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I. OVERVIEW

This is the final report of DOE Grant # DE-FG02-95ER61996 to the University of Wisconsin –
Madison Space Science and Engineering Center for the project period from 03/0 1/1995 through
02/28/1999 titled “High Spectral Resolution Atmospheric Emitted Radiance Studies with the
ARM UAV”. The first year progress report of this grant is attached as Appendix A.

The intent of the original Department of Energy (DOE) grant study was to provide science team
support for participation in the DOE Atmospheric Radiation Measurement (ARM) Unmanned
Airborne Vehicle (UAV) program with a new radiation measurement instrument, the AERI-
UAV. At the time, the AERI-UAV was under development at the University of Wisconsin with
separate DOE funding from the Strategic Environmental Researrh and Development Program
(SERDP). Unfortunately, for programmatic reasons the development of the AERI-UAV was
terminated before the integration of the AERI-UAV instrument with the intended UAV platform
was completed and the scope of the ARM UAV program was scaled back to exclude the high
spectral resolution radiation measurements.

The original goals of the AERI-UAV instrument development are described in the final report for
that project which is attached as Appendix B. An extract of the final report (1996) on the original
AERI-UAV instrument development at the University of Wisconsin is provided below:

“’TheAtmospheric Emiued Radiance Inte@erometer (AERI) for an Unmanned Aerospace Vehicle (UAV) is
now completing development at [he University of Wisconsin as part of the DOE Annospheric Radiation
Measurement (ARM) Program. The AER1-UAV makes broadband infrared (3-20 @n), high spectral
resolution (0.3-0.5 cm-]) observations of atmospheric emission, providing key meteorological information
related 10atmospheric state parameters (temperature, water vapor, and other greenhouse gases}, cloud
and su~ace specu-al properties, and processes influencing radiative budgets and regional climqte. The
AERI- UAV uses state-of-the-art Fourier Transform Specwoscopy (FTS), or Michelson interferomewy,
which has proven to be an exceptionally eflective approach for making these IR spectral observations with
the high radiometric accuracy necessary for weather and climate applications”

Without DOE funding for UAV integration and flight testing, it was necessary to secure external
funding to integrate the instrument on NASA research aircraft (the DC-8 and the ER-2). In the
spirit of the original proposal, this report provides a summary of the current state of progress in
the study of high spectral atmospheric emitted radiance from the instrument formerly known as
the AERI-UAV but subsequently renamed the Scanning High-resolution Interferometer Sounder
(S-HIS) and flown on several NASA missions. This document contains an overview, a schedule
of events relevant to this grant, a task description following the outline of the original proposal,
and a summary.

II. SCHEDULE OF EVENTS

The following list details the important events occurring both within and external to this grant
which have affected the conduct of the grant study.

● 1 March 1995: Start of DOE grant titled “High Spectral Resolution Atmospheric
Emitted Radiance Studies with the ARM UAV”

. 1-3 March 1995: Science presentation of AERI-UAV at the First ARM-UAV
Science Team Meeting, Dallas-Fort Worth, TX.

● 23 May 1995: Year one progress report submitted (see Appendix A).

I
1



. Eady 1996:

c Early 1997:

. Febniary 1997:

. September 1998:

● March 1999:

c September 1999:

. November 1999:

. October 200(k

DOE funding for AERI-UAV instrument development is
terminated before integration with ARM UAV is completed.
Funding for operation of the AERI-UAV on the ARM UAV is
not available for programmatic reasons.

NASA and IPO (Integrated Project Office) funding is obtained to
modify and fly the hardware components of the AERI-UAV on
the NASA DC-8 and ER-2 research aircraft. The instrument in
this new configuration is renamed the Scanning - High
resolution Interferometer Sounder (S-HIS).

DOE grant study period is extended until 02/28/1999 in order to
include examples of flight data analysis from the S-HIS
instrument.

Scanning-HIS operates successfully in the NASA Convection
and Moisture Experiment-III (CAMEX3) experiment with flights
of the NASA DC-8 aircraft out of Patrick AFB in Florida.

Scanning-HE3 operates aboard the NASA ER-2 aircraft during
the Winter Experiment (WINTEX 1999) based in Madison,
Wisconsin.

Scanning-HIS participates in the NASA TRMM validation
mission (KWAJEX) aboard the NASA DC-8 aircraft based at
Kwajalein Atoll in the tropical western pacific.

Final report of this DOE grant compIeted.

Proposed participation of S-HIS instrument (aboard NASA DC-8
aircraft) in the DOE ARM sponsored Water Vapor IOP at the
Cloud and Radiation Testbed (CART) site in Oklahoma.

III. TASK DESCRIPTION

This report is organized according to the tasks outilned in the original proposal. The emphasis of
the wodc performed under this grant has changed over the course of the study period in order to
accommodate the changing of the observation platform from the UAV to the NASA aircraft
platforms. The work performed under this grant fell under the original task categories and. has
been supplemented by other government contracts (mainly from NASA) which have also
contributed to prowess in these areas. The task descriptions presented here represent a partial
summary of the current state of high spectral resolution remote sensing with a focus on the
measurements made with the Scanning-HIS as flown on the DC-8 and ER-2 research aircraft. As
appropriate, distinction is made in each task between results funded directly from this grant and
those supported in part or totally under separate contract.

1. Instrument deve]oK)mentsuDDort

A substantial portion of the grant budget was expended in the task of supporting the development
of the high spectral resolution instrumentation needed for the performance of this grant. The
development of software tools based on the existing AERI’data stream made possible the analysis
of the instrument performance characteristics from recent flights of the Scanning-HIS. Lnthe end,
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the calibration algorithms developed for the ARM AERI instruments have been successfully
modified for routi;e application to-the Scanning-HIS instrument flight data.

