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Abstract. Transported air pollutants receive increasing at-evaluation of concentrations on the boundaries. This docu-
tention as regulations tighten and global concentrations inimentation is intended to support applications that require rep-
crease. The need to represent international transport in recesentation of long-range transport of air pollutants.
gional air quality assessments requires improved representa-
tion of boundary concentrations. Currently available obser-
vations are too sparse vertically to provide boundary infor-
mation, particularly for ozone precursors, but global simula-1  Introduction
tions can be used to generate spatially and temporally vary-
ing lateral boundary conditions (LBC). This study presentsThe role of hemispheric transport of air pollutants is increas-
a public database of global simulations designed and evalingly a focus of regional pollution studies (Lin et al., 2000,
uated for use as LBC for air quality models (AQMs). The 2012; Reidmiller et al., 2009). The growing emphasis reflects
database covers the contiguous United States (CONUS) fdihree factors: (1) the National Ambient Air Quality Standards
the years 2001-2010 and contains hourly varying concentrahave been tightened (40 CFR 50.10); (2) influence of interna-
tions of ozone, aerosols, and their precursors. The databaseti©nal activities has increased average hemispherically trans-
complemented by a tool for configuring the global results asported pollutants (Cooper et al., 2010; Fiore et al., 2009; Olt-
inputs to regional scale models (e.g., Community Multiscalemans et al., 2006, 2010) and (3) long-range transport can
Air Quality or Comprehensive Air quality Model with exten- have episodic strong influence (Fiore et al., 2002). Thus,
sions). This study also presents an example application basgyodel attainment demonstrations must achieve lower pollu-
on the CONUS domain, which is evaluated against satellitetant concentration fields with a higher uncontrollable frac-
retrieved ozone and carbon monoxide vertical profiles. Thetion. Under these conditions, it is imperative for the model to
results show performance is largely within uncertainty esti-include long-range transported air pollution concentrations
mates for ozone from the Ozone Monitoring Instrument andand accurately represent their variability in time and space.
carbon monoxide from the Measurements Of Pollution InThe long-range transported air pollutants are primarily com-
The Troposphere (MOPITT), but there were some notablemunicated to air quality models (AQMs) through the lateral
biases compared with Tropospheric Emission Spectrometgpoundary conditions (LBC). This paper documents the de-
(TES) ozone. Compared with TES, our ozone predictionsvelopment and availability of a resource that provides LBC
are high-biased in the upper troposphere, particularly in thefor the air quality modeling community.
south during January. This publication documents the global The surface level ozone concentrations have a 10-15 ppb
simulation database, the tool for conversion to LBC, and thesensitivity to LBC values even in locations relatively far from
the boundary (Napelenok et al., 2011). Much of the model
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sensitivity can be attributed to high mixing ratios 3(© evaluate the GLBC using space—time coincident measure-
100-1000 ppb) in the upper troposphere/lower stratosphereents available from satellite retrievals.
(Krueger and Minzner, 1976; Lacis et al., 1990; Warneck and This document is structured according to the process of
Williams, 2012). The high concentrations aloft are influencedcreating and evaluating LBC. The first section describes
by local emissions, international transport (Dentener et al.the details of the GEOS-Chem simulations used to create
2010; Lin et al., 2012), and stratosphere—troposphere exa database of global concentration fields for LBC. The sec-
changes (Bourqui et al., 2012; Cui et al., 2009; Lefohn et al.,ond section documents the design, components, and func-
2011). The LBC, particularly at high altitude, is a mechanismtionality of the tool designed to create GLBC from GEOS-
of communicating each of these sources to the continentaChem outputs. The third section details the methods and re-
domains often used in regional air quality simulations. sults of evaluating GLBC using satellite observations. The
Previously, LBC have come from a variety of sources conclusions review the usability of the tool and the fitness
and have been evaluated indirectly. The Community Multi- of database results. Finally, we discuss the availability of the
scale Air Quality (CMAQ; Foley et al., 2010) model orig- LBC tool and global simulation database for the community.
inally used “clean air” estimates or observations averaged
over space and time, but preserving the vertical dimension
where possible (e.g., ozone based on Logan et al., 1999)2.

These vertical profile lateral boundary conditions (PLBC) While LBC may be improved by global atmospheric model-

have obvious limitations. The observations used to construcl_ng, the development and testing of global models is beyond

PL.BC are sparse in space and tlm.e and, therefore, mterp_qhe resources and scope of many air quality modeling stud-
lation and extrapolation are unavoidable. As a result, vari-.

ability in space and time is lost. Although utilizing “clean les. In order to provide users of regional AQM with global

air” estimates is still common (Gégo et al., 2008; Godowitch mgidnesl 'gfggrri]s:%rf] g)é ggugﬂzx g?mng:gggrswsmh;?/gl%tznd;n-
et al., 2008; Smyth et al., 2009; Zhang et al., 2004), increas- )

) e ; L2 ducted and are available for download with tools to produce
ingly publications recognized these limitations and the grow-

. I . ) . . regional model-ready boundary files.
ing availability of global simulations to provide estimates GEOS-Chem is actively engaged in research projects with
of air pollution concentrations with time resolution ranging

rom houry 1o seasonsl mean (Aopel and Glland, 2006, o110 DIUPS Seoss e o Sonifuctsy miowe
Barna and Knipping, 2006; Fu et al., 2009; Hogrefe et al. ' y ! b

i ; 'tion (details of the ongoing work on GEOS-Chem can be
2008; Jiménez et al., 2007; Lam and Fu, 2009; Nghiem an g o
Oanh, 2008: Schichtel et al., 2005: Valari et al., 2011). By(iound at the model wiki pagéehttp://wiki.seas.harvard.edu/

themselves, these global simulations are too coarse for regeos-chen)/ Continual improvements to the model and a va-

: . : ; . Tiety of chemistry, meteorology, and emission options within
gional/urban air quality standard attainment demonstratlonsGEOS_Chem ose a challenge for regional air quality model-
but they offer a potential source of LBC for regional/urban P 9 9 q Y

o i . ers in choosing the optimal model setup for generating LBC.
:tQaI\I/I (ZAO%%? and Gillland, 2006; Lam and Fu, 2009; Song To address this, we have conducted a series of prelimi-

