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Text S1. Description of the model, input datasets, and configurations we used for
atmospheric perchlorate simulations.

In this study, we implement a ClO3-Cl204-ClO4 chemistry scheme into version
13.3.2 of GEOS-Chem global chemical transport model (doi:10.5281/zenodo.5711194)
and perform simulations of atmospheric perchlorate under the “GEOS-Chem Classic”
configuration.

GEOS-Chem is a global, three-dimensional chemical transport model that is
developed and maintained by an international community of scientists and engineers to
study various problems in atmospheric chemistry and environmental science. The
model’s default configuration includes detailed chemical mechanism for simulating HOx-
NOx-VOC-o0zone-halogen-aerosol interactions in the Earth’s atmosphere. The default
chemical mechanism includes 649 gas-phase reactions, 97 heterogeneous reactions, and
157 photolysis reactions.

GEOS-Chem was first developed for modeling tropospheric chemistry so the
modeled stratospheric chemistry in the early versions was only represented by a
linearized ozone-chemistry scheme and the use of outputs from other atmospheric models
as the boundary conditions in the tropopause. The Unified Tropospheric-Stratospheric
Chemistry extension (UCX) mechanism, which uses a single fully coupled mechanism to
represent atmospheric chemistry in both the troposphere and the stratosphere, was first
implemented by Eastham et al. (2014). This development introduced stratospheric
aerosols (type Ib and type Il polar stratospheric clouds, as well as stratospheric sulfate),
long-lived species (halocarbons and N20(g)), and the photolysis of halocarbons. The
photolysis rates are computed via the Fast-JX module (Eastham et al., 2014; Neu et al.,
2007). In the current version of GEOS-Chem, the emissions of long-lived halocarbons
and N20 are modeled by prescribing the planetary-boundary-layer (PBL) concentration
of these species as boundary conditions.

GEOS-Chem simulations of stratospheric composition were previously evaluated
against stratospheric observations by Eastham et al. (2014) and Knowland et al. (2022).
We also compare the average [O3(g)], [H20(g)], and [HCI(g)] in the stratosphere in our
simulation to the observations retrieved from the measurements of Microwave Limb
Sounder (MLS) on NASA’s Aura satellite, finding good agreement (see Figure S2). In
addition, GEOS-Chem reproduces balloon observations of [OCIO(g)] in the wintertime
Arctic lower stratosphere (Figure S3). The global distribution of nighttime [OCIO(g)]
concentrations simulated by GEOS-Chem (Figure S4) captures the broad features
observed by the GOMOS stellar occultation spectrometer (Fussen et al., 2006; Tétard et
al., 2013). GEOS-Chem stratospheric simulations have also been used to evaluate sulfate
geoengineering (Visioni et al., 2018), to estimate the impacts of rocket launch and space
debris on stratospheric chemistry (Ryan et al., 2022), and to assess the effects of a near-
future supersonic aircraft fleet (Eastham et al., 2022).

Earlier versions of GEOS-Chem have been used to examine the influence of
chlorine chemistry (Schmidt et al., 2016), bromine chemistry (Parrella et al., 2012;



Schmidt et al., 2016), and iodine chemistry (Sherwen et al., 2016a) on tropospheric
oxidants and atmospheric mercury. The fully coupled chlorine-bromine-iodine chemistry
mechanism implemented in GEOS-Chem was first described by Sherwen et al. (2016b).
Recently, the modeled halogen chemistry was updated and evaluated by X. Wang et al.
(2021). On a global scale, the largest sources of gas-phase inorganic chlorine, bromine,
and iodine in the troposphere are acid displacement on sea-salt aerosols (i.e., HCI(g)
emission from the reaction between acidic species and chloride), HOBr uptake by
aerosols and cloud droplets (i.e., HOBr(g) undergoes multi-phase reactions to liberate the
bromide in aerosols/cloud into the air as Brz(g)), and the emissions of HOI(g) and 12(Q)
from the ocean, respectively (X. Wang et al., 2021). The concentrations of major halogen
species (HCI, BrO, and 10) in the modeled troposphere are largely consistent with the
available observations (X. Wang et al., 2021).

GEOS-Chem uses a hybrid sigma-pressure grid and 72 vertical layers to represent
the atmosphere from the surface to the 0.01 hPa level. Below 3 km altitude, the model
layer thickness is 100-200 m, increasing to 1 km near the tropopause, and 1.5-18 km in
the stratosphere. In the first 59 layers, which represent the troposphere and the
stratosphere, the model has online chemistry (i.e., it solves the coupled ordinary
differential equations (ODESs) for chemistry numerically to compute reaction rates and
species concentrations). On average, there are 35 layers under the tropopause. In the 13
uppermost layers, the model uses a linearized ozone chemistry based on the Linoz
scheme from Mclinden et al (2000), a simple high-altitude NOy mechanism described by
Eastham et al. (2014), and a set of prescribed monthly average production and loss rates
of other major species from NASA's Global Modeling Initiative (GMI) chemical
transport model (described in Murray et al. (2012)) to estimate the mesospheric
composition.

We use the meteorological fields from Modern-Era Retrospective analysis for
Research and Applications, Version 2 (MERRAZ2), which are produced and maintained
by NASA Global Modeling and Assimilation Office (Gelaro et al., 2017), to drive our
simulations. MERRA2’s performance in representing the stratosphere has been evaluated
(Coy et al., 2016; Wargan et al., 2017; Wargan & Coy, 2016). The parametrizations for
convective transport and boundary-layer mixing used by GEOS-Chem Classic are
described by Wu et al. (2007) and Lin & McElroy (2010), respectively. In each model
layer, GEOS-Chem Classic uses rectilinear latitude-longitude grids and computes the
advection flux of different chemical species using the TPCORE algorithm from Lin &
Rood (1996).

To estimate the photochemical production of perchlorate, we add 3 species
(ClO3(g), Cl204(g), and perchlorate) and 9 gas-phase reactions (summarized in Table S1)
to the existing GEOS-Chem chemical mechanism. These perchlorate-formation reactions
are similar to those used in Catling et al. (2010), except that we did not include ClO3
production via Cl(g) + Os(g) and its loss via photolysis. Cl(g) + Os(g) has been studied by
many groups because of its importance to stratospheric ozone depletion, but the
production of ClOs(g) from the CI+0Os reaction has not been reported in the literature



since its early discussion in Simonaitis & Heicklen (1975). Catling et al. (2010) included
Simonaitis & Heicklen (1975)’s recommended rate constants in their model and found
that the rates have to be reduced by a factor of 30 to match the observations of
stratospheric chlorine species. For ClO3(g) photolysis, previous interpretation of the
measurements of absorption cross sections (Goodeve & Richardson, 1937) were later
shown to be incorrect (Lopez & Sicre, 1990) and no new recommended value was given
by the latest JPL evaluation report (Burkholder et al., 2020). We discuss the potential
impacts of including ClOs(g) photolysis in the model in Text S6.

In our chemistry scheme, the first step for perchlorate formation is the production
of ClO3(g) via OCIO(g)+0O(®P)(g) (R2) or OCIO(g)+03(g) (R3). R2 is predicted by our
model to be the dominant pathway for CIO3(g) formation. Production of O(?P)(g)
requires UV radiation so it increases with altitude in the stratosphere and is most active
during the daytime. OCIO(g) is mostly produced by CIO(g)+ BrO(g) and usually has its
highest concentrations in the polar stratosphere. OCIO(g) has also been detected in the
tropical stratosphere (Fussen et al., 2006; Meena & Devara, 2011; Tétard et al., 2013).
The rate constant for ClO3(g) + OH(g) (R1) we use in our model is from the ab initio
calculations done by Zhu & Lin (2001, 2003b) for the temperature range 300-3000K. We
assume that the reported temperature dependence extrapolates to the colder atmospheric
conditions.

CIOs (g) + OH (g) + M = HCIO4 () + M (R1)
OCIO (g) + OCP) (g) + M = Cl03 (g) + M (R2)
(R3)

OCIO (g) + Os(g) - ClOs (9) + 02 (9)

We assume all the HCIO4(g) produced in the atmosphere converts into
condensed-phase ClO4 (p) instantly and remains inert in aerosols. In the stratosphere, the
vertical distribution ClO4(p) is partly controlled by gravitational settling of aerosols. The
process is parametrized using Stokes’ law with a slip correction factor, and the flux is
estimated using a trapezoidal scheme (Eastham et al., 2014). In the modeled troposphere,
ClO4 (p) undergoes deposition following the parametrizations described in Liu et al.
(2001) and Q. Wang et al. (2014) for wet deposition and Emerson et al. (2020) for dry
deposition. We assume ClO4(p) has the same deposition parameters as modeled SO+
(p), e.g., a minimum dry deposition velocity of 0.01 cm/s, a dry deposition velocity of
0.03 cm/s over snow and ice, and an aerosol scavenging efficiency of 1.0. The source
code of the modified GEOS-Chem model can be found in
https://doi.org/10.5281/zenodo.7754444.

The simulation configurations are described as follows. The anthropogenic
emissions of major air pollutants (e.g., NOx(g), SO2(g), and black carbon) are based on


https://www.zotero.org/google-docs/?BPUrpc

the Community Emissions Data System (CEDS) inventory (Hoesly et al., 2018). The
parametrization of sea-salt emissions in the model is described by Jaeglé et al. (2011).
The PBL concentration of long-lived halocarbons and N2O(g) are obtained from the
WMO'’s 2018 Scientific Assessment of Ozone Depletion, except for CH2Cl2(g) and
CHCls(g). For these two species, the model uses the CMIP6 observationally constrained
data from Meinshausen et al. (2017). Our main simulation period is 2016 to 2018. We
choose the simulation spin-up length to be 10 years, which allows the modeled
stratosphere to reach steady state after we introduce the ClO3-Cl20s-ClO4~ chemistry into
the model. The 10-year-long spin-up is done by driving the simulation using 2012-2014
meteorology and emissions three times, followed by using 2015 meteorology and
emissions in the final spin-up year. The native horizontal resolution of MERRAZ2
meteorological fields is 0.5° latitude x 0.625° longitude. Since we have to run
simulations that are longer than a decade, we use a lower horizontal resolution (4°
latitude x 5° longitude) so that our simulations can be completed on our machine within a
reasonable time. We set the chemistry-timestep size to 30 minutes: the model updates the
solar zenith angle, photolysis coefficients, and other reaction rates in each gridbox every
30 minutes in the simulation.

Text S2. Detailed description of the estimation of A'O of modeled atmospheric
perchlorate

In Text S2, we outline the method we use for calculating the modeled AYO of
perchlorate originating from photochemistry (A’O(CIlO4-, photochemistry)). Section
S2.1 briefly introduces the origin of positive 'O excess (A'O) in ozone and other
atmospheric species. In Section S2.2, we develop a method for predicting AYO(ClOq-,
photochemistry) in a homogeneous photochemical-steady-state atmosphere. In Section
S2.3, we assess the potential influence of other potential oxygen-exchange processes on
AYO(CIO4~, photochemistry). In Section S2.4, we discuss the effects of atmospheric
transport of oxychlorine species on A¥O(ClO4-, photochemistry). Section S2.5 presents a
synthesis on how we combine all the information and assumptions to estimate
AYO(CIlO4~, photochemistry) in the Earth’s atmosphere in this study.

S2.1 Origin of Large Positive A'0 in the Atmosphere

170 excess (A0 =60 —0.52x8*0) measures the enrichment of 17O relative to 120
that cannot be attributed to mass-dependent fractionation processes. In Earth’s
atmosphere, the largest source of positive A'O is the formation of ozone via the three-
body reaction between atomic oxygen and molecular oxygen (i.e., O(°P)(g) + O2(g) + M
- 03(g) + M) (Lyons, 2001). Mass-independent fractionation occurs in this reaction
because the reactive intermediates that are asymmetric (e.g., 1’00*0* and 80*0%0*)
have a longer lifetime than the symmetric ones (e.g., 600'®0*) and thus are more
likely to undergo quenching to form ozone (Hathorn & Marcus, 1999; Heidenreich &



Thiemens, 1986). The large positive AO in ozone is transferred to other oxygen-
containing species in the atmosphere during oxidation and other oxygen-exchange
processes (Thiemens, 2006). Tracking the rate of these processes and the flow of high-
AY0 oxygen atoms allows for quantitative predictions about the AO of perchlorate
originating from photochemistry (A¥O(CIO4, photochemistry)).

