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Abstract 

Accurate observations of the vertical distribution and temporal variability of atmospheric trace 

gases are essential for understanding atmospheric composition and chemistry and for evaluating 

atmospheric models. The Gimballed Limb Observer for Radiance Imaging of the Atmosphere 25 

(GLORIA) is a cooled limb-imaging Fourier-Transform Spectrometer (iFTS) providing mid-

infrared spectra with high spectral resolution. The newly developed, compact and uncooled 

instrument GLORIA-Lite (GLITE) is significantly smaller and lighter than its predecessor 

GLORIA, thanks to recent advances in infrared sensors, tailored electronics, and innovative 

manufacturing technology. The first balloon version, GLITE-B, was deployed during a 30 

transcontinental stratospheric flight from Kiruna (Sweden) via Greenland to Canada in June 

2024. Hyperspectral limb-emission measurements in the 750-1450 cm-1 spectral range were 

obtained from 22 to 24 June, covering an altitude range of 5 to 40 km. The observations were 

used to retrieve temperature and a wide range of ozone and other species involved in 
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stratospheric ozone chemistry, tracers of stratospheric air motions, and  tropospheric air 35 

pollutants. Comparisons of the retrieved mean vertical volume mixing ratio (VMR) profiles 

with Microwave Limb Sounder (MLS) version 6 observations show good agreement over wide 

altitude ranges, with differences generally within the combined error limits and typically within 

±2 K for temperature and ±10 % for O3, HNO3, and H2O. A negative bias of approximately 

20 % was found in the MLS N2O data below 27 km relative to GLITE-B. Comparisons with 40 

the ECHAM5/MESSy Atmospheric Chemistry (EMAC) model indicate that the model 

successfully reproduces observed stratospheric trace-gas variability, chemistry (ClONO2, NO2, 

PAN),  and transport characteristics (chlorofluorocarbons, SF6) in the sunlit summer polar 

stratosphere, while discrepancies for HCOOH and CH3OH highlight uncertainties in their 

sources and atmospheric processing. The CFC-11/CFC-12 tracer–tracer relationship agrees 45 

well with previous observations, and the observed SF6 profiles are consistent with current 

understanding of stratospheric transport. The results of this first flight demonstrate that 

GLITE-B can provide accurate trace gas profiles with high vertical resolution during long-

duration balloon flights. Such measurements capture the temporal evolution of atmospheric 

composition over several days, providing valuable information on transport and photochemical 50 

processes and supporting the evaluation and improvement of atmospheric chemistry models. 

 

1 Introduction 

Balloon-borne mid-infrared limb-emission measurements provide a well-established method 

for observing the spatial and temporal variability of trace gases in the upper troposphere and 55 

stratosphere, offering high vertical resolution below the instrument altitude, enabling the 

characterization of transport, photochemical processes, and the evolution of ozone-depleting 

and radiatively active gases (Fischer et al., 2008). In contrast to solar occultation techniques, 

limb-emission spectrometers are not dependent on an external radiation source and can 

therefore be operated under both daytime and nighttime conditions, enabling increased 60 

measurement flexibility (Friedl-Vallon et al., 2004). However, the use of cooled spectrometers 

involves increased technical complexity relative to uncooled systems. Consequently, 

stratospheric balloon missions employing such instruments were always limited to a small 

number (Carli et al., 1984; Murcray et al., 1984; Brasunas et al., 1988; Johnson et al., 1995). At 

the Karlsruhe Institute of Technology (KIT), the Michelson Interferometer for Passive 65 

Atmospheric Sounding (MIPAS) family of instruments was developed. In addition to an 
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airborne version, two balloon-borne MIPAS instruments (Fischer and Oelhaf, 1996; Friedl-

Vallon et al., 2004) were deployed in numerous scientific campaigns between 1989 and 2014 

(e.g. von Clarmann et al., 1993; Oelhaf et al., 1994; Wetzel et al., 1995; von Clarmann et al., 

1997; Wetzel et al., 1997; Stowasser et al., 1999; Waibel et al., 1999; Höpfner et al., 2002; 70 

Stowasser et al., 2002, 2003; Wetzel et al., 2002; Wiegele et al., 2009; Wetzel et al., 2010, 2012, 

2015, 2017). These instruments also served as precursors for the MIPAS Envisat satellite 

mission (Fischer et al., 2008) and played an essential role in its validation (e.g. Wetzel et al., 

2022 and references therein) as well as in the validation of other satellite-based sensors such as 

the Global Ozone Monitoring by Occultation of Stars (GOMOS; Renard et al., 2008), the 75 

second Improved Limb Atmospheric Spectrometer (ILAS-II; Wetzel et al., 2006), and the 

Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES; Sagawa et al., 

2013).  

Limb-scanning spectrometers such as MIPAS typically require on the order of one minute to 

acquire a full vertical profile. In contrast, imaging spectrometers simultaneously measure all 80 

vertical geometries, enabling the retrieval of a full vertical profile from a single measurement  

and even achieve improved vertical resolution. This measurement concept was realized in the 

Gimballed Limb Observer for Radiance Imaging of the Atmosphere (GLORIA; Friedl-Vallon 

et al., 2014; Riese et al., 2014) as a joint project between KIT and the Forschungszentrum Jülich 

(FZJ). For observations extending into the middle stratosphere while retaining coverage down 85 

to the middle troposphere, the instrument was adapted for operation on a stratospheric balloon 

platform (Wetzel et al., 2025).  

To further enhance flexibility in operation and deployment, a first lightweight, compact and 

uncooled version of GLORIA (called GLORIA-Lite or GLITE) was newly developed. The 

reduction in size and mass was achieved by eliminating the need for cooling of the instrument , 90 

reducing the spectral resolution, and using state-of-the-art infrared detector technology, 

dedicated electronics, and adapted manufacturing approaches. This instrument, specifically 

designed for balloon-borne measurements (hereafter referred to as GLITE-B), enabled the first 

transcontinental stratospheric flight from northern Sweden via Greenland to Canada in June 

2024.  95 

Here, we focus on the data analysis of the first imaging hyperspectral limb-emission dataset 

from 5 to 40 km altitude from GLITE-B during its initial deployment. We present selected 

retrieval results, including uncertainty estimates, altitude resolution, and comparisons of 
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temperature and long-lived tracer volume mixing ratios (VMRs) with Microwave Limb 

Sounder (MLS) observations. In addition, temporal and spatial variations of measured gases 100 

are compared with simulations from the chemistry-climate model ECHAM5/MESSy 

Atmospheric Chemistry (EMAC, Jöckel et al., 2010). 

