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DEDICATION

To

my parents, Mary and Larry

“Our posturings, our imagined self-importance, the delusion that we have some privileged
position in the Universe, are challenged by this point of pale light. Our planet is a lonely speck in
the great enveloping cosmic dark. In our obscurity, in all this vastness, there is no hint that help
will come from elsewhere to save us from ourselves.

The Earth is the only world known so far to harbor life. There is nowhere else, at least in the near
future, to which our species could migrate. Visit, yes. Settle, not yet. Like it or not, for the
moment the Earth is where we make our stand.”

-Carl Sagan
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ABSTRACT OF THE DISSERTATION

Molecular hydrogen in Earth’s atmosphere: reconstructions and interpretation

By
John D. Patterson
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2022

Professor Eric S. Saltzman, Chair

The biogeochemical cycling of atmospheric hydrogen (H.) is linked to several important
aspects of the Earth system including the radiative budget, biomass burning, biogenic
hydrocarbon emissions, soil microbial activity, and the oxidative capacity of Earth’s atmosphere.
As Hz becomes a more important part of the energy sector, anthropogenic emissions are likely to
increase dramatically. Projecting the effects of increasing anthropogenic emissions in a changing
climate require a comprehensive understanding of the biogeochemical cycle of H». Studying past
changes in the atmospheric levels of Hz is one way to improve understanding of the cycling of
H> through the Earth system. However, knowledge of past variability in atmospheric Hy is
limited.

In this dissertation, atmospheric Hx levels over the last century are reconstructed. We
conduct laboratory experiments to make the first measurements of the diffusivity of Hz inice
under conditions relevant to polar ice sheets. Numerical models are used to understand the
implications of our results for the mobility of Hz in polar firn and ice. We show that the partial
pressure of H equilibrates between open and closed pores in the firn column, that significant

diffusive smoothing of atmospheric variability should be expected in ice core measurements of
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H2 older than a few centuries, and that shallow ice core samples could be analyzed for H for up
to a year after drilling without confounding diffusive losses to the atmosphere.

The results of the diffusion experiment are incorporated into a new firn air model. The
firn air model is used to reconstruct atmospheric Hz using measurements from two Antarctic sites
and three Greenland sites. The reconstructions show that H: levels increased by ~60% over
Antarctica and ~40% over Greenland during the 20" century. A simplified atmospheric box
model is used to demonstrate that the 20" century increase in Hz levels is consistent with
increasing anthropogenic emissions and increasing photochemical production. This study is the
first comprehensive investigation of past changes to the biogeochemical cycling of H,. Further
research is required to confirm the records presented here and to extend the reconstruction of

atmospheric Hz levels further back in time in order to analyze the covariance of climate and Ho.
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CHAPTER 1

Introduction

Includes excerpts from:

Patterson, J. D., & Saltzman, E. S. (2021). Diffusivity and solubility of Hz in ice Ih: Implications
for the behavior of Hz in polar ice. Journal of Geophysical Research Atmospheres, 126.
https://doi.org/. https://doi. org/10.1029/2020JD033840

Patterson, J. D., Aydin, M., Crotwell, A. M., Pétron, G., & Severinghaus, J. P. (2021). Hz in
Antarctic firn air: Atmospheric reconstructions and implications for anthropogenic
emissions. Proceedings of the National Academy of Sciences of the United States of

America, 118. https://doi.org/10.1073/pnas.2103335118/-/DCSupplemental .90

1.1 Overview of this dissertation

Molecular hydrogen (H>) in the atmosphere plays an important role in atmospheric
chemistry and the climate system. The biogeochemical cycling of Ha is linked to several
important components of the Earth system including the radiative budget, biomass burning,
biogenic hydrocarbon emissions, soil microbial activity, and the oxidative capacity of Earth’s
atmosphere. Recently, there has been renewed interest in Hz in both the scientific and policy
communities because of its potential to replace fossil fuels as an energy source. Substituting
energy generated from Hy for fossil fuel energy would drastically reduce anthropogenic
emissions of greenhouse gases and air pollutants, provided that the H> is produced using
renewable energy sources (Derwent et al., 2020; Prather, 2003). Like all small molecules, H> is

highly diffusive, and widespread implementation of H> energy technologies would likely lead to



significant H> emissions from leakage (Derwent et al., 2020; Schultz et al., 2003). Projecting the
atmospheric accumulation and climate impacts of increasing anthropogenic emissions requires a
comprehensive understanding of the biogeochemical cycle of H.

Studying past perturbations to the biogeochemical cycling of H2 can provide insight into
its relationship to climate and human activities and increase confidence in projections of the
consequences of future anthropogenic perturbations. However, knowledge of past changes in
H2’s biogeochemical cycling is limited by the lack of information about past atmospheric
variability. Measurements of the aging air trapped in polar firn and ice cores has allowed
researchers to determine past atmospheric levels of climatically important gases such as CO» and
methane (CH4). These atmospheric histories have revealed tight coupling between climate and
atmospheric composition. Furthermore, the reconstructions have allowed researchers to test
theories about the biogeochemical cycling of these gases and infer anthropogenic perturbations
to atmosphere. Currently no such record of atmospheric Hz exists because interpretation of H»
measurements is complicated by H2’s unusually high permeability in ice.

This dissertation focuses on reconstructing the atmospheric variability of H, over the last
century from measurements on polar firn and inferring changes to the budget over that time span.
The study constitutes the first comprehensive investigation of past changes to the
biogeochemical cycle of H,. The research was accomplished by:

1) Conducting laboratory measurements of the solubility and diffusivity of H in ice under
conditions relevant to polar ice sheets
2) Investigating how H2’s unusually high permeability affects the interpretation of Hz

measurements in polar firn and ice using numerical models



3) Developing new firn air modeling techniques, which incorporate the results from steps 1)
and 2)
4) Reconstructing past atmospheric levels of H, over the last 150 years using firn air
measurements from Greenland and Antarctica with the new firn air model
5) Inferring past changes to the global biogeochemical cycling of H using a simple
atmospheric box model and statistical analyses.
The remainder of chapter 1 is devoted to background information on the biogeochemical cycling
of Hz and gas measurements in polar ice cores. Chapter 2 describes the experimental setup and
the results of the H> permeability experiments. It also describes the results of numerical
modeling undertaken to assess the implications of the permeability measurements for the
incorporation of H into an ice sheet. Chapter 3 presents firn air measurements from two sites in
Antarctica and the three sites in Greenland, describes the new numerical model used to simulate
the movement of H; through the firn, and presents reconstructed atmospheric histories of H, over
Antarctica and Greenland. Chapter 4 describes the atmospheric box model used to simulate the
atmospheric distribution and biogeochemical cycling of Hz, and it explores budget scenarios that
could explain the firn air reconstructions. Chapter 5 summarized our key findings, provides a
broader perspective on this work, and suggests possible future directions for research on Hz in
the Earth system.
1.2 Background
This section describes: 1) the budget and distribution of molecular hydrogen in the
atmosphere, 2) the air pollution and climate impacts of the atmospheric chemistry associated
with molecular hydrogen, 3) the use of polar firn air and ice cores to reconstruct the composition

of the past atmosphere, and 4) challenges and previous work on molecular hydrogen in polar ice.



1.2.1 Budget and distribution of molecular hydrogen in the atmosphere
Molecular hydrogen (H.) is an abundant and reactive trace gas in Earth’s atmosphere.

The globally averaged mixing ratio of H, in the troposphere is 530 ppb (nmol H, mol™ air), and
its estimated atmospheric lifetime is 2 years (Ehhalt & Rohrer, 2009; Novelli et al., 1999;
Pieterse et al., 2011; Pieterse et al., 2013; Paulot et al., 2021). The budget of atmospheric H> is
complex with both natural and anthropogenic terms. The largest single source of Hy is the
photolysis of formaldehyde in the atmosphere. Formaldehyde photolysis accounts for almost half
of total Hz sources. Formaldehyde is a photo-oxidation product of methane and other non-
methane hydrocarbons (NMHCSs) of both anthropogenic and biogenic origin. Formaldehyde
photolyzes in the atmosphere in one of two ways:

HCHO + hv — CO + H> (1.1a)

HCHO + hv — HCO + H (1.1b)
Reaction pathway 1.1a, which produces Ho, is slightly favored over reaction pathway 1.1b
(Novelli et al., 1999). H> is also a product of incomplete combustion. Thus, direct emissions
from fossil fuel combustion and biomass burning constitute a significant source. Combined,
combustion sources account for ~40% of total Hz sources. Emission as a byproduct of N2
fixation, both on land and in the ocean, is a small additional source (Ehhalt & Rohrer, 2009;
Novelli et al., 1999; Pieterse et al., 2013; Pieterse et al., 2011). The most important sink of
atmospheric H: is uptake by soil microbes which accounts for 70% of total losses. Oxidation by
the OH radical makes up the balance of remaining losses. Reaction with the OH radical proceeds
according to reaction 1.2:

H, + OH —- H,O+H (1.2)



Estimates of the modern budget of atmospheric H, from several literature sources are given in
Table 1.1.

There is 3% more Hz in the Southern hemisphere than the Northern hemisphere, due to
the asymmetry of the soil microbial sink. This interhemispheric difference is opposite that of
most trace gases for which direct anthropogenic emissions are an important source. (Novelli et
al., 1999; Prather, 2003). H. exhibits strong seasonality in the Northern hemisphere with an
annual maximum around 530 ppb and an annual minimum around 490 ppb. In the Southern
hemisphere, the annual maximum about 550 ppb, and the minimum is around 530 ppb.
Interestingly, the hemispheric cycles do not occur 180° out of phase as is normal for most gases.
The annual maximums are separated by only a few months indicating that there is a different
primary control on the seasonal cycle of Hz in each hemisphere (Novelli et al., 1999). Figure 1.1
shows in situ measurements of atmospheric H. made by the Advanced Global Atmospheric Gas
Experiment (AGAGE) at Cape Grim, Tasmania and Mace Head, Ireland from 1994-2018.

The modern instrumental record of tropospheric Hz abundance began in the late 1980’s
(Khalil & Rasmussen, 1990; Novelli et al., 1999). Mid-20" century studies reported a wide range
(400-2000 ppb), which likely reflects analytical issues and/or influence from urban pollutants
(Ehhalt et al., 1977; Paneth, 1937; Schmidt, 1974). The surface flask air measurements of Khalil
& Rasmussen (1990), the National Oceanic and Atmospheric Administration’s Global
Monitoring Laboratory (NOAA/GML; Novelli, 2006; Novelli et al., 1999), and the
Commonwealth Scientific and Industrial Research Organisation (CSIRO; Langenfelds et al.,
2002) show atmospheric levels of Hz of 510-550 ppb during the late 20" and early 21% centuries
at background sites around the world. In situ measurements from Cape Grim, Tasmania and

Mace Head, Ireland made by AGAGE show similar levels of atmospheric H> during the same



time period (Prinn et al., 2019; Figure 1.1). The data show a small increasing trend in
atmospheric Hz in the southern hemisphere during 1990°s with stable levels thereafter. In the
northern hemisphere, the flasks show no discernible trend since the early 1990’s.
Measurements of atmospheric H> have been subject to challenging calibration drift
(Jordan & Steinberg, 2011). It is believed that H> outgasses from the high-pressure aluminum
cylinders commonly used to make the calibration standards for atmospheric measurements.
Presently, the World Meteorological Organization recommends reporting H2 measurements on
the MPI09 (also referred to as the WMO H» X2009) scale maintained by the Max Plank Institute
for Biogeochemistry, Jena, Germany. The MPI109 scale is calibrated against standards made in
electropolished stainless steel Essex cylinders. In 2013, measurements made by AGAGE and
CSIRO were revised from the CSIR094 scale to the MPI09 scale by applying a correction of
~3%. Since that time, those organizations have reported measurements on the MP109 scale.
NOAA/GML is currently in the process of revising their H, measurements from the NOAA96
scale to the MP109 scale. Matched flask measurements suggest that the bias in NOAA/GML
measurements relative to AGAGE and CSIRO measurements was -1% during the mid-1990’s,

but, by 2015, the absolute bias increased to -5%.



Table 1.1 - Estimates of the modern budget of atmospheric H, from several references.

Novelli et al. . Ehhalt & Rohrer Pieterse et al.
(1999) Price et al. (2007) (2009) (2011)
Sources (Tgy?)
Anthropogenic 15 + 10 227 11+4 17.043
emissions
Biomass
burning 16 £5 10.1 15+6 15+5
Land N 3+1 0 342 3.043
fixation
Ocean N; 3
fixation 3+2 6.0 63 5.0%3
Photochemical 40 343 41+11 373
production
From CH4 269 24.5 238
From 14+7 9.8 18+7
NMHCsP - ' -
Total 7716 73 76 £ 14 77.3
Sinks (Tgy?)
Soil uptake 56 + 41 55 60439 55.8
OH oxidation 195 18 19+5 22.1
Total 75+41 73 79439 77.9

*Also see Paulot et al., 2021
 Includes only direct emissions from fossil fuel and biofuel burning
b Includes biogenic and anthropogenic NMHCs
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Figure 1.1- Monthly averaged H> mixing ratios from in situ measurements over Cape Grim,
Tasmania (red) and Mace Head, Ireland (blue) made by AGAGE (Prinn et al., 2019)
1.2.2 Atmospheric chemistry, climate, and air quality impacts of Hz

The atmospheric abundance of Ha has links to climate and air quality. Much like carbon
monoxide (CO), Hz is an indirect greenhouse gas and ozone (Os) precursor (Figure 1.2). The
oxidation of Hy results in reduced levels of OH radicals. The OH radical is the primary removal
mechanism for atmospheric hydrocarbons, including methane, a powerful greenhouse gas. By
reducing OH levels, atmospheric Hz extends the atmospheric lifetime of methane and increases
the climate warming associated with atmospheric methane. Thus, although it is not radiatively
active, H acts as an indirect greenhouse gas via its effect on the atmospheric lifetime of

methane.



Atmospheric levels of H can also affect air quality. The H atom produced in reaction 1.2
leads to the production of HO, (reaction 1.3). Additional H: causes a shift from OH to HO, and
this shift in the balance between HO species influences ozone chemistry. In the polluted parts of
the troposphere, where high levels of NOx (NO and NO») are present, Hz provides the "fuel”
necessary for the catalytic generation of ozone, which is a potent air pollutant and greenhouse

gas:

H, + OH — H,O +H (1.2)
H+0O;— HO (1.3)
HO2 + NO — OH + NO; (1.4)
NO; + hv — NO + O(*P) (1.5)
O(P)+ 02— O3 (1.6)
Net: Hx+ 202 + hv— O3 + H0 1.7)

Atmospheric Hz also affects stratospheric water vapor content. The oxidation of H»
results in the net production of water vapor. While this process has a negligible impact on total
water vapor content in the relatively moist troposphere, it can have a large impact in the
exceedingly dry air of the stratosphere. Additional water vapor in the stratosphere cools the
stratosphere and warms the troposphere (Solomon et al., 2010). The cooling of the stratosphere
combined with increased water vapor content could also enhance stratospheric ozone depletion
through an increase of polar stratospheric clouds although this effect depends largely on the
continued presence of chlorofluorocarbons (Tromp et al., 2003). In summary, atmospheric H»
abundance plays a role in climate, ozone pollution, and stratospheric chemistry.

H2 is an attractive alternative to fossil fuels as an energy source. The idea that H2 could be

used to generate a substantial proportion of our energy in the future has been coined the



“hydrogen economy.” The use of H> electrochemical cells produces only water vapor as a waste
product. Substitution of H. electrochemical cells for fossil fuels as an energy source would
dramatically reduce carbon emissions and the emission of air pollutants such as NOx and
aerosols, provided that the H- is generated from renewables (Tromp et al., 2003; Prather, 2003).
This reduction in carbon emissions and air pollutants is the primary reason that H» is considered
to be an attractive alternative fuel. However, Hz is a highly diffusive because of its small
molecular diameter. It has been estimated that, if 50% of the energy obtained from combustion
of fossil fuels was instead obtained from clean H: electrochemical cells, atmospheric levels of H>
could increase by as much as 600 ppb through diffusive losses from storage tanks (Schultz et al.
2003). This would correspond to a radiative forcing of 0.026 W mdue to Hz’s previously
discussed role as a sink for OH radicals (Prather, 2003). For comparison, total current
anthropogenic forcing is estimated to be 2.7 W m™ (Forster et al., 2021). Additionally, it has
been estimated that an increase of 500 ppb in total atmospheric H> content would produce
enough stratospheric water vapor to cool the stratosphere by 0.5°C (Tromp et al. 2003).

A more recent modeling study investigated the radiative effects of the complete
replacement of fossil fuel energy with hydrogen fuel cells (Derwent et al., 2020). Those
researchers estimated that, with a 10% H. leakage rate, the transition to a hydrogen economy
would reduce anthropogenic radiative forcing by 95% relative to the continued use of fossil fuels
over a 100-year time horizon. Similarly, Wang et al. conducted a detailed modeling study to
examine the effects of an H» based road-transportation sector on ozone chemistry and air
pollution (Wang et al., 2013a, 2013Db). That research found that adoption of H> based road-
transportation decreases tropospheric air pollution under all scenarios. Assuming a 2.5% leakage

rate, implementation of hydrogen fuel cell technology for road-based transportation would
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reduce tropospheric ozone concentrations by 5%-7% and CO concentrations by 4-14%. Adoption
of hydrogen internal combustion engines would decrease tropospheric 0zone concentrations by
1% and decrease the tropospheric CO burden by 7-17%. Again, assuming a 2.5% leakage rate,
those researchers found that an H>-based road transportation sector would decrease stratospheric

ozone by at most 0.5%.

Figure 1.2- Schematic of the role of Hz as an ozone precursor and indirect greenhouse gas. Much
like CO, H; reacts to generate ozone in the presences of NOx and acts as a sink for the OH
radical (figure from Prather, 2003).
1.2.3 Polar firn and ice cores as an archive of past atmospheric composition

Samples of aging air trapped in polar firn and ice are commonly used to reconstruct the
composition of the past atmosphere on timescales ranging from decades to hundreds of
thousands of years (eg. Alley, 2000; Brook & Buizert, 2018). The firn is the porous layer of
densifying snow that comprises the upper 60-120 m of an ice sheet (Figure 1.2). Bulk density
increases with depth, and total porosity decreases. Additionally, as depth increases, open pores
are progressively sealed into closed bubbles, which are isolated from the atmosphere and the air
in the open porosity. In firn air research, the aging air from the open porosity in the firn column
is sampled and analyzed. The composition of the air in the open porosity of the firn column is

controlled by several processes (Schwander et al., 1993; Severinghaus et al., 2001; Severinghaus
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& Battle, 2006; Trudinger et al., 1997). Near the surface (<10 m), the firn air is well-mixed with
the atmosphere due to convective mixing.

The region below the convective zone is known as the diffusive column. The diffusive
column typically extends to a depth of 60-120 m depending on site characteristics such as
accumulation and temperature. In the diffusive column, gas transport is primarily driven by
molecular diffusion, which acts to decrease concentration gradients. The average age of the air in
the open pores increases with depth. However, the age of the air at a given depth in the firn
column does not correspond to a single year; rather, firn air composition reflects the past
atmospheric composition integrated over an age distribution. The age distribution for a given gas
depends primarily on the molecular diffusivity of that gas. The age distribution of a slow-
diffusing gas at a given depth is older and broader than the age distribution of a fast-diffusing
gas. Additionally, gas composition in the diffusive column is affected by gravitational
fractionation. Gravitational fractionation describes the differential gravitational settling of
various gases based on their molecular weight. Gas species that are heavier than air are enriched
with depth while lighter gas species are depleted with depth. This process is well-described by
the barometric equation (Schwander et al., 1993).

The bottom part of the firn is known as the lock-in zone. In the lock-in zone, vertical gas
diffusion is inhibited by the presence of impermeable seasonal layers (M. O. Battle et al., 2011;
Severinghaus & Battle, 2006). In this zone, gas transport is dominated by advection as new snow
at the surface compresses and buries the older firn. The bottom of the lock-in zone is termed the
firn-ice transition. At the firn-ice transition, no open porosity remains, and any remaining gas is
trapped in closed bubbles in the ice matrix. The air contained in the bubbles ages at the same rate

as the surrounding ice. At warmer, high-accumulation sites, the firn-ice transition generally
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occurs at shallower depths, whereas at colder low-accumulation sites, the firn-ice transition is
generally deeper. Therefore, the age distribution of air trapped in bubbles at the firn-ice transition
is narrower and younger at high-accumulation sites than at low accumulation sites. Furthermore,
the age difference (or delta age) between the air trapped in the bubbles and the surrounding ice is
smaller at high-accumulation sites than at low-accumulation sites.

Polar ice cores are a unique continuous record of Earth’s atmosphere and climate.
Samples of the air extracted from polar ice cores have been used to reconstruct atmospheric
composition on timescales of up to 800,000 years. Similarly, water isotopes (5'20 and §D) and
other proxies have been used to infer past temperature variability and other important climate
parameters (Figure 1.4). Ice core records have provided valuable insight into the Earth system
and revealed tight coupling between the global climate and atmospheric composition over the

last several glacial/interglacial cycles (Brook & Buizert, 2018).
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Figure 1.3- A simplified schematic of the firn column, adapted from Battle et al., 2011. On the
right are the regions of the firn described in the text. On the left are the primary gas transport
mechanisms, which control the composition of the air in the open pores in each region.
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Figure 1.4- An 800,000 year record of atmospheric change and climate proxies from Antarctic
ice cores and the benthic §*80 stack from Brook & Buizert, 2018. Glacial/interglacial cycles are
clearly visible as periodic, simultaneous fluctuations in the data. a) EPICA Dome C 4D of water
relative to VSMOW (Vienna Standard Mean Ocean Water); b) Dome Fuji 5180 of water; ¢) & d)
dust records from Epica Dome C and Dome Fuji respectively; e) & f) Epica Dome C/Vostok
CO2 and CHjy records; g) benthic §'80 stack relative to PDB (Pee-Dee belemnite standard).
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1.2.4 Hzin polar firn and ice

There are several unique challenges associated with the analysis of Hz in polar firn and
ice cores due to its small molecular diameter (2.89 A). Gas molecules with small kinetic
diameters (<3.60 A) are highly permeable in ice. Dissolution and diffusion of H; through the ice
lattice can affect the composition of firn air and ice core bubbles through several mechanisms.
Pore close-off fractionation is a process that takes place in the firn column. It refers to the
gradual pressurization of closed bubbles, which drives a diffusive flux of gases between bubbles
into open pores (Figure 1.5; Huber et al., 2006; Ikeda-Fukazawa et al., 2005; Severinghaus &
Battle, 2006). Significant enrichment of small, diffusive gases has been measured in the open
pores at the base of the firn air lock-in zone where vertical gas phase diffusion within the open
porosity is inhibited by impermeable winter layers. These impermeable layers allow much
steeper concentration gradients to exist in the open porosity in the lock-in zone. For example,
Severinghaus & Battle (2006) reported that firn air samples from the base of the lock-in zone
were enriched in 2Ne by as much as 10%. This enrichment must be considered in firn air
analyses of small diffusive gases. Pore close-off fractionation begins well above the lock-in
zone, leading to upward diffusion of the fractionated gas. As a result, ice core bubbles must be
depleted in mobile gases such as Ne and Hy, relative to the overlying atmosphere.

