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ABSTRACT: The Polar Radiant Energy in the Far Infrared Experiment (PREFIRE) mission will, for the first time,

systematically document the far-infrared (15–54mm) spectral region from space. The environmental sampling character-

istics of the PREFIRE CubeSats, defined in terms of surface temperature (Tsfc) and column water vapor (CWV) are

evaluated for a range of possible orbit scenarios for both clear-sky and all-sky conditions over a variety of surface types

(land, ocean, sea ice, snow, glacier ice) at both poles. Using NASA Aqua’s Atmospheric Infrared Sounder (AIRS) and

Advanced Microwave Sounding Unit (AMSU) retrievals to define the climatological ranges of Tsfc and CWV, the fraction

of environmental regimes observed by distinct PREFIRE configurations are evaluated. The sampling rates within any single

year for two-orbit CubeSat launches spanning both polar regions are;75% for clear-sky and;85% for all-sky compared to

the AIRS/AMSU climatology. Decreasing mission duration from 12 to 3 months decreases sampling much more (10%–

20%) than decreasing the swath width from 15 to 8 footprints (6%–9%). For a single CubeSat launch, a 988 orbital incli-
nation provides slightly better sampling than either 938 or 1038. For a two-orbit CubeSat launch, a combination of 938 1 988 is
somewhat preferable to 1038 1 988. Finally, a 50% data loss rate simulated by dropping out every other orbit leads to only a

modest 7%–8% reduction in sampling from full data coverage. This statistical analysis demonstrates that low-cost platforms

could offer similar coverage as present-day flagship missions for sampling wide-ranging Tsfc and CWV states over polar

regions.
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1. Introduction

The Arctic is transitioning to a warmer and wetter state

(Boisvert and Stroeve 2015) at about twice the global rate

(Screen and Simmonds 2010). Changes in low-frequency cir-

culation modes and the intensities and distributions of baro-

clinic waves, as well as a moister and warmer lower troposphere,

contribute to reductions in Arctic sea ice and Arctic amplifica-

tion (e.g., Luo et al. 2017). Boisvert et al. (2015a) showed with a

combination of Atmospheric Infrared Sounder (AIRS) data

and trajectory modeling that approximately 10% of moisture is

contributed locally with the vast majority advected from lower

latitudes pointing to the key role of Arctic moisture intrusions

associated with baroclinic waves. Cullather et al. (2016),

Devasthale et al. (2016), Boisvert and Stroeve (2015), Kay

et al. (2008), Johansson et al. (2017), and Taylor et al. (2015)

and other studies have demonstrated linkages between in-

creased cloud coverage, water vapor mixing ratio, surface

temperature, atmospheric regime shifts, and increased fre-

quencies and intensities of moisture intrusions. Vavrus et al.

(2012) discuss that a wetter, cloudier and stormier Arctic in

the twenty-first century is anticipated.

The meteorological mechanisms driving the rapid change in

the Arctic are still debated, in part due to the absence of sat-

ellite observations within the far-infrared (FIR) bands of

Earth’s emission spectrum (Harries et al. 2008). A moistening

Arctic suggests that the ‘‘dirty’’ window regions within the FIR

(e.g., Delamere et al. 2010; Turner and Mlawer 2010) will

increase in opacity over larger spatial extents and longer time

periods. This increased opacity is expected to peak in the summer

season and into the early fall sea ice minimum and corresponds to

climatological increases in water vapor (e.g., Serreze et al. 2012).

Observations, models, and reanalysis datasets provide widely

varying estimates of surface-based upward and downward long-

wave radiation flux estimates (L’Ecuyer et al. 2015) that motivate

satellite benchmarks of the FIR. Temperature, water vapor, and

cloud properties remain problematic in the latest generation of

reanalyses (Graham et al. 2019).

Peterson et al. (2019) show that surface temperature (Tsfc)

contributes more to the spectral clear-sky outgoing longwave

radiation (OLR) and greenhouse effect (GHE) trends than

atmospheric temperature (T) and water vapor mixing ratio (q)

profiles. However, Peterson et al. (2019) also show that, for

certain geographical regions and time periods, both T and q

contribute more substantially to changes in FIR bands. An

absence of observations of surface spectral emissivity («n) in

the FIR additionally contributes to uncertainties in the infra-

red surface and top of atmosphere (TOA) radiation budget.

Huang et al. (2016) use a synthetic database of «n aggregated by

band in the NCAR Community Atmosphere Model, version 5

(CAM5), to show that changes in global clear-sky and all-sky

OLR range from20.7 to21.5Wm2 when including ‘‘realistic’’

band-by-band «n; regionally, these changes can be much larger.

The sensitivity of TOAOLR to uncertainties in FIR «n is much

more significant in dry atmospheres when column water vapor

(CWV) # 1.0mm (Feldman et al. 2014).

The rapid change in theArctic, combinedwith the lack of a FIR

capability in the current and projected (National Academies of

Sciences, Engineering, and Medicine 2018) NASA Earth scienceCorresponding author: Brian H. Kahn, brian.h.kahn@jpl.nasa.gov
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fleet, has created an urgency for a cost-effective approach to ob-

serving the FIR. Nearly 60% of Arctic emission occurs at wave-

lengths longer than 15mm that have never been systematically

observed. The NASA Earth Ventures program provides a

mechanism for focused short-term efforts that add value to the

understanding of theEarth system.With the selection of the Polar

Radiant Energy in the Far Infrared Experiment (PREFIRE)

mission in early 2018 (https://www.jpl.nasa.gov/news/news.php?

feature57054), NASA will systematically observe the FIR (15–

54mm) spectral region for at least two seasons at 0.86mm spectral

sampling using low-cost CubeSats carrying miniaturized thermal

infrared spectrometers (TIRS). PREFIRE will quantify spatial

and temporal variability in FIR spectra throughout the expected

range of Tsfc and CWV encountered at both poles.

The success of the PREFIRE mission is predicated on its

ability to sample a majority of the instantaneous environ-

mental regimes that compose the Arctic andAntarctic climate.

