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Abstract

This paper presents a system approach of mass balance calculations of ozone
and other species under diffusion-convection-reaction processes to study the
impacts of major ozone-depleting chemicals, chlorine (Cl) and chlorine mo-
noxide (ClO), and the effect of photolysis on ozone concentrations, ozone dep-
letion, total ozone abundance, and ozone layer along the altitude in the stra-
tosphere. The calculated ozone concentrations and profile of the layer followed
a similar trend and were generally in good agreement with the measurements
above the tropical area. The calculated peak of the layer was at the same
mid-stratosphere at Z = 30 km with a peak concentration and total ozone ab-
undance about 20% higher than the measured peak concentration of 8.0 ppm
and total abundance of 399 DU. In the presence of Cl and CIO, the calculated
ozone concentrations and total abundance were substantially reduced. CI gen-
erally depleted more uniformly of ozone across the altitude, while ClO reduced
substantially the ozone in the upper stratosphere and thus shifted the peak of
the layer to a much lower elevation at Z = 14 km. Although both CIO and Cl
are active ozone-depleting chemicals, CIO was found to have a more pro-
nounced impact on ozone depletion and distribution than Cl. The possible ex-
planations of these interesting phenomena were discussed and elaborated. The
approach and calculations in this paper were shown to be useful in providing
an initial insight into the structure and behavior of the complex ozone layer.

Keywords

Ozone, Ozone Depletion, Chlorine, Chlorine Monoxide, Photolysis, Dobson
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1. Introduction
1.1. Distribution of Stratospheric Ozone

Being presented in small trace amounts, stratospheric ozone is good and very
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important to human health and environmental stability as a protective layer to
absorb the harmful high ultraviolet (UV) rays. However, small amount of ozone
in the troposphere near the ground is known to be polluting photochemical
smog, being bad for the human, living beings, and the ecosystem [1]. Ozone is
depleted and destroyed when it meets and reacts with chlorine- or bro-
mine-containing chemicals and nitrogen compounds, which is why traditional
refrigerants used in HVAC and refrigeration, such as chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) being regarded as ozone dep-
leting substances for reducing stratospheric ozone.

Both CFCs and HCFCs have carbon, chlorine, and fluorine while HCFCs have
hydrogen and CFCs do not. Depending on the amount of chlorine in the refri-
gerants, their ozone depletion potentials would be different. For instance, tradi-
tional refrigerant CFC-12 (or dichlorodifluoromethane CF,Cl,) contains two
chlorines and 59% by mass in the refrigerant, which is higher than refrigerant
HCFC-22 (or chlorodifluoromethane CHF,Cl) of one chlorine and 41% by mass.
CFC-12 will release more reactive Cl and cause more depletion of ozone than
HCFC-22 in the stratosphere. Additionally, CFCs can stay in the stratosphere for as
long as 130 years. A longer atmospheric lifetime of CFCs than HCFCs would deliv-
er more reactive Cl and consume more ozone than HCFCs in the stratosphere.

In the 1980s, scientists M.J. Molina and F.S. Rowland worked under P. Crut-
zen discovered the ozone hole and the link of chlorofluoromethane to the hole
size based on their laboratory tests and computational modeling, which led to
the Nobel Prize in Chemistry in 1995 [2]. The stratospheric ozone distribution
across the globe varies with the geographical location, altitude, time and season
of the year, and the presence of ozone-depleting chemicals. The total ozone
column above a location varies typically from 200 to 500 Dobson Units (DU)
with a global average of 300 DU [3].

A general mass balance equation will be used to account for the interactions of
convection, diffusion and various chemical processes to focus on the study of
ozone distribution and depletion. Ozone behavior and dynamics in the stratos-
phere are basically characterized by five competing chemical-physical processes:
photolysis, diffusion, convection, ozone generation reactions, and ozone deplet-
ing reactions. Various theoretical and numerical models were developed, such as
the general mass balance equations, to account for the interactions of convec-
tion-diffusion-chemical reactions. While the modeling is an ongoing, multidi-
mensional approach to studying ozone behavior and man-made depletion, the
results discussed in this paper are of the effects of chlorine, chlorine monoxide,
and photolysis (time of the day) on ozone concentrations in the tropical area.
The purpose of this research is to characterize and quantify, when possible, the
influence of major ozone depleting chemicals and factors on ozone concentra-

tions, depletion, and profile of the layer in the stratosphere.

1.2. Refrigerants and Ozone Depletion

Mankind today relies heavily on air conditioning and refrigeration for daily
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needs, with about 2 billion ACs and 1.4 billion refrigeration units in the world.
Megatonnes of chlorine-containing chemicals were emitted into the atmosphere
in the world per year in the late 20™ century. Two types of global atmospheric
effects are involved in air conditioning and refrigeration: 1) the global warming
potential (GWP) due to the atmospheric greenhouse effect from some refrige-
rant gases, and 2) ozone depleting potential (ODP), due to the emission of chlo-
rine-containing refrigerants [4] [5]. Traditional refrigerants of CFCs and HCFCs
have exceptional stability, allowing them to survive in the atmosphere for decades.

Refrigerants have evolved since the 1800s and CFCs were welcomingly intro-
duced in 1928, known to be a series of safe, stable, good refrigeration perfor-
mance, and economical refrigerants until their damaging effects on the ozone
layer were discovered in the 1970s. Zero or low ODP and zero or low GWP be-
came desired performance characteristics to the point since the searches for al-
ternatives to CFCs and HCFCs began in the 1970s [6]. In 1995, Rowland and
Molina discovered the link between CFCs and ozone depletion, proposing an
equation O, +light 20 and O+0,+M — O, +M with M being a random
air molecule such as N, and O, [7]. The photo-dissociation reaction rates in the
stratosphere were modeled and calculated after Kockarts [8] and Brinkmann [9]

for an averaged value, globally for diurnal and zenith angle effects.

