model code limits the simulations to one year (winter) at a time (continuous, multi-year 
runs are not possible). And the spatial simulation domain cannot exceed 12,250,000 grid cells, 
or X (Grid) = ncols cannot exceed 3500, and Y (Grid) = nrows cannot exceed 3500. Larger 
domains can be run by sending a note to the SnowDens-3D contact email address: 
snowdens@arcticlcc.org.  

There can be no missing values in either the met input file or the DEM input file. The met data 
must be continuous in time, and the DEM data must be continuous in space. If the raw input 
datasets do not have these properties, you must use some kind of data-filling procedure to 
place “approximately valid” values in the missing positions. 

The model does not account for vegetation capturing and holding snow on the ground as part 
of its integrations. This is deemed appropriate for the relatively short vegetation on Alaska’s 
Arctic coastal plain, but may not be appropriate for a domain with relatively tall vegetation like 
willows and other shrubs. To add the impact of vegetation on blowing and drifting snow, please 
contact the SnowDens-3D development team: snowdens@arcticlcc.org. 

2.2.5 Running the Model 

After configuring the model options, the model is run by clicking the Run Model tab at the 
bottom of the “Model Input” tab. This immediately takes you to the Model Output tab. 

  

mailto:snowdens@arcticlcc.org
mailto:snowdens@arcticlcc.org
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2.3 Model Output 

The Model Output tab is only used for displaying the command line results during the model 
run.  It prints to the screen the progression of the model simulation, beginning with a summary 
of the inputs that were provided to the model, and it ends with any errors that were generated 
during the model run. 

During the model run, a log file (model_name_log.txt) is saved in the “model_name” directory 
that is a formal record of how the model was configured for each particular run. 

 

As part of the model simulation, output files are generated in Grid Analysis and Display System 
(GrADS) format that allow the user to generate simple plots of the model results.  In addition, 
output files are also saved in GIS ARC RASTER ASCII GRID format (the same format as the input 
DEM; see section 2.2.3) so the user can generate their own, possibly more complex, plots of the 
SnowDens-3D simulation outputs.  For example, these plots might include snowdrift cross-
sectional profiles, plots with additional features of interest, user-defined color schemes, and 
adding historical den locations to the plots. These output files are placed in the “/SnowDens-
3D/outputs/ascii/” directory.   

There are 20 .asc output files generated for each model simulation.  The file names conform to 
the following naming convention: 

• The first 4 characters correspond to the first 4 characters in the input DEM file name. 

• Files with “max_drifts” in the name correspond to the Tabler equilibrium snowdrift 
profiles. 

• Files with just “drifts” in the name correspond to the flux-limited, year-specific snowdrift 
profiles (which may or may not be filled to equilibrium). 

• The files with two-digit directions included (e.g., north=nn, northeast=ne, etc.) are the 
drift profiles for any winds that came from each of the 8 cardinal wind directions. 

• Files with “all” in the name are the cumulative drifts for all wind directions for the 
specific year of interest. 
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• Files with “msk” in the name contain masked values of 1 for all snowdrifts deeper than 
1.5 m, and values of 0 for all other locations. 

• Files with “fat” in the name represent the “msk” file where the drift edges have been 
widened by 12.5 m on all sides as described and done in Liston et al. (2016). 

For example, for the Pingok DEM file, the following .asc files are produced: 

• Ping_drifts_all.asc, Ping_drifts_msk.asc, and Ping_drifts_fat.asc 

• Ping_drifts_nn.asc, Ping_drifts_ne.asc, Ping_drifts_ee.asc, Ping_drifts_se.asc, 
Ping_drifts_ss.asc, Ping_drifts_sw.asc, Ping_drifts_ww.asc, and Ping_drifts_nw.asc 

• Ping_max_drifts_nn.asc, Ping_max_drifts_ne.asc, Ping_max_drifts_ee.asc, 
Ping_max_drifts_se.asc, Ping_max_drifts_ss.asc, Ping_max_drifts_sw.asc, 
Ping_max_drifts_ww.asc, Ping_max_drifts_nw.asc 

The projection and grid contained within these files is the same as that of the original DEM 
input file. 
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2.3.1 Example Model Outputs 

The figures below display the maximum possible drift distributions for each of the 4 sub-
domains presented in Section 2.2.3 (Pingok, Bodfish, Staging Pad, and Cottle). These den 
habitat distributions (the red areas) represent the snow distributions over 1.5 meters deep, 
occurring from winds coming from all directions, with sufficient snow precipitation to fill all 
snow drift traps to maximum capacity. All of the figures except for Staging Pad have had the 
boundaries of the drifts widened by 12.5 m to improve visibility. 
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Pingok: 

 

Bodfish: 
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Staging Pad: 

 

Cottle: 
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2.3.2 Error Messages 

The following are a collection of error messages that may be displayed on the Model Output 
tab (the black-background display that is presented during a model run). 

2.3.2.1 Errors Associated With Spatial and Temporal Domains 

• The number of x points [x (Grid) on the Model Input tab] cannot be less than 3.  This 
allows room for boundary grid points in the model simulation.  Values less than 3 will 
generate an error message. 

• The number of y points [y (Grid) on the Model Input tab] cannot be less than 3.  This 
allows room for boundary grid points in the model simulation.  Values less than 3 will 
generate an error message. 

• The snowdrift surfaces were developed assuming the grid increment would never be 
less than 1.0 m.  This means that 'Grid Size' on the Model Input tab cannot be less than 
1.0.  Numbers less than 1.0 will produce the following error message in the Model 
Output tab: 

Grid Size cannot be less than 1.0 m for running SnowDens-3D. 

• If the model grid increment (Grid Size) is too large to resolve snowdrift den habitat, then 
the following error message will be printed to the screen: 

Cell Size should not be greater than 30 m for running SnowDens-3D. 

• The model includes pre-defined limits on the array dimensions that can be used in the 
model simulations.  These limits are (on the Model Input tab): x (Grid) = 3500, and y 
(Grid) = 3500, or a total of 12,250,000 grid cells.  If these are exceeded, the following will 
be printed to the screen in the Model Output tab: 

Must increase the value of nx_max or ny_max in SnowDens-3D.inc.  This requires 
recompiling SnowDens-3D.  Contact Glen Liston for assistance. 

• The model is cannot process more than 1 years’ worth of hourly met data 
(approximately 9000 hours).  If this is exceeded in the defined time range, the following 
message will be printed to the Model Output tab: 

n_days out of range in SnowDens-3D.  Correcting this requires recompiling 
SnowDens-3D.  Contact Glen Liston for assistance. 

2.3.2.2 Errors Associated With DEM Inputs 

• The user-provided DEM file cannot have the same name and be located in the same 
directory as that used internally within SnowDens-3D (/SnowDens-3D/topo/topo.asc).  If 
this is the name of your DEM file, you will get the following error message: 
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The user-input met file cannot be located/called /SnowDens-3D/topo/topo.asc.  
Please put it and/or call it something else. 

• All DEM values in the user-provided DEM file must be valid topographic height values.  
This means there can be no negative values, and no NODATA or undefined values.  If 
this happens, the following message will be printed to the screen, along with the invalid 
value and the location of that value: 

Found invalid topography value. 

• The domain dimensions [x (Grid), y (Grid), and Grid Size] provided on the Model Input 
tab must match those in the provided DEM file.  If they are not the same, an error 
message will be printed to the screen during the model run. 

2.3.2.3 Errors Associated With Meteorological Inputs 

• There can be no missing data in the meteorological inputs.  As part of the data checking, 
any missing values will be identified by the following printouts to the Model Output tab: 

missing tair value at time = year, month, day 

missing wspd value at time = year, month, day 

missing wdir value at time = year, month, day 

missing prec value at time = year, month, day 

• If there are any missing meteorological values found, the following statement will also 
be printed to the screen on the Model Output tab: 

Missing met data found.  This must be corrected before the model run can 
continue.  Check the NOAA and NRCS met input files, or the USER met input file, 
and the resulting model met input file located in and called: met/met.dat, for 
data gaps in the time series. 

• The meteorological input filename cannot be called '/met/met.dat'.  If this happens the 
following error message will be printed to the screen: 

The user-input met file cannot be located/called: /SnowDens-3D/met/met.dat.  
Please put it somewhere else and/or call it something else. 
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2.4 Model Figures 

The Model Figures tab is used for generating new figures based on the model outputs.  Three 
basic figures can be generated with this graphical interface: 1) snow depths, with the depths 
plotted as color shades; 2) a den-habitat mask, where all snowdrifts deeper than 1.5 meters are 
plotted as red color; and 3) a wide den-habitat mask, where all snowdrifts deeper than 1.5 
meters are plotted as red color (as in 2 above), plus the edges of these drifts are widened by 
12.5 meters on all sides to improve visibility. 

Additional options allow plotting of the figures in portrait or landscape mode; plotting the 
entire simulation domain or some spatial subset; and providing a name for the hardcopy output 
figure file.  The hardcopy output figure files are automatically generated in both .png and .pdf 
format, and placed in the “/SnowDens-3D/figures/” directory. 

2.4.1 Figure Options 

In order to generate model figures, setting specific figure options are required.  Note that the 
three tabs under the Figure Options heading (Drift Depths, Drift Mask, and Drift Mask Wide) 
should all be configured, then the user should click on the [Create Figures] button; clicking on 
this button will process each of the figures in each of the three tabs. 

 

2.4.1.1 Model Name 

Here the user must select the model name that they want figures generated for. The field is 
populated with the most recent run name, but the user has the option of selecting other runs 
to generate figures for. 
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2.4.1.2 Drift Depths 

The Drift Depths figure will show drift depths based on the model output.  Additionally, a 
specific area can be zoomed by altering domain values. 

 

• Figure Name:  This is the name of the name of the figure, which is also used for file 
names.  If the same name is used, previous figures are overwritten. 

• Orientation:  This is the orientation of the figure on a page for viewing and printing 
purposes. 

• Plot Full Domain?: 

o Yes:  Full domain will be plotted meaning the figure will be zoomed out to cover 
the entire domain.  This is the default selection. 

o No:  Only the domain specified in the X/Y Min/Max settings will be plotted 
meaning the figure will be zoomed in to cover the domain specified. 

• X Min (km):  The minimum X axis value for the domain. 

• X Max (km):  The maximum X axis value for the domain. 

• Y Min (km):  The minimum Y axis value for the domain. 

• Y Max (km):  The maximum Y axis value for the domain. 
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2.4.1.3 Drift Mask 

The Drift Mask figure will show the drift locations with snow depths over 1.5 m deep, from the 
model outputs.  Additionally, a specific area can be zoomed by altering the domain coordinate 
values. 

 

• Figure Name:  This is the name of the name of the figure, which is also used for file 
names.  If the same name is used, previous figures are overwritten. 

• Orientation:  This is the orientation of the figure on a page for viewing and printing 
purposes. 

• Plot Full Domain?: 

o Yes:  Full domain will be plotted meaning the figure will be zoomed out to cover 
the entire domain.  This is the default selection. 

o No:  Only the domain specified in the X/Y Min/Max settings will be plotted 
meaning the figure will be zoomed in to cover the domain specified. 

• X Min (km):  The minimum X axis value for the domain. 

• X Max (km):  The maximum X axis value for the domain. 

• Y Min (km):  The minimum Y axis value for the domain. 

• Y Max (km):  The maximum Y axis value for the domain. 

2.4.1.4 Drift Mask Wide 

The Drift Mask Wide figure will show the drift mask (snow depths over 1.5 m) widened by 12.5 
meters on each side based on the model output.  Additionally, a specific area can be zoomed by 
altering the domain coordinate values. 
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• Figure Name:  This is the name of the name of the figure, which is also used for file 
names.  If the same name is used, previous figures are overwritten. 

• Orientation:  This is the orientation of the figure on a page for viewing and printing 
purposes. 

• Plot Full Domain?: 

o Yes:  Full domain will be plotted meaning the figure will be zoomed out to cover 
the entire domain.  This is the default selection. 

o No:  Only the domain specified in the X/Y Min/Max settings will be plotted 
meaning the figure will be zoomed in to cover the domain specified. 

• X Min (km):  The minimum X axis value for the domain. 

• X Max (km):  The maximum X axis value for the domain. 

• Y Min (km):  The minimum Y axis value for the domain. 

• Y Max (km):  The maximum Y axis value for the domain. 

2.4.2 Figure Preview 

Once figures are generated, they can be previewed in the Figure Preview section.  
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• Figure:  Once generated, available figures can be selected from the dropdown and 
previewed. 

NOTE:  To open the image in an image viewer, click the preview image. 

• Open Figures Directory:  Click to open the figure directory where all hardcopy .png and 
.pdf figure files are placed. 
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2.5 Example Model Run 

The instructions below will show how to run the model for Deadhorse, AK using weather data 
provided from NOAA and NRCS, and 2.5 m Pingok DEM data. 

2.5.1 Run the Model 

2.5.1.1 Download and Input NOAA ISD DS3505 Data File 

 In the SnowDens-3D application, ensure the Model Input tab is selected 1.

 In the “Downloaded Data” section, click [ NOAA Integrated Surface Database (ISD) ] 2.

 

NOTE:  These instructions are based on the NOAA website at the time of writing.  The 
website and its content are subject to change. 

 At the NOAA Data Access web page, click [ Map Tool ] 3.

 

 In the “Select Tools” section, click the "Select By Attributes" icon  4.

 

 In the text box type “Deadhorse Airport” and click [ Search ] 5.
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 In the “Results” section, check "DEADHORSE AIRPORT" and click [ Get Selected Data ] 6.

 

 At the “Data Access Options” screen, select "Advanced" and click [ Access Data ] 7.

 

 At the “NOAA Policy” screen, click [ I Agree to These Terms ] 8.

 

 At the “Select Data Element(s)” screen, select the following options using CTRL+click, 9.
and then click [ Continue ]: 

• Air Temperature Observation 

• Wind Direction 

• Wind Observation 
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 At the “Use Date Range” section, select the following date range: 10.

• From: 2015 09 01 00 

• To:  2015 11 30 23 

 

 At the “Select Output Format Delimeter” section, select “Space” and click [ Continue ] 11.

 

 At the “Request Summary” screen, select the following options and click [ Submit 12.
Request ]: 

• Inventory Review:  Check 

• I’m not a robot:  Check (follow any instruction, if necessary) 

• E-mail Address:  E-mail address where data requested is to be emailed 
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 At this point, wait for an email from “NCEI CDO” indicating DS3505 data is available for 13.
download.  Alternatively, you may be pointed to a web page that contains the met 
station file.  If so, click on that web page and then click on the ########dat.txt file to 
open it in a web browser (in this case you can skip step 14 below) 

 When the email from “NCEI CDO” is received, open it and click the ########dat.txt file 14.
to open it in a web browser 

 

 Once the file is open in the web browser, click [ Tools ] > [ File ] > [ Save as... ] 15.

NOTE:  These instructions will differ depending on the browser used. 

 At the “Save Webpage” screen, select the appropriate folder/file name and click [ Save ] 16.

 In the SnowDens-3D application, ensure the Model Input tab is selected 17.

