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Abstract. Observations of peroxynitric acid (H®O2) ob- 1 Introduction

tained simultaneously with those of NO and N@rovide

a sensitive measure of the ozone photochemical productioReroxynitric acid, HGNO, is an important reservoir of both
rate. We illustrate this technique for constraining the 0zoneHOx (HOx=OH+-HO3) and NG (NOx=NO+NO) radicals.
production rate with observations obtained from the NCAR These radicals are of primary atmospheric importance as they
C-130 aircraft platform during the Megacity Initiative: Lo- influence the production and degradation of tropospheric
cal and Global Research Observations (MILAGRO) inten-0zone and numerous volatile organic compouridsrphy
sive in Mexico during the spring of 2006. Sensitive and et al, 2004. Ozone production in urban environments is ini-
selective measurements of KO, were made in situ us- tiated by OH radicals and requires sunlight, N@nd hydro-

ing chemical ionization mass spectrometry (CIMS). Obser-carbons. The relative amounts of these species control the
vations were compared to modeled pMNID, concentrations ~ rate of ozone productiorsginfeld and Pandi2008.

obtained from the NASA Langley highly-constrained photo- The only known pathway for the formation of HRO,
chemical time-dependent box model. The median observedin the atmosphere is the association reaction of, H@d
to-calculated ratio of HENO, is 1.18. At NQ levels NO,, Reaction (R1) Niki et al., 1977). HO;NO: is lost
greater than 15 ppbv, the photochemical box model undervia thermal decomposition, Reaction (RBr@éham et al.
predicts observations with an observed-to-calculated ratio ol977, 1978 Zabel et al. 1995 Gierczak et al.2005; UV
HO,NO; of 1.57. As a result, we find that at high NQhe  and visible/near-IR photolysis, Reaction (R&gcleod et
ozone production rate calculated using measuregdN{D is al,, 1988 Roehl et al. 2002 Knight et al, 2002; and reac-
faster than predicted using accepted photochemistry. Inclution with the OH radical, Reaction (R3] ievor et al, 1982

sion of an additional HQsource from the reaction of excited Smith et al, 1984 Barnes et a).1986 Jimenez et al2004.
state NQ with H,O or reduction in the rate constant of the

reaction of OH with NQ improves the agreement. HO2 + NO2 + M = HO2NO, + M (R1)
HO2NO; + hv — products (R2)
HO>NO> + OH — H>0 + NOs + Oy (R3)
Correspondence td. M. Spencer The relative importance of the HBO, sinks depends
BY (kspencer@caltech.edu) on temperature, pressure, OH radical concentration, and the
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UV/IR radiation field. The lifetime of H@NO, with re- quent analysis was conducted by gas chromatography/mass
spect to thermal decomposition varies due to the strong temspectrometry/flame ionization detection/electron capture de-
perature dependence of this procdssr et al, 2007). As tection Colman et al.2001; Blake et al, 2003. H>0 mix-
temperature decreases, loss due to photolysis and reactiang ratios were calculated using the ambient water vapor
with OH radical become increasingly important. At altitudes pressure and corrected static pressure. These measurements
greater than 7 km, photolysis and reaction with OH becomeand the ambient temperature measurements are included
the dominant loss mechanisnmigdehl et al, 2002. The for- in the NCAR C-130 standard airborne scientific measure-
mation of HQNO; followed by its loss via reaction with ments and are discussed in RAF Bulletin No.Miller and
OH forms a NQ-catalyzed sink of HQ radicals Roehl et  Friesen 1985. The full details of measurements taken dur-
al., 2002. ing MILAGRO from the NCAR C-130 aircraft platform can
The role of HQNO; in photochemistry of the lower tro- be found athttp://mirage-mex.acd.ucar.edu/Measurements/
posphere has been less explored, in part because of a pauci130/index.shtml
of observations of this compound. In situ measurements of HO2,NO, measurements were made using the Caltech
HO,NO, have been obtained previously in the free tropo- chemical ionization mass spectrometry (CIMS) instrument.
sphere during the 2004 INTEX-NA campaigHiifh et al, The instrument has been described in detail previously by
2007 and in Antarctica $lusher et a).2001). An indirect  Crounse et al(2009. Briefly, the Caltech CIMS consists
estimate of the HENO, abundance was obtained from the of a flow tube controlled at 35 mbar total pressure where a
sum of peroxynitrate observations during the 2000 TOPSHeagent ion, CEO™, interacts with ambient air diluted 1:4
campaign Kurphy et al, 2004. with dry nitrogen. lons are sampled from the flow tube into
Here, we present in situ measurements obNO, inand @ quadrupole mass filter and detected with a channel electron
around Mexico City. These measurements were made irmultipler. Each mass-to-charge ratio is observed§0r5 s.
March of 2006 from the NCAR C-130 aircraft platform dur- HO2NO; masses were monitored everi5s.
ing the MILAGRO field experiment. One goal of the MI-  Negative ion chemistry of GO~ has been shown to pro-
LAGRO mission, and the focus of the C-130 flights, was vide sensitive and selective detection of many inorganic and
to investigate the processing and outflow of pollution from organic acidsKluey et al, 1996 Amelynck et al, 2000ab;
Mexico City. Most flights occurred during the daytime hours Crounse et a].2006 and was exploited in this work to de-
at altitudes below 7 km and temperatures between 260 antect H;NO,. The reaction of CEO~ with acids follows
300 K. The majority of the data are between 270 and 283 K.several pathways. Reaction with strong acids proceeds via
This study is limited to six of the MILAGRO flights (8, fluoride ion transferkiuey et al, 1996 while reaction with
22, 23, 26, 28, and 29 March) during which all necessaryweaker acids yields clusters of reagent ion and anabytee;
species were measured. A photochemical steady-state afynck et al, 20003. HO,NO; reacts with CEO™ via fluo-
proximation of HQNO, under MILAGRO conditions is dis-  ride ion transfer through Reaction (R4), clustering through
cussed, and measured B0, concentrations are compared Reaction (R5) Crounse et al.2006, and HF elimination
to those predicted by the NASA LaRC box model. A simpli- through Reaction (R6), providing three distinct ion signals.
fied method of estimating the rate of ozone production usingReactions (R4-R6) are complicated by competing reactions
HO,NO; is compared to full NASA LaRC box model calcu- With CF30~ water cluste(CR0™ - H20).

