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Dependence on Ozone and Temperatures
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, Franck Lefévre! 0, Alain Hauchecorne', and

'LATMOS, CNRS, Sorbonne Université, UVSQ Université Paris-Saclay, Paris, France

Abstract Future space missions dedicated to measuring CO, on a global scale can make advantageous use
of the O, band at 1.27 pm to retrieve the air column. The 1.27 pm band is close to the CO, absorption bands at
1.6 and 2.0 pm, which allows a better transfer of the aerosol properties than with the usual O, band at 0.76 pm.
However, the 1.27 um band is polluted by the spontaneous dayglow of the excited state O, ('A), which must be
removed from the observed signal. We investigate here our quantitative understanding of the O,('A) dayglow
with a chemistry-transport model. We show that the previously reported —13% deficit in Oz(lA) dayglow
calculated with the same model is essentially due a —20% to —30% ozone deficit between 45 and 60 km. We find
that this ozone deficit is due to excessively high temperatures (415 K) of the meteorological analyses used to
drive the model in the mesosphere. The use of lower analyzed temperatures (ERAS), in better agreement with
the observations, slows down the hydrogen-catalyzed and Chapman ozone loss cycles. This effect leads to an
almost total elimination of the ozone and O,('A) deficits in the lower mesosphere. Once integrated vertically to
simulate a nadir measurement, the deficit in modeled O,('A) brightness is reduced to —4.2 + 2.8%. This
illustrates the need for accurate mesospheric temperatures for a priori estimations of the O,(' A) brightness in
algorithms using the 1.27 pm band.

Plain Language Summary Future space missions dedicated to measuring CO, in the atmosphere can
make advantageous use of the O, absorption band at 1.27 pm. Indeed, the 1.27 pm band is close to the
wavelengths where CO, absorbs the solar radiation, which allows more precise calculations. However, the
1.27 pm band is polluted by the spontaneous infrared emission of O, in its excited state called O,('A), which
occurs in the upper atmosphere and must be removed from the observed signal. We investigate here our
understanding of the O,(' A) emission with a chemistry-transport model. When compared to observations, there
is a —13% deficit in O5('A) in our model. We find that this deficit is due to excessively high temperatures
(+15 K) used in the calculations. The use of temperatures more in line with the observations slows down the
ozone-destroying chemical cycles, which leads to an almost total elimination of the O,('A) deficit. Once
integrated vertically to simulate a satellite measurement, the deficit in modeled O,('A) brightness is reduced to
—4.2 + 2.8%. This illustrates the need for accurate temperatures in the middle atmosphere for a reliable
prediction of the O,('A) emission occurring in the 1.27 pm band.

1. Introduction

In order to map, on a global scale, the sources and sinks of CO,, the French national center for space studies (CNES)
will launch in late 2025 the MicroCarb space mission (Pasternak et al., 2017). The mission builds on a high spectral
resolution infrared grating spectrometer aboard a microsatellite and will be launched on a 10:30 hr descending node
heliosynchronous orbit. Spaceborne measurement of the CO, mixing ratio usually relies on the determination of
the CO,/O, column ratio. Up to now, instruments dedicated to that objective, such as OCO-2 (Frankenberg
et al., 2015) and GOSAT (Kuze et al., 2016), have retrieved the CO, and O, columns respectively from the CO,
absorption bands at 1.6 and 2.0 pm, and the O, absorption band at 0.76 pm. However, the spectral distance between
the so-called A band of O, at 0.76 pm and the CO, absorption band at 1.6 pm introduces significant uncertainties.
Indeed, the spectral variations of the aerosol optical properties between 0.76 and 1.6 pm may lead to opticals paths
that are substantially different for the photons in those two bands. Moreover, this O, A band is generally strong and
largely saturated causing challenges on the radiative transfer modeling (Drouin et al., 2017).

The innovation in the MicroCarb mission is the addition of the O, absorption band centered at 1.27 pm, closer to
the CO, bands. Absorption lines in this band are also weaker than those in the 0.76 pm band, improving the
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T The O,('A) dayglow at 1.27 pum is one of the most intense lines measured in
the atmosphere of telluric planets. It has been observed from satellites in-

struments such as the Solar Mesosphere Explorer (SME) (Thomas

Figure 1. Example of the O,('A) volume emission rate (photons cm™> s~ ") etal., 1984), the Optical Spectrograph and InfraRed Imager System (OSIRIS)
observed by SCIAMACHY and calculated by the REPROBUS model for 3 spectrometer onboard ODIN (Llewellyn et al., 2004), the SCTAMACHY
January 2007. Three profiles are drawn at solar zenith angles (SZA) of about spectrometer onboard ENVISAT (Bovensmann et al., 1999; Burrows

30°, 60°, and 80°, indicated in the legend. The SCIAMACHY profiles are
plotted as solid lines and the colocated REPROBUS profiles are plotted as
dashed lines. From Bertaux et al. (2020).

et al., 1995; Zarboo et al., 2018), or SABER onboard TIMED (Mlynczak
et al., 2007; Russell et al., 1999) etc. It has also been observed from aircraft
(Noxon and Vallance Jones, 1962), from rockets (Evans et al., 1968; Jones &
Welker, 1970), and from the ground (Sandor et al., 1997).

The contamination by the O,(' A) dayglow is the reason why, up to now, the band at 1.27 pm has not been used by
CO, monitoring space missions. Recently, Bertaux et al. (2020) have found that the performance of MicroCarb
allowed distinguishing the airglow from the absorption spectrum with great accuracy. Thus, it was decided to
include the 1.27 pm band in the instrument design. To carry out the separation of the absorption and emission of
0,, MicroCarb will use a priori quantitative information on the O,('A) dayglow calculated by the REPROBUS
chemistry-transport model (Lefevre et al., 1994) driven by operational ECMWEF analysis of wind and tempera-
ture. However, Bertaux et al. (2020) also found that the REPROBUS model consistently underestimated the
vertically integrated O,(' A) emission by about 13% relative to the measurements of SCTAMACHY in nadir mode.
When compared to the limb observations of SCTAMACHY, the discrepancy between the model and the obser-
vations is essentially located between 40 and 70 km (Figure 1). In this layer straddling the upper stratosphere and
lower mesosphere, REPROBUS underestimates the O,('A) dayglow by 10%-45%, the maximum deficit being
found just above the stratopause around 57 km in the tropics. Bertaux et al. (2020) attributed this discrepancy to
the ozone deficit noted in the model relative to the measurements of the GOMOS instrument onboard ENVISAT.
This result is reminiscent of the early work of Sandor et al. (1997), who compared measurements of the OZ(IA)
airglow obtained with the National Radio Astronomy Observatory (NRAO) in January 1992 to a one-dimensional
photochemical model (Siskind et al., 1995). They also found that their model underpredicted OZ(IA) by an
average of 17% (ranging from 3% to 33%) between 50 and 70 km. Sandor et al. (1997) pointed out that the
underestimation of the O,('A) airglow was consistent with the underestimation of the amount of ozone calculated
by their model in the mesosphere.

