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Section S1. Additional FOAM model details

FOAM uses the Tropospheric Ultraviolet and Visible Radiation Model (TUV v5.2)* to determine
wavelength-resolved solar flux that drives photochemistry. The UWFPS campaign did not include a direct
measurement of the actinic flux, but total solar radiation was monitored hourly at the Utah Division of Air
Quality (UDAQ) Hawthorn site?. To account for daily variability in the solar flux, the day with the highest
solar radiation during the campaign, February 12, 2017, was assumed to represent a “clear-sky” day, and all
other days were scaled relative to that day. We used that scaling factor to reduce the default photolysis
frequencies in the TUV model from their clear sky values. We also constructed sensitivity tests to
determine the sensitivity of the model to this assumption.

Because the O3 depletion occurs in a lofted plume (Figure S10), we exclude dry deposition reactions, but
include uptake of CINO3, BrNO3, BrNO,, HOCI, and HOBr on aerosol with a single uptake parameter for
each compound taken from the literature®$, listed in Table S3. The FOAM model does not include any
aerosol microphysics, so aerosol pH was not considered in the model. Uptake was treated as with first order
kinetics, using the daily average aerosol surface area and single uptake parameters. The uptake parameter
for N.Os was determined directly for the Salt Lake area during the UWFPS campaign’, and the average
value of 0.076 was used here. This value is higher than many other modeling studies, so we conduct a
sensitivity test in which we reduce this value by half to 0.04, and find little change to the model. N2Os
concentrations are low during the daytime plumes, and therefore its uptake has little impact on gas or
particle abundance.

Section S2. CAM-chem/MUSICA model validation

The spatial (vertical and horizontal) and temporal variabilities of several key meteorological/chemical
parameters in the CAM-chem/MUSICA model were evaluated against balloon-borne, airborne, and
ground-based observations available for this study.

We use the sounding observations in Salt Lake City (40.77N, 111.95W), the closest sounding site to the
studied area, to evaluate key meteorological parameters in the model that affect the dispersion and transport
of pollutants in the model. Sounding balloons are released twice daily (OOUTC and 12UTC), profiling
temperature, humidity, and wind conditions from the surface to at least 20-30 km altitude. The sounding
data was obtained from the University of Wyoming sounding archive:
http://weather.uwyo.edu/upperair/sounding.html). Figure S14 (a) shows the vertical profiles of
potential temperature, specific humidity, and winds between 27 January and 4 February, 2017, one PCAP
period during UWFPS with the most severe air pollution. As shown, the stability condition in the lower-
middle troposphere depicted by the potential temperature and specific humidity in the sounding profiles is
reasonably well reproduced by the model, and the main transport pattern largely affected by the wind
conditions in the sounding profiles is also reasonably well captured by the model. This implies the modeled
meteorology is sufficiently reproducing boundary layer dynamics needed to study the impact of the
industrial halogen emissions on the O3 and particulate matter pollution in this region.

