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Abstract

The goal of this project was to examine whether there are correlations between recent
wildfires in the northern hemisphere and stratospheric ozone anomalies in the midlatitudes
following the creation of ozone depleting substances. To achieve this goal, data from the
Aura satellite’s Microwave Limb Sounder instrument was used and processed with self-
written Python scripts.

Firstly, in order to analyze the data appropriately and to set it into context, results of
previously published papers regarding the 2019-20 Australian wildfire were verified with
the data. As a result, perturbations in hydrogen chloride, chloromethane, and ozone fol-
lowing the fires were found. The underlying chemical mechanism can possibly be explained
by the hydrogenation of smoke particles and subsequent reactions on their surfaces. As an
example for the northern hemisphere, the 2017 wildfire in British Columbia was analyzed
in accordance with these findings. The process resulted in no connections between the
Canadian wildfire and ozone destruction produced by ozone depleting substances being
found in the data.

Therefore, in conclusion, there might be a certain threshold in injected smoke particle
mass into the stratosphere. The injection of the Canadian wildfire was then potentially not
enough in order to invoke sufficient production of ozone depleting substances compared to
the initial production of ozone by smoke particles to deplete the midlatitude ozone layer
measurably.
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Introduction

With the Montreal Protocol from 1987, the dramatic destruction of the Earth’s protective
ozone layer was addressed, and it was agreed by 198 countries to rule out the production
of many of the strongest ozone depleting substances. A study confirmed the recovery of
the ozone layer for the time period between 2004 and 2016 due to the Montreal Protocol
[1], and the ozone layer over Antarctica is expected to fully recover by the 2050s. [2]

However, there are possible threats to this positive development. Substances that
might cause ozone depletion can be transported to the stratosphere, where the ozone
layer sits, by natural phenomena like volcanic explosions or large wildfires. Eruptions
such as the one of Calbuco in Chile in April 2015 invoked a notable ozone destruction
[3]. On the other hand, wildfires are likely to become more frequent in the future due
to global warming. They transport smoke particles and trace gases into the stratosphere
that can influence the ozone cycle. This could slow down the healing of the ozone layer
or even revert its recovery. [4]

The ozone layer inside the stratosphere protects the Earth with all its living organisms
from the harmful ultraviolet radiation. With increased destruction of this protective
shield, humans could, for example, face severe increases in skin cancer cases, and entire
ecosystems could suffer large damages. [5]

Previously, studies on wildfire-induced ozone destruction were mostly focused on the
southern hemisphere and the big wildfires in Australia. Even though there is a slight
increase in midlatitude stratospheric ozone reported since the late 1990s [6], studies found
negative perturbations in the midlatitude stratospheric ozone abundance after the 2019-
20 Australian bushfire season, which was called The Black Summer [3, 4, 7]. This fire
was the biggest wildfire recorded in the 21st century, with a total area of around 243,000
km2 burnt [8] and smoke particle injections into the stratosphere on 29-31 December
2019 and 4 January 2020 [9]. However, there are other wildfires worth considering, for
example, the 2021 wildfires in Russia with a total burnt area of 62,600 km2 [10], or the
2017 Canadian wildfire for which, by the end of the fires, around 12,000 km2 [11] were
burned in the province of British Columbia. It was decided to take the latter as the
example for the northern hemisphere since the total aerosol mass that was injected into
the stratosphere was one of the biggest in recent history, but this will be further elaborated
in section 5.2.1. For this fire, smoke particles were lifted up into the stratosphere on 12
August 2017 [9]. The northern hemisphere, especially the northern midlatitudes, is also
of particular interest to investigate since (as of 2011) 50% of the world’s population live
within the latitudes 20° and 40° [12] (positive latitude values in degree are in the northern
hemisphere and negative in the southern hemisphere) and an ozone layer depletion in this

1



CHAPTER 1. INTRODUCTION

region would, therefore, directly affect most of the world’s population.
On the other hand, there are plans for geoengineering the stratosphere with sulfur

dioxide (SO2) in order to offset the warming effect of greenhouse gases [13]. The added SO2

could increase the aerosol abundance in the stratospheric aerosol layer, which would reflect
more of the incoming sunlight and, hence, cool the Earth’s surface [13]. Investigating the
stratospheric SO2 changes and possible impacts on ozone for wildfires could therefore help
predicting risks for depleting ozone by geoengineering.

In addition, the overall gained understanding could also help predicting impacts of
other events that propel large amounts of substances that influence ozone into the strato-
sphere, like nuclear detonations. Since nuclear weapons exist, people have threatened to
use them. Even for a locally restricted conflict with tactical nuclear weapons, possible
ozone loss following the detonations would influence the whole planet. Model calculations
predict a 20% global ozone loss in a time span of 5 years for a nuclear conflict involving
100 Hiroshima-size bombs [14]. In addition to the terrible aftermath of a nuclear conflict,
skin cancer rates all over the globe would increase, food production would suffer, and
famines could follow. Knowing the potential consequences of actions like geoengineering
and nuclear detonations is, therefore, of great importance. This thesis is aiming for adding
knowledge to this field.

To introduce the most essential background knowledge, the report continues with a
brief theory part on ozone, its chemistry, and the measurement system used in chapter
2. Then, the aims of this thesis are presented in chapter 3; after that, the used methods
are explained in detail in chapter 4; and next, the data is analyzed, divided into results
and discussion for the selected wildfires in chapter 5. Finally, the thesis is finished with a
conclusion and outlook in chapter 6.
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2

Theory

2.1 The stratosphere
The atmosphere consists of multiple different layers, which are shown in Fig. 2.1. Only
the lowest two layers are of importance in this thesis and are, therefore, explained further.
The lowest layer, the so-called troposphere, reaches from the Earth’s surface up until alti-
tudes between 10 and 12 km. Most weather phenomena occur here, and about 75% of the
atmospheric mass and nearly all of the atmospheric water is located within it. With rising
altitude, the temperature drops (see Fig. 2.1) with about 6.5°C/km. This, in turn, results
in the uplifting of warm air from the ground until it reaches the tropopause. This is the
boundary layer between the troposphere and the next atmospheric layer, the stratosphere,
and its altitude varies throughout the year but mainly depends on the latitudinal location.
Beginning in the stratosphere, the temperature development is reversed. With increasing
height, the temperature increases as well. From the tropopause, the stratosphere reaches
up to about 50 km. Compared to the troposphere, the stratosphere is very dry and, there-
fore, there are no clouds to be found, except under the right conditions, there can be polar
stratospheric clouds (PSCs) (more in section 2.3) [15]. Due to the missing precipitation
and low vertical motion, substances stay inside this layer for very long periods of time.
Vertical motions in the stratosphere require diabatic processes (heating or cooling). Most
importantly, the stratosphere contains the ozone layer, which is further elaborated in the
following section. [16]

2.2 Ozone
Ozone is a molecule made out of 3 oxygen atoms and is chemically referred to as O3

[18]. As a gas, it is of a light blue color with a distinct smell [19]. It is a much stronger
oxidant than the more common dioxygen (O2) and, therefore, can be used for oxidation
in many industrial and consumer applications [20]. However, the inhalation of ozone
has negative health effects on humans, which in particular means that it can damage
the cardiovascular, respiratory, and central nervous system [21]. For plants, ozone can
hinder their growth and, thereby, can reduce the yield of crops [22]. For example, a study
revealed that in East Asia, a total of 63 million U.S. dollars worth of crops is lost every
year due to ozone pollution resulting from fossil fuel combustion [23]. Therefore, ground-
level ozone concentrations should not exceed 60 µg/m3 according to the WHO guidelines
from 2021 [24]. Although ozone is seen as a pollutant when occurring in the troposphere,
stratospheric ozone is crucial for life on Earth [25].
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CHAPTER 2. THEORY

Figure 2.1: Temperature variation throughout the atmosphere and its according layers.
Figure is acquired from [17].

The Sun’s radiation that reaches Earth consists mostly of wavelengths from 100 nm
to about 1 mm [26]. Those wavelengths are categorized into ultraviolet light from 100 to
400 nm, visible light from 380 to 700 nm, and infrared light from 700 nm to 1 mm [26].
In addition, ultraviolet light is subdivided into ultraviolet C (UVC) from 100 to 290 nm,
ultraviolet B (UVB) from 290 to 320 nm, and ultraviolet A (UVA) from 320 to 400 nm
[27].

For these three ultraviolet spectral ranges, stratospheric ozone comes into play. UVC
light does not reach the Earth’s surface since it is strongly absorbed by oxygen and ozone.
Only a very small fraction of the UVA radiation gets blocked by the atmosphere and was
found to cause cancer by indirectly damaging DNA [28]. The UVB range is the most
dominant in its biological effects. On the positive side, it stimulates the production of
Vitamin D for humans, but it can also damage DNA directly and result in sunburn and
melanoma (skin cancer). For plants, it increases plant growth but also causes damage to
the cell membranes [29], which outweighs the positive effects. [5]

The ozone in the stratosphere is able to prevent UVB radiation from reaching the
ground, but to what extent it can do that depends on how much ozone there is in the
stratosphere [30]. This concentration is either measured in volume mixing ratio (moles of
certain gas per total moles of air) or, more commonly, in Dobson units, which gives the
height of the ozone in a vertical column above the Earth’s surface if it was compressed
to a single layer at standard temperature (298 K) and pressure (1013 hPa) [30]. A layer
thickness of 0.01 millimeter is equal to one Dobson unit, which in turn holds 2.69 ×1020
molecules per square meter [31]. In Fig. 2.2, it can be seen that with a stronger ozone
column of 360 Dobson units compared to 270 and 180 Dobson units, the irradiance at
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CHAPTER 2. THEORY

Figure 2.2: Irradiance-wavelength diagram that shows the ground level irradiance from
the Sun for different total ozone columns on 21 June at a latitude of 49°. Figure is acquired
from [5].

ground level for wavelengths that belong to the UVB range is lower.
The abundance of ozone throughout the stratosphere depends on the chemical pro-

duction and destruction of ozone, as well as the transport of ozone in the atmosphere and
the subsequent mixing of air masses with different ozone concentrations. The destruction
of ozone occurs either naturally or fueled by catalyst substances containing hydrogen,
nitrogen, chlorine, and bromine. [32]

2.2.1 Stratospheric ozone formation

In the 1930s, the so-called Chapman Cycle was discovered by Sir Sydney Chapman. It
consists of 4 main reactions,

O2 + hν 2O λ ≤ 242 nm, (2.1)

O + O2
M

O3, (2.2)
O3 + hν O + O2 λ ≲ 336 nm, (2.3)
O + O3 2O2, (2.4)

which ensure a steady concentration of ozone in the stratosphere. They result in the
constant formation and destruction of ozone. First, an oxygen molecule is split into
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CHAPTER 2. THEORY

two single oxygen atoms (O) by absorbing UV radiation from the Sun (Eq. 2.1). Then
those single oxygen atoms combine with oxygen molecules to form ozone while requiring
another molecule for this reaction to conserve energy and momentum (Eq. 2.2). Because
sunlight is needed for ozone production, it is strongest around the equator, where the
sunlight hits the surface at a 90° angle and, hence, has to heat a smaller area compared to
other latitudes polewards. For the destruction, on the other hand, UV light of a different
wavelength splits ozone into an oxygen molecule and a single oxygen atom (Eq. 2.3).
The oxygen atom then attaches to molecular oxygen to create ozone again (Eq. 2.2) or
reacts with an ozone molecule in order to form two oxygen molecules (Eq. 2.4). While
the Chapman Cycle overestimates the production of ozone in the tropics, it provides a
basic understanding of the ozone creation and destruction cycle [32]. [33]

2.2.2 Stratospheric ozone depletion

The destruction of ozone via catalysts can be categorized into three cycles. The first cycle
consists of two or more reactions in which the catalyst is restored in the end. As a result,
one ozone molecule reacts with one atomic oxygen to form molecular oxygen:

XO + O X + O2, (2.5)
Cycle 1: X + O3 XO + O2, (2.6)

Net: O + O3 2O2. (2.7)

Thus, a catalyst (X in the reaction) of that sort can deconstruct thousands of ozone
molecules before it finally leaves the stratosphere and enters the troposphere, where it is
eventually washed out by precipitation. [32]

These catalysts stem from source gases of natural or human emission that are turned
into reactive gases by sunlight. One family of those reactive gases working as catalysts are
HOX radicals (including hydrogen (H), hydroxyl radical (OH), and hydroperoxyl radical
(HO2)) that are created from water (H2O), hydrogen, or methane (CH4) reacting with
single oxygen atoms. Another type of radical powering cycle number one is nitric oxide
(NO). It is either produced by the reaction of nitrous oxide created by bacteria in soils with
single oxygen atoms or by the splitting of nitrogen molecules by sunlight. Counteracting
the ozone depletion by nitric oxide is the transformation of nitrogen oxides into less active
reservoir gases like nitric acid, chlorine nitrate, and bromine nitrate. The last group of
catalysts for the first cycle are reactive halogen gases chlorine (Cl), bromine (Br), and
their monoxides (ClO and BrO). The halogens are stored in reservoir gases as hydrogen
chloride (HCl) that are converted to their reactive forms in the upper stratosphere. A
large influence on the chlorine content of the stratosphere were chlorofluorocarbons which
were manufactured industrially. They were ruled out with the Montreal Protocol by all
members of the United Nations in 1987 because of causing massive ozone destruction.
[32]
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In the polar regions, two other cycles dominate ozone destruction:

ClO + ClO
M

(ClO)2, (2.8)
(ClO)2 + hν ClOO + Cl, (2.9)

Cycle 2: ClOO
M

Cl + O2, (2.10)
2 (Cl + O3 ClO + O2), (2.11)

Net: O3 + O3 3O2, (2.12)

ClO + BrO Cl + Br + O2, (2.13)
Cycle 3: Cl + O3 ClO + O2, (2.14)

Br + O3 BrO + O2, (2.15)

Net: O3 + O3 3O2, (2.16)

This is due to the missing single atomic oxygen, which hinders cycle 1, and an enhanced
occurrence of ClO due to reactions on the PSC surfaces (more in section 2.3). In cycle 2,
the ClO produces ozone depleting Cl radicals by reacting with itself, whereas, in cycle 3,
ClO reacts with BrO and creates Cl and Br that subsequently destroy ozone molecules.
Only in winter times do the temperatures allow the creation of enough ClO (via PSCs)
to fuel these two cycles. Because reservoir gases are being split into radicals through
sunlight in the uppermost stratosphere, the halogen destruction cycles dominate there.
In addition, they are the prevalent cycles in the lower stratosphere because of PSCs.
Finally, the NOX loss cycle dominates the middle, and the HOX cycle dominates the
lowermost stratosphere. [32]

2.2.3 Ozone transport

Because of the steady ozone formation through the Chapman Cycle and the loss of ozone
through chemical reactions with catalyst gases, the ozone layer is formed, which has
its maximum volume mixing ratio in the tropics between 30 and 35 km altitude. The
black arrows in Fig. 2.3 show the flow of ozone in the stratospheric circulation from the
tropical region towards polar regions as well as down into lower stratospheric altitudes
during winter seasons. In addition, mixing takes place in the lower stratosphere between
latitudes. The figure, moreover, shows the latitudinal varying height of the tropopause,
which is marked with the black dashed line, having its maximum altitude around the
tropics and getting lower polewards. Therefore, the height of the ozone layer ranges from
10 to 15 km in higher latitudes and 20 to 25 km around the equator. Although produced
in the tropics at high altitudes, due to transportation, the highest ozone mass is found
between the midlatitudes and the poles, about 10 km lower in altitude. Therefore, if the
ozone mass is integrated vertically (usually measured in Dobson units), it also reaches its
maximum there. [32]

2.3 Polar stratospheric clouds
As mentioned in section 2.1, there are no clouds in the stratosphere. In the lower part,
though, there exists a thin layer of liquid supercooled aerosol droplets consisting mostly
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CHAPTER 2. THEORY

Figure 2.3: Color map of ozone density in Dobson units per km for height/pressure
over the latitudes from January until March, which in addition highlights stratospheric
circulation with black arrows, the tropopause with a black dashed line, and the TTL
stands for the tropical transition layer. Figure is acquired from [32].

of sulfuric acid. Under the right conditions, these droplets have vapors condense on them
and form PSCs. There exist two types of PSCs, with type I forming at temperatures below
190-195 K having liquid particle sizes of about one micrometer and type II forming below
185-187 K having water-ice crystals of about 10 micrometers in diameter. Altogether,
these conditions are predominantly found during winter over the polar regions inside a
polar vortex (latitudes north of 60° and south of -60° [34]) and, therefore, do not occur
in the midlatitudes, which are the focus of this study. However, the reactions on the
particles of the PSCs play an important role in the massive ozone depletion over the polar
regions. Firstly, there are chlorine activation reactions (see Eq. 2.17, 2.18, and 2.19)
that transform inactive reservoir gases such as chlorine nitrate (ClONO2) and HCl into
chlorine molecules that can be split into chlorine radicals by sunlight:

ClONO2 + HCl Cl2 + HNO3, (2.17)
ClONO2 + H2O HOCl + HNO3, (2.18)
HOCl + HCl Cl2 + H2O, (2.19)

Secondly, reactions exist that remove nitrogen oxide gases by transferring them into nitric
acid inside the cloud particles. Otherwise, those nitrogen oxides would bind to ozone
depleting radicals and, thereby, interfere with the catalytic ozone cycles. [15]

2.4 Wildfires
Due to climate change, subsequent droughts, and extreme heat, the frequency and in-
tensity of wildfire events are projected to increase [35]. Therefore, in addition to their
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immediate damages, possible effects on the atmospheric composition following the fires
would increase as well since they release black carbon, organics, and different trace gases
into the atmosphere.

2.4.1 Smoke transport to the stratosphere

Large wildfires can create so-called pyrocumulonimbus clouds or short pyroCbs. They are
thunderstorms caused by the uplift of air with water, black carbon, organics, and other
trace gases because of the heat of the fire. [36] The air rises, expands, and cools down
due to the uplifting and subsequently forms clouds by condensation. Like conventional
thunderstorms, they can produce lightning, which can initiate more fire, but they lack
precipitation. The heat from the fire lifts the formed clouds even past the point of con-
densation, and because of extra heat released by the condensation, they can even pass
the tropopause and reach the stratosphere. [37]

The wildfire emission products can survive there for months. They form layers of only
a few km in thickness that can organize in bubble-like structures of a thousand km in
diameter [38], which are maintained compact by a vortex. The black carbon absorbs a
lot of sunlight, and the produced heat, therefore, lifts the layer and consequently keeps it
in the stratosphere for a larger amount of time. [36]

2.4.2 Resulting stratospheric chemistry

In stratospheric altitudes, normally already a layer with sulfuric acid and water particles
exists, playing an essential role in the ozone destruction process. Although not yet com-
pletely understood, studies suggested that soot particles and other organic compounds
released by wildfires become coated with sulfuric acid [7, 39]. They, therefore, can en-
hance the surface area of the aerosol particles in the aforementioned layer, similar to the
chemistry invoked by volcanic eruptions, which release additional sulfur and, thereby, also
increase this surface area. The reactions on the surfaces of those acid-covered particles
have not yet been studied in the laboratory [4], but they influence the abundance of re-
active nitrogen, which includes NO and NO2. These two species normally transform at
daytime into one another, and these reactions depend on ozone concentration, tempera-
ture, and photolysis rates, but if both of the nitrogen species reduce due to the particle
surface reactions, the abundance of ClO and OH radicals is affected. All of those are
part of the catalytic ozone destruction cycles (see section 2.2.2), and this change in the
chemistry is expected to cause stratospheric ozone loss. [40]

Other trace gases playing a role in wildfire chemistry also analyzed in this thesis are
SO2, chloromethane (CH3Cl), and HCl. The concentration of sulfur in dry plants varies
between 0.1% and 0.9%. When burnt, the plants will release this sulfur in the form of
SO2 [41]. CH3Cl as well is released during the combustion of biomass [42] but results
in the increase of chlorine radicals due to photochemical separation into methyl radicals
and atomic chlorine via UVC radiation [43]. HCl, on the other hand, is not emitted by
wildfires but is very easily soluble in the aforementioned acidic, hydrated soot particles
[44].

