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Abstract. A parameterization was developed for the hetero-(Dentener and Crutzen, 1993; Riemer et al., 2003; Aldener et
geneous reaction probability’) of N2Os as a function of  al., 2006). To accurately simulate nighttime nitrogen chem-
temperature, relative humidity (RH), particle composition, istry and the resulting impacts on ozone, particulate nitrate,
and phase state, for use in advanced air quality models. Thand nitrogen oxides, air quality models must contain a reli-
reaction probabilities on aqueous NMHSOy, (NHz)2SOy, able parameterization of the heterogeneous reaction proba-
and NHyNO3 were modeled statistically using data and un- bility (y), which is defined in a relative frequency sense as
certainty values compiled from seven different laboratorythe fraction of collisions between gaseousy molecules
studies. A separate regression model was fit to laboratonand particle surfaces that lead to the production of HNO

data for dry NHHSQ and (NH,)2SOq particles, yielding Several recent laboratory studies demonstratejtharies
lower y values than the corresponding aqueous parameteigypstantially with temperaturd’}, relative humidity (RH),
izations. The regression equations reproduced 80% of thend particle composition (Mentel et al., 1999; Kane et al.,
laboratory data within a factor of two and 63% within a 2001; Hallquist et al., 2003). Mechanistic explanations
factor of 1.5. A fixed value was selected fpron ice-  for these variations have been proposed (Mozurkewich and
containing particles based on a review of the literature. Thecalvert, 1988; Wahner et al., 1998: Hallquist et al., 2003),
combined parameterization was applied under atmospherigyt the mechanisms are semi-quantitative at best and not yet
conditions representative of the eastern United States usingyitable for inclusion in air quality models. In the absence
3-dimensional fields of temperature, RH, sulfate, nitrate, anchf a quantitative heterogeneous reaction mechanism, some
ammonium. The resulting spatial distributions pfwere jnyvestigators have developed statistical parameterizations for
contrasted with three other parameterizations that have beep based on laboratory data and incorporated those into air
applied in air quality models in the past and with atmo- quality models. In a pioneering modeling study, Dentener
spheric observational determinationsofOur equations lay  and Crutzen (1993) selected 0.1 as a representative vajue of
the foundation for future research that will parameterize thepased on the available data at that time. Riemer et al. (2003)
suppression of when inorganic ammonlated particles are parameterizeg as a function of the particulate sulfate and
mixed or coated with organic material. Our analyses drawpitrate content using laboratory data of Mentel et al. (1999).
attention to a major uncertainty in the available laboratory post recently, Evans and Jacob (2005) modelesh sulfate
data at high RH and highlight a critical need for future labo- particles as a function of RH arfdusing the laboratory data
ratory measurements gfat low temperature and high RHt0  of Kane et al. (2001) and Hallquist et al. (2003), respectively.

Improve modgl simulations of 20s hydrolysis during win- In the present study, we build upon these past efforts to de-
tertime conditions. velop a parameterization pfas a function of”, RH, particle

composition, and phase state, for use in advanced air qual-
ity models. Our work has several advantages over previous
studies: (1) our parameterization uses all published labora-

Heterogeneous reactions 0b® have a substantial influ- tory measurements of on ammoniated sulfate and nitrate

ence on gaseous and particulate pollutant concentrationgarticles; (2) rigorous statistical methods are employed (e.g.,
significance test of each independent variable, weighting of

_ each data point by the measurement uncertainty, defining ex-
Correspondence tal. M. Davis trapolation limits) leading to a simple formula that captures
BY (davisj@ncsu.edu) the most important features in the laboratory data; and (3)
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Table 1. Laboratory measurements of on aqueous NEHSOy,
(NH4)2S0Oy, and NH;NO3 particles.

Reference y Standard error  Speci@s RH,% T, K

FOLO03 0.01870 0.00299 1 60.1 295°

FOLO03 0.01860 0.00399 1 79.7 295°

HALO3 0.00312 0.00167 1 20 298
HALO3 0.00407 0.00205 1 35 298
HALO3 0.03000 0.02200 1 50 263
HALO3 0.01400 0.00620 1 50 268
HALO3 0.01290 0.04500 1 50 273
HALO3 0.03630 0.01800 1 50 283
HALO3 0.01800 0.00800 1 50 298
HALO3 0.00370 0.00130 1 50 308
HALO3 0.02380 0.01200 1 70 298
HALO3 0.01560 0.00590 1 80 298
KANO1 0.00110 0.00100 1 29 295
KANO1 0.00310 0.00230 1 32 295
KANO1 0.01400 0.00520 1 34 295
KANO1 0.00320 0.00240 1 36 295
KANO1 0.00190 0.00110 1 37 295
KANO1 0.01200 0.00320 1 38 295
KANO1 0.01500 0.00130 1 43 295
KANO1 0.01800 0.00270 1 48 295
KANO1 0.01800 0.00310 1 56 295
KANO1 0.02200 0.00190 1 63 295
KANO1 0.02800 0.00290 1 67 295
KANO1 0.03500 0.01100 1 74 295
KANO1 0.06000 0.00510 1 83 295
KANO1 0.04600 0.01200 1 89 295
KANO1 0.06900 0.00950 1 99 295
MOZz88 0.0510¢* 0.00450¢ 1 45 274

MOZzZ88 0.0433%  0.00300°¢ 1 45 293

MOz88 0.0841%*  0.01000° 1 55 274

MOZz88 0.0476¢* 0.00500¢ 1 55 293

MOZz88 0.0671%*  0.00400¢ 1 66 274

MOZz88 0.0425¢* 0.00350¢ 1 66 293

MOZz88 0.0858% 0.01150° 1 76 274

MOZ88 0.0331% 0.00600°¢ 1 76 293

BADO6 0.01500 0.00300 2 50 293
BADO6 0.01600 0.00200 2 60 293
BADO6 0.01900 0.00200 2 70 293
FOLO03 0.01820 0.00320) 2 62.1 295°

HALO3 0.00240 0.00060 2 20 298
HALO3 0.00470 0.00130 2 35 298
HALO3 0.02500 0.00130 2 50 288
HALO3 0.01410 0.00400 2 50 298
HALO3 0.00400 0.00800 2 50 308
HALO3 0.01490 0.00520 2 70 298
HALO3 0.01640 0.00440 2 80 298
HU97 0.04400 0.00800 2 50 297
HU97 0.05300 0.00600 2 68.5 297
HU97 0.02300 0.00400 2 83 297
HU97 0.01700 0.00200 2 93.5 297
KANO1 0.00390 0.00340 2 42 295
KANO1 0.00250 0.00120 2 45 295
KANO1 0.00410 0.00230 2 48 295
KANO1 0.01300 0.00240 2 51 295
KANO1 0.01200 0.00087 2 55 295
KANO1 0.01100 0.00110 2 58 295
KANO1 0.00600 0.00100 2 62 295
KANO1 0.01800 0.00210 2 65 295
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Table 1. Continued.