We then use in situ measurements of trace gases and fine particulate matter to evaluate the model’s
capability to capture the ozone and particulate matter pollution in this region. Airborne measurements of
O3, reactive nitrogen, and chemical composition of PM; (particles smaller than ~1 micron in vacuum
aerodynamic diameter measured by the Aerosol Mass Spectrometer, AMS) aboard the Twin Otter aircraft
(see Methods in the main text) were used to evaluate the vertical distribution of key trace gases and
speciated fine particulate matter (Figure S14 (b)). The model is capable of explicitly simulating the
chemical evolution of aerosols in four size modes: Aitken mode, accumulation mode, coarse mode, as well
as primary carbon mode. Liu et alLiu, Ma, Wang, Tilmes, Singh, Easter, Ghan and Rasch & and Zaveri et
alZaveri, Easter, Singh, Wang, Lu, Tilmes, Emmons, Vitt, Zhang, Liu, Ghan and Rasch ° contain further
details. In this work, the modeled PM; and PM;s include Aitken, accumulation, primary carbon modes, as
well as a fraction of coarse mode, and the fractional contributions of coarse mode to PM;s and PM; are
calculated based on size distributions described in Liu et al. (2016)8. Figure S14 (b) shows the mean
vertical profiles of Oz and PM; components measured during the take-off and landing stages near the Salt
Lake City airport, during the aforementioned PCAP period (27 January — 4 February, 2017).
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We note that the hourly FIVE-VCP-FOG emission inventory leads to a factor of 2 — 4 underestimation of
NOx and NH3 compared to the observations in this region; as a result, ammonium nitrate, the major
component of measured PMy, is also underestimated by a factor of 3 — 4. A recent study measuring the
tailpipe of heavy-duty trucks in Salt Lake City, found a strong dependency of NOy emission factors with
tailpipe temperature, and reduced efficiency of selective catalytic reduction (SCR) systems at colder
temperatures . This may partially explain an underestimate in mobile source NOx emissions as the
temperature-dependency of heavy-duty truck emissions are not currently taken into account in the FIVE
mobile source emissions inventory. Furthermore, another recent study suggested that light-duty vehicular
emissions of NHz in FIVE might also be significantly underestimated by ~40% when compared with
satellite observations'!. Since the goal of our modeling effort is to assess the role of primary halogen
emissions on secondary chemistry, we scale up key organic and reactive nitrogen species to match aircraft
observations, and reproduce regional chemical conditions observed during the field campaign: particulate
organics were scaled up by a factor of 3, HONO and NOy by 4, and NH3 by 2. This improves agreement
with speciated PM; and O3 observations as shown in Figure S14 (b): modeled/measured ratios in the lowest
1 kmare 0.42 +0.50, 0.37 £ 0.43, 1.01 + 1.05, 1.04 £+ 0.96, 0.66 + 1.12, and 1.35 * 0.36 for nitrate,
ammonium, sulfate, particulate organics, particulate chloride, and Os, respectively.

With the scaled up “top-down” reactive nitrogen emissions, the model predicts that ammonium nitrate is
the dominant contributor to the total PM; mass. Interestingly, despite the sufficient supply of NOx and NH3
in the gas-phase, particulate ammonium nitrate is still underestimated by ~58% (Figure S14 (b)), implying
that the oxidative capacity is likely still underestimated in the model even after scaling up primary
precursor emissions to match observations. This is confirmed by another sensitivity test in which
particulate organics, NOy, and NH3 emissions are scaled up as previously mentioned but HONO is kept
unchanged,; in this case the modeled NOy and NH3 are both overestimated yet ammonium nitrate is still
underestimated by a factor of 4. Due to the lack of knowledge on the wintertime HONO
emissions/chemistry in this region, we applied the same scaling factor of 4 for HONO and NOxy so the
HONO/NOx ratio is consistent with the original emission inventories. We note that further investigation is
needed on why NOy, NHs, and ammonium nitrate formation are being underestimated in emissions
inventories and atmospheric chemistry models, but is beyond the scope of this study. Here, we constrain
our model for key gas and aerosol-phase species in order to reasonably capture the general spatial/temporal
variations of Oz and PM pollution in the Salt Lake City region, and which is clearly a challenging
phenomenon to model in the wintertime.

The model performance is further demonstrated by comparing with ground-based Os; and PM2 s
measurements from the EPA Air Quality System (AQS) network. Figure S15 (a) and (b) show modeled
surface maximum daily 8-hour average (MDAB8) Os and daily average PM2 s compared to the observations
in all EPA AQS sites in the Northern Utah. As shown, the temporal variabilities in MDA8 O3z and PM. s are
both well captured by the model, including all three pollution episodes (13-20 January, 27 January — 4
February, and 13-18 February) during the studied period. The modeled peak PM. 5 during these episodes
agree with the observations within 50% for most of the time in most of the sites. During these pollution
episodes, the model predicts that ammonium nitrate is the major driver of the elevated PM3 s, consistent
with previous studies in this region'? and the airborne observations shown in Figure S14 (b).

Section S3. Possible measurement interferences at high halogen concentrations.

