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Abstract. We present the development of ANISORROPIA,
the discrete adjoint of the ISORROPIA thermodynamic equi-
librium model that treats the Na+-SO2−

4 -HSO−

4 -NH+

4 -NO−

3 -
Cl−-H2O aerosol system, and we demonstrate its sensitivity
analysis capabilities. ANISORROPIA calculates sensitivi-
ties of an inorganic species in aerosol or gas phase with re-
spect to the total concentrations of each species present with
less than a two-fold increase in computational time over the
concentration calculations. Due to the highly nonlinear and
discontinuous solution surface of ISORROPIA, evaluation of
the adjoint required a new, complex-variable version of the
model, which determines first-order sensitivities with ma-
chine precision and avoids cancellation errors arising from
finite difference calculations. The adjoint is verified over an
atmospherically relevant range of concentrations, tempera-
ture, and relative humidity. We apply ANISORROPIA to
recent field campaign results from Atlanta, GA, USA, and
Mexico City, Mexico, to characterize the inorganic aerosol
sensitivities of these distinct urban air masses. The variabil-
ity in the relationship between fine mode inorganic aerosol
mass and precursor concentrations shown has important im-
plications for air quality and climate.

1 Introduction

Atmospheric chemical transport models (CTMs) are used
for many purposes including assessment of radiative climate
forcing of aerosol (Forster et al., 2007) and evaluation of the
effectiveness of emissions control strategies designed to re-
duce exposure of humans to particulates (US EPA, 2004).
The accuracy of these estimates is limited by model rep-
resentations of chemical and physical processes as well as
model parameters (e.g., emissions rates). Attributing climate
forcing and air quality degradation to sources is challenging
with sensitivity analysis techniques based on standard model
output (Shindell et al., 2008, 2009). Inorganic species, pri-
marily sulfate (SO2−

4(p)/HSO−

4(p)), ammonium (NH+4(p)), ni-

trate (NO−

3(p)), sodium (Na+(p)), and chloride (Cl−(p)), consti-
tute a significant fraction of dry aerosol mass (Heintzenberg,
1989). The nonlinear formation of inorganic aerosol from
gas phase precursors is reasonably well-characterized (Nenes
et al., 1999). However, the precision of emissions estimates
of aerosol precursors varies widely depending upon source
type and region of the world (Klimont and Streets, 2007).
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-
sulfate-nitrate aerosol to precursor concentrations (Ansari
and Pandis, 1998; West et al., 1999) makes the robust as-
sessment of emissions influences challenging.West et al.
(1998) demonstrated climatic implications of this variability
by quantifying the marginal direct radiative forcing of inor-
ganic aerosols.Vayenas et al.(2005) explored the relation-
ship of SO2(g) and NOx(g) emissions to SO2−

4 -HSO−

4 -NH+

4 -
NO−

3 aerosol concentrations in an observationally driven Eu-
lerian model over the eastern United States, finding signif-
icant variation in effectiveness of controls because of the
nonlinear transformation of gaseous precursors to aerosol.
Pinder et al.(2007) demonstrated the efficiency of reduc-
ing NH3(g) emissions relative to SO2(g) and NOx(g) for air
quality objectives with the PM-CAMx CTM (Gaydos et al.,
2007) by perturbing emissions of NH3(g), SO2(g), and NOx(g)

by fifty percent. Although the finite difference approach em-
ployed in this and other studies, sometimes termed “emis-
sions toggling”, is the most straightforward sensitivity analy-
sis technique, it is limited in that computational requirements
scale with the number of emissions investigated; perturba-
tions to the atmospheric conditions from the changed emis-
sions obscure nonlinear effects; and cancellation errors limit
the accuracy of this method. The decoupled direct method
(DDM), an implementation of a tangent linear model (TLM),
can be used to understand the impact of selected emissions
on the field of air quality or health metrics without chang-
ing emissions parameters (Dunker, 1984; Napelenok et al.,
2006; Koo et al., 2007); second-order source-oriented sensi-
tivities of inorganic aerosol can now quantify nonlinear con-
tributions to sensitivity (Zhang et al., 2011). Establishing
the source-receptor relationship of inorganic aerosol by these
forward sensitivity analysis methods (i.e., emissions tog-
gling, DDM/TLM) reveals emissions impacts of particular
sources on the field of concentrations. Source-oriented sen-
sitivity analysis is less helpful for evaluating relative impacts
of emissions, and inverse modeling with source-oriented sen-
sitivities is limited in application due to computational cost,
which scales with model parameters assessed (Mendoza-
Dominguez and Russell, 2001).

The adjoint method complements forward sensitivity ap-
proaches by efficiently elucidating the relationship of model
output (e.g., specified concentrations, air quality metrics) to
the field of model parameters, or input, (e.g., emissions, ini-
tial conditions) without perturbing model inputs. Computa-
tional requirements for calculation of these receptor-oriented
sensitivities are insensitive to the number of model param-
eters investigated. Thus, adjoints can efficiently calculate
sensitivities of air quality or climate-forcing metrics with re-
spect to a vast number of parameters (e.g., 105) in accordance
with model chemistry and physics. This receptor-oriented
approach facilitates optimization of model parameters in ac-
cordance with observations in a 4-dimensional variational
(4D-Var) data assimilation framework.

Meteorologists have exploited adjoints for optimization of
initial conditions and other parameters for decades (Sasaki,
1958; Marchuk, 1974; Lamb et al., 1975; Talagrand, 1981;
Talagrand and Courtier, 1987). CTM adjoints have been
used to explore relationships of concentrations of gaseous
species and emissions (Menut et al., 2000; Vukićevíc and
Hess, 2000; Sandu et al., 2005a; Hakami et al., 2006; Mar-
tien and Harley, 2006) and to refine estimates of trace gases
in the atmosphere (Fisher and Lary, 1995; Elbern et al.,
1997; Kaminski et al., 1999; Elbern et al., 2000; Müller and
Stavrakou, 2005; Zhang et al., 2008; Kopacz et al., 2009).
Gas phase 4D-Var data assimilation has been employed to
improve agreement of model predictions with in situ obser-
vations (e.g.,Chai et al., 2006) or remote sensing (e.g.,Resler
et al., 2010). Kukkonen et al.(2012) anticipate the utility of
4D-Var data assimilation of trace gas observations within a
coupled meteorological-chemical forecasting model frame-
work for real-time improvement of air quality forecasting.

