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on 11 September, 1992 in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Meteorology

ABSTRACT

Electrified convection provides a unique setting for atmospheric chemistry.
While the chemistry of lightning is sometimes thought of as predominantly the chem-
istry of the hot (= 30, 000K) lightning channel, the large radial electric fields (>breakdown
strength of air) surrounding the lightning channel result in high ion and electron production
rates in the “corona sheath”. Additionally, the high-temperature lightning channel releases
large amounts of short-wavelength, ionizing, UV radiation (Ayqz =~ 100nm) that is ab-
sorbed in the surrounding region. The relative volumes of the hot lightning channel and the
surrounding corona sheath are also noteworthy. If a typical lightning channel has a radius
of a few centimeters and the surrounding corona sheath is a few tens of meters then the
ratio of the volume of the corona sheath to that of the lightning channel is 10 : 1.

The fate of the highly reactive, charged products formed outside of the hot chan-
nel determine, in part, the net chemical effect of electrified convection. These products can
dominate over the hot-channel chemistry and alter the local concentrations of all the major
chemical families considered in standard photochemical studies. Additionally, itis of inter-
est to know whether electron-capturing gases with very long tropospheric lifetimes, such as
SFg, may be removed by in-cloud ion chemistry at a rate sufficient to materially alter their
total atmospheric lifetime.

To examine the chemical effects of the reactions induced by the ions, electrons,
and photons produced in and around a lightning channel, a two-dimensional, axisymmet-
ric dynamical/chemical model of electrified convection has been developed. This model
represents the first effort to model the physical/chemical phenomena associated with the
production of corona, the subsequent chemical reactions, and these reactions’ integrated
effects on the chemistry of electrified convection. This model considers ~ 800 thermal and
photochemical reactions among 165 neutrals, ions, water clusters, and electrons; effects of
pressure, temperature, and electric fields upon the reaction coefficients are explicitly con-
sidered. Because the aim of this thesis is to focus on ion production and their subsequent
gas-phase reactions, aqueous-phase chemistry has not been considered (although heteroge-
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neous loss is represented) and the dynamics and microphysics are specified in a relatively
simple manner.

The in-cloud lifetimes and storm-averaged production rates for each species con-
sidered in the (Electrified) model are computed and compared with their corresponding val-
ues computed by the model with all electrical processes turned off (the Base Case model
run). Additionally, the relative chemical-source strengths of the hot channel vis-d-vis the
surrounding regions are compared for selected chemical species.

The ion and UV-photon generation mechanisms dominate the overall production
of many neutrals such as atomic O, N, and H, and are responsible for elevated mixing ratios
of the sparingly soluble or short-lived chemical families that derive from these species (i.e.
NO,, O,). For example, the average mixing ratio of NO, is increased from 20 ppt in the
Base Case model run to 100 ppb in the Electrified model run. Similarly, the maximum OH
mixing ratio in the Electrified model run (5 x 10~1) is 5 orders of magnitude higher than in
the Base Case model run, and the domain-average mixing ratio is one order of magnitude
larger.

The model-domain-averaged effect of lightning on the highly soluble chemical
families such as HO,, is relatively small because of high in-cloud scavenging rates that mask
locally-high rates of production. For example, the model-domain-average concentration of
HO, changes by less than 2% between the Base Case & Electrified model runs, yet the
maximum HO, mixing ratios in the main ionization regions of the Electrified model are
four orders of magnitude larger than in the Base Case model run.

In general, the ion and UV-induced reactions contribute equally to the production
of both OC P) and O(! D) and consequently are equally important in the overall chemistry
of O3 and OH and other derivative chemical species. Ion processes dominate the production
of both the neutral N (and consequently its derivative species, e.g. NO) as well as charged
species such as 03, O, N4, N}, and the ions that ultimately derive from them, primarily
water clusters H30*-(H,0),,.

Extrapolating the results of this model to the global average number of thunder-
storms (=~ 1000 at any given time) results in an annual, global production of 20 Tg of O3,
0.64 Tg of Nitrogen as NO,, and 0.34 Tg of Nitrogen as N2O. These values can be com-
pared to the currently estimated global stratospheric source of O3 of 680 Tg-yr~ and to
the currently estimated tropospheric source strengths of 6.8 Tg of Nitrogen as NO,, and
9.7 Tg of Nitrogen as N,O. The predicted mixing ratios of NO in the outflow of this model
thunderstorm agrees with corresponding observations.

The Electrified model represents a net-loss process for some chemical species,
primarily due to enhanced in-cloud OH levels. On a global basis this model accounts for
the annual destruction of 1.8 Tg of CO, 0.45 Tg of CHy, and 2 x 10~* Tg of OCS. Once
again, these are small fractions of the currently estimated annual source strengths of these
species (1600 Tg CO, 525 Tg CHy, and 0.4 Tg OCS).
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Although the global budgets of the major chemical families and compounds are
not greatly affected by electrified convection, the meso-scale regime in which the thun-
derstorms are embedded certainly are affected to a greater or lesser extent depending on
the assumptions regarding the heterogeneous-loss rates of sparingly soluble species in the
outflow.

In addition to the meso-scale chemical effects of the thunderstorm outflow, the
electric-field-driven capture of ions and the heterogeneous loss of neutrals to cloud particles
greatly alters the normal aqueous-phase chemistry of clouds, although this model does not
accurately quantify the extent of this perturbation. Nevertheless, high levels (millimolar
concentrations) of water-soluble oxidants such as H,O, can reasonable be expected to occur
in the vicinity (< 100’s of meters) of corona and lightning events.

The quantities of almost all chemical species formed in the cooling hot channel
are of little importance when compared with the corresponding quantities formed in the
surrounding regions. The only exception is NO,; while the local mixing ratios of NO and
NO; can approach 0.01 in the cooled lightning channel, the relatively small volume of the
hot lightning channel (= 10 m3) compared to the much larger volume of air surrounding
the channel dominated by ion chemistry (= 5 x 107 m3) results in & 50% of the in-cloud
production of NO, coming from the hot channel. The ion-induced processes occurring in
the regions surrounding the lightning channel dominate the production or loss of all other
species and chemical families (e.g. N2O, Oz, HOy).

For the cases of CF4, SFg, and CC/, their mean in-cloud chemical lifetimes are
reduced by a factor of ~ 2 from their base-case lifetimes of 6.1 x 107, 6.1 x 10°,2.2 x 10*
years respectively. Given the small fraction of the Earth’s troposphere that is in electrified
convection (= 6 x 10~%), this in-cloud loss cannot compete with other known loss mech-
anisms, such as stratospheric or mesospheric photodissociation and electron impact that
result in these gases having global lifetimes estimated to be of order centuries for CF4 and
SFs, and decades for CC/y.

This model is now being refined to include (1) a better representation of hetero-
geneous loss to the ice phase and (2) feedback between space charge (ions) and the electric
field and it is being expanded to include the full range of aqueous-phase chemistry. Ad-
ditionally (1) a better understanding of the electric-field-strength dependent reactions of
e~ and O, with water would be valuable in quantifying the production of the HO, family
and (2) modeling the production of corona from water would improve the simulation of
aqueous-phase ion chemistry. With these modifications in hand it will then become possi-
ble to make a complete first-principles model of the chemistry of lightning and its impact
upon cloud chemistry.

Thesis supervisor: Dr. Ronald G. Prinn
Title: Professor of Atmospheric Chemistry
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Introduction Tons are Charge Carriers

1 Introduction

1.1 The Global Electric Circuit

Lightning has long interested atmospheric scientists. It is presently thought to be
the primary (if not sole) electrical generator that maintains the 250 kV potential gradient
existing between the ground and the ionosphere in the presence of a 1kA discharge rate.
An electrical schematic of the global electrical circuit is given in Figure 1. The data in
this Figure and the discussion that follows reflect the summaries of the atmospheric electric
circuit and findings as given in Williams [1985], Ogawa [1985], Makina & Ogawa [1985],
and Markson [1985,1986].

The belief that thunderstorms are responsible for maintaining the ionospheric
potential is supported by two lines of reasoning. The first line is based on calculations that
demonstrate that if the global current generator, depicted in Figure 1 as a thunderstorm,
were to cease operating then the potential gradient would decay with a time scale of tens of
minutes. To explain why this decay is never observed, it is postulated that it is the relatively
constant number of thunderstorms active at any one time over the globe (= 1000, cf. page
94, U.S.A.F, 1961) that is responsible for the relatively constant currents flowing in the
global electrical circuit. The second line of reasoning links the observation that the slight
daily variations in the ionospheric potential (the “Carnegie” curve) is synchronous with the
slight daily variations in the global-average areal extent of thunderstorms to the idea that

thunderstorms are indeed responsible for maintaining the ionospheric potential.

1.2 Ions are Charge Carriers

Fortunately for atmospheric chemists, an electrical schematic is not a complete
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Figure 1. An electrical schematic representation of the global electric circuit. Adapted from Williams [1985],
Ogawa [1985], and Markson [1985,1986]. In this electrical circuit, the arrows indicate the direction of current
flow and each node (e) has indicated its voltage and height with respect to ground. Following the current
around the loop, we begin at the lower left left node (ground potential/ground level). In this Figure, the currents

are considered positive when in the direction of the arrows. Ground-to-cloud currents (I;) are composed of
lightning and corona, Intra-cloud lightning (I 3) can be viewed as internal resistance (loss) to to main generator:
lightning (I7). The net current, presumably generated by lightning, is the Wilson above-cloud current (I 4), that
maintains the 3 x 10 Volt potential of the stratosphere. This potential drives the fair-weather return current
(Is). Kirchhoff’s first rule states thatI; = (I; - I;) = I =I5 and I; = I; + Is. The corresponding ion densities
and fluxes are indicated where applicable.

representation of the global electric circuit. Ions (by definition) must be the carriers of this
charge, but what ions are they? In the first mass spectrometric measurement of atmospheric
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Introduction Ions are Charge Carriers

ions at ground level, Perkins & Eisele [1984] reported that the dominant positive ion was
NH}-(H,0); and the dominant negative ions were NO3 and NO3 -(H20),. These same ions
were also found by Eisele & McDaniel [1986] in their ground level studies of atmospheric
ions. Eisele has studied atmospheric ions for many years and tentatively identified water
clusters that have core ions derived from methylpyridine, dimethylpyridine (Eisele, 1986)
and ethylpyridine (Eisele, 1988) in addition to the above mentioned ions. As discussed by
Ziereis & Arnold [1986], these ions are mostly stable, secondary ions (e.g. NH}), formed

by the subsequent reactions of reactive, primary ions (e.g. N7) in reaction sequences such

as
N, — N; + e (1a)
N} + HRO — N, + H0" (1b)
H,0* + HLO — H30" + OH (l¢)
H;O0" + NH; — NH; + H,0, (1d)
that can be summarized as
H,O + NH; — NH; + OH+ e . (1)

The ion chemistry of the electron similarly results in stable, negative ions such as NO3.
This study will focus on the generation of these reactive, primary ions (e.g. N3, e™) as well
as their subsequent chemistry and loss mechanisms inside clouds.

What are the magnitudes of ion currents and densities in thunderstorms? The
most relevant findings in studies regarding the generation of ions in thunderstorms are sum-
marized by Williams [1985] who reports current densities of ~10 nA-m 2 within the cloud
(mainly on hydrometeors) and charge densities of 1 nC-m~3; similar values have also been
found by Byrne et al. [1983]. Expressing these values in terms of ion fluxes and densities
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gives 3 x 101 jons:m=2-s~! and 6 x 10° ions-m~3 respectively. These values are shown
on Figure 1 in their locations relative to the global circuit.

Not only is lightning a potent source of ions, it is also a strong UV emitter: the
peak temperatures in the lightning channel have been measured by Orville [1986a,b] to
be ~ 30,000K, with the peak emissions occurring at UV wavelengths ~ 100nm. The
radiative, peak-power output of a lightning channel has been estimated to be 3 x 10° Watts
per meter (Paxton et al. [1986]). What then is the resulting atmospheric chemistry of the
lightning-induced ion and photon production and how does it compare with the neutral

chemistry of the hot lightning channel?

1.3 Previous Studies of Lightning Chemistry

Individual aspects of the chemistry of lightning have been studied for many years.
These studies have focused on identifying the products of lightning, thought to originate
mainly from reactions among neutral species in the hot lightning channel with lesser contri-
butions from the corona and lightning-induced photon flux that also exists near and within
lightning channels. A review of the major studies performed on these various types of

chemistry will serve to place in perspective the ion chemistry considered in this study.

1.3.1 Hot-Channel Chemistry

The dominant processes of the hot-channel chemistry can be considered to be the
dissociation and ionization of N, and O, upon ohmic heating by the lightning current and
the subsequent recombination of N and O upon the cooling of the hot channel. The most
common chemical species whose chemistries in the hot channel have been studied are NO,
and O3 (ozone) and to a lesser extent N,O (nitrous oxide) and CO (carbon monoxide).
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1.3.1.1 Studies of NOz Production

Perhaps the most widely studied product of the hot lightning channel is the NO,
family, herein defined to be the sum of NO (nitrogen oxide) and NO; (nitrogen dioxide).
This family is relatively insoluble in water, so it should be fairly easy to detect in the gas
phase if it is produced in large quantities within clouds. Noxon [1976] spectroscopically
detected increased concentrations of NO; in electrically active clouds (0.1 ppb < NO; < 6
ppb); these increases and the observed lightning-stroke rate yielded a production rate of 10 26
NO, molecules per lightning stroke. Using a global lightning-stroke rate of 200 per second
(cf. page 94, U.S.A.F, 1961), this production rate results in an annual global production
rate of 14 Tg N-yr~1.

Taking a rather different approach, Tuck [1976] used energetic arguments and
analogies to nuclear bomb detonations to arrive at a very crude estimate of 4 Tg N.yr~! as
the global production rate of fixed nitrogen due to the expanding shock front of the heated
lightning channel. In a similar fashion Chameides et al. [1977], considering the hot channel
to be the sole source of NO, estimated the global production rate of fixed nitrogen to be
30 — 40 Tg N-yr~! or about 50% of the total global production (c¢f. Table 9, Chemical
boundary conditions / Assumed global budgets; Section 6.3, page 121). Also considering
just the hot-channel chemistry, Hill et al. [1980] computed a global annual production rate
of 4 Tg N-yr~! and found this value to be sensitive to the rate at which the hot channel cools.

While these studies suggest that lightning can be an important contributor to the
global budget of NO,, these estimates must viewed with more than a little caution for, as

detailed by Dawson [1980], they are no more than order of magnitude estimates.
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1.3.1.2 Studies of O3 Production

Just as the recombination of O with N can lead to the production of NO, the
recombination of O with O can lead to the production of O3. The production of O3 by
lightning was observed spectroscopically by Orville [1967] although the processes respon-
sible for the increased ozone were not determined in that study. There has been consider-
able speculation over time as to the origin and fate of the O3 formed in thunderstorms. This
speculation derives from the facts that (1) the maximum thermodynamic mixing ratio of O 3
occurs between 4000K and 3000K (cf. Appendix C, page 213) and (2) the short-wavelength
UV photons created in the hot lightning channel can photolyze O,, thereby creating O and
subsequently O3. Using a highly parameterized production rate tied to energy deposition,
Griffing [1977] found O3 to be formed with the same efficiency as NO,. This result is in
contrast to the findings of Levine et al. [1981] who found, in laboratory discharges, that all

the NO, produced to be NO (i.e. no NO;) and found no evidence of O3 production.

1.3.1.3 Studies of N,O & CO Production

In addition to NO, other species, specifically N,O, and CO, having maximum
thermodynamic mixing ratios at elevated temperatures (cf. Appendix C, page 213), are also
thought to originate in the hot lightning channel. Levine et al. [1979] found enhanced levels
of both N,O and CO in tropospheric air samples exposed to laboratory discharges. These
results were interpreted in terms of a rapidly cooling gas model that permits a “freezing
out” of these compounds at a concentration above their thermodynamic equilibrium value.
By varying the assumed rate of cooling, a wide range of final concentrations of N,O and
CO can be obtained.

This study raises the questions: “Is the hot core of the lightning channel necessary
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to produce N,O and CO?” and “Do we need to cool the channel rapidly to “freeze out”

compounds not otherwise producible?”

1.3.2 Corona & Photon Chemistry

High-temperature processing of air is not the only method to create oxides and
CO. Another method to produce these compounds is via ion chemistry. This ion chemistry
is a result of the breakdown of air near the hot lightning channel caused by the large radial
electric fields present there. As discussed in Section 4.2.1.2, page 98, these ion processes
result in the creation of the reactive O and N atoms. Additionally, in natural lightning
(=~ 30,000K) but not in cooler laboratory arcs (=~ 8,000K) there is a radially outward
flux and subsequent adsorption of short-wavelength UV photons created in the hot channel.

How important is this ion and photon chemistry?

1.3.2.1 Studies of NO; Production

It has long been suspected that in-cloud corona can produce oxides of nitrogen.
Reiter [1970] showed that the time integral of the electric field at 3,000m was positively
correlated with the NO3 (nitrate) concentration in rains at that altitude and found no cor-
relation between the NOj concentration in rain and the average rate of lightning strokes.

The nitrate content of rain water collected at 3,000m increased by a factor of 3 as the storm

t Why are the radial electric fields generally larger than the vertical fields near
lightning channels? As discussed in Section 3.3.1, page 74, the hot lightning channel is
conductive and can be crudely considered to be a wire hanging vertically in an ambient
vertical electric field. This causes an induced charge on the channel such that the electric
field lines are perpendicular to the (conductive) channel’s outer perimeter. This charge on
the channel in turn causes a large radial electric field that causes the surrounding region to
g0 into corona.
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classification changed from non-electrified to electrified. These findings were interpreted as
suggesting that corona was résponsible for the enhanced nitrate levels. This type of result is
not generally accepted, however, and others have not found such correlations (Viemeister,
1960).

That ions can produce NO, was also appreciated by Griffing [1977] who used a
highly parameterized production rate based on the energy deposited by lightning processes
and calculated the production rate of fixed nitrogen to be 1026 molecules NO; per lightning

flash, in agreement with the value computed by Noxon [1976] as discussed above.

1.3.2.2 Studies of N,O & O3 Production

Just as NO; can be created by corona processes, so too can N,O and O3. Stud-
ies (e.g. Hill et al., 1988) have been performed on laboratory-scale electrical discharges,
examining the production rates of N,O and Os. In this particular study, the N,O produced
by lightning is assumed to come from the reaction of an excited state of molecular nitrogen

N, (A3z) with molecular oxygen with an adjustable yield.
0, + Ny(A’Y) — N0 + OCP) )

These types of studies raise another question: To what extent are studies of lab-
oratory discharges applicable to lightning in thunderstorms where the radial electric fields
are much larger than in laboratory arcs? Not only are these large radial electric fields able
to cause the surrounding air to go into corona, but also the so liberated electrons can ac-
quire high kinetic energies in the electric field, and many reactions involving electrons are
dependent on the electron’s energy.
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1.4 Production of HO,, in lightning

In addition to the chemical species discussed above, there is also another chemi-
cal family deserving attention, namely the HO,, family, herein defined to be OH (hydroxyl
radical), HO, (hydroperoxy radical), and twice the H,O, (hydrogen peroxide) concentra-
tion.

Given that H,O (water) is present in air at the percent concentration level, it is
not surprising that atomic H is observed in lightning channels. The chemistry of ion-water
interactions results in two separate paths to produce HO,: ion-produced H can recombine
with O, forming HO,, and the ion-induced production of OH can result in the production

of H,O,. What are the relative contributions of these two paths?

1.5 The Goals of this Study

To summarize then, I once again ask the questions: What is the resulting at-
mospheric chemistry of the lightning-induced ion and photon production, and how does
it compare with the chemistry of the hot lightning channel itself? What are the chemical
species most influenced by lightning on both the local and global scales? To what extent

and by what mechanism is the HO,, family produced in electrified convection?

1.6 The Approach Taken to Attain the Goals

This study answers these questions by creating a detailed chemical, but relatively
crude dynamical and microphysical model of electrified convection. This model focuses on
the chemistry of both the hot lightning channel as well as the region surrounding the hot

channel.
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This model includes ~ 800 thermal and photochemical reactions among =~ 165
neutrals, ions, water clusters, and electrons; the pressure, temperature, and electric field
effects upon the reaction coefficients are explicitly considered. To focus on the gas-phase
processes, aqueous-phase chemistry has not been considered in this study although hetero-
geneous loss is included.

To determine the net chemical effects of electrified convection, given a specified
dynamical and microphysical parameterization, the in-cloud lifetimes 7swom and production
rates of the chemical species are computed and compared with their tropospheric chemical
lifetimes Tyop. and background production rates, determined by turning off all electrical
processes in the model.

To assess the relative importance of the hot-channel chemistry vis-d-vis the cold
ion processes, the relative source strengths of the hot channel and the surrounding regions
are compared for selected chemical species in a one-box, explicit time-marching model of a
cooling lightning channel. Finally, to assess the adequacy of a steady-state representation of
a thunderstorm, an explicit, time-marching model of a lightning flash was also performed for

one grid point from the inner model domain that is subject to a high rate of ion production.
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Formulation of the Ion Model Lightning Channel

2 Formulation of the Ion Model

In this chapter is presented (1) a description of the physical events that are be-
gin simulated by this model, (2) the derivation and scale analysis of the basic equation
goveming the atmospheric concentration of a chemical species in the model, and (3) the

establishment of a grid structure on which to execute the model.

2.1 Physical Basis of the Model

The focus of this study is the chemistry of a lightning channel and the surrounding
corona regions that are embedded in electrified convection (a “thunderstorm”). I therefore
begin with a physical description of the lightning channel and its environs and proceed ra-
dially outward toward the surrounding thunderstorm and its associated features. The reader
is referred to the next chapter (Chapter 3, page 55) for the details of the implementation
of the features described here and to Uman [1987,1969] for an introduction to lightning in

general.

2.1.1 Lightning Channel

Along the inner wall of the model domain is a (model) segmented lightning
channel. This channel has two main sections: starting at the ground there is the ground—
lowercloud segment and above that there is the lowercloud—uppercloud segment. These
segments represent cloud-to-ground and intracloud lightning respectively. These sections
are subject to prescribed flash rates that are meant to represent “storm average” cloud-to-
ground and intracloud flash rates.

While the chemistry of this channel (as it cools) is modeled in a 1-box, time de-
pendent model (described in Section 6.1.3, page 116), this channel is not otherwise directly
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considered. Rather, this channel serves as (1) a direct source of photons and (2) an indirect
source of ions in the following manners. (1) The photons (50nm < A < 10, 000nm) emit-
ted by the lightning channel are assumed to follow the theoretical emission spectrum of a
cooling gray body (30,000K < T < 300K); these photons stream radially outward from
the inner domain wall and cause the photolysis of O; and O3. (2) When active, these light-
ning channels are considered conductive and following the lines of Heckman & Williams
[1989] acquire net charges of order 1 C-km~!. This charge serves as the origin of large
radial electric fields that cause the surrounding region to go into corona and produce ions

in the following manner.

2.1.2 Corona Sheath

Surrounding the lightning channel is a region of space that extends outward for
some meters that has a (radial) electric field that is above the breakdown strength of air
(Egp), herein assumed to be 500 kV-m~! (¢f. Figure 20, in Section 3.3.1.2, page 77). The
response of the ambient air is to produce a weak plasma, thereby reducing the electric field
back to it maximally permitted value (Epp). This plasma consists of positive ions and
electrons (N3, N*, O3, O*, and e™) whose subsequent reactions are modeled.

Inasmuch as this model will primarily be a steady-state one, I average the photon
and ion production of a flash over the basic interflash interval used in this model: one sec-
ond. The validity of this steady-state approximation is tested with a 1-box, time-dependent

model of a lightning flash, described in Section 6.1.2, page 115.

2.1.3 Surrounding Thunderstorm

The above lightning processes are embedded in a highly simplified thunderstorm
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that extends throughout the entire model domain. Due to the moderate level of axial sym-
metry of an “average” thunderstorm and the desire for a simple kinematic representation,
the thunderstorm is represented by a steady-state, 2-D (axially symmetric), model that has
impermeable lower, inner and upper boundaries.

For the sake of simplicity, the wind field of the thunderstorm V(r, z) is repre-
sented by a relatively simple function of radial position r and altitude z whose vertical
component W (r, z) is everywhere non-negative and whose radial component U (r, z) pre-

1 at

serves the non-divergence of mass. There is a maximum updraft velocity of 12 m-s~
the center of the inner portions of the model domain that decays above, below and radially
outward. Crudely speaking the air comes into the model domain at (model) altitudes of
0 — 2km along the outer model boundary. The air is then drawn into the up-draft regions
and exits out of the model domain at (model) altitudes of 2 — 15km along the outer model
boundary.

The “cloudness” of the model is determined by the rate of liquid water production
and an assumed cloud-particle size distribution. (The local vertical velocity and water-vapor
content determine the rate of liquid-water production). The rates of all heterogeneous-
loss processes are scaled to the local cloud-particle size distribution, mean free path and
“sticking coefficient”. For ions, there is also capture by cloud particles due to ion drift
driven by the applied electric field. While there is heterogeneous loss of most chemical

species in this model, there is no explicit representation of the resulting aqueous-phase

chemistry, nor is washout of compounds considered.

2.1.4 Chemistry

The chemistry of this model is designed to represent the *“global average” chemi-
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cal fluxes (sources) of various natural and anthropogenic compounds through the lower and
upper model boundaries (there is also deposition along these boundaries). The air entering
the model domain is assumed to have the chemical composition as determined by a 1-D
steady-state photochemical of the “globally, diurnally averaged” troposphere. The (altitude
dependent) rates of photolytic reactions are determined using a separate 1-D radiative trans-
fer model and published wavelength-dependent absorption cross-sections (reaction proba-

bilities).

2.2 Continuity Equation

Having reviewed the physical situation to be simulated, I now present the deriva-
tion and scale analysis of the basic equation governing the atmospheric concentration of a

chemical species in the model.

2.2.1 Derivation of the Continuity Equation

The fundamental equation governing the conservation of mass of species ¢ in a

parcel of air is given by

dXz' /D ) MWaRr -1
7 = (F; Lt)(PairNA), S 3

where x; is the mixing ratio of species i, and P; and L; are, respectively, the chemical
production and loss of species ¢ (molec; -m~>-s~!), MW R is the molecular weight
of air (kg-mol‘l), pair 18 the density of air (kg-m“3), and N, is Avogadro’s constant

(molec-mol~1) f. The ratio on the right-hand side of Eq.(3) is an inverse number den-

t Al symbols and their definitions are listed in Appendix F , page 279.
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sity and can be represented as o7} (molec-m=3)~1. Eq.(3) then becomes

dxi Pi—L;
dt Qair ‘

(4)

To express this conservation relation at a point in space, we expand the total derivative as

de _0e
dt ~ 0Ot

V-Ve (5)
If the air is not static and there are spatial gradients in the mixing ratio of species
7, then the mixing ratio can also change via the turbulent mixing of neighboring parcels.

The change in the local mixing ratio due to this “turbulent diffusion” is given as

ox;i
ot

.3 (13 : %) , ©)

where B is the diffusion tensor (m2-s~!). In the parameterization of this model, I replace
D with Kegay.

We must also consider the possibility that the species in question may have a net
electric charge ¢; and that electric fields E (V-m~!) may be present. In this case, charged

particles will move in an electric field with a velocity Vi, according to

—_

Vizq ;- E, )

where fi; is a diagonal tensor whose non zero elements 4 ;; are functions of £, as well as

the local pressure and temperature and have the dimensions m-s~!/V-m~!. Specifically,

L low field limit,
pij = (8)

%, high field limit;

where £ is the local mean free path of air and m and V are respectively the mass and

(kinetic) velocity of the ion.
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Spatial gradients in x;, ,tf';, or E will therefore cause the local value of x; to

change over time according to

%=_Qiﬁ'(Xilfi'E)' ©

External forcing factors also exist that can modify x;. Because this model will
simulate the chemistry inside a cloud, there will be heterogeneous loss processes H; that
can be most simply represented by a loss frequency f; or an inverse lifetime 7; L.
These heterogeneous-loss processes are diffusional driven for the case of neutral species
and electric-field driven for the case of charged species. Additionally, for grid points near
the boundaries of the domain, there can be a flux F; of compound  expressed as the specific
rate of influx into a region ( molec;:m~3-s~!) divided by the influx region’s air number

density o4r. These two processes will then cause x; to change over time according to

OXi F;
=—H;yvi+—. (10)
ot X Oair

Adding the right-hand sides of Egs.(10), (9), and (6) to Eq.(4) and expanding the

total derivative as in Eq.(5) results in

oxi F—-Li -~ = = 2 2\, (Ao B
—X—=——————-—V'VX1'—“]1'V'(Xi,ui‘E)'*'v' (D‘in)"HiXi+—L~ (1)

Equation (11) represents the time evolution of x; at a point in space. In the dis-
cretization of this continuous variable, a multi-dimensional grid of points is established and
Equation (11) is solved at every node (or grid point).
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Formulation of the Ion Model Short-Lived Species

2.2.2 Scale Analysis of Continuity Equation

Because the magnitudes of some of the terms in Eq.(11) are directly related to
the grid structure, while others are only indirectly so related, I now consider the dominant
terms of the continuity equation (Eq.(11)) in order to determine the type of grid system most
appropriate for this model. Because there are many different types of chemical compounds,
each with its own characteristic behavior, different terms will be important for different
classes of compounds. For this reason, I will discuss the scale analysis on a chemical class
basis, starting with short-lived species (7, order minutes or less) and proceeding to the long-

lived ones.

2.2.2.1 Short-Lived Species

The chemical production and loss term in Eq.(11)

P, -
Qair

; (11-1)

dominates the continuity equation for the short-lived, neutral compounds in the model
such as O(!D) or OCP) as no reasonable amount of advection, turbulent diffusion, nor
electrically-induced flow will directly alter their concentration: they will always be in
steady-state equilibrium with their longer lived source (or parent) compounds (i.e. O3 for
the above examples) and reactants (H,O and O,). For this reason, the details of the grid
structure will not directly affect their computed concentrations in the model.

The grid structure is, however, critical to the modeling of the production of short-
lived ions during the lightning flash. As will be discussed in the section on the parameteri-
zation of ion generation (Section 3.3.2, page 77), the production rate of small ions is directly
related to the square of the strength of the local electric field; hence the grid must have its
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Formulation of the Ion Model Long-Lived Species

inner boundary very near the lightning channel. The ions so produced are uniformly dis-
tributed over the node’s domain (grid point’s control volume) Jr; hence the (radial) resolution
of the domain must be sufficiently fine to permit the accurate evaluation of the average of
the square of the local electric field in order to accurately represent the local ion production.

What terms of the continuity equation will be in balance in these regions of in-
tense ion production? In these regions, the ion production rate P; will be shown to be (cf.
Section 3.3.2.3, page 80) of order 1029 ions m~3 per lightning stroke. Taking typical values
of xi ~ 1079, 8xi/0r ~ 10719 m=1, §2x;/0r* ~ 10-1' m~2, dx;/8z ~ 10712 m~1,
0%xi/022 ~ 10-15 m2, 8x;/dt ~ 057}, V ~ 10ms!, pj; ~ 1074 m>V-1sl,
8E,/dr ~ 10° V.m~2, D, ~ 102 m2s7!, gy ~ 10® m=3, H; ~ 10~' 57!, and Fi ~ 0
s~1, Equation (11) then becomes

X —V-in—qu-(x.',ui-E)+V'(D-VXi)—HiXi+—,
——— i

ot Qair . —~— Qair
> 10-9 10-8 T 1m0 =~
0 1020, 10-9 o
—h

1025

where the the two terms most likely to balance the chemical production of ions P; are: (1)
the chemical loss term L;, and (2) the gradient of the radial drift velocity term V. Xi /f,E’
(11-3).

This scale analysis of the continuity equation permits the identification of those

terms that require the closest attention in the subsequent parameterizations.

2.2.2.2 Long-Lived Species

Long-lived neutral species, such as CH4 or CO, are not greatly affected by the
details of the grid structure; rather it is the parameterizations of their heterogeneous loss, the

magnitudes of their boundary fluxes, the velocity field, and to a lesser extent the assumed

! These terms will be explained more fully in Section 2.5.1, page 48.
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Formulation of the Ion Model Constraints at Small Radial Distances

turbulent diffusion coefficient that tend to dominate their concentration at a specific grid

point.

2.3 Other Constraints Upon Grid Systems

2.3.1 Constraints at Small Radial Distances

For reasons to be discussed in the section on computer resources available (Sec-
tion 2.6.1, page 50), the models primarily utilized in this study are steady-state ones; if these
models were to be run in an explicit, time-marching mode, then having a high resolution
grid near the lightning channel would impose the following constraint upon the maximum
time step allowed.

Ions move in electric fields at a rate given by Eq.(8); for our purposes we pick a
typical value of 3 x 10~ for the magnitude of y;; (Rosen et al., 1985)1. The condition that
the radial spacing § of the inner grid points be greater than the distance that ions can travel

during one time step At of the model requires that

]

At ,
Erpij

IN

12)

where E, is the radial component of the electric field, and y;; is the ion mobility (m-sec™?

/V-m~1)

If the inner grid has a spacing of order 1m, then the minimum time step At is
order 0.01 seconds for a radial electric field of 500,000 V-m~!. This minimum time step
increases as the radial distance away from the lightning channel increases; therefore any

explicit scheme must have a variable time step with the inner grid points being evaluated

t Note that 3 x 10-* (m/s)/(V/m) equals 3 (cm/s)/(V/cm)
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Formulation of the Ion Model Constraints at Large Radial Distances

at more closely spaced points in model-time than the outer grid points. It is noted however
that this may be unnecessarily conservative as ions can be captured by cloud particles, and
the distance that an ion can travel before capture is of order centimeters, not meters.

The magnitude of the local electric field also directly influences those reaction
coefficients that depend on the magnitude of the electric field. To obtain a good estimate
of the average reaction coefficient in a region of space, the electric field must be well rep-
resented and the radial variations in the electric field are the largest in the inner domain of
the model. These considerations argue in favor of having the preponderance of grid points
in the regions of the greatest spatial variation of the electric field.

Having established the basic radial structure of the grid system, there are some
other considerations that also bear upon the grid construction. These are the considerations
of how well the far field and the vertical structure of the thunderstorm must be represented.

I now discuss each of these in turn.

2.3.2 Constraints at Large Radial Distances

Another condition imposed upon the grid generation process is that the separa-
tion between the outer points in the grid must not be too large. This is required to ensure
faithful calculation of functions that have a constant spatial scale of variation. Choosing
the maximum separation between the outermost grid points to be L leads to the following

constraint on /V (the total number of grid points in the radial direction):

In(Rinner / Router)
N>1+ .
- In(Router / (Router — L))

It is noted that in order to accurately compute (= 1% error) the derivatives of a function

(13)

such as sin(r/L), approximately 25 grid points per cycle of length L are required. This
requirement for a rather large number of grid points required per cycle can be understood
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Formulation of the Ion Model Vertical Constraints

by considering the Taylor-series expansion of the error in approximating the derivative of

the sin(z) with its finite-difference representation:

dsin(x) 3 sin(z + 6z) — sin(z — éz)

§z2 &6z
E = || — - — . 14
e 2 6z l( 6 120) cos(z) (19
finite—difference error Taylo::crics

expansion of error

This error is maximal at z = 0, where a 1% error requires = < 0.25 radians, or ~ 25 grid
points per 27 radians. In this model, the kinematics are specified, so this issue is not very
important in the present context but would clearly be important in any model in which the
dynamics are explicitly computed.

Another constraint in the far field is that the outer boundary should be sufficiently
far away from the lightning channel so that the spatial derivatives in x ; induced by the storm
are small enough so that the particular outer-boundary condition does not influence the
model very much. In this model, the background-tropospheric photochemistry is considered
as the outer-boundary condition in the inflow sections of the domain, and either the constant

gradient condition or the zero-gradient condition is used in the outflow regions.

2.3.3 Vertical Constraints

Just as the model’s grid should faithfully compute the radial gradients in the elec-
tric field, so too should it be able to represent the vertical variations of the electric field (i.e.
OE,/0z and OE, /0z). This should not be a very difficult condition to meet as the electric

fields are, as will be shown later, more slowly varying functions of z than they are of r, i.e.

0E, OE, OFE: OF,
9z or | 0z << or (15)
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Formulation of the Ion Model Establishment of a Grid System

What vertical spacing is required to represent the di/tripole structure of a thun-
derstorm? The magnitude of the vertical electric field at a (horizontal) distance r away from

the centerline, and in the equator of, a dipole is

i 2a

B = e @ e

(16)

where a is half the separation between the charge centers of the dipole. As discussed in
Section 2.4.1, page 41, the error introduced into a calculation by using a finite-difference
representation of a function is the truncation error of the Taylor-series expansion of that
function. The truncation error in the Taylor-series expansion of Eq.(16) can be estimated
by comparing the magnitude of the last retained term in the expansion to the first excluded
term; in our case, they are the first and second terms respectively. The ratio (A) of the third

term to the second term in the Taylor expansion of Eq.(16 ) is

5—22—7“2(11’;” 3 5(4r? — a?)

A= 5—-“51’ - 2r(r2 +a?)’ (17
Non-dimensionalizing r by defining y = r/a, and scaling é as €a results in
A= oD (18)
T 2a(y?+1)

or A = 3¢/4a when y = 1. For A to be < 1%, we therefore need the grid spacing to be
~ 1% of the dipole separation a. If the dipole (or tripole) structure of the thunderstorm is
to be accurately modeled, then a vertical spacing on the order of tens of meters would be
required. This constraint is not a very strong one however, as the largest electric fields in
the model will be the radial fields due to the net charge on the lightning channel, and this
radial field varies slowly with height (i.e. along the lightning channel).
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Formulation of the Ion Model Errors of the Finite-Difference Approximation

2.4 Establishment of a Grid System

Having examined the terms of the continuity equation and seen that itis the spatial
variations of the (radial) electric field in the inner regions of the model that are the most
important to resolve, the construction of the grid on which this equation is to be solved is

now considered.

2.4.1 Errors of the Finite-Difference Approximation

The error introduced into a calculation as a consequence of using the finite-

difference approximation to the first derivative of a continuous function

oF(r) _ F(r+68)— F(r—9)

or 26 ’ (19
N — —_

True Finite-Difference
Derivative Estimate

can be determined by subtracting the Taylor-series expansions of F'(r) at the points F'(r +4)
(Eq.20a) and F(r — §) (Eq.200) to produce Eq.(21a) and then dividing by 26 to obtain

Eq.(21b).
OF(r) 6§*20*F(r) &8 9*F(r)

Fir+6)=F(r) +6 R + 21 52 + 31 5,3 (20a)
_ OF(r) §20°F(r) & & F(r)
For—8=F@) -6 5 T e T3 et (20b)
3 OF(r) 83 PF(r)
Fr+86)— F(r—2©6)= 26 o +23! o3 T (21a)
OF(r) Fr+8—-Fr-8§ §&Fr) 21b)
or 26 31 o
e =~ S ~~ ’
De'rli"\?azivc Flmtgt?r;ggcﬂce Error Terms

Similarly, the error introduced by approximating the second derivative of a con-

tinuous function with its finite-difference form
O2F(r) _ F(r+8)—2F(r)+F(r —é)
orz &2 ’
41

(22)




Formulation of the Ton Model Exponentials and Positive Polynomials

can be derived by adding Egs.(20a) and (20b) together to produce

62 0%F (r) éj 0*F(r)

F(r+8)+Fr = 8)=2F() + 25— #2575+ (23a)
and then subtracting 2 F'(r) and dividing by ¢ to yield

2 — _ 2 a4

OPF() _Fr+8—2FM)+Fr—8) _ 80F@) 23t
or? §2 4! ort

N\ — 7 - ~

DeTmil FiniteE; l_)iffercncc Error Terms
rivative timate

In Eqs.(215) and (23b), the numerical error is seen to be directly related to the
magnitude of the higher derivatives of F'(r) and to the spacing of the grid 6. We can an-
ticipate that the physical parameter with the largest spatial non-linearity (and therefore the
largest higher derivatives) will be the electric field E (r, 2), as it will vary as r~¢ where r is
the distance away from the space charge responsible for the electric field. The exact value
of ¢ will be a function of the geometry of the space charge and reduces to simple values for
simple arrangements of space charge. In order of increasing spatial gradients we have: ¢ =
0 for a plane charge, 1 for a line charge, 2 for a point charge, and 3 for a dipole charge.

Each of these limiting cases of charge distribution exists within the domain of an
electrified storm; near the ground, far from lightning, the electric field can be represented by
a plane charge overhead; near a lightning channel, the electric field approximates that due
to a line charge; and in the far field, a thunder-cloud can be represented as an electric dipole
or tripole. Except for the case of a plane charge, all of the above derivatives of E‘(r) — 00
as 7 — 0. This places limits on the inner radius permissible in the model. Additionally, to
have a relatively constant error at each grid point, the spacing between the grid points must
decrease as r decreases.

We must therefore find an efficient system of grid spacing; it must be parsimo-
nious in its allocation of grid points yet maintain accuracy throughout the model’s domain.
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Formulation of the Ion Model Exponentials and Positive Polynomials

2.4.2 Exponentials and Positive Polynomials

Two systems of grid spacing seem reasonable: one in which the radial distance
r away from the model’s origin Ripner is a function of the grid number n to some power,
and another wherein the distance from the origin increases exponentially with increasing
grid number. An explicit formula for a grid point’s radial position as a function of its grid
number for the first system (herein called the polynomial system) is given by Eq.(24a). In
this system, for a fixed total number of grid points NV, increasing the value of § increases
the density of grid points near the origin and decreases the density of points in the outer
regions. The requirements that 7(1) = Ripper and r(IV) = Router lead to the values of the

coefficients of this equation as shown in Equations (24b,¢).

r(n) = ag + alnﬂ (24a)

_ RinnerN h_ Router
W=TTNF

Router - Rinner

1 (24b, ¢)

and o] =

The generating equations for the second candidate grid system, the exponential
system, are given by Eq.(25a), and the above boundary conditions on r(1)and r(NV)lead to
Equations (25b,¢).

r(n) = e®oton (25a)

- N ln(Rinner) - 1n(Router) and oy = 1n(Router) - ln(Rinner)
N-1 ! N-1

(25b, ¢)

1410

Taking typical values of Rinners Router» and IV, to be 0.1 meters, 1000 meters, and
250 points, respectively, the relative locations of grid points for these two systems can be
plotted together for comparison. Figure 2 shows the distribution of the grid points for the
two systems; in the polynomial system, the values of 3 ranging from 3 to 6 are shown as
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Figure 2. Radial position vs. Grid number for the two proposed grid spacing systems with typical values for
Rinners Rouer, and N. Solid and dashed lines represent the polynomial and exponential systems respectively.
The solid gray circle at the point (100,4) represents grid point # 100 at a radial distance of 4 meters in both
the e” and n® systems.

2 T 1 LR B B B A I ¥ ¥ LI l'l T L 1 LI B B l'l L) T Lf LI L
1(n) < n(343:6)
] 3 Thin to Thick Solid Lines

g ————————————— _—— e — ﬂ-
=
S
e
r(n) o< "
Dashed Line T
1 1 1 4 ¢ 111 I { L 1 {1 1111 l 1 L L L.l 1 11 l i L 1 1 1 1 tt
L§ T | LI | i | | LRI I 1 1) L L ' T 7 T LIS
0.1 1. 10. 100. 10°

Radial position [r] (meters)
Figure 3. Radial position vs. Percent error in evaluating the first derivative of a function that is proportional to
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Formulation of the ITon Model Negative Polynomials

solid lines of increasing thickness; the exponential system is shown as a dashed line. It
can be seen from this Figure that the polynomial grid system has a greater density of points
near the origin, than the exponential grid system. For example, grid point number 50is 0.15
meters away from the inner domain wall in the polynomial system with 3 = 6, represented
by the thickest solid line, while the corresponding grid point number 50 is 0.60 meters from
the inner domain wall in the exponential system. The average density of points is, of course,
the same in both systems. For example, grid point number 100 is approximately the same
distance (4 meters) away from the origin in both systems; this point is indicated by the solid
gray circle at the point (100,4).

What is the magnitude of the errors introduced into the continuity equation
(Eq.(11)) by the use of either of these grids? We can explicitly evaluate the error in esti-
mating the first derivative of a function varying as r~¢ in either coordinate system by using
the above values for Rigner, Router> and IV, and choosing the value 2 as a typical value of €.

These assumptions result in the following equations:

Fe@crw? i (I Bl sen g,
The finite-difference estimation of the first derivative then becomes
AF FGeh+1))-F(@(@n-1))
Ar - rn+1)—r(n—1) ’ @7
and the relative error introduced by making this approximation is
AF _ 9F(r)
Error = —é—mTa (28)
ar

We can plot the magnitude of this error as a function of the radial distance from the origin
(or grid number) for the two proposed grid systems. The results of this analysis are shown
in Figure 3, where the exponential system (dashed line) is seen to have a more uniform error
than the polynomial system although it does have a slight bias (non-zero mean value). This
small bias can be overlooked given other approximations in the model.
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Formulation of the Ion Model Errors on Exponential Grid

2.4.3 Negative Polynomials

Just as positive values of 4 can produce a grid structure, negative values of 4 can
also produce polynomial grids. How do these grids compare with the first two grids exam-
ined? Figure 4 shows a few negative values of § between —0.5 and —2 (with increasing
line widths) along with the exponential system (dashed line) for comparison. It can be seen
in this graph that the negative polynomial grid system has a very uneven density of points.
For example in the 8 = —2 system (thinnest solid line), grid point number 100 is essentially
still at the domain’s inner boundary, and the very last few points span most of the domain’s
radial domain.

How do the numerical errors vary on such a grid? Using the same values for
Rinners Router, IV, and ¢, as used before, we can explicitly evaluate the error in estimating
the first derivative of F'(r) in a manner similar to that done for the positive polynomial
system. The results of this analysis are shown in Figure 5, where this system is shown to
produce very large errors in the inner regions of the model’s domain for values of § > —1
and very large errors in the outer regions of the model’s domain for all negative values of
B.

Because the errors are more uniform (and in general smaller) for the exponential
system than the polynomial system, we choose the exponential grid system and now inves-
tigate the relationship between the relative error in evaluating a derivative and the fineness

of this exponential grid.

2.4.4 Errors on Exponential Grid

The relative error in using the finite-difference approximation to the first deriva-
tive of a function was given in Eq.(28). Substituting Equations (26a) and (26b) into Eq.(27)
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Figure 4. Radial position vs. Grid number for the negative values of 4 in the polynomial system (solid lines)
and the exponential system (dashed lines) for comparison.
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Formulation of the Ion Model Definition of the Control Volume

and then substituting Eq.(27) into Eq.(28) we obtain
eal(1+e) _ 60‘1(1‘5)
—-1].
€ (62“1 — 1)

This function of o7 and ¢ is graphed in Figure 6 where it can be seen that the error introduced

Percent Error = 100 x ( (29)

by the finite-difference approximation approaches 0 as e — 1 or a; — 0. Of course we
have no direct control over € because it is a function of the charge structure inside of a thun-
derstorm; only a1 is available to us as a variable parameter of the model. I have shaded the
proposed operating region of the model on this Figure. Specifically, € is expected to vary up
to 3, and as will be discussed in the section on computer resources (Section 2.6.1, page 50),
ai = 0.4 is the finest grid that is practicably achievable with the computer resources at hand.

A graph of the error resulting from using the finite-difference approximation to
the second derivative of a function (¢f. Eq.23b) on an exponential grid is very similar in
structure. Noting that there is a bias in the error when evaluating the first and second deriva-
tives on the exponential grid (the dashed line representing the error is offset from 0 in Fig-
ures 3 and 5), one could derive a weighting factor designed to give no error for a particular
pair of o and € values. There is little profit in extensive analysis of this point, however,
as there is uncertainty in the exact value of € at any particular point on the grid, and, as

discussed earlier (Section 2.4.1, page 42), € certainly varies over the model domain.

2.5 Finite-Difference Models on Non-uniform Grids

Having established the desirability of a non-uniform grid in the radial direction,
the precise formulation of a grid point’s control volume and the coefficients in the finite-

difference approximations to the continuity equation (Eq.11) must be considered.

2.5.1 Definition of the Control Volume
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Figure 6. Radial position vs. Percent error in evaluating the first derivative of a function that is proportional
to r to the -€ power in an exponential system of grid spacing « ;. The parameter space of the model is shaded;
€ is expected to vary up to 3, and a1 = 0.4 is the finest grid spacing that is practicable.

The control volume of a grid point is defined to be that volume of model space that
is represented by the grid point in question. The innermost wall of the innermost grid points’
control volume is the inner wall of the model domain, Rjgner and the outermost wall of the
outermost grid points’ control volume is the outermost region of the model domain, R oyter-
Similarly, the lower wall of the lowermost grid points is the ground and the upperwall of
the uppermost grid points is the model tropopause. The grid point is centered in the control
volume in the vertical and at the logarithmic center in the radial direction. The volumes and
wall surface areas of the control volumes are therefore functions of a grid point’s position
in the model. These volumes and areas are used in computing the coefficients of the finite-
difference approximation to Eq.(11).

49



Formulation of the Ion Model Explicit, Time-Marching Model

2.5.2 Computation of the Finite-Difference Coefficients

To compute the coefficients of the finite-difference approximation of Eq.(11) the
following direct approach is taken. Consider for example the turbulent diffusion term of
Eq.(11)

+V - (5-%«)- (11— 4)
In this model at a grid point (r;, z;) or simply the grid point (z, 7), this term becomes a func-
tion of the mixing ratios of the grid point itself, x; ;, and those of its four nearest neighbors
Xix1,j+1- By explicitly considering the geometry of the control volume for grid point (z, 7),
(that volume of space bounded above and below by horizontal planes at Z = j & 1/2 and
lying between concentric cylinders with radii R = ¢ + 1/2) and defining the total diffusive
flux into the control volume as the sum of the diffusive fluxes through each wall, then the

above term, Eq.(11-4) becomes

6-(

where the a’s are dependent on the control volume’s dimensions as well as other physical

Q541" X, j+1
+

Su

'VXi)=ai—l,j'Xi-1,j +  QijXiy ot Qsl Xl (11—-4a)
+

Qg -1 Xi,5-1

paramterizations, such as D. Note that the spatial arrangement of the terms in this equation

correspond to their spatial arrangement in the 2-D model.

