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Abstract
The oxidizing capacity of the atmosphere, or the ability of the atmosphere to clean

itself of the pollutants that build up in the troposphere, is determined by oxidants
including ozone (O3), HOx radicals (OH and HO2), and hydrogen peroxide (H2O2).
O3 is the primary source for HOx radicals, while H2O2 is a key sink for HOx radicals
that terminates the rapid cycling between OH and HO2. The concentrations of the
HOx radicals and H2O2 are di�cult to measure directly, with scarce long term data
of H2O2 primarily available through ice core records. Given the lack of observational
data, much of our knowledge on the history of tropospheric oxidants relies on modeling
studies. We quantify the global H2O2 burden and trends between 1950 and 2014 from
the Community Earth System Model - Whole Atmosphere Community Climate Model
version 6 (CESM2-WACCM6). This is a global chemistry-climate model, with each
of the 13 ensemble members simulating the historical period. Each has a miniscule
di↵erence in their initial conditions, and subsequently yield di↵erent responses when
reacting to the same external forcing. In this study, we discern where H2O2 is increasing
in the troposphere, particularly in the Southern Hemisphere and over Antarctica. We
quantify a rate of increase for the H2O2 annual burden, noting the rise beginning in
the 1970’s and growing from 14% in the 1970’s to 34% in the 2000’s, with respect
to the burden in the 1950’s. We find that changes in globally averaged annual mean
H2O2 are most strongly correlated with changes in ozone, whereas over Antarctica, the
strongest relationships for H2O2 trends occur with ozone photolysis rates. This aligns
well with previous ice core and modelling studies in the literature. Lastly, we also find
evidence of stratospheric ozone depletion having no discernible impact on global H2O2

burden changes using an additional parallel set of simulations holding ozone depleting
substances at 1950 levels.
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1 Motivation

Despite numerous studies on O3 and OH, few studies focus on quantifying tropospheric
H2O2 burden change specifically. This thesis focuses aims to to expand knowledge on the
changes in H2O2 burden in the troposphere including where it has been increasing in recent
decades, mechanisms for why its increase, and how this may vary globally versus regionally.
In a deviation from the literature, my study focuses on H2O2 trends in the time period from
1950 to 2014, rather than comparisons between pre-industrial to present day. These decades
have yielded significant global increases in tropospheric ozone, coinciding with increases in
emissions of precursors that form ozone such as methane (Hoesly et al. 2018). The largest
increases in tropospheric ozone were found to occur after 1950 by Shindell, Faluvegi, Lacis,
et al. (2006), thus forming a reasonable starting point for our research. With few modeling
studies examining changes in H2O2 specifically, we want to understand why the atmospheric
burden of H2O2 has been increasing globally over time and its spatial distribution. I share
our e↵orts to understand how H2O2 has changed over the last few decades by analyzing
the trends in the atmospheric burden from the Community Earth System Model-Whole
Atmosphere Community Climate Model (CESM2-WACCM6). In the first section discussing
our findings, Section 4.1, I determine where tropospheric burden is distributed spatially and
quantify the changes globally in separated by the Northern and Southern Hemisphere, noting
a greater relative increase in H2O2 in the Southern Hemisphere. I discuss the sinks for H2O2

in the following section, Section 4.2 and the atmospheric lifetime of H2O2 in Section 4.2.2.
I relate changes in hydrogen peroxide to changes in its precursors of ozone and OH, along
with other species that can contribute to H2O2 fluctuations in Section 4.3, noting which
chemical species are more strongly related to changes in H2O2. Then, I analyze how the
ozone photolysis rate relates to H2O2 and introduce an additional proxy of jO(1D)⇥O3 to
relate to global H2O2 in Section 4.4. In Section 4.5, which relies on results from ice core
measurements, I establish how the tracers for H2O2 change in prior sections have a di↵erent
relationship with H2O2 over Antarctica, especially at the surface level. Lastly, I provide
evidence for how stratospheric ozone depletion influences global tropospheric H2O2.

2 Introduction

The abundances of several oxidants, termed the oxidizing capacity of the atmosphere,
largely determines the removal rates of pollutants from the atmosphere. Key trace gas ox-
idants that contribute heavily to the oxidizing capacity include ozone (O3), the hydroxyl
radical (OH), and hydrogen peroxide (H2O2). As OH reacts with many pollutants, the
availability of OH determines the lifetime of many emissions and their products in the tro-
posphere. This has implications for air quality and climate change, as understanding the
oxidative capacity of the atmosphere improves understanding of the atmosphere’s ability to
clean itself of both anthropogenic and natural pollutants including reactive greenhouse gases.

Our primary oxidants are chemically related as follows: OH often reacts in a catalytic
cycle with HO2, and they are often referred to together as the HOx radicals. Ozone serves as
a precursor of OH, while the formation of hydrogen peroxide is a removal mechanism for HOx

from the troposphere. The role of H2O2 as a HOx sink is vital to a complete understanding of
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the fluctuations in the troposphere’s overall oxidative capacity. There is much to be expanded
in the literature on the historical trends for the H2O2 oxidant specifically. Accordingly, our
research focuses primarily on H2O2 and its changes.

2.1 Simplified HOx Chemistry

In this section, we introduce the basic chemistry to understand how our main oxidants of
study (O3, OH, and H2O2) are produced in the troposphere and how they are related to one
another. Ozone primarily forms in the troposphere by reaction with hydrocarbons, carbon
monoxide (CO), and nitrogen oxides (NOx), and is also transported from the stratosphere
downward into the troposphere (Calvert et al. 2015). Solar radiation of wavelength 240-320
nm dissociates O3 to excited states of O and O2 (Seinfeld and Pandis 2016), as shown in
Reaction 1.

O3 + hv ��! O(1D) + O2 (1)

When O(1D) collides with water vapor, it forms two OH radicals. This is described by
Reaction 2:

O(1D) + H2O ��! 2OH (2)

The OH radical frequently reacts with CO to form CO2 and hydrogen, with the hydrogen
atom quickly reacting with O2 to form HO2, the hydroperoxyl radical, HO2, and carbon
dioxide, CO2. These reactions are described in the shortened form by Reaction 3.

CO + OH
O2��! CO2 +HO2 (3)

In the presence of NOx, HO2 reacts with NO to form NO2 and OH, as in Reaction 4 (Seinfeld
and Pandis 2016):

HO2 +NO ��! NO2 +OH (4)

Then, given su�cient NO concentrations of 20 ppt, there is a rapid cycling that can occur
between OH and HO2, where Reaction 3 generates HO2 that converts back to OH with
Reaction 4 (Calvert et al. 2015). The OH and NO2 products can react to form nitric acid,
HNO3, which removes HOx and NOx radicals as described by Reaction 5:

OH + NO2 +M ��! HNO3 +M (5)

In the remote troposphere, where NO concentrations are often below 20 ppt, HO2 will
not always react with NO, as described by Reaction 4(Calvert et al. 2015). Instead, the
following HO2 reactions are dominant and compete for HO2 (Calvert et al. 2015):

HO2 +HO2 ��! H2O2 +O2 (6)

HO2 + RO2 ��! ROOH+O2 (7)

with alkyl peroxy radicals denoted by RO2 and hydroperoxides denoted by ROOH (Seinfeld
and Pandis 2016). Reaction 6 describes the formation of hydrogen peroxide, H2O2, in the
troposphere. After H2O2 is produced, the main loss process for H2O2 is by dry and wet
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deposition, bringing reaction products to the surface and removing HOx radicals from con-
tinued interaction in the troposphere (Murray et al. 2014). This thesis work largely focuses
on the H2O2 loss from deposition as the primary hydrogen peroxide sink. However, H2O2 is
not always lost by this physical process. H2O2 can also act as a reservoir species for HOx by
photolyzing, and reaction with OH, as in (Seinfeld and Pandis 2016):

H2O2 + hv ��! OH+OH (8)

H2O2 +OH ��! HO2 +H2O (9)

I neglected to include the role of these additional sinks in balancing the H2O2 budget in my
analysis, focusing on the main depositional loss processes. The limitations of this simplifi-
cation and potential avenues to incorporate the role of Reactions 8 and 9 are described in
Section 4.2.3.

A summary of the main reactions in this section, describing the basic pathways to create
and remove HOx in the troposphere, is provided in a diagram in Figure 1 below.

Figure 1: Diagram of chemical reactions relating to the formation and removal of HOx in
the troposphere. The blue represents the sources of HOx and red represents the sinks.