 In the “Downloaded Data” section, next to “NOAA ISD DS3505 Data File”, click                   18.
[ Browse… ] 

 

 In the “Open” screen, browse to the folder containing the recently saved NOAA ISD 19.
DS3505 data file, select the file, and click [ Open ] 
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 At this point, the NOAA ISD DS3505 data file is ready to be processed by the model 20.

 

2.5.1.2 Download and Input NRCS SNOTEL CSV Data File 

 In the SnowDens-3D application, ensure the Model Input tab is selected 1.

 In the “Downloaded Data” section, click [ NRCS Snow Telemetry (SNOTEL) ] 2.

 

NOTE:  These instructions are based on the NRCS website at the time of writing.  The 
website and its content are subject to change. 

 At the NRCS Snow Telemetry (SNOTEL) web page, click [ Open the map ] 3.

 

 In the “Station Inventory Review” section, click [ Precipitation ] 4.

 

 On the map, click [ Selected Stations ] to expand the station list 5.
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 In the station list, find and click [ Prudhoe Bay ] 6.

 

 In the “Prudhoe Bay” section, click [ Water Year Chart (SWE and Precip) ] 7.

 

 At the “Report Generator” screen, click [ Create/Modify Report ] 8.

 

 In the “Manage Selected Columns” section, click [ Remove All ] 9.

 

 In the “Select Columns” section, select "precipitation increment" and click [ Add ] 10.



 
 

 42 Version 1.1 

 

 In the “Select Time Period, Layout, and Units,” select the following custom dates: 11.

• Custom Begin Date: 2015-09-01 

• Custom End Date: 2015-11-30 

 

NOTE:  Notice these dates match the date range for the NOAA data. 

 In the “Select Time Period, Layout, and Units,” click [ Metric ] 12.

 

 At the bottom of the screen, click [ View Report ] 13.

 

 In the “Report Generator” screen, select "Output Format" and click [ CSV ] 14.

 

 Once the file is open in the web browser, click [ Tools ] > [ File ] > [ Save as... ] 15.

NOTE:  These instructions will differ depending on the browser used. 
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 At the “Save Webpage” screen, select the appropriate folder/file name and click [ Save ] 16.

 In the SnowDens-3D application, ensure the Model Input tab is selected 17.

 In the “Downloaded Data” section, next to “NRCS SNOTEL CSV Data File”, click                   18.
[ Browse… ] 

 

 In the “Open” screen, browse to the folder containing the recently saved NRCS SNOTEL 19.
CSV data file, select the file, and click [ Open ] 

 

 At this point, the NRCS SNOTEL CSV data file is ready to be processed by the model 20.

 

2.5.1.3 Input DEM ASCII Data File 

For the purposes of this example, the provided Pingok lidar sample included with SnowDens-3D 
will be used. 

 In the SnowDens-3D application, ensure the Model Input tab is selected 1.

 In the “Topographical Data” section, next to “DEM ASCII Data File”, click [ Browse… ] 2.

 

 In the “Open” screen, browse to “C:\SnowDens-3D\sample_inputs\dem”, select the 3.
“Pingok_topo_lidar_2.5m.asc” file, and click [ Open ] 



 
 

 44 Version 1.1 

 

 At this point, the DEM ASCII data file is ready to be processed by the model 4.

 

2.5.1.4 Configure Model Options 

 In the SnowDens-3D application, ensure the Model Input tab is selected 1.

 In the “Model Options” section, enter the following options: 2.

• Model Name: pingok01 

• Start Date: September 1, 2015 

NOTE:  Notice the start date matches the date range for the meteorological data 
that was downloaded in the previous steps.  This value should be pre-filled, as it 
was auto-detected from the NRCS SNOTEL data file provided.  These values may 
not always be auto-detected. 

• End Date: November 30, 2015 

NOTE:  Notice the end date matches the date range for the meteorological data 
that was downloaded in the previous steps.  This value should be pre-filled, as it 
was auto-detected from the NRCS SNOTEL data file provided.  These values may 
not always be auto-detected. 

• X (Grid): 2400 

NOTE:  This value should be pre-filled, as it was auto-detected from the DEM 
ASCII data file provided.  These values may not always be auto-detected. 

• Y (Grid): 1080 
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NOTE:  This value should be pre-filled, as it was auto-detected from the DEM 
ASCII data file provided.  These values may not always be auto-detected. 

• Grid Size: 2.5 

NOTE:  This value should be pre-filled, as it was auto-detected from the DEM 
ASCII data file provided.  These values may not always be auto-detected. 

• Process Meterological Data Only:  Unchecked 

 

2.5.1.5 Run the Model 

 In the SnowDens-3D application, ensure the Model Input tab is selected and 1.
meteorological and topographical data are provided per the previous steps 
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 After all inputs have been confirmed, the model is ready to be run – Click [ Run Model ] 2.

 At this point, the application will switch to the Model Output tab and the model will run  3.
- It may take a moment depending on the data provided and the speed of the computer 
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 Once the Model Output states that the “SnowDens-3D model completed,” the model 4.
run has finished and figures can be created 

2.5.2 Create the Figures 

 In the SnowDens-3D application, ensure the model ran successfully per the previous 1.
steps and the Model Figures tab is selected 

 In “Model Name” dropdown, select “pingok01” 2.

 In the “Drift Depths” section, enter the following options: 3.

• Figure Name:  drift_depths_ls 
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• Orientation:  Landscape 

• Plot Full Domain?:  No 

• X Min (km):  0.3 

• X Max (km):  0.8 

• Y Min (km):  1.2 

• Y Max (km):  1.5 

 

 Once the options have been configured, click [ Create Figures ] 4.

 At this point, the new figures will be created may take a moment depending on the data 5.
provided and the speed of the computer 

 Once the figures are created, in the “Figure” dropdown, select “drift_depths_ls.png” to 6.
view the new figure generate via the model output and the figure options specified in 
the previous step 
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 Figures generated from the Drift Mask and Drift Wide Mask tabs, for the same 7.
simulation and domain above, are provided below. 
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 To view the figure in the default image viewer, click the figure preview 8.

NOTE:  Viewing the figure in the default image viewer will show the larger image. 

 To view all of the PNG and PDF figure files that have been generated, click [ Open 9.
Figures Directory… ] 

 

 To view other figures, simply select them in the “Figure” dropdown 10.

 To zoom in or zoom out of different areas in the figure, modify the domain settings X 11.
Min (km), X Max (km), Y Min (km), and Y Max (km).  Alternatively, plot the full domain to 
view the entire domain 

NOTE:  Plotting the full domain could take a while depending on the topographical data 
provided. 
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3 SnowDens-3D-CLI (Command Line Interface For Linux/Mac) 

3.1 Installation 

3.1.1 Supported Operating Systems 

SnowDens-3D is supported on the following operating systems: 

SnowDens-3D Supported Operating Systems 
All Linux distros that support the pre-requisites 
Apple Mac OS X 

3.1.2 Software Pre-Requisites 

Prior to running SnowDens-3D, all pre-requisite software must be installed first: 

SnowDens-3D Pre-Requisites 
Pre-Requisite Download Link 
Linux/Mac Source Code To obtain the source code for 

running the model on Linux/Mac, 
please contact the SnowDens-3D 
development team at: 
snowdens@arcticlcc.org. 

Fortran 77 (or 90) Compiler https://gcc.gnu.org/wiki/GFortran 
Grid Analysis and Display 
System (GrADS) 

http://iges.org/grads/ 

3.1.3 Compile and Run 

To compile and run SnowDens-3D, go to the “/SnowDens-3D/code/” directory.  The 
README.txt file there states: 

# The following command compiles the SnowDens-3D code: 
 
# For model arrays smaller than 2 GB, 
gfortran -O3 -o SnowDens-3D.exe SnowDens-3D.f 
 
# For model arrays larger than or equal to 2 GB, 
gfortran -O3 -mcmodel=medium -o SnowDens-3D.exe SnowDens-3D.f 
 
# The following command runs the SnowDens-3D code: 
SnowDens-3D.exe 

Prior to running SnowDens-3D, the parameter input file (SnowDens-3D.par) must be filled in to 
provide the same run-time configuration variables that are provided through the Windows GUI 
interface.  Specifically, the SnowDens-3D.par file looks like the following (in this document are 

mailto:snowdens@arcticlcc.org
https://gcc.gnu.org/wiki/GFortran
http://iges.org/grads/
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additional instructions to allow the user to define the required model input parameters 
appropriately): 

! SnowDens-3D.par file. 
! 
! Define any required constants specific to this model run. 
! 
! The following must be true: 
! 
!   All comment lines start with a ! in the first position. 
! 
!   Blank lines are permitted. 
! 
!   All parameter statements start with the parameter name, followed 
!   by a space, followed by an =, followed by a space, followed by 
!   the actual value, with nothing after that.  These statements can 
!   have leading blanks, and must fit within 80 columns. 
! 
!   In addition, all variable names in the list below must be 
!   present, even if the variable is not going to be used.  For 
!   example, "fname3 =" must be present (but it does not require 
!   anything after the "=" sign) even if met_file_flag = 1 (see 
!   the met_file_flag notes below) and fname3 is not going to be 
!   used. 
! 
!   Also note that all of the input numbers follow standard 
!   fortran_77 convention where anything starting with the letters 
!   "i" through "n" are integers, and all others are real numbers. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 
! Run name.  Exactly 8 characters long; not shorter, not longer. 
      runname = ping_001 
 
! Number of x and y cells in the computational grid.  Integers. 
      nx = 2400 
      ny = 1080 
 
! Grid increment in x and y directions (they must be equal).  Real 
!   number. Meters. 
      cell_size = 2.5 
 
! Start year of the model run.  Integer. 
      iyr_start = 2015 
 
! Start month of the model run.  Integer. 
      imo_start = 9 
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! Start day of the model run.  Integer. 
      idy_start = 1 
 
! End year of the model run.  Integer. 
      iyr_end = 2015 
 
! End month of the model run.  Integer. 
      imo_end = 11 
 
! End day of the model run.  Integer. 
      idy_end = 30 
 
! Define the NOAA meteorologial input file name.  This file is 
!   assumed to come from the NOAA web site, and to be generated 
!   following the instructions provided in the SnowDens-3D users 
!   manual.  The file includes hourly air temperature (degrees C), 
!   wind speed (m/s), and wind direction (0-360) for the period 
!   of interest. 
      fname1 = ../sample_inputs/met/NOAA_01sep2015-30nov2015.txt 
 
! Define the NRCS precipitation input file name.  This file is 
!   assumed to come from the NRCS web site, and to be generated 
!   following the instructions provided in the SnowDens-3D users 
!   manual.  The file includes daily precipitation (inches/day) 
!   for the period of interest. 
      fname2 = ../sample_inputs/met/NRCS_01sep2015-30nov2015.txt 
 
! Define the USER-provided meteorologial input file name.  This 
!   file can come from any user-defined data source, but is 
!   assumed to be formated as described in the SnowDens-3D users 
!   manual.  The file includes 8 columns: a counting column, 
!   year, month, day, air temperature (degrees C), wind speed 
!   (m/s), wind direction (0-360), and precipitation (mm/day) 
!   for the period of interest. 
      fname3 = ../sample_inputs/met/SD3D_met_user_defined_test.prn 
 
! Run the simulation with user-provided NOAA and NRCS met files, 
!   met_file_flag = 1 .  Or run the simulation with a user- 
!   provided SnowDens-3D met file, met_file_flag = 2 .  If 
!   met_file_flag = 1, the following subroutine takes the NOAA 
!   and NRCS met file inputs and generates a SnowDens-3D met 
!   input file.  This new file is placed in ../met/met.dat. 
!   Otherwise the program assumes the user has provided a met 
!   file in the required SnowDens-3D format (see SnowDens-3D 
!   user manual for the format requirements).  If met_file_flag 
!   = 2, then the program does some error checking and as part 
!   of that process creates a new file that is placed in 
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!   ../met/met.dat.  Integer. 
      met_file_flag = 1 
 
! To just run the met processing program, set run_met_only_flag 
!   = 1 .  This allows the user to do the met processing and 
!   look at the resulting model met inputs (for example, in 
!   grads) to confirm they are correct before doing the rest 
!   of the model run.  To run both the met processing and 
!   SnowDens-3D snow simulations, set met_only_run_flag = 0 . 
!   Integer. 
      met_only_run_flag = 0 
 
! Define the USER-provided topography (DEM) file name.  This 
!   file can come from any user-defined data source, but is 
!   assumed to be formated as described in the SnowDens-3D users 
!   manual.  The file is in ARC/INFO RASTER ASCII GRID format 
!   with 6 header lines.  The topography data is in meters, 
!   and there can be no missing data values.  
      fname_topo = ../sample_inputs/dem/Pingok_topo_lidar_2.5m.asc 
 

During the model run the simulation progress is printed to the screen.  When the simulation is 
complete, you can go to the “/SnowDens-3D/runname/outputs/” directory to see the results.  
As part of the model simulation, the outputs are saved in two formats: GrADS (the .ctl and .gdat 
files) and ASCII ARC GRID format (the same format the DEM data are provided in).  The ASCII 
files are saved in the “/SnowDens-3D/runname/outputs/ascii/” directory, and they all have a 
.asc extension.  These output files can be read by standard GIS programs and plots generated 
and data analyzed depending on the interest of the user. 

Plots can be generated in GrADS using the GrADS (.gs) plotting scripts located in the 
“/SnowDens-3D/plotting_scripts/” directory.  There are five plotting scripts in that directory: 

• d_depths.gs 

• d_mask.gs 

• d_mask_wide.gs 

• fluxes.gs 

• met.gs 

Running each of these scripts in GrADS will produce the associated figure files in two formats: 
.pdf and .png.  The extent of plotted domain is controlled by the three “.dat” files that 
correspond to the “d_” scripts listed above:  

• d_depths.dat 
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• d_mask.dat 

• d_mask_wide.dat 

The following are examples of these three data input files (note that these input files fill the 
same role as the plotting parameters defined in the GUI interface version): 

d_depths.dat 

! Run name.  Exactly 8 characters long; not shorter, not longer. 
ping_001 
! Graphics output file name (without the .extension). 
drift_depths 
! Plot the full domain (Yes or yes) or plot a subdomain (No or no). 
No 
! xmin=left side of subdomain plot, in units of km. 
0.3 
! xmax=right side of subdomain plot, in units of km. 
0.8 
! ymin=bottom of subdomain plot, in units of km. 
1.2 
! ymax=top of subdomain plot, in units of km. 
1.5 

d_mask.dat 

! Run name.  Exactly 8 characters long; not shorter, not longer. 
ping_001 
! Graphics output file name (without the .extension). 
drift_mask 
! Plot the full domain (Yes or yes) or plot a subdomain (No or no). 
Yes 
! xmin=left side of subdomain plot, in units of km. 
0.0 
! xmax=right side of subdomain plot, in units of km. 
8.5 
! ymin=bottom of subdomain plot, in units of km. 
12.0 
! ymax=top of subdomain plot, in units of km. 
14.5 

d_mask_wide.dat 

! Run name.  Exactly 8 characters long; not shorter, not longer. 
ping_001 
! Graphics output file name (without the .extension). 
drift_mask_wide 
! Plot the full domain (Yes or yes) or plot a subdomain (No or no). 
Yes 
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! xmin=left side of subdomain plot, in units of km. 
0.0 
! xmax=right side of subdomain plot, in units of km. 
8.5 
! ymin=bottom of subdomain plot, in units of km. 
12.0 
! ymax=top of subdomain plot, in units of km. 
14.5 

There are also fluxes.dat and met.dat files that define the run name, e.g., 

! Run name.  Exactly 8 characters long; not shorter, not longer. 
ping_001 

The resulting figures are all saved in the “/SnowDens-3D/runname/figures/” directory.   

