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ABSTRACT

An increasing number of mathematical models are being developed which
theoretically simulate the chemical reactions that comprise the urban smog
formation mechanism. These models have necessitated the development of a
technique for the accurate and efficient calculation of photolytic rate
constants for certain smog-related chemical species. A computer program
has been created and is described herein which employs the theoretical for-
mulation of the photolytic rate constant to calculate these rate constants
for specific chemical species over a diurnal time period in clear-sky con-
ditions. A user of the program must specify the date, time and location for
which the rate constants are desired. With this information and specific
data on zenith angles, solar irradiance, and species characteristics of ab-
sorption cross-sections and primary quantum yields, which are provided in
the program package, the computer program generates a diurnal range of pho-
tolytic rate constants for each species. The species included are N02, 03,
HONO, HONOZ, HZCO, CH3CH0, and H202. Provision is made for the addition or
deletion of species as the user desires. The appendices to this report con-
tain program and data T1istings as well as a User's Guide to program opera-
tion.

The program-generated photolvtic rate constants for NO2 are compared to
direct measurements of this quantity as taken at Research Triangle Park,
N.C. during April 1975. The two methods are generally in close agreement
after the theoretically computed rate constants are scaled by a simplistic
method for the compensation of solar radiation attention by clouds.

This report covers a period from 7/75 to 3/76 and work was completed
as of 3/76.
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SECTION 1
INTRODUCTION

The driving force behind the chemical kinetic mechanism which is respon-
sible for smog formation in urban atmospheres is solar radiation. The rate at
which the mechanism proceeds is, in large part, controlled by the intensity of
this radiation. Key chemical species such as nitrogen dioxide, nitrous acid,
and certain oxygenated hydrocarbons absorb light in specific wave]engtH bands
and are consequently photodissociated. These reactive product species subse-
quently participate in chain reactions comprising the hydrocarbon-NOX oxida-
tion process.

Controlled chamber studies have simulated the processes by which photo-
chemical smog is created.1’2 They have documented the direct proportionality
between Tight intensity, rates of hydrocarbon-NO photo-oxidation, and ozone
production. Further, an increasingly better understanding of the complex chem-
ical kinetic mechanism of smog formation has led to the development of models
which theoretically simulate the reactions in the mechanism.3 Several of these
chemical kinetic models have been incorporated into larger regional photochem-
ical air quality simulation models (PAQSM). The accuracy in the specification
of the photolytic rate constants within the chemical model is paramount in pro-
ducing a credible simulation of regional air quality in a PAQSM. A typical
simulation in such a model might extend from sunrise until late afternoon,
during which time the 1ight intensity of solar radiation varies through a diur-
nal cycle of values. The predicted levels of ozone from the model run have
been shown to be highly sensitive to variations in solar light 1ntensity.4’5
The photolytic rate constants which are input to the model must accurately re-

flect the diurnal changes in this radiation intensity.



Increasing sophistication in the developing chemical kinetic models for
smog formation is allowing more photolytic species to be included. There ex-
ists a need, therefore, for the generation of photolytic rate constants for
these species over a diurnal range in an accurate and efficient manner so as
to produce compatible input to the present and future generations of chemical
kinetic models and PAQSM's. A computer program has been developed which helps
to fi11 this need. Presented with information concerning Tlatitude, Tongitude,
and date for a specific location, the program will generate photolytic rate
constants for various species over a preselected diurnal time range at a speci:
fied time interval (1 min < At < 60 min). Currently, the photolytic species

included in the program are NO, 03 (three reactions), HONO, HONO,, ,H,CO (two
reactions), CH3CH0 (two reactions), and H202.



SECTION II
THEORETICAL FORMULATION

The rate expression for a primary photochemical reaction, such as the
photolysis of NO

29
NO, + hv > NO + O (1)
is described by
-d(NO,) K
. d N0, . (NO,) | (2)

where kNO2 is the photolytic rate constant for the reaction. The rate of

photolysis of‘NO2 is dependent upon the efficiency with which the species ab-
sorbs Tight. This efficiency varies over the wavelength range of absorption.
For NOZ’ the absorptive range of wavelengths extends from 290 nm to approxi-
mately 440 nm. It is also possible, therefore, to describe the rate expres-
sion for N02 photolysis by '

