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Abstract. Ammonia (NH3) is an important atmospheric pollutant affecting air quality, ecosystems, and climate, but current
satellite observations remain limited in their ability to resolve individual emission sources. Hyperspectral thermal infrared
sounders such as IASI and CrIS provide broad spatial coverage and high spectral sensitivity, but their kilometer-scale footprints
limit direct facility-scale source attribution. Here, we investigate whether high-spatial-resolution multispectral 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 absorption in the 5 band near 930-970 cm ! and retrieves NH3
column enhancements at 90 m spatial resolution.Surface emissivity is taken from a long-term ASTER emissivity climatol-
ogy, while scene-level emissivity products are used diagnostically to identify plume-related band behavior. Sensitivity tests
show that NH3 absorption can remain measurable after convolution with the ASTER spectral response functions, but retrieval
performance depends strongly on thermal contrast between the surface and the NH;3-bearing layer.

The retrieval is applied to ASTER observations over three industrial NH3 point sources: Khor Al Zubair, Tolyatti, and Pies-
teritz. Khor Al Zubair provides the clearest demonstration, with repeated source-connected plume structures under favorable
arid conditions. Tolyatti and Piesteritz show that detection is also possible in more heterogeneous environments, although only
under suitable thermal contrast and surface conditions. Source-rate estimates derived with the Integrated Mass Enhancement
method are interpreted as instantaneous effective estimates for successful plume scenes, not as annual mean emissions or
continuous facility-average emissions. Where independent constraints are available, ASTER-derived source-rate statistics are
consistent in magnitude with published satellite and airborne estimates.

These results demonstrate that multispectral TIR imagers can provide high-resolution information on NH3 plume structure
and source location, complementing coarse-resolution hyperspectral satellite observations. The approach is best suited for
large, persistent sources and episodic plume mapping rather than routine monitoring, because ASTER sampling is limited by
revisit frequency, cloud cover, and thermal contrast. The framework supports retrospective analysis of archival ASTER scenes

and informs future high-resolution TIR imaging concepts for NH3 point-source detection.
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1 Introduction

Ammonia (NHj) is a key atmospheric pollutant with significant impacts on air quality, ecosystem health, and climate. It is
primarily emitted from agricultural activities, including livestock farming and fertilizer application, as well as from industrial
processes and biomass burning (Galloway et al., 2003; Erisman et al., 2008). In the atmosphere, NH3 reacts with acidic species
to form secondary inorganic aerosols, contributing to fine particulate matter (PMs 5) and associated health risks (Brunekreef
and Holgate, 2002; Fowler et al., 2009). Deposition of reactive nitrogen also contributes to soil acidification and eutrophication,
leading to biodiversity loss and ecosystem degradation (Bobbink et al., 1998; De Vries et al., 2015).

Despite its importance, NHs remains one of the most poorly constrained atmospheric trace gases. Emission inventories
are highly uncertain, with uncertainties often exceeding 50 %, and exhibit strong temporal variability linked to agricultural
practices and meteorological conditions (Skjgth and Geels, 2013; Kuenen et al., 2022). Ground-based measurements provide
valuable constraints, but their spatial coverage is limited and they are often unable to capture localized emissions and short-term
variability.

Satellite observations have substantially improved global monitoring of NHz (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 coverage and have revealed
numerous previously unidentified NH3 emission hotspots (Van Damme et al., 2018; Dammers et al., 2019; Clarisse et al.,
2023). However, their coarse spatial resolution, typically 14—15km at nadir, limits their ability to resolve individual sources
and small-scale plumes. As a result, only the largest and most isolated sources can be reliably detected, while smaller or
clustered emitters often remain unresolved even when long-term averaging is applied (Van Damme et al., 2018).

Recent advances in remote sensing have shown that high-spatial-resolution trace-gas retrievals are possible with multi-
spectral band imagers. Instruments such as Sentinel-2 have been used to detect methane (CH,4) plumes at sub-hundred-meter
resolution by exploiting strong absorption features and high signal-to-noise ratios despite limited spectral information (Varon
etal., 2019; Cusworth et al., 2022; Gorrofio et al., 2023). More recently, multispectral visible-band imagery from Sentinel-2 and
Landsat has been used to detect nitrogen dioxide (NOs) plumes from individual point sources at similar spatial scales (Varon
et al., 2024). In the thermal infrared, recent studies indicate that 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). Airborne hyperspectral measurements have further demonstrated that NH3 plumes from individual facilities can
be directly observed and quantified at meter-scale resolution (Kuai et al., 2019; Noppen et al., 2023).

In this study, we assess whether NH3 plumes can be detected using a multispectral TIR satellite imager. We focus on 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 SOy plumes using TIR band ratios (Campion et al., 2010). Band 13 overlaps with

the NH3 v, absorption region between approximately 930 and 970 cm ™~ (10.338 xm and 10.753 pm in wavelength). This
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spectral overlap suggests that ASTER may retain sensitivity to NHs under favorable thermal contrast conditions, despite its
broad spectral response functions.

We develop a physically based retrieval framework that combines radiative transfer modeling with a LUT-based inversion.
The retrieval uses the differential response of ASTER bands 13 and 14, ASTER GED V3 emissivity information, scene-level
radiance correction, plume masking, and IME-based source-rate estimation. Using sensitivity simulations and real ASTER ob-
servations, we quantify the dependence of NHg3 detectability on spectral sensitivity, thermal contrast, emissivity, and radiomet-
ric noise. We then apply the method to selected industrial point sources to evaluate whether ASTER can resolve facility-scale
NHj; plumes and provide instantaneous source-rate estimates for successful plume scenes.

This work provides a first demonstration that high-resolution multispectral TIR imagery can detect and resolve NH3 plumes
at facility scale. By bridging the gap between coarse-resolution hyperspectral sounders and high-resolution land imagers, the
approach offers a complementary pathway for localized atmospheric pollution monitoring, retrospective plume analysis using

the ASTER archive, and future missions aiming to combine improved spatial, spectral, and temporal sampling.

2 Methodology and datasets

Figure 1 provides an overview of the full ASTER NHj retrieval and emission quantification workflow used in this study.
The methodology consists of three main components: radiative transfer modeling and lookup table construction, NH3 column

retrieval from ASTER TIR observations, and plume detection with subsequent emission quantification.
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Figure 1. Schematic overview of the ASTER-based NH3 retrieval and emission quantification workflow. The left panel illustrates radiative
transfer modelling and LUT construction using high-resolution simulations convolved with ASTER spectral response functions. The central
panel shows ASTER data ingestion, quality filtering, scene-based radiance correction, and LUT-based NH3 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.

2.1 ASTER instrument

ASTER is a high-resolution imaging instrument onboard NASA’s Terra satellite, providing thermal infrared (TIR) observations
at 90 m spatial resolution with a nominal revisit time of approximately 16 days (Yamaguchi et al., 1998; Abrams et al., 2015).
The ASTER TIR subsystem operated from March 2000 until January 2026, providing a multi-decadal archive of high-spatial-
resolution TIR observations suitable for retrospective plume analysis. In this study, ASTER observations are obtained from the
Level 1B radiance product (AST_L1B, Version 4), together with the corresponding surface emissivity product (AST_05, Ver-
sion 4) and surface kinetic temperature product (AST_08, Version 4) (NASA/METI/AIST/Japan Spacesystems and U.S./Japan
ASTER Science Team, 2025a, b, ¢). The Level 1B product provides calibrated TIR radiances, while AST_05 and AST_08
provide surface properties used for scene characterization and retrieval filtering. Surface emissivity information is also taken
from the ASTER Global Emissivity Dataset (GED), which provides multi-year mean emissivities derived from the ASTER
archive (NASA JPL, 2014).

