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The Scanning Higlmesolution Interferometer Sounder-(8S) measures emitted thermal radiation at

high spectral resolution betwe8® and17.3microns (80D2850cm™) at 0.5 crt spectrasampling
resolutionwith 0.100 radianangularfield of view (2 km footprint from 20 km observing altituéey
imagingaccomplished via crogeack scanning Since 1998, thel3IS has participated iB5field

campaigns on the NASA ER DG8, Proteus, W7, and Global Hawk airborne platform§he SHIS

has proven to be extremely dependatté high calibration accura@nd consistent performanom all
platforms. The measurement applications have included radiancevétuating-adiative transfer

models, temperature and water vapor retrievals, cloud radiative properties, cloud top retrievals, surface
emissivity and temperature, trace gas retrievals, dalliteacalibration validation

The SHIS is well suited for the DOBAFOs newly acquired Bombarditallenger 850 Aircrafiecause
the SHIS spectrally resolved infrared radiameasurements directly support many key ARM science
objectvesthat are not fulfilled by currersirbornefacility instruments Furthermorethe SHIS is an
existing statef-the-art instrument with proven robust performandemonstratecon multiple aircraft
The SHIS s a relatively simple instrument to suppa the field,with a high calibration accuracy that is
traceabldo NIST standards The operational data produetseproduced routinelyandon a timely basis.

Thermodynamic profiles are required for the DOE ARM cloud and aerosol research objactives,
spectral infrared cloud properties have been identified as a priority measurement by DOE ARM
researchersAs an example, a unique and timely airborne campaign that would be particularly applicable
to ARM science objectives is a third installment efRadiative Heating in Underexplored Bands
Campaign (RHUBC) focusing on the study of ice cloud radiative properties in the infrared-and far
infrared. With the §41S mounted in aving podof the DOE Challenger 850 Aircraft, th¢18 would be
capable of mesuring both upwelling and downwelling radiances through a-trask nadir viewport
and zenith viewport, respectiveMith the Challenger aircraft flying below a cirrus layer, %
wouldmeasure downwellingpectrally resolved radianceghich cold be usedo retrieve the
temperature and cloud properties using observations in-thfe [fm region Radiative closurstudies
couldthen beexaminedat wavelengths beyond 15 pithis would requirghe integration of th&HIS 4-
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detectordewar into thenstrument to provide coverageyond 20 pumbut would be a unique and
valuable airborne measurement.

Past and current applications of t8¢11S measurememstincluderadiances foevaluatingadiative

transfer model§l-3]; temperature and water vapor retriev@s5], cloud radiative propertig$, 7],

cloud top retrieval§4, 5, 8] surface emissivity and temperat@ell], trace gas retrievdls?]; the
characterization of the thermodynamic environment around hurricanesrapttal stormg413-16]; the
characteriation offire development, emission processes, plume evolution, and downwind impacts on air
quality[17-19]; and satellite calibration validatiof20-26]. GenerallyS-HIS is highly valuable in field
programs where this extensive range of properties (highly accurate radiance spectra, temperature and
water vapor profile distributions, cloud and surface radiative properties, and trave@ads) isneeded

with higher sptal resolution and better temporal overlap than can be provided by satellite sounding
instruments, and where more extensive coverage is needed giarobservations can providdhis

turns out to be a large fraction of field programs focused onteliaral weather process studies.

3.1! Instrument and Measurement Description

The Scanning Higliesolution Interferometer Sounder-(8S) shown inFigurelisan advanced version

of the HIS NASA ER instrument. The-8lIS was initially designed to fly on an unmanned aircraft
vehicle (UAV) with limited payload capacity. This drove it to be small, lightweight, and modular, with
low power consumption. It waswsdoped between 1996 and 198&d refined beyond thadt the

University of Wisconsin (UW) Space Science and Engineering Center (SSEC) with the combined support
of the US DOE, NASA, and the NPOESS Integrated Program Office. Its design and calibratiguesc
havebenefittedrom experience with the HIS and with the ground based Atmospheric Emitted Radiance
Interferometer (AERI) instruments developed for the DOE Atmospheric Radiation Measurement (ARM)
program. The nadionly spatial sampling of the gmal HISwasreplaced by programmable cretsack
coverageavhile maintainingsimilar sized footprint§100 mradangular field of vieyv The programmable
SHIS scene mirroand frontend desigralsosupporta zenith viewor compatible aircraftThezenith

view enableturther calibration verification analysis and upper atmosphere studies.