-d(NOZ) 440nm

—_—2 ‘ 1.(A) . - 3
", 2 eomn a) - ¢l e

where I (x) is the rate of photon absorption per unit volume of air containing
NO at a specific wavelength, A, and ¢(A) is the primary quantum y1e1d or the
number of molecules of NO2 dissociated per photon absorbed at a spec1f1c wave-
Tength A. The primary quantum yield, ¢(1), by definition, cannot exceed unity.
From equations (2).and (3) it follows that

440nm *

. (NO,) = I "
NO, . (NO,) 2 oo a(2) = 0(n) (4)

or,



k 440nm
2= _1 z I, . e(x) (5)
ZNOZ) A = 290nm

The rate of photon absorption, Ia(k), is estimated using the weak absorption
form of the Beer-Lambert Law, an appropriate approximation for the Tow concen-
tration of ambient pollutants considered in this app]icationa. As a result,
Ia(x), is proportional to the concentration of the species, its absorption
cross-section, o(A), and the actinic irradiance, J(A). or the radiation inten-
sity integrated over all angles as seen by a sample of absorbing species; or

Ia(x) = (NOZ) .o(d) . I(n) (6)
The photolytic rate constant for the reaction described in (1) now takes the
form

440nm

NO, = I J() .oo(x) . oe(R) (7)
A = 290nm

k

where the variables on the right-hand side of the expression are either
measured or calculated. For clear sky conditions and an assumed surface-
albedo function, the actinic irradiance is functionally dependent upon the
solar zenith angle, ¢, a spatially and temporally varying quantity, and alti-
tude h. Thus for a specific location and altitude, J(A,e,h), and hence, k],
will strictly be a function of time.

More generally, the rate constant for the photodissociation of species i
in the lower atmosphere may be expressed as

; 800nm 5 ;
k' (s,h) = = J(r,8,h) . o (A) . ¢ (A) (8)

X = 290nm
where ki(e,h) = photolytic rate constant (sec_]) for species 1 at solar
zenith angle 6 and altitude h,
J(x,6,h) = radiation intensity (photons cn? sec-!) averaged over wave-
length interval AXx centered about A at solar zenith angle ¢
and altitude h,



01(A) = absorption cross sections (sz) for species i averaged over
wavelength interval AA centered about A,
1 IR R T
| g (») = (ng) Tog, (IO/I).

where n is the concentration of species i (molecules cmf?),
5 is the path length (cm), and I, and I are incident and trans-
mitted radiation respectively,

and ¢E(A) & primary quantum yield of species 1 averaged over wavelength

interval A)x centered about A.

The current version of the computer algorithmdoes not permit a variation
in altitude in J(x,8). Rate constants are generated, therefore, for only one
altitude at awtime,ftybfca11y the level being some representative average: for
approximately the first several tens of meters or so above ground. Typical
variations.of kN02 with altitude have recently been discussed by Peterson7.

J{r,0) values used by the program were selected as follows. The original
working version of the algorithm utilized J(r,e) data from Leightong. His
values are averaged over 10-nm wavelength intervals and are representative of
average solar irradiance at or near the earth's surface in a cloud-free atmos-
phere. In his treatment of the calculation of J(1,6), Leighton invoked several
simplifying assumptions in his approach to Rayleigh scattering, aerosol scat-
tering, and absorption of 1ight within the atmosphere. These values may be con-
trasted .with the actinic irradiance data calculated recently by Peterson9 using
a sophisticated radiative transfer model (RTM) developed by Dave'0. This model
also treats the vertical variation in J(x,6,h). Several of the differences be-
tweeh”Leighton's approach and that of Peterson are illuminating. First, Leighton
assumed the surface of the earth to be nonreflective, whereas Peterson used a
surface albedo of 5 to 15% as a function of wavelength. This difference mani-
fests itself in the fact that the newest values of the actinic flux are 5 to 11%
higher in the ultraviolet wavelengths and up to 30% higher at the longest wave-
lengths than those of Leighton. Second,xévidenéé suggests that the solar .con-
stant data available to Leighton were about 9% too high. This effect has been
corrected in the latest model. Third, the climatological data available to
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Leighton on the total amount of atmospheric ozone, based on Dobson spectro-
photometer measurements, has been amended so that contemporary values are about
35% higher than the earlier values. The higher climatological values of total
ozone as currently used resulted in significantly lower actinic fluxes at wave-
lengths below about 325nm. Lastly, Leighton assumed that half the scattered
radiation from atmospheric aerosols was directed backward, whereas the RTM
handles the large majority of this radiation as directed forward. Leighton's
aerosols therefore caused more depletion of the actinic flux than did the aero-
sols used by Petersong. The present version of the rate constant computer pro-
gram. incorporates values of J(r,8) calculated by Peterson for his lowest model
level, which is representative of the atmosphere from the surface to around 50m.
These actinic fluxes, based on typical atmospheric aerosol and ozone profiles,
were calculated to represent general conditions in the continental U.S. The
data have been averaged over 10-nm wavelength intervals from 290 to 700nm. ' It
has been necessary to extrapolate Peterson's J(r,6) data for wavelengths from
700. to 800nm to satisfy at least one species which absorbs Tight at these longer
wavelengths. To calculate photolytic rate constants for an altitude other than
the surface Tevel, the J(A,e,hj) values may be obtained for the particular level
J from the RTM and be used in place of the J(A,e,hsft) values in the program,
leaving all other parameters the same.

