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Abstract: Validation of emissivity (¢) retrievals from spaceborne thermal infrared (TIR) sensors
typically requires spatial extrapolations over several orders of magnitude for a comparison between
centimeter-scale laboratory ¢ measurements and the common decameter and lower resolution of
spaceborne TIR data. In the case of NASA’s Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) temperature and ¢ separation algorithm (TES), this extrapolation becomes
especially challenging because TES was originally designed for the geologic surface of Earth, which is
typically heterogeneous even at centimeter and decameter scales. Here, we used the airborne TIR
hyperspectral Mako sensor with its 2.2 m/pixel resolution, to bridge this scaling issue and robustly
link between ASTER TES 90 m/pixel emissivity retrievals and laboratory ¢ measurements from the
Algodones dune field in southern California, USA. The experimental setup included: (i) Laboratory
XRD, grain size, and TIR spectral measurements; (ii) radiosonde launches at the time of the two Mako
overpasses for atmospheric corrections; (iii) ground-based thermal measurements for calibration,
and (iv) analyses of ASTER day and night ¢ retrievals from 21 different acquisitions. We show that
while cavity radiation leads to a 2% to 4% decrease in the effective emissivity contrast of fully resolved
scene elements (e.g., slipface slopes and interdune flats), spectral variability of the site when imaged
at 90 m/pixel is below 1%, because at this scale the dune field becomes an effectively homogeneous
mixture of the different dune elements. We also found that adsorption of atmospheric moisture to
grain surfaces during the predawn hours increased the effective ¢ of the dune surface by up to 0.04.
The accuracy of ASTER’s daytime emissivity retrievals using each of the three available atmospheric
correction protocols was better than 0.01 and within the target performance of ASTER’s standard
emissivity product. Nighttime emissivity retrievals had lower precision (<0.03) likely due to residual
atmospheric effects. The water vapor scaling (WVS) atmospheric correction protocol was required to
obtain accurate (<0.01) nighttime ASTER emissivity retrievals.

Keywords: ASTER; Mako; TES algorithm; temperature; emissivity; validation; Algodones

1. Introduction

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER, [1-4]) was
launched into a sun-synchronous orbit on 19 December 1999 onboard NASA’s Terra satellite. It includes

Remote Sens. 2020, 12, 815; doi:10.3390/rs12050815 www.mdpi.com/journal/remotesensing


http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0001-7806-8361
https://orcid.org/0000-0002-3266-179X
https://orcid.org/0000-0002-3942-6848
http://dx.doi.org/10.3390/rs12050815
http://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/12/5/815?type=check_update&version=2

Remote Sens. 2020, 12, 815 2 of 23

a five band (8 to 12 pm) thermal infrared (TIR) scanner delivering 60 x 60 km radiance images with
90 m/pixel spatial resolution and with instrumental capability of 1 K accuracy and <0.3 K precision
(NEAT300k). The temperature and emissivity (T/¢) separation algorithm “TES” developed for ASTER
TIR data [5] was designed to generate the standard land-surface products AST08 (T) and AST05 (¢)
for the geologic surface of Earth. TES builds on the relatively high contrast in ¢ spectra of geologic
surfaces for its T/e separation approach and was not designed to recover the T or relatively low
contrast € spectra of water or vegetation surfaces, for which ¢ is largely well known a priori (e.g., [6],
https://speclib.jpl.nasa.gov/). Before launch, AST08 and AST05 were estimated to have a nominal
predicted accuracy of +1.5 K and precision of 0.015, respectively [5].

Validation tests of ASTER radiance data and its standard T and ¢ products have been conducted
over the years since launch, resulting in adjustments to the TES algorithm itself [7,8], as well as
improvements of the atmospheric correction procedures applied to the standard land-leaving radiance
product (AST09T) that is input into the TES algorithm [9]. Many validation studies focused on
water bodies [8,10] and vegetated or low contrast soil-mantled landscapes [11-13] that provide large
homogenous surfaces resolvable by ASTER. These validation studies have shown that the ASTER
radiance products are capable of recovering T for water bodies, for example, accurately and precisely.
The TES algorithm, however, performs less reliably over these surfaces, due in large measure to
the empirical regression between spectral contrast (measured as the €,qximim — Eminimum difference,
or “MMD”) and minimum ¢ which is at the heart of the algorithm originally designed for bare geologic
surfaces [5].

ASTER emissivity retrievals (i.e., AST05) were tested over bare geologic surfaces (e.g., [14,15]).
Hulley et al. [16] focused on several sand dune sites in North America to validate the North American
ASTER Land Surface Emissivity Database (NAALSED) [17], in addition to a set of global sand dune
sites to validate the ASTER Global Emissivity Dataset (GED) v3 [18]. They found an absolute mean
difference of 0.016 between ASTER ¢ retrievals (using TES + water vapor scaling) and representative
laboratory spectra from these sites. Sabol et al. [19] focused on bare basalt fields in Hawaii and
on the Railroad Valley playa surface in Nevada, USA, and found that the ASTO5 ¢ for these sites
again was generally within the predicted accuracy limitations of TES. However, their observations
of temporal changes in soil moisture and texture across the playa surface, as well as the natural
geologic variability in the composition and texture of the Hawaii basalt surfaces, highlighted the
inherent complications in the conventional validation approach of comparing “snapshot” ASTER TIR
measurements acquired at 90 m/pixel against centimeter-scale laboratory ¢ spectra of “representative”
field samples. This conventional validation approach is not designed to effectively account for sub-pixel
heterogeneity in the TIR properties of natural geologic surfaces. This common TIR heterogeneity
of geologic surfaces can arise from compositional variability, differential solar heating, or multiple
reflections between unresolved landscape elements [20].

