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The investigation of high-temperature natural phenomena, such as wildland fires and active lava flows, is a
primary science objective for the proposed Hyperspectral Infrared Imager (HyspIRI) mission. Current planning
for HyspIRI includes a mid-infrared (MIR) channel centered at 4 μm that will allow measurement of radiance
emitted from high-temperature targets. In this paper we present the results of a study to specify the saturation
temperature for the MIR channel. This study was based on reviews of the literature, together with case studies
of airborne and satellite-based data acquired over high-temperature targets. The spatial resolution of MIR
radiance measurements is an important consideration in the remote sensing of high-temperature phenomena,
due to the presence ofmaterials at different temperatureswithin the area covered by an image pixel. The HyspIRI
MIR channel will provide a spatial resolution of 60 m, which is ~40 times finer (in terms of area) than the finest
spatial resolution provided by heritage instruments (370 m). This fine spatial resolution will increase the prob-
ability that high-temperature targets fill an image pixel and, therefore, the HyspIRI MIR channel will require a
saturation temperature 2 to 4 times higher than the saturation limits of heritage instruments. Based on our
study, we recommend a saturation temperature of 1200 K (927 °C). This recommendation accounts for the
high temperatures expected for natural phenomena, expected performance of the MIR channel, and overlap in
sensitivity between the MIR and thermal infrared (7.5–12 μm) HyspIRI channels.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Temperature is a critical variable for understandingwildfire and lava
flows. Satellite-based remote sensing provides a safe and practical
means for estimating the temperatures of fires and lava flows, provided
that the sensor is not overwhelmed by the high levels of radiance emit-
ted by these targets. Fire temperature is an important control on the
emission of carbon monoxide, carbon dioxide, and aerosols (Andreae
&Merlet, 2001; Pereira et al., 2009), as the efficiency of fuel combustion
increaseswith an increase in the temperature of a fire. The temperature,
duration, and intensity offires have important impacts on soil chemistry
and hydrology, seed dormancy, and vegetation recovery following fire
(e.g., Bradstock & Auld, 1995; Brooks, 2002; DeBano, 2000; Drewa,
Platt, & Moser, 2002; Odion & Davis, 2000). The rate at which lava
flows cool, together with the effusion rate of lava, controls the final
dimensions and morphology of flows (e.g., Crisp & Baloga, 1990a,b;
n Laboratory, 4800 Oak Grove

ealmuto).

, Specifying the saturation tem
04.028
Pieri & Baloga, 1986). As reviewed by Harris, Dehn, & Calvari (2007)
and Harris and Baloga (2009), a variety of methods have been devel-
oped to infer lava effusion rates frommeasurements of the surface tem-
peratures of active flows and domes. Temperature measurements are
also used to predict the behavior of active lava flows (e.g. Rowland,
Garbeil, & Harris, 2005; Wright, Garbeil, & Harris, 2008) and detect
changes in the flux of radiant energy from summit craters that can
signal impending eruptions or changes in the behavior of on-going
eruptions (e.g. Glaze, Francis, & Rothery, 1989; Kaneko, Wooster, &
Nakada, 2002; Wooster & Rothery, 1997).

The HyspIRI mission (see Table 1 for a list of acronyms), as defined
by a recent review of the NASA and NOAA earth-observation programs
(National Research Council, 2007), will provide VSWIR imaging spec-
troscopy and TIR multispectral imaging at a spatial resolution of 60 m.
The TIR imager will include a MIR channel, centered at 4 μm, designed
for the observation of high-temperature phenomena. In this paper we
present the results of our study to define a saturation temperature, or
threshold, for the HyspIRI MIR channel. The study was based on a re-
view of literature discussing the remote sensing of high-temperature
phenomena together with case studies based on the best-available
perature for the HyspIRI 4-μmchannel, Remote Sensing of Environment
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Table 1
List of acronyms.

AASTR Advanced Along-Track Scanning Radiometer
ASTER Advanced Spaceborne Emission and Reflection Radiometer
ATSR Along-Track Scanning Radiometer
AVHRR Advanced Very High Resolution Radiometer
AVIRIS Airborne Visible/Infrared Imaging Spectrometer
BIRD Bi-spectral Infrared Detection (Mission)
DAIS Digital Airborne Imaging Spectrometer
FLIR Forward-Looking Infrared (Camera)
GOES Geostationary Operational Environmental Satellite
HSRS Hot Spot Recognition System
HyspIRI Hyperspectral and Infrared Imager
IFOV Instantaneous Field-of-View
Landsat TM Landsat Thematic Mapper
MASTER MODIS/ASTER Airborne Simulator
MESMA Multiple Endmember Spectral Mixture Analysis
MIR Mid-Infrared
MIVIS Multispectral Infrared and Visible Imaging Spectrometer
MMCM Minimized Multi-Component Model(ing)
MODIS Moderate-Resolution Imaging Spectroradiometer
MSG Meteosat Second Generation
NASA National Aeronautics and Space Administration
NEΔT Noise-Equivalent Change (Delta) in Temperature
NPP National Polar-Orbiting Partnership
NOAA National Oceanic and Atmospheric Administration
NRC National Research Council
SEVIRI Spinning-Enhanced Visible-Infrared Imager
TDI Time-Delayed Integration
TIR Thermal Infrared
TRMM Tropical Rainfall Measuring Mission
USGS United States Geological Survey
VIIRS Visible Infrared Imaging Radiometer Suite
VIRS Visible and Infrared Scanner
VSWIR/V-SWIR Visible and Shortwave Infrared
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radiance data measured at spatial resolutions finer than 60 m. We find
that a saturation temperature of 1200 K (927 °C) should allow imaging
of high-temperature targets with low probability of saturation.