The objective of this work is to investigate the deficit in the modeled OZ(IA) dayglow diagnosed by Bertaux
et al. (2020). As ozone photolysis is the main source of the O,(' A) dayglow, we first conduct a quantitative study
of the ozone calculated by the model in the upper stratosphere and mesosphere, which is compared to satellite
ozone observations. We then look at the impact of temperature on mesospheric ozone, and reanalyze the historical
problem of the ozone deficit in the models at 40—45 km (Butler, 1978; Eluszkiewicz & Allen, 1993). Finally, we
compare the O,(' A) dayglow calculated with an optimized simulation to observations by the SABER instrument.

2. Model Description
2.1. The REPROBUS Chemistry-Transport Model

Here we use the latest version of the REPROBUS three-dimensional Chemistry-Transport Model (CTM). This
model was initially described in Lefevre et al. (1994, 1998) but has been profoundly reworked since these early
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Figure 2. Illustration of the mechanisms resulting in the O, (*A) dayglow at 1.27 pm (in red) implemented in the model.
Adapted from Mlynczak et al. (1993).

studies. In particular, REPROBUS has adopted the adaptive semi-implicit scheme (ASIS) developed by Cariolle
et al. (2017) to solve the ordinary differential equation systems associated with the time evolution of the species
concentrations. This solver strictly conserves mass and does not require a priori hypothesis on the lifetime of
chemical tracers or species lumping. The description of stratospheric and mesospheric chemistry is compre-
hensive. It takes into account the densities of 58 species, by means of 125 reactions (gas-phase and heterogeneous)
and 63 photodissociations. As in Lefévre et al. (1998), photodissociation frequencies are precalculated by the
TUV radiative model (Madronich & Flocke, 1998), which are then stored in a four-dimensional lookup table
expressed as a function of altitude, SZA, ozone column and albedo. The chemical rate constants and absorption
cross-sections are in general those recommended by the latest JPL compilation (Burkholder et al., 2019).
Regarding transport, all species are advected separately using the semi-Lagrangian scheme of Williamson and
Rasch (1989).

The temperatures and winds that drive the photochemistry and transport in the model are taken from the 3-hourly
ECMWEF analysis. In the configuration used here, the horizontal resolution of REPROBUS is 2° latitude x 2°
longitude and its vertical domain extends from the ground to 0.01 hPa (about 80 km). The vertical levels are
discretized in the same way as the analysis used to drive the model: for the year 2007 considered here,
REPROBUS has 91 hybrid pressure levels as the ECMWF analysis that was operational for that year. This leads
to a vertical resolution of about 0.5 km in the lower stratosphere, 2 km in the upper stratosphere, and 3 km in the
mesosphere. When using the ECMWF ERAS reanalysis (Herbach et al., 2020) for the same year, the model has
137 pressure levels and the vertical resolution is respectively increased to about 0.3, 1, and 2.5 km. The vertical
coverage of the ERAS analyses is identical to the operational version and extends from the surface to 0.01 hPa.

2.2. Implementation of the O,('A) Photochemistry

The comprehensive chain of production and loss mechanisms of O,('A) leading to the airglow at 1.27 um has
been implemented in REPROBUS (Figure 2). Table 1 lists the photolytic and gas phase reactions linked to the
0,('A) airglow in the model. All species are transported individually and the O,('A) airglow is calculated on-line
by REPROBUS. This is an improvement over the version of REPROBUS used in Bertaux et al. (2020), for which
OZ(IA) was assumed to be in photochemical equilibrium and the airglow was calculated off-line from the model
outputs.

When ozone photodissociates at wavelengths below 310 nm, it splits into a molecule of oxygen in its first excited
state O,(' A) and an oxygen atom in its first excited state O('D) with a quantum yield of about 0.9 (photolysis J¢5-
in Table 1). Ozone photolysis accounts for around 80% of the total production of O,(' A) and is therefore the main
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Table 1
Photolytic and Gas Phase Reactions Involved in O,( 'A) Production and Loss in the REPROBUS Model
Reactions Rate References
Jo; O, +hv — o('D)+0 Ogawa and Ogawa (1975); Lewis et al. (1983); Gibson et al. (1983)
Jor 0; + hu = O('D) + 0,(*A) Burkholder et al. (2019)
%, 0,CE, ") + hv (A = 762 nm) — O,(b'%) Winsz (2005)
A, 0,('A) - 0,CE, ) + hv (4 =1.27 m) 2237 x 107* Lafferty et al. (1998)
Ap 0('D) - OCP) + hv (A = 630 nm) 7.46 x 1073 Baluja and Zeippen (1988)
Ay Oz(b'Z) - 02(32‘%’) + hv (4 =762 nm) 0.0758 Mlynczak and Salomon (1993)
Kso 0,(b'%) + 0CP) = 0O,('A) + OCP) 8x 1071 Burkholder et al. (2019)
Ko 0,(b'S) + 0, - 0,('A) + 0,C’%,") 391077 Burkholder et al. (2019)
Ks o, 0,(b'T) + 0; - 0,(*A) + O, 3.5 x 107! x exp (=135/T) x 0.3 Burkholder et al. (2019)
Ks N, 0,b') + N, - 0,('A) + N, 1.8 x 107" x exp (45/T) Burkholder et al. (2019)
Ks co, 0,(b'T) + CO, —» 0,('A) + CO, 42 x 107" Burkholder et al. (2019)
Kp.o, 0('D) + 0, —» 0,(b'Z) + OCP) 33 x 107" x exp (55/T) Burkholder et al. (2019)
Kp, 0O('D) + N, = OCP) + N, 2.15 x 107" x exp (110/T) Burkholder et al. (2019)
Kao, 0,('A) + 0, = 0, + 0, 3.0 x 107'8 x exp (=200/T) Atkinson et al. (2005)

Note: J are photolysis frequencies (s~') and g is the solar excitation rate (s~'). Processes noted A are spontaneous transition probabilities (s~') and K are collisional

1 3

reaction rates (molecules™". cm®. s7!). T is the temperature (K).

original source for the airglow at 1.27 pm. A minor but non-negligible contribution (about 20%) to the production
of O,(' A) comes from the excited oxygen O(*D) produced by O photolysis and the energy cascade that follows.
Indeed, O('D) relaxes toward its ground state O(*P) in the mesosphere and stratosphere either radiatively, by
emitting a photon at 630 nm, or by collisional quenching with a molecule of N, or O,. Collisional quenching with
0, produces the second excited state O,(b'Z). The O,(b'Z) state can also be produced by solar excitation, when
O, absorbs a solar photon in the A band at 762 nm (g, in Table 1). The contribution of this process to the
production of O,(* A) becomes important only above 60 km. Finally, the collisional quenching of O,(b'Z) with O,
0,, 05, N,, and CO, leads to the lower energy state O,(' A). As shown by Mlynczak et al. (1993), O('D) atoms can
also be produced in the thermosphere and upper mesosphere by the O, photolysis in the Schumann-Runge
continuum and in the Lyman alpha line (Jg,« in Table 1). This process not included in the version of the
model used by Bertaux et al. (2020) has been added to the current version of REPROBUS.

