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OVERVIEW

1. OVERVIEW

In the following pages we provide a technical sumymaf the CSIRO chemical-transport
modelling system (the CTM). The system compriseE@erian modelling framework which is
designed to model the emission, transport, chentramisformation and deposition of a gas
phase- or a mixed gas and aerosol phase systemCTRkis typically used for modelling
urban- and regional scale photochemical smog ptaxhycincluding primary and secondary

aerosol mass.

The CTM is coupled to the Carbon Bond 2005 mechaniérarwood et al 2005); the
Lurmann, Carter, Coyner mechanism (Lurmann et 887}, and the Generic Reaction Set
mechanism (Azzi et al. 1992) for modelling photaolel smog transformation. With respect
to reactive aerosols, the CTM includes a modulesiimulating the thermodynamic steady-state
concentrations of an aerosol sulfate, nitrate, aniom, water system (Saxena et al. 1986); and
modules for simulating secondary organic aerosotpetion and sulfate production within

cloud water.

The CTM has inline algorithms for calculating thatural emissions of volatile organic
compounds (VOCs) from vegetation and the emissioh®xides of nitrogen (NQ and
ammonia from soils. The CTM also includes algorighior calculating the emission of gaseous
elemental mercury from vegetation, soils and wated the emission of sea salt aerosol and

wind blown dust.

The CTM is currently run operationally by the Burez Meteorology as part of the Australian
Air Quality Forecasting System (Cope et al. 2004) has been coupled offline to the Bureau
of Meteorology Limited Area Prediction System (LAHSr this purpose (Puri et al. 1998). The
CTM has also been coupled offline to the CSIRO Gonal Cubic Model (CCAM; McGregor
2005) for the simulation of mercury transport amgpakition across the Australian continent,
and additionally has been coupled inline with TAPNUrley 2008). This version (known as
TAPM-CTM) has been used extensively for modellimgam-scale photochemical smog under

current-day and potential climate change conditi@wpe et al. 2009).

[CTM technical description. October 2009, Version # 1.9] 5



THE GOVERNING EQUATION

2. THE GOVERNING EQUATION

The governing equation for the CTM is the semi-eiopl advection-diffusion equation for

reactive species, here written for a single speeied in a scaled flux form (Toon et al. 1988),
in which geometric scaling factors are introducetb ithe governing equation to enable the
CTM to be coupled to meteorological models which farmulated in a variety of coordinate

systems.

C UC VC WwC
—+ + + =
& X o o

(2.1)
oc/p
0o

0 . ac*/p*Ji » 6C*/,0*+£*
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Here C' is the scaled concentratioﬁ:*é C/V.MiM, where the unscaled concentration C is
expressed as a mass density i.e. §an molec crii), p is the scaled atmospheric density
(p*:pa/VliMz) , U, V andW are scaled velocities (U=uiMV=vIM,, W=w/V,;) in the X, Y
and o directions (and u, v, w are the corresponding &#ah velocity components; , are
the scaled horizontal components of the eddy diffiiss, and kK is the scaled vertical eddy
diffusivity (K.:=Ky/M:?, K=Ky/M %, Ks=K/V.7), P is the rate of change due to chemical
production and emission, amdis loss rate through chemical transformation aed-\and dry
deposition. The horizontal and vertical scale fexh,, M,, andV,, are chosen to match those

used by the host meteorological model (Table 1).

Table 1 Coordinate scaling factors used by the CTM.

Host Honzqntal . Vertical coordinate Scaling
coordinate Scaling Factors
Model system Factor
system
M; M, M3 Vn=0z/00
LAPS | Spherical | cos@) 1.0 R P/ Ps Ps/P.9
CCAM | Spherical | cos@) | 1.0 | R P/ Ps P/ P29
TAPM | Rectangulat 1.0 10 | 10| @Z-2)/(z-z)xz | /(7 -z)

Re=earth radius; p=pressures=purface pressure; z = height above sea leyelground
height; z= top of model domain; g = gravityp, = air density



TRANSPORT PROCESSES

2.1 The numerical analogue

The solution of egn (2.1) is achieved by splittthe multi-dimensional problem into a set of
one-dimensional solutions using to the method ofrdilak (1974). This enables optimal

numerical solution algorithms to be selected fahemodelled process.
A single time-level, quasi-second order accuratdifne) solution to egn (2.1) is given by
C'(t + 24t) = T,TyT5 M Di [V (Dy Es Cy) Cag Psio Psoa 24t] Dy T, Ty T M, C (1) (2.2)

whereT, (eg.T,) represents the advection operator in thedordinate directionyl. is a mass
correction stepDy, is the horizontal diffusion operatdp, is the vertical diffusion operatov,
is the wet deposition operatdEs is an emission term, and, is the gas phase chemical
transformation operator ;¢ is the aqueous phase operataf, B the secondary inorganic
aerosol operator andiRis the secondary organic aerosol operator. Oné ayfcegn (2.2)

integrates the CTM for a peri@it (s).

Provided the total integration time step is not taoge, the error introduced by operator
splitting can be kept within a few percent. Typigdhe following time step limitation is used

for the operator splitting.

2150
<150

Txy

{150 At
t= (2.3)

T At At

Txy Txy

Here a time step of 150s corresponds to half th@MAntegration time step [thus (2.2)
integrates the CTM for a single TAPM time step) diy,, corresponds to a time step such that
the maximum Courant numbe€(= uAt/Ax) of the horizontal advection operator is less than

one.

3. TRANSPORT PROCESSES

The CTM transport processes consist of horizontal wertical advection, horizontal and

vertical sub-grid scale turbulent diffusion, ane tinansport sinks of dry and wet deposition.
The advection and turbulent diffusion transportcesses are modelled with one-dimensional
versions of the relevant equations as discussedations 3.1 and 3.2. Dry deposition is treated
as a lower boundary condition to the vertical diftun process (section 4.1). The transport of

mass in rain (and the subsequent wet depositidheasurface) is either treated as an explicit

[CTM technical description. October 2009, Version #1.9] 7



TRANSPORT PROCESSES

advection process and hence is solved by theperator; or is treated as an instantaneous
transport process (section 4.2). At the currentetitine choice of wet deposition transport
methodology depends upon whether the CTM is runénih TAPM (and hence has access to
more detailed cloud droplet information); and wieeta detailed in-cloud sulphate chemistry is

selected. This is discussed further in section 4.2.

3.1 Advection

The processes of horizontal and vertical advedierepresented by the following set of

partial differential equations.

o uc
a T 8
o« NC_, @b
a oY
o we_, @Y
& oo

Egn (3.1) is solved with the Blackman constrainedic scheme of Yamartino (1993), a high-
order, flux-based scheme that uses spectral coniti, sub-grid linear interpolation, donor-
cell allocation and supplementary non-linear fihgrto achieve a positive-definite solution
under conditions of strong concentration gradi€hts scheme has been specifically developed
for use in Eulerian air quality modelling systenmsl a&xhibits excellent retention of peak and

shape for short wavelength signals.

The concentration at time level n is advancedretievel n+1 as follows (here for east-west
transport).
At
1
Cijn+ = Ci?} - (Fi+1/2 - Fi—1/2)& (3.2)
Here G is the concentration in cell ij as shown in Figdreand Axis the horizontal cell
spacing and the cells are assumed to be of corfstégtit. The flux through the cell interface i-

% is given by

Fiu2 =Ui—1/2<C> (3.3)



TRANSPORT PROCESSES

where <C> is the Crowley integral of the concentration from,, to a distanceU,_;,,At

upwind of the cell face. The concentration withie integral is initially prescribed by a cubic
interpolation function which is fitted to the comteations G and then treated by various

methods to ensure positivity of;CThus
C(x)=a, +as+a,s’ +a;s° (3.4a)

where the domain of s is -%s< %2 and pare selected to provide optimal accuracy to the

piecewise cubic and the cubic coefficients arendefias follows.

a,=C;
a = Di’ij
3AX

a, =%(ci+l,j ~2C, +C 4N

8 (Di+1,j - Di_“) (3.4b)

AX(

a;,=Cy; —Cy; ——\Diy; +10D; ; + Di—l,j)

and Qj are the derivatives.

One of the methods used to ensure positivity;pfsdhe spectral limiting of the coefficients.

<— (3.5)

X Ci—l,j Ui-1/2,j X Ci,j P Ui+1l2,,j % Ci+1,j

i-1/2,,j Fi+1/2,,j

Figure 1 Schematic diagram showing a 1-dimensional horizontal flux configuration of the vector wind

components (U), the mass fluxes at the cell interfaces (F) and concentrations (C).

Positivity is also ensured by approximating eqd€3 by multiple straight-line, sub-grid
segments which are constrained to be greater tvan z

Boundary conditions are given as follows.

[CTM technical description. October 2009, Version # 1.9] 9



TRANSPORT PROCESSES

uc=ug, inflow (3.6a)
0F/ox =0 outflow (3.6b)

where ¢, is a prescribed boundary concentration and e &orresponds to a zero flux
divergence outflow (EPA 1999). Following the sabutiof egn (3.2), a minimally diffusive
filter is applied to remove short wavelength minioranaxima which may have been generated

by the advection process (see Yamartino 1993 foerdetails).

3.2 Sub-grid scale diffusion

The process of sub-grid scale transport is modelteag the first order closure approximation
with the eddy diffusivities either derived interlyaby the CTM using standard meteorological
variables (such as the wind, temperature and saffadables), or interpolated from the eddy
diffusivity fields generated by the host meteoradayy model (currently restricted to TAPM—
CTM).

3.2.1 Horizontal diffusion

Horizontal diffusion is modelled using egn (3.7daepresents gradient transport as a process
which is driven by the mixing ratio gradient rathiban the gradient in mass density, and thus

the concentration is first normalised by the atrhesiz density.

o

oClp _,
X

oC/p _
Y

9 .
—PK
X

(3.7)
9
Y

@
&* *
—- K 0

X P,

As discussed above, the eddy diffusivities areeeitlaken directly from the meteorological
model, or alternatively are derived from standartaurological fields. For the latter case, two
processes of horizontal diffusion are consideréth the first process being plume growth due
to distortion or stress in the horizontal transgi@id. This is modelled using the approach of

Smagorinsky (1963) where (for the unscaled horioeddy diffusivity).

1/2

K., =(dv/dx-+ du/dy)? +(du/dx— dv/dy)?] (3.8)

10



TRANSPORT PROCESSES

Sub-grid-scale turbulence is the second procele tmnsidered and is parameterised as
follows (Hess 1989).

0.1431,h(z/h)(L-z/h)** z<h;L=0 (39a)
K, =< 0aw.h z<h;L<0 (3.9b)
0.001 z=h (3.9¢)

where u is the friction velocity, h the boundary layer gigi, w the convective velocity scale
and L is the Obukhov length.

The two components of kare then combined to yield a total horizontalwsfon rate, which is

scaled by the appropriate geometric map factorbl€Th) before being applied in egn (3.7).

The horizontal diffusion equations are solved usirf§ order in space explicit differencing
scheme which uses the concentration, density athgl ditfusivities are located as shown in

Figure 2.

Cin+1 - Cin|:1 AAtZ (p|+1/2 K|+1/2 pl -1/2 K| 1/2j:|
X\ p P,

P P
( ,0:/12 K|+1/2C|+1 + ,0:/12 KI 1/2C ]

(3.10)

(note that the subscript ‘a’ has been omitted fthenatmospheric density in eqn (3.10) for

brevity).

S Ci-l,j Piizj X Ci,j D P i+, X Ci+1,j
K12, P i+1/2, ]

Figure 2 Schematic diagram showing the location of the variables used to calculate horizontal diffusion.

Because eqgn (3.10) is an explicit scheme, it ises®&ary to limit the time step so that the
Courant numbercjt/dszh) < 0.5. This is done by solving the diffusion etioia for a series

of sub-time steps until the full integration tintes At is reached.

[CTM technical description. October 2009, Version # 1.9] 11
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3.2.2 Vertical diffusion

The vertical diffusion is solved during the chenhitansformation step together with the
concentration tendencies due to emissions and dppdition (see eqn 2.2). This is done
because these processes are strongly coupled facsuayer, particularly in an urban area
where the majority of the sources are located clmsagground level. Because chemical
transformation is solved in an unscaled form int€ian coordinate space, the vertical

diffusion equation is also written in Cartesiamfior

oC _i'oaKZOC/,oa -0
ot 0z 0z

(3.11)

The vertical diffusion coefficients are calculateging the Hysplit scheme (Draxler and Hess

1997). Within the surface layeg(h < 0.1), the vertical diffusivity is given by

K, = [ku./g,(z/L)] 2L~ z/h)’ (3.12)

Wherek is von Karman’s constant (0.40) aggl is the normalised profile for heat.

064(30- 25* 2/L)/(10-10z/ L +50(z/ L))" 2/L<0
@ = . (3.13)
- /L20
or 10+ 271 Q0+ 213210 + z
2/3exp(-035z/ L)(10- 0352/ L + 50)

and Py is the Prandtl number for neutral conditions (3)92

For cells located above the surface layer but withe boundary layer@.1< z/h < 1.0) the

vertical diffusivity is given by
K, = (kw, /Pr) (1 - z/h)? (3.14)

where the velocity scale,, is given by a weighted average of the frictioroegly andw. is

the convective velocity scale.
w, = (u?+06w?)"’ (3.15)

and the diabatic Prandtl number is given by

12
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Pr=g(z./L)/ @, (z./L)+ 72k(z/h)(w. /w,,) (3.16)

Here z, = 0.1h is the height of the surface layer agd is the normalised profile for

momentum.
_ (1+z/L[1+ 2/3exp-035z/ L)(1- 0352/ L +5)] z/L<0. 617)
% =+ 06252/ L)2)1a- 752/ L)} Z/L=0. |

Above the boundary layer the vertical diffusion ffiséent is parameterised as a function of the

local Obukhov length () and a Blackadar-type mixing length € kz™* +150™").
K, = 12[(0u/az)’ + @vioz) ] gt/ L) (3.18)

1.089Ri, Ri, < 0.001
2/L = |-1.0063x10°Ri¢ + 0.509x102Ri¢ +1.658FRiZ +

Ri, > 0.001
0.804%Rj, + 00.2828x10°° °

(06/02)
(0u/az)* +(av/ 02)2]

andRi, =g/T [ —
The vertical diffusion equation is discretised iatgecond-order accurate, explicit form, which
is then re-arranged into the form of a first ordeemical reaction scheme (by defining product
and loss terms) as discussed in section 5.1. \&rdiffusion rates are then added to the
formation and loss terms generated by the photoitiatnansformation scheme and solved by

the photochemical integration scheme.

3.3 Mass correction

Being expressed in the flux form, the advection ponents of eqn (2.1) conserve mass
provided the 3-D vector wind field is mass consistdHowever, mass consistency is not
guaranteed for numerical weather prediction systehen they are based on the primitive form
of the governing equations. Moreover, mass errogsaéso introduced through the process of
spatially and temporally interpolating the trangpields to the CTM grid. Additionally, the

use of operating splitting to solve the 3-D adwattas a series of one-dimensional advection

problems [egn (3.1)] introduces truncation errorsiclv scale with the magnitude of the

[CTM technical description. October 2009, Version # 1.9] 13



TRANSPORT PROCESSES

solution time step. Kitada (1987) demonstrated miats conservation errors are equivalent to a
chemical transformation source term and thus capggate through the species concentration
fields via the coupled non-linear chemistry. Gihiese potential issues, it is important to

undertake a mass correction step prior to undergetkie chemical transformation step.

In the CTM, we use a combination of a velocity atljuent methodology [which is similar to
that of Odman and Russell (2000)] and the concéatraenormalisation methodology of Byun

(1999) to correct mass errors in the advection. step

3.3.1 Velocity adjustment

Following Odman and Russell (2000) the mass coasierv equation eqn (3.19) is used to
generate a mass consistent three-dimensional viehdl through adjustments to the vertical

velocity field.

6£+dJ,0 +6\/,0 +6\/\/0 =0
a oX odY Jdo

(3.19)

However in contrast to Odman and Russell who adibst vertical velocity following a
horizontal advection step, we apply egn (3.19) rpraothe advection stage with the intent of
providing (to first order) a mass consistent wimeldf following interpolation (in space and

possibly in time) of the meteorological model field the CTM grid.

Thus if U ,V,,o* are the scaled horizontal vector wind field andacdensity field on the CTM

grid (interpolated from the meteorological modelfjrat-order accurate mass consistent wind

field can be generated by using eqn (3.20) to ddte vertical velocity fieldW).

(,O*W _)k—1/2 _
W k2 _ 1 . k k

i W Aot (U,O* )ik+1/2,j - (U,O* )i—l/2,j + (V,O* )i,j+l/2 - (\/,0* )ik,i—llz + p;nﬂ _p;n
AX AY At

(3.20)

with the non-slip lower boundary conditiafi ' =0.

In egn (3.20), the vertical velocity has been dadifor celli,j,k. Locationsi-Y%; i+Y%2refer to the

faces of celi,j in the east-west direction as shown in Figuredcdtionsk-Yandk+Yzrefer to

14
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n+l

the bottom and top face of the cell ayuﬂ ,P. refer to the cell density at locatidn(the

horizontal indices have been omitted for brevitylirme level n and n+1 and are taken from the
meteorological model. Equation (3.20) yields aieattvelocity which has been constrained by
the local mass conservation. The equation is sdike@d the surface to the top of the model
domain and accumulates any mass conservation empdrgough a vertical model column. The
field of W derived by this approach is then used in equatih) to calculate the vertical

advection of each gaseous and aerosol species.

3.3.2 Concentration re-normalisation

Although the approach described above will geneaateass consistent wind field, truncation
errors resulting from use of operator splitting amcdigh order, non linear 1-D advection
scheme (section 3.1) will still lead to mass covaton errors. In order to minimise this error
CTM uses the renormalisation approach of Byun (19®@orrect the concentration fields prior
to the chemical transformation step. This apprdadmased on density scaling and compares
the density at time level n+1 derived by solvingh €8.19) with the T operator with the
density at time level n+l1 as derived from the metlgical model output fields. Any
differences between these densities are assumesuti from operator splitting errors and to
be the cause of mass conservation errors. Iffiriber assumed that the concentration field of
each species is subjected to the same error tlenadicentration fields can be corrected for
mass conservation errors using the ratio of theadd density and the meteorological model

density.

