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Abstract 
An engineering system approach of 2-D cylindrical model of transient mass 
balance calculations of ozone and other concerned chemicals along with 
fourteen photolysis, ozone-generating and ozone-depleting chemical reaction 
equations was developed, validated, and used for studying the ozone concen-
trations, distribution and peak of the layer, ozone depletion and total ozone 
abundance in the stratosphere. The calculated ozone concentrations and pro-
file at both the Equator and a 60˚N location were found to follow closely with 
the measured data. The calculated average ozone concentration was within 
1% of the measured average, and the deviation of ozone profiles was within 
14%. The monthly evolution of stratospheric ozone concentrations and dis-
tribution above the Equator was studied with results discussed in details. The 
influences of slow air movement in both altitudinal and radial directions on 
ozone concentrations and profile in the stratosphere were explored and dis-
cussed. Parametric studies of the influences of gas diffusivities of ozone DO3 
and active atomic oxygen DO on ozone concentrations and distributions were 
also studied and delineated. Having both influences through physical diffu-
sion and chemical reactions, the diffusivity (and diffusion) of atomic oxygen 
DO was found to be more sensitive and important than that of ozone DO3 on 
ozone concentrations and distribution. The 2-D ozone model present in this 
paper for stratospheric ozone and its layer and depletion is shown to be ro-
bust, convenient, efficient, and executable for analyzing the complex ozone 
phenomena in the stratosphere.  
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1. Introduction 

The atmosphere of the Earth is stratified into troposphere, stratosphere, mesos-
phere, and thermosphere. The stratosphere extends from approximately 10 km 
above the Earth surface to about 50 km, where the protective layers of ozone and 
greenhouse gases reside in air. This thin ozone (O3) layer plays a crucial role as a 
guardian, absorbing harmful ultraviolet (UV) rays and ensuring the safety of all 
living beings on the ground. The Sun emits three types of UV radiation: high-
er-energy UV-C with wavelengths of 100 to 280 nm, UV-B with wavelengths of 
280 to 315 nm, and lower-energy UV-A with wavelengths of 315 to 400 nm, 
which collectively amount to about 9% of total solar energy [1] [2]. UV-C radia-
tion is extremely hazardous to all forms of life and fortunately is entirely ab-
sorbed by the stratospheric ozone layer. Being known to cause skin cancer, cata-
racts, and a weakened immune system of humans, UV-B radiation is substan-
tially absorbed by this ozone layer. UV-A radiation, on the other hand, is mostly 
unaffected by the ozone layer. The UV-A can be beneficial for the production of 
a vital nutrient (vitamin D) and bone health. However, overexposure to UV-A 
may cause sunburn, premature aging of shin, and even skin cancer. Acting as a 
natural sunscreen, the ozone layer absorbs approximately 90% of the UV rays 
and safeguards all living organisms. Generally, about 90% of the total ozone re-
sides in the stratosphere as a “good” protective ozone, while the remaining 10% 
of the total ozone residing in the troposphere, particularly near the Earth’s sur-
face, is a polluting “bad” ozone, contributing to the photochemical smog [1] [3] 
[4]. 

In the mid-1980s, scientists identified an alarming thinning of the ozone layer 
over Antarctica, leading to widespread concerns among the scientific communi-
ty and governments worldwide. Nearly 100 ozone-depleting substances were 
pinpointed as culprits in the depletion of stratospheric ozone. These chemicals 
fall into three categories: chlorine (Cl) gases, bromine (Br) gases, and nitrogen 
oxides (NOx), each with varying atmospheric concentrations and impacts [5] [6]. 
Many of the chlorine-containing chemicals originated from traditional refrige-
rants like chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), 
which were widely used in the late 20th century in approximately 1.4 billion air 
conditioners and 0.7 billion refrigerators in the world. The bromine-containing 
chemicals, such as methyl bromide (CH3Br) and halons, used commonly for 
fires extinguishing and for large computer, hardware, and engine protections [6] 
[7]. Both thermal-NOx and fuel-NOx, such as NO and NO2, are a family of poi-
sonous, highly reactive gases, coming primarily from combustion of fossil fuels, 
for generating about 80% of the global electricity, and for use in air, sea, and 
land transportation, including about 1.3 billion cars/trucks and 0.7 billion mo-
torcycles used every day and everywhere in the world today. 

Guided by Prof. Crutzen in the 1980s, scientists Molina and Rowland made a 
ground breaking discovery through laboratory experiments and computational 
modeling, for establishing a critical link between chlorofluoromethane and the 
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ozone hole. This landmark finding earned them the Nobel Prize in Chemistry in 
1995 [8] [9]. The global distribution of stratospheric ozone is influenced by nu-
merous factors, such geographical location, altitude, time of the day and month 
of the year, atmospheric air motion, and the presence and amount of different 
ozone-depleting chemicals. The total ozone abundance above a specific location 
typically ranges from 200 to 500 Dobson Units (DU), with a global average of 
300 DU [1] [5] [9]. The solar radiation, including UV rays, is most intense and 
long in the tropical areas, where it generates atomic oxygen O by photolysis. 
Atomic oxygen collides with abundance oxygen molecules O2 and produces 
ozone molecules O3 [1] [10]. However, ozone concentrations are found to be 
lower above the equator and higher in the mid-latitudes and polar region. This 
observation is attributed to the gradual large-scale horizontal circulation of 
ozone-rich tropical stratospheric air towards the polar regions [1] [8], contri-
buting to variations in ozone levels across different latitudinal zones on Earth. 

In the study of atmospheric dynamics, several modeling and numerical tools 
were developed and employed to investigate various atmospheric phenomena, 
including the ozone layer. While two-dimensional (2-D) models have received 
primary attention, the importance of simpler 1-D models should not be unde-
restimated, as they often provide specific insights into ozone concentrations, the 
stratospheric ozone layer, and ozone depletion mechanisms [2] [6] [11]. Among 
the 2-D models, the 2-D chemical models have aimed to incorporate the effects 
of circulation and mixing. Utilizing grids to represent latitude and altitude, these 
models offer insights into average conditions across latitude bands, primarily in 
the high stratosphere, but they face limitations in representing turbulence in less 
uniform regions like the lower stratosphere. Nevertheless, despite these chal-
lenges, 2-D models remain valuable tools for understanding radiative-chemical 
interactions and enhancing our knowledge of spatial distribution dynamics, all 
while maintaining simplicity [11] [12] [13]. 

Another 2-D approach is the use of zonal mean models, which divide the at-
mosphere into latitude bands to compute average ozone concentrations. These 
models, characterized by their simplicity, are computationally efficient and easy 
to set up, enabling the study of large-scale trends and patterns. However, they 
have limitations, such as not accounting for regional variations in ozone con-
centration or the influence of atmospheric circulation patterns [14]. To gain a 
more comprehensive understanding of ozone layer dynamics and behavior, it is 
essential to combine zonal mean models with other models and observational 
data. Numerical Weather Prediction models, designed for weather forecasting, 
have yet to fully incorporate ongoing chemical changes in the atmosphere [15]. 
These models consider air and water properties from a physical perspective, in-
cluding the transfer of momentum, heat, mass, and humidity in the atmosphere 
through parameterizations due to computational constraints. Despite their com-
plexity, Numerical Weather Prediction models do not account for chemical al-
terations in the atmosphere, highlighting the need for further enhancements to 
improve their accuracy in long-term forecasts [16]. 
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This paper seeks to provide a more comprehensive study of stratospheric 
ozone dynamics and the crucial processes of ozone layer and holes in global at-
mospheric changes. By employing an engineering system approach, we have de-
veloped a 2-D ozone model in a cylindrical coordinate system [7]. Our primary 
objective is to model and calculate ozone concentrations, layer profile, and dep-
letion processes, considering the different competing physical-chemical-radiative 
processes: wind convection, mass diffusion, UV photolysis, ozone-producing 
and ozone-depleting chemical reactions. Notably, our study stands out by inte-
grating conservation equations of substances of ozone and concerned chemical 
species under transient, convective, diffusive, and reactive processes in a cylin-
drical coordinate framework. It offers advantages in terms of computational 
speed and memory capacity, and focused analyses on specific geographical re-
gion, such as South and North poles. This paper is to present our ongoing mod-
eling, validation, and simulation efforts, and the preliminary findings to help 
better understand the stratospheric ozone behavior and depletion processes. 