1.3. Ozone-Depleting Chemicals—Chlorine, and Chlorine Monoxide

Gases such as refrigerant vapors, methane (CH,), nitrous oxide (N,O), chlorine
Cl, and chlorine monoxide ClO are known to be ozone-depleting chemicals. The
main perpetrators are known to be chlorine-containing halogen source gases
from various CFCs and HCFCs molecules, which form reactive halogen gases of
Cl and CIO in the stratosphere under the sunlight with an intense high-energy
UV. CFCs and HCFCs have been used widely in many applications, including
refrigeration, air conditioning, foam blowing, spray can propellants, and clean-
ing of metals and electronic components. Reactive chlorine gases Cl and ClO
were observed and measured in the stratosphere using both local and remote
measurement techniques [6]. In the troposphere, chlorine-containing source
gases emitted by human activities are chemically stable, undergo little or no loss,
and accumulate, until transported to the stratosphere by air motions. In the
ozone layer in the stratosphere (10 km - 50 km), the amount of source gases
gradually declines while the reactive chlorine gases increase [6].

Changes in solar radiation and reactive chlorine gases in the stratosphere af-
fect the abundance of stratospheric ozone, with higher chlorine levels leading to
lower abundances of ozone and lower solar radiation in the stratosphere. Values
of Equivalent Effective Stratospheric Chlorine (EESC) were derived from surface
observations to show the potential of ozone depletion in the stratosphere, with
higher levels of EESC being more closely associated with long-term ozone deple-
tion. Total ozone is least affected in the equator and tropics (20°N - 20°S) and

most affected in the poles, due to large-scale atmospheric transport where air

DOI: 10.4236/acs.2024.141009

138 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2024.141009

L. Wei et al.

entering the equatorial region and moving pole-ward in both hemispheres in the
mid-to high-latitudes before returning to the troposphere. However, a high solar
UV radiation in the equator causes a net ozone production in the tropics. Chlo-
rine monoxide ClO is known to be the most reactive chlorine gas that destroys
stratospheric ozone in a chlorine catalytic cycle for ozone depletion [6]. The to-
tal ozone column above a geographical location varies from 200 to 500 Dobson
Units (DU), with ozone generation from solar UV radiation in tropical areas
being the strongest. However, the total ozone is reportedly a smaller value above
the equator and larger values in the mid-latitudes and the polar region, because
of the slow, large-scale horizontal circulation of ozone-rich stratospheric air
taken from the tropical areas [1] [6].

To better understand the observational data of ozone distribution and deple-
tion, different modeling efforts were conducted [1] [10] [11]. An earlier model
was the photochemical box model simulating the transport and chemistry of
ozone depletion. 2-D and 3-D models, such as latitude-altitude models and zonal
mean models, focusing more on in-depth study for solving atmospheric species
kinetics and circulation-related issues have gained attention in recent years [10]
[11]. These models may offer a more thorough knowledge of different atmos-
pheric gas species. However, while they provide a chemically based model for
convection and diffusion, they may not show a focus on ozone behavior and dis-
tribution. It is of interest to combine the calculated results with observation-
al/measured data to fully comprehend the dynamics and behavior of the ozone
layer.

In this paper, we use general mass balance equations to account for the
ozone-related interactions of convection-diffusion-chemical reactions to focus
on the study of ozone concentration, distribution and depletion. Although the
modeling is an ongoing, multi-dimensional approach, the results discussed in
this paper are of 1-D model and calculations, with major atmospheric proper-
ties and physical-chemical processes being only a function of altitude. It'd be
easier to interpret the complex results of ozone dynamics under specific condi-
tions, as compared to the measured data, with or without Cl and CIO, at noon-
time in the tropical areas [1] [10]. This approach provides a higher resolution
along the vertical structure of the atmosphere and the detailed processes along
the altitude. It is computationally efficient and believed to be useful in provid-
ing an initial insight into the complex dynamics of the ozone layer and deple-

tion.

2. Modeling and Numerical Methods

2.1. Mass Balance Equations

The Mass Balance Equations in Equations (1) and (2) below, involving five
competing physical-chemical processes: wind convection, mass diffusion, dy-
namic change, ozone generating reactions, and ozone depleting reactions, were

used to model and calculate ozone O; and atomic oxygen O concentrations [1].
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Since partial pressure and concentrations of molecular oxygen O, are stable and
very large with an existing amount of 20.95% of air, the mass balance equation
for molecular oxygen O, can be safely dropped because of the changes of O, will
be negligibly small, as compared to changes of ozone and atomic oxygen.
o0] a[0] _ oo _d[o]
il St PRl o Y Yl S
a e e d (1)
=k [0][0,] -k, [O][O;]+ k[0, ] +k, [0;] -k, [CIO][O]
a[o a[o 0*[0,] d[oO
0,700, _, #[0]_d[o,
ot 0z ooz dt (2)
=k [0][0,]-k, [O][Os] -k, [Os] ks [03]2 —k; [CI][O,]

Finite difference equations along the altitude Z were derived, with derivatives

of atomic oxygen [O] concentration and ozone concentration [O3] given below:

, [0] .-[O]., @&[o « [0] . -2[0] +[0] ., @&?*[O
[O] :[ ]|—l [ ]H—l: [ ]’ [O] =[ ]l—l [ ]|2+[ ]|+l: [2] and
2AZ oz (AZ) oz
v O . =10, %[0
[0,] =[ B]I;AZ[ sh = 8[23].AMATLAB code was developed and used in
Z

the calculations. Nonlinear terms in Equations (1) and (2), such as k, [0][0s]>
were solved by successive approximation iterations, where initial values of [O]
and [O3] were first guessed, and gradually modified according to the new values
calculated in the previous run, till the difference between the two runs converged
to an acceptably small value. Ozone-depleting catalytic reactions of chlorine Cl
and chlorine monoxide CIO were considered, as characterized by reaction rate
constants in Table 1(b): & (= 2.16 x 107 and 4, (=8.53 x 107"), respectively

[1]. Assuming a steady state condition, or % =0, Equations (1) and (2) describe

simultaneous algebraic finite difference equations of the mass balance of O and
O3, with the boundary conditions and parameters based on practical considera-

tions and selections, as well as by Salawitch et al [1] [6].

2.2. Ozone Producing and Depleting Equations

Table 1(a) and Table 1(b) list a total of seven ozone producing and depleting
reaction equations and the nominal values of reaction rate constants: ki, & of
Equations (3) and (4), and & and & - & of Equations (5)-(9) [1]. The reaction
rate constants 4, &, and & depend greatly on the activation energies of O, O,
and O; and temperature of the stratospheric air, while & and 4 depend on solar
UV beams at different times of the day and months of the year. The seven reac-
tion equations in Table 1(a) and Table 1(b), convection of slow air motion, and
diffusion from concentration gradients, lead to increases or decreases in ozone
and atomic oxygen concentrations and partial pressures in the stratosphere.
Aside from altitude Z, parameters such as time of day affecting constants 4 and
ki, boundary values of chlorine and chlorine monoxide, wind speed u, and diffu-

sivities of gases were taken from the published data of measurements at a given
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Table 1. (a) Ozone-producing equations and nominal value of reaction rate constants, &
and ks, of Equations (3) and (4) [1] [10]; (b) Ozone-consuming equations and nominal
value of reaction rate constants, & and 4 - &7, of Equations (5)-(9) [1] [10].

(@)

Reaction rate

Reaction Eq. Eq. No. Nominal Value of k
constant k;
0+0,-0, 3 ki 1.63 x 10716
Changes depending on time t
0,-20 4) k
2 ( [1] [10].
(b)
Reaction Eq. Eq. No. Reaction rate Nominal Value of &
constant k;
0+0, - 20, ®) ke 466 x 10716
0,50+0, ©) A Changes depending on time ¢
(1] [10]
20, - 30, ) ks 8.60 x 10716
Cl+0,~>ClO0+0, (8) ks 6.09 x 107
Clo+0-Cl+0, 9) k 2.41 x 107"

location [1] [10].

Equations (8) and (9) show the reactions occurring in a chlorine catalytic
cycle. Chlorine is considered an ozone-depleting catalyst since chlorine (Cl) and
chlorine monoxide (ClO) are reformed after the completion of each cycle, which
can be used again for further destruction of ozone. Three different principal
reaction cycles are involved in the formation of Cl and CIO, with the first ozone
destruction cycle being Cl+0; - CIO+0, and CIO+0 — Cl+0O, [6], with
Cl and its derivative ClO serving as a catalyst and the overall reaction to be Equ-
ation (5), O+0,; — 20, . This is the first and most important cycle in the trop-
ical area and mid-latitudes of Earth, with more intense solar radiation contain-
ing UV, including the high energy UV-C radiation above 30 km that breaks mo-
lecular oxygen into reactive atomic oxygen in Equation (4). During the entire
time of its stay as catalyst in the stratosphere, a chlorine atom can deplete and
destroy many thousands of ozone molecules [6].

Cycle 2 and Cycle 3 [6] are primarily for polar ozone destruction, both form-
ing an overall reaction of Equation (7), 20, — 30, , with the involvement of
chlorine Cl, bromine Br, and their ozone-depleting derivatives, where solar radi-
ation (UV beam) is needed to break apart molecules such as CIO and BrCl. Cycle
2 starts from the reaction of two ClO to form (ClO),, and photolyzed into Cl and
ClOO. Cl then reacts with Os into O, and ClO. Cycle 3 starts with the reaction of
ClIO and BrO, to form CIBr, and photolyzed into Cl and Br. Cl and Br then react
with Os and ClO and BrO, resulting a net overall reaction of 20, — 30, . Such

cycles won’t occur in the dark and are most active when sunlight with energetic
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UV-C rays returns to the polar region [6]. For an initial study of complex dy-
namics and behavior of the stratospheric ozone layer, we consider only Cycle 1
for most geographical locations on Earth except for polar zones in this paper.

3. Results of Ozone Concentrations and Profile

Ozone O; is a tri-atomic gas naturally present in the stratosphere. It has a pun-
gent odor that can be detected even at very low amounts. Ozone was first dis-
covered in laboratory experiments in the mid-1800s, and its presence in the at-
mosphere was measured using chemical and optical methods in the mid-1900s
[6]. It can react with many chemicals and can be explosive in concentrated
amounts. Electrical discharges are generally used to produce ozone for industrial
processes, such as air and water purification and bleaching of textiles and food
products.