Here, we address the fundamental scaling assumption in field-based validation experiments of
satellite TIR data, which in the case of testing TES ¢ retrievals requires a nearly four orders of magnitude
extrapolation to link between ASTER’s 90 m/pixel measurements and centimeter-scale laboratory TIR
spectra. We focus on the Algodones dune field in southern California (Figure 1) and use 2.2 m/pixel
hyperspectral thermal data (128 channels between 7.8 and 13.4 um) acquired by the airborne Mako
imaging spectrometer [21,22] to bridge the spatial scale gap between laboratory spectra and the 90 m
scale of the ASTO5 standard ¢ product. Throughout this paper we use conventional abbreviations (e.g.,
west-southwest “WSW?”) to indicate directions on the compass rose. Times are local Pacific Standard
Time (PST).
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Figure 1. Study site. (A) Google Earth image showing the study site (black box) located approximately
50 km SE of the Salton Sea within the Algodones dune field; (B) The Algodones study site near the
Osborne Lookout south of the Ben Hulse highway. Black star, location of photo in (C), elevation data
from the USGS National Elevation Dataset (NED); (C) SW view onto the Algodones study site south of
the Ben Hulse highway on the right.

2. Background

2.1. Remote-Sensing Instrumentation

The spaceborne ASTER scanner collects thermal-infrared images in five spectral channels (#10,
8.125-8.475 um; #11, 8.475-8.825 um; #12, 8.925-9.275 pum; #13, 10.25-10.95 um; and #14, 10.95-11.65 pum).
The Terra satellite, which hosts ASTER, is in a sun-synchronous polar orbit 705 km above the Earth’s
surface, crossing the equator at about 10:30 and 22:30 local time. Images are acquired on request during
the descending daytime overpass and also during the ascending nighttime overpass. Terra passes
overhead every 16 days. The image data are calibrated to radiance at the sensor and, then, corrected for
the effects of the atmosphere to produce a land-leaving radiance standard product (AST09T), which also
includes an image plane containing the calculated downwelling sky irradiance (e.g., [13]). The default
atmospheric correction is based on an interpolated National Center for Atmospheric Research/National
Centers for Environmental Prediction (NCAR/NCEP) atmosphere characterization adjusted for surface
elevation with a km-scale DEM. Optionally, a MODIS (Moderate Resolution Imaging Spectroradiometer,
also on Terra) water-vapor special product (MODO07) can be employed [23], or an ASTER-derived water
vapor scaling (WVS) can be used to adjust the nominal corrections [9]. WVS can improve the accuracy
of AST05 ¢ data by up to 0.03 under warm, humid atmospheric conditions [24].

Mako is an airborne hyperspectral thermal infrared whiskbroom imaging spectrometer with a
128 x 128 element sensor, designed and built by The Aerospace Corporation (El Segundo, California)
and operated from a Twin Otter aircraft [21,22]. It operates in the 7.8 to 13.4 um spectral region
employing a cryogenically cooled grating-based spectrometer with a native spectral resolution of
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~4 cm™! at 10 pm (0.04 um per channel). The instantaneous field of view (IFOV) is 0.55 mrad, which
results in ~2 m GSD at a flight elevation of 3.8 km above ground. The nominal NEAT3q0x of the Mako
data is 0.03 K. Mako whisks are 128 pixels wide, the number of whisks comprising an imaging session
being determined by the duration of the data-collection overpass. Imaging sessions with 160 whisks of
length 4.9 km were designed to incorporate both the Algodones dune field area-of-interest and the
adjacent environs. Visible-wavelength context images are co-collected with the thermal data.

2.2. The TES Algorithm

Surface T and the ¢ in each of the five ASTER TIR channels for each image pixel are the products of
the TES algorithm [5]. Inputs to TES are “land-leaving radiance” [25] and downwelling sky irradiance,
and both are in ASTER standard product AST09T. To convert land-leaving radiance to the land-emitted
component, the reflected sky irradiance must first be subtracted. To do this it is necessary to know the
reflectivity (p) of the land surface, but since p = 1 — ¢ (Kirchhoff’s law, [26]), this requires that the ¢ be
first determined. However, this requirement is not met for most geologic surfaces, and therefore has to
also be dealt with in TES.

A fundamental hurdle in finding T and ¢ from remotely sensed land-emitted TIR data is that both
are unknowns in the Planck equation, which describes measured radiance R as:

Ry = eAC—15(eC2(AT)_1 -1) 1 Wm st um™! 1)
nA

where A is wavelength, c¢; and ¢, are characteristic constants, and T is in K. TES makes use of two
observations to break this indeterminacy as follows: First, for most rocks, at A > 10 pm ¢ = 0.965;
and second, the minimum value of ¢ in the spectrum (&inimum), is related to the spectral contrast as
measured in the laboratory as the difference between &pipm and the maximum value of ¢ in the
spectrum (&aximum)- This first observation can be used in the “normalized emissivity method” (NEM)
to approximate T by inversion of Planck’s law, and then the normalized values of ¢ at other wavelengths
can be found since T is now estimated [27,28]. TES makes use of the normalized ¢ to calculate and,
then, subtract the downwelling sky irradiance, given the land-leaving radiance. Then, it essentially
uses the new spectral contrast to estimate ¢€ininmum, and hence a refined approximation of T (AST08),
and thus the ¢ data (AST05). Gillespie et al. [5] used 86 laboratory ¢ spectra to relate &yinimum for each
to their spectral contrast. They gave the relation as a power law, later simplified by Sabol et al. [19] for

practical considerations to:
Eminimum = 0.955—0.8625 * MMD. (2)

The simplification was made to reduce the impact of measurement “noise” in the calculated
emissivity images for grey-body targets such as water and vegetation. For geological surfaces with
0.05 < MMD < 0.3 the difference in ¢,,;,, between the linear and power-law versions of the equation
was less than 0.004.

