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Abstract. The Earth Explorer 9 Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM) mission will
bring the first satellite instrument capable of observing the Earth’s far infrared (FIR) spectra with a high spectral resolution.
Using an ad-hoc pseudo-observations (PO) simulator, we generate FORUM PO that we use to evaluate its sensitivity to dust
aerosols. We compare the sensitivity of the FIR (15-100 um) part of the spectra to that of the mid infrared (MIR, 2.5-15 um)
as observed by the Infrared Atmospheric Sounder Interferometer — New Generation (IASI-NG) instrument. Different dust
scenarios are tested, in terms of mineralogy, source region and background atmosphere, burden and vertical distribution. The
simulations in this study show a clear FIR spectral signature of dust in the Earth’s atmosphere, and a corresponding dust
sensitivity in the FIR spectra. The analysis of spectral signatures and Jacobians suggests that the FORUM observations are
expected to bring an added value to dust observations from satellite, with respect to MIR-only, especially in cases of large
burdens of mid-to-long-range transported plumes of dust in the free and upper troposphere. At these conditions, the FIR
contributes up to the 50% of the overall infrared sensitivity, and the impact of interfering species, like water vapour, is limited.

More quantitative estimations of the inherent information content are needed to corroborate our results.

1 Introduction

Airborne mineral dust is likely the most abundant aerosol type by mass in the Earth’s atmosphere, accounting for several Tg
of emissions per year (Huneeus et al., 2011; Kok et al., 2023). Dust aerosols are emitted by aeolian erosion of bare soils and
can be transported at long distances through atmospheric dynamics (e.g. Prospero et al., 1999; Di Biagio et al., 2021; Merdji
et al., 2024). Mineral dust emission and its transport have important impacts on the Earth’s system, by perturbing the
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atmospheric composition, clouds fields and biogeochemical processes, e.g. through deposition into the oceans (Knippertz and
Stuut, 2014). In addition, due to their interaction with shortwave and longwave radiation, dust layers play also a crucial role
in the Earth’s radiative balance and climate system (e.g. Miller et al., 2014; Kok et al., 2023). These impacts of dust particles
are dependent on their mineralogical composition, size, shape and spatial and vertical distribution (e.g., Liao and Seinfeld,

1998; Colarco et al., 2014).

Dust layers can be detected, and the spatiotemporal variability of their burden can be reasonably characterised at large spatial
scales, using satellite observations. These observation capabilities have progressed with increasing precision since about three
decades (e.g. Husar et al., 1997; Banks and Brindley, 2013; Cuesta et al., 2015; Zheng et al., 2022). Nevertheless, dust optical,
microphysical and chemical properties are not yet sufficiently constrained with such measurements. Of particular importance
is the characterisation of dust mineralogy. The information on mineralogy is not yet fully accessible from satellite observations,
even though mineral signatures exist in the ultraviolet—visible (UV—Vis, ~300 — 800 nm), Visible to Short Wavelength Infrared
(VSWIR, ~350—2500 nm) and infrared IR regions (Sokolik et al., 1999; Sokolik, 2002; Di Biagio et al., 2014; 2023). In
particular, the UV-Vis and VSWIR spectral domains include the absorption signatures of minerals contained in the dust fine-
fraction, such as iron oxides and clays, while the mid IR range (MIR, 2.5 — 15 pum) is more sensitive to the presence of
coarse — sized silicates and carbonates (Moosmuller et al., 2012; Di Biagio et al., 2017, 2019, 2023; Sadrian et al., 2023).
Retrieval of dust mineral content based on optical signatures in satellite observations started to be exploited only recently using
UV-Vis and VSWIR observations (Go et al., 2022, Sawlani and Das, 2022), including those from the EMIT (Earth Mineral
dust source InvesTigation) mission (Green et al., 2021; Connelly et al., 2021), as well as MIR observations from the IASI
(Infrared Atmospheric Sounder Interferometer) mission (Alalam et al., 2024). Other parameters of the dust layer, like the size
and vertical distribution, are also still scarcely accessible with existing satellite observing systems despite growing efforts of

the scientific community (e.g. Pietrangelo et al., 2005, Vandenbussche et al., 2013, Cuesta et al., 2020; Zheng et al., 2023).

