The need for a new comprehensive view of the middle atmosphere — the potential of
infrared limb imaging tomography
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ABSTRACT

The Earth’s middle atmosphere spans the deep region from the upper troposphere/lower
stratosphere at around 10 km altitude to the mesosphere/lower thermosphere at around 100
km altitude. It is being increasingly recognized for its role in driving extreme surface weather
and regional climate change. Climate models predict large ongoing and future changes in the
middle atmosphere composition and circulation. However, the observations needed to detect,
attribute and understand these changes and their impacts, to test predictions, and thereby to
improve our models, are lacking. Here we show the capacity of infrared limb-imaging
tomography to provide the needed observations. This evaluation is based on studies
performed within a recent satellite mission concept — the Changing-Atmosphere Infrared
Tomography Explorer, CAIRT. Observing thermal infrared emissions simultaneously from
the middle troposphere at about 4 km up to the lower thermosphere at about 115 km altitude
this technique provides observations of temperature and an extensive range of trace gases
with unprecedented spatial resolution of about 50 by 50 km horizontally and about 1 km
vertically. We show how these observations would (a) help to quantify the changing
atmospheric circulation, (b) allow characterization and quantification of the gravity waves
that are critical in driving this circulation, (c) reveal how variability in solar radiation and
energetic particles propagate downward to affect regional climate at the surface, (d) detect
how volcanic eruptions and wildfires impact the middle atmosphere and climate, and (e)
resolve how stratosphere-troposphere exchange affects ozone and water vapor in the crucial

and climate-relevant tropopause region.
SIGNIFICANCE STATEMENT

The middle atmosphere serves as a critical link between the Earth's surface, the upper
atmosphere, and the near-Earth space environment. It is increasingly influenced by rising
greenhouse gas concentrations, ozone layer recovery, biomass burning emissions, and
spacecraft activities, pushing the system into uncharted territory. However, current
observational capabilities are insufficient to address these emerging challenges, with an
imminent “data desert” of middle atmosphere observations. We show with the proposed
Changing-Atmosphere Infrared Tomography Explorer, CAIRT, how infrared limb-imaging
can provide the urgently needed information on atmospheric waves, circulation patterns, and

composition in a changing climate.
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CAPSULE

Infrared limb imaging from space can provide unique observations of the Earth’s middle

atmosphere, closing a critical gap in the existing observing system.

Introduction

The deep region between the upper troposphere/lower stratosphere (UTLS) at around 10
km altitude and the mesosphere/lower thermosphere (MLT) at around 100 km altitude is
commonly called the middle atmosphere. The middle atmosphere plays a critical role in the
climate system by connecting distant geographical regions, linking with the near-earth space
environment, and by providing sources of predictability that allow the extension of weather
forecasting timescales (e.g., Scaife et al, 2022). An accurate representation of the middle
atmosphere and its variability in numerical weather prediction and climate models can lead to
better prediction of extreme events and regional climate change, thus reducing the risk on
human health, agriculture, infrastructure and water management. Better understanding those
processes driving middle atmosphere variability now and in the future is therefore highly

important.

The global atmosphere is changing throughout its entire depth from the surface to the
fringes of space due to anthropogenic emissions of greenhouse gases, pollutants, aerosol and
their precursors, and to the reduction in emissions of ozone-depleting substances (ODSs).
This change is occurring against a naturally variable background influenced by, inter alia,
volcanic eruptions and solar variability. These changes in composition are closely coupled
with changes in circulation, and will affect surface climate, weather (e.g., Kidston et al.,

2015) and air quality (e.g., Neu et al., 2014).

While it is now well established that anthropogenic emissions of long-lived greenhouse
gases such as CO; are the dominant drivers of global climate change (IPCC, 2023), our
understanding of decadal climate change at regional scales is still far from complete. Changes
in short-lived climate forcers such as stratospheric water vapor (e.g., Solomon et al., 2010),
ozone (e.g., Riese et al., 2012; WMO 2022), or stratospheric aerosol (e.g., Solomon et al.,
2011; Santer et al., 2014; Ridley et al. 2014) have important impacts on decadal scale and
regional climate change. Variability in the stratospheric winter circulation in both
hemispheres can influence mid-latitude temperature and precipitation extremes (e.g., King et

al., 2019; Lim et al., 2019). Similarly, the quasi-biennial oscillation (QBO), consisting of
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alternating eastward and westward winds in the tropical stratosphere, can influence

tropospheric deep convection and thus extreme precipitation (e.g. Butler et al., 2019).