NOTE:  Additional figures can be generated using GrADS or any other GIS/plotting program, 
depending on the interest and background of the user.  
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Contact Information 

Additional information about the SnowDens-3D program and its application can be found at the 
web site: http://arcticlcc.org/projects/management/polar-bear-den-mapping-snowdens-3d/  

Inquiries, requests for further information, interest in model changes and enhancements, and 
comments about SnowDens-3D can be addressed to: snowdens@arcticlcc.org  

For polar bear denning and other issues, please contact FWS: 
https://www.fws.gov/alaska/fisheries/mmm/polarbear/pbmain.htm  

Disclaimer and Limitation of Liability 

You assume all responsibility and risk with respect to your use of SnowDens-3D, which is 
provided “as is” without warranties, representations or conditions of any kind, either expressed 
or implied, including without limitation, all content and materials, and functions and services, 
all of which are provided without warranty of any kind, including but not limited to warranties 
concerning the availability, accuracy, completeness or usefulness of content or information, 
access, and any warranties of title, non-infringement, merchantability or fitness for a particular 
purpose. 

The use of SnowDens-3D is at your sole risk and you assume full responsibility for any costs 
associated with your use of SnowDens-3D. We will not be liable for any damages of any kind 
related to the use of SnowDens-3D. 

In no event will we, or our affiliates, our or their respective content or service providers, or any 
of our or their respective directors, officers, agents, contractors, suppliers or employees be 
liable to you for any direct, indirect, special, incidental, consequential, exemplary or punitive 
damages, losses or causes of action, or lost revenue, lost profits, lost business or sales, or any 
other type of damage, whether based in contract or tort (including negligence), strict liability or 

http://arcticlcc.org/projects/management/polar-bear-den-mapping-snowdens-3d/
mailto:snowdens@arcticlcc.org
https://www.fws.gov/alaska/fisheries/mmm/polarbear/pbmain.htm
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otherwise, arising from your use of, or the inability to use, or the performance of, SnowDens-3D 
or the content or material or functionality through SnowDens-3D, even if we are advised of the 
possibility of such damages. 

Certain jurisdictions do not allow limitation of liability or the exclusion or limitation of certain 
damages. In such jurisdictions, some or all of the above disclaimers, exclusions, or limitations, 
may not apply to you and our liability will be limited to the maximum extent permitted by law. 
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Appendix 

This user’s guide documents the implementation of the model described in the paper below 
(Liston et al. 2016). 
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a  b  s  t  r  a  c  t

Throughout  the  Arctic  most  pregnant  polar  bears  (Ursus  maritimus)  construct  maternity  dens  in  seasonal
snowdrifts  that  form  in wind-shadowed  areas. We  developed  and  verified  a spatial  snowdrift  polar  bear
den  habitat  model  (SnowDens-3D)  that  predicts  snowdrift  locations  and  depths  along  Alaska’s  Beaufort
Sea coast.  SnowDens-3D  integrated  snow  physics,  weather  data,  and  a high-resolution  digital  elevation
model  (DEM)  to produce  predictions  of  the timing,  distribution,  and  growth  of  snowdrifts  suitable  for
polar bear  dens.  SnowDens-3D  assimilated  18  winters  (1995  through  2012)  of  observed  daily  meteoro-
logical  data  and  a 2.5 m  grid-increment  DEM  covering  337.5  km2 of  the Beaufort  Sea  coast,  and  described
the  snowdrift  depth  distributions  on 30 November  of each  winter  to approximate  the timing  of  polar
bear  den  entrance.  In  this  region  of Alaska,  winds  that  transport  snow  come  from  two  dominant  direc-
tions:  approximately  NE  to  E (40–110◦T)  and  SW  to  W  (210–280◦T).  These  wind  directions  control  the
formation  and location  of  snowdrifts.  In this  area,  the  terrestrial,  coastal  mainland  and  barrier  island
banks  where  polar bear  dens  are  found  average  approximately  3  m high.  These  banks  create  snowdrifts
that  are roughly  2  m deep,  which  historical  den  analyses  suggest  is approximately  the minimum  snow
depth  required  for a polar  bear  den.  We  compared  observed  den locations  (n =  55)  with  model-simulated
snow-depth  distributions  for these  18  winters.  For  the  31  den locations  where  position  accuracy  esti-
mates  were  available  in  the original  field  notes,  29  locations  (97%)  had  a simulated  snowdrift  suitable  for
denning  within  that  distance.  In  addition,  the  model  replicated  the observed  inter-annual  variability  in
snowdrift  size  and  location  at historical  den  sites,  suggesting  it simulates  interactions  between  the  terrain

and annual  weather  factors  that produce  the  snowdrifts  polar  bears  use  for dens.  The area  of  viable  den
habitat  ranged  from  0.0 ha  to  7.6 ha  (0.00–0.02%  of  the  337.5  km2 simulation  domain),  depending  on  the
winter.  SnowDens-3D  is  available  to help  management  agencies  and  industry  improve  their  prediction
of  current  polar  bear  den  sites  in order  to  reduce  disturbance  of  denning  bears  by winter  recreational  and
industrial  activities.

© 2015  Published  by  Elsevier  B.V.
. Introduction

With few exceptions, pregnant female polar bears (Ursus mar-
timus) den in seasonal snowdrifts that form on sea ice or land
Amstrup, 2003). On sea ice, these snowdrifts typically form down-
ind of ice pressure ridges. On land, snowdrifts can form in the lee
f ridges and tall vegetation stands, and along lee banks of rivers,
arrier islands, and the mainland coast (e.g., Fig. 1). On Alaska’s
eaufort Sea coast where this study took place, pregnant polar

∗ Corresponding author at: Cooperative Institute for Research in the Atmosphere,
olorado State University, Fort Collins, CO 80523-1375, USA. Tel.: +1 970 491 8220;

ax: +1 970 491 8241.
E-mail address: glen.liston@colostate.edu (G.E. Liston).

ttp://dx.doi.org/10.1016/j.ecolmodel.2015.09.010
304-3800/© 2015 Published by Elsevier B.V.
bears typically excavate and occupy their dens during November
and early December, with >99% of them in dens by 10 December
(Amstrup and Gardner, 1994; Amstrup, 2000, 2003). They presum-
ably give birth in early January and emerge from their dens and
leave the denning area with their cub(s) during March and April
(Amstrup and Gardner, 1994; Amstrup, 2003; Smith et al., 2007).

Historically, pregnant polar bears in the Southern Beaufort Sea
have denned on drifting and land-fast sea ice, and barrier islands
and other land where sufficient snow for den excavation has accu-
mulated (Amstrup and Gardner, 1994; Amstrup, 2003; Fischbach
et al., 2007). Between 1981 and 1991, 42% of the maternal dens

used by radio-collared polar bears were located on land (Amstrup
and Gardner, 1994). Recently, sea ice extent and thickness have
been decreasing and there has been a marked transition from
the relatively stable multiyear ice of the past, to an Arctic Ocean

dx.doi.org/10.1016/j.ecolmodel.2015.09.010
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.09.010&domain=pdf
mailto:glen.liston@colostate.edu
dx.doi.org/10.1016/j.ecolmodel.2015.09.010


G.E. Liston et al. / Ecological Mode

Fig. 1. Typical summer bank (top) and winter snowdrift (bottom) den habitat on
a  barrier island along Alaska’s Beaufort Sea coast, with a stylized polar bear den
positioned in the snowdrift (inset). The banks are only a few meters high, as seen in
the  summer photograph. In the bottom image the wind blew from left to right, filing
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he  right-facing bank with snow. Photos courtesy of R. Shideler, Alaska Department
f  Fish & Game (top); C. Perham, U.S. Fish and Wildlife Service (bottom); and J. Aars,
orwegian Polar Institute (inset).

ominated by relatively thin and unstable one- and two-year-old
ea ice (Comiso et al., 2008; Kwok and Rothrock, 2009; Maslanik
t al., 2011; Polyakov et al., 2012). This loss of stable sea ice has
orresponded to an increase in dens on land and barrier islands
Fischbach et al., 2007). Between 1998 and 2004, 63% of the dens
sed by pregnant polar bears with satellite-collars were on land
Fischbach et al., 2007).

This trend, and the increase in human activity along the Beaufort
ea coast, has magnified the potential for human–bear interactions.
hese exchanges can compromise human safety and result in dis-
urbance of bears at maternal den sites. Although the U.S. Fish and

ildlife Service (USFWS) and the Alaska Department of Natural
esources have long required winter oil and gas off-road activities
e restricted within 1.6 km of active polar bear maternal dens, only
ecently have techniques other than radio-telemetry been tested
or detecting dens. Application of these new techniques, which
nclude airborne Forward-Looking Infrared (FLIR; Amstrup et al.,
004), handheld infrared (IR) imagers (Shideler, 2014), and scent-
rained dogs (Perham and Williams, 2003; Shideler and Perham,
008; Shideler, 2014) has resulted in more dens being located. In
ddition, in 2008 polar bears were listed as “Threatened” under the
.S. Endangered Species Act (73 Fed. Reg. 28212; 15 May  2008).
hese considerations led to increased interest in identifying poten-
ial polar bear den habitat to assist in detecting active maternal den
ocations and to minimize anthropogenic disturbance around them
MacGillivray et al., 2003; Stirling and Derocher, 2012).

.1. Polar bear maternity den characteristics

The characteristics of polar bear maternity dens and the
andscapes where they are found have been well documented
Harington, 1968; Lentfer and Hensel, 1980; Amstrup and Gardner,
994; Durner et al., 2001, 2003; Richardson et al., 2005). Col-

ectively, these studies suggest that, with the exception of those
round Hudson Bay, Canada, virtually all pregnant polar bears den
n snowdrift caves that are at least 0.8 m high, 1.6 m long, and 1.4 m

ide, with a roof typically 0.7 m thick. Therefore, the combined

en dimensions and roof thickness suggest a minimum snowdrift
ross-section diameter (in directions oriented vertically and in the
ame direction as the wind that formed the snowdrift) of approxi-
ately 2.0 m,  and a drift length (oriented perpendicular to the wind
lling 320 (2016) 114–134 115

and typically the long axis of the drift) of approximately 2.0 m,  is
required for a viable den.

1.2. Arctic snow processes and characteristics

This study focused on terrestrial polar bear maternity dens.
Since snow is such a necessary component of this den habitat, a brief
explanation of Arctic terrestrial snow characteristics is warranted.
Land-based Arctic snow-covers are largely comprised of two kinds
of snow formations (Benson and Sturm, 1993): (1) a thin, veneer-
snow formation that covers the majority of the landscape; and (2) a
snowdrift-snow formation that accumulates blowing snow in topo-
graphic or vegetation drift traps. Sturm et al. (2001a) estimated that
for a typical Arctic Alaska landscape the veneer-snow covers 95% of
the area and the snowdrift-snow covers the remainder. However,
these proportions varied widely depending on local and regional
topography and vegetation. In the veneer-snow formation the snow
depth is typically 0.4–0.6 m deep by the end of the winter accumu-
lation season (April, May, or June; Liston and Hiemstra, 2011). By
late November or early December, when pregnant polar bears com-
monly excavate and occupy dens, snow depths in the veneer-snow
formation are more typically 25–50% of these values or 0.1–0.3 m
deep (Olsson et al., 2003). Therefore, veneer-snow snow depths are
generally too shallow for a polar bear den.

In non-forested Arctic landscapes, wind is a dominant influence
on snow depth. The frequent occurrence of wind-blown snow leads
to considerable snow redistribution, transporting the snow from
veneer-snow areas and depositing it in the lee of banks, ridges, and
taller vegetation, and within topographic depressions (Seligman,
1936; Elder et al., 1991; Sturm et al., 2001a,b; Hiemstra et al., 2002).
The associated wind redistribution processes affect snow depths
over horizontal length scales varying from tens of centimeters to
hundreds of meters (Blöschl, 1999; Liston, 2004). Since the snow-
drifts polar bears select fit within this range, blowing snow must
play an important role in creating snowdrifts that are deep enough
and large enough for dens.

When wind blows across topographic features that have sharp
slope changes on their lee sides, the flow separates from the ground
surface and the speed is reduced across the lee slopes. This wind
speed reduction means the wind cannot carry as many snow par-
ticles as it did at the higher speeds. Therefore, the particles fall out
of the wind-flow field and accumulate on the ground in these shel-
tered, lee-slope areas. Conceptually, the wind-flow field that exists
across a given landscape describes the snow erosion and deposi-
tion patterns that will exist. Accelerating winds are associated with
erosion and decelerating winds are associated with accumulations
in the form of snowdrifts (Liston and Sturm, 1998; Liston et al.,
2007). These differences in wind speeds can arise from variations
in topographic slope and changes in surface roughness such as that
produced by differences in vegetation height (Sturm et al., 2001b;
Hiemstra et al., 2002). In some areas of the Arctic, these snowdrifts
can accumulate to depths over 10 m by the end of winter (Benson,
1982; Benson and Sturm, 1993). These processes of increasing wind
speed eroding snow particles from the surface, and decreasing wind
speed depositing snow particles on the surface, are fundamental to
the formation of snowdrifts that polar bears use for dens.

Although snowdrifts form predominantly on lee slopes, under
special circumstances snowdrifts can also form on windward
slopes. When wind approaches a long, steep step or rise in topogra-
phy that faces into the wind, the wind slows down near the bottom
of the slope in response to that upwind obstruction, allowing snow

to accumulate there. This only occurs if the topographic obstruc-
tion is steep, high, and long enough. If it is not sufficiently long, the
wind accelerates around the sides and bottom of the obstruction
and a windward snowdrift does not form.
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When snow is eroded from the surface by wind, the snow grains
re transported by creep, saltation, and turbulent suspension. Creep
s the rolling of snow particles along the surface; it occurs at rela-
ively low wind speeds (approximately 5 m s−1 for new, dry snow)
nd does not generally transport very much snow. Saltation is the
ouncing and splashing of snow particles near the surface while
hey are blown downwind. In this transport mode the snow parti-
les are typically not lifted more than several centimeters above the
urface. With higher wind speeds, the snow particles are suspended
y the vertical component of the turbulent wind field and can reach
eights of many meters during their downwind travel. Typically
urbulent-suspended snow transport is much greater than salta-
ion transport and the total snow transport rate increases with
ncreasing wind speed.