The ASTER TIR subsystem comprises five spectral bands, bands 10-14. Ammonia (NH3) has a strong thermal-infrared
absorption feature associated with its v, umbrella-bending vibrational band, located near 930-970 cm~!. Bands 13 and 14 are

therefore central to the NHj retrieval. Band 13 covers approximately 913-976 cm~! and overlaps with the strongest part of
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the NH3 absorption feature, while band 14 covers approximately 859-913 cm~! and provides a nearby reference channel with
weaker NH3 sensitivity. Band 10 has negligible NH3 sensitivity but relatively strong HyO sensitivity, and is therefore useful
for diagnostic checks to distinguish NH3 absorption from water-vapor-related radiance variability.

Under positive thermal contrast, where the surface is warmer than the NHs-bearing air layer, NH3 absorption in the v» band
reduces the top-of-atmosphere (TOA) radiance measured in band 13. Because band 14 is less sensitive to NHs, the differential
response between bands 13 and 14 forms the basis for the split-window retrieval used in this study. Figure 2 shows the ASTER
TIR spectral response functions together with simulated optical depths for relevant atmospheric species.

ASTER bands response vs multiple species optical depth
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Figure 2. ASTER TIR spectral response functions for bands 10-14 overlaid with simulated optical depth for relevant atmospheric species.

1

Enhanced NH3 absorption is concentrated in band 13 near 930-970cm™ -, where increased optical depth reduces TOA radiance under

positive thermal contrast conditions. Band 14 provides a nearby reference with weaker NH3 sensitivity, forming the basis for the split-

window retrieval approach.

The detectability of NHj is constrained not only by spectral overlap, but also by the radiometric performance of the ASTER
TIR instrument. ASTER has demonstrated stable radiometric behavior supported by onboard and vicarious calibration (Abrams
et al., 2015). The noise-equivalent temperature difference (NEAT) is approximately 0.3 K at 300 K, with typical scene-based
noise levels of about 0.1-0.2 K (Arai and Tonooka, 2005). Under favorable thermal contrast, NHz-induced radiance differences
can exceed these noise levels, enabling detection in individual scenes.

ASTER TIR observations can exhibit weak horizontal striping associated with detector-to-detector calibration differences.
This can introduce band-correlated background variability in emissivity and radiance fields (Gillespie et al., 2011). These

patterns are generally small compared with NH3 plume signals under favorable thermal contrast. Their impact is reduced by
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scene-level radiance correction and the use of band ratios. Residual striping may nevertheless contribute to low-amplitude

background variability in some scenes.
2.2 Radiative transfer framework

Radiative transfer in the thermal infrared determines the top-of-atmosphere (TOA) radiance measured by ASTER through the
combined effects of surface emission, atmospheric absorption, and atmospheric emission. In this study, NHs column densities
are retrieved using a physically based forward-modeling approach in which simulated ASTER band radiances are compared
with observed radiances.

Radiative transfer calculations are performed with TFIT, a Python-based radiative transfer model developed at TNO. TFIT
uses spectroscopic parameters from the HITRAN database through the HAPI interface (Kochanov et al., 2016) and explicitly
represents gas absorption, surface emissivity, and atmospheric temperature profiles on a flexible vertical grid. High-resolution
spectral radiances are calculated and subsequently convolved with the ASTER spectral response functions (SRFs) to obtain
band-integrated radiances consistent with the ASTER observations.

To enable efficient retrievals, TFIT simulations are stored in a multidimensional lookup table (LUT; Sect. 2.3.1). The LUT
spans NHj3 column amount, surface emissivity, near-surface air temperature, and surface temperature. This avoids repeated
radiative transfer calculations during scene processing while preserving a physically consistent mapping between atmospheric
state and observed radiance.

Figure 3 illustrates the effect of NH3 on TOA radiance for two otherwise identical simulations. A background-like case with
an NH; column of 10'® molecules cm ™2 is compared with a strong plume enhancement of 10" molecules cm 2. The elevated
NH3 case shows localized radiance reductions relative to the low-NH3 case, most prominently in the 930-970 cm ™! region
corresponding to the NH3 15 band. These perturbations remain visible after convolution with the ASTER SRFs, as shown in
Fig. 3c, producing measurable differences in band-integrated radiances.

The radiative transfer modelling and LUT construction steps are summarized schematically in the left panel of Fig. 1.
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Figure 3. (a) Simulated high-resolution TOA radiance spectra for two NHs column amounts (10'® and 10'® molecules cm™2), illustrating
absorption features across 880—1220 cm™". (b) Relative radiance difference between the two cases, highlighting the narrow spectral structure
of NH3 absorption in the v» band. (¢) ASTER spectral response functions for bands 10-14, shaded curves, overlaid with corresponding
band-integrated radiances for both NH3 cases, illustrating how high-resolution NH3 absorption features map into broadband ASTER mea-

surements.

2.3 Retrieval strategy

The retrieval steps outlined in the central panel of Fig. 1 are described in detail below.
Building on the ASTER band characteristics described in Sect. 2.1 and the LUT-based radiative transfer simulations de-
scribed in Sect. 2.2, the retrieval strategy exploits the differential sensitivity of ASTER bands 13 and 14 to NH3 absorption to

derive column enhancements from a split-window observable.
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ASTER provides only five broad TIR bands and therefore cannot resolve individual NH3 absorption lines in the same way
as hyperspectral sounders such as IASI and CrIS. The retrieval strategy used here instead relies on the differential response of
ASTER bands 13 and 14. The operational retrieval therefore uses the split-window observable

_ Liz—Lyy

R ,
Ly

)]

where L3 and Ly4 are the ASTER TOA radiances in bands 13 and 14, respectively.

This observable enhances the differential NH3 signal while reducing sensitivity to scene-wide thermal variability that affects
both bands. Because the NH3 signal remains small compared with the total TIR radiance, the retrieval depends critically on
accurate treatment of surface temperature, surface emissivity, thermal contrast, and radiometric noise. The method therefore

combines a LUT-based forward model, scene-level radiance correction, plume detection, and IME-based flux estimation.
2.3.1 Lookup table construction

To avoid full radiative transfer calculations for every pixel, a multidimensional LUT of TFIT-simulated radiances is constructed.
The LUT spans NH3 column amount, surface emissivity, near-surface air temperature, and surface temperature (Table 1).
These parameters represent the dominant controls on the ASTER NHj signal. For scene application, the emissivity dimension
is constrained using ASTER GED V3 emissivity values mapped to the ASTER TIR grid, so that the LUT inversion uses a
climatological emissivity input rather than the potentially plume-affected scene emissivity retrieval.

For each LUT state, TFIT calculates high-resolution spectral radiances that are convolved with the ASTER SRFs to obtain
band-integrated radiances. NHj3 is prescribed in the lowest 500 m of the atmosphere, reflecting the near-surface character of
most industrial plumes. The prescribed column amount is converted to layer mixing ratios using temperature-dependent air
density and layer thickness. The lowest model level, at approximately 60 m, is set to the prescribed air temperature T,;,, while
the profile above is adjusted smoothly to preserve a realistic vertical structure.

