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Pétron, Gabrielle
Crotwell, Andrew
et al.

Publication Date
2025-12-02

DOI
10.1021/acs.est.5c04607

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7jn1x8dp
https://escholarship.org/uc/item/7jn1x8dp#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Imprint of anthropogenic sources and soil

removal on the surface concentration of H2 in the

contiguous US
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Abstract1

Hydrogen (H2) is experiencing renewed interest throughout the world as a low2

carbon alternative to fossil fuels. Significant uncertainties remain regarding the envi-3

ronmental impact of increasing H2 usage, in part due to gaps in our understanding of4

the H2 atmospheric budget, including the H2 release from industrial activities and the5
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H2 soil removal, the most important sink of H2. This study focuses on H2 and car-6

bon monoxide (CO) dry air mole fractions measured by the NOAA Global Monitoring7

Laboratory in discrete ambient air samples collected at sites located in the contiguous8

United States between 2010 and 2022. We take advantage of the high spatial and9

temporal coverage of this network to estimate the regional distribution of H2 and CO10

sources using the potential source contribution function (PSCF). Although H2 PSCF is11

consistent with a large anthropogenic source of H2 from fossil fuel combustion, episodic12

air masses with high H2 dry air mole fractions (> 700 ppb) recorded at some sampling13

locations in the Western and Southeastern US are not associated with elevated CO,14

suggesting significant non-combustion anthropogenic or natural sources of H2. Air15

masses depleted in H2 are recorded in rural or remote continental sites. Observations16

collected in Colorado show that the degree of H2 depletion not only reflects differences17

in soil exposure but also the inhibition of the soil sink under arid conditions.18

1 Introduction19

Hydrogen (H2) is one of the most abundant trace gases in the atmosphere, with present-day20

background concentrations of ≃ 550 ppb.1 The most important source of H2 is the photolysis21

of formaldehyde produced by the oxidation of methane (CH4).
2,3 Other important sources22

include fossil fuel combustion,4 marine5 and terrestrial nitrogen fixation,6 biomass burning,723

and the oxidation of non-methane volatile organic carbon.2,3,8 We recently estimated that24

the present-day source of atmospheric H2 from these processes is ≃ 74 Tg yr−1 (similar to25

CH4 on a molar basis),3 consistent with previous estimates.2 Atmospheric sinks are domi-26

nated by H2 scavenging by high-affinity hydrogen oxidizing bacteria (HA-HOB),9 a class of27

bacteria that has been identified in many terrestrial ecosystems.10,11 Oxidation of H2 by the28

hydroxyl radical accounts for ≃ 20 − 30% of the overall H2 sink.2,3,12 The lifetime of H2 in29

the troposphere is ≃ 2 years.230

Although H2 is not a greenhouse gas, its atmospheric oxidation by the hydroxyl radical31
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(OH) leads to increases in the concentration of greenhouse gases, including CH4, stratospheric32

water, and ozone (O3).
12,13 Recent studies have assessed a Global Warming Potential (10033

yr-horizon) of ≃12 for H2.
14–16 The environmental impact of H2 emissions is dampened34

by H2 soil sink. This process remains poorly understood, with global estimates of the H235

soil sink and its response to environmental changes carrying large uncertainties.3,17 Other36

important uncertainties in the present-day budget of H2 include H2 seepage from below-37

ground geological reservoirs18 with estimates ranging from 0 to 31 Tg yr−1.19 H2 may also38

be released from industrial facilities that produce or consume H2;
20,21 the global demand for39

H2 was ≃ 97 Tg yr−1 in 2023, mainly from refineries and fertilizer production.22 H2 demand40

is projected to increase by 60% between 2020 and 203023 driven by new applications for41

H2 in hard-to-electrify sectors (e.g., high-temperature heating in industry24–26). H2 release42

from these activities is uncertain, with indirect estimates ranging from 0 to 20%.20 Westra43

et al. (2024)21 recently reported the first measurement-based estimates of H2 release from44

an industrial chemical complex and estimated a leakage rate of 0.2–5%.45

A better understanding of H2 release from the industrial sector is critical to assess the46

implications of increasing H2 usage.14,27,2847

This highlights the need to understand the processes that control both soil removal of H248

and its release by anthropogenic activities, to assess the potential impacts of increased H2 use.49