The ease at which snow particles are removed from the snow
urface and incorporated into the wind field depends on the bond-
ng of the individual snow grains at the surface of the snowpack.
f the shear of the wind on the snow surface (called the friction
elocity) exceeds the snowpack’s resistance to that shear (called
he threshold friction velocity), then snow particles will be removed
nd transported downwind. The friction velocity increases with
ind speed, and the threshold friction velocity typically increases
ith variables such as time and air temperature (i.e., the snow

ets harder and stronger over time and at higher temperatures).
he minimum wind speed, measured at 10 m height, required to
ransport snow ranges from 5 m s−1 to 10 m s−1, depending on the
onding of the snowpack snow grains (Li and Pomeroy, 1997). For
ind speeds measured at 2 m height these values are approxi-
ately 15% lower. An additional factor that influences the ability

f snow to be transported by wind is surface roughness elements
e.g., tussocks, shrubs, and rocks) that reduce the near-surface wind
peeds and also hold the snow on the ground. When these features
re covered by snow, any additional snow that accumulates above
hese features is available to be redistributed by wind (Liston and
turm, 1998).

Since the veneer-snow formation generally does not have suf-
cient snow depth to create a viable den, the only way  snow can
ccumulate to a sufficient depth to create suitable polar bear den
abitat is by wind redistribution of the veneer-snow into snow-
rifts that attain the required depth, cross-sectional area, and

ength, early in winter. From a snow perspective, sufficient snow
ccumulation for a polar bear to excavate a den requires: (1) a
opographic (or vegetation-related) drift trap of sufficient depth
o create a snowdrift large enough to fit a female bear and neonatal
ubs (e.g., Fig. 1); (2) adequate snow accumulation on the ground
pwind of that drift trap to be blown in and build that snowdrift;
3) adequate wind, in the appropriate direction and of sufficient
peed, to transport that upwind snow into the drift trap; and (4)
ow enough air temperatures so the snowdrift does not melt. These
ast three requirements can be thought of as the general climate
onditions conducive for snowdrift formation.

.3. Previous den habitat models

Durner et al. (2001, 2003, 2006, 2013) and Blank (2013) assumed
 sufficiently deep topographic drift-trap could be used to map
otential polar bear den habitat along the Beaufort Sea coast. They
sed high-resolution aerial photogrammetry and a digital elevation
odel (DEM) for northern Alaska, and identified any locations that

ontained elevation differences and slopes above given thresholds
typically a 1.3 m elevation difference and a 16◦ slope). They con-
idered any area matching this requirement to be potential den

abitat. Their potential den habitat distributions (models) com-
ared well with direct observations of topography at historic den

ocations. Other researchers have also developed geographic infor-
ation system (GIS) models to map  potential land-based polar bear
elling 320 (2016) 114–134

den habitat using topography and other terrestrial characteristics
such as vegetation (e.g., Richardson et al., 2005; Jones et al., 2013).
None of the models or maps cited above included blowing snow
redistribution processes in their analyses.

The topography-based models can be thought of as a description
of all possible den locations under conditions of sufficient snow-
fall, ample wind speed, and all combinations of wind direction. A
snow den habitat model that includes the physics of year-specific
snowfall and wind redistribution processes has the potential to sig-
nificantly reduce, in any given year, the den habitat mapped using
topography only. For example, because snow-transporting winds
in Arctic Alaska, in a particular year, might only come from one
direction (e.g., Benson and Sturm, 1993; Sturm and Wagner, 2010;
Sturm and Stuefer, 2013), only banks facing perpendicular to, and
away from, that wind direction can become viable drift traps in
that year. As another example, if by the end of November or early
December of a given year there is insufficient snowfall or wind to
accumulate enough snow to create viable snowdrift den habitat,
the timing of the entrance into the dens by pregnant females may
be delayed, possibly limiting a successful denning effort. Indeed, in
some years the required weather conditions to create snowdrifts
may  never occur.

1.4. A new den habitat model

Since snow and the associated wind-redistribution processes
play such a critical role in defining the potential of a site to be a
viable maternity den, and these processes can vary greatly from
one year to the next, we emphasized year-specific snow- and
weather-related inputs and processes in our analyses of snow-
drift den habitat. Our objective was to develop, apply, and test a
physically based numerical model to map  land and barrier island
polar bear snowdrift den habitat along Alaska’s Beaufort Sea coast.
We  expected the model to: (1) account for the influences of year-
specific meteorological data, especially snowfall and wind in both
the present and past; (2) utilize polar bear denning requirements
based on analyses of previous known den locations; and (3) employ
newly available high resolution (2.5 m × 2.5 m pixel size) topog-
raphy data. The ultimate goal was  to better inform industry and
regulatory agencies about the likely locations of suitable polar bear
den habitat in a given year. This, in turn, will allow agencies and
industry to focus den detection efforts on the areas most likely to
have dens.

2. Study area

Our field-data collection and model testing took place along
Alaska’s Beaufort Sea coast within 50 km of Prudhoe Bay, Alaska
(Fig. 2). The coastal topography there is typically flat, with occa-
sional coastline, barrier islands, and river banks having vertical
elevation drops of a few meters over horizontal distances of sev-
eral meters. The land-cover varies from sandy and rocky barrens
in some river bottoms, to low-growing tundra vegetation types, to
occasional taller shrub vegetation located along streams and rivers.

The weather in this region is dominated by recurrent high and
low pressure systems that typically bring numerous storms to
the area each winter. These storms are normally associated with
notable precipitation and strong winds. During September through
April, air temperatures are usually below freezing and virtually all
precipitation falls as snow (Olsson et al., 2003). The snow normally
melts in late May  or early June.
Within Fig. 2 study area is a group of tundra-covered bar-
rier islands called the Jones Island group. The Jones Island group
and the adjacent mainland provided both high-resolution topog-
raphy data and a relatively comprehensive collection of known
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Fig. 2. Lidar topography (elevation in m;  color shades) of the complete study area along the Beaufort Sea coast at a 2.5 m × 2.5 m pixel resolution (Gibbs and Richmond,
2015). The rectangular box in the upper left encompasses the SnowDens-3D Jones Island group test area; within this box are Pingok Island and the Staging Pad that were
used  for detailed habitat testing and analyses (see Fig. 9 for location details). Known historical (1909–2012) polar bear den sites (n = 99) are shown as small black circles. Also
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hown  are the locations of area meteorological stations (large circles with ID numb
ackgrounds were used in our analyses of the regional variations in weather condi
un  SnowDens-3D.

istorical den sites. Therefore, we selected this area to test the
nowdrift model simulations. Within this Jones Island group test
rea are specific locations, most notably Pingok Island and the Stag-
ng Pad, where polar bears have regularly denned during recent
ecades. Pingok Island is oriented approximately west–northwest
o east–southeast, with the majority of the island coastline facing
orth and south. The Staging Pad is an abandoned, somewhat linear,
an-made gravel stockpile that is aligned approximately south-
est to northeast, where the predominant bluffs face southeast

nd northwest. We  selected Pingok Island and Staging Pad for more
etailed polar bear den habitat model testing and analyses.

. Methods

Here we describe the following: (1) the polar bear den habitat
odel we call SnowDens-3D; (2) the snow depth, length, and cross-

ectional area, required for a viable polar bear den; (3) the spatial
nd temporal model-testing domains; and (4) the observational
atasets used in the analyses. To assess SnowDens-3D’s ability
o replicate the distribution of observed snowdrifts we compared
he model-simulated snowdrifts with observed snow-distribution
atasets. In addition, we assessed the model’s ability to reproduce
nowdrifts that have been used in the past as polar bear maternity
ens, focusing on its ability to reproduce the inter-annual variabil-

ty in snowdrifts and the corresponding den locations.
Throughout this paper we use the term “snowdrift” to represent

now accumulation corresponding to landscape or vegetative fea-
ures where blowing snow is deposited. These features include, but
re not limited to: tall vegetation; gullies; ridges; and coastal, bar-
ier island, river, stream, and lake banks and bluffs. In addition, the
erm “polar bear den habitat” is used for snowdrift features of suffi-
ient size to allow female polar bears to excavate viable maternity
ens.

.1. SnowDens-3D den habitat model

Prior to this study, no model had predicted polar bear mater-

al den habitat using weather data and snow physics to create and
ap  snowdrifts that polar bears use for maternity dens. Therefore,
e developed SnowDens-3D to account for snow-redistribution
rocesses and to simulate the size and locations of snowdrifts
here the numbers correspond to those given in Table 1. The ID numbers with gray
and those with white backgrounds defined the meteorological time series used to

suitable for polar bear maternal den habitat. SnowDens-3D is a
physically based, spatially distributed (horizontally and vertically)
snow model that simulates snow depth evolution resulting from
precipitation and blowing snow redistribution over virtually any
topographically variable landscape. It can use time increments
ranging from hourly to daily and horizontal grid increments ranging
from 1 m to 100 m.  These, in turn, define the spatial and temporal
resolution of the den habitat maps created by the model.

SnowDens-3D’s primary inputs are: (1) weather data (air tem-
perature, precipitation, wind speed, and wind direction) located
within or near the simulation area and over the time period of
interest (e.g., early winter of a specific year or years); (2) a DEM for
the area of interest; and (3) land-cover classification data on the
same grid system and landscape as the DEM. Meteorological, DEM,
and land-cover data input requirements and ingest procedures fol-
low those used by the MicroMet and SnowModel environmental
modeling tools (Liston and Elder, 2006a,b).

SnowDens-3D’s primary outputs are: (1) maps of year-specific
snow erosion and deposition at the snow surface; and (2) maps of
snowdrift depth distributions as a function of the simulated snow
erosion and deposition (Fig. 3). Ultimately these simulated snow
depths can be used to create year-specific maps of snowdrifts that
meet the minimum requirements for viable polar bear maternity
dens.

SnowDens-3D is composed of three sub-models (Fig. 3): (1)
a veneer-snow sub-model that tracks the accumulation of snow
precipitation on the ground and determines how much of that
snow is available to be redistributed by wind; (2) a blowing-
snow sub-model that simulates snow redistribution by wind; and
(3) a snowdrift-profile sub-model that defines the shapes of the
snowdrifts and the associated snow depths in the snowdrift-snow
formation resulting from the wind-redistributed snow.

These three sub-models provide inputs to a core SnowDens-3D
mass-balance equation that describes the temporal snow-depth
evolution at each point within the simulation landscape, including
veneer-snow and snowdrift-snow regions. In both the natural and
simulated systems, spatially variable snow-depth distributions

result from spatial differences in three primary processes: (1) hor-
izontal mass-transport rates of saltating snow, Qsalt (kg m−1 s−1);
(2) horizontal mass-transport rates of turbulent-suspended snow,
Qsusp (kg m−1 s−1); and (3) the intensity of water-equivalent
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Fig. 3. Flowchart of the SnowDens-3D polar bear snowdrift den habitat mapping
model. The required weather data inputs are air temperature, wind speed, wind
direction, and precipitation. The key model outputs are the time evolution of snow
depths in the veneer-snow and snowdrift-snow areas of the simulation landscape.

3.1.1. Veneer-snow sub-model

F
t
w
d

ig. 4. Schematic cross-section of a typical Arctic snow cover and the associated key c
ransport (Qsusp), saltating snow transport (Qsalt ), and snow precipitation (P) in its mass-b
ith: (1) the relatively thin layer of veneer-snow that is dominated by blowing snow ero
eposition.
elling 320 (2016) 114–134

precipitation, P (m s−1) (Fig. 4). Combining these processes, the
time rate of change of snow depth, � (m), is modeled as:

d(�s�)
dt

= �wP −
(

dQsalt

dx∗ + dQsusp

dx∗

)
(1)

where t (s) is time; x* (m)  is the horizontal coordinate in the each of
the 8 principal wind directions (i.e., N, NE, E, SE, S, SW,  W,  and NW);
and �s (kg m−3) and �w (kg m−3) are the snow and water density,
respectively. At each time step, Eq. (1) is solved for the individual
grid cells within the simulation landscape and is coupled to the
neighboring cells through the spatial derivatives (d/dx*).

To simulate the evolution of snowdrifts, SnowDens-3D receives
meteorological inputs of air temperature, precipitation, wind
speed, and wind direction. It uses these, and the veneer-snow
and blowing-snow sub-models, to calculate the snow transport
quantities available for building snowdrifts, at every time step.
To run the model, the DEM from the area of interest is divided
into veneer-snow areas and snowdrift-snow areas. The snowdrift
areas are defined following Tabler (1975), and the veneer areas
are defined to be the areas between those snowdrift areas. The
veneer-snow and blowing-snow sub-models are solved under the
assumption that zero transport occurred at the upwind boundaries
of veneer-snow areas, maximum available saltation and turbulent-
suspended transport occurred across the common boundaries of
the veneer-snow and snowdrift-snow areas, and zero-gradient
transport occurred at the downwind boundaries of the snowdrift-
snow areas (see the snow transports defined in Fig. 4). This is an
appropriate model for snowdrift traps associated with polar bear
dens, where snow available upwind of a drift trap is blown into the
trap and accumulates there. The ultimate outputs from Eq. (1) are
spatially distributed, time evolving maps of snow depth over any
area of interest.
The veneer-snow sub-model quantifies the amount of snow
available to be redistributed by the wind (Fig. 4). This sub-model

omponents of SnowDens-3D. The model accounts for turbulent-suspended snow
alance accounting. It also includes fetch and snow-depth length scales associated
sion; and (2) the thicker snowdrift-snow that is largely created by blowing-snow
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Fig. 5. Example variation of turbulent-suspension (Qsusp) and saltation (Qsalt) snow
mass-transport (per unit width) with wind speed, for a threshold friction velocity,

−1
G.E. Liston et al. / Ecologica

ncludes the following features: (1) it converts precipitation to
ither rainfall or snowfall following Dai (2008); (2) it adds snowfall
o a 2-layer snowpack where the top layer is a “soft” layer that has
now grains that are not well bonded together and are therefore
apable of being transported by naturally occurring wind speeds,
nd the bottom layer is a “hard” layer with snow grains that are so
ell bonded they cannot be moved by wind; and (3) it moves snow

n the soft snow layer to the hard snow layer if there is rainfall or
f the air temperature is >2 ◦C, under the assumption that melting

ill occur and the snow grains will no longer be able to be trans-
orted by wind. The hard snow layer also includes snow on the
round that is held by the vegetation and other non-snow surface
oughness elements that keep the snow from being transported by
ind.

.1.2. Blowing-snow sub-model
In the blowing-snow sub-model, the wind friction velocity, u*

m s−1), at the roughness height, z0 (m), above the snow surface,
argely controls whether the wind speed is sufficient to transport
now and how much snow is transported (e.g., Liston and Sturm,
998). It is given by Prandtl’s mixing length theory (Prandtl, 1925)

∗ = u
�

ln(z/z0)
(2)

here u (m s−1) is the wind speed at height z (m), assumed to be
0 m;  z0 (m)  is assumed to be 0.001 m (Liston and Sturm, 1998);
nd � is von Kármán’s constant (0.4).

