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Abstract. We present the development of ANISORROPIA, 1 Introduction
the discrete adjoint of the ISORROPIA thermodynamic equi-
librium model that treats the NaSOﬁ_-HSOZ-NHZ-NO;} Atmospheric chemical transport models (CTMs) are used
Cl~-H,0 aerosol system, and we demonstrate its sensitivityfor many purposes including assessment of radiative climate
analysis capabilities. ANISORROPIA calculates sensitivi- forcing of aerosolEorster et al.2007) and evaluation of the
ties of an inorganic species in aerosol or gas phase with reeffectiveness of emissions control strategies designed to re-
spect to the total concentrations of each species present withuce exposure of humans to particulatetS (EPA 2004).
less than a two-fold increase in computational time over theThe accuracy of these estimates is limited by model rep-
concentration calculations. Due to the highly nonlinear andresentations of chemical and physical processes as well as
discontinuous solution surface of ISORROPIA, evaluation of model parameters (e.g., emissions rates). Attributing climate
the adjoint required a new, complex-variable version of theforcing and air quality degradation to sources is challenging
model, which determines first-order sensitivities with ma- With sensitivity analysis techniques based on standard model
chine precision and avoids cancellation errors arising fromoutput Shindell et al. 2008 2009. Inorganic species, pri-
finite difference calculations. The adjoint is verified over an marily sulfate (SG, /HSOy,)), ammonium (NH, ), ni-
atmospherically relevant range of concentrations, temperatrate (NQ;(p)), sodium (N%p ), and chloride (Cf,)), consti-
ture, and relative humidity. We apply ANISORROPIA to tute a significant fraction ogdry aerosol mabkafntzenberg
recent field campaign results from Atlanta, GA, USA, and 1989. The nonlinear formation of inorganic aerosol from
Mexico City, Mexico, to characterize the inorganic aerosol gas phase precursors is reasonably well-charactefisues
sensitivities of these distinct urban air masses. The variabilet al, 1999. However, the precision of emissions estimates
ity in the relationship between fine mode inorganic aerosolof aerosol precursors varies widely depending upon source
mass and precursor concentrations shown has important intype and region of the worldk{imont and Streets2007).
plications for air quality and climate. Adjoint-based sensitivity analysis enhances the ability to as-
sess the relative influence of aerosol precursor emissions on
air quality metrics and aerosol radiative forcing of climate
as well as providing a means of refining emissions estimates
with observations in an inverse modeling framework.
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The highly variable sensitivity of fine mode ammonium-  Meteorologists have exploited adjoints for optimization of
sulfate-nitrate aerosol to precursor concentratiofsséri initial conditions and other parameters for decadgesaki
and Pandis1998 West et al. 1999 makes the robust as- 1958 Marchuk 1974 Lamb et al, 1975 Talagrang 1981
sessment of emissions influences challengivgest et al.  Talagrand and Courtierl987. CTM adjoints have been
(1998 demonstrated climatic implications of this variability used to explore relationships of concentrations of gaseous
by quantifying the marginal direct radiative forcing of inor- species and emission®énut et al, 200Q Vukicevic and
ganic aerosolsVayenas et al(2005 explored the relation- Hess 2000 Sandu et a).20053 Hakami et al. 2006 Mar-
ship of SQg) and NG, emissions to SQT—HSOZ-NH;{- tien and Harley2006 and to refine estimates of trace gases
NOj3 aerosol concentrations in an observationally driven Eu-in the atmosphereMsher and Lary 1995 Elbern et al.
lerian model over the eastern United States, finding signif-1997 Kaminski et al, 1999 Elbern et al.200Q Miller and
icant variation in effectiveness of controls because of theStavrakou 2005 Zhang et al. 2008 Kopacz et al. 2009).
nonlinear transformation of gaseous precursors to aerosofGas phase 4D-Var data assimilation has been employed to
Pinder et al.(2007 demonstrated the efficiency of reduc- improve agreement of model predictions with in situ obser-
ing NHzg emissions relative to S£, and NQg, for air vations (e.g.Chai et al, 2006 or remote sensing (e.dresler
quality objectives with the PM-CAMx CTMGaydos et aJ. et al, 2010. Kukkonen et al(2012) anticipate the utility of
2007 by perturbing emissions of Ny, SOy(g), and NG, 4D-Var data assimilation of trace gas observations within a
by fifty percent. Although the finite difference approach em- coupled meteorological-chemical forecasting model frame-
ployed in this and other studies, sometimes termed “emiswork for real-time improvement of air quality forecasting.
sions toggling”, is the most straightforward sensitivity analy-
sis technique, it is limited in that computational requirements

:‘:cale tWIttrT th? numEer_ of errljlislonsf Invefr?gatr?d; p%rturpahdjoints of aerosol models as well as recent attention to re-
lons to the atmospheric conditions from the change emlsTining aerosol concentration estimates in CTM&nze et al.

sions obscure nonlinear effects; and cancellation errors Iimi(§2004) and Sandu et al(20058 demonstrated the feasibil-
the accuracy of this me_thod. The decqupled direct metho ty of developing an adjoint for the coagulation and growth
(DDM), an implementation of a tangent linear model (TL.M).‘ of a multi-component aerosol population in a 0-D model.
he field of ai i health . th h "Bakami et al(2009 first optimized initial and boundary con-
on the fhield ot air qua |ty§or kea tlgrgetlr\llcs V\Il't OEI c a}ng— ditions as well as emissions rates of non-reactive black car-
ing emissions parameterBynkey 4 Nape eno et al. . bon (BC) aerosol using an adjoint of the STEM-2k1 model
2008 Koo et al, 2007); second-order source-oriented sensi- (Carmichael et a.2003 Sandu et a).20053 to assimilate
tivities of inorganic aerosol can now quantify nonlinear con- in situ observations from ACE-AsiaH{iebert et al.2003
tributions to sensitivity Z.hang.et a_l. 201]).. Establishing Seinfeld et al. 2004. The adjoint of GOCART, a global
the source-receptor relationship of inorganic aerosol by thes‘E's'lerosol transport model, demonstrated the utility of satellite-

f?r WargDS&?_‘T’_'Ell\\//:ty anal?/ss met.hOdS. (|.e.,temf|35|o?s }Og'based aerosol observations for constraining highly uncer-
giing, ) reveals emissions impacts of particular tain aerosol emissions parameteBulpovik et al, 2008.