2. HyspIRI heritage and anticipated performance

Table 2 lists current and recent satellite instruments equipped with
MIR channels positioned near 4 μm. TheMIR has proven to be an essen-
tial spectral region for remote measurement of high-temperature phe-
nomena, and the data from all these instruments have been applied to
fire- and eruption-detection algorithms (e.g. Briess et al., 2003; Csiszar
& Sullivan, 2002; Csiszar, Morisette, & Giglio, 2006; Gao, Xiong, Li, &
Wang, 2007; Giglio, Kendall, & Justice, 1999; Giglio, Kendall, & Tucker,
2000, and Giglio, Kendall, & Mack, 2003; Harris & Thornber, 1999 and
Harris et al., 2001; Justice et al., 2002; Kaufman et al., 2003; Roberts
et al., 2005; Wright, Flynn, Garbeil, Harris, & Pilger, 2002, 2004; and
Xu, Wooster, Roberts, & Freeborn, 2010). The latest instrument, VIIRS,
was launched aboard the Suomi NPP platform in October 2011, and
VIIRS-based fire products are still under evaluation (Csiszar et al.,
2014; Schroeder, Oliva, Giglio, & Csiszar, 2014).

Most previous satellite instruments with MIR channels have had
saturation thresholds between 311 K and 367 K (Table 2), maximizing
Table 2
Heritage instruments for the HyspIRI MIR channel.

Instrument Central wavelength (μm) Spatial resolution (at nadir) Temp

ATSR/AATSR 3.7 1 km/1.5 × 2 km 3 day
AVHRR 3.7 1.1 km Daily
GOES Imager 3.9 2.3 × 4 km 3 h/1
HSRS 3.8 0.370 km Targ
MODIS 3.95 1 km Daily
SEVIRI 3.9 3 km 15 m
VIIRS-M13 4.0 0.750 km Daily
VIIRS-I4 3.74 0.375 km Daily
VIRS 3.75 2.4 km 2 day
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sensitivity to radiance emitted at ambient background temperatures
but readily saturating over high-temperature targets. Channels specifi-
cally designed for measuring radiance from high-temperature targets,
such as BIRD HSRS, MODIS Channel 21, and VIIRS Channel M13, have
higher saturation temperatures.

The 60-m spatial resolution of HyspIRI MIR represents a significant
improvement over that of the heritage instruments (Table 2) and,
accordingly, the recommended saturation temperature for HyspIRI is 2
to 4 times higher than those of the heritage instruments. To illustrate
the impact of spatial resolution on saturation temperature, consider
an isolated high-temperature feature, or component, within the IFOV
of a sensor. A reduction in the size of the IFOV (i.e., improvement in
spatial resolution) will increase the fraction of the IFOV occupied by
the high-temperature component and increase the measured radiance.
As we show in Fig. 1, radiance is a non-linear function of temperature
and, therefore, the measured radiance will increase exponentially as
the fraction of the high-temperature component within the IFOV
increases.

The anticipated performance of the HyspIRI MIR channel is charac-
terized by Figs. 1 and 2. Fig. 1 shows the spectral response of the MIR
(4 μm)and TIR (8–12 μm)channels superimposed on the radiance spec-
tra of blackbodies at temperatures of 300, 500, and 700K. The blackbody
spectra, calculated with the Planck Equation, illustrate that an increase
in temperature results in non-linear increases in radiance, together
with a shift in peak radiance to shorter wavelengths (Fig. 1). These
phenomena allow us to detect and isolate the contributions of high-
temperature components to the radiance measured within an IFOV
and, ultimately, estimate the temperatures of these components.

The HyspIRI TIR channels are well-positioned to measure the radi-
ance of a blackbody at 300 K, the approximate average temperature of
the Earth's surface. The radiance of the 700 K blackbody peaks near
the center of the proposed MIR channel. The TIR channels are designed
to saturate at temperatures near 500 K, the approximate cross-over
temperature at which the blackbody radiance at 4 and 8 μm is roughly
equivalent (Fig. 1).

Fig. 2 shows the simulated sensitivity of the HyspIRI MIR channel as
a function of saturation and scene temperatures. Themetric for sensitiv-
ity is the NEΔT, which is the smallest difference in temperature that can
be measured in the presence of noise. In general, sensitivity in the MIR
improves (i.e., NEΔT decreases) with increasing scene temperature.
The choice of saturation temperature has the greatest impact on sensi-
tivity to scene temperatures b 400 K. In this temperature regime the
sensitivity decreases (i.e., NEΔT increases) with an increase in the
saturation temperature. At the recommended saturation threshold of
1200 K, NEΔT will range between 7.5 and 4.5 K for scene temperatures
between 320 and 340 K (Fig. 2).

The potential impact of HyspIRI's high spatial resolution to fire de-
tection programs is illustrated in Fig. 3, which is a plot of the theoretical
limit, or threshold, of detection for the MODIS fire algorithm as a func-
tion of the size and temperature of a fire (Csiszar et al., 2006; Giglio,
Descloitres, Justice, & Kaufman, 2003). For MODIS, fires with areas of
100 and 10,000 m2 would require temperatures of at least 1200 and
500 K, respectively, to be detected. The temperatures 1200 and 500 K
oral coverage (daytime) Saturation temperature

revisit 311 K (38 °C)
(NOAA 18 + 19) ~321.5 K (48.4 °C)
5–30 min 335 K (62 °C)
eted 600 K (327 °C)
(Terra + Aqua) Ch. 21: 478/506 K (205/233 °C) Ch. 22: 330 K (57 °C)
in 335 K (62 °C)

634 K (361 °C)
367 K (94 °C)

revisit 321 K (48 °C)
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Fig. 1. Normalized spectral response of proposed HyspIRI-TIR channels. The spectral
response functions, shown in blue, are superimposed on blackbody radiance spectra for
temperatures of 300, 500, and 700 K (27, 227, and 427 °C). Note that the blackbody radi-
ance at 4.0 and 8.5 μm is roughly equivalent for a temperature of 500 K. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Detection thresholds for the MODIS fire detection algorithm at the spatial resolu-
tions of MODIS and HyspIRI. Detection threshold is a function of fire temperature vs.
area (L. Giglio, pers. communication).
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represent the upper and lower thresholds for flaming and smoldering
combustion, respectively, in the MODIS fire algorithm (e.g., Kaufman,
Kleidman, & King, 1998). HyspIRI will be sensitive to fires at lower
temperatures or smaller areas, relative to MODIS. For a fire at 500 K,
the necessary area threshold drops from 10,000 m2 (MODIS) to 30 m2

(HyspIRI).