If the friction velocity, u*, exceeds the threshold friction veloc-
ty, u∗t (m s−1), of the snow cover, and if snow is available, saltation
ransport will begin. Under equilibrium conditions and no vegeta-
ion protruding above the snow cover, Pomeroy and Gray (1990)
ound that the saltation-transport rate, Qsalt, could be described by

salt = 0.68
u∗

(
�a

g

)
u∗t (u

2
∗ − u2

∗t
) (3)

here �a (kg m−3) is the air density, and g (m s−2) is the gravita-
ional acceleration. In general, u* will vary in space and time, so
salt will also vary. In addition, Qsalt, as defined by Eq. (3), will be
chieved only if there is sufficient fetch distance to entrain the full
mount of snow that the wind speed, u, via u*, is capable of carry-
ng (see Liston and Sturm [1998] for an additional discussion about
etch issues).

The threshold wind speed, ut (m s−1), at a height of 10 m (and
hus the threshold friction velocity, u∗t , through Eq. (2)) is defined
ollowing Li and Pomeroy (1997),

t(z = 10) = a + bT + cT2 (4)

here T (◦C) is the air temperature, and a, b, and c are empirical
onstants equal to 9.43, 0.18, and 0.0033, respectively.

Saltation must be present in order to have turbulent-suspended
now transport, and the saltation-transport rate provides the lower
oundary condition for determining whether, and the degree to
hich, suspended transport occurs. The transport rate of turbulent-

uspended snow, Qsusp, is given by

susp =
∫ zt

h∗
�(z)u(z) dz (5)

here z (m)  is the height coordinate; � (kg m−3) is the mass
oncentration of the turbulent-suspended particulate cloud pro-
ided by Liston and Sturm (1998) following Kind (1992); and u
s the wind velocity given by Eq. (2). The integration limits are

he top of the saltation layer, h* (m)  (see Liston and Sturm [1998]
or the concentration at the top of the saltation layer), and the
op of the turbulent-suspension layer, zt (m), where the concen-
ration is zero; this height is assumed to be between 2.0 m and
u*t , of 0.3 m s . This threshold friction velocity corresponds to an anemometer-
height wind speed of approximately 7 m s−1; wind speeds below this threshold
produce zero snow transport.

5.0 m,  following Liston and Sturm (1998). Matching the particle
concentration at the top of the saltation layer with the bot-
tom of the turbulent-suspension layer ensures continuity at the
saltation/turbulent-suspension interface, and provides a method to
define the lower boundary condition of the turbulent-flow regime
based on our understanding of conditions within the saltation layer.
This formulation is similar to the snow-transport-index model of
Lehning et al. (2000).

As an example of SnowDens-3D’s blowing snow transport
calculations, in Fig. 5 we show the variation of saltation
and turbulent-suspension transport with wind-speed for typical
below-freezing snow conditions, from Eqs. (3) and (5), for the case
of u∗t = 0.3 m s−1. For a snow roughness length z0 of 0.001 m, this
u∗t (through Eq. (2)) corresponds to an air temperature, T, of approx-
imately −10 ◦C and a threshold wind speed, ut, of 7 m s−1 (through
Eq. (4)). Also in Fig. 5, snow transport is zero between wind speeds
of 0 m s−1 and 7 m s−1, and at wind speeds >10 m s−1 suspension
rapidly dominates over saltation and significantly increases the
total snow transport rate; note the strong non-linear increase in
snow transport at the higher wind speeds.

3.1.3. Snowdrift-profile sub-model
Snowdrift profiles simulated by SnowDens-3D for the

snowdrift-snow formation are required to fit the snowdrift
distributions and profiles defined by “equilibrium snowdrift
surfaces” (Tabler, 1975; Liston et al., 2007). In an effort to quantify
relationships between terrain and snow distributions in windy
environments, Tabler (1975) defined the equilibrium snowdrift
surface as the snow surface that corresponded to the maximum
retention depth across a topographic snowdrift trap. Any addi-
tional blowing snow entering the trap area could not accumulate
and would be transported across and downwind of the snowdrift
trap. This wind-transported snow would then be available to
accumulate in the next down-wind snowdrift trap that had not
reached its equilibrium snow depth.

Using this idea and an extensive collection of field obser-
vations, Tabler (1975) developed an empirical regression model
that predicted 2-dimensional (cross-section) equilibrium snow-
drift profiles based on topographic variations in the direction of
wind flow. The following regression equation minimized the resid-
ual variance (r2 = 0.87),

Y = 0.25X0 + 0.55X1 + 0.15X2 + 0.05X3; with X1, X2, X3

= −20, for X1, X2, X3 < −20 (6)
where Y is the snow slope (%) of the snowdrift downwind of the drift
trap lip, X0 is the average ground slope (%) over the 45 m distance
upwind of the drift trap lip, and X1, X2, and X3 are the ground slopes
(%) over distances of 0–15, 15–30, and 30–45 m downwind of the
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Fig. 6. Typical equilibrium snowdrift profiles (black lines) simulated by SnowDens-3D for idealized banks 3 m high with slopes of (a) 10◦ , (b) 25◦ , and (c) 40◦ . Red lines
c den (b
u  are th
h

d
w

3
t

F
h
w
N
d
d
s

orrespond to the minimum snow surface profiles required to allow a viable bear 

nder  the red lines in (b) and (c) equal 10 m2 and 8 m2 of snow, respectively, (these
eight  and these topographic slopes).

rift trap lip, respectively. Upward slopes in the direction of the

ind are positive and downward slopes are negative.

We implemented Tabler’s (1975) profile model in SnowDens-
D. It generated 8 different equilibrium snow drift surfaces over
he simulation landscape, where each surface corresponded to

ig. 7. Meteorological data from station ID number 5 (Fig. 2, Table 1), for 1 January 1995 th
ighlighted as a snowfall temperature threshold; (b) wind speed, with 7 m s−1 highlighte
ind  directions bracketed by lines between 40 ◦T and 110 ◦T, and between 210 ◦T and 2
orth  American Regional Reanalysis. (NARR) and SNOwpack TELemetry (SNOTEL) data (s
irection (c), and precipitation (d) are shown for air temperatures <0 ◦C during Septem
enning. In addition, for wind direction, values are shown only when wind speeds exceed
now  transport, which are the functions that allow snow to accumulate in drifts. The vert
lue circles 2.0 m in diameter) to be excavated. The snowdrift cross-sectional area
e cross-sectional areas of snow required to produce viable bear dens for this bank

winds coming from the 8 principal wind directions (N, NE, E, SE, S,

SW,  W,  and NW). Wind-transport snow quantities defined by the
SnowDens-3D veneer-snow and blowing-snow sub-models (Fig. 4),
for each of the 8 principal wind directions, were placed under the
associated equilibrium snowdrift surface, starting at the upwind

rough 31 December 2012. Four parameters are shown: (a) air temperature, with 0 ◦C
d as a threshold required for saltating snow; (c) wind direction, with the dominant
80 ◦T; and (d) snow water equivalent (SWE) precipitation from a combination of
tation ID numbers 10 and 11 in Fig. 2 and Table 1). Values for wind speed (b), wind
ber through November when snowdrifts must form to be available for polar bear
ed 7 m s−1. These temperatures and wind speeds are associated with snowfall and
ical tick marks for each year correspond to 1 January.
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Fig. 8. Equilibrium snowdrift locations simulated by SnowDens-3D (top) compared with 16 June 2000, Landsat 7, 15 m panchromatic image (bottom) for the Jones Island
group test area inset in Fig. 2. Grid cells with simulated snow depths ≥1 m are displayed in white. The Landsat image includes lake-ice and sea-ice features that are omitted
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rom  the simulated plot. The red circles were added to emphasize deep snowdrift f
lack  areas cover the lidar acquisition domain; blue is ocean; and gray is the land a

dge and filling it downwind until the transport quantities were
xhausted. Thus, winds from the north produce snowdrifts on
outh-facing slopes, and similarly for the other wind directions. Any
vailable snow that exceeded the equilibrium snowdrift surface
as transported past the snowdrift and (in both natural and simu-

ated systems) became available to the next downwind drift trap. If
he winds of interest came from two or more principal directions,
he associated snowdrift surface was assumed to be the deepest
f the equilibrium snowdrift surfaces created from the different
irections, for each model grid cell.

.2. Snowdrift depth, length, and cross-sectional area required for
 viable polar bear den

To map  viable polar bear den habitat, the necessary snowdrift
epth, length, and cross-sectional area had to be determined. First,
e defined a hypothetical polar bear den that was 1.0–1.5 m in

iameter, with a den roof that was 0.5–1.0 m thick, and that had

 length of approximately 1.5 m;  these were within the range of
aturally occurring dens. This hypothetical den can be enclosed by

 2.0 m diameter cylinder that is 2.0 m long; this cylinder diameter
s that are included in both the SnowDens-3D simulation and the Landsat imagery.
cluded from the lidar coverage.

also means the snow must be at least 2.0 m deep. In SnowDens-3D,
the minimum length of a simulated snowdrift is defined by the grid
increment. Therefore, if the grid increment is ≥2.0 m,  any simulated
snowdrift will be at least 2.0 m long. If the grid increment is <2.0 m,
then any viable snowdrift will have to include enough grid cells to
be at least 2.0 m long.

To establish the cross-sectional area of blowing-snow accu-
mulation required to contain this 2.0 m diameter cylinder, we
performed idealized SnowDens-3D simulations for lee banks hav-
ing slopes of 10◦, 25◦, and 40◦. These slopes were chosen to span
the range of topographic slopes associated with bear dens in this
area of Alaska (Fig. 6). Bank slopes of Beaufort Sea polar bear dens
range between 8◦ and 48◦, with a mean ± standard deviation of
32.2 ± 9.0◦ (Durner et al., 2003). Starting with no snowdrift, the
model simulated progressively deeper snowdrift profiles until the
snow cross-sectional area could contain the 2.0 m diameter cylin-
der cross-section (Fig. 6).
The 10◦ lee slope bank did not create a snowdrift deep enough to
support a polar bear den because along its entire length the equilib-
rium snowdrift profile never exceeded 1.5 m (Fig. 6a). The 25◦ bank
required 10 m2 of snow cross-sectional area (Fig. 6b). The 40◦ bank



122 G.E. Liston et al. / Ecological Modelling 320 (2016) 114–134

Fig. 9. Equilibrium snowdrift distribution simulated by SnowDens-3D for winds from NE, E, SW,  and W in the Jones Island group test area. Snow depths ≥1.5 m are displayed
in  red and the drift edges have been widened by 12.5 m on all sides to improve visibility. Historical polar bear den locations (n = 55) from 1995 through 2012 (Table 3) are
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hown as small black circles. For the 31 den locations where position accuracy esti
ocations of snowdrift observation sites (Table 2) are displayed as large green circle

equired 8 m2 of snow cross-sectional area (Fig. 6c). Since slopes
Fig. 6) between 25◦ and 40◦ were typical of those measured at den
ocations in this area (Durner et al., 2003), we used 10 m2 as the
hreshold snowdrift deposition cross-section, 2.0 m snow depth,
nd a snowdrift length of 2.0 m,  as the requirements for a viable
olar bear den. (Note that in the analyses starting in Section 4.2,

 1.5 m snow depth requirement was used; the reason for this is
resented in Section 4.2). For reference, this snow cross-sectional
rea corresponds to a snow depth of 1 cm,  covering a distance 1 km
ong. If this snow was transported by wind into a deep-enough drift
rap, it would be sufficient to create viable polar bear den habitat.

.3. Spatial and temporal model-testing domains

To provide a data-rich SnowDens-3D test, we ran the model over
he Jones Island group test area (the rectangular box in Fig. 2) where
e had a reasonable set of observed den locations. This test area

overed a 22.5 km × 15.0 km region and was comprised of 9000
y 6000 (54 million) 2.5 m × 2.5 m grid cells. The SnowDens-3D

imulations took two forms. First, the model was  run in a cli-
atological sense, where it was forced with the dominant wind

irections found in the test area and the assumption that suffi-
ient snowfall and wind were available to fill all drift traps to their

able 1
eteorological datasets used in SnowDens-3D simulations and analyses.

ID number Station name Source Elevat

1 Milne Point F-Pad GWS  2 

2  Cottle Island GWS  1 

3  Duck Island GWS  3 

4  Badami GWS  8 

5  Deadhorse Airport NOAA 18 

6  Prudhoe Bay NOAA 5 

7  Kuparuk Airport NOAA 20 

8  Betty Pingo UAF 12 

9  Kadleroshilik River UAF 24 

10  Prudhoe Bay SNOTEL NRCS 9 

11  NARR grid point NCEP 0 

WS: Geo-Watersheds Scientific; NOAA: National Oceanic and Atmospheric Administra
atural Resources Conservation Service; NARR: North American Regional Reanalysis; NC
 were available, 29 locations (97%) had a simulated snowdrift within that distance.
 rectangular box in the upper left delineates the analysis area around Pingok Island.

equilibrium (maximum) snow depth. This simulation identified the
general snow depth distribution patterns that were possible given
the available DEM, and was a required first-step to define whether
more advanced, year-specific, simulations were warranted. Sec-
ond, SnowDens-3D was run daily from 1 September through 30
November for each of 18 years, 1995 through 2012. We  used mod-
eled snow-depth distributions over the test area at the end of 30
November of each year to create annual maps of potential polar
bear snowdrift den habitat. These maps corresponded to the period
pregnant polar bears typically search for and excavate dens.

In recent years, the majority of bears have entered dens by
mid  December. By choosing 30 November as our analysis date we
best represent the denning conditions during the majority of our
18-year study period. If we  had chosen to use a mid-December
date as our analysis point, the snowdrifts that were present on 30
November would still be there, but the existing snowdrifts might
be larger and there might be new snowdrifts associated with new-
storm snowfall and snow-transporting wind directions occurring
during the additional time period. As part of its more general appli-

cation, SnowDens-3D can provide snowdrift distributions on any
date (i.e., at any or every model time step) during the winter, assum-
ing the meteorological data were available to run the simulations
to that date.

ion (m)  Latitude Longitude Years

70.5066 −149.6572 2008–2010
70.4987 −149.0900 2009–2011
70.2699 −147.9877 2008–2011
70.1375 −147.0305 2009–2010
70.1920 −148.4770 1979–2013
70.4000 −148.5170 2005–2013
70.3310 −149.5980 1991–2013
70.2800 −148.8960 2008–2011
70.0730 −147.6500 2008–2010
70.2670 −148.5670 2003–2013
70.4007 −148.9704 1979–2013

tion; UAF: University of Alaska, Fairbanks; SNOTEL: SNOwpack TELemetry; NRCS:
EP: National Centers for Environmental Prediction.
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Fig. 10. Observed and simulated equilibrium snowdrift profiles for 6 historical den-
ning sites (Fig. 9, Table 2). Observations were made in mid-to-late winter when all
snowdrift sites were filled to equilibrium depth except the Staging Pad (note the dif-
ferences between the solid red and black lines in the Staging Pad plot). The original
(dashed red) and corrected (solid gray) DEM data are shown. The original DEM data
were adjusted to produce physically realistic snowdrift profiles from the observed
snow depths (see text). Without this correction the snowdrifts would be signifi-
cantly higher than the upwind topography, which does not occur in the natural
system.
G.E. Liston et al. / Ecologica

.4. Observational datasets

Observations used in our analyses included DEM and land-cover
atasets, meteorological forcing data, and field observations of
olar bear den sites and snow-distribution characteristics.