2. Mission t)lanning

After actively participating in the first ARM-UAV science team meeting and attendance at a
subsequent workshop, the reorganization of the ARM-UAV program limited our involvement in
subsequent ARM-UAV mission planning.

3. Radiance validation tests

The primary product of the high spectral resolution observations are the ctilbrated radiance
measurements themselves. Great care has been taken to design an instrument that can be .
accurately calibrated both radiometrically and spectrally. The calibration philosophy has
followed the approach of the grmtndbased AERI system whereby two onboard reference
blackbody cavities (one heated and one at ambient temperature) are repeatedly viewed during the
flight to account for instrument temperature drifts with time. The two point calibration is
augmented with a nonlinearity correction for certain detectors and an instrument line shape
adjustment for all wavelengths. Instrument intercomptisons have been successfully performed
with both a groundbased AERI instrument and with another lTIIR instrument in-flight.

Having established the calibration reference for the Scanning-HIS instrument it is possible to
begin the process of validation of atmospheric state pararnetem using the infrared spectral
observations. One example of this is shown in figures 1-3 flom the recent KWAJEX field
experiment in support of the NASA TRMM mission. Analysis of the KWAJEX data was
performed under separate NASA funding. Figure 1 shows the flight track of the DC-8 aircraft
over and around the islands that make up the Kwajalein Atoll in Marshall Islands of tie tropical
Pacific. Radiosondes were launched from three islands near Kwajalein during a period where the
aircraft flew in a pattern near each under clear sky conditions. F@re 2 shows an overlay of the
three radiosondes launched on this day. Note that one of the radiosondes is much cooler and drier
than the other two. Figure 3 shows a comparison of the tie Scarming-HIS observations with a
calculation using the ARM radiative transfer code LBLRTM (S. Clough, AER, Inc.) with input
from one of the radiosonde proffies (from Roi island). The agreement between obserwuion and
calculation shown in figure 3 is relatively good. The good agreement in figure 3 for the
Scanning-HIS Iongwave band is a confhnation of the observed temperature profde (Roi island)
used in the calculation. In other spectral regions, significant issues remain for the validation of
water vapor, both in the atmospheric column and at high altitudes, as discussed-further in section
9.

Through these radiance investigations the Scanning-HIS will play a role analogous to the ARM
surface based AERI instruments in accurately measuring the clear sky infrared emission to space “
and validating our ability to accurately represent that emission with calculations. We have in the
past and continue to work with Tony Clough of AER, Inc. and Larrabee Strew of University of
Maryland Baltimore County in the testing and refinement of line-by-line models. Having
established the accuracy of clear sky calculations, results from analyses of cloud sky obsemations
can be made with greater confidence.
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4. Preparation of remote sensing software

A fast forward model has been developed for the Scanning-HIS instrument and the process of
retrieval of the atmospheric state parameters (temperature, water vapor, and ozone) have begun
under separate project grants. The radiance validation data sets indicated in
validate the radiative transfer models used in the remote sensing analyses.

5. Techniaue development for analvsis of txeudo in situ observations

task 3 will be used to

The original proposal outlines the value of obtaining measurements from several altitudes in
order to derive information about the emission from the layer bounded by the observations. Clear
sky observatioti at several altitudes over a uniform scene have not yet be obtained. However, a
good example of the value of such “pseudo in situ” observations was achieved during the recent
NASA funded field experiment, KWAJEX. This result is described below.

H@h spectral resolution Scanning-HIS measurements, within the longwave atmospheric window,
provide the capability to analyze upwelling radiation without contamination from ozone or strong
water vapor absorption. This provides me potential for multi-spectral analysis of sea surface,
land, vegetation, and cloud emissivity. Using observations from above and below an atmospheric
feature (such as a cloud) it is possible to derive the characteristics of the feature which are
important for its radiation. The KWAJEX field mission allowed us to measure upwelling
atmospheric emission through cirrus clouds over a near-uniform ocean emission source. Multi-
spectral analysis of cirrus clouds using high spectral resolution radiance data has been
demonstrated from both ground- (DeSlover et al., 1999) and aircraft-based (Smith et al., 1998)
measurements.

The first portion (near 0400 UTC) of the 26 August 1999 flight (DC8 sortie 990524) was
dedicated to a cirrus mission while in transit to the TRMM satellite overpass. For this case the
DC8 flew below the cloud, to measure the upwelling clear sky radian% above the cloud, to
measure the attenuated radiance through the cirrus cloud; and through the cloud, to measure both
the emission at various cloud depths and the ice crystal size and habit with ~e 2D probe operated
by Desert Research Institute (DRl). This case provided a unique opportunity to fly above and
within cirrus clouds ffom the DC8 perspective, where the majority of cirrus during the KWAJEX
mission was noted to be above the DC8 flight altitude. F@ure 4 shows the radiance spectra from
above and below a cirrus cloud and the derived spectral ernissivity.

. .

We anticipate that measurements of water vapor in clear air will also be possible using the
“stair-step” method of observations at several altitudes. We look forward to the upcoming ARM
Water Vapor IOP to collect the data needed to test these ideas.

7



---

290

2s0

~ 270

I-%0 -1

Z301 1 1 I 1 I I
Soo 700 Soo 900 loca 1100 1200

Wawwmbar (a-n-’)

OL I t , 1 I r 1 J
S50 Soo 950 1000 1050 1100 1150 1200

Waenumber (cm-’)

F@re4. Scanning-HIS brightness temperature observations from the NASA,
DC-8 during the KWAJEX experiment from above and below a cirrus cloud deck
(upper panel) and the &rived effective emissivity (lower panel). The spectrally
uniform cloud emiaaivity, near 0.83 across the Iongwave window, is indicative
of ice particles with effective radius greater than 50 microns (DeAver et al.,
1999). This is consistent with measurements from the 2D probe measurements
of the DC-8 aircraft.