2. Modeling and Numerical Methods 
2.1. Conservation of Mass Equations 

In the study of stratospheric ozone concentration, distribution of layer, and 
ozone depletion and ozone hole, we utilize a system approach involving 2-D cy-
lindrical mass balance equations [7] [17]. The conservation equations of various 
substances Ci [concentration, in mass or molecules per unit volume, or parts per 
million, ppm], such as ozone O3, atomic oxygen O, and various concerned  

chemical species, include the change with time ( iC
t

∂
∂

), convective transport due 

to slow air movement ( iU C⋅∇ ), [U being the velocity of air motion], mass dif-

fusion due to concentration gradients ( 2
i iD C∇ ) [Di being the diffusivity of spe-

cies Ci], and various chemical reactions (
[ ]d
d

iC
t

), from photolysis, ozone-generation,  

and ozone-depletion reactions. The conservation of mass equations below are 
coupled partial differential equations in a transient axisymmetric cylindrical 
coordinate (t, r, z), governing the evolving changes of a species in the stratos-
phere, encompassing five simultaneous and competing processes: convective 
transport, mass diffusion, photo-dissociation, ozone-generating reactions, and 
ozone-depleting reactions. 

Conservation of Mass Equations: 

[ ]d1
d

ii i i
i r i i z i

CC C CD r U C r D U C
t r r r z z t

∂  ∂  ∂∂ ∂   = − + − +    ∂ ∂ ∂ ∂ ∂    
 

For the simplicity, the equations above encapsulate the key processes and pa-
rameters, but assume axisymmetry (i.e., ∂Ci/∂ϕ = 0). The concentration of a spe-
cies Ci generally changes with time t, altitude z, and radial position r. The alti-
tude or elevation of interests is the stratosphere, extending from z = 10 km to z = 
50 km, radial coordinate (r) being of different ranges and values, time (t) of in-
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terests being in seconds, days, or months, the slow wind speeds in the z and r 
directions being Uz and Ur, and diffusivity of Ci gases being Di. The concentra-
tion Ci (in ppm or in molecules/volume) of species gases can be regular oxygen 
O2, naturally available ozone O3, atomic oxygen O from photolysis, and various 
man-induced ozone depleting chemicals, such as Cl, ClO, ClOClO, ClOO, Br, 
BrO, BrCl, NO, and NO2. 

In order to provide insight into various chemical reactions contributing to the 

change of ozone O3, or in general, 
[ ]d
d

iC
t

, Table 1 lists a comprehensive compi-

lation of 14 possible chemical reactions, its respective reaction rate constants ki,  
initial concentrations Ci, and reaction expressions r, that are directly relevant to 
our study. 

Equations (1), (2) and (3) illustrate the Chapman mechanism, first introduced 
in 1930 [10]. This mechanism elucidates the natural processes governing ozone 
generation and consumption in the absence of human-induced ozone-depleting 
substances. These processes involve photo-excitation, collision-induced trans-
formation, and dissociation. The non-reactive species, denoted as “M”, serves as 
a random stabilizing intermediate, such as molecules N2 [19]. In the stratosphere,  
 

Table 1. List of total 14 natural and man-induced chemical equations, reaction rate constants ki, initial concentrations of different 
species Ci, and reaction expression r of Equations (1) to (14) [7] [18] [19]. 

Eq. No. Reaction Equations 
Reaction Rate 
Constants (ki) 

(cm3/molecules*s) 

Initial Concentrations 
of Ci 

(molecules/cm3) 

Reaction 
Expression 

(r) 

1 ( ) *
2O sunlight 2Ohv+ →  k1 = 1.03 × 10−94 O2 = 2.00 × 1017 r1 = k1 [O2] 

2 * 2
3O O M O M+ + → +  k2 = 5.92 × 10−34 O = 1.00 × 10−6 r2 = k2 [O2] [O] 

3 ( ) *
3 2O sunlight O Ohv+ → +  k3 = 4.38 × 10−26 O3 = 5.00 × 1012 r3 = k3 [O3] 

4 3 2Cl O ClO O+ → +  k4 = 1.22 × 10−11 Cl = 6.46 × 104 r4 = k4 [O3] [Cl] 

5 2ClO O Cl O+ → +  k5 = 3.80 × 10−11 ClO = 7.22 × 107 r5 = k5 [O] [ClO] 

6 ( )2
ClO ClO M ClO M+ + → +  k6 = 2.16 × 10−32 

(ClO)2 = 1.00 × 10−6 
r6 = k6 [ClO]2 

7 ( ) ( )2
ClO sunlight Cl ClOOhv+ → +  k7 = 8.53 × 10−15 r7 = k7 [(ClO)2] 

8 2ClOO M Cl O M+ → + +  k8 = 6.51 × 10−13 ClOO = 1.00 × 10−6 r8 = k8 [ClOO] 

9 3 2 2NO O NO O+ → +  k9 = 1.78 × 10−14 NO = 1.00 × 109 r9 = k9 [O3] [NO] 

10 2 2NO O NO O+ → +  k10 = 1.05 × 10−11 
NO2 = 1.00 × 109 

r10 = k10 [NO2] [O] 

11 2 3 2NO O NO 2O+ → +  k11 = 1.00 × 10−18 r11 = k11[NO2] [O3] 

12 3 2Br O BrO O+ → +  k12 = 1.18 × 10−12 Br = 3.2 × 105 r12 = k12 [Br] [O3] 

13 2BrO ClO BrCl O+ → +  k13 = 1.02 × 10−12 BrO = 6.4 × 106 r13 = k13 [BrO] [ClO] 

14 ( )BrCl sunlight Br Clhv+ → +  k14 = 1.06 × 10−8 BrCl = 1.00 × 10−6 r14 = k14 [Br] [Cl] 
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ozone O3 forms through multiple steps of chemical process initiated by sun-
light’s UV radiation. This high energy ray causes the dissociation of the abun-
dant oxygen molecules O2 into active oxygen atoms O + O, which subsequently 
collides with regular oxygen molecules to form ozone O3. Since the concentra-
tion of molecular oxygen O2 is very large, constituting 20.95% or 2.095 × 105 
ppm in air, the generation of ozone O3 primarily depends on the availability of 
atomic oxygen O. 

Equations (4) to (14) outline three potential ozone-depleting reaction cycles 
resulted from human-induced ozone-depleting substances [19] [20]. Equations 
(4) to (8) describe how chlorine-containing compounds, such as traditional re-
frigerants CFCs and HCFCs, participate in converting ozone O3 into regular 
oxygen molecules O2. Chlorine-containing gases act as a catalyst for ozone dep-
letion reactions, including Cl, ClO, ClOO, and (ClO)2, which are re-formed each 
time the depleting cycle is completed, and hence available for further destruction 
of ozone. Equations (4) and (5) are more important at tropical and middle lati-
tude regions, where UV radiation is more intense. Equations (6), (7), (8), and 
(4), are more important for Antactica, where ClO can reach large values during 
late winter and early spring, and the abundant ClO can react with another ClO 
to initiate the destruction of ozone [1]. 

