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Abstract. To show how remote-sensing products can beservable at sites over the GOME-2 N®@aturated regime in
used to classify the entire CONUS domain into “geograph-both AQS and CMAQ, the weekend effect is not captured at
ical regions” and “chemical regimes”, we analyzed the re-sites over the AVHRR urban region because of the chem-
sults of simulation from the Community Multiscale Air ical characteristics of the urban sites GOME-2 mixed
Quality (CMAQ) model version 4.7.1 over the Contermi- regime). In addition, the weekend effect from AQS is more
nous United States (CONUS) for August 2009. In addi- clearly discernible at sites above the GOME-2,N¢éaturated
tion, we observe how these classifications capture the weeklyegime than at other sites above the CMAQ ,N€aturated
cycles of ground-level nitrogen oxide (NDand ozone regime, suggesting that the GOME-2-based chemical regime
(O3) at US EPA Air Quality System (AQS) sites. We use classification is more accurate than CMAQ-based chemi-
the Advanced Very High Resolution Radiometer (AVHRR) cal classification. Furthermore, the CMAQ simulations using
land use dominant categories and the Global Ozone Monthe GOME-2-derived NQemissions adjustment (decreasing
itoring Experiment-2 (GOME-2) HCHO/N®column den-  from 462 GgN to 426 Gg N over the US for August 2009)
sity ratios to allocate geographical regions (i.e., “urban”, show large reductions of simulated N©@oncentrations (par-
“forest”, and “other” regions) and chemical regimes (i.e., ticularly over the urban, or NQ@saturated, regime), and mit-
“NOy-saturated”, “NQ-sensitive”, and “mixed” regimes). igates the large discrepancies between the absolute amount
We also show that CMAQ simulations using GOME-2 and the weekly pattern of NOconcentrations of the EPA
satellite-adjusted NQ emissions mitigate the discrepancy AQS and those of the baseline CMAQ.
between the weekly cycles of NOfrom AQS observa-
tions and that from CMAQ simulation results. We found
geographical regions and chemical regimes do not show a
one-to-one correspondence: the averaged HCHO/N® 1 Introduction
tios for AVHRR “urban” and “forest” regions are 2.1 and
4.0, which correspond to GOME-2 “mixed” and “N©O  Photochemical ozone & production near the earth’s sur-
sensitive” regimes, respectively. Both AQS-observed andface depends on the chemical environment, which is heav-
CMAQ-simulated weekly cycles of NOshow high con- ily influenced by the ratio of volatile organic compounds
centrations on weekdays and low concentrations on week(VOCs) to nitrogen oxide (N@=NO+NGQ,) emissions.
ends, but with one- or two-day shifts of weekly high peaks While biogenic sources (vegetation) are primarily responsi-
in the simulated results, which eventually introduces theble for VOC emissions in many parts of the country, man-
shifts in simulated weekly-low @concentration. In addi- made sources contribute the majority of Nénissions in the
tion, whereas the high weekend; @nomaly is clearly ob-  United States (US). According to the US Environmental Pro-
tection Agency (US EPA), anthropogenic N®missions in
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the US are estimated to be 21.2 Tg per year (as in 2002): 38 %duced a photochemical indicator that uses the ratios of cer-
from on-road vehicles, 22 % from electric generation powertain chemical species to represent the XIDx-VOC sensi-
plants, 22 % from off-road equipment, 11 % from commer- tivity of a particular geographical area. Recently, Martin et
cial fuel combustion, and the rest from industrial processesl. (2004) and Duncan et al. (2010) utilized the ratio of satel-
and miscellaneous sources. Because of the dominance of mtite HCHO to the NG column density from GOME (spa-
bile sources, NQ emissions demonstrate a clear daily and tial resolution, 40 kmk 320 km) and OMI (spatial resolution,
weekly pattern related to temporal variations in the humanl3 kmx 24 km) as a photochemical indicator consistent with
use of fossil fuels. Therefore, an investigation of the daily orthe ratio of VOCs to NQ emissions over the surface. Mar-
weekly variations of surface £xoncentrations could illumi-  tin et al. (2004) used the GOME-derived indicator to charac-
nate the controlling effects of the key precursors afdon- terize geographic regions (e.g., North America, Europe, and
centrations. Previous studies have focused on daily or weeklfeast Asia) as chemical regimes (NGaturated and N
O3 variations over several metropolitan areas, including Newsensitive regimes). Using increased OMI-derived indicator,
Jersey, Southern California, Los Angeles, Atlanta, ChicagoDuncan et al. (2010) found that most US cities had become
Denver, New York City, Dallas, Houston, Phoenix, Washing- more NG;-sensitive regimes from 2005 to 2007.
ton, DC, Baltimore, and their neighboring regions (e.g., Le- Many previous studies (e.g., Lebron, 1967; Cleveland et
bron, 1967; Cleveland et al., 1974; Elkus and Wilson, 1977;al., 1974; Elkus and Wilson, 1977; Vukovich, 2000; Marr
Vukovich, 2000; Marr and Harley, 2002; Fujita et al., 2003; and Harley, 2002; Fuijita et al., 2003; Qin et al., 2004; Blan-
Qin et al., 2004; Blanchard and Tanenbaum, 2006; Shuttershard and Tanenbaum, 2006; Shutters and Balling Jr., 2006;
and Balling Jr., 2006; Blanchard et al., 2008; Yarwood etBlanchard et al., 2008; Yarwood et al., 2008) showed the
al., 2008). These studies have highlighted the weekend effeateekly pattern of surface NCand/or Q over the AVHRR-
on urban regions, where higher ground-level @ncentra-  derived US Geological Survey Land Use Land Cover (USGS
tions occur during the weekends rather than weekdays. HowkLULC) regions (referred to as “AVHRR regions”, which
ever, the peaks of their precursors show an opposite trencconsist of urban, forest, and other regions) (Loveland et
Higher urban region @concentrations during the weekends al., 2000) or GOME-2-derived chemical regimes (referred to
are attributed to lower surface N@missions in the NQ as “GOME-2 chemical regimes”, which are ®aturated,
saturated environment. NOy-sensitive, and mixed regimes). Several other studies

The relationship between the weekly cycles of N€dn- (e.g., Martin et al., 2004; Duncan et al., 2010) showed how
centrations and emissions has been investigated utilizing reremote sensing products can be used to determine the chem-
mote sensing N@ column density products. For example, ical environment. In this study, despite the uncertainty of re-
Beirle et al. (2003) and Kaynak et al. (2009) examined themote sensing, we show that remote-sensing-derived chemical
weekly cycle of the N@ column density using retrieval environments can be used for determining chemical regimes
products from the Global Ozone Monitoring Experiment by directly showing the weekly cycles of surfacg @om
(GOME) and the SCanning Imaging Absorption spectroMe-in-situ surface measurements over remote sensing-derived
ter for Atmospheric CHartographY (SCIAMACHY), respec- chemical regimes. No previous studies have addressed how
tively, and found that temporal variations in the Né&lumn  the AVHRR-derived geographical regions can be chemically
density are proportional to emissions. In particular, Beirle etclassified. This study investigates the chemical characteris-
al. (2003) revealed a lower GOME N@olumn density on tics of AVHRR geographical regions by estimating the col-
weekends and a higher column density on weekdays over themn ratios of GOME-2 formaldehyde (HCHO) to nitrogen
US, European countries, Japan, and South Korea. Similarlydioxide (NQ). In addition, two other previous studies (Kim
Kaynak et al. (2009) found relatively large SCIAMACHY etal., 2009; Russell et al., 2010) presented evidence of a large
NO> columns on weekdays and a significantly lower col- reduction in mobile source emissions over the western US or
umn density on weekends over polluted regions. However, naCalifornia since 1999 and since 2005. The reduction in point
such large reduction has been found in rural areas. A strongource emissions (e.g., from power plants) was accounted for
correlation was also observed between the Ozone Monitoringluring the preparation of the standard EPA National Emis-
Instrument (OMI)-derived surface NOmeasurements and sion Inventory 2005 (NEI 2005), but changes in mobile and
ground-based N©measurements at the US Air Quality Sys- other source emissions were not because of the lack of ex-
tem (AQS) and Environment Canada’s National Air Pollution plicit data pertaining to changes over the entire CONUS do-
Surveillance (NAPS) networks in polluted areas (Lamsal etmain. In this study, we perform two different CMAQ simu-
al., 2008). lations — CMAQ simulation with NEI 2005 and CMAQ with

