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Figure 3-5. Maps of monthly maximum 8-hour ozone in the 2017 base case (left)
and their differences from the 2012 base case (right) in the TCEQ 36
a1 e (o] o F- 1 TP TP 25
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EXECUTIVE SUMMARY

Global models are used to prepare boundary conditions for regional-scale air quality modeling,
including the Texas Commission on Environmental Quality (TCEQ) Continental US (CONUS)
domain. Regional modeling for the Texas Gulf Coast region is strongly affected by ozone over
predictions in air arriving from the Gulf of Mexico. Ozone predictions along the Gulf Coast
depend upon emissions and chemistry over the Gulf of Mexico and boundary conditions (BCs)
entering the regional modeling domain. Previous modeling with the Comprehensive Air quality
Model with extensions (CAMx) has reduced the ozone bias through addition of halogen
chemistry, especially iodine, which depletes ozone within the marine boundary layer.

This purpose of this study was to provide TCEQ with updated BCs for the CAMx regional
modeling. We added iodine chemistry to the latest version (v10-01) of the Goddard Earth
Observing System Chemistry (GEOS-Chem) global model. The standard chemical mechanism in
this version, referred to as the “benchmark mechanism,” includes bromine and chlorine but
lacks iodine chemistry. The GEOS-Chem model was run with iodine emissions and chemistry
included for a base year (2012) and a future year (2017). Two iodine mechanisms were tested:
1) compact iodine chemistry recently implemented in CAMx (Yarwood et al., 2016) and 2) full
iodine chemistry described by Sherwen et al. (2016). Table ES-1 summarizes these two
mechanisms. Both mechanisms reduce ozone across the CONUS domain with larger reductions
over oceans. The full I-chemistry reduces peak daily maximum 8-hour average (MDAS8) ozone in
August by up to 15 ppb, while the condensed mechanism reduced MDA8 ozone by up to 7 ppb.
Measurements of iodine oxide (I0) concentrations over the Gulf are needed to better constrain
the iodine chemistry and emissions.

Table ES-1 Summary of the full and compact iodine chemistry.

Mechanism Full Compact

Source Sherwin et al. (2016) | CAMx condensed I-chemistry
Yarwood et al. (2016)

# gas rxn 29 11
# photolysis rxn 14 9

# of species 20 16
Heterogeneous rxn | Yes No

We compare peak MDAS8 ozone between this study and the previous TCEQ's 2012 GEOS-Chem
simulation. Both simulations are based on GEOS-5 2012 meteorology. In the new simulation,
monthly peak MDAS8 ozone is mostly lower in the Pacific Ocean and near the southern lateral
boundary of the TCEQ's CAMx CONUS domain. The small magnitude of ozone reductions in the
Gulf of Mexico (less than 4 ppb) imply that ozone depletion by halogen chemistry is partly
offset by higher ozone production in the new simulation. The new simulation shows more than
90 ppb of peak MDAS across the eastern US during summer months and is biased high.
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According to the model developer, several factors could be contributing to this ozone bias
including overstated US emissions, excessive boundary layer vertical mixing, overstated
lightning NOx. Other potential causes include updates to the GEOS-Chem chemical mechanism
such as new isoprene chemistry and changes to NOx-recycling from organic nitrates.

June
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Figure ES-1. Comparison of maximum 8-hour ozone in the 2012 base case from the current

study and the previous TCEQ’s 2012 GEOS-Chem simulation ( current - previous) in June (left)
and July (right).

The 2012 and 2017 simulations both used meteorology for 2012 and therefore all changes in
ozone were due to differences in emissions between the two years. Emissions for 2017 were
determined by applying scaling factors to base year emissions in 6 World regions. US scaling
factors were provided by TCEQ. As summarized in Table ES-2, emissions in Asia and MAF
(Middle East and Africa) were projected to increase in 2017 while emissions from countries who
were members of the Organization for Economic Co-operation and Development in 1990
(OECD90) (US and Western Europe) decreased. Model results from this study suggest that peak

MDAS8 ozone will be lower in 2017 than 2012 across the US due mainly to reductions in US NOx
emissions.
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Figure ES-2. Comparison of monthly maximum 8-hour ozone in the 2017 and 2012 base case

in June (left) and July (right).

Table ES-2. Anthropogenic emissions by world region in millions of tons per year

NOx [MM tons/yr] VOC [MM tons C/yr]

Region 2012 2017 2012 2017
us 12.9 10 9 8.2
ASIA 33 36.4 19.6 20.9
LAM 5.8 6 5.1 5.2
MAF 7.8 8.8 8.9 9.4
OECD90 except US 17.4 15.5 17.2 15.5
REF 6.9 7.4 7.2 7.5
World Shipping 18.9 18.9 0 0
World Aviation 2 2.2 0.2 0.2
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1.0 INTRODUCTION
1.1 Background

The Texas Commission on Environmental Quality (TCEQ) is responsible for developing the Texas
State Implementation Plan (SIP) to demonstrate compliance with the National Ambient Air
Quality Standard (NAAQS) for ozone. In 2015, the ozone NAAQS was lowered to 70 parts per
billion (ppb) based on the three year running average of the annual fourth highest daily
maximum 8-hour average (MDAS8) ozone measured at each monitoring location. The ozone
concentration in background air entering Texas may be as low as 10 ppb for clean air from the
Gulf of Mexico or may approach the level of the NAAQS for air of continental origin. Correctly
characterizing background ozone is very important to SIP planning because over-estimating
background may indicate deeper local emission reductions than are actually needed to meet
the NAAQS.

