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Abstract. As of the early 2000s, multiple contemporaneous global and vertically resolved nitrous oxide (N2O) datasets have

become available from a suite of limb-viewing satellite instruments. Together, these datasets provide a 23-year and counting

continuous N2O record. Due to its long lifetime, N2O is a valuable tracer of atmospheric transport, and a reliable long-term

record therefore allows the examination of changes in stratospheric circulation as a result of climate change. In order to combine

results from different satellite datasets for these purposes, it is necessary to account for their biases, which can be determined5

through evaluation studies. Here, N2O measurements in the upper troposphere and lower-to-middle stratosphere (5-40 km) are

evaluated from five different satellite limb sounders: ACE-FTS on SCISAT, HIRDLS and MLS on Aura, MIPAS on Envisat,

and SMR on Odin. This is done by comparing colocated satellite measurements with each other to determine the instruments’

relative biases and by comparing each dataset with independent reference data from balloon-borne instruments. ACE-FTS

(v5.2), the two MIPAS datasets (V8), and SMR (v3.0.0) agree within ±5-10%, but HIRDLS (v07) has variable performance10

depending on the region and time of year. MLS (v5) has a persistent deviation resulting in a low bias of up to 30% in the lower

stratosphere at 24 km. This bias is substantially reduced in v6. These findings are corroborated by the comparisons of each

satellite instrument with balloon-borne data. This study lays the groundwork for creating a merged and bias-corrected N2O

time series spanning from 2002 to the present using ACE-FTS, MIPAS, SMR, and possibly the MLS v6 dataset.

1 Introduction15

Nitrous oxide (N2O) is primarily emitted through agriculture due to fertilizer use, but it is also a product of fossil fuel

combustion, biomass burning, and wastewater management (e.g., Tian et al., 2020). It is photolyzed in the stratosphere to

form reactive nitrogen, and with the reduction in chlorine-containing ozone-depleting substances such as chlorofluorocarbons,

N2O is now the dominant anthropogenic gas responsible for ozone depletion (Ravishankara et al., 2009). Its global warming

potential (GWP) is 273 on a 100-year timescale (Forster et al., 2021) even with a volume mixing ratio (VMR) more than20
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five times smaller than that of methane, which has a GWP of 29: approximately 340 ppbv N2O near the surface as opposed to

1.9 ppmv CH4 (NOAA, 2026). N2O has been measured by a variety of instruments from different vantage points. For example,

recently, the long-term temporal variability of N2O from the middle troposphere to the middle stratosphere was evaluated using

airborne and balloon-borne measurements between 1987 and 2018 (Krysztofiak et al., 2023).

Space-based limb measurements of N2O have been available since the late 1970s, beginning with SAMS (Stratospheric and25

Mesospheric Sounder) aboard the Nimbus 7 satellite (Drummond et al., 1980), which measured infrared emission from January

1979 to June 1983. Its successor, ISAMS (Improved SAMS; Taylor et al., 1993), operated aboard the Upper Atmosphere

Research Satellite (UARS) from September 1991 to July 1992. Also aboard UARS was CLAES (Cryogenic Limb Array

Etalon Spectrometer; Roche et al., 1993), a mid-infrared emission sounder that took measurements between September 1991

and May 1993. ATMOS (Atmospheric Trace Molecule Spectroscopy, Gunson et al., 1996) and CRISTA (Cryogenic Infrared30

Spectrometers and Telescopes for the Atmosphere; Riese et al., 1999) both measured N2O from the Space Shuttle during

a series of flights with durations of 1-2 weeks. ATMOS took solar occultation measurements in the infrared on four flights

between 1985 and 1994 and CRISTA measured thermal emission on two flights in 1994 and 1997. Solar occultation measurements

were also taken by the Improved Limb Atmospheric Spectrometer (ILAS; Kanzawa et al., 2003) aboard the Advanced Earth

Observing Satellite (ADEOS) between September 1996 and June 1997 and by its successor, ILAS-II (Ejiri et al., 2006),35

aboard ADEOS-II between January and October 2003. Since the beginning of the “golden age” of satellite observations in

the early 2000s, multiple simultaneous global satellite datasets have become available for N2O limb measurements. These

include SMR (Sub-Millimetre Radiometer; Murtagh et al., 2002), ACE-FTS (Atmospheric Chemistry Experiment Fourier

Transform Spectrometer; Bernath et al., 2005), HIRDLS (High Resolution Dynamics Limb Sounder; Gille et al., 2008), MIPAS

(Michelson Interferometer for Passive Atmospheric Sounding; Fischer et al., 2008), and Aura-MLS (Microwave Limb Sounder;40

hereafter, MLS; Waters et al., 2006).

These recent (i.e., since 2002) satellite-based datasets comprise a continuous 23-year global record of N2O. This record has

been used extensively to study processes both in the real atmosphere and within climate models. Due to its long lifetime of about

120 years (Prather et al., 2015), N2O is an excellent tracer for analyzing stratospheric transport. Some recent examples include

using MLS measurements of N2O to identify transport anomalies in the 2019/2020 Arctic polar vortex (Manney et al., 2022),45

and trend calculations where N2O from ACE-FTS was used as a proxy for stratospheric circulation (Dubé et al., 2023, and

references therein). Space-based N2O measurements have also provided important information about processes in the upper

atmosphere. Semeniuk et al. (2008) showed with ACE-FTS that N2O is a signature of energetic electron precipitation, Funke

et al. (2008) used MIPAS measurements to study N2O enhancements during solar proton events in the lower mesosphere, and

Sheese et al. (2016) presented the first direct observational evidence, which came from ACE-FTS, of an N2O source in the50

lower thermosphere. As a long-lived tracer, N2O is also useful for age-of-air studies (e.g., Linz et al., 2017; Garny et al., 2024;

Dubé et al., 2025, and references therein), which provide observation-based information about changes to the Brewer-Dobson

Circulation (BDC). The evolution of the BDC was examined by Minganti et al. (2022) through comparisons of N2O trends

from ACE-FTS with WACCM (Whole Atmosphere Community Climate Model). N2O measurements from MIPAS and MLS

also played a critical role in evaluating a suite of climate models as part of the SPARC (Stratosphere-troposphere Processes55
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And their Role in Climate) Chemistry-Climate Model Validation activity (SPARC, 2010). They were used to evaluate tropical-

extratropical mixing through probability density functions (see also e.g., Douglass et al., 1999; Strahan and Douglass, 2004),

the balance of quasi-horizontal transport of young air from low latitudes with descending aged air within the polar vortex, and

the effects of descent and mixing in the polar vortex. ACE-FTS measurements of N2O were used by Kolonjari et al. (2018) to

assess mixing and BDC strength in CMAM30-SD, a specified dynamics version of the Canadian Middle Atmosphere Model.60

These studies, while only representing a subset of the many applications of N2O measurements, exemplify the utility of the

long-term N2O record.

To maximize the reliability of N2O studies, it is important to validate the measurements being used through comparisons

with other observations. Climatological comparisons between limb-viewing satellite instruments were completed as part of the

SPARC Data Initiative (2017), but this was only for the 2006-2009 period and the study was based on only zonal mean data.65

In this study, as part of the LOLIPOP (LOng-LIved greenhouse gas PrOduct Performances) ESA (European Space Agency)

Climate Change Initiative project, a consistent evaluation methodology is applied across profiles from the available satellite-

based datasets from the last two and a half decades. The evaluation method used here includes both “intercomparisons”

and “validation”. Intercomparisons are comparisons between colocated satellite data, and they are useful because there are

near-global colocated measurements between satellite instruments, allowing for a greater scope of the comparison and for70

more robust comparison statistics. However, with intercomparisons, no single dataset can be used as a reference or “truth”

value. This need can be fulfilled through validation, which involves comparing with independent reference data such as

balloon measurements so that each satellite instrument’s biases can be understood as well as possible. The satellite datasets

to be evaluated and the balloon instruments are described in greater detail in Section 2. Section 3 is a description of the

intercomparison methodology and results. The validation methodology and results are presented in Section 4, and a summary75

and conclusion are provided in Section 5.

