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Abstract. Using a model-based pseudo-reality (PR) future
scenario and realistic pseudo-observations (POs) representa-
tive for a proposed satellite mission concept (CAIRT – the
Changing-Atmosphere Infra-Red Tomography explorer), we
analyse the capabilities of a high-spectral-resolution limb-
emission sounding technique to detect and quantitatively
monitor very weak stratospheric aerosol injections (SAI)
geoengineering deployments, in terms of the injected sul-
phur dioxide (SO2) and its evolution into sulphate aerosols
(SA). Our results suggest that this technique would detect
SO2 injections, at the horizontal and vertical scale, within
hours to a few days since the SAI deployment. This concept
would quantify the SO2 injected mass, even for injections of
the order of magnitude of a few hundreds of tonnes of SO2
per day, characteristic of “near-term” to “mid-term” experi-
ments feasible even unilaterally, or in the context of small-
scale outdoor experiments, with presently existing technol-
ogy and at relatively low cost. In addition, our results sug-
gest that this concept would be able to track the temporal
evolution of the subsequently formed SA, as it spreads zon-
ally and then toward higher latitudes through meridional dis-
persion, and to monitor changes in its vertical distribution

over time through processes like self-lofting of the resulting
SA plume. Existing satellite instruments, e.g. based on limb
scattering, solar occultation, nadir observations and space Li-
DARs, do not have the capability to carry out such strategi-
cal observations of SAI. Our results stress the importance
of increasing our global observational capabilities with high-
spectral-resolution limb-emission satellite instruments, a ca-
pability not available at present and not foreseen in the near
future.

1 Introduction

As a result of human activity and, in particular, of the
increase of anthropogenic emissions of greenhouse gases
and their precursors, the global atmospheric composition
and the Earth’s climate system are undergoing substantial
change (IPCC, 2021). Increased atmospheric concentrations
of greenhouse gases, in particular carbon monoxide, methane
and ozone, with respect to the pre-industrial era, have pro-
duced a significant radiative imbalance, due to the larger
amount of terrestrial infrared radiation trapped in the atmo-
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sphere and therefore reduced outgoing longwave radiation
from the Earth’s system. This led to increasingly high global
average surface temperatures and to other impacts on the cli-
mate system. Keeping the increase of surface temperature
to values smaller than 1.5 or 2.0 °C with respect to the pre-
industrial era has been suggested as a necessary measure to
avoid large disruptions to ecosystems and societies (IPCC,
2018). However, large-scale mitigation efforts to limit an-
thropogenic greenhouse gases emissions might be presently
insufficient to meet this target (IPCC, 2018), increasing the
risks associated with climate change.

To offset anthropogenic-generated surface warming, geo-
engineering via stratospheric aerosol injection (SAI) has
been proposed as a possible climate intervention (Crutzen,
2006; Lawrence et al., 2018), in conjunction with continued
climate change mitigation and adaptation measures, and ad-
ditional potential geoengineering via carbon dioxide removal
from the atmosphere – see e.g. MacMartin et al. (2018) and
United Nations Environment Programme (2023) for further
discussions. The SAI techniques are based on artificial in-
jections of sulphur dioxide (SO2) into the stratosphere with
the aim of enhancing the formation of highly reflective and
small-sized/long-lived sulphate aerosol (SA) particles in the
stratosphere. Such enhanced layers of SA in the stratosphere
could effectively scatter back an additional part of the in-
coming solar radiative flux, compared to background condi-
tions, to counterbalance the reduction of outgoing longwave
fluxes associated with the increase of greenhouse gas concen-
trations from anthropogenic emission. As such, SAI deploy-
ments would mimic the episodic natural occurrence of vol-
canic eruptions strong enough to inject their emissions into
the stratosphere. Such stratospheric volcanic eruptions, in-
cluding a number of events occurring during the satellite era,
have been indeed associated with marked increases of strato-
spheric aerosol content and aerosol optical depth (AOD) (e.g.
Kloss et al., 2021; Sellitto et al., 2022). In turns, this has been
associated, in some cases, to temporary global mean tem-
perature decreases of a few tenths of a degree Celsius (e.g.
Ridley et al., 2014) to up to more than 1 °C, e.g. following
the eruption of Mount Pinatubo (Philippines) in 1991 (e.g.
Thompson et al., 2009). Presently, SAI techniques receive
a considerable attention as potential interventions to rapidly
reduce global warming (e.g., Helwegen et al., 2019), while
being highly controversial. Several unwanted side effects
have also been associated with SAI. These include regional
effects on precipitation and induced inter-hemispheric and
pole-to-equator gradients in surface temperature (Kravitz et
al., 2019), as well as unintended modifications of the chemi-
cal composition of the stratosphere. Of particular concern is
the expected thinning of the stratospheric ozone layer, which
would significantly delay the recovery from the Antarctic
ozone hole phenomenology (Tilmes et al., 2008). Impor-
tantly, a sudden termination of SAI deployment could po-
tentially cause a catastrophic rapid and severe warming, due
to different atmospheric lifetimes of greenhouse gases and

SA, called the “termination shock”. This would require SAI
deployments to be continuous and their reversal to termina-
tion be carried out with extreme caution (Bronsther and Xu,
2025). Many of the desired and undesired effects of possible
SAI deployments have been recently studied with numerical
modelling, including the modelling experiments of the Geo-
engineering Model Intercomparison Project (GeoMIP), dur-
ing the latest Coupled Model Intercomparison Project Phase
6 (CMIP6) (e.g. Kravitz et al., 2015).

