
1.  Introduction
Past and present remote sensing observations and in situ measurements of the Martian atmosphere, augmented by 
robust multidimensional modeling efforts, have demonstrated that loss of atomic oxygen and hydrogen into space 
has irreversibly depleted Mars' atmospheric water reservoir (Chaffin et al., 2017; Stone et al., 2020). The drivers of 
thermal escape of hydrogen are primarily space weather, waves and tides, and lower atmosphere dynamics related 
to dust storms and deep convection. Understanding the loss of water at Mars therefore requires that we establish 
a direct causal link between Mars' water reservoir, lower atmosphere weather, and vertical transport mechanisms. 
Quantifying the coupling between the lower, middle, and upper atmospheres of Mars, especially during solar 
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Spectrograph onboard NASA's Mars Atmosphere and Volatile EvolutioN spacecraft. This new analysis enables 
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atmospheres of Mars. Our analysis has revealed thermal variability in the Martian atmosphere with respect to 
latitude, longitude, local time, season, dust activity, and solar activity. As suggested by previous studies, waves 
generated in the lower atmosphere propagate to the upper atmosphere, coupling the atmospheric layers, and 
produce fluctuations in density (up to 40% locally) that can affect the background atmospheric temperature, 
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link weather and waves in the lower atmosphere to perturbations in composition and temperature in the upper 
atmosphere.
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flares, coronal mass ejections, and dust storms, requires coordinated observational and modeling efforts. These 
efforts must account for dynamical, thermal, and compositional effects that originate in the lower atmosphere 
but are transported vertically resulting in thermal escape. As suggested by Yiğit (2021), if the atomic hydrogen 
flux into the upper atmosphere is not limited by diffusion in the lower atmosphere, gravity-wave momentum and 
energy deposition can affect the background atmospheric temperature, which is a key parameter driving thermal 
escape. Thus, fully characterizing the thermal structure of Mars' atmosphere from the surface to the exosphere is 
necessary in order to characterize the vertical distribution of water as well as its dissociation products.

Measuring the temperature of an atmosphere can be achieved through in situ measurements as well as remote 
sensing observations. In the former case, temperatures have been derived using the analysis of aerobraking 
maneuvers (Keating et al., 1998), precise orbit determination (Forbes et al., 2008), and atmospheric drag (Zurek 
et al., 2017). Remote sensing approaches include stellar occultations (Forget et al., 2009; Gröller et al., 2018) and 
use of dayglow observations (Aoki et al., 2022; Bougher et al., 2017; Evans et al., 2015; Jain et al., 2015; Leblanc 
et al., 2006; Stewart et al., 1972; Stiepen et al., 2015). In either case, the techniques employed rely on relating 
vertical variations of densities to corresponding temperatures through the scale height (i.e., the distance over 
which the density of an atmospheric gas decreases by 1/e).

Three methods have been used to derive temperatures from remote sensing observations of dayglow emis-
sions: (a) an exponential fit to the top-side of emission profiles (Jain et al., 2015; Leblanc et al., 2006; Stewart 
et al., 1972; Stiepen et al., 2015); (b) a Chapman-like function fit covering the full emission profile including 
the peak (Bougher et al., 2017; Evans et al., 2020; Jain et al., 2021; Lo et al., 2015; Stewart et al., 1972); and (c) 
hydrostatic integration of measured or retrieved density profiles (Snowden et al., 2013; Stone et al., 2018). For the 
first method, the exponential fit must be performed where the atmosphere is optically thin (Leblanc et al., 2006), 
otherwise the derived temperature is biased (González-Galindo et al., 2021). The second and third approaches 
explicitly account for a departure from optically thin conditions and we focus on these two approaches in this 
work. To date, none of these methods allow for direct determination of temperature profiles below ∼130 km.

Historically, the temperature of Mars' upper atmosphere has been derived from remote sensing observations 
of the 𝐴𝐴 CO

+

2
 UV Doublet (UVD; B 𝐴𝐴

2Σ
+
𝑢𝑢 → 𝑋𝑋

2Π𝑔𝑔 ) and the CO Cameron Bands (a  3Π → X  1Σ). These bright 
dayglow emissions are typically assumed to originate from CO2 with no significant contributions from other 
minor constituents. However, the temperatures derived from these two emissions do not usually agree, with 
temperatures derived from the Cameron bands being biased high due to nonnegligible contributions from CO 
emissions (Leblanc et al., 2006; Stiepen et al., 2015). Furthermore, temperatures derived from these emissions are 
constrained in altitude to the region near and above the peak of emission, which typically occurs in the range of 
120–150 km. To avoid potential biases encountered when using UVD and the Cameron bands and to expand the 
altitude coverage to the upper mesosphere, we herein make a first attempt to derive temperature profiles using the 
O( 1S) metastable state of atomic oxygen, which is produced primarily by dissociation of CO2.

Ultraviolet emissions from the oxygen O( 1S) metastable state provide a valuable remote sensing signature of 
energy deposition, photochemistry, dynamics, and thermal structure in the Martian atmosphere and ionosphere. 
Metastable O( 1S) atoms radiatively relax by emitting photons at 297.2  nm (and other wavelengths, such as 
557.7  nm; Gérard et  al.,  2020; Aoki et  al.,  2022). The oxygen 297.2  nm dayglow vertical profile exhibits a 
double-peaked structure that was previously predicted by theoretical studies (Fox & Dalgarno, 1979; Gronoff 
et al., 2012; Huestis et al., 2010; Jain, 2013; Simon et al., 2009) but was never observed by any remote sensing 
mission prior to MAVEN with the use of the Imaging Ultraviolet Spectrograph (IUVS) (Gkouvelis et al., 2018; 
Jain et al., 2015).

The production of metastable O( 1S) atoms in the Martian atmosphere is dominated by photodissociation of CO2. 
While the upper emission peak (near 120 km) is produced by solar extreme ultraviolet (EUV) photons, the lower 
emission peak (near 85 km) is produced primarily by solar Lyman α photons. Detection of the lower peak was 
enabled by a multiple linear regression (MLR) algorithm developed specifically for IUVS data that quantifies 
the contributions to the highly blended Martian dayglow spectrum, including solar scattered light that becomes 
important in the upper mesosphere around the lower emission peak of oxygen 297.2 nm dayglow (Stevens, Evans, 
Schneider, et al., 2015).

Observations of the O I 297.2 nm emission extend from ∼80 km in the upper mesosphere to 160 km and above 
in the thermosphere, making this emission well-suited for retrieving composition, pressure, and temperature 
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characteristics of the upper mesosphere and lower thermosphere of Mars (likewise for O I 557.7 nm emission 
that also arises from the O( 1S) parent state; Gérard et  al.,  2020; Aoki et  al.,  2022). Accurately characteriz-
ing this region of the atmosphere provides an important pathway for understanding the coupling between the 
mesosphere and thermosphere of Mars. We use the Atmospheric Ultraviolet Radiance Integrated Code (AURIC; 
Strickland et al., 1999) first principles forward model to perform optimal estimation retrievals of CO2 densi-
ties from IUVS O I 297.2 nm emission profiles. We then perform hydrostatic integration of the CO2 density 
profiles to obtain temperature profiles from 80–150 km. We validate retrieved densities and derived temperatures 
through comparison with operational data products from MAVEN IUVS as well as predictions from Mars global 
circulation models (GCMs). We note that the validation presented here, certainly the one using GCM results, is 
general and not applicable for individual scans. Since we expect random and natural scan-to-scan variability in 
retrieval results, our validation is focused on observable trends using data that has been averaged in space or time. 
However, internal consistency of the retrieval algorithm and resulting data have been verified based on paramet-
ric sensitivity studies of all retrieval parameters.

One important advance in this work compared to previous studies on the retrieval of constituents in the Martian 
upper atmosphere by IUVS is that we include observations from the “inbound” and “outbound” segments of 
the MAVEN orbit on either side of the periapse segment, which increases the number of profiles for analysis 
by roughly 37% (for scans with solar zenith angle (SZA) < 85° up to 14 November 2021). In this paper, we first 
discuss IUVS limb scan observations and the associated geographic and temporal coverage. This is followed by 
a discussion of the forward model and retrieval algorithms used herein. We then present our methodology for 
retrieving CO2 density and temperature profiles using the oxygen 297.2 nm emission feature. In the final sections, 
we present the results of our study and summarize the most significant insights gleaned from our results.

2.  Observations
MAVEN's IUVS instrument (McClintock et al., 2015) is designed to provide global-scale measurements of major 
molecules, atoms, and ions in the Martian atmosphere by utilizing its 11°  ×  0.06° slit and occultation aper-
tures at each end. IUVS has the capability to measure the far-UV airglow (110–190 nm) at ∼0.6 nm resolution 
and the mid-UV airglow (180–340 nm) at ∼1.2 nm resolution with a vertical resolution of 5 km (McClintock 
et al., 2015). The 5 km vertical resolution is from MAVEN IUVS Level 1C data products used as input for the 
retrieval algorithm. We use the MAVEN IUVS Level 1C data as reported and do not bin or otherwise manipulate 
the data. Details pertaining to IUVS Level 1C vertical resolution, as well as the field of view, and the observing 
strategy employed for IUVS can also be found in McClintock et al. (2015).

MAVEN's elliptical orbit initially operated with an apoapsis of ∼6,500 km and periapsis of ∼150 km during the 
primary and first two extended portions of the mission (2014–2019). However, an aerobraking campaign from 11 
February–5 April 2019, implemented to improve MAVEN's availability to support relay communications with 
assets on the planetary surface, dropped the apoapsis to ∼4,500 km and periapsis to ∼130 km. In August 2020, 
MAVEN periapsis was raised to ∼175 km in order to produce a more fuel efficient and stable orbit. While the 
changes in orbit (and thus altitude) detailed above affect the science enabled by the Neutral Gas and Ion Mass 
Spectrometer (NGIMS; Mahaffy et al., 2015) aboard MAVEN, it has no impact on the IUVS science supported 
by the present analysis.

MAVEN IUVS has provided over 145,000 limb scan observations as of 14 November 2021, and we analyze a 
subset here within the given constraints described below. We use 56,330 dayglow scans comprised of both peri-
apse and inbound/outbound limb segments of MAVEN's orbit constrained to SZAs ≤ 85° and local solar time 
(LST) of 6 ≤ LST ≤ 18 hr made by IUVS during MAVEN orbits 109–15,185 (18 October 2014 to 14 November 
2021). We limit our observations to SZA ≤ 85° as biases in the retrievals may exist at larger SZA where an 
assumption of spherical symmetry may not be valid. The addition of inbound and outbound segments, which are 
largely antipodal to the periapse segment and can provide dayglow measurements when MAVEN periapsis is on 
the nightside, increases the number of observations available for analysis. These scans are similar to periapse 
scans (although with half the observing cadence) in terms of binning and have a similar data reduction process 
(Jain et al., 2020).

IUVS MUV calibration uncertainties are estimated to be ±30%. This systematic uncertainty originates from the 
initial flight calibration of the IUVS instrument during the cruise phase of the mission. It represents the range in 
sensitivity derived from a small set of experiments using stellar targets for which reference spectra were provided 
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by the SORCE SOLSTICE instrument. SOLSTICE was ground calibrated using the NIST Synchrotron Ultravio-
let Radiation Facility and validated its flight calibration using a model comparison with white dwarf stars, as used 
by the earlier International Ultraviolet Explorer mission.

Since the initial cruise calibration, the IUVS instrument team has been able to explain much of the range in the 
systematic uncertainty as being due to a combination of flatfield variations on the detector and the inclusion 
of a limited set of observations of Beta Cephei type variable stars in the original analysis. Calibration correc-
tion factors of 0.75 and 0.69, which have not been applied to Version 13 of the data that are publicly available 
and used here, have been estimated for IUVS 𝐴𝐴 CO

+

2
 UVD and O I 297.2 nm observations, respectively. These 

correction factors are derived from additional stellar observations taken on-orbit around Mars and sampling 
across the full length of the airglow slit image on the detector. For additional details on the current status of 
the MUV channel calibration see the appendix of Connour et al. (2022). A subset of the stellar observations 
described in that appendix were used to derive the correction factors stated above. The correction factors 
should be considered an improvement upon the previous calibration and are consistent insofar as they fall at 
the edge of the original systematic uncertainty range. The correction factors represent an average sensitivity 
along the length of the airglow slit and do not account for local flatfield variations, which are within ±10%. 
These flatfield variations are the primary source of systematic uncertainty in the IUVS data used for the 
present study.