Surface temperature is varied relative to T,;, to sample a wide range of thermal contrast conditions:
TC = Tsurface - Tair~ (2)

Because NHj is distributed over the lowest 500 m, this definition should be interpreted as a near-surface thermal contrast rather
than the exact layer-mean contrast experienced by the gas. This distinction becomes important near 7'C' = 0 K, where retrieval

sensitivity collapses and can change sign.
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Table 1. Parameter space used to construct the NHs LUT.

Parameter Range / values Description

NH3 column 10'°-10%° molecules 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 emissivity values combined with each atmospheric case.

Air temperature 7Thiy 270-340K Prescribed temperature at the lowest model level, approximately
60 m. The profile above is adjusted smoothly.

Surface temperature Tgurface  Lair — 10K 10 Tair + Awarm  Awarm 18 +30K for Thir < 290K, +40K for 290 < Tyir < 310K,
and +50 K for Tir > 310K.

Thermal contrast TC = Tsurtace — Tair Difference between surface temperature and the lowest atmospheric

model level.

2.3.2 Scene-based radiance correction

Before inversion, a scene-based radiance correction is applied to reduce systematic offsets between the observed ASTER
Level 1B radiances and the LUT-simulated radiances. These offsets can arise from residual calibration differences, imperfect
representation of surface emissivity, uncertainties in the atmospheric temperature profile, and simplifications in the forward
model. Because the NH3 signal in ASTER’s broad TIR bands is small compared with the total scene radiance, such offsets
must be minimized before calculating the NH3-sensitive band ratio.

The correction is derived independently for each TIR band using a reduced major axis (RMA) regression between observed
and LUT-simulated radiances. RMA regression is used because both the observed and simulated radiances contain uncertainty,
and the correction is intended to align the radiometric background rather than to treat one quantity as error-free. The fit is
performed over pixels that pass the scene quality selection and have finite, non-zero observed and simulated radiances in the
NHj5-sensitive bands.

To reduce the influence of outliers, the regression is fitted after percentile filtering. For each band, observed and simulated
radiances are first extracted over the valid scene pixels. Pixels outside the 10th—90th percentile range of either the observed or
simulated radiance distribution are excluded from the fit. If too few pixels remain after this filtering, the regression is instead
fitted using the unfiltered valid pixels. This procedure reduces the influence of clouds, artifacts, strong local surface anomalies,
and possible plume pixels on the scene-level correction.

For each band b, the fitted RMA relationship is applied to the observed radiance field as
Lgorr _ abLzbS +cp, (3)

where L‘gbs is the observed ASTER radiance, L;°™ is the corrected radiance, and a; and ¢, are the scene-specific RMA slope
and intercept. The same correction is applied to all valid pixels in the scene for that band. The correction therefore removes

broad scene-level radiometric offsets while preserving local radiance perturbations, including plume-scale structures.
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After correction, the NH3-sensitive split-window observable is calculated from bands 13 and 14 as
Ly — L§g"

Robs _
corr
L 14

“)

The purpose of the correction is not to remove the plume signal, but to align the observed radiometric background with the
LUT-simulated background so that local deviations in the band 13—14 ratio can be interpreted more directly as NH3 absorption.

For each valid pixel, the NH3 column is retrieved by comparing the corrected observed ratio with the LUT-simulated ra-
tio. The retrieved column QNH3 is defined as the LUT state that minimizes the squared difference between observation and
simulation:

QNHg = arg min [RObS - RLUT (QNHS ’ Taim Tsurfacea 6)] ? . (5)
NH;3

Here, T,;, is the near-surface air temperature, Ty ace 1S the ASTER surface temperature, and e is the emissivity. The
retrieved NHj field is subsequently converted to an enhancement field by subtracting a scene-dependent background before
plume detection and flux estimation.

A limitation of this approach is that broad plume enhancements or spatially extensive surface artifacts may partly influence
the scene-level correction if they are not removed by the quality and percentile filters. The radiance correction is therefore

interpreted as a pragmatic scene-level bias correction, not as an absolute calibration of the ASTER radiances.
2.3.3 Plume detection

Plume detection and emission quantification follow the workflow shown in the right panel of Fig. 1.

Retrieved NH3 columns are converted to plume enhancements by subtracting a scene-dependent background. The back-
ground is estimated from quality-filtered clear-sky pixels outside the immediate source region and is assumed to represent the
large-scale atmospheric NH3 field.

Pixels are used for plume detection only if they satisfy thermal and radiometric quality criteria, have finite retrieval values,
and are located within 15 km of the target source. This distance threshold defines the source-centered plume search domain
used for the IME calculation. Candidate plume pixels are additionally filtered using a relative retrieval-uncertainty threshold of
60 %, so that pixels with poorly constrained NH;3 columns do not dominate the plume mask or source-rate estimate.

Within this source-centered domain, candidate plume pixels are identified from the background-corrected NH3 enhancement
field. The filtered enhancement field is segmented using a marker-based watershed method following Goudar et al. (2023). So
that only plume regions connected to the source location are used for inversion. This approach allows irregular plume shapes
while reducing the risk that unrelated background structures are included in the source plume.

The resulting plume mask is used to calculate the Integrated Mass Enhancement (Frankenberg et al., 2016; Varon et al.,
2018). Because the 15 km domain limits the spatial extent over which plume mass is integrated, the derived source rates should

be interpreted as effective emissions over the observed plume extent rather than as total emissions under all transport conditions.

10
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2.3.4 Integrated Mass Enhancement method

Emission fluxes are estimated using the Integrated Mass Enhancement (IME) method (Frankenberg et al., 2016; Varon et al.,

2018). The IME is the total excess NH3 mass contained within the detected plume:

IME =~ AQ; A; Mg, (6)
J

where A(); is the background-corrected NH3 column enhancement in pixel j, A; is the pixel area, and Myp, converts

molecules to mass.

The emission rate is calculated as

Ue
Q= —"IME, @)
L
where L is a characteristic plume length scale and Ue.g is the effective wind speed. As a first-order approximation, Ueg is

parameterized from the 10 m wind speed U, following Varon et al. (2018):
Usg = 0.9IH(U1()) +0.6. (8)

This parameterization was originally derived for methane plumes and is not expected to be universally applicable to NHs.
Differences in plume rise, emission height, deposition, chemistry, boundary-layer structure, and source geometry may affect
the relationship between Uy and U.g. In addition, ERAS winds represent grid-scale meteorological conditions and may not
capture plume-scale flow at the source, the plume height, or the exact ASTER overpass time. Wind speed and wind direction
should therefore be interpreted as transport constraints for the IME calculation rather than as exact descriptions of the observed
plume motion.

The main uncertainty terms in @ arise from radiometric noise in the retrieved column, background subtraction, plume
masking, wind speed, wind direction, wind-field representativeness, the U.g parameterization, surface emissivity assumptions,
and the vertical distribution of NHj. Potential absorption by co-emitted or ambient species within the ASTER bands can also

bias the retrieved NH3 column because the current LUT treats NHj as the only variable absorber.
2.4 Target locations

Three target locations were selected to span a range of source strengths and observing conditions: Khor Al Zubair in Iraq,
Tolyatti in Russia, and Piesteritz in Germany. Candidate sites were selected from known industrial NH3 point sources identi-
fied in satellite-based hotspot studies (Dammers et al., 2019; Van Damme et al., 2018). The selection criteria were persistent
and well-documented NH3 emissions, availability of ASTER observations, and suitability for testing the retrieval under dif-
ferent surface and thermal conditions. Piesteritz was included specifically because independent airborne hyperspectral thermal
infrared observations are available for this site (Noppen et al., 2023), providing an external reference for evaluating ASTER

performance near the practical detection limit.