lations of the rate of ozone production.
CRO™ +HO2NO2—HF-OONG, (m/z98)+CF,0 (R4)

2 Method CR0™+HO2NO2— CR0™ -HO,NO2(m/z164) (R5)

) CR0™+HO2NO2;—CR0O-OONOG, ™ (Mm/z144+HF  (R6)
2.1 Instrumentation

2.1.1 Sensitivity and calibration
NO and NQ mixing ratios were measured by photofragmen-
tation/chemiluminescence. The precision of these measurddue to differences in reactivity of GO~ and its water clus-
ments is~15 pptv and the overall uncertainties a@r€l5+7%  ter, the sensitivity of the CIMS instrument to the ion products
of the mixing ratio) pptv andt(15+10% of the mixing ra-  of the three channels, Reactions (R4, R5, R6), is dependent
tio) pptv, respectively Campos et al.1998 Weinheimer  on the mixing ratio of water vapor in the flow tub&rounse
et al, 1998. CH,O mixing ratios were measured by tun- et al, 2006. This dependence is quantified via laboratory
able diode laser absorption spectroscopy with an uncertaintyneasurements. A small quantity of H¥O, was introduced
of 15% (Fried et al, 2003 Wert et al, 2003. HO, mix- into the flow tube. The flow tube humidity was controlled
ing ratios were determined by chemical-conversion/chemicalsing mass flow controllers to adjust the ratio of air saturated
ionization mass spectroscopy with an uncertainty of 35%with water vapor to dry zero air. Humidity was quantified by
(Cantrell et al.2003. Non-methane hydrocarbons (NMHC) Fourier Transform Infrared (FTIR) spectroscopy using HI-
were measured using whole air sampling (WAS) and subseTRAN line lists (Rothman et a).2005 and the commercial
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spectral manipulation software package GRAMS (Galactic ‘ ‘ —m/z 98
Industries Inc.). The sensitivity of the instrument to the fluo- H.: 2 —-—m/z 164
ride ion transfer and cluster channels of #®-, as a func- ‘g
tion of HO mixing ratio in the flow tube was determined 2> o«
and is presented in Fid. Sensitivity is expressed in ion -2 §1,5,
counts, normalized by the ion counts of the +1 isotopes of 2 ©
the reagent iongd3CF0~ and13CF0~ - H,0, per pptv of ﬁN §
HO,NO,. The yield of Reaction (R6) is typically one-third 2 g ol
that of Reaction (R5). Due to the low reaction yield, Reac- 5" 5
tion (R6) is not used to quantify the ambient observations of T f 0.5
HO2NO,. =
During calibration, the concentration of HNO, in the =
flow tube was determined by thermally decomposing the 0 162 1(‘)3 10
HO2NO; into NO,, Reaction (R1), and quantifying the re- H,O Mixing Ratio (ppmv)

sultant NQ using CIMS with SE as the reagent ion through

Reaction (R7)luey et al, 1995:

— Fig. 1. Sensitivity curves fom/z98 (solid) andm/z164 (dash) as
SFs +NO2 — Sk + NO;, (m/z46) R7) a ?unction of Ft())/ mixing ratio in tr(1e f|0\)N tube. The (sensizivity
NO; is not detected with high sensitivity using 5. curves are used to calculate the final mixing ratios 06NO,.