To examine the thermal behavior of the Martian atmosphere, we derive temperature profiles using the O I 
297.2 nm MUV emission. IUVS observations enable the simultaneous retrieval of the composition, pressure, 
and temperature characteristics of the lower thermosphere and upper mesosphere. Limb profiles of O I 297.2 nm 
emission are extracted from calibrated data using an MLR technique (Stevens, Evans, Schneider, et al., 2015). 
Example MLR fits of all components to IUVS MUV spectra observed during orbit 3000 on 14 April 2016, as well 
as the residual fits to the O I 297.2 nm feature, are shown in Figure S1 in Supporting Information S1. The limb 
profiles used in this study correspond to Level 1C Version 13 Revision 1 data.

3.  Forward Modeling of O I 297.2 nm Emission
3.1.  Production and Loss of O( 1S) Atoms

Following Fox and Dalgarno (1979), Huestis et al. (2010), Jain (2013), Gkouvelis et al. (2018), and other prior 
studies, we model the production and loss of O( 1S) atoms in order to model O I 297.2 nm slant column emission 
rates observed at Mars. The known processes that produce O( 1S) atoms in the Martian upper atmosphere are 
provided in Table 1. Quantities QY1(a,b),6,7 represent the quantum efficiency of processes 1a, 1b, 6, and 7, whereas 
σ1(a,b),2−5 represent photodissociation and photoabsorption cross sections of CO2 and excitation cross sections for 
electron impact on CO2, O, CO, and O2, respectively. The quantities α6 and α7 represent dissociative recombina-
tion rate coefficients for 𝐴𝐴 CO

+

2
 and 𝐴𝐴 O

+

2
 , respectively. The volume emission rate (cm −3 s −1) of 297.2 nm photons at 

each altitude is then given by the following equation:

𝑗𝑗(𝑧𝑧) = 𝑃𝑃 [𝑂𝑂(
1
𝑆𝑆)](𝑧𝑧)

(

𝐴𝐴297.2∕
(

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑘𝑘𝐶𝐶𝐶𝐶2
[𝐶𝐶𝐶𝐶2](𝑧𝑧) + 𝑘𝑘𝑂𝑂[𝑂𝑂](𝑧𝑧) + 𝑘𝑘𝐶𝐶𝐶𝐶[𝐶𝐶𝐶𝐶](𝑧𝑧)

))

� (1)

Table 1 
Production of O( 1S) Atoms and Key Quantities

Process Reaction Quantity Quantum yield References

1a hν + CO2 → O( 1S) + CO 𝐴𝐴 𝐴𝐴𝐴𝐴𝑜𝑜(EUV); 𝜎𝜎
𝑝𝑝𝑝𝑝

1𝑎𝑎
; 𝜎𝜎

𝑎𝑎𝑎𝑎𝑎𝑎

1𝑎𝑎
  QY1a Gkouvelis et al. (2018)

1b hν + CO2 → O( 1S) + CO 𝐴𝐴 𝐴𝐴𝐴𝐴𝑜𝑜

(

Ly
𝛼𝛼

)

; 𝜎𝜎
𝑝𝑝𝑝𝑝

1𝑏𝑏
; 𝜎𝜎

𝑎𝑎𝑎𝑎𝑎𝑎

1𝑏𝑏
= 6.54 × 10−20 𝑐𝑐𝑐𝑐2  QY1b = 0.075 Gkouvelis et al. (2018)

2 e + CO2 → O( 1S) + CO σ2 – Shirai et al. (2001)

3 e + CO → O( 1S) + C + e σ3 – Shirai et al. (2001)

4 e + O2 → O( 1S) + O σ4 – LeClair and McConkey (1993)

5 e + O( 3P) → O( 1S) + e σ5 – Laher and Gilmore (1990)

6 e + 𝐴𝐴 O
+

2
 → O( 1S) + O 𝐴𝐴 𝐴𝐴6 = 1.95 × 10−7(300∕𝑇𝑇𝑒𝑒)

0.7
𝑐𝑐𝑐𝑐

3
𝑠𝑠
−1  QY6 = 0.05 Alge et al., 1983; Kella et al. (1997)

7 e + 𝐴𝐴 CO
+

2
 → O( 1S) + CO 𝐴𝐴 𝐴𝐴7 = 4.2 × 10−7(300∕𝑇𝑇𝑒𝑒)

0.75
𝑐𝑐𝑐𝑐

3
𝑠𝑠
−1  QY7 = 0.05 Viggiano et al. (2005)
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where P[O( 1S)] is the total volume production rate of O( 1S) atoms (cm −3 s −1) and Atot is the sum A297.2 + A557.7 
of the transition probabilities of the O𝐴𝐴 (1S) → O( 3P) and O𝐴𝐴 (1S) → O( 1D) transitions, respectively. For Atot and 
A297.2, we use the values 1.34 and 0.08 s, respectively, as recommended by Gkouvelis et al. (2018). We adopt 
quenching coefficients 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶2

  = 3.2 × 10 −11 exp(-1323/T) (cm 3 s −1; Gkouvelis et al., 2018), kCO = 7.4 × 10 −14 
exp(-957/T) (cm 3  s −1; Capetanakis et  al.,  1993), and kO  <  1.2  ×  10 −14 (cm 3  s −1; Krauss & Neumann,  1975; 
Slanger & Black, 1981).

There are three primary mechanisms for producing oxygen atoms that are excited to the  1S state: photodisso-
ciation of CO2 (process 1), collisional excitation (processes 2–5), and chemical reactions (processes 6 and 7) 
(Gkouvelis et al., 2018). Fox and Dalgarno (1979) predicted that photodissociation is the dominant source at 
all altitudes below 250 km. Four fundamental quantities are required to calculate the production rate of oxygen 
atoms in the  1S state from photodissociation of CO2: the CO2 density, the solar EUV flux, the CO2 absorption 
cross section, and the quantum efficiency for production of the  1S state (Gkouvelis et al., 2018). Because of the 
short effective lifetime of the O( 1S) state (∼0.8 s), prior studies have calculated steady state O( 1S) density profiles 
assuming photochemical equilibrium. Detailed model calculations predict that the upper emission peak (near 
120 km) is produced primarily by photodissociation of CO2 by solar EUV photons, whereas the lower emission 
peak (near 85 km) is produced primarily by photodissociation of CO2 by solar Lyman α photons (see Figure 6 
from Gkouvelis et al., 2018).

Solar EUV radiation drives photochemical processes above approximately 100 km, varying with wavelength and 
time, and are needed to accurately quantify the impact on the Martian atmosphere. We use the latest publicly 
available Level 3 solar irradiance data measured by the Extreme Ultraviolet Monitor (EUVM) on board MAVEN 
from 19 October 2014 to 14 November 2021 (Version 14 Revision 3). The Level 3 product is a daily modeled 
solar spectrum from 0.5 to 190.5 nm derived using three calibrated solar irradiance bands measured by EUVM: 
0–7 nm, 17–22 nm, and 117–125 nm bands (full width at half maximum; Thiemann et al., 2017). The modeled 
spectrum has a native spectral resolution of 1 nm and is rebinned onto a finer wavelength grid for use in forward 
model calculations. This is achieved by allocating the solar flux into bins of 0.05 nm resolution from 1–10 and 
0.1 nm resolution from 10–105 nm. Our analysis is not sensitive to the rebinning as the total energy flux is 
conserved in the rebinned spectrum (Evans et al., 2015). The ionizing radiation (QEUV = integrated solar irra-
diance <45 nm) for the time frame considered in our study ranges from approximately 0.5 to 2.0 erg cm −2 s −1.

The production of O( 1S) atoms from photodissociation of CO2 by solar EUV photons (process 1a) is given by the 
following equation:

𝑃𝑃1𝑎𝑎[𝑂𝑂(
1
𝑆𝑆)](𝑧𝑧) = [𝐶𝐶𝐶𝐶2](𝑧𝑧)

∑

𝑖𝑖

𝜎𝜎
𝑝𝑝𝑝𝑝

1𝑎𝑎
(𝜆𝜆𝑖𝑖)𝑄𝑄𝑄𝑄1𝑎𝑎(𝜆𝜆𝑖𝑖)𝜋𝜋𝜋𝜋

𝐸𝐸𝐸𝐸𝐸𝐸

𝑜𝑜 (𝜆𝜆𝑖𝑖) exp(−𝜏𝜏1𝑎𝑎(𝜆𝜆𝑖𝑖, 𝑧𝑧)∕cos𝜒𝜒)� (2)

where [CO2](z) is the CO2 number density (cm −3) at altitude z (km), 𝐴𝐴 𝐴𝐴𝐴𝐴
𝐸𝐸𝐸𝐸𝐸𝐸

𝑜𝑜 (𝜆𝜆𝑖𝑖) is the top-of-atmosphere solar 

binned EUV flux (Watt m −2), 𝐴𝐴 𝐴𝐴
𝑝𝑝𝑝𝑝

1𝑎𝑎
(𝜆𝜆𝑖𝑖) is the photodissociation cross section (cm 2) for wavelength λi (nm), τ1a(λi, z) 

is the vertical optical depth (unitless) above altitude z for wavelength λi, and χ is the SZA (deg). For each wave-
length λi, τ1a(λi, z) = 𝐴𝐴 𝐴𝐴[𝐶𝐶𝐶𝐶2](𝑧𝑧) 𝜎𝜎

𝑎𝑎𝑎𝑎𝑎𝑎

1𝑎𝑎
(𝜆𝜆𝑖𝑖) , where 𝐴𝐴 𝐴𝐴

𝑎𝑎𝑎𝑎𝑎𝑎

1𝑎𝑎
(𝜆𝜆𝑖𝑖) is the CO2 absorption cross section and N[CO2] is the 

CO2 column density (cm −2) above altitude z. For the CO2 absorption cross section, 𝐴𝐴 𝐴𝐴
𝑎𝑎𝑎𝑎𝑎𝑎

1𝑎𝑎
 , we use values reported 

by Venot et al. (2018). The approximate altitude of unit optical depth as a function of wavelength is shown in 
Figure S2 in Supporting Information S1. Similarly, the production of O( 1S) atoms from photodissociation of CO2 
by solar Lyman α photons (process 1b) is given by the following equation: 

𝑃𝑃1𝑏𝑏[𝑂𝑂(
1
𝑆𝑆)](𝑧𝑧) = [𝐶𝐶𝐶𝐶2](𝑧𝑧)

(

𝜎𝜎
𝑝𝑝𝑝𝑝

1𝑏𝑏
𝑄𝑄𝑄𝑄1𝑏𝑏 𝜋𝜋𝜋𝜋

𝐿𝐿𝐿𝐿𝛼𝛼

𝑜𝑜 exp(−𝜏𝜏1𝑏𝑏(𝑧𝑧)∕cos𝜒𝜒)

)

� (3)

where 𝐴𝐴 𝐴𝐴𝐴𝐴
𝐿𝐿𝐿𝐿𝛼𝛼

𝑜𝑜  is the top-of-atmosphere solar Lyman α flux (Watt m −2), 𝐴𝐴 𝐴𝐴
𝑝𝑝𝑝𝑝

1𝑏𝑏
 is the CO2 photodissociation cross 

section at Lyman α, and τ1b(z) = 𝐴𝐴 𝐴𝐴[𝐶𝐶𝐶𝐶2](𝑧𝑧) 𝜎𝜎
𝑎𝑎𝑎𝑎𝑎𝑎

1𝑏𝑏
 is the vertical optical depth above altitude z for CO2 absorption 

at Lyman α. The altitude of unit optical depth for absorption of Lyman α photons is ∼85 km.