. . . . . . nary GEOS-Chem simulations at  2.5° horizontal res-
The importance of evaluating LBC is evident in sensi- olution spanning multiple model release versions and input
tivity analysis (Barna and Knipping, 2006; Jiménez et al., P 9 P b

2007; Napelenok et al., 2008), but most LBC evaluationsOptlonS' Hqurly goncentratlons_ for North Ame”ca from all
of these simulations are archived and available for down-

are indirect. When modeling the contiguous United Stateﬁoad Due to data storage considerations, only the hourly
(CONUS), most of the LBC are over water. As mentioned ) . L v _
values for grid cells containing and surrounding the con

above, these locations have a paucity of observational dat iquous United States are archived (Fig. 1). Plans are un-

As aresult, the accuracy of the LBC inputs is evaluated base G
. derway to expand availability to global coverage. For each
on alternate locations. For example, Lam and Fu (2009) ) - : .
ay, we archive composition files. Creation of LBC from

first evaluated model predictions based on three ozoneson EOS-Chem requires two output files because some explicit

sites over the CONUS (Trinidad Head, CA; Boulder, CO; . . .
species are not typically saved. To reduce computational bur-

Huntsville, AL). They further indirectly evaluated the LBC den, GEOS-Chem combines several chemical species into

fithess based on model performance at surface locations. Al; a : .
tracer” groups at time of advection. These tracer groups are

though air quality models have many degrees of freedom tCEhen converted back into chemical species (“cspec”) during

isolate LBC, this type of indirect evaluation has been neces- . . : . .
I : the chemical calculations. Since some chemical species are
sary. Even these indirect evaluations concluded that GEOS-

Chem LBC (GLBC) outperformed clean air profiles and cli- important when mapped to regional models (Pye and Nape-

matological averages (Appel and Gillland, 2006: Lam and lenok, 2013), both the GEOS-Chem tracer and cspec arrays

Fu, 2009; Song et al., 2008). This conclusion gives some cre?'® included in the LBC archive.

dence to the GLBC values, but in this report, we will further

GLBC simulation database
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Table 1. GEOS-Chem annual simulations for CMAQ boundaries
(recommended in bold).

|1 CONUS
q_ —2 GLBC-BNDY
I CONUS-CELLS fif

GEOS-Chem Chemistry Meteorology Shipping Simulation

55 version version emissiofd year§

499 v9-01-01 v8-02-04 GEOS-5 EDGAR 2004-2006

43 4 v9-01-02 v8-02-04 MERRA EDGAR 2001-2008

37 v8-03-02 v8-02-04 GEOS-5 EDGAR 2004-2007

31 v8-03-02 v8-02-01 GEOS-5 ICOADS 2004-2012
v9-01-02 v8-02-01 MERRA ICOADS 2001-2010

2 |COADS is the default (recommended) ship emission inventory
(http://wiki.seas.harvard.edu/geos-chem/index.php/EDGAR_anthropogenic_
emissions#Ship_emissiong In GEOS-Chem simulations below v9-01-01, US
biofuel emissions were erroneously excluded when using the NEI2005 inventory. In
versions v9-01-01 and later, NEI1999 biofuel emissions are §séears shown are
inclusive. First year is spinup.

—— i —_— ——————— =T
T T T T T T T T T

et N U g e gy g

Fig. 1. GEOS-Chem lateral boundary condition output domain
(GLBC; black dashed line) with the CONUS domain (black line)

and grid cells that intersect the CONUS domain boundary.
Two versions of the chemistry were initially evaluated be-

cause of recent updates to GEOS-Chem’s chemical mech-
Details of the model setup for each of the available simu-anism. In an update in the chemistry mechanism between
lations are listed in Table 1. Table 1 details combinations of GEOS-Chem versions v8-02-01 and v8-02-04, the isoprene
GEOS-Chem model versions, chemistry version, meteorolnitrate yield was decreased. Decreasing the yield of iso-
ogy data sets, shipping emissions, and time period coveredirene nitrate enhances radical cycling, increases simulated
All simulations used GEOS-Chem’s N&Oy—hydrocarbon— ozone concentrations. Because modeled ozone concentra-
aerosol configuration with the optional Secondary Organictions already have high positive biases in North America
Carbon Aerosol module enabled. Versions of the chemi-(Mao et al., 2013), this bug fix may lead to increased ozone
cal mechanism will be discussed further below. Wheneverbiases in regional models by inflating the amount of ozone
possible, the simulations follow GEOS-Chem manual rec-entering the regional domain from the boundaries. Improve-
ommended settings. The Sparse Matrix Vectorized Gearments to halogen and heterogeneous aerosol chemistry have
based solver (Jacobson and Turco, 1994) is employed tshown promise in reducing this high bias (Mao et al., 2013),
solve the system of partial differential equations representingut are not included, as these updates are still the subject of
emissions and chemistry. Vertical mixing was solved usingcontinuing research. Since the goal of including boundary
the non-local planetary boundary layer scheme and explicitonditions is to reduce overall bias within the regional simu-
cloud convection. lation, we recommend using the chemistry mechanism from
Emissions for these simulations closely follow the de- GEOS-Chem version v8-02-01 without updated isoprene ni-
fault configuration of GEOS-Chem. For emissions, thetrate when results are used for boundaries in applied regional
Emission Database for Global Atmospheric Researchsimulations.
(EDGAR) provides global anthropogenic emissions Performing simulations from 2001 to 2010 required the
(Berdowski et al., 2001) with regions overwritten where use of two meteorological data sets. The GEOS-5 data set
available. Regional anthropogenic emissions are provided byMolod et al., 2012) was used to drive GEOS-Chem sim-
specific databases for the United States (NEI2005; US EPAulations from 2004 to 2012, but was not available before.
2013), Europe (UNECE/EMEP; Vestreng and Klein, 2002), The MERRA data set (Rienecker et al., 2011) was avail-
Mexico (BRAVO; Kuhns et al, 2003), Canada able from 2001 to 2010. Using the MERRA data set, how-
(CAC, Environment Canada, 2013), and Asia (INTEX- ever, is only supported by GEOS-Chem version 9. Version 9
B, Streets et al., 2003, 2006). In addition, the emissionsalso includes other updates (full documentation available at
include lightning NQ (Ott et al., 2010; Pickering et al., http://acmg.seas.harvard.edu/ggos/
1998; Price and Rind, 1992), soil N@Wang et al., 1998; Several simulations using different combinations of model
Yienger and Levy, 1995), oceanic dimethyl sulfide, volcanic code and meteorological data sets were conducted (Table 1).
SO, sea salt, wind-blown mineral dust, wildfires from the Preliminary evaluations showed best performance from the
Global Fire Emissions Database (Werf et al., 2006) andGEOS-Chem version 8 simulations with GEOS-5 meteo-
biogenic volatile organic compound emissions from Model rology, version 8-02-01 chemistry, and ICOADS shipping
of Emissions of Gases and Aerosols from Nature (MEGAN) emissions. Model version 9 with MERRA meteorology is
version 2.1 (Guenther et al., 2012). also made available for the years 2001 through 2003. When
2001-2003 boundaries are necessary, an additional evalua-
tion should be performed for that application. Based on pre-
liminary analysis, only the results from MERRA (model v9)
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and GEOS-5 (model v8) with v8-02-1 chemistry have been 1. O3z, Ox—NOy
archived. The evaluation section of this paper will focus on
the GEOS-Chem version 8-03-02 model with version 8-02-
01 chemistry, and ICOADS shipping from 2006 to 2010.