S2.2 Estimation of A'O(ClO47, photochemistry) in a homogeneous
photochemical-steady-state atmosphere using the rate of oxychlorine
oxidation processes

To illustrate the principles we used in our estimation of A*’O of perchlorate based
on the modeled photochemistry (AY"O(CIlO4-, photochemistry)), we first consider a
scenario where the atmosphere is homogeneous and is in a photochemical steady state.
A0 of major oxidants (e.g., Oz, O(*D), O(®P), and OH) are spatiotemporally constant
because they are in isotopic equilibrium, which is similar to assumptions made in
previous work (e.g., Alexander et al., 2005, 2012). We track how oxygen atoms are
introduced to oxychlorine species during their formation, starting from the lowest
oxidation state, the chlorine radical (Cl(g)). Under atmospheric conditions, the main
oxidation pathway that produces CIO(g) is the reaction between chlorine radical and
ozone:

Cl(g) + Os(g) - ClO(g) + 02(9)

The CIO molecule that forms in this reaction acquires its oxygen atom from the
terminal oxygen atom of an ozone molecule (A’O(Os, terminal)). AT’O(Os, terminal) is
50% higher than A0 of bulk ozone (AY'O(Os, terminal) = 3/2xA’0O(0s, bulk)) because
170 enrichment in ozone is contained only in the terminal oxygen atoms (Michalski &
Bhattacharya, 2009). In short, the AYO of CIO (g) immediately after formation
(AYO(CIO, fresh)) should equal to AYO(QOs, terminal):

AYO(CIO, fresh) = A’O(Og, terminal)

The next stage is the formation of OCIO(g) via reactions between CIO(g), BrO(g),
and 10(g):

ClO(g) + BrO(g) = OCIO(g) + Br(g)
ClO(g) + 10(g) - OCIO(g) + I(g)

Similar to ClO(g), BrO(g) and 10(g) acquire their oxygen atom from the terminal
oxygen of ozone in the reactions between ozone, Br(g), and 1(g). This implies that
AYO(OCIO, fresh) should be equal to AYO(CIO), AYO(BrO), and AYO(10):

AY0(0CIO, fresh) = ATO(CIO)



In the model, ClO3(g) is produced by two oxidation pathways (R2 and R3, see Table
S1). These two pathways produce ClO3(g) with different A’O because R2 involves
O(®P)(g), which carries low A0 (=+1.2%o), while R3 involves ozone. Two oxygen
atoms in ClOs(g) are from the parent OCIO molecule, while the remaining is from the
oxidant. Therefore, the A0 of ClO3(g) produced from each pathway is a weighted
average of AY’O(OCIO) and AO(oxidant):

AYO(CIOs, R2) = 2/3xAY0(0CIO) + 1/3xAYO(O(P))
AYO(CIOs, R3) = 2/3xAY0(0CIO) + 1/3xAY0(Os, terminal)

AYO(CIOs, fresh) is calculated via the mass balance:
AO(CI03, fresh) = fraxA7O(CI03, R2) + fraxAL7O(CIOs, R3)

where fr2 and frs are the fractional contribution of R2 and R3 to ClO3(g) production,
respectively. For example, fr2 = (rate of R2)/(rate of total production of CIO3(g)).

Perchlorate is produced via the reaction between ClIO3(g) and OH(g) (R1). The
expression for AYO(ClQOg, fresh) is thus:

AYO(CIO4, fresh) = 3/4 x ATO(CIO3) + 1/4 x ATO(OH)

We assume that perchlorate is photochemically inert in the atmosphere and does not
react with any other oxygen-containing species in the atmosphere. So we have:

AYO(ClO4) = AYO(CIO4, fresh)

S2.3 Potential influence of other oxygen-exchange processes on AO(ClO4",
photochemistry)

In this section, we investigate whether oxygen-exchange processes other than
oxidation can significantly change the A’O of oxychlorine species after formation. In
other words, we examine whether AT’O(ClOx) = AY’O(CIOx, fresh) is a good
approximation in a homogenous photochemical-steady-state atmosphere. Past laboratory
studies did not observe fast oxygen exchange with water for ClO4(aq) and OCIO(aq)
(Hoering et al., 1958; Kent Murmann & Thompson, 1970), but very little is known about
the oxygen-exchange reactions for oxyhalogen species in the gas phase. We focus on the
oxygen-exchange reactions involving O(®P)(g) and OH(g), which have been shown to be
important for AYO(NOx) in the stratosphere (Brinjikji & Lyons, 2021; Lyons, 2001). For
example, oxygen exchange between O(®P) and NO can occur via Q + NO — O + NQ,
which leads to the differences between AYO(NO) and AYO(NO2) in the upper



stratosphere. AO(CIOx) can be lower than AYO(CIOx, fresh) if oxychlorine species
exchange oxygen with low-A*’O species at non-negligible rates relative to loss processes.

The known mechanism of OH-driven oxygen exchange involves three steps: (i)
OH(g) binds with the target molecule to form an adduct, (ii) isomerization of the adduct,
and (iii) dissociation of the isomerized adduct to form OH(g) and the target molecule
with altered isotopic composition (Francisco, 1998; Greenblatt & Howard, 1989).
Francisco (1998) studied oxygen exchange between OH and CIO via an adduct
mechanism using ab initio methods and concluded that the rate is likely very slow and is
limited by the energy barrier for hydrogen migration in HOCIO adduct (Francisco, 1998).
To the best of our knowledge, no study to date has explicitly estimated the rates of OH-
driven oxygen exchange for BrO(g), 10(g), OCIO(g), or ClO3(g). For the HOCIO adduct,
the key step for isomerization is a transition state where the adduct forms a ring structure
such that the hydrogen atom binds with both oxygen atoms. The existence of such O-H-O
ring-structure for HOIO adduct, HOCIO2 adduct, and HOCIO3 adduct has not been
predicted by existing ab initio studies (Begovi¢ et al., 2004; de Souza & Brown, 2014;
Z.-F. Xu et al., 2003; Yang et al., 2015; R. S. Zhu & Lin, 2001). Ali & Rajakumar (2011)
predicted the existence of such O-H-O ring-structure for HOBrO adduct. However, this
transition state is predicted to be on a higher energy level than HO+BrO, similar to the
case for HOCIO described in Francisco (1998), implying that oxygen exchange via
HOBrO adduct formation is likely not efficient as well. Based on available information,
we argue that OH-driven oxygen exchange for BrO(g), 10(g), OCIO(g), and CIOs(g) via
this adduct mechanism is likely not important under typical atmospheric conditions.

No study to date has quantified the rate of oxygen exchange between O(®P) and
oxyhalogen species under atmospheric conditions to the best of our knowledge. We
hypothesize that O(®P)-driven oxygen exchange for oxyhalogen species is similar to that
for NO and O2 and involves two steps: (i) the atomic oxygen radical Q(®P) binds with the
central halogen atom of an oxyhalogen molecule XO to form activated QXO* complex
(X=Cl, Br, I, CIO, OCIO; “Q” denotes 'O or 80 while ”O” denotes %0) and (ii) QXO*
dissociates into QX and O instead of undergoing quenching to form QXO(g). For ClO(g)
and OCIO(g), Zhu & Lin (2002, 2003a) studied their oxidation via reaction with O(3P).
They estimated the rate constants for CIO + O(°P) + M — OCIO + M and OCIO + O(P)
+ M — ClO3 + M using an ab initio approach. We use their high-density-limit rate
constants to estimate the upper limits of the rate of O(3P)-driven oxygen exchange for
ClO(g) and OCIO(g) via our hypothesized mechanism, assuming that rate of OXO*
production is similar to the rate of OXO production at high [M]. We find that the rate of
OXO* (X=Cl and CIO) formation increases with altitude due to higher [O(3P)(g)]. While
O(®P)-driven oxygen exchange for CIO(g) is likely slow compared to its other loss
processes below the mesosphere, the oxygen exchange between OCIO(g) and O(°P) may
be important for controlling AY’O(OCIO) in the upper stratosphere (Figure S5). We
discuss how this hypothesized O(®P)-driven oxygen exchange for OCIO(g) in the upper
stratosphere may affect the estimated AO(CIO4") in Section S2.5.



S2.4 Effects of atmospheric transport of oxychlorine species on A'O(ClO4",
photochemistry)

In this section, we investigate whether the transport of oxidants and oxyhalogen
species in the atmosphere can affect the estimation of A’O(ClO4-, photochemistry). To
apply this method developed in Section 2.2 for estimating A’O(CIlO4-, photochemistry)
in the Earth’s atmosphere, we can first estimate A’O(ClO4-, photochemistry) in each
model gridbox and then compute a global average A*’O(ClO4-, photochemistry) weighted
by modeled perchlorate production rate in each model gridbox. A similar local-
approximation method was used in Alexander et al. (2020) to calculate modeled
AYO(NOs") in the troposphere and showed good performance when compared to
AYO(NO3") observations.

A critical assumption we have to make for this approach is that the A¥’O(ClOq,
photochemistry) in each model gridbox can be determined using only the local
information of AO(oxidants) and oxychlorine-production rates. This local
approximation works well when the photochemical lifetime of perchlorate-production—
related species is much shorter than the typical timescales for atmospheric transport. In
the daytime stratosphere, the photochemical lifetime of major oxidants (e.g., O3, O(3P),
OH) is shorter than 1 hour, whereas the typical timescales of stratospheric transport range
from hours to months (Brasseur & Solomon, 2005). For oxyhalogen species, the
predicted photochemical lifetime in the main perchlorate-producing region is also short
(<1 day) compared to the typical timescales of stratospheric transport (see Figure S6).
Oxyhalogen species have much longer photochemical lifetimes at night and over the
poles during winter, but it should have very little influence on the estimated global
average A’O(ClOg4-, photochemistry) because the modeled production of perchlorate
ceases in the absence of sunlight (Figure S6). In short, the effects of atmospheric
transport of oxidants and oxychlorine species should be negligible in the estimation of the
global average modeled AY'O(CIO4-, photochemistry).

S2.5 Estimation of A'”O(oxychlorine species) and A'O(ClO4~, photochemistry)
in Earth’s atmosphere

In this section, we synthesize all the information in the above sections and use the
modeled AY’O(oxidants) from Brinjikji & Lyons (2021) and the modeled rate of
oxychlorine oxidation from our GEOS-Chem model simulation to estimate
AYO(oxychlorine) and AYO(CIO4~, photochemistry) in the Earth’s atmosphere.

Brinjikji & Lyons (2021) used a 1-D chemical kinetics model to simulate the
generation of large positive A’O during ozone formation, the transfer of A’O between
different oxidants, and the other oxygen exchange and fractionation processes in the
Earth’s atmosphere. We obtain the vertical profiles of the AY’O(0O3) and AYO(OH)
predicted by their model from Figure 1 of their paper. A’O(Q3) is a function of pressure
and temperature during ozone formation and increases with altitude. AY’O(OH) is close to



0%o in the troposphere because of the oxygen exchange between OH(g) and tropospheric
water (Dubey et al., 1997), whereas stratospheric AY’O(OH) is controlled mostly by its
oxygen-exchange processes with NO(g) and NO2(g) and is predicted to be as high as
+23.4%o (See Figure S7). While the results from Brinjikji & Lyons (2021) are largely
consistent with previous modeling studies, the predicted AY’O(Os3) in the troposphere
(=+36%o) is too high compared to the more extensive measurements of A1’O(QO3) reported
in recent studies (average=+26=+1 %o) (Ishino et al., 2017; Vicars & Savarino, 2014). To
better match the observations, we apply a simple correction to the modeled A’O(0z) and
AYO(OH):

A17O(03)c0rrected = A17O(03)B&J 2021 — 10 %o

AYO(OH)corrected = (AYO(O3)corrected/ AT'O(03)B&3 2021) X AY'O(OH)B&.J 2021

Figure S7 shows the vertical profiles of AY"O(O3)corrected and A’ O(OH)corrected. After
the correction, the A’O(Os3) in the stratosphere is reduced by 10%o but still consistent
with the observations (Krankowsky et al., 2000, 2007; Ldmmerzahl et al., 2002;
Mauersberger et al., 2001; Schueler et al., 1990). Brinjikji & Lyons (2021) did not show
the modeled AYO(O(®P)). We use AYYO(O(®P))=+1.2%o at all altitudes based on the
model of Zahn et al. (2006), where they assumed a rapid oxygen exchange between
O(®P)(g) and Oz(g). A’O(0s, terminal) = 1.5xAYO(O3)corrected, as explained in Section
S2.2.

Based on the vertical profiles of A’O(Qgz, terminal), AY’O(OH), and A’O(03),
together with the method described in Section S2.2, we compute the estimated
AYO(0CI0), AY"O(Cl03), and AY’O(CIO4") in each model gridbox. The zonal mean of
estimated A0 of these three species is shown in Figure S8. AT’O(OCIO) is controlled by
AY0(0s, terminal) and increases with altitude. A’O(ClO3) and AY’O(CIO4") are lower
than AYO(OCIO) because of the oxidants involved (O(®P)(g) and OH(g)) in the oxidation
processes have lower AYO than the terminal oxygen atom in ozone. AYO(ClOs) and
AYO(CIO«") in the troposphere are higher than the stratosphere because the reaction
OCIO(g) + Os(g) - ClO3(g) + O2(g) becomes the major source of ClO3(g) because of the
very low [O(®P)(g)] at lower altitudes.