2.6 Computer Resources Required for the Model

2.6.1 Explicit, Time-Marching Model

If computer resources were not limiting, then a grid 100 points wide in both the
radial and vertical directions would seem to be a good starting point for an explicit time-
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Formulation of the Ion Model Steady-State Model

marching model of a lifecycle of a thunderstorm. A 100 x 100 grid, time-marched for
2 model-hours with 0.01 model-second time steps would result in 7.2 x 10° grid point
calculations. At each grid point the continuity equation (Eq.11) is to be solved for O[200] f
chemical species. This equation requires about 50 floating point operations (FLOP’s) for
a chemical species with very simple chemical production P; and loss L; terms (e.g. DMS,
SFg) and over 500 FLOP’s for a species with a complicated atmospheric chemistry (e.g.
OH, H,0). Taking 200 as the average number of floating point operations per evaluation of
Eq.(11) brings the overall number of floating point operations to &z 288 x 10!2. Because
a fast IBM-PC performs about 1 x 10° floating point operations per second (FLOPS), this
model would then take 3300 days (9 yrs) to run. On a CRAY-class machine, being about
100 times faster, the model would still take a month of CPU time - hardly an inexpensive
undertaking. It should be pointed out that as of this writing ( September 1992 ), the 1G
FLOPS barrier has been broken by advanced parallel processors, so this type of model

could be run in a reasonable amount of time (= few days) on such a machine.

2.6.2 Steady-State Model

To avoid the above unacceptable computer run times, I seek a simplification: re-
placing the time-evolving model with a steady-state model reduces the number of grid point
calculations to the number of grid points times the average number of iterative approxima-
tions required to find a steady-state solution for a grid point. Given the exploratory nature
of this work I wanted to be able to run the model on an IBM-PC class machine. If the
maximum practicable run time for a model is 1 week on an IBM-PC, then the model must

converge using about 6 x 10! floating point operations. Using the above values of the

t Read as Order 200.
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number of compounds and the number of FLOP’s per compound and assuming 10,000 suc-
cessive approximations at each grid point to obtain a 0.01% convergence, the model must
have <2000 grid points, or a grid size of about45 x 45. This is not the only limiting factor

however.

2.6.3 Maximum Number of Grid Points in the Model

For long lived compounds such as CF4 or O3, the relatively low rate of chemical
processing results in the boundary conditions influencing their concentration throughout
the model domain. This necessitates using matrix solutions to the concentrations of the
long lived species. A 45 x 45 grid has 2025 grid points; this translates into a system of
non-linear equations having 2025 equations inter-relating 2025 unknowns. The solution of
this system of equations requires computing the inverse of a 2025 x 2025 matrix. Because
finding the inverse of an N x N matrix takes on order N 3 FLOP’s, this inversion would
require O[101%] FLOP’s; on an IBM-PC, this would take ~ 3 hrs. The size alone of such
a matrix is daunting: using double-precision arithmetic, it is about 40 Mbytes. Unless we
emply sparse matrix techniques, a matrix of this size is too large for any but the largest of
supercomputers; given the constraints on the IBM-PC, a 15 x 15 model grid is the largest
that can be readily manipulated. The matrices resulting from this grid are of dimension

225 x 225, and can be inverted in about 2 minutes.

2.7 Adequacy of the Model’s Grid

I therefore establish a steady-state model of a storm on a 15 x 15 grid and later
will discuss (cf. Section 8.1.2, page 135) the differences between this steady-state model
and the equivalent time dependent one. I now consider the overall accuracy that can be
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achieved with a 15 x 15 grid.

2.7.1 Radial Accuracy

A two-dimensional, 15 x 15 grid is established with horizontal nodes placed at
equal intervals over the range of In(Rinper) t0 In(Router), Where Rinper = 2m and Router =
2000m (¢f. Section 2.7, page 52 ). In other words, the grid is a semi-logarithmic one,
which has been be shown earlier (¢f. Section 2.4, page 41) to minimize numerical errors in
evaluating fields such as the electric field that have radial power dependencies. As shown
on Figure 6 in Section 2.4.4, page 49, the radial errors in evaluating the first derivative of
the radial electric field are expected to be on order of 10% to 50%. These errors affect only
those terms of the continuity equation (Eq.11) that depend on the gradient of the electric
field i.e. the gradient of the radial drift velocity term V- Xi ;f’,E (11-3).

Another source of inaccuracy due to the radial grid spacing relates to the eval-
uation of the integral over the control volume of a grid point of the square of the electric
field that is in excess of breakdown, as to be discussed in Section 3.3.2.1, page 78. The
radial grid spacing does not affect the integral, as that integral is done analytically. Rather,
due to the fact that the ions produced in a control volume are uniformly distributed over the
control volume, large gradients in the electric field over the control volume would produce
gradients in the rate of ion production in the control volume that are not considered in the
model. Fortunately, as to be shown in Section 8.1.2, page 135, the ion number densities
are sufficiently low, relative to the neutrals with which they react, such that the model can
be considered a linear one and the errors in the distribution function will produce errors no
greater that those already discussed i.e. 10% - 50%.
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2.7.2 Vertical Accuracy

Asdiscussed in Section 2.3.3, page 39, to achieve accuracy in vertical derivatives
comparable to that of radial derivatives requires that the grid spacing be between 10% and
50% of the di/tripole spacing. This would demand vertical grid spacing between 0.4 and
1.0km for a dipole separation of 2km, the characteristic dipole separation in this model (cf.
Section 3.3.1.1, page 74). This requirement is met using 15 grid points in the vertical with
a model domain of 15 km. This is perhaps an overestimate of the error contributed to the
evaluation of the continuity equation Eq.(11) as the vertical derivatives are smaller than
the radial ones, so a 50% error in the evaluation of a derivative in the vertical is a smaller

contributor to the overall accuracy than a 50% error in the evaluation of a radial gradient.
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3 Model Parameterizations

Because this model focuses upon the ion chemistry of electrified convection, the
dynamics, microphysics, electrical environment, and lightning-induced ion and photon pro-

duction of the storm are are specified (parameterized). I now describe each of these in turn.

3.1 Kinematic Parameterizations

3.1.1 Meteorological Setting

Because most of the global lightning occurs in, or equatorward of, the mid-
latitudes (cf. Orville & Henderson, 1986), I choose a sub-tropical equinox environment
for the meteorological setting of the model. The vertical temperature structure is taken
from Fels [1986], and the vertical pressure structure is computed by numerically integrat-
ing the hydrostatic equation. The resulting vertical pressure and temperature structures are

shown in Figure 7.

3.1.2 Specification of the Wind Field

Given that this is a chemical rather than a dynamical model of a thunderstorm,
I wish to represent the “mean” velocities of a “typical” thunderstorm in a simple manner.
Pethaps the zero*® order description of the air motions in a thunderstorm is “in-up—out”.
While it is recognized that there are also downdrafts, sometimes in close proximity to the
updrafts, we may envisage our model as that of an updraft region relatively isolated from
any downdrafts. The chemical consequences of ignoring the downdrafts will be discussed
in Chapter 9, page 172.
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Figure 7. Pressure (a.) and Temperature (b.) vs. Height in the model. These distributions correspond to sub-
tropical equinox conditions, although the model is not very sensitive to the exact model troposphere chosen.

The vertical motions can be characterized by a maximum updraft speed and a ra-
dial distance over which the updraft occurs. Given the wide range in thunderstorm velocity
fields, a maximum updraft of 12 m-s~! and a radial decay constant of 1km seem reasonable
values to begin with (c¢f. Mueller & Carbone, 1986). Variations in these parameters will not
greatly affect the mixing ratios of most compounds for the following reasons. If a species
is short-lived then, as noted in Section 2.2.2.1, page 35, chemical production and loss will
dominate the terms of the continuity equation for its mixing ratio. Long-lived compounds
can be divided into two groups, those that have have significant chemical production or
chemical loss within the cloud and those that do not. The domain-averaged mixing ratio
of long-lived compounds that have relatively feeble in-cloud chemical production and loss

1

processes is determined by their mixing ratio in the inflow air as the nominal 12 m-s™" up-
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draft velocity sets a dynamic time scale too short for the mixing ratio of these compounds
to be altered by in-cloud chemistry. Those long-lived compounds that have significant in-
cloud chemistry tend to be produced by the storm (e.g. O3); while changing the vertical
velocity will change their average mixing ratio, it will not greatly alter their total produc-
tion. Only in the case of long-lived, water soluble compounds (e.g. HNO3) will the average
mixing ratio be affected by the wind field. In this case advection balances heterogeneous
loss so changing the velocity field will change the mixing ratios. This case will be examined
more closely in Section 8.2.5.1, page 154.

I therefore prescribe a vertical wind velocity W (r, z) via

z 15—z 1 z 2 r\2
Wir,2)= aw Wmna 7 =5 exPlE (1_<1.125H0) —<72";> )] (30)

where z is the height above the ground expressed in km, r is the radial distance away

from the lightning channel expressed in meters, Wnax is the maximum vertical velocity
(12 m-s~1), R, is the radial decay constant (1 km), H, determines the height of the maxi-
mum velocity (H, = 5, results in Wpax occurring at 4 km), and aw is a constant required
such that W(0, H,) = Wnax. The radial components of the wind field are then chosen to
satisfy the conservation of mass for each grid node’s control region. This is done by in-
tegrating the divergence of the wind radially outward starting from the inner boundary of
the domain; this results in the wind field as shown in Figure 8 where the thick gray line
indicates the impermeable walls of the model’s domain. The U and W components are also

plotted separately in Figure 9.

3.1.3 Dynamic Lifetimes in Model

The specification of the wind field specifies a dynamic lifetime 74 (expressed in

seconds) that can be defined either locally 73°* or in a vertically averaged sense 7. In the
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Figure 8. Vectorial representation of the wind field utilized in the model. The vertical component is specified,
and the horizontal component is chosen to satisfy conservation of mass. The thick gray line indicates the
impermeable walls of the model’s domain.
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vertically averaged sense, 7] is defined to be the mass of air M in a cylinder concentric with
the model’s origin divided by the mass flux of air I into that cylinder. In the outermost por-
tions of the model’s domain 7§ is of order hours, while in the inner regions of the model’s
domain it is of order minutes. The vertically integrated mass and fluxes, as well as the verti-
cally averaged dynamic lifetimes as a function of radial position, are shown in Figure 10. It
is noted in this Figure that the total mass flux into the model domain is 0.1 Tg-sec~! or 108
kg-sec™!, which is also the mean estimate of the mass of air advected through a “typical”
thunderstorm as reported by Chameides et al. [1987].

Alternatively, one can also define the dynamic lifetime as the mass of air in
a node’s control region divided by the average flux of air into that control region. Fig-

ure 11 shows the distribution of 73’ throughout the model domain.
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Figure 11. Spatial distribution of the local dynamic lifetimes, 4, over the model’s domain. 7y* is defined
to be the mass M of air in a control region divided by the flux T of air into that region,
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These dynamic lifetimes are a useful measure of the time required to establish a
dynamical steady state in the dynamical/chemical environment. In a survey of continental
thunderstorm durations, Robinson & Easterling [1988] found mean durations of between
30 mins and 1 hour for continental thunderstorms at a given location and about 6% of all
storms lasted 3 hours or longer. Storm durations following the motion of the storm itself
can be longer than a locally observed lifetime, and convection associated with monsoons
can be much more persistent than an air mass thunderstorm (Keenan & Carbone, 1989), so
even the longest dynamic lifetimes occurring in this model (12 hours) are achievable in the

real world under some conditions.

3.1.4 Turbulent Diffusion

The eddy diffusion coefficient Keqay(r,z) varies throughout the model domain
in a rather simple manner. I take an average vertical profile of Kegdy(2) from Thompson
& Cicerone [1982] and increase the value of Keqqy(2) according to the local value of the
vertical wind velocity W (r, z). Specifically, the spatial variation in Keqqy(2,7) is scaled to

the variations in W (r, z) according to

Wir, 2) ). 31)

Keady(r, 2) = Kegqy(00, 2) X (1 +ag

max

where a g is a scaling constant that is initially 10 but was varied to 50 in some sensitivity
tests and where the results were found to be rather insensitive to its precise value.

This scaling procedure can be visualized via reference to Figure 12. In Fig-

ure 12a, the vertical profiles of the vertical wind velocity for three selected radial positions

are shown and in Figure 12b, the corresponding vertical profiles of K eqqy(r, 2) are shown.

(These regions correspond to the shaded regions on Figures 10.) As shown in Figure 12b,

1 1

the values of Keqay(r, z) decrease from a value of 50 m?-s~! near the ground to 5 m?-s~
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Figure 12. (a.) W(r, z) vs. z and (b.) Kcay(r, 2z) vs. z for selected values of . These profiles correspond to
the shaded regions in Figure 10.
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near the tropopause in the far field of the model (r = oo), while in the inner regions of

the storm, the value of Keaqy(r, 2) varies less with height and is approximately 150 m2.s~1.
In their simulation of convective storm dynamics, Klemp & Wilhelmson [1978] obtained a

! near the shear zone between the updrafts and

maximum value of Kegay of & 800 m?-s~
downdrafts in their model, with mean values near 200 m?-s~! in the updrafts themselves.

The entire field of Keqqy(r, ) is shown in Figure 13.
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3.2 Microphysical Parameterizations

I turn now from the dynamical parameterizations of the model to the microphys-
ical parameterizations. Chief among the microphysical parameterizations is the representa-
tion of the interaction of the modeled chemical species with cloud particles. This interaction
is dominantly one of an irreversible loss to cloud particles, and is normally called hetero-

geneous loss in order to differentiate it from chemical loss.

3.2.1 1-D Steady-State Model’s Heterogeneous-Loss Rates

To initialize the storm model, and to provide boundary conditions for the model’s
inflow regions, a standard 1-D steady-state photochemical model of the “average” low-
latitude troposphere is run. The heterogeneous-loss processes in this model run are scaled to
the local atmospheric pressure and generally have the sea level values as used in Thompson
& Cicerone [1982] and Thompson & Cicerone [1986]. heterogeneous-loss rates in this 1-D
steady-state model are listed in Table 10, Section 6.3, page 122. Because the loss processes
in a cloudy, convective region will be a strong function of the specific surface area of the
cloud particles, a different method is used to estimate the heterogeneous-loss rates in the

convective model runs, describe next.

3.2.2 2-D Steady-State Model’s Heterogeneous-Loss Rates

In the two-dimensional, convective model runs, the heterogeneous-loss processes
are scaled to the local specific surface area of cloud particles as well as the sticking coeffi-
cient £ of each chemical species. There is also an electric-field-driven loss process for ions.
This loss process is called ion capture and is proportional to the local specific surface area
of cloud particles, the local electric field, and the ion mobility. The local specific surface
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area of cloud particles is determined from the local size distribution function. I now detail

the steps in this process.

3.2.2.1 Cloud-Particle Size Distributions

The size distribution function ateach grid point is determined as follows. Ateach
node W(r, z), the lapse rate, and the relative humidity RH are specified; this allows the
computation of the rate of conversion of H,0O from the vapor to the liquid state (expressed
as grams H,O m~3.s~1). This rate of liquid generation is then converted into a drop-size
distribution having the property such that the integral of the liquid water content of the drop-
size distribution is equal to the rate of liquid water production dictated by the local values of
W (r, z) and RH. This size distribution is then broken down into 50 size classes, spanning
the range of sizes from 1 ym to 10 mm. For each size, the fall speed of the class median is
computed, and the steady-state concentration of each class size over the model domain is
determined using the wind fields and eddy diffusivity as discussed in the previous sections.

The overall size distribution used is the sum of a cloud-particle size distribution
and a raindrop size distribution. The cloud-particle size distribution used here is the one

used in Chameides & Davis [1982], i.e. a Khrgian and Mazin size distribution such that
N(D)=0.1D2%"%%P  cm=3.cm™! (32)

Two different raindrop size distribution functions were used. The first is the “standard”

Marshall-Palmer drop size distribution (Marshall & Palmer, 1948)
N(D) = N,e™A2, (33)

where D is the particle diameter, N(D)éD is the number of drops of diameters between D

and D + 6D per unit volume of space, N, is the value of N(D) at D =0 (0.08 cm~4), and

0.21

A is a function of the rainfall rate R expressed in mm-hr=! (A =41R-%2 cm™1),
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The second raindrop size distribution used was a modified Marshall-Palmer drop

size distribution of Willis & Tattelman [1989]:
N(D)= NgD%e AP, (34)

where Ng = 512.85M x 107D %+, o = 2160, A = 5.5880D;!, D, =
0.1571M091681  pAr = 0.062R%13, and M is the specific liquid water content. The re-
sults of these two raindrop size distributions were averaged, based on the following con-
siderations: (1) the two distributions gave very similar results for raindrops with diameters
> 0.1 mm, and (2) the “standard” Marshall-Palmer distribution is known to overestimate
the number density of small raindrops while the “modified” Marshall-Palmer distribution
underestimates them.

The resulting overall size distributions can be seen by reference to Figure 14a
and 14b where, respectively, the specific number density (particles-cm~2 per cm interval)
and the specific surface area (cm?-cm~3.cm™!) are shown for the inner regions of the model
domain. Note that these distributions result in smaller particles higher in the domain. This
is due to the lower vertical wind velocities in the upper regions of the domain, and hence the
larger particles tend to drop out because their fall speeds are larger than the local magnitude

of W.

3.2.2.2 Sticking Coefficients and Scavenging Rates

There are two primary heterogeneous-loss mechanisms considered; diffusion-
driven loss and, for ions, a larger, electric-field-driven loss. I discuss now the diffusional-
loss process that represents the transfer of material from the gas phase to the surface of a
cloud particle and its subsequent incorporation into (or loss to) that particle.
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Figure 14. a.) Size distributions of Specific number density, N(D), and b.) Specific surface area, SA(D), at r

= 10 m, for two altitudes. The solid lines correspond to z = 500 m, and the dashed lines correspond to z = 15
km.

The above computed steady-state size distribution of cloud particles is used to
compute a heterogeneous-loss rate, often called the scavenging rate ¢. I use the scaveng-
ing function that was derived by Fuchs & Sutugin [1971] and utilized by Chameides &
Davis [1982] in their model of (non-electrified) cloud chemistry. In this formulation, the

scavenging rate of a compound by a cloud drop of radius a is given by

8kT) 2 N(a)da »
1+ (

07+ %=0) I G

am@m=fﬁ(
3 mmn

where £ is the free mean path, ¢ is the sticking coefficient, and m is the molecular mass.

This function is integrated across all size classes considered in the model to produce an

overall loss rate at each grid point.

1/2
_4 8kT 10mm aN(a)da 1
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This procedure results in a field of heterogeneous lifetimes 74, expressed in sec-
onds and shown in Figure 15 for £ = 0.1, ¢ = 0.01, £ = 0.001, and { = 10~*. In the model
¢ = 0.1 is used for ions and small water clusters, { = 0.01 is used for water soluble chem-
ical species such as HNOj3, £ = 0.001 is used as a default value, and { = 10~* is used for
sparingly soluble compounds such as O3.

It is noted here that the cloud particles would exist as ice at temperatures corre-
sponding to the upper model domain. Although there are undoubtedly differences between
the sticking coefficients of some compounds to ice and liquid water, this effect is not in-
cluded here, as other uncertainties in the cloud-water chemistry are expected to be larger
than any error introduced by neglecting the freezing of the cloud-particles aloft (e.g. specif-

ically the saturation of cloud-drops by sparingly soluble compounds such as O3).

3.2.2.3 Heterogeneous-Loss Rates of Ions

In addition to the above loss mechanism, driven in some sense by Browian mo-
tion, charged species (ions and electrons) have another loss mechanism, specifically an
electric-field-driven loss. As discussed in Griffiths et al. [1974], this term is very much
larger than the diffusional capture of ions by cloud droplets.

An ion of charge ¢; will move in an electric field E witha velocity Vi = qi ,uz, -E,
where ;?, is the ion mobility (¢f. Section 2.2.1, page 33). As the ion moves through the
control volume surrounding a grid point, the specific surface area S A (m?-m~3) of the cloud

particles in the control volume are struck by the ions at a rate given by
7= = pjj x SA X {fiEe+ (1 = fo) Ba} (37)

where 7! is the overall loss rate due to ion capture (s™1), fe is the fraction of the time
that the channel is conductive ( 0.01 ), E, is the local electric field when the channel is
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Figure 15. Fields of heterogeneous lifetimes 75, (seconds) for selected values of the sticking coefficient £ In
the model ¢ = 0.1 is used for ions and small water clusters, £ = 0.01 is used for water-soluble chemical species
such as HNO;, € = 0.001 is used as a default value, and £ = 10~* is used for sparingly soluble compounds
such as Os.

conductive, and E, is the local electric field when the channel is not conductive.

The distributions of ion-capture loss rates, expressed as a lifetime 7, are shown
in Figure 16 for the 2-D model runs. The 1-D steady-state model run utilized the ion-capture
rates corresponding to the outer domain of the 2-D Base Case model run.
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Figure 16. Fields of ion-capture lifetimes 7. in the 2-D models.

3.2.3 Computed Microphysical Parameters

For ease of comparison with typical storm values, six fields of diagnostic statistics
are also computed from the cloud-particle size distributions: (1) the rate of liquid water gen-
eration R (mg H,0-m=3.s~1), (2) the average drop diameter D (um), (3) number density N
(cm—3), (4) the surface area SA (cm?-cm~3), (5) the liquid water content M (g H,0-m™3),
and (6) the radar reflectivity dBZ ( lO*Loglo(mm6-m‘3)). These fields are shown in Figure
17. In general, these values are consistent with those found in continental thunderstorms
and maritime cumulus (e.g. Musil & Smith, 1989 and Pruppacher & Klett, 1978).

The ratio of the rate of liquid water generation R to the total liquid water con-
tent of an air parcel M also determines a time scale of water overturning in the model 7.
Specifically, 7, is the time required to replenish M, the standing crop of liquid water (g
H,0-m~3), by R, the production of liquid water (mg HO-m~3-s~1). 7, = 1000M/R. This
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Figure 17. Fields of Liquid water generation rate R, Average drop diameter D, Drop number density N,
Specific surface area S A, Liquid water content M, and Radar reflectivity dBZ.
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time scale is used to determine the steady-state aqueous phase concentration and to ensure
that the drops are not saturated with the sparingly soluble materials such as NO ezc. The

spatial distribution of 7 over the model’s domain is shown in Figure 18.
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Figure 18. The lifetime of liquid water drops in the model (7 g). This is the time required to replenish M,
the standing crop of liquid water (g H,O-m~3) by R, the production of liquid water (mg H,O-m~3.s71).
Specifically, T = 1000M/R.
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3.3 Electrical Parameterizations

I now turn to the parameterization of the electrical environment of the various
models. The electrical environment can be considered to be comprised of two main features,
electric fields and ions (charged particles). Electric fields exist in both fair weather and foul.
The electric fields in thunderstorms (> 100kV-m~!) are, of course, much larger than the
fair weather electric field (< 0.1kV-m~!). Ion production also occurs in both fair weather
and foul. Cosmic rays and radioactive decays are responsible for the maintaining the fair
weather population of ions; thunderstorms produce ions via their large electric fields in a
manner to be describe below.

In this model, in an effort to simplify the computations, the electric field is spec-
ified as is the resulting ion-production rate. As a result of this parameterization, there is no
feedback between the produced ions and the local electric field. This interaction needs to be

explicitly considered in a more general, explicit, time-dependent model of ion production.

3.3.1 Electric Fields

There are two contributions to the model’s electric field E(r, z). The first is the
vertical field F,(r, z) caused by the vertical charge distribution within the model. The sec-
ond is the radial field E,(r, z) produced by the conductive lightning channel embedded in

the vertical electric field. I now discuss each of these in tumn.

3.3.1.1 Vertical Electric Field

In the absence of electrification processes within the model domain, the electric
field is represented by the fair-weather electric field. This is a vertical electric field which
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has a magnitude of —100 V-m~! at the groundT and decreases with a scale height of 2000
m.

In the model runs representing electrified convection, the electric fields are com-
puted from a specified charge structure. The large-scale electric structure of thunderstorms
has been reviewed in Williams [1989] where a tripole structure is suggested with the heights
of the lower positive, central negative, and upper positive centers at 0°C, —10°C, and —30°C
respectively. Using a composite of the charge densities seen by Marshall & Rust [1991], 1
derive a “typical” vertical charge structure that is shown in Figure 19(a), where the lower
positive, main negative, and upper positive charge regions have net charge densities of ap-
proximately 500, 2200, and 1400 nC-m? respectively, with a net charge overhead of —250
nC-m~2.

This charge density is then integrated using the one-dimensional version of
Gauss’ law

ps = eo%, (cm?) (38)
to produce the vertical component of the electric field (Figure 19b). This charge distribution
produces a field at the ground of +29 kV-m~!, a maximum positive field of +84 kV-m~! at

the lower sign reversal level (—2°C), and a maximum negative field of —160 kV-m~! atthe

upper sign reversal level (—20°C).

3.3.1.2 Radial Electric Field

This vertical electric field then produces a much larger radial electric field for the

following reason. During a lightning flash, the lightning channel is conductive; the charge

t The sign convention used here is such that in positive fields, a positive charge
will tend to rise (increase in altitude). Under this convention, a negative field (“fair weather
field”) at the ground corresponds to positive charge overhead.
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Figure 19. Vertical variations in (a.) Space charge density p4 (nC-m~3), (b.) Vertical electric field E,
(kV-m~!), and (c.) Induced channel charge A (C-km™!).

per unit length on a long thin conductive channelf in a parallel electric field was shown by
Heckman & Williams [1989] to be

2me, 2 N
A A NG /O E.dz, (Cm) (39)

nnel
where L is the channel length and R is the channel radius. This charge deposited on
the channel induces a radial electric field in excess of the breakdown strength of air in the
inner region of the model domain during the time that a lightning channel is conductive

(order milliseconds). The resulting electric field is shown in Figure 20, where the shading

corresponds to the region where the electric field is above the breakdown strength of air

t In this simple model, the lightning channel is represented by a vertical line seg-
ment along the inner model domain; any tortuosity will only serve to increase the total
(parameterized) ion production as the specific channel length will increase accordingly.
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Figure 20. Spatial distribution of the induced electric field resulting from the conductive lightning channel
located at the model’s inner domain wall. The units are kv-m~! and the shaded region corresponds to regions

above the breakdown strength of air.

(assumed herein to be ~ 500 kV-m~1).

It is this radial electric field that is assumed to produce the bulk of the ionization

during a lightning flash in this model.

3.3.2 Primary-Ion Production

77



Model Parameterizations Maximum Rate of Ion Production

How many ions are produced per flash? This number is highly uncertain but is
bounded by a maximum that can be computed based on energetics and a minimum that is

based on field neutralization.

3.3.2.1 Maximum Rate of Ion Production

The maximum number of ions that can be created by an electric field, based on
energetics, is roughly equal to that number allowed by taking all the energy of the electric
field in excess of breakdown in a given region and using this energy to create ions. The
available energy density in a given region of space x (J-m~3) is proportional to the square
of that part of the amplitude of the electric field that is above the breakdown strength of air

Egp (= 0.5 x 106 V-m~!) and is given by
1
p=5e(BC) = Epp)’, (Im~?) (40)

where the electric field is given by

E(r) ~ (V-m“) (41)

2we,r

for a line charge, and ) is the charge density on the lightning channel (C-m~!). Integrating

Eq.(40) over the control volume of a grid point results in

Z, 2T To
u = / /0 / %so (E — Egp)rdr d6 dz (Joules) 42)

where p* represents the total electrostatic energy over the control volume of a grid point.
This value of u* is then converted into the total number of ions produced throughout the
entire control volume by dividing by the average amount of energy required to produce one
ion pair,

*

#IONSmaz = =— ,  (lon Pairs) (43)
Ey
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where F. is the average energy required to produce one ion pair.

We now compute the average amount of energy it takes to produce one ion pair.
This is a function of the reactions that are postulated to be the primary ionizations. Follow-
ing a similar line as that in Dalgarno [1967], the primary products of ionization are those

due to the breakdown of air and are shown in Table 1 along with their ionization energies.

Table 1. Primary Ionization events.
relative eV per total eV
frequency Reaction ion pair required
0.75 x 0.8 Ny - NJ  + e 15 9.00
0.75 x 0.2 0, =05 + e 12 1.80
0.25 x 0.8 Ny =N + N* + - 14 +9.8 4.76
0.25 x 0.2 0O, -0 + O + e 14 +5.2 0.96
=1 16.52

Using the conversion factorof 1 eV =1.6 x 10-19 Joules, we arrive at a value of
2.6 x 10718 J.Ton Pair~! for E; and use this value to compute the number of ions produced

per lightning stroke in the control volume of a grid point.

3.3.2.2 Minimum Rate of Ion Production

The minimum number of ions that can be created by an electric field is roughly
equal to that number required to just cancel the applied electric field. These ions can be
imagined as being created at some point within the control volume of a grid point, starting
to move in the applied electric field, and soon being captured by a cloud drop particle,
forming a small dipole (the positive and negative ions moving in opposite directions). The
magnitude of the electric field produced by the dipole is proportional to the distance that
the ions can travel before they are captured. If they travel a short distance, the dipole is
weak and a lot of ions are required; conversely, if the ions travel a large distance prior to
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being captured, then fewer will be required than in the former case. In other words we are
creating a macroscopic-scale dielectric whose dielectric strength « is proportional to the
average distance that an ion can travel prior to capture. The reduction in the electric field
due to the creation of the dielectric is then £ = E, /.

This minimum number can be represented by

_ & (FE - Epp)
v = 2\~ ZBD)

- , (Ion Pajrs-m'3) (44)
where v is the number of ion pairs per cubic meter required to reduce the field from E to
Egp, ais the dipole separation, and e~ is the charge on one ion (1.6 x 10~'°C). This value
can vary between an upper limit based on the previously discussed energetic limit and a
minimum when the ions can drift a distance comparable to the dimensions of a control re-
gion’s width (an unlikely prospect); I therefore assume that a is of order 1cm. This function

is then integrated over the control volume of a grid point in a manner analogous to that done

for p to obtain the minimum total number of ions produced in that region,

Zy 2T T,
#IONS in = / /0 / v rdrdf dz. (lon Pairs) (45)

3.3.2.3 Computation of Reaction Coefficient

The number of ions created per lightning flash should lie somewhere between
these values (#IONSi, and #IONS.x). Having reason to believe that each bound is an
extreme one and wishing to use a conservative ion production rate, I use the geometric
mean of these two bounds (given in Eqgs.45, and 43) as the number of ions created per

lightning flash and uniformly distribute them over the grid’s control volume,

2y w27 To
Volume = / /0 / rdrdf dz. (m?) (46)
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Table 2. Typical values of ion-pair-production rates.
Induced Breakdown
charge distance Maximum Minimum Average
Top Ion Pairs Ion Pairs Ion Pairs
(C-km™1) (m) (m~1) (m=1) (m=1)
0.1 3.6 2.3 x 10% 6.0 x 101 3 x 10V
1.0 36 3.1x 102 6.0 x 101 1 x 10"
2.0 72 1.3 x 105 1.2 x 1016 4 x 10"

An example of the results of these calculations are shown in Table 2. In this table is shown
the maximum, minimum, and average number of ion pairs created, per meter of lightning
channel, per lightning flash as a function of the charge on the lightning channel.

The first column shows typical values of the charge on the lightning channel; the
second column lists the radial distance away from the channel that has the (radial) electric
field at the assumed breakdown value (the electric field is above Egp forall r < r,.);
the third column and fourth columns represent the maximum and minimum number of ions
produced per meter of lightning channel between r; = 0 and r, = . Itis noted that these
average values are similar to the value of 4 x 10° used by Hill [1980] in his study of corona

currents.

3.3.3 Ground Corona

Estimates of the current density in ground corona underneath thunderstorms are
of the order of 1 x 10~° A-m~2 (Williams, 1989 and Standler, 1980). This current density
amounts to 1 A of corona ion current beneath the inner 2000 m of the model domain. This
ion current is distributed uniformly throughout the control volumes of the first row of grid
points (the lowermost level in the model) in proportion to their ground surface area.
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3.3.4 Cosmic Rays & Radioactive decay

In the absence of electrification processes, the primary source of ions in the at-
mosphere is (1) cosmic rays and (2) radioactive decays. Because the primary chemical
reactions leading to ion creation in the regions around lightning channels are similar to
the ion production reactions in cosmic-ray bombardment and radioactive decay these latter
sources of ions were easily included in all model runs.

There is a latitudinal gradient in incident energy due to cosmic-ray bombardment
because the Earth’s magnetic field deflects the less energetic particles. Values of total radi-
ance range from ~ 5 x 105 MeV m=2-s~!.sr~'near the geomagnetic equator to & 15 x 10°
MeV m~2-s~1.sr~Inear the geomagnetic poles (Hayakawa, 1969). Cosmic rays dissipate
their energy in the atmosphere via ionization (64%), nuclear reactions (13%), and neutrino
production (20%); the residual 3% being deposited on the Earth. The incident flux for 30°
latitude is estimated to be 10 x 106 MeV m~2.s~1.sr~!. This results in the estimates of the

amount of energy dissipated in the atmosphere by cosmic rays shown in Table 3.

Table 3. Estimated Distribution of Energy Dissipation at Latitude 30°
(MeV m~2.s~1.sr~1)

Process Dissipation %

Tonization in the atmosphere 6.35 x10° 64

Neutrinos 2.00 x 108 20

Nuclear Reactions 1.30 x10° 13

Residual energy at sea level 0.35 x 108 3

Total (J,) 10.00 x10°

This energy is not deposited uniformly in the vertical, however, as the density
of the atmosphere varies exponentially with height, and energy deposition (per unit length)
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is proportional to density, with an energy-averaged mass-absorption cross section (k) of
5.5 x 10~* m? kg~! . The cosmic-ray unidirectional intensity as a function of height (z)

and zenith angle (6) is (I assume no azimuthal dependence) therefore

-k 00
70, z2) =j,exp (E—O-;G—/Z p(2) dz) . MeVm2.s1.sr! (CY))

Note that j,, the omnidirectional cosmic-ray intensity at the top of the atmosphere, can be
estimated as twice the downward flux shown in Table 3 or 20 x 106 MeV-m~2s~1.sr~1. The
total, unidirectional (downward) flux at altitude J(z) is found by integrating j (6, z) over the
upper hemisphere (of a plane parallel atmosphere)T
/2
J(z) =2 /0 i,2) sin0df, MeV-m=2s~! (48)
and the vertical derivative of J(z) is the specific rate of energy deposition at altitude =z
(MeV-m~3.s~1).
When multiplied by the proportion of the energy dissipation that is due to ion-
ization events (P; =~ 0.64), and divided by the average amount of energy required to create
one ion pair (E ~ 16 ¢V perion pair), the number of ion pairs produced per m?3 per second

can be calculated as a function of height /(z)

3

I(2) = g1 (49)

dJ(z) g (P;

P E) . ion pairs-m~

This equation can be most readily solved numerically and yields the solid line
shown in Figure 21. As can be seen in this figure, the ionization produced by cosmic rays

reaches a maximum near 20 km, where the atmospheric “optical depth” is unity, i.e. 1800

t Here Iam speaking of the total flux and not just the downward component. The
downward component of radiation incident (omnidirectional from above) on a hemisphere
18 just % of the total. The plane parallel approximation is made as altitudes considered will
be small (< 50 km).
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Figure 21. Vertical distribution of cosmic-ray ionization rate used in the model. The dashed line is the ion-
ization rate due to 222Rn and the solid line is the ionization rate due to cosmic rays. The ionization rate used
is the sum of these two processes.

kg-m~2. This naive integration ignores the interaction of the “hard” component of the cos-
mic rays (primarily muons) and also ignores the slight energy dependence of the absorption
cross section, as well as other subtleties, but it gives values of I(z) good to within,a factor
of 2 of generally accepted distributions (¢f. Fig. 18-6in U.S.A.F,, 1961). As seen in Figure
21, the cosmic-ray ion production rate below 1 km is of the order of 1 to 2 x10® m~3.s~1.
In this region, radioactive emanations from the ground also contribute to the ionization rate
and are considered next.

Radioactive decay of naturally occurring uranium and thorium result in long
chains of daughter isotopes, ultimately leading to lead. The fact that radon is a noble gas
allows it to percolate through the soil and escape to the air. In addition, as Martell [1985]

points out, plant transpiration can increase the flux of radon from soils by almost an order
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of magnitude over the rate for “bare” soils. Martell further summarizes reported values of

-2.5-1 while

radon fluxes as 22Rn ~ 1 x 10* atoms-m~2-s~!, 22 Rn ~ 2.4 x 10? atoms'm
the fluxes of 21°Rn are insignificant due to the fact that it has a 3.9 sec half life and its parent
(33U) has an abundance relative to 22U of 0.72%.

When the average energy released in the decay of radon and its short-lived daugh-
ters (6 MeV) are combined with the energy requirement of 16 eV per Ion pair created,
approximately 2 x 10° jon pairs are produced per disintegration of radon. The density of
222Rp decreases exponentially with height, averaging 500 dpm (disintegrations per minute)
at ground level and having a scale height of 1.76 km. This ionization rate is shown on Fig-
ure 21 as a dashed line. As seen by this line, radon dominates over cosmic rays as the chief
source of ionization below 2 km and creates a ground-level]L ion-production rate of some
5 x10° ion pairs-m~3.s~!. Because most lightning occurs over land (Orville & Hender-

son, 1978), these two sources of ionizing radiation are added together to produce the net

background ionization.

3.4 Ultraviolet-Light Production

Due to the very high temperatures of the lightning channel (= 30, 000K) and
the facts that (1) the photon flux output by a black body varies as the third power of the
temperaturei, (2) the wavelength of maximum emission varies as 1/7" (Wien’s displace-
ment law), and (3) the photolysis of molecular oxygen O, and O3 are chemically important

events, the production of copious quantities of ultraviolet light by the lightning flash must

t Radon is emitted only over land in any substantial quantities, as its precursors
are insoluble in seawater and so the radon concentration of the sea is very low and its half
life is too short for diffusion from the sea floor to be important.

! This result is derived in Appendix A , page 183 .
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be considered and accounted for in some manner if it in any way resembles a black body.
The approach that I took can be summarized as the following seven stage analy-
sis: (1) Establish to what extent the lightning channel can be considered as a gray body (and
consider the errors resulting from this assumption) and (2) compute the gray body emissiv-
ity required to give the same total radiance as an actual lightning channel with emphasis on
the vacuum-UV (< 200 nm). I then (3) compute the time-temperature profile of an average
lightning channel and based on this, (4) compute the total radiance for the standard WMO
[1985] spectral bins]\ (and the shorter wavelengths emitted as a consequence of the high
temperatures of the lightning channel). This wavelength dependent photon flux is then (5)
coupled to intra-cloud loss processes and (6) given estimates of the average lightning-flash
rate as a function of position within the model domain, (7) determine reaction coefficients
for selected wavelength-dependent photolytic reactions, specifically the photolysis of O3

and Os. The details of each of the preceding steps are now presented.

3.4.1 Black-Body Analysis of a Lightning Channel

We begin the analysis with the first point to consider, namely (1) To what extent
can the hot channel can be considered to be a gray body of radius 1 cm? Lightning is cer-
tainly not a perfect black body (nor perhaps even a very good gray body) emitter. However,
the radiative considerations are simplified considerably if the gray body assumption can be
made. How poor an approximation is this?

The answer is based on two considerations. The first is an analysis of the spectra
of relatively cold laboratory arcs (= 8,000K) obtained by Palva [1974] (Figs. 3.8.2 and
3.8.3 therein) and the spectra of return strokes recorded by Orville [1968a] (Figs. 9-12

I Standard wavelength intervals used in the computation of absorption cross-
sections and photolysis rates.
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therein). These spectra clearly indicate that in some parts of the spectrum lines dominate,
while in other regions the continuum dominates. Although none of these spectra show the
UV spectrum of an actual return stroke, that spectrum can be expected to have a similar mix
of continuum and lines. The lines will perhaps be even broader because the temperatures
are higher.

The second consideration derives from the recognition that it is not the exact
spectral distribution of photons that we are ultimately interested in. Rather it is the integral
of the product of the emission spectrum and the absorption cross-sections of O and O3 (cf.
Section 4.1, page 95). These cross-sections do show some line features but are generally
relatively smooth; hence the integral may be (hopefully) less sensitive to the details of the
emission spectrum than it is to the integrated photon flux within the regions of strongest
absorption.

I therefore conclude that a gray body is an acceptable assumption provided that I
pick an emissivity ¢ for the gray body such that it emits the same amount of radiant energy

as an actual channel at 30, 000K, especially in the ultraviolet.

3.4.2 Determination of a Gray-Body Emissivity

We come now to the second stage of the analysys (2): Assign a gray body emis-
sivity.

The total radiant energy flux of a lightning channel at 30, 000K can be estimated
from the measurements of the long-wavelength (400 — 1200 nm) light output of lightning
strokes as observed by Guo & Krider [1982] and computed in Paxton et al.’s [1986] model
of the energy balance of a 20 kA return stroke (Fig. 9 therein). Figure 22 shows the dis-
tribution of radiant energy as a function of wavelength for a “black body” 1 cm lightning
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Figure 22. Spectral distribution of the radiative flux from a 1 meter segment of a “black body” lightning
channel 1-cm in diameter at 30, 000K. The shaded region corresponds to the region observed by Guo &
Krider [1982].

channel at 30, 000K. The output in the 400 to 1200 micron band is shaded.

As seen from this figure, most of the energy output of a black body has wave-
lengths shorter that the 400 micron limit to the observations of Guo & Krider [1982], and
the total power is 2885 x 106 W-m~! with 151 x 10° or 5.2% in the 400 to 1200 micron
region. Guo & Krider [1982]’s measured optical output in the 400 to 1200 micron band was
1.0+ 0.9 x 10° W-m~!. If we assume that the lightning channel at the time of its observa-
tion was at 30, 000K and had a 1-cm radius, then this “black body” lightning channel would
have a total radiation output of 2885 x 10® W-m~!, with 151 x 10° W-m~! of that output
in the 400 to 1200 micron window. This implies an emissivity in this region of 0.67%.

Another estimate of the emissivity of the lightning channel can be obtained from
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the 20kA lightning return stroke modeled by Paxton et al. [1986]. This channel radiated
1600 J-m~! during a 8 usec time interval or 200 x 105 W-m~!. This corresponds to an
emissivity of 6.9%. The dependence of the emissivity upon temperature is apparent here
as a black body should radiate 5.2% of its power in the 400 to 1200 micron window: in the
model of Paxton et al. [1986] it radiates 0.5% with 1 x 106 W-m~! of the total power in
the 400 to 1200 micron band.

Considering the fact that most of the radiation will be from the very hot early
moments of the flash, the 6.9% gray body is more appropriate than the 0.67% derived from
the 400 - 1200 nanometer region. I therefore choose 5% as the emissivity of the channel.

Having derived an estimate of the emissivity of the lightning channel, I now
determine the time-temperature characteristic of a cooling lightning channel in order to

permit the computation of the total photon flux.

3.4.3 Rate of Channel Cooling

The third stage of the analysis is (3): Estimate the time evolution of the tem-
perature of the lightning channel. The time-temperature relationships observed by Orville
[1968b] and the model computations of Uman & Voshall [1968] were combined and fitted to
a power-law time-temperature profile. These data and the fitted curve are shown in Figure

23. The channel begins at 30, 000K at 1 usec and cools to 2,000K in 1 sec.

3.4.4 Total Photon Flux

The fourth stage of the analysis is (4): Compute the photon flux in each spectral
bin as defined in WM O [1985] and in the vacuum-UV wavelengths.
The total number of photons emitted per meter of lightning channel per light-
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Figure 23. The time evolution of channel temperature (dashed line) that is used to compute the radiation
flux. The circles are observed temperatures (Orville [1968b]), the U’s are various models of (Uman & Voshall
[1968]).

ning flash T(6\) can be computed by successively integrating the outward photon flux
over (a) the specific surface area of the lightning channel, (b) wavelength interval, and
(c) time. The outward photon flux I'(T, ) is found by integrating the outward component
cos(8) of the channel’s radiance, given by the channel’s emissivity € times Planck’s function
(J-m~2-s~!l.sr~!-m~') over a hemisphere o (27 sr) and dividing by the energy per photon

hv(= hc/ X J-photon~!)

photons
s'm2-m

| NUADY) =/ ;l\—ZB (T®),A) cosfdo = WI):_ZB T, . (50)

(-4

where h is Planck’s constant J-Hz™1), c is the speed of light, T'(t) is the prescribed temper-
ature T at time ¢, and B(T'(t), \) is the Planck function at temperature T'(t) and wavelength
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A. The remaining integrations are then

1 sec

photons 51)
m

TG\ = r—2rR. 62 M BTN d) di
) =72 R, 87 [ [T ABTON A d,

psec

where R is the channel radius, 6Z is one meter of channel length and 61 is the wave-
length interval between the limits of a W MO [1985] spectral bin A;, and Ay. The wave-
length intervals are 2nm’s in width for wavelengths shorter than the first W MO standard
spectral bin (A < 175 nm) and Snm’s in width for wavelengths longer than the last W MO
standard spectral bin (A > 850 nm). Figure 24 shows this total photon flux as a function of

wavelength.

25 T l l1llll] 1 [ l!l[lll 1 ‘ L LR
24 .
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13 4+
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10 — - —
10 30 100 300 1000 3000
Wavelength ( nanometers )

Figure 24. Spectral distribution of the total photon flux from one meter of a cooling lightning channel.
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3.4.5 Photon Loss

The fifth stage of the analysis is: (5) Determine the nature of the intra-cloud
photon loss processes. Photons in the visible spectral region have a rather low loss rate
inside clouds; as noted by Thomason & Krider [1982], the single-scattering albedo (&)
of clouds is very near 1.0 throughout the visible region and decreases very slightly in the
infrared (1.000 < &g < 0.99997 in the region 450 nm < A < 870 nm). For water drops
much greater than the wavelength of light, the extinction efficiency of a spherical drop is
approximately 2 (van de Hulst, 1957) and the interaction mean free path of photons ‘¥ with

a uniform population of drops is approximately

~
~ 27aN
where a is the mean radius and N is the number density of drops. Choosing characteristic
values of @ and N of 10xm and 500 cm~3 respectively results in a A of 3.2 meters. Taking
a value of Wy < 0.9999 as the average for the visible/near-UV region gives and using the
above value of A yields a photon “e-folding” distance of 32 km.
The scattering of vacuum-UV photons (A < 200nm) is much greater. However,
they are also strongly absorbed by O, and O3, and are removed within a meter for the
vacuum-UV and on a scale of tens of meters for the lénger wavelength UV photons (> 200

nm).

3.4.6 Lightning-Flash Rate

The penultimate stage of the analysis is: (6) Derive an average lightning-flash rate
as a function of height for the model. To derive the lightning-flash rates for the electrified |
convection model run, I consider two regions of the model, the region below the main lower
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charge center that is assumed to have cloud-to-ground lightning flashes, and the region
between the main charge centers that is assumed to have cloud-to-cloud lightning flashes
(cf. Section 3.3.1.1, page 75 and Figure 19).

I begin with an estimate of the average global lightning-flash rate of O[100] per
second (Borucki & Chameides, 1984) and a consertative average number of thunderstorms
in existence at any one time over the globe of O[1000] (cf. page 9-4, U.S.A.F,, 1961). 1
assume that these flashes represent cloud to ground flashes. This results in an average cloud
to ground flash rate in any particular thunderstorm of O[0.1] per second. Most flashes are
composed of multiple strokes, so I then (conservatively) multiply the flash rate by 2 to
account for multiple strokes per flash (Uman, page 4, 1969 gives range of 3 —4 strokes per
flash as representative). This yields a cloud to ground stroke rate of 0.2 per second.

It is known that cloud to cloud flashes are more common than cloud to ground
flashes, and much of the ion model represents intra-cloud lightning; therefore, between the
main charge centers of the model (¢f. Section 3.3.1.1, page 75 and Figure 19) I use a global
average cloud-cloud stroke rate. To compute the average cloud-cloud stroke rate I multiply
the average cloud to ground stroke rate by 5, the average ratio of cloud-cloud flashes to
cloud-ground flashes reported by Rutledge et al. [1992]; this yields a cloud to cloud stroke

rate of 1 per second.

3.4.7 Computation of Photolysis Rates

The final stage of the analysis is (7): Compute an effective reaction coefficient
for the photolysis of O3 and Os.

The computed photon flux is then turned into an equivalent photolysis rate for the A
photolytic reactions via a 1-D Beer-Lambert type analysis of the photons absorbed as they
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stream radially outward from the lightning channel. To accomplish this, the photon flux
per meter of channel I'(6)) (photons-m~!-flash=') is first divided by the specific surface
of the channel (m%/m) and then multiplied by the assumed lightning-flash rate (flash per

-2.5-1. The photons (of a given

second) to obtain a radial flux dI” expressed as photons-m
wavelength interval) absorbed in the control region of a grid point then becomes a function
of the intensity of the incoming photon flux and the optical depth of the control region of
the grid point (cf. Section 4.1, page 95). The number of photons absorbed is then divided

by the local atmospheric number density to obtain an effective J(r, z, 6 ).
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4 Chemistry of the Model

In this chapter I discuss the compounds and reactions included in the model as
well as the methods used to create and test the model. Generally, when setting out to create a
chemical / dynamical model on a grid, two distinct problems arise. The first is the creation
of the grid, and that has already been dealt with in the chapter detailing the creation of
the grid (Section 2.4, page 41). I now discuss the procedure to select the compounds and

reactions to include in the model.

4.1 Overview of the Chemistry of the Model

As this is a model of the ion chemistry of electrified convection embedded in
a tropical atmosphere, it begins with a standard photochemical model, patterned closely
after those of Logan et al., 1981, Thompson & Cicerone, 1982, and Thompson & Cicerone,
1986). I therefore begin with the major reactions (=~ 150) and compounds (= 50) found in
standard photochemical models.