*n+l
/anp

*n+l

ctm

Cn+l - Cn+1
Cc

(3.21)

Here Cc”ﬂis the corrected concentration at time level nyhiial indices have been omitted for

n+l
wWp

brevity), C™ is the uncorrected concentratiop; is the meteorological model prediction

n+l
tm

of the density an(;b; is the density predicted after the advection step.

Note that the methodologies described above stifesent a compromise solution to the mass
consistency issue. Hu and Odman (2008) have shioatrttie density scaling methodology can
cause the global mass conservation to be violatatth mass steadily increasing over an

integration period. This problem can avoided byngsihe velocity adjustment method of
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Odman and Russell (2000); however use of the lattesolation can lead to vertical transport
errors becaus&V accumulates mass conservation errors, potentialiging to significant
transport errors for air parcel trajectories inioeg of strong horizontal wind shear and

enhanced vertical velocities (such as occur inoregydf elevated terrain).

4. DEPOSITION

The CTM simulates the transport and loss of spetiass at the earth’s surface through the
processes of dry and wet deposition. Dry depositiders to the uptake of mass at the earth’s
surface through the processes of turbulent and qulale transport (and sedimentation for
particles) and assimilation (and loss) of the niagsthe stomata of leaves, the surfaces of sall
particles and into water bodies. This is discudsether in the next section. Wet deposition
refers to the transport of soluble species magbhdcoearth’s surface within rain drops and is

discussed in section 4.2 and section 6.3.

4.1 Dry deposition

Dry deposition is modelled as a boundary conditmthe vertical diffusion process and thus is
treated by the vertical diffusion operator. Whempressed in a Cartesian coordinate system

(and ignoring vertical gradients in the densityle equation for vertical diffusion is given as

follows.
ot 0z ~ o0z
Defining the vertical mass flux at the surfacekasdC/dz = -V, C and taking a finite
difference representation of the second spatiaval@re gives the following.
V,,C
9C _ _Vay™ (4.2)
ot AZ

where V4, is the dry deposition velocity artlZ is the thickness of the first model layer.

Following Wesely (1989) and EPA (1999), the dry alfion velocity is modelled using the
resistance analogue approach. This is demonstiatéigure 3 for a mixed water, vegetation,

soil and urban system. The basis of the approatttaighe mass flux from the atmosphere to a
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sink at the surface is driven by the concentratdference between the atmosphere and the
sink (which equals the atmospheric concentra@ofor an irreversible process) divided by a
bulk resistance which is the inverse of the dryodgton velocity (hence ¥, which has units

of m s’ is equivalent to an electrical conductance).

The CTM treats each grid cell as being entirelyewar land based. Considering a water

surface,

Vgy = (1, 1, +1,)7 (4.3)

r, is the aerodynamic resistanag;=1/ku{In(z, /z,) - [ (z /L) -, (z,/L)]}

where zis the reference height of the concentration (treié the height of the first model

layer) and g is the momentum roughness. The functigp is the stability correction for heat

and is calculated frong, (Draxler and Hess 1997).

The laminar sub-layer resistances is given by

r =1/ku In(z,/z,) (4.4)
where zis the surface roughness for heat transfer.

The uptake resistance for the transfer of a gastie aqueous phase is given by

r, =C,HRTf, /u. (4.5)

where C,, = 48x10™, H is the Henry's law constant (M afip R is the ideal gas constant

(R=0.08205 M atri K™), T is the ambient temperature (K) afgds an enhancement factor for
H (thereby giving an effective Henry’'s law constam)ich parameterises the loss ©faq)

through aqueous phase reactions.

The urban uptake resistanges currently set to the soil resistangevhere, following Wesely
(1989),

-1

f, H
r, = + 4.6
° Lgso 105r938} (46)
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with the surface resistances for oxidant and sulpbmpounds given as

rO, ryS=400sin™

Within the vegetation canopy we defingas the canopy scale stomatal resistance (which is
defined by the meteorological model) apdis the mesophyll resistance which is defined as

follows.

H

-1
M =| === +100f 4.7
={ 505071000 @7

and kg4, and g, are the cuticle resistances for the dry and wetqidahe leaf surface ,
r.cd,w = r.Iu (10_5 H + fO)_l (48)

wherer,, =4000s m"* (dry) and 24x10°s mi* (wet).

C C

urban (uy)
soil (sy)

water
cuticle

stomata

S

Canopy (vy)
Mt ;
rm rcd A% rcw
P
= = o =

Figure 3 Schematic diagram of the resistance model used to calculate dry deposition velocity. The
resistance terms are defined in the text.

_,
=
I|||—c—
Cﬂ
fl—o—~ A A
-

wet

U

Combining the in-canopy resistances gives the taabpy resistanag (s m?) as follows.
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rc=i{ 1 +{(1_Wf)+(wf)+}_l (4.9)

lai |r,Sc+r, [ (o

wherelai is the canopy leaf area index*(feaf coverage per Tground area)i is the leaf

level stomatal resistance (s*)nwhich is supplied by the meteorological modgl;is the

Schmidt numberSc= mw,/mw, ,, where mw, mw, are the molecular weights of the trace

gas species and water respectivehis the wetted fraction of the leaves.

The dry deposition velocity is then calculated @kofvs.

U¢ St Vi
Vy = + + (4.10)
ra-l_rl-l_ru ra+rl+rsl ra-i_rl-l_rc

where yis the urban fraction; & the soil fraction and; ¥s the vegetation fraction.

In the CTM, egn (4.2) is first solved analytically diagnose the dry deposition mass for
storage into an output file. If the concentratitvarnge due to depositional loss over the course

of a model time step is given as follows,
_Vdry
z

then it follows that the mass lost to dry depositi® given by

Mg, =[C(t+At) -C(1)|az

l: r{ _Vdry J}
=C(t)|1-exp —At | |Az (4.12)
Az

Following the diagnosis of the deposition mass,d@position tendency terms are incorporated
into the vertical diffusion equation as a surfacedary condition and solved as part of the

coupled chemical transformation, emission, vertitiillision system (see section 5.1).
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4.2 Wet deposition

The CTM contains two wet deposition algorithms. Whke CTM is run offline, and/or wet
deposition is calculated for species other than3p\éd) system described in section 6.3, then
wet deposition is calculated from the rainfall ratethe surface and the vertical transport
between the precipitating cloud and the surfa@ssimed to be instantaneous. This approach
is described in the next section. If the CTM is iinline in the host meteorological model
(currently only an option for TAPM-CTM) and the apt to model aqueous phase S(VI)
production is selected then the vertical transportl wet deposition of S(VI) and other
dissolved species is modelled explicitly using Weetical advection equation [egn (3.1)] with
W augmented by the terminal velocity of the raiogd. This approach is discussed in section
4.2.1.

4.2.1 Uncoupled vertical transport

For cases in which detailed cloud microphysicaladare not available from the host
meteorological model, the CTM uses a wet deposdigorithm which is based on the schemes
used in Hysplit (Draxler and Hess 1997) and CMA®AEL999), with additional background
theory as given in Seinfeld and Pandis (1998).

The underlying premise is that the wet depositiam lose described as follows-

9C _ V€ (4.13)
ot AZ

WhereC is the gaseous or aerosol mass concentration @kanu AZ (m) is the depth of the

layer from which the pollutant mass is being scgeeh

Note thatV, is a function of the precipitation rate and thetiganing of the in-cloud pollutant

mass concentration between the cloud-air and thelelvater.

If we define a reciprocal time constant)$or the wet deposition as follows

V

Boet = AW; (4.14)

then eqgn (4.13) can be integrated to give the auraon change occurring over a time

interval At (s) (which will typically be the advection time ptef the model).
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AC* = C*(ex- B weutrt|-1) (4.15)

Here the concentration change (k§)rdue to wet deposition has been calculated fal lein

the precipitating cloud column.

The wet deposition (kg f) due to precipitation from layérin a cloud for the time periot

is given by.
D* = C{1-exd- g ataz* (4.16)

The total wet deposition for the column is theregivy

kend
D = > D" (4.17)
kstart

Wherekstartis the first level within the precipitating cloamdkendis the final level within

the precipitating cloud.

4.2.2 Calculation of V et- resolved clouds

Resolved clouds consist of large scale clouds sschtratus, cumulus or cirrus which cover
entire grid cells of the model and which may perks multiple model time steps. A resolved
cloud is described by the grid cell cloud water teah which is provided either as a cloud

liquid water density.. (kg ni°), or as a mixing ratig (kg kg') as described in section 4.2.4

andL.=q. po,.

For resolved clouds, the vertical variation iy may be used to partition the surface
precipitation rateP, (m s') between the layers of the precipitation cloudoading to the
approach used in CMAQ (EPA 1999),

k
P“=P . (4.18)

"L
where the summation is taken over all column leirelshich cloud is present.

The wet deposition rate for an individual spedigg may then be calculated as follows
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Gas

Vet = ART R
1+ HRTL / p,,

(4.19)

Where, as previously described, H is the Henrytsstant for the gas under consideration (mol

Lt atm"), T is the ambient temperature (K), R is the ursaégas constant (0.08205 atm L

mol* K™ and p,, (kg m®) is the density of water and iB the precipitation rate (m's

Aerosol

If we define a scavenging ratio E [0-1X]lfor an aerosol in cloud-water then egn (4.19) may

be modified as follows for an aerosol.

E

Vit =———P (4.20)
L+EL/p,

4.2.3 Calculation of V et- unresolved clouds

The modelled convective rainfall (sub-grid scaleudl) typically does not have the
accompanying fields of cloud water from whi¢y, may be calculated as defined above.
Generally the only available information is the wective rainfall total at the surface and the
height of the base and top of the convective clédda result the CTM approach for modelling

wet deposition from convective clouds is very sienpl

If we assume that the typical lifetime of a conieztloud is one hourr,,,, =3600s5) and

define the modelled convective cloud thicknes€\ds in the vertical, then the average liquid

water content of the cloud is given as follows.

Lc - TC|OUdIOWF)I‘ (421)
AZ

C

Oncel, has been determined, the wet deposition veloeityle calculated according to the

methodology used for the resolved clouds.
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4.2.4 Explicit vertical transport

The explicit vertical transport approach is thaheas that used in TAPM (Hurley 2008) where
it is assumed that the vertical mass flux of aadiss] species is given by the terminal velocity

of the raindrops. Thus

1/2

a r(4.5)( 0 ]

V - _—_R w (422)
™ Y

where 4y is the terminal velocity (M, a = 141.5, the Gamma functidn(4.5) =1163,

0, =1000kg m® is the density of watep, (kg m°) is the air density and

1/4
A = (’ZDW_NRoj (4.23)
AR

and Ny = 8x10° and g, (kg kg*) is the cloud rain mixing ratio.

If rainfall is present in the lowest layer of th& @ then the wet deposition velocity,¥ (m s%)

is calculated as follows.

we

Voo =%VTRqR (4.24)

w

The wet deposition flux is then given b, C, where C is the species concentration in the

lowest level of the model.

5. CHEMICAL TRANSFORMATION

5.1 Method of solution

Chemical transformation is modelled by the CTM a&w@apled system which includes the
processes of vertical diffusion, dry deposition amass emissions. The governing equation (in

a Cartesian coordinate system) for thesacting species is given by

% _0 . 3G,
ot 0z 0z

+R +S (5.1)
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whereC; is the concentration of th& species§ is the source rate of th8 species (including
emissions and chemical transformation), &ds the removal rate of th¥' species (from

chemical transformation.

Egn (5.1) is solved with the boundary conditions:

K acé—/’oa =0 at the top boundary; aridz% ==V, ..C atthe surface; and € G att =
Z

z dry,i i
Vi y

to where G is the initial concentration.
The solution proceeds by re-casting egn (5.1) timcfollowing form.

9G _ F-LC (5.2)
ot

where Fis the formation rate and Is the loss rate for th& Bpecies.

As an example, we consider the following simplengival system

NO + Oy —» NO, + O, (1)
NO, + hv = NO + O (2)
0,+0*+M - O;+M (3)

If we define the rate coefficients for reaction8 Bs k, k;, and k respectively then the rate of

change of N@will be given by

d[NO,]
dt

=k [NQJ[O,] -k,[NO,] (5.3)

Comparing egn (5.2) and eqgn (5.3) shows that thedtion and loss rates for nitrogen dioxide
will be given by the following.

Frnoz = Ki[NO][O4], and Lyoz = ko .

The vertical diffusion is expressed in the formegh (5.2) by first spatially descritising the

diffusion component of egn (5.1) as follows (fonstant thickness layers).
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CHEMICAL TRANSFORMATION

dC + ax-
LR (pa’k e K 112G e 4 Loz Kz,k—l/ZCi,k—l} B

dt AZk2 pa,k+1 pa,k—l (5 4)
1 pa, + pa, =
2 Sk Kz,k+1/2 +ﬂ Kz,k—1/2 Ci,k
AZY pa,k pa,k

Note that here the indiderefers to the vertical level while the indicegain refers to thé"i
species. It can be seen that egn (5.4) has anaeganiform to that shown in egn (5.2) with the
first term on the right hand side being equivalenk and the second term being equivalent to
L.

This set of coupled nonlinear ordinary differentguations is solved by a modified version of
a hybrid predictor-corrector method originally usedhe Carnegie Mellon, California Institute
of Technology airshed model (McRae et al., 1982 $olution procedure uses a combination
of semi-implicit and explicit solvers which are ¢ipd by dynamically dividing the system into
stiffness categories estimated from the loss riage lfow quicklyC; reaches equilibrium). An
adaptive time step is used and solution proceetlsthe integration covers a full advection

time step.

For each chemistry time stelt, the model performs an iterative predictor-corresequence

to generate an updated concentration of each spégieThe predictor-corrector solver is
determined dynamically by the loss rateand is given by egn (5.6) whemnerepresents the
current time stepn+1 represents the end of the timestep tge=t,+At and * represents an

intermediate value from the prediction equationb® used in the subsequent correction

equation.

5, > At :slow (5.5a)
5 <At :stiff (short-lived) (5.5b)
T «At :fast (5.5¢)
where, =1/,

The solution procedures are as follows.

* Slow
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Predictor.

c =c+at(F"-Lc) (5.6a)
Corrector.

cM=cC’ +%(Fi” -LUCM +F -LC) (5.6b)
* Stiff;

Predictor.

. _CM@r"-At)+2F"T'AL,

C . (5.60)
21, - At
Corrector.
NN 47— + "L E' Y+ 7
ey = S0 00 (O 2T+ (e 4 r,) (5.60)
I, +r, +At
e Fast
Predictor.
._F
c=F 5.6e
= (5.6€)
Corrector:
£
C_nﬂ:_,* 5.6
. : (5.6f)

The initial time step is estimated using speciessghconcentrations are greater than a lower
bound concentration threshold. This is done to é&atone spent tracking species which are
present only at very low concentrations and thesrast strongly coupled into the chemical

system.
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At., =max At ...,min| At,, ... 0 At A (5.7)
’ ' ' F -LC

where At is a Courant-limited maximum time step for thetioad diffusion
(Aty, = 05AZ°/K,)
and,

ais a scaling factor which by default'is

Bis the maximum allowable percentage change inisp@oncentration (typicallgx107).
At min is @ specified minimum initial time steﬁp(lO_5 s).

Atrnax is @ specified maximum initial time step (settte advection time step).

For a photochemical system the lower bound conagair is taken as 0.1% of the composite

consumption rate given b ... = C,, + Co, + Co;. For a tracer or aerosol system the cut-

comp

off is taken as 0.1% of the total sum of the caduetits.
The integration process occurs as follows.
1. The initial time step is calculated using eqn (5.7)

2. The solution is then advanced through a predictorector cycle using the solvers

given in eqn (5.6).

3. The relative error norm is calculated and the sarfuis considered to have converged
if the error& <0.001.

4. If the solution hasn’t converged after 10 iterasiaf corrector then the time step is

reduced by a factor of 0.7.

5. If the solution converges within 3 iterations thia time step is increased by a factor
of 1.1.

6. If the time step is increased three or more timess iow then the minimum starting

time step is set to a lower bound of 1 s.
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To facilitate the solution process, species carionptly be lumped together into species
families (Mathur 1998). This process is used taioedthe stiffness of the chemical mechanism
by representing linear combinations of species dlithter exhibit strong coupling or ensuring
mass balance for a conservative grouping suchtaksrniorogen. Following the solution of each
lumped species, the individual species can be gpiptely scaled or adjusted directly from the

lumped equations.

5.2 The CTM chemical compiler

The CTM has been designed to enable different ghetmical transformation mechanisms to
be readily implemented into the model using a clbamtompiler. The compiler uses a text-
based description of a chemical transformation meigm to generate a series of software

modules which can be compiled and linked with tié/G=xecutable code.

By way of example, Figure 4 shows part of a texddaadescription for the Generic Reaction
Set (Azzi et al. 1992), a highly condensed photogbal smog mechanism. It can be seen that
the description includes tables of species defingtiand reactions. The species definition table
includes a species name mnemonic (case sensitivepecies description; a flag to indicate
whether the species is transported and integrasig utthe chemical solver; or treated as
steady-state and generated during the call tolthmical solver and solved using an analytic or
numerical solution generated by the compiler (S8)the case of the latter, the compiler
attempts to generate and write a software desgnifitir one of the following seven analytic or

numerical solutions.
1. Linear independent (not a function of other stestdye species)- analytic solution.
2. Quadratic independent (not a function of otherdesate species)- analytic solution.

3. Linear dependent (also a function of other linedependent steady state species)- analytic

solution.

4. Quadratic dependent (also a function of other limedependent or quadratic independent

steady state species)- analytic solution.

5. Non-linear (third order steady state species)-eblwy linear iteration.
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6. Non-linear quadratic (quadratic with other non-fineteady state terms)- solved by linear

iteration.