A large fraction of the Southern Hemisphere (SH) surface climate change in recent
decades is attributable to the Antarctic ozone hole and its recovery (Thompson et al., 2011;
Oh et al., 2022). Observations indicate a poleward expansion of the tropical Hadley
circulation, with possible causes related to greenhouse gas forcing, stratospheric ozone and
circulation changes, stratospheric aerosol changes and upper tropospheric pollution (Staten et

al., 2018; WMO, 2022, and refs therein).

The large-scale atmospheric circulation plays a central role in connecting the ongoing
changes in the middle atmosphere (Figure 1), with the tropics-to-pole Brewer-Dobson
circulation (BDC) in the stratosphere and the summer-pole-to-winter-pole circulation in the
mesosphere. An acceleration of the BDC is predicted by climate models as a result of
increasing greenhouse gases, as well as past stratospheric ozone depletion (e.g., Abalos et al.,
2019). A strengthened BDC would have important implications for the transport of trace
gases into and throughout the middle atmosphere, affecting processes such as the flux of
stratospheric ozone into the troposphere (e.g., Hegglin and Shepherd, 2009; Meul et al.,
2018), where it acts as a greenhouse gas, the recovery of the stratospheric ozone layer
(Dhomse et al., 2018; Keeble et al., 2021), and the lifetime of ODSs (Butchart and Scaife,
2001; Chipperfield et al., 2014).

Direct measurements of the mean circulation and its changes are not possible due to its
slow speed. Instead, the circulation can be examined through its effect on trace constituents
using the concept of “age-of-air”, the average time an air mass takes to move from near the
Earth’s surface to a location in the middle atmosphere. This can be determined, for example,
through middle atmosphere observations of trace gases that exhibit long-term increasing

concentrations at the surface, such as sulfur hexafluoride (SFe) (e.g., Garny et al., 2024).

A key driver of middle atmosphere circulation and variability is drag from
breaking/dissipating waves, including gravity waves. Global observational constraints on
gravity wave driving throughout the middle atmosphere are currently lacking, leading to large
uncertainties in their representation in climate and weather models (Alexander et al., 2010;
Plougonven et al., 2020). These uncertainties affect not only variability in the middle
atmosphere but also modelled stratosphere-troposphere dynamical coupling in both

hemispheres (Polichtchouk et al., 2018) and thus the predictability of surface extremes.
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The middle atmosphere critically affects the impact of solar variability on climate.
Changes in solar UV radiation, absorbed primarily in the upper and middle atmosphere, are
much larger than changes in visible radiation, mostly absorbed at the Earth’s surface. Another
route for solar impacts on the middle atmosphere is Energetic Particle Precipitation (EPP),
either via energetic particles directly produced by the Sun during Solar Proton Events (SPEs)
or through Energetic Electron Precipitation (EEP) due to the interaction of the solar wind
with Earth's magnetosphere (Sinnhuber and Funke, 2018). EPP enhances ionisation of gases
in the polar upper mesosphere and lower thermosphere leading to the formation of nitrogen
oxides (collectively called NOy). NOy is transported down to the stratosphere within the
winter polar vortex (Funke et al., 2014), affecting ozone layer chemistry, potentially
interfering with polar ozone recovery, and ultimately altering dynamics through changes in

the radiative balance (Sinnhuber and Funke, 2018; WMO, 2022).

Volcanic eruptions can inject large amounts of sulfur directly into the stratosphere, where
the resulting sulfate aerosols affect surface climate through the scattering of solar radiation
(e.g., Kremser et al., 2016). In addition to the infrequent large volcanic eruptions, small and
medium-sized eruptions lead to a constantly changing background of stratospheric aerosols
(Solomon et al., 2011; Stone et al., 2017; Sellitto et al., 2022). Pyroconvection from wildfire
biomass burning has in recent years been identified as another contributor to the stratospheric
aerosol loading, with the effect of large wildfires being comparable to medium-sized volcanic

eruptions (Khaykin et al., 2020).

Because of their efficiency at cooling the planet, artificial enhancement of stratospheric
sulfate aerosols has been proposed as a method of solar radiation management
(“geoengineering”) to counteract climate change (National Academy of Science, 2021;
Tilmes et al., 2024). This topic is now regularly assessed as part of the World Meteorological
Organisation (WMO)/United Nations Environment Programme (UNEP) Ozone Assessments
(e.g. WMO/UNEP 2022 Chapter 6). Such action, should it take place, will require close
monitoring and careful understanding of the fate of all stratospheric aerosols and their

adverse effects.