Calculation of O( 1S) production rates for processes 2–5 requires a photoelectron spectrum as a function of alti-
tude and energy and is obtained using the following equation:

𝑃𝑃𝑙𝑙[𝑂𝑂(1𝑆𝑆)](𝑧𝑧) = 𝑛𝑛𝑙𝑙(𝑧𝑧)∫
𝐸𝐸max

𝑊𝑊𝑙𝑙

𝜎𝜎𝑙𝑙(𝐸𝐸)𝜙𝜙(𝑧𝑧𝑧 𝑧𝑧) 𝑑𝑑𝑑𝑑� (4)
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where σl(E) is the cross section for producing O𝐴𝐴 (1S) atoms by electrons at energy E impacting on the species corre-
sponding to process l, and Wl is the corresponding threshold energy. We obtain the energy distribution function 
of the photoelectrons by solving the Boltzmann equation for electron transport using AURIC. The AURIC model 
has been developed for the atmospheres of the Earth (Bishop & Feldman, 2003; Bishop et al., 2007; Strickland 
et al., 1999), Mars, Titan (Stevens, Evans, Lumpe, et al., 2015; Stevens et al., 2011), and Pluto (Steffl et al., 2020). 
A description of the Feautrier method for solving the Boltzmann transport equation is given by Link (1992), 
whereas application of the AURIC model to the Martian dayglow is described by Evans et al. (2015), Stevens, 
Evans, Schneider, et al. (2015), and Peterson et al. (2016). The sources of excitation cross sections σ2−5 for elec-
tron impact on CO2, CO, O2, and O, respectively, are provided in Table 1.

Following Gkouvelis et al. (2018), we assume that the 𝐴𝐴 O
+

2
 density is in photochemical equilibrium below 200 km 

and we use conventional Martian ion chemistry (Fox & Sung, 2001) to calculate its vertical density distribution 
using photoionization of CO2 and photoelectron impact ionization of CO2 calculated with the AURIC model as 
input to a Kinetic PreProcessor (KPP) photochemical model (Damian et al., 2002). In the conventional Martian 
ionospheric photochemistry, the main source of 𝐴𝐴 O

+

2
 ions below 200 km is from the reaction 𝐴𝐴 CO

+

2
  + O → 𝐴𝐴 O

+

2
  + CO. 

We further assume that the loss of 𝐴𝐴 O
+

2
 by dissociative recombination equals the production rate from this reaction. 

That is,

𝑃𝑃6[𝑂𝑂(
1
𝑆𝑆)](𝑧𝑧) = 𝛼𝛼6 𝑄𝑄𝑄𝑄6

[

𝑂𝑂
+

2

]

(𝑧𝑧)
2� (5)

where α6 represents the rate coefficient and QY6 represents the quantum yield. A similar expression 
applies for the production of O𝐴𝐴 (1S) atoms from 𝐴𝐴 CO

+

2
  + e dissociative recombination. Values for rate coef-

ficients and quantum yields along with their references are provided in Table  1. For low solar activity 
(QEUV = 0.5 erg cm −2 s −1) and SZA = 0°, we obtain a peak 𝐴𝐴 CO

+

2
 density of 2.3 × 10 4 cm −3 at 128 km and a 

peak 𝐴𝐴 O
+

2
 density of 2.2 × 10 5 cm −3 at 122 km, which are in good agreement (within ∼30%) with the model 

results reported by Fox et al. (2021) for similar conditions using the Fehsenfeld et al. (1970) rate coefficients 
and O density multiplied by 1.5.

3.2.  Description of Forward Model

The AURIC model incorporates a robust time-dependent 1-D (vertical dimension) treatment of Martian 
photochemistry. Densities of relatively long-lived species are calculated by solving the continuity equation 
while short-lived species are treated using a photochemical equilibrium approximation. While the robust 
AURIC photochemical model is appropriate for studying the dominant contributions to O( 1S) production 
and the drivers of its variability, it is computationally intensive and can require up to several minutes of run 
time on contemporary computing platforms. For our purpose of retrieving CO2 densities and deriving neutral 
temperatures from multiple Mars years of airglow measurements, some degree of approximation is required 
in order to render the problem computationally tractable. Considering the relative magnitude of all the known 
sources of production of O( 1S) atoms in the Martian atmosphere, it is reasonable to exclude processes 3–5 
and 7, since the total contribution from these four processes is estimated to be ∼1% (Gkouvelis et al., 2018). 
Thus, our forward model used for retrieval of CO2 densities includes the dominant processes, which are 1, 2, 
and 6 (see Figure 1).

Using AURIC as the forward model for an iterative optimal estimation retrieval algorithm is computationally 
prohibitive because of the need to calculate photoelectron fluxes required for collisional excitation by electron 
impact on CO2 (process 2) and chemical equilibrium 𝐴𝐴 O

+

2
 densities required for excitation by dissociative recom-

bination (process 6) for each limb scan observation. Thus, we simplify the problem by generating a lookup table 
containing altitude profiles of O( 1S) g-factors (s −1) for process 2 and production rates (cm −3 s −1) for process 6 
as a function of SZA from 0° to 90° and EUVM Level 3 daily averaged solar EUV irradiance spectra for QEUV 
values ranging from 0.5 to 2.0 (erg cm −3 s −1). Production rates for process 6 have an additional dependence on 
CO2 density, which is achieved by scaling a reference CO2 density profile by factors ranging from 0.1 to 50 (nine 
values spaced equally in log base 10). The scale factor is a constant factor applied at all altitudes to the reference 
CO2 density profile. The chosen reference atmosphere is the mean over a full Mars year from the Mars Climate 
Database (MCD) Version 5 (Forget et al., 1999; Millour et al., 2018). The scaling of the reference mean MCD 
CO2 density profile is done so that forward model O( 1S) production rates for process 6 can be obtained for a 
wide range of geophysical conditions at Mars. The mean MCD CO2 profile that we are scaling reflects the mean 
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Mars nonisothermal temperature as a function of altitude. While the exospheric temperature of the reference 
mean MCD CO2 density profile is fixed, the density retrievals allow for adjustments in the scale height of CO2 
as required to fit the observed O I 297 nm profiles. The corresponding derived temperatures reflect these adjust-
ments in the scale height of CO2.

Production rates for specific SZA and QEUV values are obtained using 2D interpolation of the values contained in 
the lookup table, with g-factors for process 2 scaled by the retrieved CO2 density profile for each iteration of the 
optimal estimation procedure until convergence is achieved. Production rates for process 6 require an additional 
interpolation over CO2 density at each altitude for each iteration of the optimal estimation procedure. When 
constructing the lookup table used by the CO2 density retrieval algorithm, detailed comparisons were made 
between the full physics forward model described in the previous section and the approximate forward model 
described here. These comparisons were performed over the full parameter space of the lookup table to ensure 
that interpolation over the chosen grid spacing yielded similar results (i.e., within a few percent) between the full 
physics and approximate forward models.

Simulated O I 297.2 nm limb scan column emission rates (in Rayleigh) for optimal estimation fits to limb scan 
observations are calculated using the following equation:

4𝜋𝜋𝜋𝜋 = 10
−6 ∫

∞

0

𝑗𝑗(𝑠𝑠)𝑑𝑑𝑑𝑑� (6)

where s is slant path distance (km) from the spacecraft along a line of sight and j is the O( 1S) 297.2 nm volume 
emission rate given by Equation 1. Spacecraft altitudes and limb scan tangent altitudes for each observation are 
used to define the viewing geometry for calculating simulated O I 297.2 nm column emission rates. Limb scans 
occurring when the spacecraft is near or within the emitting region (i.e., near or at periapsis) are correctly handled 
when numerically solving the integral in Equation 6. In the next section, we describe our approach for using the 
numerical model described in this section for retrieving altitude profiles of CO2 densities.

4.  Retrieval Algorithms
Here, we describe the algorithms for retrieving CO2 density profiles, solar Lyman α flux, and exospheric temper-
ature. The methods for deriving temperature profiles and associated uncertainties are discussed in detail in 
Appendix A and Appendix B, respectively.

Figure 1.  Volume production rate of O( 1S) atoms from primary sources for conditions during MAVEN orbit 3000 on 14 
April 2016.
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4.1.  CO2 Density and Solar Lyman α Flux

The operational retrieval of CO2 densities from IUVS dayglow observations heretofore have exclusively used 
the relatively bright 𝐴𝐴 CO

+

2
 UVD feature (Evans et al., 2015). The operational profiles, however, have some 

limitations. Two important limitations are that the vertical sampling of these profiles is relatively coarse 
(10 km near the peak of emission increasing to 20 km at 150 km) and they only extend down to 130 km. We 
improve on both of these limitations with the density retrievals described in this section using the oxygen 
297.2 nm feature, which allow for a vertical sampling of 5 km (below 170 km) and densities retrieved down 
to 80 km.

We infer the composition of the atmosphere via IUVS limb scan observations using the Generalized Retrieval 
and ANalysis Tool (GRANT; Evans et al., 2015; Stevens, Evans, Lumpe, et al., 2015), which merges AURIC 
with OPTimal estimation (OPT; Rodgers,  2000) retrieval algorithms (Lumpe et  al.,  1997,  2002,  2007) to 
obtain an optimal atmospheric state solution. The GRANT tool has been applied to dayglow observations of 
Titan for the retrieval of N2 and methane (Stevens, Evans, Lumpe, et al., 2015) and Mars for the retrieval of 
CO2, N2, and O (Evans et al., 2015; Stevens, Evans, Lumpe, et al., 2015). For the present study, we extend 
the Mars algorithm in order to retrieve CO2 densities using MAVEN IUVS limb scan observations of O I 
297.2 nm emission.

Our forward model calculations assume that the atmosphere is spherically symmetric along the line of sight. 
This assumption is justified, since for any given tangent height, the emission is produced from within one or 
two scale heights of the tangent point (roughly 5–50 km, depending on altitude). For tangent heights ranging 
from approximately 80 to 180 km, the mean extent in latitude, longitude, LST, and SZA are 3.2°, 4.3°, 0.3 hr, 
and 3.6°, respectively. The maximum extent in latitude, longitude, LST, and SZA (omitting boundary crossing 
cases that produce large apparent ranges) are 13.0°, 10.4°, 0.7 hr, and 13.0°, respectively. While the typical 
slant path extent of the four parameters is insignificant, an assumption of spherical symmetry begins to fail for 
large SZAs because solar azimuth dependence must be considered. Thus, we use 85° as the upper SZA limit 
for our analysis.

The forward model problem can be expressed in general form as y = F(x) as shown in Evans et al. (2015) with 
the full forward model F defined by the combination of modeled O I 297.2 nm dayglow and an IUVS instrument 
model. For density retrievals, the atmospheric state vector, x, consists of 28 parameters: CO2 density (cm −3) at 
26 altitude grid points covering 60–600 km, a forward model scale factor that corrects for calibration and model 
uncertainties associated with the upper peak of O I 297.2 nm emission, and the solar Lyman α flux that drives 
the lower peak of O I 297.2 nm emission. While the brightness profiles may extend to much lower and higher 
altitudes, the signal-to-noise (SNR) ratio drops to ∼5 or less below ∼80 km and above ∼150 km thus resulting 
in 15 tangent point observations with sufficient SNR. Altitudes outside the 80–150 km range are included in the 
retrieval altitude grid to ensure proper energy conservation in the electron transport code; however, the retrieved 
CO2 densities and derived temperatures below ∼80 km and above ∼150 km trend to the a priori assumption and 
are excluded from the data set and our analysis. We explicitly retrieve the absolute solar Lyman α flux so that we 
can compare the retrieved flux with coincident MAVEN EUVM measurements of this quantity. This comparison 
provides an important test of the absolute performance of the retrieval algorithm.