ALD2, ALD2

PAR, 4.* ALK4

2.

3.
3 GLBC tool description 4. ASO4K, 0.0776* SALC
5.

Model compound translation (GEOS-Chem to regional
model compounds) and spatial mapping of the global output
to LBC are served by two distinct components in the GLBC 6. ASO4K, 0.02655*DST3
tool. Model compound translation is performed by a Python

(python.org) pre-processor, and a Fortran program handles 7. ASO4K, 0.02655*DST2
spatial mapping. A flowchart of the overall program is shown

in Fig. 2 and each component is described below. 8. ASO4K, SO4s

ASO4K, 0.02655*DST4

Mapping assumes that the formula is based on GEOS-
Chem tracers. If the name indicated is not found in the tracer

The Python pre-processor interprets model configurationdile, the species (cspec) file will be searched. Line 1 is cur-
and user inputs to app|y appropriate Sca”ng_ Both GEOS_rently Configured for the GEOS-Chem tracer file. The GEOS-
Chem and CMAQ have several chemistry/aerosol configu-Chem version 8 tracer file does not include ozone explicitly,
rations that continue to evolve. The pre-processor interpret®ut rather Q or odd oxygen. The “cspec” file includes ozone
configurations files and provides failsafe measures to preverfexplicitly as “0s”, so if line 1 is replaced with *@, Os” and
mapping of incorrect model versions and highlight potential the mapping tool would first try to find £n the tracer file,
errors. In addition, the pre-processor is able to apply unit connot find it, and then search and find 50n the “cspec” file.
versions when appropriate. Caution is advised when using values contained in the
To perform these tasks, the pre-processor must first in-cSpec” file. For example, in the stratosphere, the “cspec” file
terpret the model gas-phase and aer050|_phase Configurg.oes not contain meaningful values. These values are gener-
tions. From CMAQ, the pre-processor requires the namelistdlly not updated or accessed by the GEOS-Chem simulation,
(*.nml) or include files (*.EXT) that describe the gas-phase and should not be used for LBC if information is available in
(GC_%), aerosol (AE_*), non-reactive (NR_*), and tracer the tracer file.
(TR_*) species. From GEOS-Chem, the pre-processor re- Line 2 and 3 illustrate the difference between the quanti-
quires the tracer_info.dat file. The final input is a user con-ties stored in CMAQ LBC files and GEOS-Chem tracer files.
figuration file that will be described further below. ALD2, or acetaldehyde, is stored as parts per billion of car-
Mapping between GEOS-Chem and CMAQ species re-bon (ppbC) in GEOS-Chem and ppb in CMAQ. Since ac-
quires human interpretation. Each model has its own definietaldehyde has two carbons, the GEOS-Chem value is auto-
tion of gas-phase and aerosol-phase speciation. Even confpatically converted to ppb. The ALK4 species is also stored
mon elements are named inconsistently (e.g., formalde&s PPPC and automatically converted to ppb. In Carbon Bond,
hyde= FORM=HCHO= CH,0). The default compound- alkanes are stored as 4 paraffin carbon bonds.
mapping file shown as a csv file with a bold outline in Fig. 2 Aerosol species in GEOS-Chem, such as wind-blown min-
is described in detail below to facilitate user creation of €ral dust and sea salt, are speciated into individual aerosol
new mapping files. For the most common configurations ofconstituents (Appel et al., 2013), and lines 4—7 demonstrate
GEOS-Chem and CMAQ, species mapping is already prohow GEOS-Chem aerosols such as SALC and DST2 are
vided for several chemical mechanisms (e.g., Carbon Bondnapped based on CMAQ emission profiles for assignment
'05, SAPRCO7T — provided in supplemental Tables Al andt0 coarse mode sulfate.
A2). For these mechanisms, the species mapping has alreadyLines 4-8 above demonstrate that additional lines
been done and no manual interpretation is necessary. Idéifé additive. Because the lines are additive, these
ally, any new mapping configuration files will be submit- lines could have been re-written as a single line,
ted back to the software package for subsequent distribuZASO4K, 0.0776* SALC+ 0.02655* (DST2+ DST3
tion to other users. The mapping file contains one or moret DST4)+ SO4s”.
lines for each output boundary species. The individual lines The mapping expressions can include all standard Python
represent algebraic transformations excluding unit conver@perators ¢, —, , /, **, %, etc.). Thus, any combination
sion, which is mostly automatic. The numbered lines below0f GEOS-Chem simulated species may be mapped to mod-
are example lines from the species-mapping file with the re-eled species using basic algebra. With more complex mathe-
gional model (e.g., CMAQ) species listed first followed by matical representations, a user could develop algorithms for

the global model (GEOS-Chem) formula. mapping tracers to models with, for example, modal size
distributions. In addition, empirical regression relationships

3.1 Python pre-processing

Geosci. Model Dev., 7, 33860, 2014 www.geosci-model-dev.net/7/339/2014/
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Fortran: uses translations from python and I0/API functionality to extract
BCON and Profile data and output a CMAQ boundary condition file

GEOS-Chem
| BC.CSPEC * BCON
P
BC.* Prafile METBDY.