The SHIS is packaged in three enclosures each mounted to a structural &rsshtbe SH1S structural

frame mechanically mounts to the aircraft structuréisallows for simple mechanical integration, with

a weltdefined mechanical interfac@he three enclosurese referred to abe Interferometer Module,
Electronics Module, and the Data Storage Computer (data system). The Flight Calibration Assembly is
directly mounted to the front of the Interferometer Modatelosure.The system is modular, and the

three enclosures may be mounted on a diffesgmtturalframe if required.Details of the instrument

design, interface, and integration amailablan the SHIS Instrument Description Documefi27].



,f’j ,,hg \/

Interferometer & Optics

+ % Hot Blackbody x v

Scene Mirror Motor : \
N

MGSE - Not for flight

Figurel: The Scanmig Highresolution Interferometer SoundeH|S); Proteus integration (with extra insulation on optical
enclosure), Scaled Composites, July 2004.

The basiénstrument and measuremeaharacteristics are summarizedlablel. The optical design is
very efficient, providing useful sigr@-noise performance from a single 0.5 second dwell time. This
allows imaging witliOOmradresolution(2km at nadir from 20knaltitude)to be accomplished by cress
track scanning. Onboard reference blackbodies are viewtdtev@ating 45; scene mirror ggrt ofeach
crosstrack scarsequenceproviding updated calibration information evelr§-20seconds.

The fundamental measement consists atnumerically filtered interferograrfor each of the three
spectral band€ollected every 0.5 secanBicene and calibration view interferograms, along with
calibration and engineering data are stored to an onbselidistate hard drig. For platforms without a
high bandwidth satellite downlinkhé Level O data downloaded from the instrumemlver anethernet
connectionpostflight, and processed teolocatedalibrated radiancesnd temperature, water vapor,
and trace gas retrielga The Revercomb complex calibration method is used for radiometric calibration
[28], and operational retrievafeemperature, water vapor, CO, Gi;, SQ, N;O profiles, total column
CO,, surface temperature and emissiviigg the Dual Regression Retrieval Algorifdb].

The continuous spectral coverage froitd8.17.3um at 0.5 cm resolution is illustrateth Figure2 by a
sampleS-HIS measuredipwellinginfrared spectrumwith some of the key spectral features labelléx
spectrakoverage is dividedto three bands witseparate detectors (two photoconductive HgCdTe and
one InSb) to achieve the required noise performance. The bands use a common field stop to ensure
accurate spatial ealignment. The longwave band provides the primary information for temperature
soundingandfor cloud phase and particle size. The midwave band provides the primary water vapor
sounding information anddditionalcloud property information. The shortwave band provides
information on cloud reflectance and augments sounding information. &textbrs are cooled 77K

using a Litton 0.6W splitycle Stirling cooler.



Tablel: SHIS instrument and measurement characteristics.
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Figure2: Typical $11S measured upwelling radiance spectrum (0*Sampling resolution)

The rapid sampling frequency of the S-HIS allows cross-track imaging at 2 km resolution with a swath
width on the ground of 30 — 40 km from 20km altitude (ER-2 typical cruise altitude). An example of how
this capability can be used to build up an image of a larger area by flying a mapping pattern with the
aircraft is shown in Figure3.
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Figure3: Brightness temperature of the Okavango Delta, BotswanamictOracquired by Scannii)S during six parallel
flight lines over the Delta on 27 August 208D Images can be made from any of the nearly 5000 spectral samplesI&.the S
For clouds, linear combinations of clean window channels will be used tatieviestgpatial distribution of cloud properties.