The altitude-dependent diurnally-averaged, photolysis rates used in the model
(J,.’s) were computed by integrating across all wavelengths the product of the UV pho-
ton flux at altitude z, represented by (), z) (cm~2-s~!) times the temperature-dependent

reaction cross-section a(\, T'(z)) (cm~2) i.e.,

Ay
Ju(z) = /A o\, 2) o (\T) dX. (52)

The altitude-dependent diurnally-averaged UV fluxes are calculated in a separate
model. In this model, the atmosphere is divided into 1km thick layers, from the surface to
50km. Given prescribed concentrations of ozone and Rayleigh scatters for each layer and

95



Chemistry of the Model Ion Chemistry

a top-of-the-atmosphere solar flux, the UV flux at each level is computed for each of the
spectral intervals in WMO [1985]. In this model, the Rayleigh-scattering phase function is
bi-directional, i.e. either directly forward or backward, the surface albedo is 0.06, and the
column ozone concentration is 250 Dobson units (DU).

Given the debate over the importance of the atmospheric oxidation of the sulfur-
containing species OCS and DMS to the generation of CCN (Cloud Condensation Nuclei),
I add the chemistry of OCS, DMS and their degradation products on down to HSO4. This
adds another ~ 150 reactions and ~ 20 compounds. The addition of these reactions permits
an understanding of the vertical distribution of possible CCN generating reactions.

To compare the importance of the hot-channel chemistry to the ion chemistry
occurring in the cooler regions surrounding the lighting channel, the standard chemistry of
high-temperature air must be included in the model. Adding this high temperature adds
another =~ 150 reactions and ~ 25 compounds to the model. These reactions focus on the
dissociation and recombination of the major atmospheric constituents.

We now come to the focus of this study — the atmospheric chemistry of ions.
The major ion reactions will be reviewed in the next section and it suffices to state here
that the inclusion of this ion chemistry adds another ~ 300 reactions and ~ 75 compounds
to the model. Of these reactions, about 1/3 deal with the basic ion chemistry of air, 1/3
are reactions of water clusters, and 1/3 are reactions of the long-lived gases SFg, CF4, and
CCly.

We arrive at the final model with a rather large number of reactions and com-
pounds. The methods used to manage such a relatively complicated chemical model will

be dealt with in detail later in this chapter, beginning at Section 5.1, page 102.
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4.2 Ion Chemistry

I now describe the basic ion chemistry of the model. The ion reactions will be
discussed in an order parallel with the life history of an ion, i.e. its production, reaction,

and loss.

4.2.1 Ton-Producing Reactions

We begin with the reactions that produce ions from neutral species; these reac-

tions can be characterized as being driven by either cosmic rays or high electric fields.

4.2.1.1 Cosmic-Ray-Induced Reactions

The reactions induced by cosmic rays are considered to be similar to those es-
timated by Dalgarno [1967] and used by Hill et al. [1984] and are listed in Table 4 . As
seen in this table, the immediate products of ionization are electrons, N3, N*, 03, and O*. I
also added the cosmic-ray-induced destruction of the long-lived trace gases SFg, CF4, and
CC/4 in order to obtain an estimate of their tropospheric (chemical) lifetime in the absence
of electrified convection.

The cosmic-ray reaction-rate coefficient, referred to in Table 4 as Ionization-
Rate, was computed by taking the total ion production rate (I(z)) as shown in Figure 21 and
dividing by the number density of the local air ;. This produces an effective j that varies
with height. Rates computed in this manner are indicated by X3 in the rate tables. It is
noted that the reactions that break chemical bonds as well as ionize are given less weight
(occur less often) to account for the greater energy requirement of these reactions (cf. Table
1).
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Table 4. Cosmic-ray-induced reactions.

Rx Ref Reaction Rate Coefficient

Riig X3 0O — O; +¢ 7114 = 0.50 x IonizationRate
Riis X3 0, - O0+0*+e  jy15 =0.25 x IonizationRate
Rij¢ X3 N — Nj+e J116 = 0.50 x IonizationRate
Ri;7 X3 N; —- N+N*+e Jj117 = 0.25 x IonizationRate

Ry X3 CO; — COj +e J11g = lonizationRate
Rij9 X3 H;0 — HO"+e  jj19 = lonizationRate
Rizo X3 SF¢ — SFs+F 7120 = IonizationRate
Riyy X3 CCly — CCl3+CL  j121 = IonizationRate
Ri» X3 CF; — CF3+F J122 = IonizationRate

4.2.1.2 High-Electric-Field Production

The reactions that comprise the initial creation of ions (primary ions) by the elec-
tric field in excess of breakdown are are listed in Table 5. As seen in this table, the immediate
products of ionization due to high fields are the same as for cosmic ray induced reactions,

namely electrons, N3, N*, O3, and O*.

Table 5 . High-Field-Induced Reactions.

Rx  Ref Reaction Rate Coefficient

Rizg X5 0, — O + e J129 = 0.79 x L_Ion_P
Rizp X5 Nz —» Nj + e J130 = 0.79 x L_Ion-P
Rizz X5 0 - 0+0" + e 7131 =021 x L.Ion P
R132 X5 Ny — N+N* + e j132 =0.21 x L_Ion_P

The reaction rate coefficient, referred to in Table 5 as L Ton_P, was computed

by taking the local value of the average ion production rate as discussed in Section 3.3.2,

page 77 and listed in Table 2 and dividing by the local air number density g4i-. This produces
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an effective j that varies with height and the strength of the local electric field. This rate is
0 for any grid point whose control volume is sufficiently away from the lightning channel
such that the magnitude of the electric field is less than the assumed breakdown strength of
air (Egp = 0.5 x 10® V-m~1). The grid points for which this rate is non zero are indicated
by the shaded region of Figure 20 as discussed in Section 3.3.1.2, page 77. Rates computed
in this manner are indicated by X5 in the rate tables. It is noted that the reactions that break
chemical bonds as well as ionize are given less weight (occur less often) to account for the

greater energy requirement of these reactions (cf. Table 1).

4.2.2 Secondary-Ion Production

The reactions that comprise the secondary creation of ions are those that are due
to the electrons previously created by the primary-ion reactions in conjunction with the am-
bient electric field. Specifically, these are the various electron-energy-dependent reactions
of O, and Nj. The energy dependencies were accounted for by fitting polynomials to the
energy-dependent cross-section data of Itikawa et al. [1986], referred to as IT in the reac-
tion tables and Itikawa et al. [1989], referred to as JH in the reaction tables. In increasing
order of electron energy required for the reactions are Ionization, Dissociation, and Disso-
ciation & Ionization. These are represented by the (energy dependent) functions X2 Ion,
X2_Dis, and X2_Dislon respectively where X2 represents either N, or O,. These reactions

are summarized by Table 6.

4.2.3 Reactions With Water

Unlike the ion chemistry of the stratosphere and ionosphere, the ion chemistry
of the troposphere is dominated by reactions with water. Water reacts rapidly with positive
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Table 6 . Lightning-Induced-Ionization Reactions

Rx Ref Reaction Rate Coefficient
Ry 1 02 +¢ — O; +e+¢e kz()g = 02.Ion
Rypo I O,+e > O+0+e kg9 = 02_Dis
Ryyy I Oz+4e —» O+0*+e+e  kyo=02Dislon
Rz IH Ny+e — N; +e+¢€ k308 = N2_Ion
R3zip IH Nz;+e — N+N+e k309=N2_DiS
R3uy IH Ny+e — N*+N+e+e kzjo=N2_Dislon

ions to produce OH, H3O*. As discussed by Good et al. [1970a] the presence of water

causes the primary positive ion loss mechanism to be

N} + Ny + {M} — N + {M}, (53 a)
N + H,0 — 2N, + H,0", (53 b)
H,0* + H,0 — H;0* + OH . (53 ¢)

The analogous reactions also occur with O, instead of N (Good et al. [1970a]).

The fate of negative ions is less interesting. The primary (first created) negative
species is the electron. It undergoes three-body collisions with O to produce O3 and Oy.
If, as discussed in Hameka et al. [1987], the electron or O3 impacts HyO with sufficient

energy then the following reactions could occur
e + Hh O —- OH™ + H, (54 a)

0; + HHO — OH™ + H + Oy . (54 b)

These reactions are indicated by XX in the reaction tables and are given in Table 7. These
rates should be considered as upper limits to the rates applicable to atmospheric studies.
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Lightning-Induced Photolysis

Table 7 . Primary reactions with water

Rx Ref Reaction Rate Coefficient

R3ja MP Nj+H,0 — HyO*+Ny+N; k33 =1.9x107°
R3¢ MP N; +H,0 — H20+ + N, k315 =1. % 10-10
Rys ZN  OF +H,0 — WO3 + 0, kg5 = 2.2 x 1070
Ry XX 03 +H0 — Hy0% + 0 k= 1. x 10710
Ry, XX e+H,0 — OH- +H ks = 1. x 10712
Ry ZN H;0'+0; — O} +H0 k3ze =2. x 10710
R3gq ZN H,0" +Hy0 — H30" +OH  ksg=1.8 x 107°

4.3 Lightning-Induced Photolysis

As discussed in Section 3.4, page 85, the lightning channel also is an emitter of

vacuum-UYV radiation; the primary reactions driven by this photon flux are listed in Table 8.

As discussed in Section 3.4.7, page 93, the effective photolysis rates for these reactions are

computed via a 1-D Beer-Lambert procedure; these reactions are indicated by the reference

X4. The wavelength specific cross-sections o were taken from WMO [1985] for O, and O

and from McEwan & Philips [1975] for O~, O3 and Oj3.

Table 8 . Lightning-Induced-Photolysis Reactions.

Rx  Ref Reaction Rate Coefficient

Riz X4 O3 — 0,+0 J123=0.05x O3_L_Photo
Rize X4 03 — 02+0('D) Jyoa=0.95x O3_L_Photo
Rips X4 0, - 0+0 J125= O2_L_Photo

Ri¢ X4 O — O+e J126= O-L_PhotoFrag
Riy X4 0; — Oy+e Ji27= O2_L_PhotoFrag
Rizgs X4 07 — Os+e J128= O3_L_PhotoFrag
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5 Creating and Testing the Model

This chapter explains the methods utilized to create and test (validate) the ion
model herein developed. I begin with the methods used to physically create the model and

then discuss the methods used to test the model.

5.1 Methods Used to Create the Model

Given the wide range of chemistry being modeled in this study, it should not be
unexpected that there are many more reactions and chemical species included in this model
than in others; over 800 reactions among 200 compounds are included in this model. With
this number of reactions and compounds there is no feasible way to manually produce all
the subroutines needed to compute the sources and sinks of all the compounds in the model.

It was necessary therefore to write first a computer program whose input was a
standard ASCII listing of the reactions to be included in the model and whose output was
all the subroutines necessary to compute the sources and sinks of all the compounds in the
model. The first version of this program, herein called the model builder (BUILDER), was
written in 1989 by Neil Donahue in his study of the hydrocarbon chemistry of the marine
troposphere (Donahue & Prinn, 1990). This program has been modified in this study to
create a more efficient computer code, and it is now a quick and easy method to reliably
create chemical models of arbitrary complexity. The use of BUILDER has allowed the
user to focus upon the chemistry to be utilized (or ignored) in the model and not worry
about mistakes in the coding of the sources and sinks; the most error-prone task in building
chemical models.

In addition to the automatic generation of the source and sink subroutines, equally
simple and flexible methods were developed to allow the specification of the various bound-

102



Creating and Testing the Model Mistakes

ary conditions of the models. The boundary conditions could then be specified at a “high
level” of the model generation rather than actually “hard-wiring in” these conditions.

The above two tasks were considerably facilitated by the selection of a highly
structured language for the model builder (BUILDER) and for the model builder’s output
(the chemistry model itself); in this study, Turbo Pascal® was chosen for both BUILDER
and BUILDER’s output. The output of BUILDER could just as easily be i860 assembler

code or any other code that a target platform requires for maximum efficiency.

5.2 Methods Used to Check the Reactions & Errors Encountered

Due to the large number of reactions included in this study, it was necessary to
exclude as many errors as possible from the table of reactions (Appendix B , page 184). I
now describe these errors and the methods used to eliminate them.

Because the subroutines used to calculate the sources and sinks of all the com-
pounds were created by BUILDER, little could go wrong in this phase that would get past
the language compiler used for this study (Turbo Pascal® V5). The errors were there-
fore primarily in the table of reactions itself; the errors encountered during the construction
and testing of the models were of four different types; mistakes, invalid extrapolations,

missing reactions, and inconsistencies. These errors are now discussed in turn.

5.2.1 Mistakes

Mistakes in entering the original kinetic data are of two types. The first is a
mistake in the names of the compounds that are involved in the reaction, and the second is
a mistake in the expression for the rate constant. The following reaction has both types of
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mistakes:

CHs +OH — CH, + H)O k=24 x 10712H1720/T (55)

The first mistake in this equation is that it does not conserve hydrogen atoms; there are 5 on
the left and only 4 on the right. This type of mistake is automatically checked by BUILDER
and is corrected in the input files manually after having been flagged as questionable by
BUILDER. The second mistake in (55) is that the exponential value should be —1720 rather
than +1720; this type of mistake is harder to find but does often show up as either a very
large or a very small rate constant at either high or low temperatures. The range of rate
coefficients at S000K and 500K are automatically checked and suspicious values are flagged
for manual examination.

Because many sources of data were referenced in the construction of the tables,
mistakes in the original sources were common. In general these errors were picked up by
the above methods as well as through a comparison of corresponding rates from varying
sources. Another way to notice bad rate constants is that they cause a well characterized
chemical species to misbehave, (e.g. if the OH number density was very different from
1 x 10%-cm=3 or if its chemical lifetime 7 was very different from 1 sec, then a mistake
would be suspected in the dominant reactions controlling its atmospheric mixing ratio and
lifetime).

As a result of the above checks, the following statement can be made regarding
any residual mistakes still in the input data table: The mistake (1) does not violate con-
servation of charge nor mass, (2) produces a reasonable rate coefficient, and (3) does not
perturb the chemistry of any well characterized chemical species.
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5.2.2 Invalid Extrapolation

A second type of error encountered was using a rate coefficient outside its range
of validity. Most chemical reactions show some temperature dependency, and rate coeffi-
cients generally reflect this dependency. Sometimes a rate coefficient is measured at just one
temperature, 300K being the most common temperature cited. If the rate of the reaction has
a relatively large temperature dependency that is not reflected in the cited rate coefficient,
then extrapolations to other temperatures will be in error. This type of error is called an
invalid extrapolation. This type of error is unimportant in the standard model runs since
the runs are performed at temperatures similar to those at which the rate coefficients were
computed. It is noticed, however, in the high temperature chemistry runs when neglecting
the actual temperature dependency causes a deviation from the independently computed
thermodynamic equilibrium mixing ratio of air.

This requirement that the kinetic models be able to reproduce thermodynamic
equilibrium under certain conditions is an important test of the chemistry of the model.
Why this is so is discussed, next followed by the types of errors this type of comparison

reveals.

5.2.3 Missing Reactions

Discrepancies between the computed compositions of the thermodynamic equi-
librium and kinetic steady state are, in general, caused by either missing reactions or in-
consistent rates. Missing reactions are generally the reverse of a reaction that becomes
important at some temperature. Inconsistent rates are found when the forward and reverse
rate coefficients ky and k, have been independently computed (or measured) and the tem-
perature dependent ratio of k to k. does not match the temperature dependency of Krg.
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The relatively large amount of scatter shown in Figure 5b is an example of this
discrepancy. For reactions such as this that were of importance to the high temperature
cooling model, I took the better characterized of either the forward or reverse reaction and
a polynomial fit to the thermodynamic equilibrium coefficient to obtain a consistent value
for the less well characterized reaction of the pair. Although rate coefficients in the reaction
tables do not reflect this approach, i.e. the raw forward and reverse rates are listed, the

equilibrium data required can be found in Baulch et al. [1972].

5.3 Methods Used to Check the Model

In addition to checking the individual reactions comprising the model, it is also
necessary to test them collectively. This task was accomplished by comparing the output of
the model with other models of differing types, specifically (1) two thermodynamic equi-

librium models and (2) generic 1-D photochemical models.

5.3.1 Thermodynamic Equilibrium vs. Kinetic Steady State

There is an intimate relationship between thermodynamic equilibrium and ki-
netic steady state: they are two different paths to the same place. In other words, both
methods should give exactly the same mixing ratios of all the compounds for any specified
temperature, pressure, and elemental composition.

For the kinetic steady state to precisely match the thermodynamic equilibrium
composition, every elemental reaction must be balanced by the reverse reaction, and at
kinetic steady state these two reactions must be occurring at the same rate. For example,
given the pair of reactions

k
aA+bB k:’ cC +dD, (56)
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the thermodynamic equilibrium between A, B, C, and D can be expressed as

[C1°[D}¢

[AFBY 57

Krp =

where Krg is the thermodynamic equilibrium coefficient and generally is a function of
temperature. Because the rate of the forward reaction (k f[A]“[B]b) must equal the rate of
the reverse reaction (k,[C]°[D]?) at kinetic steady state (or thermodynamic equilibrium),

we have

k;[A1°[B]® = k,[C1[D]4, (58)

and therefore
ks [Cl°[D}*

Kre =3 = (AeBr -

(59)

As an example of this inter-relationship of kinetics and thermodynamics, the Na-
tional Institude of Standards and Technology (N.I.S.T.) summary (NIST, [1992]) of the
H + O, Fr=; OH + O system is shown in Figure 25. As noted on this Figure, ks =
2.12 x 10-10¢-8065/T anqd k, = 1.55 x 10-'1e*218/T_ A fit of the thermodynamic equilib-
rium data of Baulch et al. [1972] gives K15 = 2.25¢=9%0/T ; this value is to be compared to
the value of ks /k, = 13.7¢~3%3/T derived from the N.I.S.T. estimates shown on Figure 25.
By way of introduction to these data, the National Institute of Standards and Technology
(the old National Bureau of Standards) produces computerized data bases based on a survey

of the chemical kinetic literature.

5.3.2 Thermodynamic Equilibrium Models

To determine the initial conditions of the high temperature channel cooling
model, and to test the consistency of the kinetic code, the thermodynamic equilibrium com-
position of air as a function of temperature over the range 6, 000K — 500K was required.
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Figure 25a. N.LS5.T,, 1992 summary of H + O; — OH + O reaction.
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Figure 25b. N.L.S.T., 1992 summary of OH + O — H + O, reaction.
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To accomplish this, two different thermodynamic equilibrium models (identified herein
as SPLUNGER and STANJAN) were tested and their results compared for consistency.
The two models differ in both the manner in which the thermodynamic equilibrium com-
position is found, and in the basic thermodynamic data used as input. The input to both
models is the same: the temperature, pressure and mole fraction elemental composition of
the atmosphere. Both models then find a chemical composition that is in thermodynamic
equilibrium with the specified physical parameters and chemical composition.

I consider the results of the two models to be no more accurate than their degree

of agreement and I now relate brief descriptions of the two models as given by their authors.

5.3.2.1 SPLUNGER

The first model used was the SPLUNGER model first written by L. K. Thrasher,
B. Fegley, and M. Camitta in 1986 and later revised by B. Fegley and K. Ehlers in April
1989. This program uses the method of successive approximation to thermodynamic equi-
librium by simultaneously considering constraints of mass balance and chemical equilib-
rium. The method was described by Barshay & Lewis [1978] as

“The workings of the program can best be illustrated with a simplified example.
Consider a gas of pure hydrogen where the ideal gases H and H; are the only
molecules assumed to be present. We can write the equilibrium expression

1
§H2 = H (B&L —3)

and define the equilibrium constant Ky(7') for the formation of H as

Ku(T) = fu/ (fH2)1/2

where Ky(T') is a function of the temperature 7' only. We thus calculate fy,
the fugacity of atomic hydrogen gas, by

, (B&L —4)

1/2
fa=Ka®x (fg,) (B&L - 5)
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where sz is the fugacity of molecular hydrogen gas.

The computer program solves the “mass balance” for hydrogen; beginning with
a fixed total abundance of hydrogen atoms, £H, it finds, by an iterative tech-
nique, that value of fyg, such that

fa+fu, =ZH" (B&L — 6)

The thermodynamic data required by this program are polynomial approxima-

tions to K g (T).

5.3.2.2 STANJAN

The second model utilized was STANJAN, version 5.90 written by W. Reynolds
of Stanford University during the period 1981 — 1987, and the author’s description of the
method is:

“The method of element potentials is used to find the state of minimum Gibbs

function for the system, subject to the atom population constraints. Treating
the phases as either ideal gases or ideal solutions,

Gibbs/RT = Z{[G() +In X ()] * M(j)}

where G(j) = g(T, P)/RT, X(j) is the phase mol fraction and M (y) is the
mols of species j. The atom constraints are Z{ N (z, j) * M(j)} = A(z), where
A(z) is the mols of ¢ atoms present and N(z, ) is the number of ¢ atoms in
a molecule of j. Other constraints are £{X (j)} = 1 for each phase. Using
Lagrange multipliers, one finds that

X(5) = exp{—G() + sum[L() * N(, )]}

where L(z) is the element potential for the 0 atom (Lagrange multiplier).
This ... formula is the key to the method of element potentials. Note that

L(:) represents Gibbs/RT per mol of the ;™ ATOM in ANY species! L(:) and
the TOTAL mols in each phase are iterated to meet the constraints.”

The required thermodynamic data for this model are the temperature dependent

values of entropy and enthalpy as given in the JANAF tables .

t Joint Army, Navy, and Air Force thermodynamic tables.
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5.3.3 1-D Photochemical Models

A few 1-D photochemical models have been published that can serve as a basis
of comparison with the output of this model when run in a 1-D mode with similar boundary
conditions. To this end, the 1-D photochemical models of Logan et al. [1981], Thompson
& Cicerone [1982], and Thompson & Cicerone [1986] are used as fiducial marks for this
work. To facilitate the comparison with those models, very similar boundary conditions
are used (cf. Table 9, Chemical boundary conditions; Section 6.3, page 121 and Table 10,

Heterogeneous-loss rates; Section 6.3, page 122).
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6 Description of the Models

I now describe modes in which the model developed herein was operated. Two
fundamentally different modes of operation (or models) were utilized in this study: (1)
a time-dependent model, and (2) various steady-state models. The primary differences in
these models is in the outer “driver” that controlled the behavior of the chemistry “module”.
In the time-dependent model runs, an initial chemical composition was specified and the
evolution of the chemical composition was explicitly evaluated; in the steady-state models,
the core chemistry “module” was used as a basis for a successive approximation to a steady-
state solution. The only differences in the chemistry of the two different modes of operation
was that in the time-dependent models, in the interest of speed, all compounds containing

S, C¢, and F were eliminated from consideration.

6.1 Time-Dependent Models

6.1.1 Description of Time-Marching Procedure

This method was described in Donahue & Prinn [1990], and the discussion
therein is reproduced now with a commentary on the slight differences between that study
and this one.

“We use a novel and very flexible prognostic code in which the time-step is
continually adjusted to be appropriate to the time scale for chemical change

intrinsic to the system. The equation solved for each compound, ¢, is

dC;
dt

D, : v;
= (Source, + E) - (smk, + v+ H) C; (60)
= P;(t;7p) — Li(t; 7p)-Ci(t; 7c,)

where C; is the concentration of ¢ (molec-cm™3), H is the thickness of the layer
(cm), Source; is the homogeneous chemical source strength of 2 (molec .cm™3
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.s71), @; is the flux of 7 into the layer (molec-cm~2.s~1), sink; is the homoge-
neous chemical sink strength of ¢ (s~1), v; is the removal frequency of 7 from
the layer through ventilation or heterogeneous reactions (s ~!), and v; is the de-
position velocity of 7 to the ocean surface (cm-s~!).”

Expressing this equation in terms of our one-box model, Eq.(11),

ﬂ = (Source, + @ ) — (sink; +v;) C;

dt (61)

= Pi(t;7p,) — li(t;Tp)-Ci(t; 7C,)

where @] is the average rate of advective/ diffusive gain or loss from the 2-D steady-state
model results, and v} is the heterogeneous-loss rate, scaled (for ions) by the instantaneous
value of the electric field. I continue now the discussion of the time stepping time scales.

“There are four time scales pertinent to the evolution of C;: (1) 7¢, = the
time scale (d1nC;/ dt)"1 on which C; changes, (2) 7; = the chemical lifetime
of 7 (1/1;), (3) 7p, and (4) 7, = the characteristic times [ (d1n P /dt)'1

(dInl;/dt)” ] for changes in the production and loss terms of :.

The scale 7¢, is a function of the other three time scales. Jointly, the produc-
tion and loss terms constitute the chemical forcing of i, and we call 7p, and
71, together the forcing time scales of <. The behavior of ¢+ depends strongly
on whether the chemical lifetime 7; is shorter or longer than the forcing time
scales. To determine the time evolution of the system, we assume a constant
coefficient solution, rather than a finite-difference solution, because the former
allows longer time steps and because errors will be more evenly distributed
about the true solutions.”

and

The equation (62) is derived from the fact that the evolution of C; will always

tend toward its steady-state concentration Cls,,
Ci(t + 6t) = Ci®)e~ Y™ + Cys,(1 — e8Y™), (62)

“Given a known concentration at time ¢, the concentration at (¢ + ét) is thus
Ci(t + 6t) = Cys,((t + 61); 75i) + {Ci(1) — Cs, ((t + 62); rf__)}e‘“/r‘ (63)

where Cys, = Py-7i, 7 = 1/1;, and 74, (found after a model step of time 61)
is the “reduced” forcing timescale, derived from the production and loss terms,
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ie.

TP,'Tl;
Tf, = | ——— ], where
Tp, + T,

_ min(P;)) _ [ man(l;)
Tp, = ( AP, ot, T, = ( Al )5t,

and min(z) is the minimum value obtained by z in the interval 6t (a numerically
safer choice than the average value).

The timescale over which the coefficients of our “constant” coefficient solution
actually changes is 74,. For a species 4, the constant coefficient assumption is
therefore valid for times small compared to 7y,. Specifically, the constant coef-
ficient solution for ¢ will be within a desired accuracy, e, of the actual solution
for all times from ¢ to (¢ + €7 ,); we therefore find the time-step appropriate for
each compound following each model-step:

ti = e (64)

The “optimal” time-step for the (just passed) model step is then the shortest 6t;,
excluding those compounds whose lifetimes, 7;, are sufficiently shorter than 7,
(these are always within € of Cg, (t) hence they do not limit é¢ and are treated
separately, as discussed below). If, after a model step, the optimal time-step for
that step was significantly shorter (we use a factor of 2) than the one actually
used, the step is repeated with the optimal time-step. Otherwise, this optimal
time-step is used for the next step. The time-steps used by the model are thus
determined internally, and are continually adjusted based on the accuracy being
demanded of the model and the rates of the chemical change intrinsic to the
system being modeled.”

Simply stated, in as much as the electron-production rates dominated the sys-
tem at short times, the initial time steps were on the order of of 10~'? model-seconds at
model-time = 3.0 x 10~3 seconds (model-temperature = 6000K) and increased to 10-4
model-seconds at model-time = 300.0 seconds (model-temperature = S00K). This model
took approximately 48 hours of CPU time on a IMFLOP machine, and has all compounds
containing S, F, and C/ excluded from consideration.

“Not all compounds are solved with the constant coefficient solution. Those
with lifetimes (r;) much smaller than the timescale for changes in their chemi-
cal forcing (r; < e7y,) will always be within € of the asymptotic, or steady-state
concentration (Cj,, ), excepting transient behavior associated with initial con-
ditions. These compounds are therefore identified by the model and excluded

from the determination of the optimal time-step. Their concentrations are then
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iterated until the source and sink terms for each balance to within e, subject to
the constraint that the total concentrations of certain selected families (HO, =
OH + H + HO; + 2H,0,, for example) agree with values determined for those
families by the explicit, constant coefficient coefficient solution.”
The iteration scheme used when 7; < e7y, is Jacobian iteration with under-
relaxation, i.e. repeat

CrHl = B(PP1) + (1 — B)-CF (65)

until C**! = CP to within the desired accuracy, normally e ( 10-9), and 3 is the under-

relaxation factor, normally 1/2.

6.1.2 Lightning-Flash Model

To ascertain how good an approximation to an actual lightning-flash sequence
the steady-state models are, an explicit, time-dependent model was also run. The primary
result to be obtained from this model is an understanding of the degree of non-linearity of
the steady-state models. This is of concern since the rate of ion recombination is propor-
tional to the square of the ion density and if there is excessive ion recombination during the
first few milliseconds of a return stroke, then a steady-state model that averages the ion-
production rates over 1 second will systematically underestimate the average amount of ion
recombination and consequently overestimate the average ion density.

This model was initialized with the results from the 2-D steady-state Electrified
model run for the node position r = 2 m, z =4 km. This corresponds to a very active
location in the domain, with an intra-cloud lightning-stroke rate of one per second. The
results from this node were time-marched forward (in the manner described above) for one
model-second using a variable time step that is always short compared to the time scale
over which the environment is changing.

I then computed the time-average mixing ratio of all the compounds during this

115



Description of the Models Cooling-Channel Model.

interval and compared those averages to the corresponding steady-state averages as deter-

mined in the 2-D Electrified model run.

6.1.3 Cooling-Channel Model.

To determine how important the chemistry of the hot-lightning channel is relative
to the ion chemistry occurring simultaneously in the region outside of the lightning channel,
I examine the behavior of compounds that have large thermodynamic equilibrium (T.E.)
mixing ratios at high temperatures and small T.E. mixing ratios at low temperatures. The net
amount of this compound that is produced by the lightning channel will depend on the rate of
cooling of the channel. If the channel cools slowly enough, then the chemical kinetics have
time to keep the system in thermodynamic equilibrium. If the channel cools very rapidly,
then some chemical reactions whose rates have very large temperature dependencies may
not have time to keep the system in chemical equilibrium and one or more compounds can
“freeze” out of the system.

This examination of cooling rates and chemical dynamics can be approached in
two different ways. The first, and simplest, is to determine a “freeze out temperature” of the
cooling channel for a chemical species of interest and take the thermodynamic composition
at this temperature as the final concentration of the species. This “freeze out temperature”

can be defined, following the lines of Fegley & Prinn [1985], as that temperature such that

-1 —1
1 dT 1
(T dt ) > ([X]ZT') e (€0

where 7. is the chemical lifetime and r; is the rate of a reaction between X and compound ¢

ri = kix[1][X] (67)
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The drawbacks of this approach are that: (1) it leads (in principle) to a different
“freeze out temperature” for each compound, and (2) it cannot take into account the depen-
dence of one compound’s “freeze out temperature” on the concentration of another species
that has already “frozen out”.

The second approach avoids these two limitations at the cost of more compu-
tations. The second method is to time-march a kinetic model forward in time with the
temperature the prescribed function of time shown in Figure 23 in Section 3.4.3, page 90.
This approach has the advantage that the interaction of various “quenched” compounds is
explicitly accounted for. The starting point for this kinetic model is the highest temper-
ature at which kinetic rate data are available (and valid): about 6000K. Thermodynamic

equilibrium is assumed to have been attained by the lightning channel at this temperature.

6.2 Steady-State Photochemical Models

6.2.1 1-D Model

The model begins as a 15-level 1-D steady-state photochemical model of the
“global average” atmosphere. The vertical nodes are placed at equal distances between the
ground and 15 km. The 1-D steady-state model boundary conditions and K e4qy(2) are sim-
ilar to those of Thompson & Cicerone [1982,1986]. In this model, O3, N2, H,0, and H; are
fixed, all other compounds attain a vertical mixing ratio profile determined by either ground
level sources (e.g. CHy, OCS, and DMS), stratospheric sources (e.g. O3 and NO;), pho-
tochemical equilibrium (e.g. OH, NO, and NO; ), or some combination of these processes
(e.g. CO). These boundary fluxes are listed in Table 9 in Section 6.3, page 121.

Surface deposition is specified for most water soluble species (e.g. HNO3 and
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H,0,); stratospheric deposition is used to simulate stratospheric exchange and is the major
sink for the very long lived, inert trace gases (e.g. CF4, SFs, and CC/4). Heterogeneous loss
scales as pressure and is set for most species to be 10-6 s-1 at sea level, with the exception of
all charged species, which are given a value of 103 s~! at sea level. Inert gases such as SFs
and N,O have no (known) heterogeneous loss. A summary of the various loss processes
and their corresponding rates is given in Table 10 in Section 6.3, page 122.

The wavelength dependent photon flux is computed at each model level using
a two-stream approximation and a diurnally averaged incident solar photon flux typical
of tropical equinox conditions (vertical photon fluxes do not vary during the model runs).
The resulting altitude dependent spectrum is utilized to compute the J’s for the photolysis
reactions in the chemical “module”.

As shown in Figure 21, in Section 3.3.4, page 84, there is a cosmic ray flux that
produces 5 ion pairs-cm=3.s~1 at sea level and increases slowly with altitude to a maximum
of 50 cm=3-s~! at the top of the model domain (15 km). There is also a vertical electric
field that has a ground level value of 100 V/M and decays aloft with a scale height of 2000
m, although it is sufficiently weak to be unimportant in the ion chemistry of the general
troposphere.

This photochemical steady-state model is then iterated, using a successive ap-

proximation technique, until no compound changes by more than 1.0 x 10~ per iteration.

6.2.2 2-D Base Case Model

A two-dimensional, cylindrically symmetrical, 15 X 15 grid is established with
horizontal nodes placed at equal intervals over the range of Log(Rinper) t0 Log(Router),
where Rigner = 2 m and Router = 2000 m (c¢f. Section 2.7, page 52 ). The vertical nodes
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are equally spaced between the ground and 15km. In other words, it is a semi-logarithmic
grid; which has been be shown earlier (see Section 2.4, page 41) to minimize numerical
errors in evaluating fields such as the electric field that have radial power dependencies.
An axisymmetric convective cell is established by specifying the vertical com-
ponent of the wind W(r, z) and then fixing the horizontal component U(r, z) to ensure a
non-divergent flow. These fields were shown in Section 3.1.2, page 58. This model as-
sumes that inflowing air is of the 1-D Steady-State photochemical composition, and the
outflowing air is assumed to have a constant mixing ratio gradient on the inward side of
the outer boundary. The model also uses upwind differencing to improve stability. This
model is iterated, using a successive approximation technique (Jacobian iteration) until no
compound changes by more than 1 part in 10 per iteration, When convergence is achieved,

this model result is used as the reference state and is called the Base Case model run.

6.2.3 2-D Electrified Model

The Base Case model is then electrified and run once again to steady-state con-
vergence; this is the Electrified model run. The model is electrified by turning on the time-
averaged lightning flash and ground-corona processes, replacing the fair-weather electric
field E,(z) with the (generally larger and primarily radial) electric field caused by the charge
on the lightning channel (cf. Figure 20in Section 3.3.1.2, page 77). This electrification gen-

erally involves activating the reactions listed in Tables 5, 6, and

6.3 Chemical Boundary Conditions

I now discuss the chemical boundary conditions used in the models. As this

model is designed to represent in some sense a “global average” thunderstorm, global aver-
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age emissions are used throughout. Inspired by the modeling approach of Hough [1991], as
few compounds as possible are held fixed. Specifically, only O3, N3, H, and H,O are pre-
scribed and held fixed in the 1-D photochemical steady-state models, and no compounds
are held fixed in the high-temperature and high-field explicit time-marching model runs.
When held fixed O;, N3, and H; are held to their average tropospheric concentrations, and
the concentration of water vapor is determined by the assumption of a constant 80% rel-
ative humidity (This slight in-cloud undersaturation is of no chemical importance). All
other compounds are either injected into the model at a boundary or are produced within
the model domain. Compounds injected into the model are released into the lowermost
or uppermost row of grid points. Those compounds released into the top-most row rep-
resent compounds injected into the troposphere from the stratosphere; those injected into
the bottom-most row represent compounds with ground level sources. Table 9 lists those
compounds injected into the model.

In addition to injection of compounds, there is heterogeneous loss throughout
the model domain. Heterogeneous loss is here considered to be the irreversible loss of gas-
phase material to a cloud particle. In the 1-D photochemical-model run, the heterogeneous
loss is scaled to the local atmospheric pressure and has a ground-level value as shown in
Table 10. In the 2-D steady-state-model runs, the heterogeneous loss of compounds is de-
termined by computing the cloud-particle specific surface area and the sticking coefficient
for each compound (diffusional loss). For charged compounds (ions), there is an additional,
electric-field driven loss mechanism (ion capture by cloud particles). These processes were
detailed in Section 3.2.2, page 65 and the lifetimes due to diffusional loss were shown in
Figure 15 of Section 3.2.2.2, page 70; the lifetimes for ion capture are much shorter, gen-

erally < 0.5 seconds.
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Table 9. Chemical boundary conditions / Assumed global budgets.
Emission Rates
Molecules Global
Compound cm~2.571 Tg-yr~! Reference / Note
Stratospheric Sources Note 1
05 5.30 x 1010 680 Thompson & Stewart, [1991]
0) 40 x10° 1.7 x 10-3 ”
HNO;3 1.37 x 108 2.3 ”
NO, 1.13 x 108 1.15 ?
Tropospheric Sources Note 2
CO 2.14 x 101 1600 Warneck, [1988]
CH,4 1.23 x 101! 526 ”
SO, 1.17 x 1010 200 ”?
HNO; 7.27 x 10° 122 »
NH; 2.67 x 1010 121 ”
(CH3),S (DMS) 4.55 x 10° 75.4 ”
NO, 1.82 x 10° 18.5 ”
N,O 1.39 x 10° 15.3 Hough, [1991]
H,S 4.36 x 108 3.96 Warneck, [1988]
CC{¢3CH; 1.68 x 107 0.6 Prinn et al., [1992]
CS; 2.34 x 107 0.475 Warneck, [1988]
0OCS 4.36 x 107 0.375 ”
CC4, 2.82 x 106 0.116 Note 3
CF,4 9.27 x 10* 2.18 x 1073 Note 4
SFs 6.73 x 10? 2.63 x 1073 Note 5
Notes:

1) Stratospheric sources are injected into the uppermost boxes of the model (z = 15km).
2) Tropospheric sources are injected into the lowermost boxes of the model (2 = Okm).
3) Required to produce average mixing ratio of 150 ppt and lifetime of 30 years.

4) Required to produce average mixing ratio of 70 ppt and lifetime of 750 years.

5) Required to produce average mixing ratio of 0.5 ppt and lifetime of 750 years.
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Table 10. Heterogeneous-loss rates in the 1-D photochemical model .
Sea Level (Ground) Value of the Heterogeneous-Loss Frequency
Compound (s™H Reference / Note
Default 1.0 x 107¢ Note 1
Intert/Insoluble 0 Note 2
Soluble 2.0x 1078 Note 3
All Water Clusters (W,,-H,0) 1.0x 1073 Note 4
All Small Ions 1.0 x 102 ”
The electron 1.0 x 107! ”
Deposition Velocity (to ground)
Compound (cms™1)
Default 0.0025 Note 1
Inert/Insoluble 0 Note 2
Soluble 1.0 Note 3
NOs, N;Os, NoOy4, N2 O3 0.5 Thompson & Cicerone [1982]
CH53SCH,00H, CH3SCH;0H,
CH;SCHO, CH;0H 0.5 Kasting & Singh [1986]
CH;0 03 Thompson & Cicerone [1982]
NH; 0.25 Note 4
HNO;, HNO; 02 Thompson & Cicerone [1982]
03, SO, 0.1 ”
NO, NO, 0.01 ?
CO 0.009 ”
troposphere — stratosphere trallmfer rate
(s7)
Default 0 Note 1
6(0) 0.1 Thompson & Cicerone [1982]
DMS, H,S, NH3, OCS 0.003 Note 5
CHy 0.0003 Thompson & Cicerone [1982]
OCS, CF,, SFg 0.0003 Note 5
CCly 0.00439 i
N,O 0.000775 ?

Note 1.) This is the value given to any compound not otherwise listed.

Note 2.) The Inert/Insoluble compounds are: O, N3, Hy, Ar, CO;, CO, CHy, OCS, DMS, CF4, SFs, CCY4,
N20, and CCZ3CH3.

Note 3.) The Soluble compounds are: H,0,, HSO4, HE, HC{, HONO;, HONO, NH;
Note 4.) Estimate based on mean molecular weight and solubility considerations.
Note 5.) Required to produce observed atmospheric lifetime.
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7 Model Validation

7.1 Thermodynamic Validation

As discussed in Section 5.3, page 106, a good check of the accuracy of the reac-
tions considered in this study is a comparision of the results of this model with thermody-
namic equilibrium models. The two thermodynamic equilibrium models used (STANJAN
and SPLUNGER) were run for a range of temperatures between 10, 000K and 500K at a
pressure of 1bar. The results are shown in Figure 26 where the o’s are results for STANJAN
and the +’s are results for SPLUNGER. In general the results of the two thermodynamic
equilibrium models, SPLUNGER and STANJAN, agree very closely for all compounds at
all temperatures. The only notable dissimilarities between the two model’s results are: (1)
an increasing disparity in the mixing ratios of a few compounds above 5000K (e.g. 0%, O3,
and NO%) and (2) a systematic difference in the mixing ratios of HO, and HNO,.

To check the internal consistency of reactions comprising the chemical kinetic
models, I then ran the time-dependent channel cooling model in a mode wherein it was
allowed to reach chemical steady state at every time step prior to advancing model time
(and thereby changing the prescribed temperature). This permits a comparison of the com-
puted atmospheric composition as a function of temperature with the two thermodynamic
equilibrium models. The results of this model run are also shown in Figure 26 where the
kinetic model’s results are indicated by the thin solid line. It is noted that the agreement is
not quite as good as was the case with the two thermodynamic models. For example, pick-
ing the worst case, the computed mixing ratios of HNO3 computed by the kinetic code are
about a factor of 10 lower than computed by the thermodynamic models. The other chem-
ical species agree much better and some amount of disagreement is unavoidable given the
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Figure 26. Thermodynamic equilibrium composition of air at 1 bar as a function of Temperature. Only the
major chemical species common to all three models are shown. The o’s are results for STANJAN, +’s are
results for SPLUNGER and the line is the ion model’s steady state model run. Note that the ordinate varies

from graph to graph. 124
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independent sources of the data that comprised these models.

To see the differences between the three models more clearly, Figure 27 presents
the ratios of the mixing ratios computed by SPLUNGER, STANJAN and the kinetic model
as a function of temperature. In this figure the mixing ration of a compound as determined
by the SPLUNGER model is arbitrarily called the reference value and the corresponding
mixing ratio as computed by either the kinetic model or STANJAN is divided by the refer-
ence value to yield a ratio of mixing ratios. These ratios are then plotted as a function of
temperature to see if there is any tendency for the disparities between the models to show
up at either high or low temperatures. In this figure, the mixing ratio as computed by the
kinetic model divided by the corresponding mixing ratio as computed by SPLUNGER is
indicated by + and the corresponding ratio of STANJAN’s result to that of SPLUNGER is
indicated by e. In Figure 28 these same ratios are shown as a function of average mixing
ratio with the results of the various model runs indicated as before.

Given the general agreement of the two thermodynamic models, I consider from
now on just the results of SPLUNGER when referring to thermodynamic equilibrium re-
sults. A complete set of graphs of the computed thermodynamic equilibrium composition
of air as a function of temperature as computed by SPLUNGER is presented in Appendix C
, page 213.

Another method to check the reactions utilized in this model is to run a 1-D
photochemical steady-state model using boundary conditions very similar to other such

models.

7.2 Steady-State Photochemical Models

Therefore I now present the results of the one-dimensional steady-state photo-
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chemical steady-state model run for comparison purposes with other such models (e.g. Lo-
gan et al., 1981, Thompson & Cicerone, 1982, Thompson & Cicerone, 1986). Figure 29a
presents the vertical distribution of the compounds held fixed (H,0O and H;,) and Figure 29b

shows the calculated vertical distribution of OH.
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Figure 29. Vertical variations of the fixed compounds (a.) and OH (b.) in the model. The H,O profile
represents a fixed 80% relative humidity. Note that Hj is fixed in the 1-D SS model run only.

Figure 30 presents the vertical distribution of the major long-lived compounds
of the model, O3, CHy, CO, and Figure 31 presents the vertical distribution of the minor
long-lived compounds of the model, OCS, CH3CC/¢3, CCly, CF4 and SF.

The chemical families O, NO,, NO;, and HO, were treated as pseudo- com-
pounds; Figure 32 presents the vertical distribution of the major chemical families in the
model, Oz, NO;, NO,, HO,. O is defined as the sum of [Os], [O(P)] and [O('D)],
NO; = Z([NO] + [NO;]), NO, = Z([NO;] + [N;0;] + [HNO3]), and HO, = Z([OH] +
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[H] + [HO,] + 2x[H,0,]). Figure 33 presents the vertical distribution of the major sulfur

containing compounds in the model.
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8 Results and Discussion

There are two basic types of models developed and used in this study, they are
(1) explicit, time-marching models of both a cooling lightning channel and a lightning flash
and (2) 2-dimensional steady-state photochemical/ion model of the tropical troposphere.
Given the different types of models that were utilized in this study, it seems that the greatest
degree of clarity can be achieved by presenting the model results on a model by model basis.
I therefore discuss the model results beginning with the models of high temperature air; I

then consider the lightning-flash model and finally the steady-state models.

8.1 Time-Dependent Models

8.1.1 Cooling-Channel model

I now turn to the results of then time-dependent model of a cooling lightning
channel. The time evolution of the major chemical species as computed by the time-
dependent model of the cooling channel are shown in Figure 34. As can be seen in this
figure, all of the compounds remain in thermodynamic equilibrium at high temperatures
and most of the compounds remain very near to their steady-state, thermodynamic equilib-
rium (T.E.) concentration, as the temperature decreases. This behavior can be understood
via reference to the chemical lifetimes of these compounds compared with the characteristic
cooling time of the channel, as before (Section 6.1.3, page 116).

The chemical lifetimes of the major chemical species as computed by the time-
dependent model of the cooling channel are shown in Figure 35. As can be seen in this
figure, those compounds that have their chemical lifetime exceed the cooling time of the
channel are the ones that are seen to deviate from thermodynamic equilibrium concentration
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as shown on Figure 34. If we assume that the mixing ratio at 300K represents the net
production from the hot lightning channel, and estimate that the lightning channel has a
radius of 10 cm when it reaches 300K, the we can compute the contribution of the hot
channel to the overall chemistry of lightning. Additionally, we can use the lifetime data to
ascertain wether or not varying the prescribed cooling rate of the channel will materially

affect the net production of any chemical compound.
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Cooling-Channel model

0 ] T L) ¥ L] 4 T ¥ T T

164
194

124

T

N,*

Log;o ( Mixing Ratio )

13
1
. LI
- !A:.V/

)}N\Hiz-

No STANJAN data, [ NoSTANJANdata |

i1 et

5. 2. 1. 0.5 10. 2. 1. 0.5

T aanmue m I T T T
+ ]
-6 -1 -
H202 J 02 ]
+F 94 .
24 2
J -'15"' '-
1 No STANJAN data ? 1

1 L 1 o1 15 PR S 3 bbbk 18 ] [l

T ¥ T U ) ¥ L ¥ v T 1

s 2. 1 0.5 10, S. 2. 1. 0.5 10, s 2, 0.5
T ] T L] T 1 MR 0 T T Ll

B o &6 &

1 1 1 Il

1 L] 1 1 5 :"

[ 2 *
ZJ-1
o1t

+ [
i 1 1 1 «]

~
o]
oy
-
<
- st -
en . B 1
[ 214 R
= e e T e e
Ra 5. 2 1. 05 10 S 2 T Y
LI 1 1 - 0 MM B 1 LA |
34 _
N’ AL e 4
2 1,0 11 -
— 124 @ -
o0 54 4
Q STR S -
F-J T21+4 =
24 - J
S R g o
. 2 1L 05 10 S 2 . oS
] T 1 ) -3 LBN
— OH
2 :
< ® CO2
& 11. :
94 .
=5 T |
oy ]
e +— } A 12 - } HH+H
.o . 2 1L 05 10 S 2 1L 05
2 M T 1 MR 0 T T LI '|*
]
N— o”'.\o\___’ 3T o CO 7
= +1° ]
— ® ]
& o 143 :
— - N,O 1.1 !
2 e{2T ]
I 1 ° ]
s e s e e s e
0. s 2 . o5 10 S 2 L 05 1. S 2 1L o5 10 S 2. 1L oS

Temperature in Thousands of Degrees Kelvin

Figure 34. The time evolution of the mixing ratios of selected compounds in the Cooling-channel model. The
circles are the thermodynamic equilibrium as computed by STANJAN, the crosses are the thermodynamic

equilibrium as computed by SPLUNGER.
133



Cooling-Channel model

4 04
o 3
o 0=
o 3
- 04
4 34
- -t
ERE
4 34

“d 3=

PR BT
-+ 34
. =H 34

iscussion

il

el

Results and D

10.

134

- 34
< o4
4 o4
o 34

- - 31

10.

kP =
model. The dashed line is the characteristic cooling time of the channel and the solid line is the local value of

Figure 35. The chemical lifetimes of selected compounds as a function of temperature in the Cooling-channel
the chemical lifetime as computed by the kinetic code.




Results and Discussion Lightning-Flash Model

8.1.2 Lightning-Flash Model

I now turn to the results of the second explicit, time-dependent model used in this
study: a model of a lightning flash. The 1-box, time-dependent model of an active lightning
region of the 2-D Steady-State model was time-marched forward for one model-second in
the manner discussed earlier (Section 6.1.1, page 112). The results are shown for some ions
and neutrals in Figure 36.

In this figure, the shaded thick line is the instantaneous value of the primary forc-
ing function, (proportional to the square of the instantaneous channel temperature) divided
by the average value of that function. On each figure is shown the Logio of the chemical
lifetime 7;, as well as the ratio of the average concentration C to the steady state concen-
tration C,,. As can be seen from these figures, those chemical species with short lifetimes
follow the forcing function quite closely; those with longer lifetimes, change from their
average concentration by small amounts and in both cases, their average concentrations are
within 10% of their steady state concentrations. This is indicative of a linear system. The
degree of linearity is suggestive of the validity of the steady state runs and is in accord with
the same conclusion reached by Griffing [1977] in his study of the chemistry of the lightning

channel.
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8.2 Two-Dimensional Steady-State Ion Model

8.2.1 Introduction

To facilitate the discussion of the chemical compounds, I first introduce the typ-
ical layout of the summary of the data for a chemical compound. Each compound is sum-
marized on two pages of data; one page is comprised primarily of a 3 by 3 grid of half-tone

maps (e.g. Figure 37) and the other page is comprised of a set of 3 tables (e.g. Table 11).

