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Abstract. We describe the development of Chempath: an open-source pathway analysis program for photochemical models.
This algorithm can help understand the results of complex photochemical models by identifying the most important reaction
chains (pathways) for the production and destruction of a species of interest in a reaction system. The algorithm can also
quantify the contribution of the pathways to the production and destruction of a species.

5 We demonstrate how to apply Chempath to a one-dimensional photochemical model, using an example of a reaction system
for Earth’s present-day atmosphere. We validate that Chempath can identify well-known chemical mechanisms for Oz produc-
tion and destruction in this model, suggesting that this algorithm can be applied to understand photochemical models of less

well-known atmospheres, like past and exoplanet atmospheres.

1 Introduction

10  The construction of chemical pathways is essential to understand the results of photochemical models. These models typically
represent hundreds of reactions producing and destroying chemical species within the atmosphere (see for example Hu et al.
2012; Tsai et al. 2017; Wogan et al. 2022). The interaction of these reactions makes it difficult to attribute the production or
destruction of a species to a single reaction. Instead, to understand the mechanisms that affect the concentration of a species it
is necessary to construct pathways. A pathway is a sequence of reactions that interact with each other to produce, destroy, or

15 recycle a species. For example, stratospheric ozone destruction is explained in terms of pathways that catalyze O3 destruction

(Lary, 1997). One of these pathways involves the reaction of O3 with chlorine species (Molina and Rowland, 1974):

O3+hv — 05+ 0
Cl4+ O3 — ClO + O,
ClO+0 — Cl+0,

(ClO pathway)

Net:2035 — 304

This ozone-destructing pathway has three reactions, and its net effect is to convert two O3 molecules into three O, molecules.
Several methods can help understand the results of photochemical models. For example, sensitivity analyses can constrain

20 uncertainties in reaction rate constants and provide information on how variable the results of a model are when the reaction
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rates are perturbed (Turdnyi and Tomlin, 2014). Wiring diagrams can help understand the flow of molecules in a reaction
system (Fishtik et al., 2006; Androulakis, 2006). However, these methods can not give quantitative information about the
chains of reactions responsible for the production or destruction of a species in a chemical model. To understand these chemical
mechanisms, it is necessary to construct pathways.

Chemical pathways are usually constructed manually and empirically, tracking and connecting reactions important for the
production or destruction of a species of interest. This approach is the most widely used for pathway construction. However,
the manual construction of pathways can not give a quantitative estimate of how important a pathway is for the production or
destruction of a species relative to other pathways. Also, the manual construction of pathways has reproducibility limitations.
Alternatively, pathways can be automatically constructed using algorithms (Milner, 1964; Schuster and Schuster, 1993; Clarke,
1988; Lehmann, 2002, 2004).

One of the most used algorithms to construct pathways is the "Pathway analysis program" created by Lehmann (2004). This
algorithm can automatically construct all the significant pathways in a reaction system and calculate the contribution of each
pathway to the production and destruction of a species of interest. The "Pathway analysis program" has been used in several
studies to gain a better understanding of atmospheric chemistry models (Grenfell et al., 2006; Verronen et al., 2011; Stock
etal., 2012a, b; Verronen and Lehmann, 2013; Stock et al., 2017; Gebauer et al., 2017). However, none of these studies provide
instructions to reproduce their results, and they do not offer an open-source code to apply the algorithm to other problems. The
lack of an open-source pathway analysis program limits the application of this algorithm to photochemical models.

In this paper, we describe the development of Chempath: an open-source implementation of Lehmann’s (2004) algorithm for
analysis of photochemical models. We aim to contribute this open-source pathway analysis program to enhance the applicability
of this algorithm to photochemical models and to enhance the replicability of chemical pathway construction. We demonstrate
how to apply this algorithm to the one-dimensional photochemical model photochem (Wogan et al. 2023, https://github.com/
Nicholaswogan/photochem). Photochem is an updated version of Photochempy (Wogan, 2023), a model that has been used for
exoplanet and early Earth photochemical studies (Wogan et al., 2022; Thompson et al., 2022; Garduno Ruiz et al., 2023, 2024).
This model originates from Atmos, a photochemical model extensively used to investigate photochemistry in exoplanet and
past atmospheres (see for example Kasting et al. 1979; Kasting and Donahue 1980; Segura et al. 2005; Zahnle et al. 2006;
Claire et al. 2014; Arney et al. 2016).

The structure of the paper is as follows. In section 2, we review the Lehmann (2004) algorithm via a simple example. In
section 3, we describe how we implemented Chempath. In section 4, we demonstrate how to apply Chempath to the one-

dimensional photochemical model photochem.

2 Algorithm review

Here we provide a summary of the pathway analysis program presented in Lehmann (2004), using a simple example to explain
each step of the algorithm (see the original paper for further details). The pathway analysis program forms pathways by the

iterative connection of reactions through branching-point species (figure 1). A branching-point species is one that is used to
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connect reactions that produce the species with reactions that destroy it. For example, the reaction Cl + O3 —— ClO + O; can

be connected with the reaction C10 + O —— Cl + O, through the branching-point species CIO.

The example we use to demonstrate the algorithm consists of five reactions between five species involving hydrogen oxide

radicals. The reactions are:

(R1) H30O2 + OH — HOs + H5O, with rate=1 ppb/hr,

(R2) OH+ OH —— H504, with rate=0.5 ppb/hr,

(R3) HyO2 + O — OH + HOg, with rate=1.5 ppb/hr,

(R4) H30 4+ hv —— OH + O, with rate=5 ppb/hr,

(R5) HyO2 +hv —— OH + OH, with rate=0.1 ppb/hr,

and the species are:

(S1) H3Oo, with a concentration of 3 ppb,

(S2) OH, with a concentration of 6 ppb,

(S3) HOs, with a concentration of 2 ppb,

(S4) H5O, with a concentration of 10000 ppb,

(S5) O, with a concentration of 10 ppb,

We arbitrarily select these rates and concentrations for this example. Assuming this reaction system was run for 1 hour, the

production and destruction by the reactions result in concentration changes of —2.1, 4.7, 2.5, —4, and 3.5 ppb for each species

respectively. In the next sections, we are going to identify which combination of reactions is the most important to explain the

HO, concentration change.