7. Second order species- solved by linear iteration.

The remainder of the species definition table kgtether the species is a gas or an aerosol, the

species molecular weight, concentration bounds saanéhce uptake resistances (see section

4.1).

A description of the chemical transformation reawsi follows the species definitions. It can be

seen that each row lists the reactants and prodfietseaction, a rate coefficient definition and

a series of related parameters which are spedificebich reaction. Table 2 provides a

description of the 13 rate coefficients which amated by the chemical compiler and Table 3

lists the 22 photolysis reactions which are culyet¢fined by the compiler.

ICHEM PROCESSOR TEXT FILE
1
grs

v1.0b

ISPECIES NAMES AND DESCRIPTION

! short name, long name, de/ss/Ip/nr, g/a, mw (g),
1

StartSpecies

S02, 'sulfur dioxide' ,DE,g,64.1,1.0e-
NO |, 'nitric oxide' ,DE,g,30.0,1.0e

NO2, 'nitrogen dioxide' ,DE,9,46.0,1.0e
ROC , 'reactive organic carbon' ,DE,g,13.7,1.0e
RP , 'radical product' ,SS,0,33.0,1.0e

]

03 , 'ozone' ,DE,9,48.0,1.0e

SGN , 'stable gaseous nitrate'  ,DE,g,63.0,1.0e
SNGN, 'stable gaseous nitrate' ,DE,,63.0,1.0e
NOXx , ‘oxides of nitrogen’ ,LP,g,DIFF,4, N
EndSpecies

1

'REACTION MECHANISM DESCRIPTION.

IREACTION, REACTION TYPE, TYPE PARAMETERS
1

StartReaction

ROC =>ROC +RP ;GRS1;1.0,-4700., 0

NO+RP =>NO2 ; CONS ; 8.1259E-12

NO2 =>NO+03 ;PHOT;1,1.0

NO +03 =>NO2 ; ARRH ; 2.0973E-12,-1

RP +RP =>RP ; CONS ; 6.764E-12

NO2 +RP =>SGN ; CONS ; 8.1168E-14

NO2 +RP  =>SNGN ; CONS ; 8.1168E-14
EndReaction

ISPECIES CLASSIFIED AS NOX [for emission
! AS ROC [scaling in

! AS PM [the CTM]

1 0 = no species in this precursor category

1

StartEmissionScaling

2,NO,NO2

1,ROC

min Conc (ppb|ug/m3), Rsoil (s/m), Rwater, Rurban

10,1000 , 0.0 ,400
-10, 10000,10000,10000
-10, 500 ,1500 ,500
-10,1.0E10,1.0E10,1.0E10
-15,1.0E10,1.0E10,1.0E10

-10,400 ,20000 ,400
-10,10 ,10 ,10

-10,10 ,10 ,10
0,1,N02,1,SGN,1,SNGN,1

.00316

450.

Figure 4 Example of the text-based input used by the chemical compiler to build a software description of
a chemical transformation mechanism for use by the CTM.
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Table 2 Description of the rate coefficient function used by the CTM chemical compiler.

Key Description Variable

-B
(=)
ARRH Arrhenius.k = Ae T A B

PHOT k="fe J; (see photolysis look-up table) i f

Troe falloff reaction

- Ko[M] {1+[N " log(ko[ M1 /K, )2},
1+ kO[I\/l ]/koo ¢ ,
TROE T\® TS S S S S S
k,=S|—| ; k, =S| —| ;
° Sl(sooj 83(300j
F=Ss; N=1.0
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Key

Description

Variable

EQUI

FALL

CONS

GRS1

Reverse equilibria form

__ KIMT Caan gtk
1+ kO[M ]/koo ¢

= s AeXP()

—_ T SZ. - T >
o ‘S{ﬁJ ke ‘%(ﬁJ

F=Ss; N=1.0

Extended Troe fall-off expression
__ KIMT Can gtk
1+ kO[M]/koo ¢
S, -S3 S -S6
T\ = T\ =
k,=S|—1| eT k,=S,|— | eT
° Sl[soo} ” “(300)
F=S; N=1.0

GRS mechanism
11
(A(?_f)

k=J_ .e

no2

as above

as above

as above

—

as above
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32

Key Description Variable
J.» = J; (i=1, see photolysis look-up table)
Arrhenius with a temperature dependent A factor
-B
TDAF | k=AM)e T A, | A | B
A(T) = AT*
Weighted Arrhenius reaction
ARRW B B2 W, | A B, W, A, B,
k=WAe T +W,Ae T
Third-body weighted Arrhenius
ARRM By (B2, A, | By | A | B
k=Ae T +Ae T x[M]
Lindemann-Hinshelwood reaction
LMHW | — ks[M] AL | Bi | A | B | As | Bs
1k IMI /K,




CHEMICAL TRANSFORMATION

Key

Description

Variable

SPRS

TDCN

Scaled pressure reaction

k = A(T)(LO+ 06P)
LIV
AT) = A_L(soc)

Constant rate with temperature dep

AT) = Al(ﬁ)’*z

A1 Az

[CTM technical description. October 2009, Version # 1.9] 33



CHEMICAL TRANSFORMATION

Table 3 The photolysis rates treated by the chemical compiler.

Map Reaction Description

1 NG, -> NO+O(3P) Nitrogen Dioxide photolysis

2 0;-> 0D Ozone photolysis to 1D

3 HCHO -> H + HCO Formaldehyde photolysis to ralfica
4 HCHO ->H + CO Formaldehyde photolysis tg H

5 CH;CHO -> CHOO + CO + HQ Acetaldehyde photolysis

6 ISPD -> prods Isoprene products (legacy only)
7 CH;COGHs -> CH;CHO + prods Methyl Ethyl Ketone photolysis
8 NG; -> NO + G Nitrate photolysis to NO

9 HCOCH=CHCHO -> 0.98 HO+ prods Dicarbonyl photolysis

10 0,-> O'P Ozone photolysis to

11 NQ; -> NO, +O°P Nitrate photolysis to NO

12 HONO -> NO + OH Nitrous acid photolysis

13 HO, -> OH + OH Hydrogen peroxide photolysis
14 HNQ, -> HO, + NG, Pernitric acid photolysis

15 HNG; -> OH + NG Nitric acid photolysis

16 N,Os -> NG, + NG; Dinitrogen pentoxide photolysis
17 CHONO, -> products Organic nitrate photolysis (NTR)
18 ROOH -> products Higher organic peroxide phatisly
19 PAN -> GO, Peroxy acetyl nitrate photolysis
20 GCHO -> CHOO + CO + HQ Propionaldehyde photolysis

21 CHCOCHO -> GO; + HO, + CO Methyl glyoxal photolysis

22 GH40 -> prods Acrolein photolysis
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5.3 Chemical transformation mechanisms

The CTM chemical compiler has been used to genseaten core chemical systems which are

available for use by the CTM. The chemical systanessummarised in Table 4 and a detailed

listing of each mechanism is given in the Appendix.

Table 4 Summary of the chemical mechanisms generated by the CTM chemical compiler.

hich

r

D.

Key Mechanism Description

NOX NO, NG, Simple two species tracer mechanism used fontgsti
and training. Links to an urban photochemical precu
inventory.

OX NO, NG, G; Models the photochemical steady-state system. tse
testing and training. Links to an urban photocheainic
precursor inventory

HG3t Three species mercury tracer | Models the transport and deposition of elemental, b

mechanism valent and particulate mercury. No chemical reastio

GRS Generic Reaction Set (Azzi et| Highly condensed photochemical transformation

al. 1992) mechanism. Using for training and screening-level
urban ozone modelling. Links to an urban
photochemical precursor inventory however requires
correctly defined reactivity-weighted volatile onja
compound.

LCC Lurmann, Carter, Coyner Lumped species photochemical smog mechanism w

mechanism (Lurmann et al. has seen wide use in Australia and the U.S. Liokst
1987) urban and regional photochemical precursor invgnto
however requires correctly speciated VOC emission

CBO05 Carbon Bond 2005 (Yarwood et umped and structure photochemical smog mechani

al. 2005) which as recently been implemented into U.S model
and the CTM. Links to urban and regional
photochemical precursor inventories however reguirg
correctly speciated VOC emissions.

CBO05_AER/| Carbon Bond 2005 + aerosol | The version of the mechanism contains additionisge

species

and reactions for modelling the primary and seconds
production of PM2.5
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6. AEROSOL PROCESSES

The CTM contains a mass-based scheme for modgilimgary and secondary aerosols. The
CTM has been used for modelling wind blown dustpleenand primary urban particles as part
of the Australian Air Quality Forecasting Systenof@ et al. 2004). Additionally the CTM has
been used for modelling primary and secondary @asgtifrom urban and natural sources (Cope
et al. 2009). The CB05_AER chemical scheme catgrprimary and secondary aerosols in the
fine (< 2.5um) and coarse (2.5-30m) size fractions from urban sources (as elemeatdion,
organic carbon, sulfate); from sea salt (see seali®.5) and from secondary inorganic (section
6.1) and organic (section 6.2) particle productidndescription of the secondary particle
generation schemes now follows. Section 7 inclualetescription of the sea salt and wind
blown dust algorithms and a complete listing of therosol species contained in the

CBO05_AER mechanism are given in section 7 of thpefulix.

6.1 Secondary inorganic aerosol mechanisms

Secondary inorganic aerosol production is modellsthg a thermodynamic equilibrium
approach. The research version of the CTM has phiero of using either the Model for an
Aerosol Reacting System [MARS, Saxena et al. (1986)JSORROPIA (Nenes et al. 1998).
The ISORROPIA model is not available in the comrizreersion of the CTM. Both models
use computationally efficient methodologies to jrethe composition of water and multiphase

aerosols (see Table 5).

MARS simulates an ammonium, sulfate, nitrate antewsystem. The aerosol composition is
driven by the total ambient concentrations ofSH,, HNO;, NH; H,O and temperature.
Separate liquid and solid aerosol phases are trdpteMARS. Different algorithms are used
depending upon whether the modelled ambient enwiesrt is ammonia-rich ([NJ§ >
2[H,SQO;] or ammonia lean. In the case of the former tlméle-categories are also defined on
the basis of high relative humidity 80%), medium (62% humidity < 80 %) and low relative
humidity (< 62%). This approach enables a reduagdhber of equations to be considered in
each regime with a concurrent reduction in companiat overheads. A complete description of

the MARS mechanism is given in Saxena et al. (1985)
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Table 5. Gas and aerosol phase species included in the MARS and ISORROPIA models

Phase
Gas Aqueous Solid
H,SOs, NHs, SO, HSQy, (NH4)2S0;, (NHg)3H(SOy)2,
HNO;, H,O NH;", NOs, H', OH H,O(l) NH4HSO,, NH;NO;

Additional species modelled by ISORROPIA

HCL CL NH.CL, NaCL, NaNQ,
NaHSQ, NaSO,

ISORROPIA can model a sodium, ammonium, chloridéate, nitrate and water aerosol
system (see Table 5). Equilibrium aerosol concéintra are generating by minimising the total
Gibbs free energy of the aerosol system, an appreaiich enables the deliquescence relative
humidity to be modelled for a mixed salt systendescription of ISORROPIA is given in
Nenes et al. (1998) and Ansari and Pandis (1999).

Table 10 lists the species which have been add#tttoore Carbon Bond 2005 mechanism to
drive MARS and ISORROPIA. Note that this versiortt®d mechanism does not explicitly
include sodium and chloride (i.e. as separate coequs of sea salt) and thus ISORROPIA is

limited to modelling aerosol sulfate and nitratéhathis version of Carbon Bond.

6.2 The secondary organic aerosol mechanism

The CTM secondary organic aerosol (SOA) moduleaiseld on the semi-empirical absorptive
partitioning model (Odum et al. 1996) in which seslatile products are generated from the
oxidation of parent VOC species and partitioneavieen the gas and aerosol phases. The

partitioning is treated as a dynamical equilibrigbsorptive process in which the condensing

aerosol is partitioned into the aerosol bulk lignfthse by Raoult’s law (Pun and Seigneur
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2007) and reacts instantaneously to changes indi&tyse, concentration of the semi-volatile

product and mass of the absorbing aerosol phase.

Following Odum et al. (1996), the yie¥of a VOC is defined as the ratio of the mass oASO
formed (AM ) to the mass of parent species react®dQC).

AM 4
Y="75=M aK_ . /A+K_ .M 6.1
AVOC om; i om,l/( om,i om) ( )

Here M, is the absorbing organic aerosol mass concentrgignt), Kom; is the partitioning
coefficient {1g/n)"* between the gas and aerosol phases,oaisla stoichiometric ratio that
relates the amount of condensable product genetatéte amount of parent VOC consumed.

The product yields and partitioning coefficiente determined empirically from environmental

smog chamber studies.

For a given value oK,n; and M, the partitioning of the condensable product betwghe
gaseous and aerosol phases is described as f¢lhumset al., 2006).
_CGM K

om’ “om,i (62),

Abm’i B (l+ Kom,i'vlom)

whereA (ug/n?) is the mass of condensable product existingérairosol phase a@i is the

total amount of condensable product available fartijponing. It then follows that

G =CG —-A,, is the mass of condensable product existing in gage phase and the

partitioning coefficient may be expressed as folow

Kom,i = Abm,i/(GiMom) (63)

The SOA yield is observed to vary with ambient tenspure (Takekawa et al. 2003), with
higher yields observed at lower temperatures.Raault’s law partitioning is assumed then the
temperature dependency of the partitioning coeffitimay be described as follows (Pankow
1994, Takekawa et al. 2003).

T AH i (1 1
K, =K, ex L - 6.4
om,i 298 298 [{ R (T 298j:| ( )

38 [CTM technical description. October 2009, Version # 1.9]



AEROSOL PROCESSES

where Kog; is the partitioning coefficient measured at T 8R9 AH is the enthalpy of

vap,i
vaporisation (72700 J MPun et al. 2006) and R is the ideal gas cons8&®06 x 1¢ m® atm

mol™* K™%).

The module includes a very simple parameterisatiwrnthe formation of non-volatile SOA

oligomers (Morris et al. 2006).

dAing 1 nso
~ollg — = , 6.5
TR ZA; (6.5)

where Ay is the mass of SOA oligomeryg is the oligomerisation time scate,§ = 28.85 h;
which gives a 50% conversion of,Ato non-volatile oligomers after 20 hours; Morrisaé
2006).

The SOA module also includes a simplified versiérihe methodology discussed in Pun and
Seigneur (2007) for investigating the sensitivifyaerosol yield to aerosol liquid water content
(LWC pg/m3). For a semi-condensable species that is asbuonpartition into an organic—
water phase according to Raoult’'s law, aerosol walays two roles in mediating the
partitioning of the condensable product between ghseous and aerosol phases. Firstly, a
change in the aerosol liquid water content leada fwoportional change in the mass of the
absorbing organic-aerosol phase and hence théigairig of the condensable product between
the gas and aerosol phases via eqgn (6.2). Secdhdlypresence of aerosol water changes the

partitioning coefficient because the magnitud&gf; varies inversely with the mean molecular

weight M, of the absorbing phase (Pankow 1994). ThGg, @M, and Kom; will be

increased for large SOA molecules and polymerdiadiquid water content of the solvent is

increased because the mean molecular weight wiiktheced by the presence of water.

The CTM secondary organic aerosol module uses @@) {0 model the formation of SOA
from six hydrocarbon precursor groups- olefins,affar's, xylene’s, toluene, terpenes and
isoprene the module uses the stoichiometric anttipaing coefficients recommended by
Singh et al. (2007) and Pun and Seigneur (2007)e Nmwever that the stoichiometric
coefficients for the olefin and paraffin reactidmsve been modified from those recommended
by Singh et al. (2007) in order to represent ohly long chain fraction of the lumped species
used by Carbon Bond 2005. This was done using thlarnfractions of C8+ paraffin in the

paraffin emissions and similarly for the olefin esion specified in the Melbourne (Australia)
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air emissions inventory. These fractions were fotmthe 3.3% and 1.4% respectively of the

total emissions for each species group.

The gas phase reactions and the condensable psahectiocumented in Table 6, and the gas-
aerosol equilibrium reactions are shown in Tabl€he condensable products and SOA species

are included in the CB05_AER mechanism.

6.2.1 Method of solution

The steady-state SOA aerosol mass (eqn 6.2) Has solved for the 13 species system listed
in Table 7. However the problem is non-linear beseathe absorbing aerosol mass,{M
includes An;. and thus the equilibrium masses for the SOA systas to be solved by
iteration. An efficient method for solving the st can be derived by noting that an analytic

solution exists for the case of a one-species syst€his can be seen by setting
M,, =M + Aymi s where M, is the non-volatile component of the absorbingselr mass
(given by the primary organic aerosol mass + thgoaterised SOA mass). Solving egn (6.2)

using M __ in place ofM gives the following result.

:—b+\/b2—4ac

2a

Ao (6.6)

wherea=K_; b=1+K_ (M, -C); c=-K_M,.C,

om!’

andC, = A, +CG is the total species mass available for partitigrbetween the aerosol and

gaseous phases.

Taking the quadratic analytic solution and applyinigp a linear iteration algorithm for the 13
SOA species provides a solution methodology whihfaist and stable provided that the
adsorbing mass is not small compared to the comgagrosol mass. Given this the solution

methodology is as follows.

1. Add up the non-volatile organic mass and SOA miass the previous time step to

generate a first guess of the adsorbing mass.
2. Using egn 6.6, calculate an updated SOA mass fir ebthe 13 SOA species.