As already mentioned in section 2.1, there is minimal mixing vertically and no precip-
itation in the stratosphere. Therefore, once injected into the stratosphere, the substances
will form layers and stay there for longer times. [33]
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Figure 2.4: Measurement geometry of the MLS instrument, where the tangent height is
measured at the closest passing point of the ray to the Earth’s surface. Figure is acquired
from [48].

2.5 Microwave Limb Sounder
The Aura (formerly EOS CH-1) satellite is a scientific research satellite from NASA that
orbits the Earth at a 710 km altitude, is tilted 98.22°, and has a near-global coverage
[45]. It followed the Upper Atmosphere Research Satellite but is more focused on the
lower stratosphere and troposphere [46]. Aboard there are four instruments: a High
Resolution Dynamics Limb Sounder, an Ozone Monitoring Instrument, a Tropospheric
Emission Spectrometer, and a Microwave Limb Sounder (MLS) [46]. The last of which,
or rather the data from this instrument, is used for the analysis in this thesis.

The MLS is used for recording the abundance of several different trace gases, as can be
read in the MLS data manual by the Jet Propulsion Laboratory at the California Institute
of Technology: BrO, CH3Cl, CH3CN, CH3OH, ClO, CO, H2O, HCl, HCN, HO2, HNO3,
HOCl, N2O, O3, and OH and SO2. The temperature, the geopotential altitude, as well
as two more water abundance related parameters are also measured. All of the substance
parameters are recorded in volume mixing ratios as functions of pressure. [46]

Limb sounding itself is a popular remote sensing technique that uses airborne or space-
borne instruments to look at the edge of the atmosphere, which means measuring parallel
to the planet’s surface in order to detect emitted or scattered radiation from between the
upper troposphere (about 10 km) and the mid-thermosphere (about 450 km). Compared
to passive nadir sounding, which views straight down, the limb sounding technique allows
for a higher vertical resolution. Other obstacles, such as the planet’s surface being able
to reflect or emit radiation, have negligible impact on limb sounding, and with the longer
path through the atmosphere (around a few 100 km), the signal-to-noise ratio is improved,
but in turn, the horizontal resolution suffers. [47]

The so-called tangent height is the distance between the measurement beam and the
surface of the Earth at the closest point (see Fig. 2.4). The higher the tangent height, the
lower usually the signal since the density of the atmosphere decreases exponentially for
higher altitudes. When going further down, the density gets higher, and therefore either
the emission or the scattering increases, which enhances the signals. If the tangent height
is too low, the atmosphere eventually becomes too dense, and therefore, no signals from
further down can be picked up by the instrument because they are absorbed by layers on
top. Thus, signals from lower tangent heights stay constant at that point. [47]

There is a spectral line broadening from the molecules through a combination of two
processes. On the one hand, there is Doppler broadening because of the molecules’ thermal
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movement, and on the other hand, there is pressure broadening because of molecules
colliding with each other. For microwave signals, the second one is dominating up to
heights of 60 km. This line broadening holds additional vertical information about the
composition since signals that are farther away from central wavelengths can stem from
lower altitudes with larger broadening. Additional information can also be gathered from
the varying absorption of different spectral regions. [47]

Microwave Limb Sounding observes thermal emissions of wavelengths between 5 mm
(or 60 GHz frequency) and 120 µm (or 2.5 THz frequency) to determine molecular rota-
tional transitions of atmospheric substances that have enough dipole moment. Only very
dense clouds can interfere with these signals because, usually, the wavelengths are much
longer than the sizes of the particles. Due to its high frequency resolution, line shapes can
be resolved very well by Microwave Limb Sounding. The broadening of the line shape can
give information about the pressure since higher pressures increase the pressure broaden-
ing, while the strength of the line correlates with the abundance of the species. Using the
hydrostatic balance, the pressure information, together with the tangent height, can then
be used to calculate a temperature profile. Finally, the larger the antenna size and the
shorter the wavelength of a Microwave Limb Sounder is, the narrower the field of view.
The used instrument aboard the Aura satellite has a 1.6 m antenna, and for 200 GHz at
700 km altitude, the visible field is 3.5 km over the tangent point. The lower observable
altitude limit is situated at around 8 km altitude, where the signals are fully absorbed by
oxygen, water vapor, and nitrogen. [47]

Figure 2.5: Simplified presentation of the nested sets of solutions, where A stands for the
entirety of possible solutions, R stands for solutions possible from the measured signals,
C stands for solutions possible from the a priori information, and x marks the optimal
solution for the case of probability distributions instead of discrete sets. Figure is adapted
from [48].

Only considering the radiances recorded by the instrument, though, cannot give abso-
lute information about the species’ abundances. They hold an infinite number of solutions
and, therefore, a priori information at given locations and times from previous meteoro-
logical studies is needed. In Fig. 2.5, A stands for all possible solutions. R represents
the set of solutions possible from the measured signals, whereas C represents the set from
a priori information that has to hold the solution. As a consequence, the solution must
be situated inside the intersection of R and C. When viewing these sets as probability
distributions, then there must be an optimum in the intersection, which is marked with
an x. However, the relative size of the intersection has to be taken into consideration
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since if, for example, the whole area of C was included in R, the satellite data would have
contributed no additional information. [48]

12



3

Aims

The reason for writing this thesis is to check if the ozone layer keeps recovering and, if it
does not, find what hinders the recovery because, without the ozone layer, most life on
Earth would be severely affected and harmed to an unimaginable extent. Therefore, this
thesis approaches three main points:

• What could be the mechanism behind the wildfires influencing stratospheric ozone?
Although not yet studied in the laboratory and, therefore, not yet known in detail,
there are several possible theories about the mechanisms behind it.

• How are these theories applicable to the 2019-20 Australian bushfire season, and to
what extent did these mechanisms influence stratospheric ozone and ozone depleting
substance abundances? Different studies have already found connections between
the Australian wildfire and midlatitude ozone depletion, but do the results produced
here match these findings?

• Did wildfires in the northern hemisphere, and in particular the one in 2017 in British
Columbia, also influence the midlatitude stratospheric ozone abundance in any way
(reasons for why this one was selected as an example are explained in section 5.2.1)?
The insights gained from the analysis of the Australian wildfire can then be used to
evaluate the results from the Canadian wildfire.

Using satellite data from the Microwave Limb Sounder, the 2019-20 Australian fires and
the 2017 fires in British Columbia can be analyzed and compared in terms of trace gas
abundances and possible ozone destruction. This should then give indications about how
the scale and other factors, like the type of burned materials or injection height of the
wildfire smoke, will affect the fire’s influence on the stratospheric ozone layer and how well-
suited the instrument used is for this type of analysis. The benefit of this gained knowledge
will be that predictions of possible consequences can be more precise, and precautions like
bans for still allowed man-made ozone depleting substances or more public funding for
fire prevention as well as fire fighting can be taken accordingly.
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4

Methods

4.1 Data preparation
The data that was used for this thesis was pre-processed in two steps. The first processing
step was done by the Jet Propulsion Laboratory at the California Institute of Technology.
There are four different versions of the data in different processing states available from
them. They are called Level-0, Level-1B, Level-2 and Level-3. The Level-0 data is the
raw, time-ordered satellite data that still has the original resolution, and all packets that
are duplicates are removed. From this data, the Level-1B gets produced that transforms
counts to radiometrically calibrated radiances. The further processed Level-2 data is the
one that was used for this thesis. It contains the actual geophysical data products that are
produced from the Level-1B calibrated radiances. Level-3 data is even further processed,
but it is not used here and, therefore, not explained further. The Level-2 data, of which
version 5.0x was used, includes temporal, spatial, and viewing track information. It was
even undergoing another processing step by the supervisor of this thesis Johan Friberg,
who excluded data from for this study unnecessary species and regridded the data points.
[46]

The original daily basis Level-2 data is gridded in 1.5° sections along the longitudes
and latitudes of the Earth, and the height profile was split into sections of varying height
but is saved in pressure data with measuring points at 10n/6 hPa [46](except temperature,
water, and ozone that were more finely gridded). This was then regridded to 1° sections
on the latitudes only (longitudinal resolution was given up for easier analysis) by Johan
Friberg.

Further, only parts of the satellite-produced data were used. The parameters from
the MLS data that were analyzed for this study, due to their connection to wildfires and
ozone destruction, as already mentioned in the theory section, were O3, HCl, CH3Cl, ClO,
H2O, SO2, and temperature. The used height/pressure ranges were limited by different
sources of constraint. For one, there were individual useful ranges suggested in the manual
for the data from the Jet Propulsion Laboratory [49], and those were set as follows: for
temperature 216-0.00046 hPa, for H2O 316-0.001 hPa, for SO2 215-10.0 hPa, for O3 261-
0.001 hPa, for HCl 100-0.32 hPa, for CH3Cl 147-4.6 hPa, and for ClO 147-1.0 hPa [49]. In
addition, as this study only focuses on the stratosphere and in order to prevent influences
from clouds, tropospheric values had to be removed. This led to the exclusion of the lowest
height values for ozone at 11.31 km because they lie below the highest annual altitude
of the tropopause for the later examined extratropics. There the maximum altitude of
the troposphere varies between about 8 and 12 km. To ensure that only stratospheric
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values are used in the analysis, only heights above 12 km were considered [50]. Moreover,
heights were cut from latitude ranges if they included missing data since this would
break the calculation of column values and could have uncontrollable influences if data is
averaged. Furthermore, for ClO, the three lowermost heights could only be used with an
additional latitude-dependent bias. Hence, they were not used, and the pressure range
was limited to 46-1.0 hPa [49]. In addition, ClO has a strong shift in abundance between
day- and nighttime and is, therefore, hard to analyze on a daily basis since the values
might fluctuate strongly depending on the time of measurement. However, due to the
periodicity of the satellite’s orbit, the average over longer periods of time can be used for
analysis. As for the precision of the data from the MLS in the selected height ranges that
can be found in the manual for the data from the Jet Propulsion Laboratory [49], it varies
for each height and each recorded parameter but was found to be of sufficient height for
the analysis in this study, which focuses on trends rather than absolute values. Finally,
this screened data was then processed with programs written in Python that are further
explained in the next section.

4.2 Programming
In order to evaluate all of the data with more ease and to extract valuable information
regarding the stratospheric ozone layer, different programs were written in Python, which
process the data and display it in different comprehensible ways. The codes for all four
programs can be found in the Appendix. The rest of this methods section is dedicated
to a thorough description of what the scripts do and how exactly they work. However,
this is not essential for understanding the other parts of this thesis, but it can be used
to comprehend the work process and to possibly recreate results from this thesis together
with the listed code.

The first program was written to get a general understanding of the abundance of
different species inside the stratosphere and how they vary with time. It created an
animation that showed the recorded data directly in volume mixing ratios and displayed
it via a color map plotted over height and latitude changing on a daily basis. Added below
it was a bar plot for all latitudes of column values in Dobson units, also animated for each
day. Column values sum up all molecules over a unit area above the Earth for a certain
height range, as already explained in section 2.2. The plots from this first program were
exceptionally helpful for gaining a first understanding of the spatial and temporal location
of exceptionally high and low substance abundances, but none of them are shown in this
report since it was an animation and only snapshots in time could have been included.

Since the programs all work with the same set of data, the first steps were basically
the same for all of them. They start by extracting the data from the provided data files,
masking the NaN values, and converting all temperature resolutions to the same grid by
interpolation. From the pressure values, the approximate height (geo-potential altitude)
values were calculated with the formula [51]:

height in km = 44.3076925 ·

[
1−

(
pressure in hPa

1013.25

)0.190284
]
. (4.1)

The volume mixing ratio values can then be converted into concentrations in molecules
per cm3 by the formula [52]:

c =
p

k · T
· Cx, (4.2)
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where c is the concentration, p is the pressure, k is the Boltzmann constant, T is the
temperature, and Cx is the volume mixing ratio. Subsequently, this can be converted to
Dobson units by integrating over the column’s height and the conversion [53]:

1 Dobson unit = 2.6867 · 1016 molecules per square centimeter. (4.3)

In the part only included in the first program, the mixing ratio for a selected substance
gets plotted in a color map over height and latitude. Then, the column value in Dobson
units is calculated for each latitude and shown as a bar plot. The values of the two plots
get updated for every new day after a certain break in a loop over a certain selected time
period, and this results in an animation.

The second program is creating a color map plot that displays the deviation from the
average column value over latitude and time. First, a height range, a time period, and
a substance are chosen. A loop over all selected pressures is followed by a loop over the
selected years. In it, all volume mixing ratios in a latitude-time matrix for one pressure
are converted to Dobson units, as explained above. Next, all these matrices for each year
are put one after another to get one bigger matrix with the whole selected time period.
This is then repeated for each pressure in the chosen range, and these matrices are then
added up. In the end, this gives the column value in the selected height range for each
latitude on each day. Subtracting the average matrix value from each value in the matrix
then results in the deviation from the average at each point. Finally, the color map is
printed over latitude and time.

For programs number three and four, multiple plots were produced per program run,
and therefore, the actual plot creation is framed by loops over the selected substances
and years, followed by a section for saving all the produced plots. The first one of those
two programs is creating a latitude range averaged and month-averaged substance con-
centration plotted for a certain height range over the concentration, comparing particular
months between years, highlighting one year per plot. Right next to it, another graphic
displays the deviation from the average over the same height range for the aforementioned
highlighted year. All this is done by first selecting a height range, a time period, a set of
substances, and a certain latitude range. In a loop over all the months of the year, another
loop over the days of the months is embedded. Afterward, only the selected latitudes are
cut out of the data set, and in a loop over these very latitudes, the values are first area
weighted by latitude and converted to concentrations as explained earlier and then aver-
aged over the selected latitudes. The daily profiles are then used to calculate the monthly
average. For each month, there is one matrix into which all the height profiles of each
year are saved. Next, all of them are plotted in a height-concentration diagram, in which
one of the years is highlighted in a different color. A second height-concentration diagram
is then created next to it, and the difference between the highlighted year’s profile and
the average of all years gets calculated and displayed in it.

The last of the programs creates a latitude range averaged substance column value for
every day plotted over an annual axis comparing the chosen years. Again, a height range,
a time period, a set of substances, and a certain latitude range are selected for this first.
Similar to program three, loops over the years, the months, and then the days are used
to break down the data sets, but here the months are not averaged; only the latitudes
are again weighted and then averaged over the selected range. Column values in Dobson
units are created for all height slices and then added together to get the total column
values for the height section. Finally, the months of one year are put into a bigger matrix
that is then plotted for each year in a substance column over date diagram.
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All figures created by the programs serve the purpose of understanding the similari-
ties and differences between different years, latitudes, heights, and substance abundances
better and comprehending interconnections between them.
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5

Data analysis

5.1 Australia

5.1.1 Results

For getting to know how a massive wildfire is affecting the chemical composition of the
midlatitude stratosphere, the biggest wildfire in recent history was analyzed with data
available from the MLS instrument. With a total area of around 243,000 km2 burnt, the
2019-20 Australian bushfire season, or Black Summer, was the biggest wildfire recorded
in the 21st century [8].

Because of its sheer size and the resulting possibility of the produced smoke reaching
the stratosphere, its effects on the stratospheric chemistry should be the most visible in
the data. Furthermore, as proven by multiple studies, there was a detectable decrease in
midlatitude ozone as a result of these Australian fires [4, 7]. In addition, there were 38
pyroCbs recorded [9], and it was observed that a pyroCb-created smoke patch of about
1000 km in diameter confined by a vortex traveled over 66,000 km, rose up to stratospheric
heights of about 35 km [38] until it finally dissolved at the end of February 2020 [36].

The fires started around mid-June 2019, peaked between the end of December and
the beginning of January, with smoke particle injections into the stratosphere on 29-
31 December 2019 and 4 January 2020 [9], and were finally over in May 2020 [54, 55].
The fires occurred throughout most of the country, but the southeast was affected the
strongest, namely the states of Victoria and New South Wales [54].

The ozone values are the first to be analyzed. To begin with, all latitudes are repre-
sented in Fig. 5.1, showing the derivation from the average ozone column for all available
latitude ranges from 12.49 to 33.27 km over time. It must be mentioned, even though
the region is not of particular interest for this study, that this height range includes some
missing values around the equator and some tropospheric values close to the equator due
to the latitudinal changing height of the tropopause (see black dashed line in Fig. 2.3).
In addition, there are missing latitudes due to the regridding mentioned in section 4.1,
which are visible as white lines in this kind of plot. According to this figure, there is a
clear annual and latitudinal pattern visible. Around the equator at latitude 0°, ignoring
the missing values, the ozone layer is about -50 Dobson units from the global average and
only fluctuates very slightly throughout each year. Towards the poles on both sides of the
equator, the fluctuation from the average ozone column increases to its maximum. The
most northern latitudes at 82° thereby have a higher deviation towards positive values of
up to 140 Dobson units from the average and only about -40 Dobson units in the negative
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Figure 5.1: Daily plotted deviation from average ozone column color map with data
from the MLS for all latitudes between -82° and 82° over time from the beginning of 2005
until end of September 2022 in the height range from 12.49 to 33.27 km.

direction. Towards the south, the latitudinal average first increases before decreasing once
more at the most southern latitudes close to -82°. There, the negative fluctuation reaches
down to -130 Dobson units, and the positive deviations only approach approximately 40
Dobson units over average. The annual column pattern at the maximum latitude in the
north at 82° has a maximum at the beginning of each year and drops towards the end of
the year into a minimum. This further applies to the -82° latitude, but the minimum is
significantly lower. In addition, an elevation appears in the middle of the year, being even
larger than the one in the first half of the year. Between -60° and -30° another pattern
becomes visible that contradicts the ones at the latitudes closer to the poles. Each year
starts with a minimum about as large as the minimum at 82° and ends with a maximum
of about 50 Dobson units above average.