Reference y Standard error Speci@s RH,% T,K

KANO1 0.02000 0.00230 2 72 295
KANO1 0.02500 0.00096 2 76 295
KANO1 0.03300 0.00130 2 86 295
KANO1 0.04200 0.00220 2 92 295

MOZ88 0.0365%  0.00250° 2 60 293

FOLO1 0.00415 0.00075 3 53.7 293.6
FOLO1 0.00609 0.00152 3 60 297.0
FOLO1 0.00959 0.00100 3 71.3 294.1
FOLO1 0.01540 0.00300 3 79.6 297.6

a Publishedy values from MOZ88 were multiplied by 0.85 in this
table based on correction factors for the plug flow approximation
described by Fried et al. (1994).

b Average of separate standard errors reported above and below the
y value.

¢ Published values from MOZ88 are 2 times standard error. Those
values are divided by 2 in this table for consistency with other pa-
pers which report 1 standard error.

d Species 1 = NgHSOy, Species 2 = (Nk)>SO4, and Species 3 =
NHzNOs3.

€ Measurements were collected between 293 and 297 K. Midpoint
of this range, 295K, is used in our analysis.

f BADO6 does not state the temperature at which their experiments
were conducted. The 283value is obtained from the experimental
description by Badger et al. (2006b).

phase changes are considered explicitly in our parameteriza-
tion such thaty on aqueous particles exceeds that on solid
particles.

2 Laboratory data

All the data used for our examination ef with respect to
T, RH, and particle composition come from laboratory work
documented in the following publications: Mozurkewich and
Calvert (1988); Hu and Abbatt (1997); Folkers (2001); Kane
et al. (2001); Folkers et al. (2003); Hallquist et al. (2003);
Badger et al. (2006a). For brevity, these documents will be
referred to hereafter as MOz88, HU97, FOLO1, KANO1,
FOLO03, HALO3, and BADO6, respectively. Each publica-
tion contains a description of the procedures that were fol-
lowed to determings from analytical measurements of the
reactants and/or products of the heterogeneous reaction. In
some cases, the laboratory procedures differ considerably
from one another (e.g., FOL03 vs. HALO3); however, ac-
counting for the possible impacts of procedural differences
on the reported values ¢fis beyond the scope of this work.
Therefore, we used published valuesdirectly rather than
attempting to compute them from raw laboratory measure-
ments.

To our knowledge, the seven publications listed above con-
tain all of the published laboratory measurements afn

www.atmos-chem-phys.net/8/5295/2008/
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Fig. 1. Laboratory measurements pfused in the statistical models f¢a) aqueous NHHSOy, (b) aqueous (NH)2SOy, (¢) aqueous
NH4NO3, and(d) dry NH4HSO4 and (NH;)2SOy.

ammoniated sulfate and nitrate particles at conditions releNH4HSOy, 28 for (NHy)2SQy, and 4 for NHNO3 (see
vant to the troposphere. We focus on these particle compoTable 1). Included in Table 1 is a HALO3 data point on
sitions because they constitute a substantial portion of th€NH4)2SOy particles at 20% RH and 298 K. At those condi-
aerosol surface area in continental air masses and becausiens, (NH;)>S0Oy is expected to be dry (Martin et al., 2003)
laboratory measurementsjpbn these surfaces are relatively but HALO3 reports a measurable increase in aerosol volume
abundant. Measurements pfon organic acids, soot, and in these experiments relative to their own dry experiments
dust have been parameterized adequately in a recent modedt 20% RH. Therefore, this datum is retained for statistical
ing study (Evans and Jacob, 2005), so those particle companodeling of the aqueous particle data.

sitions are not reconsidered here. The impact of organic coat-

ings ony is an active area of research (Folkers et al., 2003; Figure 1a to ¢ summarize all of the laboratory measure-
Thornton and Abbatt, 2005; Anttila et al., 2006; McNeill et ments used to develop our statistical model for aqueous par-
al., 2006; Cosman et al., 2008; Cosman and Bertram, 2008}jcles, and illustrate the dependence,obn RH, 7', and par-

and should be incorporated into future parameterizations. ticle composition. For all three compositions studied here, a
prominent feature is that increases with RH although the

2.1 Aqueous particles reliability of this trend at high RH is unclear (see discussion
in Sect. 5.2 and Appendix A for further details). For a fixed

Our review of the literature identified 67 published val- RH andT, y is typically highest on NgHSOy, lowest on

ues ofy on aqueous particles, including 35 data points for NH4NOs, and exhibits intermediate values on (NBESOy.

www.atmos-chem-phys.net/8/5295/2008/ Atmos. Chem. Phys., 8, 53952008
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Table 2. Laboratory measurements gf on dry NHHSO, and particle surfaces. Theoretically, none of the M$O, parti-

(NH2)5S0. cles analyzed in KANO1 should be dry because their experi-
ments began with wet particles and pure f$0, does not
Reference y Standard error  Speci€s RH, % T, K crystallize at 295K (Martin et al., 2003). However, we in-
clude three KANO1 data points in Table 2 because of their
KANO1  0.00150 0.00042 1 13 295 .
KANOL  0.00180 0.00140 1 15 205 extremely lowy values coupled with the knowledge that
KANO1  0.00480 0.00180 1 21 295 supersaturated aqueous NSO, particles are difficult to
MOZz882 0.00510°  0.00350° 1 274 sustain below 22% RH (Tang and Munkelwitz, 1994). The
MOZz882 0.00765°  0.00100° 1 293 (NH4)2S0y particles analyzed in KANO1 below 40% RH
MOZz882 0.02040°  0.00400° 12 274

and in BADO6 below 34% RH were reported as dry, so they

PR RPRRRRRE

a
mg;gza 8:81;$$ 8:8823? ;g 232 are included in Table 2. Similarly, six of the (!\AhSO4 data
MOZ882 002978  0.00250° 25 293 points from HALO3 are reported on dry particles. All of the
MOZz882 0.04675°  0.00120° 34 274 data reported by HU97, FOLO1, and FOL03 were obtained
MOZz88?2 0.021258°  0.00500° 34 293 on aqueous particles, so those publications are not listed in

BADO6  0.00570  0.00060 2 25 253 Taple 2.

mtgg 8:88‘1138 8:88238 ; ;g ggg An analysis of the 15 valid laboratory valuesjofon dry
HALO3 0.01170 0.00206 2 50 278 particles indicates that they are generally lower thaon
HALO3  0.012408  0.0022¢¢ 2 50 288 aqueous particles. The very limited data reveal an apparent
HALO3  0.00460 0.00080 2 50 298 influence of RH and” on y, which can be seen in Fig. 1d.
HALO3  0.00030 0.00340 2 50 308

KANO1  0.00094 0.00059 2 8 295

KANO1  0.00400 0.00096 2 32 295

KANO1  0.00380 0.00085 2 37 295 3 Methods

KANO1  0.00580 0.00025 2 38 295

KANO1  0.00620 0.00120 2 39 295 - .