The ozone layer and distributions along the altitude in the stratosphere above
the tropical area were calculated and compared to the published measured data
in an earlier paper. The peak ozone layer was calculated to be 9.7 ppm in the
mid-Stratosphere around 30 km, and the calculated ozone distribution exhibited
a similar profile to the observational data with a standard deviation of the dif-
ferences of 0.25 [1].

3.1. Chlorine and Chlorine Monoxide

Calculated ozone concentrations in ppm with different amounts of chlorine (Cl)
or chlorine monoxide (ClO) along the altitude of the stratosphere (10 km to 50
km), measured and calculated ozone concentrations without Cl and CIO, are
listed in Table 2, along with the total ozone abundance (weighted area enclosed
by the curve and the y-axis of altitude) in Dobson Units (DU). The measured
concentrations of atomic oxygen [O] and ozone [O3] along the altitude Z, with
or without Cl and ClO, use the literature values [Cl] = 3.80 x 10™"* ppm and
[CIO] = 6.17 x 107° ppm from Chakrabarty et al [12]. The boundary conditions
of both atomic oxygen [O] and ozone [O3] concentrations at the bottom of the
stratosphere (Z = 10 km) were taken to be 0.4 ppm, and at the top of the stra-
tosphere (Z =50 km) to be [O] = 1.5 ppm and [O3] = 2.5 ppm, respectively.

From the data in Table 2, Figures 1 and 2 plot the ozone concentrations and
distributions along the altitude Z, with or without chlorine [Cl] and chlorine
monoxide [ClO]. Figure 1 shows a comparison between the measured (green
curve) and calculated (yellow curve) ozone distributions above the equator at
noontime, with neither [Cl] nor [ClO] presence in the Stratosphere. As seen, in
the entire stratosphere from 10 km to 50 km, the calculated ozone distribution
displayed a similar profile and trend to the observational data, with the peak of
the ozone layer appearing around 30 km.

As shown in the figures, the calculations were higher than the measurements
near the peak of the ozone layer in the mid-stratosphere, but were in good

agreement with the measurements in the lower and upper stratospheres. As listed
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—a— 03 (measured, without Cl) 03 (Calculated, No Cl) —a— 03 (Calculated, with Cl)
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Altitude Z (km)
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Figure 1. Comparison between the measured and calculated ozone distributions above the equator with no [Cl] or [ClO] in the
stratosphere, and the calculated zone distribution with [Cl] = 3.8 X 1072 ppm and [CIO] = 0.

Table 2. Calculated ozone concentrations with chlorine (Cl) or chlorine monoxide (ClO), measured and calculated ozone con-
centrations without Cl and ClO, and the total ozone abundance (area) in Dobson Units (DU).

Ozone, no Cl, [ClO]
(ppm)
z [Cl]= [Cl]= |[Cl]= |[Cll= |[Cll= [ClO]= [CIO]= [CIO]= [CIO]= [CIO]=
Measured Calculated 3.80x 3.80x 3.80x 3.80x 380x 6.17x 6.17x 6.17x 6.17x 6.17 x
1073 10 10-5 10712 107+ 10-¢ 1077 10~ 101 101

Ozone, with [Cl] (ppm) Ozone, with [C1O] (ppm)

50 2.50 2.50 2.50 2.50 2.50 2.5 2.50 2.5 2.5 2.5 2.50 2.50
49 2.75 2.75 0.23 1.68 1.81 1.95 1.95 1.36 1.36 1.53 1.01 1.19
48 3.00 3.00 0.32 2.08 2.56 2.76 2.76 1.16 1.16 0.96 1.56 1.36
47 3.30 3.30 0.43 2.10 3.43 3.69 3.69 2.23 2.23 2.05 2.59 2.41
46 3.70 3.70 0.34 1.64 2.68 2.88 2.88 3.06 3.06 3.06 3.06 3.06
45 4.00 4.00 0.34 1.66 2.71 291 291 3.06 3.06 3.06 3.06 3.06
44 4.30 4.30 0.27 1.31 2.15 2.31 2.31 2.46 2.46 2.46 2.46 2.46
43 4.70 4.70 0.21 1.02 1.66 1.79 1.79 1.95 1.95 1.95 1.95 1.76
42 5.00 5.00 0.25 1.23 2.01 2.17 2.17 2.33 2.33 2.33 2.33 2.33
41 5.15 5.15 0.25 1.23 2.01 2.16 2.16 2.34 2.34 2.34 2.34 2.34
40 5.30 5.30 0.25 1.24 2.03 2.18 2.18 2.36 2.36 2.36 2.36 2.36
39 5.50 5.50 0.28 1.35 2.21 2.38 2.38 2.57 2.57 2.57 2.57 2.74
38 5.75 5.75 0.32 1.57 2.56 2.76 2.76 3.12 2.95 2.95 2.95 2.75
37 5.90 5.90 0.24 1.15 1.88 2.02 2.02 3.80 4.00 4.86 4.86 3.30
36 6.00 6.00 0.25 1.20 1.96 2.11 2.11 1.95 2.13 1.13 1.13 3.42

DOI: 10.4236/acs.2024.141009 143 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2024.141009

