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Abstract. Ammonia (NH3) is an important atmospheric pol-
lutant affecting air quality, ecosystems, and climate. Hyper-
spectral thermal infrared sounders such as IASI and CrlIS
combine broad coverage with high spectral sensitivity, but
their kilometer-scale footprints limit facility-scale source at-
tribution. Here we test whether high-spatial-resolution mul-
tispectral thermal infrared imaging can detect NH3 plumes at
facility scale.

We develop a physically based retrieval framework for the
Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER), combining radiative transfer calculations
with lookup table (LUT) inversion. The method exploits the
differential sensitivity of ASTER bands 13 and 14 to NH3 ab-
sorption in the v, band near 930-970 cem~ L, retrieving NH3
column enhancements at 90 m spatial resolution with surface
emissivity prescribed from a long-term ASTER emissivity
climatology. NH3 absorption remains measurable after con-
volution with the ASTER spectral response functions, but
retrieval performance depends strongly on thermal contrast
between the surface and the NH3-bearing layer.

The retrieval is applied to three industrial NHj3
point sources: Khor Al Zubair, Tolyatti, and Piesteritz.
Khor Al Zubair yields repeated source-connected plumes un-
der favorable arid conditions; Tolyatti and Piesteritz show
that detection is also possible in more heterogeneous envi-
ronments. Source rates derived with the Integrated Mass En-
hancement method are instantaneous estimates for individ-
ual detected scenes rather than annual mean emissions, with
detected-scene medians of 56.6, 27.1, and 6.0 ktyr’1 at the
three sites. These agree in order of magnitude with published

satellite and airborne estimates, and at Khor Al Zubair to
within a few per cent of the CrIS estimate once the differ-
ing NHj3 lifetime assumptions are placed on a common ba-
sis. The reported uncertainties are dominated by the assumed
effective wind speed and are not a complete error budget.

Multispectral TIR imagers can therefore resolve NHj3
plume structure and source location, complementing coarse-
resolution sounders. Sampling is limited by revisit frequency,
cloud cover and thermal contrast, so the approach suits
episodic mapping of large, persistent sources and retrospec-
tive analysis of the ASTER archive.

1 Introduction

Ammonia (NH3) is a key atmospheric pollutant with signif-
icant impacts on air quality, ecosystem health, and climate.
It is primarily emitted from agriculture, including livestock
farming and fertilizer application, and from industrial pro-
cesses and biomass burning (Galloway et al., 2003; Eris-
man et al., 2008). In the atmosphere it reacts with acidic
species to form secondary inorganic aerosols, contributing
to fine particulate matter (PM3 5) and associated health risks
(Brunekreef and Holgate, 2002; Fowler et al., 2009), while
deposition of reactive nitrogen drives soil acidification and
eutrophication, biodiversity loss and ecosystem degradation
(Bobbink et al., 1998; De Vries et al., 2015).

NH3 nevertheless remains one of the most poorly con-
strained atmospheric trace gases: emission inventories carry
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uncertainties often exceeding 50 %, and generally fail to cap-
ture the strong temporal variability linked to agricultural
practices and meteorological conditions (Skjgth and Geels,
2013; Kuenen et al., 2022). Ground-based measurements are
spatially sparse and rarely capture localized emissions or
short-term variability.

Satellite observations have substantially improved global
monitoring of NH3 (Van Damme et al., 2014; Shephard
et al., 2020). Hyperspectral thermal infrared (TIR) sounders
such as the Infrared Atmospheric Sounding Interferometer
(IASI) (Hilton et al., 2012) and the Cross-track Infrared
Sounder (CrIS) (Han et al., 2013) provide daily global cover-
age and have revealed numerous previously unidentified NH3
hotspots (Van Damme et al., 2018; Dammers et al., 2019;
Clarisse et al., 2023). Their coarse spatial resolution, typi-
cally 14—15km at nadir, limits the ability to resolve individ-
ual sources: only the largest and most isolated are reliably de-
tected, while smaller or clustered emitters remain unresolved
even under long-term averaging (Van Damme et al., 2018).

High-spatial-resolution trace-gas retrievals are neverthe-
less possible with multispectral imagers: Sentinel-2 has de-
tected methane (CHy) plumes at sub-hundred-meter resolu-
tion by exploiting strong absorption and high signal-to-noise
despite limited spectral information (Varon et al., 2021; Gor-
rofio et al., 2023), and Sentinel-2 and Landsat visible-band
imagery has detected nitrogen dioxide (NO;) plumes from
individual point sources at similar scales (Varon et al., 2024).
In the thermal infrared, NH3 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 (Noppen et al., 2025), and airborne
hyperspectral measurements have observed and quantified
NH3 plumes from individual facilities at meter-scale reso-
lution (Kuai et al., 2019; Noppen et al., 2023).

In this study, we assess whether NH3 plumes can be de-
tected with a multispectral TIR satellite imager, the Ad-
vanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER), which provides TIR observations at 90 m
spatial resolution in five broad spectral bands. Although not
designed for atmospheric trace-gas retrievals, ASTER has
previously been used to retrieve volcanic SO, plumes us-
ing TIR band ratios (Campion et al., 2010), and its band 13
overlaps the NH3 v, absorption region near 930-970 cm™!
(10.75-10.31 um).

We develop a physically based retrieval combining radia-
tive transfer modeling with a LUT-based inversion, using
the differential response of bands 13 and 14 together with
ASTER GED V3 emissivity, scene-level radiance correction,
plume masking, and IME-based source-rate estimation. Sen-
sitivity simulations quantify the dependence of detectability
on spectral sensitivity, thermal contrast, emissivity, and ra-
diometric noise, and the method is then applied to three in-
dustrial point sources.
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2 Methodology and datasets

Figure 1 gives an overview of the ASTER NHj retrieval and
emission quantification workflow.

2.1 ASTER instrument

ASTER, onboard NASA’s Terra satellite, provides thermal
infrared (TIR) observations at 90 m spatial resolution with a
nominal 16d revisit (Yamaguchi et al., 1998; Abrams et al.,
2015). Scenes are acquired only when tasked, so 16d is a
revisit capability and actual scene counts at a given location
can be substantially lower. The TIR subsystem operated from
March 2000 until January 2026.

ASTER observations are obtained from the Level 1B
radiance product (AST_L1B, Version 4), which provides
calibrated TIR radiances, together with the surface emis-
sivity (AST_0S5, Version 4) and surface kinetic tempera-
ture (AST_08, Version 4) products used for scene char-
acterization and retrieval filtering (NASA/METI/AIST/-
Japan Spacesystems and U.S./Japan ASTER Science Team,
2025a, b, c). Surface emissivity is also taken from the multi-
year mean ASTER Global Emissivity Dataset (GED) (NASA
JPL, 2014).