Once produced in its state O,(' A), molecular oxygen transmits its energy either through radiative relaxation or by
quenching with surrounding molecules. Radiative relaxation operates by emission of a photon at 1.27 ym. This
transition takes place with a fairly long time constant. The current consensus for the radiative lifetime of O,('A) is
1/A, = 75 mn (Lafferty et al., 1998; Mlynczak et al., 2007). At altitudes below 75 km, collisional quenching
dominates over radiative relaxation. We have adopted the value of the quenching rate of the O,(' A) recommended
by the International Union of Pure and Applied Chemistry panel (IUPAC, Atkinson et al., 2005) rather than by the
JPL panel (Burkholder et al., 2019). The IUPAC recommended value is slightly lower than that of JPL (—10%),
which allows a better agreement with observational data (Bertaux et al., 2020; Wiensz, 2005).

3. Observational Data
3.1. Temperature, Oz, HO,: MLS on Board AURA

The results of our simulations will be compared to measurements of temperature, ozone, and HO, radicals
(defined as the sum of OH and HO,) performed from the Microwave Limb Sounder (MLS). MLS is a microwave
spectrometer and one of four instruments on the NASA AURA satellite, launched in 2004 (Waters et al., 2006).
Located on the A-train group of Earth observing satellites, AURA is in a quasi-polar sun-synchronous orbit
(ascending node of 13:45 LT) at an altitude of 705 km. MLS measures the millimeter and submillimeter thermal
emission in five spectral regions from 115 GHz to 2.5 THz in order to retrieve profiles of temperature and
concentrations of over 15 atmospheric trace species. Scanning the Earth's atmospheric limb every 24.7s, MLS
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provides 240 scans per orbit and 3,500 per day with a footprint of ~6 km across-track and ~ 150 km along-track
with a spatial coverage between 82°N and 82°S. We have used in this study version 5 of the MLS products
(Livesey et al., 2020).

MLS retrieves temperature profiles primarily from bands near O, spectral lines at 239 GHz for the troposphere,
and at 118 GHz for the stratosphere (Livesey et al., 2020). The temperature is retrieved on 47 pressure levels with
a vertical resolution of 3—4 km from 261 to 10 hPa, 7-8 km at 1-0.1 hPa, and 11 km at 0.01 hPa. The precision of
MLS single temperature profile ranges from 0.5 K in the lower stratosphere to ~3.4 K in the mesosphere.

From radiance measurements measured near 240 GHz, MLS retrieves ozone profiles on 55 pressure levels be-
tween 261 and 0.001 hPa with a vertical resolution estimated to be 2.5-5.5 km from the upper troposphere to the
middle mesosphere. The estimated precision for a single profile (i.e., non-averaged) is about 2%—-3% between 16
and 50 km and gradually drops to 20%—50% between 50 and 70 km. Jiang et al. (2007), Livesey et al. (2008) and
Froidevaux et al. (2008) have described the detailed validation of the MLS V2.2 products and their comparison
with other data sets. The results of those validations are generally applicable to the version 5 stratospheric O; data.

Hydroxyl radical (OH) is measured at 2.5 THz. MLS provides the OH product on 49 pressure levels, and it is
recommended, for scientific purposes, to use specifically those in the pressure range from 32 to 0.0032 hPa. The
vertical resolution for the OH MLS product is 2.5 km between 32 and 0.01 hPa. The precision on an individual
profile is estimated to be 4.7 x 10° cm™ around 10 hPa and 3.6 x 10° cm™> around 0.1 hPa. The relative precision
is better than 10% for the OH zonal average within a 10° latitude bin with one day of data (~100 samples) over
21-0.01 hPa. The HO, measurements are made from two HO, lines centered at 649.72 and 660.50 GHz. The
smallness of the HO, signal translates to a retrieved product useable only between 10 and 0.046 hPa. The vertical
resolution of HO, MLS product varies from 4 km at 10 hPa to 5 km at 1 hPa and 7 km at 0.1 hPa. The precision for
a single profile varies from 56 x 10° cm™ at 10 hPa to 4 x 10° cm™ at 0.046 hPa. Since negligible HO, is
expected at night, the day-night HO, difference is necessary to reduce systematic errors to an acceptable level
(Livesey et al., 2020). The OH and HO, measurement technique, instrument calibration, and validation studies are
described in Pickett et al. (2006, 2008) and Wang et al. (2013).

3.2. 0, (IA) Airglow: SABER Onboard TIMED

Regarding the O,(' A) airglow, we will use as an observational reference the measurements by the Sounding of the
Atmosphere using the Broadband Emission Radiometry (SABER) instrument (Mlynczak, 1997; Mlynczak &
Russell, 1995). SABER is a 10 channel-scanning radiometer onboard the NASA Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED) launched in 2001. TIMED was placed into a non-sun syn-
chronous orbit, at an altitude of 625 km, with an orbital inclination of 74.1° and a mean orbit period of 1.6 hr. The
equator crossing shifts by about 12 mn per day.

One of the channels of SABER is centered at 1.27 pm, with a nominal transmission of 5% from 1.298 to 1.254 pm,
which allows measuring the O,('A) airglow. The noise equivalent radiance in the SABER O,('A) channel is
2.4 x 107" W cm™2 sr™! and the signal-to-noise ratio exceeds 1000 below 90 km tangent altitude (Mlynczak
et al., 2007). The main product derived from this channel, generally used to recover diurnal ozone, is the volume
emission rate (VER, in photons. cm™. s™') of O,('A), which is provided by SABER between 40 and 105 km.
With 53 s to sweep a limb radiation profile, SABER provides approximately 96 vertical profiles per orbit. This
represents over 1400 profiles per day with a sampling rate that translates to approximately 0.38 km spacing
between samples for each profile. Its spatial coverage alternates approximately every 2 months from 83°S-52°N
to 52°S-83°N and it takes about 60 days to complete a full 24-hr coverage in local time (Dakermanji et al., 1997).
We use here the latest publicly available version 2.0 of SABER data.