L. Wei et al.

Continued
35 6.20 6.20 0.36 1.76 2.87 3.09 3.09 3.10 3.96 3.06 3.06 2.66
34 6.50 7.43 0.47 2.32 3.79 4.08 4.08 2.13 2.86 2.86 2.86 2.48
33 7.00 7.95 0.59 2.88 4.70 5.06 5.06 2.92 0.72 0.72 0.72 2.45
32 7.50 8.37 0.70 3.44 5.62 6.05 6.05 3.20 0.94 0.94 0.94 2.24
31 7.75 9.74 0.99 4.83 7.90 8.5 8.50 1.24 0.29 1.33 1.33 1.69
30 8.00 9.77 1.07 5.21 8.52 9.16 9.16 3.64 3.60 1.54 1.54 1.54
29 7.50 9.39 1.02 4.98 8.15 8.77 8.77 2.95 2.17 1.05 1.05 1.05
28 7.00 8.51 0.95 4.65 7.60 8.18 8.18 1.71 1.17 2.23 2.23 2.23
27 6.50 8.14 0.93 4.53 7.41 7.97 7.97 1.37 1.54 3.82 3.82 3.82
26 6.00 7.17 0.92 4.49 7.35 7.91 7.91 1.45 1.25 2.33 2.33 2.33
25 5.70 6.60 0.78 3.82 6.25 6.72 6.72 2.24 1.89 2.41 2.41 1.54
24 5.30 6.46 0.65 3.17 5.18 5.57 5.57 2.66 3.73 3.13 3.13 2.39
23 4.70 5.60 0.51 2.51 4.11 4.42 4.42 2.75 2.80 2.26 2.26 3.43
22 4.20 5.04 0.43 2.08 3.41 3.66 3.66 3.43 1.53 4.13 4.13 4.46
21 3.50 4.30 0.36 1.75 2.87 3.09 3.09 6.19 5.29 2.29 2.29 4.62
20 2.90 3.74 0.36 1.75 2.86 3.08 3.08 5.23 5.23 3.39 3.39 6.65
19 2.10 2.89 0.33 1.62 2.65 2.85 2.85 4.46 4.46 2.59 2.59 9.11
18 2.00 2.25 0.22 1.07 1.76 1.89 1.89 4.62 4.62 4.72 4.72 10.06
17 1.80 1.81 0.15 0.76 1.24 1.33 1.33 4.05 4.05 4.95 4.95 9.78
16 1.00 1.10 0.13 0.65 1.06 1.14 1.14 6.38 8.12 8.12 9.85 10.64
15 0.40 0.43 0.07 0.33 0.53 0.57 0.57 12.24 10.24 12.85 11.72 12.35
14 0.35 0.51 0.05 0.23 0.38 0.41 0.41 12.64 12.57 13.04 10.24 8.06
13 0.35 0.57 0.05 0.24 0.39 0.42 0.42 15.23 14.97 8.27 7.37 5.57
12 0.35 0.50 0.05 0.26 0.42 0.45 0.45 14.48 10.68 8.82 7.08 7.08
11 0.40 0.56 0.06 0.28 0.46 0.5 0.50 4.38 2.58 0.58 2.58 2.58
10 0.40 0.40 0.40 0.40 0.40 0.4 0.40 0.40 0.40 0.4 0.40 0.40
Area 4.20 4.81 0.46 2.02 3.22 3.55 3.46 4.03 3.70 3.45 3.39 3.96
DU 399 479 59 238 380 408 408 161 143 124 116 133

in Table 2, the calculated total ozone abundance without the presence of Cl and
ClIO is 479 DU, which is about 20% larger than the measured total ozone abun-
dance of 399 DU.

The comparison of the calculated ozone distributions, without the presence of
[C]] (yellow curve) and with a literature value of [Cl] = 3.8 x 10™* ppm (orange
curve) above the equator at the noontime, showed the same trend and good
agreement in the lower stratosphere of Z < 30 km. But the presence of [Cl] in the
upper stratosphere substantially reduces the ozone concentration, particularly in
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30

Altitude Z (km)

0.00

the zone of 35 km > Z > 45 km. It is believed that the UV radiation and thus the
atomic oxygen concentration are much stronger and larger in the upper Stra-
tosphere, which favors the catalytic reactions for ozone depletion, shown in Eq-
uations (8) and (9) in Table 1(b).

Figure 2 showed comparison of the calculated ozone concentrations in ppm
along the altitude Z above the equator under the same boundary conditions and
value of parameters for three cases of [Cl] = 0 and [CIO] = 0 (blue curve), [Cl] =
3.8 x 107" ppm and [CIO] = 0 (orange curve), and [Cl] = 0 and [CIO] = 6.16 X
107 ppm (gray curve). The ozone distribution profile (gray curve) in the pres-
ence of chlorine monoxide (ClO) was quite different in the entire stratosphere
from that (orange curve) in the presence of chlorine (Cl), which exhibited simi-
lar trend in the lower stratosphere but not in the upper Stratosphere in ozone
distribution with the profile (blue curve) of no ozone depleting chemicals, Cl
and CIO.

Figure 3 and Figure 4 show the results of sensitivity study of ozone-depleting
chemicals, chlorine Cl and chlorine monoxide ClO, on ozone concentrations
and distributions in the Stratosphere. Figure 3 includes two groups of curves at
six different chlorine concentrations: [Cl] = 3.8 x 10~ ppm, 3.8 x 10~ ppm, and
3.8 x 107 ppm for a higher concentration than the literature value of [Cl] = 3.8
x 1072 ppm [12], and [Cl] = 3.8 x 107"* ppm, 3.8 x 107"* ppm, and 0 ppm for a
lower value than the literature value or zero concentration.