The SHIS radiometric calibration, calibration verification, and traceability can be divided into four
primary phases:
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Preiintegration calibration of oiboard blackbody references at subsystem level,

Pre and postdeployment endo-end calibration verification;

Periodic eneto-end radiance evaluations under flighte conditions with NIST transfer sensors;
¥ Instrument calibration during flight using two dooard calibration blackbody references.

Preiintegraion calibration of the orboard blackbody references is typically completed on the order of
every 5 years. Thet8S thermistor readout electronics calibration is verified to within 5 mK using a
series of 6 reference resistors, that are each calibratedzuracy of better than 0.5 mKsfgma)
equivalent temperature, using a Fluke 8508A DMM. ThiéSSOn-Board Calibration Blackbody
thermistors are calibrated at 10 temperatures over the range6pT to 60 jC. These tests are done in

a controlledsothermal environment using a NIST traceable temperature probe that is calibrated at Hart
Scientific to an accuracy of 5 mkg@gma). Following these tests, the-Bwoard Calibration Blackbodies

and Readout Electronics are integrated to th#SInstrument.

Prior to and after each field campaign, €oekend calibration verification is performed. Et@end

calibration verification is conducted using a variable temperature blackbody at the zenith view and an ice
bath blackbody at the nadir view. Radies measured by the-BS instrument are compared to those
calculated for the verification blackbodies, based on the measured cavity temperature, knowledge of the
emissivity, and measurements of the background temperaftwevariable temperature blacktyoused

for SHIS calibration validation has its heritage rooted in the Atmospheric Emitted Radiance
Interferometer (AERI) instrumer{29, 30] These blackbodies have had their emissivity verified at NIST

to within 0.001 using three methods: themplete Hemispherical Infrared Ladeased Reflectometer
(CHILR); theThermal InfraredTransfer Radiometer (TXR); and tAevanced Infrared Radiometgnd
ImagingFacility (AIRI). The ice bath blackbody is geometrically similar to the AERI Blackbody, and is
coated with the same paint.

During flight,interferograms are collected for viewshsf onboard blackbodyeferences (ambient
blackbody and hot blackbodylong with every crogsack scan These areised for calibration of the- S
HIS Earthscene measurementEhe SHIS Ambient Blackbody (ABB) runs at the pod ambient
temperature (betwen 218K and 245K, depending on the local ambient environment); and the Hot
Blackbody (HBB) is typically heated to 305K.

UW-SSEC experience with thé4§5 has led to a more complete understanding of issues with absolute
calibration. Tests with the NIST Timeal Infrared Transfer Radiometer (TXR) solidly confirm the
calibration uncertainty estimates. To verify tREIS calibration accuracy and provide direct NIST
traceability of the $1IS radiance observations, laboratory tests of théSSand the NIST TXRere
conducted using a thermal chamber to simulate flight temperatures forHle iBstrument. Two basic
tests were conducted: (1) comparison of radiances measured bl t8adthose from the TXR, and (2)
measurement of the reflectivity of a UBSEMlackbody by using the TXR as a stable detf10B82]

The radiance comparison involved th¢18 and the TXR each observing a highly stable (and accurate)
Atmospheric Emitted Radiance Interferometer (AER#ckbody over a wide range of temperatures (227
to 290 K). The test results showed mean agreement between (1) predicted AERI blackbody radiance and
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the SHIS NIST TXR Channel 2 equivalent spectral band of 60 + 90 mK, (2) predicted AERI blackbody
radiane@ and NIST TXR channel 2 (10 !Im)-@2 mK, (3) NIST TXR channel 2 and th&lls band
equivalent of less than 40 mK, (4) predicted AERI BB radiance andHits®eNBST TXR channel 1 (5 !'m)
equivalent of 40+85 mK.

