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14 Abstract:

15 Source-oriented chemical mechanisms enable direct source apportionment of air
16  pollutants by explicitly representing precursor emissions and their reaction products in
17 atmospheric models. These mechanisms use source-tagged species to track emissions and their
18 evolution. However, scalability was previously limited by the large number of reactions
19 required for interactions between two tagged species, such as the NOx-NOx or VOC-NOx
20 reactions. This study improves computational efficiency and scalability with a new method
21 that tracks the total concentration of tagged species, reducing the n* second-order reactions for
22 n sources into 2n pseudo first-order reactions. The overall production and removal rate of
23 individual species remain unchanged in the new approach. The number of reactions and
24  number of model species increase linearly with the number of source types, thus greatly
25 improved the computation efficiency. In addition, a source-oriented Euler Backward Iterative
26  (EBI) solver was implemented to replace the Gear solver used in previous applications of the
27  source-oriented mechanism. The source-oriented EBI solver has been assessed by comparing
28  predicted results with the Gear solver. Good agreement between those two methods has been
29 achieved, as the results from the EBI scheme are linearly correlated to Gear and average of

30 absolute relative error is below 5%. In the timing assessment, the proposed EBI scheme can
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31 effectively reduce the total chemistry time by 73% to 90% for grids with different resolutions,
32 which leads to the reduction of total simulation time by 46% to 74%. The proposed source-
33 oriented scheme is efficient enough for practical long-term source apportionment applications
34  on nested domains.

35 Keywords: Atmospheric chemical solver, Euler Backward Iterative, Source apportionment
36

37 1 Introduction

38 1.1 Source-oriented chemical mechanisms

39 Source-oriented air quality models have been used extensively in source apportionment
40  modeling studies to determine source (or source region) contributions to NOy (Zhang & Ying,
41 2011), VOCs (Ying & Krishnan, 2010), secondary inorganic (Ying & Kleeman, 2006) and
42  organic aerosols (Wang et al., 2018), and ozone (Wang et al., 2019a; Wang et al., 2020). In
43  these models, source-tagged species and their reactions are introduced in the gas phase
44  chemical mechanisms to track primary emissions and their reaction products from different
45 sources. For the source apportionment of secondary aerosol products from gas-to-particle
46  partitioning, aerosol and cloud processes are also modified to include additional model species

47  to represent the semi-volatile products from different sources.

48 While this is conceptually simple, the source-oriented mechanisms are computationally
49  expensive because the number of reactions increases almost quadratically with the number of
50 source types due to reactions that involve two source-tagged species. For example, consider
51 the simple reaction of NO + NO; — 2NO,, if the source-oriented mechanism is designed to

52  track two explicit sources, four reactions in reaction set 1 (RS1) are needed:

NOs; + NO3si — NOz s + NO; s
NOs; + NOss; — NO; 51 + NO: 52

(RST)
NOs; + NOss1 — NO2s2 + NOzs;
NOs> + NOs3s: = NO3 52 + NO:s>
53 where the subscript s, are tags attached to the name of the species to differentiate their

54  source-origin. For a total of N, sources of NOy to be tracked explicitly, N,’ reactions are needed
55 instead of one reaction. As there are quite a number of such NOy + NOy reactions in the gas
56 phase inorganic chemistry, the number of reactions needed for the chemical mechanism grows

57 quickly. The necessity to deal with N,Os, which can be generated from NO, and NO; from

2



https://doi.org/10.5194/egusphere-2025-44
Preprint. Discussion started: 7 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

58  different sources, is handled with double-source-tagged species N>Os sjj. The number of N,Os
59 species also increases quadratically with the number of explicit sources, leading to near-
60 quadratic growth of the overall number of species when the number of types to track gets
61  higher.

62 In ozone source apportionment calculations, it is also necessary to track the sources of
63 primary emitted VOCs as well as some of their reaction products in addition to the sources of
64 NOyx (Wang et al., 2020). Some of the unsaturated VOCs such as olefins can react with the
65 NOj radical. In the source-oriented mechanism, the number of reactions needed for these
66 VOC+NOs reactions also increases quadratically, as shown in RS2 below, using the ethene
67 (ETHE) + NOs; reaction from the SAPRC-07 mechanism (Carter, 2010) as an example for two
68 sources. For accurate VOC source apportionment calculations that involve reactions between
69 two source-oriented organic radical species, such quadratic dependence of source types and

70  reaction numbers also arises  (Ying & Krishnan, 2010).

ETHEs; + NOss; — RO2 R + RCHO
ETHEg; + NOss: — RO2_R + RCHO

(RS2)
ETHES, + N03,51 — ROZ_R + RCHO
ETHEs; + NO3s; — RO2 R + RCHO
71 Due to the necessity of explicitly handling some or all of these reactions in source-oriented

72 mechanisms, the source-oriented modeling approach is computationally intensive so that
73  previous applications were limited to up to 9 explicit sources for secondary nitrate in a single
74 run (Kleeman & Cass, 2001; Ying et al., 2004; Ying et al., 2014). In some previous work for
75  VOC and secondary organic aerosol source apportionment, only one explicit source was
76  tracked at a time to simplify the reactions and to reduce the computation burden (Ying &
77 Krishnan, 2010; Wang et al., 2018). However, multiple model runs are needed to determine
78  the contributions from all sources. To make the source-oriented approach practical for a larger
79 number of source types, it is necessary to improve the computation efficiency of the source-

80 oriented approach.

