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a b s t r a c t 

Since July of 2009, The Compact Reconnaissance Imaging Spectral Mapper (CRISM) onboard the Mars Re- 

connaissance Orbiter (MRO) has periodically obtained pole-to-pole observations (i.e., full MRO orbits) of 

limb scanned visible/near IR spectra ( λ = 0 . 4 − 4 . 0 μm, � λ ∼ 10 nm- Murchie et al., 2007). These CRISM 

limb observations support the first seasonally and spatially extensive set of Mars 1.27 μm O 2 ( 
1 � g ) day- 

glow profile retrievals ( ∼ 1100) over ≥ 8–80 km altitudes. Their comparison to Laboratoire de Météorolo- 

gie Dynamique (LMD) global climate model (GCM) simulated O 2 ( 
1 � g ) volume emission rate (VER) pro- 

files, as a function of altitude, latitude, and season (solar longitude, L s ), supports several key conclu- 

sions regarding Mars atmospheric water vapor (which is derived from O 2 ( 
1 � g ) emission rates), Mars O 3 , 

and the collisional de-excitation of O 2 ( 
1 � g ) in the Mars CO 2 atmosphere. Current (Navarro et al., 2014) 

LMDGCM simulations of Mars atmospheric water vapor fall 2–3 times below CRISM derived water vapor 

abundances at 20–40 km altitudes over low-to-mid latitudes in northern spring (L s = 30-60 °), and north- 
ern mid-to-high latitudes over northern summer (L s = 60–140 °). In contrast, LMDGCM simulated water 

vapor is 2–5 times greater than CRISM derived values at all latitudes and seasons above 40 km, within 

the aphelion cloud belt (ACB), and over high-southern to mid-southern latitudes in southern summer 

(L s = 190-340 °) at 15–35 km altitudes. Overall, the solstitial summer-to-winter hemisphere gradients in 

water vapor are reversed between the LMDGCM modeled versus the CRISM derived water vapor abun- 

dances above 10–30 km altitudes. LMDGCM-CRISM differences in water vapor profiles correlate with 

LMDGCM-CRISM differences in cloud mixing profiles; and likely reflect limitations in simulating cloud 

microphysics and radiative forcing, both of which restrict meridional transport of water from summer- 

to-winter hemispheres on Mars (Clancy et al., 1996; Montmessin et al., 2004; Steele et al., 2014; Navarro 

et al., 2014) and depend on uncertain cloud microphysical properties (Navarro et al., 2014). The derived 

low-to-mid latitude changes in Mars water vapor vertical distributions should reduce current model- 

data disagreements in column O 3 and H 2 O 2 abundances over low-to-mid latitudes (e.g., within the ACB; 

Lefèvre et al., 2008; Encrenaz et al., 2015; Clancy et al., 2016). Lastly, the global/seasonal average com- 

parison of CRISM and LMDGCM O 2 ( 
1 � g ) VER below 20 km altitudes indicates a factor of ∼3 times lower 

value ( 0 . 25 × 10 −20 cm 
3 sec −1 ) for the CO 2 collisional de-excitation rate coefficient of O 2 ( 

1 � g ) than derived 

recently by Guslyakova et al. (2016). 

© 2017 Elsevier Inc. All rights reserved. 

h

0

∗ Corresponding author. 

E-mail address: clancy@spacescience.org (R. Todd Clancy). 

ttp://dx.doi.org/10.1016/j.icarus.2017.04.011 

019-1035/© 2017 Elsevier Inc. All rights reserved. 

http://dx.doi.org/10.1016/j.icarus.2017.04.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2017.04.011&domain=pdf
mailto:clancy@spacescience.org
http://dx.doi.org/10.1016/j.icarus.2017.04.011


R. Todd Clancy et al. / Icarus 293 (2017) 132–156 133 

1

 

O  

e  

s  

s  

e  

H  

1  

a  

l  

C  

i  

d

1

 

g  

2  

(  

a  

a  

n  

(  

S  

t  

L

 

s  

n  

t  

(  

(  

o  

d  

h  

n  

d  

v  

p  

S  

(  

g  

i  

t  

M  

w

1

 

m  

e  

b  

e  

t  

M  

s  

l  

(  

s  

M  

e  

o  

g  

t  

O  

t  

a  

a  

t  

t  

M  

a  

a

1

d

 

O  

n  

f  

t  

t  

g  

s  

h  

c  

i  

w  

r  

l  

a  

e  

t  

b  

d

2

 

l  

e  

n  

c  

i  

n  

p  

t  

s

e

2

 

t

o  

t  

a  

v  

b  

t  

T  

a  

∼  

(  

fi  

p  

fl  
. Introduction 

Near-infrared 1.27 μm band emission by electronically excited

 2 (O 2 ( 
1 � g )) in the Mars atmosphere was first detected by Noxon

t al. (1976) , who associated it with the photolysis (and hence

patial distribution) of Mars atmospheric ozone (O 3 ). Mars O 3 is

trongly anti-correlated with Mars atmospheric water vapor ( Barth

t al., 1973 ), through its catalytic destruction by radical HO x (OH,

O 2 , H) products of water vapor photolysis ( Parkinson and Hunten,

972; McElroy and Donahue, 1972 ). The seasonal and spatial vari-

bilities of Mars atmospheric water (vapor and ice) are, in turn,

argely controlled by saturation conditions (e.g., Farmer et al., 1977;

lancy et al., 1996 ) such that atmospheric temperatures strongly

nfluence the seasonal and spatial dependence of Mars O 2 ( 
1 � g )

ayglow. 

.1. Mars O 2 ( 
1 � g ) dayglow observations 

Subsequent observations of Mars O 2 ( 
1 � g ) dayglow from both

round-based ( Krasnopolsky and Bjoraker, 20 0 0; Novak et al.,

0 02; Krasnopolsky, 20 03; 20 07 ) and spacecraft experiments

 Fedorova et al., 2006; Altieri et al., 2009 ) explored comparisons

mong observed and modeled O 2 ( 
1 � g ) spatial and seasonal vari-

tions in the context of atmospheric water distributions and dy-

amical temperature perturbations. In particular, Guslyakova et al.

2016) present the seasonal and latitudinal distribution of extended

PICAM column O 2 ( 
1 � g ) measurements in the context of con-

emporaneous SPICAM water and O 3 column measurements and

MDGCM simulated O 2 ( 
1 � g ) columns. 

Existing observations of Mars O 2 ( 
1 � g ) dayglow have empha-

ized nadir or column integrated measurements, as limb profiling

ear-infrared spectroscopy has only recently been available from

he Mars Express (MEx) SPICAM ( Fedorova et al., 2012 ) and OMEGA

 Bertaux et al., 2012 ) experiments and the MRO CRISM experiment

 Clancy et al., 2012; 2013b ). Published MEx and MRO limb profiling

bservations have primarily addressed polar nightglow rather than

ayglow O 2 ( 
1 � g ) measurements. Polar O 2 ( 

1 � g ) nightglow reflects

igh altitude (40–70 km) production by atomic oxygen recombi-

ation (O + O + CO 2 → O 2 ( 
1 � g )+ CO 2 ), a very distinct process in-

icative of upper level meridional transport rather than O 3 /water

apor distributions. However, Guslyakova et al. (2014) have re-

orted results for SPICAM O 2 ( 
1 � g ) dayglow limb measurements.

PICAM obtained limited spatial resolution at the atmospheric limb

typically poorer than 30 km) and the limb radiance analysis ne-

lects aerosol extinction, limiting conclusions with model compar-

sons. Nevertheless, Guslyakova et al. (2014) demonstrate the po-

ential of O 2 ( 
1 � g ) limb profiles to assess current uncertainties in

ars water vapor profile distributions in season and latitude, as

ell as O 2 ( 
1 � g ) molecular physics. 

.2. Mars O 3 observations and photochemistry 

Direct measurements of Mars atmospheric ozone are much

ore extensive (e.g.; Barth et al., 1973; Fast et al., 2006; Perrier

t al., 2006; Lefèvre et al., 2015a; Clancy et al., 2016 ), but have also

een largely restricted to column measurements with the notable

xception of nightside profile retrievals from SPICAM stellar occul-

ation observations ( Lebonnois et al., 2006 ). Model simulations for

ars O 3 indicate broad areas of agreement with existing O 3 ob-

ervations. These include maximum column abundances over po-

ar latitudes ( Perrier et al., 2006 ) and southern mid-latitude basins

Hellas and Argyre, Clancy et al., 2016 ) in fall-winter-spring sea-

ons, and low latitude O 3 increases above 10 km altitudes around

ars aphelion in northern summer ( Clancy and Nair, 1996; Lefèvre

t al., 2004; Lebonnois et al., 2006 ). However, several key areas

f model-data disagreement are also noted. In particular, Mars
lobal circulation models (MGCM) that simulate the 3D distribu-

ion of atmospheric water vapor tend to underestimate observed

 3 columns by as much as a factor-of-two at high and low lati-

udes ( Lefèvre et al., 20 04; 20 08 ). Portions of this model-data dis-

greement reflect unknown vertical distributions for water vapor

nd O 3 as a function of season and latitude, as well as difficul-

ies in simulating observed water column abundances versus lati-

ude and season ( Navarro et al., 2014 ). Heterogeneous chemistry on

ars clouds may also contribute to differences between modeled

nd observed O 3 columns at high latitudes ( Lefèvre et al., 2008 ),

lthough such chemistry remains uncertain ( Clancy et al., 2016 ). 

.3. CRISM O 2 ( 
1 � g ) dayglow observations and water vapor 

eterminations 

The following presentation of CRISM profile retrievals for

 2 ( 
1 � g ) volume emission rates (VER) provides a unique opportu-

ity to assess the daytime vertical distribution of Mars O 3 as a

unction of latitude and season (solar longitude, L s ), in the con-

ext of MGCM O 3 profile simulations. Such vertical coverage is par-

icularly important in assessing the role of the poorly constrained

lobal vertical distribution of Mars water vapor, as affected by sea-

onally and latitudinally dependent saturation conditions. The en-

anced sensitivity of limb sounding ( ∼60x nadir path lengths), in

onjunction with this vertical profile retrieval capability, promotes

mportant new insights into model versus observationally derived

ater vapor distributions over the extended 10–60 km altitude

ange as a function of season ( L S ), latitude, and (to a lesser extent)

ongitude. These distributions bear on existing model-data dis-

greements in column O 3 ( Lefèvre et al., 2008 ) and H 2 O 2 ( Encrenaz

t al., 2015 ), as well as the global transport of water vapor. Distinc-

ions between observed and modeled O 2 ( 
1 � g ) emission at altitudes

elow 10–20 km further support unique constraints on uncertain

e-excitation rates associated with CO 2 collisions. 

. CRISM limb O 2 ( 
1 � g ) observations 

CRISM is an visible-near infrared ( λ= 0.4–4 μm, 7–15 nm reso-

ution) imaging spectrometer, designed to map Mars surface min-

ralogy at high spatial resolution (15–20 m/pixel) from the MRO

ear-polar, sun synchronous orbit (local time, LT, ∼3pm/3am). Spe-

ific capabilities and early science results from the CRISM exper-

ment may be found in Murchie et al. (20 07; 20 09) . CRISM is

ominally operated in the nadir, with gimbaling in track to im-

rove signal-to-noise ratios ( Murchie et al., 2007 ), spatial resolu-

ion ( Coman et al., 2013 ), and support atmospheric aerosol mea-

urements via emission-phase-function (EPF) measurements ( Wolff

t al., 2009 ). 

.1. CRISM limb observation coverages 

Beginning in 2009, CRISM limb observations have been ob-

ained through MRO spacecraft yaw maneuvers roughly every 30 °
f Mars solar longitude ( L S ), although with numerous interrup-

ions associated with MRO safings or other spacecraft consider-

tions (see Table 1 ). These MRO yaws place the CRISM field-of-

iew (fov) at the atmospheric limb in the plane of the MRO or-

it, the CRISM gimbal provides atmospheric limb scanning from

he surface to altitudes above 110–130 km ( Clancy et al., 2012 ).

he CRISM limb imaging resolution, as set by spatial pixel binning

long the limb and image summing in the vertical scan direction, is

0.5 km. However, as described below, the limb radiative transfer

RT) retrievals generate O 2 ( 
1 � g ) volume emission rate (VER) pro-

les with ∼3 km vertical resolution, which are subsequently inter-

olated to a standard 4 km aeroid altitude grid. This approach re-

ects the weakness of the Mars O 2 ( 
1 � g ) emission in comparison to
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Table 1 

CRISM limb O 2 ( 
1 � g ) dayglow observation summary (each entry is one full orbit of obser- 

vations). 

Date a Year b MY c L S 
d Longitudes e Latitudes f 

July 10,11 2009 29 301 ° H,T 88S–56N 

February 10,11 2010 30 50 ° T 51S–85N 

April 7 2010 30 74 ° H,T 42S–87N 

April 28,29 2010 30 83–84 ° H,T 43S–87N 

May 26 2010 30 96 ° H,T 39S–86N 

August 22,23 2010 30 137 ° 0,100–210W 50S–25S 

August 22,23 2010 30 137 ° 0,100–140W 41N–84N 

October 17 2010 30 166 ° H,T 64S–82N 

December 5,6 2010 30 193 ° H,T 83S–63N 

March 31–April 1 2011 30 265 ° H,T 87S–39N 

May 14,15 2011 30 292–293 ° H,T 86S–44N 

June 28, 2011 30 319 ° H,T 85S–52N 

August 22,23 2011 30 349 ° H,T 81S–65N 

September 13 2011 31 0 ° H,T 76S–70N 

December 10,11 2011 31 41–42 ° H,T 54S–87N 

April 24,26 2012 31 101–102 ° H,T,M 40S–86N 

November 14–16 2012 31 206–208 ° H,M,V 84S–64N 

January 8,9 2013 31 241 ° M,V 87S–47N 

March 7 2013 31 277 ° H 75S–19S 

December 11,13 2013 32 61–62 ° M,V 38S–87N 

February 5,6 2014 32 86 ° H,V 27S–86N 

April 1–3 2014 32 110–111 ° H,M,V 36S–81N 

May 26–28 2014 32 136–137 ° H,M,V 37S–85N 

July 20,22,26 2014 32 164–167 ° H,M,V 54S–86N 

February 13,14 2015 32 290–291 ° H,M 79S–48N 

April 15,17 2015 32 326–327 ° H,M,V 86S–66N 

August 31, September 1,4 2015 33 35–37 ° H,M,V 48S–86N 

October 25,30–31 2015 33 59–62 ° H,M,V 37S–80N 

December 20,23,25 2015 33 84–86 ° H,M,V 33S–85N 

February 28, March 5,6 2016 33 115–118 ° H,M,V 34S–87N 

May 10,11,15 2016 33 150–153 ° H,M,V 47S–87N 

July 3,5,6 2016 33 179–181 ° H,M,V 65S–83N 

August 30 2016 33 213 ° H 83S–3N 

December 21 2016 33 284 ° M 87S–56N 

a Day/Month of CRISM orbit of observations. 
b Year of CRISM orbit of observations. 
c Mars Year of CRISM orbit of observations, as in Clancy et al. (20 0 0) . 
d Mars Solar Longitude (90 ° for northern summer solstice, 70 ° for aphelion). 
e EQ Longitude of CRISM orbit of observations (H ∼ 295W, T ∼ 105W, M ∼ 0W, V ∼ 75W). 
f f Latitudinal Coverage of CRISM orbit of observations (at 6–12 ° latitude intervals). 
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the CRISM sensitivity, and the need to create a consistent vertical

grid for global/seasonal comparisons among CRISM and LMDGCM

model O 2 ( 
1 � g ) VER. 

