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Abstract. A Markov Chain Monte Carlo model for integrat- vations by, on average, 20%. This period had a low plan-
ing the observations of inorganic species with a thermody-etary boundary layer, very high particle concentrations, and
namic equilibrium model was presented in Part | of this se-higher than expected nitrogen dioxide concentrations. For
ries. Using observations taken at three ground sites, i.e. @eriods when the particle chloride observations are consis-
residential, industrial and rural site, during the MCMA-2003 tently above the detection limit, the model is able to both ac-
campaign in Mexico City, the model is used to analyze thecurately predict the particle chloride mass concentrations and
inorganic particle and ammonia data and to predict gas phasprovide well-constrained HCI (g) concentrations. The avail-
concentrations of nitric and hydrochloric acid. In general, ability of gas-phase ammonia observations helps constrain
the model is able to accurately predict the observed inorthe predicted HCI (g) concentrations. When the patrticles are
ganic particle concentrations at all three sites. The agreeaqueous, the most likely concentrations of HCI (g) are in the
ment between the predicted and observed gas phase ammsub-ppbv range. The most likely predicted concentration of
nia concentration is excellent. The M@oncentration calcu- HCI (g) was found to reach concentrations of order 10 ppbv
lated from the N@, NO and NG observations is of lim- if the particles are dry. Finally, the atmospheric relevance of
ited use in constraining the gas phase nitric acid concenHCI (g) is discussed in terms of its indicator properties for
tration given the large uncertainties in this measure of ni-the possible influence of chlorine-mediated photochemistry
tric acid and additional reactive nitrogen species. Focusingn Mexico City.

on the acidic period of 9—11 April identified by Salcedo et
al. (2006), the model accurately predicts the particle phase
observations during this period with the exception of the ni-
trate predictions after 10:00 a.m. (Central Daylight Time,
CDT) on 9 April, where the model underpredicts the obser-The deterioration of air quality in urban centers throughout
the world is fueled by population growth, especially in ur-
Correspondence td=. M. San Martini ban centers, and increased emissions with further modern-
(ico@alum.mit.edu) ization and industrialization. About 70% of the population
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measurements, were shown to be more likely consistent with
all the available observations and our knowledge of aerosol
thermodynamics.

Previous work has shown that modeling aerosol behavior
in Mexico City and, thus, design control strategies, is con-
strained primarily by a lack of observations of gas phase

20.0°N O
O
S) . d _ _
species (San Martini et al., 2005). In particular, the find-
ing that reductions in ammonia concentrations are likely to

be less effective than expected at reducing particle concen-
trations in Mexico City is constrained by observations at a

° s
195N MER > single site, La Merced (San Martini et al., 2005). Therefore,
PE;‘CENICA O an improved understanding of the temporal and spatial dis-

tribution of gas phase ammonia, nitric and hydrochloric acid
concentrations is needed (San Martini et al., 2006, 2005). In

C)\ this paper we use data from the MCMA-2003 campaign to
expand the application of the model introduced in Part | to
O

¢
0\\;‘;«5—’% C

Werd three very different measurement sites. We focus in particu-
19.0°N E— lar on the acid period of 9—11 April 2003 identified by Sal-
\ /\\ = cedo (2006), and on the distribution of the inorganic patrticle
99.5 W 990 W 985 W and gas phase chloride.

Fig. 1. Map of Mexico City basin showing the monitoring stations

CENICA, Pedregal (PED) and Santa Ana (SATL). Also shown is 2 Measurement sites

the La Merced site (see San Martini et al., 2006). The contours aré

elevation contours, the pink line represents the Federal District and

Estado de Mxico limits, and the shaded area is the urban area ofThe Aerodyne Mobile Laboratory (AML) can be deployed

1995. in stationary sampling, mobile sampling and mapping, and
vehicle chase mode (Kolb et al., 2004). Here we analyze
data collected with the AML when it was deployed in sta-

of North America, Europe, and Latin America now live in tionary mode at three sites in different areas of Mexico City

cities (Molina and Molina, 2002). The 2003 Mexico City during MCMA-2003: the National Center for Environmen-

Metropolitan Area (MCMA) field campaign was designed to tal Research and Training (Centro Nacional de Investagaci

provide a scientific base for devising emission control stratey Capacitathn Ambiental, abbreviated as CENICA), Pedre-

gies for the MCMA, as well as insights to air pollution prob- gal, and Santa Ana sites. Figure 1 shows the locations of the

lems in other megacities. CENICA, Pedregal, and Santa Ana sites in the Mexico City

In Part | of this series, San Martini et al. (2006) have de-Pasin.
scribed an equilibrium inorganic aerosol model embedded in  CENICA (19.36 N, 99.07 W), the campaign supersite,
a Markov Chain Monte Carlo algorithm to produce a power-is on the Iztapalapa campus of the Unversidadofoma
ful tool to analyze aerosol data and predict gas phase conMetropolitana. CENICA is approximately 10 km southeast
centrations where these are unavailable. The method diof downtown Mexico City and near the conservation area
rect|y incorporates measurement uncertainty, prior knowl-Cerro de la Estrella. It is in a mixed commercial-residential
edge, and provides for a formal framework to combine mea-area; to the west and south are mainly residential areas,
surements of different quality. Applying the model to gas and to the north and east are several factories and industries
and particle phase data taken at the La Merced site dur(Shirley et al., 2006). We also use data from an AMS de-
ing the MCMA-2003 campaign, San Martini et al. (2006) ployed at the CENICA ground site, whose results have been
showed that the model reproduced observations of particlesummarized by Salcedo et al. (2006). The AML was de-
phase ammonium, nitrate, and sulfate well. During periodsployed in stationary mode at the CENICA site at various
where the particle chloride observations were consistentitimes throughout the campaign.
above the detection limit, the model reproduced the parti- Pedregal (19.33N, 99.20 W) is in the southwestern part
cle chloride observations well and predicted well-constrainedof the MCMA in an affluent residential area with low vehic-
gas-phase hydrochloric acid concentrations. In addition, thaular traffic density. Prevailing daytime winds transport pol-
model was able to probabilistically discriminate between di- lutants from the city center and industrial areas north of the
verging observations of ammonia from two different instru- city to this site. The AML was deployed in stationary mode
ments, a long-path and a point sample. The observationat the Pedregal site from 05:32 p.m. (CDT) on 21 April to
from the point sampler, which was co-located to the particle11:14 p.m. (CDT) on 23 April 2003.
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The Santa Ana site (19.17N, 98.99 W) is located just AMS deployed on the CENICA roof. In order to investigate
outside the MCMA to the south. It is considered a ‘bound- the acidic period identified by Salcedo et al. (2006), observa-
ary’ site, as it is influenced by both clean background condi-tions from the rooftop AMS were combined with the AML
tions and polluted outflow from the city at different times. It observations on 9 April when the AML AMS observations
lies near the southeastern border of the Mexico City Federalvere not available. The speciation and mass concentrations
District and on the western rim of a mountain pass that chanteported by the two AMSs compared well, with some differ-
nels the southern outflow of air from the city. Santa Ana is aences that are likely due to the different inlets used in both
small, rural town, with agriculture as the predominant activ- AMS instruments (Salcedo et al., 2006).
ity. The AML was deployed in stationary mode at the Santa
Ana site from 09:25 p.m. (CDT) on 14 April to 09:42 p.m.