2.1 Assumptions and definitions

The algorithm uses the variables listed in table 1 to construct pathways. In all the variables i =1,...,ns,7=1,...,n, and
k=1,...,n, where n, is the number of species, n,. is the number of reactions and n,, is the number of pathways.
. . Units in
) Initial value in
Variable

simple example

simple

example

Description
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Ry Ry Rs Ry Rs
-1 1 -1 -1\ S
-1 -2 1 2 | S,
Sij 1 0 1 0|8, ppb Matrix representing the number of
1 0 0 -1 0|s, molecules of species S; produced
0 0 —1 0/ Ss (si5 > 0) or destroyed (s;; < 0) by re-
action R;. For example, in the sim-
ple example reaction R5 destroys one
molecule of species S, s0 s15 = —1.
dt 1 hr Time step.
S1 Se S3 Sy Ss
dc; [_2'1 A7 925 —4 3. 5} ppb Change in concentration of species S;
in the time step dt.
S S S3 Sy S
G {1.95 335 395 0998 11_75] ppb Mean concentration of species .S; in the
time step dt.
S1 Sy S3 5S4 S5
0; = % [_2.1 47 95 —4 3. 5} ppb/hr | Rate of concentration change of species
S;.
P P, P3 P P
fx [ 1 05 15 5 0.1} ppb/hr | Rate of pathway P.
Ry Ry Rs Ry Rs
r; [ 1 05 15 5 0_1] ppb/hr | Mean rate of reaction R; in time step
dt.
R, Ry Rz Ry Rs
5 { 0 0 0 0 0 } ppb/hr | Part of the rate of reaction R; associ-
ated with deleted pathways.
S1 Se S3 Sy Ss
D {O 0 0 o0 0] ppb/hr | Rate of production of species S; by
deleted pathways.
3 S1 Se S3 Sy S
d; {O 0 0 o0 0} ppb/hr | Rate of destruction of species S; by
deleted pathways.
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Pi =Pt Saly i [j ; 5 27 j Z 6;4 *5;)5} ppb/hr | Rate of production of species .S; by
for m;, >0 ) ) )
all pathways (including deleted path-
ways).
di=dit Eply ikl - f {5 16 5; S(;S S; 15 55} ppb/hr | Rate of destruction of species S; by
for m;, < 0 ’ ’
all pathways (including deleted path-
ways).
P P, P35 P P
1 0 0 0 0\ R
0 1 0 0 O0]R No
Tk 0 0 1 0 0 | Rs s Matrix representing the multiplicity of
0 0 0 1 0| R, reaction R; in pathway Pj. A multi-
0 0 0 0 1) Ry plicity is the number of times a reac-
tion occurs in a pathway. For example,
in the CIO pathway presented above all
reactions have multiplicities equal to 1.
If a reaction does not occur in a path-
way, x;; = 0. Initially, this matrix is set
equal to an identity matrix with the size
of the number of reactions n,..
P P Ps Py P
-1 1 -1 0 =1\ 5
-1 -2 1 1 2 | Sy
mip = Z?;l Sij " Tik 1 0 1 0 0| s ppb Matrix representing the number of
1 0 ] 0 S, molecules of species S; produced
0 1 1 0/ Ss (myx > 0) or destroyed (m;x < 0) by
pathway Pj. This variable is equal to
the matrix multiplication of s;; and
Tjk-
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S1 So Ss Sy Ss
0.75 4.175 Nan 1999.6 7.83 hr Lifetime of species S5;. If the destruc-

T, =

2o

tion by all pathways d; is zero, the life-
time becomes undefined (Nan). This
means that there are no pathways con-

suming .S;.

Table 1: Variables used in the pathway analysis algorithm and their initial values in the simple example used to explain the
algorithm. In all the variables i = 1,...,n,,7 =1,...,n, and k = 1,...,n, where n is the number of species, n, is the number

of reactions and n,, is the number of pathways.

The algorithm assumes that the reactions are unidirectional and that the user splits the reversible reactions into their forward
and backward components. It is also assumed that mass is conserved in the analyzed chemical model, and the reactions produce

the exact number of molecules to explain the concentration changes:

ny

dC,:Z(S”TJ)dt, 2:1ns (1)
j=1
For example, in our simple example we can verify that this condition is satisfied for HO (S3):
5 5
des = (sgj-r;)dt =Y ([1,0,1,0,0]-[1,0.5,1.5,5,0.1]ppb/hr) 1hr = 2.5ppb 2)
j=1 j=1

2.2 Algorithm initialization

The algorithm requires four inputs from a chemical kinetics model in two consecutive time steps: the reaction system with 7,
reactions between ng species, the species concentrations, the mean reaction rates, and the model time in these two consecutive
time steps. The user can also input a minimum rate of pathways fi,i,. With these inputs, the algorithm determines all pathways
with a rate > fin. In the simple example, we are going to use a minimum rate of pathways fmin = 0.02ppb/hr.

The algorithm uses the input information to initialize the variables listed in table 1. At first, each pathway is considered
to have only one reaction, and the matrix x;; is initialized as an identity matrix with the size of the number of reactions.
This means that initially, pathway P; only contains reaction R;, pathway P» only contains reaction Rp, etc. The rates of the
pathways are initialized with the rates of the reactions: f;,;; = r;. The variables 7, p;, and d; that store rates associated with

deleted pathways are initialized as arrays of zeros.
2.3 Choice on branching-point species

Once the algorithm has been initialized, the next step is to choose a branching point species S to start constructing pathways.

Species with lower lifetimes are selected as branching-point species first because a small lifetime is associated with fast
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Input 1. Initialization
Reaction system, pathways=individual reactions
Concentration of species,
Reaction rates, l
Model time,
Minimum rate f.,, 2. Choice of a branching-point
species S,

l

3. Formation of new pathways

4. Calculation of rate of connection
of deleted and existing pathways

l

5. Calculation of rates explaining
concentration changes

l

6. Deletion of old pathways and
pathways with a rate < f,,

l

7. Formation of elementary
pathways and splitting into
sub-pathways

|

8. Recomputation of variables

Yes

New
branching point
available?

No

Output
Pathways with rate > f,,

Figure 1. Pathway analysis Program algorithm. For a full description of the algorithm see Lehmann (2004).

consumption by reactions. The algorithm forms new pathways through the iterative connection of previously formed pathways
through branching-point species until there are no more branching-point species left (figure 1). A species can be a branching-
point species only once. To find pathways that destroy or produce a specific species of interest, the species itself is not used as
a branching-point. Otherwise, the pathways producing and consuming this species would be connected. Sometimes it is useful
to treat some species as inert or long-lived, not considering them as branching-point species. For example, in the atmosphere
Ny is long-lived and inert, so it could not be considered as a branching-point.