3. Generate a new absorbing mass and repeat unfl@#emass change becomes small.
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Table 6 Semi-condensable aerosol forming reactions for VOC precursor compounds

Surrogate Precur sor

Compound

Gas-Phase Reactions' and Stoichiometry

Rate Constants

(cm® molec st

Straight change olefins

Straight chain paraffins

Xylene and other low SOA

yield aromatics

Toluene and other high SOA

yield aromatics

a-Pinene as a surrogate for

terpenes

Isoprene

OLE + OH - 0.0001 CG1 + 0.0149 CG2

PAR + OH- 0.0018 CG3

XYL+ OH - 0.023 CG4 + 0.046 CG5

TOL + OH - 0.033 CG6 + 0.083 CG7

TERP + OH- 0.028 CG8 + 0.061 CG9

TERP + Q - 0.089 CG10 + 0.033 CG11

ISOP + OH- 0.232 CG12 + 0.0288 CG13

3.2 x 10"
8.1x 10"

2.0 x 10" exp (116/T)

1.8 x 10" exp (355/T)

1.5 x 10" exp (449/T)

1.2 x 10" exp (-821/T)

2.54 x 10" exp(407.6/T)

'Showing only the condensable species.
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Table 7 Aerosol forming equilibria for SOA composnd

Secondary organic aer osol

Equilibrium reaction

Equilibrium constants

compound (dry and at 298 °K)

SOLE1 CGlo SOLE1 1.0
SOLE2 CG2~ SOLE2 0.005
SPAR CG3~ SPAR 0.044
SXYL1 CG4+ SXYL1 0.13
SXYL2 CG5« SXYL2 0.0042
STOL1 CG6— STOL1 0.16
STOL2 CG7- STOL2 0.0057
STER1 CG8~ STER1 0.51
STER2 CGY%-> STER2 0.012
STERS3 CG10- STERS3 0.26
STER4 CGll STER4 0.24
SISOl CG12- SISOl 0.00862
SISO2 CG13- SIS02 1.62

The Carbon Bond core and extension species regoyréiale SOA mechanism are shown
Table 8.

42
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Table 8 Core and extension species used by Carbon Bond 2005 for modelling secondary organic

production.

AEROSOL PROCESSES

Species CB05 name

Description

Molecular weig

03

OH

OLE

ISOP

TERP

TOL

XYL

PAR

0C25

CG1

CG2

CG3

CG4

CG5

CG6

CG7

CG8

Ozone

Hydroxyl radical
Terminal olefin bond
Isoprene

Terpene

Toluene an monoalkyl aromatics
Xylene and polyalkyl aromatics
Paraffin

PM2.5 primary organic carbon

aerosol

OLE condensable gas #1
OLE condensable gas #2
PAR condensable gas
XYL condensable gas #1
XYL condensable gas #2
TOL condensable gas #1
TOL condensable gas #2

TERP condensable gas #1

48.0

64.1

28.0

68.1

136.0

92.0

106.0

14.3

aerosol

140

140

140

150

150

150

150

184
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Species CB05 name

Description

Molecular weig

CG9

CG10

CGl1l1

CG12

CG13

SOL1

SOL2

SPAR

SXY1

SXY2

STOL1

STOL2

STE1

STE2

STE3

STE4

SIS1

SIS2

NSOA

TERP condensable gas #2
TERP condensable gas #3
TERP condensable gas #4
ISO condensable gas #1
ISO condensable gas #2
Olefin SOA #1

Olefin SOA #2

Paraffin SOA

Xylene SOA #1

Xylene SOA #2

Toluene SOA #1

Toluene SOA #2

Terpene SOA #1

Terpene SOA #2

Terpene SOA #3

Terpene SOA #4

Isoprene SOA #1

Isoprene SOA #2

SOA oligomer

184

184

184

150

150

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol

aerosol
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6.3 In-cloud sulphate production

The CTM includes a bulk scheme for modelling sutph&(VI) production within cloud water
and cloud rain. The scheme is a simplified versibrthat presented in Seinfeld and Pandis
(1998, Section 6.5) and considers the productiois@&fl) from the reaction of S(IV) with

aqueous phase ozone and hydrogen peroxide.

In the case of S(IV) oxidation by ozone is giverfa®ws,

S(IV) + O; - S(VI) + G, (6.7a)
where the rate expression is given by (Hoffmann@aldert 1985)

__dis(v)]

03 a - KelSO;(aa)l+k,[HSO;, + k,[SO;])[O;(aq)] (6.7b)
and

k, =2.4x10*M* s*; k, =3.70x10°exp(-5530T) M s*; and

k, =1.5x10°exp(-5280T) M*s™;

For hydrogen peroxide,

S(IV) + H,0, —» S(VI) + H,O (6.8a)

and the rate expression is again given by HoffremhCalvert (1985).

_ _d[S(V)] _ KIH"][H,0,(ag)l[HSq]

R = 6.8b
h202 dt 1+ K[H +] ( )

and

k= 7.5><107exp(— 4430/T) MtstandK =13 M™% (6.9)

The dissolved concentrations of &nd HO, are derived from their partial pressures in the

cloud air and their Henry's law coefficients foclased cloud air- cloud water.
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HO3pg3
= 6.10
[Os(a)]=; F1C°LRTH, (6.10a)
and
[H O (a )]— HHZOZpI(-)IZOZ (6 10b)
222 1+10°LRTH 0, '

where Rz and Hio, are the Henry's law constants fog @hd HO, respectively (see Table 9);
p%s and p°u202 (Mb) are the partial pressures prior to dissofuiibthe cloud water; L is the

liquid water content (here g which is provided by the host meteorological mpde =
0.08205 (atm L mai K™) is the ideal gas constant; and T (K) is the amtitiemperature.

6.3.1 Aqueous-Phase Chemical Equilibria

The rate expressions in egn (6.7) and egn (6.8)iredghe concentrations of the bi-sulfite ion
(HSQ;), the sulfite ion 8O%7) and the hydrogen iorH™). In the CTM these are derived for

a cloud air/water system which contains carbon idXCQ), sulphur dioxide (S¢), Os,
H,0,, ammonia (NH), nitric acid (HNQ) and their associated aqueous phase dissolution

species and disassociated ionic products.

Table 9 lists the equilibrium reactions which amngidered in the agqueous phase chemical
mechanism. Note that reactions of the form A OH-> A (aq) have an equilibrium constant
which is equivalent to the Henry’ law coefficiemthere A(Q) is expressed as a partial pressure
(atm), A(aq) is expressed in units of mol(M) and A(aq) = HA(g) and H, is the Henry’s law
coefficient. In the case of agueous phase equlilthie equilibrium constants,kare expressed

in units of M.

The temperature dependence of the equilibria reregtire treated using the van't Hoff

equation.

B CAH.(1 1
KA(T)—KA(298)ex;{ - (T 298}} (6.11)

Where T is the temperaturgt, is the reaction enthalpy (cal rifpland the universal gas
constant R = 1.9872 when expressed in the unitalahol* K™,

46 [CTM technical description. October 2009, Version # 1.9]



AEROSOL PROCESSES

Table 9 Equilibrium Reactions in aqueous phase chemistry mechanism.

Equilibrium Reaction K at 298 K -AHA/R

(M or M atni®) (K)
H,O < H' + OH 1.00 x 10* -6710| K,
CO, + H,0 < COx(aq) 3.40 x 18 2441 | Heyy
CO»(aqg)« H' + HCOy 4.30 x 10 -1000| ke
HCO; « H" + CO* 4.68 x 10 21760 ke,
SO, + H,0 > SO-(aq) 1.23x 19 3020 Heoy
SO,H,0 « H' + HSQ 1.30 x 1¢ 1960 ke,
HSO; — H" + SQF 6.60 x 1C¢ 1500 | ks,
H,SO, (aq)«— H' + HSQy 1.00 x 16 0| Kevit
HSO, — H" + SQ* 1.02 x 1G 2720 Kevi
NH; (g) + HO < NHgz(aq) 6.20 x 1b 4111 | Hpnos
NHz (aq)<— OH + NH," 1.70 x 10 -4353 | Kay
H,0, + H,O < H,0, (aq) 7.45 x 1H 6621 | Hnooo
0; + HO0 « O; (aq) 1.13 x 18 2300 Hoz
HNO; + H,0O « HNO; (aq) 2.10 x 10 0. | Hinos
HNO; (ag)« H' + NO; 1.02 x 1¢ 27201 k,

The aqueous phase partitioning of species whiclengaddissociation following dissolution in
the cloud water (C® SO, NHs, and HNQ) can be described by an equations similar to egn
(6.10) above. This is demonstrated in the case iwic nacid where the aqueous form

[HNOs(aq)] readily disassociates into B@he nitrate ion.
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H p2
HNO.(ag)]= HNO3 Mos 6.12a
[ 2(a)] 1+1C°LRTH tnos ( )

where H |, is the effective Henry’s law coefficient for nitracid.

[NO;][H"]

sl L (6.12b)
[HNO,(aq)]

H*HNOS = HHNO3(1+ kn/[H+]); wherek, =

The system of equations described above is clog&avbking the requirement of electro-

neutrality. This yields the following charge balarequation.
H* +NH} =OH™ +HCO; +HSQ; +2SQ,* +2SCF +2CO2 +HSQ, + NO;

(6.13)

Eqgn (6.13) can be expressed as a function of th&paressures of each gas, the related

Henry’s law and equilibria coefficients and'H

[NHZT = (H Ky P/ K JH ] (6.14a)
[OH] = (k,/H"]) (6.14b)
[HCO, ] = (Hoo Koy Peco/TH 1) (6.14c)
[HSO; ] = (H ook P /[H 1) (6.14d)
[SO,2] = (H.oookakeo Do /[H 1) (6.14¢)
[CO4 ] = (HeneKakez Pre/IH ) (6.141)

INO, 1= (H ek Poncs/IH ) (6.149)
[HSO, 1= [H SO/ [H T+ K. ) (6.14h)
[SO,21 = ke [SVNT/(H 1+ Koo )| (6.14i)
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Substituting the terms in egn (6.14) into eqn (Byiélds a quasi cubic in [{i(quasi because
of the [H'] terms in the denominators of [eqn 6.14(h, i)]ietihcan then be solved to give a

charge balanced system.

6.3.2 Method of solution

Equations (6.7b) and (6.8b) are integrated forlarfternal time step 2At - see section 2.1)
using an Euler predictor-corrector scheme as shiowigure 5. The scheme is self starting and

derives an initial integration time step from tlaéerof change of [S(VI)].

[S(V)]

A, =e—2 A
%3 + RHZOZ

(6.15)
Here At,, is the aqueous chemistry solver time step; Ruxo; are the reaction rates for eqn’s

6.7(a) and 6.8(a) as previously defined; and O(1) is a scaling factor which has been derived

from numerical experiment and is used to ensurettigafirst guess time step doesn't lead to a

highly inaccurate initial solution of eqn’s (6.7dmd (6.8b).

The predictor-corrector scheme consists of an eixitiuler predictor for the first guess and an

implicit Euler corrector which is called up to fitienes.

Predictor.
S(V1)gs ™ = S(VI) s + RAL,, (6.16a)
SNz = SVDaoz + Rigortag (6.16b)
Corrector.
SV s ™ = S(VI) 5" + RiAL, (6.17a)
SVDjace "™ = SV oz " + Rl (6.17b)

Error checking and time step control is used tausnsonvergence of the scheme. For example,

if the solution converges within five iterationAf,, is increased by a factor of 1.1 prior to the
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next integration sequence. If the solution doesortverge therit,, is decreased by a factor of

0.7 and the integration is re-started.

Each invocation of the predictor or corrector opansrequires an updated value qf &nd
Rno2 The calculation methodology for these rates iswshin Figure 6 and involves the
calculation of the current equilibrium state betwdbe gas phase species and the dissolved

aqueous phase species and the related ionic spixigbe cloud air/water system. The

calculation involves taking a first guess TH( 25x10°M), calculating Henry's law
coefficients and equilibrium constants (Table @Jcalating the concentrations of ionic species
(equation 8) and calculating the charge balanceebaing upon whether the charge balance is
positive or negative, a bisection algorithm is usedenerate an improved estimate of][ahd

the whole process is repeated untif][ldonverges to a stable value and the charge balisnc

approximately zero.

Calculate Rates (CY)
Calculate initial time step dt

Predictor Step
Calculate Rates (CY)
Calculate S(VI)*dt = S(VI)t + Rates(C!) x dt

Corrector Step- loop 5 times
Calculate Rates(Ct+dt)n
Calculate S(VI)r+dtn+l = S(V[)t+dtn + Rates(Ct+d)n x dt
Check error = [S(V|)t+dt,n+1 — S(V|)t+dt,n] / [S(V|)t+dt,n+1 + S(V|)t+dt,n]
Exit loop if error < small

Rapid convergence: scale up dt; advance t
No convergence: scale down dt; restart

L

Figure 5 Schematic diagram showing how the predictor-corrector scheme is used to integrate eqn (6.7).
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RATES

Bi-section search for CB (charge balance) = 0

Set initial [H*] bounds (CB,y e, X CBjyper < 0)

Search loop
[H+]mid = 0'5( [H+]Iower+ [H+]upper)
Calculate Henry's law coefficients
Calculate equilibrium reaction rates
Calculate aqueous and ion concentrations

Calculate partial pressures for gases
Calculate CB

mid
Check error = ( [H+]mid - [H+]Iower ) / ( [H+]mid - [H+]Iower )
Exit Search loop if error < small

<0orCB XCB_,<0

mid upper mid

Check for CB,,,, X CB
Search loop

Calculate S(1V) oxidation rates

Figure 6 Schematic diagram showing how a bi-section algorithm is used to solve for the charge balance
shown in equation 7.

Integration of equations 6.7(b) and 6.8(b) for f# advection time step yields updated
concentrations of sulphate in the cloud water doddccrain. The fate of this dissolved S(VI)
and the associated aqueous phase species therddegmm the cloud dynamics. For example
S(VI) in cloud rain is advected towards the surfateéhe terminal velocity of the rain drops
(see section 4.2.4). If the rain reaches the serfaen the S(VI) mass is removed from the
atmosphere and is added to the wet deposition rnifadee rain evaporates before hitting the
surface then the S(VI) is added to non-aqueoudcpéte sulphate mass in the < 2ufn
particle size category. S(VI) in the cloud watetresated similarly. Model cells which contain
S(VI) but no cloud water are assumed to corresgond region where the cloud water has
either evaporated or rained out. Again the S(VIssn& added to the non-aqueous particulate

sulphate mass.

Table 10 lists the Carbon Bond 2005 species whiaktrhe present for the in-cloud sulphate

model to operate. The unshaded rows correspontetspecies present in the core Carbon
Bond mechanism. The lightly shaded rows correspmnthe species also required by the

inorganic aerosol mechanism (section 6.1) and #mvily shaded rows correspond to the

additional species required by the in-cloud sulpimaéchanism. All of these species are present
in the CB0O5_AER mechanism (Table 22).
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Table 10 Core and extension Carbon Bond 2005 species required by cloud chemistry and secondary
aerosol models.

Species CB05 name Description Molecular weight

o3 Ozone 48.0

SO2 Sulfur dioxide 64.1

H202 Hydrogen peroxide 36.0

HNO3 Nitric acid 63.0

NH3 Ammonia 17.0

NH4 Ammonium 18.0

ANIT aerosol nitrate 62.0

ASO4 aerosol sulfate 96.1

7. EMISSIONS

The CTM treats trace gas and aerosol emissionsnasdiependent volume sources. Emissions
are defined in g'Sfor a respective grid point (in the curvilineamedinates of the model) and
are converted to molec ¢hs® in the case of trace gas emissions and>gshin the case of

aerosol emissions according to eqn (7.1).

qi Na x10—6 gas
E = dx [dy [dlzmw

' q
dx[ely [dz

(7.1)
aerosol
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where gemission of species i from a given cell at a gitiere t; N, is Avogadro’s number; dx,

dy, dz are the cell dimensions and yisithe gram molecular weight of tHégaseous species.

7.1 Anthropogenic emissions

The CTM has online emissions algorithms which patanise the temperature dependency of
exhaust and evaporative emissions from motor vehicthe plume rise of buoyant point

sources. These algorithms are described in theseetions.

7.1.1 Motor vehicle emissions

Exhaust and evaporative emissions from motor vehiere corrected for temperature within
the CTM at each time step using predicted neaasarfemperatures. Temperature dependency
is parameterised using bi-linear functions (Hu2®p8) which are prescribed as a function of
vehicle fuel class (petrol, diesel, liquefied p&ttonm gas). The functions are shown in Figure 7.
In the case of the tailpipe emissions it can ben gbat the emissions of VOC and CO are
minimised at 25°C and increase by 20-40% per 10?Cthe other hand, NGs modelled as a
monotonic decreasing function of temperature. Téeperature function for evaporative
emissions temperature function is essentially dinbar representation of the exponential
Reddy vapour generation equation (Reddy 1989) andbe seen to result in a factor of two

variation of the evaporative emissions as the ambenperature increases from 25 to 35 °C.

7.1.2 Elevated point source

The plume rise of sources emitted with vertical reatam or at above ambient temperatures is
simulated using a simplified version of the numariglume rise model used by TAPM and is
described in detail in Hurley (2008).

7.2 Natural emissions

The CTM includes inline algorithms to model the ssions of VOC, N and NH from
vegetation and soils, the emissions of sea sattsakrthe emissions of wind blown dust, and

the re-emission of elemental mercury emissions foits, vegetation and water.
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Figure 7 Ambient temperature correction functions for the tailpipe emissions of NOy (TP-NOx), VOC (TP-
VOC) and CO (TP-CO); and evaporative emissions of VOC (EVP-VOC) from petrol-driven vehicles.

7.2.1 VOC emissions from forest canopies

The CTM includes an inline model of VOC emissiora forest canopies. The model divides
the canopy into an arbitrary number of verticalelay (typically 10 layers are used). Layer-
specific biogenic fluxes are generated using a absed emission rate (normalised t0°G0
and 100Qumol m® s*) and descriptions of the in-canopy gradients afpterature, radiation
and leaf mass. According to this approach, biogemnissions from a forest canopy can be
estimated from a prescription of the leaf areaxridal (m? m), the canopy height, (m), the
leaf biomasd$,, (g m?), and a plant genera-specific leaf level VOC emissateQeas (Lg-C g

! ! for the desired chemical species.

Considering the controlling variables further, wefide LAI; to quantify the total area of leaf
(one-sided) per unit area of ground for a columteraing from the ground th.. The leaf
biomassBy, is the total dry weight of leaves extending frdme ground tdh, per unit area of
ground. The emission rate may be expressed in tefroarbon mass emitted per gram of dry
biomass per houp@-C ¢g* h), or in units ofug-C ni”* h'*, where area in this case refers to one-
sided leaf area. Canopy—total emission rate mag thee obtained by scaling the leaf-level

emission rate by thieAl.