11
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Khor Al Zubair (47.836° E, 30.187° N) is used as the benchmark case. The source is located in a hot arid environment with
frequent positive thermal contrast and generally limited cloud contamination, making it well suited for demonstrating the full
retrieval chain.

Tolyatti (49.614° E, 53.544° N) is one of the largest known industrial NH3 point sources, but is located in a more hetero-
geneous temperate environment. The site therefore provides a test of ASTER performance under less favorable surface and
thermal conditions.

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

Table 2 summarizes the number of ASTER scenes processed and the number of scenes with successful NH3 plume detections

for each target location.

Table 2. Summary of ASTER scene availability and retrieval success for the three target locations. Scenes processed denotes the total number

of ASTER scenes. Successful detections denotes scenes with a detected NHs emission.

Site Scenes processed Not cloudy Successful detections
Khor Al Zubair 75 41 33
Tolyatti 67 12 10
Piesteritz 136 27 6

3 Results
3.1 Sensitivity analysis

The detectability of NH3z in ASTER TIR observations depends on three coupled factors: the spectral sensitivity of the bands,
thermal contrast between the surface and the NH3-bearing layer, and radiometric noise. In this section, these dependencies are
quantified using forward-modeled ASTER band-integrated radiances, as well as band differences and ratios involving bands 13
and 14. Following the logic of Campion et al. (2010), emphasis is placed on band differences and ratios that enhance the NH3

signal while reducing sensitivity to scene-wide thermal variability and spectral interference from other absorbers.
3.1.1 Spectral sensitivity and band selection

Figure 4 shows the simulated response of ASTER bands 10-14 to increasing NH3 column amount for a fixed atmospheric
temperature of 300 K, surface temperature of 320K, and thermal contrast of 20 K. Band 13 (yellow diamonds) is already
sensitive at lower NH3 columns, showing a clear radiance decrease consistent with its overlap with the NH3 v5 absorption
band. Band 14 (orange triangles) shows a weaker response and is therefore suitable as a nearby reference channel.

Band 12 (blue triangles) also shows a pronounced radiance decrease, but the slope of its response increases mainly at higher

NHj; column densities. This favors band 13 for its lower sensitivity threshold. In addition, band 12 lies in a more spectrally
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crowded region where the ASTER response overlaps with absorption from other atmospheric species (Fig. 2). This makes
band 12 more susceptible to interference from co-emitted or variable background species, and therefore less suitable as the
primary retrieval channel. Bands 10 and 11 are not used for the primary NHj inversion, but provide diagnostic information on
scene consistency and possible contamination by other absorbers.

The split-window observable (B13 — B14)/B14 is selected because it combines strong NHj sensitivity in band 13 with
the weaker, spectrally adjacent response of band 14. This ratio preserves the differential NH3 signal while reducing common

thermal background variability between neighboring bands.
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Figure 4. Sensitivity of ASTER TIR bands to NH3 for a surface temperature of 320 K and a thermal contrast of 20 K. (a) Absolute radiances
for bands 10-14 as a function of NH3 column amount. Band 13 shows a clear radiance depression already at lower NH3 columns, consistent
with overlap with the NH3 > absorption band. Band 12 also responds strongly, but its steep radiance decrease occurs mainly at higher NHs
columns. (b) Relative differences (bret — b13) /513, showing that band contrasts involving band 13 preserve a monotonic NH3 dependence.
(c) Relative differences (byer — b14)/b14, where (b13 — b14)/b14 provides the primary NHs-sensitive split-window observable used in the

retrieval.

3.1.2 Role of thermal contrast in NH3 detectability

Thermal contrast controls both the magnitude and the sign of the NHj3 signal in the TIR. This is a general limitation of ASTER
TIR trace-gas retrievals, as also shown for SO5 by Campion et al. (2010). To investigate this dependence, surface temperature
was varied between 306 and 336 K while the near-surface air temperature was fixed at 300 K. Figure 5 shows the resulting
band 13 radiance and split-window ratio for these thermal contrast conditions.

For positive thermal contrast (Tys. > Thi), NH3 absorbs radiation from the warmer surface background, reducing the top-
of-atmosphere radiance measured in band 13. A larger temperature difference between the surface and the NH3-bearing layer
increases this absorption contrast, steepening the split-window response. Retrieval sensitivity therefore improves as positive
thermal contrast increases.

When surface and atmospheric temperatures are similar, the NH3 signal collapses and retrievals become noise dominated.

For negative thermal contrast, where Ty, < Th,;;, the signal can reverse sign because emission from the warmer NHs-bearing
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layer can exceed the colder surface contribution. This regime is physically meaningful, but as a strong enough negative thermal

contrast rarely occurs, it is not the target regime for this study.
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Figure 5. 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 and 336 K, with the near-surface air temperature fixed at 300 K. (b) Corresponding
split-window ratio (B13 — B14)/B14. Increasing surface temperature, and therefore increasing positive thermal contrast, strengthens the
NH3 absorption signal in band 13 and steepens the ratio response. At low thermal contrast the radiance and ratio vary only weakly with NHs,

whereas at high thermal contrast the separation between NH3 columns increases strongly.

3.1.3 Joint sensitivity to NH3 and thermal contrast

The two-dimensional sensitivity of the split-window observable is shown in Fig. 6 as a function of NH3 column amount and
thermal contrast. The figure shows that ASTER detectability is not controlled by NH3z column alone, but by the combined state
of column amount and thermal contrast.

Near zero thermal contrast, the ratio remains nearly flat across all NH3 columns because radiance sensitivity approaches
zero. As thermal contrast increases, the ratio develops a progressively stronger dependence on NH3, becoming more negative
at high NH3 burden as band 13 absorption strengthens relative to band 14. The most favorable retrieval regime occurs when

both NHj3 loading and positive thermal contrast are high.
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Figure 6. Two-dimensional sensitivity of the split-window observable (B13 — B14)/B14 to NHs column amount and thermal contrast for a
lower-atmospheric temperature of 300 K. Contours show the LUT-simulated ratio for combinations of NHsz and 7s¢c — 7%;r. For low thermal
contrast, the ratio varies only weakly with NHs. As thermal contrast increases, the ratio becomes strongly sensitive to NHs. Negative thermal

contrast produces a sign reversal consistent with emission-like behavior.

3.1.4 Radiometric noise and uncertainty propagation

Radiometric noise sets the lower limit of detectable NH3 enhancement and propagates directly into retrieval uncertainty.
ASTER TIR noise is expressed as a noise-equivalent temperature difference (NEAT), which is converted to radiance noise
using the Planck function. The resulting radiance noise is then propagated through the LUT-derived sensitivities. This fol-
lows the noise-equivalent gas-column approach used by Campion et al. (2010), adapted here to NH3 and to the band 13-14
split-window ratio.

For a single band, the noise-equivalent NH3 column is

oL

NEAONH, = 7736 €))
® |OL/0ONu,|

where o, is the radiance noise and 0L /0y, is evaluated from the LUT. This quantity represents the column enhancement

that would produce a radiance perturbation comparable to the instrumental noise.

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

OR \? OR \*
2 _ 2 2
OR = <_8L13) ora3t <_8L14> 07 145 (10)
where
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The corresponding NHj3 uncertainty is obtained by dividing the ratio uncertainty by the local LUT sensitivity:
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. (12)
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Figure 7 shows the resulting noise-equivalent NHs column as a function of thermal contrast. Around zero thermal contrast,
the LUT sensitivity to NHs becomes weak and the noise-equivalent column increases sharply. For stronger thermal contrast,
the LUT sensitivity steepens and the noise-equivalent column decreases to values of order 1017—10'® molecules cm=2.