The solution to the nonlinear forward model problem is discussed in Evans et al. (2015). The covariance of the 
solution (see Equation 8 from Evans et al., 2015) is a weighted sum of uncertainties from the a priori contribution 
and direct inversion of the data:

𝑆̂𝑆 =
(

𝑆𝑆
−1
𝑎𝑎 +𝐾𝐾

𝑇𝑇
𝑆𝑆

−1
𝑦𝑦 𝐾𝐾

)−1� (7)

where Sa and Sy are the a priori and data covariance matrices, respectively. The kernel matrix, K, is the deriv-
ative of the forward model with respect to the state parameters. The 1 − σ retrieval uncertainties calculated by 
the algorithm are the diagonal elements of the retrieval covariance matrix 𝐴𝐴 𝐴𝐴𝑖𝑖 ∼

√

𝑆𝑆𝑖𝑖𝑖𝑖 . The covariance matrix is 
used in formal error propagation to calculate uncertainties in retrieved densities and derived temperatures (see 
Appendix B). We note that this approach uses strict formal error propagation and may underestimate the true 
errors, which must be derived through a detailed error analysis using simulations to quantify individual error 
components, and is beyond the scope of this study.
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The a priori covariance matrix Sa characterizes the uncertainty in the a priori estimate of the state vector and 
varies with altitude in the following manner (see Equation 4 from Stevens, Evans, Lumpe, et al., 2015):

𝜎𝜎
2

𝑖𝑖𝑖𝑖
= 𝑆𝑆

𝑖𝑖𝑖𝑖

𝑎𝑎 =

⎧

⎪

⎨

⎪

⎩

[

0.25 𝑥𝑥𝑎𝑎𝑖𝑖

]2

𝑖𝑖 = 𝑗𝑗

𝜎𝜎𝑖𝑖𝑖𝑖 𝜎𝜎𝑗𝑗𝑗𝑗 exp
[

−((𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑗𝑗)∕(2𝐻𝐻))
2
]

𝑖𝑖 ≠ 𝑗𝑗

� (8)

where i and j are altitude indices, zi is the ith altitude, 𝐴𝐴 𝐴𝐴𝑎𝑎𝑖𝑖
 is the a priori CO2 density at altitude zi, Hi = kTi/mgi is 

a length scale (i.e., scale height) that determines the degree of vertical coupling along the rows of the covariance 
matrix, k is Boltzmann's constant, Ti is the temperature at zi, m is the molecular mass of CO2, and gi is the gravi-
tational acceleration at zi. Scaling of Hi up or down by 50% changes the retrieved densities at 140 km by less than 
20% and the derived temperatures by less than 20 K for both low and enhanced dust activity indicating that the 
results are not significantly dependent on the assumed value of Hi.

The diagonal elements in Equation 8 weight the data with altitude in order to facilitate convergence, where the 
weighting is determined from simulations of the airglow data between 70 and 160 km. The a priori CO2 abun-
dance used to initiate the density retrievals is the mean density as a function of altitude from MCD (Millour 
et al., 2018) sampled over a full Martian year scaled by the factor 𝐴𝐴 2(

𝑧𝑧𝑐𝑐−115)∕7× cos(SZA), where zc is the altitude 
(km) of the upper peak of the observed O I 297.2 brightness profile determined from a Chapman fit (discussed 
in the next section). The a priori scale factor, which is determined from forward model simulations (discussed 
below and by Evans et al., 2015), adjusts the a priori forward model brightness profile so that the peaks of O 
I 297.2 nm emission are reasonably close (i.e., within 5 km) in altitude to the observed emission peaks. The 
reference altitude (115 km) is determined from the upper peak altitude of a model O I 297.2 nm brightness 
profile simulated using the a priori abundance profile. Increasing or decreasing the reference altitude by 5 km 
changes the retrieved densities (derived temperatures) at 140 km by less than 10% (10 K) for low dust activity 
whereas decreasing the reference altitude by 5 km changes the retrieved densities (derived temperatures) by up 
to 67% (15 K) for enhanced dust activity. This behavior is expected during enhanced dust activity (i.e., higher 
CO2 density and peak altitudes), since reducing the reference altitude scales the a priori abundance such that the 
model brightness profile peaks shift substantially in altitude relative to the observed profile causing a significant 
drop in the convergence rate (i.e., the a priori solution requires too many iterations to reach the best fit solution).

The assumed a priori temperature profile used to calculate the length scale Hi is the mean temperature from MCD 
sampled over a full Martian year with an estimated uncertainty of 25%. Inspection of density retrievals applying 
various a priori uncertainties yields an optimal uncertainty value of 25%, which reduces extreme oscillations in 
the density profile while maintaining goodness of fit of the observed brightness profiles based on Pearson corre-
lation coefficients. We find that varying the assumed a priori uncertainty up or down by 50% does not change the 
retrieved CO2 densities (derived temperatures) at 140 km by more than 10% (10 K) for low and enhanced dust 
activity.

We use a priori values of 1.0 and 1.8 × 10 11 (photons cm −3 s −1) for the forward model scale factor and solar 
Lyman α flux, respectively, each with a corresponding uncertainty of 20%. This a priori uncertainty does not 
represent an uncertainty in the forward model brightness or solar Lyman α flux but rather allows for flexibility of 
the retrieval algorithm to control convergence. For the observations with high signal-to-noise used in this study, 
an increase or reduction of the a priori uncertainty by 50% changes the retrieved CO2 densities (derived temper-
atures) at 140 km by less than 5% (5 K).

Detailed simulated retrievals spanning the parameter space of the forward model lookup table (0.5 ≤ QEUV (erg 
cm −2 s −1) ≤ 2.0; 0 ≤ SZA (degrees) < 90; 0.2 ≤ CO2 scale factor (unitless) ≤ 20) were conducted to characterize 
the performance of the retrieval algorithm. Simulated O I 297 nm brightness profiles were generated using the 
full physics forward model described in Section 3.1 containing all sources listed in Table 1 to demonstrate that 
the sources excluded from the approximate forward model used for CO2 density retrievals do not affect or bias the 
retrieved densities. For the full parameter space of the simulated retrievals, the mean error of the CO2 densities 
for altitudes from 80 to 180 km ranges from a few percent to ∼22% in the worst case (SZA = 0°; CO2 scale factor 
∼20). The mean error of the retrieved CO2 density (80–180 km) for the full set of simulated retrievals is 7%. The 
mean error of the retrieved forward model scale factor and Lyman α flux for the full set of simulated retrievals 
are 1.1% and 1.7%, respectively.
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4.2.  Neutral Temperature

The methods for deriving altitude profiles of neutral temperature and associated uncertainties are discussed in 
detail in Appendix A and Appendix B, respectively. In this section we briefly describe the method used to obtain 
the upper boundary condition required by the neutral temperature retrieval algorithm. We derive exospheric and 
mesospheric temperatures by fitting two idealized Chapman functions to altitude profiles of O I 297.2 nm column 
emission observed by MAVEN IUVS as described by Jain et al., 2021 but with the generalized Chapman fitting 
formalism reported by Evans et al. (2020). For the MAVEN IUVS data set under consideration here, the problem 
is generally underdetermined such that the temperature profile tends to be poorly constrained. Thus, our fitting 
function uses three parameters for each of the two Chapman functions (see Equation 2 in Evans et al., 2020): C, 
σn0, and T(s), where gravity varies with altitude, but T(s) = T is a scalar fitting parameter. For the upper peak, we 
use a priori values of 1, 0.05 (cm −1) and 200 (K) for C, σn0, and T, respectively. Similarly, we use 1, 0.001 (cm −1) 
and 150 (K) for the a priori values for the lower O I 297.2 nm emission peak. For both sets of a priori values, the 
corresponding a priori uncertainties for C, σn0, and T are assumed to be 100%, 20%, and 100%, respectively. The 
exospheric temperature (T0), determined through a Chapman fit to the upper peak of the O I 297.2 nm profile, is 
utilized as an upper boundary condition for deriving temperatures from retrieved CO2 densities using hydrostatic 
integration (see Appendix A and Appendix B). Since T0 is obtained from fitting the upper peak of the O I 297 nm 
emission profile, it represents altitudes ≳140 km. In cases where the Chapman fit fails to converge, a value of 
200 K is used for T0.

5.  Methodology
In the following section, we describe the outputs obtained by the retrieval algorithm for CO2 density and temper-
ature obtained via hydrostatic integration of the retrieved CO2 density. The data are filtered according to the 
following:

•	 �SZA ≤ 85°
•	 �Dayside local solar times, 6 ≤ LST ≤ 18 hr
•	 �O I 297.2 nm intensity profiles that span from ≤90 km to ≥160 km
•	 �Mean of O I 297.2 nm brightness profile >1 kR
•	 �Two peaks confirmed via Chapman fits of the O I 297.2 nm emission
•	 �Retrieved forward model brightness scale factor ≤1.2
•	 �Hydrostatic integration temperatures of 50–500 K for altitudes ≲150 km

The data are binned in pressure and parameter space (latitude, longitude, LST, etc.) to create a regular mapping of 
the data for the creation of the temperature contour maps shown in proceeding figures. The motivation for these 
constraints and filters is detailed below.

5.1.  Density Profile Retrievals

Optimal estimation retrievals of CO2 densities are obtained from IUVS observed profiles of O I 297.2 nm emis-
sion that typically span from 70 to 180 km but may vary from scan to scan. The retrieval algorithm uses 26 alti-
tude grid points with equally spaced increments of 5 km from 60 to 170 km and an exponential grid up to 600 km. 
We chose a 5 km step size because it corresponds to approximately one scale height (or a fraction thereof) of 
the Martian thermosphere, depending on altitude and temperature (Bougher et al., 2017; Stiepen et al., 2015; 
Stone et al., 2018) and is the step size and vertical resolution of IUVS O I 297.2 nm observations (McClintock 
et al., 2015). For analysis purposes, we only consider retrieved CO2 densities within the altitude range of the 
corresponding brightness profile (≈80–150 km).

We retrieve CO2 density profiles for 51,957 scans with SZA ≤ 85° and a convergence rate of 81.4%. Figure 2 illus-
trates an optimal estimation fit to an IUVS observation of O I 297.2 nm emission on 14 April 2016 at 22:37 UTC 
during the 9th scan of periapse orbit 3000 (left) as well as the corresponding CO2 density profile retrieved from 
the optimal estimation fit to the IUVS observed emission profile (right). The 5 km steps in the altitude profile 
are the original resolution provided in the IUVS Level 1C data products on the NASA PDS. More details on the 
vertical resolution and FOV can be found in McClintock et al. (2015). While the errors seem small at 180 km in 
Figure 2, the emission profiles decrease exponentially above the upper peak (and below the lower peak). As stated 
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previously, we exclude the low SNR regimes at the highest and lowest altitudes. We refer the reader to Figures 2 
and 3 from Gkouvelis et al. (2018) for additional examples of IUVS O I 297 nm emission profiles.

Figure S3 in Supporting Information S1 shows the results of an analysis of the CO2 retrieval averaging kernel. This 
matrix describes how the retrieved state vector depends on the true atmospheric state (see Lumpe et al., 2002; 
Lumpe et al., 2007, for an extensive discussion). The left panel shows the averaging kernel rows for the ninth scan 
of orbit 3000. The averaging kernel can be used to quantify a priori biases in the retrievals using the relationship 

𝐴𝐴 𝐴x = Ax̂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + (𝐼𝐼-𝐴𝐴)x̂𝑎𝑎𝑎𝑎 , where 𝐴𝐴 𝐴x is the retrieval solution vector, A is the averaging kernel, and I is the identity 
matrix (Rodgers, 2000, p. 47; Lumpe et al., 2002, 2007). The mean percent contributions from the a priori 𝐴𝐴 (x̂𝑎𝑎𝑎𝑎) 
and data 𝐴𝐴 (x̂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) components of the retrieval solution vector for periapse orbit 3000 are shown in the middle panel. 
While there is a decrease in the contribution from the data near 120 km (minimum of ∼60%), it exceeds the 
contribution from the a priori assumption at all altitudes from 80 to 160 km. The right panel of the figure shows 
the full-width-half-maximum of the averaging kernel rows, which we use as a measure of the vertical resolution 
of the retrievals. The vertical resolution varies from ∼10 km at 80 km altitude to ∼18 km at 150 km, which is 
sufficient to resolve variations in the CO2 profile of one or two scale heights.