The TIR subsystem comprises bands 10-14. The NH3 v,
umbrella-bending band near 930-970 cm™! falls in band 13
(913-976 cm™!); band 14 (859-913 cm™!) is a nearby refer-
ence channel with weaker NH3 sensitivity, and band 10 has
negligible NH3 but strong H»O sensitivity, useful as a diag-
nostic against water-vapor-related variability.

Under positive thermal contrast, where the surface is
warmer than the NH3-bearing air layer, NH3 absorption re-
duces the top-of-atmosphere (TOA) radiance in band 13
while band 14 responds weakly, and the differential response
of the two forms the basis of the split-window retrieval used
here. Figure 2 shows the ASTER TIR spectral response func-
tions together with simulated optical depths for relevant at-
mospheric species.

Detectability is also constrained by radiometric perfor-
mance. ASTER’s radiometry is stable, supported by onboard
and vicarious calibration (Abrams et al., 2015); NEAT is ap-
proximately 0.3 K at 300 K, with typical scene-based noise of
about 0.1-0.2 K (Arai and Tonooka, 2005), below the NH3-
induced radiance differences expected under favorable ther-
mal contrast.

ASTER TIR observations can exhibit weak horizon-
tal striping from detector-to-detector calibration differences
(Gillespie et al., 2011), small compared with NH3 plume sig-
nals under favorable thermal contrast and further reduced by
the scene-level radiance correction and the band ratio.

2.2 Radiative transfer framework

NH3 column densities are retrieved by comparing simulated
ASTER band radiances with observed radiances. Simula-
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Figure 1. Schematic overview of the ASTER-based NH3 retrieval and emission quantification workflow. Left: radiative transfer modeling
and LUT construction (Sect. 2.2-2.3.1) using high-resolution simulations convolved with the ASTER spectral response functions. Centre:
ASTER data ingestion, quality filtering, scene-based radiance correction, and NH3 column retrieval using the split-window observable
and the LUT. Right: plume detection, Integrated Mass Enhancement (IME) calculation, wind-based emission estimation, and time-series

construction.
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Figure 2. ASTER TIR spectral response functions for bands 1014 (shaded) overlaid with simulated optical depths for relevant atmospheric

species. Band 13 covers the strongest NH3 feature near 930-970 cm

-1

band 14 covers a spectrally adjacent window with weaker NH3 absorption.

in a region of comparatively weak absorption by other species;

tions use TFIT, a Python-based radiative transfer model de-
veloped at TNO, with spectroscopic parameters from the HI-
TRAN database through the HAPI interface (Kochanov et al.,
2016); it represents gas absorption, surface emissivity and
atmospheric temperature profiles on a flexible vertical grid.
High-resolution spectral radiances are convolved with the
ASTER spectral response functions (SRFs) to obtain band-
integrated radiances, and are stored in a multidimensional
lookup table (LUT; Sect. 2.3.1) to avoid repeated radiative
transfer calculations during scene processing.

https://doi.org/10.5194/amt-19-7131-2026

Figure 3 compares simulations with NH3 columns of 10!
and 10" molec.cm™2: the radiance reduction in the 930-
970cm~! vy region remains measurable after convolution
with the SRFs.

2.3 Retrieval strategy
ASTER’s five broad TIR bands cannot resolve individual

NH3 absorption lines as hyperspectral sounders do. The re-
trieval instead exploits the differential sensitivity of bands 13

Atmos. Meas. Tech., 19, 7131-7149, 2026
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Figure 3. (a) Simulated high-resolution TOA radiance spectra for two NH3 column amounts (10'3 and 10'? molec. cm™2) across 880~
1220cm™!. (b) Relative radiance difference between the two cases. (¢) ASTER spectral response functions for bands 10-14, shaded curves,
overlaid with the corresponding band-integrated radiances for both cases.

and 14 (Sect. 2.1) through the split-window observable
_Liz—Ly
Lia

where L3 and L4 are the ASTER TOA radiances in
bands 13 and 14, respectively.

The ratio enhances the differential NH3 signal while sup-
pressing scene-wide thermal variability common to both
bands. The signal remains small compared with the total TIR
radiance, so the retrieval depends on accurate surface tem-
perature, emissivity, thermal contrast and radiometric noise.

R (D

2.3.1 Lookup table construction

The LUT of TFIT-simulated radiances spans NH3z column
amount, surface emissivity, near-surface air temperature and
surface temperature (Table 1). For scene application the
emissivity dimension is constrained by ASTER GED V3 val-
ues mapped to the TIR grid rather than the potentially plume-
affected scene retrieval (Sect. 2.3.2). NH3 is prescribed in the
lowest 500 m of the atmosphere, reflecting the near-surface
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character of most industrial plumes, and converted to layer
mixing ratios using temperature-dependent air density and
layer thickness.

The temperature profile is not built from a fixed lapse
rate. A reference LOTOS-EUROS profile supplies the ver-
tical shape; below its uppermost levels it is replaced by a
smooth quadratic fit to the same reference, rescaled linearly
to match the reference at the upper anchor, essentially the
tropopause, and the prescribed Ty, at the lowest model level
near 60 m. The gradient through the NH3 layer is therefore
an outcome of that anchoring and steepens as Ty;, is raised,
so no single lapse rate applies across the LUT.

Surface temperature is varied relative to Tyir to sample a
wide range of thermal contrast conditions:

TC = Tsurface — Tair- (2)

Because NHj fills the lowest 500m, TC is a near-surface
contrast rather than the layer-mean contrast experienced by
the gas, a distinction that matters most near TC = 0 K where
retrieval sensitivity collapses and can change sign.

https://doi.org/10.5194/amt-19-7131-2026
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Table 1. Parameter space used to construct the NH3 LUT.
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Parameter Range/values

Description

NH3 column 1015-1029 molec. cm—2

Applied in the lowest 500 m and converted to layer mixing ratios
using temperature-dependent air density.

Surface emissivity 0.80-1.00

Discrete values combined with each atmospheric case.

Air temperature Ty, 270-340K

Prescribed at the lowest model level, approximately 60 m.

Surface temperature Tgyrface  Lair — 10 K to Tyir + Awarm

Awarm 18 +30K for Tyir < 290K, +40K for 290 < T,i; < 310K,
and 450K for T, > 310K.

2.3.2 Scene-based radiance correction

A scene-based radiance correction is applied before inversion
to reduce systematic offsets between the observed ASTER
Level 1B and the LUT-simulated radiances, which arise
from residual calibration differences, imperfect emissivity,
temperature-profile uncertainty and forward-model simplifi-
cations.