(CDT) on 16 April 2003. 4 Model description
The model described in Part | (San Martini et al.,, 2006)
3  Experimental was used here. In brief, a modified version of the inor-

ganic aerosol model ISORROPIA (Nenes et al., 1998) was
Part | of this series (San Martini et al., 2006) and referenceembedded in a Markov Chain Monte Carlo (MCMC) algo-
therein describe the instruments onboard the AML, whichrithm. ISORROPIA predicts the equilibrium partitioning of
include an aerosol mass spectrometer (AMS) and a quanturinorganic species between the gas and particle phase given
cascade tunable infrared laser differential absorption specinputs of temperature, relative humidity, and total pollutant
troscopy (TILDAS) instrument to measure gas phase ammoconcentrations. Based on the work of Mozurkewich (1993),
nia. the value of the equilibrium constant for the dissociation

The AML did not include an instrument to directly mea- of solid ammonium nitrate in ISORROPIA was modified,

sure gas-phase HNO However, an estimate of the HNO as discussed in detail in Part |. Note that ISORROPIA in-
concentration can be derived based on observations of NG5ludes inorganic species only; the effect of organic species
NO,, and total NQ. As described in Part I, the AML in- on aerosol behavior is not included in the model. The possi-
cluded a commercial total NGnstrument, which measures  ble impacts of this assumption are discussed in Sect. 6.
both NG, and NO, and a fast-response TILDAS dDstru- The MCMC algorithm is a Bayesian method that allows
ment. From the total NPand NO measurements, along with for the inclusion of measurement uncertainty and inference
the TILDAS NO, measurement, we calculate the nonsNO of missing observations. Bayes’ Theorem describes condi-
fraction of NQ,, referred to as N@ tional probability:

NO,=NOy—NO—-NO; (1) ,oData = p (Datad) p (9) @

p (Data
NO; provides an (approximate) upper bound to the HNO i i
concentration since NOmay comprise HN@, RNOs, PAN, where Data and are the observations and unknown vari-
HONO, NQ,, N»Os and particulate NQ. ables, andp (¢|Data), p (Datd0) and p (9) are termed the

Temperature and relative humidity observations were ob-POSterior, likelihood and prior function, respectively. The
tained from the routine monitoring network in Mexico €M p(Data) is a normalizing constant (equal to the prob-
City (Red Autonatica de Monitoreo Atmogfico, RAMA),  ability of the observations).

which operates sites at Pedregal and Santa Ana. The National 1he likelihood functions relating the observations and
Center for Environmental Research and Training providedmOdel predictions described in Part | are used here, with the

temperature and relative humidity observations at CENICA.EXception that the only gas phase observations used here are
A synoptic characterization of the MCMA-2003 field cam- T0mM the TILDAS instrument on board the AML. Thus the
paign can be found in de Foy et al. (2005). measurement uncertalntles.for ammonia gnq N@#ZQ.%

Part | demonstrated that co-located observations of parti@nd=+49% at the 95% confidence level, i.e., the likelihood
cle species and gas-phase precursors are more likely to t;gn_ction of the observ_ations are dest_:ribed by normal distri-
consistent with all the available observations and our knowl-Putions whose mean is the observation and whose standard
edge of aerosol thermodynamics. A combination of long-dviation is proportional to the observation:
path rooftop observations and point observations showed a
likelihood of additional influences on the long-path measure-"
ments from sources not collocated with the point measure-
ments. Therefore this analysis did not use long-path gasp (NogbslHN03) ~ N(NOSPS 0.25 x NOSPS) (4)
phase ammonia observations collected by researchers from
Argonne National Laboratory from the CENICA roof in the where a normal probability density function with mean
latter half of MCMA-2003. Similarly, but with one excep- and standard deviatiot is denoted ad(uso) and the su-
tion, we did not use observations from the second Aerodyneperscript obs refers to observation. With the exception of

(NHng|NH3) ~ N(NHZS, 0.15 x NHZS) 3)

www.atmos-chem-phys.net/6/4889/2006/ Atmos. Chem. Phys., 6, 48882006
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Fig. 2. Correlation plots foa) ammonia andb) NOz and nitric acid for CENICA. The error bars for the predictions represent the 95%
confidence interval; the measurement uncertainty for ammonia apddNE29% and+49%.

9 April, the model is only run when both the particle and  For all species, if an observation was below the detection
ammonia observations are available; modeling of 9 April islimit, the likelihood function given by Eq. (5) was not used.
discussed in Sect. 5.1. Rather, forammonium, nitrate, and sulfate, the uncertainty in

The AMS mass concentrations have a range of uncertaintyghe observation is assumed to be constant and equsd 966
of approximately—30% and +10% (Salcedo et al., 2006). of the detection limit (i.e.#0.18, 0.025, and 0.054g/m?
Therefore, for the AMS observations above the detectionfor ammonium, nitrate and sulfate, respectively, at the 95%
limit, the likelihood function is a mixed Gaussian model (San confidence level). Chloride observations below the detection
Matrtini et al., 2006) level were assumed to be negligible.