7



2.2 Current knowledge of tropospheric H2O2

2.2.1 Observational studies

Much of the focus in the literature on our key oxidants has been centered on identifying
trends over time in ozone and OH. There is general acceptance of ozone increasing over
time in surface ozone in observational studies, with not much change from the late 1800’s
to around 1975, and large increases in remote and rural surface ozone from 1975 to the
present day (Tarasick et al. 2019). Increases of ozone have also been measured in the free
troposphere (Tarasick et al. 2019). Through ice cores, proxies can help estimate OH and
O3 change over longer time scales, prior to the pre-industrial era (Alexander and Mickley
2015; Sofen, Alexander, Steig, et al. 2014; Gillett et al. 2000). In this section, I provide an
overview of what is available in the literature regarding hydrogen peroxide trends, supported
by observational studies including rainwater, aqueous phase, gas-phase, precipitating snow,
surface snow, snow pit, hoarfrost, firn, and ice core measurements. The main findings are:

1. Typical surface level and near-surface volume mixing ratios for H2O2, and some mea-
surements at higher tropospheric altitudes

2. Greater H2O2 concentrations in Greenland than Antarctica

3. Clear seasonality in H2O2

4. Observed increases in H2O2 in recent decades

5. Some evidence of stratospheric ozone depletion motivating the increases in H2O2, along
with tropospheric chemistry changes.

Sparse and short-term gas-phase measurements of surface and near-surface H2O2 have
been taken since the 1990’s. The measurements can be compared to our own model estimates
and ensures that we have reasonable surface H2O2 concentrations for the nearby areas. The
first gas-phase H2O2 measured in Greenland yielded a range of 300-3500 ppt during June/July
1990 (Sigg, Sta↵elbach, and Neftel 1992). Later measurements include a mean volume mixing
ratio of 1000 ppt in May/June 1993 (Bales et al. 1995) and 650 ppt in June/July 2000 (Jacobi
et al. 2002). In Antarctica, the first gaseous H2O2 measurements were conducted by Jacob
and Klockow 1993 in December 1989/January 1990, where a mean H2O2 concentration of 394
ppt was observed. Other studies showed around 200-300 ppt in summer 1994 and between
1997 and 2000 (McConnell et al. 1997; Riedel et al. 2000; Hutterli, McConnell, Chen, et al.
2004), and 90-100 ppt in 1996 (McConnell et al. 1997). For 2000-2002, Frey, Stewart, et al.
(2005) measured H2O2 concentrations of 321 ± 158 ppt, 650 ± 176 ppt, and 330 ± 147 ppt
in December.

The gas-phase measurements also indicate that the surface concentration of H2O2 in
Greenland is greater than the Antarctic H2O2 concentration. However, these observations
are sparse and provide short-term data that are sensitive to varying meteorological conditions
that may alter their concentrations quickly. This highlights the need for a longer term,
consistent tracer of hydrogen peroxide, especially to understand H2O2 on a global scale,
which is available primarily through ice cores records. Ice cores hold the only centuries-
long, historical records of H2O2 change, allowing us to understand the changes between the
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Last Glacial Maximum, pre-industrial, and present day tropospheric burdens. Comparing
H2O2 from cores taken in both Greenland and Antarctica, the earliest ice cores analyzed
by Neftel, Jacob, and Klockow 1984 found significantly more H2O2 in the Greenland cores
than Antarctic ones. This shows that the Greenland H2O2 concentrations were higher over
a much longer time period, and not solely in the present day.

Neftel, Jacob, and Klockow (1984) also found a strong seasonal variation, with higher
H2O2 concentrations in summer and lower H2O2 in winter. Seasonal trends were a�rmed in
additional Antarctic ice cores taken by Gillett et al. (2000), firn and ice core measurements for
both Greenland and Antarctica in Sigg and Neftel (1988), and surface snow measurements
from McConnell et al. 1997. This seasonality is also supported by rainwater (Bufalini et
al. 1979; Kok 1980) and aqueous-phase measurements (Kelly, Daum, and Schwartz 1985).
However, in other observations, there was a weakening or lack of seasonal trend. Sigg,
Sta↵elbach, and Neftel 1992 found in Greenland firns that the seasonality started to weaken
with increasing depth and even disappears after the transition from firn to ice. In Antarctic
firn measurements below 2m and pit measurements by Jacob and Klockow (1993), there were
no seasonal H2O2 trends detected. Sigg, Sta↵elbach, and Neftel (1992) identifies di↵erences
in accumulations as the likely cause for the lack of H2O2 preservation in snow and ice.
After conducting snow pit and ice core studies in Antarctica, Frey, Bales, and McConnell
(2006) emphasized that areas of high accumulation and low temperatures create the best
conditions for H2O2 preservation. This emphasizes a potential limitation in using these
measurements. In some areas of Antarctica, such as the WAIS Divide, it can be di�cult to
estimate accumulations of the past, due to inconsistencies in the relationship between the
accumulation record and the Antarctic Oscillation (Banta et al. 2008). A similar physical
process, snow formation, is also identified as a potential cause of the inconsistencies between
Greenland and Antarctic ice core H2O2 concentrations in Neftel, Jacob, and Klockow (1984).

In the last few centuries, there is a clear trend of increases in H2O2, found in both
Greenland and Antarctic ice cores. Two key studies of Greenland ice cores estimated an
increase of 50% over the last 200 years (Sigg and Neftel 1991) and a quantified increase of
60± 12% in the last 150 years (Anklin and Bales 1997). In Antarctica, Gillett et al. (2000)
found pre-industrial H2O2 concentrations of 1.0µ mol L�1 to 1.2µmol L�1 in their ice cores
and present day concentrations of 1.6µ mol L�1 to 2.1µ mol L�1, indicating an increase
over the past few centuries. Further ice core studies constrain the more recent increases,
attempting to identify a time period that the most significant changes occurred. In 23 ice
cores drilled across Antarctica, Frey, Bales, and McConnell (2006) reported a large increase
in H2O2 concentrations starting in the late 1950’s or later, apparent in all cores. Sigg and
Neftel (1991) suggests 1960 to 1988 as a time period of H2O2 increase.

A commonly suggested mechanism in the literature for the H2O2 increase in recent
decades is the stratospheric ozone depletion across the 1980’s and 1990’s. Frey, Stewart,
et al. (2005) identifies a negative correlation between surface stratospheric O3 and H2O2 in
Antarctic gas-phase measurements. However, a conflicting result from Riedel et al. (2000)
found that gas-phase H2O2 measurements taken during the stratospheric ozone depletion
periods were no di↵erent from the typical winter concentrations. Anklin and Bales (1997)
identifies that increased UV-B radiation stimulating the photolysis of ozone to OH and there-
fore increasing H2O2 is not the only process that increases H2O2. They suggest changes in
tropospheric chemistry have to also be accounted for in driving tropospheric H2O2.
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2.2.2 Modeling studies

Modeling studies that explore changes from tropospheric pre-industrial H2O2 to present
day H2O2 are slightly more plentiful in the literature. The change between the pre-industrial
H2O2 to present day H2O2 burden relative to pre-industrial levels spans a large range, from
31% in Murray et al. 2014 to 100% in Berntsen et al. 1997 (Murray et al. 2014; Grenfell
et al. 2001; Sofen, Alexander, and Kunasek 2011; Berntsen et al. 1997). Berntsen et al. 1997
and Grenfell et al. 2001 also quantify changes in the Northern and Southern Hemisphere
separately. These values are all summarized in Table 1. From these studies, we see an overall
global increase in H2O2 from the pre-industrial era to the present day. Over Greenland, the
change in tropospheric H2O2 burden was quantified as a 44% increase when comparing the
pre-industrial to present day change at 3 km in Martinerie, Brasseur, and Granier 1995,
while Wang and Jacob 1998 stated a 2.5 factor increase. Sofen, Alexander, and Kunasek
2011 quantified a global tropospheric mean increase of 58% from the pre-industrial to the
present day, with a spatial map suggesting a maximum increase of around 600 ppt change
over Antarctica.

Reference Global Change NH Change SH Change

Berntsen et al. (1997) 100% 117% 80%

Grenfell et al. (2001) 88% 101% 75%

Sofen et al. (2011) 58% 65% ± 3%* -

Murray et al. (2014) 31% - -
*
For surface to 8.1 km altitude

Table 1: Relative changes in H2O2 tropospheric mean from pre-industrial to
present in the literature

3 Methods

The model used for our analysis was the Community Earth System Model-Whole At-
mosphere Community Climate Model (CESM2-WACCM6). CESM2 is an Earth system
model that describes how di↵erent aspects of the Earth system, such as the land, sea ice,
ocean (etc.), interact. CESM2 can be configured to run with di↵erent component models,
including WACCM6 as the atmospheric model, to create coupled simulations (Danabasoglu
et al. 2020). WACCM6 provides the atmospheric chemistry representing the troposphere,
stratosphere, mesosphere, and lower thermosphere (Emmons et al. 2020).