A second process involves the vertical migration of diffusive gases within the ice sheet.
The internal pressure of air bubbles increases with depth below the firn/ice transition in response
to the increasing hydrostatic pressure. The resulting increase in partial pressure of Hz in the
bubbles causes dissolution of Hz from the bubble into the ice. This creates a vertical
concentration gradient of Hz in the ice and a net upward flux of Hz in the ice sheet even in the

case of constant atmospheric Hz levels. The increase in H» partial pressure with depth likely
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continues until the bubble/clathrate transition is complete and no Ha is present in the gas phase.
This phenomenon has been observed previously with He (Craig & Chou, 1982; Jean-Baptiste et
al., 1993, 2001). Furthermore, vertical diffusion will reduce Hz gradients and smooth the H;
atmospheric history recorded in an ice sheet

A third challenge involves post-coring sample treatment and storage. After an ice core
has been drilled and brought to the surface, H2 within the ice begins to equilibrate with the
surrounding atmosphere. The rate of this process dictates the procedures required to sample ice
cores for analysis of paleoatmospheric H> levels. As described previously, the hydrostatic
compression of bubbles at depth drives H> from the bubbles into the ice. This effect causes
newly drilled ice to be supersaturated with respect to atmospheric H,. A similar phenomenon
occurs for He, and post-coring diffusive losses for He have been estimated to be as much as 10%
within 15 minutes of drilling and recovery (Jean-Baptiste et al., 1993, 2001). Haan (1996)
reported measurements of Hy in several stored ice cores, showing that the measured H> levels are
roughly consistent with full equilibration with the ambient atmosphere in the storage freezer.

There is one previously published investigation of the historical trends in atmospheric H»
using measurements from firn air in Greenland. Petrenko et al. reconstructed northern
hemisphere H; (Petrenko et al., 2013). Their results show an increase in atmospheric H levels
from 450-520 ppb during the 1960’s to a peak near 550 ppb during the late 1980’s or early
1990’s, then, a recent decline to about 515 ppb in 2010 (Figure 1.6). The peak and recent decline
are inconsistent with modern flask measurements that show roughly constant H> levels during
the 1990’s (Novelli, 2006; Novelli et al., 1999; Prinn et al., 2019). The authors note that the firn

air model used for the reconstruction does not include pore close-off fractionation of Ho, and it is
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possible that the inferred peak is an artifact of this process (Petrenko et al., 2013; Severinghaus

& Battle, 2006).

Figure 1.5- A schematic of pore close-off fractionation, adapted from Severinghaus & Battle
2006. Diffusive exchange between closed, pressurized bubbles and open pores causes
enrichment in small diffusive gases, like Hy, in the open pores
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Figure 1.6- Reconstructions of atmospheric Hz using firn air measurements at NEEM, Greenland

using two different firn air models from Petrenko et al. (2013). The histories have been adjusted
from the NOAA96 to the MPI109 calibration scale.
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CHAPTER 2

Diffusivity and solubility of H: in ice Th: Implications for the behavior of H: in polar
ice

Includes excerpts from:

Patterson, J. D., & Saltzman, E. S. (2021). Diffusivity and solubility of Hz in ice Ih: Implications
for the behavior of Hy in polar ice. Journal of Geophysical Research Atmospheres, 126.
https://doi.org/. https://doi. org/10.1029/2020JD033840

2.1 Overview

This chapter describes the measurement of the diffusivity and solubility of Hz in ice and
discusses the implications of those measurements. The experimental setup is detailed, and the
results of those laboratory experiments are presented. Numerical models are used to assess how
the permeability of H» affects measurements in polar firn and ice. This research was published in

Patterson & Saltzman (2021).

2.2 Introduction

The polar ice sheets contain a unique archive of ancient air that can be used to reconstruct
atmospheric composition on timescales from decades to hundreds of thousands of years.

Reconstructing paleoatmospheric trace gas levels requires an understanding of how trace gases

are incorporated into the ice sheet and how they evolve in time as a function of burial depth and

temperature (eg. Etheridge et al., 1996, 1998). Gas molecules with small kinetic diameters

(<3.60 A) are highly permeable in ice, and information about the solubility and diffusivity of

such gases in ice is needed to develop physical models of gas transport in the ice sheet (Huber et

al., 2006; Ikeda-Fukazawa et al., 2005; Patterson et al., 2020; Severinghaus & Battle, 2006). For

example, firn air enrichments in Ne/N2 and O2/N2 relative to atmospheric ratios have been
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observed as a consequence of bubble compression and diffusion into the open pores of the firn
(Severinghaus & Battle, 2006). Bubble compression below close-off depths can lead to vertical
migration of diffusive gases in the ice sheet (Ahn et al., 2008; Craig & Chou, 1982; Jean-
Baptiste et al., 1993, 2001). Permeability of small gases can also lead to changes in trace gas
composition during storage of ice core samples. Such changes have been observed for O2/N;
ratios, He, and Hz (Bender et al., 1995; Bereiter et al., 2009; Haan, 1996; Jean-Baptiste et al.,
1993, 2001; Severinghaus & Battle, 2006). Gas diffusion between bubbles and clathrates in the
bubble-clathrate transition zone is also responsible for small scale variability in ice core CO2 and
O./N2 measurements. (Luthi etal., 2010). These high frequency variations are smoothed by
diffusion deeper in the ice sheet.

This study is focused on the solubility and diffusivity of molecular hydrogen (H2) in ice.
H> is one of the most abundant trace gases in the atmosphere, with a global mean level of 530
ppb (Novelli et al., 1999). Atmospheric histories of H, from firn air and ice cores would provide
insight into the biogeochemical cycle of H» and its relationship to climate and human activities.
Firn air Hz records from Greenland and Antarctica show significant changes in atmospheric H>
over the past century (Petrenko et al., 2013; Patterson et al., 2020). Quantitative information
about the mobility of H2 in ice is required in order to interpret firn air and ice core records
(Patterson et al., 2020).

Relatively little work has been published on the physical properties of H2 inice. The
solubility of H in ice near the melting point has been measured over a wide pressure range
(lldyakov & Manakov, 2014; Manakov et al., 2017; Namiot & Gorodetskaya, 1969). No
measurements have been made at the lower temperatures relevant to polar ice core sites. Strauss

et al. (1994) published an estimate of the diffusivity of Hz in D20 ice at temperatures of 25-60 K.
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Here, we conduct laboratory measurements of the permeability of Hz in synthetic polycrystalline
hexagonal ice (Ih) over a wide temperature range (199-253 K) and analyze the data to estimate
H> solubility and diffusivity. Implications of the results are discussed in terms of 1) H, behavior
in firn air, 2) H> mobility with depth in the ice sheet, and 3) sampling/storage of ice core samples
for Hz analysis.
2.3 Experimental methods
2.3.1 Quantification of H2 in air

H> was analyzed in the air streams from the diffusion cells using gas chromatography
with pulsed-discharge helium photoionization detection (GC- Agilent 7890A,; Valco Instruments
D-3-1-7890 HePDD; Novelli et al. 2009). The air stream was directed through a stainless steel
sample loop (3 mL loop of coiled 1/8” stainless steel tubing) and vented to the atmosphere. The
loop was periodically (12-minute intervals) injected into the He carrier gas stream of the gas
chromatograph. Chromatographic separation was carried out on isothermal packed columns
consisting of two HayeSep DB 100/120 mesh -packed stainless steel columns operated in series
(Table 2.1). The first column was operated as a precolumn and switched out of the carrier flow 4
minutes after injection to prevent less volatile compounds from reaching the detector. A valve
was mounted just before the detector to divert major components of air (O2, N2, Ar) from the
detector as they eluted from the columns. The retention time for H> on the system is 3.7 minutes.

The system was calibrated using gas mixtures of 163-620 ppb Hz in N2 (ppb= nmol
Hz/mol air) prepared in our laboratory in high pressure aluminum cylinders. The detector
response is linear in Hz (R?=.99). Under the conditions of these experiments (3 mL sample loop
at atmospheric pressure), reproducibility is estimated at 1.5% (1o) and the limit of detection (2 x

the 1o uncertainty in the intercept of the calibration curve) is estimated at 9 ppb.
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Table 2.1. Chromatographic parameters for the GC-HePDD
analytical system

Carrier Gas 99.999% pure He (Airgas Inc., Santa Ana CA)
Precolumn 5m x 1/8 in. OD HayeSep DB 100/120 mesh
Analytical Column 5m x 1/8 in. OD HayeSep DB 100/120 mesh
Oven Temperature 50°C

HePDD Temperature 100°C

Column Flow Rate 35 mL min?

Discharge gas flow rate 3 mL min?

2.3.2 Experimental design

This study was carried out using a “block degassing” method. This involves exposing a
block of ice (1.5 x 1.5 x .5 cm) to a pure H. atmosphere for several hours, (referred to as
“charging”) then replacing the H> with air and monitoring the H> outgassing as a function of
time. This is similar in principle to methods used in prior studies of gas diffusion in ice (e.g.
Noguchi et al., 2019; Satoh et al., 1996). In those studies, outgassing was carried out in a sealed
evacuated chamber and quantified by monitoring the change in total cell pressure. Here
outgassing was carried out in a flow of Ultra-zero air at a pressure of 1 atm and quantified by
measuring the air flow rate and mole fraction of H> in the air exiting the diffusion chamber.

Experiments were carried out over a range of temperatures maintained to <£.05 K using
three configurations. Experiments at 199.2 -204.2 K were carried out in a temperature-controlled
polystyrene foam box placed inside an outer insulated box containing dry ice. The polystyrene
foam box contained an air-circulating fan, thermistor, and heater, with temperature control
provided by a thermistor signal amplifier and Newport process controller. Experiments at 227.2
K were carried out in a low temperature freezer with digital temperature control (Scientemp

Corp.). Experiments at 252.7 K were carried out in the temperature-controlled box placed inside
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a 249 K walk-in freezer. In this configuration, eutectic ice packs were placed in the polystyrene
foam box to prevent temperature drift during defrost cycles.

The ice block is placed in a stainless steel “charging” chamber made from a KF-25 nipple
sealed with Viton O-rings. Once the chamber and ice thermally equilibrate at the experimental
temperature, a flow of pure H, is maintained for 12-72 hours (5 mL mint STP; P= 1 atm).
Subsequently, the sample is manually transferred to a second stainless steel “outgassing”
chamber, sealed by Conflat flanges with copper gaskets (Figure 2.2). The second chamber is
never exposed to pure H» to avoid outgassing of H2 from chamber walls. A stainless steel
cylinder was placed in the outgassing chamber to minimize dead volume. A mass flow
controller regulates a flow of Ultra-zero air into the temperature control box through a coil of
copper tubing, and into the outgassing chamber (10 mL min* STP; P= 1 atm). The outflow from
the outgassing chamber is routed to the GC/HePDD injection loop and analyzed for H, every 12
minutes. All tubing is 1/8” copper. The experiment is terminated when the H» levels in the air
flow approach the limit of detection of the analytical system, about 24 hours depending on ice
sample size and Hz exposure time.

During both the charging and outgassing phases of the experiment, the gas flows are pre-
equilibrated with the experimental temperature by passage through a 2 m coil of copper tubing
prior to reaching the chamber. For experiments carried out at 253 K, the Ultra-zero air flow was
pre-saturated with water vapor prior to entering the outgassing chamber. This was done to
minimize mass loss of the ice block to sublimation which would otherwise have been about 1%
over 24 hrs. The pre-saturation chamber consisted of a stainless steel KF-25 nipple sealed with

Viton O-rings that contained a similarly prepared block of ice. The pre-saturation chamber and
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ice was never exposed to pure Ho. The pre-saturation chamber was not required for experiments
at colder temperatures.

Care was taken to avoid air inclusions during the preparation of the ice. First, a /4" sheet
of copper was precooled to -47° C and ultra-pure Milli-Q water was degassed by boiling for 15
minutes. At room temperature, a square nylon tube with 0.3 cm thick walls, a 1.5 cm x 1.5 cm
inner cross section, and ~4 cm length is placed on the cold copper. 6 mL of hot water is pipetted
into the square tube, and the water freezes from the bottom, excluding any remaining dissolved
gas into the liquid above. After ~10 minutes, the remaining liquid water is poured off the top of
the tube, and the ice is pressed out of the tube by hand. The top of the ice is then melted back to
the desired thickness and simultaneously blotted with a Kimwipe to remove meltwater. The
samples used in this study were typically 0.5 cm in thickness. The ice appears bubble-free under
magnifications that reveal bubbles with diameters greater than 10 um. While the presence of
smaller bubbles cannot be ruled out completely, we estimate that undetected bubbles could bias
the measured diffusivity and solubility high by not more than 5-10%. Examination of a thinner
(~.5 mm) similarly prepared ice sample under a cross polar microscope revealed polycrystalline
ice with a typical crystal size of ~.3 mm (Figure 2.1). The c-axes of the crystals are randomly

oriented
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Figure 2.1- A piece of ice prepared as described in 2.1.1 imaged under a cross-polar microscope.
This piece was thinned to about 0.5 mm for imaging.
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Figure 2.2- Schematic of the laboratory setup used to measure H, permeation from ice
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2.3.3 Data analysis

There are no published analytical solutions for diffusion from a rectangular block of
finite dimensions. To analyze the experimental results, we used a 3-dimensional time-dependent
finite-difference diffusion model. The model domain is the entire block of ice. A model grid is
constructed with the unique length, width, and height of the ice blocks used in each experiment
(L, W, and H). Non-uniform grid spacing is used to provide high resolution at the edges of the
box where the strongest concentration gradients are present while minimizing computational
costs. In the center of the model domain, (x=L/2, y=W/2, z=H/2) normalized spacing (i.e. Ax/L)
is 0.0385, 0.0385, and 0.0714 in the X, y, and z dimensions. Normalized grid spacing decreases
linearly to .0015, .0015, and .0055 at the outer boundaries (i.e. x=0, x=L). The governing

equation for the model is Fick’s second law:

ac _
at

DV?C (21)
Where C (mol m?) is the concentration of H in the ice and D (m?s?) is the diffusivity constant
of Hz in ice. A Dirichlet boundary condition is imposed where the concentration in the boxes at
the edge of the domain is prescribed. During the charging period, the concentration at the edges
is C=X*P, the product of solubility (X, mol m* Pa™) and partial pressure of Hz (P, Pa). During
the outgassing period, the concentration is zero. The model calculates the instantaneous rate of
H> outgassing from the block as a function of time, diffusivity, and solubility (Gmed(t,D,X)); mol
s') by integrating the concentration of H over the entire domain at each time step and dividing

by the duration of the time step. The model does not account for adsorption of H> on the ice

surface. Adsorption of Hz on ice is negligible above 30 K (Kristensen et al., 2011) and
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sublimation from the ice surface would likely rapidly desorb any H from the surface before the
first injection into the GC/HePDD.

A fourth order Runge-Kutta integration scheme and a fixed time step of 1 s are used for
the first 100 s of both the charging and outgassing periods when concentration gradients in the
ice block are large. After 100 s, an adaptive Runge-Kutta-Fehlberg time stepping scheme is used
to increase computational speed (Matthews & Fink, 2004). The time step increases to ~2000 s by
the end of each period when the concentration gradient is drastically reduced. A typical
simulation for the conditions used in this study takes about 10 s, executing in MATLAB on an
Intel Core-i7 processor running Windows 10. The model iterates over many combinations of
solubility and diffusivity to optimize the fit of the modeled rate of outgassing to the measured
rate of outgassing. We calculate the rate of H outgassing from the ice (G (t), mol s*) based on

the measured mole fraction on the downstream side:

_ PairFqir
G(1) = Hy(6) » 0l et 22)

Where Hz (t) is the time variant measured mole fraction, Pair is the air pressure in the outgassing
cell (1 atm), Fair is the volumetric flow of air through the sample loop, T is the temperature of the
sample loop, and R is the ideal gas constant
2.4 Results

The raw data time series resulting from a block degassing experiment is shown in Figure
2.3a. H: levels in the air flow were initially ~1000 ppb and declined with an initial rate of
decrease of roughly 400 ppb hr. After 24 hours, H, levels were on the order of 100 ppb and the
rate of decrease had slowed to 10’s of ppb hr'. The optimum diffusivity, solubility, and
permeability (P) constants for each experiment were determined using the 3-dimensional

diffusion model described in section 2.3.3). Optimization was carried out by running the model
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in forward mode using a grid of diffusivity and solubility values. Probabilities are assigned to
each combination of diffusivity and solubility by assuming that the residuals between the
modeled and measured Ha levels are normally distributed with a variance equal to the analytical

uncertainty:

1 vtN _
Prob (D,X) = @202 2ty (Gmoa(t,D.X) G ()2 (2.3)

1
(ov2m)N

Where o is the analytical uncertainty, and N is the number of samples in the run. The summation
is performed over all sampling times. This process results in a two-dimensional probability
distribution (Figure 2.3b). Permeation is well constrained by the block degassing experiments,
with a relative uncertainty of roughly £10% for the higher temperatures and £30% at lower
temperatures.

The fit between the model and the experiment allows the permeability to be partitioned
into diffusivity and solubility. Marginalized probability distributions for diffusivity and solubility
are obtained by integrating the two-dimensional probability distributions over the alternate
dimension (Figures 2.3c and 2.3d). These are considerably broader than that for permeability
because the inferred diffusivity and solubility from any given experiment are highly correlated
(in a negative sense). For example, a low diffusivity constant paired with a high solubility
constant can yield a similar modeled result to that from a high diffusivity constant paired with a
low solubility constant. The relative 16 uncertainties for diffusivity and solubility are roughly
30% at warmer temperatures and 50% at colder temperatures. These uncertainties are slightly

skewed, resulting in asymmetrical uncertainties (Figure 2.3, Table 2.2).
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In total, 17 experiments were conducted using two different blocks of ice. These
experiments were carried out at temperatures ranging from 199 - 253 K. The results are tabulated
in Table 3.1 and plotted in Figure 3.2. Optimized diffusivity constants ranged from 4.8-22.7*10
12m? st and showed no temperature dependence. Optimized solubility constants ranged from
4.4-22.6*107 mol m= Pa’. The solubility data shows a strong temperature dependence.
Optimized permeabilities ranged from 7.9-38.0%1078 mol m™* Pa’s™. The permeability data also
show strong temperature dependence reflecting the temperature dependence of solubility.

The diffusivity, solubility, and permeability data from the block degassing experiments

were fit to an Arrhenius expression of the form:

—E

k=Axerr (2.4)

where k is the constant of interest, A and E, are the A-factor and energy of activation. The

Arrhenius fits and parameters are shown in Figure 2.4 and Table 2.3.
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Figure 2.3- a) results from an experiment with Block A at 253 K with a charging time of 70.7
hours. Red x’s are measured H> mixing ratios. The dashed blue line is the expected mixing ratio
from the numerical diffusion model using the optimal diffusivity and solubility constants (Table
2, row 1), and the black line is the expected mixing ratio using the Arrhenius fits in Table 3. The
two lines are nearly identical. b) two dimensional probability distribution for diffusivity (D) and
solubility (X) calculated for the same experiment. Dashed white lines are contours of constant
permeability. ¢) and d) marginalized 1-dimensional probability distribution for D and X,
respectively. The roughness of the marginalized probability distributions is non-physical and
results from discretization. Note: the grid spacing used in b),c), and d) is 1.0*10 for both
diffusivity and solubility.

31



b
) —10
'®
o
@
S
x 5 1 ;
e
©
o
A
c)

N
o

P
(10" molm' Pat s

4 4.5 5

1000/T (K1
Figure 2.4-Optimized diffusivity (D), solubility (X), and permeability (P) constants obtained
from the experiments. Error bars are +16 uncertainties. Blue squares correspond to ice Block A,

and red squares correspond to Block B. Black lines are the Arrhenius fits with +1c uncertainty
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Table 2.2- Summary of experimental results for H. diffusivity, solubility, and permeability
derived from the individual block degassing experiments. Uncertainties are given as £1c.

Ice Block Temperature Diffusivity  Solubility Permeability
(K) (102 m?sY) (10"molm3Pal) (10 mol m?ts!Pal)
A 252.7 16.1%;7 19.6% 8 31.8%,8
252.7 13.2134 17.3+26 25.1*33
227.2 11.0+33 14.6125 17.9%33
227.2 10.2+43 15.1+335 18.243%
204.2 4.8¥89 6.3+ 10.71%9
204.2 22.7+37 7.2%10 17.1%13
204.2 17.1%42 7.4%18 13.9%37
204.1 10.5182 8.3133 13.2%32
203.2 10.8%78 54112 10.4132
199.2 7.7183 10.1+%7 13.8+%1
B 252.7 17.4%27 21,1718 38.0139
252.7 11.1+13 22.611] 25.7115
227.2 14.9%6% 10.7%34 19.0%31
227.2 12.6%51 13.17%9 184131
204.2 14.7132 44113 7.9%;5
203.2 9.0*1L1 5.8%26 11.7%%3
199.2 13.1722 5.0512 10.813;
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Table 2.3- Parameter estimates for the Arrhenius fits (A factor and energy of activation, E,) to
the diffusivity, permeability, and solubility of Ho. Uncertainties are +16. The parameters were
obtained using linear regression on the data in Figure 3.2.

Parameter A factor Ea (J/mol)
Diffusivity (D) 1.41%5*10M" m? s —5871:20
Solubility (X) 1.3+6*10" mol m3pPa’ 87507739
Permeability (P) 1.9711%105 mol m* Pals? 86607330

2.5 Comparison to previous work
2.5.1 Diffusivity

To our knowledge, the only previous measurement of H. diffusivity in ice is Strauss et al.
(1994) who inferred H> diffusivity in ice Ih from the energy distribution of scattered neutrons.
They reported diffusion coefficients in the range of 10°-10® m? s at temperatures between 25
and 60 K. Those results are two orders of magnitude larger than the results from the current
study and comparable to the diffusivity of Hz in liquid water (3-5%10° m? s ; Verhallen et al.,
1984). Strauss et al. (1994) noted that these diffusivities were unexpectedly large and an order of
magnitude larger than those of H atoms in the same study. The anomalously high diffusivity
obtained from these neutron scattering experiments remains unexplained.

Diffusivities have been published for some other small gases of atmospheric interest.
Satoh et al. (1996) reported diffusion coefficients for He, Ne, and Ar using techniques similar to
those used here. They report Dne and Dne values from 258 - 268 K that are greater than Dne
found in this study by factors of approximately 100 and 10, respectively (Figure 2.5a). Their Dar
is slightly lower than Dw2 by a factor of 2-3. Ikeda-Fukazawa et al. (2002, 2005) estimated D,

Do2, and Dn2 based on molecular dynamics simulations. Our estimate of Dy is substantially
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lower than their estimate for Dre at all temperatures. Their estimate for Do is similar to our
result for Dn2 at our lowest temperatures, but with a much stronger temperature dependence. At
the high end of our temperatures (253 K), their Doz is roughly a factor of 5 greater than Dn2. For
N2, diffusivity is lower than Dn, at low temperatures, and comparable to Dy at the higher end.
2.5.2 Solubility

Ildaykov & Manakov (2014) reported the solubility of Hz near the melting point (271-272
K) at pressures from 1.9-8 MPa. A linear fit through their data forced through the origin yields
an Hy solubility of 4.6* 10° mol m2Pa, in reasonable agreement with this study (Figure 2.5b).
Extrapolation of the Arrhenius fit to our data predicts a solubility of 2.8*-3 *10% mol m= Pa® at
272 K (Table 2.4). Two additional studies of Hz solubility in ice reported data at pressures
exceeding 40 MPa. We did not compare those high-pressure measurements to our data because
of the large extrapolation required.