The TCEQ uses the Comprehensive Air Quality Model with extensions (CAMx; Ramboll Environ,
2016) for ozone SIP modeling. The TCEQ CAMx modeling domain covers most of the Gulf of
Mexico (Figure 1-1). CAMx modeling for Texas is strongly affected by ozone over predictions in
air arriving along the Texas coast (Smith et al., 2014). Ozone predictions along the coast
depend upon emissions and chemistry over the Gulf of Mexico and boundary conditions (BC)
entering the modeling domain. CAMx BCs are derived from a global model (such as GEOS-
Chem; Yantosca et al., 2015), which also tends to over predict ozone in the Gulf region, as do
many other regional and global models (Yarwood et al., 2012).

lodine compounds emitted from ocean waters such as the Gulf of Mexico can cause ozone
depletion of several ppb per day within the marine boundary layer (Mahajan et al., 2010 and
references therein). lodine depletes ozone catalytically, meaning that a single iodine atom can
destroy many ozone molecules (Chameides and Davis, 1980; Mahajan et al., 2009). Emissions
of inorganic iodine compounds (I, and HOI) are caused by deposition of ozone to ocean waters
(Carpenter et al., 2013), whereas emissions of organic iodine compounds result from biological
processes (Carpenter, 2003). Field study data from Mahajan et al. (2010) show that bromine
chemistry operates in synergy with iodine chemistry to double the rate of ozone depletion in
the marine boundary layer. Emissions of organic bromine compounds also result from
biological processes (Carpenter, 2003), while sea-salt aerosol produced by bubble bursting and
wind shear at the ocean surface is the dominant source of inorganic bromine and chlorine
(Sander et al., 2003).

Recent improvements to CAMx by Ramboll Environ (Yarwood et al., 2012; 2014; 2016) reduced
the bias through addition of halogen chemistry to the Carbon Bond version 6, release 2
chemical mechanism (Yarwood et al., 2012; 2014; 2016; Smith et al., 2015), yet substantial
over-prediction is still present. Previously developed BCs did not include the influence of
halogen chemistry recently incorporated into the CAMx model and consequently over-
predicted concentrations of ozone along the modeling domain boundaries. This study ran
GEOS-Chem with halogen chemistry aiming to further reduce bias incidents upon the Texas Gulf
Coast.
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Figure 1-1. TCEQ 36/12/4 km CAMXx nested modeling grids, from:
http://www.tceg.texas.gov/airquality/airmod/rider8/modeling/domain.

1.2 Purpose and Objectives

The goal of this project is to provide updated and improved BCs for the CAMx model by: 1)
incorporating halogen emissions in the GEOS-Chem model and 2) conducting GEOS-Chem
simulations with halogen chemistry for a base year, 2012, and a future year, 2017, with 2012
meteorology.

In Section 2, we summarize GEOS-Chem configuration, model inputs development, and
chemical mechanisms used in this work. The GEOS-Chem standard mechanism includes
chemistry for bromine and chlorine but lacks chemistry for iodine. This study added two iodine
mechanisms into GEOS-Chem: 1) a compact iodine mechanism developed by Ramboll Environ
under TCEQ project FY2016-17 (Yarwood et al., 2016) and 2) a mechanism recently described by
Sherwen et al. (2016). We incorporated the emission algorithms for inorganic reactive iodine
(Ix; specifically I, and HOI) recently implemented by Prados-Roman et al. (2015). The in-line
integration responds to surface layer ozone concentration, wind speed and sea surface
temperature as adopted in TCEQ project FY2016-17.

The 2012 and 2017 base case GEOS-Chem results are described in Sections 3. Since 2017 was
run with 2012 meteorology, a comparison of the 2012 and 2017 GEOS-Chem results is also
included. Section 4 presents our conclusions and recommendations stemming from this
project.
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2.0 GEOS-CHEM MODELING DATABASE

GEOS-Chem version 10-01 was released in June, 2015, and has a different structure from the
previous GEOS-Chem version, 9-01-03, which was used to develop previous boundary
conditions for the TCEQ’s 2006, 2012, and 2018 ozone model (Project FY#13-14; Tai et al.,
2014). In this section, we summarize model updates, default chemical mechanism, updated
halogen mechanism, model inputs and configurations.

2.1 GEOS-Chem Version 10-01 updates

There have been many updates to the model science and structure and bug fixes in Version 10-
01. Below are important science and structural updates:

e Emissions

e HEMCO (the Harvard-NASA Emissions Component) - New emission processing program
and NetCDF emissions database

o Update of biomass burning emissions from GFED3 to GFED4? (or FINN)
« Update of MEGAN biogenic emissions>

¢ Update of EDGAR global anthropogenic emissions

o Update of US NEI emissions from 2005 to 2011

e Update of aircraft emissions from Wang et al. (1998) and Park et al. (2004) to AEIC
(Aviation Emissions Inventory Code) v. 2.0

e Chemistry
¢ Addition of UCX stratospheric chemistry extension (described in Section 3.1.3)
« Incorporation of updated isoprene chemistry*
¢ Update of photolysis mechanism from FAST-J to FAST-JX
e Inorganic chemistry updates from JPL 06 to JPL 11
e Update of RO,+HO,; reaction rate
o Increase of NOs aerosol reactive uptake coefficient (gamma) from 1.0x10™ to 0.1
e SOA simulation with semi-volatile POA

e Improved SOA chemistry and can include aerosol from intermediate volatile organic
compounds (IVOCs).

Ramboll Environ fixed a few bugs in this version including a wrong emissions unit in the EDGAR
inventory read by HEMCO, an incorrect generation of restart file, too low maximum number of
output species. The issues have been reported and confirmed by the GEOS-Chem developers.

! http://acmg.seas.harvard.edu/geos/doc/man/appendix_10.html

% http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract

® http://wiki.geos-chem.org/MEGAN_v2.1_plus_Guenther_2012_biogenic_emissions

* http://wiki.seas.harvard.edu/geos-chem/index.php/New_isoprene_scheme#New _reactions
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2.2 Chemical Mechanism

The GEOS-Chem benchmark mechanism version 10-01 includes chemistry for bromine and
chlorine but lacks chemistry for iodine. We added two iodine mechanisms into GEOS-Chem: 1) a
compact iodine mechanism developed by Ramboll Environ under TCEQ project FY2016-17 and
2) a mechanism recently described by Sherwen et al. (2016).