 

2 GLITE-B instrument, data analysis and modelling 

The following subsections provide a brief overview of the GLITE-B instrument, a description 105 

of the data analysis and the atmospheric modelling used in this study. 

2.1 GLITE-B instrument  

The newly developed lightweight GLITE-B instrument, whose technical details will be 

published elsewhere, is an uncooled limb-imaging Fourier-Transform Spectrometer (iFTS) 

operating in the thermal infrared spectral region, covering wavelengths from approximately 7 110 

to 14 µm. It uses a two-dimensional detector array that records 128 vertical and 47 horizontal 

interferograms per measurement. The interferograms are Fourier-transformed into the spectral 

domain and radiometrically calibrated using in-flight measurements of a blackbody and deep 

space, following an approach similar to that described by Wetzel et al. (2025). To improve the 

signal-to-noise ratio, spectra are averaged in the horizontal direction. As the vertical elevation 115 

coverage of a single image does not span the entire altitude range from the balloon at 40 km 

down to the upper troposphere, a toggle mode comprising eight consecutive measurements 

(four at upper and four at lower elevation angles) is applied. For the binned and combined 

datasets (100 s integration time), the noise equivalent spectral radiance (NESR) amounts to 

approximately 1 x 10-8 W (cm2 sr cm-1)-1. Spectra are recorded with a maximum optical path 120 

difference of 2.5 cm, corresponding to a spectral sampling of 0.2 cm−1, and are apodized using 

the “strong” function of Norton and Beer (1976, 1977). These measurements enable the 

retrieval of numerous trace species, as individual spectral lines or the shape of the spectral band 

can be separated from continuum-like emissions.  

2.2 Data analysis of measured spectra 125 

In this study, we present results from the first GLITE-B balloon flight, carried out from Esrange 

(Kiruna, Sweden) via Greenland to Baffin Island (Canada) between 22 and 26 June 2024 as 

part of the transatlantic (CNES-TRANSAT) campaign. Due to a problem with the 
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interferometer drive, the measurements were terminated prematurely on 24 June 2024 near 

eastern Greenland. Figure 1 shows the flight trajectory and the corresponding measurement 130 

locations from 21:28 UTC on 22 June 2024 to 14:49 UTC on 24 June 2024.  

Radiances are calculated with the Karlsruhe Optimized and Precise Radiative Transfer 

Algorithm (KOPRA; Stiller et al., 2002) using spectroscopic data from the high-resolution 

transmission molecular absorption database (HITRAN; Gordon et al., 2017). The retrieval is 

performed with the KOPRAFIT procedure (Höpfner et al., 2002), which employs derivatives 135 

of the radiance spectrum with respect to atmospheric state and instrument parameters 

(Jacobians) computed by KOPRA. The inverse problem is solved iteratively using a Gauss-

Newton method (Nocedal and Wright, 2006) with Tikhonov-Phillips regularization (Phillips, 

1962; Tikhonov, 1963), applied to the first derivative of the a priori profile of the retrieved 

atmospheric parameter. The retrieval grid is defined with a vertical spacing of 0.25 km up to 40 140 

km altitude and becomes gradually coarser above, extending up to 100 km. 

 

Figure 1. Flight path of the balloon gondola on 22-24 June 2024 (black line) and GLITE-B tangent point 

positions (colour-coded by altitude). Observations (north of 60 °N) of the Microwave Limb Sounder (MLS) 

are shown as brown squares. 145 
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Cloud-affected spectra are filtered using a cloud index threshold of 4, based on the colour ratio 

of the mean radiance in the spectral intervals 788.2-796.3 and 832.3-834.4 cm-1 (Spang et al., 

2004). In a subsequent step, the pointing elevation angle is adjusted by performing a line of 

sight (LOS) retrieval using suitable CO2 transitions in the spectral range 933.4-958.2 cm-1, 150 

together with temperature profiles from European Centre for Medium-Range Weather 

Forecasts (ECMWF) ERA5 analyses (Hersbach et al., 2020). Prior to the trace gas retrievals, 

temperature is retrieved from the CO2 Q-branch region near 792 cm-1 and the CO2 laser band 

around 942 cm-1. The retrieved temperature is subsequently used for the trace gas retrievals. 

The spectral windows applied for the GLITE-B retrieval of temperature and trace gases, along 155 

with the corresponding vertical resolution and estimated uncertainties, are summarized in Table 

1. A careful selection of appropriate spectral windows is essential to ensure accurate retrievals. 

Major interfering species are fitted simultaneously with the target species, while minor species 

are either pre-fitted in separate spectral intervals or represented by climatological profiles 

during the retrieval. In the case of H2O and O3, a priori profiles are taken from ECMWF 160 

analyses for their retrievals, while the retrieved concentrations are included as fixed profiles in 

all subsequent trace gas retrievals. 