A further emerging topic with growing concerns is the impact that the large increase of
future space launches and satellite reentry by upcoming mega constellations will have on the

middle atmosphere and its composition (e.g., Ferreira et al., 2024; Revell et al., 2025).
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The scientific challenges outlined above require continued as well as innovative and
improved observations of the middle atmosphere. To address these challenges and to provide
the urgently needed observations, we proposed the Changing-Atmosphere Infra-Red
Tomography Explorer (CAIRT) as a candidate mission for the European Space Agency’s
planned Earth Explorer 11 satellite. The CAIRT mission concept was thoroughly evaluated
during Phase A studies in the competitive mission selection process of ESA’s Earth Explorer
program. This process culminated in a public review and in an independent scientific
assessment by ESA’s Advisory Committee for Earth Observation. At the end of the ESA-led
Phase A feasibility studies, the CAIRT mission concept was judged to have reached the
required scientific readiness and technical maturity for selection and implementation as
ESA’s Earth Explorer 11. In the competitive mission selection process, the CAIRT mission
concept was ranked second and not selected for implementation. In this paper we will give an
overview of the CAIRT mission concept and the unique contributions that a future infrared
limb-imaging satellite mission can provide to unravel the coupling between composition and

circulation in our changing atmosphere.
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Figure 1. Earth’s atmosphere from the surface to the lower thermosphere. Left, schematic
overview of the middle atmosphere wave-driven circulation and its intimate connection with
atmospheric transport and composition, with the equator-to-pole Brewer-Dobson circulation
in the stratosphere and the summer-pole-to-winter-pole circulation in the mesosphere. Right,
atmospheric mean temperature profile.
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The need for observing the changing middle atmosphere: continuity and

innovation

Observation, understanding, and attribution of the ongoing changes in the middle atmosphere
require measurement of the key constituents and processes involved. Having benefited from
more than two decades of intense observations of the middle atmosphere by instruments like
the Michelson Interferometer for Passive Atmosphere Sounding (MIPAS) on Envisat (2002-
2012), the Microwave Limb Sounder (MLS) on Aura (since 2004), Atmospheric Chemistry
Experiment - Fourier Transform Spectrometer (ACE-FTS) on Scisat (since 2003), the
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) being on the
Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite (since 2002),
and Odin (since 2001), we are facing an imminent “data desert” of middle atmosphere
observations (Salawitch et al., 2025). The planned decommissioning of MLS and Odin in the
next two years and ACE-FTS and SABER being well beyond their original design lifetime,
occur at a particularly critical time. With the ongoing increase in greenhouse gas
concentrations and emerging topics of societal concern such as proposed geoengineering by
deliberate stratospheric aerosol injection and the atmospheric impact of upcoming satellite
mega-constellations we are entering uncharted territory. The need for better understanding
and monitoring of climate change in the middle and upper atmosphere is discussed in the
perspectives by Plane et al. (2023) and Afiel et al. (2025). Chipperfield and Bekki (2023)
stress the importance of new satellite limb observations to monitor and study the future
development of the stratospheric ozone layer. While the future observing capacity for ozone
is reasonably assured (Salawitch et al., 2025), there is in particular a notable lack of future
observations of tracers to diagnose changes in atmospheric transport and to attribute observed

changes in composition.

In addition to observation continuity, there is a clear need for new innovative observations at
higher spatial resolution than available to date. Deviations from the zonal mean by waves,
filaments and mixing are essential parts of the middle atmosphere circulation. There is a need
to validate the new generation of atmospheric and Earth system models with their increased
spatial resolution and to guide future model developments. Various user community
requirements (e.g., Global Climate Observing System GCOS-245, 2022) have expressed this
need for higher resolution global middle atmosphere temperature and composition

measurements with vertical resolution of 1-2 km and horizontal resolution of 100-200 km.
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Such observations are needed to resolve the sharp tracer gradients across the tropopause, to
detect filaments and plumes from wildfires or volcanic eruptions and, very importantly, to
resolve atmospheric gravity waves. Gravity waves play a critical role in driving the middle

atmosphere circulation, but are currently very poorly constrained from observations.
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Figure 2. Atmospheric gravity waves. Left: An example of the gravity wave structure at
35 km altitude excited by the tropical cyclone Irma in September 2017, moving into the
Caribbean, modelled by a high-resolution version of ECMWEF’s IFS model. Right: Global
mean of gravity wave momentum flux for January 2006 as a function of horizontal and
vertical wavelength, calculated from a high-resolution version (4.5 km grid spacing) of
ECMWFEF’s IFS model. A limb-imager like CAIRT with a sampling of 50 by 50 km
horizontally and 1 km vertically could resolve a large fraction of the gravity wave momentum
flux spectrum. Existing nadir sounders can detect only a small fraction of the total gravity
wave momentum flux due to their reduced vertical resolution. The red line representing a 20
km horizontal wavelength marks the limit of wave propagation due to total reflection: waves
with shorter wavelengths may exist, but they do not carry gravity wave momentum flux
upward.

