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Abstract
Observing the Chemistry of Cities: Space-based t&msopy of NQ
By
Lukas C. Valin
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Ronald Cohen, Chair

The atmospheric chemistry of cities depends stsoaglthe concentration of the hydroxyl
radical (OH). OH removes organic molecules (minutes — days), nitrogen oxides (N®O +
NOy; t = 2 — 20 h), and sulfur dioxide= 2 — 3 d) from the atmosphere and forms ozone and
particulate matter in the process. The spatialtangboral variability of OH is not fully
understood due in large part to its strong nonligiegpendence on the concentration ofyN®

this dissertation, | use measurements of the &&@umn from the Ozone Monitoring Instrument
(OMI), a satellite-based UV/Visible spectrometerd @alculations from chemical transport
models to investigate the relationship of OH and,MQirban regions. | characterize the
instrumental and model performance necessary twratety infer OH concentration from space-
based measurements of the N®@lumn. | use the OMI observations and the WRFrCheodel

to investigate the spatial variability of the NN&lumn over a variety of emission sources. | find,
not surprisingly, that a result of the nonlineapeledence of OH on NQs that the lifetime of
NOx depends on the spatial distribution of N@/here the nonlinear NAIDH feedbacks are
most important, | find that a spatial resolutiordef 8 km is necessary for both model
simulations and measurements to accurately capéuiations of the N@column. Although this
result is expected, quantitative analyses of thdimear coupling were not previously available
and the calculations presented in this disserta@me as a guide to interpretation of coarse-
resolution measurements and models. | investiateesponse of the N@olumn observed by
OMI to variations of wind speed and day-of-week €51an patterns. | find that these high spatial
resolution measurements (13 x 24%anhnadir) contain independent information on By
emissions and removal.
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Chapter 1 — Introduction

The hydroxyl radical (OH) is the most importantdeamt in the atmosphere. Its concentration
determines the rate of NONO + NG, removal, the formation of ozortbe formation of
particulate matter, and the oxidation rates of tdel@rganic compounds (VOC) including GH
and CO. Observing OH is difficult, in part due t®ieactivity ¢on < 1 s) and low concentration
(< 0.5 part-per-trillion), but also due to the \aduility of its numerous sources and sinks. The
goal that has guided the research presented idiggsrtation has been to understand if it is
possible to accurately infer the concentration Bif @3ing satellite-based UV/Vis spectroscopy
of NO, and to describe the instrumental performance aatyacal procedures necessary to do
SO.

NOx is emitted to the atmosphere by fossil-fuel comibas biomass burning, soil microbial
processes, and lightning. N@ removed primarily by reaction of N@ith OH, but also by
deposition and reactions involving alkyl and aogtqgxy radicals to form alkyl and peroxyacyl
nitrates. In the troposphere, NO and N@m a catalytic cycle resulting in productionazone,
which is a cardio-respiratory irritant, a costlyzhed to agriculture, and a potent greenhouse gas.
Upon reaction with OH, NQis converted to nitric acid (HN§R which is a major constituent of
urban particulate matter, is a cardio-respirat@gltn-hazard, and contributes to large-scale
modifications of the Earth’s nitrogen cycle.

The relationship of OH to NOs paramount to our understanding of atmosphemcposition
and processing. The variation of OH concentratsomat fully understood, in no small part due
to its strong dependence on the concentration gf (R@. 1.1) and VOC. The concentration of
OH is low near a soura# NOy (NOx~ 100 ppb), high at a plume edge (INO1 ppb), and low
in the remote atmosphere (N©100 ppt). As a consequence, theNi€@time with respect to
OH is long near a source, is short at a plume eddeng in background conditions, and thus
depends strongly on the rate at which the sourgexed with the background atmosphere.

Providing spatially-complete, observationally-dedWQ, emissions inventories has long
been a goal of research scientists and policy nsaképace-based UV/Vis spectrometers make
measurements of sunlight reflected from the Eaghitace. Tropospheric N@olumn densities
are inferred from the measured spectra (e.g., Busret al., 1999; Martin et al., 2002; Boersma
et al., 2004; Bucsela et al., 2006; Boersma e2@0y). Recent space-based observations of NO
have provided extraordinary new insights into emiss of NQ associated with lightning (e.g.,
Beirle et al., 2010; Bucsela et al., 2010), salg( Jaegle et al., 2005; Ghude et al., 2010;
Hudman et al., 2010; Hudman et al., 2012), fireg.(daegle et al., 2005; Mebust et al., 2011)
and anthropogenic activities (e.g., Kim et alQ20Russell et al., 2010; Castellanos and
Boersma, 2012; Russell et al., 2012). Most of tlstgdies evaluate the observations o,NO
column using an implicit, or in some cases, explassumption that the chemistry is well
understood and that N@missions are the most uncertain parameter {@agtin et al., 2003;
Stavrakou et al., 2008; Kim et al., 2009; Lamsallet2011; Miyazaki et al., 2012). However,
due to the nonlinear dependence of thg Ni@time on the NQ concentration (Fig. 1.1), this
assumption can introduce large errors (see Cha8jptés a result, using the satellite observations
of NO, to infer emissions requires an understanding®fQh concentration and its effect on the
NOx lifetime at the spatial scales for which NOH feedbacks are most important (e.g., as in
Fig. 1.2).



In this dissertation, | investigate the maximumtspaesolution possible for measuring
atmospheric N@using current space-based UV/Vis spectrometeragtéen 2) and then
investigate the spatial resolution required to aataly infer NQ emissions from point (e.g., a
power plant) and area sources (e.g., a city) usiodels (Chapter 3). Building on the insights
from these chapters and related papers publishedytgolleague, Ashley Russell (Russell et al.,
2010; Russell et al., 2011; Russell et al., 20l2\estigate the effects of wind speed onNO
observations and derive a wind-dependent effe€@iMeconcentration (Chapter 4). Finally, |
investigate the response of urbanNOncentrations to weekend Némission reductions,
comparing observations to a photochemical moddi thi¢ aim of understanding why the base
model gives such a poor representation of the respof the N@column to emission
reductions over the weekend (Chapter 5). The fg&limghlight the importance of high spatial
resolution for both measurements and model sinarlatand show that the observations contain
independent information on both NGhemistry and emissions.

In Chapter 2, | investigate the spatial variabitfythe NQ column over a variety of sources,
demonstrating that existing space-based instrurtients capable of capturing variations of the
NO; column at spatial scales of 7 km. Slant column, ®@perationally retrieved from the
Ozone Monitoring Instrument (OMI) with a nadir fpdnt of 13 x 24 krf the result of
averaging eight detector elements on the instruiti@oibber et al., 2008). For 85 orbits in late
2004, OMI observations from individual "super-zoodetector elements (spaced at 13 x 3 km
at nadir) were reported. | retrieve slant colummn,XfOm these super-zoom observations. |
assess the spatial response of the individual etelements in-flight and determine an upper-
bound on spatial resolution of 9 km, in good agrestmvith on-ground calibration (7 km
FWHM) (Dobber et al., 2008). | determine the prieciof the super-zoom mode to be 2.1 *°10
molecules cif, approximately a factor of8 worse than an identical retrieval at operational
scale as expected if random noise dominates thertanaty. Over a large power plant, | find that
the super-zoom mode of OMI measures variationtaim solumn NQ a factor of 30 larger than
the instrumental precision within one operatiomaltprint, thus demonstrating the large
variability in NG, that could be observed with routine high spagabftution measurements that
are expected from planned geosynchronous satelitaiments such as TEMPO (launch 2017)
and GEO-CAPE (launch 2020).

In Chapter 3, | examine the effects of computinglmear NQ-OH chemistry on a model
grid. It is known that species subject to non-lmgaurces or sinks, such as ozone, are
susceptible to biases in coarse-resolution CTMemnpute the resolution-dependent bias in
simulated NQ column. | use 1-D and 2-D models to illustrate ifiechanisms responsible for
biases over a range of N@oncentrations and model resolutions. | find fivadicted biases are
largest at coarsest model resolutions, with negdtiases predicted over large sources and
positive biases predicted over small sources. MiRE-Chem as an example to illustrate the
resolution necessary to predict 10 AM and 1 PM;@umn to 10 and 25% accuracy over three
large sources: the Four Corners power plants ithnast New Mexico, the city of Los Angeles,
California, and the San Joaquin Valley region itifGania. | find that resolution in the range of
4-12 km is sufficient to accurately model nonlinetiects in the N@loss rate for these three
locations. Higher resolution is needed for pomirses than for area sources. These estimates of
resolution are likely applicable to other citieslasy are a consequence of generic chemistry and
urban emission distributions.



In Chapter 4, | investigate the relationship of INOH and the rate of atmospheric mixing
using NQ measurements over Riyadh, Saudi Arabia, as astadg. These observations
illustrate the nonlinear dependence of the OH cotnadon on NQ and on the rate of
atmospheric mixing. | derive a range of Nidetimes of 5.5 hours to 8.0 hours, lifetimesttha
correspond to an effective plume-averaged OH cdration of 7.6 x 1®molecules cni at fast
(26 km hi*) and 5.2 x 1®molecules ciiat slow (4 km HF) wind speeds.

In Chapter 5, | explore the relationship of NOH, and day-of-week variations of NO
emissions over Los Angeles. For a large source@f B decrease of N@missions results in
increased OH concentration and, consequently, lesHeC;, lifetime (Fig. 1.1). | examine
spatial variations in the day-of-week pattern & NO, column over the Los Angeles
metropolitan area using OMI and then compare tlseations to calculations using the WRF-
Chem model. Over Los Angeles, OMI measures a ldegecase of the N@olumn on the
weekends relative to the weekdays (~40%). The gbdatecreases are not spatially uniform.
Over downtown Los Angeles, where Bi@lumns are maximum, weekend decreases are less
than 35% but are as large as 60% downwind oveb#meBernardino Valley. In a base model, |
simulate the weekend effect by decreasing Hissions uniformly by 37.5%. In the base
model, simulated decreases are in qualitative aggaewith the observed pattern, but are larger
over central Los Angles and are smaller over theBBanardino Valley. | find that the
magnitude and spatial pattern of the day-of-weelatians of the N@column are more
accurately simulated when | adjust the lifetiméN@, with respect to OH and R@nd when |
alter the spatial and temporal pattern of weekendsgons. These improvements suggest that
constraints on the processes affecting urban phetoistry using space-based observations are
possible at a level of detail not previously appatsa.

The future of space-based observations of surfager-latmospheric chemistry is bright. In
Chapters 2 — 5, | investigate the relationship ketwthe concentration of OH and the NO
column with respect to variations of N@istribution, emission rate, and the speed oftimel.

In Chapter 6, | describe new ideas for future redewith current instrumentation and provide
an outline of what will become possible with therlah of geosynchronous-based UV/Vis
instruments.
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Figure 1.1 The steady-state concentration of OH versus theergration of N@for conditions
typical of a polluted urban environment. The lifieéi of NQ with respect to reaction of NO
with OH is indicated on the right axis, assuming\gd, to NO ratio of 0.72.
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Chapter 2 — Observation of slant column N@using the super-zoom mode of AURA-OMI
2.1 Introduction

Nitrogen oxides (N@= NO + NG,) exhibit strong control over tropospheric ozone
production and HQ(HO, + RG, + HO) cycling. Despite a relatively short chemilifgtime
(tnox ~ 1.5 h = 1 day in the planetary boundary laye€), emitted locally can result in
perturbations to atmospheric composition that ekfen hundreds of kilometers, in part due to
atmospheric processing that stores and releasgsiiMCalso in part due to the magnitude of the
source being many e-folds in excess of the gloaekground.

