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Abstract. The column abundance of NGvas measured 1 Introduction

over Table Mountain Facility, CA (34°N, 117.7 W) from

May 2003 through September 2004, using lunar occultaNOs plays a significant role in the nocturnal chemistry of
tion near full moon with a grating spectrometer. The4NO the stratosphere and troposphere. In the stratosphere, it influ-
column retrieval was performed with the differential opti- ences the partitioning of active nitrogen species NO and NO
cal absorption spectroscopy (DOAS) technique using botHNOx), where NQ is an important component in catalytic
the 623 and 662nm Nfabsorption bands. Other spec- 0zone loss cycles. The primary source of N©a reaction

tral features such as Fraunhofer lines and absorption fronPetween N@ and G (ReactionR1), and it is consumed by
water vapor and oxygen were removed using solar Specan additional reaction with N£xo form the reservoir species
tra obtained at different airmass factors. We observed d¥20s (ReactionR2).

seasonal variation, with nocturnally averagedd\@lumns

between 5- 7 x 1013 molec cnr? dgring Ogtober through NO2+03 — NO3+02. (R1)
March, and 5- 22 x 103 molec cnr? during April through  NO, 1 NO, +M = N»Os+ M. (R2)
September. A subset of the data, with diurnal variability

vastly different from the temporal profile obtained from one- So as shown in ReactioiR@), NO,, NOs, and NOs are in
dimensional stratospheric model calculations, clearly hasequilibrium. The subsequent removal 0@ via a hetero-
boundary layer contributions; this was confirmed by simul- geneous reaction with water on the surfaces of ice particles
taneous long-path DOAS measurements. However, evero form nitric acid, also a reservoir species for Nut with

the NQ; columns that did follow the modeled time evolu- longer lifetime, contributes to NOremoval. The thermal
tion were often much larger than modeled stratospheric pardecomposition of NOs is an additional significant source of
tial columns constrained by realistic temperatures and 0zon@|O3 in the upper stratosphere. Since Nghotodissociates
concentrations. This discrepancy is attributed to substantiaéxtremely rapidly at wavelengths less than about 640 nm, we
tropospheric N@ in the free troposphere, which may have observe significant concentrations only at night.

the same time dependence as stratospherig. NO In the troposphere the same formation and destruction re-
actions occur with heterogeneous loss ef0y occurring on

any moist aerosol surface. There is also negligible; Q-

ing sunlit hours except for extremely polluted urban settings
(Geyer et al.2003. In the boundary layer, Ngadditionally

is an important nighttime oxidant because it reacts rapidly
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Interest in the role played by NQOn atmospheric chem- ment site, we get stratospheric partial columns from a strato-
istry increased significantly following the first reports of its spheric model shown to be consistent with SAGE Il satellite
detection in the stratosphere and tropospheréNbyon et  lunar occultation measurements of hlWe also used global
al. (1978 1980 andPlatt et al.(1980. Since then, other chemistry and transport model GEOS-Chem to characterize
measurements of atmospheric NElumn at low and mid-  the time evolution and vertical distribution of NOn the
latitudes at urban-influenced and remote ground-based sitesoposphere for various locations. The full dataset ofsNO
have been made by using the Moon as a light source and entolumn measurements was taken from May 2003 through
ploying differential optical absorption spectroscopy (DOAS) September 2004, and we characterized the magnitude and
(Aliwell and Jones1996ab, 1998 Lal et al, 1993 Renard  variability of column NQ at TMF.
et al, 2001, Solomon et a.1989. Also, vertical concentra-
tion profiles of N@ have been inferred from ground-based
measurements by observing j the slant column during 2 Experiment description
sunrise with direct lunar, zenith sky, and off-axis methods
(Allan et al, 2002 Coe et al. 2002 Smith and Solomon 2.1 Location and measurement frequency
1990 Smith et al, 1993 von Friedeburg et §l2002 Weaver
et al, 1996. As the solar terminator sweeps from the up- We have acquired direct lunar occultation measurements of
per atmosphere down to the surface, photolysis progresthe NG; column at Table Mountain Facility (TMF), Califor-
sively decreases the column of NQeaving only the col- nia (34.4 N, 117.7 W) at an altitude of 2280 m. TMF is in
umn that lies below the terminator altitude. Additionally, the San Gabriel Mountains north of the Los Angeles Basin
stratospheric profiles of Nfhave been obtained from the and south of the Mojave Desert; therefore it is influenced by
SAGE llI (Stratospheric Aerosol and Gas Experiment) andclean and polluted air masses. Optimal measurements were
SCIAMACHY (SCanning Imaging Absorption spectroMe- acquired within the 5 day period centered on full moon. Full
ter for Atmospheric CartograpHYAmekudzi et al. 2009 moon conditions offer the longest period of moonlit evening
satellite instruments using lunar occultation, and the GO-hours and the highest signal to noise due to the intensity of
MOS (Global Ozone Monitoring by Occultation of Stars) reflected sunlight with lunar phase angle opposition effect
(Hauchecorne et al2005 Marchand et a).2004) satellite  (Hapke et al.1993. Observations from May 2003 through
instrument using stellar occultation. September 2004 consisted of three evenings for each full

A number of measurements have confirmed the rolemoon event, weather permitting. Measurements during 16
of NO3—N205 chemistry in the nocturnal boundary layer out of 18 full moon events were made, resulting in 40 days
(Aldener et al. 2006 Allan et al, 2000 Ambrose et al.  of data, out of a possible 90 days.