While the middle panel of Figure S3 indicates that retrieved densities do not exhibit an a priori bias between 
80 and 160 km (i.e., the data has a greater influence on the retrieval solution than the a priori assumption), it is 
important to also confirm that derived temperatures are not biased by the assumed a priori MCD temperature 
profile. To test for a temperature a priori bias we generated two sets of alternative a priori CO2 density and 
temperature profiles using J. Deighan's one dimensional photochemical model (see Supporting Information S1 
for Evans et al., 2022). The first set of a priori profiles correspond to a mesospheric temperature of 125 K, a refer-
ence CO2 column density of 10 20 (cm −2), and exospheric temperatures of 125, 150, 200, 255, 300, and 350 K. The 
second set of a priori profiles correspond to a mesospheric temperature of 135 K, a reference CO2 column density 
of 2.75 × 10 20 (cm −2) and the same exospheric temperatures as used for the first set. Figure S4 in Supporting 
Information S1 shows temperature profiles derived from retrieved CO2 densities using both sets of alternative a 
priori profiles for the eighth scan of orbit 3000 on 14 April 2019 (representative of a quiet dust period) and the 
eleventh scan of orbit 4072 on 2 November 2016 (representative of an active dust period).

The photochemical model a priori temperatures (nonblack curves) shown in Figure S4 in Supporting Informa-
tion S1 include cases that are quite different from the MCD a priori temperature profile (black curves). In fact, 

Figure 2.  (left) Optimal estimation model fit (red) to an O I 297.2 nm limb radiance dayglow profile (black) observed by IUVS on 14 April 2016 at 22:37 UTC during 
the 9th scan of periapse orbit 3000. The blue curve shows the model calculated O I 297.2 nm limb radiance dayglow profile for the conditions of the IUVS observation 
using an a priori mean Mars Climate Database (MCD) atmosphere and daily averaged solar EUV irradiance measured by EUVM. The solar zenith angle, QEUV, 
retrieved scale factor, and retrieved Lyman α flux are shown in the left panel. The black horizontal bars shown with the IUVS data are 1−σ uncertainties reported in 
the Level 1C data file. (right) The CO2 density profile retrieved from the observed O I 297.2 nm limb radiance dayglow profile is shown in red with horizontal bars 
showing formally propagated errors. The blue curve shows the a priori mean MCD atmosphere used to initiate the optimal estimation fit to the observed O I 297.2 nm 
dayglow profile.
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Figure 3.  (top) Model retrieved (black) and EUVM Level 3 (red) Lyman α flux versus Earth month and year. The inverse square of the Mars−Sun distance is shown 
in purple. (bottom) Model retrieved versus EUVM Level 3 Lyman α flux. The linear fit is shown in red. The yellow line represents a linear 1:1 relationship. Data are 
binned in Julian day (bin size = 1 day). EUVM data are daily average Lyman α values from Level 3 Version 14 Revision 3 measurements.



Journal of Geophysical Research: Planets

EVANS ET AL.

10.1029/2022JE007325

13 of 32

several of the a priori profiles are unquestionably nonphysical. However, the 
temperature profiles derived from the retrieved CO2 density profiles using 
the chosen a priori predominately fall within 2-σ errors of the values using 
the MCD a priori. The consistency in the shapes of the derived profiles for 
the selected scans compared to the significant difference in the shapes of 
the photochemical model a priori profiles demonstrates that the derived 
temperature profiles are effectively independent from the a priori below 
∼150 km. However, the results of the analysis indicate that derived temper-
atures may be susceptible to an a priori bias above ∼150 km. Therefore, we 
have constrained the altitude range of the retrieval data set and our analysis 
to 80 ≤ altitude (km) ≤150. Note that the contributions to the solution vector 
shown in Figure S3 in Supporting Information S1 reflect the retrieved densi-
ties rather than the temperatures that are derived from the retrieved densities. 
The derived temperatures are, in fact, more sensitive to the choice of a priori 
density (and temperature) than the retrieved densities, which trend to the a 
priori above 160 km. This behavior is expected given the exponential rela-
tionship between density and temperature. The use of 150 km as the upper 
boundary for our analysis thus reflects the greater sensitivity of the derived 
temperatures to the a priori.

As mentioned in Section 4.1, we independently retrieve the absolute solar 
Lyman α flux, which drives the lower peak of O I 297.2  nm emission, 
and compare to daily measurements from EUVM Level 3 data (Figure 3). 
While the measured solar Lyman α flux is within the standard deviation 
of retrieved values around solar minimum, there is some variability for 
scans when the sun is more active. Differences from scan to scan are 
due to real variations in the atmosphere, or solar illumination (or both), 
as well as residual solar stray light and other artifacts that are not fully 
removed in the IUVS Level 1C data processing pipeline. These variations 
can manifest as variations in the retrieved forward model scale factors or 
CO2 densities (or both). The EUVM measurements are typically greater 
than the retrieved solar Lyman α flux, particularly around perihelion, 
and we find that this is characterized by a slope of 0.27 when comparing 
day-to-day measurements with retrieved values (Figure 3, bottom panel). 
The behavioral difference and the systematic shift between the measured 
and retrieved solar Lyman α flux are most likely due to observational 
effects (i.e., IUVS viewing geometry) and an O I 297.2 nm MUV cali-
bration error discussed in Section 2, respectively. We use these variations 
in the retrieved forward model scale factors relative to expectations or 
other independent measurements (e.g., EUVM measured Lyman α flux) 
as a diagnostic of the technical performance of the retrieval algorithm and 
resulting data set.

Density retrievals use a forward model brightness scale factor that compen-
sates for systematic biases between the observed brightness and values 
calculated by AURIC (Picone,  2008). The sources of these biases are 
primarily from systematic errors in instrument calibration, cross sections 
used in AURIC, and solar EUV irradiance. IUVS MUV calibration uncer-
tainties are estimated to be ±10%, cross section uncertainties are typically 
±25% (Avakyan et al., 1998; Majeed & Strickland, 1997), and EUVM Level 
3 daily irradiance uncertainties are ±5% (Thiemann et al., 2017). We find 
that the retrieved O I 297.2 nm forward model scale factor has a mean value 
of 0.73 ± 0.09 while the IUVS operationally retrieved 𝐴𝐴 CO

+

2
 UVD forward 

model scale factor has a mean value of 0.84  ±  0.09 for periapse scans. 
The middle and bottom panels of Figure 4 illustrate the general agreement 

Figure 4.  (top) Retrieved forward model scale factor versus orbit for 
inbound (green), outbound (blue), and periapse (black) scans retrieved from 
O I 297.2 nm emission and periapse scans (red) retrieved from 𝐴𝐴 CO

+

2
 UVD 

emission. (middle) Scatter plot of the model scale factors retrieved via 𝐴𝐴 CO
+

2
 

UVD versus O I 297.2 nm emission. Data shown are for periapse scans 
only. The red line represents a 1:1 ratio. (bottom) Histogram of the percent 
difference in the forward model scale factors for periapse limb scans derived 
from 𝐴𝐴 CO

+

2
 UVD and O I 297.2 nm emission. The mean percent difference and 

1−σ standard deviation of the percent difference are given for periapse limb 
scans.
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Figure 5.  (top) CO2 density at 140 km versus orbit for inbound (green), outbound (blue), and periapse (black) scans retrieved from O I 297.2 nm emission and periapse 
(red) scans retrieved from the IUVS operational data that uses 𝐴𝐴 CO

+

2
 UVD emission. (bottom) Scatter plot of CO2 density at 140 km determined from 𝐴𝐴 CO

+

2
 UVD and O I 

297.2 nm emission. The yellow line represents a linear 1:1 relationship. The red line represents the linear fit to the data in log − log space. The CO2 densities are binned 
in orbit and exclude side-segment scans since operational retrievals from 𝐴𝐴 CO

+

2
 UVD observations for side-segments are currently unavailable.
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between retrieved forward model scale factors for both 𝐴𝐴 CO
+

2
 UVD and O I 297.2 nm periapse retrievals, with a 

mean difference of −15.7%, signifying a shift to slightly lower forward model scale factors from O I 297.2 nm 
retrievals. For both retrievals, the scale factors of periapse scans typically range from about 0.6 to 1.1 and have 
distributions within a standard deviation of their respective means. This is similarly demonstrated for inbound 
and outbound O I 297.2 nm retrievals, which typically have forward scale factors of 0.65–1.2 (Figure 4, top 
panel).

With the IUVS calibration correction factors discussed in Section  2 taken into account, the systematic bias 
between the forward model and absolute IUVS intensities, evident in Figure 4, will increase. However, this bias 
does not affect the density retrievals or derived temperatures presented here, since the density retrievals are sensi-
tive to the shape of the observed emission profiles but insensitive to the absolute magnitude (Evans et al., 2015; 
Meier et al., 2015; Meier & Picone, 1994). In order to mitigate overfitting and spurious brightness profiles, we 
remove scans with mean intensity values of less than 1 kR, which are on the very low end for the O I 297.2 nm 
brightness profile and typically have poorly defined peaks and forward model scale factors greater than 1.2 (this 
threshold may change when the data are recalibrated).

In Figure 5, we show CO2 densities retrieved from IUVS observations of O I 297.2 nm emission at an altitude 
of 140 km as a function of time (top horizontal axis) and orbit (bottom horizontal axis) compared to operational 
CO2 densities retrieved from IUVS observations of 𝐴𝐴 CO

+

2
 UVD (Evans et al., 2015). Structure in the CO2 densities 

is evident most clearly in maxima, which exhibit a strong inverse correlation with the square of the Mars−Sun 
distance (Figure 5, top panel). CO2 densities illustrate a cyclical trend with Martian year increasing from roughly 
10 9 cm −3 in the northern hemisphere spring to over 10 10 cm −3 in the autumn and winter (Ls > 180°) similar to 
trends observed by Aoki et al.  (2022) in CO2 densities derived from O I 557.7 nm dayglow for MY35 to the 
beginning of MY36. Comparison of densities for periapse limb scans for O I 297.2 nm and 𝐴𝐴 CO

+

2
 UVD shows 

good agreement over the full range of the mission; however, direct orbit to orbit comparison reveals a system-
atic shift toward lower CO2 densities derived from O I 297.2 nm emission characterized by a slope of 0.86 in 
log-log space (Figure 5, bottom panel). This corresponds to a mean difference in retrieved density at 140 km 
of −33.7% ± 15.7% for periapse scans. We note that the operational CO2 retrievals using emission from 𝐴𝐴 CO

+

2
 

evidently saturate in their ability to detect density changes before the retrievals of CO2 using emission from O I 
297.2 nm (Figure 5, bottom panel).

Figure 6.  Retrieved CO2 density (red lines) and derived temperature with corresponding 1−σ uncertainties (yellow lines) with respect to altitude (and approximate 
pressure) are shown. (left) Inbound orbit 3468, 1 st scan (11 July 2016 at 00:57 UTC): Ls = 183.6°, Lat = −11.3°, Lon = −37.7°, local solar time (LST) = 14.4 hr, and 
solar zenith angle (SZA) = 36.5°. These profiles are representative of a scan that exhibits no warm layer (80–110 km). (right) Periapse orbit 14,533, 8 th scan (8 August 
2021 at 21:38 UTC): Ls = 82.9°, Lat = 58.0°, Lon = −104.1°, LST = 15.3 hr, and SZA = 48.0°. These profiles are representative of a region exhibiting a warm layer 
(indicated by the red arrow) between 80 and 110 km that shows an increase in temperature of over 65 K. The solid blue line is the a priori CO2 density. The upper 
boundary condition used for hydrostatic integration, T0, is from the Chapman fit to the upper peak of O I 297.2 nm emission. The mesopause is indicated by the purple 
arrow.
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5.2.  Neutral Temperature Profile Retrievals

We perform hydrostatic integration of retrieved CO2 density profiles from 180 to 60 km to derive altitude profiles 
of temperature and pressure (Snowden et al., 2013; Stone et al., 2018). We use exospheric temperatures retrieved 
from double Chapman fits to IUVS observed O I 297.2 nm emission profiles as an upper boundary condition for 
the hydrostatic integration. An example of a double Chapman fit to a MAVEN IUVS limb scan observation of 
O I 297.2 nm emission is shown in Figure 1 from Jain et al. (2021). Scans that do not have two distinct emission 
peaks (i.e., the fit fails to identify two distinct peaks or the retrieved parameters are not physically realistic) are 
excluded from the analysis. In the event, an O I 297.2 nm emission profile does not meet the aforementioned 
criteria or the Chapman fit fails to converge, an upper boundary temperature of 200 K with 20% uncertainty is 
used for the hydrostatic integration. We note that we derive temperature profiles during each iteration of the opti-
mal estimation procedure since the quenching coefficients discussed in Section 3.1 are temperature dependent. 
Figure 6 shows examples of temperature profiles, derived from the CO2 density profiles shown in the figure (blue 
lines), using the exospheric temperatures (T0) from Chapman fits to the IUVS observed O I 297.2 nm emission 
profiles as the upper boundary condition. The associated temperature uncertainties, determined by formal error 
propagation of the density uncertainties (see Appendix B), are also shown.