We estimate the average A0 of perchlorate produced by photochemistry in the
Earth’s atmosphere by using the AYO(CIO4-, photochemistry) and perchlorate-production
rate in each model gridbox to compute a global weighted average. The result is shown in
the right panel of Figure 3. Table S6 contains the numeric value, as well as the average
AYO(0CIO) and AYO(CIOs). To examine how our estimates would change under
different assumptions about A’O(oxidants), we re-compute A¥O(ClO4~, photochemistry)
using the uncorrected AY’O(03) and AYO(OH) from Brinjikji & Lyons (2021). We find
that the average A’O(ClO4-, photochemistry) increases by +8.6 % and further deviates
from the observations of AY’O(CIO4"). To examine the potential influence of oxygen
exchange between OCIO(g) and O(3P), we hypothesize that O(°P) can erase the high
AY0 in OCIO(g) in the upper stratosphere and set AL’O(OCIO) = A’O(O(*P)) above 37
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km altitude (the region where the upper-limit rate of O(®P)-driven oxygen exchange is
higher than the rate of OCIO(g) photochemical loss). In this case, the average
AYO(CIlO4~, photochemistry) reduces by about 2.2 % but is still outside the observed
range of AY’O(ClO4"). Our additional analysis demonstrates that the discrepancy between
modeled AY'O(CIO4-, photochemistry) and observed A’O(CIO47) described in the main
text is robust even after changing some assumptions used in A'’O estimation.
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Text S3. ClO5-Cl,0,4-ClO4~ chemistry's impacts on the modeled mass budget of
stratospheric chlorine

To assess the newly implemented ClO3-Cl204-ClO4~ chemistry’s impacts on the
mass budget of atmospheric chlorine in GEOS-Chem, we conduct a control experiment
where ClOs-Cl204-ClO4™ chemistry is turned off but other configurations are identical to
those in the main simulation. We then compute the differences in (i) the average vertical
profiles of chlorine species (Figure S9) and (ii) total mass of these species (Table S7)
between two simulations.

Figure S9 shows that the changes in the average vertical profiles of chlorine species
are small. The largest changes in the average mixing ratio of major reactive chlorine
species (HOCI(g), CIO(g), OCIO(g)) occur between 6 to 10 km altitude. Meanwhile, the
largest changes in [HCI(g)] and [CIONO2(g)] are found at about 33 km altitude (see
Figure S9). The magnitude of the changes is less than 0.5% at all altitudes. The changes
to the total inorganic chlorine and gas-phase oxychlorine species are less than 0.2% and
0.4% throughout the atmosphere (Figure S9).

Table S7 demonstrates that ClOs-Cl204-ClO4~ chemistry has negligible impacts on
the total mass of major chlorine species in simulations. The changes in the mass of total
inorganic Cl (g/p) are less than 0.02 % (—1.9x107? % and —8.6x10* % in the stratosphere
and troposphere, respectively). The largest change is seen in the total mass of
tropospheric OCIO(g) (-0.3%).
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Text S4. Temporal variability in modeled ClOs(g) and perchlorate production

To examine the diurnal variability of different oxychlorine species, we ran a separate
one-day-long simulation for 2016/01/01 and archived the model outputs at hourly
resolution.

Figure S10 shows the diurnal cycle of ClOs(g) production in the stratosphere in the
simulation for 2016/01/01. During the daytime, the model predicts that ClOs(g)
production via OCIO+O is 2 to 3 orders of magnitude higher than the OCIO+O3 pathway.
OCIO+0s is the dominant pathway during the nighttime but has a much smaller overall
contribution to ClO3 (g) production. Globally, we find that OCIO+0O3 contributes only
3% to ClO3(g) production in the stratosphere on average.

The diurnal cycle of CIOs production via OCIO+O is mostly driven by [O(3P)] but not
[OCIO(g)] (See Figure S10). While OCIO undergoes photolysis quickly during the
daytime, the formation rate of OCIO via CIO + BrO is also high because CIO and BrO
are daytime species. Therefore, the model still predicts a moderate amount of OCIO
during the daytime (~ a factor of 10 lower than the nighttime values over the tropics). In
contrast, atomic oxygen formation completely shuts down during the nighttime —
nighttime [O(®P) (g)] is more than 2 orders of magnitude lower than the daytime peak.
This explains why the model predicts more active CIOs production during the daytime
and over the tropics/ high latitudes in summertime.

Gas-phase production of perchlorate in the stratosphere is also more active during the
daytime because the reaction requires OH(g) (Figure S11). The model predicts that the
diurnal cycle of modeled perchlorate production is mostly driven by [OH(g)] (Figure
S11).

Figure S12 shows the seasonal and interannual variability of modeled perchlorate
production in the stratosphere. Although higher [CIO3(g)] can be found in the wintertime
polar stratosphere due to elevated [CIO(g)] near polar vortices, the seasonal cycle of
perchlorate production at high latitudes is still mostly driven by [OH(g)]. Gas-phase
production of perchlorate in the tropical stratosphere is active throughout the year and
shows very little seasonal variability (Figure S12).
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Text S5. Description of Mann-Whitney U test and the analysis of difference in near-
surface [ClIO4 (p)]

Considering the non-negligible fraction of under-detection-limit measurements and
the uncertainty in the statistical distribution of [CIO4 (p)], we perform Mann-Whitney U
tests to analyze whether the difference between observations and model predictions is
statistically significant. The Mann-Whitney U test is a nonparametric test that uses the
ranks instead of raw values to assess whether the population of two groups are the same.
A more detailed description on the applications of the Mann-Whitney U test for
analyzing environmental data that has under-detection-limit measurements can be found
in the Chapter 9 of Helsel (2013).

In each comparison, we first sort the observation data (X1, Xz, ... Xn, n = number of
measurements) and model data (Y1, Y2, ... Ym, m = number of measurements) together and
compute their ranks (x1, X2, ... Xn, Y1, Y2, ... ym). All the values under the detection limit
(regardless of whether they are observations and model predictions) are assigned the
same rank. The joint ranks are then used to compute the Mann-Whitney U statistic:

i=1j=1
where S =1 when xi>vyj, S =0.5 when xi=yj, and S = 0 when xi<Y;.

The U statistic can then be used to test whether we can reject the null hypothesis that
the probability of observations being larger than model predictions is equal to the
probability of model predictions being larger than observations (i.e., model predictions’
population is not distinct from that of observations). The alternative hypothesis is that
observations and model predictions do not have the same population. In this study, we
use Python Scipy package’s stats.mannwhitneyu function to compute the Mann-Whitney
U statistics and the corresponding p-values. All the test results can be found in Table S8.

14



Text S6. Description of ClO3 photolysis model sensitivity experiment

To date, laboratory measurements of ClOs(g) absorption cross-section are still
inconsistent with each other (Burkholder et al., 2020; Wayne et al., 1995). The absorption
spectrum measured by Goodeve & Richardson (1937) were later attributed to the
absorption of Cl20s (g) (LOpez & Sicre, 1990). Willner and coworkers used FOCIOs to
generate ClO3 and measured its absorption cross-section in neon matrix. ClOs shows two
broad absorption bands at the wavelength of 240-700 nm in their experimental set-ups
(Grothe & Willner, 1994; Kopitzky et al., 2002). Several other groups used flow-tube
experiments to measure the absorption spectrum of the O+OCIO reaction product, which
is expected to be ClO3(g) (Green et al., 2004; Mauldin Il et al., 1997). They observed
spectra with a shape that is very different to that estimated by Willner and coworkers. In
particular, they did not observe the visible absorption band that centered at 432 nm
suggested by Willner and coworkers. Domae et al. (2014) measured the absorption cross-
section of CIOs in aqueous phase. They generated ClO3s(aq) via the radiolysis of chlorate
solution. They observed an absorption band that centered at 330 nm (red-shifted
compared to Kopitzky et al. (2002)’s observed UV band) and a peak absorption cross-
section of 1.8x101 cm? (about 7 times higher than the peak absorption cross-section of
Kopitzky et al. (2002)’s observed UV band).

We conduct two model sensitivity experiments to estimate the potential impacts of
ClOs photolysis on perchlorate production. We use the smoothed UV/visible absorption
spectrum from Kopitzky et al. (2002) (described in text and shown in their Figure 9; also
see our Figure S13). In the first experiment, we consider only the UV absorption band
that centers at 311.5 nm (Figure S13). In the second experiment, we consider the whole
absorption spectrum. We implement these two versions of ClOs photolysis into the
current model and run one-year-long simulations for 2016. We assume a quantum yield
of 1 at all wavelengths and the photolysis products to be OCIO(g) and O(3P)(g). We use
the 2016/01/01 concentration fields from the main simulation as initial conditions.

Figure S14 compares the modeled zonal average perchlorate production in 2016
with and without ClOs photolysis. The spatial pattern of modeled perchlorate production
in ClOs-photolysis simulations is similar to that in the main simulation. Globally,
perchlorate production is reduced by a factor of 6 when only the 311.5-nm-centered
absorption spectrum is considered. When the whole absorption spectrum is considered,
global perchlorate production is reduced by a factor of 31 (see Table S9).

Kopitzky et al. (2002) used CIO(g) absorption to calibrate the measurements of the
absolute absorption cross-section of ClO3(g), which would be affected by the assumed
quantum yield of CIO(g) production. Given this calibration uncertainty and the fact that
Kopitzky et al. (2002)’s finding has not been reproduced by other research groups yet, we
assign an extra factor of 2 to the range of the estimated impact of ClO3 photolysis on
perchlorate production, hence the factor of 3-61 reduction that we are reporting in the
revised main text.
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Figure S1. Geographic location of the near-surface observations of atmospheric
perchlorate reported in the literature.
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Figure S2. Comparison of modeled and observed average volume mixing ratios of
stratospheric (a) ozone, (b) water vapor, and (c) HCI (g). We obtain the Aura
Microwave Limb Sounder (Aura-MLS) data from the dataset of monthly average
stratospheric composition measurements compiled by Hegglin et al. (2021)
(https://doi.org/10.5281/zenodo.4265393).
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Figure S3. Comparison of the vertical profiles of nighttime OCIO volume mixing
ratios in the wintertime Arctic in our simulation and reported in situ observations.
The observations were done by balloon-borne instruments during different field
campaigns (Pommereau & Piquard, 1994; Renard et al., 1997; Riviére et al.,

2003, 2004). All these field campaigns were stationed near Kiruna, Sweden
(67.9°N, 20.2°E). The modeled profiles are showing the statistics of the daily 9-
to-11-pm average The error bars are showing the reported measurement
uncertainty. [OCIO (g)] over 70°-90° N in the simulation for January and February
2016. The model range includes both the spatial and temporal variability.
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Figure S4. Estimates of annual average nighttime OCIO concentration (unit:
molec cm~3) from the simulation for 2016. We use the daily 9-to-11-pm (local
time) average [OCIO (g)] from the simulation to compute the annual nighttime

average, after removing the data points with solar zenith angle<120°. Figure S4

can be compared to Figure 8 in Tétard et al. (2013) (link:
https://doi.org/10.5194/amt-6-2953-2013).
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Figure S5. Modeled average loss rate and estimated upper-limit rate of O(3P) driven
oxygen exchange for (a) CIO and (b) OCIO. We use “Q" to denote 170 or 180 and "O”
to denote 160. The upper-limit rate of Q+ClIO— QCI+O is computed by multiplying
the high-density-limit rate constant from Zhu and Lin (2003a) (k(T) =

4.33 x 10711 7-003¢43/T) average modeled [O(g)] and [CIO(g)], and a factor of 1/2
(assuming the probability of breaking either CI-O bond in QCIO* is the same). The
upper-limit rate of Q+OCIO — QCIO + O is computed by multiplying the high-
density-limit rate constant from the JPL Chemical Kinetics and Photochemical Data
for Use in Atmospheric Studies Evaluation Number 19 (k = 8.3 x 10712), average
modeled [O(g)] and [CIO(g)], and a factor of 1/3 (assuming the probability of
breaking any of the three Cl-O bonds in QCIO2* is the same).
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Figure S6. Modeled average photochemical lifetime (=concentration/ loss rate) of CIO(g), BrO(g), 10(g), OCIO(g), and
ClOs(g) in different seasons (color-filled contours, unit: %o) overlaying with average perchlorate-production rate (gray
contours, unit: molecule cm=s™).
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Figure S7. Vertical profiles of A'0(0s), A'O(0s, terminal), A"’ O(OH), and A’O(O(P)).
The hatched boxes for stratospheric observations of A"’ O(0s) indicates the ranges of
measured A'0(0s) and sampling altitudes reported in Schueler et al. (1990),
Krankowsky et al. (2000, 2007), Mauersberger et al. (2001), and Lammerzahl et al.
(2002). Observations of the latter four studies were summarized in Table 1 of
Krankowsky et al. (2007). The hatched box for near-surface observations of A'’0(05)
indicates the range of measurements of A O(0s) in the samples collected by the
Research Vessel (R/V) Polarstern in the Atlantic Ocean at different latitudes (53.2°S

to 53.5°S) (Vicars & Savarino, 2014).
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chlorine species after the implementation of CIO5-Cl,0,-ClO4 chemistry. “Total
inorganic Cl" refers to the sum of all modeled inorganic chlorine chemical species
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ClO4(p) ). ClOy (g) refers to the gas-phase inorganic oxychlorine chemical family
(CIOx (g) = CIO (g) + OCIO (g) + CIOO (g) +ClOs (g) + 2xCl,02 (g) + 2xCl,04 (g)).
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Figure S10. Diurnal cycle of ClOs(g) production via OCIO+0O and OCIO+05 pathway
(on the left) and volume mixing ratios of O(3P)(g) and OCIO(g) (on the right) averaged
over different latitudes (70°-90°N, 25°S-25°N, and 70°-90°S) at P=50-5 hPa in the

simulation for 2016/01/01.
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Figure S11. Diurnal cycle of gas-phase production of perchlorate (on the left) and