2007 Ayers and Simpsar2006 Brown et al, 2003 2004

Carslaw et a.1997a Geyer et al. 2001, Geyer and Plagt 2.2 Lunar occultation measurement

2002 Li et al., 2008 Matsumoto et a].2006 Mihelcic et al,

1993 Nakayama et al.2008 Penkett et a).2007 Platt et  2.2.1 Instrument configuration

al,, 1981 Smith et al, 1995 Stutz et al.2004 Vrekoussis et

al., 2007 Wang et al.200§. Fewer have probed above the The experimental apparatuSdgeao et al.2001) is shown
boundary layer, essentially those using LP-DO&Sslaw  in Fig. 1. Light was collected by a heliostat and directed into
et al, 1997h, aircraft measurementBfown et al, 2007ab) an off-axis telescope with 8 magnification. The 7-cm di-
and zenith sky measurements at sunriséag et al, 2002 ameter collimated beam from the telescope was transmitted
Coe et al, 2002 von Friedeburg et 812002. Due to this  through a condensing lens, a shutter and order sorting filter
relative lack of measurements above the boundary layer, théSchott GG-400 glass) to a 0.3 m focal length, f/4 imaging
role of NO;—N>Os chemistry in the free and upper tropo- spectrometer (Acton 300i) with a 1200 g minblazed grat-
sphere has not been quantitatively tested. ing. A slit width of 150 um was used, resulting in 0.4 nm

Our focus is on the quantification of NOn the free tro-  (FWHM) spectral resolution. The measured spectral range
posphere. We deduce time-resolved estimates of free trowas 616.7-674.5nm. Wavelength calibration for the spec-
pospheric N@ using measurements of total column HO trometer was obtained by observing a neon Penray lamp
observations of the boundary layer concentration ofsNO mounted on the inside of the observatory dome. The shape
with stratospheric columns provided by a model. Specifi-and line width of these emission lines also provided the in-
cally, we present results of simultaneous measurements gftrument lineshape function, which was applied to thesNO
NOg3 column by lunar occultation with the DOAS technique, reference spectra.
and surface concentration of N@sing LP-DOAS, taken on The spectrometer was equipped with a 1862255, back-
evenings near full moon in August and September 2004 oveilluminated CCD detector temperature stabilized with circu-
Table Mountain Facility (TMF), California. Using a clima- lating coolant. The pixel spacing of the CCD was 26 pm,
tology for ozone concentration and temperature constructeavhich resulted in seven times oversampling of the instru-
from over 10 years of lidar measurements at our measurement line width defined by the entrance slit projected on
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(b) tions that are weakly dependent on temperat@anfrell et
al,, 1987 Ravishankara and Mauldiri986 Sander 1986
Yokelson et al. 1994 decreasing by 22% over the range of
atmospheric temperatures from 220 K to 298 K. For ground-
based remote sensing studies of §\@pectroscopic inter-
ccof  GrATING ferences with these bands include the gamma band at
SPECTRO-
METER 628.8 nm, a broad £band centered at 630 nm, and a weak

f ORDER SORTING water vapor band in the 640—-665 nm spectral region. There

SHUTTER . . . .
FILTER is also an absorption band in this spectral range forNO
CONDENSING

=7 Lens but the contribution from this band was negligible at Table
o)y Mountain. NQ has very weak lines in this spectral range
1st FLOOR TeLEscope that are lost in the noise for this measurement.

The spectrometer dispersion and grating position were se-
lected to give a spectral bandpass of 616.7-674.5nm. In this
Fig. 1. Schematic of the instrument light patifa) Light is col-  gpectral interval we recorded and analyzed both the 623 and
the telessope on the fstfloor which condionst 0 a7 om diame. 2021 absorption bands of NO The spectra were ana-
ter collimated beam(b) The Iight is Fhen reflected Fo a condensing I()ggig)s Qgptrr(])eacdr:fl-[g;?tngildOSF):L(ZIZSSE;O\:\?:LO?thssgcotfglo Py
lens, past a shutter, order-sorting filter, and then into the spectrom? . .
eter, recorded by a CCD. igggss and deconvolution program, MF&ttz and Plaft
The principle of DOAS is to use only the high-frequency
the focal plane. For the initial observations, the CCD de-components of the spectrum to determine the quantity of an
tector operated in imaging mode, with an integration time Optically absorbing atmospheric component. The effect of
of three seconds at peak lunar intensity. The intensity ofthe DOAS processing steps on the data is shown in Zig.
the moon decreases rapidly off full moon (50% decrease twd-irst, the slowly varying low frequency component of the
days from full moon) and with increasing airmass, so the in-Packground, from sources such as Rayleigh and Mie scatter-
tegration time was adjusted to maintain a constant CCD exing effects and solar flux spectral variations, was removed
posure level. Spectra, obtained between sunset and sunrisymerically from the lunar occultation spectra. This was
were recorded every 10-20 min, yielding at least 30 columndone by dividing the raw data with a smoothed version of
abundance values for each evening. To improve the signalthe same data. Shown in Figh is the logarithm of this ra-
to-noise ratio, five scans were averaged to obtain a singléio, making the spectrum proportional to column abundance
archived spectrum. The five scans had the same integratioﬂnd molecular absorption cross section. The reflected solar
time, but total integration time could differ when comparing Fraunhofer lines that dominate the raw spectra were then re-
averaged data on and off full moon. All spectra were dark-moved using solar reference spectra. The high-pass filtered
corrected, but not flat-fielded, since pixel-to-pixel variability lunar spectrum was divided by a high-pass filtered solar ref-
canceled with comparison to the reference spectrum, as deerence spectrum after aligning the spectra in wavelength with
scribed below. a nonlinear fit with stretch. The resulting spectrum was fit by
In the more recent datasets, June, August, and Septembtast squares to high-pass filtered reference spectra gf NO
of 2004, the collection frequency was increased to a spectrurii20. and G/O4 (Fig. 2c). Oy scales with the square of20
every minute to improve the time resolution. This increasedconcentration, and therefore can be fit along with O
the number of column measurements to over 400 per night. The slant N@ column abundances calculated from the fit
To achieve this increased collection frequency, the detectolvere converted to vertical column abundances by dividing
was run in a mode that binned every 12 pixels along the Spaby the airmass, a factor that describes the amount of air seen
tial axis during data readout. In this case, 29 spectra werdhrough a slant path in the atmosphere compared to a view
summed for each archived spectrum, with a total integratiordirectly overhead. The airmass was determined from the re-

time of 7.25s at peak lunar intensity. ciprocal of the cosine of the lunar zenith angle (a valid ap-
proximation for angles up to 8pwith an additional small
2.2.2 Spectral analysis correction for refraction.

