Facility-scale quantification and monitoring of ammonia (NH":
) emissions using ASTER multispectral thermal infrared
observations

Ammonia (NHD3) isan 1mportant atmospherlc pollutant affectmg air qual1ty ecosystems and climate;/but

Hyperspectral thermal 1nfrared sounders such as IASI and CrIS peewde—bread—spat—}al—eeﬂ%er&ge—and high

spectral sensitivity, but their kilometer-scale footprints limit direet facility-scale source attribution. Here ;we-
investigate whether high-spatial-resolution multispectral thermal infrared imaging can detect NHD3 plumes
at facility scale.

We develop a physically based retrieval framework for the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), combining radiative transfer calculations with lookup table (LUT) inversion.

The method exploits the differential sensitivity of ASTER bands 13 and 14 to NHD3 absorption in the V, band
near 930-970 cm[_] ~'andretrieves NH;5 column enhancements at 90 m spatial resolution —Surfaee-
em-rssmtyurs—takeﬂ from a long term ASTER emlss1v1ty chmatology—whﬂe—seen%el—efmsswﬂ:y—preduets—are-

: : w—tha NHD3 absorption ean
remain measurable after convolut1on with the ASTER spectral response funct1ons but retrieval performance
depends strongly on thermal contrast between the surface and the NHD3 bearing layer.

The retrieval is applied to ASTER-ebservations-over three industrial NHD3 point sources: Khor Al Zubair,

Tolyatti, and Piesteritz. Khor Al Zubair prevides-the-elearest-demenstration,with repeated source-connected
plumestruetares under favorable arid conditions: Tolyatti and Piesteritz show that detection is also poss1ble
in more heterogeneous environments;alth h-o1 pee e A A
Seuree-rate-estimates derived with the Integrated Mass Enhancement method are mterpreted—&s—

mst&ﬂt&neeus—eﬁfeetw&esmnates—fe%sueeessfukplmn&seenes—ﬂee&s annual mean em1ss1onser—eentmueus—

are—eenﬁsteﬂt—m magmtude with publ1shed satelhte and a1rborne est1mates-

Theseresults-demonstrate-thatmultispeetral TIR imagers can previdehighreselutioninformationon NHEI
plume structure and source location, complementmg coarse- resolutlon hy—pers—peet—ral—satel—l-&e—ebseﬂl&t-}eﬂs—

&amewefk—w-ppeﬁs retrospect1ve analysis of arehwal—ASllE}eseeﬂes—a&d—mferms—ﬁ&ure—high—eesehﬁreﬂ—’P}R—
Hnagmg—eeﬁeepts—fer—NH speint-seurece-deteetion.

Ammonia (NH-;) is a key atmospheric pollutant with significant impacts on air quality,
ecosystem health, and climate. It is primarily emitted from agriewltural-aetivities, including
livestock farming and fertilizer application, as-well-as from industrial processes and
biomass burning . In the atmosphere ;NH; reacts with acidic species to form secondary
inorganic aerosols, contributing to fine particulate matter (PM,5) and associated health
risks —Depesition of reactive nitrogen alse-eontributeste soil acidification and
eutrophication, leading-te biodiversity loss and ecosystem degradation .

Despite-its-impertanee; NH-; remains one of the most poorly constrained atmospheric
trace gases—Emission-inventories-are-highlyuneertain,with uncertainties often exceeding



50 %, and exhibit strong temporal variability linked to agricultural practices and

meteorological conditions . Ground-based measurements previde-valuable-eenstraints; but
theirspatial eoverage-islimited-and-theyare oftenunablete capture localized emissions

and short-term variability.

Satellite observations have substantially improved global monitoring of NH-; .
Hyperspectral thermal infrared (TIR) sounders such as the Infrared Atmospheric Sounding
Interferometer (IASI) and the Cross-track Infrared Sounder (CrIS) provide daily global
coverage and have revealed numerous previously unidentified NH-; emissien hotspots .
Hewevertheir coarse spatial resolution, typically 14-15 km at nadir, limits theirability to
resolve individual sourcesand-small-seale- plumes-—As-aresult; only the largest and most
isolated seurees-eanbe reliably detected, while smaller or clustered emitters eften remain
unresolved even when long-term averaging is-applied .

5 gtion trace-gas
retrlevals are posmble w1th multlspectral baﬂd—m}&geﬁ—}ﬂs%mmeﬂ%s—sﬂeh—&s Sentinel-2
have beenused-to-deteet methane (CH-,) plumes at sub-hundred-meter resolution by
exploiting strong absorption features and high signal-to-noise raties despite limited
spectral information —Mere-reeently;multispeetral-visible band-imageryfrem Sentinel-2
and Landsat has-been-used-to-deteet nitrogen dioxide (NO-,) plumes from individual point
sources at similar spatiat scales . In the thermal infrared, recentstudies-indieate-that NH-;
detection does not necessarily require full hyperspectral coverage, provided that a limited
number of spectral channels sample the strongest absorption features in the v, band -
Airberne hyperspectral measurements have furtherdemenstrated-that NH-; plumes from

individual facilities eanbe-direetlyobserved-and-quantified at meter-scale resolution .

In this study, we assess whether NH-J; plumes can be detected using a multispectral TIR
satellite imager—Wefoeus-en the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER), which provides TIR observations at 90 m spatial resolution in five
broad spectral bands. Although ASTER-was not designed for atmospheric trace-gas
retrievals, it has previously been used to retrieve volcanic SO, plumes using TIR band

ratios —Band 13 overlaps with the NH-; v, absorption region between-approximately-930-
and-976 cm[) ! (10.75ard 3103 pm-in-wavelength)—This-speetral overlap-suggests-that
ASTER may retain-sensitivity to NHJ; under favorable thermal contrast eonditions, despite
its-bread-speetral respeonsefunetions:

We develop a physically based retrieval framewerkthateombines radiative transfer
modeling with a LUT-based inversion-—Fhe-retrieval-uses the differential response of ASTER
bands 13 and 14 ; ASTER GED V3 emissivityinfermatien, scene-level radiance correction,
plume masking, and IME-based source-rate estimation. Using-sensitivity simulationsand-
real ASTER observations-we quantify the dependence of NH-; detectability on spectral
sensitivity, thermal contrast, emissivity, and radiometric noise-We-ther-apply-the-method-
to-seleeted 1ndustr1al pomt sources%e—evahaa%e%vheﬂ&e%sqlE—R—e&n—feseNe—f&erhﬂ—sea}e—NH




Methodology and datasets

Figure 1 prevides an overview of the fall ASTER NHY; retrieval and emission
quantlflcatlon workﬂowusedﬂﬂ—thrs—studﬁ#km—meﬁtede}egeeeﬂsrs%ef—ﬂﬁee—m&&

Schematic overview of the ASTER-based NH; retrieval and emission quantification
workflow. Theleft-panelillustrates radiative transfer medelling and LUT construction
using high-resolution simulations convolved with ASTER spectral response functions. Fhe-
eentral-panel-shews ASTER data ingestion, quality filtering, scene-based radiance
correction, and FUT-based NH; column retrieval using the split-window observable . The-
right panel summarizes plume detection, Integrated Mass Enhancement (IME) calculation,
wind-based emission estimation, and time-series construction.