Application of adjoint methods to study aerosols is rela-
tively new, likely due, in part, to the difficulty of developing
adjoints of aerosol models as well as recent attention to re-
fining aerosol concentration estimates in CTMs.Henze et al.
(2004) andSandu et al.(2005b) demonstrated the feasibil-
ity of developing an adjoint for the coagulation and growth
of a multi-component aerosol population in a 0-D model.
Hakami et al.(2005) first optimized initial and boundary con-
ditions as well as emissions rates of non-reactive black car-
bon (BC) aerosol using an adjoint of the STEM-2k1 model
(Carmichael et al., 2003; Sandu et al., 2005a) to assimilate
in situ observations from ACE-Asia (Huebert et al., 2003;
Seinfeld et al., 2004). The adjoint of GOCART, a global
aerosol transport model, demonstrated the utility of satellite-
based aerosol observations for constraining highly uncer-
tain aerosol emissions parameters (Dubovik et al., 2008).
The distribution and long-range transport of Asian dust have
been investigated with a 4D-Var data assimilation version
of a regional dust transport model (RC4) with both in situ
and remotely sensed observations (Yumimoto et al., 2007,
2008; Uno et al., 2008; Sekiyama et al., 2010). The di-
rect and albedo forcings of black carbon deposited on the
Tibetan Plateau were characterized byKopacz et al.(2011)
with the adjoint of GEOS-Chem.Henze et al.(2007) first
included secondary formation of inorganic aerosol in the
adjoint of GEOS-Chem using MARS-A aerosol thermody-
namic model of the SO2−

4 -HSO−

4 -NH+

4 -NO−

3 -H2O aerosol
system (Binkowski and Roselle, 2003). With this framework,
Henze et al.(2009) conducted inverse modeling of inorganic
fine mode aerosol observations from the IMPROVE network
(Malm et al., 1994) to identify influences of aerosol precur-
sor emissions on US air quality.

Many regional and global CTMs employ the
ISORROPIA/ISORROPIA-II (Nenes et al., 1998, 1999;
Fountoukis and Nenes, 2007) aerosol thermodynamic equi-
librium model. ISORROPIA treats the Na+-SO2−

4 -HSO−

4 -
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NH+

4 -NO−

3 -Cl−-H2O aerosol system by efficiently and
accurately calculating the partitioning of precursor gases and
water vapor to aerosol at a specified temperature and relative
humidity (RH). ISORROPIA simulates secondary inorganic
aerosol formation in CHIMERE (Schmidt et al., 2001;
Bessagnet et al., 2004), Community Multiscale Air Quality
model (CMAQ) (Byun and Schere, 2006), Comprehensive
Air Quality Model with Extensions (CAMx) (ENVIRON,
1997, 2010), COSMO-ART (Vogel et al., 2009), GEOS-
Chem (http://geos-chem.org/) (Bey et al., 2001; Pye et al.,
2009), LOng Term Ozone Simulation–EURopean Opera-
tional Smog model (LOTOS-EUROS) (Schaap et al., 2008),
and the Sulfur Transport dEposition Model (STEM-2k1)
(Carmichael et al., 2003). Although ISORROPIA is capable
of treating the entire water uptake curve, CTMs neglect the
formation of solid phases and assume aerosols exist in a
metastable state.

Receptor-oriented sensitivity analysis and inverse model-
ing have been limited to gaseous species or inert aerosol
for CTMs that employ ISORROPIA due to the absence of
its adjoint, which this work addresses. We present the de-
velopment of ANISORROPIA (AdjoiNt of ISORROPIA)
(Sect. 2), demonstrate its accuracy at atmospherically rele-
vant conditions (Sect. 3), and apply it to examine observed
aerosol mixture responses (Sect. 4). Finally, the utility
of ANISORROPIA within adjoints of CTMs is anticipated
(Sect. 5).

2 Methods

The adjoint of a CTM determines sensitivities of a metric of
specified output parameters (e.g., air quality attainment met-
ric) with respect to a wide array of input parameters (i.e.,
emissions rates). Conceptually, an infinitesimal variation in
a single output variable evolves backwards through modeled
processes, indicating the corresponding perturbations of in-
put parameters required to effect the infinitesimal change in
output. Realizing this capability in a CTM with an online
simulation of aerosol involves considerable methodological
and coding development. Outlined in the following sec-
tions are the role of ISORROPIA in CTMs (Sect. 2.1), the
framework for adjoint-based sensitivity analysis (Sect. 2.2),
and the specific tactics employed to develop ANISORROPIA
(Sect. 2.3).

2.1 The ISORROPIA model

Key components of fine mode aerosol are water, inorganic
salts, crustal minerals, organics, and trace metals (Seinfeld
and Pandis, 2006). Inorganic species constitute about 25–
50 % of the dry mass of a typical continental particle, the
most abundant being sulfate (SO2−

4(p)/HSO−

4(p)), ammonium

(NH+

4(p)), and nitrate (NO−3(p)). Sodium (Na+(p)) and chloride

(Cl−(p)) ions contribute significantly in environments with

marine character or near dry lake beds (Heintzenberg, 1989).
CTMs often treat fine mode particles as existing in thermo-
dynamic equilibrium with the surrounding gases based on the
short equilibration time scales for these particles (Ansari and
Pandis, 1999b; Dassios and Pandis, 1999; Fountoukis et al.,
2009).

A number of thermodynamic models have been developed
to model aerosol thermodynamic equilibrium with vary-
ing degrees of comprehensiveness, accuracy, and efficiency
(e.g., AIM (Clegg et al., 1998); GFEMIN (Ansari and Pan-
dis, 1999a); EQSAM3 (Metzger et al., 2006; Metzger and
Lelieveld, 2007); EQUISOLV II (Jacobson et al., 1996; Ja-
cobson, 1999); ISORROPIA and ISORROPIA II (Nenes
et al., 1998, 1999; Fountoukis and Nenes, 2007); MARS-A
(Saxena et al., 1986; Binkowski and Roselle, 2003); MESA
(Zaveri et al., 2005); SCAPE2 (Kim et al., 1993a,b; Meng
and Seinfeld, 1996); UHAERO (Amundson et al., 2006)).