In the simple example, where we are investigating the change in HO,, we are going to treat H,O as a long-lived inert species,
not considering it as a branching-point. The species with the lowest lifetime is HyO4 (71 = 0.75hr), so this species is the first

branching-point.
2.4 Formation of new pathways and rate calculations

The algorithm forms new pathways connecting all previously formed pathways that produce a branching-point species S
with all pathways that destroy S,. The connections are made ensuring that the new pathways do not produce nor destroy the
branching-point species S. If a pathway Py, produces mp;, molecules of the branching-point species S, and a pathway P

destroys m;; molecules of .S, the connection of these pathways forms a new pathway P,, with multiplicities:
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Tjn = |Mpr|T ik +MerT;i 3

where j = 1...n,, k and [ are the indexes of the pathways producing and destroying Sy, and b is the index of the species Sp.
The rate f,, of the new pathway P, is calculated by multiplying the rates of the producing (f;) and destructing (f;) pathways

and dividing by the maximum of the rate of production and destruction of the branching-point species by all pathways:

_fkfi

" max(py,ds)’ @
where k and [ are the indexes of the pathways producing and destroying the branching-point species Sy, and b is the index
of the branching-point species. This equation is derived by calculating the rate at which the molecules of S, formed by P, are
destroyed by P, (see Lehmann 2004 for the derivation). One can think of equation 4 as distributing the rate of a pathway to new
pathways using the probability that a molecule consumed or produced by one pathway is consumed or produced by another
pathway. For example, if the change in concentration of the branching-point species dc;, > 0, then the chemical production is
greater than the chemical destruction (p, > dp), and equation 4 takes the form f,, = %. The ratio ™ = ]J;—i can be interpreted
as the probability that a molecule of the branching-point species is produced by the pathway Pj. Since the pathway P; is
going to be connected with all pathways P producing S, and the sum of the probabilities 7 over all pathways producing the
branching-point species S is equal to one, the rate f; is going to be completely distributed to the new pathways.

The multiplicities x j,, of the new pathways are divided by their greatest common divisor g to keep them as simple as possible.
The rates of the new pathways are multiplied by g to avoid altering the number of molecules that the new pathways produce or
destroy. The new pathways and their rates are appended to x;; and fj, respectively.

In the simple example, there are three pathways destroying the branching-point species HoO2 (P;, P3 and Ps), and one
pathway producing it (P,). The connection of these pathways will result in three new pathways. For example, the pathway P;
destroys one HoO5 molecule (m1; = —1), and the pathway P, produces one Ho O molecule (m12 = 1), so the connection of

these pathways results in a new pathway with multiplicities:

Ijn = |m11|xj2 +m121j1 = [0,1,0,0,0} + [1,0,0,070] = [1, 1,0,0,0]. (5)

The rate of this new pathway is:

o= faft _ 0.5ppb/hr - 1ppb/hr
" max(pi,di) 2.6ppb/hr

= 0.192ppb/hr (6)

After forming all new pathways at the branching-point species HyO», the multiplicities =3 and the pathway rates fj will

have a form similar to:



135

140

145

150

https://doi.org/10.5194/gmd-2024-163
Preprint. Discussion started: 11 September 2024
(© Author(s) 2024. CC BY 4.0 License.

P P, Py P, P Ps P; P

1 0 0 0 0 1 0 0\R
o 1 0 0 0 1 1 1]|R
Tik=fo o 1 0 0 0 1 0]Rs
o 0 0 1 0 0 0 0]|Rs o
o 0 0 0 1 0 0 1) Rs
P P P, P, P P P P
fe=11 05 15 5 01 0192 028 00192 Ppb/hr

We can think of a column in xj;, as a pathway. For example, the pathway that we formed before (Fs) is located in the 6th

column of the matrix z; in equation 7, and contains one times reaction 21 and one times reaction [y:

H202 + OH — H02 + Hzo
OH+ OH — H202 (PG)
Net:30H —— HO5 +H>0

2.5 Calculation of rate of connection of deleted and existing pathways

In this step, the algorithm calculates the rates of the connection of deleted pathways with existing pathways. Pathways with
a rate lower than f.,;, will be deleted in a subsequent step (see section 2.7). In the first iteration of the algorithm there are
no deleted pathways, but in other iterations some pathways could have been deleted by this point. In that case, the deleted
pathways can not be connected with existing pathways in the previous step. However, the algorithm keeps track of the rates of
production and destruction of the branching-point species Sj, that would have been computed in these connections. The deleted
pathways produce the branching-point species .S, at a rate pp, so according to equation 4, the rate of the connection of deleted

pathways that produce S}, with existing pathways P, that destroy Sy, is:

r3 f eZ;b
- 8
° max(pp,dp)’ 3)
where e represents the indexes of the pathways that destroy the branching-point species Sp. Similarly, deleted pathways

consuming S at a rate dy would have been connected with existing pathways P, producing S} at a rate:

.fed~b
max(pb,db)’

fo= 9)
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where e represents the indexes of the pathways that produce .Sp. These rates are added to the the variables 77, p; and d; that

store rates associated with deleted pathways:

F=7+ Y Tje- fe
k

Pi = Di +Zmiefe for m;e > 0
k

d~i :cfi+Z|mie|fe for Mie <0
k

(10)

where i =1...n,,j7 =1...n,,e = indexes of pathways producing or destroying the branching-point species Sy. In the sim-

ple example, there are no deleted pathways yet, so fe =0.
2.6 Calculation of rates explaining concentration changes

In this step, the algorithm redefines the rates of the pathways that contribute to the concentration change of the branching-point
species Sp. The pathways that produce molecules of the branching point species .S, contribute to its concentration change dc
if dcp > 0. Similarly, the pathways that destroy molecules of the branching point species S; contribute to its concentration
change dc;, if dc, < 0. The algorithm redefines the rate fj of these pathways, keeping the fraction fk of fj that contributes
to the concentration change dcp. This fraction is calculated by multiplying the rate fi by the absolute value of the rate of
concentration change of the branching point species d5, and dividing by the maximum of the production and destruction of the

branching-point species by all pathways:

: Jxldl

= 11
fr max(py, o) (11)

where k£ = indexes of pathways producing or destroying Sy, and b is the index of the branching-point species Sj. This rate is
derived by calculating the probability that a molecule of .S, produced or destroyed by a pathway contributes to the concentration
change of the branching point species dc;, (see Lehmann 2004 for the derivation). If dc;, = 0 there is no redefinition of rates.

In the simple example, the branching-point species H2O2 has a concentration change dc; = —2.1ppb. Since de; < 0, we
are going to redefine the rates of the pathways that destroy Ho O+ because they contribute to the concentration change dc; . For

example, the pathway P, has a single reaction destroying Ho O at a rate of 1ppb/hr. The part of this rate that contributes to the

H5O5 concentration change is:

;  fil01]  1ppb/hr-2.1ppb/hr
YT max(py,di) 2.6ppb/hr

= 0.807ppb/hr. (12)

After all the rates of the pathways destroying .S, are redefined, fj, has the form:

10
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P P P, P P Ps P, Py

fe="1losor 05 1211 5 00807 0192 0288 00192 Ppb/r (13)

2.7 Deletion of old pathways and pathways with a rate < fi,i,

After a pathway producing the branching-point species S, has been connected with all pathways destroying .Sy, it is elim-
inated from the matrix x; if it does not contribute to the concentration change dc. If dc, > 0, the pathways that destroy
the branching-point species are deleted. If dc, < 0, the pathways that produce the branching-point species are deleted, and if
dcy, = 0, both the pathways that produce and destroy the branching-point species are deleted. In this case, the variables 77, p;,
and d; that store the effect of deleted pathways are not updated because the rates of these pathways were completely distributed
to new pathways.

