
1.  Introduction
Ozone (O3) is an important molecule in the middle atmosphere due to its ability to absorb solar ultraviolet 
(UV) radiation. The primary O3 maximum lies in the stratosphere's ∼25–40  km altitude range (McCormick 
et al., 1989). While the seasonal variability of O3 concentration depends on the seasonal variation in temperature 
in the upper stratosphere (∼40–50 km), photochemistry is much slower in the lower stratosphere (∼25–40 km) 
due to the reduced UV flux. Thus, the transport of O3 is attributed to atmospheric circulation, which drives the 
seasonal variation of O3. The primary circulation is upwards in the tropics and poleward/downward in the mid 
and high latitudes in the lower stratosphere (Levy et al., 1985; Randel et  al., 2008). The dissipation of wave 
disturbances propagated from the troposphere drives the circulation. During the winter, the dissipation of these 
waves in the stratosphere leads to downward/poleward circulation. The circulation carries O3 produced at tropical 
source regions to high latitudes (Perliski et al., 1989; Solomon et al., 1985). During the winter, stratospheric 
O3 is shielded from UV radiation by the O3 above. Additionally, the solar zenith angle is high in the high lati-
tude winter. This results in weaker photochemical O3 loss. The accumulation of O3 over the winter results in a 
springtime maximum. The local solar zenith angle is smaller in the summer, leading to efficient photochemistry. 
This leads to photochemical loss of O3 over the summer, and a minimum is attained in late autumn (Stolarski 
et al., 1991, 1992).

Abstract  The Solar Occultation for Ice Experiment (SOFIE) has operated aboard the Aeronomy of Ice 
in the Mesosphere (AIM) satellite since 2007. SOFIE uses solar occultation to retrieve ozone (O3) profiles 
from ∼20 to 100 km altitude, typically at polar latitudes. This study validates SOFIE O3 profiles, including 
error analysis and comparisons with independent observations. Comparisons are made to the Atmospheric 
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) and the Michelson Interferometer for 
Passive Atmospheric Sounding (MIPAS) satellite instruments. SOFIE shows qualitative and quantitative 
agreement with both data sets between 30 and 70 km and better overall agreement in the northern hemisphere. 
SOFIE and ACE mean differences are typically within 20% in the 30–70 km altitude range. SOFIE and MIPAS 
exhibit mean difference values within 30% in the winter and 20% for all other seasons averaged, between ∼30 
and 60 km. Seasonal comparisons indicate similar variations in both hemispheres and through all seasons. 
The comparisons indicate that SOFIE is biased 5%–10% low at 30–70 km altitudes, with greater differences at 
higher and lower altitudes. The comparisons are challenging due to the low O3 concentrations at high altitudes, 
the limited number of coincidences, and the large diurnal variation in mesospheric O3 during twilight hours.

Plain Language Summary  Ozone is an important species in the middle atmosphere that requires 
continuous and high-quality measurements. Novel measurements from new satellite instruments are important 
to this end. The Solar Occultation for Ice Experiment (SOFIE) instrument measures the solar energy passing 
through the limb of the Earth's atmosphere at sunrise and sunset (relative to the spacecraft) that is used for 
retrieving ozone profiles. The profiles are compared to coincident profiles from other satellite instruments 
during winter and non-winter months in both hemispheres. The agreement between SOFIE and the data 
sets is considered reasonable when the mean difference is less than 30%. SOFIE agrees best with the other 
data sets in the 30–70 km altitude range. At high altitudes, low O3 concentration, the limited number of 
coincidences  between SOFIE and other data sets, and the large diurnal mesospheric O3 variability during 
twilight make it difficult to compare SOFIE with other data sets.
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Besides its ability to shield us from harmful UV radiations that reach the surface of the Earth, O3 plays an impor-
tant role in regulating climate (Kuttippurath et al., 2021; Riese et al., 2012). Changes in the stratospheric O3 have 
a large impact on the climate. Due to the emission of O3-depleting substances, particularly Chlorofluorocar-
bons (CFCs), a decline in polar O3 became evident over Antarctica by the late 1970s (Chubachi, 1984; Farman 
et al., 1985). Salby et al. (2011), Kuttippurath et al. (2013), Solomon et al. (2016), and Chipperfield et al. (2017) 
demonstrated the effectiveness of the Montreal Protocol in reducing halogen gases in the atmosphere, thus, 
corresponding to a positive trend in Antarctic O3. The Montreal Protocol, its amendments and adjustments have 
efficiently decreased the abundance of ozone-depleting substances (ODSs) (WMO, 2022). O3 recovery is most 
clearly observed in the upper stratosphere and Antarctic lower stratosphere in the spring. Due to large natural 
variability and factors such as climate change and tropospheric O3 variability, the recovery of O3 associated with 
ODs is difficult to detect. Further, an Arctic O3 trend is difficult to detect compared to the Antarctic (Solomon 
et al., 2014) due to the relatively large variability. New results since the 2018 Assessment (WMO, 2018) suggest 
that the recovery of the Antarctic stratospheric O3 continues to progress, and the O3 hole has generally diminished 
in size since 2000. Further, the Antarctic O3 holes observed in 2019 and 2020 showed significant variability 
in size, strength, and longevity and are largely dynamically driven. Observed O3 trends in the Arctic remain 
small compared to the large interannual variability (precluding the identification of statistically significant O3 
in the Arctic between 2000 and 2021), with the Arctic total O3 reaching exceptionally small values in spring 
2020 (WMO, 2022). Cold Antarctic winters with very low stratospheric temperatures and a strong vortex that 
showed relatively large O3 losses were reported in 1996, 2000, 2003, 2006, and 2015 (Bodeker et  al.,  2005; 
Chipperfield et  al.,  2017). Smaller O3 holes were reported in 1998, 2002, 2012, and 2019 that had warmer 
winters, where the relatively higher temperatures led to the evaporation of Polar Stratospheric Clouds (PSCs) that 
provided their surfaces to halogen reservoirs species for conversion into O3-destroying reactive forms (De Laat & 
Van Weele, 2011; Kuttippurath et al., 2015; Müller et al., 2008; Safieddine et al., 2020). Sinnhuber et al. (2000), 
Chipperfield et al. (2005), and von der Gathen et al. (2021) suggested that cold winters would get colder with 
increasing O3 loss. Therefore, extremely large O3 loss during cold winters could be a strong indicator of climate 
change, necessitating continuous O3 measurements at high latitudes and over the polar vortex, particularly during 
the winter and spring. However, these levels do not contribute significantly to the total O3 column changes 
discussed earlier.

O3 is abundantly present in a layer in the upper mesosphere and lower thermosphere, known as the secondary 
O3 maximum. The altitude of the secondary O3 maximum in terms of mixing ratios lies between 90 and 92 km 
during daytime. While the nighttime O3 mixing ratios in the secondary maximum region are comparable to 
what is found in the stratospheric maximum (∼10 ppm), the daytime mixing ratios are relatively smaller but 
significantly larger than in the middle and upper mesosphere (Smith et al., 2008, 2009, 2011, 2013; Smith and 
Marsh., 2005; Tweedy et al., 2013).

In the stratosphere, O3 impacts the stratospheric radiative balance. In the upper mesosphere and lower thermo-
sphere, the secondary O3 maximum (Smith and Marsh, 2005; Smith et al., 2009) is highly variable and, thus, 
difficult to characterize accurately. Thus, the stratosphere, upper mesosphere, and lower thermosphere are impor-
tant atmospheric O3 reservoirs, making it important to have continuous, high-quality O3 measurements in these 
atmospheric regions (Cracknell & Varotsos, 2012; Smith et al., 2013). Solar occultation measurements are advan-
tageous due to the high signal-to-noise ratio, allowing increased vertical and spectral resolution measurement at 
higher altitudes. Moreover, solar occultation measurements generally suffer less significant non-LTE effects and 
are self-calibrating by taking the ratio of the radiances (Dupuy et al., 2009).