To obtain the reference spectra for the solar features, we
Remote and in situ sensing of atmosphericN@®ake use recorded direct solar spectra with two ground glass diffuser
of the strong vibrational bands at 662 and 623 nm which areplates in the light path between the heliostat and telescope.
assigned to the (0,0) and (1,0) bands, respectively, ofthe The primary purpose of the diffuser plates was to average
symmetric stretch in the &’ < XZA/2 electronic transition  the observed radiance over the entire solar disk. Without the
(Ramsay 1962. High resolution laboratory spectroscopy plates, only a small fraction of the solar disk was imaged onto
studies have shown these bands are diffuse with cross sethe spectrometer slit, and the solar spectral features in the

www.atmos-chem-phys.net/11/963/2011/ Atmos. Chem. Phys., 11996832011



966 C. M. Chen et al.: Diurnal variation of midlatitudinal N©olumn abundance

raw spectrum (a) spectrum used in the processing for a particular lunar spec-
trum had an airmass withi#0.5 of the airmass of the lunar

7 data, thereby removing much of the watep, @nd Q, col-

umn prior to additional processing. This intrinsically deals
with saturation effects in the water vapor and oxygen spec-
S tra and provides an accurate representation of the spectra
4 broaden by instrument line shape. In our experience, using
high-pass filtered (b) water spectra from line-by-line radiative transfer models did
not give the best residuals. Therefore to account for the re-
maining and variable water vapor and oxygen signals, we
employed empirical reference spectra obtained from ratios
of solar spectra at different airmasses. Since there is little
overlap of the Q/O4 and water features, these two features
were individually isolated and used as empirical spectral ref-
differential spectrum (c) erences. The low spectral resolution of measurement does

not resolve individual lines for water ancbCand therefore
WMW has little sensitivity to pressure broadening. ThesN€fer-
ence spectra used were obtained from laboratory absorption

cross section studies of NGind have been measured over

j\@ the temperature range relevant to the troposphere and strato-
sphere Cantrell et al. 1987 Ravishankara and Mauldin

1986 Ravishankara and Wind 983 Sander 1986 Yokel-

son et al. 1994. The cross sections @anderand Yokel-

son et al.are in excellent agreement over the range of over-

lap of temperature. Both studies observed a significant de-
‘/\/Vﬁ 0,/0, |- crease in N@ cross sections at the peaks of the 662 and
623 nm bands with decreasing temperature. In contrast, the
W“’*’MW results ofCantrell et al.showed no dependence of cross sec-
residual tion with temperature and are assumed to be incorrect. The
! ! ! ! ! results ofRavishankara and Mauldidisagree significantly
620 630 640 650 660 670 with those ofYokelson et al.from the same group, and are
Wavelength (nm) assumed to be superseded by the latter. Although the tem-
perature at the peak of the stratosphericgN©Oncentration
profile at 40 km is roughly 260 K, the average temperature

Fig. 2. Spectra at different stages of processi(@:raw spectrum,  \yeijghted by the model-predicted N@oncentration profile

with visibly sloping baseline(b) high-pass filtered raw spectrum, in the stratosphere is closer to 240 K. We have used the spec-

created by dividing the raw spectrum with a smoothed version, an({rum of Yokelson et al. at 240K for the column retrievals
(c) the differential spectrum, after subtracting the solar reference )

spectrum (similar tqb) ), with the individual fits for NQ, water, presented hereSolomon et alalso used a reference temper-

0,/Q4, and the resultant residual. The residual features result 1‘r0mature of 240K, whileAliwell and Jonesised 260 K.
errors in fitting the solar line.
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2.2.3 Measurement uncertainty

) ] ] The overall uncertainty for our measurement of total column
nqn—dn‘fusg spectra differed from those in the lunar sp.ectraNO3 is approximately 17% RMS. The most important con-
With the diffuser plates, we reghllarly obtained RMS residual i ytions to this uncertainty are systematic errors in cross
absorbances of less than4.0~". The diffuser plates also  ggction, and photon noise. The stated uncertainty in thg NO
helped tq att_enu.ate the solar beam,_ although addmon_al Nelsross section isk10% (Yokelson et al. 1999, excluding
tral density filtering was used to avoid detector saturation. ihe errors associated with the temperature dependence of the

Solar reference spectra were acquired over a day for theross sections. Our estimate of total columnN€8sumes
airmass range 1-7 (SZA 34-91New solar reference spec- that the absorption is dominated by stratospheric contribu-
tra were taken once a month during the time of the full moontions. There is a-6% error associated with the use of a sin-
datasets to account for small changes in instrument aligngle cross section at a temperature of 240 K, if the temperature
ment. In addition to solar lines, these spectra contained teref the column actually varies between 220K and 260 K. If
restrial water vapor, & and Q features with optical depths there are contributions from tropospheric §@he retrieved
that were proportional to the airmass. The solar referenceolumns are a lower limit since the cross section of the band

Atmos. Chem. Phys., 11, 96378 2011 www.atmos-chem-phys.net/11/963/2011/
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peak at 662 nm for 298 K is 17% less than for 240 K. PhotonNOg3, testing the current understanding of stratospherig NO
noise in the system contributes an estimated 13% to the unchemistry (described in Appendi). Analysis of the sen-
certainty. The detection limit for the NgZlant column abun-  sitivity of modeled N@Q column to input parameters and to
dance is 2 102 molec cnt2. The signal to noise ratio was uncertainties of reaction rates were also conducted and are
>5 for most of the evening (during the steady state growthdescribed in AppendiB.

period); this ratio was larger for measurements through larger

airmasses or larger N{zolumn amounts. 3.1.1 Table mountain facility lidar climatology