The latitude regime that contains the area of the Australian 2019-20 fires spans from -
60° to -45° in the southern hemisphere. There is an annual pattern with a maximum in the
second half and a minimum in the first half of each year. In Fig. 5.2, which is a close-up of
that very latitude range, it is possible to see that the maximum for all latitudes in 2020 is
smaller than the three years before 2020, very similar to the drop from 2014 to 2015. This
is better visible in the ozone column representation averaged over the latitudes from -60°
to -45° in Fig. 5.3. The 2020 ozone values start off slightly higher than the average of the
former years in January and February and then in March continue fluctuating centered
around the average. In June and the following months, the column is constantly below
the average at the lower end of the previous fluctuations, with a maximum deviation from
the average in the month of August with a deviation from the average of about -9 Dobson
units. Followed by this slight dip is a prolonged period of low ozone values that continue
to be below average until the end of the year. The year 2015 follows along very similarly,
just deviating with a small peak in July and a dip in September. In Fig. 5.4, the average
ozone concentration of August is displayed in dependence on the altitude. The graph on
the right of it shows the deviation of the year 2020 from the average ozone concentration
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Figure 5.2: Daily plotted deviation from average ozone column color map with data
from the MLS for the latitudes between -60° and -45° over time from the beginning of
2005 until end of September 2022 in the height range from 12.49 to 33.27 km.

Figure 5.3: Plot of latitude range (from -60° to -45°) averaged substance (O3) column
values between 12.49 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in green is 2015, in red 2020, and in blue the average of all years. Created
using MLS data.
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Figure 5.4: Latitude range (from -60° to -45°) averaged and month (August) averaged
substance (O3) height-concentration plot for years 2005 to 2022 highlighting the year
2020 in red for altitudes between 12.49 and 33.27 km (left) and a plot with the deviation
of August 2020 from the average of August from all years over the same altitude range
(right). Created using MLS data.

from all years for each altitude. It is shown that, in 2020, at lower altitudes, the ozone
concentrations have strongly fallen below the average and have a maximum deviation from
the average at about -3.5 ×1011 molecules/cm3 at the height of 18.75 km. This negative
deviation trend continues upwards until 22.22 km, where the values start to exceed the
average and reach a maximum positive deviation of about 1 ×1011 molecules/cm3 at 23.01
km. Above 25.22 km, little to no deviation exists. In total, the negative outweighs the
positive deviations, and this is in agreement with the total column value in 5.2. However,
most of the deviation is found at lower altitudes. Similar behavior for the height profile,
but flipped in sign can be seen for the initial high ozone column in January as seen in
Fig. 5.3. Its maximum positive deviation from the average from the same years of about
3 ×1011 molecules/cm3 lies at 13.63 km.

Checking the patterns for the other gases recorded by the MLS instrument, SO2 can
clearly be excluded from further analysis since there is no annual pattern visible, and
the daily column, as well as the monthly average plot, reveal a steadily decreasing SO2

concentration for the available height range in any latitude from 2005 to 2022. There are
no anomalies visible except the explained steady year-by-year decrease, and therefore, no
additional information about wildfires could be extracted.

The daily column plot of CH3Cl for the years from 2009 to 2022 for altitudes between
15.79 and 28.41 km in Fig. 5.5 shows values fluctuating strongly day by day but centering
mostly around the average and, hence, making it hard to spot any monthly trends. There
is an elevation in the average concentration from January until March compared to the
other years with a maximum of about 0.5 ×108 molecules/cm3 at the height of 15.79 km.
Furthermore, there is a demotion of similar size and height from May (see Fig. 5.6) until
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Figure 5.5: Plot of latitude range (from -60° to -45°) averaged substance (CH3Cl) column
values between 15.79 and 28.41 km for every day over an annual axis comparing all years.
Highlighted in red is the year 2020, and in blue the average of all years. Created using
MLS data.

September, and in December, there is about the same elevation as at the beginning of the
year 2020.

In nearly the same time frame, a strong negative deviation from the average in the HCl
column from 17.8 to 33.27 km altitude appears. The considerable deviation starts slightly
earlier in February but also peaks in May (see Fig. 5.7). The height for the maximum
deviation in May is 17.8 km (see Fig. 5.8), and compared to the other years, it is much
more significant with -1.35 ×109 molecules/cm3 deviation from the average, competing
with 0.35 ×109 molecules/cm3 in 2015 as the second highest one at this height.

The ClO in the height profile of May from 21.51 to 30.56 km cannot be evaluated solely
by its comparison to the average, since very much as in SO2, there is a steady decrease
in ClO almost every year and the strongest overall ClO concentration can be found in
2005. Therefore, the concentrations in May 2020 were compared to the years before and
after, namely, 2019 and 2021 in Fig. 5.9. In this depiction, a slight elevation of ClO in
May 2020 compared to the immediate neighboring years can be seen. Compared to the
neighboring months, there is also an elevation in May 2020 visible.

Regarding the H2O, just a very slight elevation at the bottom of the height profile
from 16.81 to 33.27 km in 2020 can be seen (see Fig. 5.10), but the daily column plot
in Fig. 5.11 shows a relatively constant level of 5 Dobson units above the average for
the year 2020. This is an elevation from the average H2O values at the end of 2019
and the beginning of January 2020. The general trend of H2O over the years, though
slightly varying, is an increased H2O concentration culminating in 2022, with the column
reaching values of around 275 Dobson units in August, which is most likely, as studies
found out, caused by an eruption of the Hunga Tonga–Hunga Ha‘apai submarine volcano
in the middle of January 2022 [56].
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Figure 5.6: Latitude range (from -60° to -45°) averaged and month (May) averaged
substance (CH3Cl) height-concentration plot for years 2005 to 2022 highlighting the year
2020 in red for altitudes between 15.79 and 28.41 km (left) and a plot with the deviation
of May 2020 from the average of May from all years over the same altitude range (right).
Created using MLS data.

5.1.2 Discussion

Due to studies having found a slight increase in midlatitude stratospheric ozone since the
late 1990s [6], it should be expected that the ozone in 2020 should be higher than the
average. However, there is the in Fig. 5.2 found and in Fig. 5.3 and 5.4 confirmed dip in
the ozone column in August 2020, starting with a decrease in March and peaking at the
beginning of August in relation to the average, which follows about seven months after
the peak in Australian wildfires around the turn of the year 2019-20. In the period after
the fire and before the decline, the slightly elevated ozone values were most likely caused
by the large number of organic molecules that were injected into the lower stratosphere by
pyroCbs [4]. The tropospheric reaction of nitrogen oxides, together with volatile organic
compounds and sunlight, could therefore be the driving mechanism in this ozone elevation
[33], as already suggested by an earlier study [4]. Because of the hypothesized sulfate
coating of these organic molecules in the stratosphere, the change does not continue after
March [7]. Several studies found the depletion of ozone in the summer following the
wildfire event to be existing [4, 7, 55], but it is considered to be only a minor change [7]
as verified by the MLS data.

One component that must be factored in is the difference in height ranges that were
used because of the different capabilities of the MLS for each substance. Ozone was
recorded with the highest height range, and most substances were recorded with an upper
limit of over 30 km (except CH3Cl only up to 28.41 km). The highest lower limit was ClO
with 21.4 km. Cutting the examined ranges to the smallest common section would, thus,
have resulted in very little data, and vertical air motions are still always possible. There
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Figure 5.7: Plot of latitude range (from -60° to -45°) averaged substance (HCl) column
values between 17.8 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in red is the year 2020, and in blue the average of all years. Created using
MLS data.

could be anomalies outside of these limits that could explain or contradict the findings,
but that is not possible to say in the scope of this study and with the instrument at hand.
Hence, different height ranges were used but always counted into the evaluation of the
data.

One serious advantage of the selected latitude range is that polar stratospheric clouds
do not form in that range and usually only occur from -60° polewards [34]. Therefore,
they do not directly influence the stratospheric chemistry in these latitudes, and only
possible transportation must be considered. Another aspect that has to be considered
when evaluating the data is that the deviation from the average concentration height
profiles show absolute values. While this is helpful in evaluating the total loss or gain in
the ozone column that is important for the functioning of the ozone layer, the profiles do
not directly show the efficiency of the loss or gain in relation to the total abundance at
each height.

The decrease in stratospheric ozone in August followed after a slight decrease in CH3Cl
as well as a severe decrease in HCl in May, both of which mainly took place in the lower
stratosphere. The beginning of the decrease of both species in February coincides with
the breaking of the smoke vortex created by the fire [36]. Therefore, the possible hydrated
smoke particle induced dissolving of HCl, instead of being confined to the vortex, could
affect a larger part of the stratosphere. On the other hand, the biomass-burning-released
CH3Cl in the vortex would spread out and, therefore, possibly be hit by more UVC light
to photochemically separate. Another possible explanation would be a kind of saturation
in the confined vortex, which would slow down the reactions and, hence, would explain
a drop in the abundance of the two substances after the vortex breaks. Both species
contribute to the stratospheric chlorine budget. CH3Cl, as the largest reservoir of chlorine
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Figure 5.8: Latitude range (from -60° to -45°) averaged and month (May) averaged
substance (HCl) height-concentration plot for years 2005 to 2022 highlighting the year
2020 in red for altitudes between 17.8 and 33.27 km (left) and a plot with the deviation
of May 2020 from the average of May from all years over the same altitude range (right).
Created using MLS data.

in the stratosphere [57], photodissociates into ClO and HCl, on the other hand, reacts
with hypochlorous acid on hydrated smoke particles to water and chlorine, which then
photodissociates to chlorine radicals that then can form ClO [4]. This suggests that
a drop in said two species (CH3Cl and HCl) could initiate a formation of ClO, which
indeed is indicated by elevated ClO concentrations in May 2020, shown in Fig. 5.9. The
increased values of ClO could therefore have led to ozone destruction (see cycles 2 and
3 from section 2.2.2) and caused the low ozone values in comparison to the average that
started around June 2020. Compared to polar chlorine enhancements in winter (HCl
abundances approach zero [7]) and the subsequent ozone destruction, the midlatitude
chlorine activation from wildfire smoke is far weaker [7]. Even though a transport of
low ozone tropospheric air by the uplift from the fires was observed in a study [39],
the time delay between wildfire events and the observed low ozone values reinforces the
theory of a chemical mechanism behind it [3]. Additionally, the occurrence of the ozone
reduction prior to the springtime (September-November) Antarctic ozone hole formation
points towards a chemical cause instead of a transport-related origin [40]. Another possible
reason for the change in ozone abundance mentioned in a study is the enhancement of polar
stratospheric clouds by wildfire smoke and the transport of that air to the midlatitudes
[40].

The constantly slightly elevated H2O values in 2020, following the average value at the
end of 2019, on the other hand, indicate the injection of water. Water can get transported
to the very dry stratosphere from the water-rich troposphere by rising air from volcanic
eruptions or wildfire events [58]. A study showed a 3% increase in the total water mass in
the southern extratropics, which can be confirmed by the close to 3% increase from 2019 to
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Figure 5.9: Latitude range (from -60° to -45°) averaged and month (May) averaged
substance (ClO) height-concentration plot for years 2005 to 2022, highlighting the years
2019 in green, 2020 in red and 2021 in blue for altitudes between 21.51 and 30.56 km
(left) and a plot with the deviation of May 2020 from the average of May from all years
over the same altitude range (right). Created using MLS data.

Figure 5.10: Latitude range (from -60° to -45°) averaged and month (May) averaged
substance (H2O) height-concentration plot for years 2005 to 2022 highlighting the year
2020 in red for altitudes between 16.81 and 33.27 km (left) and a plot with the deviation
of May 2020 from the average of May from all years over the same altitude range (right).
Created using MLS data.
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Figure 5.11: Plot of latitude range (from -60° to -45°) averaged substance (H2O) column
values between 16.81 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in red is the year 2020, and in blue the average of all years. Created using
MLS data.

2020 at the peak of the wildfires and the injection of smoke into the stratosphere (see Fig.
5.11). In addition to the fact that the SO2 values did not add valuable information to the
analysis, the manual for the MLS data suggests poor precision for lower altitudes, which
were already excluded from the analysis, and states that too low concentrations cannot
be resolved correctly [49]. Therefore, possible slight variations could not be detected.

The similarities in ozone abundance between 2020 and 2015 are highlighted (see Fig.
5.2 and Fig. 5.3) because of the volcanic eruption of Calbuco in Chile in April 2015 [3].
The volcano is located at the -41° latitude in the southern hemisphere [3] and, thus, close
to the examined region. Both wildfire and volcanic eruption can destroy ozone [3] and, as
suggested in earlier studies, invoke similar chemistry that could be caused by the creation
of particles covered with sulfuric acid [7, 39].

5.2 Canada

5.2.1 Results

For the northern hemisphere, the 2017 Canadian wildfire in British Columbia was chosen
as the example since it was referenced by multiple papers as the second biggest wildfire in
recent history after the Australian Black Summer in terms of pyroconvection and particle
mass injection into the stratosphere [9, 36]. It could, therefore, have the most visible
influence on midlatitude stratospheric ozone. A comparison of different aerosol particle
injection events in particle mass that shows the severity of the Canadian fires is shown in
Fig. 5.12.
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Figure 5.12: Diagram of the size of stratospheric aerosol particle mass injections for
different events in Tg, color-coded for event types, where the bar size represents the
uncertainty and the x-axis uses a logarithmic scale. Figure is acquired from [9].

The fires started around early July and peaked in the middle of August [11]. On
12 August 2017, pyroCbs resulting from the wildfires injected aerosol particles into the
stratosphere [9]. By the end of the fires, around 12,000 km2 were burned in the province
of British Columbia [11]. In addition, the fire created one big vortex that split into three
smaller vortices; they rose up to heights between 21 and 23 km and traveled eastwards,
mostly around the same latitudes as the location of the fire between 45° and 60° in the
northern hemisphere [36].

Again, the first substance to be investigated is ozone. In Fig. 5.1, there are no obvious
changes in the ozone column visible after the fires in August 2017. The close-up in Fig.
5.13 depicts a slight increase in the ozone column at the maximum in 2018 compared
to 2017 for the 45° to 60° range of the actual fire, but a closer inspection is needed.
Fig. 5.14 highlights the ozone column development throughout each year. Beginning in
September, right after the fire in August 2017, the ozone column values that were very
close in accordance to the average in August start to fluctuate mainly slightly above it
and culminate in a large ozone increase with a maximum deviation in March of about 20
Dobson units compared to the average value of about 245 Dobson units, but returning
to an average value in May. For the month of March, the ozone concentration by height
is displayed in Fig. 5.15. It can be seen that especially between 17.8 and 24.51 km,
the concentration is especially high and, moreover, always 2 ×1011 molecules/cm3 higher
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Figure 5.13: Daily plotted deviation from average ozone column color map with data
from the MLS for the latitudes between 60° and 45° over time from the beginning of 2005
until end of September 2022 in the height range from 12.49 to 33.27 km.

Figure 5.14: Plot of latitude range (from 45° to 60°) averaged substance (O3) column
values between 12.49 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in green is 2017, in red 2018, and in blue the average of all years. Created
using MLS data.
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Figure 5.15: Latitude range (from 45° to 60°) averaged and month (March) averaged
substance (O3) height-concentration plot for years 2005 to 2022 highlighting the year
2018 in red for altitudes between 12.49 and 33.27 km (left) and a plot with the deviation
of August 2018 from the average of August from all years over the same altitude range
(right). Created using MLS data.

than the average of all years. At 14.73 km, there is a dip to -1 ×1011 molecules/cm3

below average, but in total, the concentration is much higher than the average, as already
suggested by Fig. 5.14.

In accordance with the results found for the Australian fire, SO2 is excluded from
further analysis since there was no additional information extractable from the data.

Looking at the daily values for the CH3Cl column between 15.79 and 28.41 km after
the fire in August 2017 in Fig. 5.16, the values stay slightly below the average until the
end of January 2018, fall down to about double the deviation from before in February and
eventually return to these values before the dip in the following month of March. The
dip in February can be seen in Fig. 5.17, where the concentration for the heights from
15.79 to 28.41 km can be seen. The concentration low can be found in the lower altitudes,
with the minimum at 15.79 km. Going up, the concentrations slowly increase and reach
average at the height of 21.4 km.

In the same fashion, the column values for HCl in Fig. 5.18 show a strong dip in
February 2018, with a starting decrease in the middle of December 2017. The directly
following months after the fires in August do not differ from right before the fire but
constantly stay well above average until the change in December 2017. Similar to the
height profile in CH3Cl, the negative deviation from the average concentration is mostly
at lower altitudes. The lowest altitude here is 17.8 km, but the minimum concentration is
found at 21.4 km height. Higher up, the concentrations slowly approach the average and
reach it at the height of 28.41 km. Checking the same month as for CH3Cl and HCl,
the concentration value for ClO is high (about 3.5 ×107 molecules/cm3) for the lowest
altitude of 21.4 km but is slightly below average between 24.51 to 30.57 km. In addition,
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Figure 5.16: Plot of latitude range (from 45° to 60°) averaged substance (CH3Cl) column
values between 15.79 and 28.41 km for every day over an annual axis comparing all years.
Highlighted in green is 2017, in red 2018, and in blue the average of all years. Created
using MLS data.

Figure 5.17: Latitude range (from 45° to 60°) averaged and month (February) averaged
substance (CH3Cl) height-concentration plot for years 2005 to 2022 highlighting the year
2018 in red for altitudes between 15.79 and 28.41 km (left) and a plot with the deviation
of February 2018 from the average of February from all years over the same altitude range
(right). Created using MLS data.
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Figure 5.18: Plot of latitude range (from 45° to 60°) averaged substance (HCl) column
values between 17.8 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in green is 2017, in red 2018, and in blue the average of all years. Created
using MLS data.

when compared to the same month in the year before and the year after, it can be seen
that the values are substantially higher in all altitudes from 28.41 km and below.

Finally, the H2O height profile for February in Fig. 5.21 looks very much like the one
for the Australian fire, and no substantial difference can be found. The lowest height at
16.81 km has a concentration slightly over average, and the rest of the heights above that
are very close to average. In the daily plot in Fig. 5.22, the water column for the selected
height segment in the middle of August 2017 is about 5 Dobson units above the average
value of 215 Dobson units over all years. Continuing for the months after the wildfire, this
increased value over the average remains until the end of November and spikes to about
10 Dobson units in the middle of December but falls back to average values around the
end of the month. Rising again to 10 Dobson units positive deviation from the average in
January 2018, the column decreases to about 5 Dobson units below average at the end of
February at about the same time as the low in HCl and CH3Cl. After that, March has a
short increase to about 10 Dobson units, and finally, in April and the following months,
the values settle in at around 5 Dobson units above average. The black line at the top
that starts already at about 240 Dobson units is the year 2022, and the one below all
other years from May until October is the year 2006; therefore, they are of no particular
interest for this investigation.

5.2.2 Discussion

The height ranges for all substances were the same as for the Australian wildfire and were
always factored into the analysis. Because of the same maximum poleward latitude, polar
stratospheric clouds do not have to be factored in directly. After the Australian fire, the
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Figure 5.19: Latitude range (from 45° to 60°) averaged and month (February) averaged
substance (HCl) height-concentration plot for years 2005 to 2022 highlighting the year
2018 in red for altitudes between 17.8 and 33.27 km (left) and a plot with the deviation of
February 2018 from the average of February from all years over the same altitude range
(right). Created using MLS data.

pyroCb-created smoke vortex moved through the stratosphere for about two months until
finally breaking at the end of February [36], directly followed by the start of decreasing
HCl and CH3Cl values in relation to the average. When expecting that same behavior
for the wildfire in British Columbia, the drop in both of those species would be expected
to occur starting in the middle of October, right after the vortices broke at the beginning
of the month. No behavior like that can be found in the results, and the accompanying
ClO increase did also not appear in the data.