Until now, the adjoint of one thermodynamic equilibrium
model has been developed: RPMARES, an implementa-
tion of the MARS-A model for GEOS-Chem (Binkowski
and Roselle, 2003; Park et al., 2004; Henze et al., 2007).
RPMARES treats the ammonium-sulfate-nitrate aerosol sys-
tem with temperature-independent activity coefficients based
on the Pitzer model for binary coefficients. ISORROPIA
treats two additional species, sodium and chloride, and in-
cludes temperature dependence when calculating activity co-
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)
(Harvie et al., 1984; Cohen et al., 1987; Kim et al., 1993b).
In ISORROPIA, water uptake is calculated in accordance
with AIM Model III ( http://www.aim.env.uea.ac.uk/aim/aim.
php) rather than older data sets (Binkowski and Roselle,
2003; Fountoukis and Nenes, 2007). Inclusion of additional
species, increased accuracy compared to RPMARES, and
widespread utilization of ISORROPIA in CTMs motivated
development of ANISORROPIA.

ISORROPIA solves the aerosol-gas partitioning problem
in two different modes: forward and reverse. Model input
for the forward mode is the total amount of species present in
the gas and aerosol; it outputs the gas phase and aerosol con-
centrations of each of the species. The reverse mode requires
the concentration of species in the aerosol and calculates gas
phase concentrations of species in equilibrium. The focus of
the current work is the forward mode as it is more widely
employed. The reverse mode is useful for aerosol dynam-
ics codes with active mass transfer of aerosol species (e.g.,
Capaldo et al., 2000; Pilinis et al., 2000; Kelly et al., 2010).

ISORROPIA uses ten distinct algorithms to determine
equilibrium based on the relative abundance of negatively
and positively charged ionic species for the NH+

4 -SO2−

4 -
HSO−

4 -NO−

3 -Na+-Cl−-H2O aerosol system. The sulfate

ratio, RS =
[Total NH3]+[Total Na]

[Total H2SO4]
, determines which solution
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branch is employed. ForRS ≥ 2, the neutralized solution
regime is accessed since sufficient ammonium and sodium
are present to neutralize the aerosol sulfate.RS<2 invokes
one of the seven acidic solution algorithms. Discretization of
the solution space reduces the computational complexity and
increases efficiency of determining equilibrium of a multi-
component system; therefore, ANISORROPIA was designed
to be congruent with the underlying model.

2.2 Mathematical background

Adjoint-based sensitivity analysis complements the direct
decoupled method of sensitivity analysis more often em-
ployed in three-dimensional CTMs. Because of the relatively
novel application of adjoint methods to CTMs and their in-
ternal models, the mathematical basis for the discrete adjoint
of the forward mode of ISORROPIA is given. A comprehen-
sive description of the mathematical framework for discrete
and continuous adjoints of CTMs can be found inSandu et al.
(2005a).

Forward mode ISORROPIA partitions concentrations of
inorganic species summed over solid, liquid, and gas phases
into the appropriate concentration in each phase at thermo-
dynamic equilibrium. ISORROPIA can be represented as
a function,F, that propagates the total concentration,ct

i , to
the appropriate phase concentrations,cp

i , for each species,i
(Eq.1). The vectorscp andct represent all species.

cp
= F(ct ) (1)

A scalar response function,J , of the model is given by

J (ct ) = g(cp) (2)

The derivatives of the response function,J , with respect to
the total concentrations,ct , are desired. A infinitesimal per-
turbation,δct , in ct propagates toδcp by the tangent linear
model (Eq.3).

δcp
= F ′

◦δct (3)

An adjoint operator, denoted byF′∗ here, corresponds to the
tangent linear operator such that

λt
= F ′∗

◦λp
+φ. (4)

Thus, adjoint vectors,λp, corresponding tocp, and a forcing
function, φ, are propagated toλt . Appropriate selection of
the values ofλp andφ allow the desired result,

λt
i =

∂[J (ct )]

∂ct
i

=
∂[g(cp)]

∂ct
i

(5)

for each species,i. The discrete adjoint model,F′∗, which is
ANISORROPIA, maintains the algorithmic structure of the
original function,F or ISORROPIA. ANISORROPIA can
produce the derivatives of interest independently, as demon-
strated in this work. It could also be integrated into the ad-
joint of a CTM to propagate adjoint vectors through the pro-
cesses described by ISORROPIA.

2.3 Development of ANISORROPIA

Accumulation of adjoint sensitivities occurs through a set
of calculations which parallel the original model. A model
adjoint can be formed in one of two ways. If the govern-
ing equations are differentiated and then transformed into
a numerical algorithm, the adjoint is termed a continuous
adjoint; the algorithmic treatment of a continuous adjoint
model may differ significantly from the original model. Con-
versely, a discrete adjoint is formed by the differentiation of
the forward model in accordance with the original model al-
gorithm. Automatic differentiation (AD) tools, which ap-
ply the chain rule of differential calculus line by line, can
be efficiently employed as aids to discrete adjoint develop-
ment (http://www.autodiff.org/); alternately, the discrete ad-
joint can be developed by manually processing the code line
by line.

A discrete adjoint is developed to maintain consistency
with ISORROPIA and to retain the efficiency of ISOR-
ROPIA, which largely arises from the discretization of the
solution space. Branching and discontinuity (not unique to
ISORROPIA, as theoretically any code containing “GO TO”,
“IF”, “MAX/MIN”, “ABS” and other similar functions intro-
duce branching and discontinuities) do not prohibit the devel-
opment of a discrete adjoint, because a continuous set of so-
lutions and derivatives can be derived for each subdomain of
the code. This is not the case for sensitivities evaluated with
other methods (e.g., finite differences), as they can frequently
involve function evaluations across solution regimes and thus
provide fundamentally inaccurate values. ANISORROPIA
has been developed for each of the ten solution regimes in-
volved in the forward mode for the deliquesced NH+

4 -SO2−

4 -
HSO−

4 -NO−

3 -Na+-Cl−-H2O aerosol system. The appropri-
ate solution regime is accessed according to the relative abun-
dance of total species present. An internal driver calls the ap-
propriate adjoint routine based on the acidity of the aerosol,
which is consistent with that executed by the forward model.
ANISORROPIA does not checkpoint, or store to a file, the
solution regime called during the forward execution of ISOR-
ROPIA because a simple arithmetic calculation from input to
ANISORROPIA is sufficient to select the appropriate solu-
tion pathway.