Synthesis of HQNO, was performed offline using the
procedure described ifRoehl et al.(2002; gas-phase
HO,NO, was produced by flowing dry Nover the solu- the flow tube to monitor the stability of the instrument sen-
tion of HO,NO,. A small portion of this flow was di- Sitivity. Sensitivity of the instrument to HNfwas consis-
rected through a critical orifice into a PTFE three-way valve, tent and comparable during flight and laboratory calibrations
which directed the flow through either a heated or unheatedndicating the sensitivity of the instrument to HRO, was
glass inlet tube (6 mm OD). The heated inlet tube was keptconsistent.
at 190C, a temperature at which 99.8% of the HNID; In the absence of HENO, ion signals atm/z 98 and
decomposed, as determined by monitoring the signal withm/z164 are non-zero, and these background signals must be
CRO~ atm/z98. The unheated inlet was maintained at roomaccounted for in the data analysis. These background signals
temperature. The sensitivity of the CIMS to Bi@as quan- were measured during flight by periodically passing ambi-
tified using a dilute mixture of N®in N2; the concentration  ent air through a filter consisting of alumina pellets coated
of NO> in this mixture was quantified with FTIR using HI- with palladium and nylon wool coated with sodium bicar-
TRAN line lists (Rothman et a).2005 and the commercial bonate, quantitatively removing H8O,. This technique is
spectral manipulation software package GRAMS (Galacticdescribed irCrounse et al2006.
Industries Inc.).
The CIMS sensitivity to HGNO, was determined 2.1.2 Ambient HO,NO, concentration

by back-to-back measurements of the products of Reac-
tions (R4), (R5), and (R7). HENO, was added through the HO>NO, concentrations are calculated from the signals ob-
room temperature inlet and measured using@F as the  served atm/z 98 andm/z 164 after normalization by the
reagent ion. Next, HENO, was added through the heated amount of reagent ion signal, subtraction of background sig-
inlet and NQ was measured using SFas the reagent ion nals, and application of the appropriate sensitivity factor for
through Reaction (R7). Background M@&om NO, impu- HO2NO;.
rity in the HO;NO, solution was measured using Sby Acetate in the form HFCH3C(O)O™ - H»0 is a known
passing the HENO, through the room temperature inlet; interference in then/z98 signal. HF CH3C(0)O™ - H2O is
this background signal was subtracted from theo;Nd@nal ~ seen atn/z97, with approximately 2.5% of the/z97 signal
when the heated inlet was used. The signals from Reacappearing an/z98 due to heavy isotopes of the ion. Because
tions (R4) and (R5) obtained using the room temperature inthem/z97 signal was not monitored during these flights, the
let were also corrected for the small amount of 4D, that interference amn/z98 was estimated from the monitored sig-
did not dissociate in the heated inlet and other backgroundsal of the acetate-fluoride transfer ighF - CH3C(O)O™)
(see below) by monitoring those masses using@Fasthe  atm/z79 and ambient water levels, using a function derived
reagent ion with the heated inlet in use. This procedure washrough post-mission laboratory measurements. There are
repeated at a number of humidities to obtain water-dependento interferences of which we are awarenafz 164. Back-
calibration functions for each ion product. Post-mission lab-ground signals were measured (as described above) about ev-
oratory calibrations for HeNO, were conducted. During ery 15min and are used to model background levels during
flight, isotopically labeled HN@was periodically added to the flight.
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500 — The uncertainty in the PNA measurements is approxi-
: 22Ml\7;cr2h . d mately+(30%-+30 pptv). The uncertainty reflects the sum of
400 ° 23 March ° e the precision of the data determined by the counting statistics
= ° gg m:;z: of the ions, the variability of the background signal, and the
2 « 29 March uncertainty of the sensitivities shown in Fig.
g 300)-1:1line .
5 —robust fit line L 2.2 Photochemical time-dependent box model
£ 200" _
~ . Calculated concentrations of HO NO,, and HGQNO»
gN and rates of ozone production were obtained from
o 100 a highly-constrained photochemical time-dependent box
model (NASA Langley Research Center (LaRC) box model)
0 (Olson et al.2006. The modeling approach used is based on
g the assumption of a diurnal equilibriur®ison et al. 2006