CRISM limb observations are typically performed over 2–3 full

orbits observed within a 1–5 day period every 2–3 months. This

leads to full latitudinal coverage from each orbit of observation,

including substantial nightside coverage that has supported pre-

vious studies of Mars polar O 2 ( 
1 � g ) ( Clancy et al., 2012; 2013b )

and OH ( Clancy et al., 2013a ) nightglow studies. For the current

O 2 ( 
1 � g ) dayglow study, day-lit latitudinal coverage extends from

winter midlatitudes (30–50 °) to summer polar latitudes including

substantial morning (AM) coverage over the poles. The latitudinal

sampling varies with altitude and latitude along the day-lit orbital

range due to the altitude gimbal scanning pattern, but generally

leads to 6–12 ° latitudinal offsets between limb scans. 

The longitudinal coverage is limited to 2–4 selected longitudes

of interest, centered on Hellas Basin (H-295W), the Tharsis ridge

(T-105W), Meridiani (M-0W), and Valles Marineris (V-75W). Lon-

gitudes here refer to the equatorial (EQ) crossing of the orbit, and

change considerably at very high latitudes (particularly over the

poles) due to the slightly inclined MRO polar orbit. As apparent in

Table 1 , the longitudes of CRISM limb viewing were limited to 2

orbits centered on Hellas and Tharsis regions over 2009–2011 and

then modified to 3 orbits centered on Hellas, Meridiani, and Valles

Marineris from 2012 to 2016. The latter two longitude regions cor-

respond to peak occurrences of mesospheric (55–75 km) CO 2 ice

p

louds, which are particularly well characterized by CRISM visible-

o-near infrared spectra in limb viewing ( Clancy et al., 2015 ). In

act, the cold conditions associated with such clouds lead to CRISM

etections of distinct mesospheric O 2 ( 
1 � g ) emissions at 60–75 km

 Clancy et al., 2015 ), to be addressed in a subsequent paper. Here,

e restrict presented retrievals to altitudes below 60 km, with

 focus on lower atmospheric O 3 and H 2 O profile behaviors via

MDGCM comparisons. 

.2. CRISM O 2 ( 
1 � g ) limb emission characteristics 

The CRISM spectral resolution does not afford resolution of the

 2 ( 
1 � g ) band structure, as demonstrated in Fig. 1 [modified from

lancy et al. (2012) ]. Rather, a band integrated signal is obtained

n three CRISM channels centered on the 1.27 μm band struc-

ure, and adjoining background channels on either side are em-

loyed to isolate the O 2 ( 
1 � g ) emission from aerosol scattering.

hese O 2 ( 
1 � g ) channel selections are indicated in Fig. 1 , as is the

aussian weighting of the CRISM channels near 1.27 μm. Fig. 1 also

resents weak and strong O 2 ( 
1 � g ) emissions captured in May 2016

 L S = 152 °) CRISM limb spectra, as summed for limb tangent alti-

udes over 22–25 km. In this presentation, the broad limb bright-

ess continuum associated with atmospheric aerosol scattering has

een subtracted from each limb spectrum for convenience of com-

arison. 
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Fig. 1. CRISM limb spectra of O 2 ( 
1 � g )1.27 μm limb emission (L s = 152 °, 22–25 km; 

solid histogram line-1S358W; dashed histogram line- 67N85W) in limb reflectance 

units (right vertical axis scale). are compared against a) the CRISM channel spac- 

ing/locations (dotted vertical lines), b) the CRISM instrumental resolution (solid 

Gaussian line at right, FWHM = 10.7 nm), and c) the location and relative strength 

of O 2 ( 
1 � g ) emission lines from 2008 HITRAN (vertical lines and box symbols, scale 

of left vertical axis). At the top of the figure, CRISM channel numbers and channel 

’on’,’off’ O 2 ( 
1 � g )assignments for RT/retrieval analysis are indicated. 

Fig. 2. CRISM limb profiles of O 2 ( 
1 � g ) emission, are presented in I/F reflectivity, 

for the same locations as spectra provided in Fig. 1 (L s = 152 °). Here, limb pro- 

files for O 2 ( 
1 � g ) emission are constructed as the difference between the average 

of the summed radiance in the three CRISM channels listed as ’on’ in Fig. 1 , and 

the average of the summed radiance in the two CRISM channels listed as ’off’ in 

Fig. 1 . O 2 ( 
1 � g ) emission is typically larger at high latitudes and decreases above 

20–40 km altitudes, with peak layers often present above 50 km. 

 

a  

s  

b  

t  

p  

w  

s  

h  

b  

e  

a  

l  

l  

F  

M  

m  

C

 

i  

fl  

t  

t  

p  

s  

d  

g  

e  

e  

i  

O  

l  

a  

v  

e

 

O  

a  

s  

R  

w  

u  

t  

s  

s  

d  

f  

o  

e

3

 

s  

a  

t  

t  

s  

e  

d

3

 

c  

a  

(  

t  

a  

n  

s  

fi  

a  

e  

O  

I  

r  

w

The RT retrieval analysis solves for both water ice and dust

erosol opacity profiles simultaneously with O 2 ( 
1 � g ) volume emis-

ion rates (VER), for self-consistent fits to the ’on-off’ channel limb

rightness differences as described below. Fig. 2 presents band in-

egrated O 2 ( 
1 � g ) limb emission profiles for the CRISM limb spectra

resented in Fig. 1 , indicating the altitude dependences of these

eak and strong cases for O 2 ( 
1 � g ) limb emission. Generally, the

trongest observed O 2 ( 
1 � g ) emission occurs at lower altitudes and

igher latitudes. However, the observed emission often decreases

elow 20 km altitudes due to collisional (pressure dependent) de-

xcitation and aerosol extinction along the limb path. Also gener-

lly, O 2 ( 
1 � g ) limb emission above 40–50 km altitudes falls be-

ow single limb measurement detection levels. However, distinct
ayers of O 2 ( 
1 � g ) emission are apparent at times, as indicated in

ig. 2 . The 70 km emission layer presented in the low latitude

eridiani (1S,358W) limb emission profile of Fig. 2 coincides with

esospheric CO 2 clouds detected and well characterized in the full

RISM limb spectrum for this observation (not shown). 

The limb O 2 ( 
1 � g ) emission presented in Figs. 1 and 2 is given

n units of normal reflectance (I/F), through division by a solar

ux spectrum. Atmospheric aerosol scattering leads to limb con-

inuum reflectance levels approaching surface reflectances at alti-

udes below 10–30 km (depending on aerosol loading). For the

urposes of Figs. 1 and 2 , this scattering has been removed by

imple subtraction of the average ’off’ channel brightnesses in or-

er to emphasize the signal level of the O 2 ( 
1 � g ) emission, which

enerally falls below 0.02 in I/F units over the CRISM channel av-

rage ( Fig. 1 ). The spectral shape of this observed O 2 ( 
1 � g ) limb

mission is closely matched by modeled O 2 ( 
1 � g ) emission employ-

ng the CRISM spectral bandpass, as demonstrated in polar night

 2 ( 
1 � g ) limb observations at altitudes above 40 km. In this case,

ack of aerosol scattering or significant atmospheric extinction (gas

nd aerosol) allows extensive averaging of O 2 ( 
1 � g ) limb spectra for

ery high signal-to-noise ratio spectral shape comparisons ( Clancy

t al., 2012 ). 

For the current topic of solar illuminated limb observations of

 2 ( 
1 � g ) dayglow throughout the atmosphere, careful treatment of

erosol extinction and scattering (and, to a lesser extent, CO 2 ab-

orption) must be employed through spherical multiple scattering

T analysis. In the presentation of the RT and retrieval approaches,

e begin with a brief description of the adopted O 2 ( 
1 � g ) molec-

lar band parameters relevant to O 2 ( 
1 � g ) band emission calcula-

ions. Parameters associated with the comparison of O 2 ( 
1 � g ) emis-

ion and Mars O 3 and water vapor photochemistry ( i.e ., LMDGCM

imulations) are described briefly at the beginning of the model-

ata comparisons. These molecular and photochemical parameters

or Mars O 2 ( 
1 � g ) analysis are more extensively detailed in previ-

us publications ( Novak et al., 2002; Krasnopolsky, 2003; Fedorova

t al., 2006; Clancy et al., 2012; Guslyakova et al., 2014 ). 

. CRISM O 2 ( 
1 � g ) vertical profile retrievals 

Vertical O 2 ( 
1 � g ) VER profiles are retrieved from CRISM limb

pectra using two key elements, a pseudo-spherical limb RT code

nd a nonlinear profile retrieval algorithm. Both of these applica-

ions have been developed and applied to CRISM limb observations

o retrieve dust/ice aerosol and H 2 O abundance profiles in earlier

tudies ( Smith et al., 2011, 2013 ). The addition of O 2 ( 
1 � g ) band

mission is a new development, and so is presented below in some

etail. 

.1. Retrieval approach 

The retrieval of O 2 ( 
1 � g ) VER profiles follows a two-step pro-

ess. Initially, the vertical profiles of dust and water ice aerosols

re retrieved following the algorithm described in Smith et al.

2013) . These aerosols define the continuum level against which

he O 2 ( 
1 � g ) emission signal appears. The vertical distribution of

erosols further affects the detailed appearance of the O 2 ( 
1 � g ) sig-

al through scattering and absorption of the O 2 ( 
1 � g ) band emis-

ion as viewed along the limb path. After the aerosol vertical pro-

les have been retrieved, RT modeling of the CRISM spectrum

cross the selected CRISM channels characterizing the O 2 ( 
1 � g )

mission ( Fig. 1 ) is employed to retrieve the vertical distribution of

 2 ( 
1 � g ) volume emission rate (VER) in units of photons/cm 

3 /sec.

teration between the aerosol and O 2 ( 
1 � g ) profile retrievals is not

equired as the aerosol retrieval employs CRISM spectral channels

ell separated from O 2 ( 
1 � g ) band emission. 
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The retrieval algorithm finds the O 2 ( 
1 � g ) vertical profile that

provides the best fit, in a χ2 sense, between the observed radi-

ance (in the 5 CRISM channels indicated in Fig. 1 , as a function of

height above the surface) and the radiance computed from the for-

ward RT model. The minimization is accomplished using the non-

linear Levenberg-Marquardt retrieval algorithm presented in Press

et al. (1992) . The retrieved output quantity, the vertical profile of

O 2 ( 
1 � g ) VER, is specified just above the surface and every 0.4 pres-

sure scale heights between 0.2 and 9.4 scale heights above the sur-

face. This typically gives coverage up to ∼80 km above the sur-

face with a vertical resolution of 3–4 km. The viewing geome-

try, including the incidence angle, emission angle, phase angle, and

distance from Mars and the Sun, is provided by the MRO/CRISM

project team. 

3.2. Radiaive transfer (RT) approach 

The forward RT model employs the discrete ordinates method

to treat multiple scattering ( Stamnes et al., 1988 ). The atmo-

sphere is divided into vertical layers, and the number of radiation

’streams’ is optimized to accurately model the angular distribution

of the aerosol scattering. We use 50 atmospheric layers, each with

a 0.2 scale height ( ∼2 km) thickness, and 64 streams (32 pairs) to

describe the radiation field. Atmospheric state variables, including

aerosol and O 2 ( 
1 � g ) VER, are specified separately for each verti-

cal layer. Aerosol particle sizes (effective radii, R eff, of 1.5 μm for

dust and 2.0 μm for ice) are adopted from RT modeling analyses

of the spectral dependence of dust absorption in Mars Global Sur-

veyor (MGS) Thermal Emission Spectrometer (TES) spectra ( Wolff

and Clancy, 2003 ) and multi-wavelength comparisons of TES, mini-

ES (from the Mars Exploration Rovers), and CRISM spectra ( Clancy

et al., 2003; Wolff et al., 20 06; 20 09 ). Aerosol scattering proper-

ties are drawn from detailed RT modeling of CRISM emission phase

function (EPF) spectra, which incorporate multiple emission angle

measurements over a large set of locations and seasons to char-

acterize surface and atmospheric (dust and ice) scattering phase

functions ( Wolff et al., 2009 ). 

The limb geometry further requires that spherical geometry

be explicitly treated in the RT modeling. We adopt a ‘pseudo-

spherical approximation’ to full spherical RT ( Spurr, 2002; Thomas

and Stamnes, 2002; Smith et al., 2013 ), in which the diffuse ra-

diation field is calculated via plane-parallel discrete ordinates RT.

The vertically dependent source functions derived from this plane

parallel RT field are integrated along spherical limb paths appropri-

ate to CRISM limb observations. These pseudo-spherical RT calcu-

lations are at least two orders of magnitude faster than an ’exact’

Monte Carlo approach ( Whitney et al., 1999; Wolff et al., 2006 ),

while providing accuracies of order a few percent over a wide

range of Mars scattering conditions ( Smith et al., 2013 ). 

3.3. O 2 ( 
1 � g ) emission added to RT 

The RT code used in this analysis is identical to that employed

by Smith et al. (2013) except for the addition of O 2 ( 
1 � g ) vol-

ume emission to the source function, and the inclusion of weak

CO 2 band absorption affecting the lower two wavelength chan-

nels of modeled O 2 ( 
1 � g ) emission (1.255–1.268 μm, see Fig. 3 of

Fedorova et al. (2006) ). This CO 2 gas absorption is included via

the correlated-k approximation with HITRAN 2004 line strength

parameters ( Rothman et al., 2005 ). The wavelength dependence

of O 2 ( 
1 � g ) volume emission is treated line-by-line, based on HI-

TRANS 2008 line strength parameters ( Rothman et al., 2009 ), and

convolved to CRISM spectral channel resolution prior to RT model-

ing. Inclusion of O 2 ( 
1 � g ) spectral line emission in the correlated-k

quadrature scheme is unnecessary because the total CO absorp-
2 
ion is small and there is negligible overlap of the O 2 ( 
1 � g ) emis-

ion with CO 2 absorption bands at line-by-line resolution. 

O 2 ( 
1 � g ) emission has distinct functional dependences from

hermal emission, such that it is explicitly inserted in the internal

ource function of the existing pseudo-spherical RT code. Conse-

uently, the RT internal source function Q λ( τ , μ, φ) [as defined in

homas and Stamnes (2002) ], is modified as: 

 λ(τ, μ, φ) = 

σλ

d τ/d z(τ ) 
+ (1 − ω λ(τ )) B λ(τ ) + Q 

solar 
λ (τ, μ, φ) 

(1)

The effective vertical coordinate τ is the total (aerosol and CO 2 )

ptical depth, φ is the solar azimuth angle, and μ is the cosine of

he zenith angle. The second term on the right side of Eq. (1) rep-

esents the contribution of thermal emission, where ω λ( τ ) is the
eighted (aerosol and CO 2 ) single scattering albedo and B λ is the

lanck function. Although included in the RT analysis of O 2 ( 
1 � g )

mission, thermal emission is negligible except over the 3.3-3.7

m wavelength range regarding the separate aerosol opacity re-

rievals ( Smith et al., 2013 ). The third term of Eq. (1) represents

he contribution of the solar beam, Q 
solar 
λ

(τ, μ, φ) , to the source

unction, where the solar spectrum is adopted from the MODTRAN

tmospheric radiation code ( Berk et al., 1998 ). 