!

Python Uses inputs and outputs from each system (BCON,
CMAQ, and GEOS-Chem to develop appropriate translations

Python geos2cmagq
map chemical
names, and apply
conversions
between systems

(e

tracerinfo.dat
diaginfo.dat
smv2.log

Fortran geos2cmagq.

Fortran
Source

[—. N, Extract spatially,
CMAQ *.nml Output Includes translate species, and
Chemisty | integrate Profile and
definitions Indexing Include GEOS-Chem Qutputs
3

S~
P, CMAQ Mech
BCON Profile Archive
Concentration
data for cardinal [ "
Profile

directions

Tracer

Mapping *.csv: algebraic

transformations from
GEOS-Chem or Profiles to
CMAQ CSPEC Other CMAQ
Inputs

Index Mapping ‘

it

CMAQ |

Fig. 2. Program description and flow UML diagram. The BCON and BC.CSPEC.* files are not required. Heavy lined inputs represent
geos2cmag-specific inputs or outputs (i.e., not also necessary for standard run).

could be used to develop boundary concentrations for specie3.2 Fortran spatial mapping
that are not simulated by GEOS-Chem. In a beta version
of the code, _arb|trary math functions (e.g., sin) are ava'"The Fortran-based spatial mapping program uses 3 required
abIe,- but require advanced knowledge of Python and NUumPY,,, ;i and 2 optional inputs. The software first requires the
(http:/www.numpy.orgl. The flexible syntax allows for cre- o, 1yt from the species-mapping Python pre-processor de-
ative applications to other studies. _ . scribed above. The species mapping is simply applied in con-
There are five types of factors that are routinely applied: .o with the spatial mapping.
1. Speciation of Ilumped GEOS-Chem things (like The software also requires a GEOS-Chem tracer out-

sea salt, dust, PRPE, etc.) to individual CMAQ put fi_Ie and, optionally, a ch_emical specie_s_(“cspec“) out-
species when the CMAQ representation is more de_put_flle. _The GEQS-Chem_ files hqve sufficient meta-data
to identify the files’ spatial location and extent based
on the well-documented GEOS-Chem domains (Yantosca
2. Conversion of real species to CBO5/SAPRC mecha-et al.,, 2012). The vertical coordinate is specified in the
nism species (like multiplying ACETONE by 3 for GEOS_DOMAIN.INC file, which re-writes the GEOS-
PAR). Chem hybrid-eta coordinates as a sigma-P coordinate.
) ) . L Finally, the software requires a meteorological input file,
3. Conversion of tracers in ppbC to ppb (like dividing METBDY3D produced by a CMAQ utility (Otte and Pleim,
benzene by 6). 2010), which contains sufficient information to describe the
Conversion of tracers to functional groups (e.g., centroi.d locations ofgach boundgry cell,_the vertical location
ALK4 = 4*PAR). on a sigma-P coordinate, and air density. T_he Fortran pro-
gram selects a GEOS-Chem column/row using the “nearest
5. Conversion to regional model units. neighbor” algorithm based on the regional model and GEOS-
_ i ) ) . Chem centroids. Figure 1 shows the intersection of an ex-
Type 1 and 2 require algebraic expressions in the mappmgimp'e boundary and the GEOS-Chem outputs. The GEOS-
file. Type 3 does not require expressions because the PythoB,em concentrations are then interpolated from the GEOS-
pre-processor will automatically convert ppbC to ppb. Type 4cpem hybrid-eta levels to the regional model coordinate.
is a special case of type 3 where the regional model's converyyq s done by first calculating each layer-center pressure
sion to p_pb must be qverrldden in the file. Type 5 is treatedfOr GEOS-Chem and the regional model, and then linearly
automatically, converting ppb to pgrfor aerosols and ppb interpolating. The archive only has GEOS-Chem results up
to ppm for gas-phase species. to either the 34th layer (100 hPa) or the 38th layer (40 hPa).

tailed/speciated.
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In the case where the regional model coordinate is outside thet al., 2011) from the Aura satellite and is limited to nadir
range of GEOS-Chem, the concentrations are extrapolated bgcanning in this paper. We are using version 4 (V004) that
default. This extrapolation can be disabled in the code. has improved performance compared with VOO1 evaluated
High ozone in the upper troposphere is known to haveby Worden et al. (2007), but which has a 5-15 % high bias
undue influence on models with coarse vertical resolution.consistent with Nassar et al. (2008). Although the evaluation
Simulations using coarse vertical resolution may need to rebelow will be performed in an absolute sense, the interpreta-
duce the influence of aloft ozone LBC. For example, previoustion of these results must account for TES'’s unresolved high
work has shown that coarse vertical resolution can cause bidsias. Although the evaluation is nominally for 2006 to 2010,
due to high ozone near the tropopause (Lam and Fu, 2009YES profiles were not available for January of 2010. Data for
We include tools for excluding stratospheric air from LBC, all other months was downloaded frdittp://avdc.gsfc.nasa.
but do not recommend its use unless specifically desired. gov/download_2.php?site=634280718&id=60
Exclusion of stratospheric air has been suggested on the The OMI instrument measures ozone from the Aura satel-