-8



6. Coolin? rate software

The original proposal for generating spectral cooling rates for an atmospheric layer directly from
the difference of the net spectral radiance at the top of the layer from that at the bottom remains
unfinished due to lack of available observed data. However, an extensive software development
and testing program was conducted under this grant for the implementation of software for
calculating spectral fluxes and cooliig rates in an accurate yet efficient manner. The approach
taken was to build the spectral flux calculations around the version of the Phillips Laboratory
software MODTRAN available at that time, MODTRAN3 (Anderson, et al., 1994). The SSEC
model developed at Wisconsin for calculating spectral and cooling rates were validated against
the published results of S. A. Clough (Clough, et al., 1992) based on careful line-by-line
calculations. The result of this comparison is shown in table 1 and shows excellent agreement
between the two models for the upwelling flux at the surface, the downwelling flux at the surface.
and the upwelling flux at the top of the atmosphere. The MODTRAN based calculation model
h~ a tremendous computational speed advantage over the line-by-line model while retaining the
capability of computing spectral flux at relatively high spectral resolution.

Table 1. Comparison of the infrared fluxes from the cooling rate model (SSEC) developed at the
Uni. of Wisconsin under this grant (based on Phillips Lab’s MODTRAN) to S. A. Clough’s line-
by-line model cooling rate results (AER). The case compared is the mid-latitude summer
reference atmosphere for H20 (including continuum), COZ, and Oq over the spectral range 10-
3000 cm-]. Units are W /mz.

MLS AER SSEC Flux Difference
SFC’? 423.5 423.4 0.03%
SFC~ 346.9 347.5 0.17%
TOA 283.3 283.7 0.13%

The SSEC model for cooling rate calculations was used extensively in the analysis of the high
spectral resolution observations collected over the antarctic polar vortex in 1994 from the NASA
ER-2 during the Airborne Southern Hemisphem Ozone Experiment. One of the objectives of the
ASHOE was to examine the causes of ozone loss in the lower stratosphere, and to investigate
how the loss is related to polar, mid-latitude, and tropical processes, including rtilative transfer.
Cooling rates were calculated for ASHOE in order to: (1) understand how the ozone depleted air
is transported to populated regions outside the polar vortex, (2) relate vertical motions and
transport of air around the South Pole to atmospheric cooling rates,-and (3) validate cooling rates
in dynamical models for the polar vortex using observed data and more accurate radiative transfer
models. Tempemture and water vapor retrievals from the UW High-resolution Interferometer
Sounder (HIS) flights during ASHOE were used to calculate cooling rates, which compared
favorably with results using other global model inputs. Results of these case studies showed that
dynamical models of the polar vortex tend to contain a drier than observed upper atmosphere in
the arctic and this leads to a lower cooling rate in the upper troposphere than is implied by the
HIS observations.

During the course of this grant study, S. A. Clough of AER, Inc. released a version of his Rapid
Radiative Transfer Model (RRTM) developed with support of the DOE ARM program. We
conducted a series of tests of the SSEC cooling rate model (based on MODTRAN) with the
RRTM model. F@re 5 illustrates the excellent agreement obtained in the coding rate vertical
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profiles obtained with these two models for an observation taken over the ozone hole (68 South
latitude) from the ASHOE experiment. The SSEC model has the advantage over RRTM of being
able to simulate higher spectral resolution fluxes of the type observed directly with the Scanning-
HIS. Results from these cooling rate investigations were reported in two conference papers (Lee,
1996; Lee, 1997).

7. Coordinate software implementation into ARM data system

The need for this task has not arisen since data of this type have not yet been taken in support of
the ARM program. However, the data structures adopted for the Scanning-HIS (using the
netCDF format) have evolved from the ARM AERI data steam and are ex~cted to be highly
compatible with the ARM data system. The first anticipated data set from Scarming-HIS to be
provided to the ARM data system will be from the October 2000 Water Vapor IOP at the CART
site in Oklahoma.

8. SDectroscoDic analyses with flight data

The AERI/LBLRTM Quality Measu~ment Experiment (QME) of the DOE ARM program is the
ground based analog for the comparison of observations and calculations that will be conducted
using the aircraft data. These comparisons can be used for the improvement of infrared emission
lines properties (positions, strengths, and widths) and continuum contributions (e.g. water vapor
far wing effects). Future observations from the DOE ARM Third Water Vapor Jntensive
Operating Program (in October 20(M))will provide a basis for these spectroscopic analyses in the
context of the ARM program.

9. Urmer level water vrwor analyses with flkht data

The accuracy of the upwelling radiance measurements combined with the sensitivity of emission
to water vapor content in the upper troposphere make the Scarming-HIS measurements valuable
for the evaluation of other more direct measurements of upper level water vapor. In particular,
discrepancies between sonde measurements of water vapor in the upper troposphere have been
observed for many years. By comparing Scanning-HIS observations to calculations performed
with coincident radiosonde measurements we will be able to assess the accuracy of the in situ
measurements from radiosondes.