In addition to the mentioned considerable uncertainties in
terms of impacts and risks, many questions remain in terms
of global governance of geoengineering techniques, in par-
ticular for SAI. The deployment of SAI techniques outside
a shared global governance framework has been identified
as a potential source of societal risks, including of inter-
national conflicts, due to their intrinsic transboundary ef-
fects (United Nations Environment Programme, 2023). Un-
fortunately, such a global SAI governance framework still
does not exist to date, even though the urgent need for
such a framework was emphasised by different international
(e.g. United Nations Environment Programme, 2023; Euro-
pean Parliament, 2026) and national institutions (e.g. Con-
sortium National Interdisciplinary Climate Risk Assessment,
2025; Académie des Sciences, 2025). In the following, we
will refer to hypothetical SAI deployments carried out out-
side global international agreements as “unilateral SAI de-
ployments”. Inter-governmental debate, a coordinated global
governance and continuing research-driven assessments of
risks and opportunities of possible SAI deployments con-
tinue nowadays to be required before any potential deploy-
ment could even be considered (Bellamy, 2025).

Monitoring, testing and verifying impacts of SAI, in par-
ticular for potential unilateral and uncoordinated SAI deploy-
ments, including small-scale outdoor experiment, is key in
this phase. Despite the likely very small impacts on the ra-
diative balance and climate system, this kind of weak de-
ployments and tests are of a particular concern because they
are widely considered an entry point to larger-scale uncoor-
dinated SAI deployments (e.g. United Nations Environment
Programme, 2023). Thus, particularly important is the eval-
uation of the global capabilities to detect these possible ac-
tions, even those at very small scale in terms of SO2 injec-
tion rates and geographical extent. Due to their global cov-
erage, continuous operation, and ability to observe areas that
are not physically accessible to in situ instruments or field
campaigns, satellite observing systems are natural candidates
for continuous operational monitoring to detect these activ-
ities. Stratospheric impacts of various recent moderate vol-
canic eruptions, natural analogues of SAI deployments, have
been successfully observed and characterised with different
existing satellite-based techniques, including limb scatter-
ing (e.g. Taha et al., 2022), solar occultation (e.g. Wrana et
al., 2023), space LiDARs (e.g. Vernier et al., 2011; Duchamp
et al., 2026; Khaykin et al., 2026) and nadir-viewing instru-
ments (e.g. Haywood et al., 2010; Sellitto et al., 2024). Al-
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though the detection and characterisation of SO2 injections
and subsequent SA formation for these volcanic events are
relatively demanding, due to the relatively small amounts of
SO2 injected and SA perturbations in the stratosphere com-
pared to a full-blown SAI deployment, there are still funda-
mental differences with respect to initial or exploratory SAI
at the regional scale, that could even be carried out nowa-
days (e.g. https://makesunsets.com/, last access: 8 October
2026). First, unilateral tests of SAI might be realised with
extremely small amounts of SO2 injections, producing very
small SA burdens. These are what can be defined as “near-
term” or “mid-term SAI experiments”, i.e. stratospheric in-
jections of only a few kilograms to a few hundreds of tonnes
of SO2, for example using stratospheric balloons. These ex-
periments are considered feasible even with presently exist-
ing technology and relatively low cost (between USD 10 mil-
lion and USD 100 million, following studies under the EU-
funded Co-Create project, https://co-create-project.eu/, last
access: 8 October 2026). A typical moderate volcanic erup-
tion with stratospheric injection, like those mentioned above,
injects a few Tg of SO2 into the stratosphere, an amount that
is tens of thousands to billion times larger than for this kind
of exploratory SAI experiments. In addition, exploratory SAI
dynamics (small injection rates at high altitude) differ from
what is observed for volcanic eruptions, where a quasi-linear
correlation between the magnitude of the SO2 injected mass
and altitude has been found (Carn et al., 2016). In addi-
tion, volcanic eruptions generally produce SO2 injections
over short time interval while SAI deployments are based on
continuous injections with consequently smaller SO2 injec-
tion rates. Regarding the formed SA, moderate stratospheric
eruptions can increase the background stratospheric aerosol
extinction by orders of magnitude (e.g. Kloss et al., 2021). In
contrast, for the small-sized near- and mid-term SAI experi-
ments this perturbation might be difficult to distinguish from
the background stratospheric levels.

The purpose of the case study presented here is to assess
the capabilities of the high-spectral-resolution mid-infrared
limb emission sounding satellite technique to detect the de-
ployment of exploratory SAI interventions and to monitor
their impact at a short-term time scale. This technique is
modelled around the Changing-Atmosphere Infra-Red To-
mography explorer (CAIRT) mission concept, one of the
candidates to the European Space Agency (ESA) Earth Ex-
plorer 11 mission definition and feasibility studies (Phase
0/A). In this study, we specifically analyse the new capabil-
ities of the CAIRT mission concept to simultaneously ob-
serve and characterise small injections of SO2 and the subse-
quently formed SA in case of early SAI experiments.

The CAIRT concept is introduced in Sect. 2. To gener-
ate realistic SAI scenarios, we use available global model
fields from existing GeoMIP simulations, as synthetic reality
(also called the pseudo-reality, PR, in this paper) (discussed
in Sect. 3.1). From these, CAIRT pseudo-observations (PO)
are obtained by sampling the modelled scenario datasets us-

ing a CAIRT scene generator and emulating the expected
CAIRT observational performances by applying the CAIRT
Fast Level 2 Simulator (FL2S) (discussed in Sect. 3.2). We
assess the capabilities of CAIRT to detect the extremely
small amounts of SO2 injected during the very first phases
of SAI deployment in our PR scenarios, which has mag-
nitudes consistent with near- or mid-term SAI experiments
(Sect. 4.1). Then, we investigate the capabilities of CAIRT
to quantify the perturbation of the stratospheric aerosol layer
associated with the conversion of SO2 to SA, and to track its
spatiotemporal variability (Sect. 4.2). These analyses evalu-
ate whether CAIRT and CAIRT-like instruments could detect
low-level SAI actions, which might include unilateral use of
solar geoengineering techniques, a scenario considered in-
creasingly likely to happen (Rabitz, 2016). The present ca-
pabilities to detect this kind of early SAI deployment with
existing and future satellite instruments, and the added value
brought by CAIRT-like instruments, are discussed in Sect. 5.
Conclusions are given in Sect. 6.