2.2.1 GEOS-Chem Benchmark Chemistry

The Benchmark mechanism is a standard mechanism in GEOS-Chem version 10-01.includes the
Unified Tropospheric—Stratospheric Chemistry Extension (UCX; Eastham et al., 2014) and the
updated secondary organic aerosol (SOA) chemistry. The UCX improves stratospheric chemistry
but does not track SOA species (more information on the UCX is provided below). The SOA
mechanism only treats tropospheric chemistry and does not include iodine species. In previous
GEOS-Chem simulations, the SOA mechanism was often selected to provide SOA BCs to regional
models. The benchmark mechanism combines reactions from these two mechanisms.

2.2.1.1 UCX Stratospheric

This module is only available in GEOS-Chem version 9-02 or later. The UCX version of GEOS-
Chem uses the model’s existing gas-phase chemistry in the troposphere, but extends the model
to use an adapted version of the stratospheric chemistry of NASA’s GMI model above the
troposphere and below 0.1 hPa, the approximate pressure of the stratopause. The UCX version
of the GMI stratospheric chemical mechanism was updated by Eastham et al. to be consistent
with the 2011 JPL Chemical Kinetics and Photochemical Data Evaluation (JPL-10-06; Sander et
al., 2011). Eastham et al. added 28 species and 104 kinetic reactions beyond what is in the
standard GEOS-Chem model’s tropospheric chemistry mechanism (Eastham et al., 2013). There
are eight additional heterogeneous reactions and 34 additional photolytic decompositions. The
UCX stratospheric chemistry includes full ozone chemistry of NOx, CIOx, BrOx, HOx and is
outlined in Figure 2-1.

There are a number of enhancements in the UCX relative to the standard GEOS-Chem
chemistry (prior to version 10) that reflect differences in stratospheric and tropospheric
chemistry:

e The UCX contains an extension (FAST-JX> v7.0a) of the Fast-J photolysis scheme used in the
standard version of GEOS-Chem. Fast-JX treats photolysis at shorter wavelengths than Fast-
J so that wavelengths relevant to stratospheric photolysis are included in the model.

e The standard version of GEOS-Chem does not model atomic oxygen species explicitly
because their lifetimes are very short; they are treated as intermediate species only.
Because atomic oxygen species are important in stratospheric chemistry, the UCX treats
oxygen atoms in two electronic states, O(*P) and O('D), as explicit species. Ground state
atomic hydrogen (H) and nitrogen (N) are also modeled explicitly.

> http://wiki.seas.harvard.edu/geos-chem/index.php/FAST-JX_v7.0_photolysis_mechanism
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e FEastham et al. updated GEQOS-Chem'’s gas phase chemistry mechanism to include more
detailed treatments of bromine and chlorine chemistry and also added heterogeneous
halogen chemistry.

e The UCX can simulate polar stratospheric clouds (PSCs) and background liquid binary sulfate
(LBS) aerosols that are not modeled in the standard version of GEOS-Chem.

e With the new stratospheric chemistry implemented in the UCX, additional emissions and
boundary conditions were required. In the UCX, a single surface layer mixing ratio
boundary condition is used for N,O, chlorofluorocarbons (CFCs), hydro chlorofluorocarbons
(HCFCs), halons, carbonyl sulfide (OCS) and long-lived organic chlorine species. The standard
version of GEOS-Chem simulates emissions of biogenic bromine species, and this treatment
is carried through to the UCX.

UCX Stratospheric Chemistry

Catalytic
02 loss

~\
BroMO CIONO

Gravitational
settling

Release of
active
species

I TROPOPAUSE

SOURCE

Figure 2-1. lllustration of the UCX scheme for stratospheric ozone available in GEOS-Chem.®

Because the UCX is not applied higher in the atmosphere than 0.1 hPa, the chemistry of the
mesosphere is not simulated explicitly. Instead, a relaxation to climatology similar to the
scheme used for the stratosphere in the standard version of GEOS-Chem (Murray, 2012) is used
above 0.1 hPa. This prevents the spurious accumulation in the stratosphere of species that have
sinks above the stratopause.

® Abbreviations used in Figure 2-1 are: PSC, polar stratospheric clouds; LBS, liquid binary sulfate aerosols; O('D),
oxygen atoms in the singlet D excited electronic state. Source: Weisenstein et al., 2013.
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We ran a 6 month spinup period before the beginning of 2012. GEOS-Chem UCX requires at
least 5 year spin-up due to the slow rate of circulation in the stratosphere relative to the
troposphere. The UCX developer (Sebastian Eastham) provided UCX initial conditions (ICs) that
already satisfy the 5-year spin-up requirement.

2.2.2 lodine Chemistry
2.2.2.1 Compact lodine Mechanism

We implemented a compact halogen mechanism for CAMx (referred to as I-16b in Yarwood et
al., 2016) plus four additional photolysis reactions for emitted iodine species. The CAMx
compact halogen mechanism was recently developed under TCEQ Project FY#16-17 to improve
speed in modeling ozone transported into Texas from the Gulf of Mexico (Yarwood et al., 2016).
The project identified a sub-group of iodine-related reactions that are consistently the key
drivers of ozone depletion across a range of iodine emission and developed a compact 16-
reaction mechanism with 9 inorganic iodine species (I-16b mechanism).

Table 2-1. Lists of reactions included in the compact iodine mechanism.

Reactions (130) Note
10+NO2=INO3 I-16b
INO3=I+NO3 I-16b
INO3+H20=HOI+HNO3 I-16b
12=2| I-16b
HOI=I+OH I-16b
1+03=I0 I-16b
10=I+0 I-16b
10+10=0.41+0.4010+0.61202 I-16b
10+HO2=HOI I-16b
10+NO=I+NO2 I-16b
o][e] I-16b
0I0+0H=HI03 I-16b
0OI0+I0=IX0Y I-16b
0OI0+NO=I0+N0O2 I-16b
1202=1+010 I-16b
1202+03=IX0Y I-16b
CH3l= |+ CH202 New photolysis reaction
CH2I12=21+ CH2 New photolysis reaction
CH2ICI =1+ CH2CI New photolysis reaction
CH2IBr =1+ CH2Br New photolysis reaction

2.2.2.2 Full lodine Mechanism

The science of halogen chemistry in GEOS-Chem has evolved quickly. Parrella et al. (2011) first
presented a bromine scheme in GEOS-Chem and its effects on oxidants. Eastham et al. (2014)
added a stratospheric bromine and chlorine scheme as currently presented in the UCX
mechanism. Recently, Sherwen et al. (2016) incorporated an iodine scheme in the troposphere
and found the about 5 ppb decrease of annual mean surface ozone over the Gulf of Mexico by
iodine and bromine. The same group is currently coupling their iodine scheme with chlorine
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and bromine to investigate the tropospheric impacts of halogens. These recent mechanisms
with iodine are not available in any released version of GEOS-Chem.