When sampling large concentrations, such as in the nighttime plumes from US Magnesium, reagent ion
reductions in the 1- CIMS results in increased uncertainties (Table S1). When the reagent is no longer in
excess, the observed species may be undercounted, and complex secondary ion chemistry within the
instrument is possible, as described in the appendix of Veres et alVeres, Roberts, Burling, Warneke, de
Gouw and Yokelson 3. We therefore consider these highest measurements of halogens during the
nighttime flights to be a lower bound. However, Figure S7 shows that there was no correlation between
measured integrated flux and peak Cl, concentration, indicating that other sources of uncertainty are greater
here than uncertainty introduced by possible reagent titration at the peak halogen concentration.
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Additionally, known interferences in the I- CIMS include interconversion of some halogen species on the
inlet, such as Cl, to HOCI and HOBr to Br,*. Since both HOCI and HOBTr are known photochemical
products, we use the night flights to estimate an upper limit to their interconversion on the CIMS inlet and
interior surfaces under the assumption that these species are not directly emitted. We find that there is a
linear correlation between HOBr and Br», with a slope of roughly 3%, and a nonlinear correlation between
HOCI and Cl, with a slope of 1% at Cl, concentrations below 100 ppb, but closer to 0.1% at higher levels
(Figure S8). We do not expect these possible interferences to make any significant difference to the Br; and
Cl; signals, but may represent a significant interference to the HOBr and HOCI signals. Our sensitivity tests
(section I1.c), however, show that these uncertainties do not change the results of the box model.
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Fig. S1. A nighttime transect of the US Magnesium plume, measured on February 8, 2017 at approximately
4 am local time. The upper axis shows the approximate distance from the plume center, based on aircraft
speed. The measured Br;, Cl,, BrCl, HCI and NOx are shown in solid lines, while the dashed lines show the
Gaussian fit to the data. The Gaussian fit was used to integrate across all the plumes, as some transects had
missing data. The averaged wind speed across this transect was 3.3 m/s, and the plume transect was
estimated to be 1.5 minute old at the time of measurement.
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Fig. S7. No apparent correlation is observed between the observation-derived emission flux and the peak
Cl; concentration or the plume age. This indicates that if I- CIMS reagent titration occurred in the largest
peak (at 600 ppb Cly), it didn’t lead to an anomalously low emission flux estimate. Furthermore, the lack of
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Fig. S11. Other observed species are compared to the model output. The light grey dashed lines show the
limit of detection (LOD) for each species, as well as the 1:1 line. The data is fit in two ways, with solid line
indicating a fit to all the data, and dashed line indicating a fit to only data points above the LOD. The data
above the LOD for HONO, N2Os, CINO,, and HOCI fall approximately along the 1:1 line in black dashed
line, but exhibit wider variability than the species shown in Figure 2. All these species are affected by the
selection of the aerosol uptake parameter, the simplicity of the model, and HOBr and HOCI have a known
inlet interference in the I- CIMS, as discussed in the text. However, as the sensitivity tests in Figure S13
demonstrate, the aerosol uptake does not significantly affect the conclusions of the model.
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Fig. S12. Adjusted model-observation correlation plots, assuming that some of the HOBr and HOCI signal
is from an inlet conversion of Br; or Cl.. The observed HOBr and HOCI have been scaled up and down by
3% and 1% respectively. The resulting slopes do change somewhat, but do not bring the model into perfect
alignment with the observations, indicating that there are other factors at play that also affect the model