2 Datasets used

2.1 Satellite instruments

2.1.1 ACE-FTS

ACE-FTS is a solar occultation instrument on board the Canadian satellite SCISAT and has been measuring up to 30 profiles80

per day since February 2004 (Bernath et al., 2005). It measures in the mid-infrared from 750-4400 cm−1 with a high spectral

resolution of 0.02 cm−1. From an orbital inclination of 74◦, ACE-FTS samples up to a latitude of 85◦ in each hemisphere

over a three-month period and mostly measures at higher latitudes. The vertical resolution is about 3-4 km as a result of the

1.25 mrad field of view, and the vertical spacing of the measurements is typically 1-6 km. The current version (v5) includes

over 70 molecules and isotopologues, along with pressure and temperature, and the retrievals are described in Boone et al.85

(2023), and references therein. The data are provided on a 1 km grid, and the uncertainty of each measurement is taken to be

the statistical fitting error reported from the retrieval. The seasonal median reported uncertainty is small, usually below 5%
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except within the Antarctic polar vortex where it is as high as 10%. Version 5.2 was used for this study and while there was

recently an update to v5.3, N2O retrievals were not affected and so the comparisons are still valid for the current version.

For v5, N2O is retrieved from 5-95 km. The data were filtered using the quality flags provided by Sheese et al. (2015): All90

measurements with a quality flag larger than 0 were removed.

2.1.2 HIRDLS

HIRDLS measured limb emission from aboard the Aura satellite between January 2005 and March 2008 (Gille et al., 2008).

From a near-polar (98.2◦ inclination) sun-synchronous orbit with a 1:30 pm crossing time, HIRDLS covered the 63◦S to 80◦N

range daily, with about 5000 profiles spaced by approximately 100 km. The radiometer had 21 channels, but only one covering95

1255.9–1278.5 cm−1 was used to measure N2O. Four channels between 599.8 and 680.8 cm−1 measured CO2 and were used

to determine temperature as a function of pressure. During launch, a piece of thermal insulation dislodged and 80-95% of

light was blocked from reaching the detectors, reducing the instrument’s signal-to-noise ratio. The retrievals are described in

Khosravi et al. (2009). The instrument was designed to provide data with 1 km vertical resolution, and the resolution for N2O

has been estimated to be 1.0-1.2 km over the useful vertical range, which is between 100 hPa and 5.1 hPa, or about 15-35 km100

(Gille and Gray, 2013a). The retrieved VMR, temperature, and altitude are provided on a common pressure grid. The reported

uncertainties are the diagonal elements of the covariance matrix, and consist of contributions from measurement noise, forward

model error, model parameter error, and smoothing error (Khosravi et al., 2009). The seasonal median uncertainties are large,

starting around 10-20% at 15 km depending on the season, and increasing to over 50% at about 30 km. Version 7 was used for

this study and as recommended for N2O, all data with a negative precision were removed and all data outside the 100-5.1 hPa105

pressure range were excluded (Gille and Gray, 2013a). It is also recommended by the instrument team that, due to the large

uncertainties, only zonal mean data be used for scientific applications. However, this assessment is not a scientific application,

so individual profiles were considered in order to maintain a consistent comparison methodology across all instruments.

2.1.3 MIPAS

MIPAS was a Fourier transform limb emission spectrometer on board the satellite Envisat, operating from July 2002 to April110

2012. Envisat had a 98.55◦ sun-synchronous orbit with a 10 am equatorial crossing time on its downward leg, completing

nearly 15 orbits per day amounting to about 1300 MIPAS profiles per day (Fischer et al., 2008). It measured in five mid-

infrared bands between 685 and 2410 cm−1, initially with a spectral resolution of 0.025 cm−1. In March 2004, an interferometer

mirror slide malfunction forced a break in measurements until January 2005, when regular operations resumed but the spectral

resolution was reduced from 0.025 cm−1 to 0.0625 cm−1 (von Clarmann et al., 2009). The reduced resolution resulted in a115

shorter time needed to measure a limb spectrum. The time saved was exploited both to implement a finer vertical sampling

of the atmospheric limb and to acquire additional limb scans, about 20% more, within each orbit. The MIPAS data products

are split into two periods that are often treated separately: full-resolution (FR, July 2002-March 2004) and reduced-resolution

(RR, January 2005-April 2012). MIPAS had daily global coverage from 90◦S-90◦N and typically measured profiles over

tangent heights of 6-70 km. Two MIPAS data products were used in this study: one from the Institut für Meteorologie und120
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Klimaforschung (IMK) and the Instituto de Astrofísica de Andalucía (IAA), and one from ESA. Both are currently at version

8. The IMK-IAA (hereafter, MIPAS-IMK) retrieval algorithm for the full-resolution period is described by von Clarmann et al.

(2003), with the changes made for the reduced-resolution period explained in von Clarmann et al. (2009) and the V8 N2O

retrievals described in Glatthor et al. (2024a). The vertical resolution for MIPAS-IMK, about 3-4 km, is provided in the data

files for each individual measurement and is based on the full-width-half-maximum (FWHM) of the averaging kernel row. The125

measurement uncertainties constitute the total error budget and the seasonal median values are typically about 10-15%, but as

large as 40-50% in the polar vortex above about 25 km. All MIPAS-IMK data with a visibility flag of 0 or an averaging kernel

diagonal of less than 0.03 were removed. The MIPAS-ESA Level 2 dataset is described in Dinelli et al. (2021), and the retrieval

algorithm is presented in Ridolfi et al. (2000), with updates for V8 described in Raspollini et al. (2022). The useful vertical

range is from 6 to 60 km for N2O, and the vertical resolution is provided for each measurement. It is taken as the altitude grid130

spacing divided by the diagonal values of the averaging kernel, and is typically about 3-4 km below 40 km (Raspollini et al.,

2021). The uncertainties provided are the propagated spectral noise error, and the median values are generally lower than 5%,

except at higher altitudes (above 35 km) where they increase to about 10% or in the polar vortex above 30 km where they are

as large as 40%. The data files include a quality flag, and all profiles with a quality flag not equal to zero were removed.

2.1.4 Aura-MLS135

MLS is a limb emission sounder that was launched in July 2004 on Aura and began taking measurements in August (Waters

et al., 2006). It measures in five spectral regions between 118 GHz and 2.5 THz (about 4-83 cm−1). MLS covers up to 82◦

in both hemispheres. It scans the limb every 24.7 s, resulting in around 3500 profiles per day which are output on a uniform

pressure grid. The vertical resolution of the measurements is determined by the FWHM of the equatorial averaging kernel at

each pressure level and is typically between 5 and 8 km (Livesey et al., 2022). Kernels at other latitudes are similar. The original140

measurement band for MLS N2O was in the 640 GHz region (Lambert et al., 2007) and was operated from launch until its

failure in 2013. However, to provide a continuous MLS N2O data product over the entire mission, the MLS team switched to

a band in the 190 GHz region. Details about the version 5 (v5) product, which was used for this study, discussed in Livesey

et al. (2022). A new version (v6) was recently released (Livesey et al., 2026), with an improved N2O 190 GHz retrieval that

substantially reduces the lower-stratospheric biases present in v5. Since v6 was released after this analysis was completed, all145

results presented here are based on the v5 datset, with a brief update including v6 presented in Section 3.3. As with HIRDLS,

the MLS VMR and temperature are reported on a uniform pressure grid, and the reported uncertainty corresponds to the 1σ-

precision of the data. The median uncertainties are around 5-10% but increase to over 50% above about 30 km, or about 22 km

in the polar vortex. The data are flagged with a number of diagnostic values to describe measurement quality. As recommended

by Livesey et al. (2022), all data with an odd status number, a quality value less than 0.8, a convergence value greater than 2, or150

a precision less than 0 were removed. Only measurements from 100-0.46 hPa (about 15-55 km) are recommended for scientific

use, so measurements outside of this range were excluded.
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Table 1. Details of measurements from GLORIA-B. The altitudes refer to the altitude range of available measurements and not the balloon

altitude. For descriptions of each quantity, see text.