In February 2018, a strong negative deviation from the average appears in both HCl
and CH3Cl, which is about five months after the breaking of the vortices. One point worth
mentioning is that the minimum in both species is found at different heights. The HCl
minimum in the examined range lies at 21.4 km, and the minimum for CH3Cl lies lower
at 15.79 km. While the height profile for CH3Cl shows the maximum absolute negative
deviation at the height with the highest concentration, the HCl shows its maximum
absolute negative deviation at a height with not the largest concentration (maximum is
found at the lowest altitude). This indicates more efficient destruction at the altitude of
21.4 km and could indicate a larger abundance of hydrated, acidic soot there. CH3Cl,
on the other hand, is dependent on UVC radiation that gets absorbed by ozone, which
in turn should make the destruction less efficient at heights with higher ozone column
above, which means lower altitudes. That is shown in the data when regarding the steep
increase in total concentration and the low change in deviation from the average at the
lowest altitudes. These facts, therefore, support a chemical instead of a transport-related
cause.

When the HCl values for the Australian wildfire hit a maximum negative deviation
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Figure 5.20: Latitude range (from 45° to 60°) averaged and month (February) averaged
substance (ClO) height-concentration plot for years 2005 to 2022 highlighting the years
2017 in green, 2018 in red and 2019 in blue for altitudes between 21.51 and 30.56 km
(left) and a plot with the deviation of February 2018 from the average of February from
all years over the same altitude range (right). Created using MLS data.

Figure 5.21: Latitude range (from 45° to 60°) averaged and month (February) averaged
substance (H2O) height-concentration plot for years 2005 to 2022 highlighting the year
2018 in red for altitudes between 16.81 and 33.27 km (left) and a plot with the deviation
of February 2018 from the average of February from all years over the same altitude range
(right). Created using MLS data.
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Figure 5.22: Plot of latitude range (from 45° to 60°) averaged substance (H2O) column
values between 16.81 and 33.27 km for every day over an annual axis comparing all years.
Highlighted in green is 2017, in red 2018, and in blue the average of all years. Created
using MLS data.

in May 2020, it had been two and a half months since the vortex broke. Therefore, it
would be too much time between those two events for the Canadian fire to expect any
connection between them when assuming the same process as in Australia 2019-20; in
addition, there is the lack of a steady decrease towards this low, which is in fact only half
as big as the Australian one.

For the ozone values, the results from the Australian wildfires showed a delay in the
ozone depletion that was potentially produced by the fires. This was seven months after
the smoke particle injection into the stratosphere or about five months after the breaking
of the smoke vortex. Taking this kind of delay for the Canadian wildfire event, a drop in
the ozone column should be expected either around the mid of March (seven months after
the injection) or the beginning of March (five months after the vortices broke). But on
the contrary, there appears an unexpected increase in the ozone column (see Fig. 5.14)
in the month of March. Even though the values normalize to an average level in the
succeeding months, such an increase after the decrease in both HCl and CH3Cl and the
subsequent increase of the ozone depleting ClO because of dissolving on hydrated smoke
particles and photodissociation (as discussed earlier in section 5.1.2) in the prior month
do not match the findings of the Australian wildfires. It would be expected from the
ozone destruction cycles (cycles 2 and 3 from section 2.2.2) that an elevation in the ozone
depleting substance ClO leads to a decrease in the ozone column, but the results display
the opposite. The reason for that could be that the increase in ozone depleting ClO
over the average in February is just not large and prolonged enough, and the increase of
ozone is caused by another process. For a wildfire particle induced tropospheric reaction
of nitrogen oxides, together with volatile organic compounds and sunlight [33], it would
be very late since for the Australian fires three months after pyroCbs injected the smoke
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into the stratosphere, the ozone enhancing effect was over, possibly because the organics
got coated with sulfuric acid [7]. A possibility would be that the sulfur content of the
atmosphere was not high and, therefore, it took longer for the coating process, but this
cannot be evaluated since the SO2 values did not give any insights and other sulfuric
species were not investigated.

Unlike in the values for the 2019-20 Australian fires, the amount of H2O in the at-
mosphere was not constantly elevated after the Canadian fires in August 2017. A slight
increase in September could be spotted, but it quickly returned to its original value and,
therefore, an increase due to the fire, as in Australia, seems unlikely. The very low overall
H2O concentration of the year 2006 is very odd since the rapid addition of water to the
stratosphere, like in 2022, is possible, but a quick removal, like in the years after 2006,
is highly unlikely because of the missing precipitation. Therefore, the reason for these
values might be a bad calibration in the early stages of the satellite’s usage.

A reason for the possible difference in impact on the stratospheric chemistry between
Australia 2019-20 and Canada 2017, besides the size and, thus, injected substance mass
of the wildfires, could be the difference in fuels, as tropospheric studies showed [40].
While most of the burning trees in Australia were eucalyptus, the Canadian trees were
mostly conifers, which could result in a different composition of the wildfire particles
[40]. The exact consequences must still be studied in the laboratory, but a possible effect
cannot be excluded. Another difference was the injected smoke mass that was more
than three times as high for the Australian wildfire compared to the Canadian one [9].
Finally, the maximum reached altitude of the vortex from the Australian fire of 35 km
was much higher than that of the Canadian one that only reached up to 23 km [36]. This
could decrease the longevity of the particles in the stratosphere significantly due to faster
possible reintroduction into the troposphere [59].
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Conclusion and outlook

Findings of previous studies about the 2019-20 Australian wildfire were verified with the
MLS instrument, which proves its suitability for this kind of research. Right after the
peak in the fires in December and January, when smoke particles were injected into the
stratosphere by pyroCbs, the initial midlatitude stratospheric ozone increased over the av-
erage, which was potentially caused by nitrogen oxides reacting with organics and sunlight
and stopped by the hypothesized sulfate coating of just these organics, was followed by
comparatively low ozone in August and the surrounding months. Below-average CH3Cl
and HCl starting with the breaking of the smoke vortex and subsequent enhanced ClO,
most probably caused by reactions on the surface of hydrated smoke particles, could have
caused the minor ozone decrease in the summer months. Considering the initial goal of
gaining knowledge about whether wildfires in the northern hemisphere influenced midlat-
itude stratospheric ozone or not resulted in partial success since it has to be considered
that even though there was no evidence found in accordance with the findings from the
Australian fires that the wildfire event in Canada 2017 did influence the ozone in any sub-
stantial way, it does not mean that any other recent wildfire in the northern hemisphere
could not have had a measurable impact on midlatitude ozone. The only substantial
anomaly detected in the year after the wildfire was an increase in ozone seven months
after the smoke injection into the stratosphere, for which no connection to the wildfire
could be found. Therefore, the aerosol particle mass injected into the stratosphere might
be less important than the duration of the injection, its reached altitudes, or its chemical
composition because of the type of fuel burned. Concerning the mechanisms behind the
chemical changes in the stratosphere, previously observed connections between wildfire
smoke injections could be witnessed with data from the MLS. However, the negative feed-
back from the 2017 Canadian wildfire points towards more complex conditions for the
occurrence of stratospheric ozone depletion induced by wildfire aerosol particles. There
might be a certain threshold that must be exceeded so that the ozone depletion is effective
against the initial increase, or the decrease in ozone was too small to observe with the
MLS.

The bottom line of this analysis is very positive for nature’s health and the recovery
of the ozone layer. The biggest and most intense wildfire in recent history only had minor
negative effects on the midlatitude stratospheric ozone, and the second biggest wildfire in
terms of stratospheric aerosol particle mass injection seems to have no measurable effect
at all.

Now referring back to the introduction and giving a short outlook on possible future
research, the aforementioned nuclear detonations would still culminate in severe conse-
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quences for stratospheric ozone since a model study predicted the injected soot mass to be
between one and five teragrams, which would be about one to five times the mass from the
2019-20 Australian wildfire and the soot is expected to reach up to 80 km altitude which is
more than double of what the vortex for that fire reached [14]. Therefore, ozone depletion
would most probably still be severe. Unfortunately, no statement can be made about the
possible impacts of geoengineering with SO2 because no usable information about that
species was gathered in this study. Thus, maybe another instrument should be used to
conduct research for that species. Finally, future investigations should be carried out on
the 2021 wildfire in Russia because the total burnt area was higher than for the fires in
British Columbia, and they lasted about two months. Those parameters might have a
bigger influence on the ozone depletion ability of wildfires. Nevertheless, more research
has to be conducted on the effects of wildfires in general since, due to climate change, it
is most certain that more of them will occur in the future [4].
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Appendix

1 import numpy as np
2 import matp lo t l i b . pyplot as p l t
3 import mat73
4 from matp lo t l i b . pyplot import f i gu r e , draw , pause
5 from mpl_toolk i t s . axes_grid1 import make_axes_locatable
6 import f un c t o o l s
7 import datet ime
8 from sc ipy . i n t e r p o l a t e import inte rp1d
9

10 """ Creat ing an animation f o r volume mixing r a t i o colormap p lo t t ed over
he ight and l a t i t u d e with bar p l o t o f l a t i t u d e s

11 column va lue s animated per day"""
12

13 de f mousec l i ck ( event ) : # c r e a t i n g mouse c l i c k func t i on
14 mode = event . canvas . t oo lba r . mode # s e t t i n g mouse c l i c k
15 i f event . button == 1 and event . inaxes == ax and mode == ’ ’ : #

checking f o r mouse c l i c k in axes
16 pause (10) #

pausing animation f o r s e t time
17

18

19 f i g = p l t . f i g u r e ( f i g s i z e =(12 , 8) , constra ined_layout=False ) # c r ea t e
p l o t window

20 ax = f i g . add_subplot (2 , 1 , 1) # and p lo t
area 1

21 ay = f i g . add_subplot (2 , 1 , 2) # and 2
22 p l t . g c f ( ) . subplots_adjust ( r i g h t =0.8) # c r ea t e

room on the r i g h t
23

24 year_data = 2020 # s e l e c t i n g a year to play
25

26 height_lower = 3 # s e l e c t i n g lowest inc luded pre s su r e
27 height_higher = 37 # s e l e c t i n g h i ghe s t inc luded pre s su r e
28

29 substance = ’O3 ’ # here you can s e l e c t the substance out o f ( p r i n t (mat .
keys ( ) ) ) ’CH3Cl ’ , ’ClO ’ , ’H2O ’ , ’HCl ’ ,

30 # ’O3 ’ , ’SO2 ’ , ’ Temperature ’
31

32 i f substance == ’ClO ’ : # pre s su r e va lue s f o r ClO that are in data but are
not usab le are cut ( s ee MLS i n s t r u c t i o n 3 . 6 . 5 )

33 i f height_lower <= 9 : # checking i f lower p r e s su r e va lue i s below 9
34 height_lower = 9 # s e t t i n g lower p r e s su r e va lue to 9
35 i f he ight_higher <= 9 : # checking i f h igher p r e s su r e va lue i s below 9
36 height_higher = 9 # s e t t i n g h igher p r e s su r e value to 9
37

38

39
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40 data_f i l e = ’Data/MLS_gridded_ ’ + s t r ( year_data ) + ’−01−01_’ + s t r (
year_data ) + ’ −12−31.mat ’ # de f i n i n g data f i l e name

41

42 mat = mat73 . loadmat ( data_f i l e , u s e_at t rd i c t=True ) [ ’MLS_gridded_tmp ’ ] #
import ing mat f i l e and changing from one

43 #
di c t i ona ry key to keys in i t

44

45 date = 180 #
s e l e c t i n g s t a r t i n g date

46 pause_time = 0.0000000001 #
s e l e c t i n g pause time between frames

47

48 y = mat . get ( substance , ’Not Found ’ ) . get ( ’ Pres sure ’ , ’Not Found ’ ) #
ex t r a c t i n g pr e s su r e vec o f one substance out o f d i c t

49 z = mat . get ( substance , ’Not Found ’ ) . get ( substance + ’ _f lagCleaned_strat ’ , ’
Not Found ’ ) [ : , : , date −1]

50 #
ext r a c t i n g one substance 2d array out o f d i c t

51 x = np . arange (−90 , 91 , 1) # c r e a t i n g l a t i t u d e vec to r
52 temp = mat . get ( ’ Temperature ’ , ’Not Found ’ ) . get ( ’ Temperature ’ + ’

_f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]
53 #

ext r a c t i n g the temperature array
54

55 i f substance == ’CH3Cl ’ : # s e t t i n g the substance un i t s
56 substance_unit = ’ppmv ’
57 i f substance == ’ClO ’ :
58 substance_unit = ’ppmv ’
59 i f substance == ’H2O ’ :
60 substance_unit = ’ppmv ’
61 i f substance == ’HCl ’ :
62 substance_unit = ’ppmv ’
63 i f substance == ’O3 ’ :
64 substance_unit = ’ppmv ’
65 i f substance == ’SO2 ’ :
66 substance_unit = ’ppmv ’
67 i f substance == ’ Temperature ’ :
68 substance_unit = ’ppmv ’
69

70 i f substance_unit == ’ppmv ’ : # s e t t i n g the substance un i t f a c t o r s f o r
conver s i on to ppmv

71 substance_unit_factor = 1
72 i f substance_unit == ’ppbv ’ :
73 substance_unit_factor = 1000
74 i f substance_unit == ’ pptv ’ :
75 substance_unit_factor = 1000000
76

77 i f year_data == 2004 or year_data == 2008 or year_data == 2012 or year_data
== 2016 or year_data == 2020 :

78

# checking i f year i s l eap year
79 endtime = len (mat . get ( substance , ’Not Found ’ ) . get ( substance + ’

_f lagCleaned_strat ’ , ’Not Found ’ ) [ 0 , 0 , : ] )
80

# ext r a c t i n g end time
81 i f year_data == 2005 or year_data == 2006 or year_data == 2007 or year_data

== 2009 or year_data == 2010 or \
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82 year_data == 2011 or year_data == 2013 or year_data == 2014 or
year_data == 2015 or year_data == 2017 or \

83 year_data == 2018 or year_data == 2019 or year_data == 2021 or
year_data == 2022 :

84

# checking i f year i s no l eap year
85 endtime = len (mat . get ( substance , ’Not Found ’ ) . get ( substance + ’

_f lagCleaned_strat ’ , ’Not Found ’ ) [ 0 , 0 , : ] ) − 1
86

# ext r a c t i n g end time
87

88 y = np .ma. array (y , mask=np . i snan (y ) ) # masking NaN va lue s from
pre s su r e array

89 z = np .ma. array ( z , mask=np . i snan ( z ) ) # masking NaN va lues from
substance 2d array

90 temp = np .ma. array ( temp , mask=np . i snan ( temp) ) # masking NaN va lues from
temperature array

91

92 pos = np . arange (−90 , 90+1 , 1) # c r e a t i n g l a t i t u d e
array (0 = equator )

93

94 vmin = np . min ( z ) # s e t t i n g the minimum fo r
the co l o rba r

95 vmax = np .max( z ) # s e t t i n g the maximum fo r
the co l o rba r

96

97 he ight = 145366.45∗(1 −(y /1013 .25) ∗∗0 .190284) / 3 .28084 /1000 #
ca l c u l a t i n g the he i gh t s from the pr e s su r e array in km

98 he ight2 = 145366.45∗(1 −(y [ height_lower : he ight_higher ] / 1013 . 25 ) ∗∗0 .190284) /
3 .28084 /1000 # ca l c u l a t i n g same only f o r

99

# se l e c t e d he i gh t s
100

101 he i gh t_s l i c e = ( ( np . append ( he ight [ 1 : ] , 0) − he ight ) ∗ 0 . 5 ) + ( ( he ight − np .
append (0 , he ight [ : −1 ] ) ) ∗ 0 . 5 )

102 #
ca l c u l a t i n g the he ight s l i c e to each he ight

103 new = np . arange (0 , 55 , 55/ z . shape [ 0 ] ) # making new temperature
g r id

104 o ld = np . arange (0 , 55 , 1) # making old temperature
g r id

105 temp_lat = temp [ : , : , 0 ] [ : , : ] # j u s t tak ing zero value
f o r g e t t i n g shape in next l i n e

106 temp_lat_new = np . z e ro s ( ( z . shape [ 0 ] , ( temp_lat [ : , : ] ) . shape [ 1 ] ) ) #
c r e a t i n g 2d zero matrix

107 f o r l in range ( z . shape [ 1 ] ) : # loop over a l l b e f o r e s e l e c t e d l a t i t u d e s
108 interp_func = inte rp1d ( old , temp_lat [ : , l ] ) # i n t e r p o l a t e temperature

array
109 temp_lat_new [ : , l ] = interp_func (new) # putt ing on new " gr id "
110 temp_lat_new = np .ma. array ( temp_lat_new , mask=np . i snan ( temp_lat_new) )

# masking the NaN va lues
111

112 h = ax . pcolormesh (x , height2 , z [ height_lower : height_higher , : ] , vmin=vmin ,
vmax=vmax , cmap=’ v i r i d i s ’ )

113 # cr ea t i n g the f i r s t heatmap o f z
array over l a t i t u d e vec to r and pr e s su r e vec to r

114

115 d i v i d e r = make_axes_locatable ( ax ) # move co l o rba r
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116 cax = p l t . g c f ( ) . add_axes ( [ 0 . 8 5 , 0 . 15 , 0 . 05 , 0 . 7 ] ) # new axes f o r
c o l o r bar

117 f i g . c o l o rba r (h , cax=cax , o r i e n t a t i o n=’ v e r t i c a l ’ , l a b e l=substance + ’
concent ra t i on in ’ + substance_unit )

118

# crea t e co l o rba r
119

120 z = z / temp_lat_new # d i v i s i o n o f
substance va lue s by temperature

121 pr in t ( z . shape [ 1 ] )
122 f o r t in range ( z . shape [ 1 ] ) : # loop over

l a t i t u d e s
123 z [ : , t ] = z [ : , t ] ∗ he i gh t_s l i c e ∗ 100000 ∗ 10000 ∗ y ∗ 100 / (1 .38064852

∗ 10∗∗(−23) ) ∗ (1/10∗∗6)
124 # conver t ing

whole z to Dobson un i t s
125

126 he ight_s l i ce_matr ix = np . z e ro s ( z . shape ) # c r e a t i n g zero array
f o r he ight s l i c e

127 f o r n in range ( z . shape [ 1 ] ) : # loop over l a t i t u d e s
128 he ight_s l i ce_matr ix [ : , n ] = he i gh t_s l i c e # c r e a t i n g he ight s l i c e

2d array
129

130

131 j = ay . bar ( pos , ( z [ height_lower : height_higher , : ] . sum( ax i s =0) / (2 .6867 ∗ 10
∗∗ 20) ) / substance_unit_factor )

132

# f i r s t l a t i t u d e bar p l o t
133

134 ax . set_ylim ( he ight [ height_lower −1] , he ight [ he ight_higher +1]) # cut t ing o f f
NaN po in t s o f array

135 ax . s e t_x labe l ( ’ l a t i t u d e in ’ , f o n t s i z e =15) # l a b e l i n g x
ax i s

136 ax . s e t_y labe l ( ’ approximate a l t i t u d e in km ’ , f o n t s i z e =15) # l a b e l i n g y
ax i s

137 ax . s e t_ t i t l e ( substance + ’ on day number : ’ + s t r ( date ) ) # l a b e l i n g
the p l o t f o r the s t a r t i n g date