The Solar Occultation for Ice Experiment (SOFIE) has operated onboard the Aeronomy of Ice in the Mesosphere 
(AIM) spacecraft since 2007 (Russell et al., 2009). SOFIE makes daytime measurements using solar occultation 
during sunrise and sunset relative to the spacecraft. SOFIE (Gordley et al., 2009a, 2009b) has a vertical resolution 
of ∼1.8 km and typically observes high latitudes (65°–85°) in both hemispheres. The detailed SOFIE meas-
urement approach is discussed in Section 2.1. Past satellite instruments have measured O3 in the stratosphere, 
mesosphere, and lower thermosphere. These include SAGE II (the Stratospheric Aerosol and Gas Experiment) 
(Cunnold et al., 1989; Mauldin III et al., 1985; McCormick, 1987), SAGE III (SAGE ATBD Team, 2002), the 
HALogen Occultation Experiment (HALOE) (Russell et al., 1993), the Polar Ozone and Aerosol Measurement 
(POAM) III (Lucke et al., 1999), the SCanning Imaging Absorption spectroMeter for Atmospheric CHartog-
raphY (SCIAMACHY) (Bovensmann et al., 1999) and the Michelson Interferometer for Passive Atmospheric 
Sounding (MIPAS) (Fischer et al., 2008). Current satellite O3 measurements are from the Atmospheric Chemistry 
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Experiment–Fourier Transform Spectrometer (ACE-FTS) (Bernath, 2001; Bernath et  al.,  2005), Sounding of 
the Atmosphere using Broadband Emission Radiometry (SABER) (Russell et al., 1999), SAGE III on the Inter-
national Space Station (ISS) (Bognar et al., 2022; Cisewski et al., 2014; McCormick et al., 2020), Microwave 
Limb Sounder (MLS) (Jiang et al., 2007; Waters et al., 2006), Ozone Mapping and Profiler Suite (OMPS) (Flynn 
et  al., 2006, 2014; Kramarova et  al., 2014), and Optical Spectrograph and Infrared Imager System (OSIRIS) 
(Adams et  al.,  2012,  2014; Bourassa et  al.,  2018) instruments. SOFIE provides measurements from ∼20 to 
100 km altitude covering 15+ years, making an important addition to the O3 record. Additionally, SOFIE's abil-
ity to continuously measure at high latitudes makes it an important instrument in studying O3 loss and recovery 
within the polar vortex during winter and spring.

This paper validates the current publicly available SOFIE O3 measurements (version 1.3) using error analysis and 
comparisons with ACE-FTS and MIPAS observations. Section 2 describes the SOFIE O3 measurement approach, 
retrieval method, and uncertainty analysis. The correlative data sets are described in Section 3. The compari-
sons with ACE and MIPAS are presented in Section 4, and the impact of O3 diurnal variability on the results is 
discussed in Section 5. The summary and conclusions of this study are presented in Section 6.

2.  SOFIE O3 Measurement Approach, Retrieval, and Uncertainty Analysis
2.1.  SOFIE Measurement Approach

SOFIE measurements at 16 wavelengths (0.29–5.32 μm) are used to retrieve vertical profiles of temperature, 
five gaseous species (O3, H2O, CO2, CH4, and NO), polar mesospheric cloud (PMC) extinction, and meteoric 
smoke extinction (Gordley et al., 2009a, 2009b; Hervig et al., 2009a, 2009b; Marshal et al., 2011). Solar occul-
tation measures solar intensity as rays pass through the atmosphere during spacecraft sunrise or sunset. Atmos-
pheric transmission (T) is determined from the ratio of the atmospheric signal (V) over that measured above the 
atmosphere (VO), T = V/VO, which is then used to retrieve the geophysical parameters of interest. Because solar 
occultation does not require an absolute response calibration, it is immune to many error sources that are typical 
in other approaches. During 2007–2017, spacecraft sunset and sunrise measurements occurred in the Southern 
Hemisphere (SH) and Northern Hemisphere (NH), respectively. This switched in late 2018 due to the changing 
AIM orbit, with sunset (sunrise) measurements occurring in the NH (SH). This work uses SOFIE V1.3 data, 
which is available online (sofie.gats-inc.com).

2.2.  SOFIE O3 Retrieval

This study uses data from SOFIE Level 2 processing, which retrieves individual profiles of trace species, temper-
ature, and aerosol extinction from the signals (Gordley et al., 2009a, 2009b). The retrievals rely on signal simu-
lations that describe the radiative transfer of sunlight through Earth's atmosphere and account for the effects of 
the instrument. Line-by-line radiative transfer calculations with necessary line parameters (Gordley et al., 1994), 
assuming a spherically symmetric atmosphere, are used to simulate atmospheric transmissions. An “onion-peeling” 
(Russell & Drayson,  1972) technique is implemented to retrieve the limb profiles. The volume mixing ratio 
(VMR) of the target species is inferred in a top-down approach, with the VMR of the target species adjusted until 
the measured transmission is reproduced to within the noise. SOFIE measurements are over-sampled at 20 Hz, 
which corresponds to ∼0.2 km vertical spacing at the tangent point. The SOFIE approach separates each profile 
into seven separate profiles with 1.4 km spacing, which is close to the native vertical resolution (∼1.6 km). These 
profiles are used for independent retrievals, which are then combined with a 0.7 km Gaussian filter to decrease 
random errors. The resulting final profile is reported on the original 0.2 km vertical grid.

O3 is measured using two broadband (∼2% filter width) filters centered at 292 and 330 nm wavelength (Bands 
1 and 2, respectively), as shown in Figure 1. Note that the Band 2 electronic response was saturated at launch 
but came into range by November 2009 due to the normal darkening of the UV optics over time (Gordley 
et al., 2009a, 2009b). From launch until November 2009, O3 was not reported below ∼55 km, and there was 
no PMC correction in the Band 1 O3. PMC interference in the Band 1 O3 retrieval is removed using the PMC 
extinction measurements from Band 2, with an appropriate extrapolation in wavelength. This correction began in 
November 2009 when the band 2 detector came out of saturation. The 292 nm band is located in a region of strong 
O3 absorption to provide enhanced sensitivity to O3 in the mesosphere. This band provides O3 measurements from 
roughly 105–50 km and is opaque at lower heights. The 330 nm band was selected to provide O3 measurements 
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from ∼60 km to the tropopause. Note that O3 absorption at 330 nm is negligible above ∼60 km, and the Band 
2 measurements there are used to characterize meteoric smoke (Hervig, Bardeen, et al., 2017, Hervig, Gordley, 
Russell, & Bailey, 2009; Herving et al., 2021) and PMCs during polar summer (Hervig et al., 2009a, 2009b). 
The transmission measurements from Bands 1 and 2 are used separately to retrieve O3 vertical profiles. The 
two profiles are then merged to obtain a continuous O3 product from ∼105 km altitude to the tropopause. The 
retrievals use O3 simulations based on temperature-dependent O3 cross-sections (Serdyuchenko et  al.,  2014). 
Refraction is described in full detail in the SOFIE forward model and thus is accounted for in the retrievals. 
Rayleigh scattering is the primary interference in the 292 and 330 nm bands. Rayleigh interference is calculated 
using optical cross-sections from Bodhaine et al. (1999) with SOFIE density measurements and removed during 
the retrieval process. The other interference in the O3 bands is from stratospheric aerosols below ∼35 km (which 
is not corrected at this time) and from PMCs near 80–90 km during polar summer.