81 1.2 Numerical solution of stiff ODEs for gas phase reaction kinetics
82 The gas phase chemical reaction kinetics are described by of a non-linear system of stiff

83 ordinary differential equations (ODEs) which must be solved to predict the transient evolution

84  ofthe concentrations of gas species. One of the most widely used schemes is the Gear method
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85 (Ralph, 1973)

S acr
(1= ABI)ACT = =GP+ ) oy + A~ (1)
j=1
86 where / is the integration time step; C™ is the vector of species concentrations to be solved

87  for time t during the m™ iteration; AC™*' is the correction vector to estimate C™*1; J is the

ot It is calculated either

88  Jacobian matrix of partial derivatives for all species that J;; =

89  analytically or numerically initially based on C,, and updated when necessary using the most
90 recent values of C, ; I is the identity matrix; s is the order of the accuracy; B, and o; are
91 scalar multipliers that depend on the order of the method. For each iteration, the new
92  concentrations for the next time step t is evaluated as C™*! = C™ + AC™*!. The iteration stops
93 when AC™! becomes less than a provided error. A practical solver also needs to automatically
94  adjust the time step size 4, the order of accuracy s and recalculate the Jacobin matrix when
95 necessary to ensure that the estimated error in one time step is less than a prescribed criteria
96 (Jacobson, 2006).
97 The advantage of using the Gear solver is that it is a general stiff solver so that no special
98 modifications are needed for a specific chemical mechanism. However, it is computationally
99 intensive as it involves evaluating the Jacobian matrix and performing LU factorization for the
100 left-hand side matrix. A Sparse-Matrix Vectorized Gear (SMVGEAR) solver was developed
101 by Jacobson and Turco (1994) and has been included in a number of atmospheric chemical
102  transport models (Zhang et al., 2011; Hu et al., 2012; Hu et al., 2014). The SMVGEAR solver
103  was also used previously to solve the gas phase reaction kinetics in the source oriented CTM
104  (Shi et al., 2017; Li et al., 2021). The gas chemistry is the most time-consuming step that

105 normally takes more than half of total simulation time, as shown in Figure 1.
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106
107  Fig. 1. Typical fraction of time spent in the scientific processes in the source-oriented CMAQ

108  model. This is based on a 36-km resolution domain (160 rows*130 columns*44 layers), 6
109  source types and solved using the SMVGEAR solver.

110 The Euler Backward Iterative (EBI) (Hertel et al., 1993) is a faster method to solve the stiff
111  ODE systems arising from a gas-phase photochemical mechanism. The basis of this method is

112 the backward Euler method as shown in equation (2),

_Cin T hP ()
YT 1+ hLyy,
113 where C;; and C;., are the concentrations of species 1 at time t and t-h, respectively; h is

114  the integration time step; P, and L;, are the chemical production and loss terms, respectively,
115 evaluated using the concentrations of the species at time t. Equation (2) represents a set of
116  coupled non-linear equations and a solution can be obtained by first evaluating the production
117  and loss terms using the concentrations from the previous time step #-4 to calculate an initial
118 estimation of the species concentrations for the time step ¢ based on equation (2). These
119  concentrations are applied to update the P and L terms so that and updated estimation of the
120  species concentrations for time step ¢ are obtained. This procedure is repeated until the changes
121 in C are less than a prescribed value.

122 For atmospheric photochemical reactions, there are several families of species whose
123 concentrations are strongly coupled in reversible reactions. The general backward Euler
124  method described above has a slow rate of convergence or even fail to converge. In the EBI
125  solver, four family groups of species, are excluded from the general equation (2): (1) NO, NO,,
126 Os and O(CP), (2) OH, HO,, HONO and HNOy, (3) peroxyacetyl radical (CH3C(O)OO:, or
127 C,0s3) and peroxyacetyl nitrate (PAN), and (4) NO; and N,Os. For these species, explicit
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128  solutions are applied to determine their concentrations at time t instead of using the P and L
129  terms with equation (2).

130 The accuracy of the EBI solver has been evaluated against more accurate solvers (Hertel
131 etal., 1993) and is the default choice in the CMAQ model for a number of build-in chemical
132 mechanisms. However, it cannot be directly used to solve the source-oriented chemical
133 mechanisms. In these mechanisms, groups of tagged reactive nitrogen species are included so
134  that the explicit solutions used for a non-typed regular chemical mechanism do not apply. An
135  EBI solver that can handle the chemical mechanisms with source tagged species and their
136  reactions will greatly improve the efficiency and applicability of the source-oriented air quality
137 model.

138 The objective of this study is to develop a computationally efficient source-oriented gas
139  phase chemical mechanism for the simultaneous source apportionment of O3 and other gaseous
140  pollutants such as CO, primary VOCs, NO, NO,, SO, and NH3. The mechanism, when linked
141 with a proper source-oriented aerosol mechanism, can be used to determine the sources
142 contributions to nitrate, sulfate and ammonium ion. The following sections, the method to
143 improve the efficiency of the source-oriented mechanism by simplifying the representation of
144  the reactions and modifying the EBI ODE solver for source-oriented nitrogen species are
145  described in Section 2 and the testing of the improved mechanism and the source-oriented EBI

146  solver is described in Section 3.

