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a b s t r a c t
Atmospheric chemical composition is crucial in determining a planet’s atmospheric structure, stability,
and evolution. Attaining a quantitative understanding of the essential chemical mechanisms governing atmospheric composition is nontrivial due to complex interactions between chemical species. Trace species,
for example, can participate in catalytic cycles – affecting the abundance of major and other trace gas
species. Speciﬁcally, for Mars, such cycles dictate the abundance of its primary atmospheric constituent,
carbon dioxide (CO2 ), but also for one of its trace gases, ozone (O3 ). The identiﬁcation of chemical pathways/cycles by hand is extremely demanding; hence, the application of numerical methods, such as the
Pathway Analysis Program (PAP), is crucial to analyze and quantitatively exemplify chemical reaction networks. Here, we carry out the ﬁrst automated quantitative chemical pathway analysis of Mars’ atmosphere with respect to O3 . PAP was applied to JPL/Caltech’s 1-D updated photochemical Mars model’s
output data. We determine all signiﬁcant chemical pathways and their contribution to O3 production and
consumption (up to 80 km) in order to investigate the mechanisms causing the characteristic shape of
the O3 volume mixing ratio proﬁle, i.e. a ground layer maximum and an ozone layer at ∼50 km. These
pathways explain why an O3 layer is present, why it is located at that particular altitude and what the
different processes forming the near-surface and middle atmosphere O3 maxima are. Furthermore, we
show that the Martian atmosphere can be divided into two chemically distinct regions according to the
O(3 P):O3 ratio. In the lower region (below approximately 24 km altitude) O3 is the most abundant Ox
(= O3 + O(3 P)) species. In the upper region (above approximately 24 km altitude), where the O3 layer is
located, O(3 P) is the most abundant Ox species. Earlier results concerning the formation of O3 on Mars
can now be explained with the help of chemical pathways leading to a better understanding of the vertical O3 proﬁle.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Ozone (O3 ) is one of the most important chemical species
for understanding the chemistry in the carbon dioxide (CO2 )
dominated atmosphere of Mars. In the early 1970s McElroy and
Donahue (1972) and Parkinson and Hunten (1972) demonstrated
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that the chemistry, which stabilizes CO2 , is dominated by catalytic
cycles involving odd hydrogen (HOx = H + OH + HO2 ) species,
formed by water vapor (H2 O) photolysis (see also e.g. Atreya and
Gu, 1994; Nair et al., 1994; Yung and DeMore, 1999; Stock et al.,
2012a,b). Observations and theoretical models of O3 and H2 O in
the Martian atmosphere have clearly shown an anticorrelation between these two molecules (e.g. Lane et al., 1973; Clancy and Nair,
1996; Lefèvre et al., 2004; Montmessin et al., 2004; Smith, 2004;
Fast et al., 2006a; Perrier et al., 2006), suggesting that O3 is a good
indicator for extremely low OH and HO2 volume mixing ratios and
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therefore “dry” conditions. Furthermore, O3 can act in CO2 forming
pathways as a source of atomic oxygen or as a catalyst (Yung and
DeMore, 1999; Stock et al., 2012a).
On Mars, atmospheric O3 was ﬁrst detected in the southern
polar region by ultraviolet (UV) spectrometers aboard Mariner 7
during its ﬂyby in 1969 (Barth and Hord, 1971). Closer investigations of the Hartley O3 absorption feature at 255 nm wavelength by the Mariner 9 UV spectrometer revealed not only latitudinal and seasonal variations in O3 concentrations (Barth et al.,
1973) but also indicated the above-mentioned anticorrelation between O3 and H2 O in the atmosphere of Mars (Lane et al., 1973).
Noxon et al. (1976) ﬁrst observed the 1.27 μm O2 (1 ) dayglow
emission line in the Martian atmosphere, which results from O3
photodissociation

O3 + hν −→ O2 (1 ) + O(1 D )

(1)

emission of a photon

O2 (1 ) −→ O2 (3 ) + hν.

(2)