The solubility of H in ice is similar to that of He and substantially larger than those of
Ne, O2, and N2. In terms of kinetic diameter (KD), He is smaller than Hz. O2, Ar, and N2 are
larger. Ne is very similar in size to H.. However, the diffusivity of H: is closer to that of O than
Ne and the solubility of Hz is closer to that of He then Ne. KD is clearly not the only factor
controlling these physical properties and intermolecular forces must also be important.

The strong temperature dependence of Ha solubility in ice is similar to the temperature
dependence for the solubility of O, and N predicted by the molecular dynamics simulations of
Ikeda-Fukazawa et al. (2005). Interestingly, Ildyakov et al. (2013) reported a temperature
dependence of the opposite sign for the solubility of He in ice. Investigating and explaining these
inconsistencies will require further laboratory observations of the behavior of Hz and other gases

inice.
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Figure 2.5- Comparison of diffusivity (a), solubility (b), and permeability (c) data from this
study with literature data for H, and other gases. The plotted data is tabulated in Table 4.
Filled circles: gray - measured Ha solubility (Ildyakov & Manakov, 2014); yellow - measured
diffusivity, solubility and permeation of He (Satoh et al., 1996); orange - measured diffusivity,
solubility and permeation of Ne (Satoh et al. 1996); purple - measured Ar diffusivity (Satoh et
al., 1996); maroon - measured solubility of He (Ildyakov et al., 2013).

Lines: black - Arrhenius fits to data from this study with +1c uncertainty (as in Figure 4);
magenta - estimated diffusivity of He from molecular dynamics simulations (Ikeda-Fukazawa
etal., 2002); blue and green lines-estimated diffusivity, solubility, and permeability of O and
N2 from molecular dynamics simulations (Ikeda-Fukazawa et al., 2005).
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Table 2.4- Summary of the diffusivity, solubility, and permeability data from various literature sources that is plotted in Figure 2.5

Gas Reference Temp. Diffusivity Solubility Permeability
K D (m?s?) X (mol m? Pa?) P (mol m? Pa?!s?)
Discrete measurements:
H> lldyakov & Manakov, N/A
2014 272 4.6*10° N/A

He Ildyakov et al., 2013 223 N/A 8.2*10° N/A

233 N/A 7.6*10¢ N/A

243 N/A 7.1*10® N/A

253 N/A 6.6*10° N/A

263 N/A 6.3*10° N/A
He Satoh et al., 1996 258 1.1*10° 1.4*10 1.6*101

263 1.1*10° 1.0*10° 1.1*10%°

263 9.9*1010 1.5%10° 1.5%101°

268 1.2*10° 1.4*10° 1.6*101°
Ne Satoh et al., 1996 258 6.7*101 2.1*107 1.4*10Y

263 7.6*101! 1.4*107 1.1*10Y7

263 1.1*10%0 1.6*107 1.7*10Y

268 6.1*101! 2.4*107 1.5*10Y7
Ar Satoh et al., 1996 263 8.5*1071? N/A N/A

Diffusivity Solubility Permeability
Arrhenius relationships: A Ea A E, A Ea
(m2 s) (I mol?) (mol m3Pal) (3 mol) (mol ml)1 Pals (J rll;ol'

H, This Work 1.4*101! -58 1.3*104 8750 1.9*10%° 8660
He Ikeda-Fukazawa et al., 2002 1.6*10° 16830 N/A N/A N/A N/A
O, lkeda-Fukazawa et al., 2004 3.5*10° 9700 1.9*10® 7900 6.6*1017 17600
N, Ikeda-Fukazawa et al., 2004 2.0*101° 5100 2.3*10°® 9200 4.6*%1018 14400
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2.6 Implications for the mobility of Hz in polar firn and ice

The permeability rates determined in this study can be used to examine how mobility of H»
influences the incorporation of atmospheric Ha levels into the polar ice sheets and the behavior
of H in ice cores during recovery and storage.
2.6.1 Pore close-off fractionation

Dissolution and diffusion of Hz through the ice lattice can affect the composition of firn
air and ice core bubbles. Pore close-off fractionation refers to the gradual pressurization of
closed bubbles which drives a diffusive flux of gases between bubbles and open pores (Huber et
al., 2006; Ikeda-Fukazawa et al., 2005; Severinghaus & Battle, 2006). Significant enrichment of
small, diffusive gases has been measured in the open pores at the base of the firn air lock-in zone
where vertical gas phase diffusion within the open porosity is inhibited by impermeable winter
layers. These impermeable layers allow much steeper concentration gradients to exist in the open
porosity in the lock-in zone. Severinghaus & Battle (2006) reported that firn air samples from the
base of the lock-in zone were enriched in ?2Ne by as much as 10%. Pore close-off fractionation
begins well above the lock-in zone, leading to upward diffusion of the fractionated gas. As a
result, ice core bubbles must be depleted in mobile gases such as Ne, relative to the overlying
atmosphere.

Pore close-off fractionation must be accounted for when reconstructing past atmospheric
levels of H, from firn air measurements using firn air models. At South Pole, neglecting this
process leads to an overestimate of atmospheric levels of Hz by ~10% during the early 1900°s
(Patterson et al. 2020). Pore close-off fractionation in firn air models has been parameterized in
numerous ways. In Severinghaus & Battle (2006), small gases like Ne and H> diffuse through the

thin walls of recently closed bubbles into the open porosity. The bubbles contribute to the
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fractionation until they have been compressed by 5% by firn densification. Beyond that point,
bubbles cease to contribute to fractionation because they are assumed to be too far from open
porosity. Patterson et al. (2020) refer to this model as the “kinetic model” because it implicitly
assumes that diffusion through the ice lattice is a rate-limiting process. Alternatively, Patterson
et al. (2020) proposed an “equilibrium model” of pore close-off fractionation in which H»
diffusion through ice is sufficiently fast to equilibrate the partial pressure of H, between closed
bubbles and open pores at the South Pole. Here we use the laboratory data from this study and a
simple numerical diffusion model to examine the validity of the assumption of equilibrium.

The numerical model simulates radial diffusion from a single spherical, pressurized
bubble through a concentric shell of ice into an outer shell of “open porosity” (Figure 3.4, inset).
The closed bubble is assumed to have a volume of 102 m?, corresponding to a radius of 0.288
mm. Equilibration time is calculated as a function of depth at the South Pole for depths where
closed bubbles make up >1% of the total volume, beginning at a depth of 108 m. The porosity
profile from the firn air model of Patterson et al. (2020) was used to prescribe the ice shell
thickness and the volume of the “open porosity” shell. For each model run, the ratio of the
volumes of the open porosity and closed bubble to total ice volume is identical to those ratios at
the corresponding depth in the firn air model. The ice shell thickness decreases with depth from
1 mm at 108 m to 0.4 mm at 125 m because, in the firn air model, the ratio of ice volume to
closed bubble volume decreases with depth. Likewise, open porosity volume decreases with
depth from 1.0*10° m® at 108 m to 2.2*10®* m2 at 125 m because the ratio of open porosity
volume to closed bubble volume in the firn air model decreases with depth. The model is
initialized with H»- free ice and equilibrium between the gas and ice is assumed at the boundaries

of the bubble and the shell throughout the model run. The model calculation is carried out in one
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dimension, and non-radial diffusion is ignored. The diffusivity and solubility constants at the
annual average temperature at South Pole (223 K) were calculated from the Arrhenius fits to the
data from this study. The characteristic relaxation time (e-folding time) for equilibration is
calculated and plotted in Figure 3.4. The characteristic relaxation time (t) is defined as the time

at which:

e — oxp (1) (2.5)

Peq_Po(T)

Where Peq is the equilibrium partial pressure of Hz in the open porosity shell and Py is the time-
varying partial pressure of Hy in the open porosity shell.

The e-folding time for the equilibration of the partial pressure of H. in the outer shell
ranges from 7.0 days at 108 m to 0.1 day at 125 m. The rapid decrease in equilibration time with
depth is driven by the decreasing ice shell thickness and by decreasing open pore volume. At
South Pole, the annual accumulation rate is about 8 cm ice eq. y* and bubble pressurization in
the firn column is roughly ~.1% yr. This model result suggests that the assumption of diffusive
equilibrium between closed and open porosity is reasonable at the South Pole, and, given the
short e-folding time, it is likely that the assumption of equilibrium is valid even at higher
accumulation sites where bubble pressurization is more rapid. The geometry assumed in this
calculation is highly oversimplified. In reality, the open pores are a complex web-like network,
making it challenging to determine the average distance between closed bubbles and open pores

(Burr et al., 2018; Figure 2.7). Images obtained from X-ray tomography of firn (Figure 2.7)
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could be used to develop more refined calculations of equilibration times for pore close-off

fractionation.
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Figure 2.6- Results from a model simulation of H diffusion between a pressurized bubble and
unpressurized open pores showing characteristic relaxation time as a function of firn depth.
Characteristic relaxation time is defined as the e-folding time for the equilibration of the partial
pressure of Hz in the outer shell of open porosity. Inset: An illustration of the geometry of the
simulation. The bubble is at the center of an ice sphere with an outer “shell” of open porosity.
H> diffuses from the inner bubble (orange) through the ice (white) to the outer “open porosity”
(blue). Graph: corresponding total porosity (i.e. (open pore volume +closed bubble volume/ firn
volume) and model ice shell thickness for each depth is shown on the right y-axis.
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Figure 2.7- X-ray tomography image of the porosity field from just below the close-off depth
(100 m) at Dome C. Below 100 m, firn air could not be sampled. Open pores are white and
closed bubbles are red. The cross section is 6.72 mm x 6.72 mm. Reproduced with permission
from Burr et al. (2018).

2.6.2 Diffusive migration of Hzin an ice sheet

The internal pressure of air bubbles increases with depth below the firn/ice transition in
response to the increasing hydrostatic pressure. The resulting increase in partial pressure of H»
causes dissolution of H, from the bubble into the ice. This creates a vertical concentration
gradient of Hz in the ice and a net upward flux of H: in the ice sheet even in the case of constant
atmospheric H levels. The increase in H» partial pressure with depth likely continues until the
bubble/clathrate transition is complete and no Hz is present in the gas phase. This phenomenon
has been observed previously with He (Craig & Chou, 1982; Jean-Baptiste et al., 1993, 2001)

To investigate the magnitude of this effect for Ho, we use a 1-dimensional finite
difference advective/diffusive ice sheet model with layer thinning and ice densification (Neftel et
al., 1983). The ice sheet model is discretized into annual layers. To isolate the effects of diffusion

in the ice sheet from those associated with the firn layer (discussed in section 2.6.1 above), the
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ice sheet model is not coupled to a firn air model. H: is assumed to be in equilibrium between
ice and bubbles in each layer. The physical properties of South Pole were used for this
calculation and a constant atmospheric mixing ratio was maintained. The model was run for
20,000 years and a steady state profile was achieved. The resulting vertical gradient was small
(~1% m™). Upward diffusion was negligible, approximately 0.001% loss of H, from a single
annual layer over 5,000 years. This result is consistent with the results of Jean-Baptiste et al.
(1993), given that the permeability of H: is less than 0.01 times that of He.

We also investigated the diffusive smoothing of vertical gradients of H> in the ice sheet
originating from fluctuations in atmospheric Hz using the same model (Neftel et al., 1983). A 1-
year pulse of Hz is introduced at the surface and the model is run for 10,000 years. The amplitude
of the resulting peak decreases, and the peak broadens due to vertical diffusion as it propagates
through the ice sheet (Figure 2.8). The full width at half maximum (FWHM) for the 1-year pulse
after propagating for 1000 years is 0.6 m, which is equivalent to 10 years. After 10,000 years,
the pulse FWHM is 4.5 m, equivalent to 78 years.

Sites with higher annual accumulation experience a reduction in smoothing due to thicker
annual layers. However, the effects of thicker layers are somewhat offset by the more rapid
permeation associated with warmer temperatures. For example, under WAIS-Divide conditions
(243 K, 22 cm ice eq. y1), the FWHM for a 1-year pulse is 6 years (0.8 m) after 1000 years of
propagation and 44 years (6.1 m) after 10000 years of propagation. Annual layers are about 2.8
times thicker at WAIS-Divide than South Pole, but smoothing is only attenuated by a factor of
1.7.

These results indicate that reconstructing high frequency (decadal) atmospheric H»

variability from polar ice cores will require some correction for diffusive smoothing. This could

43



be accomplished by inverting an ice sheet model in a similar fashion to firn air reconstructions
(eg. Patterson et al., 2020; Petrenko et al., 2013). Smoothing of atmospheric variations also
occurs due to gas phase diffusion in the firn column. At the South Pole, the age distribution of
the H> incorporated into the ice sheet at the bottom of the firn column has a FWHM of ~13 years
(Patterson et al., 2020). This smoothing in the firn air column is important to account for with all
ice core samples. In contrast, smoothing due to diffusion through the ice lattice is only important

for samples that are more than several centuries old.
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Figure 2.8- Model simulation of a pulse of H> propagating through the ice sheet at the South
Pole. Length has been converted to time-scale on the x-axis.

2.6.3 Post-coring diffusive exchange with atmospheric H2

After an ice core has been drilled and brought to the surface, H, within the ice
equilibrates with the surrounding atmosphere. The rate of this process dictates the procedures
required to sample ice cores for analysis of paleoatmospheric H» levels. As described earlier, the
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hydrostatic compression of bubbles at depth drives H> from the bubbles into the ice. This effect
causes newly drilled ice to be supersaturated with respect to atmospheric Hz. A similar
phenomenon occurs for He, and post-coring diffusive losses for He have been estimated to be as
much as 10% within 15 minutes of drilling and recovery (Jean-Baptiste et al., 1993, 2001). Haan
(1996) reported measurements of H» in several stored ice cores, showing that the measured H»
levels are roughly consistent with full equilibration with the ambient atmosphere in the storage
freezer. However, the kinetics of diffusive exchange cannot be calculated from that data, as the
storage time of the cores was not given.

Post-coring equilibration of H> was simulated using a finite difference model of diffusion
in a uniform cylinder. The model assumes radial symmetry and a homogeneous distribution of
bubbles. For this calculation we used the approximate properties of a 10 cm diameter South Pole
ice core recovered from a depth of 200 m (223 K, accumulation rate 8 cm ice eq. yr?). The
bubble pressure was estimated from the ice sheet model described in section 2.6.2. The in-situ
bubble pressure at 200 m is roughly 25 bar. Hz in the bubbles at close-off was assumed to be
300 ppb, based on firn air measurements at the base of the lock-in zone at South Pole (Patterson
et al., 2020). We make two simplifying assumptions in this calculation that both tend to
overestimate the rate of diffusive equilibration. First, instantaneous equilibrium is assumed
between the bubbles and the ice within each grid cell. Second, ice relaxation is neglected. Gow
(1971) estimated a density change of 0.2-0.3% over 16 months for a GISP2 ice core sample
recovered from a depth of 200 m. This implies a 7-10% decrease in bubble pressure over that
time span. Therefore, this calculation serves as an upper bound on diffusive losses of H, from a
bubbly ice core. Diffusion and solubility coefficients were obtained using the Arrhenius

parameters in Table 3 for 253 K, a typical storage freezer temperature.

45



The model simulation is run for one year of sample storage at ambient atmospheric levels
of 530 ppb H.. The results show that over one year, the ice core sample loses only 18% of its H»
(Figure 2.9). This calculation suggests that bubbly ice core samples could still be meaningfully
analyzed for H. after storage for several months in the ambient atmosphere provided that the
outermost ice is removed before extraction. A caveat to this conclusion is the possible additional
loss of H> via microfractures associated with drilling and ice relaxation. Small losses of Ar and
02 (1-2%) have been observed during storage and attributed to microfractures in the ice lattice
associated with drilling and extraction (Bender et al., 1995). These losses ceased after 3 months
presumably because of microfracture healing. It is possible that microfracture-related losses of
H> could be greater due to its smaller molecular diameter, but the size dependence of this
phenomenon has not been established.

We also considered the case of deep ice core samples in which some or all of the
enclosed air is bound in clathrate hydrates. Air bubbles transform into air clathrate inclusions in
the ice lattice at depths between 500 m and 1700 m, depending on site temperature and
accumulation rate, (Miller, 1969; Salamatin et al., 1998; Shoji & Langway, 1982) . Pure H»
clathrates do not form in polar ice sheets because the dissociation pressure of such clathrates
(~10° Pa at 223 K) is substantially higher than in situ pressures (Mao & Mao, 2004; VVos et al.,
1993). Experimental evidence shows that H» can occupy various sites in N> clathrates as a guest
molecule. Lu et al. (2012) exposed N clathrates to pure Hz at 150 bar and observed formation of
mixed clathrates with between 1 and 3 H> molecules per N> molecule. Those results are not
directly transferable to clathrates in an ice sheet where N2is ~107 times more abundant than Ha.
Instead, we estimated the fractional occupancy of clathrates in polar ice using Kihara potentials

after Mousis et al. (2013) and Parrish & Prausnitz (1972). Using this approach, we calculated the
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partitioning of H. between the dissolved phase, the gas phase, and clathrates (both large and
small cage) occupied by a mixture of N2, Oz, Ar, and Hy. These are thermodynamic calculations
that do not account for the kinetics of clathrate nucleation and growth or for the non-hydrostatic
behavior of bubbles (Salamatin et al., 1998). This calculation also requires some air to remain in
the gas phase (bubbles) at all pressures. In actuality, bubbles are no longer observed below the
bubble/clathrate transition depth (e.g., below 1300 m at South Pole; Ackermann et al., 2006).
These simplifications notwithstanding, the calculation should estimate the impact of clathrate
formation on H, mobility in deep polar ice.

Parameters for the calculations include Kihara potential parameters for N2, O, Ar, and
H> (Mousis et al., 2013; Khan et al., 2015) and Structure Il clathrate physical parameters from
Mousis et al. (2013). Dissociation pressures for pure clathrates of N2, O, Ar at 223 K were
calculated after Mousis et al. (2013). The dissociation pressure of pure H> clathrate was
estimated from an Arrhenius fit to the data in Mao & Mao (2004).

The following case is an example illustrating how clathrates influence the behavior of H»
in ice. We use conditions similar to those at the base of the bubble-clathrate transition zone at
South Pole: 1) a bubble volume to ice volume ratio of 10, 2) a total gas pressure of 7.6*10° Pa
if no clathrates were present, 3) total gas composition of 0.78 N2, 0.21 O, 0.01 Ar, and 400 ppb
H> (including H2 in both the dissolved and gas phases). The amount of N2, O, and Ar dissolved
in the ice lattice is negligible compared to the clathrate and gas phase, and is ignored in these
calculations. At equilibrium under these conditions, 99.95% of the total gas present in the system
is enclathrated and .05% of the total gas present in the system remains in the gas phase at a
pressure of 3.8*10° Pa. 97.0% of the H, present in the system is dissolved in the ice lattice, 3.0%

partitions into the clathrates, and .04% remains in the gas phase. The small amount of H. present
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in the clathrate phase reflects the small magnitude of the Kihara potential well of an enclathrated
H> molecule.

Diffusive losses of Hz from a bubble-free clathrate ice sample with these characteristics
were calculated using the Crank (1975) solution for radial diffusion in a cylinder. To facilitate
the calculation, we make two simplifying assumptions: 1) all of the Ha is dissolved in the ice
lattice (rather than the ~97% predicted from the Kihara calculation), and 2) as before, ice
relaxation during storage is ignored, although Gow (1971) estimated that the volume of a GISP2
sample recovered from 1000 m increased by .3-.4% over 16 months. The results show that after
one year, the bubble free ice has lost 66% of the H> initially present in the sample (Figure 3.7).
This simulation provides an upper limit on diffusive losses of H from clathrate ice. H
concentrations in clathrate ice are much higher than in bubbly ice because H; partitions almost
exclusively into the dissolved phase in clathrate ice. The greater supersaturation in H> relative to
the atmosphere causes faster diffusive losses from clathrate ice upon sample recovery. As a
result, it is evident that ice core samples containing clathrates intended for analysis of H2 should
be enclosed in an impermeable container after drilling to prevent diffusive exchange with the

modern atmosphere.
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Figure 2.9- Model simulation of equilibration of ice core samples recovered from South Pole
from bubbly and bubble-free clathrate ice. The fraction of initial H2 remaining is plotted as a
function of distance from the center of a 10 cm diameter ice core and of storage time after
drilling. Dashed lines: bubble-containing (200 m) ice, Solid lines: bubble-free clathrate ice. a)
Curves show the profile after 1 day (magenta), 7 days (red), 30 days (blue), and 365 days
(green). b) curves show the time course at radii of 0 cm (light blue), 1.25 cm (maroon), 2.5 cm
(yellow), and 3.75 cm (purple).
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Table 2.5- Comparison of gas partitioning for a system with only bubbles and for a system with bubbles in thermodynamic
equilibrium with clathrates

Condition Pressure Bubble Clathrate Ice (_'3“°|
(mole fraction) (mole fraction) m=)
P (Pa) N2 02 Ar H: N2 02 Ar H: H:
Bubbles only 7.6%10° 0.78 0.21 0.010 1.8*1010 N/A N/A N/A N/A 1.6*106
Bubbles and clathrates  3.8*106 0.90 0.098 2.3*10° 3.5*107 0.78 0.21 0.01 1.2*108 1.6*10¢
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2.7 Summary and conclusions

The permeability of H in ice was experimentally measured at temperatures relevant to
polar ice and partitioned into diffusivity and solubility constants. H> permeability in ice exhibits
positive temperature-dependence. The temperature dependence of permeation appears to be
fully explained by that of solubility while diffusivity appears to be temperature invariant. This is
a surprising result because conceptual models for diffusion of gases in ice typically invoke an
activation energy associated with the mobility of vacancies in the lattice or potential fields
between the ice and diffusing gas molecules (Ikeda-Fukazawa et al., 2002, 2004, 2005). There is
little experimental data in the literature with which to validate this finding. Satoh et al. (1996)
reported temperature-independent diffusivity of Ne in ice, but that study covered only a 10 K
temperature range. If temperature independence of diffusivity proves correct, it would suggest
that the mechanism of diffusion is more complex than previously assumed. Further experimental
work on the diffusion of small gases in ice is warranted and the experimental methodology
developed here is easily extended to other gases.