Equations (9), (10), and (11) elucidate how nitrogen oxides NOx (both NO 
and NO2), resulted from burning of fossil fuels [21] [22] or from natural 
processes, such as wild forest fires, can react with ozone O3 and reduce it to reg-
ular oxygen O2, when NOx accumulated and transported from the troposphere 
to the stratosphere via upward air motion. Also important for the polar region 
are Equations (12), (13), and (14), that expound on how bromine-containing 
chemicals, such as methyl bromide (CH3Br) and halons, initially developed for 
fire suppression and subsequently used in large-scale applications like computer 
hardware and engine protection [1] [19], can similarly contribute to the destruc-
tion of ozone O3 into regular oxygen O2. Like chlorine, bromine also functions as 
an ozone-depleting catalyst, as active bromine-containing gases, including Br, 
BrO, and BrCl, which are re-formed each time the depleting cycle is completed, 
and hence available for further destruction of ozone. Since the sunlight (UV) is 
required for both Equations (7) and (14), during polar night and other periods 
of darkness, ozone won’t be destroyed by these reactions [1]. 

Table 1 provides pertinent published data, including reaction rate constants 
(ki) and initial concentrations for chemical species in Equations (1) to (14) for 
the tropical regions [19]. It should be noted that these values may vary with fac-
tors such as latitude, time, and environment conditions. From the reaction ex-
pressions (ri) in Table 1, we can derive for the total reaction rate for a species  
[ ]d
d

iC
t

, including ozone concentration 
[ ]3d O
dt

 and consequently the ozone 

layer characteristics, atomic oxygen O, and various ozone depleting chemicals: 

Cl, ClO, Br, BrO, NO, NO2, etc. For instance, 
[ ]

2 3 4 9 11 12
3d O

d
r r r r

t
r r− − − −= −  
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and 
[ ]

1 2 3 5 10

d
2

O
d

r r r r
t

r− + − −= . As we add the reaction terms 
[ ]d
d

iC
t

 into the 

mass balance equations, along with the transient term ( iC
t

∂
∂

), diffusion and  

convection terms in cylindrical coordinate, we get the governing equations for 
solving for concentrations and changes of ozone and other concerned species in 
the stratosphere. Our 2-D ozone model enables the study the ozone dynamics, 
ozone layer and ozone hole under various natural and man-induced depletion 
reactions at different geographical locations, times of the day or months of the 
year, and environment and boundary conditions [7] [20]. 

2.2. Numerical Methods 

In the mass balance equations, the concentrations of ozone and other species are 
a function of time (t), radial position (r), and altitude/elevation (z), denoted as 
[Ci] or [O3] = f(t, r, z). For the mass balance equations, we’ll assume axisymme-
tric (∂Ci/∂ϕ = 0) for the sake of simplicity, select property and environment con-
stants, ki’s, Di, Uz, Ur from the published measured or known data, and consider 
at different boundary and initial conditions in the stratosphere. The axisymme-
tric assumption allows us to solve the equations within a single plane of r − z, 
rotating cylindrically, which neglects the variations in polar or azimuthal angles. 
This approach provides acceptable results for a region of smaller radius on the 
globe and produces good results for the stratosphere above the polar region of 
varying size/radius. 

To approximate the simultaneous partial differential equations into a very 
large, but manageable system of simultaneous algebraic equations, we employ fi-
nite difference formulas to represent the first- and second-order partial deriva-
tives in both spatial coordinates, r and z, and temporal coordinate, t. The discre-
tization of the solution domain results in a grid-based representation with cho-
sen values of Δt, Δr, and Δz in the stratosphere [23] [24] [25]. The first-order  

partial derivatives are expressed as ( ) ( ), , 1 , , 1

2
i i j n i i j ni

C CC
t t

+ −−∂
=

∂ ∆
,  

( ) ( ), 1, , 1,

2
i i j n i i j ni

C CC
r r

+ −−∂
=

∂ ∆
, and ( ) ( )1, , 1, ,

2
i i j n i i j ni

C CC
z z

+ −

∂

−∂
=

∆
, while the second-order 

partial derivatives expressed as, ( ) ( ) ( )
2

1, , , , 1, ,
2 2

2i i j n i i j n i i j ni
C C CC

r r
+ −∂

=
∂ ∆

− +
 and  

( ) ( ) ( )
2

, 1, , , , 1,
2 2

2i i j n i i j n i i j ni
C C CC

z z
+ −∂

=
∂ ∆

− +
. The numerical solution process involves  

formulating time-dependent convection-diffusion finite difference equations, 
which are applied separately to ozone O3, molecular oxygen O2, atomic oxygen 
O, and other relevant chemical species. Notably, we can safely omit the mass 
balance equation for molecular oxygen O2 due to its large and stable concentra-
tion of 20.95% in the atmosphere, which remains largely unaffected by changes 
in small gas concentrations, typically measured in several ppm. To account for  

chemical reactions, we add the last term, 
[ ]d
d

iC
t

, representing the overall chem-
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ical reaction of linear algebraic equations, as listed in details in Table 1. 
We systematically set up a large set of simultaneous finite difference algebraic 

equations for all grid meshes within the stratosphere, as given in Equation (15) 
below, where the term on the left and the 1st term on the right representing the 
transient change of ozone concentration, the 2nd, 3rd, and 6th terms on the right 
representing the mass diffusion due to concentration gradients, the 4th, 5th, and 
7th on the right representing the transport by advection from slow air movement, 
and the last (8th) term on the right representing the overall change of ozone by 
various ozone-depleting and ozone-producing chemical reactions.  

 

( )

( ) ( )

( ) ( )

1
3 , 3 , 3 1, 3 , 3 1,2

3 1, 3 1, 3 1, 3 1, 3 ,

3 , 1 3 , 3 , 1 3 , 1 3 , 12

3

1 2

2 2

2
2

d

d

n n n n ni
i j i j i j i j i j

n n n n ni r
i j i j i j i j r i j

n n n n ni z
i j i j i j i j i j

n

DO O t r O O O
r r

D UO O r O O U O
r r

D UO O O O O
rz

O
t

t

+
+ −

+ − + −

+ − + −

 = + ∆ ∗ − + ∆
+ − − − − ∆ ∆ 
 + − + − −  ∆∆ 

  + ∆ ∗

 (15) 

where,  
 Δt: time step interval for numerical claculations. 
 Δr and Δz: spatial grid intervals in the radial and vertical directions, respec-

tively. 
 Di: diffusivity of species i 
 Ur and Uz: radial and vertical air movement velocities, respectively. 

 3d O

d

n

t

   : rate of change of ozone concentration over time, resulted from the 

various chemical reactions. For example, for ozone,  
[ ]

2 3 4 9 11 12
3d O

d
r r r r

t
r r− − − −= −  and for atomic oxygen,  

[ ]
1 2 3 5 10

d
2

O
d

r r r r
t

r− + − −=  (ri’s being listed in Table 1). 

