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Abstract

Hydrogen (Hs) is experiencing renewed interest throughout the world as a low
carbon alternative to fossil fuels. Significant uncertainties remain regarding the envi-
ronmental impact of increasing Ho usage, in part due to gaps in our understanding of

the Ho atmospheric budget, including the Hs release from industrial activities and the
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Hs soil removal, the most important sink of He. This study focuses on Hs and car-
bon monoxide (CO) dry air mole fractions measured by the NOAA Global Monitoring
Laboratory in discrete ambient air samples collected at sites located in the contiguous
United States between 2010 and 2022. We take advantage of the high spatial and
temporal coverage of this network to estimate the regional distribution of He and CO
sources using the potential source contribution function (PSCF). Although Hy PSCF is
consistent with a large anthropogenic source of Hy from fossil fuel combustion, episodic
air masses with high Hy dry air mole fractions (> 700 ppb) recorded at some sampling
locations in the Western and Southeastern US are not associated with elevated CO,
suggesting significant non-combustion anthropogenic or natural sources of Hy. Air
masses depleted in Hy are recorded in rural or remote continental sites. Observations
collected in Colorado show that the degree of Ho depletion not only reflects differences

in soil exposure but also the inhibition of the soil sink under arid conditions.

1 Introduction

Hydrogen (Hz) is one of the most abundant trace gases in the atmosphere, with present-day
background concentrations of ~ 550 ppb.* The most important source of H, is the photolysis
of formaldehyde produced by the oxidation of methane (CH,).%3 Other important sources

4 marine® and terrestrial nitrogen fixation,® biomass burning,”

include fossil fuel combustion,
and the oxidation of non-methane volatile organic carbon.?38 We recently estimated that
the present-day source of atmospheric Hy from these processes is ~ 74 Tg yr~! (similar to

3 consistent with previous estimates.? Atmospheric sinks are domi-

CH, on a molar basis),
nated by Hy scavenging by high-affinity hydrogen oxidizing bacteria (HA-HOB),? a class of
bacteria that has been identified in many terrestrial ecosystems.!'%!* Oxidation of Hy by the
hydroxyl radical accounts for ~ 20 — 30% of the overall Hy sink.?3!2 The lifetime of Hs in

the troposphere is ~ 2 years.?

Although Hs is not a greenhouse gas, its atmospheric oxidation by the hydroxyl radical
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(OH) leads to increases in the concentration of greenhouse gases, including CH,, stratospheric
water, and ozone (O3).'?!3 Recent studies have assessed a Global Warming Potential (100
yr-horizon) of ~12 for Hy.1% !0 The environmental impact of Hy emissions is dampened
by Hs soil sink. This process remains poorly understood, with global estimates of the H,
soil sink and its response to environmental changes carrying large uncertainties.®!” Other
important uncertainties in the present-day budget of Hy include Hy seepage from below-
ground geological reservoirs!® with estimates ranging from 0 to 31 Tg yr—1.1% H, may also
be released from industrial facilities that produce or consume Hy;22! the global demand for
H, was ~ 97 Tg yr~! in 2023, mainly from refineries and fertilizer production.? Hy demand
is projected to increase by 60% between 2020 and 2030% driven by new applications for

2426) " H, release

H, in hard-to-electrify sectors (e.g., high-temperature heating in industry
from these activities is uncertain, with indirect estimates ranging from 0 to 20%.%° Westra
et al. (2024)%' recently reported the first measurement-based estimates of Hy release from
an industrial chemical complex and estimated a leakage rate of 0.2-5%.

A better understanding of Hy release from the industrial sector is critical to assess the
implications of increasing H, usage. 142728

This highlights the need to understand the processes that control both soil removal of H,
and its release by anthropogenic activities, to assess the potential impacts of increased Hy use.
This study focuses on regional sources and sinks of Hy in the contiguous United States. Here,
we leverage Hy observations from the National Oceanic and Atmosphere Administration
(NOAA) Global Monitoring Laboratory (GML) at a network of sampling sites. This network
provides a denser set of Hy atmospheric mole fraction measurements with higher frequency
and locations closer to expected Hy sources than the NOAA Global Cooperative Air Sampling
Network !® We first describe the observations and their implications for regional sources and

sinks. Next, we examine the drivers of extreme Hy values and their relationships to potential

point or localized sources and soil removal.
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2 Materials and Methods