0 100 200 300 400
H02N02 m/z = 98 (pptv)

500 2004 Frost et al. 2002 Jaegle et al.2000. Model inputs

include observations of atmospheric parameters such as tem-
perature, pressure, water vapor, and critical long-lived chem-
Fig. 2. HO,NO» is measured with two ions: products of fluoride ical precursor species éQCO, NO, CH.’ non-methane hy- .
transfer (n/z98) and clusteringni/z=164). The data are colored dr_ocar_bons, acetone). W'Fh the ex_ceptlon of NO and the radi-
by flight date. The data shown are observations obtained wherit!on field, the atmospherlc state Is held constant t_thUQhOUt
the measured Ngdiffers by less than 10% between/z 98 and the model run. NO varies diurnally; however reactive nitro-
m/z 164 sampling times. The slope of the robust fit line is 0.76; 9N, NQ=NO+NO2+NO3+2N,05+HONO+HO2NO, is
the intercept is 0.90 pptvg2=0.94. Independent measurements of held constant with partitioning as determined by the model.
HO,NO, from these two ions agree very well, indicating that these The amount of total reactive nitrogen is determined so that
masses are selective to HRO,. NO matches the observed value at the time of the measure-
ment. Additional constraints are implemented if data are
available. These additional constraints include methanol,
A scatter plot of the independent determinations of ethanol, HO,, CHsOOH, HNQ;, PAN, acetic acid, and
HO,NO; calculated from then/z98 and them/z 164 sig-  formic acid. Concentrations of these species are computed
nals is shown in Fig2. During the flight, there is ar-8s by the model when data are unavailable. While a discrep-
delay between an/z98 measurement and the correspondingancy between calculated and observed values of acetalde-
m/z164 measurement. Only observations obtained when théayde (CHsCHO) does exist and has the potential to impact
measured NQdiffers by less than 10% betweemz98 and  HO levels, constraining the model to observed {OHO
m/z 164 sampling times are included in Fig. The slope values suggests that this uncertainty propagates to impact OH
of the robust fit line PuMouchel and O'Brien1989 Street  mixing ratios by 5-10% and HOmixing ratios by less than
et al, 1989 is 0.76; intercept is 0.90 ppt§2=0.94. These afew percent.
independent measurements are in good agreement, provid- The model chemistry includes HONOy—CH; gas
ing confidence in the use of this ion chemistry to quantify phase reactions based on the recommendatioAgkiison
HO2NO:. et al.(2009 andSander et al(2003. In addition, the model
The concentration of HENO, used in the subsequent uses the rate for @D) quenching by N suggested bRRavis-
analysis is determined by combining the independent meahankara et a2002, temperature dependent quantum yields
surements fromm/z98 andm/z 164 as follows. When the for acetone photolysis frorrnold et al.(2005, and the pa-
water mixing ratio in the flow tube is less than or equal to rameterization for near-IR photolysis of HRO, described
200 ppmyv, then/z98 measurement is used because the senby Roehl et al.(200). Nonmethane hydrocarbon chem-
sitivity at m/z164 is low (Fig.1; recall that the ambient air istry is based on the condensed mechanisiruofann et al.
pulled into the flow tube is diluted 1:4 with dryJdN When (1986 with modifications included to address remote low-
the water mixing ratio in the flow tube is between 200 to NOy conditions. Explicit chemistry is included for,8g,
500 ppmv, the mean of the/z 98 and them/z 164 mea- CgzHg, CoHg4, isoprene, and benzene., @nd higher alka-
surements is used. At water vapor mixing ratios greater thames are lumped together, as arg &hd higher alkenes, and
500 ppmv, than/z164 measurement is used exclusively. Al- aromatics other than benzene. Reactions of lumpgdr@
though the sensitivity is somewhat lowerratz164 than at  higher alkenes are assumed to be predominantly propene.
m/z 98 for water mixing ratios between 500 to 1000 ppmv, The assumed aldehyde product is {LHHO and reaction
higher backgrounds and interference from acetate/at8 rates are based on those for propene. Photolysis rate coef-
make the cluster ionnf/z 164) a more robust measure of ficients are based on spectroradiometer measureniaims-(
HO,>NO; at these higher water mixing ratios. ter and Mulley 1999. The diurnal profiles of the photolysis
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rates are computed by a DISORT four-stream implementa- 600
tion of the Tropospheric Ultraviolet Visible (TUV) radiative
transfer codeNladronich and Flocke1998. These calcu-
lated profiles are then normalized to match the instantaneous
observations at the time of measurement.