sources on th_e _f|e|d of concentrations. _Source-(_)rle_nted S€Prhe distribution and long-range transport of Asian dust have
sitivity analysis is less helpful for evaluating relative impacts been investigated with a 4D-Var data assimilation version
of emissions, and inverse modeling with source-oriented senqc o regional dust transport model (RC4) with both in situ
sitivities is limited in application due to computational cost, and remotely sensed observationsiiimoto et al, 2007
which scales with model parameters assesdé¢enfioza- 2008 Uno et al, 2008 Sekiyama et a).2010). 'I"he di’—
Dominguez and RusscR001). rect and albedo forcings of black carbon deposited on the

The adjoint method complements forward sensitivity 8p-ipetan plateau were characterizedKnpacz et al(2011)
proaches by efficiently elucidating the relationship of modelWith the adjoint of GEOS-ChemHenze et al(2007 first

output (e.g., specified concentrations, air quality metrics) t.oincluded secondary formation of inorganic aerosol in the

t_he field .O.f model_ parameters, or input, (e_.g., emissions, inI'adjoint of GEOS-Chem using MARS-A aerosol thermody-
tial conditions) without perturbing model inputs. Computa-

tional . s f lculati fih ; ont CEamic model of the Sb-HSOZ—NHI—NOg—HZO aerosol
lonal requirements for calculation of these receplor-oriente ystem Binkowski and Rosell2003. With this framework,
sensitivities are insensitive to the number of model param-

. . - - Henze et al(2009 conducted inverse modeling of inorganic
eters investigated. Thus, adjoints can efficiently C"’“CUI"’ueﬁne mode aerosol observations from the IMPROVE network
sensitivities of air quality or climate-forcing metrics with re-

) Malm et al, 1994 to identify influences of aerosol precur-

spect to a vast number of parameters (e.¢) itOaccordance ( e 9 : fy- P
X . i _ _ sor emissions on US air quality.
with model chemistry and physics. This receptor-oriented
approach facilitates optimization of model parameters in ac- Many regional and global CTMs employ the
cordance with observations in a 4-dimensional variationallSORROPIA/ISORROPIA-II Kenes et a). 1998 1999
(4D-Var) data assimilation framework. Fountoukis and Nene2007) aerosol thermodynamic equi-
librium model. ISORROPIA treats the NaSOﬁ‘-HSOZ—

Application of adjoint methods to study aerosols is rela-
tively new, likely due, in part, to the difficulty of developing
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NHj{—NOg-CI—-HZO aerosol system by efficiently and marine character or near dry lake bedgintzenbergl989.
accurately calculating the partitioning of precursor gases andCTMs often treat fine mode particles as existing in thermo-
water vapor to aerosol at a specified temperature and relativdynamic equilibrium with the surrounding gases based on the
humidity (RH). ISORROPIA simulates secondary inorganic short equilibration time scales for these particlssgari and
aerosol formation in CHIMERE Schmidt et al. 200%, Pandis 1999h Dassios and Pandi&999 Fountoukis et aJ.
Bessagnet et al2004, Community Multiscale Air Quality  2009.

model (CMAQ) Byun and Schere200§, Comprehensive A number of thermodynamic models have been developed
Air Quality Model with Extensions (CAMx) ENVIRON,  to model aerosol thermodynamic equilibrium with vary-
1997, 2010, COSMO-ART {ogel et al, 2009, GEOS-  ing degrees of comprehensiveness, accuracy, and efficiency
Chem {ttp://geos-chem.orp{Bey et al, 2001, Pye et al.  (e.g., AIM (Clegg et al. 1999; GFEMIN (Ansari and Pan-
2009, LOng Term Ozone Simulation—EURopean Opera- dis, 19993; EQSAM3 (Metzger et al. 2006 Metzger and
tional Smog model (LOTOS-EUROS¥€haap et al2008, | elieveld 2007); EQUISOLYV Il (Jacobson et 311996 Ja-
and the Sulfur Transport dEposition Model (STEM-2k1) cobson 1999; ISORROPIA and ISORROPIA IINenes
(Carmichael et al2003. Although ISORROPIA is capable et al, 1998 1999 Fountoukis and Nene€007); MARS-A
of treating the entire water uptake curve, CTMs neglect the(Saxena et al1986 Binkowski and Roselle2003; MESA
formation of solid phases and assume aerosols exist in @zaveri et al, 2005; SCAPE2 Kim et al, 1993ab; Meng
metastable state. and Seinfeld1996; UHAERO (Amundson et a).2008).
Receptor-oriented sensitivity analysis and inverse model- il now, the adjoint of one thermodynamic equilibrium
ing have been limited to gaseous species or inert aerosgh,qel has been developed: RPMARES, an implementa-
for CTMs that employ ISORROPIA due to the absence of i of the MARS-A model for GEOS-ChenBinkowski
its adjoint, which this work addresses. We present the deyq Roselle2003 Park et al, 2004 Henze et al. 2007).
velopment of ANISORROPIA (AdjoiNt of ISORROPIA) - pp\MARES treats the ammonium-sulfate-nitrate aerosol sys-
(Sect. 2), demonstrate its accuracy at atmospherically relefe \yith temperature-independent activity coefficients based
vant conditions (Sect. 3), and apply it to examine observed,, the pitzer model for binary coefficients. ISORROPIA
aerosol mixture responses (Sect. 4). Finally, the utility yeqt5 two additional species, sodium and chloride, and in-
of ANISORROPIA within adjoints of CTMs is anticipated  ¢|,des temperature dependence when calculating activity co-
(Sect. 5). efficients by the Kusik-Meissner (K-M) method. K-M com-
pares well with experimental results as does Pitzer, but, un-
like Pitzer, also continues to produce physically reasonable
results at higher ionic strengths (i.e., greater than 30 molar)

The adjoint of a CTM determines sensitivities of a metric of (Harvie et al, 1984 Cohen et a|.1987 Kim et al, 1993h.