The first term of Eq. (1) represents the added O 2 ( 
1 � g ) contri-

ution to the internal source function Q λ( τ , μ, φ). Here, σλ is

he specific volume emission rate (calculated by multiplying the

 2 ( 
1 � g ) VER by its normalized wavelength dependence, such that

hat its wavelength dependence sums to unity over the band). In

his case, the O 2 ( 
1 � g ) contribution to radiance per unit distance l

s: 

dI O 2 del 
λ

dl 
= σλ(τ ) (2)

With altitude denoted by z and the extinction coefficient by β ,

 2 ( 
1 � g ) is expressed in the vertical τ coordinate as: 

dI O 2 del 
λ

dτ
= σλ(τ ) 

dl 

dτ
= σλ(τ ) βλ(τ ) = 

σλ(τ ) 

d τ/d z(τ ) 
(3)

A technical consequence of inserting into the RT code an emis-

ion source not intrinsically dependent on τ is that numerical in-

tability can occur over conditions of near-zero d τ/d z . To counter-

ct this instability, each model RT layer is specified to contain non-

ero values for optical depth. More specifically, a minimum level

ptical depth in the form of a gas absorber ( ω λ= 0) is set for all

ertical layers in the RT calculations. The value of this minimum τ
s vanishingly small in terms of measureable impact on retrieved

 2 ( 
1 � g ) VER (or separately modeled aerosol values). 

.4. O 2 ( 
1 � g ) profile retrieval characteristics 

The sensitivity, vertical extent, and error limits of CRISM

 2 ( 
1 � g ) VER profile retrievals are demonstrated in Fig. 3 , which

resents a subset of retrievals (out of ∼1100) for a broad range

f latitudes, longitudes, and seasons (L s ). CRISM observed O 2 ( 
1 � g )

ER are presented in units of 10 6 photons/cm 
3 /second (as are sub-

equently presented LMDGCM model VER). These units are equiv-

lent to 100 kR/km, in the kilo-Rayleigh/km VER units presented

n previous O 2 ( 
1 � g ) polar nightglow ( Bertaux et al., 2012; Clancy

t al., 2012; 2013b ) and dayglow ( Guslyakova et al., 2014; 2016 )

tudies. A limb brightness of roughly 50 MRay (Mega-Rayleighs)

orresponds to a VER of 10 6 photons/cm 
3 /second (assuming no

erosol extinction and Mars atmospheric limb geometry) . 

The baseline retrieval files are provided on fixed pressure co-

rdinate intervals such that, as the Mars atmospheric tempera-

ure ( i.e ., scale height) decreases with altitude, the vertical reso-

ution in km decreases with altitude. In addition, the surface al-

itude/pressure also varies spatially (and seasonally, to a lesser
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Fig. 3. A set of CRISM O 2 ( 
1 � g ) volume emission rate (VER) retrieved profiles is displayed for a range of seasons (L s ) and locations (two latitudes per figure, at a given 

longitude). The presented 1- σ error bars represent measurement errors associated with measurement noise and the Levenberg–Marquardt retrieval algorithm. 
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egree) on Mars. Hence, the specific altitude levels among the

 2 ( 
1 � g ) profile retrievals are variable. For the purposes of this pre-

entation, the full set of O 2 ( 
1 � g ) profile retrievals are interpolated

o a standard aeroid altitude scale with a fixed 4 km grid spac-

ng from 4 to 76 km. This same procedure is applied to LMDGCM

 2 ( 
1 � g ) profile comparisons, which are selected for comparable lo-

ations (latitude, longitude), seasons (L s ), and local times (LT) to

ach 4 km gridded O 2 ( 
1 � g ) profile retrieval (as discussed in fol-

owing sections). 

.5. Retrieval vertical extent 

The retrieval vertical extent for this gridded profile data set al-

ays extends to 76 km, although measurable O 2 ( 
1 � g ) signal is
arely present above 60 km altitudes. The lower boundary of re-

rieval is generally above 8 km, commonly above 16 km, and oc-

asionally above 28 km. This variable lower altitude limit reflects

ariable aerosol (dust and ice) loading in the Mars atmosphere ver-

us space and time, which sets a minimum limb transmission be-

ond which limb tangent altitude O 2 ( 
1 � g ) emission cannot be re-

rieved. Although dust opacity typically exceeds ice optical depths

n the Mars atmosphere, the aphelion cloud belt (e.g., 5–11N in

ig. 3 b, as also evident in the left panel of Fig. 9 ) and polar hood

ce aerosols more commonly limit vertical extents for O 2 ( 
1 � g ) re-

rievals. This is because ice aerosols are typically concentrated at

igher altitude levels (e.g., 15–35 km), whereas dust is more gen-

rally confined near the surface, at least under well mixed condi-

ions. It is also true that the 2009–2016 (primarily MY30-33) range
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Fig. 4. The latitudinal/seasonal (L s ) distributions of CRISM retrieved O 2 ( 
1 � g ) vol- 

ume emission rates (VER, in 10 6 photons/cm 
3 /sec) are presented for gridded aeroid 

altitude levels of a) 12 and 20 km, b) 28 and 36 km, and c) 44 and 52 km. The 

O 2 ( 
1 � g ) VER are presented in binned color ranges according to the provided color 

scale bars. Vertical dotted lines indicate L s values of 90 °, 180 °, and 270 °. 
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of CRISM limb observations does not include planet encircling (ver-

tically extended) dust storm conditions. 

3.6. Sensitivity limits 

The inherent sensitivity limits of CRISM O 2 ( 
1 � g ) profile

retrievals are also demonstrated in Fig. 3 . For low aerosol

scattering conditions (e.g., Fig. 3 c), O 2 ( 
1 � g ) values of 0 . 05 ×

10 6 photons/cm 
3 /sec (5 kR/km) can be retrieved at the one-sigma

level in a single profile retrieval. However, the sensitivity of CRISM

VER profile retrievals is also affected by variable aerosol scatter-

ing/extinction along the limb viewing path, which limits limb path

transmission and increases channel-to-channel noise due to the in-

creased spectral background brightness. This behavior is apparent

during the dusty perihelion atmospheric conditions represented in

Fig. 3 e and f. The 1 σ error bars presented in Fig. 3 are returned

from the Levenberg-Marquardt retrieval algorithm, reflecting mea-

surement noise in the context of the vertical profile inversion, in-

cluding aerosol extinction/scattering effects. 

3.7. The extended set of CRISM O 2 ( 
1 � g ) profile retrievals 

The full set of CRISM O 2 ( 
1 � g ) profile retrievals is provided in

Fig. 4 , which presents the latitude/L s behaviors for O 2 ( 
1 � g ) VER at

6 aeroid altitude levels of 12, 20, 28, 36, 44, and 52 km. Although

additional 4-km grid levels exist over 8–80 km, Fig. 4 exhibits the

key characteristics of Mars atmospheric O 2 ( 
1 � g ) dayglow emission.

These include large spatial/temporal variability, high latitude en-

hancements, strong orbital (L s ) variability, peak emission over 8–

44 km altitudes, and weaker variable emission at 48–60 km al-

titudes. The large L s variation at higher altitude levels (28–44 km

versus 12 and 20 km) reflects the strong orbital dependence in the

Mars atmospheric water vapor saturation conditions. As described

subsequently, the lower altitude level measurements provide spe-

cific sensitivity to the collisional de-excitation of O 2 ( 
1 � g ), and all

altitude levels are sensitive to atmospheric water vapor abundance.

Fig. 4 also illustrates the uneven measurement coverage in L s ,

with much reduced coverage over the perihelion (L s = 180–360 °)
to early northern spring (L s = 30 °) periods. This L s coverage bias
is largely circumstantial, but it is also true that higher dust load-

ing and reduced O 2 ( 
1 � g ) VER limit detection capability. Only ≥1 σ

detection measurements are represented in these plots. 

4. LMDGCM simulations of O 2 ( 
1 � g ) VER profiles 

Interpretation of Mars O 2 ( 
1 � g ) VER profiles is complex in

at least two aspects, the need to employ a Mars GCM photo-

chemical model and the need to employ considerable tempo-

ral/spatial averaging in such model-data comparisons. The latter

limitation reflects the extreme variability of Mars O 2 ( 
1 � g ) emis-

sion as forced by similarly extreme Mars atmospheric water va-

por variability, particularly with respect to vertical profile com-

parisons ( Maltagliati et al., 2013 ). The former limitation follows

from the derivative nature of O 2 ( 
1 � g ) emission, which depends on

solar illumination-dependent O 3 photolysis rates ( i.e ., photomet-

ric angles and atmospheric extinction), on atmospheric density-

dependent molecular properties ( eg , collisional de-excitation by

CO 2 ), and most significantly on Mars O 3 photochemistry. Mars O 3 

photochemistry depends on a number of atmospheric parameters,

the most important of which is water vapor. Mars water vapor,

in turn, is dependent on non-local surface sources (e.g., polar ice

reservoirs), global transport (horizontal and vertical), and highly

temperature-sensitive vapor saturation conditions (including cloud

microphysics). Hence, a sophisticated MGCM capable of simulating

O photochemistry and the complete spatial distribution of water
3 
apor as a function of time (LT and L s ) and space (latitude, lon-

itude, altitude) is a necessary requirement for quantitative inter-

retation of the CRISM O 2 ( 
1 � g ) profile data set. In fact, implica-

ions regarding the spatial/seasonal distribution of Mars water va-

or constitute a major focus for the O 2 ( 
1 � g ) model-data compar-

sons of this study. 

There are a number of Mars GCM codes adapted for photo-

hemical simulations, particularly for O 3 , which constitutes the

ost extensive Mars photochemical database ( Lefèvre et al., 2004;

oudden and McConnell, 2007; Neary and Daerden, 2013 ). The

aboratoire de Météorologie Dynamique (LMD) GCM is the most
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xtensively developed such code, in terms of range of modeled

pecies and published comparisons to extensive observational data

ets. LMDGCM studies have been conducted for Mars O 3 ( Lefèvre

t al., 2004; Perrier et al., 2006; Lebonnois et al., 2006; Lefèvre

t al., 2008; Montmessin and Lefèvre, 2013; Clancy et al., 2016 ),

 2 O 2 ( Encrenaz et al., 2008; 2015 ), O 2 ( 
1 � g ) ( Bertaux et al., 2012;

agné et al., 2012; Clancy et al., 2012; 2013a; Guslyakova et al.,

016 ), CH 4 ( Lefèvre and Forget, 2009 ), OH ( Clancy et al., 2013a ), NO

 Gagné et al., 2013 ), CO ( Encrenaz et al., 2006; Clancy et al., 2016 ),

nd thermospheric/ionospheric chemistry ( González-Galindo et al.,

013; Chaufray et al., 2015 ). Of particular value to the current

tudy, the LMDGCM has been employed widely in interpretation

f water vapor measurements, including the affects of cloud mi-

rophysics, cloud radiative heating, and supersaturation conditions

 Montmessin et al., 2004; Madeleine et al., 2012; Maltagliati et al.,

013; Navarro et al., 2014 ). 

.1. LMDGCM simulations of O 2 ( 
1 � g ) and H 2 O 

The presented LMDGCM simulations employ the latest

MDGCM photochemical configuration, including a detailed

loud microphysical scheme that provides for dust particle

cavenging, water vapor supersaturation, and variable parti-

le size effects. Navarro et al. (2014) shows that treatment of

hese processes significantly improves model-data agreement for

he seasonal/latitudinal distribution of Mars atmospheric water

olumns, which had deteriorated with the inclusion of cloud

adiative forcing in earlier LMDGCM simulations ( Haberle et al.,

011; Madeleine et al., 2012; Urata and Toon, 2013 ). These changes

n the LMDGCM treatment of cloud microphysics, including dust

nteractions, also lead to significant changes in modeled water

apor vertical profiles, through vertical redistribution associated

ith water ice gravitational settling and through water vapor

upersaturation associated with cloud nucleation limitations

 Navarro et al., 2014 ). However, the modeled vertical distributions

f water vapor are less constrained by reasonably well observed

ater vertical columns (e.g.; Smith, 2004; Fedorova et al., 2006;

ouchet et al., 2007; Smith et al., 2009; Trokhimovskiy et al.,

015 ), which are dominated by lower (z ≤ 10-15 km) atmospheric

ater. 

Water vapor profile comparisons between LMDGCM simulations

nd observations are hampered by the lack of H 2 O profile retrievals

ith sufficient seasonal/latitudinal coverages. This is a significant

imitation given the relevance of such profiles on Mars atmospheric

ater transport, clouds, and photochemistry. SPICAM solar occulta-

ion measurements indicate both the potential importance of su-

ersaturation and the extreme variability of water vapor above

0–30 km altitudes ( Maltagliati et al., 2011; 2013 ). Navarro et al.

2014) demonstrate that SPICAM solar occultation profile retrievals

or water vapor are generally supportive of current LMDGCM sim-

lated supersaturation conditions. However, SPICAM water vapor

rofile retrievals are limited in seasonal/latitudinal coverage. This,

oupled with the extreme spatial/temporal variability of water va-

or profiles, limits model-data comparisons of global water vapor

rofile behaviors. 

Although not a direct measurement of water vapor, CRISM

 2 ( 
1 � g ) profiles bring several new advantages to observationally

onstraining Mars atmospheric water vapor profiles. As shown in

ig. 5 , LMDGCM water vapor and O 2 ( 
1 � g ) VER are anti-correlated

ver 2–3 orders of magnitude variations due to very direct photo-

hemical coupling between these species in the Mars atmosphere

see also, Fig. 8 of Guslyakova et al., 2016 ). The full latitude/season

CRISM corresponding) set of LDMGCM O 2 ( 
1 � g ), H 2 O values at

4 km aeroid altitude is presented in the left panel against a

imple inverse dependence (dashed line). The right panel defines

his inverse relationship with reduced scatter for a more restricted
easonal/spatial regime (corresponding to the aphelion cloud belt),

here the variations of other factors (atmospheric density, O 3 and

 2 O photolysis rate coefficients, etc.) are minimized. 

This supports a fairly direct inference of water vapor profiles

rom O 2 ( 
1 � g ) profiles based on LMDGCM photochemical simula-

ions. Secondly, the extensive seasonal and latitudinal coverage and

umber of the CRISM O 2 ( 
1 � g ) profile retrievals ( Table 1 ) supports

efinitions of seasonal/latitudinal average behaviors, which in turn

onstrains seasonal/latitudinal averages for water vapor profile dis-

ributions. Furthermore, the anti-correlation of water vapor and

 2 ( 
1 � g ) emission means that CRISM sensitivity is optimized for

ow rather than high water vapor abundances, which is opposite

hat for direct water vapor measurements, such as by SPICAM solar

ccultation measurements. Consequently, although CRISM O 2 ( 
1 � g )

rofile retrievals are not a direct water vapor measurement, they

ctually provide significant new constraints on the Mars atmo-

pheric water vapor distribution versus altitude, season (L s ), and

atitude. 

.2. LMDGCM simulation cases 

The presented LMDGCM simulations are characterized by the

ame longitude/latitude grid spacing ( 64 × 48 ) as in Navarro et al.

2014) , but with a more extensive altitude range ( ∼150 km vs

0–100 km) to facilitate ongoing O 2 ( 
1 � g ) comparisons over 60–

00 km altitudes. Model radiative and photochemical parame-

ers and processes are described in prior observational compar-

sons with the LMDGCM (e.g. Lefèvre et al., 2004; Perrier et al.,

0 06; Lebonnois et al., 20 06; Lefèvre et al., 20 08; Madeleine et al.,

012; Bertaux et al., 2012; Clancy et al., 2012; Guslyakova et al.,

016; Clancy et al., 2016 ). These include heterogeneous chemistry,

loud radiative forcing, interactive dust, and cloud microphysical

pproaches developed by Lefèvre et al. (2008) , Madeleine et al.

2012) , and Navarro et al. (2014) . In the interactive dust scheme,

ust columns are fixed to the Mars Climate Sounder MY26 cli-

atology from Montabone et al. (2014) and the vertical profile of

ust abundance is adjusted according to calculated effects of global

ransport, gravitational settling, and dust scavenging by ice clouds. 