Location
Mean

latitude

Mean

date/time

Altitude range

[km]

Coincidences

ACE-FTS HIRDLS MIPAS-ESA MIPAS-IMK MLS SMR

Kiruna, 68◦N 67.38◦N 21 Aug 2021/23h 10-36 80 0 0 0 1141 1

Timmins, 46◦N 51.13◦N 24 Aug 2022/2h 7-33 49 0 0 0 1213 4

2.1.5 SMR

SMR measures thermal emission from aboard the Odin satellite, which was launched into a 97.8◦-inclination sun-synchronous

near-terminator orbit in February 2001 (Murtagh et al., 2002). Its spectral range is 486-581 GHz (about 16-20 cm−1) and it has155

an effective spectral resolution of about 2 MHz. The data cover up to 82◦ in each hemisphere except during polar spring, when

the instrument is pointed at higher latitudes for short periods. Each target gas is only measured on every third observation day,

so at 65 scans per orbit in stratospheric mode this amounts to about 900 N2O profiles every three days that are provided on

a uniform pressure grid. The profiles extend from about 12-70 km. The retrieval method for N2O is described in Urban et al.

(2005), and version 3.0.0 was used for this study. The reported uncertainties are the total retrieval error, which corresponds to160

the error due to thermal noise and all interfering smoothing errors. The median uncertainty is around 5% below 27 km, and

closer to 10% above this. The averaging kernel for each profile is also provided, and the FWHM can be used to estimate the

vertical resolution, which ranges from about 3-6 km for measurements below 40 km in altitude. No additional filtering was

performed for the SMR data.

2.2 Balloon instruments165

2.2.1 GLORIA-B

GLORIA (Gimballed Limb Observer for Radiance Imaging of the Atmosphere) is an imaging Fourier transform spectrometer

that measures thermal emission in the 780-1400 cm−1 range (Friedl-Vallon et al., 2014). Typically, it measures a variety of

gases including N2O at a spectral resolution of 0.0625 cm−1. The aircraft version of GLORIA is mounted on a gimbal, which

allows for easy movement of the instrument and therefore measurement of multiple limb directions. GLORIA-B is the balloon-170

borne version (Wetzel et al., 2025) of the instrument, and it has flown during two campaigns that are described in Table 1. The

altitudes provided refer to the altitude range of available measurements and not the balloon altitude. The table also contains the

number of coincident N2O profiles found between each satellite instrument and each GLORIA-B profile. The methodology

for finding these coincidences is described below, in Section 4.1.

For GLORIA-B, the mean of the profiles taken over the course of each flight was used for comparison, so the mean latitude175

of these profiles is provided in addition to the nominal latitude of the launch site. The Kiruna flight occurred between 21 August
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Table 2. Details of measurements from MIPAS-B. The altitudes refer to the altitude range of available measurements and not the balloon

altitude.

Location Date Sequence
Altitude range

[km]

Coincidences

ACE-FTS HIRDLS MIPAS-ESA MIPAS-IMK MLS SMR

Kiruna, 68◦N 12 Feb 2002 01 12-32 0 0 0 0 0 58

Aire-sur-l’Adour,

44◦N

24 Sep 2002 n3 9-38 0 0 374 378 0 0

Kiruna, 68◦N 20 Mar 2003 n3a 11-31 0 0 209 223 0 72

Teresina, 5◦S 14 Jun 2005 12 12-33 0 2235 131 133 1204 55

Teresina, 5◦S 6 Jun 2008 03e 16-38 0 0 464 462 1171 131

Kiruna, 68◦N 11 Mar 2009 09a 10-33 77 0 347 397 1002 163

Kiruna, 68◦N 24 Jan 2010 07d 9-34 193 0 141 195 682 0

Kiruna, 68◦N 31 Mar 2011 06 9-35 44 0 223 262 0 83

Timmins, 46◦N 7 Sep 2014 05a 14-36 45 0 0 0 1213 93

Timmins, 46◦N 7 Sep 2014 05b 14-36 42 0 0 0 1220 92

2021 at 17 h and 22 August 2021 at 6 h, and the Timmins flight occurred between 23 August 2022 at 20 h and 24 August 2022

at 9 h. For both mean profiles, the mean latitude and mean time were used to find coincident measurements.

2.2.2 MIPAS-B

MIPAS-B is the balloon-borne precursor to the MIPAS satellite instrument (Friedl-Vallon et al., 2004, and references therein).180

It measures in the spectral range of 714-2500 cm−1 with a resolution of 0.0345 cm−1. Compared to the satellite instrument,

it has a superior line-of-sight stabilization system and noise-equivalent spectral radiance, allowing the tangent altitude to be

known to 50 m at the 1σ confidence level (Wetzel et al., 2010). The MIPAS-B sequences (i.e., profiles) used for this study are

listed in Table 2, which is similar to Table 1 but contains a column for the “sequence number”. The 2014 sequences contain

more spectra than the others as they were taken for studying diurnal cycles. As such, two sequences were used, 05a and 05b,185

as they contain the most spectra. These were treated as two separate profiles throughout this analysis; that is, they were not

averaged together prior to making comparisons.

2.2.3 MkIV

MkIV is a Fourier transform infrared spectrometer that performs measurements in solar occultation geometry in the mid-

infrared between 650 and 5450 cm−1 with 0.006 cm−1 resolution (Toon, 1991). The wide spectral range allows the simultaneous190

measurement of over 30 gases, including N2O. The instrument has taken measurements from high-altitude balloons over the

course of 28 flights since 1989, 18 of which overlap with the measurement periods of the satellites being evaluated in this study.

These 18 flights are described in Table 3. The flights consisting of both a sunrise and a sunset profile are treated separately in

7
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Table 3. Details of measurements from MkIV. The altitudes refer to the altitude range of available measurements and not the balloon altitude.

Location Date Event
Altitude range

[km]

Coincidences

ACE-FTS HIRDLS MIPAS-ESA MIPAS-IMK MLS SMR

Kiruna, 68◦N 16 Dec 2002 Sunrise 13-30 0 0 240 274 0 66

Kiruna, 68◦N 1 Apr 2003 Sunrise 11-32 0 0 140 153 0 57

Ft. Sumner, 34◦N 19 Sep 2003 Sunset 5-37 0 0 219 227 0 53

Ft. Sumner, 34◦N 23 Sep 2004 Sunset 10-37 0 0 0 0 1217 102

Ft. Sumner, 34◦N 20 Sep 2005 Sunset 11-38 11 2183 0 0 1199 92

Ft. Sumner, 34◦N 21 Sep 2005 Sunrise 15-30 14 2185 0 0 1193 89

Kiruna, 68◦N 22 Feb 2007 Ascent 25-34 40 948 133 143 518 37

Ft. Sumner, 34◦N 22 Sep 2007 Sunset 13-38 8 1935 97 98 1208 132

Ft. Sumner, 34◦N 23 Sep 2007 Sunrise 11-38 7 1950 71 73 1215 125

Ft. Sumner, 34◦N 23 Sep 2011 Sunset 5-39 6 0 322 326 1206 163

Ft. Sumner, 34◦N 24 Sep 2011 Sunrise 14-40 7 0 353 357 1209 164

Ft. Sumner, 34◦N 13 Sep 2014 Sunset 6-39 1 0 0 0 1206 82

Ft. Sumner, 34◦N 14 Sep 2014 Sunrise 6-40 3 0 0 0 1206 77

Ft. Sumner, 34◦N 27 Sep 2016 Sunset 12-40 15 0 0 0 1220 12

Ft. Sumner, 34◦N 7 Oct 2019 Sunset 7-39 19 0 0 0 1209 0

Ft. Sumner, 34◦N 25 Sep 2021 Sunset 14-39 3 0 0 0 1032 37

Ft. Sumner, 34◦N 26 Sep 2021 Sunrise 9-41 3 0 0 0 1203 35

Ft. Sumner, 34◦N 27 Sep 2023 Sunset 11-40 9 0 0 0 1204 0

the table and throughout the analysis. They are listed as profiles measured on consecutive days. One profile, in Kiruna on 22