Traub et al. (1979) applied this detection method to study and
compare O3 concentrations in the equatorial region between ±20°
latitude and the polar regions beyond ±45° latitude. In the following, the 1.27 μm O2 (1 ) dayglow emission has been used to map
O3 and to investigate its seasonal and latitudinal behavior (e.g.
Krasnopolsky and Bjoraker, 20 0 0; Novak et al., 20 02; Krasnopolsky, 2003). A ground based observational method to measure
O3 directly was introduced by Espenak et al. (1991) using infrared (IR) heterodyne spectroscopy, which provided a higher spatial resolution than O2 (1 ) dayglow observations. IR heterodyne
spectra near the 9.7 μm absorption band have been taken with
the NASA/Goddard Space Flight Center IRHS (Infrared Heterodyne
Spectrometer) and HIPWAC (Heterodyne Instrument for Planetary
Wind And Composition) and analyzed by Fast et al. (2006a,b), indicating that the vertical distribution of O3 plays an important role
to understand the deviations from the strict anticorrelation between O3 and H2 O column integrated abundances (see also Lefèvre
et al., 2004).
The early Mars “wet” model of Parkinson and Hunten (1972) already predicted an O3 concentration layer at an atmospheric
height around z ≈32 km. This layer was ﬁnally discovered at approximately z ≈40 km altitude by Krasnopolsky et al. (1975) (see
also Krasnopolsky and Parshev, 1979), using measurements obtained by the Mars 5 orbiter at the daytime limb and evening terminator. Later solar occultation observations close to the evening
terminator near the northern spring equinox by an UV spectrometer aboard the Phobos 2 spacecraft conﬁrmed the existence of the
O3 concentration maximum between z = 42 km to z = 45 km in the
equatorial region (Blamont and Chasseﬁère, 1993).
ESA’s Mars Express (MEX) mission led to a signiﬁcant leap in
the exploration of Mars’ O3 . Using the UV spectrometer of the SPICAM (SPectroscopy for the Investigation of the Characteristics of
the Atmosphere of Mars) instrument (Bertaux et al., 20 0 0, 20 06),
Lebonnois et al. (2006) and Perrier et al. (2006) measured the vertical and global distribution of O3 , accumulating data from more
than one year of observations. This work was supplemented by
three dimensional modeling efforts by Lefèvre et al. (2004), who
investigated the seasonal, latitudinal and diurnal behavior of O3
by employing the LMD (Laboratoire de Météorologie Dynamique)
GCM (General Circulation Model). Lefèvre et al. (2008) pointed out
the potential signiﬁcance of the heterogeneous chemistry upon ice
cloud particles, which act as an effective HOx sink (resulting in
“dryer” conditions), bringing better coincidence between SPICAM
O3 and ground based O3 and H2 O2 observations as well as model
results. Later observations with the MARCI (MARs Color Imager)
instrument onboard MRO (Mars Reconnaissance Orbiter), however,
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did not provide strong evidence of a correlation between O3 and
clouds (Clancy et al., 2016).
Here, we investigate
(a) why an O3 layer is present,
(b) why it is located at that particular altitude and
(c) what the different processes forming the near-surface and
middle atmosphere ozone maxima are,
by studying how O3 is produced and consumed on Mars. The problem of explaining direct O3 production and consumption can be
addressed by inspecting calculated reaction rates and searching for
the one with the largest rate. However, these reactions can be involved in both fast O3 null cycles (no net O3 production or consumption) and catalytic O3 production or loss pathways. The latter
pathways are relevant for explaining the O3 volume mixing ratio
proﬁle. The role of catalytic cycles for O3 formation and consumption in Earth’s atmosphere has been demonstrated by e.g. Bates
and Nicolet (1950) and Crutzen (1970). Note, that the presence of
catalytic species on Mars has a dramatic impact on the chemical composition of the atmosphere (McElroy and Donahue, 1972;
Parkinson and Hunten, 1972), hence it is expected, that catalytic
cycles are also relevant to the O3 formation and consumption on
Mars.
Generally, it is very diﬃcult to ﬁnd a complete set of relevant production and consumption pathways of a given species.
Therefore, we use the Pathway Analysis Program (PAP, Lehmann,
2004), which enables the determination of all dominant pathways in reaction networks. The algorithm has been successfully
applied to very different topics such as Earth’s stratospheric O3
(Lehmann, 2004; Grenfell et al., 2006), Earth’s mesosphere and
ionosphere (Verronen et al., 2011; Verronen and Lehmann, 2013;
2015), the Martian CO2 stability problem (Stock et al., 2012a,b), and
biomarker chemistry on Earth-like extrasolar planets orbiting Mdwarf stars (Grenfell et al., 2013).
Here, we are particularly interested in the shape of the vertical
O3 proﬁle under mean atmospheric conditions and the chemical
cycles which determine the location of the O3 layer. Therefore, we
apply for the ﬁrst time the computer algorithm PAP to the output
of the updated version of the JPL/Caltech KINETICS model of the
Martian atmosphere (Nair et al., 1994; Boxe et al., 2014) to identify
all signiﬁcant chemical pathways and quantify their contribution
to O3 formation and consumption up to 80 km altitude.
2. Method
2.1. Martian atmospheric photochemical column model
To study the O3 proﬁle in the Martian atmosphere under global
average conditions with the help of the Pathway Analysis Program (PAP, Lehmann, 2004), the output of the updated version of
the JPL/Caltech Martian atmospheric photochemical column model
has been employed, which was described in detail by Nair et al.
(1994). The version of the photochemical kinetics model used here
provides the mathematical solution of a system of coupled onedimensional continuity equations

∂
∂
n (z, t ) +
 (z, t ) = Pi (n1 , . . . , nNS ) − Li (n1 , . . . , nNS )
∂t i
∂z i
(3)
for NS = 29 species (O(3 P), O(1 D), O2 (3  ), O2 (1 ), O3 , N(4 S), N(2 D),
N2 , N2 O, NO, NO2 , NO3 , N2 O5 , HNO2 , HNO3 , HO2 NO2 , H, H2 , H2 O,
OH, HO2 , H2 O2 , CO, CO2 , HCO2 , O+ , O+
, CO+
, CO2 H+ ), where z
2
2
denotes the atmospheric altitude, Pi (n1 , . . . , nNS ) the production
rate and Li (n1 , . . . , nNS ) the loss rate of species Si with the related
number density ni . The vertical ﬂux of species Si is calculated via
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ni
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+
dz
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+
+
dz
H
T dz

,

(4)