The far-infrared (FIR, 15-100 um) region of the atmospheric spectrum is expected to contain spectral dust signatures, so to be
potentially useful to detect and characterize dust from space (Di Biagio et al., 2025). In addition, high-spectral-resolution FIR
observations contain signatures of many essential climate variables, driving and responding to climate change, like parameters
associated with clouds, water vapour and the Earth’s surface (e.g. Palchetti et al., 2020). More in general, an effective and
global observation of the full infrared spectrum of the radiation emitted by the Earth and atmosphere is essential to quantify
and follow the temporal evolutions of the Earth’s radiative budget. Up to now however while the Earth’s spectra in the MIR
have been routinely observed from space-borne instruments since a relatively long time, e.g. with the IASI series (e.g. Clerbaux
et al., 2009), the outgoing FIR spectral radiation has not been yet observed routinely and at high spectral resolution from

satellites.

To fill this gap and gather insights into the Earth’s emission spectra in the FIR range, the Far-infrared Outgoing Radiation
Understanding and Monitoring (FORUM) mission has been selected by the European Space Agency (ESA) for the Earth

Explorer 9 programme and is expected to be launched in 2027 (https:/www.forum-ee9.eu). The overarching goal of the
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FORUM mission will be to evaluate the role of the FIR spectral region on climate (Palchetti et al., 2020). The main FORUM
instrument will be a nadir sounder that will cover the FIR spectrum from 100 to 1600 (100—6.25 um) with a nominal spectral
resolution of 0.5 cm, thus filling the existing observational gap across the FIR. An additional spectral broadband imager will
also be present on the FORUM spacecraft, but its observations are not simulated in this paper. The observation geometry of
the FORUM sounder will be based on an individual nadir ground footprint of 15 km horizontal resolution and an across-track
sampling of about 100 km. The FORUM spacecraft will fly, in a sun-synchronous orbit, in loose formation with IASI-NG
(Infrared Atmospheric Sounder Interferometer — New Generation), so to exploit possible synergies of FIR and MIR
observations. The IASI-NG (Crevoisier et al., 2014), heritage of the IASI instrument, is a nadir MIR (645-2760 cm™!, i.e. 3.62-
15.50 pm) instrument, onboard the MetOP-SG (Meteorological Operational Satellite - Second Generation) satellite series. The
first MetOP-SG satellite was launched on August 2025 (https://cnes.fr/projets/iasi-ng).

The expected sensitivity of the FIR spectra observed by FORUM to a number of climate variables, i.e. water vapour
concentration, surface emissivity, radiative fluxes and clouds properties, was discussed by Palchetti et al. (2020). In this paper,
and with an assessment methodology similar to the one of Palchetti et al. (2020), we extend their results to the estimation of
the expected sensitivity of FORUM observations to dust aerosol layers, their burden, mineralogical composition and vertical
profile shape. This analysis is performed in different background atmospheres, in particular typical of polar and tropical
conditions. A comparative analysis of FIR and MIR observation capabilities of dust, and their complementarity, is carried out
to put the expected dust sensitivity of the FORUM observations into the more general context of infrared satellite observations
and their coupling. As done by Palchetti et al. (2020), we limit our study to the analysis of the FIR dust spectral signatures, for
different atmospheric and dust scenarios, and of the FORUM sensitivity to dust in terms of Jacobians, and their comparisons
with the MIR-only sensitivity of IASI-NG. This represents a first analysis of the expected sensitivity to dust of FORUM
observations, and of the FIR spectral range in general. This work paves the way to more quantitative estimations of the dust
information content in the FIR and FORUM observations, e.g. though an established retrieval algorithm, which are not carried

out in the present work.

2 Methods

2.1 FORUM and IASI-NG PO simulator

This analysis is carried out using a set of spectral radiance pseudo-observations (PO), i.e. synthetic observations of the outgoing
infrared spectra, generated with the PO simulator based on the conceptual scheme shown in Fig. 1. We simulate spectral
observations of FORUM and IASI-NG, so to compare the dust sensitivity in the FIR (provided by FORUM PO) with the one
in the MIR (provided by IASI-NG PO).
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Figure 1: Scheme of the PO simulator used in this work

The two instruments, FORUM and IASI-NG, are defined by means of their technical specifications, and in particular their
Instrumental Spectral Response Function (ISRF) and spectral sampling. These specifications are obtained though CNES
(Centre National d’Etudes Spatiales) official working groups for the two instruments. The spectral resolution is 0.50 cm™, for
FORUM PO, and 0.25 cm’!, for IASI-NG PO (Crevoisier et al., 2014), respectively. In our simulations, the instrumental
radiometric noise is not added to the PO, as this is expected to provide a very minor impact on the measurement of broad-band
spectral features such as those associated with aerosols. The simulations are realised as individual and isolated nadir
observations (with zero-nadir-angle geometry only), without any detailed representation of FORUM and IASI-NG observation
geometry at larger spatiotemporal scales. Spatiotemporal co-location of the two instruments is also not represented in this

work.