2.3 Long-path DOAS instrument Temperature and ozone concentration profiles have been
measured at TMF by lidar since 1988 and offer a unique op-
Horizontal column average measurements were made gortunity to compare our measurements with a model with
TMF for August and September 2004 using a long-path dif-realistic constraints. Temperature profiles were measured
ferential optical absorption spectrometer (LP-DOAS). LP- petween 30-80km and ozone profiles between 15-50 km,
DOAS is an active remote sensing technique that givesyoth with 300m vertical resolution since September 1994
exceptionally low detection limits by averaging over a and with 600 m vertical resolution beforehand. Three cases
long (several kilometers) pathlength. Light from a broad- were run using these data: climatological monthly mean
spectrum 500 W Xe arc lamp was collimated through a New-yajyes and variability of ozone concentration and tempera-
tonian telescope and broadcast to an array of corner-Cubgre over the 10 year period 1988-1997 (data extracted from
retroreflectors mounted on a radio tower located on the Blughe published contour plots)¢blanc and McDermid200Q
Ridge in the Angeles National Forest. The distance between epjanc et al. 1998, and monthly mean profiles for 2003
the instrument and the retroreflector array was approximatelyang for 2004 provided bizeblanc(2005. Temperature and
3.4km. Light incident on the retroreflector array traveled ozone profiles are sufficient for estimating the N@lumn
back through the atmosphere, was collected by the same tel&jnce NQ is primarily determined by these two quantities, as
scope and transmitted through a fiber-optic cable to the spegserified from a sensitivity study described in Appenaik.
trometer and detector. The difference in altitude between the The change in N@column at the extremes of variability
LP-DOAS instrument and the tower-mounted retroreflector,, 55 probed by running the model with both temperature and
array was 298 m. A detailed description of the LP-DOAS (70ne variability added or subtracted from the climatological
instrument and the N§analysis employed here is given in temperature and ozone profiles. The uncertainty in the clima-
(Geyer et al. 1999. The measurement uncertainty of the {g|ogical temperature measurements are 0.6 K at the middle
LP-DOAS is dominated by the error in the absorption cross-os the altitude range, 8K at 30 km, ardt K at 80km. The
section of N@, which is£10% (Yokelson et al. 1994 as  yncertainty of the climatological 0zone measurements are a
previously noted. few percent at the peak of the ozone, 10-15% at 15 km, and
more than 40% above 45km. The uncertainty in ozone for
the 2003 and 2004 monthly mean profiles was a minimum
at 6% at the ozone peak, increasing in error above and be-
3.1 1-D stratospheric model low this altitude to 10% at 18 km and 42 km. The uncertainty
in temperature for the 2003 and 2004 monthly mean profiles
A one-dimensional, photochemical steady state model of thevaried between 0.5K and 1.3 K over 13—-60 km.
stratospheredsterman et al1997) was run using TMF cli- The gaps in the ozone and temperature profiles were
matological profiles of temperature ang @s inputs, and filled with the climatology from (1) the Upper Atmosphere
the modeled N@ column abundances were compared to theResearch Satellite (UARS) Reference Atmosphere Project
TMF column measurements. The model calculates diur{URAP) (Remedios et al.2007 Wang et al. 1999 Ran-
nally varying species concentrations, assuming each specietel et al, 1999, and then (2) a climatology dataset based
reaches a balance between production and loss over 24 h fan ozone data frorbutsch(1974 and ozone and tempera-
a given temperature and pressure profile and latitude. JPture from the Middle Atmosphere PrograBarnett and Cor-
2006 cross sections and quantum yields were used to derey, 1985 Keating and Young1985, with adjustments to
termine photolysis J-values, and JPL 2006 kinetic rate conthe ozone climatology based on in situ 0zone measurements
stants were used for reaction rat8sider et al2006 2003. in the upper troposphere and lower stratosphere from many
Chemical inputs are profiles of0H,0, CHy, NOy, Cly, field programs. URAP is a compilation of global data from
CO, H, CyHe, Bry, and aerosol parameters based on a cli-the CLAES, HALOE, HRDI, MLS and ISAMS instruments
matology derived from NASA satellite and balloon observa- on the UARS satellite taken from April 1992 through seven
tions (e.g..Yang et al, 2009, as detailed in Tablg. years, processed into zonal monthly means with standard de-
Additionally, SAGE Il satellite measurements o @ viation. Two types of data were provided: “baseline” data
the stratosphere were used to verify the consistency betweeobtained from April 1992 to March 1993, and “extended”
the 1-D stratospheric model and SAGE Il measurements oflatasets averaged over 7 years. We used extended data where

3 Model descriptions

www.atmos-chem-phys.net/11/963/2011/ Atmos. Chem. Phys., 11996832011
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Table 1. Sources for the input parameters for each of the cases run on the 1-D stratospheric model.

Input parameter Model run
TMF SAGE Il sensitivity
temperature TMF lidar data From Sage IIIURAP baseline
NOg3 retrieval dataset
O3 TMF lidar data From Sage Il URAP extended
NOj retrieval dataset
H>0 URAP, extended dataset
CHy URAP, extended dataset
NOy Calculated from tracer relatioRinsland et al.(1999;
Popp et al(2001) using URAP NO baseline dataset
Cly Calculated from tracer relation from SOLVE data, using
URAP N20 baseline dataset
CcOo Static profile from MkIV flightToon (1991); Sen et al.
(1998
Ho Static profile based on measurememessler et al.
(19949); Abbas et al(1996; Rockmann et al(2003
CoHg Static profile from MKIV flight Toon (1991); Sen et al.
(1998
Bry Calculated from tracer relatiom@amsley et al(1998 us-

ing URAP N,O baseline dataset

aerosol parameters  Monthly profiles from SAGE Il aerosol measurements av-
eraged over all years except those affected by the Pinatubo

eruptionThomason et a1997)

2 Gaps filled first with URAP dat&emedios et a2007); Wang et al(1999; Randel et al(1999. For ozone, further gaps were filled by a climatology base®otsch(1974),
on the Middle Atmosphere Projelseating and Young1985, and from many in situ 0zone measurements in the lower stratosphere and upper troposphere. For temperature, further
gaps were filled from the Middle Atmosphere ProjBetrnett and Corne{1985.

b URAP data is available averaged over 7 years (extended) or over 1992-1993 (baseline).

available. The ozone data used were from the extended tim8.2 GEOS-Chem tropospheric model
range, and the temperature data from the baseline time frame.

We also used profiles of #D (extended), Chl (extended),
and NO (baseline) from URAP. pD was used as a tracer
to estimate model inputs for NQCly, and By, using well
established tracer relations (e¥@ang et al(2006 and refer-
ences therein).

Static profiles for CO and £Hg from MKIV measurements
(Toon, 1991, Sen et al. 1998, and a h profile based on
measurements in the stratospheblfas et al.1996 Dessler
etal, 1994 Rockmann et a]2003 were used for all months.

We use the GEOS-Chem global 3-D tropospheric chemistry
and transport modeBgy et al, 2001, Park et al. 2004 Wu

et al, 2007 to explore the spatial and temporal variability of
NQOs in the troposphere for a few days in August and Septem-
ber 2004, coinciding with our acquisition dates. The GEOS-
Chem model (version 7.02.04ttp://www-as.harvard.edu/
chemistry/trop/gegsis driven by the assimilated meteoro-
logical GEOS-4 data from NASA Global Modeling and As-
similation Office (GMAO) with 6-hour temporal resolution

Vertical profiles of sulfate aerosol surface area were based of3-hour for surface variables and mixing depths) and a hor-

zonal monthly mean measurements by SAGETh@dmason

izontal resolution of 1x 1.25 with 55 layers in the verti-

etal, 1997) updated to include data acquired during the time cal. The horizontal resolution of the GEOS-4 wind fields has

of our NO; measurements.