138

139

140 ay . s e t_x labe l ( ’ l a t i t u d e in ’ , f o n t s i z e =15) #
l a b e l i n g x ax i s (2nd p lo t )

141 ay . s e t_y labe l ( substance +’ column in Dobson un i t s ’ , f o n t s i z e =15) #
l a b e l i n g y ax i s (2nd p lo t )

142 ay . set_ylim (−10 , 1 . 2 ∗ np .max( ( z [ height_lower : height_higher , : ] . sum( ax i s =0)
/ (2 .6867 ∗ 10 ∗∗ 20) ) ) )

143 # se t t i n g the l im i t s
f o r the bar p l o t ( f o r the s c a l e not to change )

144 draw ( ) , pause ( pause_time ) # drawing the new p lo t
and wai t ing

145

146 c l i ck_funkt i on = fun c t o o l s . p a r t i a l ( mousec l i ck ) # implement
c l i c k func t i on

147 f i g . canvas . mpl_connect ( ’ button_press_event ’ , c l i ck_funkt i on ) #
connect ing c l i c k func t i on to c l i c k event

148

149 f o r i in range ( endtime − date ) : # p lo t animation
i t e r a t i o n loop ( over endtime minus s t a r t time )

150 z = mat . get ( substance , ’Not Found ’ ) . get ( substance + ’ _f lagCleaned_strat
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’ , ’Not Found ’ ) [ : , : , i + date ]
151 # acqu i r i ng subst

data f o r time i
152 z = np .ma. array ( z , mask=np . i snan ( z ) ) # masking NaN

va lue s from substance 2d array
153 h . set_array ( z [ height_lower : height_higher , : ] [ : − 1 , : −1 ] . r av e l ( ) )

# update substance data
154 ax . s e t_ t i t l e ( substance + ’ on date : ’ + s t r ( datet ime . date ( year_data , 1 ,

1) + datet ime . t imede l ta ( days=i+date ) ) )
155 # updating t i t l e

f o r 2d array p lo t
156

157 temp_lat = temp [ : , : , i + date ] [ : , : ] # s e l e c t i n g the day
temp_lat array

158 temp_lat_new = np . z e ro s ( ( z . shape [ 0 ] , ( temp_lat [ : , : ] ) . shape [ 1 ] ) ) #
c r e a t i n g 2d zero matrix

159 f o r l in range ( z . shape [ 1 ] ) : # loop over a l l a f o r e s e l e c t e d l a t i t u d e s
160 interp_func = inte rp1d ( old , temp_lat [ : , l ] ) # i n t e r p o l a t e

temperature array
161 temp_lat_new [ : , l ] = interp_func (new) # putt ing on new " gr id

"
162 temp_lat_new = np .ma. array ( temp_lat_new , mask=np . i snan ( temp_lat_new

) ) # masking the NaN va lue s
163 z = z / temp_lat_new # div ide z by temperatures
164 f o r g in range ( z . shape [ 1 ] ) : # loop over l a t i t u d e s
165 z [ : , g ] = z [ : , g ] ∗ he i gh t_s l i c e ∗ 100000 ∗ 10000 ∗ y ∗ 100 /

(1 .38064852 ∗ 10∗∗(−23) ) ∗ (1/10∗∗6)
166 #

conver s i on to cm and molec per cm3
167 z_new = ( z [ height_lower : height_higher , : ] . sum( ax i s =0) / (2 .6867 ∗ 10 ∗∗

20) ) / substance_unit_factor
168 #

conver t ing to Dobson un i t s
169 f o r o in range ( l en ( pos ) ) : # loop

f o r updating bar b l o t
170 j [ o ] . set_height (z_new [ o ] ) #

updating each bar in bar p l o t
171 draw ( ) , pause ( pause_time ) #

drawing the new p lo t and wai t ing
172

173 p l t . show ( ) # show p lo t window

Listing 1: Program 1

1 import numpy as np
2 import matp lo t l i b . pyplot as p l t
3 import mat73
4 import datet ime
5 from mpl_toolk i t s . axes_grid1 import make_axes_locatable
6 import matp lo t l i b . dates as mdates
7

8

9 """ Creat ing a colormap p lo t that d i s p l a y s the dev i a t i on from the average
column value over l a t i t u d e and time """

10

11

12 f i g = p l t . f i g u r e ( f i g s i z e =(12 , 8) , constra ined_layout=False ) # c r ea t e
p l o t window
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13 ax = f i g . add_subplot (1 , 1 , 1) # and p lo t
area 1

14 p l t . g c f ( ) . subplots_adjust ( r i g h t =0.8) # c r ea t e
room on the r i g h t

15

16

17 year_data_start = 2015 # s t a r t year (min 2005)
18 year_data_end = 2020 # end year (max 2021)
19 year_array = np . arange ( year_data_start , year_data_end + 1 , 1) # c r ea t e

year array
20

21 pressure_low = 10 # s e l e c t i n g lowest inc luded pr e s su r e va lue out o f
p vec to r : (O3 8 − 37 ( from 13 no ho l e s at

22 # equator ) ) (ClO 9 − 16) (HCl 8−19) (CH3Cl 8 −
14) (SO2 8 − 10) (H2O 8 −37)

23 pressure_high = 18 # s e l e c t i n g h i ghe s t inc luded pre s su r e va lue out
o f p vec to r

24

25 substance = ’O3 ’ # s e l e c t the substance out o f ( p r i n t (mat . keys ( ) ) ) ’
CH3Cl ’ , ’ClO ’ , ’H2O ’ , ’HCl ’ , ’O3 ’ , ’SO2 ’ ,

26 # ’ Temperature ’ ( should not be used f o r ClO , HCl ,
CH3Cl and SO2 , s i n c e they have a d i f f e r e n t

27 # s i z ed temperature array , t h e r e f o r e wrong va lues )
28

29

30

31 i f substance == ’ClO ’ : # pre s su r e va lue s f o r ClO that are in data but are
not usab le are cut ( s ee MLS i n s t r u c t i o n 3 . 6 . 5 )

32 i f pressure_low <= 9 : # checking i f lower p r e s su r e va lue i s below 9
33 pressure_low = 9 # s e t t i n g lower p r e s su r e va lue to 9
34 i f pressure_high <= 9 : # check ing i f h igher p r e s su r e va lue i s below 9
35 pressure_high = 9 # s e t t i n g h igher p r e s su r e va lue to 9
36

37

38

39 f o r p r e s su r e in np . arange ( pressure_low , pressure_high + 1 , 1) : # loop over
s e l e c t e d pr e s su r e area

40 pr in t ( p r e s su r e ) # pr i n t i n g the pres sure , to s ee the p rog r e s s
41

42 f o r year_data in year_array : # loop over s e l e c t e d years
43

44 data_f i l e = ’Data/MLS_gridded_ ’ + s t r ( year_data ) + ’−01−01_’ + s t r (
year_data ) + ’ −12−31.mat ’ # de f i n i n g data

45

# f i l e name
46

47 mat = mat73 . loadmat ( data_f i l e , u s e_at t rd i c t=True ) [ ’MLS_gridded_tmp ’
] # import ing mat f i l e and changing from

48

# one d i c t i ona ry key to keys in i t
49

50

51 i f substance == ’CH3Cl ’ : # s e t t i n g the substance un i t s
52 substance_unit = ’ppmv ’
53 i f substance == ’ClO ’ :
54 substance_unit = ’ppmv ’
55 i f substance == ’H2O ’ :
56 substance_unit = ’ppmv ’

48



57 i f substance == ’HCl ’ :
58 substance_unit = ’ppmv ’
59 i f substance == ’O3 ’ :
60 substance_unit = ’ppmv ’
61 i f substance == ’SO2 ’ :
62 substance_unit = ’ppmv ’
63 i f substance == ’ Temperature ’ :
64 substance_unit = ’ppmv ’
65

66 i f substance_unit == ’ppmv ’ : # s e t t i n g the substance un i t
f a c t o r s f o r conver s i on to ppmv

67 substance_unit_factor = 1
68 i f substance_unit == ’ppbv ’ :
69 substance_unit_factor = 1000
70 i f substance_unit == ’ pptv ’ :
71 substance_unit_factor = 1000000
72

73

74 y = mat . get ( substance , ’Not Found ’ ) . get ( ’ Pres sure ’ , ’Not Found ’ ) #
ex t r a c t i n g pr e s su r e vec o f one substance out

75 #
of d i c t

76

77

78

79 z = mat . get ( substance , ’Not Found ’ ) . get ( substance + ’
_f lagCleaned_strat ’ , ’Not Found ’ ) [ pres sure , : , : ]

80 #
ext r a c t i n g one substance 2d array out o f d i c t

81 x = np . arange (−90 , 91 , 1) # c r e a t i n g l a t i t u d e
vec to r

82 temp = mat . get ( ’ Temperature ’ , ’Not Found ’ ) . get ( ’ Temperature ’ + ’
_f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]

83 #
ext r a c t i n g the temperature array

84

85 y = np .ma. array (y , mask=np . i snan (y ) ) # masking NaN
va lue s from pre s su r e array

86 z = np .ma. array ( z , mask=np . i snan ( z ) ) # masking NaN
va lue s from substance 2d array

87 temp = np .ma. array ( temp , mask=np . i snan ( temp) ) # masking NaN
va lue s from temperature array

88

89

90 i f year_data == 2005 or year_data == 2006 or year_data == 2007 or
year_data == 2009 or year_data == 2010 or \

91 year_data == 2011 or year_data == 2013 or year_data == 2014
or year_data == 2015 or year_data == 2017 \

92 or year_data == 2018 or year_data == 2019 or year_data ==
2021 or year_data == 2022 :

93 #
checking i f the year i s not a l eap year

94 z = z [ : , 0 : −1 ] # cut t ing o f l a s t substance value (366) l e f t
from other years

95

96 he ight = 145366.45 ∗ (1 − ( y / 1013 .25) ∗∗ 0 .190284) / 3 .28084 /
1000 # ca l c u l a t i n g the he i gh t s from the

97
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# pre s su r e array in km
98

99 he i gh t_s l i c e = ( ( np . append ( he ight [ 1 : ] , 0) − he ight ) ∗ 0 . 5 ) + ( (
he ight − np . append (0 , he ight [ : −1 ] ) ) ∗ 0 . 5 )

100 #
ca l c u l a t i n g the he ight s l i c e to each he ight

101

102

103 pos = np . arange (−90 ,90+1 ,1) # c r e a t i n g
l a t i t u d e array (0 = equator )

104

105 i f year_data == 2005 or year_data == 2006 or year_data == 2007 or
year_data == 2009 or year_data == 2010 or \

106 year_data == 2011 or year_data == 2013 or year_data == 2014
or year_data == 2015 or year_data == 2017 \

107 or year_data == 2018 or year_data == 2019 or year_data ==
2021 or year_data == 2022 :

108 #
checking i f the year i s not a l eap year

109 temp = temp [ : , : , 0 : − 1 ] # cut t ing o f l a s t temperature value
(366) l e f t from other years

110

111 i f not substance == ’ Temperature ’ : # checking i f the
substance i s not Temperature

112 z = np . d i v id e ( z , temp [ p r e s su r e ] ) # d iv i d i ng the mixing
r a t i o by Temperature

113

114

115

116 i f year_data == year_data_start : # checking i f i t i s the
s t a r t year in the loop

117 a l l_z = z # f i l l i n g a l l_z with z
118 e l s e : # f o r a l l other years
119 a l l_z = np . append ( al l_z , z , ax i s =1) # appending a l l_z

with z
120 a l l_z = np .ma. array ( al l_z , mask=np . i snan ( a l l_z ) ) #

masking the NaN va lue s f o r a l l_z substance va lue s
121

122 i f not substance == ’ Temperature ’ : # check ing i f the substance
i s not Temperature

123 a l l_z = al l_z ∗ y [ p r e s su r e ] ∗ 100 / (1 .38064852 ∗ 10∗∗(−23) ) ∗
(1/10∗∗6) # trans forming ppmv/T to molec per cm3

124

125 i f not substance == ’ Temperature ’ : # check ing i f the substance
i s not Temperature

126 a l l_z = al l_z ∗ he i gh t_s l i c e [ p r e s su r e ] ∗ 100000 ∗ 10000 #
mul t ip ly ing a l l_z by he ight and un i t c o r r e c t i o n

127 #
fo r j u s t on area

128

129 i f not substance == ’ Temperature ’ : # check ing i f the substance
i s not Temperature

130 i f p r e s su r e == pressure_low : # check ing i f i t i s the
lowest p r e s su r e

131 all_p_z = al l_z / (2 .6867 ∗ 10 ∗∗ 20) # conver t ing to
Dobson un i t s

132 e l s e : # f o r a l l other p r e s su r e s
133 all_p_z = np . add ( all_p_z , ( a l l_z / (2 .6867 ∗ 10 ∗∗ 20) ) )
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# conver t ing to Dobson un i t s
134 e l s e : # excecpt ion f o r substance Temperature
135 i f p r e s su r e == pressure_low : # check ing i f i t i s the lowest

p r e s su r e
136 all_p_z = al l_z # l eav ing the va lue s j u s t

t r a n s f e r r i n g them to all_p_z
137 e l s e : # f o r a l l other p r e s su r e s
138 all_p_z = np . add ( all_p_z , ( a l l_z ) ) # l eav ing the va lue s

j u s t t r a n s f e r r i n g them to all_p_z
139

140 i f substance == ’ Temperature ’ : # check i f substance i s
Temperature

141 all_p_z = all_p_z / ( pressure_high − pressure_low + 1) #
averag ing temperature over he i gh t s

142

143

144 start_date = datet ime . date ( year_data_start , 1 , 1 ) # ex t r a c t i n g the s t a r t
date from date s t r i n g

145 end_date = datet ime . date ( year_data_end , 12 , 31 ) # ex t r a c t i n g the end
date from date s t r i n g

146 date = np . arange ( start_date , end_date + datet ime . t imede l ta ( days=1) , dtype=’
datet ime64 [D] ’ )

147 # cr ea t i n g a date array
from s t a r t to end

148

149 all_p_z = np . subt rac t ( all_p_z , np . average ( all_p_z ) ) # conver t ing va lue s
to d i f f e r e n c e s from the average

150

151

152 h = ax . pcolormesh ( date , x , all_p_z/ substance_unit_factor , cmap=’RdBu_r ’ ) #
c r e a t i n g the f i r s t heatmap o f z array over

153 #
la t i t u d e vec to r and pre s su r e vec to r

154

155

156 ax . xax i s . set_major_locator ( mdates . YearLocator ( ) ) # s e t t i n g
the x ax i s major l o c a t o r s years

157 ax . xax i s . set_major_formatter ( mdates . DateFormatter ( ’%Y’ ) ) # s e t t i n g
years f o r l a b e l i n g on the x ax i s

158 ax . xax i s . set_minor_locator ( mdates . MonthLocator ( ) ) # s e t t i n g
the x ax i s minor l o c a t o r s to month

159

160

161

162 d i v i d e r = make_axes_locatable ( ax ) # move co l o rba r
163 cax = p l t . g c f ( ) . add_axes ( [ 0 . 8 5 , 0 . 15 , 0 . 05 , 0 . 7 ] ) # new axes f o r

c o l o r bar
164 cb = f i g . c o l o rba r (h , cax=cax , o r i e n t a t i o n=’ v e r t i c a l ’ ) # c r e a t i n g

co l o rba r
165 cb . s e t_ labe l ( ’O3 dev i a t i on from average in Dobson un i t s ’ , r o t a t i on = 90)

# l a b e l i n g and ro t a t i n g i t
166

167

168

169 ax . s e t_x labe l ( ’Time ’ , f o n t s i z e =15) # l a b e l i n g x ax i s
170 ax . s e t_y labe l ( ’ Lat i tude in ’ , f o n t s i z e =15) # l a b e l i n g y

ax i s
171 ax . s e t_ t i t l e ( substance + ’ column from he ight : ’ + s t r (np . round ( he ight [
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pressure_low ] , 2) ) + ’ km to he ight : ’
172 + s t r (np . round ( he ight [ pressure_high ] , 2) ) + ’ km ’ ) #

l a b e l i n g p l o t i n c l ud ing substance and he ight range
173

174 p l t . show ( ) # show p lo t window

Listing 2: Program 2

1 import numpy as np
2 import matp lo t l i b . pyplot as p l t
3 import mat73
4 import datet ime
5 from ca lendar import monthrange
6 import os
7 from sc ipy . i n t e r p o l a t e import inte rp1d
8

9

10 """ Creat ing a l a t i t u d e range averaged and month averaged substance
concent ra t i on p l o t t ed f o r each he ight over the

11 concent ra t i on comparing p a r t i c u l a r months between years h i g h l i g h t i n g one
year with p l o t on the r i gh t that d i s p l a y s the

12 concent ra t i on dev i a t i on from the average f o r each he ight f o r aforement ioned
h i gh l i gh t ed year """

13

14

15 sub s tance_ l i s t = [ ’HCl ’ , ’ClO ’ , ’H2O ’ , ’O3 ’ , ’CH3Cl ’ , ’SO2 ’ ] # making
array with a l l substance names

16

17 f o r substance in subs tance_ l i s t : # loop through a l l substances
18 pr in t ( substance ) # pr in t substance name to know

prog r e s s
19

20 year_start = 2005 # s e t t i n g s t a r t i n g year
21 year_end = 2022 # s e t t i n g ending year
22 northern_lat i tude = 60 # s e l e c t i n g more northern l a t i t u d e b a r r i e r (

only works , i f both are e i t h e r southern or
23 # northern hemisphere )
24 southern_lat i tude = 45 # s e l e c t i n g more southern l a t i t u d e b a r r i e r
25 height_l = −1 # s e l e c t i n g lower l im i t f o r s e l e c t e d he ight range (−1

s e l e c t s whole range , l owest p r e s su r e )
26 height_h = −1 # s e l e c t i n g h igher l im i t f o r s e l e c t e d he ight range (−1

s e l e c t s whole range , h i ghe s t p r e s su r e )
27 mon_list = np . arange (1 , 13 , 1) # making array with a l l

months o f the year
28 height_lower = height_l # f o r r e s e t t i n g these va lue s a f t e r new

substance and j u s t f o r putt ing the s e t t i n g up there
29 height_higher = height_h # fo r r e s e t t i n g these va lue s a f t e r new

substance and j u s t f o r putt ing the s e t t i n g up there
30

31 f o r mon in mon_list : # loop over month array
32 pr in t (mon) # pr in t month to know prog r e s s
33 i f mon >= 10 and year_end == 2022 : # checking f o r October ,

November and December o f 2022
34 year_end = 2021 # cut t ing out 2022 October ,

November and December
35

36 f i g = p l t . f i g u r e ( f i g s i z e =(12 , 8) , constra ined_layout=False ) #
c r e a t i n g p l o t window

37 ax = f i g . add_subplot (1 , 2 , 1) # c r e a t i n g p l o t area 1
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38 ay = f i g . add_subplot (1 , 2 , 2) # c r e a t i n g p l o t area 2
39

40 i f substance == ’CH3Cl ’ : # s e t t i n g the x ax i s l im i t s , cu t t i ng o f f
h e i gh t s with miss ing data , s e l e c t i n g