An example of this comes from the recent NASA fimded KWA.JEX field experiment. The same
case described in section 3 previously (see figures 1-3) can be studied with regtid to upper level
water vapor. The Scanning-HIS “band 2“ measurements cover the 6.3 micron water vapor band
which is sensitive to altitudes including the upper troposphere. Ftgure 6 shows a comparison of
the water vapor band comparisons between Scanning-HIS obserwions and calculations using
radlosondes as input. Clearly the comparison with the Roi radiosonde is much better (average
error is closer to zero) than the comparison with the Lae rrdosonde. Recall that the Lae
radiosonde profile is one shown in figure 2 which is cooler in temperature and drier in water
vapor content than the other two profiles (from Kwajalein and Roi). From the comparison with
the Scanning-HIS observations we can infer that the Lae radiosonde profile is significantly in
error.

Further analyses of this are anticipated in direct support of the DOE ARM program during the
October 2000 Water Vapor IOP at the Oklahoma CART site.

11
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IV. SUMMARY

The active pamicipation in the ARM UAV science team that was anticipated in the grant proposal
was indefinitely delayed after the first year due to a programmatic decision to exclude the high
spectral resolution observations from the existing ARM UAV program. However, this report
shows that substantial progress toward the science objectives of this grant have made with the
help of separate funding from NASA and other agencies. In the four year grant period (including
time extensions), a new high spectral resolution instrument has been flown and has successfully
demonstrated the ability to obtain measurements of the type needed in the conduct of this grant.
In the near term, the third water vapor intensive observing period (WVIOP-3) in October 2000
will provide an opportunity to bring the high spectral resolution observations of upwelling
radiance into the ARM program to complement the downwelling radiance observations from the
existing ARM AERI instruments. We look forward to a time when the ARM-UAV program is
able to extend its scope to include the capability for making these high spectral resolution
measurements from a UAV platfomi.
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Progress Report on the ARM-UAV Grant:

High Spectral Resolution Atmospheric Emitted Radiance Studies

with the ARM UAV

This first year of the grant to develop analysis techniques and obseming strategies for the
effective use of the new Atmospheric EmittedRadiance Interferometer (AERI-UAV) began with
a very successful Science Team Meeting and seveml of the tasks under the grant are now
underway. The separate instrument development effort is making good progress (documentation
from the first design review provides a complete description of the concepts to be implemented),
and we are very enthusiastic about the possibilities offered by the AERI-UAV to provide major
improvements in our understanding of the effects of upper level water vapor on outgoing
longwave radiation and on cloud formation. We look forward to the end of 1996 when extended
flights of the ARM UAV over the CART site are planned.

As proposes during the first 18 months before flight data is available, the planned tasks
under the grant provide analysis support for instrument developer% mission and flight planning
to prepare for effective use of the new AERI-UAV, and development of techniques and software
to take advantage of the unique UAV observing capabilities in the troposphere. These latter
activities continue throughout the three year duration, as flight data becomes available for testing
and science analyses.

The current status of each of the proposed tasks (except Tasks 8 and 9 for spectroscopic
and upper level water vapor analyses that require flight data) is listed below:

(1) ent deve~ment _

The portion of this task which is undenvay is the sotlware development to enhance
capabilities for diagnostic evaluation of instrument performance, including easy access to and
display of phase characteristics, responsivities, noise performance, and housekeeping data. The
similarity of the AERI-UAV data stream to that of the AERI makes it possible to make progress
in this task even before data Iiom the new instrument becomes available. We are making efforts
to move toward the NETCDF data format to make the data self documenting and easily handled
by users.

(2) Mission pla-

We participated in the first ARM-UAV Science Team Meeting during which more
detailed plans for the science rationale, choice of location, duratiom instrument complement, and
flight paths for future UAV missions were defined. An important consideration specific to the
AERI-UAV will be the definition of the appropriate use of constant altitude observing and
multiple altitude steps for pseudo in situ observing. Also, recent results from combined
observations of the ground-based AERI and cument University of Wisconsin aircmll instrument
the HIS (High-resolution Interferometer Sounder) onboard the NASA ER2 were presented. The
observations led to new techniques for analyzing sea surfhce temper@re and emissivity that are
directly applicable to data from the AERI-UAV for this project.

.
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(3) Rad antei validation tesls

While this task requires data from ground basedtestsof the instniment and has not been
started. the software efforts being conducted under Task (1) will provide the basic techniques to
facilitate routine performance evaluation and validation when the instrument testsbegin.

(4) ~c i nsi wal-

Remote sensing from high resolution spectra fimdamentally depends on having an
accumte and rapid mdiative transfer model to formulate the inverse solution for deriving
atmospheric state parameters. The fast model currently used for HIS and AERI analyses is not as
accurate as it can be. Therefore, we have initiated an effott to improve the f=t model for use
with the AERI-UAV software for temperature, water vapor, and ozone retrieval. A natural
outgrowth of this effort will be anew, more accurate method for calculating the atmospheric
weighting iitnctions needed for retrieval. This effort will also include refinements of current
techniques to allow the fh.stmodel to be used at the fill resolution of the measurements (i.e. no
anodization).

Future fast model efforts will address the issue of providing the capability for the fast
model to deal with the wide range of altitudes over which the UAV can operate.

(5) T ni vech aue de eloDment for analysis of r)seudo tu obse on~in si rvati

The basic idea of the pseudo in situ observations from the AERI-UAV is that
atmospheric absorption and gaseous concentrations can be derived more directly using
observations of upweIling and downwelling mdiances at two different altitudes, than from remote
sensing with upwelling observations observed at a single altitude. However, the best way to
formulate the mathematical approach to this analyis is not totally clear. We have derived
equations that are valid using some assumptions and have pefiorrned simulations to define the
associated errors. We have found the errors to be acceptably small overmuch of the important
rotational water band region, that controls much of the earth cooling to space. However, &her
refinements are needed to treat other important regions.