147 2 Method

148 2.1 Reduce the number of reactions and source-tagged species
149 In the original source-oriented model, a general reaction set that involves two source-

150 tagged species as reactants for N, source types can be written in the following form:

A+B B¢+ D +E, i=12,...Ngj=1.2,...N, (RS3)
151 where A4, B, C and D are source-tagged model species and the subscripts denote source

152  origin index of these species. For simplicity, assuming that C and D are the reaction products
153  from A4 and B, respectively. E represents a general product whose source-origin is not tracked
154  in the model simulation. k45 is the second order reaction rate coefficient, which is the same for
155  all the reactions in this reaction set. Reaction sets RS1 and RS2, as shown in the examples in
156  Section 1, can both be expressed in this form. The loss rate of 4; is calculated using equations

157  (3a) and (3b):



https://doi.org/10.5194/egusphere-2025-44
Preprint. Discussion started: 7 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

d[A;
% = —ksp[B11[4;] ... — kAB[BNS][Ai] = _kA,effB [Ai] (33)
Ns
kA,effB = kup [Btot] = kABZ. [Bi] (3b)
Jj=1
158 where kp g 18 the pseudo-first order reaction rate coefficient for [4;] based on the total

159  concentration of B, [B.], as defined in equation (3b). A similar set of equations can be derived
160 for the loss rate of individual tagged species B:. Thus, the N’ second-order reactions
161  represented by RS3 can be equivalently described by the following 2Ns pseudo first-order

162  reactions,

Kae .
A2 +E  i=1,2,....N;
. (RS4)
B, =5 p,, i=1,2,...,N;
163 For the non-typed product E, it can appear in either the 4, reactions or the B; reactions and

164 it is easy to show that the formation rate of £ based on RS4 is the same as these from RS3.
165

166 The double-tagged N>Os species and their reactions can be simplified as well. For N;Os
167  which represents N.Os based on NO; from source i and NO; from source j, it can be
168 equivalently written as 0.5N.Os,; + 0.5N;Os; as shown in reaction set RSS, in terms of

169  preserving the source contributions to NO;and NOjs,

k
NO,; + NOg; —22% 0.5N,05; + 0.5N,05; , i=1,2,...,N; j=1,2,....N; (RSS5)
170 With this simplification, as well as the pseudo-first order reaction technique described

171 above, the reactions of N,Os formation from N; types of NOy can be expanded into 2N
172 reactions with N; tagged N.,Os species as shown in the general reaction set RS4, where A4 is
173 NO,, B is NO; and C and D are N.Os species that have the same source tag as A and B,
174  respectively. This represents a significant reduction in terms of the number of species as well
175  as the number of reactions for the source-oriented mechanism.

176 The total concentration of tagged species needed in equation (3b) for the pseudo first order
177  reaction rate coefficient need not be tracked separately. Instead, they are calculated on-the-fly
178  and then used to calculate the pseudo first-order rate coefficients for the reactions of the tagged
179  species shown above. The function that calculates the reaction rates to be used in the stifft ODE
180 solvers needs to be modified to recognize these special pseudo first-order reactions. The
181  CMAQ model is capable of dealing with these special pseudo-first order reaction natively with
182 its included mechanism preprocessor (CHEMMECH). An example input to the CHEMMECH

7
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183  on how the reactions are constructed for NO + NO3; — 2NO, for 10 source types is illustrated

184 in List 1.

185 2.2 Source-oriented Euler Backward Iteration (EBI) scheme

186 2.2.1 Solution for family of source-tagged species in coupled reversible reactions
187 For source apportionment of 0zone and secondary inorganic aerosols, the reactive nitrogen

188  species NO, NO,, HONO, HNO4, PAN, NO; and N,Os are source-tagged. For PAN, its source
189 is determined by the source of NO, while the peroxyacetyl group is not source-tagged.

190 The standard solution procedure of the source-tagged species in the source-oriented EBI
191  method includes two major steps: (1) evaluating of total concentrations of these tagged species
192  using equation sets (9), (10) and (11) and (12) in Hertel et al. (1993); and (2) predicting the
193  concentrations for each tagged species based on the total concentrations; In the following,
194  equations for step (1) are summarized first, followed by equations for step (2). Equations are
195  separately listed for each family.

196 The first set of equations (4a-4d) are used to solve the total concentrations of NO, NO,, O3

197  and O(C’P). These equations are based on the corresponding ones in Hertel et al. (1993).

[NO¢otle = [NO¢otle—p + hP] + h(ﬁ,z +]1)[N02,t0t]t — hk;3[03]¢[NO¢o¢]e

4a
— hry1[NO¢or]e — RL1[NOtorl: (42)
[NO2 o]t = [NOztorlt-n + APy + h1 1 [NOror]r + hkq 3[03]¢[NOtor]:
. (4b)
- h(rl,z +]1)[N02,t0t]t - hLZ[NOZ,tot]t
[03]¢ = [03]¢—n + WJ2[0CP)]: = hky3[NOoc[03]: — hL5[05], (4c)
[0CP)]e = [0CP)]e—n + hP{y + hJ1[N Oy tor]e — W2[0CP)], — hL1,[0CP)], (4d)
198 In the above equations, species with a subscript 7ot represent the total concentration of a