Satellite-based UV/Visible mapping spectrometevigie a comprehensive view of the
global and regional patterns of M€olumns (e.g., Jaegle et al., 2005; Richter e2@D5;
Russell et al., 2010). Interpretation of these pla®ns has primarily been via chemical
transport models (grid spacirglO0 km) that assume chemical processing is aayrat
represented (e.g. Martin et al., 2003; ToengesH&atet al., 2006; Konovalov et al., 2006; Kim
et al., 2006). Many of these models have resolutiahis coarse compared to both the e-folding
decay length of an N{plume and the spatial resolution provided by titelite instruments.
High resolution observations offer the possibibfydirect measurement of the spatial gradients
in the NQ column in regions where such gradients depenti®@chemical loss rates of NO
more strongly than on emissions (e.g. Heue e2@08). The resolution needed for such analyses
is still a subject of research (e.g. Loughner gt28l07; Valin et al., 2011); however, it seems
likely to be in the range of 3—10 km.

Here | use observations from OMI (Levelt et al.0@8, b) to retrieve slant column Néxt
high spatial resolution. | test the spatial resolubf the OMI super-zoom mode, assess the
uncertainty of super-zoom observations, and thereve slant column N@over several source
types. | discuss the implications of the enhanpadial resolution on our understanding of NO
emission sources and the variability of atmosphefe using observations of Dubai, UAE.

2.2 Methods

OMI sits aboard the sun-synchronous, polar-orbiNAFA Aura satellite (Schoeberl et al.,
2006), measuring solar and backscattered UV/Visgance with a standard operational
footprint of 24 x 13 krhat nadir, an average of eight detector elemergsdlt et al., 2006a,b).
OMI also has the ability to operate in a super-zooode where the detector elements are not
averaged on board. From 1 October 2004 to 31 Deee@004, OMI performed 85 super-zoom
orbits, 42 of which reported observations at nddire to data transmission constraints, this
increase in spatial sampling requires a correspgndiecrease in spatial coverage such that a
single super-zoom nadir orbit covers only 180 knthef2600 km operational-mode swath width.

| use the level 1b calibrated, wavelength-corre@é&tl radiance (OML1BRVZ,
OML1BRVG v.3) and solar irradiance (OML1BRR v.3)aaecorded on the Goddard Earth
Sciences Data and Information Services Center (B,
http://disc.sci.gsfc.nasa.gov/Aura/data-holdingsipMan den Oord et al., 2006; Dobber et al.,
2008). Observed earthshine spectra are dividetdwnverage of solar spectra from 2005 to
obtain top-of-atmosphere reflectance spectraadtibeen shown that the averaging of solar
spectra reduces noise and detector anomalies kaswstriping” in the NQretrieval (Celarier
et al., 2008; Dobber et al., 2008). | apply a agisig algorithm to retrieved slant column NO
following Boersma et al. (2007).



| have attempted to emulate the operational retfse(Boersma et al., 2007; Bucsela et al.,
2006). | retrieve slant column N®y performing a DOAS linear least squares fit {{Riad
Stutz, 2008; Wenig et al., 2005) of an NeDoss section (Vandaele et al., 2002), grciOss
section (Bogumil et al., 2001), a Ring spectrumg@e and Spurr, 1997; Chance and Kurucz,
2010), a water vapor cross section (Harder andIBrE207), and a third-order polynomial to the
logarithm of the observed reflectance. | performfihover the 405-465 nm spectral window.

2.3 Spatial resolution of OMI super-zoom mode

On-ground calibration measurements determineddbigfint of a point light source to be
near-Gaussian, spanning 2.3 detector row eleméentda (7 km FWHM) (Dobber et al., 2006).
To determine an in-flight value, | compare the geabMODIS and OMI broadband (459-479
nm) top-of-atmosphere reflectance over the Qatastine on 19 November 2004 (Fig. 2.1).
MODIS reflectance is reported at a resolution d 6600 mi. By comparing the MODIS and
OMI observed reflectance across a sharp transgiach as a coastline, | can deduce a value for
the spatial resolution of OMI. For a single traris®tODIS observations decrease in normalized
reflectance from 0.8 to 0.2 over 3 km, a decrelhae@MI observes over 9 km. Additionally, the
width of an observed enhancement inNidectly over and downwind of an isolated NO
source is no wider than 6-9 km FWHM (PP4, Fig. 2.ZRoth of these in-flight tests provide an
upper bound on instrumental spatial resolution ithat good agreement with on-ground
calibration (Dobber et al., 2006).

2.4 Uncertainty in slant column NQ

Figure 2.2 shows slant column MN@trieved over the Arabian Peninsula and the mdia
Ocean from a super-zoom mode orbit on 21 Novemd@4 .2 To assess the uncertainty in
retrieved slant column NI use a method similar to Boersma et al. (200find that slant
column NQ retrieved at operational resolution is normalistdbuted with 1o variability of 0.8
x 10" molecules ciif over the remote ocean and 0.6 **¥fiolecules cif over the remote
desert, well within the range of values determipegliously (Boersma et al., 2007). The
precision of slant column NQetrieved from the super-zoom mode is approxingaadhctor of
8 worse, which is expected for a system with 8 femveasurements and dominated by random
noise.

The NG fit error computed from DOAS residuals does neotéase by a factor ofg for
super-zoom observations (not shown) indicating ttherte are systematic residuals not reduced
by averaging. While the origin of these systemaggiduals is unknown, | speculate that there is
slight spectral misalignment in the DOAS fittingopedure. One possible explanation for this
misalignment is the lack of a shift and squeezasidjent to improve the spectral calibration of
individual spectra. However, the magnitude of angartainty that remains is negligible in
comparison to the signal observed over sourcestefast (Fig. 2.3)

2.5 Slant column NQ from OMI super-zoom mode

To illustrate performance of OMI in super-zoom maahel to indicate the potential for new
science to emerge with high spatial resolution olz®ns, | retrieve slant column N©ver the
Rihand Reservoir in India, Seoul, South Korea aachiSMadhya Pradesh, India (Table 1).
These regions highlight the super-zoom observatiwes a set of large point sources (Rihand), a
megacity (Seoul), and a small point source (Sarepmpare the super-zoom observations to the
average of six operational- scale overpassesvettim the same manner. These operational

9



resolution observations were made between the maift®ctober and December from 2005—
2007 on days when the selected region was clowdafine nadir to the spacecraft (Table 2.1). |
use MODIS reflectance observations, taken aboa&dtjua platform, to serve as independent
visual confirmation that the selected scenes amedefree.

Over the Rihand Reservoir (Fig. 2.3, a—d), the sgpem mode distinguishes three maxima
in slant column N@directly over or slightly downwind of three largeal-fired power plants.
This variability is not detectable with the 24 x &8 operational footprint, which only observes
one local maximum. Within a single operational-edabtprint, the super-zoom mode observes
variation of up to 6.1 x ¥ molecules crif, nearly 30 times larger than the instrumental
precision over the remote ocean. In the averagexafperational-scale observations, the spatial
detail is increased, but the spatial contrast alese(Fig. 2.3d, b = 0.6 x 16° molecules crif)
is a factor of 2.3 less than that observed by tipeiszoom mode (Fig. 2.3bcl= 1.4 x 18°
molecules crif). Furthermore, the six-orbit average is only abldistinguish one maximum
that is 2 times smaller than that observed on glesidiay.

Over Seoul, Korea (Fig. 2.3, e-h), a maximum intst@lumn NO2 (Fig. 2.3f) is observed
approximately 12 km to the east of downtown Seath tine signal decreasing from the
maximum to near-background over a distance of 3RmOWhile the operational-scale retrieval
captures the general structure of the Seoul urhanep(Fig. 2.3g), the super-zoom mode
captures variation of slant column N6¥ up to 3 x 18 molecules cif (50 %) within a single
operational-scale pixel. The six-orbit operatioresdelution average (Fig. 2.3h) is much
smoother than that observed in a single day, acedf variable daily meteorology that
smoothes the average.

Super-zoom observations capture a maximum in si@omn NQ directly to the south of the
Satpura Power Plant in Sarni, India (Fig. 2.3j; 2 20'° molecules cnf), a value that is seven
times larger than the variability and average oleover the remote ocean on the same
overpass. At operational-scale, both single- axaiit average (Fig. 2.3, k1), the
enhancement is modest relative to the surroundiaegdround (~20 %). These observations
demonstrate that the instrumental noise of OMbisthe limiting factor in producing high
spatial resolution maps of atmospheric N®Wer megacities and large power plants, or in
accurately identifying the location of relativelyall NO, emission sources.

2.6 Case study over Dubai, UAE

In Figure 2.4, | compare slant column N@trieved from a super-zoom overpass of Dubai
with that retrieved from six operational-resolutioverpasses (Table 2.1). | choose Dubai
because the dataset is relatively simple to ingrjrubai is an isolated source of N&vected
over a highly reflective, relatively homogenouseatésurface. The observed Bénhancement
is approximately 75 km SW-NE by 40 km SE-NW (Figic2, about two times the size of the
Dubai metropolitan area (Fig. 2.4b). Within thesetved plume, slant column N@ highly
variable, with differences as much as 2 **1folecules cif (~50 %) over 4 cross-track pixels
(12 km) or one row (13 km). Adding confidence te Buper-zoom observations, the 6-day
operational resolution average (Fig. 2.4d) capttiresame shape of the plume (75 x 46)km
but is not able to capture the strong gradientemesl by the super-zoom mode, the result of a
coarser footprint and meteorological variabilitythre six-day average.

Due to the alignment of the OMI super-zoom footpnariability of emissions along the
Dubai coastline should be detectable. For exantpéesuper-zoom mode observes an
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enhancement of slant column B@rectly over and downwind from the Jebel Ali Fieade

Zone (JAFTZ), a port and power generation centeiBA-ig. 2.4, b— c¢). The enhancement
directly over JAFTZ (A) is not as large as the erdeanent downwind (B) because the source is
near the leeward edge of the 13 km OMI pixel, widdhtes the signal with that of the clean
marine background. In addition, the winds werersaag between 10:00 a.m. and noon, during
which NG, presumably accumulated over the source (A) andiraasported downwind (B)
when the winds shifted inland at midday (3 h 41 km h?). The six-day area-weighted
average (Fig. 2.4d) is not able to distinguish JAFFDm the dense urban core to the northeast.

These examples demonstrate a few advantagesiaingtimeasurements at higher spatial
resolution than the current OMI (24 x 13 ror GOME-2 (80 x 40 kA) products. Future
opportunities to provide this substantial advamcscientific capability include the proposed
TROPOMI (7 x 7 krf) (Veefkind et al., 2011) and GEOCAPE instrumentsrently targeted at
8 x 8 knfor 4 x 4 kmi) (NRC, 2007). Such observations will enable taeking of individual
source regions within cities and allow for bettssessment of chemistry in urban outflow.

2.7 Conclusions

| show that slant column NQetrieved from the super-zoom mode of OMI captures
significant spatial variability at scales much filean the 24 x 13 kfroperational footprint. |
show that the uncertainty of the super-zoom obsiensis a factor of/8 larger than that
retrieved at operational scale, which is expectedftimes fewer measurements dominated by
random error. | take advantage of enhanced resolof the super-zoom observations to
distinguish large point sources near the Rihané®Reg and to distinguish the Jebel Ali Free
Trade Zone, a Dubai port and power generation ceiinten the Dubai urban center 30 km to the
northeast.
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Table 2.1Dates and regions for which slant column N@s retrieved.