41 # maximum/minimum data i f s e l e c t e d by −1
and s e t t i n g un i t f o r a l l substances

42 substance_unit = ’ppmv ’
43 xlim_low = −0.1∗10∗∗9
44 xlim_high = 1.6∗10∗∗9
45 i f height_lower == −1:
46 height_lower = 6
47 i f he ight_higher == −1:
48 height_higher = 14
49 i f not ( ( nor thern_lat i tude >= 25 and southern_lat i tude >= 25) or

(
50 northern_lat i tude <= −25 and southern_lat i tude <= −25) )

:
51 pr in t ( ’Watch out ! Changed he ight ! ’ )
52 i f height_lower <= 8 :
53 height_lower = 8
54 i f he ight_higher <= 8 :
55 height_higher = 8
56 i f substance == ’ClO ’ :
57 substance_unit = ’ppmv ’
58 xlim_low = 0 ∗ 10 ∗∗ 8
59 xlim_high = 1 ∗ 10 ∗∗ 8
60 i f height_lower == −1:
61 height_lower = 9
62 i f he ight_higher == −1:
63 height_higher = 16
64 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90)

or (
65 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
66 pr in t ( ’Watch out ! Changed he ight ! ’ )
67 i f height_lower <= 9 :
68 height_lower = 9
69 i f he ight_higher <= 9 :
70 height_higher = 9
71 i f substance == ’H2O ’ :
72 substance_unit = ’ppmv ’
73 xlim_low = −0.20∗10∗∗13
74 xlim_high = 1.2∗10∗∗13
75 i f height_lower == −1:
76 height_lower = 7
77 i f he ight_higher == −1:
78 height_higher = 37
79 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or

(
80 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
81 pr in t ( ’Watch out ! Changed he ight ! ’ )
82 i f height_lower <= 13 :
83 height_lower = 13
84 i f he ight_higher <= 13 :
85 height_higher = 13
86 i f substance == ’HCl ’ :
87 substance_unit = ’ppmv ’
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88 xlim_low = −0.25∗10∗∗9
89 xlim_high = 4∗10∗∗9
90 i f height_lower == −1:
91 height_lower = 7
92 i f he ight_higher == −1:
93 height_higher = 19
94 i f substance == ’O3 ’ :
95 substance_unit = ’ppmv ’
96 xlim_low = −0.25 ∗ 10∗∗12
97 xlim_high = 6 .5 ∗ 10∗∗12
98 i f height_lower == −1:
99 height_lower = 8

100 i f he ight_higher == −1:
101 height_higher = 37
102 i f not ( ( nor thern_lat i tude >= −70 and southern_lat i tude >= −70)

or (
103 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
104 pr in t ( ’Watch out ! Changed he ight ! ’ )
105 i f height_lower <= 10 :
106 height_lower = 10
107 i f he ight_higher <= 10 :
108 height_higher = 10
109 i f not ( ( nor thern_lat i tude >= 45 and southern_lat i tude >= 45) or

(
110 northern_lat i tude <= −45 and southern_lat i tude <= −45) )

:
111 pr in t ( ’Watch out ! Changed he ight ! ’ )
112 i f height_lower <= 13 :
113 height_lower = 13
114 i f he ight_higher <= 13 :
115 height_higher = 13
116 i f substance == ’SO2 ’ :
117 substance_unit = ’ppmv ’
118 xlim_low = −4∗10∗∗9
119 xlim_high = 6∗10∗∗9
120 i f height_lower == −1:
121 height_lower = 5
122 i f he ight_higher == −1:
123 height_higher = 11
124 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or

(
125 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
126 pr in t ( ’Watch out ! Changed he ight ! ’ )
127 i f height_lower <= 8 :
128 height_lower = 8
129 i f he ight_higher <= 8 :
130 height_higher = 8
131 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or

(
132 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
133 pr in t ( ’Watch out ! Changed he ight ! ’ )
134 i f height_lower >= 10 :
135 height_lower = 10
136 i f he ight_higher >= 10 :
137 height_higher = 10
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138 i f substance == ’ Temperature ’ :
139 substance_unit = ’K’
140 xlim_low = −0.1∗10∗∗21
141 xlim_high = 1.4∗10∗∗21
142 i f height_lower == −1:
143 height_lower = 8
144 i f he ight_higher == −1:
145 height_higher = 37
146 i f not ( ( nor thern_lat i tude >= −70 and southern_lat i tude >= −70)

or (
147 northern_lat i tude <= −90 and southern_lat i tude <= −90) )

:
148 pr in t ( ’Watch out ! Changed he ight ! ’ )
149 i f height_lower <= 10 :
150 height_lower = 10
151 i f he ight_higher <= 10 :
152 height_higher = 10
153 i f not ( ( nor thern_lat i tude >= 45 and southern_lat i tude >= 45) or

(
154 northern_lat i tude <= −45 and southern_lat i tude <= −45) )

:
155 pr in t ( ’Watch out ! Changed he ight ! ’ )
156 i f height_lower <= 14 :
157 height_lower = 14
158 i f he ight_higher <= 14 :
159 height_higher = 14
160

161 i f substance_unit == ’ppmv ’ : # s e t t i n g the substance un i t
f a c t o r s f o r conver s i on to ppmv

162 substance_unit_factor = 1
163 i f substance_unit == ’ppbv ’ :
164 substance_unit_factor = 1000
165 i f substance_unit == ’ pptv ’ :
166 substance_unit_factor = 1000000
167

168

169

170 f o r year_data in np . arange ( year_start , year_end+1, 1) :
# loop ing over s e l e c t e d years

171 pr in t ( year_data )
# pr i n t i n g the year , to s ee the p rog r e s s

172

173 data_f i l e = ’Data/MLS_gridded_ ’ + s t r ( year_data ) + ’−01−01_’ +
s t r ( year_data ) + ’ −12−31.mat ’ # de f i n i n g

174

# f i l e name
175 mat = mat73 . loadmat ( data_f i l e , u s e_at t rd i c t=True ) [ ’

MLS_gridded_tmp ’ ] # import ing mat f i l e and changing from
176

# one d i c t i ona ry key to keys in i t
177

178

179 start_date = datet ime . date (1 , 1 , 1 ) + \
180 datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [0]−365−2)
181

# ext r a t i ng the s t a r t date from date s t r i n g
182
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183 i f year_data == 2004 or year_data == 2008 or year_data == 2012
or year_data == 2016 or year_data == 2020 :

184

# checking i f i t ’ s a l eap year
185 end_date = datet ime . date (1 , 1 , 1 ) + \
186 datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [−1]−365−2)
187

# ext r a t i ng the end date from date s t r i n g
188

189 i f year_data == 2005 or year_data == 2006 or year_data == 2007
or year_data == 2009 or year_data == 2010 \

190 or year_data == 2011 or year_data == 2013 or year_data
== 2014 or year_data == 2015 or year_data \

191 == 2017 or year_data == 2018 or year_data == 2019 or
year_data == 2021 or year_data == 2022 :

192

# checking i f i t ’ s not a l eap year
193 end_date = datet ime . date (1 , 1 , 1) + \
194 datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [ −2] − 365−2)
195

# ext r a t i ng the end date from date s t r i n g
196

197 p = mat . get ( substance , ’Not Found ’ ) . get ( ’ Pres sure ’ , ’Not Found ’
) # ex t r a c t i n g p r e s su r e vec o f one substance

198

# out o f d i c t
199

200 z = mat . get ( substance , ’Not Found ’ ) . get ( substance + ’
_f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]

201 # ext r a c t i n g
substance 2d ar rays f o r a l l dates out o f d i c t

202

203 x = np . arange (−90 , 91 , 1) # c r e a t i n g
l a t i t u d e vec to r

204 temp = mat . get ( ’ Temperature ’ , ’Not Found ’ ) . get ( ’ Temperature ’ +
’ _f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]

205 # ext r a c t i n g
the temperature array

206

207 new = np . arange (0 , 55 , 55/ z . shape [ 0 ] ) # making new
temperature g r id

208 o ld = np . arange (0 , 55 , 1) # making old
temperature g r id

209

210 p = np .ma. array (p , mask=np . i snan (p) ) # masking NaN
va lue s from pre s su r e array

211 z = np .ma. array ( z , mask=np . i snan ( z ) ) # masking NaN
va lue s from substance 2d array

212 temp = np .ma. array ( temp , mask=np . i snan ( temp) ) # masking NaN
va lue s from temperature array

213

214 pos = np . arange (−90 , 90+1 , 1) # c r e a t i n g
l a t i t u d e array (0 = equator )

215

216

217
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218 i f nor thern_lat i tude > 0 and southern_lat i tude > 0 : #
checking f o r northern hemisphere

219 # −>
leav ing a and be " as they are "

220 a_lat i tude = abs ( abs ( nor thern_lat i tude ) − 90) #
conver t ing i t to ang le to work with l a t e r formula

221 b_lat i tude = abs ( abs ( southern_lat i tude ) − 90) #
conver t ing second ang le

222 i f nor thern_lat i tude < 0 and southern_lat i tude < 0 : #
checking f o r southern hemisphere

223 # −>
th e r e f o r e changing r o l e s o f a and b

224 b_lat i tude = abs ( abs ( nor thern_lat i tude ) − 90) #
conver t ing i t to ang le to work with l a t e r formula

225 a_lat i tude = abs ( abs ( southern_lat i tude ) − 90) #
conver t ing second ang le

226

227

228 years = np . arange ( start_date . year , end_date . year + 1 , 1) #
making array o f a l l year s from s t a r t to end

229 k = 0 #
se t s t a r t va lue f o r k

230 mean_month = np . empty ( shape=len ( years ) ) #
c r ea t e empty mean_month vec to r

231

232 f o r y in years : # loop over years
233 f o r t in np . arange ( ( datet ime . date (y , mon , 1) − start_date ) .

days ,
234 ( datet ime . date (y , mon , monthrange (y , mon

) [ 1 ] ) − start_date ) . days + 1 , 1) :
235

# loop over a l l days o f the s e l e c t e d month
236 pr in t ( t ) # pr in t day in moth to check

prog r e s s
237 z_lat = z [ : , : , t ] [ : , southern_lat i tude + 90 :

nor thern_lat i tude + 90 + 1 ]
238 #

s l i c e s the l a t i t u d e s we s e l e c t e d out o f the array
239 temp_lat = temp [ : , : , t ] [ : , southern_lat i tude + 90 :

nor thern_lat i tude + 90 + 1 ]
240 #

s l i c e s the l a t i t u d e s we s e l e c t e d out o f the array
241 total_A = 0 # r e s e t t i n g

t o t a l area
242 temp_lat_new = np . z e ro s ( ( z . shape [ 0 ] , ( temp_lat [ : , : ] ) .

shape [ 1 ] ) ) # c r e a t i n g 2d zero matrix
243 f o r l in range ( z_lat . shape [ 1 ] ) : # loop over a l l

a f o r e s e l e c t e d l a t i t u d e s
244 i f substance == ’HCl ’ or substance == ’ClO ’ or

substance == ’SO2 ’ or substance == ’CH3Cl ’ :
245 #

checking i f substance i s HCl , ClO , SO2 or CH3Cl
246 interp_func = inte rp1d ( old , temp_lat [ : , l ] )

# i n t e r p o l a t e temperature array
247

248 i f substance == ’HCl ’ or substance == ’ClO ’ or
substance == ’SO2 ’ or substance == ’CH3Cl ’ :

249 #
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check ing i f substance i s HCl , ClO , SO2 or CH3Cl
250 temp_lat_new [ : , l ] = interp_func (new)

# putt ing on new " gr id "
251

252 e l s e : # check ing i f substance
i s not HCl , ClO , SO2 or CH3Cl

253 temp_lat_new [ : , l ] = temp_lat [ : , l ] #
putt ing o ld temp array as new one

254

255 temp_lat_new = np .ma. array ( temp_lat_new , mask=np .
i snan ( temp_lat_new) ) # masking the NaN va lue s

256

257 z_lat [ : , l ] = z_lat [ : , l ] ∗ (np . cos (np . rad ians (
a_lat i tude+l −0.5) ) −

258 np . cos (np . rad ians (
a_lat i tude+l +0.5) ) )

259 # mult ip ly ing each l a t i t u d e vec to r with
" area " ( without rad iu s and c i r cumfe rence )

260

261 z_lat [ : , l ] = z_lat [ : , l ] / temp_lat_new [ : , l ]
# d iv id e mixing r a t i o by temperature

262 i f any ( z_lat [ : , l ] . mask == False ) : #
checking i f any array ho lds any data

263 total_A = total_A + (np . cos (np . rad ians (
a_lat i tude+l − 0 . 5 ) ) −

264 np . cos (np . rad ians (
a_lat i tude+l + 0 . 5 ) ) )

265 # ca l c u l a t i o n o f the whole s e l e c t e d
area without the masked l a t i t u d e s

266 z_lat_sum = np . sum( z_lat , ax i s =1) #
summing 2d array over a l l l a t i t u d e s −> vector

267 z_lat_mean = z_lat_sum / total_A #
d i v i s i o n by the whole s e l e c t e d area

268

269 i f k == 0 : #
ent e r i ng in f i r s t t ry

270 c = z_lat_mean #
f i l l i n g the c matrix with ve c t o r s o f days

271 d = z_lat_mean . mask == True #
f i l l i n g the d matrix with mask ve c to r s o f days

272

273 k = 1 #
s e t t i n g the k to 1 f o r en t e r i ng e l s e branch

274 e l s e : #
e l s e branch

275 c = np . c_ [ c , z_lat_mean ] #
f i l l i n g the c matrix with ve c t o r s o f days

276 d = np . c_ [ d , z_lat_mean . mask == True ] #
f i l l i n g the d matrix with mask ve c to r s o f days

277

278 k = 0 # r e s e t t i n g the k
279 c = np .ma. array ( c , mask=d) # putt ing the

mask back on ( because i t got l o s t with np . c_)
280 c_mean = c . mean( ax i s =1) # c r e a t i n g the

mean over the days o f the c e r t a i n month
281 c = np . empty ( shape=len (p) ) # empty c
282

283 c_mean = c_mean ∗ p ∗ 100 / (1 .38064852 ∗ 10∗∗(−23) ) ∗
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(1/10∗∗6) # t r a n s i t i o n to molec per cm3
284

285

286

287 he ight = 145366.45∗(1 −(p /1013 .25) ∗∗0 .190284) / 3 .28084
/1000 # ca l c u l a t i n g he ight array in km

288

289 y_axis = ’ he ight ’ # choose he ight or
p r e s su r e

290 i f y_axis == ’p ’ : # checking i f p r e s su r e
was s e l e c t e d

291 i f year_data == year_start : # check ing i f the year
i s the s t a r t year

292 avg = c_mean # s e t t i n g the
c a l c u l a t ed va lue s in to avg array

293 avg_mask = c_mean . mask == True # c r e a t i n g mask
again

294 avg = np .ma. array ( avg , mask=avg_mask) #
putt ing the mask back on

295 e l s e : # check ing i f the year
i s not the s t a r t year

296 avg = np . c_ [ avg , c_mean ] # expanding the avg
array with c a l c u l a t ed va lue s

297 avg_mask = np . c_ [ avg_mask , c_mean . mask == True ] #
c r e a t i n g mask again f o r 2d

298 avg = np .ma. array ( avg , mask=avg_mask) #
f i l l i n g avg matrix with masked vec t o r s o f days

299

300 ax . p l o t (c_mean/ substance_unit_factor , p , marker=’D’ ,
c o l o r=’ black ’ , l a b e l=s t r ( y ) )

301

# plo t func t i on o f mean over p r e s su r e
302 i f y_axis == ’ he ight ’ : # checking i f he ight

was s e l e c t e d
303 i f year_data == year_start : # check ing i f the year

i s the s t a r t year
304 avg = c_mean # s e t t i n g the

c a l c u l a t ed va lue s in to avg array
305 avg_mask = c_mean . mask == True # c r e a t i n g mask

again
306 avg = np .ma. array ( avg , mask=avg_mask) #

putt ing the mask back on
307 e l s e : # check ing i f the year

i s not the s t a r t year
308 avg = np . c_ [ avg , c_mean ] # expanding the avg

array with c a l c u l a t ed va lue s
309 avg_mask = np . c_ [ avg_mask , c_mean . mask == True ] #

c r e a t i n g mask again f o r 2d
310 avg = np .ma. array ( avg , mask=avg_mask) #

f i l l i n g avg matrix with masked vec t o r s o f days
311 ax . p l o t (c_mean/ substance_unit_factor , he ight , marker=’D

’ , c o l o r=’ black ’ , l a b e l=s t r ( y ) , zorder=1)
312

# plo t func t i on o f mean over he ight
313

314

315 i f mon == 1 : # putt ing numbers in connect ion
to the month names
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316 month = ’ January ’
317 i f mon == 2 :
318 month = ’ February ’
319 i f mon == 3 :
320 month = ’March ’
321 i f mon == 4 :
322 month = ’ Apr i l ’
323 i f mon == 5 :
324 month = ’May ’
325 i f mon == 6 :
326 month = ’ June ’
327 i f mon == 7 :
328 month = ’ July ’
329 i f mon == 8 :
330 month = ’ August ’
331 i f mon == 9 :
332 month = ’ September ’
333 i f mon == 10 :
334 month = ’ October ’
335 i f mon == 11 :
336 month = ’November ’
337 i f mon == 12 :
338 month = ’December ’
339

340

341 i f y_axis == ’ he ight ’ : # checking i f y ax i s i s he ight
342 ax . set_ylim ( he ight [ height_lower ] , he ight [ he ight_higher ] ) #

s e t t i n g the l im i t s ( everyth ing e l s e 0)
343 ay . set_ylim ( he ight [ height_lower ] , he ight [ he ight_higher ] ) #

s e t t i n g the l im i t s ( everyth ing e l s e 0)
344 ax . s e t_y labe l ( ’ approximate a l t i t u d e in km ’ , f o n t s i z e =15) #

l a b e l i n g y ax i s
345 i f y_axis == ’p ’ : # checking i f y ax i s i s p r e s su r e
346 p l t . yl im (p [ np . argwhere (~np . i snan ( z ) ) [ 0 ] [ 0 ] ] , p [ np . argwhere

(~np . i snan ( z ) ) [ − 1 ] [ 0 ] ] )
347 #

se t t i n g the l im i t s ( everyth ing e l s e 0)
348 p l t . y s c a l e ( ’ l og ’ ) #

making y s c a l e l og
349 ax . s e t_y labe l ( ’ p r e s su r e in hPa ’ , f o n t s i z e =15) #

l a b e l i n g y ax i s
350

351 ax . set_xlim ( xlim_low/ substance_unit_factor , xlim_high/
substance_unit_factor )

352 #
se t t i n g the l im i t s f o r x (manual adjustment )

353 i f substance == ’O3 ’ or substance == ’CH3Cl ’ : #
s e t t i n g y l im i t s f o r a l l substances s epa r a t e l y