(6) Cool np rate soflwami

The basis for generating spectral cooling rates for an atmospheric layer directly from the
difference of the net spectral radiance at the top of the layer from that at the bottom is the
conversion of radiance to flux. We have begun to study the angular dependence of Iongwave
radiances in order to develop the sofhw+reneeded to convext AE~-UAV radiances to spectral
fluxes. In addhio% we have been investigating techniques for calculating atmospheric cooling
rates from models using Modtran (Phillips Lab mdiative transfer software) and other software.

(7) coo rdinate sofhva re imrdementation into ARM data svste~

The form of the current upgrades to software for the operational AERI-O1 are well suited
to the AERI-UAV data system needs and will make. a significant contribution to this task.

The upcoming year of the program wiI1 be quite exciting as the AER1-UAV instrument
comes together, and we expect that it will add a great deal to the already significant
Wcomplishments of this young UAV program. We are convinced that the observations planned
for the ARM-UAV are very important to the whole ARM Program, and hope that a way can be
found to reap the scientific benefits of the program over the next decade..
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Atmospheric Emitted Radiance Interferometer (AERI)

for an Unmanned Aerospace Vehicle (UAV)

Developed for the

DOE Atmospheric Radiation Measurement (ARM) Program

BACKGROUND ANDSCIENTIFIC RATIONALE
The AtmosphericEmitted RadianceInterferometer(AERI) foran UnmannedAerospaeeVehicle(UAV)is

now completingdevelopmentat the Universityof Wkconsin as part of the DOEAtmosphericRadiation
Measurement(ARM)Program. The AERI-UAVmakesbroadbandinfrared(3-20pm), high spectralresolution(0.3-
0.5 cm-$ obsenntions of atmosphericemission,providingkey meteorologicalinformationrelated to atmospheric
state parameters (tempemture,watervapor,and other greenhousegases),cloud and surfacespectralpropemkx,and
processes influencingradiativebudgetsand regionalclimate. The AERI-UAVusesstale-of-therm Fourier
TransformSpectroscopy(FR$), or Michelsoninterferometry,whichhasproven to be artexceptionallyeffective
approach for makingthese IR spectralobservationswith the high radiometricaccuracynecessaryfor weatherand
climate applications. Two major advantagesof an FTS design that havebeen recognizedfor several important
applicationsare (1) the small instrumentsize, and (2) the high spectral integrityinherentin the lTS laserreference
approach. i.

The AERI-UAVbuilds on other systemsbuilt at the UW includingthe NASA/NOAAHigh-resolution
InterferometerSounder(HIS) that flieson the NASAER2 high altitudeaircmfiand the AttnospheriGEmitted
Radiance Interferometer(AERI)whichwasdevelopedto make groundbasedmeasurementsat the ARMCloud and
RadiationTestbed (CART)sites. The HIS has flownin almost 100successfidflightssince 1985,including
participation in eightmajor field programsin the last6 years. The most recentcampaignwas the NASASUCCESS
(SUbsonicakra& Con@ailand CloudEffectsSpecialStudy) missionconductedover the ARM site in Oklahoma
where the first operationalAEIUis located. The AERI has beenprovidinga constantflowof radiomeuictdlyand
spectrallycalibrateddata to the ARMscienceteam via ethernetconnectionsfor over a year. Severaladditional
AERI’sare now beingproducedfor deploymentin the Tropical WesternPacificand theNorth Slope of Al@a as
well as extendedsites in Oklahoma.

The AERFUAVobservations,like those of the HIS and AHU, are usefulfor addressinga widerangeof
scienceissues in additionto the remotesensingof tempemtureand watervapor that motivatedour initial high
msoIutionobservations. Someof the importantnewcapabilitiesof the AERI-UAVstemtiom its capabilityto
observe both upwellingand downwellingmdiance. The generatnatureof theseobservationsis ilhmated in F@re 1
by calculated upwellingand downwellingspectraat the 500 mb level in the US StandardAtmospherefor the 7-20
pm region (full coverageincludes3.3-24~m). The higher radianceupweUingspectrumis boundedby the Planck
radiancesfor the surfacetemperatureand the 500 mb temperatureand the downwelliig speetrumby the Planck
radiance for the 500 mb temperature andzero. The variableopacityof the greenhousegasesis apparentfrom the
structureof the individualabsoqxion lines,with the radiance of the moreopaqueregionsWingdeterminedby the
local atmospherictemperatures.

As shownfromground-basedAERIobservations,the moreopaqueregionsdominatedby C02 absorption
provide accurate temperaturestructuredetails,withespeciallyhigh verticalresolutionfor altitudeswithin 1-2km of
the aircraftaltitude. In fac~the shapeof the spectraabout the centerof the 15pm CO~bartd(620-720cm-l) varies
markedlydependingon whetherthe local temperatureprofde has a normallapse rate or is invert@ and therefore,
the radianceis not alwaysboundedby theradiancecomespondingto the locaItemperatureas in Figure 1. With this
temperatureinfomnatiomthe differenceof spectraobserved from tsvonearbyaltitudesgivesaccuratemeasuresof the
absorption (or transmission)of the interveninglayer,
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Figure 1. Simulationof partial AEIU-UAVspctra fim 7 to 20 microns.

A summaq of some key science applications of the AEIU-UAVis giwninTable1,alongwitha list of the
specificproducts whichcan be derived tim the fid=nenti calltited radianceprodum The firstonthe IisL
atmosphericspectroscopy,is a direct application oftheradbccs whichanalysesof HISand AERIdatahaveproven
to& very tluitild for improvingradiativetmnsf~ modek of the a@nosphcre.Bothground-ked and sirbomc
observationsare neededto address some impmtant _=opic i-es over ali of the relevantspectnl regiom.