8.2.1.1 Layout of Half-tone Maps

Each half-tone map page displays summaries of the mixing ratios x, chemical
lifetimes 7, and term weights (defined below) for the particular chemical species, the name
of which is at the top of the page. These summaries are laid out in a 3 by 3 grid in the
following manner. Each of the rows represents a different parameter being summarized,
and each of the columns represents a different model run. Specifically the top row of half-
tone maps represent the distribution of mixing ratio of the species throughout the domains
of each of the model runs; the second row displays the corresponding chemical lifetimes,
and the bottom row shows the relative importance of the different types of processes in the
continuity equation (term weights, described below) for the species in question. Each of
the three columns represents a different model run; the left-most column is the 1-D steady-
state model, the center column is the Base Case model run (i.e. the 2-D steady state model
with no lightning produced ions nor ultra-violet light included), and the right most column
is the Electrified model run, (i.e. the 2-D steady state run with lightning-produced ions and
ultra-violet light included).

This 3 by 3 grid is bounded on the right-most edge by the legends for each of the
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three rows. Immediately above the 3 by 3 grid are the mass-weighted-average mixing ratios
% and chemical lifetimes 7. for each of the three model runs. Above these summaries are
the net mass production (outflow - inflow) of the chemical species in question in both the
Base Case and Electrified model runs (there is no transport in the 1-D model). Here Ppc is
the net production in the Base Case model and Ppyv is the net production in the Electrified
model case. Above these figures is presented the difference in the net production between
these two model runs (Differential Net Production; Py - Ppe).

The meaning of the phrase term weights is explained as follows. All processes in
the models (or terms in the continuity equation Eq.(11)) are classified as belonging to one of
the three following realms: Chemistry, Dynamics, or Heterogeneous Processes. Because
these models are Steady State models, the sum of all the source processes (or sources) must

equal the sum of all the loss processes (or sinks)

0 = Chemistry-Sources + Chemistry_Losses
+ Dynamic_Sources + Dynamic_Losses

+ Hetero._Sources + Hetero._Losses . (68)

We now define the total “Reactive Flux” R ¢ as the sum of the absolute magnitude of all of

these terms

R = |Chemistry_Sources| + |Chemistry_Losses|
+ |Dynamic_Sources| + |Dynamic_Losses|

+ |Hetero.-Sources| + |Hetero._Losses| , (69)

and the relative importance of chemical processes (S¢) can be defined as

« _ |Chemistry_Sources| + |Chemistry-Losses|
Se =
Ry
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with similar terms for the importance of the Heterogeneous and Dynamic processes (S g
and S p respectively).

Given the requirement that S¢ + Sy + Sp = 1, any particular combination
of ¢, Sy, and Sp can be considered as a point located on or within the perimeter of
an equilateral triangle having Chemistry, Dynamics and Heterogeneous Processes as its
vertices. Maps of term weights result from representing this point with various symbols
for each grid point in the model domain. In these figures, the domains are represented by
slanted and horizontal lines. In the center, where all three processes are about equal, the

lines are not plotted and the region is blank.

8.2.1.2 Layout of Summary Tables

On the page after the 3 by 3 grid of half-tone maps are 3 tables that summarize the
major sources and sinks for the compound in question (e.g. Table 11). Beginning at the top,
the first table (a.) lists the major source terms in each of the three model runs; (b.) lists the
major sink terms in each of the three model runs. These terms have units molec-cm™3-5~1
and can be considered the specific production (or loss) rate % of the compound in question.
Because these models are steady state ones, the sum of the source R’s (shown at the bottom
of each column in the source (a.) table must equal sum of the sink ®’s (shown at the bottom
of each column in the sink (b.) table.

The lower-most table (¢.) summarizes the domain averaged mixing ratio x, num-
ber density [ .. ] and total specific production rate ZR in each of the three steady state model
runs. As noted at the bottom of this table, 7 =[..] /XZR or Log(7)=Log([.. 1)
— Log( ZR ). Because non-chemical terms (e.g. Advection/Diffusion) are sometimes the

dominant ones, also listed in the final two columns of this table are the chemical lifetime 7.
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of the compound in question for both source and sink processes.

8.2.1.3 Chemical Species Summarized

I will here discuss just the most important chemical species and major chemical
families of the models. The individual members of the chemical families as well as some

interesting minor compounds are similarly displayed in Appendix D , page 218.

8.2.2 Primary-Ion Production

The primary ions formed in the electrified models have been shown to be the
electron, O3, and N3. Given that they all have very short lifetimes, and are produced to-
gether, they are expected to have similar spatial distributions of mixing ratio and chemical
lifetimes. Itherefore focus on the results for the electron and refer the reader to Appendix D
, page 218, specifically pages 219 and 221 for the corresponding summaries of O3 and N3

respectively.

8.2.2.1 Electron

The strong in-cloud source of electrons in the 2-D Electrified model run can be
seen by reference to Figure 37 where the top row of half-tone pictures depict the mixing
ratio of the electron in the 1-D steady-state, 2-D Base Case and 2-D Electrified model runs.
The large increase in the mixing ratio in the 2-D Electrified model between the ground and
10km and from the inner domain wall out to 50m is readily apparent.

The dominant source of the electron in the 2-D Base Case model run is cosmic
ray ionizations (Rxn’s 114-117, Table 4, Section 4.2.1.1, page 98) while in the 2-D Electri-
fied model run the dominant source is the parameterization of the ion-production processes

140



Results and Discussion Electron

due to the large radial fields surrounding the lightning channel (Rxn’s 129-132, Table 5,
Section 4.2.1.2, page 98). The fact that it is these reactions that are responsible for the high
electron density can be seen by referring to the second and third columns of Table 11a where
the major reactions producing the electron are listed.

That the electron has a very short chemical lifetime (this is the reason that the
high-electric-field time-dependent model runs were linear in the average-electron-mixing
ratio) can be seen by reference to the second row of half-tone maps of Figure 37; note that
the lifetime does not change from model run to model run. This is due to the fact that
its primary loss mechanism is reactions with O, and the rate of this loss does not change
materially between model runs. It is the decreasing number density of O, with increasing
altitude that casues an increase in the lifetime of the free electron from = 1073 secs at
ground level to ~ 10-7 secs at 15km.

The fact that chemical processes (reaction with O,) dominate the mixing ratio of
the electron is borne out by the third row of maps. By reference to the legend at the right
hand side of this row it can be seen that the chemistry symbol is present throughout the
model domain.

Turning now to the tabular summary of the major sources and sinks of the electron
in the three model runs, we see that the dominant source of the electron changes from cosmic
rays (RX’s j114 — j117) to lightning (RX’s ji9 — j131). Additionally, the reactive flux IR
of electrons increases from 1065 reactions-cm=3-s~! in the 2-D Base Case run to 101072
reactions-cm~3-s™! in the 2-D Electrified model run.

Finally, in the third, summary table (c.), it is noted that the average mixing ratio
of the electron increases by 10 orders of magnitude. This is reasonable as the lifetime of

the electron does not change very much and the source strength increases dramatically in
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Electron
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the Electrified model run.
Inasmuch as the ionizing contribution from ground corona is small compared to

that from lightning, it is included in the lightning reactions.

8.2.2.2 Positive-Ion Reaction-Sequence Summary

In principle, the complete chemistry of the subsequent reactions of the primary
ions created can be worked out from just the Tables of the major sources and sinks. In the
interest of clarity however I summarize these data in a “flow diagram” shown in Figure 38.

This Figure has two main columns of reaction paths, the left-most column sum-
marizes the reactions of the N, family, and the right-most column summarizes the reactions
of the O family. Each box represents the steady-state concentration of a chemical species
in the 2-D Electrified model run; below the name of the species is the common logarithm of
the domain-average number density. The arrows that connect the boxes represent reactions.
At the origin of each arrow is given first the other reactant involved the reaction in question,
as well as the reaction number. Following these data is then given the common logarithm of
the specific production rate R. For example, in this Figure, N5 has an average number den-
sity of 10192 molec-cm~3, Lightning (Reaction number 130) causes a reaction that turns
101051 molecules of N into N3 per cm™2 per second. The thickness of the lines represent-
ing the reaction paths is proportional to ®. In the center of the above mentioned columns
are the products of the positive ion chemistry; at upper most box in the center represent the
ion exchange/rearrangement of N, and O, yielding NO* and NO. The NO* so produced
becomes hydrated, and ultimately reacts with water to produce H30* and HONO.

The lightning-induced dissociative ionizations (Rx’s 132, 132) also produce a
similar sequence of reactions, shown in Figure 39, and ultimately leading to O3, and NO*
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Table 11. Summary of the chemistry of the electron in the inner domain of the three models. (a,b) The major

terms in the continuity equations for e ~ in the three model runs and (c) a summary of its mixing ratios x and
lifetimes 7 in the three model runs. In these tables R is the specific rate of production of e ~ (molec-cm™3.s71),
7 is the total lifetime (sec) of e~ and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and ; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for the electron in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model || 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(§R) §R’-'kyz[y][z] (§R) §R=kyz[y][‘7:] (§R) §R=kyz[y][z]
0.37| j1s [Nz ] 0.37| jus [Nz ] 10.51 | j1z0 [N2 ]
0.07| ju7 [N2] 0.07{ ju7 [N2] 9.94| j129 [O2 ]

-0.20{ j14 [O2] -0.20 | j114 [O2] 9.94| j132 [N2 ]

-0.50| jus [O2] -0.50! jus [O2 ] 9.36| 7131 [O2]

-1.82| j19 [H20] -1.82} j19 [H20] 847 | k211 [O21[e™ ]

-2.74 | jus [ COz ] -2.74 | jus [COz ] 7.22 kyog [O2]1[e™ ]

37 More Reactions ... 37 More Reactions ... 37 More Reactions

0.654 = Log(ZR) 0.654 = Log(ZR) 10.719 = Log(ZR)

b.) The major sink terms for the electron in the inner domain of the three model runs.
The reaction rate ¢ implicitly contains [e~].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log [ Reaction Rate

R [ R=ky, [ylle || R)|R=ky,[ylle] ® | R=ky, [ylle ]
053143 [021[ 021 0.53 1243 [021[ 0] 10.58 { 13 [021[ 02 ]
-0.09 | 1244 [O2 1[N ] -0.09 | 1344 [O2 1[Nz ] 994 (las [O21[N2]
<049 |15 [021[H,0] [[-0.49 | 1345 [O2 1 [H,0] 9.64| lh4s [O21[H,01
21991l [021[CO21 |[-1.99 (14 [0, 1[CO; ] 9.18] k347 [ W,H;30% ]
220 | kg [H,O1] -2.20| k2gp [H,O] 8.04| 1 [0,]1[COz1
-5.87 | k347 [ WoH30" ] -5.25 | Heterogeneous Loss || 7.95 | ka2 [ H20]

... 45More Reactions ... 45More Reactions ... 45 More Reactions
0.654 = Log(ZR) 0.654 = Log(ZR) 10.719 = Log(ZR)

Note: Read W as H;O.

c.) Summary of the lifetimes of the electron in the inner domain of the three model runs.

Source Sink
Log(x ) |Log(le~1) | Log(ZR) |Log(7) ||Log(7e) |Log(.)
cm™ cm™3.s7! sec sec sec
1-D Steady-State Model || —25.738 —6.546 0.654 | —=7.200|| -7.200 | -7.200
2-D Base Case Model || —25.738 —6.546 0.654 | —=7.200|} —-7.200 | -7.200
2-D Electrified Model || —15.845 3.347 10.719 | —-7.373|| —7.373 -7.373

Note: r=[e"]/ZR or Log(7)=Log([e”])— Log(ZR).
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N, 0,
19.204 18.602
Lighmipg 130 Lighmipg 129
10.51 9.90
J NO* & NO
3054 & 11.164
104 H,0 368 593
0,326 1038 N, 220
N,* 0,317 -10.62 > R L
1.905 <N | B ] 031N, 221 | 2.858
N2:315 i 02:223
1191 11.54
11.88 1153
0,313 J 0,213
N* H,0* & HONO O,
2.98 027 & 1027 2.99
H,0 314 H,0216
10.83 10.88
H,0* & OH
027 & 947
A 4 A 4
H,0* L H,0 341 - 9.92 — L 668-mo03s6] W0 L 0,352 90
197 227

Figure 38. O} & N3 Reaction-sequence summary. See text for definitions of terms and other details.

whose fates are described above. Itis note in this Figure that the reactions of N* and O* also
produce atomic N and O, the fates of which, as discussed below are NO and O3 respectively.
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N2

19.20

Lightning 132
9.94

0 — 9.4-0;330 N* L0, 3271 9.6 N
637 061 826

NO* 0,"
3.05 2.86

N e 8.6- N, 226 - O* 0,227~ 93— 0
826 0.63 6.37

T 9.36 T

Lightning 131

02
1860

Figure 39. O* & N* Reaction-sequence summary. See text for definitions of terms and other details.

The overall reaction of these reactions can be expressed as
2H,0 — OH + H;0" + e~ (71a)

and

N, +0; + 2H,0 — NO + HONO + H3;0" + e . (71b)

8.2.2.3 Negative-Ion Reaction-Sequence Summary

The fate of the electron that is produced along with the positive ions is dominated
by its three body collision with Oy, resulting in O;. The fate of O is dominated by its
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- H30+347- 9.18
3.37 FH,0 242 - 795 —

A 4

OH- & H OH & H
3.05 & 4.08 9.47 & 4.08

10.58
H,0 280

2
292

02:279
1018

9.51
0,253

4 - NOx - 6.7 NO,”
470 8.72
CO, 254
11,00

10.95
0, 257

CO,- | NOx - 8.83 —
8.42

Figure 40. Negative-ion reaction-sequence summary. See text for definitions of terms and other details.

assumed rate of reaction with H,O, herein given the maximal gas kinetic rate, a rather high
rate. Otherwise, O; goes on to form O; and COy. These negative ions are relatively
stable and ultimately react with NO3 to form NO3. The negative ion system is shown
schematically in Figure 40 where the reactions of the electron and the subsequent electron
carriers are shown in the first column, the stable negative ions are shown in the second
column and the products of electron / ion dissociative recombination are shown in the third

column.
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Results and Discussion Neutral-Atomic Production

8.2.3 Neutral-Atomic Production

The primary atomic species formed are, in order of average concentration, N, O,
and H. I now discuss these as a group, and here present the summaries of N. The reader is
referred to Appendix D, page 218 for the summaries of O (page 239) and H (page 243). In
the 2-D Electrified model run, the neutrals N and O are mostly formed via the parameteri-
zation of the lightning flash (Reactions 131 and 132), along with O*, N* and the electron,
while the dominant sources of atomic H are the reactions of the electron and O; with water.
The dominant reactions of the mono-atomic ions Ot and N* are with O, to form O, N, NO,
NO*, and O3.

The dominant loss mechanism of atomic N is with molecular oxygen, O, to form
NO and O. The dominant loss mechanism of atomic O is, of course, also with reaction with
molecular oxygen to form O3 (ozone). The dominant loss mechanism of atomic H is the
three body reaction with O, to form HO,. The map of term weights also indicates that
chemical production balances chemical loss throughout most of the model domain in all

the model runs.
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Figure 41. Mixing ratios (x), lifetimes (7.), and term weights of N. See text for definitions of terms and other
details.
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Results and Discussion Neutral-Atomic Production
Table 12. Summary of the chemistry of N in the inner domain of the three models. (a,b) The major terms in

the continuity equations for N in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of N (molec-cm~3-s71), 7 is the
total lifetime (sec) of N and . is its lifetime due to chemical processes (sec). Ji, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for N in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R R=ky: [y]1[z] R [R=ky. [y][z] ®) | R=ky: [y][z]
0.07 | ju7 [N2] 0.07 [ j117 [Nz ] 9.94 | j132 [Nz ]

-0.29 | k3 [N*][O2] -0.29 [ k327 [N* ][ O2 ] 9.57 | ks [N*1[0:]
=127 | ks [O* 1[Nz ] -1.27 { k26 [O* 1[Nz ] 8.64 | ks [O* 1[Nz ]
<247 | k33 [N*1[COz] |[-2.47 | k33 [N*]1[CO2] |8.56|2-k310[N2]1[e™ ]
-2.95| k1o [NCD)1IN211[-2.95| k149 [N(?D) 1 [N3 1| 7.60 | 2-kq0s [ N} 1{Neglon}
478 | ks [N3J1[N,O1 || -4.78 | ks [N31[N2O] || 740 k3z3 [N* ][ CO2 ]

40 More Reactions 40 More Reactions 40 More Reactions

0.244 = Log(ZR) 0.244 = Log(IR) 10.123 = Log(ZR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for N in the inner domain of the three model runs.
The reaction rate & implicitly contains [N].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R)[R=ky,[y]1IN] ®) [ R=ky[y][N] R)[R=ky:[y]IN]
0.24 | kass [O2] 0.24 | k453 [O2 ] 9.98 | kass [O2]

-3.55{ kaso [NO ] -2.82 | Heterogeneous Loss || 9.42 | k40 [ NO ]

-4.38 | k470 [NO; ] -3.55 | Advection/Diffusion || 8.70 | k470 [ NO3 ]

-4.67 | kagy [NO; ] -3.59 | ksgo [NO1 8.54 | kss3 [OH ]

-4.74 | ksao [ O3] -4.66 | k470 [NO; ] 8.40 | k4gz [NO; ]

-5.66 | kss3 [OH ] -4.96 | k4gz [NO7 ] 6.62 | Heterogeneous Loss
... 19 More Reactions ... 19 More Reactions ... 19 More Reactions
0.244 = Log(ZR) 0.244 = Log(ZIR) 10.123 = Log(ZR)

¢.) Summary of the lifetimes of N in the inner domain of the three model runs.

Source Sink
Log( x ) [Log( [N]) | Log(Z®R) |Log(7) [|[Log(7 ) |[Log(rc)
cm™?  |cm™3s7! sec sec sec
1-D Steady-State Model || —20.321 —-1.129 0.244 | —1.373 -1.373 —1.373

2-D Base Case Model | —20.322 —1.130 0244 | —1.374|| —-1374| -—-1.374
2-D Electrified Model | —10.934 8.258 10.123 | —1.865|| —1.865| —1.865

Note: 7=[N]/ZR or Log(7)=Log([N])— Log(ZR).
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8.2.4 OH (Hydroxyl) Production

The major source of OH is different in each of the three model runs, although
the 1-D and 2-D Base Case runs have the same two most important sources. In the 1-D
photochemical model run, OH comes mostly from the reaction of HO, and NO while in the
2-D Base Case run, OH comes mostly from the reaction of O('D) and H,0.

In the 2-D Electrified model run, OH comes from HO, and NO as in the other two
models, but given the large sources of NO and HO; in the 2-D Electrified model run, the
rate of OH production is 6 orders of magnitude larger in the 2-D Electrified model run than
it is in the other two model runs. In the 2-D Electrified model, the second most important
source of OH is the reaction of H,O and H,O* that forms OH and H;O".

The sink processes of OH are also different in the 2-D Electrified model run. In
the normal atmospheric models (1-D steady-state and 2-D Base Case model), the dominant
loss mechanisms of OH are its reactions with CO and CH4. In the 2-D Electrified model
run, the dominant loss mechanism becomes the formation of HNQOs3; herein referred to as

HONO,.
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Figure 42. Mixing ratios (), lifetimes (7.), and term weights of OH. See text for definitions of terms and

other details.
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Results and Discussion OH (Hydroxyl) Production
Table 13. Summary of the chemistry of OH in the inner domain of the three models. (a,b) The major terms in

the continuity equations for OH in the three model runs and (c) a summary of its mixing ratios x and lifetimes
 in the three model runs. In these tables R is the specific rate of production of OH (molec-cm~3-s~1), 7 is the
total lifetime (sec) of OH and T is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for OH in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) | R=ky, [y][z] R | R=ky, [y]1[z] ®) | R=ky:[y][2]
5.27 | kss [HO, 1[NO] 4.75|2:k13s [O('D) 1 [H,0] [} 10.26 | kss [HO, ] [NO]
5.08|2-k13s [O('D)]1[H,01]|4.12 | kss [HO, 1 [NO] 10.22 | k3ss [ OHH30* 1 [ H;0 ]
487 kss [HO21[05] 3.36 [ ksa [HO21[ 03] 9.92| k3g1 [H,0*1[H20]
4.72(2-J5s [H0; ] 2.75 | Advection/Diffusion 8.46 | k4zs [ HCO3 1{PosIon}
4.37 | jsos [ CH2O0H ] 2.26 | Jy; [ CH300H | 8.42|2-k13s [O('D)]1 [H20]
4.00| Jy; [CH;00H ] 2.15| jeos [ CH,OOH ] 8.05{J3 [HONO]

... 84 More Reactions ... 84 More Reactions ... 84 More Reactions
5.675=Log(XR) 4.861 = Log(IR) 10.642 = Log(ZR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

b.) The major sink terms for OH in the inner domain of the three model runs.
The reaction rate R implicitly contains [OH].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®|R=ky; [y][OH] || M) |R=k,, [y][OH] ®)[R=ky, [y]1[OH]
5.38 | kgso [CO ] 4,60 kgso [CO 1 10.20 | k3; [ HO, ]

5.02 | kss¢ [ CH4 ] 426 kssg [ CH4 ] 10.13 | kg4 [ NO, ]

4.37 | kgo7 [ CH;00H ] 3.87 | Heterogeneous Loss || 9.74 | kes [ HONO ]
4.30| k33 [CH,0] 352 ksz [Ha ] 9.61 | kg [NO]

427 ks [Hy ] 3.16 kggg [ DMS ] 9.05 | kgsg [CO]

4.14 | ko [ CH;00H ] 2911 ks [O3] 9.03 | kg [ HO;NO; ]
... 62 More Reactions ... 62 More Reactions ... 62 More Reactions
5.675=Log(ZR) 4.861 =Log(ZR) 10.642 = Log(IR)

c¢.) Summary of the lifetimes of OH in the inner domain of the three model runs.

Source Sink
Log( x ) |Log([OH] ) | Log(XZ®) |Log(r) |Log(7.) |Log(c)
cm™3 cm~3.s71 sec sec sec
1-D Steady-State Model || —13.325 5.867 5.675 0.192 0.192 0.192
2-D Base Case Model || —14.230 4.962 4.861 0.101 0.104 0.148
2-D Electrified Model -9.721 9.471 10642 | —1.171|| -1.171| -1.167

Note: 7=[OH] / ZR or Log( 7 )=Log([OH])— Log(Z® ).
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8.2.5 Major Families of the Model

The primary families formed are in order of average concentration NO ;, O, and
HO,. I discuss in this section each of these families; the individual members of these fam-
ilies are presented in Appendix D , page 218. Given the production rates of O, NO, H, and
OH it is easy to guess the source regions of the families; they are co-located with the source
regions of their members. The chemical lifetimes of the families are measured in hours
rather than in seconds, as are their constitutive members (this is the value of talking about a
“chemical family”), and consequently we note that not only are there high concentrations of
the families in their source regions, but also there is considerable transport of these families

out of the model domain.

8.2.5.1 NO;

The differential net production of NO,, is 4.5 x 107 moles per year (per storm),
predominantly reflecting the reversal of the in-cloud loss of 3.8 x 107 moles per year pre-
dicted in the Base Case model. There is however a large negative radial gradient in the
mixing ratio of NO,, and the term weights indicate that in this region of the model hetero-
geneous loss is balanced by dynamic transport. This implies that the actual storm production
depends on the assumed heterogeneous-loss rate.

This level of production most likely represents a lower limit because the net pro-
duction of NO, is a function of the assumed rate of heterogeneous loss. If the loss rate to
cloud particles in the upper model domain is too large (as is may well be) then more NO,
will “survive” the trip from the production regions to the model boundary. The reasons
that the assumed heterogeneous-loss rate may be too large are (1) at the temperatures of the
upper model domain, liquid water cannot exist and the sticking coefficient to ice is, in gen-
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eral, smaller than that to liquid water and (2) the possibility that the drops/ice may become
saturated with NO,, thereby reducing the effective sticking coefficient to zero.
Nevertheless, it is instructive to compare the differential net production with ob-
servations. Adopting a global thunderstorm density of 2000 storms and considering just the
amount of nitrogen in NO, yields a global production of 1.3 Tg N per year from all thunder-
storms. This value can be compared with the 7 Tg N-yr~! calculated by Chameides et al.
[1987] (C87) based on observations of NO mixing ratios in the outflow of a thunderstorm.
These values actually can be considered to agree more closely than they appear to at first
glance. The value of 7 Tg N-yr~! was calculated based on an aircraft penetration of the
outflow of a thunderstorm. In this penetration, the NO levels rose from a background level
of 20 pptv to 440 pptv. By reference to Figure 43 it is noted that the mean inflow NO ; value
is between 93 ppt and 17 ppt, reasonably close to the 20 ppt NO observed by C87 (Aver-
aged over the model domain, NO = NO;). The mixing ratios in the outflow of the model
storm also agree with the values C87 observed in the outflow regions; the +%a isopleth has
a value of 495 ppt. This isopleth is 1 grid point removed from the model boundary at the
outflow region, so the exact location of the outer model domain relative to the position of
the aircraft penetration could account for the values observed by C87 that are larger than

the model domain’s actual boundary values ~ 93 ppt.
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NO,
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Figure 43. Mixing ratios (x), lifetimes (7.), and term weights of NO,. See text for definitions of terms and
other details.
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Table 14. Summary of the chemistry of NO,, in the inner domain of the three models. (a,b) The major terms in
the continuity equations for NO; in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables % is the specific rate of production of NO (molec-cm™3-s71), 7
is the total lifetime (sec) of NO, and 7. is its lifetime due to chemical processes (sec). Ji, ji, ki, and [; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as

listed in Appendix B , page 184.

a.) The major source terms for NO, in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R | R=ky,[y1[z] ®|R=ky: [y1[2] ® | R=ky: [y][2]
474 j101 [CH302N02 11590 Advection/Diffusion || 10.40 k326 [N; ] [02 ]
4.69 | jos [ HO;NO; ] 4.00|2-j433 [ N2O3 ] 9.98 | kass [N1[O21]
4.06 | 2-jags [N2O3 ] 3.54 | j1n [CH30;NO; ] 9.95 |2 jags [ N20Os ]
3.66(J; [HONO] 3.29| 25485 [ N304 ] 9.74 | k¢s [OH][HONO ]
3.53|2-j48s [N20O4 ] 3.27 | jos [ HO2NO; ] 9.29 | 25485 [N2O4 ]
3.18| J3 [NO; ] 2.53| Jg [NOs ] 9.16 | k3o [NO* 1 [H;01]
... B8O0More Reactions || ... 80More Reactions ... 80More Reactions
5.108 = Log(ZR) 5912 =Log(ZR) 10.750 = Log(ZR)

b.) The major sink terms for NO, in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

(%) §R=kyz [y]{NOx} (%) §]:‘)":kyz [y]{NOz} (§R) §R=ky: [y]{NOx}
474 | kyoo [ CH30; 1[NO; 1| 5.90 | Heterogeneous Loss 10.15 | Advection/Diffusion
4.69 | kos [HO, 1[NO; ] 4.00|2ksg7 [NOJ[NOz1 |[10.13] kos [OH][NO; ]
4.06|2-ksg7 [NOI[NO; 1 | 3.57| k100 [CH30, 1[NOz I|| 9.952-k4g7 [NO][NO; ]
3.60 | kss [HO2 1 [NO; ] 347 | kos [HO; 1[NO; ] 9.69 | k263 [CO3 1[NO]
3.53|2-k4gs [NO; 1 [NO7 1 || 329 2:k4g4 [INO; 1[NOy ] || 9.61] ke [OH][NO]
339 kg4 [OH][NO; ] 2.65{ k6 [031[NO; ] 9.59 | kos [HO; 1 [NO; ]
... 58 More Reactions ... 58 More Reactions ... 58 More Reactions
5.108 = Log(ZR) 5.912 =Log(ZR) 10.750 = Log(XR)

c¢.) Summary of the lifetimes of NO, in the inner domain of the three model runs.

Source Sink
Log(x ) |Log(NO; ) | Log(ZR) |Log(7) |{Log(7 ) |Log(7)
cm™3  |em~3s7! sec sec sec
1-D Steady-State Model || —10.626 8.566 5.108 3.458 3.461 3.458
2-D Base Case Model || —10.680 8.512 5.912 2.600 4.264 4214
2-D Electrified Model —-7.659 11.533 10.750 0.784 0.784 0.918

Note: r=NO, /IR or Log(r)=Log(NO;)— Log(ZR).
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8.2.52 O,

The differential net production of O is is 4.2 x 10% moles per year (per storm)
and just as in the case of NO, predominantly reflects a decrease in the rate of loss between
the Base Case and the Electrified model runs. Because the majority of the O is O3, the
differential net production corresponds to an annual, global production of 20 Tg-year~! of
O3. Just as in the case of NOg, this level of production represents a lower limit because the

net production of O is again a function of the assumed rate of heterogeneous loss.

8.2.5.3 HOy

We now arrive at the most water soluble of the three chemical families considered
here; the relatively small differential net production is a direct consequence of this solubility.
In fact, differential net production is not particularly relevant for a water soluble family, as
the members of the family are relatively quickly removed from the gas phase and are not
expected to be transported any significant distance.

The aqueous phase concentrations of HO, must be rather high for just as in the
case of NO, and O, there are exceedingly high gas-phase mixing ratios in the inner model
domain. The aqueous phase concentration in the inner model domain can be estimated by

0%% molec-cm=3-s~1)

multiplying the heterogeneous-loss rate (found in Table 16(b) to be 1
by the lifetime of a cloud particle 7, in the inner model domain (600 seconds cf. Figure 18,
in Section 3.2.3, page 73) and dividing by the liquid water content M of the same region (6 g
H,0 m~3 ¢f. Figure 17). These calculations yield a result of 1 x 10! molecules of HO, per
gram of liquid water. This corresponds to a solution 16 millimolar in HO ;, predominately

H,0,.
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Figure 44. Mixing ratios (x), lifetimes (7.), and term weights of O.. See text for definitions of terms and
other details.
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Table 15. Summary of the chemistry of O, in the inner domain of the three models. (a,b) The major terms in
the continuity equations for O in the three model runs and (c) a summary of its mixing ratios x and lifetimes
r in the three model runs. In these tables R is the specific rate of production of O, (molec-cm™3.s~1), 7is the
total lifetime (sec) of O, and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and [; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as listed in

Appendix B, page 184.

a.) The major source terms for O in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R R=ky, [y]1[z] ®) | R=ky: [y]1[z] ® | R=ky: [y]lz]
591|J7 [NO;] 8.48 | Advection/Diffusion || 10.76 [ 2-J125 [ Oz ]

4.27 | Advection/Diffusion 5.76| J7 [NO; ] 9.98 | ksss [IN]J[O21]
3.18| Js [NO; ] 2.531 Jg [NOs ] 943 | k33 [N*1[0z]
1391 k936 [SO]1[0O2] 0.51 k136 [SO]1[0,] 942 | ko [IN][NO]
0.37 | k196 [ CC€3CO0, 1 [HO2 1| 0.24 | k4ss [N][O2 ] 9.36 | j131 [02]

0.24 | k4ss [N][ O] -0.44 | k33 [N*]1[ O, ] 932 | kx [0*]1[0;]
... 101 More Reactions ... 101 More Reactions ... 101 More Reactions
5.919=Log(IR) 8.477 = Log(ZR) 10.911 = Log(ZR)

b.) The major sink terms for O in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

(ER) §R=kyz[y]{oz} (m) §R=kyz[y]{0x} (%) §R=kyz[y]{oz‘}
576 ks [O31[NO] 8.48 | Heterogeneous Loss || 10.76 | Advection/Diffusion
5.05 | Heterogeneous Loss || 5.47 | kas [O3 ] [NO] 10.09| k2ss [CO; 1[ 051
4.87 | ksa [HO21[ 05 ] 4.45| ky3s [O('D)1[H20]| 9.67| kaoa [NO7 1[ O3]
478 | k13s [O(!D)1[H201(3.36 | ksa [HO, 11051 9.64 | Heterogeneous Loss
4.02| ks [OH][Os1 291 ks [OH][Os1] 9.39| ks[O3 1[NO]
3.06| ks [031[NO; 1 2,651k [0O3]1[NO; ] 845k [OH]1[ O3]
... 122 More Reactions ... 122 More Reactions ... 122 More Reactions
5.919 = Log(ZR) 8.477 = Log(ZR) 10.911 = Log(XR)

¢.) Summary of the lifetimes of O, in the inner domain of the three model runs.

Source Sink
Log(x ) |Log(O; ) | Log(ZR) |Log(7) ||Log(7 ) |Log(.)
cm~3  |ecm~3.s7! sec sec sec
1-D Steady-State Model || —7.628 11.564 5.919 5.645 5.654 5.707
2-D Base Case Model —8.105 11.087 8.477 2.610 5.326 5.576
2-D Electrified Model —6.964 12.228 10.911 1.317 1.317 1.928

Note: 7=0, /ZR or Log(r)=Log(0O;)— Log(ZR).
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HOy

Differential Net Production (P;p; - Pg ) = 5.240x10™  (Moles Year ™)
Ppc = —1.088x10"° Py = —1.088x10*"  (Moles Year™)

T.= 6.348x10** T.= 77444 T.= 53295 (Seconds)
¥ = 8.550x10"° 7% = 1.058x10%° ¥ = 1.108x10%° (ppQ)
+20 = 3.382x10%7
+0 = 1.688x10"
=
E g 6 = 1.192x10**
23 i
-§£ o= 35951
= 4204
i-26 = 0.02098

10 20 50 100 200 500 10002000

426 = 1.279x10%°
qé o = 7488.4
-,5 51 o= 1811.8
'_] = 4 Mean= 438.4
E: g 4 (Seconds)
E = 106.1
O = 25.66
= 1.502
10 20 50 100 200 500 10002000
14
s
8 2 ,
fn 10 ,a,s\;%
g §F=x
L7 8 -':-Q‘———-—‘Pa
B Z ] . 3
5 o 4
=1 . g
[<P] 4 v;¢' %
= ] & / \%
] 2 ] Hetero. Dynamics
N ».
0 e e ESSNNS UM s s 024 02
2 5 10 20 S0 100 200 50010002000 2 5 10 20 50 100 200 SO0 10002000
1D S S Radial Distance - Meters Radial Distance - Meters
Base Case Model Electrified Model

Figure 45. Mixing ratios (x), lifetimes (7.), and term weights of HO,,. See text for definitions of terms and
other details.
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Table 16. Summary of the chemistry of HO,, in the inner domain of the three models. (a,b) The major terms in

the continuity equations for HO, in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables % is the specific rate of production of HO, (molec-cm™3.s71), 7
is the total lifetime (sec) of HOy and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as
listed in Appendix B , page 184.

a.) The major source terms for HO, in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) | R=ky; [y]1[2] ®) | R=ky, [y][z] R) | R=ky, [y][z]
5.08|2-k13s [O(*D) 1 [H,0 1|} 5.48 | Advection/Diffusion 10.58 | k20 [O5 1[H20]
4.84 | ksgp [CH301[02 1] 4.75|2-k135 [O(D)1[H,0 ] 10.22 | k3ss [ OHH;0*" 1[H,0 ]
470 kggo [CHOJ[ O3] 3.71 | ks [CH301[ 0, 1] 9.92 | k3y [H,O*1[H;0]
449| J13[CH;0] 3.16 | ke74 [CH3SOHCH;3 1 [ O3 1|| 9.18| k3a7 [WoH30% 1[e™ ]
437 jsos [CH2OOH] 3.12 k640 [CHO] [02 1 8.46 k426 [HCO; ]{POSIOD}
4.00| Jy; [CH300H ] 3.05| J13 [CH;0] 8.42|2-k13s [O(D)] [H,0]
... 127 More Reactions ... 127 More Reactions ... 127 More Reactions
5.508 =Log(ZR) 5.568 = Log(ZR) 10.815 =Log(XR)

Notes: Read W as H,0. The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for HOy in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

(%) §R=kyz [y]{HOy} (§R) §ye:'kyz[y]{H()y} (éR) §R=kyz[y]{HOy}
5.02| kssg [CH4 ] [OH ] 5.54 | Heterogeneous Loss 10.50 | 2-k3; [OH] [HO; ]
4.75| ksgg [CH30, 1[HO,1 |[[4.26| ksss [CH4 ][ OH ] 10.13 | k94 [OH ] [NO; ]
4.37 | kgo7 [CH300H ] [OH ] |1 3.16 | k¢ss [DMS ] [OH ] 9.74 | kg [OH ] [ HONO ]
4.32 | Heterogeneous Loss 2.65| ksss [DMS 1 [OH ] 9.61 | kg [OH][NO]
431|2-kss [OH][H;0;] 2.57| ko [OH] [NO; ] 9.58 | Advection/Diffusion
4.30| kes3 [CH,O] [OH) 2.54 | ksgs [ CH30, 1 [HO; 1Y 9.45 | Heterogeneous Loss
... 105 More Reactions ... 105 More Reactions ... 105 More Reactions
5.508 = Log(XZR) 5.568 = Log(ZR) 10.815 = Log(ZR)

¢.) Summary of the lifetimes of HOy in the inner domain of the three model runs.

Source Sink -
Log(x ) |Log( HOy ) | Log(ZR) |Log(7) ||Log(7c) |Log(r.)

cm~3  |em™3s7! sec sec sec
1-D Steady-State Model | —8.990 10.202 5.508 4.694 4.694 4.748
2-D Base Case Model | —12.196 6.996 5.568 1.428 2.178 2.651
2-D Electrified Model —-8.416 10.775 10815 | —0.040|| -0.040 0.007

Note: 7=HO, /ZR or Log(7)=Log(HOy )— Log(ZR).

162



Results and Discussion Species That Do Not React With OH

8.2.6 Long-Lived Species

The long lived species (1. > lyr) can generally be into two groups, those that
react with OH (e.g. CHy, CO, and OCS) and those that do not (e.g. SFg, CF4, and N,0O). 1
now discuss the species that react with OH as a group, using CHj as a typical example and

then I discuss those compounds that do not react with OH, using SF¢ as an example.

8.2.6.1 Species That React With OH

The long-lived atmospheric species that react (relatively) rapidly with OH have
similar in-cloud-loss processes and very long heterogeneous lifetimes. Unlike the chemical
families of discussed earlier, these compounds are generally considered completely insolu-
ble in water and hence the dominant balancing terms of the continuity equations for these
species are chemical loss and transport (into the loss region). Although there are very high
mixing ratios of OH in the inner model domain of the Electrified model run, the dynamic
lifetimes are very small compared the the chemical lifetimes in this region and consequently
most of the molecules (of CHy) “survive” the transit through the inner model domain. This
is reflected by the very slight decrease in the mixing ratio of CHy4 in the innermost model

domain of the Electrified model run.

8.2.6.2 Species That Do Not React With OH

I now discuss those that do not react with OH. The compounds in this model that
do not react with OH generally react with electrons or ions. Because these charged species
are co-located with the high OH production regions the considerations given for the species
that react with OH are applicable here as well. The exceedingly long tropospheric chemical
lifetimes shown for SFg indicate that electrified convection is probably not a dominant sink
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of these compounds.

For comparison of the overall loss rates of SF¢, I a 1-D model of SFg loss above
the model domain was carried out. In this model, detailed in Appendix E , page 275, elec-
tron impact upon SFg at altitudes above 100km, where there are high electron densities
(> 100 cm~3) does not destroy significant quantities of SFg. This implies that if SF¢ has
any photolysis loss at lower altitudes, then this photolysis is probably the dominant loss

mechanism.
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Figure 46. Mixing ratios (), lifetimes (7.), and term weights of CH4. See text for definitions of terms and
other details.
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listed in Appendix B , page 184.

Species That Do Not React With OH

Table 17. Summary of the chemistry of CHy in the inner domain of the three models. (a,b) The major terms in
the continuity equations for CH 4 in the three model runs and (c) a summary of its mixing ratios x and lifetimes
T in the three model runs. In these tables R is the specific rate of production of CH4 (molec-cm™3.s~1), 7
is the total lifetime (sec) of CH4 and T is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as

a.) The major source terms for CH, in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log [ Reaction Rate

R®) | R=ky, [y][2] ® | R=ky: [y]1[z] ®) | R=ky: [y1[2]
5.02 | Advection/Diffusion 4.26| Advection/Diffusion || 8.64 | Advection/Diffusion
-4.70 | ksgg [CH3 1 [HO; ] -6.47 | kses [CH3 1 [ HO; ] 1.49 ) kseg [ CH3 ] [ HO; ]
-4.86 | ksjo [CH3 1 [H,0, 1| -8.88| ks7o [ CH3 1[ H202 1| -0.73 | ks7o [ CH3 1 [ H20 ]
-9.00 | kses [CH3 1 [H; ] -9.65| kses [CH3 1 [Hz ] -2.39 | k1os [H]1[CH; ]
-9.81 | k704 [CH3 1[H2S1 ||-10.74 | k704 [CH3 1 [H2S ] || -5.00| k¢ [CH3SH][O]
-9.91 | kg7 [CH3SH][O1 || -11.16 | ks77 [CH3SH]1[O1] || -543 | kses [CH3 1 [H; ]

5 More Reactions ... 5More Reactions 5 More Reactions

5.017=Log(XR) 4261 =Log(IR) 8.644 = Log(XR)

b.) The major sink terms for CHy in the inner domain of the three model runs.
The reaction rate R implicitly contains [CHa4].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R R=k,, [y][CHs] || R)|R=ky,[y][CHs] | R)|R=ky, [y][CH4]
5.02 | kss¢ [OH ] 426\ ksss [OH ) 8.64 | kssg [OH ]
1.51 | ksss [O(ID) ] 1.011 ksss [O(ID)] 5.63 | kgrs [CE]
1.04 | kgos [CL] 0.01 | ksss [O('D) ] 4.94 | ksss [O('D) ]
0.51 | ksss [O(D) ] -0.46 | kgys [CL] 3.94 | ksss [O('D) ]
-0.20 | ksgo [O] -0.57 | ksgo [O1] 301 | ksso [O]
-1.36 | ksso [O ] <170 ksso [O] 2.59 | kg33 [CLO ]
... 14 More Reactions ... 14 More Reactions ... 14 More Reactions
5.017 = Log(ZR) 4261 =Log(ZR) 8.644 = Log(ZR)

c¢.) Summary of the lifetimes of CHy in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([CH4]) | Log(Z%) |Log(7) ||Log(7e) |Log(e)
cm™3 cm~3.s7! sec sec sec
1-D Steady-State Model | —5.632 13.560 5.017 8.542 18.027 8.542
2-D Base Case Model —5.631 13.561 4.261 9.300 20.025 9.300
2-D Electrified Model —5.631 13.561 8.644 4916 12.064 4916

Note: 7=[CHq] / ZR or
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Figure 47. Mixing ratios (x), lifetimes (7.), and term weights of SFs. See text for definitions of terms and
other details.
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Table 18. Summary of the chemistry of SF¢ in the inner domain of the three models. (a,b) The major terms in

the continuity equations for SFg in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of SF¢ (molec-cm™3-s71), 7
is the total lifetime (sec) of SFg and . is its lifetime due to chemical processes (sec). Ji, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ias
listed in Appendix B , page 184.

a.) The major source terms for SFs in the inner domain of the three model runs.
1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky. [y][z] ® [R=ky; [y][z] ®) | R=ky; [y1[z]

-5.79 | Advection/Diffusion || -5.30 | Advection/Diffusion || 3.38 | Advection/Diffusion
—oo | Flux —o0 | Flux —o0 | Flux

-5.788 = Log(ZR) -5.299 = Log(ZR) 3.382 = Log(XZR)

b.) The major sink terms for SFs in the inner domain of the three model runs.
The reaction rate 3 implicitly contains [SFg].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R)|R=ky; [y][SFs] ®R)|R=ky, [y][SFs] R)|R=ky, [y][SFs]

-5.79 | k200 [ COZ ] -5.30 | k200 [ COg ] 3.38 | ka0 [COy ]

-8.81 | k157 [Of ] -8.41| k197 [O; ] 0.59 | k197 [ O7 1

-9.97 | k19s [ O3 ] -9.78 | k194 [ O7 ] 0.23 | k194 [O7 ]

-1044 | kisg [e™ ] -10.44 | kigg [ e ] 0261 kigg[e™ ]

-11.52 ] j120 -11.52 1 jix -4.51 | kyos [H™ ]

-17.44 | ks [O™ ] -18.20 | ka3 [O™ ] -6.41 | kygg [ e ]
-19.70 | k206 [H™ ] -21.31 [ kaos [H™ ] -6.65 | k203 [O7 ]

—oo | Deposition —oo | Deposition -11.52 | J120
—oo | Heterogeneous Loss —oo | Heterogeneous Loss —oo | Heterogeneous Loss
... 2 More Reactions ... 2 More Reactions ... 2 More Reactions

-5.788 = Log(IR) -5.299 = Log(ZR) 3.382 = Log(XR)
¢.) Summary of the lifetimes of SFs in the inner domain of the three model runs.
Source Sink
Log(x ) |Log([SFe]) | Log(XR) |Log(r) | Log(7) |Log(T.)
cm™3 cm™3.57! sec sec sec

1-D Steady-State Model || —12.297 6.895| —5.788 | 12.683 +00 12.683
2-D Base Case Model || —12.297 6.895| —5.299 | 12.193 +00 12.193
2-D Electrified Model || —12.301 6.891 3.382 3.509 +00 3.509

Note: 7= [SFe] / ZR or Log( 7 )=Log( [SFs]) — Log(Z® ).
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8.3 Global vs. Local Influences

To see the regions where lightning is the dominant chemical influence in the
region, we chose NO, as a representative family. The global lightning-induced source
strength of NO, has been estimated by Chameides et al. [1987] to be 7 Tg N'yr‘1 (£ a
factor of 3). Borucki & Chameides [1984] reviewed various estimates of the global source
strengths of lightning produced NO and estimated it to be 3 Tg N-yr~!. T will therefore
use a value of 5 Tg N-yr~! as the global lightning production rate. Assuming 70% of all
lightning occurs over land (cf. Orville & Henderson, 1986), these data correspond to a ter-
restrial production rate of 2.9 x 10!® molecules km~2 sec™! and an oceanic production rate
of 5.3 x 10'® molecules km~2 sec™!.

The total anthropogenic NO, production has been estimated to be 33 Tg N-yr~!
(Logan, 1983). Given that the Northern Hemisphere has twice as much land as the South-
ern Hemisphere and ~ 75% of the anthropogenic NO, emissions, the anthropogenic NO,
emission rate over land is 9.1 x 10!® molecules km~2 sec~! in the Northem Hemisphere
and 6.1 x 10'° molecules km~2 sec™! in the Southern Hemisphere.

I now seek to compute at what distance from a thunderstorm (on average) the rel-
ative strengths of the continental, anthropogenic sources of NO equal lightning sources. We
can adopt an approach parallel to that given by Fay & Rosenzweig [1980] and consider an
industrialized region (or a thunderstorm) as a vertical line source. The equation governing

the steady state concentration of a reactive material is then given by

V-VC=D,,V2-C———C— , (72)
Tnet

where V is the mean wind, Dj, is the horizontal diffusivity, Tnet 18 the loss-rate constant,
and C is the concentration of the material in question. In our case, we have two sources of
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C, lightning and anthropogenic activity. The solution to equation 72 is given as

2
Q wzT | w
- 2\ k
C= 2105 P \20; ) B0\ " | Drrner * \2Dn ’ 7

where () is the emission rate, w is the mean wind speed, z is the x axis (aligned in the
direction of the mean wind), Ko(—) is the Modified Bessel function of the 0th order, r is
the radial distance from the line source, and h = the height of the mixed layer.

Proceeding as in Prinn [1986] we may identify the “sphere of influence” with the

1/ 10" folding distance given as

L=t () (3 lanrcf (74)

Solving equation 3 with the following numerical values: Dy, = 5x 10° m? sec™!;

h =2 km; Tpet = 2 days; C,(x = 100km,y=0km) = 1; and w =3 m sec™! from 270° yields
Figure 48. As seen in this figure, the “sphere of influence” of a stationary source is of the
order of 1000km in the downwind direction, 500 km in the cross-wind direction and 300

km in the upwind direction.
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9 Conclusions and Summary

We began with the observation that the electric fields and plasma surrounding
regions of the dielectric breakdown of air (lightning) result in high ion and electron produc-
tion rates (> 10'° m~3-s~1). In addition, the high temperatures in the lightning channel (~
30,000 K) release large amounts of short wavelength UV radiation.

To examine the resulting ion, electron, and photon reactions, a detailed chemical,
but crude dynamical and microphysical model of electrified convection has been developed.
This model considered more than 800 reactions among 165 neutrals, ions, water clusters,
and the electron; the pressure, temperature and electric field effects upon the reaction co-
efficients were explicitly considered. This model represents the first effort to model the
physical phenomena involved in lightning and corona production, the subsequent chemical
reactions, and to quantify these reactions’ integrated effects on the chemistry of electrified
convection.

The influence of the ion and UV generation mechanisms is pronounced on species
such as O3, where the average mixing ratio increased from 20 ppb in the Base Case run
to 100 ppb in the Electrified Case. Locally, even greater increases were noted for many
species: the maximum OH mixing ratio rose by 5 orders of magnitude from 5 x 10=3ppb
to 5 ppb near the maximum ion production regions.

The model-domain-averaged effect of lightning on the highly soluble chemical
families such as HO,, is relatively small because of high in-cloud scavenging rates that mask
locally-high rates of production. For example, the model-domain-average concentration of
HO, changes by less than 2% between the two model runs (Base Case & Electrified) yet
the maximum HO,, mixing ratios in the main ionization regions of the Electrified model are
4 orders of magnitude larger than in the Base Case model run.
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Conclusions and Summary

In general, the ion and UV-induced reactions contribute equally to the production
of both O3 P) and O(! D) and consequently are equally important in the overall chemistry
of O3 and OH and other derivative chemical species. Ion processes dominate the production
of both the neutral N (and consequently its derivative species, e.g. NO) as well as charged
species such as 03, OF, N3, N7, and the ions that ultimately derive from them, primarily
water clusters H;O*-(H,0),,.

The Electrified model produces a net loss process for some chemical species,
primarily due to enhanced in-cloud OH levels. On a global basis this model accounts for
the annual destruction of 1.8 Tg of CO, 0.45 Tg of CHy, and 2 X 10-4 Tg of OCS. Once
again, these are small fractions of the currently estimated annual source strengths of these
species (1600 Tg CO, 525 Tg CHy, and 0.4 Tg OCS).