In addition to characterizing the weekly cycles of NO GOME-2-derived N@Q emissions — to examine the impact
emissions, estimating a photochemical indicator, which isof emissions changes on the weekly cycles of surfacg NO
the ratio of VOCs to N emissions, is crucial to a more concentration.
thorough understanding of photochemicalfgpoduction be- To investigate the weekly cycles of surface €ncentra-
cause the photochemical environment strongly influencedions at EPA AQS stations over different geographical re-
production. Sillman et al. (1990) and Sillman (1999) intro- gions and chemical regimes, we divide the 12km CMAQ
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model grids covering the CONUS into two different types of 2.2 AVHRR USGS LULC data and GOME-2 NO, and
satellite-derived classifications: AVHRR-derived geographi- HCHO column data
cal regions and GOME-2-derived chemical regimes. We will
also introduce CMAQ-derived chemical regimes (referredUSGS LULC data are taken from the Global Land Cover
to as “CMAQ chemical regimes”) to investigate the dif- Characteristics Data Base Version 2.0. A detailed description
ferences between the weekly cycles of surfagecOncen-  of the datais provided &ttp://edc2.usgs.gov/glcc/globdac2
trations at AQS stations of the GOME-2 and those of the0.php The 1km-resolution AVHRR-derived global land
CMAQ chemical regimes. Section 2 describes which mea-cover characteristic data from the National Center for Earth
surement data are used for this study and then provides Resources Observation and Science at USGS, the University
description of the CMAQ 4.7.1 model. Section 3 briefly de- of Nebraska-Lincoln, and the Joint Research Center of the
scribes the methods used to define geographical regions arfeuropean Commission (Loverland et al., 2000) were used
the GOME-2- and CMAQ-derived chemical regimes, and in-to provide 24 types of land use and land cover information
vestigates variations in both the AQS-observed and CMAQ-(Anderson et al., 1976). For this study, over the CONUS,
simulated weekly cycles of daytime (01:00-05:00p.m., lo- AYHRR USGS LULC data are grouped into three categories
cal time) surface NQand & concentrations at correspond- (urban region: 1, forest regions: 11-15, other regions: all the
ing sites over AVHRR geographical regions and GOME-2 rest except urban regions, forest regions, and water bodies)
chemical regimes for August 2009 and the weekly cycles ofand then mapped onto 12 km CMAQ model grid cells fol-
NOyx and @ over GOME-2- and CMAQ-derived chemical lowing a Lambert conformal projection. A characteristic ge-
regimes. In addition, Sect. 3 shows how CMAQ with GOME- ographical region is determined based on the dominant land
2-derived emissions mitigate the discrepancies of the patternse type.
of NOx weekly cycles. Section 4 concludes and discusses the Remote sensing HCHO and N©@olumn densities are ob-
findings of this study. tained from the retrieval products of the GOME-2 sensor,
which is on board the EUMETSAT MetOp-A satellite. The
instrument takes nadir measurements at 09:30 a.m. local time
2 Measurements and model with footprints of 40x 80 kn?. OMI products (01:40 p.m.,
. . local time) are thought to be more suitable for determining
2.1 EPAair quality system (AQS) G and NO chemical regimes, but a morning time satellite instrument is
used in this study as it was in a previous study by Martin et
al. (2004), mainly because consistent dynamical random er-

ttn/airs/airsaqs/detaileddata/downloadaqgsdatd.htiourly- ~ '0rS have appeared since January 2009 in the OMI product
archived Q data from about 1100 measurement sites arehttp://www.knmi.nl/omi/research/sciengeDaily GOME-2

utilized and mapped onto 12km CMAQ model grid cells. NO2 and each orbit datum point of the HCHO column re-
The total number of CMAQ grids, including AQS 30 trieval products are fromhttp://www.temis.nl/airpollution
measurement sites, is 874 (AVHRR urban, forest, andCOME-2 vertical N@ and HCHO column density data were

others), 897 (GOME-2 HCHO/N£<1: GOME-2 NG- prepared for a cell size of 0.25%ut some of the data were fil-
saturatéd regime, ¢ GOME-2 HCHO/NG < 2: mixed tered out with a cloud fraction of 40 %. Details pertaining

regime, GOME-2 HCHO/N@> 2: NOy-sensitive regime) to the NQ retrieval algorithm using the DOAS approach and

and 875 (CMAQ HCHO/N@< 1: CMAQ NOy-saturated ~ ©M0r analysis are pro_vided by Boersma et al. (2004). The re-
regime, 1< CMAQ HCHO/NO; < 2: mixed regime, CMAQ trieval data used in this study are ob_talned_fro_m the Egropean
HCHO/NG; > 2: NOy-sensitive regime) (Table 1). Hourly- Space Agenfzy (ESA) Tropospheric Er_mssm_n Mon_ltormg
archived NQ data from 265 measurement sites are utilizeqnternet Serwce_(TEMIS)r_(ttp://www.tem|s.nI/a|rpoIIut|on/
and mapped onto 227 model grids (AVHRR urban, for- noZ.htn).AdetaHgd description of the HCHO column prod-
est, and other), 240 model grids (GOME-2 Neaturated upt can b'e found in De Smedt et al. (2008). TM4NQZA ver-
regime, mixed regime, NQsensitive regime), and 234 sion 2.1 is used for the GOME-2 NColumn density and

model grids (CMAQ NQ-saturated regime, mixed regime, T_EMIS version 1.2 is for the GOME-2 HCHO column den-
NOy-sensitive regime) (Table 1). We filtered out some dataS!-
for the study of the weekly cycles of surface N@nd G
because the weather conditions during the period of the rem
nant low of Tropical Storm Ana affecting the US (17-19 Au-

gust 2009) produced large uncertainties regarding its meteo- . , i
rological impact on @ chemistry. CMAQ model version 4.7.1 (Foley et al., 2010) is config-

ured with the Carbon Bond 2005 (CB05) chemical mecha-
nism and AEROS5 aerosol components. The CMAQ model
runs are set up with a horizontal resolution of 12 km with

22 vertical layers from the surface reaching 100 hPa, derived

Hourly surface @and NQ, concentrations are obtained from
the EPA AQS measurement networthttp://www.epa.gov/

2.3 Regional chemical transport model: CMAQ model
version 4.7.1
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Table 1.The total number(one-month averages) of CMQ grids, including EPA A@&10 NQ measurement sites over the AVHRR-derived
geographical regions, the GOME-2-derived chemical regimes, and the CMAQ-derived chemical regimes.