February 2007, was measured during the balloon’s ascent.195

3 Intercomparison of satellite profiles

3.1 Intercomparison methodology

The satellite instruments being compared have different sampling patterns due to their individual orbits and measurement

frequencies. Because of this and the different time periods during which they operated, it is important to reduce sampling

bias by finding coincident measurements between datasets prior to making any comparisons. It is not reasonable to search for200

coincidences between six datasets simultaneously; it is more practical to search for colocated measurements between pairs

of instruments. The process for finding colocated measurements between a “tested” and a “comparison” dataset is described

below.
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The datasets were first harmonized into the same format and interpolated onto the same 1 km altitude grid. The N2O vertical

distribution is generally smooth and does not have vertical structures on the scale of the instruments’ vertical resolutions (i.e.,205

up to about 6 km), therefore no smoothing was done. The harmonized files are described in the Supplementary Information.

For each tested profile, all comparison profiles taken within 6 hr and 300 km were considered. The coincidence criteria were

chosen to yield enough coincidences to reduce noise in the average of coincident profiles without sacrificing the quality of

the comparisons. Using a stricter coincidence criterion of 3 hr did not significantly improve the comparisons and sacrificed

a large number of coincidences, and using less strict criteria of 12 hr or 1000 km resulted in worse comparisons (i.e., larger210

inter-instrument differences) without substantially reducing noise. When there were multiple comparison profiles available, the

closest one in horizontal space with valid data that had not already been used was taken to be the coincident profile.

Four types of figures are used to present the intercomparisons between 8 and 40 km. The first two are profile comparisons,

plotted against altitude and organized into one row per three-month period (December-January-February, DJF; March-April-

May, MAM; June-July-August, JJA; September-October-November, SON) and one column per latitude band. In the first type215

of figure, the median N2O profiles are used to determine whether an instrument has any unusual features that persist across

different times of year and locations. The median was used instead of the mean because it is less sensitive to outliers. As

an estimate of the variability within each dataset, the median absolute deviations (MADs) are also shown, as dashed lines.

In the comparisons shown below, SMR is used as the tested dataset because it has the most temporal overlap with the other

instruments and a high measurement density, so more coincidences can be found. The SMR medians and MADs are made up of220

all profiles for the given time of year and latitude band. For other instruments, that is the comparison instruments, the medians

are made up of profiles that are coincident with SMR. It should be noted that the profiles from the comparison instruments

should not be compared with each other as they represent different subsections of the SMR measurement times and locations.

The second type of figure, the other profile comparisons, are the median relative differences between SMR and each

comparison instrument, where a positive value indicates a positive bias in SMR or a negative bias in the comparison instrument.225

These figures can appear to be inconsistent with the profile comparisons discussed above for two reasons. First, the bias profiles

show the median of the differences rather than the difference of the medians, which can noticeably differ for an ensemble

with high variability. Second, the differences are calculated between the coincident profiles only, while Figure 1 shows all

profiles of the tested instrument. These two datasets can differ significantly. Due to the differences in sampling, the results for

the comparison instruments should not be directly compared with one another using either of these profile figures; only the230

comparisons with SMR are between equivalent samples. The figures showing the VMR and relative difference profiles using

each of the other instruments as the tested dataset can be found in the Supplementary Information.

In the third type of figure, normalized probability density functions (PDFs) are used to investigate the distribution of

individual measurements at four altitudes spaced by 5 km: 18 km, 23 km, 28 km, and 33 km. This range of altitudes in the

lower-to-middle stratosphere was chosen as it includes the region with the strongest vertical N2O gradient; the VMR is very235

low above 33 km and nearly constant below 18 km. PDFs can indicate whether differences in the median profiles are due to

outliers in a particular dataset or a systematic bias in the measurements. Each row corresponds to one altitude and each column

shows the comparison between a tested instrument (coloured based on altitude) and one other comparison dataset (grey). SMR
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is once again used as the tested instrument and the remaining PDFs testing the other datasets are shown in the Supplementary

Information.240

For ease of interpretation, the intercomparisons are summarized in grid plots, which are the fourth and final type of figure.

Each figure shows the comparisons for one instrument (i.e., the tested instrument) during each season, one per quadrant, and

every box corresponds to one altitude (one of those used for the PDFs, by row) and one comparison instrument (by column).

The box colour corresponds to the median relative bias between the two datasets for that season, with red indicating a positive

bias in the tested dataset and blue indicating a negative bias. The median absolute differences (in ppbv) and median relative245

differences are shown in text on each box. The goal of these figures is to make it easier to see if any instrument has a consistent

bias across comparisons with other satellite instruments by altitude or season. The summaries for every instrument, not just

SMR, are included in the main text.

3.2 Intercomparison results

The median N2O and MAD profiles as described in Section 3.1 are presented in Figure 1. In general, the profiles and250

variabilities agree quite well, but there are some noticeable outliers. MLS v5 has a clear low bias from about 20-27 km,

due to a deviation in the profile, in most regions except for the polar vortex (60-90◦N in DJF; 60-90◦S in JJA and SON).

In some regions, especially the tropics and midlatitudes, the HIRDLS MAD is larger than for the other instruments. This is

explored further below with the PDFs. Some instruments, in particular HIRDLS, MLS, and SMR also have unphysical features

at lower altitudes, usually below about 18 km in the upper troposphere-lower stratosphere (UTLS). These are accompanied255

by higher variability, which for HIRDLS is likely caused by the difficulty in obtaining measurements near the cloud top. The

largest deviations between SMR and the comparison instruments were found during the breakup of the polar vortex (60-90◦N

in MAM and 60-90◦S in SON). This could be explained by a large local variability that might not be fully accounted for by

the coincidence criteria chosen, as these criteria do not take the location of the vortex into account. The instruments agree

better with SMR in the Antarctic than the Arctic because the polar vortex is more consistent there from year to year, which260

reduces the effects of this particular sampling issue. In these regions of larger disagreement, the MAD is also larger than in

other regions as expected due to the greater interannual variability.

The median relative differences between SMR and each other instrument are shown in Figure 2. The agreement between

SMR and each of ACE-FTS, and MIPAS (-IMK and -ESA, during both measurement periods) is very good; the differences

are mostly within 10% outside of the polar vortex. It is worth noting that the magnitudes of the differences between SMR265

and the full-resolution MIPAS datasets are generally slightly smaller (by a few percent) than between SMR and the reduced-

resolution MIPAS datasets. This is especially true below about 18 km where there is a stronger deviation between SMR and

the full-resolution MIPAS data. Within the Antarctic polar vortex, the differences reach over 40% but this is due to the very

low N2O VMRs that result from strong subsidence. In the Arctic polar vortex, the differences are still within 25% except for

with MIPAS-ESA where the SMR reaches a high bias of 30% at 30 km. The mid-stratospheric deviation in the MLS v5 profile270

is even more obvious here; SMR has a high bias of +15-25% relative to MLS at 24 km in all regions except the Antarctic

during SON, where the bias is even larger: 35% at 24 km and over 40% at 23 km. Additionally, MLS has a systematic high bias
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relative to SMR above about 30 km that goes up to about 40%. The SMR bias relative to HIRDLS is also more apparent here;

the median difference profile is consistently S-shaped but centred at different values. In some regions, the biases are mostly

positive (e.g., 30-60◦S in JJA) and in others, the bias is positive at lower altitudes (below 25-28 km) and negative at higher275

altitudes (e.g., 30-60◦S during DJF, MAM, and SON). The width and magnitude of each curve in the S-shape also varies by

region; the differences are generally smaller at lower latitudes. SMR also has a systematic low bias of up to about 12% below

20 km and a systematic high bias of up to about 25% above 35 km. Relative differences at these high altitudes will tend to be

larger due to the small VMRs (i.e., less than 50 ppbv).