agreement for these species.
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Fig. S13. The results of sensitivity simulations conducted to test various model assumptions. The red bars
indicate the increase in production in HO,, RO, and HNO; + pNOs that can be attributed to halogens,
derived from base case model simulation described in the main manuscript. The sets of colored markers to
the right of each bar indicate the predicted increase in production when various model parameters are
scaled up and down by 20%. NOy (orange) and VOCs (purple), aerosol surface area (yellow), photolysis
rates (red), and the dilution constant (green) all have an effect on the extent to which halogen enhance these
species, but none fall below 0, indicating that all agree that halogens have a net enhancing effect. The light
blue and black traces represent model runs with a lower N»Os uptake coefficient (no change relative to the
base case), and if all of US Magnesium’s NOy emissions were released from the same stack as the halogens
(greatly magnifies the effect of the halogens). Finally, the dark blue trace indicates a model run in which
only chlorine emissions were included, with no Brz or BrCl emissions. In this model run, HO; and RO,
formation is not significantly enhanced by the chlorine emissions, and HNO3; + pNOs' is actually slightly
reduced by the chlorine emissions. This indicates that bromine plays a significant role in producing all three
of these species in the base case.
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Fig. S14. (a) Comparison of average meterological soundings estimated by the CAM-chem model to those
measured by twice-daily balloon soundings in Salt Lake City. (b) Comparison of average vertical profiles
estimated the CAM-chem model to those measured by aircraft near Salt Lake City International Airport
during UWFPS.
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Fig. S15. The comparison of the CAM-chem model to daily PM.s (panel a) and O3 (panel b) at 10 EPA Air
Quality System (AQS) sites, labeled A though | on the center maps. The model tends to under-predict the
formation of aerosol during pollution episodes, including the period between 27 January and 4 February
which represents the data in Figure 4b in the main text, but represents both the shape of the vertical profiles
and the temporal trends in pollution well.
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Fig. S16. Estimated HOx and PM; s during January 27 — February 4, 2017, with and without halogen
emissions from US Magnesium. The rightmost panels show the percentage difference between the two
model runs.
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Fig. S17. A model run in which a small quantity of elemental mercury (Hg®) was included as an initial
condition and as a background species, and was converted to oxidized mercury (Hg") by reactions with Br
radicals via Hg'. A typical background value of 168 ppg was chosen based on average observations in the
area. Dilution of the plume into the background air with this same quantity of HgP is responsible for the
slow disappearance of the Hg' and the return of the Hg°.
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Fig. S18. The estimated ammonium nitrate during January 27 — February 4, 2017, with and without halogen
emissions from US Magnesium. The rightmost panel shows the difference between the two model runs.
This panel demonstrates that the majority of the change in PM25 shown in figures 4 and S16 is due to an
enhancement in ammonium nitrate formation.
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Fig. S19. The estimated change in mean surface HOy, O3, and PM, s from the CAM-chem model when only
bromine (no chlorine) emissions from US Magnesium are included. The effect on O3 is not significantly
different from that in figure 4 in the main text, but the effect on HOx and PM_ is less strong, indicating

that bromine chemistry dominates the O3 depletion, but chlorine chemistry is also playing a key role in

HOy, and therefore PM; s production.
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Table S1. Instruments on board the NOAA Twin Otter that provided the data used in this analysis, with the

published lower detection limit and accuracy for each species. Note that additional inaccuracy may be

introduced when sampling large concentrations of halogens, as indicated in Section S3 and Figures S7 and
S8. Instruments were calibrated before, during, and after the UWFPS campaign using known standards.

Instrument

I-CIMS
(lodide chemical ionization mass
spectrometry)

NOxCaRD

(Nitrogen oxide by cavity ringdown
spectroscopy) 8

AMS

(Aerosol mass spectrometer) °

UHSAS
(Ultrahigh sensitivity aerosol
spectrometer) 2°

Table S2. The full mechanism used for halogen chemistry. The last column shows the reference, and is

Species

Cl;

Br;
BrCl
HCI
CINO;
BrNO;
HOCI
HOBr
HNO3
HONO
N2Os
NO;
NO

O3
pNOa'
pCl

Aerosol surface = -

area

Lower detection Accuracy
limit

0.4 ppt 30%

0.3 ppt 30%

0.2 ppt 50%

160 ppt 30%

0.4 ppt 30%

0.1 ppt 50%

5.0 ppt 30%

1.8 ppt 50%

60 ppt 30%

200 ppt 50%

0.2 ppt 30%

18 ppt 5%

14 ppt 5%

28 ppt 5%

0.06 ug / m3 30%
0.15ug/ m3 30% but higher at

higher pCl- loadings

typically either IUPAC®® 2! or JPLS, or is cited separately.

Reaction

Chlorine inorganic reactions
Cl+ 03— CIO+0,
Cl+HO; — OH + CIO
Cl + HO, — O, + HCI

Cl + H,0, — HO, + HCI
ClIOO + Cl — CIO + CIO
CIOO+Cl—Cl, + 0O,
OCIO + Cl — CIO + CIO
Cl + Cl,0, — Cl, + CIOO
Cl+HOCI — Cl, + OH
Cl + NO; — CINO;

Cl + NO3 — CIO + NO2
Cl + CINO — Cl, + NO
Cl + CINO3 — Cl, + NO3
Cl + 0, — CIOO

ClIOO — C1+ 02
OH + Cl2 —» HOCI + Cl1

CIO + HO, — O, + HOCI
OH + CIO — HCI + O

Reaction Rate

2.8e-11 x exp(-250/T)
4.4e-11 x (1.7 x exp(-620/T))
4.4e-11 x (1 - (1.7 x exp(-620/T)))
1.1e-11 x exp(-980/T)
1.2e-11