Within each of the ten solution pathways, ISORROPIA re-
mains sufficiently complex that writing the adjoint of this
FORTRAN code by hand would be very challenging. The
high degree of interdependence in addition to the length of
the code (∼10 000 lines) made employing an AD tool an
attractive alternative. TAPENADE, an AD tool for FOR-
TRAN and C programs (Hascöet and Pascual, 2004), was
used to apply the chain rule of derivative calculus line by
line such that differentials of dependent variables with re-
spect to intermediate variables can accumulate (in accor-
dance with an adjoint forcing vector) to produce the sensi-
tivity of a dependent-variable with respect to independent
variables (http://www.autodiff.org/). ISORROPIA originally

Atmos. Chem. Phys., 12, 527–543, 2012 www.atmos-chem-phys.net/12/527/2012/

http://www.autodiff.org/
http://www.autodiff.org/


S. L. Capps et al.: Sensitivity analysis with ANISORROPIA 531

calculated activity coefficients to single-precision; develop-
ment of ANISORROPIA required conversion of all variables
to double-precision to accumulate sensitivities through this
aspect of the model accurately.

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-
rays of ISORROPIA (i.e., aqueous and gaseous partitioned-
species concentrations). During ANISORROPIA execution,
branches and iterations are noted with inexpensive variable
accumulation, and variable values are temporarily stored in
memory during the forward calculations (Fig.1, blue lines);
the same procedures are then executed in reverse order while
accumulating gradients in corresponding sensitivity calcula-
tions driven by the forcing vector (Fig.1, 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
concentration). If the adjoint forcing vector is null except
for a single element equal to unity, ANISORROPIA pro-
duces the row of the Jacobian of ISORROPIA correspond-
ing to the element equal to unity; for instance, if the element
of the adjoint forcing vector corresponding to[NH+

4(aq)] is
unity and all others zero, ANISORROPIA produces the ar-

ray
∂[NH+

4(aq)]

∂[X]
, where [X] is the array of concentrations of the

sum of the aqueous and gaseous forms of speciesX, one of
the total species tracked by ISORROPIA. Forward sensitivity
analysis methods produce the column of the Jacobian corre-
sponding to a selected[Y ]; hence, a single execution of a
forward sensitivity analysis method could yield, for exam-
ple, the array ∂[Y]

∂[TotalH2SO4]
, where[Y] is the array of concen-

trations of partitioned species,Y . In this way, the Jacobian
produced by ANISORROPIA is compared directly to that de-
termined by a forward sensitivity analysis method for model
evaluation (Sect. 3.2).

For acidic cases (i.e.,RS<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 (Fig.1a). 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
activity coefficients are calculated by default so that accurate
sensitivity calculations can be obtained.

In the case of neutralized aerosol (i.e.,RS≥2), ISOR-
ROPIA evaluates whether equilibrium has been achieved
by a selected saturation ratio. For instance, in the
NH+

4 -SO2−

4 -HSO−

4 -NO−

3 -H2O aerosol system, all equa-
tions are solved successively so that only one equilibrium
needs to be numerically solved, namely NH3(g)+H2O(aq) �
NH+

4(aq)+OH−

(aq); therefore, satisfactory equilibrium is

achieved when
[NH+

4(aq)][OH−

(aq)]

K[NH3(g)]
= 1, where, for example,

[NH+

4(aq)] denotes the concentration of ammonium in mol

Fig. 1. Algorithmic flowchart of ANISORROPIA forward (blue)
and adjoint (red) calculations.(a) The acidic aerosol solution algo-
rithm is given for the cases where the molar ratio of positive ions
(i.e., total ammonia and sodium) to total sulfate is less than two
(RS<2); (b) for RS≥ 2, the neutralized aerosol solution algorithm
is shown.

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-
ing with small shifts in pH. The stability of the bisection

method ensures convergence to the root of
[NH+

4(aq)][OH−

(aq)]

K[NH3(g)]
=

1 in ISORROPIA. The discontinuous nature of the bisec-
tion method required modification of the underlying model
in order for sensitivities to be traced through the solution.
First, for RS ≥ 2 in the NH+

4 -SO2−

4 -HSO−

4 -H2O aerosol
system, the bisection method was replaced with an itera-
tive convergence algorithm similar to those employed for
RS < 2 cases. Secondly, forRS ≥ 2 in the NH+

4 -SO2−

4 -
HSO−

4 -NO−

3 and NH+

4 -SO2−

4 -HSO−

4 -NO−

3 -Na+-Cl−-H2O
aerosol systems, the post-convergence Newton-Raphson (N-
R) method was implemented (Bartholomew-Biggs, 1998)

www.atmos-chem-phys.net/12/527/2012/ Atmos. Chem. Phys., 12, 527–543, 2012
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Fig. 2. Evaluation of concentrations of aqueous species in µg m−3 produced by forward model augmented for adjoint development against(a)
ISORROPIA v.2.1 with a modified double-precision activity coefficient module and(b) the 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
TAPENADE-produced TLMs of the function being treated
by bisection; that is, the chain rule is applied line-by-line to
produce the sensitivity of the equilibrium equation of inter-

est (e.g.,
[NH+

4(aq)][OH−

(aq)]

K[NH3(g)]
= 1) with respect to its input (e.g.,

moles of NH3(g) partitioning to the aerosol). The result of bi-
section serves as the initial guess of one iteration of the N-R
method. By adding a differentiable calculation subsequent to
the original algorithm, the stability of the bisection algorithm
is maintained while providing the functionality necessary for
adjoint calculations. It is sufficient to take the adjoint of this
single step (Bartholomew-Biggs, 1998). The error system of
ISORROPIA is augmented to note when the N-R calculation
causes significant deviation from the bisection result. The
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 concentration
and sensitivity calculations.

3 Evaluation of ANISORROPIA

A two-part evaluation of ANISORROPIA was conducted.
First, the partitioned concentrations given by ANISOR-
ROPIA were evaluated against ISORROPIA v.2.1 for an
atmospherically relevant range of RH (5–95 %), tempera-
ture (268–308 K), and total concentrations to ensure that
the forward calculations are not altered by the modifica-
tions of the code required to calculate the adjoint derivatives.
Ranges of total concentrations were 1–50 µg m−3 H2SO4;
0.2–9 µg m−3 NH3; 0–16 µg m−3 HNO3; 0–18 µg m−3 Na;
and 0–30 µg m−3 HCl. Approximately 65 000 sets of model
input were evaluated, and ANISORROPIA processed 90 %
without producing an error code (Fig.2). The stiffness of
the numerical solution for equilibrium at high ionic concen-

trations due to the metastable assumption sometimes leads
to insufficient convergence for accurate adjoint sensitivity
calculation causing an error. Errors can also arise from the
post-convergence N-R step altering the equilibrium achieved
by bisection. Optimal values for the ionic threshold (in-
creased to 200 from the value of 100 used in ISORROPIA)
and acceptable range for N-R deviation (unique to ANISOR-
ROPIA) were determined by extensive error assessment. For
the convergent cases, ANISORROPIA concentrations are
less than 0.1 % different than results of the modified ISOR-
ROPIA v2.1 (Fig.2, R2

= 1.00). Having ensured that the
sensitivities would be evaluated for nearly identical simu-
lated equilibrium concentrations, the accuracy of the adjoint
sensitivities was assessed by comparison to sensitivities cal-
culated using the complex variable method.