The error estimation of the retrieved species includes contributions from random noise, 

temperature uncertainties, calibration (multiplicative gain), pointing (LOS), field of view 

(FOV) inaccuracies, and spectroscopic data errors; all errors refer to the 1-σ uncertainty. 165 

2.3 Model simulations 

A multi-year simulation was performed with the chemistry-climate model ECHAM5/MESSy 

Atmospheric Chemistry (EMAC). EMAC is a numerical chemistry and climate simulation 

system that includes submodels describing tropospheric and middle atmosphere processes and 

their interaction with oceans, land and human influences (Jöckel et al., 2010). Its core 170 

atmospheric model is the fifth-generation European Centre Hamburg general circulation model 

(ECHAM5; Roeckner et al., 2006) that is connected to the submodels using the interface 

Modular Earth Submodel System (MESSy). For this study, EMAC (MESSy v2.55.0) was run 

from 2019 to 2024 with a 4 min time step at T106L90 resolution (approximately 1.1° × 1.1°) 

and 90 hybrid pressure levels from the ground up to 0.01 hPa. Surface pressure, temperature, 175 

divergence, and vorticity up to an altitude of 1 hPa were nudged towards ECMWF ERA5 

reanalysis data (Hersbach et al., 2020) to reproduce realistic synoptic conditions. The chemical 

mechanism comprises 137 gas-phase species, 261 gas-phase reactions, 80 photolysis reactions, 
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and 12 heterogeneous reactions. It includes tropospheric methane and non-methane 

hydrocarbon chemistry with C1-C5 organic compounds, including a condensed isoprene 180 

oxidation mechanism, as well as stratospheric and mesospheric chemistry. The rate constants 

of gas-phase reactions are from Atkinson et al. (2007), Sander et al. (2011), and Burkholder et 

al. (2015). Greenhouse gas and ozone-depleting substance (ODS) boundary conditions, 

including those for CO2, CH4, N2O, chlorofluorocarbons, and halons, as well as emissions of 

non-methane volatile organic compounds (NMVOCs), are prescribed according to the Coupled 185 

Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016). For the time period of 

the balloon flight, the EMAC data were written out for each model timestep (every 4 minutes). 

These data were then interpolated in time and space onto the GLITE-B retrieval grid along the 

flight trajectory. 

 190 
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Table 1. Overview of GLITE-B spectral windows for retrieved quantities used in this study together with 

altitude resolution (alt. res.), typical noise errors and total errors, valid for a single vertical profile.  Total 

errors include temperature uncertainties, calibration (multiplicative gain), pointing, field of view 210 
inaccuracies, and spectroscopic data errors. 

Target 

quantity 

Spectral range 

(cm-1) 
Fitted atmospheric parameters  

Alt. res. 

(km) 

Noise error 

(%) 

Total error 

(%) 

Temp. 
786.2 – 793.4 

941.4 – 943.6 
Temp. < 2 0.2 – 0.3 K 0.5 – 1.0 K 

O
3
 

763.6 – 767.4 

780.6 – 784.0 

784.8 – 789.6 

991.0 – 997.8 

999.2 – 1002.6 

O3 < 2 1 – 5 7 – 10 

H2O 

824.0 – 830.2 

1214.2 – 1220.0 

1393.6 – 1406.0 

1416.6 – 1425.2 

H2O, O3, CH4 < 2 2 – 4 10 – 20 

N2O 

1215.4 – 1217.0 

1227.6 – 1229.0 

1229.8 – 1235.4 

1278.0 – 1279.8 

1289.4 – 1292.0 

N2O, CH4 < 2 1 – 10 8 – 30 

CFC-11 

831.0 – 832.0 

845.0 – 849.8 

850.0 – 854.6 

854.8 – 859.4 

862.2 – 862.6 

H2O, HNO3, COCl2, CFC-11 < 2 1 – 10 5 – 15 

CFC-12 918.2 – 924.2 HNO3, CFC-12 < 2 1 – 10 6 – 15 

SF6 945.2 – 950.4 H2O, SF6 < 4 4 – 8 10 – 20 

HNO
3
 

860.2 – 864.0 

866.0 – 870.2 

872.2 – 880.0 

892.6 – 901.8 

HNO3 < 2 1 – 4 20 – 25* 

ClONO
2
 778.2 – 781.6 O3, ClONO2 < 2 10 – 20 15 – 25 

NO
2
 801.0 – 820.0 

H2O, O3, NO2, HNO3, COF2, 

HCFC-22, CCl4, CFC-113, 

ClONO2, HNO4, PAN, BrONO2 

< 8 5 – 15 7 – 20 

PAN  779.8 – 805.4 H2O, O3, HCFC-22, CCl4, PAN < 2 5 – 15 10 – 30 

CH3OH 960.0 – 999.4 O3, NH3, CH3OH, PAN < 2 6 – 25 8 – 30 

HCOOH 

1086.4 – 1089.6 

1103.4 – 1106.2 

1112.4 – 1117.0 

O3, HCOOH, CFC-12, HCFC-22 < 2 7 – 20 10 – 40 

*Large spectroscopic error. 
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3 Results 

3.1 Comparison of GLITE-B measurements with observations and EMAC model data 215 

In this section, mean vertical profiles of temperature, O3, HNO3, H2O, and N2O from GLITE-B 

retrievals (averaged over the entire balloon flight) are compared to MLS (Waters et al., 2006; 

Santee et al., 2011) observations and EMAC simulations. The comparison of mean profiles has 

the advantage that the noise component of the error is reduced by a factor of 1/n0.5 where n 

denotes the number of averaged data points. To assess whether a bias between the instruments 220 

is statistically significant, combined uncertainties (random and systematic) are calculated as the 

square root of the sum of the squared individual measurement uncertainties, following Wetzel 

et al. (2022). Since the vertical resolution of GLITE-B profiles is substantially higher than that 

of MLS, the GLITE-B retrieval was repeated using a stronger regularization (smoothing) to 

obtain a vertical resolution comparable to that of MLS. To calculate differences, all data shown 225 

in the following figures were interpolated onto the GLITE-B retrieval grid. 

3.1.1 Temperature 

Apart from its role as a primary atmospheric state variable, accurate temperature profiles are 

essential for reliable trace gas retrievals from atmospheric emission limb soundings, as 

temperature errors propagate into the retrieved abundances and their overall uncertainty. 230 

Figure 2 presents the mean temperature profile observed by GLITE-B between 21:28 UTC on 

22 June 2024 and 14:49 UTC on 24 June 2024, together with MLS version 6 profiles (Schwartz 

et al., 2026b) and mean temperatures from ECMWF ERA5 analyses (Hersbach et al., 2020) 

interpolated onto the GLITE-B retrieval grid. The corresponding mean temperature profile 

simulated by EMAC and sampled at GLITE-B measurement geolocations, is also shown. 235 

Mean temperature differences between GLITE-B and MLS remain within the combined 

uncertainties over broad altitude ranges above 10 km and are generally smaller than 2 K. A 

positive bias of GLITE-B relative to MLS is evident below 27 km, reaching up to 3 K at 19 km. 

