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ABSTRACT: Earth’s climate is strongly influenced by energy deficits at the poles that emit more
thermal energy than they receive from the sun. Energy exchanges between the surface and atmo-
sphere influence the local environment while heat transport from lower latitudes drives midlatitude
atmospheric and oceanic circulations. In the Arctic, in particular, local energy imbalances induce
strong seasonality in surface—atmosphere heat exchanges and an acute sensitivity to forced
climate variations. Despite these important local and global influences, the largest contributions
to the polar atmospheric and surface energy budgets have not been fully characterized. The
spectral variation of far-infrared radiation that makes up 60% of polar thermal emission has never
been systematically measured impeding progress toward consensus in predicted rates of Arctic
warming, sea ice decline, and ice sheet melt. Enabled by recent advances in sensor miniaturiza-
tion and CubeSat technology, the Polar Radiant Energy in the Far Infrared Experiment (PREFIRE)
mission will document, for the first time, the spectral, spatial, and temporal variations of polar
far-infrared emission. Selected under NASA's Earth Ventures Instrument (EVI) program, PREFIRE
will utilize new lightweight, low-power, ambient temperature detectors capable of measuring at
wavelengths up to 50 um to quantify Earth’s far-infrared spectrum. Estimates of spectral surface
emissivity, water vapor, cloud properties, and the atmospheric greenhouse effect derived from
these measurements offer the potential to advance our understanding of the factors that modulate
thermal fluxes in the cold, dry conditions characteristic of the polar regions.
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which sunlight illuminates the higher latitudes coupled with reflective snow- and

ice-covered surfaces and the long period of darkness during local winter significantly
reduces the solar input into the poles. However, these regions emit thermal radiation
throughout the year resulting in substantial net energy deficits on annual time scales.
The National Aeronautics and Space Administration (NASA) Energy and Water cycle Study
(NEWS) reconstruction of the polar energy budgets in the first decade of the twenty-first
century suggests that the Arctic emits 2.4 times as much energy as it receives from the sun.
This ratio increases to 2.8 over the brighter, colder Antarctic ice sheet (L’Ecuyer et al. 2015,
their Table 4). In the absence of compensating processes, the resulting rate of energy loss,
that exceeds a petawatt (10'°* watts) at each pole, would cause the poles to cool rapidly
even relative to current conditions. Neglecting the effects of anthropogenic climate change,
equilibrium is restored by heat transported from lower latitudes primarily by atmospheric
circulations and midlatitude weather systems. As such, the poles can be thought of as
Earth’s thermostats, balancing the excess solar energy received in the tropics through
their radiative losses to space.

Energy imbalances in the polar regions have consequences both locally and globally. A key
component of these imbalances, longwave emission, has been shown to impact sea ice cover, ice
sheet melt, and, by extension, Arctic temperatures (Francis et al. 2005; Schweiger et al. 2008;
Bennartz et al. 2013; Van Tricht et al. 2016; Kapsch et al. 2016; Johansson et al. 2017).
Beyond these local effects, polar energy imbalances influence global sea level through glacial
melt (Slater et al. 2020), midlatitude weather (Francis and Vavrus 2012; Vihma 2014), and,
ultimately, global temperatures (Budyko 1969). Accurate estimates of thermal flux exchanges
between the surface, atmosphere, and space at the poles and the factors that modulate them
are, therefore, essential for modeling polar and global climate.

The need for comprehensive observations of thermal flux exchanges in the Arctic is par-
ticularly acute since this region is changing more rapidly than anywhere else on Earth with
considerable societal implications. Predicting the Arctic and global responses to anthro-
pogenic climate change requires quantitative understanding of Arctic feedbacks that are
intimately coupled to longwave fluxes. However, comparing estimates of Arctic surface and
atmospheric longwave fluxes from various sources reveals large uncertainties in both sur-
face emission and downwelling longwave radiation (DLR). Figure 1 compares decade mean
annual cycles of surface longwave fluxes in the Arctic and Antarctica for the first decade of
the twenty-first century from three commonly used sources: observations, reanalyses, and
models from the fifth Coupled Model Intercomparison Project (CMIP5). The period analyzed
(2000-09) maximizes the availability of the various datasets while reducing the effects of
interannual variability to yield a snapshot of the current state of knowledge of these fluxes.
Estimates of Arctic surface emission and DLR, a proxy for the atmospheric greenhouse effect
(AGHE), vary by 35-70 W m~2 between sources with the largest uncertainties in the winter
months. These discrepancies have significant implications for the longer-term evolution of
the polar climates.

T he poles play an essential role in regulating Earth’s climate. The steep angle at

AMERICAN METEOROLOGICAL SOCIETY BAMS Unauthentid Y | 888 1026148221/22 07.01 PM UTC



(a) Emitted Longwave (b) Downwelling Longwave
350_ T T T T T T T T T ] 35{)_ T T T T T T T T T T
= E :
£ 2 w The Arctic
= e | :
o 1 [
P ag,, 250
® § |
e =
3 ED 200
3 3
E 0] ] 2 150
L . 8 L
100k 1 L 1 1 1 1 1 I 1 L ] 100» 1 1 L 1 1 1 1 L 1 L
Jan Feb Mar Aor Mav Jun Jul Aua Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(c) Emitted Longwave (d) Downwelling Longwave
350_ T T T T T T T T T T ] 350_ T T T T T T T T T T
r ~ — NEWS
— C § I —— CMIP5
= 300- . 3001 —— MERRA I
£ == — MERRA Antarctica
= % e JRA-55
% 2 om0l —— ERA
2 s I
gﬂ —
3 2
e} —
[
£ 2
5 5
[a]
100L 1 L 1 L 1 1 L 1 1 1 | 100 L = 7—. | 1 1 1 1 1 1 L
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Months Manths