3.1 The complex variable method

The truncated Taylor series expansion ofF(x) about a point
(x0) leads to the central finite difference approximation of∂F

∂x

with truncation errorO(h2) given by

∂F

∂x
= lim

h→0

F(x0+
1
2h)−F(x0−

1
2h)

h
(6)

whereF is a real analytic function andh is a small, real
perturbation. Lyness and Moler(1967) demonstrated that
complex numbers are useful for numerical approximation of
derivatives. Computational costs of their approach, which
was based on Cauchy’s integral theorem, limited application
of the technique (Lantoine et al., 2010). Squire and Trapp
(1998) developed an efficient complex step differentiation
method which maintains machine precision in the derivative.
For the complex analytic functionG(z), wherez is a complex
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argument, an analogous expression for∂G
∂z

with approxima-
tion errorO(h2) arises:

∂G

∂z
= lim

h→0

=[G(z0+ ih)]

h
(7)

where i =
√

−1 and= selects the imaginary part of the ar-
gument (Squire and Trapp, 1998). The complex variable
method (CVM) as introduced bySquire and Trapp(1998)
eliminates subtraction cancellation and numerical round-off
errors, the primary difficulties of numerical differentiation
(Lyness and Moler, 1967).

To implement CVM in a FORTRAN-based numerical
model such as ISORROPIA, variables are declared as COM-
PLEX rather than REAL, and intrinsic functions are mod-
ified to treat complex arguments (Giles and Pierce, 2000).
This conversion is straightforward with the exception of the
functions that must be approximated to accept COMPLEX
arguments, such as the arccosine function, ACOS. ACOS
is called within the analytical solution of the cubic poly-
nomial x3

+ A1x
2
+ A2x + A3 = 0. CVM maintains the

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 to
zero, df =

∂f
∂x

∣∣
x=x0

dx +
∑3

i=1
∂f
∂Ai

∣∣
x=x0

dAi = 0, wherex0

is the desired solution of the cubic polynomial,Ai repre-
sents the coefficients of the polynomial,dx = =(x0), and
dAi = =(Ai), yields ∂x0

∂Ai
=

=(x0)
=(Ai )

. Rather than using an al-
ternate analytical solution to avoid calling ACOS, the imagi-
nary part ofx0 was calculated independently. To do so,=(Ai)

were stored, and the desired real root calculated by the orig-
inal function operating only on the real parts ofAi . The ana-
lytical total derivative of the cubic polynomial gives

=(x0) =
−(x2

0)=(A1)−(x0)=(A2)−=(A3)

3x2
0 +2A1x0+A2

(8)

by which=(x0) is obtained. This strategy is readily applica-
ble in other CVM applications to similar calculations involv-
ing functions that must be approximated to treat a complex
argument.

3.2 Sensitivity comparison

Although the accuracy of finite difference sensitivities is lim-
ited by round-off error, nonlinear effects, and solution dis-
continuities, these provide the most straightforward method
of evaluating partial derivatives calculated by adjoints (Giles
and Pierce, 2000); therefore, adjoint-based sensitivities are
typically compared to those from the central finite differ-
ence method (e.g.,Martien et al., 2006; Henze et al., 2007;
Hakami et al., 2007). The highly nonlinear, discontinuous
solution surface of ISORROPIA and associated subtraction
cancellation errors rendered this method ineffective. For ex-
ample, finite difference sensitivities of aqueous sulfate to
total sulfate exceeded stoichiometric expectations for the

Fig. 3. Sensitivities from the central finite difference method with a
delta value of 10−2 compared against sensitivities from the complex
variable method with a perturbation of 10−18i. The liney = x is
plotted for reference (solid black). Deviations from stoichiometric
expectations in finite difference sensitivities revealed that the finite
difference approach would not suffice to evaluate ANISORROPIA
sensitivities.

same input for which the CVM found reasonable sensitivities
(Fig. 3). To overcome this issue, CVM is used for evaluation
of ANISORROPIA sensitivities.

The adjoint sensitivities from ANISORROPIA are com-
pared to those from CVM over the same evaluation range
which was employed for the concentrations described in
Sect. 3 (Fig.4). Thirty-five sensitivities of the aerosol con-
centration (model output: Cl−

(aq), H+

(aq), HSO−

4(aq), Na+

(aq),

NH+

4(aq), NO−

3(aq), SO2−

4(aq)) to the sum of gaseous and aerosol
concentrations (model input: total chloride, total nitrate, total
sulfate, total ammonium, and total sodium) were evaluated
for each of the aqueous aerosol species with respect to each
aerosol precursor. Testing other sensitivities (e.g., gaseous
concentration with respect to total species) is also possible
but redundant. The ANISORROPIA-produced sensitivities
are compared against CVM results (Fig.4). The black solid
line representsy = x and depicts the region of perfect agree-
ment; approximately 105 points are represented in each of the
six sensitivity comparisons. Despite some deviation at very
low relative humidities and lower temperatures, the level of
agreement in the results verifies that the adjoint sensitivities
are consistent with the model sensitivities for the majority of
atmospherically relevant conditions.

3.3 Computational efficiency

The computational time required for execution of ANISOR-
ROPIA concentration and adjoint sensitivity calculations was
assessed by comparing the elapsed CPU time against ISOR-
ROPIA v.2.1 with a double-precision activity coefficient
module. Both models were executed with the same conver-
gence 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).

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 ANISORROPIA (SO2−

4 -

HSO−

4 -NH+

4 -H2O; NO−

3 -SO2−

4 -HSO−

4 -NH+

4 -H2O; Na+-Cl−-NO−

3 -SO2−

4 -HSO−

4 -NH+

4 -H2O). The forward/original comparison reveals
the reduced time required because of algorithmic changes necessary for adjoint development.

from previous iteration<10−10). Modeling experiments
were designed to examine the three different aerosol sys-
tems individually because algorithmic modifications were
unique in the three systems. All written output was sup-
pressed so that calculations, not variable writing processes,
were evident in the timing comparisons. The assessment
was conducted on a 2.93 GHz Intel Core i7 processor run-
ning Mac OS X v10.7.2; source code was compiled with O3
optimization by the Intel Fortran compiler.