2.3e-10

3.2e-11 x exp(170/T)
7.6e-11 x exp(65/T)
3.4e-12 x exp(-130/T)

ko= 1.8e-31 x (T/300)"-2.0
k. = 1.0e-10 x (T/300)"-1.0
2.4e-11

5.8e-11 x exp(100/T)
6.2e-12 x exp(145/T)

ko = 2.2e-33 x (T/300)"-3.1
k.. =1.8e-10

keq = 6.6€-25 x exp(2502/T)
k = Kciro2>cioo / Keg

3.6e-12 x exp(-1200/T)
2.2e-12 x exp(340/T)
4.4e-13 x exp(300/T)

34%

Reference

IUPAC
IUPAC
IUPAC
IUPAC
JPL
JPL
IUPAC
IUPAC
JPL
JPL

IUPAC
JPL
IUPAC
JPL

JPL
IUPAC

IUPAC
IUPAC
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OH + CIO — HO; + ClI
CIO+0 — 02+ Cl

ClO + ClO — Cl; + Oz
CIO + C10 — OCIO + Cl1
CIO + Cl1O0 — CI + CIOO
ClO + Cl10 — Cl1,0,

Cl,0, — ClO + ClO

ClO +NO — Cl+ NO;
ClO + NO; — CINOs

OH + OCIO — HOCI + O
OCIO + NO — CIO + NO,
OH + HCI — H,0 + ClI

O+ HCI — OH + Cl

OH + Cl,0, — HOCI + CI0OO
OH + HOCIl — H,0 + CIO

O + HOCI — OH + CIO

OH + CINO; — HOCI + NO,
OH + CINO3 — HOCI + NO3
O + CINO3 — ClO + NO3
Chlorine — organic reactions
Cl + alkanes (C1 — C6)

Cl + CoHs — CH,CLCH,0,

Cl + CsHs — HCl + PROPENO?2

Cl + C3Hg — CLPROPO2

Cl + CsHs — ICLPROPO2

Cl + C2H2, — CHOCI + CO + HO***

Cl+ HCHO — HC1 + HO; + CO

Cl + CH3CHO — CH3COs + HCI

Cl + CoHsCHO — CoHsCO3 + HCI

Cl + C3H;CHO — C3H7;CO3 + HCI

Cl + C3H;CHO — BUTALO2 + HCI

Cl + CH3COCH3; — HCI + CH3COCH-,0,
Cl + MEK — MEKAO?2 + HCI

Cl + MEK — MEKBO2 + HC1

Cl + MEK — MEKCO2 + HCI

Cl+ MACR — MACO3 + HClI

Cl + DIEK — DIEKAO2 + HCl

Cl + DIEK — DIEKBO?2 + HCl

Cl+ HEX30ONE — HEX30ONAO2 + HCI
Cl + HEX30ONE — HEX30ONBO2 + HCI
Cl + HEX30ONE — HEX30ONCO2 + HCl
Cl + HEX30ONE — HEX30ONDO2 + HCI
Cl + CH3;0H — HCI + HCHO + HO,

6.8e-12 x exp(300/T)
6.8e-12 x exp(300/T)
1.0e-12 x exp(-1590/T)
3.5e-13 x exp(-1370/T)
3.0e-11 x exp(-2450/T)
ko= 1.6e-32 x (T/300)"-4.5
ke = 3.0e-12 x (T/300)"-2
Keq = 1.72e-27 X exp(8649/T)
k = Kcio+clio>cr202 / Keg
6.2e-12 x exp(295/T)

ko= 1.8e-31 x (T/300)"-3.4
k- = 1.5e-11 x (T/300)*-1.9
1.4e-12 x exp(600/T)
1.1e-13 x exp(350/T)
1.7e-12 x exp(-230/T)
1.0e-11 x exp(-3300/T)
6.0e-13 x exp(670/T)
5.0e-13

1.7e-13

2.4e-12 x exp(-1250/T)
1.2e-12 x exp(-330/T)
3.6e-12 x exp(-840/T)