AVHRR-based @sites (874) NQ@sites (227) GOME-2-derived 4£X»ites (897) NQ sites (240) CMAQ-derived ©sites (875) NQ sites (234)

Urban 67 41 NQ-saturated 58 34 N@Qsaturated 93 55

Others 535 138 Mixed 270 90 Mixed 236 91

Forest 272 48 N@-sensitive 569 116 N@sensitive 546 88
by adapting a subset of the hybrid pure pressure and terrair 3 . % == 57 3
following o-p coordinates of the Weather Research and e L

Forecasting Non-hydrostatic Multi-scale Model dynamic .
core (WRF-NMM). The CMAQ vertical layer designation re- 1 S
tains that of the WRF-NMM in the lower troposphere, specif-
ically in the planetary boundary layer (Lee and Ngan, 2011).
The CBO05 (gas)-AQ (cloud)-AEROOQ5 (aerosol) module in
this model configuration considerssOPM, visibility, and
acid deposition on the continental scale. Thedadd PM 5
concentrations are driven by anthropogenic emissions base
on the EPA National Emissions Inventory (NEI) for 2005.
Wherever applicable, Continuous Emission Monitoring 2007
is used to replace the 2005 NEI for electric generating unit \.1‘
(EGU) point sources. Updated EGU emissions are furthel
projected to 2009 using emission projection factors from the

Department of Energy 2009 Annual Energy Outlook (AEO) Bl Urban & Others B Forest

report. All emissions independent from meteorological CoN-rjy 1 Three AVHRR USGS LULC geographical regions (red: ur-
ditions are processed first using a modified version of thepan regions, including USGS LULC type 1; green: forest regions,
Sparse Matrix Operator Kernel Emission (SMOKE) model including USGS LULC types 11-15; and orange: other regions, in-
(Houyoux et al., 2000). The emission sectors that vary ac-<luding all the rest except the urban region, the forest region, and
cording to meteorological conditions are simulated with var- water bodies (Anderson et al., 1976; Loverland et al., 2000).

ious emission models in the PRE-processor to CMAQ (PRE-

MAQ). In this study, monthly mean lateral boundary con-
ditions derived from the GEOS-CHEM (Bey et al., 2001)
global model simulation results are used for August 2009, in
light of the findings of earlier CMAQ evaluations that empha-
sized the drawback of using the climatologically-averaged
static boundary condition (e.g., Tong and Mauzerall, 2006;
Tang et al., 2008).

differs from that used in previous studies to characterize the
weekly cycles of @, including the weekend effect in several

urban regions (e.g., Cleveland et al., 1974; Elkus and Wil-
son, 1977; Vukovich, 2000; Marr and Harley, 2002; Fujita

et al., 2003; Lebron, 2004; Qin et al., 2004; Blanchard and
Tanenbaum, 2006; Shutters and Balling Jr., 2006; Blanchard
et al., 2008; Yarwood et al., 2008). This study categories all

3 Results of the model grid cells and EPA AQS measurement stations
using a dominant AVHRR land use type. The AVHRR urban
3.1 AVHRR geographical regions and GOME-2 and regions, which represent cities and their surrounding areas,
CMAQ chemical regimes comprise the smallest portion of the three geographical re-
gions.

Previously, Kaynak et al. (2009) derived three geographi- Previous remote sensing studies (e.g., Martin et al., 2004;
cal sites — urban, rural, and rural-point (rural areas, includ-Duncan et al., 2010) characterized two or three differ-
ing large EGUSs) — for their NQweekly cycle study. They ent regimes, including the N@saturated/N¢Q-sensitive and
chose seven urban sites based on Census 2000, eleven MOy-saturated/mixed/N@sensitive regimes. In this study,
ral sites far from both urban regions and large EGUs, andsimilar to Martin et al. (2004) and Duncan et al. (2010), we
more than 100 rural-point sites. In this study, instead of seirst utilize the ratio of GOME-2 HCHO to the NQcolumn
lecting specific sites, we divide the entire CONUS domaindensity to divide the CONUS into three chemical regimes
into three AVHRR-based geographical regions — urban, for-by using @ sensitivity derived from the GOME-2 ratio. Fig-
est, and others (Fig. 1) — to examine how surfagec@n- ure 2 represents the differences between the daytime (01:00—
centrations vary at all the available EPA AQS measuremen05:00 p.m., local time) surfaces®@f the baseline CMAQ and
sites over these geographical regions. Such a classificatiothat of the CMAQ with a 30 % reduction in NGemissions
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left panel of Fig. 3 identifies three chemical regimes NO
saturated, mixed, and N&sensitive — using the transition.
This study further categorizes other chemical regimes using
the ratios of CMAQ HCHO to N@ column density (see the
right panel of Fig. 3) to investigate how weekly cycles of
NOy and 3 vary among the measurement stations of the
GOME-2 and CMAQ chemical regimes of the CONUS. The
CMAQ HCHO/NO, ratios are estimated at the GOME-2
overpass time.
-9/ s : s . ) s | Using one month-averaged GOME-2 p€olumns, some

o 1 2 3 4 5 6 7 8 9 HCHO/NQO, ratio data from CMAQ modeling grids are
GOME-2 HCHO/NO, [unitiess] not considered when the NQGolumn density is less than
e : — ‘ ' ' ‘ 1 x 10 molecules cm?, typical of regions remote to an-
i thropogenic sources (e.g., Martin et al., 2006; Russell et
al., 2010) (Fig. 3). The distribution of two different chem-
ical regimes derived by GOME-2 and CMAQ is generally
consistent over the CONUS, but with clear differences over
some metropolitan areas (e.g., Houston, New Orleans, and
Tampa, in Fig. 3). Thus, over such regions, another classifica-
tion could introduce different surfaces@ensitivity in model
simulation. A zoomed-in regionalized study over the South-
! , , , | eastern US may highlight differences among these chemi-
0o 1 2 3 4 5 6 7 8 9 cal regime definitions. In addition, N@&sensitive regimes (in

CMAQ HCHOI/NO, [unitless] red) from CMAQ are larger than those from GOME-2, im-
plying higher surface @sensitivity to changes in NCemis-

Fig. 2. Differences between the surfacg @ the baseline CMAQ  gjgns in the model simulation.
and that in CMAQ with 30% N reduction (in red, baseline —

sensitivity) or a reduction in VOC emissions (in blue, baseline (e urban, other and forest regions) represent the ratio
sensitivity) in accordance with the ratios of the GOME-2 HCHO 9. ) 9 P

to NO» column density (upper panel) and the CMAQ HCHO to of the GOME-2 HCHO/NQ@ columns (see F'g',4),' The
NO, column density (lower panel). The differences are estimatedOME-2 HCHO/NQ mean values (standard deviations) of
by averaging the data for the daytime (01:00-05:00 p.m., local time)the AVHRR urban, other and forest regions are 2.1 (1.3),
during August 2009 only when GOME-2 Nr the CMAQ NG 3.8 (1.8), and 4.0 (1.9), respectively. A large variability im-
column density is larger than 1:010'° moleculescm?. So that  plies that each geographical region could be classified as two
the trend can be more clearly observable, all figed@ferences are  or more chemical regimes. The GOME-2 HCHO/N@ean
averaged according to the GOME-2 or CMAQ ratios. values (standard deviations) of the GOME-2 Néaturated,
mixed, and NQ@-sensitive regimes are 0.6 (0.2), 1.6 (0.2),
and 4.4 (1.6), respectively. The GOME-2 chemical ratios for
(in red) and between CMAQ and CMAQ with a 30% re- the AVHRR urban and forest regions are 2.1 and 4.0, re-
duction in VOC emissions (in blue) in accordance with the spectively, which likely correspond to those for the GOME-2
ratio of GOME-2 or CMAQ HCHO to the N@column den-  mixed (1.6) and N@-sensitive regimes (4.4), respectively.
sity. No clear transitions take place among theN@nsitive,  Interestingly, the chemical characteristic of the AVHRR ur-
mixed, and NQ-saturated regimes, but changes in daytimeban regions is similar to that of the GOME-2 mixed regimes,
surface @ are proportional to those in VOC emissions over which might affect the weekly cycle of the surfacg €bn-
the NQ-saturated regime (for low HCHO/NQratio< 1), centrations over the region. This issue will be described in
but surface @ is highly sensitive to changes in N@mis-  detail in Sect. 3.4.
sions over the NQsensitive regime (for a high HCHO / NO
ratio of > 2). Over the mixed regime, some changes in sur-3.2 Weekly variation of NOy emissions
face @ are affected by those in VOC emissions, but more
changes are affected by N@missions changes (for ratios To understand the weekly cycle of ground-level €éncen-
between 1 and 2). A high £sensitivity to changes in NO  trations, we must evaluate weekly variations in the emis-
emissions was similarly shown as the ratio of HCHO to the sions of the @ precursor, NQ. For the sake of consistency
NO, column density increased, as was also shown in previwith the evaluation of the weekly £cycle, only the day-
ous studies by Martin et al. (2004) and Duncan et al. (2010)time (01:00-05:00 p.m., local time) emissions from CMAQ
The CONUS domain is divided into three chemical regimesis used. Large weekday/weekend variations inyNgnis-
using two transitions (ratios are 1 and 2, see Fig. 2). Thesions are shown at EPA AQS stations over both the AVHRR