The atmospherically relevant evaluation range (Sect. 3)
bounded the input for the timing experiments. Only in the
NH+

4 -SO2−

4 -HSO−

4 -H2O does the adjoint exceed a three-fold
increase in computational time over the concentration calcu-
lations with the adjoint-based code (Fig.5), which is far less
than the theoretical upper limit of a factor of five (Griewank,
1989). Even in this case, an algorithmic change to one of

the three sub-regimes causes a significant decrease in the
concentration calculation cost such that the adjoint sensi-
tivities still require less time than the original model con-
centration calculations (adjoint/original). The more com-
prehensive NH+4 -SO2−

4 -HSO−

4 -NO−

3 -H2O and NH+

4 -SO2−

4 -
HSO−

4 -NO−

3 -Na+-Cl−-H2O aerosol systems were less mod-
ified, leading to computational costs similar to those of
the original model for concentrations (forward/original).
The computational efficiency of the post-convergence N-
R approach exhibits less than a doubling of computational
time for the adjoint sensitivities over concentrations (ad-
joint/forward). Convergence criteria optimization through
error analysis significantly improved the computational effi-
ciency of ANISORROPIA for both concentration and sen-
sitivity calculations. ANISORROPIA requires similar in-
creases in computational time as the gas-phase adjoint of

Atmos. Chem. Phys., 12, 527–543, 2012 www.atmos-chem-phys.net/12/527/2012/



S. L. Capps et al.: Sensitivity analysis with ANISORROPIA 535

Fig. 6. ANISORROPIA-produced
∂[NH+

4(aq)]

∂[Total H2SO4]
on a molar basis(a,b) and

∂(PM2.5,dry)

∂(Total H2SO4)
on a mass basis(c,d) for the NH+

4 -SO2−

4 -HSO−

4 -

NO−

3 -H2O aerosol system at RH of 75 %(a,c) and 55 %(b,d) and a temperature of 300 K. 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 1.5
times the original model, respectively (Hakami et al., 2007;
Henze et al., 2007). As for memory requirements, the only
values necessary from the adjoint forward execution are to-
tal species concentrations, RH, and temperature; all values
needed for adjoint calculations are recomputed or stored in-
ternally in allocatable arrays using the efficient PUSH/POP
mechanism of TAPENADE (Hascöet and Pascual, 2004).

4 Application

ANISORROPIA has been developed for application within
the adjoints of CTMs from regional (e.g., Community Mul-
tiscale Air Quality model (CMAQ),Byun and Schere, 2006)
to global scales (e.g., GEOS-Chem,Henze et al., 2007); in
these frameworks, its potential can be fully realized. Nev-
ertheless, applied independently of a CTM, ANISORROPIA
provides an efficient, reliable method of determining the sen-

sitivity of dry, inorganic fine mode aerosol to changes in to-
tal concentrations of sulfate, ammonia, nitrate, sodium, and
chloride for deliquesced aerosol. The input required is ex-
actly the same as the forward mode of ISORROPIA (i.e.,
total concentrations, RH, temperature). ANISORROPIA is
used to identify sensitivity regimes over a broad range of
atmospherically relevant concentrations (Sect. 4.1). Then,
conditions from in situ measurements of the inorganic com-
position of aerosols and quantities of the gas phase pre-
cursors NH3(g), HNO3(g), and HCl(g) from two distinct
urban environments (Atlanta, Georgia, USA, and Mexico
City, D.F., Mexico) are processed to characterize the urban
PM2.5 responsiveness to anthropogenically emitted species
(Sect. 4.2).

4.1 Sensitivity regimes

ANISORROPIA is applied to produce sensitivities for
the partitioning of NH3(g) in response to the addition of
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Fig. 7. ANISORROPIA-produced
∂[NH+

4(aq)]

∂[Total H2SO4]
(molar basis)

for the NH+

4 -SO2−

4 -HSO−

4 -NO−

3 -Na+-Cl−-H2O aerosol system
at a RH of 40 % and a temperature of 300 K. The total HCl is
0.8 µmol m−3, and the total HNO3 is 0.01 µmol m−3. Region I cor-
responds to 0 µmol m−3 of total Na, Region II to 0.4 µmol m−3

of total Na, and Region III to 0.8 µmol m−3 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 H2SO4 (RS = 2). The increasing gra-
dient from left to right in Regions II and III demonstrates the contri-
bution of positive ions from Na+

(aq) initially balancing SO2−

4(aq) (i.e.,

low
∂[NH+

4(aq)]

∂[Total H2SO4]
) and the increasing contribution of NH+4(aq) to

the charge balance with more negative ions present.

H2SO4(g) and then for fine mode, dry aerosol (i.e., PM2.5)
in response to the same at 300 K (Fig.6). Throughout much
of the atmosphere, ammonium contributes a significant frac-
tion of positive ions in aerosol (Seinfeld and Pandis, 2006).
The condensation of two moles of NH3(g) for each addi-
tional mole of H2SO4(g) in an air parcel can be expressed

as
∂[NH+

4(aq)]

∂[Total H2SO4]
= 2 on a molar basis. At 55 % RH, the

∂[NH+

4(aq)]

∂[Total H2SO4]
given by ANISORROPIA demonstrates this be-

havior when the ratio of total ammonia to sulfate exceeds two
(Fig. 6b). White space in the ternary diagram denotes occur-
rence of an error. When the ratio of total ammonia to sulfate

is less than two,
∂[NH+

4(aq)]

∂[Total H2SO4]
= 0 on a molar basis whether

significant water is present (Fig.6a) or not (Fig.6b). In the
presence of HNO3(g) and enough water for it to partition sig-

nificantly to aerosol,
∂[NH+

4(aq)]

∂[Total H2SO4]
ranges between zero and

two reflecting the buffering effect of HNO3(g), which evapo-
rates from the aerosol as the H2SO4(g) condenses (Fig.6a).