The CAIRT mission concept

The current lack of necessary observations motivated the CAIRT concept. The need to
resolve gravity waves at the relevant wavelengths provides strong requirements for horizontal
and vertical resolution. Figure 2 (left panel) shows as an example a numerical simulation of a
gravity wave at about 30 km altitude that is excited by a tropical cyclone moving into the
Caribbean. The right-hand panel shows the global mean spectrum of the gravity wave
momentum flux for January 2006 from high resolution numerical simulations as a function of
horizontal and vertical wavelength. Nadir sounders with their coarse vertical resolution can
resolve only a small fraction of the relevant gravity wave spectrum (e.g., Hoffmann and

Alexander, 2009). To capture the essential parts of the spectrum, wavelengths of 100 km
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horizontally and 2-3 km vertically should be resolved, which requires a sampling of about 50

km horizontally and 1-2 km vertically, not achieved to date with existing sounders.

The observation principle of CAIRT is that of a Fourier-transform passive infrared limb-
imaging spectrometer. In a single acquisition, the infrared limb emission will be observed
simultaneously with an imaging detector over an altitude range of 4 to 115 km vertically and
over about 400 km across track (300 — 500 km, depending on the yet-to-be-frozen technical
concept), with an effective detector pixel size of about 1 km vertically and about 25 km
horizontally (Figure 3). For each detector pixel an interferogram is recorded, which is then
converted into a high-resolution spectrum. With acquisitions every 50 km along track of the
satellite orbit, corresponding to an acquisition time of about 7 s, the individual observations
can be combined in a tomographic retrieval, resulting in a spatial sampling of about 1 km

vertically, 50 km horizontally along track and 25 km horizontally across track.

The along-track spacing of the individual acquisitions of 50 km and the corresponding
acquisition time of 7 s provide strong technical constraints on the achievable detector readout
speed and the interferogram maximum optical path length difference (OPD). With CAIRT’s
current technical concept, a Michelson interferometer with a maximum OPD of 2.5 cm,
resulting in a spectral resolution of 0.2 cm™ over a spectral range from 718 to 2200 cm™, is
foreseen. Figure 4 provides example spectra, showing the spectral fingerprints of a large

number of atmospheric constituents.

With a Michelson interferometer for passive infrared limb emission sounding, the CAIRT
concept follows the heritage of the extremely successful MIPAS/Envisat mission (Fischer et
al., 2008). The concept of infrared limb-imaging (Riese et al., 2005; Friedl-Vallon et al.
2006) has been successfully demonstrated by the GLORIA instrument (Riese et al., 2014;
Friedl-Vallon et al., 2014) from aircraft and balloon flights since 2011. Through these

heritage instruments, the CAIRT concept has a high technical and scientific maturity.

Tomographic retrievals will result in measurements of temperature and constituents on a
nominal grid of 50 by 50 by 1 km, between 4 and 115 km vertically and a swath width of
about 400 km across track, significantly exceeding the spatial sampling and vertical range of
previous limb sounders. The actual effective spatial resolution will however depend on the
signal-to-noise ratio of the individual data products. The list of CAIRT’s primary Level-2

targets is shown in Table 1.
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Figure 3. Illustration of the CAIRT observational concept. Every 50 km along track,
corresponding to about every seven seconds, an infrared limb image with a tangent altitude
range of 4 to 115 km and with about 400 km across track width is recorded. (Background
image: NASA.)

10

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-24-0217.1.
Unauthenticated | Downloaded 09/25/26 12:59 PM UTC



101 100 km — o2 - C0 — NO

109
107! 800 1000 1200 1400 1600 1800 2000 2200
50 km — C02 — CH4 —— SF6 —— NO
— H20 — N2O —— €O — HCN
102 — 03— HCFC-22
0 L u“ W‘MI W WNWM WIL ™ lMuumunmm
10
’é‘ 800 1000 1200 1400 1600 1800 2000 200
> i 10 km — oz — cHa — HCFC-22  —— ND HNO3
8 I | ‘ —— H20 —— N20 —— SF6 — NO2 —— N205
%Nm 102 ‘ u “N “l I — 0 — CFC—iz‘ — €O
29 { |
i i e
; 100 L ‘l I | | LI” | h \H ) N
c 1000 1200 1400 1600 1800 2000 2200
10 km — clono2 H2504-lq —— C2H6
I — PAN CFC-11 HCOOH
102 | ‘ ‘w —— ocs —— HCN — NH3
| —— 502 C2H2 NH4NO3-sld
| I
| - M i
100_ |6l | | ] K i y n I hY
800 1000 1200 1400 1600 1800 2000 2200
Pemmm—t2 e .. wem =e ms  oH20
. S02em -
o - NZO5 e
LX) 02 NO.
HCFC-22mee (oo o =sre - o -
asm s saeT+LOS CH —
800 1000 1200 1400 1600 1800 2000 2200

Wavenumber {(cm™!)