2 The CAIRT mission concept

The CAIRT concept (European Space Agency, 2025) was
one of the four candidate missions down-selected within the
European Space Agency (ESA) Earth Explorer 11 call. It was
envisaged as the first limb sounder with imaging Fourier-
transform thermal infrared (FTIR) technology in space, thus
providing high-spectral resolution and vertically resolved
infrared limb emission spectra with an additional across-
track dimension. These spectra would allow unprecedented
three-dimensional observations of numerous key parameters
to characterise the atmospheric dynamics and composition
from a limb geometry, throughout the middle atmosphere,
including in the upper-troposphere and stratosphere (UTS).
Thanks to an imaging array of thermal infrared (TIR) detec-
tors, CAIRT would observe the limb at tangent heights from
5 to 115 km altitude continuously along the satellite track,
and with a horizontal swath of 300 to 500 km for each over-
pass. This would provide vertical profiles of trace gases and
aerosols, with vertical resolution between 1 and 3 km, and
of temperature, with vertical resolution ≤ 2 km, in the up-
per troposphere and stratosphere. The horizontal resolution
is between 100 and 300 km, with spatial sampling targets of
25–50 km across-track and 50 km along-track. The vertical
coverage of CAIRT is driven by the need to observe key dy-
namical and chemical processes throughout the entire depth
of the middle atmosphere. The CAIRT spacecraft was pro-
posed to fly in a sun-synchronous orbit with a local time of
descending node at 09:30 and a 29 d repeat cycle, in loose
formation and with temporal co-registration with MetOp-SG.
The instrument was expected to operate in the mid-infrared
from 718 to 2200 cm−1 (4.55 to 13.93 µm), with a spectral
resolution of ≤ 0.25 cm−1. Radiometric sensitivity, specified
in terms of the noise equivalent spectral radiance, and radio-
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metric offset and gain uncertainties, were stringently limited:
additive offsets must remain below 3 (in the longwave in-
frared) and 0.3 nW cm−2 sr−1 cm−1, while gain errors must
be < 1 %. The instrument’s vertical instantaneous field of
view is required to be ≤ 1.4 km below 80 km altitude and
≤ 3 km above. Tangent point altitude knowledge must be
maintained within < 500 m. A summary of all major CAIRT
requirements is provided in the CAIRT Report for Mission
Selection (European Space Agency, 2025). The total uncer-
tainty budget and vertical/horizontal resolution of SO2 mo-
lar fraction and SA mass fraction retrievals, the parameters
analysed in this study, are discussed in Sect. 3.2. The CAIRT
mission was designed for a duration (lifetime) of at least five
years, and this study is set around the 2030s, the program-
matic timeframe of Earth Explorer 11 operations. Unfortu-
nately, CAIRT was not finally selected for implementation
within the Earth Explorer 11 programme. Nevertheless, its
scientific goals were recognised as timely and important. The
mission concept remains unique in its potential to observe
middle atmospheric gasses, particles and their inherent pro-
cesses with high vertical and horizontal resolution (Sinnhu-
ber et al., 2026).

3 Data and methods

3.1 The solar geoengineering scenario

The pseudo-reality (PR) used in the present case study is
obtained from the Community Earth System Model ver-
sion 2 (CESM2) simulations with version 6 of the Whole
Atmosphere Community Climate Model (WACCM6), as de-
scribed by Tilmes et al. (2020) and available at the follow-
ing repository: https://rda.ucar.edu/datasets/d651024/ (last
access: 8 October 2026). All the modelling experiments used
in this work were realised in the context of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) (Eyring et
al., 2010) and the GeoMIP (Geoengineering Model Inter-
comparison Project) project. The CESM2(WACCM6) model
uses a finite-volume dynamical core (Gettelman et al., 2019)
with a horizontal resolution of 1.25° longitude × 0.95° lat-
itude and 70 vertical levels extending from the surface
up to approximately 140 km in the lower thermosphere.
The model includes a prognostic treatment of stratospheric
aerosols derived from volcanic and anthropogenic sulphur
emissions (Mills et al., 2017), enabling realistic simulation
of aerosol-related radiative and chemical processes. These
simulations are based on the SSP5-34-OS “overshoot” so-
cial development pathway (O’Neill et al., 2016). The gen-
eral SSP5 group of scenarios is associated with a fossil-
energy-intensive economy with a relatively optimistic trend
for global societal development with respect to other SSP
scenarios. Based on this, SSP5-OS-34 postulates a change of
behaviour in the consumption of fossil fuel and related emis-
sions, and assumes large amounts of carbon removal after the

2050–2060 decades. This produces a carbon dioxide concen-
tration overshoot and a surface temperature profile that sig-
nificantly overshoots the required temperature target before
2100.