In order to gain some insight into the effect of the newly calculated ac-
tinic fluxes on photolytic rate processes, a comparison is presented in Table 1
of the calculated photolytic rate constants at selected zenith angles using the
actinic flux data reported by Peterson9 and those reported by Leightong. The
wavelength ranges of radiative absorption for each of the listed processes are
described in the next section.



TABLE 1. A COMPARISON OF CALCULATED PHOTOLYTIC RATE CONSTAgTS FOR REACTION PROCESSES USING

ACTINIC FLUXES REPORTED BY PETERSON AND (LEIGHTON®)*
PROCESS k, sec”]
6 = 0° 20° 40° 60°
N0, + hv > 0C%P) 400 9.64x107% (1.00 x 102)  9.33x10° (5.67 x 10°%) 5.25x10°3 (8.6 107%)  5.98x107 (5.93
03+ v - 00P) + 0, 550t (506 x 107 53607 (5.01 x 107%) 4820107 (451 x 10°0) 3. 70x70° (3.44
> 0(1p) + 0, 7.02x107° (133 x 107%)  6.22410°% (1,17 x 1074 4.04x10°5 (7.37 107°)  1.42x107° (1.
~0,(') v 0 12107 (.93 x 107 110107 (1,74 107%) 7.9201075 (1.21 x 107%)  3.66x10"° (4.
HONO + hv > HO + NO 5.41x107% (5.83 x 107%)  5.22x107% (5.61 x 10°%) 4.56x107% (.86 x 1074 32200074 (3
HONO, + v HO + N0, 5.28x1077 (9.58 x 1077)  4.71x1077 (8.52 x 10°7) 3.10x10" (5.48 x 107y 1m0 (.
H,C0 + hv > HCO + H 3.57x107° (4.51 x 107%)  3.35x10°5 (4.23 x 10°5) 2.68x10"5 (3.37 107%)  1.53x107° (1.
> €0 + H, 9.33x107° (1.08 x 107%)  8.88x107% (1.03 x 107%) 7.43x10°5 (5.61 x 10°%)  4.74x10°5 (5.
CH3CHO + hv ~ CHy + HCO  7.08x107° (1.01 x 107%) 655107 (9.31 x 10°6) 4.90x106 (6.91 x 100)  2.39x1076 (3.
> CHy + 00 1.50x107 (317 x 1077) 1.31x1077 (2.75 x 1077) 8.12x10°8 (1.63 x 10°7)  2.63x10°8 (4.
Hy0, + hy > 2HO 2.72x107° (3.24 x 10°%)  2.58¢107% (3.07 x 10°5) 2.14x10°5 (2.52 « 10°°)  1.38a075 (1.

*Calculated photolytic rate constants using Leighton's actinic fluxes from Demerjian and Schere".



SECTION 111
PHOTOLYTIC SPECIES DATA

The method of computing photolytic rate constants for various chemical
species, as given by equation (8). demands certain pertinent information con-
cerning each species: the wavelength range over which it absorbs 1ight must be
known, as well as the values of the absorption cross-section throughout this
range, and also the primary quantum yields for the same wavelength intervals
as the absorption cross-sections. For. the purposes of the computer program,
the data were averaged over 10-nm wavelength intervals in all cases, centered
at A= 290nm, BOQnm, ...., 800nMm. .