Three conditions are masked before the fit: cloud-free pix-
els (AST_08 QA flags), water (ESRI Sentinel-2 land cover
Karra et al., 2021), and a first-guess plume mask. NH3 de-
presses L3 but not L4, so plume pixels left in the fit would
be absorbed into the correction rather than retrieved; the
mask is applied to the calibration only, not the retrieval.
For the same reason, band 13 emissivity is taken from the
ASTER GED V3 climatology (NASA JPL, 2014) rather
than the scene AST_05 retrieval, offset to the scene’s own
AST_05 median outside the plume mask. The scene AST_05
emissivity is kept as a diagnostic: a plume-shaped depression
in €13 absent in €14 is an independent check consistent with
NHs.

The correction is a per-band reduced major axis (RMA)
regression between observed and LUT-simulated radiances,
fitted over the masked valid pixels after trimming each band’s
most extreme percentiles; RMA is used rather than ordinary
least squares because both quantities carry uncertainty. The
simulated reference is evaluated at the lowest NH3 node of
the LUT and is per pixel: each pixel receives its own L3 and
L4, interpolated at its own air temperature, surface temper-
ature and emissivity. The fit therefore assumes an NH3-free
background, which the plume mask ensures.

For each band b, the fitted RMA relationship is applied to
the observed radiance field as

Ly = ap Ly +cp, 3)

where Lzbs and L;°" are the observed and corrected radi-
ances and a,, and ¢, the scene-specific RMA slope and inter-
cept, applied to all valid pixels, removing broad offsets while
preserving local perturbations including plume-scale struc-
ture.

Because the correction is applied per band, the residual
difference between the bands enters the split-window ra-
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tio directly. Its median magnitude is 1.05 times the noise-
equivalent column at Khor Al Zubair, 1.61 at Piesteritz and
2.72 at Tolyatti, and it is negative in 107 of 120 scenes, so it
biases against detection. A 3 x 3 refit on disjoint tiles gives
a tile-to-tile spread of 1.10 times the noise-equivalent col-
umn, so the spatial residual is best carried as a systematic of
similar size. It does not reach the source rates (p = —0.07,
p =0.59).

The split-window observable is then calculated as
Ly — Ly

obs __
R - L.corr
14

“4)

For each valid pixel, the NH3 column is retrieved as the
LUT state that minimizes the squared difference between the
corrected observed ratio and the LUT-simulated ratio:

A . 2
QNH3 = arg émn [RObS — REUT (QNH3 s Tair»> Tsurfaces 6) ] . (@)
NH;

Here T, is the near-surface air temperature from the
ECMWF operational IFS forecast archive, interpolated in
height to the approximately 60 m bottom layer of the LUT,
Tsurface the ASTER surface temperature and € the emissivity.
All three are prescribed, so NH3 is the only free parameter;
errors in them alias directly into the retrieved column and are
quantified in Sect. 4.

2.3.3 Plume detection

Retrieved columns are converted to enhancements by sub-
tracting a scene-dependent background, estimated from
quality-filtered clear-sky pixels outside the source region.
Pixels enter the detection only if they satisfy the quality cri-
teria of Sect. 2.3.2, have finite retrieval values, and lie within
30km of the source, which defines the domain used for the
IME.

A pixel enters the candidate plume mask when its en-
hancement above the scene background exceeds a detection
threshold set per pixel,

Qj — Qpg > ng\/agzeo-i- (NEAQNH3,j)2, (6)

with n, =2. NEAQNH;, ; is the per-pixel noise-equivalent
column of Sect. 3.1.2, which varies with the local thermal

Atmos. Meas. Tech., 19, 7131-7149, 2026
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contrast and radiance; oge, is a single scene value for the
spatial variability of the background NH3 field.

The background spread opg is not used directly: as the
spread of retrieved columns it already contains the radiomet-
ric noise of the background sample, which would otherwise
be counted twice. Removing the mean-square noise of that
sample gives

Ogeo = \/ max (agg — (NEAQNw,)’, 0), 7

so a pixel of average noise is tested against exactly n,ope and
noisier pixels against a stricter threshold; where the back-
ground is consistent with pure noise, ogeo vanishes and the
threshold rests on the radiometric limit alone.

A strong plume can raise its own background and hence its
own threshold, so the background is re-estimated once with
the first-pass detection dilated out of the sample.

Candidate pixels are segmented with a marker-based wa-
tershed method following Goudar et al. (2023), so that only
plume regions connected to the source are inverted, which al-
lows irregular plume shapes. The resulting mask defines the
region over which the Integrated Mass Enhancement is cal-
culated (Frankenberg et al., 2016; Varon et al., 2018). n, =2
is a compromise for a mass-balance application: a higher
threshold truncates the diffuse plume edges that carry a sub-
stantial part of the integrated mass, a lower one admits back-
ground structure into the integral.

Each overpass falls into one of five classes. A scene is
detected when the segmentation returns a source-connected
plume and a source rate is derived; where the threshold mask
finds an enhancement the segmentation does not connect to
the source, no rate is reported. A null detection has no plume
but enough sensitivity over the source region for a reference-
size plume to have been detected, and is an upper limit plot-
ted at Qmin- A scene is insensitive when no plume could have
been detected regardless of the emission, and unusable when
residual cloud or a retrieval failure prevents assessment. In-
sensitive scenes are excluded from the reported statistics;
counting them as zero would bias any mean downwards by
an amount set by the observing conditions rather than by the
facility.

2.3.4 Integrated Mass Enhancement method

The IME is the total excess NH3 mass contained within the

detected plume (Frankenberg et al., 2016; Varon et al., 2018):

IME:ZAQjAjMNH3, (®)
j

where AQ; is the background-corrected NH3 column en-
hancement in pixel j, A; is the pixel area, and Mg, converts
molecules to mass.
The emission rate is calculated as
Uett
Q fr—

VvV Aplume
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where Ukt is the effective wind speed and Apjume is the area
of the masked detected plume (Sect. 2.3.3), following Varon
et al. (2018).

The parameterization was derived for methane plumes
(Sect. 4). Wind fields and near-surface air temperatures come
from the ECMWEF operational IFS forecast archive and are
grid-scale: they may not capture plume-scale flow at the
source, the plume height, or the exact overpass time, and
their horizontal resolution increases across the record from
F256 to F640 to F1280. Wind speed and direction are used
as transport constraints rather than exact descriptions of the
observed plume motion.

Three terms are propagated into the reported uncertainty
on Q, combined as relative errors in quadrature: background
subtraction, systematic and scaling with the plume area; the
per-pixel radiometric noise, independent between pixels and
scaling as /N and ULy, fixed at 50 % for every scene. That
is the upper end of the 15 %-50% Varon et al. (2018) de-
rive when Ujg comes from a meteorological database rather
than measurement at the source, and is appropriate to the
low wind speeds of most detections here; since Q is linear
in Uggr, every reported bar is close to 50 % of Q. Wind di-
rection, the Ueggr parameterization, plume masking, surface
emissivity, the vertical distribution of NH3 and absorption
by co-emitted species are identified but not propagated; Ap-
pendix B lists all identified terms with their magnitudes.