3. Literature review

3.1. Temperature estimation techniques

To estimate the temperature of hot targets within a sensor's IFOV,
Dozier (1981) and Matson and Dozier (1981) modeled the radiance
measured in a spectral channel as the linear combination of the radiance
emitted from two temperature components. One component represent-
ed the high-temperature target (Th), while the other represented the
background temperature (Tb). This model was originally developed for
the AVHRR instrument, utilizing the radiance measured in Channels 3
(3.55–3.93 μm) and 4 (10.5–11.5 μm). Denoting the radiance at 4 and
11 μm as L4 and L11, respectively, the relative contributions of the
Fig. 2. Simulated sensitivity of the HyspIRI MIR (4-μm) channel to scene temperature.
Sensitivity is expressed as NEΔT, or the smallest temperature change that can be detected
in the presence of noise. Potential saturation temperatures are shown in the legend. For
the recommended saturation temperature of 1200 K (927 °C), scene temperatures of
320 and 340 K (47 and 67 °C) result in an NEΔT of 7.5 and 4.5 K, respectively.
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high-temperature and background components to the radiance were
modeled as:

L4 ¼ pB4 Thð Þ þ 1–pð ÞB4 Tbð Þ; and
L11 ¼ pB11 Thð Þ þ 1–pð ÞB11 Tbð Þ; ð1Þ

where p is the size fraction, relative to the image pixel, occupied by the
high-temperature component, and B4 and B11 represent the blackbody
radiance at 4 and 11 μm, respectively. Inmost applications Tb is estimat-
ed from pixels surrounding the pixel of interest. Two-component
radiance models have been applied to numerous studies of wildfires,
coal fires, and volcanic phenomena, incorporating data from ASTER
(Eckmann, Roberts, & Still, 2009; Giglio et al., 2008), AVHRR
(e.g., Giglio et al., 1999; Harris, Blake, Rothery, & Stevens, 1997; Harris,
Vaughan, & Rothery, 1995; Langaas, 1993), Landsat TM (e.g., Glaze
et al., 1989; Oppenheimer, Francis, Rothery, & Carlton, 1993, Prakash &
Gupta, 1999; Rothery, Francis, & Wood, 1988; Wooster & Kaneko,
2001; Wright, Flynn, & Harris, 2001), ATSR (Rothery, Coltelli, Pirie,
Wooster, & Wright, 2001; Wooster & Rothery, 1997), and BIRD
(Oertel, Zhulov, Thamm, Roehrig, & Orthmann, 2004; Siegert et al.,
2004;Wooster, Zhukov, &Oertel, 2003), aswell as airborne instruments
such as AVIRIS (Oppenheimer, Rothery, Pieri, Abrams, & Carrere, 1993),
DAIS (Lombardo, Buongiorno, & Amici, 2006 and Lombardo, Merucci, &
Buongiorno, 2006), and MIVIS (Lombardo & Buongiornio, 2006;
Lombardo, Harris, Calvari, & Buongiornio, 2009). Lombardo, Merucci,
et al. (2006) and Vaughan et al. (2010) present comprehensive evalua-
tions of the application of two-component models to airborne (DAIS)
and satellite (ASTER) data, respectively.

Most high-temperature phenomena involvemore than two temper-
ature components, and the application of two-component models to
multi-component phenomena under-estimates the contributions of
high-temperature components to the measured radiance. To address
this shortcoming, Giglio and Kendall (2001) evaluated models with ad-
ditional components representing smoldering fire, at a temperature in-
termediate to the flaming and background temperatures, and burned
areas, at a temperature above the background temperature. Similarly,
Harris et al. (1997) introduced an intermediate-temperature compo-
nent, representing the hot crust formed at the surface of cooling lava
flows, to an analysis of AVHRR data acquired during the 1991–1993
eruption of Mt. Etna. In both investigations, the additional model com-
ponents provided insight into the radiative process but their contribu-
tions to the observed radiance were not constrained by these data.

Various investigators have explored the use of multiple spectral
channels in to constrain multi-component models. Oppenheimer,
perature for the HyspIRI 4-μmchannel, Remote Sensing of Environment

http://dx.doi.org/10.1016/j.rse.2015.04.028


4 V.J. Realmuto et al. / Remote Sensing of Environment xxx (2015) xxx–xxx
Rothery, et al. (1993) applied curve-fitting techniques to AVIRIS data to
obtain estimates of the temperature and size of hot spots at Stromboli
volcano. Harris, Flynn, Rothery, Oppenheimer, and Sherman (1999)
applied a three-component model to triplets of Landsat TM channels
to study the temperature structure of lava lakes. Wright and Flynn
(2003) and Wright, Garbeil, and Davies (2010) present a non-linear
minimization approach for estimating the temperature and relative
size of multiple components from hyperspectral Hyperion data. As
illustrated in Fig. 4, the Minimized Multi-Component Model (MMCM)
treats the temperature and fractional area of each component as free
parameters.

Multiple Endmember Spectral Mixture Analysis (MESMA), as
described by Roberts et al. (1998), fits observed spectra with linear
combinations, or mixtures, of endmember spectra selected from
spectral libraries. The endmember spectra, and relative contribution of
the spectra to the spectral mixture, are treated as free parameters.
Dennison, Charoensiri, Roberts, Peterson, and Green (2006), Eckmann,
Roberts, and Still (2008); Eckmann et al. (2009), Dennison and
Matheson (2011), and Matheson and Dennison (2012) demonstrated
that combinations of reflected and emitted radiance endmembers could
be used to estimate fire temperatures and area from ASTER, AVIRIS,
MASTER, and MODIS data. Emitted radiance endmembers for specific
temperatures are typically calculated using radiative transfer modeling.