In the simple example dc; < 0, so the pathways P;, P; and Ps that were used to form new pathways will not be deleted
because they destroy molecules of the branching-point species H2O5, contributing to its concentration change. However, the
pathway P» does not contribute to dcy, so it is deleted.

The algorithm also deletes pathways with a rate < fn, to avoid constructing an unmanageable number of pathways and to
enhance the computing time. If there are n, pathways with rates f; < fumin, these pathways are deleted from the matrix x5, and

the the variables 77, p; and d; are updated according to:

’f’j:’f’j+ E Cqu'fq
q

ﬁZ:p]—&-Zqufq form,-q>0 (14)
q

dNi :d~l—i—2|mlq|fq formiq <0
q

where i =1...n4,j =1...n,, and ¢ = indexes of pathways with rate < fu;,. The rates of these pathways are also deleted
from the array fy.

In the simple example, the pathway Py (column 8 of x ;. in equation 7) has a rate lower than the minimum rate of pathways
fmin = 0.02ppb/hr, so this pathway will be deleted and the variables that store the information of deleted pathways will be

updated using equations 14. For example, r; will be updated according to:

7 =7+ a5 fs = [0,0,0,0,0] +[0,1,0,1,0] - 0.0192ppb/hr = [0,0.0192,0,0.0192, 0]ppb/hr. (15)

Since pathway P is a null cycle with reactions Ry and R5, the number of molecules of species S; produced or destroyed by
this pathway m;g = 0, and p; and d; will not be affected by equations 14. After these deletions, the multiplicities x;; and the

pathway rates fj, will have a form similar to:

11
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P1 P2 P3 P4 P5 PG

1 0 0 0 1 0\R
0 0 0 1 1]|R
k=0 1 0 0 0 1|Rs
0O 0 1 0 0 0]|R 06
O 0 0 1 0 0/ Rs
Py P, P Py Ps Ps
fe=1o807 1211 5 00807 0.192 o0.288] Ppb/hr

Note that when pathways are deleted from the matrix x,;, there is a redefinition of pathways. For example, since pathway

P, was deleted, now there is a new pathway P that corresponds to the second column of x;;, in equation 16.
2.8 Formation of elementary pathways and splitting into sub-pathways

The steps above can produce pathways with a large and unnecessary number of reactions. The algorithm splits these complex
pathways into shorter, simpler pathways. The first step in this process is to find the elementary sub-pathways of a complex
pathway. A pathway P; is a sub-pathway of a pathway P, if all the reactions in P; are in P.. Elementary pathways do not have
sub-pathways. The algorithm finds the elementary sub-pathways of a pathway P. by forming new pathways with the reactions
contained in P. and keeping only the elementary pathways (see Lehmann 2004 for a full description of this process). If a

/

pathway P. with multiplicities z ;. has n. elementary pathways with multiplicities z7,,

e=1...n. , the algorithm splits x ;.

into the sub-pathways x;-e finding weighs w, that fulfill the equation:

Tje = Zwemée, where 7 = 1...n, and ¢ = index of pathway to be split. (17

e=1

The rate f. of the pathway P, is distributed to the sub-pathways using the weighs we:

fe = fewe, where e =1...n, and c = index of pathway to be split. (18)

After finding the sub-pathways, the algorithm deletes x ;. from x;;, and appends the new-sub pathways x;-e into x ;1. Sim-
ilarly, the rate f. is deleted, and the rates f. are appended to fj,. If a sub-pathway already exists in the matrix xy, its rate is
added to the already existing pathway.

As noted by Lehmann (2004), equation 17 can have multiple solutions, leading to slightly different results according to

the solution that one chooses. However, these differences tend to be small and the overall result of the algorithm is similar

12
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even when equation 17 has multiple solutions (Lehmann, 2004). We solve equation 17 using Scipy’s “lsq_linear” function,

minimizing the equation:

0.5]| Az — b||* with constraints 0 < 2 < oo, (19)

where ||z|| is the norm of x, A = z ., z = w, and b = 2, Equation 19 is a convex optimization problem that is guaranteed to
have a global minimum solution. Thus, when there are multiple solutions to equation 17, we choose the solution that minimizes
the most equation 19.

In the first iteration of the algorithm in the simple example there are no pathways to split. See section 2.10 for an example

of how to split pathways into sub-pathways.
2.9 Re-computation of variables

The variables m;, p;, and d; are recomputed using the definitions presented in table 1 to match the information from the new
pathways formed in the above steps. This re-computation is done after deleting pathways and after splitting pathways into
sub-pathways.

In the simple example, this re-computation results in the following values for m;, p;, and d;:

845 Tk P P P P P B
1 1 -1 0 -1\ /1 00 0 1 0\ /-1 -1 0 -1 0 0\
1 -2 1 1 201loo o o 1 1|21 1 1 2 -3 -1]s
me=Y1 o 1 o ollo1o o o171 1 o o 1 1l|s @
j=1
1 0 o0 -1 ol]lo o1 0o o0 o0 1 0 -1 0 1 0|5
o 0o -1 1 o/ \o oo 1 00 0o -1 1 o0 o0 -1/
my;y, for my, >0 Ji
0.807
00 00 0 0
) 1.211
Di 610 1 1 2 0 O 5 S1 So S3  Si S
Pi=1o 0 0 0 o}+21 100 1 1 :[0 6373 25 1 5| ppbhr 2D
= 0.0807
1 00 0 1 0
0.192
00 1 0 0 0
0.288
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k
|mzk\ for m; <0 f
0.807
1 1.0 1 0 0
i 1.211
d; s|l1 0 0 0 3 1 . S1 Sy S3 Si S5
dl—[o 0 0 0 0}*20 00 0 0 0 =121 1673 0 5 15| ppbhr(22)
=1 0.0807
00 1 0 0 0
0.192
0100 0 1
0.288

2.10 Second iteration in simple example

After the first iteration at the branching point species HoO5 in the simple example, we ended up with 6 pathways (equation 16).
The species with the smallest lifetime with respect to these new pathways and the next branching-point species is OH (S5).
Looking at the second row of m;y, in equation 20 (mqy), we can see that pathways P;, Ps and Py destroy OH and pathways
Py, P53 and Py produce OH. The connection of these pathways will lead to the formation of 9 new pathways (section 2.4). For

example, connecting pathways P, and P5 we obtain the pathway:

$]‘n = |m25|xj2 +TTL22(EJ'5 = 3 . [0,0,1,0,0] + 1- [1, 1,0,0,0] = [1,1,3,0,0}
fofs 1.211ppb/hr - 0.192ppb/hr (23)
= ax(pa. da) 6.373ppb/hr PPOATE

At this point there is no production or destruction of OH by deleted pathways, so the rates of connection of existing
pathways with deleted pathways fe = 0 (section 2.5). Since the concentration change of the branching-point species OH is
dco = 4.7ppb > 0, the rates of the pathways producing OH are redefined to keep the fraction that contributes to dcs (section
2.6), and the pathways that destroy OH are deleted because they do not contribute to dco (section 2.7). Three pathways with
rate < fiin are also deleted (section 2.7).