The PDF comparisons between SMR and each other dataset (with the MIPAS full-resolution and reduced-resolution periods280

separated) are shown in Figure 3. Peculiarities in the HIRDLS PDFs relative to the others are expected because they use

individual measurements rather than zonal means (see Section 2.1.2). At 18 km, the agreement is very good with ACE-FTS,

MIPAS-ESA, and MLS. The HIRDLS low bias and the MIPAS-IMK high bias are both evident, and the larger MIPAS-

IMK peak is flatter than that for SMR, indicating higher variability. The high-VMR side of the larger peak for SMR appears

to be slightly steeper than for ACE-FTS, HIRDLS, MIPAS-ESA (reduced-resolution), and MIPAS-IMK (both measurement285

periods). At 23 km, SMR agrees remarkably well with ACE-FTS and both MIPAS datasets in terms of peak locations, widths,

and heights. There is greater disagreement with HIRDLS and MLS, but the profile comparisons showed that these instruments

are the outliers at this altitude. This is close to where the MLS v5 deviation causes the largest differences. This appears to be

a systematic difference because the centres of the two peaks at larger VMRs (e.g., near 175 ppbv and 275 ppbv for SMR) are

shifted low in MLS by about 50 ppbv relative to SMR, but the peak widths and heights are consistent between the two datasets.290

The HIRDLS distribution, however, is notably different from the SMR distribution: the two peaks at larger VMRs are further

apart for HIRDLS and are not as sharp, which is consistent with HIRDLS having larger variability than the other datasets.

The same is mostly true at 28 km, but agreement with MLS is much better because this is above the deviation. The high-VMR

side of the rightmost peak for SMR is again slightly steeper than for HIRDLS and the two MIPAS reduced-resolution datasets.

The SMR PDFs agree very well with those from all other instruments at 33 km except HIRDLS, which is missing a very295

small second peak just below 150 ppbv. ACE-FTS does not show this peak either, but nor do the SMR measurements that

are coincident with the ACE-FTS measurement grid. The PDFs at this altitude in particular demonstrate the importance of

comparing coincident measurements, as PDFs covering different regions of the globe will not have the same features.

Figure 4 summarizes the median ACE-FTS N2O biases. Approximately three quarters of the boxes have small negative

biases, but otherwise there is no pattern or clustering that stands out. Below 33 km, the relative biases are mostly within 5%,300

and with the exception of MLS at 23 km, all are within 10%. The relative biases at 33 km are larger and negative, up to −23%,

due to the small VMRs at this altitude.

The HIRDLS biases are summarized in Figure 5. They are more frequently negative (46 boxes) than positive (34 boxes) and

the sign of the bias is loosely clustered by altitude. The biases are almost all negative at lower altitudes (18 km and 23 km)

during JJA and SON; the bias relative to MLS is positive at 23 km but this is due to the deviation in the MLS dataset. The305

biases are all negative at 28 km during JJA and mostly all negative during DJF except for compared to ACE-FTS, which also

has a negative bias at this altitude when compared with the other three instruments. During MAM, the biases are all positive but
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during SON, the sign changes depending on the reference instrument. At 33 km, the biases are positive during DJF and MAM,

mostly positive during SON (except compared to MLS), and varying during JJA. This modest altitude clustering is consistent

with the S-shape of the bias profiles seen in Figure 2.310

The median full-resolution MIPAS-ESA biases are shown in Figure 6. The comparisons with ACE-FTS are included for

completeness, but since these are based on just about one month of data (February to March 2004), only the comparisons with

MIPAS-IMK and SMR are discussed here. Of the 32 boxes, 25 show negative biases and they are generally quite small: all

but four are within −5%. Aside from this, there are no clear issues with the dataset based on these intercomparisons. Figure 7

shows the biases for the reduced-resolution period. Unlike the full-resolution period, they skew positive: 63 of 80 boxes show315

a positive bias. There is a negative bias relative to MIPAS-IMK at 18 km during all four seasons and aside from slight negative

biases relative to HIRDLS at 18 and 28 km during MAM, the rest of the negative biases occur at 33 km. Except for the MLS

comparisons, the biases are all within 10%, with most (61 boxes) within 5%. Based on these intercomparisons, both periods of

the MIPAS-ESA N2O dataset are generally reliable.

Figure 8 shows the biases for the full-resolution period of the MIPAS-IMK dataset. As with full-resolution MIPAS-ESA, the320

comparisons with ACE-FTS are not discussed. The 32 boxes are evenly split between positive and negative biases, with two

patterns emerging. The first is a negative bias at 23 km compared to both other datasets during DJF, JJA, and SON, and the other

is a positive bias at 18 km during MAM, JJA, and SON. All relative differences are within 10%, and all but 7 boxes have relative

differences within 5%. The larger differences are found at 18 km and at 33 km. The latter is not surprising due to the smaller

VMRs, but the former is indicative of a greater bias at lower altitudes than in the middle stratosphere. Similarly to reduced-325

resolution MIPAS-ESA, most of the reduced-resolution MIPAS-IMK absolute differences relative to other instruments, shown

in Figure 9, are positive, though the skew is less pronounced than for MIPAS-ESA: 51 out of 80 boxes have positive differences.

There is a unanimous positive bias at 18 km of 3-11%, and a nearly unanimous negative bias, except compared to ACE-FTS,

at 33 km of up to 14%. Aside from the MLS comparisons at 23 km, the relative differences at 23 km and 28 km are all within

10%, with only 4 of 36 boxes having relative differences above 5%. The MIPAS-IMK intercomparisons for both measurement330

periods show that both datasets are reliable but have a minor positive bias at 18 km and an even smaller negative bias at 33 km.

The median MLS biases are summarized in Figure 10. There is clearly a negative bias at 23 km (around 32 hPa) of 9-27%

when compared with all instruments. This is due to the deviation in the N2O profile that is present throughout the entire dataset,

except in the polar vortex. At 18 km and 28 km, the biases are a mix of positive and negative (16 and 24 boxes, respectively),

but the biases are all positive at 33 km aside from the HIRDLS comparison. Apart from at 23 km, the biases are mostly within335

10%; only 6 boxes at 33 km have larger biases that are as great as 24%. It should be noted that while MLS v5 was evaluated

as part of the LOLIPOP project, MLS v6 has since been released and this deviation is greatly reduced. A brief comparison

between each of v5 and v6 with SMR is shown in the section that follows.

Finally, Figure 11 shows the summary of median SMR biases, which are approximately half positive (41 boxes) and half

negative (38 boxes), with one box having a difference of exactly zero. Below 33 km, the differences are within 5% aside from340

11 boxes of the 60, and these include the 4 representing MLS comparisons at 23 km. At 33 km, the differences are still within
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12%, which is very good for such a small concentration. Overall, SMR appears to perform very well compared to the other

instruments; this is another reason that it was chosen as the tested instrument to highlight earlier in this section.

3.3 MLS v6

The profile analyses were repeated using MLS v6 in addition to MLS v5 as comparison instruments. For simplicity, as above,345

the medians are based on profiles that are coincident with SMR. The VMRs and MADs are shown in Figure 12, and the

agreement between MLS v6 and SMR is much better than between MLS v5 and SMR. The large deviation at 23 km is no

longer present except in the Antarctic during SON. The MAD has not changed significantly between versions. The median

relative differences between SMR and each of the MLS versions are shown in Figure 13. The consistent positive bias at 23 km

is much smaller, closer to 5-10% instead of up to 25%. The biases above 25 km are generally of different signs outside the350

tropics; compared to MLS v5, the SMR bias is mostly negative and compared to MLS v6, it is mostly positive. The magnitude

of the relative differences at these altitudes is similar between the versions or slightly smaller for MLS v6.