These equations account for the overall changes in ozone concentration due 
to various natural and man-induced chemical reactions in the stratosphere, in-
cluding both generation and depletion mechanisms. For our numerical solu-
tions, we utilized Python Solvers, which provide a robust environment for solv-
ing complex systems of simultaneous equations. Python, with its extensive libra-
ries for numerical computations, served as the ideal software for executing our 
code. In our simulations, we discretized the altitude (elevation) z into intervals 
of Δz ranging from 1 km to 2 km, or as dimensionless altitude either using z* = 
(z − 15)/(45 − 15) or using z* = (z − 10)/(50 − 10), depending on the available 
measured or known data for comparison. The dimensionless radial coordinate, 
r*, was selected within a range of 50 km or larger, with discretization of Δr be-
tween 1 km, 2 km, or larger. The time step Δt has been tested with different val-
ues, ranging from 0.1 second to 10 seconds, to ensure computational conver-
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gence, efficiency, and stability. A value of Δt = 1 second was ultimately chosen to 
capture the dynamic changes in ozone concentration with a good temporal res-
olution. Consequently, most of the results presented in this paper were obtained 
using Δt = 1 second, Δz = 2 km (or 20 grids along z* direction), and 20 grids 
along the radial direction (r* = 0 to 1.0). 

3. Results and Discussions 
3.1. Validation of 2-D Ozone Model 

In our earlier published paper [7], we examined the validation of our 2-D Ozone 
Model from both chemical and physical aspects with the available measured, 
analytical, or calculated results of ozone dynamics in the stratosphere. Consi-
dering catalytic depletion reactions by chlorine from CFCs and NOx, but with 
negligible diffusion and convection, our calculated transient ozone concentra-
tions under the same boundary conditions and rate constants closely matched 
with results of Fogler’s Ozone Depletion Model [7] [19]. The agreement of 
within 4% difference showed our 2-D model is reliable in capturing the complex 
ozone depletion reactions. Also, considering convective and diffusive dispersion, 
but with negligible chemical-photolysis reactions, our calculated transient ozone 
distributions closely matched with the published analytical solutions [7] [26]. 
The agreement is within only 0.1% difference.  

In this paper, we further validate our 2-D Ozone Model with concurrent and 
competing processes of convection, diffusion, photolysis, and ozone-generating 
and ozone-depleting chemical reactions. The capabilities in data presentation 
and flexibilities in simulation of complex stratospheric ozone dynamics can also 
be seen. Figure 1 shows the temporal and spatial evolution of dimensionless 
ozone concentrations from deep blue at 0.0 to max ozone of deep red at 1.0 
(equivalent to [O3] = 10 ppm) on a r-z plane from the month of June to month 
of August at the Equator caused primarily by convection and diffusion.  

In Figure 1, the top left diagram, Figure 1(a), represents the measured ozone 
contour in 2-D color plot at the Equator and is also the initial ozone concentra-
tions for the simulation [27]. The top right diagram, Figure 1(b), illustrates the 
same measured ozone distributions visualized in (r, z, O3) 3-D contour plot, 
where the peak ozone appears near the center of mid-altitude and mid-radial lo-
cation in the stratosphere. The bottom left diagram, Figure 1(a), displays the 
calculated ozone concentrations in 2-D contour plot after two months of time 
evolution to August, or after 90% of the total elapsed simulation time. The bot-
tom right diagram, Figure 1(d), presents the calculated ozone distributions in 
August at the Equator, where the peak value of ozone reduced to about 1/3 of 
that of June and the peak location shifted to higher altitude and radial place due 
to wind convection and mass diffusion.  

In this calculation, both average dimensionless convective speeds, Uz and Ur, 
were taken at 1 × 10−8, or a slow wind speed of 10 m/hr, with a reference length 
of 30 km and a reference time of 0.1 second. The total computation efforts 
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Figure 1. Temporal and spatial evolution of dimensionless ozone concentrations and distribution contour on r-z plane at the 
Equator from month of June to month of August, caused primarily by convection and diffusion. 

 
spanned for more than two months with a time step of Δt = 1 sec, or a total of 
5.2 × 106 steps/2-month, which took about 2 days of computational time by our 
laptop computer. It is evidently noted in the bottom figures that the peak ozone 
location shifted from the center of r-z plane to the right upper corner of the 
plane. The shift of ozone layer in the stratosphere is resulted from the dynamic 
interplay of convection and diffusion processes, along with weak chemical reac-
tions.  

Figure 2 shows the global stratospheric ozone concentrations extracted from 
the measured data using the Microwave Limb Sounder [27], from the North Pole 
at 90˚N, to the Equator, and to the South Pole at 90˚S, for the month of June av-
eraged over 15 years, from 2005 to 2019. The left diagram is the measured ozone 
concentrations in 2-D color plot and the right diagram being the same measured 
ozone distributions visualized in 3-D contour plot. Figure 2 provides valuable 
insights into the long-term, larger-scale distribution and variations of ozone 
concentration on a global scale. Complementing the localized ozone observa-
tions in Figure 1, they can contribute to our comprehensive understanding of 
ozone behavior, both locally and globally. 
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Figure 2. The measured global ozone concentrations along the altitude of the stratosphere from the North Pole 90˚N, to the 
Equator, and to the South Pole 90˚S, for the month of June averaged over 15 years, from 2005 to 2019 [27]. The left diagram is the 
measured ozone concentrations in 2-D color plot and the right diagram being the same measured ozone distributions visualized in 
3-D contour plot. 

 
Figure 3 shows the comparison of the calculated ozone concentrations and 

distribution (solid curves) with the measured data (dotted curves) at two partic-
ular geographical locations: the Equator (near Singapore, blue curves) and the 
60˚N (at Oslo, Norway or Gulf of Alaska, USA, red curves). The equatorial re-
gion, known for its intense and long radiation from the Sun, provides an ideal 
place for studying ozone dynamics and the impact of UV radiation levels. On the 
other hand, the choice of 60˚N allows us to explore distinct ozone dynamics and 
layer under different solar radiation and environmental conditions. 

At the Equator, the solar radiation (UV ray and photolysis) is intense and 
prolonged. The calculated ozone concentrations (solid blue curve) exhibited a 
more symmetrical distribution along the altitude with a peak concentration of 
9.41 ppm near the mid-altitude around z = 30 km, shown in Figure 3. The 
measured ozone concentrations (dotted blue curve) exhibited a similar symme-
trical distribution with a peak concentration of 9.76 ppm near z = 30 km [27]. 
The calculated results of our 2-D ozone model generally followed the measured 
concentrations with the calculated average ozone concentration of 5.77 ppm, 
being very close to the measured average of 5.66 ppm. The ozone distribution 
profiles follow the same trend but with a coefficient of variation, or the average 
deviation, of 13.7%. 

At the top boundary of the stratosphere at z = 45 km above the Equator, the 
ozone concentration was taken as 3 ppm, based on the published measured value 
[27]. As the sunlight, particularly high-energy UV-C and UV-B, beams through 
the upper stratosphere, it breaks down the abundance oxygen molecules O2 into 
atomic oxygen O. These active oxygen atoms collide with abundance O2 to form 
ozone O3, as shown in Equations (1) and (2) in Table 1. The processes continue  
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Figure 3. Comparison of calculated ozone concentrations and distribution (solid curves) 
with the measured data (dotted curves) at two geographical locations: the Equator (blue 
curves) and the 60˚N (red curves). 
 
until the ozone concentration reaches a peak value of 9.41 ppm around z = 30 
km. The richest ozone concentration defines the peak of the stratospheric ozone 
layer.  

As the UV ray penetrates through the air mass of the upper stratosphere, its 
intensity deteriorates due to the absorption by regular oxygen molecules in the 
photolysis. The weakened UV radiation slows down the generation of atomic 
oxygen and ozone, while the ozone-depletion reactions of Equations (3), (4), (9), 
(11), and (12) in Table 1, remain effective in destroying the ozone. In the pres-
ence of human-induced ozone-depleting chemicals: chlorine, bromine, and NOx, 
ozone depletion processes continue, especially in the lower stratosphere. Also, 
other physical processes, such as diffusion and slow air movement, affect the 
ozone distribution and concentrations. As seen in Figure 3, ozone concentration 
decreases rapidly from the peak at mid-stratosphere to a low boundary value of 
0.5 ppm at z = 15 before transitioning to the tropopause and the troposphere 
below. 