2.1 NOAA measurements of discrete air samples from US sites

For over twenty years, the NOAA Global Monitoring Laboratory in situ measurement pro-
gram has conducted high-frequency, high-precision, measurements of carbon dioxide (CO,)
and carbon monoxide (CO) from sites in the continental US to support the quantification
of regional scale CO, fluxes with inverse models.? In the late 2000s, a standardized and
automated air sampling system, called a programmable flask package (PFP), was added for
comparison and quality control of the in situ measurements, as well as for the benefit of
measuring the abundance of additional species. Each PFP contains a manifold connected to
12 0.7L glass flasks. After collection of air samples, the PFPs are sent to NOAA GML in
Boulder, CO for analysis of over fifty trace gases species, including CO and Hs. These anal-
ysis are performed on the same analytical systems as air samples collected for the NOAA
Global Cooperative Air Sampling Network.! At most sites, discrete PFP air samples are
collected every 1-2 days, in the middle of the day, when the boundary layer is well mixed.
Table S1 gives a list of the NOAA PFP sampling sites used in this study. At the in situ
sites, a PFP and a compressor package are housed in a building or shelter. The compressor
package pulls air from the top of the tower structure or a short mast (i.e at NWR site) using
an inlet line. The sample collection sequence starts with the flushing of the PFP manifold
and flask (for 12 to 15min) followed by a less than 1-minute flask fill. There have been a
few iterations of the air drying and conditioning of the glass flasks to reduce small biases in
COy for the pressurized (2-2.3 bar) air samples, mostly for high humidity conditions. More
details regarding PFP sampling can be found in Andrews et al. (2014).%

Since late 2009, the NOAA GML discrete air sample analysis for Hy uses gas chromatog-
raphy and a helium pulse discharge detector (GC-HePDD). Novelli et al. [2009]° described
the implementation and showed the instrument response is linear over the 0-2000 ppb mole

fraction range. NOAA recently adopted the WMO/MPI X2009 calibration scale for Hy and
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reprocessed all GC-HePDD measurements on that scale.! Over time, different analytical
methods have been used for CO: optical analyzer (Aerodyne TILDAS CO/N,O, August
2019-present), vacuum ultraviolet resonance fluorescence (VURF) spectroscopy (2007-July
2019)3! and chromatography/HgO reduction detection.3? The CO dry air mole fraction mea-
surements are reported on the WMO/NOAA X2014A calibration scale. The NOAA GML
trace gas measurement systems are optimized to have high sensitivity and high precision for
background air concentrations. Measurement results for air samples with over 2 ppm for Hy
and over 1.5 ppm for CO have a rejection quality control flag and are not used in this study.
The measurement uncertainties for Hy and CO in PFPs are less than 3 ppb.

Fig. 1a shows the location of the different sites that are part of the NOAA PFP sampling
network.3? We restrict our analysis to valid observations collected between 10am and 4pm
local time. Fig. 2 shows the 2010-2022 daytime PFP H,; measurement time series for
the different sites. For each site, we first exclude outliers (denoted by circles), defined as
observations which fall outside £3 standard deviations from the time series mean (Table S1).
The data are then fitted with a function consisting of a quadratic polynomial, a series of
4 yearly harmonics and residuals to that function are filtered to further capture short-term
and long-term variations following Thoning et al.(1989).3* We focus here on H, and CO
anomalies, i.e., the difference between the observation and the value estimated by the fitted

function. These anomalies are denoted AHy and ACO hereafter.

2.2 Back trajectory and potential source contribution function

calculations

We generate 10-day back trajectories for each observation using the NOAA HySplit model
driven by the North American Mesoscale Forecast System (NAM) meteorology at 12km hor-
izontal resolution.3® For each observation, back trajectories are initialized at 25, 50, and 75%
of the planetary boundary layer (PBL) height from NAM and released at the site location,

shifted by +1 grid cell in N/S and E/W directions. The position of the trajectory is recorded
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t37 and pysplitprocessor® packages to streamline the

every 15 minutes. We use the pyspli
generation of the trajectories.
To identify potential surface sources and sinks at the continental level for compound X,

we calculate the potential source contribution function (PSCF)3? defined as:

Zs Ztets ns (i, j, t)

PSCF;; = — M;
7 Zs Zt ns (Z’ j’ t) 7

(1)

where ng(i, 7,t) is the number of end-points for back-trajectories originating from site s
at time ¢ in the PBL for grid-cell(i,j). Note that in the numerator, ¢ is taken as the subset of
observations from the top decile in anomalies A X, where X is Hy or CO. To exclude regions
that are poorly sampled by the observing network, we require end-points from at least 730
distinct observations for a PSCF; ; to be valid, i.e., M, ; = 1if > >, [ns(i,7,t) > 0] > 730
and 0 otherwise. 30% of the grid cells in the region of interest (lat=22-50°N, lon=65-125°W)

have end-points associated with fewer than 730 distinct observations.

2.3 Soil removal estimate

Hy consumption by high-affinity Hs-oxidizing bacteria (HA-HOB) is the most important
removal mechanism for atmospheric Hy°. The deposition velocity of Hy (vg(Hsy)) for a

particular location and time can be estimated as:

=+ 2)

where g, and g; are the Hy conductance in the soil and the Hy conductance through barriers
that reduce the transport of Hy to HA-HOBEs, respectively.

gs can be expressed as: 4!

gs = kmefMDs (3)

where fr and fj; are the sensitivity of Hy biological uptake to soil temperature and soil
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moisture, respectively, D, is the moisture-dependent diffusivity of Hy in the soil, and &,
represents the maximum biological uptake rate of Hy. The spatial variability of k,, is not well
understood, with recent studies highlighting a possible modulation with soil carbon.?4%43
Here, we assume that k,, is spatially uniform and chosen to yield a global mean v4(Hs) of
0.09 mm/s.'?

fr and fy; are parameterized following Ehhalt and Rohrer (2013) and Bertagni et al.
(2021), respectively. HA-HOB activity is suppressed under very dry conditions.*® This pa-

rameterization captures the non-linear and non-monotonic response of v4(Hz) to soil mois-

ture, associated with the competing effects of diffusion, which decreases rapidly with soil

moisture, and biological activity, which increases with soil moisture (up to an optimum %:47)
We account for the diffusion barrier through snow and canopy as:
1
e wr—— (4)
9snow Ycanopy

where ggnow is calculated from snow depth assuming a snow porosity of 0.645* and geanopy
is a time-invariant climatology.’
All calculations are performed using hourly ERA5 reanalysis fields for snow depth, at-

mospheric pressure, and soil moisture and temperature in the top 7cm.°

2.4 Soil interaction

For a given observation at time t,,, we define the effective interaction of the observed air

parcel with the soil surface over a period [t,,-T, t,,] as:

N t
1 m )
f8<tm’7—) = N ;/t;n—T 5pbl(lat)dt (5>

where 0, (7, t) is 1 if the i back-trajectory is in the PBL over land at time ¢ and 0 otherwise,

and N is the total number of back trajectories. N=27 as discussed above.



149 Similarly, we define the effective Hy soil diffusion (D¢//) and the effective deposition

w0 velocity (v5'f) over a time T as:

1 b . .
D (t,,,T) = e Z/ D (i, )00 (7, t)dt (6)
i=1 Yim—T
N t
e 1 " . .
U ) = = / vali, 8, £)dt (7)
i=1 Vlm=T

151 Dg(i,t) and v,4(i,t) are the Hy soil diffusion and Hy deposition velocity sampled at the time

152 and location closest to the i back trajectory at time ¢.

s 2.5  Upstream H,

15« The upstream concentration of Hy for an observation collected at time t,, is defined as:

Hy(t,, 7)[upstream] = H,model( —7) (8)

||Mz

155 where Hy™% (i, 1) is the dry air mass fraction of Hy sampled at the location of the back
6 trajectory ¢ at time ¢. Here, Hy™%! is taken from a GFDL-AM4.1 monthly climatology

157 (2010-2014 average)®. We calculate the anomaly AHy"P*"**™ as we did for the observations

158 (AHQ)
150 Similarly, we estimate the origin of the air mass sampled at time t,, as

lat(t,,, 7)[upstream| = Zlatm"del Gty — T) (9)
160 where lat™°%!(i, ) is the latitude of the back trajectory i at time t.

w 2.6 Influence of point sources

12 We define the potential influence of a surface location p for an observation at time ¢, as:
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L(tm, 7, d) = 3i € {1.N}d)(i,7) < d — 1) (10)

where d, (i, 7) is the minimum distance between end points associated with the back trajec-
tory ¢ and the location p over the interval [t,, — 7.t,,], and d is a distance. Thus, I,(t,, T, d)
is 1 if any back trajectory originating at time t,, travels within a distance d of the site p

between t,,, and t,, —7. Note that we only consider endpoints in the PBL to calculate d, (i, 7).