Figure 4. Calculated limb spectral radiances at 100 km (row 1), 50 km (row 2) and 10 km
(rows 3 and 4) tangent point altitudes, for individual trace gases (reference atmosphere, 45°N,
April). Bottom, approximate locations of retrieval micro-windows per target molecule, with
“T+LOS” indicating temperature and line-of-sight.

Table 1. Primary Level-2 targets of the CAIRT mission concept.

Parameter Vertical range

Temperature Upper troposphere to lower thermosphere

Gravity wave amplitude, wavelength,  Stratosphere and mesosphere

phase speed, direction, and momentum

flux
Ozone Upper troposphere to mesosphere
Water vapor Upper troposphere to mesosphere
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Long-lived tracers: SFs, N2O, CHa,
CFC-11, HCFC-22

Age-of-air

NO, CO

Nitrogen compounds (NOy): NO, NO2,
HNO3, N20s, CIONO2

Sulfur budget: SOz, H2SO4, COS

Pollutants: CO, PAN

Stratosphere

Stratosphere

Lower stratosphere to lower thermosphere

Stratosphere

Upper troposphere and stratosphere

Upper troposphere and lower stratosphere

Unique scientific contributions of infrared limb imaging

a. Resolving small scale structures in the middle atmosphere

As an example of small-scale structures in the middle atmosphere, Figure 5 shows a snapshot

of ozone in the lower stratosphere from a high-resolution simulation of the Icosahedral Non-

hydrostatic (ICON) model at 13 km grid spacing globally. These simulations show a great

deal of small-scale structures and filaments at the 50 to 100 km scale, so far not available

through regular observations at a global scale. This stirring, filamentation and quasi-

horizontal mixing of tracers is an important part of the middle atmosphere transport

circulation (Pierce and Fairlie, 1993; Dietmiiller et al., 2017), but so far has not been well

constrained by observations (e.g., Riese et al., 2012). Infrared limb imaging can close this

observational gap.
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Figure 5. Modeled ozone distributions in the lower stratosphere at 50 hPa (left) and 150
hPa (right) for 18 March 2025. Simulations with the ICON model with 13 km grid spacing
globally and a linearized ozone chemistry. Many small scale features at the 50 to 100 km
scale are visible, to be resolved with infrared limb imaging along as well as across track.

b. Quantifying middle atmosphere age-of-air and circulation

Age-of-air is an important diagnostic of the strength of the meridional circulation in the
stratosphere (e.g., Garny et al., 2025). Mean age-of-air can be calculated from tracer gases
with a monotonic increase in surface concentrations, such as sulfur hexafluoride (SFs).
Previous infrared satellite observations by MIPAS/Envisat (2002-2012, Stiller et al. 2008;
Stiller et al., 2012; Haenel et al., 2015) and ACE-FTS (Saunders et al., 2024) have provided
time series of SFe-derived age-of-air that can be continued into the future by an infrared limb
imager like CAIRT. Because of the weak absorption features of SF¢, age-of-air derived from
infrared limb measurements of SF¢ alone will likely require averaging over zonal means to
achieve sufficient precision. Using additional long-lived tracers (such as N,O and CFC-11),
we have demonstrated that the studied concept can provide mean age-of-air on single
observations at about 100 by 100 km horizontally and 1-2 km vertically with a total
uncertainty less than 0.5 years and better than 0.25 years for zonal means (Voet et al., 2025;
see also Ray et al., 2024). Such a multi-constituent approach would provide near-global
observations of structures in age-of-air at scales that so far are accessible only by in-situ
observations on campaign basis. These observations will help to better constrain the Brewer-
Dobson circulation and long-term trends in the strength of the circulation since the 2010s

(from MIPAS and ACE-FTS). The need for this type of observations to better constrain the
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representation of the BDC in atmospheric reanalysis data, used for a range of climate
applications, was also recently highlighted by major World Climate Research Programme

(WCRP) reanalysis intercomparison activities (Monge-Sanz et al., 2022a).