0, difference [ppbv]
)

i
[=]

0, difference [ppbv]
o

We also analyze how the AVHRR geographical regions
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[unitless)

1 2 3

Fig. 3. Three GOME-2-derived and CMAQ-derived chemical regimes using two transitions (1 and 2, see Fig. 2) using the ratio of the GOME-
2 HCHO to NG (left panel) and the CMAQ HCHO to Nfcolumn density (right panel). The CMAQ ratios are estimated at the overpass
time. Black represents the category 1 region (HCHO pNCL, an NQ-saturated regime), green the category 2 regica ICHO /NG, < 2,

a mixed regime), and red the category 3 region (HCHO $NQ, an NQ-sensitive regime). The cell size of the GOME-2 HCHO andbNO
column density data (frorhttp://www.temis.nl/airpollutior)/ differs from that of CMAQ (12 km), and thus, both GOME-2 and CMAQ
column density data are interpolated into 36 km for this comparison. Ratios are estimated only when the GOMEeRN@ density is

larger than 1.0« 101> molecules cr2.

8" 1 87
o 6 o' 6
= <
(o] (o]
5 5
I 4 I 4
o o
g | . . g |
u_-_ = - u._—_-_ =
Urban Others Forest NO, saturated Mixed NO, sensitive

Fig. 4. The ratio of GOME-2 HCHO columns to NOcolumns over AVHRR-derived geographical regions (i.e., urban, others, and forest
regions, left panel) and GOME-2 derived chemical regimes (i.ex-Biurated, mixed, and N@sensitive regimes, right panel) for August
2009. The bar represents the standard deviation of GOME-2 HCHQ fBl®.

regions and the GOME-2 regimes (Fig. 5). Over the urbanthan that in NQ emissions (about 34 %) in the Los Ange-
regions and the N@saturated regimes, changes in week- les basin, estimated by Yarwood et al. (2008). Reductions
day/weekend NQ emissions are larger than those in other are similarly estimated by 29.4 %, 26.6 %, and 26.4 % over
regions or regimes. From Friday to Saturday, ,Nénis- NOy-saturated, mixed, and N&sensitive regimes, respec-
sions decrease by 29.4%, 26.7 %, and 25.3% over the utively. The greatest NQemissions are also shown on Fri-
ban, other, and forest regions, respectively. The reduction irday over three AVHRR regions (7.76 mol's 1.94 mols?,

NOx emissions over the urban regions in this study is smallerand 0.97 mols!) and the GOME-2 regimes (5.25 mol's
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Fig. 5. Weekly variation in NQ emissions at EPA AQS stations over three AVHRR-derived geographical regions (i.e., urban, other, and
forest regions, left column) and GOME-2-derived chemical regimes (i.ex-durated, mixed, and N@sensitive regimes, right column)

in CMAQ for August 2009. For the sake of consistency with the daytigee@nparison in Fig. 7, only daytime (01:00-05:00 p.m., local

time) NOk emissions are used; some data are filtered out from 17-19 August 2009, when Tropical Storm Ana strongly affected air quality
over the eastern US.

2.57mols?, and 1.75molst). Thus, changes in the abso- ation dividing by the square root of the sample sib#p;

lute amounts of NQ emissions over the urban regions from //en.wikipedia.org/wiki/Standardrrof), ranging from 0.1—
weekdays to weekends are larger than those over the NO 0.9. The low weekend and high weekday Ni® clearly ob-
saturated regimes, but changes in Nénissions over the servable at the stations located in all the AVHRR regions and
other and forest regions are smaller than those over the mixe@OME-2 regimes (Fig. 6). Over the urban regions and the

and NQ-sensitive regimes. NOy-saturated regimes, AQS observations show the small-

est NQ, concentrations during weekends (on Sunday) and

3.3 Weekly variation of AQS and CMAQ the largest during weekdays (on Thursday and Friday). The
ground-level NOx weekly pattern of N concentrations over urban regions is

. ) . similar to that of the N@ column density and the NOmix-
We investigate weekly anomalles of ground-level AQS ing ratio in previous studies (e.g., Beirle et al., 2003; Shut-
and CMAQ NG concentrations at EPA AQS stations ters and Balling Jr., 2006; Kaynak et al., 2009). In particu-
over AVHRR geographical regions and GOME-2 chemical |5, Kaynak et al. (2009) showed the smallest N®lumn
regimes, using only daytime (01:00-05:00 p.m., local time) yensity over the urban regions on Sunday and the largest
observed and simulated NGroncentrations and estimate gy Wednesday, Thursday, and Friday (e.g., Wednesday for
weekly anomalies by subtracting averagedNsoncentra- Chicago; Thursday for Houston, Atlanta, New York, and
tions for each day from the average of all the availablgNO Phoenix; Friday for Los Angeles and Seattle). The CMAQ
concentrations during the month over the urban, forest, andjmyjation shows a similar pattern for the smallest,NOn-
mixed regions (see the two left columns of Fig. 6) or the centrations on Sunday and the largest on Thursday (over ur-
NOX—§aturated, mlxed,. and N&sensitive regimes (see the pgn regions) and Wednesday (over N€turated regimes)
two right columns of Fig. 6). For each day (from Sunday 10 jnstead of Friday, as in AQS. In general, the model-simulated
Saturday), the number of data, the standard deviation, anmox peaks occur one or two days earlier than the AQS-
the standard error of the mean (SEM) of AQS N@bserva-  gpserved NQ peaks. Interestingly, the weekly pattern of the

tions and corresponding CMAQ simulation results are alsonQ, emissions inventory is not consistent with this simulated
estimated (Table 2). The SEM is estimated the standard devi-
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Fig. 6. Weekly anomalies of AQS-observed and CMAQ-simulated ground-leve{ étfdcentrations at EPA AQS stations over AVHRR-
derived geographical regions (i.e., urban, other, and forest regions, left two columns) and GOME-2-derived chemical regimeg-(i.e., NO
saturated, mixed, N@sensitive regimes, right two columns) for August 2009. For the sake of consistency with the daytoom@arison

in Fig. 7, only daytime (01:00-05:00 p.m., local time) N€oncentrations are used; some data are filtered out from 17-19 August 2009,
when Tropical Storm Ana strongly affected air quality over the eastern US.