The specific photolytic reactions for which rate constants are automati-
cally generated and the sources of the required species information are listed
below. '

NO, + hv (x < 440nm) > NO + 0(°P) (9)

The values of absorption cross-section for NO2 were. taken from a National
Bureau of Standards review by Hampson]], while the corresponding primary quan-
tum yield data are those given in another NBS review by Hampson -and Garvinlz.

HONO + hv  (300nm < A < 400nm) > HO + NO (10)

HONO, + hv(x < 300nm) - HO + NO

2 2 (11)

Absorption cross-sections for both HONO and HONO2 are those reported in
Johnston and Graham]3. The primary quantum yield values for HONO2 were taken
from the same source, while those for HONO were assumed equal to unity over

the full absorption range shown in reaction (10).

0, + hv (310nm < A < 350nm; 450nm < & < 750nm) ~0(°P) + 0, (12)

8



03+ hv (x < 310m) + 0(') + 0, (13)

05 + hv (x < 350m) » 0,(1a) + 0 (14)

Ozone participates in three distinctphotolytic reactions: (12), (13),
and (14). The absorption cross-sections are identical for corresponding wave-
1ehgth 1htervals in the above réactibné, They were calculated from Spe¢tra_
réﬁbrted by Griggs14- The primary duantUm yields, as taken from Hampsonis,

differ, hbWever, accdrding to the reacfjonvfaf whi@h they are applicable.
H,C0 + hv (1 < 370nm) > H + HCO - (15) -

H,CO + hv (A < 370nm) > H, + CO (16)

2 2

Formaldehyde undergoes two phbtqutic processes, one of which contains
free radical products (15) while the other results in molecular products (16).
The absorptidn cross-sections and primary‘quantum yie]d data for both reactions:
are those reported in Calvert et al.16 |

Hy0, + hv (1 < 370nm) ~ 2HO (17)

Absorption cross-sections.fbr hydrogen peroxide are those reported in
Leightdns(p. 86), and primary quantum yields were assumed equal to unity over
the entire absorption range.

CHyCHO + hv (A < 350nm) ~ CHy + HCO (18)

CH3CH0 +hv (A < 3200m) > CH, + CO (19)

The absorption cross-sections for acetaldehyde were taken from Calvert
and Pitts]7. The primary qpantum yield data were based on the studies of
Blacet, Loeffer, and He]dman]s’ ]9. The T1imited quantum yield information
suggests that the photolysis rate constants reported here represent a lower
1imit estimation. An upper limit for the acetaldehyde photolysis rate con-
stant may be estimafed by assuming a primary quantum yield of one over the

absorptive region of interest.
R 9



SECTION IV
DESCRIPTION OF COMPUTER PROGRAM

The task of calculating the photolytic rate constants is performed by a
user-oriented computer program which operates with a given complement of seven
chemical species. There is adeduate flexibility in the program to delete ex-
isting species or add new ones. The FORTRAN code is composed of a main program
segment, six subroutines, and one function. A listing is provided jn Appendix
A, a sample data set in Appendix B, and the User's Guide in Appendix C of this
report. }

Figure 1 portrays a flow chart of the logic invoked by the program. Sev-
eral blocks of input data are required to initiate program operation. First,
the user must specify the location (by Tatitude, longitude, and time zone),
the date (month, day,and year), and time (both time‘range and increment) for
which the photolytic rate constants are to be generated. The full range of
wavelength values over which there are corresponding inputs of actjnic flux,
J(r,8), is specified next as well as the wavelength increment used to average
the quantities J(x,6), o(2), and ¢(x). The current version of the program
employs a wavelength range of 290nm to 800nm with an increment of 10nm. Zenith
angle values, 6, which have corresponding inputs of J(A,e) are next specified.
Presently ten values of o from 0° to 86° are used. Fﬁguke 2 shows the matrix
form of J(x,8) data which must be input at this point. Actual values used
from Peterson9 are included in the sample data set presented in Appendix B.
Upon completion of these data inputs, the program has been initialized.