Aside from the significant modifications in water vapor pro-

le calculations introduced by Navarro et al. (2014) , the LMDGCM

 2 ( 
1 � g ) photochemical and molecular properties are the same as

mployed for Mars polar O 2 ( 
1 � g ) nightglow studies ( Bertaux et al.,

012; Clancy et al., 2012 ). However, a key distinction in O 2 ( 
1 � g )

ayglow analysis is the dominance of the ozone photolysis contri-

ution, 

 3 + hν → O 2 ( 
1 � g ) + O (4)

ver termolecular recombination of atomic oxygen 

 + O + CO 2 → O 2 ( 
1 � g ) + CO 2 (5)

or Mars O 2 ( 
1 � g ) dayglow. Both of these modeled contributions are

dded in comparisons to CRISM O 2 ( 
1 � g ) dayglow observations, but

he contribution from O 3 photolysis dominates to altitudes above

0 km. Hence, Mars O 2 ( 
1 � g ) dayglow is predominately dependent

n Mars water vapor (rather than atomic oxygen density) over the

ull altitude range of the presented CRISM O 2 ( 
1 � g ) retrievals. 

Apart from the detailed distribution of Mars atmospheric wa-

er vapor, two additional atmospheric processes affecting Mars

 2 ( 
1 � g ) dayglow are currently uncertain. The first process regards

eterogeneous (ice cloud) removal of atmospheric HO 2 and OH,

hotolysis products of water vapor that catalytically reduce O 3 and

ence O 2 ( 
1 � g ) emission ( Lefèvre et al., 2008 ). The efficiency of this

rocess remains uncertain ( Clancy et al., 2016 ), but its inclusion

n LMDGCM photochemical simulations can improve model-data

omparisons for high latitude column O 3 measurements ( Lefèvre

t al., 2008; Clancy et al., 2016 ). Given that O 2 ( 
1 � g ) originates from
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Fig. 5. The LMDGCM simulated values for O 2 ( 
1 � g ) VER and water vapor density are plotted against one another for all locations/times of CRISM O 2 ( 

1 � g )1 σ detection 

measurements at an aeroid altitude of 24 km, and more narrowly within the aphelion cloud belt (ACB, right panel) for an aeroid altitude of 28 km. Dashed lines indicate 

simple inverse proportional dependences, where a single such line reasonably fits a much narrower range of other model parameter variations (such as photolysis rate 

coefficients) for the ACB region (right panel). Model water vapor abundance and O 2 ( 
1 � g ) emission exhibit inverse proportionality over ∼ 2 orders-of-magnitude variation. 
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O 3 photolysis, it is useful to compare model-observed O 2 ( 
1 � g ) pro-

files for simulations with and without heterogeneous chemistry on

Mars water ice clouds. This provides some indication of the de-

gree to which current photochemical modeling uncertainties im-

pact comparisons between LMD GCM simulated and CRISM re-

trieved O 2 ( 
1 � g ) VER profiles. As it turns out, the modeled O 2 ( 

1 � g )

sensitivity to this effect is concentrated to higher latitudes and

lower altitudes where the second key modeling uncertainty also

becomes most influential. This second parameter regards the de-

excitation of O 2 ( 
1 � g ) through CO 2 collisions, which is also a mea-

surement target for the current analysis. 

The timescale for collisional de-excitation of the electronically

excited O 2 ( 
1 � g )state approaches its radiative timescale for 1.27 μm

emission (4460 s; Lafferty et al., 1998 ) at lower atmospheric, peak

CO 2 densities. As a consequence, CO 2 collisional de-excitation plays

a significant role in reducing O 2 ( 
1 � g ) emission, particularly below

20 km altitudes. Currently, the rate coefficient for O 2 ( 
1 � g ) col-

lisional de-excitation by CO 2 , K CO 2 , is poorly known from labora-

tory constraints ( Leiss et al., 1978; Burkholder et al., 2015 ) and

so has been the subject of several analyses associated with Mars

column O 2 ( 
1 � g ) observations ( Krasnopolsky, 2009; Gagné et al.,

2013; Guslyakova et al., 2016 ). The current set of CRISM O 2 ( 
1 � g )

VER profile retrievals is better suited to this task as lower at-

mospheric O 2 ( 
1 � g ) VER, which are disproportionately dependent

on CO 2 collisional de-excitation, can be assessed separately from

O 2 ( 
1 � g ) above 20 km altitudes. Consequently, CRISM O 2 ( 

1 � g ) VER

below 20 km altitude are employed to constrain K CO 2 . Because

such O 2 ( 
1 � g ) (or O 3 ) also depends on the model water vapor

below 20 km altitudes, the derived K CO 2 is correlated with the

global/seasonal average for model water abundances below 20 km

altitudes, or effectively with observed average atmospheric water

columns for which the model has been tuned to simulate. How-

ever, this error source is considerably smaller than contributed by

the uncertain effects of heterogeneous chemistry, as treated below.

Towards the derivation of K CO 2 , LMDGCM O 2 ( 
1 � g ) compari-

son values are calculated for K CO 2 = 0.73, 0.50, 0.25, and 0 . 125 ×
10 −20 cm 

3 sec −1 . This range includes recently derived estimates
e.g. Guslyakova et al., 2016 ) and encompasses the current esti-

ated value. Model O 2 ( 
1 � g ) VER are calculated offline from the

tored output of LMDGCM simulations, as O 2 ( 
1 � g ) is a simple

roduct (rather than active participant) of Mars photochemistry.

his variation in K CO 2 is calculated from full LMDGCM simulations

ith and without heterogeneous chemistry, which forces addi-

ional variations in primarily high latitude O 2 ( 
1 � g )) (or O 3 ) inde-

endent of water vapor abundance. 

Additional LMDGCM simulations, in which the LMDGCM water

apor distribution is modified to bring about improved model-data

greement for O 2 ( 
1 � g ) VER profiles, are not attempted. This would

equire detailed analysis of the complex set of LMDGCM model

arameters that are currently tuned to achieve model-data agree-

ent in the global/seasonal distribution of Mars atmospheric wa-

er vapor columns ( Navarro et al., 2014 ). It is not clear how simply

hese same model parameters may be adjusted to affect specific

ater vapor profile changes, nor how well available water vapor

rofile and O 2 ( 
1 � g ) observations would guide such tuning. Instead,

odel-data comparisons for O 2 ( 
1 � g ) VER profiles versus latitude

nd season (L s ) are characterized in terms of derived global wa-

er vapor profile differences relative to the current Navarro et al.

2014) standard. The spatial/seasonal character of these differences

re then discussed in terms of atmospheric processes that affect

ars water vapor profiles, such as transport and cloud micro-

hysics, in the context of the Navarro et al. (2014) analysis. 

. Model-data comparisons for O 2 ( 
1 � g ) VER profiles 

Extreme (order-of-magnitude) local variability in both LMDGCM

imulated and CRISM retrieved O 2 ( 
1 � g ) VER results from ex-

reme temperature sensitivity to water vapor saturation condi-

ions (e.g., Fig. 5 ). Fig. 6 indicates model-data correspondence

ithin the aphelion cloud belt. Each plotted point indicates

odel (ordinate) and data (abscissa) values for colocated (lati-

ude,longitude,altitude), cotemporal (L s , LT) comparison points over

 s = 60 −100 °, 20S–30N latitudes, and 24–32 km aeroid altitudes.

bsence of detailed correlation between modeled (LMDGCM) and
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Fig. 6. The correspondence of co-located, co-temporal LMDGCM (vertical axis) and 

CRISM retrieved (horizontal axis) O 2 ( 
1 � g ) VER within the aphelion cloud belt region 

(L s = 60 −100 °, 20S–30N, 24–32 km aeroid altitudes). One-to-one correspondence 

is weak due to lack of detailed correspondence between LMDGCM modeled and 

CRISM observed local temperature/water abundance conditions. The apparent aver- 

age correlation (solid line) reflects average model-data L s /latitude/altitude trends in 

water vapor, and hence O 2 ( 
1 � g ) emission, over the binned region/period. 
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ctual (CRISM) atmospheric temperature variability at a given lo-

ation and time masks global and seasonal correlations between

odel and observed O 2 ( 
1 � g ) VER. Fig. 6 clearly exhibits an av-

rage correlation between CRISM and LMDGCM O 2 ( 
1 � g ) VER dis-

ributions associated with average latitudinal, altitude, and L s 
rends within the presented aphelion cloud belt (ACB) extents. But

ig. 6 also demonstrates that considerable spatial/temporal bin-

ing is required to map such large-scale correspondences between

odel and observed O 2 ( 
1 � g ) VER distributions. 

Fig. 6 model results employ heterogeneous chemistry and

n O 2 ( 
1 � g ) collisional de-excitation rate coefficient (K CO 2 ) of

 . 25 × 10 −20 cm 
3 sec −1 . All of the following model-data compar-

sons adopt this baseline LMDGCM configuration, with the ex-

eption of model-data comparisons applied to a best-fit deter-

ination for K CO 2 . This reflects the resulting best-fit value for

 CO 2 so obtained and the currently standard heterogeneous chem-

stry mode for LMDGCM photochemical simulations ( Lefèvre et al.,

015b ). Figs. 7 and 8 compare model and observed O 2 ( 
1 � g ) VER

ersus L s for low latitudes and northern high latitudes, respec-

ively. The two presented panels in Fig. 7 for low latitudes (30S–

0N) demonstrate relatively modest (surface) longitudinal varia-

ions for O 2 ( 
1 � g ) VER at 28–32 km altitudes, as exhibited over

alles/Meridiani (left panel) versus Hellas Basin (right panel) longi-

udes. Fig. 7 does suggest that observed O 2 ( 
1 � g ) emission extends

onger over the aphelion, northern summer season (L s = 100–140 °)
or the Valles/Meridiani versus Hellas longitude corridor, which

s less evident in the model O 2 ( 
1 � g ) VER. Furthermore, observed

CRISM) low latitude O 2 ( 
1 � g ) over the perihelion, southern sum-

er season (L s = 140–330 °) reaches minimum values 2–3 times

arger than exhibited by the model (LMDGCM). This behavior is

lso exhibited in Mars O 3 column measurements ( Lefèvre et al.,

015b ), which suggests that model water vapor abundances above

0 km altitudes are too large for the perihelion half of the Mars

ear at low latitudes. This behavior is explored over a larger range

f latitudes and altitudes in following figures presented in this pa-

er. 

Fig. 8 presents northern high latitude O 2 ( 
1 � g ) VER over 20–

4 km altitudes, for latitude ranges of 50–60N (left panel) and
0–70N (right panel). Peak O 2 ( 
1 � g ) VER in northern spring/early

ummer (L s = 40–70 °), early fall (L s = 140–200 °), and late winter

L s = 330–360 °) exhibit general agreement between observed and

odeled O 2 ( 
1 � g ) VER. However, CRISM O 2 ( 

1 � g ) VER fall below

MDGCM values by as much as an order-of-magnitude around

orthern summer solstice (L s = 70–130 °). This behavior is less ap-
arent in observations of Mars O 3 column abundances ( Clancy

t al., 2016 ), suggesting enhanced vertical extension of high lati-

ude water vapor for observed versus modeled conditions. 

.1. Latitude/altitude cross-sections for O 2 ( 
1 � g ) VER 

To better explore such latitudinal and vertical distinctions be-

ween CRISM and LMDGCM O 2 ( 
1 � g ), a set of latitude/altitude plots

or CRISM/LMDGCM O 2 ( 
1 � g ) VER ratios are presented in Figs. 9

nd 10 for L s bins of 30–60 °, 60–140 °, 200–310 °, and 320–360 °.
hese L s bins are selected to represent Mars atmospheric sea-

onal/orbital variations, but are also constrained by the uneven L s 
overage obtained for CRISM limb observations ( Fig. 4 ). Here, again,

he model values correspond to the case of heterogeneous chem-

stry and a value of 0 . 25 × 10 −20 cm 
3 sec −1 for K CO 2 . Both of these

odel parameters are most important for simulated O 2 ( 
1 � g ) VER

t altitudes below 20 km, and are explicitly addressed in the fol-

owing section. 

The northern spring/summer (aphelion) periods presented

n Fig. 9 indicate several key areas of disagreement between

odel and observed O 2 ( 
1 � g ) VER. CRISM observed O 2 ( 

1 � g ) above

40 km are 2–3 times larger than LMDGCM model values for

oth L s periods, a behavior which also extends to the southern

ummer/perihelion periods of Fig. 10 . In contrast, CRISM observed

 2 ( 
1 � g ) over ∼15 to 35 km altitudes are 2–5 times smaller

MDGCM model values. This behavior extends over 40S to 60N lat-

tudes for the northern spring L s = 30–60 ° period (left panel), but

s confined to 30–90N latitude in the northern summer L s = 60–

40 ° period (right panel). This behavior at northern mid-to-high

atitudes corresponds, in latitude and L s , to a distinct minimum in

bserved O 3 column densities ( Perrier et al., 2006; Clancy et al.,

016 ) and cloud optical depths ( Clancy et al., 1999; Wolff et al.,

010 ), indicating elevated water vapor abundances yet minimal

ower level ( i.e ., column integrated) cloud optical opacities between

he aphelion cloud belt (ACB) and the spring/summer north po-

ar atmosphere. This behavior apparently extends to southern mid-

atitudes over L s = 30–60 ° (left panel), before the formation of the

CB. 

Fig. 10 presents latitude/altitude distributions of the ratio

or O 2 ( 
1 � g ) VER, CRISM/LMDGCM, during southern summer (left

anel, L s = 200–310 °) and fall (right panel, L s = 320–360 °) periods.
 2 ( 

1 � g ) ratios for these periods are less well sampled and so

resent greater scatter (noise) and missing values (at least 4 mea-

urements are required for a bin to be represented in these fig-

res). Nevertheless, patterns in the CRISM/LMDGCM O 2 ( 
1 � g ) ra-

ios indicate several general trends. Foremost of these is gener-

lly larger observed versus modeled O 2 ( 
1 � g ) emission. Similar to

he L s comparisons of Fig. 9 , 2-3 times larger observed O 2 ( 
1 � g )

mission is present above 30–40 km altitudes over most lati-

udes, peaking at high northern latitudes. Particularly striking is

he very large observed O 2 ( 
1 � g ) emission over 10–30 km altitudes

bove the southern summer polar region (left panel, 3–6 times

odel values). A fraction of this effect is due to the fact that the

avarro et al. (2014) LMDGCM configuration overestimates water

olumns in this region by ∼50% relative to water column measure-

ents ( Smith, 2004; Trokhimovskiy et al., 2015 ). The much larger

bserved increases in O 2 ( 
1 � g ) VER relative to the model suggest

hat water vapor released from the southern summer polar cap is

ore effectively confined to lower altitudes than simulated by the

odel. In fact, Navarro et al. (2014) did not tune southern polar
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Fig. 7. Seasonal (L s ) variations in CRISM retrieved (white asterisks) and LMDGCM simulated (black diamonds) O 2 ( 
1 � g ) VER at 28–32 km altitudes and 30S–30N latitudes 

over Tharsis/Meridiani (left panel) versus Hellas Basin (right panel) surface longitudes. Increases in water vapor above 10–20 km altitudes after L s = 100 ° lead to sharp 

decreases in O 2 ( 
1 � g ) VER, which occur somewhat earlier in L s for Tharsis/Meridiani longitudes. Simulated O 2 ( 

1 � g ) VER remain 2–3 times smaller than CRISM retrieved 

O 2 ( 
1 � g ) over L s = 120–360 °. Vertical dotted lines indicate L s values of 90 °, 180 °, and 270 °. 