Because the IME is integrated over the plume observed
within the 30 km domain at a single overpass, Q is an in-
stantaneous effective source rate for that scene. All source
rates reported below, including detected-scene medians and
means, are statistics over such snapshots rather than annual
or facility-average emissions.

2.4 Target locations

Three sites span a range of source strengths and observing
conditions: Khor Al Zubair (Iraq), Tolyatti (Russia) and Pies-
teritz (Germany), drawn from satellite-based hotspot studies
(Dammers et al., 2019; Van Damme et al., 2018) for persis-
tent, well-documented emissions, availability of ASTER ob-
servations, and contrasting surface and thermal conditions.
All three are fertilizer complexes producing ammonia and
urea, so the differences in detection performance below re-
flect the observing conditions rather than the type of source.

Khor Al Zubair (47.836°E, 30.187° N) is the benchmark
case: a large plant in a hot arid environment with frequent
positive thermal contrast and limited cloud contamination.
Tolyatti (49.614°E, 53.544°N) is one of the largest known
industrial NH3 point sources but lies in a more heterogeneous
temperate environment. Piesteritz (12.586°E, 51.876° N) is a
smaller but well-characterized European source close to the
practical detection limit, for which independent airborne hy-
perspectral TIR observations provide an external reference
(Noppen et al., 2023).

https://doi.org/10.5194/amt-19-7131-2026
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Table 2. Summary of ASTER scene availability and retrieval suc-
cess. Scenes processed is the total acquired over the site; not
cloudy those remaining after cloud pre-screening, which are car-
ried through the retrieval; successful detections those with a source-
connected NH3 plume for which a source rate is reported.

Site Scenes Not  Successful

processed cloudy  detections
Khor Al Zubair 75 56 41
Tolyatti 67 25 17
Piesteritz 136 51 11

Table 2 summarizes ASTER scene availability and detec-
tion success for each site.

3 Results
3.1 Sensitivity analysis

Detectability depends on three coupled factors: the spectral
sensitivity of the bands, thermal contrast between the sur-
face and the NH3-bearing layer, and radiometric noise, quan-
tified here from forward-modeled band-integrated radiances
and the band differences and ratios of bands 13 and 14 (Cam-
pion et al., 2010).

Forward simulations of bands 10-14 (Fig. A1) confirm the
band selection of Sect. 2.1: band 13 responds to NHj3 al-
ready at moderate columns, band 14 only weakly. Band 12
is also NHj3 sensitive at high columns but lies in a spectrally
crowded region; bands 10 and 11 are retained only as di-
agnostics. The split-window response steepens with increas-
ing positive TC, as expected for infrared sounding of near-
surface gases (Di Gioacchino et al., 2024; Campion et al.,
2010) and as Fig. A2 shows for surface temperatures from
306 to 336 K against a fixed 300 K air temperature. The col-
lapse near TC = 0K and the sign change at negative TC fall
outside that range and appear in Fig. 4; that regime is rarely
exploitable and is not targeted here.

Throughout this section, detectability estimates assume
a per-band radiometric noise of 0.15K, representative of
the typical scene-based noise of the ASTER TIR bands
(Sect. 2.1; Arai and Tonooka, 2005) rather than the 0.3K
NEAT specification. The propagated ratio noise o scales
linearly with this value. Appendix A gives the underlying
single-parameter simulations.

3.1.1 Joint sensitivity to NH3 and thermal contrast

Figure 4 shows the split-window observable as a function of
NH3 column amount and thermal contrast. Near zero ther-
mal contrast the ratio is nearly flat across all columns; with
increasing thermal contrast it becomes progressively more
negative at high NH3 burden as band 13 absorption strength-
ens relative to band 14.

https://doi.org/10.5194/amt-19-7131-2026
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3.1.2 Radiometric noise and uncertainty propagation

Radiometric noise sets the lower limit of detectable NH3 en-
hancement and propagates directly into retrieval uncertainty.
The ASTER NEAT is converted to radiance noise using the
Planck function and propagated through the LUT-derived
sensitivities, following the noise-equivalent gas-column ap-
proach of Campion et al. (2010) adapted to NH3 and the
band 13-14 split-window ratio.
For a single band, the noise-equivalent NH3 column is

oL

NEAQNm, = — L
N 19 L9 QN

; (10)

where o, is the radiance noise and 9L /dQNH, is evaluated
from the LUT.

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

o2 = (R 202 + IR 202 1)
R — aL13 L,13 8L14 L,14>
where
oR 1 oR L
— =, =2 (12)
0Lz Lig 0L 14 Ly,

The corresponding NH3 uncertainty is obtained by dividing
the ratio uncertainty by the local LUT sensitivity:
OR
ONH; = o 7
> [0R/3QNwH, |

ret

: 13)

Forming the ratio costs radiometric precision on both sides
of this expression: combining two bands raises og by about
V2 for equal per-band noise and L13 &~ L4, and because
band 14 is not entirely insensitive to NH3, part of the band 13
response cancels in the difference. The second effect is the
larger, and together they place the noise-equivalent column
of the ratio about an order of magnitude above that of band 13
alone, the price of the scene-level robustness for which the
ratio is used (Sect. 2.3). It constrains single-pixel precision
rather than the coherent plume structures on which detection
depends.

Figure 5 shows the resulting noise-equivalent column: it
rises sharply where the LUT sensitivity is weakest and falls to
order 10'7-10'® molec.cm~2 for stronger thermal contrast.
The maximum lies near TC = 2 K rather than 0 K, because
TC is built from the air temperature at a single level near
60 m whereas the radiative signal is set by the NHj3 layer as a
whole (Sect. 2.3.1), and because a surface emissivity below
unity means the response passes through zero while the layer
is still marginally cooler than the surface.

These are theoretical single-pixel limits and lower bounds
rather than detection thresholds: in real scenes the retrieval
also depends on spatial coherence, surface heterogeneity,
background subtraction, plume masking, residual radiance
artifacts, and possible spectral interference.

Atmos. Meas. Tech., 19, 7131-7149, 2026



7138

40

30

20

10

Thermal Contrast (K)

-10

Sensitivity of the split-window ratio to NH3 column and thermal contrast

L. B. Tijhuis et al.: ASTER NH;3 quantification

<
o
o

S
o
E-Y

B13 —Bi14)/Baa

-0.08

-0.12

-0.16

15 16 17 18 19 20
log10 NH3 (molecules cm—2)

Figure 4. Simulated dimensionless split-window ratio R = (B3 — B14)/B14 as a function of the NH3 total column and the thermal contrast
TC = Tse — Tprof, for a lower-atmospheric temperature of 300K and a surface emissivity of 0.97. Negative thermal contrast produces a
sign reversal consistent with emission-like behavior. The white curves mark the detectability limits |R| =nog for n =1 (solid) and n =3

(dotted), with o = \/(ULIS/LM,)Z + (L130L14/L%4)2 for the noise assumption of Sect. 3.1. Regions to the right of a contour are detectable

at that confidence level.