NOy pattern. Note that the NOemissions for Friday are cycle at stations over N@saturated regimes. It is most likely
slightly greater or similar to those for Wednesday over thethe result of the closeness of the mixed regime to thg-NO
regime or region (Fig. 5). However, the simulated ,Né@n- saturated regime.
centrations significantly decrease from Wednesday to Friday The AQS shows the largest N@oncentration at stations
over the regime or region, which introduces a large discrep-over forest regions and N&sensitive regimes on Friday, but
ancy between the weekday N@attern of the model and CMAQ shows the largest NOconcentrations in these ar-
that of the observation. The possible reason for this differ-eas on Thursday (Fig. 6). A study by Kaynak et al. (2009)
ence is described in Sect. 3.6. This shift in the highesk NO also showed similar patterns of N@olumn densities over
day (Fig. 6) may contribute to the shift in the lowest @ay  their rural areas (large NfOcolumn densities on Thursday
(Fig. 7), particularly at stations over urban regions or,NO and Friday and small column densities on Saturday and Sun-
saturated regimes because of the relatively greater amount afay). The pattern of NQcycles at stations over the AVHRR
NOy emissions than over other regions or regimes (Fig. 5).forest regions in AQS and CMAQ is similar to that over
Details pertaining to the shifts in low{peak days are de- the AVHRR other regions in AQS and CMAQ, respectively.
scribed in the next section. Over forest regions and N@sensitive regimes, the highest
The weekly cycles of NQ concentrations at AQS mea- NOy peak day occurs one day earlier in CMAQ (on Thurs-
surements sites over the AVHRR other region and GOME-2day) than in AQS (on Friday), which might be closely related
mixed regimes in AQS are more or less similar to those into the one- or two-day shifts of low £Opeak days during
the AVHRR urban region and the GOME-2 N@®aturated weekdays in CMAQ compared to those in AQS.
regimes, respectively. CMAQ shows that the weekly cycle of
NOx concentrations at AQS sites over the AVHRR other re-3.4 Weekly anomalies of AQS and CMAQ
gion are similar to those over the AVHRR urban region. The ground-level O3
simulated high-peak Ngodays (Tuesday—Thursday) over the
NOg-saturated regime shifted to late weekdays (WednesdayWeekly anomalies of ground-levelz&oncentrations from
Friday) over the mixed regime. In other words, although AQS and CMAQ are compared at EPA AQS measure-
simulated weekly cycles of NQOconcentrations of urban ment stations over the AVHRR geographical regions and
and other regions are similar, simulated peakyN&@curs the GOME-2 chemical regimes. Weekly; @nomalies and
two days later over mixed regimes than it does overNO weekly NG, anomalies are estimated in the same way. For
saturated regimes. Interestingly, the simulatedN@rle at  each day, the number of data, the standard deviation and the
AQS stations over mixed regimes is similar to the observedSEM of AQS G observations and corresponding CMAQ
modeling results are also estimated (Table 3). Over urban
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Table 2. The number of data (weekly anomaly), the standard deviation, and the standard error of the mean (SEM) of EPA AQS observations
and CMAQ simulations for NQ measurement sites over the AVHRR-derived geographical regions and the GOME-2-derived chemical
regimes.

AQS (NO) CMAQ AQS (NO) CMAQ
Day N o oN12 4 o N-1/2 Day N o oN12 4 o N-1/2
Urban SU 904 4.7 0.2 10.7 04 Saturated SU 746 56 0.2 12.3 0.5
MO 748 6.0 0.2 11.3 04 MO 616 76 0.3 141 0.6
TU 554 65 0.3 145 0.6 TU 455 80 04 17.3 0.8
WE 556 6.4 0.3 156 0.7 WE 453 76 04 18.7 0.9
TH 749 7.7 0.3 142 0.5 TH 604 89 04 172 0.7
FR 751 8.7 0.3 129 0.5 FR 613 94 04 15.2 0.6
SA 886 56 0.2 139 0.5 SA 730 71 0.3 14.7 0.5
Others SU 2940 3.1 0.1 7.2 0.1 Mixed SU 2058 3.7 0.1 5.9 0.1
MO 2453 5.1 0.1 7.9 0.2 MO 1665 7.0 0.2 8.2 0.2
TU 1790 5.1 0.1 8.5 0.2 TU 1250 6.9 0.2 9.1 0.3
WE 1833 55 0.1 9.2 0.2 WE 1246 6.9 0.2 9.5 0.3
TH 2491 55 0.1 114 0.2 TH 1700 7.1 0.2 104 0.3
FR 2516 55 0.1 10.0 0.2 FR 1688 7.2 0.2 11.3 0.3
SA 2902 48 0.1 8.2 0.2 SA 2022 55 0.1 8.3 0.2
Forest SU 1009 39 0.1 6.7 0.2 Sensitive  SU 2370 28 0.1 6.9 0.1
MO 848 6.2 0.2 9.2 0.3 MO 2013 4.1 0.1 6.7 0.2
TU 635 6.8 0.3 105 0.4 TU 1479 39 0.1 6.2 0.2
WE 653 57 0.2 104 04 WE 1530 4.0 0.1 6.9 0.2
TH 869 6.6 0.2 121 04 TH 2061 44 0.1 106 0.2
FR 855 6.3 0.2 114 0.4 FR 2083 4.7 0.1 7.9 0.2
SA 1006 5.7 0.2 7.6 0.2 SA 2364 4.0 0.1 7.3 0.2
Urban ) y Urban . NO,-saturated NO,-saturated
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Fig. 7. The same as Fig. 6, but for ground-leve] Gbncentrations.

regions, the largest observed ground-levgloOncentrations  the highest N days in the observation and the model, re-
occur on Tuesday, the same as those simulated by CMAGpectively. Figure 4 showed that the AVHRR urban regions
(Fig. 7). The smallest ©@concentrations occur on Friday in are chemically classified as GOME-2 mixed regimes. Thus,
AQS, buton Thursday in CMAQ. The lowesg@ays in AQS  interestingly, the weekly ©cycles over the AVHRR urban
(on Friday) and CMAQ (on Thursday) correspond exactly toregion from EPA AQS and CMAQ are similar to those over
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Table 3. The number of data (weekly anomaly), the standard deviation, and the standard error of the mean (SEM) of EPA AQS observa-
tions and CMAQ simulations for §measurement sites over the AVHRR-derived geographical regions and the GOME-2-derived chemical
regimes.

AQS (O3) CMAQ AQS (O3) CMAQ
Day N o oN12 4 o N-1/2 Day N o oN12 4 o N—1/2
Urban SU 1689 155 04 16.1 0.4 Saturated SU 1426 212 0.6 20.2 0.5
MO 1354 13.8 04 135 04 MO 1156 19.0 0.6 179 05
TU 1014 148 0.5 16.6 0.5 TU 864 175 0.6 173 0.6
WE 1023 16.7 0.5 16.5 0.5 WE 863 20.0 0.7 17.8 0.6
TH 1366 17.1 0.5 176 0.5 TH 1149 215 0.6 18.2 0.5
FR 1373 174 0.5 18.0 0.5 FR 1158 21.3 0.6 205 0.6
SA 1686 169 04 194 0.5 SA 1404 21.8 0.6 23.8 0.6
Others SU 13365 15.0 0.1 13.7 0.1 Mixed SuU 6716 159 0.2 148 0.2
MO 10664 14.0 0.1 128 0.1 MO 5326 142 0.2 13.2 0.2
TU 7961 146 0.2 13.3 0.1 TU 3990 147 0.2 135 0.2
WE 8032 153 0.2 13.8 0.2 WE 4030 16,5 0.3 157 0.2
TH 10690 16.2 0.2 150 0.1 TH 5381 16.8 0.2 16.0 0.2
FR 10726 164 0.2 16.1 0.2 FR 5393 174 0.2 174 0.2
SA 13183 155 0.1 153 0.1 SA 6645 174 0.2 173 0.2
Forest SU 6826 14.0 0.2 128 0.2 Sensitive  SU 14318 13.0 0.1 123 0.1
MO 5412 122 0.2 123 0.2 MO 11420 123 0.1 122 0.1
TU 4038 13.3 0.2 126 0.2 TU 8524 13.8 0.1 13.2 0.1
WE 4082 14.1 0.2 135 0.2 WE 8594 142 0.2 13.3 0.1
TH 5434 153 0.2 148 0.2 TH 11432 149 0.1 149 0.1
FR 5480 14.8 0.2 147 0.2 FR 11488 15.0 0.1 151 0.1
SA 6797 144 0.2 140 0.2 SA 14230 13.7 0.1 13.7 0.1