basis that AQM do not explicitly treat the stratosphere (Lamlite. We use the Level 2 OMI ozone profile (OMO3PR) ver-
and Fu, 2009). Since that publication, there has been morsion 3. Files were downloaded from NASAs Mirador web-
work identifying the importance of stratospheric air in air site, and filtered using the recommended bitwise and calcu-
quality (e.g., Lefohn et al., 2011). Air quality models have lation of the ProcessingQualityFlags (i.e., ProcessingQuali-
increased their vertical extent and now often include stratotyFlags & 43679). The OMI ozone data was available for all
spheric influence, if not stratospheric air (e.g., Carlton et al. the years and months.
2010). To account for the stratosphere, efforts have been The MOPITT instrument is aboard the Terra satellite
made to scale the upper layer concentrations based on stratand measures carbon monoxide. MOPITT retrieves carbon
spheric indicators (Lin et al., 2008). As such, LBCs that monoxide by differential absorption of light in infrared ab-
specifically exclude stratospheric air are not consistent withsorption bands. The carbon monoxide measurement is trans-
the need to include stratospheric influence in air quality mod-lated into a vertical profile using a retrieval algorithm de-
els. Furthermore, reports show that vertically coarse modelsscribed by Deeter et al. (2003). We are using the MOPITT
like that used in Lam and Fu (2009), transported too muchcarbon monoxide Level 2 product version 6, which uses only
aloft air to the surface. This suggests that, while stratospheri¢hermal infrared radiances (MOPO02T). Data files were down-
air is an important contributor to variability, previous models loaded from NASA's Reverb websitdtp://reverb.echo.nasa.
would have optimal solutions that minimized aloft LBC val- gov/reverhwith no additional filtering. The MOPITT carbon
ues. The use of indirect evaluation, like interior domain sur-monoxide data were not available for August of 2009, so that
face concentrations, is inherently subject to canceling errorsnonth will not be evaluated.
(e.g., Oreskes et al., 1994). The GEOS-Chem grid cells are filtered for just those that

would be used in creating CONUS boundary conditions (see

Fig. 1). GEOS-Chem grid cells are then paired with satellite
4 GLBC evaluation pixel centroids when the pixel is contained within the grid

cell. After pairs have been identified, the satellite retrieval al-
This section describes the evaluation of GLBC using satellitegorithms are applied to GEOS-Chem using Eq. (1) for TES
retrievals. While ozonesondes are often considered the goldnd OMI. Equation (1) follows the Bowman et al. (2011,
standard for evaluating satellite products (Nassar et al., 2008qgs. 5-8) methodology and has the effect of smoothing
Worden et al., 2007), they are not available at the boundarynodel results vertically. Smoothing is required because the
locations. In this analysis, we evaluate the LBC ozone val-satellite estimates at each pressure level are sensitive to con-
ues using two satellite products for ozone and one for carborcentrations at other pressure levels.
monoxide. Aerosol species are provided in the database tg, ; il im ;
provide consistent boundary conditions, but have not beedr” = Yi.c tA; (3’/ —y,,c) & @)
evaluated here. To evaluate the model, we pair satellite re
trievals with GEOS-Chem grid cells from five years, 2006 tof b idei is th iinal del
2010, for two months. January results are selected to rep-Or ozone O,r carbon monoxidgy ™ 1S i(? original mode
resent winter and August results are selected to represer?tredlcnon’y’:c Is the a prior estimatey; is the averaging

. m

the traditional 0zone season. Details of the satellite product&€rnel, ande; is an unknown error componery,” is the
and model processing for comparison with retrievals are dis/M0del retrieval that can be directly compared with the satel-
cussed below, followed by satellite and model processing gdelite retrieval. In the evaluation shown here, the results have
tails. all been converted to mixing ratios (ppbV). Although the ab-

Ozone retrievals are taken from the Tropospheric Emissiorfolute value ofy;™ depends on the a priopy.), a compar-
Spectrometer (TES) and the Ozone Monitoring Instrumentison betweery;™ and the retrievalX!) does not (Bowman
(OMI). The TES instrument uses infrared Fourier transformet al., 2011). This independence is mathematically shown in

spectroscopy to retrieve ozone vertical profiles (Bowmanthe TES User Guide.

where all y values are the natural log of the mixing ratio
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Fig. 3.0zone and carbon monoxide mixing ratios (ppb) for January as observed by EE®\{QL), OMI (O3, row 2), and MOPITT (CO,

row 3) (SATS?;, red) and retrievals from GEOS-Chem (@’", black). GEOS-Chem retrievals are calculated by applying the satellite
averaging kernel to the GEOS-Chem prediction (ﬁ(’i" grey dots), which relies on the a prior (a pr’@"rc, blue). Lines or dots represent

median values, the shaded area represents the range of values, and satellite uncertainty is shown as error bars. Red and blue triangles sh
high (red) and low (blue) biases as defined by 2 times the satellite error for the median value.

The evaluation has been performed by grouping grid cellsestimates. Because extrapolation is optional, this seemed
by boundary face (West, North, East, South) on the CONUSmost appropriate.
domain. Based on pixel centroid locations during the 5yr, Figures 3 and 4 show ozone and carbon monoxide (ppb)
there is a total of 274 316 pairs with MOPITT carbon monox- for each boundary face for January (Fig. 3) and August
ide (January: 165246, August: 109070), 128 186 pairs with(Fig. 4). Each panel shows raw GEOS-Chem results, GEOS-
OMI ozone (January: 64216, August: 63970), and 1753Chem retrievals (Eq. 1), and satellite retrievals. To aid in in-
pairs with TES ozone (January: 841, August: 912). Theterpretation, GEOS-Chem biases have been highlighted us-
larger number of pixel pairs for MOPITT and OMI is ex- ing triangles on the axis (red= high; blue=low) when the
pected because there are more pixels in their arrays. bias is greater than the twice observation uncertainty. To pre-

For each satellite, biases were initially reviewed for 40 cat-vent spurious differences, we require that a studentést
egories (5yix 2 monthsx 4 perimeter cardinal edges). The reject the null hypothesis that the distribution of model re-
difference between years was nominal and is not highlightedrievals is the same as the satellife € 0.001). The mean
here, but is included in the Appendix (Figs. A1-A6). In- and range of profiles show good correspondence most of the
stead this paper will focus on results aggregated by monthime. The MOPITT carbon monoxide and OMI ozone are in
and boundary face (West, North, East, South). As previouslygood agreement with GEOS-Chem. For TES, however, the
noted, the GEOS-Chem database only has 34 or 38 layergvaluation shows some discrepancies.
To minimize the influence of extrapolation on this analysis,
above layer 34 extrapolated results are replaced with satellite

www.geosci-model-dev.net/7/339/2014/ Geosci. Model Dev., 7, 3%-2014
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Fig. 4. Same as Fig3 for August.