Although the global budgets of the major chemical families and compounds are
not greatly affected by electrified convection, the meso-scale flows in which the thunder-
storms are embedded certainly are affected to a greater or lesser extent depending on the
assumptions regarding the loss rate of sparingly soluble species in the outflow. While the
high rates of anthropogenic NO, production dominate the budget of NO, near urban areas
where NO, levels can exceed 200 ppb (Warneck, 1988), in the remote troposphere where
levels of NO, are generally =~ 30 ppt (Noxon, 1981 & 1983), lightning (and stratospheric
injection) can dominate the NO, budget.

In addition to the meso-scale effects of the thunderstorm outflow, The electric-
field-driven capture of ions and the heterogeneous loss of neutrals to cloud particles greatly
alters the normal aqueous-phase chemistry of clouds, although this model does not accu-
rately quantify the extent of this perturbation. Nevertheless, high levels (millimolar con-

centrations) of water-soluble oxidants such as H,O; can reasonably be expected to occur

173



Conclusions and Summary

in the vicinity of active in-cloud corona and lightning.

The quantities of almost all chemical species formed in the cooling hot channel
are of little importance when compared with the corresponding quantities formed in the
surrounding regions. The only exception is NO,; while the local mixing ratios of NO and
NO; can approach 0.01 in the cooled lightning channel, the relatively small volume of the
hot lightning channel (= 10 m?) compared to the much larger volume of air surrounding
the channel dominated by ion chemistry (= 5 x 107 m3) results in ~ 50% of the in-cloud
production of NO, coming from the hot channel. The ion-induced processes occurring in
the regions surrounding the lightning channel dominate the production or loss of all other
species and chemical families (e.g. N2O, Oz, HOy).

For the cases of CF4, SF¢, and CC/; their in-cloud lifetimes are reduced by a
factor of &~ 10,000 from their base case tropospheric chemical lifetimes of 2.6 x 10°, 2.6 x
10%, 1.0 x 10* years respectively. Given the small fraction of the Earth’s atmosphere that is
in electrified convection (= 6 x 10~4), this in-cloud loss reduces their overall tropospheric
chemical lifetime by a factor of two. Consequently, these ionic reactions cannot compete
with other known loss mechanisms, such as stratospheric or mesospheric photodissociation
and electron impact that result in these gases having global lifetimes estimated to be of order

centuries for CF4 and SFg, and decades for CCl4.
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Derivation of Photon Flux vs. Temperature

Appendix A Derivation of Photon Flux vs. Temperature

I'here show that just as the total power radiated by a black body is proportional to
T#, the total photon flux is proportional to T3. The radiant power emitted by a black body
of unit area, at a given wavelength, into a hemisphere is E(), T') (W-m~2-m~1) and is given
by
2whc?

EOD =1 [exp(ch/EAT) — 1] A-1

Since the energy per photon (¢) is a function of wavelength e(A\) = hv = hc/ A, the photon

flux per unit wavelength per unit area ¢(\, T) (v’ *-s~!-m~2-m~1) is

EN\,T) 2re
00D = he/d M4 [exp(ch/kAT) — 1]’ A=2
and the total photon flux at a given temperature ®(T) is then
O(T) = /0 OO\, T)dA. A—3
This equation is of the form
o dz
—_— A—-4
/0 (e — 1)’
and can be solved by substituting y = a/z to yield
47T k3 & 1

1=1
which is proportional to T3, and is the photon flux equivalent of the integral of A-1,

2054 k4

ET) = /O EO, T = S,

A-6

which is proportional to T*,
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The chemical reactions included in the model.

Appendix B The chemical reactions included in the
model.

The following table, Table 19, lists all the reactions used in the model. The re-
actions are grouped by type and no relationship between a reaction’s order in table and its
relative importance is implied. All the reactions in the table were used in the 1D photo-
chemical steady state model as well as in both the 2D base case (non-electrified) model and
the 2D ion (electrified) model. All reactions involving CH4 (and its oxidation products),
as well as all sulfur, chlorine, and fluorine containing compounds were excluded from the
explicit, time-marching model runs.

The J;,’s represent photolysis reactions while the j,,’s represent either unimolec-
ular reactions or the high pressure limit of bimolecular reactions. The units of the rate
coefficients are: s~! for the J,.’s and the j,,’s; cm3-s~! for the k,’s; cm®-s~! for the I,,’s.

Rate coefficients written either as functions ( e.g. NPD (a, b, c, €, f, g), Depends-
EV( a,b,c) ) or as named variables (e.g. O3_-3P, Ionlon) are, in general, functions of the
local temperature, pressure, and the electric field strength. Those reaction with references
indicated by X? are discussed in the text. The derivation of the rate coefficient for the pho-
tolysis reactions (J,) was given in Section 4.1, page 95 . The definitions of NPD, Depends-
EV, and the standard 3 body reactions are given at the end of this Appendix.

The references are as follows. A9 : Atkinson et al., 1989; A6 : Atkinson,
1986; B7: Baulch etal, 1972; BT : Breitbarth, et al., 1985; BS : Van Brunt &
Siddagangappa, 1988; C6 : Christophorou, 1976; D7 : DeMoore et al., 1987; DS:
DeMoore et al., 1985; FF : Fehsenfeld & Ferguson, 1974; GB : Gallagher et al., 1983;
GD : Good et al., 1970; GI: Gallimberti, 1979; H4: Hill etal, 1984; HC : Hunter
& Christophorou, 1984; IH : Itikawa, Hayashi et al., 1986; II : Itikawa, Ichimura et
al., 1989; LT : Lin & Teare, 1963; MC : McFarland et al., 1973; MP : McEwan
& Phillips, 1975; NB : N.I.S.T. Chemical Kinetic Data Base, 1992; NM : Donahue &
Prinn, 1990; RP :Ryan & Plumb, 1990; VE : Venugopalan, 1971; WI: Winters &
Inokuti, 1982; ZN :Zinnetal., 1990; X? : See text for derivation;
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The chemical reactions included in the model.
TABLE 19. List of Chemical Reactions Included in the Model.

N;Oj; and H;O; reactions

Rx Ref Reaction Rate Coefficient
Photolysis

R, D7 03 — 0,+0 J1=03.3P
R, D7 03 — 0;+0('D) J,=03.1D
R3; A9 HONO — OH+NO J3=HONO
R4 A9 HON02 — OH + NO, J4=HONO2
Rs D5 H;0; — OH+OH Js=H202_0OH
R¢ D5 Ny;Os — NO; +NO; Je=N205
R; DS NO; —- NO+O J7=NO2
Rg D5 NO; — NO;+0 Jg=NO3_0
Ry, D5 NO; — NO+O, Jo=NO3.02
Rio DS H02N02 had HOz + N02 J 10= HO2NO2
Ry D5 CH3OOH — CH3O + OH J11= CH300H
R;; DS CH;0 — CO+H, Jip= CH20_H2
R;3 D5 CH,0 — CHO+H Ji3= CH20_H
Rij4 NM CH;SCH,00H

— CH3S8 + CH;0 + OH J14= CH300H
R;s NM CH3SCHO — CH3S + CHO Jis= CH3CHO.1
Rig D9 CCly — CCl3+Ce Jis= CCl4
Ry D9 N;O — N; + O(ID) Ji7=N20

Ris
Rig
Rao
Ry
Raz

Ros4

N;O; and H;O; reactions

NB
NB
NB
NB
NB
NB
NB
D7
D7
D7
NB
NB
NB
NB
NB
NB

NO;+0O — NO+ (O,
O+NO; —- NO; + O

NO3 +NO3; — NO; + NO; + O,
N;0 + O(!D) — NO+NO
N2O+O(1D) — N2+02
N20O+ NO — N3 + NO;
NO; +H — NO; + OH
O3+NO — N02+02

03 +NO; — 03 +NO;
NO+NO3 — N02 +N02
OH + NO;3; — NO; + HO,
O; +H; — OH + OH
02+H2 — H02+H
OH + HO; — H,0+0;
OH+N20 — HO2 +N,
HO; + N;O — OH+0; + N,

kig = 8.298 x 10~12 (T/298) %4 ¢@.6/T)
ko=1.x10"1

ka0 = 3.894 x 10~16 ¢(-136.4/T)

ky =6.7 x 10~1

kyp=49x 10~

kg3 = 7.638 x 1011 ¢(~26880.0/T)
ka=1.1x 10"10

kys = 1.8 x 10712 £(-1370/T)

kas = 1.2 x 10~13 £(=2450/T)

kyy = 1.7 x 10-11 (+150/T)

kg =25x 10"

kg =2.571 x 10713 et~ 16200.0/T)

k3o = 7.679 x 1011 ¢(~28590.0/T)

k31 = 6.809 x 10~11 (7/298)=0-57 ((®.0/T)
k3, =3.804 x 1077

k33 =1.x 10—20
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The chemical reactions included in the model.

H;N; O reactions

TABLE 19-2. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction

Rate Coefficient

Rs;4 NB
Rss B7
Ris B7
R37; B7
R3g B7
R3y NB
R4 NB
R4s1 NB
R4y NB
Rss NB
R4 NB
Ry4s NB
R4 NB
R4y7 NB
Rsys NB
Ry NB
Rsy NB
Rs; NB
Rs; NB
Rs; NB
Rsq D7
Rss A9
Rs¢ D7
Rs; NB
Rss NB

H+N,0 — NH+NO
OH + NO,; — NO + HO,
NO; +H — NO+ OH
N,O+H — N; +OH

N, +O0H — N,O+H
H+0O; — OH+O
H+OH — H2+O
H+H,O — OH+ H,
OH+H; — H+H;0
H+HO; — 0+ H;0
H+HO; — Hy;+ 0O,
H+HO; — OH+ OH
OH+0O — H+0O,
O+H; — OH+H
O(D)+H; — OH+H
H,0+0 — OH+ OH

03 +{M} - 0+0; +{M}
0+0; — 0;+0,
OH+0; — HO; + O,
H+0;3 — OH+ O,

HO; +0;3 — OH+ 0, +0,
HO; + NO — OH + NO,
OH+H202 g H20+H02
OH+O0OH — H,0+0
OH+OH — H,0,

Rsy NB
Res NB

HO; + HO; — H;0; + 0Oy
HO; + HO; + {M}

— H202+02+{M}
Ry NB HO;+0O — OH+ (O,
H;N; Oy, reactions

R¢; NB
R¢3 NB
Rss NB
Rss NB
R¢s NB
R¢7 NB
R¢s NB
Rey NB
R7 NB

NO; + HO; — HONO; + O,
NO3 + CHzO — HON02 + CHO

H+ HO;NO; — H;0; + NO,

O +HO;NO; — OH+NO; + 0,
OH + HONO — H20+N02
HO; + NO — HNO + O,
HNO + O; — NO+HO;

H,;0 + N;Os — HONO; + HONO,

OH + H02N02 — H20 + N02 + 02

k3s = 1.048 x 1079 ¢(~14590.0/T)

ks = 1.55 x 10711 (~3040.0/T)

ki = 5.8 x 10~10 ¢(=740.0/T)

ki =13 x 10~ 10 £(—7600.0/T)

kyg = 5.31 x 10712 ¢(~40509.0/T)

kg =2.22 x 10710 (=7983.5/T)

k4o = 6.858 x 10~ 14 (7'/298)%8%) ¢(~1950.0/T)

kq =2.979 x 10710 (-10516.1/T)

k4 = 9.804 x 10-13 (T/298)(1.981) o(=1497.1/T)

ka3 =9.18 x 1071 £(-971.9/T)

kas = 7.348 x 10~ £(=6534/T)

ks = 1.254 x 10710 ¢(=325.3/T)

kas = 3.833 x 10~ 11 (T/298)49 ¢(-19/T)

k4 = 9.466 x 10~ (T/298)1%) (~2148.1/T)

kag =1.x 10710

kg = 1.965 x 10710 £(~9487.8/T)

kso = 9.016 x 10~10 ¢(-11253.9/T)

ksi = 1.314 x 10~ 11 £(-219.2/T)

ksy = 1.02 x 10712 ¢(~860.7/T)

ks3 = 1.399 x 10~10 ¢(=459-7/T)

ksa=1.1 x 10~14 (=500/T)

kss = 3.7 x 10~12 ¢¢+240/T)

ksg = 2.9 x 10712 ¢(~160/T)

ks7 =7.262 x 10~ 13 (T/298)14? ¢(269.0/T)

kss = NPD(3.516 x 107, —3.597, ~534.3,
4.44 x 10~12,0.000,243.7)

ksg =2.303 x 10~ 13 ¢6%0.0/T)

lso = 1.678 x 10733 ®81.1/T)
ky =2.885 x 10711 ¢@72/T)

key =9.209 x 10713

ke3 = 6.298 x 1016

kes = 1.75 x 102

kes = 2.461 x 10~14

kes = 1.198 x 10~12 £B335:6/T)
kg7 =7.651 x 1011 £(=3393.7/T)
keg = 1.8 x 10~11 £(=390.0/T)
keo = 9.103 x 10~19 ¢@819.0/T)
k70 = 5.251 x 1012 £(-1510.0/T)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-3. List of Chemical Reactions Included in the Model (Continued).

Standard 3-body reactions

Rx Ref Reaction Rate Coefficient

R;; NB HNO+0O — NO+OH kyp =2.x 10711

R, NB HNO + CH3;0 — NO + CH;0H k7 =5.251 x 10~ £©0/T)

R;3 NB HNO+HNO — N,0 + H,0 k73 =7.056 x 1020 £(3262.0/T)

R;s B7 HNO+H — H,+NO k74 = 3.07 x 10712 ¢@S1/T)

R;s B7 HNO+OH — H,0+NO ks = 2.69 x 10710 ¢(~1569.0/T)

Ry B7 NO+H+{M} — HNO+{M} Il =1.5x 10732 £G00.0/T)

R;7 B7 HNO+0O, — NO+H+O0, k77 = 1.66 x 10~ £(~23150.0/T)

Rs;s B7 HNO+N; — NO+H+N, kg = 1.66 x 105 (~23150.0/T)

R9 B7 HNO+Ar — NO+H+Ar k79 = 1.66 x 10~ ¢(~23150.0/T)

Rggy B7 H; +NO — H+HNO kgo = 5.25 x 10~11 £(~27778.0/T)

Rsi B7 H;0+NO — HNO + OH kg1 =7.4 x 10710 ¢(~36657.0/T)

Rg; B7 HONO+ O — HONO, kgp=1.x 1071

Rgs B7 H,0+NO; — HONO, + OH kgs =2.3 x 10~%

Rgs NB NH; +0; — HNO + O+ OH kss = 1.914 x 10712 £(~709.0/T)

Rgs NB HONO — OH+NO jas = 5.495 x 10+12 (=24155.0/T)

Rggs D7 HO; +NO; — HONO + 0O, kgs = 1.2 x 10~13

Rg7 NB H; +NO; — H+HONO kg7 = 3.983 x 1011 £(~14590.0/T)

Rgg NB H,0, +NO, — OH + HONO, kgs = 1.001 x 1018

Rgy NB CH,0H + H;0; — CH30H + HO; kgg = 5.003 x 10715 ¢(~1300.0/T)

Standard 3-body reactions

Roo A9 O+0; — O I_N2g = 5.7 x 10~34 (T'/300)"%®
1,029 = 6.2 x 10734 (T/300)*?
kigo =2.8 x 1012
Fegy = e(~T/6%)

Ro;y D7 OH+HONO; — H;0+NO; s391 = 7.2 x 10713 £+785/T)
k291 = 4.1 x 10716 ¢*+1440/T)
k301 = 1.9 x 1073 £+725/T)

Rz A9 OH+NO — HONO I_LN2g, = 7.4 x 10-3! (T//300)" %%
1,024, = 7.4 x 1073 (T/300) 29
ki92 =1.x 10_11
Fegy = (=T /1300)

Ris D7 H+0, — HO, I_LN2g3 = 5.7 x 10~32 (T/300)" 9
1.0263 = 5.7 x 10~32 (T/300) 9
kigz =7.5 x 10-11
Fegy = e(—T/SOZ)

Rgs A9 OH+NO, — HONO, I.N2g4 = 2.6 x 10~ (T/300) 2

10294 =2.2 x 10~% (T/300)">?
kigs = 5.2 x 10711
Fegy = e(—T/353)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model. Standard 3-body reactions

TABLE 19-4. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

Rgs D7 HO, +NO, — HO,NO, I_N2gs = 1.8 x 10731 (T/300)>?
1.025 = 1.8 x 10731 (T/300)>?
kios = 4.7 x 10~12 (T/300) ¥
Fegs = e(=T/517)

Res A9 HO,NO, — HO; +NO, jo-N2gg = 5. x 106 ¢(~10000/T)
ko026 = 3.6 x 106 ¢(~10000/T)
jigs =34 x 10+14 e(—-10420/T)

Fegg = ¢TSI
Rg7 NB NO; +NO; — N,0s kg7 = NPD(1.466 x 10~31,0.000,915.1,
1.377 x 10~12,0.000, 30.4)
Ris A9 N;O5 — NO; +NO; jo_N2og =2.2 x 1073 (T/300)*% ¢(~11080/T)

ko-O295 = 2.2 x 1073 (T/300)*% ¢(-11080/T)

Jigg = 9.7 x 10*14 (T/300)*-D ¢(~11080/T)

Fegg = e~T/280)

Rggy D7 CHs3+0; — CH30, I_LN2g = 4.5 x 10~3! (T/3OO)(—2.0)
1.0299 = 4.5 x 103! (T/300) 2%
kigo = 1.8 x 10712 (T/300)(‘2~°)
Fng = e(_T/446)

Rio A9 CH;0;+NO; — CH30,NO; I-N2jg0 =2.3 x 10-3° (7/300)*9
1.02100 = 2.3 x 10730 (T/300)"*?
kijo = 8. x 10~12
Fepo = T30

Riog SA CH30;NO; — CH30; +NO; jo_N2jg =9. x 10~5 £(~%%9/T)
k0_02101 = kONz
jiIOI =1.1x 10+16 e(—10560/T)
Feyy = T3

Ry NB O+NO — NO, k102 = NPD(1.759 x 10~32,0.000,478.5,
2.221 x 10~11,0.452,92.6)
Ris NB CH3;O0 — CH,O0+H Jj13 = NPD(1.893 x 10~!1,0.000, —6346.0,

6.628 x 10*!3,0.000, —12630.0)
Ris NB CH30NO — CH30 +NO j104 = NPD(8.396 x 10~%,0.000, —15480.0,
9.749 x 10*'7,0.000, —22700.0)

Ri;s NB CH,0 — H+CHO jr0s = NPD(5.388 x 10~%,0.000, —39020.0,
3.299 x 10*'4,0.000, —44950.0)
Ris NB H+CH; — CHy k106 = NPD(8.194 x 10~3!,0.000, 1281.0,

8.27 x 10~11,0.000, 389.5)
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The chemical reactions included in the model. Lightning-induced ionization

TABLE 19-5. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

Riw NB CHs — CHs+H  jior = NPD(7.253 x 10~7,0.000, —48720.0,
3.272 x 10*15,0.000, —52180.0)
Rig NB H+OH — H,0 k10s = NPD(5.451 x 1073° —2.630, —809.6,
7.966 x 10~4,0.000, —276.3)
Riwy NB H+CO — CHO k1o = NPD(1.213 x 10~3%,0.000, —759.2,
1.96 x 10~13,0.000, —1366.0)
Rio NB O0+CO — CO, k110 = NPD(1.182 x 10—33, 0.000, —1470.0,
5.681 x 10~1%,0.000, —1160.0)
Riy NB CO; — CO+0 jin = NPD(5.088 x 10~1°,0.000, —51420.0,
8.995 x 10*!2,0.000, —65310.0)
Riz NB H;0, — OH+OH jj12 = NPD(5.797 x 10}, —7.009, —29110.0,
2.951 x 10*14,0.000, —24370.0)
Ri;3 NB NO;+0 — NO; kng = NPD(1.466 x 10—32,0.000, 5320,
2.163 x 10~11,0.000,2.8)

Cosmic ray ionizations

Riu X3 0, — O7+e Jui4 = 0.50xIonizationRate
Ris X3 0, - 0+0*+e  jis = 0.25xIonizationRate
Riis X3 N; — Nj+e Jue = 0.50xIonizationRate

Ri;7 X3 Ny — N+N*+e  jj7 = 0.25xIonizationRate
Ris X3 CO; — COj+e Jjus = IonizationRate
Ry X3 H;O — H;O*+e Jio = IonizationRate
Rino X3 SFs — SFs+F j120 = IonizationRate
Rizn X3 CCly — CCl3 +Cl jig = IonizationRate
Ri» X3 CFy — CF:3+F j122 = IonizationRate

Lightning-induced photolysis

Riys X4 03 - 0,+0 J123=0.05 x O3_L_Photo
Rize X4 O3 — 0;+0('D)  Ji24=0.95 x O3.L_Photo
Ris X4 0, — 0+0 Jizs= 02_L_Photo

Ri X4 O™ — O+e Ji26= O_L_PhotoFrag
Riz7 X4 O — O2+e Ji27= O2_L_PhotoFrag
Rizgs X4 O — Os+e J12s= O3_L_PhotoFrag

Lightning-induced ionization

Rig X5 O; — O5+e J129 = 0.79xL_Ion_P
Rizp X5 N; — N; +e J130 = 0.79xL_Ion-P
Riszz X5 0O, - 0+0*+e 131 =0.21xL_IonP
Rizz X5 N; — N+ N*+e Jizz =0.21xL_Ion P
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The chemical reactions included in the model. SFg, CCl4, and CF, reactions

TABLE 19-6. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

N and O Excited-state chemistry

Rizz A9 O(D)+N; — O+N, kiz; = 1.8 x 10711 ¢*107/T)
Rizs A9 O(D)+0;, — 0+0, ki3g = 3.2 x 10711 ¢@67/T)
Riss A9 O(D)+H,0 — OH+OH ki3s =22 x 10710

Riz A9 O(D)+H,0 — O+H,0 ki =12x 1071

Riz7 A9 O(D)+H;0 — Hy; + 0, ki3 =23 x 10712

Riss A9 O(ID) +0;5 — O0+0, kg =12 x 10-10

Rizs A9 O(D)+0; — 0, +0+0 ki3g =12 x 10710

Riw H4 0+0; — 0,('D)+ 0, krao = 1.314 x 10™12 £(~2149.2/T)
Rig H4 O(D)+03 — 03+0,+0 kg =4.5 x 1071 (-2800.0/T)
Rigs H4 O(D)+N — O, +N ki =3.x 1075

Ris H4 O('D)+0 — 0,+0 ks =1.x 10716

Rigs H4 Oy('D)+N; — O;+N; krag =2.1 x 10715

Riis H4 Oy('D)+0; — 0+ 0, ks =24 x 10718

Ris MP Oz(lD) +02_ — 0+03+¢ ks =2. x 10710

Riy7 VE Oz(lD)-l-O_ — Oz +e ka7 = 3. X 1010

Rius B7 N(D)+0; — NO+O k1 = 7.5 x 1012 (300.0/T)%>
Rigo H4 NCD)+N; — N+N; ko =16x 10714

Riss, B7 N(D)+NO — N;+0 kyso = 6. x 10~ 1

Risi H4 N(D)+NO — NO+N kysp = 6. x 10711

Ris H4 NCD)+N,0 — NO+N, kiss =2.x 10710

Riss MP N;+e — Ny(S)+e kiss=1.x 10-1

Riss MP Ny(S)+O(D) — NO+N kisa=1.x 1071

Riss MP Ny(8)+0; — N+ 0O, kiss = 3.8 x 10~12

Riss VE N3(S)+0* — NO*+N kiss =2. x 10712

SF¢, CCl4, and CF 4 reactions

R;s;7; NB CF3;+F — CF, kys7 = NPD(7.7 x 10~27,0.000, 0.0,
2. x 10~11,0.000,0.0)
Riss NB CF;+F — CF; kiss = NPD(3. x 10~29,0.000, 0.0,

1.3 x 10~1,0.000, 0.0)
Ris9 NB COF; +O(!D) — CO;+F+F kis9=2.1x 10"

Riw NB CF3+0 — COF,+F ko =3.1x 1071
Rig NB CF;+0 — COF+F kgt =14 x 10~
Rigzg NB CF;+0 — CO+F+F kisg = 4. % 10-12
Rigs NB COF+0 — CO;+F ki3 =9.3 x 1071
Rigg NB COF+F — COF, k164 = NPD(6.5 x 10~%,0.000, 0.0,

1.4 x 10~11,0.000, 0.0)
Riss NB CF;00+0 — COF; +F+0; kygs=1.x 1071
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The chemical reactions included in the model.
TABLE 19-7. List of Chemical Reactions Included in the Model (Continued).

SFg, CCly, and CF4 reactions

Rx Ref Reaction Rate Coefficient
Rigs NB F+CO — COF k166 = NPD(8.1 x 10~%2,0.000, 0.0,
9.4 x 10~11,0.000, 0.0)
Ris7 NB F+0, — FO, k167 = NPD(1.6 x 10~32,0.000, 0.0,
3. x 10~11,0.000, 0.0)
Rig NB F+FO, - F+F+0, kg =5. x 1071
Rigg9 NB O+FO; — FO+0, kg9 = 5. X 10~
Ry NB O+FO — F+0O, k1o =5.x 10~
Ri7 NB CF;+0; — CF00 k171 = NPD(6.725 x 10~2°, —5.708, —386.4,
3.77 x 10~12,0.000, 243.7)
Riz NB CF3+0; — CF0+0 ki7p = 8.814 x 10712 ¢(~8852.0/T)
Ri3 NB CF3;+H — CF; +HF k173 =9.104 x 101
R4 NB F+ H,0 — HF + OH k174 = 1.4 x 10~
Riss NB F+H, — HF+H ky7s = 6.576 x 10~11 (T/298)5™ ¢(-3124/T)
Ri NB F+HO; — HF+0, k176 = 8.303 x 10~ 11
Ri7 NB F+CHsy — HF+CH; k177 = 2.597 x 10710 ¢(=379.8/T)
Ri;s NB F+HONO, — HF +NOs; k178 = 6.906 x 10712 ¢(367-1/T)
Ry NB F+NH; — HF + NH; k179 =2.895 x 10~ 10 o(-685.3/T)
Rigg SA COF;+H;0 — CO, +HF+HF kg =2. x 106
Risi NB CC/44 +O(1D) — CCé3 + CLO kg1 =33 x 10-10
Rizz HC CF4+e — CF;+F~ kig; = ek CF3_ FM
Rigs WI CFs+e — CF+F+e k1g3 =0.5e.k.CF3
Rigag WI CFs+e — CF,+F+F+e IC134 =0.5ek CF3
Rigs BT CCly+e — CCl +Cl™ kigs = e_k CCI3.CI.M
Riggs BT CCli+e — CClh+Cl+e kiss =4.5 x 103
Rigz7 BT CCly+e — CCl;+Cl+e+e k137 = ek CCI3P
Risg RP SFg+e — SFs+F~ k133 = ek SF5_F-M
Rigg RP SFs+e — SFs+F+e k139 =e.k_SF5
Rigg RP SFs+0; — SO;F; +F+F+F  kjg=1.x 10716
Rigy BS SFs+0 — SOF,+F kg =2. x 10711
Ry, BS SFs+OH — SOF, + HF ki =1.6 x 1071
R193 BS SOF4 + Hzo
— SO,F; + HF + HF kg3 =1.x 10-21
Rigg XX SFs+0; — SFs+F~ +0, klos=1.x 10710
Rigs XX CF4+0; — CF+F +0, kigs = 1. x 10-12
Rigg XX CCY¢, +O; — CClh+CL™+0; k=1 x 10-10
Rys7 XX SFs+0;
— SFs+F +0;+ 0, k197= 1. x 10—11
Rigg XX CFs + O;
— CF3+F +0;+0, kigg = 1. X 10-13
Rigwg XX CCly+ O;
— CCl3+CL +0, 40y kigg = 1. x 10-1
Rzoo XX SF6 + CO;
— SFs+F +CO;+ 0, kago = 1. % 10~
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The chemical reactions included in the model.
TABLE 19-8. List of Chemical Reactions Included in the Model (Continued).

O, Positive ion reactions

Rx Ref Reaction Rate Coefficient
Ry XX CF4 + CO4_
— CF3+F +C0;+ 0, kyp = 1. X 10-13
Ry XX CCly+ CO;
— CCl3+CL™ +CO+0;  kyp=1.x1071
Ryps XX SFs+0~ — SFs+F +0 kys =1. X 10-1°
Ry XX CF;4+0~ — CF3+F +0 koo = 1. X 10~12
Rys XX CCly+0™ — CCLHL+CELT+0 kys =1. x 1010
Rys XX SF¢+H~ — SFs+F +H ks = 1. x 10710
Rys7 XX CFs+H™ — CFs+F +H ka7 =1. % 10-12
Rys XX CCly+H™ — CClL+CL~ +H  kyg=1. x1071°
O, Positive ion reactions
Ry II' O2+e — Oj+e+e kaog = O2_Ion
Ry 1 Oy+e — O+0+e k210 = 02_Dis
Ry II Oy+e — O+ O*+e+e k)u = 02_Dislon
Ryz ZN O} +N; — O3 +0;+N; k12 = 111 x 1076 (T/300)>2 ¢(=5007.0/T)
Rz ZN O;+0; — 03 +0,+ O, ka3 = 1.11 x 10710
R4 ZN OZ +0 — 05 + 05 kg =1. % 10-4
Ryis ZN O +N; — N;Of + 0, k215 = 4.61 x 10712 (T//300)>> ¢(~2%50.0/T)
Ryis ZN Of +H;0 — WO3 + 0, ks =22 x 1077
Ry17 ZN OX +e - 0+0+0; k17 =2. % 10-6 (3000/T)
Rys MP O} +N — NO*+0 ka3 = 1.8 x 10710
Rji9 ZN O; +NO — NO*+ 0O, ka9 =4.5 x 10-10
Ryxn ZN 05 +N; — NO*+NO ko =1. X 10-16
Ry H4 O +N; — N3+0; kypi=1.x 10710
Ryz ZN 03 +NO; — NO} +0, kap =6.6 x 1071
Ryy ZN O} +0y+{M} — O} +{M} I =5.x 10" (T/300)"*"
Rye ZN O +Ny+ {M} — NoO3 + {M} Ips=9. x 10731 (T/300)%?
Ry X7 O; +H,0 — H,0*+0, koys = 1. X 1010
Ry X7 O*+N; — NO*+N ka6 = DependsEV(—10.27591,2.2889980,
—0.38392840, —0.85343900)
Ry X7 0*+0; — 0;+0 k227 = DependsEV(—10.29551,1.2033180,
0.17122480, —0.41260120)
Ry MP O*+CO; — 0; + CO kg =12 x 10~°
Ry MP O*+H,0 — H,0*+0 kg =23 x 109
Ry MP O*+H; — OH*+H ko3 =2. % 10~°
Rysi MP O*+NO — NO*+0O ka3 =1. x 10-12
Rz MP O*+NO; — NO; +0 kap =16 x 10-°
Ry MP O* +N;0 — N,O*+0 ka3 =22 x 10710
Ryy MP O*+N;O — NO*+NO ks =23 x 10710
Note: W, X represents (H,0),-X in these reactions. The definitions of the reactive families { X } are at the
end of this table.
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The chemical reactions included in the model.
TABLE 19-9. List of Chemical Reactions Included in the Model (Continued).

0O, Negative ion reactions

Rx Ref Reaction Rate Coefficient
Ry;s H4 O*+N,0 — 03' +N; ka5 =2. X 10~1
Ry ZN CO*+NO — NO*+CO kyg =3.3 x 10710
Ry ZN CO*+0, — 03 +CO k7 =2.x 10710
Ryss ZN CO*+CO; — COE +CO kzgg =1.1x10"?
Ry ZN CO* + H,0 — H,0*+CO ke = 1.1 x 10~?
Ry ZN CO; +NO — NO*+CO, kygo =12 x 10-10
Ry ZN CO;+0; — 05 +CO, kg1 = 5. X 10~1
05 Negative ion reactions
Rypy XX e+H,0 — OH™ +H kg = 1. x 10712
Rys MP e+0;+0; — 07 +0; e = 1.4 x 1072 (300/T) -5/
Ry MP e€e+0;+N; — O; +N; 1244=1.>(1()"3l
Rys VE e+0;+H,0 — 0; + H;0 lrys = 1.4 X 10-%
Rus VE e+0;+CO; — 07 +CO; L =33 x107%
Ryss H4 e+N,O — N, O*+e+e ka7 =3.3 x 1014
Rygs MP e+0O;3 — O +0O; kasg = 9. X 10-12
Ry ZN e+0 — O~ ka9 =13 x 10-1
Riso VE e+0; — OF kyso = 1. x 10720
Rys; MP 04— +0 — 03_ + O, kysy =4 X 10-10
Rz MP Oy +0 — 07 +0;+0, kasp =3 x 10710
Rys MP O +0; — O; +0:+0; kasy =2.x 10714
Riyss MP 0; +CO; — CO4- +0, k‘254 =43 x 10"10
Ryss MP O; +NO — OONO~ + 0, kass = 2.5 x 10710
Ryss MP OONO~ +NO — NO; +NO; kass = 1.5 x 107!
Rys7 MP COj +0; — O +CO, kas7 = 1.02 x 10~ (T/300)"D -2433.0/T)
Ryss MP CO; +03; — O7 +02+CO;  kosg =13 x 1071°
Ry MP CO; +0 — CO5 +0, kaso = 1.5 x 1071
R0 MP CO4_ +NO — OONO~ +CO; kg =4.8 x 10~1
Ryss MP CO; +0 — e+C0O;+ 0y ko1 = 2. X 10-1
Ry ZN CO; +0 — 02_ + CO, kysp = 1.1 x 1010
Rys MP COj +NO — NOj +CO, ko = 9. x 10712
Rys ZN O7 +0 — O{ +0, kags = 3.2 x 10~10
Rys MP OF +NO — NO; +0; kys =1 x 10-1
Ry MP O7 +NO; — 0,+0; +NO koss = 2.8 x 10-10
Ry7 ZN O +CO; — 0 +COj ka7 = 5.5 x 1071 (T/300)"%?
Rys MP O; +H — O~ +OH kas = 0.5 x 107°
Ry MP O; +H — O+ OH~ kago = 0.5 x 10~°
Ryo MP O; +H — H™ +0, ka0 = 0.5 x 10~°
Ry MP O +H; — OH~ + OH ka1 =1 X 10-12
Ry ZN O + 03 = 07 +0, ki =4 X 1010
R;z MP O +NO; — NO; + O, ka3 =8 x 10710
Ry74 MP 02— +N,O — 03_ + N, ka4 =1. % 10-12
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The chemical reactions included in the model.
TABLE 19-10. List of Chemical Reactions Included in the Model (Continued).

N, Positive ion reactions

Rx Ref Reaction Rate Coefficient
Ry ZN 02_ +0 — O3+e kys =1.5 x 1010
Ry ZN O; +0 — 07 +0, ky76 = 1.5 x 10~10
Ry MP O +0; — O+ 0y +¢ kyr = 2.7 x 10710 (T/300)*5) (~55%0.0/T)
Ryzs MP O +N; — O+ Ny +e kg = 1.9 x 10712 (T/300)1-5) ¢(~49%0.0/T)
Ry79 ZN O{ +0, + {M} — 04— + {M} Iy =3.5 % 10-3! (300/T)
Rygp XX O7 +H;O — OH™ +H+ O, kygo =14 x 10~°
Rys1 ZN 02_ +CO; + {M} — COy + {M} lg; =2. X 10-% (300/T)
Ry, MP 02- +N — NO; +e kagy = 5. X 10-10
Rygzs ZN O +0; — O3 +e kogz = 3. x 1011
Ryge ZN O~ +0;+ {M} — O +{M} lyg4 = 1.1 x 1073° (300/T")
Rigs VE O +0; = 0+0;+¢ kogs = 2.3 x 1079 ¢(~26000.0/T)
Rygs VE O™ +N; — O+Ny+e kags = 2.3 x 1079 ¢(~26000.0/T)
Ry VE O™ +N; — NoO+e kyg = 1. x 10~16
Rygs MP O~ +NO — NO +e kogs = 1.6 x 10710
Rygg MP O~ +CO — CO;+e kogs = 4.4 X 10-10
Ry ZN O~ +COy+{M} — CO; +{M} Igo = 3.1 x 10728 (300/T")
Ryt ZN O™ +0 — Oz +e¢ ka1 = 1.9 x 10-10
Ry MP O~ +H; — H;O+e kagr =6.4 x 10-10
Rys MP O~ +0; — O{ + 0O kg3 = 8. X 10-10
Rys MP O™ +0; — O; +0 ka9s = 5.3 x 10710
Rigs MP O"+N — NO+e kygs = 2.2 X 10-10
Ry MP O~ +H; — OH™ +H kags = 3.3 X 10~
Ryy FF O~ +H0 — OH™ +OH k297 = 6. x 10712
Rig MP O~ +NO; — NO; +0 kygg = 1.2 x 10-°
Ry MP O~ +NO; — O; +NO kago = 1.8 x 10711
R0 MP O™ +N;O — NO™ +NO k3o =2 X 10-10
R3u MP O~ +CH4 — OH™ +CH; k31 =1 x 10710
Ry MP NO; +0; — NOj +0, ks =18 x 10711
Riss MP NO2— +NO; — NO; +NO ksz = 4. x 10~12
R34 MP NO; +H — OH™ +NO k34 = 3. x 10710
Rips MP OH™ +NO, — NO; + OH k3os = 1.2 x 10~°
R MP OH™ +0 — HOj +e k3o = 3. X 10-10
R3p7 MP OH™ +H — H;O+e k37 =3. x 10-10
Rys MP OH~ +CO;+{M} — HCOj +{M} lypg=1.x10"%
N, Positive ion reactions
Riw IH Nz;+e — N% +e+¢ k300 = N2_Ion
Rysg IH Ny+e — N+N+e k310 = N2_Dis
R33y; IH N;+e — N*+N+e+e k311 = N2 _Dislon
Rsip ZN NI +0 - O*+N2+ N, k3;p =3. x 10-10
R3;3 ZN N;+0O; — 03 + N2 + Ny ka3 =2.5x 10710
Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-11. List of Chemical Reactions Included in the Model (Continued).

Cluster reactions

Rx Ref Reaction Rate Coefficient
R3iy MP Nj+H;0 — H,0* +Ny + N, k34 =19x107°
Ryis ZN Ni+Ny+{M} — Nj+{M} I35 = 5. x 1072 (300/T)
Ry MP Ni+H,0 — H0'+N, k36 =1. x 10710
Ryp XX Ni+0; — O3 +N, k317 = DependsEV(—11.034200, 078235110,
1.7330660, 0.49174980)
Ryg MP Ni+0 — O*+N, ks1s = 1.4 x 10719 (T'/300) %49
Rsy MP Ni+0 — NO*+N k3o = 1.4 x 10710 (T/300)%4?
R3 MP N; +N — N*+N; k3 =1. % 10~
Rizy MP N3j+NO — NO*+N, k3 =33 x 10710
Rixz H4 Nj+NO — NO*+N;+N k3n =3.9 x 10710
Rixn H4 N; +N;0 — N;O*+ N, ks =17. x 10-10
Rix MP Ni+CO — CO*+N, k34 =7.x 1071
R3s MP N; +CO; — CO; + N, k35 =9. x 10-10
R3x LT N; +0; — NO+NO* ki =1. x 10-10
Rizp ZN N*+0; — O} +N k3 =2.8 x 10710
R3x ZN N*+0; — OE + N(ZD) k328 = 8.4 x 10~
Riy MP N*+0; — NO*+O k3 =5. X 10~
Rizy MP N*+0; — NO*+0('D) k33 =2. x 10~10
R3ss MP N*+0; — O*+NO k331 =2.8 x 101
Rz MP N*+CO — CO*+N k33 =5. % 10-10
Riz MP N*+CO; — CO;+N ki =1.3x107°
Rizs H4 N*+N,0 — NO*+N, k34 =2.8 x 10710
Rizs LT N*+NO — NO*+N k3zs = 1. X 10-10
Rix LT N*+NO — Ni+O ks =1.x 10710
Rizz LT N*+NO — N;+0O* k37 =1.x 10710
Rizz ZN NO+e — NO*+e+e kg =1.x 10~1
R3yy ZN NO* + H,0 — H,0* +NO k3zo = 1. X 10_10
Cluster reactions

R3yp ZN H20+ +0,; — 05 + Hzo ]C340 =2.x 10710
R34 ZN H,O* + H,O0 — H;0* + OH k3 = 1.8 x 10~°
Ryy ZN H;0" + H;0+N; — WIHZ;O' +N, Ly = 3.4 x 1027 (7/300) 9
Ris ZN H;0" +H,0+0, — WH3O' + 0, ly =3.7 x 1072 (T/300)" 20
R3y ZN VVH3O+ +HyO+ Ny

— W,H;0* + N, las = 2.3 x 10~77 (T/300) 20
R3ss ZN WH;0* + H,O0+ O,

— WyH30* + 0, lags = 2. x 1027 (T /300)*9
Ras ZN ‘N;)H;;O+ + N,

— VVH3O+ + H20 + Nz

kass = 6.44 x 10~ (T/300) "1 ¢(~11200/T)

Note: W, X represents (H;O),,-X in these reactions.

end of this table.

The definitions of the reactive families {X } are at the
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The chemical reactions included in the model. Cluster reactions

TABLE 19-12. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

R3yy ZN W,H;0* +e

— H+ H,0 + H0 + H,0 ksa7 = 3. x 1076 (T/300)D
Ris ZN WH;0* +e — H+ H,0 + H,0 k3ss = 2.5 x 1076 (T'/300)%V
Ry ZN NyOp +{M} — O} + Ny + {M} kaag = 1.1 x 1076 (7/300) > ¢(~2357.0/T)
Riso ZN NzO{; +0; — Oz + N, kiso =1. X 10-°
R3s; ZN N203“ + H,0 — WO; + N, kys; =4. X 10~°
Ris» ZN WO; +0; — O; +H,0+ 0, k3sp =1.x 10-10
Rss3; ZN WO3 +H; — H;0* + HO, k3s3 =3.x 10710
Riss ZN WO; +H — H;0*+0, k3ss =1. % 10~?
Riss ZN WO} +e — 0+0+H,0 ksss = 1.5 x 10=6 (300/7)°?
R3¢ ZN WO} +H,0 — H30* + 0, + OH k3sg = 8.63 x 10~6 £(~4400.0/T)
Ris7; ZN WO} +H,0 — OHH30* + 0, kas7 = 1.87 x 10~°
Risg ZN OHH;0* + H;O — WH30* + OH kisg = 1.4 x 10~°
Ris9 ZN OHH3O+ +NO
— NO*+ H,0 + H,O k3so = 3. x 10-10
R ZN OHH30*+e — Hy0+H+ OH ko = 2. x 10~6 (T/300)" %2
Rzs ZN NO*+Ny+{M} — NaNO* +{M} b =2. x 10731 (T/300)"**
Ris ZN NoNO* + {M} — NO*+Ny+{M} ks =183 x 10~7 (T'/300) %1 ¢(~2558.0/T)
R3ss ZN N;NO* + H,O — WNO* +N, ks = 1. x 10~°
R3gs ZN N,;NO* +C0O; — NOCOE + N, kigs = 1. x 10~°
Rigs ZN NOCO; + H,0 — WNO* + CO, kyss = 1. X 10-?
Riss ZN NOCO} +N; — N;NO* +CO, kss = 3.03 x 10=2 (T'/300)" 1 ¢(-2338.0/T)
Ris7 ZN NOCO; + {M}
— NO*+CO; + {M} ksg7 = 1.44 x 1075 (T/300) 110 ¢(~48%.0/T)

Rigg ZN NO*+H,0+ {M} — WNO*+{M} I =1.5x 10-2 (300/7)"?
Riye9 ZN WNO++H20+{M}

— W,NO* + {M} ligo = 1.1 x 10~7 (300/T)*"
Ri3n ZN W,NO*+H,0+ {M}

— W;3;NO* + {M} Iy = 1.6 x 1077 (300/T)*7
R371 ZN W3NO+ + {M}

— W,NO* + H,0 + {M} ks =7.41 x 10~1 (3OO/T)("4'3) £(—8025.0/T)
Ry ZN  W;3NO* + H,0

— W,;H;0* + HONO kyn =7. % 10~
R3;s ZN W;3NO* +e

— NO + H,;0 + H,0 + H,0 k37 = 3. x 1076 (T/300) %2
R34 ZN W,;NO*+e — NO+H0 + H,0 k374 = 3. x 1076 (T/300)"*?
Rys ZN WNO*+e — NO+H;0 kyrs = 1.5 x 1078 (7/300)°?
R3zs ZN WNO*+OH — H;0* +NO, k3 = 6. x 1071
Ri;z ZN NO*+CO; +{M}

— NOCO} + {M} Iz = 9.5 x 10~ (T/300)59

Note: W, X represents (H,0),-X in these reactions. The definitions of the reactive families {X } are at the
end of this table.
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The chemical reactions included in the model.
TABLE 19-13. List of Chemical Reactions Included in the Model (Continued).

Ion recombinations

Rx Ref Reaction Rate Coefficient
Electron recombinations
Riy H4 Of+e — 0,+0, k33 = 1.5 x 107 (300/T)
Rsp H4 Of+e+{M} — O+ {M) l79 = 1. x 10-26 (300/T)*
Ryg H4 Of+e+e — Oy+e ligo = 1. x 1071 (300/T)*?
Risgm X9 O*+e+{M} — O+{M} L3, = Uni_ElectronCapture
Ripz H4 O*+e+e — O+e I = 1.9 x 10719 (300.0/T)**
Rigs H4 Nz +e — N2 +N; kagz =2.1 x 10-¢ (SOO/T)
Ryge H4 Ni+e+e — Ny+e lgs = 1. x 10719 (300/T)“
Rygs H4 Ni+e+{M} — N+ {M} lgs = 1. x 1072 (300/T)*
Rigg X9 Nr+e+{M} — N+{M} l336 = Uni_ElectronCapture
Ripy H4 Nt+e+e — N+e hgr = 1.9 x 10719 (300.0/T)“
Rigg X9 H;O0*+e — OH+H k3gs = Multi_ElectronCapture
Rigy ZN H30*+e — H+H,0 k3so = 1.3 x 106 (300/T)7
Rio H4 NO*+e+{M} — NO+{M} Iy =1.x 1072 (300/7)*
Risy, H4 NO*+e+e — NO+e loy = 1.9 x 1071 (300.0/T)“?
Ripz X9 NOj+e — N+0O+O k39 = Multi_ElectronCapture
Rigzs X9 N;O*+e - N+N+O k393 = Multi_ElectronCapture
Riss H4 NpO*+e+e — NpO+e lhos = 1.9 x 10~19 (300/T)“
Ris H4 N;O* +e+{M} — NyO+{M} lss=1.x 10-2 (300/T)*”
R3 X9 OH*+e — O+H k396 = Multi_ElectronCapture
Riy X9 CO*+e — C+O0 k397 = Multi_ElectronCapture
Rigg X9 CO;+e — C+0+0 k308 = Multi_ElectronCapture
Rig X9 N;0;+e¢ — NO+NO k399 = Multi_ElectronCapture
Ion recombinations
Rio X9 N0+ {Neglon} — NO+NO k4o = Ionlon
Ri1 X9 O+ {Neglon} — O(D) k401 = Ionlon
Rin X9 Of+{Neglon} — O+ 0('D) kagz = Ionlon
Rin X9 Of+{Neglon} — O+0+0; ka3 =Ionlon
Rys X9 N*+{Neglon} — N(*D) k4g4 = Ionlon
R4os X9 N; + {NegIon} — N+ N(ZD) k405 = Jonlon
Rus X9 N} +{Neglon} - N+N+N; kg =Ionlon
Ri7 X9 NO*+{Neglon} — N+O(D) k47 =Ionlon
Rss X9 NO?I+{Neglon} — NO+O kaog = Ionlon
Rip X9 N,O'+{Neglon} — N;+0O k409 = Ionlon
Rsyo0 X9 H;0*+{Neglon} — OH+H ks =Ionlon
Ry X9 H3;0*+{Neglon} — H,O0+H ks = Ionlon
Riy» X9 OH*+ {Neglon} — O+H k412 = Ionlon
R4is X9 CO* + {NegIon} —- C+0 k413 = Ionlon
Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model. High T. reactions of N;O;

TABLE 19-14. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

R4s X9 CO; + {NegIon} —- C+0+0 k414 = Tonlon
Ryis X9 CCf; + {NegIon} — CCZz +C/t k415 = Jonlon

Rgs X9 O~ +{Poslon} — O('D) k416 = Ionlon
Ry7 X9 OF + {POSIOTl} —- 0+0 k417 = Ionlon
Rys X9 O + {Poslon} — 0,;+0 k415 = Tonlon
Ry X9 04_ + {POSIOTI.} — 0+0, lc419 = Ionlon
Ry X9 H™ + {POSIOH} — H k40 = Ionlon
R X9 NOj + {Poslon} — NO+O k421 = Ionlon
Rsn X9 NO~ +{Poslon} — N+O k422 = Ionlon

Ry X9 CO; + {POSIOR} d C02 +0 k423 = Ionlon
R4y X9 CO; + {PosIon} — CO;+ 0, k424 = Ionlon
Rsys X9 OONO~ + {Poslon} — NO+O; kgs =Ionlon
Ras X9 HCO;5 + {P osl on} — CO2 + OH k436 = Ionlon
Ry X9 NO; + {POSIOTL} — NO; + 0O k427 = Jonlon

Thermal ionizations & recombinations

Riz LT N+O — NO*+e kazg = 5. x 10711 T—1/2 ¢(=32500.0/T)
Riy LT NO*+e — N+O kazo = 0.2x3. x 10~3 (T)¥/?
Riao LT NO*+e — N(D)+O kaz0 = 0.4x3. x 103 (T)3/2
Rgi LT NO*+e — N+0O(D) ka1 = 0.4x3. x 1073 ()32
R4z LT N+N — NE +e€ kazn =9. x 1011 7=1/2 ¢(=67300.0/T)
x(1+T (1.3 x 10-%T 3.3 x 10~9)
Ris LT Nj+e — N+N(D) kaz = 0.9x3. x 1073 (1)¥/?
Rgs LT Ni+e —» N+N kasa = 0.1x3. x 1073 (T)"¥?
Rss LT O+0 — Oj+e kas = 3.2 x 10~ 11 T—1/2 £(~80100.0/T)
x(1+T (7.5% 107*T 2.2 x 10~9)
Rgs LT Of+e — 0+0('D) kazs = 0.9%x2. x 1073 (T)~¥/?
Rg; LT Of+e — 0+0 ka7 = 0.1x2. x 103 (T)~¥?