the GOME-2 mixed regimes (Fig. 7). Blanchard et al. (2008) Balling Jr., 2006; Yarwood et al., 2008), but this study finds
showed three different high {Opeak days (on Sunday in no weekend effect at AQS stations over the AVHRR urban
Chicago, Dallas-Fort Worth, and Phoenix for al} €ason regions in AQS nor in CMAQ because the AVHRR urban
days; on Tuesday in Chicago and Phoenix for highd@ys;  region has a similar chemical environment to the GOME-
and on Saturday in Dallas-Fort Worth for highs @ays). 2 mixed regime, instead of the GOME-2 N®aturated
Their study found that over several urban sites for high O regime. However, at other AQS sites over N€aturated
days, the highest £peak days occur on Tuesday. From an- regimes, the weekend effect is clearly shown in both AQS
other study by Shutter and Balling Jr. (2006), highggak  and CMAQ, indicating a peak ground-levej Concentration
days in Phoenix occur on Sunday. Interestingly, in our study,on Sunday both in AQS and CMAQ. Both AQS and CMAQ
the highest @ peak day over the NQ@saturated regime is also show the second highest peak on Monday. At AQS sta-
Sunday. The study by Blanchard et al. (2008) also showedions over NQ-saturated regimes, AQS observations indi-
various low peak days (on Monday in Chicago for high O cate the smallest on Friday, but the CMAQ simulation
days; on Wednesday in Phoenix for alg Geason days; shows the smallest on Thursday (see Fig. 7). The difference
on Thursday in Dallas-Fort Worth, Dallas-fort Worth , and between the observed and simulated lowest@ys is most
Phoenix for high @ days; and on Friday in Chicago for all likely the result of temporal variations of N@oncentrations
O3 seasonal days). Our study shows that the lowggp€ak  over the regime (see Fig. 6).
days occur on Fridays (in AQS) and Thursdays (in CMAQ) At AQS stations over the AVHRR other regions, the largest
over both urban regions and N@aturated regimes. A pre- and smallest @concentrations are shown on Wednesday and
vious study by Blanchard et al. (2008) showed more diverseSunday, respectively. The CMAQ model simulation results
highest and lowest peak days than our study, likely resultingshow the same highest and lowesf days. Both AQS and
from the local characteristics of the measurement sites. CMAQ show negative anomalies on Saturday (Fig. 7), which
Previous studies clearly showed the weekend effect in sevare consistent with negative anomalies in ;Néncentra-
eral polluted areas (e.g., Cleveland et al., 1974; Elkus andions (Fig. 6). At AQS sites over the mixed regime, both the
Wilson, 1977; Vukovich, 2000; Marr and Harley, 2002; Fu- AQS observation and the CMAQ simulation show the largest
jita et al., 2003; Lebron, 2004; Qin et al., 2004; Shutter andO3 concentrations on Tuesday. The AQS observation shows
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the smallest @ concentrations on Sunday, but the CMAQ 3.6 The impact of the GOME-2-derived emissions
simulation shows the smallest on Thursday. The reason for inventory on the weekly NGy pattern

negative anomalies on Thursday and Friday in CMAQ is not

clear, but the AQS observation also shows similar negativeAs we described in Sect. 2.2, GOME-2 h@trievals were
anomalies on Friday and Saturday. As we explained earlierobtained for August 2009 and used to calculate monthly-
the differences between the lowest @ays in AQS and those averaged N@ column density for the CONUS domain,
in CMAQ are similarly shown over the AVHRR urban re- and an equivalent monthly mean column-integrated value of
gion. Similarly, the low @ peak day occurs one day earlier NO2 concentrations was calculated from the CMAQ with
in CMAQ (Thursday) than in AQS (Friday) during the week- NEI 2005. The ratios of the CMAQ Nfcolumn density
days. The transport of smallsoncentrations over N@  to the GOME-2 NQ column density are also estimated
saturated regimes might introduce smal @ncentrations  (Fig. 9). A comparison of modeled and satellite-observed
over its neighboring mixed regime. At AQS stations over for- NO2 columns exhibited general overestimates in urban ar-
est regions, both AQS and CMAQ show the largestcon- eas close to concentrated population areas over the CONUS.
centrations on Tuesday, but they show the smallest on Sunin particular, the CMAQ model over-predicted the NEbI-

day or Thursday, respective|y_ At AQS stations over,NO umn density in the urban areas over Houston, Texas, New
sensitive regimes, both AQS and CMAQ show the largest O Orleans, Louisiana, Tampa and Jacksonville, Florida, Port-
concentrations on Tuesday, the second largest on Wednesddgnd, Oregon, Minneapolis, Minnesota, Tulsa, Oklahoma,
and the smallest on Sunday. The highesp@ak day overthe ~Kansas City, Kansas, Charlotte and Raleigh, North Carolina,
NOy-sensitive regime is similar to that of the AVHRR forest and Los Angeles, California. Even though other regions ex-

region, likely due to the similar chemical environment of the hibited various prediction trends, Martin et al. (2006) and
regime to that of the region (Fig. 4). Choi et al. (2008, 2009) also showed similar over-prediction

trends of the GEOS-CHEM model (using NEI1999) and the
. Regional chEmical trAnsport Model (REAM) model (using
3.5 Weekly anomalies of NQ and Oz over the CMAQ  NE| 1999 or NEI 1999 with a 50 % reduction in EGU and
chemical regimes non-EGU point sources, respectively) in urban areas over the
southern US.

In this section, we further investigate the effects of the differ-  Unlike in the results discussed in the previous paragraph,
ence between the GOME-2- and CMAQ-derived chemicalthe baseline model generally underpredictsGumn den-
regimes (see F|g 3) on Week|y Cyc|es of surfaceyNd sity in areas near San Francisco, California, Springfield, M-
O3 concentrations at AQS measurement station sites. Thi§ois, Bloomington, Indiana, Binghamton, New York, and
study compares the weekly N@nd G cycles at the AQS ~ Scranton, Pennsylvania, and large portions of rural area over
stations over the two different N@saturated regimes (from the CONUS (Fig. 9). Napelenok et al. (2008) also showed
GOME-2 and CMAQ). The weekly cycles of NGt corre-  that NG column densities are generally underpredicted in
sponding stations in AQS and CMAQ over the two differ- rural areas over the eastern US in the baseline CMAQ model.
ent chemical regimes (see the two right columns of Fig. 6Interestingly, over San Francisco and its neighboring region,
and the two left columns of Fig. 8) are generally similar. Ta- the GEOS-Chem (Martin et al., 2006) and the REAM (Choi
ble 4 represents the number of data, the standard deviatiort al., 2008, 2009) CTMs also showed underprediction of the
and the SEM of AQS NQ or Oz observations and corre- NO2z columns.