specified output parameters (e.qg., air quality attainment met! ISORROPIA, water uptake is calculated in accordance

ric) with respect to a wide array of input parameters (i.e.,\"’ri]th AthMOdhel i (Bttp:/éwww.airg_.e;v.uel?.ac.;kllqaim/ ﬁim'
emissions rates). Conceptually, an infinitesimal variation inpog) rgt ert i.n 0 derN atagosoet 'F ?WS. ! ar]: dd(.).se ,el
a single output variable evolves backwards through modeled?03 Fountoukis and Nene 9. Inclusion of additiona

processes, indicating the corresponding perturbations of inSPEcies, increased accuracy compared to RPMARES, and

put parameters required to effect the infinitesimal change inW|despread utilization of ISORROPIA in CTMs motivated

output. Realizing this capability in a CTM with an online development of ANISORROPIA. o

simulation of aerosol involves considerable methodological SORROPIA solves the aerosol-gas partitioning problem
and coding development. Outlined in the following sec- in two different modes: forward and reverse. Model input
tions are the role of ISORROPIA in CTMs (Sect. 2.1), the for the forward mode is the total amount of species present in
framework for adjoint-based sensitivity analysis (Sect. 2.2),the gas and aerosol; it outputs the gas phase and aerosol con-
and the specific tactics employed to develop ANISORROPIAcentrations of each of the species. The reverse mode requires

2 Methods

(Sect. 2.3). the concentration of species in the aerosol and calculates gas
phase concentrations of species in equilibrium. The focus of
2.1 The ISORROPIA model the current work is the forward mode as it is more widely

employed. The reverse mode is useful for aerosol dynam-
Key components of fine mode aerosol are water, inorganidcs codes with active mass transfer of aerosol species (e.g.,
salts, crustal minerals, organics, and trace me@dsnfeld  Capaldo et a).200Q Pilinis et al, 200Q Kelly et al,, 2010.
and Pandis2006. Inorganic species constitute about 25— |SORROPIA uses ten distinct algorithms to determine
50% of the dry mass of a typical continental particle, the equilibrium based on the relative abundance of negatively
most abundant being sulfate (%/HSOZ(,,)), ammonium  and positively charged ionic species for the JHSCO; -
(NHj, ), and nitrate (NG, ). Sodium (Ng,) and chloride  HSQO, -NO;-Na'-Cl~-H,O aerosol system. The sulfate

(CI,) ions contribute significantly in environments with ratio, Rs= & HLHAEN - determines which solution
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branch is employed. FdRs> 2, the neutralized solution 2.3 Development of ANISORROPIA

regime is accessed since sufficient ammonium and sodium

are present to neutralize the aerosol sulfake<2 invokes ~ Accumulation of adjoint sensitivities occurs through a set
one of the seven acidic solution algorithms. Discretization ofof calculations which parallel the original model. A model
the solution space reduces the computational complexity an@djoint can be formed in one of two ways. If the govern-
increases efficiency of determining equilibrium of a multi- ing equations are differentiated and then transformed into
component system; therefore, ANISORROPIA was designed numerical algorithm, the adjoint is termed a continuous

to be congruent with the underlying model. adjoint; the algorithmic treatment of a continuous adjoint
model may differ significantly from the original model. Con-
2.2 Mathematical background versely, a discrete adjoint is formed by the differentiation of

the forward model in accordance with the original model al-
Adjoint-based sensitivity analysis complements the directyorithm. Automatic differentiation (AD) tools, which ap-
decoupled method of sensitivity analysis more often em-ply the chain rule of differential calculus line by line, can
ployed in three-dimensional CTMs. Because of the relativelype efficiently employed as aids to discrete adjoint develop-
novel application of adjoint methods to CTMs and their in- ment pttp://www.autodiff.org); alternately, the discrete ad-

ternal models, the mathematical basjs f(_)r the discrete adjoinint can be developed by manually processing the code line
of the forward mode of ISORROPIA is given. A comprehen- py jine,

sive description of the mathematical framework for discrete ~ p giscrete adjoint is developed to maintain consistency
and continuous adjoints of CTMs can be foun@andu etal.  ith ISORROPIA and to retain the efficiency of ISOR-
(20053. - _ ROPIA, which largely arises from the discretization of the

~ Forward mode ISORROPIA partitions concentrations of so|ytion space. Branching and discontinuity (not unique to
inorganic species summed over solid, liquid, and gas phase@;ORRopm, as theoretically any code containing “GO TO”,
into the appropriate concentration in each phase at thermo-H:n, “MAX/MIN”, “ABS” and other similar functions intro-
dynamic equilibrium. ISORROPIA can be represented asqyce branching and discontinuities) do not prohibit the devel-
a function,F, that propagates the total concentratign.to  gpment of a discrete adjoint, because a continuous set of so-
the appropriate phase concentratiors,for each species,  |utions and derivatives can be derived for each subdomain of

(Eq.1). The vectors” andc’ represent all species. the code. This is not the case for sensitivities evaluated with
c? = F(c") (1) other methods (e.g., finite differences), as they can frequently
. o involve function evaluations across solution regimes and thus
A scalar response functiogy, of the model is given by provide fundamentally inaccurate values. ANISORROPIA
T =g(cP) ) has been developed for each of the ten solution regimes in-

o ) ) volved in the forward mode for the deliquesced j\I-ISOf“-

The derivatives of the response fgnctloﬁ,_w!th respect to HSOZ-NO,QT-NaJF-CI‘-HzO aerosol system. The appropri-
the total cor:cgntrtanons,’, are desired. A infinitesimal per- 546 gojution regime is accessed according to the relative abun-
turbation,s¢’, in ¢' propagates téc” by the tangent linear  yance of total species present. An internal driver calls the ap-
model (Eq.3). propriate adjoint routine based on the acidity of the aerosol,
§c? = F' o8¢t () which is consistent with that executed by the forward model.

o ANISORROPIA does not checkpoint, or store to a file, the
An adjoint operator, denoted #y* here, corresponds to the ¢4 tion regime called during the forward execution of ISOR-

tangent linear operator such that ROPIA because a simple arithmetic calculation from input to
M=F"oAP+¢. (4)  ANISORROPIA is sufficient to select the appropriate solu-
o _ . tion pathway.
Thus, adjoint vectors,?, correstpondmg to”, and a forcing Within each of the ten solution pathways, ISORROPIA re-
function, ¢, ar;a propagated t'. Appropriate selection of  aing sufficiently complex that writing the adjoint of this
the values ok” and¢ allow the desired result, FORTRAN code by hand would be very challenging. The
e AT ()] d[g(cP)] . high degree of interdependence in addition to the length of
iT T ad a9l () the code {10000 lines) made employing an AD tool an
1 1

attractive alternative. TAPENADE, an AD tool for FOR-

for each species, The discrete adjoint moddt*, which is TRAN and C programsHasc@t and PascuaR004, was
ANISORROPIA, maintains the algorithmic structure of the used to app|y the chain rule of derivative calculus line by
original function,F or ISORROPIA. ANISORROPIA can |ine such that differentials of dependent variables with re-
produce the derivatives of interest independently, as demonspect to intermediate variables can accumulate (in accor-
strated in this work. It could also be integrated into the ad-dance with an adjoint forcing vector) to produce the sensi-
joint of a CTM to propagate adjoint vectors through the pro- tivity of a dependent-variable with respect to independent
cesses described by ISORROPIA. variables fittp://www.autodiff.org). ISORROPIA originally

Atmos. Chem. Phys., 12, 527543 2012 www.atmos-chem-phys.net/12/527/2012/
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d(partitioned concentrations)
O(total concentrations)

calculated activity coefficients to single-precision; develop-
ment of ANISORROPIA required conversion of all variables

total
concentrations,

adjoint
forcing

to double-precision to accumulate sensitivities through this LRl - vector 4
aspect of the model accurately.
sulfate concentrations

poor?