Schematic overview of the ASTER-based NH-; retrieval and emission quantification
workflow. Theleftpanelillustrates radiative transfer medelling and LUT construction using
high-resolution simulations convolved with ASTER spectral response functions. The-eentral-
panelshows ASTER data ingestion, quality filtering, scene-based radiance correction, and
LUT based NH-; column retrieval using the split-window observable . The-rightpanel
summarizes plume detection, Integrated Mass Enhancement (IME) calculation, wind-based
emission estimation, and time-series construction.

ASTER instrument
ASTERis-a-highreselutionimaginginstrument onboard NASA's Terra satellite, previding

thermal infrared (TIR) observations at 90 m spatial resolution with a nominal revisit-time-

ofappreximately 16 days —T—he—AST—E—R TIR subsystem operated from March 2000 until

January $ &R adals atia H
] : . ] Lo g ) | Lvsio T thi 1o

ASTER observations are obtained from the Level 1B radiance product (AST_L1B,

Version 4), together with the eerrespendingsurface-emissivity-preduet (AST_05, Version 4)
and surface k1net1c temperature preduet (AST 08, Versmn 4) —"Phe—Level—l—B—preduet—

used for scene characterlzatlon and retrieval f11ter1ng Surface emlssw1ty ﬂ}ferraat}eﬂ is

also taken from the ASTER Global Emissivity Dataset (GED) ;whieh-provides-multi-year
ssivitios derived s Lo ASTER nrehive

The ASTER TIR subsystem comprises fivespeetral bands-bands 10-14. Ammenia(NH; }-
has-a-strong-thermal-infrared-abserptionfeature-assoeeiated-with-its vV, umbrella-bending



vibrational band leeated near 930-970 cm/| ) ! —Bands 13 and-14-arethereforecentralto

the NHU ;retrieval Band 13-eovers-approximately 913-976 cm[] 'and-overlaps-withthe

strongest part-of the NH - absorptionfeature while band 14 eovers-approximately 859-
913 cm[) 'and-prevides a nearby reference channel with weaker NH; sensitivity-

Band 10 has negligible NH-; sensitivity-butrelatively strong H-,0 sensitivity, and-is-

therefore useful for dingnestie cheeks to-distinguish NHJ; abserptionfrem water-vapor-
related radianee variability.

Under positive thermal contrast, where the surface is warmer than the NH-;-bearing air
layer, NH-; absorption inthe-V,-band reduces the top-of-atmosphere (TOA) radiance
measured in band 13- Beeause band 14 islesssensitive-to NH5; the differential response
betweenbands13-and-14 forms the basis fer the split-window retrieval used in-this-stady.
Figure 2 shows the ASTER TIR spectral response functions together with simulated optical
depths for relevant atmospheric species.

ASTER TIR spectral response functions for bands 10-14 overlaid with simulated optical

depth for relevant atmospherlc species. Enhanced NH-absorption-is-coneentratedin-
band 13 near 930-970 cm[) ' ;where-inereased-optical depthreduees FTOA radianee under
pesitive-thermal- eontrast conditions-Band 14 prevides a rearbyreferenee with weaker NH
D3 cnsitivitv_formine the basis for thesplit w .

y TU 6

ASTER TIR spectral response functions for bands 10-14 overlaid with simulated optical depth

for relevant atmospherlc speaes Enha—need—NHD —a—b&e%p%mz—w—ee&een—‘ém%ed—m—ba—né 13 near
930-970cm ]! : adianeewn

een%ms{—eend+ﬁeﬁs—3&nd 14 prewdes a ﬁea-Pby—Feferenee w:th weaker NHE|3 sensm—w-t—y—
formingthe basisfor-thesplit-windowretrieval- approach.

?h&d&e&abﬁﬂeﬁNHDﬁ%ﬂﬁmrﬂedﬁ%ﬁﬂyby—spe&m%wmﬂap—mﬁa}se%&

s%ab}edereme%Hc—behaﬂef supported by onboard and vicarious cahbratlon —Theneise-

egquivalenttemperature-differenee{NEAT } is approximately 0.3 K at 300 K, with typical
scene-based noise levels of about 0.1-0.2 K Underfavorable thermal eontrast NHU-

induced radiance differences ean-exeeed-these-noeiselevels-enabling deteetioninindividual

SEenes.

ASTER TIR observations can exhibit weak horizontal striping asseeiated-with detector-to-

detector calibration differences —This-ean-introduce-band-correlated-background-
variabiitHnemissivityand radianee fields—These patterasare generally small compared
with NHY; plume signals under favorable thermal contrast -Theirimpaetisredueced by
scene-level radlance correction and the ﬂ-se—e-f;ba-ﬂd—Fa{-}es—RES}d-Hﬂ-l—s—t-Pﬂ%g—fﬁ-af

a%mesiaheﬂ&abseppﬁen—aﬂdﬂﬂﬂespheﬁeemﬁs}er%s—s&tdsf NHD3 column densities



are retrieved 4 h simulated

ASTER band radlances &Pe—eemjaaﬁed w1th observed radlances

Radiative-transfer-ealeulations-are performed-with TFIT, a Python-based radiative transfer
model developed at TNO-—FEIFwuses spectroscopic parameters from the HITRAN database

through the HAPI interface and-explieitly represents gas absorption, surface emissivity ;
and atmospheric temperature profiles on a flexible vertical grid. High-resolution spectral
radiances are ealeulated-and-subsequently convolved with the ASTER spectral response
functions (SRFs) to obtain band-integrated radianceseensistentwith-the ASTER-
observations:

Te-enable-efficientretrievals; TFT-simulatiens are stored in a multidimensional lookup

table (LUT; Sect. 1.3.1) ~FThe LUT-spans NH ;- columnamountsurface-emissivity, near
surface-air-temperature,-and-surface-temperature-This-aveids repeated radiative transfer
calculations during scene processingwhile-preserving-a-physicallyconsistent-mapping
between-atmospherie state-and-observedradianee.

