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1. Statement of the Problem

Surface ozone (O3) at any given location can be conceptually considered to be the sum of that
produced locally added to a ‘regional background’ transported into the area by the large-scale
winds. Both the locally-produced and background ozone are affected by large-scale circulations
through complex dynamical, physical, and chemical processes. Previous studies (Nielsen-
Gammon et al., 2005a; 2005b; Rappenglick et al., 2008; Tucker et al., 2010; Berlin et al., 2013)
have demonstrated the impact of large-scale circulation and associated meteorological factors on
surface ozone concentrations and ozone exceedances in the Houston-Galveston-Brazoria (HGB)
area, which was classified in 2012 as a “marginal” nonattainment zone for O3 by the U.S.
Environmental Protection Agency (EPA) under the 2008 standard (TCEQ, 2012). Given that
National Ambient Air Quality Standards (NAAQS) for ground-level ozone have become
increasingly stringent, it is important to understand and quantify the extent to which the
variability in surface ozone concentrations and nonattainment statistics over HGB is associated
with the variability in large-scale circulations.

The Bermuda High is a key driver of large-scale circulation patterns in Southeastern Texas in
summer (Figure 1) (Davis et al., 1997). There are two mechanistic linkages between the
Bermuda High (BH) and surface ozone in HGB: first, the west extension of the BH defines the
strength of low-level jet (LLJ) of southerly flows that bring marine air with lower ozone
background from the Gulf of Mexico (Higgins et al. 1997); second, the high pressure system
allows for clear sky and warm temperature conditions that are favorable for local production of
ozone. It has been suggested that the late summer maximum of surface ozone in HGB can be
explained by a decrease in the strength of LLJ resulting from the reduced intensity of the BH in
later summer (Nielsen-Gammon et al., 2005a).



Given the underlying mechanism of BH influencing maritime background O3 in HGB, it is
tempting to explore the observational records for any relationships between BH and O3. Indeed,
Zhu and Liang (2013) has revealed a moderate-to-strong negative correlation between summer
interannual anomalies of the BH intensity and maximum daily 8-h average for ozone (MDAS)
over HGB during the period of 1993-2010 and applied that correlation to evaluate regional
climate models. However, there has been no attempt to derive a quantitative relationship of
predictability power between the variability of BH and surface O3 concentrations over HGB.
Such a relationship will serve as a policy-aiding analytical tool to understand the interannual
variability of ozone nonattainment statistics over HGB attributable to that of large-scale
circulations.

It is a known problem that the GEOS-Chem global chemical transport model (CTM), like many
other global models, has a tendency to overestimate ozone at Gulf Coast sites in summer during
onshore flow from the Gulf of Mexico (Li et al., 2002; Fiore et al., 2002; Reidmiller et al., 2009;
Zhang et al., 2011; McDonald-Buller, 2011). Since the regulatory models of Texas Commission
on Environmental Quality (TCEQ) adopt boundary conditions from the GEOS-Chem global
CTM, they are subject to the same deficiency. While inadequate marine boundary layer
chemistry has been attributed as one possible explanation for the high bias in the global models,
this bias can be also caused by insufficient representation of the dynamic linkage between BH
and ozone inflow to HGB (Fiore et al., 2002). The observation-derived, quantitative relationships
between BH and HGB 0zone can be used as a mechanistic basis to design a bias correction
scheme in the GEOS-Chem global CTM to improve its simulation of background O3 associated
with maritime inflow to HGB. The proposed bias correction to GEOS-Chem will benefit the
regulatory model at TCEQ through improving boundary conditions at the Gulf of Mexico model
domain.
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Figure 1. Climatological sea level pressure (SLP; hPa) with the center of the Bermuda High
labeled (adopted and modified from Figure 1a of Zhu and Liang, 2013).