Model calculations use the 1-min merged data set avail-
able on the INTEX-B public data archivét{p://www-air.
larc.nasa.goyv In this study, we limit the analysis to those
points that include direct measurement of NMHCs.

—robust fit line o

500¢ .o

2.3 Photochemical steady-state

HOZNOZ Eq2 derived from mod (Pptv)
]
o

Due to the short lifetime of HENO, with respect to thermal
decomposition for the conditions experienced during the MI- ‘ ‘ ‘ ‘ ‘
LAGRO flights, photochemical steady state of }MNID,» was 0 100 200 300 400 500 600
assumed. To verify the validity of this assumption with re- NASA LaRC modeled HO,NO, (pptv)

spect to HQNO», the model was run in a non-steady state

mode. A large, polluted perturbation was introduced into

the model and allowed to decay over several days. A secEig- 3. [HO2NOz]ss calculated from Eq 2), using modeled values
ond set of calculations was performed in which each pointog)'("'?nzoggld NT%eV:Ir;;j OHthf’:IeOEO?)LeSdtI?itteﬁnte)yi;hf g';siﬁt;i;i o
was solved along the decay of the plume using steady stat oy ) T
assumptions. V\?hile someyspeciespwere not i% equiliﬁriumcéltggpjxiizr ﬁﬁiggg@gﬁj?&iﬂ? that Eg)(s a valid simplifi-
during this model run, the mixing ratios of B8O, were '

consistent with the steady state run. This is attributed to the

very short Iifetime of HQNQZ for. the temperature r_ange iN calculation of[HO2NO;]ss using observed Hand NG.
the_datasgt. NQis directly input into the.model while HO However, the mean observed concentration of,H@as
varies rapidly enough to represent the instantaneous precu{githin 15% of the mean concentration of the NASA LaRC

sor condition. At photochemical steady state, productionhox model estimate for each of the flights used in this analy-
and loss of HONO; are equal and Reactions (R1-R3) yield gjs.

(Kim et al,, 2007):

ki1[HO2][NO;]
[HO2NOz]ss= (1) 3 Comparisons with NASA LaRC photochemical

Jo + k-1 + k3[OH]
box model

For the conditions experienced during the MILAGRO
flights, the median lifetime of HENO, with respect to ther- ~ An example time trace for HENO> is illustrated in Fig4.
mal decomposition was five minutes while the lifetimes with During this flight (29 March 2006), the C-130 flew in and
respect to reaction with OH and UV/IR photolysis were on out of air masses heavily impacted by pollution from Mex-
the order of 10 h and 6 days, respectively. Under these conico City. Variations in the measured and modeled-NO-»
ditions, the steady-state concentration of 4@, simplifies ~ mixing ratio closely follow variations in N@
to: Observed HENO, mixing ratios, colored by N@mixing
k1 [HO,][NO5] ratios, are compared to the NASA LaRC box model calcu-
T (2)  lation of HO;NO, mixing ratios in Fig.5. The slope of the

-1 robust fit line is 0.81 and the intercept is 6.74 pptv. Although

To evaluate whether the simplified assumption for steadyoverall agreement is goo®f=0.82), there is a tendency for
state (Eq.2) is robust for MILAGRO conditions, NASA the model to underpredict HDIO, concentrations at NO
LaRC box model predictions of HOand NQ were used levels greater than 15 ppbv (shown by the red and orange col-
in the right-hand side of Eq2J to calculate HGNO, using  ors in Fig.5). Underprediction of HGNO; at elevated N
the steady state assumptighlQ2NO]sg). [HO2NOz]sswas  levels are in agreement with previous findingsvirphy et
then compared to the full diurnal equilibrium model predic- al. (2004 andKim et al. (2007).
tions of HQNO, (shown in Fig.3). The slope of the robust
fit line (DuMouchel and O’Brien1989 Street et al.1989
is 1.02 and the intercept is 0.10 ppR?=0.99. 4 Ozone production

The HG, mixing ratios measured from the C-130 were not
sufficiently precise to provide for a direct comparison be- Photochemical ozone production is the result of oxidation of
tween the measurements of BHI00, and the steady state CO and hydrocarbons in reactions involving Nénd HQ..

