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1. Motivation

• Utah’s Great Salt Lake basin experiences high PM2.5 pollution episodes in winter

• The dominant pollutant is ammonium nitrate aerosol: NH4NO3(aq)

• These episode occur during stagnant air periods when emissions build up and react over 

days to form NH4NO3 from the reactions of NH3, NOx, VOCs, and other trace gases

• On the west side of the lake, the US Magnesium refinery electrolyzes salt brine to make 

Mg, releasing gaseous chlorine as a known byproduct. 

• It is the largest emitter of chlorine in the US, with 50 – 85% of the US yearly Cl2 emissions

• During the 2017 Utah Winter Fine Particulate Study (UWFPS), we flew an instrumented 

aircraft downwind of this plant and observed:

o Extreme levels of Cl2 and HCl, as expected.

o Extreme levels of Br2 and BrCl, an unexpected finding.

o Complete ozone depletion in the day time plumes, not typically observed in the 

midlatitudes.

Questions
1) What is the emissions flux of halogens from the US Magnesium plant

2) What is the mechanism for ozone depletion in the plumes?

3) What is the downwind effect on air quality in Salt Lake City and the 

surrounding areas?

• GOAL: To understand the build-up of ammonium nitrate aerosol 

pollution in the Salt Lake Valley and nearby areas.

• 23 flights on the NOAA Twin Otter over 4 weeks during winter 2017

• Flights spanned day and night, clean and polluted conditions, 

throughout the Great Salt Lake Basin.

• Halogen-induced ozone depletion is well known in tropospheric Arctic and 

stratosphere, but not seen as often in the mid-latitudes.

• It has been observed over salt lakes such as the Dead Sea, but always attributed 

to natural sources, not industry.
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• During the four week campaign, we 

encountered 67 daytime and 14 

nighttime plume transects from the US 

Magnesium plant [1]

• These plumes show the widespread 

extent of the effect of this point 

source throughout the Great Salt Lake 

Basin

• Ox (O3 + NO2) depletion is only 

evident during the day – indicating 

photochemistry

Species Observation-derived emission 

flux ± 1-σ standard deviation 

(full range) (g/sec)

Annual inventory-

derived emission 

flux (Mg/year)

Annual inventory-

derived emission 

flux (g/sec)

Cl2 85.66 ±131.75 (10.77 – 351.23) 3600 114.17

HCl 51.40 ± 60.02 (0.69 – 138.26) 961 30.50

Br2 5.51 ± 7.86 (0.23 – 19.85) Not reported Not reported

BrCl 30.09 ± 41.17 (3.59 – 111.46) Not reported Not reported

NOx 25.22 ± 39.55 (1.18 – 102.73) 912 28.91

• Altitude profiles over the lake show a lofted plume – confirming an industrial source and not 

a natural lake source

• We used nighttime plume transects to quantify the emission flux of halogens, to compare to emissions 

inventory

• Plume ages were determined by the Stochastic Time-Inverted Lagrangian Transport (STILT) model [2]

• Observed chlorine emissions were in agreement with 2017 Toxic Release Inventory (TRI) estimate of 

3600 Mg year-1 Cl2 and 961 Mg year-1 HCl.

• Bromine species are not require to be reported, but based on these observations, they are 

approximately 173 Mg year-1 Br2 and 949 Mg year-1 BrCl.
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• First, we used the Framework for 0-dimensional Modeling (F0AM) [3] to model the O3

depletions to better understand the chemical mechanism, as in the following example.

• Then we applied the model to the entire campaign. In general, reasonable agreement between observations and the 

simple box model.

o Br chemistry dominates 

the ozone loss in the 

first few minutes

o Chlorine is more 

likely to react with 

small alkanes VOCs. 

It’s chain length is 

~20 x lower than Br.

• QUESTION: What is the ultimate fate of these halogen emissions? How do they affect air quality?

• To answer this, we use the constrained box model to estimate the effect of halogens on downwind oxidant 

budgets

• We confirm this result using the 3D CAM-chem model with regional refinement (MUSICA v0)

• The US Magnesium facility emits large amounts of chlorine, and a non-inventoried but significant 
amount of bromine, upwind of Salt Lake City which has 1 million residents and a persistent air 

quality problem.

• These halogen species fully deplete ozone near the plant – and then increase PM2.5 and O3 as the air 

masses travel across the lake to the populated areas.

• We estimate a 10-20% increase of surface PM2.5 during pollution episodes over populated areas 

due to this single industrial point source.

• Bromine is not monitored nationwide, but plays a significant role in air quality here.
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F0AM model details:

- Master Chemical Mechanism v3.3.1 + TUV 5.2

- Additional halogen chemistry from IUPAC and JPL databases

- Initial concentrations and 1st order dilution constant tuned to match 

observations

- “Puff” style model to account for non-Lagrangian sampling pattern

• We used the F0AM model to investigate the 

chemical mechanism leading to ozone depletion 

within the plume:

o Br radicals then react 

primarily with small 

carbonyls and 

alkenes.

• All in all – the effect of halogens is to serve as 

atmospheric oxidants, generating OVOCs

• We run the model for 6 hours (transport time 

across lake) with and without halogens

• The presence of halogens leads to major 

increases in HO2, RO2, and HNO3 + pNO3
- in 

the plume, three species that play a central role 

in PM2.5 buildup.

CAM-chem model details:

Nudged toward MERRA2 meteorology

MOZART-TS1 mechanism + additional halogen 

chemistry + MOSAIC aerosol coupling

Emission inventories: CAPS + FIVE-VCP + FOG

See [1], [4] and [5] for more details

• The model was tuned to best match observations 

from UWFPS (vertical profiles, above) and EPA Air 

Quality Station monitoring data (not pictured)

• While the model underpredicts nitrate, the key 

goal of this model is the role of halogens

• Including halogens results in a 10 – 20% increase 

in PM2.5 during pollution episodes.
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