3 Results and discussion

3.1 H, observations and regional sources and sinks

Fig. 1b shows the distribution of Hs for daytime observations at each site for the time
periods in Table S1. Median dry air mole fractions range from 511 to 540 ppb. Hs levels in
the Northeast and upper Midwest are on average 10-20ppb lower than in South and Pacific
regions. This latitudinal gradient is a salient feature of atmospheric Hy 3! and is attributed
to the soil sink of Hy. 25!

The observations show strong day-to-day variability in Hs on top of a marked seasonal
cycle at all sites (Fig. 2). All three sites located in California occasionally show high levels
of Hy, above 700 ppb: Sutro in San Francisco (STR), Walnut Grove about 60 miles NE
of San Francisco (WGC), and Mount Wilson in the San Gabriel Mountains near Pasadena
(MWO). High levels of Hy are also observed, although less frequently, at Beach Island in
South Carolina (SCT). In contrast, the Boulder Atmospheric Observatory (BAO) north
of Denver, Colorado, has the most samples with depleted Hy compared to the temperate
Northern hemisphere marine boundary layer Hy.! Large negative anomalies are also observed
at continental sites: Park Falls in Wisconsin (LEF), West Branch in Iowa (WBI), and the
Southern Great Plains observatory in Oklahoma (SGP).

Fig. 3a shows the PSCF probability at a resolution of 1°x1° calculated using the 90"
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percentile of AH, at each site. A PSCF probability greater than 10% indicates regions that
are more likely to have contributed to the 10% largest AH,. PSCF is high over much of the
Southern US and Midwest as well as in the Midatlantic and on the West Coast. This dis-
tribution matches well the estimated spatial distribution of Hy anthropogenic sources® (Fig.
3b), which are dominated by emissions from the transportation sector (> 80%). CO PSCF
exhibits enhancements in many of the same regions as Hy (Fig. S1). This is consistent with
the well-documented correlation between Hy, and CO concentrations in vehicular exhaust
due to water gas shift reaction.*5? Note that the PSCF for H, is especially large along the
Louisiana and Texas Gulf Coast, where many Hy production facilities (mostly associated
with petroleum refineries) are located (circles in Fig. 3b%). This regional enhancement
highlights the need to better characterize Hy release from these facilities.

Fig. 3a also shows that the PSCF probability is low over the Northern part of the Central
US (Montana, Nebraska, South and North Dakota). This pattern is not observed for CO
(Fig. S1) and may reflect differences in the dominant sink of Hy (soil) and CO (oxidation
by OH). Low PSCF for Hy in the central US is consistent with the predicted maximum
deposition velocity for Hy (Fig. 3c). Note that our model for vy(Hs) implies a very weak
sink in much of the Western US, as HA-HOB activity is inhibited by low soil moisture (Fig.
S2).

3.2 Evidence for large non-combustion sources of H,

Figs 1b and 2 show frequent elevated Hy observations at the STR, WGC, MWO, and SCT
sites. At the 3 California sites and the South Carolina site, AHs is very high (defined here
as AHy > 150 ppb ) for 3.1, 2.4, 4.1%, and 0.6% of all observations, respectively. The max-
imum observations are 1846, 1355, 1832, and 1569 ppb, respectively. These mole fractions
are comparable with the maximum Hs of 1346 ppb recently reported for an active aircore
sampling survey in the immediate vicinity of a large industrial complex in the Netherlands.?!