.4.1. Topography and land-cover data
DEM data were derived from a Light Detection and Ranging

lidar) dataset acquired in 2010 for the U.S. Geological Survey
USGS) as part of a shoreline-change study along Alaska’s Beaufort
ea coast (Gibbs and Richmond, 2015). The lidar DEM data were
rovided on a 2.5 m × 2.5 m grid in the Universal Transverse Mer-
ator (UTM) Zone 6 projection (Fig. 2). Because the focus of the
SGS data acquisition was on coastal erosion, river-sediment depo-

itional areas such as the large deltas of the Colville, Kuparuk, and
agavanirktok rivers were not included. The dataset covered nearby
arrier islands and an area between the coastline and approx-

mately 3 km inland. Also, lake and ocean elevations were not
cquired. To prepare the lidar data for the SnowDens-3D model
ntegrations, we added a vertical offset of 5.48 m to all lidar values
o eliminate elevations below sea level.

To provide a land-cover dataset for the area shown in Fig. 2
e obtained U.S. National Land Cover Data (NLCD) on an Albers
rojection and 30 m grid for Alaska. These data were converted to
TM Zone 6, re-gridded to a 25 m grid, and re-sampled to the 2.5 m

idar DEM grid. The NLCD land-cover classes were then converted
o the classes required by SnowDens-3D, which are the same as
hose required by MicroMet and SnowModel (see Liston and Elder,
006a,b).

.4.2. Meteorological data
Similar to the natural system, SnowDens-3D depends on the

nteractions among four fundamental meteorological variables to
reate snowdrifts suitable for polar bear dens: air temperature,
recipitation, wind speed, and wind direction. Several weather sta-
ions were available in our study area (Fig. 2, Table 1). These data
uggested the weather was similar at all of the stations, and the
ubtle variations in the variables of interest were primarily due
o site-specific differences in observation height, distance from the
oast, and instrument type. Therefore, we used data from the mete-
rological station with the longest and most complete period of
ecord: the National Weather Service (NWS) station at the Dead-
orse Airport (Fig. 2). We  obtained hourly air temperature, wind
peed, and wind direction for the period 1 January 1995 through
1 December 2012. We  substituted missing data with that calcu-

ated by the MicroMet preprocessor (Liston and Elder, 2006a). The
eteorological data were aggregated to daily values (Fig. 7) and

sed as input to SnowDens-3D (Fig. 3).
For precipitation, the available datasets lacked the required

nformation. The Deadhorse Airport precipitation dataset inter-
ittently spanned from 1997 through 2013, but values during
inter were often missing. In addition, because the Deadhorse
irport snow gauge does not capture the entire snowfall during
indy events, the winter values for that gauge do not represent

he actual precipitation (Larson and Peck, 1974; Benson, 1982;
ang et al., 1998). The U.S. Department of Agriculture (USDA) Natu-
al Resources Conservation Service (NRCS) maintains a SNOwpack
ELemetry (SNOTEL) precipitation site at nearby Prudhoe Bay. The
yoming precipitation gauge used there is suitable for measuring
ater-equivalent snow precipitation in windy environments (Yang

t al., 2000). However, the Prudhoe Bay records spanned only the
eriod 1 October 2003 through 30 September 2013. Therefore, to

reate a continual daily precipitation record for the period match-
ng the other meteorological variables, we used the precipitation
alues from the North American Regional Reanalysis (NARR) mete-
rological model (Mesinger et al., 2006), after scaling them by the
observed precipitation values measured at the Prudhoe Bay SNO-
TEL site. We  calculated the average daily precipitation reduction
to NARR that would equate it to the total SNOTEL precipitation
during the coincident period when SNOTEL data were available,
and subtracted that daily value (=0.19 mm day−1) from the NARR
dataset from 1 January 1995 through 31 December 2012 (Fig. 7). We
used this subtraction approach instead of multiplying by the ratio of
SNOTEL to NARR (=0.79) to reduce the tendency for NARR to arti-

ficially insert small amounts of precipitation during time periods
between storm-related precipitation events (Dai, 2006).
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Fig. 11. Section of a snow-pit dug on 7 February 2012 at the head of the Cottle Island 1 snowdrift (Fig. 9), showing the 4 discrete storm events that created this drift. Debris
entrained in the drift stratigraphy indicated winds strong enough to completely erode the upwind snowpack down to the vegetation and bare soil (see Fig. 1, bottom left).
The  graphs of (a) wind speed, (b) wind direction, and (c) snowfall, during the fall and winter period prior to pit excavation identified the storms that formed the drift. High
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ize  prior to the time of den selection by the pregnant female polar bear; storm 4 

inds  from other directions did not blow snow into this trap.

.4.3. Polar bear den locations
Polar bear den locations along the Beaufort Sea coast have

een identified by several methods. Very high frequency (VHF)
adio transmitters have been used on female polar bears in Alaska
ince 1981 (Durner et al., 2010) and interception of the signals
llowed researchers to document inhabited maternal den locations.
ince 1985, some collars have been outfitted with satellite-linked
adio transmitters (Durner et al., 2010). Airborne Forward-Looking
nfrared (FLIR) cameras and handheld infrared (IR) cameras that
etect a heat signature on the snow surface, produced by the
ear(s) below, have recently been employed for den detection
round industrial developments (Amstrup et al., 2004; Shideler,
014; C. Perham, personal communication). Additionally, scent-
rained dogs and opportunistic sightings are other methods that

ave been used to detect maternal polar bear dens in this region
MacGillivray et al., 2003; Perham and Williams, 2003; Shideler and
erham, 2009; Shideler, 2014).

ig. 12. Pingok Island analysis area, showing equilibrium snowdrift locations for snowd
dges  have been widened by 12.5 m on all sides to improve visibility. Black circles indicat
hat  had estimated position accuracies and were located on land, SnowDens-3D produced
nd  the cross-section line A-B are used in additional analyses.
e drift trap. Note that only storms 1 through 3 would have contributed to the drift
bly would have occurred after she had entered the den. Because of its orientation,

We  used available polar bear maternal den location data to
compare with SnowDens-3D’s polar bear snowdrift den habitat
simulations. Den locations in our regional study area (Fig. 2), col-
lected from 1909 through 2012 (n = 99 dens), were provided by the
USFWS (C. Perham, den data archive) and USGS (Durner et al., 2010
updated). These datasets include both confirmed and unconfirmed
den location observations. Confirmed den locations included those
directly observed during spring emergence (Durner et al., 2010),
those found during scent-dog surveys (Shideler, 2014), and those
identified by revisiting the locations during summer and looking for
direct evidence of the den, such as hair and cub feces. We  denoted
the den year as the year the bear entered the den, thus matching
the year the snowdrift was  created. Therefore, our den year is one
year earlier than the year of the USFWS and USGS datasets that

denoted the year of emergence. The combined USFWS and USGS
den location data from 1909 through 2012 are plotted as small
circles in Fig. 2. We  selected a subset of dens (n = 55) that were

rifts ≥1.5 m deep (in red), resulting from NE, E, SW,  and W winds. The snowdrift
e historical den sites (n = 22) from 1995 through 2012 (Table 3). Of  the 12 den sites

 snowdrifts that overlapped with 10 of them (83%). The rectangular box on the left
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Fig. 13. (a) Pingok Island focused analysis area (identified in the upper left of Fig. 12), comparing equilibrium snowdrift locations simulated by SnowDens-3D and historic
den  locations. Equilibrium snowdrift depth contours (in m;  color shades) are shown for NE and E winds. Historical den locations (n = 7) from 1995 through 2012 (Table 3)
are  displayed as black circles. The 2 den sites outside the snowdrift locations are thought to have resulted from global positioning system (GPS) errors. (b) The equilibrium
snowdrift surface profile, snow depth at that profile, and the bank topography are shown for section A-B in (a). (c) The same equilibrium profile as in (b) but with a 1:1 aspect
ratio,  demonstrating that these are very flat snowdrifts. See the bottom photograph in Fig. 1 for a visual reference. The open and solid line symbols in (b) and (c) indicate the
2

l
1
s

3

e
i
a
o
c
T
(
1

.5  m SnowDens-3D model grid increment.

ocated in the Jones Island group test area (Fig. 2), during the period
995 through 2012, for additional comparisons with our simulated
nowdrift distributions.

.4.4. Snowdrift observations
To compare and verify SnowDens-3D-simulated snowdrift

xtents and locations, we obtained Landsat satellite imagery dur-
ng the brief time window when all of the veneer-snow had melted
way and only the snowdrifts were visible. For our simulation area,
nly 5 cloud-free Landsat images were available to allow identifi-

ation of snowdrift presence, sizes, and positions on the landscape.
he image dates were: 30 June 1999 (Landsat 7), 16 June 2000
Landsat 7), 9 June 2006 (Landsat 5), 14 June 2008 (Landsat 5), and
2 June 2013 (Landsat 8).
In addition, we verified SnowDens-3D simulated snowdrift loca-
tions and profiles using field observations of snow characteristics
at historical and recently abandoned den sites in our study area.
During winter and spring of 2012 and 2013, we dug snow-pits
in snowdrifts typical of polar bear den sites and measured snow-
drift depth profiles at 8 locations near historical den sites (Table 2).
Snow-pits were excavated from the snow surface to the bottom
of the snowpack to measure snow stratigraphy and density. Our
snow pits ranged in depth from 98 cm to 182 cm.  The snow-depth
observations along the profiles were collected at 1 m intervals by

measuring the distance from the top of the snowpack to the bottom
of the snowpack using hand and automatic depth probes (accurate
to ±1.5 cm)  following the procedures of Sturm and Liston (2003).
The snow depths along these profiles ranged from 0 cm to 304 cm.
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Table  2
Snowdrift depth and snow pit observation site names, dates, and locations. Wind direction indicates the dominant wind direction that created the snowdrift (therefore the
snowdrift typically faces the opposite direction). An “X” in Fig. 10 column indicates that the snowdrift depth profile was included in that figure.

Site name Observation date Latitude Longitude Wind direction Observation type Fig. 10

Pingok Island 6 February 2012 70.5554 −149.5749 NE–E D, P X
Cottle  Island 1 7 February 2012 70.4988 −149.0936 NE–E D, P X
Cottle  Island 2 7 February 2012 70.4997 −149.0947 NE–E D X
Cottle  Island 3 7 February 2012 70.5001 −149.0949 NE–E D X
Cottle  Island 4 11 April 2012 70.5083 −149.1155 NE–E D, P X
Foggy  Island 4 February 2012 70.2895 −147.7981 NE–E D, P –
Colville Delta 6 April 2012 70.4368 −150.8174 NE–E D –
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: depth; P: pit.

. Results

.1. Snowdrift locations (Test 1)

We  began our test of SnowDens-3D’s ability to simulate the nat-
ral system by verifying its ability to correctly predict and map
nowdrift locations across the landscape in a climatological sense.
ur goal was to use the model to blow snow over the simula-

ion landscape to see whether the resulting snowdrift locations
ere realistic. We  plotted model-simulated equilibrium snowdrift
epths ≥1 m created from NE, E, SW,  and W winds; the predomi-
ant wind directions in early-winter for this area (Fig. 7). Then we
ompared simulated snowdrift distributions with a Landsat image
Fig. 8) covering the SnowDens-3D Jones Island group test area
Fig. 2). The 1 m depth threshold provided a good visual match to
he snowdrifts present in the Landsat image. The Landsat image
lso included lake ice, sea ice, and shallow snow features that were
ot included in the SnowDens-3D plot.
The simulated snowdrifts in the Jones Island group test area
Fig. 8) did not specifically correspond to the 1999–2000 winter
ssociated with the Landsat image, but represented snowdrifts that
ould have formed in any winter having NE, E, SW,  and W winds.

ig. 14. Pingok Island (a) topographic and equilibrium snowdrift profiles, and (b) snowdri
-B  on the right side of Fig. 12. “A” is the SW end of the section and “B” is the NE end (

 winds transport snow left-to-right). Although the snowdrifts on the lee slopes are dee
lowed in response to the obstruction ahead. For NE and E winds, the higher topography
he  leeward snowdrift.
36 SW–W D X

This Landsat image was chosen for this climatological, spatial-
pattern comparison because it was  the most cloud-free image
available that highlighted the snowdrift distributions during spring
melt. In addition, during early-winter 1999, winds occurred from
the full range of NE, E, SW,  and W directions typical of this region
(Fig. 7) and analysis of the rest of the snow accumulation season
(December through May) indicated this range of wind directions
continued throughout the winter. Therefore, the observed distribu-
tion of snowdrifts in the Landsat image included snowdrifts from
all likely wind directions, which matched the assumptions made in
the SnowDens-3D simulation. The model reproduced the position
and extent of nearly all snowdrifts present in the Landsat image.
The simulated linear, west-east snowdrift feature at approximately
4.5 km northing and between 2 and 5 km easting in Fig. 8 resulted
from an elevated road that was represented in the lidar data but did
not exist in 2000 when the Landsat image was  acquired. Landsat
images from later years include this linear feature.
4.2. Snowdrift profiles and stratigraphy (Test 2)

Our second analysis step compared the simulated snow-
drift depth profiles with measured snowdrift depth profiles and

ft depths, for the dominant wind directions (NE and E, and SW and W)  along section
therefore, NE and E winds transport snow right-to-left in the figure, and SW and
pest, drifts also formed on windward slopes because the near-surface wind speed

 on the NE end of the section created a windward snowdrift that was deeper than
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Fig. 15. (a) Staging Pad analysis area (see Fig. 9) comparing equilibrium snowdrift depth contours (in m;  color shades) for NE, E, SW,  and W winds, with topography (1 m
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ontour interval; black contour lines) and historical den locations (n = 13) from 19
ccuracy distance for 9 of the 9 (100%) den sites that included den position accura
or  section A-B in (a).

now-pit stratigraphy. We  measured late winter snow character-
stics and snowdrift profiles at 6 sites near historical den locations
Fig. 9, Table 2). The observed snowdrift profiles and simulated
quilibrium snowdrift profiles for these historical den locations are
lotted in Fig. 10. All of the snowdrifts except those at the Staging
ad were filled to the equilibrium snow depth by the observation
ate (Table 2). SnowDens-3D reproduced the equilibrium snow-
epth profiles for all of the observed snowdrift sites that were filled
o equilibrium.