2.3. Sources for Error in AST05

There are multiple sources of error in calculating AST05. Calibration coefficients are used to convert
data collected by ASTER to radiance change as the sensor sensitivities change and do not account
for electronic striping (e.g., [8]). Atmospheric correction is prone to error from several sources [25].
The atmosphere is characterized from distant radiosonde launches and must be interpolated to the
desired site and, then, adjusted for site elevation using a DEM (with 1 km resolution). The TES algorithm
itself can introduce error in its assumed &yimum value and, especially, in its empirical regression
relating €,inimum to € contrast. Before launch, Gillespie et al. [5] considered that uncertainties from
these three main sources (radiance measurement, atmospheric characterization, and TES regression)
were all about the same magnitude, although more extreme examples were encountered later.
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In addition to these three sources of uncertainty in ASTO05, there are also possible “geological”
sources of uncertainty that are the focus of the present study. These “geological” sources relate to
radiance mixing in the 90 m ASTER pixels, and to multiple reflections among surface elements, which
would affect the recovered effective T and ¢ regardless of imaging resolution. It is worth recalling that
when Terra and its instruments were designed, 1 km resolution in the thermal infrared was regarded
as “moderate” resolution, and ASTER with its 90 m data was regarded as the high-resolution “zoom
lens” for MODIS. However, the imaged surface is potentially heterogeneous at much finer scales,
and radiance mixing from diverse surface materials affects nearly all remote-sensing measurements
(e.g., [29]). Geological uncertainties include unresolved topographic facets that are differentially heated
or have different compositions and multiple reflections between facets, reducing the spectral contrast
and changing the surface temperature (e.g., [30,31]). In the presence of significant topographic structure,
these effects can be several percent and can present a challenge for robust validation of 90 m/pixel data
against centimeter-scale laboratory emissivity spectra.

3. Approach and Methods

We tested the performance of the TES algorithm and the AST05 standard product over bare
geologic terrain having high ¢ contrast, which is the type of surface TES was originally designed for.
We focused on a presumably compositionally homogenous sand dune site and used two Mako datasets
to quantitatively map and characterize this assumed homogeneity during daytime and nighttime with
2.2 m/pixel data, which allowed us to effectively bridge the spatial scale gap between centimeter-scale
laboratory ¢ spectra of surface samples and the native 90 m/pixel scale of AST05. To retrieve and
validate surface emissivities from the Mako data we employed: (i) laboratory analyses to characterize
the primary surface materials within the imaged scene, (ii) radiosonde launches at time of Mako
overpasses to drive atmospheric corrections; and (iii) ground-based thermal measurements at time of
Mako overpasses to validate the Mako T retrievals. The methodology for these experiments and the
validation of AST05 using Mako are described below.

The study site is a 1 km? area within the 10 X 70 km Algodones dune field in southern CA (Figure 1).
The dune field, which is located ~30 km southeast of the Salton Sea, strikes NW-SE and was previously
used for validating NASA’s North American Land Surface Emissivity Database (NAALSED) [16,32].
Within the 1 km? study site we focused on a 270 x 270 m test area at an elevation above mean sea level
of 120 to 150 m just south of Rt. 78, the “Ben Hulse Highway” (Figure 1B,C). The primary physical scene
elements within the test area, which appears to be visually homogeneous, are ~10 m high dunes and
the interdune flats that occur between them. Herein, we further classify the dune elements into their
windward, crest, and slipface sections, as these experience different diurnal surface-temperature cycles
due to their different topographic slopes and azimuths. The windward and slipface slopes typically
dip ~NW and SE, respectively. The strongest winds in this region are northerly and westerly, and the
average annual temperatures ranges from 16.5 to 31 °C. Annual precipitation averages 83 mm and the
annual relative humidity averages 32%. Vegetation cover across the study site is <1%, mostly in the
low-lying interdune areas. The low vegetation cover is likely due to the instability of the dunes in the
frequent wind events, rather than low precipitation, as the dune field is surrounded by a shrub steppe.