To analyze gradients in temperature, the temperature profiles are first binned in latitude (bin size = 5°), longitude 
(bin size = 20°), or LST (bin size = 1 hr) and then in pressure with a bin size of log10(P) = −0.25. The data within 
the corresponding pressure and parameter bin are then used to determine the mean temperatures. In our analysis, 
we consider viable profiles to be  those whose hydrostatic integration temperatures range from 50 to 500 K at 
altitudes ≲ 150 km. Therefore, we use 36,053 scans to examine thermal variability where typical temperature 
uncertainties are approximately ±17% (60–180 km; ∼16 K (8%) at 140 km). Retrieved CO2 densities and derived 
temperatures below the lower altitude limit of the observed O I 297.2 nm brightness profiles are excluded from 
our analysis.

6.  Results
For the first time, CO2 density and temperature profiles are retrieved using O I 297.2 nm emission in the upper 
mesosphere and lower thermosphere (80–150 km) with results for the higher altitude thermospheric peak consist-
ent with values previously determined with 𝐴𝐴 CO

+

2
 UVD emission for a narrower altitude range (130–170 km) and 

lower vertical resolution (factor of 2; Evans et al., 2015). We have also added the IUVS inbound and outbound 
data, which increases the operational database of density and temperature profiles by 37%, typically in places 
where the periapse observations alone are in darkness and do not provide results. In the results discussed below, 
temperature map bins require a minimum of 50% of the scans within a given latitude/longitude/LST bin to be 
included in a pressure bin, otherwise that bin is excluded. This applies primarily to the bins at the highest and 
lowest pressure boundaries. The proceeding figures illustrate results binned in pressure space and constrained in 
altitude from 80–150 km. Some of the approximate altitudes may extend above and below this range; however, 
this is due to binning in pressure space rather than altitude space.

Here, we present an analysis of 36,053 profiles satisfying the constraints discussed above that exhibit patterns 
of upper mesosphere warm regions and a mesopause under various seasonal and geographical conditions. The 
mesopause at approximately 120  km is consistently observed during all seasons. These findings are a direct 
result of the new approach using O I 297.2 nm emission to extend MAVEN's science output from the lower ther-
mosphere to upper mesosphere for a wide range of conditions thus providing an improved understanding of the 
coupling between the two regions and the vertical variability and perturbations that drive thermal escape.

6.1.  Seasonal and Yearly Temperature Variations

Using temperature profiles determined via hydrostatic integration, we construct thermal contour maps of the full 
MAVEN mission by Mars season (with respect to the northern hemisphere): spring (0° < Ls < 90°), summer 
(90° < Ls < 180°), autumn (180° < Ls < 270°), and winter (270° < Ls < 360°) (Figure 7). In Figure 7, and 
all proceeding thermal contour maps, the plots illustrating temperature with respect to latitude (left column, 
Figure 7) include all longitudes and LST from 6 to 18 hr binned in latitude with a bin size of 5°. Likewise 
plots illustrating temperature with respect to longitude (middle column, Figure 7) include all latitudes and LST 
from 6 to 18 hr binned in longitude with a bin size of 20°, and plots depicting temperature with respect to LST 
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(right column, Figure 7) include all latitudes and longitudes binned in LST with a bin size of 1 hr. Each map is 
comprised of over five thousand profiles with exceptional coverage in latitude, longitude, and LST for all seasons.

We observe similarities in the morphological patterns of the temperature maps shown in Figure 7 across seasons 
and geographical parameters. Each map exhibits a mesopause at approximately 10 −3–10 −4 Pa (∼105–120 km) 
in the spring and summer and approximately 10 −2 − 10 −4 Pa (∼105–125 km) in the autumn and winter, with 
temperatures decreasing to 100 K or below. (Note that altitudes corresponding to specific pressure levels will 

Figure 7.  Thermal contour plots for the full MAVEN mission by Mars season. From top to bottom, temperature maps are shown for the spring, summer, fall, and 
winter northern hemisphere seasons for all latitudes, longitudes, and local solar time (LST). From left to right, mean temperature contour plots are shown as a function 
of pressure and approximate altitude versus latitude, longitude, and LST. The corresponding histogram is directly below the contour map. The number of limb scans 
included in the plots is provided in the upper right corner of the latitude histograms.
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vary with conditions and bin size for geophysical parameters.) Plots illustrating binning in longitude, for all 
latitudes and daytime LSTs (Figure 7, middle column), show a defined mesopause that spans the full longitude 
range at approximately 10 −3 Pa (∼115 km). The frequency of each longitude bin exceeds 200 scans, establishing 
statistical significance for this feature of the temperature profile. The mesopause is likewise observed in the LST 
temperature maps (Figure 7, right column) at approximately 10 −3 Pa, with all LST bins exceeding 150 scans. 
Warming below the mesopause is seen in all the temperature maps at pressures greater than 10 −2 Pa, stronger in 
the autumn and winter in comparison to spring and summer and with slightly warmer temperatures at the dawn 
terminator (González-Galindo et al., 2021; Thiemann et al., 2018) reaching temperatures of over ∼170 K.

Previous work illustrating variability across latitude similarly show the mesopause with temperatures reaching 
less than 100 K at approximately 10 −3–10 −4 Pa (Forget et al., 2009; Gröller et al., 2015). The IUVS data shown 
herein reveal a mesopause extending from roughly 10 −2–10 −4 Pa (Figure 7, left column). The most apparent 
structure in the latitude temperature maps for all seasons are the warm regions occurring at pressures greater than 
10 −2 Pa (below ∼100 km). Autumn and winter seasons exhibit stronger warming at southern polar latitudes in 
comparison to spring and summer with temperatures exceeding 190 K. While trends in structure are observed 
with bin frequencies exceeding hundreds of scans in many cases, it is prudent to consider the uncertainties asso-
ciated with the temperatures with respect to pressure. Binned uncertainties and the corresponding standard devia-
tions of the binned uncertainties are provided in Figures S5 and S6 in Supporting Information S1, respectively, in 
the Supporting Information S1. Temperature uncertainties may be large, with typical uncertainties at P > 10 −2 Pa 
from ∼31–46 K, with the larger uncertainties occurring during the dusty season (Ls = 180–360°). These uncer-
tainties are representative of the individual Mars years which typically range from 30 to 45 K (at P > 10 −2 Pa), 
with the exception of autumn in MY34 (discussed in Section 6.3).

Results from Thiemann et al. (2018) from solar occultations during perihelion and aphelion show cooler temper-
atures dominating lower altitudes (below 140 km) with warmer temperatures above 200 K at higher altitudes for 
all latitudes. This is consistent with our dayglow observations, which yield temperatures that reach above 200 K at 
∼140 km and ≲100 K at ∼120 km (mesopause). Nightside observations from Nakagawa, Jain, et al. (2020) show 
temperatures decreasing to 70 K above 100 km and temperatures of 175 K at 70–85 km for latitudes 10°–35° with 
evidence of polar warming at 75–90 km from 80° to 90°S. As discussed above, our findings demonstrate similar 
trends with cold temperatures at 120 km (mesopause) for all seasons and southern polar warming during autumn 
and winter. We also observe a warm region at higher pressures; however, temperatures do not consistently reach 
175 K at equatorial latitudes for all conditions (Figure 7). Year-to-year trends may impact the enhancement of the 
feature, therefore, we discuss the equatorial warm regions below with respect to Martian year and season.

Analysis by Mars year and season yields increased validity to the interpretation above for the full mission data set. 
Figures 8–11 show binned mean temperature maps by Martian year and season ranging from MY32 − MY36. The 
primary result seen in multiple Martian years and across all seasons are warm regions across latitude, longitude, 
and LST at pressures greater than 10 −2 Pa (below ∼ 100 km), as observed in the seasonal plots in Figure 7 detailed 
above. Many of the yearly seasonal plots exhibit higher temperatures in the warm regions during autumn and 
winter at southern poleward latitudes and pressures generally greater than 10 −2 Pa (below 100 km), with upward 
of 50 profiles per bin in several cases. While Figure 7 shows traces of this trend, it becomes more apparent when 
viewing the data by Martian year and season. The trend may be attributed to the dust season (180° < Ls < 360°) 
that occurs every Martian year during which A, B, and C regional dust events form either in the northern hemi-
sphere (A & C) and migrate to the southern hemisphere or that form before northern winter close to the south 
pole (B). Nakagawa, Jain, et al. (2020) also find polar warming from 75–90 km at latitudes poleward of 70° and 
additional warming near the equator at latitudes equatorward of 35° (Ls = 0–180°).

Temperature maps with respect to longitude show stronger warming during autumn and winter and exhibit a 
more well-defined mesopause at consistent pressures as opposed to latitude and LST temperature maps across 
all seasons (Figures 8–11, middle column). Some panels show interesting structures that may be attributed to 
longitudinal waves (discussed in further detail in Section 6.5). The yearly seasonal plots for spring and summer 
appear to show four concentrated regions of increased warming below 100 km in between longitudes −180° and 
−100°, −100° and 0°, 0° and 100°, and 100° and 180°. Some of the autumn and winter panels also appear to 
show warming concentrated around longitudes roughly at −100°, 0°, and 100°. These trends at higher pressures 
(>10 −2 Pa) may be indicative of waves at lower altitudes. The less structurally organized warm region observed 
during autumn MY34 (which encompasses a global dust event) occurs at the lower limit of the temperature map 
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at pressures greater than 10 −2 Pa (below ∼95 km) and lower altitudes in the upper mesosphere. These could be 
indicative of vertically propagating thermal effects from the upper mesosphere into the lower thermosphere.

In the majority of yearly seasonal plots, there is evidence of warming at pressures greater than 10 −2 Pa (below 
100 km) from the dawn terminator, slight cooling toward noon LSTs, and then warming again in the afternoon 
(Figures 8–11, right column). These trends occur at times where the bin frequency exceeds 50 profiles (generally 
exceeding 100 profiles) and establishes statistical significance for the observed trend. The trend is most appar-
ent during northern hemisphere spring and summer but also appears during several of the autumn and winter 
panels from MY32-MY36. Warming at the dusk and dawn terminators has been previously reported in both 
observations and GCMs (González-Galindo et al., 2021; Gupta et al., 2019). Gupta et al. (2019) find a dawn-
dusk asymmetry using Ar, that decreases in altitude, with temperatures about 40 K warmer for dusk at 160 km 
for MY33 and M34. While several of the yearly seasonal plots shown in Figures 8–11 appear to favor warmer 
temperatures at the dawn terminator, this occurs in over ∼50% of the cases, at much lower altitudes, and with 
typically smaller temperature gradients.

6.2.  Mesopause and Warm Regions

Analysis of dayglow limb profiles and the resulting temperature profiles consistently exhibit a defined meso-
pause at pressures of ≲10 −2 Pa (approximately 120 km) in the Martian atmosphere for a range of conditions 
including seasonal variations (Figures  7–14). Previous observations of SPICAM and MAVEN IUVS stellar 
occultations at various latitudes, longitudes, and solar longitudes identified the mesopause between 100–130 km 
and pressures less than 10 −3 Pa (Forget et al., 2009; Gröller et al., 2015). Forget et al. (2009) found mesopause 
temperatures reaching down to about 70 K consistent with our daytime observations. Mars Climate Database 
simulations from Figure 9 of Thiemann et al.  (2018) illustrate similar trends to those observed in the yearly 
seasonal plots  presented here (Figures 8–11). Thiemann et al.  (2018) identified a well-defined mesopause at 
∼120 km with temperatures reaching 100 K and polar warming at southern latitudes below 50°S from 60–85 km 
with temperatures reaching greater than 185 K. Figures 8–11 also show a mesopause at approximately 120 km 
with temperatures reaching below 100 K; however, polar warming is observed at higher altitudes (lower pres-
sures) in only a few of the autumn and winter panels. On Earth, the mesopause anomaly (cooler mesopause 
in the summer than winter) is due to upwelling at the summer pole and downwelling at the winter pole from 
circulation (Garcia & Solomon, 1985). Simulations from Yiğit et al. (2018) find a similar phenomena at Mars 
where the mesopause becomes colder with the minimum temperature shifting to the summer hemisphere. They 
suggest that it is due to the wind distribution and find that zonal jets reverse their directions near the mesopause, 
possibly due to gravity waves.