For places near 60˚N latitude, Figure 3 shows different calculated (solid red 
curve) and measured (dotted red curve) ozone concentrations and profiles than 
those of the Equator. The calculated ozone concentrations reach a smaller peak 
of 8.25 ppm around z = 31.5 km, while the measured ozone concentrations reach 
a peak of 7.10 ppm at a higher altitude at z = 34.5 km. The calculated results of 
our 2-D ozone model generally followed the measured concentrations with the 
calculated average ozone concentration of 5.24 ppm, being close to the measured 
average of 5.01 ppm. The ozone distribution profiles basically follow the same 
trend, but with a coefficient of variation, or the average deviation, of 12.6%. 

3.2. Monthly Variations of Ozone  

In this paper, we delve into the intriguing world of monthly evolution of stra-
tospheric ozone concentrations and distribution at the Equator, a region known 
for its unique atmospheric conditions. As shown in Figure 4, our calculations  
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Figure 4. Monthly variations of calculated ozone concentrations and distribution from 
June, July, August, September, to October at the Equator (solid curves), and the compar-
ison with the measured data averaged over 15 years between 2005 and 2019 for months of 
June and October (dotted curves). The curve labeled with “October (C)” represents the 
calculated results, while “October (M)” represents the measured data [27]. 
 
spanned for five months, from June to October, took into account the typical 
relatively low values for convection and diffusion, as well as chemical reactions 
of various atmospheric species commonly encountered in the tropical region 
[19]. It is noted that in Figure 4, our June and October data were also compared 
to the measured data averaged over 15 years between 2005 and 2019 [27].  

As seen in Figure 4, the ozone concentrations and distributions for different 
months aligned closely and followed a similar symmetric profile of 3 ppm at the 
top stratospheric boundary at z = 45 km, to increase to a peak of the ozone layer 
in the mid-stratosphere, and to decrease to 0.5 ppm at the bottom stratospheric 
boundary at z = 15 km. The monthly average ozone concentrations remained 
within 5% of the mean and were specifically: 5.45 ppm for June (measured), 5.51 
ppm for July (calculated), 5.57 ppm for August (calculated), 5.63 ppm for Sep-
tember (calculated), 5.70 ppm for October (calculated), and 5.66 ppm for Octo-
ber (measured). It is noted that a good alignment of the ozone profiles and a 
small variation within 5% of the average ozone concentrations are understanda-
ble for the tropical region of stable environmental conditions and ozone-related 
reactions. For the polar regions of very low temperatures, specific polar stratos-
pheric clouds, and different non-reactive species serving as random interme-
diates, the various ozone-depleting reactions in Equations (3), (4), (9), (11), and 
(12), would play a different dominant role, leading to significant ozone destruc-
tion than the Equatorial region. 

Table 2 lists the detailed changes of calculated ozone concentrations along the 
altitude in the stratosphere at the Equator for five months, from June to October. 
For data comparison and model validation, Table 2 also lists the measured data 
of month of October at the Equator and the 60˚N, close to the North Pole [27].  
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Table 2. Monthly variations of calculated ozone concentrations and distribution from June, July, August, September, to October 
at the Equator, and the comparison with the measured data averaged over 15 years between 2005 and 2019 for the month of Oc-
tober and for the Equator and the 60˚N. 

Altitude 
Ozone, ppm 

Equator 0˚N 60˚N 

Z, km 
June July August September October October 

M C C C C M [(C − M)/M]2 C M [(C − M)/M]2 

45 3.00 3.00 3.00 3.00 3.00 3.00 0.000 3.00 3.00 0.000 

43.5 3.48 3.67 3.82 3.98 4.16 3.48 0.039 3.56 3.96 0.010 

42 4.16 4.27 4.38 4.51 4.66 3.94 0.033 3.91 4.71 0.029 

40.5 4.89 5.01 5.14 5.27 5.43 4.43 0.052 4.55 5.39 0.025 

39 5.68 5.81 5.94 6.08 6.24 5.23 0.038 5.38 6.18 0.017 

37.5 6.34 6.49 6.64 6.79 6.96 6.09 0.021 6.22 6.84 0.008 

36 7.09 7.20 7.33 7.46 7.63 7.18 0.004 6.95 7.21 0.001 

34.5 7.62 7.77 7.91 8.05 8.22 7.90 0.002 7.60 7.38 0.001 

33 8.18 8.30 8.43 8.57 8.74 8.72 0.000 8.07 7.32 0.011 

31.5 8.57 8.72 8.86 9.00 9.16 9.28 0.000 8.25 7.10 0.026 

30 9.01 9.11 9.21 9.30 9.41 9.76 0.001 8.19 6.73 0.047 

28.5 9.06 9.14 9.21 9.27 9.33 9.78 0.002 7.88 6.54 0.042 

27 8.87 8.88 8.88 8.89 8.89 9.37 0.003 7.37 6.20 0.035 

25.5 8.21 8.16 8.11 8.06 8.01 8.59 0.005 6.71 5.73 0.030 

24 6.95 6.87 6.80 6.73 6.65 7.00 0.003 5.85 5.26 0.012 

22.5 5.33 5.26 5.19 5.12 5.05 5.33 0.003 4.82 4.75 0.000 

21 3.64 3.60 3.56 3.53 3.49 3.97 0.015 3.91 3.80 0.001 

19.5 2.19 2.21 2.22 2.23 2.23 2.73 0.034 3.13 2.93 0.005 

18 1.26 1.26 1.26 1.27 1.28 1.55 0.030 2.36 2.14 0.011 

16.5 0.50 0.53 0.57 0.61 0.65 0.98 0.109 1.79 1.55 0.023 

15 0.50 0.50 0.50 0.50 0.50 0.50 0.000 0.50 0.50 0.000 

Avg. (ppm) 5.45 5.51 5.57 5.63 5.70 5.66 0.019 5.24 5.01 0.016 

Dobson Unit (DU) 320 316 318 321 323 353  297 265  

Coefficient of Variation (%) 13.7% 12.6% 

 
The total abundance of ozone in Dobson Unit (DU) at the Equator can be calcu-
lated with values in Table 2: 377 DU for June, 374 DU for July, 376 DU for Au-
gust, 378 DU for September, and 380 DU for October, respectively. The differ-
ence of the total ozone abundance between the calculations and the measure-
ments was 7.3% less for the Equator and 11.5% more for the 60˚N location. 
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These DUs provide a good measure of ozone thinning or ozone thickening, in-
cluding the ozone hole, at different geographical locations and throughout dif-
ferent months of the year. 

To calculate the total ozone abundance in DU, a working formula for the 
weighted integration of altitudinal ozone concentrations [O3]ppm is used [1] [7]. 
This integration considers local variations in air temperature (T, in degree Kel-
vin) and total air pressure (P, in Pascal) within the stratosphere from 15 km to 
45 km. The formula is structured as follows:  

[ ] ( ) ( )23 19
3DU O 6.022 10 2.69 10P RT= × × × × , 

where 6.022 × 1023 being Avogadro’s number or total number of molecules per 
mole, R being the universal gas constant. It should be noted here that our calcu-
lated ozone abundance is only for the stratosphere (15 km - 45 km), and does 
not consider ozone in the troposphere, which typically amounts to about 10% of 
the total abundance. 