[HO2NO2]ss ~

www.atmos-chem-phys.net/9/3697/2009/ Atmos. Chem. Phys., 9, 38072009
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600 , ; ; ; 15 NO, (ppbv)
@ Observed HO,NO, 500 — ‘ ‘ ‘ ‘ —n 20.0
A\ NASA LaRC ---1:1line
500 modeled HOZNO2 125 _I’ObUSt fit
—No, = 400 line
a 15.0
< 400} 10 2
é A _é g\' 300
o 300 175 & ~
> ~ @) 10.0
p g _ﬁ 200
I 200r 15.0 2
4 o 2 1007 50
1001, 2 12,5 o '
[} A l
Q Q 0
19.8 19.9 20 20.1 20.2 20.3 _5% S . . . . 0.0
50 0 100 200 300 400 500

UTC (hours
(hours) NASA LaRC modeled HONO, (pptv)

Fig. 4. Mixing ratios of HONO, and NG during Flight )

29 March 2006 in an air mass heavily impacted by pollution. Dots Fi9- 5 Observed HGNO; versus NASA LaRC box model values
are CIMS measurements of HRO,. Triangles are NASA LaRC of HOoNO colored_ by NQ. The data presented are c_)bserved and
box model values of HENO,. The solid line is observed NOnix- modeled values at times when the model was constrained by NMHC
observations. The slope of the robust fit line is 0.81; intercept is

ing ratio. Variations in the observed and modeledAN®, mixin
g 2MXNG 6 4 pptviR2 is 0.82.

ratios closely follow variations in N&

The instantaneous rate of photochemical ozone productio® Discussion and conclusions

can be calculated using Ec)((Jacol1999.
9 Ed)( b 9 The rate of ozone production is sensitive to the rate of HO

Po,=kro,+No[RO2][NQO] + kno,+No[HO2][NO] 3) production and the amount of NQresent. At a fixed HQ
) ) . production rate, the rate of ozone production increases with
The rate constants for the reactions of peroxyradicals ('n'NOX until NO, reaches a level where the rate of nitric acid

cluding H_OZ) with NO are similar, so B, can be approxi-  tormation via ReactionR8) reduces HQ levels and photo-
mated as: chemistry slows.

Po; ~ kno,+No[NOI([RO;] + [HO2]) 4) OH+NO; + M — HNO3 + M (R8)

In polluted atmospheres, H@ produced primarily from the
reaction of RQ with NO and therefore, the sum of all non-
HO, peroxy radicals will be closely and linearly related to
the concentration of H&(e.g.,Jacoh 1999.

This behavior can be seen in the model chemistry (Fig.
middle panel). Ozone production rates for these MILAGRO
flights calculated by the NASA LaRC box model are plotted
versus NO levels and colored by the mixing ratio of {LH
Po, = Zkpo,+No[HO2][NO] (5)  CH20 is used here as a proxy for the k@roduction rate
(Seinfeld and Pandi2006. At low NO, the ozone produc-
whereZ is a number generally close to 2 in polluted air. With tjon rate increases with NO at a fixed level of gy ie.,
Keq=k1/k-1, solving Eq. @) for [HO2] and substituting into  NO,-limited behavior. At high NO, the ozone production

Eq. ©) yields: rate becomes independent of or even decreases with NO at a
ZKH0, - NO[HO2NO,][NO] fixed level of CHO, i.e., NQ-saturated behavior.
Po, = KodNO3] (6) In contrast to NASA LaRC box model calculations, the
eq

rate of ozone production estimated from observegdNQO,,

In Fig. 6, we plot Ry, from the NASA LaRC box model ver- NO, and NQ does not show a saturation behavior (Fig.
suskyo,+No[HO2NO2][NO]/Keg[NO>] to estimateZ. Us- left panel). At high NO, the rate of ozone production con-
ing the NASA LaRC box model, we examined the predic- tinues to increase with NO, in contrast to model predictions
tions of Eqg. 6). We limit this analysis to times when the (Fig. 7, right panel). This suggests that the NASA LaRC box
solar zenith angle is<80°. The slope of the polyfit fit line, model underestimates the H@vels and therefore either the
Z, in Fig.6is 1.77. The correlation is highkR?=0.99) sug-  HOy production/loss rate is under/over estimated at elevated
gesting that the production of ozone under MILAGRO condi- NO levels. This is consistent with observed HND, mixing
tions can be estimated directly from E) (sing measured ratios greater than NASA LaRC model predictions at,NO
HO2NO2, NO, and NG with Z=1.77. levels greater than 15 ppbv shown in Fig.