Atmos. Chem. Phys., 11, 96378 2011

been degraded td % 2.5° for input into GEOS-Chem.
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Fig. 4. Table Mountain Facility (TMF) N@ vertical column mea-
20:00 00:00 _ 04:00 08:00 surements compared to results from the 1-D photochemical model
Local Time using TMF lidar profiles of ozone and temperature as inputs, plot-
ted vs. day of year. Both the measured and modeled columns were
averaged over the steady state portion of the night. The measured
mean N@ columns shown are from 2003 (triangles)—2004 (cir-
cles); model-like and non-modeled behavior are denoted by open
and filled symbols, respectively. The bars show the diurnal vari-
bility. The three cases run by the model are: the climatology from
988-1997 along with the limits of the temperature and ozone vari-
ability taken fromLeblanc et al(Leblanc et al.1998 Leblanc and
cDermid 2000, and mean profiles fromeblanc(Leblang 2005
or 2003 and 2004.

Fig. 3. Diurnal variation of NQ vertical column measured at Ta-
ble Mountain, California for August and September 2004, along
with calculated vertical columns from the 1-D stratospheric model
(line). For August 2004a), three consecutive evenings of mea-
surements are shown, the evenings of 28 August 2004 (open circle
29 August 2004 (+), and 30 August 2004 (filled diamond). Also
for September 2004b), three consecutive evenings of measure-
ments are shown the evenings of 27 September 2004 (open circle
28 September 2004 (+), and 29 September 2004 (filled diamond).
The stratospheric model used monthly mean profiles from TMF li-

dar measurements from 2004 as input. Data from September, dur- . .
ing the steady state nocturnal period, shows only every tenth poinfliS label does not necessarily mean that these data are purely
to avoid crowding the graph. stratospheric in origin. The remaining data are described as

“non-modeled behavior”, and displayed a wide variety of dif-
ferent temporal behavior with variability ranging from one

4 Results and discussion to several hours, as seen in our measurements from August
2004 (Fig.3a).
4.1 Experimental results For purposes of comparison, each night of data was re-

duced to a time-averaged mean column and a standard devi-
As seen in model calculations in Fig.the diurnal variation  ation over the steady state phase, which was taken to be two
of stratospheric N@ can be characterized by four phases: hours after sunset up to roughly 30 min before sunrise. An
daytime photolysis (negligible N§), sunset build-up (arapid annual plot of all the mean columns, withs2standard devia-
rise in NG column), nocturnal steady state (a nearly lin- tions as error bars, is shown in Fiy.For 26 of the 40 days of
ear, slow rise in N@column), and sunrise destruction (rapid analyzed data, the N{xolumns followed model-like behav-
decrease in N@column). These four stages were also ob- ior (open symbols in Figd). Within this subset of data a sea-
served in our measurements, except for some variations dusonal variation was observed, more clearly shown in big.
ing the nocturnal steady state stage. Time series that mondrhe NG; mean column averaged over summer months (April
tonically increase, which occurs almost linearly during the through September) was 7510 moleccnt?. The col-
steady state phase, are labeled as “model-like behavior” asmn averaged over winter months (October through March)
seen in our measurements from September 2004 @B)g. was 5.5x 101¥moleccnt?, as summarized in Tablé;
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14 J, F||V|,A||V|,J |J,A|S,O|N,D| Table 2. Summary of N@ seasonal mean columns (in
molecules crﬁz) calculated for the subset of observations with
K “model-like behavior”, and for results from the 1-D stratospheric
£12 model using profiles from the lidar at TMF with monthly mean
8 fields from 2003 and 2004 and ten year climatological inputs. There
21 were no measurements during the October through March months
CE) in 2003. The standard deviation of the mean columns is shown in
parentheses.
(s
o
iV April-September  October—March
‘E NOsz Mean Col  NQ Mean Col
= (Std Dev) (Std Dev)
S
° Obs. (subset) 2003 7.5 (1.5)1013 -
‘-’m Obs. (subset) 2004 7.5 (15103 5.5 (0.8)x 103
@) Model (TMF 2003) 4.1(0.5x 10'3 3.0 (0.4)x 10'3
Z Model (TMF 2004) 3.9(0.6x 1013 3.3 (1.0)x 1013
0 — T 7T T T Model (TMF climatology) 4.7 (0.4x 103 3.1 (0.5)x 103
0 60 120 180 240 300 360
day of the year

mination of the origin of the tropospheric air at TMF using

Fig. 5. Subset of the N@ vertical columns measured at Table traditional back trajectory methods. Depending on the move-
Mountain Facility (TMF) that followed model-like behavior (open ment of the air masses, we observed from a range of sources
circle), data from Aliwell and Jones (filled trianglejolomon et as diverse as desert air to polluted urban air and air from aloft
al. (1989 (fl"ed diamond), and SAGE Ill satellite measurements due to mountain subsidence and drainage flow.
(+) plotted versu_s day of year: These measure_ments are compared Model results by Lu and Turcd.¢ and Turco1995 1996
to a stratospherlc.photochemlcal 1-D .model with temperature anq_u et al, 2003 of the Los Angeles basin air flow give an
(()tﬁ(i)cnkelirfg;c:lgggt\;\(/)i?hst::?mis?fﬂtieclltlann?pt)zlr(‘)a\%rgg? d ﬁiiﬁglﬁiz idea of seasonal behavior during quiescent conditions. Their

! Surface Meteorology and Ozone Generation (SMOG) model

ability (thin line) taken fromLeblanc et al.(Leblanc et al. 1998 . .
Leblanc and McDermid2000. The uncertainty in the N§col- calculates winds and tracer transport in the Los Angeles

umn due to the uncertainty in the rate constants fgDglthermal ~ Pasin and surrounding mountain areas. Land warming by

decomposition, and reactioRd andR2 are also shown in this fig- ~ Solar radiation propels onshore winds and upslope mountain
ure (dotted line). flows during the day, with stronger winds in summer than

winter. In the summer evenings, there are generally downs-

lope flows from the mountains, and disorganized winds in the
cloudy conditions limited the amount of data that could be basin. Winter evenings have a stronger offshore component
acquired during winter and none was possible in 2003. Wefrom radiative cooling of mountaintops and subsidence, driv-
attribute the larger summertime values to a warmer atmodng the air towards the lower pressure off the coast. This sug-
sphere (both in the troposphere and stratosphere), whicBests that daytime urban air is transported toward the moun-
drives the thermal decomposition of,®s to form NO, tains and over the passes year-round, but winter evenings are
and N@. In the 14 remaining cases with non-modeled more efficient at flushing urban air from the mountains to the
behavior (closed symbols in Fig), which occurred from coast.