4. Model Results
4.1. Ozone (O3)

Ozone photolysis being the main driver of the O,('A) airglow, we first compare the ozone calculated by
REPROBUS to contemporaneous observations of MLS. For the first simulation considered here (hereafter named
“nominal simulation”), REPROBUS is driven by the ECMWEF operational analysis and is integrated from 1
January 2007-31 December 2007.
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Figure 3 (top and middle) shows the zonally averaged O distribution observed by MLS and calculated by
REPROBUS for four representative months (equinoxes and solstices) of the year 2007. Overall, the model
represents very well the morphology of the observed zonally averaged distribution of Os, as well as its seasonal
variations. The quantitative agreement between MLS and REPROBUS can be examined in more detail in Figure 3
(bottom). It reveals that the O; is generally underestimated in REPROBUS in the altitude region between 30 and
70 km. In the upper stratosphere (30-50 km), the modeled O5 is 5%—15% lower than MLS. A greater difference is
found in the mesosphere (50-70 km), where the underprediction of O; in REPROBUS reaches about —30% at
60 km relative to the observations. In the lower stratosphere (20-30 km), the modeled Oj; is on the contrary 5%—
10% higher than MLS.

The vertical domain and the amplitude of the O; underestimation in REPROBUS are remarkably consistent with
the underestimation of the O,('A) dayglow in the model as reported by Bertaux et al. (2020) and shown in
Figure 1. As the O,('A) dayglow at a given altitude is proportional to the amount of ozone, it is clear that the
ozone deficit noted in REPROBUS is a major cause of the O,('A) dayglow deficit in the model. In the following,
we look at the possible causes of this lack of modeled ozone in the upper stratosphere and mesosphere.

4.2. Hydrogen Radicals (HO,)

The ozone deficit problem is not just particular to the REPROBUS model. Historically, models have system-
atically underpredicted the concentration of ozone when compared to various observations at altitudes between 35
and 80 km (e.g., Butler, 1978; Eluszkiewicz & Allen, 1993; Frederick et al., 1978; Siskind et al., 2013; Solomon
et al., 1983). The magnitude of the deficit was reported in the mid 1980s to be about 30%—40% in the upper
stratosphere (Froidevaux et al., 1985). In the mesosphere, the ozone deficit reached a factor of two, which was
attributed to a too high efficiency of the catalytic cycle of HO,, the family of hydrogen radicals (OH and HO,) that
dominates mesospheric ozone loss (Rusch & Eckman, 1985).

Later studies showed an ozone deficit reduced to 25%-30% in the models, thanks to improvements in reaction
rates parameters, better estimations of total reactive chlorine levels, and revised solar flux data (McElroy &
Salawitch, 1989; Natarajan & Callis, 1989; Siskind et al., 1998). These improvements have tended to decrease the
calculated HO,. Despite this, in the late 1990s, overpredictions of OH by 25%-35% were still noted in the
mesosphere when comparing model results to MAHRSI data (Conway et al., 1996, 2000; Summers et al., 1997).
In parallel, a consistent deficit was observed in modeled HO,, of the order of 25% in the stratosphere (Jucks
et al., 1998) and between 23% and 47% in the mesosphere (Sandor & Clancy, 1998). A tantalizing solution to this
problem is to reduce the rate of the reaction between HO, and O, which results in less OH, more HO,, and slower
odd oxygen removal. By reducing the rate of this reaction by 40%—50%, discrepancies between models and
observations can be solved in the mesosphere (Clancy et al., 1994; Conway et al., 2000; Sandor & Clancy, 1998;
Summers et al., 1997). However, this change worsens the model predictions of OH in the stratosphere (Jucks
et al., 1998).

More recently, independent studies using the MLS (Pickett et al., 2008) and SHIMMER instruments (Englert
etal., 2008) found a good agreement between the observed and modeled OH in the middle atmosphere. To explain
this contradictory result with previous studies, Englert et al. (2010) argued that MAHRSI data may have un-
recognized calibration issues resulting in lower OH abundances and concluded that models using the standard
chemistry did not overpredict mesosphere OH. Canty et al. (2006) and Siskind et al. (2013) came to similar
conclusions. Both studies found no evidence of a systematic model overprediction of mesospheric OH and argued
that the model ozone deficit was unlikely to be due to a mischaracterization of mesospheric HO,.

To reassess this problem with a model using the most recent recommended reaction rates for the HO, chemistry,
we have compared the distribution of HO, (OH + HO,) calculated by REPROBUS with that measured by MLS.
Figure 4 shows the relative difference between the observed and calculated HO, mixing ratio for the same
4 months of 2007 already considered for ozone, and concerns only daytime HO, (SZA less than 75°). The
comparison reveals a rather good agreement throughout the middle atmosphere. For the four selected months
REPROBUS generally underestimates HO,, but the difference is less than 10% in the stratosphere and lower
mesosphere up to 60 km. A greater difference of about 30%—40% can be seen near the top of the model at 70 km.
The underestimation of the HO, calculated by REPROBUS may have multiple causes, the most obvious ones
being inaccurate reaction rates or temperatures. However, these results do not reveal a major flaw in our quan-
titative understanding of the HO, chemistry in the middle atmosphere. It can be argued that the current kinetic
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Figure 3. Top: Zonally averaged O; mixing ratio (ppmv) observed by MLS. Middle: Zonally averaged O; mixing ratio
(ppmv) calculated by REPROBUS with the ECMWF operational analysis. Bottom: Difference (%) between REPROBUS
and MLS. The difference is calculated as (REPROBUS - MLS)/MLS x100. From left to right: January, March, July and
September 2007 during daytime (SZA <85°).
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Figure 4. Zonally averaged difference (%) between the HO, mixing ratio calculated by REPROBUS and observed by MLS. HO, is defined as the sum OH + HO,, and
the difference is calculated as (REPROBUS-MLS)/MLS x 100. From left to right: January, March, July and September 2007 during daytime (SZA < 75°).

data set enables reasonable reproduction of the HO,, even if imperfections remain in the upper mesosphere. The
key point here is that the large underestimation of O; in REPROBUS around 60 km does not coincide with an
overestimation of HO, radicals. On the contrary, the HO, mixing ratio calculated by the model in this altitude
range is slightly underestimated (—10%) relative to observations. Similarly to Siskind et al. (2013), we conclude
that a poor representation of the HO, (such as a large overestimation) is not the reason for the lack of ozone in our
model, which must be sought elsewhere.

4.3. Impact of Temperature

We now turn to the sensitivity of our results to temperature. Indeed, in their extensive study of the ozone deficit
problem, Khosravi et al. (1998) identified that the lack of ozone in their simulations could be significantly reduced
by using temperature data in better agreement with the observations. However, their study was limited to the
upper stratosphere (37-50 km) and did not investigate the mesosphere.