2. Objective

The objectives of the project are: (1) to establish statistical relationships from historical
observations to quantify the impact of the BH variations on the variability of MDA8 O3 in HGB



during the ozone seasons; (2) to apply the observation-derived relationship to improve the
GEOS-Chem simulation of background ozone inflow from the Gulf of Mexico through
development of a bias correction scheme.

3. Tasks

Task 1. Characterize the effects of BH on surface O3 variations in HGB

We will analyze the more than decade-long observational record of surface O3 and meteorology
(1998 — 2013) during the ozone season (May 1 — October 31) to characterize the complex effects
of the BH on surface O3 variations in HGB. Surface ozone concentrations over HGB have been
routinely monitored at continuous ambient monitoring stations (CAMS) maintained by TCEQ
and the data will be downloaded through the TCEQ website
(http://www.tceq.state.tx.us/agency/data/ozone _data.html). Figure 2 shows the distributions of
these CAMS sites over HGB. We will obtain MDAS8 O3 at the individual sites for ozone season
days (May — October) from 1998 to 2013, which will then be aggregated at the monthly,
seasonal, and interannual time scales. The ozone nonattainment statistics under the 2008
NAAQS will be compiled at the monthly, seasonal, and interannual time scales by sites.
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We will analyze a variety of meteorological factors relating to large-scale atmospheric
circulation patterns, including sea level pressure (SLP), winds, temperature, relative humidity
(RH), precipitation, etc. These meteorological variables will be obtained from a number of
reanalysis data and complemented by weather observation data from the Integrated Surface
Database from the National Climatic Data Center (NCDC)
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(http://www.ncdc.noaa.gov/oa/climate/isd/). The reanalysis data include Modern Era
Retospective-analysis for Research and Applications (MERRA), National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis
1, NCEP North America Regional Reanalysis, and European Centre for Medium Range Forecast
Re-analysis Interim (ERA-Interim). Available datasets and references are summarized in Table
1. Because spatially extensive ozone observations have a shorter record than the meteorological
data, the time period of analysis is from 1998 to 2013 and will be restricted to the ozone season
days (May 1 to Oct 31) in each year.

Several indices have been used in the literature to define the intensity of the BH (Stahle and
Cleaveland, 1992; Ortegren et al. 2011, Li et al. 2011; Zhu and Liang, 2013). The majority of the
existing BH indices (BHI) are defined on the basis of SLP differences between two locations,
one near New Orleans and the other near Bermuda, with their exact locations varying among
studies. Zhu and Liang (2013) proposed a new BHI as the difference in regional-mean SLP
between the Gulf of Mexico and the southern Great Plains. We will first adopt the existing BHIs
in this project to test their utility.

Since the existing BHIs are not designed for the purpose of understanding the influence of BH on
Texas air quality, we will propose new BHIs of better relevance to Texas air quality. The new
BHIs will (1) use SLP in proximity to HGB as a reference point in calculating pressure
difference, (2) incorporate a representation of the locations of the BH center and the west edge of
the BH, and (3) consider the LLJ strength and location. As an example, Figure 3 shows June SLP
and 10-m winds over the southern US and Gulf of Mexico for the long-term mean from 1998 to
2013 (3a) and two specific years: 2005 (3b), 2010 (3c). Data are from the MERRA reanalysis.
Corresponding to the different location and strength of the BH between 2005 and 2010, there are
significant differences between the two years in the location of the BH’s west edge and center,
onshore wind speeds and wind directions over HGB. All these factors will be considered in our
proposed BHIs. Figure 4 compares the mean 0zone concentrations at several sites over HGB
between June of 2005 and 2010, which show significant differences between them.