4 Validation of satellite profiles with balloon data

4.1 Validation methodology

Here, zonal means of satellite profiles coincident with a balloon-based reference profile were evaluated. The goal of this355

methodology was to find coincidence criteria between the satellite and reference data to balance the competing needs of

obtaining a statistically significant dataset while limiting the risk of introducing biases. While it would be ideal to use the same

coincidence criteria across all satellite datasets, this was impractical given the difference in data density between ACE-FTS and

the other instruments. With long-lived tracers such as N2O, however, changing the criterion for time coincidence has minimal

impact on the results and can allow for many more statistical comparisons. Therefore, only the time coincidence criterion was360

changed for the ACE-FTS comparisons.

Several spatial and temporal criteria were tested and it was found that for HIRDLS, MIPAS, and MLS, the criteria had

little impact on the agreement with the balloon profiles, so the main criteria were selected to allow for suitable statistics from

SMR, which is a slightly lower-density sampler than the others (aside from ACE-FTS). It was found that matching profiles

within 72 hr and 5◦ latitude yielded more coincidences without sacrificing quality of the comparisons. The latitude criterion365

was applied at each altitude separately. For ACE-FTS, a time coincidence criterion of 720 hrs (about one month) was used. An

additional criterion was introduced for balloon profiles north of 60◦N: Colocated measurements must be in the same region

with respect to the polar vortex. The vortex edge was identified using scaled potential vorticity (sPV) values provided as part

of the Jet Propulsion Laboratory (JPL) Derived Meteorological Products (Manney et al., 2007, 2011; Millán et al., 2023),

which are based on the MERRA-2 (Modern Era Retrospective analysis for Research and Applications; Gelaro et al., 2017)370

reanalysis. Measurements with a corresponding sPV less than 1.2× 10−4s−1 were categorized as outside the vortex, while

those with an sPV greater than 1.6× 10−4s−1 were categorized as inside the vortex. Between these two values, measurements
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were categorized as within the vortex edge itself. This criterion was applied at each altitude separately. Negative sPV values

were not a concern, as all extratropical balloon profiles were taken in the northern hemisphere. The polar vortex criterion is not

commonly used for satellite-balloon comparisons, but here it was found to drastically improve agreement for flights launched375

from Kiruna at 68◦N. In addition, the combination of the 5◦ latitude and vortex coincidence criteria yielded more coincidences

as well as better agreement between datasets than using a relatively small distance criterion, such as 300 km. The number

of coincidences changed with altitude due to the latitude and, if applicable, vortex criteria. The number reported in Tables 1

through 3 therefore indicates the maximum number of coincidences for each balloon profile. In addition, the number includes

only satellite measurements that were retained after filtering, which is why MIPAS-ESA and MIPAS-IMK do not have exactly380

the same number of coincidences.

For each balloon flight, the measured N2O VMRs and estimated uncertainties were linearly interpolated onto the harmonized

satellite dataset altitude grid. Since the vertical sampling and resolutions of the limb profile measurements and balloon remote-

sensing observations are quite similar (2-5 km, typically), these comparisons use the native profiles without accounting for

the averaging kernels. Then, the coincident profiles from each satellite dataset were averaged together and compared with385

the interpolated balloon profile. The relative difference was calculated as the mean of the relative differences between each

coincident satellite profile and the balloon profile, with the balloon profile used as the reference. With nearly 40 balloon flights

and 6 satellite datasets, it is impractical to show each direct comparison. Instead, as in Wetzel et al. (2022) where MIPAS-ESA

was compared with MIPAS-B, the mean comparisons for flights within the Arctic (60-90◦N), the midlatitudes (30-60◦N), and

the tropics (south of 30◦N) are presented, and the figures are separated by balloon instrument. For these figures, the means,390

standard deviations, uncertainties, and mean relative differences were simply averaged together within each region. This was

done in order to weight each flight equally without regard for the number of coincidences available. The goal was to present the

“mean comparison” of individual flights within each region rather than an overall comparison of mean measurements. The left

panels show the mean of all balloon flights, and the mean of their uncertainties, for the relevant instrument within the region as

well as the mean of the mean satellite profiles. The right panels show the mean of the relative differences described above. Note395

that they do not show the relative difference between the mean VMRs in the left panel, so there can appear to be discrepancies

especially where VMRs are small and the data are noisy. The MIPAS FR and RR periods were considered together in the

balloon validation due to limited reference profiles and comparisons in the FR period. The results shown here for MLS are all

for v5. For MkIV, the 1 April 2003 Kiruna flight was separated from the other Kiruna flights because no polar vortex air was

sampled, resulting in significantly different VMRs above 25 km. For GLORIA and MIPAS-B, all flights included some vortex400

air so they were not separated.

Summary plots were also created for easily comparing the performances of each instrument relative to the balloon datasets.

For each region, the median relative differences at 13 km, 18 km, 23 km, and 28 km are shown as a grid plot, with each panel

corresponding to the comparisons with one balloon instrument. 13 km was chosen as the fourth level here because the mean

relative biases are very large at 33 km, even more so than with the intercomparisons due to the smaller number of coincidences405

available. Positive values correspond to a high bias in the satellite instrument and vice versa. As with the intercomparison

summary plots, the absolute differences are written on each box in ppbv as well as the relative differences. The colour gradient
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is limited to −50 to 50%, and boxes with relative differences of greater magnitude do not have a colored border. This is because

in most cases, the relative differences are that large simply due to smaller VMRs, and they are therefore not indicative of any

major issues with the satellite dataset.410

4.2 Validation results

The mean profile comparisons with GLORIA-B are shown in Figure 14. In the midlatitudes, ACE-FTS and SMR have a very

similar level of agreement with GLORIA-B above 18 km; both have a low bias of about 5% between 18 and 21 km, then a

high bias of 5-10% from 21-27 km. The biases oscillate similarly above 27 km, to a maximum high bias of 20% for ACE-FTS

and about 30% for SMR at 31 km and then reduces to a negative bias of 45% for ACE-FTS and nearly −55% for SMR at415

35 km. The deviation in the MLS v5 profile near 25 km is apparent and results in a low bias of up to 30% at altitudes below

26 km. Above 27 km, the MLS v5 bias oscillates similarly to ACE-FTS and SMR, to a maximum value of 35% at 31 km and a

minimum value of −20% at 35 km.

The agreement with the mean GLORIA-B profile is less consistent between satellite instruments in the Arctic. The ACE-FTS

bias is within ±15% up to 27 km, above which the bias decreases to −20% at 29 km, increases to zero at 31 km, then decreases420

to −90% at 36 km. As in the midlatitudes, MLS v5 has a low bias of about 25% up to 25 km, above which the bias crosses zero

at 27 km and increases to nearly 60% at 32 km, then decreases to -55% at 36 km. The SMR bias is negative from 15-21 km, then

positive from 21-27 km, and always within ±20%. Below about 18 km, however, the low bias is quite significant compared to

the estimated balloon uncertainty. These validation results are fairly consistent with those of the intercomparisons: the MLS v5

deviation reduces its reliability, but ACE-FTS and SMR perform well.425

The comparisons with MIPAS-B are shown in Figure 15. In the tropics, HIRDLS, MIPAS (both datasets), and SMR all have

positive biases within 20% from 18-31 km. Of the four datasets, SMR has the smallest bias; in fact it is less than ±10% over the

entire altitude range (14-37 km). The MLS v5 bias is also within ±10% except at 34 km where it is slightly more negative than

−10%. However, the profile shape still differs from that of the mean balloon profile due to the deviation. The HIRDLS profile

is oddly shaped below 20 km, where the N2O VMR decreases at lower altitudes, resulting in a deviation of −10% at 17 km,430

the lowest available altitude. This is not expected behaviour for N2O and is likely due to an issue in the dataset. The MIPAS-B

mean profile exhibits some strange behaviour above 33 km; there is a jump from about 135 ppbv to 145 ppbv at 34 km as a

result of averaging balloon profiles together. This results in MIPAS, MLS v5, and SMR all having low biases of up to about

10% between 33 and 36 km, though the satellite VMRs are within the balloon’s uncertainty estimate.