Rihand,
India

Seoul,
South Korea

Sarni,
India

Dubai,
UAE

Region

82.5-83.5° E126.7-127.7° E 77.7-78.7° B5.0-55.7° E

23.6-24.5° N 37.05-37.95° N21.5-22.5° N24.9-25.5° N

Date of Super Zoom Observatic 2004.11.23 2004.11.21  2004.11.19 2004.11.21
2005.11.01 2005.10.23  2005.10.30 2005.10.23
2005.11.10 2005.11.08  2005.11.06 2005.10.30
o 2005.11.17 2006.10.12  2005.11.22 2005.11.01

D -
ates in six-orbit average 2005.11.19 2006.11.11  2005.12.08 2005.11.08
2005.11.26 2006.11.20  2006.11.18 2005.12.01
2005.12.05 2007.11.07  2006.12.11 2005.12.03
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Figure 2.1 Top-of-atmosphere reflectance (459-479 nm) obskoyga) MODIS and (b) the
super-zoom mode of OMI over Qatar on 19 Novemb@dA2(c) Normalized top-of-atmosphere
reflectance observed by MODIS (red) and OMI (blaleng a transect perpendicular to the
Qatari coastline — white boxes, (a—b).
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Figure 2.2(a) MODIS RGB image, (b) super-zoom slant colun@®yNand (c) operational-scale
slant column NQ@over the eastern Arabian Peninsula on 21 Nove2@@4. The mean and d—
uncertainty of slant column NQetrieved from super-zoom and operational-scaentations
over the remote ocean and desert are reported.
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Figure 2.3MODIS RGB image, slant column N@etrieved from OMI super-zoom and
operational resolution observations and from sigraponal resolution observations over the
Rihand Reservoir in India (a—d), Seoul, South Kdeedn), and Sarni, India (i—-l). Power plants
located around the Rihand Reservoir include Sidgasd Vindhyachal (PP1 — 4200 MW),
Anpara and Hindalco (PP2 — 2400 MW), Rihand (PRBBOMW pre-2006), and Obra (PP4 —
1600 MW). Power plants around Sarni, India (i) Jule Satpura generating station (PP5).
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Figure 2.4(a) True color image from Aqua-MODIS on 21 Novemd@04. (b) Nighttime image
(courtesy of the Image Science and Analysis LaboyalNASA Johnson Space Center,
ISS020-E-39932) captured aboard the Internatiopat& Station over Dubai, UAE, on 11
September 2009 at 02:00 a.m. LST. (c) Slant colMi®aretrieved from a single overpass on 21
November 2004 for individual pixels and (d) a sibig area-weighted average of slant column
NO; retrieved from six operational-scale orbits (TabjePanels (a) and (b) highlight the
locations of the Jebel Ali Free Zone and a pointrendownwind transect. The white arrow in
(c) indicates the direction and magnitude of wintdserved at the Sharjah and Dubai
International Airports at midday on 21 November 2000AA NCDC DS3505).
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Chapter 3 — Effects of model resolution on the intpretation of satellite NO, observations
3.1 Introduction

NOy« (NO + NO) is emitted to the troposphere by fossil-fuel castion, biomass burning,
soil microbial processes, and lightning. In treptisphere, NQaffects ozone production,
aerosol formation and atmospheric composition @Hy) through feedback on HJOH + HO,
+ RO,). The concentration of OH radical, the main dagtismk of NQ, depends strongly on
NOy concentration. As a result, the removal rate of N®@. kyo2 +o{OH]) depends strongly on
its own concentration. Thus, to accurately quarttifg removal rate, a model must accurately
resolve NQ from its source (10-100 ppb) to background (10410¢). Column NQ (e.g., Heue
et al., 2008; Valin et al., 2011) and in situ olaéibns (e.g., Ryerson et al., 2001; Russell et al.
2011) show that this transition can occur at scasesmall as 10-20 km, a length scale similar to
those reported from calculations (e.g., Cohan.ef06; Loughner et al., 2007).

Satellite-based observations of tropospheric N&e provided unique insights into spatial
and temporal patterns on regional scales of sgl,(Bertram et al., 2005; van der A et al., 2007;
Hudman et al., 2010), biomass burning (e.g., Jastgh, 2005; Mebust et al., 2011), lightning
(e.g., Beirle et al., 2010), and urban Nédnissions (e.g., Kim et al., 2009; Russell et2410;

Beirle et al., 2011). These satellite observatimage also provided constraints on inverse models
that are used to validate emission inventories,(Mgrtin et al., 2003; Konovalov et al., 2006;
Napelenok et al., 2008; Kim et al., 2009). Mosthef inverse modeling studies used to validate
these emission inventories adjust Ngissions with the assumption that model chemistry
accurate. However, errors in our understandingrabapheric reactions (e.g., Thornton et al.,
2002; Mollner et al., 2010) or their representatiomodels may compromise the accuracy of
these inferred emissions. For example, extensisearch has demonstrated that modeled ozone
production depends strongly on model resolutiontduts nonlinear dependence on NO
concentration (e.g., Sillman et al., 1990; Kumaailet1994; Gillani et al., 1996; Cohan et al.,
2006; Wild and Prather, 2006). OH, which has thees&lQ-dependence as ozone production,
will also vary with model resolution affecting N@fetime and concentration. As a result, NO
emissions derived from an inversion of satellite,®servations will have resolution-dependent
biases, the magnitude of which is not well known.

| investigate the biases in predicted N®lumn due to model horizontal resolution. To
illustrate the mechanisms at work, | first show howadel resolution, OH, and N@nteract in
1-D and 2-D plume models. | then use WRF-Chem|lg-fwupled regional 3-D chemical
transport model (CTM), to evaluate the effect imsaealistic model situations. | use the
simpler models to understand the source of resmitdependent biases and use WRF-Chem to
determine the model resolution necessary to pra@ié&aM and 1 PM column N£to 10 % and
25 % accuracy over the Four Corners and San Juaergmants, the city of Los Angeles, and
the San Joaquin Valley in California for a weekga@mmulation in July 2006.

3.2 NQ-OH steady-state chemistry in 1-D and 2-D plume maas

Using the analytical solution to the NBIO, steady-state relationship to determine OH
concentration (Table 3.1) (Murphy et al., 2006 egférences therein), | simulate the removal of
NO; by OH in the outflow of sources using both 1-D &0 plume models. The selected
chemical parameters are representative of noontimtke|atitude, NQ-CH4-CO chemistry.

Figure 3.1 shows the dependence of OH on N®ived from this steady-state relationship with
the corresponding NQifetime indicated on the right axis\+onx OH) ™. As is well-known,
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the response of OH to changes inNfépends on NQOconcentration. For example, decreasing
NO, at high NQ (red) results in an increase of OH and a shor@y Ifetime while at low NQ
(blue), results in less OH and a longer Nii&time.

The key feature of this relationship is that theximmaum in OH feedback (green) corresponds
to a NQ lifetime of two hours, an e-folding decay lengfttd km in 5 m §" winds and of 5-15
km at the slower moving diffusive edges of a plurf@orly resolving these gradients in NO
will result in inaccurate OH feedback, biases i NO; lifetime, and as a result, modest biases
in domain-total N@. For resolutions that grossly misrepresent thiibdigion of NQ, biases in
OH feedback, N@lifetime, and domain-total NQOwill be massive.

3.2a Biases in a 1-D plume model

In a 1-D model, NQis emitted at the western end of the domain (024 km) and
transported to the east at a constant rate (3)m sun the model with emission rates of 30, 6.0,
and 0.30 kmol H. These emission rates are selected to correspitmdhigh, intermediate and
low NO,-OH feedback regimes depicted in Figure 3.1. Thdehis run at east-west resolutions
of 0.5 km to 512 km with the dimensions perpendictb the flow fixed at 1 km (north-south
and vertical).

When 1-D simulations are run to steady-state, @emoved by OH such that the spatial
gradient reflects the applied NMOH feedback (Fig. 3.2). Failure to accuratelyhes these
gradients results in inaccurate OH and biasestim the NQ lifetime and concentration. For
example, when a large source of N®computed at 2 km resolution, OH is suppressed s
strongly that NQ decays by only one e-fold in 400 km, correspondiing chemical lifetime of
22 h (Fig. 3.2 a, d — solid line). Computed atrsearesolution (128 km), NQOs averaged over
the entire grid cell such that OH is enhanced; Ghorter-lived, and Nf£concentrations are
biased low (Fig. 3.2 a, d — dashed line). At thghhemission rate, biases in the domain-total
NO; exceed 50 % at the coarsest resolutions (Fig- 3.3)

In contrast to a large source, BNémitted from a small source decays rapidly whenpmaed
at 2 km resolution, a reflection of high OH conceatibn (Fig. 3.2 ¢, f — solid line), but at coarser
model resolution (128 km), NGs instantaneously mixed over an entire grid @=blting in
lower OH, a longer Ng@lifetime, and a corresponding positive bias in dowtotal NQ
concentration (Fig. 3.2 c, f — dashed line, Fig).3.

For an intermediate source of W@he plume decays by an e-fold within 60 km atr? k
model resolution, a gradient corresponding to arcba& lifetime of about three hours and near-
maximum OH (Fig. 3.2 b, e — solid line). Model ed&tions at coarser resolutions (128 km) are
not capable of resolving this sharp gradient. Beed\NQ concentrations predicted for an
intermediate source are near the maximum OH (Fig, Biases behave like those of a large
source at finer model resolutions and like thosa simall source at coarser resolutions (Fig. 3.3).

In a 1-D model, domain-averaged N@redicted at coarse resolutions is biased (F8). 3At
intermediate resolutions the biases are moder@te3(L%) and result from numerical resolution
that dilute NQ at the leading edge of the plume and shift OHhéoléft in Figure 3.1. When the
model resolution becomes much larger than the pitse#, OH feedbacks are shifted by a
factor 2-5 times that of the plume simulated iesotved calculation (e.g., Fig. 3.2 a, d) and
gross biases in domain-total B@re predicted (>50 %, Fig. 3.3).
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3.2b Biases in a 2-D plume model

While 1-D models are illustrative, 2-D models ateetter approximation of NGrolumn and
provide some additional insights. For instancegn consider the effects of horizontal diffusion
as well as different source distributions. In B model, | define a point source (2x2%m
with emission rates of 200, 40, and 2 kmdidnd an area source (96 x 96%mith emission
rates of 1000, 200, and 10 kmaf both located in the far southwest corner (x =§km) of the
domain (x =y = 0-384 km). These emission ratesealected so that the simulated plume
concentration corresponds with the high, intermedaad low NQ-OH feedback regimes
depicted in Figure 3.1. In this model, Ni® transported with x and y wind speeds of 3 ma
mean flow of 32 m s* to the northeast. Diffusion rates are set to & Initial and
horizontal boundary concentrations are set to pt5The model is computed at six grid
resolutions (2, 4, 12, 24, 48, and 96 km), with\tedical layer fixed at 1 km. | run simulations
of NO,with OH determined by the steady state equatiobl€la.1, Fig. 3.1).

When the 2-D model is run to steady-state, a lpaget source of N@is OH suppressing and
long-lived when simulated at 2 km model resolutioat, experiences high OH and is short-lived
when simulated at coarse resolution (96 km) (Fi4, 8c). Because the resolved plume is so
narrow (~24/2 km, Fig. 3.4a), the distribution of N@nd the corresponding OH feedbacks are
grossly misrepresented at 96 km resolution witlsdsan domain-averaged M@s high as 75 %
(Fig. 3.5b). Over a small source (not shown), theasite effect occurs in a model; a small
source is OH-enhancing and short-lived at 2 kmlutiem, but experiences low OH and is long-
lived at coarser resolutions. As a result, domaeraged NQ predicted over a small source is
biased 100 %.

When the same 2-D model is run to steady-stateyusimissions from an area source
(Fig. 3.4, d—f), domain-averaged biases in,Md relatively modest (~25 % at 96 km model
resolution) but follow the same general patterthase simulated over a point source (Fig. 3.5).
The biases predicted over an area source are stpaflause coarse model resolutions are better
able to characterize the distribution of N&hd corresponding OH feedbacks over the simulated
plume, which is much wider than that predicted aveoint source. From previous discussion,
it would be expected that simulation of N& 96 km model resolution would be massively
biased since the resolved plume is approximatelkm@6vide. However, the alignment of this
area source (96x96 Kjron this 96-km grid results in an N@istribution that roughly
approximates that simulated in a resolved modsuyltiag in biases that are relatively small
(~25 %). When the 96x96 Krarea source is shifted by 48 km and evenly disteith over four
96 km grid cells (not shown), biases predicted6akr® resolution are as large as those predicted
for a point source (> 75 %).