For ozone, we will consider a number of metrics of MDA8 O3 over HGB including but not
limited to: mean, median, 5th-percentile, 95th-percentile, and nonattainment hours under the
2008 NAAQS standard (75 ppbv). These MDAS8 metrics will be calculated on different time
(monthly, seasonal, and interannual) and spatial scales (all sites, urban sites, rural sites, upwind
and downwind sites of Houston). To remove the influence of trends in anthropogenic emissions
over HGB on the interannual variability of ozone, the MDA8 O3 metrics will be detrended and
deseasonalized by subtracting the 30-day moving averages from the original daily data (Tai et
al., 2010). We will test the correlations of individual BHIs or a subset of BHIs with different
MDAS8 O3 metrics over HGB. The set of BHIs which show the strongest correlations to MDAS8
metrics will be selected as the dependent variable to construct the statistical relationship to be
accomplished in Task 2.
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Figure 3. June SLP (hPa) and 10-m winds (m/s)
for (a) the long-term mean, (b) 2005, and (c) 2010.
Data are from MERRA reanalysis.

Table 1. Selected datasets to be used in this project.

2005

Figure 4. Surface ozone concentrations (ppbv) in
June (a) 2005 and (b) 2010 at selected sites over
HGB.

Data Type Dataset Temporal Reference and additional notes
coverage
Surface_03 TCEQ plrggesr-lt http://www.tceq.state.;thisr}/]?qency/data/ozone dat
observations temporal resolution: hourly and daily for MDA8
NOAA Global 1929- www.ncdc.noaa.gov/oa/climate/ghcn-daily
Historical Climatology present temporal resolution: daily
Meteorology Network (GHCN) daily
observations products
National Climatic Data 1929- http://www.ncdc.noaa.gov/oa/climate/isd/
Center (NCDC) present temporal resolution: daily
MERRA reanalysis 1979- http://gmao.gsfc.nasa.gov/research/merra/
present spatial resolution: 0.5° x 0.667°
ERA-Interim 1979- http://apps.ecmwf.int/datasets/
Reanalysis reanalysis present spatial resolution:0.5°x 0.5°
products NCEP North American 1979 http://rda.ucar.edu/datasets/ds608.0/
Regional Reanalysis -present spatial resolution: ~32 km
NCEP/NCAR 1948- http://nomad3.ncep.noaa.gov/ncep_data/
Reanalysis | present spatial resolution: 2.5°x2.5°
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Task 2. Develop the statistical relationship between ozone and BH

We will apply a multiple linear regression (MLR) model (Kutner et al., 2004; Tai et al., 2010) to
construct the statistical relationship between MDAS8 and BHIs selected from Task 1 on the basis
of the historical data compiled from Task 1. This relationship is referred to as O3-BHI
relationship in short. The MLR is a statistical technique that has been commonly used in air
quality and climate studies. Since our focus is on synoptic-scale variability, all the MDA8
metrics, BHI, and other meteorological variables will be deseasonalized and detrended in the
same way.

The model is of the form:
y = Bo + BguXpy + other meteorological variables + interaction terms (1)

where y is the deseasonalized and detrended MDAS8 O3 over HGB, xgy is a set of BHIs
representing the location, strength and other characters of the BH that are determined from Task
1 (deseasonalized and detrended), £ is the vector of the regression coefficients, and f is the
intercept. The other meteorological variables and interaction terms are added for the purpose of
sensitivity tests (to be described below). The regression will be done stepwise to add and delete
terms based on Akaike Information Criterion (AIC) statistics to obtain the best model fit
(Venables and Ripley, 2003).

MLR will be employed to first estimate the effects of BHIs on MDA8 O3 over HGB,; that is,
without the last two terms on the right-hand side of Equation 1. We will use regression splines (a
non-linear smoother) to determine if the O3-BHI associations are approximately linear or linear
above a threshold. If exploratory analysis suggests reasonable linear associations, we will replace
a smoother term by a linear term in the model; if exploratory analysis suggests reasonable linear
associations above a threshold, we will determine the optimal threshold first by using AIC, a
measure representing the goodness of model fitting, and then include a linear-threshold term in
the model (Atkinson et al., 2012).