3.1. Laboratory Analyses

The sand mineralogy was characterized at the Geological Survey of Israel with X-ray diffraction
(XRD) using a PANalytical X'Pert diffractometer. The XRD samples were ground using a porcelain
mortar and were measured by X-ray diffraction using CuK« radiation. Mineral phase identification was
performed using HighScore Plus® software based on the ICSD database. Mineral phase abundances
were based on the reference intensity ratio (RIR) method using in-house RIR values. Particle-size
distributions (PSDs) for the sand samples (Figure 2A) were measured at the Geological Survey of Israel
through laser diffraction using a Malvem Mastersizer MS-2000 (see [33] for detailed procedure).
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Laboratory reflectivity (p) spectra for surface materials (Figure 2B-F) were determined at the Jet
Propulsion Laboratory using a 520FT-IR Nicolet Fourier transform spectrometer with a Labsphere
RSA-N1-700D integrating sphere [6]. The Nicolet reflectivity measurements were converted to
emissivity according to € =1 — p, with a reported accuracy of +£0.002 (0.2%) [34].
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Figure 2. Laboratory characterization of the Algodones site. (A) Particle-size distribution (PSD) of the
main scene elements. “d50” indicates the median value; (B) Nicolet emissivity spectra for the dune
elements; (C—F) Nicolet spectra for grain-size splits (in pm) of the same scene elements.

3.2. Field-Based Temperature Measurements

Time-series of kinetic surface-temperatures for the dune scene elements at the test site during the
Mako overpasses were acquired using iButton DS1921G-F5# sensors (www.ibuttonlink.com) (+1 K
accuracy) at 5 min intervals (Figure 3). The sensors were emplaced 3 to 5 mm below the sand surface
approximately 12 h before the first overpass with the implied assumption that measured temperatures
at these depths can be used to approximate skin temperatures. In addition, ground-based thermal
images were acquired using a handheld FLIR T300 camera (www.flir.com) with an NEAT of 0.05 K.
Processing and analysis of the FLIR images were carried out using the FLIR ResearcherIR software
package. The FLIR images were used to map temperature homogeneity of the landscape elements at
scales from centimeters to tens of meters, bridging the gap between the point measurements of kinetic
surface-temperatures with the iButton sensors and the 2.2 m/pixel scale of the Mako data.
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Figure 3. Ground temperature measurements. (A) Perspective view to the SE of the test site and
the locations where time-series surface temperature measurements were obtained (image, Google
Earth); (B) surface temperature time-series color coded according to scene elements shown in (A).
Windward slope 20° to NW, slipface 30° to east-southeast (ESE). Crest measurements were from the
north-facing facet of the crest; (C) a westward looking FLIR image taken during the day overpass time
overlain on a gray-level visible context image. The dune in the center is ~5 m high. A ~20 K range in
surface T is observed at sub-ASTER pixel scales (<90 m) due to surface topography; (D) north-looking
FLIR image taken during the day overpass overlain on a gray-level visible context image. Variability of
~2 K occurs at sub-Mako pixel scales (<2 m) due to small-scale ripples.

3.3. Remotely Sensed Data

3.3.1. Hyperspectral Airborne Imaging

The Mako datasets used in the present study were collected during two overpasses on 22 April 2015.
The first overpass was carried out at predawn at an elevation of 3.75 km above the surface and in an
east-southeast (ESE) flight path between 0543 and 0555. The second overpass was carried out between
1125 and 1130 at the same elevation and with a WSW flight trajectory. Processing, orthorectification
and analysis of the Mako data were performed using the ENVI 5.4 software package.

Mako at-sensor radiance data (Rys) from the noon overpass appear to display more high-frequency
noise than that found in the predawn overpass (Figure 4). In-flight calibrations, which demonstrate
similar at-sensor measurement noise levels during both overpasses, suggest that effective high-frequency
atmospheric lines (e.g., CO,, CHy, N7O, H>O, and O3) are more likely responsible for this difference
between the predawn and noon radiance data. However, because H,O is the only atmospheric
component directly measured during both overpasses through the radiosonde launches (Figure 5),
atmospheric corrections for the other components were based on an assumed model atmosphere,
and thus cannot explicitly account for predawn and noon differences. To reduce the impact of these
uncompensated high-frequency changes in atmospheric effects we co-added the adjacent native
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full-resolution 128-channel noon data into 43 spectral channels. Although reducing spectral resolution,
this binning also reduced the noise level in the spectrally degraded noon data to match that of the

predawn overpass.
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Figure 4. Mako radiance spectra. Average radiance from the 270 x 270 m test area. Spectral binning
was applied to reduce noise levels in the noon radiance data.
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Figure 5. (A) Atmospheric profiles measured using radiosonde launches during the Mako overpasses;
(B,C) Mako NEM surface temperatures images. Bottom, temperature histograms for the 270 X 270 m

box in each image (blue, predawn and red, noon). Shaded ranges mark the T range measured on the
ground at time of overpasses (Figure 3). Temperature transect B-B’ is plotted in Figure 9.

3.3.2. Mako Atmospheric Corrections and Retrieval of Surface T and ¢

Two radiosonde launches from the validation site were used to characterize atmospheric conditions
close in time to the two Mako overpasses (Figure 5A). The first launch was at 0535 and reached an
altitude of 12 km above sea level and the second was at 1135, reaching an altitude of 9 km above sea level.
Atmospheric profiles from these radiosonde data were used to drive MODTRAN-4 simulations to infer
atmospheric ground-to-Mako transmissivity (1), up-welling path radiance (St), and down-welling sky
irradiance (S}). Higher-level MODTRAN versions appear to have little effect at the spectral resolution

of ASTER. The model parameters 7, Sy, and S| were, then, used to calculate surface-emitted radiation
values (R), according to

R = RMT_l - STT_l - pSlT(_l

®)



Remote Sens. 2020, 12, 815 9 of 23

where p = 1 — ¢ is the (unknown) surface reflectivity. For each Mako overpass this calculation involved
a three-stage process as follows: (i) Application of atmospheric corrections for 7 and S; to obtain
land-leaving radiance values (R;, = Ryt~ — Sy771) for each image pixel; (ii) application of the NEM
algorithm [27,28] to R}, to obtain a first approximation of ¢ in each of the Mako channels, assuming
a maximum emissivity value (&y4x) of 0.985 (as determined from the laboratory spectra (Figure 2)
occurs in one of the Mako channels; and (iii) correction of Ry using the value of ¢ found in step ii for
surface-reflected S| to obtain R in all Mako channels for each image pixel.