PMC (Hervig et al., 2009a, 2009b, 2013, 2016) contamination in the 292 nm O3 measurements is successfully 
removed using the PMC extinction retrieved at 330  nm. For this purpose, the 330  nm PMC extinctions are 
extrapolated in wavelength to 292 nm, based on the modeled wavelength dependence described as the ratio of 
extinction at 292 nm to that for 330 nm. The extinction ratio varies with PMC particle size, but only by ±10% over 
the typical range (roughly 15–60 nm) of effective radius (re). For simplicity, the SOFIE approach assumes the 
long-term average re of 32 nm (Hervig et al., 2012) and accepts the resulting uncertainty (10%) in the O3 mixing 
ratios retrieved in PMCs' presence. It is possible to instead use the retrieved re in the PMC corrections, which have 
uncertainties of up to ∼25%. Propagating these uncertainties into the O3 retrieval, however, gives similar errors 
as assuming the long-term average re. Note that the Band 1 O3 measurements are corrected for PMC interference 
only after November 2009, when the Band 2 measurements became operational.

2.3.  SOFIE O3 Uncertainty Analysis

SOFIE O3 errors are due to uncertainties in either the observations or the forward model. Modeling errors include 
the description of interfering gases and aerosols and the representation of instrumental characteristics (e.g., rela-
tive spectral response or field of view). The V1.3 SOFIE O3 forward model uses the optical cross-sections from 
Serdyuchenko et al. (2014), which are estimated to have 1% systematic uncertainties. The resulting uncertainties 
associated with the retrieved O3 are determined by imposing each error mechanism in the V1.3 SOFIE retrieval 
algorithm. The approach applied known error sources to simulated observations and determined the resulting 
error from comparisons with the known O3 profile. The results are summarized in Table 1, where the uncertain-
ties in retrieved O3 are summarized from 20 to 100 km altitude. The largest O3 uncertainties are due to errors in 

Figure 1.  SOFIE spectral response and Rayleigh PMC interference in the O3 bandpass spectral region. Using the channel 1 
pair, O3 is measured. Channel 1 is centered at 0.292 μm for strong (solid black curve) and 0.330 μm for weak (dashed black 
curve) O3 bands.
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the altitude registration, field of view calibration, and biases in temperature. Note that altitude registration errors 
are estimated to be 100 m (Marshall et al., 2010).

3.  Correlative Data Sets
3.1.  SCISAT ACE-FTS

ACE-FTS (Bernath, 2001; Bernath et al., 2005; Boone et al., 2005) is an instrument onboard the Canadian SciSat 
spacecraft and is a successor to the ATMOS (Atmospheric Trace Molecule Spectroscopy) experiment (Gunson 
et al., 1996). ACE uses solar occultation to measure minor species in Earth's atmosphere remotely. ACE was 
launched to low Earth orbit at 650 km and 74° inclination. ACE measures high-resolution (0.02 cm −1) spectra 
of the atmosphere in the medium-long infrared range of 2.2–13 μm (Bernath et al., 2005). Using the occulta-
tion spectra, the vertical profiles of temperature, pressure, and VMRs of trace constituents are retrieved (Boone 
et al., 2005). The absence of adequately precise meteorological data for the entire ACE altitude range of observa-
tions necessitates the derivation of temperature and pressure directly from the ACE spectra as the first step of the 
retrieval. These profiles are used to calculate the synthetic spectra in the global fitting procedure to retrieve the 
VMR profiles of the target species in the second phase of the retrieval.

There were several accounts of the initial ACE O3 validation comparisons for Version 1.0 (Fussen et al., 2005; 
Kerzenmacher et  al.,  2005; McHugh et  al.,  2005; Petelina et  al.,  2005; Walker et  al.,  2005). Froidevaux 
et al. (2006) used ACE version 2.1 O3 in earlier validation studies for measurements from the Microwave Limb 
Sounder (MLS) on the Aura satellite. In these earlier O3 retrievals, apparent discrepancies in the spectroscopic 
data near ∼5 and ∼10 μm were observed, due to which the vertical profiles near the stratospheric O3 concentra-
tion peak had a low bias of ∼10% consistently compared to other satellite instruments' observations. An updated 
version 2.2 with improved spectroscopic measurements for O3 was subsequently introduced and used in various 
validation studies (Cortesi et  al.,  2007; Dupuy et  al.,  2009; Froidevaux et  al.,  2008). In V2.2, O3 VMRs are 
consistently larger than MLS, with O3 profiles within 5% agreement in the lower stratosphere. However, the 
agreement deteriorates with altitude and reaches ∼25% at the upper stratosphere (Froidevaux et al., 2008). Cortesi 
et al. (2007) compared MIPAS V4.66 O3 data with ACE V2.2 and reported that the relative difference was within 
±10% between 10 and 42 km but deteriorated at higher altitudes, and Sheese et al. (2017) compared ACE-FTS 
V3.5 O3 to correlative data from MIPAS and MLS. The difference in measurements between ACE, MLS, and 
MIPAS can be partly attributed to the difference in their measurement approach. ACE views a single latitude 
and makes 15 measurements in each hemisphere per day. MIPAS measures over a wide range of latitudes on a 
single day and during fixed local times. The Aura satellite, which has MLS aboard, is sun-synchronous at 705 km 
altitude with 98° inclination and provides a latitude coverage of 82° N to 82 oS in each orbit. It has an ascending 
equator-crossing time of 1:45 p.m. and a 98.8-min period. In this study, we use ACE O3 V4.1 data (Bernath 
et al., 2021). ACE makes ∼30 measurements per day, like SOFIE. However, it has a latitudinal coverage spread 
over the globe throughout the year due to the orbit inclination. Thus, there is limited coverage in the polar region. 

Error source

Altitude (km)

20 30 40 50 60 70 80 90 100

Altitude registration (S) 5 3 3 3 2 2 2 2 2

Rayleigh interference (S) 2 1.5 1 2 0.5 1 1 0.5 1

Temperature bias (S) 1 1 1 1 1 1 2 3 5

O3 Cross sections (S) 1 1 1 1 1 1 1 1 1

Field-of-view (S) 1 1 1.5 2 2 3 3 3 3

Forward model (S) 1 1 1 1 1 1 1 1 1

Signal noise (R) 0.5 0.1 0.1 0.15 0.1 0.1 0.15 0.2 1

Total (root sum squared) 5.8 3.9 3.9 4.5 3.4 4.1 4.5 4.9 6.5

Note. Retrievals are from Band 1 (292 nm) above ∼55 km and Band 2 (330 nm) at lower heights. Note that the uncertainties 
here do not address stratospheric aerosol or PMC interference.

Table 1 
O3 Mixing Ratio Uncertainty (%) Due To Various Random (R) and Systematic (S) Error Mechanisms
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The diurnal variation of O3 along the line of sight is not accounted for in versions 3.6 and 4.1 of the ACE-FTS 
O3 (Sheese et al., 2022).

3.2.  Envisat MIPAS

The MIPAS instrument onboard the European ENVIronmental SATellite (ENVISAT) was operational from 
March 2002 until early April 2012. MIPAS was a middle infrared Fourier Transform spectrometer measuring 
high-resolution spectra of the atmospheric limb emission in five spectral bands (Fischer et al., 2008). ENVISAT 
was launched on a sun-synchronous polar orbit with 98.55° inclination and at ∼800 km altitude.