For our initial condition ensemble, we used three ensemble members that were launched
from a long pre-industrial control simulation then extended following historical emissions
and forcing trajectories until 2014 (Danabasoglu et al. 2020). To create additional ensemble
members, January 1, 1950 was selected to use for initial conditions, each with a small change
in atmospheric temperature. Each of the 13 individual ensemble members that have unique
possibilities for atmospheric chemistry when subject to the same forcings. The historical
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runs were described in Hancock et al. (2023) and Fiore et al. (2022), with an additional
ensemble member added since those studies. Throughout our analysis, we mainly use the
mean over all 13 ensembles to average out noise and estimate the forced response, or the
signal from anthropogenic influence. The range across the ensemble members indicate the
uncertainty due to internal climate variability.

Our model output is formatted as large monthly and yearly netCDF files for each en-
semble member. The H2O2 variable was only saved as a mass mixing ratio in the yearly
files, while all other values were saved on monthly files, with various chemical species (O3,
CO, HO2, NO, etc.) available as volume mixing ratios. Each variable was saved out for
70 vertical levels, with the highest layer representing the surface level. Spatial resolution of
WACCM6 is 0.96� latitude ⇥1.25� longitude. For all relevant cases, a mask was applied to
nullify the irrelevant stratospheric values above the tropopause (available as its own vari-
able). Burdens of each chemical species are calculated as a column-sum and summed over
the area, with the jO(1D) ⇥ O3 burden values also following the same procedure. The global
jO(1D) is calculated by taking a pressure-weighted column average and averaging over the
area-weighted grid. For the values over a single grid cell in the Antarctica case, H2O2 and
O3 are instead represented as volume mixing ratios at surface level. To obtain jO(1D) ⇥ O3,
I multiplied the photolysis rate coe�cient at surface level for the grid cell times the volume
mixing ratio of O3 at surface level. The OH values used throughout this thesis are expressed
as a concentration, which is more typically used in the literature than a tropospheric burden.
These were obtained by Qindan Zhu and describe the number density for OH below the 46th

vertical layer to remove stratospheric data.

4 Analysis of CESM2-WACCM6 H2O2 Simulations

4.1 Global Distribution and Trends of H2O2 Burden

The model I used for my study predicts that globally, H2O2 has increased over our time
period of interest. The time series plot in Figure 2 shows the estimated H2O2 burden in
Tg units. Our suggested tropospheric H2O2 burden is lower overall than the few existing
modeling studies estimating a present-day H2O2 atmospheric burden Koch et al. (1999)
estimate a burden of 4.2 Tg in their study. In Shindell, Grenfell, et al. (2001), they obtain
a burden of 6.4 Tg, but notes an overestimate of H2O2 near the equator. Using the GISS
ModelE GCM, Murray et al. (2014) estimates 3.4 Tg, and 4.1 Tg for GEOS-CHEM. Our
tropospheric H2O2 burden values never exceed 3.0 Tg. The di↵erence in the previous studies
from our estimates may be due to improved representation of reactions involving organic
species in our model. Further study is necessary to evaluate our model’s comparison to the
previous studies.
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Figure 2: Global tropospheric H2O2 burden from 1950 to 2014. Each colored line represents
an individual ensemble member, with the black line representing the mean over all 13 en-
sembles.

The spatial distribution of the annual tropospheric H2O2 burden for the time period from
1950 to 1959 is shown in Figure 3. The map shows higher burdens over Central and Western
Africa, o↵ the northwest coast of South America, over India, and between Australia and
Indonesia. The maximum burden is less than 400 Mg. Over the decades following 1950, the
spatial distribution does not change heavily, so that the areas of higher burden are close to
what is pictured in Figure 3. This means that the H2O2 burden is roughly focused on the
tropical region between 30�N and 45 �S latitude.

Figure 3: Annual tropospheric H2O2 burden for the decade from 1950 to 1959

We note a distinct band of lower H2O2 burden near the equator, which follows the in-
tertropical convergence zone (Inter-Tropical Convergence Zone — National Oceanic and
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Atmospheric Administration 2024). To further investigate why the burden might be lower
in this area, we analyze the distribution of H2O2 across the upper, middle, and lower tropo-
sphere. In Figure 4, we show the respective contributions that the upper, middle, and lower
tropospheric H2O2 make to the overall H2O2 tropospheric burden from 1950 to 1959. With
a total global, annual tropospheric burden of 1.80 Tg (or 1800 Gg) for 1950 to 1959, around
710 Gg are located in the lower troposphere, 750 Gg are located in the middle troposphere,
and 340 Gg are located in the upper troposphere. Thus, most of the H2O2 in the tropo-
sphere is located in the middle and lower troposphere. However, the band of lower overall
H2O2 burden is mostly composed of upper and middle tropospheric H2O2, and there is little
H2O2 in the lower troposphere, as evidenced by their respective percentage contributions in
the Figure 4. This is likely due to the increase in precipitation and convective storms that
occur in the ITCZ (Inter-Tropical Convergence Zone — National Oceanic and Atmospheric
Administration 2024), which would remove the H2O2 by wet deposition in the lower parts of
the troposphere at the narrow band.

In Table 2, we quantify the H2O2 burden and change in H2O2 burden for each decade
compared to the 1950 to 1959 burden. A minor increase of 4.5% H2O2 occurs in the 1960’s,
but this jumps to 14% in the 1970’s. Larger increases occur in the 1980’s and 1990’s, before
a smaller increase in the early 2000’s. Therefore, most of the burden increase is occurring
in the 1970’s through the 1990’s. Both the overall burden and absolute change in burden
in the Northern Hemisphere are higher across all decades, but the relative change is larger
in the Southern Hemisphere. The higher abundance in H2O2 in the Northern Hemisphere
rather than the Southern Hemisphere matches ice core observations from Neftel, Jacob, and
Klockow 1984.

Total Burden (Gg) Absolute Change (Gg) Relative ChangeDecade

NH SH Global NH SH Global NH SH Global

1950’s 980 820 1800 – – – – – –

1960’s 1080 860 1880 40 40 80 3.9% 5.1% 4.5%

1970’s 1110 940 2050 120 120 250 12.4% 15.2% 13.6%

1980’s 1200 1020 2210 210 200 400 21.0% 24.0% 22.4%

1990’s 1270 1090 2360 290 270 560 29.7% 32.5% 30.0%

2000’s 1310 1100 2420 330 280 610 33.6% 34.5% 34.0%

Table 2: Annual H2O2 burden and change in H2O2 burden per decade, compared to 1950
to 1959 burdens (listed for the 1950s). Each decade represents 10 years; for example, 1960s
means the annual burden from 1960 to 1969.

We can analyze the areas where the H2O2 burden increases the most through spatial
maps. In Figure 5, we see the spatial distribution of the relative change in H2O2 annual
burden compared to the decade from 1950 to 1959. The plots span select decades: the 1960’s,
1980’s, and 2000’s. From these plots, we see that the H2O2 burden has been increasing over
time, as expected, with not much change in the earlier decades (1960’s) but more significant
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(a) Lower Troposphere

(b) Middle Troposphere

(c) Upper Troposphere

Figure 4: Annual tropospheric H2O2 burden for the decade 1950 to 1959, split into the
percentage that the upper, middle, and lower tropospheric H2O2 contribute to the overall
burden

change in the later decades. The areas of highest relative burden increase are over the Indian
Ocean, Indonesia, between 35�and 55�S latitude, and over Antarctica. It is clear that the
large relative increases in H2O2 is larger in the Southern Hemisphere when observing the
increases between 35�and 55�S latitude and Antarctica in these spatial plots.
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(a) 1960s

(b) 1980s

(c) 2000s

Figure 5: Relative change in annual mean H2O2 burden for several decades, compared to
1950 to 1959.

4.2 Deposition Rate Analysis and Atmospheric Lifetime

4.2.1 H2O2 Loss by Depositional Processes

Now that we have characterized how the H2O2 burden is changing in the atmosphere,
we can study the processes that control how much H2O2 is being added or removed from
the atmosphere. A major sink for H2O2 from the troposphere for much of the Earth is by
deposition, both dry and wet, with these physical loss processes as the largest contributors to
overall H2O2 loss in the troposphere (Murray et al. 2014). In Figure 6, we have our modeled
mean deposition rate for the decade from 1950 to 1959 in units of Gg per year. The spatial
distribution of the deposition rate is similar to the spatial distribution of the tropospheric
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H2O2 burden in Figure 3. This is because deposition is a first order loss rate process, where
areas of high H2O2 in the troposphere also show higher rates of deposition, as there is more
H2O2 available to deposit (Seinfeld and Pandis 2016). The areas of higher H2O2 deposition
in our figure are also in the places that experience heavy rainfall, such as in Central Africa
(Masih et al. 2014), as the increased precipitation would remove H2O2 by wet deposition. In
this section, we look at how the global deposition rate of H2O2 has changed over time. We
also use the deposition rate to estimate a lifetime for H2O2, or how long the chemical stays
in the troposphere.