In the nominal simulation, the temperatures used to drive the chemistry of REPROBUS are forced by the version
of the ECMWF analysis that was operational in 2007 (Figure 5, top). These analysis were produced by the cycles
Cy31r2, Cy32r2, and Cy32r3 of the ECMWEF Integrated Forecasting System (IFS). When compared to the MLS
measurements of temperature (Schwartz et al., 2008), the zonally averaged ECMWF temperatures for the four
selected months of 2007 show a good agreement in the stratosphere up to about 50 km (Figure 5, bottom).
However, above that altitude, the ECMWF operational analysis are significantly higher than the MLS temper-
atures with a warm bias of about 10-15 K in the mesosphere. This result is fairly in line with the validation study
of Schwartz et al. (2008), who found that the ECMWF operational analysis in the mesosphere were warmer than
the MLS temperatures by close to 10 K in the 50°S-50°N latitude band.

In the same spirit as Khosravi et al. (1998), we have investigated whether the warm bias of the temperatures used
by REPROBUS in the mesosphere could have a significant effect on the ozone deficit in the model. For that
purpose, we carried out a second REPROBUS simulation of the year 2007, for which the ECMWF operational
analysis were replaced by the ECMWEF ERAS reanalysis to drive the model temperatures and winds. ERAS is
based on the IFS Cy41r2 cycle that was operational in 2016 (Herbach et al., 2020). It thus benefits from a decade
of developments in model physics, core dynamics and data assimilation compared to the IFS version of 2007. In
particular, ERAS includes the parametrization for the non-orographic gravity wave drag and a more realistic
greenhouse gas climatology, both introduced in IFS in 2009, which lead to substantial improvements in the
temperature structure of the upper stratosphere and mesosphere (Bechtold et al., 2009).
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Figure 5. Top: Zonally averaged temperature (K) of ECMWEF operational analysis. Bottom: difference (K) with MLS. From left to right: January, March, July and
September 2007 during daytime (SZA < 85°).

Figure 6 (top) presents the zonally averaged ERAS temperatures for the four months considered in 2007, and the
difference with MLS temperatures. Below 45 km, the ERAS temperatures are similar to the operational analysis
and the agreement with MLS remains generally better than 2 K in monthly average. In contrast, the ERAS
temperatures show a pronounced cooling with respect to the operational analysis at the stratopause and in the
mesosphere. This effect is largely due to the improvements brought to the physics of the IFS model in 2009, as
documented by Bechtold et al. (2009). Consequently, the warm bias observed in the mesosphere with the
operational analysis is almost completely resorbed with ERAS (Figure 6, bottom). On the contrary, we find at
low-to-mid latitudes and 60 km a moderate cold bias of around 3 K in yearly average compared with MLS
temperatures. We note that the cold bias is more pronounced at the summer poles, which could result from a too
strong overturning circulation in the reanalysis. A cold bias in ERAS reanalysis was also noted in the mesosphere
by several studies that made comparisons with ground-based lidar observations (Ehard et al., 2017; Marlton

DIOUF ET AL.

9 of 24

85UBD17 SUOWILIOD SA1E81D) 8|qeoljdde aupy Aq peusenob ake il VO ‘SN Jo Sa|nJ 10} ARIgITaUIUO AB]IA UO (SUONIPUOD-PUE-SWIBIALIOY A8 I ARe1q 1 pUTIUO//SANY) SUONIPUOD PUe SWLB | 8U} 89S [7202/v0/72] Uo Akeiqiauluo Ao|IMm ‘oueld sUeiyo0D Aq 6STOVOArEZ0Z/620T OT/I0P/W00"Aa 1M Arqjputuo'sgndnfe//sdny wouy pepeojumod ‘g ‘vZ0z ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040159

70

50

Altitude (km)

40

20
-90 -60 =30 O

January 2007

Latitude (°)

30 60

Temperature: ECMWF ERA5S

March 2007 July 2007

September 2007
70

290

70
280

270

60 1 60 - 260

250

240G

50 50

230 9
>
=
200
(]

210 &

3=

40+ 40 -

Q
200+
190

30 301 180

170
160

20 20 - 20+ 150
90 -90 -60 -30 0 30 60 90 -90 -60 -30 O 30 60 90 -90 -60 -30 O 30 60 90

Latitude (°) Latitude (°) Latitude (°)

Temperature difference : ECMWF ERA5 - MLS

70

60 -

50 1

Altitude (km)

40 -

301

March 2007 July 2007 September 2007 24
70 T = 70 T vy 87777

60 60 -

501

50 A

40 1 40 A

Temperature difference (K)

|
_
o
e

|
-
N

30 301 ¢

11
=
(o)

LU
NN
N O ®

A

20 T T T
-90 -60 -30 O

Latitude (°)

30 60

20 : ; . . ; 20 {2LE } : : 20 ; : : . ; o4
90 -90 -60 -30 0 30 60 90 -90 —60 —30 O 30 60 90 -90 -60 -30 O 30 60 90

Latitude (°) Latitude (°) Latitude (°)

Figure 6. Top: Zonally averaged temperature (K) of ECMWF ERAS reanalysis. Bottom: difference (K) with MLS. From left to right: January, March, July and
September 2007 during daytime (SZA < 85°).

et al., 2021). Nevertheless, in absolute value, the agreement with MLS temperatures in the upper atmosphere is
much improved with ERAS, and we can examine the ozone sensitivity to temperature when REPROBUS is forced
by these reanalysis.

The zonally averaged O; mixing ratio calculated from the ERAS reanalyses and the relative difference with MLS
O; are shown respectively in Figure 7. Up to 45 km, the O calculated with ERAS shows little difference with that
obtained with the operational analysis in Figure 3. A deficit of about 15% compared to MLS persists around 40 km
altitude. This result is expected since the ERAS temperatures do not show significant differences with the
operational analysis in this altitude range. In contrast, there is a significant increase in O; with ERAS at the
stratopause and in the mesosphere. As a result, the average O bias of REPROBUS relative to MLS decreases
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Figure 7. Zonally averaged O; mixing ratio (ppmv) calculated by REPROBUS with the ECMWEF ERAS reanalysis. Bottom: difference (%) with MLS. The difference is
calculated as (REPROBUS - MLS)/MLS X 100. From left to right: January, March, July and September 2007 during daytime (SZA < 85°).

from about —25% to —5% in this altitude region. The bias even becomes positive at the summer poles, which is
consistent with the too strong overturning circulation deduced from the cold bias in temperature in Figure 6.