MIPAS measured infrared spectra from 4.15 to 14.6 μm in the middle and upper atmosphere. This enabled the 
detection and spectral resolution of a large number of emission features of major and minor atmospheric constit-
uents. The original spectral resolution of MIPAS was ∼0.035 cm −1. A reduced resolution of ∼0.0625 cm −1 in a 
new operation mode was introduced in 2005. While the operational Level 2 MIPAS data are processed by ESA/
DLR (European Space Agency/Deutsches Zentrum für Luft- und Raumfahrt); the University of Bologna, Oxford 
University, and the KIT-IMK/IAA (Karlsruhe Institute of Technology - Institute of Meteorology and Climate 
Research/Instituto de Astrofísica de Andalucía) are hosts to three other independent research Level-2 proces-
sors that rely on the same Level-1b ESA data but use different retrieval schemes. Overall, the four processors 
show similar performance, apply global fits, and use microwindows instead of the entire spectrum. Key differ-
ences in the processing schemes include the different regularization approaches (leading to a difference in the 
noise-resolution trade-off, with no clear average advantage to any specific data set), the choice of microwindows, 
the cloud detection threshold, and the approach to treating negative retrieved values.

We use the O3 data processed by KIT-IMK/IAA. This data set has been used in several validation and investiga-
tive studies (Eckert et al., 2014; Glatthor et al., 2006; Laeng et al., 2014, 2018; López-Puertas et al., 2018; Steck 
et al., 2007; Stiller et al., 2012; von Clarmann et al., 2009). Laeng et al. (2014) validated MIPAS Version 5.0 
(V5R_O3_224) O3 data. López-Puertas et al. (2018) studied the O3 in the middle atmosphere and determined 
the systematic and random errors in the 20–100 km range (at every 10 km). Version V5r_O3_m22 O3 data in the 
stratosphere and mesosphere retrieved at 0.0625 cm −1 from 2005 to April 2012 in the microwindow of 14.8 and 
10 μm spectral regions were used for observations made at three middle atmosphere modes (MA-Middle Atmos-
phere, NLC- Noctilucent and UA- Upper Atmosphere). During the daytime, MIPAS O3 has an average vertical 
resolution of 3–4 km under 70 km. The average vertical resolution varies to 6–8 km at 70–80 km, 8–10 km 
at 80–90 km, and 5–7 km at the secondary O3 maximum (90–100 km). López-Puertas et al. (2018) estimated 
the noise error for daytime to be typically smaller than 2% below 50  km, 2%–10% between 50 and 70  km, 
10%–20% at 70–90 km, and ∼30% above 95 km. They used SABER, ACE, MLS, and SMILES (Superconducting 
Submillimeter-Wave Limb-Emission Sounder (Baron et al., 2011; Imai et al., 2013; Kikuchi et al., 2010; Mitsuda 
et al., 2011; Takahashi et al., 2011)) to validate MIPAS O3 and inferred that MIPAS agreed better than 5% with 
all instruments (except SABER) below 50 km. At the primary O3 maximum, the difference was less than 5%. 
MIPAS measures 10%–20% less than SABER between 30 and 50 km and 5%–15% less in the stratospheric O3 
maximum. From 50 km to 65–70 km, MIPAS displays general agreement with all instruments (except SABER 
at 60–70 km and MLS at 65–70 km altitude range during some latitudes/seasons). The difference is less than 
5%–10%, with MIPAS displaying higher O3 values. MIPAS O3 is smaller (5%–10%) than ACE-FTS from 45 to 
55 km and had up to 20% less O3 in the daytime than SABER from 50–60 km. The differences are higher above 
60 km. The instruments are in good agreement at the secondary maximum except at certain latitudes/seasons. 
Overall, through all seasons, latitudes, and hemispheres, the MIPAS (V5r_O3_m22) O3 during daytime has an 
accuracy of better than 5% at and below 50 km (with a positive bias of a few percent) and a positive bias of ∼10% 
at 50–75 km (possibly due to spectroscopic errors). At 75–90 km, MIPAS shows a large relative positive differ-
ence with SMILES (10%–20%) and a negative difference (10%–50%) with SABER and ACE. MIPAS is accurate 
within 10%–20%. Above 90 km, MIPAS agrees with all instruments by 10%.

This study uses the most recent MIPAS retrieval, version 8.0, processed by KIT-IMK. O3 VMR vertical distri-
bution was retrieved for version 8 data products using different sets of microwindows above and below 70 km. 
The structure of the KIT processed MIPAS data is “spectra version_target species_baseline version” (e.g., V5R_
O3_244 means that ESA spectra of version V5R (reduced spectral resolution) in IMK notation were used to 
retrieve target O3 while a retrieval setup was used which is identified by the baseline number 244). This study 
uses baseline version 261 for all comparisons below 70 km and baseline versions 561 and 661 for altitudes above 
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70 km. While there are significant numbers of data points under baseline 261, the number of data points from 
versions 561 and 661 is relatively less. Since the Envisat mission ended in 2012, SOFIE measurements have been 
compared to coincident MIPAS O3 profiles from 2008 to 2011. The systematic and random errors for MIPAS 
have been used as estimated by López-Puertas et al. (2018). An older version (Version 5r_O3_m22) of MIPAS 
was used to predict the error. Revised errors for version 8.0 O3 were being worked on at the time of this writing.

4.  Coincidence Analysis
Figures 2a–2c show the SOFIE, ACE, and MIPAS annual latitude coverages, respectively. SOFIE and ACE view 
a single latitude in each hemisphere on a given day, while MIPAS spans a wide latitude range on each day. Thus, 
the latitude coverage in Figure 2c is plotted for 2008 alone. 2009–2011 have a similar annual latitude distribution. 
Figures 2d and 2e show the SOFIE and ACE annual local time coverages, respectively. These coverages are from 
2008 to 2014. Both SOFIE and ACE measure near local sunrise and sunset. Figure 2f shows the local time vari-
ation of MIPAS with latitude. For each orbit, Envisat's track repeated the same local times (∼10:00 a.m./p.m.), 
with little daily or annual variation. Thus, Figure 2f indicates that there is little variation of local time with respect 
to latitude except at high polar latitudes.

4.1.  Approach

The primary O3 validation approach is to compare SOFIE with coincident measurements from ACE-FTS and 
MIPAS. The coincidence criteria are a latitude separation of ±5°, a longitude difference of ±20°, and a time 
separation of <2 hr (hereafter referred to as the coincidence box). During December, January, and February, there 
are very few coincidences between SOFIE and MIPAS. Thus, we use a time range of 3 hr during these months.

The monthly variation of coincidence numbers in both hemispheres is shown in Figure  3 (upper panel) for 
comparisons with ACE from 2008 to 2014 and in Figure 3 (lower panel) for comparisons with MIPAS. Although 
the number of coincidences per month is inconsistent (e.g., 0 in January and 114 in February in the NH), there are 
a large number of coincidences for each season. Figure 3 (lower panel) shows the number of coincident profiles 
between SOFIE and MIPAS from 2008 to 2011. MIPAS typically covers two local times. However, SOFIE has 
varying annual local time coverage. This leads to higher coincidence numbers between MIPAS and SOFIE, 

Figure 2.  (a) SOFIE latitude coverages during 2008–2014 (b) ACE latitude coverages over years 2008–2014 (c) MIPAS latitude coverage for 2008, (d) SOFIE local 
time coverage during 2008–2014, (e) ACE local time coverage during 2008–2014, and (f) MIPAS local time variation with latitude.
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primarily during mid-year, from April to August. A different set of coincidences for MIPAS above and below 
70 km have been calculated (Figure 3 (lower panel)) for reasons described in Section 3.2.