Figure 3.5 summarizes biases predicted in a 2-Detraxla function of model resolution,
source strength, and proximity to the source. &gwedicted for N©in a constant OH field
(OH = 5.5x10 molecules c), that is without any N@OH feedback and only subject to
transport effects (Fig. 3.5, b—e, black line), megligible over the entire domain (~0 %, 3.5b),
significant over the 192 km nearest the source %18.5c), and large in both the 96 km nearest
the source (=30 %, 3.5d) and in a 12 x 1Z kirel 96 km downwind from the source (=75 %,
3.5e). Without OH feedback, these biases area@unarmerical artifacts in computing a short-
lived species on a coarse grid, but are negliglts regions that are large (e.g., 192 km)
compared to the spatial scale of chemical decdygl@edecay over 84 km) (e.g., Fig. 3.5c,
black). When subject to NEBDH chemical feedbacks (Fig. 3.5, b—e, red, graed,blue lines),
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biases diverge from that of transport alone (blagkl) behavior depending, as expected, on the
rate of NQ emissions. Over each spatial domain considergdjlation of a large source (red) is
biased low versus transport alone (black) whetea®pposite is true for a small source (blue).
For both large and small sources, the magnitudeeobias increases as the model resolution
coarsens. In both the point and area source exanthiebehavior of biases depends on model
resolution. VOC reactivity affects predicted biabgsaltering the N@concentration at which
maximum OH occurs (Fig. 3.1, Table 3.1). For sirtiales with VOC reactivity increased by a
factor of 10 and the same M@missions, | find that the pattern of predicteasbs changes in
the direction one expects based on the shiftsarNi®-OH relationship for an increase in VOC.
However, if the NQ emission rates are increased along with VOC nréagtihe patterns of
biases returns to those predicted at the origi@C\tonditions.

Biases in a 2-D model are predicted to be unacbbptarge (up to ~75-100 %) at relevant
horizontal resolutions (96 km) with behavior thapdnds dramatically on source strength
(+100 % for small source to =75 % for large sousn®] distribution (~ 75 % for point source to
~ 25-75 % for area source). Biases predicted iDan2odel are much larger than those predicted
at the same model resolution in a 1-D model becthesplume can diffuse horizontally.
However, the basic resolution dependent effectsr@reame — numerical dilution shifts the
NOx-OH feedback to the left on Figure 3.1, altering $ipatial pattern of NdGrom a resolved
calculation. These effects are modest (0—-30 %heifnhodel resolution is finer than the width of a
fully-resolved plume, but are massive (>50 %) & tesolution is comparable to or larger than
the plume (Figs. 3.4, 3.5).

3.3 Effects in WRF-Chem over Four Corners, Los Ageles, and San Joaquin Valley

Regional CTMs, like WRF-Chem (Grell et al., 200&)pvide a realistic and fully-coupled
description of atmospheric mixing, chemistry, andssions. | use WRF-Chem to test for
resolution-dependent biases over three distinatceaegions: the Four Corners Power Plants,
Los Angeles, and the San Joaquin Valley. Air dqyalontrol strategies often use 10 or 25 %
NOx reductions as a realistic regulatory benchmarkadgJg/RF-Chem, | simulate the 10 AM
and 1 PM NQ column, as would be observed by space-based UMAstBUments, over the
Four Corners and San Juan Power Plants in NorthMestMexico (185 kmol H) at 1, 4, 12,
and 24 km resolution and over California, whichiies the Los Angeles Basin (1020 kmoih
and the San Joaquin Valley (410 kmal)hat 4, 12, 24, 48, and 96 km resolution to exarttiee
grid resolution necessary to attain 10 % and 2%éoaracy for a 1-7 July 2006 simulation. For a
more detailed description of the WRF-Chem simutetisee the Appendix.

Four Corners, Los Angeles and the San Joaquin Walke large enough sources of N&dich
that OH is suppressed in a resolved simulation.eample, effective OH, or the N@eighted
OH concentration that is simulated at 1 km resofutiver Four Corners is low (<5 x%10
molecules cfit) where NQ concentration is high (Fig. 3.6, a—b, red), enkanc1.5 x 10
molecules cnT) where NQ is intermediate (Fig. 3.6, a-b, green) and lové ¢« 10 molecules
cm) where NQ is low (Fig. 3.6, a—b, blue). At coarser resalng, NQ is numerically diluted,
and prediction of N@column is biased low just as was predicted owgelgources in the 1-D
and 2-D plume models. Over Four Corners, the 1 R4 dblumn simulated at 24 km is biased
—50 % relative to simulation at 1 km (Fig. 3.7).6éd\vos Angeles, the 1 PM N@olumn is
biased —-13 % at 24 km resolution relative to sirmoaat 4 km, but is biased —37 % at 96 km
resolution (Fig. 3.8). Over the San Joaquin Valtbg, biases relative to 4 km simulation are
-16 % at 12 km resolution, —24 % at 24 km resotutiad —36 % at 48 km resolution (Fig. 3.9).
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| find that the exact numbers depend on the chafitke boundaries that surround each
plume, but that the conclusions are independetitatfchoice. As a result of these biases,
prediction of the domain-averaged Nédlumn to 25 % accuracy at 1 PM requires model
resolution of 4 km over Four Corners, 12 km overn 3@aquin Valley, and 48 km over Los
Angeles under the conditions tested here. For Heté@aracy, 4 km model resolution is required
over Four Corners and the San Joaquin Valley wit#le&m resolution is sufficient over Los
Angeles.

Biases in N@Qcolumn at 10 AM (not shown) are consistently seratan those predicted at
1 PM because the N@olumn predicted at 10 AM is exposed to much @ssthrough the
nighttime and early morning hours. As a resultdptton of 10 AM NQ column to 25 %
accuracy as tested here requires slightly coarsdehresolution than was necessary at 1 PM:
12 km over Four Corners, 24 km over San Joaquiteyahnd 48 km over Los Angeles. For
10 % accuracy, model resolution of 4 km is necgsseer Four Corners, 24 km over San
Joaquin Valley and 48 km over Los Angeles.

All three of these regions are biased low at coarsdel resolutions (Figs. 3.7-3.9), which is
expected for large, OH-suppressing sources of. N€ar Los Angeles and Four Corners, sources
that are comparable to the large 2-D area and poimntces tested in the plume model, biases
behave similarly to those predicted in the 2-D mumodel. And while the San Joaquin Valley
appears to be an intermediate source of . 3.9), which according to the 2-D plume model
would indicate that coarse resolution predictio™NGk should be biased high (Fig. 3.5h), it is
important to consider the differences between tBeume model, which simulates midday
summertime chemistry at steady-state, with WRF-Chelnich integrates the full diurnal cycle.
In WRF-Chem, all of these sources (Figs. 3.7-3@Juding the San Joaquin Valley, suppress
OH through the morning hours when Néncentrations are higher and H@oduction rate is
lower, leading to biases that start small in themmg hours and grow with time of day.

3.4 Implications for interpretation of satellite observations

The calculations above show that predicted M@umns will depend on the resolution of the
model. As a consequence, any inference of Biissions that relies on a model to interpret
satellite observations will have biases if the maodsolution is too coarse. The calculations
above show that the biases are both positive agative as a result of the interplay of N&nd
OH. | find that predicted biases are especiallgdarhere steep gradients of Ndbminate the
total NG, mass (e.g. 2-D point source) and that they ardlesnvehere shallow gradients
dominate the total NOmass (e.g. 2-D area source). In general, grad&atshallow where NO
lifetime is long compared to transport timescakeg.(wintertime, morning hours) and are steep
where NQ lifetime is short compared to the timescale ofi$gort (e.g. summertime, afternoon
hours).

For situations presented here, model resolutiadherrange of 4—12 km is sufficient to predict
the effects of N@QOH feedbacks on the NQifetime and column to 10 % accuracy. This value
will change depending on the location, season tiamel of day according to general guidelines
provided above. Nonetheless my analysis sugdestsitimerical resolution needs to be small
compared to the NCe-folding distance. A growing set of observationsr both power plants
and urban sources at different times of year indit@at boundary layer N@ften exhibit
e-folding distances of order 10 km — 30 km (e.ggeRon et al., 2001; Loughner et al., 2007,
Heue et al., 2008; Russell et al., 2011; Valinle2®11) supporting the idea that model
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resolution in the range of 4-12 km is necessawgy limoad range of contexts. For any calculation
where accurate computation of boundary layek Omportant | recommend model
calculations to test whether the spatial resoluisosufficient to calculate N{Qo the desired
accuracy.

3.5 Conclusions

| investigate the effects of NEGDH chemical feedbacks on predicted N@a 1-D plume
model, a 2-D plume model, and WRF-Chem, a fullygied 3-D CTM. | use 1-D and 2-D
plume models to demonstrate that nonlineap®l chemical feedback leads to biases in
column NQ. As a result, inference of N@mission inventories from chemical transport medel
will suffer biases that depend on the horizontabhation of the model. Using WRF-Chem, |
determine the model resolution necessary to prétstcolumn to 10 % and 25 % accuracy
over Los Angeles, the San Joaquin Valley, and Bmurners for a week-long simulation in July
2006. In this example, I find that prediction dbNcolumn to 10 % accuracy at 1 PM requires
model resolution of 4 km over both Four Corners gn@dSan Joaquin Valley while 12 km is
sufficient over Los Angeles. Prediction to 10 %wecy at 10 AM requires model resolution of
4 km over Four Corners, 24 km over San Joaquireyalind 48 km over Los Angeles. In these
examples, | find that model resolution must be caraple to, or smaller than, the spatial
variability of NO, to accurately model N&SOH feedbacks on N£xolumn. Thus, simulations
aimed at matching satellite observations must hetwsufficient spatial resolution to avoid
contamination by numerical artifacts.

Appendix — 3.A

| simulate column N@from 1-7 July 2006, over California, Nevada, NerthMexico, and
the Eastern Pacific centered over Southern Caldq@804 x 2304 kf) at 4, 12, 24, 48, and 96
km resolution. The simulated domain is much latgan the region of interest to ensure that
there are no effects of boundary conditions inch&ser resolution model simulations. The first
two days of simulation are used as spin-up, ande$tdive days (3—7 July) are averaged to 1
p.m. LST for all analyses. Emissions are the Naii&@mission Inventory (NEI) 2005 on-road
and -off-road transportation emissions for a typltdy weekday and Continuous Emissions
Monitoring (CEMS) averaged point source emissiamsaftypical August, 2006, weekday. For
more information, see ftp://aftp.fsl.noaa.gov/dims/tag/emissions data 2005/Weekday
emissions/readme.txt. Biogenic emissions for alled@esolutions were generated by an online
module as in (Grell et al., 2005) at 4 km horizbn¢égolution for a single July day and kept
constant throughout the 7-day simulation. | useRbgional Acid Deposition Model, version 2
chemical mechanism (Stockwell et al., 1990). Thigairand boundary chemical conditions are
derived from idealized profiles that are standartMRF-Chem. Radiative feedback from clouds
on photolysis rates was disabled in order to siteudalumn NQ under clear-sky conditions that
are typical of satellite observations. Meteorolagjiaitial and boundary conditions for the
simulation are derived from the North American Regil Reanalysis for July 2005 (NARR —
http://nomads.ncdc.noaa.gov/dods/ NCEP NARR DAILY).

| simulate column N@over the Four Corners region in the Western U (8884 knj) at 1
km, 4 km, and 12 km resolution and extend the baried (1536 x 1536 kinto simulate the
same domain at 24 km resolution. This domain isered on the Four Corners and San Juan
Power Plants, which are approximately 20 km agddnis simulation is run in the same manner
as that run over California except that only enoissifrom point sources are included. For
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simulation at 24 km resolution, as mentioned, thenain is extended to avoid boundary
relaxation effects that occur over the 5 boundaiyy cells in WRF-Chem.
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Table 3.1Parameters used in HDIO, steady-state model
(Murphy et. al., 2006 and references therein).