Band 13
—m-- Band 14
== Ratio (B13 — B14)/B14
— 10%°
a
5
wn
Q9 't
B
g \‘
E - \‘\
= ~m ——
:Ir:n - - ‘-—.______——‘
= b P P
i [ 5 3% [
== ™ e et ]
10%7 A
=10 0 10 20 30

Thermal contrast (K)
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near TC = 2 K rather than O K for the reasons given in the text.

3.2 Demonstration of the retrieval workflow

The processing chain is that of Sect. 2.3. Table 3 summarizes
the detected-scene source-rate statistics with published NH3
estimates for the three sites. The retrieved distributions are
right-skewed, so the median is quoted as the central value
with the arithmetic mean in parentheses and the interquartile
range as the spread. The listed studies differ in spatial res-
olution, sampling, lifetime assumptions and wind treatment,
so the comparison is method-dependent context rather than
validation.

Atmos. Meas. Tech., 19, 7131-7149, 2026

3.2.1 Khor Al Zubair

Khor Al Zubair is the most favorable case: frequent posi-
tive thermal contrast and limited cloud. The arid background
is not radiometrically uniform, and variability in mineral
emissivity, surface temperature or suspended dust can intro-
duce structured noise and plume-like artifacts away from the
source.

Figure 6 shows a retrieval on 4 April 2000, with a narrow,
coherent enhancement connected to the source. Plume-like
features from nearby oil and gas activity are visible in the
VNIR imagery and radiances but are not retrieved as NHz.

https://doi.org/10.5194/amt-19-7131-2026
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Table 3. ASTER detected-scene source-rate statistics with published NH3 estimates and inventory values. Parenthesised values follow the
Method column: for ASTER rows the arithmetic mean of the detected scenes; for the Van Damme et al. (2018) rows the published value
rescaled from 12 to the 2.5 h lifetime used by Dammers et al. (2019), the box-model rate scaling as 1/7. Dammers et al. (2019) values are
9-year IASI oversampled averages; Dammers et al. (2019) values wind-rotation EMG estimates with 7 =2.5h and o = 15 km; HTAPv2
from the 1.0° x 1.0° gridded inventory; Noppen et al. airborne Hyper-Cam LW estimates under different plume-rise assumptions; E-PRTR a
reported facility-level value (European Environment Agency, 2021).

Site Data source Study Method Source rate

Khor Al Zubair ASTER This study IME, median (mean) 56.6 (71.8) kt yr_1
Khor Al Zubair  IASI Van Damme et al. (2018) Box model, 12h (2.5h) 3.9 (18.7)kt yr_1
Khor Al Zubair  CrIS Dammers et al. (2019) EMG 55kt yrf1

Khor Al Zubair  IASI Dammers et al. (2019) EMG 18-19 kt yr_l
Khor Al Zubair HTAPv2 Janssens-Maenhout et al. (2015) Inventory grid 49ktyr~!
Tolyatti ASTER This study IME, median (mean) 27.1 (58.4) ktyf1
Tolyatti IASI Van Damme et al. (2018) Box model, 12h (2.5h) 7.4 (35.5)kt yr_1
Tolyatti CrIS Dammers et al. (2019) EMG 77 kt yr_l

Tolyatti IASI Dammers et al. (2019) EMG 66-79 kt yrf1
Tolyatti HTAPv2 Janssens-Maenhout et al. (2015) Inventory grid 2.0kt yr_1
Piesteritz ASTER This study IME, median (mean) 6.0 (6.1)kt yr_1
Piesteritz Hyper-Cam LW  Noppen et al. (2023) IME, spring 2021 1.6-3.2ktyr ™1
Piesteritz Hyper-Cam LW  Noppen et al. (2023) CSEF, spring 2021 2.2-54 ktyf1
Piesteritz E-PRTR European Environment Agency (2021)  Reported inventory 0.4kt yr_1

The plume axis does not coincide exactly with the ECMWF
wind direction (Sect. 2.3.4).

Of the 75 ASTER scenes acquired over Khor Al Zubair be-
tween 2000 and 2025, nineteen were pre-screened as cloud-
affected and the remaining 56 processed. Of these, 41 yield
a source-connected plume, five an enhancement that the
segmentation does not connect to the source, nine no us-
able sensitivity, and one a retrieval failure (Table 2). The
spread between successful overpasses may reflect real emis-
sion variability, but also differences in wind speed and direc-
tion, plume geometry and height, and the retrieval terms of
Sect. 2.3.4.

The detected-scene median of 56.6ktyr~" (mean
71.8ktyr~!, interquartile range 27.2-98.7ktyr!', n =41)
is close to the CrIS EMG estimate of 55ktyr~! and above
the TAST EMG estimates of 18-19ktyr~! of Dammers et al.
(2019) (Table 3). It is an order of magnitude above the
TASI box-model value of 3.9ktyr~! of Van Damme et al.
(2018), but the box-model rate scales as 1/t: rescaling from
12h to the 2.5h used by Dammers et al. (2019) raises it to
18.7 kt yr_l, in line with the IASI EMG value. On a common
lifetime the two IASI estimates agree, and the remaining
separation is between IASI on one side and ASTER and
CrIS on the other.

Surface emissivity and co-absorber effects should be
smaller here than at the other sites because of the arid back-
ground, although dust, mineral emissivity variability and sur-
face temperature structure may still contribute to scene-to-
scene variability.

1
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3.2.2 Tolyatti

Tolyatti lies in a temperate, spatially heterogeneous environ-
ment where favorable thermal contrast occurs less frequently
than at Khor Al Zubair, and where emissivity variability as-
sociated with land cover, infrastructure and soil moisture in-
creases the background variability in the retrieved NH3 field.

Figure 8 shows a favorable overpass on 14 July 2004,
with a coherent enhancement extending downwind from the
source and peaks exceeding 10'® molec. cm~2. Background
variability in both the retrieved column and the detection ra-
tio is stronger than at Khor Al Zubair, consistent with het-
erogeneous emissivity, land-surface properties and varying
thermal contrast.

Of 67 acquired scenes, 42 were pre-screened as cloud-
affected and 25 analyzed, yielding 17 detections (Ta-
ble 2). The pre-screening fraction is 63 % against 25 % at
Khor Al Zubair.