Figure 6: Spatial distribution of H2O2 deposition rate from wet and dry deposition combined,
for 1950 to 1959.

Over time, the deposition rate of H2O2 has increased, as shown in the time series plot of
Figure 7. While the graph only displays the combined deposition rate, I created the same
type of plot and found that the trends for the individual depositional processes are very
similar in both wet and dry deposition in our model, with a larger contribution from the wet
deposition. In Figure 7, there is consistency with the time series plot of the H2O2 burden in
Figure 2. For example, the characteristic sharp increases across the 1990’s are a feature of
both plots.
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Figure 7: Total global deposition rate of H2O2 for 1950 to 2014.

4.2.2 Atmospheric Lifetime with Respect to Depositional Removal Processes

Looking at the deposition rate also helps us to understand how quickly H2O2 can be re-
moved from the atmosphere. The lifetime of H2O2, or how long it remains in the atmosphere
before chemical or physical removal, can be estimated by the relationship:

⌧ =
Total mass of species

Loss of species

where ⌧ is the atmospheric lifetime (The Intergovernmental Panel on Climate Change 2024).
From our model data, the total mass of species is the H2O2 burden, while the loss of species
is the rate of the depositional loss process. The mean atmospheric lifetime of H2O2 against
total depositional processes for the areas above 60�S latitude is 4.1 days for wet deposition,
15.7 days for dry deposition, and 2.8 days for total deposition. A shorter lifetime of H2O2

against wet deposition indicates that wet deposition is a far more e↵ective removal process
for H2O2 in the troposphere than dry deposition. We also note other areas where the lifetime
is high, including over 12 days around areas of extreme drought in Northern Africa, as the
dry deposition removal process is slower (Masih et al. 2014).
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Figure 8: Ensemble and annual mean atmospheric lifetime of H2O2 against total deposition
(combining dry and wet deposition) in the troposphere, over our entire time period from
1950 to 2014.

For this figure, I chose to focus on the area north of 60�S latitude due to limitations in our
model. The chosen area represents the majority of the world but excludes Antarctica, as
high atmospheric lifetimes over Antarctica heavily skew the estimates, due to extremely low
depositional rates for H2O2 over the continent. These depositional loss processes are a main
tropospheric sink of H2O2 in the polluted boundary layer, where Kleinman (1986) suggests
a lifetime of approximately one day. Our spatial map of the H2O2 atmospheric lifetime
matches closely with this lifetime in the areas where emissions are high. The majority of the
troposphere shows a lifetime of only a few days against wet and dry deposition. I also found
that the lifetime of H2O2 changed very little for most of the Earth over our time period.

4.2.3 Other Loss Processes and Their Contributions to H2O2 Lifetime

My initial focus in estimating H2O2 lifetimes was on the wet and dry depositional loss
processes. However, there are other reactions that tropospheric H2O2 undergoes that do not
remove H2O2 or HOx immediately from the troposphere. In this section, we discuss where
these loss reactions are most prevalent and their potential impacts on the H2O2 and HOx

budget.
Riedel et al. (2000) defines the three main loss processes for H2O2 in the troposphere:

deposition, photolysis, and reaction with OH. All three are used to calculate an overall H2O2

lifetime. We have already looked at the loss by deposition more closely in the previous
subsection. In the literature, studies have estimated a lifetime of 30 hours for mid-latitudes
(Kleinman 1986) and a global lifetime of 28 and 32 hours in two di↵erent models (Murray
et al. 2014). Over Antarctica, this can be calculated by (Riedel et al. 2000):

⌧ = (kdeposition + kH2O2+OH [OH] + jH2O2+hv)
�1

for the lifetime ⌧ during the polar day time. They estimate a H2O2 lifetime of around 3
days. In polar regions, dry deposition and H2O2 photolysis are not major loss processes.
This means that overall lifetimes can be higher in these areas. In the future, we can use this
relationship to improve our lifetime estimates, considering the two other major loss processes
we neglected in our earlier analysis.

18



Reaction 8, the photolysis of H2O2, generates two OH radicals, a↵ecting the OH budget
as a source. It is unclear how often H2O2 photolyzes in comparison to other processes, but
we can theorize a few trends. Firstly, we expect that this loss process is more prevalent in
regions of high photochemical actively. This is mainly in the tropical areas, between around
20�N to the equator and 20 �S to the equator. These are also regions where H2O2 burden
is also higher, as shown in Figure 3. We may also expect the H2O2 photolysis reaction
contributes more heavily to OH production at high altitudes than the O(1D) reaction with
water vapor, as there is less water vapor at higher altitudes (Lee, Heikes, and O’Sullivan
2000). If we assume similar mechanisms for H2O2 photolysis as O3 photolysis, the rate of
H2O2 photolysis would likely increase over our time period, as our jO(1D) has shown to be
increasing throughout this thesis. This would translate to Reaction 8 becoming an increasing
sink for H2O2, less H2O2 lost by depositional processes, and an increasing source for OH. A
shortening lifetime from 1950 to 2014 for H2O2 with respect to photolysis loss would also
be expected, with a faster jH2O2+hv rate. Our hypothesis of an increasing H2O2 photolysis
rate can be verified through additional simulations, as although we did not download the
variable for jH2O2+hv in our simulations initially, the H2O2 photolysis rate is available in the
MOZART chemistry mechanisms for CESM2 (Emmons et al. 2020). Adapted from results of
Murray et al. (2014), Seinfeld and Pandis (2016) lists Reaction 8 as a significant OH source,
accounting for approximately 11% of the present day OH budget.

For Reaction 9, one OH is consumed, thus it serves as an OH sink. With many other
chemical species available for reaction in OH, I speculate that this reaction may not be the
most significant OH sink, although it does play a role in modulating the OH and H2O2

budgets. With OH budget adapted from Beerling et al. (2011), Seinfeld and Pandis (2016)
suggests that Reaction 9 contributes to around 4% of the OH loss in the pre-industrial time
period, but it is not mentioned as a significant OH loss process for OH in the present-day.
The reaction may potentially contribute around a similar loss of OH in the present day.
Since both OH and H2O2 burden are increasing over our time period, as shown throughout
our analysis, Reaction 9 may be occurring more frequently over time. However, it is unclear
how we may be able to understand the impact of this particular reaction further with our
current simulations.

4.3 Drivers of Global H2O2 Change: Comparing H2O2 Burden
with O3 and OH

The modeled changes in burden over time are shown in Figure 9, with each oxidant
represented by a di↵erent subplot. A closer numerical view of how the oxidant burdens
changed by decade are included in Table 3. We can see that all the burdens of all the
oxidants generally increased when comparing to the initial decade of 1950 to 1959, but all
at di↵erent rates. This suggests that each oxidant has its own complex controls that govern
their changes, even though the oxidant species are interconnected. Our analysis begins with
time series analysis plots, where we see di↵erences in the spread of the ensemble members
for each chemical species and can easily compare year-to-year variability between species.
With scatterplots of the ensemble mean burdens between two specific species, we can better
understand how well correlated a precursor is with its eventual product.
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For the ozone burden, depicted in Figure 9a, we observe a gradual increase before 1970.
As summarized in Table 3, there is only an increase of 5.04% of the total O3 burden from
the 1960’s. This jumps by over 8% in the 1970’s, to 14% overall relative increase starting
in the 1970’s. After 1970, there is more variability in the tropospheric burden, with more
frequent increases and decreases shown in the time series plot. There are extended periods
of decrease in the early to mid 1980’s and 1990’s, as well as steep increases from 1992 to
1997. These average out to a small relative increase in O3 burden of 3.2% in the 1980’s and
a larger increase of 5.8% in the 1990’s. Finally, the burden increases by 8.1% from 2000 to
2009, reflecting an extended period of increasing ozone burden. Overall, the burden never
decreases below the 1950 levels. We also note that the spread in the ensemble members is
much closer in the ozone burden than for the other oxidants, which may suggest a higher
degree of accuracy in these modeled values than for OH and H2O2.