Ultimately, surface T and ¢ were retrieved from the Mako surface-emitted radiance (R) values in
the following two ways: (i) Re-application of the NEM algorithm (with €,ximum = 0.985) to R to obtain
final surface T estimates (Figure 5) as well as ¢ in all Mako channels at 2.2 m/pixel (“Mako NEM”)
(Figure 6), and (ii) application of the ASTER TES algorithm to Mako R values (“Mako TES”) (Figure 7).
For Mako TES, the Mako spectral channels were co-added to simulate the five ASTER TIR channels
spectrally and the Mako pixels were co-added to obtain 90 m/pixel data to simulate ASTER spatially.
T and five ASTER-like spectral channels of ¢ were retrieved using TES from the resampled Mako noon
radiance data (Figure 7).

3.3.3. AST05

Daytime and nighttime ASTER ASTO05 ¢ images from 21 dates between 2001 and 2018 were
downloaded from NASA’s “EarthData” website (https://search.earthdata.nasa.gov) after visual
evaluation for cloud cover and clarity (Table 1). Twelve daytime and nine nighttime acquisitions were
selected to represent cloud-free conditions during all seasons of the year. The AST05 products analyzed
were processed with the following three different atmospheric correction protocols: (i) The NCAR/NCEP
atmospheric correction protocol (“standard correction”), (ii) the NCAR/NCEP atmospheric correction
protocol using the WVS correction (“WVS correction”), and (iii) with the MODIS MODO07 [23]
atmospheric correction protocol. MODO7 corrections were available only for daytime images. The mean
¢ values for the 3 x 3 pixel test area (Figures 6-8) west of the Osborne Lookout from each AST05 scene
are listed in Table 1.

4. Results

4.1. Laboratory Analyses

Quartz is the dominant mineral phase at the surface of the Algodones dunes [16]. The XRD
analyses we conducted for samples collected from surfaces of the four primary scene elements in the test
area confirm that all have a similar mineralogical composition of >70% quartz, 5% to 20% K-feldspar,
<5% plagioclase, and <5% calcite (by weight). The PSDs of the dune elements are also similar with
measured median (d50) values of 240, 232, and 190 um for the dune crest, slipface, and interdune flat,
respectively (Figure 2A). Laboratory emissivity spectra reveal effectively overlapping spectra for all
four scene elements (Figure 2B). All the spectra are dominated by the “quartz doublet” Reststrahlen
bands at ~8.4 and 9.3 um and the smaller quartz bands at 12.5 and 12.8 um. Spectral measurements for
grain-size splits revealed that, as expected, the depth of the Reststrahlen bands consistently decreases
with decreasing grain size for all four scene elements (Figure 2C—F). Nonetheless, these prominent
grain-size effects do not translate to significant spectral variability among the scene elements when
measured as bulk “whole” samples. All the spectral measurements show an emissivity maximum of
0.985 at ~12.3 um.
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Figure 6. Mako NEM emissivity retrievals. Dashed box in A-C marks a 270 X 270 m test area
equivalent to 9 ASTER pixels. (A) Google Earth image of the Algodones test site (top) and perspective
view (bottom); Mako spectra (B,C) sample locations are color-coded accordingly; (B) Top, predawn
2.2 m/pixel Mako NEM emissivity image (R,G,B = 11.3, 9.1, 8.3 um). White box marks the extent of
enlarged area in the bottom right corner. Middle, Mako NEM emissivity retrievals for the primary
dune element. Bottom, average Mako predawn spectra from area of the dashed box (~12,500 Mako
pixels); (C) Top, Noon 2.2 m/pixel emissivity image (R,G,B = 11.3,9.1, 8.3 um). White box marks the
extent of enlarged area in the bottom right corner. Middle, Mako NEM emissivity retrievals using
binned radiance data (43 channels). Bottom, average Mako noon spectra from area of the dashed box
(43 channels, ~12,500 Mako pixels). For B and C each “scene element” spectrum represents the mean
of 32 Mako pixels. Standard deviation for all “scene element” spectra falls close to the width of the
plotted line; (D) Left, spectral response functions for ASTER’s TIR channels (black) and atmospheric
transmissivity (t) for a “1976 US standard” MODTRAN atmosphere (grey). Middle and Right, Mako
NEM emissivities from B and C spectrally resampled to ASTER's five TIR channels. Data are slightly
offset along the x-axis for clarity.
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Table 1. ASTO05 data used in the present study.