Fig. 1. (a),(b) Arctic and (c),(d) Antarctic surface thermal flux estimates from observations, reanalyses, and CMIP5 models.
The blue lines depict the NEWS polar energy budget reconstructions that imposed energy and water balance constraints
on independent satellite-based flux estimates (L'Ecuyer et al. 2015). The pink and blue swaths correspond to the range
across CMIP5 models and estimated uncertainties in the NEWS analysis, respectively. The definitions of the Arctic and
Antarctica are presented as the green shaded regions on the right consistent with the NEWS analyses. Note: Antarctic
annual cycles are offset by 6 months relative to the Arctic to facilitate direct comparisons.

When integrated over the year, for example, net longwave radiation incident on the
Arctic surface, defined as the difference between DLR and surface emission, ranges from
—24 to —54 W m2 across the sources shown. This translates to a 0.3 PW (or 25%) uncertainty
in implied heat transport from lower latitudes. Antarctica is colder and drier than the Arctic
leading to reduced surface emission and DLR. This also inhibits phase changes at the surface
reducing the amplitude of the annual cycle of thermal fluxes. However, despite these more
stable boundary conditions, the spreads in estimated surface emission and DLR among the
CMIP5 models is larger than in the Arctic reaching 70 and 80 W m2, respectively. Unlike the
Northern Hemisphere, the largest spread in Antarctic flux estimates occur during the Southern
Hemisphere summer months.

These uncertainties are at least as large as those in their shortwave counterparts
(L’Ecuyer et al. 2015) and directly contribute to errors in surface energy balance and, in
turn, surface warming and melt processes (Gardner 2010). Our ability to narrow this range
in polar longwave flux estimates and the resulting spread in predicted local processes and
global climate is, however, impeded by a critical gap in global observations of a significant
fraction of Earth’s emission spectrum.

AMERICAN METEOROLOGICAL SOCIETY BAMS UnauthentidiY | 88 106148321/22 07.01 PM UTC



The far-infrared observation gap

At terrestrial temperatures, more than 99% of thermal emission occurs at wavelengths between
4 and 100 um. Given the central role thermal fluxes play in the climate and their strong sen-
sitivity to atmospheric composition and clouds, radiation at midinfrared (MIR) wavelengths
(4-15 pum) has been extensively measured from the ground, aircraft, and throughout the sat-
ellite era (Ackerman et al. 2019). This is not the case, however, for radiation at wavelengths
longer than 15 um, termed the far-infrared (FIR), that account for about half of Earth’s outgoing
longwave radiation (Harries et al. 2008).

The paucity of systematic measurements of Earth’s FIR emission spectrum stems, in part,
from the higher cost required to achieve similar sensitivities to current MIR measurements.
Until recently, resolving complete FIR spectra has required either long integration times that
translate into large footprints and preclude capturing localized spectra from low-Earth orbit
or cryogenically cooled detectors. The Infrared Interferometer Spectrometer (IRIS)-B and
IRIS-D instruments flown on Nimbus-3 and Nimbus-4in 1969 and 1970 provided tantalizing
glimpses at Earth’s long wavelength thermal emission spectrum from space (up to 25 um);
however, the integration time required to capture these spectra poses significant hurdles
for localized geophysical parameter retrievals (Conrath et al. 1970; Hanel et al. 1970, 1971;
Prabhakara et al. 1974, 1976, 1988). Despite significant advances in sensor technology, spec-
troscopy, and our understanding of the role of far-infrared radiation in climate, only a few
short-lived satellite-based experiments have measured emitted spectra at wavelengths longer
than 15 um, the last taking place more than four decades ago (Spankuch and Dohler 1985).
Subsequent FIR measurements have been limited to broadband measurements [e.g., Earth
Radiation Budget Satellite (ERBS), Earth Radiation Budget Experiment (ERBE), Scanner for
Radiation Budget (ScaRaB), Geostationary Earth Radiation Budget (GERB), and Clouds and
the Earth’s Radiant Energy System (CERES)] or spectra from ground-based and airborne
campaigns precluding any large-scale survey of the character of Earth’s far-infrared emission
(Palchetti et al. 2020).

The significance of this FIR observing gap is highlighted in Fig. 2a that presents Earth’s
annual mean emission spectrum in 2019 obtained by extrapolating MIR Atmospheric Infrared
Sounder (AIRS) measurements to longer wavelengths (Huang et al. 2014b). The region left of
667 cm™ (15 um) accounts for nearly half (49.1%) of global emission. In Antarctica in winter
(blue curve), the fraction of emission in the FIR exceeds 60%. Figure 2b suggests that FIR
radiation makes up a significant component (between 40% and 65%) of thermal emission
everywhere on the globe. The largest fractions occur in colder, drier regions such as the
Antarctic and Greenland ice sheets, high alpine regions, and areas of persistent high cloud
cover in the deep tropics.