Figure 3 illustratestheeffect of NH-J; 00 TOA radiance for two-otherwise identieal

simulations—A background-like-ease-with-an NH-; columnof 10" meleeules-em) 2is-
eompared-withastrong plumeenhaneementof 10'° molecules cm[) - Theelevated NH ;-
ease-shewsloecalized radiance reductionsrelative-to-the low NH - - ease mest prominently
in the 930-970 cm[] ! region-correspondingto-the NH; v, band-These perturbations-
%emam—\ﬁsl-b}e after convolutlon w1th the ASfllE—R—SPrFs—as—shemm—m—F}g%(:—pfed&e}ng—

(a) Simulated high-resolution TOA radiance spectra for two NHY; column amounts (10*°

and 10" molecules cm[]?) flustrating-abserptionfeatares across 880-1220 cm[] . (b)

Relative radiance difference between the two cases;-highlighting-the narrewspeetral
strueture-of NHJ;-abserptioninthe vV, band. (c) ASTER spectral response functions for

bands 10-14, shaded curves, overlaid with correspondmg band-integrated radiances for

both NH; cases;illustrating how-high-reselution NH -, abserption features map-into-
broadband ASTERmeasurements.

(a) Simulated high-resolution TOA radiance spectra for two NHU; column amounts (10" and

10" molecules cm[]?) -illustrating-absorptionfeatures across 880-1220 cm)~". (b) Relative

radlance difference between the two cases;-highlighting-the-narrew-speetralstrueture-of NH
I absorption-inthe-V,band. (c) ASTER spectral response functions for bands 10-14, shaded

curves, overlaid with corresponding band-integrated radiances for both NH-; cases;-

mﬂfwﬁmg#%#ﬁgh—Fﬁehm%—NHﬂbse%pfwﬁfeaﬁﬁeﬁmee—bmaébaﬂdASM—

Retrieval strategy

. el Lined in sl | L of Fie 1 are deseribed in detail below.



ASTER-provides-only five broad TIR bands and-therefore cannot resolve individual NH-;
absorption lines in-the-same-way as hyperspectral sounders saeh-asTASI-and-CrlIS. The

retrieval strategy-used-hereinsteadrelies-on-the-ditferentinl respense-ef ASTER bands 13
and H4-The-eperational retrieval-therefore-uses the split-window observable

L13_ L14
Ly, ’

where L,; and Ly, are the ASTER TOA radiances in bands 13 and 14, respectively.

This-ebservable enhances the differential NH-J; signal while reducing sensitivityte scene-
wide thermal variability thataffeets both bands. Beeausethe NH; signal remains small
compared with the total TIR radiance, the retrieval depends eritically-en-aceurate-
treatmeﬁt—ef surface temperature s&rf&ee em1ss1v1ty, thermal contrast ; and radlometrlc

TFIT 51mulated radlances rs—eenstr&eted—"Phe—LU—"P spans NHD3 column amount, surface
emissivity, near-surface air temperature ; and surface temperature (Table 1). Fhese-

parameters-represent the dominantcontrols-onthe ASTER NH s signal: For scene
application ; the emissivity dimension is constrained using ASTER GED V3 emissivity values

mapped to the ASTER TR gridso-that the FHT-inversienusesaelimatologieal emissivity
input rather than the potentially plume-affected scene emissivityretrieval .

with-the ASTER SREsto-obtain-band-integratedradiances. NH-; is prescribed in the lowest
500 m of the atmosphere, reflecting the near-surface character of most industrial plumes-

The-preseribed-eolumnameuntis converted to layer mixing ratios using temperature-
dependent air density and layer thickness. The

lowest model level —at—appre*rmate}y 60 m—ts—set—te—the—preser—rbed—&rr—temperat&re Ta,r ;

Surface temperature is varied relative to T,;, to sample a wide range of thermal contrast
conditions:

TC=T T

surface air*

Because NHU,; is-distributed-over the lowest 500 m, this-definitionsheuld be-interpretedas

a near-surface thermal contrast rather than the exaet layer-mean contrast experienced by



the gas—Thisdistinetionbeeomesimpertant near T C=0 K; where retrieval sensitivity

collapses and can change sign.

Parameter space used to construct the NH-; LUT.

Parameter Range / values Description
NHY; column 10"°-10*° molecules cm  Applied in the lowest
Q2 500 m and converted

to layer mixing ratios
using temperature-
dependent air density.

Surface emissivity 0.80-1.00 Discrete emissivity

values combined with
each atmospheric case.

Air temperature T;, 270-340K Prescribed

temperature at the
lowest model level,

approximately 60 m.

1 floal .
adjusted-smeothly:

Surface temperature T,,~10Kto A, qrmis +30K for

TSHrfﬂCE Tair+Awarm Tair<290 I<, +40K for

290<T,; <310K, and
+50K for T',;,>310K.

Thermal eontrast

TC:Tsurface “Lair

Difference between

surface-temperature

and-thelowest

atmespherie medel

level:

Scene-based radiance correction

Before-inversien,a scene-based radiance correction is applied to reduce systematic offsets
between the observed ASTER Level 1B radianees and the LUT-simulated radiances—These-
e#se{s—eaﬁ arise from re81dual cahbratlon dlfferences 1mperfect fepfesen%aﬁen—ef—s&ﬁaee—

]&: 1 nimized bef lewlati ]NHD3 tivel 1 o,

The correction is derived-independentlyforeach- TR bandusinga reduced major axis
(RMA) regresswn between observed and LUT 31mulated radlances—PcMA—Peg%eSﬁeﬂ—}s—&sed




For each band b, the fitted RMA relationship is applied to the observed radiance field as
Iy =a, )"+,

where L)” is-the-observed ASTER radianee; L, is-the eorreeted radianee; and d, and ¢,
are the scene- spec1f1c RMA slope and 1ntercept—"l“—he—same—eei=1=ee&en—ts apphed to all valid
pixelsinth
radiemetrie offsets whlle preservmg local %&d&&ﬂee—peﬁbwbﬁﬁeﬂs— 1nclud1ng plume scale
structures.