In Figure 9b, we observe that OH changes very slightly before 1980, whereas O3 and
H2O2 show general increases. The relative changes summarized in Table 3 quantify a decadal
increase of only 0.74% for the 1960’s and 1.20% for the 1970’s, when compared to 1950 to
1959 values. With a significant reduction in OH in the 1982, the 1980’s averaged only an
increase of 0.20% in decadal OH burden. From the 1990’s forward, we observe a general
distinct steeper increase in the time series plot and the OH burden increases to its highest
point in the late 2000’s. These are quantified as a relative change of 4.45% in the 1990’s
and 10.11% in the 2000’s, as compared to 1950 to 1959 burdens. As the OH burden does
not follow the same continuous upward trend as ozone, it is likely that changes in sinks for
OH depressed the burden in the earlier years. The sudden increase in OH after 1990 may
be associated with increased conversion of ozone to OH, which we explore more in depth
in further sections. The NO burden depicted in Figure 9c shows a general increase until
1980, where it decreases in 1980 before recovering in the late 1980’s. Comparing to OH, NO
was increasing prior to the 1980’s, while OH was mostly stagnated. This changes from 1980
forward, where we see close agreement between NO and OH trends.
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Figure 9: Time series of the global tropospheric (a) O3 burden, (b) OH Concentration, (c)
NO burden, (d) H2O2 burden, (e) CO burden, and (f) HO2 burden. Each colorful line
represents a unique ensemble member, with the black line representing the mean across all
13 ensembles.
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The fourth subplot in Figure 9 is focused on the H2O2 burden. There is a small increase
in H2O2 prior to 1970, with a relative change of 4.5% over the 1960’s, with respect to the
annual 1950’s burden. This grows to 9.2% in the 1970’s, the greatest decade of H2O2 increase
overall. With more sharp increases and decreases in the 1980’s and 1990’s, the relative change
remains high at 8.7% and 8.6% respectively. This slows down to a 3.1% from 2000 to 2010.
We also note large spikes of H2O2 burden that are not reflected with sharp increases in OH
and O3. These occur in the years 1992, 1997, and 2006. Anomalies in 1992 and 1997 are
associated with increased CO emissions due to biomass burning. The increase in CO causes
OH to react to create more HO2, which self reacts to form H2O2. We observe the increases
in the CO and HO2 burdens in Figure 9e and f. This is not the case for the spike in H2O2

burden in 2006, as it does not feature the same increases in CO and HO2 as in 1992 and
1997. We have not ascertained the reason for the 2006 spike, but there may be other chemical
or physical mechanisms that are a↵ecting the H2O2, which would require further study to
understand.

Absolute Change
for each decade,

with respect to 1950’s

Relative Change
for each decade,

with respect to 1950’s

Decade
O3

(Tg)

OH
(molecs/cm3)

H2O2

(Gg)

O3 OH H2O2

1960’s 13.1 1.0⇥ 104 80 5.0% 0.74% 4.45%

1970’s 34.3 1.7⇥ 104 250 13% 1.2% 14%

1980’s 42.5 2.8⇥ 104 400 16% 0.2% 22%

1990’s 57.7 6.2⇥ 104 560 22% 4.5% 31%

2000’s 72.9 1.4⇥ 105 610 28% 10% 34%

Table 3: Change in oxidants per decade, compared to 1950 to 1959 annual burdens of 260.4
Tg (O3 burden), 1.4⇥ 106 molecs/cm3 (OH concentration), and 1800 Gg (H2O2 burden).

To better understand the relationships between these various chemical species, we can
use scatterplots to determine the strength of the relationship between their ensemble mean
burdens. We expect a positive relationship between precursors and products. First, we
analyze the relationship between OH burden with H2O2 and O3 in Figures 10 and 11. In
both cases, we find that the relationships between these oxidants change abruptly from
the time before 1980 and from 1980 forward. For OH and H2O2 in Figure 10, we apply an
ordinary least squares regression analysis shown by the black line, and note a weak correlation
between H2O2 and OH, with a coe�cient of determination (R2) value of 0.48 for the pre-1980
time period. The R2 value rises to a much stronger 0.74 from 1980 forward. This change
indicates that the increases in H2O2 burden are more closely correlated with changes in OH
after 1980. For O3 and OH shown in Figure 11, we observe an R2 value of 0.58 before 1980
and 0.93 from 1980 forward. Similar to H2O2, ozone is more closely correlated with the
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changes in OH from 1980 forward. The change in the coe�cient of determination reflects
a significant change in OH, which has a small increase from the pre-1980 time period, but
has a wider spread and increases rapidly from 1980 forward. The noted shift in relationship
between OH and other species in 1980 is also present when comparing its relationship to
NO in Figure 12. We generally expect NO to influence OH burden, as NO reacts with HO2

to form OH in the troposphere (expressed in Reaction 4). This does not happen early on,
prior to 1980, with the OH showing little growth, while NO increases substantially. The shift
in 1980, similar to the O3 and H2O2 plots, features a sharp increase in the OH from 1980
forward. The R2 value between NO and OH increases as a result of this regime shift, from a
moderate correlation with R2 = 0.62 prior to 1980 and a strong correlation with R2 = 0.94
after 1980.

Figure 10: Comparing global annual average tropospheric [OH] and H2O2 burden for every
year from 1950 to 2014, with each point representing the ensemble mean burden for a single
year. Blue points indicate the burdens for 1950 to 1979, with lighter blue representing the
earlier years and darker blue representing the later years. Pink points indicate burdens for
1980 to 2014, with lighter pink representing the earlier years and darker pink representing the
later years. Black lines show the ordinary least squares regression model, fitted to represent
the correlation between the variables.

When comparing ozone burdens with H2O2 burdens for our full time period in Figure
13, we see a consistency between their relationship, not interrupted by the shift in OH
burden. These oxidants exhibit a strong and nearly linear relationship between O3 burden
and H2O2 burden. The R2 value for the H2O2 and O3 burdens is 0.946 throughout the entire
time period, indicating a continuous correlation between global tropospheric O3 burden and
H2O2 burden. This suggests that the changes in ozone burden largely influence the changes
in H2O2 across 1950 to 2014, which contrasts the much smaller role that the changes in
OH play in modulating H2O2, as shown in Figure 10. It is also clear that although the
changes in O3 over Antarctica play a lesser role in changes in H2O2 burden, the changes in
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OH concentration drive more of the H2O2 burden changes in that area.

Figure 11: Comparing the relationship between the annual global tropospheric burden for
O3 and [OH]. Each point represents the ensemble mean for the two variables for every year
from 1950 to 2014. The blue points indicate the burdens for 1950 to 1979, with the lighter
blue representing the earlier years and darker blue representing the later years. The pink
indicate the burdens for 1980 to 2014, with the lighter pink representing the earlier years
and darker pink representing the later years. Black lines show the ordinary least squares
regression model, fitted to represent the correlation between the variables.
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Figure 12: Comparing the relationship between the annual global tropospheric burdens for
NO and OH. Each point represents the ensemble mean burden for the two variables for every
year from 1950 to 2014. The blue points indicate the burdens for 1950 to 1979, with the
lighter blue representing the earlier years and darker blue representing the later years. The
pink indicate the burdens for 1980 to 2014, with the lighter pink representing the earlier years
and darker pink representing the later years. Black lines show the ordinary least squares
regression model, fitted to represent the correlation between the variables.

Figure 13: Comparing the global annual tropospheric H2O2 and O3 burdens, each point
representing the ensemble mean. The black line shows the ordinary least squares regression
model, fitted to represent the correlation between the variables.
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4.4 Drivers of Global H2O2 Change: Comparing the Dependency
of H2O2 on jO(1D) and jO(1D)⇥ O3

In the previous section, we established that the global ozone burden showed a strong
correlation with H2O2 over our time period, indicating ozone’s role as a significant driver
of H2O2 change from 1950 to 2014. Over Antarctica, changes in OH seemed to be better
correlated with changes in H2O2. Our main goal in this section is to introduce the photolysis
rate coe�cient of ozone, jO(1D), as an additional mechanism that could contribute to the
H2O2 increase. We also find an overall stronger potential proxy for global H2O2 change,
the product of both ozone and its photolysis rate, and analyze the relationship between the
photolysis rate of ozone and H2O2. Lastly, we demonstrate how the combination of O3 and
jO(1D) is an improved driver of tropospheric H2O2 burden over our time period.