volume mixing ratios of ClO5(g) and OH(g) (on the right) averaged over different
latitudes (70°-90°N, 25°S-25°N, and 70°-90°S) at P=50-5 hPa in the simulation for
2016/01/01.
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Figure S12. Modeled gas-phase production of perchlorate (on the left) and volume
mixing ratios of O(*P)(g) and OCIO(g) (on the right) averaged over different latitudes
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simulation period (2016-2018).
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(described in their main text and shown in their Figure 9) and use for the ClOs-

photolysis model sensitivity experiment.
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Figure S14. Average perchlorate production rate in the modeled stratosphere and
troposphere in 2016 from (a) the main simulation, (b) the ClOs-photolysis
experiment where we consider only the UV absorption band that centers at 311.5
nm from Kopitzky et al. (2002), and (c) the ClOs-photolysis experiment where we
consider the whole absorption band from Kopitzky et al. (2002).
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Table S1. Summary of gas-phase reactions used in GEOS-Chem for perchlorate

simulations.
Reaction | Reactants Products Rate constants Reference(s)
number
Three-body reactions (Rate-constant units: cm® molecules s for ko (T), cm® molecules™ s for ke (T))
104 _ :
R1 ClOs+OH +M HCIOs + M ko(T) = 313 x 1024 (@) S22 Zhu & Lin
T (2003b)
7300 007 5
koo(T) =477 x 10710 (T) eT
3 31 _10.
R2 OCIO + O(P) + M | ClOs+ M () = 29 % 10_31(3;;0) JPL-19-5
ko(T) =83 x 10712
102 _ :
R4 CIO +ClOs + M Cl:0s+ M ko(T) = 81 x 1027 (@) L5 | Xu&Lin
T (2003)
-0.094 _
Koo (T) = 2.44 x 10710 (%) T
Two-body reactions (Rate-constant unit: cm® molecules™ s )
R3 OCIO + 03 CIO3 + OZ k(T) =21X 10712 e@ \]PL'lg‘S
-0.09 _ :
R5 CIO; + OH OCIO + k() = 351 % 109 (@) 8 | Zhu & Lin
HO, T (2001)
-228 _ ;
R6 CIO + CIOs OCIO + k() = 822 x 103 (_0) 7 Xu & Lin
CloOo T (2003)
211 _ :
R7 ClO + ClOs3 20CIO K(T) = 2.39 x 1012 (@) e@ Xu & Lin
T (2003)

Photolysis reactions
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R8 Cl,04 + hv 20CIO Absorption cross-section from JPL-19-5
JPL-19-5. Average photolysis
coefficient at 30 km altitude is
6.9x10°° (s 1) over the tropics
(30°S-30°N).

Notes:

ko (T) is the high-density-limit rate constant for the three-body reaction at temperature T.

ko (T)[M] is the low-density-limit rate constant for the three-body reaction at temperature T and
air number density [M].

Three-body reaction rate constant k at temperature T and air number density M =

-1
ESGIGIIR {1+ [0 (S5 )
Koo (T) + ko(T) [M]/ ™

JPL-19-5 refers to the JPL Chemical Kinetics and Photochemical Data for Use in Atmospheric
Studies Evaluation Number 19 (Burkholder et al., 2020).
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Table S2. Summary of observations of perchlorate in tropospheric aerosols during non-fireworks periods reported in

different studies

Study Geographic Site | Lat(°) | Long Sampling Study Sampling | Aerosol Detection | # # Mean S.D. Min. (ng | Median Max.
location type ©) period reported Freg. size bins | limit (ng Obs Detect | (ngm=®) | (ngm=3) | m?®) (ngm=3) | (ng m=3)
clear m-)
fireworks
influence?
(Y/N)
Yamada et al. | Kyoto, Japan U 35.050 135.780 | 2006 Jun - N Daily PM4 1.33E-02 131 131 6.2E-01 1.32E+00 | 2E-02 2.5E-01 9.64E+00
(2009, 2012) 2010 Jan
Handa et al. Okinawa, Japan | B 26.870 128.260 | 2005 Aug 15 |N Weekly PM45 6E-02 60 37 N/A N/A N/A 1.07E-01 [ 1.8E+00
(2010) - 2006 Oct 31
Y. Shietal. Lanzhou, China | U 36.052 103.839 | 2007 Feb 01-|Y 12 hours PM10, 5.56E-03 25 25 2.71E+00 | 2.03E+00 | 3E-02 1.98E+00 [ 6.9E+00
(2011) 2007 Mar 04 PM10-100
Yuzhong R 35.570 104.080 |2007 Feb01-|Y 12 hours PM10, 5.56E-03 25 16 N/A N/A N/A 1.4E-01 7.33E+00
County, China 2007 Mar 04 PM10-100
Takeuchi et Tokushima, U 34.067 134.500 | 2011 Dec N 3 hours PM0.21- | 3.5E-01 12 7 N/A N/A N/A 4.45E-01 | 6.18E+00
al. (2012) Japan 7.8
Shirahata Lake Toya, R 42.567 140.825 | 2011 Jul to Y 1/0.5 N/A 1E-02 4 0 N/A N/A N/A N/A N/A
(2012) Hokkaido, 2012 Feb months
Japan
Yao et al. Jinan, China U 36.667 117.050 |2013Jan12 |Y 3times a PM2.5 1.52E-01 67 67 1.62E+00 | 1.11E+00 [ 2.55E-01 |[1.47E+00 | 7.21E+00
(2015) t0 2013 Feb day
10
Kumamoto, U 32.800 130.700 | 2012 Nov08 |N 72/96 PMO0.43, 3.27E-03 7 7 4.34E-02 | 2.31E-02 | 1.98E-02 |3.96E-02 [9.25E-02
Japan to 2013 Dec hours PM2.1-
08 3.3,
PM11-100
C. Wang et al. | Changsha, U 28.180 112.947 | 2016 Jul 20to | N Daily >9.0, N/A 5 5 1.82E+01 |2.6E+00 [1.49E+01 [ 1.84E+01 |2.21E+01
(2017) China 2016 Jul 31 5.8~9.0,
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4.7~5.8,
3.3~4.7,
2.1~3.3,
1.1~21,
0.7~1.1,
0.4~0.7,
and <0.4
pm
H. Zhu et al. Beijing, China 39.904 116.407 | 2017 Mar 31 Daily PM2.5 9.09E-01 7 7 3.74E+01 | 2.29E+01 | 1.15E+01 | 3.15E+01 | 7.83E+01
(2021) to 2017 Apr
06
Tianjin, China 39.085 117.199 | 2017 Mar 28 Daily PM2.5 9.09E-01 7 7 2.65E+01 | 8.79E+00 | 1.82E+01 | 2.52E+01 | 4.2E+01
to 2017 Apr
06
Zhengzhou, 34.747 113.625 | 2017 Mar 30 Daily PM2.5 9.09E-01 7 7 2.04E+01 | 1.34E+01 | 1.72E+00 | 2.27E+01 | 3.46E+01
China to 2017 Apr
05
Jinan, China 36.652 117.120 | 2017 Mar 30 Daily PM2.5 9.09E-01 7 7 2.37E+01 | 1.07E+01 | 1.29E+01 | 2.03E+01 |4.16E+01
to 2017 Apr
05
Baoding, China 38.874 | 115.465 |2017 Mar 30 Daily PM2.5 9.09E-01 7 7 5.21E+01 |2.1E+01 |3.5E+01 |4.41E+01 |9.44E+01
to 2017 Apr
06
Shijazhuang, 38.043 114,514 | 2017 Mar 31 Daily PM2.5 9.09E-01 7 7 2.79E+01 | 1.99E+01 | 8.74E+00 | 1.5E+01 5.49E+01
China to 2017 Apr
06
TBH-region N/A N/A 2017 Mar 28 Daily PM2.5 9.09E-01 42 42 3.16E+01 | 1.92E+01 | 1.72E+00 |2.87E+01 | 9.44E+01
overall to 2017 Apr
06
Zheng et al. Longgang, 22.5925 |114.479 (2020 Oct to 7 Daily PM2.5 7.94E-03 84 80 N/A N/A N/A 5.8E-02 4.11E-01
(2022) Shenzhen, 87 546 2021 Sept samples a
China month
Nanshan, 22.5310 |113.932 | 2020 Oct to 7 Daily PM2.5 7.94E-03 84 80 N/A N/A N/A 4.6E-02 1.14E+00
Shenzhen, 61 433 2021 Sept samples a
China month
Yantian, 22.5737 |114.266 | 2020 Oct to 7 Daily PM2.5 7.94E-03 84 80 N/A N/A N/A 5.1E-02 3.28E-01
Shenzhen, 62 488 2021 Sept samples a
China month
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Shenzhen U N/A N/A [20200ctto | N 7 Daily PM2.5 7.94E-03 252 240 N/A N/A N/A 49E-02 | 1.14E+00
overall 2021 Sept samples a
month at
each site
Jiang et al. Open-ocean B N/A N/A 2015Nov 08 | N 24-72 N/A 6.17E-06 - |22 22 7.7E-02 8.49E-02 | 5E-03 3.4E-02 3.11E-01
(2021) to 2016 Apr hours 1.85E-05
10
Near-coast B N/A N/A 2015Nov 07 | N 24-72 N/A 6.17E-06 - |20 20 1.34E-01 |1.43E-01 |1E-03 1E-01 5.74E-01
to 2016 Apr hours 1.85E-05
06
Antarctica B N/A N/A 2015 Dec 15 N 24-72 N/A 6.17E-06 - |34 34 1.63E-01 |8.25E-02 [ 7E-02 1.34E-01 |4.23E-01
to 2016 Feb hours/ 7 1.85E-05
04 days
Overall B N/A N/A 2015 Nov 07 | N 24-72 N/A 6.17E-06 - |76 76 1.3E-01 1.07E-01 | 1E-03 1.02E-01 | 5.74E-01
to 2016 Apr hours/ 7 1.85E-05
10 days
Notes:

Site types: Urban (U), Rural (R), Background (B).

For statistical metrics, the choice of showing 3 significant figures is for display purposes only and has no implications for
measurement precision.

For Yamada et al. (2009, 2012), the mean, the standard deviation, and the range are obtained from the main text of Yamada et
al. (2012). The detection limit is estimated by 160 ng/L x 0.015 L/ (0.1 m3/min x 12 hr x 60 min/hr) / 0.25 filter fraction =
0.0133 ng/m3. The individual measurements were originally plotted in Yamada et al. (2009)’s Figure 6 and Yamada et al.
(2012)’s Figure 1. We obtained the 131 measurements of perchlorate atmospheric concentration via email communication with
Professor Etsu Yamada and use the data to compute the median. They used ion chromatography and a concentrator column for
their sample analysis.

For Handa et al. (2010), detection limit and maximum are obtained from the main text. The individual measurements were
originally plotted in Handa et al. (2010)’s Figure 2. We obtained the 60 measurements of perchlorate atmospheric
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concentration via email communication with Professor Takemitsu Arakaki and use the data to compute the median. They used
ion chromatography for their sample analysis.

For Y. Shi et al. (2011), the individual measurements are obtained from their Table 2. We combine the PM1o-100 and PM1o data
to estimate the statistics for perchlorate in PM1oo. The detection limit is estimated by 20 ng/L x 0.02 L/ (0.1 m3min x 12 hr x
60 min/hr) = 0.00556 ng/m3. Y. Shi et al. (2011) suggested the measurements in the period of 2007 Feb 17 to 2007 Feb 22 and
on 2007 Mar 03 are under the influence of spring-festival fireworks and firecrackers. The measurements from these 7 days are
excluded from our analysis. They used ion chromatography coupling with an electrospray tandem mass spectrometer (IC-ESI-
MS) for their analysis

For Takeuchi et al. (2012), the individual measurements were originally plotted in their Figure 7. We obtained the 12
measurements of perchlorate atmospheric concentration via email communication with Professor Masaki Takeuchi and use the
data to compute the median. They estimated the mean and standard deviation by substituting the seven under-detection-limit
observations with 0 ng m=. They reported an average and standard deviation of 1.01 ng m=3 and 1.75 ng m~3, respectively.
They used ion chromatography and concentrator columns for their sample analysis.

For Shirahata (2012), only the measurements from November to February are considered because they reported that daily
fireworks take place near Lake Toya from late April to late October every year. All the reported non-fireworks observations do
not contain detectable levels of perchlorate. They used ion chromatography and a concentrator column for their sample
analysis.

For Yao et al. (2015)’s Jinan observations, we extract the measured values from their Figure 2. The Spring-Festival-Eve
observations on 2013 Feb 09 and 2013 Feb 10 are excluded from our analysis because of the large influence of fireworks. The
detection limit for Jinan observations is 20 ng/L x 0.02 L / (0.00733 m3/min x 6 hr x 60 min/hr) = 0.152 ng m-3. For their
Kumamoto observations, we combine measurements from all aerosol-size bins to estimate perchlorate concentration in PMuoo.
The mean is obtained from adding the averages reported from the main text while other statistics are computed using the
extracted data. The detection limit for Kumamoto observations is estimated by 20 ng/L x 0.02 L / (0.0283 m3/min x 72 hr x 60
min/hr)=0.00327 ng m-3. They used ion chromatography coupling with an electrospray tandem mass spectrometer (IC-ESI-
MS/MS) for their analysis. We contacted the corresponding author of the paper to ask for more information but have not
received any response.
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For C. Wang et al. (2017), we extract their measured values from their Figure 3. The measurements for different aerosol-size
bins are combined to get the total perchlorate concentration. They used ion chromatography for their sample analysis. We
contacted the corresponding author of the paper to ask for more information but have not received any response.