Core of the PO simulator is the Karlsruhe Optimized and Precise Radiative transfer Algorithm (KOPRA) radiative transfer
model (RTM) (Stiller et al., 2002). The KOPRA RTM, initially developed for simulating the observation of MIR spectra (e.g.
Eremenko et al., 2008, Sellitto et al., 2013), is here extended to the FIR (i.e. the RTM here called KOPRA-FIR). A pure nadir
observation geometry is used in this work, so with a zero-azimuth angle. The background atmospheric state is defined with
vertical profiles of temperature, water vapour, ozone and other trace gases at 1-km vertical resolution, for two standard AFGL
(Air Force Geophysical Laboratory) atmospheres (Anderson, 1986), i.e. a tropical and a polar atmosphere. Temperature and
water vapour concentration profiles for the two background atmospheric states are shown in Fig. S1. Dust aerosol layers are

put into these two standard atmospheres, and are described in the following sections.
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2.2 Dust models for vertical distribution, size, composition and complex refractive index

Radiative transfer calculations are performed using the KOPRA RTM, incorporating dust aerosol parameters as inputs,

including their vertical distribution, size distribution (SD), and complex refractive index (CRI).

In this study, two different vertical distributions are tested, one with a maximum at the surface and the other peaked at 5 km
altitude, to simulate both local and transported dust layers. The choice of a 5-km high peak for transported dust is made to
represent an average case, considering that the altitude for dust transport can be variable but reported to reach up to 10 km

(e.g. Merdji et al., 2023; Ratcliffe et al., 2024; Di lorio et al., 2009). The two dust vertical profiles are shown in Fig. S2.

The particle SD is defined in the KOPRA RTM as single lognormal mode centred at the number median diameter (NMD) of
2.03 um and a width (o) of 1.9. This corresponds to an average volume median diameter (VMD) of 7.0 um which is within
the source and mid-range transport VMD value as synthetized by Formenti and Di Biagio (2024). To note that due to a technical
limitation in the RTM, the o of the dust size distribution cannot be higher than 2, resulting however in a SD narrower than the
synthesis reported in Formenti and Di Biagio (2024) (see Supplementary Figure S1). These SD parameters are similar to what
used in IASI retrievals, e.g. by Clarisse et al. (2019).

In terms of the CRI, data are not presently available in the literature for dust, in the FIR spectral range. Therefore the spectral
CRI is calculated based on the volume mixing approximation (VMA) in the whole 2.5 to 100 pm spectral range including MIR
and FIR, based on existing CRI for single minerals that compose dust aerosols. The VMA assumes that the mineral phases in
the dust samples are internally mixed, so that the real and imaginary parts of the dust CRI are obtained as the volume-average

of the CRI of its single mineral constituents as:
CRI =ZLU1CRIL (1)