The radiometric uncertainty of a given rseeement can be calculated via a differential analysis of the
calibration equation and knowledge of the primary contributors to the uncertainty, as prescribed by the
Guide to Uncertainty in Measuremef®3]. For a wide range of scene temperatures, the calibration
uncertainty k=3 coverage factpestimae for SHIS is less than 0.2[R4, 35] An example of the-BIS
radiometric uncertainty (RU) contributions and total RU for a clear sky scene over 20&@04-13) is
shown inFigure4.
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Figured: SHIS brightness temperature speftp panelsandRU contributions and total Rithiddle panelspr flight

conditiors encountered during tB®ES16 PLTABI calibration validatioron 20170413 (with SHIS on the ER). The bottom
panels show scatter plots of3sggmaRU versus scene temperature, colyregvenumbefor the SHIS longwave (left),

midwave (middle)and shortwave (right) spectral ban@ke light blue vertical line indicates the ambient blackbody temperature
and the red vertical line (~300K) indicates th#SShot blackbody temperature. For this cas8sdigena uncertainty is less than
0.2K forall bands for sceteghtness temperatures greater than 220K

The SHIS absolute spectral calibration is determined by adjusting the effective metrology laser frequency
to create optimal agreement with the positions of-Wedlwn spectral features present in clear sky
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calculated spectraAnalysis of ensembles of such c§8éshas determined th&HIS spectral calibration
with an uncertainty of £0.5 ppm (3 sigma uncertainty in the mean) with no detectable changes with time.

3.2! Data Analyses

As noted in the preceding section, thedamental measurement consisto®oe numerically filtered
interferogram from each of the three spectral bands collected every 0.5 Seemedand calibration view
interferograms, along with calibration and engineering data are stored to an osbbéistate hard

drive. For platforms without a high bandwidth downlink, the Level 0 datdownloaded from the
instrumentover anethernetconnectionpostflight, and processed eolocatedalibrated radiances

(Level 1bpnd temperature, water vapor, and trace gas retrihalsl 2) Preliminary Level 1b and Level

2 products are typically available within a few hours of data downldas allowghe data to be

reviewed by the science team amtilal conclusions to be made in a timely way for evaluating the success
of experiment objetives as the field campaign progresses. Detailed instrument health and performance
data is also processed each day to assure that a healthy instrument is ready for the next flight.

Whena high bandwidth downlink is available for the aircraft, the Laeld Level 2 products are
processed using a reiahe ground data processing system thagjsable of delivering atmospheric
profiles, radiance data, and engineering status to mission support sciarésssthan one minute from
the time of observain. This capability was developed andized for the Hurricane and Severe Storm
Sentinel (HS3jnissionon the NASA Global Hawd7, 38]

The Revercomb complex calibration method is used for radiometric calibfa8phmand operational
retrievals use the Dual Regression Retrieval Algoiihi®]. While the processing is typically completed
on a server at the UMBSEC, the processing requirements are not significantly demanding and can be
completed on anodernlaptop computer in the field if required’he L1b and L2 processing are
automaded, with little manual effort required.

OtherLevel 2 (L2)ata products that could be readilgvelopedia published algorithmisclude
infrared land surface emissivity, cloud propertg]trace gas retrievallat are not currently included
in the SHIS Dual Regression retrieval.

3.3! Operation al Requirement and Experience

The SHIS has flowron 35field campaigns on the NASA ERthe NASA DGB, the Scaled Composites
Proteus, the NASA WAB7, and the NASA Global HawH he SHIS has proven to bextremey
dependablevith high calibration accuracy and consistent performance on all platfdtigsre5
illustrates the deployment history for the instrument.