High T. reactions of N;O;

Ris B7 N;+0 - N+N+O kag = 3.16 x 1077 £(~112450.0/T) —1/2
Ris B7 N;+0;, — N+N+0O, kaso = 3.16 x 107 (~112450.0/T) —1/2
Ruo B7 N;+NO — N+N+NO kago = 3.16 x 10~7 £(~112450.0/T) —1/2
Rii B7 Ny;+N; - N+N+N; kas = 7.81 x 1077 (~112450.0/T) p-1/2
Ruzy B7 N;+N — N+N+N kasr = 6.81 x 10~2 (~112450.0/T) =-3/2
Rys B7 N+N+O — N;+0 lig =2.76 x 10732 7-1/2
Rys B7 N+N+NO — N; +NO loas =2.76 x 10732 T-1/2
Rus B7 N+N+0O; —» Ny +0; lags = 2.76 x 10~32 T-1/2
Rys B7 N+N+N; — Ny+Ny lagg =7.17 x 10732 7-1/2
Ry7 B7 N+N+N — N+N; lag7 = 6.23 x 107277 7-3/2

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.

High T. reactions of N;O;

TABLE 19-15. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction

Rate Coefficient

Rus B7 O0+0+0 — 0,+0

R449 B7 O+0+02 — 02+02
Risoy B7 O+0+N; - O +N;
Rysy; B7 O+0+N — O;+N

R4s; B7 O+0+Ar — 02+AI‘
Rsss B7 0,40 - O0+0+0

Risa B7T 040, —- 0, +40+0
Ryss B7 O+4N; - N, +0+0
R4ss B7 O2+4N —- N+0+0

R4s7; B7 O4+Ar — Ar+0+0
Rysg B7 N+0O; — NO+O

R4se B7 NO+O — N+ O,

Ry B7 N+NO — N;+0

R4 B7 N3;+0 — N+NO

R4y B7 NO+NO — N,O+0O

Rygs H4 N+O+N; — NO+ N,
Rygs H4 N+O+0;, — NO + O,
Ryss B7 NO'i-{M} — N+O+{M}
Ry B7 N3 +0; — N,O+0O

Rz B7 N3 +0; — NO +NO

Ry B7 NO+NO — N2+02

R4y B7 NO+NO — NO; +N

R4 B7 NO;+N — NO + NO

Rsn B7 N, O+Ar — N +O+Ar
R4 B7 N, O+0; — N +0+0,
R4z B7 N20+N2 — N2+O+N2
R44 B7 N20+N20 — N2+O+N20
Rss B7 N;+0+Ar — N,O+ Ar
Rss BT N2 +0+0; — N;O+0,
Rs7 B7 Nz2+0+N; — N,O+ Ny
Rys B7 N +O0(D)+ {M} — N,O+ {M}
Ry H4 N+NO+{M} — N,O+{M}
Rsyso B7 N2+O — N20

Ry B7 NO+0O; — NO, + 0O

Rsgz B7 N+NO; — N,O+O

Rsgs B7 N20+O — N+ NO;

R4za NB NO; +NO; — N304
R4gs NB N;04 — NO; + NO,

R486 NB NO3 — NO+O2

lisg = 3.86 x 10730 T—1 (=171.0/T)

lugg = 3.86 x 10730 T'=1 £(=171.0/T)

liso = 1.93 x 1030 T=1 £(=171.0/T)

lys; = 2.5 x 10730 71 £(-171.0/T)

lysp = 2.5 x 10730 71 £(=171.0/T)

ks = 1.35 x 10=4 T—1 £(=59700.0/T)

kass = 4.48 x 10~5 T—1 £(=59700.0/T)

kass = 2.24 x 10~5 T~ (=39700.0/T)

kasg = 7. x 1075 T—1 £(=59700.0/T)

kas7 = 7.04 x 10~5 T—1 £(~59700.0/T)

kysg = 1.1 x 10714 T £(=3150.0/T)

kasg = 2.59 x 10715 T £(~19450.0/T)

ksso = 3.4 x 10711

kss = 1.3 x 10710 £(—38000.0/T)

kagp = 2.16 x 10712 £(—32100.0/T)

ligz = 1.1 x 10732 (300-0/T)(0‘5)

liga = 1.1 x 10732 (300'0/:,1)(0.95)

kags = 6.46 x 10—% T—3/2 ¢(=75000.0/T)

kass = 9.96 x 1011 ¢(=55200.0/T)

kagr = 7.64 x 10%0 (T)(~%5) ¢(~64700.0/T)

kagg = 2.92 x 10711 £(=32214.0/T)

kago = 1.86 x 10713 (=39200/T)

k470 = 5.98 x 10~12

k47 = 8.3 x 1010 £(~29000.0/T)

ki =1.6 x 109 6('29000~0/T)

ka3 = 1.6 x 1079 ¢(~2000.0/T)

ka7s = 8.3 x 1079 £(~2000.0/T)

lygs = 3.9 x 10735 £(~10400.0/T)

I = 8. x 1034 ¢(~10400.0/T)

Iy = 8. x 10734 £(—10400.0/7T)

Ligg = 3.5 x 10737 (7/300)*®

lyg = 1. x 1034 £(~1000.0/T)

k4go = 1. x 10724

kagy = 2.82 x 10™12 £(~24000/T)

kagp = 3. x 10712

kags = 4.15 x 107! (T)(=%) (~400.0/T)

kass = NPD(1.269 x 10~2%, —12.700, —3433.0,
8.303 x 10~'?,-1.100, —0.0)

jags = NPD(1.034 x 10~7,0.000, —5010.0,
8.7 x 10*16,0.000, —7948.0)

jags = NPD(2.213 x 10~13,0.000, —1811.0,
2.5 x 10*¢,0.000, —6100.0)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.

High T. reactions of H;C; Og

TABLE 19-16. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction

Rate Coefficient

Rsgzm NB NO+NO; — N203

R4ss NB N203 — NO+ N02

R4 NB N,03 + HbO — HONO + HONO
Ry B7 N02+{M}—*NO+O+{M}
R4y B7 NO+NO+0O; — NO, + NO,
Ry, B7 NOz +NO; - NO+NO+(O;
R4z B7 NO; +NO; — NO+NO; + 0O,
R494 B7 02 + NOz +NO — N02 + NO3
Rsss B7 NO;+0; — O3 +NO

R496 B7 NO; + N02 — NO+ NO3

High T. reactions of H;C; Oy,

Rs7 B7 H;0;+0; — HO; + HO,
R493 B7 Hzo + H02 — H202 +OH
Rsy B7 H;O+H — H; + HO;

Rsw B7 H;+HO, — H,O;+H

Rsqs B7 H;O;+H — H,O0 + OH
Rspy B7 H;0,+CH; — CH; + HO;
Rs;s B7 H;0, + O — HO; + OH
Rsos B7 H+H+{M}—>H2+{M}
Rsos B7 H2+{M}—>H+H+{M}
Rsos B7 H20+Ar—+H+OH+Ar
Rse7 B7 H;O+N; — H+OH+N2
Rsggs B7 H;O+N — H+OH+N
Rseg B7 H20+02 —>H+OH+02
Rsio B7 H20+O—>H+OH+O
Rsy B7 H,0+OH — H+OH+OH
Rs;; B7 H;0+H,O — H+ OH + H,O
Rs;3 B7 OH+OH — H; + 02

Rsi4 B7 OH+ OH — H+H02

Rs;s B7 H+0+{M} — OH+{M}
Rss B7 OH+{M} — H+O0+ {M}
Rs;7 B7 H+NO — N + OH

Rs;3 B7 CO,+0 — CO+ 02

Rsig NB CO;+N — CO+0O+N
Rs;0 NB CO;+N; — CO+0+N;
Rs;iy NB CO;+0; — CO+0+0;
Rsuy» NB COZ +H — CO+O0OH

Rs;y» B7 CO+0; — CO+0

kg7 = NPD(9.108 x 10~33,0.000, —0.0,
3.398 x 10~12,0.000, —0.0)

jags = NPD(1.034 x 10~7,0.000, —5010.0,
8.7 x 10*!%,0.000, —7948.0)

kagg = 6.298 x 10~ 11 ¢(~4468.0/T)

kago = 1.83 x 10~8 £(=33000.0/T)

ligy = 3.31 x 1073 £(5300/T)

kagy = 3.32 x 10~12 (~13540.0/T)

kagz = 2.3 x 10713 ¢(-1600.0/T)

ligs = 8. x 10~41 £(400.0/T)

kags = 2.79 x 10~12 ¢(~25400.0/T)

kags = 6.47 x 10~ 13 (~12000.0/T)

kag7 = 9. x 10711 ¢(~20000.0/T)
kagg = 4.7 x 10~11 ¢(~16500.0/T)

kago = 2.8 x 10~12 £(~190.0/T)

ksoo = 1.2 x 10~12 (=9400.0/T)

ksop = 4. x 10711 £(=2000.0/T)

ksoz = 1. x 10714

ksos =2.62 x 10713 (T /298)(2.6) ¢(~1496.0/T)
Isos = 1.35 x 10~32 (T//298) 12 ¢(=65/T)
ksos = 2.15 x 10~9 ¢(=51570.0/T)

ksos = 2.9 X 1010 ¢(~50323.0/T)

kso7 = 5.8 x 109 ¢(~52900.0/T)

ksog = 5.8 x 109 ¢(~52900.0/T)

ksog = 2.7 x 10~7 ¢(~57491.0/T)

ksio = 2.7 x 1077 e(=57491.0/T)

ks;p = 2.7 x 1077 £(~57491.0/T)

ksip =2.7 x 10~7 £(=57491.0/T)

ksps = 1.17 x 10711 ¢(=24500.0/T)

ksia = 2. x 10711 ¢(=20200.0/T)

Isis = 4.36 x 10732 (T/298) 1

ksig = 4. x 1079 (~30000.0/T)

ks = 2.2 x 10710 £(~24345.0/T)

ksig =4.57 x 10~ ¢(~26666.20/T)

ksig = 5.088 x 1011 ¢(~514200/T)

ks = 5.088 x 10~11 ¢(~51420.0/T)

ksy = 5.088 x 10~ 11 (~351420.0/T)

ksy = 4.043 x 10710 ¢(~13280.0/T)

ksy = 8.91 x 10~12 ¢(~24120.0/T)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-17. List of Chemical Reactions Included in the Model (Continued).

CH,4 Oxidation

Rx Ref Reaction Rate Coefficient
Rs¢ B7 CO+NO; — CO; +NO ksyq = 1.04 x 10-8 e(—-18561.0/T)
Rsps B7 CO+{M} - C+O0+{M} ks =14 x 10* (T)>5D (-128700.0/T)
Rsis B7 C+O0+{M} — CO+{M} lIs=9.1x 10" ()73 ((21140/T)
Rs;y B7 CN+0O — CO+N ksyy = 2.31 x 10~ ¢(=%8/T)
Rs;y NB CH+N; — HCN+N ksps = NPD(2.603 x 10~31,0.000, -0.0,
4.75 x 10~14,0.000, 345.6)

High temperature quench
Rszy NB CN+ CH4 — HCN + CHj kspo = 1.325 x 1011 £(=875.0/T)
Rs;y NB CN+H, — HCN+H ks3o = 8.726 x 10713 (T/298)>*7) ¢(~1067.0/T)
Rs;; NB CN+0; — NCO+0O ks = 8.929 x 10~12 (T'/298) 01 ((67.1/T)
Rs;3 NB CN +CO; — NCO+CO ks3z = 1.57 X 10—“ e(—1956A0/T)
Rs;3y NB CN+NO — NCO+N ks3 = 1.544 x 1010 ¢(~21050.0/T)
Rsiy NB CN+NO — N;+CO ksa = 6.717 x 1014 ¢®2.2/T)
Rs3s NB NCO+0; — NO+CO; ksas = 1.319 x 10~12
Rsiy; NB O+NCO — NO+CO ks = 4.826 x 10~ ¢(=3355/T)
Rs;3 NB H+NCO — NH+CO ks37 = 9.969 x 10~ ¢(~208.1/T)
Rss3z NB N+NCO — CN+NO ks = 1.66 x 10712 ¢©@-0/T)
Rs; NB N+NCO — N; +CO ks = 3.321 x 10~ 1 ©0/T)
Rsqy B7 N+O; — NO+0O, ksip=7.x 10716
Rsss NB NCO — N+CO jsa1 = 1.979 x 10718 £23480.0/T)
Rss NB HCN — H+CN jsaz = 1.115 x 1078 £(=33170.0/T)
Rsgs NB O+HCN — OH+CN ksa3 = 2.237 x 109 (~146800/T)
Rs4s NB O+HCN — H+NCO ksa = 7.524 x 10713 (T/298)-6%) (~3563.0/T)
Rsis NB O+HCN — CO+NH ksas = 4.267 x 10713 (T/298)13%2) ¢(~3580.0/T)
Rsss NB OH+HCN — H,0+CN ksis = 1.185 x 10~11 £(~4279.0/T)
Rsy NB OH+HCN — NH; +CO ksq7 = 1.07 x 10713 £(~3892.0/T)
Rs;s NB H+HCN — CN+H, kssg = 6.313 x 10710 £(=12400.0/T)
Rsgy B7 C+0; — CO+0 ksa = 3.1 x 10711 (T/298)°
Rssy, B7 C+N, — CN+N ksso = 5. x 10~11 (T/298)0)
Rsss; B7 NH+0;, — HNO+O kss; = 1.66 x 10~10 ¢(=503/T)
Rss; B7 H+N; — NH+N kss; = 3.93 x 10710 £(=72564.0/T)
Rss; B7 OH+N — H+NO kss3 = 4.05 x 1071 £©1.0/T)

CH, Oxidation
Rsss NB CHg4+ O(ID) — CH,O+Hy  kssg=1.4x 10~
Rsss NB CHs+O('D) — CH3; +OH  ksss=1.4 x 1071°
Rsss NB CHs+OH — CHs +H,0  ksss =3.398 x 10713 (T/298)?!7 ¢(-1130.0/T)
Rss7 NB CH4 + HO; — CHj + HyOp kss7 =1.216 x 1011 ¢(~10321.5/T)
Rsss NB CHy+NO; — CHz + HONO  kssg = 2.959 x 10~12 ¢(=143542/T)
Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-18. List of Chemical Reactions Included in the Model (Continued).

CH, Oxidation

Rx Ref Reaction Rate Coefficient
Rssy NB CHy+0 — CH; +OH ksso = 4.57 x 1012 (T/298)-782) ¢(~3982.3/T)
Rsy NB CH4+O — CH,+ H,0 kseo = 5.498 x 10~12 £(=3372.0/T)
Rsq¢ NB CHs+H — CH;+H, kse1 = 5.008 x 10=13 (T/298)%05%) ¢(~3995.9/T)
Rss NB CH,+ 0, — CH;+HO, ksgp = 5.249 x 1010 (~28508.8/T)
Rss NB CH; +0, — CH;0+0 ksez = 7.062 x 10~ 11 (~15367.5/T)
Rses NB CH;+0, — CH,0+OH ksss = 9.076 x 10~20 (T /298) %) ¢(122.4/T)
Rs¢s NB CH; +0; — CH;0;+0 ksgs = 5.653 x 10~12 £(=315.0/T)
Rss NB CH;+H; — CHy+H ksss = 7.387 x 1015 (T/298)%327 ¢(=3775.3/T)
Rsgg NB CHs +HO,; — CH;0 + OH ksg7 =3.298 x 10~ 1
Rsss NB CHs;+HO; — CHs+ 0, kseg = 6. x 10712
Rsy NB CH;+H,0 — CH4+OH ksso = 1.2 x 1014 (T/298) %% ¢(~7480.0/T)
Rso NB CHs +H;0; — CHy +HO; ks70 = 2.001 x 10714 ¢300.0/T)
Rsy NB CHs +NO; — CH3;0+NO ksp =2.062 x 10~ ¢36-9/T)
Rss NB CH; +N;O — CH30+ N, ks =2.324 x 10~V
Rss NB CH3+0 — CH,O0+H ks73 = 1.224 x 10710 ¢(=37:4/T)
Rss NB CHs + CH3;0, — CH;0 + CH;0 ks74 = 4.001 x 10-1
Rss NB CH30 — CH,0H js7s = 2.651 x 10%4 £(~4433.4/T)
Rss NB CH3;0+H — CH,O+H, ks7s = 3.308 x 10711 £©4/T)
Rs;7 NB CH30+OH — CH,0 + H,O ks77 = 3. X 10~
Rsis NB CH30 + HO; — CH;0 + Hy,0, ks7s = 5.003 x 10-8
Rs NB CH30+NO — CH,O0 + HNO ks9 =5.012 x 10-12
Rsgy NB CH30+NO; — CH;0 + HONO ksgo = 8.321 x 1013
Rsgg NB CH30+ 0O — CH,0+OH ksgp =1.x 10~
Rsgz NB CH30+ 0O; — CH;0+ HO; ksg, = 8.605 x 10-14 6(_1“7'4/T)
Rsgs NB CH30 + CH30,
— CH,0 + CH3;00H ksg3 = 5.003 x 1013
Rsga NB CH3;0+CO — CHs +CO, ksss = 2.61 x 10711 ¢(=59383/T)
Rsgs A9 CH30+NO — CH;ONO ksgs =2 x 1011
Rsgs A9 CH30+NO, — CH3;0NO, ksgs = 1.2 x 10~1
Rsy NB CH30,+{M} — CH;+Oy+{M} ksg =2.019 (T/298)10%0 ¢(-16731.0/T)
Rszgs NB CH3;0, + OH — CH;0H + O, ksgs =1.x 10710
Rsgg NB CH30, +HO, — O; + CH;00H ksgo = 7.651 x 10714 ¢(1298.7/T)
Rsqg NB CH;30, + H;0; — HO; + CH300H  ksg = 4.001 x 1012 (~5000.0/T)
Rssy NB CH30,+H — CH30 + OH ksop = 1.6 x 10710
Rs;, NB CH;0,+NO — CH;0 +NO, ksoz = 1.004 x 1011 (T/298) 150 £(-95.1/T)
Rs;3 NB CH30;+0 — CH3;0+ 0, kso3 =7.032 x 10~ 11 19/T)
Rsgs NB CH30; + CH,O
— CHO + CH300H ksos = 3.296 x 10~12 (=5870.2/T)
Rsgs NB CH;0; + CH3OH
— CH,O0H + CH;00H ksgs = 3. x 10712 £(~6900.0/T)
Rse¢ NB CH30;+H; — CH;O0H+H ksos = 5.003 x 10~ 11 £(=13100.0/T)
Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model. CH,4 Oxidation

TABLE 19-19. List of Chemical Reactions Included in the Model (Continued).
Rx Ref Reaction Rate Coefficient

Rss7 NB CH;0; + CH302

— CH30 + CH30 + O, ksgr = 2.367 x 10713 £(1693/T)
Rses NB CH30, + NO3

— NO; + CH;0 + O, k593 =2.303 x 10712
Rsg9 NB CH3;0H + NO;

— HONO, + CH,0H ksgg = 1.251 x 10712 £(~2562.0/T)
Reso A6 CH30H+OH — CH30 +H,0 keoo = 1.7 x 10712 £(~806/T)
Reot A6 CH30H+OH — CH,0H + H,0 keop = 9.8 x 10712 £(=806/T)
Rey NB CH30NO — CH,0 + HNO Jeoz = 3.143 x 10%1 ¢(-173296/T)
Rses NB CH3;ONO+H — CH3;0H +NO keos =2.019 x 10~ 13 £(=956.0/T)
Reos NB CH30NO+ O3 — CH30NO; +0;  keos = 6.764 x 10713 (=5315.0/T)
Ress NB CH300H +H — CH30 + H,0 keos = 2.8 x 10~13 £(~946.0/T)
Res NB CH300H+H — Hj; + CH30;, keos = 2.8 x 10713 ¢(=946.0/T)
R¢s7 NB CH300H + OH — CH00H + H,O  kggy =1. x 10~1
R¢ss NB CH,OOH — CH,0 + OH Jeos = 5. % 10*4

Réw NB CH300H + OH — CH30, + H,O keoo = 5.9 x 10~ 12
R510 NB CH3OOH + OH

— CH,0 + H,0 + OH kgio = 2.9 x 10712 £(=900+712)/T)
Reu A9 CH3;ONO; — CH30 +NO; Jeu = 1.7 x 10*17 £(~20125/T)
Reiz NB CH; +CO; — CH,0+CO keip =3.901 x 10~ 14
Rg;s NB CH;+0 — CHO+H kg3 =5.014 x 10~
Rsis NB CH; + HO — CH; + OH k614 =16x 10'16
Reis NB CH;+H; — CHs;+H keis = 5.003 x 10~1%
Resis NB CH;+OH — CH,0+H keis = 3. x 101
R¢7 NB CH,+H — CH+H, ko7 = 2.719 x 10~10 £(=205.7/T)
R¢ig NB CH; + CO — CH,CO keig =1. % 10-13
Re¢i9 NB CH; + 0, — CO+H;0 kg9 = 4.001 x 101
Rey NB CH;+0,; — H+H+CO; ke =9.959 x 10712
R¢;1 NB CH2 + 02 — CH20 +0 k621 =9.959 x 10~12
R¢xy» NB CH; +NO — CO+NH,; ke¢n =2.5 x 10-10
Resz NB CH,+H,0 — CH,0OH+H ke = 9.49 x 10~12 ¢380/T)
Rezs NB CH; + CH30H — CHj + CH,OH kg = 5.299 x 10~ (7/298)C-2®) ((~3609.0/T)
Re;s NB CH, + CH;O0H — CHj + CH;0 kgps = 2.4 x 102 (T/298)C1%) ¢(~3490.0/T)

Rezs NB CH; + CH;0;, — CH,0 + CH;0 ke =3. x 1071
Rg7 NB CH,0+ {M} — CO+H; + {M} kgy7 =7.503 x 10~° e(~17762.7/T)

Rezs NB CH,0+0O; — CHO +HO, keag =2.976 x 1011 £(-19583.7/T)

Réy NB CH,0+0O — CHO+OH ke = 6.786 x 10~ ¢(~1778.7/T)

Rezp NB CH,0 + HO; — CH,0H + O, ko = 5.626 x 10712 ¢(~9622.0/T)

Rezs NB CH,0 + HO; — CHO + H,0; ks =4.148 x 10712 ¢(-589.7/T)

Rez NB CH,0+H — CHO+H, kez = 5.243 x 10712 (T/298)1:8) ((-13%.1/T)
Rez NB CH,0+OH — CHO + H,0 kexs = 4.103 x 10~12 (7/298)" 5D ((268.6/T)

Note: The definitions of the reactive families { X } are at the end of this table.
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The chemical reactions included in the model. DMS Oxidation
TABLE 19-20. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction Rate Coefficient

Rezs NB  CH,CO — CH, +CO jeas = NPD(6.099 x 10~%,0.000, —29850.0,
2.984 x 10*14,0.000, —35720.0)

R¢is D7 CH,OH+ O, — CH,0 +HO, ke3s = 9.6 x 10-12

Re¢ss NB 0O+ CH,CO — CH,0+CO kezs = 0.5 3.875 x 10712 ¢(~64.1/T)

Resy NB 0O+ CH,CO — CH, + CO, kez7 = 0.5 3.875 x 10712 ¢(-649.1/T)

R¢sz NB  OH+ CH,CO — CHO + CH,0 kgzg = 4.648 x 10~

R¢sy NB H+CH,CO — CH;+CO kgzg = 5.699 x 10-1 e(-1916.0/T)

Reww A9 CHO+0; — CO+HO, keao = 3.5 x 10~12 4140/

R¢ss NB CHO+0O — CO,+H kg1 = 4.991 x 10~1

R¢sg NB CHO+0O — CO+OH kesr =4.991 x 10~

R¢ss NB CHO+OH — CO+ H,O kssz = 5.003 x 10-1

Ress NB CHO+H — CO+H; keas = 1.797 x 10710 £(=37.9/T)

Ress NB CHO+H — CH,0 keas = 7.766 x 10714 £@285.0/T)

Ress NB CHO + H,0 — CH,0 +OH kess = 1.794 x 10711 ¢(~14121.8/T)

Rss7 NB CHO + H;0, — CH,0 + HO, kes7 = 1.699 x 10713 ¢(~3486.0/T)

Res NB CHO+H, — CH,0+H ks = 2.662 x 10~13 (7/298)30%) ¢(~8972.0/T)

Resy NB CHO+{M} — CO+H+{M} keao = 3.805 x 10710 £(~8683.8/T)

R¢sy NB CHO + CHO — CH,0+CO keso = 3.054 x 10711 £(16:4/T)

Rgsi NB CHO+CH; — CH3; +CO kgsy = 3. X 10~1

R¢sy NB CHO +CH; — CHy +CO kessy = 2.001 x 10-10

R¢s3 NB CHO + CH,OH — CH3;0H + CO k¢s3 = 2.001 x 10~ 10
R¢ss NB  CHO + CH,OH — CH,0+CH,O  kgss =3. x 10710
R¢ss NB CHO + CH3;0 — CH3;0OH +CO kess = 1.5 x 10-10

Ress NB CHO+CH; — CH,0 + CHj ksss = 1.359 x 1013 (T/298)@8%) ¢(-11330.0/T)
Res; NB CHO + CH;0H — CH,0+ CH,0H  kesy = 2.4 x 10713 (T'/298)@%%0) ¢(~65%.0/T)
R¢ss NB CHO +NO — CO+ HNO kess = 8.609 x 10~12 ¢®.7/T)

Ress NB CO+OH — CO,+H keso = 1.53 x 10~14 (T/298)1-88) ((716.5/T)
Resw NB CO+HO; — CO,+OH keso = 7.11 x 10~10 (~122182/T)

Re¢ss NB CO,+CH — CHO+CO keer = 5.532 x 10712 ¢(=324.1/T)

R¢ss NB CH+ H,O0 — CH,0OH kegr = 9.489 x 10~12 ¢(380.0/T)

Re¢es NB CH+H, — CH,+H ksss = 1.291 x 1011 (T/298)1-34) ¢(~807.7/T)
Resg NB CH+0 — CO+H kess = 7.113 x 10~ 11 £(=30-6/T)

Res NB CH+0O, — CO+OH kess = 3.298 x 10~ 11

Reg NB CH+NO — CO+NH kegs = 2.502 x 10710

R¢¢s NB CH+N,0 — CHO+N, keg7 = 6.906 x 10711

DMS Oxidation

Ress NM DMS + OH — CH3SOHCH; kegs = 3.5 x 10712 ¢®#353/7)
Res9y NB DMS + OH — CH3SCH; + H,0 keso = 1.359 x 10~1! ¢(=332.0/T)
R¢0 NB DMS +0O — CH3SCH, + OH k7o = 1.42 x 10~11 ¢(366.0/T)

Ren NB DMS +CH; — CH3SCHp +CHy  kgyp = 6.921 x 10~13 ¢(~413.0/T)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-21. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction Rate Coefficient
R¢; NB DMS +H — CH;SH + CH; ke = 1.005 x 10~11 ¢(~1114.6/T)
R¢;s NB DMS + NO;

— CH3SCH; + HONO, ke = 1.762 x 1013 ¢6%0.0/T)
Rg74 NM CH3 SOHCH3 + 02

— CH3SOCH; + HO, ke7a = 5.53 x 10~15 ¢+910/T)
R¢zs NM CH3;SOHCH; — DMS + OH jers = 1 x 10716 ¢(~6550/T)
R¢s NM CH3SCH; + O — CH3SCH,0, kg6 = 9.6 x 10~ 12
Ré;7 NB CH3SH+0O — SO+ CH, ker7 = 0.9 1.138 x 10~ (=5121/T)
Re;s NB CH3;SH+O — CH;S + OH kers = 0.1 1.138 x 10~ £(=5121/T)
R NB CH3;SH + OH — CH3S + H;O k679 = 1.055 x 10—11 6(356‘2/T)
Resy NB CH3SH+H — H; + CHsS kego = 2.474 x 10~ £(~1026.0/T)
Resg NB CH3SH+H — H,S + CH; ket = 1.146 x 10~ 11 ¢(~341.0/T)
Resz NB CH3SH +NO; — CH3S + HONO;  keg = 5.058 x 1013 ¢(1699/T)
Ress NM CH3SOCH; + OH

— CH3SOCH; + H,0 kegz = 9.6 x 10712 (=B4T)
Ress NM CH3SOCH; + OH — CH3SOOHCH;  kegs = 3.5 x 10™12 #353/T)
Rgss NM  CH3SCH,0,; + HO,

— CH3SCH,00H + O, kess = 3.2 x 10712
Ress NM CH3SCH202 +NO

— CH3S + CH,0 + NO, kegs = 4.2 x 10~12 £180/T)
Rgs7 NM CH3SCH,0, + CH30,

— CH3SCH,0H + CH,0 + O, kegr =2.13 x 10713
Rgss NM CH3SCH202 + CH30,

— CH3SCHO + CH30H + O, kess =2.13 x 10713
Resy NM CH;3SCH,00H + OH

— CH3SCH,0; + H,O k689 =5.9x 10"12
R6go NM CH3 SCHzOOH +OH

— CH3SCHO + H,0 + OH kego = 2.9 x 10712 (=367+782)/T)
Rgoy NM CH;SCH,0H + OH

— CH;3SCHOH + H,0 kegp = 2.9 x 10712 ¢((=367+439)/T)
Reg NM CH3 SCHOH + O,

— CH3SCHO + HO, ke = 9.6 x 10712
R¢ss NM CH3SCHO + OH

— CH;3S + CO + H,0 kegz = 1.3 x 10712 (G111+718)/T)
R694 NM CH3SOOHCH3 + 02

— CH3S0O,CHj3 + HO, keos =9.7 x 10-12
Rgess NM CH3SOCH; + O,

— CHs + SO, + CH;0 kgos =1 x 10~15
Rege NM CH3S()2CH3 + OH

— CH3S0,CH; + H,0 keos = 9.6 x 10712 =B4T)
Rss7 NM CH3SO,CH; + O,

— CH3S0; + CH,0 kg7 =1 X 10_15
R¢ss NM CH3SO3 + HO; — CH3SO0H + 0Oy k698 =32x 10-12
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The chemical reactions included in the model.
TABLE 19-22. List of Chemical Reactions Included in the Model (Continued).

H,S, OCS, and CS, Oxidation

Rx Ref Reaction Rate Coefficient
Rgeg NM CH3S+0; — CH; + SO, k699 =2.x 10718
Rso NM CH3S+0; — CH380+0;, kggo = 4.1 x 10712
R71 NM CH3SO+N02 — CH3SOZ +NO k701 =12x 10"
R7s NM CH3;SO+0; — CH3S0,+ 0, k1p =12 x 10~12
Ry NM CH;3;SO, + OH — CH3SO,0H k3 =1. X 10~12

H,S, OCS, and CS, Oxidation
R4 NB CHj; +H,;S — CH4+SH k704 = 1.936 x 10713 ¢(=1077.0/T)
Rys NB O+H;S — OH+SH k705 = 1.021 x 10~11 ¢(~1827.0/T)
Ris NB OH+H;S — H,0+SH k706 = 1.043 x 10~11 £(~221.5/T)
R77 NB H+ HsS — H; +SH k707 =2.302 X 10-1 e(=938.2/T)
Rws NB 03 +H;S — H,0 + SO, k0s = 2.626 x 10~12 £(~2617.0/T)
Rie NB Cf+H;S — HCL+ SH k709 = 6.254 x 10~ (~11.0/T)
Rsi0 NB HSO+NO; — HOSO +NO k710 = 9.599 x 10712 £=0.0/T)
Ry NB HSO+0; — O;+0;+SH ko =2.542 x 10713 ¢(=384.0/T)
R7z NB  HOSO + 0, — HO; + SO, k712 = 3.001 x 10~ 13 ¢©-0/T)
R73 NB  HOSO; +0; — HO, + SO;s k73 = 1. x 10712 ¢(~266.0/T)
R4 NB OCS+H — CO+SH k714 =2.313 x 1071 (=2137.5/T)
Rsis NB OCS +OH — CO; +SH k7is = 1.612 x 10713 ¢(-1150.8/T)
R7is NB OCS+0 — CO+SO k76 = 1.438 x 10~ (~2103.5/T)
Rz NB OCS+0 — CO;+S k717 = 8.321 x 10~ £(=3527.0/T)
R7;3 NB OCS +NO; — CO + SO +NO;, kng =1.x 10_15
Ry NB CS; — CS+8S J119 =4.171 x 10710 ¢(=37390.0/T)
R NB CS;+0 — SO+CS k720 = 2.685 x 10~ ¢(~629.3/T)
Rim NB CS;+0 — OCS+S k721 = 3.649 x 10~12 £(=701.0/T)
Rz NB CS;+0; — CS+S0;, k7 = 1.66 x 10712 £(~16100.0/T)
Rz NB CS;+OH — CS,0H ki3 = 1.719 x 10~14 ¢®77.0/T)
R74 NB CS; +OH — SH +OCS k74 =4.298 x 10°8
R;s NB O+CS — CO+S kyps = 2.629 x 10710 ¢(=758.3/T)
Ry NB CS+0; — OCS+O kg6 = 4.172 x 10716 £(~2106.0/T)
Ry7 NB CS+0; — OCS+0, k727 =3.16 x 10716
Ry NB CS+NO; — OCS +NO kg =7.9 x 10717
R7s NB NO; +CS — OCS +NO, k79 = 1.12 X 10-17
R NB CS,0H — CS; +OH J730 =2.36 x 10+10 (—4189.0/T)
Rssi NB  CS;0H+0; — OCS+HOSO k3 = 7.566 x 10~ 14 £(121.0/T)
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The chemical reactions included in the model.

TABLE 19-23. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction Rate Coefficient
Inorganic S chemistry

Rz NB S+0; — SO+0 k73 = 5.585 x 10712 ¢(~266.2/T)

Rz NB S+NO, — SO+NO k733 = 5.198 x 10~11 ¢©9-6/T)

R7;zs NB SO+0 — SO, k734 = NPD(1.031 x 10~32,0.000, 1229.0,
5.299 x 10~11,0.000, —0.0)

R;s NB SO+0; — SO +0; k73s = 4.263 x 10712 £(-1145.0/T)

R NB SO+0; — SO, +0 k73 = 1.798 x 10~13 ¢(~2313.0/T)

R737 NB SO+O0OH — H+ SO, k737 = 8.595 x 10-1

Rz NB SO +NO; — SO, +NO k73g = 1.397 x 10~ 1 ¢@-1/T)

R NB SO, +OH — HOSO, k739 = NPD(2.169 x 10~32,0.000, 849.5,
1.5 x 10712,0.000,0.0)

R NB SO;+0 — SO k740 = NPD(1.259 x 10~32,0.000, —636.9,
8.19 x 10~8,0.000, —1258.0)

Rzqs NB SO; — SO+0 jra1 = 5.627 x 10710 (=37350.0/T)

R NB SO; + HO; — OH + SO; k74 = 8.694 x 10~16

Ris NB SO;+0 — 0;+S0 k74 = 9.007 x 10712 £(~9837.0/T)

R4 NB SO; +NO; — NO +S0; k744 = 2.583 x 1013 ¢(-9181.0/T)

Rus NB SO; +NO; — NO; +SO3 k745 = 6.97 x 10~21

Ry NB SO; + CH30; — CH3;0 + SO4 k746 = 2. X 10~V

R7 NB SO, +03 — O;+S0; k747 = 3. x 10~12 (= 7000/T)

R NB SO; — SO;+0 jrag = 5.251 x 1079 £(~31870.0/T)

R NB SO;+H;0 — H;80, k749 =9.104 x 10~ 13

Riss, NB SO3;+0 — O, + S0, k750 = NPD(2.815 x 10~3°,0.000, —0.0,
3.02 x 10~1,0.000, —4436.0)

R7;si NB SO+SO0; — SO, + S0, k7sy = 1.992 x 10~13

Rs;, NB SH+CH; — CH3SH k7sp = 1.66 x 10~ ¢©0/T)

Rs;s3 NB SH+0; — HSO+0, k7s3 = 1.101 x 10~ £(=317.9/T)

Rss4 NB SH+HO, — HSO+ OH k7ss = 1.001 x 10~1

Rs;ss NB SH+0, — SO+ OH kiss =1.x 1071

Rsss NB SH+0O — H+SO kyse = 1.6 x 10710

Rs;s7 NB SH+NO, — HSO+NO kysy = 1.722 x 10~ 11 ¢B14.8/T)

NH; Oxidation

R7ss B7 NH3+{M} — NHy+H+ {M} kisg=1.5x 1078 £(-42400.0/T)

Riss B7 H+NHy+{M} — NH3+ {M} lzs9 =13 x 10733 ¢®0.0/T)

R B7 NH;+0OH — NH;+O k1o = 9.96 x 10~ 14 £(~2500.0/T)

Rz B7 NH; +NH; — NH3 + NH k761 = 6.64 x 10712 £(~2800.0/T)

R NB O+ NH; — OH+ NH; k763 =1.13 x 1011 ¢(=3482.0/T)

Rs NB O(D)+NH; — OH+NH, k763 =2.502 x 10-10

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model. MethylChloroform Oxidation
TABLE 19-24. List of Chemical Reactions Included in the Model (Continued).

Rx Ref Reaction Rate Coefficient

R4 NB O, +NH; — NH,; + HO, k764 = 1.66 x 10~ 12 ¢(~30950.0/T)
Rys NB OH+NH; — H,0+NH; k65 = 2.999 x 10~ 13 (T/298)1-6%0) ¢(~209.6/T)
Rses NB H+NH; — H; +NH, k7es = 4.966 x 10~ 11 ¢(~6478.0/T)
R NB NH, + H,0 — NH; + OH k77 = 9.959 x 10715

Ry NB NH;+H, — NH3; +H k7es = 8.853 x 10712 ¢(~4782.0/T)
Ry NB NH;+CH,; — NH; +CHj kg9 = 4.031 x 10~12 ¢(—4865.0/T)
R NB NH;+0 — H; +NO k770 = 5.504 x 10713 ¢(=203.6/T)
Ry NB NH; +0 — HNO+H ki =3.399 x 10711 ¢652.8/T)
Rz NB NH; +0; — NH+HO, : k772 = 1.66 x 10~10 ¢(~25160.0/T)
Rs3 NB NH; +0, — HNO+ OH k773 = 3.351 x 10~12 ¢(~16320.0/T)
Rs72 NB NH; +NO — N; + H,0 k774 = 1.889 x 10~12 £(576.9/T)
Ry NB NH+ O, — NO+OH kps =3.x 10714

R NB NH+H; — NH;+H k176 = 1. x 10-1

MethylChloroform Oxidation

Rs; NB CClCH; +OH — CCHCHp + HyO  kyr = 1.401 x 10712 (7/298)1 2 ¢(-1408.0/T)
Rz X2 CC4CH; +0,; — CC43CH,00 k778 = 5. X 1013
R X2 CC£3 CH;,OO + NO,

— CC{3CH;0,NO, k779 = 1. X 10-1
Ry X2 CC¢3CH,00 + HO,
— CC¢3CH,00H + O koo = 3.4 x 10~13 £(800/T)
Ryt X2 CC{¢3CH,00 + NO
— CCl3CH,0 + NO, kst = 1.5 x 10-1 (7/300) "2

R X2 CC{¢3CH;00 + CH30;
— CC{3CH,0 + CH;0 + O, kg = 6.8 x 10713
Rs X2 CC43CH;0;NO,

— CC¢3CH,00 + NO, jre3 =2. x 1076
R734 X2 CCZ3CH202N02
— CCl3CH,0 + NOs 7784 = 2.x 1076

Rygs X2 CC&CHy0,NO, + {M}

band CC[gCHzOO +NO, + {M} k735 =1.x% 10+15 6(_11000/T)
R7gs X2 CC[3CH200H + OH

— CC{3CH,00 + H,0 ke = 1.7 x 10~12 ¢@20/T)
Ry X2 CC£3CH200H i CCK:;CH;O +OH J757= CH300H
R7sg X2 CC£3CH200H + OH

— CC{3CHO + H,0 + OH kqss = 1.7 x 10713 £@20/T)
R X2 CC¢3CH0 + 0O,

— CC{¢3CHO + HO, kso = 3.7 x 10~14 £(~460/T)
Rig X2 CCé;CHO + OH

— CC4;CO+H0 k790 = 6.9 x 10712 £@0/T)

Note: The definitions of the reactive families {X } are at the end of this table.
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The chemical reactions included in the model.
TABLE 19-25. List of Chemical Reactions Included in the Model (Continued).

MethylChloroform Oxidation

Rx Ref Reaction Rate Coefficient
R7o1 X2 CC£3CHO + N03
— CC{3CO + HONO, k7o = 1.4 x 10712 £(~1860/T)
Ry X2 CClCHO — CCl:CO+H J7g= CH3CHO3
Ry X2 CCéCHO — CCl; + CHO J793= CH3CHO. 1
Rie X2 CCLHCO+0; — CCLCOO;, I_N2704 = 4.5 x 10731 (T/300)"%?
102704 = 4.5 x 10731 (T/300)*?
kizes = 1.8 x 10712 (T/300)2?
Fegy = 1149
Rygs X2 CC£3C002 + HO,
— CCt;COOOH + O k7gs = 0.667 4.3 x 10~ 13 ¢@+1040/T)
Ry X2 CC£3C002 + HOz
— CC£3COOH + Os ko = 0.3334.3 x 10713 ¢*+1040/T)
Rye7 X2 CC¢3C0O0; +NO
— CC/;3CO0 + NO, kg7 = 1.4 x 1071
R798 X2 CCE:;COOZ + NOZ - CC&;COOzNOz k798 =8 x 10—12
Ry X2 CC£3C002 + CH302
— CC@gCOO + CH30 + O, k799 =14x 101!
Rgo X2 CC&;COO — CC£3 + COz jgoo =1x 10+7
Rsgg X2 CClCO0,NO; — CCl3CO0, +NO,;  jgor =2.2 x 1016 £(~13435/T)
Rgp X2 CC43CO0;NO, — CClCOO0; +NO;  Jggo= PAN
Rss X2 CCl;COOOH
— CC4; +CO, +0OH Jsos3= CH300OH
Rgs X2 CC¢3COOOH + OH
— CCt3CO0; + H,O kgos = 5.9 x 10~12
Rgos X2 CC[3COOH + OH
— CCl3 + CO, + H,0 kgos = 1.3 x 10712 (=170/T)
Rgss NB CCl3 +0; — CCl0, kgos = NPD(4.969 x 10~32,0.000,892.1,
4.504 x 10~%,—10.990, —2295.0)
Rgsy NB CCl3+0 — COClH + (X kg7 =4.2 x 10~
Rgs NB CCl3 +H; — CHCY3+H ksos = 8.322 x 10~12 £(~7196.0/T)
Rswy NB O+ CHCl3 — OH+ CCls ksoo = 4.184 x 10712 £(~2389.0/T)
Rgio NB OH+ CHCf3 — H,0 + CCls ksio = 2.453 x 10712 (T/298) 5% ¢(~942.8/T)
Rs;i NB NOj; + CHCl3 — HONO; + CC/; kg1 =8.516 x 10~ 13 ¢(~2814.0/T)
Rg;ys NB Cf+ CHCl; — HCL + CCYls kg;p =2.4 x 10~11 (~1877/T)
Rgiz X2 CCl30; +NOy; — CCl30;NO, kg3 =1.x 10~
Rsia X2 CCl30; + HO; — CCl;00H + 0, ksis = 3.4 x 10~13 £800/T)
Rgis X2 CC430;+NO
— COCY, + CL + NO, ks = 1.5 x 10~ (7/300)"*2
Rsis X2 CCl30; + CH30;

— COCl; + CL+ CH30 + O,

kg1 =6.8 x 10713
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The chemical reactions included in the model.
TABLE 19-26. List of Chemical Reactions Included in the Model (Continued).

Inorganic C¢ chemistry

Rx Ref Reaction Rate Coefficient
Rs;7 X2 CC60,NO, — CCl30, + NO, jo_-N2g7 = 9. x 1073 e(=%%/T)
k0.02317 = k'ON2
Jigi7 = 1.1 x 1016 ¢(-10560/T)
Fegyg = e=T/329
Rgig X2 CC¢300H+OH — CCl30, + HO  kgig=1.7 % 10~12 £@0/T)
Rgio X2 CC[gOOH - COCKZ +C¢+OH J319= CH300H
Rgao X2 COsz + H20
— CO,; + HCZ + HC!? kg =2. X 10~
Rgn ZN CClh+0, — COCLH +0 kg =2. % 10-10
Inorganic C¢ chemistry
Rszz NB Cf+H,0 — OH+ HCZ ksy =2.788 x 101! £(~8670.0/T)
Rsz NB C¢+H; — HCL+H ks = 2.866 x 1011 £(~2249.0/T)
Rsge NB Cf+HO; — HCL+ O, ksps = 4.366 x 10711 £(~14.5/T)
Rgs NB 4+ CHs; — HCC+ CHj ksos = 1.713 x 10711 £(=1514.0/T)
Rgs NB CL+OH — O+HCY ksys = 9.8 x 1012 ¢(~2860.0/T)
Rgz7 NB C£+H,0; — HCL+HO, ksyy = 1.222 x 1011 £(=957/T)
Rgs NB NO; +C¢ — CLO +NO, kgs =2.601 x 10~ 11
Rsgy NB CLO+0 — CL+0, kspo = 4.586 x 10~ £(=30-4/T)
Rszy NB CfO+NO — Cl+NO, ks3o = 6.957 x 10~12 £276.9/T)
Rgzy NB SO+ CfO — SO, +CY kg3 =2.87 x 10711 ¢(=08/T)
Rgzz NB ClO+H; — HCZ+OH kg = 5. x 10716
Rsz NB CO+CH; — CH3 + 0O+ HC/ kgz = 1. x 10712
Rsga NB CLO+CO — CO,+CY kgg =1.x 10712

End of Reactions
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The chemical reactions included in the model. Definitions of Reactive Families
TABLE 19-1. The Chemical reactions included in the model (continued).

The following are the definitions of the chemical families in the model

Family Members

{M} EZ{ 02+N2}
{Neglon} =Z{0~ +0; +0; +0; +H™ +NO; +NO~ +CO3 +CO; }

{PosIon} =Z{0*+0}+0}+N*+N}+N} +NO* + NO} + N,O* + H,0* + H30*
+ OH* + CO* + COj + CCl} +N,0O% }

{0z} =X{0:;+0+0(D)}

{HO, } =X{ OH + H + HO, + 2xH,0, + HO;NO, }

(NO,) =X{NO +NO; }

(NO,}  =Z{{NO,} +NO; +2xN,03 + 2xN;04 + 2xN,0s + HNO + HONO + HO,NO,

+ CH302N02 }

{NO;} =2X{{NO,} + HONO; }
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The chemical reactions included in the model. Definition of ElectronCapture

Definition of NPD(a, b, ¢, d, ¢, f)

This function is a pressure (and temperature) dependent three body reaction coef-
ficient. In this function a, b, and c determine the low-pressure limit, d, e, and f determine the
high-pressure limit. These two limits are then combined to yield the rate at an intermediate
pressure.

k=[M]xax (T/298)" x exp(c/T) and k., =d x (T/298)° x exp(f/T)

-1
o= (1 + (logw(kl/k“’))2>

k; o

Definition of DependsEV(a, b, ¢)

This function depends on both the strength of the local electric field, expressed as
a mean electron energy, eV, as well as the lightning flash rate f7(z) (each flash is assumed
to have a duration of 0.01 sec.).

B =logip(eV) and key =a+bB +cB?

DependsEV =0.01 x fr(z) X kev

Definition of Ionlon
This temperature dependent function is for ion—ion collisions.

Tonlon = 5.0 % 10—7 < (T/3OO) -0.455

Definition of ElectronCapture

Two electron capture rates are uese, one for bimolecular collisions between poly-
atomic molecules and electrons (Multi_Electron_Capture) and one for trimolecular colli-
sions between monoatomic species and electrons (Uni_Electron_Capture).

Multi_Electron.Capture = 4.0 x 107 x (T /300)—0-455

and

Uni_Electron_Capture = 5.0 x 1072 x (T /300)—0.455
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Thermodynamic Equilibrium Composition of Air as a Function of Temperature.

Appendix C Thermodynamic Equilibrium Composition
of Air as a Function of Temperature.

This Appendix presents the computed thermodynamic equilibrium composition
of air as a function of temperature. The air is assumed to have the same elemental compo-
sition as average earth air, and is a 1 bar pressure.

In the 4 figures that follow, each graph has the same scales; on the X-axis is the
temperature in thousands of degrees Kelvin and along the Y-axis is the common Logarithm
of the mixing ratio.

Figure 49 shows the Nitrogen, Oxygen, and Hydrogen systems along with the
electron. In this figure, chemical species are arranged in a two-dimensional grid, going
up the page changes a chemical compound from neutral to positive to negative, and going
across the page changes the compound. A general pattern in these figures is that there is
either an abrupt change in the mixing ratio or a maximum in the mixing ratio in the range
6, 000K - 3, 000K.
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Thermodynamic Equilibrium Composition of Air as a Function of Temperature.
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Figure 49a. The calculated thermodynamic equilibrium composition of air at 1 bar. Theses are the major N,
O, and H containing chemical species.
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Thermodynamic Equilibrium Composition of Air as a Function of Temperature.
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Figure 49b. The calculated thermodynamic equilibrium composition of air at 1 bar. Theses are the major
H;N; O compounds.
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Thermodynamic Equilibrium Composition of Air as a Function of Temperature.
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Figure 49c. The calculated thermodynamic equilibrium composition of air at 1 bar. Theses are the major
H;C; O compounds.
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Figure 49d. The calculated thermodynamic equilibrium composition of air at 1 bar. Theses are most of the
minor compounds.
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Summary Maps and Tables for Selected Compounds

Appendix D Summary Maps and Tables for Selected
Compounds

This appendix displays maps of the mixing ratios, lifetimes, and term weights
for the major chemical species modeled. Each compound is summarized on two pages
of data; one comprising primarily half-tone maps and one of tables. Each half-tone map
page displays summaries of the mixing ratios y, chemical lifetimes 7, and term weights
for the major chemical species modeled. These summaries are laid out in a 3 by 3 grid
in the following manner. The top row of figures represent the distribution of mixing ratio
for the species throughout the model domain, the second row displays the corresponding
chemical lifetimes, and the bottom row shows the relative importance of the different types
of processes in the continuity equation for the species (term weights). The meaning of the
phrase term weights was explained in Section 8.2.1.1, page 138.