With the formation of H2O2 primarily described by the process from the initial reaction
of O3 to form HOx radicals and eventually H2O2, we see the photolysis rate of ozone as an
important mechanism that contributes to H2O2 formation. Reaction 1 portrays the reaction
that leads to the dissociation of ozone. In the troposphere, it is roughly independent of
altitude but varies greatly by solar zenith angle and therefore latitude (Seinfeld and Pandis
2016). We show the spatial distribution of the mean annual jO(1D) for 1950 to 1959 from our
model output in Figure 14. As the regions near the equator experience longer daylight hours
and the solar zenith angle stays at lower angles than at the higher latitudes, the photolysis
rate coe�cient is generally highest in near the equator and lowest at the poles.

Figure 14: Spatial distribution of annual tropospheric column-averaged photolysis rate co-
e�cient for 1950 to 1959.

As in the previous section, we can examine a scatterplot to analyze the relationship
between the annual mean jO(1D) and H2O2 burden, shown in Figure 15. They exhibit a
positive relationship and a large spread both in the earlier years and the later years. The
R2 value of 0.72 shows a moderate correlation between the ozone photolysis rate coe�cient
and the H2O2 burden. Changes in jO(1D) may drive some changes in H2O2 burden, but it is
not as strong in influencing the global H2O2 burden as changes in O3 burden.
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Figure 15: Comparing the global annual mean ozone photolysis rate coe�cient with the
H2O2 burden. Each point represents an ensemble mean value for one year, from 1950 to
2014. Lighter purple points represent the earlier years and darker purple points represent
the later years.

A suggested improvement on our previous two potential drivers for H2O2 burden change
is the product of jO(1D) and O3, from Lamarque, McConnell, et al. (2011). They express that
areas of low NOx and alkyl peroxy radicals (RO2) concentrations, such as in Antarctica, can
yield a proportional relationship of HO2 to the square root of the rate of ozone photolysis
and ozone concentrations, as in:

[HO2] /
q

jO(1D) ⇥ [O3].

With the formation of H2O2 from HO2 self-reaction and assuming steady state, this becomes:

[H2O2] / jO(1D) ⇥ [O3].

To evaluate if our global model data aligns with this proportionality, we analyze the as-
sociation between the global tropospheric H2O2 burden and the product of the global annual
photolysis rate with the tropospheric O3 burden in Figure 16. With a higher coe�cient of
determination (R2 = 0.949) than the plots evaluating the relationship between H2O2 burden
versus the ozone burden (R2 = 0.946) and jO(1D) (R2 = 0.72), a combined product of jO(1D)

⇥ O3 yields a stronger correlation with H2O2 than their separate contributions. Globally,
we have seen that H2O2 is mostly dependent on ozone, but jO(1D)⇥ O3 is an excellent proxy
for H2O2 burden overall.
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Figure 16: Comparing the global annual mean of the product of the ozone photolysis rate
coe�cient and the O3 burden, with the H2O2 burden. Each point represents an ensemble
mean value for one year, from 1950 to 2014. Lighter purple points represent the earlier years
and darker purple points represent the later years.

Now that we have compared the relationship between global H2O2 burden with O3,
jO(1D), OH, and jO(1D)⇥O3 through scatterplots, we can analyze the spatial distribution of
the coe�cient of determination (R2). This will improve our understanding of how changes
in the ozone burden are a stronger driver of H2O2 burden change globally than jO(1D) and
OH, and how this may not be the case in every region. We will also see where jO(1D)⇥O3 is
a stronger driver of H2O2 change than O3.

Figure 17a shows the coe�cient of determination (R2) between O3 and H2O2 for 1950
to 2014. We can see the burdens are most highly correlated between 0�and 30�N and S,
and more mixed between high and moderate R2 values below 30�S. Figure 17b shows a
lower correlation coe�cient between jO(1D) and H2O2 globally, with the highest R2 values
below 45�S. We see that none of the areas in this figure feature as high of a coe�cient of
determination as in the ozone case. In Figure 17c, we can compare the R2 value between the
OH concentration and H2O2. It shows lower R2 values globally, and notably does not show
the same high R2 as the O3 and jO(1D) cases, in much of the region from 15�S to 45�S. There
are high R2 values between H2O2 and OH, below 45�S. In line with our conclusions from the
initial scatterplots for comparing H2O2 with O3, OH, and jO(1D), we expect that changes
in ozone are driving much of the global H2O2 changes from 1950 to 2014 globally. Figure
17d depicts the spatial distribution of the R2 value between jO(1D)⇥O3 and H2O2. This
variable (jO(1D)⇥O3) shows a global improvement in the coe�cient of determination over
the previous variables. The areas of high values between 0�and 30�N and S match the O3

case, while also improving the coe�cient of determination over 60�S to 90 �S. There is also
a higher R2 value in Greenland, which is not as high in the other variables. This comparison
to the other variables confirms that the jO(1D)⇥O3 is an improved driver of the changes in
H2O2 , over the individual O3, jO(1D), and OH. It is apparent by looking at all the graphs in
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Figure 17 that the mechanism driving most of the H2O2 change above approximately 30�S
is O3, while jO(1D) impacts the changes in H2O2 below 30�S.

4.5 Antarctic Case Study: Analyzing the Relationships between
Surface H2O2 with O3, jO(1D), and jO(1D) ⇥ O3

My analysis for the rest of this thesis focuses on the Southern Hemisphere, particularly
Antarctica, to study the changes in one specific region more deeply. Future research can ex-
plore the changes occurring in the Northern Hemisphere, and I note more concrete directions
for further analysis on that in Section 5.2.2. The emphasis on Antarctica stems from the
focus in the literature on the region, due to the availability of ice cores for tracking long-term
change for our oxidants of interest. Following some results from Lamarque, McConnell, et al.
2011, we observe our modeled oxidants at the surface level in Antarctica. Then, we evaluate
if the relationships between global tropospheric H2O2, O3, jO(1D), and jO(1D)⇥O3 that were
defined earlier in this thesis hold true at the surface level in Antarctica.

I chose the location for this case study based on several observational studies in the
literature. Recent cores drilled for H2O2 concentrations (Frey, Stewart, et al. 2005; Frey,
Bales, and McConnell 2006) and accumulation studies (Banta et al. 2008) were collected
largely near the West Antarctic Ice Sheet, at around 79�S, 112�W. Significant findings in
Frey, Bales, and McConnell (2006) suggest some optimal conditions for future ice cores taken
to study H2O2: the most optimal areas to drill when prioritizing H2O2 studies are in high-
accumulation and low temperature sites. This is because of H2O2 can often evaporate quickly
after being deposited or be destroyed by photolysis or face decomposition in ice due to dust
(Alexander and Mickley 2015). These processes may compromise accurate interpretations
from ice core records, thus future sampling should be carefully planned to avoid as many of
these issues as possible. One example in which these post-depositional processes may have
caused significant issues were in Siple Station Antarctic ice cores from Sigg and Neftel (1991),
which showed no obvious trend in H2O2 between 1900 and 1980 (Thompson 1992). The cores
around 79�S, 112�W appeared to be in an area of high-accumulation and low temperature,
prompting my usage of the closest location in our model data, around 79.6�S, 112.5�W.

Before beginning our analysis, we can speculate on the trends we should expect to see,
given some background from the literature. Frey, Bales, and McConnell (2006) identified
an increase in H2O2 after 1950 in all their ice cores, with over 20 analyzed in their study.
Lamarque, McConnell, et al. 2011 narrowed the window down to post-1970. H2O2 increases
are attributed to the changes in tropospheric ozone and stratospheric ozone in Frey, Stewart,
et al. (2005) and Lamarque, McConnell, et al. (2011), but these studies identify that in
Antarctica, the changes in stratospheric ozone are the main drivers in H2O2 increase, through
their e↵ects on the ozone photolysis rate. These stratospheric ozone changes involve the
significant springtime depletion of stratospheric ozone above Antarctica, post 1980, due to
the formation of polar stratospheric clouds that promote heterogeneous reactions leading
to ozone loss (Seinfeld and Pandis 2016). The stratospheric O3 depletion increases UV-B
radiation into the troposphere, which promotes the photolysis of ozone by Reaction 1 and
thus stimulates jO(1D), formation of OH, and H2O2 (Frey, Stewart, et al. 2005; Anklin and
Bales 1997; Schnell, Liu, et al. 1991; Fuglestved, Jonson, and Isaksen 1994). This would also
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(a) O3

(b) jO(1D)

(c) OH

(d) jO(1D)⇥O3

Figure 17: Spatial distribution of the coe�cient of determination between ensemble mean,
annual mean tropospheric H2O2 burden with (a) annual mean tropospheric O3 burden,
(b) column-averaged annual mean tropospheric jO(1D), (c) annual mean tropospheric OH
concentration, and (d) annual mean jO(1D)⇥O3 burden, from 1950 to 2014.
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result in a decrease in tropospheric ozone in Antarctica, as more of the ozone is undergoing
photolysis. Then, in looking at the changes in O3 burden, jO(1D), OH concentration, and
H2O2 burden, we should expect decreases in ozone, increases in jO(1D), increases in OH, and
increases in H2O2. If more of the changes in H2O2 are driven by changes in stratospheric
ozone and therefore jO(1D), we can also expect to see a stronger correlation between jO(1D) and
H2O2 in Antarctica than O3 and H2O2. With low levels of NOx, we can predict improved
agreement from the product of jO(1D)⇥ O3, in comparison to solely O3 or jO(1D). These
expectations are all concentrated on changes in the overall troposphere, which may not be
the case at the surface level. Thus, we set out to see if our data match our assumptions.