SOFIE has the highest vertical resolution compared to both ACE and MIPAS. SOFIE O3 coincident profiles are 
linearly interpolated onto corresponding ACE and MIPAS grids. The SOFIE-ACE and SOFIE-MIPAS pairs' 
profiles are then linearly interpolated onto a common altitude grid of 2 km. A comparison between SOFIE and 
other correlative data sets is drawn by calculating the statistics at the common altitude grid.

The following statistics are used for the analysis of coincident O3 VMR. The relative difference (𝐴𝐴 𝐴𝐴rel ) is calculated 
using Equation 1.

𝛿𝛿rel =
𝑋𝑋SOFIE −𝑋𝑋OTHER

(𝑋𝑋SOFIE +𝑋𝑋OTHER)∕2
� (1)

The mean relative difference (𝐴𝐴 ∆rel ) for N coincident points is calculated using Equation 2.

∆rel=
1

𝑁𝑁

∑

𝑖𝑖

𝛿𝛿𝑖𝑖� (2)

The percent relative difference (𝐴𝐴 ∆rel(%) ) is calculated using Equation 3.

Δrel(%) =
1

𝑁𝑁

∑

𝑖𝑖

(𝑋𝑋(𝑖𝑖)SOFIE −𝑋𝑋(𝑖𝑖)OTHER) × 100

(𝑋𝑋(𝑖𝑖)SOFIE +𝑋𝑋(𝑖𝑖)OTHER)∕2
� (3)

Figure 3.  Monthly time series of the number of coincident profiles between (upper panel) SOFIE and ACE for 2008–2014 
and (lower panel) SOFIE and MIPAS for 2008–2011. The coincidence box chosen is 20° in longitude × 5° in latitude × 2 hr 
in time (3 hr for DJF for MIPAS).
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The 1σ standard deviation (SD) of the differences in percent (σrel) is calculated using Equation 4.

𝜎𝜎rel =

√

√

√

√

(

1

𝑁𝑁 − 1

∑

𝑖𝑖

(

(𝛿𝛿𝑖𝑖 − Δrel)
2
)

)

� (4)

The standard error of the mean difference (SEM) is calculated using Equation 5.

SEM =

𝜎𝜎rel

𝑁𝑁
� (5)

The random and systematic errors discussed in Section 2.3 factor into the statistics of combined error prediction. 
The SEM of the differences combined with the systematic errors of SOFIE and the correlative data set gives the 
total combined systematic error (Equation 6).

ErrorCombinedSystematic =

√

SEM2

+ ErrorSOFIESystematic

2

+ ErrorCorrelatedSystematic

2� (6)

Random errors from SOFIE and the correlative data set are considered in calculating the total combined random 
error (Equation 7) (von Clarmann, 2006).

ErrorCombinedRandom =

√

ErrorSOFIERandom

2

+ ErrorCorrelatedRandom

2� (7)

4.2.  Statistics of the Coincidences

4.2.1.  Winter

4.2.1.1.  ACE

Figure 4 compares SOFIE with ACE during the winter for December, January, and February (DJF) in the NH and 
for June, July, and August (JJA) in the SH. Note that for Figures 4 through 7, panels a and d indicate the mean 
mixing ratio (VMR) values of all coincident profiles and the corresponding standard deviation of individual 
profiles from the mean in the NH and SH, respectively. Panels b and e indicate the mean number density profiles 
of the coincident profiles in the NH and SH, respectively, and the corresponding standard deviations are plotted 
using thin dashed lines with dots. Finally, panels c and f are used to show the statistical parameters calculated 
in Section 4.1 for the profiles shown in panels b and e, respectively. They show the mean difference, SD of the 
differences (%), and errors. For ACE, SOFIE's systematic and random errors are plotted, as these estimations are 
not currently reported for ACE. For MIPAS, the combined systematic and random errors are plotted. The analysis 
presented in this study has used coincident number density profiles to compare SOFIE and the other data sets. 
However, due to low number density values above ∼40 km, it is difficult to tell the mean number density profiles 
apart between SOFIE and the coincident instrument pair. Therefore, VMR profiles have been added to help 
distinguish the mean profiles at high altitudes.

In Figures 4a and 4d, the mean O3 VMR profiles exhibit expected wintertime patterns in the stratosphere in both 
hemispheres. Patterns of gradual wintertime O3 accumulations in the stratosphere tending toward a springtime 
maximum are evident. In the NH, all coincidences fall into February, which is late winter. Thus, all profiles are 
from the late winter period when the stratospheric O3 build-up is at its peak. In the SH, the coincidences fall into 
July and August, with ∼17% higher coincidences in July than in August. Thus, the average of all profiles repre-
sents the average of mid and late-wintertime O3. Hence, the accumulated wintertime stratospheric O3 is better 
represented in the NH than in the SH.

For the NH, in Figure 4c, the mean difference values between SOFIE and ACE number density profiles are within 
20% between 32 and 40 km and typically less than 10% between 40 and 70 km. At high altitudes, the mean differ-
ence values are less than 20% from 70 to 80 km and within 14% above this until 94 km. The mean differences are 
higher than 20% below ∼32 km and above ∼94 km, but typically under 50%. For the SH, in Figure 4e, the mean 
difference values are typically less than 30% between ∼34 and 90 km. At other altitudes from ∼20 to 100 km, the 
mean difference values are usually less than 40%. SOFIE results typically exhibit a low bias in the NH and the 
SH. Overall, there is better agreement between the instrument pair in the NH than in the SH.
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4.2.1.2.  MIPAS

Figures 5a and 5d show the coincident mean VMR profiles between SOFIE and MIPAS in the NH and SH, 
respectively, during the winter. Due to reasons explained in Section 3.2, the coincidences for the SOFIE-MIPAS 
pair are calculated separately above and below 70 km. Below 70 km, ∼71% of the coincident profiles are in 
December and ∼25% in January, with very few coincidences in February. Above 70 km, all coincidences are in 
December. Thus, the observations are biased toward early wintertime in the NH. The SOFIE-MIPAS pair in the 
NH capture the gradual wintertime enhancement in stratospheric O3.

The number of coincident profiles in the SH has a relatively constant seasonal distribution. Below 70 km, ∼33% 
of coincident profiles are in June, ∼30% in July, and ∼37% in August. Thus, the mean coincident profile is 
slightly biased toward late winter. Above 70 km, ∼24% of coincident profiles are in December, ∼34% in July, and 
∼50% in August. The wintertime stratospheric enhancement is less prominent in the SH than in NH. The limited 
representation of the wintertime stratospheric O3 increase in the SH may be due to the averaging of the coincident 
profiles over 3 months not being equally weighted.

For both the NH and the SH, MIPAS measurements are typically higher than SOFIE at most altitudes. In the NH, 
for most altitudes from ∼20 to 100 km, the mean difference values are less than 40% and typically tend to be 
higher above ∼70 km. In the SH, the mean difference values are higher than in the NH and usually less than 50% 
below ∼60 km. However, the mean difference values are higher than 50% above 70 km.