MOZ889  <0.0025% NA 2 25 293 3.1 Statistical models for aqueous particles

a Not used in our statistical analysis based on the discussion inl N€ Primary objective of this study is to derive a robust sta-

MOZ88 (see text for detalils). tistical parameterization for on aqueous particles using the

b publishedy values from MOZ88 were multiplied by 0.85 in this data summarized in Fig. 1. Prior to our regression analyses,

table based on correction factors for the plug flow approximationthe laboratory data were transformed using the logit function:

described by Fried et al. (1994).

¢ Published values from MOZ88 are 2 times standard error. Thosey, = In (y/A—1y))

values are divided by 2 in this table for consistency with other pa-

pers which report 1 standard error. This transformation ensures that all model estimates i
Table 4 in HALO3 contains typographical errors. Corrected val- hetween zero and one, which is consistent with the relative-

;e‘; aggiar in this table based on personal communication witheqyency definition of . One regression equation was esti-
T . _ mated from the union of NFHSO4 and (NH;) SO, data for

¢ Species 1 = NGHSQ, and Species 2 = (NS0, é/vhich observations are most abundangt. A model based on the

f BADO6 does not state the temperature at which their experiment . .
were conducted. The 293 K value is obtained from the experimental\H4NOs data was fit separately since those measurements

description by Badger et al. (2006b). were reported in a separate study from all the ammoniated
9 These data were not used in our analysis due to the missing starfulfate data and include only four unique combinationg of
dard error and uncertain value. and RH values (see FOLO1 data in Table 1).

On NH4HSO and (NHy)2SOy particles, a dependence of
y on temperature is difficult to observe in the measurements.
A successful statistical model must capture these features dfhe only cross sections of data where temperature was varied

the laboratory data. over a large range are at 50% RH (see Fig. 1a and b). Along
those cross sections, thevalues do not change monotoni-
2.2 Dry particles cally with temperature. Based on the work by Hallquist et

al. (2003), Evans and Jacob (2005), and our own data anal-
Our literature review also identified 24 published values ofyses, a temperature threshojdwas applied within our sta-
y on dry particles, including 11 data points for MH#SQO;s tistical model. The threshold temperature variable is defined
and 13 for (NH)2SO, (see Table 2). Measurementsyobn as:
dry NH4NO3 were not found. All of the MOZ88 data points
were removed from our analysis based on the description ir; = max(T — j, 0)
MOZ88 of an artificial enhancement ¢f at RH<40% due
to small amounts of NElevaporating from the NFHSOy wherej is an integer whose value is determined below.

Atmos. Chem. Phys., 8, 5295311, 2008 www.atmos-chem-phys.net/8/5295/2008/
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Our initial form of the statistical model for aqueous the linear model indicate the error terms are reasonably nor-
NH4HSO, and (NH;)2SOy particles, denoted; anda,, re- mally distributed. Correlation between the covariates is very
spectively, is given by: low, indicating the effects of multicollinearity on the esti-
mated regression parameters should not be a problem. While
the above model satisfies several statistical criteria, there is
a lingering concern about this parameterization because the
relationship betweepr and RH lacks consistency from one
laboratory to another. We discuss this source of uncertainty
in Sect. 5.2 and provide a second possible parameterization
for y on agueous NFHSO, and (NH;)2SOy particles in Ap-
endix A.

For aqueous NENO3 particles, all data were collected in
a narrow temperature range so it was not possible to identify

A1 = Pro+ P1aRH 4+ B12T; + B13RH (1)
xT; + ,314RH2 + ,315RH3 + &1

A2 = (B1o+ B20) + (B11 + B20RH + (B12 + B22) T
+(B13+ B23)RH x T; + (B1a+ B2a)RH?
+(B15+ B2s)RH3 + &2

)

The regression coefficients, represent scalar quantities and P
the model errorss;, were assumed to be normally and inde-

pendently distributed. Higher order polynomial terms were | temperature trend. The model for N%O3 was selected

considered for RH, but ndf;, based on our inspection of o .
plots of A versus RH and". Note that during the regression Lhoaa:;tg:the form of Eq. (1), and is given by the following

analysis, Egs. (1) and (2) were solved simultaneously using
the combination of NBHSO, and (NH;)2SOy data. The ex- )5 = gy 4 B31RH + &3 (6)
tra coefficients 820, B21, B22, B23, B24, andBas —in EQ. (2)
were included to test whether the linear relationship betweerThe estimated coefficients for this model are also given in
A, RH, andT;, differs significantly for different particle com- Table 3. The estimated values of, A2, andis, are back
positions. transformed to compute the reaction probability values for
Coefficients of the linear model were estimated usingthe three particle compositions.
weighted least squares (Kutner et al., 2005). Each obser-
. . : . . 1
vation was assigned a weight,, that is a function of the , = —
standard error values,, reported with each laboratory mea- 1+em

i=1 23 (7

surement of:

w=[yd-y)]?/o? 3)

The parameterized functions fprare plotted on a log scale
versus RH in the upper panel of Fig. 2 for a selected set of
temperatures. The lower panel of Fig. 2 shows contour plots

These weights were derived based on a Taylor approxima®f the estimateg’ values spanning the ranges®fand RH

tion for the estimate of the variance o{Casella and Berger,

encountered in the lower troposphere. Each laboratory mea-

2002, p. 241). surement is shown as a discrete point in the lower panel.
Stepwise model selection for regression analysis was usebaboratory data are not available over the entire range of

to determine which of the variables in Egs. (1) and (2) aretropospheric conditions, so caution must be exercised when

statistically significant. At each stage of the model selectionextrapolating parameterizations derived from the available

process, the Akaike Information Criterion (AIC) was used to data. For example, extrapolation of the regression equations

decide whether linear terms, cross product terms, and higheie the regime of low" and high RH yields/ values which

order terms should be included or excluded. This proces€xceed all of the lab measurements (g4=0.15). To pre-

was repeated for each integer valuejdfetween 275K and  vent erroneous extrapolations when these functions are used

295K as well as for a model with no temperature thresh-at different atmospheric conditions, such as the application

old (i.e. j=0K). The AIC value was used to determine the in Sect. 4.3, the estimated values were constrained to be

most parsimonious statistical model that best fits the datdi0 greater than the maximum obseryed

with a minimum number of covariates (Akaike, 1973). This .

procedure yielded a model with five statistically significant Vl* - m!n(yl, 0.08585

terms and a threshold temperatureje291 K. The individ- VZ* - m!n(yg, 0.053

ual equations for NEHSOy and (NHy)2SOy differ in the in- Y3 = Min(rs, 0.0154

tercept term and the slope term for threshold temperature.

©)

These upper limits are depicted by horizontal gray lines in
Fig. 2a—c, and the lightly-shaded irregular pentagons in the
“) lower-ri i [
-right portions of Fig. 2d—f.