Figure 6 shows the CO2 density and temperature profiles for two limb scans and highlights the thermal structures 
captured within the profiles. The scans depicted in Figure 6 are the 1st scan of inbound orbit 3468 (11 July 2016 at 
00:57 UTC), when there is no warm layer (left), and the 8th scan of periapse orbit 14,533 (8 August 2021 at 21:38 
UTC), when a warm layer is present (right). The CO2 density profile for the warm layer case has slight oscillations 
below 115 km in comparison to the case with no warm layer and exhibits a peak temperature of 194.0 ± 15.7 K at 
an altitude of 95 km (∼10 −2 Pa). However, for the case with no clear warm layer, the temperature does not exceed 
160 K below the mesopause down to 75 km. Orbit 14,533, illustrating the enhanced warm layer, is a typical 
profile with a change in temperature of over 65 K from the lower boundary at 75 km extending upward to 105 km. 
Limb profiles with like conditions will result in similar temperature profiles.

6.3.  Dust Storm Temperature Variability

The Martian dust storm season extends from Ls = 180°–360° during which regional and planetary engulfing 
dust storms can form. We examine dust storms from MY32–MY36, including the planetary engulfing dust event 
(PEDE) of MY34. Regional and planetary dust events for MY32–MY36 from the LASP MAVEN Data Science 
Center Events page are listed in Table 2. Figure 12 includes scans from all latitudes, longitudes, and MYs in 
the data set and demonstrates an enhanced warm region that occurs during dust season at high pressures (below 
∼95 km; Fedorova et al., 2020; Wolkenberg et al., 2020; Steele et al., 2021). While temperature uncertainties may 
be larger during this period (Figure S7 in Supporting Information S1), the frequency of scans in each bin is also 
large, thus we consider the higher temperatures to be statistically significant. Ten dust storms have been iden-
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tified since the inception of the mission; however, we do not always have the necessary Ls coverage to produce 
the detailed thermal contour maps presented in this work. Therefore, we focus our discussion on the MY34 C 
regional dust event (RDE) at 320.6° ≤ Ls ≤ 336.5° (Figure 13), the B RDE observed during autumn of MY33 at 
249.9° ≤ Ls ≤ 291.7° (Figure 9), and the MY34 PEDE at 188° ≤ Ls ≤ 300° (Figure 14).

Figure 13 illustrates the thermal variability during MY34 C RDE and shows a warm region at P ≳ 3 × 10 −2 Pa 
(≲95 km) in all the contour maps. The event is comprised of over 130 profiles and a minimum of 5 profiles 
per bin per geographic or temporal coordinate. In each temperature map, the warm region is consistently seen 
lower in the atmosphere along the full range of the corresponding geophysical parameter, further demonstrat-
ing that the phenomena is not an artifact but a real observed trend. Temperatures in the warmer region reach 
upward of 180 K in the latitude, longitude, and Ls maps, and upward of 170 K in the LST map with mean 
temperature uncertainties of ∼20 K between 80 and 150 km. However, it is important to note that mean uncer-
tainties can be large at high pressures (∼60 K). Corresponding mean uncertainties for Figure 13 are shown 
in Figure S8 in Supporting Information S1. The various peak temperatures reported for the dust event differ 
because the data are binned differently for each parameter (as noted in the corresponding histograms shown 
in Figure 13). The plots for autumn MY33 shown in the top row of Figure 9 are generated with data obtained 
during the MY33 B RDE (249.9° ≤ Ls ≤ 291.7°). We isolate the regions of the latitude plot that correspond to 
this event and find a warm region at altitudes below 100 km (P > 2 × 10 −2 Pa) and latitudes ∼−26° to −87° 
reaching temperatures of over 180 K. This demonstrates that thermal perturbations in the atmosphere due to 
dust activity may propagate vertically creating warmer regions higher into the lower thermosphere and at low 
to mid latitudes.

Figure  14 shows temperature maps for the MY34 PEDE of 2018, the first global dust storm event since 
MAVEN went into orbit. As indicated by the bottom left panel of Figure 14, the temperature maps illustrate 
the waning phase of the storm after the most active period at Ls ∼ 225°. Each temperature map shows a warm 
region at high pressures (>2 × 10 −2 Pa, less than ∼100 km) across the range of parameters presented, similar 
to the MY34 C RDE discussed above. A warm region occurs at all southern latitudes extending from high in 
the mesosphere to low in the thermosphere, reaching temperatures over 190 K with bin frequencies typically 
exceeding 40 scans. Peak temperatures with respect to longitude, LST, and Ls also exceed 190  K at high 
pressures (<100 km). However, mean uncertainties can be large in this regime, ∼60 K, and are illustrated in 
Figure S9 in Supporting Information S1. González-Galindo et al. (2015) studied the PEDE in MY25, which 
occurred during similar Ls to the PEDE in MY34, and showed that circulation gets damped in the thermo-
sphere due to the development of dust storms thus modifying thermospheric temperatures. They found a strong 
increase in temperature at latitudes equatorward of 60°. Jain et al. (2020) also observed higher temperatures 
near the equator and in the afternoon during the MY34 PEDE with MAVEN IUVS observations; however, 
at higher altitudes. These trends are observed in Figure 14 with warmer temperatures from 50°S to 10°S and 
LST = 11–14 hr.

Figure 3 of Jain et al. (2020) shows thermospheric temperatures at ∼170 km from IUVS data binned in solar 
longitude and latitude, similar to Figure 15 presented here, which includes temperatures from all limb scans 
during northern autumn and spring near the dawn and dusk terminators that meet the criteria described in 
Section 5. The figure demonstrates the consistency in retrieved temperatures at 140 km obtained via hydrostatic 
integration for IUVS observations of 𝐴𝐴 CO

+

2
 UVD and the upper peak of O I 297.2 nm. The mean temperature 

difference determined from periapse limb scan observations of 𝐴𝐴 CO
+

2
 UVD and the upper peak of O I 297.2 nm 

are 10.3 K (spring dusk; Figure 15 left) and 2.3 K (autumn dawn; Figure 15 right) and have 1−σ standard 
deviations of 12.6 and 18.5 K, respectively. The decreasing temperatures approaching lat = 0° with an upturn 
at northern latitudes observed in Jain et al.  (2020) for the MY34 PEDE is clearly seen in the right panel of 
Figure 15 for LSTs near dawn during northern hemisphere autumn, which is part of dust storm season. A similar 
trend was observed in Jain et al. (2021) during solar minimum, shifted to lower latitudes, and is attributed to 
meridional effects. Recent studies using the ExoMars Trace Gas Orbiter found high water vapor abundances in 
the middle atmosphere at altitudes up to 100 km from 60°S to 60°N during the MY34 PEDE that resulted from 
warmer temperatures lower in the mesosphere (Aoki et al., 2019; Neary et al., 2020; Vandaele et al., 2019). 
The latitudinal variation of water vapor exhibits similar trends to Figure 15 and is likewise attributed to the 
seasonal change of meridional circulation: from a two to one cell Hadley circulation (Aoki et al., 2019; Neary 
et al., 2020).
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6.4.  Latitudinal Variability

Thermal variability with respect to latitude is observed in Figures 7–14; however, the variability often encom-
passes a large range in longitude, Ls, and LST. Figure 15 illustrates trends where the latitudinal variability is 
decoupled from other geophysical parameters. Figure 15 shows hydrostatic integration temperatures at a tangent 
altitude of 140 km derived via O I 297.2 nm and 𝐴𝐴 CO

+

2
 UVD emission during northern hemisphere spring and 

autumn for LSTs constrained within a 2 hr bin near the dusk and dawn terminators, respectively. During the 
spring, mean binned O I 297.2 nm temperatures increase equatorward from 173 K at 58°S, reaching 220 K at 

Figure 9.  Continuation of Figure 8 for Northern Autumn of MY33 to Northern Summer of MY34.
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8°S, and decreasing to 179 K at 82°N. The trend reveals a downward parabolic shape with regards to the thermal 
variability. In the autumn, the opposite is observed near the dawn terminator (LST = 6–8 hr) with mean binned 
temperatures decreasing by ∼50 K as they approach lat = 0°. The binned temperatures drop from 201 K at 32°S 
to 152 K at 2°S and then increase again to about 210 K at 47°N. The drop in temperature is also demonstrated 
in  the UVD derived temperatures.

The thermal variability observed near dusk is consistent with NGIMS dayside results from Stone et al. (2022) 
while the asymmetry observed near the dawn terminator is reminiscent of latitudinal variability seen in Jain 

Figure 10.  Continuation of Figure 8 for Northern Autumn of MY33 to Northern Summer of MY34.
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et al.  (2021) at LST = 8–10 hr with a 20 K thermal drop centered around 20°S. The polar warming at dawn 
(McCleese et  al.,  2008) may be caused by downwelling in the polar morning region. Nakagawa, Terada, 
et  al.  (2020) demonstrate a similar pattern of warming near the southern polar region, cooling equatorward, 
and warming toward northern high latitudes; however, at ∼80–90  km and during northern spring/summer 
(Ls = 0–180°). Likewise, enhanced warming appears near the equator at approximately 100 km; however, at 
northern autumn/winter (Ls = 180–360°), with cooler temperatures at high northern and southern latitudes. As 
suggested by Nakagawa, Terada, et al. (2020), upward propagating waves may create a turbulent layer that induce 
vertical mixing and influence the thermospheric composition.

Figure 11.  Continuation of Figure 8 for Northern Autumn of MY33 to Northern Summer of MY34.
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6.5.  Longitudinal Waves and Tides

Several temperature maps binned in longitude (middle column of 
Figures  7–14) demonstrate patterns of wave activity for all seasons and 
Martian years, during both quiet and active dust periods (Figures 13 and 14). 
The longitude maps demonstrate turbulent behavior with intermittent peri-
ods of heating and cooling indicative of wave structures. Alternating periods 
of cool and warm temperatures below approximately 100 km also demon-
strate wave features. Above the mesopause, between approximately 130 and 
140  km, strong warming alternates with cooling, indicating wave activity 
as well. The longitudinal structures above 100 km may be a result of tidal 
influences originating near the surface during the dust storm that modulates 
the upper atmosphere. As suggested by Starichenko et al. (2021), the vertical 
temperature perturbations could be showing gravity waves, which dissipate 
in the mesopause and induce temperature fluctuations.

Temperature maps for northern spring (quiet dust period) with respect to 
longitude and latitude are presented in Figure 16 (upper panels) for upper 
mesospheric altitudes (80–90  km) and lower thermospheric altitudes 
(135–145  km) exhibit warm regions near the equator. The perturbations 
with respect to longitude reflect a wave-like pattern that is similar to the 
wavenumber-3 structure of nonmigrating tides found in the thermosphere 

for both temperatures and CO2 densities (England et  al.,  2019; Jain et  al.,  2021; Lo et  al.,  2015; Medvedev 
et al., 2016; Stevens et al., 2017; Thaller et al., 2020; Withers et al., 2003). Temperatures constrained within a 
3 hr LST bin and in latitude are averaged to illustrate longitudinal variations, with least squares fit to the data as 
detailed in Jain et al. (2021) and Lo et al. (2015).

We show the wavenumber-1 to −3 amplitudes in the bottom row of Figure 16, which have been determined using 
a Levenberg-Marquardt least square fit following Equation 2 of Jain et al. (2021). Nakagawa, Jain, et al. (2020) 
find a wave-3 amplitude of 9.9 K for combined northern spring and summer seasons at Lat = 0–50° N between 
75–85 km. While the wave amplitude at lower altitudes is about 1/3 (3.2 K) for the spring, it does exhibit a 
dominant wave-3 component as reported by Nakagawa, Jain, et al. (2020). At higher altitudes the temperatures 
are ∼51 K warmer and the wave-3 component dominates followed by wave-1 and wave-2 components similar to 
trends observed by England et al. (2019) at altitudes of 150–175 km.