Table 1. AEFU-UAVscience Applicationsand Data Products

. Science Applkatlone ● Products

1.

2.

3.

4.

More Sensitiie Testing of Atmospheric 1.
Spectroscopy 2.

Improve Parameterizationaof Cloud 3.

Microphysicsand RadiativeTransfer 4.

O&ewe Greenhouse Contnion from s“
the Radiitively Actfve Trace Gases 6.

Study the Spectrat Radiative Forcing 7.

State Parameters tromRemoteSensing

More Accurate Water Vapor and Stabilii

Radiative Cooling Rates*

Cloud Extinctionand OpticalDepth Spe@s*

pfOfikSof Cloud Mkro@IyaicalPropertie&

AbsorptionCoeffiit Protles”

Trace Gas Wing Ratio Profiles’

of D&nii Pweases 8. Surfac8 Spectrid EniaWty

“Acwaq Enbncadfrominsitu measurementsofverticaldvergencad radames

Cloud radiativetransfff studiesare one ofthe-* fundamentalSWlicationsoftheAEFU-UAVdats for
ciimate in conjunctionwith the ARM ground-based obseIwtions. Even&-&outconsideringthe invesseproblemof
obtaining cloud properties,mn@scms of fo=d model *=.= wkh my impnmd cloud mdiative tramfer
schemes formodelsneedto pass the test of stmisticsily reasonableagreementwithobsc.med -ra&mce& It is CkU
that the UAV will add new dimensions by offkring cloud top informationsimultaneouslywith the ckmdbottom
informationof AEIU,and also the pseudo in situ profiling data for semi tmnspamt clouds.

The obsewationsof greenhousecontributions from radiativeiyactive m= gasesis a potentiallybroad
applicationderiving fiornthe inherentsensitivity of longwaveradiancesto greenhousegasconccntratims. An
-Y ~Po*t e~le ~ Wper l~el ~ter -r which ~ong M* C~O@hasa large idlucna 00the
atmosphericenergybakmcs. ozone and CO retficval are O* areasof intcmst whichpamlle{currentactivitieswith
HIS and AERI data- The finalapplication in Table 1related to the spectml mdiativeforcingof dynamkd processes
is important for assessingthe importanceof spectrally varyingpropertieson modelreds.

Previous experiencewith the HIS aircraftinstrumenthasdemonstratedthat thebasic productsneededto
support these scienceapplicationscanbe produced by remote sensingfrom observationsat a constantaltitude.
However, a keyf-nut of the UAV insmnnentisthatmany of theseremote sensingproductswill be danced by
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the ability of the UAVto fly profiles in tie troposphere. Obse~tiom at scvcnd altitudesinside the atmospherewill
provide pseudo in situ informationon atmosphtic absorption and on local tcrnpcratureandtrace gas distributions.
llwsc pseudo in situ obscwations of atmosphtic tcmpaatu.re and absorptionare muchmoredirect informationthan
is usually obtained fromremote sensingat a fixedaltitude.

To summarize, in addition to providingthe same wide range of spectralradkmccandremote sensing
information as that provided from high altitudeby the HIS and hm tic groundby AHU, the AEIU-UAVwill give
spectral cooling ratesand effectivelyin situ cloudand state parameter information&omupwcllingand downwelling
radiances acquired by flying constant-altitudesteps.

AERI-UAV INSTRUMENT DESIGN
The fimdamen~ AERI-UAVdesignW= drkn by M a b fiimize size, Weightand power &cause of

the Iimited payload capacitiesof unmannedti In addition to subs~bdy reducingthe size comparedto HIS
and MN, the requirementsfor the AERkUAV includemaintaining the high radiometic andspectralcal]%ratioa
accuracy of the HIS and AEIU instnunms, whileat the same he providinga fbcilityinstmmcntthat is easy to
operate and maintain. l%= latter fatiors led to a design that inclu~ the fundamentalITS approachwithaccumts
laser controlled samplingand inciudes a mscticai detector cooler to cli-ts the needfor liquid cryogctts. l’%e
novel aspect of the dcsi~ a “4-color”sharedfixai plane detector configurationdcscrii in more &tail below,
followed from the sizeand power constraints;this configuration eiimtica the needfordichroicbcarnsplittingand
multiple coolers.

The generalcharacteristicsof the AHU-UAVare protidd in Table 2 and the layoutof the instrumentis
shown in figures 2 and3. The 45° scene mirrorrotatesto select views of the atmosphereor of calibrationref-w
sources (one near ambienttemrxxaturcandoneat a stabilized temi=w up to 60°C). A typicaloperationalplan.
when flying at fixed altitudes ~ the troposphereis to altcmate A and *th viewing wik-calib~on cycl~
ilttersped periodkdy.

Table 2, AERI-UAV Instrument Spccit3cations

Spatial Resoiutlon 100 mred Nadir,Zenith,&intermediateangles

Spectral Resolution 0.5 cm.’

interferometer Type voice coil Dy’Wniily,Nii Plane Mkor

(Custom Bomam DA-5)

Optical Path Drivel Flex PNot PorchSwung*1.037q 4 CM

OPO Sampling Reference HeNe Laser wi@ white iii et startup

Fringe Counting l/4-wave quadrature, continuousbaciu’forth

Interferometer Beam diameter 4.5 cm

Interferometer Anguiar FOV (fuii) 4omrad

$pectrai Bands
. .