3.2. Published temperature estimates

Table 3 lists temperature estimates drawn from the literature,
together with the estimates derived from our case studies (Section 4).
We have organized the published temperatures into two categories
defined by the spatial resolution of the corresponding radiance mea-
surements. The published temperatures provide a useful perspective
on the variability of high-temperature phenomena, but we had specific
criteria for the consideration of published temperatures in our specifica-
tion of saturation temperature. The shading in Table 3 indicates the
temperatures estimate that met our criteria.

For the temperatures derived from radiance at spatial resolutions
finer than 60m (Table 3),we required that the radiancewas aggregated
to HyspIRI resolution (60 m) prior to the estimation of temperature.
This stringent criterion eliminated all but one of the temperature esti-
mates in this category, as such aggregation is unique to studies requiring
the simulation of HyspIRI data. For the temperatures derived from radi-
ance at spatial resolution coarser than 60 m, we required that the
Fig. 4. Illustration of the Minimized Multi-Component Modeling (MMCM) technique (after
components within a Hyperion pixel. The histograms (at right) show the model temperature
observed temperature distribution. (a) Temperature component derived with the conventional
components, respectively.
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corresponding temperature components must fill at least one HyspIRI
IFOV. This criterion was met by all but two of the published tempera-
tures in this category.

The temperature estimates in our fine-scaled category were
obtained with a variety of instruments and measurement techniques.
For example, Wooster, Roberts, Perry, and Kaufman (2005) reported
temperature estimates up to 1650 K for an experimental fire, based on
measurements from a radiometer mounted on an 11.5-m observation
tower. Riggan, Brass, and Lockwood (1993) and Riggan et al. (2004) de-
scribed the use of an airborne IR scanner to measure temperatures in
the range 1400–1600 K for leading edges of controlled burns in the
Brazilian savanna. Dennison et al. (2006) estimated fire temperatures
as high as 1500 K for the 2003 Simi Fire using AVIRIS data, with the
majority of temperatures in the 750–950 K range. Eckmann et al.
(2009) estimatedfire temperatures up to 1500K through an application
of MESMA to ASTER SWIR data. Rose and Ramsey (2009) derived
temperature estimates of ~1080 K from ASTER VNIR data acquired
over open-channel lava flows from Klyuchevskoy Volcano. Prakash
and Gupta (1999) and Wooster, Kaneko, Nakada, and Shimizu (2000)
employed Landsat TM data to study coalfield fires (~1000 K), and an
active lava dome at Unzen Volcano (~1100 K), respectively.

Matheson and Dennison (2012) evaluated the impact of spatial res-
olution on temperature estimates derived from AVIRIS data acquired
over four wildfires in southern and central California (Fig. 5). The radi-
ance data were resampled from their native resolution, which ranged
from 5 to 20 m, to a range of resolutions up to 60 m. Using a MESMA-
based technique, the mean temperature estimates derived from the
60-m data ranged between 663 and 804 K, decreasing an average of
30 K from the temperature estimates made at native resolution. The
maximum temperatures of the four fires ranged from 960 to 1380 K,
but the corresponding components were too small to fill the HyspIRI
IFOV. The highest temperature with a component of sufficient size
was 890 K.

The temperature estimates in our coarse-scaled category (Table 3)
include the highest temperature encountered in our review. The VIIRS
Nightfire system (Elvidge, Zhizhin, Hsu, & Baugh, 2013) detects 15,000
to 22,000 high-temperature features per day, based on night-time
observations in the VSWIR and MIR. A statistical analysis of Nightfire
results for a single day revealed amedian temperature of 1750 K for fea-
tures identified as gas flares. This temperature corresponds to a source
area of ~0.3 m2, based on theoretical detection limits (Elvidge et al.,
2013), andwe do not anticipate that gas flares will fill the HyspIRI IFOV.
Wright et al., 2010). The FLIR image (at left) represents the distribution of temperature
components, area fractions of the components (gray bars), and Chi-Square (X2) fit to the
two-component (dual-band)model. (b–d)MMCM solutionswith 2, 3, and 6 temperature
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Table 3
Maximum temperatures from the literature review and case studies. Shading indicates the temperatures considered in our definition of the MIR saturation temperature. For spatial res-
olutions finer than 60 m, shading indicates that radiance was aggregated to 60 m spatial resolution prior to temperature estimation. For spatial resolutions coarser than 60 m, shading
indicates that retrieved temperature corresponds to an area matching or exceeding the IFOV for a 60 m pixel.

Published study Instrument Maximum temperature

Spatial resolution b 60 m
Wooster et al. (2005) (experimental burn) Spectroradiometer 1650 K (1377 °C)
Dennison et al. (2006) (wildfire) AVIRIS 1500 K (1277 °C)
Eckmann et al. (2009) (wildfire) ASTER 1500 K (1277 °C)
Harris et al. (1999) (volcanic) Landsat TM 1480 K (1207 °C)
Riggan et al. (1993); Riggan et al. (2004) (wildfire) Airborne IR scanner N1400 K (1127 °C)
Lombardo & Buongiornio (2006) (volcanic) MIVIS 1400 K (1127 °C)
Wooster et al. (2000) (volcanic) Landsat TM 1120 K (847 °C)
Rose & Ramsey (2009) (volcanic) ASTER 1080 K (807 °C)
Prakash & Gupta (1999) (coal fire) Landsat TM 1004 K (731 °C)
Matheson & Dennison (2012) (wildfire) AVIRIS 890 K (617 °C)
Oppenheimer, Francis, et al. (1993), Oppenheimer, Rothery, et al. (1993) (volcanic) AVIRIS 873 K (600 °C)