3.3. Influence of Convection: Vertical Speed Uz 

In this study, our 2-D Ozone Model is used to better understand and quantify 
the influences of slow air movement, in both z and r directions, and the mass 
diffusivity, of both ozone and atomic oxygen, on ozone concentrations and pro-
file in the stratosphere. Both average dimensionless wind speeds Uz and Ur were 
taken as constant at 1 × 10−8, or a slow air movement of 20 m/hr, with a refer-
ence speed of 6 × 105 m/s in the stratosphere. The total computational efforts 
spanned for one week with a time step of Δt = 1 sec, or a total of 6 × 105 
steps/week.  

Figure 5 shows the influence of slow vertical wind speed Uz on ozone concen-
trations and profile of ozone layer in the stratosphere above the Equator. For 
parametric study of the effects of Uz, five values of varying dimensionless vertical 
speed of Uz = 0 (black dotted curve), 1 × 10−8 (blue curve), 1 × 10−7.5 (green 
curve), 1 × 10−7 (orange curve), and 1 × 10−6.5 (red curve) were selected in the 
simulations. At zero wind speed Uz = 0, the ozone distribution followed a sym-
metric profile as expected, of 3 ppm at the top boundary at z* = 1 (z = 45 km), a 
peak of ozone layer of 9.1 ppm at z* = 0.48 (z = 29 km), and of 0.5 ppm at the 
bottom boundary at z* = 0 (z = 15 km).  

Table 3 lists the detailed calculations of ozone concentrations along the alti-
tude in the stratosphere above the Equator, showing the influences of slow ver-
tical wind speed Uz. As also seen in Figure 5, as Uz increased from zero to 10−6.5 
(or 0.65 km/hr), the ozone concentrations and the profile remained about the 
same, but with an upward shift of the peak, from z* = 0.48 at 29 km to z* = 0.6 at 
z = 33 km, in the stratosphere. This upward shift of similar ozone distribution 
profile at higher Uz seemed to keep the area enclosed between the curve and z* 
axis the same. However, the total ozone abundance calculated from the weighted 
integration of the area would decrease, from 320 DU at Uz = 0, to 313 DU at Uz 
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= 10−8, to 296 DU at Uz = 10−7.5, to 249 DU at Uz = 10−7, and to 211 DU at Uz = 
10−6.5. The slow upward air motion in the thermally stable stratosphere simply 
blew the ozone-lean air mass from the lower stratosphere to the higher altitude 
in one week time above the Equator.  
 
Table 3. Calculated ozone concentrations in the stratosphere above the Equator, showing 
the influences of slow vertical wind speed Uz. 

Influence of Vertical/Upward Velocity, Uz 

Normalized Altitude, 
z 

Ozone Concentration (ppm) 

Uz = 0 Uz = 10−8 Uz = 10−7.5 Uz = 10−7 Uz = 10−6.5 

1.00 3.00 3.00 3.00 3.70 4.87 

0.95 3.48 3.54 3.71 4.37 5.63 

0.90 4.15 4.23 4.42 5.03 6.39 

0.85 4.88 4.97 5.17 5.79 7.03 

0.80 5.67 5.76 5.95 6.51 7.64 

0.75 6.34 6.42 6.60 7.14 8.16 

0.70 7.08 7.16 7.32 7.79 8.59 

0.65 7.62 7.68 7.81 8.20 8.85 

0.60 8.17 8.22 8.34 8.69 9.06 

0.55 8.56 8.61 8.71 8.94 8.77 

0.50 9.00 9.03 9.07 9.08 8.21 

0.45 9.05 9.04 9.00 8.71 7.01 

0.40 8.87 8.81 8.67 8.01 5.56 

0.35 8.22 8.10 7.82 6.75 3.79 

0.30 6.95 6.78 6.38 5.05 2.23 

0.25 5.34 5.14 4.71 3.40 1.21 

0.20 3.64 3.46 3.07 1.98 0.52 

0.15 2.19 2.05 1.76 1.04 0.34 

0.10 1.26 1.16 0.98 0.55 0.29 

0.05 0.50 0.46 0.38 0.27 0.37 

0.00 0.50 0.50 0.50 0.50 0.50 

Average 5.45 5.43 5.40 5.31 5.00 

Total Ozone 
Abundance, DU 

320 313 296 249 211 

Coeff. of Variations, %  0.29% 0.95% 2.59% 8.25% 
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Figure 5. Influence of slow vertical wind speed Uz on stratospheric ozone concentrations 
and profile of ozone layer above the Equator. 

3.4. Influence of Convection: Horizontal Radial Speed Ur 

This section delves into the impact of horizontal radial air movement Ur on 
stratospheric ozone concentrations and profile. Figure 6 shows the influence of 
slow horizontal radial wind speed Ur on ozone concentrations and profile of 
ozone layer in the stratosphere above the Equator. Five values of dimensionless 
radial speed of Ur = 1 × 10−9 (black dotted curve), 1 × 10−8.5 (blue curve), 1 × 10−8 
(green curve), 1 × 10−7.5 (orange curve), and 1 × 10−7 (red curve) were selected in 
the simulations. All ozone concentration distributions exhibited similar symme-
tric profiles of 3 ppm at the top boundary at z* = 1 (z = 45 km), a peak of ozone 
layer of different values at the mid-stratosphere z* = 0.45 (z = 28 km), and of 0.5 
ppm at the bottom boundary at z* = 0 (z = 15 km).  

As shown in Figure 6, as Ur increased from zero to 10−7 (or 0.2 km/hr), the 
ozone concentrations profiles remained the same, but the peak concentrations at 
z* = 0.45 (z = 29 km) of 9.05 ppm for Ur = 0 decreased gradually to 7.62 ppm for 
Ur = 1 × 10−7. The average concentrations in the stratosphere decreased from 
5.45 ppm (100%) for Ur = 0 to 4.70 ppm (86%) for Ur = 1 × 10−7.  

The slow radial air motion in the stratosphere did not change the altitudinal 
ozone concentrations and profile much; however its impacts on radial ozone 
concentrations and distribution were evident and thereby discussed below. 

Figure 7 plots the calculated ozone concentrations and distribution profiles 
along the normalized radial coordinate, r* = 0 to 1, above the Equator for dif-
ferent altitudes: z = 15 km (bottom diagram), z = 30 km (middle diagram), and z 
= 45 km (top diagram), and for different elapsed times of the wind blow: 1 day 
(blue curve), 3 days (orange curve), and 1 week (green curve). In the bottom di-
agram in Figure 7 (z = 15 km), the ozone concentration after 1 day (blue curve) 
of slow wind blow of Ur = 1 × 10−7, increased from the boundary value of 0.5 
ppm at r* = 0 to 1 ppm. It increased gradually to 2.3 ppm at r* = 0.25, and then  
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Figure 6. Influence of slow horizontal radial wind speed Ur on stratospheric ozone con-
centrations and profile of ozone layer above the Equator. 
 
dropped to 1.2 ppm at r* = 0.47, and then increased again to 2.5 ppm at r* = 0.9 
and onwards. The fluctuation in ozone concentration showed that it didn’t 
maintain a monotonous pattern across all radial locations at this altitude. Addi-
tionally, the change in ozone concentrations evolved over time periods of 1 day, 
3 days, and 1 week exhibited the similar profiles, but shifted towards the right. 
As expected, the right-shifting ozone profiles correlated well with the radial 
wind movement Ur blowing to larger r*.  