11 of 23

ASTER Channel 10 11 12 13 14
Date Scene ID £g.3 UM £8.6 UM €91 pmM €10.4 HM €11.1 pm Remarks
STD WVS  MOD07 STD WVS  MOD07 STD WVS  MOD07 STD WVS  MOD07 STD WVS  MODO07
1/1/2016 AST_05_00301012016182807_20191101102226_31421 0.738 0.748 0.755 0.75 0.764 0.767 0.728 0.745 0.746 0.944 0.949 0.953 0.961 0.961 0.961
1/7/2001 AST_05_00301012016182807_20191101103017_27601 0.753 0.755 0.731 0.767 0.766 0.754 0.745 0.742 0.743 0.954 0.953 0.954 0.961 0.961 0.963 day
1/16/2004 AST_05_00301162004182833_20191101103137_3958 0.730 0.732 0.749 0.753 0.752 0.767 0.738 0.739 0.748 0.953 0.954 0.948 0.962 0.962 0.961 day
3/2/2003 AST_05_00303022003182818_20191101103107_31312 0.753 0.755 0.754 0.764 0.768 0.770 0.738 0.749 0.752 0.955 0.954 0.954 0.962 0.961 0.961 day
4/9/2011 AST_05_00304092011182719_20191101102907_18505 0.769 0.755 0.769 0.775 0.768 0.775 0.752 0.749 0.752 0.956 0.954 0.956 0.96 0.961 0.961 day
5/13/2013 AST_05_00305162013182737_20191101101558_22184 0.756 0.762 0.762 0.76 0.763 0.766 0.746 0.747 0.750 0.953 0.954 0.954 0.96 0.961 0.961 day
6/17/2007 AST_05_00306172007182740_20191101103307_16982 0.741 0.748 0.747 0.75 0.754 0.753 0.73 0.734 0.732 0.948 0.948 0.948 0.961 0.961 0.961 day
7/14/2017 AST_05_00307142017182754_20191101101518_15263 0.738 0.727 0.730 0.776 0.770 0.770 0.752 0.747 0.745 0.963 0.965 0.964 0.947 0.948 0.948 day
8/10/2015 AST_05_00308102015182850_20191101102747_7226 0.743 0.735 0.736 0.754 0.748 0.748 0.735 0.730 0.727 0.96 0.957 0.958 0.962 0.962 0.962 day
9/16/2017 AST_05_00309162017182810_20191101102106_18041 0.757 0.768 0.768 0.781 0.786 0.786 0.765 0.769 0.768 0.961 0.960 0.960 0.953 0.953 0.954 day
10/5/2018 AST_05_00310052018182845_20191101102827_12174 0.723 0.756 0.756 0.744 0.774 0.774 0.726 0.757 0.758 0.953 0.958 0.958 0.962 0.961 0.961 day
12/18/2016 ~ AST_05_00312182016182752_20191101102947_22870 0.768 0.763 0.763 0.778 0.775 0.776 0.753 0.750 0.751 0.954 0.954 0.953 0.961 0.961 0.961 day
Mean 0.748 0.750 0.751 0.763 0.766 0.767 0.742 0.746 0.748 0.955 0.955 0.955 0.959 0.959 0.960
Stadard deviation +0.015 +0.013 +0.013 +0.013 +0.011 +0.011 +0.012 +0.010 +0.011 +0.005 +0.005 +0.005 +0.005 +0.004 +0.004
2/15/2016 AST_05_00302152016055344_20191101102747_7229 0.691 0.784 0.743 0.802 0.746 0.797 0.763 0.958 0.972 0.965 night
3/25/2015 AST_05_00303252015054743_20191101103107_31314 0.738 0.766 0.765 0.782 0.737 0.747 0.947 0.949 0.962 0.962 night, clouds
4/10/2015 AST_05_00304102015054741_20191101103558_5671 0.768 0.778 0.753 0.954 0.961 night
6/8/2019 AST_05_00306082019054731_20191101102857_15975 0.78 0.768 0.783 0.777 0.756 0.755 0.951 0.953 0.961 0.961 night
7/3/2014 AST_05_00307032014055347_20191101101929_15471 0.667 0.772 0.719 0.785 0.703 0.767 0.961 0.954 0.974 0.960 night
9/27/2013 AST_05_00309272013054723_20191101103147_4048 0.686 0.752 0.745 0.769 0.739 0.744 0.966 0.948 0.974 0.961 night
10/15/2017  AST_05_00310152017055339_20191101102046_17123 0.736 0.677 0.76 0.736 0.74 0.733 0.948 0.961 0.962 0.975 night
11/30/2013  AST_05_00311302013054719_20191101102827_12166 0.736 0.777 0.761 0.771 0.747 0.746 0.948 0.950 0.963 0.961 night
12/13/2015 AST_05_00312132015055351_20191101102316_5831 0.728 0.731 0.738 0.751 0.721 0.727 0.949 0.950 0.962 0.963 night
Mean 0.728 0.753 0.756 0.771 0.739 0.752 0.954 0.953 0.965 0.959
Stadard deviation +0.034  +0.035 +0.019  +0.020 +0.017  +0.020 +0.007  +0.005 +0.006  +0.004
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Figure 7. Simulation of ASTER TES with Mako data. Left, Mako noon radiance image (R,G,B = 11.3,
9.1, 8.3 um) at 2.2 m/pixel. Center, image on left resampled to 90 m/pixel. The area of the 9 ASTER-like
pixels examined in the right graph is within the black box. Right, mean emissivity values retrieved
using the ASTER TES algorithm and surface emitted Mako radiance convolved to ASTER TIR channels
and at 90 m/pixel resolution (“Mako TES”). Standard deviations fall within the symbols. Mako NEM
emissivity retrievals at full Mako resolution and spectrally resampled to ASTER are also plotted.
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Figure 8. ASTER ASTO05 emissivity retrievals at Algodones. Left, AST05 90 m/pixel daytime image
(R,G,B = ASTER Channels 14, 12, and 10 acquired 5 October 2018). The 270 x 270 m test site marked by
white box. Right, AST05 emissivity retrievals for day and night data (Table 1). AST05 standard, WVS,
and MODO? are slightly offset along the x-axis for clarity.