(5) Extrapolation of Egs. (4—7) must also be limited by ther-

modynamic considerations. At R:82.8%, (NH)2SOy
The best-fit values and standard errors of each coefficient arerystallizes to form a solid phase (Martin et al., 2003y5@s
given in Table 3. In each equation, RH is expressed as @&xpected to decline abruptly with decreasing RH across this
percentage. Several diagnostics were used to assess the agdrase boundary. The regions of Fig. 2b and e with RH lower
quacy of the regression function. Plots of the residuals fromthan the crystallization relative humidity (CRH) are shaded

A1 = Pro+ B1aRH 4 B1oT91 + €1

Ao = (B1o+ B20) + B11RH + (B12 + B22)Tr91 + €2

www.atmos-chem-phys.net/8/5295/2008/ Atmos. Chem. Phys., 8, 53952008
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Table 3. Regression coefficients and summary statistics for Egs. (4_ered due to the very limited sample size. The variable selec-

6) and (9). tion procedure yielded a model with three statistically signif-
icant terms and a threshold temperature of 293 K. Analogous
(a) Summary statistics for the aqueous pH50, and (NHy)»S0s to Eq. (2), extra coefficients were included to test whether
model (i.e.A1 andiy). the linear relationship betweenRH, and7;, differs for dif-
ferent particle compositions, but none of those coefficients
Estimate  StdError  tvalue  pvalue were deemed significant. The model for dry particles (de-

fro —4.10612 022548 —18211 <2e-16
B0 —0.80570  0.17734 —4.543 2.86e-05
f11 002386  0.00326 7.323  8.40e-10
B —0.23771  0.03698 —6.428 2.65e-08 A = Bao + BarRH + Bi2Tr03+ €4 9
Bap 010225  0.05237 1.952 5.57e-02

noted with subscript “d” for dry) is given by

The best-fit values and standard errors of each coefficient are

Multiple R-squared: 0.6616, Adjusted R-squared: 0.6382 given in Table 3. The estimated valuesJof can be back
(b) Summary statistics for the aqueous ANO3 model (i.e.A3). transformed using Eq. (7). As with the aqueous parameteri-
zations, estimateg values were constrained to be no greater
Estimate  Std. Error t value p value than the maximum observed
Bag —8.10774  0.19941 —40.66 6.04e-04 .
f31  0.04902  0.00290 16.89 3.49e-03 Y4 = min(yy, 0.0124 (10)
Multiple R-Squared: 0.993, Adjusted R-squared: 0.9896 Recall that no laboratory measurementg @in dry NH4NO3

were found, so Egs. (9—10) are intended primarily for dry

s tatistics for the dry NSOy and (NHy)»SO ) .
(c) Summary statistics for the dry NHSOs and (NHy) 2SOy ammoniated sulfate particles.

model (i.e.1g).
Estimate Std. Error  tvalue  pvalue 3.3 Model for internally-mixed particles
Pao —6.13376  0.16560 —37.040 9.62e-14 In urban- and regional-scale air quality models, inorganic

Ba1 0.03592 0.00433 8.300 2.57e-06

6> 010683 002815 —6.994 145605 fine particles are often assumed to exist as an internal mix-

ture of SG~, NOg, NH;, and HO (Wexler et al., 1994;
Multiple R-Squared: 0.8991, Adjusted R-squared: 0.8823 Binkowski and Roselle, 2003). To date, laboratory mea-
surements ofy on such mixtures have not been reported.
As a provisional measure, it is useful to expressas a
molar-weighted average of the single-component parameter-
izations provided above. Assuming all of the N@ present

as NH;NO3z and the leftover NE{I is distributed between
(NH4)2S0O4 and NH{HS Oy, we computed mole fractions

to illustrate this limit. In contrast, agueous droplets con-
taining pure NHHSO, or pure NHNOs do not crystallize
(Martin et al., 2003) so our equations for andys may be
applicable at very low RH.

Under the_ conditi_ons of very high RH and Id&Ner_moun- x1=1— (x24 x3)
tered occasionally in the lower troposphere, particle-bound . A
water will freeze to form ice (Martin, 2000). The point at 2 = max(O, min (1 T NS T 1)) (11)
which this phase change occurs is determined by the ratio oft3 = NLH
the saturation vapor pressure over iceigmo that over wa-
ter (pWwater). This portion of the phase diagram is shaded in
the lower panel of Fig. 2, using the Goff-Gratch equations to
compute pwe and pwyater (Goff and Gratch, 1946). As RH
increases across this phase boundary, we expéatbe far

wherex; represents the molar concentration of component
i normalized by the summed concentrations of JNISOy,
(NH4)2SO4, and NHNOg3; and A, N, and S, represent
the molar concentrations of particle—phase;Nl-NOg, and

less than the upper limits imposed by Eq. (8). Soﬁ‘, respectively. The limiting values ab correspond to
mixtures that are more acidic than MHSO, or more alka-
3.2 Statistical model for dry particles line than (NH,)2S0O4. Such compositions are rarely found in

tropospheric fine particles, but were considered in Eq. (11)

When the ambient RH is below the deliquescence relativd©" COmpleteness. . o

humidity (DRH), ammoniated sulfate and nitrate can existas YSiNg the above mole fractions as weighting factors, the
dry particles that are devoid of liquid water. For dry parti- réaction probability of MOs on mixed aqueous particles,
cles, a separate parameterizatiory 6§ needed. The statisti- Yaamix, C&n be computed as

cal methodology outlined in Sect. 3.1 was repeated using the 3

15 dry particle data points selected from Table 2 except, thisyaqmix _ Z iy (12)
time, higher order polynomial terms of RH were not consid- = !

Atmos. Chem. Phys., 8, 5295311, 2008 www.atmos-chem-phys.net/8/5295/2008/



J. M. Davis et al.: Parameterization op@s reaction probabilities 5301
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Fig. 2. Parameterization of as a function of RH and’ for (a andd) aqueous NEHHSOy, (b ande) aqueous (NH)2S0O4, and € andf)
aqueous NH4NO3. In (d—f), contour lines show the parameterized valyeanfl discrete points show the combinationg'oand RH at
which laboratory measurements were collected. Shaded regions are described in the text.

wherey* is defined in Eq. (8). The corresponding expression4 Results

for mixed dry particles is
4.1 Mechanistic evaluation

Yamix = (X1 + x2)y; + x3 - min(y;, v3) (13)  Our statistical parameterizations capture all prominent fea-
tures of the laboratory data and are qualitatively consis-
tent with the ionic hydrolysis mechanism proposed by

In the absence 9f Iabor_ator_y measurements on dryNiBs Mozurkewich and Calvert (1988) and later extended by Wah-
partlclesf the min function is used in _Eq. (_13) _to _reflect OUr ey et al. (1998) and Stewart et al. (2004):
expectation thayy on dry NHyNO3 particles is similar to/

on dry ammoniated sulfate particles, but should not exgeed Condensation  hOsg) — N20Osaq) (R1a)
on aqueous NENOj3 particles.

No laboratory measurements ef on particles contain-
ing a mixture of ice and ammoniated sulfate or nitrate Wereniscolution NOs(ag + H20 — HoNOY + NO; (R2a)
found, buty on pure ice has been studied extensively for @ 3 s
stratospheric applications (e.g., Leu, 1988; Hanson and RavRecombination I2|NO§’ +NO; — N2Os(ag + H20 (R2b)
ishankara, 1991). A representativevalue of 0.02 was se-
lected from those data (IUPAC, 2006). This fixed value was|on hydrolysis BNOJ + H20 — H30" + HNOs(aq (R3)
applied to all ice-containing particles in the present study.