For H. Zhu et al. (2021), we extract their measured values from their Figure 1. They did not specify the exact location of their
site. We use the latitude and longitude of the center of the cities that they studied as the site location because they stated their
sites are located in the “central region” of these cities. They used ion chromatography for their sample analysis. We contacted
the corresponding authors of the paper to ask for more information but have not received any response.

For Zheng et al. (2022), we obtain the statistics of the measurements from their Table 1. The detection limit is 100 ng/L x 0.01
L/ (0.35 m3/min x 24 hr x 60 min/hr)/0.25 filter fraction = 0.00794 ng m-3. They used high-performance liquid
chromatography coupling with a Q-Trap tandem mass spectrometer in negative-electrospray-ionization-and-multi-reaction-
monitoring mode for their analysis.

For Jiang et al. (2021), we obtain their measurements from their Table S1. We group their measurements into three categories
(open-ocean: reported location >200km away from the coast; near-coast: reported location <200km away from the coast; and
Antarctic: observations in Antarctica). They used ion chromatography coupled with an electrospray tandem mass spectrometer
(IC-ESI-MS/MS) for their analysis. G. Shi et al. (2018) was cited for the filter-extraction method, where 100 ml of Milli-Q
water was used to extract solution ions from the filters. The lower detection limit is 0.2 ng/L x 0.1 L / (1 m3/ min x72 hr x 60
min /hr)/0.75 filter fraction =6.17x10% ng m=3. The upper detection limit is 2 ng/L x 0.1 L / (1 m% min x24 hr x 60 min
/hr)/0.75 filter fraction =1.85x107° ng m-3,

Gan et al. (2014), Vella et al. (2015), and Li et al. (2016, 2018) reported the mass mixing ratios of perchlorate (i.e., mass of
ClO4 per unit mass of sample) in outdoor-dust samples collected from China and Malta. We did not include these observations
in our analysis because there is no trivial way to convert mass mixing ratios to atmospheric mass concentration (i.e., in mass of
ClO4 per unit volume of air) without assuming a certain mass concentration, size distribution, and/or deposition rate of
outdoor dust, which are highly uncertain.

37



Table S3. Summary of observations of perchlorate during non-fireworks periods in deposition samples reported in

different studies

Study Geographic location | Site | Lat Long Sampling period | Study Sampling | # # Long-term Long-term Long-term
type | (°) °) reported Freq. Obs | Detect | mean dep mean dep mean
clear flux (g km2 | conc (ug L~ | precipitation
fireworks yrd) h or
influence? accumulation
(Y/N) rate (mm day~
Y
Munster et al. Coram, NY, USA T 40.880 |- 2005 Dec to 2007 |Y Monthly 15 15 3.93E+02 3.06E-01 4.24E+00
(2009) 434 73.01013 | Mar
1
East Hampton, NY, T 40.954 |- 2005 Dec to 2007 |Y Monthly 12 12 5.58E+01 5.61E-02 3.43E+00
USA 703 72.20671 | Jan
7
Hauppauge, NY, USA | T 40.807 |- 2005 Dec to 2007 |Y Monthly 18 15 1.37E+02 8.24E-02 4.33E+00
406 73.25175 | Jun
1
Huntington, NY, USA | T 40.869 |- 2005 Dec to 2007 |Y Monthly 17 15 8.76E+01 6.51E-02 4.48E+00
85 73.41804 | Jun
3
Oakdale, NY, USA T 40.748 |- 2005 Dec to 2007 |Y Monthly 18 18 1.56E+02 1.04E-01 3.98E+00
627 73.13691 | Jun
5
Stony Brook, NY, T 40.915 |- 2006 Jan to 2007 |Y Monthly 16 16 3.86E+02 1.70E-01 4.38E+00
USA 318 73.12584 | Jun
8
Andraski et al. Amargosa Desert, NV, | T 36.765 |-116.693 | 2005 Augto 2011 | N ~1-4 22 22 3.43E+01 6.08E-01 2.42E-01
(2014) USA Aug months
Rajagopalan et Juneau, AK, USA W 58.514 |-134.784 | 2004 Oct to 2007 | N Weekly 72 N/A 6.79E+00 1.14E-02 1.63E+00
al. (2009) Oct
Coconino, AZ, USA w 36.059 |-112.184 | 2004 Octto 2007 |N Weekly 70 N/A 3.35E+00 1.44E-02 6.36E-01
Oct
Cochise, AZ, USA w 32.010 |-109.389 |2004 Octto 2007 |N Weekly 55 N/A 3.46E+00 1.48E-02 6.43E-01

Oct
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Tuolumne, CA, USA 37.796 |-119.858 (2)006 Oct to 2007 Weekly 13 N/A 2.68E+00 8.38E-03 8.75E-01
ct

Garfield, CO, USA 39.426 |-107.380 éOCtM Oct to 2007 Weekly 102 N/A 8.26E+00 1.59E-02 1.42E+00
c

Brevard, FL, USA 28.543 | -80.644 éOO4 Oct to 2007 Weekly 106 N/A 7.26E+00 9.62E-03 2.07E+00
ct

Butte, ID, USA 43.461 |-113.555 20004 Oct to 2007 Weekly 51 N/A 2.52E+00 1.53E-02 4.53E-01
ct

Riley, KS, USA 39.102 |-96.609 é004 Oct to 2007 Weekly 91 N/A 1.16E+01 1.65E-02 1.93E+00
ct

Somerset, MD, USA 37.992 |-76.034 (2)004 Oct to 2007 Weekly 88 N/A 7.42E+00 1E-02 2.02E+00
ct

Piscataquis, ME, USA 45.489 | -69.665 éOCtJG Oct to 2007 Weekly 34 N/A 8.76E+00 1.13E-02 2.11E+00
c

Itasca, MN, USA 47.531 |-93.469 éOOG Oct to 2007 Weekly 31 N/A 8.04E+00 1.43E-02 1.54E+00
ct

St. Louis, MO, USA 38.519 |-90.565 20006 Oct to 2007 Weekly 28 N/A 6.55E+00 1.11E-02 1.62E+00
ct

Yalobusha, MS, USA 34.002 |-89.799 éOOG Oct to 2007 Weekly 31 N/A 1.12E+01 1.17E-02 2.61E+00
ct

Big Horn, MT, USA 45.570 |-107.438 (2)004 Oct to 2007 Weekly 73 N/A 5.21E+00 1.96E-02 7.3E-01
ct

Rowan, NC, USA 35.697 |-80.623 éOCtJG Oct to 2007 Weekly 26 N/A 6.42E+00 1.27E-02 1.38E+00
c

Lincoln, NE, USA 41.059 |-100.746 20004 Oct to 2007 Weekly 62 N/A 1.01E+01 2.19E-02 1.26E+00
ct

Los Alamos, NM, USA 35.779 |-106.266 20004 Oct to 2007 Weekly 69 N/A 4.18E+00 1.64E-02 6.97E-01
ct

White Pine, NV, USA 39.005 |-114.217 é004 Oct to 2007 Weekly 62 N/A 4.01E+00 2.19E-02 5E-01
ct

Butler, OH, USA 39.531 |-84.724 (2)006 Oct to 2007 Weekly 33 N/A 7.15E+00 1.25E-02 1.56E+00
ct

Alfalfa, OK, USA 36.786 |-98.180 éOCtM Oct to 2007 Weekly 80 N/A 8.32E+00 1.54E-02 1.48E+00
c

Benton, OR, USA 44.386 |-123.615 | 2006 Oct to 2007 Weekly 31 N/A 7.39E+00 1.09E-02 1.85E+00

Oct
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Rio Grande, Puerto 18.321 |-65.820 |2004 Octto 2007 |N Weekly 117 N/A 1.36E+01 7.26E-03 5.13E+00
Rico Oct
Bailey, TX, USA 33.956 |-102.776 | 2004 Oct to 2007 |N Weekly 56 N/A 5.65E+00 1.57E-02 9.87E-01
Oct
Brewster, TX, USA 29.302 |-103.178 | 2004 Oct to 2007 N Weekly 52 N/A 2.73E+00 1.46E-02 5.11E-01
Oct
Garfield, UT, USA 37.619 |-112.173 | 2004 Oct to 2007 |N Weekly 66 N/A 3.82E+00 1.48E-02 7.05E-01
Oct
Whitman, WA, USA 46.761 |-117.185 [ 2004 Octto 2007 |N Weekly 79 N/A 4.70E+00 1.46E-02 8.81E-01
Oct
Overall N/A N/A 2004 Oct to 2007 | N Weekly 1578 | N/A 8.61E+02 1.4E-02 1.29E+00
Oct
Yamada et al. Kyoto, Japan 35.050 |135.780 |2007 Augto 2009 |N Daily 36 29 1.79E+04 5.11E-01 3.94E+00
(2009, 2012) Oct
Lin et al. (2019) | Guangzhou, China 23.166 |113.365 [2016 Octto 2017 |Y Continuous | 80 69 4.93E+01 1.60E+01 4.33E+00
Sept for a year
Van Stempvoort | Cedar Creek, Southern 43.084 |-80.736 |2017 Augto 2019 [N, see notes |2-4 weeks |43 43 3.74E+01 6.88E-02 1.96E+00
et al. (2020) Ontario, Canada Jul
Nissouri Creek, 43.115 |-80.969 |2017 Augto 2019 [N, see notes |2-4 weeks |36 36 1.32E+01 4.23E-02 2.42E+00
Southern Ontario, Jul
Canada
Jiang et al. 32A snow pit, -69.790 | 76.490 Post 1980 N N/A N/A | N/A 1.80E+01 4.23E-02 4.02E-01
(2020) Antarctica
32C show pit, -76.420 | 77.030 Post 1980 N N/A N/A | N/A 5.25E+00 4.23E-02 2.27E-01
Antarctica
Jiang et al. Dome A, Antarctica -80.367 | 77.367 Post 1980 N N/A N/A N/A 5.01E+00 4.23E-02 6.3E-02
(2016)
South Pole -90.000 | 0.000 Post 1980 N N/A N/A | N/A 9.60E+00 4.23E-02 2.3E-01
Crawford etal. | WAIS Divide, -79.467 | -112.085 | Post 1980 N N/A N/A | N/A 6.10E-01 4.23E-02 5.48E-01
(2017) Antarctica
Cole-Dai et al. Summit, Greenland 73.600 |-38.500 | Post 1980 N N/A N/A | N/A 4.50E-01 4.23E-02 6.19E-01
(2018)
TUNU, Greenland 78.100 |-34.000 | Post 1980 N N/A N/A | N/A 1.15E+00 4.23E-02 3.42E-01
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Basin 4, Greenland | 62.300 |-46.300 | Post 1980 N/A N/A | N/A 1.69E+00 4.23E-02 1.13E+00
Furdui & Devon Ice Cap, Canada | | 75.333 |-82.667 | Post 1980 N/A N/A | N/A 1.11E+00 4.23E-02 6.6E-01
Tomassini
(2010)
Furdui et al. Agassiz Ice Cap, | 80.700 |-73.100 |[Post 1980 N/A N/A | N/A 2.99E+00 4.23E-02 2.74E-01
(2018) Canada
Rao et al. (2012) | Eclipse Icefield, | 60.510 |-139.470 | Post 1980 N/A N/A | N/A 1.40E+00 4.23E-02 3.56E+00
Canada
Upper Fremont | 43.117 |-109.617 | Post 1980 N N/A N/A | N/A 4.80E+00 4.23E-02 2.08E+00
Glacier, USA
Duetal. (2019) | Tienshan, China | 43.055 |94.323 Post 1980 N N/A N/A N/A 3.93E+02 4.23E-02 7.12E-01

Notes:
Sample types: Total deposition: T; Wet deposition: W; Ice-core/snow-pit: |

Long-term mean precipitation or accumulation rate: At sites that collected wet-deposition and total-deposition samples, it
represents the long-term mean precipitation rate (unit: mm per day). At ice-core/snow-pit sites, it represents the long-term
mean accumulation rate (unit: mm water equivalent per day).

Many studies that analyzed perchlorate concentration in deposition samples did not report the corresponding perchlorate
deposition flux, which is valuable for model evaluation. We use MERRA-2 precipitation data to estimate the perchlorate
deposition flux when precipitation statistics were not reported.