where vi is the volume fraction of each individual mineral composing dust and CRlI; is its complex refractive index. The internal
mixing hypothesis differs from the real conditions as minerals in dust are externally mixed, except for iron oxides, which may
be found as inclusions in clays (Sokolik and Toon, 1999). This hypothesis, combined with the fact that the CRI for single
minerals is often not perfectly representative of aerosol particles, leads to a general misprediction of the CRI (e.g., Sadrian et
al., 2023). However, the internal mixing hypothesis can represent a mean of evaluating the effect of the variability of
composition on dust optical properties especially when those are unknown in a spectral region, as it is the case of the FIR
spectral range. In the present analysis, the objective is to test the sensitivity of FORUM observations to dust presence and
differences in their characteristics. To this aim, the CRI was calculated considering four different dust mineralogical
compositions, including two cases representative of low and mid latitude dust (LMLD), and two cases representative of high
latitude dust (HLD). The mineralogical compositions and the spectral imaginary part of the CRI, for the four samples, are
shown in Fig. 2. For LMLD the mineralogy of Morocco (referred as LMLD1) and Australia (referred as LMLD2) dust as
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reported by Di Biagio et al. (2017) are chosen. These two represent contrasted cases, with LMLD1 dust richer in carbonates
compared to LMLD2, which has instead a higher iron oxides and quartz content. For HLD, two mineralogical compositions
are set being close to the ones reported by Baldo et al. (2020) for two contrasted Icelandic samples, the Iceand-H (Hagavatn)
(referred as HLD1) and the Iceland-M (Myrdalssandur) (referred as HLD2). The HLD1 sample is characterized by a very low
glass content and high feldspar content, while the HLD2 is dominated by amorphous glass. Including HLD in our analysis is
of relevance from a climate change perspective, considering the emerging role of HLD in the Arctic climate (Meinander et al.,
2022, 2025) and the key contribution of the infrared spectral domain to the radiative budget in polar areas. To note however
that, as current knowledge on HLD is limited to Iceland, which can be considered a specific case due to the volcanic origin of
the surface sediments, the regional representativeness of HLD1 and HLD2 remains limited. For this study the effective real
and imaginary part of the CRIs was calculated using the VMA from 100 to 2000 cm™ (5 to 100 pm), while data between 2000
and 30000 cm™ (0.33 to 5 um) are linearly extrapolated based on the experimental indices from Di Biagio et al. (2019) and
Baldo et al. (2023) between 0.37 and 0.95 pm for the same samples. Further details of the CRI calculations and the references
for the individual minerals data are reported in the Supplementary material. The general spectral features of the calculated
VMA-based CRIs used in this work are consistent with experimental CRIs in the MIR for Moroccan and Australian dust when
compared to the ones of Di Biagio et al. (2017). Despite, a significant overestimation of the imaginary part of the CRI is
observed for the VMA calculations (Fig. 2) as well as relevant discrepancies of the absolute value of the real part in

correspondence of resonant peaks (Supplementary Fig. S2).

The SD and CRI information described above, at the different altitudes identified by the vertical distribution information, is
used to estimate the spectral optical properties of the dust layers (extinction, angular scattering and absorption properties of
the layer) though a Mie code for homogeneous spherical particles embedded within KOPRA-FIR. The effect of dust particles
asphericity on their optical properties calculations with a Mie code was estimated smaller than 10% in the MIR (e.g. Pierangelo
et al., 2004) and is expected to be even smaller at longer wavelengths in the FIR spectral region (e.g. Bohren and Huffman,

1983).
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170 Figure 2: The spectral imaginary part of the complex refractive indices calculated using the VMA method (in black) compared with
the experimental measurements from Di Biagio et al. (2017) for LMLD1 and LMLD?2 (in green). The mineralogical composition (%
in volume) of the four dust samples is also shown in the inlets. The spectral data for the real part of the CRI are shown in
Supplementary Figure S2.

2.3 Pseudo-observations (PO) output data set for FORUM and IASI-NG

175 The outputs of the PO simulator are the FORUM and IASI-NG spectral radiance POs R(v) (where v is the wavenumber), for
background atmospheres and for atmospheres with dust layers. In case of dust presence, we consider different scenarios,
summarised in Tab. 1. Based on polar or tropical background atmosphere, we vary the dust type (LMLD or HLD) its
mineralogy, its burden in terms of AOD and its vertical profile distribution. In addition, to get more insights into the sensitivity
of the PO spectra, we also compute the Jacobian matrices K(v, z) (where z is the altitude) for each experiment and for the two

180 instruments, i.e. the partial derivative of the radiance spectra R(v) with respect to the dust number distribution N (z):

OR(N(2),A)
Rv.2)==1~ (M



185

190

195

Table 1: Different atmospheric and dust scenarios considered in the present study.

Number of
Parameter . Values
scenarios
] 2 Low-latitudes (LMLD1, LMLD?2),
Dust type and mineralogy 4
2 High-latitudes (HLD1, HLD2)
. 0.2
AOD (average value in the FORUM spectral range) 2 05
. Peak at surface (local),
Dust vertical profile 2
Peak at 5 km (transported)
Polar
Background atmosphere 2
Tropical