The permeability of H allows estimation of the rates of processes relevant to
reconstructing the atmospheric history of H, from polar firn air and ice cores. H, permeation is
likely to result in equilibration between open and closed pores in the firn column. Such
equilibration simplifies firn air modeling for H» (Patterson et al., 2020). H, permeation in polar

ice leads to diffusive smoothing of vertical gradients.
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For ice with gas ages of several centuries, this smoothing is comparable to that caused by
diffusion during firn air enclosure. Finally, we estimate the rate of exchange of ice core samples
with the atmosphere and find that the permeation of Hz from bubbly ice should be slow enough
to permit analysis of H> up to a year after drilling (barring additional losses via

microfractures).
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CHAPTER 3

Reconstructing atmospheric H; from polar firn air

Includes excerpts from:

Patterson J. D., Aydin, M., Crotwell, A.M., Petron G., Severinghaus J. P., & Saltzman, E. S.
(2020). Atmospheric history of Hz over the past century reconstructed from South Pole firn
air. Geophysical Research Letters, 47, e2020GL087787.
https://doi.org/10.1029/2020GL 087787

Patterson, J. D., Aydin, M., Crotwell, A. M., Pétron, G., & Severinghaus, J. P. (2021). Hz in
Antarctic firn air: Atmospheric reconstructions and implications for anthropogenic
emissions. Proceedings of the National Academy of Sciences of the United States of

America, 118. https://doi.org/10.1073/pnas.2103335118/-/DCSupplemental.90

3.1 Overview

This chapter presents reconstructions of the atmospheric history of Hz from firn air
measurements. During the course of this research, it was discovered that H» had been measured
in polar firn air from several sites between 1996 and 2013 but the data was never analyzed or
published. Here we report firn air measurements of H> from two sites in Antarctica and three in
Greenland. The challenges associated with calibrating those measurements are discussed. New
firn air modeling techniques specific to highly diffusive gases such as H are presented, and the
details of the atmospheric reconstruction technique are described. Reconstructions of southern
hemisphere H; levels since 1850 and northern hemisphere Hy levels since 1930 are presented
(Patterson et al., 2020; 2021). These are the first reconstructions of atmospheric Hz spanning the

20" century.
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3.2 Introduction

The utilization of Hz as an energy source emits no carbon to the atmosphere if produced
from renewables. Increasing adoption of H as a substitute for fossil fuels is likely (van Renssen,
2020). As the Hz energy sector expands, anthropogenic emissions are expected to increase due
to leakage (Paulot et al., 2021; Prather, 2003; Wang et al., 2013a). Projecting the effects of
increasing anthropogenic emissions requires a comprehensive understanding of the
biogeochemical cycle of Hz. Reconstructing the paleoatmospheric levels of H> contributes to that
understanding by establishing the baseline for quantifying anthropogenic emissions since the
industrial revolution and for studying the effect of climate variability on the cycling of

atmospheric Hz over decadal to century time scales.

Prior to this study, there was one published firn air study of the historical trends of
atmospheric Ha. Petrenko et al. (Petrenko et al., 2013) reconstructed northern hemisphere H»
from Greenland firn air measurements. Their results show an increase in atmospheric H: levels
from 400-480 ppb during the 1960’s to a peak of 500-520 ppb during the early 1990’s, then, a
recent decline to about 480 ppb in 2010. The peak and recent decline are inconsistent with
modern flask measurements that show a slow increase during the 1990’s. (Novelli, 2006; Novelli
etal., 1999; Prinn et al., 2019). The authors note that the firn air model used for the
reconstruction does not include pore close-off fractionation of H, and suggest that it is possible
that the inferred peak is an artifact of this process (Petrenko et al., 2013; Severinghaus & Battle,

2006).
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3.3 Firn air sites, sampling and H2 measurements
3.3.1 Firnair sites

H> measurements from five firn air sampling campaigns were used in this research. The
sites of the five campaigns were: South Pole, Antarctica; Megadunes, Antarctica; North
Greenland Eemian Ice Drilling Site (NEEM), Greenland; Summit, Greenland; and Tunu,
Greenland. Site characteristics and associated references are summarized in Table 3.2. Sites were
chosen because of the availability of high-quality H, measurements that had not previously been
analyzed. Inclusion of sites from both hemispheres allows for analysis of changes to the inter-

hemispheric difference and the global biogeochemical cycle of Ha.
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Table 3.1- Site characteristics and associated references for each of the five firn air sampling campaigns used in this research are
summarized below.

Sampling Average Average Acc.

. . . )
Site Lat. Lon. Date Temp. (°C) (cmie. yi)! Sampling Ref. Modeling Parameters Ref.

SouthPole  90°S  25°W  1/2001 51 8.1 Sg‘ég”“gha“s &Battle, oo\ eringhaus & Battle, 2006

Megadunes  81°S  125°E 1/2004 -49 2.8 Severinghaus et al., 2010 Severinghaus et al., 2010

NEEM 77°N  51°W 7/2008 -29 21.6 Petrenko et al., 2013 Buizert et al., 2012

Summit 73°N  38°W 5/2013 -31 234 Hmiel et al., 2020 Christo Buizert, Personal Communication
Tunu 78°N  34°W 5/1996 -29 10.0 Butler et al., 1999 This Work

!Average Accumulation (cm ice equivalent per year)
2Modeling parameters include: density profile, diffusivity profile, partitioning between open and closed porosity, and the depth of the onset of the lock-in zone
(Section 2.4.1).
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Figure 3.1- Locations of the South Pole and Megadunes firn air sampling sites in Antarctica
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Figure 3.2- Locations of the NEEM, Summit, and Tunu firn air sampling sites in Greenland
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3.3.2 Firnair sampling

The sampling methods used in these firn air campaigns were similar to techniques from
previous published firn air studies (Figure 3.3; eg. M. Battle et al., 1996; Severinghaus et al.,
2001; Severinghaus & Battle, 2006). A borehole was drilled into the snowpack. The hole was
sealed above each sampling depth with an inflatable rubber packer to prevent contamination
from the modern atmosphere. Decabon tubes for both waste air and sample air extend from
below the packer to the surface. The waste air intake was positioned directly below the rubber
packer. The waste air intake was separated from the sample air intake by stainless steel baffle
nearly as wide as the borehole. Air was pumped from the waste air intake 2-5x faster than from
the sample air intake to ensure that no air that had been in contact with the rubber packer was
sampled. Sampled air was pumped across a P2Os desiccant and stored in 2 | glass flasks. More
detailed information regarding the sampling at each site may be found in the references listed in

Table 3.1.
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Figure 3.3- Schematic of a typical firn air sampling apparatus, adapted from Assonov et al.,
2007

3.3.3 Firn air Hz2 measurements and calibration

Firn air samples from NEEM were analyzed at the Climate Science Centre,
Commonwealth Scientific and Industrial Research Organisation (CSIRO) using gas
chromatography coupled to an HgO reductive gas analyzer (HgO-RGA). CSIRO measurements
were reported on the Max Plank Instituted 2009 (MPI109) scale, and analytical uncertainty is
estimated at 2%. Firn air samples from South Pole, Megadunes, Summit, and Tunu were
analyzed for H, by the NOAA/GML Carbon Cycle Group. Measurements were made using gas

chromatography coupled to either an HgO-RGA (South Pole, Megadunes, Tunu) or He pulsed
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discharge detector (HePDD; Summit). These measurements were reported on the NOAA-1996
(NOAAO9G6) calibration scale. Analytical uncertainty is estimated at 2% (Novelli et al., 2009;
Novelli et al., 1999). The World Meteorological Organization recommends reporting Ha
measurements on the MPI09 calibration scale. The measurements from NOAA/GML were
corrected to the MPI09 scale using flask intercomparisons between NOAA and either AGAGE
or CSIRO as described below. Additionally, a correction for detector non-linearity was applied
to measurements made using the HJO-RGA (described below). Table 3.2 summarizes the
measurements from each site.

Raw, uncorrected measurements from all five firn air campaigns are plotted in Figure 3.4.
At South Pole, measurements above the lock-in zone are approximately constant near modern
levels (~540 ppb). Below 116 m, H> levels decrease rapidly to 380 ppb at 123 m. Observed
trends in firn air H, content are similar at Megadunes. H> levels are approximately constant
between 540 and 550 ppb, above 64 m, the onset of the lock-in zone at Megadunes. H> levels
decrease rapidly in the lock-in zone to 340 ppb at 69 m.

Measured depth profiles at the three Greenland sites display strong gradients above lock-
in that reflect the intense seasonality of atmospheric Hz in the northern hemisphere. Additionally,
the depth profiles from NEEM and Summit both display sharp maximums in the lock-in zone. At
NEEM, H: increases from 515 to 525 ppb between 5 and 35 m. H> levels decrease to 505 ppb at
62 m, just above the lock-in zone. H: levels then increase to a sharp maximum of 530 ppb at 68
m. Ha levels decrease form the maximum rapidly to 485 ppb at 76 m. At Summit, measured H>
levels decrease from 510 ppb at the surface 485 ppb at 68 m. H> levels then increases to 530 ppb

at 78 m. Hz levels decrease below that to 520 ppb at 80 m. The Tunu depth profile decreases

61



from 525 ppb at the surface to 495 ppb at 47 m. H> is nearly constant from 47-59 m and
decreases to 410 ppb at 68 m.

The firn air measurements from South Pole, Megadunes, Summit, and Tunu are reported
on the NOAAAO9G6 calibration scale. This calibration scale has been subject to slow drift over time
due to changes in gravimetric gas standards. The Hy calibration scale currently recommended by
the World Meteorological Organization is the MP109 scale (Jordan & Steinberg, 2011). We
adjusted the NOAA firn air measurements from South Pole and Megadunes to the MPI09 scale
using contemporaneous surface air flask measurements from NOAA/GML and AGAGE from
Cape Grim Observatory, Tasmania (Figure 3.5). The AGAGE measurements used in this
comparison were retroactively adjusted to the MP109 scale in 2012 (Prinn et al., 2019).

The first batch of South Pole firn air flasks was analyzed in March 2001 at the same time
as Cape Grim surface air flasks from December 2000 and January 2001. The NOAA/GML Cape
Grim surface air flask measurements are 3.8 ppb lower than contemporaneous CSIRO/AGAGE
data. This offset was applied to the South Pole firn air data from the first batch. The second
batch of firn air samples was analyzed during February 2002 along with Cape Grim flasks from
November 2001 and January 2002. The NOAA/GML Cape Grim surface air flask measurements
from that period measurements for these months are biased low by 2.7 ppb, and this correction
was applied to the second batch of firn air samples (Novelli, 2006; Prinn et al., 2019).

Megadunes firn air flasks were analyzed for H> at NOAA/GML in April 2004. During the
same time period, Cape Grim surface air samples from January-March 2004 were also analyzed
by NOAA/GML. The average offset between the AGAGE measurements and the NOAA/GML

measurements during these months is 1.6 ppb (with AGAGE measurements higher than
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NOAA/GML measurements; Novelli, 2006; Prinn et al., 2019). We applied a constant correction
of 1.6 ppb to all of the Megadunes firn air measurements.

NOAA/GML surface flask measurements from 2013 are not available. Instead, we correct
the Summit firn air flask measurements according to a matched flask intercomparison project
between NOAA/GML and CSIRO (Figure 3.6; Paul Krummel, Personal Communication). H»
measurements at CSIRO are tied to the MPI09 calibration scale. The average offset between
CSIRO and NOAA/GML measurements in 2013 was 22.2 ppb with the NOAA/GML
measurements lower than the CSIRO measurements. That correction was applied to all Summit
firn air samples.

Measurements of the Tunu firn air were conducted at NOAA/GML during June of 1996.
No surface flasks from Cape Grim were analyzed by NOAA/GML during that time, so we used
the same matched flask intercomparison project to correct the Tunu measurements. The average
offset between CSIRO and NOAA/GML during June and July of 1996 was 4.7 ppb with
NOAA/GML measurements lower than the CSIRO measurements. A constant correction of 4.7
ppb was applied to all of the Tunu firn air measurements.

NOAA/GML Hz measurements were initially calibrated using a single 530 ppb H:
standard, assuming a linear detector response. We have applied an empirical correction to the
firn air Hz data from South Pole, Megadunes, and TUNU to account for the non-linear response
of the HJO-RGA. The non-linearity bias is estimated to be -3 ppb at 453 ppb and -12 ppb at 312
ppb based on a few laboratory measurements made at NOAA/GML in 2009 (Gabrielle Petron
and Andrew Crotwell, Personal Communication). The biases were linearly interpolated onto the
firn air measurements, and the measurements were corrected for the bias (i.e., a measurement of

300 ppb would be corrected to 312 ppb). The response of the HePDD is linear, so the non-
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linearity correction was not applied to the firn air measurements from Summit. The calibration
and non-linearity corrections described above are small (<5%) and are not important for the main
conclusions of this research.

The NOAA/GML H> measurements from the 2013 Summit campaign are being formally
revised to the MPI09 calibration scale. The revised Summit measurements will be available from

NOAA/GML (Gabrielle Petron; gabrielle.petron@noaa.gov). Measurements from the other firn

air campaigns will not be revised. The firn air measurements from NEEM were made by CSIRO.
H> measurements from CSIRO are calibrated using standards between 340 and 1000 ppb. CSIRO
measurements were revised to the MPI09 scale in 2010. Therefore, the calibration and non-
linearity corrections were not applied to the firn air measurements from NEEM. The firn air
measurements from all five sites were corrected for gravitational fractionation using equation 3.2
as described in section 3.4.1. Measurements were then depth averaged to generate the finalized

depth profiles used in the analyses (Figure 3.7).

Table 3.2- Summary of firn air H, measurements from each site
Number of  Unique  Analysis Analysis  Observed lock-

Site Samples Depths Group Method in depth (m)
South Pole 96 31 NOAA HgO-RGA 116
Megadunes 34 15 NOAA HgO-RGA 64.5
NEEM 23 18 CSIRO HgO-RGA 64
Summit 37 19 NOAA HePDD 68.5
Tunu 48 22 NOAA HgO-RGA 58

64


mailto:gabrielle.petron@noaa.gov

Ao O oo o Yy | | !
20t South Pole EEP 1 10 f Megadunes m -
I [ I
40 T
£ 30| O
£ 60F
) i o
[a) 80t
50 - o -
100 ¢ | ﬁ ]
——————————— ———ﬂ-——— -
120 | 7o 0 O 11:n | |
350 400 450 500 550
H, (ppb) H,, (ppb)
c) T d), o e [
NEEM O m Summit Tunu
10t (] 1 (m] 10+ [m
O [u]
| 1 201 (]
— q O A
E 30" 1 o
— O 30+ (= |
£ ] 40t m ]
o s Hy
O50; O -
» ED _ 60f O — 50 f '
S N N EFTZI:TEF;,] Eﬁnn """"" |:| """"" ]
I o ] m m
o D ‘ ‘ ‘ . 80 ‘ 18] - ] 70 . o - D ‘ ‘
480 500 520 540 480 500 520 540 400 440 480 520
H,, (ppb) H, (ppb) H, (ppb)

Figure 3.4- Raw measurements of Hy in firn air from a) South Pole, b) Megadunes, ¢c) NEEM, d) Summit, and e) Tunu. Dashed black
lines are the lock-in depth at each site.
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Figure 3.5- Intercomparison of surface flask measurements from Cape Grim, Tasmania used to
adjust NOAA/GML measurements to the MPI09 calibration scale, a)- flask measurements from
NOAA/GML (blue line) and AGAGE (orange line); b)- difference between NOAA/GML and
AGAGE measurements (i.e. NOAA/GML-AGAGE)
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Figure 3.6- Intercomparison of surface flask measurements from Cape Grim, Tasmania used to
adjust NOAA/GML measurements to the MPI09 calibration scale, a)- flask measurements from
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CSIRO measurements (i.e. NOAA/GML-CSIRO)
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Figure 3.7- Depth-averaged measurements of Hy in firn air adjusted to the MP109 calibration scale and corrected for detector non-

linearity and gravitational fractionation from a) South Pole, b) Megadunes, c) NEEM, d) Summit, and e) Tunu. Error bars are the
propagated 2% measurement uncertainty.
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3.4 Firn air modeling and inversions
3.4.1 Firnair model

The UCI_2 firn air model is a 1-dimensional finite-difference advective-diffusive model
that is used to simulate the evolution of H: levels in firn air. The model is largely derived from
the work of Severinghaus et al. (2010), and a complete model description is given in that work..
The model domain is broadly divided into an upper “diffusive zone” and lower “lock-in zone.”
In the diffusive zone, vertical gas transport occurs via wind-driven convective mixing and
molecular diffusion. Diffusive mixing decreases with depth due to the increasing tortuosity of the
firn. In the lock-in zone, vertical molecular diffusion ceases due to the presence of impermeable
winter layers. Gas transport in the lock-in zone occurs primarily due to advection with a small
non-fractionating mixing term. The model uses a forward Euler integration scheme and a time
step of 324 s. There are two important differences between our implementation of the model and
that of Severinghaus et al. (2010): 1) thermal diffusion is neglected, as it is unimportant for Ho,
and 2) a pore close-off fractionation module is implemented to allow for rapid permeation of H»
between open and closed pores. The model tracks the air content and composition in both open
pores and closed bubbles as a function of time and depth. The model code is written and
executed in MATLAB R2020a (Mathworks Inc.)

The site-specific bulk density profile (pfirm) is calculated from an empirical fit to density
measurements of the firn core. Total porosity (Sttar) IS estimated from the density profile:

Stotal = 1 — Efim (3.2)

Pice
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Where pice is the temperature dependent density of ice from Bader ( kg m™; Bader, 1964).
Partitioning between open and closed porosity, accumulation rate, and the depth of the lock-in
zone onset are site-specific parameters (Table 3.1).

Model grid spacing is 0.5 m in the diffusive zone. Gas transport is dominated by
convective mixing in the upper part of the diffusive zone, and by molecular diffusion in the
lower part of the diffusive zone. To simulate non-fractionating convective mixing, an eddy
diffusivity term is added to the classical one-dimensional firn air transport equation (Schwander
et al., 1993; Severinghaus et al., 2010; Trudinger et al., 1997). Additionally, we neglect the
typical gravitational term, and instead empirically correct the firn air measurements using the
SN depth profile. The correction is calculated from the §*°N data for each borehole according to

equation 2.4:

Am
S15N(z)  exp(grzipnl)-1
*
1000 exp(g*z*ﬂ";?_lﬁzv)_l

Cortyray(z) =

(3.2)

Where Corrgrav is the depth dependent fractional correction for the gas of interest, 6*°N is the
measured isotopic composition of N2 each depth (%o), g is the gravitational acceleration constant
(9.8 m s2), zis depth (m), R is the ideal gas constant (8.314 J mol* K1), T is the annual average
temperature at the site, 4myq is the difference in molar mass between the gas of interest and air,
and Amasy is the difference in molar mass between 22Nz and 2N, (.001 kg).

Equation 2.5 governs the evolution of the concentration of the gas of interest in the open

pores (Severinghaus et al., 2010):
So5 = % (g_g * [SoDmol(zr T,P) + SoDeddy(Z)]) — sow(2) Z_g (3.3)
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Where s, is the open porosity, C is concentration of the gas of interest (mol m=), Dl is the
depth, temperature, and pressure dependent molecular diffusivity constant (m? s), Deqy is the
depth dependent eddy diffusivity (m? s?), and w is the downward velocity of the firn column (m
s1). Dmotand Degqy are tuned using the measured CO2 and 5'°N depth profiles. Dol is then scaled
using the ratio of the gas phase diffusivity of CO> to the gas phase diffusivity of the gas of
interest. Temperature and pressure dependent gas phase diffusivities are calculated from Reid et
al. (1987).

Model grid spacing in the lock-in zone is 1 annual layer. There is no molecular diffusivity
in the lock-in zone and gas transport occurs via downward advection of annual layers once per
year. Small values of eddy diffusivity are prescribed in the upper part of lock-in. This non-
fractionating mixing term is included to account for vertical airflow caused by barometric
pressure fluctuations. The model parameterizations are validated by forcing the model with the
atmospheric history of CO2 and CH4 from Law Dome and the NOAA flask air network and
comparing the resulting modeled and measured depth profiles (Figure 3.8; Dlugokencky & Lan,
2020b, 2020a; Etheridge et al., 1996, 1998).

In addition to convective mixing, diffusion and advection, pore close-off fractionation is
parameterized in the firn air model. As closed pores (bubbles) are advected downward in the
firn, internal pressure increases, creating a partial pressure gradient which drives a net diffusive
flux of highly mobile trace gases out of the bubbles, through the ice lattice, and into the open
pores (Figure 1.5). The open pores are therefore enriched in these gases. This phenomenon
affects gases with kinetic diameters (KD) <3.6 A such as Ne, and He due to their large

diffusivity in ice (Patterson et al., 2020; Severinghaus & Battle, 2006). As a result of pore close-
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off fractionation, enrichments of nearly 10% in 2>Ne (KD= 2.75 A) content were observed in the
base of lock-in at South Pole and Megadunes.

Given its small molecular diameter (KD= 2.89 A) pore close-off fractionation must affect
H> in a similar manner to Ne (Patterson et al., 2020; Petrenko et al., 2013; Severinghaus &
Battle, 2006). Two different parameterizations were used to simulate the pore close-off
fractionation of H in Patterson et al. (2020). In the “kinetic” parameterization, the time scale for
diffusion between closed and open pores is assumed to be slow relative to the advective time
scale. A small constant flux out of a given bubble is maintained until the bubble has compressed
by 5% after which the flux out of the bubble decreases to 0. In the “equilibrium”
parameterization, permeation through the ice lattice is assumed to be fast enough to achieve
equilibrium between open pores and closed bubbles throughout the model domain.
Reconstructions of atmospheric H from South Pole firn air measurements were relatively
insensitive to the choice of parameterization (Patterson et al., 2020). Recent laboratory
measurements indicate that the permeability of H. in ice is sufficiently fast to equalize the partial
pressure of Hy in the open porosity and closed bubbles, supporting the use of the equilibrium
parametrization (Chapter 2; Patterson & Saltzman, 2021). The equilibrium parameterization is

described by equations 3.4-3.6:

Pn = (Pbubblexn(bubble)sc + Pxn(firn)so)/stotal (34)
Xn(bubble) = Pn/Poubble (3.5)
Xn(firn) = By /Pambient (36)
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Where P is pressure, x is mole fraction, and sc is closed porosity. The subscripts bubble and firn
distinguish between the closed and open porosity. Equations 3.4-3.6 are executed at every
timestep in each grid cell in the model. Patterson et al. (Patterson et al., 2020) demonstrated that
dissolution and vertical diffusion through the ice lattice may have effects on the order of 2-3% in
lock-in zone if a permeation constant of 5.0%10°%° mol m? s Pa! is assumed. Recent
measurements of the permeation of H> in ice yield an estimate more than 100 times lower, so
vertical diffusion through the ice lattice can be neglected on time scales relevant to firn air

modeling ( Patterson & Saltzman, 2021).
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Figure 3.8- Measured and modeled depth profiles at Megadunes for a) CO2 and b) CHa4. Solid
lines are the model result and squares are measurements. The measurements have been corrected
for gravitational fractionation as described by equation 3.2. The model was forced using
atmospheric histories based on high resolution ice core measurements from Law Dome and
modern flask air measurements from NOAA/GML (Dlugokencky & Lan, 2020b, 2020a;
Etheridge et al., 1996, 1998)
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3.4.2 Firn air inversion modeling

The firn air measurements are inverted to recover an atmospheric history of H,. The exact
inversion technique has evolved throughout this research. Three different methods were used
over the course of this project (optimizer, matrix inversion, and Stan) as described below. All
techniques employ depth dependent age distributions or Green’s functions (G(z,t); Rommelaere
etal., 1997). the firn air model is initialized with no Hy in the firn air column, then forced with a
1-year pulse of H; at the surface, after which the surface concentration is set to 0. The model is
integrated for 300 years, and the evolution of the pulse is tracked as a function of depth and time
to produce the Green’s functions. The Green’s functions grow older and broader with depth
(Figure 3.9). Given an atmospheric history (Hz@m)(t)), modelled levels of Hz in the firn are

calculated according to equation 2.9:

Hy(2) = %320 Ha(atm)(t) * G(2, 1) (3.7)

Using Green’s function allows for rapid iteration over many possible atmospheric histories
without running the firn air model in forward mode. The inversion problem is under constrained
with multiple atmospheric histories giving good agreement with the measured depth profile, and
additional constraints are required to yield a unique solution. The additional constraints consist
of an added smoothing term for the first and second inversion techniques and the assumption that

the atmospheric history is auto-correlated for the third technique.