Fig. 8. ANARChE data processed with ANISORROPIA reveal At-

lanta
∂[NH+

4(aq)]

∂[Total H2SO4]
(molar basis)(a) and

∂(PM2.5,dry)

∂(Total H2SO4)
(mass ba-

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

ANISORROPIA results elucidate the dry aerosol mass
changes due to the addition of 1 µg H2SO4(g) at 75 % and

55 % RH and 300 K.
∂(PM2.5,dry)

∂(Total H2SO4)
, where(Total H2SO4) 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 mol−1), ammonium
(18 g mol−1), and nitrate (62 g mol−1) are important for un-
derstanding these results. Adding one µg of sulfate to an
acidic aerosol should cause an equivalent increase in the dry
aerosol mass (Fig.6c, d). Given that neutralized aerosol at
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Fig. 9. The ANISORROPIA-produced
∂[NO−

3(aq)
∂[Total HNO3]

,
∂NO−

3(aq)
∂[Total NH3]

, and
∂NO−

3(aq)
∂[Total H2SO4]

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 F09 sensitivities. With the exception of the fit about

∂NO−

3(aq)
∂[Total H2SO4]

, ANISORROPIA has tighter bands than F09, indicating less scatter in the results due to the direct computation of sensitivity
about the desired input. ANISORROPIA characterizes the sensitivity of Mexico City aerosol nitrate similarly to the full forward model
employed by F09.

lower RH has
∂[NH+

4(aq)]

∂[Total H2SO4]
' 2 on a molar basis, the conden-

sation of NH3(g) and H2SO4(g) govern the
∂(PM2.5,dry)

∂(Total H2SO4)
of

1.37 on a mass basis (Fig.6d). When aerosol nitrate buffers
the system by evaporation upon condensation of H2SO4(g),

∂(PM2.5,dry)

∂(Total H2SO4)
drops below 1 on a mass basis, in part due to the

higher molar mass of nitrate than ammonium, as shown in a
small region of Fig.6c. Low temperatures (∼250 K) and high
concentrations of total nitrate relative to total ammonium and
sulfate can lead to negative values of

∂(PM2.5,dry)

∂(Total H2SO4)
, which is

caused by the ratio of molar masses of these species and their
relative capacity for inducing water uptake (not shown). This
variability underscores the importance of sensitivity analysis
for air quality.

ANISORROPIA results for the NH+4 -SO2−

4 -HSO−

4 -NO−

3 -
Na+-Cl−-H2O aerosol system reveal even more complex

sensitivity relationships quite clearly (Fig.7).
∂[NH+

4(aq)]

∂[Total H2SO4]

is shown for a system with 30 µg m−3 total HCl and
0.63 µg m−3 total HNO3 at 40 % RH and 300 K. The ab-
scissa corresponds to the sum of the total amounts of the
species producing positive ions, Na and NH3. The ordi-
nate corresponds to the total H2SO4 in the system. Differ-
ing amounts of sodium in the system define the three re-
gions, which overlap slightly to show the effect of sodium

on the sensitivity. Region I (forward-slanted hash marks),
where sodium is absent, demonstrates the primary role of
NH+

4(aq) in neutralizing sulfate. The sensitivity of 2 on a mo-

lar basis for
∂[NH+

4(aq)]

∂[Total H2SO4]
persists whenRS≥ 2; however, if

RS<2,
∂[NH+

4(aq)]

∂[Total H2SO4]
= 0. This behavior is consistent with that

demonstrated in the NH+4 -SO2−

4 -HSO−

4 -NO−

3 -H2O system
(Fig. 6). Region II (vertical hash marks) reveals the system
sensitivity when Na+(aq) contributes to neutralizing sulfate. At

the far left edge of Region II, Na+(aq) constitutes the majority

of the positive ions; therefore, the
∂[NH+

4(aq)]

∂[Total H2SO4]
is negligible.

Moving to the right across Region II, the concentration of
positively charged Na+(aq) ions is exceeded by SO2−

4(aq) ions,

and
∂[NH+

4(aq)]

∂[Total H2SO4]
increases correspondingly. Finally, in Re-

gion III, the same reduced value of
∂[NH+

4(aq)]

∂[Total H2SO4]
appears with

a dampened rate of increase of NH+

4(aq) contribution to posi-

tively charged ions due to the large contribution from Na+

(aq)

and minor buffering by NO−3(aq) and Cl−(aq). ANISORROPIA
could also be applied at different RH, temperature, or com-
positions to reveal similarly meaningful sensitivity regimes.
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4.2 Observed conditions

4.2.1 Atlanta, Georgia, USA

The Atlanta Aerosol Nucleation and Real-Time Characteri-
zation Experiment (Atlanta-ANARChE) in July and August
of 2002 included measurements of NH3(g) and HNO3(g) via
two distinct methods of chemical ionization mass spectrom-
etry (Neuman et al., 2003; Nowak et al., 2006). The ground
campaign was conducted at Jefferson Street in midtown At-
lanta, one of the sites of the ongoing Southeast Aerosol Re-
search and Characterization (SEARCH) study (Hansen et al.,
2003) and the location of the Atlanta Supersite (Solomon
et al., 2003). SEARCH instrumentation measured sulfate
(SO2−

4(aq)), ammonium (NH+4(aq)), and nitrate (NO−3(aq)) con-
centrations with continuous 1-min resolution coincident with
the gas phase measurements (Edgerton et al., 2006). Meteo-
rological data collected include RH and temperature.Nowak
et al. (2006) demonstrated the level of accuracy of ISOR-
ROPIA in predicting the partitioned concentrations, which
also governs the accuracy of the aerosol sensitivities of
ANISORROPIA.

ANARChE data were collected in the range of 25–99 %

RH and 293–310 K. Results find that
∂[NH+

4(aq)]

∂[Total H2SO4]
= 2 on a

molar basis while the molar composition is 5–20 % total

H2SO4 and 60–95 % total NH3 (Fig. 8a).
∂[NH+

4(aq)]

∂[Total H2SO4]
is

negligible when total H2SO4 makes up 10–20 % and total
NH3 makes up 20–40 % of the molar composition, which is
consistent with sensitivities shown in Fig.6a,b. The calcu-

lated
∂(PM2.5,dry)

∂(Total H2SO4)
often exceeds 1.3 on a mass basis for this

time period, owing to the condensation of NH3(g) required
to neutralize H2SO4 and the co-condensation of NH3(g) and

HNO3(g) (as deliquesced NH4NO3).
∂(PM2.5,dry)

∂(Total H2SO4)
decreases

to unity for acidic aerosol, as NH3(g) is virtually zero.