These results show that, all other things being equal, temperature plays a major role in the amount of ozone
present in the mesosphere. The fact that mesospheric ozone increases with decreasing temperature is evident
when we adopt the ERAS reanalyses in our simulations. This relationship can be further illustrated by the cor-
relation plot between O; and temperature at 50 and 60 km, for both MLS and REPROBUS (Figure 8) in March.
The data are restricted to the daytime period to avoid the effects of diurnal variations in ozone, which are by their
nature independent of temperature. The results confirm that, at both levels, O; is anti-correlated with temperature
during the day. REPROBUS reproduces relatively well the slope of the O5-temperature relationship observed by
MLS. At the stratopause (50 km), the model tends to underestimate ozone compared with MLS, as suggested by
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the zonal mean in Figure 7. The model results are in better agreement with MLS at 60 km, particularly at low
temperatures, even though a moderate low O; bias is still visible.

To identify the causes of the inverse temperature dependance of ozone at the stratopause and in the mesosphere,
we carried out an analysis similar to that of Jonsson et al. (2004), who studied the photochemical variation of
ozone in the context of a doubled-CO, cooling in the middle atmosphere. Adopting their method, we linearized
the ozone steady-state equation around the ozone steady-state of the REPROBUS reference experiment. Applying
differentials to that equation allows us to quantify the relative contribution to the overall ozone change from the
various parameters controlling the ozone budget. For the sake of simplicity, Figure 9 shows the result of this
analysis for a single point at 10°N on 16 March 2007. On the left, Figure 9a compares the temperature profiles
provided by the operational analysis and the ERAS reanalysis. The cooler mesosphere is evident in ERAS, with
temperatures around 20 K lower than the operational analysis in the 55-60 km range. On the right, Figure 9b
shows the relative difference between the ozone profiles calculated with the operational analysis and with ERAS
respectively. The overall O5 increase of up to 30% in the lower mesosphere obtained with the REPROBUS 3D
simulations is rather well reproduced with the linearized equation of Jonsson et al. (2004), denoted here P- L. The
term P represents the contribution to the overall ozone change from changes in the odd oxygen production rate.
This term shows very little variation when the ERAS temperatures are adopted in place of the operational ana-
lyses. The loss terms L, L,, L3, and L, represent respectively the contributions from changes in the Chapman
(0y, NO,, ClO, and HO, odd oxygen loss cycles. It can be seen that the increase in O; is essentially due to a
reduction in the efficiency of the HO, cycles. The slower HO, odd oxygen loss rate calculated with the cooler
ERAS temperatures explains more than 80% of the O; increase above 55 km. This lesser destruction of odd
oxygen by HO, is not due to a slowing down of the reaction rates coefficients k; of HO, + O — OH + O, and k, of
OH + O — H + O,. On the contrary, k, and k, show a slight acceleration (3%—5%) when the temperature de-
creases by 20 K. In agreement with Jonsson et al. (2004), we find that the major factor behind the O; increase is
the strong increase in the rate coefficient ky of O + O, + M — O; + M (+30% for a cooling of 20 K), leading to a
shift in odd oxygen partitioning. Increasing k; reduces the abundance of atomic oxygen. As the loss of odd oxygen
by HO, is proportional to the number density of atomic oxygen, increasing k5 leads to a slower loss of odd oxygen
by HO,. Below 55 km, the temperature dependence of the Chapman loss reaction (O + O; — O, 4+ O,) becomes a
significant factor in the O; increase associated with the cooler ERAS temperatures. In Figure 9b this reaction
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Figure 9. (a) ECMWF temperature profile (K) for 10°N 8°E on 16 March 2007 at 13UT. Red and blue curves represent operational analysis (ECMWF_OP) and ERAS
reanalysis, respectively. The nearest MLS temperature profile is also indicated in green. (b) The difference in daytime O (%, pink) between the REPROBUS
simulations driven by ECMWEF operational analysis and ERAS reanalysis is compared to the relative change predicted by a linearized expression of the O, equilibrium
(brown). P represents the contribution from the O, production, whereas the L terms show the contribution from each O, loss process (note the negative sign).

explains about half of the O increase at 48 km and becomes the main contributor near the stratopause and below.
However, in this altitude range the temperature effect is not sufficient to completely eliminate the O5 deficit in the
model, which remains visible in Figure 8a.

4.4. On the Remaining O; Deficit at 35-45 km

While the ozone deficit may be almost completely eliminated in the mesosphere by the use of appropriate
temperatures, in our model there remains a deficit of 10%—15% in the stratosphere around 35-45 km. Our work
thus joins the numerous studies that have documented the historical problem of model-calculated ozone deficit in
the upper stratosphere (e.g., Groof3 et al., 1999; Khosravi et al., 1998; Remsberg et al., 2007; Siskind et al., 1995).
In our model, the deficit resists the use of the latest kinetic data, including the important channel of the C1O + OH
— HCl + O, reaction, identified by Khosravi et al. (1998). To make progress on this issue, we have revisited, for
the first time with a three-dimensional model, the possibility of an extra source of ozone produced by highly
vibrationally excited oxygen, as theorized by Price et al. (1993) and Miller et al. (1994). The proposed additional
ozone production mechanism is given by the following scheme, where O,( 3Z£, v > 26) is molecular oxygen in

vibrationally excited state v > 26:
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Figure 10. Top: Increase in O; (%) in REPROBUS when including the extra production of O from vibrationally excited oxygen O( 32;, v > 26). Bottom: difference
(%) between REPROBUS including this extra production of O; and MLS. Winds are temperatures are driven by ECMWF ERAS reanalysis. The difference is calculated
as (REPROBUS-MLS)/MLS x 100. From left to right: January, March, July and September 2007 during daytime (SZA < 85°).

O3 + hv (A< 243 nm) — 0,(*Z;,v>26) + O( °P) 3)
0,(7%;,v=26)+0,(*%;,v = 0) » 03 + O( °P) “)

The quantum yield for O,( 32;, v > 26) production from O5 photolysis consistently decreases with wavelength
from about 7.3% at 193 nm (Stranges et al., 1995) to 0.06% at 240 nm (Geiser et al., 2000). We used these
laboratory measurements and a third order polynomial fit to define in REPROBUS a wavelength-dependent
function of the quantum for O,( 32; v > 26) production.
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Figure 11. O,('A) volume emission rate (photons.cm™>. s™") versus SZA observed by SABER. The data are averaged between 30°N and 30°S. From left to right:
January, March, July and September 2007.

Regarding reaction (3), measurements performed to determine the fraction of O,( 32;, v > 26) molecules that
undergo vibrational relaxation to state v —1 clearly indicate the presence of a "dark" channel, consistent with a
chemical reaction forming O5 (Rogaski et al., 1995; Toumi et al., 1996). Unexpected O and O; production was
also observed in the effluent of He/O, microplasma jet emanating into ambient air, which could be explained by
reaction (4) (Ellerweg et al., 2012). In our model experiment, we considered that all O,( 3Zg, v > 26) formed by
O; photolysis lead ultimately to the formation of O and Os.