In this project, we incorporated iodine reactions described in Sherwen et al. (2016) which has
29 gaseous reactions, 14 photolysis rates, and seven heterogeneous reactions (Figure 2-2). We
refer to this scheme as ‘full iodine mechanism’. We excluded heterogeneous reactions that
allow iodine cycling back to the atmosphere (reactions K2-K4 in Sherwen et al.) due to their
small contributions to ozone burden (less than 1%). The full mechanism differs from the
compact mechanism in that it includes 1) interactions between Br and |, 2) explicit treatment of
IxOy, and 3) heterogeneous uptakes of iodine species. Both mechanisms include the largest
contributors to ozone depletion, i.e., 10 + HO2 = HOI, OIO photolysis, and 10 + NO2 = IONO2
(Yarwood et al., 2016). Based on results from this study we believe that the most important
differences between the full and compact iodine mechanisms are in the representation of
iodine removal from the gas-phase by formation of aerosol.

jé?x\, ]\
( oo . /N, , ‘/—HOI\ /N ( H‘\/} v
N/ S/ 083 015, 09
A i
—'/"r\.’/ 'QL"K—! W) R
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Figure 2-2. Schematic representation of iodine and bromine chemistry for the simulation
“Br+1"’.

2.3 Meteorology

There are multiple meteorology options in GEOS-Chem. The 2012 and 2017 runs were
simulated using meteorology from the 2011 and 2012 Goddard Earth Observing System Model,
Version 5 (GEQS-5). Each run simulated a 1.5-year period with the first half year considered a
spin-up period to limit the influence of the assumed initial concentrations. Although a newer

7 Average global annual mean burdens (Gg 1) are shown below key Iy species, with fluxes (Tg | yr-1) shown on
arrows. Red lines, photolysis; blue lines, chemical pathways; green lines, emission source; orange lines,
heterogeneous pathway; purple lines, depositional pathway. [Source: Sherwen et al., 2016a]

10
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version of meteorology is available (i.e., GEOS-FP?), it does not cover our entire modeling
period.

2.4 Emissions

2.4.1 Emission Inventories Available in GEOS-Chem

The CONUS emissions were based on the National Emissions Inventory 2011 (2011 NEI)
available in GEOS-Chem®. The non-CONUS emissions were based on the Emissions Database for
Global Atmospheric Research (EDGAR)™ and the Reanalysis of the TROpospheric chemical
composition between 1960 and 2000 (RETRO)'! inventory. The RETRO inventory is the default
VOC inventory in GEOS-Chem whereas EDGAR version 4.2 is the default inventory for NOx, SO,
and CO.

Other global emission inventories available in GEOS-Chem include:

e MIT Monthly mean aircraft emissions for a baseline year of 2005%%;
e SO, shipping emissions from the ARCTAS®;
e CO and NOXx shipping emissions from ICOADS™;

e Anthropogenic ammonia (NH3) emissions from the Global Emission Inventory Activity (GEIA)
database for a baseline year of 1998 for biofuel sources and 1990 for the rest (Benkovitz et
al, 1996);

e Yevich & Logan (2003) inventory for Non-US biofuel emissions;

e Biomass burning emissions based on the Global Fire Emissions Database (GFED) version 4
(monthly emissions are available for 1998-2014, daily and 3-hourly temporal profiles from
the most recent year (2011) are applied);

e TamiBond et al (2007) inventory for biofuel emissions of black carbon and organic carbon;

e Natural emissions (i.e., short-lived bromo-carbon, volcanic SO,, biogenic VOCs, soil NOx,
sea-salt aerosol, oceanic DMS);

e Methane concentrations are defined in GEOS-Chem based on measurements from Climate
Monitoring and Diagnostics Laboratory (CMDL) (Dlugokencky et al., 2012).

2.4.2 Data Sources for Emission Projections
2.4.2.1 U.S. emission projections

The 2012 emissions use NEI scaling factors available in GEOS-Chem to scale NEI2011 emissions
to other years within the period 2006—2013. The factors are from EPA’s national-level emissions

® http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-FP

® http://wiki.seas.harvard.edu/geos-chem/index.php/EPA/NEI11_North_American_emissions
1% http://edgar.jrc.ec.europa.eu/index.php

" http://retro.enes.org/data_emissions.shtml

12 http://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/AEIC/v2014-10/README

3 http://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/ARCTAS_SHIP/v2014-07/README
14 http://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/ICOADS_SHIP/v2014-07/README
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trends™. The NEI2011 was scaled to 2017 based on TCEQ’s 2012 to 2017 projections in the
TCEQ 36 km domain for all pollutants. Table 2-1 summarizes national scaling factors used in this
study.

Table 2-2.  Projection factors for US NEI emissions

Species | 2011 | 2012 | 2017

co 1| 0981 0.824
NOx 1| 0.939| 0.729
PM,s 1| 0.995| 0.979
s02 1 0.8 | 0.610
vOC 1| 0.986| 0.898
NH3 1| 0.999| 0.989

2.4.2.2 Emissions Database for Global Atmospheric Research (EDGAR)

The EDGAR (European Commission, 2011) inventory version 4.2 is the default global inventory
in GEOS-Chem for NOx, SO, and CO. Many global air quality modeling efforts for ozone and
aerosols have relied on the EDGAR data base. The inventory is resolved by country, as well as
on 1 degree by 1 degree grid, and available from 1970-2005.