Sensitivity analyses will be conducted to evaluate whether the estimated effects of BHIs on
MDAS8 Oj3 vary with the inclusion of other meteorological variables in Equation 1, such as
temperature, RH, and precipitation (note that winds effect is incorporated in the design of BHIs;
refer to Task 1). Given the known effect of temperature on ozone concentrations, the inclusion of
a temperature term in Equation 1 may increase the predictability power of Equation 1 for MADS.
If this is the case, we will add another variable which is the interaction term between temperature
and BHI to represent any indirect effect of BH on O3 through temperature. The same process
will conduct for RH and precipitation. The interaction terms are up to third-order. The coefficient
of determination (R?), which quantifies the fraction of MADS variance that can be accounted for
with the statistical model, will be used to rank the different varieties of the MLR model. A
specific form of Equation 1 which exhibits the highest R? will be chosen to conduct further
analysis of the O3-BHI relationship and used in Task 3 to evaluate the GEOS-Chem model.



Task 3. Develop bias-correction scheme for background O3 in GEOS-Chem

The observation-based O3-BHI relationship obtained in Task 2 offers a test of the reliability of
the GEOS-Chem global CTM in describing the response of surface ozone over HGB to the
variability in BH. To derive the simulated O3-BHI relationship for the same periods as
observations, it is not practical to run the full-chemistry version of GEOS-Chem for the whole 15
years of the study period. Because our interest here is to correct for the high bias in the simulated
background ozone associated with the large-scale maritime inflow, which is primarily a transport
issue concerning ozone produced outside HGB, GEOS-Chem’s representation of local-scale
chemistry and emissions over HGB is not expected to play a significant role. In fact, the
regulatory models at TCEQ have more advanced treatments on local-scale ozone chemistry and
dynamics over HGB and as such they only require lateral boundary conditions from GEOS-
Chem. Therefore, four sets of GEOS-Chem runs will be conducted, all at a spatial resolution of
2° x 2.5°: (Run 1) a full-chemistry simulation for the ozone season of one year with the weakest
BH; (Run 2) same as run 1, but for another meteorological year with the strongest BH; (Run 3) a
tagged-ozone simulation for a 15-year period (1998 to 2013) using time-varying meteorology
from the MERRA reanalysis and archived ozone production and loss rate from run 1; and (Run
4) same as run 3, but with archived ozone production and loss rate from run 2. The two full-
chemistry simulations (run 1 and run 2) will use the same anthropogenic emissions for the year
of 2008 while allowing the natural emissions (i.e., soil NOx, lightning NOX, biogenic VOCs) to
change with meteorology. This simple treatment of anthropogenic emissions is justifiable
because the O3-BHI relationship is constructed on the basis of deseasonalized and detrended
MDABS and meteorology data and hence deliberately separates the impact of emission trends
from that of meteorology. The tagged-ozone simulation is not only computationally efficient, but
also provides a breakdown of total ozone at a given location to pre-defined analysis regions
where ozone is produced (not where ozone precursors are emitted). The tagged-ozone simulation
has been widely used in previous ozone source attribution studies (e.g., Fiore et al. 2002; Wang
et al., 2011).

Given the known high bias of maritime background O3 in GEOS-Chem, a mismatch between the
observed and simulated O3-BHI relationships is expected. We will investigate the model
deficiencies in correlation coefficient, fgn (the regression coefficient), and Sy (the intercept) (c.f.
Equation 1) to diagnose the causes. We will compare the O3-BHI relationship from the two sets
of tagged-ozone simulations with different ozone production/loss rate to examine the influence
of chemistry.

The model-to-observation differences in the O3-BHI relationship will be used as a basis to
formulate a bias correction scheme in GEOS-Chem to link its deficiency in simulating
background O3 inflow from the Gulf of Mexico with the characteristics of BH. The proposed
bias correction to GEOS-Chem will be designed to benefit the regulatory model at TCEQ
through improving boundary conditions at the Gulf of Mexico model domain. To this end, we
will calculate a correction function which will be applied to the tagged-ozone tracer from the



Gulf of Mexico so as to minimize the differences between the observed and simulated O3-BHI
relationship.