Figure 10 (top) shows the increase in O; when reactions (3) and (4) are implemented in the model. The change
relative to the simulation with standard chemistry is essentially located between 35 and 45 km with a maximum of
about +10% at 40 km in the tropics. This result is in good agreement with those of Miller et al. (1994) and Toumi
et al. (1996) who first modeled the potential impact of vibrationally excited oxygen on stratospheric ozone. In
REPROBUS, this process allows to reduce the O5 deficit in the desired altitude range. The agreement with MLS
observations is notably improved at low latitudes, where the remaining deficit is now of the order of 5%—10%
between 40 and 45 km (Figure 10, bottom). The production of O by vibrationally excited oxygen therefore
remains a possible explanation to reduce the historical ozone deficit noted in the models. However, as this process
has not been fully demonstrated experimentally, the results obtained here should still be treated with caution.

4.5. 0, (*A) Dayglow

In the light of the results obtained above, we finally compare the O,('A) dayglow modeled by REPROBUS to
SABER observations. We first consider the vertical distribution of the OZ(IA) volume emission rate (VER, in
photons. cm™>. s™"), then the vertically integrated O,(' A) dayglow (in photons. cm ™2 s~ ' sr™") that will be main
retrieved quantity in the 1.27 pm channel of Microcarb.

4.5.1. 0, (*A) Volume Emission Rate

Figures 11 and 12 show respectively the O5('A) volume emission rate measured by SABER between 40 and
80 km and calculated by REPROBUS in its configuration forced by the ECMWF operational analysis. The VER
is averaged in the 30°N-30°S latitude band and is represented according to altitude and SZA. At first order, the
model correctly reproduces the airglow maximum around 45 km, whose intensity decreases and altitude increases
with the SZA. The relative difference between SABER and REPROBUS (Figure 12, bottom) shows that the
model tends to overestimate the O,('A) dayglow below the emission peak between 40 and 45 km. Above the
peak, the model underestimates the O,('A) dayglow, with a maximum difference of —25% to —30% around
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Figure 12. Top: Oz(lA) volume emission rate (photons.cm™. s™") versus SZA calculated by REPROBUS with the ECMWF operational analysis. Bottom: difference
(%) with SABER. The data are averaged between 30°N and 30°S. The difference is calculated as (REPROBUS - SABER)/SABER x100. From left to right: January,

March, July and September 2007.

60 km. This bias, which confirms the results of Bertaux et al. (2020), is consistent with the lack of ozone of the
same amplitude identified in the model in Figure 3.

When it is forced by the ERA5 reanalysis, REPROBUS calculates a more intense O,('A) dayglow at all levels
between 45 and 55 km (Figure 13). Logically, the changes in the VER compared with that obtained with the
operational analyses reflect those already noted for ozone. The increase in VER is directly linked to the increase in
modeled ozone, which in turn results from the lower temperatures of ERAS. As a result, the agreement with
SABER is much improved, with a difference generally between +5% and —5% in the altitude range where the
VER is most intense, between 40 and 60 km (Figure 13). In particular, the significant underestimation of the VER
(—30%) obtained with the operational analyses around 60 km is almost completely eliminated with ERAS.
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Figure 13. Top: O,('A) volume emission rate (photons.cm™>. s™') versus SZA calculated by REPROBUS with the ECMWF ERAS reanalysis. Bottom: difference (%)
with SABER. The data are averaged between 30°N and 30°S. The difference is calculated as (REPROBUS - SABER)/SABER X 100. From left to right: January, March,

July and September 2007.

The only altitudes where ERAS shows no significant improvement over operational analyses are above 65 km in
January and March (70 km in July and September), where the VER is underestimated by the model by around
—10% to —20%. This bias is difficult to address because of the proximity of the top of the IFS model and the
absence of temperature data to assimilate. Nevertheless, the O('A) dayglow is small above 70 km and represents
only around ~3% of the vertically integrated dayglow measured in nadir geometry.

4.5.2. Vertically Integrated O,('A) Dayglow

To simulate the O,('A) dayglow as viewed by a satellite from nadir, we have integrated vertically the VER
measured by SABER and calculated by REPROBUS. In both cases the integration is performed from 40 km, the
lowest altitude where the VER is retrieved by SABER, up to 80 km corresponding to the uppermost level of
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Figure 14. OZ(IA) dayglow integrated between 40 and 80 km (photons.cm™

March, July, and September 2007.

2. s sr™!) measured at 14 = 1 LT by SABER. Left to right and top to bottom: January,

REPROBUS. Figure 14 presents maps of the vertically integrated O,('A) dayglow obtained from SABER. The
data are monthly averaged and are restricted to the 14 + 1 LT window in order to filter out the variations with local
time. This condition on local time, together with SABER observing geometry and the yaw maneuver performed
by TIMED every 60 days, limits the latitudinal coverage of the data for a given month. As already shown by
Bertaux et al. (2020) from the SCIAMACHY data, the dayglow maps in Figure 14 are almost independent of
longitude. At a given local time, the O,(' A) brightness is lower at high latitudes due to the larger SZA. The region
of maximum brightness moves with the season and follows the latitude of the sub-solar point. This illustrates
again the importance of the SZA as the main driver of the vertically integrated O,( 'A) airglow intensity. The only
exception to this rule can be seen in September 2007 near 60°S, when the displacement off the pole of the ozone-
poor polar vortex caused a local reduction in the O,(*A) airglow over the 45°W sector.

Figure 15 maps the O,('A) brightness calculated by REPROBUS when forced by the ECMWF operational
analysis and the ERAS reanalysis, respectively. As expected, the high latitudes in winter, not sampled by SABER,
show a sharp reduction in the O,('A) brightness calculated by the model, dropping to zero in the polar night
regions. At low and mid-latitudes, REPROBUS shows a pattern identical to that of SABER, with the quasi-
absence of longitudinal variations and the seasonal displacement of the O,('A) emission maximum along the
sub-solar point. In September 2007 near 60°S, the local reduction in the O,('A) emission associated with the
displacement of the polar vortex is also reproduced by REPROBUS.