The priorp(@) represents the uncertainty éfbefore the
p (XObS|X) =07xN (XObS’ 0‘061XObS) data arrives: the prior thus contains all the information avail-
able about the unknown variables before the experiment be-
gins. The same lognormal prior distributions described in
where the superscript obs refers to observationXindfers  Part | (San Martini et al., 2006) are used in this work:
to the concentration of ammonium, nitrate, sulfate, or chlo-
ride. This asymmetric likelihood function is due to the un- Néequiv ~ 10gN(6 x 1072, 0.65) Q)
certainty in particle collection efficiency.

The detection limits for ammonium, nitrate, and sulfate NH; ~ logN(0.5, 0.9) (®)
were 0.37, 0.05, 0.11g/m?, respectively. As described in
San Matrtini et al. (2006), ther:3etection limit used for chlo-
ride observations was 0.1&/m>; this is higher than the -
0.05,.g/m? detection limit reported by Salcedo et al. (2006) HCI ~ogN(0.02. 1.4) (10)
for the CENICA rooftop instrument. The higher detection \ypare g lognormally ~ distributed random  variabl
limit for chloride was used because on average the chlorid€ith mode X and standard deviatiow is denoted as
observations are between one and two orders of magnitud%qogN(g, o).
smaller (on a molar basis) than the other inorganic particle
species, and due to the observed negative values. Moreover,
given the uncertainty of the small chloride mass concentra5 Results
tions evidenced by the negative observations, the standard
deviation for the chloride likelihood was doubled for obser- 5.1 CENICA
vations between one and two times the detection limit, i.e.,

for chloride observations between 0.15 and .03 the ~ The agreement between the predicted and observed ammonia
likelihood function is: concentrations for the periods when the AML was deployed

obs~\ obs b in stationary mode at the CENICA site, shown in Fig. 2a, is
p (CI |CI) =07xN (CI ,0.122CP ) excellent: of the 1140 points analyzed, the mode of 1,109
0.3 x N (0.85CPbS 0.255CPbs 6 of the posterior ammonia distributions was within the mea-

t0.9x ( ) © surement uncertainty (i.e., of the 1140 points analyzed, the

The chloride observations and predictions are discussed fupredicted mode of 97% of these points was within the 29%
ther in the Results and Discussion section. measurement uncertainty, while the mode of the remaining

403 x N <0.85X°b$, 0.1275x°bS) (5)

HNOz ~ logN(1.5 x 1072, 1.5) (9)

Atmos. Chem. Phys., 6, 4889904 2006 www.atmos-chem-phys.net/6/4889/2006/
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Fig. 3. Correlation plots for(a) ammonium,(b) nitrate, (c) sulphate, andd) chloride for CENICA. The error bars for the predictions
represent the 95% confidence interval; the measurement uncertainty is +B0%, The detection limit for chloride is 0.1&/m?>.

31 points was beyond 29% of the measurement). Of the 3ktable (deliquescence) branch as opposed to the metastable
points where the mode of the distribution fell outside of the (efflorescence) branch.
measurement uncertainty, the 95% confidence interval over- We now turn to the period 9-11 April highlighted by Sal-
lapped the measurement uncertainty in all but a single casecedo et al. (2006). As defined by de Foy et al. (2005), 9—
Figure 2b compares the predicted nitric acid concentratiorill April corresponded to “Cold Surge” days, which were
with the calculated N@ In theory, the calculated NQrep- influenced by a cold air mass that reduced vertical mixing
resents an upper limit for the nitric acid concentration. Theand boundary layer height. Very high particle concentra-
limitation of NO, as a measure of nitric acid concentration tions were observed 9-11 April, with the highest particle
can be seen both in the over-predictions and the significantoncentrations of MCMA-2003 observed on 9 April. Despite
negative NQ values. Although considerable time and effort partial cloudiness, intense photochemical activity combined
went into making the measurements used to calculatg NO  with reduced dilution lead to very high concentration of both
is clear that the uncertainties in this measure are large. Givegas and particle phase pollutants on 9 April. The rooftop
the uncertainties, the utility of Nas either a direct measure  AMS observed peak concentrations a factor~& higher
or upper limit for nitric acid for this dataset is limited. than the average daily maximum nitrate concentration, and
Figure 3 compares the predicted and observed particléhe peak nitrate concentration observed by the AML AMS
concentrations when the AML was parked at the CENICA was ~10ug/m® higher than all other observed daily maxi-
site. In general, the predictions of ammonium, nitrate andmum nitrate concentrations. On 10 April, a large;3ume
sulfate are in good agreement with the observations, withcovered the northern half of the city, with a maximum con-
only few predictions outside the measurement uncertaintiescentration of 277 ppb (de Foy et al., 2005).
The agreement between the predicted and observed chlo- Co-located gas and particle phase observations are avail-
ride concentrations is reasonable, though more variable, wittable only intermittently on 9 April. The AML AMS obser-
both over- and under-predictions prevalent. The particlevations are only available between 11:35 and 21:42 CDT;
chloride observations and their predictions will be discussedooftop AMS observations are available from 00:00 and
more fully later. The predictions shown in Fig. 3 are assum-19:00 CDT. Ammonia observations are available between
ing the aerosols are in thermodynamic equilibrium, i.e., in the00:00 and 06:03 CDT, 11:07 and 13:40 CDT, and 18:52 and

www.atmos-chem-phys.net/6/4889/2006/ Atmos. Chem. Phys., 6, 48842006
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Fig. 4. Predicted (black) and observed (colored) concentrations offig. 5. Predicted (black) and observed (colored) concentrations of
ammonium, nitrate, sulfate and chloride at CENICA from midnight ammonium, nitrate, sulfate and chloride at CENICA from 09:00

to 09:00 a.m. (CDT) on 9 April. Note that the chloride observa- to 19:36 (CDT) on 9 April. The chloride observations between
tions are consistently above the 04&§m? detection limit after ~ 09:00 and 19:36 (CDT) are consistently above the g/ de-