3 Results

3.1 Dust spectral signature in the FIR

As a first experiment, we analyse the scenarios with both LMLD and HLD in a polar atmosphere, with a dust vertical profile
peaking at 5 km altitude. This configuration is intended to represent cases of different types of dust uplifted and possibly
transported towards the poles. On the one hand, poleward transport represents an established pathway for LMLD injections at
high altitudes, in link to episodes of emissions over major desert source regions coupled with vertical transport due to strong
convection (e.g. Zhao et al., 2006; Zhao et al., 2022). On the other hand, this configuration can be associated with a larger FIR
sensitivity to dust than at tropics due to a dryer atmosphere and a higher altitude of the dust layer. Figures 3a,b show FORUM
and IASI-NG PO spectra for the four dust types and the two AOD values, at these conditions, as well as PO spectra with a
background atmosphere. These latter are defined as PO spectra obtained with the same atmospheric and instrumental
configurations but without any dust layer, and are used as a baseline reference spectrum. Figures 3c,d show the spectral
signatures of the four dust types and two AOD values, defined as the difference of the background and the dust-laden FORUM
and IASI-NG PO. One notable aspect of the FORUM PO and, more in general, FIR spectral signatures is that they are, as
expected, strongly affected by water vapour absorption lines. This is one marked difference with respect to IASI-NG PO and
MIR signatures. The very large sensitivity of FORUM observations, and FIR observations more in general, to water vapour is

discussed by Palchetti et al. (2020) and its implications will be further discussed for our FORUM PO in Sect. 4.3. Despite this,
8
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is comparable in the FIR and the MIR, reaching, in both cases, peak signatures around 10-25 mWm2sr''cm™ depending on the
AOD. The spectral signatures of these dust layers on the FORUM and IASI-NG are up to two orders of magnitudes larger than
FORUM and IASI-NG radiometric noise. This latter is represented as the FORUM and IASI-NG noise equivalent spectral
radiance (NESR), set as values of 0.4 and 0.1 mWm?sr'lcm™!, for FORUM and IASI-NG, respectively. It is well known that
dust exhibits distinct spectral features in the MIR range, which have been used in the past for its detection and characterisation
with instruments such as IASI (e.g. Cuesta et al., 2015, Capelle et al., 2018, Clarisse et al., 2019). The simulations in this study
show additionally a clear FIR spectral signature of dust in the Earth’s atmosphere. Despite a comparable spectral radiance
signature in the MIR and the FIR, Fig. 3 suggests that the FIR is slightly less sensitive than the MIR to the dust type
(mineralogy). Both the FIR and the MIR spectral signatures vary considerably with the AOD, and then the dust burden (2 to 3
times larger signatures for AOD=0.5 than 0.2, in this case).

Background (no aerosol)

Low-latitude dust:
LMLD1, AOD=0.2
LMLD1, AOD=0.5

High-latitude dust:
HLD1, AOD=0.5

HLD2, AOD=0.5
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Figure 3: Merged FORUM and IASI-NG PO spectra for low- (a, curves in red and yellow shades) and high-latitude dust (b curves
in green and blue shades), with different FIR AOD values (see Tab. 1). The aerosol source regions, for both low- and high-latitudes
dust samples (see Fig. 2) are indicated in the panels. A background spectrum, i.e. with the same configuration but without any dust
layer, is shown as a black curve in panels a and b, as a baseline reference. Spectral signatures of the different dust layers, i.e. the
difference of the background and the dust-laden FORUM and IASI-NG PO are shown in panels ¢ and d. The FORUM and IASI-
NG average noise equivalent spectral radiance (NESR) is shown in panels c and d.

Then, we analyse the role of the vertical distribution of the dust layer on influencing the PO spectra and the dust spectral
signatures. Figure 4 shows FORUM and IASI-NG PO spectra and background-screened spectral signature, for a fixed
atmosphere (polar) and aerosol type (LMLD1 sample) and burden (AOD=0.5), with the two vertical distributions in our data
set, i.e. peaking at surface and at 5 km altitude. As expected, higher-altitude dust layers are associated with larger and better

distinguishable spectral signatures. The spectral signatures depend less on the vertical distribution of the dust layer than on its
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AOD (compare Figs. 3 and 4). Nevertheless, Fig. 4 suggests that the FIR spectral signature is more sensitive to the dust vertical
profile than in the MIR. The difference in the spectral signatures for the two vertical profiles reaches values as large as 40%

in the FIR, between 400 and 500 cm™!, and does not exceed 15-25% in the MIR, peaking at about 1100-1200 cm™.
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Figure 4: Merged FORUM and IASI-NG PO spectra for the case of Australia dust sample, with a FIR AOD=0.5, and the two
different vertical profiles (profile 1, red curve: peaking at S km altitude; profile 2, yellow curve: peaking at surface) (a). A
background spectrum, i.e. with the same configuration but without any dust layer, is shown as a black curve in panel a, as a baseline
reference. Corresponding spectral signatures (b).