Our model’s surface volume mixing ratios for H2O2 and O3 at the approximate ice core
for 1950 to 2014 is shown in Figure 18. The declines in surface ozone in Figure 18a, from the
1980’s and 1990’s, show the e↵ects of stratospheric ozone depletion during the time period
(with an increase in jO(1D) serving as a sink for ozone). In our Figure 18b time series, we
can see spikes in H2O2, most apparent in 1980, 1995, and through the 1990’s. The increases
we observe support the findings of the Lamarque, McConnell, et al. (2011) study using the
CAM-chem and G-PUCCINI models identifying an increase in H2O2 starting in the 1970’s.

Figure 18: Surface H2O2 and O3 concentrations at the ice core location from 1950 to 2014.
The colored lines denote each ensemble member, with the solid black line representing the
ensemble mean.
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Figure 19 depicts the same time series plot as Figure 18b, but includes volume mixing
ratios of surface and near-surface gas-phase observations taken in the 1980’s to early 2000’s
from Jacob and Klockow (1993), Fuhrer, Hutterli, and McConnell (1996), McConnell et al.
(1997), Riedel et al. (2000), Hutterli, McConnell, Chen, et al. (2004), and Frey, Stewart,
et al. (2005). These observations were taken during the summer, when H2O2 is at its highest,
while our simulations represent annual means. The measurements help us to ensure that
our simulations estimate reasonable values for [H2O2] in Antarctica. We can see that our
model’s values fall within the range of the majority of the observations. Note that some
of the measurements are maximums, such as those from Fuhrer, Hutterli, and McConnell
(1996), denoted by cyan stars in the plot, so although the points are above our estimated
H2O2, it may be that the mean H2O2 from those studies would be in a reasonable range
aligning with our simulations. One limitation is that these measurements were taken in
di↵erent areas of Antarctica, not specifically at the ice core location. Frey, Stewart, et al.
(2005) noted that this meant their mean H2O2 concentrations for 2000 and 2002, taken in
West Antarctica, were 1.6 times the mean of observations taken in Riedel et al. (2000), while
the ranges were comparable (30-900 ppt).

Analyzing the relationship between the ensemble mean for [O3] and [H2O2] at the ice core
in Figure 20, we see a much larger spread in the data than in the global example. There is
a very weak correlation between the two chemical species, with an R2 value of 0.335. The
same analysis is performed for the mean photolysis rate coe�cient at the ice core location in
Figure 21. We observe a stronger correlation between jO(1D) and H2O2 than in the O3 and
H2O2 comparison, with an R2 value of 0.529.

Similar to the global analysis, we see the best agreement to H2O2 with a combination of
O3 and jO(1D). Figure 22 shows the scatterplot depicting the relationship between jO(1D)⇥
[O3]. The R2 = 0.585 value is the highest for our Antarctic case study thus far, suggesting
that H2O2 is somewhat modulated by both the mechanisms. The jO(1D) plays the larger
role in the individual case, although we observe that the overall R2 value is moderate,
not strong. Therefore, in our surface level study of H2O2 changes over Antarctica in this
section, we conclude that our findings agree with Frey, Stewart, et al. (2005) and Lamarque,
McConnell, et al. (2011) that changes in jO(1D) contribute to changes in H2O2.

One limitation of our case study is that the analysis is focused on one singular grid
square in our model output. We can conduct further analysis over a larger Antarctic area,
averaging over three ice core locations, which was utilized in Lamarque, McConnell, et al.
(2011), or over the entire Antarctic land mass. Averaging over more significant area may
provide increased certainty in our data than our current analysis reflects. Despite this issue,
we are confident that our H2O2 volume mixing ratios at surface level are reasonable, given
the comparison to various gas-phase measurements in Figure 19.

4.6 Initial Findings from ODS-Fixed Simulations: Exploring the
Potential Role of Stratospheric Ozone Depletion

In comparing the relationships between O3, jO(1D), and H2O2 in the previous two sections,
we discerned some di↵erences between the global and Antarctic trends, with the global study
showing a larger dependency for H2O2 change on O3 change and the Antarctic study showing
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Figure 19: Time series depicts surface H2O2 volume mixing ratios for the grid cell nearest to
the ice core location, from 1950 to 2014. Colored lines denote individual ensemble members,
with the solid black line denoting the ensemble mean. Stars indicate observations taken in
Antarctica through various studies in the literature, all taken during summer.

a larger dependency for H2O2 change on jO(1D). Both showed improvements in the product
of ozone and its photolysis rate. We identified their di↵erences as being potentially con-
nected to stratospheric ozone depletion, which should a↵ect Antarctica considerably greater
than most of the world. To test the impact of stratospheric ozone depletion specifically on
H2O2, we perform our same analysis applied to the original simulations to a set of parallel
simulations, which hold ozone depleting substances at 1950 levels. In these simulations, the
stratospheric ozone depletion from the 1980’s forward does not occur, no longer perturbing
tropospheric O3, jO(1D), and all other associated changes. There are only four ODS-fixed
ensemble members, which are comparable to the first four original simulations and end in
2013. For the rest of this paper, the initial simulations will be referred to as “historical simu-
lations,” and the simulations where ozone depletion does not occur will be referred to as the
“ODS-fixed simulations.” As the ODS-fixed simulations end in 2013, we thus limit our study
from 1950 to 2013. We can expect that if stratospheric ozone depletion drove changes in
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Figure 20: Scatterplot depicting the relationship between surface jO(1D) and H2O2 at the ice
core. Each point represents an ensemble mean value for one year, from 1950 to 2014. Lighter
purple points represent the earlier years and darker purple points represent the later years.
The black line describes the ordinary least squares regression fit for the data.

Figure 21: Scatterplot depicting the relationship between the ozone photolysis rate coe�cient
and hydrogen peroxide at the ice core location. Each point represents an ensemble mean
value for one year, from 1950 to 2014. Lighter purple points represent the earlier years and
darker purple points represent the later years. The black line describes the ordinary least
squares regression fit for the data.
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Figure 22: Scatterplot depicting the relationship between [O3] and [H2O2] at the ice core
location. Each point represents an ensemble mean value for one year, from 1950 to 2014.
Lighter purple points represent the earlier years and darker purple points represent the later
years. The black line describes the ordinary least squares regression fit for the data.

H2O2 between 1950 and 2013, we will observe significant di↵erences between these ODS-fixed
simulations and our historical runs. This is because we identified the e↵ect of stratospheric
ozone depletion in increasing jO(1D) as a potential mechanism for H2O2 increases over our
time period.

We first compare the H2O2 burden in the global data between the historical and ODS-
fixed simulations in Figure 23 across our time period. In the time series, the ensemble mean
for the four historical simulations is depicted in black, while the ensemble mean burden for the
ODS-fixed simulations is in blue. In place of the usual individual ensemble members, there
is a gray shaded area depicting the total spread of the H2O2 burden, with the upper bound
indicating the maximum burden value across the four ensembles and the lower bound as
the minimum burden. The blue shaded region similarly defines the maximum and minimum
burdens for the ODS-fixed simulations. Our two ensemble means show strong agreement both
in general trend and in their spread, with the mean historical simulations staying within the
shaded bounds of the ODS-fixed simulations. This indicates that the di↵erence between
the H2O2 burden for the historical and ODS-fixed simulations is a result of internal climate
variability. As the ODS-fixed simulations depict how the H2O2 burden would be without
the e↵ects of ozone depleting substances, our plot indicates that the e↵ects of stratospheric
ozone depletion (particularly impactful in the 1980’s and 1990’s) does not have an overall
meaningful impact on the global annual average hydrogen peroxide burden. If the increase
in H2O2 was driven by the stratospheric ozone depletion, yielding a higher jO(1D) and more
conversion of ozone to eventually form H2O2, we would expect to see a significantly higher
H2O2 burden in the historical simulations than the ODS-fixed values.