Yes
ANISORROPIA input includes total concentrations, tem-
perature, and RH as well as the adjoint forcing vector,
the elements of which correspond exactly to the output ar- No

7 N
4 evaporation “{

or

-

rays of ISORROPIA (i.e., aqueous and gaseous partitioned- | submodet for initialize condensation
. . . . aerosol Yes | aerosol as /
species concentrations). During ANISORROPIA execution, without deliquesced [ same | B
. . . . . . itrat number o
branches and iterations are noted with inexpensive variable e =0 | | terations | |t
accumulation, and variable values are temporarily stored in \/\ activity !/

9 coefficient

\ | calculation | f

N 3 /
\_iteration to ,
\

convergence’
s

O(partitioned concentrations
O(total concentrations)
A

memory during the forward calculations (Fij.blue lines);

the same procedures are then executed in reverse order while
accumulating gradients in corresponding sensitivity calcula- (@)
tions driven by the forcing vector (Fi@, orange lines). Thus,
ANISORROPIA produces partial derivatives of the output
species indicated in the forcing vector with respect to each in-
put concentration (i.e., sum of aqueous and gaseous species

total
concentrations,
RH, temp

adjoint
forcing
vector 4

concentration). If the adjoint forcing vector is null except P
for a single element equal to unity, ANISORROPIA pro- deliquesced

duces the row of the Jacobian of ISORROPIA correspond- SSSR

ing to the element equal to unity; for instance, if the element ‘ | execute TLm |

of the adjoint forcing vector corresponding BNH; .1 is e e e v ¢

unity anfl all others zero, ANISORROPIA produces the ar- without Joheve [ = 70 - gﬁ"
X bi

%, where K] is the array of concentrations of the No

sum of the aqueous and gaseous forms of specjeme of

the total species tracked by ISORROPIA. Forward sensitivity

analysis methods produce the column of the Jacobian corre- b

sponding to a selecteld’]; hence, a single execution of a (b)

forward sensitivig)[/Y?nalysis method could yield, for exam- Fio 1. Algorithmic flowchart of ANISORROPIA { § (blue)

¥ i . Fig. 1. Algorithmic flowchart o orward (blue
'E)rlaet’i(';zz z;rzggﬁﬁfgh%%ogég:?:;?[m intshsvz;ﬁ{]g fJ(;%r:)%?Qn a}nd at_:ljoint (red) calculationga) The acidic aerosc_>| solutiop_alg_o-
produced by ANISORROPIA is compared directly to that de- rithm is given for the cases where the molar ratio of positive ions

termined by a forward sensitivity analysis method for model(i'e" total ammonia and sodium) to total sulfate is less than two
evaluation (Sect. 3.2) (Rs<2); (b) for Rs> 2, the neutralized aerosol solution algorithm

is shown.
For acidic cases (i.eRs<2), ISORROPIA iteratively re-

solves activity coefficients to convergence. The iterative na-
ture of the forward solution is maintained in the adjoint of
the acidic cases (Fidla). Straightforward manipulation of
ISORROPIA code was required to indicate which sensitivi-
ties should be traced by TAPENADE. The only modification
to the forward solution is to increase the precision with which

final
equilibrium
N

post-convergence
Newton-Raphson

m~3 and K denotes the relevant equilibrium constant.
Across the range of potential partitioned concentrations, the
saturation ratio closely approximates the behavior of a step
function owing to the very large change in species partition-
activity coefficients are calculated by default so that accurate 9 with small shifts in pH. The Stabm%,_?j tf;[%gsc]ectlon
sensitivity calculations can be obtained. method ensures convergence to the roo&—e,%@f”’ =

In the case of neutralized aerosol (i.&s>2), ISOR- 1 in ISORROPIA. The discontinuous nature of the bisec-
ROPIA evaluates whether equilibrium has been achievedion method required modification of the underlying model
by a selected saturation ratio. For instance, in thein order for sensitivities to be traced through the solution.
NHj{-SOf[-HSOZ-NOg-HQO aerosol system, all equa- First, for Rs> 2 in the Nl‘[{-SQZf-HSOZ-HzO aerosol
tions are solved successively so that only one equilibriumsystem, the bisection method was replaced with an itera-
needs to be numerically solved, namely diH20aq = tive convergence algorithm similar tp those employed for
NHj{(aq)+OH(;q); therefore, satisfactory equilibrium is Rs<2 cases. Secondly, foRs> 2 in the NHf-SO; -

) [NH,y JOHG ] HSQ,-NO; and NI—[{-SO}[-HSOZ-NOg-Na+-CI—-H20

achieved when—xg 5= = 1, where, for example, ero50l systems, the post-convergence Newton-Raphson (N-

[NHj(aq)] denotes the concentration of ammonium in mol R) method was implemented#rtholomew-Biggs 1998

www.atmos-chem-phys.net/12/527/2012/ Atmos. Chem. Phys., 12, 5243-2012
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Fig. 2. Evaluation of concentrations of aqueous species in pgproduced by forward model augmented for adjoint development agajnst
ISORROPIA v.2.1 with a modified double-precision activity coefficient module(hhthe complex variable version of ISORROPIA v.2.1

with double-precision activity coefficient module. The atmospherically relevant ranges of concentrations, RH, and temperature evaluated are
given in Sect. 3 of the text. In each case, the intercept and slope of the linear regression were negligibly different than 0 and 1, respectively.