There are numerous tangible benefits to extending existing spectral longwave emission
measurements into the FIR. At these longer wavelengths, radiation exhibits distinct sensi-
tivities to surface conditions, thin ice clouds, and tenuous water vapor filaments that may
offer new insights into these less observed components of the climate system. For example,
sea ice and ocean have lower emissivities in the FIR relative to vegetated surfaces and the
emissivity of snow-covered surfaces exhibits depends strongly on snow grain size (see Fig. 3
and discussion below). The sensitivity of FIR radiation to low concentrations of water vapor
at low temperatures also makes FIR spectra useful for retrieving moisture in the polar regions
as well as the upper troposphere and lower stratosphere (UTLS) (Turner and Mlawer 2010;
Merrelli and Turner 2012; Shahabadi and Huang 2014; Palchetti et al. 2015). Furthermore,
the indices of refraction of liquid and ice exhibit distinct spectral variations across the MIR
and FIR, augmenting existing MIR techniques for cloud phase detection (Rathke et al. 2002;
Turner et al. 2003; Maestri et al. 2019b; Di Natale et al. 2020). Furthermore, small ice par-
ticles are comparable in size to FIR wavelengths enhancing FIR sensitivity to ice cloud
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Fig. 2. (a) Global, annual mean all-sky longwave spectral flux derived from AIRS measurements from 2019 (black) and polar
emission spectra from the Arctic (red) and Antarctica (blue) in September 2019. The spectral flux is shown for every 10 cm-’
interval from 0 to 2,000 cm~" (details can be found in Huang et al. 2014b). Corresponding mean surface temperatures are
also indicated in the legend. Current multi- and hyperspectral satellite measurements observe MIR wavelengths to the
right of the vertical dash-dotted line. PREFIRE will measure the full range of wavelengths indicated by the striped bar
across the top of the figure (see Fig. 7 for precise locations of the PREFIRE spectral bands). (b) Annual-mean all-sky OLR
in 2019 derived from the (top) collocated AIRS and CERES observations and (bottom) the fraction of this estimated OLR
contributed by FIR wavelengths.

particle size offering potential for improving global cloud microphysical property retrievals
(Yang et al. 2005, 2003; Baran 2007; Libois and Blanchet 2017; Saito et al. 2020).

Since surface emission, liquid and ice clouds, and atmospheric water vapor each exhibit
distinct spectral signatures, FIR spectra carry the fingerprints of variations in each constituent
providing insights into their respective feedbacks in the climate system (Huang et al. 2014a;
Pan and Huang 2018). Huang et al. (2019), for example, demonstrate that FIR signatures can
be used to isolate distinct cloud feedback mechanisms. They show that, while broadband
longwave cloud feedbacks derived from the prescribed sea surface temperature simulations
and long-term 2 x CO, simulations are similar, their partitioning between the FIR and MIR
can be considerably different due to different cloud profile responses.

Implications of incomplete knowledge

FIR radiation plays a particularly important role in shaping polar climate. Cold polar sur-
faces emit the majority of their energy in the FIR where snow- and ice-covered surfaces are
predicted to exhibit strong emissivity variations (Huang et al. 2016). Dry polar atmospheres
are typically more transparent to FIR radiation than those at lower latitudes allowing more of
this surface emission to reach space in clear skies. However, water vapor effectively absorbs
far-infrared radiation so outgoing longwave radiation (OLR) and DLR are very sensitive to both
water vapor concentration and its spectroscopic properties in the FIR (Clough et al. 1992;
Turner and Mlawer 2010). In cloudy skies, ice particle scattering becomes increasingly
important in the FIR increasing the sensitivity of OLR to ice crystal habit and particle
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system. Turner et al. (2012) demonstrate FIR emissivities of the remaining surface types are based
that water vapor continuum absorption in on.first-principal calculati.ons while MIR emissivities are
the FIR could lead to uncertainty in the validated against observations.

vertical distribution of thermal fluxes in

the atmosphere subsequently influencing temperature, water vapor, and high cloud amount

(both globally and poleward of 60°) in simulations using the Community Earth System Model

(CESM; v1.0). FIR surface emissivities provide another example. Due to sparse observational
constraints on spectral FIR emissivity, current climate models either assume the surface emis-

sivity of an ideal blackbody (i.e., unit emissivity) or extrapolate emissivities from atmospheric

window channels in the MIR across the FIR. However, theoretical calculations, laboratory
measurements, and limited aircraft observations suggest that common polar surfaces exhibit

significant and distinct variations in spectral emissivity across the FIR (Huang et al. 2016;

Bellisario et al. 2017; Murray et al. 2020). The simulated emissivity spectra presented in Fig. 3,

for example, highlight significant differences in the FIR emissivities of snow, ice, and liquid

water that can exceed 10% at some wavelengths. Sensitivity studies using the CloudSat radia-

tive fluxes and heating rates product [2B-FLXHR-lidar, described in Henderson et al. (2013)]

suggest that ignoring these spectral variations introduces annual mean biases of at least 10

W m™ in surface emission across the entire Arctic.

