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Abstract: Alaska’s Arctic and boreal regions, largely dominated by tundra and boreal forest,
are witnessing unprecedented changes in response to climate warming. However, the intensity
of feedbacks between the hydrosphere and vegetation changes are not yet well quantified in Arctic
regions. This lends considerable uncertainty to the prediction of how much, how fast, and where
Arctic and boreal hydrology and ecology will change. With a very sparse network of observations
(meteorological, flux towers, etc.) in the Alaskan Arctic and boreal regions, remote sensing is the
only technology capable of providing the necessary quantitative measurements of land–atmosphere
exchanges of water and energy at regional scales in an economically feasible way. Over the last
decades, the University of Alaska Fairbanks (UAF) has become the research hub for high-latitude
research. UAF’s newly-established Hyperspectral Imaging Laboratory (HyLab) currently provides
multiplatform data acquisition, processing, and analysis capabilities spanning microscale laboratory
measurements to macroscale analysis of satellite imagery. The specific emphasis is on acquiring and
processing satellite and airborne thermal imagery, one of the most important sources of input data in
models for the derivation of surface energy fluxes. In this work, we present a synergistic modeling
framework that combines multiplatform remote sensing data and calibration/validation (CAL/VAL)
activities for the retrieval of land surface temperature (LST). The LST Arctic Dataset will contribute to
ecological modeling efforts to help unravel seasonal and spatio-temporal variability in land surface
processes and vegetation biophysical properties in Alaska’s Arctic and boreal regions. This dataset
will be expanded to other Alaskan Arctic regions, and is expected to have more than 500 images
spanning from 1984 to 2012.

Data Set: http://www.hyperspectral.alaska.edu/resources_data_products.html

Data Set License: The LST Arctic Dataset is made available under a CC-BY-NC license

Keywords: land surface temperature; Landsat; surface energy balance; Arctic; hyperspectral; HyLab;
land surface processes

1. Introduction

Warming in high latitudes is causing widespread melting of snow, ice, and permafrost degradation
across Arctic tundra and boreal ecosystems, changing plant communities and increasing wildfire and
drought occurrence [1–10]. Increasing surface temperatures in the Arctic will produce changes in the
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surface energy balance that ultimately controls how the water cycle responds to climate change [11].
As a result of these changes, the distribution, abundance, and seasonal availability of local subsistence
resources (including berries, fish, mammals, and birds) are likely to change, having an impact on
the food security of Arctic communities [12]. Therefore, quantifying the surface energy balance and
its spatio-temporal trends in Arctic and boreal ecosystems is key to better understanding ecosystem
response and vulnerability to changing climate conditions in the Arctic, and it requires improved
techniques for the spatiotemporal characterization of land–atmosphere exchanges of water and energy
at regional scales.

Land surface temperature (LST) is one of the most important sources of input data in models
used to derive surface energy fluxes [13–16], and serves as a valuable input for many ecological
applications, such as mapping the presence or absence of near surface permafrost [17], for salmon
habitat mapping [18–20], among others. Due to remoteness, harsh winter conditions, and the
high costs of maintaining ground-based measurement networks in Alaska’s Arctic ecosystems,
temperature and other data acquired from instrumented towers in the field is spatially and temporally
inhomogeneous [21]. Remote sensing, then, represents the only economically feasible and reliable
source of information for the derivation of land surface temperatures and changes in surface
temperature over time for large heterogeneous regions [22].

Currently, there are several operational airborne or satellite sensors that collect thermal imagery
for the estimation of land surface temperature at local, regional, and global scales. However, there are
only two satellite programs that have provided more than 30 years of thermal information of great
value: Television InfraRed Operational Satellite/National Oceanic and Atmospheric Administration
(TIROS/NOAA and Landsat. Since Landsat-4 Thematic Mapper (TM) was launched in 1982,
the Landsat satellite series is the only remote sensing program that has been providing uninterrupted
thermal images at medium spatial resolution (from 60 to 120 m) over the globe. Although Landsat
revisits the same area approximately every 16 days at the Equator, this repeat frequency can be as high
as 3–4 days in high-latitude Arctic regions, allowing for the mapping of land surface processes at better
temporal resolutions than in lower-latitude areas.

In the last two decades, diagnostic methods have demonstrated their utility in modeling surface
energy balance using remote sensing data [14,23–28]. With large volumes of Arctic field-based
measurements and remote sensing data (such as Landsat, the Advanced Very High Resolution
Radiometer (AVHRR), or MODIS) freely available for the research community, the next challenge is
to ascertain the seasonal and spatio-temporal variability in surface energy fluxes in the Arctic and
boreal regions.