As the flow of logic in Figure 1 shows, program control now passes into
the Toop which is responsible for generating the photolytic rate constants
over the specified diurnal time range for each chemical species. For each
species being photolyzed, the wavelength range of absorption, absorption cross-
sections, o(x), and primary quantum yields, ¢(x), must be specified. The pro-
gram subroutines are now called upon to perform their individual tasks in the

10
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Figure 1. Flow diagram of logic controlling computer program to calculate photolytic rate

constants.
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A’

" J(800,0) J(800,10) J(800,20) J(800,30) J(800,40) J(800,50) J(800,G0) J(800,70) J(800,78) J(80D,86)| CARD 52

L J(190,0) J(790,10) ... ... 1(800,78) J(790,86) |CARD 51

L ' ) : '

- J(\,6) MATRIX

L (320,00 4(320,10) ... ...J(320,78) J(320,86)| CARD 4

L~ 1310,0) 4(310,10).. ...J(310,78) -J(310,86)| CARD 3

L~ 1(300,0) J(300,10) ... ...4(300,78) 1(300,86) | CARD 2
CARD 1

/J(ZQU,U) J(290,10) J(290,20) §(290,30) J{290,40) J(290,50) J(290,60) J{290,70) J(290,78) J(290,86)

J

Figure 2. Card deck set-up for data input of J(\, ©) matrix invoked by photolytic rate constant

program.

remaining steps of the rate constant calculations. They are briefly described

here.
A. Subroutine RATE

This routine’‘calculates rate constants for a given species, i, at
each of the zenith angles specified in the inputs. The general form
for the theoretical formulation of the photolytic rate constant is that
given in equation (8). This is the form utilized by RATE, with the
range of the summation corresponding to the limits of the absorptive

wavelength range.

B. Subroutine INTERP

The Togic control for the inner loop seen in the flow chart in
Figure T is presented in this subprogram. Provided with a tabulation

of 6 and k](a) at the input values of zenith angle as calculated by

12



RATE, the inner loop generates interpolated k1(e)'s corresponding to
6 values over the specified diurnal time range of interest. INTERP
calls upon several of the remaining subroutines to do this.

. Subroutine SOLAR

This subroutine was written by Bussezo, based on a paper by

W001f2]. Given ‘the information on location, date, and time, SOLAR
returns a value of solar elevation angle, from which the zenith angle,
8, is readily found. The basic working equation used by this subpro-
gram for the solar elevation angle is

sin « = cos ¢ sin D + cos ¢ cos D cos iy (20) .

so]ar e]evat1on ang]e $ = 1at1tude,

where «

©
]

declination angle of the sun, and h = solar hour
angle, a measure of the longitudinal distance to
the sun from the point for which the calculation
is being made.

. Subroutines SPLNA, SPLNB

In these subroutines a set of n points is exactly, fit with an
interpoiating functioh made up of n-1 cubics. Given three consecutive
points, the cubic between Xi;l and X; Must agree with the cubic between
points X; and X441 at the point X; in both the first and second deriva-
tives. The n points used by the cub1c 1nterpo]at1on scheme consist of
those (o, k\(e)) pairs computed in RATE.

. Subroutine OUT

Finally, the results of thé photolytic katé constant calculations
are printed in tabular form in the temporal sequence as specified by
the diurnal time range and increment. An example of the printed out-
put for a run of the program for Los Angeles, California on June 21,“‘
1975 follows in the next section.

Upon -completion of the print'cyc1e for species i, program control
again returns to the point at which species parameters of A range,
o(n), and ¢(») must be provided. The rate constant calculations are
then performed again for the new species.

13



SECTION V
SAMPLE OUTPUT AND INTERPRETATION

The following table contains a complete Tisting of program results for 11
species photolyzed in Los Angeles, California on June 21, 1975.

TABLE 2. PROGRAM'RESULTS FOR L.A., JUNE 21, 1975

PHOTOLYTIC RATE CONSTANTS, K, FOR VARIOUS SPECILES AS
A FUNCTTION OF TIME AND ZENITH ANGLE-

LOCATION:  LOS ANGELES, CALIP.