These values should be interpreted as theoretical single-pixel sensitivity limits. In real ASTER scenes, robust plume detection
is more restrictive because the retrieval also depends on spatial coherence, surface heterogeneity, background subtraction,
plume masking, residual radiance artifacts, and possible spectral interference. The limits shown in Fig. 7 therefore represent

lower-bound sensitivity estimates rather than guaranteed plume detection thresholds.

Noise Equivalent NH3 at Surface Temperature 300 K

b13
—- bl4
—#— ratio (b13 — b14) / bl4
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Figure 7. Noise-equivalent NHs 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

NH3 sensitivity is weak, while stronger thermal contrast reduces the noise-equivalent column to values of order 10'7~10'® molecules cm 2.

3.2 Demonstration of the retrieval workflow

The ASTER retrieval workflow consists of five main steps. First, ASTER TIR radiances, VNIR imagery, surface temperature,
emissivity information, and quality flags are ingested and mapped to the TIR grid. Pixels affected by clouds, artifacts, invalid
radiances, or unrealistic surface temperatures are removed using product quality flags and scene-level filters.

Second, surface emissivity is taken from the ASTER Global Emissivity Database Version 3 (ASTER GED V3). This product
provides multi-year mean land-surface emissivities derived from the ASTER archive and is used here as the emissivity input
for the LUT retrieval. Using a climatological emissivity product reduces the risk that plume-induced radiance reductions in
an individual ASTER scene are incorrectly interpreted as scene-specific emissivity depressions. The emissivity information
is nevertheless an important source of uncertainty. Spatial variations in mineral composition, land cover, dust, and surface

structure can introduce band-dependent radiance variability that is not caused by NHj3 (Ginoux et al., 2012; Someya et al.,
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2020). Dust also has a distinct thermal-infrared spectral signature and can introduce surface-emissivity-related biases over
desert surfaces, making dust-prone scenes particularly challenging for weak trace-gas retrievals (Clarisse et al., 2019).

The ASTER scene emissivity products are used as diagnostic information. Because scene-level emissivity retrievals assume
a standard atmospheric state, unmodeled gas absorption can appear as an apparent emissivity anomaly in the affected band.
A plume-shaped depression in band 13 that is absent or weaker in band 14 is therefore consistent with NHg absorption and
provides an additional visual check. However, the quantitative NH3 retrieval is based on the GED-derived emissivity input
rather than on plume-affected scene emissivity values.

Third, near-surface air temperature from meteorological reanalysis is combined with ASTER surface temperature to estimate
the thermal contrast field. Observed ASTER radiances are then corrected using the scene-based RMA correction described in
Sect. 2.3.2. The corrected band 13 and band 14 radiances are used to calculate the split-window observable, and each valid
pixel is inverted against the LUT to retrieve the NH3 column.

Fourth, radiometric noise is propagated to a pixel-level NH3 uncertainty by converting ASTER NEAT to radiance noise,
propagating this noise through the split-window ratio, and dividing by the local LUT-derived sensitivity. Finally, the retrieved
NH; field is background-corrected, segmented into a plume mask within a 15 km source-centered domain, and integrated to
obtain the IME. Combining the IME with wind information provides an instantaneous source-rate estimate.

The following subsections show the resulting retrievals for the three target sites. These examples illustrate both the strengths
and limitations of the approach: coherent source-connected plumes can be detected under favorable conditions, while structured
background variability, emissivity effects, dust, cloud contamination, and weak thermal contrast can limit retrieval robustness.

Table 3 summarizes the ASTER successful-scene source-rate statistics together with published NH3 source-rate estimates for
the three target sites. The comparison is intended as method-dependent context rather than direct validation. The Van Damme
et al. (2018) values are based on nine-year IASI oversampled averages and box-model flux calculations with an assumed NHg
lifetime of 12 h. The Dammers et al. (2019) values are constrained wind-rotation EMG estimates using fixed lifetime 7 = 2.5h
and plume width 0 = 15km. The Noppen et al. (2023) values are airborne Hyper-Cam LW estimates over Piesteritz derived
with IME and cross-sectional flux methods under different plume-rise assumptions. In contrast, the ASTER values reported

here are successful-scene instantaneous IME estimates and should not be interpreted as annual mean emissions.
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Table 3. Comparison of ASTER successful-scene source-rate statistics with published NH3 source-rate estimates and inventory values for
the three target sites. ASTER values represent instantaneous successful-scene IME estimates from this study and should not be interpreted as
annual mean emissions. Literature and inventory values are included as method-dependent context rather than direct validation of individual
ASTER overpasses. Van Damme et al. values are based on nine-year IASI oversampled averages and box-model flux calculations with an
assumed NH3 lifetime of 12 h. Dammers et al. values are constrained wind-rotation EMG estimates from CrIS and IASI using fixed lifetime
7 = 2.5h and plume width o = 15km. HTAPv2 values are gridded inventory values from the 1.0° x 1.0° product. Noppen et al. values are
airborne Hyper-Cam LW estimates over Piesteritz derived with IME and cross-sectional flux methods under different plume-rise assumptions.
The E-PRTR value for Piesteritz is a reported facility-level inventory value from European industrial emissions reporting and is included as

inventory context only (European Environment Agency, 2021)

Site Data source Study Method Source rate
Khor Al Zubair ASTER This study Successtul-scene IME mean ~52ktyr~!
Khor Al Zubair  TASI Van Damme et al. (2018) Box model, 7 =12h 3.9kt yr’1
Khor Al Zubair  CrIS Dammers et al. (2019) EMG, 7 =2.5h, 0 = 15km 55kt yr’1
Khor Al Zubair  TASI Dammers et al. (2019) EMG, 7 =2.5h, 0 = 15km 18-19 kt yr*1
Khor Al Zubair HTAPv2 Janssens-Maenhout et al. (2015) 1.0°x 1.0° inventory grid 49ktyr~!
Tolyatti ASTER This study Successful-scene IME mean ~31ktyr~!
Tolyatti TIASI Van Damme et al. (2018) Box model, 7 = 12h 74ktyr~!
Tolyatti CrIS Dammers et al. (2019) EMG, 7 =2.5h, 0 = 15km 7T ktyr™*
Tolyatti TIASI Dammers et al. (2019) EMG, T =2.5h,0 =15km  66-79kt yr’1
Tolyatti HTAPv2 Janssens-Maenhout et al. (2015) 1.0°x 1.0° inventory grid 2.0ktyr~!
Piesteritz ASTER This study Successful-scene IME mean ~4.0ktyr™?
Piesteritz Hyper-Cam LW  Noppen et al. (2023) IME, spring 2021 1.6-3.2ktyr !
Piesteritz Hyper-Cam LW  Noppen et al. (2023) CSF, spring 2021 2.2-54ktyr !
Piesteritz E-PRTR European Environment Agency (2021)  Reported inventory 0.4ktyr~!

3.2.1 Khor Al Zubair

Khor Al Zubair provides the most favorable test case for the ASTER NHj retrieval. The source is located in a hot arid environ-
ment with frequent positive thermal contrast and generally limited cloud contamination. These conditions increase the band 13
radiance depression for a given NH3 column and make the site well suited for TIR plume detection. However, the arid back-
ground is not radiometrically uniform in all scenes. Spatial variability in mineral emissivity, surface temperature, suspended
dust, or dust-storm-related TIR radiance can introduce structured retrieval noise and plume-like artifacts away from the source.