The TES bias also exhibits time and space dependencear less of TES comparisons are withi20 %, and 32 % or
Figures 3 and 4 show distinct performance regimes abovéess are withint-10 %.
and below 350 hPa. Below 350 hPa, there is a transient low The TES high bias above 350 hPa is more pronounced in
bias that is most pronounced in August. Above 350 hPa, therdanuary than in August, and this significant bias correlates
is a more persistent high bias. The high bias above 350 hPa iwith an enhanced bias in the MOPITT carbon monoxide. For
higher in the West, South, and East faces compared with th#MOPITT, the biases are not outside of precision, but the cor-
North. The analysis thus far is based on the vertical profile ofrelation is intriguing. The biases in Figs. 3 and 4 and Table 2
correlate with latitude, with a stronger relationship aloft. For

means and basic distribution statistics.

To further explore these aggregate biases, Figs. 5 and BES retrievals, the ratio model to satellite retrieval was re-
show the distribution of individual retrieval biases for Jan- gressed against latitude and longitude. The regression was
uary (Fig. 5) and August (Fig. 6). The biases in Figs. 5 andperformed for each layer for all January and August months.
6 are shown as the ratio of retrieved mixing ratios (i.e., ppb).The January slope is strongest, as shown in Fig. 6, and ranges
To reiterate, this type of comparison is not dependent uporfrom —1.05 % at 316 hPa te-2.08 % at 162 hPa. Although
the a prior — only the sensitivity of the instrument. Table 2 this explains only 15 % of bias variability, the slope is sta-
shows the percentage of pixels for each boundary face antistically significant for latitude. For longitude, the slope is
for each month where the model and observed value ar@egligible and never significant.

within £10 % and+20 %. For most categories, 70—-81 % of

MOPITT and OMI results are withiad-20% and 45-56 %
are within£10 % of satellite retrievals. Only the OMI south 5 Conclusions
faces has less than 70% (January 61 % and August 66 %)

within 20 %, and less than 45 % within10 %. TES shows

Geosci. Model Dev., 7, 33860, 2014

- We describe and evaluate a tool for using global simulations
more variable performance. Except for the North face, 56 %to produce LBC for regional air quality models. In general,
the LBC performed well in evaluation for ozone and carbon
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Fig. 5. Individual retrieval relative bias shown as boxplots for each altitude bin in each satellite product (TES, OMI, and MOP=MOPITT).
Whiskers indicate min/max, the box represents the interquartile range, the blue line in the box is the median and the red cross is the mean
Vertical grey lines delineate the10 % (fine) and:20 % (heavy) bias ranges.

Table 2. Percentage of retrieval values below 50 hPa that are within 10 and 20 percent of TES, OMI, and MOPITT for each boundary face
(West, North, East, and South) from 2006 to 2010.

TES OMI MOPITT

Boundary +10% +20% +10% +20% +10% +20%
January

West 27% 48 % 50 % 77 % 49 % 75%
North 49% 7% 59 % 86 % 45% 70%
East 31% 52% 48 % 75% 48 % 76 %
South 19% 34% 34% 61% 45% 73%
August

West 32% 56 % 49% 81% 56 % 81%
North 47 % 77% 57 % 90 % 51% 75%
East 30% 56 % 46 % 76 % 48 % 75%
South 27% 50 % 36% 66 % 48 % 75%

monoxide. There was a bias seen when comparing with TES The model bias compared with TES may be the result of
retrievals. A persistent high bias was found in the upper tro-limited outputs at high altitudes. Our archived GEOS-Chem
posphere (above 350 hPa). This bias is counterbalanced bynly includes levels below approximately 100 hPa. In com-
good performance compared to OMI ozone evaluation ancparing with TES, the averaging kernel effectively includes
may be a limitation of our data set. data from above 100 hPa at several layers below 100 hPa. As

www.geosci-model-dev.net/7/339/2014/ Geosci. Model Dev., 7, 3%-2014
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Fig. 7. Linear regression of slope (solid) and intercept (dash-dot) for the ratio of simulated retrieval to TES satellite retrieval as a function of
longitude (black) and latitude (red) for January (left) and August (right).