where Di , Hi and α i are the molecular diffusion coeﬃcient, the
scale height and the thermal diffusion factor of species Si , respectively. K, H, and T denote the eddy diffusion coeﬃcient, the scale
height of the background atmosphere and the local gas temperature, respectively. The vertical grid covers the atmosphere from
the Martian surface up to 240 km in 2 km intervals. For the chemical pathway analysis, we used the steady state solution of the
photochemical model for ﬁxed temperature and pressure proﬁles
(for details see Nair et al., 1994). The chemical reaction system includes 149 reactions (for details see Stock et al., 2012a; Boxe et al.,
2014). In contrast to Stock et al. (2012a), we distinguish between
the excited state O2 (1 ) and the ground state O2 (3  ) of molecular
oxygen. Additionally, the HCO2 chemistry introduced by Boxe et al.
(2014) is included in the chemical model. Reaction rate coeﬃcients
are updated according to Sander et al. (2011).
Since the O3 volume mixing ratio exhibits latitudinal, diurnal
and seasonal variations, the utilization of one-dimensional models
is limited. For example, horizontal transport cannot be described,
i.e. the effect of atmospheric circulation is parameterized within
the eddy diffusion proﬁle, which is derived from aerosol measurements (see Nair et al., 1994, and references therein). Nevertheless,
in order to discuss the O3 chemistry under global mean conditions,
it is useful to abstain from the three-dimensional treatment in favor of a more detailed description of the chemical reaction network. This approach is strengthened by the fact, that the results
of the O3 volume mixing ratio proﬁle calculated with the help of
the JPL/Caltech photochemical model are within observational constraints (Nair et al., 1994).
For the description of the photolysis rate constants a diurnally
averaged solar radiation ﬁeld for ca. 30° latitude at equinox is assumed. The diurnally averaged radiation corresponds to the radiation at 7:15 a.m. LTST (local true solar time) and 4:45 p.m.
LTST. It is well known that the O3 concentration in the O3 layer
considerably varies diurnally since the chemical lifetime of O3 is
shorter than one day (see e.g. Nair et al., 1994; Lefèvre et al., 2004;
Perrier et al., 2006). Note, that although we assume a diurnally averaged radiation ﬁeld, the resulting O3 concentration does not necessarily represent the diurnally averaged O3 concentration.
The eddy diffusion proﬁle is given by Nair et al. (1994),
their Fig. 1(b). The eddy diffusion coeﬃcient (K) is 105 cm2 s−1
at the surface and increases exponentially up to 107 cm2 s−1 at
z = 40 km consistent with aerosol measurements (Toon et al., 1977;
Anderson and Leovy, 1978; Chasseﬁère et al., 1992; Korablev et al.,
1993). Between z = 40 km and z = 70 km, K is constant. The value
is chosen to reproduce the O2 volume mixing ratio as discussed by
Nair et al. (1994). Rosenqvist and Chasseﬁère (1995) reexamined
the relationship between eddy mixing and O2 concentration, which
is consistent with the value of the eddy diffusion coeﬃcient used
here. Between z = 70 km and z = 100 km, the eddy diffusion coefﬁcient increases again exponentially with increasing altitude up to
K = 108 cm2 s−1 to match the abundance of atomic oxygen at the
thermosphere.
Water vapor (H2 O) is the most important reservoir species
for HOx radicals. Its abundance on Mars is mainly controlled by
condensation/evaporation and the global circulation and consequently exhibits diurnal, seasonal and latitudinal variations (see for
example Barker, 1976; Jakosky and Farmer, 1982; Jakosky, 1985;
Houben et al., 1997; Richardson and Wilson, 2002; Montmessin
et al., 2004). However, one-dimensional models generally use ﬁxed
water proﬁles. Here we utilize the standard H2 O proﬁle employed

by Nair et al. (1994) in order to represent mean conditions, i.e. we
assume a well mixed water abundance in the lower atmosphere
up to the hygropause, the height where H2 O becomes saturated.
Above z ≈60 km, where the H2 O saturation proﬁle has a minimum,
H2 O is undersaturated and its abundance is determined by photochemistry.
2.2. Pathway Analysis Program
The Pathway Analysis Program (PAP) allows for the identiﬁcation
of chemical pathways in arbitrarily given reaction networks. Additionally, it quantiﬁes the eﬃciency of the pathways by computing the corresponding rates. In this way, the relative importance
of the different, competing chemical pathways can be determined.
PAP was described in more detail by Lehmann (2004) and some
applications with respect to the CO2 formation on Mars were discussed by Stock et al. (2012a,b).
In accordance with Stock et al. (2012a) we denote the rate of
the net change of species Si caused by pathway Pk by

ϕik = |mik | fk ,

i = 1, . . . , NS , k = 1, . . . , NP ,

(5)

where mik is the stoichiometric coeﬃcient of species Si in the net
reaction of pathway Pk with its rate fk . NP is the total number of
pathways.
In order to identify the chemical pathways in the Martian atmosphere and to quantify their eﬃciencies, we apply the PAP
algorithm to the steady-state solution of the JPL/Caltech KINETICS model for each atmospheric layer separately (see Stock et al.,
2012a, for further details).
In general, chemical production Pi and chemical consumption
Li in planetary atmospheres can differ even under steady state
conditions if other sources or sinks apart from chemical reactions
are present – such as for instance vertical diffusion (see Eq. (3)).
The analysis method can be extended to account for such processes by introducing pseudo reactions describing emission, transport processes etc. Since O(3 P) is strongly affected by vertical
transport, we include two pseudo reactions:

O(3 P )[adjacent layer(s )] −→ O(3 P )

(6)

O( P ) −→ O( P )[adjacent layer(s)],

(7)

3

3

representing the transport into or out of a layer centered at altitude z.
We calculate the associated reaction rates under steady state
conditions (i.e. ∂ nO(3 P ) /∂ t = 0) by using Eq. (3) and treating the
term ∂ O(3 P) /∂ z according to its sign as a pseudo production rate



rOgain
=
(3 P )

−∂ O(3 P) /∂ z,
0,

∂ O(3 P) /∂ z < 0
otherwise

(8)

or a pseudo consumption rate

rOloss
(3 P ) =


∂ O(3 P) /∂ z, ∂ O(3 P) /∂ z > 0
0,

otherwise.

(9)

There are several O3 photolysis channels leading to ground state
atomic oxygen O(3 P), electronically excited state of atomic oxygen
(O(1 D)), ground state molecular oxygen O2 (3  ) and/or electronically excited molecular oxygen (O2 (1 )) (see Matsumi et al., 2002,
for example). The most important ones in the Martian atmosphere
are the spin-allowed channels (1) and

O3 + hν −→ O2 (3 ) + O(3 P ).

(10)

Another considerable source of O(3 P) and O(1 D) are the photolysis
of CO2

CO2 + hν −→ CO + O(3 P )

(11)

−→ CO + O( D )

(12)

1
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Fig. 1. Volume mixing ratios of selected atomic and molecular species in the Martian atmosphere calculated by the Caltech/JPL KINETICS model. Dashed arrows in the left
hand panel indicate the exchange of oxygen atoms between species. There are one long-lived source of O3 above z ≈24 km, namely O(3 P) and two long-lived sources of O3
below z ≈24 km, namely O2 and CO2 . The processes are explained in more detail in Sections 3.2 and 3.3.

and of O2 (3  )

O2 ( ) + hν −→ O( P ) + O( P )

(13)

−→ O(3 P ) + O(1 D )

(14)

3

3

3

with different reaction channels. The collisional deactivation of
O(1 D)

O( D ) + CO2 −→ O( P ) + CO2
1

3

(15)

and of O2 (1 )

O2 (1 ) + CO2 −→ O2 (3 ) + CO2

˜ ik fk
m

(18)

{k|mik =0 }

˜ ik ∈ N times in pathway Pk from the rate of prorecycling Si =O3 m
duction
NP


mik fk

(19)

{k|mik >0 }

(16)

2.3. Additional deﬁnitions

by chemical pathways forming Si =O3 from long-lived oxygen reservoir species like CO2 and O2 and from the rate of consumption
NP


Lˆi =

|mik | fk

(20)

{k|mik <0 }

by chemical pathways converting Si = O3 to long-lived oxygen
reservoir species. Since the rate of each reaction is completely distributed to the pathways Pk , including null pathways, it follows directly that

Pi = Pˆ i + Nˆ i

(21)

Li = Lˆi + Nˆ i .