Figure5: SHIS field deployment map, 1998 to present. Green circles indicate aircraft integration IgafamsEX, DE3,
1998;(2) AIrMISR 98, ER, 1998(3) WINTEX, ER2, 1999;4) KWAJEX, DEB, 1999;%) WISG2000, ER2, 2000; (6pAFARI
2000, ER2, 2000;7) AFWEX, DE8, 2000;8) TX-2001, ER?, 2001(9) CLAMS, ER, 2001(10) IHOP, ER2, 2002;11) SMEX
2002, DE8, 2002;12) ARM UAV-SGP, Proteus, 20023)(TX-2002, ER2, 2002; (4) Pacific THORpex, ER 2003; 8) Atlantic
THORpex, ER, 2003; @ Tahoe 2004, ER 2004; (Z) INTEX Proteus, Proteus, 2008) ADRIEX Proteus, Proteus, 2009) (1
EAQUATE, Proteus, 20020( M-PACE, Proteus, 2002 AVE-OCT04, WB57, 2004,22 AVE-JUNO5, WB57, 2005(23) CR
AVE, WB57, 2006; (24) Tahoe 2006;ER006; (25) JAVIEX, W&, 2007; (26) &, ER2, 2007; (27) Railroad Valley,-ER
2011; (28HS3, Global Hawk, 2011; (29) HS3, Global Hawk, 2012; (30) SNAP2R130ER(31) HS3, Global Hawk, 2013; (32)
HS3, Global Hawk, 2014 (33) SNAP20152 ER15; (34) GOES PLT, ER, 2017; (35) FIREXQ, ER2, 2019.Map imagery
courtesy of NASA VisibEarth, http://visibleearth.nasa.gov.

Each aircraft provides both a unique interface set and operating environment. The optical, electrical, and
mechanical interfaces are usually vaeifined andcanbe accommodated with planned design

modificationsor additions. However, the operational environment is ofesswell defined, and depends

not only on the airborne platform, but also on mount location within the payload, as well as the specifics
of aircraft navigation during the flight (altitude, velocpitch, roll, flight profile, etg.

The environmental elements with the largest potential for impact on instrument operation and which
vary most from aircraft to aircraft are the pressure, vibration, and thermal environments.
Accommodating such a widanety of environments with a single instrument design presents significant
challengesHowever, he SHIS has proven to be an extremely robust and effective instryraedias
provided hyperspectral infrared radiance measurements with high absolutecgcand low noise,
regardless of flight environmeand independent of airborne platform. Taylor et al provide a detailed
comparison of &lIS instrument performance on various airborne platforms, and during ground
characterizationwith gecific emphasis placed on instrument improvements asame othe

engineering lessons learn&d].

The SHIS mass, power, and envelope are summariz&aliel. Details of the instrument design,
interface, and integration are included in thellS Instrument Description Documeifi27], which is
available via the URL listed in the reference seciibe. SHIS Instrument Description Document has
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beenpreviously provided tdason Tomlinson (Director of Engineering, ARM Aerial Facili§gsed on a
preliminary review of the document, Dr. Tomlinsiolicated that he was encouraged that thélS
could be supported on threew DOE Challenger 850 aircraftd that even wing pod integration may be
possible If the wing pod integration provided3IS accss to a zenith view and is unpressurized, this
would be the preferred integration location.

Operationally, the IS typically requires-2 team members in the field for integration, mission support
and deintegration, and 1 person at NFSEC for data pcessing support. A more significant team
would likely be required for the initial integration effort and mission to deal with the nuances of a new
airborne environment. A routine flight day typically includes eB@5ninutes prdlight and 30 minutes
post-flight instrument access.

3.41 Potential Difficulties and Justification

As noted earliethe pressure, vibration, and thermal environmérase thdargest potential for impact

on instrument operation antypicallyvarythe most from aircraft to aircraftThe SHIS design and team

have demonstrated the ability to provide robust instrument performance on five different airframes, each
with significantly differenenvironmental characteristics. In most cases, tH&SSoperates in an
unpressurized environmémvith no thermal control (ambient temperature and pressure). ldeally, a

similar integration environment would be available on the DOE Challenger 850. However, if this is not
possible, there are feasible solutions. For examplee DG8 the SHIS Interferometer Electronics, and