Parameter Value

Initiation
HO, Production 0.5 x 10 molecules cit s*

Radical Chain Propagation
kor+vodVOC] 1st
Kro2+No_> Ro+no2 8 X 1072 cn?® molecules' st

Termination
Kro2+RO2-Eff 7.5 x 10 cm® molecules! s
Kno2+oH 1 x 10 em® moleculest s
kaRoz.q.No_, RONO2 0 Cmg mOlGCUleél S_l
NGO, : NOy 0.7

®Alkyl-nitrate formation rate has been set to Ohiase

simulations. Increases in this rate will slightffeat NO
lifetime.
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Figure 3.1 Steady state OH concentration (left axis) andesponding NQ@lifetime
(knoz+or<OH) * on the right axis versus boundary layer2®lumn (molecules cif) assuming
a 1 km well-mixed boundary layer. The color schemeesponds to regions of high

NO, (red) where OH is low, intermediate N@reen) where OH is high, and low N®Ilue)
where OH is low. This color scheme is used throughius chapter.
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Figure 3.2NO, column (molecules ci) predicted in a 1-D plume model at 2 km (solid®81

km (dashed), and 512 km model resolutions (dashfdo(a) a large, (b) intermediate, and (c)
small source of N@and (d—f) the corresponding OH feedback. The esttieme corresponds to
NO,-OH feedback regimes depicted in Figure 1. Horiabfiti—S) and vertical layers are fixed at

1 km thickness for all resolutions.
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Figure 3.4NO, column (molecules cif) predicted in a 2-D plume model for a large point
source simulated at (a) 2 km, (b) 24 km, and (ckrd@esolution, and the same for simulation of
a large area source (d—f). The color-scheme carrelspto NQ-OH feedback regimes depicted
in Figure 1. The vertical layer is fixed at 1 knictness for all simulations shown.
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Figure 3.5(a) NG column (molecules crf) predicted in a 2-D plume model for a large point
source simulated at 2 km resolution with vertiegidr fixed at 1 km thickness. Resolution-
dependent bias in domain-averaged.N@umn over the (b) entire domain (x =y =0-384 km)
(c) the 192 km near-field (x =y =0-192 km), (d) 8&km near-field (x =y =0-96 km), and (e) at
a pixel downwind (x =y =96-108 km) for N@mitted from a large (red), an intermediate
(green), and a small (blue) point source of,N@h OH=f\o, as in Figure 1 and from a large
point source with OH set to 5x3Molecules cit (black). (f—j) The same for simulation of a
96x96 knf area source.
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Figure 3.6 (a) NG column (molecules ci) and (b) the effective OH concentration, or the

NO,-weighted average of OH (molecule &ntaken over the entire vertical column as sinadat

with WRF-Chem at 1 km resolution over the Four @osrRegion of US at 10 AM on 5 July
2006.
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Figure 3.7 The WRF-Chem 3-7 July 2006, 1 PM LST average biflumn (molecules ctf)
simulated over Four Corners Region of US at (a1 (o) 4 km, (c) 12 km, and (d) 24 km

model resolution. N@column is averaged over the sub-domain indicayetth® white inset and

is reported in the bottom-left corner of each pambe sub-domain in the 24 km simulation was
rotated to include the plume, which was predictether to the SE than those predicted at 1 km,
4 km, or 12 km resolution.
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Figure 3.8 The WRF-Chem 3-7 July 2006, 1 PM LST average biflumn (molecules ci)

simulated over Los Angeles at (a) 4 km, (b) 12 @h48 km, and (d) 96 km model resolution.
NO; column is averaged over the sub-domain indicayetthé white inset and is reported in the

bottom-left corner of each panel.
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Figure 3.9 The WRF-Chem 3-7 July 2006, 1 PM LST average biflumn (molecules cif)
over the San Joaquin Valley at (a) 4 km, (b) 12 an24 km, and (d) 48 km model resolution.
NO; column is averaged over the sub-domain indicayetthé white inset and is reported in the
bottom-left corner of each panel.

39



Chapter 4 — Variations of OH radical in an urban plume inferred from NO, column
measurements

4.1 Introduction

Nitrogen oxides (N@= NO +NQ,) play a critical role in atmospheric chemistryaiagh their
effect on ozone production, particulate formatioechmnisms, and atmospheric oxidation rates.
NOx is emitted by fossil fuel combustion, biomass lngnsoil microbial activity and lightning
and is removed by reaction of N@ith OH to form HNQ, by formation of peroxyacyl nitrate
(PAN), and by formation of alkyl nitrates (ROMOQthe production rate of the latter two
depending indirectly on OH. The concentration &f @epends on the concentration of NO
introducing a powerful nonlinear feedback of Néh its own lifetime (Fig. 4.1). NChas a
relatively short lifetime in the troposphere, rarggirom a few hours near the Earth’s surface to
weeks in the free troposphere where,dOncentrations are typically 10’s of ppt.

Observations of the NTolumn from space have provided insight into gl@al regional
patterns of NQemissions from all sources (e.g., Jaegle et@d52van der A et al., 2008) and
with detailed focus on individual sources suchassit fuel use (e.g., Kim et al., 2009;
Castellanos and Boersma, 2012; Russell et al.,)20k#nass burning (e.g., Mebust et al.,
2011), soil microbial processes (e.g., Bertram.e2805; Hudman et al., 2010; Hudman et al.,
2012), and lightning (e.g., Choi et al., 2005; Beat al., 2010; Bucsela et al., 2010). A variety
of approaches to using the satellite observatiom®hstrain emissions have been proposed (e.g.,
Martin et al., 2003; Stavrakou et al., 2008; Kinakt 2009; Lamsal et al., 2011; Miyazaki et al.,
2012). Most of these implicitly assume that the @tNQ, chemical removal in the model is
accurate and adjust emissions to match observediosl Simultaneously deriving both the
emission and chemical removal rate of \dDrectly from the satellite observations is dificfor
a number of reasons, not the least of which isttiatifetime of NQ is a nonlinear function of
the NQ, concentration (Fig. 4.1), and consequently, alsdehresolution (Valin et al., 2011b).
Beirle et al. (2011) developed an algorithm to esatd the decay of the N@olumn downwind
of NOy emission sources that allowed them to simultarigonfer the paired value of the
absolute emission rate and the average OH in yhemnes. However, we show here that due to
the strong nonlinear relationship of OH and NfDd variations of parameters affecting that
relationship, the concentration of OH inferred frimaaverage spatial pattern of N@in a plume
is not equal to the average OH concentration ferindividual realizations of the same plume.
This is because the average product of @ OH is not equal to the product of the average
NO,and average OH. Furthermore, Nédlumns are not just affected by OH, but alsohay t
formation and the decay of PAN and RON®@olecules (e.g., Perring et al., 2010) as weliyas
vertical and horizontal transport.

Here, we describe a conceptual model that buildsusrprevious analysis of NOOH and
model resolution (Valin et al., 2011b) to inclutte effects of PAN, the NGsteady-state, and
boundary layer venting. We then investigate thefional dependence of the N€olumn on
the wind speed. We use the correlation between gpeeéd and the decay of BNflumes to
extract information on the nonlinear relationshifoéd and NQ.

4.2 Conceptual model

Figure 4.2 depicts the processes known to be irapbtb the chemical evolution of an NO
plume transported within the boundary layer at@stant velocity. The figure illustrates (1) the
permanent removal of N®y reaction of N@Qwith OH, (2) the instantaneous steady-state
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relationship of NQand NQ, (3) the temporary removal and re-release of BDPAN, and (4)
the export of NQfrom the planetary boundary layer to the freeasghere (where the winds are
in general faster and not always aligned with thengary layer winds below them).

The permanent removal of N@epends on OH and OH depends on . 4.1). As a
result of this feedback on its own lifetime, thatal pattern of N@column depends on the
concentration of NQ In Valin et al. (2011b), we showed that the siaradients of N@
column downwind of a source are shallow when theceatration of NQis high (OH is low),
steep when the concentration of N®intermediate (OH is high), and shallow agairewiNQ,
is low. The spatial dimensions of observed,Nitadients are shown to have e-folding distances
as small as 20 km—40 km, a length scale similéneadimensions of the nadir pixels of the OMI
satellite (13 x 24 k). Consequently, it is important to take care te#ieved lifetimes are
governed by physical decay of M@nd not an artifact of the limited spatial resioitof our
measurements. This issue makes using the lowaakpegolution measurements of GOME-II or
SCIAMACHY to derive OH more difficult than with OMI

The steady-state relationship of NO NO (steady-staw 100 S) affects the spatial pattern of
NO, column in several ways. The steady-state relatipndetermines what fraction of NO
(NO,) is observable to the satellite, it determinesrétative roles of NQloss by NQ and NO,
and when NQconcentrations are large compared td€g. in a power plant plume) it affects
NOx removal by titrating the major source of atmospheadicals, ozone. Its effects on the
spatial pattern of N©column will vary with location, season, sourcetadte, and source type
(e.g. point vs. area source).

PAN, a thermally unstable N®@eservoir, also affects the spatial pattern ofNiki column.
The concentration of PAN depends on the mixtureamadance of volatile organic
compounds, atmospheric oxidation by OH, and tentpezalt is generally thought that PAN is a
sink of NQ, where the concentrations of N@nd volatile organic compounds are high but is a
source of NQin remote regions downwind. Thus for urban plufeeshation of PAN
accelerates the removal of N&lative to that of OH and steepens the gradieritse near field
of the source, but further downwind, releases tbeed NQ and flattens the spatial gradient
caused by reaction of NQvith OH.

In addition to these chemical processes, the patteNO, column also depends on
atmospheric mixing. Diffusion, both vertical andizontal, dilutes the concentration of Nénd
alters the rate of NOremoval due to feedback on OH (Fig. 4.1). Verttcahsport, or export out
of the planetary boundary layer, can be thouglatsod sink of N@column as winds in the free
troposphere are generally much faster than wintlseagurface, transporting N@way from its
source much more quickly, and the ratio of NONO decreases as N@ses in to the free
troposphere. The time-scale of this boundary-lageting varies but is likely significant relative
to that of chemical removal in most settings.

4.3 Results

We use observations over the city of Riyadh, S&udbia, to investigate the issues outlined
above. For N@ we use the DOMINO v2.0 retrieval of troposph&tio, column (Boersma et
al., 2007; Boersma et al., 2011) and for winds,Bbheopean Center for Medium-range Weather
Forecast (ECMWF) ERA interim re-analysis (Dee gt2011); we expect that the results would
be insensitive to use of alternate retrievals ordaields. We use summertime (April-September)
high-quality observations of N@olumn (cloud fraction less than 0.20 and viewitreangle
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less than 40°). Riyadh is advantageous for thiyyaisabecause there are very few clouds in the
region, providing OMI with repeated, unobstructeglasurement of the full column. We
experimentally determine a background column dgmsif.3 x 18* molecules cii and

subtract that value from all measurements.

Riyadh is a large, isolated source of N®©has nearly 7 million inhabitants in an area of
approximately 30x50 kA(E-WxN-S). The nearest N@nhancement observed by OMI is
200 km from Riyadh (Fig. 4.3; bottom panel). Figdr8 (top panels) shows 12 consecutive
near-nadir (view-zenith angle < 20°) overpasseaRipadh. OMI measures high Ndirectly
over Riyadh, and in general, the observed plumesland decays along the direction of the
observed winds. As an aside, we note that daily Q4 measurements appear to be of a
guality that they could be used as constraintherassimilated wind fields. Certainly the higher
resolution images expected from future geostatioratellites will be useful in that regard (e.g.,
Valin et al., 2011a).