(22)

To ease the discussion of our results, we deﬁne the production rate
by reactions and by chemical pathways in volume mixing ratio
Pi (z ) :=

Pi ( z )
ntot (z )

(23)

Pˆ i (z ) :=

Pˆ i (z )
,
ntot (z )

(24)

where

Ozone can be recycled by null pathways, for instance

net:

NP


Nˆ i =

Pˆ i =

with the most abundant species in the Martian atmosphere are relatively fast, especially in the lower atmospheric parts. As a result,
the combinations {(1), (15), (16)}, {(12), (15)} and {(14), (15)} may
occur within the pathways found by the PAP algorithm. As {(1)}
has the same net effect as reaction (10), for each pathway P containing the reactions (1), (15) and (16), there exists a competing
pathway P containing the set of reactions as P, but with reaction (10) instead of the reactions (1), (15) and (16). Analogously,
for each pathway P containing the reactions (12) and (15) there
is a competing pathway P containing the set of reactions as P,
but with reaction (11) instead of the reactions (12) and (15). Since
the different photolysis channels are not relevant for the analysis,
we simplify the representation of the pathways containing different photolysis channels by merging the pathways P and P into
pathway families. In other words, we distinguish between electronically excited and ground state atoms/molecules, when running the
JPL/Caltech KINETICS model and the PAP, but introduce a simpliﬁed
notation, using the “⇒ ”-symbol, if several reaction channels with
and without subsequent quenching are relevant, when discussing
the results of the PAP.

O3 + hν ⇒ O2 (3 ) + O(3 P )
3
3
O( P ) + O2 ( ) + CO2 −→ O3 + CO2
null.

from the production and consumption rates of O3 Therefore, we
distinguish the rate of null pathways

ntot (z ) =
(17)

which do not change directly the O3 concentration. Hence, for explaining the O3 concentration, it is useful to eliminate their effect

NS


ni ( z )

(25)

i=1

is the altitude dependent total number density.
Since steady state conditions (∂ ni (z, t )/∂ t = 0) are assumed and
the change in volume mixing ratio of Si = O3 by vertical transport
is relatively small in comparison to the change in volume mixing
ratio by chemical production or loss (about ࣠ 1% in the altitude
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regions which contain the O3 maxima), the term ∂ i (z, t)/∂ z in
Eq. (3) can be neglected and it follows

Pi ( z ) = Li ( z ).

(26)

Using Eqs. (21), (22) and (26) we ﬁnd

Pˆ i (z ) = Lˆi (z ).

(27)

As a measure of how fast a species Si undergoes chemical loss reactions, it is useful to deﬁne the pseudo ﬁrst order loss rate coefﬁcient1
i

(z ) :=

Li ( z )
.
ni ( z )

(28)

Thus the steady state volume mixing proﬁles can be expressed by

ni ( z )
Pi ( z )
=
,
ntot (z )
i (z )

(29)

using Eqs. (23), (26) and (28). Although Eq. (29) is formally correct,
the right hand side depends on Si = O3 , since Pi (z ) and i (z) contain the rate of null pathways (see Eqs. (21)–(23) and (28)). This
means both sides of Eq. (29) depend on Si = O3 and hence this
equation is not helpful for explaining the mechanisms generating
the O3 volume mixing ratio proﬁle. Therefore, in analogy to Eq.
(28) we deﬁne

ˆ
ˆ i (z ) := Li (z )
ni ( z )

(30)

Thus the steady state volume mixing proﬁles can also be expressed
by

ni ( z )
Pˆ i (z )
=
ntot (z )
ˆ i (z )

(31)

the signiﬁcant amount of O3 recycled via pathway (17) in the lower
ˆ O (z ) (see
region it follows that PO3 (z )
Pˆ O3 (z) and O3 (z )
3
Section 2.3). In the logarithmic plot (Fig. 2), the lengths of the
arrows correspond to the O3 volume mixing ratio (see also Eq.
(31)). In the lower region, Pˆ O3 (z ) decreases about a factor of two
with decreasing altitude, while ˆ O (z ) decreases about a factor of
3

using Eqs. (24), (30) and (27).

seven with decreasing altitude, indicating that the ground layer O3
maximum is caused by the decrease of the ˆ O3 with decreasing
altitude (see Eq. (31)). The relative contributions of all pathways
consuming/forming O3 in the lower region are shown in detail in
Fig. 3 and will be discussed in the following sections.

3. Results and discussion
3.1. The O3 volume mixing ratio proﬁle
Fig. 1(a) shows among others the vertical proﬁle of O3 as calculated by the updated version of the Caltech/JPL KINETICS model
for the Martian atmosphere. The O3 volume mixing ratio proﬁle
exhibits two maxima: one near the Martian surface, henceforth
called ground layer O3 maximum, and another one at an atmospheric height around z = 50 km altitude (corresponding to a concentration maximum at z ≈44 km), henceforth O3 layer. Fig. 1(a)
also shows the volume mixing ratio of O(3 P), which increases
monotonically with increasing altitude. The proﬁles of O(3 P) and
O3 intersect at about z ≈24 km. Consequently, we ﬁnd two distinct chemical regions: The lower region (nO(3 P) < nO3 ) contains
the ground layer O3 maximum. Here, the O3 abundance is directly
controlled by the reservoir species CO2 and O2 (indicated by the
lower two arrows in Fig. 1(a)). The upper region (nO(3 P) > nO3 ) includes the O3 layer. Here, the O3 concentration is controlled by
O(3 P), which in turn is regulated by CO2 and O2 (indicated by the
upper two horizontal arrows in Fig. 1(a)) and transport (indicated
by the diagonal arrow in Fig. 1(a)). Both regions are chemically
quite different (see below) and will be analyzed separately.
3.2. Chemical O3 pathways in the lower region
To understand the shape of the O3 proﬁle in the lower region,
Fig. 2 shows production rates PO3 (z ) and Pˆ O3 (z ), as well as the
ﬁrst order pseudo loss rate coeﬃcients O (z ) and ˆ O (z ). Due to
3