Aftereorreetions the NHU —sensitive

split-window ebservableisealerlatedfrembands13and-14as

corr corr
L13 _L14

corr
L14

Robs_

For each valid pixel, the NH-; column is retrieved bye&mpam&g—ﬂ}e—eeﬁpeeted—ebseﬁled—
ratio-with the LUT simulated ratio-The retrieved-column Q vuis-defined as the LUT state

that minimizes the squared difference between ebservation-and-simulation:

O _ . obs LUT 2
QNHz—argmmR -R (\QNHj,Tair,Tsurface,e)).

NH,

Here; T,;, is the near-surface air temperature ; T,/ .. is the ASTER surface temperature ;

and € is the emlssw1ty T—he—Pe%Heved NHY; ﬁe}d—rs—&ubseq-&eﬂt-l-yeemfeﬁed—te—&ﬂ—




Retrieved NH; columns are converted to plusme enhancements by subtracting a scene-
dependent background—T—he—b&ekgeetmd—ts estimated from quallty filtered clear- sky pixels
outside the imm ASSY :

a%meseheﬂ(:—NHDE;—ﬁe}d—

Pixels-are-used-for-plume detection only if they satisfy thermal-and radiometriequality
eriteria, have finite retrieval values, and areloeated-within15 km of the targetseuree—This

éﬁ%aﬂee—ﬂﬁeshe}d—deﬁmes—the—%*ﬁee—eemefed—pmme—se&eeh domaln used for the

$${\protect\color{blue}\uwave{\Omega_j - \Omega_{\mathrm{bg}} \;>\; n_\sigma \sqrt{\
sigma_{\mathrm{geo}}"{2} + \left(\mathrm{NE}\Delta\Omega_{\mathrm{NH_3},\,j}\
right)~{2}}, \label{eq:detection} }}$$

NHY,

$${\protect\color{blue}\uwave{\sigma_{\mathrm{geo}} = \sqrt{\max\!\left(\sigma_{\
mathrm{bg}}*{2} - \overline{\left(\mathrm{NE}\Delta\Omega_{\mathrm{NH_3}}\
right)*{2}},\; O\right)}, \label{eq:sigma_geo} }}$$

a marker-based watershed method following —Se that only plume regions connected to the

source }eeaﬁeﬂ—&ee—&sed—feﬁmefﬂeﬂ—ﬁﬁs—aﬁﬁfeaeh allows 1rregular plume shapeswhﬁe

IME is the total excess NH-); mass contained within the detected plume :



IME=2, AQ A M,,,

where A Q; is the background-corrected NH-J; column enhancement in pixel j, A, is the
pixel area, and My, converts molecules to mass.

The emission rate is calculated as

$$Q = {\protect\color{red}\sout{\frac{U_{\mathrm{eff}}}{L} }}{\protect\color{blue}\
uwave{\frac{U_{\mathrm{eff}}} {\sqrt{A_{\mathrm{plume}}}} \, }}\mathrm{IME}, \
label{eq:q}$$

where L-is-acharaeteristic plumelengthsealeand U, is the effective wind speed —As&
first-orderapproximation; U, -is-parameterized-from-the 10-m-wind-speed-U (- following—

$${\protect\color{red}\sout{U_{\mathrm{eff}} = 0.9 \In(U_{10}) + 0.6. %DIFDELCMD < \
label{eq:ueff}%%% }}$$

This-parameterization-was-eriginally derived for methane plumes and-isnetexpeeted-te-be
m&sa%w&%ﬁe%ugm%m%&eﬁmmme}gh&deﬁeﬁﬁ%

befeweeﬁ—Ulo—aﬁd—Ue ff—}n—&dehﬁeﬂ—E-RA%—\mﬂds—PepPeseﬂ% grld scaleme%eefe}ngreal—
eonditiens-and may not capture plume-scale flow at the source, the plume height, or the

exact ASTER-everpass-time. Wind speed and wind-direetion-sheuld-therefore be-
interpreted as transport constraints fer-the IME-ealeulationrather-thanas exact
descriptions of the observed plume motion.

The mainuneertainty-termsin Q-arise from radiometrie noise-inthe retrieved-eclumn;
background subtraction, plame-masking wind speed;-wind-direetion, wind-field-

representativeness; the U, ; parameterization, surface-emissivity-assumptions-and the
vertical distribution of NH-J; —Petential absorption by co-emitted er-ambientspecies-

wﬁmﬁwuﬁe}m&mﬁﬁ%ﬁ%&%
treats NH astheenlyvariable-abserber

Target locations

Three targetloeations-wereseleetedte span a range of source strengths and observing
conditions: Khor Al Zubair intrag; TelyattiinRussia,and-Piesteritz-in-Germany-Candidate-
sites-were-seleetedfrom known-industrial NHJ; point soureesidentified-in satellite-based
hotspot studies —Fheseleetion-eriteria-were-persistentand well-documented NH-;
emissions, availability of ASTER observations, and suitabilityfer-testing-the retrieval under
d—l—ffe-Peﬂ-’E surface and thermal conditions. P}es{eﬁt—z—waﬁﬂe}&ded—weerﬁeaﬂfbeeaﬁse—

Khor Al Zubair (47.836)°E, 30.187[)° N) is used-as the benchmark case-The-soureeis-
loeated in a hot arid environment with frequent positive thermal contrast and gererally



limited cloud contamination;making-itwellsuitedfor-demenstrating the full retrieval
chain-

Tolyatti (49.614)°E, 53.544)° N) is one of the largest known industrial NHY, point
sources ;butisleeated in a more heterogeneous temperate environment. Fhe-site-therefore

Piesteritz (12.586)°E, 51.876)° N) represents a smaller but well-characterized European
industrial seuree-and-is-used-here-to-evaluate ASTER performanee close to the practical

detection limit.

Table 2 summarizes the-n

s&eeessful—NHD—p}&me—de%eeﬁeﬂs—fef—eaelﬁaﬁe{—}eeaﬁeﬁ

Summary of ASTER scene availability and retrieval successfor-the-three-targetloeations.

Scenes processed denotes the total number-of ASTER seenes—Sueecessful detections denotes-
seenes with a detected NH-; emission.