We seek to establish the sampling coverage of PREFIRE

mission scenarios across a range of surface types (land, ocean,

sea ice, land ice, glacier ice, snow) and for polar orbit launch

scenarios around 988 inclination. Given the important role

clouds play in polar climate, PREFIRE sampling characteris-

tics are estimated separately for clear-sky and all-sky condi-

tions spanning the expected ranges of Tsfc and CWV at both

poles. Clear-sky sampling determines the observational charac-

teristics for clear-sky OLR and GHE, «n and CWV retrievals,

while all-sky sampling determines the observational characteristics

for all-skyOLRandGHE, cloud properties, and the cloudmask.

Most of the literature regarding space–time sampling char-

acteristics of satellite datasets has primarily addressed mean

biases and errors for (i) specific choices of time binning and

grid spacing (e.g., Astin 1997), (ii) satellites flown through

discrete times within the diurnal cycle (e.g., Salby and Callaghan

1997), (iii) satellite simulators ‘‘flown’’ inside of GCMs (e.g., Lin

et al. 2002), and (iv)multiple satellite constellations compared to

single satellites (e.g., North et al. 1993). However, the mean

biases vary according to the geophysical quantity of interest. For

example, Guan et al. (2013) showed that cloud water and upper

tropospheric humidity are inherently more sensitive to orbital

sampling biases than 2-m temperature and humidity.

The space–time sampling for specific quantities of interest

will play a secondary role in this initial PREFIRE investiga-

tion. Rather, we seek a deeper understanding of measurement

sampling sufficiency: how much of the ‘‘observational space’’

in the polar regions is covered for a given observational sce-

nario? The sampling will be assessed within realistic ranges of

Tsfc and CWV for polar regions, as the FIR spectrum is highly

sensitive to these two variables. This initial study is entirely

focused on the polar regions rather than the tropics (e.g.,

Stephens et al. 2016; Kahn et al. 2016) or mountainous regions

(e.g., Feldman et al. 2014) where the FIR plays a key role in

modulating Earth’s radiation budget.

NASA Aqua’s AIRS and Advanced Microwave Sounding

Unit (AMSU) are used to define the ‘‘climatology’’ with re-

spect to an ‘‘observational space’’ composed of Tsfc and CWV

dimensions. Subsets of this observational space that approxi-

mate potential PREFIRE observing swath and orbit scenarios

are then compared to the full observational space defined by

AIRS/AMSU. Previously, Sèze and Rossow (1991) describe

the exploratory use of time-cumulated histograms versus those

for a more restricted range of time, space, and geophysical

extent. In this work, the time-cumulated histograms are anal-

ogous to the climatology, while the restricted histograms are

analogous to the potential PREFIRE orbit configurations un-

der consideration. There are multiple similarities between

PREFIRE and AIRS that include approximate footprint size,

overlapping spectral regions, and likely orbital inclinations.

With the launch of Aqua on 4 May 2002 and the nearly

continuous observational record through present day, the

AIRS/AMSU datasets are ideal for estimating the observa-

tional coverage of PREFIRE.

This paper is organized as follows. In section 2, observations

from theAqua satellite and validation results are described. In

section 3, the method in which the Aqua data are subsampled

to several potential PREFIRE configurations is outlined. In

section 4, the primary results of the sampling investigation are

detailed. Finally, in section 5, the main findings and implica-

tions for PREFIRE observations and algorithm development

are discussed.

2. Data

The Aqua satellite is an observing linchpin of the global

water and energy cycles with nearly continuous pole-to-pole

coverage since launch (Parkinson 2003), providing a realistic

representation of the climatology of environmental states in

the polar regions. Aqua provides a good benchmark for

PREFIRE prelaunch sampling studies because of the long

period of observation, AIRS’ stable radiometry (Aumann et al.

2019), the wide observing swaths that enable nearly daily

global coverage of Earth’s surface and atmosphere, and ex-

tensive validation efforts.

There are 90 AIRS infrared fields of view (FOVs) and 30

AMSU fields of regard (FORs) in the cross-track direction of

the AIRS/AMSU swath. An array of 3 3 3 AIRS FOVs are

coregistered within one AMSU FOR (Lambrigtsen and Lee

2003) and serves as the basis of the cloud-clearing process used

to retrieve Tsfc, CWV, and effective cloud fraction (ECF),

among other properties such as T and q profiles and several

trace gas species (Chahine et al. 2006). As the loss of AMSU-A2

channels in September 2016 led to the degradation of several

geophysical retrievals from this time period onward (Yue and

Lambrigtsen 2017), this investigation is restricted to a 14-yr

period starting 1 September 2002 and ending 31 August 2016.

As the infrared-only version of the retrieval is available after

the loss of AMSU-A2, only the combined level 2 (L2) standard

IR/microwave (MW) cloud-cleared products (AIRX2RET)

is used henceforth. The four parameters used include effec-

tive cloud fraction (ECF), Tsfc, total CWV, and MW surface

classification (Fig. 1).

The ECF variable (CldFrcStd in AIRX2RET file) is re-

ported for one or two layers within each AIRS footprint (Kahn

et al. 2014). In this investigation, the two layers are summed

into a single value of total ECF. The ECF was shown to be

sensitive to thin clouds with values of ECF as low as 0.02–0.05

when compared against the Cloud–Aerosol Lidar and Infrared
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Pathfinder Satellite Observations (CALIPSO) coincidences

(Kahn et al. 2008), although larger uncertainties are typical for

infrared-based cloud amount estimates over Antarctica (e.g.,

Wang and Key 2005; Bromwich et al. 2012; Lubin et al. 2015).

ECF is generally consistent with other satellite sensors (Nasiri

et al. 2011), and short-term temporal variations are correlated

to Arctic moisture intrusions or subseasonal variability in

CWV (Devasthale et al. 2016; Boisvert and Stroeve 2015;

Cullather et al. 2016).

Surface temperature (TSurfAir in AIRX2RET files) is

fundamental to understanding Arctic climate change and rapid

storm processes and is a key dimension in this investigation.