Spatial resolution N 60 m
Elvidge et al. (2013) (gas flares) VIIRS 1750 K (1477 °C)
Harris et al. (1995) (volcanic) AVHRR 1325 K (1052 °C)
Harris et al. (1997) (volcanic) AVHRR 1273 K (1000 °C)
Zhukov et al. (2003) (wildfire) HSRS 1061 K (788 °C)
Siegert et al. (2004) (wildfire) HSRS 860 K (587 °C)
Zhukov et al. (2006) (wildfire) HSRS 860 K (587 °C)
Vaughan et al. (2008) (volcanic) ASTER 810 K (537 °C)
Zhukov et al. (2006) (volcanic) HSRS 540 K (267 °C)
Eckmann et al. (2008) (wildfire) MODIS 500 K (227 °C)

Case study
Sharpsand Creek Prescribed Burn, 2007 AGEMA Thermal Camera 1205/1260 K (932/987 °C)
Klyuchevskoy Volcano, 2007 ASTER 1043 K (770 °C)
Kilauea Volcano, 2007 ASTER 990 K (717 °C)
Nyamuragira Volcano, 2004 Hyperion 950 K (677 °C)
Poomacha Fire, 2007 AMS 795 K (522 °C)
Eyjafallajökull Volcano, 2010 Hyperion 750 K (477 °C)
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Vaughan, Kervyn, Realmuto, Abrams, and Hook (2008) describe
a rare application of two-component modeling to ASTER TIR
imagery (90-m resolution), estimating temperatures up to ~820 K for
carbonate-rich lava flows at Oldoinyo Lengai Volcano. The correspond-
ing areas for the high-temperature components were too small to fill
the HyspIRI IFOV. Turning to temperature estimates for components
that would fill the HyspIRI IFOV, Harris et al. (1995) used AVHRR data
to estimate that 240,000 m2 of a lava flow erupted during the 1984
eruption of Krafla Volcano was at a temperature of ~1325 K. In an
analysis of HSRS data acquired during an eruption of Mount Etna in
2002, Zhukov et al. (2005) found that 250,000 m2 of an active lava
flow was at a temperature of 540 K. Eckmann et al. (2008) applied
MESMA to MODIS data acquired over wildland fires in the Ukraine
and found high-temperature (500 K) components with areas up to
25,510 m2. The area of these temperature components was validated
through analyses of coincident ASTER SWIR data.

Temperature estimates derived from HSRS are prominent in our
coarse-scaled category (Table 3). Of the heritage instruments listed in
Table 2, the HSRS provided MIR radiance measurements with the finest
spatial resolution (370 m) and highest saturation temperature (600 K).
In addition, HSRS investigators incorporated two-component tempera-
ture modeling in their analyses. Table 4, a summary of analyses of HSRS
data acquired over threewildfires and the 2002 eruption ofMount Etna,
shows the variability in the temperature and size of high-temperature
components within single events as well as between events. This vari-
ability led to our decision that the HyspIRI saturation temperature
must exceed 1000 K.

4. Case studies

4.1. AMS survey of Southern California wildfires

In this section, we present an analysis of data acquired with the
airborne Autonomous Modular Sensor (AMS), during the Southern
Please cite this article as: Realmuto, V.J., et al., Specifying the saturation tem
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California Firestorm of October 2007. The AMS flight campaigns
are described by Ambrosia and Hinkley (2008). The configuration of
AMS included spectral channels between 3.60 and 3.79 (Channel 11)
and 10.26 and 11.26 μm (Channel 12). A total of 94 flight lines were
collected over five fires: Grass Valley, Santiago, Poomacha, Witch, and
Harris. The sensor was flown on the Ikhana unmanned platform, with
altitudes ranging from approximately 7000 to 7500 m.

The first step in our analysis was to identify the flight lines that
covered active fire fronts, with an emphasis on flight lines that were
centered onfire fronts. This emphasiswas necessitated by thedifference
between the total field-of-view of AMS (85°) and HyspIRI (51°). To
approximate HyspIRI view zenith angles we restricted our analysis to
AMS pixels within ±26° of nadir.

We projected the AMS data into UTM coordinates, based on the
geolocation data for each pixel, and then aggregated the radiance data
to the 60-m spatial resolution of HyspIRI. Themap projection and aggre-
gation operations were applied to floating point values to minimize the
effects of re-sampling and interpolation on the simulated radiance.
Finally, we converted the simulated HyspIRI radiance to brightness
temperature through the inversion of the Planck Equation.

Our original plan for this case studywas to use the AMS 3.7-μm radi-
ance data to simulate the radiance that HyspIRI might encounter over a
wildland fire. However, we could not follow this approach due to satu-
ration of the 3.7-μm radiance data. As shown in Fig. 6, a scatterplot of
brightness temperatures for the 3.7- and 10.5-μm channels (Channels
11 and 12, respectively), Channel 11 was saturated for temperatures
greater than ~525 K. Due to this saturation we focused our analysis on
Channel 12, which remained unsaturated for temperatures up to
650 K (Fig. 6). In addition, laboratory calibrations of Channel 12 indicat-
ed that this channel would not saturate for temperatures up to ~800 K
(unpublished data courtesy of the Airborne Sensor Facility, NASA/
Ames Research Center).

Fig. 7 is a demonstration of the aggregation of AMS data to the spatial
resolutions of HyspIRI and MODIS. These AMS data were acquired over
perature for the HyspIRI 4-μmchannel, Remote Sensing of Environment
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Fig. 5. Impact of spatial resolution on the temperature and area, relative to pixel dimensions, of temperature components generated with MESMA (after Matheson & Dennison, 2012).
(a) Color-composite of AVIRIS radiance data acquired over the 2003 Simi Fire. (b and c) Temperature and fractional area, respectively, of temperature components derived from radiance
at the native spatial resolution of 5 m. (d and e) Temperature and fractional area, respectively, of temperature components derived from radiance resampled to 60 m. The resampled
temperature components with fractional areas approximately equal to 1 were eligible for the HyspIRI MIR saturation study.