199  set of tagged species, which is calculated by adding the concentrations of the individual tagged
200 species; A is the size of the current time step; r;, is the production rate coefficient of NO from
201 NOs, excluding photo-dissociation and J; is the photolysis rate of NO, to form NO; k; ; is the
202  second-order rate coefficient for NO+Os reaction to form NO»; r,; is the pseudo-fist order
203 rate constant for the production of NO, from NO from all other pathways, excluding the
204  NO+O; reaction. J; is the first-order reaction rate constant for O(*P)+0O; to form Os. The terms
205 P, P,, and P;, account for all the remaining production for the total concentrations of NO,

206 NO, and O(’P) in the mechanism, and the terms L, L,,, L;, and L,, are the losses of the
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207  total concentrations of NO, NO,, O; and O(*P), respectively. Analytical solutions for the total
208  concentrations based on 4a-4d were derived and described in detail in the Appendix A of Hertel
209 et al. (1993) and are not repeated here.

210 Once the total concentrations of NO, NO,, O; and O(*P) are solved, concentrations of the

211 source-tagged NO and NO, are solved from the following two equations,

[NO;]¢ = [NOil¢—p + hP]; + h(r12 + J1)[NO2]e — hk13[03]:[NO;]; — hry 1 [NO;],

Sa
— hLy[NO]; (52)
[NO,;le = [NOsle—n + hPy; + hry 1 [NO;]¢ + hkq3[03]:[NO;], — h(ry, +]1)[N02,i]t
, (5b)
— hLy[NO, ],
212 where i is the source index for the tagged species. For each i, the two unknows [NO;]; and
213 [NO,,]; are solved analytically using the following equations,
1
[NOi], = m (Az2b1 — A12b3) (6a)
1
[NOzle = det(A) (=A21b;y + A11by) (6b)
— [1 + hk1’3[03]t + hTLZ + hL’l _h(rZ,l +]1) ] (60)
_h(r2,1 + k1,3 [03]t) 1 + hr]_,Z + h’]l + h’LIZ
[NOi]t—n + hPy; ]
b= , 6d
[[Noz,i]t—h + hPy,; (6d)
214 In equations 6a and 6b, det(A) is the determinant of the 2 x 2 matrix A, as defined in
215  equation 6c.
216 The second set of equations are for the total concentrations of OH, HO,, HONO and HNOs,
217  as shown in equations (7a) - (7d),
[OH]; = [OH]—p + hPy + hry5[HO,]; + hry 1o[HON Oy ] — hLy[OH], (7a)
[HO,]; = [HOz]i—p + hP5 + hrs 4[OH]; + hrs 21 [HNOy ot ]: — ths,s[Hoz]% (7b)
— hL5[HO,],
[HONO¢o¢]e = [HONOyor]¢—n + h1194[OH]; — hL1g[HON O], (70)
[HNOytot]e = [HNOyotle-n + hra15[HO2]e — hLy1[HN Oy por]: (7d)
218 The notations and symbols used in the above equations are similar to those used in

219  equations (5a-5d). r,s and r,;o are pseudo first order production rate coefficients of OH
220 from HO, and HONO, respectively. r;, and rs,, are pseudo first order production rate

221 coefficients of HO, from OH and HNOs, respectively. kss is the HO,+HO, self-reaction rate

9
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222 coefficient. ryg, and r,, s are pseudo first order rate coefficients for the production of HONO
223 and HNO;4 from OH+NO and HO,+NO,, respectively. The terms P, and P; account for all
224 the remaining production of OH and HO, and the terms L,, Ls, L;s and L,; account for all
225  the other losses of OH, HO,, HONO and HNOy, respectively. Analytical solutions for (7a)-(7d)
226  were also derived and described in detail in Appendix A of Hertel et al. (1993). As the OH and
227 HO; concentrations are determined, concentrations of individual HONO and HNO,4 from
228  different sources are solved using equations 8a and 8b, respectively.

_ [HONO;];—p + h7'1i9,4[0H]t

1, = 8a
[HONO], 1+ hls (8a)
[HNOM]t o T 15 [HO, ],
1 = e : 8b
[HNO,], L (8b)
229 where ri,, and r}, s are pseudo first order production rate coefficients of HONO and

230 HNOj4 from source i due to NO and NO; from the same source with OH and HO», respectively.
231  Concentrations of NO; and NO,; for the current timestep has already been determined using
232 (6a) and (6b) and these concentrations will be applied to calculate ri,, and ri; s used in the

233 above two equations.

234 The third set of equations are for C,03 and PAN:
[C203]; = [C203]4—p, + hP§ + hrgo[PANo ], — 2hkgg[C, 03] — hL5[C, 03], (9a)
[PAN¢otr]e = [PANgotle—n + hrog[Co03]; — hLo[PANo]: (9b)
235 In the equation, it is assumed that in the source-oriented mechanism, PAN is a source-

236 tagged species and its source is based on the source of NO, but C,0s is not source-tagged. This
237  issufficient for the source apportionment of ozone, as described in the Section 2.1. A quadradic
238 equation for C,O3 can be obtained (see Appendix A of Hertel et al. 1993). In rqg, total NO,
239  concentration at the current timestep t has already been determined by solving equations Sa-
240  5d. Once the concentrations of C,0s at timestep t is solved, the concentrations of each of the

241  tagged PAN species can be used by:

[PANi];—p + hr35[C;05], (9¢)
[PAN:]: = 1+ hLy,
242 where the r}, includes the concentration of NO,; (NO, attributed to source i) at the

243  current timestep t.