4.2.2.  Non-Winter Months

4.2.2.1.  ACE

Figure 6 compares SOFIE against ACE during all non-winter months, that is, from March through November in 
the NH and from September through May in the SH. Figures 6a and 6d show the O3 vertical profiles in terms of 
VMR averaged over spring, summer, and fall months in the NH and SH, respectively. The corresponding number 
density profiles are plotted in Figures 6b and 6e, respectively. Due to the averaging of the O3 profiles over all 
non-winter months, a trend in the stratospheric O3 variability cannot be observed in the mean VMR profiles for 

Figure 4.  Statistics of coincident O3 profiles from SOFIE and ACE for the winter. NH winter months DJF are plotted in panels (a)–(c), and SH winter months JJA are 
plotted in 4d, 4e, and 4f. Panels (a) and (c) indicate the mean values of all coincident profiles in terms of mixing ratio (VMR), and panels (b) and (e) indicate them in 
terms of number density (#/cm 3(log10)) (blue for SOFIE and red for ACE). Panels (c) and (f) for SOFIE-ACE show the mean difference values between the number 
density profiles in percent (solid blue line with dots) with red SEM bars and the SD of the differences (gray shade). For SOFIE-ACE, the SOFIE systematic errors 
(green dashed lines), and SOFIE random errors (solid black line with dots) are plotted. The black dash lines with dots indicate the ±50% mean difference values.
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Figure 5.  Statistics of coincident O3 profiles from SOFIE and MIPAS for the winter. NH winter months DJF are plotted in panels (5a)–(5c), and SH winter months JJA 
are plotted in 5d, 5e, and 5f. Panels (a) and (c) indicate the mean values of all coincident profiles in terms of mixing ratio (VMR), and panels (b) and (e) indicate them 
in terms of number density (#/cm 3(log10)) (blue for SOFIE and red for MIPAS). Panels (c) and (f) for SOFIE-MIPAS show the mean difference values in percent (solid 
blue line with dots) with red SEM bars and the SD of the differences (gray shade). The combined systematic (blue dashed line) and combined random errors (solid 
black line with dots) are plotted. The black dash lines with dots indicate the ±50% mean difference values.

Figure 6.  Same as Figure 4, but for all non-winter months, that is, March through November in the NH, and September through May in the SH.
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either hemisphere. From Figure 6c, we gather that the mean differences between SOFIE and ACE are typically 
negatively biased in the NH, except near ∼90 km. The values are less than—20% from ∼30 to 90 km but are 
higher between ∼74 and 84 km, as also seen during the winter. The values below ∼30 km and above ∼90 km are 
higher than—20% due to the large error values at these altitudes. In Figure 6f, the mean difference values in the 
SH are negatively biased except near ∼90 km. Like in the NH, the differences are less than −20% between ∼30 
and 90 km but are higher between ∼74 and 84 km. Below ∼30 km, the values are higher than −20% but less than 
−50%. At altitudes above ∼90 km, the mean difference values are higher than −20% and increase with altitude 
due to the high error values between 90 and 100 km. Overall, both hemispheres indicate similar bias values and 
agreement between SOFIE and ACE for the periods averaged over non-winter months, although, typically, the 
values at each altitude are slightly lower in the NH than the SH, suggesting better overall agreement in the NH.

4.2.2.2.  MIPAS

Figure  7 shows the SOFIE-MIPAS comparisons during all non-winter months, that is, from March through 
November in the NH and from September through May in the SH. Figures 7a and 7d indicate the O3 vertical 
profiles in terms of VMR averaged over spring, summer, and fall months in the NH and SH, respectively. The 
corresponding number density profiles are plotted in Figures 7b and 7e, respectively. Figure 7c suggests that in 
the NH, SOFIE is typically biased low at all altitudes except near ∼80 km and at 100 km. The mean difference 
values are typically within −20% from ∼30 to 90 km, except from ∼74 to 84 km, where the values are higher 
but always less than −50%. Additionally, there is a brief digression at 70 km where the value is higher than 
−20%, and the data is discontinuous due to reasons explained in Section 3.2. The large mean differences near 
20 km  are consistent with the high SOFIE uncertainties (Table 1). In Figure 7f, the mean difference values in the 
SH indicate worse agreement between SOFIE and MIPAS in the SH than in the NH. The mean difference values 
between ∼30 and 65 km are less than −20%, which is within the mutual uncertainties. As discussed earlier, the 
limited coincidences between SOFIE and MIPAS above 70 km and the high MIPAS noise errors above ∼70 km 
(López-Puertas et  al., 2018) explain the large systematic differences there. The presence of O3 in very small 
amounts near 80 km explains the particularly large differences near that altitude. Additionally, the high diurnal 
variation in O3 during sunrise contributes to the large differences between SOFIE and MIPAS above ∼70 km.

The mean differences between SOFIE and other data sets over both hemispheres through the altitude range of 
∼20–100 km are summarized in Table 2. The values are shown at 10 km intervals in both hemispheres. The 
comparisons indicate qualitative and quantitative agreement between SOFIE and MIPAS, and ACE in terms of 

Figure 7.  Same as Figure 5, but for all non-winter months, that is, March through November in the NH, and September through May in the SH.
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the mean seasonal climatology, where the mean difference values are less than 30% between ∼30 and 60 km when 
averaged over all hemispheres and seasons. SOFIE O3 measurements typically indicate a low bias through all 
altitudes. Compared to ACE in the NH, the mean differences are typically less than 10% between 40 and 90 km. 
In the SH, the SOFIE-ACE differences are typically less than 30% from 20 to 90 km. Differences with MIPAS 
suggest that the difference values are less than −25% from 30 to 90 km, except at 80 km. In the SH, MIPAS shows 
higher differences but is within—25% from 30 to 90 km, except at 70 and 80 km.

The last row of Table 2 shows the average values of the NH and SH from SOFIE-ACE and SOFIE-MIPAS data 
pairs and represents the mean bias irrespective of the season, data set, and hemisphere. Comparisons of the 
differences between both data pairs indicate that there is a better overall agreement between SOFIE and ACE 
than between SOFIE and MIPAS. Although both data pairs show comparable overall agreement between ∼30 and 
90 km, there are several altitudes in between where SOFIE agrees better with ACE than MIPAS. Due to the large 
random errors in MIPAS data above ∼70 km and the limited data points, the difference values above ∼70 km are 
less reliable. Differences higher than 30% near ∼80 km for both SOFIE-ACE and SOFIE-MIPAS comparisons 
are attributed to the small O3 concentrations at these altitudes. High differences near ∼20 and ∼100 km occur due 
to the large error values at these altitudes. Additionally, Polar Stratospheric Cloud (PSC) interference near 20 km 
could be a possible reason behind the high mean difference values.

4.2.3.  All Seasons

In Figure 8, we calculate the difference between the number density profiles for SOFIE and the other data sets for 
every season. SOFIE—ACE mean seasonal difference profiles in the NH and SH are plotted in Figures 8a and 8b, 
respectively. The mean seasonal profiles for SOFIE—MIPAS in the NH and SH are plotted in Figures 8c and 8d, 
respectively. For all panels, winter, spring, summer, and autumn are plotted in blue, green, red, and black, respectively.