sponding CMAQ simulation results at AQS stations over the To analyze the effect of the GOME-2-derived emissions
CMAQ-derived chemical regimes. As discussed in the pre-inventory on the weekly cycles of surface N@ver the
vious section, the @weekend effect in AQS and CMAQ AVHRR geographical regions or the GOME-2 chemical
(See the two right columns of F|g 7) are C|ear|y 0b5ervab|eregimes, we performed additional simulations, including the
at AQS stations over the GOME-2 NGaturated regime' GOME-2-derived N@ fossil-fuel emissions. The GOME-2-
but high G anomalies on Sunday and Monday are not ob_deriVEd NQ fossil-fuel emissions inventor)El&) is first esti-
vious at AQS stations over the CMAQ N®aturated regime mated following Martin et al. (2003) and Choi et al. (2008)
in AQS (see the third column of Fig. 8). Interestingly, the by fitting Et to a priori bottom-up emissioita from NEI
pattern of weekly @ cycles over the CMAQ N@saturated 2005 with the ratio of the retrieved N@olumn §2) to the
regime is similar to that over the AVHRR urban region (see corresponding simulated column at the GOME-2 overpass
the first column of Fig. 7). This finding indicates that CMAQ- time (R2s):

Qerived NQ-saturated regime stqtions might be_chgracter—Et = Eax Qi/Qs @

ized as AVHRR urban region stations that, in reality, include
some AVHRR urban region stations. This finding further sug- For a new emissions inventory, we estimated the ratios of
gests that utilizing the GOME-2-derived photochemical indi- the CMAQ NG column density to the GOME-2 NQOcol-
cator might define N@saturated regime stations better than umn density. For this application, we estimated both the ra-
the CMAQ-derived photochemical indicator. tios of the CMAQ NG columns to GOME-2 N@ columns
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Table 4. The number of data (weekly anomaly), the standard deviation, and the standard error of the mean (SEM) of EPA AQS observations
and CMAQ simulations for NQand Q; measurement sites over the CMAQ-derived chemical regimes.

AQS (NOy) CMAQ AQS (G3) CMAQ
Day N o oN"12 & o N-1/2 Day N o oN12 4 o N-1/2
Saturated SU 1253 5.0 0.1 12.1 0.3 SuU 2317 21.2 04 191 04
MO 1033 8.2 0.3 13.8 04 MO 1871 19.0 04 16.1 04
TU 762 83 0.3 15.7 0.6 TU 1407 17.7 0.5 158 0.4
WE 758 7.7 0.3 16.7 0.6 WE 1412 20.2 0.5 17.1 0.5
TH 1025 8.7 0.3 184 0.6 TH 1886 208 0.5 179 04
FR 1029 9.0 0.3 16.0 0.5 FR 1883 209 0.5 20.2 0.5
SA 1219 7.0 0.2 140 04 SA 2299 208 04 220 0.5
Mixed SuU 2031 3.3 0.1 5.1 0.1 SuU 5892 145 0.2 149 0.2
MO 1636 54 0.1 55 0.1 MO 4686 13.7 0.2 13.6 0.2
TU 1203 53 0.2 5.2 0.1 TU 3509 156 0.3 154 0.3
WE 1219 58 0.2 6.1 0.2 WE 3535 16.1 0.3 158 0.3
TH 1653 6.1 0.2 8.2 0.2 TH 4703 16.7 0.2 16.6 0.2
FR 1652 6.3 0.2 7.3 0.2 FR 4732 16.6 0.2 17.2 0.3
SA 1989 45 0.1 6.9 0.2 SA 5863 16.2 0.2 166 0.2
Sensitive  SU 1724 3.0 0.1 3.1 0.1 SuU 13687 13.6 0.1 124 0.1
MO 1503 4.0 0.1 3.3 0.1 MO 10888 124 0.1 120 0.1
TU 1120 3.8 0.1 3.9 0.1 TU 8118 13.1 0.1 121 0.1
WE 1148 38 0.1 4.8 0.1 WE 8194 14.1 0.2 13.0 0.1
TH 1563 39 0.1 5.0 0.1 TH 10913 149 0.1 144 0.1
FR 1558 4.7 0.1 4.8 0.1 FR 10965 15.2 0.1 149 0.1
SA 1739 46 0.1 4.3 0.1 SA 13553 143 0.1 140 0.1
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Fig. 8. Weekly anomalies of AQS-observed and CMAQ-simulated ground-level 8@PA AQS NQ stations (left two columns) and{O
concentrations at EPA AQS{Gstations (right two columns) over CMAQ-derived chemical regimes (i.e x-N&@urated, mixed, and N©
sensitive regimes, see the right panel of Fig. 3) for August 2009. Only daytime (01:00-05:00 p.m., local tignedNG; concentrations

are used; some data are filtered out from 17—-19 August 2009, when Tropical Storm Ana strongly affected air quality over the eastern US.
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Fig. 9. The ratio of the monthly-averaged CMAQ N®@olumns versus GOME-2 Nfxolumns (left panel, both GOME-2 and CMAQ column
data are interpolated for 36 km for this comparison), the monthly-averaggdeRfssions from EPA National Emissions Inventory 2005
(NEI 2005, middle panel, 462 Gg N over the US) and the monthly-averaggdeR@ssions from the GOME-2-derived emissions inventory
(right panel, 426 Gg N over the US) for August 2009.

in a 36 km spatial resolution in order to effectively avoid the days at stations over the urban region or theM@aturated
adverse effect of the transport of N@acers in a fine res- regime (see the second and third columns of Fig. 10a and b).
olution and the GOME-2-derived NCemissions inventory
by applying the ratios to the standard NEI 2005 (Fig. 9). The
GOME-2-derived NQ emissions (426 GgN) are 7.8% less 4 Conclusion and discussion
than the NEI 2005 (462 Gg N) emissions over the US (Fig. 9)._ .

Figure 10a and b show a comparison of the simulated surJ his study compares the weekly cycles of surface ozone and

face NG, concentrations from the CMAQ with NEI 2005 its precursors simulated by the CMAQ model to that ob-
and the second CMAQ with the GOME-2-derived emissionsserved at the EPA AQS stations over satellite derived geo-

inventory. The simulated NOconcentrations from the sec- draphical regions and chemical regimes over the contiguous
ond CMAQ are significantly less at EPA stations, particu- United States. We found that the CMAQ model generally

larly over the AVHRR urban region and the GOME-2 NO captures the WGEK_Iy cycles of groun_d-level ’Néhd Q as
saturated regime (Fig. 10a and b). The number of availabl@PServed at AQS sites, except occasional shifts between pos-
AQS data, the standard deviations and the SEM of correltive and negative anomalies during weekdays. Over AVHRR

sponding CMAQ simulation results with GOME-2-derived ©ther and forest regions and GOME-2 mixed and,NO
emissions are estimated (Table 5). Interestingly, the standargensitive regimes, both AQS and CMAQ show positive,NO
deviation and the SEM values from the 2nd CMAQ simula- anomalies during weekdays and negative \Nahomalies

tions become similar to those from the AQS observations. weluring weekends. Similarly, AQS and CMAQ show nega-
also found that the large reduction in l@missions affects V€ Os anomalies during weekends and positiveaBoma-

the weekly pattern of surface Nt stations over the urban €S during weekdays. However, AQS observations do not re-
region or the N@-saturated regime (Fig. 10a and b). As we V€&l any weekend effects (highs@eekly anomalies during
described earlier, the CMAQ-simulated N@eak days oc- weekends) at AQS stations over 'the AVHRR'urban region,
cur in one- or two-day shifts compared with those from the but they clearly show weekend highs@nomalies at other