L eaf-level emission rate. The leaf-level emission rate is given by thedaiing equation.
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Qleaf = QSt CL CT (72)

Hereqg is a genera-specific, normalised emission rate gfprescribed chemical species) and
C., Gy are functions to correci to alternative values of temperature and solaiatimh flux.

In the case of isoprene, the radiation functigris@jiven by (Guenther et al., 1993):

alc,[L

Neree 73

C =

wherea = 0.0027, C_, =1.066 andL is the PAR flux gmol m-2 s-1).
The temperature functio@; is given by:

exchl(T_ Ts)
CT _ RTST
CTZ(T_ TM)

l+exp—=———"-
R1 T (7.4)

where

R=8.314 J K-1 mol-1

Cr; = 95,000 J mol-1Cr, = 230,000 J mol-1

Tw = 314 K;Ts= 303 K is the standard temperature referred tveb

Radiation function. It can be seen from eqn (7.2)-(7.4) that the-leaél emissions require the
specification of the leaf temperature and the iectdradiation flux. The attenuation of
radiation through the canopy is determined usingelationship developed by Zang et al.
(2001).

PAR, .= R, € °®* @ + 007R, (L1- 0.1LAI(2))e 75,

wherePARha is thePARflux on the shaded leaveRy is the diffusé®ARradiation at the top
of the canopyRy; is the direcPARradiation at the top of the canoAl(z) is the height

dependent, local leaf area index of the canopyéiglthe solar zenith angle.

The PARflux incident on the sunlit leaves is given by (Kam, 1982).
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PARu+ Rair 00/ O +PARshade (7.6).
whered is the mean angle between the leaves and the sun.

Sunlit and shaded leaf area index. Following Norman (1982), the cumulative (integchfeom
h. down)LAI of sunlit and shaded leaves is given by

LAl = 2cosg[1- e 0%A/co)] 7.7)

LAlghage= LAI - LAlgn (7.8)

Temperature function. During daylight hours, leaf level temperatureajgproximated by a
LAl-weighted interpolation of the leaf temperaturéhattop of the canopy and the temperature
at the canopy base.

Teat () =T, + (LAI(D)/LAL) [T, ~ T, ) 79)
where T, is the leaf temperature df, (defined below), andly.. is the under-canopy
temperature. For a dense canopy, surface energgsflare small and thus (in the absence of
horizontal temperature advection) temperatureshatbiase of the canopy will exhibit little

diurnal variation. Thus we use a 24-hour averagyaperature (derived from the screen

temperature) as an approximation of the under-catepperature.

During nocturnal conditions, a height-based linederpolation replaces egn (7.9). Note that
the approach described above represents a simailific of the more rigorous approach of
determining leaf-level temperature through solutidra surface-energy balance equation (i.e.
Lamb et al. 1993). However, such a system is ctlygno computationally demanding for

inclusion within the CTM.

Layer -specific emission rate. Following the prescription of the layer-speciiaf temperature,
solar radiation flux antlAl, a leaf-level biogenic VOC emission rate for tfidayer may be

calculated using the following expression.
Qlieaf = qst * c;ll' [Cll_sunl"a‘I isun + CIi_shadel-'A‘I ishade] (710)

It can be seen from (7.10) that the emission st Al-weighted sum of the flux from the

sunlit and shaded areas of the leaf.
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Canopy total emission rate. The canopy-cumulative emission raug-C m? h') is then given

by (for ann-layercanopy),

n-layer

Qcanopy = qst |:Bm z C‘:’ [Cll_sunl-'b‘I isun + Cli_shadeLAI isha1de,l|/ LAIt (711)
i=1

The canopy model requires the prescription of dieed diffuse PAR dt., leaf temperature at

h., total and vertical distribution @fAl, biomass and normalised leaf-level emission flux.

In the current system, clear sky radiation fluxes determined according to the scheme of
Weiss and Norman (1985).

Leaf temperature is approximated from Monin Obuktsimilarity theory using the near-

surface temperature (i.e. from the first level ofusnerical model).
T =T{1-(u /)’ /glllog(z/z,) - W, (Z/L) + W, (z,/L)]} (7.12)

Here u is the friction velocity, k is von Karman’s constaL is the Monin Obukhov length, z

is the roughness height for heat (which we take. hg0; Hess 1992) angd, is the profile

stability correction for heat.

In TAPM-CTM, the leaf area index and land use magstaken from the data bases provided
with TAPM (Hurley 2008). The normalised emissiotesaare currently based on Australian
observations (i.e. Azzi et al. 2005) although theme be changed at model run time to suit the
local vegetation characteristics. The verticalriistion of LAl is taken to follow a triangular
distribution (Lamb et al. 1993), with the pelakl occurring at two-thirds of the canopy height
andLAl dropping to zero at one-third of canopy height.

7.2.2 VOC emissions from pasture and grasses

The pasture emission model is taken from Kirstihele (1998), who undertook numerous
measurements of total and speciated VOC over mastua site in south eastern Victoria,
Australia. The authors observed the total VOC eimissates to vary between zero and more
than 1.5 mg-C M h'. VOC emission rates were observed to have strauiiption and

temperature dependencies. Emissions dropped toteatdele levels during night-time
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conditions. In contrast to eucalypts VOC emissiamsygenated species such as methanol,

ethanol and acetone comprised the dominant VOdespemitted from pastures and grasses.

Kirstine at al. undertook a least—squares non-imegression of their results, yielding the

following equation for total VOC emission flux ovgrass.
Qgras= 1.40819 x 16 0 B, PAR (2.46 x 10 T*- 6.22 x 10 T* -1) (7.13),
wherePAR = Rix + Ry,

The clear sky radiation fluxes are determined atiogrto the scheme of Weiss and Norman

1985, and leaf temperature is approximated by @dr2].

Biomass totals and normalised emission rates dentdrom Kirstine et al. (1998). In
particular, they observed a mean, normalised eamissite of 0.4ug-C ni* h'. Leaf biomass
for pasture was observed to vary between a maximfi®300 g rif (during the growing
season), reducing to 940 grhy the end of summer. This yielded a seasonabgeebiomass
density of 1600 g ih We have adopted a biomass density of 10007y given that an
important application of the biogenic emissiongeysis to provide input into the modelling of
photochemical smog events. Many photochemical sevegts occur in mid- to late summer,

after the growth season has ended.

Kirstine et al. (1998) analysed a number of the V&a@ples for individual organic species. On
the basis of their observations, the VOC carbonsmpasdicted by egn (7.13) is speciated into
methanol (13 %), ethanol (18 %), acetaldehyde (lL4&tetone (16 %), isoprene (5 %) and

monoterpene (5 %).

7.2.3 Natural NOx emissions

Natural emissions of oxides of nitrogen are mode#iecording to the approach given in
Carnovale et al. (1996) and Williams et al. 199atudal NQ emissions for Australian land use
and soil conditions are taken from Galbally and Wégd992) and Duffy et al. (1988) and are
listed in Table 11.

NO, emissions from soil are observed to vary with smihperature and are parameterised as
follows (Williams et al. 1992).
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Qpox = Q%noxexy] 07T —30)] (7.14)

S
nox

whereQ__ is the NQ emission rate at 3C and T is the soil temperaturCj.

Table 11 NQ and NH emission rates from natural landscapes

L andscape NO, emission rate NH5 emission rate
(ng-N m?s? (ngm?sh
Forest 0.38 1.2
Shrubland 1.0 1.3
Pastureland 2.88 0.9
Urban 0.29 n/a
Water 0.3 -
Desert n/a 0.3

7.2.4 Natural NH ; emissions

The ammonia emission model is based on a simpleoapp summarised in Battye and
Barrows (2004). The approach uses annual averagesiem factors which are prescribed for
four natural landscapes (Table 11). Seasonal amdaliemission factors are also provided by
the authors. In the current study, these landsdapendant emission factors have been mapped
to the 38 land use categories used by the CTM pptieal without modification for season. A
diurnal variation in the ammonia emissions has beeluded for the current study through the

use of a top-hat function which restricts the emissto daylight hours only.

Note that this approach is a highly simplified esg@ntation of the actual NHemissions
process. As discussed in Battye and Barrows, tireasid magnitude of the natural Ni#ux is
determined by whether the vegetation is emittingasorbing ammonia, with the direction of

the NH; flux controlled by the N ion concentrations in the leaves and the;Njdseous
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concentrations within the vegetation canopy. Oveorts periods of time (i.e. diurnal time
scales), the net NHlux has been observed to vary over two ordempadnitude. As such it is
clear that a considerable degree of uncertainhg&®ciated with the application of the emission

rates as listed in Table 11.

7.2.5 Sea salt emissions

Sea salt aerosol is produced by breaking waveg, thé dominant mechanism being film and
jet drops generated by the bursting of entrainethatbbles (Gong et al. 1997). The CTM uses
the algorithm of Monahan et al. (1986) and the riication of Gong (2003) to model sea salt

aerosol emissions from the open ocean.

dR _

137213 % (L+ 0.057 %) x 100%™ (7.15)
r

where R is the rate of droplet generation per unit argamp@ement of particle radius (hs*
um?), uy is the wind speed at 10 metre height, r is théigharadius (at a relative humidity of

80%); and the constants

-144

a=47@+30r)°%" " andb= (0.433-log,,(r)/0.433

Sea salt emissions in the range 0.1 -p@&5and 2.5 — 1(um may be generated and transported
in the CBO5_AER version of the Carbon Bond 2005macsm (see Table 22).

7.2.6 Wind blown dust emissions

Wind blown dust emissions are modelled using theahd Shao (1999, 2001) approach. The
approach is based on three concepts. 1- a threftiction velocity above which the surface
shear stress is sufficient to overcome cohesiveefrand to mobilise soil particles; 2- a
horizontal flux of saltating sand particles, wheadtation refers to a bouncing movement of
particles over a land surface along the mean dmectf the wind, and sand patrticles refers to
the fraction of the mobilised soil particles whiahe too large to become suspended in the
atmosphere by turbulence; 3- a vertical flux oftdtise particle fraction which is small enough
to become suspended), generated from soil partdilgdaced by cratering impacts of the

saltating particles.
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Threshold Friction Velocity

The threshold friction velocity,, is the minimum friction velocity required to iratise

particle movementu,, is a function of particle size, particle densigyrface roughness

elements, soil moisture and soil aggregation angtierg. Lu and Shao (2001) present the

following parameterisation af,, .

U, (d) =U,,, (Q)RHM (7.16)

Ugg = fal(dpgd+%) (7.17)

Hereus is the threshold friction velocity for a bare, dmyd loose soil surfacaq is a function

of particle diameted, densityp, and the acceleration due to gravitya, is the particle-to-air

density ratio.a, =0.0123 anda, =3x10* kg s%. R correctsuy for the effect of non-erodible

surface roughness elementkgorrectsuy, for the effects of soil moisture afdl correctsusg
for the effects of soil surface aggregation andting. Expressions fdR andH are empirically
determined and the functidv is currently set to 1 for all soil types. See Shaal. (1996) for

further details regarding these parameters.

Particle Terminal Velocity

Soil particles that can be readily suspended in dtraosphere are defined as dust. The
propensity for suspension is determined by the maitithe particle terminal velocity; and the
mean Lagrangian turbulent vertical velocity sc&l@lowing Lu and Shao (2001) the upper size

limit for dust particles follows from the solutiar (7.16).
w; (d) =0.7ug (7.18)

wherew, (d) is the terminal velocity for particles with diateed. For exampley;=0.8 m s*

gives d=10Qum.
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Horizontal Sand Flux

For a uniform soil, and for the conditiam(d) < u < wy(d), the horizontal sand flux is

calculated as follows (Owen 1964).

Q = (cou/ g)[1- (U (d) /uy)?] (7.19)

Herec is Owen’s coefficient. In practise, the total hontal sediment fluxQ, is calculated as
a weighted integral 06 over each size class of a representative parsigke distribution
(PSD)p(d). Here we use 25 dust particle classes in the rar@2um (with the upper bound
determined dynamically using [7.16]). The soil PB&s 38 classes in the range 2-115%

Upper bounds from 90 to 12Bn (medium sand) were included to account for sevéns

erosion events.
Q= [ Q)P (7.20)

The effects of surface non-erodible elements, aglvegetation cover and the presence of
rocks, are compensated for usigg a correction factor for presence of rocks andpeEb(see
Table 2, Lu and Shao 2001) aBd, a correction for vegetation cover calculated fleaf area

index.

Vertical Dust Flux

The vertical dust fluxF resulting from each saltating particle-size catgge related to the

horizontal saltation fluxQ as follows

— O'lzca gfpb
p

F Q (7.21),

wheref is the total volumetric fraction of dust in the Bednt (derived from the soil PSD(,

is a coefficient of order 1y, is soil bulk density ang is the horizontal component of plastic

flow pressure. The latter three terms are givehahle 2 of Lu and Shao (2001). The PSD used
by the CTM is representative of a minimally dispetrsoil size distribution, which assumes
that soil aggregates and grains coated with déshat broken into smaller size fractions as a

result of the sand bombardment. By contrast théy fdispersed particle-size distribution
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(FDPSD) accounts for the break-up of the soil agaies and dust coatings. If the FDPSD is
available, it can be used to provide informationwtithe upper limits of dust emission. A later
version of Shao’s (2002) model accounts for théntigration of dust coatings on sand grains
and soil aggregates during saltation, a procechatdan significantly alter the PSD during a

strong wind erosion event.

7.2.7 Mercury emissions

The CTM models the re-emissions of elemental mgraging the outlined in Shetty (2008)
and references therein. Emissions from vegetatieraasumed to be caused by the uptake of
mercury in the soil-water via the porous plant regstem. The plant vascular system then
transports the mercury into the canopy atmosphérénwvater vapour released via stomata in
the leaves (evapotranspiration). The resistancgpour transport through the stomata varies
with radiation, temperature, ambient water mixiatia and soil water availability. For example
plant stomata are only open when the leaves aresexipto solar radiation and moreover will
close to regulate water vapour losses if the sedomes dry or if leaf temperatures are too
high. Because of the high temporal variability tdrsata behaviour, mercury emissions from
evapotranspiration are calculated on any hourlysbhasing stomatal resistances derived from
the weather model outputs. Emissions are scalddoup leaf-level to grid scale using gridded

fields of leaf area index (surface leaf area peofhground) and land cover.

The fluxes of mercury from soils are divided intmtcategories- mercury emitted from shaded
soil (located under a canopy) and mercury emittechfa bare soil surface (Gbor et al. 2006).
For bare soil, emissions are parameterised usigdh temperature and the soil mercury
concentration while the emissions from shaded swésexpressed as a function of the under-
canopy solar radiation flux and the soil mercurgeantration. Shaded and bare soil mercury
emissions are calculated on an hourly basis usiihgesnperatures and radiation fluxes taken
from the weather model. The soil water mercury eoti@tions required for the vegetation
mercury emission modelling are derived from soiteney concentrations using a partitioning
coefficient of 0.2 g [* (Lyon et al. 1997).

Emissions from a water surface also use an appmaestribed by Shetty et al. (2008). Here the
mass transfer rate is driven by the difference betwthe equilibrium dissolved mercury
concentration (derived from the modelled near-sirf@mospheric mercury concentration

using a Henry's law approach) and the ambient tlissamercury concentration. In the absence
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of dissolved mercury concentration observationAastralian coastal waters, we have used a

mean aqueous concentration of On@dl™ given in Xu et al. (1999).
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APPENDIX A -CHEMICAL TRANSFORMATION MECHANISMS

The following tables documents the chemical medrasicurrently supported by the CTM.
The reaction rate types and coefficients are desdnn Table 2 and, and a summary of each
mechanism is given in Table 4 of the main report.

In the species listings given below, de/ss refemshiether a species is transported and
tendencies treated by the chemical mechanism diffed equation solver- or treated as steady-
state and solved by analytic or a mixed analy&dditive solver; g/a refers to whether a species
is a gas or an aerosol.
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1. NOX mechanism
Mechanism name: NOX
Reference

N/A

Table 12 NOX mechanism

Short mw
Name Long Name de/ss gla )
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46

The NOX mechanism has no chemical reactions.
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2. OX mechanism
Mechanism name: OX
Reference

N/A

Table 13 OX mechanism species listing

Short mw
Name Long Name de/ss g/a )
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46
o3 ‘ozone’ DE g 48
(@) 'oxygen singlet P’ SS g 1
Table 14 OX mechanism reactions
REACTION RATE VARIABLE

NO2 =>NO + 0O PHOT 1 1

O+02+M =>03+M TDCN | 6.00E-34 | -2.4

03+NO  =>NOoz ARRH | 3.00E-12 | 1500
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3. Generic Reaction Set Mechanism

Mechanism name: GRS

Reference

Azzi M., Johnson G.J. and Cope M., 1992. An intaitin to the Generic Reaction Set PhotochemicabsmechanismProc. 11" International

Clean Air Conf, Brisbane, 5-10 July, 451-462.

APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

Table 15 GRS mechanism species listing

ﬁg(r)r:te Long Name de/ss g/a n(];\;
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46
ROC ‘reactive organic carbon' DE g 13.7
RP ‘radical product' SS g 33
03 ‘ozone’ DE g 48
SGN 'stable gaseous nitrate' DE g 63
SNGN 'stable non-gaseous nitrate' DE g 63

[CTM technical description. October 2009, Version # 1.9]

73



APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

74

Table 16 GRS mechanism

REACTION RATE VARIABLE
ROC =>ROC + RP GRS1 1 -4700 0.00316
NO+RP  =>NO2 CONS 8.13E-12
NO2 =>NO + 03 PHOT 1 1
NO +03 =>NO02 ARRH 2.10E-12 1450
RP +RP =>RP CONS 6.76E-12 -0.7 0.6
NO2 + RP  =>SGN CONS 8.12E-14 0 0.6
NO2 + RP_ => SNGN CONS 8.12E-14
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4. Mercury mechanism
Mechanism name: HG3T
Reference

N/A

Table 17 HG3T species listing

EZ?T:; Long Name de/ss gla rr(zv)
hg0 ‘elemental mercury' DE g 200
rgm ‘reactive gas mercury' DE g 271.5
hgp ‘mercury aerosol' DE a 1

The HG3T mechanism has no chemical reactions.
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5. Lurmann, Carter, Coyner mechanism
Mechanism name: LCC
Reference

Lurmann F.W., Carter W.P. and Coyner L.A., 198&urogate species chemical reaction mechanisnrif@nuscale air quality simulation models.
Final report to U.S. Environment Protection Agemieyer Contract Number 68-02-4104.