Biases of this magnitude can have substantial implications for modeling both ice surface
processes and the Arctic climate as a whole. Sensitivity studies using a state-of-the-art ice
sheet dynamics and surface mass balance model, for example, show that the increase in net
surface radiation that results from realistic emissivity assumptions enhances both meltwater
runoff and ice temperatures (Gardner 2010). When further coupled to atmospheric and ocean
models as part of a complete Earth system model, the effects of spectral surface emissivity
errors may propagate to influence other aspects of polar climate. For example, incorporating
the theoretical spectral surface emissivity models shown in Fig. 3 into the NCAR Community
Earth System Model version 1 (CESM1) and the DOE Energy Exascale Earth System Model
(E3SM) leads to an increase of global annual mean surface air temperature of ~0.2 K for the
fully coupled CESM1 and E3SM simulations (Huang et al. 2018; Kuo et al. 2018; Chen 2020).
Mean surface air temperature increases at high latitudes are more than 3 times as large and
are accompanied by significant reductions in sea ice fraction, as shown in Fig. 4.

Model responses to surface emissivity errors are, however, not uniform across the Arctic.
Annual mean surface temperatures in the Greenland and Barents Seas, for example, increase
by more than 2.5 K reducing annual mean sea ice cover by more than 15% in these regions.
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Fig. 4. Difference in Arctic (left) surface air temperature and (right) sea ice fraction climatology from incorporating realistic
surface spectral emissivity into (top) the NCAR CESM1 and (bottom) the DOE E3SM v1. Both are fully coupled present-day
simulations. Dots on the plots denote statistically significant differences at the 5% significance level (Huang et al. 2018;
Chen 2020).

For both models, spectral variations in FIR surface emissivity effectively increase the radia-
tion absorbed at the surface by 2%-5%, roughly equivalent to half the magnitude of the
forcing from doubling atmospheric CO, concentrations. Though they arise through different
mechanismes, the effects of spectral variations in surface emissivity are similar to increasing
the atmospheric greenhouse effect: when they are accumulated over a decade in the GCM,
the additional accumulated surface radiation reduces sea ice extent, increases surface tem-
perature, and even increases precipitation. However, the magnitude and distribution of
these responses depends critically on model physics. The spatial pattern, seasonality, and
magnitude of these effects are all influenced by clouds, surface state, and parameterized
physical processes (e.g., Sledd and L’Ecuyer 2019). Better observational constraints on FIR
emissivity and the atmospheric greenhouse effect would enable systematic comparisons
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across multiple models to more thoroughly assess their impacts on Arctic warming, ice melt
rates, and global climate.

Filling the gap

Recognizing the value of FIR observations, both NASA and the European Space Agency (ESA)
recently selected complementary satellite missions dedicated to mapping Earth’s far-infrared
emission globally. Palchetti et al. (2020) describe ESA’s Far-infrared Outgoing Radiation
Understanding and Monitoring (FORUM) mission that will launch in 2026 to benchmark the
far-infrared fingerprints of global climate forcings in high-spectral-resolution far-infrared
observations. This paper describes a complementary, low-cost, rapid development NASA
mission, Polar Radiant Energy in the Far Infrared Experiment (PREFIRE), that will employ
two CubeSats to measure the far-infrared signatures of the surface and atmospheric processes
that influence polar climate. PREFIRE documents variability in moderate-spectral-resolution
far-infrared spectra on subdaily to seasonal time scales to more completely characterize long-
wave fluxes at the poles and improve their representation in both local and global models.

The PREFIRE mission combines recent advances in ambient temperature detector and opti-
cal spectrometer technology with rapidly evolving CubeSat capabilities to map spectral emis-
sion from 5 to 54 um. This range covers more than 95% of Earth’s thermal emission to space.
These observations form the basis for quantifying variations in spectral surface emissivity
and atmospheric greenhouse effect associated with changing surface conditions, variations
in atmospheric moisture content, and the presence of clouds at both poles.

Collecting spectra in all seasons, PREFIRE’s CubeSats will provide a census of the temporal
and spatial character of FIR radiation in polar regions and provide pathways for using these
observations to advance polar climate prediction. The relatively transparent polar atmospheres
allow snow and ice FIR emissivity spectra to be quantified on hourly to seasonal time scales
provided integrated water vapor is low and cloudy scenes can be accurately identified and
screened. Algorithms leveraging the sensitivity of MIR and FIR radiances to temperature,
water vapor, and clouds will characterize the response of the atmospheric greenhouse effect
to both transient and seasonal variations in water vapor, cloud cover, and local surface pro-
cesses. When coupled to models of ice sheet surface energy budget dynamics, the influence
of surface emissivity and AGHE variations on modeled ice sheet temperature, mass balance,
and thermodynamic processes can be assessed on hourly to weekly scales. Finally, time-
varying estimates of spectral surface emissivity and top of atmosphere FIR spectra offer a
pathway to improving surface emission in global models and identifying specific sources of
error through their FIR fingerprints.

The PREFIRE mission
Thoroughly documenting polar emission requires observations of spectral radiances across
the MIR and FIR over the range of surfaces and atmospheric conditions encountered at both
poles throughout the year. In addition, quantifying the spectral signatures of rapid surface
processes such as melt events or atmospheric variations associated with changing cloud cover
necessitates occasional revisits of some locations at time intervals of a few hours. PREFIRE
satisfies both of these requirements for a relatively low cost by employing two CubeSat’s
in asynchronous high-inclination orbits each carrying an identical lightweight, low-power
spectrometer. The mission concept is illustrated in Fig. 5. Two spacecraft continuously map
emission spectra over most of Earth in high-inclination orbits (Fig. 5, center). Each satellite
carries a Thermal Infrared Spectrometer (TIRS) that collects 64-channel spectra spanning
wavelengths up to 54 um in each of eight cross-track fields of view every 0.7 s.