1

Fig. 2. Pseudo ﬁrst order O3 loss rate coeﬃcients O3 and ˆ O3 (left hand side,
ˆ O3 (right hand side, lower axis)
upper axis) and O3 production rates PO3 and P
ˆ O3 and pseudo ﬁrst
in the lower region. Solid lines refer to the production rate P
order loss rate coeﬃcient ˆ O3 via pathways according to Eqs. (24) and (30). Dashed
lines refer to the production rate PO3 and pseudo ﬁrst order loss rate coeﬃcient
O3 via reactions. Since the x-axis is in logarithmic scale, the difference between
the solid lines, indicated by the length of the horizontal arrows, describes the ratio
ˆ O3 : ˆ O3 , which is the volume mixing ratio of O3 according to Eq. (31).
P

3

Sometimes called the implicit loss coeﬃcient (see e.g. Jacobson, 2005).

3.2.1. Ozone production (lower region)
Figure 3 and Table 1 show that the majority of O3 in the lower
region is formed via a Chapman-like O3 production pathway

net:

CO2 + hν
O(3 P ) + O2 (3 ) + M
O2 (3 ) + CO2

−→
−→
−→

CO + O(3 P )
O3 + M
O3 + CO,

(32)

i.e. O(3 P), which reacts with O2 (3  ) to produce O3 , is formed by
CO2 photolysis and M is CO2 . The original Chapman O3 production
pathway

O2 (3 ) + hν
2 · (O( P ) + O2 (3 ) + M
3 · O2 (3 )
3

net:

−→
−→
−→

O (3 P ) + O (3 P )
O3 + M )
2 · O3
(33)

– well known for operating in Earth’s atmosphere (M is N2 or
O2 ) yielding the notable O3 layer – is also active on Mars with
M = CO2 . However, on Mars, pathway (33) is less eﬃcient than
pathway (32), because of the large CO2 :O2 ratio in the Martian atmosphere. The O3 production decreases with decreasing altitude,
because of the decreasing rates of the CO2 and O2 photolysis reactions with decreasing altitude. Furthermore, we identify another
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Fig. 3. Rates ϕ ik of O3 production/consumption pathways in the lower region. Loss
rates are indicated with a negative sign. The solid line on the right hand side indicates the production of O3 by all O3 formation pathways. The solid line on the
left hand side indicates the consumption of O3 by all O3 consumption pathways.
Bracketed numbers refer to pathways given in the text and Table 1.
Table 1
Percentage contribution of the dominant O3 production and consumption pathways at the O3 ground layer maximum.

Fig. 4. Rates ϕ ik of the dominant O3 consumption pathway family (36) and the
null pathway family (17) in the lower region (solid lines). Dashed lines refer to reactions (37), (38) and the photolysis O3 + hν ⇒ O2 (3 ) + O(3 P ). The sum of the
pathway family (36) and (17) is indicated by the bold solid line.

3.2.2. Ozone consumption (lower region)
The dominant O3 removal process belongs to the pathway
family

Production
(32)

CO2 + hν −→ CO + O(3 P)
O( P) + O2 (  ) + M −→ O3 + M
3

3

Net:

O2 (3  ) + CO2 −→ O3 + CO

(33)

O2 (3  ) + hν −→ O(3 P) + O(3 P)

56%

net :

2·( O(3 P) + O2 (3  ) + M −→ O3 + M )
Net:

3·O2 (3  ) −→ 2·O3

(34)

OH + CO −→ CO2 + H
HO2 + NO −→ NO2 + OH
NO2 + hν −→ NO + O(3 P)
O(3 P) + O2 (3  ) + M −→ O3 + M
2·O2 (3  ) + CO −→ O3 + CO2

O(3 P ) + O2 (3 ) + CO2 −→ O3 + CO2 .

(36)

(37)

H + O2 (3  ) + M −→ HO2 + M
O3 + CO −→ O2 (3  ) + CO2

85%

signiﬁcant O3 production pathway

OH + CO
H + O2 (3 ) + M
HO2 + NO
NO2 + hν
O(3 P ) + O2 (3 ) + M
2 · O2 (3 ) + CO

−→
−→
−→
−→
−→
−→

3.3. Chemical pathways in the upper region

CO2 + H
HO2 + M
NO2 + OH
NO + O(3 P )
O3 + M
O3 + CO2 ,

(34)

which includes the reaction

HO2 + NO −→ NO2 + OH

(38)

The ratio decreases with decreasing altitude (see Fig. 4), because
of the increase in total number density and hence an increase of
the rate of the three body reaction (38) and due to the decrease of
the HO2 volume mixing ratio with decreasing altitude.

OH + CO −→ CO2 + H

net:

O2 (3 ) + O(3 P )
OH + O2 (3 )
CO2 + H
HO2 + M
O2 (3 ) + CO2 ,

and
O3 + hν ⇒ O2 (3  ) + O(3 P)
O(3 P) + HO2 −→ OH + O2 (3  )

Net:

⇒
−→
−→
−→
−→

O(3 P ) + HO2 −→ OH + O2 (3 )

17%

Consumption
(36)

O3 + hν
O(3 P ) + HO2
OH + CO
H + O2 (3 ) + M
O3 + CO

(see Section 2.2 for the deﬁnition of the “⇒”-symbol) the rate
of which decreases with decreasing altitude (see Fig. 3). This decrease is a result of increasing competition with the null pathway
family (17) for O(3 P) produced by the O3 photolysis reaction (see
Fig. 4). The rate of the O3 photolysis reaction is almost completely
distributed to the pathway families (17) and (36). It is therefore
suﬃcient to examine the ratio of the reactions

20%

H + O2 (3  ) + M −→ HO2 + M

Net:
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(35)

reconsidered by Krasnopolsky (1993), who recognized its importance in breaking the O2 bond to produce odd oxygen. Pathway (34) was already discussed by Stock et al. (2012b) but in the
context of CO2 formation on Mars. This pathway is also relevant for
the CO oxidation and O3 formation in Earth’s troposphere (Brasseur
et al., 1999) with M being N2 or O2 instead of CO2 .