(Fig. 1b). Gradients required by N-R are calculated with trations due to the metastable assumption sometimes leads
TAPENADE-produced TLMs of the function being treated to insufficient convergence for accurate adjoint sensitivity
by bisection; that is, the chain rule is applied line-by-line to calculation causing an error. Errors can also arise from the
produce the sensitivity of the equilibrium equation of inter- post-convergence N-R step altering the equilibrium achieved
[NHjag[OHGq! : . by bisection. Optimal values for the ionic threshold (in-
est (¢.9., KiNHsg] =~ 1) with respect to its input (e,g,., creased to 200 from the value of 100 used in ISORROPIA)
moles of NH g, partitioning to the aerosol). The result of bi- and acceptable range for N-R deviation (unique to ANISOR-

section serves as the initial guess of one iteration of the N- OPIA) were determined by extensive error assessment. For
method. By adding a differentiable calculation subsequent 19he convergent cases, ANISORROPIA concentrations are

the original algorithm, the stability of the bisection algorithm less than 0.1 % different than results of the modified ISOR-
is maintained while providing the functionality necessary for ROPIA v2.1 (Fig.2, R2=1.00). Having ensured that the

adjoint calculations. It is sufficient to take the adjoint of this ¢, - <itvities would be evaluated for nearly identical simu-

single stepBgrtholomew-Blggsta. The error system Of_ lated equilibrium concentrations, the accuracy of the adjoint
lSORROPIA. IS augmentgd to note wheq . _N'R CalCuIanonsensitivities was assessed by comparison to sensitivities cal-
causes S|gn|f|c:_;1n_t deviation from the bisection result. Theculated using the complex variable method.
forward and adjoint codes return this flag to the host model
so that the thermodynamic partitioning of the select time step )
and grid cell can be consistently dismissed in concentratiors-1  The complex variable method
and sensitivity calculations.

The truncated Taylor series expansiorFgk) about a point

(Xp) leads to the central finite difference approximatior%gf
3 Evaluation of ANISORROPIA with truncation error0 (h?) given by

A two-part evaluation of ANISORROPIA was conducted. 1 )

First, the partitioned concentrations given by ANISOR- 9F _ . F(xo+35h) = F(xo—3h) ©)
ROPIA were evaluated against ISORROPIA v.2.1 for an 9x #—0 h

atmospherically relevant range of RH (5-95 %), tempera-

ture (268—-308K), and total concentrations to ensure thatvhereF is a real analytic function antl is a small, real
the forward calculations are not altered by the modifica-perturbation. Lyness and Molel(1967) demonstrated that
tions of the code required to calculate the adjoint derivativescomplex numbers are useful for numerical approximation of
Ranges of total concentrations were 1-50 g ril>SOy; derivatives. Computational costs of their approach, which
0.2-9 pug N3 NHs3; 0-16 pg nT3 HNOs; 0-18 ugnm2 Na; was based on Cauchy’s integral theorem, limited application
and 0-30 ug m3 HCI. Approximately 65000 sets of model of the techniquel(antoine et al.2010. Squire and Trapp
input were evaluated, and ANISORROPIA processed 90 %(1999 developed an efficient complex step differentiation
without producing an error code (Fig). The stiffness of method which maintains machine precision in the derivative.
the numerical solution for equilibrium at high ionic concen- For the complex analytic functioB(z), wherezis a complex
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. . . .
grgument, an2 anglogous expressmn%@rwnh approxima:  9150.-1/0[Total HCU
tion errorO(h®) arises: | ©2[50,21/3[Total Nal

~ . X 3[S0,7]/d[Total NH,]
E = lim M (7) 4 * 9[50,]/3[Total HNO,]

0z  h—0 h © d[50,1/3[Total H,50,]

. . . 100
wherei =+4/—1 and 3 selects the imaginary part of the ar-

gument Squire and Trappl998. The complex variable
method (CVM) as introduced b$quire and Trapg1998
eliminates subtraction cancellation and numerical round-off
errors, the primary difficulties of numerical differentiation &7
(Lyness and Moler1967). 3 ‘ | ;

central finite difference (a=10?)
(molar basis)
B ()] (2]
o o o
(%) Aprwny aArze)al

N
o

1 0 i
To implement CVM in a FORTRAN-based numerical 3 2 'lomplexvar?able - 2 3
model such as ISORROPIA, variables are declared as COM- (molar basis)
PLEX rather than REAL, and intrinsic functions are mod-
ified to treat complex argumentSiles and Pierce2000). Fig. 3. Sensitivities from the central finite difference method with a

delta value of 102 compared against sensitivities from the complex
variable method with a perturbation of 18%. The liney =x is
lotted for reference (solid black). Deviations from stoichiometric

This conversion is straightforward with the exception of the
functions that must be approximated to accept COMPLEX

arguments, such as the arccosine function, ACOS. Acoéxpectations in finite difference sensitivities revealed that the finite

is cglledgwithin ghe analytical solution of the cubic poly- gifference approach would not suffice to evaluate ANISORROPIA
nomial x®+ A1x“+ Apx + A3 =0. CVM maintains the  gensitivities.

sensitivity information for variables in their imaginary part;
thus, complex variables must be altered commensurately in
the real and imaginary parts. Setting the total derivative tosame input for which the CVM found reasonable sensitivities
zero,df = % |x:x0dx + Z,-le% |x:x0dA,- =0, wherexo (Fig. 3). To overcome this issue, CVM is used for evaluation
is the desired solution of the cubic polynomid; repre-  of ANISORROPIA sensitivities.

sents the coefficients of the polynomialy = J(xo), and The adjoint sensitivities from ANISORROPIA are com-
dA; =3(A)), yieldsg%‘l? = Q((j‘j)) Rather than using an al- pared to those from CVM over the same evaluation range
ternate analytical solution to avoid calling ACOS, the imagi- which was employed for the concentrations described in
nary part ofvo was calculated independently. Todo364;)  Sect. 3 (Fig4). Thirty-five sensitivities of the aerosol con-
were stored, and the desired real root calculated by the origeentration (model output: %lu) HT . HSO,

+
. ! . @g® HSOkag» Ndag
inal function operating only on the real partsA4f. The ana- NHT NO:

SO ) to the sum of gaseous and aerosol
. . . . . . 4(aq)1 - 3(aq)1 4(a ) J .
lytical total derivative of the cubic polynomial gives concentrations (model input: total chloride, total nitrate, total

—(XS)S(Al)—(XO)Ts(Az)—TS(As) sulfate, total ammonium, and total so_dlum_) were evaluated
(8) for each of the agueous aerosol species with respect to each
aerosol precursor. Testing other sensitivities (e.g., gaseous

by which3(xo) is obtained. This strategy is readily applica- concentration with respect to total species) is also pq;gible
ble in other CVM applications to similar calculations involy- Put redundant. The ANISORROPIA-produced sensitivities

ing functions that must be approximated to treat a complex@'® compared against CVM results (F4). The black solid