Already in MCM

ko= 1.85e-29 x (T/300)"-3.3
k. = 6.0e-10

fc=04

2.7e-10

®=0.1

ko= 4.0e-28

k.. =2.8e-10

®=0.4

ko= 4.0e-28

k. = 2.80e-10

®=0.5

ko= 6.1e-30 x (T/300)"-3.0
k- = 2.0e-10

8.1e-11 x exp(-34/T)
8.0e-11

1.3e-10

3.1e-11 x exp(410/T)
5.5e-12 x exp(410/T)
3.2e-11 x exp(-815/T)
1.4e-11 x exp(80/T)
1.4e-11 x exp(80/T)
2.4e-12 x exp(80/T)
4.86e-11 x exp(380/T) x 0.45
2.4e-11

2.4e-11

1.05e-10

2.3e-11

1.8e-11

1.8e-11

5.5e-11

IUPAC
IUPAC
IUPAC
IUPAC
IUPAC
JPL

JPL

IUPAC
JPL

IUPAC
IUPAC
IUPAC
JPL
JPL
IUPAC
JPL
IUPAC
IUPAC
JPL

IUPAC

See Fig S2

See Fig S2

See Fig S2

IUPAC

IUPAC
IUPAC

IUPAC
15

15

IUPAC
IUPAC
IUPAC

IUPAC
15

15
15
15
15
15
15

IUPAC
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Cl + C;HsOH — HCI + CH3CHO + HO,
Cl + C,HsOH — HCI + HOCH,CH,0,
Cl+ HCOOH — HCl1 + CO2 + H,0

Cl + CH;CO2H — HCI + CH30;2 + CO,
Cl + CH302 — CIO + HCHO + HO

Cl + CH;0, — HCI1 + CH,00

Cl + C;Hs02 — CI1O + HO; + CH3CHO
Cl + C;H50, — HC1 + CH3CHOO

Cl + CH30O0H — HCI1 + CH30;

Cl + CH3;00H — HCHO + OH + HCl
CH30; + C10 — CIOO + HO; + HCHO
Cl+OXYL — OXYLO2 + HC1

Cl + TOLUENE — C6H5CH202 + HCl
Cl+TM124B — TM124BO2 + HCl
Bromine — inorganic

Br+ O3 — BrO + O

Br + HO, — HBr + O

Br + NO, — BrNO;

Br + NO; — BrO + NO;
BrNO3 + Br — Brz + NO3
Br, + OH — HOBr + Br
BrO + OH — HO, + Br
BrO+0O — Br+ 0O

BrO + HO, — HOBr + O,
BrO + BrO — Br + Br + O,
BrO + BrO — Br; + O,

BrO + NO — NO; + Br
BrO + NO,; — BrNOs

HBr + OH — H,0 + Br

HBr+ O — OH + Br

HOBr + O — OH + BrO

BrNO3; + O — OH + BrO
Bromine — organics

Br + HCHO — HO; + CO + HBr
Br + CH3;CHO — CH3COs + HBr
Br + CH3COCH3; — CH3COCH,0; + HBr
Br + CoHg — CoHs0, + HBr

Br + C3Hg — 1-C3H;0, + HBr

Br + C3Hs = BRPROPO2

Br + CsHg — IBRPROPO?2

Br + C;Hs — CH2BRCH,0,

Br + C;H, — CHOBr + CO + HO,
Bromine — chlorine cross reactions
BrO + ClO — BrCl + Oy

BrO + ClO — Br + CIOO

5.5e-11 x exp(155/T)
4.8e-12 x exp(155/T)
1.9e-13

2.64e-14

1.6e-10x 0.5
1.6e-10x0.5
7.4e-11

7.7e-11

3.54e-11

2.36e-11

3.3e-12 x exp(-115/T)
1.5e-10

5.9e-11

3.6e-10

1.7e-11 x exp(-800/T)
7.7e-12 x exp(-450/T)

ko= 4.2e-31 x (T/300)"-2.4
Ko=2.7e-11

1.6e-11

4.9e-11

2.0e-11 x exp(240/T)
1.8e-11 x exp(250/T)
1.9e-11 x exp(230/T)
4.5e-12 x exp(500/T)
2.4e-12 x exp(40/T)
1.5e-12 x exp(230/T) x 1.6 x exp(-
190/T)

8.7e-12 x exp(260/T)

ko= 4.7e-31 x (T/300)"-3.1
k. =1.8e-11

fc=04

6.7e-12 x exp(155/T)
5.8e-12 x exp(-1500/T)
1.2e-10 x exp(-430/T)
1.9e-11 x exp(215/T)