Table 4
Temperature estimates derived from BIRD HSRS data via two-component modeling. Tf and Af are the temperature and area of the high-temperature components, respectively.

Australia Firea

2002-01-05
Kalimantan Fireb

2002-08-24/25
Lake Baikal Firec

2003-06-16
Etna Lava Flowd

2002-11-02

Tf Af (m2) Tf Af (m2) Tf Af (m2) Tf Af (m2)

966 K (693 °C) 2000 860 K (587 °C) 25,000 851 K (578 °C) 63,000 540 K (267 °C) 250,000
803 K (530 °C) 9100 740 K (467 °C) 19,000 711 K (438 °C) 11,000 – –

846 K (573 °C) 7000 650 K (377 °C) 46,000 775 K (502 °C) 21,000 – –

908 K (635 °C) 6500 520 K (247 °C) 21,000 783 K (510 °C) 5300 – –

1061 K (788 °C) 6400 720 K (447 °C) 11,000 850 K (577 °C) 4300 – –

814 K (541 °C) 3300 690 K (417 °C) 30,000 860 K (587 °C) 19,000 – –

– – 590 K (317 °C) 33,000 763 K (490 °C) 7300 – –

– – 560 K (287 °C) 7000 – – –

a Zhukov et al. (2003).
b Siegert et al. (2004).
c Zhukov et al. (2006).
d Zhukov et al. (2005).
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Fig. 6. Scatterplot of brightness temperatures from AMS Channels 11 (3.7 μm) and 12
(10.5 μm). Channel 11 was saturated for temperatures greater than 525 K (252 °C),
while Channel 12 did not saturate for temperatures up to ~650 K (377 °C). Laboratory
calibrations of AMS (unpublished data courtesy of Airborne Sensor Facility, NASA/Ames
Research Center) indicated that Channel 12 could be used to measure temperatures up
to ~800 K (527 °C).

Fig. 7. Impact of spatial resolution on brightness temperature. (a) Color-composite of the AMS
(c) Distribution of temperatures following resampling to HyspIRI resolution (60 m). (d) Distri
between the temperature distributions at AMS (b) and HyspIRI (c) resolution suggests that th
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the Santiago Fire on October 26, 2007. Fig. 7b is a map of Channel
11 brightness temperatures at the native spatial resolution of 8.3 m
(following the re-projection to UTM coordinates). Fig. 7c and d show
the results of aggregating the AMS data to the 60-m spatial resolution
ofHyspIRI and 1-km resolution ofMODIS, respectively. The temperature
estimates at HyspIRI resolution (Fig. 7c) are approximately 25 K lower
than the estimates at native resolution (Fig. 7b), but the relative distri-
bution, or pattern, of temperatures within the burn areas are preserved
in the simulated HyspIRI scene. At the 1-km spatial resolution of MODIS
(Fig. 7d), temperature estimates are 100 K lower than the estimates
at native resolution (Fig. 7b), and information regarding the spatial
distribution of temperature within the fire fronts has been lost.

A statistical analysis of the entire population of high-temperature
pixels indicated that the Poomacha fire contributed approximately
60% of the pixels, andwe considered the Poomacha data to be represen-
tative of the entire data set. We aggregated the Channel 12 radiance
measurements from their native resolution to 60-m HyspIRI-scale
pixels and calculated the brightness temperatures. The maximum
temperature was 795 K, which is intermediate to the flaming and smol-
dering temperatures of 1000 and 600 K, respectively, defined originally
by Kaufman, Justice, et al., 1998.

To evaluate the impact of sub-pixel temperature components on this
maximum temperature estimate, we compared the cumulative histo-
grams of the Poomacha temperatures at the native and aggregated
resolutions (Fig. 8). The cumulative histograms diverge for tempera-
tures higher than 380 K, which corresponds to a cumulative probability
VNIR data. (b) Distribution of 4-μm temperatures at the native AMS resolution (8.3 m).
bution of temperatures following resampling to MODIS resolution (1 km). The similarity
e temperatures were uniform at scales up to 60 m.

perature for the HyspIRI 4-μmchannel, Remote Sensing of Environment

http://dx.doi.org/10.1016/j.rse.2015.04.028


Fig. 8. Cumulative histograms of brightness temperatures at AMS (native) and HyspIRI
(60 m) spatial resolutions. The divergence of the histograms for temperatures higher
than 380 K (107 °C) is indicative of sub-pixel mixing.
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of 60%. For cumulative probabilities higher than 60% the native temper-
atures are higher than the corresponding 60-m temperatures, although
the separation between the histograms is generally less than 5%. This
comparison indicates that the spatial distribution of the 60-m tempera-
tures was similar to that of the native temperatures for the majority
(60%) of the burn area, but sub-pixel mixing was a factor for apparent
temperatures greater than 380 K. Therefore, we consider our maximum
temperature of 795 K to be a lower boundon theHyspIRIMIR saturation
temperature.

4.2. AGEMA camera data for Sharpsand Creek Fire

The Sharpsand Creek fire was a prescribed burn conducted via
collaboration between the Canadian Forest Service, Ministry of Natural
Resources, and scientists from King's College London, University of
Edinburgh, and University of Leicester. Smith et al. (2010) describe
the Sharpsand Creek site and the prescribed burn, which occurred on
May 13, 2007. The burn site, located in northern Ontario, was a square
plot of Jack Pine forest, measuring 10,000 m2 (i.e., 1 ha).
Fig. 9.Mapof Fire Radiant Power (FRP) estimated for the Sharpsand Creek prescribed burn
(Ontario, Canada). Temperature estimates of 1205 and 1260 K (932 and 987 °C) were
obtained by aggregating the FRP and radiance, respectively, over a 60 × 60 m region of
interest centered on the hottest portion of the fire.
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The plot was lit with a perimeter ignition pattern, which resulted in
flames reaching heights N 100 m. During the fire, a helicopter hovered
above the plot, and IR imagery of the fire was collected using an
AGEMA-550 thermal imaging camera equipped with a 3.9-μm narrow-
band filter. The AGEMA measurements were used to calculate the fire
radiant power (FRP), which is a measure of the radiant energy released
by combustion (cf. Kaufman, Justice, et al., 1998 and Kaufman,
Kleidman, et al., 1998). As demonstrated by Wooster et al. (2003) and
Wooster et al. (2005), the FRP can be estimated directly from MIR
radiance for fire temperatures between 650 and 1300 K.