244 The last set of equations treated specially in the source-oriented EBI solver is for NO; and

10
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245  N,Os, as shown in equations (10),

[NO3totle = [NO3torlt—n + hPis + h115,16[N20s tor]e — hL1s[NO3 tor] (10a)
[N20s,coc]e = [N20stotle—n + h71615[N O3 tor]c — hL16[N20s tor] e (10b)
246 The two equations are linear equations and can be solved easily for NO3 ot and N2Os yo1.

247 The NO;;and N,Os ; (as discussed in section 2.1, sources of N>Os can be tracked with a single
248  type instead of double typed) can be solved explicitly based on the two equations as well, as
249  shown in (10c) and (10d),

1+ hL1)([NO3 Je—p + hPY) + hr1516[N20s corle—n

NO3;]; = (10c)
(NOs.le (1 + hLy5)(1 + hlig) — h®7y516T16,15
[N,05 e = (1 + hL15)[N2Os totle—n + h7”16,15(2[N03,i]t—h + hP{ (10d)
(1+ hLy5)(1 + hlie) — h®Ty516T16,15
250 Note that 11615 includes the total concentration of NO; thus is the same as that used in

251  equation (10b). However, the production of NOs from other reactions do have to be source
252 specific, thus the P15°s used in equation (10c) and (10a) are different.

253 To avoid round-off errors introduced in the calculation for the source-tagged species
254 involved in these four groups so that the sum of the source-tagged species always exactly
255  matches the total concentrations, their concentrations are readjusted by the total concentrations
256  solved independently.

257  2.2.2 Successive under-relaxation
258 During the testing of the above algorithm, non-converging oscillations were sometimes

259  observed, mostly due to the low concentration source-tagged species. The iterative process
260 used in the EBI solver can be modified to include a relaxation factor a so that the final
261 concentrations at the current timestep t is modified by a weighted average of the results from
262  the previous time step #-4 and the present estimated values for the current timestep ¢, as shown

263  in equation (11),
¢l = A - a)Cipon + aCyy (11)

264 Generally, larger a values lead to faster convergence, but have a higher chance of fall into
265 oscillation. Based on the testing, a=0.8 appears to be a conservative choice that always lead to
266  convergence. A dynamic under-relaxation scheme using a set of varying a values between 0.79
267 and 1.0, based on the number of iterations in the EBI scheme, is shown to lead to faster

268  convergence. This is further discussed in the Results section.

11
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269 2.3 Test mechanism and model set up
270 To evaluate how much improvement in computation efficiency can be achieved by using

271  the simplified reaction representation and source-oriented EBI solver, a series of source-
272  oriented mechanisms for simultaneous attribution of ozone and secondary inorganic aerosol
273  were constructed based on the SAPRC-07 photochemical mechanism and implemented in
274 CMAQvV5.2. The SAPRC-07 mechanism is chosen instead of the more recent versions of
275 SAPRC because it is faster with fewer species and reactions, and thus is more suitable for
276  simulations requiring rapid response, such as operational air quality forecasting and for source
277  apportionment of ozone and secondary inorganic aerosols. The source-oriented mechanism
278  based on this will be applied in a future air quality forecasting model that also forecasts source-
279  tagged species concentrations and source-region contributions to air pollution. Since the main
280  purpose of this paper is to test the efficiency of the gas phase algorithm, although aerosol and
281 cloud processes were enabled in the simulations, aerosol results are not compared in the
282  analyses described below.

283 The tested SAPRC-07 mechanism used in this study contains a total of 134 species and
284 341 reactions. Among these species, 15 species are reactive nitrogen species. For each of these
285  species, tagged species are used to track their source origins. Reactions involving these species
286  are expanded in the source-oriented mechanism. In addition, CO, SO, and sulfuric acid (SULF)
287 were also expanded in the source-oriented mechanism. To evaluate source contributions to
288  ozone, 14 primary VOC species were also treated as source-oriented species in addition to
289  source-tagged non-reactive O3 species to track contributions from different sources of NOx
290 and VOCs to O3 formation. As HCHO is an important oxidation product from several parent
291  VOCs, sources of secondary HCHO from the first-generation oxidation of parent VOCs are
292  also tracked. Details for the source apportionment of O3 has been described by Wang et al.
293 (Wang et al., 2019a; Wang et al., 2019b) and are not repeated here. Two versions of the source-
294 oriented SAPRC-07 mechanisms are prepared. The first version (V1) uses double-tagged N,Os
295 and fully expanded reactions without the pseudo first order reactions described in Section 2.
296  The second version (V2) is based on single-tagged N>,Os and a simplified treatment of reactions
297 involving two source-tagged reactants, as descried in section 2.1. Both mechanisms are
298  constructed to track emissions from ten source types. The number of reactions and species in
299  each mechanism is listed in Table 1.

300
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301 Table 1. Computation time needed for a one-day simulation using two different versions of
302 the source-oriented chemical mechanism and two versions of the ODE solvers. Both versions
303 are capable of tracking 10 different source types in a single simulation.