Fig. 8. Seasonal (L s ) variations in CRISM retrieved (white asterisks) and LMDGCM simulated (black diamonds) O 2 ( 
1 � g ) VER at 20–24 km altitudes are presented for high 

northern latitude ranges of 50–60N (left panel) and 60–70N (right panel). Model and observed peak O 2 ( 
1 � g ) VER in northern spring (L s = 0–50 °) and fall (L s = 120–180 °) are 

roughly similar. However, CRISM O 2 ( 
1 � g ) VER fall by a factor of 2–10 below LMDGCM modeled VER in northern summer (L s = 80–120 °). Vertical dotted lines indicate L s 

values of 90 °, 180 °, and 270 °. 

 

 

 

 

 

 

 

s  

l  

M  

u  

o  

e  

V  

a  
cap properties to match observed summer water columns in detail

because the southern summer polar cap does not play a large role

in regulating global water column behaviors. The southern sum-

mer O 2 ( 
1 � g ) CRISM measurements of Fig. 10 tend to reinforce that

conclusion. 

The extended behavior of the CRISM O 2 ( 
1 � g ) VER profiles over

L S of 60–310 ° (right panel of Fig. 9 , left panel of Fig. 10 ) may

provide partial resolution to existing disagreements between ob-
erved and modeled O 3 columns within the ACB and over low

atitudes during perihelion. In particular, LMDGCM simulations of

ars low latitude O 3 , tuned to reproduce observed Mars water col-

mn abundances versus latitude and season, fall roughly a factor-

f-two below observed O 3 columns at Mars low latitudes ( Lefèvre

t al., 2008 ). Figs. 9 and 10 indicate that CRISM retrieved O 2 ( 
1 � g )

ER are several times larger than LMDGCM simulated O 2 ( 
1 � g ) VER,

t low latitudes and above 10–20 km altitudes. Given the very
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Fig. 9. The latitude/altitude distribution for the ratio of observed versus simulated O 2 ( 
1 � g ) VER (CRISM/LMDGCM) is presented for binned seasonal ranges corresponding to 

northern spring (L s = 30–60 °; left panel) and northern summer (L s = 60–140 °; right panel). In northern spring (left panel), CRISM O 2 ( 
1 � g ) VER are 2–3 times smaller than 

LMDGCM values over ∼15–35 km altitudes for 40S–60N latitudes; and 2–3 times larger than LMDGCM values above 40 km over all latitudes. In northern summer, CRISM 

O 2 ( 
1 � g ) VER are 2–3 times smaller than LMDGCM values over 15–35 km altitudes for 30N-90N latitudes; and 2–3 times larger than LMDGCM values above 40 km over all 

latitudes. Vertical dotted lines indicate latitude values of 50S, 0, and 50N. 

Fig. 10. The latitude/altitude distribution for the ratio of observed versus simulated O 2 ( 
1 � g ) VER (CRISM/LMDGCM) is presented for binned seasonal ranges corresponding 

to southern summer (L s = 200–310 °; left panel) and southern fall (L s = 320–360 °; right panel). In southern summer (left panel), CRISM O 2 ( 
1 � g ) VER are 3–7 times larger than 

LMDGCM values over 10–30 km altitudes above the southern polar region (90S-60S latitudes); and 2–4 times larger than LMDGCM values above 30–40 km for most 

latitudes. In southern fall (right panel), CRISM O 2 ( 
1 � g ) VER are comparable to LMDGCM values below 35 km for all latitudes; and 2–4 times larger than LMDGCM values 

above 35 km over all latitudes. Vertical dotted lines indicate latitude values of 50S, 0, and 50N. 
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irect relationship between O 2 ( 
1 � g ) emission and O 3 photolysis,

odel errors in the vertical distribution of O 3 over low latitude re-

ions will contribute significantly to current model-data disagree-

ents in Mars O 3 columns over low latitude regions. Furthermore,

f we interpret O 2 ( 
1 � g ) VER (and O 3 ) in terms of atmospheric wa-

er vapor (as we do below), enhanced O 3 abundances above 10–

0 km altitudes translate to significantly reduced water vapor
bundances above 10–20 km. This may explain why observed low

atitude H 2 O 2 columns (where H 2 O 2 is produced by H 2 O photol-

sis) fall roughly a factor of 2 below LMDGCM simulated H 2 O 2 

olumns ( Encrenaz et al., 2015 ). Figs. 9 and 10 employ consid-

rable seasonal (L s ) averaging in order to filter out the high de-

ree of variability in both the observed and modeled O 2 ( 
1 � g ) VER

rofiles. Fig. 11 provides a quantitative view of this variability in
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Fig. 11. The latitude/altitude distribution of 1 σ variability, in terms of % of the mean, for CRISM (left panel) and LMDGCM (right panel) O 2 ( 
1 � g ) VER over northern summer 

(L s = 60–140 °). Observed O 2 ( 1 � g ) variability is typically 40–80%, and twice that for simulated O 2 ( 
1 � g )at higher altitudes and over northern high latitudes. Vertical dotted lines 

indicate latitude values of 50S, 0, and 50N. 
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CRISM observed (left panel) and LMDGCM simulated (right panel)

O 2 ( 
1 � g ) VER versus latitude and altitude for the L s = 60–140 ° pe-

riod of Fig. 9 (left panel). This period yields an optimum number

of measurements per bin towards calculating the presented stan-

dard deviation of the O 2 ( 
1 � g ) VER distribution within each lati-

tude/altitude bin (in percent of the mean). Fig. 11 reveals several

aspects of the observed O 2 ( 
1 � g ) variability, relative to the model

variability. Apart from the ∼20–40 km region south of 50N lati-

tude, where observed and modeled variaibilities are similar ( ∼40-

100%), observed variability is 2–3 times larger than modeled vari-

ability. Part of the increased variability in the CRISM O 2 ( 
1 � g ) VER

reflects measurement/retrieval noise, although CRISM (and model)

O 2 ( 
1 � g ) VER less than 2 σ detection limits are excluded to min-

imize this effect. In any case, larger observed variability for the

O 3 parent molecule is not unexpected, particularly in the planetary

wave dominated mid-to-high latitude regions ( Clancy et al., 2016 ). 

The latitude/altitude distributions presented in Figs. 9 and 10 for

CRISM versus LMDGCM O 2 ( 
1 � g ) VER indicate significant distinc-

tions in modeled atmospheric water vapor, which we consider be-

low. However, we first consider the effects of uncertain model

chemistry regarding the collisional de-excitation of O 2 ( 
1 � g ) emis-

sion and heterogeneous loss of HO x on cloud particles, both of

which predominately concern O 2 ( 
1 � g ) emission below 20 km al-

titudes. 

5.2. CO 2 collisional de-excitation of O 2 ( 
1 � g ) emission 

A key uncertainty in interpreting Mars O 2 ( 
1 � g )1.27 μm obser-

vations is the uncertain efficiency of CO 2 collisions in quench-

ing the O 2 ( 
1 � g ) electronically excited state. This process is ex-

pected to compete in the lower Mars atmosphere with radiative

de-excitation, which takes place on an ∼1 h timescale to pro-

duce the observed 1.27 μm emission. As discussed earlier, the

rate coefficient for CO 2 collisional de-excitation of O 2 ( 
1 � g ), K CO 2 ,

is not well determined from laboratory measurements. Burkholder

et al. (2015) summarize existing laboratory constraints on K CO 2 in

terms of a very uncertain upper limit, based upon laboratory mea-

surements predating 1985. Venus observational studies, based on
enus Express nightside O 2 ( 
1 � g ) limb measurements, are not spe-

ific for a determination of K CO 2 ( Gérard et al., 2013 ). A num-

er of ground-based ( Krasnopolsky, 2009 ) and spacecraft ( Gagné

t al., 2013; Guslyakova et al., 2016 ) observations of Mars column

 2 ( 
1 � g ) emission rates have been employed to further constrain

 CO 2 with mixed results. Guslyakova et al. (2016) performed the

ost complete such Mars column O 2 ( 
1 � g ) analysis for K CO 2 , em-

loying SPICAM column O 2 ( 
1 � g ) and O 3 measurements, to obtain

 value of 0 . 73 × 10 −20 cm 
3 sec −1 . The current CRISM retrievals for

 2 ( 
1 � g ) VER vertical profiles support several improvements over

his analysis, including vertical resolution of the lower atmospheric

egion (altitude ≤20 km) most affected by CO 2 collisional de-

xcitation and explicit correction for atmospheric aerosol scatter-

ng/extinction. Neglect of O 2 ( 
1 � g ) emission extinction by aerosols

eads to an overestimation of CO 2 collisional de-excitation, partic-

larly when the relevant O 2 ( 
1 � g ) emission arises from the lower-

ost atmosphere. 

Fig. 12 presents the accumulated (MY30-33, L s = 0–360 °, 90S–
90N) CRISM O 2 ( 

1 � g ) VER for aeroid altitudes ≤ 20 km, as com-

ared to co-located (latitude, longitude, altitude)/co-temporal (LT,

 s ) LMDGCM simulated O 2 ( 
1 � g ) VER. The upper and lower pan-

ls correspond to LMDGCM O 2 ( 
1 � g ) VER calculated for K CO 2 =

.73 (from Guslyakova et al., 2016 ) and 0 . 25(cur rentwor k ) ×
0 −20 cm 

3 sec −1 , respectively. In both cases, the LMDGCM het-

rogeneous chemistry is employed. Solid lines indicate average

greement between the observed and modeled O 2 ( 
1 � g ) VER, about

hich their uncorrelated variations should be distributed given av-

rage model-data agreement for lower atmospheric O 2 ( 
1 � g ). At

east in this average sense, it is clear the current, lower value

or K CO 2 (lower panel) provides considerably better agreement than

he larger value derived by Guslyakova et al. (2016) . A qualifica-

ion is the degree to which the model water vapor (hence, O 3 )

bundances below 20 km are consistent with observed conditions.

he LMDGCM model is explicitly tuned to obtain agreement with

bserved water vapor columns, consistent with this assumption.

ence, the obtained water/O 3 column agreement is estimated to

e better than 20% for the global/annual average represented in

ig. 12 . 
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Fig. 12. CRISM retrieved O 2 ( 
1 � g ) VER are plotted against corresponding LMDGCM 

simulated values for all altitudes ≤ 20 km, for LMDGCM simulations using values 

of 0 . 73 × 10 −20 (upper panel, from Guslyakova et al. (2016) ) and 0 . 25 × 10 −20 (lower 

panel, from current work) cm 
3 sec −1 for K CO 2 , the CO 2 collisional de-excitation rate 

coefficient for O 2 ( 
1 � g ). In both cases, the LMDGCM simulations employ heteroge- 

neous chemistry for HO x on clouds. 

Fig. 13. CRISM (solid line) and LMDGCM (dashed and dotted lines) O 2 ( 
1 � g ) VER 

profiles, as averaged over low latitudes (upper panel, 35S-35N) and mid-to-high 

latitudes (lower panel, 35S-90S and 35N-90N), are compared for 3 model cases. 

LMDGCM simulations incorporating heterogeneous chemistry are presented for 

K CO 2 values of 0 . 73 × 10 −20 (dotted lines, from Guslyakova et al. (2016) ) and 0 . 25 ×
10 −20 (dashed lines, from current work) cm 

3 sec −1 ; and for LDMGCM simulations 

without heterogeneous chemistry (dash-dotted lines, ’homogeneous’) for K CO 2 = 

0 . 25 × 10 −20 cm 
3 sec −1 . CO 2 collisional de-excitation of O 2 ( 

1 � g )(K CO 2 ) and hetero- 

geneous chemistry predominately affect O 2 ( 
1 � g ) VER below 20–30 km altitudes. 
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Fig. 14. The sum of the residuals squared (vertical axis) between all CRISM re- 

trieved O 2 ( 
1 � g ) VER and corresponding LMDGCM simulated VER (for altitudes ≤

20 km), employing a range of CO 2 collisional de-excitation rate coefficients (K CO 2 , 

horizontal axis), is plotted for both heterogeneous (X symbols) and homogenous ( �

symbols) photochemical simulations for latitude ranges of 35S–35N (dashed lines), 

35–90NS (dash-dotted lines), and all latitudes combined (solid lines). Residuals are 

calculated relative to the sum of the modeled and observed values to obtain equal 

weighting across the 2 order-of-magnitude variations in O 2 ( 
1 � g ) VER. A best-fit 

value of 0.25 ± 0.25 × 10 −20 cm 
3 sec −1 is derived for K CO 2 . 
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Another approach in comparing LMDGCM simulations as a

unction of model parameters regards averaged O 2 ( 
1 � g ) VER ver-

ical profiles. Fig. 13 presents CRISM retrieved (solid lines) and

MDGCM modeled O 2 ( 
1 � g ) VER profiles as averaged for all paired

ata/model values within 35S–35N (top panel) and 35–90NS (bot-

om panel). In both cases, three model profiles are shown, for

eterogeneous chemistry with K CO 2 = 0.25 (dashed lines) and

.73 (dotted lines) ×10 −20 cm 
3 sec −1 and for purely homogeneous

hemistry with K CO 2 = 0 . 25 × 10 −20 cm 
3 sec −1 (dash-dotted lines).

he CRISM O 2 ( 
1 � g ) VER profiles of Fig. 13 demonstrate the av-

rage characters for such profiles over low versus high latitudes.

ariations among the LMDGCM modeled profiles in both latitude

anges indicate that O 2 ( 
1 � g ) distinctions for homogeneous versus
eterogeneous chemistry are small ( ∼10–20%), except for mid-to-

igh latitudes below 15–20 km altitudes (bottom panel, dashed

ersus dash-dotted lines). 

Over both latitude ranges, CRISM average O 2 ( 
1 � g ) VER profiles

re much better represented by LMDGCM O 2 ( 
1 � g ) simulations em-

loying a value for K CO 2 of 0.25 versus 0 . 73 × 10 −20 cm 
3 sec −1 . This

ehavior holds for both homogeneous and heterogeneous chem-

stry simulations. Lefèvre et al. (2008) demonstrated that hetero-

eneous chemistry can improve agreement between SPICAM ob-

erved and LMDGCM simulated O 3 column densities, and that be-

avior is reflected in the improved O 2 ( 
1 � g ) model-data agreement

n Fig. 13 , primarily for mid-to-high latitudes. 

We consider a larger comparison range for K CO 2 in LMDGCM

 2 ( 
1 � g ) simulations in Fig. 14 . In this case, we present the sum

f the squared residuals between observed and modeled O 2 ( 
1 � g )

ER at or below 20 km (as in Fig. 12 ). Given the 2 order-of-

agnitude variation in observed and modeled O 2 ( 
1 � g ) VER, it is

ecessary to weight these residuals by the sum of the observed

nd modeled O 2 ( 
1 � g ) VER at each point. Otherwise, the model-

ata residual sum is strongly biased to spatial/seasonal conditions

f high O 2 ( 
1 � g ) VER. As in Fig. 13 , we consider separate cases

or high (dashed lines) and low (dash-dotted lines) latitudes, but

lso include the case for all latitudes combined (solid lines). For

ach of these cases, we consider LMDGCM O 2 ( 
1 � g ) simulations

ith (X symbols) and without ( � symbols) heterogeneous chem-

stry. In all of these cases, the minimum in the sum of the squared

esiduals falls at (2 cases) or below (4 cases) a value of 0 . 25 ×
0 −20 cm 

3 sec −1 for K CO 2 . In the latter 4 cases, a null value for

 CO 2 is preferred. LMDGCM simulations with heterogeneous chem-

stry lead to the 2 cases in which a minimum in the sum of

he squared residuals occurs near K CO 2 = 0 . 25 × 10 −20 cm 
3 sec −1 ,

hich also provides a better model-data correspondence in the

 3 source for O 2 ( 
1 � g ) dayglow. Nevertheless, such modeling un-

ertainties point to a conservative estimate for the rate constant

f CO 2 collisional de-excitation of O 2 ( 
1 � g ), K CO 2 = 0.25 ±0 . 25 ×

0 −20 cm 
3 sec −1 . 