4.2. Field-Based Temperature Measurements

Surface temperature measurements were obtained for the four dune elements during the 16 h time
period between 21 and 22 April 2015 at 2000 and 1200, respectively (Figure 3). These measurements
revealed tightly clustered temperatures between 284 and 285 K during the predawn Mako overpass at
0545. After sunrise, surface temperatures for all scene elements steadily increased. Because this increase
in T occurred at different rates, which were effectively dictated by surface topography and surface-sun
geometry, the range and variability of T across the different surface elements also steadily increased
during the morning hours after sunrise. Wind-driven erosion around the iButton sensor on the directly
sunlit slipface facing 30° ESE resulted in termination of T measurements for this dune element at 0900,
when a range of 296-303 K was recorded among the dune elements. Extrapolation of the warming
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trend measured for the slipface suggests that surface temperatures during the noon overpass ranged
between 311 K (measured for a shaded N-facing part of the crest) and ~330 K (extrapolated for the
slipface) (Figure 3B). FLIR temperature images acquired during the day overpass support this ~20 K
temperature range between the different dune elements (Figure 3C). The FLIR images also show that
sub-meter T variability due to ripple morphology on the dune surfaces reached ~2 K during the noon
overpass (Figure 3D). FLIR imaging also illustrates the sharp discontinuity in surface T at the crest of
the dunes, where a 20 K “jump” in T can occur within 20 to 30 cm across the dune crest at noon. Sharp T
transitions at the dune crests such as these cannot be resolved even in the Mako 2.2 m/pixel images.

4.3. Remotely Sensed Data

4.3.1. Atmospheric Conditions during Mako Overpasses

Near-surface air temperatures recorded by the radiosonde during the predawn overpass ranged
between 288 and 289 K (Figure 5) and were 4 to 5 K higher than the predawn surface temperatures
(Figure 3). Relative humidity values during the predawn overpass ranged from 49% to 38% within
the lower 1 km of the atmosphere. During the noon overpass near-surface temperatures ranged
between 294 and 300 K and were up to 35 K lower than surface T’s on the warmest surface elements.
Noontime relative humidity steadily increased upwards from ~20% to ~50% within the lower 1 km of
the atmosphere.

4.3.2. Mako NEM Surface Temperatures

Predawn surface temperatures recovered from Mako within a 270 x 270 m test area near the
Osborne Lookout all fell between 281.5 and 285.8 K with an average of 283.3 + 0.4 K (Figure 4).
This temperature range is in agreement with the ground measurements obtained at time of overpass for
the four scene elements, which ranged between 284 and 285 K (Figure 3). Surface temperatures within
the same 270 X 270 m test area recovered from the noon Mako overpass all fell between 311.2 and
335.6 K, with an average of 323.4 + 4.1 K. These temperatures agreed with the ground measurements
obtained at time of overpass for the four scene elements, which ranged between 311 and 330 K.

4.3.3. Mako NEM Emissivity Retrievals

Dune crests are narrow features that are not all resolved by Mako, and therefore are omitted as
resolved scene elements in the Mako images. The mean predawn Mako NEM 128 channel spectra for
the other three resolved dune elements (32 pixels for each) all display the “quartz doublet” Reststrahlen
bands at ~8.4 and 9.3 um and the smaller quartz bands at 12.5 and 12.8 pm (Figure 6). The mean ¢ spectra
for slipfaces and interdune areas effectively overlap with each other throughout Mako’s 8 to 13 um
spectral range. The mean windward spectrum effectively overlaps with the slipface and interdune
spectra outside the Reststrahlen bands and is ~0.01 lower within them. Accordingly, windward slopes
appear to have slightly greater spectral contrast than the other dune elements when imaged at predawn
with Mako. The predawn Mako NEM spectra for all the dune elements resemble their Nicolet spectra,
except between ~9.0 and 11.6 um where the Mako spectra all plotted above the Nicolet spectrum by
up to 0.04 in some wavelengths. The average Mako NEM spectrum from the 270 x 270 m test area,
i.e., ~15,000 Mako 2.2 m pixels, plotted similarly as compared with the Nicolet spectra. The standard
deviation of the Mako NEM spectrum for the 270 x 270 m area from the mean is less than 0.005 except
within the Reststrahlen bands, where standard deviations reach 0.01.

Similar to the predawn spectra, the mean Mako noon NEM spectra for slipface and windward
slopes, as well as interdune flats, all display the Reststrahlen bands and the smaller quartz bands
at 12.5 and 12.8 um (Figure 6). Slipface and interdune spectra effectively overlap with each other
throughout the 8 to 13 um spectral range. The spectrum for windward slope effectively overlaps with
the spectra of the slipface and interdune areas outside the Reststrahlen bands and is up to 0.01 lower
within the Reststrahlen bands. Thus, as observed in the predawn Mako data, windward slopes appear
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to have slightly greater spectral contrast than the other dune elements. The noon Mako NEM spectra
for all dune elements effectively plot on the Nicolet ¢ spectrum of these dune elements except for the
spectral peak near 8.6 um, between the Reststrahlen bands, where Mako NEM spectra are ~0.04 lower.
The average Mako NEM spectrum from the 270 x 270 m test area, i.e., ~15,000 Mako 2.2 m pixels,
correlates similarly with the Nicolet spectra. The standard deviation of the Mako NEM spectrum for
the 270 x 270 m test area from their mean is less than 0.005 except within the Reststrahlen bands, where
standard deviations are as large as 0.01.