As technological advances promote increased use of Smallsats and CubeSats like PREFIRE
(Stephens et al. 2020), it is fair to ask whether such low-cost platforms with limited lifetimes
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Fig. 5. The PREFIRE mission concept. Two CubeSats flying in distinct polar low-Earth orbits map FIR spectra at both poles.
Orbit intersections at intervals of 1-12 h reveal the spectral signatures of surface processes and rapid atmospheric varia-
tions. Additional information can be obtained from the PREFIRE website: https:/prefire.ssec.wisc.edu.

will offer similar coverage in time and space as present-day NASA flagship missions like Aqua.
Each TIRS can make over 200 million spatially and spectrally resolved observations of Earth’s
polar radiant thermal energy in a year but to what extent do these observations span the range
of column water vapor (CWV), surface temperature T, and surface conditions (land, ocean,
seaice, glacier ice, snow) encountered at the poles? To address this question, Kahn et al. (2020)
compared the subset of AIRS and Advanced Microwave Sounding Unit (AMSU) observations
corresponding to 93°, 98°, and 103° inclination TIRS orbits, to full-swath AIRS/AMSU clima-
tologies. The analysis concludes that each year of TIRS data samples 74%—82% of a 2-yr full-
swath AIRS/AMSU climatology. The sampling rates for the Arctic (60°~90°N) and Antarctic
(70°-90°S) individually drop to 62%-75% and 47%—71%, respectively. This demonstrates
the value of pooling data from both poles to fill out the complete spectrum of polar weather
states ranging from the ice-free ocean prevalent in the Arctic in September to the cold, dry
regions above the Antarctic and Greenland ice sheets in winter.

The ability to identify and characterize the FIR spectral signatures of rapid processes like
sudden melt events is realized by simultaneously operating two CubeSats with identical TIRS
instruments. Time-differenced spectra obtained from the orbit intersections of these CubeSats
(illustrated in the lower right of Fig. 5) reveal the spectral fingerprints of specific surface and
atmospheric processes diagnosed using ancillary observations or reanalyses. Over the course
of several months, PREFIRE’s CubeSats will sequentially pass over melt, freeze, and fresh
snow events occurring on both sea ice and ice sheets. There is a high likelihood that such
intersections will also sample atmospheric variability associated with changing cloud cover
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or water vapor intrusions to reveal the spectral signatures of their influence on FIR emission
and AGHE. Any combination of equatorial crossing times is suitable for the purpose of ob-
serving these polar processes since the resulting orbit intersections result in a range of time
differences At spanning one to several hours, consistent with the time scales of short-term
melt events and transient cloud changes. While the specific orbits of the PREFIRE CubeSats
will not be known until a specific launch is selected (nominally in late 2022), it is anticipated
that they will fly in asynchronous orbits in an altitude range of 450-540 km at inclinations
between 70° and 98°.

The Thermal Infrared Spectrometer

Each PREFIRE CubeSat will carry its own TIRS, a push broom spectrometer with 64
channels that measures mid- and far-infrared radiation from 5 to 54 ym at 0.86-um
resolution. The dimensions and a rough schematic of the TIRS are shown in Fig. 6. TIRS
continuously records eight cross-track pixels with a ground spacing of approximately
7 km. To meet the mass, power, and cost constraints imposed by a CubeSat platform,
an uncooled focal plane is essential. TIRS is thermally isolated from the spacecraft and
regulated through controlled dissipation of its steady-state power. Eight or more times
per orbit, TIRS is calibrated by rotating a calibration mirror to provide space and internal
calibration views (Fig. 5). Internal calibration includes a radiometric measure of all light
(thermopile detectors are sensitive to 0.3-200 um) using the zeroth-order reflection off
the grating. Additional calibration will be provided via in-flight comparisons with other
satellites and ground data.

(a) RAM/WAKE Spectral Spatial Average
Sampling Resolution Power
0.86 um from
5-54 ym 12-15 km <3kg 45W

(c)

Pointing motor

Pointing mirror
8 Safing mechanism

TIRS views

(b)

L ”J "‘(;:;4 / ‘U“H!M

-
&CQ|\|ll-
A

a_

117 mm

km

Fig. 6. (a) Approximate form of the PREFIRE 6U CubeSat and (b) corresponding interior layout and dimensions. The total
dimensions of each CubeSat are 300 mm long, 200 mm wide, and 100 mm deep. (c) The TIRS instrument will occupy just
over half of this space.
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TIRS effective field of view (EFOV) will be comparable to that of CERES or AIRS, between
12 and 15 km depending on its final orbit altitude. Prior work has demonstrated that this
is sufficient to adequately screen thin clouds (Kahn et al. 2014) and capture bulk variations
in surface emissivity (e.g., Hulley et al. 2009; Zhou et al. 2008). Subpixel variability will be
assessed using algorithms trained on high-resolution imagery and tested using simultaneous
overpasses of current shortwave and MIR imagers. The expected radiometric performance of
TIRS is better than 1.5 K (at 300 K) for all individual MIR and FIR channels from 5 to 54 um.