The Optimizer Technique
The “optimizer technique,” utilizes the MATLAB optimizer fmincon, which employs an

interior-point optimization algorithm, to minimize an objective function or “cost-function”. The
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optimizer technique was used to recover Hz atmospheric histories from the firn air measurements
at South Pole and Megadunes in Patterson et al. (2020; 2021). To prevent unrealistic extreme

fluctuations in the reconstructions, the cost-function includes a smoothing term (Rommelaere et

al., 1997):
<(H2 model~H2 obs)2> 5 2
— _ g tn 0“H (a m)(t)
f=xha+S= Tk ————L+ay, () (3.8)

Where f is the cost, y?req is the reduced chi square statistic, S is the smoothing term, ¢ is the
analytical uncertainty (Figure 3.5), n is the number of unique depths, and « is an arbitrary,
prescribed, dimensionless weighting parameter for the smoothing term.

The initial guess for the atmospheric H> history is a linear ramp from some
“preindustrial” level of H> to 540 ppb at the time of firn air sampling. The preindustrial level for
the oldest year is fixed at its initial value, and the Ha levels for the other years are allowed to
vary to minimize f. In order to assess the sensitivity of the inversion to the initial guess, the H>
level is initialized at 4 different values: 270 ppb, 310 ppb, 350 ppb, and 390 ppb. The inversion is
run for each initial guess and the results are compared. To assess sensitivity to smoothing, we
vary o across an order of magnitude. To determine the impact of analytical uncertainty, we use a
Monte Carlo method in which we repeatedly sample the normal distributions defined by the
depth-averaged measurements and the analytical uncertainty at each depth (Figure 3.5). We then
invert the synthetic depth profiles that are generated by the repeated sampling. We perform 1000
Monte Carlo samplings at each combination of initial condition and « for a total of 8000

inversion runs for each site, accounting for uncertainties due to initial conditions, smoothing, and
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analytical uncertainties. The Monte Carlo runs do not assess bias in the modeling

parameterizations or Green’s functions.

The Matrix Inversion Technique

The “matrix inversion technique,” is adapted from Menke (1989) as detailed by
Rommelaere et al. (1997). The matrix inversion deterministically minimizes an objective
function similar to equation 2.10. First, the calculated Green’s functions are interpolated onto the
depths of each firn air measurements from the model depths. The modeled H: level at each depth

as a function of a given atmospheric history may be written using matrix notation:

himoa = GMgpy (3-9)

Where hmod is a vector of length n with each element corresponding to the modeled H> level at
each unique depth, G is an n by t, matrix where each row corresponds to the Green’s function for
that unique depth (referred to as the “kernels” by Rommeleaere et al. (1997)), and Mawm is a
vector of length t, that contains the discrete atmospheric history. The objective function, which is
minimized, is: I; + k2L, where Is is the sum of the squared residuals between measured and
modeled firn Ha levels weighted by the analytical error, L is a measure of solution roughness (the
sum of the second time derivatives of mam), and k2 is an arbitrary weighting parameter that

controls the influence of L on the solution:

Is = (GMapm — hops)'We(GMgim — Rops) (3.10)

L == matm,D,Dmatm (311)
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Where hobs is a vector of length n, which contains the measured H> levels at each depth, We is an
n by n diagonal matrix with the inverse squared analytical errors (¢~2) on the diagonal, and D is
the roughness matrix. D is a tn by t, tridiagonal matrix with -2 on the main diagonal, and 1 on
both the upper and lower diagonals. 2 is substituted at for 1 at position (1,2) and (tn,tn-1) to avoid
spurious calculations of the second derivative at the first and final elements of the history. The

solution is given:

meg = (G'W.G + k*D'D)"1G'W h, (3.12)

Where mest is a vector of length t, that contains the atmospheric history that minimizes the
objective function. Sensitivity to k? is assessed by varying the parameter across a wide range of
values. Effects of the analytical uncertainty in the measurements are assessed using a Monte
Carlo method that is identical that used in the optimizer technique. The matrix inversion
technique produces results that are nearly identical to the optimizer technique. The primary
advantages of the matrix inversion technique over the optimizer technique are: 1)
computationally, the matrix inversion is faster than the MATLAB optimizer by a factor of >10,

and 2) there is no specified initial condition to which the solution is sensitive.

The Stan Technique
The “Stan technique,” implements a Bayesian hierarchical model using the Stan
probabilistic software package (mcstan.org; Aydin et al., 2020). Rather than applying a

smoothing term, the atmospheric history is modeled as an auto-correlated random variable:
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matm[tn] ~ N(matm[tn—l] ’ .B matm[tn—l]) (313)

The atmospheric mixing ratio at time tn is normally distributed around the atmospheric mixing
ratio at time tn-1 with a standard deviation of B mg[t,—1] . B is a positive scalar which may be
specified or varied as a free parameter. The atmospheric history is related to the firn air

measurements:

hobs ~ N(Gmatm' 0') (3-14)

Where o is a vector of length n, which contains the analytical uncertainties of the firn air
measurements. Stan samples the joint posterior probability distribution for the parameters,
mg.n, and £ using a fast Hamiltonian Markov Chain Monte Carlo algorithm (Carpenter et al.,
2017). Parameters are sampled from uniform prior distributions unless otherwise specified.
Inversions are carried out using the MatlabStan 2.15.1.0 interface to cmdstan 2.27.0. The
advantages of the Stan technique are 1) No artificial smoothing criteria is imposed (instead the
atmospheric history is assumed to be auto-correlated), 2) Stan allows us to easily explore
sensitivity to assumptions about free parameters by encoding those assumptions as priors, and 3)
Stan allows us to efficiently compute probability distributions for each free parameter (see

Chapter 4). For these reasons, the Stan technique is used for the remainder of this dissertation.

78



Comparison of inversion methods

The three inversion technigues were compared using the Megadunes data. The optimizer
and matrix inversion techniques are sensitive to the arbitrarily selected weighting parameter for
the smoothing term (« or k2). The Stan technique does not include any arbitrarily selected
parameters. Inversions were carried out for Megadunes using the matrix inversion technique with
k%=1 and k2=0.01 and using the Stan technique (Figure 3.10). Results from the optimizer
technique are nearly identical to the those from the matrix inversion technique with similar
sensitivity to the choice of a, so those results are omitted. The priors for the Stan inversion are 1)
atmospheric H: levels are between 0 and 1000 ppb, and 2) g is a positive scalar (by definition).
The features of the results from the matrix inversion technique are highly dependent on k2. With
k2=1, the matrix inversion technique results show atmospheric H. levels that are nearly constant
from 1850-1890 and then increase monotonically to modern levels over the 20" century. With
k2=0.01, Hz levels decrease from 1850-1890, and then increase for 50 years to a local maximum
in 1940. From 1940-1955, H> levels decrease. After 1955, H» levels gradually increase to their
modern levels. Additionally, the uncertainty in the inversion results is sensitive to the choice of
k2. More smoothing (higher x?2) yields a lower uncertainty than less smoothing, despite using the
same measurements and errors. The Stan technique removes this sensitivity to arbitrarily chosen

parameters, instead relying on the assumption of auto-correlation in the atmospheric history.
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Figure 3.9- Age distributions or “Green’s functions,” calculated by the firn air model for South
Pole at depths of 116.0 m (blue) and 120.5 m (orange). The age distribution at 120.5 m is older
and broader than the age distribution at 116.0 m.
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Figure 3.10- Atmospheric reconstructions (a-c) and measured firn air Hz depth profiles (d-f)
from Megadunes using various inversion methods. All three modelled depth profiles show good
agreement with the measurements. Solid red lines are the mean result and shaded areas are the
+1c uncertainties. Panels a, d) matrix inversion technique with k2=1; b, e) matrix inversion
technique with k2=0.01; and c, f) Stan technique. Black boxes with error bars are the H
measurements and analytical uncertainties as in Figure 3.5b.

3.5 Antarctic firn results
3.5.1 Atmospheric reconstructions- Antarctica

High southern latitude atmospheric H, was reconstructed using firn air measurements from
South Pole and Megadunes using the Stan technique with uniform priors for the atmospheric
history and g (Figure 3.11). The sampling space was limited to positive numbers less than 1000
ppb for the atmospheric history, and £ is positive by definition (Section 3.4.2).

The inversion results from South Pole constrain atmospheric levels as far back as 1930.

Before 1930, the uncertainty in the reconstruction is large, indicating that the firn air
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measurements cannot constrain atmospheric Hz prior to this time. From 1930-1965, atmospheric
H. increases at an average rate of 1.9 ppb y* from 356 ppb to 422 ppb. The rate of increase rises
to 4.8 ppb y* for the next 10 years, with atmospheric levels reaching 470 ppb in 1975. From
1975 to 1997, the rate of increase is 3.6 ppb y with atmospheric levels reaching 550 ppb in
1997. After, 1997, there is a slight decrease to 545 ppb in 2000.

Firn air at Megadunes is significantly older than firn air at South Pole, and the reconstruction
constrains atmospheric levels as far back as 1850. From 1850-1900, atmospheric Hz is nearly
constant at 335 ppb. From 1900-1965, atmospheric levels increase at an average rate of 1.6 ppb
y! to 438 ppb. After 1965, the rate of increase rises to 3.0 ppb y, with atmospheric levels
reaching 550 ppb in 2003.

There is good agreement between the firn air histories from the two sites providing
confidence in the atmospheric history of H> and in the modeling of the transport of a highly
permeable gas in firn. The posterior distributions for § for the reconstructions are very similar
(Figure 3.12). Both distributions are slightly right skewed. For the South Pole reconstruction, the
median value is 0.033 and the mean value is 0.034. For the Megadunes reconstruction, the
median value 0.030 and the mean value is 0.032.

We also conducted a joint reconstruction using the Stan technique. The joint reconstruction
calculates the most probable atmospheric history given the firn air data from both South Pole and
Megadunes (Figure 3.13). Joint reconstructions can help reduce error that is caused by bias in the
modeling parameterizations or age distributions provided that the bias in the age distributions
results from site-specific parameterizations and not inherent biases in the model physics. Prior to
1930, the joint reconstruction is dominated by the Megadunes data, with the atmospheric history

nearly identical to the Megadunes firn air reconstruction in Figure 3.9 Between 1930 and 1965,
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the joint reconstruction falls between the Megadunes and South Pole reconstructions. From
1965-1990, the independent reconstructions are identical, and the joint reconstruction shows
good agreement with both. Interestingly, between 1990 and 2000, the joint reconstruction shares
the features of the South Pole Reconstruction with a peak in atmospheric Hz in 1997 and a small
decrease until 2000. After 2000, there is a small increase in Hz levels, which mirrors the increase
in the independent Megadunes reconstruction. There is good agreement between the modelled
and measured depth profiles in Figures 3.13b and 3.13c.

There is also good agreement between the firn air histories and the available modern flask
measurements (Figure 3.11a). The flask data include measurements from 1985-1989 at Palmer
Station, Antarctica and Cape Grim Observatory, Tasmania made by Khalil and Rasmussen
(Khalil & Rasmussen, 1990), from 1992-2003 at Palmer, Syowa, South Pole, and Halley
Stations, Antarctica and Cape Grim Observatory, Tasmania made by NOAA/GML (Novelli,
2006; Novelli et al., 1999), and from Casey, South Pole, and Mawson Stations, Antarctica, and
Cape Grim and Macquarie Island, Tasmania made by CSIRO (Langenfelds et al., 2002). The
NOAA/GML flask measurements were adjusted from the NOAA96 to the MP109 calibration
scale similarly to the firn measurements as described in section 3.3.3. The reconstructions were

not constrained by the flask data.
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Figure 3.11- Firn air reconstructions from two Antarctic sites and associated depth profiles. a) blue line and shading- result from
South Pole and associated +1c uncertainty; red line and shading- result from Megadunes and associated +1c uncertainty; black
squares, black x’s, and black circles — observed atmospheric Hz annual means from high southern latitude sites from 1985-1989 and
1992-2003 (Khalil & Rasmussen, 1990; Langenfelds et al., 2002; Novelli, 2006; Novelli et al., 1999); b) black squares with error bars-
measured H> depth profile at South Pole as in Figure 3.5a; blue line and shading- modeled depth profile using the atmospheric history
plotted in blue in a) with the propagated +1c uncertainty; c¢) black squares with error bars- measured H> depth profile at Megadunes as
in Figure 3.5b; red line and shading- modeled depth profile using the atmospheric history plotted in red in a) with the propagated +1oc
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Figure 3.13- Joint atmospheric Hz reconstructions from two Antarctic sites and associated depth profiles. a) green line and shading-
result of the joint reconstruction and associated +1o uncertainty; black squares, black x’s, and black circles — observed atmospheric H»
annual means from high southern latitude sites from 1985-1989 and 1992-2003 (Khalil & Rasmussen, 1990; Langenfelds et al., 2002;
Novelli, 2006; Novelli et al., 1999); b) black squares with error bars- measured H> depth profile at South Pole as in Figure 3.5a; green
line and shading- modeled depth profile using the atmospheric history plotted in a) with the propagated +1o uncertainty; ¢) black
squares with error bars- measured H depth profile at Megadunes as in Figure 3.5b; green line and shading- modeled depth profile
using the atmospheric history plotted in a) with the propagated +1c uncertainty
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3.5.2 Assessing bias in the atmospheric reconstruction- Antarctica

The reconstruction technique does not assess bias or uncertainty in the model
parameterizations (e.g., molecular diffusivity) or the Green’s functions (age distributions) used in
the inversion. Bias in the model can arise from inaccurate parameterizations, or incorrect
assumptions such as constant accumulation rates and temperature. To assess bias or uncertainty
in the inversion technique, we exploit the established atmospheric history of CHa. Atmospheric
CHjs levels over the last several centuries are well constrained by high-resolution ice core
measurements from Law Dome and modern flask measurements from NOAA/GML
(Dlugokencky & Lan, 2020b; Etheridge et al., 1998). When the Megadunes firn air model is
forced with this atmospheric history, the modeled depth profile shows a small bias in the lock-in
zone relative to measured depth profile, indicating some bias in the firn-air model (Figure 3.6).

We developed an empirical correction for the bias. At each depth, the bias is calculated
by translating the age distribution at that depth either older or younger to optimize the fit
between modeled and measured CHj4 levels. At South Pole, the maximum bias is for the
measurement at a depth of 121.1 m. The age distribution is biased old by 26 years or 30.5% of
the calculated mean CH, age at that depth. At Megadunes, the maximum bias is at a depth of
66.8 m. The age distribution is biased old by 17 years or 20.8% of the mean CH, age at that
depth (Figure 3.14).

Results from CH4 reconstructions using both the original and corrected age distributions
with the Stan technique are plotted in Figure 3.15. For all reconstructions, the corrected age
distributions produce substantially better fit to the established atmospheric history compared to
the original age distributions. For the South Pole reconstruction, using the corrected age

distributions increases the R? between the reconstruction and the established history from .894 to
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.995. The RMSE decreases from 89.0 to 18.6 ppb. For the Megadunes reconstruction, R?
increases from .895 to .995, and the RMSE decreases from 97.4 to 21.4 ppb. For the joint
reconstruction, the Rz increases from .873 to .995, and the RMSE decreases from 107 to 20.5
ppb.

We validated our approach to correcting the age distributions for bias by applying the
CHs-based correction to reconstructions of CO: (South Pole and Megadunes) and CH3CCl3
(Megadunes only). The atmospheric history of CO2 over the last 200 years is similarly well-
constrained by ice core measurements from Law Dome and by NOAA/GML flask measurements
(Dlugokencky & Lan, 2020a; Etheridge et al., 1996). CH3CClz is an atmospheric trace gas of
solely industrial origin. Flask measurements of CH3CCls began in 1978 Prinn et al., 2005). Prior
to 1978, industrial emissions are well constrained, and atmospheric levels of CH3zCCls may be
calculated with a high degree of certainty (Montzka et al., 2010). Firn air reconstructions using
both the original, model calculated age distributions and the corrected age distributions were
compared to the established histories. The applied corrections were identical to those calculated
using CH4. For example, the age distributions from 121.1 m at South Pole were translated so that
the mean CO./CH3CCls age is 30.5% younger, and the distributions from 66.8 m at Megadunes
were translated so that the mean age is 20.8% younger. Original and corrected reconstructions
are plotted in Figures 3.16 and 3.17, and Table 3.3 summarizes the R? and RMSE for each
reconstruction.

Reconstructions of CO> using the original age distributions show much less bias than
reconstructions of CHa. The R?values were .964, .974, and .979 for South Pole, Megadunes, and
joint reconstructions respectively. The lower bias relative to the established history is the result

of: 1) the tuning of model diffusivities based on CO; and 2) the relatively slower rate of change
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of COz in the atmosphere. Despite the already good agreement between the firn air
reconstructions and established histories, applying the CH4s-based corrections to the CO; age
distributions improved the agreement between the firn air reconstructions and the established
history. R? values increased to .978, .985, and .988 for South Pole, Megadunes, and the joint
reconstruction respectively. Applying the CH4-based correction to the CH3CCls reconstruction
from Megadunes increased the R? between the reconstruction and established history from .902
to .984. The atmospheric history of CH3CCls is qualitatively different than that of CO2 and CHa,
with a rapid rise from 1960-1990 and a sharp decline thereafter. The results from the CO, and
CH3CCl3 reconstructions demonstrate the broad applicability of the CH4-based correction for
gases with histories similar to that of CH4 (i.e. CO.) and for gases with very different histories
(i.e. CH3CCls). Here, we are using the correction empirically to account for bias in our
reconstruction technique without regard for the underlying physical processes. In the future,
investigating the calculated age distribution of gases with well-established atmospheric histories
could lead to better firn air model parameterizations and improved representation of transport
processes.

The results from applying the CH4-based correction to the H» reconstructions are shown
in Figure 3.18. For the South Pole reconstruction, corrected H> levels are ~10% lower than the
original reconstruction in 1950. The difference between the original reconstruction and the
corrected reconstruction decreases gradually until 1990, when the two reconstructions converge.
It is notable that, unlike the original reconstruction, the uncertainty band increases dramatically
prior to 1950. This occurs because, according to the CHs-based correction, the age distributions
for the deepest measurements are biased old. Shifting these age distributions younger yields

more uncertainty during the oldest parts of the reconstruction. For the Megadunes reconstruction,
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there is good agreement between the original and corrected reconstructions from 1850-1910.
From 1910-1950, the difference between the two reconstructions increases to approximately 7%
in 1950, with the corrected reconstruction lower than the original. After 1950, the difference
decreases and the two reconstructions are separated by <10 ppb between 1970 and 2003. The
trends are similar for the joint reconstruction, with good agreement between 1850 and 1890.
After 1890, the difference between reconstructions increases slowly and reaches a maximum in
of 7% in 1950. After 1950, the two reconstructions slowly converge, with good agreement after
1980. In all three cases, the corrected reconstructions fall within the £2¢ uncertainty bounds of
the original reconstructions. The differences between the original and corrected reconstructions

are not important for the main conclusions of this dissertation.
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Figure 3.14- Development of the CH4-based age distribution correction a) dashed red line-
original calculated CH4 age distribution for a depth of 121.1 m at South Pole, solid red line- the
same modeled age distribution, translated 26 years younger to yield better agreement with the
measurements when the model is forced with the established atmospheric history; b) black
square with error-bars- measured H; level at 121.1 m at the South Pole; red circle- modeled H;
level corresponding to the dashed red line a); red square- modeled H: level corresponding to the

solid red line in a); ¢) and d)- as in a) and b) for a depth of 66.8 m at Megadunes. The applied
correction is 17 years.
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Figure 3.15- Reconstructions of atmospheric CHs using original and corrected age distributions
a) blue line and shading- reconstruction from South Pole using original age distributions with the
+10 uncertainty; red line and shading- reconstruction from Megadunes using original age
distributions with the +1o uncertainty; black line- established atmospheric history of CH4 from
Dlugokencky & Lan (2020b) and Etheridge et al. (1998). b) as in a) using corrected age
distributions. c) green line and shading- joint reconstruction and +1c uncertainty using the
original age distributions; d) green line and shading- joint reconstruction and +1c uncertainty
using the corrected age distributions
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Figure 3.16- Reconstructions of atmospheric CO- using original age distributions and age
distributions with the CHs-based corrections applied; a) blue line and shading- reconstruction
from South Pole using original age distributions with the =1c uncertainty; red line and shading-
reconstruction from Megadunes using original age distributions with the +1c uncertainty; black
line- established atmospheric history of CO2 from Dlugokencky & Lan (2020a) and Etheridge et
al. (1996). b) as in a) using corrected age distributions. ¢) green line and shading- joint
reconstruction and £1c uncertainty using the original age distributions; d) green line and
shading- joint reconstruction and £1c uncertainty using the corrected age distributions
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Figure 3.17- Reconstructions of atmospheric CH3CCls using original age distributions and age
distributions with the CHa-based corrections applied; a) red line and shading- reconstruction
from Megadunes using original age distributions with the +1o uncertainty; black line-
established atmospheric history of CH3CCls from Montzka et al. (2010) b) as in a) using
corrected age distributions
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Figure 3.18- Comparison of atmospheric Hz reconstructions using original age distributions and age distributions with the CH4-based
corrections applied. a) dashed blue line- South Pole reconstruction using the original age distributions; blue line and shading- South
Pole reconstruction using corrected age distributions with the =1c uncertainty; black squares, black x’s, and black circles — observed
atmospheric Hz annual means from high southern latitude sites from 1985-1989 and 1992-2003 (Khalil & Rasmussen, 1990;
Langenfelds et al., 2002; Novelli, 2006; Novelli et al., 1999); b) and c)- as in a) for the Megadunes reconstruction and the joint
reconstruction respectively.
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Table 3.3- R? and RMSE values for reconstructions compared to established atmospheric histories using original age distributions and
corrected age distributions were calculated for CHa, CO2, and CH3CCl3,

Original Corrected
G South Pole Megadunes Joint South Pole Megadunes Joint
as
R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE
CH4 0.894 89.0 ppb 0.895 97.4 ppb 0.873 107 ppb 0.995 18.6 ppb 0.995 21.4ppb 0.995 20.5ppb
CO2 0.964 3.6 ppm 0.974 3.7 ppm 0.979 3.3 ppm 0.978 2.8 ppm 0.985 2.7 ppm 0.988 2.5 ppm
CHsCCls  N/A N/A 0.902 9.6 ppt N/A N/A N/A N/A 0.984 3.9 ppt N/A N/A
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3.6 Greenland firn results
3.6.1 Atmospheric reconstructions- Greenland

Atmospheric Hz reconstructions were carried out for the high northern latitudes using firn
air measurements at NEEM, Summit, and Tunu (Figure 3.19). The reconstruction technique is
almost identical to the technique used for the Antarctic reconstructions. The only difference in
the methodology used in the Greenland reconstructions is the exclusion of measurements that are
affected by seasonality. The seasonal amplitude of atmospheric H2 in the northern hemisphere is
60-70 ppb today, more than double that in the southern hemisphere. In Greenland, H: levels in
the upper firn layers are strongly influenced by seasonal variations and firn air reconstructions
cannot accurately reconstruct such high frequency variability. Therefore, measurements from the
upper part of the firn were excluded from the reconstructions. A cut-off depth was determined by
forcing the firn air model in forward mode with an atmospheric history that consisted of constant
annually averaged H> levels with a realistic seasonal cycle imposed. Depths where the H»
concentration varied by more than 1% from the annual average were excluded from the
reconstruction. The cut-off depths were 62 m, 66 m, and 50 m for NEEM, Summit and Tunu
respectively.