The original DEM required corrections for the plotted snow
rofiles to be physically realistic (Fig. 10). When the snow-depth
easurements were added on top of the DEM, the plots showed a

ulge in the snow surface above the steepest part of the DEM topo-
raphic profile. Because we did not observe this snow bulge in the
eld, we concluded the actual banks are steeper than the DEM sug-
ests. This bulge is not found in the natural system because the wind

ould rapidly erode such an exposed snow bulge and transport it
ownwind. Our analysis also indicated this problem was not the
esult of geo-location errors in the DEM data. To remove these arti-
cial bulges we calculated the height of each bulge above a smooth
ough 2012 (black circles; Table 3). SnowDens-3D produced snowdrifts within the
able 3). (b) The cross-section topography (gray) and equilibrium snowdrift profile

snow-reference surface and subtracted that height from the orig-
inal DEM. This steepened the DEM bank profiles and removed the
snow bulges from Fig. 10 profiles. This analysis suggested the 2.5 m
lidar DEM was unable to accurately portray the true slope of the
coastal and barrier island banks due to the inherent smoothing
of these sharp-edged features at the 2.5 m resolution. The largest
errors in each of the DEM profiles (Fig. 10) averaged 0.8 m,  suggest-
ing that all of the simulated bank snowdrifts were too shallow by
this same amount (assuming this lidar error is consistent through-
out the DEM coverage). To account for this approximately 0.8 m
error in the DEM data and the resulting snow-depth simulations,
a 1.5 m snow-depth requirement (instead of the 2.0 m presented
in Section 3.2) was  applied to the analyses and plots that follow.
Note that the 2.5 m DEM was sufficient to resolve the topographic
profile of the Staging Pad den site (Fig. 10, bottom panel) where the
topography was considerably smoother than the barrier island and

coastal banks (Fig. 10, top five panels).

These snowdrifts formed from a combination of discrete storm
and wind-transport events that occurred throughout the winter.
In addition to snow-depth measurements, our field observations
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Fig. 16. (a) SnowDens-3D simulated total snow transported (in units of cross-sectional area) by NE and E winds, and SW and W winds, from September through November
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995  through 2012, derived from the meteorological data in Fig. 7. The red line in
=10  m2, see Fig. 6). (b) Total area of den habitat in Fig. 9 domain, 1995 through 20
nd  wind speeds capable of transporting that snow into snowdrifts having equilibr

ncluded snow pits dug in snowdrifts at historical den sites. A snow
it dug on 7 February 2012 at the head of the Cottle Island 1 snow-
rift (see Fig. 9 and Table 2) revealed the 4 discrete storm events
hat created the snowdrift (Fig. 11). Also shown for comparison are
he key meteorological variables for the period 30 September 2011
when below-freezing air temperatures began) until pit excavation.
his particular snowdrift was especially illustrative because debris
ntrained in the snowdrift stratigraphy helped highlight the dis-
rete nature of the 4 storms that built it (Fig. 11). The 4 storms were
dentified by the combination of available precipitation, strong

inds, and the appropriate wind directions that moved snow into
his particular drift trap. In particular, winds above 10 m s−1 were

ost effective at redistributing snow (cf. Fig. 5) and the orientation
f this snowdrift site required winds from the NE and E in order to
ll it with snow (Table 2).

.3. Spatial analysis of the Jones Island group area (Test 3)

As a third step in our analysis, we compared the equilibrium
nowdrift locations simulated by SnowDens-3D and 55 historical
en sites (1995 through 2012; Table 3) found within the Jones

sland group test area (Fig. 9). Of these sites, 31 locations were on
and and included position accuracy estimates, and 29 of these loca-
ions (97%) had a simulated snowdrift within that accuracy distance
Table 3). A particular challenge with displaying these snowdrift
eatures was the fact that they were so small relative to the sur-

ounding landscape. The total (Fig. 9) area that included equilibrium
nowdrift depths ≥1.5 m deposited by NE, E, SW,  and W winds dur-
ng September through November, was only 0.033% (0.112 km2 or
1.2 ha) of the simulation area (337.5 km2). In this area, snowdrifts
s the snow-transport cross-sectional area required to produce a viable snow den
e maximum possible den habitat was 11.2 ha, assuming sufficient available snow
aximum possible) depths.

that are ≥1.5 m deep are typically ≤20 m wide, or a factor of 1/1000
of the plotted area (Fig. 9). As a consequence, the snowdrift features
were nearly too narrow to see in the plot. To enhance their visibility
we widened all snowdrift boundaries by five grid cells (12.5 m) on
all sides in Fig. 9.

4.4. Spatial analysis of Pingok Island and Staging Pad (Test 4)

As a fourth and more focused SnowDens-3D test, we compared
simulated equilibrium snowdrift locations from NE, E, SW,  and W
winds for the Pingok Island analysis area (inset box, Fig. 9) and the
Staging Pad analysis area (Fig. 9) with polar bear den sites from 1995
through 2012 (Fig. 12, Table 3). We  chose Pingok Island because its
orientation relative to the dominant storm wind directions pro-
duced snow deposition for maternal denning sites on either side
of the island, depending on early-winter wind directions. On Pin-
gok Island there were 22 maternal polar bear den sites available
for analysis over the period of interest (Fig. 12, Table 3). Of these,
12 sites were on land and included position accuracy estimates
(Table 3). Within that position accuracy, SnowDens-3D simulated
snowdrifts at 10 of the 12 (83%) den locations.

Global positioning system (GPS) errors in the den location data
appear to contribute to mismatches between some of the simulated
snowdrifts and the historical den positions. To illustrate, equilib-
rium snowdrift surfaces corresponding to a cluster of dens on the
west side of Pingok Island (Fig. 12) for NE and E winds are displayed

(Fig. 13). The historical den locations matched the snowdrift loca-
tions well, with 5 out of the 5 (100%) den locations that included
a position accuracy estimate having a simulated snowdrift within
that accuracy distance. We  assumed the 2 den sites on the upper,
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Table  3
Polar bear den locations along the Beaufort Sea coast used in the analyses and the figures the dens were plotted in. These are all the available den locations from 1995 through
2012  (no den sites were found during 1995–1997), for Fig. 9 Jones Island group test area; all of these den sites are plotted in Fig. 9 (source: C. Perham, U.S. Fish and Wildlife
Service,  den data archive; Durner et al., 2010 updated). The years listed are the years of den entrance, and are therefore one year earlier than the den exit years identified in
the  original agency datasets. The distance between the den location and the nearest simulated snow drift, and the estimated accuracy of the den location measurement, are
listed.  Of the 31 den locations where position accuracy estimates were available, 29 locations (97%) had a simulated snowdrift within that distance.

Number Year Latitude Longitude Figure number Distance between den and
nearest snowdrift (m)

Estimated den location
accuracya (m)

1 1998 70.5565 −149.4740 12, 17 2 5
2  1998 70.5556 −149.4651 12, 17 37 5
3  1999 70.4883 −149.2445 15, 18 1 5
4  1999 70.5542 −149.5024 12, 17 184 NA
5  1999 70.5564 −149.4734 12, 17 1 5
6  1999 70.5565 −149.5830 12, 13, 17 1 5
7  2000 70.5557 −149.5799 12, 13, 17 1 5
8  2000 70.5584 −149.5854 12, 17 1 5
9  2000 70.5565 −149.5831 12, 13, 17 1 5
10  2001 70.4983 −149.0932 – 1 15
11  2001 70.5101 −149.1243 – 0 15
12  2001 70.5290 −149.2688 – 1 15
13  2001 70.4980 −149.0932 – 10 NA
14  2001 70.5083 −149.1168 – 5 NA
15  2001 70.5291 −149.2684 – 12 NA
16  2001 70.5310 −149.2724 – 11 NA
17  2002 70.4876 −149.2457 15, 18 1 15
18  2002 70.5320 −149.2790 – 165 NA
19  2002 70.5000 −149.0960 – 8 NA
20  2002 70.4881 −149.2443 15, 18 4 NA
21  2003 70.4981 −149.0933 – 3 15
22  2003 70.5505 −149.4584 12, 17 48 NA
23  2003 70.5559 −149.4692 12, 17 0 15
24  2003 70.4879 −149.2453 15, 18 1 NA
25  2003 70.4982 −149.0933 – 1 NA
26  2004 70.4879 −149.2453 15, 18 1 NA
27  2004 70.5499 −149.4621 12, 17 153 NA
28  2004 70.4982 −149.0933 – 1 NA
29  2004 70.5535 −149.4894 12, 17 11 15
30  2005 70.5562 −149.4664 12, 17 76 NA
31  2005 70.5567 −149.4719 12, 17 44 NA
32  2005 70.5590 −149.5327 12, 17 49 15
33  2005 70.5536 −149.4872 12, 17 22 NA
34  2006 70.4876 −149.2462 15, 18 1 15
35  2006 70.4988 −149.0938 – 1 15
36  2006 70.4997 −149.0949 – 1 15
37  2006 70.5529 −149.4858 12, 17 7 NA
38  2006 70.5555 −149.5779 12, 13, 17 1 NA
39  2007 70.4876 −149.2462 15, 18 1 15
40  2007 70.5540 −149.5010 12, 17 196 NA
41  2007 70.5290 −149.2690 – 1 15
42  2008 70.5299 −149.2692 – 42 100
43  2008 70.5561 −149.5746 12, 13, 17 82 100
44  2008 70.5296 −149.2723 – 44 NA
45  2008 70.5558 −149.5777 12, 13, 17 16 NA
46  2008 70.5296 −149.2694 – 17 NA
47  2008 70.4873 −149.2462 15, 18 7 NA
48  2009 70.5001 −149.0951 – 4 15
49  2009 70.4882 −149.2450 15, 18 1 15
50  2010 70.4876 −149.2457 15, 18 1 15
51  2010 70.5554 −149.5753 12, 13, 17 0 15
52  2011 70.4885 −149.2450 15, 18 12 15
53  2011 70.4876 −149.2458 15, 18 1 15
54  2012 70.4995 −149.0946 – 0 25
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55  2012 70.4885 −149.2432 15, 18

a The following den location accuracies were assumed: military grade, global po
fter  May  2000 = 15 m;  satellite tracking collar = 25 m,  fixed-wing aircraft overflight

at part of the island (cf., the left side of Fig. 1, top and bottom) were
ncorrectly located because it is unlikely that a bear denned in this
eneer-snow area. The topographic and snowdrift cross-sections
or line A-B (Fig. 13a) are shown in Fig. 13b. This area of Pingok
sland is approximately 3 m high and creates snowdrifts that are
oughly 1.5 m deep. We  expected the snowdrifts in the natural sys-

em to be slightly deeper than the model simulations because of the
elatively smooth DEM discussed in the previous section. We  have
lso displayed the cross-section with a 1:1 aspect ratio, highlighting
ow relatively flat the snowdrift would look in situ (Fig. 13c).
2 15

ing system (GPS), Precision Lightweight GPS Receiver (PLGR) = 5 m;  handheld GPS
 m;  NA = not available, including coordinates over water.

The Pingok Island analysis area also allows a detailed study
of snowdrift profiles forming over the island banks (profile A-B,
Figs. 12 and 14). As noted earlier, under some conditions of wind
and topography a windward snowdrift can form. SnowDens-3D
simulated a windward snowdrift resulting from NE and E winds on
Pingok Island (near B in the profile A-B, Figs. 12 and 14). Another

important snowdrift-formation feature of Fig. 12 A-B profile was
that the NE end of the line was  1.5 m higher than the SW end
(Fig. 14). With SW and W winds, the windward snowdrift was  quite
small, in contrast to the lee snowdrift where the combination of
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ig. 17. Simulated snowdrifts on Pingok Island that were ≥1.5 m deep (in red) on 30
n  all sides to improve visibility. Black circles indicate observed den sites for each y

igh topography and the lee slope created the deepest snowdrift
n the cross-section. Conversely, for NE and E winds the lee and

indward snowdrifts were nearly the same depth. In this case, the
eight of the windward bank was tall enough to actually produce

 windward snowdrift that was slightly deeper than the lee snow-
rift. Although both simulated snowdrifts were only approximately
.5 m deep, we know that bears have denned in snowdrifts created
y this topography in this location (Figs. 2, 9 and 12). Therefore,
e assumed the unrealistically smooth topography in the DEM did
ot allow SnowDens-3D to resolve the true snow depths of these
nowdrifts (cf. Fig. 10).

The fact that the Pingok Island bank near B in the profile A-B
Figs. 12 and 14) was high enough, steep enough, and long enough
o create a windward snowdrift that was of sufficient depth to pro-
uce viable polar bear dens is unique. But it is also of special interest
ecause it means this location can function as a successful denning
ite for both NE and E, and SW and W wind directions; the dominant
nowdrift-producing storm winds for this region.

Similar to Pingok Island, the Staging Pad was capable of produc-
ng viable snowdrift den habitat regardless of wind direction. This

oughly linear topographic feature rises approximately 6 m above
he relatively flat, surrounding landscape (Fig. 15). It accumulates
now somewhere on its slopes for virtually any wind direction
Fig. 15). Staging Pad is also unique in this area because small
mber each year from 1995 through 2012. Drift edges have been widened by 12.5 m
 = 22; Table 3).

snowdrifts can form on its upper slopes that are sufficient to accom-
modate a bear den (Fig. 15b). With additional snow accumulation
there is a wide range of sites along its length that are suitable for
dens. Nevertheless, historically, the majority of dens have been
on the west side (Fig. 15a), suggesting that bears most typically
den there during years with NE and E winds (C. Perham, personal
communication).

4.5. Temporal analysis (Test 5)

The spatial analyses considered up to this point focused on sim-
ulated equilibrium snowdrift locations and depths created for the
dominant wind directions in the study area. These equilibrium
snowdrifts inherently assume there has been enough snowfall and
wind to fill the snowdrifts to their maximum depth. However,
in the natural system snowdrifts vary according to year-specific
snowfall, wind speeds, and wind directions. As a fifth test of
SnowDens-3D we analyzed those constraints by simulating snow-
drifts corresponding to each year, 1995 through 2012. These
simulated snowdrifts were then used to create maternal den habi-

tat maps by plotting only the snowdrifts that had sufficient snow
depth, cross-section, and length to create a viable snow den.

SnowDens-3D used daily September through November mete-
orological conditions from each year, 1995 through 2012 (Fig. 7), to
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Fig. 18. Simulated snowdrift drift depth contours (in m; color shades) for the Staging
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alculate the total early-winter snow transported into drift traps by
ind coming from the observed directions. The snow transported

nnually by winds from the NE and E, and the SW and W,  were plot-
ed in Fig. 16a. In general, the snow transport quantities from NE
nd E winds were much greater than from SW and W winds dur-
ng this early-winter period (Figs. 7c and 16a). These same general
esults were true for meteorological conditions from 1982 through
994 (not shown). For 1995 through 2012, most years had sufficient
now transport from NE and E winds to create polar bear dens; how-
ver, 1996, 2001 and 2012 were exceptions (Fig. 16a). In contrast,
ver this 18-year period, there were only 3 years (1999, 2010 and
012) with sufficient snow to create dens from SW and W winds
Fig. 16a).