Scenes Successful
Site processed Not cloudy detections
Khor Al Zubair 75 41 33
Tolyatti 67 12 19
Piesteritz 136 27 6

Results

Sensitivity analysis

The-deteetability-of NH:-in ASTER TIR ebservations depends on three coupled factors:
the spectral sensitivity of the bands, thermal contrast between the surface and the NHU-
bearing layer, and radiometric noise-In-this-seetion; these-dependenecies-are-quantified-
using forward-modeled ASTER band-integrated radiances ras-wel-as band differences and
ratios invelving bands 13 and M—Feﬂewmgc—lthe—}egieef—efﬂ-ph&ﬁs—rs—p}aeed—estaﬂd—
differenees-and ratios-thatenhanee-the NH - ;signal-while redueing sensitivity te-seene-




Bwe%se&srﬁ%t—y—th%sheld—kn—add—ﬁeﬂ—b&nd—l% lies in a mere spectrally crowded

drﬁﬁefeﬁees—( ref—b13)/b13—&hewmg—&m%baﬁéeeﬁ%¥&ﬁﬁmm}vmg—baﬁd%—pfeseﬂ%
monotonic NH - dependence(e) Relative differenees|b, ., —b14|/b 14 where
(b13 b 14|/ b 14-prevides-the primary NH-sensitive split- window-observableused-inthe-

(BlS Bl4)/B14
m&%@—p@sﬁwe&efm%e%ms%eﬂgﬂ%ﬂ%e—muﬂbmﬁmw@%baﬂd%



Joint sensitivity to NHH; and thermal contrast

The-two-dimensional-sensitivity-of the split-window observable is-shewn-inFig-4 as a
function of NH-J; column amount and thermal contrast. Thefigure showsthat ASTER-
éeteet—a—bﬁtty—ts—&et—eeﬂteeﬂed—by—NHD seelumn-alene butbythe combined stateef eelumn-

Near zero thermal contrast —the—r—aﬁe—eemams nearly ﬂat across all N—HD;.;—eel-&mnsbee&&se—

ﬁ%eg%esswebesteeﬂ«ge{;e}epeﬂdeﬂee—eﬂ—NHDrbeeefm&g more negatlve at hlgh NHEI
burden as band 13 absorption strengthens relative to band 14. The-mestfaveorableretrieval

fegﬂﬁeeeeﬁeﬂvhen—beth—NH%&émgﬂﬂd—pes&Hm&eﬂﬂﬂ%eeﬂtP&%&Pﬂﬁgh—

Two-dimensional sensitivity of the split-window-observable| B13 - B14)/B14-te NH;

column ameunt and thermal contrast for a lower-atmospheric temperature of 300-K -
Centoursshow-the LUT simulated ratiofor eombinationsof NH-J; and T, — T,;,. Ferlow-
Mwﬁ%%mweﬂwﬁ%ugﬁﬁm
%he+aﬁe—beeemes—steefrgl§Lseﬁsm¥e—te—NHD3— Negative thermal contrast produces a sign

reversal consistent with emission-like behavior.

Two-dimensional-sensitivity of the split-windew-ebservable B13 — B14|/B14-te NH;

column emeunt and thermal contrast for a lower-atmospheric temperature of 300-K -
Contoursshowthe LUT simulated ratio for-combinationsof NH—; and T, . — T ;. Ferlow
E“Ei i”&l eoft? EISE E“e 1 aﬂe Vet les 9”1? weakl}’ W lEh IJ}4D3 AS—Eheiﬁma-l—eeﬁ-EFa-s-PmeFea-se-s—Ehe—
ratio-becomes-strongly-sensitive-to-NH -5 Negative thermal contrast produces a sign reversal

consistent with emission-like behavior.
Radiometric noise and uncertainty propagation

Radiometric noise sets the lower limit of detectable NH-J; enhancement and propagates

directly into retrieval uncertainty. ASTER-TIRneise-is-expressed-as-a-noise-equivalent
temperature-differenee{NEAT )-whieh is converted to radiance noise using the Planck

function —Theresulting radianee-noiseisthen propagated through the LUT-derived
sensitivities—Fhis-fellews the noise-equivalent gas-column approach used-by—-adapted-

here to NHY; and te the band 13-14 split-window ratio.
For a single band, the noise-equivalent NH-; column is

oy

NEAQ,, =————r
N, \aL/aQNH

where 0} is the radiance noise and 0 L/0 Q2 is evaluated from the LUT. This-quantity




For the split-window ratio, the radiance noise from bands 13 and 14 is propagated as

OR \?
0Ly,

OR
0Ly,

2
L,13

2
Or 145

o=

where

OR _ 1 O0R_ Ly
0L, Ly, 0Ly Li4.

The corresponding NH-; uncertainty is obtained by dividing the ratio uncertainty by the
local LUT sensitivity:

_ Or
TEIORIOQy ),
Figure S-shows-the resulting neiseequivalent NH - eolumn as a funetion-of thermal
eontrastAround zero-thermal eontrast-the LUT sensitivity to NH-;becomes-weakand the
noise-equivalent column inereases-sharplyForstrongerthermaleontrastthe LU
sensitivity steepens-and-the

noise-equivalent columndeereases-te-valaes-of order 10'7-10"® molecules cm[] 2+

These valuessheuld-be-interpreted-as theoretical single-pixel sensitivitylimits—Inreal
ASTER seenesrobustplume deteetionis-moererestrietive beeause the retrieval also

depends on spatial coherence, surface heterogeneity, background subtraction, plume
masklng residual radiance artifacts, and posmble spectral interference. The limits shown-in

Noise-equivalent NH-J; column as a function of thermal contrast for ASTER bands 13

and 14 and the split-window ratio (B13 — B14|/B14, derived from LUT-based TOA radiance
sensitivities at a fixed surface temperature of 300 K. Areund-zero-thermal-eontrast the NH
J; sensitivityis-weak, while strongerthermal eontrast reduees the noise-equivalenteolumn
to-values-of order10''-10'"-moleculesem | 2

Noise-equivalent NH-J; column as a function of thermal contrast for ASTER bands 13 and 14
and the split-window ratio | B13 — B14)/B14, derived from LUT-based TOA radiance
sensitivities at a fixed surface temperature of 300 K. Around-zero-thermal-contrast the NH-;
sensitivityis-weak, whilestronger-thermaleontrastreduees the neise-equivalent-eolumnto-
valuesoforder-10''-10'"-moleculesem | 2