This study focuses on regional sources and sinks of H2 in the contiguous United States. Here,50

we leverage H2 observations from the National Oceanic and Atmosphere Administration51

(NOAA) Global Monitoring Laboratory (GML) at a network of sampling sites. This network52

provides a denser set of H2 atmospheric mole fraction measurements with higher frequency53

and locations closer to expected H2 sources than the NOAA Global Cooperative Air Sampling54

Network1,3 We first describe the observations and their implications for regional sources and55

sinks. Next, we examine the drivers of extreme H2 values and their relationships to potential56

point or localized sources and soil removal.57
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2 Materials and Methods58

2.1 NOAA measurements of discrete air samples from US sites59

For over twenty years, the NOAA Global Monitoring Laboratory in situ measurement pro-60

gram has conducted high-frequency, high-precision, measurements of carbon dioxide (CO2)61

and carbon monoxide (CO) from sites in the continental US to support the quantification62

of regional scale CO2 fluxes with inverse models.29 In the late 2000s, a standardized and63

automated air sampling system, called a programmable flask package (PFP), was added for64

comparison and quality control of the in situ measurements, as well as for the benefit of65

measuring the abundance of additional species. Each PFP contains a manifold connected to66

12 0.7L glass flasks. After collection of air samples, the PFPs are sent to NOAA GML in67

Boulder, CO for analysis of over fifty trace gases species, including CO and H2. These anal-68

ysis are performed on the same analytical systems as air samples collected for the NOAA69

Global Cooperative Air Sampling Network.1 At most sites, discrete PFP air samples are70

collected every 1–2 days, in the middle of the day, when the boundary layer is well mixed.71

Table S1 gives a list of the NOAA PFP sampling sites used in this study. At the in situ72

sites, a PFP and a compressor package are housed in a building or shelter. The compressor73

package pulls air from the top of the tower structure or a short mast (i.e at NWR site) using74

an inlet line. The sample collection sequence starts with the flushing of the PFP manifold75

and flask (for 12 to 15min) followed by a less than 1-minute flask fill. There have been a76

few iterations of the air drying and conditioning of the glass flasks to reduce small biases in77

CO2 for the pressurized (2–2.3 bar) air samples, mostly for high humidity conditions. More78

details regarding PFP sampling can be found in Andrews et al. (2014).2979

Since late 2009, the NOAA GML discrete air sample analysis for H2 uses gas chromatog-80

raphy and a helium pulse discharge detector (GC-HePDD). Novelli et al. [2009]30 described81

the implementation and showed the instrument response is linear over the 0-2000 ppb mole82

fraction range. NOAA recently adopted the WMO/MPI X2009 calibration scale for H2 and83

4



reprocessed all GC-HePDD measurements on that scale.1 Over time, different analytical84

methods have been used for CO: optical analyzer (Aerodyne TILDAS CO/N2O, August85

2019-present), vacuum ultraviolet resonance fluorescence (VURF) spectroscopy (2007-July86

2019)31 and chromatography/HgO reduction detection.32 The CO dry air mole fraction mea-87

surements are reported on the WMO/NOAA X2014A calibration scale. The NOAA GML88

trace gas measurement systems are optimized to have high sensitivity and high precision for89

background air concentrations. Measurement results for air samples with over 2 ppm for H290

and over 1.5 ppm for CO have a rejection quality control flag and are not used in this study.91

The measurement uncertainties for H2 and CO in PFPs are less than 3 ppb.92

Fig. 1a shows the location of the different sites that are part of the NOAA PFP sampling93

network.33 We restrict our analysis to valid observations collected between 10am and 4pm94

local time. Fig. 2 shows the 2010-2022 daytime PFP H2 measurement time series for95

the different sites. For each site, we first exclude outliers (denoted by circles), defined as96

observations which fall outside ±3 standard deviations from the time series mean (Table S1).97