The next step is to split pathways into sub-pathways (section 2.8). The pathway formed above (equation 23) contains one

times reaction Ry, one times reaction > and three times reaction Rs:

Hy09 + OH — HO3 + H50
OH+OH — H202

(Pn)
3(H202 +0 —OH+ HOQ)

Net:3H202 +3O _— 4HOQ +H20

This pathway can be split into two simpler pathways:
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OH+OH —_— HQOQ
2(H202—|—O—>OH+H02> (Pel)
Net: H, O3 +20 —— 2HO,

H202 + OH — HO5 + H,0
H,02+ 0 — OH + HO, (Pe2)

Net:2H505 + O —— 2HO4, + H5O
In this case, the solution to equation 17 is w, = [1,1] and P,, = P,; + P.s. The sub-pathways have the same rate as the initial
pathway because the weights w,. are equal to 1. The sub-pathways P.; and P, were formed before, when the connection of
pathways that produce OH with pathways that destroy OH was made, so their rate is going to be added to the rate of the already

existing pathways, and the initial pathway will be deleted from x ;.

At the end of this iteration, the variables xx, fi, Mk, i, di, Dis Ji and 7; will have a form similar to:

P P P P, B F P R

o 0 0 1 0 1 1 0\R
o 0 0 0 1 0 1 Ro
k=1 o0 o0 1 2 0 0 1]|Rs (24)
o 1 0 0 0 1 3 1]|&g
0o 0 1 0 0 0 0 0/ Rs
Py P Ps Py P P Py Py
fe="10893 3.687 00595 0.19 0.091 0.633 0.15 0.226} ppb/hr (25
P P, P P, P, Py P, P
1 0 -1 -2 -1 -1 0 0\
1 1 2 0 0 0 0 0]
miE= 1 0 0 11 1|8 (26)
0 -1 0 1 0 0 -2 -1|8
1 1 0 -1 -2 1 3 0/ 5
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Sl SQ 53 S4 SS
pi:{o A7 25 0215 4.773} ppb/hr 27

Sl Sg Sg 54 55
265 di:[zl 00 00 4215 1.273] ppb/hr (28)

Sl 52 S3 S4 S5
pi = {0 0 0032 0025 0} ppb/hr (29)

S Sy S3 Sy S5

di = [0.0417 0.0 00 00 0.0073} ppb/hr (30)
270
Rl R2 R3 R4 RS
rj= [0.025 0.031 0.007 0.0 0.04] ppb/hr G

2.11 Final iteration in simple example

The final branching-point species in the simple example is O (Ss). In this final iteration of the algorithm there are eight

pathways in the matrix x ;1 (equation 24). Looking at the 5th row of m;;, (msy) we can see that the pathways Py, P, and P

275 consume O and the pathways P, Ps and P; produce O. The connection of these pathways will lead to the formation of nine
new pathways.

At this point, the deleted pathways destroy 0.007 O ppb/hr (equation 30). This means that we will need to account for the

connection of deleted pathways with existing pathways (section 2.5). For example, the pathway P» with rate fo = 3.687ppb/hr

produces one molecule of O. This pathway would have been connected with the deleted pathways at a rate (equation 10):

. fods 3.687ppb/hr - 0.007ppb/hr
280 fo= = = 0.005ppb/h 32
T2 = ax(m d3) 4.773ppb/hr PPOAL (32)

This rate is used to update the variables that store the deleted rates (equation 10):
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Fj =7+ 52 f =[0.025,0.031,0.007,0.0,0.04] + [0,0,0, 1,0] - 0.005ppb/hr

R1 R2 R3 R4 RS
[0.025 0.031 0.007 0.005 0.04}

ppb/hr

Pi =i +mafa formse >0=10,0,0.032,0.025,0] + [0,1,0,0,1] - 0.005ppb/hr
TS S (33)
- [ 0 0.005 0.032 0.03 0.005} ppb/hr

di = d; + |mia|fa  for ms < 0=1[0.0417,0.0,0.0,0.0,0.0073] + [0,0,0,1,0] - 0.005ppb/hr
Sl Sg 53 54 SS
[0.0417 0.0 0.0 0.005 0.0073}

ppb/hr

The same operations are done for pathways Py and P;. After accounting for the connection of deleted and existing pathways,
the rates of the pathways P», Pg and P are redefined because they contribute to the O concentration change dc; = 3.5ppb
(section 2.6). The pathways P, Py, and Ps are deleted because they do not contribute to the O concentration change, and three
pathways with rate < fi, are deleted (section 2.7). Three pathways are split into sub-pathways (section 2.8), and at the end of

this iteration, the variables x, fr, Mk, Ds, di, p; and Ji will have a form similar to:

P P P3s P B F P

0o 0o 1 1 0 0 2\R
0 0 0 1 0 0| R
Tik=o 0o 0 0 1 1 1|Rs (4
1 0 1 3 1 1 1]|Rs
O 1 0 0 0 0 0/ Rs
P Py P Py P Ps P;
fe="12704 006 0465 0111 0325 0936 0.172| PPO/hr 35)
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P P P P P B P

-1 0 0 -2 -1 -1 1 5,4
Sl S2 53 54 S5
bi= [0 A7 25 0.203 3.507} ppb/hr
Sl SQ 53 5’4 55
i = [2.1 0 0 4203 0.007] ppb/hr
Sl 52 53 S4 55
bi= [0 0.0056 0.1476 0.0314 0.007} ppb/hr
- S1 Sy 53 S4 S
di = [0.1238 0 0 00177 0.007} ppb/hr

Ry Ry R3 Ry Rs

2.12 Calculation of contributions

7 = [[0,081 0.064 0.067 0.067 0.04]} ppb/hr

(36)

(37)

(38)

(39)

(40)

(41)

We calculate this contribution C, of a pathway Pj, to the production or destruction of a species .5; as the number of molecules

of S; produced or destroyed by P, over the number of molecules of .S; produced or destroyed by all pathways:

CrL= M if Py produces Sy,
Dbi
CrL= mi;fk if Py, destroys Sp
i

(42)
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To calculate the contribution of deleted pathways to the production or destruction of a species we substitute the numerator

in equation 42 by p; and d; respectively. For example, for the species HO5 in our simple example:

maefs  [0,0,1,1,1,1,3][2.704,0.06,0.465,0.111,0.325,0.936,0.172]ppb/hr
- py 2.5ppb/hr

P P B P, P Ps Py (43)
:[0 0 0.186 0.044 0.13 0.374 0.206

Ck

Thus, in this simple example the pathway F; involving the interaction between reactions 3 and 24 is the most important
chain of reactions for the production of HO,, contributing 37.4% of the HO, production (table 2). The interaction between
reactions R1,R3 and Ry (pathway Pr) is also important, contributing 20.64% of the HO production.