Figure 8 shows a successful ASTER retrieval over Khor Al Zubair on 4 April 2000. The retrieved NH3 enhancement is
spatially connected to the source and forms a narrow, coherent plume-like structure. The scene demonstrates the main elements
of the retrieval workflow: an NH3 enhancement in the source region, elevated sensitivity under positive thermal contrast, and a

corresponding band 13-14 signal. At the same time, plume-like features associated with nearby oil and gas activity are visible
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in the VNIR imagery and radiances, but are not retrieved as NHs enhancements. This strengthens the interpretation that the
retrieved plume is not driven by generic visible plume structure, but by the NH;s-sensitive TIR band 13-14 signal.

The plume axis does not perfectly coincide with the ERAS wind direction shown for the scene. This is expected because
ERAS provides grid-scale winds and may not capture local near-source flow, plume-height winds, coastal effects, turbulence,
or short-timescale variability at the exact ASTER overpass time. The wind information should therefore be interpreted as a
transport constraint for the IME calculation rather than as an exact pixel-scale description of plume motion. Wind uncertainty
directly affects the source-rate estimate, in addition to differences in retrieved plume mass and plume-mask geometry.

The retrieval uncertainty and ancillary radiance panels show that not all scene structure is plume-related. This example
therefore demonstrates both the strength of the ASTER band 13—14 signal and the need for uncertainty filtering, background

correction, source-connected plume masking, and cautious interpretation of wind-driven source-rate variability.
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Figure 8. ASTER NH3 retrieval over Khor Al Zubair on 4 April 2000 (UTC). The panels show VNIR false-color imagery with retrieved

NH3 enhancement overlaid, the unmasked NH3 enhancement field, relative retrieval uncertainty, observed radiances in TIR bands 13 and 14,

ASTER surface temperature, scene-level emissivities in bands 13 and 14, and thermal contrast. The source location is marked in yellow.

The scene shows a narrow, source-connected plume under favorable arid conditions with strong thermal contrast. The mismatch between

the plume axis and the ERA5 wind direction illustrates the uncertainty of using grid-scale winds for plume-scale flux estimation. Structured

retrieval noise is also visible away from the plume, particularly in the lower part of the scene, highlighting that arid backgrounds are not

necessarily radiometrically uniform.

All available ASTER scenes over Khor Al Zubair for the period 2000-2025 are processed with the LUT-based retrieval

and the IME framework. Each overpass is classified as a successful retrieval, an unusable scene, or a scene with no available

data. Unusable scenes include cases affected by cloud cover, weak thermal contrast, insufficient retrieval quality, or other
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unfavorable observing conditions. This classification separates successful plume detections from cases where a robust ASTER
retrieval could not be obtained.

The resulting time series illustrates the episodic nature of successful ASTER NHj retrievals at Khor Al Zubair. Successful
plume detections occur only for a subset of available overpasses, while many scenes are rejected by the quality filtering. The
figure therefore demonstrates the limited temporal sampling of ASTER plume retrievals rather than a continuous emission
record. The source-rate statistics reported here describe the distribution of instantaneous source-rate estimates under favorable
observing conditions and should not be interpreted as annual mean emissions.

Retrieved source rates vary substantially between successful overpasses. This spread may reflect real emission variability at
the facility, but it can also arise from differences in wind speed, wind direction, wind-field representativeness, plume geometry,
plume height, retrieval noise, background subtraction, and plume-mask definition. The successful-scene mean and interquartile
range should therefore be interpreted as descriptive statistics of ASTER plume snapshots rather than as a long-term facility-
average emission estimate.

As shown in Table 3, the ASTER successful-scene mean of approximately 52ktyr~! is close to the CrIS-based EMG
estimate of 55ktyr~! from Dammers et al. (2019), but substantially higher than the IASI box-model baseline of 3.9ktyr—!
from Van Damme et al. (2018). The IASI EMG estimates from Dammers et al. (2019) are lower than the CrIS and ASTER
values, at approximately 18—19 kt yr—!. This spread highlights the importance of retrieval method, spatial resolution, sampling,
lifetime assumptions, and wind treatment when comparing satellite-derived NH3 source rates.

The agreement with the CrIS EMG estimate supports the physical plausibility of the ASTER retrieval for compact plume
snapshots, but it should not be interpreted as direct validation. ASTER provides instantaneous high-resolution plume estimates
for successful scenes, whereas CrIS and IASI provide multi-year coarse-resolution source estimates with different assumptions
about lifetime, plume width, averaging, and wind treatment.

Uncertainties in the Khor Al Zubair source rates are dominated by wind speed, wind direction, the U.g parameterization,
plume-mask definition, and retrieval noise. Surface emissivity and co-absorber effects are expected to 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 variability. The resulting values should therefore be interpreted as effective source rates for the

observed plume extent, not as continuous annual emissions.
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Figure 9. Time series of ASTER-derived NH3 source rates at Khor Al Zubair for the period 2000-2025. Black points show successful
retrievals, with vertical bars indicating retrieval uncertainty. The dashed horizontal line marks the successful-scene mean source rate of
approximately 52kt yr~*, and the gray shaded region denotes the interquartile range. Symbols along the bottom indicate scenes with unsuc-
cessful retrievals due to cloud cover, weak thermal contrast, retrieval-quality filtering, or other unfavorable observing conditions. The value

shown is not an annual mean emission, but a mean over successful instantaneous ASTER plume snapshots.

3.2.2 Tolyatti

Tolyatti provides a more challenging test case because the source is located in a temperate and spatially heterogeneous environ-
ment. Although the facility is a strong NH3 emitter, favorable thermal contrast occurs less frequently than at Khor Al Zubair.
Surface emissivity variability associated with land cover, infrastructure, and soil moisture also increases the background vari-
ability in the retrieved NHj field.

Figure 10 shows a favorable ASTER overpass on 14 July 2004. Under these conditions, ASTER detects a coherent NH3
enhancement extending downwind from the source, with peak enhancements exceeding 10'® molecules cm~2. Compared
with the Khor Al Zubair scenes, the background shows stronger spatial variability in both the NH3 enhancement and relative
uncertainty fields, consistent with heterogeneous emissivity, land-surface properties and varying thermal contrast. The plume

core remains detectable because the NH3 signal is large enough under the favorable thermal conditions of this overpass.
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Figure 10. ASTER NHj3 retrieval over Tolyatti on 14 July 2004 (UTC). A coherent plume is visible extending downwind from the source un-

der favorable thermal contrast conditions. Compared with the arid Khor Al Zubair scenes, the background shows increased spatial variability

in both the NH3 enhancement and relative uncertainty fields, consistent with heterogeneous surface emissivity, land cover, and infrastructure.

The time series indicates that successful ASTER retrievals at Tolyatti are limited by observing conditions. Many scenes

are rejected because cloud cover, weak thermal contrast, surface heterogeneity, or retrieval-quality filtering prevents robust

plume detection. The Tolyatti results therefore show that ASTER can provide high-resolution plume information over non-

desert industrial regions, but only episodically. The resulting source-rate statistics should be interpreted as successful-scene

instantaneous estimates, not as annual mean emissions.