The data are then fitted with a function consisting of a quadratic polynomial, a series of98

4 yearly harmonics and residuals to that function are filtered to further capture short-term99

and long-term variations following Thoning et al.(1989).34 We focus here on H2 and CO100

anomalies, i.e., the difference between the observation and the value estimated by the fitted101

function. These anomalies are denoted ∆H2 and ∆CO hereafter.102

2.2 Back trajectory and potential source contribution function103

calculations104

We generate 10-day back trajectories for each observation using the NOAA HySplit model35105

driven by the North American Mesoscale Forecast System (NAM) meteorology at 12km hor-106

izontal resolution.36 For each observation, back trajectories are initialized at 25, 50, and 75%107

of the planetary boundary layer (PBL) height from NAM and released at the site location,108

shifted by ±1 grid cell in N/S and E/W directions. The position of the trajectory is recorded109
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every 15 minutes. We use the pysplit37 and pysplitprocessor38 packages to streamline the110

generation of the trajectories.111

To identify potential surface sources and sinks at the continental level for compound X,112

we calculate the potential source contribution function (PSCF)39 defined as:113

PSCFi,j =

∑
s

∑
t∈ts ns(i, j, t)∑

s

∑
t ns(i, j, t)

Mi,j (1)

where ns(i, j, t) is the number of end-points for back-trajectories originating from site s114

at time t in the PBL for grid-cell(i,j). Note that in the numerator, ts is taken as the subset of115

observations from the top decile in anomalies ∆X, where X is H2 or CO. To exclude regions116

that are poorly sampled by the observing network, we require end-points from at least 730117

distinct observations for a PSCFi,j to be valid, i.e., Mi,j = 1 if
∑

s

∑
t[ns(i, j, t) > 0] > 730118

and 0 otherwise. 30% of the grid cells in the region of interest (lat=22-50◦N, lon=65–125◦W)119

have end-points associated with fewer than 730 distinct observations.120

2.3 Soil removal estimate121

H2 consumption by high-affinity H2-oxidizing bacteria (HA-HOB) is the most important122

removal mechanism for atmospheric H2
40. The deposition velocity of H2 (vd(H2)) for a123

particular location and time can be estimated as:124

1

vd(H2)
=

1

gi
+

1

gs
(2)

where gs and gi are the H2 conductance in the soil and the H2 conductance through barriers125

that reduce the transport of H2 to HA-HOBs, respectively.126

gs can be expressed as:41127

gs =
√

km fT fM Ds (3)

where fT and fM are the sensitivity of H2 biological uptake to soil temperature and soil128
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moisture, respectively, Ds is the moisture-dependent diffusivity of H2 in the soil, and km129

represents the maximum biological uptake rate of H2. The spatial variability of km is not well130

understood, with recent studies highlighting a possible modulation with soil carbon.2,42,43131

Here, we assume that km is spatially uniform and chosen to yield a global mean vd(H2) of132

0.09 mm/s.12133

fT and fM are parameterized following Ehhalt and Rohrer (2013) and Bertagni et al.134

(2021), respectively. HA-HOB activity is suppressed under very dry conditions.45 This pa-135

rameterization captures the non-linear and non-monotonic response of vd(H2) to soil mois-136

ture, associated with the competing effects of diffusion, which decreases rapidly with soil137

moisture, and biological activity, which increases with soil moisture (up to an optimum46,47)138