Spectrally resampled to ASTER’s TIR channels predawn Mako ¢ for the slipface, windward,
and interdune scene elements consistently plot ~0.01 above the noon ¢ retrievals for these scene
elements (Figure 6D). In both the predawn and noon data, NEM emissivities for the windward slope
in ASTER Channels 10 to 12 plot ~0.01 below the retrieved emissivities for the slipface and interdune
areas. This offset in retrieved ¢ does not occur in ASTER Channels 13 and 14.

4.3.4. TES Simulations Using Mako Data

The robust compatibility between Mako NEM surface temperatures and emissivities with the
“ground truth” measurements (Figures 5 and 6) indicates adequate atmospheric corrections and
robust calibration of at-sensor radiance values to land-emitted radiation values for both overpasses.
Here, we use these calibrated land-emitted radiation data to test the performance of the TES algorithm
for a real geologic surface and with real TIR data that were optimally corrected for atmospheric effects
(Figure 7). The mean of the noon Mako TES emissivities from the 270 x 270 m test area (nine ASTER-like
pixels) all plot consistently ~0.01 below Mako NEM mean ¢ for the same test area.

4.3.5. Accuracy of the AST05 Products

The validated Mako ¢ retrievals (Figure 6) were used to test the performance of the AST05 products
over the Algodones test site with the implicit assumption that the spectrum of the vegetation-free
dunes does not change significantly over time (e.g., [16,32]). For ASTER Channels 13 and 14, all the
ASTO05 emissivities for both night and day fell within +0.005 of each other (i.e., precision) and within
+0.005 of Mako NEM (Table 1 and Figure 8). For Channels 10 to 12: (i) The means of nighttime
ASTO05 emissivities processed with the “standard atmospheric” correction were 0.02 to 0.04 below Mako
with standard deviations of up to 0.035; (ii) the means of nighttime AST05 with “WVS” correction
were within 0.01 from Mako with standard deviations of up to 0.035; and (iii) the means of daytime
AST05 Channels 10 to 12 emissivities processed with “standard”, “WVS”, and “MOD07” correction all
cluster together within 0.01 below Mako with standard deviations of ~0.015.

5. Discussion
5.1. TIR Site Characterization at Sub-Mako Scales

5.1.1. Mineralogy and Grain-Size Effects

Nicolet ¢ spectra of the windward and slipface sections of the dunes and the interdune flats that
occur between them effectively overlay each other to within 0.005 throughout the 8 to 13 um spectral
range (Figure 2). This spectral commonality reflects the relatively homogeneous quartz-dominated
sand mineralogy of these different dune elements as revealed with the XRD analyses. We should not
expect spectral differences over the Algodones test site due to mineralogical composition.

The Nicolet spectra demonstrate a dependency of ¢ on grain size. As the effective grain diameter
is increased from 45 to >250 um in splits of sieved sand the spectral contrast of the sieved samples
increases (Figure 2). This is clearest for the Reststrahlen bands, which are noticeably deepened.
However, this pronounced grain-size effect does not translate into significant spectral variability among
the primary scene elements at Algodones because of their similar grain-size distributions (Figure 2A).
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At other dune fields, in which sorting is more heterogeneous, grain-size effects could lead to greater
spectral variability.

5.1.2. Anisothermal Effects

Spectral “checkerboard” mixing of scene elements having different temperatures will cause the
effective emissivity of the mixed region to differ from the spectrum of the components (e.g., [35]).
This is because the average of multiple Planck functions, each for a different temperature, is not itself
a Planck function, but it is assumed in ¢ retrieval that the radiance spectrum for a blackbody is one.
Model calculations for checkerboard mixing considering the T conditions observed on the ground at
Algodones (Figure 3) indicate that the magnitude of the distortion of the retrieved mixed ¢ spectrum,
even at noon, is <0.005, smaller than the predicted precision of AST05.

5.1.3. Multiple-Reflection Effects

The dunes are not topographically flat, and some scene elements are irradiating each other, leading
to reduction of spectral contrast. This “cavity-radiation” effect operates for both isothermal and
anisothermal surfaces. It raises effective ¢ selectively at wavelengths for which ¢ is low, and therefore
the reflectivity is high. As a result, the depth of the Reststrahlen bands of dune elements that experience
multiple reflection can become effectively reduced as compared with their depth in laboratory spectra
of the same sand. This cavity-radiation effect will vary from pixel to pixel as is dictated by the local
topographic setting and the time of day due to the local sun angle.

A simple “first reflection” model for the radiance R; from the “interrogated” scene element i is
the radiance R, emitted from that element plus the radiance R, from a neighboring element n that is
incident upon element i and reflected to the sensor. Both terms are given by Planck’s law, Equation (1),
in which R is a function of local scene emissivity € and T.

R; = Re(gi/ Ti) +fn%(1 - fi)Rn(gn/ Tn) 4)

where f, is the fraction of the sky hemisphere subtended by element n and (1 — ;) is the reflectivity of
element i as given by Kirchhoff’s law (see Danilina et al. [30] for further details). For the o