¢. Resolving gravity waves and quantifying the driving of the middle atmosphere circulation

Resolving the major part of the gravity wave spectrum with temperature observations at
scales accessible with an infrared limb-imager (Figure 2) enables the derivation of
representative gravity wave momentum flux and gravity wave drag distributions on a global
scale. The gravity wave drag is the forcing of the background winds, and thereby, directly
relates to the role of gravity waves in driving the middle atmosphere dynamics. A case study
of the Northern Hemispheric (NH) 2006 sudden stratospheric warming (SSW) with synthetic
CAIRT observations for January 2006 is shown in Figure 6, based on Rhode et al. (2024).
Here, small-volume wave identification has been applied to simulated observations of
temperature to characterize individual gravity waves along the satellite track in terms of their
wavelengths and amplitude. This allows calculation of spatially resolved gravity wave
momentum flux (Ern et al., 2004) along the orbit track as shown in Figure 6 (first row). The
impact of the gravity waves on the large-scale dynamics is, however, seen more clearly in the
zonal mean (second row): before the SSW (column a), negative gravity wave momentum flux
is evenly distributed throughout the northern hemisphere stratosphere; during the SSW
(panels b and c) gravity waves break below the wind reversal (i.e., the zero wind contour),
resulting in a decrease in gravity wave momentum flux above due to breaking. We
demonstrate that the high vertical resolution of CAIRT observations allows the estimation of
gravity wave drag (calculated as the vertical gradient of gravity wave momentum flux; third
row), directly showing the forcing effect of gravity waves on the wind. The gravity wave
drag can also be calculated directly from the model’s wind perturbations (fourth row). The
simulated CAIRT observations show great correspondence to the model-derived drag,
underscoring that infrared limb-imaging would give representative observations of gravity

wave drag and even resolve small-scale structures.
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Figure 6. Maps of zonal gravity wave momentum flux (GWMF) at 25 km deduced from
simulated CAIRT observations together with background wind speed (upper row),
corresponding zonal-mean GWMF(second row) and drag (third row), and reference drag
calculated from zonal-mean winds (fourth row). From left to right, the dates shown are 6, 13,
and 14 January 2006. Contours of background wind in the zonal means are for 0 m s~
(dotted) and 5, 10, 25, and 50 m s for eastward (solid) and westward (dashed) winds. From
Rhode et al. (2024) (CC 4.0).
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d. Investigating the coupling with solar variability and space weather through the descent of

NOy

Model NOy Model background NOy Model EPP-NOy

Figure 7. Quantifying the transport of reactive nitrogen compounds from the
mesosphere/lower thermosphere into the stratosphere. Total NOy (left), and separate
contributions from the stratospheric background NOy (middle) and descending EPP-NOy
(right), in the SH at 50 km altitude on 14 June 2022. Plots show model truth (top) and
synthetic CAIRT retrieved data (bottom), considering random and systematic measurement
error sources.

Space-weather-driven auroral NO production by energetic particles peaks around 105 km
altitude, but with pronounced spatial and temporal variability. Synthetic CAIRT observations
reproduce the distribution of the enhanced NO layer with high fidelity, even above the
vertical limit of the observations (above the instrument’s field of view). This is possible
because of the tomographic retrieval approach, making use of and correctly locating the
information from NO emissions originating at higher altitudes. The capacity of an infrared
limb imager to quantify the flux of reactive nitrogen (NOy) produced by energetic particles
(EPPNOYy) into the stratosphere during polar winters is demonstrated here for the 2022 SH
winter (Figure 7). Tracer correlations (NOy-CO, NOy-CHy) are used to distinguish the
descending NOy contribution from the stratospheric background produced from N>O

oxidation. The quality of the inferred tracer correlations and hence the accuracy of the NOy
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contribution from the upper atmosphere that can be determined depends strongly on the
accuracy and vertical resolution of the retrieved abundances (Funke et al., 2014). EPP-NOy
extracted using tracer correlations from the retrieval simulations and from the model are
shown in Figure 7. We see that data from an instrument like CAIRT would enable a

quantification of the particle-produced NOy in the stratosphere.

e. Detecting the input of aerosols and pollutants

Biomass burning can input considerable amounts of aerosols into the lower stratosphere,
leading to a dimming of solar radiation exceeding the effects of medium-sized volcanic
eruptions (Khaykin et al., 2020), with an additional localized radiative heating due to carbon-
containing aerosol absorption of solar radiation (Sellitto et al., 2023). Furthermore, the input
of biomass burning aerosols and pollutants may lead to depletion of stratospheric ozone

(Solomon et al., 2023).