The detected-scene median of 27.1kt yr’1 (n=17, in-
terquartile range 14.4-33.2ktyr~!) lies well below the EMG
estimates of Dammers et al. (2019), 77 kt yr_1 from CrIS and
66-79 ktyr~! from IASI, and well above the IASI box-model
value of 7.4ktyr~! of Van Damme et al. (2018) as pub-
lished. Rescaled from the assumed 12 h lifetime to 2.5h as
in Sect. 3.2.1 the box-model value becomes 35.5 ktyr~!, just
above the ASTER median rather than a factor of four below
it, so on a common lifetime the record is bracketed within
roughly a factor of three by the two IASI approaches. The
distribution is the most strongly skewed of the three sites: two
overpasses in 2004 return 191 and 455 ktyr—! and alone raise

Atmos. Meas. Tech., 19, 7131-7149, 2026
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Figure 6. ASTER retrieval of the NH3 plume at Khor Al Zubair, 4 April 2000, 07:49 UTC. All panels share the 90 m TIR grid; the scale
bar in panel (g) applies throughout, north is up, the yellow marker is the facility location, and white denotes no valid retrieval. (a) VNIR
false-color composite overlaid with the enhancement AQ = Q — Qy, for pixels above the 20 threshold of Eq. (6); this display mask omits
the distance, coherence and emissivity-contrast gates, so the colored pixels are a superset of those integrated for Q. The inset arrow gives
the ECMWF 10 m wind direction (fixed length); the label gives the wind speed and the source rate, 129.0 ktyr_l. (b) Retrieved column €2,
unmasked, on the color scale of panel (a); horizontal striping is the residual detector calibration pattern of Sect. 2.1. (¢) Enhancement divided
by the per-pixel threshold denominator of Eq. (6); 0geo vanishes for this scene, so the denominator reduces to NEANH3, and the tick marks
the 20 threshold. (d, e) Calibrated radiances in bands 13 and 14 on a common scale spanning the 1st-99th percentiles of both. (f) ASTER
surface kinetic temperature. (g, h) AST_05 scene-retrieved emissivity in bands 13 and 14, a diagnostic only: the depression in €3 absent in
€14 is consistent with NH3. (i) Thermal contrast, TC = Tgyrface — Tair-

the arithmetic mean to 58.4 ktyr—!, above the upper quartile,
while removing the largest lowers it to 33.6 kt yr—!. The rank
correlation between source rate and near-source thermal con-
trast is not significant at any site (p = 0.27, 0.87, and 0.99 for
Khor Al Zubair, Piesteritz and Tolyatti respectively), so the
two scenes are not a thermal-contrast artifact.

That the lifetime assumption accounts for so much of the
divergence above is a structural advantage of high-spatial-
resolution imagers: no chemical lifetime enters the ASTER
calculation, because the IME integrates mass directly within
a plume resolved within a few kilometers of the stack. The
independence is not complete: for the scene of Fig. 6 the
mask spans ,/Aplume & 5 km, about 0.6 h of transport at the
observed 2.2 ms ™!, so a lifetime of a few hours implies some
loss before the plume leaves the domain and the reported Q
is a lower bound.

Atmos. Meas. Tech., 19, 7131-7149, 2026

3.2.3 Piesteritz

Piesteritz tests ASTER close to the lower end of the practical
detection range.

Figure 10 shows a retrieval on 1 June 2008. The enhance-
ment is far weaker than at the other two sites and confined to
a compact cluster immediately downwind of the source, with
the rest of the scene dominated by speckle. Its source rate,
6.0ktyr~!, coincides with the detected-scene median.

The ASTER retrievals over Piesteritz yield a detected-
scene median source rate of 6.0ktyr~! (n = 11, interquar-
tile range 4.1-7.2ktyr~!; Table 3). Of 51 analyzed scenes,
29 are insensitive (Table 2), the highest fraction of the three
sites, and many remaining retrievals lie close to the detec-
tion limit given the weaker thermal contrast, heterogeneous
land cover and higher background variability. Piesteritz is the

https://doi.org/10.5194/amt-19-7131-2026
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Figure 8. ASTER retrieval of the NH3 plume at Tolyatti, 14 July 2004, 08:03 UTC. Panels, color scales and conventions are as in Fig. 6. The
extensive white area in panels (b) and (c) is the Kuybyshev reservoir, removed by the water mask; the plume core exceeds the 2o threshold in

panel (c). The source rate for this overpass, 455.2 ktyr

-1

, is the largest in the record and far above the detected-scene median of 27.1 kt yr_l.

The 10 m wind speed of 2.1 ms ! places the scene in the low-wind regime where the U, term dominates the uncertainty on Q.
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455 ktyf1 while the remaining fifteen fall below 45 ktyr—
comparability with the other sites.

1

only site with null detections (Sect. 2.3.3): three scenes are
reported as upper limits.

Noppen et al. (2023) observed the same facility with the
airborne Telops Hyper-Cam LW at 4 m resolution and esti-
mated fluxes with IME and cross-sectional flux (CSF) meth-
ods for non-rising and buoyant plume scenarios, obtaining
1.6-3.2ktyr~! (IME) and 2.2-5.4ktyr~! (CSF) in spring
2021. The ASTER median lies above both, by roughly a
factor of two relative to the airborne IME estimate and
marginally above the upper end of the CSF range. The
ASTER statistic samples eleven overpasses over two decades
against a single spring campaign, and the methods differ,
Hyper-Cam LW being able to fit interfering species and sur-
face temperature explicitly where ASTER relies on broad-
band radiances and a LUT-based split-window observable.
Noppen et al. (2023) also showed that plume altitude and
thermal contrast strongly affect retrieved NH3 columns, a
plausible direction for the residual discrepancy given the sim-
plified near-surface profile used here.

4 Discussion

The results above establish that a multispectral TIR imager
with only five broad bands can detect NH3 plumes at facility
scale, and that detection is governed primarily by thermal
contrast.

Practical plume detection is more restrictive than the ideal-
ized noise-equivalent limit of Sect. 3.1.2: it requires spatially
coherent enhancements, favorable thermal contrast, suffi-
cient radiometric precision, and limited surface-related struc-
ture in the band ratio, which sets the ranking of the three sites.
A desert background is not automatically low-noise, since

Atmos. Meas. Tech., 19, 7131-7149, 2026

and the gray band the interquartile range, 14.4-33.2 ktyr_l. Two overpasses in 2004 return 191 and
, so the mean exceeds the upper quartile; the dashed line is retained only for

mineral emissivity variability, surface temperature structure,
suspended dust and dust storms all affect the TIR radiances
(Ginoux et al., 2012; Someya et al., 2020; Clarisse et al.,
2019).

Flux estimation is more uncertain than detection. Q scales
with the effective wind speed, so wind-field uncertainty prop-
agates directly, alongside uncertainties in plume mass, mask
and background. The U, parameterization was developed
for methane and is not necessarily optimal for NH3, where
deposition, chemistry, plume rise and near-source mixing
may influence the observed plume mass. Noppen et al.
(2023) found flux estimates to depend strongly on the ver-
tical plume distribution, with the sensitivity to plume height
decreasing as thermal contrast improves.