Among the most challenging areas for AIRS Tsfc retrievals is

the cold Antarctic plateau. Boylan et al. (2015) describe

comparisons of coincident AIRS Tsfc retrievals to dropsondes

over Antarctica, with 55% of the coincidences falling within

65K and 84% within 610K. For the remainder of Earth’s

surface, a mostly universal 61K bias for Tsfc is found across

most latitude bands for both ocean and land when compared

against coincident radiosondes, with standard deviations be-

tween 1 and 4K (Dang et al. 2012). The spatial patterns and

secular trends in AIRS Tsfc exhibit realism within different

seasons (Devasthale et al. 2016) and are largely consistent with

other Tsfc datasets (Susskind et al. 2019). Over sea ice Tsfc has

been validated with coincident observations during several

field campaigns with differences generally between 2 and 4K

(Boisvert et al. 2015b, 2020; Taylor et al. 2018). Over the

Greenland ice sheet Tsfc has been validated with coincident

FIG. 1. Example 6-min AIRS/AMSU data granule 146 on 16 Nov 2002 centered on Greenland for several fields described in section 2:

(a) brightness temperature (Tb) at 1231 cm
21 (K), (b) surface classification (low-emissivity snowwas not observed in this granule), (c) total

column water vapor (CWV, mm), (d) surface temperature (Tsfc, K), (e) cloud mask (cloud is purple, clear is white), and (f) total effective

cloud fraction (ECF) where ECF5 0.01 is used to differentiate clear and cloud in (e). The three boxes in (a) approximate the subsamples

for the 1038 (red), 988 (green), and 938 (black) PREFIRE orbits for 15-footprint swaths. For the 8-footprint swath, those are drawn from

the middle portion of each box.
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surface station data with differences near 2K (Boisvert et al.

2017), and potentially larger biases in the presence of tem-

perature inversions (Hearty et al. 2018). Therefore, the AIRS

Tsfc variable realistically captures not only seasonal variations,

but weather-scale variations and spatial gradients on the order

of a few kelvins and larger for land, ocean, sea ice, and land ice

surfaces. As Tsfc is retrieved on the AMSU FOR, the retrievals

of Tsfc are duplicated across all nine AIRS FOVs and are

matched to values of total ECF.

CWV (TotH2OStd in the AIRX2RET files) is fundamental

to understanding how frequently PREFIRE will observe

‘‘open,’’ ‘‘dirty,’’ or ‘‘closed’’ atmospheric windows. Biases in

CWV are occasionally high or low depending on the cloud

amount and cloud regime within the sounding FOR (Fetzer

et al. 2006). Roman et al. (2016), Alraddawi et al. (2018), and

Perez-Ramirez et al. (2019) show that AIRS is biased slightly

wet in the coldest and driest Arctic observations, but by and

large performs well against Global Navigation Satellite System

(GNSS) surface stations and the Maritime Aerosol Network

(MAN). Similar to the Tsfc validation studies described earlier,

any nonzero biases and standard deviations would suggest

some potential ‘‘smearing’’ of CWV across a few bins in the

histograms (see section 3). As with Tsfc, the retrievals of CWV

are duplicated across all 9 AIRS FOVs.

FIG. 2. The 2-yr climatological sampling of CWV and Tsfc for the Arctic (608–908N) (a) clear-

sky and (b) cloudy-sky regions, and Antarctic (708–908S) (c) clear-sky and (d) cloudy-sky re-

gions using the 45-footprint-wide AIRS/AMSU swath (skipping every other footprint). The

2-yr climatology extends from 1 Sep 2002 until 31 Aug 2004. There are 50 bins each in the CWV

and Tsfc dimensions with bin winds of 0.2mm and 2K, respectively. A natural log scale is used

as the counts span several orders of magnitude across bins.

TABLE 1. A summary of total counts, and the number of Tsfc and CWV bins with .20 counts depicted in Fig. 2.

No. of clear-sky bins No. of clear-sky counts No. of cloudy-sky bins No. of cloudy-sky counts

Arctic 1585 46 465 282 1707 64 328 321

Antarctic 1328 45 676 536 1430 40 627 036
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The MW surface class variable (MWSurfClass in the

AIRX2RET files) contains eight surface classifications: coast-

line, land, ocean, new sea ice, multiyear sea ice, new snow, old

snow, and glacier ice. Surface classification is inferred from the

land fraction at the AMSU FOR and channel-dependent

emissivities from several AMSU channels (Grody 1993;

Olsen 2017). Within each AMSU FOR, coastline implies

50%–99% liquid water coverage, land implies less than

50% liquid water coverage, while ocean implies .99%

liquid water coverage. New snow and old snow differences

are caused by a complex set of factors including age, snow

grain size, and melt–refreeze of snow. New snow is typical

for small grains and higher liquid water content, while old

snow is typical for refrozen snow with larger grain sizes

and lower liquid water content. New sea ice and multiyear

sea ice differences are caused by a complex set of factors

including age and ice thickness. Glacier ice is differenti-

ated from sea ice and snow from very low MW emissiv-

ity values (Grody 1993). The AMSU and AIRS spatial

coregistration (Lambrigtsen and Lee 2003) and instanta-

neous time matching make them ideal for footprint-scale

consistency and filtering/binning of data.

In section 4, the snow and ice categories defined by MW

surface classification are combined together into single

snow and ice categories. This simplification is motivated

by a need to quantify the enhancement in the sampling rates

for combinations of surfaces with similar spectral infrared

emissivities. Huang et al. (2016, 2018) show calculations that

stronger similarities are found between various ice surfaces

than with snow surfaces with regard to spectral infrared

emissivity.