We account for the diffusion barrier through snow and canopy as:139

gi =
1

1
gsnow

+ 1
gcanopy

(4)

where gsnow is calculated from snow depth assuming a snow porosity of 0.64548 and gcanopy140

is a time-invariant climatology.49141

All calculations are performed using hourly ERA5 reanalysis fields for snow depth, at-142

mospheric pressure, and soil moisture and temperature in the top 7cm.50143

2.4 Soil interaction144

For a given observation at time tm, we define the effective interaction of the observed air145

parcel with the soil surface over a period [tm-τ , tm] as:146

fs(tm, τ) =
1

N τ

N∑
i=1

∫ tm

tm−τ

δpbl(i, t)dt (5)

where δpbl(i, t) is 1 if the i
th back-trajectory is in the PBL over land at time t and 0 otherwise,147

and N is the total number of back trajectories. N=27 as discussed above.148
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Similarly, we define the effective H2 soil diffusion (Deff
s ) and the effective deposition149

velocity (veffd ) over a time T as:150

Deff
s (tm, τ) =

1

N τ

N∑
i=1

∫ tm

tm−τ

Ds(i, t)δpbl(i, t)dt (6)

veffd (tm, τ) =
1

N τ

N∑
i=1

∫ tm

tm−τ

vd(i, t)δpbl(i, t)dt (7)

Ds(i, t) and vd(i, t) are the H2 soil diffusion and H2 deposition velocity sampled at the time151

and location closest to the ith back trajectory at time t.152

2.5 Upstream H2153

The upstream concentration of H2 for an observation collected at time tm is defined as:154

H2(tm, τ)[upstream] =
1

N

N∑
i=1

H2
model(i, tm − τ) (8)

where H2
model(i, t) is the dry air mass fraction of H2 sampled at the location of the back155

trajectory i at time t. Here, H2
model is taken from a GFDL-AM4.1 monthly climatology156

(2010–2014 average)3. We calculate the anomaly ∆H2
upstream as we did for the observations157

(∆H2).158

Similarly, we estimate the origin of the air mass sampled at time tm as:159

lat(tm, τ)[upstream] =
1

N

N∑
i=1

latmodel(i, tm − τ) (9)

where latmodel(i, t) is the latitude of the back trajectory i at time t.160

2.6 Influence of point sources161

We define the potential influence of a surface location p for an observation at time tm as:162
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Ip(tm, τ, d) = ∃i ∈ {1..N}(dp(i, τ) < d → 1) (10)

where dp(i, τ) is the minimum distance between end points associated with the back trajec-163

tory i and the location p over the interval [tm − τ ,tm], and d is a distance. Thus, Ip(tm, τ, d)164

is 1 if any back trajectory originating at time tm travels within a distance d of the site p165

between tm and tm−τ . Note that we only consider endpoints in the PBL to calculate dp(i, τ).166

3 Results and discussion167

3.1 H2 observations and regional sources and sinks168

Fig. 1b shows the distribution of H2 for daytime observations at each site for the time169

periods in Table S1. Median dry air mole fractions range from 511 to 540 ppb. H2 levels in170

the Northeast and upper Midwest are on average 10–20ppb lower than in South and Pacific171

regions. This latitudinal gradient is a salient feature of atmospheric H2
1–3,51 and is attributed172

to the soil sink of H2.
2,51

173

The observations show strong day-to-day variability in H2 on top of a marked seasonal174

cycle at all sites (Fig. 2). All three sites located in California occasionally show high levels175

of H2, above 700 ppb: Sutro in San Francisco (STR), Walnut Grove about 60 miles NE176

of San Francisco (WGC), and Mount Wilson in the San Gabriel Mountains near Pasadena177

(MWO). High levels of H2 are also observed, although less frequently, at Beach Island in178

South Carolina (SCT). In contrast, the Boulder Atmospheric Observatory (BAO) north179

of Denver, Colorado, has the most samples with depleted H2 compared to the temperate180

Northern hemisphere marine boundary layer H2.
1 Large negative anomalies are also observed181

at continental sites: Park Falls in Wisconsin (LEF), West Branch in Iowa (WBI), and the182

Southern Great Plains observatory in Oklahoma (SGP).183

Fig. 3a shows the PSCF probability at a resolution of 1◦x1◦ calculated using the 90th184
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Figure 1: Location of PFP sampling sites used in this study (a) and H2 distribution at
each site (b). The box shows the quartiles of the dataset, while the whiskers extend to
show the 10th and 90th percentiles. Dots indicate observations that fall outside this range.
Observations collected at the MBO sampling site are not used in this study.
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Figure 2: H2 timeseries at PFP sampling sites. Black circles denote outliers (as defined in
section 2.1). The red line denotes the functional fit to filtered observations.34
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percentile of ∆H2 at each site. A PSCF probability greater than 10% indicates regions that185

are more likely to have contributed to the 10% largest ∆H2. PSCF is high over much of the186