Demonstration of the retrieval workflow

The A




Table 3 summarizes the ASTERsueeessful-seene source-rate statisties-tegetherwith-
published NHU; souree-rate-estimatesforthe-three-target sites-The-comparisonis-
fn%eﬁéed—&s method- dependent context rather than d+1=eet—vahdaﬁeﬁ—’r—he—val-&es—afe—




Comparison-of ASTER sueeessful-seene source-rate statistics with published NH-; souree-rate

estimates and inventory valuesfor-the-three-targetsites. ASTER values represent
mta—nf&neeﬁs—s&eeessful—seeﬂe—ﬂﬁ—estmeafes from %h-m—st&dy—arﬁd—sheﬂ-ld—ﬁet—beﬁrterprefed as

es- Van Damme et al values

are based—eﬁ nine-year IASI oversampled averagesaﬁd—b%medekﬂ-u*ealeu%aﬁeﬁﬁﬂ#kaﬂ—
assumed NH - lifetime-of12h- Dammers et al. values are-eonstrained wind-rotation EMG
estimates frem-ErlS-andTASTusingfixed-lifetime 1 =2.5 h and plume-width 0 =15 km: HTAPv2
values-are-gridded-inventory-vealues from the 1.000° x1.0[)° preduet: Noppen et al. values-are
airborne Hyper-Cam LW estimates ever-Piesteritz-derived-with-IME-and-eross-seetionalflux-
metheds under different plume-rise assumptlons—"Phe E- PRTR Va-l-btefeithesfeﬁEz—w a reported

facility-level inventory value

inventory-context-only
Site Data source Study Method Source rate
Khor Al Zuba ASTER This study Sueeessful- ~52ktyr)™*
ir seene-
IMEmean
Khor Al Zuba IASI Box model, 3.9 ktyr()™!
ir 1=12h
Khor Al Zuba CrIS EMG;71=2.5- 55ktyr]!
ir h-0=15km
Khor Al Zuba IASI EMG;1=2.5  18-19ktyr
ir h-0=15Jkm 0!
Khor Al Zuba HTAPv2 100)° x16 49ktyr)!
ir L) -inventory
grid
Tolyatti ASTER This study Sueeessful- ~31ktyr]™!
seenpe-
IMEmean
Tolyatti IASI Box model, 7.4 ktyr ]!
1=12h
Tolyatti CrIS EMG;t=2.5  77ktyr]!
hy0=15km
Tolyatti IASI EMG;t=2.5 66-79ktyr
hy0=15km at
Tolyatti HTAPv2 +60]° x16 2.0ktyr™*
) -inventery
grid
Piesteritz ASTER This study Sueeessful- ~4.0ktyr



Site Data source Study Method Source rate
seepe- Q!
IMEmean
Piesteritz Hyper-Cam IME, spring 1.6-3.2ktyr
LwW 2021 at
Piesteritz Hyper-Cam CSF, spring 2.2-54ktyr
Lw 2021 at
Piesteritz E-PRTR Reported 0.4ktyr)™
inventory

Khor Al Zubair

Khor Al Zubair prevides the most favorable test-easefor the ASTER NH; retrieval-The-
seuree—ls—leeated—m—a—het—ar}d—em&renment—wrth frequent pos1t1ve therrnal contrast and

Heoweverthe arid background is not radiometrically uniformin-all-seenes-—Spatial

variability in mineral emissivity, surface temperature ;suspended-dust;-or-dust-storm-
related TIR-radianee can introduce structured retrieval noise and plume-like artifacts away

from the source.

Figure 6 shows a sueeessfal ASTER retrieval-overKhorAl-Zubair on 4 April 2000-The-
retrieved NHJ —enhaneement—ts—spaﬂaﬂfyueenneeted—teﬁe—seuree—and—ferms a narrow,

f—eatures—asaeelated—wrth nearby 011 and gas activity are v131b1e in the VNIR 1magery and
radlances but are not retrleved as NHD enhaneements—"Pths—st—rengthens—the—




ASTER NHU; retrieval-over Khor Al Zubairen 4April 2000UTC). The panels shew VNIR
false-color imagery with retrieved NH-J; enhancement everlaid, the unmaskedNH ;-
enhaneementfield, relative retrieval uneertainty, ebserved radiances in R bands 13
and 14 ; ASTER surface temperature—seeﬁe—Le*Lel—eersswmes in bands 13 and 14, and-

ASTER NH; retrieval-over Khor Al Zubairen 4April 2000€UTC). The panels show VNIR false-
color imagery with retrieved- NH; enhancement everlaid, the unmaskedNH-enhancement
field, relative retrieval uneertainty, observed radiances in FR bands 13 and 14 ; ASTER
surface temperature;-scenetevelemissivities in bands 13 and 14, end-thermal-contrast—The-
se&#ee—leea-ﬁen—w—ma*ked—m—yeﬂew—?he—see&e—shem a ﬁmmHeﬂ-Fee—eeﬁﬁeesed—plume—

n the

Retrievedsoureerates-varysubstantially between successful overpasses —Fhisspread may
reflect real emission Varlabllltya{—the—fae}}rsy—bﬂ{—rt—eaﬂ—a}se—&ﬂse#em dlfferences in wind

O ’

ktyr]!is close to the CrIS-basedEMG estimate of 55 kt yr[] ! from—butsubstantialy
higher-than the IASI box-model baselire of 3.9 ktyr(] ! from—TFhe IASIEMG-estimates-



drueee&eﬁ—the—Ue f f—p&wﬂeter&aﬁeﬂ—p}ume—mﬂsleéeﬁmﬁeﬂ—aﬂdm Surface

emissivity and co-absorber effects are-expeeted-te-be-smaller than at the other sites
because of the arid background, but dust, mineral emissivity variability ; and surface

temperature structure may still contribute to scene-to-scene VaI‘lablllty T—he—resul—tfﬂg—

Time series of ASTER-derived NH-; source rates at Khor Al Zubairferthe-period 2000-

2025. Black peints-shewsueeessful-retrievals, with vertieal barsindieating retrieval
uncertainty—The dashed hG-H-Z-Gﬂ-t-a-} line marks the sueeessful-seene mean seureerate of

approximately 52 ktyr[] ™! ; and the gray shaded-regiondenetes the interquartile range.
Symbels along the bottom meheate scenes with-unsueeessful retrievals-dueto-cloudeover-
wealcthermal-eentrastretrieval-quality filtering; or etherunfaverable-ebserving-
eonditions—The value shown-isnetanannual mean-emission, butameanoversueeessful

instantaneeus ASTER plume snapshets.