ExtraLW 19-25pm
LW. lG19prrt

MW 5.510pm

m 3.3-5.5 ~

Detectors inSb over3Segment W Array

Cooier / Temperature 0.6 W StirlingCooler (Litton~66 K

Dvveil Time / # interferograms 4 m, 4 fore/4 beck

Onboard Processing DSP Numerical Fiitem

Raw Data Rate 60 .Kbps

Mass / Size 45 Kg 0.05 n?

Power 160W’
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The fore-opticsconsistsofa relativelycompact 4-element afocalopticsused to expandthe km and to
convti the 100mr angularfield-of-view(FOV’)for scene viewing to a 40 mr irtterfcromctcrFOV. This choice keeps
the self-anodizationreasonablysmall to minimize line shape uncertainties,but is largerthan that used for HiS and
AMUto improvenoiseperformance. The interferometer is a highly customizai versionof the dynamicallyaligned
BomcmDA-5. It waschosenover the Bomcm comer cube design of the ground-basedAEiUbecause of its larger
throughputand for the extramarginto environmentalstresses offeredby dynamicalignment

F *R t

W//. === I Mlil

r-
Figure 2. AEIU-UAVtop viewassemblydiagram, illustrating Et beam optical designwith laserpick-off mirrors.

1--”

Figure 3. AERI-UAVside view assemb[ydiagram illustrating how the laser metrologysystem(mounted to the
.@ttotnof the opticaibench)interkes to the interferometerassemblyon the top of theopticaibench.
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The dynamicalignmentmechanism(which maintains accurate optical slignrnent by tilting the “fixed” Michelson
mirror to com~nsate for tilts of the moving mirror using optical feedbacksignalsdcrivml!lom the expandedlaser
referencebeam) uses a new voicecoil actuator that is about 5 times faster than the standard mechanism on the HE.
Tle moving minor mechanism is also new. Its flex pivot design with voice coil actuation provides the required 4
crnk OpticalPath Difference(OPD)scanrate. The more rapid interferogmrnscanratmof the AERI-UAVcompared
to the HIS allow loweraltitudesamplingwithout encountering large scene srnw problems.

Anothernovelaspectof the AEFU-UAVinterferometercompared to the HISis that it uses a whitelight
sourceto identifyan absoluteZPD fringereferenceat startup and continuouslycountsfringes(forwardand back
throughoutturnarounds). The system is the same l/4-wave qusdmture system + in the AERI MB-1OO.This
systemalIowsonboardctMMMtionof interfcrogramsto control data volume,whileMowingrapid scanningto
reduceFOVsmear.

The afi optics, like the foreoptics, is a compact design making use of a planemirrorand a single
paraboloidoutsideof tbe&tector dcwarassembly. The Ill beam fromthe paraboloidis fbcuscdthrougha cortc.etItrjc
hole in the plane mirror(comcapondingto the centralobscuration of the interferometeraprture stop which
aecommodateathe expandedlaserreference,-). The fieldatop is mountedon tbc fit of tbe detectordewar
assemblyshown in Figure4. Note that the dewar window is tilted significantlyto preventreflectedradiationborn
double-passingthe intcrf’meter. The dewar contains two K13rlenses to imagethe aperturestop in the
interferometeron the detectors.

The approachto specmdband sepamtion for noise optimization is to sharethebeamapertureat thedetector
plane, as illustratedin FigureS. This technique is not quite as ef15cientas using gooddichroicbeam splitters,but
it is much more compactand provideaa simple interf~ to a single, low-cost Stirlingcmler. Also, it is much
moreefficientthan the inexpensive,non-dicbroic bcamsplittersused inside theHIS LHedewar. The Stirlingcooler
is a 0.6 W Littondesignwith separatecompressor and regenerator cmtn=ted by a smallgaugeHe filledtube. A
majoradvantageof thiscooler,whichwas chosen for our ground-basedAE.RIitMrummtS,is thatit can be r~ovti
for rdhrbishment withoutdisturbingthe detectordewar assembly.

FtEtD STOP
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\
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Figure4. Smalldetectordewardesignwith focusingoptics and Stirlingcoolercold t5ngerinterface.
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l%e &ta is compressedonboard to rcdu~ ~C data volume rcqukments fork r=d-timedownlink from the

UAV. Four fomrd andfour rcvmc scm = ~*d ~d ah m Compd x*IY. An efficient complex
numerical filtering technique is applied Mtig a ~S32K40 Di@ti Sired *SW OW. mis tifonnation
preserving convolutionfilter is followedby bit *ng for delays not CIOSCto the ZaO pati difference. A second
DSP is used for instrumentcontrol.

s@m’u9
\

f I 1“”’..”””””””””””””
I

VbW showing tnSb dOtWtOf
covutngtiweo MCT DateCtOfU

1’.:.~~Irssb.......-..-,.-. I

Viewabowhgthrea MCT

H%%x&NRair’8“
rsgbna ara metalizednon-active

Figure S. Shared aperturefbcal Planedesignfor AEN-UAV. All detectorshavethe samefieldof view to the scene.
b~cach covers Om-of the four s&ctral bin-da. TheConfigurationis a sandwichwiththeshortwaveInSb detector -
suspended above the threeMercury CadmiumTelluride(MCI”)detectorswhichsharetheplane ilhuninatcdby
transmkion through the h!% detector. The MCT detectors arc each long strips, withslits downthe middle to
increase rcaponsivityand to give easy leadac-ccasat one end

RADIOMETRIC PERFORMANCE
l%e cliometric noise and calibrationpcfformanceof the AERI-UAVis drivcnto a highsrandardboth by

rcquircrncnts for temperatureand watervaporremotesensing and for spumxopic applications.The RIMSnoise .
Icvel in terms of brightnesstemperatureachievedforHIS and AEIUis gcm=dly Icaathanabout0.2 K, exceptnear
the edges ofapcctrai bandsand in some Iocalizcdspctral regions. The performanceofthe AERI-UAVis expected
to be comparable for its 4 second dwell time,exceptfor the extra Iongwave(ELW)bandwherelongerav=~g
timeawillbenccdcd