Southern US and Midwest as well as in the Midatlantic and on the West Coast. This dis-187

tribution matches well the estimated spatial distribution of H2 anthropogenic sources
3 (Fig.188

3b), which are dominated by emissions from the transportation sector (> 80%). CO PSCF189

exhibits enhancements in many of the same regions as H2 (Fig. S1). This is consistent with190

the well-documented correlation between H2 and CO concentrations in vehicular exhaust191

due to water gas shift reaction.4,52 Note that the PSCF for H2 is especially large along the192

Louisiana and Texas Gulf Coast, where many H2 production facilities (mostly associated193

with petroleum refineries) are located (circles in Fig. 3b53). This regional enhancement194

highlights the need to better characterize H2 release from these facilities.195

Fig. 3a also shows that the PSCF probability is low over the Northern part of the Central196

US (Montana, Nebraska, South and North Dakota). This pattern is not observed for CO197

(Fig. S1) and may reflect differences in the dominant sink of H2 (soil) and CO (oxidation198

by OH). Low PSCF for H2 in the central US is consistent with the predicted maximum199

deposition velocity for H2 (Fig. 3c). Note that our model for vd(H2) implies a very weak200

sink in much of the Western US, as HA-HOB activity is inhibited by low soil moisture (Fig.201

S2).202

3.2 Evidence for large non-combustion sources of H2203

Figs 1b and 2 show frequent elevated H2 observations at the STR, WGC, MWO, and SCT204

sites. At the 3 California sites and the South Carolina site, ∆H2 is very high (defined here205

as ∆H2 > 150 ppb ) for 3.1, 2.4, 4.1%, and 0.6% of all observations, respectively. The max-206

imum observations are 1846, 1355, 1832, and 1569 ppb, respectively. These mole fractions207

are comparable with the maximum H2 of 1346 ppb recently reported for an active aircore208

sampling survey in the immediate vicinity of a large industrial complex in the Netherlands.21209

Fig. 4 shows that a fraction of these extreme events are associated with anomalies in CO210
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  2 3.3   5 6.7  10  15  20  30  50
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Figure 3: PSCF probability at 1◦x1◦ resolution for H2 based on the 90th percentile of ∆H2

at each site (a), anthropogenic H2 emissions (2010–2019 average)3 (b), and average H2

deposition velocity (2010–2022 average) (c). Crosses in panel a) denote the locations of
NOAA PFP sampling sites. H2 production capacity aggregated on a 2◦x2◦ grid is indicated
by blue circles in panel b) (See Text S1). Total anthropogenic H2 emissions in the contiguous
US for the 2010-2019 period are ≃ 1.3 Tg yr−1, primarily from transportation (>80%).3 US
H2 production is ≃ 10 Tg yr−1.54

at least as high as those in H2 at STR (40%), WGC (18%), and MWO (30%). These events211

likely reflect the influence of nearby or upwind fires and relative enhancements in H2 and CO212

generally fall within expectation from fire emissions7,55(yellow shaded region). However, the213

most positive anomalies in H2 are not associated with a concomitant enhancement in CO,214

suggesting that they are the result of a potentially large non-combustion source of H2.215

In the following, we focus on the two Northern California sites (STR and WGC) where 59216

and 38 events between 2010 and 2022 have elevated H2 without concurrent enhancement in217