The correction function is of the form:

Cm,c = Cm,o + ABo + ABgu XBH (2)

where Cp, ¢ is the maritime inflow of background Oj; after the correction, Cr Is the maritime
inflow of background O3 from the GEOS-Chem tagged-ozone run, xgy is the set of BHIs as in
Equation 1, ABy is the difference in observed and simulated intercept (observed minus simulated)
of the O3-BHI relationship, and Afgn is the difference in observed and simulated coefficient
(observed minus simulated) of the O3-BHI relationship. Other terms as described in Equation 1
may be added in Equation 2 if they are determined useful from Task 2. Here we assume the
GEOS-Chem model correctly simulates BH and the related BHIs, which is justifiable because
the model is driven by the MERRA reanalysis meteorology.

A rearrangement of Equation 2 gives:

Cm,c - Cm,o = ABO + ABBH XBH (3)

where the left-hand side (Cm ¢ - Cmyo) is the magnitude of the bias correction to GEOS-Chem
ozone flowing in through the Gulf of Mexico. According to Equation 3, the bias correction has a
time-varying component which depends on BHI (AB gy xgy) and a time-independent
component(ApB,). Because of the time-varying component, it fares better than the conventional
method relying on a constant bias correction by adjusting to temporal changes of large-scale
circulation patterns. Besides, the bias correction scheme has a mechanistic linkage to the BH
characteristics. Given that we use 15-years’ worth of observations and model runs to obtain the
parameters in Equation 3, we anticipate the parameters to be robust and we will use statistical
analysis to quantify their uncertainties. Furthermore, the bias correction scheme is simple to
implement to correct for the boundary conditions used in the regulatory models of TCEQ.

Finally, we will collaborate with TCEQ in incorporating the bias-corrected GEOS-Chem
boundary conditions into the regulatory model of CAMx and assess the impacts. We will run an
episode with CAMXx using the new bias correction applied to the boundary conditions from
GEQOS-Chem and compare the results from this model run to the results from the original model
run. The impact of this approach on the model performance of surface ozone will be quantified
and evaluated with ozone observations over HGB.

4. Schedule

The overall schedule of the project is presented in Table 2. The due day for each task is:
e April 15" 2015: Task 1 Characterize the effects of BH on surface O variations in HGB
e June 30" 2015: Task 2 Develop the statistical relationship between ozone and BH
e Aug 30" 2015: Task 3 Develop bias-correction scheme for background O3 in GEOS-Chem



Table 2. Schedule of project activities

Task (described in Section 3) months in 2015

Task 1. Characterize the effects of BH on surface O3 variations in HGB

Task 2. Develop the statistical relationship between ozone and BHI

Task 3. Develop bias-correction scheme for marine background O5 in GEOS-Chem

Project Report and Presentation

5. Deliverables
The deliverables for each technical task described in Section 3 are:

(1) Task 1 deliverables: descriptive statistics and graphics of HGB ozone and Bermuda
High variability during the study period; different Bermuda High indices tested and
developed along with their respective correlations with surface ozone in HGB; a
summary report describing the effects of BH on surface ozone variations in HGB.

(2) Task 2 deliverables: the constructed statistical relationship between BHI and surface
ozone in HGB with detailed description of all the variables and parameters; validation

results of the statistical relationship and uncertainty estimates of key parameters in the
statistical relationship.

(3) Task 3 deliverables: a summary describing the bias correction scheme for maritime
background O3 in GEOS-Chem and its implementation steps; GEOS-Chem model results
prior to and after the bias correction scheme; all the GEOS-Chem model data products
which will be made available for TCEQ and other AQRP researchers for testing as
improved boundary conditions for CAMx simulation.