For Munster et al. (2009), we obtain their measurements from the appendix table of the first author’s PhD dissertation
(Munster, 2008). After removing duplicates, we obtain the perchlorate measurements for 107 samples. This number is very
close to the number stated in Munster et al. (2009) (“a total of 108 samples™). Munster et al. (2009)’s samples were collected
using all-weather precipitation gauges, which were not covered during dry periods, and thus are classified as total-deposition
samples. The site locations were shown in Figure 1 of Munster et al. (2009), but the paper did not specify the exact latitudes
and longitudes. We obtained the latitude and longitude of each site via email communication with Dr. Jennie Munster. We
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exclude July measurements to minimize the influence of Fourth-of-July fireworks displays. Although Munster (2008)’s
appendix reports the volume of precipitation samples, several values are invalid (e.g., > volume of precipitation gauge).
Therefore, we estimate the precipitation rate at each site using the nearest-grid value from MERRA-2 total precipitation data.
Munster et al. (2009) used sequential ion chromatography-mass spectroscopy/mass spectroscopy (IC-MS/MS) to analyze the
perchlorate content in their precipitation samples with a detection limit of 0.005 pg L. For under-detection-limit
measurements, we substitute them by 0.005 pg L and 0 pg L™ to compute the upper-bound and lower-bound estimate of
long-term mean deposition concentration and flux. The two estimates of long-term perchlorate deposition flux differ by about
1%. We show the upper-bound estimate in the table, but the choice does not affect the conclusion from our analysis.

For Andraski et al. (2014), we obtain the long-term mean perchlorate deposition flux, perchlorate concentration, and
precipitation rate (=535 mm/2207 days) from their main text. Both rainfall and dust were collected by their field instruments,
so their samples are classified as total deposition. Andraski et al. (2014) used ion chromatography-mass spectroscopy/mass
spectroscopy (IC-MS/MS) to analyze the perchlorate content in their precipitation samples. They mentioned that their method
detection limit is 0.01 pmol L (i.e., 0.9945 pg L), which seems to be higher than at least half of their measurements
reported. We suspect that it is a typo.

For Rajagopalan et al. (2009), we obtain the long-term mean perchlorate deposition flux, perchlorate concentration, and
precipitation rate (reported average flux/ reported average concentration) from their Table S1. Rajagopalan et al. (2009) used
sequential ion chromatography-mass spectroscopy/mass spectroscopy (IC-MS/MS) to analyze the perchlorate content in their
precipitation samples with a limit of quantification of 5 ng L.

For Yamada et al. (2009, 2012), we obtain their measurements from Table 1 of Yamada et al. (2009) and Table 1 of Yamada et
al. (2012). They used ion chromatography and a concentrator column for analyzing perchlorate content in wet-deposition
samples. The detection limit is 0.16 pg L. We estimate the monthly precipitation rate at the Kyoto site using the nearest-grid
value from MERRA-2 total precipitation data. We compute the monthly average perchlorate concentration from the daily
measurements. For under-detection-limit measurements, we substitute them by 0.16 pg L and 0 pug L to compute the upper-
bound and lower-bound estimate of long-term mean deposition concentration and flux. The two estimates of long-term
perchlorate deposition flux differ by about 5%. We show the upper-bound estimate in the table, but the choice does not affect
the conclusion from our analysis.

For Lin et al. (2019), only the statistics (quantiles and outliers) of perchlorate measurements were shown in their Figure 3. We

obtained the 81 perchlorate measurements via email communication with Professor Huashou Li and Dr. Xiaoyang Lin. They
used ion chromatography for their perchlorate analysis with a detection limit of 1 ppb (1 pg L™). The 2017-02-08 sample is
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not considered in the analysis because of the potential large influence of spring-festival fireworks. We estimate the monthly
precipitation rate at the Guangzhou site using the nearest-grid value from MERRA-2 total precipitation data. We compute the
monthly average perchlorate concentration using the 80 perchlorate measurements. For under-detection-limit measurements,
we substitute them by 1 pg L and 0 pg L to compute the upper-bound and lower-bound estimate of long-term mean
deposition concentration and flux. The two estimates of long-term perchlorate deposition flux differ by less than 2%. We show
the upper-bound estimate in the table, but the choice does not affect the conclusion from our analysis.

For Van Stempvoort et al. (2020), we obtain the long-term mean perchlorate concentration and deposition flux from their
Table S3 and Text S6. The long-term mean precipitation rate at each site is inferred by dividing perchlorate deposition flux by
perchlorate concentration. They used ion chromatography coupled with tandem mass spectrometry for their sample analysis
with a detection limit of 1 ng L. The paper mentioned the potential fireworks influence on perchlorate concentration in
samples collected around Victoria Day (2017 May 22, 2018 May 21, 2019 May 20) and Canada Day (July 1 every year). We
try to re-estimate the long-term deposition flux at each site using non-fireworks-influenced samples and MERRA-2 total
precipitation data, similar to the method we use for the other sites. We find higher perchlorate fluxes (59.7 g km=2 year at
Cedar Creek and 47.2 g km= year* at Nissouri Creek) after removing the samples that were potentially influenced by
fireworks displays. We contacted the corresponding author of the paper to ask for more information but have not received any
response.

For ice-core/snow-pit sites, we obtain the post-1980s long-term mean perchlorate concentration, deposition flux, and
accumulation rate at each site from Jiang et al. (2020)’s Table 1.

We found that 7 other studies (Barron et al., 2006; Dasgupta et al., 2005; Kannan et al., 2009; Pace & Vella, 2019; Qin etal.,
2014; Sijimol et al., 2016; Ye et al., 2013) had reported measurements of perchlorate concentration in deposition samples.
However, they are not included in our analysis for long-term deposition flux because their sampling periods are shorter than a
year.
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Table S4. Model bias in long-term perchlorate deposition flux

(2009)

Sample | Group Observation (g | Model Model abs bias | Model rel bias | Obs/Model Reference
type km-2 year-1) (g km-2 year-1) | (g km-2 year- | (%) ratio
1)
Summary
w Median of all US NADRP sites (# sites = 26) 6.67E+00 4.20E+00 -2.47E+00 -3.7E+01 1.59E+00 Refer to
individual
records
W&T | Median of all NH non-ice-core-snow-pit sites (# sites = 37) 8.04E+00 4.60E+00 -3.44E+00 -4.28E+01 1.75E+00 below
| Median of all NH ice-core-snow-pit sites (# sites = 8) 1.28E+00 9.63E-01 -3.12E-01 -2.45E+01 1.32E+00
| Median of all Antarctic sites (# sites = 5) 9.60E+00 3.34E-01 -9.27E+00 -9.65E+01 2.88E+01
W, T& | Median of all site (# sites = 50) 7.21E+00 3.69E+00 -3.52E+00 -4.88E+01 1.95E+00
|
Comparison at individual sites
Sample | Location Site Name Lat Lon Observation (g | Model Model Model relative | Obs/Model Reference
type km-2 year-1) (g km-2 year-1) | absolute bias | bias (%) ratio
(g km-2 year-
1)
T Coram, NY, USA Coram 40.869 |-73.001 |3.93E+02 5.83E+00 -3.88E+02 -9.85E+01 6.75E+01 Munster et al.
(2009)
T East Hampton, NY, USA East Hampton 40.963 |-72.185 |5.58E+01 4.96E+00 -5.08E+01 -8.96E+01 9.64E+00
T Hauppauge, NY, USA Hauppauge 40.826 |[-73.203 | 1.37E+02 5.83E+00 -1.31E+02 -9.58E+01 2.36E+01 Munster et al.
(2009)
T Huntington, NY, USA Huntington 40.868 |-73.426 |8.76E+01 5.83E+00 -8.18E+01 -9.34E+01 1.5E+01 Munster et al.
(2009)
T Oakdale, NY, USA Oakdale 40.744 | -73.139 1.56E+02 5.83E+00 -1.51E+02 -9.63E+01 2.68E+01 Munster et al.
(2009)
T Stony Brook, NY, USA Stony Brook 40.926 |-73.141 |3.86E+02 5.83E+00 -3.80E+02 -9.85E+01 6.62E+01 Munster et al.
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Amargosa Desert, NV, USA Weather station of 36.765 |-116.693 | 3.43E+01 2.47E+00 -3.18E+01 -9.28E+01 1.39E+01 Andraski et al.
USGS Amargosa (2014)
Desert Research Site
Juneau, AK, USA NADP AKO02 58.514 |-134.784 | 6.79E+00 3.43E+00 -3.36E+00 -4.95E+01 1.98E+00 Rajagopalan et
al. (2009)

Coconino, AZ, USA NADP AZ03 36.059 |-112.184 |3.35E+00 2.90E+00 -4.49E-01 -1.34E+01 1.15E+00

Cochise, AZ, USA NADP AZ98 32.010 |-109.389 |3.46E+00 2.42E+00 -1.04E+00 -3E+01 1.43E+00

Tuolumne, CA, USA NADP CA99 37.796 |-119.858 | 2.68E+00 3.14E+00 4.62E-01 1.72E+01 8.53E-01

Garfield, CO, USA NADP C092 39.426 |-107.380 |8.26E+00 4.06E+00 -4.20E+00 -5.09E+01 2.04E+00

Brevard, FL, USA NADP FL99 28.543 |-80.644 | 7.26E+00 6.85E+00 -4.18E-01 -5.75E+00 1.06E+00

Butte, ID, USA NADP ID03 43.461 |-113.555 |2.52E+00 2.66E+00 1.37E-01 5.45E+00 9.48E-01

Riley, KS, USA NADP KS31 39.102 |-96.609 | 1.16E+01 6.74E+00 -4.86E+00 -4.19E+01 1.72E+00

Somerset, MD, USA NADP MD15 37.992 |-76.034 7.42E+00 5.83E+00 -1.59E+00 -2.14E+01 1.27E+00

Piscataquis, ME, USA NADP ME09 45.489 |-69.665 |8.76E+00 4.67E+00 -4.09E+00 -4.67E+01 1.88E+00

Itasca, MN, USA NADP MN16 47.531 |-93.469 |8.04E+00 4.45E+00 -3.58E+00 -4.46E+01 1.8E+00

St. Louis, MO, USA NADP MO43 38.519 |-90.565 | 6.55E+00 7.93E+00 1.38E+00 2.11E+01 8.26E-01

Yalobusha, MS, USA NADP MS30 34.002 |-89.799 |1.12E+01 8.49E+00 -2.66E+00 -2.38E+01 1.31E+00

Big Horn, MT, USA NADP MT00 45570 |-107.438 |5.21E+00 3.01E+00 -2.21E+00 -4.23E+01 1.73E+00

Rowan, NC, USA NADP NC34 35.697 |-80.623 | 6.42E+00 6.34E+00 -7.67E-02 -1.19E+00 1.01E+00

Lincoln, NE, USA NADP NE99 41.059 |-100.746 |1.01E+01 4.60E+00 -5.49E+00 -5.44E+01 2.19E+00

Los Alamos, NM, USA NADP NMO07 35.779 |-106.266 |4.18E+00 2.58E+00 -1.59E+00 -3.81E+01 1.62E+00

White Pine, NV, USA NADP NV05 39.005 |-114.217 |4.01E+00 2.25E+00 -1.75E+00 -4.38E+01 1.78E+00

Butler, OH, USA NADP OHO09 39.531 |-84.724 | 7.15E+00 7.77TE+00 6.16E-01 8.62E+00 9.21E-01

Alfalfa, OK, USA NADP OKO00 36.786 |-98.180 |8.32E+00 4.35E+00 -3.97E+00 -4.77E+01 1.91E+00
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Benton, OR, USA NADP OR02 44.386 |-123.615 |7.39E+00 4.67E+00 -2.72E+00 -3.68E+01 1.58E+00
Rio Grande, Puerto Rico NADP PR20 18.321 |-65.820 1.36E+01 4.45E+00 -9.16E+00 -6.73E+01 3.06E+00
Bailey, TX, USA NADP TX02 33.956 |-102.776 |5.65E+00 2.58E+00 -3.07E+00 -5.43E+01 2.19E+00
Brewster, TX, USA NADP TX04 29.302 |-103.178 |2.73E+00 2.36E+00 -3.71E-01 -1.36E+01 1.16E+00
Garfield, UT, USA NADP UT99 37.619 |-112.173 | 3.82E+00 2.90E+00 -9.17E-01 -2.4E+01 1.32E+00
Whitman, WA, USA NADP WA24 46.761 |[-117.185 |4.70E+00 3.76E+00 -9.45E-01 -2.01E+01 1.25E+00
Kyoto, Japan Kyoto Institute of 35.050 |135.780 |8.61E+02 5.59E+00 -8.55E+02 -9.94E+01 1.54E+02 Yamada et al.
Technology, Building (2009, 2012)
No.12
Guangzhou, China South China 23.166 |113.365 |1.79E+04 3.62E+00 -1.79E+04 -1E+02 4.93E+03 Linetal.
Agricultural (2019)
University
Cedar Creek, Southern Ontario, Cedar Creek Sub 43.084 |-80.736 4.93E+01 5.75E+00 -4,.35E+01 -8.83E+01 8.57E+00 Van
Canada Basin Stempvoort et
al. (2020)
Nissouri Creek, Southern Ontario, | Nissouri Creek Sub 43.115 |-80.969 3.74E+01 5.75E+00 -3.16E+01 -8.46E+01 6.50E+00
Canada Basin
32A snow pit, Antarctica 32A snow pit -69.790 | 76.490 1.32E+01 5.02E-01 -1.27E+01 -9.62E+01 2.63E+01 Jiang et al.
(2020)
32C snow pit, Antarctica 32C snow pit -76.420 | 77.030 1.80E+01 3.16E-01 -1.77E+01 -9.82E+01 5.71E+01
Dome A, Antarctica Dome A -80.367 | 77.367 5.25E+00 1.91E-01 -5.06E+00 -9.64E+01 2.74E+01 Jiang et al.
(2016)
South Pole South Pole -90.000 | 0.000 5.01E+00 3.34E-01 -4.68E+00 -9.33E+01 1.5E+01
WAIS Divide, Antarctica WAIS Divide -79.467 |-112.085 | 9.60E+00 4.66E-01 -9.13E+00 -9.51E+01 2.06E+01 Crawford et al.
(2017)
Summit, Greenland Summit 73.600 |-38.500 6.10E-01 4.92E-01 -1.18E-01 -1.94E+01 1.24E+00 Cole-Dai et al.
(2018)
TUNU, Greenland TUNU 78.100 |-34.000 |4.50E-01 2.93E-01 -1.57E-01 -3.5E+01 1.54E+00
Basin 4, Greenland Basin 4 62.300 |[-46.300 |1.15E+00 2.26E+00 1.11E+00 9.61E+01 5.1E-01 Cole-Dai et al.
(2018)
Devon Ice Cap, Canada Devon Ice Cap 75.333 | -82.667 1.69E+00 6.15E-01 -1.08E+00 -6.36E+01 2.75E+00 Furdui &
Tomassini
(2010)
Agassiz Ice Cap, Canada Agassiz Ice Cap 80.700 |-73.100 |1.11E+00 3.95E-01 -7.15E-01 -6.44E+01 2.81E+00 Furdui et al.
(2018)
Eclipse Icefield, Canada Eclipse Icefield 60.510 |-139.470 |2.99E+00 1.98E+00 -1.01E+00 -3.39E+01 1.51E+00 Rao et al.
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| Upper Fremont Glacier, USA Upper Fremont 43.117 |-109.617 | 1.40E+00 4.06E+00 2.66E+00 1.9E+02 3.45E-01 (2012)
Glacier, USA
| Tienshan, China Tienshan 43.055 |94.323 4.80E+00 1.31E+00 -3.49E+00 -7.27E+01 3.66E+00 Du et al. (2019)