Table 18 LCC species listing.

22%2 Long Name de/ss g/a n(];\;
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46
03 ‘ozone’ DE g 48
HONO ‘nitrous acid' DE g 47
HNO3 ‘nitric acid’ DE g 63
HNO4 'pernitric acid' DE g 79
N205 ‘nitrogen pentoxide' DE g 108
NO3 ‘nitrate radical' DE g 62
HO2 'hydroperoxy radical' DE g 33
H202 'hydrogen peroxide' DE g 36
CO ‘carbon monoxide' DE g 28
CO_B ‘carbon monoxide bc tracer' DE g 28
CO_E ‘carbon monoxide bc+e tracer' DE g 28
HCHO ‘formaldehyde' DE g 30
ALD2 'lumped aldehyde' DE g 46
MEK ‘methyl ethyl ketone' DE g 72.1
MGLY ‘methylglyoxyl' DE g 72
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PAN
RO2
MCO3
ALKN
ALKA
ETHE
ALKE
TOLU
AROM
DIAL
CRES
NPHE
MEOH
ETOH
MTBE
SO2
SO3
ISOP
CH4
01D

OH
RO2R
R202
RO2N
RO2P
BZN2
BZO
PM25

‘peroxyl acyl nitrate’
‘total RO2 radicals'
'CH3CO3 radical'
‘alkyl nitrate'

->C3 alkanes'
‘ethene’

->C2 alkenes'
‘toluene’

‘aromatics’

‘unknown dicarbonyls'
‘cresole’
‘nitrophenols’
‘methanol’

‘ethanol’

‘methyl tert-butyl ether'
‘sulfur dioxide'
‘sulfuric acid'
'isoprene’

'methane’

‘oxygen singlet D'

'o atom’

‘hydroxy radical'
‘general RO2 #1'
‘general RO2 #2'
‘alkyl nitrate RO2'
‘phenol RO2'
'‘benzaldehyde N-RO2'
‘phenoxy radical'
'PM25 inert species'
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Table 19. LCC mechanism.

REACTION RATE VARIABLE

NO2 =>NO+0 PHOT 1 1
O =>03 ARRH 1.05E+03 -1282
O+NO2 =>NO CONS 9.28E-12

O+NO2 =>NO3 ARRH 1.11E-13 -894
NO + O3 =>NO2 ARRH 1.80E-12 1370
NO2+ 03 =>NO3 ARRH 1.20E-13 2450
NO + NO3  =>2.0*NO2 ARRH 7.99E-12 -252
NO + NO =>2.0*NO2 ARRH 1.64E-20 -529
NO2 + NO3 =>N205 ARRH 4.62E-13 -273
N205 =>NO2 + NO3 ARRH 1.33E+15 | 11379
N205 + H20 => 2.0*HNO3 CONS 1.00E-21

NO2 + NO3 =>NO + NO2 ARRH 2.50E-14 1229
NO3 =>NO PHOT 8 1
NO3 =>NO2+0 PHOT 1 33.9
03 =0 PHOT 1 0.053
03 => 01D PHOT 2 1
01D +H20 =>2.0*OH CONS 2.20E-10
01D =>0 CONS 7.20E+08
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NO + OH =>HONO

HONO =>NO + OH

2.0"NO2 + H20  => HONO +1.0*HNO3

NO2+OH =>HNO3

HNO3 +OH =>NO3

CO +OH =>HO2

03 + OH =>HO2

NO + HO2  =>NO2 + OH

NO2 + HO2 =>HNO4

HNO4 =>NO2 + HO2

HNO4 + OH =>NO2

O3+HO2 =>OH

HO2 + HO2 =>H202

HO2 + HO2 + H20 => H202

NO3 + HO2 =>HNO3

NO3 + HO2 + H20 => HNO3

RO2+NO =>NO

RO2 + HO2 =>HO2

RO2+R0O2 =>NR

RO2 + MCO3 =>NR

HCHO =>2.0*HO2 + CO

ARRH

PHOT

CONS

ARRH

ARRH

CONS

ARRH

ARRH

ARRH

ARRH

CONS

ARRH

ARRH

ARRH

ARRH

ARRH

ARRH

CONS

CONS

CONS

PHOT

4.04E-13

1

4.00E-24

9.58E-13

9.40E-15

2.18E-13

1.60E-12

3.70E-12

1.02E-13

4.35E+13

4.00E-12

1.40E-14

2.27E-13

3.26E-34

2.27E-13

3.26E-34

4.20E-12

3.00E-12

1.00E-15

3.00E-12

3

-833

0.197

=737

=778

942

-240

=173

10103

579

-7171

-2971

-771

-2971

-180
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HCHO =>CO PHOT 4 1
HCHO +OH =>HO2+ CO CONS 8.92E-12

HCHO + NO3 =>HNO3 + HO2 + CO ARRH 5.99E-13 2060
HCHO + HO2 =>RO2R + RO2 CONS 1.00E-14

ALD2 + OH =>MCO3 ARRH 6.90E-12 -250
ALD2 =>CO + HCHO + RO2R + HO2 +

RO2 PHOT 5 1
ALD2 + NO3 =>HNO3 + MCO3 ARRH 3.00E-13 1427
MCO3 +NO =>NO2 + HCHO + RO2R +

RO2 ARRH 4.20E-12 -180
MCO3 + NO2 =>PAN ARRH 2.79E-12 -180
MCO3 + HO2 =>HCHO CONS 3.00E-12

MCO3 + MCO3 =>2.0*HO2 + 2.0*HCHO CONS 2.50E-12

PAN =>MCO3 + NO2 ARRH 2.00E+16 | 13542
MEK =>MCO3 + ALD2 + RO2R + RO2 PHOT 7 1
MEK +OH  =>1.2*R202 + 1.2*RO2 +

MCO3 + 0.5*ALD2 + 0.5*HCHO ARRH 1.20E-11 745
MGLY =>MCO3 + HO2 + CO PHOT 3 6
MGLY + OH =>MCO3 + CO CONS 1.70E-11

MGLY + NO3 =>HNO3 + MCO3 + CO ARRH 3.00E-13 1427
ALKA + OH =>0.1236*HCHO +

0.4021*ALD2 + 0.6155*MEK + 0.1191*RO2N 1.05E-
+ 0.8809*RO2R+ 0.6928*R202 + 1.5737*RO2 | ARRW 0.6057 11 354 0.3943 | 1.62E-11 289
ALKN + OH =>NO2 + 0.15*MEK +

1.53*ALD2 + 0.16*HCHO + 1.39*R202 +

1.39*RO2 ARRH 2.19E-11 709
RO2N + NO  => ALKN ARRH 4.20E-12 -180
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RO2N + HO2 => MEK CONS 3.00E-12

RO2N + RO2 =>RO02 + 0.5*HO2 + MEK CONS 1.00E-15

RO2N + MCO3 => HCHO + HO2 + MEK CONS 3.00E-12

R202 + NO =>NO2 ARRH 4.20E-12 -180

R202 + HO2 =>NR CONS 3.00E-12

R202 + RO2 =>RO02 CONS 1.00E-15

R202 + MCO3 => HCHO + HO2 CONS 3.00E-12

RO2R + NO =>NO2 + HO2 ARRH 4.20E-12 -180

RO2R + HO2 =>NR CONS 3.00E-12

RO2R + RO2 =>0.5*HO2 + RO2 CONS 1.00E-15

RO2R + MCO3 =>HO2 + HCHO CONS 3.00E-12

ETHE+OH =>RO2R + RO2 + 1.56*HCHO

+ 0.22*ALD2 ARRH 2.15E-12 -411

ETHE + O3 =>HCHO + 0.12*HO2 +

0.42*CO ARRH 1.20E-14 2634

ETHE+O =>RO2R + RO2 + CO + HCHO

+ HO2 ARRH 1.04E-11 792

ETHE + NO3 =>RO02 + NO2 + 2.0*HCHO +

R202 ARRH 2.00E-12 2925

ALKE + OH =>R0O2 + RO2R + 4.85E-

0.6640*HCHO + 1.3360*ALD2 ARRW 0.664 12 -504 0.336 | 1.10E-11 -549
ALKE + O3  =>0.4250*HCHO +

0.6680*ALD2 + 0.1170*RO2R + 0.1170*RO2 + 1.32E-

0.1834*HO2 + 0.0802*OH + 0.1859*CO ARRW 0.664 14 2105 0.336 | 9.08E-15 1137
ALKE+ O  =>0.2656*CO + 0.3360*MEK +

0.2656*HCHO + 0.1328*ALD2 + 0.2672*HO2 1.18E-

+ 0.3984*RO2R + 0.3984*R0O2 ARRW 0.664 11 324 0.336 | 2.26E-11 -10
ALKE + NO3 =>NO2 + 0.6640*HCHO + 5.00E-

1.3360*ALD2 + R202 + RO2 ARRW 0.664 12 1935 0.336 | 1.00E-11 975
TOLU + OH =>0.16*CRES + 0.16*HO2 +

0.84*RO2R + 0.4*DIAL + 0.84*RO2 +

0.144*MGLY + 0.114*HCHO + 0.114*CO ARRH 2.10E-12 -322
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AROM +OH =>0.17*CRES + 0.17*HO2 +

0.83*RO2R + 0.83*RO2 + 0.6095*DIAL + 1.66E-
0.4539*MGLY + 0.0241*CO + 0.0129*HCHO ARRW 0.7466 11 -116 0.2534 | 6.20E-11
DIAL+OH =>MCO3 CONS 3.00E-11

DIAL =>HO2 + CO + MCO3 PHOT 9 1

CRES+OH =>0.2*MGLY + 0.15*RO2P +

0.85*RO2R + RO2 CONS 4.00E-11

CRES + NO3 =>HNO3 + BZO CONS 2.19E-11

RO2P + NO => NPHE ARRH 4.20E-12 -180

RO2P + HO2 =>NR CONS 3.00E-12

RO2P + RO2 =>0.5*HO2 + RO2 CONS 1.00E-15

RO2P + MCO3 => HCHO + HO2 CONS 3.00E-12

BZO + NO2 =>NPHE CONS 1.50E-11

BZO + HO2 =>NR CONS 3.00E-12

BZO =>NR CONS 1.00E-03

NPHE + NO3 =>HNO3 + BZN2 CONS 3.81E-12

BZN2 + NO2 =>NR CONS 1.50E-11

BZN2 + HO2 => NPHE CONS 3.00E-12

BZN2 => NPHE CONS 1.00E-03

H202 =>2.0*OH PHOT 4 | 0.255

H202 + OH => HO2 ARRH 3.09E-12 187

MEOH + OH  => HCHO + HO2 TDAF 6.38E-18 2 -148
CH4+0OH =>HCHO + RO2 + RO2R TDAF 6.95E-18 2 1282
ISOP + OH =>HCHO + ALD2 + RO2R +

RO2 ARRH 2.54E-11 -410
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ISOP + O3 =>0.5*HCHO + 0.65*ALD2 +
0.21*MEK + 0.16*HO2 + 0.29*CO + 0.06*OH
+ 0.14*RO2R + 0.14*RO2

ISOP+0O  =>0.4*HO2 + 0.5*MEK +
0.5*ALD2

ISOP + NO3 =>NO2 + HCHO + ALD2 +
R202 + RO2

ETOH +OH =>ALD2 + HO2
MTBE + 1.4*OH => 0.6*TBF + 0.4*HCHO +
0.4*MEK + 1.4*RO2R + 0.4*R202 + 1.8*RO2

SO2+0OH =>S03+ HO2

ARRH

CONS

ARRH

TDAF

TDAF

CONS

1.23E-14

5.99E-11

2.54E-11

6.17E-18

6.81E-18

9.08E-13

2013

1121

-532

-460
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6. Carbon Bond 2005 mechanism
Mechanism name- CBO05.
Reference

Yarwood G., Rao S., Yocke M., Whitten G., 2005. Higd to the Carbon Bond chemical mechanism.: CBi@al report RT-04-00675 to U.S.
Environmental Protection Agency, Research TriaRglek, NC 27703.

Table 20 Carbon Bond 2005 species listing.

ﬁg(r)r:te Long Name de/ss g/a n(];\;
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46
03 ‘ozone’ DE g 48
HO2 'hydroperoxy radical' DE g 33
H202 'hydrogen peroxide' DE g 36
03 ‘nitrate radical' DE g 62
N205 ‘nitrogen pentoxide' DE g 108
HONO ‘nitrous acid' DE g 47
HNO3 ‘nitric acid’ DE g 63
PNA 'pernitric acid' DE g 79
CO ‘carbon monoxide' DE g 28
FORM ‘formaldehyde' DE g 30
ALD2 ‘acetaldehyde’ DE g 44
C203 ‘acylperoxy radical' DE g 75
PAN 'peroxyacetyl nitrate’ DE g 121
ALDX ‘higher aldehyde' DE g 44
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CX03
PANX
X02
XO2N
NTR
ETOH
CH4
MEO2
MEOH
MEPX
FACD
ETHA
ROOH
AACD
PACD
HCO3
PAR
ETH
OLE
IOLE
ISOP
ISPD
TERP
TOL
XYL
CRES
OPEN
MGLY
01D
OH

ROR
TO2

‘higher acylperoxy radical'
‘higher peroxyacyl nitrate'
‘NO-NO2 conversion from RO2'
'NO-org. nitrate conversion'
‘organic nitrate'

‘ethanol’

‘methane’

‘methylperoxy radical’
‘methanol’
‘methylhydroperoxide’

‘formic acid’

‘ethane’

‘higher organic peroxide'
‘higher carboxylic acid'
‘higher peroxycarboxylic acid'
‘bicarbonate ion'

‘parafin’

‘ethene’

‘terminal olefin carbon bond'
'internal olefin carbon bond'
'isoprene’

'isoprene product’

‘terpene’

‘toluene and monoalkyl arom.’
‘xylene and polyalkyl arom.'
‘cresole and high m.w.phenols’
‘arom. ring opening prods’
‘methylglyxl and arom. prods'
‘oxygen singlet D'

‘hydroxy radical'

‘oxygen singlet P’

‘radical’

‘radical’
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75
121

130
46
16
47
32
48
46

30.1
62
60
76
63

14.32
28
28
48

68.1
70

136
92
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CRO ‘radical’ SS g 1
S0O2 ‘sulfur dioxide' DE g 64.1
S03 ‘sulfuric acid' DE g 98.1
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Table 21 Carbon Bond 2005 reactions.

REACTION RATE VARIABLE

NO2 =>NO +0 PHOT 1 1

0+02+M =>03+M TDCN | 6.00E-34 2.4

03+NO =>NO2 ARRH | 3.00E-12 | 1500

O0+NO2 =>NO ARRH | 5.60E-12 -180

O+NO2 =>NO3 TROE | 2.50E-31 1.8 | 2.20E-11 -0.7 0.6
0O+NO =>NO2 TROE | 9.00E-32 -1.5 | 3.00E-11 0 0.6
03+NO2 =>NO3 ARRH | 1.20E-13 | 2450

03 =>0 PHOT 10 1

03 => 01D PHOT 2 1

OlID+M =>0+M ARRH | 2.10E-11 | -102

01D +H20 =>2.0*OH CONS | 2.20E-10

03+0H =>HO2 ARRH | 1.70E-12 940

03+HO2 =>OH ARRH | 1.00E-14 490

NO3 =>NO0O2+ 0O PHOT 11 1

NO3 =>NO PHOT 8 1

NO +NO3  =>2.0"NO2 ARRH | 150E-11 | -170

[CTM technical description. October 2009, Version # 1.9]

87



APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

NO2 + NO3 =>NO + NO2 ARRH | 4.50E-14 | 1260

NOZ +NO3  =>N205 TROE | 2.00E-30 | -4.4 | 1.40E-12 -0.7 0.6

= % |
N205 + H20 => 2.0*HNO3 cons | 2.50E-22

= % |
N205 + H20 + H20 => 2*HNO3 CONS 1.80E-39

N205  =>NO2+NO3 FALL | 1.00E-03 | -35 11000 | 9.70E+14 01| 11080 | 045

= *
NO +NO + 02 =>2.0"NO2 ARRH | 3.30E-39 | -530

= %
NO + NO2 + H20 =>2.0*HONO CONS | 5.00E-40

NO +OH  =>HONO TROE | 7.00E-31 26 | 3.60E-11 0.1 0.6

HONO =>NO + OH PHOT 12 1

OH+ HONO =>NO2 ARRH | 1.80E-11 390

HONO + HONO => NO + NO2 CONS | 1.00E-20

OH+NO2  =>HNO3 TROE | 2.00E-30 3| 250E-11 0 0.6

OH +HNO3  =>NO3 LMHW | 2.40E-14 | -460 | 2.70E-17 2199 | 6.50E-34 |  -1335

NO + HO2 => OH + NO2 ARRH | 3.50E-12 -250

NO2 + HO2  =>PNA TROE | 1.80E-31 32| 4.70E-12 0 0.6

PNA =>NOZ + HO2 FALL | 4.10E-05 0 10650 | 4.80E+15 0| 11170 | 0.6

OH+PNA =>NO2 ARRH | 1.30E-12 -380

HO2 + HO2 =>H202

ARRM | 2.30E-13 | -600 | 1.70E-33 -1000

HOZ + HO2 + H20 => H202 ARRM | 3.22E-34 | -2800 | 2.38E-54 -3200
— *

H202 > 2.00H oHOT s .