Each of the three columns represents a different model run, the left-most column
is the 1-D state state model, the center column is the Base Case model run (i.e. the 2-D
steady-state model with no lightning produced ions nor ultra-violet light included), and the
right most column is the Electrified model run, (i.e. the 2-D steady-state run with lightning
produced ions and ultra-violet light included).

This 3 by 3 grid is bounded on the right-most edge by the legends for each of the
three rows. Immediately above the 3 by 3 grid are the mass weighted average mixing ratios
x and chemical lifetimes 7, for each of the three model runs. Above these summaries are
the net mass production (outflow - inflow) of the chemical species in question in both the
Base Case and Electrified model runs (there is no transport in the 1-D model). Here Ppc is
the net production in the Base Case model and Py is the net production in the Electrified
model case. Above these figures is presented the difference in the net production between
these two model runs (Differential Net Production; Ppy - Pge).

On the page after the 3 by 3 grid of half-tone maps are 3 tables that summarize the
major sources and sinks for the compound in question. Beginning at the top, the first table
(a.) lists the major source terms and (b.) the major sink terms in the continuity equation.
These terms have units molec-cm=3-s~! and can be considered the specific production (or
loss) rate R of the compound in question. Since these models are steady state ones, the sum
of the source R’s (shown at the bottom of each column in the source (a.) table must equal
sum of the sink ’s (shown at the bottom of each column in the sink (b.) table.

The lower-most table summarizes the domain averaged mixing ratio y, number
density [ .. ] and total specific production rate ZR in each of the three steady-state model
runs. As noted at the bottom of this table, 7 =[ .. ] / ZR. Since non-chemical terms (e.g.
Advection/Diffusion) are sometimes the dominant ones, also listed in the final two columns
of this table are the chemical lifetimes 7. of the compound in question.
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Figure 50. Mixing ratios (x), lifetimes (7.), and term weights of O3. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds O3
Table 20. Summary of the chemistry of O3 in the inner domain of the three models. (a,b) The major terms in

the continuity equations for O3 in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O3 (molec-cm™3-s71), 7 is the
total lifetime (sec) of O3 and . is its lifetime due to chemical processes (sec). J;, j;, k:, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for Oj in the inner domain of the three model runs.

1-D Steady-State Model|| 2-D Base Case Model || 2-D Electrified Model
Log | Reaction Rate Log [ Reaction Rate Log | Reaction Rate

®) §R'—_kyz[y][z] ®) §R=ky/z[y][*’-'] ®) §R'—'kg/,zl:y][z]
1.87 | ka3 [N 1[0 ] 1.87 { k313 [N31[ 07 1] 11.88 1 k313 [N51[ O, ]
1.56| k23 [0 1102 ] 1.56 | k213 [O3 1[0z 1] 11.53 k213 [0 1102 ]
0.86 | k3a9 [ N205 1{M} || 0.86 | k3so [ N203 1{M} || 10.94 | k349 [ N2O} 1{M}
0.67 | k317 [N;1[O21] 0.67 | k317 [N31[021 10.81 | k340 [H20*1[ 02 ]
0.59 | k3g0 [H20* 1[ 02 1[ 0.59 | k3ao [H20* 1[0 1| 10.80 | k352 [WO31[ O]
0.58 | k35 [WO31[ 0] |[0.58 ] kas; [WO31[ 021 10.62 | k317 [N31[O21]

15 More Reactions 15 More Reactions 15 More Reactions

2.120 = Log(ZR) 2.120=Log(ZR) 12.134 = Log(ZR)

Notes: Read W as H,0. The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for O3 in the inner domain of the three model runs.
The reaction rate ¥ implicitly contains [O3].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(§R) §Iﬁ:kyz[y][();] (%) §R=kyz[y][05] (§R) §R=kyz[y][()§]
192 ky91 [ N2 ] 1.92 | ko1 [N2 ] 11.93 | kyp1 [N7 ]
1.53 | by [ O 1{M} 1.53| Iy [ 02 1{M} 11.54 | Iy [ 02 1{M}
1.15 | I324 [ N3 I{M} 1.15| lp24 [ N2 I{M} 11.20| lp4 [ N; 1{M}
-0.79 | ka5 [H,01] -0.79 | k25 [H20] 944 | kys [HO]
-4.08 kzzo [Nz ] 4,08 k220 [N2 ] 7.18 k402 {NegIon}
-8.21 | ks [NO; 1 -7.78 | Heterogeneous Loss || 5.93 | ko50 [ N3 ]
10 More Reactions 10 More Reactions 10 More Reactions
2.120=Log(ZR) 2.120=Log(ZR) 12.134 = Log(XR)

Note: The definitions of the reactive families { X} are at the end of Appendix B.

c.) Summary of the lifetimes of O in the inner domain of the three model runs.

Source Sink
Log(x ) [Log([O3]) | LogER) |Log(7 ) | Log(r.) |Log(r.)
cm™®  |cm3s7! sec sec sec
1-D Steady-State Model || —26.268 —7.077 2.120 | -9.197|| -9.197 | -9.197
2-D Base Case Model || —26.268 -7.077 2.120| -9.197|| -9.197 | -9.197
2-D Electrified Model || —16.334 2.858 12.134 | -9.276|| —-9.276 | —9.276
Note: 7=[03] /ZR or Log(7)=Log([03])— Log(ZR).
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Figure 51. Mixing ratios (x), lifetimes (7.), and term weights of N}. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds N3
Table 21. Summary of the chemistry of N3 in the inner domain of the three models. (a,b) The major terms in

the continuity equations for N'3 in the three model runs and (c¢) a summary of its mixing ratios ; and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of N3 (molec-cm™3.s~1), 7 is the
total lifetime (sec) of N3 and . is its lifetime due to chemical processes (sec). J;, ji, ks, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for N3 in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky, [y][z] ®) | R=ky, [y]ll2] R R=ky: [y]1[2]
1.92 | k2 [O31[ N3] 1.92 | kg1 [O7 1[Nz ] 11.93| k221 [O5 1[ N3]
0.37| jus [N2 ] 0.37 | j16 [N2 ] 10.51 | 5130 [Nz ]

-11.08 | k33¢ [N* ][ NO] -11.06 | k336 [N* ] [NO ] 2.26| k336 [N*]1[NO]

-13.75 | Advection/Diffusion || -121.66 | kg3 [N] [N ] 0.37| jue [N2 1

-121.66 | ka2 [NT[N] —oo | j130 [N2] -2.65| k309 [N21[e™ ]
—o0 | Flux —00 k309 [N2]1[e™ ] -102.07 | k43 [N] I[N}
... 2 More Reactions ... 2 More Reactions ... 2 More Reactions
1.934 = Log(XR) 1.934 = Log(XR) 11.947 = Log(ZR)

b.) The major sink terms for N3 in the inner domain of the three model runs.
The reaction rate % implicitly contains [N3].

1-D Steady-State Model || 2-D Base Case Model || 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R) | R=ky: [y][INJT|| B R=ky; [y1[N3] R)[R=ky: [y]1[N}]
1.89 | 1335 [ N3 ]{M} 1.89 | 1315 [ N3 ]{M} 11.91 | 1515 [ N3 ]{M}
0.67 [ k317 [O2] 0.67 | k317 [0z ] 10.62 | k317 [O2 ]

0.44 [ k326 [ O, ] 0.44 | k36 [O2 ] 10.40 | k36 [ O ]
-1.45| k325 [CO; ] -1.45 | k335 [CO3 ] 8.51 | k35 [CO7 ]
-1.77 | k316 [H,0 ] -1.77 | k315 [H,0] 8.45| k316 [H,01]
-4.52 | ksn [N2O] 4.52 | k3 [N2O] 6.22 | kaos {NegIon}

... 14 More Reactions ... 14 More Reactions ... 14 More Reactions
1.934 = Log(ZR) 1.934 = Log(ZR) 11.947 = Log(ZR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

c.) Summary of the lifetimes of N3 in the inner domain of the three model runs.

Source Sink
Log(x ) |Log(IN3]) | Log(ZR®) |Log(7) | Log(r.) |Log(r.)
cm™?  fem3s7! sec sec sec
1-D Steady-State Model || —27.169 -7.977 1.934 | -90911| -9911| -9911
2-D Base Case Model | —27.169 ~7.977 1.934 | -9911| -9.911 —-9.911
2-D Electrified Model || —17.287 1.905 11.947 | —10.042|| —10.042 | —10.042

Note: 7=[N3] /ZR or Log(7)=Log([N3])— Log(ZR).
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Figure 52. Mixing ratios (), lifetimes (7.), and term weights of Oj. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds O;
Table 22. Summary of the chemistry of O} in the inner domain of the three models. (a,b) The major terms in

the continuity equations for O in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O} (molec-cm™3-s~1), 7 is the
total lifetime (sec) of O} and 7, is its lifetime due to chemical processes (sec). J;, i, ki, and {; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for O in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(§R) §ye:l('_«/‘z[y][z] (§R) §fe:kyz[y][z] (§R) §R=kyz[y][z]
1.53 |13 [O5 110 I{M} || 1.53 | las [O3 11O, I{M} || 11.54 | 323 [ O3 1[ O, I{M}
0.82| k3so [N203 1[O2]1 [ 0.82] k3so [N2O51[O2] || 10.83 | k3so [N2O5 1[0z ]
-12.81 | Advection/Diffusion || —oo | Flux —oo | Flux
—o0 | Flux —oo | Advection/Diffusion || —oo | Advection/Diffusion
1.610=Log(XR) 1.610=Log(ZR) 11.618 =Log(ZR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

b.) The major sink terms for O} in the inner domain of the three model runs.
The reaction rate ® implicitly contains [O}].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R)|R=ky, [y]1[0F] ®) | R=ky, [y]1[07] ®)|R=ky; [y]1[0F]
1.56 k213 [02 ] 1.56 k213 [02 ] 11.53 k’213 [02 ]

0.66 k215 [HzO] 0.66 k216 [ HzO] 10.88 k216 [Hzo ]

-2.11 | ka2 [N2 ] <211 [ kg1 [Ny ] 8.06 | k212 [N ]

-4.02 k215 [Nz] -4.02 k215 [Nz ] 7.31 IC403 {NegIon}

-9.77 | kaos {Neglon} -7.60 | Heterogeneous Loss || 6.14 | ks [N2 ]

-11.92 | Heterogeneous Loss || -9.36 | Advection/Diffusion || 3.71 | Heterogeneous Loss

-14.63 | k24 [O] -12.51 | k4o3 {Neglon} 241 | ku7le™ ]

... 4 More Reactions 4 More Reactions ... 4 More Reactions

1.610 = Log(ZR) 1.610 = Log(ZR) 11.618 = Log(ZR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

¢.) Summary of the lifetimes of O in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([O31) | Log(ZR) |Log(7) ||Log(r.) |Log(r.)
cm~?  |em3s7! sec sec sec
1-D Steady-State Model || —26.097 —6.905 1.610 | —8.514|| —-8.514| -8.514
2-D Base Case Model || —26.097 —6.905 1.610 | —8.514| -—8.514 | -8.514
2-D Electrified Model || —16.202 2.990 11.618 | —8.629|| —8.629 | —8.629

Note: 7=[0}]1 /ZR or Log(7)=Log([03])— Log(ZR).
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Figure 53. Mixing ratios (x), lifetimes (7.), and term weights of Nj. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds
Table 23. Summary of the chemistry of N7 in the inner domain of the three models. (a,b) The major terms in

the continuity equations for N} in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of N (molec-cm™3-s~1), 7 is the
total lifetime (sec) of N} and . is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number 7 as listed in
Appendix B, page 184.

a.) The major source terms for N} in the inner domain of the three model runs.

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) | R=ky, [yl[z] R | R=ky: [y][z] ® [ R=ky: [y1[z]

1.89 | I315s [N3 1[N, 1{M} || 1.89 | I35 [N3 1 [N, 1{M} || 11.91 | I5;5 [N} 1 [N, 1{M}
-12.92 | Advection/Diffusion || —oo | Advection/Diffusion || —oo | Advection/Diffusion

—oo | Flux —oo | Flux —oo0 | Flux

1.894 = Log(ZR)

1.894 = Log(XR)

11.913 = Log(ZR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for N7 in the inner domain of the three model runs.
The reaction rate & implicitly contains [N].

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky, [y]1[N] ®) [R=ky, [y]1[N7] ®) | R=ky, [y]1[N]]
1.87 | ka3 [0z ] 1.87 | k313 [O2 ] 11.88 | k313 [ 02 ]

0.60 | k314 [H0] 0.60 ] k314 [H;01 10.83 | k314 [ H2O ]

-0.84 | k4o {Neglon} -7.65 | Heterogeneous Loss || 7.30 | k46 {Neglon}
-11.96 | Heterogeneous Loss || -9.42 | Advection/Diffusion || 3.70 | Heterogeneous Loss
-13.21 [ k31, [ O] -12.57 | k46 {Neglon} 242 kg3 [e™ ]

-18.88 | k3gs [~ ] -13.99 [ k312 [O] 1.74 [ k312 [O]
—oo | Advection/Diffusion || -18.88 [ k3g3 [e™ ] 0.95 | Advection/Diffusion
—o0 | Deposition —oo | Deposition —oo | Deposition

1.894 = Log(ZR )

1.894 =Log(XR)

11.913 =Log(ZR)

Note: The definitions of the reactive families {X } are at the end of Appendix B.

c.) Summary of the lifetimes of N7 in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([N7]) | Log(ZR) |Log(7) ||Log(r.) |Log(r.)
cm™?  |em™3s7! sec sec sec
1-D Steady-State Model || —26.143 —6.951 1.894 | —8.845|| —8.845| —8.845
2-D Base Case Model || —26.143 —6.951 1.804 | —8.845|| —8.845| —8.845
2-D Electrified Model | —16.215 2.977| 11913 | —8.936| —8.936| —8.936

Note: 7=[N}1 /IR or Log(7)=Log([N}])— Log(ZR).
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Figure 54. Mixing ratios (), lifetimes (7.), and term weights of NO*. See text for definitions of terms and
other details.
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Table 24. Summary of the chemistry of NO* in the inner domain of the three models. (a,b) The major terms in

the continuity equations for NO* in the three model runs and (c) a summary of its mixing ratios  and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of NO* (molec-cm™3.s~1), 7
is the total lifetime (sec) of NO* and 7, is its lifetime due to chemical processes (sec). J;, i, k;, and [; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as
listed in Appendix B , page 184.

a.) The major source terms for NO* in the inner domain of the three model runs.
1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
® | R=ky, [y][z] ®) [ R=ky, [y][z] ®) | R=ky; [y1lz]

1.20 | k3gy [ NoNO* 1{M} || 1.20] k3g; [ NoNO* 1{M} || 10.77 | k362 [ NoNO* 1{M}
0.44 | k3 [N71[021 044 | k35 [N31[ 021 10.40| k326 [N3 1[0z ]
-0.44 | k33 [N* ][O, ] -0.44 | k33 [N*]1[O2] 9.43 | k330 [N* 1[0, ]
-0.76 | k37 [ NOCO3 1{M} || -0.76 | k37 [NOCO3; 1{M} || 8.83 | k329 [N*1[O2]
-1.04 | ks [N* 11021 -1.04 | k39 [N*]1[ 02 ] 8.74 | kag7 [ NOCOZ 1{M}
-1.27 | ks [O* ][ N2 ] -1.27 | kas [O* 1[Nz ] 8.64 | kxns [O"][N; ]

18 More Reactions 18 More Reactions 18 More Reactions

1.286 = Log(ZR) 1.286 = Log(ZR) 10.943 = Log(ZR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for NO* in the inner domain of the three model runs.
The reaction rate R implicitly contains [NO*].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) | R=ky: [y1[NO*]1 || R)|R=ky; [y][NO*]| (R)|R=ky:[y][NO"]
1.21{ 36 [Ny {M} 1.21 | l36; [ Ny I{M} 10.78 | 136 [ N7 1{M}

0.39 | I3¢s [ H,0 1{M} 0.39 | les [ HO I{M} 10.38 | I3¢s [ H2O 1{M}
-0.38 | 1377 [ CO, 1{M} -0.38 | I377 [ CO, 1{M} 9.18| I3 [ CO, 1{M}
-0.72 | k3sg [H201] -0.72 | k33 [H2O ] 9.16 | k3zg [H,O]

-9.17 | k47 {Neglon} -7.17 | Heterogeneous Loss 7.31| kao7 {Neglon}
-11.55 | Heterogeneous Loss || -8.83 | Advection/Diffusion 3.72 | Heterogeneous Loss
... TMore Reactions ... 1 More Reactions ... 7 More Reactions

1286 =Log(ZR) 1.286 = Log(XR) 10.943 = Log(XR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

¢.) Summary of the lifetimes of NO* in the inner domain of the three model runs.

Source Sink
Log(x ) [Log(INO*]) | Log(Z®) |Log(7) ||Log(r.) |Log(r.)
cm™? em3.s7! | sec sec sec
1-D Steady-State Model | —25.671 —6.479 1.286 | —7.765| -—-7.765 —7.765
2-D Base Case Model || —25.671 —-6.479 1.286 | —-7.765( -7.765| -—7.765
2-D Electrified Model || —16.138 3.054 10.943 | —7.889| —-7.889 | -—7.889

Note: 7= [NO*] /XR or Log(7)=Log([NO*])—Log(ZR).
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Figure 55. Mixing ratios (x), lifetimes (r.), and term weights of H,O". See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds H,O*
Table 25. Summary of the chemistry of H,O* in the inner domain of the three models. (a,b) The major terms
in the continuity equations for H,O" in the three model runs and (¢) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables R is the specific rate of production of H,0* (molec-cm™3.s~1),
T is the total lifetime (sec) of H,O* and 7. is its lifetime due to chemical processes (sec). J;, j;, k;, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for H,O* in the inner domain of the three model runs.
1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
M| R=ky, [y1[2] R [ R=ky, [y][z] ® | R=ky, [y][z]

0.60 | k314 [N 1[H201 || 0.60 | k314 [NZ]1[H20] | 10.83 | k314 [N} 1 [H20]
-0.72 | k33p [NO* 1[H;01([-0.72 | k339 [NO* 1 [H0 1| 9.44 | ks [O3 1[H,01]
-0.79 | kys [O3 1[H,01 |[-0.79 | kyps [ O3 1 [H,01] 9.16 | k339 [NO*1[H,01
-1.36 | ko [O*1[H0] [|-1.36| k29 [O* 1 [H,01 8.63| ko [OY][HO]
-1.77 | k316 [N51[H201 [1-1.77 | k316 [N3 1 [H201] 8.45( k316 [N3 1[H0]

-1.82 | jue [H20] -1.82 | j119 [H20] 2.93 | k23 [CO* 1 [H,0]
... 3 More Reactions ... 3 More Reactions ... 3 More Reactions
0.642 = Log(XR) 0.642 = Log(ZR) 10.859 = Log(ZR)

b.) The major sink terms for H;O" in the inner domain of the three model runs.
The reaction rate : implicitly contains [H,O*].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®) | R=ky, [y][H0"] R) | R=ky: [y]1[H,0"] R®) | R =k [y]1[H0"]

0.59 | k3 [O2 ] 0.59| k340 [O2] 10.81{ k34 [0z ]

-0.29| k3y [H;0] -0.29| k3 [H,01] 9.92 | k34 [H,0]
-11.43 | k410 {Neglon} -8.97 | Heterogeneous Loss 6.30 | ka0 {Neglon}
-13.15 | Heterogeneous Loss -10.99 | Advection/Diffusion 2.70 | Heterogeneous Loss
-14.37 | Advection/Diffusion || -14.10 | k410 {Neglon} 0.04 | Advection/Diffusion
-22.14 | ksgg [e™ ] -22.14 | kagg [e™ ] <032 [ kigg [e™ ]

—oo | Deposition —oo | Deposition —o0 | Deposition
0.642 = Log(ZR) 0.642 = Log(ZR) 10.859 = Log(ZR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

¢.) Summary of the lifetimes of H,O* in the inner domain of the three model runs.

Source Sink
Log(x ) {Log([H20"]) | Log(X%) |Log(r) ||Log(7c) [Log(7)
cm™3 cm~3.s71 sec sec sec
1-D Steady-State Model || —27.411 —-8.219 0.642 | —8.861|] —8.861 | -—8.861
2-D Base Case Model || —27.411 —8.219 0642 | —8.861|f —8.801 | -—8.861
2-D Electrified Model || —17.222 1.970 10.859 | —8.889|| —8.889 | —8.889

Note: 7 =[H,0*] /IR or Log(7)=Log([H,0%])— Log(ZR).
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Figure 56. Mixing ratios (x), lifetimes (7.), and term weights of O . See text for definitions of terms and

other details.
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Summary Maps and Tables for Selected Compounds
Table 26. Summary of the chemistry of O in the inner domain of the three models. (a,b) The major terms in
the continuity equations for O in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O3 (molec-cm™3-s~1), 7 is the
total lifetime (sec) of O; and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for O in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R [ R=ky.[yl[z] ® | R=ky: [y]1[2] R R=ky:[y]l[2]

053 |hasle”1[021[02] 0.53|baa [e”1[021[02] ||1058 (123 [~ 1[021[021]
0.11 | k253 [O5 11021 0.51 k253 [O7 10021 9.94 |14 [e7 1[02]1[N7 ]
-0.09 1244 [e~1[O021[Nz] [|-0.09| 144 [e~ 1[O2]1[N2] 9.64 |las [e7 1[02]1[H20]
<049 |45 [e~ 1[021[H,0] (| -049 | laas [e™ J[O2 1 [H0 1| 9.51 | k53 [OF 1[ 021
-1.99 |l [€” 1[021[CO21{[-1.99 (1246 [~ J[O21[CO21|| 8.04|lp46[e” 1[02]1[CO; 1
-3.55 | k22 [CO5 1[O] -7.09 | ke [CO5 11 O] 7.01 | ka2 [CO5 1[O]

... 7 More Reactions 7 More Reactions ... 7 More Reactions
0.764 = Log(ZR) 0.888 = Log(ZR) 10.733 = Log(ZR)

b.) The major sink terms for O; in the inner domain of the three model runs.

The reaction rate & implicitly contains [0 ].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®) §R=kyz[y][02_] ®) §R=ky:;[y][0;] €3] §R=kyz[y][02_]
0.52 | kag0 [H201] 0.60| k250 [ H201] 10.58 | ka0 [ H,0]
0.37 | ly79 [ O2 I{M} 0.54| I3 [ 0, 1{M} 10.18 | Iy39 [ O 1{M}
-0.72 | I [ CO; 1{M} -0.55| Lg; [ CO, I{M} 9.09 | Ig; [ CO, 1{M}
-4.61 (k2 [O51] -526| kan [Os] 6.03 k72 [03]
-5.93 | konn [Hz ] -5.74 | kan [Ha ] 548 ka3 [NO; ]
-6.16 | k274 [N2O ] -5.97 | k274 [N2O] 3.82 |k [Hz ]
... 18 More Reactions ... 18 More Reactions ... 18 More Reactions
0.764 = Log(ZR) 0.888 = Log(ZR) 10.733 = Log( ZR)

Note: The definitions of the reactive families {X } are at the end of Appendix B.

c.) Summary of the lifetimes of O; in the inner domain of the three model runs.

Source Sink
Log(x ) [Log([0;1) | Log(ZX) |Log(r) |Log(r.) {Log(.)
cm™>  |em™3s7! sec sec sec
1-D Steady-State Model || —25.939 —6.748 0764 | —7.511|| —-7.511| -7.511
2-D Base Case Model || —25.734 —6.542 0.888 | —7.431)} —-7431 | -7.431
2-D Electrified Model || —16.269 2.923 10.733 | —7.810{} -7.810| -7.810
Note: 7=[0;1/ZR or Log(7)=Log([O7])— Log(ZR).
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Figure 57. Mixing ratios (x), lifetimes (r.), and term weights of OF . See text for definitions of terms and

other details.
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Summary Maps and Tables for Selected Compounds
Table 27. Summary of the chemistry of O, in the inner domain of the three models. (a,b) The major terms in
the continuity equations for O in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O} (molec-cm™3.s~1), r is the
total lifetime (sec) of O, and . is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for O in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®|R=ky, [y]lz] R | R=ky: [y1[z] R) | R=ky, [y][=z]

1.59 | k57 [CO; 10021 || 2.00] kas7 [CO, 110, ] 10.95 | k257 [CO; 1[04 1]

0.37 | 179 {07 1] [0, ]{M} 0.54 | Iy [0 1[0, J{M} || 10.18 | Ir39 [02— 110, ]{M}
-10.80 | Advection/Diffusion || —oo | Flux —oo | Flux

—oo | Flux —oo | Advection/Diffusion —oo | Advection/Diffusion
1.615=Log(ZR) 2.011 =Log(ZR) 11.017 = Log(ZR)

Note: The definitions of the reactive families {X } are at the end of Appendix B.

b.) The major sink terms for O in the inner domain of the three model runs.
The reaction rate % implicitly contains [O 1.

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

5 More Reactions

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky; [y]1[07 1| R)|R=k;[y]1[O0;] ®) | R=ky, [y]1[07 ]
1.60| k254 [ CO3 ] 2.00| k254 [ CO3 ] 11.00 | k254 [ CO2 ]
0.11 k253 [02 ] 0.51 k253 [02 ] 9.51 k253 [02 ]
-6.14 | kass [NO ] -4.88 | Heterogeneous Loss || 6.71 | k2ss [NO ]
-6.34 | k199 [ CCly4 ] -5.80 | k255 [NO ] 5.41 | Heterogeneous Loss
-8.66 k198 [CF4] -5.94 k199 [CC&;] 3.60 k419 {POSIOI]}
-8.81 k197 [ SFe 1 -6.59 | Advection/Diffusion 342 k251 [O]
-9.62 | Heterogeneous Loss || -8.27 | k195 [ CF4 ] 330 k152 [O]

5 More Reactions

5 More Reactions

1.615=Log(ZR)

2.011 =Log(ZR)

11.017 = Log(ZR)

Note: The definitions of the reactive families { X} are at the end of Appendix B.

c.) Summary of the lifetimes of O, in the inner domain of the three model runs.

Source Sink
Log(x ) [Log([O71) | Log(ZR) |Log(r) |Log(7) |Log(e)
cm™3 cm~3.s~! sec sec sec
1-D Steady-State Model || —23.814 —4.622 1.615 | —6.237|| —-6.237 | —-6.237
2-D Base Case Model || —23.376 —4.184 2.011 | —-6.195| -—6.195 —6.195
2-D Electrified Model || —14.494 4.698 11.017 | —6.320f -6.320| -6.320

Note: 7=[07]1/ZR or
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Figure 58. Mixing ratios (x), lifetimes (7.), and term weights of HCO3 . See text for definitions of terms and

other details.

235



Summary Maps and Tables for Selected Compounds HCOy
Table 28. Summary of the chemistry of HCO3 in the inner domain of the three models. (a,b) The major
terms in the continuity equations for HCOJ in the three model runs and (c) a summary of its mixing ratios
x and lifetimes 7 in the three model runs. In these tables  is the specific rate of production of HCO3
(molec-cm™3.s~1), 7 is the total lifetime (sec) of HCOjy and T is its lifetime due to chemical processes (sec).
Ji, ji, ki, and I; are photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for
reaction number ¢ as listed in Appendix B , page 184.

a.) The major source terms for HCO;3 in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R [ R=ky, [y1[z] R [ R=ky: [y1[2] R R=ky: [y]1[z]
0.52| I3 [OH™ 1 [ CO; 1{M} || 0.60| l30s [OH~ 1[ CO; 1{M} | 10.58 | l30s [ OH~ ] [ CO; 1{M}
—oo | Advection/Diffusion -0.32 | Advection/Diffusion —oo | Advection/Diffusion
—o0 | Flux —o0 | Flux —oo | Flux
0.518 =Log(ZR) 0.650 = Log(ZR) 10.577 = Log(XR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for HCO; in the inner domain of the three model runs.
The reaction rate & implicitly contains [HCO3 1.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®) | R=ky, [y][HCO7 1 || R)|R=k,,[y]1[HCO7] || ®|R=ky[y][HCO;]
0.51 | Heterogeneous Loss 0.65 | Heterogeneous Loss 10.57 | Heterogeneous Loss
-1.26 | Advection/Diffusion -8.50 | k426 {Poslon} 8.46 | kazs {Poslon}
-1.74 | k426 {Poslon} —oo | Deposition 8.08 | Advection/Diffusion
—o0 | Deposition —oo | Advection/Diffusion —oo | Deposition
0.518 =Log(ZR) 0.650 = Log(ZR) 10.577 = Log(XR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

c.) Summary of the lifetimes of HCO5" in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([HCO3]) | Log(ZR) |Log(r) |Log(tc) |Log(.)
cm™? cm~3.s7! sec sec sec
1-D Steady-State Model || —13.750 5.442 0.518 4,923 4.923 7.177
2-D Base Case Model || —17.729 1.463 0.650 0.813 0.861 9.967
2-D Electrified Model -9.342 9.850 10.577 | -0.727)} -0.727 1.388

Note: 7=[HCO3]/ZR or Log(7)=Log([HCO3;])— Log(ZR).
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Figure 59. Mixing ratios (x), lifetimes (7.), and term weights of CO; . See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds CO5
Table 29. Summary of the chemistry of CO; in the inner domain of the three models. (a,b) The major terms
in the continuity equations for CO 5 in the three model runs and (c) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables % is the specific rate of production of CO; (molec-cm™3:s71),
7 is the total lifetime (sec) of CO; and 7. is its lifetime due to chemical processes (sec). J, ji, ki, and [; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for CO; in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R®) | R=ky: [y1[z] ®) [ R=ky; [y1[z] ®) | R=ky: [y1[2]
0.08 | k27 [O5 1[CO2 1 -0.30| k27 [O5 1[CO2 ] 10.09 | k267 [O3 1[CO2 ]
-2.49 | Advection/Diffusion 171 e [0~ 1[CO, 1{M} || 5.78 kzs59 [CO; 1[O]
-7.01 | 1o [0~ 1 [COz2 I{M} || -8.49 | k259 [CO; 1[ O] 3.87| Lo [0~ ][ CO; 1{M}
-8.10| k259 [CO; 11 O] —o0 { Advection/Diffusion —oo | Flux

—oo | Flux —o0 | Flux —oo | Advection/Diffusion
0.086 = Log(ZR) -0.304 = Log(ZR) 10.089 = Log(Z%)

Note: The definitions of the reactive families { X} are at the end of Appendix B.

b.) The major sink terms for CO5 in the inner domain of the three model runs.
The reaction rate & implicitly contains [CO7 ].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R R=k [yI[CO7 ]| R)|R=ky:[y][COF ]| R)(R=ky.[y]1[CO5 ]
0.08 | k263 [NO ] -0.31 | Heterogeneous Loss || 9.86 | Heterogeneous Loss
-1.95 | Heterogeneous Loss || -2.24 | Advection/Diffusion || 9.69 | ka3 [NO]
-3.55 k2 [O] -2.59 | ks [NO ] 7.86 | ka3 {POSIOII}
430 ka1 [O] -7.09 | k2 [O] 7.30 | Advection/Diffusion
4.42 ’C4g {POSIOD} -7.83 k251 [O] 7.01 ’C262 [O]
—oo | Advection/Diffusion | -9.38 | k43 {Poslon} 627 | ki1 [O]
—oo | Deposition —oo | Deposition —oo | Deposition
0.086 = Log(ZR) -0.304 = Log(ZR) 10.089 = Log(XR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

c.) Summary of the lifetimes of COj3 in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([CO5]) | Log(ZR) |Log(7) |[Log(7.) |Log(7)
cm™3 cm~3.s7! | sec sec sec
1-D Steady-State Model || —16.098 3.094 0.086 3.009 3.010 3.013
2-D Base Case Model || —18.793 0399 -0.304 0.703 0.703 2.988
2-D Electrified Model || —10.046 9.146 10.089 | —0.943| -—-0.943 —0.555

Note: 7=[CO;1/ZR or Log(7)=Log([CO5])— Log(ZR).
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Figure 60. Mixing ratios (x), lifetimes (7.), and term weights of O. See text for definitions of terms and other
details.
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Summary Maps and Tables for Selected Compounds
Table 30. Summary of the chemistry of O in the inner domain of the three models. (a,b) The major terms in

the continuity equations for O in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O (molec-cm~3.s~1), 7 is the
total lifetime (sec) of O and 7. is its lifetime due to chemical processes (sec). J;, Ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number 1 as listed in
Appendix B, page 184.

a.) The major source terms for O in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

(%) §R=k-y:z[y][“5'] (%) §R=kyz[y][z] (%) §R=k1/z,[y][z]
7.68|J1[05] 7201 J1 [ 051 10.76 { 2-J125s [ Oy ]

6.33 | k133 [OCD)1[N2] |[5.81] k133 [OCD)I[N; ] 9.98 | k4ss [N1[O2 ]
5.94 | k134 [O('D)1[021 |[5.76| J7 [NO2 ] 9.75 | k133 [O('D) 1 [N; ]
591|J7 [NO; ] 543 | k13 [O(D)1[02]1 || 942|kao [N][NO]
3.61 | kso [ O3 1{M} 3.36 | kso [ O3 {M} 9.36 | k134 [O('D) 1[0, ]
3.52 | k13 [O('D) 1 [H,01 3.19 | k136 [OC(D) I [H,01|| 9.36| jiz1 [O;]

... 101 More Reactions ... 101 More Reactions ... 101 More Reactions
7.717 = Log(ZR) 7.236 = Log(XR) 10.941 = Log(ZR)

Note: The definitions of the reactive families {X } are at the end of Appendix B.

b.) The major sink terms for O in the inner domain of the three model runs.
The reaction rate ® implicitly contains [O].

1-D Steady-State Model|| 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(§R) §R'—"k'yz[y][o] (§R) §R=kyz[y][o] (éR) §R=kyz[y][o]
772 kg [O2] 724 koo [O7] 10.94 | koo [ O2 ]

0.99 | ks; [HO; ] 1.36 | k70 [DMS ] 7.19| k¢; [HO, ]

0.86 | kg70 [DMS ] 0.91 | Heterogeneous Loss || 7.01 [ ko [ CO7 ]

0.51 | kso3 [ CH30; ] -0.15{ k13 [ NO; ] 6.97 | k15 [NOz ]
0.38| k13 [NO; ] -0.57 | ksgo [CH4 ] 6.63 | k4s [OH ]
0.20|ks; [O5] -0.60 [ ks; [ O3] 6.27 | k261 [ CO3 1
... 92 More Reactions ... 92 More Reactions ... 92 More Reactions
7.717=Log(ZR) 7.236 = Log(ZR) 10.941 = Log(ZR)

c.) Summary of the lifetimes of O in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([O]) | Log(ZR) [Log(r) |[Log(7 ) |Log(7)
cm™?  |em™3.s7! sec sec sec
1-D Steady-State Model || —16.029 3.162 7.717 | —4.555| —4.555 —4.555
2-D Base Case Model || —16.604 2.588 7.236 | —4.649|| —4.649 [ —4.649
2-D Electrified Model || —12.822 6.370 10.941 | —4.571 —4.571 —4.571

Note: 7=[0] /ZR or Log(7)=Log([O])— Log(XZR).
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Figure 61. Mixing ratios (x), lifetimes (7.), and term weights of O(' D). See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds o('D)
Table 31. Summary of the chemistry of O(* D) in the inner domain of the three models. (a,b) The major terms
in the continuity equations for O(1D) in the three model runs and (c) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables R is the specific rate of production of O('D) (molec-cm~3-s~1),
7 is the total lifetime (sec) of O(*D) and T is its lifetime due to chemical processes (sec). J;, ji, k;, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number 7 as
listed in Appendix B , page 184.

a.) The major source terms for O(! D) in the inner domain of the three model runs.
1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

® | R=ky: [y1[z] ®) | R=ky: [y1[z] ®|R=ky, [y1[2]
6.48| J2[0s] 5.98({J2[03] 9731 J124 [051]
-0.44 | k33 [N* 1[0, ] <044 | k330 [N*][ O] 9.43 | k330 [N*1[ 0]
-7.81 | j17 [N2O] -6.10 | Advection/Diffusion || 7.31 | k47 [ NO* ]{Neglon}
-9.17 k4o7 [NO+ ]{NegIon} -7.81 j17 [N,O] 7.18 k402 [OE ]{NegIon}
-9.61 | Advection/Diffusion || -11.92 | k4o7 [ NO* 1{Neglon} [} 7.16 | Jo [ O3 ]
-9.97 | kaoz [ O} 1{Neglon} || -12.70 | ksop [ O} 1{Neglon} | 4.95| k41 [ O* 1{Neglon}

6 More Reactions 6 More Reactions 6 More Reactions
6.484 = Log(ZR) 5.978 = Log(ZR) 9.910=Log(XR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

b.) The major sink terms for O(*D) in the inner domain of the three model runs.
The reaction rate ® implicitly contains [O(*D)].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®)[R=ky: [y]1[O(D)] || R |R=ky: [y]1[OCD)] || (R)|R=ky.[y][O(D)]
6.33 k133 [N2] 5.81 k133 [N2] 9.75 k133 [Nz]
5.94 | k134 [02] 5431 k134[02] 9.36 | k134 [O2 ]
4.78 | ki3s [H;0] 445 k35 [H,01] 8.12 | k135 [H20]
3.52 | k136 [H,0] 3.19 | k136 [H201] 6.86 | k136 [H;0 ]
2.80| k137 [H,0] 247 | k37 [HO] 6.14 | k137 [H,0]
1.51 [ ksss [CH4 ] 1.01 | ksss [CH,4 ] 4.94 | ksss [CHy4 ]

14 More Reactions 14 More Reactions 14 More Reactions
6.484 = Log(IRN) 5.978 = Log(ZR) 9.910=Log(XR)

c.) Summary of the lifetimes of O('D) in the inner domain of the three model runs.

Source Sink
Log( x ) [Log( [O('D)]) | Log(ZR) |Log( ) ||Log(7.) |Log(7.)
cm™ cm3.57! sec sec sec
1-D Steady-State Model || —21.353 —2.162 6.484 | —8.646|| —8.646 | —8.646
2-D Base Case Model || —21.924 -2.732 5978 | —-8.710)| -8.710 | -8.710
2-D Electrified Model || —17.932 1.260 9910 | —8.651| —8.651 —8.651

Note: 7= [O('D)] / ZR or Log(7)=Log([O('D)])— Log(ZR).
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Figure 62. Mixing ratios (x), lifetimes (7.), and term weights of H. See text for definitions of terms and other

details.

243



Summary Maps and Tables for Selected Compounds H
Table 32. Summary of the chemistry of H in the inner domain of the three models. (a,b) The major terms in

the continuity equations for H in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of H (molec-cm~3-s~1), 7 is the
total lifetime (sec) of H and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and [; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for H in the inner domain of the three model runs.

1-D Steady-State Model | 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(§R) §R:ky..’.[y][z] (§R) §R=kgz[y][z] (§R) §R=kyz[y][z]
5.38| ks [COT[OH] 4.60| kss9 [CO][OH] 10.58 | ka0 [O7 1[H20O]
449 Ji3 [CH,01 3.52 ks [OH][H; ] 9.18 | k347 [WoH30 1 [ e ]
427 ks [OH][H, ] 3.05| Ji3 [CH,0O ] 9.05| kgsg [CO][OH ]
0.74 | kas [O('D) 1[H; 1 || 0.60 | kaso [O5 1[H,01 || 8.54|kss3 [OH][N]
0.52 | koo [O; 1[H201 || 0.23 | kag [O('D)1[H2] || 7.95|kasa [e~ 1[H0]
-0.22| 2-k620 [CH2 ][Oz 1[-0.60 | 2-ks20 [CH, }[O2 1| 7.89 | ka2 [OH][H2 ]
... 67 More Reactions ... 67 More Reactions ... 67 More Reactions
5.465=Log(XR) 4.644 = Log(IR) 10.611 = Log(ZR)
Note: Read W as H,0.

b.) The major sink terms for H in the inner domain of the three model runs.
The reaction rate R implicitly contains [H].

1-D Steady-State Model || 2-D Base Case Model || 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
547 ke3 [0y ] 4,64 ke3 [O;] 10.61 | ko3 [O4 ]

-0.05 | I35 [ NH, 1{M} <130 | ks3 [Os ] 6.00| ks3 [O3 ]

-0.13 | ks3 [ O3] -3.72 | Heterogeneous Loss || 5.31 | k3¢ [NO; ]

-3.12 | k3s [ NO;y ] -3.96 | k35 [ NO; ] 4.69 | ks [HO; ]

-3.24 | ksg; [ CH30; ] -5.02 [ k199 [CO] 3.92 ko4 [NO; ]

2341 | k4s [HO, ] -5.06 | ksg; [ CH30; ] 3.91| k44 [HO; ]

... 49 More Reactions 49 More Reactions ... 49 More Reactions

5.465 = Log(ZR) 4.644 = Log(ZR) 10.611 = Log(ZR)

Note: The definitions of the reactive families { X} are at the end of Appendix B.

¢.) Summary of the lifetimes of H in the inner domain of the three model runs.

Source Sink
Log(x ) {Log([H]) | Log(Z®) [Log(7) | Log(r.) |Log(r)
cm™ cm™3.s1 sec sec sec
1-D Steady-State Model || —20.270| —1.078 5465 | —6.543|| —6.543 | —6.543
2-D Base Case Model || —21.201 —-2.009 4644 | —-6.653|] —6.653 | —6.653
2-D Electrified Model —15.111 4.081 10.611 | —6.530|f —-6.530{ —6.530

Note: r=[H] /ZR or Log(7)=Log([H])— Log( ZR).
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Figure 63. Mixing ratios (x), lifetimes (7.), and term weights of NO. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds NO
Table 33. Summary of the chemistry of NO in the inner domain of the three models. (a,b) The major terms in

the continuity equations for NO in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of NO (molec-cm~3-s™1), 7 is the
total lifetime (sec) of NO and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184.

a.) The major source terms for NO in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky, [y][z] R K=k, [yllz] R [ R=ky, [y][2]
591 J7[NO;] 576|J7[NO; ] 10.40 | k36 [N3 1[0, ]
3.76 | jass [N2O3 ] 5.19 | Advection/Diffusion || 9.98 | k4ss [N1[ O3]
3.66(J3 [HONO] 3.70 | jass [N20s ] 9.64 [ jags [ N2O3 ]
293 (ko [HNO][O;] 1.61 | Jo [NOs ] 9.16 | k339 [NO* 1 [H;01]
226 J9[NO; ] 161 | k7o [HNO][O;] 9.05 | k143 [N(*D)1[ 07 ]
2.24 | Advection/Diffusion || 0.96 | J3 [ HONO ] 9.00]|2:k430 [NO; ][N ]
68 More Reactions 68 More Reactions 68 More Reactions
5.915=Log(IR) 5.867 = Log(ZR) 10.648 = Log(XR)

b.) The major sink terms for NO in the inner domain of the three model runs.
The reaction rate % implicitly contains [NOJ.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
@R | R=k,; [y][NO] || ®)|R=ky, [y][NO] R R=ky; [y][NO]
5761 ks [ O3] 5.62 | Heterogeneous Loss || 10.26 | kss [ HO; ]
5.27 kss [HO; ] 547 | kas [ O3] 9.78 | Advection/Diffusion
4.76 | kspp [ CH30; ] 4.12 | kss [HO; ] 9.69] k3 [CO5 1
3.76 | k4g7 [NO; ] 3.70| kag7 [NO; ] 9.64 | ksg7 [NO7 ]
2.93 | kgg [HO, ] 3.69 | ksg; [ CH303 ] 9.61| ko [OH ]
2.79 | kg3 [OH ] 2.09 | kegs [ CH3SCH,0, 1{j 9.42 | kygo [N ]

50 More Reactions 50 More Reactions 50 More Reactions
5.915=Log(ZR) 5.867 = Log(ZR) 10.648 = Log(ZIR)

c.) Summary of the lifetimes of NO in the inner domain of the three model runs.

Source Sink
Log( x ) |Log([NO]) | Log(ZR) |Log(7) |Log( ) |Log(r.)
cm™3 cm~3.s71 sec sec sec
1-D Steady-State Model || —11.011 8.180 5.915 2.266 2.266 2.266
2-D Base Case Model || —10.964 8.228 5.867 2.361 2.464 2.729
2-D Electrified Model —8.028 11.164 10.648 0.516 0.516 0.583

Note: 7=[NO] /ZR or Log(r)=Log([NO])— Log(ZR).
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Figure 64. Mixing ratios (), lifetimes (7.), and term weights of NO,. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds NO;
Table 34. Summary of the chemistry of NO; in the inner domain of the three models. (a,b) The major terms in

the continuity equations for NO» in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of NO; (molec-cm™3-s~1), 7
is the total lifetime (sec) of NO3 and 7 is its lifetime due to chemical processes (sec). J;, js, ki, and [; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for NO; in the inner domain of the three model runs.

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R | R=ky: [y][2] R | R=ky: [y][2] R [ R=ky.[y1[z]

5.76 | ks [O3 1 [NO] 5.81 | Advection/Diffusion || 10.26 | kss [HO, ][ NO]

527 | kss [HO2 1 [NO1 547 ks [O31[NO] 9.74 | k¢g [OH ] [ HONO ]

476 | ksoy [CH30, 1[NO1|{4.12| kss [HO2 1 [NO] 9.64 | jags [N205 ]

4.74 | jin [ CH30,NO; ] 3.70 jags [ N2O5 ] 9.39| ks[O3 1[NO]

4.69 | j96 [ HONO; ] 3.69 | kssp [CH30, 1[NOT1|| 9.29]2-7485 [ N304 ]

3.76 | jags [N2O3 ] 3.54 | j101 [ CH30,NO; ] 9.03 | ks [OH ] [HO,NO; ]
44 More Reactions 44 More Reactions 44 More Reactions

5.969 = Log(ZR) 5.985=Log(ZR) 10.538 = Log( ZR)

b.) The major sink terms for NO; in the inner domain of the three model runs.
The reaction rate R implicitly contains [NO;].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log [ Reaction Rate
®|R=k,.[y]1[NO] | R)|R=ky,[y]1[NO;] R | R=ky, [y]1[NO; ]
591|J, 5.76 | J7 10.13 [ ko4 [OH ]
474 | k100 [ CH30; ] 5.57 | Heterogeneous Loss 9.91 | Advection/Diffusion
4.69 | kos [ HO; ] 3.70 | k4g7 [NO] 9.64 | ksg7 [NO ]
3.76 | k4g7 [NO] 3.57 | k1o [CH30, ] 9.59 | kgs [HO; ]
3.60 | kgs [ HO, ] 3.47 | kgs [ HO, ] 9.29 | 2-k4gs [NO; ]
3.53|2-k43s [NO; ] 3.29 | 2-k4gs [NO; ] 8.91| J;

41 More Reactions 41 More Reactions 41 More Reactions
5.969 = Log(ZR) 5.985=Log(XR) 10.538 = Log(ZR)

c¢.) Summary of the lifetimes of NO; in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([NO2]) | Log(XR) |Log(r) ||Log(7.) |Log(7c)
cm~3 cm~3.s71 sec sec sec
1-D Steady-State Model || —10.856 8.336 5.969 2.367 2.367 2.367
2-D Base Case Model || —10.998 8.193 5.985 2.208 2.684 2.422
2-D Electrified Model -7.901 11.291 10.538 0.753 0.753 0.878

Note: 7=[NO;] /ZR or Log(r)=Log([NO;])— Log(ZR).
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Figure 65. Mixing ratios (), lifetimes (7.), and term weights of HONO. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds HONO
Table 35. Summary of the chemistry of HONO in the inner domain of the three models. (a,b) The major

terms in the continuity equations for HONO in the three model runs and (c) a summary of its mixing ratios
x and lifetimes 7 in the three model runs. In these tables R is the specific rate of production of HONO
(molec-cm™3.s=1), 7 is the total lifetime (sec) of HONO and . is its lifetime due to chemical processes (sec).
Ji, ji, ki, and I; are photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for
reaction number ¢ as listed in Appendix B , page 184.

a.) The major source terms for HONO in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) [ R=ky: [y]1[2] R R=ky,[yl[z] ®R) | R=ky:[y1[2]
3.60| kgs [HO, 1 [NO, ] 2.80 | Advection/Diffusion 10.44 | k37, [W3NO*1[H,01]
2.79| kg [OH][NO] 2.37 | ks [HO, 1 [NO; ] 9.61| ko [OH][NO]

1.61 | Advection/Diffusion 2.07 ke [OH][NO] 8.49| kgg [HO, 1 [NO; ]
0.49| k3s;p [ W3NO*1[H,O1|[ 0.49] k32 [ WsNO* 1 [H;0] 5.56 | 2-kagg [N2O3 1[H0 ]
0.02 ] 2-k4go [N2O3 J[H;01] {] -0.04 | 2-k4go [N2O3 1 [ H,0] 4.02| ksgo [CH30 1 [NO, |
-2.46 | ksgo [CH301[NO,y1 |-3.64 | ksgo [CH3O1[NO,;]1 ||-10.23| kg7 [Hy 1 [NO, ]

... 3 More Reactions 3 More Reactions ... 3 More Reactions
3.664 = Log(IR) 2.992 =Log(IR) 10.501 = Log(ZR)

Note: Read W as H;0.

b.) The major sink terms for HONO in the inner domain of the three model runs.
The reaction rate R implicitly contains [HONO].