The literature comparison in Table 3 highlights the importance of method and sampling. The ASTER successful-scene mean

410 of approximately 31ktyr—! falls between the IASI box-model estimate of 7.4kt yr~! from Van Damme et al. (2018) and the
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larger EMG-based estimates from Dammers et al. (2019), which are 76.6ktyr—! from CrIS and 66-79ktyr—! from IASL
This intermediate value should be interpreted cautiously because the ASTER statistic is calculated only from successful plume
detections under suitable thermal and surface conditions.

Differences relative to CrIS and IASI may reflect sampling of different emission states, surface heterogeneity, plume mask-
ing, wind assumptions, vertical sensitivity, and the different spatial scales of ASTER and hyperspectral sounders. The Tolyatti
case therefore demonstrates ASTER detectability in a heterogeneous environment, but does not provide a continuous source-

rate record.

Tolyatti, Russia, Lon: 49.614, Lat: 53.544
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Figure 11. Time series of ASTER-derived NH3 source rates at Tolyatti for the period 2000-2025. Black points show successful retrievals,
with vertical bars indicating retrieval uncertainty. The dashed horizontal line marks the successful-scene mean source rate of approximately
31ktyr~!, and the gray shaded region denotes the interquartile range. Symbols along the bottom indicate scenes with unsuccessful retrievals
due to cloud cover, weak thermal contrast, surface heterogeneity, or retrieval-quality filtering. The value shown is a statistic over successful

ASTER plume detections and should not be interpreted as a continuous annual mean emission.

3.2.3 Piesteritz

Piesteritz provides a benchmark for evaluating ASTER NHj3 plume detection close to the lower end of the practical detection
range. The site is a well-characterized European fertilizer production facility and has been observed previously with airborne
hyperspectral TIR imaging (Noppen et al., 2023). This makes Piesteritz particularly useful for testing whether ASTER can
detect moderate industrial NH3 plumes under favorable but more challenging European surface and thermal conditions.
Figure 12 shows a successful ASTER retrieval over Piesteritz on 28 April 2007. The retrieved enhancement is weaker than

for Khor Al Zubair and Tolyatti, but a coherent source-connected structure is visible under suitable observing conditions. The
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425 scene also shows increased background variability and relative uncertainty, illustrating that Piesteritz is close to the practical
detection limit of the ASTER method.

Piesteritz 2007-04-28 10:20:24
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Figure 12. ASTER NHj3 retrieval over Piesteritz on 28 April 2007 (UTC). Panels are as in Fig. 8. The scene illustrates retrieval performance
for a smaller European industrial source close to the practical detection limit, where surface heterogeneity, weaker thermal contrast, and

retrieval noise strongly affect plume detectability.

The ASTER retrievals over Piesteritz yield a successful-scene mean source rate of approximately 4.0kt yr—! (Table 3). This
value should be interpreted as an instantaneous successful-scene statistic rather than an annual mean emission. Only a small
subset of ASTER scenes provides suitable observing conditions, and many retrievals are close to the practical detection limit

430 because of weaker thermal contrast, heterogeneous land cover, and higher background variability than at Khor Al Zubair.
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The most relevant independent comparison for Piesteritz is provided by Noppen et al. (2023), who used the airborne Telops
Hyper-Cam LW instrument to observe NHj3 plumes over the same facility at 4 m spatial resolution in the longwave infrared.
Their detection method was based on a hyperspectral range index, followed by spectral fitting to retrieve NH3 columns. Fluxes
were estimated using both the IME and cross-sectional flux methods, with explicit consideration of two vertical plume sce-
narios: a non-rising plume and a buoyant plume. Their spring 2021 estimates range from 1.6-3.2ktyr~! with IME and 2.2—
5.4ktyr~—! with CSF (Table 3). These values are consistent in magnitude with the ASTER successful-scene mean of approxi-
mately 4.0kt yr—1.

This agreement is encouraging because the two approaches differ substantially in spatial resolution, spectral information,
retrieval method, and temporal sampling. Hyper-Cam LW provides hyperspectral measurements at meter-scale resolution and
can explicitly fit interfering species and surface temperature, whereas ASTER relies on broadband multispectral radiances
and a LUT-based split-window observable. In addition, Noppen et al. (2023) showed that plume altitude and thermal contrast
can strongly affect retrieved NH3 columns. These same factors are expected to influence the ASTER retrieval, especially
because the ASTER method assumes a simplified near-surface NHg vertical distribution. The consistency with the airborne
range therefore supports the physical plausibility of the ASTER Piesteritz retrievals, but does not constitute direct validation

of individual ASTER overpasses.

Piesteritz, Germany Lon:12.58585 Lat:51.876958
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Figure 13. Time series of ASTER-derived NH3 source rates at Piesteritz for the period 2000-2025. Black points show successful retrievals,
with vertical bars indicating retrieval uncertainty. The dashed horizontal line marks the successful-scene mean source rate of approximately
4.0ktyr~!, and the gray shaded region denotes the interquartile range. Symbols along the bottom indicate scenes with unsuccessful retrievals
due to cloud cover, weak thermal contrast, surface heterogeneity, or retrieval-quality filtering. The ASTER value is not an annual mean

emission, but a mean over successful instantaneous ASTER plume snapshots.
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4 Discussion

This study demonstrates that multispectral TIR imaging can detect NH3 plumes at facility scale under favorable observing
conditions. Although ASTER has only five broad TIR bands, band 13 overlaps with the NH3 v» absorption region and retains
measurable sensitivity after convolution with the instrument SRFs. The differential response between bands 13 and 14 provides
a physically interpretable observable for plume detection at 90 m spatial resolution. This spatial resolution enables plume-scale
source attribution that is not possible with current hyperspectral sounders such as IASI and CrIS.

The sensitivity analysis shows that thermal contrast is the primary control on ASTER NHj detectability. When the surface
is warmer than the NHs-bearing layer, NH3 absorbs radiation from the warmer surface background and reduces the top-of-
atmosphere radiance measured in band 13. Around zero thermal contrast, the radiance response to NH3 becomes weak and the
retrieval becomes noise dominated. For stronger thermal contrast, the LUT sensitivity increases and the noise-equivalent NH3
column decreases to values of order 1017~10*® molecules cm~2 under favorable conditions. These values should be interpreted
as theoretical single-pixel sensitivity limits, not as guaranteed plume detection thresholds.

In real ASTER scenes, practical plume detection is more restrictive than the idealized noise-equivalent limit. Robust detec-
tions require spatially coherent enhancements, favorable thermal contrast, sufficient radiometric precision, and limited surface-
related structure in the band ratio. This explains why the method performs best over Khor Al Zubair, where hot arid conditions
often provide strong thermal contrast and limited cloud contamination. However, the desert background is not automatically
low-noise. Mineral emissivity variability, surface temperature structure, suspended dust, and dust storms can affect the TIR
radiances and may contribute to structured retrieval noise in parts of the scene (Ginoux et al., 2012; Someya et al., 2020).
Tolyatti and Piesteritz show that ASTER can also detect NH3 plumes in more heterogeneous environments, but with reduced
sampling and larger sensitivity to surface emissivity variability, retrieval noise, and plume-mask definition.

The comparison with published source-rate estimates provides useful context but should not be interpreted as direct valida-
tion. For Khor Al Zubair, the ASTER successful-scene mean is close to the CrIS EMG estimate from Dammers et al. (2019),
but higher than the IASI box-model baseline from Van Damme et al. (2018). For Tolyatti, the ASTER estimate lies between the
lower IASI box-model estimate from Van Damme et al. (2018) and the larger CrIS and IASI EMG estimates from Dammers
et al. (2019). For Piesteritz, the ASTER successful-scene mean is consistent in magnitude with the airborne Hyper-Cam LW
estimates from Noppen et al. (2023). The spread between studies is large and strongly method dependent, reflecting differences
in spatial resolution, temporal sampling, plume treatment, lifetime assumptions, wind treatment, and vertical sensitivity.