This is consistent with previously reported deviations between MLS and other satellite 

instruments (Livesey et al., 2026). The pronounced deviation between GLITE-B and MLS at 240 

26 km is reduced when the smoothed GLITE-B profile is compared with MLS. A small positive 

bias of GLITE-B relative to ECMWF and EMAC is evident below 26 km, whereas a slight 

negative bias is found above 26 km. 
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Figure 2. Left: Mean GLITE-B temperature profile (red solid line, including total error and standard 245 
deviation, SD); GLITE-B smoothed (vertical resolution comparable to that of MLS, red dashed line); MLS 

version 6 data points (grey symbols), mean MLS vertical profile (black solid line with total error), mean 

ECMWF profile (green solid line), and mean EMAC profile (blue solid line). Right: Absolute differences 

together with combined total error of GLITE-B and MLS. 

 250 

3.1.2 O3 

Monitoring the anticipated recovery of the stratospheric ozone (O3) layer remains an important 

scientific objective (Chipperfield and Bekki, 2024; WMO, 2022). Continuous ozone 

observations are further required because ozone acts as an effective greenhouse gas in the upper 

troposphere and lower stratosphere (UTLS), where it contributes to the radiative budget (Forster 255 

and Shine, 1997; Gettelman et al., 2011; Hansen et al., 1997; Riese et al., 2012; Xie et al., 2008). 

Figure 3 shows the mean ozone profile retrieved from GLITE-B spectra together with MLS 

version 6 profiles (Schwartz et al., 2026a), corresponding ozone profiles from ECMWF ERA5 

analyses (Hersbach et al., 2020) and EMAC simulations. Differences between the mean O3 

profiles from GLITE-B and MLS remain within the combined error limits throughout the entire 260 
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altitude range, although a small, statistically insignificant bias of less than 10 % is apparent 

above 20 km. The pronounced VMR peak observed by GLITE-B at 26 km appears to represent 

a genuine dynamical feature rather than a retrieval artefact, as it is evident both in the 

measurements and in the EMAC simulation. Applying stronger regularization (smoothing) to 

the GLITE-B retrieval indeed reduces the amplitude of the peak, resulting in a profile shape 265 

that more closely resembles the MLS observations. Figure 4a shows the two-dimensional O3 

distribution observed by GLITE-B in comparison with the EMAC simulation shown in Fig. 4b. 

The secondary O3 maximum at an altitude of approximately 26 km is clearly visible in both the 

measurements and the simulation. Small-scale temporal variations are correlated with changes 

in the azimuth angle of the line of sight. Figure 4c presents the horizontal O3 distribution at 270 

around 26 km as simulated by EMAC. A dynamical structure with enhanced O3 values is visible 

along the flight path of the balloon gondola. The high vertical resolution of GLITE-B enables 

the resolution of such dynamical features. The close agreement between EMAC and GLITE-B 

also indicates a realistic representation of atmospheric transport and supports the successful 

nudging of the model to meteorological reanalyses. 275 

 

Figure 3. Left: Mean GLITE-B O3 profile (red solid line, including total error and standard deviation, SD); 

GLITE-B smoothed (vertical resolution comparable to that of MLS, red dashed line); MLS version 6 data 

points (grey symbols), mean MLS vertical profile (black solid line with total error), mean ECMWF profile 

(green solid line), and mean EMAC profile (blue solid line).  Middle and right: Absolute and relative 280 
differences together with combined total error of GLITE-B and MLS. 

https://doi.org/10.5194/egusphere-2026-5912
Preprint. Discussion started: 11 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 12 

 

Figure 4. Temporal evolution of O3 observed by GLITE-B between 22 and 24 June 2024 above the North 

Atlantic (a). The flight altitude is shown as a solid grey line. The dynamical tropopause using ECMWF 2 and 

4 potential vorticity (PV) units is indicated as dashed grey lines. The corresponding EMAC simulation (b), 285 

together with the horizontal O3 distribution from EMAC at about 26 km (c), including the balloon flight 

trajectory during the GLITE-B observations (red line between northern Scandinavia and eastern Greenland). 
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3.1.3 HNO3 

Nitric acid (HNO3) is an important reservoir species of reactive nitrogen in the stratosphere 

(e.g. Brasseur and Solomon, 2005). The mean GLITE-B HNO3 profile is shown in Fig. 5. 290 

Because the uncertainty of the GLITE-B retrieval is dominated by spectroscopic uncertainties, 

primarily line intensity and pressure-broadening parameters from the HITRAN database 

(Gordon et al., 2017, 2022, 2026), an additional combined error estimate was calculated 

excluding the spectroscopic contribution. The differences between the mean GLITE-B and 

MLS version 6 HNO3 profiles (Manney et al., 2026) remain within this reduced combined error, 295 

indicating that the observed VMR differences are not statistically significant. The secondary 

maximum observed by GLITE-B at 11 km, which is also apparent in the vertically smoothed 

GLITE-B profile, is likewise captured by MLS. The EMAC simulations are in close agreement 

with the GLITE-B observations and also reproduce the enhanced HNO3 concentrations at 11 

km.  300 

Figure 6a shows the two-dimensional HNO3 distribution observed by GLITE-B in comparison 

with the EMAC simulation shown in Fig. 6b. The pronounced, time-invariant stratospheric 

HNO3 maximum, with values of around 8 ppbv, is clearly observed in both the measurements 

and the model simulations. In the lowermost stratosphere below 15 km, however, stronger 

HNO3 variability is found, depending on the specific measurement location along the balloon 305 

flight trajectory. This variability is also reproduced by the EMAC simulation, although not 

always at exactly the same locations. Figure 6c shows the horizontal HNO3 distribution as 

simulated by EMAC at an altitude of about 11 km. Here, fragments of HNO3-rich air are visible, 

which are most likely remnants of polar vortex air from the previous Arctic winter, consistent 

with observations of similar HNO3-rich fragments reported by Santee et al. (2011). This pattern 310 

likely explains the observed HNO3 variability in the lowermost stratosphere. 
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Figure 5. Left: Mean GLITE-B HNO3 profile (red solid line, including total error and standard deviation, 

SD); GLITE-B smoothed (vertical resolution comparable to that of MLS, red dashed line); MLS version 6 

data points (grey symbols), mean MLS vertical profile (black solid line with total error), a climatological 315 

polar summer profile (green solid line; Remedios et al., 2007), and mean EMAC profile (blue solid line). 