2.4.2.3 Representative Concentration Pathway (RCP85) Database

The RCP data®® serve as input for climate and atmospheric chemistry modeling as part of the
Intergovernmental Panel on Climate Change (IPCC) process and other global modeling studies.
There are four RCP scenarios available and the RCP85 scenario (Riahi et al., 2007) has the least
aggressive emission reductions over the period 2000-2100 and therefore is most likely to
represent actual emissions to the time horizon of this project (out to 2017). Anthropogenic
emissions in this database are available at a regional level (5 regions total) covering the entire
World, and gridded with 0.5x0.5 degree resolution. The RCP85 scenario was used to develop
projections from the baseline years (varying by source types) to years 2012 and 2017.

2.4.3 Emission Projection Results

Anthropogenic emissions were adjusted outside of GEOS-Chem using emission projection
factors developed for five World regions (Figure 2-1).

15 https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data
'8 https://tntcat.iiasa.ac.at:8743/RcpDb/dsd?Action=htmlpage&page=welcome
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Legend

Country [l ~sa | tam [l mar | | oecoeo [0 rer [ vs

OECD90 = Includes the countries who were members of the Organisation for Economic Co-operation and Development in 1990. Countries
included in the regions Western Europe (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Luxembourg,
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, United Kingdom), Northern America (Canada, United States of America)
and Pacific OECD (Australia, Fiji, French Polynesia, Guam, Japan, New Caledonia, New Zealand, Samoa, Solomon Islands, Vanuatu); the US is
treated separately in this project;

REF = Countries from the Reforming Economies region (Albania, Armenia, Azerbaijan, Belarus, Bosnia and Herzegovina, Bulgaria, Croatia,
Cyprus, Czech Republic, Estonia, Georgia, Hungary, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Malta, Poland, Republic of Moldova, Romania,
Russian Federation, Slovakia, Slovenia, Tajikistan, TFYR Macedonia, Turkmenistan, Ukraine, Uzbekistan, Yugoslavia);

ASIA = The countries included in the regions China + (China, China Hong Kong SAR, China Macao SAR, Mongolia, Taiwan), India + (Afghanistan,
Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, Sri Lanka) and Rest of Asia (Brunei Darussalam, Cambodia, Democratic People's Republic
of Korea, East Timor, Indonesia, Lao People's Democratic Republic, Malaysia, Myanmar, Papua New Guinea, Philippines, Republic of Korea,
Singapore, Thailand, Viet Nam) are aggregated into this region;

MAF = This region includes the Middle East (Bahrain, Iran (Islamic Republic of), Iraq, Israel, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi
Arabia, Syrian Arab Republic, United Arab Emirates, Yemen) and African (Algeria, Angola, Benin, Botswana, Burkina Faso, Burundi, Cote d'lvoire,
Cameroon, Cape Verde, Central African Republic, Chad, Comoros, Congo, Democratic Republic of the Congo, Djibouti, Egypt, Equatorial Guinea,
Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, Lesotho, Liberia, Libyan Arab Jamahiriya, Madagascar, Malawi, Mali,
Mauritania, Mauritius, Morocco, Mozambique, Namibia, Niger, Nigeria, Reunion, Rwanda, Senegal, Sierra Leone, Somalia, South Africa, Sudan,
Swaziland, Togo, Tunisia, Uganda, United Republic of Tanzania, Western Sahara, Zambia, Zimbabwe) countries;

LAM = This region includes the Latin American countries (Argentina, Bahamas, Barbados, Belize, Bolivia, Brazil, Chile, Colombia, Costa Rica,
Cuba, Dominican Republic, Ecuador, El Salvador, Guadeloupe, Guatemala, Guyana, Haiti, Honduras, Jamaica, Martinique, Mexico, Netherlands
Antilles, Nicaragua, Panama, Paraguay, Peru, Puerto Rico, Suriname, Trinidad and Tobago, Uruguay, Venezuela);

US = United States.

Figure 2-3. World regions used adjust emissions by year.
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The GEOS-Chem emissions for the CONUS were adjusted to represent 2012 and 2017 using
EPA’s NEI and TCEQ scaling factors described above. Wild fire emissions were excluded from
the projections. Emissions outside the CONUS were adjusted using projections from the RCP85.
Since the RCP85 data are only available at 5-10 year intervals (e.g., 2000, 2005, 2010, 2020,
etc.) emission projections were linearly interpolated from changes between the two nearest
available years.

Natural sources (i.e., volcanic SO,, biogenic VOCs, soil NOx, sea-salt, lightning NOx, mineral
dust) are calculated within GEOS-Chem as a function of local values of meteorological variables
(temperature, insolation, soil moisture, precipitation, wind speed, convective cloud tops).
Default GEOS-Chem procedures were applied to generate 2012 natural emissions. Since 2017
used the same meteorology as 2012, the 2017 natural source emissions are the same as 2012.

2.4.4 Anthropogenic Emission Summaries

A summary of the 2012 and 2017 base case emissions are shown in Table 2-3 and Table 2-4,
respectively. Spatial Quality assurance of the emissions projection conducted for the project
included the development of emission summaries before and after applying projection factors.
HEMCO emission diagnostic output files were inspected to ensure that the emissions were read
in correctly.

Table 2-5 lists the difference in emissions from 2012 to 2017. NOx, VOC, and CO emissions are
projected to increase in Asia and in the Middle East/Africa (MAF) between 2012 and 2017.
Emissions in the OECD90 countries (Western Europe, Northern America, and Pacific OECD),
including the US, are projected to decrease between 2012 and 2017. In the reforming
economies (REF) including Russia minor changes in NOx, VOC and CO emissions are expected
between 2012 and 2017. SO, from shipping emissions is expected to be lower in 2017 due to
improved fuel quality.

Table 2-3. Anthropogenic emissions by world region in 2012.