That sensitivity can be quantified. Inverting a plume of true
depth 1000 m on the 500 m curve used by the retrieval over-
estimates the column by 9 % at a thermal contrast of 40K
and by 26 % at 20 K, while a true depth of 200 m underes-
timates it by 4 %—11 % over the same range; a deeper layer
sits in colder air and absorbs more strongly per molecule,
which sets the sign. Both biases grow at lower thermal con-
trast, where the retrieval is already flagged as insensitive, so
the two failure modes share a cause rather than compounding
independently. The prescribed air temperature acts through
the same channel, at 4 %—10 % per kelvin across the con-
trast range in which detections are reported: a plume carried
above the 60 m level sits in cooler air than prescribed, bias-
ing the retrieved column high in the same direction as the
depth term. A plume much warmer than ambient does not in-
flate the retrieved column. Forward simulations with a heated
NH3; layer show the split-window response weakening, pass-
ing through zero while the layer is still about 3 K cooler than

https://doi.org/10.5194/amt-19-7131-2026
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NH3 absorption; the banding in panel (h) is the residual detector calibration pattern of Sect. 2.1. The source rate of 6.0ktyr

pixels.

the surface, then reversing to emission; no NH3 amount re-
produces a positive ratio, so the failure mode is a missed de-
tection rather than an overestimate. Absorption is observed
in every detected scene, so the detected plumes are close to
ambient temperature at the 90 m pixel scale. Coupling the re-
trieval to a Lagrangian dispersion model such as HYSPLIT
to test plausible plume heights and transport pathways per
overpass would reduce this uncertainty (Stein et al., 2015).

Surface emissivity remains a major systematic uncer-
tainty. Prescribing ASTER GED V3 avoids absorbing plume-
induced band 13 radiance reductions into scene-specific
emissivity retrievals, but cannot represent day-to-day or sub-
pixel variations in land-surface properties. Future retrievals
should quantify this by perturbing the prescribed emissivity,
for example by 0.005-0.01, and by testing band-dependent
emissivity constraints.

The LUT treats NH3 as the only variable absorber, which
can bias retrievals where other gases, aerosols, dust, smoke
or surface features affect the same bands. Water vapour is

https://doi.org/10.5194/amt-19-7131-2026
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the clearest case: with no H>O dimension and a fixed humid-
ity profile, any departure of the true water column appears
as a radiance offset. Scaling the profile by £30% changes
the retrieved column by 3.8 % in the median and 7.4 % at
worst, and moves the plume-free baseline by 0.25-0.39 og,
less than the per-pixel noise. Band 14 carries more water con-
tinuum than band 13, so more water vapour reads as less
NH3. That test bounds the sensitivity rather than the oper-
ational error, since a single profile applied across arid, con-
tinental and temperate sites is plausibly wrong by a factor
of two, which extrapolates to roughly 13 %. Adding an H,O
dimension to the LUT, using humidity fields already avail-
able from the same meteorological archive, is the natural next
step.

Several diagnostics support the NHj3 interpretation of
the retrieved structures: the enhancements are strongest in
band 13 relative to band 14, are spatially connected to known
industrial NH3 sources, show coherent plume-like morphol-
ogy, occur where the LUT predicts measurable sensitivity,

Atmos. Meas. Tech., 19, 7131-7149, 2026
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Figure 11. Time series of ASTER-derived NH3 source rates at Piesteritz, 2000-2025. Symbols are as in Fig. 7, with green downward
triangles marking null detections. These are upper limits, not zero emissions: the retrieval was sensitive enough over the source region
for a reference plume of 100 pixels to have been detected, so the marker sits at the corresponding Qyin. Triangle height is a property of
the observing conditions of that scene, chiefly its thermal contrast, not of the facility. The dashed line marks the detected-scene mean of
6.1kt yr_1 (median 6.0 kt yr_l) and the gray band the interquartile range, 4.1-7.2 kt yr_l. Orange ticks mark the 29 of 51 analyzed scenes
classified as insensitive, which cannot be converted into upper limits. The 2024 null detection sits at 21.4 kt yrf1 , above every detected value

in the record.

and recur at Khor Al Zubair. They cannot fully exclude inter-
ference from other absorbers or surface effects.

All three targets are industrial point sources; livestock
operations were not searched. Dairy housing emits about
13.8 +3.2kg NH3 per animal place per year (Schep et al.,
2022), so at a floor of 1.5ktyr™!, slightly below the lowest
rate detected anywhere in this record, a herd would need of
order 10° animal places. Only the very largest feedlots ap-
proach that, and agricultural NH3 at this spatial scale is better
approached with methods that do not assume a point source.

Finally, ASTER is not an operational NH3 monitoring in-
strument; its revisit frequency, cloud sensitivity and thermal-
contrast dependence limit temporal sampling, and its value
lies in retrospective analysis of favorable archival scenes over
large, persistent sources. The framework is transferable to
other multispectral TIR imagers with suitable spectral cov-
erage, such as ECOSTRESS and the Landsat Thermal In-
frared Sensor (Reuter et al., 2015; Fisher et al., 2020). A
more targeted concept, with bands placed around the v, fea-
ture and nearby reference windows, could substantially im-
prove point-source sensitivity, supporting an observing strat-
egy in which wide-area mappers are complemented by high-
resolution point-source imagers, as in CH4 remote sensing.

5 Conclusions
We developed and tested a physically based retrieval for NH3

plumes in ASTER multispectral TIR observations, combin-
ing TFIT radiative transfer simulations, a LUT-based inver-

Atmos. Meas. Tech., 19, 7131-7149, 2026

sion, scene-level radiance correction, plume segmentation
and IME-based source-rate estimation, with NH3 retrieved
from the differential response of bands 13 and 14.

Sensitivity simulations show that ASTER preserves mea-
surable NH3 radiance signals after convolution with the
broad TIR spectral response functions. Detectability de-
pends strongly on thermal contrast: near zero contrast re-
trievals are noise dominated, while for stronger contrast the-
oretical single-pixel noise-equivalent columns reach 10'7—
10'® molec.cm—2.

Application to industrial point sources shows that ASTER
can resolve NH3 plume structure at 90 m spatial resolution:
repeated detections at Khor Al Zubair under favorable desert
conditions, episodic detections at Tolyatti in a more hetero-
geneous non-desert environment, and detections at Piesteritz
close to the practical sensitivity limit of the method.

https://doi.org/10.5194/amt-19-7131-2026
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The strongest result is plume detection and source attribu-
tion. IME source rates are instantaneous estimates for indi-
vidual scenes and remain sensitive to the wind terms, plume
masking, background subtraction, vertical plume distribu-
tion, emissivity assumptions and possible spectral interfer-
ence; only a subset is propagated into the reported 1o bars,
which are close to 50 % of Q for every scene and are not
a complete error budget. The detected-scene statistics should
not be interpreted as annual mean emissions.