Starting from the SSP5-34-OS baseline, modelling exper-
iments are realised to account for an additional SAI deploy-
ment. In this paper, we use in particular the Geo SSP5-34-OS
2.0 scenario (Tilmes et al., 2020). In this solar geoengineer-
ing simulation, on top of the SSP5-34-OS baseline strato-
spheric sulphur injections are added, with the aim of limiting
the global temperature increase to 2.0 °C above 1850–1900
conditions. For this experiment, SO2 injections were applied
at four predefined latitudes, 30° N, 15° N, 15° S, and 30° S,
and at altitudes between approximately 20 and 25 km (see
Fig. 2 in Tilmes et al., 2020), to reach three surface tem-
perature targets: global mean temperature limited at 2.0 °C
above 1850–1900 conditions, and limited inter-hemispheric
and pole-to-equator temperature gradients. The SAI deploy-
ment is tailored using a feedback injection algorithm, deter-
mining the time series of the SO2 injection rates at the four
latitudes to reach the aforementioned targets. More specif-
ically, for an entire year, the same injection rate was used,
and then adjusted in the next year. We note that in the first
year (2034), which is the main temporal interval targeted in
this paper, the feedback algorithm chose to inject only at
15° N, 15° S while it continued with injections also at the
other latitudes (30° N, 30° S) in the following years. Here,
we have used the Geo SSP5-34-OS 2.0 scenario as our PR,
which is basically characterised by smaller injections than
the other CESM2(WACCM6) GeoMIP experiments (Tilmes
et al., 2020). As mentioned in the Introduction, in this pa-
per we test the capability of CAIRT-like instruments to de-
tect and quantitatively characterise small SO2 injections and
their effects, to represent the possible case of a near-term
SAI experiment, a unilateral weak SAI deployment or a field
experiment. Our PR scenario is meant to be a representa-
tive case in terms of the magnitude of the SO2 injections,
but it is important to stress that it would be quite unlikely
that such possible deliberate injections take place in the in-
jection points of this specific scenario (over oceanic regions
in the tropics). Despite this, our study does not loose gen-
erality, since it revolves around analyses of the observable
magnitude of the resulting SO2 and SA fields. The present
case study is focused on the ESA Earth Explorer 11 time-
frame in which CAIRT was embedded. This is associated
with a slow start of the SO2 injection rate, with SO2 releases
starting in the year 2034. For the year 2034, the average
SO2 emission flux is 0.035 Tg yr−1 (∼0.003 Tg per month
or ∼ 1.1 kg s−1), at 15° N, and 0.005 Tg yr−1 (∼ 0.0004 Tg
per month or 0.16 kg s−1), at 15° S. Then, global amounts
of the injected SO2 rises from less than a tenth Tg of SO2
per year to a few Tg of SO2 per year in the 2040s. Due to
the increasing surface temperatures until 2050, the injection
rates increase dramatically and reach their maximum around
2050, before decreasing afterwards to intermediate values.
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Individual daily SO2 injections, in 2034, are of only a few
hundreds of tonnes of SO2 (∼ 15 t at 15° S and ∼ 100 t at
15° N). Even when considering the overall annual injection
in this PR scenario in the late 2030s and 2040s, this cor-
responds to the order of magnitude of stratospheric injec-
tions of quite moderate, if not small, stratospheric volcanic
eruptions (e.g., Schmidt et al., 2018). For example, the re-
cent eruption of Hunga volcano (Kingdom of Tonga) injected
around 1.0 Tg of SO2 (Sellitto et al., 2024), while climate-
relevant eruptions, like the one in 1991 from Mount Pinatubo
(Philippines), can reach values as large as 15–20 Tg of SO2
(e.g. Aubry et al., 2021).

The first study presented hereafter (Sect. 4.1) aims at eval-
uating the capabilities of CAIRT to detect the extremely
small amounts of the individual SO2 injections. To test this
on an extreme case, we study here the very first individ-
ual SO2 injections in the Geo SSP5-34-OS 2.0 PR scenario,
occurring in January–February 2034. In this time frame, as
mentioned before, the spatial breakdown of the SO2 injection
is dominated by an injection at 15° N, with smaller injections
in the Southern Hemisphere. Figure 1a–c show the SO2 mix-
ing ratio around the injection altitude (at 25 km altitude in
the figure), right before (Fig. 1a), during and after these first
injections (Fig. 1b–c), in our selected PR. Then, we study SA
formation in the first year (2034) following this initial injec-
tion phase (in Sect. 4.2). The CESM2(WACCM6) PR pro-
vides SA concentration for 3 size bins (nucleation, accumu-
lation and coarse mode); in most of the analyses of Sect. 4.2,
these modes are aggregated to obtain a total SA mass burden.
Figure 1d shows the SA column burden for this PR scenario,
during the first 10 years of the experiment (2033–2042), and
puts this first year (identified with red vertical dotted lines)
into a larger temporal context. The overall SA burden during
the year 2034 is several times smaller than in the following
decade and more than 2 orders of magnitude smaller than in
the period 2070–2080 (not shown here).

3.2 The CAIRT pseudo-observations simulator

Based on the PR scenarios discussed in Sect. 3.1, we pro-
duced CAIRT POs using a two-step processing chain, with
the CAIRT PO simulator shown in Fig. 2. First, we projected
the CESM2(WACCM6) simulations PR onto the CAIRT re-
trieval grid along the orbital track, using a spatial interpolator
as the CAIRT scene generator. Based on the CAIRT obser-
vation geometry developed during the CAIRT Phase 0 Sci-
entific and Requirement Consolidation studies (SciReC), 1 d
along-track segments covering ∼ 15 daily orbits were simu-
lated, with a ∼ 1 km vertical grid and with 5 samples in the
across-track direction. In practice, representative POs are ob-
tained using one daily CAIRT tracks and monthly means PR.
Thus, we obtain an intermediate data set, referred to as “PR
over CAIRT grid”. Second, the PR over CAIRT grid data
set is fed into the Fast Level 2 Simulator (FL2S, Höpfner et
al., 2025; Funke et al., 2026). During this step, the impact

of CAIRT’s measurement performances (spatial smoothing
and the propagation of random and systematic errors onto
the CAIRT synthetic observations) was simulated. These un-
certainty impacts were estimated based on calculations with
the CAIRT linear performance estimator (LPE, Höpfner et
al., 2025; Funke et al., 2026), realised during CAIRT Phase
A Performance and Requirement Consolidation studies (Per-
ReC). This processing chain is applied to SO2 and SA PR
data sets (each with their own averaging kernels, measure-
ment and systematic errors from Phase A studies).