Evaporation  NOg@ag — N2O0s(g (R1b)

First, the aqueous parameterizations/oihcrease with RH
at each temperature for all three particle compositions (see
Yicemix = 0.02 (14)  Fig. 2a—c). This is consistent with the KANO1 and FOLO1
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data (see Fig. 1la—c), which indicate that aerosol water conuptake of NOs on dry particles to be independent of RH.
tent controlsy via the dissolution step R2a. However, labo- However, it has been shown that the heterogeneous uptake of
ratory data on several other water-soluble particle types indiHNOs3 on solid salts can increase with RH due to increases
cate no discernable changejnabove 50% RH. This issue in surface-adsorbed water (Goodman et al., 2000; Ghosal and
is explored in Sect. 5.2 and Appendix A. Second, the paramHemminger, 2004). It is possible that the reactivity oi4
eterization ofy on NHsHSO, exceeds that on (NH2SOy on solid ammoniated sulfate particles is influenced by a sim-
(i.e., y1>y») for T<298K due to the negative value of our ilar process. An alternative explanation is that homogeneous
B2o coefficient (see Eq. 5 and Table 3). This result is con-gas-phase reactions betwees{y and water vapor were tak-
sistent with the KANO1 and HALO3 data (compare Fig. 1la ing place during the laboratory experiments, leading to an
and b). Kane et al. (2001) speculate that the rise may  apparent enhancementgf (Davis et al., 2008a).

be due to the small amount oftHin NH4sHSO4 solutions,

wh_ich could catalyze _Regction (R2a) (Robinson et a_l., 1_997).4_2 Statistical evaluation

Third, the parameterizations ¢f andy» decrease with in-

creasing temperature fdr>291K. This is consistent with ) _ _
the MOZ88 and HALO3 data (see vertical transects at 45%1F|gure 3 illustrates a comparison between the parameterized
50%, 55%, 66%, and 76% RH in Fig. 1a, and at 50% RH in” values and the underlying laboratory data used for statisti-
Fig. 1b). Mozurkewich and Calvert (1988) speculate that thisc@l modeling. Out of the 35 aqueous NSO, data points,
negative temperature dependence may be due to 3t N 22 are fit within a factor of 1.5 and 27 within a factor of two

evaporation rate (R1b) increasing faster with temperaturdS€€ Fig. 3a). Seven of the remaining eight points are over-
than the NOs dissolution rate (R2a). estimated by Eq. (4). Four of these are KANO1 data points

Fourth, the parameterization of on NHsNO; is lower with RH between 29 and 37%, which is in the metastable
than that on (NH)2SOs (i.€., y3<y2). This can be seen _regim_elwherg the Nlr_HSO4 phase is very sensitive to trace
most clearly by comparing Fig. 2¢ with the 293 and 298 K impurities. Figure 6 in KANO1 shows the same four points
isotherms in Fig. 2b because all of the N#D; measure- falling below their best-fit line, while one data point in this
ments were collected in that temperature range. This “nitratdXH range has a much highgvalue. Itis possible that crys-
effect” is described in detail by Mentel et al. (1999), and is _talllzat|on occurred during a subset ofthelrexperlments lead-
attributed to an enhanced rate of® recombination (R2b) N9 to the four Iow;x_measurements. Figure 3a_ also reveals
in aqueous particles composed of JNONote that the NQ that Eq. (4) overestimates two HALO3 data points by a fac-
concentration leading to recombination is dominated by thefor of four. Those values were measured at 268 and 273K,
substrate composition rather than the small amount whiciPut are a factor of three lower than the HALO3 observations
comes from NOs dissolution. Comparing our parameter- at the surrounding temperature§ of 263 and 288K. To fl_t all
izations ofy, and y3 over the ranges of’ and RH where four of thesey values would require a third orderpolyn9m|al
NH4NO3 lab data are available (i.e., 293 <298K and of temperature, but sgch aterm would have no physical ba-
50<RH< 80%), we see that the nitrate effect ranges from SIS- Instead, Eq. (4) yields a fixed value of 0.052 for all 4 data
a factor of 1.3 to 5.2. This rather broad range is due to thePoints because they are all below the threshold temperature
larger RH dependence in Eq. (6) versus (5) (compae of 291K.
with 811 in Table 3). More importantly, the nitrate effect  Out of the 28 aqueous (NpbSO, data points, 15 are fit
deduced from our analyses is much less pronounced thawithin a factor of 1.5 and 22 within a factor of two (see
the factor of ten applied in model simulations by Riemer Fig. 3b). All four data points that Eq. (5) overestimates
et al. (2003). Our result is probably more appropriate forby more than a factor of two are from KANO1 and in the
continental air masses, because it is derived from a compametastable RH regime (42, 45, 48, and 62% RH). Figure 5
ison between (Nhk)2SO4 and NH;NO3 particles rather than  in KANO1 shows the same four points falling below their
a comparison between Na0O, and NaNQ@ patrticles. best-fit line, while three data points in this RH range have

Fifth, our parameterization gf on aqueous ammoniated much highery values. As noted by Hallquist et al. (2003)
sulfate is 1.6 to 7.5 times greater than that on dry particlesand analogous to our line of reasoning above, we speculate
within the RH range where those components can exist in eithat crystallization occurred during a subset of the KANO1
ther a solid or aqueous phase due to hysteresis fi.e.y, (NH4)2S0O4 experiments leading to the four lowmeasure-
andy,>y,; for CRH <RH<DRH). This result is consistent ments. Figure 3b also reveals two HU97 data points that we
with the HALO3 data, in whichy on wet (NH;)2SO4 was underestimate by a factor of three or more. A number of
found to be 1.2-13 times greater than that on dry {N8O, authors (e.g., Kane et al., 2001; Hallquist et al., 2003) have
(compare 5 paired values in Tables 1 and 2). The differ-commented that the HU97 data are unlike those reported in
ence iny on dry versus wet particles can be attributed to theany other study, both in their magnitude and RH dependence,
scarcity of water in the dry particles, which inhibits dissolu- but no physical explanation could be found to justify the ex-
tion. The statistical significance of the RH term in Eq. (9) clusion of these data from our statistical model. Given the
puzzled us initially, because we expected the heterogeneoudarge differences compared to other laboratory data, we do
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Fig. 3. Comparison between the parameterized and observatlies usingd—e)our regression equations affithe Evans and Jacob (2005)

parameterization for sulfate particles. Dashed and dotted lines bound the data points which are fit within factors of 2 and 1.5, respectively.