Characterizing polar thermal fluxes and their drivers

PREFIRE’s scientific objectives of documenting the spectral characteristics of Earth’s emission
and greenhouse effect and understanding the factors that modulate them are supported by
a suite of spectral radiative property and geophysical parameter retrievals. Calibrated, geo-
located, 1-um TIRS spectra, provide a census of the varying spectral signatures of emitted
thermal radiation across the wide range of temperature, humidity, surface conditions, and
cloud cover encountered over the Arctic and Antarctic annual cycles. Figure 7 illustrates a
synthetic TIRS spectrum derived from collocated Airborne Research Interferometer Evaluation
System (ARIES) and Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) observa-
tions by simulating the effects of the atmosphere between the aircraft and TOA. Comparing the
observed and simulated spectra at flight level and TOA highlights the strong impact of tenu-
ous upper troposphere on FIR radiances and illustrates the relatively coarse TIRS resolution
relative to an airborne spectrometer. These radiance spectra will then be converted to narrow-
band fluxes and a longwave broadband flux using established methods (Huang et al. 2008,
2010; Chen et al. 2013; Huang et al. 2014b). The approach relies on anisotropic distribution
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Fig. 7. (top) A MIR and FIR spectrum derived from collocated Airborne Research Interferometer Evaluation System (AR-
IES) and Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) measurements during a low altitude flight over

Greenland

(Bellisario et al. 2017). (bottom) A simulated top of atmosphere spectrum for the same conditions. Radiances

averaged over the anticipated spectral responses of the TIRS channels are plotted as blue boxes at the central wavelength
of each channel.
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models constructed for each predefined scene type. Application to AIRS radiances results in
agreement to within 1%-2% of CERES OLR at the footprint level (Huang et al. 2008, 2010).
Similar performance is expected for PREFIRE fluxes given the trade-off between the reduced
spectral sampling but increased spectral coverage of the TIRS.

To aid in understanding the factors that modulate polar longwave fluxes, a suite of geo-
physical parameters will also be derived from TIRS radiances. Table 1 summarizes these
parameters, their anticipated accuracy, and preliminary plans for evaluating them. Scene
characterization is an essential first step to retrieving atmospheric and surface properties.

Table 1. Anticipated PREFIRE data products. All data will be produced at the PREFIRE Science Data
Processing System (SDPS) housed within the Space Science and Engineering Center (SSEC) at the
University of Wisconsin—Madison.

Spectral range Anticipated Product
Variable (sampling) accuracy name
Geolocated radiance 5-54 um (~1 um) 1.5 K NEdT (at 300 K) 1B-RAD
Spectral fluxes 5-54 um (~1 pum) Zocvarﬁf%ic% F(:)O W m?for total OLR; 2B-FLX
Cloud mask = 10% miss/false detection rate 2B-MSK
Surface temperature — 2K 2B-SFC
Spectral surface emissivity 5-30 um (~5 um) 1% 2B-SFC
Column water vapor (CWV) — 10% for CWV > 0.1 mm 2B-ATM
Atmospheric temperature — 2K 2B-ATM
Cloud phase and properties (experimental) — TBD 2B-CLD

The PREFIRE cloud mask will build on the long heritage of cloud detection from satel-
lite imagers from the Advanced Very High Resolution Radiometer to the Visible Infrared
Imaging Radiometer Suite (VIIRS) (Rossow and Schiffer 1991; Ackerman et al. 1998,
2019). Similar approaches leveraging infrared split-window differences (e.g., Inoue 1985;
Heidinger and Pavolonis 2009), CO,-slicing channels (Menzel et al. 2008), and 6.3-um water
vapor channels within a physically grounded estimation framework have been successfully
adapted to infrared sounders with footprints similar to TIRS such as AIRS (Kahn et al. 2014).
Simulated clear-sky radiances consistent with ancillary T, and atmospheric soundings from
reanalyses are subtracted from observed TIRS radiances. Differences larger than instrument
noise and scene-dependent uncertainty in surface and atmospheric profiles are indicative of
clouds. The sensitivity of the cloud mask is, therefore, determined by three factors: instru-
ment noise, the accuracy of ancillary datasets, and the sensitivity of the TIRS radiances
to cloud. Despite having coarser spectral sampling than AIRS, the sensitivity of the TIRS
FIR channels to clouds and atmospheric water vapor should allow very thin clouds to be
identified. Given its central role in subsequent clear-sky and cloudy-sky algorithms, assess-
ing the accuracy of the PREFIRE cloud mask will be a focus of both prelaunch sensitivity
studies and postlaunch validation activities.

For the subset of scenes determined to be cloud free with the highest confidence, TIRS
MIR and FIR radiances provide complementary information for simultaneously inferring
CWYV, surface temperature, and surface emissivity using variational techniques that have
strong heritage in the atmospheric sounding community. Figure 8 illustrates the physical
basis for this algorithm. Simulated clear-sky spectra and selected weighting functions for
Summit Station on the Greenland ice sheet (left) and the Greenland Sea (right) are shown,
derived from the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalyses (ERA5). Atmospheric window channels (e.g., 11 um) are well suited
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Fig. 8. Simulated clear-sky emission spectra and corresponding weighting functions from select ERA5 grid boxes located
(a) on the Greenland ice sheet on 7 Jan 2016 and (b) in the Greenland Sea on 3 Jul 2016. The seven selected TIRS channels,
corresponding to adjacent weighting functions, are represented by triangles overlying the high-resolution emission spectra.

for characterizing T, particularly in relatively dry polar climates (Key and Haefliger 1992;
Key et al. 1997; McClain et al. 1985).