The SO2 amounts are obtained through the exploitation
of its ν1 and ν3 rotational-vibrational absorption/emission
bands in the range 1000–1200 and 1300–1410 cm−1 (8.7 and
7.3 µm) (e.g. Carboni et al., 2012; Höpfner et al., 2015).
The spectral absorption/emission signatures of SA peaking
around 900 and 1200 cm−1 (12.5 and 8.3 µm), due to the
peak of the imaginary part of the refractive index of SA par-
ticles, in particular due to the undissociated sulphuric acid in
the SA droplets for their large acidity at stratospheric con-
ditions (Sellitto and Legras, 2016; Günther et al., 2018), is
used to observe the formed SA particles. Figure 3 shows
the vertical and horizontal resolutions, and the random, sys-
tematic and total error budget of the individual CAIRT SO2
and SA POs. Typical vertical resolutions of 2 to 4 km, for
SO2, and 1.5 to 2.5 km, for SA are found in the vertical
range of interest for SAI. For the horizontal resolution, typi-
cal values of 100 to 220 km, for SO2, and 50 to 70 km, for
SA, are found. The total uncertainty budget of SO2 mix-
ing ratio (molar fraction) and SA mixing ratio (mass frac-
tion) retrievals is largely dominated by the random error and
has typical values of 0.15–0.25 × 10−9 mol mol−1, for SO2,
and 1.0–1.5 × 10−9 kg kg−1, for SA. These uncertainties are
very close to typical background unperturbed stratospheric
mixing ratios of SO2 and SA (about 0.10 × 10−9 mol mol−1

and 1.0 kg kg−1, for SO2 and SA, respectively, see Günter et
al., 2018). A significantly larger sensitivity of infrared spec-
tra to SA than SO2 was found in the past for both nadir
(Guermazi et al., 2017) and limb observations (Günther et
al., 2018), which is also observed in CAIRT PO.

The output of the CAIRT PO simulator of Fig. 2 are the
SO2 and SA (3 modes, then aggregate to get total SA mass)
CAIRT POs, i.e. realistic synthetic observations based on the
CAIRT expected sensitivity and uncertainty budget.

4 Results

4.1 Detecting the SO2 injections

As mentioned in Sect. 3, the CAIRT sensor and CAIRT-
like high-spectral-resolution thermal infrared instruments,
can observe SO2 by exploiting its absorption/emission bands
in the infrared region. Figure 4a shows the global map of
the monthly average CAIRT SO2 PO (on one representative
daily segment of 15 orbits). for February 2034, at 25 km al-
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Figure 1. (a–c) SO2 mixing ratio at 25 km altitude for December 2033, January and February 2034 for the Geo SSP5-34-OS 2.0 PR scenario.
(d) Zonal average SA column burden in the period 2033–2042; the period addressed in this study, 2033–2034, is delimited by the dashed red
lines.

Figure 2. Scheme of the method used in this work to generate CAIRT PO.
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Figure 3. Vertical profile of the vertical (a, d) and horizontal res-
olutions (b, e) and of the uncertainty budget (c, f) for SO2 (a–c)
and SA CAIRT PO retrievals (d–f). In panels (c) and (f), the blue,
orange and green curves represent the random, systematic and to-
tal uncertainties, respectively. The vertical and horizontal resolution
and the uncertainty budget, for both SO2 and SA, are representative
of individual retrievals with 100 km across-track binning.

titudes (approximately corresponding to the PR of Fig. 1c).
Both the spatial location of the SO2 injections, at 15° N and
15° S, and the first dispersion and chemical sink, for this first
SAI action in the Geo SSP5-34-OS 2.0 PR scenario, are de-
tected with CAIRT POs (compare with Fig. 1c). Figure 4b–c
show the across-track average vertical SO2 profiles PR and
CAIRT PO, for February 2034, for the selected CAIRT or-
bit segment individuated in Fig. 4a. The latitude location of
the two SO2 injections and their altitude (15° N and S, at 25–
30 km altitude) are well captured with CAIRT PO. Dynam-
ical features of the SO2 plume, e.g. the descent in altitude,

the rapid zonal dispersion and, then, the transport towards
higher latitudes (more evident for the northern hemispheric
SO2 injections), are also seen by CAIRT POs. The weaker
SO2 injection in the Southern Hemisphere (cumulated in-
jected SO2 mass less than a few hundreds tonnes overall un-
til end February 2034) was also detected with CAIRT PO
albeit being closer to the detection limit (but still well be-
yond that limit). From Fig. 4, it can be seen that even the
smaller SO2 injections in the Southern Hemisphere, though
several order of magnitude smaller than moderate volcanic
eruptions, are well beyond the estimated total error of CAIRT
SO2 retrievals. Limited and isolated pixel-wise small posi-
tive values are also noticeable in areas where the PR points
at zero-values (e.g. around 40° N and 30 km altitude). These
can be attributed to random PO errors and are still easily
morphologically distinguishable from the identified plume-
shaped and multi-pixels detection areas.