Data Storage Computer Modules are mounted in the pressurized cargo arédigftt@alibration
Assembly(scene select mirror assembly and blackbody references) are mounted in ambient anelssure
temperature zongnd separ@d from the rest of the instrument via th¢i6§ DG8 Adapter Cap

assembly which includes a ZnSe wind&liotosof the SHIS integrated on the D@ areshown in

Figure6. If an ambient pressure and temperature integration location was not available on the Challenger
850, a similar approach could be utilized, ibtggration into an ambient pressure and temperature area
would be preferred, and likely more straightfordvand less costly to integrate

10



Figure6: SHIS installed into the D8. The SHIS DG8 Adapter Cap assembly includes a ZnSe winetoveen the Flight
Calibration Assembly and the Interferometer Module.

The SHIS integration into Zone 25 on the Global Hawk provides a second example of overcoming a non
ideal thermal environment. While Zone 25 operates at ambient pressure, it is thermally reindatéd
also contains temperature sensitive avionicgrelgcs for the aircraftTheinitial flights showed
temperatures in this location were warmer than dedireldse to the operational limit for some Ky

HIS subsystemsand also noroptimal in terms of temperature separation between the ambient and hot
calibration reference blackbodies. ThEIS team worked with NASAngineerdo a solution that would
plumb outside air througZone25 through a 30 diameter tulbéveflexible heat strapsere used to

couple key areas on theHES instrument to heabehangers thawerethermally coupled to the flow
streamwithin the tube Each of the unique thermal straps were designed and fabricated by UW SSEC.
Figure7 andFigure8illustratethe heat straps and their connectionth® tube with internal heat
exchangersln the figures,ie left(forward)end of the tube is connected to a new forward inlet port
installed inthe Global Hawk (zone 25), and the ri¢dft) end to a new outlet partf the thermal
environment on the Challenger 350 was such that-#HESSequired coolingthe cooling tube, heat
exchangers, and flexible heat strdpgeloped for the Globalawk Zone 25 integratiocould beutilized

to help moderate the integration coatsl development.

11
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Figure7: The flexible heat straps that are connected to heat exchangers within a tube where outside air is forced help reduce key
temperatures in theldS. The endiews at lower left and right show the heat exchangers mounted inside the flow tube.

Figure8: TheSHIS integrated to the Global Hawk with the heat straps (4 of 5 are visible) in placeestdd to the rigid
segment of the outside airflow tube.
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The SHIS measures emittadfraredradiation (582850 crt) at high spectral resolution (0.5 €m

with an angular field of view of 100 mrad (2 km footprint from 20 km observing altdndenaging
accomplished via croggck scanning. The-BIS is well suited for the DOE AAFOs newly acquired
Bombardier Challenger 850 Aircraft because ti#SSsgectrally resolved infrared radiance

measurements directly support many key ARM science objectives that are not fulfilled by current airborne
facility instruments. Furthermore, theF8S is an existing statef-the-art instrumentthat has
demonstratedobust performance and high calibration accuracy on multiple aircraft over 35 field
campaigns. The-BIS a relatively simple instrument to support in the field, and preliminary Level 1b
(geolocated radiances) and Level 2 (temperature, humidity, and trgo®fijas) products are typically
available within a few hours of data download. This allows the data to be reviewed by the science team
and initial conclusions to be made in a timely way for evaluating the success of experiment objectives as
the field carpaign progresses. When a high bandwidth downlink is available for the aircraft, the Level 1
and Level 2 productsan also bprocessed using a reighe ground data processing system ikat

capable of delivering atmospheric profiles, radiance datagideering status to mission support
scientistwvia a web browsén less than one minute from the time of observatidhis capability was
developed and utilized for flights on the NASA Global Hawk during the Hurricane and Severe Storm
Sentinel (HS3) m&on, and was used for near reale changes to the flight plan.

We recommend th&HIS initially be provided for usage on the ARM DOE Challenger 850 Aircraft as
investigator provided instrument (nefacility instrument), but would readily supportefdesign and
build of a new version of ther8S to serve as an ARM facility instrument in the future.
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