This value for K CO 2 is roughly 3 times smaller than derived by

uslyakova et al. (2016) . As indicated above, there are reasons to
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Fig. 15. Averaged CRISM derived (solid lines) and LMDGCM (dotted lines) water vapor mixing (ppmv) profiles are compared to average water vapor profiles from a set of 

SPICAM solar occultation retrievals (dashed lines) presented in Maltagliati et al. (2013) , for L s /latitude bins of 80–105 °/40N–60N (left panel) and 90–110 °/40S–20S (right 
panel). The SPICAM profiles are not co-located with the CRISM/model profiles and pertain to terminator local times, but do sample similar L s and latitudes. Error bars refer 

to 1 σ uncertainties in the calculated mean profiles, which incorporate ∼10 and 15 individual CRISM/LMDGCM and SPICAM profiles, respectively, in each panel. CRISM and 

LMDGCM water profiles are distinctly different for the northern region (left panel), but quite similar for the southern region (right panel), as also exhibited in Fig. 16 . Above 

30 km (aeroid) altitudes, SPICAM water profiles are more similar to the CRISM derived values over northern latitudes, and similar to both CRISM and LMDGCM values 

over southern latitudes. SPICAM retrieved water values below 30 km in both latitude ranges approach constant mixing ratios, in disagreement with CRISM and LMDGCM 

behaviors. 

Fig. 16. The latitude/altitude distributions of LMDGCM simulated (left panel) and CRISM-derived water vapor (right panel), as averaged over the L s = 30–60 ° period. CRISM- 

derived water vapor is constructed by scaling LMDGCM simulated water vapor by the ratio of LMDGCM simulated to CRISM retrieved O 2 ( 
1 � g ) VER. The LMDGCM simulation 

employs heterogeneous chemistry and a value of 0 . 25 × 10 −20 cm 
3 sec −1 for K CO 2 . The CRISM derived water vapor distribution for this northern spring season is 2–4 times 

reduced above 40 km altitudes and 2-3 times increased over 15–35 km altitudes, relative to the LMDGCM water vapor distribution. Vertical dotted lines indicate latitude 

values of 50S, 0, and 50N. 
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xpect that the CRISM profile retrievals for O 2 ( 
1 � g ) VER better

onstrain K CO 2 relative to O 2 ( 
1 � g ) column measurements employed

y Guslyakova et al. (2016) , including the effects of aerosol extinc-

ion. However, it is not clear that such distinctions can account

or a factor-of-three difference in retrieved K CO 2 values. It is beyond

he scope of the current analysis to explain this discrepancy in

etail, but it is worth pointing out that the rapid rise in model-

ata summed residuals shortward of K CO 2 = 0 . 4 × 10 −20 cm 
3 sec −1 ,

s presented in Fig. 3 of Guslyakova et al. (2016) , is inconsistent

ith its expected asymptotic behavior as presented in the cur-

ent Fig. 14 . Such small values in K CO 2 lead to decreasing impor-

ance for O 2 ( 
1 � g ) de-excitation by CO 2 collisions, relative to base-

ine de-excitation rates associated with radiative relaxation ( i.e .,

 2 ( 
1 � g )1.27 μm dayglow). 

. CRISM derived mars water vapor distributions 

Comparisons of the CRISM retrieved and LMDGCM simulated

 2 ( 
1 � g ) VER distributions in altitude, latitude, and season (L s )

ere presented in Figs. 9 and 10 . The LMDGCM simulated O 2 ( 
1 � g )

ER were shown to exhibit a simple inverse dependence on

he simulated water vapor abundance over the ∼ two order-of-

agnitude variability for Mars O 2 ( 
1 � g ) VER within a fixed region

nd period (right panel of Fig. 5 ). This inverse relationship is ap-

lied to scale LMDGCM simulated water vapor profiles by profiles

f model/observed O 2 ( 
1 � g ) VER ratio profiles to generate CRISM

erived water vapor profiles. In terms of systematic errors, the two

ey assumptions in this scaling are that the relationship between

 2 ( 
1 � g ) VER and O 3 abundance is well established, and that ra-

ios between model and observed O 3 abundances are inversely re-

ated to ratios between model and observed water vapor abun-

ances. At altitudes below ∼20 km, the first assumption does de-

end on the modeled CO 2 collisional de-excitation rate coefficient

or O 2 ( 
1 � g ), as derived above. A factor-of-two error in that rate co-

fficient contributes a ∼20% error in scaled water vapor at an alti-

ude of 15 km, fairly independent of season and latitude. The sec-

nd assumption is primarily limited by the degree to which het-

rogeneous chemistry affects Mars O 3 abundances. Currently, the

ole of HO x heterogeneous recombination on cloud particle sur-

aces remains an open question for high latitude O 3 abundances

s this process is biased in models by unrealistically high polar

ood cloud optical depths ( Clancy et al., 2016 ). Nevertheless, the

ifference between heterogeneous and homogeneous model sim-

lations of high latitude O 3 abundances (or O 2 ( 
1 � g ), see Fig. 13 )

elow 15 km altitudes can be interpreted to introduce 30% uncer-

ainties in CRISM derived water vapor abundances for these same

igh latitude regions. 

We emphasize that both of these model-dependent uncertain-

ies primarily affect CRISM derived water profiles below 20 km

ltitudes, and the latter error source is restricted to high lati-

udes. Systematic uncertainties for CRISM retrieved water vapor

bundances above 20 km are of order 10–20%, as contributed by

aboratory uncertainties in rate coefficients and photolysis cross

ections associated with O 3 photochemistry and for the sponta-

eous O 2 ( 
1 � g ) emission coefficient. Statistical uncertainties of or-

er 20% (1 σ ) also impact CRISM derived water vapor profiles above

0 km, as contributed by measurement/retrieval error and atmo-

pheric variations within the latitude/L s bins of averaging. All of

hese uncertainties fall well below the key departures between av-

rage LDMGCM simulated and CRISM derived water vapor profiles

resented below (and suggested in O 2 ( 
1 � g ) differences presented

n Figs. 9 and 10 ). 
.1. CRISM - SPICAM SOIR water profile comparisons 

CRISM derived water profiles are compared to LMDGCM simu-

ated profiles, for the most part, because there are very few Mars

ater vapor profile measurements appropriate for purely obser-

ational comparisons. Such comparisons require significant profile

veraging over similar latitude/L s bins to obtain representative av-

rages in the context of large temporal/spatial variability for Mars

ater vapor profiles. We obtain two such comparisons, presented

n Fig. 15 , employing a set of SPICAM solar occultation infrared

SOIR) profile retrievals published in Maltagliati et al. (2013) . The

elected profiles correspond to an L s range of 80–110 ° for latitude
anges of 40N–60N (left panel- northern summer) and 40S–20S

right panel- southern winter). Roughly 15 individual SPICAM pro-

les have been averaged in each case, the error bars indicate the

 σ in the profile average (dashed lines), based on the variance

mong the individual profiles. Only a few SPICAM profiles present

ater values at the lowest plotted level (15 km), which leads to

nrealistic error limits for this value. We also note that SPICAM

rofiles presented in Maltagliati et al. (2013) for an L s range of

13–272 ° generally refer to altitudes above 40 km and also do not

ead to a sufficient number of comparison CRISM observations. 

Roughly 10 co-registered LMDGCM and CRISM derived water

apor profiles are averaged to form their respective profile aver-

ges for each of the latitude/L s ranges in Fig. 15 , and their pre-

ented error bars refer to the 1 σ uncertainties in these average

emperature profiles. In general terms, the LMDGCM (dotted lines)

nd CRISM (solid lines) water profiles of Fig. 15 agree fairly closely

or the southern winter latitude bin (right panel). However, they

xhibit significant differences (factors of three) that vary with alti-

ude over 15–55 km for the northern summer latitude range (left

anel). These differences can be drawn by inspection of the lati-

ude/altitude contour map of CRISM/LMDGCM O 2 ( 
1 � g ) VER ratios

or the same latitude ranges, as presented for the L s = 60-140 ° pe-

iod in Fig. 9 , right panel. It is noteworthy that the vertical struc-

ure or shape of the LMDGCM and CRISM derived water profiles

re quite similar for both latitude ranges, which is not the case

or the SPICAM solar occultation profiles (dashed lines). Both SPI-

AM profiles exhibit a constant water vapor mixing ratio below

30 km, which is not obviously consistent with observed wa-

er columns. SPICAM water abundances above 30 km are some-

hat more consistent with CRISM derived versus LMDGCM simu-

ated water abundances for the northern summer latitude range

left panel). Over the same altitude range, SPICAM water values

all between the LMDGCM and CRISM values for the southern win-

er latitude average. Overall, the SPICAM water mixing profiles are

imilar to the CRISM and LMDGCM water mixing profiles to within

actor-of-two above 25–30 km altitudes. Below 25 km altitudes,

PICAM water values fall increasingly below CRISM and LMDGCM

alues. 

Two additional qualifications apply to the SPICAM water pro-

les of Fig. 15 . Firstly, they are adjusted to aeroid heights from

heir surface height scale presented in Maltagliati et al. (2013) ,

mploying a +3.5 km shift for the northern latitude bin and a –

.5 km shift for the southern latitude bin. Secondly, SPICAM solar

ccultation measurements refer to terminator local times, whereas

he CRISM and LMDGCM local times fall near 3 pm. Clouds exhibit

trong local time variations that will force local time variations in

ater vapor profiles, although these variations are not very spe-

ific to terminator local times ( Hinson and Wilson, 2004 ). In any

ase, Fig. 15 is admittedly an inadequate observational basis for

alidating the CRISM derived water vapor retrieval. Currently there

re limited opportunities for comparison, although the orbit inser-

ion of the ExoMars Trace Gas Orbiter (TGO) in October of 2016

romises much improvement on this front. However, in the near

erm CRISM derived water vapor profiles constitute a unique global
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Fig. 17. The latitude/altitude distributions of LMDGCM simulated (left panel) and CRISM-derived water vapor (right panel), as averaged over the L s = 60-140 ° period. CRISM- 

derived water vapor is constructed by scaling LMDGCM simulated water vapor by the ratio of LMDGCM simulated to CRISM retrieved O 2 ( 
1 � g ) VER. The LMDGCM simulation 

employs heterogeneous chemistry and a value of 0 . 25 × 10 −20 cm 
3 sec −1 for K CO 2 . The CRISM derived water vapor distribution for this northern summer season is 2-3 times 

reduced above 35–40 km altitudes and water vapor is more strongly confined to the northern hemisphere, relative to LMDGCM simulated water vapor abundances. Over 

20–35 km altitudes (within the ACB), peak water vapor abundances shift from low latitudes to northern mid-to-high latitudes. Vertical dotted lines indicate latitude values 

of 50S, 0, and 50N. 
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e  
observational description of the vertical distribution of water vapor

versus Mars season. 

6.2. CRISM - LDMGCM water profile comparisons 

Figs. 16 –19 employ the inverse model relationship between

O 2 ( 
1 � g ) VER and water vapor of Fig. 5 to characterize changes to

the globally LMDGCM simulated water vapor distributions implied

by the averaged CRISM/LMDGCM ratios for O 2 ( 
1 � g ) VER Figs. 9 and

10 ). In this case, the unmodified LMDGCM water vapor distribution

in latitude/altitude (left panels) is compared to the modified model

water vapor distribution (right panels), as scaled by the ratio of

LMDGCM/CRISM O 2 ( 
1 � g ) VER in each latitude/altitude bin for L s 

periods of 30–60 ° ( Fig. 16 ), 60–140 ° ( Fig. 17 ), 200–310 ° Fig. 18 ),

and 320–360 ° ( Fig. 19 ). The CRISM derived water vapor mixing ra-

tios are presented in tabular form in an Appendix to this paper,

including values for the L s = 140–200 ° seasonal range. 
For the northern spring/summer periods represented in Figs. 16

and 17 , two key modifications of the baseline ( Navarro et al., 2014 )

LMDGCM water vapor distributions (left panels) result from scal-

ing by CRISM O 2 ( 
1 � g ) VER measurements. Drier conditions (by 50–

75%) result for altitudes above 35–40 km, and water vapor abun-

dances below 30–35 km become much more strongly confined

to the northern hemisphere. In the case of the L s = 60–140 ° pe-

riod ( Fig. 16 ), the north-to-south latitudinal gradient in water va-

por is actually reversed from the latitudinal gradient of the base-

line LMDGCM water vapor distribution at 10–30 km altitudes. This

suggests that the role of aphelion cloud belt (ACB) coupling with

the solsticial Hadley circulation to restrict southward transport of

water released by the sublimating northern ice cap ( Clancy et al.,

1996 ) is more efficient than currently simulated by the model. Both

radiative and microphysical aspects of clouds affect the meridional

transport of atmospheric water. As shown in Fig. 8 of Navarro et al.

(2014) , radiative forcing by the ACB acts to confine northern sum-

mer atmospheric water in a manner quite similar to that exhib-
ted in Fig. 17 . Vertical confinement of atmospheric water through

loud particle fall also restricts meridional transport in the south-

ard (towards the summer hemisphere) upper branch of the sol-

ticial Hadley circulation ( Montmessin et al., 2004; Navarro et al.,

014 ). The application of observational constraints for modeling

oth of these processes is currently limited to atmospheric tem-

eratures ( Madeleine et al., 2012 ) and column water and cloud

bundances ( Navarro et al., 2014 ). Vertical profile measurements of

loud opacity ( McCleese et al., 2010; Smith et al., 2013 ) and water

apor (here) should provide further discrimination, particularly in

erms of cloud microphysical properties such as cloud particle size

nd nucleation efficiency. 

The O 2 ( 
1 � g ) scaled water vapor distribution for the southern

ummer period of Fig. 18 (right panel) indicates 2–4 times less

ater vapor above 20 km altitudes for all latitudes in compar-

son to the model distribution (left panel). These CRISM derived

ecreases in atmospheric water vapor peak at factors of 5–6 above

outhern high latitudes relative to the baseline LMDGCM simula-

ion. As mentioned earlier, this change lies well above the ∼50%

odel overestimation relative to observed water columns for this

egion. As this is the L s period for which water column measure-

ents show increases associated with water release from the ex-

osed southern polar ice cap ( Smith, 2004 ), it appears that this

ater vapor is not efficiently transported above the lower scale

eight at this time. On a more global scale, the south-to-north

emispheric gradient of upper level water vapor is reversed be-

ween the CRISM derived and the LMDGCM simulated water va-

or distributions. The effect is more subtle than for northern sum-

er as it occurs at higher altitudes ( ∼30–45 km), corresponding

o the higher altitude of optically thin water ice clouds that are

he southern summer (perihelion) equivalent of the ACB (see Fig.

1, also McCleese et al., 2010 ). 

CRISM limb coverage is considerably less dense over the south-

rn early fall period of Fig. 19 (L s = 320–360 °). Average CRISM de-
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Fig. 18. The latitude/altitude distributions of LMDGCM simulated (left panel) and CRISM-derived water vapor (right panel), as averaged over the L s = 200–310 ° period. CRISM- 

modified water vapor is constructed by scaling LMDGCM simulated water vapor by the ratio of LMDGCM simulated to CRISM retrieved O 2 ( 
1 � g ) VER. The LMDGCM simulation 

employs heterogeneous chemistry and a value of 0 . 25 × 10 −20 cm 
3 sec −1 for K CO 2 . Relative to LMDGCM simulated water vapor, the CRISM derived water vapor abundances 

in this southern summer season are 2-3 times reduced at altitudes above 30 km. Over 10–30 km altitudes, CRISM derived water vapor falls 6 times lower than simulated 

values over southern high latitudes, and generally lies a factor of 2 lower over all latitudes. Vertical dotted lines indicate latitude values of 50S, 0, and 50N. 
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ived water vapor in the lower atmosphere remains similar to the

aseline LMDGCM simulated water vapor, though perhaps with a

arger south-to-north gradient implied by the CRISM O 2 ( 
1 � g ) VER.

t also appears that upper level water vapor, above 35–40 km alti-

udes, is a factor of 2-3 reduced in the CRISM derived water vapor

istribution. 