The NEEM, Summit, and Tunu sites have different physical characteristics (mean annual
temperature and accumulation rate), and therefore very different firn air age distributions. Firn
air measurements from NEEM are able to constrain atmospheric H; levels after 1950. From
1950-1989, atmospheric levels increase at an average rate of 3.1 ppb y* from 425 ppb to 545
ppb. After 1989, atmospheric levels decrease at an average rate of 1.6 ppb y™ reaching 515 ppb

in 2008.
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The firn air at Summit is younger than at other sites and cannot constrain atmospheric H»
prior to 1975. The Summit reconstruction shows atmospheric Hz increasing from 505 ppb in
1975 to 530 ppb in 1993, an average rate of 1.5 ppb y* After 1993, there is a slight decrease in
atmospheric Hz levels until 2003. After 2003, atmospheric H2 decreases more rapidly at a rate of
1.5 ppb y1, reaching 515 ppb in 2013.

The Tunu firn air measurements can constrain atmospheric Hy as far back as 1930. Prior
to 1930, the uncertainty in the atmospheric history is too large for the reconstruction to be
meaningful. According to the Tunu reconstruction, atmospheric Hz rose from 370 ppb in 1930 to
510 ppb in 1990-1992, an average rate of 2.3 ppb yX. After 1992, H, levels decreased at a rate of
1.5 ppb y* to just over 500 ppb in 1996.

A joint reconstruction for atmospheric H2 over Greenland was conducted utilizing the
data from all three sites (Figure 3.20). The joint reconstruction is qualitatively different from the
independent reconstructions. These differences are caused by an apparent offset between the data
from Tunu and the other sites (further discussed below). The reconstruction shows atmospheric
H; increasing from 330 ppb in 1930 to 525 ppb in 1986 at an average rate of 3.5 ppb y*. Over
the next 10 years, atmospheric H2 decreases at an average rate of 2.5 ppb y™, reaching 500 ppb in
1995. After 1995, H; levels increase exceptionally rapidly to 565 ppb in 1999. After 1999,
atmospheric H decreases rapidly at an average rate of 7.8 ppb y* to 512 ppb in 2006.
Atmospheric Hy, then rises slightly, reaching 525 ppb in 2010 and decreases again to 512 ppb in
2013. The reconstruction’s late-20™ century “triple peak™ structure and exceptionally rapid
fluctuations in atmospheric H: are not supported by the NOAA/GML flask measurements from
Summit, Greenland. These features are an artifact of the apparent offset between the Tunu data

and the other sites. For example, Ha levels increase 65 ppb between 1995 and 1999. This
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remarkably rapid increase is the result of the probability model compensating for the offset. The
reconstruction is forced lower by the Tunu measurements prior to 1996. After 1996, the
reconstruction is no longer constrained by the Tunu measurements, and the reconstruction is
increases rapidly in order to achieve better agreement with the firn air measurements from
NEEM and Summit measurements. Despite the rapid fluctuations in the reconstruction, there is
still poor agreement between the modeled and measured depth profiles (Figures 3.20b-d).
Modeled H; levels at NEEM and Summit are biased low by as much as 30 ppb in the lock-in
zone. Modeled H> levels at Tunu are biased high by as much as 20 ppb. We do not consider this
joint reconstruction to be meaningful because of the confounding effects of the offset.

We conducted a second joint reconstruction in which we accounted for the apparent
offset (Figure 3.21). We introduced another free parameter, y , which is a dimensionless scalar
multiplier for the data from Tunu. y is drawn from a uniform prior between .9 and 1.1. Equation

3.14 is adapted for the measurements from Tunu.

Vhobs ~ N(Gmatm' 0') (3-15)

The posterior distribution for y is approximately normally distributed around 1.069 with a
standard deviation of 0.012, implying an offset of about 6.9% for the Tunu measurements. The
results of this joint reconstruction are more realistic than the previous joint reconstruction.
Atmospheric Ha levels increase from 390 ppb in 1930 to 545 ppb in 1990 at an average rate of
2.6 ppb y*. After 1990, atmospheric H; starts to decrease at an average rate of 1.4 ppb y?,

reaching 515 ppb in 2013. The reconstruction is in reasonable agreement with the NOAA/GML
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flask measurements and the agreement between the modeled and measured depth profiles is
much improved compared to the first joint reconstruction.

Interpretation of the Greenland reconstructions is complicated by the aforementioned
offset in Hz levels between Tunu and the other sites. The Tunu reconstruction shows trends that
are nearly identical to the NEEM reconstruction, but with absolute H» levels that are 20-30 ppb
lower than the NEEM reconstruction (Figure 3.19a). The difference is further illustrated by the
previously discussed results of the joint reconstruction (Figure 3.20). The origin of this offset is
not clear. Given that the NOAA calibration scale was revised in 1996, when the Tunu
measurements were made, and the known difficulties associated with maintaining a stable H»
calibration, the simplest explanation is a calibration problem. It is notable that the H> mixing
ratio in the working standard, which NOAA/GML used to calibrate the Tunu measurements, was
revised upward by 6.4% in 1996. Revising the Tunu measurements upward by 6.4% yields a
reconstruction in near perfect agreement with the NEEM reconstruction. Furthermore, the
probability model suggests that adjusting the Tunu measurements upwards by 6.9% yields the
best agreement between the three sites, in good agreement with the 6.4% calibration adjustment.
Re-examination of the original NOAA laboratory notes indicates that the upward revision to the
working standard was applied to the Tunu measurements (Andrew Crotwell, Personal
Communication). So, although a calibration offset is the most logical explanation for the
differences observed, it cannot be proven as the cause.

An additional challenge in interpreting the differences between Greenland sites is the lack
of reliable modern flack measurements with which to compare the reconstructions. Spatial
variability in Hz levels is much larger in the high northern latitudes than the high southern

latitudes because of the presence of the large soil sink in the high northern latitudes. The best
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temporal coverage for flask measurements in the high northern latitudes is from the Barrow,
Alaska and Alert, Canada sampling sites. However, both sites sample the boundary layer and are
influenced by their proximity to active soils. Greenland H: levels are more reflective of the free
troposphere due to its higher elevation and remoteness from the soils. The offset between
Greenland H: levels and high northern latitude boundary layer sites also varies dramatically in
time. The difference in annually averaged H> levels between NOAA/GML flask measurements
from Barrow, Alaska and Summit Greenland, from 1998-2005 when measurements from both
sites are available, varies between 3 and 17 ppb with an average of 11 ppb. The difference
between Alert, Canada and Summit, Greenland during the same period varies between 5 and 25
ppb with an average of 17 ppb. Atmospheric chemistry models produce an offset in surface H»
levels between Summit and Barrow in good agreement with the flasks (~10 ppb). Model results
underestimate the difference between Summit and Alert by a factor of 2 (Paulot et al., 2021). The
high variability in the measured difference between Summit and Barrow or Alert and the lack of
model-measurement agreement makes direct comparisons between our firn air histories and flask
measurements from those sites difficult. Further research into the spatial variability of surface H>
levels in the high northern latitudes is warranted.

NOAA/GML has published flask measurements from Summit, Greenland from 1998-
2007. Those measurements were corrected to the MP109 calibration scale and are plotted in
figures 3.17a and 3.18a. Reconstructed Hy levels from NEEM and Summit are in approximate
agreement with those flask measurements. Unlike the firn air reconstructions, there is no
discernible decreasing trend in the flask measurements during this period.

It is possible that differences between the Greenland reconstructions could be explained

by in situ Hz production due to the photolysis of carbonyl containing organics such as
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formaldehyde. Photochemical production of formaldehyde has been observed previously in the
Arctic snowpack (Sumner & Shepson, 1999) and in situ CO production has been invoked to
explain anomalously high levels in firn air from Devon Island in the Arctic (Clark et al., 2007).
H> is often co-produced with CO via the photolysis of carbonyls (equation 1.1a). However, there
is no evidence to suggest that the observed production at Devon Island occurs at other sites.
Petrenko et al. (2013) concluded that in situ CO production at NEEM is not significant.
Furthermore, in situ H> production would likely affect Tunu more than other sites because annual
accumulation is lower at Tunu, and firn air is advected downward more slowly. Clearly, this is
not the case, as measured firn air H. levels are lower at Tunu than at Summit or NEEM.

It is challenging to explain the enrichment of trace gases in the firn with depth. The
typical e-folding depth for actinic flux in the snowpack is 5-25 cm, so photochemistry below the
top few meters of the firn is negligible (Grannas et al., 2007). Photochemical production of trace
gases in the upper few meters of the firn would not affect trace gas levels deeper in the firn
because of strong convective mixing at the surface. Forward model runs using ad hoc production
rates suggest that resolving the observed discrepancies would require production rates to be 4-5
times higher at NEEM than at Tunu. Such large discrepancies in production rates seem
unrealistic. Further investigation of in situ H> production would require field studies and is
beyond the scope of this dissertation.

The maximum in atmospheric Hz near 1990 is a consistent feature of the reconstructions
from all three sites. These results suggest that the inferred peak from Petrenko et al. (2013) is
not an artifact of ignoring pore close-off fractionation but a robust feature of Greenland firn air
H> reconstructions. The inclusion of the pore close-off fractionation in our firn air model yields a

maximum that is similar in timing and shape to Petrenko et al.’s reconstruction using the LGGE-
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GISPA firn air model, but similar in absolute magnitude to Petrenko et al.’s reconstruction using
the INSTAAR firn air model (Figures 3.19a and 3.21a).

The maximum around 1990 is interesting for two reasons. First, the Antarctic firn
reconstructions do not show a similar maximum. H is reasonably well mixed between the
northern and southern hemispheres, with an atmospheric lifetime of 2 years, so a maximum in
the northern hemisphere and a continued monotonic increase in the southern hemisphere is
surprising. Second, high northern latitude flask measurements do not support a monotonic
downward trend in Hz from 1990-2013, as is inferred from the firn air reconstructions.
Unfortunately, the temporal coverage from the Summit, Greenland flasks does not extend to
1990. As mentioned previously, surface flask measurements from most high northern latitude
sites are not directly comparable to surface H> levels over Greenland because of the influence of
the soil microbial sink on boundary layer H> levels. Nonetheless we would expect similar long-
term trends in the surface flasks and in Hz levels over Greenland. Flask measurements from
Barrow, Alaska (Khalil & Rasmussen and NOAA/GML) and Alert, Canada (CSIRO) are plotted
in Figure 3.22. The measurements from NOAA/GML from 1992-2005 were corrected to the
MPI109 using the previously mentioned matched flask intercomparison project. Data from
NOAAJ/GML is not available after 2005, and we do not have information about the NOAA/GML
calibration prior to 1992. Additionally, we have no information about how the calibration of
Khalil & Rasmussen compares to the modern MP109 calibration scale.

The data from Khalil & Rasmussen (1991) show an increase in atmospheric Hz of 2.1 ppb
y from 1985-1989. The data from NOAA/GML show a rapid decrease in atmospheric Hz from
1989-1993, at a rate of 5.0 ppb y1. From 1993-2013, there is no discernible trend in atmospheric

H>. The combination of the two data sets implies a maximum in atmospheric Hz in 1989, in good
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agreement with the firn air reconstruction. However, the reconstructions show a longer, slower
decrease in atmospheric H2 compared to the rapid decrease and subsequent stabilization shown
in the flask measurements. The implied maximum in the flask measurements should be

interpreted with caution because of low confidence in the calibration from 1985-1992.
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Figure 3.19- Firn air reconstructions from three Greenland sites and associated depth profiles. a)
purple line and shading- result from NEEM and associated 16 uncertainty; yellow line and
shading- result from Summit and associated +1o uncertainty; dark red line and shading- result
from Tunu and associated +1c uncertainty; dashed black lines- reconstructions from NEEM from
Petrenko et al. (2013) using the LGGE-GISPA firn air model and the INSTAAR firn air model;
black x’s— observed atmospheric Hz annual means from Summit, Greenland from 1997-2006
(Novelli, 2006); b) black markers- measured H> depth profile at NEEM as in Figure 3.5c;
squares with error bars are measurements used in the reconstruction, and circles are
measurements excluded from the reconstruction because of seasonality ; purple line and shading-
modeled depth profile using the atmospheric history plotted in purple in a) with the propagated
+10 uncertainty; ¢) and d) as in b) for Summit and Tunu respectively
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Figure 3.20- Joint atmospheric Ha reconstruction using firn air from three Greenland sites and
associated depth profiles. The joint atmospheric reconstruction is dramatically affected by an
apparent offset between the measurements from Tunu and the other sites. There is poor
agreement between the modeled and measured depth profiles a) magenta line and shading- result
from the joint reconstruction and associated +1c uncertainty; dashed black lines- reconstructions
from NEEM from Petrenko et al. (2013) using the LGGE-GISPA firn air model and the
INSTAAR firn air model; black x’s— observed atmospheric Hz annual means from Summit,
Greenland from 1997-2006 (Novelli, 2006); b) black markers- measured H> depth profile at
NEEM as in Figure 3.19b; magenta line and shading- modeled depth profile using the
atmospheric history plotted in magenta in a) with the propagated +1c6 uncertainty; ¢) and d) as in
b) for Summit and Tunu respectively
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Figure 3.21- Joint atmospheric Hz reconstruction using firn air from three Greenland sites and
associated depth profiles. The reconstruction was conducted using equation 3.15 instead of
equation 3.14 for the Tunu data (see text). All lines and markers are the same as in Figure 3.20.
The Tunu measurements are adjusted upwards by 6.9% (see text).
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Figure 3.22- Surface flask measurements of atmospheric Hz at high northern latitude sites. Blue
line- measurements from Barrow, Alaska made by NOAA/GML and corrected to the MP109
calibration scale (Novelli, 2006); orange line- measurements from Barrow, Alaska made by
Khalil & Rasmussen (1990); yellow line- measurements from Alert, Canada made by CSIRO
(Langenfelds et al., 2002). The measurements suggest a maximum in atmospheric Hz in 1989
and a subsequent decline until 1993. Annually averaged atmospheric Ha levels are nearly
constant from 1993-2013.
3.6.2 Assessing bias in the atmospheric reconstruction- Greenland

A similar assessment of bias in the atmospheric reconstructions from Greenland firn air
was carried out (Section 3.5.2). We compared firn air reconstructions of CH4 and COx to the
well-established atmospheric histories of those gases. The established histories are based on Law
Dome ice core measurements, adjusted to the northern hemisphere, and high northern latitude
NOAA/GML flask measurements as described in Buizert et al. (2012). CH4 age distributions

were corrected to optimize the fit between modeled and measured CHa levels. At NEEM, the

maximum bias is for the measurement at a depth of 77.5 m. The age distribution is biased young
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by 3 years or 4.5% of the calculated mean CH4 age at that depth. At Summit, the maximum bias
is at a depth of 74.1 m. The age distribution is biased young by 6 years or 29.7% of the mean
CHjs age at that depth. And at Tunu, the maximum bias is at a depth of 67.7 m, where the age
distribution is biased young by 14 years or 19.8% of the mean CH4 age.

CHa reconstructions were conducted using both the original and corrected age
distributions with the Stan technique (Figure 3.23). For the NEEM-based reconstructions, using
corrected age distributions only marginally improves agreement with the established history
because the original age distributions agree well with the established history. The original age
distributions produce an R? of .994 and an RMSE Of 19.0 ppb between the reconstruction and
the established history. The corrected age distributions slightly improve the R? to .998 and the
RMSE to 9.9 ppb. For the other sites and the joint reconstruction, using the corrected age
distributions substantially improves agreement between the inferred histories and the established
history (Table 3.4)

We then applied the CHs-based correction to reconstructions of CO,. Corrections to the
CHy age distributions were mapped onto the CO: age distributions as described in Section 3.5.2.
Firn air reconstructions using both the original, model calculated age distributions and the
corrected age distributions were compared to the established histories (Figure 3.24). Applying
the CH4-based corrections to the CO; age distributions improved the agreement between the firn
air reconstructions and the established history for the Summit, Tunu, and joint reconstructions.
R? values increased from .978, .875, and .973 to .981, .949, and .977 for Summit, Tunu, and the
joint reconstructions respectively (Table 3.4). For NEEM, using corrected age distributions
worsens the fit between the firn air reconstruction and the established history. The R?value

decreases from .982 to .964 and the RMSE value increases from 3.1 ppm to 4.4 ppm. The CHs-
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based corrections for NEEM were very small because of the good fit between the reconstruction
and the established history using the original age distributions. Evidently, the small corrections
applied to the age distributions are not generalizable to other gases at this site. Nonetheless, the
good agreement (R?>.95) between the joint CH4 and CO; reconstructions and the established
histories using both original and corrected age distributions furnishes increased confidence in our
atmospheric reconstructions.

The CH4 based corrections were applied to the H> distributions and the corrected age
distributions were used to reconstruct atmospheric Ha (Figure 3.25). The corrected NEEM
reconstruction is identical to the original reconstruction. The earliest parts of the Summit
reconstruction are shifted higher by about 5 ppb. The maximum in atmospheric Hz is shifted
higher by about 4 ppb and earlier by 2 years to 1991. The corrected and original reconstructions
converge around 2004. The Tunu record is shifted higher by about 15 ppb in 1930. The corrected
reconstruction rises more slowly than the original reconstruction and reaches a maximum in
1993, two years later than the original. The maximum for the corrected reconstruction is 4 ppb
higher than the maximum in the original. After 1993, the corrected reconstruction shows a
decrease that is similar to the decrease in the original reconstruction. It is notable that the original
CO. and CHa reconstructions for Tunu show an erroneous local maximum near 1990. The
erroneous maximums are removed by the CHs-based correction (Figure 3.23a and b; Figure
3.24a and b). The inferred maximum in Hz is not removed by the CH4-based correction. Instead,
it is shifted younger and higher. The corrected joint reconstruction was carried out using
equation 3.15 for Tunu. The joint reconstruction is higher than the original by 17 ppb in 1930.

The original and corrected reconstructions converge before 1960. The differences between the
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two reconstructions after 1960 are negligible. These results suggest that the effects of model-bias

on the original reconstructions are small.
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Figure 3.23- Reconstructions of northern hemisphere atmospheric CH4 using original and
corrected age distributions a) purple line and shading- reconstruction from NEEM firn air using
original age distributions with the +1c uncertainty; yellow line and shading- reconstruction from
Summit using original age distributions with the +1c6 uncertainty; dark red line and shading-
reconstruction from Tunu using original age distributions with the +1c uncertainty; black line-
established atmospheric history of CH4 from Buizert et al. (2012). b) as in a) using corrected age
distributions. ¢) magenta line and shading- joint reconstruction and +1c uncertainty using the
original age distributions; d) magenta line and shading- joint reconstruction and +1c uncertainty
using the corrected age distribution
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Figure 3.24- Reconstructions of northern hemisphere atmospheric CO> using original age
distributions and age distributions with the CH4 based correction applied. a) purple line and
shading- reconstruction from NEEM firn air using original age distributions with the +1c
uncertainty; yellow line and shading- reconstruction from Summit using original age
distributions with the +1o uncertainty; dark red line and shading- reconstruction from Tunu using
original age distributions with the =1c uncertainty; black line- established atmospheric history of
CHs4 from Buizert et al. (2012). b) as in a) using the corrected age distributions. ¢) magenta line
and shading- joint reconstruction and +1c uncertainty using the original age distributions; d)
magenta line and shading- joint reconstruction and +1c uncertainty using the corrected age

distribution
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Figure 3.25- Comparison of northern hemisphere atmospheric H reconstructions using original
age distributions and age distributions with the CH4-based corrections applied. a) dashed purple
line- NEEM reconstruction using the original age distributions; purple line and shading- NEEM
reconstruction using corrected age distributions with the +1c uncertainty; black x’s— observed
atmospheric Hz annual means from Summit, Greenland from 1997-2006 (Novelli, 2006); b), c),
and c)- as in a) for the Summit, Tunu, and joint reconstructions respectively
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Table 3.4- R? and RMSE values for reconstructions compared to established atmospheric histories using original age distributions and

corrected age distributions were calculated for CH4 and CO»,

Original Corrected
G NEEM Summit Tunu Joint NEEM Summit Tunu Joint
as
R2 RMSE R2 RMSE R? RMSE R?2 RMSE R?2 RMSE R?2 RMSE R2 RMSE R?2 RMSE
CH, 0994 190ppb 0902 49.1ppb 0.844 939 ppb 0.951 62.5ppb 0.998 9.9ppb 0.994 125ppb 0991 223ppb  0.997 15.4ppb
CO, 0982 31ppm 0978 33ppm 0875 6.1ppm 0973 45ppm 0.964 4.4ppm 0981 31ppm 0949 39ppm 0977 4.2ppm
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3.7 Summary and conclusions

Atmospheric H2 was reconstructed using firn air measurements from two Antarctic sites
and three Greenland sites. H levels over Antarctica were approximately constant at 330-340 ppb
from 1850 to 1900. After 1900, southern hemisphere atmospheric H> rose, reaching 545-550 ppb
at the beginning of the 21% century. Independent reconstructions from the two sites show good
agreement with each other and with available surface flask measurements. Bias in the firn air
reconstructions was estimated by comparing firn air reconstructions of CHs, CO2, and CH3CCls
to the well-established atmospheric history of those gases. Those results suggest that any bias in
the reconstructions falls well within the stated uncertainty of the reconstructions.

The atmospheric reconstructions from the Greenland sites are more challenging to
interpret. The Greenland firn air is younger because of different site physical characteristics, and
atmospheric H levels could only be constrained as far back as 1930. All reconstructions display
a maximum in atmospheric Hz between 1990 and 1994, indicating that the maximum is likely a
feature of the real atmospheric history. The maximum is not a modeling artifact of related to pore
close-off fractionation as posited by Petrenko et al. (2013) and Patterson et al. (2021). The results
from Tunu show an offset of 6-7% from the data at the other sites. This likely reflects a
calibration offset, but there is no direct evidence with which to confirm this. Our best estimate is
that Hz levels over Greenland increased from about 400 ppb in 1930 to a maximum of about 545
ppb between 1990 and 1994. Thereafter, H levels decreased to about 515 ppb in 2013.

The late 20" century northern hemisphere maximum inferred from the firn air records is
surprising because a decreasing trend is not evident in high northern latitude surface flask
measurements during the 1990’s. Combining flask data from multiple laboratories implies an

atmospheric maximum in 1989 and rapid decrease from 1990-1993, but a lack of inter-laboratory
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calibration renders this trend uncertain. Antarctic firn air reconstructions and flask
measurements show a monotonic increase in Hz levels during the 1990’s, with no evidence of a
peak during the early 1990’s. As discussed in Chapter 4, it is surprising to see such different
trends in the two hemispheres given that Hz has a 2-year atmospheric lifetime, and the
interhemispheric transport time is about 1 year.