Comparison with published IASI, CrIS and airborne
Hyper-Cam LW estimates places the ASTER statistics within
the range spanned by previous work, though the agree-
ment is site-dependent and part of the spread reflects differ-
ing lifetime assumptions rather than the measurements. At
Khor Al Zubair, placing the IASI box-model estimate on the
same 2.5 h lifetime as the EMG retrievals brings the two IASI
results into agreement, and the ASTER median then agrees
with the CrIS EMG value to within a few per cent. At Toly-
atti and Piesteritz the agreement is looser, with differences of
up to about a factor of three in either direction.

High-resolution multispectral TIR imagers can there-
fore complement hyperspectral NH3 sounders by resolving
facility-scale plume structure: ASTER cannot provide rou-
tine monitoring for most NH3 sources, but its archive en-
ables retrospective analysis of favorable scenes over large
emitters. Future work should focus on emissivity sensitiv-
ity tests, multi-species LUTs, NH3-specific transport param-
eterizations, improved characterization of plume-scale winds
and of the radiance correction, and application to further TIR
imaging instruments.

Appendix A: Single-parameter sensitivity simulations

This Appendix shows the forward simulations underlying the
summary given in Sect. 3.1: the response of the individual
ASTER TIR bands to NH3 column at fixed thermal contrast
(Fig. Al), and the dependence of the band 13 radiance and
the split-window ratio on surface temperature (Fig. A2).
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Figure Al. Sensitivity of ASTER TIR bands to NH3 for a surface temperature of 320K and a thermal contrast of 20 K. (a) Absolute
radiances for bands 10-14 as a function of NH3 column amount. (b) Relative differences (byef — »13)/b13. (c) Relative differences (byer —
b14)/b14, where (b13 — b14)/b14 provides the primary NH3-sensitive split-window observable used in the retrieval. All relative differences

are dimensionless.

https://doi.org/10.5194/amt-19-7131-2026

Atmos. Meas. Tech., 19, 7131-7149, 2026



7146 L. B. Tijhuis et al.: ASTER NH;3 quantification

(a) B13 radiance vs NH3 (b) (B13 — B14)/Bl14
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Figure A2. Dependence of the ASTER NHj3 signal on surface temperature and thermal contrast. (a) Band 13 radiance as a function of
NH3 column amount for surface temperatures between 306-336 K, with the near-surface air temperature fixed at 300 K. (b) Corresponding
dimensionless split-window ratio (B13 — B14)/B14. Increasing positive thermal contrast strengthens the NH3 absorption signal in band 13
and steepens the ratio response.

Appendix B: Uncertainty budget

Table B1 lists the identified uncertainty terms in the ASTER
NH3 source rate and whether each enters the reported lo
bars: the propagated terms first, the identified but unpropa-
gated terms second, and the unquantified terms last.

Table B1. Uncertainty terms in the ASTER NH3 source rate. Magnitudes are for Khor Al Zubair at a median thermal contrast of about 12.8 K
and columns of 5 x 1017-2 x 10!° cm_z; most are conditional on thermal contrast and are not transferable outside that range. The 50 %
assigned to Uggr is the upper end of the 15 %—50 % Varon et al. (2018) derive for the IME method when U is taken from a meteorological
database rather than measured at the source, and applies at the low end of their 2-7 ms~! range, where the scenes reported here sit; their
estimate is from GEOS-FP over the US, so it transfers to the ECMWEF fields only approximately. Literature terms are taken from work on
CHy in the shortwave infrared, and their transfer to NHj3 in the thermal infrared is itself an assumption. No combined total is given: several
terms are unquantified, and the temperature and column errors are correlated through the retrieved surface temperature.

Term Magnitude Type Source Inogp?
Radiometric noise (NEANH3) 10172108 cm=2 per pixel for TC > 10K random, o /N this study, Sect. 3.1.2 yes
Background subtraction® scales with the plume area N systematic this study yes
Effective wind speed Uef b 50 % of ULgt, fixed systematic Varon et al. (2018) yes
U, parameterization (o )¢ +15% fora; =0.9 — 1.1 systematic,

scales Q Varon et al. (2018) no

Vertical distribution of NH3 d —4 to +63 % for a true depth of 200-1000 m systematic, signed this study no
Air temperature Ty, © 4 %-10 % per K over TC = 20-40K systematic, signed this study no
Scene radiance correctiont 1.05 x NEANH3 random per scene this study no
spatial non-uniformity® 1.10 x NEANH3 systematic per scene  this study, 3 x 3 tile refit no
IME method and plume maskingh 5 %—-12 % for CHy in the SWIR at 50 m method Varon et al. (2018) no
Water vapour! 3.8 % median and 7.4 % maximum for £30 % H,O systematic, signed this study no
Surface emissivity, wind direction,  not quantified systematic no

and other co-emitted species

4 the background is not subtracted from Q, so this acts as a positive bias.

b 98.8 % of the error bar in the median scene.

¢ moves Q itself, not only its uncertainty; o = 0.9 is the low-noise end of the published range.

d assumes 500 m; largest at low thermal contrast.

¢ a plume above the 60 m level sits in cooler air than prescribed, biasing the column high in the same sense as the vertical-distribution term.

f no correlation with 0 (p=-0.07, p=0.59); see Sect. 2.3.2.

& comparable to the scene-wide term itself.

b excludes the vertical term, which is negligible in the SWIR but not here.

! more H,O mimics less NH3; largest at low thermal contrast. The £30 % test brackets a moderate perturbation, not the arid-to-temperate range.
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Code availability. The TFIT radiative transfer code used in this
study is not publicly archived, but is available from the cor-
responding author upon reasonable request. TFIT uses spectro-
scopic parameters from the HITRAN database accessed through the
HITRAN Application Programming Interface (HAPI) (Kochanov
et al., 2016).

Data availability. ASTER Level 1B radiance (AST_LIB, Ver-
sion 4), surface emissivity (AST_05, Version 4) surface ki-
netic temperature (AST_08, Version 4) and Global Emissiv-
ity Database Version 3 (ASTER GED V3) products are pub-
licly available from the NASA Land Processes Distributed Ac-
tive Archive Center (LP DAAC) through the Earthdata platform
(https://earthdata.nasa.gov/, last access: 28 June 2025), and can be
accessed programmatically via the Earthaccess Python interface
(https://github.com/nsidc/earthaccess, last access: 28 June 2025;
https://doi.org/10.5281/zenodo.8365009, Barrett et al., 2026). Me-
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mation are obtained from the ECMWF operational IFS forecast
archive.
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