At least two areas of disagreement between LMDGCM simu-

ated and CRISM derived water vapor profiles extend over most of

he Mars year, based on Figs. 16 –19 . CRISM derived water vapor

bundances above 40 km are generally 2-3 times lower than sim-

lated abundances over the full ranges of latitudes observed. The

MDGCM water vapor simulations present high supersaturation ra-

ios for this region that may be unrealistic. However, these high su-

ersaturation ratios are present during aphelion but not perihelion

easons, and so cannot account for the observed annual constancy

f this LMDGCM-CRISM difference (see following section). Perhaps

nother factor is that less effective summer-to-winter cross hemi-

pheric transport of atmospheric water, based on the CRISM de-

ived aphelion and perihelion distributions (above), also reduces

pper level transport of water vapor in the global Hadley circu-

ation. 

At lower altitudes (15–35 km) and latitudes (30S–30N),

RISM derived water vapor abundances are 2-3 times lower than

MDGCM simulated abundances for most of the Mars year. As

entioned earlier, such a change in the low latitude vertical distri-

ution of water vapor would improve model-data disagreements in

ow latitude column O 3 ( Lefèvre et al., 2008 ) and H 2 O 2 ( Encrenaz

t al., 2015 ), where heterogeneous cloud chemistry is no longer ex-

ected to be effective ( Clancy et al., 2016 ). Cloud microphysics in

he ACB is a plausible process for reduction of water vapor above

5 km in the aphelion season. It is less clear what process is re-

ponsible in the perihelion season, although it does appear that

ater vapor evolved from the southern summer ice cap is less ef-

a  

p

ectively transported above 10 km altitudes at high southern lati-

udes and so may depress water abundances above 10 km globally.

.3. Water saturation ratios and their correspondence with cloud 

ixing ratios 

Two additional aspects of the vertical distribution of water va-

or in the Mars atmosphere are considered in the following; the

istribution of water vapor saturation conditions implied in the

MDGCM simulated and CRISM derived water vapor vertical dis-

ributions, and the degree to which LMDGCM modeled and CRISM

etrieved cloud profiles correlate with their distinct water vapor

aturation distributions. Given that the employed ( Navarro et al.,

014 ) LMDGCM model for Mars atmospheric water explored wa-

er vapor supersaturation in the context of recent SPICAM solar

ccultation studies ( Maltagliati et al., 2011; 2013 ), it is instruc-

ive to consider how the seasonal/global occurrence of highly satu-

ated water vapor changes for the CRISM derived water vapor ver-

ical distributions. However, it is important to stress that model

tmospheric temperatures are used to calculate saturation ratios

or both the LMDGCM and CRISM water profile distributions. A

 K temperature uncertainty leads to roughly a factor of two

hange in calculated water saturation ratios, and model tempera-

ure comparisons to Mars Climate Sounder (MCS) temperature pro-

les ( McCleese et al., 2010 ) show considerably larger differences

han this ( Maltagliati et al., 2013 ). In fact model simulations for dif-

erent Mars Year dust loading conditions exhibit temperature dif-

erences much larger than this. The lack of coincident temperature

nd water vapor profile measurements is a significant limitation in

dentifying or interpreting water vapor supersaturation in the Mars

tmosphere. Hence our saturation ratio comparisons focus on rel-

tive changes in saturated water vapor conditions rather than su-

ersaturation specifically. 
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Fig. 19. The latitude/altitude distributions of LMDGCM simulated (left panel) and CRISM-modified water vapor (right panel), as averaged over the L s = 320–360 ° period. CRISM 

derived water vapor is constructed by scaling LMDGCM simulated water vapor by the ratio of LMDGCM simulated to CRISM retrieved O 2 ( 
1 � g ) VER. The LMDGCM simulation 

employs heterogeneous chemistry and a value of 0 . 25 × 10 −20 cm 
3 sec −1 for K CO 2 . Although coverage in this southern fall season is limited, the CRISM derived water vapor 

distribution for this southern summer season appears to be 2-3 times reduced above 30 km altitudes, and roughy unchanged over 10–30 km altitudes for all latitudes. 

Vertical dotted lines indicate latitude values of 50S, 0, and 50N. 
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Figs. 20 and 21 present comparisons between the LMDGCM

simulated and CRISM derived water saturation ratios (upper pan-

els) and retrieved cloud (water ice) mixing ratios (lower panels,

scaled by atmospheric density) for northern summer (L s = 60–140 °)
and southern summer (L s = 200–310 °) periods, respectively. The
LMDGCM and CRISM cloud mixing ratios presented in the bottom

panels of Figs. 20 and 21 have been scaled to obtain rough agree-

ment of peak cloud values within the ACB, as their units are dis-

tinct (water ice molecular density versus water ice opacity). MCS

water ice mixing ratios, in similar units to CRISM values, are shown

to be in general agreement with CRISM retrievals ( Smith et al.,

2013 ). The presented water saturation ratios are calculated with

LMDGCM simulated temperatures, for both LMDGCM simulated

(left panels) and CRISM derived (right panels) water vapor abun-

dances, employing the Goff-Gratch vapor saturation formulation

adopted in Maltagliati et al. (2013) . Conditions of near-saturation

to saturation are indicated by colors of green-to-yellow, conditions

of super saturation by colors of orange-red-white. Altitude-latitude

regions of high water vapor saturation are prominent, for both

LMDGCM and CRISM water abundances, during both aphelion pe-

riods ( Fig. 20 ; and L s = 30–60 ° period not shown); whereas satu-

rated conditions are much less prominent during the L s = 200–310 °
period ( Fig. 21 ). This L s saturation ratio dependence reflects the

∼20 K orbital variation in global Mars atmospheric temperatures

associated with the eccentric Mars orbit, even though larger wa-

ter vapor mixing ratios characterize the vertically extended Mars

perihelion ( Fig. 18 ) versus aphelion ( Fig. 17 ) atmosphere. 

The CRISM derived water vapor distributions lead to enhance-

ment of this orbital variation in global water vapor saturation con-

ditions for the Mars atmosphere. Changes between LMDGCM and

CRISM water vapor saturation distributions are opposite in sign for

the aphelion ( Fig. 20 ) versus perihelion ( Fig. 21 ) periods. Higher

saturation ratios at northern mid-to-high latitudes are exhibited by

CRISM versus LMDGCM aphelion water vapor distributions (white

ellipse region in Fig. 20 ), which is roughly consistent with SPICAM
upersaturation measurements reported in Maltagliati et al. (2011) .

hese CRISM increases in northern hemisphere aphelion water va-

or saturation ratios are accompanied by increased CRISM cloud

ixing ratios relative to LMDGCM simulated values, as presented

n the lower panels of Fig. 20 within co-located white ellipse re-

ions. In contrast, lower saturation ratios at southern polar lati-

udes are exhibited by CRISM versus LMDGCM perihelion water

apor distributions ( Fig. 21 a). The southern polar region also ex-

ibits significantly reduced CRISM versus LMDGCM cloud mixing

atios in the lower panels of Fig. 21 . Hence, there is a rough corre-

ation between CRISM-to-LMDGCM changes in water vapor abun-

ance/saturation and cloud mixing ratio over northern summer

nd southern summer latitudes, although the changes are opposite

n sign for these two periods. In this respect, CRISM retrieved dis-

ributions of Mars clouds are consistent with CRISM derived water

apor distributions. 

Modeling the detailed vertical distribution of Mars water va-

or versus latitude and season (and longitude, which we do not

ddress due to limited coverage) adds additional complexities to

he already complex problem of modeling the global distribu-

ion of water vapor columns (e.g., Richardson and Wilson, 2002;

ontmessin et al., 2004; Navarro et al., 2014; Steele et al., 2014 ).

ll of these existing modeling studies have shown the importance

f water ice clouds on influencing the water column distribu-

ion in season and latitude, more recently including the effects of

loud radiative forcing on transport and polar ice sublimation rates

 Haberle et al., 2011; Madeleine et al., 2012; Urata and Toon, 2013;

avarro et al., 2014 ). Cloud influences on water vertical profiles

re, not surprisingly, more profound given the effects of altitude

ecreasing temperatures on water vapor saturation ratios, uncer-

ainties in cloud nucleation and particle sizes, and strong diurnal

ariations in the vertical structure of Mars clouds ( Hinson and Wil-

on, 2004 ). In this respect, the differences between the LMDGCM

imulated and CRISM derived water vapor and cloud vertical dis-

ributions in season and latitude are not surprising. Indeed, given
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a LMDGCM (left) and CRISM (right) Water Saturation Ratios

b LMDGCM (left) and CRISM (right) Cloud Mixing Ratios

Fig. 20. The latitude/altitude distributions of LMDGCM simulated (left panel) and 

CRISM derived (right panel) water vapor saturation ratios (top panels) and water ice 

cloud mixing abundance (bottom panels), as averaged over the L s = 60–140 ° period. 
CRISM and LMDGCM water saturation ratios are calculated with model (LMDGCM) 

temperature profiles, and primarily reflect CRISM water vapor abundance increases 

at northern mid-to-high latitudes ( Fig. 16 ). CRISM cloud mixing ratios (scaled to 

provide average model-data agreement for the low latitude ACB) exhibit increases 

over LMDGCM simulated values, over these same regions (indicated by white el- 

lipses in each panel). Regions of high water super-saturations (orange to white 

colors) may reflect incorrect (too cold) model temperatures, rather than strongly 

super-saturated conditions over such large scales. Vertical dotted lines indicate lat- 

itude values of 50S, 0, and 50N. 
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Fig. 21. The latitude/altitude distributions of LMDGCM simulated (left panel) and 

CRISM-retrieved (right panel) water vapor saturation ratios (top panels) and wa- 

ter ice cloud mixing abundance (bottom panels), as averaged over the L s = 200–

310 ° period. CRISM and LMDGCM water saturation ratios are calculated with model 

(LMDGCM) temperature profiles, and primarily reflect CRISM water vapor abun- 

dance decreases at southern polar and southern low latitudes ( Fig. 17 ). In contrast 

to the aphelion period of Fig. 20 , CRISM cloud mixing ratios and water saturation 

ratios exhibit distinct decreases over LMDGCM simulated values, over southern po- 

lar latitudes (indicated by the same white ellipse in each panel). Generally much 

lower water vapor saturation ratios are exhibited for this perihelion period, versus 

aphelion Fig. 20 ) and northern spring (not shown, but see Fig. 15 ) periods. Vertical 

dotted lines indicate latitude values of 50S, 0, and 50N. 
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e  
he complex and uncertain set of atmospheric processes control-

ing Mars water vapor profile behavior, the level of model-data

greement is actually quite encouraging. However, the corollary of

his encouragement is that it will not be easy to obtain diagnostic

greement between observed and modeled vertical distributions of

ater vapor and clouds in the Mars atmosphere. 

One key step to obtaining this agreement is a more complete

ater profiling data set for the Mars atmosphere. The compar-

sons of modeled and CRISM derived Mars water vapor distribu-

ions presented in Figs. 16 –21 constitute the first global assessment

f modeled seasonal (L s ) and spatial (latitude) water profile dis-
ributions in the context of global measurements. This reflects a

triking omission in Mars atmospheric observational studies with

espect to profile measurements of water vapor, soon to be ad-

ressed by solar occultation and limb water vapor profiling from

he ExoMars Trace Gas Orbiter (to begin mission observations in

018). 

. Conclusions 

The first globally extended set of Mars O 2 ( 
1 � g ) dayglow VER

rofiles ( ∼1100) is retrieved based on CRISM near-IR limb spectral

cans obtained over 2009–2016. Simultaneous O 2 ( 
1 � g ) and aerosol

dust and ice) vertical profile retrievals were performed employ-

ng spherical multiple-scattering RT. Solution O 2 ( 
1 � g ) VER profiles

xtend over 8 to 80 km altitude, 0–360 ° in L s , and all sunlit lati-
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tudes. These retrieved O 2 ( 
1 � g ) dayglow profiles were compared to

co-located (latitude, longitude, altitude), co-temporal (L s , LT) simu-

lated O 2 ( 
1 � g ) VER from the LMDGCM photochemical code ( Lefèvre

et al., 20 04; 20 08 ), incorporating recent cloud microphysical mod-

ifications designed to improve observed-modeled water vapor col-

umn agreement ( Navarro et al., 2014 ). These model-data compar-

isons for Mars O 2 ( 
1 � g ) VER provide: 1) a determination of the rate

coefficient for CO 2 collisional de-excitation of O 2 ( 
1 � g )(K CO 2 ) and, 2)

characterization of Mars’ atmospheric water vapor distributions in

latitude, altitude, and L s relative to the LMDGCM simulated water

vapor distributions. 

For aeroid altitudes ≤20 km, Mars O 2 ( 
1 � g ) dayglow pro-

vides a sensitive measure of K CO 2 . Based on the full set of such

CRISM O 2 ( 
1 � g ) VER retrievals, a best-fit value of 0.25 ± 0.25 x

10 −20 cm 
3 sec −1 is determined for K CO 2 . The stated uncertainty in-

cludes both measurement and photochemical modeling error con-

tributions. This value for K CO 2 is ∼3 times smaller than derived

by Guslyakova et al. (2016) employing SPICAM O 2 ( 
1 � g ) column in-

tegrated measurements. The seasonal/spatial differences between

observed and modeled O 2 ( 
1 � g ) VER are most reflective of model

water vapor profile inaccuracies, due to the simple inverse rela-

tionship between O 2 ( 
1 � g ) VER and the local water vapor abun-

dance over their two orders-of-magnitude variations in the Mars

atmosphere. Based on this inverse relationship, latitude/altitude

distributions for Mars atmospheric water vapor are presented for

averaged L s bins of 30–60 °, 60–140 °, 200–310 °, and 320–360 °.
These CRISM derived water vapor distributions are constructed by

scaling model (LMDGCM) water vapor distributions by the aver-

age ratio of LMDGCM modeled to CRISM observed O 2 ( 
1 � g ) VER

within each latitude, altitude, and L s bin. These L s bin averaged

latitude/altitude cross sections for Mars water vapor mixing ratio

are also provided in tabular form in the Appendix at the end of

this paper, in which the L s = 60–140 ° period is separated into two L s 
bins (60–100 ° and 100–140 °) and an L s bin for 140–200 ° is added. 