V1 V2 V2
SMVGEAR SMVGEAR EBI*
Domain resolution 36km 36km 12km 4km 36km 12km 4km
# of species
# of reactions

Total Chem. Time” (min) 133 499 172 325 134 151 324
Total Sim. Time” (hr) 2.63 1.32 359 6.27 0.707 103 1.63
Chem % 84% 63% 80% 86% 32% 24% 33%

Chem time reduction wrt. V1 - 62% - - 90% - -
Chem time reduction wrt. V2-S - - - - 73% 91% 90%

Total time reduction wrt. V1 - 50% - - 73% - -
Total time reduction wrt. V2-S - - - - 46% T71% 74%

304  * Simulation time based on dynamic under-relaxation coefficient.

305  ~ Wall-clock time

306 The testing is performed for a one-day (July 1, 2020) simulation using three-level nested
307 domains with 36, 12 and 4 km resolutions that cover eastern Asia, central and eastern China
308 and Henan province in central China, respectively. The meteorology inputs were based on the
309 Weather Research and Forecasting (WRF) model v4.1.4. The anthropogenic emissions are
310 based on the Multi-scale Emission Inventory for China (MEIC, for 36- and 12-km domains,

311 available from http://www.meicmodel.org/) and a local emission inventory (for the 4-km

312 domain) (Lu et al., 2023). Emissions are grouped into six source categories, including five
313 anthropogenic source sectors (power, industrial, residential, transportation and agriculture)
314  and one biogenic sector, whose emission is based on MEGAN (Model for Emissions of Gases
315 and Aerosol from Nature) v2.1(Guenther et al., 2006). The initial concentrations of the species
316 are based on a 7-day non-source-oriented simulation. The boundary conditions for the 36-km
317 domain is based on the clean continental vertical profiles included in the CMAQ model. The
318 boundary conditions of the 12- and 4-km domains are based on results from the parent 36- and
319  12-km domains, respectively.

320 Three sets of simulations using the source-oriented mechanisms were conducted: (1) V1,
321 solved using the SMVGEAR solver (V1-GEAR), (2) V2, solved with SMVGEAR (V2-
322  GEAR), and (3) V2, solved with source-oriented EBI (V2-EBI). For the SMVGEAR a relative
323  tolerance (RTOL) of 1x10~* and an absolute tolerance (ATOL) of 1x10” were used. For the
324  EBI solver, only a relative tolerance RTOL was used in the convergence check. For most of

325  the species, a relative tolerance of 1x107 is used. Integrated reaction rate analysis (IRR) was
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326 used in all three simulations as it is needed for the ozone source apportionment algorithm
327 (Wang et al., 2019b). In addition to the source-oriented model simulations, two base case
328 simulations (V0) were conducted using the unmodified SAPRC-07 solved with the
329 SMVGEAR (VO-SMVGEAR) and the EBI (V0-EBI) solvers, respectively.

330 All the simulations were conducted on a Dell Precision-Tower 7810 working station (2XE-
331 2660-v4, 28/56 cores/threads and 256G of DDR4 RAM), and the run was in parallel in a

332 configuration of 8x6 domain decomposition.

333 3 Results

334 3.1 Timing results

335 The wall-clock time for the gas-phase mechanism as well as the total run time were
336 recorded using the time function (MPI WTIME) in the Massage Passing Interface. An
337 MPI BARRIER call was issued before each MPI TIME call to make sure that the measured
338 wall-clock time represents the actual time for a chemistry time step in a static domain
339 decomposition setting with imbalanced loads.

340 The wall-clock time for the 1-day simulation using the source-oriented EBI solver was
341 compared with the SMVGEAR solver and presented in Table 1. The fully expanded source-
342  oriented mechanism with SMVGEAR (V1-SMVGEAR) is the slowest and only the 36-km
343  resolution simulation was conducted. The simplified reaction representation alone (V2-
344 SMVGEAR, see section 2.1) leads to a reduction of chemistry time by ~62% when compared
345  with VI-SMVGEAR (133 min to 49.9 min) and total computation time by ~50% (2.63 hr to
346  1.32 hr). Using the source-oriented EBI on V2 (V2-EBI) further reduces the total chemistry
347  time to ~13.4 min. Compared to the VI-SMVGEAR, V2-EBI reduced the chemistry time by
348 ~90% and the total time by ~75% for a one-day simulation in the 36 km domain.

349 The EBI solver represents a significant reduction in both chemistry time and total
350 computation time comparing to the SMVGEAR solver. When V2-SMVGEAR and V2-EBI
351 are compared, the total chemistry time saving of EBI scheme increases with grid resolution,
352  from 70% for 36 km to 90% for 4 km grid. As the result, the total simulation time saving
353  increases from 46% for coarse grid to 74% for fine grid. The increase in time saving of EBI
354  solver with grid resolution can be attributed to the smaller time step size which is determined
355 from flow Courant stability criterion. For fixed simulation duration (1 day in this study), the

356  required total number of chemistry steps increase dramatically with grid resolution, this results

14
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357 insignificant reduction in total chemistry time with faster EBI scheme for finer grid. Therefore,
358 for time consuming applications such as long-term source apportionment simulation of nested
359 domains, the time efficiency can be improved for more than three folds.