May to early October, the range of mean columns was 6— The two observed regimes for total column H@nodel-
22 x 10 molec cnt? and the range of standard deviations like and non-modeled behavior, were consistent with the Lu

was 1-5x 103 moleccnt?. The low end of the range of and Turco analysis of local air flow. Between mid-October
standard deviations occurred for cases with relatively flat bu@nd April, when only model-like behavior was observed,
decreasing temporal profiles, while the high end of the rangdhere was little evidence for tropospheric contribution to the
was characterized by large oscillations in the\®lumn. total column N@. In the summer, the daytime onshore com-
The large oscillations in total column NQhat occurred ~ Ponent coupled with weakly organized evening flow would
over an evening did not originate from the stratosphere, sinc@ftén lead to urban air being advected to the TMF site, re-
the primary source of variability in the stratosphere is from Sulting in large variations in detected NOA signature of
planetary waves, which have time scales longer than one dayroan influence on column NOwas observed for 14 out
(Salby, 1984 Wu and Waters1996. Instead these varia- of 31 days, for data collected between mid-April and mid-
tions are likely to arise from the troposphere. However, the©October in 2003 and 2004.
complexity of mountain topography complicates the deter-
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In Fig. 5, our model-like behavior data are shown com- = s
pared to other measured column measurements using Iunzifr2
occultation with grating spectrometers, fr@onlomon et al.
(1989 andAliwell and Joneq19961. Data fromSolomon
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was published. The result éiwell and Jonesand our data a0
are in good agreement. While some of our data and that of ,,, |
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Solomon et al.have overlapping error bars, the majority of = o] Lo
their data is roughly 1-2 1013 moleccnt? below the TMF £ | ywwsnmy :

. . o S ° 3
columns. Solomon et al.confirmed most of their data was = °] e 1 [o0g
primarily stratospheric N@by analyzing the dependence of "200AM  1200PM  1200AM  1200PM 1200 AM 5
the NQ; slant column on the lunar zenith angle (LZA) near 9/28/2004 O e 913012004

the horizon (LZA> 80°) (Solomon et al.1989. A tropo-

spheric NQ@ signal would grow much faster than the strato- o _ _

spheric N@ at high lunar zenith angles from slant path in- Flg. 6. Coincident measurements of N@ertical column (in red)

creases. We were not able to use this method to determine tH&'"9 'U_“agIOCE”'taF'Onl and S“r:]ace meas“remef“;s (lg m:e”'

tropospheric contribution because of pointing system view!ration (in black) using long-path DOAS. Many of the large features
g in the data taken in August 2004 occur in both datasets. Measure-

angles limited to less than 80

. ments in September 2004 verify that there were very low levels of
Surface concentration measurements ofsN@&re made P fy y

. : A NO3 concentration at the surface the whole evening.
with the UCLA LP-DOAS instrument during the August
and September 2004 measurement periods. The results are
shown along with the N®column amounts measured by Iu- 4 5> Model results
nar occultation in Figb. As shown in the figure, the short
time-scale features in the 29-31 August LP-DOAS data areq 2.1 Stratospheric model
reproduced in the column data, implying a large boundary
layer contribution to the column on those days. Some feaiodel results using averaged TMF temperatures over three
tures seen in the column measurements were not present ififferent time periods are shown in Fig. monthly averages
the surface concentrations, which could be due to changingrom 2003, from 2004, and over a ten year period, 1988—
thickness of the polluted layer. 1997. All three TMF model results exhibited a seasonal vari-

In contrast, data from 27-29 September 2004 had a muclpility with higher values during the summer. Results from
smaller contribution from the boundary layer. The LP-DOAS 2003 followed those of the ten-year average, with November
instrument confirmed that there were low pl@oncentra-  through January having the lowest values of the year, and the
tions at the surface, as show in F&.This period coincided  highest values in April and May. Results from 2004 deviated
with a Santa Ana wind event, characterized by a northerlyfrom the other runs with larger modeled columns for January
downslope flow that advected dry desert air mixed with air that decreased to climatological values from March onwards.
from aloft over the measurement site. This circulation is The TMF seasonal averages for total columnaN(e listed
driven by a high pressure system centered north of Southerfh Table2.
California. This flow of air from the north over the moun-
tains and through the passes to the LA basin drives wind4.2.2 Tropospheric model
speeds of 46 kmtt and gusts in excess of 90 krmh carry-
ing urban pollution offshore and away from Table Mountain From the results of the GEOS-Chem 3-D chemical transport
Facility. Air quality measurements of surface BJ@CO, and  model, we investigated the expected range of tropospheric
O3 from Air Quality Management District (AQMD) stations NOsz column abundances for specific geographic regions.
(California Air Resources Boar@007) in Victorville (14306  GEOS-Chem could not be used for quantitative comparisons
Park Avenue), Azusa, downtown Los Angeles (North Main with TMF observations since the grid size is too large to re-
Street), and west Los Angeles (Westchester Parkway), posisolve the local meteorology and the detailed transport of pol-
tioned progressively from the desert in Victorville towards lution from the LA Basin. In order to understand the range
the ocean, verifies that low concentrations of surface urbarof the expected N variability from the model, column
pollutants were found in the Mojave Desert and into Los An- abundances are compared for three different locations: TMF
geles County, and that the diurnal cycle for these chemicalgmountainous region with nearby urban pollution sources,
was disrupted for this time period (see Fiy. 33-3% N, 241.25-243.75E), western Colorado (northern

midlatitude mountain area, 37-4M, 251.25-253.75E),
and the northern midlatitude Pacific Ocean (no urban sources
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Table 3. Mean, median, and standard deviation of columnsNO
from the GEOS-Chem 3-D global transport and chemistry model
for the evenings of 28—30 August 2004 and 27-29 September 2004,
which coincide with data collection days. Four regions were inves-
tigated, Los Angeles (contains TMF), northern midlatitude Pacific,
western Colorado, and the northern midlatitude band (30N)5

the columns are calculated as total, the column below the maximum
extent of the boundary layer for the previous day, and the column
above.