3. Methodology

An example AIRS 6-min data granule in Fig. 1 illustrates

the subsampling strategy. The outlines over the 1231 cm21

brightness temperature (Tb) in Fig. 1a depict how the AIRS

swath is subsampled to approximate possible PREFIRE

orbit and swath characteristics. For the Arctic, the right

third of the granule corresponds to a PREFIRE inclination

of 938 (black), the middle third is 988 (green), and the left

third is 1038 (red). In the Antarctic, the order is reversed

such that the left third of the granule is designated 938, the
middle third is 988, and the right third is 1038 (not shown).
Surface classification, CWV, Tsfc, and ECF are shown in

Figs. 1b–d and 1f, respectively. For the cloud mask (Fig. 1e),

changes in the assumed thresholds of clear-sky (ECF# 0.01)

and cloudy-sky (ECF . 0.01) lead to relatively modest

changes in counts but have little material impact on the

results that follow. To approximately reproduce the ex-

pected spacing between successive PREFIRE footprints in

the cross-track direction, every other AIRS FOV across the

swath is skipped, leaving a total of 45 AIRS FOVs, with 15

AIRS FOVs within each third (938, 988, and 1038) of the swath.
Using Sèze and Rossow (1991) as a guideline, the ‘‘clima-

tology’’ is defined for the total CWV and Tsfc dimensions

during a 2-yr period starting 1 September 2002 and ending

31 August 2004. The climatological space of Tsfc and CWV is

generally insensitive for longer time periods, while a 1-yr cli-

matology will be sensitive to interannual variability. The sen-

sitivity of the climatology to the time period selected is

discussed in section 4g. The clear-sky and all-sky histograms for

the Arctic (608–908N) and Antarctic (708–908S) regions are

shown in Fig. 2 and summarized in Table 1. The higher counts

in the Arctic are due to the wider latitude range considered. A

minimum of 20 counts are required for a given CWV and Tsfc

bin to be included in the statistics, and to appear on the color

scale in Fig. 2 within the histograms that follow. The two-

dimensional histograms are divided into 50 bins each ranging

from 0 to 10mm (0.2mm bin width) and 210 to 310K (2K bin

width) for CWV and Tsfc, respectively. Both coarser and finer

binning (25 and 100, respectively) was tested; however, the

general characteristics of the histograms are mostly insensitive

in this range of bin widths. Finer binning may not be justified in

light of the AIRS/AMSU CWV and Tsfc uncertainty charac-

teristics discussed in section 2, while coarser binning begins to

smear out features that exhibit strong gradients in the counts,

such as very dry values of CWV, and Tsfc values near 273K.

The climatological histograms display higher counts in cloudy-

sky than in clear-sky within the Arctic region. As expected,

the cloudy-sky histogram is somewhat warmer and moister

than the clear-sky histogram. While the higher counts for

the cloudy-sky histogram translate to more bins in the

Arctic histograms, that is not the case in the Antarctic since

clear-sky has a higher number of counts yet fewer bins as

these observations are concentrated within the coldest and

driest bins of the histograms.

The counts for clear-sky and cloudy-sky for the Arctic and

Antarctic in Fig. 2 are summed into a single histogram for ‘‘all-

sky’’ and serve as the climatology fromwhich various statistical

subsets are derived. While the histograms are restricted to

clear-sky or encompass all-sky conditions, additional sub-

sampling is applied to (i) individual seasons (three month time

periods for SON,DJF,MAM, and JJA) within individual years

or averaged over multiple years, (ii) multiple seasons (6-month

time periods that start on 1 September, 1 December, 1 March,

or 1 June), (iii) single or multiple orbit CubeSat configurations

TABLE 2. Orbital configurations and time period of observation

and the PREFIRE notional ‘‘baseline’’ and ‘‘threshold’’ missions.

The PREFIRE baseline mission requires two CubeSats and a

mission length of 1 year. The two CubeSats are not necessarily

required to be in formation and could have different orbital incli-

nations and altitudes. The PREFIRE threshold mission requires

one CubeSat and a mission length of 6 months. The additional

orbital scenarios are included to gain a more complete under-

standing of potential sampling variability. The options for the

baseline and thresholdmissions are necessarily limited by theAqua

swath geometry.

Orbits 3 months 6 months 12 months

1038 1 988 — — Baseline

988 1 938 — — Baseline

1038 — Threshold —

988 — Threshold —

938 — Threshold —
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that approximate the PREFIRE ‘‘threshold’’ and ‘‘baseline’’

mission scenarios (see Table 2), and (iv) variable swath widths

with a primary focus on the nominal PREFIRE eight-

footprint swath.

As interannual variability of polar weather and climate is

substantial (Serreze et al. 2012), a 1-yr PREFIREbaselinemission

suggests a ‘‘random draw’’ aspect to PREFIRE observational

sampling. Therefore, the 14 years of data in the AIRS/AMSU

record are used to calculate 14 separate baseline missions from

which averages and standard deviations are calculated. These data

are then presented in a series of dot-and-whisker plots in section 4.

Last, new and old snow surfaces are combined into an ‘‘all snow’’

category, and new, multiyear, and glacier ice surfaces are com-

bined into an ‘‘all ice’’ category.

FIG. 3. The 12-month PREFIRE baseline mission histograms for two-launch 988 1 938 orbits, with eight pixel-wide swaths, for the all-

sky Arctic between 1 Sep 2002 and 31 Aug 2003. Each of the eight different surface types are shown separately: (a) coastline, (b) land,

(c) ocean, (d) new sea ice, (e) multiyear sea ice, (f) new snow, (g) glacier ice, (h) old snow, and (i) all surfaces combined [the sum of (a)–

(h)]. The gray area depicts the climatological sampling from the full AIRS/AMSU swath shown in Fig. 2 for each surface individually in

(a)–(h) and for all surfaces together in (i). The climatological sampling is the sum of the clear-sky and cloudy-sky Arctic and Antarctic

histograms in Fig. 2. The color scale is for bins sampled with counts .20.
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4. Results

a. Two-dimensional histograms of CWV and Tsfc

The primary metric used to define PREFIRE sampling

characteristics is the percentage of the AIRS/AMSU CWV–

Tsfc climatology covered by different PREFIRE scenarios. The

climatology (gray shading) for CWV and Tsfc within all-sky

conditions, and also for each surface individually and all sur-

faces combined, is shown in Fig. 3 and Table 3. The sub-

sampling representing PREFIRE observations (color scale) is

restricted to 1 September 2002 to 31 August 2003 for an eight-

footprint swath and a combined 988 1 938 two-orbit inclination.
This shows that, even for a limited 1-yr time period and spatial

sampling restricted to the Arctic, a total of 78% of all bins

over all surfaces are sampled.