Several aspects of this CRISM derived water vapor distribution,

relative to the LMDGCM water vapor distribution, are: 1) 2–3 times

reduced water vapor above 35–40 km altitudes for all L s peri-

ods, which may indicate less effective global transport of water

vapor to these higher altitudes; 2) 2–3 times reduced water va-

por mixing ratios between 15 and 35 km over low latitudes for

all L s periods, which likely contributes to current model-data dis-

agreements for low latitude O 3 and H 2 O 2 columns; 3) water va-

por released from the northern spring/summer polar ice reservoirs

that is more strongly confined to northern mid-to-high latitudes

over 10–35 km altitudes, which may partly reflect more vigorous

blocking of southward water transport by cloud microphysics and

radiative forcing in the ACB than currently modeled (this behavior

also appears less distinctly at higher altitudes during the south-

ern summer); 4) 3–6 times reduced water vapor abundances at

b

Table 2 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 30-60 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 

52 −1.0 −1.0 −1.0 −1.0 0.2 0.4 0.4 1.0 0.9 

48 −1.0 −1.0 −1.0 −1.0 0.2 0.6 0.4 0.6 0.8 

44 −1.0 −1.0 −1.0 −1.0 0.2 0.5 0.4 0.5 0.5 

40 −1.0 −1.0 −1.0 −1.0 0.4 0.5 0.5 0.5 0.6 

36 −1.0 −1.0 −1.0 −1.0 0.8 1.0 0.7 0.6 0.7 

32 −1.0 −1.0 −1.0 −1.0 2.0 3.4 1.6 0.8 0.8 

28 −1.0 −1.0 −1.0 −1.0 4.9 7.7 6.1 2.7 2.1 

24 −1.0 −1.0 −1.0 −1.0 1.1 8.3 15.8 13.1 7.2 

20 −1.0 −1.0 −1.0 −1.0 0.4 9.0 18.1 26.5 26.3 

16 −1.0 −1.0 −1.0 −1.0 0.9 7.2 42.5 42.9 43.0 

12 −1.0 −1.0 −1.0 −1.0 2.2 20.5 67.4 66.9 −1.0 

8 −1.0 −1.0 −1.0 −1.0 7.2 33.7 109 −1.0 −1.0 
0–30 km above southern summer polar ice reservoirs, indicat-

ng very limited vertical transport of water from south polar ice

eservoirs that further limits their influence on global atmospheric

ater variations; 5) an enhanced orbital variation in global satu-

ation conditions for Mars atmospheric water vapor; and 6) corre-

ation of spatial distributions for CRISM water vapor changes with

espect to the LMDGCM values, to spatial distributions for CRISM

hanges in cloud opacity with respect to LMDGCM values. 

Many of these differences reflect the inherent difficulties in

odeling sufficiently accurate or complete cloud microphysics

n Mars GCM simulations. Nevertheless, the Navarro et al.

2014) LMDGCM simulations of Mars atmospheric water vapor dis-

ributions represent the most detailed representation of such mi-

rophysics in a Mars global climate model and provide a standard

or future improvements. Another key to those improvements will

e global, coincident profile measurements of Mars water vapor,

louds, and temperatures. Solar occultation and limb profiling mea-

urements from the ExoMars TGO mission should provide this crit-

cal data set over 2018–2019. 
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ppendix A. Water profile tables 

CRISM derived Mars Water Vapor Mixing Profiles (ppmv) are

erived from retrieved CRISM O 2 ( 
1 � g ) profiles, as described above,

hrough scaling of the LMDGCM water profiles Navarro et al.

2014) by the LMDGCM/CRISM ratio of O 2 ( 
1 � g ) volume emission

ates (H 2 O and O 2 ( 
1 � g ) are inversely proportional). Above 20 km

ltitudes, average uncertainties are 20% (1 σ ), as binned over 6

oarse seasonal (L s - solar longitude) ranges. These include the

 s = 140-200 ° period not discussed in the paper and the separation
f the L s = 60-140 ° period into two L s bins of 60–100 ° and 100–

40 °. Below 20 km altitudes, model assumptions contribute sys-

ematic uncertainties of order 20–30%. The latitude averaging bins

f 10 degrees are centered on the provided latitudes. The longitu-

inal coverage is restricted to 110W-60E, and to a fixed local time

f ∼3 pm. Altitude levels in steps of 4 km are aeroid altitudes.

orthern hemisphere latitudinal gradients in surface elevation may

lay a role in northern hemisphere latitudinal gradients in derived

ater vapor values at the lowest aeroid altitude levels (8–16 km).

alues of −1 indicate insufficient measurements ( < 4) to provide a

in average value. 
5 15 25 35 45 55 65 75 85 

0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.4 0.2 

0.7 0.6 0.5 0.5 0.6 0.5 0.7 0.9 0.6 

0.4 0.4 0.4 0.6 0.8 0.5 1.1 1.6 1.3 

0.6 0.6 0.9 0.9 1.1 0.7 1.0 1.4 1.5 

0.9 1.2 1.8 1.9 1.8 1.1 0.8 1.1 1.4 

0.9 2.0 2.3 3.1 2.1 1.5 0.7 0.8 0.9 

2.4 3.9 6.1 10.4 4.4 3.5 0.9 0.6 0.6 

5.4 15.2 24.8 27.5 12.0 16.1 1.5 0.7 0.6 

−1.0 16.9 42.6 63.6 33.9 32.5 3.1 1.8 1.1 

−1.0 −1.0 101 100 78.9 77.6 9.6 5.6 4.5 

−1.0 −1.0 152 151 138 50.3 12.9 16.8 17.9 

−1.0 −1.0 −1.0 −1.0 215 −1.0 −1.0 48.0 54.3 
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Table 3 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 60–100 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 5 15 25 35 45 55 65 75 85 

52 −1.0 −1.0 −1.0 −1.0 −1.0 0.2 0.2 0.5 0.5 0.3 0.5 0.3 0.3 0.3 0.3 0.2 0.3 0.1 

48 −1.0 −1.0 −1.0 −1.0 −1.0 0.3 0.3 0.5 0.8 0.5 0.5 0.3 0.3 0.3 0.4 0.3 0.6 0.3 

44 −1.0 −1.0 −1.0 −1.0 −1.0 0.3 0.4 0.6 0.5 0.4 0.6 0.4 0.4 0.5 0.6 0.7 0.7 0.4 

40 −1.0 −1.0 −1.0 −1.0 −1.0 0.4 0.4 0.4 0.3 0.3 0.6 0.8 1.1 1.4 1.1 1.1 1.0 0.7 

36 −1.0 −1.0 −1.0 −1.0 −1.0 0.8 0.6 0.6 0.6 0.5 1.2 3.3 5.0 5.8 2.5 1.7 1.4 1.0 

32 −1.0 −1.0 −1.0 −1.0 −1.0 2.8 2.0 2.3 2.5 1.9 3.9 12.1 19.9 19.8 5.7 2.6 1.5 1.4 

28 −1.0 −1.0 −1.0 −1.0 −1.0 10.6 5.8 4.3 4.2 4.2 7.5 19.3 32.6 38.6 11.5 5.1 2.3 2.4 

24 −1.0 −1.0 −1.0 −1.0 −1.0 16.2 16.6 9.0 8.8 14.3 10.5 40.3 45.4 52.7 35.9 12.4 5.6 6.1 

20 −1.0 −1.0 −1.0 −1.0 −1.0 18.9 39.5 27.4 −1.0 −1.0 −1.0 56.9 80.3 78.0 82.5 24.4 17.9 12.9 

16 −1.0 −1.0 −1.0 −1.0 −1.0 20.4 40.6 46.3 −1.0 −1.0 −1.0 133 126 186 89.0 86.3 39.7 25.6 

12 −1.0 −1.0 −1.0 −1.0 −1.0 28.1 43.9 119 −1.0 −1.0 −1.0 250 285 314 120 166 103 46.1 

8 −1.0 −1.0 −1.0 −1.0 −1.0 44.8 86.7 218 −1.0 −1.0 −1.0 395 345 348 150 225 232 164 

Table 4 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 100–140 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 5 15 25 35 45 55 65 75 85 

52 −1.0 −1.0 −1.0 0.8 0.8 0.4 0.8 1.2 1.1 1.1 0.9 0.6 0.5 0.6 0.8 0.6 0.2 0.4 

48 −1.0 −1.0 −1.0 −1.0 2.1 1.3 1.5 1.6 1.1 1.8 1.4 0.8 0.6 0.7 0.6 0.7 0.2 0.3 

44 −1.0 −1.0 −1.0 −1.0 2.0 2.1 2.0 1.2 1.1 2.0 1.8 1.4 1.3 1.4 1.0 0.7 0.3 0.6 

40 −1.0 −1.0 −1.0 −1.0 3.2 2.4 3.0 2.2 2.0 2.8 4.5 4.1 4.1 3.9 2.2 1.3 0.7 0.9 

36 −1.0 −1.0 −1.0 6.5 7.8 4.1 6.2 5.9 6.1 8.6 11.8 12.5 18.3 12.5 6.9 3.0 1.1 1.4 

32 −1.0 −1.0 −1.0 22.3 28.8 7.4 10.2 11.7 12.0 9.4 14.9 24.7 47.8 30.1 18.4 5.6 2.1 2.2 

28 −1.0 −1.0 −1.0 27.5 27.3 19.1 18.2 12.8 20.1 14.4 21.1 37.4 49.2 61.8 52.9 11.7 4.7 4.8 

24 −1.0 −1.0 −1.0 26.0 39.4 29.5 46.6 15.5 30.1 23.7 25.1 41.4 98.2 98.7 65.8 20.7 11.8 9.8 

20 −1.0 −1.0 −1.0 4.3 16.2 35.2 71.2 49.7 −1.0 −1.0 66.3 124 162 139 68.2 33.3 33.8 27.4 

16 −1.0 −1.0 −1.0 2.0 12.7 35.3 72.2 67.9 −1.0 −1.0 116 208 187 158 90.6 58.0 87.8 65.8 

12 −1.0 −1.0 −1.0 2.1 6.6 54.0 86.9 95.7 −1.0 −1.0 595 676 260 150 172 106 196 86.7 

8 −1.0 −1.0 −1.0 −1.0 7.0 62.9 152 −1.0 −1.0 −1.0 −1.0 928 789 249 314 197 458 159 

Table 5 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 140–200 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 5 15 25 35 45 55 65 75 85 

52 −1.0 −1.0 3.0 1.7 3.6 4.2 7.0 7.9 6.5 5.1 7.4 7.2 3.8 3.9 0.5 0.9 1.7 1.2 

48 −1.0 −1.0 −1.0 10.7 2.5 9.9 11.2 11.5 6.8 10.4 13.8 25.4 6.2 5.8 1.0 0.3 0.4 0.4 

44 −1.0 −1.0 3.2 11.1 1.0 14.8 17.8 11.0 9.6 16.1 22.8 28.9 18.0 17.2 1.9 0.5 0.3 0.3 

40 −1.0 −1.0 3.7 24.1 19.7 13.1 26.9 19.6 22.0 26.7 26.8 36.9 42.2 34.8 3.2 1.3 0.7 0.6 

36 −1.0 −1.0 22.4 42.9 12.7 20.1 58.0 23.2 20.6 29.2 37.7 47.4 68.2 67.8 3.9 2.0 0.6 0.4 

32 −1.0 −1.0 11.3 145.8 50.8 35.0 45.0 32.6 33.8 26.4 52.7 50.8 68.9 149.0 4.5 1.5 0.5 0.3 

28 −1.0 −1.0 2.6 78.8 50.0 64.7 46.3 38.8 24.0 39.0 51.2 71.1 83.8 152 5.6 0.6 0.4 0.2 

24 −1.0 −1.0 1.5 38.8 59.0 65.1 58.0 94.7 66.7 53.4 84.1 105 53.9 103 7.9 0.3 0.2 0.1 

20 −1.0 −1.0 3.4 33.0 35.9 54.1 76.9 135 124 181 124 87.5 75.9 70.8 11.6 0.4 0.3 0.0 

16 −1.0 −1.0 9.5 62.5 106 64.0 100 122 155 259 164 114 168 66.9 16.1 1.7 0.8 0.0 

12 −1.0 −1.0 −1.0 67.1 306 −1.0 155 147 215 −1.0 240 156 253 74.9 49.3 11.7 4.2 0.4 

8 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 340 121 −1.0 35.3 −1.0 −1.0 

Table 6 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 200–310 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 5 15 25 35 45 55 65 75 85 

52 17.6 23.4 27.7 19.3 39.5 23.5 57.3 49.2 65.7 37.1 28.0 15.5 11.8 13.1 3.0 −1.0 −1.0 −1.0 

48 26.4 21.4 28.2 35.6 82.9 21.8 55.6 66.6 57.4 58.9 46.8 33.5 30.0 19.1 5.9 −1.0 −1.0 −1.0 

44 20.1 56.1 43.3 101.0 83.1 42.5 46.0 33.3 36.7 55.1 52.4 38.3 36.9 33.1 10.2 −1.0 −1.0 −1.0 

40 18.0 103.4 46.4 80.8 94.1 86.7 46.1 29.6 24.5 36.5 48.9 28.4 26.9 36.1 18.2 −1.0 −1.0 −1.0 

36 29.9 94.2 51.8 99.2 101 127 45.8 31.9 36.5 38.6 34.5 52.1 43.9 28.9 26.7 −1.0 −1.0 −1.0 

32 41.9 59.9 34.1 103 67.5 75.4 74.3 68.7 59.5 42.9 35.1 53.7 37.5 44.3 61.0 −1.0 −1.0 −1.0 

28 47.1 36.3 54.5 93.2 81.9 87.1 −1.0 113 53.2 65.3 −1.0 67.3 63.9 64.7 −1.0 −1.0 −1.0 −1.0 

24 50.2 41.9 61.4 93.6 96.2 109 104 113 86.7 91.2 121 96.9 −1.0 53.0 69.3 −1.0 −1.0 −1.0 

20 34.6 56.2 56.4 110 94.6 127 82.5 154 113 119 67.0 101 196 59.1 34.3 −1.0 −1.0 −1.0 

16 30.9 44.6 41.7 133 119 116 123 132 160 139 −1.0 103 190 35.3 31.4 −1.0 −1.0 −1.0 

12 44.7 43.0 −1.0 105 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 55.5 35.6 −1.0 −1.0 −1.0 

8 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 134 −1.0 −1.0 −1.0 −1.0 
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Table 7 

Water vapor mixing (ppmv) profiles (aeroid altitudes): L s = 320–360 °. 

Alt Latitude 

(km) −85 −75 −65 −55 −45 −35 −25 −15 −5 5 15 25 35 45 55 65 75 85 

52 3.9 5.4 10.9 11.7 −1.0 −1.0 26.4 66.6 39.7 −1.0 29.3 22.3 27.4 7.3 −1.0 −1.0 −1.0 −1.0 

48 −1.0 7.9 12.1 14.7 −1.0 19.6 −1.0 34.9 43.6 −1.0 −1.0 55.5 33.2 12.9 −1.0 2.7 −1.0 −1.0 

44 −1.0 −1.0 24.3 −1.0 −1.0 −1.0 −1.0 −1.0 22.7 −1.0 24.6 −1.0 31.7 30.3 −1.0 1.0 −1.0 −1.0 

40 6.2 6.5 21.7 −1.0 −1.0 −1.0 78.0 −1.0 41.1 −1.0 25.4 50.5 −1.0 −1.0 −1.0 2.0 −1.0 −1.0 

36 −1.0 −1.0 26.3 −1.0 −1.0 −1.0 33.6 −1.0 50.7 −1.0 −1.0 −1.0 −1.0 41.1 −1.0 6.3 −1.0 −1.0 

32 −1.0 −1.0 110 −1.0 111 −1.0 90.5 −1.0 87.4 −1.0 52.6 −1.0 99.4 25.8 −1.0 12.0 −1.0 −1.0 

28 92.6 158 275 176 59.5 −1.0 −1.0 −1.0 71.2 −1.0 70.5 −1.0 −1.0 111 −1.0 17.9 −1.0 −1.0 

24 83.3 216 218 121 47.7 −1.0 98.6 −1.0 105 −1.0 89.6 −1.0 61.4 98.2 −1.0 9.6 −1.0 −1.0 

20 49.4 120 127 92.4 48.4 −1.0 106 −1.0 −1.0 −1.0 112 −1.0 −1.0 69.2 −1.0 14.0 −1.0 −1.0 

16 49.5 83.4 78.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 62.9 −1.0 16.2 −1.0 −1.0 

12 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 102 −1.0 2.5 −1.0 −1.0 

8 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 −1.0 
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