03:56 a.m. (CDT). The black dashed lines are the predicted 9594ection limit (see text). Also shown is the predicted aerosol wa-
confidence intervals; the measurement uncertainty is +186%. ter content, where the aerosols are assumed to be in the metastable

The aerosols are predicted to be aqueous at equilibrium; also showranch between noon and 05:00 p.m. (CDT) (see text); the aver-

is the predicted aerosol water content (blue). For 9 April only the 8ge ionic strength during this period is 33 mol/kg. For 9 April only
AMS observations include both rooftop and AML observations; the the AMS observations include both rooftop and AML observations;

observations shown here are from the rooftop only (see text). from 09:00 to 11:36 the observations are from the rooftop and from
11:35 to 19:36 from the AML (see text). The black dashed lines
are the predicted 95% confidence intervals; the measurement un-
certainty is +10%;-30%.
19:36 CDT. Given the interesting features observed by both
AMS instruments, for 9 April only we have therefore com- ;g the relative humidity history, the particles are predicted
bined the rooftop and AML AMS observations for the anal- {4 e dry between noon and 05:00 p.m. (CDT) on 9 April,
ysis. We use the rooftop observaFions between 00:00 and 4 then become aqueous again after 05:00 p.m. as the rel-
11:35 CDT, and the AML observations between 11:35 andyiiye humidity increases past the mutual deliquescence rel-
19:36 CDT (see Figs. 4 and 5). Note that no ammonia ob-ptiye humidity. We investigated the sensitivity of assuming
servations are available between 06:03 and 11:07 CDT andigpje versus metastable equilibrium for this period only and
13:40 and 18:52 CDT. During these periods only the modelqng that differences between the predicted particle con-
was run with no ammonia observations: the only direct con-cenirations were negligible. Consistent with the results pre-
straint on the ammonia concentration is provided by the priorgapied in Part I, the gas phase predictions between the stable
probability .distri.butio.n described in Part I. _AII other model “and metastable case diverged. Since no gas phase observa-
runs described in this paper were constrained by ammonigsns are available during this period, and field observations
observations. indicate the prevalence of metastable particles (Rood et al.,
An additional interesting feature of 9—11 April is the high 1989), Fig. 5 therefore shows the predicted particle concen-
relative humidity. In the late evening of 8 April, the rela- trations for 9 April for the case where the particles are as-
tive humidity reached a peak of 96%, at which point the par-sumed to be metastable. Note that during this period the rela-
ticles will certainly be aqueous. The relative humidity re- tive humidity varied between 49 and 68%; Rood et al. (1989)
mained high throughout the day except for several hours irfound that particles were metastable more than 50% of the
the afternoon. Under stable equilibrium, and not consider-time when the relative humidity was betweeA5 and 75%.

Atmos. Chem. Phys., 6, 4889904 2006 www.atmos-chem-phys.net/6/4889/2006/
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Fig. 7. (a) Posterior distribution of HCI (g) concentrations on 9
April at CENICA for the case where the aerosols are assumed to be
metastable between noon and 05:00 p.m. (see text). The points rep-
resent the mode of the probability density function and the dashed
lines are the 95% confidence intervals. The periods with a broad
confidence interval are when no ammonia observations are avail-
able and the ammonia concentration is constrained by the prior (see
text). (b) Predicted (mode) and observed aerosol chloride concen-
trations, where only the observations above the detection limit are
fshown. Between 09:00 and 11:36 the aerosol chloride observations
are from the rooftop AMS and from 11:35 to 19:36 from the AMS
onboard the AML (see text).

(Jw/orl) O°H

note that the aerosols are assumed to effloresce at 16:30 on 10 April

and deliquesce at 09:30 on 11 April. The observations shown ar? I . . .
from the AMS onboard the AML. The black dashed lines are the f&/lS within the observation uncertainty (i.e., the mode of the

predicted 95% confidence intervals; the measurement uncertainty iBredicted nitrate distribution is withir 30% of the observa-

+10%,—30%.

tion). Possible explanations for the model nitrate underpre-
diction are presented in the Discussion section.
The highest mass concentrations of chloride observed at

Due to a low planetary boundary layer during 9 April (de CENICA during MCMA-2003 occur in the early morning
Foy et al., 2005; Volkamer et al., 2006), the particle con- (Salcedo et al., 2006). In general, chloride observations are
centrations observed on 9 April reveal two interesting fea-below the detection limit during the rest of the day. In con-
tures: (1) very high nitrate concentrations, and (2) that thetrast, the chloride observations on 9 April consistently re-
chloride concentrations remain above the detection limit formain above the detection limit from 03:56 a.m. until the last
most of the day. These will be discussed in turn. Figure 3bavailable chloride observation of 9 April at 21:24 p.m. Fig-
shows generally good agreement between observed and prare 7 shows the observed and predicted particle chloride and
dicted nitrate concentrations at CENICA, consistent with thethe predicted HCI (g) concentration for the case where the
findings at La Merced reported in Part I. Good agreementaerosols are assumed to be metastable. The periods with nar-
between nitrate predictions and observations is confirmed imow HCI (g) uncertainty bands correspond to the times where
Figs. 4 and 6, which show the observations and prediction$\Hs (g) observations are available, allowing the system to be
of particle phase species for the early morning of 9 April andwell constrained. Conversely, periods with relatively large
10-11 April. Figure 5, however, shows that on 9 April after uncertainty bands (approximately a factor of 20) correspond
approximately 10:00 a.m. the model underpredicts the obto times when no direct N(g) observations are available
served nitrate. Specifically, the mode of the predicted nitrateand the only direct constraint on the gas phase concentrations
distribution is below the observation after 10:00 a.m., whereare provided by the prior distributions described in Part I.
the average underprediction is 20%; the uncertainty bands diote that the mode of the HCI (g) concentration is continu-
the observations and predictions, however, consistently overeus and does not “jump” between the periods with and with-
lap. In all cases, the 95% confidence interval overlaps eitheout NHz(g) data, so that the main impact of the plfd) data
the observation itself or the measurement uncertainty. Withis to greatly reduce the uncertainty in the predicted HCI (g).
few exceptions, the mode of the predicted nitrate distributionin Part | we showed that the predicted HCI (g) concentrations
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Fig. 9. (a)Observations of ammonia at CENICA from the TILDAS