As seen at the bottom of Table 2, the total ozone abundance in the Stratos-
phere has substantially reduced in the presence of Cl from 479 DU for zero [Cl],
to 408 DU for [Cl] = 3.8 x 107" ppm and [CI] = 3.8 x 107" ppm, to 380 DU for
[CI] = 3.8 x 107 ppm, to 238 DU for [Cl] = 3.8 x 10™* ppm, to 59 DU for [Cl] =

—e—03 (No Cl, no ClO) ~o—03 (No CIO, with Cl) 03 (No Cl, with CIO)

2.00 4.00 6.00 8.00 10.00 12.00 14.00

Ozone Concentration (ppm)

Figure 2. Comparison of the calculated ozone concentrations in ppm along the altitude Z above the equator for
three cases of [Cl] = 0 and [CIO] = 0, [Cl]] = 3.8 x 1072 ppm and [CIO] = 0, and [Cl]] = 0 and [CIO] = 6.16 x 10~°
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—o—03 Cl =3.80e-3 —e—03 Cl = 3.80e-04 —e— O3 CI = 3.80e-05
—o—03 Cl = 3.80e-12 03 Cl = 3.80e-14 —o—03, no CI

60

Altitude Z (km)
w H [$)]
o o o

N
o

0.000 2.000 4.000 6.000 8.000 10.000 12.000
Ozone Concentration (ppm)

Figure 3. Effects of amount of chlorine Cl on stratospheric ozone concentrations and distribution: two groups of
curves at 6 different chlorine concentrations, [Cl] = 3.8 x 10~® ppm, 3.8 x 10~ ppm, and 3.8 x 10~ ppm (higher
concentration), and [Cl] = 3.8 X 107" ppm, 3.8 x 107" ppm, and 0 ppm (lower concentrations).

—e—03, CIO = 6.17e-06 03, CIO = 6.17e-07 —e—03, CIO = 6.17¢-09
—e—03, CIO = 6.17e-10 —e—03, CIO = 6.17e-11 —#—03, no CIO

Altitude Z (km)
8 &

N
o

-
o

0 2 4 6 8 10 12 14 16 18
Ozone Concentration (ppm)

Figure 4. Effects of amount of chlorine monoxide ClO on stratospheric ozone concentrations and distribution: a
family of curves at 6 different ClO concentrations, [ClO] = 6.17 x 107 ppm, 6.17 x 10~ ppm, 6.17 x 10~ ppm,
6.17 x 107" ppm, 6.17 x 107" ppm, and 0 ppm.

3.8 x 107 ppm. It is noted that one Dobson Unit (1 DU) represents the number
of molecules required to create pure ozone of 0.01 mm column thick at the sea
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level of temperature 0°C and pressure of 101 kPa (or 1 atm) [12] [13]. Since the
temperature 7, pressure P, and density p of air decrease drastically as it ascends
from the ground level (Z = 0) to the bottom (Z = 10 km), the middle (Z = 30
km), and the top (Z = 50 km) of Stratosphere, the total ozone abundance in
Dobson Unit at a geological location can be integrated from the weighted aver-

age of [O3] curve in ppm over 7, P, and p along the altitude Z (from 10 km to 50

[0:]0m {(6.022x1023)(|;_ﬂ |

2.69x10"
Based on the literature value of ClO of 6.17 x 10~ ppm [12], Figure 4 shows

km), using a working formula DU =

the impact of chlorine monoxide ClO in the Stratospheric on ozone concentra-
tions and distribution for six different values: [ClO] = 6.17 x 107 ppm (x1000,
red curve), 6.17 x 1077 ppm (x100, gray curve), 6.17 x 10~ ppm (the literature
value), 6.17 x 107*° ppm (x0.1), 6.17 x 107*! ppm (x0.01), and zero concentration
(blue curve). For the five cases of [CIO] > 6 x 107!! ppm, the ozone profiles were
crowded together with a low ozone concentration close to the boundary value of
2.5 ppm, and also the profile changed to a quite different shape from the green
curve. Not only the magnitude and shape of ozone curves changed substantially,
the peaks of ozone layer shifted from the mid-stratosphere (Z = 30 km, blue
curve) for zero ClO towards the bottom of the Stratosphere at Z =12 - 16 km,
when ClO presented with different amounts.

Although both chlorine Cl and chlorine monoxide ClO in the Stratosphere act
as a catalyst to deplete the ozone, ClO was found to cause more pronounced
impact than Cl. The impact of chlorine Cl on ozone concentrations and the total
abundance was substantial and clear; however, its impact on ozone distribution

profile and the peak location of ozone layer was not evident.

3.2. Photolysis

The reaction rate constants &; in Equation (4) of Table 1(a) and 4 in Equation
(6) of Table 1(b) depend on the strength of high energy UV beam at different
times of the day and at different months of the year, which is referred to as the

photolysis process. The variations of & and 4 with time of the day or the
C3
location of the Sun in the sky were modeled by J. Makungu et a/ [10] k, =e*"*"
C4

and k, =e™", where ¢,=22.62, ¢, =7.601, and w=

" . Such
432005

values of & and k; rise rapidly at dawn (¢ = 0, or depending on the month of the
year), reach a peak at noon (¢ = 6), and decrease to zero at sunset (#= 12) [10].
As seen in Table 3, the values of & constant may depend on time of the day, al-
titudes at peak ozone concentrations, and the area between the ozone curve and
altitude Z axis. Figure 5 shows the variation of photolysis reaction constants &
and 4 with time in the day above the tropical area. The curves are symmetric
about the noontime at 12:00 pm and become effectively zero before the dawn

and after the dusk in a day.
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Figure 5. Variation of photolysis reaction constants & of Equation (4) and 4 of Equation (6) with time or the motion of Sun in

the day above the tropical area.
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Figure 6. Effect of photolysis at different times of the day on ozone concentrations and distributions in the stra-

tosphere above the tropical area.