The spatial pattern and gradients of the averageddldmn (Fig. 4.3 — bottom panel) reflect
transport patterns and the nonlinear effects ofnistey. To control for variations of wind
direction, Beirle et al. (2011) computed spatidligtinct NG column averages by grouping OMI
measurements according to the surface wind dire¢d@., N, NE, E, etc.), computing an
average NQlifetime for each wind direction. Here, we extehdt idea and control for both
wind speed and wind direction. Instead of defiramgl averaging along 8 separate vectors, we
rotate each OMI measurement so that the mean wialigined in the x-direction and centered
over Riyadh (Fig. 4.4). We then sort the observettio to six separate wind speed categories (0
— 7 km htt,7 — 11 km htt, 11 — 14 km hf, 14 — 18 km ht, 18 — 23 km ht, 23 — 30 km HP).
There are between 35 and 50 high-quality cloud-bteservations for each of the six selected
ranges of wind speed for April through Septemb&5202011.

Figure 4.4 shows the aligned N€olumn when winds are slow (7 — 11 knihand when
winds are fast (23 — 30 km'Hras well as the integrated N@olumn density perpendicular to
the mean flow (i.e., the NQine density) and the total N@nass for all six wind speed
categories. OMI observes significant variatiorthaf NG column with wind speed
demonstrating the capacity of space-based obsengdid capture atmospheric evolution over a
source. In slow winds (7 — 11 km™Br the NQ columns observed directly over Riyadh are more
than double those observed in fast winds (23 -i8MK), an indication of both atmospheric
stagnation and differences in Né@moval. When wind speeds are fastest, the infie:er
sources in Riyadh extends much further downwinth wdlumns exceeding 1.5 x 0
molecules cii extending more than 250 km downwind. The effeatiofd speed on the pattern
of the observed N&columns is ordered and clear, with the columnsesesing and extending
further from the source as wind speeds increass.ilan important demonstration of the
guality of the OMI measurements and of the re-asialyinds.

To determine the effective plume-averageNifetime, we analyze the spatial evolution of
the NQ line density downwind of Riyadh (Fig. 4.4 — thpdnel). When winds are slow, the rise
and fall of the N@line density is nearly Gaussian, a reflection ariable winds in addition to
the chemical removal of NOnaking an accurate estimate of the,Ni€@time difficult. Instead
we analyze the pattern when winds are fast. Whedsvare fast (lightest-gray; 23 — 30 krithr
the downwind decay is dominated by chemical remawatl variability in wind direction. N®
decays from its maximum by one e-fold over a distaoi 145 km. This rate of decay
corresponds to a NQifetime of 5.5 hours. By distinguishing measuess based on surface
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wind speed, we avoid introducing artificial grad&ethat would result from averaging the
patterns observed in slow, stagnant conditions fegg 4.4 — top panel) with those observed in
fast wind conditions (e.g. Fig. 4.4 — second panel)

To examine the NQlifetime at slower wind speeds, we assume thatateeof NQ emissions
does not vary with wind speed and investigate #r@ation of the observed mass (Fig. 4.4 —
bottom panel). We scale the results to our infeednam the experimental decay observed in
rapid winds and find the lifetime increases frofa Bours in fast winds to 8.0 hours in slow
winds. This finding is consistent with the ideatttiee speed of wind determines the dilution rate
of NOx which affects the OH concentration (Fig. 4.1). Tinegnitude and the direction of the
observed lifetime increase (30%) is in good agregméh the magnitude of variations
predicted in a model when urban sources are aafificdiluted via model grid spacing (Valin et
al., 2011b). We find the NQOifetime averaged over all wind conditions is Gaurs. If we
assume that Ngs only removed by OHoz+on= 9.2x10" cn?® moleculé' s*) and that the
steady-state ratio of N0 NG is 0.72, this lifetime corresponds to an effecttd
concentration of 6.25xf0nolecules cm.

We compute the NCemission rate by mass balance and by mass fluxatesg our analysis
to the fastest wind conditions. For both methods assume a fixed ratio of N@ NGO, (0.72).
By mass balance, the amount of Nébserved over Riyadh in fast winds (Fig. 4.4 -tdoat
panel) corresponds to a N@mission rate of 135 moles given the NQ lifetime of 5.5 hours.
By mass flux, the maximum N@nhancement (1.24 x 1fholes knt'; Fig. 4.4 — third panel)
observed 25 km downwind of Riyadh correspondshi®Da flux of 126 moles s given winds of
26 km hi'. Agreement between these two values indicates/égtlittle NQ, is removed during
the 1 hr transit from the Riyadh center to the fimra25 km downwind.

4.4 Discussion

Simultaneously inferring the rate of N@®missions and removal directly from satellite-lohse
measurements of the N©@olumn has been discussed previously (e.g., Leak, 001; Beirle et
al., 2004; Beirle et al., 2011). In the approackctbed here, we restrict our analysis of spatial
patterns used to simultaneously infer Ngdnissions and lifetime to measurements made when
winds are fast. We then infer the Nfetime in slower wind conditions by mass balarBeirle
et al. (2011) analyzed the average spatial pattenmeasurements made in all wind speeds.

We show that steep nonlinearities in the,Ni@time as controlled by Nf£concentrations are
evident in the measurements (Fig. 4.4 — bottomIpa@ur observation that the lifetime of NO
depends on wind speed (a surrogate for the ragnadspheric mixing) confirms that the
concentration of NQ@sinks such as OH, R@nd RC(O)Q@ depend on the concentration of NO
(Fig. 4.1). The finding that there are differefétimes for different wind speeds and that the
average lifetime and average N@d not exist is a well known mathematical conseqaef
covariance among variables, i.e. the product oatlerage is not equal to the average of the
products. In this case, meteorological and chenviaahbility directly affect the relationship of
OH and NQ), such that inference of OH concentration fromaterage N@spatial pattern is
not the same as what would be inferred from indigldneasurements. As a consequence, we
infer a longer average Ndfetime (6.7 hours vs. 4 hours) over Riyadh armbaespondingly
lower emission rate (135 mole$ gs. 260 moles™ than did Beirle et al. [2011]. Most of the
difference between the inferred emission rates¥s)/llows from our treatment of the lifetime
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as wind-speed dependent. A smaller fraction (~2&%1lts from systematic biases between
DOMINO v1.02 and DOMINO V2.0 (Boersma et al., 2011)

4.5 Conclusions

Using the example of Riyadh, Saudi Arabia, we stimat it is possible to simultaneously
infer the NQ lifetime and emissions from space-based obsenatidVe find that the lifetime is
wind-speed dependent. The spatial extent of thadRiylume is much larger than 13 x 24°km
OMI footprint or the 30 x 50 kfrextent of Riyadh, such that neither instrumentiapa
resolution nor urban extent is limiting the intexgation of NQ loss processes from the spatial
patterns of NQcolumn. A variety of other meteorological factaffect the NQ lifetime
including water vapor, § sunlight, boundary layer height and temperatWk expect future
analyses will be able to untangle the effects eséwariables on the N@fetime.
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Figure 4.1 The steady-state relationship of OH concentratiit axis) and the NQlifetime
(left axis) to the N@column density, assuming a 1 km, well-mixed boupdayer, under
conditions typical of a polluted summertime urbaminment (Murphy et al., 2006; Valin et
al., 2011b). The lifetime is computed with respeateaction of NQwith OH and an N@to
NOx ratio of 0.72. The color scale used here is usedriages of N@column throughout the
article.
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Figure 4.2 A depiction of NQ chemistry downwind of an emission source.
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including the surrounding region. Measurementswdld x 10" molecules cif are not shown.
For the daily measurements, OMI-observed clouditvas are indicated with transparency:
cloud fractions greater than 20% are fully transpaiand equal to 0% are fully opaque. For daily
measurements, the interpolated 12 PM LST winds fiwerl.5°% 1.5° surrounding Riyadh are
plotted (scale in the top-left panel).
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Figure 4.4 April-September 2005-2011 wind-aligned p&@lumn density when winds are slow
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(left axis) with the corresponding N@fetime and effective OH concentration indicatedht
axis) given an emission rate of 135 molésAn experimentally determined background of
0.93 x 16° molecules cii is subtracted from all measurements.
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Chapter 5 — Chemical feedback effects on the spatipatterns of the NO, weekend effect
5.1 Introduction

In the troposphere, NGNO+NQ,) affects ozone production rates, aerosol formadios the
oxidative capacity of the atmosphere. N®emitted to the troposphere by fossil-fuel
combustion, biomass burning, soil microbial proessand lightning. During the daytime NO
is removed from the atmosphere by reactions of lH+HO,+R0O,) with NO, primarily by
reaction of OH with N@to form nitric acid, RC(O)@with NO, to form acylperoxy nitrates, and
RO, with NO to form alkyl nitrates. As a result, theeenical removal of NOQdepends on the
concentration of OH and the local mix of volatilganic compound (VOC) precursors to
RC(O)G and RQ(e.g., Browne and Cohen, 2012). Both OH and B€pend non-linearly on
NOy introducing a powerful nonlinear feedback of N its own lifetime (Fig. 5.1).

Satellite-based observation of the Nédlumn has provided a wealth of information on,NO
at local (e.g., Bertram et al., 2005; Boersma .e28I09; Russell et al., 2012), regional (e.g.,
Richter et al., 2005; Kim et al., 2009; Hudmanlgt2010), and global scales (e.g., Stavrakou et
al., 2008; Lamsal et al., 2011). Satellite-basatiiiments have proved particularly useful in
measuring seasonal (e.g., Jaegle et al., 2005jefaA et al., 2006), interannual (e.g., Richter et
al., 2005; van der A et al., 2008; Russell et24)12), and day-of-week (e.g., Beirle et al., 2003;
Kaynak et al., 2009; Russell et al., 2010) tremdd®, column. Typically, the observed columns
and their trends are used to assess differendé®jremissions, but much less attention has been
paid to a secondary driver of the trend, changdisarNQ lifetime. In situ observations (e.g.,
Thornton et al., 2002; Murphy et al., 2007) havevpted extensive information on the
mechanistic details of these effects on the, Nf@time, but lack coverage in space and time.
With a nadir footprint of 13 x 24 kivand daily, global coverage, the Ozone Monitoring
Instrument (OMI; Levelt et al., 2006) is uniquebpable of providing coverage and spatial
detail at a scale relevant to boundary layek K&noval (~10 km-50 km; e.g., Ryerson et al.,
2001; Dillon et al., 2002; Beirle et al., 2011; Maét al., 2011a; Valin et al., 2011b) .

Here, we use OMI observations to describe theapadriation of the N@column over Los
Angeles on weekends and weekdays. We then useea sEWRF-Chem model simulations to
characterize the information contained in the daweek patterns. From the range of
simulations computed, we identify modificationghe base model that produce improved
matches to the OMI observations and use this tdegour understanding of the chemical
processes that control the NE&lumn.

5.2 Observations

The Ozone Monitoring Instrument (OMI), a UV/VIS sp@meter developed at KNMI in the
Netherlands (Levelt et al., 2006), is mounted @ngblar-orbiting, sun-synchronous NASA Aura
satellite (Schoeberl et al., 2006). OMI has a Tield-of-view, with 480 detector elements
devoted to spatial coverage that are averaged athb@g@rovide 60 pixels across a 2600 km
swath of the earth , and a 2 second integraticioghdnat results in a 13 km pixel dimension in
the direction of the spacecraft motion. The resglpatial footprint is as small as 13 x 24km
Aura/OMI orbits the earth over 14 times a day pdow near global coverage at approximately
1:15 PM local solar time.

Several different analyses of the spectrum measw€lMI are publically available (Bucsela
et al., 2006; Boersma et al., 2007; Russell eR@ll1). Here, we use the BErkeley High
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Resolution (BEHR) retrieval of OMI NQvertical tropospheric columns (available at
http://behr.cchem.berkeley.edu) (Russell et all,12Russell et al., 2012). Briefly, BEHR
derives tropospheric vertical N@olumn from the NASA standard tropospheric slaaimn
(Bucsela et al., 2006) using high spatial resotuiigouts to the Standard Product AMF lookup
table, specifically 12x12 kivrmonthly-averaged vertical N@rofiles, 0:05°x0:05° 16-day
average MODIS albedo product (MCD43C3), and théb&lband One-kilometer Base
Elevation (GLOBE) Digital Elevation Model. Here, wee BEHR version 1.0B. The version
number corresponds with the Standard Product versed to derive BEHR, and the version
letter corresponds to the version of BEHR for agi®Btandard Product version.