In this study, we present a freely-available medium-resolution LST Arctic dataset derived
from Landsat imagery (Landsat-5 TM and Landsat-7 Enhanced Thematic Mapper (ETM)+) from
2009 to 2013 over Alaska’s boreal forest, processed at the University of Alaska Fairbanks’s (UAF’s)
Hyperspectral Imaging Laboratory (HyLab) through a synergistic modeling framework that combines
multiplatform remote sensing data and calibration/validation (CAL/VAL) activities to retrieve land
surface temperature (LST). This dataset is currently growing for other regions in Alaska, and will
be used to retrieve spatio-temporal surface energy fluxes as well as other land surface processes in
Arctic ecosystems.

2. High-Latitude Thermal and Hyperspectral Laboratory: HyLab

Over the last decades, the University of Alaska Fairbanks has become the research hub for
high-latitude research. UAF’s Hyperspectral Imaging Laboratory was established in 2014 with
a Major Research Instrumentation grant from the National Science Foundation (NSF), and currently
provides multiplatform data acquisition, processing, and analysis capabilities spanning microscale
laboratory measurements to macroscale analysis of satellite imagery. The HyLab facility consists of
a lab for instrument calibration and laboratory spectroscopy as well as much-needed local airborne
and satellite multispectral, hyperspectral, and thermal imaging capability for Arctic regions using the
NEO HySpex sensors in combination with a Forward Looking Infrared Radiometer (FLIR) camera.
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Data provided by these sensors are currently contributing to ecological modeling efforts to help
unravel seasonal and spatio-temporal variability in land surface processes such as surface energy
fluxes, vegetation biophysical properties, permafrost, greening and browning of Arctic vegetation,
aquatic ecosystems, and wildfire investigations in Alaska’s Arctic and boreal regions. Sample data and
products are available on the HyLab website at http://www.hyperspectral.alaska.edu/resources_
data_products.html.

Field Instrumentation for CAL/VAL Activities

As part of two funded projects by the National Aeronautics and Space Administration (NASA),
we established two experimental sites in 2011–2012 in two representative ecosystems of the
circum-Arctic boreal forest (sub-Arctic region) to calibrate and validate remote sensing surface energy
balance models (Figure 1). The first site, UAF north campus, is located in a black spruce forest
(Picea mariana) with a canopy cover of around 60% and a rich understory of shrubs and mosses
(Lat, Long: N 64.86577878, W 147.84282061). The second site, Caribou-Poker Creeks Research
Watershed (CPCRW), is in a deciduous forest mainly composed of paper birch (Betula neoalaskana) with
a summer canopy cover of around 80% (Lat, Long: N 65.17165605, W 147.47142696). Both field sites are
equipped with advanced micrometeorology instruments to measure surface energy fluxes (Table 1) and
have a pyrgeometer (from the four-component net radiation instrument sent to the manufacturer for
recalibration every 3 years) measuring incoming and outgoing longwave radiation at 1 min timesteps
that may be used to validate LST.
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Campbell Sci. CSAT3 Three-Dimensional Sonic Anemometer 1 15 1 23 

Campbell EC-150 
Open Path Infrared Gas Analyzer  
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Vaisalla HMP45C 
Temperature and Relative Humidity 

Probe 
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Texas Electronics 
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Apogee IRR-P InfraRed Radiometer Sensor 2 1.5–3 - - 

Figure 1. Location of the University of Alaska Fairbanks (UAF) and the Caribou-Poker Creeks Research
Watersheds (CPCRW) flux towers in Alaska’s boreal forest.

Table 1. Instrumentation list for CPCRW and UAF flux towers. PAR: photosynthetically-active radiation.

Instrument Description
UAF CPCRW

Units Height/Depth (m) Units Height/Depth (m)

Campbell Sci. CSAT3 Three-Dimensional Sonic Anemometer 1 15 1 23

Campbell EC-150 Open Path Infrared Gas Analyzer
(CO2 and H2O) 1 15 1 23

Vaisalla HMP45C Temperature and Relative Humidity Probe 3 2.5–7–14 2 2.5–23.5

Hukseflux HFP0SC Soil Heat Flux Plate 4 0.1 4 0.1

Campbell Sci. TCAV Type E Thermocouple Soil Temperature Probe 2 0.02–0.06 2 0.02–0.06

Campbell Sci. CS616 Water Content Reflectometer 2 0.04 2 0.04

Licor LI190SB PAR Sensor (incoming) 1 14 1 23

Licor LI190SB PAR Sensor (outgoing) 1 14 1 23

Kipp & Zonen CNR4 Four-component net radiometer 1 14 - -

Hukseflux NR-01 Four-component net radiometer - - 1 23

Campbell SR50A Snow depth sonic ranging sensor 1 2.5 1 2.5

Texas Electronics
TE525MM Rainfall gauge 1 1.5 - -

Apogee IRR-P InfraRed Radiometer Sensor 2 1.5–3 - -
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3. LST Arctic Dataset Data Description