Time series of ASTER-derived NH-); source rates at Khor Al Zubairfer-theperiod 2000-2025.

Black peints-show-suceessful-retrievals, with vertieal bars-indicatingretrieval uncertainty-
The dashed horizontal line marks the sueeessful-seere mean seureerate of approximately-52
ktyr)™'; and the grayfrh&ded—regwﬁ—de&efes the interquartile range. Symbels along the

temperate&nd spatlally heterogeneous environment —AJ-theugh—t—he—ﬁaeﬂ-H—yL}s—a—stPeﬂ«g—NHag

emitter; favorable thermal contrast occurs less frequently than at Khor Al Zubair-Surfaee
emissivity variability associated with land cover, infrastructure ; and soil moisture alse
increases the background variability in the retrieved NH-; field.

Figure 8 shows a favorable ASTER overpass on 14 July 2004-Under-these-conditions;
ASTER deteets-a-eoherent NH; enhancement extendlng downwind from the source ;-with-

pealcenhaneements exceedlng 1018 molecules cmD Geme&red—wrth—the
Khor Al Zubairseere d g 2 h




enhanecementandrelative-uneertaintyfields; consistent with heterogeneous emissivity,
land-surface properties and varylng thermal contrast. 3}he—p}&me—eefe—1=em&ms—deffeetab}e—
beeause-the NH-;signa ~

OVerpass:

ASTER NHU; retrieval-over Tolyattien 14July 2004¢UTC). A-eoherentplume is visible-
extending- downwindfrom the seureeunderfavorable thermal eontrasteonditions—
Coempared-with the aridkher Al-Zubair-seenes, the baekground shewsinereasedspatial-
variability in beth the NH - enhaneement and relative uncertainty fields-eonsistent-with-
1 c issivity land _andint .

ASTER NH-; retrieval-over Tolyattlen 14]uly 2004{UTC} A—eehereﬂepl-ume is wﬁ-ble—
extending-dewnwindfrom the sou derfavorab d MParee
with the arid Khor AL Zubair-seenes, theb&ekg*&wrd—s-hews—me#ea—sed—sﬁaﬂal—vaﬁa-b#&ym
both the NH - -enhancement and relative uncertainty fields-eonsistent-with-heterogeneous-

ktyr(] ! falls betweenthe IASHbex-meodel-estimate-of 74 kt yr[) ™ 'from—and-the larger
E—MG—b&sed—es%maa%es—ﬁmm—wh&eh—a%e—%—ékt yrD ! from CrIS and 66-79 kt yrD ! from




Time series of ASTER-derived NH-; source rates at Tolyattifor-the-period 2000-2025.

Black points.l il retrievals. witl cal barsindicati vl
uneertainty. The dashed heri—z—eﬁ%a} line marks the sueeessful-seene mean seureerate of

apprexﬂﬂa%e}y%—} kt yrE| ; and the gray shadedregion-denetes the interquartile range-

as-a-continvous-annual mean emission.

Time series of AS TER—derived NH Da source rates at Tolyattife%&he—peﬁed 2000—2025. Blael
ey 2. The

dashed h&r&eﬁfa% lme marks the s&eeessful—seeﬁe mean seureerate ofa-ppre*t—mafelry—:)’—} ktyr
17'; and the gray shadedregion-denotes the interquartile range-Symbols-along-the-bottom-
W%%ﬁh—%ee%sf&krﬁ%&k—d—&e—t@—els&d—ewer weak-thermalcontrast-
surface-heteregeneity—erretrieval-quality filtering. Thevalueshownis-astatistie-over
steeessfl ASTER plume-deteetions and should-not-be-interpreted-as-a-eontintous-annual

mean emission.

Piesteritz

Piesteritz prevides-abenchmark forevaluating ASTER NHU; plume deteetion close to the
lower end of the practlcal detection range JEhe—s&e—rs—a—weH—ehar&eteﬂz-ed—E&repe&n—

ASTER NHU, retrleval over P1ester1tzer1—28—A—prﬂ—2—99—7—éUTC—) Panelsare as in Flg 6. The

scene iy Orms 0 R-iad 64 s 0

the ﬁrae'eieal—de{eeﬁen—l-rmrt where—s&rfaee—he’eeregenei-t—y weaker—thermal—een%ras{—, and

ovalnoi Iy | 1 bil

ASTER NHug retrleval over Plesterltzeﬁ—‘Ll8—A-le—}_299—7—(UTC} Panelsare as in Fig. 6. The scene
HSERE e valperforma 6r-a a o ose-te the

pr&e&ea-l—defee&eﬁ—hmﬁ w-here—swefaee—heter&gene%t—y, we&k%ﬁhe—rm&l—ee&tras& and retrieval
. y-aff ] , bility.

The ASTER retrievals over Piesteritz yield a sueeessful-seene-mean source rate of

appreximately4-0 ktyr[) ™! (Table 3). This-value should be-interpreted-as-aninstantaneous
steeesstul-seenestatistie rather than-ananpualmean-emissionr—Onlya-small subsetof

e close to the

a
Tl al P 6P
) ’




practical-deteetionHimit beeause-of weaker thermal contrast, heterogeneous land cover ;
and higher background variabilitythan-atKher-Al-Zubair:

were—esﬁmated—uﬁng—beth—the IME and Cross- sectlonal ﬂux met—heds—wrth—e*phert—
eensideration-ef two-vertieal plume seenarios:a non-rising plume-and-abueyantplume—
fllheﬂ‘—sprmg—Z-QQ—l—esﬁmates—raﬂge—frem 1. 6 3. 2ktyr[| 1wa-tla—I-M-Eand 2 2-5. 4ktyrE|‘

pling- Hyper—Cam Lw
7 fit

mterfermg species and surface temperature —Whereas ASTER relles on broadband
multispeetral radiances and a LUT-based split-window observable. Inadditien;— showed
that plume altitude and thermal contrast ean strongly affect retrleved NHD3 columns-

Time series of ASTER-derived NH-; source rates at Piesteritzforthe-peried 2000-2025.

Black pointsshewsueeessful retrievals, with vertieal barsindieating retrieval uneertainty.
The dashed herizontal line marks the sueeessful-seene mean seureerate of appreximately

40ktyr(])';and the gray shadedregion-denotes the interquartile range. Symbels-alonsg
the bett&m—meheate scenes with-unsueeessful retrievals-dueto-eloud-eover, wealkthermal
eentrast-surface- heterogeneityorretrieval quality filtering. The ASTERvalueisnotan
annual-mean-emission, but-a-mean-oversuecessful-instantaneous ASTER plume-snapshets.