Fig. 9 shows the spatial distribution of FRP over the Sharpsand Creek
fire. We followed two approaches to simulate HyspIRI-scale tempera-
tures. First, we aggregated the FRP over a 60 × 60-m (3600 m2) region
of interest centered over the hottest portion of the fire and converted
the aggregated FRP, ~ 430 MW, into a temperature of ~1205 K through
inversion of the Stefan–Boltzmann Law:

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FRP= Aσð Þ4

p
ð2Þ

where A is the area of the aggregated region and σ is the Stefan–
Boltzmann constant (5.67 × 10−8 W m−2 K−4).
Fig. 10. Analysis of ASTER data acquired over Klyuchevskoy Volcano. (a) Color-composite
of ASTER VNIR data showing incandescent lava flow in the shadow of an eruption plume.
(b) Lava flow temperatures derived from Channel 3 (0.807 μm) radiance measurements.
(c) Lava flow temperatures following aggregation of radiance data to 60-m spatial
resolution of HyspIRI.
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Our second approach was to aggregate the radiance measure-
ments over the same region of interest and convert this aggregated
radiance to brightness temperature. The aggregated radiance,
~7454 W m−2 sr−1 μm−1, corresponds to a brightness temperature
of ~1260 K. The FRP-based temperature estimate is within 5% of the
radiance-based estimate, and this close agreement is a validation of
the FRP estimation approach developed by Wooster et al. (2003)
and Wooster et al. (2005).
4.3. ASTER surveys of Klyuchevskoy and Kilauea Volcanoes

Fig. 10 contains ASTER data acquired over Klyuchevskoy Volcano
(Kamchatka Peninsula, Russia) onMay 28, 2007, during an eruption ep-
isode that began on February 15, 2007, and ended on July 15, 2007.
ASTER data acquired by the VNIR and SWIR subsystems feature spatial
resolutions of 15 and 30 m, respectively, and radiance measurements
in the VNIR and SWIR can be aggregated into HyspIRI-scale pixels.
Fig. 11. Analysis of ASTER data acquired over Kilauea Volcano. (a) Night-time TIR data, showi
radiance measurements. (c) Temperatures derived from radiance data aggregated to the 60-m

Please cite this article as: Realmuto, V.J., et al., Specifying the saturation tem
(2015), http://dx.doi.org/10.1016/j.rse.2015.04.028
The color-composite of VNIR data (Fig. 10a) reveals an incandescent
lava flow within the shadow cast by an eruption plume. This lava flow
was hot enough to saturate the SWIR measurements. Fortunately, the
aforementioned shadowminimized the reflection of incident solar irra-
diance and thus facilitated the estimation of lava flow temperatures
from the VNIR data. We applied an additional correction for reflected
solar irradiance, following the procedure of Wooster and Kaneko
(2001).

The twin panels below the VNIR color-composite are maps of lava
flow temperatures derived from radiance measured in ASTER Channel
3 (centered at 0.807 μm). Fig. 10b shows the temperatures derived
from the radiance at the native spatial resolution of 15 m, and Fig. 10c
shows the temperatures derived from radiance aggregated to HyspIRI-
scale (60 m) pixels. As shown in these temperature maps, the aggrega-
tion of radiance resulted in a decrease of ~60 K in the maximum
observed temperature: 1101 vs. 1043 K.

Fig. 11 depicts ASTER data acquired over Kilauea Volcano, Hawaii, on
November 25, 2007, during an outbreak of surface activity. These data
ng active lava flow field. (b) Lava flow temperatures derived from Channel 3 (0.807 μm)
spatial resolution of HyspIRI.
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Fig. 12. Analysis of Hyperion data acquired over Nyamuragira Volcano on 21 May 2004.
(a) Simulated 4-μm temperatures at the 30-m spatial resolution of Hyperion.
(b) Simulated temperatures following aggregation of radiance data to the 60-m resolution
of HyspIRI-TIR. (c–e) Locations of saturated pixels corresponding to proposed saturated
temperatures of 800, 900, and 1000 K (527, 627, and 727 °C), respectively.

10 V.J. Realmuto et al. / Remote Sensing of Environment xxx (2015) xxx–xxx
were acquired during a night-time overpass to eliminate the contribu-
tions of reflected solar irradiance to the temperature estimates.
Fig. 11a shows the ASTER TIR scene, in which the active flow field is a
prominent, albeit saturated, feature. The high temperatures of the active
flows saturated the SWIR data as well. The twin panels below the TIR
scene are temperature maps derived from Channel 3 radiance. Fig. 11b
shows the temperatures derived from radiance at the native spatial
resolution, and Fig. 11c shows the temperatures derived from Channel
3 radiance aggregated to HyspIRI-scale pixels. The aggregation resulted
in a decrease of ~130 K in the maximum observed temperature: 1122
vs. 993 K. This large reduction in maximum temperature, relative to
the reduction in the maximum temperature of the Klyuchevskoy flow
(Fig. 10b vs. 10c), indicates that the hot spots at Kilauea were smaller
(in terms of area) andmore isolated than the hot spots at Klyuchevskoy.