Another surprising result of the firn air reconstructions is the implication that the modern
interpolar difference in H: is a relatively recent phenomenon. Both flask air and firn air
measurements indicate that Antarctic H» levels have exceeded those over Greenland by 20-30
ppb (AipdH2; Antarctica-Greenland) for the past two decades. Between 1930 and 1990, however,
the firn results indicate Aip,dH2 averaging about -27 ppb with the northern hemispheric levels
exceeding those in the southern hemisphere. One would expect northern hemisphere H. to have
been lower than southern hemisphere Ha throughout the 20" century because of the extreme
asymmetry of the soil-microbial sink, which accounts for about ~70% of total H> losses. Chapter

4 explores possible explanations for the inferred trends in the two hemispheres.
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CHAPTER 4

Synthesis of northern hemisphere and southern hemisphere atmospheric Hx
reconstructions

4.1 Overview

In this chapter, we use a simple atmospheric box model to explore the implications of the
firn air reconstructions for changes to the biogeochemical cycling of Hz over the last century.
The box model is described, and its performance is evaluated. The model is run for the last
century and the sensitivity of H levels to changes in sources and sinks is assessed. We also
discuss the possibility of unaccounted for bias in the Greenland reconstructions.
4.2 Introduction

The atmospheric reconstructions in Chapter 3 show H> levels over Antarctica increasing
by ~60% from 1900-1998 and H: levels over Greenland increasing by ~40% from 1930-1993.
Here we use a simple 6-box model of the atmosphere and published estimates of H sources and
sinks to investigate what changes to the biogeochemical cycle of Hz could have caused the
atmospheric increase. The performance of the 6-box model is evaluated by comparing it to
output from a modern chemical transport model and to modern flask measurements. The box
model is run for the years 1900-2014, and the output is compared to the firn air reconstructions.

Two interesting aspects of the firn air reconstructions are investigated in more detail. The
Greenland firn air reconstruction shows an atmospheric maximum in the early 1990’s and a
decrease in Hy levels thereafter. The Antarctic reconstruction shows H: levels increasing until
1998. The apparent divergence in hemispheric trends during the 1990’s is surprising because of

the 2-year lifetime of atmospheric H2. The box model is used to investigate the changes in the
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biogeochemical cycle that could cause opposite trends in Ha levels over Greenland and
Antarctica.

The firn air reconstructions also show higher H: levels over Greenland than over
Antarctica from 1930-1993 (AipaH2~ -27 ppb). This is surprising because the major sink of Ho,
processing by soil microbes, is concentrated in the northern hemisphere. Additionally,
atmospheric flask measurements since the 1980°s show that H> levels in the high northern
latitudes were lower than H> levels in the high southern latitudes (AipgH2~ 25 ppb). We explore
whether a reversal in the sign of the Aip,qH2 could be explained by uncertainty in the strength or
distribution of sources or sinks of Ho, and we investigate whether the surprisingly high
reconstructed Hz levels over Greenland could be caused by bias in the firn air reconstruction.

4.3 Atmospheric box modeling

The atmospheric box model is a simplified simulation of the biogeochemical cycling of
H>. The box model is fast and computationally inexpensive, making it a useful tool for sensitivity
studies. There are two primary limitations of the box model. Atmospheric transport is 1-
dimensional and highly simplified, and the box model cannot capture spatial gradients caused by
proximity to sources or sinks. A recent 3-dimensional chemical transport model such as GFDL-
AMA4.1 does not have these same limitations (Paulot et al., 2021). We compare output from the
box model to output GFDL-AM4.1 model to evaluate the limitations of the box model, and the
box model is used to conduct sensitivity studies.

4.3.1 6-box model overview

A simple tropospheric box model of the H> budget is used to simulate the biogeochemical

cycle of Ha. The model consists of six 30°-wide zonal boxes, with transport based on the modern

atmospheric distribution of SFe (Marik, 1998). H, sources are composed of anthropogenic H:
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emissions (including direct emissions from fossil fuel burning and oxidation of anthropogenic
NMHCs), biomass burning emissions, oxidation of CHa, oxidation of biogenic NMHCs, and
terrestrial and marine N> fixation. The model includes first-order losses of Ha to soils,
photochemistry, and oceans. The “base-case” budget used to force the model is based primarily
on a chemical transport modeling experiment using the GFDL-AM4.1 model (Paulot et al. 2021
and references therein). The model was run for the years 1995-2014 in that experiment. A
detailed description of the strength and distribution of each source and sink is given in section
4.3.2. The model is run at a temporal resolution of ~1 day (360 timesteps y*) with a forward
Euler time-stepping scheme. Realistic seasonal cycles are imposed for atmospheric transport,
biomass burning emissions, CH4 oxidation, the soil sink, and the photochemical sink (Marik,
1998; Paulot et al., 2021).

A minor difference between this and previous models is the inclusion of a dynamic
treatment of the oceans. Because the oceans are both a source and sink of H», each atmospheric
box is coupled to an underlying surface ocean box. The ocean box has a constant oceanic
production rate and first order losses within the water column to simulate microbial cycling and
downward advection (Butler, 1994; Supporting Information). The oceanic source was based on
a total ocean H. production of 11 Tg/yr based on the global marine N> fixation of 150 Tg/yr and
1:1 molar stoichiometry (Brock & Madigan, 1991; Deutsch et al., 2007; Price et al., 2007). A
spatially uniform loss rate constant for the surface ocean is assumed (Punshon et al., 2007) and
gas transfer velocities estimated using the COAREG model modified for H, (Fairall et al., 2011).
Although surface ocean H observations are sparse, this parameterization captures the basic
latitudinal pattern of surface ocean saturation state, with supersaturation in warm waters and

undersaturation at high latitudes (Herr et al., 1981, 1984; Scranton et al., 1982, 1984).
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4.3.2 Detailed description of sources and sinks

Sources

CHs oxidation: Time-dependent atmospheric CH4 concentration is prescribed from
Dlugokencky & Lan (2020b) and Etheridge et al. (1998). The average monthly OH concentration
and tropospheric temperature for each latitudinal box is computed from the output of a 20-year
run of the GFDL-AMA4.1 model (Paulot et al., 2021). The temperature dependent rate constant of
the reaction of OH with CHjs is calculated from Burkholder et al. ( 2015). Latitude-dependent tH>

yields from the oxidation of CH4 by OH are from Novelli et al. (1999).

Anthropogenic Hz: This source includes only direct anthropogenic emissions of Hz (not
oxidation of anthropogenic NMHCSs). The time-varying strength and distribution of the
anthropogenic Hz source is prescribed as in Paulot et al. (2021). Source specific H,CO emissions
ratios were applied to CO emissions from the Community Emissions Data System v2017-05-18
to calculate total anthropogenic emissions (Ehhalt & Rohrer, 2009; Hoesly et al., 2016; VVollmer

et al., 2012). There is no seasonal variability in the anthropogenic emissions term.

Biomass burning: The time-varying distribution and strength of biomass burning H. emissions
are prescribed from the gridded data set of Van Marle et al. (2017). The data set is used at

monthly resolution.

Anthropogenic NMHC oxidation: The magnitude of this time-varying source is estimated by
subtracting the calculated CH4 oxidation source from the total photochemical production of

Paulot et al. (2021) for the year 2014. The remaining photochemical source is partitioned
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between biogenic NMHC and anthropogenic NMHC oxidation using Ehhalt & Rohrer (2009).
The source is assumed to scale in time with total anthropogenic NMHC emissions. For the 1970-
2013 period, the source is scaled with the historical inventory of Huang et al., (2017). For the
years prior to 1970, the source is scaled with the historical inventory of Lamarque et al. (2010).

The latitudinal distribution of the source is prescribed from Huang et al., (2017).

Biogenic NMHC oxidation: The magnitude of this source is estimated by subtracting the
calculated CH4 oxidation source from the total photochemical production of Paulot et al. (2021)
for the year 2014. The remaining photochemical source is partitioned between biogenic NMHC
and anthropogenic NMHC oxidation using Ehhalt & Rohrer (2009). The source is assumed to be
constant in time, and there is no seasonal variability. The distribution of the source is tuned to

yield the same distribution of total photochemical H> production as in Paulot et al. (2021).

N> fixation-oceans: Total production of H in the surface ocean is estimated using global marine
N fixation of 150 Tg y* and 1:1 molar stoichiometry (Brock & Madigan, 1991; Price et al.,
2007). It is distributed according to Deutsch et al. (2007). Ocean-atmosphere exchange is
parameterized using the method of Butler (1994). The H; loss constant is assumed to be uniform
in each box, and it is tuned to yield the same ocean-atmosphere flux as Paulot et al. (2021) in
2014. The transfer velocity is dependent on temperature, salinity, wind speed, and, humidity for
each box and is calculated from Fairall et al. (2011). The ocean model includes latitude-
dependent mixed layer depths. All parameters, except for atmospheric H, concentration, are held

constant throughout the model run.
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N2 fixation-terrestrial: Hz emissions from terrestrial biological N2 fixation are prescribed. For
the year 2014, the emissions of Paulot et al. (2021) are used. For other years, emissions are
assumed to scale with historical biological N> fixation from Fowler et al. (2013). The emissions
are geographically distributed using the gridded estimates of NPP from the MODIS satellite

(Running et al., 2015).

Sinks

Soil microbial respiration: The soil microbial sink is assumed to be first order. The rate constant
and distribution are calculated from the 20-year run of GFDL-AMA4.1 using the Ehhalt. MC
parameterization in Paulot et al. (2021). Monthly average loss rates are used for the years prior to

1995. Actual loss rates from the model run are used for the years 1995-2014.

OH oxidation: The average monthly OH concentration and average tropospheric temperature for
each latitudinal box is computed from the output of a 20-year run of the GFDL-AM4.1 model
(Paulot et al., 2021). The temperature dependent rate constant of the oxidation of H, by OH is

calculated from Burkholder et al. (2015).

4.4 Box model evaluation

Output from the box model for the years 1995-2014 was compared to output from the 20-
year run of the GFDL-AM4.1 model and flask measurements from Summit, Greenland, Alert,
Canada, and South Pole, Antarctica (Figures 4.1-4.3; Paulot et al., 2021; Novelli, 2006;
Langenfelds et al., 2002). The annually averaged H, mixing ratio in the 60°-90° N box is biased

low relative to the GFDL-AM4.1 output from Summit by ~ 20 ppb and low relative to the
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calibration corrected NOAA/GML flask measurements by 10-30 ppb (Figure 4.2a). The
wintertime maxima in Ha levels are similar, but the box model overestimates the magnitude of
the seasonal cycle, with substantially lower summer minima (Figures 4.1a, 4.3a). The box model
and GFDL-AMA4.1 output show similar long-term trends in annually averaged H levels. Both
models show a 15 ppb increase in H levels over Summit in 1998, due to the strong ENSO event
and associated biomass burning emissions. Hz levels in both models decrease by about 25 ppb
between 1998 and 2010. The flask measurements do not show the same trends. NOAA/GML
first measured H> over Summit at the end of 1997, so the ENSO associated peak is not visible in
the flask measurements. Unlike the box model and GFDL-AMA4.1, there is no long-term trend
visible in the flask measurements between 1998 and 2007, the last year that flask measurements
are available. The flask measurements from Summit should be interpreted with caution because
of the uncertainty in the NOAA9G calibration scale.

A similar comparison was conducted for H levels over Alert, Canada. CSIRO has
continuously monitored H over Alert since 1992, and their measurements are reliably calibrated
on the MPIQ9 scale. The high northern latitude box is biased low relative to the GFDL-AM4.1
model output by ~10 ppb (Figure 4.2b). Interestingly, the box model output agrees very well
with the CSIRO flask measurements from Alert. Observed seasonal cycles at Alert are nearly
identical in the box model, GFDL-AMA4.1, and the flask measurements (Figure 4.2c). The
magnitude of the 1998 ENSO maximum is similar in the box model and the flask measurements
(Figure 4.2b). However, the box model produces H> levels that decrease gradually from the
ENSO maximum until 2010. In contrast, the flask measurements show a rapid ~20 ppb decrease

between 1998 and 2001, followed by a much slower decrease until 2010.
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For South Pole, Ha levels in the 60°-90°S box are biased high by 5-20 ppb relative to the
GFDL-AMA4.1 output and the CSIRO flask measurements. The annual maxima in Hz levels are
similar, but the box model substantially underestimates the seasonal cycle at South Pole, with
much higher annual minima (Figures 4.1c and 4.3c). The 1998 ENSO peaks from the box model
and the GFDL-AMA4.1 are both ~15 ppb (Figure 4.2b), compared to ~10 ppb in the flask
measurements. There is no discernible trend in Hz levels in the models or flask measurements
from 2002-2012. The models show a small decrease in Hz levels from 2012-2014, while the flask
measurements show a small increase during that time frame.

The differences between the box model and the GFDL-AM4.1 model primarily reflect
spatial gradients in H» levels and disparities in the representation of transport. The box model
calculates average tropospheric concentrations across 30° latitudinal bands. The averaged values
may not be directly comparable to surface H> levels from the three sites. Spatial gradients in H>
levels caused by proximity to sources and sinks are not captured by the box model. Additionally,
the simplistic representation of transport in the box model may bias the distribution of
atmospheric Hz, with more Hy in the Southern hemisphere and less in the Northern hemisphere.
The more complex 3-dimensonal chemical transport model, GFDL-AM4.1, shows significantly
less bias relative to the flask measurements.

Despite the more accurate simulation of absolute H> levels, the GFDL-AM4.1 model
does not confer a substantial advantage in reproducing long-term trends in atmospheric Hz over
the box model. Trends produced by the box model and GFDL-AMA4.1 are nearly identical at all
three sites. The model-generated trends show good agreement with the more reliable flask
measurements at Alert and South Pole. The magnitude of the 1998 ENSO spike is similar in the

box model, GFDL-AMA4.1, and the flask measurements at Alert and South Pole. In future studies,
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we could conduct our sensitivity studies using GFDL-AM4.1 or similar 3-dimensional chemical
transport model, but the computational overhead precludes this for now. The box model

generates the same long trends as the more complex chemical transport model, and it is readily

available for these sensitivity studies.
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Figure 4.1- Comparison of monthly atmospheric Hz levels from 1995-2014 generated by the box
model (black lines), GFDL-AMA4.1 (blue lines), and flask measurements (red lines) at a) Summit
Greenland; b) Alert, Canada; and c) South Pole, Antarctica (Paulot et al., 2021; Novelli, 2006;
Langenfelds et al., 2002).
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Figure 4.2- Comparison of annually averaged atmospheric Hz levels from 1995-2014 at a)
Summit, Greenland; b) Alert, Canada; and c) South Pole, Antarctica. Black lines, blue lines, and
red lines are as in Figure 4.1(Paulot et al., 2021; Novelli, 2006; Langenfelds et al., 2002).
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Figure 4.3- Monthly seasonal cycles computed from the monthly H; levels in Figure 4.1 and
annually averaged H> levels in Figure 4.2 at a) Summit, Greenland; b) Alert, Canada; and c)
South Pole, Antarctica. Black lines, blue lines, and red lines are as in Figure 4.1 (Paulot et al.,
2021; Novelli, 2006; Langenfelds et al., 2002).
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4.5 20" century changes to the Hz sources

The base-case box model simulation for the years 1910-2014 was compared to the box
model reconstruction (Figure 4.4). Annually averaged H> levels in the 60°-90° S box rise at an
average rate of 1.0 ppb y* from 1910-1950, reaching 410 ppb in 1950. Then the average rate
increases to 3.3 ppb y* and H: levels reach a maximum of 570 ppb in 1998. H; levels
subsequently decrease to 550 ppb in 2003. The box model output is high relative to the Antarctic
firn air reconstruction by an average of 14.8 ppb or 3.6% (Figure 4.4b). The smoothed annual
rate of change of atmospheric H> from the box model is similar to that from the Antarctic firn air
reconstruction. (Figure 4.4d).

Annually averaged Hy levels in the 60-90° N box rise from 340 ppb in 1930 to 510 ppb in
1992 at an average rate of 2.6 ppb y*. H. levels then decrease to 495 ppb in 1997. In 1998, H
levels increase rapidly to a second peak at 510 ppb. Then, H> levels decrease at an average rate
of 1.3 ppby?, reaching 490 ppb in 2013. The box model output is biased low relative to the
Greenland firn air reconstruction by an average of 46.2 ppb or 9.9%. Like the Southern
hemisphere, the smoothed annual rate of change in the high northern latitude box shows good
agreement with the the Greenland firn air reconstruction (Figure 4.4e).

The box model output is biased high relative to surface H: levels over Antarctica, and
low relative to surface levels over Greenland (Section 4.4). However, the box model reliably
reproduces trends observed in flask measurements from 1994-2015 (Section 4.4), and the trends
in atmospheric H. observed in the box model and the firn air reconstructions agree well (Figure
4.4d and 4.4e). The good agreement suggests that the emissions and chemical production used to

force the box model could plausibly explain changes to the Hz levels in the firn air
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reconstruction. We suspect that the biases are due to systematic 3-dimensional transport
structures that are washed out in our model.

The primary drivers of changes in the Hz levels generated by the box model are increased
photochemical production from atmospheric CH4 oxidation and changes to anthropogenic
emissions. Production from CHa increased from 11 Tg y* in 1910 to 23 Tg y* in 2013. Direct
anthropogenic emissions increase from 4 Tg y* in 1910 to a maximum of 17 Tg y* in 1989.
Anthropogenic emissions decrease 14 Tg y* between 1989 and 2013. Variability in biomass
burning emissions of H also plays an important role in determining trends in atmospheric H»
during the late 20" century (Section 4.6). The firn air reconstruction results from 1910-1990 are
consistent with increasing production from CH4 oxidation and changes in anthropogenic

emission
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modern flask measurements. a) Global H> sources from 1910-2013 from the atmospheric box model (see text); b) green line and
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H> levels with a 5-year moving average filter applied for the high northern latitude box (dashed black line) and Greenland firn air

reconstruction (magenta line).

T
[l Ocean N, Fix.

- = =-Box Model ha
550 [|- - -GFDL-South Pole 4

Firn Reconstruction

o K&R
x NOAA/GML
O CSIRO

400

350

o
-

1920 1940 1960 1980 2000

AH,/ At (ppb v

[
[l
1
1

1

4
1920 1940 1960 1980 2000

Year

129

——Firn Reconstruction
- = =-Box Model

550 |- = ~GFDL-Summit

x NOAA/GML

450 ‘

400 P

350L.-7

1940 1960 1980

2000

1940 1960 1980
Year



4.6 Late 20" century atmospheric Hz trends

The firn air reconstructions show that Hy levels in the northern and southern hemispheres
exhibit different trends in atmospheric Hz during the 1990’s. H> levels increase over Antarctica,
reaching a maximum in 1998, while H levels over Greenland reach a maximum in 1990-1993
and slowly decrease thereafter. It was somewhat surprising to see such differences between
trends in the two hemispheres given the 2-year atmospheric lifetime of H.. However, the 1910-
2014 box model simulation does a reasonable job of simulating the trends. The trends are largely
accounted for by decreasing anthropogenic emissions and 3 strong biomass burning pulses of H»
burning during the intense ENSO years of 1991-1992, 1993-1994, and 1997-1998 (Figure 4.5).

To investigate the impact of these ENSO-related emissions, a “constant burning”
experiment (CB) was done with the box model. Average monthly burning emissions were
calculated from the emissions inventory of Van Marle et al. (2017) for the years 1910-1989. The
box model was then forced with the calculated average monthly emissions for the years 1990-
2014, disregarding the ENSO emissions pulses during the 1990’s. All other inputs are the
identical to the base-case box model run (Section 4.5). The results were compared to the bae-
case 1910-2014 box model run, which was forced using Van Marle et al. (2017) emissions for
the entire run (Figure 4.6). Hz levels in the 60°-90° S box plateau after 1990 in the CB run, with
<3 ppb of variability throughout the decade. In contrast, H levels from that box in the base-case
run increase ~18 ppb from 1990-1997, with an additional 15 ppb increase from 1997-1998. The
difference in Ha levels between the base-case run and the CB run are less dramatic in the 60°-90°
N box. In the CB run, Hz levels decrease slightly faster and there is not a second maximum in
1998. The differences between the base-case box model run and the CB clearly illustrate the

importance of the ENSO pulses in driving trends in atmospheric Hz during the 1990°s.
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These findings are somewhat different from Patterson et al. (2021), in which we
concluded that an additional unknown source of Hz was needed to account for the divergent
trends at the two poles. In retrospect, there were two reasons for this incorrect inference. First,
Patterson et al. (2021) used the steady state solution to the box model. The steady-state model
generates unrealistic fluctuations in atmospheric H2 (up to 50 ppb y; Figure 4.7) when forced
with emissions that have strong interannual variability (such as biomass burning). To avoid those
fluctuations, the steady-state box model was forced with burning emissions estimated from the
CO emissions inventory of Lamarque et al. (2010). That inventory did not include ENSO-related

emissions pulses and decreased during the 1990’s (Figure 4.5).
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Figure 4.5- Global biomass burning emissions of H, from Van Marle et al. (2017; red line) and
calculated from Lamarque et al. (2010) as used in Patterson et al. (2021, dashed blue line). The
1990’s ENSO emissions pulses are labeled with black arrows.
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Figure 4.6- Comparison of box model output from the base-case 1910-2014 run and the CB run.
a) dashed black line- annually averaged box model output from the 60°-90° S box from the base-
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Figure 4.7- Comparison of box model output from the base-case 1910-2014 run and the steady
state run. a) dashed black line- annually averaged box model output from the 60°-90° S box from
the base-case 1910-1914 run; dash-dot black line- annually averaged box model output from the
60°-90° S box from the steady state run; green line and shading- joint Antarctic firn air
reconstruction; b)- dashed and dash-dot black lines- as in (a) for the 60°-90° N box; magenta line
and shading- joint Greenland firn air reconstruction
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4.7 Comparison of atmospheric Hz over Antarctica and Greenland

The firn air reconstructions show atmospheric Ha levels that are ~27 ppb higher over
Greenland than Antarctica from 1930-1994 (Figure 4.8). This result is surprising because: 1)
atmospheric flask measurements since the 1980’s that Ho levels in the high northern latitudes
were lower than H> levels in the high southern latitudes and 2) modern flask measurements and
atmospheric modeling suggest that the extreme northern hemisphere bias of the soil-microbial
sink precludes higher levels of H> in the high northern latitudes. In this section, we investigate
whether uncertainties in the budget or bias in the firn air reconstruction could explain the

reversal in the sign of the reconstructed AjpaHo.
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Figure 4.8- Comparison of joint firn air reconstructions from Antarctica (green line and shading)
and Greenland (magenta line and shading) as in Figures 3.13 and 3.21.
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4.7.1 Uncertainties in the budget?

A reversal of the AipgH2 implies that the distribution of sources and sinks has changed
over time, or the current understanding of the distribution of sources and sinks is wrong. In this
section, we investigate the magnitude of changes to sources and sinks that would be required to
drive Greenland H: levels higher than Antarctic H> levels from 1930-1993.