Solid lines depict 1:1 agreement.

not expect our parameterization to fit the HU97 data well anderror in Table 1 of that paper. The form of their equation
this expectation is verified in Fig. 3b. should read/=a x 10~# but the negative sign was omitted in
Figure 3c shows excellent agreement between the fittedhe publication (Mathew Evans, personal communication).
and observeg values on aqueous NfNOs particles, with  Figure 3f summarizes the EJO5 performance after correction
Eq. (6) capturing all four data points withia7%. Figure 3d  of the typographical error. When compared against all 40
reveals good agreement between Eq. (9) and the dry particléNH4)2SO, data points (dry and wet), EJO5 underestimates
data. Out of the 15 data points, 11 are fit within a factor of 1.5half of them by 15% or more whereas our parameterization
and 13 within a factor of two. One of the outlying data points exhibits a smaller median relative bias (+10%). The EJO5 pa-
has an extremely large measurement uncertainty (see HALOBmeterization is not intended for NHSQ, particles and an
datum at 308 K in Table 2) so our weighted regression modekrroneous application of EJO5 to such acidic particle surfaces
is not expected to capture this point. Equation (9) reproducesvould underestimate most of the NHSOy data points by
the other outlying point — from KANO1 at 8% RH — within nearly a factor of 2 (see circles in Fig. 3f). Similarly, EJ05
two times the measurement uncertainty. should not be applied to NHNOs particles because it was
In Fig. 3e, we summarize a comparison between all of thenot designed to capture the nitrate effecto(see plus sym-
fitted and observegt values used to develop our regression Pols in Fig. 3f).
equations. Among the 82 data points reported in seven differ-
ent laboratory studies, our parameterizations reproduce 63%4.3 Atmospheric implications
within a factor of 1.5 and 80% within a factor of two. For
comparison, we contrasted this performance withftheand  To illustrate the atmospheric relevance of this work, we used
RH-dependent parameterization reported by Evans and Jdhe parameterizations developed above to compuecon-
cob (2005) fory on (NH;)2SOy particles (referred to here- ditions encountered over the eastern United States.
after as EJO5). In the process, we discovered a typographicahputs for this calculation (i.e., 3-dimensional fields Bf

The
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RH, SO}‘, NO3, and NI—[{) were obtained from outputs Figure 4 displays results of the above calculations for the
stored during a previous Community Multiscale Air Quality January—February 2001 period. Across the eastern US, val-
(CMAQ) model simulation (Appel et al., 2008), so the cal- ues ofyampientrange from 0.02 over the Midwest to 0.05 over
culation does not account for any feedbackyothat would  Florida (see Fig. 4d). Low values over the Midwest result
result from changes to particle composition if our new pa-from high NG; concentrations, typical of this region during
rameterization was implemented in an air quality model. Inwinter, combined with below-freezing temperatures and high
the CMAQ model run, transitions in the aerosol phase stateRH that occasionally exceeds the IRH. The highpientval-
were not simulated. To utilize all of the parameterizationsues over Florida result from low NDconcentrations cou-
developed in this study, we assume here that the modeledled with the absence of ice-containing particles. Compar-
particles are wet above their CRH and dry below their CRH.ing Fig. 4d with e, it can be seen that opmpient Values
This is a reasonable assumption because several field carfall below the fixed value of 0.1 used in the early work by
paigns have demonstrated that tropospheric particles ofte@entener and Crutzen (1993) which is now recognized as an
retain water well below their DRH (Rood et al., 1989; San- upper estimate of (Evans and Jacob, 2005). Comparing
tarpia et al., 2004; Khlystov et al., 2005). The CRH for Fig. 4d with f, we see that thg parameterization by Riemer
an internally mixed particle composed of ?O NO3, and  etal. (2003) is consistently lower thagmbient The Riemer
NHZ was calculated using the equation for complete crys-parameterization has an upper bound of 0.02, based on mea-
tallization by Martin et al. (2003). Although that equation surements of on NSOy and NaHSQ particles (Mentel et
was only validated at 293K, we applied it at @llbecause  al., 1999). As noted above, our parameterization is more ap-
there currently exists very little data to justify a temperature-propriate for continental air masses because it is derived from
dependent CRH (see discussion by Schlenker et al., 2004)neasurements on ammoniated particles rather than sodium-
To computey over the full range of conditions encountered containing particles. Moreover, the Riemer parameterization
in the atmosphere/ampiens We applied Eqgs. (12—14) as fol- does not depend dfi and RH due to insufficient laboratory

lows: data at the time of that study.
The comparison betweenRmpientand EJOS is the most in-
Yd,mix RH<CRH triguing (compare Fig. 4d and g) because EJO5 is the cur-
Yambient= } Yicemix RH>IRH (15) rent parameterization of choice in many regional- and global-
Yagmix otherwise chemistry models such as CMAQv4.6 and GEOS-CHEM.

Across the northern half of the domain, EJO5 often exceeds
where IRH is the relative humidity of ice formation, which (.10 whereagambientis between 0.02 and 0.06. At lower lat-
varies with temperature (see discussion in Sect. 3.1). itudes, EJO5 exceedsmbientby 0.01 to 0.02. Recognizing

Values of yampient were computed for each hour of Jan- thatyampientis Suppressed by the nitrate effect whereas EJO5
uary, February, July, and August 2001, usihgRH, SG~, is not, a more equitable comparison is between EJO5 and our
NO3, and NI—[{ in each 12-km grid cell. For comparison, we parameterization gf on (NHy)2SOy (i.e., Fig. 4g versus b).
also computed hourly spatial fields pfon NH;HSO, (i.e., Surprisingly, this comparison also revealed rather large dif-
Y1), (NH3)2SOy (i.e., y; when RH>32.8% andy,; other-  ferences. The main reason for differences in the northern lat-
wise), and NHNOs (i.e., y3), each with the IRH constraint itudes is that our parameterization was bounded by the max-
imposed, as well as three other parameterizations tifat imum laboratory value of 0.053 (see Fig. 2b and e) whereas
have been applied in air quality models in the past. For il-EJO5 yields very large values when extrapolated to ow
lustrative purposes, the hourjy values were averaged over and high RH conditions. In addition, our values;ofn the
two-month periods representative of the winter (January-north and along the Appalachian Mountains are suppressed
February 2001) and summer (July—August 2001). When avby ice formation (see upper-left corner of Fig. 4b for exam-
eraging hourly values, we included only the nighttime hoursple) whereas the effects of that phase transition are not con-
of 04:00-09:00 GMT because;Ns concentrations are neg- sidered in the EJO5 parameterization. In fact, the very highest
ligible in the daylight (Brown et al., 2003a) so values)of values ofy (~0.13) are obtained when EJO5 is extrapolated
at those times have no practical importance. Though verticato the regime where ice formation is favored. In the southern
distributions ofy were computed, we focused our attention half of the domain, EJO5 exceegs$ by 0.02 to 0.03. These
on the model layer that is 75-150 m above the surface belocations are characterized by average nighttime conditions
cause the CMAQ results indicate that the product gON  of 80% RH and 280 K, where EJO5 yields a value of 0.08 and
and aerosol surface area is highest in this layer during botlour parameterization reaches its upper-limit value of 0.053.
the summer and winter periods. Recall that thgON hy- In the summeryampientranges from 0.01 over Texas and
drolysis rate is proportional to this product (Riemer et al., Oklahoma to 0.07 over the Appalachian Mountains. The
2003). Vertical profiles of N@and NoOs measured by Stutz  lowest values correspond to the portion of our domain where
et al. (2004) and Brown et al. (2007a, 2007b), respectivelythe nighttime average temperature was highest (302 K), RH
support our decision to focus gnat~100 m above the sur- was lowest (60%), and the particle compositions were dom-
face. inated by (NH)2SOq (x2=0.9). Over the Appalachian
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Fig. 4. Average nighttime values of over the eastern United States during January-February 2001, com(@ard)@ur parameterizations
with (e—g)those used in previous model applications. In (a, ¢, angt @3,a function of RH and’. In (b), y is a function of RH,T’, and
phase state. In (ey, is fixed at 0.1. In (f),y is a function of SQZ_ and NQ;~. In (d), y is a function of RH,T, SO42_, NHst, NO3~,
and phase state. A}l values greater than 0.1 are plotted in black.