Emissions (MM Tons/year or MM Tons C/year)

Sources World Region co NOx SO, voC
Total Anthropogenic from NEI | US 48.1 12.9 5.7 9.0
Total Anthropogenic from ASIA 182.6 33.0 48.9 19.6
.EDGAR4..2/RETRO/.X|ao C2H6 LAM 133 ) 53 51
inventories (excluding
CO/NOx/SO, emissions) OECD90 49.0 17.4 11.3 17.2
(include US)
REF 19.6 6.9 9.9 7.2
Shipping World 1.1 18.9 12.6 0.0
Aviation World 0.9 2.0 0.2 0.2
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Table 2-4. Anthropogenic emissions by world region in 2017.

Emissions (MM Tons/year or MM Tons C/year)

Sources World Region co NOXx SO, vVOoC
Total Anthropogenic from NEI | US 40.4 10.0 4.4 8.2
Total Anthropogenic from ASIA 186.8 36.4 50.4 20.9
.EDGAR4.'2/RETRO/.X|a0 C2H6 LAM 247 6.0 2.9 )
inventories (excluding
aviation and shipping MAF 80.6 8.8 10.3 9.4
CO/NOx/SO, emissions) OECD90 43.8 15.5 9.5 15.5
(include US)
REF 19.1 7.4 9.0 7.5
Shipping World 1.2 18.9 9.3 0.0
Aviation World 0.9 2.2 0.3 0.2

Table 2-5. Changes in anthropogenic emissions in 2017 from 2012.

Emissions (MM Tons/year or MM Tons C/year)

Sources World Region co NOXx SO, VOoC
Total Anthropogenic from NEI | US -7.7 -2.9 -1.4 -0.8
Total Anthropogenic from ASIA 4.2 3.4 1.5 1.3
EDGAR4.2/RETRO/ Xiao C2H6 LAM 1.4 0.2 0.4 0.2
inventories (excluding
aviation and shipping MAF 7.8 1.0 0.7 0.5
CO/NOx/SO, emissions) OECD90 -5.2 -1.8 -1.8 -1.7
(include US)
REF -0.5 0.4 -0.9 0.3
Shipping World 0.0 0.1 -3.2 0.0
Aviation World 0.1 0.2 0.0 0.0

2.4.5 Halogen Emissions
2.4.5.1 Bromine emissions in GEOS-Chem

Sources of tropospheric bromine species include debromination of sea-salt aerosol, photolysis
and oxidation of very short lived (VSL) bromocarbons, and transport from the stratosphere.
There are three sources of bromine in GEOS-Chem:

1. Bromomethane (CH3Br) concentrations are defined in GEOS-Chem based on measurements
from Climate Monitoring and Diagnostics Laboratory (CMDL).

2. Emissions of VSL bromocarbons (CH,Br, and CHBr3) emitted from oceanic macroalgea and
phytoplankton are from Liang et al. (2010) and described in Parrella et al. (2012).

3. Sea-salt debromination follows Yang et al. (2005), treating the debromination as an emission of Br,,
constrained to measured bromide depletion factors relative to seawater for particles in the 1-10 um
diameter range.
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2.4.5.2 lodine emissions

2.4.5.2.1 Organic sources

Emissions from seawater of iodomethanes were estimated using the method of Ordodriez et al.
(2012) whereby emission rates are proportional to the water content of chlorophyll-a (units of
mg/m?). The MODIS satellite provides chlorophyll-a data with global coverage as monthly
averages, as illustrated in Figure 2-4 for June 2012. Note that the satellite does not provide data
for southerly latitudes in this month. We modified HEMCO source codes to read the satellite
chlorophyll-concentrations and calculate emission fluxes of halomethans. The halomethane
emission factors were calibrated to reproduce global annual emission budgets (Table 2-6).

Figure 2-4. Global sea water concentration of chlorophyll-a (mg/m3) in June 2012 from
MODIS satellite data'’. Note that chlorophyll-a also is detected in freshwater lakes.

Table 2-6. Global annual emissions of halomethanes.

Global Annual Flux
Compound Formula (Gg/year) Reference
lodomethane CH;sl 213 Bell et al., 2002
Diiodomethane CH,l, 116 Ordoiiez et al. 2012
Chloroiodomethane CH,ICI 234 Ordoiiez et al. 2012
Bromoiodomethane CH,IBr 87.3 Ordoiiez et al. 2012

2.4.5.2.2 Inorganic sources

We implemented the emission algorithms for inorganic iodine, specifically for HOIl and I,, that
were recently implemented by Prados-Roman et al. (2015) into a global chemistry model and
by Yarwood et al. (2016) into CAMXx. The algorithm is an in-line routine that responds to surface
layer ozone (Os) concentration, wind speed and sea surface temperature (SST).

Y7 ftp://ftp.as.harvard.edu/gcgrid/data/ExtData/CH EM_INPUTS/MODIS_LAI_201204/

16



July 2016 U XA EES ENVIRON

Prados-Roman et al. (2015) used the Community Atmospheric Model with Chemistry (CAM-
Chem) global chemistry-climate model (Lamarque et al., 2012) to quantify ocean emissions of
inorganic reactive iodine (Ix = HOI + 2xI,) resulting from tropospheric Os. They find that long
term O3 enhancement has increased Ix emissions and in turn accelerated chemical loss of Os
over the oceans in a negative feedback loop. Following the parameterization developed by
Carpenter et al. (2013), CAM-Chem estimates Ix emissions according to:

[ [1z,] |
E(HOI) = [05] x [4.15 x 10° T- (20'6) —2.36 x 10* /[ng]

w w

E(ly) = [05] X [Iz,] "~ X (1.74 x 10° — 6.54 X 108 Inw)

where the units of £ are nmol/m?/day, w is wind speed (m/s), [Os] is surface ozone
concentration (ppb), and [/ 4¢] is aqueous iodide concentration (mol/dm?). Sea surface
temperature (SST, K) is used as the basis for estimating [/'44] (MacDonald et al.,2014):

—9134
[Iz4] = 1.46 x 106¢("ss)

Yarwood et al. (2016) reported strong sensitivity of Ix emissions to SST and wind speed and that
HOI represents 91-99% of the total Ix emissions flux.