such, the model bias compared with TES may be the resulare ideal for highlighting ozone from continental outflow.
of an assumption made about our archived model data. More research is needed to understand the source of this
The altitude and timing of the bias compared with TES bias, which could be transport or emissions. The emissions
suggests an overestimation of long-distance transport. Ouare implicated by the correlation between biases of car-
evaluation showed that the model performed better in Augusbon monoxide and ozone. This suggests upwind emissions,
than in January. In January and at high altitudes, temperapossibly from Asia, are overestimated. Asian emissions
tures are low and ozone lifetimes are long. These conditiondiave grown rapidly and future projections shown continued
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growth (Ohara et al., 2007). This leads to high uncertainty Both sea salt and dust in GEOS-Chem contain size infor-
in simulated Asian emissions that could contribute to the ob-mation. Accumulation (SALA) and coarse (SALC) mode sea
served bias. salts from GEOS-Chem are matched with the accumulation
The presented tool provides a resource to better represerif/) and coarse ) mode in CMAQ. Based on the particle
global transport through boundary conditions in regional airsize of the four GEOS-Chem dust size bins, the smallest dust
quality studies. Evaluations showed good mean performancgDST1) is mapped to the accumulation mode while all other
but the maximum bias was over a factor of five. This biasbins (DST2-4) are mapped to the coarse mode. Speciation
could either be the result of satellite uncertainties or modelof sea salt into trace metals and other aerosol constituents is
uncertainties. The role of uncertainty in boundary conditionsbased on the same speciation profile that CMAQ uses for sea
can have strong impacts on regional model results. This willsalt emissions diagnosed within the model. The speciation of
be particularly true for longer-lived compounds with direct wind-blown mineral dust also follows a speciation profile in
impacts, like ozone. When specific episodes are critical tofCMAQ and is based on a composite of four desert dust pro-
the model application, further application-specific evaluationfiles (Appel et al., 2013).
will be necessary. The database’s overall evaluation demon- Sulfate, nitrate, and ammonium aerosols in GEOS-Chem
strates the fitness for producing LBC. (Park et al., 2004; Pye et al., 2009) do not explicitly con-
Both the tool and the database are freely available. Theain size information, but are generally assumed to be rep-
database can be downloaded from the University of Florida'sresentative of the accumulation mode. As a result, 99 % of
FTP server aftp://data.as.essie.ufl.edu/pub/geos2craad  sulfate, nitrate, and ammonium are assigned to the accu-
the tool can be downloaded frohttp://github.com/barronh/ mulation (/) mode while 1% is attributed to the Aitken
geos2cmagAt the tool website, an example data set can(/) mode. Sulfate formed on sea salt (3D and nitrate
be found with step-by-step instructions. The availability andformed on sea salt (N§3) (Alexander, 2005) are mapped
usability of this tool serves the community need for lateral to the CMAQ coarse mode. 99.9 % of primary carbonaceous
boundary conditions for regional modeling. aerosols from GEOS-Chem are attributed to the accumula-
tion mode while 0.1 % are assigned to the Aitken mode, con-
, sistent with CMAQ emissions processing (Binkowski and
Appendix A Roselle, 2003, paragraph 12). Both hydrophobic (BCPO) and
hydrophilic (BCPI) forms of black carbon in GEOS-Chem
are summed together and mapped to elemental carbon (EC).
. . . . Similarly, hydrophobic and hydrophilic organic carbon is
The Appendix contains species mapping for common gas- : : .
. . -mapped to primary organic carbon. The non-carbon organic
phase and aerosol mechanisms and more detailed evaluation - : . . )
. ... __matter (NCOM) associated with primary organic aerosols is
of ozone and carbon monoxide lateral boundary condltlons.not calculated by GEOS-Chem, so an OM/OC ratio of 1.4 is
Tables A1l and A2 provide mapping details for Carbon Bond ’ '

, . _assumed for boundary condition purposes (Park, 2003).
Q5 and_SAPRCO?. These tfibles are follolwed by a deta|lec1a Although CMAQ and GEOS-Chem both treat secondary
discussion of aerosol mapping for CMAQ's aerosol mecha-

nism. Finally, the body of the paper discusses the aggregate@jrganlc aerosol from the same set of parent hydrocarbons,

years 2006 to 2010. The Appendix provides information on e species lumping schemes dlffer. I'n CMAQ, Iumpmg s
individual years. based on precursor hydrocarbon identity as well as volatility,

while the GEOS-Chem SOA lumping scheme (Chung, 2002;
Henze et al., 2008; Liao et al., 2007) generally does not sep-

Al Individual year evaluation o ;
arate based on volatility. The mapping of SOA as well as

See Figs. A1-A6. gas-phase semivolatiles is based on identifying the equivalent
parent hydrocarbon in each model. Speciation to the differ-
A2 Species mapping for gas phase ent volatility species within CMAQ is based on the expected
relative amounts of each species in outflow of the Eastern US
See Tables Al and A2. as predicted by a typical CMAQ simulation.

The particle number and surface area for the boundary
conditions are calculated in the Fortran code based on the

The CMAQ AEROG6 aerosol module generally contains more™2>3 mappe(_j into each mode. .
) ) . . o . The following CMAQ aerosol species boundary con-
detailed information regarding aerosol speciation and size

than standard GEOS-Chem output. As a result, factors arfgtécgé_car:gmnr?]to d@lasgsgeslfgLéhs \;e ASLQQZJ a;n\:lfggus
applied to GEOS-Chem aerosols to'gonvert them apprppri-sv ALK, ACORS. Aerosol Water is als,O not mar;ped as it
ately to CMAQ-ready boundary conditions. The conversions, rEadin7 computed within CMAQ and does not need to be
we recommend are shown in Table A3 and discussed belowtransported

A3 Species mapping for CMAQ aerosols

www.geosci-model-dev.net/7/339/2014/ Geosci. Model Dev., 7, 3%-2014
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Fig. A5. Same as FigA1, but for MOPITT.

Geosci. Model Dev., 7, 33®860, 2014

www.geosci-model-dev.net/7/339/2014/



B. H. Henderson et al.: LBC: description and evaluation

o
w

88
125
175
250
350
500
700

100

pressure (hPa)

20Q608 WB: n = 5904

- 16200608 NB: n = 11901

-1 200608 EB: n = 14338

-1 200608 SB: n = 15384

o
w

88
125
175
250
350
500
700

1000

pressure (hPa)

200708 WB: n = 8916
.

- 200708 NB: n = 8606

-1 2007Q08 SB: n = 14324

o
w

88
125
175
250
350
500
700

100

pressure (hPa)

200808 WB: n = 8217
°

- 1200808 NB: n = 15884

-1 200808 EB: n = 10882

-1 200808 SB: n = 15143

o
w

88
125
175
250
350
500
700

pressure (hPa)

100

201008 WB: n = 6805

- 5201008 NB: n = 11290

- 201008 EB: n = 14142

10
MOPITT CO (ppb)

10
MOPITT CO (ppb)

10
MOPITT CO (ppb)

10
MOPITT CO (ppb)

SAT y!

— GCy"

e e GCy/™

— prior y;,

Std Dev

~T,M

/" =yt ANy =) e

Fig. A6. Same as FigA2, but for MOPITT,; does not have year 2009, and includes year 2010.

Table Al. Carbon Bond '05 (CB05) species mapping in the form CB05 Species, GEOS-Chem expression.