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(R)|R =k, [y][HONO] | (R)|R=ky, [y][HONO] | (R)|R=ky. [y][HONO]
3.66 | J3 2.99 | Heterogeneous Loss 10.21 | Heterogeneous Loss
1.43 | kes [OH ] 0.96 | J3 10.00 | Advection/Diffusion
1.02 | Heterogeneous Loss -1.77 | kes [OH ] 9.74 | kes [OH ]

-5.15 (kg [ O] -8.11 kg [O1] 8.05( J3

-18.56 | jss -21.02 | 785 3.19| k32 [O]]

—oo | Advection/Diffusion —oo | Advection/Diffusion -15.59 jss

—oo | Deposition —oo | Deposition —oo | Deposition

3.664 = Log(XR)

2.992 =Log(ZR)

10.501 = Log(ZR)

c¢.) Summary of the lifetimes of HONO in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([HONO]) | Log(X®) |Log(r) |Log( ) |Log(.)
cm™3 cm™3.s71 sec sec sec
1-D Steady-State Model || —12.352 6.840 3.664 3.176 3.180 3.177
2-D Base Case Model || —15.027 4.164 2.992 1.173 1.612 3.206
2-D Electrified Model —8.015 11.177 10.501 0.676 0.676 1.424

Note: 7= [HONO] / R or Log(r )=Log([HONQ]) — Log( IR ).
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Summary Maps and Tables for Selected Compounds HONO;
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Figure 66. Mixing ratios (x), lifetimes (r.), and term weights of HONO;. See text for definitions of terms

and other details.
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Summary Maps and Tables for Selected Compounds
Table 36. Summary of the chemistry of HONO; in the inner domain of the three models. (a,b) The major

terms in the continuity equations for HONQ7 in the three model runs and (c) a summary of its mixing ratios
x and lifetimes 7 in the three model runs. In these tables R is the specific rate of production of HONO,
(molec-cm™3-s~1), 7 is the total lifetime (sec) of HONO; and . is its lifetime due to chemical processes (sec).
Ji, ji, ki, and I; are photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for
reaction number 7 as listed in Appendix B , page 184.

HONO;,

a.) The major source terms for HONO; in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R [ R=ky, [y]1[z] R R=ky,[yl[z] ®) | R=ky: [y1[z]
3.64 | Advection/Diffusion 5.07 | Advection/Diffusion 10.13| kos [OH][NO; ]
3.39 | kos [OH][NO; ] 2.57 | koa [OH][NO; ] 591 ks [NO3; 1[HO; ]
0.86 | k73 [DMS][NO3] || 0.74 | ke713s [DMS ] [NOs ] 424 2-kes [ H2O] [N2Os ]
041 ks [NO3 ][ HO; ] -0.81|2-kes [H;OT[N20s1|| 3.73| k¢7s [DMS 1[NO;3 ]
0.35] kgg [H;02 1[NO3 ] ||-1.21 | ke2 [NO3 ][ HO; ] 341 [ kgg [HyO2 1 [NO; ]
0.25(2-kgs [HO ] [N;0s 11| -3.13 | ks3 [NO; ] [ CH,0 ] 3.19( kg [HONO ][ O]
... 8 More Reactions ... 8More Reactions ... 8 More Reactions
3.838=Log(ZR) 5.073 = Log(ZR) 10.126 = Log(ZR)

b.) The major sink terms for HONO; in the inner domain of the three model runs.
The reaction rate R implicitly contains [HONQO;].

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®R)|R=ky, [y ] [HONO; ] ®R)|R=ky, [y][HONO, 1 || (R)|R=ky, [y ][HONO;]
3.73 | Heterogeneous Loss 5.07 | Heterogeneous Loss 9.88 | Heterogeneous Loss
295 Js -0.431 J4 9.74 | Advection/Diffusion
2.83| ko; [OH ] -1.01 | kg; [OH] 8.21| kg; [OH]

-12.38 | k173 [F1 -16.91 | k173 [F1 428 J4
—-00 | Advection/Diffusion —o0 | Advection/Diffusion -1.33 | k178 [F1]
—oo | Deposition —oo | Deposition —oo | Deposition

3.838 = Log(ZR) 5.073 = Log(ZR) 10.126 = Log(ZR)

c.) Summary of the lifetimes of HONQ; in the inner domain of the three model runs.

Source Sink
Log( x ) |Log([HONO;]) | Log(ZX®) |Log(r) || Log(7) |Log(7.)
cm™3 cm3.s71 sec sec sec
1-D Steady-State Model || —9.617 9.575 3.838 5.736 6.180 6.377
2-D Base Case Model || —12.924 6.268 5.073 1.195 3.693 6.600
2-D Electrified Model —8.335 10.857 10.126 0.731 0.731 2.647

Note: = [HONOQO,] / ZR or Log(7)=Log([HONO;])— Log(ZR).
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Figure 67. Mixing ratios (x), lifetimes (r.), and term weights of HO,NO,. See text for definitions of terms

and other details.
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Summary Maps and Tables for Selected Compounds

for reaction number 1 as listed in Appendix B , page 184.

HO,NO

Table 37. Summary of the chemistry of HO;NO; in the inner domain of the three models. (a,b) The majoi
terms in the continuity equations for HO;NO; in the three model runs and (c) a summary of its mixing ratios
x and lifetimes 7 in the three model runs. In these tables R is the specific rate of production of HO2NO,
(molec-cm—3-s~1), 7 is the total lifetime (sec) of HO,NO, and . is its lifetime due to chemical processes
(sec). J;, Ji, ki, and I; are photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively

a.) The major source terms for HO;NO; in the inner domain of the three model runs.

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log [ Reaction Rate Log | Reaction Rate

®) | R=ky: [y]1[z] R) | R=ky: [y1[2] R) | R=ky: [y][2]
4.69] ks [HO, 1[NO, ] || 3.86| Advection/Diffusion || 9.59 | kos [HO, ] [NO; ]
1.58 | Advection/Diffusion || 3.47 | kgs [ HO2 ] [ NO; ] || —oo | Advection/Diffusion
—oo | Flux —o00 | Flux —oo0 | Flux

4.695 = Log(ZR)

4.011 = Log(ER)

9.592 = Log(ZR)

b.) The major sink terms for HO,NO, in the inner domain of the three model runs.

The reaction rate ® implicitly contains [HO;NO,].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R)|R=ky;: [y]1[HONOy 1 || (R)|R=ky; [y][HO,NO;] || (R)|R=ky, [y][HO,NO; ]
4.69 | jo6 3.92 | Heterogeneous Loss 9.31 | Advection/Diffusion
2771 J1o 3.27 | jos 9.03| ke [OH ]

2.54 [ keg [OH ] 0211} Jyo 8.88 | Heterogeneous Loss
1.79 | Heterogeneous Loss -0.35| kes [OH ] 7.36 796
471 | ks7[O] -7.10| ks [O] 5.14 Jywo
-6.66 | kes [H ] -9.57 | kes [H] 1.56 | kes [H ]

—oo | Deposition —o0 | Deposition 154 k7 [O]

—oo | Advection/Diffusion —oo | Advection/Diffusion —o0 | Deposition
4.695=Log(XR) 4011 =Log(XR) 9.592 =Log(XR)

¢.) Summary of the lifetimes of HO;NO; in the inner domain of the three model runs.

Source Sink
Log( x ) |Log([HO2NO;]) | Log(Z%R) |(Log(7) ||Log(7.) |Log(7)
cm™ cm~3.s~1 sec sec sec
1-D Steady-State Model || —11.101 8.091 4.695 3.396 3.396 3.396
2-D Base Case Model || —13.520 5.672 4.011 1.661 2.202 2.402
2-D Electrified Model —8.676 10.516 9.592 0.923 0.923 1.478

Note: 7= [HO,NO,]1 /IR or Log(7)=Log([HO;NO;]1) — Log( ZR ).
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Figure 68. Mixing ratios (x), lifetimes (7.), and term weights of O;. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds
Table 38. Summary of the chemistry of Os in the inner domain of the three models. (a,b) The major terms in

the continuity equations for O3 in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of O3 (molec-cm™3-s71), 7 is the
total lifetime (sec) of O3 and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in

Appendix B, page 184.

Os

a.) The major source terms for Os in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
® | R=ky: [y][z] ®R)|R=ky, [y1[z] R® [ R=ky:[y][z]
772 ke [01[0;] 8.48 | Advection/Diffusion 1094 [ k5o [O][ 02 ]
4.27 | Advection/Diffusion 7.24 kgo [0]1[0,] 446 ks [O”]1[02]
0.37 | k796 [ CC3CO02 1 [HOz 1|| -2.18| k796 [ CCZ3CO02, 1[HO2 J || 3.22 | k796 [ CC43CO0, 1[HO; ]
-6.35 | k23 [0O71[ 02 ] 7.10 | kg3 [O7 1102 ] 220 Jis [O7 ]
-13.27 | k335 [0 1[ O] -13.96 | k215 [O7 1[ O] 1.34 | k235 [O5 1[ O]
-14.63 | k314 [0 1[0] -15.43 | k214 [0 1[ O] 027 ks [O;1[0]
4 More Reactions ... 4 More Reactions ... 4 More Reactions
7.717 = Log(XR) 8.501 =Log(ZR) 10.940 = Log(ZR)

b.) The major sink terms for O3 in the inner domain of the three model runs.
The reaction rate ® implicitly contains [O3].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®R) | R=ky: [y1[03] || R)|R=ky, [y]1[03] R) | R=ky; [y]1[05]
7.68 | J; 8.48 | Heterogeneous Loss || 10.76 | Advection/Diffusion
6.48 | J2 7201 10.09 | k2ss [ COy ]

576 | k2s [NO] 5.98| J, 9.73 | Ji4

5.05 | Heterogeneous Loss || 5.47 | kas [NO] 9.67 | k302 [NO; ]
4.87 | ksa [HO, 1 3.36 | ksp {M} 9.64 | Heterogeneous Loss
4.02 | ks; [OH] 3.36 | ksa [HO; ] 9.39| ks [NO]

... 30 More Reactions ... 30 More Reactions ... 30 More Reactions
7.717 = Log(IR) 8.501 = Log(ZR) 10.940 = Log(XR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

c¢.) Summary of the lifetimes of O3 in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([0s]) | Log(Z®) |Log(7) ||Log(7.) |Log(7c)
cm™3  |cm~3s! sec sec sec
1-D Steady-State Model | —7.628 11.564 7.717 3.847 3.847 3.848
2-D Base Case Model -8.105 11.087 8.501 2.586 3.851 3.857
2-D Electrified Model —6.964 12.228 10.940 1.287 1.287 1.818

Note: 7=[03] / ZR or Log(7)=Log([03])— Log(ZR).
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Figure 69. Mixing ratios (), lifetimes (7.), and term weights of HO,. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds
Table 39. Summary of the chemistry of HO; in the inner domain of the three models. (a,b) The major terms in

the continuity equations for HO, in the three model runs and (c) 2 summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of HO, (molec-cm™3-s~1), 7
is the total lifetime (sec) of HO; and . is its lifetime due to chemical processes (sec). J;, ji, ki, and l; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for HO; in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R)|R=ky: [y][z] R R=ky: [y1[z] R R=ky; [y]1[2]
547 ks [H]1[O21 4.85 | Advection/Diffusion 10.61 | ko3 [H]1[ O3]
484 | ksg2 [CH301[02]1(14.64| k3 [H][O7] 845\ ks [OH]1{ O3]
470 keao [CHO1[O21 [[3.71] kssz [CH30]1[ O] 8.18 | ksg2 [CH30 1[0 ]
4.69 | jos [ HO;NO; ] 3.27| jos [ HO;NO; ] 8.16 | kss [OH ] [H;0; ]
402 | ks [OH][Os51] 3.16| k74 [CH3SOHCH3 1[O2 1| 7.96 | k7 [HNO1[O7 ]
401 | kss [OH][Hy071 |[3.12 | kgao [CHO1[ O3 ] 7.90 | k¢ao [CHO [ O7 ]
... 31MoreReactions || ... 31 More Reactions ... 31 More Reactions
5.692 = Log(XZR) 5.098 = Log(ZR) 10.620 = Log(XR)

b.) The major sink terms for HO; in the inner domain of the three model runs.
The reaction rate R implicitly contains [HO;].

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R [R=ky; [y][HO] | R)|R=ky, [y][HO;] ®) | R=ky;[y]1[HO;]
527 | kss [NO] 5.02 | Heterogeneous Loss || 10.26 | kss [ NO ]
487 | kss [O3] 4.12 | kss [NO] 10.20| k3; [OH]]
4.86|2-ksg [HO; ] 3.47 | kgs [NO; ] 9.59 ] kos [NO; ]
475 k539 [CH302 ] 3.36 k54 [03 ] 9.23 2-]659 [HO2 ]
4.69 | kos [NO; ] 2.60 | 2-ksg [HO; ] 8.94 | 2-lsp [ HO, 1{M}
4,58 (2-lg [ HO; {M} 2.54 | ksgg [ CH30; ] 8.68 | Advection/Diffusion

31 More Reactions 31 More Reactions 31 More Reactions

5.692 = Log(ZR)

5

.098 = Log(ZR)

10.620 = Log(ZR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

¢.) Summary of the lifetimes of HO, in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([HO,]) | Log(ZR) |Log(r) | Log(7) |Log(.)
cm™ em~3s7! | sec sec sec
1-D Steady-State Model || —11.114 8.078 5.692 2.386 2.386 2.386
2-D Base Case Model || —12.428 6.764 5.098 1.665 2.025 2.470
2-D Electrified Model -9.261 9.931 10.620 | —0.689|| —0.689 | —0.681

Note: 7=[HO,] /IR or Log(r)=Log([HO;])— Log(ZR).
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Figure 70. Mixing ratios (x), lifetimes (7.), and term weights of H,O,. See text for definitions of terms and

other details.
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Summary Maps and Tables for Selected Compounds

listed in Appendix B , page 184.

H,0,
Table 40. Summary of the chemistry of H,O in the inner domain of the three models. (a,b) The major terms
in the continuity equations for H,O; in the three model runs and (c) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables R is the specific rate of production of H,0; (molec-cm
T is the total lifetime (sec) of H,0, and 7. is its lifetime due to chemical processes (sec). J;, ji, ki, and [; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as

a.) The major source terms for H,O, in the inner domain of the three model runs.

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log [ Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) [ R=ky; [y][z] R R=k,[yllz] R) | R=ky, [y][z]
455 ksg [HO; 1[HO; ] 5.05 | Advection/Diffusion 8.92 | kso [HO, 1 [HO; ]
428 lgo [HO2 1[HO2 1{M} || 2.29 | kso [HO; ] [HO; ] 8.64 | lso [ HO, 1 [ HO; 1{M}
0.30( kss [OH][OH ] 2.08|leo [HO2 1 [HO; {M} || 8.36 | kss [OH][OH ]
-2.99 | ks;3 [CH30] [HO,] |[|-1.18 | kss [OH][OH] 2.86| ks7s [CH30 ] [HO; ]
-324 | kg3t [CH;O1[HO,] ||-5.16 | ks73s [CH30 ][ HO; ] 1.56 | kes [H] [ HO;NO; ]
-5.78 k557 [CI'I4 ] [HO2 ] -5.42 k631 [CHzo] [H02 ] -1.62 k63l [CH20] [H02 ]

... 5More Reactions 5 More Reactions ... 5More Reactions
4741 = Log(ZIR) 5.053 =Log(ZR) 9.177=Log(IR)

Note: The definitions of the reactive families { X'} are at the end of Appendix B.

b.) The major sink terms for H,O, in the inner domain of the three model runs.

The reaction rate & implicitly contains [H,05].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R R=ky: [y [H202] || R)[R=ky; [y]1[H0:] || R)|R =Ky, [y][H;0,]
4421 Js 5.05 | Heterogeneous Loss 8.89 | Heterogeneous Loss
4.02 | Heterogeneous Loss 0.69 | Js 8.76 | Advection/Diffusion
401 | kss [OH] -0.10| ks¢ [OH ] 8.16 | ks [OH ]

3.91 | Advection/Diffusion || -3.14 | kgg [NO;, ] 4421 Js

0.35] kgs [NO; ] -6.01 | ksoo [ CH30, ] 341 | kss [NO; ]
-1.83 | ksgo [ CH304 ] -6.05| kse3 [O] 3.13 | kg7 [CL]

... 11 More Reactions ... 11 More Reactions ... 11 More Reactions
4741 =Log(ZR) 5.053 =Log(ZR) 9.177 = Log(ZR)

c.) Summary of the lifetimes of H,O; in the inner domain of the three model runs.

257,

Source Sink
Log(x ) |Log([H20,]) | Log(XR) |Log(r) ||Log(7 ) |Log(7)
em™3 em~3s7! | sec sec sec
1-D Steady-State Model || —9.298 9.894 4.741 5.153 5.153 5.332
2-D Base Case Model || —12.944 6.248 5.053 1.195 3.746 5.491
2-D Electrified Model -9.307 9.885 9.177 0.708 0.708 1.730

Note: 7= [H,0,] / IR or Log(7)=Log([H;0,])— Log(Z®).
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Figure 71. Mixing ratios (x), lifetimes (7.), and term weights of DMS. See text for definitions of terms and

other details.
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Summary Maps and Tables for Selected Compounds DMS
Table 41. Summary of the chemistry of DMS in the inner domain of the three models. (a,b) The major terms

in the continuity equations for DMS in the three model runs and (c) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables R is the specific rate of production of DMS (molec-cm~3-s71),
7 is the total lifetime (sec) of DMS and 7. is its lifetime due to chemical processes (sec). Ji, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B, page 184.

a.) The major source terms for DMS in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R R=ky:[y]l[z] R R=ky:[y1[=] R) | R=ky, [y]1[=]
3.37 | Advection/Diffusion 3.28 | Advection/Diffusion 7.22 | Advection/Diffusion
-28.91 | je75 [ CH3SOHCH;3 1| -29.07 | je7s [ CH3SOHCH3 1| -25.27 | je7s [ CH3SOHCH; ]
—o0 | Flux —o00 | Flux —o0 | Flux
3.368 = Log(ZR) 3.281 =Log(ZR) 7.220 = Log(ZR)

b.) The major sink terms for DMS in the inner domain of the three model runs.
The reaction rate ® implicitly contains {DMS].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®)|R=ky; [y]1[DMS] ®)|R=ky, [y][DMS] | R)|R=k,, [y][DMS]
3.24 | kess [OH ] 3.16| kes [ OH ] 7.11 | ksss [OH ]
2.75| kgso [OH ] 2.65| kego [OH ] 6.58 | kgeo [OH ]
0.86 | k¢73s [ NO3 ] 136 | ks10 [O] 4,55 ke [O]1]
0.86] ke [O ] 0.74 | ke71s [NO3 ] 3.73 | kg3 [NO; ]
-5.59 | ken [H] 571 kenn [H] 044 | ken [H]
-12.64 | ke71 [CH3 ] -12.81 | k¢7y [CH3 ] -9.03 | ke [CH3 ]
—oo | Deposition —oo | Deposition —oo | Deposition
—oo | Heterogeneous Loss —oo | Heterogeneous Loss —oo | Heterogeneous Loss
—oo | Advection/Diffusion —o0 | Advection/Diffusion —o0 | Advection/Diffusion
3.368 = Log(IR) 3.281 =Log(IR) 7.220 = Log(ZR)

¢.) Summary of the lifetimes of DMS in the inner domain of the three model runs.

Source Sink
Log( x ) [Log([DMS]) | Log(ER) |Log( ) ||Log(7.) [Log(7)
cm™ cm~3.s7! sec sec sec
1-D Steady-State Model || —11.030 8.162 3.368 4794 37.071 4.794
2-D Base Case Model |{| —10.209 8.983 3.281 5.702 38.054 5.702
2-D Electrified Model || —10.532 8.660 7.220 1.440 33.928 1.440

Note: 7=[DMS] /IR or Log(7)=Log([DMS])— Log( Z®).
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Figure 72. Mixing ratios (), lifetimes (7.), and term weights of OCS. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds OCS
Table 42. Summary of the chemistry of OCS in the inner domain of the three models. (a,b) The major terms in

the continuity equations for OCS in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables % is the specific rate of production of OCS (molec-cm™3:s71), 7
is the total lifetime (sec) of OCS and 7. is its lifetime due to chemical processes (sec). Ji, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as
listed in Appendix B , page 184.

a.) The major source terms for OCS in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) | R=ky: [y][2] R) | R=ky: [y][z] ®) | R=ky, [y][z]

1.02 | Advection/Diffusion 0.33 | Advection/Diffusion 4,77 | Advection/Diffusion
0.83| k3 [CS;0H]1[ 021 -0.03 [ k72s [CS21[OH ] 432 k731 [CS,0H][O;]
0.81( k724 [CS21[OH] -0.04 | k731 [CS20H][O2 ]| 4.29| k724 [CS21[OH]

131k [CS]1[02] -1.80| ks [CS1[ O] 170 k1 [CS 1[ O3 ]
<229 k11 [CS21[ 0] -2.76 | k721 [CS21[0] 0.79 | k11 [CS21[ 0]
-4.88 | k17 [CS1[031 -5.86 | k127 [CS1[ 03] -1.01 | k77 [CS 11031

... 3 More Reactions ... 3 More Reactions ... 3 More Reactions
1.374 = Log(XR) 0.600=Log(XR) 4.996 = Log(ZR)

b.) The major sink terms for OCS in the inner domain of the three model runs.
The reaction rate 3 implicitly contains [OCS].

1-D Steady- State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®) [R=k,, [y][OCS] || R)|R=k,[yl[OCS] || R)|R=ky,[y][OCS]
1.37 ks [OH ] 0.59| k1is [OH ] 499 kn1s [OH ]
-0.52 | k715 [NO;s ] -1.13 ] k713 [ NOs ] 243 | kng [NO; ]
-1.09 | k116 [O] -1.50( k716 [O]1 2.13 k76 [O]
S5.04 ks [H] -581 | kna[H] 0.09 | kns [H]
-5.93km7[O] -625|kn7[0O] 277 kn7[O]
—oo | Heterogeneous Loss —oo | Heterogeneous Loss —oo | Heterogeneous Loss
... 2 More Reactions ... 2 More Reactions ... 2 More Reactions
1.374 = Log(ZR) 0.600 =Log(ZR) 4.996 = Log(ZR)

¢.) Summary of the lifetimes of OCS in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([OCS]) | Log(ZR) |Log(7) || Log(7) |Log(7c)
cm™? cm~3.571 sec sec sec
1-D Steady-State Model || —9.037 10.155 1.374 8.781 9.034 8.781
2-D Base Case Model -9.035 10.157 0.600 9.557 9.887 9.557
2-D Electrified Model —9.035 10.157 4.996 5.160 5.551 5.160

Note: 7 =[OCS] /ZR or Log(7)=Log([OCS])— Log(ZR).
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Figure 73. Mixing ratios (x), lifetimes (7.), and term weights of CO. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds
Table 43. Summary of the chemistry of CO in the inner domain of the three models. (a,b) The major terms in

the continuity equations for CO in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of CO (molec-cm™2-s™!), 7 is the
total lifetime (sec) of CO and 7. is its lifetime due to chemical processes (sec). J, ji, ki, and l; are photolytic,
unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as listed in
Appendix B, page 184. k

Cco

a.) The major source terms for CO in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

® | R=ky: [yll[z] ® | R=ky[y1[z] R | R=ky: [y][2]
5.15 | Advection/Diffusion 4.56 | Advection/Diffusion 9.01 | Advection/Diffusion
470 | kgao [CHOJ[ O3] 3.26| J12 [CH,0] 7.90 | keso [CHO1[ O3]
470| J12 [CH,0] 3,12 kgao [CHO1[ O3] 738 kng [O*]1[CO; ]
1.98 | kg3 [CH3SCHOJ[OH]|| 0.16| kgo3 [ CH3SCHO J[OH 1}/ 4.90 | kgo3 [ CH3SCHO ][OH ]
-0.52 | k718 [OCS 1[NOs ] -1.13 | k715 [OCS 1[ NO;3 ] 4.60| jsqs [NCO]
-1.09| kng [OCS ][ O] -1.50 k7116 [OCS ][ O] 4.50|J12 [CH,0]

... 47 More Reactions ... 47 More Reactions ... 47 More Reactions
5.385=Log(ZR) 4.598 = Log(XR) 9.048 = Log(ZR)

b.) The major sink terms for CO in the inner domain of the three model runs.
The reaction rate & implicitly contains [CO].

1-D Steady-State Model || 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R) [ R=k,; [y][COY || B®)|R=k,[y][COT]| ®)|R=ky.[y]1[CO]
5.38 | keso [OH ] 4.60 | kesg [ OH ] 9.05 | kgs9y [OH ]
-1.38 | k110 [O] -1.73 | k1o [O]] 4.00| k324 [N3 1
-368 kg34 [CZO] -4.11 kg34 [CKO] 3.58 k332 [N+ ]
-4.28 | koo [H] -5.02 | koo [H] 1.90| k1o [O]1]
-6.06 | k324 [N3 ] -5.95 [ k324 [N3 ] 1.30| ks34 [CO ]
-6.35 | k332 [N*] -6.27 | k3 [N*] 0.89| kiw [H]
... 11 More Reactions ... 11 More Reactions ... 11 More Reactions
5.385 = Log(ZR) 4.598 = Log(ZR) 9.048 = Log(ZR)

c.) Summary of the lifetimes of CO in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([CO]) | Log(ZR) [Log(7) |{Log(7.) |Log(7)
cm™3 cm™3.5~! sec sec sec
1-D Steady-State Model || —6.973 12.219 5.385 6.834 7.216 6.834
2-D Base Case Model —6.908 12.284 4.598 7.685 8.785 7.685
2-D Electrified Model —6.915 12.277 9.048 3.229 4.265 3.229

Note: 7=[CO] /ZR or

Log( ) =Log([CO])— Log(ZR).
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Figure 74. Mixing ratios (x), lifetimes (7.), and term weights of N,O. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds
Table 44. Summary of the chemistry of N2 O in the inner domain of the three models. (a,b) The major terms in

the continuity equations for N, O in the three model runs and (c) a summary of its mixing ratios y and lifetimes
7 in the three model runs. In these tables % is the specific rate of production of N,O (molec-cm™3-s™1), 7
is the total lifetime (sec) of N,O and 7. is its lifetime due to chemical processes (sec). J;, j;, k;, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number ¢ as

listed in Appendix B, page 184.

N,O

a.) The major source terms for N,O in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate
R | R=ky, [y1[z]

Log | Reaction Rate
(%) §R=kyz [y] [z]

Log | Reaction Rate
®) §R=kyz [yllz]

-1.79 | kago [N21[ O]
-4.67 k432 [N] [NOZ ]

10 More Reactions

2.21 | Advection/Diffusion 1.37 | Advection/Diffusion
-0.35 [ ly7 [N2 1 [O('D) {M} || -0.80 | luzs [ N2 1[ O('D) 1{M}

-8.63| l4;7 [N21[{O1[N; ] -8.88 11477 [N21[O]1[N;]
-9.20) 1476 [N21[0][ 0, ] -9.45 (146 [N;1[O][ 0]

-2.30 | kago [N2]1[O]
-4.96 k482 [N] [NOZ ]

10 More Reactions

8.40 k432 [N] [NOZ ]
3.39| Iy [N 1 [NO {M}
3.08 | ls73 [N2 11 O('D) {M}
1.43 | k4so [N2]1[O]
-0.45] k287 [0~ 1[Nz ]
-0.63 1395 [N20+] [e™ ]{M}
10 More Reactions

2.206 =Log(ZR)

1.375 = Log(ER)

8.402 =Log(ZR)

Note: The definitions of the reactive families { X } are at the end of Appendix B.

b.) The major sink terms for N;O in the inner domain of the three model runs.
The reaction rate % implicitly contains [N,0].

1-D Steady-State Model 2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

R®) [ R=ky; [y][N2O0] || R)|R=ky, [y][N20] || R)|R=ky; [y][N20]
2.18{ k3, [OH ] 1.35{ k32 [OH ] 8.40 | Advection/Diffusion
0.82| k33 [HO; ] -0.17 | kyy [O(ID) ] 5.80| k3, [OH ]

0.34 | ko [O('D) ] -0.31 k2 [O('D) ] 544 | k3 [N3 ]

0.20| k3, [O(D) ] -0.42 | k33 [HO; 1 5.18 | k3 [NF ]
-4.52 | ks [N5 ] -4.52| k3 [N3 ] 4.64 | k1s; [N(*D) ]
-4.78 | ksn [N} ] -4.78 | kan [N} ] 3.77 | k3ss [N* ]

22 More Reactions 22 More Reactions 22 More Reactions

2.206 = Log(ZR)

1.375=Log(ZR) 8.402 = Log(ER )

c¢.) Summary of the lifetimes of N,O in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([N20]) | Log(ZR) |Log(r) | Log(7.) |Log()
cm™3 cem~3.s7! sec sec sec
1-D Steady-State Model —6.487 12.705 2.206 10.499 13.037 10.499
2-D Base Case Model —6.486 12.705 1.375 11.330 13.494 11.330
2-D Electrified Model —6.486 12.706 8.402 4.304 4.304 6.653

Note: 7= [N,O] /IR or

Log( 7 )= Log( [N20]) — Log(Z® ).

268



Summary Maps and Tables for Selected Compounds
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Figure 75. Mixing ratios (x), lifetimes (), and term weights of CC¢,4. See text for definitions of terms and

other details.
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Summary Maps and Tables for Selected Compounds CCl4
Table 45. Summary of the chemistry of CCZ in the inner domain of the three models. (a,b) The major terms

in the continuity equations for CCZ 4 in the three model runs and (c) a summary of its mixing ratios x and life-
times 7 in the three model runs. In these tables R is the specific rate of production of CC£4 (molec-cm™3-s1),
7 is the total lifetime (sec) of CC¢4 and 7 is its lifetime due to chemical processes (sec). J;, j;, k;, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as
listed in Appendix B , page 184.

a.) The major source terms for CCZ4 in the inner domain of the three model runs.

1-D Steady-State Model

2-D Base Case Model

2-D Electrified Model

Log | Reaction Rate Log { Reaction Rate Log | Reaction Rate

®) §R=kyz[y][z] ®) §R=kyz[y][z] ®) §R=kyz[y][zl
-2.27| Advection/Diffusion | -2.52 | Advection/Diffusion || 5.97 | Advection/Diffusion
—o00 | Flux —oo | Flux —o0 | Flux

-2.267 =Log(XR)

-2.515 = Log(ZR)

5.970 = Log(Z®)

b.) The major sink terms for CC4, in the inner domain of the three model runs.
The reaction rate R implicitly contains [CC£,4].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
R®) [ R=ky: [y]1[CCl] R) | R=ky; [y1[CCl]l| R)|R=ky.[y]l[CCly]
-2.31 | k15 [O('D) ] -2.81 | k5 [O(CD) ] 5.85 | ka2 [CO; ]
-3.32 | kay [ COY ] -2.83 | k202 [COJ ] 535 kigs[e™ ]
-4.61 [ kigs[e™ ] -4.61 | kigs[e™ ] 3.06 | kg9 [04— ]
-6.34 | k1o [0F] -5.94 | k199 [07 ] 2.24 | kg6 [07 ]
-7.50 | k196 [ O5 1 -7.31| k196 [ 05 ] 1.11 | kig [O('D) ]
-9.04 | 51z -9.04 | j1n 0.39 (kigs [e™ ]
-9.39| Jis -9.39| Jis -2.04 | kyog [H™ ]
-9.57 | kigs [e~ ] -9.56 | kigs [e™ ] -4.18 | ks [O™ ]
-14.97 [ kyos [O™ ] <1573 | ks [0~ ] -9.05 j121
... 5 More Reactions ... 5More Reactions ... 5 More Reactions
-2.267 = Log(ZR) -2.515=Log(ZR) 5.970 = Log(ZR)

c.) Summary of the lifetimes of CC/, in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([CCl4]) | Log(ZR) |Log(T) ||Log(7.) |Log(r.)
cm™3 cm3.5~1 sec sec sec
1-D Steady-State Model || —9.825 9.366 —2.267 11.634 +00 11.634
2-D Base Case Model -9.824 9.368 -2.515 11.883 +00 11.883
2-D Electrified Model —-9.829 9.363 5.970 3.392 +00 3.392

Note: 7=[CCls] / IR or Log(7)=Log( [CCl4]) — Log(ZR).
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Summary Maps and Tables for Selected Compounds : CF4
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Figure 76. Mixing ratios (x), lifetimes (7.), and term weights of CF4. See text for definitions of terms and
other details.
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Summary Maps and Tables for Selected Compounds CF4
Table 46. Summary of the chemistry of CF4 in the inner domain of the three models. (a,b) The major terms in

the continuity equations for CF 4 in the three model runs and (c) a summary of its mixing ratios x and lifetimes
7 in the three model runs. In these tables R is the specific rate of production of CF4 (molec-cm™3-s71), 7 is
the total lifetime (sec) of CF4 and T, is its lifetime due to chemical processes (sec). J;, ji, ki, and I; are
photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for reaction number i as
listed in Appendix B , page 184.

a.) The major source terms for CF, in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
(€9) §R=kyz[y][z] ) %=ky;[y][Z] €9) §R=ky/z[y][z]
-5.65 | Advection/Diffusion || -5.16 | Advection/Diffusion 3.53 | Advection/Diffusion
-34.30 | k157 [CF3 1[F] -33.08 | k1s7 [CF3 1[F] -15.18 | k157 [CF3 1 [F]
—oo | Flux —oo | Flux —oo | Flux
-5.646 = Log(ZR) -5.155 = Log(ZR) 3.534=Log(IR)

b.) The major sink terms for CF, in the inner domain of the three model runs.
The reaction rate R implicitly contains [CF4].

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate
®R) | R=ky. [y]1[CFs] R) | R=ky: [y][CFs] | R)|R=ky,[y][CFsl
-5.65| ka1 [CO; ] -5.16 | koo [CO; ] 3.53 | koon [CO; ]
-8.66 | k18 [OF ] -827 | k1gs [OF 1 0.74 | k198 [OF ]
-9.37 | j1z2 937 | 5122 -0.07 | k95 [02_ 1
-9.83 | kyos [02- ] -9.64 | k1os [O; ] 342 kiga[e™ ]
-17.30 | ks [O™ ] -18.06 | k204 [0 ] 342 kigs[e” ]
-19.55 | ko7 [H™ ] 22117 | ko [H™ ] -4.35| kog7 [H™ ]
—oo | kg [e™ ] —00 | kiga [e7 ] -6.50 | kaos [O™ ]
—oo | Advection/Diffusion —oo | Advection/Diffusion |{-9.37 | j1z2
... 4 More Reactions ... 4 More Reactions ... 4 More Reactions
-5.646 = Log(ZR) -5.156 = Log(XR) 3.534 =Log(IR)

¢.) Summary of the lifetimes of CF4 in the inner domain of the three model runs.

Source Sink
Log(x ) |Log([CF4}) | Log(ZX®) |Log(7) ||Log(7.) Log(.)
cm—3 cm~3.s7! sec sec sec
1-D Steady-State Model || —10.155 9.037 —5.646 14.683 43.340 14.683
2-D Base Case Model || —10.155 9.037 —5.156 14.193 42.120 14.193
2-D Electrified Model || —10.155 9.037 3.534 5.504 24.219 5.504

Note: 7=[CF4] /ZR or
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Summary Maps and Tables for Selected Compounds Clusters
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Figure 77. Mixing ratios (x), lifetimes (7.), and term weights of Clusters. See text for definitions of terms
and other details.
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Summary Maps and Tables for Selected Compounds Clusters
Table 47. Summary of the chemistry of Clusters in the inner domain of the three models. (a,b) The major

terms in the continuity equations for Clusters in the three model runs and (c) a summary of its mixing ratios
x and lifetimes 7 in the three model runs. In these tables R is the specific rate of production of Clusters
(molec-cm~3-s1), 7 is the total lifetime (sec) of Clusters and . is its lifetime due to chemical processes (sec).
Ji, ji, ks, and l; are photolytic, unimolecular, bimolecular and termolecular rate coefficients respectively for
reaction number ¢ as listed in Appendix B, page 184.

a.) The major source terms for Clusters in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

(%) §R=kyz[y][z] (§R) §R=kyz[y][z] (§R) §R=kyz[y][z]

121 | g [NO* 1[Ny I{M} || 1.21| he [NO* 1[Ny 1{M} || 11.20 | lp24 [ O} 1 [N; [{M}
1.15| 124 [ O3 1 [N; 1{M} 1.15| 124 [O3 1[N 1{M} 10.88 | k26 [ O7 1 [ H2O1]

0.66 | k216 [O2 1[H201 0.66| k216 [O; 1 [HO ] 10.78 | I3¢; [NO* ] [Nz 1{M}
0.39 | lagg [ NO* 1 [ H20 J{M} || 0.39| L35 [NO* 1 [H20 1{M} || 10.38 | I365 [ NO* ] [ H,0 {M}
0.06 | Advection/Diffusion -0.00 | Advection/Diffusion 9.92 [ k341 [H,0*1[H;0]
-0.29 | ksay [H,0* 1 [H,01 -0.29 | k3 [H,0* 1 [H20] 9.18 | l377 [NO* 1 [ CO, I{M}

... 3 More Reactions ... 3 More Reactions 3 More Reactions
1.595=Log(ZR) 1.594 = Log(ZR) 11.516 = Log(ZR)

Note: The definitions of the reactive families { X} are at the end of Appendix B.

b.) The major sink terms for Clusters in the inner domain of the three model runs.

1-D Steady-State Model 2-D Base Case Model 2-D Electrified Model
Log | Reaction Rate Log | Reaction Rate Log | Reaction Rate

®) | R =k, [y]{Clusters} || (R)|R =ky. [y]{Clusters} (R) | R =ky, [y ]{Clusters}
1.20 | k3s2 [ N;NO* 1{M} 1.20 | k352 [ NoNO* {M} 10.94 | k34 [ N2O3 1{M}
0.86 | k349 [ N203 1{M} 0.86 | k3as [ N0 1{M} 10.83 | k3so [N203 1[ 02 ]
0.82 | k3so [N203 1[0, ] 0.82 | k3so [N20; 1[0z 1] 10.80 | k352 [WO3 1[0, ]
0.75 | Heterogeneous Loss 0.74 | Heterogeneous Loss 10.77 | ksga [ NoNO* 1{M}
0.58 | k352 [WO3 11021 0.58 | k352 [WO351[ 021 10.70 | Heterogeneous Loss
-0.76 | k3g7 [ NOCOj3 1{M} -0.76 | k3s7 [ NOCO3 1{M} 9.18 | k3g7 [ WoH30" 1[ e ]

... 14 More Reactions 14 More Reactions ... 14 More Reactions
1.595 = Log(ZR) 1.594 = Log(ZR) 11.516 = Log(ZR)

Notes: Read W as H,0. The definitions of the reactive families { X } are at the end of Appendix B.

c¢.) Summary of the lifetimes of Clusters in the inner domain of the three model runs.

Source Sink
Log( x ) |Log( Clusters ) | Log(ZR) |Log(7) ||Log(7.) |Log(7.)
cm™3 em~s7! | sec sec sec
1-D Steady-State Model || —13.160 6.032 1.595 4436 4.449 4.503
2-D Base Case Model || —17.624 1.568 1.594 | —0.026|| -0.014 0.040
2-D Electrified Model -9.207 9.985 11.516 | —1.531} —-1.531 | —1.458

Note: 7 = Clusters / ZR or Log(7 )= Log( Clusters ) — Log( IR ).
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Extended Altitude Model High altitude SFg loss

Appendix E Extended Altitude Model

High altitude SF ¢ loss

To model the chemical lifetime of a compound with a loss mechanism high above
the model domain (Z}o > 20km), a 1D steady state model was run for the region up to 150
km. The 1976 U.S. Standard Atmosphere was used for the required vertical distributions
of atmospheric density pair (kg'm~3) and temperature T'; the vertical distribution of the
transport coefficient Kransp, (m?-s~1) is from Gurney [1990] for the region 0 — 80 km and
extrapolated from 80 — 150 km. The vertical distributions of p,ir, T, and Kiransp. are shown
in Figure 78.

140 4 + T 4 4 -
l"-
120 — 4 + —+ e
100 4 + <+ -
E “HiK
= 80+ 4 T+ -+ -
Q
E
=
< 60 4 + -+ -
40 4 + <+ -
201 (a.) 17T (b.) T .
0 I ' L l Il l 1 l L l I 3 3 L il ' d
LA I L R T NN L AL B B
9 7 5 3 -1 31 150 250 350 450 550 -1 0 1 2 3 4
Log;o( Density ) (kg / m”) Temperature (K) Log;o( Kiransp.) (m?/s)

Figure 78. (a.) Atmospheric density pay, (b.) Tempreature T', and (c.) the Transport coefficient Kiransp. VS.
Height in the extended altitude model. See text for Low K and Hi K.

To determine the sensitivity of the results to the extrapolation of K ransp., models
were run wherein the values of K (2)tansp. Were varied from their nominal values above 80
km. These runs used the values of K (2)gansp. indicated by Low K (z) and HiK (z) on Figure

78.
In this model the only reaction considered is the loss of SF¢ due to its reaction

with the electron
Riss SFg+e — SFs+F~ kigs = e k_SF5,
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Extended Altitude Model Complete Destruction at Altitude Z 105 Model

and the vertical distribution of the electron number density [e ™ ] (cm™3) is from U.SA.F,
[1961]. The rate coefficient for this reaction (e k-SF5) is derived from the measurements the
electron capture cross-section summarized by Gallagher et. al. [1983] and is a sensitive
function of the mean electron energy. The thermal electron capture cross-section of SFg
is a decreasing function of increasing electron energy that is maximal at thermal electron
energies with a value of & 200 x 10~22 m~2 and decreases to ~ 10 x 1072 m~2 at E/N
values of 10-18 V.m~! / molec-m~3.

The resulting vertical variations of the mixing ratio of SF¢ and its lifetime are
shown in Figure 79. It can be seen in this figure that most of the destruction occurs at the
upper model domain, where there is an upper boundary condition of infinite loss at 150 km.
This indicates that even with the high electron number densities and temperatures found
in the mesosphere and lower thermosphere, the bulk of the SFs would be lost at altitudes
above 150 km in this model.

Complete Destruction at Altitude Z,;s Model

To simplify the analysis of other compounds with loss mechanisms at high alti-
tudes, another 1D model was run wherein the only loss was at a prescribed altitude Zjoss.
This loss was made very large, so it can be considered an infinite loss mechanism for all
practical purposes.

By varying the altitude of this complete destruction (Z1ss), is is possible to com-
pute the atmospheric lifetime 7 of a compound as a function of its (assumed) altitude of
destruction. The results of this model are shown in in Figure 80. as can be seen from this
graph, the chemical lifetime rises rapidly from < 1 year to =~ 70 years as the height of
the destruction increases from 10 to 30 km. Averaging over the whole interval 0 — 150
km, crudely speaking, the atmospheric lifetime increases by a factor of 10 as the height of
destruction increases by 20 km.

Increasing the assumed value of Kyansp. in the thermosphere leads to a decrease
in the atmospheric lifetime for loss processes in the thermosphere. For example, increasing
the values of K (2)tansp. from Low K(z) to Hi K(z) results in decreasing the atmospheric
lifetime (7) of a compound with a complete loss process at 100 km from 34,000 years to
6, 300 years respectively.
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Extended Altitude Model Complete Destruction at Altitude Z 105 Model
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Figure 79. Vertical variations in the mixing ratio x sr, (a.,b.) and lifetime 7 (c.) of SF in the extended altitude
model along with the prescribed electron number density [e ] (d.). dxsk is defined to be the difference
between the local mixing ratio x sr, and the mixing ratio at the ground x z=0.
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Extended Altitude Model Complete Destruction at Altitude Z 1,5 Model
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Figure 80. Atmospheric lifetime 7 vs. Altitude of destruction Z o in the extended altitude model. See text
for Low K and Hi K.
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Symbols and Their Meanings

Appendix F Symbols and Their Meanings

Table 48. List of Symbols and Their Meanings.

Symbol Definition/Name Value Units Page(s)
o, Grid spacing coefficients - - 43, 45,48
@ Finite-difference coefficient - s~! 50

ag Diffusion scaling coefficient 10-50 - 62

aw Constant 0.667 - 57

5} Power of polynomial 0...£5 - 43,4547
B(T, ) Planck function - W-m~2.sr~tm~! 91

c Speed of light in vacuum 2.998 x 108 m-s~! 91

Xi Mixing ratio of species i 10-° molec; -molec; 32, 34, 36, 50
X Domain-average mixing ratio  — - 138

dBZ Radar reflectivity 0-6 mmé.m~3 71,72

5 Diffusion tensor 100 m2.s~! 33

6 Radial grid spacing 1-1000 m 37

D Cloud particle’s diameter - cm 66

Egp Breakdown strength of air ~ 0.5 x 108 V-m~! 30, 78

E, Local ?seég I;’glll-llg?l Sgannel _ V.m-! 69

Ea Loc?é ?1?)19 cvggggc%{]vaennel - Vom™! 69
E(r,z) Electric field 10? - 108 V.m~! 33, 36
E.(r,2) Radial electric field 102 - 108 V.m~! 37, 39,75
E.(r,2) Vertical electric field 10? - 10* V-m™! 39, 74,76
e Charge of electron 1.6 x 10~1° Coulombs (C) 80

Ey Ionization energy ~ 16 eV-ion pair~! 79, 83

€ Gray body emissivity 0.05 - 87-89

€o Permittivity of free space 885x 1012 C3N-lm-? 78

€ Radial power law for E(r,z)  0-3 - 42, 48,49
eV Electron volt 1.6 x 101 J 79

... Continued next page . ..
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Symbols and Their Meanings

Table 48--B. List of Symbols and Meanings — continued.

Symbol Definition/Name Value Units Page(s)
Fraction of time

fe channel is conductive 0.01 - 69

fr(z) Lightning flash rate 0-0.3 strokes-s ! 212

F; Flux into region - molec; m~3s~! 34

F(r) General function of r - varies 41

(T, \) Outward photon flux - Photons-m~2.s~1.m~! 90

T'(6X) Photons per meter of channel - Photons-m ~! 90

h Planck’s constant 6.63 x 1073*  J.Hz™! 91

H; Heterogeneous loss rate 10~2 s—! 34

H, Determines height of Wipax 5 km 57

1 Chemical species (compound) ¢  — - 32

Se “Chemical Importance” - - 138

Sp “Dynamic Importance” - - 138

Su “Hetero. Importance” - - 138

I(z) cosmic-ray energy deposition 0o[104 MeV-m~3.5~! 83, 97

78, 2) cosmic-ray radiance o[107] MeV-m~2.s~1.sr~! 83

J(2) cosmic-ray irradiance 0o[10"] MeV-m~2.s~! 83

k Boltzmann’s constant (R/N ) 138 x 1072 JK-! 68

K Dielectric strength - - 80

Keay Eddy diffusion coefficient 5-125 m?.s~! 33, 62-64

Krp Thennodyxé:(i)xggfagquilibrium _ varies 107

K ransp. Transport coefficient 1 - 1000 m2.s~1 275

i Mean free path 0o[10-9] cm 33,68

A Induced charge on channel 1 Ckm™! 75-78, 81
Marshall-Palmer -

A distribution coeff. - cm™! 66

L; Chemical loss - molec; m~3.s~1 32, 35, 36
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Symbols and Their Meanings

Table 48—C. List of Symbols and Meanings — continued.

Symbol Definition/Name Value Units Page(s)
M Cloud liquid water content 0-6 g H,0-m™3 71,72

m Mass of species i (MW/N ) O[10=%] kg 68

mol Mole - mol 33

MW AR Molecular Weight of air 0.0289 kg-mol ~! 33

molec Molecule - molec 33

y Electrostatic energy density - Jm™3 78, 81

u* Total electrostatic energy - J 78, 80, 81
i Ton mobility of specie i - (m-s~1)/(V-m~!) 33,37,69
i Ton mobility tensor - (ms~1)/(V-m~1) 33,36, 69
Nj Avogadro’s constant 6.02 x 102 molec-mol™! 33

N(D) Number density distribution - cm~3.cm~! 66, 68

v Photon frequency = ¢/A - Hz 91

N Number of grid points per dimension 15 - 38, 43, 46
Q Resistance - ohm (V/A) 20

@ Single-scattering albedo 1 - 92

) Scavenging rate 10-1-10> 7! 67

o), 2) UV flux o110 cm~2.s71 95

P; Chemical production - molec;- m~3.s~!  32,35,36
b In-cloud photon free mean path 0O[3] m 92

qi Number of charges on specie ¢ *1 - 33

R Production rate of liquid water 0-10 mg H,Om™3.s~! 71,72

R et Channel radius 2 cm 76,91

R Specific production rate - molec-cm™3.s7! 139, 143
Ry “Reactive Flux” - moleccm™3s~! 138

P Density of air 1 (at STP) kg-m™3 33,275

... Continued next page . ..
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Table 48-D. List of Symbols and Meanings — continued.

Symbol Definition/Name Value Units Page(s)

on Number density of air 108 (at STP)  molec-m™3 33, 35,97

N Net space charge 10-° Cm™3 75,76

Ringer Domain’s inner boundary 2 m 38, 43, 46

Router Domain’s outer boundary 2000 m 38, 43, 46

R, Radial decay scale of Wi 1 km 57

SA Cloud particle specific surface area  0-0.3 m?-m~3 71,72

o\, T) Reaction cross-section o110~ cm?-molec™! 95

T Overall lifetime of species & - s 28

Te Chemical lifetime of species 7 - s 28

Te Domain-average chemical lifetime - S 138
Vertically averaged

Ta dynamic lifetime - § 57, 60, 61

" Local dynamic lifetime - s 57,61

Th Heterogeneous loss lifetime - s 34

! Loss rate due to ion capture +1 s—1 69, 71

Th Lifetime due to rainout - $ 73

Tstorm In-cloud chemical lifetime of i - S 28
Tropospheric chemical

Terop lifetime of 7 - § 28

T(t) Channel temperature at time t 10* — 10? K 91

t Time - seconds (s) 32

U(r,z) Radial wind velocity 0-1 m-s~! 57-59, 119
Ion pairs required to reduce the . -3

v electric field fromE to Epp - Ton Pairsm™ 80, 81

1% Velocity vector - m-s~! 33

Wi(r, z) Vertical wind velocity 0-12 m-s ™! 58, 59, 62, 63, 65, 119

w Watt - Js~! 91

Winax Maximum vertical velocity 12 m-s™! 57, 62

... Continued next page . ..
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Table 48-E. List of Symbols and Meanings — continued.

Symbol Definition/Name Value Units  Page(s)

£ Sticking coefficient 0.1-107% - 65, 67-70

z Height above the ground  0-15 km 57

Zoss Altitude of destruction - km 275, 276, 278
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