3.2 FORUM spectral sensitivity

With a similar method as done by Palchetti et al. (2020) for other atmospheric parameters, we estimate the sensitivity of
FORUM PO using the Jacobians K(v, z) with respect to dust number concentration. This quantity represents the variability of
the PO spectra for a unit variation of dust number concentration (here in particles per cm?) at a given altitude. Figures 5a,b
show the dust Jacobians for FORUM and [ASI-NG, for a polar scenario with LMLD2 sample dust, with an AOD=0.2 and a
vertical dust profile peaking at 5 km altitude. As the addition of dust in an infrared nadir observation decreases the observed
spectral radiance, due to dust absorption and scattering of infrared radiation (see, e.g. Figs 3 and 4), the values of the Jacobians
are consistently negative, reaching values as large as a few mWmsr''cm™ for a unit increase of dust number concentration in
sensitive bands. Two main sensitive bands can be found in the FIR (about 100 to 650 cm™) and the MIR (about 700 to 1200
cm!), for dust perturbations at about 5 to 40 km altitude range. It is worth mentioning that dust perturbations at altitudes higher

10
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than 10 km are very unlikely, due to typical dust emission and vertical transport processes (Huang et al., 2015). One notable
aspect emerging from the comparison of the FORUM and IASI-NG Jacobians in Figs. 5a and b is that the full extent of the
spectral sensitive regions to dust is contained in FORUM spectra, which cover the two mentioned sensitive FIR and MIR
bands. It is still important to notice, however, that FORUM has a lower spectral resolution, a larger radiometric noise and
significantly scarcer spatiotemporal coverage than to IASI-NG. Nonetheless, FORUM will be the only instrument to offer full
spectral coverage of dust sensitive bands FIR and MIR As such, FORUM observations would provide the additional FIR

sensitive band noticeable in Figs. 3-5 to the much spatiotemporally denser IASI-NG observations.
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Figure 5: FORUM (a) and TASI-NG (b) Jacobians K(v, z) with respect to the aerosol number density, for the case of Australia dust
sample, with a FIR AOD=0.2, a vertical profile peaking at 5 km altitude, in a polar atmosphere. Average aerosol sensitivity,
quantified through the average Jacobians at different FIR (curves in green shades) and MIR sub-regions (curves in yellow-red
shades) (c). Specific spectral intervals of these sub-regions are listed in the figure, with colours corresponding to those of the curves
in panel c. The spectral aerosol sensitivity is estimated using FORUM Jacobians, for the FIR, and IASI-NG Jacobians, for the
MIR.

We also provide the average dust sensitivity in selected FIR and MIR sub-bands in Fig. 5c. The different spectral ranges for
these sub-bands, selected based on the main intervals of different sensitivity visible in Figs. 5a-b, are mentioned in the figure.
Most of the sensitivity is in the sub-bands 400-667 cm™! for the FIR, and 800-1000 cm™! for the MIR. Comparing these two
sub-bands in Fig. 5c, it is apparent that the FIR has a significant integrated dust sensitivity, even though it is still slightly
smaller than the MIR (about 20% smaller, on average). The sensitivities in the FIR and MIR are somewhat complementary.
The FIR has, in general, a more peaked average sensitivity at about 5-10 km, while the MIR has a lesser vertical variability
(see Fig. 5¢). This suggests a possible added-value of the FORUM observations to increase vertical sensitivity of dust retrievals,
e.g. when coupled with IASI-NG observations. The more defined peak at 5-10 km also suggests the possible capability of
FORUM to observe high-altitude and long-range transport of dust plumes. On the contrary, the FIR region is much less

sensitive than the MIR region to dust in the lower troposphere.
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Having identified the main dust-sensitive spectral sub-regions in the FIR and the MIR, we derived the integrated dust
sensitivity, by summing up the Jacobians in the FIR (300-667 cm™) and MIR (800-1200 cm™) spectral regions mentioned
above. This is a parameter that can be directly compared with the water vapour FIR sensitivity estimated by Palchetti et al.
(2020) (see Figure 6 therein). Figure 6a,b show the total dust sensitivity, for the same atmospheric scenario and dust vertical
profile of Fig. 5, for an AOD=0.2 and 0.5, and for two dust types representing low to mid- (LMLD2) and high-latitude dust
(HLD1). Total dust sensitivities peaking at values in the range 130-100 mWm™sr"! per unit number concentration, for the FIR,
and 200-120 mWmsr™! per unit number concentration, for the MIR, are obtained. The relative importance of FIR and MIR
total sensitivities depends on both the burden and type/mineralogy of dust. In general, a smaller sensitivity is observed for both
the FIR and MIR in case of larger burdens in terms of the AOD. This can be explained by the definition itself of the Jacobians,
i.e. the spectral radiance variability for a unit number concentration increase. In case of large burdens, a unit increase of number
concentration is associated with a smaller percent increase in the dust concentration, and then a smaller impact on the spectra.
The FIR sensitivity has a larger relative importance in the case of large burdens. The FIR relative importance seems larger for