Figure 3 illustrates that the coastline has many of its obser-

vations near freezing temperatures which suggests complex

subfootprint features over a mix of bare land, ocean, and fro-

zen surfaces. The ocean has less spread and fewer total bins

than land despite the fact that there are twice as many counts

compared to land; the ocean Tsfc is constrained to a narrower

range than land Tsfc. New sea ice is found at warmer Tsfc than

multiyear sea ice. New snow is spread over more of the total

climatological space than old snow although the sampling rate

is very similar (74% and 76% for new and old snow, respec-

tively). As expected, glacier ice and old snow categories are the

coldest and driest of all the surfaces. The ranges of CWV, Tsfc,

the relative numbers of counts, and their positioning within the

climatological observational space are consistent with expec-

tations for an arbitrary Arctic year.

The Antarctic region is shown in Fig. 4 and Table 3.

Generally speaking, the Antarctic sampling is sparser than the

Arctic in most categories except for glacier ice. Observations

for coastline and ocean are 32% and 46%, respectively, which

is consistent with the 708–908S sampling range set by PREFIRE

mission requirements that prioritize high-latitude data. By

design these Antarctic histograms fill in PREFIRE sampling

for colder and drier sets of bins than the Arctic histograms.

The observations are complementary as the two polar re-

gions would be obtained simultaneously during the mission.

Histograms in Figs. 3 and 4 are summed and then shown in

Fig. 5 and Table 3. The total polar sampling (85%) is a sig-

nificant increase over the Antarctic (62%) and Arctic (78%)

sampling alone highlighting the value of PREFIRE’s com-

bined sampling of both poles. In particular, individual sur-

face classes are found in different ranges of CWV and Tsfc

within the Arctic and Antarctic histograms such that a larger

sampling for the total polar region is obtained (Fig. 5).

b. Clear- versus cloudy-sky sampling

The clear-sky and all-sky conditions for the 988 1 938 two-
orbit inclination and eight-footprint-wide swaths are summa-

rized in Figs. 6a and 6c, respectively. There is approximately a

10%–15% increase in the sampling rates for all-sky conditions

compared to clear-sky conditions. In the case of ocean, the

increase between clear-sky and all-sky conditions is much

larger (.30%) because of the dominance of cloudy skies over

the oceans. As there is a larger surface type diversity in the

Arctic region considered, there is a tendency for more bins to

be filled in with sufficient observations within the Arctic

compared to the Antarctic, except for glacier ice, where

Antarctica has a greater number of observations. The year-to-

year standard deviation is generally a few percent or less for

most surfaces, and is slightly higher in the Antarctic than

the Arctic.

With respect to individual surface classes, as well as all

surfaces, all snow and all ice combined, the ‘‘random draw’’

effect of the time of year—and the particular year in which

PREFIRE will launch—should have no material impact on the

bin percentage covered within the climatology for the baseline

mission. This does not suggest, however, that the areas within

the histograms will not shift significantly from year to year. In

particular, seasonal variations in themselves will be substantial

because of changes in surface types, and Tsfc and CWV within

each type. Some of this effect will be mitigated by the combi-

nation of Antarctic and Arctic sampling together into a total

polar category as opposing seasons will ‘‘fill out’’ more of the

histogram space.

c. Impact of swath width

To assess trades within instrument and CubeSat constella-

tion designs, the sampling footprints in theAIRS/AMSU swath

TABLE 3. A summary of Tsfc and CWV bins with.20 counts depicted in Figs. 3–5. The left column is the number of bins for all-sky, which

is the sum of clear-sky and cloudy-sky in Fig. 2.

Orbit scenario: All-sky 988 1 938 eight-footprint swath 1 Sep 2002 to 31 Aug 2003

Surface type

No. of climatological bins No. of bins for orbit scenario Percentage of bins

Polar Arctic Antarctic Polar Arctic Antarctic Polar

Coastline 978 721 312 746 74 32 76

Land 1572 1044 708 1233 66 45 78

Ocean 1049 846 478 860 81 46 82

New sea ice 1335 899 874 1019 67 65 76

Multiyear sea ice 1176 840 702 900 71 60 77

New snow 1450 1075 855 1172 74 59 81

Old snow 1095 836 91 836 76 8 76

Glacier ice 1511 902 972 1193 60 64 79

All surfaces 1937 1504 1204 1654 78 62 85
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are expanded. This expansion provides statistical evalua-

tion of having a single instrument with nearly twice the

areal coverage, or two instruments flown in formation. The

clear-sky and all-sky conditions for the 988 1 938 two-orbit

inclination and 15-footprint swath are summarized in Figs. 6b

and 6d, respectively. A 6%–9% increase in sampling rate is

gained from 8-footprint increasing to 15-footprint swaths in

clear-sky for all surfaces (7%), all snow (6%), and all ice

(9%). For all-sky, the increase is very similar for the

aforementioned categories. For individual surface types,

the increases are as large as ;10% with similar standard

deviations between the two swaths, implying that the ‘‘random

draw’’ aspects of 8-footprint and 15-footprint swaths are

very similar.

d. Summary statistics for one year of sampling

The clear-sky and all-sky sampling for all snow and all

ice surfaces are summarized for 1-yr time periods of

sampling starting on 1 September in Figs. 7a and 7b. For

both the all ice and all snow surface classes, there are

slight preferences for the 988 1 938 two CubeSat launch

over the 1038 1 988 two CubeSat launch, as 988 1 938 spans

FIG. 4. As in Fig. 3, but for the Antarctic.
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more of the high-latitude snow- and ice-covered surfaces.