Under global mean conditions, in the upper region, Pˆ O3 varies
by more than one order of magnitude, whereas ˆ O3 remains relatively constant, suggesting that the O3 layer is determined by the
variation of the O3 production rate with atmospheric height (see
Fig. 5). The major O3 producing/consuming pathways contributing
to these rates are shown in Fig. 6 and Table 2. The rates are considerably larger than the rates of the pathways operating in the
lower region (cf. Fig. 3). This provides additional evidence for two
distinct chemical regimes in the O3 chemistry of Mars, indicating
an especially active O3 chemistry in the upper region.
3.3.1. Ozone production (upper region)
As seen in Fig. 5 the O3 volume mixing ratio proﬁle is strongly
affected by the production rate. Our results (Fig. 6) suggest that
O3 production is almost exclusively dominated by the single termolecular recombination reaction (38). Since the O2 (3  ) and CO2
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volume mixing ratios remain relatively constant with altitude (see
Fig. 1(a)), the strong increase of the O(3 P) volume mixing ratio
with increasing altitude leads to an increase in the O3 production rate and, hence, to an increase in the O3 volume mixing ratio, which peaks around z = 50 km. The decrease of the O3 production rate with increasing altitude above z = 50 km is due to the
decrease of the total number density ntot and thus the decrease
in the rate of the termolecular reaction (38). The mechanism controlling the O(3 P) abundance in this region is of particular interest,
since there O(3 P) is the dominant Ox -species (see Fig. 1(a)). Pathways producing/consuming O(3 P) and their effect on the O3 proﬁle
are discussed in Section 3.3.3.
3.3.2. Ozone consumption (upper region)
Fig. 6 shows also the contributions of O3 consumption pathways in the upper region. In this part of the atmosphere O3 is
mainly destroyed by photolysis and subsequent thermal deactivation of O(1 D)
Fig. 5. Ozone production rate (solid line) and pseudo ﬁrst order O3 loss rate coeﬃcient (dashed line) calculated according to Eqs. (24) and (30). Since the x-axis is in
logarithmic scale, the difference between the solid lines, indicated by the length of
ˆ O3 : ˆ O3 , which is the volume mixing
the horizontal arrows, describes the ratio P
ratio of O3 according to Eq. (31).

O3 + hν ⇒ O2 (1 ) + O(3 P ).

(39)

A less eﬃcient alternative is the photolysis branch of O3

O3 + hν −→ O2 (3 ) + O(3 P ),

(40)

yielding the ground states of molecular O2 (3  ) and atomic oxygen
O(3 P). It is also possible that O3 is removed by reaction with H via
the following two pathways

net:

H + O3
O(3 P ) + OH
O3 + O(3 P )

−→
−→
−→

OH + O2 (3 )
O2 (3 ) + H
2 · O2 (3 )

(41)

and

net:

Fig. 6. Rates ϕ ik of O3 production/consumption pathways. Loss rates are indicated
with a negative sign. The solid line on the right hand side indicates the production
of O3 by all O3 formation pathways. The solid line on the left hand side indicates
the consumption of O3 by all O3 consumption pathways. Bracketed numbers refer
to pathways given in the text and Table 2.

Table 2
Percentage contribution of the dominant O3 production and consumption pathways in the mid atmospheric O3 layer (z ≈50 km).
Production
(38)

O(3 P) + O2 (3  ) + CO2 −→ O3 + CO2

99%

H + O3
OH + CO
O3 + CO

−→
−→
−→

OH + O2 (3 )
CO2 + H
O2 (3 ) + CO2 ,

(42)

which however are less eﬃcient as seen in Fig. 6. For real Mars
conditions, the hygropause depends on the season and can rise to
higher altitudes during the summer, leading to an increase in the
HOx volume mixing ratio, which in turn, results in the disappearance of the O3 layer (Clancy and Nair, 1996; Lefèvre et al., 2004).
These observations are consistent with our results. Moreover, the
presence of ice clouds can reduce the HOx volume mixing ratio
(see e.g. Anbar et al., 1993; Lefèvre et al., 2008), which decreases
the rates of pathways (41) and (42) – thus increasing the O3 volume mixing ratio.
3.3.3. Atomic oxygen production and consumption (upper region)
In contrast to the lower region, in the upper region O(3 P) is
more abundant than O3 (see Fig. 1(a)). In order to understand why
O(3 P) is so abundant in this part of the atmosphere, we use the
PAP algorithm to also study the O(3 P) pathways. Fig. 7 shows the
production/consumption of O(3 P) by chemical pathways with and
without transport. We denote the O(3 P) production rate by Pˆ ∗ 3
O( P )

Consumption

if vertical mixing is included as a pseudo reaction (see Section 2.2)
and the pseudo ﬁrst order O(3 P) loss rate coeﬃcient ˆ ∗ 3 accord-

(39)

O3 + hν ⇒ O2 (1 ) + O(3 P)

75%

(40)

O3 + hν −→ O2 (  ) + O( P)

12%

(41)

H + O3 −→ OH + O2 (3  )

ingly. These quantities are related to the chemical O(3 P) production
rate and the pseudo ﬁrst order chemical O(3 P) loss rate coeﬃcient
via

11%

Pˆ O∗ (3 P) = Pˆ O(3 P) + rOgain
(3 P )

3

3

O(3 P) + OH −→ O2 (3  ) + H
Net:

O3 + O(3 P) −→ 2·O2 (3  )