Figure 5 shows the average vertical PR and CAIRT PO
SO2 profiles, around the injection points at 15° S (Fig. 5a)
and 15° N (Fig. 4b), individuated in Fig. 4b–c. It is important
to stress that what is shown in Figs. 1a–c and 4–5 are very
weak initial SAI interventions, in the simulated SAI proto-
col of Geo SSP5-34-OS 2.0 PR scenario. The total SO2 mass
values intercepted by this specific CAIRT orbit segment, in
the area impacted by the two injection points, is 0.5 t (injec-
tion at 15° S, Fig. 5a) and 3.4 t (injection at 15° N, Fig. 5b),
respectively. More in general, the total SO2 injected mass in
the PR scenario, cumulated until end February 2034 (SO2
PR of Fig. 1c) does not exceed a few hundreds tonnes. As
mentioned in the Introduction, these injections can be seen
as analogues of “near-term” to “mid-term” experiments, i.e.
scenarios considered feasible even with presently existing
technology and relatively low cost. As shown in Figs. 4–5,
CAIRT would be capable of detecting such deliberate re-
leases, even those as small as those described in this work. In
particular, CAIRT would be able to determine the geograph-
ical location, altitude, and quantitative amount (CAIRT POs:
0.4 and 3.1 t, in the area impacted by the two injection points,
see caption of Fig. 5) of the injection, though possibly with
a small bias (around 10 % and 25 % underestimation of the
larger and smaller injection points, respectively, see caption
of Fig. 5). Therefore, instruments like CAIRT would provide
a unique capability to detect and quantitatively assess uni-
lateral SAI tests or small-scale outdoor deployments within
just hours to a few days from the injection, due to their high
sensitivity and dense spatiotemporal coverage.

4.2 Tracking the SA formation and progression

The SO2 injections, as those discussed in Sect. 4.1 for this
specific experiment, are then converted to solar-radiation-
reflecting SA particles in the stratosphere, over timescales
of a few weeks-to-months (e.g. Stevenson et al., 2003). In
addition to detecting SO2 injections, CAIRT and CAIRT-
like high-spectral-resolution thermal infrared instruments
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Figure 4. (a) CAIRT POs of the SO2 mixing ratio for February 2034, at 25 km altitude. (b–c) Across-track average PR (b) and CAIRT PO (c)
of the SO2 vertical profiles, for the orbit segment individuated with a red arrow in panel (a).

Figure 5. Average vertical SO2 profiles, PR (blue lines) and CAIRT
PO (red lines), for the two SO2 injection points visible in Fig. 4b–c
(a: injection point in the NH, at 15° N; b: injection point in the SH,
at 15° S). The total SO2 mass intercepted by the CAIRT POs, for the
two injection points, is (a) 3.1 t (PR: 3.4 t) and (b) 0.4 t (PR: 0.5 t).

can observe SA by exploiting their spectral signatures in
the infrared region (Sellitto and Legras, 2016; Günther et
al., 2018). Figure 6 shows the time series, for the year 2034,
of monthly average meridional mean total SA mass concen-
tration (adding up the three SA modes), at the approximate
altitude of SO2 injection of 25 km, for both the PR and PO,

as well as their absolute difference. The SO2 injection oc-
curs between 150 and 180° longitude, as visible in the SO2
PR of Fig. 1b and c. Correspondingly, the SA-enhanced layer
starts to form at those longitudes in the PR, and then spread
zonally towards covering all longitudes during the following
months (Fig. 6a). The CAIRT SA PO are capable to catch
both the longitude of injection and the zonal dispersion of
the formed SA plume (Fig. 6b). The limited absolute differ-
ences in Fig. 6c mirror the accuracy of the CAIRT SA PO.

Thanks to its observation geometry, CAIRT can also track
the temporal evolution of the resulting SAI-enhanced SA
layer as it spreads toward higher latitudes through merid-
ional dispersion, as well as monitor changes in its verti-
cal distribution over time. Figure 7 shows the progressive
buildup of the first year of SAI-generated artificial pertur-
bation of the stratospheric SA layer in the Geo SSP5-34-OS
2.0 PR scenario, with corresponding CAIRT POs. In particu-
lar, monthly means zonal average vertical SA (adding up the
three SA modes) PR and PO profiles, at selected months in
the year 2034, are shown in Fig. 7, together with absolute
differences of PO and corresponding PR. The SA formed in
2034 follow SO2 injections analogous to the very first one
discussed in Sect. 4.1, i.e. following a series of near/mid-term
experiments. As visible from the figure, complementary with
Fig. 6, CAIRT SA PO are capable of describing with accu-
racy the buildup of the SA plume and their global-scale dy-
namical features. The specific patterns of this buildup phase,
evident in the PR, are also visible in the CAIRT POs. The
initial formation of SA at the SO2 injection altitude is visible
starting from January 2034 (not shown here) and for later
months. The progressive spread of the SA layer at higher

Atmos. Meas. Tech., 19, 6379–6393, 2026 https://doi.org/10.5194/amt-19-6379-2026



P. Sellitto et al.: SAI observation capabilities of MIR limb emission sounding 6387

Figure 6. Time series of monthly average meridional mean total SA mass concentration at 25 km altitude, for the Geo SSP5-34-OS 2.0 PR
scenario (a) and corresponding CAIRT PO (b), for year 2034. The absolute difference of PO and PR monthly average meridional means are
shown in panel (c).

latitudes in both hemispheres can also be seen since March
2034, and more prominently during later months. The dif-
ferences between PO and PR are generally very small, not
exceeding 10 % in the regions occupied by the SA plume.