Fig. 8. (a)Posterior distribution of HCI (g) concentrations on 1011 instrument onboard the AML by the time of day for all days (green)

April at CENICA. The points represent the mode of the probability @nd for 9 April 2003 (black)(b) Concentration of N@ measured
density function and the dashed lines are the 95% confidence inbY open-path DOAS by the time of day for all days (light green) and

tervals. Only points whose Markov Chain passed the convergencé®r 9 April 2003 (black).
tests described in Part | are show(n) Predicted (mode) and ob-
served aerosol chloride concentrations, where only the observations
above the detection limit are shown. The aerosols are assumed to A comparison of the HCI (g) concentrations predicted at
be stable; note that the aerosols are assumed to effloresce at 16:8ENICA with those predicted at La Merced (San Martini et
on 10 April and deliquesce at 09:30 on 11 April. al., 2006) is instructive. At La Merced, during periods where
the particle chloride observations are consistently above the
detection limit, the HCI (g) concentrations are well con-
are well constrained when the observed chloride concentrastrained, with concentrations ranging from sub-ppbv up to
tions are consistently above the detection limit; this is con-~10 ppbv. These predictions are very similar to those on 10—
firmed in Fig. 7. This is also confirmed in Fig. 8, which 11 April at CENICA (see Fig. 8). In contrast, on 9 April
shows the observed and predicted particle chloride and théhe most likely concentration of HCI (g) at CENICA is pre-
predicted HCI (g) concentration for 10-11 April. dicted to remain below 1 ppbv throughout the day. This is in
On 9 April, for the case where the aerosols are assumetharked difference to the HCI (g) predictions at La Merced.
to be metastable between noon and 05:00 p.m., the averadeor those brief periods at La Merced where the afternoon
and maximum most likely HCI (g) concentrations are 0.14 chloride concentration was above the O.dm® detection
and 0.63 ppbv (see Fig. 7). Moreover, at the 95% confidencdimit, the model was in general unable to reproduce these
level, the concentration of HCI (g) remains above 0.01 ppbvobservations despite searching in very high HCI (g) concen-
and below 2.4 ppbv throughout the day except for two brieftration probability space (up to100 ppbv) (San Martini et
periods in the early afternoon (see Fig. 7). Note that theal., 2006). This difference is likely due to the higher than
average predicted ionic strength for 9 April when the par-average ammonia concentrations on 9 April at CENICA, as
ticles are assumed to remain aqueous throughout the day isell as cooler temperatures and higher relative humidity.
13.6 mol/kg. The average ionic strength between noon and The importance of the low boundary layer on pollu-
05:00 p.m. is 33 mol/kg. The predicted concentration of HCltant concentrations of 9 April highlighted by Volkamer et
(9) is higher between noon and 05:00 p.m. if the particles areal. (2006) can be seen in Fig. 9. Figure 9a shows all the
assumed to be dry. Between noon and 05:00 p.m. the precENICA ammonia measurements from the TILDAS instru-
dicted average and maximum most likely HCI (g) concentra-ment onboard the AML by the time of day for all days (green)
tions for the case where the particles are assumed to be drgnd for 9 April 2003 (black). Similarly, Fig. 9b shows the
(i.e., in the deliquescence branch) are 0.96 and 2.5ppbv.  concentration of N@ measured by open-path Differential
For 10-11 April, the HCI (g) concentrations are generally Optical Absorption Spectroscopy (DOAS) (Volkamer et al.,
well constrained and predicted to be sub-ppbv (see Fig. 8)2005) by the time of day for all days (light green) and for 9
After 09:30 a.m. on 11 April the particles are predicted to April 2003 (black). The concentration of both ammonia and
deliquesce and the predicted HCI concentration increases thlO, remain significantly higher in the afternoon of 9 April
2 ppbv, eventually reaching 8 ppbv at 11:35 a.m. than on other days. The latter points to a significantly higher
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Fig. 10. Correlation plots forta) ammonium,(b) nitrate, (c) sulphate, andd) chloride for Pedregal. The error bars for the predictions
represent the 95% confidence interval; the measurement uncertainty is +B0%, The detection limit for chloride is 0.1&/m®.

production rate of nitric acid on 9 April, while the former Figure 10 confirms that, with the exception of 9 April at
indicates that this excess nitrate will partition to the parti- CENICA, the agreement between the observations and pre-
cle phase since the production of particle-phase ammoniundictions of the particle phase species is generally within the
nitrate is determined in part by whether the partial pressureneasurement uncertainties. Specifically, in contrast to the
product of ammonia and nitric acid is above the equilibrium predictions at CENICA on 9 April, 10:00 a.m. to 07:00 p.m.
constant. Similarly, the production of particle-phase ammo-(CDT), the model does not systematically underpredict the
nium chloride is determined in part by whether the partial nitrate observations. Both slight over- and underpredictions
pressure product of ammonia and hydrochloric acid is aboveoccur, with only very few predictions beyond the measure-
the equilibrium constant. ment uncertainties. Significant “negative chloride observa-
Finally, it is interesting to note that the predicted pH for the tions” underscore the uncertainties associated with the chlo-
acidic period is comparable to the predicted pH at La Mercedride observations and the rationale for the Qufficn? de-
when the aerosols are assumed to be metastable; the mdstction limit (San Martini et al., 2006). Negative chloride
likely pH varies between 2.5 and 4.0 (see Part |). The averageoncentrations were also reported at CENICA (minimum ob-
estimated pH was 3.7 on 9 April and 3.9 for the period whereservation =—0.43,.g/m®) and Santa Ana (minimum obser-
the particles are aqueous on 10-11 April. vation = —0.13ug/m%). The predictions of gas phase am-
monia and nitric acid at Pedregal are consistent with those at
CENICA and Santa Ana: excellent agreement between the
ammonia predictions and observations, while the calculated
Figures 10 and 11 compare the predicted and observed pagQ, is both over- and underpredicted by the model.
ticle and gas phase species at the Pedregal site for the 21—
23 April measurement period. Of the 311 points that were Figure 12 shows the observed and predicted particle chlo-
analyzed, the mode of 301 of the posterior ammonia dis+ide and the predicted HCI (g) concentration at Pedregal.
tributions was within the measurement uncertainty. Of theFigure 12 confirms the results at La Merced described in
10 points where the mode of the distribution was outsidePart | (San Martini et al., 2006) and at CENICA on 10-11
of the measurement uncertainty, the 95% confidence intervalpril. Note that HCI (g) was only predicted if both the parti-
overlapped the measurement uncertainty in all but two casesle chloride was above the detection limit and the gas phase