Figure 5.2 shows the average May-July, 2005-2008kdey NQ column (Monday — Friday),
the weekend column (Saturday — Sunday), and therpaif weekend N@column decreases
observed by OMI over Southern California. We in€wadtrue-color Aqua-MODIS image of the
region observed on a cloud-free day (29 May 200b¢ Greater Los Angeles metropolitan area
consists of three distinct basins: the Los AngBlasin at the coast (33.8°-34.1° N, 117.8°—
118.4° W), the San Fernando Valley to the north@$t1°-34.3° N, 118.2°-118.8° W), and the
San Bernardino Valley to the East (33.8°-34.2° IV,.0°-117.8° W). During the summer, the
typical daytime meteorology consists of onshore/femtering the Los Angeles basin at the coast
flowing out through the San Bernardino Valley te trast and the San Fernando Valley to the
northwest.

Due to the onshore flow and large coastal emissiamces, the weekday N©olumn
increases sharply at the coastline to a maximu®¥13° molecules cii directly over
downtown Los Angeles (Fig. 5.2b). In the San Bedimar Valley, NQ columns decrease
gradually. Decreases in the San Fernando Valleglaaeper than in San Bernardino. Over a
long-term average the airflow on weekends is idahto that on weekdays. The weekend,NO
column is markedly lower than the weekday columa e gradients downwind of central Los
Angeles are much steeper. Weekend decreases NOtheolumn are only 30-40% over coastal
Los Angeles but are 45-55% over the San Fernandleywand an even larger 55-65% over the
San Bernardino Valley.

Large decreases of the Bl@lumn and surface concentration have been reppreviously
using satellite and in situ observations (e.g.rlBeit al., 2003; Murphy et al., 2007; Russell et
al., 2010). The changes have been attributed pitimara day-of-week pattern of emissions,
with decreases in the U.S. associated with a remuct freight transport by heavy-duty diesel
powered. These decreases ofNifiect the chemical feedbacks on OH and&g., Stephens et
al., 2008; Valin et al., 2011b; Pollack et al., 20Pusede and Cohen, 2012, and references
therein). However, the observation that the,M@creases are not spatially uniform, an
observation that OMI is uniquely capable of captynvith its spatial detail, has not, to our
knowledge, been previously reported or evaluatethé following, we simulate the day-of-
week pattern of N@column using WRF-Chem and compare the resultse@bservations in an
effort to understand which model parameters arerapt for describing the day-of-week
patterns in Los Angeles, and by analogy, for desugiday-of-week patterns of N@ other
locations.

5.3 WRF-Chem Calculations
We simulate the N@column at the OMI overpass time (1 PM) using WRtef (Grell et
al., 2005) at 4 km horizontal resolution over a R&8(N-S) by 480 km (E-W) domain, centered
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at 34° N, 118° W. We use 36 vertical layers, 1&vbich are in the first 1.5 km. As our base
case, we use the Regional Acid Deposition Mod&A&OM2) chemical mechanism, the 2005
National Emissions Inventory (NEI2005) for anthrgpaic emissions and the default online
module for biogenic emissions as in Grell et akglzet al., 2005). Initial and boundary
conditions for meteorology are taken from the Ndétherican Regional Reanalysis (NARR)
and for chemistry are taken from an idealized prafiandard to WRF-Chem.

We simulate the average 1 PM Nélumn for 1-14 June 2008 with NEI2005
anthropogenic emissions (weekday) and the samelmattiean emission rate of 0.625 x&.-
neizoos (weekend). The first two days are used as spirapthe base case, we run WRF-Chem
with standard RADM2 chemistry and spatially and penally uniform weekend emission
reductions. We compare results from this base calselation to weekday/weekend simulations
in which we adjust HQproduction from ozone photolysis (0.5%, 1.25x% x] &%), VOC
emissions (0.5x%, 2x), VOC—OH rate constants (02%%, the N@G-OH rate constant (0.5%, 2x),
the timing of weekend emissions (1 h delay, 2 layeland the spatial distribution of weekend
emissions (Weekend\IEX—San Bernardinto-575<, 0.52%¢ ENOx—NEI2005 and Ede—Los Angeles
0.640x,0.654 Enox-nEr200s fOr domain-average weekend emission of O062%ox-nei2009. The
results from these simulations and the OMI obse@wratare summarized in Table 5.1. Table 5.1
reports the total reduction of N@olumn over the entire Los Angeles plume (defiasdhe area
over which OMI-observes weekday MEolumns exceeding 2.5 x *anolecules ci) and the
fraction of the Los Angeles plume with weekend dases of N@column that exceed 35%,
45%, and 55%.

We find that the simulated N@olumns, regardless of model scenario, are bilsewhere
NO; is low. To correct this bias we add a regionalyferm background column of
5 x 13 molecules cr to the both weekday and weekend simulations fanatlel scenarios.
This correction does not significantly impact mogdults where the NZolumns are high, but
does alter the simulated spatial patterns at tgesdf the plume where N@ low (~20 %
effect where N@columns are 2.5 x ¥®molecules cii). We test whether a two week period of
simulation is representative of longer time peribgsimulating the base case scenario for three
months and find that the magnitude and patterreofehses simulated in the two-week scenario
is comparable to that of the 3-month scenario mthg its fidelity in representing the
meteorological variability of a longer-term simudet We also test for memory effects. We
simulate weekday N£column in two-day periods (June 3-4, June 4-5Junge 13-14)
initialized with the model N@column from 4PM LST on the previous weekday to wasether
simulation of 14 consecutive weekend days is biaskdive to simulation of two-day weekends
within a weekly cycle. We find that the memoryeetf of weekday emissions on weekend
column is small compared to the effects of the opla@ameters tested.

5.4 Model Results and Analysis

In Figure 5.3, we compare the observed day-of-wedtern of NQ column (top row) to that
simulated with the base model (second row). Integraver the entire basin, there is only a 2%
difference between observation and simulation an bxhibit similar spatial patterns. Locally,
however, there are large differences between thelated and observed N©olumns (up to a
factor of two). OMI observes much higher Nalues on the south and west edges of the plume,
and the model predicts much higher values in thfavuregions, namely the southeast and
northwest edges of the plume. This discrepancigatels several possible model or
observational uncertainties. For instancep,N@y be transported downwind too quickly in the
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model, the observations may be biased over thdltmage.g., solar glint reflectance impacts on
the NQ retrieval), or OMI with its pixels of 13 x 24 Kmay be smearing the spatial pattern that
is simulated at a model horizontal resolution of 4 knt even though our average of the OMI
data takes advantage of oversampling to incre@seetiolution to approximately 10 x 10 km

The large, localized differences between the oleskand simulated NQolumns highlight
the difficulty of accurately computing the interplaf emissions, chemistry and transport or of
accounting for the possibility of locally-specifibservational biases. However, when
investigating the patterns of N@olumn (e.g., day-of-week effect) with self-comesig model
simulations or observational datasets, many oftlhésses are eliminated. In our WRF-Chem
model setup, for instance, the weekday and weekezidorology is identical, and over a long
time period, OMI observes weekday and weekend dlumns that are subject to the same
average meteorological patterns and the same avetzgrvational biases. As a result, the
agreement of modeled and simulated,Ni®nds (e.g., day-of-week effect; Fig. 5.3 — right
column) is more meaningful than the agreement eéplations and simulation over a single
time period (e.g., weekday N@olumn; Fig. 5.3 — left column). In the base modehulated
NO; decreases are too large over the coast (40% 88o)are too small over San Bernardino
(50% vs. 60%), and extend too far inland (150 kol @® km).

The day-of-week pattern of the N©@olumn depends both on patterns of,N€@noval and
patterns of NQemissions. The pattern of removal depends onetagionship of OH and RO
concentrations to NQFig. 5.1). In Los Angeles, where N©@oncentrations are high (i.e., to the
right side of the NQOH curve), a decrease of N@missions on the weekends results in higher
concentrations of OH and RQOAs a result, NQis removed faster, and the reduction of;NO
columns on the weekend is larger than the reductidO, emissions alone. The spatial map of
these nonlinear effects reflects the timescal@&fog removal (Fig. 5.3 — right column). If the
chemical removal of NQis slow, the nonlinear decreases will be small ¢hre source where
NOx concentrations are high, but will persist and awglate far downwind where the
concentrations eventually decrease to a valuectiragésponds to a maximum OH concentration
and a minimum in the NQOchemical lifetime (Fig. 5.1). If the chemical rewal of NQ is rapid
near the source, the nonlinear feedbacks will figelan that location. The discrepancy between
the observations and the base simulation (Fig—5u3t row vs. second row) suggests that the
model falls into the first category while the obssions fall into the second category, an
indication that the simulated OH and R€»ncentrations are too low (i.e., the model isfebdo
the right of the N@OH curve presented in Figure 5.1).

To test this hypothesis, we evaluate the effectsaodmeters that influence the concentration
of OH and RQ, and thus affect the timescale of N@moval. We double the rate of ozone
photolysis to increase the concentration of OHR@M (i.e. shift the entire N&QOH curve in
Figure 5.1 upward). Separately, we double the aptigenic emissions of VOC to increase the
concentration of R@throughout the model domain.

Figure 5.3 (third row) shows the simulated day-@®eW pattern of the N{Crolumn when HQ
production is increased. Due to the increase of, @ rate of NQremoval increases, and both
weekday and weekend N©olumns are smaller than those simulated in tise baodel. As a
result of higher OH and ROthe timescale of NQosses is shortened compared to the timescale
of transport, and, as hypothesized, the weekenckdse is larger near the source and does not
extend as far downwind relative to the base casee Hve adjust HOproduction using ozone
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photolysis, but other sources of KH(@r Cl), such as HONO, CINQor HCHO photolysis may
play a role.

Figure 5.3 (fourth row) shows the simulated daywekk pattern of the N{xolumn when
VOC emissions are doubled. VOC both removes OH@audk to OH formation through its
feedback on HQsources (e.g., Hformaldehyde). At low NQconcentrations, the role of VOC
as a sink of OH dominates, and OH decreases fomangase of VOC. At high NQhowever,
the role of VOC as a sink of OH is small, and tbaaentration of OH increases with increases
of VOC. As a result, R@increases everywhere for an increase of VOC eamssand OH
increases where NGs high (NQ column > 7.5 x 18 molecule crif) but decreases where NO
is low (NO; column < 5 x 1& molecule crif). Due to higher OH and R@oncentrations over
Los Angeles, the timescale of N@moval is shortened when VOC emissions are isecka
relative to the base model, and the agreemenedithulated day-of-week pattern with
observations improves. Here, we alter VOC conediotis by altering anthropogenic VOC
emissions, but biogenic emissions may also berafigignt source of VOC in Los Angeles.

The comparison of modeled and observed day-of-yaétkrns of the N©column suggest
that HQ, chemistry in Los Angeles is N&aturated (Fig. 5.1), but also indicate that the L
Angeles atmosphere is not as far to the right @NKR-OH-RGO; relationship as the model
simulation. We find that agreement between modeélabservation is improved when we
increase HQproduction or VOC emissions in the model, butithprovement is similar for both
changes (Fig. 5.3 — third row vs. fourth row). Desgheir similarities, there are significant
differences between these two adjustments, paatigutlifferences in the relative roles of RO
and OH as N@sinks (i.e., PAN and RONQrs. HNQ). PAN, for example, is thermally
unstable and is much more likely to re-releasg N@vnwind than is HNg) which is more
likely to deposit before undergoing photolysis @aation with OH. Distinguishing the roles of
HNOs; and PAN chemistry may require more informatiorghsas higher spatial resolution
satellite-based measurements at the plume edges Wieedifferences between the two
simulations seem the largest or time resolved mieasents as will become available from
geostationary orbit (e.g., GEO-CAPE; Fishman ¢t28l08).