354 i f abs ( xlim_low ) > abs ( xlim_high ) :
355 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor /12 ,

abs ( xlim_low ) / substance_unit_factor /12)
356 e l s e :
357 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /12 ,

abs ( xlim_high ) / substance_unit_factor /12)
358 e l i f substance == ’HCl ’ or substance == ’H2O ’ :
359 i f abs ( xlim_low ) > abs ( xlim_high ) :
360 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor /8 ,

abs ( xlim_low ) / substance_unit_factor /8)
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361 e l s e :
362 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /8 ,

abs ( xlim_high ) / substance_unit_factor /8)
363 e l s e :
364 i f abs ( xlim_low ) > abs ( xlim_high ) :
365 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor /2 , abs

( xlim_low ) / substance_unit_factor /2)
366 e l s e :
367 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /2 ,

abs ( xlim_high ) / substance_unit_factor /2)
368 ax . s e t_ t i t l e ( ’ Average ’ + substance + ’ concent ra t i on in

s t r a t o sphe r e \n between l a t i t u d e s o f ’
369 + s t r ( southern_lat i tude ) + ’ and ’+ s t r (

nor thern_lat i tude ) + ’ in ’ + month , f o n t s i z e =10)
370

# se t t i n g t i t l e
371 ax . s e t_x labe l ( ’ average concent ra t i on o f ’ + substance + ’ in

molecu le s / c m ’ , f o n t s i z e =10) # l a b e l i n g x ax i s
372 i f os . path . e x i s t s ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude

) + ’ _to_ ’
373 + s t r ( nor thern_lat i tude ) + ’ _ +average ’ ) i s

Fa l se : # check ing i f path e x i s t s not
374 os . mkdir ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude ) + ’

_to_ ’
375 + s t r ( nor thern_lat i tude ) + ’ _ +average ’ )

# c r e a t i n g path
376 f o r year_se l e c t in range ( year_end − year_start + 1) :

# loop over years
377 ay . s e t_x labe l ( ’ d ev i a t i on from average concent ra t i on \n o f ’ +

substance + ’ in molecu le s / c m f o r ’
378 + s t r ( year_start + year_se l e c t ) , f o n t s i z e =10)

# l a b e l i n g x ax i s
379 i f y ea r_se l e c t > 0 :

# checking i f f i r s t year
380 ax . g e t_ l ine s ( ) [ yea r_se l e c t − 1 ] . s e t_co lo r ( " black " )

# putt ing l a s t s e l e c t e d year back to black
381 #ax . ge t_ l ine s ( ) [2017− year_start ] . s e t_co lo r (" l ime ")

# can be turned on to h i g h l i g h t s p e c i a l years
382 #ax . ge t_ l ine s ( ) [2017− year_start ] . set_zorder ( year_se l e c t + 2)

# can be turned on to h i g h l i g h t s p e c i a l years
383 #ax . ge t_ l ine s ( ) [2019− year_start ] . s e t_co lo r (" cyan ")

# can be turned on to h i g h l i g h t s p e c i a l years
384 #ax . ge t_ l ine s ( ) [2019− year_start ] . set_zorder ( year_se l e c t + 2)

# can be turned on to h i g h l i g h t s p e c i a l years
385 ax . g e t_ l ine s ( ) [ yea r_se l e c t ] . s e t_co lo r ( " red " )

# making s e l e c t e d year red in p l o t
386 ax . g e t_ l ine s ( ) [ yea r_se l e c t ] . set_zorder ( yea r_se l e c t + 2)

# putt ing s e l e c t e d year in foreground
387 ax . l egend ( )

# c r e a t i n g legend
388

389 ay . axv l i n e ( x=0, c o l o r=’ black ’ , zorder=1)
#

390 ay . p l o t ( ( avg [ : , y ea r_se l e c t ] − np . array ( avg . mean( ax i s =1) ) )
391 / substance_unit_factor , he ight , marker=’D’ , c o l o r=’ red ’

, l a b e l=s t r ( y ) , zorder=2)
392 # ax . p l o t (np . array ( avg . mean( ax i s =1) )
393 # /substance_unit_factor , he ight , marker=’D ’ , c o l o r =’cyan ’ ,
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l a b e l=s t r ( y ) , zorder=3) # can be ac t i va t ed to
394

# put average in p l o t
395 pr in t ( ’ producing images . . . ’ )

# pr in t h int when c r e a t i n g p i c t u r e s
396 i f os . path . e x i s t s ( s t r ( substance ) + ’_from_ ’ + s t r (

southern_lat i tude ) + ’ _to_ ’ + s t r ( nor thern_lat i tude )
397 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’

_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’
398 + s t r ( nor thern_lat i tude ) + ’ _ ’ + s t r (

year_se l e c t + year_start ) ) i s Fa l se :
399

# checking i f path e x i s t s not
400 os . mkdir ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude )

+ ’ _to_ ’ + s t r ( nor thern_lat i tude )
401 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’_from_ ’

+ s t r ( southern_lat i tude ) + ’ _to_ ’
402 + s t r ( nor thern_lat i tude ) + ’ _ ’ + s t r ( year_se l e c t

+ year_start ) ) # c r e a t i n g path
403 p l t . s a v e f i g ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude )

+ ’ _to_ ’ + s t r ( nor thern_lat i tude )
404 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’_from_ ’ +

s t r ( southern_lat i tude ) + ’ _to_ ’
405 + s t r ( nor thern_lat i tude ) + ’ _ ’ + s t r ( year_se l e c t

+ year_start ) + ’ / ’ + s t r (mon) + ’_’ + month
406 + ’_’ + s t r ( yea r_se l e c t + year_start ) + ’_’ +

substance + ’_’ + s t r ( southern_lat i tude )
407 + ’− ’ + s t r ( nor thern_lat i tude ) + ’ . png ’ ,

bbox_inches=’ t i g h t ’ ) # s a f e p i c tu r e to d i r e c t o r y
408 i f os . path . e x i s t s ( s t r ( substance ) + ’_from_ ’ + s t r (

southern_lat i tude ) + ’ _to_ ’ + s t r ( nor thern_lat i tude )
409 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’

_from_ ’ + s t r ( southern_lat i tude )
410 + ’ _to_ ’ + s t r ( nor thern_lat i tude ) + ’ _all

’ ) i s Fa l se : # check ing i f path e x i s t s not
411 os . mkdir ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude )

+ ’ _to_ ’ + s t r ( nor thern_lat i tude )
412 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’_from_ ’

+ s t r ( southern_lat i tude ) + ’ _to_ ’
413 + s t r ( nor thern_lat i tude ) + ’ _all ’ )

# c r e a t i n g path
414 p l t . s a v e f i g ( s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude )

+ ’ _to_ ’ + s t r ( nor thern_lat i tude )
415 + ’ _ +average ’ + ’ / ’ + s t r ( substance ) + ’_from_ ’ +

s t r ( southern_lat i tude ) + ’ _to_ ’
416 + s t r ( nor thern_lat i tude ) + ’ _all ’ + ’ / ’ + s t r (mon

) + ’_’ + month + ’_’
417 + s t r ( year_se l e c t + year_start ) + ’_’ + substance +

’_’ + s t r ( southern_lat i tude ) + ’− ’
418 + s t r ( nor thern_lat i tude ) + ’ . png ’ , bbox_inches=’

t i g h t ’ ) # s a f e p i c tu r e to d i r e c t o r y
419 ay . c l a ( ) # c l e a r ax i s
420 i f substance == ’O3 ’ or substance == ’CH3Cl ’ : #

s e t t i n g y l im i t s f o r a l l substances s epa r a t e l y
421 i f abs ( xlim_low ) > abs ( xlim_high ) :
422 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor /

12 , abs ( xlim_low ) / substance_unit_factor / 12)
423 e l s e :
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424 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /
12 ,

425 abs ( xlim_high ) / substance_unit_factor /
12)

426 e l i f substance == ’HCl ’ or substance == ’H2O ’ :
427 i f abs ( xlim_low ) > abs ( xlim_high ) :
428 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor /8 ,

abs ( xlim_low ) / substance_unit_factor /8)
429 e l s e :
430 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /8 ,

abs ( xlim_high ) / substance_unit_factor /8)
431 e l s e :
432 i f abs ( xlim_low ) > abs ( xlim_high ) :
433 ay . set_xlim(−abs ( xlim_low ) / substance_unit_factor / 2 ,

abs ( xlim_low ) / substance_unit_factor / 2)
434 e l s e :
435 ay . set_xlim(−abs ( xlim_high ) / substance_unit_factor /

2 , abs ( xlim_high ) / substance_unit_factor / 2)
436 ay . set_ylim ( he ight [ height_lower ] , he ight [ he ight_higher ] ) #

s e t t i n g the l im i t s ( everyth ing e l s e 0)
437 ay . s e t_x labe l ( ’ d ev i a t i on from average concent ra t i on \n o f ’ +

substance + ’ in molecu le s / c m f o r ’
438 + s t r ( year_se l e c t ) , f o n t s i z e =10) #

l a b e l i n g x ax i s
439 ax . c l a ( ) # c l e a r ax i s

Listing 3: Program 3

1 import numpy as np
2 import matp lo t l i b . pyplot as p l t
3 import mat73
4 import datet ime
5 from ca lendar import monthrange
6 import os
7 from sc ipy . i n t e r p o l a t e import inte rp1d
8 from matp lo t l i b . t i c k e r import NullFormatter
9 from matp lo t l i b . dates import MonthLocator , DateFormatter

10

11

12 """ Creat ing a l a t i t u d e range averaged substance column value f o r every day
p lo t t ed over an annual ax i s comparing

13 years h i g h l i g h t i n g one year and the average in c o l o r """
14

15

16 year_start = 2005 # s e l e c t i n g s t a r t i n g year
17 year_end = 2022 # s e l e c t i n g ending year
18 height_l = −1 # s e l e c t i n g lower l im i t f o r s e l e c t e d he ight range (−1

s e l e c t s whole range , l owest p r e s su r e )
19 height_h = −1 # s e l e c t i n g h igher l im i t f o r s e l e c t e d he ight range (−1

s e l e c t s whole range , h i ghe s t p r e s su r e )
20

21 northern_lat i tude = 60 # s e l e c t i n g more northern l a t i t u d e b a r r i e r ( only
works , i f both are e i t h e r southern or northern

22 # hemisphere )
23 southern_lat i tude = 45 # s e l e c t i n g more southern l a t i t u d e b a r r i e r
24

25 mon_list = np . arange (1 , 13 , 1) # making array with a l l months o f the
year

26
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27

28 sub s tance_ l i s t = [ ’CH3Cl ’ , ’H2O ’ , ’ClO ’ , ’SO2 ’ , ’HCl ’ , ’O3 ’ ] # making
array with a l l substance names

29

30 f o r substance in subs tance_ l i s t : # loop through a l l substances
31 pr in t ( substance ) # pr in t substance name to know

prog r e s s
32

33 height_lower = height_l # f o r r e s e t t i n g these va lue s a f t e r new
substance and j u s t f o r putt ing the s e t t i n g up there

34 height_higher = height_h # fo r r e s e t t i n g these va lue s a f t e r new
substance and j u s t f o r putt ing the s e t t i n g up there

35

36 f i g = p l t . f i g u r e ( f i g s i z e =(12 , 8) , constra ined_layout=False ) # c r ea t e
p l o t window

37 ax = f i g . add_subplot (1 , 1 , 1) # and p lo t area 1
38

39

40 i f substance == ’CH3Cl ’ : # s e t t i n g the l im i t s f o r a l l substances
41 substance_unit = ’ppmv ’
42 xlim_low = −0.1 ∗ 10 ∗∗ 9
43 xlim_high = 1 .6 ∗ 10 ∗∗ 9
44 i f height_lower == −1:
45 height_lower = 6
46 i f he ight_higher == −1:
47 height_higher = 14
48 i f not ( ( nor thern_lat i tude >= 25 and southern_lat i tude >= 25) or (
49 northern_lat i tude <= −25 and southern_lat i tude <= −25) ) :
50 pr in t ( ’Watch out ! Changed he ight ! ’ )
51 i f height_lower <= 8 :
52 height_lower = 8
53 i f he ight_higher <= 8 :
54 height_higher = 8
55 i f substance == ’ClO ’ :
56 substance_unit = ’ppmv ’
57 xlim_low = −6 ∗ 10 ∗∗ 8
58 xlim_high = 1 ∗ 10 ∗∗ 8
59 i f height_lower == −1:
60 height_lower = 9
61 i f he ight_higher == −1:
62 height_higher = 16
63 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or (
64 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
65 pr in t ( ’Watch out ! Changed he ight ! ’ )
66 i f height_lower <= 9 :
67 height_lower = 9
68 i f he ight_higher <= 9 :
69 height_higher = 9
70 i f substance == ’H2O ’ :
71 substance_unit = ’ppmv ’
72 xlim_low = −0.25 ∗ 10 ∗∗ 13
73 xlim_high = 4 .5 ∗ 10 ∗∗ 13
74 i f height_lower == −1:
75 height_lower = 7
76 i f he ight_higher == −1:
77 height_higher = 37
78 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or (
79 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
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80 pr in t ( ’Watch out ! Changed he ight ! ’ )
81 i f height_lower <= 13 :
82 height_lower = 13
83 i f he ight_higher <= 13 :
84 height_higher = 13
85 i f substance == ’HCl ’ :
86 substance_unit = ’ppmv ’
87 xlim_low = −0.25 ∗ 10 ∗∗ 9
88 xlim_high = 4 ∗ 10 ∗∗ 9
89 i f height_lower == −1:
90 height_lower = 7
91 i f he ight_higher == −1:
92 height_higher = 19
93 i f substance == ’O3 ’ :
94 substance_unit = ’ppmv ’
95 xlim_low = −0.25 ∗ 10 ∗∗ 12
96 xlim_high = 6 .5 ∗ 10 ∗∗ 12
97 i f height_lower == −1:
98 height_lower = 8
99 i f he ight_higher == −1:

100 height_higher = 37
101 i f not ( ( nor thern_lat i tude >= −70 and southern_lat i tude >= −70) or

(
102 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
103 pr in t ( ’Watch out ! Changed he ight ! ’ )
104 i f height_lower <= 10 :
105 height_lower = 10
106 i f he ight_higher <= 10 :
107 height_higher = 10
108 i f not ( ( nor thern_lat i tude >= 45 and southern_lat i tude >= 45) or (
109 northern_lat i tude <= −45 and southern_lat i tude <= −45) ) :
110 pr in t ( ’Watch out ! Changed he ight ! ’ )
111 i f height_lower <= 13 :
112 height_lower = 13
113 i f he ight_higher <= 13 :
114 height_higher = 13
115 i f substance == ’SO2 ’ :
116 substance_unit = ’ppmv ’
117 xlim_low = −4 ∗ 10 ∗∗ 9
118 xlim_high = 6 ∗ 10 ∗∗ 9
119 i f height_lower == −1:
120 height_lower = 5
121 i f he ight_higher == −1:
122 height_higher = 11
123 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or (
124 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
125 pr in t ( ’Watch out ! Changed he ight ! ’ )
126 i f height_lower <= 8 :
127 height_lower = 8
128 i f he ight_higher <= 8 :
129 height_higher = 8
130 i f not ( ( nor thern_lat i tude >= 90 and southern_lat i tude >= 90) or (
131 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
132 pr in t ( ’Watch out ! Changed he ight ! ’ )
133 i f height_lower >= 10 :
134 height_lower = 10
135 i f he ight_higher >= 10 :
136 height_higher = 10
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137 i f substance == ’ Temperature ’ :
138 substance_unit = ’K’
139 xlim_low = −0.1 ∗ 10 ∗∗ 21
140 xlim_high = 1 .4 ∗ 10 ∗∗ 21
141 i f height_lower == −1:
142 height_lower = 8
143 i f he ight_higher == −1:
144 height_higher = 37
145 i f not ( ( nor thern_lat i tude >= −70 and southern_lat i tude >= −70) or

(
146 northern_lat i tude <= −90 and southern_lat i tude <= −90) ) :
147 pr in t ( ’Watch out ! Changed he ight ! ’ )
148 i f height_lower <= 10 :
149 height_lower = 10
150 i f he ight_higher <= 10 :
151 height_higher = 10
152 i f not ( ( nor thern_lat i tude >= 45 and southern_lat i tude >= 45) or (
153 northern_lat i tude <= −45 and southern_lat i tude <= −45) ) :
154 pr in t ( ’Watch out ! Changed he ight ! ’ )
155 i f height_lower <= 14 :
156 height_lower = 14
157 i f he ight_higher <= 14 :
158 height_higher = 14
159

160 i f substance_unit == ’ppmv ’ : # s e t t i n g the substance un i t
f a c t o r s f o r conver s i on to ppmv

161 substance_unit_factor = 1
162 i f substance_unit == ’ppbv ’ :
163 substance_unit_factor = 1000
164 i f substance_unit == ’ pptv ’ :
165 substance_unit_factor = 1000000
166

167 f o r year_data in np . arange ( year_start , year_end+1, 1) : # loop ing
over s e l e c t e d years

168 pr in t ( year_data ) # pr i n t i n g
the year , to s ee the p rog r e s s

169

170 data_f i l e = ’Data/MLS_gridded_ ’ + s t r ( year_data ) + ’−01−01_’ + s t r (
year_data ) + ’ −12−31.mat ’ # de f i n i n g

171

# f i l e name
172 mat = mat73 . loadmat ( data_f i l e , u s e_at t rd i c t=True ) [ ’MLS_gridded_tmp ’

] # import ing mat f i l e and changing from
173

# one d i c t i ona ry key to keys in i t
174

175

176

177 start_date = datet ime . date (1 , 1 , 1 ) \
178 + datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [0]−365−2)
179 #

ext r a t i ng the s t a r t date from date s t r i n g
180

181 i f year_data == 2004 or year_data == 2008 or year_data == 2012 or
year_data == 2016 or year_data == 2020 :

182 #
checking i f i t ’ s a l eap year
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183 end_date = datet ime . date (1 , 1 , 1 ) \
184 + datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [−1]−365−2)
185 #

ext r a t i ng the end date from date s t r i n g
186

187 i f year_data == 2005 or year_data == 2006 or year_data == 2007 or
year_data == 2009 or year_data == 2010 \

188 or year_data == 2011 or year_data == 2013 or year_data ==
2014 or year_data == 2015 or year_data \

189 == 2017 or year_data == 2018 or year_data == 2019 or
year_data == 2021 or year_data == 2022 :

190 #
checking i f i t ’ s not a l eap year

191 end_date = datet ime . date (1 , 1 , 1) \
192 + datet ime . t imede l ta ( days=mat . get ( substance , ’Not

Found ’ ) . get ( ’ Date ’ , ’Not Found ’ ) [ −2] − 365 − 2)
193 #

ext r a t i ng the end date from date s t r i n g
194

195

196 p = mat . get ( substance , ’Not Found ’ ) . get ( ’ Pres sure ’ , ’Not Found ’ )
197 # ext r a c t i n g

pr e s su r e vec o f one substance out o f d i c t
198

199 z = mat . get ( substance , ’Not Found ’ ) . get ( substance + ’
_f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]

200 # ext r a c t i n g
substance 2d ar rays f o r a l l dates out o f d i c t

201

202

203 x = np . arange (−90 , 91 , 1) # c r e a t i n g l a t i t u d e
vec to r

204 temp = mat . get ( ’ Temperature ’ , ’Not Found ’ ) . get ( ’ Temperature ’ + ’
_f lagCleaned_strat ’ , ’Not Found ’ ) [ : , : , : ]