360 The V2-EBI results shown in Table 1 are based on the dynamic under-relaxation using an
361 iteration count dependent under-relaxation factor (o) as shown in Table 2. In this scheme, the
362 a is initially set to 1.0 and gradually decreases to smaller values. If the solution does not
363 converge in 15 iterations, a constant o of 0.79 is used. Using this dynamic o scheme is
364 demonstrated to be more efficient than using a constant a, as shown in Figure 2. The optimal
365 value for fixed a is 0.8, at which the total chemistry time could be reduced by ~62%, for the

366 36-km domain simulations, which is approximately 10% less than the dynamic o scheme.

75 4

% Chem time saving
[$2) ol (2] (2] ~
o (32} o ol o

IS
5]
1

N
o
|

09 08 08 075 07 065 0.6 dynamic
367 Under-relaxation factor a

368 Fig. 2. Percentage chemistry time saving with respect to the SMVGEAR solver for the

369 identical source-oriented chemical mechanism for the 36-km domain. See text and Table 2 for

370 the details of the dynamic under-relaxation scheme.
371  Table 2. Dynamic section of the under-relaxation factor (a) based on iteration count

Iteration .
" o Iteration # o
1 1.00 6-7 0.79
2 0.90 8-10 0.78
3 0.85 11-15 0.80
4-5 0.81 >16 0.79

372

373 3.2 Accuracy assessment of the source oriented EBI solver
374 The general accuracy of the EBI solver has been tested by Hertel et al. (1993). The

375 accuracy of proposed source apportionment EBI scheme was evaluated by comparing
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376  predicted results with those from the SMVGEAR and with the non-source-oriented simulation
377 VO-EBL

378 Hourly average concentrations of NO, NO,, PAN, HONO, OH and HO; at each grid cell
379 in the surface layer of the 36-km domain were selected as sample species for accuracy
380 evaluation because these are the important species treated specially by the source oriented EBI
381 solver. The maximum and mean values of the normalized error of these species are listed in
382 the Table 3. For all these species, the maximum normalized error among all grid cells is less
383  than 15% and the mean normalized error does not exceed 4%.

384 Table 3. Max and mean values of the normalized error* for selected species in the 36-km

385 domain.

Max Mean Species Max Mean
Species Normalized Normalized Normalized Normalized

error (%) Error (%) error (%) Error (%)
NO X0 14.45 3.01 NO2_XO0 12.69 3.99
NO_X1 5.92 2.50 NO2_X1 11.89 3.37
NO_X2 2.30 0.0059 NO>_X2 9.59 3.14
NO X3 6.29 1.35 NO2_X3 8.26 2.19
NO X4 5.64 0.59 NO2_X4 11.34 1.17
NO X5 0.99 0.57 NO2_X5 5.47 1.46
NO X6 1.35 0.41 NO2_X6 4.7 0.83
PAN_XO0 9.52 2.98 HONO X0 4.55 1.52
PAN X1 6.42 1.09 HONO X1 5.49 1.13
PAN X2 8.12 1.23 HONO_X2 436 0.65
PAN X3 6.22 0.96 HONO X3 13.89 1.56
PAN X4 5.99 0.75 HONO_X4 8.56 1.61
PAN X5 2.08 0.014 HONO_XS5 7.41 1.32
PAN X6 4.97 0.672 HONO_X6 5.73 0.41
OH 3.01 0.19 HO» 5.15 0.35

386  * Normalized error is calculated as |Cv2.eBi-Cv2-smvGearR//Cv2 smvGeEar. This is calculated for hourly
387  concentrations for all the grid cells in the entire day. The mean normalized error is calculated by averaging the

388  normalized error for all the grid cells.

389 For OH and HO,, the EBI solver agrees with the SMVGEAR solver very well, with mean
390 differences of ~0.19% and 0.35%, respectively. Figure 3 shows the comparison of all the
391 hourly concentrations of OH and HO, at hour 6, which represent average concentrations
392  between 1400-1500 local time. The EBI results agree with SMVGEAR solver results across
393  all concentration ranges that span more than three orders of magnitude. Figure 4 shows the

394  comparison of hourly concentrations of NO,, NO, NO3;, HONO and PAN for hour 24. For the
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395 total concentrations these species (i.e. sum of the concentrations of the source-tagged species),
396 the source-oriented EBI predictions agree very well with the observations. For the individual
397  source-tagged species, differences between the EBI and SMVGEAR results are highest among
398 the NO,, NO and HONO species that are used to track the initial and boundary contributions
399 (IC/BC type, first column of Figure 3). The results shown in the plots are essentially initial
400 concentrations because boundary conditions for NO and NO, are quite low, and won’t
401 contribute to such high concentrations (see Figure 5 — the regional NO2 and NO plots). The
402  source-oriented EBI predictions for IC/BC species are biased high than those predicted using
403  the Gear solver. These over-predictions are balanced by the general under-predictions of EBI

404  for species associated with emissions.

(@) (b)
101 4
_ 1071 B
ét; 10° 4
o)
1072 4
1071 4 yai
10|-2 10L1 10L1 1cl)° 1(|)1
405 [OH] - EBI (ppt) [HO:] - EBI (ppt)
406 Fig. 3. Comparison of predicted OH (a) and HO; (b) radicals in the surface layer of the 36-

407 km resolution domain using the source-oriented EBI and the SMVGEAR solvers.
408  Concentrations at hour 6 (local time 1400-1500) are shown.
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410 Fig. 4. Predicted hourly-averaged NO,, NO, NO3;, HONO and PAN concentrations for

411  different source types in the last hour of the 1-day simulation using source-oriented EBI and
412 the SMVGEAR solver. Concentrations of all grid cells in the surface layer are included in the
413  plot. Concentrations are in units of ppb for NO, NO; and PAN and in units of ppt for NO; and
414 HONO.