NO2 (ppm)

CO (ppm)

NO3 Mean Column &1013 cm—2)

Los Angeles ‘ N midlat Pacific
Total BL* FT* | Total BL* FT*
28 August 2004 71 73 1% 56 0.018 5.6

O3 (ppm)

29 August 2004 69 59 10 5.3 0.015 5.3

24 25 26 27 28 29 30 1 5 3 4 30 August 2004 73 64 9. 5.2 0.015 5.2

27 September 2004 54 48 5
September October 28 September 2004 34 28 5

29 September 2004 16 10 5

5 4.7 0.033 4.7
4 5.0 0.051 5.0
7 5.0 0.097 4.9

. ) . . . Western Colorado | Northern midlatitude band
Fig. 7. Time series data for N& CO, and @ mixing ratio (offset ‘

progressively by 0.05 ppm) at three AQMD monitoring sites located Total BL* FT* | Total BL* FT*
in the Mojave Desert and progressively towards Los Angeles: Vic- 28 August 2004 43 33 11 96 3.3 6.4
torville (black dot), Azusa (red dash), and downtown Los Angeles 29 August 2004 5.7 47 1% 9.0 2.9 6.1
(blue solid). The Santa Ana winds occurred 28-30 September 2004, 30 August 2004 70 6.0 09 89 29 6.0
evidenced by the disturbance of the diurnal cycle and lower diurnal 27 september 2004 45 35 11 97 3.8 5.8
concentrations. The date labels correspond to 00:00 for each day. 28 September 2004 45 2.4 2J1 9.4 3.4 6.0
29 September 2004 2.9 19 0498 11 3.8 6.8

or orographic influences, 29-4H, 178.75-228.75E). In

addition, we calculate the NfOcolumn for the northern

midlatitude zonal mean (29-25l). The regions were com- model grid cell over Los Angeles has large tropospheric

pared for six evenings that coincide with data collection (theNO3 columns from anthropogenic NOwith roughly 20—

evenings of 28—-30 August 2004 and 27—29 September 2004Y.0 x 1013 molec cnT2, while the data at a midlatitude moun-

Total columns as well as the partial columns from the bound-tainous region (western Colorado) and without nearby ur-

ary layer and free troposphere were calculated. ban sources (northern midlatitude Pacific) had significantly
The boundary layer defined by the model for each timesmaller tropospheric columns (45510 molec cnm?). The

step was not used since the boundary layer is shallower dutthinnest free tropospheric column was at its lowest over the

ing night time and does not reflect the pollution that was dis-mountain region, (i 10'3moleccnt?). The midlatitude

tributed throughout the boundary layer in the daytime. In-zonal mean value is & 10'*molec cnT2. These values are

stead, a column was constructed by setting the boundary teonsistent with the difference between our TMF measure-

the maximum thickness of the boundary layer for that day.ments of total column N@and model amounts of strato-

This column is labeled as the “thickest boundary layer”, with spheric partial column N& As discussed below, this sug-

the difference of the total with this quantity labeled as the gests that N@in the free troposphere can regenerate each

“thinnest free troposphere”. evening to substantial concentrations over a series of days,
The time evolution of tropospheric NQshown in Fig.8 indistinguishable from stratospheric N©Gased solely on the

and Fig.Al, varied over the different regions but in most time evolution (diurnal variation) of the measured signal.

cases there was a sawtooth pattern not unlike that for thdhis indicates a lack of chemical loss of N@nd a high

stratosphere: daytime photolysis with negligible §/Ga  oxidation capacity in the upper troposphere.

nearly linear rise in N@ column over the evening followed

by a rapid decrease in NCzolumn at sunrise. The thick- 4.3 Model and measurement comparison

est boundary layer column tended to mimic the total column

shape, but for all cases the thinnest free tropospheric columMhe measured N@columns along with results from 1-D

consistently had the sawtooth pattern. stratospheric model constrained by measured temperatures
The diurnal averages, calculated with the same method aand ozone concentrations from TMF showed a seasonal trend

with the measurements, are summarized in TableThe with higher NG& in the summer months. Measurements
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face DOAS measurementalfan et al, 2002. GEOS-Chem
results for the northern midlatitude band (29<#§ for the

six days in August and September 2004 highlighted in this
study found that the average thinnest free tropospheric col-
umn was 6x< 1013 molec cnt? while the average thickest
boundary layer column was>310'3molec cnt?2. For this
case, significant N®existed in the free troposphere with
smoothly varying diurnal variation that is indistinguishable
from modeled stratospheric NQliurnal variation. This re-
sult indicates there is a sizable contribution to the column of
E NOj3 from the troposphere above the boundary laeown

’ et al. (20073 reached similar conclusions based on aircraft

1218 0 6 1218 0 6 1218 0 6 12 measurements over the east coast of the United States.
28 August 29 August 30 August 31 August
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5 Conclusions
Fig. 8. Time evolution of total tropospheric vertical column (black),