For the global tropospheric ozone burden in Figure 24, we find generally close agreement
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Figure 23: Global tropospheric H2O2 burdens from 1950 to 2013. The ensemble mean for the
original 13 ensembles is depicted in black, while the ensemble mean burden for the parallel
simulations is in blue. The gray shaded area represents the maximum and minimum H2O2

burden across the ensemble spread for the original 13 members.

in trend and spread between the original and parallel simulations in the earlier years. Trends
in the ensemble member means for the two sets of simulations remain roughly similar through
the entire time period. What stands out is the divergence in the spread starting in the 1970’s.
The di↵erence between the simulated values becomes more pronounced in the 1980’s, as
the ensemble mean for the historical simulations drops below the shaded ODS-fixed area,
demonstrating the response to an external forcing (stratospheric ozone depletion). Thus, the
stratospheric ozone depletion may have played a role in the decrease of the global annual
tropospheric ozone burden worldwide from the 1980’s forward.
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Figure 24: Global tropospheric O3 burdens from 1950 to 2013. The ensemble mean for the
historical ensembles is depicted in black, while the ensemble mean for the ODS-fixed simula-
tions is in blue. Their increasing distance in the 1980’s quantifies the e↵ect of stratospheric
ozone depletion on the tropospheric burden. The gray shaded region indicates the maxi-
mum and minimum O3 burden across the ensemble spread for the four historical ensemble
members, and the blue shaded region indicates the maximum O3 burden for the ODS-fixed
simulations.

Finally, we compare the jO(1D) ⇥ O3 for the two simulation types in Figure 25. The
overall trend roughly follows the shape of the previous ozone burden plot (Figure 24) for
both the historical and ODS-fixed simulations, demonstrating the larger influence of O3 on
the product. With the photolysis rate’s contributions, the ensemble mean from the historical
simulations is generally greater than the ensemble mean of the ODS-fixed simulations. After
1980, there is no large di↵erence between the two sets of simulations, indicating that the
product of O3 and jO(1D). Thus, the global annual mean jO(1D)⇥O3 burden does not show
convincing evidence of impact from stratospheric ozone depletion.

We emphasize that our conclusion of H2O2 not being impacted significantly by strato-
spheric ozone depletion is not unique. Although studies such as Lamarque, McConnell, et al.
(2011) and Frey, Stewart, et al. (2005) attributed the increases in H2O2 to increases in jO(1D)
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and therefore stratospheric ozone depletion, other papers found that periods of stratospheric
depletion yielded no di↵erences in H2O2. These include Riedel et al. (2000), which found
that the H2O2 mixing ratios were similar to the typical wintertime values. Anklin and Bales
(1997) proposed that changes in tropospheric chemistry had to also play a role for H2O2 they
observed in Greenland, including changes in NOx, CO, and methane. Another species that
may play a role is water vapor, which has been increasing due to global warming. Anklin
and Bales (1997) postulates that increased global warming could increase humidity and fog
events, which have been shown to increase H2O2 on the surface.

Figure 25: Global jO(1D)⇥O3 burden from 1950 to 2013. The ensemble mean for the historical
ensembles is depicted in black, while the ensemble mean for the ODS-fixed simulations is
in blue. The gray shaded region indicates the maximum and minimum O3 burden across
the ensemble spread for the four historical ensemble members, and the blue shaded region
indicates the maximum O3 burden for the ODS-fixed simulations.

While there was no discernible impact of stratospheric ozone depletion on the global
annual mean H2O2 burden in these simulation comparison plots, further analysis may illu-
minate regional di↵erences where the depletion is a clear forcer for changes in H2O2 burden.
For example, the same analysis performed over the Antarctic land mass may yield di↵erent
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results. The result suggests that other mechanisms, potentially chemical or physical, could
be responsible for driving H2O2 burden change.

5 Conclusions and the Way Ahead

5.1 Summary

In this paper, we improved our understanding of how H2O2 is related to various processes
that control its trends both globally and over Antarctica. H2O2 plays a significant role as a
sink of HOxradicals, making it a key oxidant of study. We quantified the changes in H2O2

burden for our time period, finding that the Northern Hemisphere had a greater absolute
change but Southern Hemisphere had a greater relative change, as shown in Table 2. We
showed the spatial distribution of the deposition rate and estimated approximate lifetimes
for H2O2 with respect to depositional processes (around 2.8 days for wet and dry deposition
combined), to better understand the sinks for H2O2 . We compared oxidant burdens to show
that the rates of change are not the same across our oxidants. Ozone and H2O2 presented
improved correlation with OH from 1980 forward, with earlier R2 values of 0.58 (O3) and
0.48 (H2O2), then improving to 0.9 (O3) and 0.74 (H2O2). From analyzing the changes in
ozone photolysis rate coe�cient spatial distribution, we theorized that stratospheric ozone
depletion may have provided an explanation for more significant relative change in the South-
ern Hemisphere. We found a moderate correlation between tropospheric O3 and H2O2, but
an even stronger correlation for the product of jO(1D) and O3 with H2O2 at the surface in
Antarctica. At our ice core location, we found lower R2 values than in the global case, but
this may be due to averaging over a single grid cell rather than all of Antarctica or several
locations. We expected a strong correlation between jO(1D) and H2O2, as the stratospheric
O3 depletion boosts the jO(1D) rate by stimulating ozone photolysis. The improvement in the
coe�cient of determination for the combined changes of jO(1D) ⇥ O3 shows us that changes
in both jO(1D) and O3 could potentially be driving H2O2 burden increases in the 1970’s and
beyond (as suggested by Lamarque, McConnell, et al. (2011)). Lastly, by comparing our
simulations to a parallel set of simulations with ozone depleting substances fixed at 1950
levels, we found that changes in H2O2 were likely not severely influenced by stratospheric
ozone depletion after all, with the di↵erences in the H2O2 burden in the two simulation sets
largely due to internal climate variability. Further study is necessary to continue determining
why stratospheric ozone may not be the forcing that propels the increases in H2O2 .

5.2 Future Work

5.2.1 Comparison with observational data

Field campaigns have yielded more modern H2O2 aqueous and gas-phase measurements
that can be used to ascertain how well our model matches real-world observations. The
airborne flights include several large-scale NASA missions where they measured a large
variety of gases and smaller field campaigns that focused on H2O2 specifically (Tilmes et al.
2015; Kelly, Daum, and Schwartz 1985; Heikes, Kok, et al. 1987; Heikes, Walega, et al. 1988;
Barth et al. 1989; Atlas and Ridley 1996; Ridley et al. 1997; Sta↵elbach, Kok, et al. 1996;
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O’Sullivan et al. 1999; Singh, Thompson, and Schlager 1999; Wang, Ridley, et al. 2003; Olson
et al. 2012). In particular, the papers summarizing results of these field campaigns are often
used to create vertical profiles of H2O2 concentrations at various times and locations. We can
create similar vertical profiles with our model outputs and compare them to the experimental
results from these campaigns. This will help us to study more local changes and understand
the vertical distribution of H2O2 between the upper, middle, and lower troposphere, which
could help us find additional mechanisms for the H2O2 burden increases.

5.2.2 E↵ect of Sulfur Dioxide Emissions on H2O2

One considerable finding that we allude to early in this paper when examining the overall
H2O2 global distribution and trends is that there is a distinct di↵erence between Northern
Hemisphere and Southern Hemisphere H2O2 burden changes. This is emphasized by all past
modeling studies and ice core studies in the literature, as mentioned in Section 2.2. Moller
(1999) postulated that the di↵erence is due to H2O2 reactions related to SO2 emissions that
occur in the Northern Hemisphere but do not a↵ect the Southern Hemisphere.

These reactions suggest that a decrease in SO2, largely due to decreased emissions as a
result of the Clean Air Act, should lead to an increase in H2O2, as the H2O2 is no longer re-
acting with HSO�

3 . To explore this idea, we can compare the SO2 burden in our model data to
see if there is a correlation with our H2O2 burden. We should also see an associated decrease
in the final product, sulfuric acid. H2SO4 exists as its own H2SO4-H2O droplets (Seinfeld
and Pandis 2016), but also serves as an important component for forming sulfate aerosol
particles, taking part in reactions to modify particles (Stolzenburg et al. 2020). Therefore,
we would also see a reduction in sulfate aerosols with the decrease in SO2 emissions. If these
trends occur together in our model data, it would support the connection between the SO2

and H2O2 in Greenland ice cores. Moller (1999) suggests that the relationship would not
exist in the Southern Hemisphere, so further work in this area could highlight a key factor
in the di↵erences in H2O2 concentrations in Greenland versus Antarctic ice cores and the
di↵erent trends across the two hemispheres overall.
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