Notes:
Sample types: Total deposition: T; Wet deposition: W; Ice-core/snow-pit: |

Model absolute bias = modeled value — observed value
Model relative bias = (modeled value — observed value)/observed valuex100%
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Table S5. Observed A'’O(CIO4) in 149 environmental samples reported in different studies

Study Sample identification Geographic location Sample type AYO(CIO,) (%o)
Jackson et al. (2010) Zabriskie Death Valley, USA Soil +18.4
Estrada et al. (2021) N/A McMurdo Dry Valleys, Antarctica Soil +14.0
Jackson et al. (2016) MDYV single dry soil sample McMurdo Dry Valleys, Antarctica Soil +12.8
Jackson et al. (2010) Confidence Hills 2 Death Valley, USA Soil +12.8
Jackson et al. (2021) Confidence Hills (6H) Death Valley, USA Soil +12.3
Estrada et al. (2021) N/A McMurdo Dry Valleys, Antarctica Soil +12.2
Jackson et al. (2010) Saratoga Hills Death Valley, USA Soil +10.9
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +10.55
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +10.55
Bohlke et al. (2009) DL4d Long Island, NY, USA Groundwater +10.2
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.68
Bao & Gu (2004) AT24-1-CsClO4 Atacama Desert, Chile Soil +9.6
Bao & Gu (2004) AT74-1-CsClO4 Atacama Desert, Chile Soil +9.6
Sturchio et al. (2006) ORNL-5 Atacama Desert, Chile Nitrate deposit +9.57
Jackson et al. (2010) GJo1 Atacama Desert, Chile Soil +9.4
Bohlke et al. (2009) NP1 Long Island, NY, USA Groundwater +9.4
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.37
Jackson et al. (2010) uUIC-25 Chile Groundwater +9.3
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.23
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.23
Jackson et al. (2010) P2 Atacama Desert, Chile Soil +9.2
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.06
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +9.03
Jackson et al. (2021) AT11-100 Atacama Desert, Chile Soil +9.0
Jackson et al. (2010) P3 Atacama Desert, Chile Soil +8.8
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Jackson et al. (2010) UIC 24 (J-470) Atacama Desert, Chile Soil +8.8
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +8.7
Jackson et al. (2010) Confidence Hills 1 Death Valley, USA Soil +8.6
Hatzinger et al. (2018) 1S/4W-18G1 Rialto-Colton Subbasin, CA, USA Groundwater +8.6
Jackson et al. (2010) P4 Atacama Desert, Chile Soil +8.5
Bohlke et al. (2009) DL6d Long Island, NY, USA Groundwater +8.4
Sturchio et al. (2012) Well 9 San Bernardino Basin, CA, USA Groundwater +8.3
Sturchio et al. (2012) Well 18 San Bernardino Basin, CA, USA Groundwater +8.2
Bohlke et al. (2009) DL1d Long Island, NY, USA Groundwater +8.2
Hatzinger et al. (2018) 1S/6W-23D2 Chino (or Arlington) Subbasins, CA, | Groundwater +8.2
USA
Hatzinger et al. (2018) 1S/6W-23D2 Chino (or Arlington) Subbasins, CA, | Groundwater +8.1
USA
Jackson et al. (2010) P1 Atacama Desert, Chile Soil +8.1
Bohlke et al. (2005) N/A Atacama Desert, Chile Soil +7.94
Sturchio et al. (2012) Well 1 San Bernardino Basin, CA, USA Groundwater +7.9
Bohlke et al. (2009) NP4 Long Island, NY, USA Groundwater +7.9
Sturchio et al. (2012) Well 8 San Bernardino Basin, CA, USA Groundwater +7.7
Sturchio et al. (2012) Well 6 San Bernardino Basin, CA, USA Groundwater +7.6
Hatzinger et al. (2018) 1S/5W-04N1 Chino (or Arlington) Subbasins, CA, | Groundwater +7.6
USA
Hatzinger et al. (2018) 1S/5W-04N1 Chino (or Arlington) Subbasins, CA, | Groundwater +7.6
USA
Sturchio et al. (2014) P-05B Pomona, CA, USA Groundwater +7.5
Sturchio et al. (2012) Well 22 San Bernardino Basin, CA, USA Groundwater +7.5
Sturchio et al. (2012) Well 4 San Bernardino Basin, CA, USA Groundwater +7.5
Hatzinger et al. (2018) 1S/5W-14B1 Chino (or Arlington) Subbasins, CA, | Groundwater +7.4
USA
Sturchio et al. (2012) Well 15 San Bernardino Basin, CA, USA Groundwater +7.3
Sturchio et al. (2012) Well 7 San Bernardino Basin, CA, USA Groundwater +7.3
Sturchio et al. (2012) Well 3 San Bernardino Basin, CA, USA Groundwater +7.3
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Sturchio et al. (2014) P-36 Pomona, CA, USA Groundwater +7.1
Sturchio et al. (2014) P-10B Pomona, CA, USA Groundwater +7.1
Hatzinger et al. (2018) 1S/5W-23A1 Chino (or Arlington) Subbasins, CA, | Groundwater +7.1
USA
Jackson et al. (2021) AT 11-50 Atacama Desert, Chile Soil +7.0
Sturchio et al. (2014) P-07 Pomona, CA, USA Groundwater +6.9
Hatzinger et al. (2018) 1S/5W-13B5 Rialto-Colton Subbasin, CA, USA Groundwater +6.9
Sturchio et al. (2012) Well 11 San Bernardino Basin, CA, USA Groundwater +6.9
Sturchio et al. (2014) P-32B Pomona, CA, USA Groundwater +6.9
Sturchio et al. (2014) P-23 Pomona, CA, USA Groundwater +6.8
Sturchio et al. (2014) P-08B Pomona, CA, USA Groundwater +6.8
Sturchio et al. (2014) P-15 Pomona, CA, USA Groundwater +6.8
Sturchio et al. (2012) Well 5 San Bernardino Basin, CA, USA Groundwater +6.6
Jackson et al. (2021) AT 10-150 Atacama Desert, Chile Soil +6.6
Sturchio et al. (2012) Well 2 San Bernardino Basin, CA, USA Groundwater +6.6
Sturchio et al. (2014) P-09B Pomona, CA, USA Groundwater +6.5
Sturchio et al. (2014) P-25 Pomona, CA, USA Groundwater +6.5
Sturchio et al. (2014) P-26 Pomona, CA, USA Groundwater +6.5
Sturchio et al. (2014) P-37 Pomona, CA, USA Groundwater +6.5
Hatzinger et al. (2018) 1S/5W-07R1 Chino (or Arlington) Subbasins, CA, | Groundwater +6.4
USA
Hatzinger et al. (2018) 1N/5W-32N1 Chino (or Arlington) Subbasins, CA, | Groundwater +6.2
USA
Hatzinger et al. (2018) 1N/5W-32N1 Chino (or Arlington) Subbasins, CA, | Groundwater +6.1
USA
Hatzinger et al. (2018) 1N/5W-32A1 Rialto-Colton Subbasin, CA, USA Groundwater +4.7
Sturchio et al. (2014) P-21 Pomona, CA, USA Groundwater +4.6
Bao & Gu (2004) AT75-1-KCIO4 Atacama Desert, Chile Soil +4.2
Sturchio et al. (2012) Well 12 San Bernardino Basin, CA, USA Groundwater +4.0
Hatzinger et al. (2022) S1 NE Oregon, USA Groundwater +3.73
Hatzinger et al. (2018) 1S/5W-05A5 Rialto-Colton Subbasin, CA, USA Groundwater +3.4
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Hatzinger et al. (2022) BGW-001 NE Oregon, USA Groundwater +2.89
Hatzinger et al. (2018) 1N/5W-33N1 Rialto-Colton Subbasin, CA, USA Groundwater +2.8
Poghosyan et al. (2014) Lake Superior R Great Lakes Lakewater +2.7
Sturchio et al. (2012) Well 13 San Bernardino Basin, CA, USA Groundwater +2.7
Hatzinger et al. (2022) MW-20 NE Oregon, USA Groundwater +2.62
Poghosyan et al. (2014) Lake Superior P Great Lakes Lakewater +2.6
Poghosyan et al. (2014) Lake Erie Great Lakes Lakewater +1.8
Hatzinger et al. (2022) M&P Dairy NE Oregon, USA Groundwater +1.74
Poghosyan et al. (2014) Lake Ontario Great Lakes Lakewater +1.7
Poghosyan et al. (2014) Lake Michigan Great Lakes Lakewater +1.7
Poghosyan et al. (2014) Lake Huron Great Lakes Lakewater +1.6
Cao et al. (2020) RPY NE France Riverwater +1.3
Jackson et al. (2010) RR 16 MRGB, New Mexico, USA Groundwater +1.3
Hatzinger et al. (2022) UMCD 11-1 NE Oregon, USA Groundwater +1.23
Jackson et al. (2010) RR-8 MRGB, New Mexico, USA Groundwater +1.2
Hatzinger et al. (2018) IN/SW-17K2 Rialto-Colton Subbasin, CA, USA Groundwater +1.2
Hatzinger et al. (2022) UMCD 11-7 NE Oregon, USA Groundwater +1.18
Hatzinger et al. (2018) 1S/5W-02K1 Rialto-Colton Subbasin, CA, USA Groundwater +1.0
Jackson et al. (2010) KJ1 SHP, Texas and New Mexico, USA Groundwater +0.8
Sturchio et al. (2012) Well 20 San Bernardino Basin, CA, USA Groundwater +0.8
Jackson et al. (2010) BW2 SHP, Texas and New Mexico, USA Groundwater +0.6
Jackson et al. (2010) JYT1 SHP, Texas and New Mexico, USA Groundwater +0.5
Sturchio et al. (2006) ORNL-22 West Texas Groundwater +0.49
Hatzinger et al. (2022) POM-15 NE Oregon, USA Groundwater +0.43
Sturchio et al. (2006) ORNL-21 West Texas Groundwater +0.42
Sturchio et al. (2012) Well 10 San Bernardino Basin, CA, USA Groundwater +0.4
Jackson et al. (2010) MW2B SHP, Texas and New Mexico, USA Groundwater +0.3
Jackson et al. (2010) MW2A SHP, Texas and New Mexico, USA Groundwater +0.3
Jackson et al. (2010) MW3B SHP, Texas and New Mexico, USA Groundwater +0.3
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Sturchio et al. (2012) Well 16 San Bernardino Basin, CA, USA Groundwater +0.3
Jackson et al. (2010) MW3A SHP, Texas and New Mexico, USA Groundwater +0.3
Sturchio et al. (2012) Well 19 San Bernardino Basin, CA, USA Groundwater +0.3
Hatzinger et al. (2018) 1N/5W-27D1 Rialto-Colton Subbasin, CA, USA Groundwater +0.2
Cao et al. (2020) FVDV NE France Groundwater +0.2
Hatzinger et al. (2018) 1N/5W-33B1 Rialto-Colton Subbasin, CA, USA Groundwater +0.2
Jackson et al. (2010) GW2 SHP, Texas and New Mexico, USA Groundwater +0.2
Sturchio et al. (2012) Well 21 San Bernardino Basin, CA, USA Groundwater +0.2
Hatzinger et al. (2018) 1N/5W-29H3 Rialto-Colton Subbasin, CA, USA Groundwater +0.2
Cao et al. (2020) FBN4 (HW) NE France Groundwater +0.2
Hatzinger et al. (2022) POM-13 NE Oregon, USA Groundwater +0.16
Hatzinger et al. (2013) UMD Flare University of Massachusetts, Groundwater +0.13
Dartmouth, MA, USA
Hatzinger et al. (2013) UMD-8b University of Massachusetts, Groundwater +0.12
Dartmouth, MA, USA
Sturchio et al. (2012) Well 17 San Bernardino Basin, CA, USA Groundwater +0.1
Hatzinger et al. (2018) 1N/5W-29H1 Rialto-Colton Subbasin, CA, USA Groundwater +0.1
Hatzinger et al. (2018) 1IN/5SW-21P2 Rialto-Colton Subbasin, CA, USA Groundwater +0.1
Bohlke et al. (2009) BM1 Long Island, NY, USA Groundwater +0.1
Hatzinger et al. (2018) 1S/5W-02G1 Rialto-Colton Subbasin, CA, USA Groundwater +0.1
Cao et al. (2020) RM NE France Groundwater +0.1
Hatzinger et al. (2013) UMD Charge-1 University of Massachusetts, Groundwater +0.09
Dartmouth, MA, USA
Hatzinger et al. (2013) UMD Charge-2 University of Massachusetts, Groundwater +0.07
Dartmouth, MA, USA
Hatzinger et al. (2013) UMD-7 University of Massachusetts, Groundwater +0.06
Dartmouth, MA, USA
Hatzinger et al. (2013) UMD-8a University of Massachusetts, Groundwater +0.05
Dartmouth, MA, USA
Sturchio et al. (2006) ORNL-14 Edwards Airforce Base, CA Groundwater +0.04
Sturchio et al. (2006) ORNL-17 Henderson, NV Groundwater +0.02
Sturchio et al. (2012) Well 23 San Bernardino Basin, CA, USA Groundwater 0.0
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Sturchio et al. (2012) Well 14 San Bernardino Basin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1N/5W-33B2 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) IN/5W-21N2 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Sturchio et al. (2006) ORNL-16 Las Vegas Wash Surface water 0.0
Hatzinger et al. (2018) 1S/5W-03A1 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1N/5W-34B2 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1N/5W-34B2 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1N/5W-34G4 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1IN/5W-34M1 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1IN/5W-34M1 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1S/5W-02B3 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1S/5W-02G1 Rialto-Colton Subbasin, CA, USA Groundwater 0.0
Hatzinger et al. (2018) 1N/5W-28J2 Rialto-Colton Subbasin, CA, USA Groundwater -0.1
Hatzinger et al. (2018) 1S/5W-02G1 Rialto-Colton Subbasin, CA, USA Groundwater -0.1
Bohlke et al. (2009) BM2 Long Island, NY, USA Groundwater -0.1
Cao et al. (2020) FBN4 (LW) NE France Groundwater -0.3