Mountains, high values ofampient resulted from the parti- and western Pennsylvania during summer 2004 (Brown et
cle compositions being dominated by MHSO,; (x1=0.8) al., 2006). Using the CMAQ results which simulated July —
along withT <290K and RH-80%. Across the entire do- August 2001, our parameterization yields slightly larger val-
main, yamnientand EJO5 were in very good agreement exceptues: yamnien=0.05 off the New England coast, and 0.03-0.05
in locations wherex1=0.8. Under those acidic conditions, over Ohio and western Pennsylvania. However, as mentioned
yambientexceeded EJO5 by nearly 0.02 as would be expectedh Sect. 2, our parameterization neglects the influence of or-
from a comparison of Fig. 3e and f. ganic coatings onvampiens Laboratory and field evidence
suggests that the organic influence is very important (Folkers
et al., 2003; Brown et al., 2006) and additional research in

5 Discussion that area should help close the gap between the observation-
_ . _ based and statistically-parameterized estimatgs diiring

5.1 Comparisons with atmospheric data the summer.

Historically, attempts to estimage from atmospheric obser- Several modeling studies concur that gaseous and particu-

vations were obstructed by the inability to measure ambi-late pollutant concentrations are far more sensitive tur-

ent NbOs concentrations. This obstacle was overcome bying the winter than during summer (Dentener and Crutzen,
Brown et al. (2001), leading to ambient measurements 0fl993; Evans and Jacob, 2005; Gilliland et al., 2006). How-

N2Os in a handful of intensive field campaigns (Brown et ever, NOs has seldom been measured in wintertime field

al., 2003a; Brown et al., 2004; Wood et al., 2005; Brown campaigns (Wood et al., 2005; Ayers and Simpson, 2006;
et al.,, 2006; Matsumoto et al., 2006; Ayers and SimpsonNakayama et al., 2008) and none of those campaigns col-
2006; Nakayama et al., 2008). Brown et al. (2003b) alsolected the full suite of measurements required to estimate
developed an innovative method for estimatingrom si- y. Moreover, it is not clear that the observation-based es-
multaneous, high-resolution measurements gO§ NOs, timation method mentioned above will be successful during

NOg, Oz, and aerosol surface area. Applications of this tech-winter months because the underlying steady state approxi-
nique have been reported in two field campaigns to datemation is not applicable at cold temperatures (Brown et al.,

yielding ambient estimates gf=0.03+0.02 in the marine  2003b). Thus, our ability to evaluate the statistical parame-
boundary layer off the coast of New England during summerterizations ofy against atmospheric data is hindered during

2002 (Aldener et al., 2006) and=0.01A4-0.004 over Ohio  winter months which, unfortunately, correspond to the time

www.atmos-chem-phys.net/8/5295/2008/ Atmos. Chem. Phys., 8, 53952008



5306 J. M. Davis et al.: Parameterization of®¢ reaction probabilities

period when the heterogeneous reaction probability N  mentioned above and test our hypothesis thatecreases

has maximum importance. abruptly at the phase boundary between liquid water and
ice. A transect of laboratory measurements-&5% RH
5.2 Uncertainty iny values at high RH with T decreasing from 295 to 260 K would also be valuable

to double-check the validity of the temperature threshold in

A prominent feature in our parameterizationyobn aqueous  Egs. (4-5) and (A1-A2). Itis important to emphasize that no
ammoniated sulfate particles is the increase with RH acrosfaboratory measurements pfon aqueous (Nk)>SO, parti-
the entire range of ambient conditions. While mechanisticcles are available below 288 K (see Fig. 2e) and that consid-
support for this trend exists at low RH, its validity at high erable variations exist in the available data at high RH (see
RH is uncertain (Anonymous Referee #1, 2007). HavingSect. 5.2) and on pure liquid water (Davis et al., 2008b). Ad-
surveyed all ammoniated sulfate data in the published literaditional data at these conditions are essential for atmospheric
ture, only KANO1 show a uniform increase jnabove 50%  modeling during winter periods, especially given the fact that
RH while the remaining publications contain very few data there are no ambient data to evaluate our statistical parame-
points at high RH and their trends are mixed (see Fig. laerizations during winter months.
and b). Given this dearth of data coupled with the sizeable Second, there is a need for more laboratory data on aque-
influence ofy on atmospheric concentrations during winter, ous NHyNOs particles. The available measurements ade-
all laboratory measurements on water-soluble particles werguately characterize the regime of 293-298 K and 50-80%
examined to seek independent confirmation of the trend reRH (see Fig. 2f). In the atmosphere, MN#O3 concentrations
ported by KANO1. Measurements on Nagl@Wahner etal.,  are highest in the winter because of Iow?@oncentrations
1998; HALO3) and NHNOs (FOLO1) show a pronounced and because NHNOs formation is most favorable at lo@
increase iny as RH exceeds 50%, but this increase may beand high RH (Stelson and Seinfeld, 1982). Therefore, fu-
due in part to the dilution of N® which decreases the rate ture experiments on NANOs particles should be conducted
of N>Os recombination via reaction R2b. In contrast, lab- at conditions representative of winter. Third, a few labora-
oratory measurements ¢f on NaCl (Behnke et al., 1997; tory experiments ought to be conducted on internally-mixed
Stewart et al., 2004; McNeill et al., 2006), sea-salt (Stewartparticles consisting of aqueous $ON03_, and NH;. Such
et al., 2004; Thornton and Abbatt, 2005), and malonic-acidexperiments would help evaluate and refine the simple mix-
particles (Thornton et al., 2003) show no discernable effeciing rule given in Eq. (12). Fourth, a few measurements are
of RH above 50%. Likewise, field-based determinations ofneeded on particles containing a mixture of ice and ammoni-
y indicate no clear dependence on RH in this range (Brownated sulfate or nitrate. As noted in Sect. 3.3, we opted to use
2008). Based on this survey, we conclude that the trend reay value for pure ice in the present study (see Eqg. 14) due to
ported by KANO1 at high RH has not been confirmed in otherthe absence of such measurements.
studies. Although there are far fewer measurements/obn dry

An alternative parameterization is described in Appendixparticle surfaces than on wetted surfaces, we believe that ad-
A, in which we repeated the procedure described in Sect. 3.Hitional experiments on dry particles will not be very valu-
without using the KANO1 data. Until more data are col- able. In our analyses of the 3-dimensional CMAQ fields,
lected at high RH, we recommend the alternative parameterithe ambient RH fell below the internally-mixed CRH in only
zation for use in advanced air quality models such as CMAQ,0.02 and 0.7% of the grid cells during summer and winter,
GEOS-CHEM, and WRF-Chem (Davis et al., 2008c). A neg-respectively. However, this conclusion may require reevalu-
ative effect of discarding the KANO1 measurements is a 40%ation if future studies elucidate a strong temperature depen-
loss of available data for use in the development of the statisdence in the CRH of internally mixed particles.
tical model.