In addition, Fig. 8 shows the global and monthly average
vertical profiles in 2034, for the SA nucleation mode only.
This mode is selected here because its response to SO2 in-
jections is quicker and more sensitive to their deployment
than the other two larger-size modes in the model PR sim-
ulations and PO. A threshold of 1.0 ppb for the nucleation
mode SA – arbitrarily chosen as a reference for a back-
ground stratospheric aerosol layer, e.g. Kremser et al. (2016)
– is progressively exceeded at increasingly higher latitudes,
in both hemispheres (but quicker in the Northern Hemi-
sphere). This suggests a successful deployment of this sim-
ulated SAI, even if with generally small SO2 injections. In
terms of the vertical distribution of SA, a progressive in-
crease of their concentration at the injection altitude of about
25 km is observed in Fig. 8. A progressive increase of the al-
titude impacted by these SAI-generated perturbations is also
discernible in Fig. 8. This is possibly associated with the self-
lofting of the SA plume generated by the SO2 injections, due
to radiative heating of the SA plume by solar radiation ab-
sorption. Self-lofting effects, while more typically associated
with stronger solar-radiation-absorbing aerosols like those in
biomass burning plumes (e.g. Sellitto et al., 2023), have also
recently been observed also for volcanic plumes (Khaykin
et al., 2022). The CAIRT POs are capable of detecting SA
formation and of characterising these different processes, in-
cluding the self-lofting of the SA concentration peak.

Finally, these simulations demonstrate that CAIRT’s dense
spatial sampling and relatively good revisit time, combined
with its high vertical resolution, limited error budget and
quantitative aerosol mass retrieval capability through high-
spectral-resolution observations, would provide sufficient
sensitivity and accuracy to detect and monitor SAI interven-
tions and their impacts on the stratospheric aerosol layer,
even under scenarios involving minimal injection rates.

5 Do we have the capability to detect early SAI
deployments with the present satellite instruments?

Based on the analyses presented in the previous sections, we
might wonder: would CAIRT-like mid-infrared limb emis-
sion observations provide a significant added value to the
present capabilities to detect, track and characterise weak
SAI deployments, i.e. a few to a few tens/hundreds of tonnes
of SO2 and the resulting SA? What is the present capability
to detect early, weak SAI deployments using existing satel-
lite instrument? At present, a number of satellite techniques
are available that would in principle be able to observe one
or more SAI components (SO2 and/or SA): solar occulta-
tion, limb scattering, space LiDARs and, to a less extent,
nadir measurements. As mentioned in the Introduction, these
instruments were effectively used to observe stratospheric
impacts of recent moderate volcanic eruptions, natural ana-
logues of SAI. Nevertheless, more stringent conditions on
the detection limits, vertical sensitivity and observation ge-
ometry exist for initial, possibly unilateral SAI deployments
described in the present paper.

The solar occultation SAGE III/ISS (Stratospheric Aerosol
and Gas Experiment on the International Space Station) in-
strument performs aerosol extinction observations with about
lower than 5 % uncertainty, depending on altitude, for typ-
ical aerosol burdens of moderate volcanic eruptions, sev-
eral order of magnitude larger than the one studied in this
work (Kovilakam et al., 2023). By the way, in Sect. 4.1–
4.2, we have shown that near/mid-term experiments would
likely be associated with thousands of times smaller SO2 in-
jections than moderate volcanic eruptions, and thus propor-
tionally smaller resulting burdens of the formed SA. While
the SA formed by a full-blown SAI deployment (i.e., with
cumulated injected SO2 of the order of magnitude of a mod-
erate volcanic eruption or more) would rather be observ-
able by solar occultation instruments like SAGE III/ISS, ini-
tial or intermediate deployments, or limited-scale tests, will
be harder to characterise with these instruments. As an ex-
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Figure 7. Zonal average vertical profiles of the total SA mass concentration, for the Geo SSP5-34-OS 2.0 PR scenario, for selected months
of the year 2034 – monthly averages (a, d, g) and corresponding CAIRT PO averages (b, e, h). The absolute difference of PO and PR average
profiles are shown in the third column (c, f, i).

Figure 8. Global average vertical profiles of nucleation mode SA concentration, for CAIRT POs based on the Geo SSP5-34-OS 2.0 PR
scenario, as monthly means from January to December 2034 (PR in blue lines and CAIRT POs in red lines).
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ample, Lange et al. (2025) demonstrate that it is possible
to detect stratospheric aerosol perturbations resulting from
SAI with SAGE III/ISS-like solar occultation instruments
in case of injections of 1–2 Tg of sulfur per year, which
is typical of (or even larger than) recent moderate volcanic
eruptions and far larger than the magnitudes of the injec-
tions analysed in the present study. In that study, the cu-
mulated effect of SAI on stratospheric aerosols burden in
the first month of deployment, with total SAI 1 order of
magnitude smaller than the mentioned 1–2 Tg of sulfur, was
found undistinguishable from natural variability with SAGE
III/ISS. Typical sensitivities of limb scattering instruments
like OMPS-LP (Ozone Mapping and Profiler Suite – Limb
Profiler) are generally worse than for solar occultation, due
to a smaller signal-to-noise ratio. In addition, both SAGE
III/ISS and OMPS-LP operate in the visible spectral range,
which means that the spectral aerosol optical depth only can
be derived from their observations and a chemical aerosol
speciation, for example the specific detection of sulphate
aerosols, is not possible. Space-based LiDARs, like the now
discontinued CALIPSO-CALIOP (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation – Cloud-Aerosol
Lidar with Orthogonal Polarization) and the presently in-
space EarthCARE-ATLID (Earth Cloud, Aerosol and Radia-
tion Explorer – Atmospheric Lidar), can detect the presence
of relatively weak aerosol layers in the stratosphere but can-
not distinguish specific aerosol compositions except for pos-
sible attribution to large aerosol classes through optical prox-
ies of the composition (e.g. through the LiDAR ratio param-
eter). The aerosol speciation is a specific capability of in-
frared observations (e.g. Sellitto and Legras, 2016). Sulphate
aerosols can be detected with nadir infrared observations,
e.g. with IASI (Infrared Atmospheric Sounding Interferom-
eter) but with a limited, if any, vertical information (e.g.
Guermazi et al., 2021). The ACE-FTS (Atmospheric Chem-
istry Experiment–Fourier Transform Spectrometer, Bernath
et al., 2005) is an infrared solar occultation instrument, but it
is expected to be discontinued within the next few years. In
terms of the observation geometry, instruments like SAGE
III and ACE-FTS solar occultation sensors have scarce re-
visit times and horizontal coverage, providing sparse obser-
vations, thus impeding a quick detection of SAI, even in case
of larger injections. Space LiDARs, through providing a very
dense observation sampling along track, do not have across
track capabilities. Finally, to detect this kind of SAI deploy-
ments, simultaneous observations of SO2 and SA would be
important. The ideal satellite instruments to do so are high-
spectral-resolution sensors operating in the mid-infrared, and
with a reasonable spatial coverage, which can characterise, as
said, the chemical composition of the observed aerosols, but
also of gaseous species like SO2. Such instruments only exist
for missions operating in a nadir observation geometry. Nev-
ertheless, as mentioned, nadir sounders suffer from a poor
vertical resolution that does not allow the detection of spe-
cific altitudes of SO2 injection and of the SA perturbations,