4.4. Hyperion surveys of Nyamuragira and Eyjafjallajökull Volcanoes

Figs. 12 and 13 feature 4-μm temperature maps for Nyamuragira
(DR-Congo) and Eyjafjallajökull (Iceland) Volcanoes, respectively, as
simulated from hyperspectral V-SWIR radiance spectra measured with
Hyperion. The Hyperion data were acquired at night to eliminate the
contributions of reflected solar irradiance to the temperature estimates.
At the time the Nyamuragira data were acquired, May 21, 2004, the ac-
tivity at the volcano was near the end of an eruption episode that began
onMay8, 2004 and ended sometimebetweenMay25 and 31, 2004. The
Eyjafjallajökull data were acquired on April 1, 2010, during an eruption
that began on March 20, 2010. The data acquisition coincided with the
opening of a new fissure onMarch 31, and the data depict lava fountains
from both fissures.

For eachpixel in theHyperion data,wederived sub-pixel temperature
components and corresponding area fractions through an application of
the MMCM as described in Section 3.1. Due to the high spatial resolution
of Hyperion (30 m), the resulting sub-pixel temperature components
were too small to fill a HyspIRI pixel. To simulate HyspIRI observations
at Nyamuragira and Eyjafjallajökull we calculated continuous (VIS
through TIR) radiance spectra from theMMCMtemperature distributions
and then convolved these spectra with the spectral response of the
HyspIRI MIR channel.

Figs. 12a and 13a are maps of the temperatures derived from this
simulated radiance at a spatial resolution of 30 m. Figs. 12b and 13b
are maps of temperatures derived from radiance aggregated to
HyspIRI-scale pixels. The aggregation resulted in a reductions of
approximately 150 and 350 K in the maximum temperatures for the
Nyamuragira flow field (1100 vs. 950 K) and Eyjafjallajökull fissures
(1100 vs. 750 K), respectively.

The bottom set of panels indicate the pixels that would be saturated
with 4-μm saturation temperature settings of 800–1000 K (Fig. 12c, d,
and e) in the case of Nyamuragira and 700–900 K in the case of
Eyjafjallajökull (Fig. 13c, d, and e). We see that saturation temperature
settings of 1000 and 900 K, respectively, would be required to prevent
saturation of HyspIRI data acquired during Nyamuragira- and
Eyjafjallajökull-class eruptions.

5. Conclusion

Table 3 summarizes the results of our literature review and case
studies. The shaded entries were incorporated into our recommenda-
tion for the HyspIRI MIR saturation temperature. Based on these results
we recommend a saturation temperature of 1200 K (927 °C) for the
HyspIRI MIR channel. This threshold will result in NEΔT levels of
7.5–4.5 K for scene temperatures in the range 320–340 K, respectively
(Fig. 2).

The threshold of 1200 Kwill prevent saturation for all of the temper-
atures considered in our study (Table 4) with the exception of the
volcanic temperatures of 1325 and 1273 K reported by Harris et al.
(1995) and Harris et al. (1997), respectively and those derived from
Please cite this article as: Realmuto, V.J., et al., Specifying the saturation tem
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the Sharpsand Fire test case (Section 4.2). In the case of the Sharpsand
Fire, the higher of our simulated 60-m temperatures, 1260 K, is within
5% of the recommended saturation threshold. Similarly, the 1273 K
temperature of Harris et al. (1997) is ~6% higher than the threshold.
With regard to the other volcanic phenomena included in this study,
we note that the proposed saturation threshold of 1200 K is higher
than the Klyuchevskoy (Fig. 10b), Kilauea (Fig. 11b), Nyamuragira
(Fig. 12a), or Eyjafjallajökull (Fig. 13a) temperatures estimated at the
native spatial resolutions of ASTER or Hyperion.

However, the 1325 K temperature reported by Harris et al. (1995)
is N10% higher than the recommend saturation threshold, and it is
possible that HyspIRI will encounter wildfires with temperatures in
excess of 1200 K over areas larger than 3600 m2. An increase in the
HyspIRI saturation threshold to 1400 K would accommodate these ex-
treme events, with the consequence of increasing the NEΔT to ~7 K
for scene temperatures ~340 K (Fig. 2). This increase in NEΔT, relative
perature for the HyspIRI 4-μmchannel, Remote Sensing of Environment
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Fig. 13. Analysis of Hyperion data acquired over Eyjafallajökull Volcano on 1 April 2010. (a) Simulated 4-μm temperatures at 30-m spatial resolution of Hyperion. (b) Simulated temper-
atures following aggregation of radiance data to the 60-mresolution ofHyspIRI-TIR. (c–e) Locations of saturatedpixels corresponding to proposed saturation temperatures of 700, 800, and
900 K (427, 527, and 627 °C), respectively.
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to our recommendation, represents a 56% loss in sensitivity to ambient
background temperatures. Our study suggests that extreme tempera-
ture events (N1200 K) at the spatial resolution of HyspIRI are rare, and
we judge that the loss in sensitivity to ambient temperatures will be
more damaging to HyspIRI science investigations than the potential
saturation during extreme temperature events.

The recommended NEΔT will be too high for precise measurements
of land- and sea-surface temperatures with the HyspIRI MIR channel,
but the TIR channels between 8 and 12 μm (Fig. 1) will be well-suited
for studies of ambient surface temperatures. In addition, we note that
HyspIRI data acquired over the oceans will be aggregated into 960-m
pixels (representing 16 × 16 blocks of 60-m pixels). The corresponding
16-fold reduction in signal-independent noise will improve the NEΔT,
and the precision of this aggregated MIR radiance data may fit the
requirements of the sea-surface temperature community.

The trade-off between saturation temperature and sensitivity is par-
ticularly acute for the FRP technique, which depends on measurements
of ambient background radiance. While the full impact of the proposed
NEΔT on FRP has yet to bedetermined, theprecision should be sufficient
formost applications. For example, a smoldering fire at 700K occupying
1% (36 m2) of a HyspIRI pixel with a background temperature of 320 K
would increase the MIR brightness temperature to ~380 K. Given an
NEΔT of 7.5 K (at 320 K), the FRP of this modest fire could be calculated
with an uncertainty of ±6%.
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