The Piesteritz comparison is particularly informative because Noppen et al. (2023) used high-resolution airborne hyperspec-
tral TIR imaging and explicitly tested the effect of plume-rise assumptions on retrieved NH3 columns and fluxes. Their results
show that thermal contrast and vertical plume distribution can strongly affect flux estimates, and that the sensitivity to plume-
height assumptions decreases when thermal contrast is more favorable. This supports one of the main limitations identified for
ASTER: plume detection can be robust under favorable conditions, while quantitative source-rate estimates remain sensitive to

the assumed vertical distribution of NH3. Future work could reduce this uncertainty by coupling the retrieval to plume trans-
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port modelling, for example using HYSPLIT or a similar Lagrangian dispersion model to test plausible plume heights, vertical
distributions, and transport pathways for each overpass (Stein et al., 2015).

Flux estimation is therefore more uncertain than plume detection. The IME method depends on the retrieved plume mass,
plume mask, background subtraction, wind speed, wind direction, plume length scale, and the effective wind speed parame-
terization. In this study, wind information is taken from ERAS and used as a grid-scale transport constraint. This provides a
practical first-order estimate, but it may not represent plume-scale winds at the emission height or at the exact ASTER over-
pass time. Local flow, coastal effects, boundary-layer structure, plume rise, turbulence, and short-timescale wind variability
can all contribute to differences between the observed plume direction and the ERAS wind direction. Because the IME source
rate scales with the effective wind speed, wind-field uncertainty directly affects the retrieved (), in addition to differences in
retrieved plume mass and plume-mask geometry. The U.g parameterization used here was originally developed for methane
plumes and is not necessarily optimal for NH3, where deposition, chemistry, plume rise, and near-source vertical mixing may
influence the observed plume mass. The source rates reported here should therefore be interpreted as instantaneous effective
source-rate estimates for the observed plume extent, not as annual mean emissions or continuous facility-average emissions.

Surface emissivity remains a major systematic uncertainty. In this study, emissivity is prescribed using ASTER GED V3
rather than retrieved independently for each plume scene. This avoids absorbing plume-induced band 13 radiance reductions
into scene-specific emissivity retrievals, but it cannot fully represent day-to-day or sub-pixel variations in land surface prop-
erties. This limitation is relevant not only for heterogeneous vegetated and urban scenes, such as Tolyatti and Piesteritz, but
also for arid scenes where mineral emissivity variability, surface temperature structure, suspended dust, and dust storms can
affect the TIR radiances. Future retrievals should quantify the sensitivity to emissivity assumptions by perturbing the prescribed
emissivity, for example by 0.005-0.01, and by testing band-dependent emissivity constraints.

The current LUT treats NHj as the only variable absorber. This is suitable for demonstrating feasibility, but it can introduce
biases in industrial regions where other gases, aerosols, dust, smoke, or surface features affect the same broad ASTER bands.
Several diagnostics support the interpretation of the retrieved structures as NH3 plumes: the enhancements are strongest in the
NH3-sensitive band 13 relative to band 14, are spatially connected to known industrial NH3 sources, show coherent plume-
like morphology, and occur under thermal-contrast conditions where the LUT predicts measurable NH3 sensitivity. Repeated
detections at Khor Al Zubair further support the robustness of the signal. However, these diagnostics cannot fully eliminate
interference from other absorbers or surface effects.

ASTER is not an operational NH3; monitoring instrument. Its revisit frequency, cloud sensitivity, and dependence on ther-
mal contrast limit temporal sampling. The method is therefore best suited for retrospective analysis of favorable scenes over
large, persistent sources, and for plume-scale source attribution rather than routine emissions monitoring. Nevertheless, the
long ASTER archive provides a valuable opportunity to identify historical plume events and to complement coarse-resolution
hyperspectral sounders.

The retrieval framework is transferable to other multispectral TIR imagers with suitable spectral coverage. Instruments such
as the ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) and the Landsat Thermal

Infrared Sensor (TIRS) provide complementary high-resolution TIR observations with different spatial, spectral, and sampling
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characteristics (Reuter et al., 2015; Fisher et al., 2020). Future missions with improved spatial, spectral, and temporal coverage
could enable more systematic NHs plume monitoring. A more targeted TIR imaging concept, with bands placed around the
NH; v, absorption feature and nearby reference windows, could improve point-source sensitivity relative to a broad-band
instrument such as ASTER. This could support a future observing strategy in which wide-area NH3 mappers are complemented
by high-spatial-resolution point-source imagers, analogous to the emerging split in CH4 remote sensing. More broadly, these
results show that high-resolution TIR band imagers can complement hyperspectral sounders by resolving plume structure

around individual sources.

5 Conclusions

We developed and tested a physically based retrieval framework for detecting NH3 plumes from ASTER multispectral TIR ob-
servations. The method combines TFIT radiative transfer simulations, a LUT-based inversion, scene-level radiance correction,
plume segmentation, and IME-based source-rate estimation. NH3 enhancements are retrieved from the differential response
of ASTER bands 13 and 14, with band 13 providing sensitivity to NHg absorption and band 14 acting as a nearby reference
channel.

Sensitivity simulations show that ASTER can preserve measurable NH3 radiance signals after convolution with the broad
TIR spectral response functions. Detectability depends strongly on thermal contrast. Around zero thermal contrast, the NHj
signal becomes weak and retrievals are noise dominated. For stronger thermal contrast, sensitivity improves and theoretical
single-pixel noise-equivalent columns reach values of order 1017—10'® molecules cm~2 under favorable conditions.

Application to industrial point sources demonstrates that ASTER can resolve NH3 plume structure at 90 m spatial resolu-
tion. Khor Al Zubair provides the clearest demonstration, with repeated successful detections under favorable desert conditions.
Tolyatti shows that ASTER can detect plumes in a more heterogeneous non-desert environment, but only episodically. Pies-
teritz demonstrates that moderate European industrial sources can be detected under suitable conditions, close to the practical
sensitivity limit of the method.

The strongest result of this study is plume detection and source attribution. Source-rate estimates derived with the IME
method are useful as instantaneous effective estimates for successful plume scenes, but they remain sensitive to wind speed,
wind direction, wind-field representativeness, plume masking, background subtraction, vertical plume distribution, emissivity
assumptions, and possible spectral interference. The successful-scene means reported here should therefore not be interpreted
as annual mean emissions.

Comparison with published IASI, CrIS, and airborne Hyper-Cam LW estimates shows that the ASTER source-rate statistics
are generally within the broad range of previous satellite and airborne estimates, but the spread is large and method dependent.
This reinforces that ASTER provides complementary plume-scale information rather than a direct replacement for hyperspec-
tral satellite or airborne retrievals.

These results establish that high-resolution multispectral TIR imagers can complement hyperspectral NH3 sounders by

resolving facility-scale plume structure. While ASTER cannot provide routine monitoring for most NHj sources, its archive
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enables retrospective analysis of favorable scenes over large emitters. Future work should focus on emissivity sensitivity tests,
multi-species LUTs, NHgs-specific transport parameterizations, improved characterization of plume-scale winds, improved

radiance-correction characterization, and application to additional current and future TIR imaging instruments.
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