5.2 Pedregal
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2003 at 15:56 and 18:12 the particle chloride are above the
detection limit and the predicted HCI (g) concentration is
~1-2 ppbv.

i@

1 ® Predicted HCI (Mode)

10 3

5.3 Santa Ana

% Figures 13 and 14 compare the predicted and observed parti-
cle and gas phase species at the Santa Ana site for the 14-16
April measurement period. Only a limited dataset is avail-
| able since the model was only run when both particle and gas
01 % phase ammonia observations are available. The comparison
3 of the predicted and observed particle concentrations at Santa
Ana shown in Fig. 13 shows generally good agreement, with

HCI (ppbv)
-

| Ly
e
H—

] b Observed CI
(b) R Predicted CI (Mode)

0.8
o)
8_61 g most predictions falling within the measurement uncertain-
B m ) BE %m%%g% %@ 02 3 ties. The chloride predictions are particularly limited with
A E—— B 00 only eight points above the detection limit when gas phase
12:00 AM 12:00 PM 12:00 AM 12:00 PM i i i i
45219003 2302003 ammonia observations were available. Figure 14 shows ex-
Date/Time (CDT) cellent agreement between the ammonia predictions and ob-

. o _ servations, while the calculated M@ mostly overpredicted
Fig. 12_. (a)Posterior dlstrlbu_tlon of HCI (g) concentrations on 22—_ by the model. Of the 152 points that were analyzed, the mode
23 April at Pedregal. The points represent the mode of the probabilyf 140 of the posterior ammonia distributions was within the

ity density function and the error bars are the 95% confidence mtermeasurement uncertainty. Of the 12 points where the mode

vals. Only points whose Markov Chain passed the convergence tests o .
) ! ) . of the distribution was outside of the measurement uncer-

described in Part | are includeb) Predicted (mode) and observed . he 950 fid . | | dth

aerosol chloride concentrations, where only the observations aboan'nty’ the o confidence interval overlapped the measure-

the detection limit are shown. The model was not run if the am- Ment uncertainty in all but four cases.
monia observations were lacking, even when the observed aerosol Figure 15 shows the observed and predicted particle chlo-
chloride concentration was above the detection limit. ride and the predicted HCI (g) concentration at Santa Ana.
We emphasize that the predictions are limited to periods
where both the ammonia observation is available and the ob-
ammonia observation was available. Thus, in general, chloserved particle chloride is above the detection limit. With
ride observations remained above the detection limit in thethis limitation in mind, for those points approximately be-
morning; during this period the predicted HCI (g) concen- fore noon the HCI (g) concentration is predicted to be be-
tration was~1 ppbv and increased te10 ppbv until around tween~0.1 and~1ppbv. In general, in other periods the
noon. After approximately noon, even if the observed parti-chloride is predicted to partition to the gas phase despite the
cle chloride was above the detection limit, the chloride wasMarkov Chain sampling high HCI (g) concentrations (up to
predicted to remain in the gas phase even if HCI (g) concen-~50 ppbv). An exception to this was found at approximately
trations in excess of 10 ppbv were sampled by the Markov15:20 on 16 April 2003, where appreciable chloride is pre-
Chain. There are two exceptions to this finding: on 22 April dicted to partition to the particle phase. The predicted HCI

Atmos. Chem. Phys., 6, 4889904 2006 www.atmos-chem-phys.net/6/4889/2006/
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(g) concentrations in this period are predicted to~20— A key model uncertainty is the effect of organic species
40 ppbv (see Fig. 15). on aerosol behavior. In spite of impressive advances in re-
cent years, present understanding of organic aerosol compo-
. ) sition, physical and chemical properties, sources and trans-
6 Discussion formation characteristics is still limited (Fuzzi et al., 2006).
ISORROPIA reproduces the particle observations well, withM'X.ed organic-inorganic .partlcle.s have been observed in e.x
. . . ) i variety of ambient sampling studies (e.g., Duce et al., 1983;
the exception of particle nitrate 10:00 a.m. to 07:00 p.m. on 9 o )
. . . . “Hughes et al., 1999; Middlebrook et al., 1998; Noble and
April (see Fig. 5). As implemented here, the Markov Chain X i
) rather, 1996; Rogge et al., 1993; Johnson et al., 2005). The
Monte Carlo method includes measurement but not mode|D : : .
uncertainty water absorption of atmospheric aerosols has conventionally
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p E secondary) organic aerosol thermodynamics is very difficult
18 Predicted HCI (Mode) due to major uncertainties in the gas-phase chemistry of or-
ganic aerosol formation, phase-partitioning of the condens-
< able organic gases, and the molecular identity and thermody-
‘] namics of organic PM (McMurry, 2000; Zhang et al., 2000).
a Although some models and SOA observations (Marr et al.,
= 2006) exist, recent results from Mexico City and other loca-
] | tions show that current models may underpredict SOA for-
mation by close to an order of magnitude (Volkamer et al.,
01 Observed I - 2006).
®) g Pedascitien o 15 Given the uncertainties in the literature, it is interesting
= (1)0 to note that the deviations in nitrate concentrations found in
O & Mg g € - ® 00 this work are consistent with the predictions of Ansari and
1200 AM 200 PM 1200 AM 200 PM Pandis (2000). These authors predicted that on average SOA
4/15/2003 DeteTime e accounts for approximately 7% of the total predicted aerosol
water, and increases the predicted nitrate partitioning by ap-
Fig. 15. (a)Posterior distribution of HCI (g) concentrations on 15— Proximately 10% (Ansari and Pandis, 2000). The effect of
16 April at Santa Ana. The points represent the mode of the probaSOA on aerosol water content decreased with increasing rel-
bility density function and the error bars are the 95% confidence in-ative humidity. However, the mass fraction of SOA appeared
tervals.(b) Predicted (mode) and observed aerosol chloride concenio be more important in determining the magnitude of the ef-
trations, where only the observations above the detection limit arefect, with increasing SOA mass fractions leading to increas-
shown. Also exclude_d are chlorid_e obs_,er\_/ations bet\_/veéﬁzoo ing aerosol water content. Thus, despite being less hygro-
and 21:00 on 15 April 2003. During this tlmﬁﬁvery high concen- g than inorganic components, the SOA contribution can
e o ot 25 igh a5 15-20% or areas where the paricle mass i
y figh ord %ominated by SOA, as is the case in the MCMA. Specifically,