In Figure 8a, all seasons indicate a similar trend in variability from 20 to 100 km. ACE measurements are typi-
cally higher than SOFIE through all altitudes and seasons. All seasons indicate mean difference values that are 
less than −20% between ∼30 and ∼90 km, except between ∼74 and 84 km, where the difference is higher. In the 
winter, the values are only slightly higher compared to other seasons. However, all seasons indicate a consistent 
pattern of high mean difference values between ∼74 and 84 km compared to the typical values observed from 

Data set/Hemisphere

Altitude (km)

∼20 30 40 50 60 70 80 90 100

ACE winter (NH/SH) −62.54 −24.06 −9.46 −4.47 −3.35 −11.06 −6.18 −9.65 −61.30

(−70.10) (−35.20) (−29.33) (−36.29) (−20.59) (−23.11) (−25.47) (−19.56) (−75.70)

ACE Non-winter (NH/SH) −69.57 −23.58 −14.81 −13.4 −8.78 −10.65 −31.40 −4.92 −78.52

(−46.15) (−17.33) (−11.23) (−16.75) (−3.35) (−15.26) (−61.04) (−6.46) (>−80)

ACE total (NH/SH) −66.05 −23.82 −12.13 −8.93 −6.06 −10.85 −18.79 −7.28 −69.91

(−58.12) (−26.26) (−20.28) (−26.52) (−11.97) (−19.18) (−43.25) (−13.01) (>−77)

MIPAS winter (NH/SH) −72.13 −26.67 −12.62 2.70 −30.46 −41.96 −67.13 −28.32 −71.44

(−51.45) (−19.79) (−15.27) (−11.44) (−26.37) (−74.48) (>−80) (−46.14) (−31.34)

MIPAS non-winter −62.57 −17.74 −17.77 −13.90 −5.50 −8.00 −0.09 −6.32 21.65

(−49.40) (−16.60) (−12.62) (−7.48) (0.30) (−17.32) (>−80) (−22.25) (−59.14)

MIPAS total −67.35 −22.20 −15.19 −8.30 −17.98 −24.98 −33.61 −17.32 −46.54

(−50.42) (−18.19) (−13.94) (−9.46) (−13.03) (−45.90) (>−80) (−34.19) (−45.24)

Total −66.70 −23.01 −13.66 −8.61 −12.02 −17.91 −26.20 −12.30 −58.22

(−54.27) (−22.22) (−17.11) (−17.99) (−12.50) (−32.54) (>−61) (−23.60) (>−61)

Overall −60.48 −22.61 −15.38 −13.30 −12.26 −25.22 >−43 −17.95 >−59

 aThe percent differences are calculated for altitudes at 10  km intervals, starting from ∼20  km, using the data plotted in 
Figures 4–7 of this paper. All cases combined for the same statistics are shown in the last row.

Table 2 
The Values Outside and Inside the Parenthesis Are the Mean Percent Differences Calculated From the Mean Number 
Density Profiles in the NH and SH, Respectively, Relative to SOFIE O3 for ACE and MIPAS, at Different Altitudes a
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∼30 to 90 km. Additionally, all seasons exhibit high mean difference values in the lower stratosphere or lower 
thermosphere. The mean difference values below ∼25 km and above ∼95 km are always higher than −50%. From 
Table 1, it is apparent that the highest total errors are reported at 20 and 100 km for SOFIE. Since ACE does not 
report its systematic and random errors, the uncertainty in measurements introduced at these altitudes by ACE 
cannot be quantified. However, larger than usual mean difference values near ∼20 and ∼100 km can be attributed 
in part to the high error values reported by SOFIE at these altitudes.

In Figure 8b, the SOFIE-ACE mean difference profiles over all seasons are typically less than −30% between ∼30 and 
90 km, except from ∼74–84 km, where the values are higher. SOFIE results indicate low bias at almost all altitudes. 
Akin to the NH, the winter mean difference profile indicates lower values at most altitudes compared to other seasons 
between ∼74 and 84 km. For the same reason as the NH, the mean difference values are higher than −50% for all 
seasons above ∼95 km and close to −50% below ∼25 km, except in the summer, where the mean difference is higher.

In Figure 8c, the SOFIE-MIPAS mean difference profiles in the NH for all seasons except winter indicate values less 
than −20% between ∼35 and 75 km. Although the values at most altitudes that lie within this range are also less than 
−20% in the winter, the values are higher between ∼55 and 70 km. The values above 70 km indicate a  larger differ-
ence than −20% and are higher than −50% for a few altitudes in the winter and autumn. As discussed in Section 3.2, 
there are a limited number of coincidences between SOFIE and MIPAS above 70 km. Additionally, the noise error 
reported by López-Puertas et al. (2018), discussed in Section 3.2, indicates large values at altitudes above 70 km. 
The noise errors are typically 10%–20% between 70 and 90 km and 30% above 95 km. Overall, MIPAS indicated 
large differences (up to 50%) when compared to other data sets above 75 km, as described in Section 3.2.

In Figure 8d, the SOFIE-MIPAS mean difference values are less than −30% for all seasons from ∼30 to 60 km. 
The values are higher below 30 km but always within −50%. As for the NH, the limited coincidences and the 
large noise errors above 70 km lead to large mean difference values.

5.  Discussion
Figure 9 illustrates the solar occultation geometry in the plane containing the line of sight (LOS). In occultation 
experiments such as SOFIE, the optical depth and, thus, the abundance of the species along the LOS is related 

Figure 8.  The mean difference profiles calculated for winter, spring, summer, and fall using the mean number density profiles are plotted for SOFIE-ACE in the (a) NH 
and (b) SH, and for SOFIE-MIPAS in the (c) NH and (d) SH. The black dash lines with dots indicate the −50%, 0%, and +50% mean difference values.
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to the absorption of the solar radiance measured as a function of pressure or tangent height altitude. Typically, 
most of the absorption occurs around the tangent point due to the exponential decrease in atmospheric density 
with altitude and the slant path length established by the spherical geometry. Typical retrieval algorithms, as 
in the case of SOFIE, assume a horizontally homogeneous distribution of species in the atmosphere (Boone 
et al., 2005, 2013, 2020; Kroon et al., 2011). Because mesospheric O3 has a short photochemical lifetime, its 
abundance will vary from day to night. While the entire SOFIE LOS exists in daylight, the spacecraft side of the 
LOS is closer to nighttime conditions, and thus, some gradient in O3 is expected along the LOS.

Twilight variations have an impact on the interpretation of solar occultation measurements (Brohede et al., 2007; 
Boughner et al., 1980; Dube` et al., 2021; Gordley et al., 1996; Russel et al., 1988; Newchurch et al., 1996). 
Mesospheric O3 has a short photochemical lifetime and, therefore, a sharp diurnal gradient. In such a situation, 
systematic errors may arise from the assumption of spherical symmetry. Such errors in O3 abundance have been 
discussed for HALOE (version 19) by Natarajan et  al.  (2005). They used a diurnal photochemical model of 
mesospheric O3 to derive correction factors to observations interpreted assuming spherical symmetry. Their 
analyses of model results suggest that at a tangent height of 61 km during January at the equator, neglecting 
twilight variations in mesospheric O3 will underestimate the O3 along the LOS by higher than 20% for sunrise 
and approximately 6% for sunset. Natarajan et al. (2023) investigated the bias introduced by neglecting the effects 
of twilight variations in the retrieval of O3 in the mesosphere from SAGE III and implemented a correction 
scheme to provide an estimate of the bias in the standard retrieval. They used results from a diurnal photochem-
ical model with different altitude inputs and developed a database of ratios of mesospheric O3. This database 
was developed for various SZA values around 90° to mesospheric O3 at a SZA of 90° for sunrise and sunset. 
Their results indicated that the twilight gradients have a higher impact during sunrise than sunset, and including 
the diurnal corrections during sunrise lowers the retrieved mesospheric O3 by 30%. Additionally, they reported 
that neglecting the diurnal variation during June 2021 resulted in the overestimation of O3 by 50% at 64 km at 
lower latitudes. Repeating the retrievals for January 2021 suggested larger differences near 70 km in the high 
latitude during winter due to a combination of low O3 concentrations, large twilight correction factors, and large 
measurement uncertainties. The impact of diurnal variations on the O3 data increases with altitude, necessitating 
larger correction at high altitudes.