With a relatively high spectral resolution, infrared limb-imaging can detect and quantify
pollutants and aerosols in the UTLS, following the heritage of previous instruments such as
MIPAS/Envisat (e.g., Glatthor et al., 2007; Glatthor et al., 2009; Hopfner et al., 2019;
Glatthor et al., 2025) or ACE-FTS (e.g., Bernath et al., 2023), but with higher spatial
resolution. Improved spatial resolution enhances the probability of detecting plumes with
small vertical or horizontal extent. As an example, Figure 8 shows a biomass burning plume
of peroxyacetyl nitrate (PAN) observed from the airborne limb-imager demonstrator
GLORIA in the UTLS over the South Atlantic (Johansson et al., 2022), compared here to
synthetic CAIRT observations of the same plume based on the Copernicus Atmospheric

Monitoring System (CAMS) analyses.

Moreover, future infrared limb observations would offer the unique capability to close the
stratospheric sulfur budget (e.g., Kremser et al., 2016; Giinther et al., 2018; Brodowsky et al.,
2024), by observing simultaneously the mass of stratospheric sulfate aerosols, together with
the most important gas phase precursors carbonyl sulfide (COS) and sulfur dioxide (SO>).
This is also of particular relevance to investigate the unintended and unexpected side effects
of proposed solar radiation management by the deliberate injection of aerosols into the

stratosphere before this is attempted (e.g., National Academy of Sciences, 2021).
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A GLORIA
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Figure 8. Observation of a biomass burning plume of enhanced peroxyacetyl nitrate
(PAN) in the UTLS from the GLORIA airborne instrument over the South Atlantic (Panel A,
Johansson et al., 2022). The corresponding analysis from the Copernicus Atmospheric
Monitoring System (CAMS) is shown in Panel B, while Panel C shows synthetic CAIRT
observations based on the CAMS analysis. Panel D shows the synthetic CAIRT observations
at 12 km altitude for one day, with the CAMS analysis in the background. White areas in
panels B-D indicate the presence of modelled clouds, that can be compared to observed
clouds (missing data/white areas below flight altitude in panel A).

f. Ozone and water vapor in the tropopause region and stratosphere-troposphere exchange

Ozone and water vapor are important greenhouse gases, with changes around the
tropopause having a particularly large radiative efficiency for the forcing of surface climate
(Riese et al., 2012). Transport from the stratosphere into the troposphere is a significant
source of tropospheric ozone, where it acts as an important greenhouse gas and affects air
quality (e.g., Griffiths et al., 2021; IPCC, 2023). Model simulations predict an increase in the
flux of 0zone into the troposphere as a result of changes in the strength of the Brewer-Dobson
circulation and the recovery of stratospheric ozone (Hegglin and Shepherd, 2009; Meul et al.,
2018). Quantifying the stratosphere-to-troposphere flux of ozone from observations is still
associated with large uncertainties. Future limb observations are needed to improve this by
providing accurate and high-resolution observations of ozone and water vapor in the upper
troposphere and lower stratosphere. This capability has been evaluated using an observing
system simulation experiment (OSSE) where CAIRT synthetic observations have been

simulated taking the CAMS control simulation as references, these observations being

18

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-24-0217.1.
Unauthenticated | Downloaded 09/25/26 12:59 PM UTC



assimilated by the BASCOE system (Errera et al., 2021; Errera et al., 2025). Figure 9
compares the assimilation run against the reference, as well as a control run (without data
assimilation) and an assimilation run of synthetic MLS observations. The OSSE indicates that
observations from an infrared limb-imager like CAIRT are expected to be an improvement in
the capacity to constrain ozone and water vapor around the tropopause compared to the

current MLS-based methods.

A moist bias in the lower stratosphere is a common feature across many numerical weather
prediction (e.g., Bland et al., 2024; Woiwode et al., 2020; Kriiger et al., 2022) and climate
models (Charlsworth et al., 2023). This moist bias leads to a modeled cold bias in the extra-
tropical lowermost stratosphere (e.g., Bland et al., 2024), affecting atmospheric circulation
and dynamics down into the troposphere (Lawrence at al., 2022; Charlsworth et al., 2023).
The ability of future infrared limb observations to provide precise water vapor observations at
high spatial resolution around the tropopause with its strong gradients in humidity will thus

be very beneficial.
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Figure 9. Results from an observation system simulation experiment (OSSE), comparing
the assimilation of ozone and water vapor from the Microwave Limb Sounder (MLS) and
pseudo-observations from CAIRT. Left: bias of the BASCOE model control run without
assimilation for the period Oct 2021 to Feb 2022 to the reference simulation. Middle: bias of
the model with MLS data assimilated. Right: bias of model with assimilation of synthetic
CAIRT data. Dashed lines represent the tropopause layer.
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g. Limb-nadir synergies