Fig. 4 shows that a fraction of these extreme events are associated with anomalies in CO

12



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

Capacity
(kT/yr)

—qo 1000

5 6.7 10 15 20 30 50 0.01 01 02 04 q.ﬁ 0.8 1 0.1 0.3 0.5
PSCF probability [%] Anthro src. [g m™2 yr~!] vd [

&,
WL
| ,@,c

H, (90t§\

<

2 33

Figure 3: PSCF probability at 1°x1° resolution for Hy based on the 90" percentile of AH,
at each site (a), anthropogenic Hy emissions (2010-2019 average)® (b), and average Hy
deposition velocity (2010-2022 average) (c). Crosses in panel a) denote the locations of
NOAA PFP sampling sites. Hy production capacity aggregated on a 2°x2° grid is indicated
by blue circles in panel b) (See Text S1). Total anthropogenic Hy emissions in the contiguous
US for the 2010-2019 period are ~ 1.3 Tg yr~!, primarily from transportation (>80%).% US
H, production is ~ 10 Tg yr—!.%*

at least as high as those in Hy at STR (40%), WGC (18%), and MWO (30%). These events
likely reflect the influence of nearby or upwind fires and relative enhancements in Hy and CO

generally fall within expectation from fire emissions™5(

yellow shaded region). However, the
most positive anomalies in Hy are not associated with a concomitant enhancement in CO,
suggesting that they are the result of a potentially large non-combustion source of H,.

In the following, we focus on the two Northern California sites (STR and WGC) where 59
and 38 events between 2010 and 2022 have elevated Hy without concurrent enhancement in
CO, i.e., AHy > 150ppb and ACO < AH,, respectively. These observations will be referred
to as non-combustion extreme events (NCEE), hereafter. At STR, NCEE are most frequent
in fall (21) and winter (22), while there is no seasonal pattern at WGC. More than 5 NCEE
are identified each year at STR from 2017 to 2020 and at WGC in 2010 and 2019. No NCEE
is identified at WGC after 2019.

Fig. 5 shows regions with at least one back trajectory endpoint in the PBL for over 50%
of NCEE at WGC (vertical hatches) and STR (horizontal hatches), respectively. We note
that these regions intersect over the Bay Area, which suggests that NCEE may originate

from one (or several) point sources located in this region. Fig. 5 shows that the hatched

region encompasses five refineries (blue circles). Refineries use Hy to process diesel fuel (e.g.

13
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sulfur removal) and transform long and unsaturated products in feed (e.g. oil sand®®) into
products with lower molecular weight. Note that only ~ 1/3 refineries use Hy in the US.57
The combined H, capacity for these five refineries was ~ 1000 kT yr—! circa 2018, or ~
10% of US Hy capacity.?® Hy may be released during refining operations due to imbalance
between Hy production and consumption, as recently documented at one of the Bay Area
refineries. °®

We find that 83% and 74% of NCEE may have been influenced by refinery emissions, as
defined by I,(7 = 3 days,d = 10 km) = 1 for at least one of the five refineries shown in Fig.
5, at STR and WGC, respectively. In contrast, 25% and 45% of all other observations at
STR and WGC, respectively, may have been influenced by refineries’ activities. Since this
represents a much larger number of events (Table S1), we find that only 6 and 3% of air
masses that may have been influenced by refineries are associated with NCEE, respectively.
This suggests that if NCEE are associated with refineries’ activities, the release of Hj is
infrequent. We note that these results are largely insensitive to the choice of the distance d
used to determine the point source potential influence (Table S2). As MWO and SCT are
also located in the vicinity of refineries and fertilizer and chlorine plants, respectively, some
NCEE at these sites may also be associated with the release of Hy from these operations.

More frequent observations would be necessary to further identify the origin and estimate
the magnitude of the likely sporadic Hy sources that are responsible for NCEE. In the Bay
Area, it is noteworthy that at least 10% of NCEE measured at STR and WGC do not seem
to be influenced by the five Bay area refineries. As shown in Fig. 5, there are other possible
non-combustion sources of Hy in the vicinity of STR and WGC. These include anthropogenic
activities, e.g., Hy fueling stations (red dots) and a liquid Hy plant SE of Sacramento (purple
circle). Other potential point sources may include geological Hy seepage. Very high Hj
air mole fractions have been reported in soil gas at Burro Mountains® (> 70% at 50cm
depth, Central California) and near Palo Alto® (~ 20ppm at 1m depth,). Hy (> 1%)

has also been reported in exsolving gases at ultra-basic springs (The Cedars®') and at The
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Geysers geological reservoir®® (triangles, Fig. 5). At these sites, Hy is likely associated with
serpentinization.®! As serpentinite occurs throughout northern California%%* (Fig. 5) some
NCEE may be associated with geological Hy seepage.