The middle diagram of Figure 7 showed the radial ozone concentrations in 
the mid-stratosphere at z = 30 km. As expected, the ozone concentrations were 
comparatively higher, up to 9 ppm around r* = 0.58 for t = 1 day (blue curve). 
The distribution profiles for different elapsed time of 1 day, 3 days, or 1 week 
exhibited a smoother curve that closely resembled straight lines. Results also 
showed that as the radial wind speeds decreased with Ur < 10−7, the radial ozone 
profiles becoming closer with less separation between the three curves, which 
reduced the sensitivity of ozone concentrations to the influence of Ur and the 
impact of convection. The top diagram of Figure 7 showed the radial ozone 
concentrations near in the upper stratosphere at z = 45 km. The peak concentra-
tions of 5 ppm around r* = 0.28 for t = 1 day (blue curve), 4 ppm at r* = 0.32 for 
t = 3 days (orange curve), and 3 ppm at r* = 0.41 for t = 1 week (green curve). 

3.5. Influence of Gas Diffusion: Diffusivity of Ozone DO3 

In this section, we aim at exploring the diffusion of ozone gases (O3) and atomic 
oxygen gases (O) on ozone concentrations and distribution in the stratosphere. 
It’s noted that the measured concentration data for ozone and atomic oxygen 
above the equatorial region were taken from the publicly known source of Dr. 
William [20]. To investigate the influence of gas diffusivities on ozone concen-
trations, and to compare them to the known data, we converted the unit of  
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Figure 7. Calculated ozone concentrations and distribution profiles along the radial di-
rection above the Equator for different altitudes: z = 15 km (lower diagram), z = 30 km 
(middle diagram), and z = 45 km (upper diagram), and for different elapsed times for 
radial wind movement of Ur = 1 × 10−7: 1 day (blue curve), 3 days (orange curve), and 1 
week (green curve). 

https://doi.org/10.4236/acs.2024.142016


I. Alelmi et al. 
 

 

DOI: 10.4236/acs.2024.142016 269 Atmospheric and Climate Sciences 
 

ozone concentrations from ppm to molecules/cm3 (mol/cm3). The change in 
concentration units may induce alterations in the observed ozone peak, poten-
tially shifting it downwards. 

Figure 8 shows the influence of diffusivity of ozone gas DO3 on ozone concen-
trations and profile of the ozone layer at the Equator. A parametric study with 
five different values of DO3, ranging from publicly known value of 1 × 10−9.5 to a 
3160 fold value of 1 × 10−6: black curve for DO3 = 10−9.5, blue curve for DO3 = 10−9, 
green curve for DO3 = 10−8, yellow curve for DO3 = 10−7, and red curve for DO3 = 
10−6. With gas diffusivity of ozone DO3 = 10−9.5 (black curve), the ozone concen-
tration at the top boundary (z* = 1, z = 45 km), was taken as 3 ppm, or equiva-
lently 1.35 × 1011 mol/cm3. A peak value of the ozone distribution of 3.38 × 1012 
mol/cm3 (or 5.34 ppm) was found in the lower stratosphere at z* = 0.25 (z = 23 
km), which was different from the peak value in 9.05 ppm at z* = 0.45 (z = 29 
km). The shifting of the representing peak of the ozone layer is expected because 
molecules per volume (mol/cm3) is an absolute concentration unit, while parts 
per million (ppm) is a relative concentration unit changing with the local air 
density, pressure and temperature. At the bottom boundary z* = 0, (z = 15 km), 
was taken as 0.5 ppm, or equivalently 1.6 × 1012 mol/cm3.  

Figure 8 shows the influence of diffusivity of ozone gas DO3 on ozone concen-
trations and profile of the ozone layer. As seen in Figure 8, the ozone profiles 
changed to lesser non-uniform shape of distribution from smaller diffusivity DO3 
(black curve, 10−9.5), to small DO3 (blue curve, 10−9), to intermediate DO3 (green 
curve, 10−8), to large DO3 (yellow curve, 10−7), and to very large DO3 of uniform 
straight line (red curve, 10−6). The location and peak value of ozone distributions 
shifted slightly from 3.38 × 1012 mol/cm3 at z* = 0.25 to the lower stratosphere of 
2.0 × 1012 mol/cm3 close to z* = 0. A large diffusivity with strong gas diffusion 
made the profile more uniform as expected. While the average ozone concentra-
tions remained almost a constant around to 5.4 ppm, the total ozone abundance 
increased slightly, but around 340 DU. It is also noted that the results in Figure 
8 are for ozone concentrations with both physical processes (diffusion and  
 

 

Figure 8. Influence of diffusivity of ozone gas DO3 on ozone concentrations and profile of 
the ozone layer above the Equator. 
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convection) and chemical processes (natural ozone processes, Equations (1) to 
(3), and human-induced ozone-depletion processes Equations (4) to (14)) con-
sidered. Another series of numerical simulations without man-made ozone dep-
letions (or Equations (4) to (14) setting to zero) showed that the influence of 
ozone diffusivity DO3 on ozone concentrations and profile is not much different 
from that with chemical reactions seen in Figure 8. 

3.6. Influence of Gas Diffusion: Diffusivity of Atomic Oxygen DO 

Now, turning our attention to Figure 9, we delve deeper into the influence of 
physical diffusion of DO and atomic oxygen-related chemical reactions on the 
concentrations and distribution of ozone and also atomic oxygen in the stratos-
phere. We started with an original, measured ozone profile with a base diffusivi-
ty of atomic oxygen of DO = 10−8, (black curve) [20]. The calculations of mass 
balance equations of ozone O3 as well as atomic oxygen O with all 14 chemical 
reaction equations considered (see Table 1) for an elapsed time of one week.  

As seen in Figure 9, as time elapsed, the ozone profiles changed to a more 
uniform shape of distribution from smaller diffusivity of 50% DO (=0.5 × 10−8, 
blue curve), to intermediate value of 100% DO (1 × 10−8, green curve), to large 
value of 200% DO (2 × 10−8, yellow curve), and to very large value of 400% DO (4 
× 10−8, red curve). A larger diffusivity with stronger atomic oxygen gas diffusion 
made the profile more uniform as expected. However, different from the influ-
ence of ozone diffusivity DO3 in Figure 8, as DO increased, the ozone distribution 
shifted from having a distinct peak at z* = 0.25 quickly to a more flattened curve 
with peaks close to the bottom boundary of the stratosphere at z* = 0. The ozone 
distribution at the atomic oxygen diffusivity DO = 0.5 × 10−8 (blue curve) exhi-
bited a 7% increased concentration at the peak of 3.38 × 1012 mol/cm3, and the 
shifted peak got close to the bottom of the stratosphere. 

To better understand the physical and chemical processes causing the above 
interesting observation, Figure 10 plots the effect of atomic oxygen diffusivity 
DO on the concentrations and distribution of atomic oxygen above the equatorial  
 

 

Figure 9. Influence of diffusivity of atomic oxygen gas DO on ozone concentrations and 
profile of the ozone layer above the equatorial region. 
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Figure 10. Effect of diffusivity of atomic oxygen gas DO on concentrations and distribu-
tion of chemically active atomic oxygen above the equatorial region. 
 
region. The measured atomic oxygen profile with a base diffusivity of atomic 
oxygen of DO = 10−8, (black curve) was used for transient calculations for an 
elapsed time of one week [20]. Figure 10 showed the effect of DO on its concen-
trations and profile, considering the mass balance equation of atomic oxygen 
along with all 14 ozone-depletion related chemical equations (see Table 1).  