Notes:

Observations of AYO(ClO4") are compiled from 15 studies (Bao & Gu, 2004; Bohlke et al., 2005, 2009; Cao et al., 2020;
Estrada et al., 2021; Hatzinger et al., 2013, 2018, 2022; Jackson et al., 2010, 2016, 2021; Poghosyan et al., 2014; Sturchio et
al., 2006, 2012, 2014).

Observations are arranged in the descending order of A¥O(CIOx).

All the values are obtained from tables in the main text or supplementary information of these studies except for those from

Bohlke et al. (2005) and Estrada et al. (2021). For Bohlke et al. (2005), we extract the measurements from their Figure 1b. For

Estrada et al. (2021), the measurements were plotted in their Figure 8.
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Table S6. Average A'’O(ClO4, photochemistry), A'’O(ClOs), and AO(OCIO) weighted

by modeled perchlorate-production rate.

Standard Using uncorrected | Assuming
AY0(0s3) and AYO(OCIO) =
AYO(OH) from AYO(O(®P)) in the
Brinjikji & Lyons region above 37 km
(2021) altitude
AYO(CIO4, + 28.5 %0 +36.9 %0 +26.3 %0
photochemistry)
AYO(CIO3) +33.5 %o +43.4 %o +30.6 %o
AYO(OCIO) +48.3 %0 + 62.6 %0 +44.0 %0
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Table S7. Modeled mass of chlorine species and chemical families in the control simulation and main simulation (Unit: Gg CI).

“Total inorganic CI” refers to the sum of all modeled inorganic chlorine chemical species (Total inorganic Cl (g/p) = HCI (g) +

CIONO; (g) + HOCI (g) + CIO (g) + OCIO (g) + CIOO (g) + 2xCl, (g) + Cl (g) + BrCl (g) + ICl (g) + CINO; (g) + 2xCl,0, (g) +
2xCl,04 (g) + ClI7(p) + ClO4(p) ). Cl, refers to the gas-phase inorganic chlorine chemical family (i.e., Cl, (g) = Total inorganic

Cl (g/p) - CI(p) - ClO4(p)). ClOy refers to the gas-phase inorganic oxychlorine chemical family (CIO (g) = CIO (g) + OCIO
(g) + CIOO (g) +ClO3 (g) + 2xCl,0; (g) + 2xCl,04 (g)).

Stratosphere Troposphere
Species Control + ClO3-Cl,04-ClO4~ | Percentage Control +Cl0O;-Cl,04-ClO4~ Percentage
chemistry change chemistry change
(Unit: %) (Unit: %)

Total inorganic Cl (g/p) |9.45654E+02 9.45471E+02 -1.93492E-02 2.42111E+03 2.42109E+03 -8.56465E-04
Cly (9) 9.44042E+02 9.43860E+02 -1.90032E-01 2.39630E+02 2.39611E+02 -7.83208E-03
ClOx (9) 4.257E+01 4.248E+01 -2.106E-01 4.316E-01 4.311E-01 -1.144E-01
HCI (g) 6.232E+02 6.219E+02 -2.009E-01 2.315E+02 2.314E+02 -3.146E-02
CIONO: (g) 2.546E+02 2.542E+02 -1.574E-01 1.193E+00 1.192E+00 -1.101E-01
HOCI (g) 1.907E+01 1.904E+01 -1.521E-01 2.192E+00 2.189E+00 -1.152E-01
CIO (9) 3.058E+01 3.052E+01 -1.918E-01 3.052E-01 3.047E-01 -1.776E-01
OCIO (g) 1.943E+00 1.941E+00 -9.466E-02 1.224E-01 1.220E-01 -3.030E-01

55




Table S8. Result of Mann-Whitney U test performed for testing the difference between observed and modeled near-
surface [ClIO4 (p)]
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Geographic | Type | Study Observation Model data | Observat | Model Model U p-value | Model
location of data ion median relative statistic predictions
site median bias in and
median observations
(%) are distinct at
95%
significance
level?
Kyoto, U Yamada et | Daily samples, |Daily 2.50E-01 |7.69E-03 |-9.69E+01|190916 |1.36E-79 |Y
Japan al. (2009, |[collected from |average,
2012) June 2006 to January 2016
January 2010 |to December
(n=131) 2018
(n=1461)
Okinawa, B Handaet |Weekly Weekly 1.07E-01 |7.38E-03 |-9.31E+01|10136 |5.34E-34 |Y
Japan al. (2010) |[samples, average,
collected from | January 2016
sampled from | to December
August 2005 to | 2018 (n=209)
October 2006
(n=60)
Lanzhou, U Y. Shiet [12-hourly 12-hourly 1.98E+00 |2.19E-02 |-9.89E+01|11766 |9.42E-17 |Y
China al. (2011) |[samples, mean in
collected from | February and
February to March, from
March 2007 2016 to 2018
(n=25) (n=474)
Yuzhong R Y. Shi et 12-hourly 12-hourly 1.40E-01 |2.40E-02 |-8.28E+01|7225 6.44E-02 |N
County, al. (2011) [samples, mean in
China collected from | February and
February to March, from
March 2007 2016 to 2018
(n=25) (n=474)
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Tokushima, Takeuchi  |3-hourly 3-hourly 4.45E-01 |[8.36E-03 [-9.81E+01|9424 1.4E-128
Japan etal. samples, mean in
(2012) collected in December,

December 2011 | from 2016 to

(n=12) 2018 (n=992)
Lake Toya, Shirahata | Monthly Monthly All below [6.90E-03 | N/A 26 4.03E-01
Hokkaido, (2012) samples, mean in detection
Japan collected from | December, limit (0.01

Nov 2011 to from 2016 to ng m-)

February 2012 (2018 (n=16)

(n=4)
Jinan, Yaoetal. |Sampling three |8-hourly 1.47E+00 |1.46E-02 |-9.90E+01|47637 |1.57E-
China (2015) times a day mean in 170

from 2013 December

January 12to | and February,

2013 February |[from 2016 to

10 (n=67) 2018 (n=711)
Kumamoto, Yaoetal. [72-/96-hourly |72-hourly 3.96E-02 |7.54E-03 |-8.10E+01|588 1.23E-05
Japan (2015) samples, mean in

collected from | November

Nov 2013 to and

December 2013 | December,

(n=7) from 2016 to

2018 (n=84)

Changsha, Wang et Daily samples, |Daily mean in |1.84E+01 |2.95E-03 |-1.00E+02 (620 7.27E-09
China al. (2017) |collected from |[July, from

2016 July 20 to | 2016 to 2018

July 31 (n=5) [(n=124)
Beijing, H. Zhuet |Daily samples, |Daily meanin|3.15E+01 [2.36E-02 |-9.99E+01|1708 1.75E-13
China al. (2021) |collected from |March and

2017 March 31 | April, from

to 2017 April (2016 to 2018

06 (n=7) (n=244)
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Tianjin,
China

H. Zhu et
al. (2021)

Daily samples,
collected from
2017 March 28
to 2017 April
06 (n=7)

Daily mean in
March and
April, from
2016 to 2018
(n=244)

2.52E+01

2.34E-02

-9.99E+01

1708

6.59E-06

Zhengzhou,
China

H. Zhu et
al. (2021)

Daily samples,
collected from
2017 March 30
to 2017 April
05 (n=7)

Daily mean in
March and
April, from
2016 to 2018
(n=244)

2.27E+01

2.33E-02

-9.99E+01

1708

1.75E-13

Jinan, China

H. Zhu et
al. (2021)

Daily samples,
collected from
2017 March 30
to 2017 April
05 (n=7)

Daily mean in
March and
April, from
2016 to 2018
(n=244)

2.03E+01

2.33E-02

-9.99E+01

1708

1.75E-13

Baoding,
China

H. Zhu et
al. (2021)

Daily samples,
collected from
2017 March 30
to 2017 April
06 (n=7)

Daily mean in
March and
April, from
2016 to 2018
(n=244)

4.41E+01

2.36E-02

-9.99E+01

1708

1.75E-13

Shijazhuang,
China

H. Zhu et
al. (2021)

Daily samples,
collected from
2017 March 31
to 2017 April
06 (n=7)

Daily mean in
March and
April, from
2016 to 2018
(n=244)

1.50E+01

2.36E-02

-9.98E+01

1708

1.75E-13

Longgang,
Shenzhen,
China

Zheng et
al. (2022)

Monthly mean
from October
2020 to
September
2021 (n=12)

Monthly
mean from
January 2016
to December
2018 (n=48)

5.13E-02

5.53E-03

-8.92E+01

551

1.23E-06
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Nanshan, Zheng et Monthly mean | Monthly 5.03E-02 |[5.53E-03 |-8.90E+01 560 5.24E-07
Shenzhen, al. (2022) |from October |mean from
China 2020 to January 2016
September to December
2021 (n=12) 2018 (n=48)
Yantian, Zheng et Monthly mean | Monthly 5.24E-02 |[5.53E-03 [-8.94E+01 (568 2.4E-07
Shenzhen, al. (2022) |from October | mean from
China 2020 to January 2016
September to December
2021 (n=12) 2018 (n=48)
Open-ocean Jiang et al. |24-to-72- Modeled 3.40E-02 |2.65E-03 |-9.22E+01(471 8.14E-08
region (2021) hourly sample | value at the
sampled by collected from | location and
the research November the sampling
cruise from 2015 to period of the
Shanghai to December 2012 | observations
Antarctica and from (n=22)
March 2016 to
April 2016
(n=22)
Near-coast Jiang et al. |24-to-72- Modeled 1.00E-01 |4.38E-03 |-9.56E+01|335 2.74E-04
region (2021) hourly sample | value at the
sampled by collected from | location and
the research November the sampling
cruise from 2015 to period of the
Shanghai to December 2012 | observations
Antarctica and from (n=20)
March 2016 to
April 2016
(n=20)
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Antarctica

Jiang et al.
(2021)

24-t0-72-
hourly or 7-day
samples
collected from

December 2015

to February
2016 (n=34)

Modeled
value at the
location and
the sampling
period of the
observations
(n=34)

1.34E-01

1.16E-02

-9.14E+01

1156

1.4E-12

Site types: Urban (U), Rural (R), Background (B).
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Table S9. Modeled global perchlorate production in 2016 in the main simulation and ClOs-photolysis experiments

Main simulation

ClOs-photolysis experiment, UV
absorption band only

(c) ClOs-photolysis experiment,
whole absorption band

Global perchlorate 1.67 0.28 0.05
production in 2016

(Ggl/ year)

Production ratio N/A 6.0 30.5
(without CIO3 photolysis/

with CIOs photolysis)
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