Middle and right: Absolute and relative differences together with combined total error of GLITE-B and MLS 

(with and without GLITE-B spectroscopic uncertainties). 
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Figure 6. Temporal evolution of HNO3 observed by GLITE-B between 22 and 24 June 2024 above the North 320 

Atlantic (a). The flight altitude is shown as a solid grey line. The dynamical tropopause using ECMWF 2 and 

4 potential vorticity (PV) units is indicated as dashed grey lines. The corresponding EMAC simulation (b), 

together with the horizontal HNO3 distribution from EMAC at about 11 km (c), including the balloon flight 

trajectory during the GLITE-B observations (red line between northern Scandinavia and eastern Greenland). 

 325 
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3.1.4 H2O 

Water vapour (H2O) is a highly variable atmospheric constituent that plays a key role in the 

atmospheric energy budget. In the UTLS region, H2O strongly influences the outgoing long-

wave radiation and the Earth's radiation budget (e.g. Forster and Shine, 2002; Riese et al., 2012; 

Solomon et al., 2010). Accurate atmospheric H2O measurements are therefore essential for 330 

assessing long-term trends (e.g. Dessler et al., 2014; Khosrawi et al., 2018; Lossow et al., 2018), 

particularly in the light of the Hunga volcanic eruption, which introduced a significant amount 

of water vapour into the stratosphere (Zhu et al., 2025).  

Figure 7 shows the mean H2O profile observed by GLITE-B together with MLS version 6 

profiles (Lambert et al., 2026b) as well as corresponding H2O profiles from ECMWF ERA5 335 

analyses (Hersbach et al., 2020) and EMAC simulations. Due to the reduced number of MLS 

H2O observations resulting from the duty cycling of the 190-GHz subsystem since May 2024 

(Livesey et al., 2026), no MLS H2O measurements were available at the location and time of 

the balloon flight. Therefore, backward trajectories were used to identify a region where the air 

mass sampled by GLITE-B had previously been observed by MLS at times MLS H2O data are 340 

available, allowing a comparison between MLS and GLITE-B observations. Differences 

between the mean H2O profiles from GLITE-B and MLS remain within the combined 

uncertainties throughout the entire altitude range, although a positive bias of 10–20 % is 

apparent in the GLITE-B data between 14 and 29 km. Below the hygropause, the strong vertical 

H2O gradient results in larger differences between the two instruments. While ozone exhibits a 345 

pronounced VMR peak at 26 km, a distinct H2O dip is observed at this altitude. When applying 

stronger regularization to the GLITE-B retrieval, resulting in a vertical resolution comparable 

to that of MLS, the mean profiles of the two instruments become more similar in shape. The 

VMR dip is evident not only in the measurements but also in the EMAC simulation. A clear 

negative bias of about 1 ppmv is visible in the EMAC (and ECMWF) profiles relative to the 350 

GLITE-B and MLS observations above 28 km. Relative to GLITE-B, this negative bias in 

EMAC persists down to 12 km (and down to 17 km for ECMWF). The negative bias of 

approximately 1 ppmv above 28 km may partly reflect the absence of the persistent Hunga H2O 

anomaly in the EMAC simulation. Satellite observations indicate that the excess stratospheric 

H2O injected by the January 2022 eruption persisted through at least early 2024 and remained  355 

of the order of 1 ppmv over large parts of the stratosphere (Millán et al., 2024).  
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Figure 8a shows the two-dimensional H2O distribution observed by GLITE-B in comparison 

with the EMAC simulation shown in Fig. 8b. The H2O VMR minimum at 26 km is clearly 

resolved by both the high-vertical-resolution GLITE-B observations and the EMAC simulation. 

It is also evident in the simulated horizontal H2O distribution at around 26 km along the balloon 360 

flight path (Fig. 8c). The observed anticorrelation between H2O and O3 at 26 km is consistent 

with a dynamical origin of the observed feature, reflecting differences in the transport history 

of the air masses reaching this altitude rather than a direct chemical coupling between H2O and 

O3. 

 365 

 

Figure 7. Same as Fig. 3 but for H2O, with MLS observations corresponding to different times and locations 

(for details, see text). 
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Figure 8. Same as Fig. 4 but for H2O. 370 
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3.1.5 N2O 

Nitrous oxide (N2O) is a long-lived tracer of tropospheric origin. It is destroyed in the 

stratosphere by photolysis and reaction with O(1D), resulting in a vertical decrease of its mixing 

ratio with altitude (Brasseur and Solomon, 2005). Figure 9 shows the mean N2O profile 375 

retrieved from GLITE-B spectra together with MLS version 6 profiles (Lambert et al., 2026a) 

and corresponding EMAC simulations. As for H2O, no MLS measurements were available at 

the time and location of the balloon flight; therefore, MLS observations from the same air-mass 

region as used for H2O were employed for the comparison with GLITE-B. Above 27 km, 

excellent agreement is found between MLS and GLITE-B. As in the case of O3 and H2O at 26 380 

km, a dynamical feature is also evident in the GLITE-B N2O profile, which is smoothed out 

when degrading the GLITE-B retrieval to the vertical resolution of MLS. Below 27 km, a 

significant bias of roughly 20 % is observed between MLS and GLITE-B, which slightly 

exceeds the combined total error estimate. This apparent negative bias in MLS N2O is consistent 

with previously reported deviations between MLS and other satellite instruments (Livesey et 385 

al., 2026). However, EMAC-simulated N2O values are close to the GLITE-B profile and also 

reproduce the VMR enhancement at 26 km. The climatological polar summer profile, based on 

Remedios et al. (2007) and adjusted to current values following Ungermann et al. (2022), lies 

within the range of the other profiles shown here. 