EPA AQS observations (Fig. 6). The trend in weekly NO AQS stations over the GOME-2 N&saturated regime, sug-
emissions (see Fig. 5) reveals similar emissions from Mon-9€sting that characterizing the CONUS as GOME-2 chemi-

day to Friday, but the standard CMAQ shows a peakNO cal regimes could benefit the analysis of weekly cycles (in-

day on Wednesday. The simulated high peak occurrence ofitding the weekend effect). Over the AVHRR urban region
Wednesday is probably related to the longestNifatime in and the GOME-2 N@-saturated regime, the greatest nega-

the middle of the week, which could be caused by the overestiVe Os day differs slightly in AQS (on Friday) and CMAQ

timated surface NQconcentrations or favorable meteorolog- (0N Thursday). A shift in the largest negative; @nomaly
ical condition for NQ tracers on Wednesday in CMAQ. The 92y in CMAQ is likely to result from a shift in the positive
details need to be further investigated. Note that large reducNOx day in the model, unlike shifts in AQS. Compared to
tions in NO, emissions mitigate rapid changes in simulated GOME-2 NG column in August 2009, the CMAQ NgI:ol-
NOy concentration (an increase from Monday to Wednesday"™n is generally larger, particularly over the AVHRR urban

and a decrease from Wednesday to Friday) during the week€9i0n and NG-saturated regime. Adjusting fossil-fuel NO
emissions (from 462 to 426 Gg N over the US) based on a
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Fig. 10. (a)Weekly mean variations of AQS-observed, CMAQ-simulated, and the 2nd CMAQ-simulated (with GOME-2-derived emissions
inventory) ground-level N@ concentrations at EPA AQS stations over AVHRR-derived geographical regions (i.e., urban, other, and forest
regions) for August 2009. For the sake of consistency with the daytigne@parison in Fig. 7, only daytime (01:00-05:00 p.m., local time)

NOx concentrations are used; some data are filtered out from 17-19 August 2009, when Tropical Storm Ana strongly affected air quality
over the eastern US. Note that the index of the vertical y-axis for the urban region stations (0—25 ppbv) differs from the indices (0-10 ppbv) of
other and forest region statior(p) Same as irfa), but over GOME-2-derived chemical regimes (i.e.,,;N&aturated, mixed, N@sensitive
regimes). Note that the index of the vertical y-axis for N€aturated regime stations (0—25 ppbv) differs from the indices (0-10 ppbv) of
mixed and NQ-sensitive regime stations.

comparison of CMAQ and GOME-2 N{xolumns proves to  saturated regime. After selecting a specific region of interest

reduce the large discrepancy in the absolute amounts of suas a chemical regime using a satellite-derived photochemical

face NQ concentrations and the weekly pattern of surfaceindicator, we are able to compare observegvi@ekly cy-

NOy concentrations between CMAQ and EPA AQS, in par- cles with corresponding simulation results in order to eval-

ticular over the AVHRR urban region and the GMOE-2 NO uate model performance. Through the comparison, we are

saturated regime. able to understand and even forecast the highest and lowest
This study also analyzes and compares the weekly cycle®©3; anomaly days over the region.

of NOx and Q3 over the two different chemical regimes from  The results of this research warrant future research that

GOME-2 and CMAQ. A weekend effect is clear at AQS sta- addresses several remaining issues. First, our definition of a

tions over the GOME-2-derived N@saturated regime, butit “chemical regime” is loosely associated with satellite or land

is not at other AQS stations over the CMAQ-derived ,NO use-based characteristics. Besides the inherent uncertainties
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Table 5. The number of data (NOconcentration), the standard deviation, and the standard error of the mean (SEM) of CMAQ simulations

with GOME-2 adjusted emissions for N@neasurement sites over the AVHRR-derived geographical regions and GOME-2-derived chemical
regimes.

2nd CMAQ (NOY) 2nd CMAQ (NQY)
Day N o oN1/2 Day N o oN12
Urban SU 904 58 0.2 Saturated SU 746 6.2 0.2
MO 748 58 0.2 MO 616 6.5 0.3
TU 554 6.7 0.3 TU 455 76 04
WE 556 83 04 WE 453 9.3 04
TH 749 84 0.3 TH 604 88 04
FR 751 7.0 03 FR 613 78 0.3
SA 886 85 0.3 SA 730 85 0.3
Others SU 2940 3.2 0.1 Mixed SuU 2058 39 0.1
MO 2453 4.1 0.1 MO 1665 5.0 0.1
TU 1790 5.2 0.1 TU 1250 6.0 0.2
WE 1833 58 0.1 WE 1246 6.6 0.2
TH 2491 59 0.1 TH 1700 7.2 0.2
FR 2516 56 0.1 FR 1688 7.1 0.2
SA 2902 5.1 0.1 SA 2022 59 0.1
Forest SU 1009 3.8 0.1 Sensitive  SU 2370 26 0.1
MO 848 44 0.2 MO 2013 2.8 0.1
TU 635 52 0.2 TU 1479 29 041
WE 653 55 0.2 WE 1530 3.8 0.1
TH 869 56 0.2 TH 2061 3.8 0.1
FR 855 56 0.2 FR 2083 3.6 0.1
SA 1006 4.6 0.1 SA 2364 4.2 0.1

from satellite retrievals and land use data, the categorizatiomur understanding of this phenomenon. Such future investi-
approach used to derive chemical regimes may not collocatgations would need to determine the chemical environment
with the actual chemical environment in the lower tropo- (e.g., satellite-derived HCHO/NQratios) for each month
sphere, where surface ozone is photo-chemically producedn order to distinguish the chemical regime stations. In addi-
The satellite HCHO and N®columns represent the verti- tion, the anthropogenic and biogenic emissions are expected
cal accumulation of corresponding species from the groundo change from season to season and from year to year in var-
to the top of the troposphere. The use of column data carous directions, resulting in a so-called “seasonal transition”
be justified by the fact that the majority of emission sourcesof the chemical regime (e.g., Jacob et al., 1995; Martin et
of NOx and VOCs originate at (mobile, area, and biogenic) al., 2004). While the static land use-based indicator may not
or near (power plant sources, typically with chimneys in the capture such seasonal changes, a satellite-based dynamic in-
lower km) the earth’s surface. Nevertheless, the potential im-dicator could more realistically reflect the temporal evolution
pact of the vertical distribution of these species, particularlyof the chemical environment.

that caused by differences in the chemical lifetime and emis-

sion source distribution, on the determination of a chemicalAcknowledgementsThis paper is dedicated to the memory of
regime must also be taken into account. Second, our studitOAA ARL Air Quality Group Lead, Daewon Byun (1955-2011),

is also limited to one month (August 2009). Using a single whose leadership and pursuit of scientific excellence continue to
month for analysis could be problematic in terms of statisticsinspire us. The authors are grateful to two anonymous reviewers,
for looking at weekday-weekend differences. Longer-time Other members of the NOAA ARL Air Quality Group and NOAA
scale simulations need to average out the impact of synopNCEP modeling group members, particularly Rick Saylor and Ariel

. L S . Stein, for contributing their insightful comments, Fantine Ngan for
tic variability on the weekly variations of and its pre-

As th b £ 1h ling d . hgreparing for chemical boundary conditions, and Jeff McQueen
cursors. As the number of the sampling data increases, t nd Ivanka Stajner for their technical input and discussion. We also

standard error of the mean (SEM) of EPA AQS observations,cynowledge the free use of troposphericAd HCHO column
and corresponding simulation results for each day decreasegata from the GOME-2 sensor fromww.temis.nl

Therefore, further investigation of changes in the chemical

regime over space during other seasons/years could expargtited by: J. G. Murphy
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