and they are not capable of characterising thin layers associ-
ated with near- and mid-term experiments. Conversely, high-
spectral-resolution infrared instruments measuring the limb
emission spectra, are well-suited for this task. Finally, dif-
ferent satellite missions dedicated to the observation of the
middle atmosphere are expected to be discontinued in the
next few years, leading to what has been described as a “data
desert” in stratospheric composition observations (Salawitch
et al., 2025).

Considering all these elements, it can be affirmed that at
present the international community does not have the capa-
bility to rapidly and effectively detect and characterise initial,
weak SAI deployments, using satellite observations. This gap
would be filled with one or more CAIRT-like mid-infrared
limb emission instruments.

6 Conclusions

In this paper, we analyse the capabilities of future high-
spectral-resolution mid-infrared limb emission sounding in-
struments of detecting and quantitatively monitoring very
weak SAI deployments, in terms of the injected SO2 and
its subsequent conversion into SA. This analysis is based on
one specific mission concept, the CAIRT sounder – one of
the four candidate missions down-selected within the ESA
Earth Explorer 11 call. Based on the SSP5-34-OS social de-
velopment pathway scenario, we define a SAI PR scenario
(Geo SSP5-34-OS 2.0), associated with a globally moder-
ate SAI deployment over a few decades. Here, we study the
very initial SAI deployment phase, in the year 2034, in the
PR scenario. This initial SAI phase is characterised, in this
scenario, by very weak SO2 injections. Two analyses are car-
ried out: (1) a test to evaluate the detectability and the ca-
pability of quantitative characterisation of the very first SO2
injection in January–February 2034, and (2) a test to assess
the capability to track the SA formation throughout the year
2034. Based on this PR scenario, we generate corresponding
CAIRT SO2 and SA POs, using a dedicated CAIRT PO simu-
lator. This simulator emulates the CAIRT observation geom-
etry and full error propagation and spatial smoothing char-
acteristics, aligned with the expected CAIRT performances
from the mission’s Phase 0 and Phase A feasibility stud-
ies. Our results suggest that CAIRT would be able to de-
tect SO2 injections and quantify their mass along the obser-
vational orbits segments, and to locate their horizontal and
vertical injection position, even for these very weak initial
injections in our PR scenario. These injections are of the or-
der of magnitude of a few hundreds of tonnes of SO2 per
day. Such amounts are tens of thousands to millions of times
smaller than typical SO2 injections by moderate stratospheric
volcanic eruptions and are characteristic of “near-term” to
“mid-term” experiments, i.e. SAI scenarios considered fea-
sible even unilaterally (outside a shared global SAI gover-
nance framework), or in the context of small-scale outdoor
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experiments, with presently existing technology and at rel-
atively low cost, or isolated and regional SAI tests includ-
ing those of uncoordinated nature with respect to the inter-
national community or any SAI international governance. In
addition, our results suggest that CAIRT would be able to
track the temporal evolution of the subsequently formed re-
flective SA, as they spread zonally and then toward higher
latitudes through meridional dispersion, as well as to mon-
itor changes in its vertical distribution over time. Processes
like the self-lofting of the resulting SA plume, due to di-
abatic heating by radiation absorption, are also well repro-
duced with CAIRT PO. It is important to stress that a CAIRT-
like instrument would have impacts well beyond those anal-
ysed in this paper. A high-spectral-resolution limb-emission
infrared instrument would improve our overall capabilities to
characterise the stratospheric aerosol layer, e.g. to improve
our understanding of increasingly important, and less well
known, stratospheric aerosol sources like those from wild-
fires or space debris. Beyond that, such type of instrument
would also help to better characterise the atmospheric cir-
culation and the modifications due to climate change, would
allow a more complete characterisation and quantification of
the gravity waves, would better address issues related on im-
pacts of the variability in solar radiation and space weather
on surface climate and more (Sinnhuber et al., 2026). Al-
though CAIRT was not finally selected for implementation
as ESA’s Earth Explorer 11 mission, our results stress the im-
portance of increasing our global observational capabilities
with high-spectral-resolution limb-emission satellite instru-
ments. At present, this capability is lacking, and simultane-
ous SO2 and SA observations, with the needed precision and
spatiotemporal coverage/resolution to monitor early SAI at-
tempts, are not possible with existing solar-occultation, limb-
scattering, nadir-viewing and space-LiDAR instruments, nor
with ground-based or in situ measurement techniques, while
they can still produce partial information for possible larger
SAI deployments. This issue is expected to become more ur-
gent in the context of the future projected dearth of observa-
tions of stratospheric composition.
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