2.5 Implementation of I-species

Incorporation of I-chemistry requires a modification of several GEOS-Chem codes and interfaces
Major modification steps include:

Adding new tracers and chemical reactions:

e Assigned specific tracer identification number and molecular weight for new I-species and
increased total number of tracers in GEOS-Chem.

e Updated the restart file to include new I-species.

e Incorporated new photochemical, bimolecular, termolecular, and heterogeneous reactions,
which required updating the master chemical mechanism and updating the Kinetic
PreProcessor (KPP) chemistry solver files.

e Defined absorption cross-section and quantum yield values for each photochemical
reaction.

e Defined reactive uptake coefficients for heterogeneous reactions.

e Defined Henry’s constant and molar heat of formation required for wet and dry deposition
for I-species.

e Added new I-species as diagnostics in order to store concentrations and fluxes to an output
file.
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Adding oceanic emissions of I-species:

e Modified HEMCO emissions interface to calculate in-line organic and inorganic iodine
emissions as a function of various parameters described in Section 3.4.5.

e Downloaded and integrated MODIS chlorophyll-a concentrations data
e Modified HEMCO source codes to read-in and store chlorophyll-a data

e Added emitted I-species as diagnostics, which required code modifications at the GEOS-
Chem/HEMCO interface level.

e Customized HEMCO diagnostic file to store I-species emissions in an output file

18
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3.0 MODELING RESULTS

The iodine mechanisms described in Section 3.2.2 were integrated with the benchmark
mechanism in GEOS-Chem version 10-01 and tested using the 2012 meteorology. We first
compared and discussed the ozone impacts by I-chemistry below.

3.1 Comparison of the full and compact I-chemistry

We first compare ozone results from two iodine mechanisms — full and compact — to the
baseline simulation that has no iodine chemistry. All simulations include bromine chemistry
that is part of the benchmark mechanism.

I-chemistry reduces ozone across the CONUS domain (Figure 3-1). Reductions are larger over
oceans and tending to be larger at lower latitudes where stronger sunlight enhances
photochemistry and warmer water emits more HOI. The full I-chemistry reduces peak daily
maximum 8-hour average (MDAS8) ozone in August by up to15 ppb, while the condensed
mechanism indicates decrements of up to 7 ppb. Ozone depletion from the two mechanisms
has very similar spatial patterns. The full I-chemistry predicts higher |0 concentrations than the
condensed mechanism (Figure 3-2) which is consistent with generally slower iodine removal in
the full I-chemistry. lodine is removed by conversion to aerosol and the two mechanisms treat
this process very differently, with iodine removal being controlled by aerosol processes in the
full mechanism but by reactions of small iodine molecules with ozone in the condensed
mechanism. Measurements of 10 over the Gulf of Mexico are needed to constrain the iodine
chemistry and emissions.

The iodine test simulations used MERRA meteorology because it was suggested by the model
developers for simulating 2012 and 2013 together with a single source of meteorology. During
the course of this study, a publication from the Harvard group (Travis et al., 2016) showed that
GEOS-Chem with GEOS-FP meteorology performed well against ozone and NOx vertical
observations measured over the Gulf of Mexico during SEAC4RS field campaign. However, the
GEOS-FP has only become available as of April, 2012. Due to the resource constraints we did
not conduct the 2013 simulation. Our 2012 base case modeling used the GEOS-FP’s
predecessor, GEOS-5, which was also used in the previous TCEQ GEOS-Chem modeling. The
base case results are discussed in the next section.
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Figure 3-1. Difference in the highest MDA8 ozone in August, 2012 (left and right) due to
oceanic emissions and reactions of iodine compounds (with iodine — without iodine) from
compact I-chemistry simulation (left) and full I-chemistry simulation (right).
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Figure 3-2. Average monthly 10 concentrations in August, 2012 from full I-chemistry
simulation (top left), condensed I-chemistry simulation (top right) and difference from
compact chemistry (full - compact; bottom).
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3.2 2012 Model Results

We compare peak MDAS8 ozone between this study and the previous TCEQ’s 2012 GEOS-Chem
simulation (see Figure 3-3). Both simulations are based on GEOS-5 2012 meteorology. The
current base case simulation included halogen chemistry with full I-chemistry described in
Section 3.2.2.2. Monthly peak MDAS8 ozone is mostly lower in the Pacific Ocean and near the
southern lateral boundary of the TCEQ's CAMx CONUS domain. Inland ozone is higher in the
current simulation, up to 37 ppb in the eastern US. Higher ozone in the Atlantic Ocean is likely
associated with outflow from inland. Small ozone reductions in the Gulf of Mexico (less than 4
ppb) imply that ozone depletion by halogen chemistry is offset by higher ozone production. The
current simulation is biased high over land showing more than 90 ppb of peak MDAS across the
eastern US during summer months.

Several factors could be contributing to higher ozone in these 2012 GEOS-Chem simulations
than in our previous simulations for TCEQ. Several improvements have been made to GEOS-
Chem such as updated isoprene chemistry, more recent US NEI, and others as described in
Section 3.1. The updated isoprene chemistry was reported to increase ozone in the Eastern US
by 3-5 ppb, but this could be compensated by other updates such as bromine and HO2
chemistry (Mao et al., 2013). We used hourly US anthropogenic emissions from the 2005 NEI in
the previous study and the 2011 NEI in the current study, and adjusted to 2012 using national
annual scaling factors. The NOx emissions agree within 10% (12.9 compared to 11.7 MM
Tons/year). VOC emissions are 70% higher in the current study partly due to oil & gas emissions
not included in the 2005 NEI. Higher VOC emissions are not likely the cause of high ozone biases
because the eastern US is mostly NOx-limited. Harvard’s GEOS-Chem simulation using the same
2011 NEl inventory also found high surface ozone biases and concluded that the model biases
over the south-eastern US may be due to a combination of excessive NOx emissions and
excessive boundary layer vertical mixing (Travis et al., 2016). Specifically, they concluded that
the NEI NOx is 50% too high in the Southeast and nationally.

Recent studies have shown that GEOS-Chem over-estimated lightning NOx emissions which
contribute to ozone enhancement in the Southwest (Zhang et al., 2014) and in the Gulf of
Mexico (Travis et al., 2016). The papers demonstrate that treating the lightning NOx yield below
23°to 32° N as tropical (250 mol/flash) rather than extratropical (500 mol/flash) helped
improve model ozone performance. This suggested model modification is not included any
released versions of GEOS-Chem.