“thickest boundary layer” vertical column (red), and “thinnest free We have measured the diurnal variation of the INEdI-
tropospheric” vertical column (blue) as calculated from 3-D global ymn over Table Mountain Facility, California (32.M,
chemical transport model GEOS-Chem, for four different regions {17 7 W), using ground-based visible absorption spec-
during three days in August. The “thickest boundary layer” col- troscopy of moonlight. We observed two sets of behavior

umn for an evening is the column calculated from the surface to O4uring the steadv state phase of the evenina: one described
the height of the maximum thickness boundary layer from the pre-~ """ 9 y p 9-
gs model-like behavior” followed the expected slow lin-

ceding day. The thinnest free troposphere is the difference betwee 3 2

the total tropospheric column and the thickest boundary layer. The2@! increase (mean columns of 5¢20"molec cnt? for

four regions are Los Angeles (33-38, 241.25-243.75E), west- 26 out of 40 days), and the other, called “non-modeled

ern Colorado (37-#IN, 251.25-253.75E), the northern midlati-  behavior”, showed large departures from model behav-

tude Pacific Ocean (29-28l, 178.75-228.75E), and in the north-  ior, often correlated with large mean NQolumns (6—

ern midlatitude band (29-2%). 22 x 103 molec cnt? over 14 out of 40 days) and large stan-
dard deviations (up to & 103 molec cnm2), mostly during
May through early October. The changes in N&lumn

and model results from January—March 2004 were consistert€€n in the non-modeled data are not likely due to variabil-

within error bars as seen in Fid, even duplicating the de- ity in the stratosphere and are attributed to boundary layer

crease in mean NOcolumn over these months not seen sources. _

data by over 1013molec cnt2 for both summer and win- instruments showed that for the most part we measured more

in the troposphere the stratospheric model correlated welWith stratospheric column Nerorted by SAGE Ill. These

with measured stratospherrc N@olumns from SAGE Ill, ~comparisons suggest significant contributions to total column
is reliable. spheric contribution exhibiting a diurnal pattern similar to the

While it is clear that our N@ columns exhibiting non- stratospheric column. Thls is suppor_ted by simultaneous sur-
. . face measurements with LP-DOAS in September 2004, and

modeled behavior have contributions from the boundary : .
layer, even days with established low surfacesN@ncen- results from the global tropoepherrc chemical and transport
' model, GEOS-Chem. This indicates that the upper tropo-

trations, such as 27—-30 September 2004 (B, had mean - . o
columns of NG that were on average 210 molec cn2 sphere has similar chemical processes and characteristics as
g the stratosphere.

more than the model amount. Low levels of pl@ere de-
tected by LP-DOAS in September, but the measured columns

were still on average 2 10**moleccnt? greater than the  Appendix A

modeled column, which is more NGhan a uniform tro-

posphere with 3 ppt of N§ the detection limit of the in- The SAGE Il (Meteor-3M) instrumentJAGE IIl ATBD,
strument. Other measurements have determined there c&002 retrieved NQ@ concentration profiles from 20—60 km
be significantly larger concentrations of W@bove the sur- and G concentration profiles from 15-50 km by satellite lu-
face in the upper boundary layer and lower free tropospherenar occultation at moonset or moonrise. The retrieval process
using zenith sky measurements at sunrise compared to suused temperature and pressure profiles from meteorological
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data from the National Centers for Environmental Prediction SAGE Il column (x1 O13 molec/cmz)
(NCEP) Kalnay et al, 1996. These NCEP temperature and
pressure profiles along with the SAGE lll retrieved pro-
files were used as inputs for the stratospheric model and theig. A2. Modeled NQ vertical columns using SAGE Il lunar pro-
resulting modeled N@columns were compared with SAGE files as model input, compared to the SAGE Ill measuredzsNO
111 NO 3 measurements. Available data spans from May 200columns within a band from 7G5 to 7G N. The one-to-one | ine
to October 2005 (the mission was terminated March 2006)is shown as a solid line, and a linear fit to the data (with a slope of
and 1184 data points from the latitude band betwed® 0.92) is shown as a dashed line. The uncertainty in the SAGE IlI

2 - .
and 70 were used; local times of the measurements werd\03 column (2x 1012 molec cnf?) and the uncertainty in the mod-
_ _ eled column (% 102 molec cnf) are shown on one data point.
between 22:00-02:00.

The 1-D stratospheric model described in the paper was

run with inputs from SAGE Il lunar @ measurements as and Q profiles was estimated to be 6203 molec cnt2
well as the temperature and pressure data from NCEP reanal;, uncertainty in the measured N€olumn derived from

ysis used in the SAGE Il retr_ievals._ Theg,(_profile below the quoted uncertainties in the SAGE Ill N@etrieved pro-
15km and above 50 km was filled with a climatology basedas was 0.2« 1083 molecent2.  This resulted in a lin-

on Dutsch and the Middle Atmosphere Project, described ing5¢ it with a slope of 0.920.02 and an intercept of

the model description in the body of the paper; this has lit-q 45, 1013 molec cnT2. with a reduced Chi squareg2
tle impact on the scientific interpretation of our results, sinceOf 4.3. The reduced éhi squared is the statistic norrr'r?gl-

the altitude range of interest for N@ covered by the SAGE ized by the degrees of freedom, with a value of one indicative

i measurements. The rest of the chemical inputs were theof a good fit (residual of fit and data is same order as errors),
same as described for the TMF model runs.

) ; ~ much less than one an indication of overestimated errors,
The NG; profiles were integrated over the 18-60km alti- 54 much greater than one of underestimated errors. From
tude range to determine a stratospheric partiabMOlumn  hae fit results we assert that the modeled stratospheric NO

comparable to the one calculated from SAGE Ill data. Thes&.q|mns are consistent with the SAGE Il measured columns.
columns were further reduced to a mean column and standard

deviation calculated over the nocturnal steady state period, as
done with our measurements. Appendix B
The modeled stratospheric NOcolumns are plotted
against the values derived from integration of the SAGEB1 Sensitivity study of modeled NQ@ on input
Il NO 3 vertical profiles in Fig.A2. The bulk of the data parameters in 1-D stratospheric model
points cluster along the one-to-one line. Since both sets of
data have significant uncertainties, we used a linear fit thaWWe conducted a sensitivity study of the 1-D stratospheric
considered both: and y errors (the details are described model to determine to which input parameters thesNOI-
in Wang et al. 2008, rather than a standard linear fit that umn was most sensitive. Changesit5% concentration or
considers only errors iry. The uncertainty in the mod- +5K were applied to the entire vertical profile of an in-
eled NG column due to uncertainties in input temperature dividual input parameter. These changes were applied to
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Table B1. Summary of sensitivity coefficients due to variations plied to the TMF climatology and are plotted as the pair of

in temperature, ozone, and relevant reaction rate constants. TenflOtted lines in Fig5. The plotted range of N&xolumns due
perature was varied by-5K, ozone by+5%, NQ, by +5%, to reaction rate errors was of similar magnitude as the range

and the rate constants were varied by their quoted error limitsof NO3 values calculated from the variability observed by the

(Sander et al2003. TMF lidar.
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