CO, i.e., ∆H2 > 150ppb and ∆CO < ∆H2, respectively. These observations will be referred218

to as non-combustion extreme events (NCEE), hereafter. At STR, NCEE are most frequent219

in fall (21) and winter (22), while there is no seasonal pattern at WGC. More than 5 NCEE220

are identified each year at STR from 2017 to 2020 and at WGC in 2010 and 2019. No NCEE221

is identified at WGC after 2019.222

Fig. 5 shows regions with at least one back trajectory endpoint in the PBL for over 50%223

of NCEE at WGC (vertical hatches) and STR (horizontal hatches), respectively. We note224

that these regions intersect over the Bay Area, which suggests that NCEE may originate225

from one (or several) point sources located in this region. Fig. 5 shows that the hatched226

region encompasses five refineries (blue circles). Refineries use H2 to process diesel fuel (e.g.227
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sulfur removal) and transform long and unsaturated products in feed (e.g. oil sand56) into228

products with lower molecular weight. Note that only ≃ 1/3 refineries use H2 in the US.57229

The combined H2 capacity for these five refineries was ≃ 1000 kT yr−1 circa 2018, or ≃230

10% of US H2 capacity.53 H2 may be released during refining operations due to imbalance231

between H2 production and consumption, as recently documented at one of the Bay Area232

refineries.58233

We find that 83% and 74% of NCEE may have been influenced by refinery emissions, as234

defined by Ip(τ = 3 days, d = 10 km) = 1 for at least one of the five refineries shown in Fig.235

5, at STR and WGC, respectively. In contrast, 25% and 45% of all other observations at236

STR and WGC, respectively, may have been influenced by refineries’ activities. Since this237

represents a much larger number of events (Table S1), we find that only 6 and 3% of air238

masses that may have been influenced by refineries are associated with NCEE, respectively.239

This suggests that if NCEE are associated with refineries’ activities, the release of H2 is240

infrequent. We note that these results are largely insensitive to the choice of the distance d241

used to determine the point source potential influence (Table S2). As MWO and SCT are242

also located in the vicinity of refineries and fertilizer and chlorine plants, respectively, some243

NCEE at these sites may also be associated with the release of H2 from these operations.244

More frequent observations would be necessary to further identify the origin and estimate245

the magnitude of the likely sporadic H2 sources that are responsible for NCEE. In the Bay246

Area, it is noteworthy that at least 10% of NCEE measured at STR and WGC do not seem247

to be influenced by the five Bay area refineries. As shown in Fig. 5, there are other possible248

non-combustion sources of H2 in the vicinity of STR and WGC. These include anthropogenic249

activities, e.g., H2 fueling stations (red dots) and a liquid H2 plant SE of Sacramento (purple250

circle). Other potential point sources may include geological H2 seepage. Very high H2251

air mole fractions have been reported in soil gas at Burro Mountains59 (> 70% at 50cm252

depth, Central California) and near Palo Alto60 (≃ 20ppm at 1m depth,). H2 (> 1%)253

has also been reported in exsolving gases at ultra-basic springs (The Cedars61) and at The254
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Geysers geological reservoir62 (triangles, Fig. 5). At these sites, H2 is likely associated with255

serpentinization.61 As serpentinite occurs throughout northern California63,64 (Fig. 5) some256

NCEE may be associated with geological H2 seepage.257

Our study highlights how the analysis of the NOAA PFP-based data can be used to258

guide more intensive measurement campaigns focused on certain sources of H2, including259

geological prospecting for H2.260

3.3 Evidence for moisture inhibition of the H2 soil removal261

As noted above, the NOAA PFP-based measurements show large negative H2 anomalies at262

some continental sites. Here, we focus on the BAO site66 located 35 km north of Denver in263

NE Colorado. This site is close to large spatial gradients in vd(H2) (Fig. 3c) associated with264

the large contrast in soil moisture between the arid Western US and the wetter central US.265

In particular, the activity of HA-HOB may be inhibited by low soil moisture west of BAO266

in much of the Great basin (Fig. S2). This makes BAO especially well-suited to assess the267

impact of variation in the H2 soil sink on H2 air mole fraction.268

Fig. 6a shows that the upper and lower deciles of ∆H2 at BAO differ by 50 to 100 ppb269

depending on the season. The lowest H2 air mole fraction (388 ppb) for the PFP samples270

used in this study is measured at BAO and 3.5% of the BAO observations have negative271

anomalies of at least 50 ppb. The H2 anomalies are most (least) negative in the fall (summer).272