As time elapsed, the atomic oxygen profiles, again under five different values 
of DO, changed to a more uniform shape of distribution from smaller diffusivity 
of 50% DO (=0.5 × 10−8, blue curve), to intermediate value of 100% DO (1 × 10−8, 
green curve), to large value of 200% DO (2 × 10−8, yellow curve), and to very large 
value of 400% DO (4 × 10−8, red curve). A larger diffusivity with stronger atomic 
oxygen diffusion made the atomic oxygen profiles more uniform as expected. It 
is clearly seen that as DO increased, the bell-shaped atomic oxygen distribution 
(black curve) shifted quickly from having a distinct peak of 9.62 × 108 mol/cm3 
at z* = 0.25 to a more uniform S-shaped profile (blue curve) with the peak found 
at the bottom boundary of the stratosphere (z* = 0). The peak concentration of 
atomic oxygen for DO = 0.5 × 10−8 (blue curve) exhibited a 1% increase in con-
centration of 9.67 × 108 mol/cm3. As DO further increased, the S-shaped profiles 
in Figure 10, evolved from blue to green, to yellow, and to red curves of more 
uniform and flattened distributions, converging to 9.23 × 108 mol/cm3, as ex-
pected. 

It is known that different properties of DO (also DO3) diffusivity would dictate 
different levels of strong or weak physical diffusion in space of atomic oxygen 
(or ozone) concentrations in the stratosphere (see Figure 10). However, the spa-
tial distribution of atomic oxygen in stratosphere would further dictate the 
amount of ozone increase through natural ozone-generating process as in Equa-
tion (2) in Table 1, and also different levels of strong or weak ozone-depleting 
chemical reactions, such as Equations (5) and (4) of chlorine-caused ozone de-
crease, and Equations (10) and (9) of NOx-caused ozone decrease (see Table 1). 
Therefore, the diffusivity of ozone DO3 only affects the distribution of ozone in 
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stratosphere by simple physical diffusion. But the diffusivity of atomic oxygen 
DO impacts on the distribution of ozone in stratosphere by both physical diffu-
sion as well as many ozone-producing and ozone-depleting chemical reactions 
involving atomic oxygen. In summary, the diffusivity (and diffusion) of atomic 
oxygen was found to be more sensitive and important than the diffusivity (and 
diffusion) of ozone on stratospheric ozone concentrations and distribution 
(ozone layer). 

4. Summary 

An engineering system approach of 2-D cylindrical model of transient mass 
balance calculations of ozone and other concerned chemicals along with four-
teen photolysis, ozone-generating and ozone-depleting chemical reaction equa-
tions was developed, validated, and used for studying the ozone concentrations, 
distribution and peak of the layer, ozone depletion and total ozone abundance in 
the stratosphere. The calculated ozone concentrations and profile along the alti-
tude at both the Equator and high-latitudinal location at 60˚N were found to ex-
hibit a more symmetrical distribution along the altitude with a peak concentra-
tion of 9.41 ppm near the mid-altitude at z = 30 km, as compared to the meas-
ured ozone concentrations of a similar symmetrical distribution with a peak 
concentration of 9.76 ppm near z = 30 km. The calculated results of our 2-D 
ozone model generally followed the measured concentrations with the calculated 
average ozone concentration of 5.77 ppm, being very close to the measured av-
erage of 5.66 ppm. The ozone distribution profiles follow the same trend but 
with a coefficient of variation, or the average deviation, of 13.7%. 

The monthly evolution of stratospheric ozone concentrations and distribution 
above the Equator were studied, spanning for five months, from June to Octo-
ber. The calculated results were compared to and validated by the measured da-
ta, averaged over 15 years between 2005 and 2019. The calculated ozone concen-
trations for different months aligned closely and followed a similar symmetric 
profile of 3 ppm at the top stratospheric boundary at z = 45 km, to increase to a 
peak of the ozone layer in the mid-stratosphere, and to decrease to 0.5 ppm at 
the bottom stratospheric boundary at z = 15 km. The calculated monthly average 
ozone concentrations were found to be in good agreement with the measured 
ozone concentrations within 5% of deviation for the tropical region. The total 
abundance of ozone in Dobson Unit (DU) at the Equator were calculated to be 
377 DU for June, 374 DU for July, 376 DU for August, 378 DU for September, 
and 380 DU for October, respectively. The difference of the total ozone abun-
dance between the calculations and the measurements was −7.3% for the Equa-
tor and 11.5% for the 60˚N location. These calculated DUs provide a good 
measure of ozone thickening or thinning, including the ozone hole, at different 
geographical locations and throughout different months of the year. 

The influences of slow air movement in both z and r directions on ozone 
concentrations and profile in the stratosphere were investigated. As the vertical 
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wind speed Uz increased, the ozone concentrations and the profile remained al-
most the same, but with an upward shift of the peak, from mid-altitude of z = 29 
km to z = 33 km in the upper stratosphere. The slow upward air motion in the 
thermally stable stratosphere were found to simply blow the ozone-lean air mass 
from the lower stratosphere to the higher altitude as expected. The influence of 
slow horizontal radial wind speed Ur on ozone concentrations and profile of 
ozone layer was also studied with five different radial speeds of Ur. As Ur in-
creased, the ozone concentrations profiles remained about the same, but the 
peak concentrations around the mid-altitude at z = 29 km of 9.05 ppm for Ur = 0 
decreased gradually to 7.62 ppm for large Ur = 1 × 10−7, with the average con-
centrations in the stratosphere decreased about 14%. The slow radial air motion 
in the stratosphere wouldn’t change the altitudinal ozone concentrations and 
profile much; however it would impact on radial ozone concentrations and dis-
tribution. 

The influence of mass diffusivities of both ozone gas DO3 and active atomic 
oxygen gas DO on ozone concentrations (in molecules/cm3 instead of ppm) and 
distribution profile above the Equator were investigated. Parametric studies with 
five different values of DO3 covering three orders of magnitude from 10−9.5 to 
10−6, and five different values of DO covering one order of magnitude from 50% 
to 400% were conducted. The ozone profiles evolved gradually to more uniform 
shape of distributions as DO3 or the physical diffusion increased, as expected. 
The location and peak value of ozone distributions were found to shift slightly 
from 3.38 × 1012 mol/cm3 at z* = 0.25 to the lower stratosphere of 2.0 × 1012 
mol/cm3 close to z* = 0.  

Different from the influence of DO3, as DO increased, the ozone distribution 
shifted from having a distinct peak at z* = 0.25 quickly to a more flattened curve 
with peaks close to the bottom boundary of the stratosphere at z* = 0. The ozone 
distribution for DO = 0.5 × 10−8 exhibited a 7% increase in ozone concentration 
of the peak of 3.38 × 1012 mol/cm3, and the peak shifted quickly to the bottom of 
the stratosphere. Figure 10 further investigated the effect of atomic oxygen dif-
fusivity DO on the concentrations and profile of atomic oxygen. It is clearly seen 
that as DO increased, the bell-shaped atomic oxygen distribution shifted quickly 
from having a distinct peak at z* = 0.25 to a more uniform S-shaped profiles 
with the peaks at the bottom boundary of the stratosphere (z* = 0). As DO fur-
ther increased, the S-shaped profiles changed to more uniform and flattened 
distributions, as expected. Having influences through both physical diffusion 
and chemical reactions, the diffusivity (and diffusion) of atomic oxygen DO was 
found to be more sensitive and important than the diffusivity (and diffusion) of 
ozone DO3 on stratospheric ozone concentrations and distribution (ozone layer). 

In summary, this paper presents a robust 2-D Model for analyzing the dy-
namics of stratospheric ozone, considering the pertinent competing processes of 
convective transport, mass diffusion, photolysis, ozone-generating and ozone- 
depleting reactions. The calculated results were validated in generally good 
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agreement with the published measurement data. This model is convenient, effi-
cient, and executable to study the complex ozone phenomena in the stratos-
phere. 
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