LATTTUDE : 34,058

LONGITUDL : 118,250

DATE: 6 21 1975

TIIE: 400 TO 2100 LOCAL STANDARD TIME
(continued)

14



TABLE 2. (continued)

TINE

(LOCAL STANDARD)

400
415
430
4435
500
515
530
345
400
615
630
645
700
715
73y
745
500
415
g3y
845
o0
913
VEL
Y453
Lauo
Lols
1039
1045
1au
1113
1130
1145
L2ou
1213
1240
1245
I3ou
I3ls
1330
1345
L4400
1415
1430

1445

1509
13t5
1530
1545
1600
1613
1530
1445
17uu
1715
L7130
1745
L300
1815
1810
134
1909
1915
1939
1945
2000
2015
2030
2045
230

[E1T AL

DATA

L00
19.00
20,90
30.00
40,00
3000

60.u0"

70,00
78,00
86,00

SPLCIES: %02

POIRTS USED 13 SUBSLYQUEART CALCULATIONS:

neLE)
)

ZENITRR ANGLE

(DEGREES)

98.142
Y5.380
92,950
90.25Y
87.5113
S4.717
81.876
78.994
76.075
73.124
70.144
a7.137
64,108
6l.058
2374992
54.911
31.81Y
48,719
&45.h14
42,504
Iv.405
36,311
33.232
in.178
27.15%
24,195
21,312
f8.550
13.9717
13.704
1.905
10,823
10,678
11.507
13.124
15,282
17.782
20,497
23,350
20,294
29,2199
32,345
35.418
I8.508
41.609
44,715
47.820
30.922
34.017
57.101
h.172
h1.226
66,262
659,275
72.263
75,223
78.152
dl.4h
43.898
h,707
89,4069
9l.176
94,824
y1.407
99.917
102,348
14,690
196,936
169,073

(continued)

15

{RATIL COUSTANT)
(/s5tC)

Yb4u-ot
«9560-02
«9325-02
<H9U53-02
3250-02
«7278-02
Y37-02
«3849-02
i1894-02
«4073-03

RATE COKSTANT
(/SEC)

H000

L0000

L0000

«0000

L»1506-03
.6244-03
«1123=-02
.1682-02
«2336-02
L 3066-02
.3813-02
L4322-02
5173-02
«53754=02
.6258-02
«6691-02
.7071-02
«7418-02
«7741-02
«8035-02
L8298-02
«8526-02
H724-02
.8895-02
.9044-02
9172-02
.9280-02
«9370-02
9441-02
L94Y4-02
.952y=-02
LY9548-02
«9350-02
.9536-02
.9506-02
«Y438=02
.9393-02
L9308-02
.9206-02
.9083-02
.8941-02
.8776-02
.8586-02
8367-02
«81-15-02
. 7829-02
L7514=02
7175=02
L6806-02
6390-02
.3908=02
L5348-02
L4717-02
SA024-02
«3284-02
J2542-02
.1861-02
L1277-02
«7653-03
.2876-03
L0000

L0000

. 6000

. 0000

L0000

<0000

. 0000

L0000

- 0000



TABLE 2. (continued)

1
(LOLAL

1
1
i
1
i

1
1
1
|
1
1
!
1

l
|
1
|
1
1
1
I
|
1
1
1
1
i
i
I
i

T

STANBARD)

Aan

PN

15
3
445
P
313
a0
343
buy
615
630
0453
Thu
715
73a
745
s00
w13
$3u
ads
Juu
9l
934
945
Y
nls
D)
RER]
Ly

da
Ann
Tl
A0
hhoy
04
B
23y
34

SLTHOANGLEY
(DEGRELS)

. H
1,0
du.ay
Ju,n
I

Ta Y
b, ag
Tu,u0
73,00
Bh, 00

[AL DATA a1ty

[N sURSLOE

boO(RATYE Cun
(/see)

LU 3-03
23364-03
$32LU=0
JAG60=-u3
LEIBY=03
IUT-03
<321 {1
P EEEHE]
$9550-04
SAi27-04

Tu,lah
h71.137
4. 198
Staust
37.4992
SN
Sl.614
LEr Ay
43,0614
ERS T
9,400
36,31
13,232
oL ry
27,159
da.lyn
21,302
15,9550
Iy.v1y
L3.704
th.van
tr,s2y
[P
Ll.wy7
(S ]
La.ds
17.7-
20,447
254550
Ih, 104
2, 20y
[T
3o.40n
Josnn
Ai.009
Ab. 7105
ATLELD
.2
shonli
27,11
B, 172
Hl.lin
66,20
U )
11020
75,200
[RER
RN
HE LA
Aol
R )
I, In
D Hh
h.hul
NN
boloshs
oAty
IR TIURTN
logsalty