LMLD?2 than HLDI, suggesting a sensitivity to the specific mineralogical features.
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Figure 6: Aerosol sensitivity integrated in the sensitive FIR (300-667 cm™) and MIR (800-1200 cm™) spectral regions, for a low-
latitude (LMLD?2, panel a) and a high-latitude (HLD1, panel b) dust sample. The FIR sensitivity is represented by yellow (panel a)
and light blue (panel b), and the MIR sensitivity is represented by red (panel a) and dark blue (panel b) curves. In both panels a and
b, scenarios with AOD=0.2 and 0.5 are represented as solid and dotted lines, respectively. The sensitivity improvement for the four
scenarios is in panel c: red and blue curves are for low- and high-latitude dust, solid and dotted lines for AOD=0.2 and 0.5
respectively. All scenarios are for a dust layer peaking at 5 km altitude and for a polar background atmosphere.
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To quantify the improvement in the overall infrared sensitivity to dust expected from the inclusion of the FIR observations of

FORUM, we estimated the parameter & defined as:

£ =100+ —ER__ @)

SFIR+SMIR

where Srr and Smr are the total FIR and MIR dust sensitivity of Figs. 6a,b. Figure 6¢ shows the vertical profiles of the
sensitivity improvement & for the four cases of Fig. 6a,b and discussed above. The FIR sensitivity improvement of Fig. 6
confirms the main points mentioned above. The FIR contribution is larger at altitudes higher than about 5 km, contributing
about 40-50% of the overall infrared sensitivity e.g. in the upper troposphere, this contribution being larger for large dust
burdens and the tested HLD mineralogical cases. Thus, the FORUM observations are expected to bring a marked added value
to dust observations from satellite, especially in cases of large burdens of mid-to-long-range transport of dust in the free to

upper troposphere.
3.3 Concurrent sensitivity to dust and water vapour

Even if Fig. 6 suggests a comparable sensitivity to dust in the FIR and the MIR, with the FIR contributing up to 50% to the
overall infrared sensitivity to dust (Fig. 6¢), it is important to also consider the possible interferences of the spectral sensitivities
to other atmospheric parameters. In particular, it is worth evaluating if water vapour significanly masks the FIR sensitivity to
dust, especially in the more humid background tropical atmosphere. Water vapour has a much larger impact on the FIR spectra
than in the MIR, which renders the water vapour observation one primary target of the FORUM mission (e.g. Palchetti et al.,
2020). The large impact of the absorption lines of water vapour to the FORUM PO is clearly visible e.g. in Figs. 3 and 4. To
evaluate the relative sensitivity of FORUM PO, and FIR spectral observations in general, to water vapour and dust, we
calculated the total sensitivity of FIR and MIR spectra to water vapour (in mWmsr™! per unit water vapour mixing ratio, in
part per millions - ppm), which is shown in Fig. 7. Both polar and tropical atmospheres are considered in the figure. These
results are very consistent with what shown by Palchetti et al. (2020) (Figure 6 therein). The water vapour total sensitivity is
negligible in the MIR, if compared with FIR. In the FIR, the water vapour sensitivity peaks at about -2 mWm™sr’! per ppm, at
8-15 km. To compare with the dust total sensitivity in the FIR, shown in Fig. 6a,b, the following consideration must be done.
We focus on the regions of larger sensitivity of FIR spectra to dust, so we make the case of two altitudes, one in the free
troposphere (FT, about 5 km altitude) and one in the upper troposphere (UT, about 10 km altitude). In the FT, typical water
vapour mixing ratios are of the order of 10° ppm, so that 1 ppm represents a 0.1% perturbation. From Fig. 7, it can be seen that
the total FIR sensitivity to water vapour at 5 km does not exceed -1 mWmsr™! per ppm, so about -10 mWm™sr™! per % change
in water vapour. In the same vertical region, number concentrations of dust do not exceed a few particles per cm®; in our dust
scenarios, this upper limit is 5 particles per cm?, so that 1 particle per cm? represents a 20% perturbation. From Fig. 6a,b, it
can be seen that the total FIR sensitivity to dust at 5 km is approximately in the range between -60 and -80 mWm™sr™! per unit
number concentration, so about -3 to -4 mWmsr! per % change in dust number concentration. At these altitudes, the water