(42)

H + O3 −→ OH + O2 (3  )

Net:

O3 + CO −→ O2 (3  ) + CO2

O( P )

OH + CO −→ CO2 + H
2%

ˆ∗

O (3 P )

rOloss
(3 P )
= ˆ O (3 P ) +
,
nO ( 3 P )

(43)

(44)
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∗
O (3 P )

Fig. 7. Pseudo ﬁrst order O( P) loss rate coeﬃcients ˆ O(3 P) and ˆ
(left branch,
ˆ ∗ 3 (right branch, lower
ˆ O(3 P) and P
upper axis) and O(3 P) production rates P
O( P )
axis). Solid lines refer to calculations where vertical transport is included as pseudo
reactions according to Eqs. (43) and (44), whereas dashed lines refer to calculations
where vertical transport of O(3 P) is not included. Hatched areas illustrate the effect
of vertical transport. Since the x-axis is in logarithmic scale, the difference between
the solid lines, indicated by the length of the horizontal arrows, describes the ratio
ˆ O(3 P) : ˆ O(3 P) , which is the volume mixing ratio of O(3 P) according to Eq. (31).
P
3

where r

gain
O (3 P )
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Fig. 8. Rates ϕ ik of O(3 P) production/consumption pathways. Loss rates are indicated with a negative sign. The solid line on the right hand side indicates the production of O(3 P) by all O(3 P) formation pathways. The solid line on the left hand
side indicates the consumption of O(3 P) by all O(3 P) consumption pathways. The
thick solid lines on the refer to the transport pathways (6) and (7). Pathways are
summarized in Table 3.
Table 3
Percentage contribution of the dominant O(3 P) production and
consumption pathways in the mid atmospheric O3 layer (z
≈50 km).
Production

and r loss3

O( P )

are deﬁned by Eqs. (8) and (9). As it can be

seen in Fig. 7, there is a net transport of O(3 P) from upper atmospheric layers (z > 56 km) to lower altitudes (32 km ࣠ z ࣠ 56 km).
The O(3 P) production rate Pˆ ∗ 3 increases by about one orO( P )

der of magnitude with increasing altitude between z = 32 km and
z = 56 km, whereas the pseudo ﬁrst order O(3 P) loss rate coeﬃcient ˆ ∗ 3 decreases by more than two orders of magnitude. This

(6)

O(3 P)[adjacent layer(s)] −→ O(3 P)

(47)

CO2 + hν ⇒ CO + O( P)

39%

(48)

O2 (3  ) + hν ⇒ O(3 P) + O(3 P)

6%

3

Consumption
O(3 P) + HO2 −→ OH + O2 (3  )

(45)

OH + CO −→ CO2 + H

O( P )

H + O2 (3  ) + M −→ HO2 + M

results in an increase of the O(3 P) volume mixing ratio with increasing altitude, which is predominantly determined by the O(3 P)
consumption. Fig. 8 shows that the pathways

O( P ) + HO2
OH + CO
H + O2 (3 ) + M
O(3 P ) + CO
3

net:

−→
−→
−→
−→

OH + O2 ( )
CO2 + H
HO2 + M
CO2

Net:

O(3 P) + CO −→ CO2

(46)

O( P) + OH −→ O2 (  ) + H
3

55%
3

H + O2 (3  ) + M −→ HO2 + M

3

O(3 P) + HO2 −→ OH + O2 (3  )

(45)

2·O(3 P) −→ O2 (3  )

Net:

23%

and O2 photolysis

and

net:

55%

O(3 P ) + OH
H + O2 (3 ) + M
O(3 P ) + HO2
2 · O (3 P )

−→
−→
−→
−→

O2 (3 ) + H
HO2 + M
OH + O2 (3 )
O2 (3 )

O2 (3 ) + hν
(46)

are the most important O(3 P) consumption pathways between
z = 32 km and z = 60 km. Pathway (45) was discussed in the context of the CO2 stability problem by e.g. McElroy and Donahue
(1972); Nair et al. (1994) and Stock et al. (2012a). The rates of
both pathways (45) and (46) depend on the abundance of HOx .
The change in the slope of ˆ O(3 P) at z ≈36 km (Fig. 7) correlates
with the abrupt decrease in HO2 volume mixing ratio (Fig. 1(a)),
suggesting that a “dry” atmosphere (i.e “lack” of OH and especially HO2 ) leads to an increase in the O(3 P) volume mixing ratio. Fig. 8 also suggests that above z ≈58 km, O(3 P) removal via
transport dominates. The corresponding pathway includes only the
pseudo reaction (7).
Atomic oxygen O(3 P) is produced directly by CO2 photolysis

CO2 + hν

⇒

CO + O(3 P )

(47)

⇒

O (3 P ) + O (3 P )

(48)

O(3 P) is then transported downwards to the O3 layer of the upper region. The corresponding pathway includes only the pseudo
reaction (6). In order to illustrate the effect of vertical transport of
O(3 P) on the O3 proﬁle, we calculate ﬁrst the concentration proﬁles
of O(3 P) in the absence of O(3 P) transport, i.e.

n◦O(3 P ) =

Pˆ O(3 P)
.
ˆ O (3 P )

(49)

Note that Pˆ O(3 P ) and ˆ O(3 P ) do not include the transport pseudo
reactions (6) and (7). Fig. 9(a) shows that vertical transport leads
to an increase in O(3 P) volume mixing ratio below z = 56 km and a
decrease above z = 56 km consistent with Fig. 7. This indicates that
O(3 P) is effectively transported downwards. To estimate the effect
of O(3 P) transport on the O3 proﬁle, we use n◦O(3P) from Eq. (49), in
order to derive a hypothetical O3 proﬁle that would be formed in
the absence of O(3 P) transport. Fig. 6 suggests that we can approximate Pˆ O3 by r38 . We use the modiﬁed concentration n◦ 3 , when
O( P )

◦ , i.e. we
computing the rate of reaction (38), henceforth called r38
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Fig. 9. Volume mixing ratios of O(3 P) and O3 . Solid lines indicate the proﬁles calculated by the Caltech/JPL KINETICS model. Dashed lines refer to the volume mixing ratio
proﬁles n◦i /ntot estimated in the absence of O(3 P) transport.