Time series of ASTER-derived NH-\; source rates at Piesteritzfor-the-peried 2000-2025. Blaek-

points-show-sueeessfilretrievals, with vertieal-bars-indieating retrieval wreertainty. The
dashed horizontal line marks the sueeessful-scenre mean soureerate of appreximately4-0 ktyr
[] ; and the gray s—h&ded—eegiteﬁ—de-&etes the interquartile range. Symbeols-along the bettom-

Discussion

5Ph+s—study—demenstrates—that—m&fﬁspeetraFHR—Hnag1ﬂg can detect NHD3 plumes at fac111ty

scaleun




Inreal ASTERseenes;praetieal plume detection is more restrictive than the idealized noise-

equivalent limit —Rebust-deteetionsrequire spatially coherent enhancements, favorable
thermal contrast, suff1c1ent radiometric precision, and limited surface-related structure in

Hewever—the desert background is not automaucally low nmse—Mmer—a} em1ss1v1ty
variability, surface temperature structure, suspended dust; and dust storms ear affect the

aswmﬁﬁeﬂseﬁetﬂevedNHugee}um&&aﬂéﬂu*es#heﬁesu}ﬁ—skw%tha%therm&




Surface emissivity remains a major systematic uncertainty. In-this-study,emissivityis-
preseribedusing ASTER GED V3 ratherthanretrievedindependently foreach plume seene:

This avoids absorbing plume-induced band 13 radiance reductions into scene-specific
emlss1v1ty retrlevals but *t—eaﬂnet—fuﬂy represent day -to- day or sub- plXEl variations in land

affeet—the—'[‘—I-R—Padiaﬂees— Future retrlevals should quantlfy the—se&s&-tmty—te—emlsswrt-yh
assumptiens by perturbing the prescribed emissivity, for example by 0.005-0.01, and by
testing band-dependent emissivity constraints.

The eur—reﬁt LUT treats NHD3 as the only Varlable absorber—"l"—h:rs—rs—surtab}e—fer—
g g where other
gases aerosols dust smoke or surface features affect the same bread—ArST—E—R—baﬂds—

Several diagnostics support the interpretation of the retrieved structuresas-NH-J; plumes:
the enhancements are strongest in the NHJ;-sensitive band 13 relative to band 14, are
spatially connected to known industrial NH-; sources, show coherent plume-like
morphology, and-eceurunderthermal-eentrasteonditiens where the LUT predicts
measurable N—HD —seﬁs&wrty—Repeated—deteeﬁoﬁs at Khor Al Zubalrfurrther—support—the—

ate interference

from other absorbers or surface effects

ASTER is not an operational NH-; monitoring instrument-ts revisit frequency, cloud

sensitivity ;and-dependenee-onthermaleentrast limit temporal sampling—The-methedis-
therefere—best—sbmed—fer retrospectlve analy81s of favorable scenes over large per31stent




Theretrieval framework is transferable to other multispectral TIR imagers with suitable

spectral coverageInstraments-suehasthe ECOsystem-Spaeeborne Thermal Radiometer
E*pernnent—en—Spaee—Statten—éE@QSquESS—) and the Landsat Thermal Infrared Sensor

targeted HR-imaging concept, with bands placed around the NH; v, a—bserpﬁeﬂ feature
and nearby reference windows, could improve point-source sensitivityrelative-te-a-broad-

band-instrumentsuch-as ASTER-Thiseowldsuppertafuture observing strategy in which

wide-area NHJ; mappers are complemented by high-spatial-resolution point-source

1magers analege&s—te—tl-}e—emergﬁag—spht in CHD4 remote sens1ng Mere—bread—ly—these—

We developed and tested a physically based retrieval framewerkfordeteeting NH;
plumes frem ASTER multispectral TIR observations-—Fhe-method-eembines TFIT radiative

transfer simulations, a LUT-based inversion, scene-level radiance correction, plume
segmentation ; and IME-based source-rate estimation: NH-; enhancementsare retrieved

from the differential response of ASTER bands 13 and +4;with-band-13-previding
sens&wrt—y—te—NHD rabserption-and band-14-acting-as-anearbyreferencechannel:

Sensitivity simulations show that ASTER ean-preserve measurable NH-; radiance signals
after convolution with the broad TIR spectral response functions. Detectability depends
strongly on thermal contrast-Areundzero-thermal contrast-the NH-J; signal becomes-
wealcand retrievals are noise dominated-—Ferstrenger-thermal-contrast;-sensitivity
improves-and theoretical single-pixel noise-equivalent columns reach values-eforder 10" -
10'® molecules cm[) *underfaverableconditions.

Application to industrial point sources demenstrates that ASTER can resolve NH; plume

structure at 90 m spatial resolution: Khor Al Zubair prevides-the-elearest demonstration,
with-repeated-sueeessful- deteetions under favorable desert conditions—Felyattishews-that
ASfl“—E—R—ean—eleteet—pl-&mes in a more heterogeneous non- desert env1ronment bﬂt—enlfye

deteeted—m&der—swtable—eendr&ens— close to the practlcal sen31t1v1ty l1m1t of the method
The strongest result ef—thrs—st&dy is plume detect1on and source attr1but1on Searee—rate

s&eeess#ul—pl&me—seeﬂes—b&t—they remain sensitive to m&d—speed—wmd—drreeﬁen—wrnd—

fieldrepresentativeness; plume masking, background subtraction, vertical plume
distribution, emissivity assumptions ; and possible spectral interference-Fhe-sueeessful-

seene-meansreported-here-should-therefore not be interpreted as annual mean emissions.
Compar1son with pubhshed IASI CrIS; and a1rborne Hyper Cam LW est1mates shews—that—




Theseresults-establish-thathigh-reselution multispectral TIR imagers can complement
hyperspectral NH-J; sounders by resolving facility-scale plume structure-While ASTER

cannot provide routine monitoring for most NHU; sources, its archive enables
retrospective analysis of favorable scenes over large emitters. Future work should focus on
emissivity sensitivity tests, multi-species LUTs, NH .- specific transport parameterizations,

improved characterization of plume-scale winds -improvedradiance-eorreetion
charaeterization; and application to additienal-eurrentandfuture TIR imaging instruments.
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