(continued)

16

CALCULATLIORS

RATL CUNSTANT -
(/s5n¢)

L0000

-00u0

9000

.hono

L8629-03
2 3199y=-u4
. 3665-04
JBAT2-04
LI182=-07
L1366-03
LL973-03
«2379-03
2706403
<AL1o=-03
. dans-ul
«3640-03
. 38506-013
S4034-013
PR YT
CAh27-0)
L458Y9-u3
SAT2Y-073
“AB50-03
SAY34-03
L30453-03
<3124=-03
L5191-03
$>247-03
BEREE K]
NI
»3345-038
.2337-03
«3335-038
«3330=-93
$233=08
IERUALIVE)
L3261=-03
EEFLLVENE
.2145=0)
20D70-03
SAN82-03
JANB2-0Y
LATRG=03
LA632=008
SAKTE=0T
NELIENE]
AR HEUE]
EERARTIIR]
L3704-03
S34T75-03
<320l-03
REELEY N
4u3-03
Yul-03
PBRELEEIE]
MR E R
-9ibl-04
ehh3h=0h
BV EIVEY
oy it-n4
LN00Y

SO0y

LD0UY

LOuan

LBuuY

BUDI K]

LHung

Lnn

RURTHT




TABLE 2. (continued)

SRS W)

IRUTIML 9ATY POty Ol CALEVLAT[9NS:

Oz
fareasnn

BE AR LN

AR LT
wA710=-Un
LAul-u6

RATL ConstAuT
(/51C)

ELR] YR, 142 RULHHY
(28] 13,580 REEIEH]
RN 12.93% LHUDY
44> G239 00y
ana W7.517% 133709
il $h.717 «1516-0%8
i N1.874 L 3403-03
a0 15.994% SONTY-08
hay 164,975 «1343=-97
hio Thella «2345-07
b3y 7,144 »37306-07
S onb 0741317 .3535-97
Tan LT Ietd «TI06-07
71> A1.938 L1020-06
739 « 1293006
T4 +1590-06
Gth) . 13899-00
ily «2LUB=00
u «2335-00
ET3) L 2851=00
ungy RAETIENT)
LR «3456-06
Yy «3736-00
T4 «3996-006
L $4232-006
1ol »Ab64~00
AOEE! SAh31-06
Laas <A793-06

AYLT=06
L30219-06
$30Y7-06
3133006
I.67% <3137-06

17.7%2 LAB33-00
2,407 LAhBEY-06
EEA P SA30U=00
32906006
4007-09
Jula-06
Jouhls «3539-06
LHTR L] J3247-00
Al ey PEL L
At.71 262700
Alonln L2INY=06
RH IR BP0
Yhout? REYL RGO
1T 1H 1 374=0h

Sa1iH-07
L215=-07
L2107-07

LAUbu-Dg
320 3=-0Y

» WUttt
tan, 3 PRITER
Tiv.a7) Ly

(continued)
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TABLE 2. (continued)

TLTUEAL
Sorent
(ol

L
{LOCAL S1ALY

440
4ls
431
44>
Suy
315
330
345
6oy
hl3
S 1%
héo
700
719
730
745
dUy
51
w3
vb3
Y
vis
Y3
Y4l
1u0y
1ol
Luly
1145

Dot

DATA

SPLtLERS: o3P

YOS LNt 1

LI ALt L)

NS

PN
Lawan
20.00
Jon,an
AT
U900
6U, g0
Tt au
15.90
Lhyau

LUNTLIY ATGLE
(DLoRLES)

V8. 142
Yl.o8Y
Y2.Y50
RIS Y}
$7.313
84,717
41.870
Th.9Y4
76,975
73,125
Tn.l144
n1.147
O, 1aa
hl.nd
37.092
36,011
Jl.htiy
As.T1Y
43,6014
Al.3u8
Je. 400
Jo, il
di.232
Ju.id
27,485y
24,193
1,812
15,350
13.977
13,704
Le.voes
to. 623