Fig. 10. Volume mixing ratios of selected species in the Martian atmosphere calculated by the Caltech/JPL KINETICS model. Solid lines refer to the scenario with the modiﬁed
temperature proﬁle (see text), dashed lines refer to the “standard” scenario. Dotted line (right hand panel) refer to the ratio Psat :P (modiﬁed temperature proﬁle), dot-dashed
line refer to the ratio Psat :P (“standard” scenario).

exclude the effect of O(3 P) transport without modifying the transport of other chemical species. ˆ O3 depends on O(3 P) transport
via pathway (41). Since, however, the rate of pathway (41) is considerably smaller than the rates of pathways (39) and (40), O(3 P)
transport can be neglected in the calculation of ˆ O3 . Nonetheless, O(3 P) transport can affect the OH-abundance via reaction (37),
which in turn may inﬂuence the rates of the O3 consumption pathways (41) and (42). This effect is expected to be relatively small in
comparison to the direct inﬂuence of O(3 P) transport on Pˆ O3 (see
Fig. 6.). The hypothetical O3 proﬁle – without O(3 P) transport – can
then be calculated via

n◦O3 ≈

◦
r38
.
ˆO

(50)

3

Fig. 9(b) suggests that O(3 P) transport has two effects on the vertical O3 proﬁle. Firstly, we ﬁnd a larger O3 volume mixing ratio below z = 56 km and a smaller O3 volume mixing ratio above
z = 56 km. Secondly, vertical transport of O(3 P) is essential for the
formation of the local O3 maximum in the investigated altitude

range. Since vertical transport of O(3 P) depends on the eddy diffusion proﬁle, we expect, in accordance with McElroy and Donahue
(1972) and Parkinson and Hunten (1972), the O3 proﬁle to be sensitive to the eddy diffusion proﬁle.
3.4. Effect of the temperature proﬁle on the O3 layer
Reaction rate coeﬃcients and the saturation pressure of H2 O are
functions of temperature and inevitably affect the reaction rates
in the chemical network. Hence, the HOx abundance, and consequently, the O3 volume mixing ratio proﬁle depend implicitly on
temperature. Therefore, it might be theoretically possible that the
characteristic O3 proﬁle on Mars is mainly a consequence of a speciﬁc atmospheric temperature proﬁle.
To investigate this effect, we calculate the volume mixing ratios using an idealized temperature proﬁle, which is constant
(Tav = 176.5 K) up to z = 136 km and then follows our standard
temperature proﬁle adopted from Nair et al. (1994). The value Tav
is the arithmetic mean of the surface temperature and the mini-
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mum temperature in the standard case. The lower altitude atmospheric temperature causes a larger amount of H2 O to condense,
resulting in less HOx . Hence the O3 abundance increases by about
two orders of magnitude (see Fig. 10(a)). In the upper region the
modiﬁed temperature proﬁle has no signiﬁcant effect on the H2 O
and O3 abundances and the O3 proﬁle, i.e. the mid-atmospheric O3
layer still exists (see Fig. 10(a) and (b)). This means that the change
in temperature with altitude is not responsible for the formation of
the O3 layer.
4. Conclusions
We provide the ﬁrst quantitative pathway analysis of the Martian atmospheric O3 proﬁle by applying the Pathway Analysis
Program (PAP) for the ﬁrst time to the output of the updated
JPL/Caltech KINETICS model in order to gain a better understanding of the relevant chemical and transport processes and therefore
also a better understanding of observable features. From inspection of the concentrations of O(3 P) and O3 and as a result of our
analysis, the Martian atmosphere can be divided into two chemically distinct regions. In the lower region, the dominant Ox species
is O3 and in the upper region the dominant Ox species is O(3 P).
These regions differ signiﬁcantly in the manner in which processes
control the O3 abundance.
The pathway analysis conﬁrms, that in the lower region, O3 is
formed by a Chapman-like mechanism, involving CO2 photolysis
(instead of O2 photolysis as on Earth), which is consistent with
earlier ﬁndings by e.g McElroy and Donahue (1972). On Mars O3
consumption proceeds via pathways involving HOx . The decrease
of the total O3 loss rate coeﬃcient with decreasing altitude leads
to the formation of the ground layer O3 maximum. Most of the O3 ,
destroyed via photolysis, is recycled back.
In the upper region, O(3 P) is the dominant Ox species. Therefore, we further analyzed O(3 P) production and consumption between z ≈32 km and z ≈80 km. The additional PAP analysis shows
in accordance with Parkinson and Hunten (1972) and Krasnopolsky
(1993) that the main reason for the high abundance of O(3 P)
is the small concentration of OH and HO2 above z ≈35 km altitude. In the upper region O3 is produced by one reaction, namely
O(3 P ) + O2 (3 ) + CO2 −→ O3 + CO2 , which critically depends on
the downward transport of O(3 P) from upper atmospheric layers
(z > 56 km) into the Martian O3 layer. There, O3 is mainly removed
by photolysis and to some part by reaction with H, which is subsequently recycled. Although clearly, O3 consumption pathways are
important to regulate the absolute abundance of O3 , the shape of
the O3 proﬁle is mainly determined by the O3 production mechanism. The increase of the O3 volume mixing ratio below z = 50 km
is due to the strong increase of O(3 P) with increasing altitude,
which in turn can be explained by the decreasing concentration of
OH and HO2 . The decrease of the O3 volume mixing ratio with increasing altitude above z = 50 km is a result of the decreasing rate
of the termolecular reaction O(3 P ) + O2 (3 ) + CO2 −→ O3 + CO2 .
Recent observations (Clancy et al., 2013; Rezac et al., 2015; Villanueva et al., 2013) demonstrate that many of the species relevant
for the O3 chemistry (OH, O, HO2 ) are now detectable. To improve
our understanding of the Martian atmospheric O3 proﬁle, simultaneous measurements of these species in combination with H2 O
and O3 would be desirable.
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