The slight preference for 988 1 938 is a little larger within

clear-sky by 1%–2% for all ice surfaces compared to all

snow, but this is not the case in all-sky. There is also a

slight preference for 988 in clear-sky when compared to 938
and 1038 for the single CubeSat launch, but there is either

no preference or perhaps a slight preference for 938 in all-

sky. The reasons for the slight differences in orbital

preference of clear-sky and all-sky is not entirely obvious

but could be related to cloud amount differences with

respect to different surface types. Overall, there is a

;15% increase in the sampling rates for all-sky when

compared to clear-sky.

e. Summary statistics for 3 or 6 months of sampling

The clear-sky and all-sky sampling for all snow and all ice

surfaces are summarized for six months (SONDJF) and three

months (SON) in Figs. 7c–f. A decrease from 12 to 6 months

will lead to a 5%–10% decrease in sampling rates, and likewise

an additional 5%–10% decrease in sampling rates from 6 to

3 months. There is little sensitivity to whether the time period

starts in September, December, March, or June, as these

FIG. 5. As in Figs. 3 and 4, but for the total polar sampling (sum of Figs. 3 and 4).
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differences are at most a few percent (not shown). This is an

encouraging development as it implies that the time of year for

the launch of a short-term (Venture class) mission like

PREFIRE will have little material impact of the sampling of

the climatological histograms using the total number of bins

sampled as the guiding metric. As mentioned previously, while

it is expected that the area within the CWVandTsfc dimensions

may exhibit significant differences from season to season;

even in a 3- or 6-month mission, the total polar statistics

(Arctic 1 Antarctic) should mitigate the impacts from

seasonal differences.

f. Impacts from periodic PREFIRE data dropouts

With the increasing usage of low-cost access to space options

such as CubeSats, there is general concern about communi-

cations challenges. We assess the potential impacts of periodic

data dropouts by withdrawing either one out of every four, one

out of every three, and one out of every two orbits to simulate

the impacts of unexpected bandwidth limitations, other types

of downlink problems, or the effects of heavy housekeeping

data downloads on sampling (Fig. 8). For a given color, the

solid dot furthest to the right within each surface category is for

the full sampling coverage. The other three symbols in each

row are the mean values for one out of four, three, and two

orbit dropouts. The results of Fig. 8 are limited to SON 2002 as

all other seasons and years yield very similar statistics (not

shown). There is a 7%–8% reduction in climatological sam-

pling coverage for all polar regions if one out of two orbits are

lost at a periodic rate. Assuming the data dropouts occur reg-

ularly and frequently, they will have little impact on the total

sampling rates. Interestingly, some surfaces over Antarctica

show even lower losses (less than 5%), while the coastline and

land surface classes in the Arctic show losses as high as 10%.

Thus, there could be as much of a factor of 2 difference in the

dropout rates for individual surface types if dropouts are

considered separately for the Arctic or Antarctic. This is

likely a consequence of the earlier point made that the

Antarctic bins have higher counts (redundancy) within a

tighter range of bins.

If the data dropouts are clustered in time, the sampling rates

may be further reduced if the dropouts are concentrated within

the early or latter portions of the season. To quantify this po-

tential effect, the year-to-year all-sky sampling rates restricted

to the months of September and October only are shown in

Figs. 9a and 9b, respectively (November is not shown as it is

very similar to October). For September with respect to the

total polar sampling, the values range between 55% and 60%

from year to year which is very similar to one out of two orbit

data losses. For October, this drops to 50%–55%. The greater

sampling in September is consistent with a wider range of

Arctic Tsfc and CWV values observed compared to October,

which is cooler and drier than September, while Antarctica still

is generally very cold and dry. Similar results are found for the

Arctic and Antarctic regions separately (Fig. 9). Thus, for the

most extreme data loss scenario (30 or 60 continuous days of

data loss), the sampling is at most a few percent less than pe-

riodic data losses for every other orbit.

Last, when considering the impact of abnormally highArctic

sea ice loss (i.e., 2007 and 2012) on sampling characteristics, it is

important to distinguish sea ice loss (pixel counts) versus

sampling rates. Despite the reduced ice cover, the sampling

rates over all ice surfaces averaged together are generally

FIG. 6. Dot-and-whisker plots for the Arctic, Antarctic, and combined polar for each surface type, combined

snow and ice categories, and all combined surface types for 1-yr, two-orbit 988 1 938 and clear-sky for (a) 8-footprint
and (b) 15-footprint swaths, and all-sky for (c) 8-footprint and (d) 15-footprint swaths. The mean values and

standard deviations are calculated from the 14-yr AIRS/AMSU observing record for 1 Sep 2002 to 31 Aug 2014.
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indistinguishable from the variability over the 14-yr observa-

tional record. For example, the sampling difference of all ice

surfaces between September 2003 (41%) and 2012 (35%) was

relatively modest compared to the 47% reduction in pixel

counts from 2003 (278 873) to 2012 (149 147). However, the

change in the sampling rates are somewhat varied depending

on the type of ice surface. Glacier ice decreases from 32% to

29%, new sea ice from 28% to 22%, andmultiyear sea ice from

38% to 21% between September 2003 and 2012. Therefore, in

years with low sea ice, there is much less impact on sampling

rates than the counts themselves if all ice surfaces are taken

together, and the sampling rates overall are somewhat higher

for the all-ice category. If new sea ice, multiyear sea ice, and

glacier ice are considered separately, the sampling rates may

vary significantly from year to year, primarily for multiyear sea

ice, and are significantly lower than the all-ice category.

g. Sensitivity to the baseline climatology

Changes in the sampling rates from a climatology based

on the 2-yr period starting 1 September 2002 and ending

31 August 2004, versus a 2-yr period starting 1 September

2014 and ending 31 August 2016 are negligible. The total

number of bins with .20 counts is 1828 and 1858 bins for

clear-sky (1839 and 1866 for cloudy-sky) in the earlier and

latter periods, respectively, for a total difference of 30 (27)

bins. Nearly all bins in the latter period are located within

the same two-dimensional CWV and Tsfc space depicted

in Fig. 2 and is therefore not shown for reasons of brevity.