3.1. Image Data

The freely-available LST Arctic Dataset consists of 10 images derived from Landsat-5 and 7 satellite
data acquired from 2009 to 2013 (see Section 4.1. “Land surface temperature retrieval”) can be accessed
at http://www.hyperspectral.alaska.edu/resources_data_products.html. Data is provided in degrees
Kelvin and in two file formats: GeoTiff (*.tif) and MiraMon remote sensing and GIS software (*.img) [29].
In order to decrease the image file size, LST is stored as temperature times 100 using an unsigned
short integer. To use the imagery, LST needs to be divided by 100 to obtain temperature in degrees
Kelvin. The coordinate system and the spatial resolution are the same that United Stated Geological
Survey uses to distribute Landsat imagery (see Section 4.1. “Land surface temperature retrieval”),
thus avoiding image resampling. The image file formats can be displayed by MiraMon or any other
software able to open TIFF imagery, such as ENVI or ArcGIS. Table 2 provides a summary of the main
characteristics of the data set.

Table 2. Data set characteristics of the land surface temperature (LST) Arctic Dataset.

Characteristic Description

Data format GeoTiff/MiraMon
Epoch 2009–2013

Coordinate system UTM-6N WGS84
Image dimensions ~8531, ~9211 (rows, columns)
Spatial resolution 30 m

Size 55 Mb per image
Data type Unsigned Short Integer

No Data value −9999
Number of layers 10

Unit K
Value divider 100

3.2. Image Metadata

Image metadata was set according to [30,31], including tags and fields proposed by the European
Prestandard (1997, 1998) and the Open Geospatial Consortium. In addition, careful attention was given
to properly documenting image metadata complying with ISO standards (19115, 19115-2, 19139 and
19139-2). An example of metadata tags and fields can be found in Table 3. For each image, a structured
XML file containing the metadata is provided.

Table 3. Example of image metadata embedded in the XML file.

Tag Fields

General data Summary, Coordinator, Promotor, Editor, Distributor, Layer creation
date, Layer update date

Technical aspects

File type, Layer size, User size, User size description, Data model,
Object type, Number of objects, Disk Location, Alternative location,
Alphanumeric database, Alternative alphanumeric database,
Comments, Columns, Rows, Platform and instrument information

Spatial reference system Description, Units, Resolution , Resolution units, Equivalent scale,
Cell size , Horizontal reference system quality

Extent Minimum X, Maximum X , Minimum Y, Maximum Y

Thematic information Content maintenance, Content date

Quality Parameter, Indicator, Measure, Type of values, Measurement value,
Measurement units

http://www.hyperspectral.alaska.edu/resources_data_products.html
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4. Methods

4.1. Land Surface Temperature Retrieval

A modeling framework that synergistically combines multiplatform remote sensing data from
Landsat time series and Terra MODIS imagery was developed to map LST at medium spatial resolution
(from 60 to 120 m) at regional scales in Alaska’s boreal forest (see Figure 1). Landsat imagery with
a mean cloud clover of around 13% from paths 68–69 and rows 14–15 from (dd/mm/yyyy) 16/06/2009,
03/08/2009, 14/09/2010, 12/05/2011, 13/04/2012, 06/05/2012, 10/08/2012, 25/05/2013, 26/06/2013,
and 28/07/2013 was downloaded from the USGS Global Visualization Viewer (GLOVIS, http://glovis.
usgs.gov/), already geometrically corrected (Figure 2). Terra MODIS water vapor product (MOD05)
from the same day and the closest time was downloaded from the Level 1 and Atmosphere Archive and
Distribution System (LAADS) web site (https://ladsweb.nascom.nasa.gov/). Geometric correction
and image export was performed with the MODIS re-projection tool (MRT, https://lpdaac.usgs.gov/
tools/modis_reprojection_tool). Landsat images were processed using MiraMon, ensuring a complete
image and metadata processing (see Section 3.2 “Image metadata”). Once geometrically corrected,
MODIS water vapor was exported to MiraMon file format and an IDL script was used to export the
metadata embedded in the HDF file into the MiraMon metadata file format.Data 2016, 1, 13 6 of 10 
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Figure 2. LST processing flow chart. <M+> is medatada enrichment. GLOVIS: Global Visualization
Viewer; LAADS: Level 1 and Atmosphere Archive and Distribution System; LSE: land surface
emissivity; NDVI: normalized difference vegetation index.