The AERI-UAVwill make use of the calibrationtechniques&vclopcd fortheHIS andalsodemonstrated
by the AERL The calibrationrequirementsare oftenstated x <IK absolute unccmdy at a brightnesstcmpemwe
of 260 K andrcproduciiilitiea (excludingnoise)of @.2 K me =dI%fationblackbodiesusedby the AEFU-UAVarc
aczdeddown versions (62% smaller due to smaller km diame@r a bl~kbody -) of thoseusedby the AERL
These blackbodies arevery well ckactabd andhaveproven to be very stableovextime. Cahation techniques
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have been developed that usc primary temperature~d electricalmsku- standardstraceableto the National
Institute for Standardsand Technology(MST),anda rctlcctancc refer standard traaable to the NationalPhysical
Laborato~. Blackbodicscalibratedusing these techniqueshaveabsolutetemperaturecmorsof less than O.01K
peak-to-peakand an absoluteemissivity error of less than 0.001, which tnn.slates to a temperaturecmor of 0.10 K
&ak-to-peak in the Iongwaveband.

. .
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Atmospheric Cooling Rate Calculations for the Airborne Southern
Hemisphere Ozone Experiment (ASHOE) using MODTRAN3

.
S.C. Lee, 12.O.Knuteson, H.E.Revercomb, and W.L. Smith

University of Wkconsin-Madison CIMSS
1225 W. Dayton St., Madiso~ WI 53706

I. Introduction
One of the objectives of the Airborne

Southern Hemisphere Ozone Experiment
(ASHOE) was to examine the causes of
ozone loss in the Southern Hemisphere
lower stratosphere, and to investigate how
the Ioss is related to pokir, mid-ktitude, and
tropicai processes, inchding radiative
transfer. Cooling rates were calculated for
ASHOE in order to: (1) understand how the
ozone depleted air is transported to
populated regions outside the polar vorte~
(2) refate vertical motions and transport of
air around the South Pole to atmospheric
cooling rates, and (3) validate cooling rates
in dynamical models for the polar vortex
using observed data and more accurate
radiative transfer models.

XL Experimental Method
Thisanalysis foilows that of Clough

et al. (1992). Consider monochromatic
thermal radiation for clear sky at a given
kve~ with p = zenith direction cosine, and @
= azimuthzdangle. The flux expressions my
be written thus:
Upweiling flux

~: =J: 1 IV(~) ~ ‘~ ‘$
DownweIling flux

~’- =J; f: ~v(~)~d~d’
&imuthalIy integrated flux

F: =*2z j; Iv(1.L)IL@

Three-point Gaussian quadrature was
performed at the angles: 77.7$,53.80°, and
24.29”. This yields a net flux:

F, = F,+ - Fv-

Strict.ly speaking, the monochromatic
cooling rate is the divergence of the net flux.
However, one may also express it in terms of
the temperature change in a Iayec

/L
i3Ta~ _ g %1 -%1

$$4 Cp ~-~4 ‘

III. Results
Coolingrate comparisonsbetweenmodels

In order to validate the cooling rates
derived using MODTRAN3, a comparison
was made to published resuhs of Clough et
al (1992). The models compared here are
characterized as follows. FASCODZ a li.ne-
by-li.netransmittance model using HITRAN
database (Clou~ et al, 1986, Ro_ et
al, 1992), has vesy high spectrai resolutio~
but is computationally demanding.PhilIips
Laboratory’s MODTRAN version 3 has
lower spectral resolution at 2 cm-*(Wang, et
~ 1996),but is computationally fx
Calculated cooling rates between the models
agree very well from 750 mb up to 150mb.
(Fig. 1).

Sensitivitystu@ to upperlevel watervapor
To assess the importance of upper

tropospheric water vapor to the atmospheric
cooling rates, a sensitivity study was
performed using MODTRAN3. Removing
the water vapor above 300 mb affects
cooliig rates, not only in that regioz but
also in the middle troposphere (Fig. 2).
Results indicate that smaller water vapor
amounts cause lower cooling rates.
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Figure 1. Cooling rate comparison
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Figure 2. Comparison of cooling rates
calculated with different upper
atmospheric water vapor profiles

Polar re~”on cooling rates
Retrieved temperature and water

vapor from university of Wwonsin High-
resolution Interferometer Sounder (HIS)
(Smith et aI, 1987)observations during
ASHOE flights into the south polar vortex
fkomNew Zealand on 4 October 1994were
used to calculate cooling rates, which were

compared to cooling rates calculated using
water vapor and temperature input from four
globaI forecast models (Fig. 3). Overail, the
forecast models tend to underestimate the
stratospheric water vapor concentrations in
polar regions, which Ieads to an
underestimate of the cooling rate. Figure 4
shows layer mean cooIing rates from water
vapor, carbon dioxide, and ozone. Water
vapor contributions dominate not only in the
troposphere, but also in the stratosphere.
Figure 5 shows the spectral cooling rate,
with contributions flom the seven primary
infrared optieaily active gases.
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IV. Summary
If calculation models have Me or no

water vapor above 200 mb, then the model
will produce an error in the cooling rate of
about 0.2 K. In the upper troposphere and
stratosphere, the cooling rate is not
dominated by carbon dioxide alone, but also
strongly by water vapor (between 400 cm-i
and 660 cm-’).Results of case studies show
that a drier atmosphere leads to a lower
cooling rate in the upper troposphere.
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