The day-of-week pattern of N@olumns also depends on day-of-week patterns afstons.
The timing of emissions shifts later in the daywekends (Harley et al., 2005). The delay of
emissions on weekends relative to weekdays is ¢éepdéiom a shift of light-duty gasoline
vehicle activity later in the day. Weekend emisgieductions also vary regionally, and likely
locally, due to differing day-of-week trends in usdry and heavy-duty diesel truck activity
relative to passenger vehicle activity (McDonalélet2012).

Figure 5.3 (fifth row) shows the day-of-week pattef NO, simulated when we delay the
timing of all weekend emissions, both VOC and,Niy two hours. When weekend emissions
are delayed, the 1 PM N@olumn decreases because the total emissions imotlrs prior to the
satellite overpass decrease. The timing of emissafiiects the magnitude of the observed
decreases but does not significantly affect théiapaattern.

Figure 5.3 (sixth row) shows the day-of-week patitrNO, calculated with a different
weekend emission reduction aver San Bernardin@%%%Enox-nerzoog than over Los Angeles
(0.654x% Enox-NE2009 Where the total weekend emission reduction idifferent than the base
case (0.62% Enox-neizo09. Not surprisingly, the contrast between the basin (San
Bernardino) and the West basin (Los Angeles) elawhen the regional day-of-week emission
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pattern is altered, a modest effect, but one thabnsistent with observations that show larger
decreases over San Bernardino and smaller decreasethe Los Angeles basin. This pattern
might be used in conjunction with detailed vehmt#ivity assessments to understand whether
the changes are consistent with a differential wadldecrease of heavy-duty diesel truck traffic
in the two regions.

In the set of simulations discussed above, we gshatthe NQ column and more specifically
day-of-week patterns of N@olumn depend strongly on H@roduction, VOC, and the timing
and spatial distribution of weekend emissions. Whi single modification provides an
unbiased representation of the observed day-of-watkrn over Los Angeles, our comparison
of the simulated and observed patterns providesnagwork for future work aimed at optimally
reproducing the day-of-week pattern of Nédlumn over Los Angeles or any location.

5.5 Conclusions

The high spatial resolution of OMI (13 x 24 Rneaptures a phenomenal level of detail over
the Los Angeles metropolitan area (200 x153)kmComparisons of these observations to a
high resolution model demonstrate that this spdtéil provides information on local patterns
of NO transport, emissions and chemistry. The obsemasbow that weekend decreases of
NO; column are smallest over central Los Angeles @@ywhere NQ columns are high, and
are largest downwind of Los Angeles over the Sam&elino and San Fernando Valleys (50-
65%).

Using WRF-Chem, we simulate weekday and weekengldddmn using a range of model
parameters. In the model, the weekend, N@umn decreases by more than the weekend
emissions reduction, a nonlinear feedback thatteeBom the increase of OH concentration and
the corresponding decrease of Nifetime that occur when NQconcentrations are reduced. We
show that simulated pattern of weekend, Mi@creases is sensitive to H@oduction, VOC
emissions, and the spatiotemporal distribution Gk Emissions. The magnitude of the simulated
day-of-week pattern of column NG in better agreement with observations wher, HO
production is increased, when VOC emissions aneased, or when weekend emissions are
delayed or shifted spatially. This is a unique ¢asion indicating that satellite measurements of
NO, can simultaneously teach us about day-of-weeklgr@mNQ emissions and the coupled
day-of-week variation of the NQifetime.

Further work should focus on the evolution of déyweekend NQ patterns over time. Its
seasonal evolution, for instance, can teach ustaib@mical feedbacks, as seasonal variations of
day-of-week emission trends are expected to bel siiad interannual evolution, on the other
hand, would provide an additional set of consteaont emission trends and the Ni@etime.
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Table 5.1.Summary of observed and simulated day-of-weelepatof NQ column in Los

Angeles
Total NO> Fraction of Los Angeles Plume®
decrease in Los where weekend NO, decreases
Angeles? > 35% > 45% > 55%
OMI BEHR 43.0% 0.55 0.31 0.10
WRF Simulations
Base - 40.4% 0.72 0.25 0.00
2x 43.6% 0.55 0.36 0.12
3 1.5x  42.6% 0.61 0.36 0.04
03 1.25x  41.9% 0.66 0.34 0.01
0.5x  39.2% 0.79 0.09 0.00
£ 2% 42.4% 0.66 0.36 0.03
voc 0.5x  39.4% 0.74 0.14 0.00
K 2% 40.9% 0.70 0.28 0.00
VOC+OH 0.5x  40.8% 0.82 0.28 0.00
K 2% 40.6% 0.75 0.27 0.00
NO2+OH 0.5x  40.2% 0.68 0.23 0.00
e Delay® 2hr  44.2% 0.74 0.43 0.01
weekend y 1hr  42.3% 0.73 0.37 0.00
Spatial Dist. © 0.575x  40.2% 0.71 0.23 0.00

Bold-face entries denote results from simulatidmsa in Figure 3.
#The Los Angeles plume is determined as the regien which the observed weekday NO
column exceeds 2.5 x amolecules cm.

P Both weekend Fox and Eoc are delayed by 2 hours.

¢ Enox-s. BernardindS 0.575x%, 0.525x% Enox-Nei200s @Nd Eiox-Los AngeledS 0.640%, 0.654x
Enox-NEI2005 respectively, for domain-average weekend emissidhn625x% Enox-nei2005
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Figure 5.1 The steady-state relationship of OH (red) and RQ0; blue) concentrations to the

concentration NQusing the relationship derived in Murphy et al.jgly et al., 2006) under
conditions typical of a polluted summertime urbamieonment. The lifetime of NOwith

respect to reaction of NQvith OH is indicated on the right axis.
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Figure 5.2May — July, 2005 — 2007 average BEHR N©lumn for weekdays (top panel) and
weekends (second panel), and the percent weekenegade (third panel). MODIS RGB image
of Southern California (fourth panel) with the sage North American Regional Reanalysis
winds for the region (33.7°-34.0° N; 117.7°-118Myreported in the bottom-left corner, and
rectangles marking the San Fernando (NW), Los AeggébW) and San Bernardino (E) basins.
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Figure 5.3Weekday NQ column, weekend N£column, and percent change of Nédlumn

(top row) observed by OMI for May-August 2005-2088d simulated with WRF-Chem for 3—
14 June 2008 at 1 p.m. LST using a uniform 37.58aegon in NQ emissions with standard
RADMZ2 chemistry (second row), a 2x increasd®f (third row), a 2x increase of
anthropogeni&yoc (fourth row), a two-hour delay of anthropogenicakendEnox andEyoc
relative to weekdays (fifth row), and spatiallytadist weekendEnox reductions (sixth row;
Weekend EOX—San Bernardin<o-575<, 0.52% ENOx—NEI2005 and EJOX—LOS Angeleso-640<,0-654’< ENOx—
NEl2005 Such that the domain-average weekBggk is 0.62% Enox-NEi2009-
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Chapter 6 — Future Directions

In this dissertation, | have explored novel stregedor using satellite-based UV/Vis
observations of the N{&olumn measured by OMI with spatial resolutiori8fx 24 kni to
enhance our understanding of N€durces and the N@hemical lifetime.

These analyses are just a beginning. A numbetheir ¢ests of our understanding should be
pursued with these existing measurements. For eeathe correlation between water vapor and
the NG column that would be expected for situations wi@keproduced from the reaction of
O'D and HO dominates the NGsink should be examined. In Figure 6.1, | avetagevind-
aligned NQ column measured by OMI over Riyadh, Saudi Arabee(Chapter 4 for more
details), when surface-level water vapor conceiomatare low (< 8 g K§, intermediate (8 — 10
g kg%, and high (> 10 g K§. The gradients downwind of Riyadh are much mbadlew when
the HO vapor concentration is low (top panel) than whigh (second-panel). Furthermore,
there is 35% less NQvhen HO vapor concentrations are high. Both of these whsens
indicate that the increased® vapor loading decreases the Nitetime.

Other ideas that should be pursued include loo&trigends in the NQlifetime over the last 7
years, the effects of wind speed in other citieghier examination of weekend effects, and any
correlations of the N@column with variations of biogenic VOC emissionariations of
stratospheric ozone that affect@Dproduction at the surface, and variations ofaefQ.

When performing these analyses, care must be takemsure that the independent variable is
truly independent. For example, variations gbH/apor over Riyadh are independent of wind
speed, but springtime variations of stratosphezane above the Four Corners power plant are
associated with synoptic frontal passages andti@igof the surface wind speed.

The other exciting development in the field is thieding of two new high-spatial resolution
instruments, the Tropospheric Monitoring Instrum@®ROPOMI; launch 2014) and the
Tropospheric Emissions: Monitoring of Pollutiontisnent (TEMPO; launch 2017).

TROPOMI is part of a test-phase mission to pregddening for the geosynchronous Sentinel-5
mission over Europe. This precursor mission wikkikate in a polar-orbit like OMI and will

have a 7 x 7 kffootprint at nadir, daily global coverage, andlwikasure the UV/Visible,
near-infrared, and short-wave infrared Earth réfliece, thus providing the means to measure
carbon monoxide, Cand methane in addition to what OMI currently sweas. TEMPO was
awarded funding from NASA’s Earth Venture Instrumprogram in November 2012. It will be
hosted on commercial satellite in geosynchronobg over North America, 42,000 km above
the Earth surface. In geostationary orbit, TEMPi®measure all of North America once each
hour with an instrumental footprint of 4.5 x 2 k(fig. 6.2), offering unprecedented opportunity
to examine patterns of N@missions, chemistry and transport.

These future missions will extend our understandiiniipe atmospheric chemistry of cities
and power plants. Opportunities range from infertime reaction rate of emitted NO with ozone
near a source (5 — 20 km) to forming a better wstdading of NQ chemical processing (i.e.,
formation of HNQ, PAN, and RONG®) and the ability to make hourly neighborhood-seaéps
of NO, concentrations. Perhaps the most exciting outaaintigese future measurements will be
the capability to distinguish the OH concentratidithe plume core, where N©oncentrations
are high from that at the plume edge wherg, N@hcentrations are lower — a distinction not yet
possible even with the best of the current instmiséFig. 6.3).
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Figure 6.1 The wind-aligned N@column average (see Chapter 4) from October — M&@05
— 2011 for low (top panel) and high (second pasetjace HO vapor loading. (Third panel)
The total NQ enhancement integrated over Riyadh (x = -100 =800y = -125 — 125 km)
versus average @ mixing ratio. HO vapor concentrations are from the European Cémter
Medium Range Weather Forecasting (ECMWF) re-amnaiSRA-Interim) Peeet al., 2011].
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Instrument Footprint over Northwest Los Angeles
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Figure 6.2 The typical nadir instrument footprints of GOME&D(x 40 knj), OMI

(24 x 13 kni), and TEMPO (2 x 4.5 kfnlaunch 2017) on a Landsat false-color image of
northwest Los Angeles. GOME-2 and OMI observe dachtion on the earth at nadir
approximately once every other day. TEMPO willeve all of the continental United States
and beyond once each hour.
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Figure 6.3(Top 6 panels) Necolumn for 6 clear-sky near-nadir overpasses of Eminers,
NM, USA (106.5°— 110° W, 35°- 38.5° N) during Ma@5 and (bottom 6 panels) the
corresponding days 1 PM N©olumn simulated with WRF-Chem at 4 km horizomgslolution.
For the daily measurements, OMI-observed cloudifras are indicated with transparency:
cloud fractions greater than 20% are fully transpaiand equal to 0% are fully opaque.
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