Figure 6 plots the effect of photolysis at different times of the day on ozone
concentrations and distributions in the stratosphere above the tropical area. As
seen in Figure 6 and also Table 3, in the early morning at 7 am or late afternoon
at 5 pm, the photolysis is weak with k, =1.06x10"® and k, =1.74x10"** for

DOI: 10.4236/acs.2024.141009 148 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2024.141009

L. Wei et al.

Table 3. List of values of reaction constant & in Equation (4) and 4 in Equation (6) for
photolysis of the solar beams, depending on time of the day in the tropical zone, and the
calculated area between the ozone profile and altitude axis Z and the total ozone abun-
dance in Dobson units (DU).

Peak O3 at Dobson Unit

Time & ke altitude (km) (DU)
Dawn 0 0 42 335
7:00 1.1E-38 1.7E-13 39 393
9:00 1.3E-14 2.1E-05 39 397
10:00 4.5E-12 1.5E-04 33 408
11:00 6.7E-11 3.8E-04 31 464
12:00 1.5E-10 5.0E-04 30 479
1:00 6.8E-11 3.8E-04 31 464
2:00 4.6E-12 1.6E-04 33 408
3:00 1.3E-14 2.2E-05 39 397
5:00 1.8E-38 2.1E-13 39 393
Dusk 0 0 42 335

Equations (4) and (6).

4. Discussions

4.1. Effects of Chlorine and Chlorine Monoxide
on Ozone Distribution

From the data in Table 2, Figure 1 and Figure 2 plot the ozone concentrations
and distributions along the altitude Z, with or without chlorine [Cl] and chlorine
monoxide [CIO]. Figure 1 shows a comparison between the measured (green
curve) and calculated (yellow curve) ozone distributions above the equator at
noontime, with neither [Cl] nor [ClO] presence in the Stratosphere. As seen, in
the entire stratosphere from 10 km to 50 km, the calculated ozone distribution
displayed a similar profile and trend to the observational data, with the peak of
the ozone layer appearing around 30 km.

As shown in Figure 1, the calculations were higher than the measurements
near the peak of the ozone layer in the mid-stratosphere, but were in good
agreement with the measurement in the lower and upper stratospheres. As listed
in Table 2, the calculated total ozone abundance without the presence of Cl and
ClO is 479 DU, which is about 20% larger than the measured total ozone abun-
dance of 399 DU.

The comparison of the calculated ozone distributions, without the presence of
[C]] (yellow curve) and with a literature value of [Cl] = 3.8 x 107> ppm (orange
curve) above the equator at the noontime, showed the same trend and good
agreement in the lower stratosphere of Z < 30 km. But the presence of [Cl] in the
upper stratosphere substantially reduces the ozone concentration, particularly in
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the zone of 35 km > Z> 45 km. It is believed that the UV radiation and thus the
atomic oxygen concentration are much stronger and larger in the upper Stra-
tosphere, which favors the catalytic reactions for ozone depletion, shown in Eq-
uations (8) and (9) in Table 1(b).

In the presence of chlorine monoxide CIO, the ozone concentration spiked
sharply from the bottom of the Stratosphere to 13 ppm around Z= 12 km, which
is near the tropopause and stratosphere. However, instead of increasing, the
further it gets into the stratosphere above Z = 15 km, the ozone concentration
levels started decreasing rapidly and approached gradually the low boundary
value of [O3] = 2.5 ppm in the upper Stratosphere. The ozone-depleting charac-
teristics in the presence of chlorine monoxide (ClO) make the ozone profile peak
at a much lower elevation (Z < 15 km), as distinctly opposed to the profile with-
out the presence of ClO, peaking at Z = 30 km. Chlorine monoxide ClO evi-
dently caused a more pronounced impact on ozone depletion than chlorine Cl.

As seen in Figure 3, the amount of chlorine [Cl] in the Stratospheric caused a
significant impact to the ozone concentrations, distributions, and the total ozone
abundance. Without the presence of Cl (blue curve), the ozone concentration
was high, with a peak value of 9.7 ppm at Z = 30 km and a total abundance of
479 DU. As the amounts of Cl increased (yellow, orange, red, and green curves),
the ozone concentrations and distributions decreased to a different degree, but
more in the upper Stratosphere. However, the ozone peak locations remained at
the mid-stratosphere around Z = 30 km. The impact of Cl on reducing the stra-
tospheric ozone concentrations seems to be more uniform, with similar ozone
layer profiles in the presence of different values of [Cl].