The relative difference between SABER and REPROBUS forced by the ECMWF operational analysis is shown in
Figure 16 (left). It can be seen that the model underpredicts the O,( 'A) brightness at all latitudes and seasons. On
an annual average, the brightness deficit in REPROBUS compared with SABER is —11.0 & 2.7%. This result is
consistent with the —13% deficit found by Bertaux et al. (2020) who used a limited set (April 2007) of SCIA-
MACHY nadir-viewing observations as reference. In Figure 16 (right), the use of ERAS reanalysis to drive
REPROBUS leads to a systematic increase in the O,(' A) brightness. This result is expected because of the strong
increase in VER previously seen in the 50-70 km layer. As a result, although still slightly underestimated, the
integrated O,('A) airglow calculated with the ERA5 reanalysis is significantly closer to SABER than that
calculated with the operational analysis. On a global and annual average, the difference between REPROBUS and
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0>(A) integrated dayglow: REPROBUS, 14+1 LT

REPROBUS REPROBUS with ERA5
0N J;-muary 2007 0N January 2007
60°N | z 60°N [
. S“ - e Y 5. - e
o N NS (—:&g\ 554 BN N Qﬁ
R o \{éé o o fae VNG
=1 \ e
B 3pes \&511 \w / /"1’ ‘) 30°s £ g
60°S 60°S
|l dala SRS = | BB IS ~ =]
90“15!30' 135°W  90°W 45°W 0° 45°E 90°E 135°E 180° 90“%80' 135°W  90°W 45°W 0° 45°E 90°E 135°E 180°
March 2007 March 2007
90°N T r T T 90°N T - T
T~ — e
60°N [ZE, Ko g : S ! 60°N [, R KI S o
| P
o™®® E 30°N e 2 .
5 3
i 30°S &y’ 30°S | )
60°S 60°S
e —— = BN S g P S =
O PeoT T3W  S0TW AW 0T A5°E  S0°E 135 180 O eer IIW S0W AW or 45 80°E 135 180°
o July 2007 & —_— : July %007 ;
- - ?’ i - .
60°N = &F "é mﬁhﬁ% o e e : e ?W
30°N ~§ Eé 30°N |
[
%, T e YOG \ n
= iy, i . 5
5 Nt T N AN
Sa0s -/ o~ 30°S b N i
<) P )
. : : : : : — : : : : :
180° 135°W  90°W 45°W 0° 45°E 90°E 135°E 180° 180° 135°W  90°W 45°W 0° 45°E 90°E 135°E 180°
September 2007
90°N — - 90°N
N - 30°N |
R e o |
5 3
30°s = 30°s : = ’
&,k’ = = &P’ : 2
60°S 60°S
EEEEE T e Ty
. : : : : : : : %0°s : : : . : : ;
180° 135°W  90°W 45°W 0° 45°E 90°E 135°E 180° 180° 135°W  90°W 45°W 0° 45°E 90°E 135°E 180°
Longitude Longitude
0.0 0.3 0.6 0.9 1.2 15 18 21 2.4 2.7 3.0
0,(A) dayglow intensity (photons/cm2/s/sr) lel2

Figure 15. OZ(IA) dayglow integrated between 40 and 80 km (photons.cm_2. s7!. sr™") calculated at 14 + 1 LT by
REPROBUS with the ECMWEF operational analysis (left) and REPROBUS with the ERAS reanalysis (right). Top to bottom:
January, March, July, and September 2007.

SABER drops to —4.2 + 2.8%. The fact that this difference remains negative can be attributed to the lack of ozone
and O,('A) VER that persists between 35 and 45 km. Nevertheless, a major part of the initial bias in Figure 16
(left) has been eliminated by using the colder ERAS temperatures in the mesosphere. Even when integrated
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Figure 16. Difference (%) between the OZ(IA) dayglow calculated by REPROBUS with the ECMWEF operational analysis
and measured by SABER (left) and calculated by REPROBUS with the ECMWF ERAS reanalysis and measured by SABER
(right). Data are integrated between 40 and 80 km at 14 £ 1 LT. The difference is calculated as (REPROBUS-SABER)/
SABER X 100. Top to bottom: January, March, July, and September 2007.
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vertically, in order to simulate a measurement in nadir geometry, the use of accurate temperatures in the
mesosphere is therefore a key factor for an accurate estimate of the O,('A) brightness with a chemical model. In
addition to the ERAS temperatures, the inclusion of the effect of vibrationally excited oxygen as envisaged in
Section 4.4 reduces the difference between the model and SABER to —1.6 + 2.9%.

5. Conclusions

In this work, we investigated the three-dimensional climatology of the O,(' A) dayglow as calculated by a state-of-
the-art chemistry-transport model. On the basis of the MLS data, we have established the causes of the O,('A)
dayglow deficit in the simulations carried out with the same model by Bertaux et al. (2020). This lack of dayglow
is clearly associated with a significant ozone deficit in the model, particularly marked (—20% to —30%) near the
stratopause and in the lower mesosphere (45-60 km).

We find that the ozone deficit is due to excessively high temperatures (+15K) of the nominal meteorological
analyses used to drive the model in the mesosphere. The use of lower analyzed temperatures (ERAS), in better
agreement with the observations, slows down both the HO, catalytic cycles (by shifting the equilibrium between
O and O;) and the Chapman O, loss reaction. These two factors combined lead to an almost total elimination of
the O, and O,('A) deficits in the lower mesosphere.

Around 35-45 km, however, the model still has a negative ozone bias of around —10% to —15% compared with
observations. This problem is a continuation of the “historical" ozone deficit noted in the middle stratosphere by
numerous past studies, and does not seem to be resolved by the use of the most recent kinetic data. We have tested
the additional production of ozone by vibrationally excited oxygen, as theorized by Price et al. (1993). By
increasing ozone by nearly 10% in the desired altitude range, this process remains an attractive solution to the
modeled ozone deficit in the stratosphere. However, its existence remains somewhat speculative in the absence of
full experimental demonstration.

We simulated the vertically integrated O,('A) dayglow to reproduce the observing conditions of Microcarb or any
other instrument covering the 1.27 pm band in nadir geometry. When our three-dimensional model is forced by
the ECMWF operational analysis of 2007, the calculated 02(l A) dayglow is biased low with a mean difference of
—11.0 £ 2.7% relative to the SABER measurements. However, as with ozone, we find that this result is very
sensitive to mesospheric temperatures: the use of the cooler ERAS reanalysis to drive the model reduces the bias
by a factor of nearly 3, for an average result of —4.2 + 2.8%. The slight underestimation that persists with ERAS is
mostly attributable to the uncorrected negative bias of ozone between 35 and 45 km.

Future space missions using the 1.27 pm band to measure the air column and ultimately CO, may not have the
spectral resolution required to disentangle the O,(' A) emission from the O,(' A) absorption (Bertaux et al., 2020).
In this case, a chemistry-transport model similar to that used here will be required to calculate the O,('A)
theoretical emission, and remove it from the observed spectra. Our work shows that particular attention needs to
be paid to the accuracy of the mesospheric temperatures used for this calculation. As meteorological analyses
suffer cruelly from a lack of data assimilated in the mesosphere, the quality of the underlying weather prediction
model (IFS in the case of ECMWEF) in that region plays a decisive role in the quality of the representation of the
0,('A) dayglow.

Data Availability Statement

The MLS, SABER and Model data presented in this study are available in this in-text data citation reference:
Diouf (2023). Global SABER data are available on the dedicated SABER website: https://saber.gats-inc.com/.
The MLS data products are available on https://search.earthdata.nasa.gov/search?fi=MLS.
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