In this simple example, it is easy to see that these reaction chains are important for HO5 production without using the
algorithm, but when there are hundreds of reactions interacting the pathway analysis program is a valuable tool to understand
the chemical mechanisms that produce the concentration change of a species in an atmospheric chemistry model. Also, even in
this simple example we can see how this algorithm provides valuable quantitative information about the contribution of each

pathway to the production of a species.

ID Pathway Contribution (%) | Rate (ppb/hr)
H202 +0 —OH+ HOZ
P H,O0+HV — OH+O 37.43 0.936

Net:H,0, + H,O —— 20H + HO,
2(H202 +0OH — H02 + HzO)
H,0, + O —— OH + HO,

P 20.64 0.172
H,O+HV — OH+ O
Net: 3H,0, — 3HO; + H,O

H202 +OH — H02 + HQO

Py H,0 + HV —— OH + O 18.58 0.465
Net: Hy0y —— HO, + O
OH + OH —— H,0,
8 02 +0 — OH +HO, 13.00 0.325

H,O+HV — OH+O
Net: H,O0 — HO,
H202 +OH — H02 + H20
OH+OH — H202
P, 4.42 0.111
3(H,0 + HV —— OH + 0)

Net:2H, O —— HO, + 30
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Del Deleted pathways 5.90 0.148

Table 2: Contribution of pathways to the production of HO; in the simple example used to explain the algorithm.

3 Implementation

We implement Lehmann’s (2004) algorithm in Python. We designed an object-oriented code defining a class to store the
variables listed in table 1 and separating the steps described in section 2 into different class methods. We run these methods in
a main method that performs the loop shown in figure 1. We represent the multiplicities x;;, of the pathways as a sparse matrix
to optimize memory usage. Our implementation includes the option to find pathways using multiprocessing to speed up the
computation time.

The code includes several functions that are useful for analyzing the pathways. After the main algorithm loop ends, the
variables in table 1 have all the information of the pathways that have been found. The code includes functions to save these
variables to binary files and to read them for future analysis. The code also has functions to transform the representation of a
pathway from an array of multiplicities to a string, to get the net reaction of a pathway, to create a latex table with the pathways
that contribute to the production or destruction of a species of interest, and to assign a unique identifier to each pathway. This
identifier is a string containing the multiplicities and the indexes of the reactions in a pathway. The same pathway can be
formed multiple times during the algorithm, so we use this identifier to avoid repeating pathways. We also include a function
to calculate the contribution of all pathways to the production or destruction of a species.

Our implementation includes the option to specify species that will be ignored as branching point species. If we are interested
in finding pathways at a specific timescale, it is convenient not to consider species with lifetimes higher than the timescale of
interest as branching-points. Our implementation also includes the option to ignore species as branching-points specifying a

maximum lifetime of branching-point species.
3.1 Tests

The code includes run-time tests to ensure that the code works well. If the construction of pathways is correct, the rates of the

reactions must be completely distributed to the pathways:

rj:fi—i_zxjkfk7 j=1...n, 44)
k=1

This condition ensures that the number of molecules of a species produced or destroyed by the initial reactions is the same as
the number of molecules produced or destroyed by the pathways. The code checks that equation 44 is fulfilled in each iteration
of the algorithm, and displays a warning if it is not satisfied.

The code also includes unit tests to ensure that the code works as expected in a simple scenario with four reactions repre-

senting the Chapman’s O3 destruction mechanism (Chapman, 1930). This scenario is used by Lehmann (2004) to explain how
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345 the algorithm works. We include tests to ensure that our implementation finds the same pathways and rates as those found by

Lehmann (2004) in this very simple example.
3.2 Using Chempath

Chempath is available at https://github.com/Danylvan/chempath. This code repository includes a tutorial on how to use Chempath,
as well as some examples of how to apply Chempath to a box model and to a one-dimensional photochemical model (section
350 4).

There are two important steps to use Chempath. First, the user needs to transform the output of a photochemical model into
files readable by Chempath. The code repository includes some examples of how to create these input files. Second, the user
needs to choose a minimum rate of pathways fni,. This can be done by trial and error, or setting it as a fraction of the rate
of production of the species we are interested in finding pathways for. Ideally, fi, will be small enough so that the deleted

355 pathways do not contribute significantly to the production or destruction of a species of interest. However, if fu;, is too small,

the code might take a long time to run.

4 Application example: Pathways in a one-dimensional photochemical model

In this section, we show how to apply Chempath to the one-dimensional photochemical model photochem (Wogan et al. 2023,
https://github.com/Nicholaswogan/photochem). We run the photochem model with the “Modern Earth” reaction scheme that
360 includes 1281 reactions between 113 species. We run the model to photochemical equilibrium using surface flux boundary
conditions for O,, CH4, CO, and H,. We choose fluxes of 3.3 x 10,5 x 1019,1.2 x 10® and 3 x 10° molecules/cm?/s for
each of these species respectively. The choice of these fluxes is arbitrary and motivated to get similar conditions to the present
atmosphere. For all other species, we use the default boundary conditions of the “Modern Earth” reaction scheme. After the
model reaches equilibrium, we decrease the O, surface flux to 2.5 x 101 molecules / cm? /s and run the model for 5 million

365 years, getting the output at every time step.
The model output shows that O, and O3 concentrations tend to decrease at all altitudes as a consequence of the decrease in
the O, surface input flux (figure 2). It is clear that this O3 concentration decrease is a consequence of the decrease in the O,
surface input flux, but if we want to know what are the chemical mechanisms that contribute to this O3 loss, we need to use
the pathway analysis program. We apply Chempath to the photochem model output to gain insight into the chemical reaction

370 chains that destroy O3 in this model run.
4.1 Methods: How to find pathways in the photochem model

The application of Chempath to the photochem model output requires the calculation of vertical transport production or de-

struction terms. The photochem model calculates the concentration changes of long-lived species solving the equation:
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Figure 2. Number density profiles of O,, O3, NO, NO,, OH and HO, calculated by the photochem model at time= 0.15 million years (black
line) and at time= 4.1 million years (red line). In this model run we decrease the O, input surface flux. As a result, the O, and O3 number

densities tend to decrease at all altitudes. The concentration of NO, NO,, OH and HO, decrease and increase at different altitudes.