 390 

Figure 9. Same as Fig. 7, but for N2O, with a polar summer climatological profile shown instead of the 

ECMWF profile. 
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3.2 GLITE-B measurements and EMAC simulations 

In this section, we demonstrate that GLITE-B can resolve temporal changes in the mixing ratios 

of the photochemically active nitrogen and chlorine species NO2 and ClONO2 with high spatial 395 

and temporal resolution. Balloon-borne observations are particularly well suited for studying 

the diurnal variability of these species, as the balloon drifts with the surrounding air and 

repeatedly samples essentially the same air mass. Such measurements are also valuable for 

investigating the impact of episodic pollution events, such as biomass-burning plumes. The 

increasing extent and intensity of biomass-burning and wildfire events (e.g. Potapov et al., 400 

2025) can enhance pollution in the upper troposphere through rapid vertical transport, while the 

relatively long atmospheric lifetimes of many trace gases and strong winds in this region allow 

them to be transported over large distances under favourable atmospheric conditions (e.g. 

Alvarado et al., 2020; Johansson et al., 2022; Lu et al., 2019). Another important application is 

the determination of the age of air, a commonly used diagnostic of the strength of the Brewer-405 

Dobson circulation (e.g. Waugh and Hall, 2002). Sulphur hexafluoride (SF6) and 

chlorofluorocarbons (CFCs) are key tracers for estimating the mean age of air (Voet et al., 

2025). These long-lived compounds are transported into the stratosphere, where CFCs are 

gradually destroyed by photolysis. Their degradation ultimately releases inorganic chlorine, 

which, following temporary sequestration in reservoir species, contributes to catalytic ozone 410 

depletion in the polar spring (e.g. Brasseur and Solomon, 2005). In the following, we present 

examples of these trace species together with corresponding EMAC simulations. 

3.2.1 ClONO2 and NO2 

Chlorine nitrate (ClONO2) is an important reservoir species in stratospheric chemistry, 

particularly with regard to ozone depletion (e.g. Brasseur and Solomon, 2005; von Clarmann 415 

and Johansson, 2018). It acts as a temporary reservoir for reactive chlorine, thereby reducing 

the availability of chlorine species involved in catalytic ozone-destruction cycles. A small 

diurnal variation of stratospheric ClONO2 was already measured by the MIPAS balloon 

instrument during the Arctic winter in January 2010 (Wetzel et al., 2012). The temporal 

variation of ClONO2 retrieved from the GLITE-B measurements is shown in Fig. 10a. Mixing 420 

ratios of up to 1.0 ppbv are observed. At the highest altitude levels, some noise-related 

structures are visible, likely caused by the lower signal-to-noise ratio in this altitude region. 

ClONO2 exhibits some diurnal variability at altitudes above about 22 km, reflecting the balance 

between its production from NO2 and ClO and its loss by photolysis. Consequently, ClONO2 
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VMRs are slightly enhanced at high solar zenith angles (SZAs) compared with periods of low 425 

SZA. Superimposed on this diurnal signal, short-term fluctuations in the retrieved ClONO2 

VMR are associated with azimuthal rotations of the instrument. The EMAC simulation 

reproduces the observed variability with a slightly weaker diurnal amplitude (Fig. 10b). This 

leads to small deviations between simulated and measured ClONO2 VMRs above about 25 km. 

At lower altitudes, however, where no significant diurnal variability is apparent, the agreement 430 

between measurements and simulations is generally good, and the differences remain small 

(Fig. 10c). 

 

Figure 10. Temporal evolution of ClONO2 observed by GLITE-B between 22 and 24 June 2024 above the 

North Atlantic (a). The solar zenith angle (SZA) is indicated at the top and applies to all panels. The flight 435 
altitude is shown as a solid grey line. The dynamical tropopause using ECMWF 2 and 4 potential vorticity 

(PV) units is indicated as dashed grey lines. The corresponding EMAC simulation (b) and the difference 

between the measurement and the model results (c) are also shown. 
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Nitrogen dioxide (NO2) exhibits a pronounced diurnal cycle, with higher mixing ratios during 

the night than during the day, owing to its strong photochemical coupling with NO in the 440 

stratosphere (Brasseur and Solomon, 2005). Although NO2 also participates in the N2O5 diurnal 

cycle, this pathway is negligible under polar day conditions. GLITE-B measurements show 

N2O5 mixing ratios below 0.1 ppbv throughout the flight (not shown), remaining below the 

detection limit. Pronounced diurnal variations of NO2 have previously been observed by the 

MIPAS balloon instrument during Arctic winter over northern Scandinavia (Wetzel et al., 2012; 445 

Wiegele et al., 2009). Figure 11a shows the temporal evolution of the NO2 volume mixing ratio 

measured by GLITE-B during the 2024 polar summer balloon flight. NO2 mixing ratios of up 

to 9.2 ppbv were observed. As the sampled air masses above 10 km remained continuously 

sunlit, the diurnal variation is much weaker than under alternating day and night conditions. 

Nevertheless, higher NO2 mixing ratios coincide with larger SZAs, and vice versa. A similar 450 

temporal evolution is evident in the EMAC simulation shown in Fig. 11b. Although the 

simulated NO2 mixing ratios are slightly lower than the observations (Fig. 11c), EMAC 

captures the overall diurnal variability well. 

 

 455 
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Figure 11. Same as Fig. 10 but for NO2. The measured data (a) have been temporally smoothed using a 39-

point adjacent averaging routine to attenuate noisy structures. Consequently, VMR variations caused by 

azimuthal line-of-sight rotations are strongly smoothed. 