Despite the high bias inland for the new simulation, comparison of the simulated vertical
distributions of ozone against observations at Trinidad Head is reasonable (see Figure 3-4).
Trinidad head (41.0541°, -124.151°) is a remote site along the northern coast of California.
Because of its location, measurements at this site provide an assessment of ozone entering the
US with prevailing winds from the Pacific Ocean and so they are usefull to evaluate global
models.

GC reproduces the strong gradient in ozone above the tropopause with high ozone
concentrations (several ppm) in the lower stratosphere which indicates that the UCI chemical
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mechanism is describing the chemistry of the lower stratosphere well. This is important
because the CAMXx top boundary at ~15 km is often in the lower stratosphere. Ozone
concentrations entering CAMx through the top boundary should be described well.

In the free troposphere (~1 to ~10 km) GC performance is variable with over and under-
predictions depending upon month. An exception is consistent underprediction of ozone
between ~1 and 5 km in May to July. Ozone from this height range in the CAMx western BCs
can be transported over the Rocky Mountains and influence ground level in the central US
(Baker et al., 2015) so this low bias in GC might cause a tendency for CAMx to under-predict the
influence of BCs on ozone in Texas during May to July, 2012.

In the marine boundary layer (< 1 km) GC tends to underpredict a consistent observed gradient
toward lower ozone at the surface. Potential causes are too little ozone deposition to the
ocean, too little chemical destruction of ozone in the marine boundary layer by halogen
chemistry, too strong vertical mixing, or a combination of factors. GC bias over the Pacific ocean
will not influence Texas because this air is blocked effectively by western mountain

ranges. However, if the same problem(s) occur over the Gulf and Atlantic they would influence
Texas.
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Figure 3-3. Maps of the monthly maximum 8-hour ozone in the 2012 base case from the current study (left), previous TCEQ's
2012 GEOS-Chem simulation (middle), and their differences (right).
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Figure 3-4. Monthly (May-August) average vertical concentration profiles of ozone at
Trinidad Head up to 30 km (left) and zoom-in 10 km (right).

3.3 Analysis of 2017 with 2012 meteorology

GEOS-Chem was run with full I-chemistry to look at ozone in the 2017 future year. Meteorology
was the same as 2012 (i.e., GEOS-5) and emissions were scaled to 2017. Natural emissions
(e.g., biogenic, fire, LNOx, and etc.) are constant from 2012. We compare peak MDAS8 ozone
between the 2017 and 2012 base case simulations. The monthly peak MDAS8 ozone
concentrations from the 2017 simulation and comparison to the 2012 simulation are shown in
Figure 3-5.

Peak MDAS8 ozone is lower in 2017 compared to 2012 across the US due mainly to a reduction
of US NOx emissions (22%). Differences between 2012 and 2017 are greatest in the
southeastern US (up to 8 ppb). Smaller ozone reduction in the west is because the US
contribution to total ozone is smaller in the west than the east. Smaller US contribution in the
west is due to a combination of higher background ozone and lower emission density on
average. Background ozone is expected to be higher in 2017 due to more emissions of ozone
precursors originating from Asia in 2017 compared to 2012, NOx emissions in Mexico only
increase by 3%, thus their contributions to ozone changes are minor.
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Figure 3-5. Maps of monthly maximum 8-hour ozone in the 2017 base case (left) and their
differences from the 2012 base case (right) in the TCEQ 36 km domain.
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4.0 SUMMARY AND RECOMMENDATIONS

Ramboll Environ implemented iodine emissions and chemistry in the GEOS-Chem global model
that TCEQ uses to derive CAMx BCs to improve accuracy in modeling ozone transported into
Texas from the Gulf of Mexico. The updates were implemented in the latest version of GEOS-
Chem (10-01) which has bromine and chlorine chemistry. We conducted GEOS-Chem
simulations with halogen chemistry for a base year, 2012, and a future year, 2017, with 2012
meteorology.

This study implemented iodine emissions within GEOS-Chem. lodine emission rates from
organic sources are proportional to the water content of chlorophyll-a. Inorganic iodine
emissions depend upon surface layer ozone concentration, wind speed and sea surface
temperature (SST). Both emission pathways are consistent recent iodine implementation in
CAMXx. CHsl emissions from paddy field sources were not included in this work. These sources
contribute about 25% to global CHsl concentrations (Sherwen et al., 2016), although they are
less important in North America.

We incorporated two iodine mechanisms into GEOS-Chem: 1) a compact iodine mechanism
available in CAMx and 2) a full mechanism described by Sherwen et al. (2016). Both
mechanisms reduce ozone across the CONUS domain with larger reductions over oceans. The
full I-chemistry reduces peak MDAS8 ozone in August more than the compact mechanism up to
5 ppb in the Gulf. The full I-chemistry is selected for the base case modeling.

The 2012 model results show lower peak MDA8 ozone over water bodies compared to the
previous TCEQ's GEOS-Chem 2012 simulation. However, the model exhibits high ozone bias
across the eastern US. Small ozone reductions of less than 4 ppb in the Gulf of Mexico suggest
that ozone depletion by halogen chemistry is offset by higher ozone contributions from inland.
Peak MDAS8 ozone is lower in 2017 compared to 2012 across the US due mainly to a reduction
of US NOx emissions.

4.1 Recommendations

Below, we summarize recommendations arising from this study:

e The full iodine chemistry reduces more ozone in the Gulf of Mexico than the compact iodine
chemistry. Comparison to measurements of 10 at Galveston would be useful for validating
models.

e High ozone bias over land in the US should be further examined. Higher inland ozone
concentrations compared to previous TCEQ's GEOS-Chem modeling have degraded model
performance and may be partially offsetting ozone depletion by halogen chemistry
introduced in this work.

e Future GEOS-Chem modeling should modify lightning NOx yield as described by Zhang et al.,
2014 and Travis et al., 2016.
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