S(xo) =
3xg +2A1x0+ A2

argument. line represen@ =x and dgpicts the region of p_erfect agree-
ment; approximately fpoints are represented in each of the
3.2 Sensitivity comparison six sensitivity comparisons. Despite some deviation at very

low relative humidities and lower temperatures, the level of
Although the accuracy of finite difference sensitivities is lim- agreement in the results verifies that the adjoint sensitivities
ited by round-off error, nonlinear effects, and solution dis- are consistent with the model sensitivities for the majority of
continuities, these provide the most straightforward methodatmospherically relevant conditions.
of evaluating partial derivatives calculated by adjoints (Giles
and Pierce, 2000); therefore, adjoint-based sensitivities ar8.3 Computational efficiency
typically compared to those from the central finite differ-
ence method (e.gMartien et al, 2006 Henze et al.2007, The computational time required for execution of ANISOR-
Hakami et al. 2007). The highly nonlinear, discontinuous ROPIA concentration and adjoint sensitivity calculations was
solution surface of ISORROPIA and associated subtractiorassessed by comparing the elapsed CPU time against ISOR-
cancellation errors rendered this method ineffective. For exROPIA v.2.1 with a double-precision activity coefficient
ample, finite difference sensitivities of aqueous sulfate tomodule. Both models were executed with the same conver-
total sulfate exceeded stoichiometric expectations for thegence criteria (e.g., relative difference of activity coefficients
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Fig. 4. The sensitivities of aqueous species with respect to the total amount of each aerosol species on a molar basis from ANISORROPIA
are shown against those from CVM for the range of aerosol precursor concentrations, temperature, and RH outlined in the text (Sect. 3).
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Fig. 5. The ratios comparing CPU execution time for the calculations of ANISORROPIA forward concentrations (forward), ANISOR-
ROPIA adjoint sensitivities (adjoint), and ISORROPIA v.2.1 forward concentrations with double precision activity coefficient calculations

(original) are shown. Experiments were designed to elucidate the ratios for each of the aerosol systems treated in ANISORI%OPIA (so
HSO, -NH; -H20; NO3 -SO;~-HSO; -NH -H20; Nat-Cl~-NO; -SO;~-HSO, -NH -H,0). The forward/original comparison reveals
the reduced time required because of algorithmic changes necessary for adjoint development.

from previous iteration<10-19). Modeling experiments the three sub-regimes causes a significant decrease in the
were designed to examine the three different aerosol syseoncentration calculation cost such that the adjoint sensi-
tems individually because algorithmic modifications were tivities still require less time than the original model con-
unique in the three systems. All written output was sup-centration calculations (adjoint/original). The more com-
pressed so that calculations, not variable writing processeqrehensive NIﬁI-SOﬁ‘—HSO;—NOg—HZO and NI—I{—SO‘%_-
were evident in the timing comparisons. The assessmeniSO, -NO3 -Na*-Cl~-H,0 aerosol systems were less mod-
was conducted on a 2.93 GHz Intel Core i7 processor runified, leading to computational costs similar to those of
ning Mac OS X v10.7.2; source code was compiled with O3the original model for concentrations (forward/original).
optimization by the Intel Fortran compiler. The computational efficiency of the post-convergence N-
The atmospherically relevant evaluation range (Sect. 3R approach exhibits less than a doubling of computational
bounded the input for the timing experiments. Only in the time for the adjoint sensitivities over concentrations (ad-
NHj{-SOf[-HSO;-HZO does the adjoint exceed a three-fold joint/forward). Convergence criteria optimization through
increase in computational time over the concentration calcuerror analysis significantly improved the computational effi-
lations with the adjoint-based code (F&), which is far less  ciency of ANISORROPIA for both concentration and sen-
than the theoretical upper limit of a factor of fiv@rfjewank sitivity calculations. ANISORROPIA requires similar in-
1989. Even in this case, an algorithmic change to one ofcreases in computational time as the gas-phase adjoint of
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Fig. 6. ANISORROPIA-produce%—[T%rﬁfg%m on a molar basi&,b) andﬁ—?-ls%ﬂﬁi—ds’—yc% on a mass basig,d) for the NI-Q-SO?[-HSOZ-

NO; -H20 aerosol system at RH of 75¢%a,c) and 55 %(b,d) and a temperature of 300K. The axes convey the percent a total species
(adjacent label) contributes to the molar composition of the system. White space denotes error occurrence.

CMAQ and the adjoint of GEOS-Chem, which are 2 and 1.5sitivity of dry, inorganic fine mode aerosol to changes in to-

times the original model, respectivelligkami et al. 2007, tal concentrations of sulfate, ammonia, nitrate, sodium, and

Henze et al.2007). As for memory requirements, the only chloride for deliquesced aerosol. The input required is ex-

values necessary from the adjoint forward execution are toactly the same as the forward mode of ISORROPIA (i.e.,

tal species concentrations, RH, and temperature; all value®tal concentrations, RH, temperature). ANISORROPIA is

needed for adjoint calculations are recomputed or stored inused to identify sensitivity regimes over a broad range of

ternally in allocatable arrays using the efficient PUSH/POPatmospherically relevant concentrations (Sect. 4.1). Then,

mechanism of TAPENADEHasce@t and Pascua?004). conditions from in situ measurements of the inorganic com-
position of aerosols and quantities of the gas phase pre-
cursors NHg, HNOgg), and HClg from two distinct

4 Application urban environments (Atlanta, Georgia, USA, and Mexico
City, D.F., Mexico) are processed to characterize the urban

ANISORROPIA has been developed for application within PM2 5 responsiveness to anthropogenically emitted species

the adjoints of CTMs from regional (e.g., Community Mul- (Sect. 4.2).

tiscale Air Quality model (CMAQ)Byun and Schere2006

to global scales (e.g., GEOS-Chehtenze et al.2007); in 4.1 Sensitivity regimes

these frameworks, its potential can be fully realized. Nev-

ertheless, applied independently of a CTM, ANISORROPIA ANISORROPIA is applied to produce sensitivities for

provides an efficient, reliable method of determining the sen-the partitioning of NHg, in response to the addition of
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Fig. 7. ANISORROPIA-produced%*% (molar basis)
for the NHI-SO%’-HSOZ-NOg—NaJF-CI_-HzO aerosol system
at a RH of 40% and a temperature of 300K. The total HCl is
0.8 umol n3, and the total HN@is 0.01 umol nT3. Region I cor-
responds to O pmol i of total Na, Region Il to 0.4 umol m?

of total Na, and Region IIl to 0.8 pmol ¥ of total Na. Note the
transition in sensitivity at a ratio of 2 moles of positive ions (total
NH3 + Na) to 1 mole of total HSO, (Rs = 2). The increasing gra-
dient from left to right in Regions Il and Ill demonstrates the contri-
butionlof pisitive ions from Néq) initially balancing S(i(_aa) (i.e.,
low %) and the increasing contribution of I\I@q) to
the charge balance with more negative ions present.