Atmos. Chem. Phys., 9, 3693707, 2009 www.atmos-chem-phys.net/9/3697/2009/
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Fig. 7. Po, derived from Eq. §) and based on measurements
Fig. 6. The ozone production rate predicted by the NASA LarRC Of HO2NOz and NG versus observed NO, colored by observed

box model is compared to the rate of ozone production calculated>H20 are shown in the left panel. NASA LaRC box model pre-

using Eq. (6) and modeled values of H@0,, NO, and NG. The dictions of Ry, versus modeled NO, colored by modeled £LH
slope of the polyfit line, Z, is 1.7782 is 0.99. are shown in the middle panel. The ratio of derives} Fbased on

measurements to NASA LaRC box model predictions gf fFor
observed NO greater than 100 pptv, colored by observesCite
shown in the right panel.
Observed values of HINO,, and hence Hg) greater than
those predicted by the NASA LaRC box model are consistent
with a number of urban measurements of HGeveral re- creased by factors of 3 and 5, respectively, the observed-to-
cent studies have pointed to possible missingt$0urces modeled HQ ratio decreased to 1.13. Continued underesti-
in urban air. At high NQ concentrations, H®levels calcu-  mation of HQ concentrations occurred at high N@ixing
lated using highly constrained box models were significantlyratios Kanaya et al.2007). The higher than expected levels
less than measured during summertime in Nashville, Birm-of HO suggest higher rates of ozone production than can be
ingham, and New York CityMartinez et al. 2003 Heard et  accounted for using known chemistry.
al, 2004 Emmerson et al.2005 Ren et al. 2003 and in It should be noted that the discrepancy between observed
New York City and Tokyo in the winterRen et al. 2006 and modeled values of HDO, at high NQ, found in this
Kanaya et al.2007. Martinez et al.(2003 reported day- study appears to be distinct from the underprediction o HO
time HO, levels 1.56 times modeled values in Nashville in values correlated with isoprenBen et al.(2008 found the
1999. The difference between measured and modelesi HOobserved-to-modeled OH ratio in the boundary layer to be
was positively correlated with high NOmixing ratios. In  strongly dependent on isoprene during the INTEX-NA sum-
Birmingham, England in the summer of 1999 and winter mer 2004 campaign, with divergence occurring at isoprene
of 2000, Heard et al(2009 observed H@ levels 1.78 and levels greater than 100 pptv. Isoprene mixing ratios were
2.04 times modeled values, respectively. They found thatvell below 100 pptv for the vast majority of the data used
the observed H®concentrations were particularly insensi- in this analysis.
tive to changes in NQlevels. Summertime levels of HON Not all studies have found excess KHOIndeed, several
New York City in 2001 were underestimated, with observed studies have found overpredictions of H{@vels by photo-
levels 1.24 times modeled values. The difference betweerthemical box models even at high N©@oncentrations. H®
measured and calculated H@epended on the time of day. concentrations were overestimated in the Los Angeles basin,
At midday, the observed and modeled values were found tdMexico City, and summertime Tokydsgorge et a).1999
agree very well while the model tended to underestimate theShirley et al, 2006 Kanaya et al.2007). George et al(1999
observations when NOwas high, usually during the morn- reported daytime H@levels 0.67 times calculated values
ing hours Ren et al. 2003. Similar results were found in  downwind of Los Angeles in 1993. The agreement of ob-
Tokyo during the winter of 2004. Daytime HQoncentra-  served and calculated H®as quite good in the early morn-
tions were underestimated, with observed Hévels 2.08 ing hours, but calculated HOconcentrations were found to
times modeled values. These comparisons were sensitive toe significantly higher than observations during midday. In
the assumed hydrocarbon levels. When the concentrationslexico City in 2003,Shirley et al.(2006§ determined that
of alkenes and reactive alkanes used in the model were inebservations of H® were 0.79 times calculated values of
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o o 1.3 tion (R8) is approximately 30% lower for MILAGRO condi-
Z 912 tions than the current evaluation. The explicit rate constant
211 . "-&":' for HNO3 formation was used in the model. The model does
=~ 1.0p evarler sV A not include the HOONO branch of the OH+MN€M reaction

o 13 due to the short Iifetirr_1_e (seconds to minutes) of HOONO
e 1'27 under MILAGRO conditions. The formation and breakdown

- g 1'17 . of HOONO is considered to be a null cycle under these con-
o~ 1'0. SRy ditions (Fry et al, 2004. A reduction in the rate constant

' o for Reaction R8) leads to an increase in OH and N@®ix-

s o 13 ing r_atios, leading to an incr_e_ase in KO, levels. To test
o‘“ﬁ 1.21 . s the importance of this modified rate constant onNO,
f*\Nll . "’S."." . levels, the 2000 JPL critical evaluation recommended rate

x% S 10 PRSI D el constant for ReactionR8) was substituted into the model.