In the midlatitudes, ACE-FTS and SMR agree best with MIPAS-B; both are within ±10% from 14-30 km. The satellite435

datasets mostly have positive biases in the lower stratosphere below 22 km, with the exception of SMR which has a small

negative bias of about 5% below 15 km. They are all within the MIPAS-B measurement uncertainty range at these altitudes,

except for the MIPAS datasets below 14 km where the uncertainties in the satellite measurements still make this difference

insignificant. There is a deviation in the mean balloon profile between 13 and 14 km, which is because the Timmins profiles

from 2014 do not extend below 14 km and are therefore excluded from the mean. MIPAS did not coincide with these profiles,440

though, so this does not affect the mean of the relative differences in the rightmost panel. The MIPAS datasets both have
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positive mean biases all the way from 9-33 km, ranging from 2-25%. The deviation in the MLS v5 profile is again apparent and

results in a negative bias of over 30% at 24 km. Aside from this, the satellite profiles are mostly consistent with the MIPAS-B

profile from 14-30 km.

The Arctic comparisons for ACE-FTS, SMR, and the two MIPAS datasets with MIPAS-B are also very good. Based on the445

profile comparisons on the left side, they are consistent with the mean balloon profile up to about 29 km except at about 22-

23 km where the SMR and MIPAS-IMK have sharper changes in slope and therefore small negative deviations of about 10%

and 5%, respectively. Above 25 km, the mean relative biases are quite high, over 50%, for all instruments. At these altitudes

with small VMRs, one comparison can strongly skew the mean relative bias. MLS v5 has an even larger high bias from 21-

33 km of over 100%. It is the only satellite dataset that does not fully capture the decrease in N2O caused by descent within450

the polar vortex. Below 21 km, however, the agreement between MLS v5 and MIPAS-B is good aside from a positive bias of

about 30% between 16 and 18 km.

The profile comparisons with MkIV are shown in Figure 16. In the midlatitudes, ACE-FTS, MIPAS (both datasets), and

SMR are consistent with the mean balloon profile from 9-32 km. However, SMR does have a low bias of just under 10%

below 19 km, while ACE-FTS and MIPAS are within ±5% up to 19 km. The deviation in the MLS v5 profile again results in455

a negative bias, of up to 20% here, between 20 and 25 km. All of the satellite instruments have positive biases betwen 31 and

37 km, the largest being for HIRDLS (over 75% at 33 km). They all have a negative bias at the highest altitudes (39-40 km),

but they cross the zero bias line at different altitudes. HIRDLS has a high bias from 25-31 km as well, of up to 30%, but its

negative bias from 18-24 km is within 10%. Based on these comparisons, ACE-FTS and MIPAS are very reliable datasets,

SMR is reliable above 19 km, and MLS v5 and HIRDLS should be used with caution.460

The MkIV Arctic comparisons are based on only three flights: one in 2002, one in 2003, and one in 2007. No polar vortex air

was sampled during the 2003 flight, so it was separated from the other two for this analysis. The negative VMR at 25 km for the

2007 flight was deemed an outlier and removed. The results including the two flights within the polar vortex are shown in the

middle row of Figure 16. The satellite profiles in the left panel are very similar to each other; MIPAS-ESA, MIPAS-IMK, and

SMR all have negative biases of up to about 40 ppbv (around 50% at 20 km) from 9-21 km. The MIPAS-ESA bias is slightly465

larger (i.e., more negative) than the other two, by about 20 ppbv between 19 and 21 km. The mean relative biases in the right

panels are within −25% below 20 km. Both MIPAS profiles and the SMR profile are all consistent with the balloon profile

everywhere except 16 km and 20 km. From 25-34 km, all six datasets have slightly positive biases (according to the left panel),

but are still consistent with the balloon profile. The mean relative biases in the right panel are very large (up to over 100%)

and noisy due to the small VMRs at these altitudes. The comparisons with the 2003 flight are shown in the bottom panel of470

Figure 16. The satellite profiles are consistent with the balloon profile everywhere except at 28 km, where the MkIV profile has

a slight positive deviation, likely due to the comparison being based on a single MkIV profile. MIPAS-IMK has a positive bias

of up to 17% from 17-26 km, but it is not statistically significant. All three datasets (MIPAS-ESA, MIPAS-IMK, and SMR)

have a negative bias between 12 and 16 km, SMR having the largest by about 20 ppbv at 12 km, but this is also not statistically

significant.475
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The validation is summarized in Figures 17, 18, and 19 for the tropics, midlatitudes, and Arctic, respectively. MIPAS-B

is the only balloon instrument with any tropical flights. The agreement is very good; all relative differences are within 20%

and 13 of 17 boxes have relative differences within 10%. The biases in the satellite instruments are mostly positive (15 of 17

boxes), which as previously noted could instead indicate a negative bias in MIPAS-B, especially at 23 km and 28 km where all

the satellite biases are positive except for MLS v5 at 23 km, where it is known to be unreliable.480

Figure 18 shows that overall, the satellite-balloon agreement is very good; only 3 of 48 boxes have relative differences with

a magnitude greater than 20%, and 33 boxes have relative differences that are within 10%. There are some notable patterns,

however. For example, all the satellite biases are positive at 18 km when compared with MIPAS-B, all are negative at 18 km

and 28 km when compared with GLORIA-B, all are negative at 23 km when compared with MkIV, and all are positive at 28 km

when compared with MkIV. Systematic differences such as these suggest that the bias could be in the balloon instruments485

rather than the satellite instruments. However, it is unclear at 18 km whether the bias relative to GLORIA-B (negative) or

the bias relative to MIPAS-B (positive) is real. Regardless, the agreement is good enough that the satellite datasets can be

considered usable at this altitude. For MkIV, the differences are related to the upward concavity in the profile starting near

30 km in the midlatitudes. The GLORIA-B profiles do not have this concavity, but as they are mean profiles and not from

individual measurements, the situations are not entirely comparable.490

The summary for the Arctic in Figure 19, which only includes flights within the vortex (i.e., all but the 2003 MkIV flight),

shows that there are large relative differences at 28 km, but this is expected given the low VMRs caused by air descent in the

polar vortex. Aside from this, there is generally good agreement between the satellite and balloon datasets. Of the 35 boxes with

coloured borders, only 5 have relative differences with magnitudes greater than 20%, and 18 have relative differences within

±10%. All of the biases relative to MIPAS-B are positive, further indicating that MIPAS-B itself may have a negative bias.495

That said, there are no previous studies that indicate this could be the case. The differences relative to GLORIA-B are mostly

negative, particularly at lower altitudes. There is also a pattern in the MkIV comparisons: The instrument biases are negative

at lower altitudes (13 km and 18 km) and then positive at higher altitudes. This aligns with Figure 16, which suggests that in

the Arctic vortex, the satellite instrument profiles are slightly less steep than the mean MkIV profile. However, the difference is

not statistically significant except at 20 km where the MkIV profile has the deviation, likely due to the comparison being based500

on a single MkIV profile in this altitude range.