 460 

3.2.2 PAN, HCOOH, and CH3OH 

Peroxyacetyl nitrate (PAN), formic acid (HCOOH), and methanol (CH3OH) are trace gases 

associated with pollution and are characterized by different atmospheric lifetimes. PAN is 

formed by the reaction of NO2 with the peroxyacetyl radical (CH₃C(O)O₂), which is produced 

during the oxidation of non-methane volatile organic compounds (NMVOCs). In the cold upper 465 

troposphere, PAN can persist for several weeks to months (Fischer et al., 2014; Glatthor et al., 

2007; Singh, 1987). HCOOH originates from direct emissions, including biogenic sources, 

biomass burning, and fossil fuel combustion, as well as from secondary photochemical 
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production involving anthropogenic and biogenic precursors (Mungall et al., 2018). Its 

atmospheric lifetime in the free troposphere is on the order of a few weeks (Millet et al., 2015). 470 

CH3OH is emitted primarily by terrestrial vegetation and the oceans, with additional 

contributions from biomass burning and anthropogenic sources, and is also formed secondarily 

through the oxidation of volatile organic compounds. Its mean atmospheric lifetime is 

approximately 5 days (Bates et al., 2021).  

Figure 12a shows the PAN distribution in the UTLS measured by GLITE-B along the flight 475 

path together with the corresponding EMAC simulation. Enhanced PAN mixing ratios are 

observed along the dynamical tropopause in both the measurements and the simulation. Mixing 

ratios of up to 0.6 ppbv are consistent with previous observations in the upper troposphere (e.g. 

Fischer et al., 2014; Glatthor et al., 2007; Johansson et al., 2022; Wetzel et al., 2021). The 

EMAC simulation reproduces the observed PAN distribution well, both in terms of its spatial 480 

extent and absolute mixing ratios. However, differences are apparent between approximately 

18:00 and 00:00 UTC, where EMAC shows PAN filling the troposphere more uniformly, 

whereas GLITE-B observes a gradual increase in PAN mixing ratios with altitude, broadly 

following the cloud-edge structure. 

In contrast, the temporal distributions of HCOOH (Fig. 12b) and CH3OH (Fig. 12c) exhibit 485 

only limited regions of enhanced mixing ratios, reflecting their shorter atmospheric lifetimes 

and different source strengths. Maximum mixing ratios of up to 0.25 ppbv for HCOOH and 3.0 

ppbv for CH3OH are consistent with previous observations in the UTLS region (e.g. Glatthor 

et al., 2013; Johansson et al., 2022). While EMAC reproduces the general location of these 

enhanced regions, the simulated mixing ratios are substantially lower than the measured ones. 490 

The agreement in the location of the enhanced regions, together with the good representation 

of PAN, suggests that the large-scale transport of polluted air masses is reasonably captured by 

EMAC. The substantially lower HCOOH and CH3OH mixing ratios may instead reflect 

underestimated direct and precursor emissions and/or limitations in the representation of their 

secondary chemical production and loss. 495 
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Figure 12. Temporal evolution of PAN (a), HCOOH (b), and CH3OH (c) observed by GLITE-B (left) and 

simulated by EMAC (right) between 22 and 24 June 2024 in the UTLS above the North Atlantic. The 

dynamical tropopause using ECMWF 2 and 4 potential vorticity (PV) units is indicated as dashed grey lines. 500 

 

3.2.3 CFC-11, CFC-12, and SF6 

Trichlorofluoromethane, also called CFC-11 (CCl3F), and dichlorodifluoromethane, known as 

CFC-12 (CCl2F2), are long-lived chlorofluorocarbons (CFCs) regulated under the Montreal 

Protocol and are removed from the stratosphere primarily by photolysis (e.g. Ko and Dak Sze, 505 

1982). Following the phase-out of their production and consumption, their tropospheric 

concentrations have been declining over the past decades (e.g. Prinn et al., 2018). Since the 

atmospheric lifetime of CFC-12 (approximately 102 years) is about twice that of CFC-11 

(Hoffmann et al., 2014), its stratospheric decrease in VMR is less pronounced than that of 

CFC-11. Figure 13 shows the correlation of CFC-11 and CFC-12. Such a tracer–tracer 510 

correlation provides an additional consistency check for the retrievals, as both long-lived  

species are transported by the same large-scale circulation while exhibiting different 

stratospheric photochemical lifetimes. The altitude colour-coding of the GLITE-B 

measurements shows the expected decrease in the volume mixing ratios of both CFCs with 

altitude. The mean GLITE-B correlation exhibits a gently curved shape with a wave-like feature 515 

around 25 km. This feature is related to the dynamical structure previously identified in the 

measured vertical profiles of O3, H2O, and N2O and is clearly reproduced by the EMAC 
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simulation. A mean correlation previously derived from a GLORIA balloon flight launched 

from Kiruna on 21-22 August 2021 (Wetzel et al., 2025) does not exhibit such a dynamical 

signature, but the correlation values are within a comparable range to those observed by 520 

GLITE-B. Correlation data from cryosampler measurements (Schuck et al., 2025; Wetzel et al., 

2025) carried out over Kiruna a few days before the GLORIA-B flight, as well as from an earlier 

MIPAS balloon observation in July 2003 (Wetzel et al., 2022), are likewise consistent with the 

retrieved GLITE-B data within the measurement uncertainties. The same applies to the 

Northern Hemisphere lower-tropospheric reference value from the Advanced Global 525 

Atmospheric Gases Experiment (AGAGE) network (Prinn et al., 2018). 