0 104 Wi Li (45)
ot poz pp P

where f; is the mixing ratio of species i, p is the total number density, z is altitude, II; and D; are the chemical production
and destruction of species i, ®; is the vertical transport flux of species ¢, and €2; is the production or destruction of species
1 from rainout (see Wogan et al. 2022 for more details). We assume that p is constant over time and that equation 45 can be

represented as :

dpi
DM, - D, -+ T,

7 (46)

where p; is the number density of species ¢ and 7; is the supply or removal of species ¢ by the vertical transport . We obtain

II;, D;, and §2; from the photochem model output and use equation 46 to calculate 7; at a given altitude.
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To incorporate the effect of vertical transport and rainout into the pathway analysis program we add the following pseudo-

reactions to the reaction system for each species .S;:

Si — Si upt if transport supplies S;
Siupt — S; if transport removes S; 47)

Si ’ Sz rainout s

The rate of these pseudo-reactions is given by the transport rates calculated from equation 46 and the rainout rates calculated
by the model.

We run Chempath with the updated reaction system at each altitude grid and at 40 time points distributed across the model
run. We prescribe a variable minimum pathway rate f;, that we calculate as the minimum of the chemical production of O,,
03, CO, H; and CH,4 divided by 1000. We use these species to calculate f,;, because we are interested in understanding their
concentration changes. This fi,i, choice keeps the contribution of deleted pathways to O3 production and destruction below
5% at all altitudes and times in our analysis. We do not consider these species as branching-points. We also ignore Ny, CO»,

and H, O as branching-point species, treating them as long-lived inert species.
4.2 Results: Ozone destruction and production pathways in the photochem model

Chempath allows us to identify the most important pathways for O3 production and destruction at a given altitude and time in
our photochem model run (figures 3 and 4, and table 3).

In the troposphere (below 11 km in our model run), O3 production in the photochem model is dominated by transport (path-
way P, 1) and by the photochemical oxidation of hydrocarbons, including methane and the methylperoxy radical (pathways
P55 to P54) under the presence of nitrogen oxide radicals (NO,). It is widely accepted that tropospheric ozone production
is dominated by the NO, mediated photochemical oxidation of CO and hydrocarbons (see for example Haagen-Smit 1952;
Crutzen 1973; A. Volz-Thomas 1994; Jacob 1999). Our pathway analysis algorithm captures this fact in the photochem model
output. These hydrocarbon oxidation pathways are similar to the “smog mechanism” that produces tropospheric O3 through
oxidation of hydrocarbons (Haagen-Smit, 1952; A. Volz-Thomas, 1994). The tropospheric O3 destruction is dominated by
O3 photolysis and subsequent CH4 oxidation under the presence of hydrogen oxide radicals (HO,, pathways D ; and D3 5).
Ozone loss catalyzed by HO, radicals is also important (pathway D 3).

In the stratosphere (11-50km), O3 production is mainly occurring via CO and CH,4 oxidation under the presence of NO,
radicals below 25km (pathways P» ¢ and P> 7), and by the Chapman production pathway P» g above 25km. The main strato-
spheric O3 destruction mechanisms involve transport (pathway Ds 4), Chapman-like destruction pathways (D2 5, D2 11), and
destruction by HO, and NO, radicals (pathways D5 3 and D5 g to D5 1¢). Catalytic cycles involving NO, and HO, radicals are

important for stratospheric O3 destruction (Lary, 1997; Jacob, 1999). Our analysis identifies these important catalytic cycles.
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Figure 3. Contribution of pathways to O3 production and destruction as a function of altitude at the model time= 4.1 million years. The
main pathways are plotted in color and the less important pathways are plotted in gray. Pathways that include transport reactions are plotted
in dashed lines. Pathways that contain transport pseudo-reactions show discontinuities because transport can either supply or remove O3 at

different altitudes. The pathways are listed in table 3.
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Above 50km of altitude, the main O3 production mechanisms are Chapman-like production pathways (P, g to P» 11), and
the main O3 destruction mechanisms involve O3 photolysis coupled to HO, radicals cycles (pathways D5 12 and Do 13),
destruction by HO, radicals (pathways D 14 to D5 17), and Chapman-like destruction pathways (Ps.1g).

The contribution profiles shown in figure 3 have a similar structure in all the time steps we analyzed. For example, at 30km
of altitude, the pathways producing and destroying O3 have very similar contributions over time (figure 4). Consequently, the
pathways shown in figure 3 and listed in table 3 are a good representation of the pathways that produce and destroy O3 and O,
across all times in the model run. These pathways are similar to those found in a previous study of chemical pathways affecting
O; in the atmosphere (Grenfell et al., 2006).

Our analysis suggests that the decrease in O3 shown in figure 2 is caused by destruction pathways involving NO, and HO,
radicals and Chapman reactions. The fact that Chempath found the presence of these well-known pathways in a photochemical
model of Earth’s atmosphere suggests that this algorithm can be applied to understand the chemistry of less well-characterized

atmospheres, like exoplanet or past atmospheres.

Altitude
Maximum of
o Rate .
1D Pathway contribution maximum
molecules
2 . .
% emes contribution
km

2(CH, + OH — CHs + H,0)
0;D+H,0 — OH + OH
Doy 2(CHs + 02+ M — CH,O, + M) 33.608 | 29250404 0.5
O3 +hv — 01D+ 0O,
2(CH;0; —— CH;O0p)

Net:0; + 2CH, + O3 —— H,0 + 2CH3Onup0
2(CH, + OH —— CHs + H,0)
2(CH;0 + 0, —— H,CO + HO,)

HO, + HO, —— H,0, + 0,
2(CHs + 05 + M —— CH;0, + M)
Das 2(CH30, + 0 —— CH30 + Oy) 13.697 | 2.866¢+03 5.5
2(HyCO + hv —— CO + Hy)

2(05 +hv —— 0 +0y)

H,0, + hv —— OH + OH
Net:2CH, + 205 —— 2H, + 2H,0 + 0, +2CO
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Dy 3