4.2.2 Mexico City, D.F., Mexico

Comprehensive measurements from the Megacity Initiative:
Local and Global Research Observations (MILAGRO) cam-
paign during March of 2006 (Molina et al., 2010) facili-
tate the characterization of aerosol sensitivities for a very
different urban air mass than that found in Atlanta due to
the presence of sodium and chloride as well as significantly
higher NH3(g) concentrations. The campaign included three
ground sites with one in the urban center at the Instituto
Mexicano del Petŕoleo (T0 site), another at the Universi-
dad Tenoĺogica de Tećamac in the state of Mexico (T1 site),
and a third site at Rancho La Bisnaga in the state of Hi-
dalgo (T2 site). For this investigation, data are analyzed
for the period of 21–30 March 2006, from the T1 site,
which is typically downwind of Mexico City. Measure-
ments provide the PM2.5 concentrations of SO2−

4(p), NH+

4(p),

NO−

3(p), Na+

(p), Cl−(p), Ca2+

(p), K+

(p), and Mg2+

(p); gaseous con-
centrations of NH3(g), HNO3(g), and HCl(g); and the ambient

RH and temperature (Fountoukis et al., 2009). The PM2.5
ionic concentrations were measured by a Particle Into Liq-
uid Sampler (PILS) with a 6-min integrated sampling pe-
riod and a new chromatogram begun every 17 min (Orsini
et al., 2003). Gaseous concentrations of NH3(g) were ob-
tained with a quantum cascade laser (QCL) spectrometer
and HNO3(g) concentrations were deduced from the volatile
nitrate (i.e., HNO3(g)+NH4NO3(p)) concentrations acquired
with the thermal dissociation-laser induced fluorescence of
nitrogen oxides (TD-LIF) (Day et al., 2002; Farmer et al.,
2006). More details regarding data acquisition, uncertainty
analysis, and quality assurance are given byFountoukis et al.
(2009).

As shown byFountoukis et al.(2009) and sinceRS> 2,
∂[NH+

4(aq)]

∂[Total H2SO4]
= 2 on a molar basis except at RH less than

the mutual deliquescence RH of NaNO3(s) and NH4NO3(s)
(i.e., approximately 50 % RH). To investigate a more vari-
able component of the NH+4 -SO2−

4 -HSO−

4 -NO−

3 -Na+-Cl−-
H2O aerosol system, the sensitivity of aerosol NO−

3(aq) is ex-
plored as inFountoukis et al.(2009) (Fig. 9). The Foun-
toukis et al.(2009) sensitivities are calculated by backward
finite difference with explicit treatment of crustal species
and the possibility for aerosol species to condense into solid
salts. ANISORROPIA evaluates the same input by treating
the crustal species Mg(p)2+ and K(p)+ as equivalent moles of
sodium based on ionic charge (Moya et al., 2001) and Ca(p)2+

as insoluble CaSO4(s). Additionally, aerosol are assumed to
be deliquesced, as is common in CTMs and leads to minor
differences (Fountoukis et al., 2009). In an environment with

excess NH3(g),
∂[NO−

3(aq)]

∂[Total HNO3]
is expected to be 1 on a molar

basis unless insufficient aerosol water is present to absorb
the additional HNO3(g). ANISORROPIA produces this ex-
pected sensitivity (Fig.9, green asterisks) and with less scat-
ter than the backward finite difference sensitivities given by
Fountoukis et al.(2009). The greater scatter about the poly-
nomial fit line for the F09 sensitivities is expected due to the
limited accuracy of the finite difference method (Sect. 3.2).
Furthermore, backward finite difference sensitivities exceed
the expected value of 1 mol mol−1 for RH greater than 50 %,
which ANISORROPIA more accurately represents. Comple-

mentary to this sensitivity are the values of
∂[NO−

3(aq)]

∂[Total NH3]
and

∂[NO−

3(aq)]

∂[Total H2SO4]
, which are expected to be zero. Again, reduced

scatter above 50 % RH is evident for ANISORROPIA re-

sults. The backward finite difference results for
∂[NO−

3(aq)]

∂[Total NH3]

are significantly different than the central finite difference
results with the same perturbation size, which align much

more closely with ANISORROPIA
∂[NO−

3(aq)]

∂[Total NH3]
values for 30–

50 % RH (not shown). ANISORROPIA reveals that aerosol
nitrate in Mexico City is primarily sensitive to the addition of
HNO3(g), a conclusion congruent with the findings ofFoun-
toukis et al.(2009).
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5 Conclusions

The increasing measurements of aerosol composition from
field campaigns and observations of aerosol precursor con-
centrations from satellites provide a substantial opportunity
to advance the predictive capabilities of CTMs. One efficient
method of gleaning valuable information from these data is to
solve the inverse problem by applying the adjoint method to
optimize emissions parameters, initial conditions, or bound-
ary conditions of the CTM. Specifically, with a CTM adjoint,
the computational cost of optimization no longer scales with
the number of parameters being optimized, which is essen-
tial for spatially and temporally variable aerosol precursor
emissions. Furthermore, receptor-oriented sensitivity analy-
sis, possible only with a CTM adjoint, elucidates the relative
impacts of emissions sources on air quality, human health,
and climate metrics with temporal and spatial resolution.

This work presents the development and independent ap-
plications of ANISORROPIA, the adjoint of the thermo-
dynamic aerosol model ISORROPIA for the Na+-SO2−

4 -
HSO−

4 -NH+

4 -NO−

3 -Cl−-H2O aerosol system. Development
involved modification of the forward model code and ap-
plication of the automatic differentiation tool, TAPENADE
(Hascöet and Pascual, 2004). Verification of ANISOR-
ROPIA required development of a complex variable ver-
sion of ISORROPIA and evaluation against sensitivities pro-
duced by it, which are more reliable than the finite differ-
ence method. Further development of ANISORROPIA will
extend its capacity to treat the crustal species included in
ISORROPIA II (Mg2+, Ca2+, and K+) as well as the re-
verse mode execution for the purpose of calculating dynamic
equilibrium. ANISORROPIA is used to reveal the sensitivity
regimes of aerosol ammonium to sulfate and fine mode, dry
aerosol mass to sulfate for a wide range of atmospherically
relevant conditions. ANISORROPIA is employed to charac-
terize the sensitivity regimes of the distinct urban air masses
of Atlanta and Mexico City. Receptor-oriented sensitivity
analysis with CTM adjoints including ANISORROPIA shall
be useful for investigating the relative contribution of specific
emissions sources to radiative forcing and air quality. Within
the adjoints of regional and global CTMs, ANISORROPIA
can provide the ability to trace the impact of the major com-
ponents of inorganic aerosol and their precursors back to
the emissions source. Finally, ANISORROPIA enables as-
similation of observations of inorganic aerosol precursor and
aerosol concentrations in an inverse modeling framework.
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