205 # ext r a c t i n g
the temperature array

206

207 new = np . arange (0 , 55 , 55/ z . shape [ 0 ] ) # new temperature
g r id

208 o ld = np . arange (0 , 55 , 1) # old temperature
g r id

209

210

211

212

213 p = np .ma. array (p , mask=np . i snan (p) ) # masking NaN
va lue s from pre s su r e array

214 z = np .ma. array ( z , mask=np . i snan ( z ) ) # masking NaN
va lue s from substance 2d array

215 temp = np .ma. array ( temp , mask=np . i snan ( temp) ) # masking NaN
va lue s from temperature array

216

217 pos = np . arange (−90 , 90+1 , 1) # c r e a t i n g
l a t i t u d e array (0 = equator )

218

219 a_height = 145366.45∗(1 −(p [ height_lower ] / 1013 . 2 5 ) ∗∗0 .190284) /
3 .28084 /1000 # ca l c u l a t i n g lower he ight

67



220 b_height = 145366.45∗(1 −(p [ he ight_higher ] / 1013 . 2 5 ) ∗∗0 .190284) /
3 .28084 /1000 # ca l c u l a t i n g upper he ight

221

222

223

224 i f nor thern_lat i tude > 0 and southern_lat i tude > 0 : # check ing
f o r northern hemisphere

225 # −>
leav ing a and be " as they are "

226 a_lat i tude = abs ( abs ( nor thern_lat i tude ) − 90) #
conver t ing i t to ang le to work with l a t e r formula

227 b_lat i tude = abs ( abs ( southern_lat i tude ) − 90) #
conver t ing second ang le

228 i f nor thern_lat i tude < 0 and southern_lat i tude < 0 : # check ing
f o r southern hemisphere

229 # −>
th e r e f o r e changing r o l e s o f a and b

230 b_lat i tude = abs ( abs ( nor thern_lat i tude ) − 90) #
conver t ing i t to ang le to work with l a t e r formula

231 a_lat i tude = abs ( abs ( southern_lat i tude ) − 90) #
conver t ing second ang le

232

233

234 years = np . arange ( start_date . year , end_date . year + 1 , 1) # making
a vec to r o f a l l years inc luded in the datase t

235 k = 0 # se t
s t a r t va lue f o r k

236 mean_month = np . empty ( shape=len ( years ) ) # c r ea t e
empty mean_month vec tor

237

238 f o r y in years : # loop over years
239 pr in t ( y ) # pr in t year f o r check ing p rog r e s s
240 i f y == 2004 or y == 2008 or y == 2012 or y == 2016 or y ==

2020 : # checking i f i t ’ s a l eap year
241 year_length = 366

# s e t t i n g l eap year l ength
242

243

244 year_array = np . arange ( datet ime . date (2004 , 1 , 1) , datet ime .
date (2004 , 12 , 31)

245 + datet ime . t imede l ta ( days=1) , dtype=
’ datet ime64 [D] ’ ) # c r e a t i n g date array

246

247

248 i f y == 2005 or y == 2006 or y == 2007 or y == 2009 or y ==
2010 or y == 2011 or y == 2013 or y == 2014 or \

249 y == 2015 or y == 2017 or y == 2018 or y == 2019 or y
== 2021 or y == 2022 :

250

# checking i f i t ’ s not a l eap year
251 year_length = 365

# s e t t i n g not l eap year l ength
252

253 year_array = np . arange ( datet ime . date (2004 ,1 ,1 ) , datet ime .
date (2004 ,12 ,30)

254 + datet ime . t imede l ta ( days=1) , dtype=
’ datet ime64 [D] ’ ) # c r e a t i n g date array

255
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256

257 c_overtime = np . z e ro s ( year_length ) # c r e a t i n g zero
array with year l ength

258

259 j = 0 # s e t t i n g s t a r t i n g
value f o r j

260 f o r mon in mon_list :
261 f o r t in np . arange ( ( datet ime . date (y , mon , 1) − start_date ) .

days ,
262 ( datet ime . date (y , mon , monthrange (y , mon

) [ 1 ] ) − start_date ) . days + 1 , 1) :
263 # loop

over a l l days o f the s e l e c t e d month
264 z_lat = z [ : , : , t ] [ : , southern_lat i tude + 90 :

nor thern_lat i tude + 90 + 1 ]
265 #

s l i c e s the l a t i t u d e s we s e l e c t e d out o f the array
266 temp_lat = temp [ : , : , t ] [ : , southern_lat i tude + 90 :

nor thern_lat i tude + 90 + 1 ]
267 #

s l i c e s the l a t i t u d e s we s e l e c t e d out o f the array
268 total_A = 0 #

r e s e t t i n g t o t a l area
269 temp_lat_new = np . z e ro s ( ( z . shape [ 0 ] , ( temp_lat [ : , : ] ) .

shape [ 1 ] ) ) # c r e a t i n g 2d zero matrix
270 f o r l in range ( z_lat . shape [ 1 ] ) : # loop

over a l l a f o r e s e l e c t e d l a t i t u d e s
271 i f substance == ’HCl ’ or substance == ’ClO ’ or

substance == ’SO2 ’ or substance == ’CH3Cl ’ :
272 #

checking i f substance i s HCl , ClO , SO2 or CH3Cl
273 interp_func = inte rp1d ( old , temp_lat [ : , l ] )

# i n t e r p o l a t e temperature array
274

275 i f substance == ’HCl ’ or substance == ’ClO ’ or
substance == ’SO2 ’ or substance == ’CH3Cl ’ :

276 #
checking i f substance i s HCl , ClO , SO2 or CH3Cl

277 temp_lat_new [ : , l ] = interp_func (new)
# putt ing on new " gr id "

278 e l s e : # check ing i f
substance i s not HCl , ClO , SO2 or CH3Cl

279 temp_lat_new [ : , l ] = temp_lat [ : , l ] #
putt ing o ld temp array as new one

280 temp_lat_new = np .ma. array ( temp_lat_new , mask=np .
i snan ( temp_lat_new) ) # masking the NaN va lues

281

282 i f substance == ’HCl ’ or substance == ’ClO ’ or
substance == ’SO2 ’ or substance == ’CH3Cl ’ :

283 #
checking i f substance i s HCl , ClO , SO2 or CH3Cl

284 i f height_lower >= 5 :
285 height_lower_psc = height_lower
286 e l s e :
287 height_lower_psc = 5
288 i f he ight_higher <= 12 :
289 height_higher_psc = height_higher
290 e l s e :
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291 height_higher_psc = 12
292 e l s e : # check ing

i f substance i s not HCl , ClO , SO2 or CH3Cl
293 i f height_lower >= 16 :
294 height_lower_psc = height_lower
295 e l s e :
296 height_lower_psc = 16
297 i f he ight_higher <= 23 :
298 height_higher_psc = height_higher
299 e l s e :
300 height_higher_psc = 23
301

302 #i f np . min ( temp_lat_new [ height_lower_psc :
height_higher_psc , : ] )

303 # <= 195.15 and np . min ( temp_lat_new [
height_lower_psc : height_higher_psc , : ] ) > 0 :

304 # pr in t ( ’ Error : PSC. ’ )
305 # pr in t (np . min ( temp_lat_new [ height_lower_psc :

height_higher_psc , : ] ) )
306 # sys . e x i t (1 )
307 # can

be ac t i va t ed to check f o r c ond i t i on s f o r PSC
308 z_lat [ : , l ] = z_lat [ : , l ] ∗ (np . cos (np . rad ians (

a_lat i tude+l −0.5) )
309 − np . cos (np . rad ians (

a_lat i tude+l +0.5) ) )
310 # mult ip ly ing each l a t i t u d e vec to r with

" area " ( without rad iu s and c i r cumfe rence )
311 z_lat [ : , l ] = z_lat [ : , l ] / temp_lat_new [ : , l ]

# d iv id e mixing r a t i o by temperature
312 i f any ( z_lat [ : , l ] . mask == False ) :
313 total_A = total_A + (np . cos (np . rad ians (

a_lat i tude+l − 0 . 5 ) )
314 − np . cos (np . rad ians (

a_lat i tude+l + 0 . 5 ) ) )
315 # ca l c u l a t i o n o f the whole s e l e c t e d

area without the masked l a t i t u d e s
316 z_lat_sum = np . sum( z_lat , ax i s =1) #

summing 2d array over a l l l a t i t u d e s −> vector
317 z_lat_mean = z_lat_sum / total_A #

d i v i s i o n by the whole s e l e c t e d area
318 i f k == 0 : #

ent e r i ng in f i r s t t ry
319 c = z_lat_mean #

f i l l i n g the c matrix with ve c t o r s o f days
320 d = z_lat_mean . mask == True #

f i l l i n g the d matrix with mask ve c to r s o f days
321 k = 1 #

s e t t i n g the k to 1 f o r en t e r i ng e l s e branch
322 e l s e : #

e l s e branch
323 c = np . c_ [ c , z_lat_mean ] #

f i l l i n g the c matrix with ve c t o r s o f days
324 d = np . c_ [ d , z_lat_mean . mask == True ] #

f i l l i n g the d matrix with mask ve c to r s o f days
325 k = 0 # r e s e t t i n g the k
326 c = np .ma. array ( c , mask=d) # putt ing on the

mask back on ( because i t got l o s t with np . c_)
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327 c_mean = c # cr e a t i n g the mean
over the days o f the c e r t a i n month

328 c = np . empty ( shape=len (p) ) # empty c
329

330 f o r i in range (c_mean . shape [ 1 ] ) : # loop ing over
l ength o f month

331

332 c_mean [ : , i ] = c_mean [ : , i ] ∗ p ∗ 100 / (1 .38064852 ∗
10∗∗(−23) ) ∗ (1/10∗∗6)

333 # t r a n s i t i o n to
molec per cm3

334

335

336 he ight = 145366.45∗(1 −(p /1013 .25) ∗∗0 .190284) / 3 .28084
/1000 # ca l c u l a t i n g he ight array in km

337

338 he i gh t_s l i c e = ( ( np . append ( he ight [ 1 : ] , 0) − he ight ) ∗
0 . 5 ) \

339 + (( he ight − np . append (0 , he ight [ : −1 ] ) )
∗ 0 . 5 ) # c a l c u l a t i n g he ight s l i c e s f o r each

340

# height
341

342 c_mean [ : , i ] = c_mean [ : , i ] ∗ he i gh t_s l i c e ∗ 100000 ∗
10000 # mul t ip ly ing by he ight s l i c e and uni t

343

# co r r e c t i o n f o r j u s t on area
344

345 c_overtime [ j ] = np . sum(c_mean [ : , i ] [ height_lower :
he ight_higher +1] / (2 .6867 ∗ 10 ∗∗ 20) )

346

# conver s i on to Dobson un i t s
347

348 j = j + 1
# in c r e a s i n g j by 1

349

350 i f substance == ’O3 ’ :
# exc lud ing measurement e r r o r s

351 i f y == 2005 :
352 c_overtime [ 1 9 3 ] = np . nan
353 c_overtime [ 9 5 ] = np . nan
354 i f y == 2009 :
355 c_overtime [ 2 9 9 ] = np . nan
356 i f substance == ’ClO ’ :
357 i f y == 2007 :
358 c_overtime [ 2 0 0 ] = np . nan
359 c_overtime [ 2 1 0 ] = np . nan
360 c_overtime [ 2 1 1 ] = np . nan
361 i f substance == ’HCl ’ :
362 i f y == 2007 :
363 c_overtime [ 2 0 0 ] = np . nan
364 c_overtime [ 2 1 0 ] = np . nan
365 c_overtime [ 2 1 1 ] = np . nan
366

367

368 y_axis = ’ he ight ’ # choose he ight
or p r e s su r e

369 i f y_axis == ’p ’ : # checking i f
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pre s su r e was s e l e c t e d
370 p l t . p l o t ( year_array , c_overtime/ substance_unit_factor ,

c o l o r=’ black ’ , l a b e l=s t r ( y ) )
371 # plo t func t i on

o f mean
372 i f y_axis == ’ he ight ’ : # checking i f

he ight was s e l e c t e d
373 i f year_data == 2022 : # checking i f

year i s 2022
374 p l t . p l o t ( year_array [ 0 : 2 7 3 ] , c_overtime [ 0 : 2 7 3 ]
375 / substance_unit_factor , c o l o r=’ black ’ , l a b e l=

s t r ( y ) , zorder=1)
376 # plo t func t i on

o f mean only f o r a v a i l a b l e va lue s f o r 2022
377 e l s e : # checking i f

year i s not 2022
378 p l t . p l o t ( year_array , c_overtime/ substance_unit_factor ,

c o l o r=’ black ’ , l a b e l=s t r ( y ) , zorder=1)
379 # plo t func t i on

o f mean
380

381 i f year_data == year_start : # checking i f
year i s s t a r t year

382 avg = c_overtime [ 0 : 3 6 5 ] / substance_unit_factor #
d iv i d i ng avg value by substance un i t f a c t o r

383 e l i f year_data == year_end : # checking i f
year i s end year

384 avg = avg + c_overtime [ 0 : 3 6 5 ] / substance_unit_factor
385 # div id i ng avg and

new years va lue sum by substance un i t f a c t o r
386 p l t . p l o t ( year_array , np . array ( avg )
387 / ( year_end − year_start + 1) , c o l o r=’ cyan ’ ,

l a b e l=’ average ’ , zorder=2)
388 # plo t func t i on

o f mean
389 e l s e : # check ing i f year

i s not s t a r t or end year
390 avg = avg + c_overtime [ 0 : 3 6 5 ] / substance_unit_factor
391 # div id i ng avg and

new years va lue sum by substance un i t f a c t o r
392 de l c_overtime # de l e t e c_overtime

va r i ab l e
393

394

395 i f y_axis == ’ he ight ’ : # checking i f y ax i s i s he ight
396 ax . s e t_y labe l ( ’ Average ’ + substance + ’ in Dobson un i t s ’ , f o n t s i z e

=15) # l a b e l i n g y ax i s
397 i f y_axis == ’p ’ : # checking i f y ax i s i s p r e s su r e
398 p l t . yl im (p [ np . argwhere (~np . i snan ( z ) ) [ 0 ] [ 0 ] ] , p [ np . argwhere (~np .

i snan ( z ) ) [ − 1 ] [ 0 ] ] )
399 # se t t i n g the l im i t s ( everyth ing

e l s e 0)
400 p l t . y s c a l e ( ’ l og ’ ) # making y s c a l e l og
401 ax . s e t_y labe l ( ’ p r e s su r e in hPa ’ , f o n t s i z e =15) # l a b e l i n g y ax i s
402

403 ax . xax i s . set_major_locator ( MonthLocator ( ) ) # s e t t i n g
the x ax i s major l o c a t o r s to month

404 ax . xax i s . set_minor_locator ( MonthLocator ( bymonthday=15) ) # pushing
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the x ax i s major l o c a t o r s to middle o f month
405 ax . xax i s . set_major_formatter ( NullFormatter ( ) ) # s e t t i n g

the major fo rmatte r to nothing
406 ax . xax i s . set_minor_formatter ( DateFormatter ( ’%b ’ ) ) # s e t t i n g

the minor fo rmatte r to month sho r t s
407

408 ax . s e t_ t i t l e ( ’ Average ’ + substance + ’ amount in atmosphere from ’ +
s t r (np . round ( a_height , 2) ) + ’ km to ’

409 + s t r (np . round ( b_height , 2) ) + ’ km between l a t i t u d e s o f ’
+ s t r ( southern_lat i tude ) + ’ and ’

410 + s t r ( nor thern_lat i tude ) + ’ ’ ) # s e t t i n g
t i t l e

411 ax . s e t_x labe l ( ’Day in r e s p e c t i v e year ’ , f o n t s i z e =15) # l a b e l i n g
x ax i s

412

413

414 i f os . path . e x i s t s ( ’ years_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’ +
s t r ( nor thern_lat i tude ) + ’ ’ ) i s Fa l se :

415

# checking i f path e x i s t s not
416 os . mkdir ( ’ years_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’ + s t r (

nor thern_lat i tude ) + ’ ’ ) # c r e a t i n g path
417

418 f o r year_se l e c t in range ( year_end − year_start + 1) : # loop ing
over years

419 pr in t ( year_se l e c t ) # pr in t
year to know prog r e s s

420 i f y ea r_se l e c t > 0 : # check i f
year not s t a r t year

421 p l t . gca ( ) . g e t_ l ine s ( ) [ yea r_se l e c t − 1 ] . s e t_co lo r ( " black " ) #
putt ing l a s t s e l e c t e d year back to black

422 p l t . gca ( ) . g e t_ l ine s ( ) [ yea r_se l e c t − 1 ] . set_zorder (1 ) #
putt ing l a s t s e l e c t e d year in background

423 #i f substance == ’O3 ’ : # can
be turned on to h i g h l i g h t s p e c i a l years

424 # pl t . gca ( ) . l i n e s [2017− year_start ] . s e t_co lo r (" l ime ") # can
be turned on to h i g h l i g h t s p e c i a l years

425 # pl t . gca ( ) . l i n e s [2017− year_start ] . set_zorder (3 ) # can
be turned on to h i g h l i g h t s p e c i a l years

426 p l t . gca ( ) . l i n e s [2017− year_start ] . s e t_co lo r ( " l ime " ) #
making 2017 as s e l e c t e d year l ime in p l o t

427 p l t . gca ( ) . l i n e s [2017− year_start ] . set_zorder (3 ) #
putt ing i t i n to foreground

428 p l t . gca ( ) . l i n e s [ yea r_se l e c t ] . s e t_co lo r ( " red " ) #
making s e l e c t e d year red in p l o t

429 p l t . gca ( ) . l i n e s [ yea r_se l e c t ] . set_zorder (4 ) #
putt ing i t i n to topmost foreground

430 p l t . l egend ( ) #
c r e a t i n g legend

431

432 i f os . path . e x i s t s ( ’ years_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’
+ s t r ( nor thern_lat i tude ) + ’ ’ + ’ / ’

433 + s t r ( substance ) + ’_from_ ’ + s t r (
southern_lat i tude ) + ’ _to_ ’ + s t r ( nor thern_lat i tude )

434 + ’ ’ ) i s Fa l se : #
checking i f path e x i s t s not

435 os . mkdir ( ’ years_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’ +
s t r ( nor thern_lat i tude ) + ’ ’ + ’ / ’
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436 + s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude ) +
’ _to_ ’ + s t r ( nor thern_lat i tude ) + ’ ’ )

437 #
cr ea t i n g path

438 p l t . s a v e f i g ( ’ years_from_ ’ + s t r ( southern_lat i tude ) + ’ _to_ ’ + s t r
( nor thern_lat i tude ) + ’ ’ + ’ / ’

439 + s t r ( substance ) + ’_from_ ’ + s t r ( southern_lat i tude ) +
’ _to_ ’ + s t r ( nor thern_lat i tude ) + ’ ’

440 + ’ / ’ + s t r ( year_se l e c t + year_start ) + ’_’ + substance
+ ’_’ + s t r ( southern_lat i tude ) + ’− ’

441 + s t r ( nor thern_lat i tude ) + ’ . png ’ , bbox_inches=’ t i g h t ’ )
# s a f e p i c tu r e to d i r e c t o r y

442

443 p l t . c l f ( ) # c l e a r p l o t

Listing 4: Program 4
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