The project will deliver monthly, quarterly, and final reports according to AQRP requirements.
The technical deliverables from each task will be incorporated in those regular reports when
appropriate, and the electronic data generated from the project will be archived and made
available for TCEQ and other AQRP researchers. A description of the specific reports to be
submitted and their due dates are outlined below.

Executive Summary

At the beginning of the project, an Executive Summary will be submitted to the Project Manager
for use on the AQRP website. The Executive Summary will provide a brief description of the
planned project activities, and will be written for a non-technical audience.

Due Date: Friday, January 9, 2015

10



Quarterly Reports

The Quarterly Report will provide a summary of the project status for each reporting period. It

will be submitted to the Project Manager as a Word doc file. It will not exceed 2 pages and will
be text only. No cover page is required. This document will be inserted into an AQRP
compiled report to the TCEQ.

Due Dates:

Report Period Covered Due Date

Quarterly Report #1 | January & February 2015 Friday, February 27, 2015
Quarterly Report #2 | March, April, May 2015 Friday, May 29, 2015
Quarterly Report #3 | June, July, August 2015 Monday, August 31, 2015
Quarterly Report #4 | September, October, November 2015 | Monday, November 30, 2015

Technical Reports

Technical Reports will be submitted monthly to the Project Manager and TCEQ Liaison as a
Word doc using the AQRP FY14-15 MTR Template found on the AQRP website.

Due Dates:

Report

Period Covered

Due Date

Technical Report #1

Project Start — February 28, 2015

Monday, March 9, 2015

Technical Report #2

March 1 - 31, 2015

Wednesday, April 8, 2015

Technical Report #3

April 1 - 28, 2015

Friday, May 8, 2015

Technical Report #4

May 1 - 31, 2015

Monday, June 8, 2015

Technical Report #5

June 1 - 30, 2015

Wednesday, July 8, 2015

Technical Report #6

July 1 -31, 2015

Monday, August 10, 2015

Technical Report #7

August 1 - 31, 2015

Tuesday, September 8, 2015

Financial Status Reports

Financial Status Reports will be submitted monthly to the AQRP Grant Manager (Maria
Stanzione) by each institution on the project using the AQRP FY14-15 FSR Template found on

the AQRP website.

Due Dates:

Report Period Covered Due Date

FSR #1 Project Start — February 28, 2015 | Monday, March 16, 2015
FSR #2 March 1 - 31, 2015 Wednesday, April 15, 2015
FSR #3 April 1 - 28, 2015 Friday, May 15, 2015

FSR #4 May 1 - 31, 2015 Monday, June 15, 2015
FSR #5 June 1 - 30, 2015 Wednesday, July 15, 2015
FSR #6 July 1 - 31, 2015 Monday, August 17, 2015
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FSR #7 August 1 - 31, 2015 Tuesday, September 15, 2015

FSR #8 September 1 - 30, 2015 Thursday, October 15, 2015

FSR #9 Final FSR Monday, November 16, 2015

Draft Final Report

A Draft Final Report will be submitted to the Project Manager and the TCEQ Liaison. It will
include an Executive Summary. It will be written in third person and will follow the State of
Texas accessibility requirements as set forth by the Texas State Department of Information
Resources.

Due Date: Tuesday, August 18, 2015
Final Report

A Final Report incorporating comments from the AQRP and TCEQ review of the Draft Final
Report will be submitted to the Project Manager and the TCEQ Liaison. It will be written in third
person and will follow the State of Texas accessibility requirements as set forth by the Texas
State Department of Information Resources.

Due Date: Wednesday, September 30, 2015
Project Data

All project data including but not limited to QA/QC measurement data, databases, modeling
inputs and outputs, etc., will be submitted to the AQRP Project Manager within 30 days of
project completion. The data will be submitted in a format that will allow AQRP or TCEQ or
other outside parties to utilize the information.

AQRP Workshop
A representative from the project will present at the AQRP Workshop in June 2015.
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