vapour sensitivity in the FIR is 2-3 times larger than the dust sensitivity. Higher, in the UT, with similar considerations, we
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obtain about -2 mWmsr™! per % change in water vapour (typical mixing ratios of the order of 10? ppm and total FIR sensitivity
not exceeding -2 mWmsr™! per ppm) and about -1 to -3 mWm2sr! per % change in dust number concentration (typical number
concentrations of 1-2 particles per cm® and total FIR sensitivity in the range -100 to -120 mWm™sr! per unit number
concentration). At these altitudes, the dust and water vapour sensitivity in the FIR are comparable or the dust sensitivity can
be larger, at certain conditions. Thus, in general, while in the lower troposphere the dust sensitivity is expected to fade due to
the effect of water vapour, in the FT and UT the dust sensitivity in the FIR is concurrent with the water vapour sensitivity.
This reinforces the previous results, suggesting a potentially promising added value of the FORUM observations in retrieving

information on the high-altitude transported dust plumes.
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Figure 7: Water vapour sensitivity integrated in the full FIR (grey lines) and MIR (black lines) spectral regions, for a polar (solid
lines) and a tropical background atmospheres.

4 Conclusions

The ESA EE9 FORUM mission will carry the first satellite instrument capable to globally and routinely observe the Earth’s
FIR spectra at relatively high spectral resolution, filling a long-standing gap on the observation capabilities in this crucial
spectral range. Based on a set of FORUM PO, generated with an ad-hoc simulator, in this paper we analyse its expected
sensitivity to dust aerosols. To contextualise FORUM in the broader panorama of the future nadir infrared instruments, we
also generated IASI-NG PO, and extended the scopes of this work to the comparative analysis of the FIR and MIR spectra
sensitivity to dust. This is the first time the FIR spectral signatures of dust aerosols are analysed, as observable from satellite

platform. We generated spectral PO and dust Jacobians for different atmospheric (polar and tropical background atmospheres)
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and dust scenarios (different dust types representing low to high-latitude sources with contrasting mineralogy, different burdens
in terms of the AOD and different vertical distributions). With our spectral PO, we generate dust spectral signatures by
subtracting spectral POs from background atmospheres (i.e. without dust). With dust Jacobians, we estimate the total dust
sensitivity, as done by Palchetti et al. (2020) for other atmospheric and surface parameters, though an integration over sensitive
sub-bands. We identified FIR dust-sensitive spectral sub-regions, and the main one between 400 and 667 cm™, for these
mineralogical compositions of dust. The spectral signatures of the dust layers in the FIR have comparable magnitude as in the
MIR and have, for all scenarios, orders of magnitudes larger magnitudes than FORUM radiometric noise. These results suggest
that the FORUM observations would likely bring a sensitive added value in the observation of dust layers. First, the FIR
spectral signature is somewhat more sensitive to the dust vertical profile than the MIR spectral signature. This result is
confirmed with the analysis of the FIR dust sensitivity through the Jacobians. The FIR has, in general, a more peaked total
sensitivity at about 5-10 km, while the MIR has a lesser vertical variability. On the contrary, the FIR has less sensitivity to the
dust mineralogical composition. A sensitivity improvement parameter  is calculated, to quantify the part of the overall infrared
sensitivity to dust brought by the FIR. We showed that the FIR contribution is larger at altitudes higher than about 5 km,
contributing about 40-50% of the overall infrared sensitivity e.g. in the FT and UT. This contribution was found larger for
larger dust burdens and high-latitude dust type. The main concurrent sensitivity in the FIR is the one from water vapour, which
can interfere with dust sensitivity. Nevertheless, we showed that, contrarily to the lower troposphere, in the FT and UT the
total sensitivity to water vapour does not systematically exceed the dust sensitivity. Thus, the FORUM observations are
expected to bring a possible added value to dust observations from satellite, especially in cases of large burdens of mid-to-
long-range transported plumes of dust in the free and upper troposphere. The FORUM radiometric noise, spectral resolution
and spatiotemporal coverage are scarcer than future nadir MIR instruments like IASI-NG. Nevertheless, coupling these two
sources of dust information, notably with the inclusion of the new FIR information content from FORUM, will likely be
beneficial towards a better characterisation of dust plumes. More quantitative studies of the dust information content in FIR
satellite observations and their coupling with MIR observations, e.g. with a full retrieval algorithm, are needed to confirm

these initial results.
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