H>SOyg) and then for fine mode, dry aerosol (i.e., P
in response to the same at 300 K (F&y. Throughout much

of the atmosphere, ammonium contributes a significant frac

tion of positive ions in aerosoBSginfeld and Pandi2006).
The condensation of two moles of Nig, for each addi-
tional mole of SOy in an air parcel can be expressed

3INHZ 5]
S WH:SOM At 55%RH, the

AINH . .
[ ] given by ANISORROPIA demonstrates this be-

=2 on a molar basis.

4(ag)
d[Total HoSOy |
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Fig. 8. ANARChE data processed with ANISORROPIA reveal At-

+
9[NH 59 3(PM25 dry)

Iantam (molar basis)a) andm (mass ba-

sis)(b) in July—August 2002. RH ranges from 25 %-99 % and tem-
perature from 293 K to 310K.

havior when the ratio of total ammonia to sulfate exceeds two - ANJSORROPIA results elucidate the dry aerosol mass
(Fig. 6b). White space in the ternary diagram denotes OCCUrchanges due to the addition of 1 g0y at 75% and

rence of an error. When the ratio of total ammonia to sulfate

. IINH o] .
is less than twom,m =0 on a molar basis whether

significant water Is present (Figa) or not (Fig.6b). In the
presence of HNgg and enough water for it to partition sig-

- IINH o]
nificantly to aerosol,mlm ranges between zero and

two reflecting the buftering effect of HN£;,, which evapo-
rates from the aerosol as the$0yg, condenses (Figa).

Atmos. Chem. Phys., 12, 527543 2012

55% RH and 300 Kyoaresd, where (Total HSOy) is

the mass-based concentration of all sulfate in the system,
ranges from 0.75 to slightly greater than 1.5 on a mass ba-
sis. The molar masses of sulfate (98 g mM9) ammonium
(18 gmol 1), and nitrate (62 g mof') are important for un-
derstanding these results. Adding one pg of sulfate to an
acidic aerosol should cause an equivalent increase in the dry

aerosol mass (Figc, d). Given that neutralized aerosol at
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Fig. 9. The ANISORROPIA-prod ONOs(aq MOsaq d-—\Ostag I lotted al ide backward finite diff
ig. 9. The -producegrsariNgs armomiNFg] @M arTemrm,so,] Values are plotted alongside backward finite difference
sensitivities fromFountoukis et al(2009 (F09) for MILAGRO observations in Mexico City. The quadratic fits to the sensitivity data are
shown to direct the eye with the 95 % confidence interval given by the shaded bands about the fit lines. Solid lines and light blue shading

correspond to ANISORROPIA sensitivities; dashed lines and gray shading correspond to FO9 sensitivities. With the exception of the fit about

aNOy,
ITTotal ﬁ:g T ANISORROPIA has tighter bands than FO09, indicating less scatter in the results due to the direct computation of sensitivity
about the%esired input. ANISORROPIA characterizes the sensitivity of Mexico City aerosol nitrate similarly to the full forward model

employed by F09.

; +
lower RH has;% ~ 2 on a molar basis, the conden- 0n the sensitivity. Region | (forward-slanted hash marks),
i N d 1S the_?PMasar) ¢ where sodium is absent, demonstrates the primary role of
sation of Nhyg) and SOy govern thezmerripsgy O NH; ., in neutralizing sulfate. The sensitivity of 2 on a mo-
1.37 on a mass basis (Figd). When aerosol nitrate buffers @ SINHE. |
the system by evaporation upon condensation g8}, lar basis forgrsm ﬁ:;éq)m persists wherRs > 2; however, if
9(PM25.dry) ic i A[NH
TToRIFRSOp drops below 1 on a mass basis, in part due to the (NHyaql 0. This behavior is consistent with that

higher molar mass of nitrate than ammonium, as shown ina > <" 3ITotl Syl - R
small region of Figéc. Low temperatures¢250K) and high ~ demonstrated in the '\E{'"SOAZL -HSQ, -NO; -H20 system
concentrations of total nitrate relative tg total ammonium and(Fig. 6). Regr;:on I (vertical SaSh marks) “TVGGUS thlfe system
i 25,4 ich i nsitivity when N ntri neutralizin LA
sulfate can lead to negative valuesﬁwzs’y%, whichis ~ S€ sitivity when Ng,, co tributes to euF alizing su a-te- t
caused by the ratio of molar masses of these species and thaire far left edge of Region I, '\r?q) constitutes the majority

relative capacity for inducing water uptake (not shown). This

L NH ] -
variability underscores the importance of sensitivity analysisCf th€ Positive ions; therefore, therery 5oy is negligible.
for air quality. Moving to the right across Region Il, the concentration of

ositively charged ions is exceeded b ions,
ANISORROPIA results for the NJ-SC;~-HS O, -NO; - P y charged Ng Y K

AINHS . 1 . . . .
+_Cl—- 4(aq) .
Na"-Cl~-H,O aerosol system reveal even more complexand TTolalF,50;] INCreases correspondingly. Finally, in Re

o . . . . AINHZ o] NHT
sensitivity relationships quite clearly (Fi@). sromrmsa;  gion Il the same reduced value t[)tal ﬁ:;géh] appears with
is shown for a system with 30pgm total HCl and 5 dampened rate of increase of K, contribution to posi-

0.63pgnT3 total HNO; at 40% RH and 300K. The ab- . . I
scissa corresponds to the sum of the total amounts of thgvely charged ions due to the large contribution fronf;w)a

species producing positive ions, Na and HThe ordi-  &nd minor buffering by NG, and C[,,. ANISORROPIA
nate corresponds to the totab$0y in the system. Differ- could also be applied at different RH, temperature, or com-

ing amounts of sodium in the system define the three refositions to reveal similarly meaningful sensitivity regimes.
gions, which overlap slightly to show the effect of sodium
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4.2 Observed conditions RH and temperature=puntoukis et aJ.2009. The PM5
_ ionic concentrations were measured by a Particle Into Lig-
4.2.1 Atlanta, Georgia, USA uid Sampler (PILS) with a 6-min integrated sampling pe-