Our study highlights how the analysis of the NOAA PFP-based data can be used to
guide more intensive measurement campaigns focused on certain sources of Hs, including

geological prospecting for Hs.

3.3 Evidence for moisture inhibition of the Hs soil removal

As noted above, the NOAA PFP-based measurements show large negative Hy anomalies at
some continental sites. Here, we focus on the BAO site% located 35 km north of Denver in
NE Colorado. This site is close to large spatial gradients in v4(Hs) (Fig. 3c) associated with
the large contrast in soil moisture between the arid Western US and the wetter central US.
In particular, the activity of HA-HOB may be inhibited by low soil moisture west of BAO
in much of the Great basin (Fig. S2). This makes BAO especially well-suited to assess the
impact of variation in the Hy soil sink on Hy air mole fraction.

Fig. 6a shows that the upper and lower deciles of AHy at BAO differ by 50 to 100 ppb
depending on the season. The lowest Hy air mole fraction (388 ppb) for the PFP samples
used in this study is measured at BAO and 3.5% of the BAO observations have negative
anomalies of at least 50 ppb. The Hy anomalies are most (least) negative in the fall (summer).

Fig. 6b shows that there is no monotonic relationship between ACO and AH, for the
BAO PFP measurements. Since CO and Hy share many sources (e.g., combustion, photo-
chemistry?), this suggests that Hy sources are unlikely to be the primary driver of variation
in AH, at BAO.

In the following, we focus on the history of air masses in the 4 days preceding their
observation at BAO (7=4 days). Fig. S3a shows that air masses associated with the most
negative AHy tend to originate further North than air masses with the most positive AHs.

In the Northern Hemisphere, the marine boundary layer Hy mole fraction decreases with
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latitude.’ We estimate that the difference in air mass origin can contribute to ~ 20% of the
observed difference in AHy at BAO (Fig. 6¢).

The previous discussion suggests that neither Hy sources nor the upstream concentration
of Hy are likely to cause extreme Hy anomalies. In the following, we focus on the processes
that govern the Hy soil sink. Fig. 6d shows that the integrated air mass soil exposure
(fs(r = 4 days); eqn. 5) is anticorrelated with AH,. On average, we find that air masses
with the most negative Hy have spent 2 to 3 times as much time in the PBL over land as air
masses associated with the most positive AHy and are therefore more likely to be affected
by the soil sink.

From eqn. (3), the strength of the soil sink depends on both biotic (represented by the fr,
fs, and k,, factors) and abiotic (Dy) processes. Globally, diffusion is expected to be the most
limiting factor for the uptake of Hy by soils in most regions.** Surprisingly, Fig. 6e shows
that the effective soil diffusion, D¢/ (eqn: 6), varies little with AH, except in winter, i.e.,
the longer time spent in the PBL (f;) for the most negative AH; is partly counterbalanced
by reduced diffusion (i.e., wetter conditions) in soil (Fig. S3b). This suggests that the Hy
soil sink in spring, summer and fall is not limited by diffusion in this region but by biological
activity. This is supported by Fig. S3c, which shows that the most negative AH, at BAO
are ~ 30 —60% less likely to have interacted with soil that is too dry to support Hy uptake.**

Fig. 6f shows that vy(Hy), which accounts for both biotic and abiotic modulation of Hy
sink strength, is negatively correlated with AH,. On average, the effective vg(Hs) is 3-4x
faster for air masses with the most negative AH, than for those with the most positive
AHs,. Over the course of 4 days and assuming an effective deposition height of 500m, such
difference in v4(Hz) could result in 30-90ppb difference in AH, between these air masses. This
supports the importance of the soil sink in modulating AHy at BAO. This also highlights how
long-term monitoring of surface Hy in semi-arid regions can provide important constraints

3,44

on models of vg(Hs) including on the impact of hydrological changes,%” an important

uncertainty in the characterization of the historical and future Hy global budget. %16
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