To compare SnowDens-3D’s 30 November, year-specific snow-
rift depths with the historical denning observations, the model
alculated blowing snow erosion and deposition quantities in all
rid cells in Fig. 9 simulation domain, at every model time step
every day, 1 September through 30 November, 1995 through 2012)
sing the horizontal transport fluxes from Fig. 16a. The result-

ng snow depth distributions were used to calculate the viable
en habitat (snowdrifts ≥1.5 m deep) area available in each year
Fig. 16b). In this calculation the transport cross-sectional area was
till required to be 10 m2, but the snow depth requirement was
elaxed from 2.0 m to 1.5 m based on the analysis associated with
ig. 10 that showed the DEM to be too smooth to resolve observed
now depths. The year-specific den habitat area falls between the
inimum possible area of 0.0 ha (for the case where there was  no

now transport; either because of no snow or no wind), and the
aximum possible area of 11.2 ha (for the case of all snowdrift

ocations filled to equilibrium; see Section 4.2). The largest area
f den habitat was simulated to be 7.6 ha in 2010, or 68% (7.6/11.2)
f the maximum that would be produced given sufficient snowfall
nd wind.

For the Pingok Island analysis area (Fig. 12) we compared
bserved den locations with simulated snowdrifts ≥1.5 m deep,
n 30 November of each year (Fig. 17, Table 3). In 1996 and 2001
o snowdrifts reached the 1.5 m depth threshold (Fig. 17), and no
aternal dens were recorded on Pingok Island during those years.

n addition, in 2012, when only SW and W winds transported snow
Fig. 16a), almost all of the snowdrifts formed on the NE side of
ingok Island (Fig. 17). There were also no known maternal dens
n Pingok Island that year. In 1999 and 2010, both NE and E, and
W and W winds transported enough snow to created snowdrifts.
nowdrifts for the remaining 13 years were exclusively created
y NE and E winds. Those years also created windward snow-
rifts on Pingok Island (Fig. 14), with two exceptions: 1997 and
008 (Fig. 17). During those two years there was minimal snow
ransport by NE and E winds (Fig. 16a) and, as such, there was
nsufficient snow deposition to fill the windward snowdrift with
nough snow to create viable den habitat. However, there was suf-
cient snow transport to create lee-slope den habitat on the SW
ide of Pingok Island, and two maternal dens were recorded there
n 2008. Throughout Pingok Island there were simulated snowdrifts

ithin reasonable proximity of the historical den locations (Fig. 17,
able 3).

We also compared simulated snowdrifts and observed den loca-
ions (n = 13) at the Staging Pad (Fig. 15) on 30 November for each
ear, 1995 through 2012 (Fig. 18, Table 3). SnowDens-3D simu-
ations overlapped with 9 of the 9 (100%) recorded Staging Pad

aternal dens that included a position accuracy estimate (Table 3).
ach panel of Fig. 18 included the simulated snowdrift depths. The
nter-annual variability of snowdrift distributions closely matched

hat of Pingok Island (Fig. 17) and the correspondence between the
nowdrifts and den sites was consistent with the meteorological
onditions that created the snowdrifts during each year (Fig. 16).
he year 2012 was the only year that a den was recorded on the
Pad on 30 November, for years 1995 through 2012. Black circles indicate observed
den locations for each year (n = 13; Table 3). Black lines are topographic contours
(plotted at values of 3 m,  5 m,  and 7 m).

east side of the Staging Pad (Fig. 18), and that year corresponded to
winds strong enough to transport snow that came from the SW or
W (Fig. 16a).

5. Discussion and conclusions

Pregnant female polar bears typically den in snowdrifts found
on land and sea ice. These snowdrifts are not randomly distributed,
but are the direct result of wind blowing snow into topographic

(or vegetation or sea ice) drift traps. Thus, in addition to a drift
trap, adequate snowfall and wind are required to create snow-
drifts of sufficient depth, cross-section, and length to create a viable
den. We  developed the SnowDens-3D snow evolution model to
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imic  these aspects of the natural system and to simulate and map
nnual snowdrift polar bear den habitat distributions to help fore-
ast where maternal polar bear dens may  be located in response to
arly-winter weather events.

Along Alaska’s Beaufort Sea coast, air temperatures are typically
ow enough for snowfall to begin in September and to continue
hrough winter (Fig. 7). Winds in this area frequently exceed the
ind transport threshold for blowing snow (Fig. 7). The trans-
orting winds that create polar bear den habitat come from two
ominant wind directions: approximately NE to E (40–110◦T) and
W to W (210–280◦T). These winds impose a critical control on the
ormation and location of snowdrifts available to bears for denning.
he highest wind speeds transport the most snow because there is
on-linear increase in snow transport with increasing wind speed
Fig. 5). Therefore, the highest wind speeds are the most important
or building snowdrifts and the wind directions associated with
hose high wind speeds control the snowdrift locations.

SnowDens-3D converted meteorological conditions from 1995
hrough 2012 into annual maps of potential polar bear snowdrift
en habitat. These years corresponded to the period when the
ajority of both meteorological and den-site observations were

vailable. We  tested SnowDens-3D’s simulated snowdrift distribu-
ions on 30 November of each year against a suite of Alaska Beaufort
ea snow data and polar bear den locations. This date corresponded
o the end of the period when bears typically select dens. In this
rea of Alaska, the terrestrial and barrier island coastal banks that
olar bears den in are barely high enough to create snowdrifts
hat are deep enough for viable den habitat. The banks are often
nly a few meters high and this leads to snowdrifts that are only a
ouple meters deep. Snowdrift placement and depth are strongly
ependent on early-winter snowfall, wind speed, and wind direc-
ion, suggesting that early-winter storms are important to the den
ocation selection by pregnant female polar bears. There are con-
iderable inter-annual differences in the locations, depths, and
ross-sections of the snowdrifts, and therefore den habitat avail-
ble for pregnant polar bears can vary widely from one year to
he next. The congruence between simulated snowdrift locations
nd observed den locations suggested our approach to mapping
olar bear den habitat was appropriate. We  found that during 1995
hrough 2012, 97% of observed maternal den locations with known
ccuracy estimates could be placed in the simulated snowdrift loca-
ions described by SnowDens-3D.

The relatively smooth DEM resulted in simulated snowdrifts
hat were shallower than those observed in nature (cf. Fig. 10),
ut the DEM’s inability to completely represent bank steepness
id not influence SnowDens-3D’s ability to simulate the snowdrift

ocations. To completely resolve the actual snowdrift depths we
nticipate a 1.0 m horizontal resolution DEM would be required.
ortunately such high resolution datasets can now be produced
t economical prices (e.g., Nolan et al., 2015). It is also possible
hat other abrupt landscape features (e.g., sharp gullies, or large
oulders) created snowdrifts in the natural system but were not
ufficiently resolved by the DEM for SnowDens-3D to create the
orresponding snowdrifts.

SnowDens-3D also provided insights into the topography
equired to produce viable snow dens. In the natural land-
cape, topography gradually erodes over time into smoother and
moother features. The shallower the topographic bank slope, the
ore snow was required to create a viable den site (Fig. 6b and c). If

he bank topography was too smooth and the slope angles too shal-
ow, the equilibrium snow depth was not deep enough to support

 den (Fig. 6a). Additional test simulations showed the most effi-

ient way to create snowdrifts deep enough for bears to excavate
iable dens (from the perspective of the quantity of snow required)
s if there was a topographic step (or bank), with a vertical wall,
hat faced away from the snow-transporting winds, and that was
solid blue dot represents the actual den. The space between the two represents the
roof thickness required for the den to maintain its protective structure (consistent
with field observations; see discussion in text).

2.0 m high (Fig. 19). This vertical-walled, backwards-facing step
would fill to sufficient depth to house a denning polar bear and
cub(s) with as little as 4.5 m2 of snow cross-sectional area (Fig. 19).
This was  approximately half the snow required for bear dens in
the natural topographic landscape found in most of Arctic Alaska;
vertical-walled topographic steps <2.0 m high did not accumulate
enough snow, and higher steps required more snow to create viable
den habitat.

Because of SnowDens-3D’s foundation in snow and weather
physics, it can be used as part of climate scenario simulations to
explore the consequences of changing early-winter meteorological
conditions such as snowfall timing and wind speeds and direc-
tions. For example, if winter snowfall does not arrive until later
in the year, or if there is a general decrease in precipitation or wind
speed, these will all be reflected in the den habitat snowdrifts sim-
ulated by SnowDens-3D. SnowDens-3D can also be used to study
the impact of rain-on-snow and snowmelt events; these can place
important restrictions on the amount of snow available to be trans-
ported into snowdrifts since wet  snow is not typically transported
by naturally occurring wind speeds. Indeed, rain-on-snow events
have occurred in the study area at least 3 times since 2010 (once
during winter of 2010–2011, and twice during 2013–2014); these
events produced a hard surface crust that inhibited transport of
the snow below. Because of their influence on snow available to
be blown into snowdrifts, these rain-on-snow events have a direct
impact on the formation of polar bear den habitat.

Observations also suggest that the barrier islands in this region,
such as Pingok Island, are eroding in response to the loss of sea ice
(Jorgenson and Brown, 2005). This erosion can produce an abrupt
topographic edge that can lead to snowdrifts and coastal bank
habitat. In addition, the erosion has the potential to completely
eliminate these relatively narrow islands. SnowDens-3D could be
used to model the extent of this coastal habitat loss and the poten-
tial effects on availability of polar bear den habitat in response to
the changing island topographic distributions.

SnowDens-3D is a numerical model that mimics the year-
specific physical interactions of snow, wind, topography, and
land-cover, to determine when, where, and how much snow is
transported and deposited in response to variations and changes
in weather and topography. The resulting system accurately pre-
dicts the locations, timing, and evolution of snowdrifts suitable for
polar bear dens, and reproduces the controlling factors that deter-
mine key polar bear snowdrift den habitat characteristics such as
snow depth and distribution. Additional SnowDens-3D testing was
performed in Svalbard, Norway (Merkel et al., 2015), where the

topographic relief is considerably more extreme than coastal Arc-
tic Alaska. In that study, SnowDens-3D was  able to reproduce the
snowdrift patterns used by denning polar bears in that mountain-
ous Arctic region.
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. Management implications

Along Alaska’s Beaufort Sea coast, land management agencies
uch as the North Slope Borough, the Alaska Department of Natu-
al Resources (ADNR), and the U.S. Bureau of Land Management
BLM) require adherence to best management practices (BMPs)
hat minimize impacts to underlying tundra prior to authorizing
inter off-road industrial exploration and transportation activities

e.g., Bureau of Land Management, 2013). These activities occur at
he same time that polar bears are denning. Furthermore, compa-
ies extracting petroleum under the terms of federal and state oil
nd gas lease sales are required to avoid polar bear dens. Under
hese authorizations, oil and gas operators must implement spe-
ific mitigation measures to avoid disturbing maternal polar bear
ens when conducting exploration, development, and production
ctivities. One mitigation example is that a 1.6 km no-disturbance
one is typically placed around a polar bear den site to minimize
nthropogenic disturbance to the bears using the site. Within this
one no industrial activity is allowed during the denning season
approximately November–April).

It is in the interests of both bear conservation and cost-
ontainment for industry to obtain accurate predictions of potential
olar bear den locations. To satisfy the requirements of agency and

ndustry managers, a tool is needed that predicts likely den habi-
at for the current winter to better inform den detection surveys.
his habitat information could be used to guide polar bear man-
gement and avoidance decisions for the remainder of that winter
fter the bears have entered their dens. SnowDens-3D is such a tool.
iven the success of the SnowDens-3D development, application,
nd testing effort presented herein, all the components are avail-
ble to create a decision-support tool that incorporates available
eteorological and high-resolution DEM data to produce maps of

igh-probability polar bear den locations for any given area.
This tool could be used by end-users, such as company and

gency personnel, charged with managing human–bear interac-
ions in the vicinity of industrial and community activities. The
ompilation of historical snowdrift den habitat maps, created by
nowDens-3D using meteorological datasets from previous years,
ould be used to guide placement of infrastructure such as roads,
aterial sites, and drill pads. Furthermore, our simulations demon-

trated that human-created topographic features such as elevated
oads, drilling sites, and buildings, can be designed to minimize
iable snowdrift den habitat. For example, when planning new Arc-
ic facilities, if a company wants to prevent pregnant polar bears
rom excavating dens in snowdrifts that have formed around man-

ade pads or other infrastructure features, the features should be
onstructed to have banks and shoulders that have relatively shal-
ow angles (similar to the 10◦ slope shown in Fig. 6a) so they will
ot accumulate enough snow for denning. Conversely, this infor-
ation could be used as part of mitigation efforts by constructing

rtificial topography to produce anthropogenic snowdrift den habi-
at away from human infrastructure. SnowDens-3D predicted that a
.0 m high, vertical-walled, backwards-facing step produced viable
nowdrift den habitat with approximately half as much snow as
hat required in natural topography (e.g., Fig. 19). The availabil-
ty of viable den habitat under conditions of minimal snowfall and

ind may  be important if early-winter snowfall and wind speeds
re reduced in future years.

The management value of SnowDens-3D extends beyond pre-
iction of suitable polar bear den habitat. Other animals use
nowdrifts, and their management might benefit from this model-
ng tool. In particular, Grizzly bears (U. arctos)  inhabit coastal areas

f the Alaska Beaufort Sea (Shideler and Hechtel, 2000), includ-
ng areas that overlap identified polar bear den habitat. As is the
ase with denning polar bears, management agencies require that
inter industrial off-road activities avoid active grizzly bear dens.
lling 320 (2016) 114–134 133

Although more numerous than denning polar bears in the region,
grizzly bears have access to more den habitat and their dens can
be widely distributed. Prediction of den locations on an annual
basis would be a useful measure to identify likely denning areas.
Although grizzly bears excavate earthen dens, they appear to rely
on snowdrifts, especially early in the season, to provide insulation.
Grizzly bear den sites face the southwestward quadrant signifi-
cantly more than other directions (R. Shideler, Alaska Department
of Fish & Game [ADFG], unpublished data). This is downwind of the
predominant fall and early winter wind directions, suggesting that
knowledge of early season snow accumulation patterns could be a
useful tool to identify likely grizzly bear den habitat for a particu-
lar year. Coupled with a probabilistic map  of potential topographic
features that could trap drifting snow, SnowDens-3D could assist
in refining areas where grizzly bear den detection methods should
be employed.

The snow physics that produces Arctic snowdrifts is predictable
and SnowDens-3D replicates that physics in a numerical model
that maps snowdrifts. In our 337.5 km2 Arctic Alaska simula-
tion and analysis domain, 0.033% (11.2 ha) of the area contained
viable polar bear snowdrift den habitat under conditions of unlim-
ited snow and wind (our climatological analysis). Because of the
interannual variability in early-winter snowfall and wind, dur-
ing some winters this maximum den habitat was nearly achieved
and during other winters there was no den habitat simulated; the
remaining year-specific simulations fell within these two extremes
(Fig. 16b). Similar simulations for any current winter could be used
to focus den-detection surveys (using methods such as airborne
FLIR, handheld IR, and scent-trained dogs) in the small fraction
of the landscape where viable den habitat was  mapped, signifi-
cantly improving the efficiency of these surveys. This combination
of using polar bear snowdrift den habitat maps to guide focused
den-detection surveys during the winter of interest strongly sup-
ports the desire of industry and management agencies to reduce
human–bear and bear–industry interactions.
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