Neither SOFIE nor ACE account for diurnal gradients in their retrievals. There may be systematic and random 
uncertainties, however, between the two as ACE utilizes infrared wavelengths and SOFIE UV; for a given alti-
tude, the optical depths can be significantly different. Determining the magnitude of such biases is beyond the 
scope of this paper. We therefore conservatively estimate that agreement between SOFIE and ACE within 30% 
is reasonable. MIPAS makes observations at 10 a.m./p.m. local time. Diurnal variability between MIPAS local 
times and sunrise/sunset (as observed by SOFIE and ACE) indicates higher values during the local sunrise than 
sunset. The ratio between MIPAS O3 measurements at 10 a.m. and 10 p.m. local time (at coincident locations 
and for the same day) indicates that the O3 concentration is typically higher at 10 a.m. than at 10 p.m. from 20 to 
100 km. O3 values averaged from 20 to 100 km at 10 a.m. are ∼25% higher than the average at 10 p.m. Coincident 
O3 measurements, when averaged from 65 to 80 km, indicate that for SOFIE and ACE, the relative difference is 

Figure 9.  Schematic representation of the solar occultation measurement geometry. The red line indicates the LOS, ZTangent is 
the tangent altitude, Z1 is the altitude of a layer above the tangent altitude. Points A and C indicate the intersection of the layer 
at Z1 with the LOS, where A is toward the sun and C is toward SOFIE/AIM. RE is the radius of the Earth.
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−14.57% during sunrise and −1.56% during sunset. Coincident profiles, when averaged between 65 and 80 km 
for sunrise SOFIE and ∼midday MIPAS, indicate that the relative difference is −51.37%. SOFIE measurements 
compare better with ACE since these are both solar occultation instruments. Additionally, the high difference 
value relative to MIPAS is due to the limited MIPAS data points above ∼70 km. There are systematic differences 
between SOFIE and MIPAS above ∼70 km due to the limited coincidences and large uncertainties in the MIPAS 
data. These differences magnify at ∼80 km due to the small O3 concentration near this altitude. However, with the 
given uncertainties, the mean difference values between SOFIE and MIPAS are typically less than 30% between 
30 and 60 km during the winter and less than 20% for all other seasons averaged, where the values are less than 
∼20% for most altitudes. Overall, SOFIE is biased low compared to ACE and MIPAS, shows good qualitative 
agreement, and reasonable quantitative agreement between ∼30 and 70 km. We, therefore, conclude that SOFIE 
O3 is within the uncertainties of other data sets between ∼30 and 70 km and a valid data product for scientific use.

6.  Summary and Conclusions
In this study, AIM SOFIE V1.3 O3 data is compared to ACE-FTS V4.1/4.2 O3 data, and Envisat MIPAS repro-
cessed V8.0 O3 data set in the altitude range of 20–100 km. The statistics of coincident profiles, seasonal clima-
tology, and the variation of the secondary O3 maximum are investigated. The summary over all months (winter 
and non-winter) averaged, hemispheres and profile comparisons for the instrument pairs indicates that SOFIE 
O3 agrees qualitatively at most altitudes and quantitatively (typically) between ∼30 and ∼70 km, and between 
∼82 and 90 km (but not near 80 km due to the small O3 values) with ACE and MIPAS regarding the mean state 
and the extent of variability. The mean difference values are less than 30% between ∼30 and 60 km. Over both 
hemispheres, all seasons, and data sets, SOFIE is biased low at all altitudes but more strongly in the lower strato-
sphere (∼20 km) and upper mesosphere (near 80 and 100 km). The large differences near ∼20 km are attributed 
to the high errors in this region and possibly due to PSC interference. Near ∼80 km, the high bias between SOFIE 
and both comparative data sets occurs due to the small O3 concentration near this altitude. Large systematic and 
random errors reported by López-Puertas et al. (2018) for MIPAS, and the limited number of coincidences lead 
to high bias values near ∼100 km. Additionally, the large diurnal variability of O3 during sunrise adds to the 
differences in both hemispheres.

The overall agreement between SOFIE and ACE is better in the NH than in the SH. The mean difference values 
averaged over all months are typically less than −20% between 40 and 90 km in the NH and less than −10% at 
several altitudes. In the SH, the overall agreement between SOFIE and ACE is less than −27% from 30 to 90 km, 
except near ∼80 km, where the values are higher. SOFIE and MIPAS difference values are typically less than 
−25% from 30 to 90 km in the NH when averaged over all months, with slightly higher values near ∼80 km. In 
the SH, SOFIE, and MIPAS show relatively less agreement at certain altitudes. The mean differences are typi-
cally less than −25% from 30 to ∼65 km, but higher values are observed above ∼70 km. The overall agreement 
between SOFIE and the correlative data sets is better in the NH than in the SH. The difference values averaged 
over all seasons and data sets indicate that the values are typically less than −25% from ∼30 to 90 km in the NH 
and less than −32% in the SH (except near ∼ 80 km). Mean differences averaged over both hemispheres suggest 
that SOFIE agrees best with the data sets from ∼30 to 90 km, with values typically less than −25% but higher 
values near ∼80 km due to the small O3 concentration near this altitude.

There are two aspects of this analysis that need further evaluation. At the lower stratosphere (∼20 km), the O3 
values from SOFIE are much smaller than the correlative data sets, resulting in large mean differences in both 
hemispheres. A possible reason for SOFIE's low measurement could be the PSC signals that are not corrected. 
While the PSC contamination has a strong impact on the O3 data, background sulfate aerosols contribute to scatter-
ing, are present in the atmosphere during all seasons, and have larger effects at lower altitudes. The sulfate aerosol 
interference isn't corrected by the current retrieval algorithm. An alternative explanation is that the destruction of 
O3 by PSCs in the lower stratosphere is measured more accurately by SOFIE due to a higher number of near-pole 
measurements due to its continuous high latitude coverage. These measurements are within the latitude range of 
±5° of the coincident profiles. Safieddine et al. (2020) and Tritscher et al. (2021) studied the destruction of O3 by 
PSCs and the highly seasonal nature of the losses. Further analysis of SOFIE O3 with comparisons to ozonesonde 
data will be useful in evaluating the extent of the O3 loss due to PSCs. Typically, SOFIE shows high bias values 
compared to other data sets between ∼20 and 30 km. Although the current V1.3 reports O3 data at these altitudes, 
future SOFIE versions will use more refined reporting altitudes. A second irregularity is a sudden increase in 
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the mean difference between SOFIE and the correlative data sets and the low values of SOFIE O3 near ∼80 km. 
SOFIE O3 data was corrected for polar mesospheric cloud (PMC) interference after 2009. The data prior to 2009 
consists of PMC interference during the polar summer (mid-May to late August in the NH and late November to 
late February in the SH). Thus, 2008 data from SOFIE O3 during these periods possibly impacted the O3, leading 
to higher mean difference values at ∼80 km. However, the overall data quality is not affected by these biases.

SOFIE O3 observations agree with ACE and MIPAS overall, and the mean differences are typically less than 30% 
between 30 and 60 km. The seasonal differences indicate a similar trend over all seasons. Our results demonstrate 
the utility and robustness of the SOFIE O3 data product.

Data Availability Statement
Level 2 SOFIE version 1.3 data are used in this study for temperature and ozone (SOFIE, 2007). ACE version 
4.1 data are used in this study for temperature and ozone (ACE, 2004 (registration required)). MIPAS Version 8.0 
data processed by the Karlsruhe Institute of Technology for ozone are used in this study (Karlsruhe Institute of 
Technology, 2002 (registration required)). Figures were made using Matlab version R2022a, available under the 
Matlab license at https://www.mathworks.com/pricing-licensing.html.
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