FIG. 7. Dot-and-whisker plots for the Arctic, Antarctic, and combined polar for all ice and all snow surfaces

starting 1 Sep for (a),(b) 12, (c),(d) 6 (SONDJF), and (e),(f) 3 (SON)months for (a),(c),(e) clear-sky and (b),(d),(f)

all-sky. Three single-launch CubeSat orbital inclinations (938, 988, 1038) and two-launch CubeSat scenarios (938 1
988, 988 1 1038) are considered for 8-footprint swaths. Additional 3- and 6-month time periods that start on 1 Dec, 1

Mar, or 1 Jun are within a few percent of 1 Sep and are not shown. The 1-yr, two CubeSat ‘‘baseline’’ mission of

PREFIRE (Table 1) is represented by the 938 1 988 and 988 1 1038 scenarios in (a) and (b). The 6-month, one

CubeSat ‘‘threshold’’ mission of PREFIRE (Table 1) is represented by 1038, 988, and 938 in (c) and (d).
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As a result, we conclude that the sampling rates derived in

this work are insensitive to the time period of the baseline

climatology.

However, this does not capture the full story of sampling

shifts between the two time periods as the counts could move

significantly within the histograms. This potential shift in the

population of the counts is estimated by calculating mean

values of CWV and Tsfc for each surface type within clear-sky,

cloudy-sky, and all-sky. Tables 4 and 5 list the mean values of

CWVandTsfc, respectively, for the histograms depicted for the

earlier climatological period in Figs. 3–5 (gray shading) and

also for the latter period (not shown in figures). Although the

time period of the climatology has little bearing on the sam-

pling rates, upon inspection of Tables 4 and 5, important shifts

in the mean values of CWV and Tsfc appear to be related to

shifting counts within surface types and confirm a tendency

toward a cloudier combined total polar region in later years.

Interestingly, the CWV is approximately constant—or shows

slight reductions—between the time periods within clear and

cloudy skies when treated as separate entities. One exception

is a slight increase in CWV by 0.1–0.2mm for snow surfaces

(Table 4). The shift toward cloudier skies in the percentages of

counts (Table 6), which are generally moister for all surfaces

by a factor of 2 except for ocean, explains the slight increase

in CWV for all-sky conditions. The lack of a strong increase in

CWV is consistent for both AIRS/AMSU and the Moderate

Resolution Imaging Spectroradiometer (MODIS) (Chang

et al. 2019).

The changes in Tsfc are another matter. Between the two

climatological time periods considered, the Tsfc increases

by 10.44K in clear-sky while it is 10.59K in cloudy-sky;

however, the all-sky increase is larger than either at 10.87K.

The larger all-sky increase in Tsfc is explained by the increased

cloudiness (Table 6), where cloudy-sky is generally warmer

than clear-sky for the same surface type. The difference in Tsfc

is largest between clear-sky and cloudy-sky snow and ice sur-

faces, while the time period differences are most pronounced

for snow surfaces. To summarize, the increases in Tsfc over the

Aqua observing record—unlike CWV—are attributable to

(i) a combination of increased Tsfc within each surface type and

their clear-sky and cloudy-sky categories treated as separate

entities, and (ii) a shift in the observations toward a cloudy-sky

(Table 6).

5. Summary and discussion

PREFIREwill sample FIR (15–54mm) spectra in both polar

regions for the first time. This study introduces a new approach

for assessing the sampling coverage of PREFIRE for a range of

likely launch scenarios in the context of CWV, surface tem-

perature, and surface type (land, ocean, sea ice, glacier ice,

snow). We describe experiments where the potential sampling

coverage for PREFIRE is tested separately for clear-sky and

all-sky conditions spanning the expected climatological ranges

of surface temperature (Tsfc) and column water vapor (CWV)

FIG. 8. Impacts of orbit dropouts by withdrawing every fourth,

third, and second orbit for SON 2002 in all-sky conditions for a

single CubeSat 988 orbit inclination and eight-footprint swaths for

the Arctic, Antarctic, and total polar regions. Each group of four

dots depicts the spread from the data dropouts on the sampling

rates, with the solid circle farthest to the right represented by Fig. 5.

The solid square is for one out of four, the open circle is for one out

of three, and the open square is for one out of two orbital dropouts.

Other seasons, sky types, and orbital inclinations are similar and

are not shown.

FIG. 9. Sampling rates for all-sky conditions during (a) September

and (b) October over the 14-yr observational record for the Arctic,

Antarctic, and total polar sampling at a 988 orbital inclination and

eight-footprint swath. November is very similar to October and is

not shown.
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for typical polar conditions. As miniaturized technological

capabilities rapidly advance, opening the door to increased use

of SmallSats and CubeSats (Stephens et al. 2020), it remains an

open question as to whether these low-cost platforms could

offer similar coverage in time and space as present-day flagship

missions such as NASA’s Aqua satellite. The sampling ap-

proach that is described in this work serves as an example of

how one may determine whether these sensors are up to the

task of meeting specific science observing goals.

To this end, Aqua’s Atmospheric Infrared Sounder (AIRS)

and Advanced Microwave Sounding Unit (AMSU) are

used to define the climatological ‘‘observational space’’ for

Tsfc and CWV histograms. Subsets of this observational

space approximate potential PREFIRE launch scenarios

and are then compared to the full observational space

defined by AIRS/AMSU. There are several similarities be-

tween PREFIRE and AIRS that include approximate foot-

print size, overlapping spectral regions, and likely orbital

inclinations that lend themselves to a straightforward use of

AIRS to estimate the range of conditions that PREFIRE will

observe. With the launch of Aqua on 4 May 2002, and the

nearly continuous observational record through present day,

the AIRS/AMSU datasets are ideal for defining potential

PREFIRE sampling characteristics.