) ) _riod and a new chromatogram begun every 17 n@ns{ni
The Atlanta Aerosol Nucleation and Real-Time Characteri- o al, 2003. Gaseous concentrations of Mg were ob-

zation Experiment (Atlanta-ANARChE) in July and August {zined with a quantum cascade laser (QCL) spectrometer

of 2002 included measurements of Bj and HNQyg via  ang HNGy g, concentrations were deduced from the volatile
two distinct methods of chemical ionization mass spectrom-pitrate (i.e., HNQ(g+NH4NOs() concentrations acquired
etry (Nguman et a).2003 Nowak et al, 20086. T_he g_round with the thermal dissociation-laser induced fluorescence of
campaign was conducted at Jefferson Street in midtown At'nitrogen oxides (TD-LIF) Day et al, 2002 Farmer et al.
lanta, one of the sites of the ongoing Southeast Aerosol Rexn0g. More details regarding data acquisition, uncertainty
search and Characterization (SEARCH) studgitsen etal.  5nq1ysis, and quality assurance are giveirbyntoukis et al.
2003 and the location of the Atlanta Supersitgo{omon 2009.

et al,_ 2003. SEARCH instrumentat_ion measured sulfate  Agq shown byFountoukis et al(2009 and sinceRs > 2,
(50421(61@9)’ ammonium (Nlj(aa)), and nitrate (Ng(aq)) con- 3INH 5] )
centrations with continuous 1-min resolution coincident with m =2 on a molar basis except at RH less than
the gas phase measuremeriidderton et a).2006. Meteo-  the mutual deliquescence RH of Nable) and NHNOg(s)
rological data collected include RH and temperativewak ~ (i-€., approximately 50 % RH). To investigate a more vari-
et al. (2006 demonstrated the level of accuracy of ISOR- @ble component of the NHSO; -HSO, -NO; -Na'-Cl~-
ROPIA in predicting the partitioned concentrations, which H20 aerosol system, the sensitivity of aefOSO'Q\ﬁQ is ex-
also governs the accuracy of the aerosol sensitivities oflored as inFountoukis et al(2009 (Fig. 9). The Foun-
ANISORROPIA. toukis et al.(2009 sensitivities are calculated by backward

ANARCHE data were collected in the range of 25-99 % finite difference with explicit treatment of crustal species

' AINHI ] _ and the possibility for aerosol species to condense into solid

RH and 293_31.0 K. Results find th otal H,S0y] =2 salts. ANISORROPIA evaluates the same input by treating
molar basis while the molar composition ;fNr?:Z?% total the crustal species Mg+ and Ky« as equivalent moles of
H>SOy and 60-95 % total Nkl (Fig. 8a). ﬁ is sodium based on ionic chargégya et al, 2001 and Cq2+
negligible when total SOy makes up 10-20% and total as insoluble CaSgy). Additionally, aerosol are assumed to
NH3 makes up 20-40 % of the molar composition, which is be deliquesced, as is common in CTMs and leads to minor

consistent with sensitivities shown in Figa,b. The calcu- differencesFountoukis et a].2009. In an environment with

9(PM2.5,dry) : ; 9[NOz .1 .
Iatedm% often exceeds 1.3 on a mass basis for thisexcess NHg), Wl% is expected to be 1 on a molar

time period, owing to the condensation of bl required  pasis unless insufficient aerosol water is present to absorb
to neutralize SO, and the co-condensation of Nig) and  the additional HNQ,. ANISORROPIA produces this ex-

HNO3(g (as deliquesced NAiNOs). aa(PMﬂ decreases pected sensitivity (Figd, green asterisks) and with less scat-

Total S

to unity for acidic aerosol, as Nyt |s(vcir?u§||§/)4%ero_ ter than the backward finite difference sensitivities given by
Fountoukis et al(2009. The greater scatter about the poly-

4.2.2 Mexico City, D.F., Mexico nomial fit line for the FO9 sensitivities is expected due to the

_ _ ~limited accuracy of the finite difference method (Sect. 3.2).
Comprehensive measurements from the Megacity Initiativelryrthermore, backward finite difference sensitivities exceed
Local and Global Reseal’ch Obsel’vations (MILAGRO) Cam'the expected Va|ue Of 1 m0| rn‘dl for RH greater than 50 %’

paign during March of 2006Molina et al, 2010 facili-  \hich ANISORROPIA more accurately represents. Comple-
tate the characterization of aerosol sensitivities for a very 3

o NO
different urban air mass than that found in Atlanta due to™entary to this sensitivity are the Valuesﬁ\kiotalNHg] and

the presence of sodium and chloride as well as significantly 9(NOz(aq] ; ;
i hp N rati h b g i Y rorrieao;)» Which are expected to be zero. Again, reduced
igher N concentrations. The campaign included three geattar”above 50% RH is evident for ANISORROPIA re-

ground sites with one in the urban center at the Instituto IINO; 5]

Mexicano del Pefileo (TO site), another at the Universi- sults. The backward finite difference results %otalNHsl

dad Tenobgica de Teamac in the state of Mexico (T1 site) are significantly different than the central finite difference
and a third site at Rancho La Bisnaga in the state of l:”_results with the same perturbation size, which align much

; S S . 3[NOg,
dalgo (T2 site). For this investigation, data are analyzedmore closely with ANISORROPI%[%)T% values for 30—
for the period of 21-30 March 2006, from the T1 site, 50 % RH (not shown). ANISORROPIA reveals that aerosol
which is typically downwind of Mexico City. Measure- nitrate in Mexico City is primarily sensitive to the addition of

ments provide the Pl concentrations of Sﬁ?p), NH}f(p), HNOg3(g), a conclusion congruent with the findingskgun-
NOg ), Na, Cl), Ca(zt K{)» and Md; gaseous con- toukis et al.(2009.
centrations of NHg), HI\FOg(g), and HC|g), and the ambient
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5 Conclusions responsibility of the grantee and do not necessarily represent the
official views of the US EPA. Further, US EPA does not endorse

The increasing measurements of aerosol composition fronthe purchase of any commercial products or services mentioned in
field campaigns and observations of aerosol precursor conthe publication.
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