5 Summary

In support of the LOLIPOP project, evaluations of N2O measurements from six different satellite datasets (ACE-FTS, HIRDLS,

MIPAS-ESA, MIPAS-IMK, MLS, and SMR) were presented in two parts: intercomparisons between the instruments being

evaluated and validation through comparisons with a series of balloon-borne reference instruments (GLORIA-B, MIPAS-B,505

and MkIV). Several coincidence-finding methods and criteria were tested, and the criteria were eventually chosen in order

to maximize the number of coincidences available without significantly detracting from the agreement between datasets. For

the intercomparisons, median profile-to-profile comparisons for different regions and times of year were presented as well
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as PDFs at four selected altitudes in the upper troposphere and lower-to-middle stratosphere. The results from SMR were

highlighted because it had the greatest temporal overlap with the other instruments and was found to have generally high-510

quality measurements. The intercomparisons were also summarized in grid plots for easier identification of patterns in the

biases. The validation comparisons using independent reference data were separated by balloon instrument and by latitude

band (tropics, northern midlatitudes, and Arctic) and included mean profile-to-profile comparisons as well as summary grid

plots.

Overall, the intercomparisons indicated that the satellite datasets are generally very reliable, with few exceptions. In particular,515

ACE-FTS, MIPAS (both datasets), and SMR agreed well with each other in most regions. The ACE-FTS and MIPAS biases

relative to SMR were typically within ±5% and at worst still within ±10%. The largest biases were generally found at the

upper and lower ends of the profiles, the former due to low VMRs and the latter due to difficulty in measuring in the upper

troposphere. HIRDLS had variable performance; the profiles agreed better in some regions than others, where sometimes

the HIRDLS profile had much more structure (i.e., had more changes in vertical gradient) than the others. It is therefore520

recommended that the comparisons for the region and time period of interest be consulted before making use of this dataset.

The HIRDLS results also support the instrument team’s recommendation to only use zonal mean data rather than the individual

profiles. Outside of the polar vortex, MLS v5 N2O profiles have a deviation centred near 24 km (around the 32 hPa level)

that results in a negative bias from about 20-25 km as large as 30%. This is a significant issue in the dataset that has been

addressed, and users are encouraged to use the improved MLS version 6 N2O retrievals. These results were corroborated525

through validation with balloon instruments. On average, the satellite profiles agreed with the balloon profiles within ±10%

in most cases and if not, within ±20% unless the VMR was very small, as it is above 22 km in the Arctic due to air descent

within the polar vortex. Differences between the individual satellites and the balloon instruments were generally larger than

those between satellite instruments, possibly due to the smaller number of coincidences available. All in all, only HIRDLS and

MLS v5 N2O measurements had significant issues identified. Otherwise, the currently available satellite limb-viewing N2O530

datasets were found to be of very high quality. Together, ACE-FTS, MIPAS, SMR, and possibly MLS v6 constitute an excellent

24-year record of N2O measurements. With some adjustments to account for biases, they could be merged into a continuous

time series, in the framework of the ESA Climate Change Initiative, for future trend analysis and examination of changes in

stratospheric circulation.

Data availability. ACE-FTS data can be obtained via the ACE-FTS website (registration required; ACE-FTS, 2024). HIRDLS data are535

available on the Goddard Earth Sciences Data and Information Services Centre (GES DISC; Gille and Gray, 2013b). The MIPAS-ESA

dataset is available on the Earth Online repository (registration required; European Space Agency, 2021). The MIPAS-IMK data are available

from the KITopen repository (Glatthor et al., 2024b). The MLS v5 and v6 data are available on GES DISC (Lambert et al., 2020, 2026). The

SMR data are available on the Odin-SMR website (Odin-SMR, 2023). GLORIA-B measurements are available on the KITopen repository

(Wetzel and Johansson, 2025a, b). MIPAS-B data are available upon request from one of the co-authors (gerald.wetzel@kit.edu). The MkIV540

data are available on the JPL website (Jet Propulsion Laboratory, 2024). The JPL Derived Meteorological Products are available upon request

from one of the co-authors (luis.f.millan@jpl.nasa.gov).
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Figure 1. Median VMR (solid, except MIPAS full-resolution period, dotted) and median absolute deviation of the VMR (dashed, except

MIPAS full-resolution period, dash-dotted) for each instrument, within different latitude bands (column) for each season (row). For SMR,

all profiles were included in the median. For other instruments, only profiles coincident with an SMR profile were included. The MIPAS

datasets are split into the full-resolution (dotted/dash-dotted) and reduced-resolution (solid/dashed) periods.26
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Figure 2. Median relative difference between SMR and coincident measurements from each other instrument, within each latitude band

(column) for each season (row). The MIPAS datasets are split into the full-resolution (dotted) and reduced-resolution (solid) periods.

27

https://doi.org/10.5194/egusphere-2026-4651
Preprint. Discussion started: 18 August 2026
c© Author(s) 2026. CC BY 4.0 License.



0

2

4 33km
ACE-FTS HIRDLS M-ESA FR M-ESA RR M-IMK FR M-IMK RR MLS

0.0

0.5

1.0

1.5
28km

0.0

0.5

1.0
23km

0 250
0.0

0.5

1.0 18km

0 250 0 250 0 250 0 250 0 250 0 250
VMR [ppbv]

Re
la

tiv
e 

fre
qu

en
cy

 [p
pb

v
1 , 

10
2 ]

Figure 3. PDFs of SMR (coloured) N2O measurements that are coincident with each other dataset (grey).
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Figure 4. Median absolute N2O bias (in ppbv) and relative bias between ACE-FTS and each other instrument at various altitudes during

each season.
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Figure 5. Median absolute N2O bias (in ppbv) and relative bias between HIRDLS and each other instrument at various altitudes during each

season.
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Figure 6. Median absolute N2O bias (in ppbv) and relative bias between MIPAS-ESA FR and each other instrument at various altitudes

during each season.
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Figure 7. Median absolute N2O bias (in ppbv) and relative bias between MIPAS-ESA RR and each other instrument at various altitudes

during each season.
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Figure 8. Median absolute N2O bias (in ppbv) and relative bias between full-resolution MIPAS-IMK and each other instrument at various

altitudes during each season.
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Figure 9. Median absolute N2O bias (in ppbv) and relative bias between reduced-resolution MIPAS-IMK and each other instrument at

various altitudes during each season.
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Figure 10. Median absolute N2O bias (in ppbv) and relative bias between MLS v5 and each other instrument at various altitudes during each

season.
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Figure 11. Median absolute N2O bias (in ppbv) and relative bias between SMR and each other instrument at various altitudes during each

season.
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Figure 12. Median VMR (solid) and median absolute deviation of the VMR (dashed) for MLS v5 and v6 profiles that are coincident with

SMR.
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Figure 13. Median relative difference between SMR and coincident measurements from MLS v5 and MLS v6, within each latitude band

(column) for each season (row).
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Figure 14. (a) Mean GLORIA-B N2O profiles (black, see Section 4.1 for details about the calculation) compared with mean ACE-

FTS (blue), MLS v5 (orange), and SMR (brown) profiles in the midlatitudes (top) and the Arctic (bottom). Grey shading represents the

reported uncertainty of the GLORIA-B profiles. (b) Relative difference between each mean satellite profile and the mean GLORIA-B profile

((satellite−balloon)/balloon) in the midlatitudes (top) and the Arctic (bottom).
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Figure 15. Same as Figure 14 but with MIPAS-B as the reference and including comparisons with HIRDLS (green), MIPAS-ESA (purple),

and MIPAS-IMK (pink). An additional row is added at the top to show comparisons in the tropics.
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Figure 16. Same as Figure 15 but with MkIV as the reference, without comparisons in the tropics, and with the Arctic comparison separated

into vortex (middle) and extravortex (bottom).
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Figure 17. Summary of N2O comparisons in the tropics. Absolute differences are shown in ppbv above the relative differences. Coloured

borders indicate where the magnitude of the relative difference is less than 50%.
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Figure 18. Same as Figure 17 but for the midlatitudes.
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Figure 19. Same as Figure 17 but for the Arctic.
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