We stress that quantitative comparisons with results derived from other data sets or models can be challenging, 
particularly when attempting to utilize coincident or collocated data sets, therefore such studies should be done care-
fully and cautiously. Finally, we note that the maxima in Figure 16 (bottom) occur at longitudes 69° (148.0 K), −45° 

(150.4 K), and −170° (150.4 K) for the fit to temperatures at 80 < alt < 90 km 
and 129° (210.9 K), 16° (202.5 K), and −97° (199.7 K) for the fit to temperatures 
at 135 < alt < 145 km. The global maxima of the lower and upper atmospheric 
longitudinal waves are therefore about 65° out of phase (Figure 16, bottom), 
and while this is an interesting finding, a detailed analysis of the phenomena is 
beyond the scope of this paper and will be addressed in a future analysis.

7.  Conclusions
In this study, we have presented four Martian years of data spanning from 
MY32 to MY36 (October 2014 to November 2021) and have investigated 
dayside lower thermospheric and upper mesospheric O I 297.2 nm temper-
atures derived via hydrostatic integration using MAVEN IUVS limb scan 
observations. We provide a detailed explanation of the models and algorithms 
implemented to retrieve CO2 number density profiles and derive correspond-
ing temperatures with formally propagated errors. An important advance in 
this work is the inclusion of inbound and outbound limb scans on either side 
of nominal periapse limb scans, which increases the number of profiles for 
analysis by 37%. We show that the retrieved CO2 number densities and temper-

Table 2 
Martian Dust Storm Events a

Mars year Solar longitude (deg) Storm type

MY32 218 ≤ Ls ≤ 251 Regional A

MY32 250 ≤ Ls ≤ 293 Regional B

MY33 217.8 ≤ Ls ≤ 230 Regional A

MY33 249.9 ≤ Ls ≤ 291.7 Regional B

MY34 188 ≤ Ls ≤ 300 Planetary

MY34 249.5 ≤ Ls ≤ 294.4 Regional B

MY34 320.6 ≤ Ls ≤ 336.5 Regional C

MY35 226.6 ≤ Ls ≤ 259 Regional A

MY35 257.6 ≤ Ls ≤ 293.7 Regional B

MY35 316.1 ≤ Ls ≤ 329.9 Regional C

 aDust events are obtained from the LASP MAVEN Data Science Center  
Events webpage (https://lasp.colorado.edu/maven/sdc/public/pages/notebook/
events/index.html#/).

Figure 12.  Thermal contour map with respect to solar longitude for the full 
data set (over 36,000 scans) within the constraints detailed in Section 5 for 
MY32-MY36 with a bin size of 10°. Below the contour plot is a histogram of 
the solar longitude for the corresponding scans. The temperatures shown are 
binned mean values (see Section 5.2).

https://lasp.colorado.edu/maven/sdc/public/pages/notebook/events/index.html#/
https://lasp.colorado.edu/maven/sdc/public/pages/notebook/events/index.html#/
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atures of the  upper peak (∼120 km) obtained using the O I 297.2 nm emission are consistent with results obtained 
by MAVEN IUVS operational retrievals using 𝐴𝐴 CO

+

2
 UVD emissions. We find that derived temperature maps are 

consistent with GCM predictions under similar geophysical conditions (Gupta et al., 2019; Thiemann et al., 2018).

We show for the first time temperature profiles from 80 to 150 km obtained from MAVEN IUVS observations of 
O I 297.2 nm emission. This extends the IUVS operational CO2 density and temperature product that is currently 
reported between 130 and 170 km. This new O I 297.2 nm analysis enables us to bridge the gap and improve our 
understanding of the coupling that occurs between the upper mesosphere and thermosphere of Mars. We find that 
patterns in temperature variability persist across all seasons and Mars years. Four key findings of this paper are as 
follows: (a) the identification of the mesopause at P ≈ 10 −3 − 10 −2 Pa (∼120 km), (b) warming at high pressures 
(>10 −2 Pa, below ∼100 km) across latitude, longitude, and LST for a variety of geophysical conditions, (c) asym-
metry in temperatures near the dawn and dusk terminators with respect to latitude and season, and (d) longitudi-
nal waves observed during both quiet and active dust periods, with lower (80–90 km) and upper (135–145 km) 
atmospheric waves about 65° out of phase.

Thermal variability at low altitudes with respect to latitude could indicate circulation or the impact of gravity 
waves. A study conducted during the second half of MY34 (Ls = 165°–355°) observed enhanced gravity wave 

Figure 13.  MY34 Regional C Dust Event. Contour plots of temperature binned with respect to latitude (top left), longitude (top right), solar longitude (bottom left), 
and local solar time (bottom right) are shown. The corresponding histograms and bin size are below each contour plot. Mean temperature uncertainties are ∼20 K. The 
temperatures shown are binned mean values (see Section 5.2).
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dissipation in the mesopause, which induced temperature fluctuations (Starichenko et al., 2021). Gravity waves 
may also contribute to the southern polar warming observed at autumn and winter seasons. Global circulation 
model simulations by Yiğit et al. (2018) found that gravity wave induced temperature fluctuations dominate from 
100 to 140 km, primarily over the equator and at high latitudes. Therefore we could be observing the impact of 
gravity waves over these regions; however, a thorough analysis of this hypothesis is beyond the scope of this paper.

It is clear that understanding the coupling between the thermosphere and upper mesosphere impacted by variability 
driven by LST changes, longitudinal waves, and gravity waves is crucial to our ability to characterize the Martian 
atmosphere and drivers of thermal escape. While our analysis focused on key general trends in the thermal behavior 
between the mesosphere and thermosphere, these data and future observations are necessary  to constrain models 
and wave activity, and essential to characterize the vertical distribution and the loss of water and its constituents.

Our analysis has revealed thermal variability in the Martian atmosphere from 80 to 150  km with respect to 
latitude, longitude, local time, season, dust activity, and solar activity. As suggested by previous studies, gravity 
waves generated in the lower atmosphere propagate to the thermosphere, coupling the atmospheric layers, and 
produce fluctuations in density (up to 40% locally) that can affect the background atmospheric temperature, 
which is a key parameter driving thermal escape when the H flux into the upper atmosphere is not limited by 
diffusion lower down (Yiğit, 2021; Yiǧit et al., 2021). The density and temperature data presented here provide 

Figure 14.  MY34 Planetary Engulfing Dust Event. Contour plots of the temperature binned with respect to latitude (top left), longitude (top right), solar longitude 
(bottom left), and local solar time (bottom right) are shown. The corresponding histograms and bin size are below each contour plot. The temperatures shown are 
binned mean values (see Section 5.2).
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Figure 15.  Temperatures derived via hydrostatic integration (TH) for O I 297.2 nm and 𝐴𝐴 CO
+

2
 UVD are given for 

inbound, outbound, and periapse orbits during northern hemisphere spring at dusk (left; 0° < Ls < 90°, local solar time 
(LST) = 16–18 hr) and autumn at the dawn terminator (right; 180° < Ls < 270°, LST = 6–8 hr) for MY32-MY36. The red 
diamonds are the retrieved temperatures from hydrostatic integration for the upper peak (at tangent altitude 140 km) of O I 
297.2 nm. The purple asterisks are the retrieved temperatures from hydrostatic integration for 𝐴𝐴 CO

+

2
 UVD from periapse limb 

scans at a tangent altitude of 140 km available from Level 2 data on the NASA Planetary Data System. The black circles are 
the binned mean temperatures from O I 297.2 nm with a bin size of 10° in latitude and error bars showing 1-σ std. dev. The 
mean temperature difference and std. dev. for corresponding periapse limb scans between the two methods is provided.

Figure 16.  (top) Latitude versus longitude temperature maps for northern spring (0° < Ls < 90°) constrained to 8 < local 
solar time < 11 hr. Temperatures shown at 80 < alt < 90 km (left) and 135 < alt < 145 km (right), binned in latitude (bin 
size = 5°) and longitude (bin size = 10°). (bottom) Temperature versus longitude for latitudes −40° to 40° (left) and −50° to 
30° (right). Binned mean temperatures (bin size = 10°) and the corresponding standard error of the mean are shown in black. 
The red curve is the fit to the data. The temperatures shown are binned mean values (see Section 5.2).
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an important but heretofore missing source of information that is needed to directly link weather and waves in the 
lower atmosphere to perturbations in composition and temperature in the upper atmosphere.

Appendix A:  Temperature Derivation
Temperature profiles are derived for CO2 at Mars utilizing an initial temperature estimate at the top of the atmos-
phere (T0, taken from the Chapman fit to the brightness profile with a lower limit of 50 K), a density profile (N), 
radial altitude (r), and planetary data including the molecular mass number (m), mass of Mars (MP), and radius 
of Mars. To determine a temperature profile, we utilize the retrieved density profile, which is known at discrete 
altitudes, and assume that the atmosphere is in hydrostatic equilibrium.
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The pressure at the bottom of each lower altitude layer (Pj) is given by the pressure at the top of the layer 
(Pj−1) plus the weight of the species in the volume of the layer (Wj) divided by the area (Aj). Assuming that 
the volume element is nearly cylindrical, we can consider a layer j with a density Nj that varies exponentially 
over the layer.
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Therefore, Equation A1 may be rewritten as follows:
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This can be further simplified by grouping together constants including 𝐴𝐴 𝐴𝐴𝐴𝑗𝑗 , which is constant as a result of the 
altitude grid produced from the density retrieval, into βj.
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Equation A4 can therefore be expressed as follows:
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and can be further simplified to
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The temperature at each altitude layer may then be calculated using the following equation, where k is Boltz-
mann's constant:
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Appendix B:  Temperature Uncertainty Derivation
Uncertainties in derived temperature profiles are obtained from the corresponding uncertainties in the retrieved 
density profiles. We perform formal error propagation of the density uncertainties through Equation A10, which 
takes into account the assumed a priori uncertainties used in the density retrieval algorithm as well as the upper 
boundary condition used for hydrostatic integration of the density profiles. The uncertainties in derived temper-
atures can be formally expressed as follows:
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The partials in Equation B2 are given as follows:

𝑃𝑃0 = 𝑘𝑘𝑘𝑘0𝑇𝑇0

𝜕𝜕𝜕𝜕0

𝜕𝜕𝜕𝜕0

= 𝑘𝑘𝑘𝑘0

𝜕𝜕𝜕𝜕𝑗𝑗

𝜕𝜕𝜕𝜕0

=
𝜕𝜕𝜕𝜕0

𝜕𝜕𝜕𝜕0

= 𝑘𝑘𝑘𝑘0� (B3)

where are N0 is the density at the top of the profile, T0 is determined from the Chapman fit to the brightness 
profile, 𝐴𝐴 𝐴𝐴𝑇𝑇0

 is the uncertainty for the temperature determined from the Chapman fit, and
𝜕𝜕𝜕𝜕𝑗𝑗

𝜕𝜕𝜕𝜕𝑘𝑘

=
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The partial derivatives of the temperature with respect to density and pressure are given by the following equation:

𝜕𝜕𝜕𝜕𝑗𝑗
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= −
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2
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=
1
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Here 𝐴𝐴 𝐴𝐴𝑁𝑁𝑘𝑘
 and 𝐴𝐴 𝐴𝐴𝑁𝑁𝑖𝑖𝑁𝑁𝑘𝑘

 are the associated uncertainties in the density.

Data Availability Statement
The MAVEN IUVS processed (Level 1C; Version 13 Revision 1) and derived (Level 2; Version 13 Revision 
1) data are publicly available in FITS format on the NASA Planetary Data System (PDS; Deighan,  2018b; 
Deighan, 2018a). The corresponding MAVEN EUVM (Level 3; Version 14 Revision 3) data are publicly avail-
able in CDF format (Eparvier, 2017). Retrieved CO2 densities, derived temperatures, and dust events reported 
herein are publicly available in IDL SAV format (Evans et al., 2023).
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