To characterize atmospheric water vapor, PREFIRE will leverage complementary informa-
tion in the MIR (~6 um) and FIR water vapor bands. For similar instrument noise levels, the
water vapor rotation bands in the FIR provide particularly strong signals at cold temperatures
characteristic of polar regions and the upper troposphere enhancing accuracy in these condi-
tions relative to MIR alone (Merrelli and Turner 2012; Coursol et al. 2020). However, retrievals
will be susceptible to error due to semiempirical continuum absorption models that still have
high uncertainty in the FIR (Mlawer et al. 2019). While the moderate spectral resolution of TIRS
limits its ability to retrieval high-vertical-resolution temperature and water vapor profiles, the
varying heights of TIRS weighting functions suggest that coarse vertical profiles can be retrieved
provided reasonable prior constraints are supplied from meteorological analysis datasets.

In the colder, drier polar climates, the shorter wavelength portions of the FIR (15-25 um)
feature partially transmissive microwindows where some fraction of the surface leaving
radiation reaches a space borne sensor [e.g., the 17-um (blue) and 21-um (purple) weighting
functions in Fig. 8a]. With CWV and T, constrained, the effects of the atmosphere on these
channels can be modeled effectively “peeling back” the atmosphere to estimate surface emis-
sivity in these microwindows. Since the surface emissivities of most surfaces vary slowly with
wavelength (Fig. 3), the significant spectral features should be well sampled by the moderate
spectral resolution of TIRS.

In cloudy profiles, TIRS radiances provide sensitivity to a wide range of polar cloud char-
acteristics (Fig. 9). Spectral differences in the single scatter albedos of liquid and ice particles
across the MIR and FIR (Rathke et al. 2002; Turner et al. 2003; Cox et al. 2010; Rowe et al. 2013;
Maestri et al. 2019a,b; Di Natale et al. 2020) may offer improved cloud phase classification
compared to MIR alone (Fig. 9b). Furthermore, supercooled water droplets have distinct scat-
tering properties from those in warm clouds (above 0°C) enabling mixed-phase clouds to be
identified (Turner 2005; Turner and Eloranta 2008).
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Fig. 9. (a) A simulated TIRS spectrum for an Arctic ice cloud with optical depth of 2 and effective diameter of 60 ym at
500 hPa. Ice crystal single scattering properties are consistent with the MODIS Collection 5 habit mixture (Yang et al. 2013;
Baum et al. 2014). The remaining panels show brightness temperature differences relative to this cloud for (b) liquid clouds
at the same height with effective diameters of 10 ym and optical depths of 2 and 5, (c) similar ice clouds with optical
depths of 0.5 and 4, (d) ice clouds with effective diameters of 20 and 100 ym, and (e) ice clouds at 700 and 200 hPa. For
all simulations, a typical Arctic January atmospheric profile is used.

The scattering properties of ice crystals also exhibit unique sensitivity to particle size in the
far-infrared compared to the midinfrared (Baran 2007; Yang et al. 2013; Baum et al. 2014).
This may substantially expand the dynamic range of ice particle size that can be retrieved with
TIRS (Maestri et al. 2014; Maestri et al. 2019a,b; Libois and Blanchet 2017; Saito et al. 2020).
However, computed scattering properties require ice crystal habit and size distribution as-
sumptions that introduce uncertainty in relating radiances to particle size (Cooper et al. 2006).
Prior efforts to evaluate bulk ice cloud scattering properties through the FIR using in situ
observations are limited to select case studies (Cox et al. 2010; Bantges et al. 2020) so some
refinement of existing particle optical properties may be required.

Benefit to polar modeling and prediction

PREFIRE’s fundamental goal is to advance our understanding of polar climate. Its short life-
time, moderate spectral resolution, and modest radiometric accuracy precludes benchmarking
polar climate trends but two CubeSats in distinct orbits, sampling the full spectrum of FIR
emission over both poles for a year will characterize the spectral signatures of the atmospheric
and surface processes that modulate local thermal emission across the dynamic polar annual
cycle. These signatures provide a unique resource for both assessing and refining uncertain
elements of ice sheet process models and GCMs.
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PREFIRE observations offer two pathways for advancing polar climate and process models:
directly refining surface emissivity models that influence surface—atmosphere energy ex-
change and assessing simulated spectral fluxes to identify potential biases in specific process
models. The first requires interfacing PREFIRE products with ice sheet and climate models.
Surface emissivity estimates spanning the range of polar environments will be aggregated
into a new spectral surface emissivity database spanning both MIR and FIR wavelengths.
With a straight-forward coupler that partitions broadband longwave fluxes into their spectral
components, this database can be incorporated into models to replace assumed constant emis-
sivities. Thus, PREFIRE’s emissivity estimates offer the potential to immediately improve the
modeling of surface emission that influences surface energy balance and associated surface
processes.