tions, was traced to trash burning. No ammonia observations ar: . . ;
available during this period. The model was not run if the ammonia _ased on the work of Ansari and Pandis (2000), the condi-

observations were lacking, even when the observed aerosol chlorigdons on 9 April (high relative humidity and nitric acid pro-
concentration was above the detection limit. duction rates, combined with less efficient dilution and high

SOA concentrations) indicate that SOA will likely have an
appreciable effect on aerosol water content. This increased
been associated with their inorganic fraction; theoreticallyaerosol water content may help explain the nitrate underpre-
and experimentally, little information exists about the hygro- diction observed in the afternoon of 9 April as the increased
scopic behavior of particles containing organic compoundswater content may increase nitrate partitioning to the particle
(Fuzzi et al., 2006). The aerosol model used in this work,phase (Ansari and Pandis, 2000). A limitation of the work of
ISORROPIA, only treats the inorganic aerosol species. Ansari and Pandis is that organic compounds were assumed
Studies of the effect of organics on the hygroscopicity of to not change the thermodynamics (i.e., activity coefficients)
inorganic aerosols and the partitioning of inorganic specief the inorganic components.
are, in general, limited and somewhat contradicting in the Our results indicate that under certain conditions inorganic
literature. Some researchers have suggested that organicstrate concentrations may be affected by SOA to a signifi-
have a negative effect on the growth factor or evaporationcant extent. Such feedbacks are not obvious from our data
rate of inorganics (e.g., Lightstone et al., 2000; Marcolli andfor other inorganic aerosol components. Further experimen-
Krieger, 2005; Marcolli et al., 2004, Xiong et al., 1998), oth- tal data on water uptake of SOA and models that account
ers a positive effect (e.g., Andrews and Larson, 1993; Ansarfor this additional water and nitric acid uptake, as well as
and Pandis, 2000; Varutbangkul et al., 2006), and others botthe effect of SOA species on the activity coefficients, will be
a positive and negative effect (e.g., Choi and Chan, 2002yaluable in furthering our understanding of aerosol behavior.
Cruz and Pandis, 2000; Saxena et al., 1995) or no effect In Part | we showed that the model is able to accurately
(Hameri et al., 1997; 1998). Various researchers have imreproduce the particle-phase chloride observations when the
plemented mixed organic-inorganic thermodynamic aerosobbservations are consistently above the detection limit, and
models (e.g., Clegg et al., 2003; Griffin et al., 2003; Koo etthat during these periods the predicted HCI (g) concentra-
al., 2003; Ming and Russel, 2002; Pun et al., 2002; Sax-ions are well constrained. This is confirmed in this work
ena and Hildemann, 1997). While recent advances havésee Figs. 7 and 8). Part | (SanMatrtini et al., 2006) discusses
greatly contributed to the field, only a small portion of the the model uncertainties and limitations, in particular with re-
organic species found in the atmosphere have been investspect to the treatment of chloride species, and showed the
gated under relatively idealized conditions. Thus modelingpredicted HCI concentration was dependent on whether the
secondary organic aerosol (SOA) formation and (primary +particles are stable or metastable. On 9 April at CENICA

HCI (ppbv)

(wybr) D
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the most likely HCI concentration is predicted to remain in The rate constant  for Reaction a7 is
the sub-ppbv range throughout the day when the particle&;7=102cm3/molecules. Assuming the residence
are assumed to remain aqueous; the average and maximutime of Cl is determined by Reactions (15) and (16) only:
mode of the HCI posterior distribution is 1 ppbv and 2.5 ppbv

when the particles are assumed to b_e dry betwe_en noon ani ~ ki5[O0s] + k16[RH] (18)
05:00 p.m. on 9 April. On 10-11 April the most likely HCI  zc:.

concentration is predicted to remain in the sub-ppbv rangel_
when the particles are aqueous. In the late morning of 11
April, the particles are predicted to be dry at equilibrium; in [c|] k17[HCI] 19

this case the most likely HCI concentration is predicted 0 bej5T ™ o104 + k1o [RH] (19)

as high as-8 ppbv.