Infrared limb observations provide high vertical resolution in the middle atmosphere and
upper troposphere, but cannot deliver much information in the lower troposphere due to the
presence of clouds and increased opacity from water vapor. Even under optimal conditions,
little information could be obtained below about four kilometers altitude. Nadir observations
on the other hand have much coarser vertical resolution in the UTLS, but can under clear-sky
conditions provide information also on the lower troposphere, with fine horizontal resolution.
It has been shown that the combination of limb observations and multiple nadir observations
covering the region of the limb lines of sight can provide synergistic retrievals of trace gases
with improved performances in terms of both spatial resolution and uncertainties throughout
the troposphere and lower stratosphere (Tirelli et al., 2025). The complementarity between
limb and nadir observations could be exploited not only for trace gas retrieval but also for
clouds and volcanic plumes, with limb observations providing unique information on the
vertical extension of also very thin clouds and plumes, while nadir measurements provide

information on other physical properties of the clouds.

h. Improving Numerical Weather Prediction

Most weather forecasting centers have raised their model top altitude well into the upper
stratosphere or even mesosphere to improve forecast skill. However, there are at present few

observations above the lower stratosphere to constrain models in that region.

Improving the representation of water vapor and ozone in the upper troposphere and lower
stratosphere in numerical weather forecasting models has been shown to lead to significant
improvements in meteorological predictions (Hogan et al., 2017; Monge-Sanz et al., 2022b).
Assimilation of water vapor data from MLS in ECMWEF’s forecasting system resulted in
significant improvements (Semane and Bonavita, 2025). In addition, first tests in direct
assimilation of infrared limb radiance from MIPAS/Envisat into ECMWEF’s forecasting
system were very encouraging (Bormann et al., 2007). Future limb observations of infrared
radiances and selected level-2 products (temperature, ozone, and water vapor) should

therefore be considered for operational weather and air quality forecasts.

Limb observations of absolute GWMF have already been used to constrain the gravity wave
parametrization in the ECWMF model (Orr et al. 2010), and were later implemented also in

the ICON model at the Deutscher Wetterdienst (DWD). The additional information provided
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by infrared limb-imaging would also allow the constraint of source-specific parametrizations
like the convective gravity wave scheme (Richter et al. 2010) used in the Whole Atmosphere

Community Climate Model (WACCM).

There is currently a revolution in the use of Artificial Intelligence (AI) models for weather
and climate prediction (e.g., de Burgh-Day and Leeuwenburg, 2023). AI methods for
constructing analyses and forecasts directly from satellite observations without the need for
data assimilation are currently being explored, but still in their infancies (e.g. Keller and
Pothast, 2024; McNally et al., 2024). It is very difficult to predict how this field will develop
in the coming years, but with the large amount of unique data in the middle atmosphere not
available from any other observations, future infrared limb-imaging will likely be of high

relevance for developing data-driven atmospheric models.

Concluding remarks

The middle atmosphere is at the nexus of the atmospheric climate system, connecting the
lower atmosphere above the Earth’s surface with the upper atmosphere and near-space
environment that is under the influence of space weather and solar variability. The middle
atmosphere is strongly affected by increasing concentrations of greenhouse gases, the
recovery from ozone-depleting substances, the expected rise in impacts from biomass
burning, and spacecraft launches and reentries. Accordingly, we are entering uncharted
territory in the coming decades. The unwanted side effects of proposed solar radiation
management by the deliberate injection of aerosols into the stratosphere are not well
understood and require monitoring and further understanding of the middle atmosphere. Yet
the present observational capacity to detect, attribute and understand the expected changes in
the middle atmosphere is severely limited. New infrared limb-imaging technology will
provide the data needed to address these challenges and to provide a step-change in our
understanding of the middle atmosphere. We have investigated this with the proposed CAIRT
concept. The CAIRT concept already has a high level of technological and scientific
readiness, based on the heritage of the airborne instrument GLORIA and extensive
performance and impact assessment studies, performed as part of the ESA Earth Explorer
program. The high spatial resolution observations provide much needed information on
atmospheric gravity waves, their sources, pathways and driving of the atmospheric
circulation, one of the largest uncertainties in models at present. By simultaneously observing

the middle atmosphere from the upper troposphere up to the lower thermosphere, infrared
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limb-imaging provides a whole atmosphere view of the coupling between atmospheric

composition, circulation and climate change.
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