LST was retrieved using the single-channel methodology proposed by [22,32], which is based
on the radiative transfer equation and needs water vapor as an input variable. In this methodology,
atmospheric functions to retrieve LST are obtained as a function of the total atmospheric water vapor
content derived from a global atmospheric radiosoundings database. This methodology yielded
a root mean square error (RMSE) of about 1 K, and it was designed for a wide range of water vapor
values (0 to 8 g·cm−2) to take into account global conditions. The Terra MODIS water vapor product
(MOD05) was used as an input of water vapor. This dataset has been freely available since 1999;
however, to retrieve LST prior to 1999, NOAA AVHRR imagery may be used as a water vapor source

http://glovis.usgs.gov/
http://glovis.usgs.gov/
https://ladsweb.nascom.nasa.gov/
https://lpdaac.usgs.gov/tools/modis_reprojection_tool
https://lpdaac.usgs.gov/tools/modis_reprojection_tool


Data 2016, 1, 13 6 of 9

by using a channel differencing method [33] known to be reliable under cloud-free conditions. Land
surface emissivity (LSE) is also required to retrieve LST. The Normalized Difference Vegetation Index
(NDVI) Threshold Method proposed by [34,35] was used to estimate LSE. For vegetation and soil,
this methodology uses certain NDVI thresholds (NDVI >0.5 and <0.2, respectively) to distinguish
between bare soil, fully vegetated, and mixed pixels. In order to compute the NDVI, a radiometric
correction of Landsat optical imagery was carried out following the methodology proposed by [36].
This method mainly needs two external parameters: the radiance received by the sensor from an area
where only atmospheric contribution exists, and the atmospheric optical depths that are obtained from
pseudo-invariant areas according to [36] (remaining parameters, such as acquisition time, are obtained
from image metadata). This method allowed us to reduce the number of undesired artifacts due to the
effects of the atmosphere or to differential illumination which is, in turn, due to the time of the day, the
location on the Earth, and the relief (some zones are more illuminated than others, cast shadows, etc.).
Finally, all steps performed in the LST processing chain were stored in the final LST image metadata
(Figure 2).

4.2. Land Surface Temperature Evaluation

In order to assure the LST product quality, validation and accuracy assessment methodologies
were designed for each stage of the analysis workflow (Figure 3) using the upwelling and downwelling
longwave radiation data from the pyrgeometer sensor at UAF and CPCRW flux towers (Figure 1).
Pyrgeometer data can be converted to LST according to [37]:

LSTp =

(
Lup – (1 − ε) Ldown

εσ

)1/4

(1)

where Lup is the is surface upwelling longwave radiation, ε is the LSE, σ is the Stefan–Boltzmann’s
constant (5.67 × 10−8 W·m−2·K−4), and Ldown is the atmospheric downwelling longwave radiation
at the surface, and p subscript means pyrgeometer. Once converted to surface temperature, LSTp

data was used to evaluate remote sensing LST. To evaluate the model, four days in which data from
both the flux towers and Landsat-7 ETM+ thermal imagery were available (25 May 2013, 10 August
2013, 26 June 2013, and 28 July 2013) were used. Unfortunately, flux tower data was not available
to evaluate LST retrieved using Landsat-5 TM data. Results with Landsat-7 ETM+ data showed
a good agreement between both observed and modelled LST with a RMSE of 1.5 K and a R2 of 0.94
(see Figure 3). Although RMSE in the original methodology was about 1 K, results showed a slight
increase of 0.5 K in the model error performance. This might be due to uncertainties in water vapor
and LSE retrievals, as well as degradation of the Landsat-7 ETM+ thermal sensor that is currently in
need of a new calibration update [38], although further research is needed to evaluate this bias.Data 2016, 1, 13 7 of 10 
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5. Plans for Expanding the LST Arctic Dataset

Through an NSF Alaska Experimental Program to Stimulate Competitive Research (EPSCoR)
grant, the current version of the LST Arctic Dataset will be expanded to three other sites in Alaska:
Nuiqsut, Kenai Peninsula, and Berners Bay (see https://www.alaska.edu/epscor/ for further details)
using the same methodology. LST, LSE, NDVI, and radiometrically-corrected optical imagery from
1984 to 2012 will be processed and distributed through the EPSCoR web portal.
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The following abbreviations are used in this manuscript:

AVHRR Advanced Very High Resolution Radiometer
CPCRW Caribou-Poker Creeks Research Watersheds
EPSCoR Experimental Program to Stimulate Competitive Research
ETM Enhanced Thematic Mapper
FLIR Forward Looking Infrared Radiometer
HyLab Hyperspectral Imaging Laboratory
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MODIS Moderate Resolution Imaging Spectroradiometer
NASA National Aeronautics and Space Administration
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NSF National Science Foundation
RMSE Root Mean Square Error
TM Thematic Mapper
UAF University of Alaska Fairbanks
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