The climatological observational space is defined with re-

spect to the total CWV and Tsfc dimensions during a 2-yr pe-

riod starting 1 September 2002 and ending 31 August

2004. The clear-sky and all-sky histograms for the Arctic

(608–908N) and Antarctic (708–908S) regions are shown

separately and then combined into a total polar region his-

togram. Further subsampling is applied to (i) individual

seasons (3-month time periods for SON, DJF, MAM, and

JJA) within individual years or averaged over multiple

years, (ii) multiple seasons (6-month time periods that start

on 1 September, 1 December, 1 March, or 1 June), (iii)

single or multiple orbit CubeSat launch configurations that

reflect the PREFIRE ‘‘threshold’’ and ‘‘baseline’’ mission

scenarios, and (iv) variable swath widths with a primary

focus on the likely PREFIRE eight-footprint-wide swath.

The year-to-year variability in the polar weather and cli-

mate implies some randomness in the sampling character-

istics. Therefore, the 14-yrAqua record defines the extent to

which the ‘‘random draw’’ of the launch date and mission

length meaningfully impact the observational statistics. The

primary findings are as follows:

d The sampling rates of the histograms increased by 5%–15%

by summing together the Arctic and Antarctic regions into a

total polar region

TABLE 4. The mean values of CWV (mm) for clear-sky, cloudy-sky, and all-sky histograms for total polar sampling within the climato-

logical time periods of 1 Sep 2002 to 31 Aug 2004, and 1 Sep 2014 to 31 Aug 2016.

Surface type

Clear-sky Cloudy-sky All-sky

2002–04 2014–16 2002–04 2014–16 2002–04 2014–16

Coastline 6.08 6.07 6.60 6.50 6.45 6.38

Land 5.50 5.41 6.03 5.83 5.89 5.72

Ocean 6.75 6.52 6.34 6.29 6.38 6.31

New sea ice 3.00 2.95 4.16 4.08 3.67 3.61

Multiyear sea ice 2.93 3.03 4.43 4.31 3.61 3.66

New snow 1.52 1.62 3.22 3.29 2.37 2.50

Old snow 2.25 2.45 3.34 3.47 2.84 3.04

Glacier ice 0.81 0.76 1.73 1.63 1.19 1.12

All ice 1.79 1.69 3.16 3.00 2.43 2.32

All snow 1.63 1.75 3.24 3.32 2.45 2.59

All surfaces 1.93 1.92 3.73 3.74 2.86 2.91

TABLE 5. As in Table 4, but for Tsfc (K).

Surface type

Clear-sky Cloudy-sky All-sky

2002–04 2014–16 2002–04 2014–16 2002–04 2014–16

Coastline 270.03 269.73 269.95 269.63 269.97 269.65

Land 266.57 266.75 267.01 266.54 266.89 266.59

Ocean 274.13 273.98 268.99 268.79 269.50 269.31

New sea ice 253.22 253.35 257.13 257.22 255.47 255.62

Multiyear sea ice 248.44 250.05 254.80 254.62 251.31 252.29

New snow 231.88 233.33 249.96 250.91 241.00 242.63

Old snow 244.47 246.84 251.06 252.07 248.04 249.88

Glacier ice 232.53 232.04 242.96 242.71 236.84 236.54

All ice 240.80 240.27 250.34 250.04 245.23 244.98

All snow 233.77 235.41 250.15 251.12 242.13 243.86

All surfaces 240.21 240.65 253.51 254.10 247.07 247.94
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d With respect to the climatological histograms of CWV and

Tsfc, the single-year (12-month) sampling rates over all sur-

face classes for the total polar (Arctic1Antarctic) clear-sky

is ;75%, and for all-sky it is ;85%
d A decrease from 12 to 6 months for a randomly chosen

time period decreases the sampling rates by an additional

5%–10%
d A decrease from 6 to 3 months for a randomly chosen time

period further decreases the sampling rates by an additional

5%–10%
d There is a slight preference for a 988 orbit over a 938 or 1038
orbit for a single CubeSat launch

d There is a slight preference for 938 1 988 over 1038 1 988 for a
two-orbit CubeSat launch

d There is a modest 7%–8% reduction in sampling from full

temporal data coverage to data dropouts of one out of every

two orbits
d An increase in swath width from 8 to 15 footprints increases

the sampling rates by a modest 6%–9%
d The differences for the total polar sampling between the four

individual seasons (SON, DJF, MAM, JJA) are a few per-

cent or less
d Differences in sampling rates are negligible using either the

first or last two years of the Aqua time period considered as

the baseline climatology
d CWV for all surfaces in all-sky conditions increases

by only 0.05 mm between the two climatological time

periods
d Tsfc for all surfaces in all-sky conditions increases by10.87K

between the two climatological time periods

This statistical study demonstrates that sufficient (i.e.,.50%)

sampling can be accomplished with a miniaturized thermal in-

frared spectrometer deployed in a CubeSat platform.

Wide-band, spectrally resolved sampling of 50%–85% of

the climatological space spanning the Tsfc and CWV variables

is not only feasible, but also affordable and implementable

within an Earth Ventures class mission.

This investigation was limited to the polar regions of Earth

from 608 to 908N and 708 to 908S that are the primary obser-

vational targets of PREFIRE. In the event that additional data

are obtained at lower latitudes, further analysis on sampling

rates in the clear-sky and all-sky tropics (e.g., Kahn et al.

2016) and over high-altitude mountainous regions (e.g.,

Feldman et al. 2014) is warranted. The high values of CWV

in the tropics will render the surface essentially unobservable

in the FIR from space. However, free-tropospheric tropical

humidity profiles are complex and vary across orders of

magnitude, suggesting that the FIR portion of the spectrum is

highly variable within the tropics. Over high-latitude moun-

tainous regions, the values of CWV are much lower and the

surface will be frequently observed in the FIR spectral region

(Feldman et al. 2014).

This initial PREFIRE sampling investigation paves the way

for detailed investigation of the sampling required to address

specific mission science objectives and requirements for level-2

products. These follow-on studies are ongoing and will be re-

ported elsewhere.
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