H> levels over Greenland can be driven higher than Antarctic levels by changing the
distribution of sources and sinks or changing the relative importance of sources and sinks with
differing distributions. In the first sensitivity experiment we altered the distribution of the soil
sink. In the base-case run, 4.9% of losses to soils occur in the high northern latitude box, and
29.3% occur in the southern tropical box. In this experiment, soil losses in the high northern
latitude box are reduced to 0, and the soil sink in the southern tropical box is increased by the
same amount, keeping the atmospheric H> burden approximately constant. The results show that
Ha levels in the 60°-90° N box are very sensitive to the change in soil sink distribution while
levels in the 60°-90° S box are not affected (Figure 4.9). Modeled H; levels in the high northern
latitude box are ~50 ppb higher than the base-case throughout the run. The box model output
shows agreement with the Greenland reconstruction from 1930-1985. After 1985, the box model
output is biased high by 15-20 ppb. The AipgH2 is near 0 from 1930-1950. After 1950, high
northern latitude levels surpass high southern latitude levels and remain higher until 2006. After
2006, output from the two high latitude boxes is very similar. The pattern of the AipaH> is similar
to the firn air reconstructions, with the change of sign coming somewhat later.

We conducted a second experiment with a modified soil sink distribution. In this

experiment, the soil sink in the high northern latitudes is reduced to half of its base-case strength.
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Again, the strength of the soil sink in the southern tropical box increases by the same amount.
Output from the 60°-90° N box is halfway between the base case and the previous experiment
(Figure 4.10). The box model output is 30 ppb lower than the Greenland firn air reconstruction in
1930. By 1990, the bias between the box model and the firn reconstruction is reduced to ~10
ppb. The box model output in the 60°-90° S is not affected by the perturbation and shows
reasonable agreement with the Antarctic firn air reconstruction throughout the model run. The
AipdH2 is 25 ppb in 1930 and declines to near 0 ppb by 1970. Between 1970 and 1993, Ha levels
in the high latitude boxes remain similar. After 1993, the AipgH2 grows to ~25 ppb.

We also conducted an experiment in which the distribution of the soil sink was varied in
time. The strength of the soil sink in the 60°-90° N box is reduced to 0 from 1910-1960. Then,
the soil sink in that box is linearly ramped to half of its strength in the base-case from 1961-
2014. The reduction in the strength of the soil sink in the high northern latitude box is balanced
by a corresponding increase in the southern tropical soil sink throughout the model run. The box
model output from this run show agreement with both firn air reconstructions throughout the
model run (Figure 4.11). Output from the high latitude boxes is approximately equal from 1930-
1950. After 1950, high northern latitude levels are higher than high southern latitude levels until
1992. After 1992, the sign of the AipgH2 reverses with high southern latitude H> levels higher
than high northern latitude levels. The AipgH2 pattern in this box model run is very similar to the
pattern in the firn air reconstructions.

We conducted a similar experiment with the box model in which source strengths were
varied instead of the distribution of the soil sink. In the box model, 92% of anthropogenic
emissions are in the northern hemisphere, while only 56% of production from CH4 occurs in the

northern hemisphere. Hz levels in the 60°-90° N box can be driven higher by increasing the
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importance of anthropogenic emissions relative to production from CHa. The box model was run
with anthropogenic emissions scaled higher by 75%. The change was balanced by reducing
production from CH4 by 46%, keeping the total tropospheric burden of H; approximately
constant. The results show that H> in the high northern latitude box is lower than in the high
southern latitude box from 1930-1970 (Figure 4.12). After 1992, the sign of the AipgH> reverses
with high northern latitude Ha levels higher than high southern latitude levels. After 1990, H in
the high northern latitude box decreases below Hz in the high southern latitude box. The box
model output is biased 20-30 ppb low relative to the Greenland reconstruction from 1930-1980.
The box model and the Greenland reconstruction show reasonable agreement from 1980-2013.
The box model and the Antarctic reconstruction are in agreement from 1930-1960. The box
model is biased high relative to the Antarctic reconstruction thereafter.

Modifying the anthropogenic and CH4 oxidation source to achieve better agreement
during the earlier parts of the reconstruction would require increasing anthropogenic emissions
by a factor of >10 because of the low anthropogenic emissions during this period. The
atmospheric levels produced by such a large change to the anthropogenic source are not realistic,
and those results are not included here. The sensitivity experiments in this section demonstrate
that Hz levels in the high northern latitudes are very sensitive to the distribution of the soil sink.
Adjusting the distribution of <5% of the soil sink increases Ha levels in the 60°-90° N box by as
much as 50 ppb and produces a AipgH> that is very similar to the firn air reconstructions. Hy
levels in the high northern latitude box are also very sensitive to anthropogenic emissions.
However, prior to 1980, there were not enough anthropogenic emissions to yield a negative

AipdH2.
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Figure 4.9- Comparison of firn air reconstructions (solid lines) with the box model run with the
high northern latitude soil sink reduced to 0 and the southern tropical box soil sink increased by
the corresponding amount; solid green line- joint Antarctic reconstruction as in Figure 4.8; solid
magenta line- joint Greenland reconstruction as in Figure 4.8.; dashed green line- box model
output from the 60°-90° S box; dashed magenta line- box model output from the 60°-90° N box
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Figure 4.10- Comparison of firn air reconstructions (solid lines) with the box model run with the
high northern latitude soil sink reduced to half of its base-case strength and the southern tropical
box soil sink increased by the corresponding amount; solid green line- joint Antarctic
reconstruction as in Figure 4.8; solid magenta line- joint Greenland reconstruction as in Figure
4.8.; dashed green line- box model output from the 60°-90° S box; dashed magenta line- box
model output from the 60°-90° N box
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Figure 4.11- Comparison of firn air reconstructions (solid lines and shading) with the box model
run with the high northern latitude soil sink ramped from 0 to half of its base-case strength as
described in the text. All lines and markers are as in Figure 4.4b and 4.4c.
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Figure 4.12- Comparison of firn air reconstructions (solid lines) with the box model run with the
strength of anthropogenic emissions increased by 75% from its base-case strength and the
production from CH4 oxidation reduced by 46% from its base-case strength; solid green line-
joint Antarctic reconstruction as in Figure 4.8; solid magenta line- joint Greenland reconstruction
as in Figure 4.8.; dashed green line- box model output from the 60°-90° S box; dashed magenta
line- box model output from the 60°-90° N box
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4.7.2 Bias in the Greenland reconstruction?

We also investigated the possibility that the higher Hy levels in the Greenland
reconstruction are caused by bias. It is more likely that the Greenland reconstruction is biased
than the Antarctic reconstruction. The independent reconstructions from the Antarctic sites show
good agreement with each other and with available flask measurements, beginning in 1987,
giving us higher confidence in the reconstructions (Figure 3.11). The independent Greenland
reconstructions show some disagreement, and there are no modern flask measurements with
which to compare the reconstructions prior to 1998, giving us somewhat lower confidence in the
Greenland reconstructions (Figure 3.19).

Errors in the calibration of the firn air measurements could cause bias in the
reconstruction. In section 3.6.1, we attributed the disagreement between the Tunu reconstruction
and the Summit and NEEM reconstructions to uncertainty in the calibration of the Tunu
measurements. However, the measurements from Summit and NEEM had large (>20 ppb)
calibration corrections applied to them. It is possible that the measurements from those sites were
over-corrected. Hz levels from the independent Tunu reconstruction are less than or equal to H»
levels from the Antarctic reconstruction (Figure 4.13). We conducted another joint
reconstruction in which we assume that the measurements from Tunu were accurate and that the
measurements from Summit and NEEM required calibration correction. Equation 3.15 was
applied to the measurements from NEEM and Summit instead of the measurements from Tunu.
The new joint reconstruction yields drastically reduced H: levels relative to the previous joint
reconstruction (Figure 4.14). The posterior distributions for y show that the Summit and NEEM
measurements should be adjusted lower by 6.5% and 6.7% respectively to achieve agreement

with the Tunu measurements. On average, the newer reconstruction is 31 ppb lower than the
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previous reconstruction and approximately equal to reconstructed H> levels over Antarctica
before 1993 (Figure 4.14). However, flask measurements show that the modern AipgH2 is 20-30
ppb (Figure 4.2). If the modern AipgH2 can be extrapolated in time, the calibration offset cannot
fully account for unexpectedly high levels of Hz in the Greenland reconstruction.

An unknown firn process could also bias the Greenland reconstruction. The possibility of
in situ Ha production is discussed in Section 3.6.1. In situ production would cause the firn air
reconstructions to be biased high. Underestimating the enrichment associated with pore close-off
fractionation could also cause the firn air reconstructions to be biased high. As mentioned
previously, the partial pressure of H> reaches equilibrium between the closed and open pores.
However, inaccurate pore close-off parameterizations could lead to an underestimate of the H»
enrichment in the open pores. As an illustrative example, we performed another joint inversion in
which we assumed the modeled enrichment is underestimated. First the enrichment (en) of the

age distribution at each depth was calculated:

en=G— Zt_G (41)

Where en is a matrix of the same dimensions as G. A scaling factor for the enrichment (f) was

introduced to equations 3.14 and 3.15:

hops ~ N((G + fen)matm' O-) (4-2)

Vhobs ~ N((G + fen)matmr 0') (43)
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Where f is sampled from a uniform prior that is greater than or equal to 0. Equation 4.2 was used
for the data from NEEM and Summit. Equation 4.3 was used for the data from Tunu.

The inversion results show substantially reduced H2 levels during the earliest parts of the
inversion (Figures 4.15 and 4.16). The means of the posterior distributions for f are 1.43, .24, and
1.60 for NEEM, Summit, and Tunu respectively. The f values correspond to scaling enrichment
higher by 143%, 24%, and 160% at the three sites. The mean of the posterior distribution for y is
1.054, implying an offset of about 5.4% for the Tunu measurements. The modeled H> depth
profiles show good agreement with the measured depth profiles (Figure 4.15b-d). H: levels in the
new reconstruction are 50 ppb lower than the original reconstruction in 1930 (Figure 4.16).
Between 1930 and 1998, the difference between the original and new reconstruction decreases.
After 1998, the difference between the two reconstructions is negligible. Hz levels in the new
reconstruction surpass levels in the Antarctic reconstruction in 1965 and remain higher until
1992. So, this reconstruction does not fully explain the surprisingly high levels of H; in the
Greenland reconstruction relative to the Antarctic reconstruction. However, this reconstruction is
meant as a simple illustrative example. It is possible that calculating and scaling enrichment
differently could drive Ha levels in the Greenland reconstruction lower than in the Antarctic
reconstruction. Firn air measurements of neon and helium, which are highly diffusive noble
gases, would help to further constrain the magnitude of the enrichment associated with pore
close-off fractionation at these sites.

Alternatively, a so-called “seasonal rectifier effect” could cause a high bias in the
Greenland reconstructions. Rectifier effects have been proposed to explain anomalous
measurements of 5'N and 3*°Ar in the firn air at South Pole and Dome Fuji ( Morgan et al.,

2022). For example, if convective mixing is stronger during the winter when H levels are at
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their annual maximum, firn air levels of Hx could be biased towards the higher wintertime
values. There is no evidence of a rectifier effect in firn air measurements of CO» or CHjs at these
sites (Section 3.6.2). However, Ha is significantly more diffusive and has a stronger relative
seasonal cycle than CO; or CHa. So, seasonally varying convection could affect H» differently.
The measured amplitude of the seasonal cycle at Summit is 40-50 ppb (Figure 4.3a). In the
extreme case of firn air measurements reflecting only the wintertime maximum H3 levels, our
reconstructions would be biased high by ~25 ppb. The AipgHz is about -27 ppb in the original
reconstructions (Figure 4.8). So, a seasonal rectifier effect cannot fully explain the unexpectedly

high reconstructed H> levels over Greenland.
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Figure 4.13- Comparison of firn air reconstructions from Antarctica (green line and shading) and
Tunu (purple line and shading) as in Figures 3.13 and 3.19
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Figure 4.14- Comparison of firn air reconstructions from Antarctica (green line and shading) and
Greenland (magenta lines and shading); dashed magenta line- original joint reconstruction as in
Figure 4.8; solid magenta line and shading- joint reconstruction using equation 3.15 for NEEM
and Summit and equation 3.14 for Tunu (see text).
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Figure 4.15- Joint atmospheric H> reconstruction using firn air from three Greenland sites and
associated depth profiles. The reconstruction was carried out using equation 4.2 for NEEM and
Summit and equation 4.3 for Tunu (see text) a) magenta line and shading- result from the joint
reconstruction and associated +1c uncertainty; dashed black lines- reconstructions from NEEM
from Petrenko et al. (2013) using the LGGE-GISPA firn air model and the INSTAAR firn air
model; black x’s— observed atmospheric H2 annual means from Summit, Greenland from 1997-
2006 (Novelli, 2006); b) black markers- measured H depth profile at NEEM as in Figure 3.19b;
magenta line and shading- modeled depth profile using the atmospheric history plotted in

magenta in a) with the propagated +1c uncertainty; ¢) and d) as in (b) for Summit and Tunu
respectively
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Figure 4.16- Comparison of firn air reconstructions from Antarctica (green line and shading) and
Greenland (magenta lines and shading); dashed magenta line- original joint reconstruction as in
figure 4.8; solid magenta line and shading- results from the joint reconstruction using equations
4.2 and 4.3 as in Figure 4.15a.
4.8 Summary and conclusions

The drivers for the changes in Ha levels inferred from firn air were explored using an
atmospheric box model. The 20" century increase in atmospheric H, levels is consistent with
increasing anthropogenic emissions from fossil fuel burning and increasing photochemical
production from the oxidation of CHa. Surprisingly, the firn air reconstructions show that H»
increased over Antarctica but decreased over Greenland during the 1990’s. Here, we showed
that the divergent trends can be explained by decreasing anthropogenic emissions combined with
three large biomass burning emissions pulses that were associated with strong ENSO events.
This result contradicts our previously published conclusions, which asserted that an additional

unknown source of Hz is required to explain the differing trends in the two hemispheres

(Patterson et al., 2021).
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The firn air reconstructions show an unexpected reversal in the sign of the AipgH2. It is
surprising that Hz levels would be higher over Greenland than Antarctica because of the
dominant role the soil sink plays in the biogeochemical cycle of H,. Our sensitivity experiments
demonstrate that H» levels over Greenland are very sensitive to the distribution of the soil sink.
Published parameterizations of soil sink show significant variability in their spatial distributions
due to differences in dependencies on temperature, moisture, and soil carbon content (Paulot et
al., 2021). The wide range in published estimates suggests that the spatial distribution of the soil
sink is not well constrained. In our model, less than 5% of the total soil sink is located in the 60°-
90° N box. Redistribution of the part of the soil sink that is located in the 60°-90° N box to the 0°-
30°S box increases Hz levels in high northern latitudes by 50 ppb. Ramping the strength of the
soil sink in the 60°-90° N box produces a H: levels in good agreement with the firn air
reconstruction and a similar reversal in the sign of the AipgH2. These modifications to the soil
sink distribution are small relative to the range of published estimates. Perturbation of the
anthropogenic source does not produce the same reversal in the AipgH2. We also considered
several mechanisms that could bias the Greenland reconstruction high, causing the unexpected
reversal in the AipgHa. It is unlikely that any single mechanism could cause a bias large enough to
explain the AipgHz in the firn air reconstruction, but we cannot rule out bias as a contributing

factor. Further investigation of the temporal evolution of the AipgH2 is warranted.
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CHAPTER 5

Conclusions and future directions

The major goal of this dissertation was to reconstruct changes in atmospheric Hz over the
past century and understand the likely causes of those changes. Reconstructing the atmospheric
history of Hzis useful for testing scientific theories about the biogeochemical cycling of Hz and
making informed predictions about future changes in the biogeochemical cycle in a changing
climate. This work involved 1) conducting laboratory experiments to determine the permeability
of Hz in ice, 2) studying the implications of the permeability measurements for the incorporation
of Hz into polar firn and ice, 3) reconstructing the atmospheric history of Hz using firn air
measurements from Greenland and Antarctica, and 4) carrying out global biogeochemical model
calculations. Progress was made towards the major goals, with some caveats. The key findings

from this study and prospects for future research are discussed below.

5.1 Key findings and outstanding questions

Significant changes in atmospheric Hz occurred over the past century. Hz levels
increased by roughly 60% over Antarctica and roughly 40% over Greenland. The Antarctic
reconstructions show good agreement with each other and with available flask measurements,
giving us a high degree of confidence of in that reconstruction. Confidence is somewhat lower
for the Greenland reconstructions. The independent reconstructions from the three sites show
some disagreement, and there are few flask measurements with which to compare. There are
several mechanisms that could bias the Greenland firn air reconstructions. Further work is
required to better constrain historical levels of H2 over Greenland.

For most of the 20™ century, Hz levels were slightly higher over Greenland than

Antarctica. This AipdH2 is reversed from the present day. The reversal is surprising because of
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the dominant role the soil sink plays in the biogeochemical cycle of H,. After 1990, trends were
different in the two hemispheres, with Greenland levels decreasing and Antarctic levels
increasing. It was surprising to see different trends in the two hemispheres, because the
atmospheric lifetime of H (2 years) is twice the interhemispheric mixing time (1 year). Model
simulations suggest that the 20" century increase in atmospheric H is attributable to increasing
anthropogenic emissions and increasing photochemical production from CHa. The opposite
trends in the two hemispheres during the 1990°s were likely caused by decreasing anthropogenic
emissions combined with intense biomass burning emissions pulses associated with three strong
ENSO events

Surprisingly, the reconstructions show that H» levels over Greenland were higher than
over Antarctica until the early 1990’s. After this time, H> was higher over Antarctica. This
reversal of the sign of the interpolar difference (AipdH2) deserves further scientific attention,
pending confirmation of the Greenland firn air history. A possible explanation for the reversal is
an increase in the strength of the soil sink in the high northern latitudes. It is possible to
reproduce the AipgH2 from the firn air reconstructions by reducing strength of the soil sink to 0 in
the high northern latitudes during the early-mid 20" century and slowly increasing it during the
late 20" century. Temperatures are rising more quickly in the Arctic compared to other parts of
the Earth (eg. Manabe & Stouffer, 1980; Previdi et al., 2021; Serreze et al., 2009). Paulot et al.
(2021) estimate a temperature dependent increase in H deposition velocity of 2-4% K. A
reversal in the sign of the AjpgH2 driven by Arctic warming implies substantially higher
temperature dependence of the soil sink. The potential for bias in the Greenland reconstruction

precludes us from making firm conclusions about changes to the distribution of the soil sink
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without additional research. Other possible drivers of the reconstructed changes to the AipgH>
should be investigated in addition to the soil sink.

Another goal for this project was to use our understanding of Hz permeability in ice to
assess the potential for studying atmospheric H2 on longer time scales using polar ice cores. It is
shown that H> permeation is likely to result in equilibration between open and closed pores in the
firn column. This equilibration causes H> enrichment in firn air measurements from the lock-in
zone and must be taken into account in firn air analyses. It also results in loss of H. relative to
air during air enclosure, a process that would need to be accounted for in interpreting ice core
measurements. Furthermore, the rapid permeation of Hz in polar ice leads to diffusive smoothing
of vertical gradients. For ice with gas ages of several centuries, this smoothing would be on the
order of decades, comparable to that caused by diffusion during firn air enclosure. On millennial
time scales, this smoothing will likely preclude the reconstruction of higher frequency (decadal)
variability.

The permeation measurements also have implications for the sampling of polar ice cores
for Ho. The permeation of H, from shallow bubble-containing ice should be slow enough to
permit analysis of Hz up to a year after drilling. Deeper ice core samples with higher bubble-
pressure and/or clathrates will need to be sealed in an evacuated flask or extracted immediately
upon recovery to prevent diffusive losses from the supersaturated ice to the atmosphere. These
findings are based on idealized models and require validation using real polar ice.

5.2 Broader context and future directions

There is growing scientific interest in understanding the processes controlling

atmospheric Hy levels. Anthropogenic perturbations to the biogeochemical cycle of H; are

unequivocal and likely to increase as H> becomes a more important energy source. It is estimated
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that Ho could meet 18% of global energy demand by 2050 (Hydrogen Council, 2017). Deploying
H> energy at this scale could be a significant step in the reduction of carbon intensity necessary
to limit global warming. However, any reduction in carbon emissions is contingent on the
implementation of “green hydrogen” production. Currently, the vast majority of H: is produced
by reforming hydrocarbons, a process that emits carbon to the atmosphere (International Energy
Agency, 2019). If H> were instead produced via the electrolysis of water using renewable energy
sources, the Hz energy sector would emit no carbon to the atmosphere. Coupling Hz production
from hydrocarbons to carbon capture technologies is another option. Deploying carbon capture at
H> production facilities is significantly cheaper and easier than at electricity plants (Damen et al.,
2006).

Approximately 2500 Tg y* of H> would be required to replace fossil fuel energy with
energy from H» (Derwent et al., 2020). In the more realistic scenario of the replacement of 20%
of fossil fuel energy with energy from H,, ~500 Tg y* would be required. Estimated leakage
rates range from .2-10% (Van Ruijven et al., 2011). A 5% leakage rate would yield an additional
25 Tg y* of anthropogenic Hz, a 90% increase from the estimated 2014 anthropogenic emissions
and a 33% increase in total H> sources.

There are several promising avenues for researchers seeking to understand how such a
perturbation could affect the biogeochemical cycling of H> in a changing climate. Anthropogenic
impacts drove large changes in atmospheric H2 over the last century. The large anthropogenic
signal overwhelms any climate signal in the firn air record. Ice core measurements of H, would
allow atmospheric reconstructions on much longer timescales. Researchers could use the longer
atmospheric history to investigate the climate sensitivity of biogeochemical cycle of H», because

large anthropogenic impacts should be limited to the industrial period. Such research is critical
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for making accurate projections of how the Hz biogeochemical cycle will respond to a warming
climate. Measurements of the deuterium content of Hy in polar firn air and ice cores could
further constrain past changes to the biogeochemical cycling of Hz. Strong isotopic fractionation
is associated with each source and sink of Hz, so changes in sources and sinks should produce a
strong atmospheric signal (Pieterse et al, 2011; Price et al., 2007).

The soil sink is the largest single flux in the biogeochemical cycle of Ha, but there is no
scientific consensus of how it varies with climate on a global scale. Significant differences exist
in published parameterizations of the dependence of H» deposition velocity on temperature, soil
moisture, and soil carbon content (Paulot et al., 2021). Projecting the response of the soil sink to
changing temperature, precipitation, and land-use requires further study. Landscape-scale studies
(eg. Belviso et al., 2013; Meredith et al., 2014) and laboratory-scale experiments (eg. Smith-
Downey et al., 2006) would both advance understanding of the climate dependence of the soil
sink. Expanding coverage across a wide range of soil types and ecosystems is of paramount
importance for projecting the response of the H> soil sink to climate change. Better
understanding of the soil sink will improve model parameterizations and allow researchers
predict how the biogeochemical cycle of Hz will respond to increasing anthropogenic emissions
in a changing climate.

This dissertation has advanced understanding of H> cycling in the recent past. It is
surprising that so little is understood about past and future changes to the biogeochemical cycle
of Hy, considering its importance and abundance in the atmosphere. Anthropogenic H2 emissions
are likely to increase dramatically in the coming decades. The current moment presents a unique

opportunity to conduct research to better understand the response of the Hz biogeochemical cycle
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before radical perturbations to atmospheric Hz in a changing climate. Such research should

inform decisions about the role of Hz in future green energy systems.
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