415 Figure 5 shows the predicted hourly time series of OH, HONO, NO, and PAN at five grid
416  cells that represent no emission, and low, medium, high and intense emission conditions,
417  respectively. For HONO, NO; and PAN, predicted concentrations are shown for IC/BC type
418 and the sum of the tagged species for other emission-related types. This again demonstrates
419  that predicted OH from EBI and SMVGEAR agree with each other at all times under all
420  emission conditions. The fraction of initial concentrations to the total concentration decreases
421 as the emission intensity increases and the difference between EBI and SMVEAR remains

422 very small.
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424 Fig. 5. Timeseries of OH, HONO, NO, and PAN at grid cells that represent different

425  emission conditions (no emissions, low emission, medium emission, high emission and intense
426  emission) for the one-day simulation. Units are ppq (parts per quadrillion) for OH, ppt for
427  HONO and 0.1ppb for NO; and PAN. Type 0 is the concentration for the IC/BC source type

428  and “other” represents the sum of the concentrations of all other tagged species.

429 Figures 6 and 7 illustrate the spatial distribution of daily average concentrations predicted
430 from two methods. HO, HO; and two tagged NO, NO, and HONO of 36 km grid were selected
431  as sample species, results from proposed EBI scheme are very close to the SMVGEAR results.
432  The concentration of X0 species predicted by EBI scheme at high concentration zone are
433  higher than the Gear, the reason of such slight deviation is mainly caused by the time lag in

434  results of Euler backward scheme that has been explained in the previous section.
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440 4 Conclusions
441 In this study, the computation efficiency and thus scalability of the source-oriented

442  approach is greatly improved with a new approach of dealing with these two-tagged-species
443  reactions. The new approach is based on tracking the total concentration of the source-tagged
444 species and reduce the n? number of second-order reactions for n sources into 2n pseudo first-
445  order reactions. The production and removal rate of individual species remain unchanged in
446  the new approach. The number of reactions and number of model species increase linearly
447  with the number of source types, thus greatly improved the computation efficiency. Test cases
448 Dbased on the Texas Air Quality Study 2006 ozone episode showed that a source-oriented
449  SAPRC-07 mechanism that simultaneously performs the source apportionment of NOx, SO-,
450 primary VOCs, HCHO, and ozone for 16 sources needs only 11 times of the computation time
451  of the original non-source-oriented mechanism. While efficient source-oriented approach for
452  primary particles are already available to track a large number of sources simultaneously, the
453  efficient approach developed in this study has the potential to track a large number of sources
454 to evaluate their impact on secondary pollutant formation, and has the potential to be applied
455  in air quality forecasting models that provide source or source-region contribution information
456  for policy makers for better emission regulations under adverse meteorological conditions.
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533  List 1. The special reaction rate section (between the keywords SPECIAL and END SPECIAL)
534  and reactions used to implement the source-oriented NO2+NO3 reactions with 10 source types
535 using the chemical mechanism preprocessor CHEMMECH for the CMAQ model. Due to the
536 limitation of the current mechanism preprocessor, a dummy reaction (<10 _dum>) is needed
537  so that the original reaction rate can be included in calculation of the special rate constants.
538  Using the special rate expression is signaled by including the symbol ‘?’ in the reaction rate
539  coefficient expression.

SPECIAL
RNO NO3 = K<10 dum>*C<NO3> + K<10 dum>*C<NO3 X1> +
<10_dum>*C<NO3 X2>
+ K<10 dum>*C<NO3 X3> + K<10 dum>*C<NO3 X4> +
K<10 dum>*C<NO3 X5>
+ K<10_ dum>*C<NO3 X6> + K<10 dum>*C<NO3 X7> +
K<10 dum>*C<NO3 X8>
+ K<10 dum>*C<NO3 X9>;
RNO3 NO = K<10 dum>*C<NO> + K<10 dum>*C<NO X1> +
K<10_ dum>*C<NO_X2> +
K<10 dum>*C<NO_ X3> + K<10 dum>*C<NO_ X4> +
K<10 dum>*C<NO X5> +
K<10 dum>*C<NO_X6> + K<10_ dum>*C<NO_X7> +
K<10 dum>*C<NO X8> +
K<10 dum>*C<NO X9>;

END SPECIAL

<10 dum> dummyl + dummyl = dummyl + dummyl #1.80e-11@-
110;

<10_ax0> NO = NO2 #1.0?RNO_NO3;

<10_ax1> NO_X1 = NO2 X1 #1.0?RNO_NO3;

<10_aX2> NO X2 = NO2_X2 #1.0?RNO_NO3;

<10_aX9> NO_X9 = NO2_ X9 #1.0?RNO_NO3;
<10 bX0> NO3 = NO2 #1.0?RNO3 NO;

<10 bX1> NO3 X1 = NO2 X1 #1.0?RNO3_NO;
<10 bX2> NO3 X2 = NO2 X2 #1.0?RNO3_NO;

<10 bX9> NO3 X9

NO2_ X9 #1.0?RNO3_NO;

540
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