 

Figure 13. Correlation between the tracer species CFC-11 and CFC-12 measured by GLITE-B on 22-24 June 

2024 (altitude-colour-coded squares) up to 30 km altitude. Total error bars (orange) are shown for selected 

data points. The mean GLITE-B correlation (red line) and the corresponding mean EMAC simulation (blue 530 

line) are also displayed. For comparison, the mean GLORIA-B observations from a balloon flight over 

northern Scandinavia (Kiruna) on 21-22 August 2021 (green line; Wetzel et al., 2025) and cryosampler 

measurements obtained at the same location on 13 August 2021 (dark yellow line; Schuck et al., 2025; Wetzel 

et al., 2025) are included. In addition, measurements from an earlier MIPAS balloon flight over northern 

Scandinavia (black line; Wetzel et al., 2022) are shown. The Northern Hemisphere lower tropospheric 535 
reference value from the AGAGE network (yellow star; Prinn et al., 2018) agrees with the GLITE-B 

measurements in the UTLS region. 
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The atmospheric lifetime of sulphur hexafluoride (SF6) is about a factor of 20 longer than that 

of CFC-12 because SF6 is chemically inert in the stratosphere (Vervalcke et al., 2026). 

Figure 14 compares the measured evolution of SF6 (Fig. 14a) with the corresponding EMAC 540 

simulation (Fig. 14b). The expected decrease with altitude in the stratospheric SF6 VMR is 

clearly evident in both the measurements and the EMAC simulation. The dynamical feature 

near 26 km, as already apparent in the O3, H2O and N2O observations, is also visible in both the 

measurements and the simulation. Although SF6 is chemically inert in the stratosphere, its 

mixing ratio decreases with altitude. This decrease is primarily caused by atmospheric 545 

transport, as tropospheric SF6 abundances continue to rise (Prinn et al., 2018; Simmonds et al., 

2020). While the mean age of air increases with altitude, older air masses in the upper 

stratosphere contain lower SF6 mixing ratios than younger air in the lower stratosphere (Hall 

and Plumb, 1994; Hall and Waugh, 1998). In addition, stratospheric SF6 mixing ratios are 

influenced by the downward transport of SF6-depleted air from the mesosphere (Voet et al., 550 

2025). At 10 km, a mean SF6 mixing ratio of 12 pptv is observed, in excellent agreement with 

the Northern Hemisphere lower tropospheric value reported by the AGAGE network (Prinn et 

al., 2018). The EMAC simulation also yields a mean SF6 mixing ratio of 12 pptv at 10 km. 

However, the decrease in SF6 VMR with altitude is somewhat more pronounced in the EMAC 

simulation than in the GLITE-B measurements above approximately 16 km (Fig. 14c). This 555 

discrepancy may be at least partly explained by deficiencies in the simulated transport of air 

masses and/or by uncertainties in the representation of SF6 photolysis in the mesosphere. 
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Figure 14. Same as Fig. 10 but for SF6 (without the solar zenith angle). The measured data (a) have been 

temporally smoothed using a 39-point adjacent averaging filter to suppress noisy structures. As a result, VMR 560 
variations caused by azimuthal line-of-sight rotations are no longer apparent. 

 

4 Conclusions 

Vertical profiles of a range of trace gases were retrieved from limb-imaging infrared emission 

spectra measured during the first balloon flight of the new GLITE-B instrument over the North 565 

Atlantic. The primary objective of the mission was to demonstrate the technical performance 

of the new GLITE balloon instrument and its capability to perform reliable long-duration 

atmospheric observations over several days.  

In a first step, temperature, O3, HNO3, H2O, and N2O were compared with MLS version 6 

satellite measurements to assess the quality and reliability of the GLITE-B observations. EMAC 570 

model simulations were additionally used as an independent consistency check together with 

https://doi.org/10.5194/egusphere-2026-5912
Preprint. Discussion started: 11 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 29 

ECMWF ERA5 analyses (for temperature, H2O and O3). Differences between the mean vertical 

profiles of temperature and the trace gases O3, HNO3, H2O, and N2O remained largely within 

the combined error limits. Over wide altitude regions in the stratosphere differences stayed 

within ±2 K for temperature and ±10 % for the retrieved gases. In the case of N2O below 27 km 575 

a negative bias of approximately 20 % was found in the MLS data with respect to GLITE-B. 

In a second step, photochemically active species (ClONO2, NO2), pollution trace gases (PAN, 

HCOOH, CH3OH), as well as additional long-lived tropospheric source gases were compared 

to EMAC simulations. The observed diurnal variability of ClONO2 and NO2 in the sunlit 

summer polar stratosphere is captured well by EMAC. The pollution gas PAN is also well 580 

reproduced by EMAC, while for HCOOH and CH3OH EMAC captures the general location of 

measured enhanced regions, but the simulated mixing ratios are substantially lower than the 

measured ones. This discrepancy may reflect underestimated direct and precursor emissions in 

EMAC and/or limitations in the representation of the secondary chemical production and loss 

of HCOOH and CH3OH. The tracer–tracer relationship between CFC-11 and CFC-12 and the 585 

observed SF6 profiles are consistent with current knowledge of stratospheric transport. 

In conclusion, the first long-duration trans-Atlantic balloon flight of the new GLITE-B 

instrument successfully demonstrated its capability to deliver accurate, high-vertical-resolution 

profiles of various trace gases within expected uncertainty ranges. The observations show good 

agreement with independent satellite (MLS) measurements, previous balloon observations, and 590 

EMAC simulations over large parts of the UTLS and stratosphere. In addition to the spatial 

distribution of trace gases, GLITE-B provides unique information on their temporal evolution 

over several days, enabling investigations of transport and photochemical processes. These 

results demonstrate the considerable potential of GLITE-B for future long-duration balloon 

missions to investigate atmospheric composition and chemistry from the upper troposphere to 595 

the upper stratosphere. In a broader context, these results further highlight the substantial 

potential of space-borne infrared limb imaging for monitoring the state and temporal evolution 

of the UTLS and stratosphere, including their sensitivity to ongoing changes in atmospheric 

composition and dynamics. Accurate quantification of radiatively active trace gases in the 

UTLS is essential for assessing their contributions to radiative forcing and climate, as even 600 

small changes in this region can have disproportionate effects. Such measurements are 

particularly important in view of the ongoing decline in observational capabilities (Salawitch 

et al., 2025), which risks leaving this region increasingly under-observed. 
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Data availability. GLITE-B measurements will be available on the KITopen repository. EMAC 605 

data are available upon request. 
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