HO, + HO, — H,0, + O,
2(OH+ 03 — HO;, + 0y)
H,0, + hv —— OH + OH
Net:203 —— 30,

22.404

3.210e+03

7.5

Dy 4

O3 — OSlrpt

Net: 03 e O3t[‘pt

83.208

5.948e+04

10.5

O3+hv — 0+ 0,
O—>Otrpt

Net: 03 — 02 + Otrpt

33.453

8.377e+03

15.5

Dy

0;D+H,0 — OH + OH
OH + HO;, — H,0 + O,
OH+ 03 — HO, + O,
O3+hv — 01D+ 0O,
Net:203 — 30,

27.694

5.007e+03

16.5

Dy 7

NO + 03 — NO; + O,
NO; +O — NO + 0O,
O3+hv — 0+ 0,
Net:203 — 30,

49.204

3.714e+05

28.5

Dy g

HO; + O — OH + O,
OH + 03 — HO;, + O,
O3+hv — 0+ 0,
Net:203 —— 30,

12.92

1.980e+04

23.5

Dy g

OD+N, — O+N,
NO + O3 —— NO; + O,
NO; +O — NO + 0O,
O3+hv — 01D+ 0O,
Net:20;3 — 30,

39.97

9.662e+05

38.5

Do 19

OD+N, — O+N,
HO; + O — OH + O,
OH + O3 — HO, + O,
O3+hv — 01D+ 0O,
Net:203 — 30,

10.943

2.328e+05

42.5
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Dy 11

OD+N, — O+N,
0+0;3 — 0,+0,
O3+hv — 01D+ 0O,
Net:203 —— 30,

15.596

2.307e+05

47.5

D2,12

O+0OH—O0O,+H
2(00D+N; — O+ Np)
H+0,+M — HO,+M

HO, +O — OH + O,
2(03+hv — 0D + 0O,)
Net:203 — 30,

58.521

2.554e+05

65.5

D3 13

O+0OH— O, +H
201D+0; — 0+ 0y)
H+0,+M —HO, +M

HO, +O — OH + O,
2(03+hv — O|D + Oy)

Net:203 — 30,

13.672

6.625e+04

63.5

D14

O+0OH — 0, +H
OD+N, — O+N,
H+0O; — OH+ 0O,
O3+hv — 01D+ 0O,
Net:203 —— 30,

15.18

4.997e+04

70.5

D2,15

2(0+0OH — O, +H)

2(H+ O3 — OH + Oy)
O, +hv— 0+0
Net:203 —— 30,

56.315

5.890e+04

93.5

O+OH—>02+H
H+0O3; — OH + 0O,
Olrpt—>0

Net:O3 + Otrpt — 202

48.573

2.281e+05

86.5

Do 17

2(0+0H — O, +H)
OD+N, — O+N,
2(H+ O3 — OH + Oy)
O, +hv — O+ 0O;D
Net:203 — 30,

48.536

1.082e+04

98.5
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Dy 15

OD+N, — O+N,
03 +hV—>O|D+02
O—>Otrpt

Net: 03 — 02 + Otrpt

22.849

1.019e+04

98.5

OSlrpt — 03

Net: O3ll‘pt E— 03

97.677

8.501e+04

0.5

P s

2(CH4 + OH — CHj3; + H,0)
2(CH30 + O, — H,CO + HO»)
HO, + HO, — H,0, + O,
20+0,+M — 03+ M)
2(CH; + O + M —— CH30, + M)
2(CH30, + NO —— CH30 + NO»)
2(H,CO + hv — CO + Hy)
H,O0; + hv —— OH + OH
2(NO; + hv — NO + O)
Net:50, +2CHy — 2H,; + 2H,0 +2CO + 203

23.943

3.430e+03

7.5

P 3

4(CH30 + O, — H,CO + HO,)
3(HO, + HO; — H,0; + 0y)
2(H,0; + OH — HO; + H;0)
400+0,+M — 03 +M)
4(CH30, + NO — CH3;0 + NO,)
4(H,CO +hv — CO + Hy)
H,0; + hv —— OH + OH
4(NO; +hv — NO + O)
4(CH30,4p — CH30,)
Net: 50, + 4CH3004pe — 4H, +2H,0 +4CO +4 03

20.146

1.726e+03

8.5
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2(OH + HO, — H,0 + O,)
4(CH30 + O, — H,CO + HO,)
HO; + HO, — H,0, + O,
40+0,+M — 03+ M)
4(CH30; + NO — CH;0 + NO,)

4(H,CO +hv — CO + Hy)
H,0; + hv — OH + OH
4(NOy + hv — NO + O)
4(CH30,4p — CH30,)

Net: 50, + 4CH30y¢p¢ — 4H, +2H,0 +4CO + 403

Py

20.519

2.457e+03

9.5

2(CH30 + O, — H,CO + HOy)
HO, + HO, — H,0, + O,
2040, +M — 03+ M)
2(CH30,; + NO —— CH30 + NO»)
P 2(H,CO +hv —— CO + Hy)
2(NO; + hv — NO + O)
HyO0; —— HyO004p
2(CH30,p — CH30,)
Net:30; + 2CH; Oz —— 2Hy +2CO + 205 + HyOnype

20.548

7.345e+03

10.5

CO+0OH —CO,+H
H+0O,+M — HO,+M
0+0,+M —03+M
NO + HO, —— NO; + OH
NO; +hv — NO + O
Net:20, + CO —— CO; + O3

P

52.975

1.379e+04

12.5

CH; + OH — CHj3; + H,O
CH;0 + O, — H,CO + HO,
20+0,+M — 03+ M)
NO + HO, —— NO, + OH
P 7 CH;+0;+M — CH30, + M
CH3;0, + NO — CH30 + NO,
H,CO +hv — CO + H;
2(NO; +hv — NO + O)
Net:40, + CHy — H, + H;0 + CO + 203

21.181

2.425e+03

14.5
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20+0,+M —03+M)
Py g O, +hv —0+0 99.959 8.865e+04 79.5
Net:30, — 203
0+0,+M —03+M
Py Ope — O 60.679 2.850e+05 86.5
Net: O, + Otrpt — 03
OID + N2 — 0+ Nz
20+0,+M — 03 +M)
P10 72.342 1.613e+04 98.5
02 +hv — O+ 01D
Net:30, — 203
01D + 02 — 0+ 02
20+0,+M —03+M)
P11 13.452 3.000e+03 98.5
O, +hv — O+ 0D

Net:30, — 203

Table 3: Pathways producing and destroying O3 at time= 4.5 million years of the model run. The contribution profiles of
these pathways are shown in figure 3. The contributions and rates in this table correspond to the height at which the pathways

contribute the most to O3 production and destruction.
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Figure 4. Contributions of the main pathways producing (middle panel) and destroying (bottom panel) O3 as a function of time at a 30km

altitude. The pathways are listed in tables 3. The time evolution of the Oz number density at 30km is shown in the top panel.

5 Conclusions

In this paper, we described the development of Chempath: an open-source pathway analysis program for photochemical models
that can automatically construct the most relevant pathways of a reaction system and identify the most important pathways for
the production and destruction of a species of interest. We showed how to use Chempath in a one-dimensional photochemical
model. Chempath identified well-known pathways for O3 destruction and production in Earth’s atmosphere, suggesting that
this algorithm can be used to understand chemical mechanisms in photochemical models of less well-known atmospheres, like

exoplanet or past atmospheres.

Code availability. A frozen version of the code used in this paper is available at https://doi.org/10.5281/zenodo.13715328. For up-to-date
developments see the Chempath GitHub repository: https://github.com/DanyIvan/chempath. This repository includes Jupyter notebooks that

describe how to run and reproduce the examples presented in this paper.
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