It is of interest to note that as the amount of Cl increased beyond a critical
value of [Cl] = 3.8 x 107 ppm (such as at 3.8 x 10~ ppm, deep blue curve), the
depletion of ozone would be strong and evident, the peak ozone concentration
would substantially reduce to close to half, or 5.2 ppm for [Cl] = 3.8 x 10™* ppm,
and to a much small value of 1.1 ppm for [Cl] = 3.8 X 10~* ppm. The distribution
profiles of ozone seem to remain the same trend with similar shapes. The total
ozone abundance of the measured value was 399 DU, and the calculated value
was 479 DU without the presence of Cl nor CIO, 408 DU with no ClO but with
[Cl] = 3.8 x 1072 ppm, and 124 DU with no Cl but with [CIO] = 6.16 x 10~°
ppm. The difference between the calculated and measured values was +80 DU,
or 20 %. The impact of the presence of [Cl] at the literature value was 408 DU
over 479 DU, or —71 DU (reduction of 15% of total ozone). The impact of the
presence of [ClO] at the literature value was 124 DU over 479 DU, or —355 DU
(reduction of 74 % of total ozone). Higher concentrations of ozone-depleting
chemicals, Cl and ClO, in the stratosphere, should lead to even lower total ozone
abundance DU levels. The impact of ClO was found to cause more pronounced
reduction of ozone than CL

The impacts of chlorine monoxide CIO on ozone concentrations, the total
ozone abundance, the distribution profile, and the peak location of ozone layer

were all substantial, clear, and evident. It may be discussed and understood from
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the depletion reaction equations in Equation (8), Cl+0, —» ClO+0,, and Eq-
uation (9), ClIO+0O — Cl+0, . Chlorine Cl can deplete an existing ozone mo-
lecule into a regular oxygen molecule and chlorine monoxide ClO, which then
combines with an atomic oxygen O to revert back to chlorine Cl and another
regular oxygen molecule. The depleting impact of Cl depends on the concentra-
tion of ozone [O3], while the depleting impact of ClIO depends on the concen-
tration of atomic oxygen [O]. The concentration of [O] is generated from pho-
tolysis of UV beams in the Stratosphere, whose intensity deteriorates as it pene-
trates into the air mass of the stratosphere. The weakened concentration of [O]
in the lower Stratosphere [1] reduces the ozone depleting effect of ClO, as in
Equation (9).

4.2. Effect of Photolysis

The change in peak of ozone layer, from that of the noontime 12:00 pm of the
strongest Sun, shifts about 9 km toward the upper Stratosphere, with the highest
ozone concentration of 9.07 ppm at Z= 39 km. At 9 am or 3 pm of the day, the
photolysis becomes stronger and the change in peak of ozone layer shifts about 8
km in the stratosphere, with the highest ozone concentration of 8.77 ppm. At 10
to 11 am or 1 to 2 pm of the day, the photolysis becomes strong and UV beams
penetrate deeper into the stratosphere. The peak of ozone layer shifts slightly
into the upper stratosphere, or 3 km for 10 am case and 1 km for 11 am case,
with the highest ozone concentrations of 8.95 pm and 9 ppm, respectively. At
dawn or dusk of the day, the sunlight is very weak, if none and k; and k, become
effectively zero. The change in peak of the ozone layer from the noontime is
about 12 km toward the upper stratosphere, with the highest ozone concentra-
tion reduced to 8.45 ppm at the peak. It is believed that the concentration of [O]
generated from photolysis of UV beams in Equation (4) increases as the Sun
goes up and the sunlight becomes stronger and penetrates deeper into the air
mass of the stratosphere. As the intensity of UV beam increases toward the
noontime, more reactive atomic oxygen [O] is generated at a deeper stratos-
phere, which then combines with oxygen molecules to produce more ozone that

gives the peak of the layer towards the mid-stratosphere of Z= 30 km.

5. Summary

To better understand and quantify the behavior of ozone concentrations, distri-
bution, peak of the layer, and depletion, a system approach of mass balance cal-
culations with seven ozone producing and depleting reactions of the stratos-
pheric ozone under different conditions, and the effect of ozone depleting
chemicals, particularly Cl and ClO, as well as the photolysis from the sunlight,
were conducted, and results presented and discussed. The simple, computation-
ally efficient approach helps provide an initial insight into the complex dynamics
of the ozone layer. The calculated ozone concentrations and the profile of the

layer followed the similar trend and were generally in good agreement with the
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measurements in the lower and upper Stratospheres. But near the peak of the
layer at the mid-Stratosphere at Z = 30 km the ozone concentration was 9.7
ppm, 22 % higher than the measured value of 8.0 ppm. The calculated total
ozone abundance was 479 DU, about 20% larger than the measured total ozone
abundance of 399 DU.

In the presence of major ozone-depleting chemicals, chlorine Cl and chlorine
monoxide ClO in the Stratosphere, the calculated ozone concentrations and the
total ozone abundance were found substantially reduced. Figures 2-4 elaborate
the impacts and trends of Cl and ClO, and their respective sensitivity study.
Chlorine Cl generally depleted more uniformly of ozone concentrations across
the altitude Zand preserved the distribution profile of ozone layer and the loca-
tion of the peak at the mid-stratosphere, Z = 30 km. Chlorine monoxide ClO,
however, reduced substantially the ozone in the upper Stratosphere and the total
abundance, and thus shifted the peak of the layer to a much lower elevation, Z =
~14 km. The possible explanations of these interesting phenomena was dis-
cussed and elaborated. Although both chlorine monoxide ClO and chlorine Cl
are active ozone-depleting chemicals, CIO was found to cause a more pro-
nounced impact on ozone depletion and distribution than Cl.

Effects of photolysis of solar radiation, or UV beams, in the stratosphere on
ozone concentrations and distribution were also calculated and discussed. Pho-
tolysis at different times of the day above the tropical area from dawn to noon to
dusk were studied and presented in Figure 5 and Figure 6. The photolysis
caused minor changes of both the ozone distribution profile and the peak ozone
concentration (8.45 ppm, or 14% smaller) in the early morning or the late after-
noon, as compared to the noontime values of 9.77 ppm. The shapes of the ozone
layer remained similar, but the peaks shifted gradually from 12 km above the
mid-stratosphere to the noontime peak at Z= 30 km.
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