The second pathway invokes the unique spectral signatures of specific surfaces and atmo-
spheric constituents through the FIR to guide model improvement by providing insights into
specific processes and modes of variability. Observed TIRS spectra and the AGHE estimates
derived from them allow the contributions to OLR and DLR variability from changes in surface
temperature, surface conditions, water vapor, and clouds to be isolated (Wielicki et al. 2013;
Huang et al. 2014a). Comparing spectra derived from climate model inputs to PREFIRE obser-
vations may, therefore, reveal deficiencies in particular aspects of model physics. To encour-
age and facilitate credible comparisons throughout the global climate modeling community,
a spectral radiance simulator that accounts for TIRS spatial resolution and sensitivity and
associated diagnostics will be integrated into the Cloud Feedback Model Intercomparison
Project (CFMIP) Observation Simulator Package (COSP) (Bodas-Salcedo et al. 2011). This
simulator will enable “definition-aware” (i.e., defined based on TIRS instrument spectral
resolution and radiometric accuracy) and “scale-aware” (i.e., at a consistent spatial scale)
comparisons against monthly gridded, monthly spectral fluxes, AGHE, and cloud impacts on
AGHE derived from PREFIRE all-sky and clear-sky spectra. Recent work has highlighted the
value of instrument simulators in polar regions for both precipitation (Lenaerts et al. 2020)
and clouds/atmospheric opacity (Morrison et al. 2019).

The influence of PREFIRE-inspired model improvements on predicted rates of Arctic
warming, sea ice and ice sheet melt, and the associated global impacts will be assessed
within the framework of long multicentury control runs and large initial condition ensembles
(Kay et al. 2015; Deser et al. 2020). The joint influence of forced climate change and unforced
variability on observed and projected polar ice loss and warming is often underappreci-
ated. For example, Arctic sea ice cover can temporarily increase in a warming world (e.g.,
Kay et al. 2011) and the timing of an ice-free surface Arctic Ocean can vary by two decades
due to internally generated unforced climate variability alone (Jahn et al. 2016). As a result,
large initial-condition ensembles are required to fully document climate variability and
change (Deser et al. 2020). Output from these large ensembles also provides initial condi-
tions to drive ice sheet models to examine ice sheet surface energy balance, mass budget,
and ice dynamic processes in a warming world. Sensitivity studies using the uncertainty
quantification framework of the Ice-sheet and Sea level System Model (ISSM) and its Glacier
and Energy Mass Balance (GEMB) module with PREFIRE-derived spectral surface emissivi-
ties and associated errors sorted according to surface type using ancillary products such as
visible and microwave sea ice concentration will establish how internal variability and forced
climate trends influence projected surface mass balance and ice sheet dynamic processes
across the Greenland ice sheet (Fausto et al. 2016).

A new frontier in polar climate observations
The Polar Radiant Energy in the Far-Infrared Experiment builds upon decades of research
revealing the importance of the far-infrared spectrum in Earth’s energy balance and its value
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for retrieving atmospheric properties to provide a new view of the planet through a far-infrared
lens (e.g., Harries et al. 2008, and references therein). By extending current spectral infrared
measurements into the FIR, PREFIRE will provide the most complete picture to date of the
spectral character of Earth’s emission opening a door to improved characterization of surface
longwave radiative flux exchanges at the poles, better representation of spectral emissivity in
process models and GCMs, and new diagnostics for evaluating the fingerprints of the processes
that shape the polar climate.

PREFIRE is also among the first dedicated Earth science missions that will employ CubeSat
technology for all of its measurements (Stephens et al. 2020). This affords the opportunity to
fly two identical platforms in asynchronous polar orbits to directly identify the processes that
influence longwave energy flows at both poles (see also Blackwell et al. 2018). Differences in
observed spectra from time-lagged orbit intersections of these platforms quantify variations
in surface emissivity owing to rapid surface processes (e.g., melting and freezing) and assess
the drivers of AGHE (e.g., clouds and moisture gradients).

While PREFIRE primarily focuses on better characterizing polar far-infrared emission
and the factors that modulate it, far-infrared spectra may also benefit several lower-latitude
applications. The principles governing far-infrared radiances in polar regions apply in all
cold, dry regions including high altitude mountain regions and the UTLS. FIR spectra may be
particularly useful for characterizing spatial variations in UTLS temperature and water vapor
associated with gravity waves and convection (Fueglistaler 2005; Nishimoto and Shiotani 2012;
Schoeberl et al. 2015). Ferrare et al. (2004) show that the upper most 0.1 mm of water vapor
in the atmospheric column must be constrained to within 10% to simulate clear-sky OLR to
an accuracy of 0.5 W m™ and water vapor at these altitudes has been shown to play a key
role in defining global temperature trends (Dessler and Sherwood 2009; Solomon et al. 2010;
Dessler 2013). However, water vapor variations in the lower stratosphere are currently poorly
represented in global models (Hurst et al. 2011; Hegglin et al. 2014). Preliminary studies have
demonstrated that assimilating FIR spectra can constrain upper tropospheric humidity in
numerical weather prediction (NWP) models (Coursol et al. 2020). The TIRS simulator being
developed for COSP provides the required observational operator to interface with forecast
systems and PREFIRE’s calibration and validation efforts will supply the required observa-
tional error covariances.

With the launches of PREFIRE, FORUM, and a proposed Canadian mission, the Thin Ice
Clouds in the Far-Infrared Experiment (TICFIRE; Blanchet et al. 2011), the next 10 years
promise to open an exciting new window into the Earth system by systematically document-
ing far-infrared spectra that account for up to half of the planetary emission. Together these
missions offer the potential to establish a new frontier in Earth observation by providing up
to a decade of sustained far-infrared measurements.
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