0.01

0.1

1
NO (ppbv)

10 100

Figure8 (top panel) illustrates the sensitivity of the modeled
HO,NO2 mixing ratio to a change in the rate constant for Re-

action R8). At high NO levels, use of the 2000 JPL recom-
mended rate constant increases the mixing ratio of calculated
Fig. 8. Three different variations of the base model were investi- HO,NO,, leading to better agreement between measured and
gated. The mixing ratio of HENO, was calculated 1. using the calculated HONO,.
,Zoot?] JPL rﬁcorage”?_'e%ratgJonztgr"\fgor QdP?BOZ’ 2 igci‘;‘dt;] HO,NO, mixing ratios and hence rate of ozone produc-
Ing the reaction NG + H20—>OH + +and 5. using bO IN€ 5y may also be underpredicted at high Néie to missing
2000 JPL recommended rate constant and thg K@ction. The calculated HQ sources at high NQ Li et al. (2008 re-

y-axis is the ratio of HGNO, mixing ratio as calculated using a | d sianifi duction f h -
model variation to that calculated using the base model. Use of thé:ent y_reporte significant | LQ)_ roduction from the reaction
of excited-state N@(NO3) with HO:

2000 JPL recommended rate constant for ®NO, and inclusion
of the Nq + HO reaction result in higher HEINO, mixing ratios
than calculated by the base model. This leads to better agreemeMO3 + H,O — OH + HONO
between measured and calculatedANO,.

(R9)

NO; is formed through the excitation of NGt wavelengths

longer than 420nm. These direct and indirect (via HONO
HO, during the midday. However, they also calculated anphotolysis) OH sources lead to increased concentrations of
observed-to-modeled ratio of 1.17 during morning rush hour,HO at elevated NQ levels. Including this process in the
coinciding with the morning rush hour peak in @oncen-  box model, using the rate of ReactioR9) determined by
trations. Unlike wintertime findings, summertime p€on- Li et al., improves agreement with observed #ND,. As
centrations in Tokyo were overestimated. An observed-toseen in Fig8 (middle panel), the inclusion of ReactioRY)
modeled HQ ratio of 0.78 was reported. Trends at highNO increases the mixing ratio of modeled KHIO,, again lead-
levels were not discussed as NO mixing ratios greater tharng to better agreement between measured and modeled
20 ppbv were not seen during this sampling perigdraya  HO2NO». Including both the reduced rate of Reacti®ts|
et al, 2007). and theLi et al. (2008 process leads to increased levels of

HO,, HO,NO,, and hence the rate of ozone production modeled HQNO> (Fig. 8, bottom panel). Increased levels

may be underpredicted at high NO due to errors in calcu-of calculated HGNO- are in better agreement with obser-
lated NQ,-dependent HQsources and sinks. We have inves- vations. These two recently suggested ideas lead to bet-
tigated several possible sources of error. One possibility is atier, not perfect, agreement between observed and calculated
overestimate of the rate constant of Reacti@B)( a sink of  HO2NO».
HOy. The accepted rate constant for Reacti@g)(has been The transition to NQ saturation appears to occur at higher
subject to numerous revisions in the last decddieMore et NOy levels than estimated by the NASA LaRC box model
al., 1997 Sander et al.200Q 2003 2006. In addition, a  for Mexico City. This may have implications for engineer-
recommended rate constant for the reaction of OH and NO ing of improvements in air quality in the basin. If generally
to form pernitrous acid (HOONO) is included for the first true, it suggests that further N@ontrols will yield reduc-
time in the 2006 JPL critical evaluation. Recent laboratorytions in smog levels. Significant uncertainties remain, how-
work at Jet Propulsion Laboratory and California Institute ever. Itis unclear why the HQevels are generally underesti-
of Technology suggests that the 2000 JPL critical evaluatiormated. Although we identify several possible deficiencies in
recommendationSander et al.2000 may be closer to the the photochemical mechanism that may contribute to an un-
true rate of ReactiorR8) (Okumura and Sande2005 than  derprediction of HQ, these are not sufficient to account for
the current recommendatioBgnder et al2006. The 2000 the discrepancy and each is uncertain and requires additional
JPL critical evaluation recommended rate constant for Reackaboratory work to test these mechanisms (&/gennberg
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and Dabdub2008. In addition, NQ levels are generally
much higher at the surface and so itis unclear ifyNitited
conditions also apply.
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