7.7e-12 x exp(-580/T)
1.8e-11 x exp(-460/T)
1.66e-10 x exp(-7000/T)
2.36e-10 x exp(-6411/T)
8.77e-11 x exp(-4330/T)
3.6e-12

®=0.5

3.6e-12

®=0.5

2.80e-
13.*exp(224./T).*(M.*0.21.*7.5e-
12)./((M.*0.21.*7.5e-12) +
8.5e12.*exp(-3200./T));
6.35e-15 x exp(440/T)

4.1e-13 x exp(290/T)
2.3e-12 x exp(260/T)

15
15

IUPAC
IUPAC
JPL
JPL
JPL

JPL
15

15
JPL
22
22
22

IUPAC
IUPAC
IUPAC

IUPAC
23
IUPAC
IUPAC
IUPAC
IUPAC
JPL
JPL

IUPAC
IUPAC

IUPAC
JPL

IUPAC
IUPAC

IUPAC
IUPAC

24
25
25

See Fig S4
See Fig S4

IUPAC

IUPAC

JPL
JPL
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319
320

321
322

323
324
325
326
327
328
329

330

BrO + CIO — Br + OCIO
Br + OClO — BrO + CIO
Br + Cl,0, — BrCl + CIOO

Reaction

CINO3 + Aer — HOCI + HNO3

CINO;3 + HBr + Aer — BrCl + HNO3

CINO3 + HCI + Aer — Cl2 + HNO3
BrNO;s; + Aer — HOBr + HNO3

BrNOz + HCI + Aer — BrCl + HNO3
BrNO2 + HC1 + Aer — BrCl + HONO

HOCI + HBr + Aer — BrCl + H,O

HOBr + HCI + Aer — BrCl
HOBr + HBr + Aer — BI»

N20s5 + Aer — 1.78*HNO3 + 0.22*CINO,

Reaction

CINO; + hv — Cl + NO,
Br,+hv — Br+ Br
BrO+hv — Br+0
HOBr + hv — Br + OH

BrNO; + hv — Br + NO>
BrNOs + hv — Br + NO3
BrNO3 + hv — BrO + NO,

BrCl + hv — Br + Cl
Cl,+hv— Cl+Cl
ClO+hv—Cl+0
CINO3 + hv — Cl + NOs

CINOs + hv — CIO + NO;

HOCI + hv — Cl + OH
OCIO +hv— CIO+ 0O

Cl,0, + hv — CI + CIOO

ClOO +hv — Cl + 02

Date Cl, Br.
(ppb)  (ppb)
16Jan 1 4

17Jan#1 85 1
17Jan#2 85 1

18Jan 100 5
26Jan 105 15
27Jan 200 20
28Jan 100 2
31Jan 20 8
Average 100 3

BrCl
(Ppb)
0.05
10
10
20
25
10
10

1

22

HCI
(Ppb)
20
20
20

5

20

5

10
10
117

9.5e-13 x exp(550/T)
2.6e-11 x exp(-1300/T)
5.9e-12 x exp(-170/T)

Table S3. Heterogeneous chemistry uptake coefficients used in the model

Uptake coefficient
0.024
0.1
0.1
0.02
0.9
0.1
0.04
0.1
0.1
0.076

Photolysis rate
Jn23
Jn24
Jn25
Jn26
Jn27
Jn28
Jn29
Jn31
Jn32
Jn33
Jn34
Jn35
Jn36
Jn37
Jn38
Jn39

NO Dilution (s*)
(ppb)

2 0.00025
40 0.00008
40 0.00008
2 0.0001
10 0.00018
30 0.00035
40 0.00015
10 0.00005
-- 0.00015

jeorr

0.574
0.730
0.730
0.720
0.561
0.825
0.772
0.569
0.68

JPL
JPL
JPL

Reference

JPL

JPL

Table S4. Photolysis rates used in the model. The JnXX value indicates the rate constant in FOAM.

Table S5. A summary of the six model parameters optimized for each model, as well as jcorr, the corrective
factor applied to all the photolysis reactions. The first five parameters indicate the starting conditions of
each species. The final row shows the parameters used for the average model, in which Cls, dilution and
jeorr are averaged, and Br, BrCl, and HCI are scaled relative to Cl, based on the emissions flux
measurements in Table 1.
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