H202 + OH =>HO2

ARRH 2.90E-12 160

88 [CTM technical description. October 2009, Version # 1.9]




O1D +H2 =>O0H +HO2

OH+H2 =>HO2

OH+O0O =>HO2

OH+OH =0

OH+OH =>H202

OH+HO2 =>NR

HO2+0O =>O0OH

H202+ O =>O0OH +HO2

NO3+ O =>NO02

NO3+OH =>HO2+ NO2

NO3 + HO2 =>HNO3

NO3+03 =>NO0O2

NO3 + NO3 =>2*NO2

PNA =>0.61*HO2 + 0.61*NO2
+0.39*0OH +0.39*NO3

HNO3 =>O0H + NO2

N205 =>NO2 + NO3

X02+NO =>NO2

XO2N + NO =>NTR

X02 + HO2 =>ROOH

XO2N + HO2 =>ROOH

X02+X02 =>NR

CONS

ARRH

ARRH

ARRH

TROE

ARRH

ARRH

ARRH

CONS

CONS

CONS

CONS

ARRH

PHOT

PHOT

PHOT

ARRH

ARRH

ARRH

ARRH

CONS

1.10E-10

5.50E-12

2.20E-11

4.20E-12

6.90E-31

4.80E-11

3.00E-11

1.40E-12

1.00E-11

2.20E-11

3.50E-12

1.00E-17

8.50E-13

14

15

16

2.60E-12

2.60E-12

7.50E-13

7.50E-13

6.80E-14

2000

-120

240

-250

-200

2000

2450

-365

-365

-700

-700
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XO2N + XO2N =>NR

XO2N + X002 =>NR

NTR+OH =>HNO3 + HO2 + 0.33*FORM
+ 0.33*ALD2 + 0.33*ALDX - 0.66*PAR

NTR =>NO2 + HO2 + 0.33*FORM +
0.33*ALD2 + 0.33*ALDX - 0.66*PAR

ROOH + OH =>XO0O2 + 0.50*ALD2 +
0.50*ALDX

ROOH =>OH + HO2 + 0.50*ALD2 +
0.50*ALDX

OH+CO =>HO2

OH+ CH4 =>MEO2

MEO2 + NO =>FORM + HO2 + NO2

MEO2 + HO2 => MEPX

MEO2 + MEO2 => 1.37*FORM + 0.74*HO2 +
0.63*MEOH

MEPX + OH =>0.70*MEO2 + 0.30*XO2 +
0.30*HO2

MEPX => FORM + HO2 + OH

MEOH + OH =>FORM + HO2

FORM + OH =>HO2 +CO

FORM =>2*HO2 + CO

FORM =>CO

FORM+O =>O0OH+HO2+ CO

FORM + NO3 =>HNO3 + HO2 + CO

FORM + HO2 =>HCO3

HCO3 =>FORM + HO2

[CTM technical description. October 2009, Version # 1.9]

CONS

CONS

ARRH

PHOT

ARRH

PHOT

ARRM

ARRH

ARRH

ARRH

ARRH

ARRH

PHOT

ARRH

CONS

PHOT

PHOT

ARRH

CONS

ARRH

ARRH

6.80E-14

6.80E-14

5.90E-13

17

3.01E-12

18

1.44E-13

2.45E-12

2.80E-12

4.10E-13

9.50E-14

3.80E-12

18

7.30E-12

9.00E-12

3

4

3.40E-11

5.80E-16

9.70E-15

2.40E+12

360

-190

1775

-300

-750

-390

-200

620

1600

-625

7000

3.43E-33




HCO3 + NO

=>FACD + NO2 + HO2

HCO3 + HO2 => MEPX

FACD + OH

ALD2 + O

ALD2 + OH

ALD2 + NO3

=>HO02

=>C203 + OH

=>C203

=>C203 + HNO3

ALD2 => MEO2 + CO + HO2

C203 + NO

C203 + NO2

=>MEO2 + NO2

=>PAN

PAN =>C203 + NO2

PAN =>C203 + NO2

C203 + HO2
0.20*03

=> 0.80*PACD + 0.20*AACD +

C203 + MEO2 => 0.90*MEO2 + 0.90*HO2 +
FORM + 0.10*AACD

C203 + X02

=> 0.90*MEO2 + 0.10*AACD

C203 + C203 => 2*MEQO2

PACD + OH =>C203

PACD =>MEO2 + OH
AACD + OH => MEO2
ALDX+0O =>CXO0O3 + OH
ALDX + OH =>CX03

ALDX + NO3 => CXO3 + HNO3

CONS

ARRH

CONS

ARRH

ARRH

ARRH

PHOT

ARRH

TROE

FALL

PHOT

ARRH

ARRH

ARRH

ARRH

ARRH

PHOT

ARRH

ARRH

ARRH

CONS

5.60E-12

5.60E-15

4.00E-13

1.80E-11

5.60E-12

1.40E-12

5

8.10E-12

2.70E-28

4.90E-03

19

4.30E-13

2.00E-12

4.40E-13

2.90E-12

4.00E-13

18

4.00E-13

1.30E-11

5.10E-12

6.50E-15

-2300

1100

-270

1900

-1040

-500

-1070

-500

-200

-200

870

-405
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1.20E-11

12100

-0.9 0.3

5.40E+16 0 13830 0.3
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ALDX => MEO2 + CO + HO2

CX0O3+NO =>ALD2 + NO2 + HO2 + XO2

CX03 + NO2 =>PANX

PANX => CXO3 + NO2

PANX =>CXO3 + NO2

PANX + OH =>ALD2 + NO2

CX03 + HO2 =>0.80*PACD + 0.20*AACD +
0.20*03

CXO3 + MEO2 => 0.90*ALD2 + 0.90*X02 +
HO2 + 0.10*AACD + 0.10*FORM

CXO3 + X02 =>0.90*ALD2 + 0.10*AACD

CXO03 + CXO3 => 2*ALD2 + 2*X02 + 2*HO2

CX03 + C203 => MEO2 + XO2 + HO2 +
ALD2

PAR+OH =>0.87*X02 + 0.13*XO2N +
0.11*HO2 + 0.06*ALD2 - 0.11*PAR +
0.76*ROR + 0.05*ALDX

ROR =>0.96*X02 + 0.60*ALD2 +
0.94*HO2 - 2.10*PAR +0.04*XO2N +
0.02*ROR + 0.5*ALDX

ROR =>HO2

ROR + NO2 =>NTR

O+OLE =>0.2*ALD2 + 0.3*ALDX +
0.3*HO2 + 0.2*XO2 + 0.20*CO + 0.20*FORM
+ 0.01*XO2N + 0.2*PAR + 0.10*OH

OH+ OLE =>0.8*FORM + 0.33*ALD2 +
0.62*ALDX + 0.8*X02 + 0.95*HO2 -0.70*PAR
O3+ OLE =>0.18*ALD2 + 0.74*FORM +
0.32*ALDX + 0.22*X02 + 0.1*OH + 0.33*CO +
0.44*HO2 -1.0*PAR

NO3 + OLE =>NO2 + FORM + 0.91*X02 +
0.09*XO2N + 0.56*ALDX + 0.35*ALD?2 -
1.0*PAR
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PHOT

ARRH

TROE

FALL

PHOT

CONS

ARRH

ARRH

ARRH

ARRH

ARRH

CONS

ARRH

CONS

CONS

ARRH

CONS

ARRH

ARRH

20

6.70E-12

2.70E-28

4.90E-03

19

3.00E-13

4.30E-13

2.00E-12

4.40E-13

2.90E-12

2.90E-12

8.10E-13

1.00E+15

1.60E+03

1.50E-11

1.00E-11

3.20E-11

6.50E-15

7.00E-13

-1040

-500

-1070

-500

-500

8000

280

1900

2160

1.20E-11

12100

-0.9

5.40E+16

0.3

13830

0.3




APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

O+ETH =>FORM + 1.7*HO2 + CO +

0.7*X02 + 0.3*OH ARRH 1.04E-11 792

OH+ETH =>XO02 + 1.56*FORM + HO2 +

0.22*ALDX TROE 1.00E-28 -0.8 8.80E-12 0 0.6
O3+ ETH =>FORM + 0.63*CO +

0.13*HO2 + 0.13*OH + 0.37*FACD ARRH 1.20E-14 2630

NO3 + ETH =>NO2 + X02 + 2*FORM
IOLE+O =>1.24*ALD2 + 0.66*ALDX +

ARRH 3.30E-12 2880

0.10*HO2 + 0.1*X02 + 0.1*CO + 0.1*PAR CONS 2.30E-11
IOLE + OH =>1.3*ALD2 + 0.7*ALDX + HO2
+ X02 ARRH 1.00E-11 -550

IOLE + O3 =>0.65*ALD2 + 0.35*ALDX +
0.25*FORM + 0.25*CO + 0.50*O + 0.50*CH +

0.5*HO2 ARRH 8.40E-15 1100
IOLE + NO3 =>1.18*ALD2 + 0.64*ALDX +

HO2 + NO2 ARRH 9.60E-13 270
TOL+OH =>0.440*HO2 + 0.080*X0O2 +

0.360*CRES + 0.560*TO2 ARRH 1.80E-12 -355
TO2+NO =>0.900*NO2 + 0.900*HO2 +

0.900*OPEN + 0.100*NTR CONS 8.10E-12

TO2 => CRES + HO2 CONS 4.2

OH + CRES =>0.400*CRO + 0.600*X02 +

0.600*HO2 + 0.300*OPEN CONS 4.10E-11

CRES + NO3 =>CRO + HNO3 CONS | 2.20E-11

CRO +NO2 =>NTR CONS 1 40E-11

CRO +HO2 =>CRES CONS 5 50E-12

OPEN =>C203 + HO2 + CO PHOT 3 9
OPEN + OH =>XO0O2 + 2.000*CO +
2.00*HO2 + C203 + FORM CONS 3.00E-11
OPEN + O3 =>0.030*ALDX + 0.620*C203
+ 0.700*FORM + 0.030*X02 + 0.690*CO +

0.080*OH + 0.760*HO2 + 0.200*MGLY ARRH 5.40E-17 500
OH + XYL =>0.700*HO2 + 0.500*X02 +
0.200*CRES + 0.800*MGLY + 1.100*PAR +
0.300*TO2 ARRH 1.70E-11 -116

OH + MGLY =>X02 + C203

CONS 1.80E-11
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MGLY =>C203 + HO2 + CO

O +ISOP =>0.750*ISPD + 0.500*FORM +
0.250*X02 + 0.250*HO2 + 0.250*CX03 +
0.250*PAR

OH + ISOP =>0.912*ISPD + 0.629*FORM
+0.991*X02 + 0.912*HO2 + 0.088*X0O2N

O3 +ISOP =>0.650*ISPD + 0.600*FORM
+0.200*X02 + 0.066*HO2 + 0.266*OH +
0.200*CX0O3 + 0.150*ALDX + 0.350*PAR +
0.066*CO

NO3 + ISOP =>0.200*ISPD + 0.800*NTR +
X0O2 + 0.800*HO2 + 0.200*NO2 + 0.800*ALDX
+ 2.400*PAR

OH +ISPD =>1.565*PAR + 0.167*FORM +
0.713*X02 + 0.503*HO2 + 0.334*CO +
0.168*MGLY + 0.252*ALD2 + 0.210*C203 +
0.250*CX03 + 0.120*ALDX

03 +ISPD =>0.114*C203 + 0.150*FORM
+ 0.850*MGLY + 0.154*HO2 + 0.268*OH +
0.064*X0O2 + 0.020*ALD2 + 0.360*PAR +
0.225*CO

NO3 + ISPD => 0.357*ALDX + 0.282*FORM
+ 1.282*PAR + 0.925*HO2 + 0.643*CO +
0.850*NTR + 0.075*CX0O3 + 0.075*X02 +
0.150*HNO3

ISPD =>0.333*CO + 0.067*ALD2 +
0.900*FORM + 0.832*PAR + 1.033*HO2 +
0.700*X02 + 0.967*C203

TERP +0O =>0.150*ALDX + 5.12*PAR

TERP + OH =>0.750*HO2 + 1.250*X02 +
0.250*XO2N + 0.280*FORM + 1.66*PAR +
0.470*ALDX

TERP + O3 =>0.570*OH + 0.070*HO2 +
0.760*X02 + 0.180*XO2N + 0.240*FORM +
0.001*CO + 7.000*PAR + 0.210*ALDX +
0.390*CX03

TERP + NO3 =>0.470*NO2 + 0.280*HO2 +
1.030*X0O2 + 0.250*XO2N + 0.470*ALDX +
0.530*NTR

SO2+0OH =>S03+ HO2

OH+ ETOH =>HO2 + 0.900*ALD2 +
0.050*ALDX + 0.100*FORM + 0.100*X0O2
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PHOT

CONS

ARRH

ARRH

ARRH

CONS

CONS

CONS

PHOT

CONS

ARRH

ARRH

ARRH

TROE

ARRH

21

3.60E-11

2.54E-11

7.86E-15

3.03E-12

3.36E-11

7.10E-18

1.00E-15

22

3.60E-11

1.50E-11

1.20E-15

3.70E-12

3.00E-31

6.90E-12

-407.6

1912

448

0.0034

-449

821

-175

230

1.50E-12

0.6




OH+ ETHA =>0.991*ALD2 + 0.991*X0O2 +
0.009*XO2N + HO2

NO2 + ISOP =>0.200*ISPD + 0.800*NTR +
X0O2 + 0.800*HO2 + 0.200*NO + 0.800*ALDX
+ 2.400*PAR

ARRH

CONS

8.70E-12

1.50E-19

1070
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7. Carbon Bond 2005 mechanism + aerosols
Mechanism name: CB05_AER.
Reference

Yarwood G., Rao S., Yocke M., Whitten G., 2005. bijgd to the Carbon Bond chemical mechanism.: CBi®al report RT-04-00675 to U.S.
Environmental Protection Agency, Research Triaiglek, NC 27703.

Table 22 Carbon Bond + aerosol species listing

ﬁg(r)r:te Long Name de/ss g/a n(];\;
NO ‘nitric oxide' DE g 30
NO2 ‘nitrogen dioxide' DE g 46
03 ‘ozone’ DE g 48
HO2 'hydroperoxy radical' DE g 33
H202 'hydrogen peroxide' DE g 36
03 ‘nitrate radical' DE g 62
N205 ‘nitrogen pentoxide' DE g 108
HONO ‘nitrous acid' DE g 47
HNO3 ‘nitric acid’ DE g 63
PNA 'pernitric acid' DE g 79
CO ‘carbon monoxide' DE g 28
FORM ‘formaldehyde' DE g 30
ALD2 ‘acetaldehyde’ DE g 44
C203 ‘acylperoxy radical' DE g 75
PAN 'peroxyacetyl nitrate’ DE g 121
ALDX ‘higher aldehyde' DE g 44
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CX03
PANX
X02
XO2N
NTR
ETOH
CH4
MEO2
MEOH
MEPX
FACD
ETHA
ROOH
AACD
PACD
HCO3
PAR
ETH
OLE
IOLE
ISOP
ISPD
TERP
TOL
XYL
CRES
OPEN
MGLY
01D
OH

ROR
TO2

‘higher acylperoxy radical'
‘higher peroxyacyl nitrate'
‘NO-NO2 conversion from RO2'
'NO-org. nitrate conversion'
‘organic nitrate'

‘ethanol’

‘methane’

‘methylperoxy radical’
‘methanol’
‘methylhydroperoxide’

‘formic acid’

‘ethane’

‘higher organic peroxide'
‘higher carboxylic acid'
‘higher peroxycarboxylic acid'
‘bicarbonate ion'

‘parafin’

‘ethene’

‘terminal olefin carbon bond'
'internal olefin carbon bond'
'isoprene’

'isoprene product’

‘terpene’

‘toluene and monoalkyl arom.’
‘xylene and polyalkyl arom.'
‘cresole and high m.w.phenols’
‘arom. ring opening prods’
‘methylglyxl and arom. prods'
‘oxygen singlet D'

‘hydroxy radical'

‘oxygen singlet P’

‘radical’

‘radical’
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DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
SS
SS
SS
SS
SS

75
121

130
46
16
47
32
48
46

30.1
62
60
76
63

14.32
28
28
48

68.1
70

136
92

106

108.1

100

72

N e )
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CRO
SO2
SO3

NH3
NH4
NIT
S0O2
SO3
ASO4
AS10
WPER
WNIT
WS04
RSO4
OC25
OC10
EC25
EC10
OT25
OT10
SS25
SS10
CG1
CG2
CG3
CG4
CG5
CG6
CG7
CG8
CG9
CG10
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'radical’
'sulfur dioxide'
'sulfuric acid'

‘ammonia’

‘ammonium ions'

‘aerosol nitrate'

‘sulfur dioxide'

'sulfuric acid'

‘aerosol sulfate (<2.5um)’

‘aerosol sulfate (2.5-10 um)'

‘dissolved hydrogen peroxide'

‘dissolved nitric acid'

‘sulfate ions in cloud water'
‘sulfate ions in rain water'
'PM2.5 organic carbon’
'PM2.5-10 organic carbon'
'PM2.5 elemental carbon’
'PM2-10 elementalcarbon’
'PM2.5 miscellaneous'
'PM2.5-10 miscellaneous’
'PM2.5 sea salt'
'PM2.5-10 sea salt'
'OLE condensable gas 1'
'OLE condensable gas 2'
'PAR condensable gas'

'XYL condensable gas 1'

'XYL condensable gas 2'

"TOL condensable gas 1'

"TOL condensable gas 2'

"TERP condensable gas 1'

'TERP condensable gas 2'

'TERP condensable gas 3'

SS
DE
DE

DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE

» o Y LY Y Y@ VD CEQ QD@

Q Q© ©Q ©Q ©Q @ © @ @ @«

64.1
98.1

17
18
62
64.1
98.1
96.1
96.1
36
63
96.1
96.1

L

140
140
140
150
150
150
150
184
184
184




CG11
CG12
CG13
SOL1
SOL2
SPAR
SXY1
SXY2
STO1
STO2
STE1
STE2
STE3
STE4
SIS1
SIS2
NSOA
SIS1

"TERP condensable gas 4'