031 OX_NOX
N2Os, NoOg
HNO3, HNO3
PNA, HNOy4
H>05, HoOo
NTR, R4N2
FORM, CH,0O
ALD2, ALD2
CO, CO
MEPX, MP
PAN, PAN
TERP,ALPH+ LIMO + ALCO

PANX, PPN+ PMN
OLE, 0.5*1./2.*3.*PRPE
IOLE, 0.5*1./4.*3.* PRPE
TOL, TOLU

XYL, XYLE

ISPD, MACR-+ MVK

SOy, SO

ETHA, CoHg

BENZENE, BENZ

ISOP, ISOP

PAR, 1.5* GgHg

PAR, 4.* ALK4

PAR, 3.*ACET
PAR, 4.* MEK
PAR, 1.*BENZ
ALDX, RCHO
ETH, ETH
HO5, HO»
HONO, HONO
MGLY, MGLY
NO, NO

NO2, NO>
NO3, NO3
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Table A2. SAPRCO7 species mapping in the form SAPRCO07 Species, GEOS-Chem expression.

ACETONE, ACET
ALK1, CoHg
ALK2, C3Hg
ALK3, ALK4/2
ALK4, ALK4/4
ALK5, ALK4/4
BENZENE, BENZ
CCHO, ALD2
CCOOH, ACTA
CCOOOH, MAP
CO, CO

COOH, MP
HCHO, CH,0
HNO3, HNO3
HNO4, HNOg4
HO5H, HyOo
HOCCHO, GLYC
HONO, HNG,
ISOPRENE, ISOP

MACR, MACR
MAPAN, PMN
MEK, MEK/3
MEOH, MOH
MGLY, MGLY
MVK, MVK
MXYL, XYLE/3
N2Osg, NoOg
NH3, NH3

NO, NO

NO>, NO»

NO3, NO3

031 OX - NOX
OXYL, XYLE/3
PAN, PAN
PAN2, PPN
PRD2, MEK*2/3
PROPENE, PRPE
PXYL, XYLE/3
RCHO, RCHO

RNO3z, R4N2
ROOH, ETP
ROOH, IAP
ROOH, INPN
ROOH, ISNP
ROOH, MAOP
ROOH, MRP
ROOH, PP
ROOH, PRPN
ROOH, R4P
ROOH, RA3P
ROOH, RB3P
ROOH, RIP
ROOH, RP
ROOH, VRP
SOy, SO

TERP,ALPH+ LIMO +ALCO

TOLUENE, TOLU

Table A3. CMAQ Aerosols version 6 (AE6) in the form AE6 Species, GEOS-Chem expression.

AALJ, 0.05695*DST1
AALKJ, AALKJ
ABNZ1J, 0.12* SOA5
ABNZ2J, 0.04* SOA5
ABNZ3J, 0.32* SOA5
ACAJ, 0.0118* SALA
ACAJ, 0.07940*DST1
ACLJ, 0.00945*DST1
ACLJ, 0.5538*SALA
ACLK, 0.01190*DST2
ACLK, 0.01190*DST3
ACLK, 0.01190*DST4
ACLK, 0.5538*SALC
ACORS, ACORS
AECI, 0.001*BCPI
AECI, 0.001*BCPO
AECJ, 0.999*BCPI
AECJ, 0.999*BCPO
AFEJ, 0.03355*DST1
AISO1J, 0.75* SOA4
AISO2J, 0.25* SOA4
AISO3J, AISO3J

AKJ, 0.0114*SALA
AKJ, 0.03770*DST1
AMGJ, 0.0368* SALA
AMNJ, 0.00115*DST1
ANAJ, 0.3086 * SALA
ANAJ, 0.03935*DST1
ANH4l, 0.01*NH4

ANH4J, 0.00005*DST1

ANH4J, 0.99 * NH4
ANO3I, 0.01*NIT
ANO3J, 0.00020*DST1

ANO3J, 0.99*NIT

ANO3K, 0.0016*DST2
ANO3K, 0.0016*DST3
ANO3K, 0.0016*DST4
ANO3K, NITs

AOLGAJ, AOLGAJ

AOLGBJ, AOLGBJ

AOTHRJ, 0.50219*DST1
APNCOMI, 0.4*0.001* OCPI
APNCOMI, 0.4*0.001*OCPO
APNCOMJ, 0.4*0.999* OCPI
APNCOMJ, 0.4*0.999*OCPO
APNCOMJ, 0.0043*DST1
APOCI, 0.001*OCPI

APOCI, 0.001*OCPO
APOCJ, 0.999* OCPI
APOCJ, 0.999*OCPO
APOCJ, 0.01075*DST1
ASEACAT, 0.3685*SALC
ASIJ, 0.19435*DST1
ASO4l,0.01*S0O4

ASOA4J, 0.99*S04

AS04J, 0.0225*DST1
ASO04J, 0.0776 * SALA
ASO4K, 0.0776* SALC
ASO4K, 0.02655* DST2
ASO4K, 0.02655*DST3
ASO4K, 0.02655*DST4
ASO4K, SO4s

ASOIL, 0.95995*DST2
ASOIL, 0.95995*DST3
ASOIL, 0.95995*DST4
ASQTJ, SOA3

ATIJ, 0.0028 *DST1
ATOL1J, 0.04* SOA5
ATOL2J, 0.04* SOA5
ATOL3J, 0.29* SOA5
ATRP1J, 0.33*SOA1
ATRP1J, 0.33* SOA2
ATRP2J, 0.67 *SOA1
ATRP2J, 0.67 * SOA2
AXYL1J, 0.03* SOA5
AXYL2J, 0.01* SOA5
AXYL3J, 0.11* SOA5
NH3, NH3

NUMACC, NUMACC
NUMATKN, NUMATKN
NUMCOR, NUMCOR
SRFACC, SRFACC
SRFATKN, SRFATKN
SRFCOR, SRFCOR
SULF, SULF

SV_ALK, SV_ALK
SV_BNZ1, 0.06 * SOG5
SV_BNZ2, 0.23*SOG5
SV_ISO1, 0.75* SOG4
SV_IS02, 0.25* SOG4
SV_SQT, SOG3
SV_TOL1, 0.23*SOG5
SV_TOL2, 0.23*SOG5
SV_TRP1, 0.33*SOG1
SV_TRP1, 0.33*SOG2
SV_TRP2,0.67*SOG1
SV_TRP2, 0.67*S0G2
SV_XYL1, 0.19*SOG5
SV_XYL2, 0.06* SOG5
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