Fig. 6b shows that there is no monotonic relationship between ∆CO and ∆H2 for the273

BAO PFP measurements. Since CO and H2 share many sources (e.g., combustion, photo-274

chemistry2), this suggests that H2 sources are unlikely to be the primary driver of variation275

in ∆H2 at BAO.276

In the following, we focus on the history of air masses in the 4 days preceding their277

observation at BAO (τ=4 days). Fig. S3a shows that air masses associated with the most278

negative ∆H2 tend to originate further North than air masses with the most positive ∆H2.279

In the Northern Hemisphere, the marine boundary layer H2 mole fraction decreases with280
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Figure 5: Hatches denote regions where trajectories associated with over 50% of NCEE have
passed in the PBL for WGC (vertical hatches) and STR (horizontal hatches). H2 capacity
for refineries (2020), merchant gas and merchant liquid (x100)53 are indicated by blue, cyan,
and purple circles, respectively. Red dots denote the locations of H2 fueling stations.65

Locations where elevated geologic H2 outgassing has been recorded are denoted by triangles.
Blue-shaded regions denote serpentinite units.64
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latitude.1 We estimate that the difference in air mass origin can contribute to ≃ 20% of the281

observed difference in ∆H2 at BAO (Fig. 6c).282

The previous discussion suggests that neither H2 sources nor the upstream concentration283

of H2 are likely to cause extreme H2 anomalies. In the following, we focus on the processes284

that govern the H2 soil sink. Fig. 6d shows that the integrated air mass soil exposure285

(fs(τ = 4 days); eqn. 5) is anticorrelated with ∆H2. On average, we find that air masses286

with the most negative H2 have spent 2 to 3 times as much time in the PBL over land as air287

masses associated with the most positive ∆H2 and are therefore more likely to be affected288

by the soil sink.289

From eqn. (3), the strength of the soil sink depends on both biotic (represented by the fT ,290

fs, and km factors) and abiotic (Ds) processes. Globally, diffusion is expected to be the most291

limiting factor for the uptake of H2 by soils in most regions.44 Surprisingly, Fig. 6e shows292

that the effective soil diffusion, Deff
s (eqn: 6), varies little with ∆H2 except in winter, i.e.,293

the longer time spent in the PBL (fs) for the most negative ∆H2 is partly counterbalanced294

by reduced diffusion (i.e., wetter conditions) in soil (Fig. S3b). This suggests that the H2295

soil sink in spring, summer and fall is not limited by diffusion in this region but by biological296

activity. This is supported by Fig. S3c, which shows that the most negative ∆H2 at BAO297

are ≃ 30−60% less likely to have interacted with soil that is too dry to support H2 uptake.
44

298

Fig. 6f shows that vd(H2), which accounts for both biotic and abiotic modulation of H2299

sink strength, is negatively correlated with ∆H2. On average, the effective vd(H2) is 3–4×300

faster for air masses with the most negative ∆H2 than for those with the most positive301

∆H2. Over the course of 4 days and assuming an effective deposition height of 500m, such302

difference in vd(H2) could result in 30–90ppb difference in ∆H2 between these air masses. This303

supports the importance of the soil sink in modulating ∆H2 at BAO. This also highlights how304

long-term monitoring of surface H2 in semi-arid regions can provide important constraints305

on models of vd(H2)
3,44 including on the impact of hydrological changes,67 an important306

uncertainty in the characterization of the historical and future H2 global budget.12,16307
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Figure 6: H2 anomaly at BAO broken down by decile and season (a). Panels b) and c) show
the associated CO anomaly and upstream H2 anomalies. Panels d)-f) show the effective time,
effective diffusion and effective soil deposition for each decile (τ=4 days). For each panel,
small and large dots denote individual events and the average over each decile, respectively.
Error bars denote the 99% confidence interval for the mean.
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