5.3 Critical gaps in the laboratory data 6 Conclusions

Our statistical analysis of the laboratory data and our assesdAe have developed a parameterization for the heterogeneous
ment of the atmospheric implications have helped to identifyreaction probability of NOs as a function of RHT', particle

the most important areas where more laboratory measurezomposition, and phase state, for use in advanced air quality
ments ofy are needed. First, laboratory studies at [Bw  models. We used all published measurementg oh am-

and high RH conditions are of utmost importance. This needmoniated sulfate and nitrate particles, which were compiled
is motivated by the substantial differences between Egs. (4from seven different laboratory studies. The final equations
5) and (A1-A2), and between Fig. 4b and g, which ariseare relatively simple, non-linear functions of RH afidhat
from different extrapolations of the available laboratory datawere selected in an objective and statistically rigorous man-
to typical winter conditions. A set of laboratory measure- ner. Our parameterization reproduced 80% of the laboratory
ments at~260 K with RH increasing from 50—-95% would be data within a factor of two and 63% within a factor of 1.5.
particularly illuminating as it would help fill in the data gap To our knowledge, this is the first parameterization in which

Atmos. Chem. Phys., 8, 5295311, 2008 www.atmos-chem-phys.net/8/5295/2008/



J. M. Davis et al.: Parameterization op@s reaction probabilities 5307

phase changes are considered explicitly suchtfat aque-  rpie a1 Regression coefficients and summary statistics for
ous particles exceeds that on solid particles. Itis also the flrsEqS_ (A1-A2).

parameterization to capture the difference ian NH;HSOy
particle surfaces relative to (NbbSO4. Another important
result comes from our reevaluation of the nitrate effect using
laboratory data on ammoniated particles. That effect, which ~ #i0 —2.67270 ~ 0.09485 —28.178  <2e-16

Estimate  Std Error tvalue p value

was previously considered to decreas®y a factor of ten P20 —0.97579  0.14589 -6.689 1.76e-07
(Mentel et al., 1999; Riemer et al., 2003), is now believed P11 8'38223 8'8%22 543'f736 82‘28%'(?5
to be a factor of 1.3 to 5.2. Though we account for var- Pz =0 ' e 08

ious effegts of inorganic const_ituents, our parametgrization Multiple R-squared: 0.7541, Adjusted R-squared: 0.7223
may provide only an upper limit fop on ambient particles.
Additional research is necessary to parameterize the suppres-
sion of y when inorganic particles are mixed or coated with
organic material.

Our parameterization was used to computender winter
and summer conditions representative of the eastern Unite

States. The resulting spatial distributions jofwere con-

trasted with three other parameterizations that have been a[%'JUCh stronger qre%TndgncedozfHéharll\lthesorlglnal .elquat|ons
plied in air quality models in the past. Our ambient estimates comparefyy in Ta €s e an ): or iHSO particles,

of y fall between the upper value proposed by Dentener andhe _dependence afy in the alternative parameterization is
Crutzen (1993) and the rather low values used by Riemer e§|r‘rg|lar to II'eq.)I(4): but thidependendcg)qaon ? 'S fou.ndd

al. (2003). Under winter conditions, large differences were'© eEnegg e (i.e.f12 = —pz2) and is therefore omitte
found between our parameterization and that of Evans an&rom 9. (A2). . o I
Jacob (2005). Our parameterization yields summertime val- Althqugh the altematlve parameterlzatlor_l may exhibit a
ues that are slightly larger than the ambient-observationaijefenSIble trend at high RH, evaluation against the underly-
estimates of Aldener et al. (2006) and Brown et al. (2006).Ing laboratory fjata reyeals some shorthmmgs. For exam-
These comparisons helped us identify critical gaps in the Iab-ple’ Eq. (A2) yields a fixed, temperature-independent value

= 0, i
oratory data that will be most valuable for future refinementsOf ¥2=0.025 whenever RH exceeds 46% (see Fig. Alb).
of they parameterization. In contrast, the 14 laboratory measurementy afn aque-

ous (NHy) 2SOy particles above 46% RH range widely from
0.004 to 0.053 (see Table 1 without KANO1 data). Simi-
Appendix A larly, Eqg. (A1) yields a fixed value of 0.065 for RH-46%
Alternative parameterization on aqueous sulfate particles and T'<291 K whereas the laboratory measurements taken
under these conditions range from 0.0129 to 0.08585 (com-
Following the discussion in Sect. 5.2, an alternative paramepare Fig. Ala to Fig. 1a without the KANO1 data). These
terization on aqueous sulfate particles is estimated by repeatesults suggest that much of the variability in the measure-
ing the procedure described in Sect. 3.1 without the KANO1ments ofy above 46% RH may be due to factors other than
data. In this analysis, a new variable is used to allow for theT and RH. Overall, we find that omission of the KANO1 data
possibility that no effect on is discernible at high RH. The points from our analysis greatly reduces the structure of the
threshold relative humidity variable is defined as: dataset.
. Computations ofy1, y2, and yampient Using the alterna-
RH = min(RH — £, 0) tive parameterization are illustrated in Fig. A2a, A2b, and
wherek is an integer between 0 and 100. A2d. Under the wintertime conditions described in Sect. 4.3,

The variable selection procedure yielded a model with aYambient Values are approximately 0.01 to 0.015 less than
threshold temperature of=291K and a threshold RH of those shown in Fig. 4d along the Gulf coast, Appalachian
k=46%. The following equations may be viewed as a poten-Mountains, and Great Lakes regions. The reductions in
tial substitute for Egs. (4-5), with best fit values and standardvambientare smaller (0.001 to 0.007) across the remainder of

46%, which is in fair agreement with the studies on NaCl,

sea-salt, and malonic-acid particles, as well as the HALO3
ﬁata on ammoniated sulfate particles (see Sect. 5.2). Be-
ow the RH threshold, the alternative parameterization has a

errors of each coefficient given in Table A1. the eastern and central US. In the future, numerical modeling
studies can be conducted using both the original and alterna-
A1 = P1o+ B11RHae + B12T201 + €1 (A1)  tive parameterizations to gauge the impact of uncertainties at

high RH on predicted pollutant concentrations.
A2 = (B10+ B20) + B11RHa6 + &2 (A2)

Similar to Egs. (4-5), this alternative parameterization
contains a larger intercept term for WHSO, than for
(NHg)2SOy (i.€e., B20<0). It has no dependence on RH above
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