'ISO condensable gas 1'

'ISO condensable gas 2'

'Olefin SOA 1'

'Olefin SOA 2'

'Paraffin SOA 1'
'Xylene SOA 1'
'Xylene SOA 2'
‘Toluene SOA 1'
‘Toluene SOA 2'
"Terpene SOA 1'
"Terpene SOA 2'
"Terpene SOA 3'
"Terpene SOA 4'
'Isoprene SOA 1'
'Isoprene SOA 2'
‘Non-volatile SOA'
'Isoprene SOA 1'
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DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE

DO L LD DD DD D DD DD DD Q@

184
150
150

P R R R R R R R RR R RR R
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Table 23 Carbon Bond 2005 + aerosol mechanism

REACTION RATE VARIABLE

NO2 =NO+0 PHOT 1 1

0+02+M =>03+M TDCN | 6.00E-34 2.4

03+NO  =>NO2 ARRH | 3.00E-12 | 1500

O+NO2  =>NO ARRH | 560E-12 | -180

O+NO2 =>NO3

O +NO =>NO2 TROE 9.00E-32 -1.5 3.00E-11

03+NO2  =>NO3 ARRH | 1.20E-13 | 2450

03 =0 PHOT 10 1

03 => 01D PHOT 2 1

Olb+M  =>0+M ARRH | 210E-11 | -102

= *
01D + H20 > 2.0*OH CONS 2 20E-10

03+0H =>HO02 ARRH | 1.70E-12 940

O3+HO2 =>O0H

ARRH | 1.00E-14 | 490
NO3 =>NO2 + O oHOT " L
NO3 =>NO PHOT 8 1

NO + NO3 =>2.0*NO2

ARRH 1.50E-11 -170
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TROE 2.50E-31 -1.8 2.20E-11 -0.7




NO2 + NO3 =>NO + NO2

NO2 + NO3 =>N205

N205 + H20 => 2.0*HNO3

N205 + H20 + H20 => 2*HNO3

N205 =>NO2 + NO3

NO + NO + 02 => 2.0*NO2

NO + NO2 + H20 => 2.0*HONO

NO+OH =>HONO

HONO =>NO + OH

OH + HONO =>NO2

HONO + HONO => NO + NO2

OH+ NO2 =>HNO3

OH + HNO3 =>NO3

NO + HO2 =>OH + NO2

NO2 + HO2 =>PNA

PNA =>NO2 + HO2

OH+PNA =>NO0O2

HO2 + HO2 =>H202

HO2 + HO2 + H20 => H202

H202 =>2.0*OH

H202 + OH =>HO2

ARRH

TROE

CONS

CONS

FALL

ARRH

CONS

TROE

PHOT

ARRH

CONS

TROE

LMHW

ARRH

TROE

FALL

ARRH

ARRM

ARRM

PHOT

ARRH

4.50E-14

2.00E-30

2.50E-22

1.80E-39

1.00E-03

3.30E-39

5.00E-40

7.00E-31

12

1.80E-11

1.00E-20

2.00E-30

2.40E-14

3.50E-12

1.80E-31

4.10E-05

1.30E-12

2.30E-13

3.22E-34

13

2.90E-12

1260

-530

-2.6

390

-460

-250

-380

-600

-2800

160
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1.40E-12

11000

3.60E-11

2.50E-11

2.70E-17

4.70E-12

10650

1.70E-33

2.38E-54

-0.7

9.70E+14

-0.1

-2199

0

4.80E+15

-1000

-3200
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0.1

0.6

0.6

6.50E-34

0.6

11080

-1335

11170

0.45

0.6
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APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

01D +H2 =>OH + HO2 CONS 1.10E-10

OH+H2 =>HO02 ARRH | 5.50E-12 | 2000

OH+0O  =>HO2 ARRH | 2.20E-11 -120

OH+OH =>0 ARRH 4.20E-12 240

OH+OH  =>H202 TROE | 6.90E-31 -1 | 260E-11

OH + HO2 =>NR ARRH 4.80E-11 -250

HO2+0O =>OH ARRH | 3.00E-11 -200

H202+0 => OH + HO2 ARRH | 1.40E-12 | 2000

NO3+0O  =>NO2 CONS | 1.00E-11

NO3 +OH =>HO2 + NO2 CONS | 220E-11

NO3 + HO2 =>HNO3 CONS 3.50E-12

NO3+ 03 =>NO2 CONS 1.00E-17

= % |
NO3 + NO3 =>2*NO2 ARRH 8.50E-13 2450

PNA =>0.61*HO2 + 0.61*NO2

+0.39*OH +0.39*NO3 PHOT 14 1
HNO3 =>OH + NO2 PHOT 15 1
N205 =>NO2 + NO3 PHOT 16 1

X02+NO  =>NO2 ARRH | 2.60E-12 | -365

XO2N +NO =>NTR ARRH | 2.60E-12 -365

X02 + HO2 =>ROOH ARRH 7.50E-13 -700

XO2N + HO2 => ROOH ARRH | 7.50E-13 -700

X02+X02 =>NR

CONS 6.80E-14
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APPENDIX A —-CHEMICAL TRANSFORMATION MECHANISMS

XO2N + XO2N =>NR CONS 6.80E-14

XO2N + X0z =>RNR CONS | 6.80E-14

NTR+OH =>HNO3 + HO2 + 0.33*FORM

+ 0.33*ALD2 + 0.33*ALDX - 0.66*PAR ARRH 5.90E-13 360
NTR =>NO0O2 + HO2 + 0.33*FORM +

0.33*ALD2 + 0.33*ALDX - 0.66*PAR PHOT 17 1
ROOH + OH => X0O2 + 0.50*ALD2 +

0.50*ALDX ARRH 3.01E-12 -190
ROOH =>OH + HO2 + 0.50*ALD2 +

0.50*ALDX PHOT 18 1

OH+CO  =>HO2 ARRM 1.44E-13 0 3.43E-33 0

OH+ChH4  =>MEO2 ARRH 2.45E-12 1775

MEO2 + NO =>FORM + HO2 + NO2 ARRH 2 80E-12 -300

MEO2 +HO2 => MEPX ARRH 4.10E-13 -750

MEO2 + MEO2 => 1.37*FORM + 0.74*HO2 +

0.63*MEOH ARRH 9.50E-14 -390
MEPX + OH =>0.70*MEO2 + 0.30*XO2 +

0.30*HO2 ARRH 3.80E-12 -200
MEPX => FORM + HO2 + OH PHOT 18 1

MEOH + OH =>FORM + HO2 ARRH 7 30E-12 620

FORM +OH =>HO2 +CO CONS | 9.00E-12

= % |
FORM > 2*HO2 + CO PHOT 3 1

FORM  =>CO PHOT 4 1

FORM+0O =>0H+HO2+CO ARRH 3. 40E-11 1600

FORM + NO3 => HNO3 + HO2 + CO CONS | 5.80E-16

FORM +HO2 =>HCO3 ARRH 9.70E-15 -625

HCO3 =>FORM + HO2

ARRH 2.40E+12 7000
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HCO3 + NO =>FACD + NO2 + HO2 CONS 5.60E-12

HCO3 + HO2 => MEPX ARRH | 5.60E-15 | -2300

FACD + OH =>HO2 CONS 4.00E-13

ALD2+0  =>C203 + OH ARRH | 1.80E-11 | 1100

ALD2+OH  =>C203 ARRH | 560E-12 | -270

ALD2 + NO3 =>C203 + HNO3 ARRH 1 40E-12 1900

ALD2 => MEO2 + CO + HO2 PHOT 5 1

C203 +NO => MEO2 + NO2 ARRH 8.10E-12 270

C203 + NO2 =>PAN

TROE | 2.70E-28 | -7.1| 1.20E-11 -0.9 03
PAN => €203 + NO2 FALL | 4.90E-03 0 12100 | 5.40E+16 0| 13830
PAN => C203 + NO2 oHOT 1 L
C203 + HO2 => 0.80*PACD + 0.20*AACD +
0.2003 ARRH | 4.30E-13 | -1040
C203 + MEO2 => 0.90*MEO2 + 0.90*HO2 +
FORM + 0.10*AACD ARRH | 2.00E-12 | -500

= * *
C203 + XO2 =>0.90*MEO2 + 0.10*AACD ARRH 4.40E-13 -1070

= % |
C203 + C203 => 2*MEQO2 ARRH 2 90E-12 500

PACD +OH  =>C203 ARRH | 4.00E-13 | -200

PACD =>MEO2 + OH PHOT 18 1

AACD +OH - =>MEO2 ARRH | 4.00E-13 | -200

ALDX+ 0O =>CXO03+ OH ARRH 1.30E-11 870

ALDX+OH =>CXO03 ARRH | 5.10E-12 -405

ALDX + NO3 =>CXO3 + HNO3

CONS 6.50E-15
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ALDX => MEO2 + CO + HO2

CX0O3+NO =>ALD2 + NO2 + HO2 + XO2

CX03 + NO2 =>PANX

PANX => CXO3 + NO2

PANX =>CXO3 + NO2

PANX + OH =>ALD2 + NO2

CX03 + HO2 =>0.80*PACD + 0.20*AACD +
0.20*03

CXO3 + MEO2 => 0.90*ALD2 + 0.90*X02 +
HO2 + 0.10*AACD + 0.10*FORM

CXO3 + X02 =>0.90*ALD2 + 0.10*AACD

CXO03 + CXO3 => 2*ALD2 + 2*X02 + 2*HO2

CX03 + C203 => MEO2 + XO2 + HO2 +
ALD2

PAR+OH =>0.87*X02 + 0.13*XO2N +
0.11*HO2 + 0.06*ALD2 - 0.11*PAR +
0.76*ROR + 0.05*ALDX

ROR =>0.96*X02 + 0.60*ALD2 +
0.94*HO2 - 2.10*PAR +0.04*XO2N +
0.02*ROR + 0.5*ALDX

ROR =>HO2

ROR + NO2 =>NTR

O+OLE =>0.2*ALD2 + 0.3*ALDX +
0.3*HO2 + 0.2*XO2 + 0.20*CO + 0.20*FORM
+ 0.01*XO2N + 0.2*PAR + 0.10*OH

OH+ OLE =>0.8*FORM + 0.33*ALD2 +
0.62*ALDX + 0.8*X02 + 0.95*HO2 -0.70*PAR
O3+ OLE =>0.18*ALD2 + 0.74*FORM +
0.32*ALDX + 0.22*X02 + 0.1*OH + 0.33*CO +
0.44*HO2 -1.0*PAR

NO3 + OLE =>NO2 + FORM + 0.91*X02 +
0.09*XO2N + 0.56*ALDX + 0.35*ALD?2 -
1.0*PAR

PHOT

ARRH

TROE

FALL

PHOT

CONS

ARRH

ARRH

ARRH

ARRH

ARRH

CONS

ARRH

CONS

CONS

ARRH

CONS

ARRH

ARRH

20

6.70E-12

2.70E-28

4.90E-03

19

3.00E-13

4.30E-13

2.00E-12

4.40E-13

2.90E-12

2.90E-12

8.10E-13

1.00E+15

1.60E+03

1.50E-11

1.00E-11

3.20E-11

6.50E-15

7.00E-13

-1040

-500

-1070

-500

-500

8000

280

1900

2160
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1.20E-11

12100

-0.9 0.3

5.40E+16 0 13830 0.3
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O+ETH =>FORM + 1.7*HO2 + CO +

0.7*X02 + 0.3*OH ARRH 1.04E-11 792

OH+ETH =>XO02 + 1.56*FORM + HO2 +

0.22*ALDX TROE 1.00E-28 -0.8 8.80E-12
O3+ ETH =>FORM + 0.63*CO +

0.13*HO2 + 0.13*OH + 0.37*FACD ARRH 1.20E-14 2630

NO3 + ETH =>NO2 + X02 + 2*FORM
IOLE+O =>1.24*ALD2 + 0.66*ALDX +

ARRH 3.30E-12 2880

0.10*HO2 + 0.1*X02 + 0.1*CO + 0.1*PAR CONS 2.30E-11
IOLE + OH =>1.3*ALD2 + 0.7*ALDX + HO2
+ X02 ARRH 1.00E-11 -550

IOLE + O3 =>0.65*ALD2 + 0.35*ALDX +
0.25*FORM + 0.25*CO + 0.50*O + 0.50*CH +

0.5*HO2 ARRH 8.40E-15 1100
IOLE + NO3 =>1.18*ALD2 + 0.64*ALDX +

HO2 + NO2 ARRH 9.60E-13 270
TOL+OH =>0.440*HO2 + 0.080*X0O2 +

0.360*CRES + 0.560*TO2 ARRH 1.80E-12 -355
TO2+NO =>0.900*NO2 + 0.900*HO2 +

0.900*OPEN + 0.100*NTR CONS 8.10E-12

TO2 => CRES + HO2 CONS 4.2

OH + CRES =>0.400*CRO + 0.600*X02 +

0.600*HO2 + 0.300*OPEN CONS 4.10E-11

CRES + NO3 =>CRO + HNO3 CONS | 2.20E-11

CRO +NO2 =>NTR CONS 1 40E-11

CRO +HO2 =>CRES CONS 5 50E-12

OPEN =>C203 + HO2 + CO PHOT 3 9
OPEN + OH =>XO0O2 + 2.000*CO +
2.00*HO2 + C203 + FORM CONS 3.00E-11
OPEN + O3 =>0.030*ALDX + 0.620*C203
+ 0.700*FORM + 0.030*X02 + 0.690*CO +

0.080*OH + 0.760*HO2 + 0.200*MGLY ARRH 5.40E-17 500
OH + XYL =>0.700*HO2 + 0.500*X02 +
0.200*CRES + 0.800*MGLY + 1.100*PAR +
0.300*TO2 ARRH 1.70E-11 -116

OH + MGLY =>X02 + C203

CONS 1.80E-11
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MGLY =>C203 + HO2 + CO

O +ISOP =>0.750*ISPD + 0.500*FORM +
0.250*X02 + 0.250*HO2 + 0.250*CX03 +
0.250*PAR

OH + ISOP =>0.912*ISPD + 0.629*FORM
+0.991*X02 + 0.912*HO2 + 0.088*X0O2N

O3 +ISOP =>0.650*ISPD + 0.600*FORM
+0.200*X02 + 0.066*HO2 + 0.266*OH +
0.200*CX0O3 + 0.150*ALDX + 0.350*PAR +
0.066*CO

NO3 + ISOP =>0.200*ISPD + 0.800*NTR +
X0O2 + 0.800*HO2 + 0.200*NO2 + 0.800*ALDX
+ 2.400*PAR

OH +ISPD =>1.565*PAR + 0.167*FORM +
0.713*X02 + 0.503*HO2 + 0.334*CO +
0.168*MGLY + 0.252*ALD2 + 0.210*C203 +
0.250*CX03 + 0.120*ALDX

03 +ISPD =>0.114*C203 + 0.150*FORM
+ 0.850*MGLY + 0.154*HO2 + 0.268*OH +
0.064*X0O2 + 0.020*ALD2 + 0.360*PAR +
0.225*CO

NO3 + ISPD => 0.357*ALDX + 0.282*FORM
+ 1.282*PAR + 0.925*HO2 + 0.643*CO +
0.850*NTR + 0.075*CX0O3 + 0.075*X02 +
0.150*HNO3

ISPD =>0.333*CO + 0.067*ALD2 +
0.900*FORM + 0.832*PAR + 1.033*HO2 +
0.700*X02 + 0.967*C203

TERP +0O =>0.150*ALDX + 5.12*PAR

TERP + OH =>0.750*HO2 + 1.250*X02 +
0.250*XO2N + 0.280*FORM + 1.66*PAR +
0.470*ALDX

TERP + O3 =>0.570*OH + 0.070*HO2 +
0.760*X02 + 0.180*XO2N + 0.240*FORM +
0.001*CO + 7.000*PAR + 0.210*ALDX +
0.390*CX03

TERP + NO3 =>0.470*NO2 + 0.280*HO2 +
1.030*X0O2 + 0.250*XO2N + 0.470*ALDX +
0.530*NTR

SO2+0OH =>S03+ HO2

OH+ ETOH =>HO2 + 0.900*ALD2 +
0.050*ALDX + 0.100*FORM + 0.100*X0O2

PHOT

CONS

ARRH

ARRH

ARRH

CONS

CONS

CONS

PHOT

CONS

ARRH

ARRH

ARRH

TROE

ARRH

21

3.60E-11

2.54E-11

7.86E-15

3.03E-12

3.36E-11

7.10E-18

1.00E-15

22

3.60E-11

1.50E-11

1.20E-15

3.70E-12

3.00E-31

6.90E-12

-407.6

1912

448

0.0034

-449

821

-175

230
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1.50E-12
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OH+ ETHA =>0.991*ALD2 + 0.991*X0O2 +
0.009*XO2N + HO2

NO2 + ISOP =>0.200*ISPD + 0.800*NTR +
X0O2 + 0.800*HO2 + 0.200*NO + 0.800*ALDX
+ 2.400*PAR

OLE + OH => OLE + OH + 0.0001*CG1 +
0.0149*CG2

PAR + OH =>PAR + OH + 0.0018*CG3
XYL+ OH => XYL + OH + 0.023*CG4 +
0.046*CG5

TOL + OH =>TOL + OH + 0.033*CG6 +
0.083*CG7

TERP + OH => TERP + OH + 0.028*CG8 +
0.061*CG9

TERP + O3 => TERP + O3 + 0.089*CG10 +
0.033*CG11

ISOP + OH => ISOP + OH + 0.232*CG12 +
0.0288*CG13

OLE + OH =>OLE + OH + 0.0001*CG1 +
0.0149*CG2

PAR + OH =>PAR + OH + 0.0018*CG3

ARRH

CONS

CONS

CONS

ARRH

ARRH

ARRH

ARRH

ARRH

CONS

CONS

8.70E-12

1.50E-19

3.20E-11

8.10E-13

2.00E-11

1.80E-12

1.50E-11

1.20E-15

2.54E-11

3.20E-11

8.10E-13

1070

-116

-355

-449

821

-407.6
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