The importance of chlorine on the photochemistry in the Representative concentrations in the MCMA of ozone and
MCMA is unclear. Tanaka et al. found that chlorine may RH are~100 ppbv (310" molecules/cr) (Velasco et al.,
have a significant effect on the photochemistry of some urbar2006). With k7=10"12cm?/molecules, and assuming a
environments (Tanaka et al., 2000, 2003), and the effect otoncentration of HCI (g)~1 ppbv (2<10° molecules/crd)
salt chemistry on photochemistry in the vicinity of saline dry yields a ratio of CVOH- of ~6x10°.
lakebeds has been previously noted (Hebestreit et al., 1999). The importance of HCI (g) as a source of chlorine radicals

We note in particular that salt particles may be importantto the alkane photochemistry in the MCMA is determined
to the photochemistry in the MCMA. Recall that the dry salt- by the relative importance of Reaction (16) to the reaction of
lake in the northeast of the city is a source of salt particles.OH with RH:

In addition to the reaction of salt particles with nitric acid
to produce HCI (g), reactions that may be important includeRH + OH — H, O+ R (20)
(Finlayson-Pitts and Hemminger, 2000):

he ratio of ClI/OH-radical concentrations is given by:

The ratio of the reaction rate constant for Reaction (20) to

N2Os + NaCl — NaNG; + CINO; (1) Reaction (16) for propane, n-butane, and n-heptagg, g,

NO3 + NaCl — NaNG; + CI (12)  and 4, respectively. Using n-butane as a representative ex-

CIONO; + NaCl — NaNQs + Cl, (13) amplg to estimate an upper limit gffect on ph'otochemist.ry
(the single most abundant alkane in Mexico City actually is

2NO, + NaCl — NaNQ; + CINO (14)  propane; Blake and Rowland, 1995), an HCI (g) concentra-

CINO,, Cl, and CINO dissociate to highly reactive:Cl tion of ~1 ppbv yields a ratio 0f-400, i.e., the percent con-
which can then react with ozone (Finlayson-Pitts and Hem-tribution of Ct radicals to RH oxidation is-0.2%. Even
minger, 2000). Reactions (11-14) in Mexico City can lead toconcentrations of HCI (g) of-10 ppbv yield only a 2% con-
ozone formation, i.e. via Cl-radical initiated VOC oxidation tribution of CI radicals to RH oxidation. The effect of Cl
(Reaction 16), or destruction, i.e. via Reaction (15) and the'adicals from HCl to alkane photochemistry is thus expected

subsequent scavenging of N®om the atmosphere: to be very minor. The net effect of HCI (g) on ozone pro-
duction may in fact be negative if scavenging of NiGto ni-

O3+ Cl — CIO + O (15) trated chlorine reservoirs, organic nitrates, and scavenging of
However Cl may also react with organics, e.g., HOy into CIOH, as well as the subsequent possible removal
RH+Cl — HCl+ R (16) from the gas-phase was considered.

h Ik K . It should be pointed out that the only source for @di-
where RH and Rare eg. an alkane and alkane radi- .5i5 considered here is our predicted most likely concentra-

cal._ Thlel rr?]t3e constants for Re_actiolrgs r%‘r’) and (16) arg;qn of HCl (g). We have neglected other @dical sources
kis=10"""cm/molecules and ke=10"""cm~/molecules. (e.g., photolysis of G| CINO,, CINO, etc.) in our analysis.

Reaction (16) may be particularly important to the photo- picjarly Cp can jump-start photochemical 0zone produc-
chemistry in the MCMA given the high concentrations of i, jn Houston (Tanaka et al., 2003). To our knowledge nei-
alkanes previously observed in the MCMA (Blake and ROW- o o1, nor HCI measurements have been reported in Mex-
land, 1995). In fact most Cl-radicals will react with alkanes ;. ity to date. It is noteworthy that chlorinated hydrocar-
even in the presence of high ozone concentrations during afg o< account for 1-2.5%of total VOCs in Mexico City (Ve-

ternoons. lasco et al., 2006). Our results indicate that HCI (g) is likely

The importance of HCI as a source of chlorine radicals, ;o gent in substantial concentrations. The upper limit values
and hence on the photochemistry in the MCMA, can be apy, | (q) predictions indicate that Cladical release is at

proximated by considering Reactions (15), (16) and the dayyhe yerge of being relevant for photochemistry. The source

time formation of CI (HCI does not photolyze in the tropo- ¢ ¢ (g) and other sources for Ghdicals are presently not
sphere): clear, and further investigation of the importance of chlorine
HCl + OH — H>,O + CI a7 on the photochemistry in the MCMA is warranted.
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7 Conclusions

Edited by: U. Bschl
Using observations taken at three sites during the MCMA-
2003 campaign we showed that the model described in Part |
(SanMartini et al., 2006) is, in general, able to accuratelyReferences
predict the observed inorganicl particle concentrations. TheAndreWS' E. and Larson, S. M.: Effect of Surfactant Layers on
agreement. between the predicted and observed ammonia the Size Changes of Aerosol-Particles as a Function of Relative-
concentrations is excellent. The M@alculated from the Humidity, Environ. Sci. Technol., 27(5), 857-865, 1993.
NOy, NO and NQ observations during this campaign is of Ansari, A. S. and Pandis, S. N.: Water Absorption by Secondary
limited use in constraining the nitric acid concentration given Organic Aerosol and Its Effect on Inorganic Aerosol Behavior,
the large uncertainties in this measure of nitric acid. Environ. Sci. Technol., 34(1), 71-77, 2000.

Focusing on the acidic period of 9-11 April identified by Blake, D. R. and Rowland, F. S.: Urban Leakage of Liquefied
Salcedo et al. (2006), the model accurately predicts the par- Petroleum Gas and Its Impact on Mexico City Air Quality, Sci-
ticle phase observations during this period with the excep-_ €nce, 269(5226), 953-956, 1995. . _
tion of the nitrate predictions after approximately 10:00 a.m, €hoh M. Y. and Chan, C. K.: The effects of organic species on
(CDT) on 9 April, where the model underpredicts the obser- the hygroscopic behaviors of inorganic aerosols, Environ. Sci.

. . . . ; oo - Technol., 36(11), 2422—-2428, 2002.
vations. While the 9—11 April period was identified as acidic Clegg, S. L., Seinfeld, J. H., and Brimblecombe, P.: Thermody-

by Salcedo et al. (2006), ISORROPIA predicts comparable ,3mic Modelling of Aqueous Aerosols Containing Electrolytes
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