=

7
o
5

A
3
(I
ra
7

e te

7.746
J. 497
3.5y
b, 294
to2luy
da3h0
s hlh
Jo.308
Al.h0y
Ab.715
47,520
W92
h.017
57,101
Go. 172
hl.2ah
b, 262
6y, 27
Tloi0d
75,423
750152
Nlondh
NLuag
oo Tu?
BYLADY
VLT
YL N2
Y1.4h07
a7
MR
b, nhay
tou, 940
Ty

(continued)

18

sthaTauR

t

CALCULATIN

(RATE GuNSTART)
(/351¢)

W3313-0)
S2477-03
3157-01
W3133-013
B REIENE)
JAA13-03
S 3791-03
RETRETR)
L16748=-0)
L2698-04

RATID CONS LANY
0

o

+ 3000

L0000

0000

~ouun

L0000

.5025-04
L1012-014
L1312-03
L198Y9-03
L 2430-03
L2824-03
L3163-03
L3657-03
.3710-03
L3936-03
SAL3Y-03
L631y-03
L4473-03
CAB10-03
LA730=-013
SABEL-U3
L4943-03
L3042-03
L5130-03
L3208-03
527603
L3334-0)
338103
.3418-03
L3hk4-03
L3462-03
L3471-93
.5472-03
L3465-0)
L5450-03
L3426-03
+33v3-03
L3349-03
194-u3
L3229-03
«3154-03
L3068-03
L4973-03
LABTE-03
L4763-03
CA640-03
2453106-03
LA360-03
LA1Y4-03
C3YY8-03
L3778-03
L3334-03
.3254-0)
L2919-03
L1349-03
NIRITE|
L1653-073
L1159=-03
.h395-04
LL414-u4
L0000V

L0000

Suuoo

LOUN0

PO

PRI

RUIaY

L0030

U




TABLE 2. (continued)

LNLETAL DATA POLNLS CSED 17 SUuSEQe

1

11

(LUCAL STAGJIARD)

49y
415
439
44>
un
513
334
343
PUU
hld
530
645
70
715
730
745
Buog
813
830
Hi)
430
vl
93a
Va>
Lubg
1913
103y
1949
110
1113
¥y
1145
1200
1215
1230
Lia>
13un0
REEE}
L33y
1345
Ligu
[E3 )
144
144%

130
1345
Loy
1615
1htn
Lady
17uy
1745
1730
1745
1400
1519
| ER L]
13549
110
1911
1930
1947

™

15)

« 110
lu.00
2u.00
39,90
40,00
3u.00
6u.00
Tu.04
78,00
Gh. a0

SPLCLES: o3l

ANGLIED

(DEGRLLS)

NhH.142
93,5380
922,950
940,239
87,313
84,717
Wle870
78.994
76,975
73,124
. 144
674137
hi. i
Bl.nda
37.9492
34,911
351.819
46,719
43,014
42.5u8
34,505
Jo.3010
13,232
In.17n
27,15
244195
2i.312
18,550
15,977
13,7194
11,903
1627
16738
11.507
13all4
15,242
17.7
10,497
23,350
20, 294
1y, 20y
3340
Jo Ay
38,508
41,000
44,715
4T.824
3,922
36.017
17,101
Hhir, 172
h3, 116
i, 262

a9, a0
92,176
N4 K24
17,407
L U17
T2, 343
134,090
136.93A0
19,020

(continued)

19

K (RATL €0
/s

700
O848 -

H2EY=04
L3606-04

LAB06-03
SLa3-95
SAL2L-06

BT CALCULATINN

5IANT)

RATE CURSTANT
(/s1£C)

<00uo

<0009

QU0

0000

198607
189400
L4233-006
873400
. 1885=-05
.2948-05
L4TUB=05
«HY994=05
LY706-05
J1290-04
S1632-04
L2036-04
2441-04
«2B58=04
23231-04
«3702-04
JA110-0%
431304
C4BY4-0DA
«3240-04
«33606=-04
+3854-04
<H110-04
L83 34=04
63522-04
«H663-04
WH7062-04%
SHB1 104
JHETB=04
ShIBL-04
SHHYU=0A
J63065-04
«H3Y3=04
«6179-04
.3932-04

«3342-04
LLY99-04

AO28=04
oh -u4
L3523-04

340404
L 2481-04
L2361-04

1781-04
<1 3%06=D4

A4365-04
L174Y-05
.3317-05
. 3405-95
L200-03
NUISES
L 5206h-06
J2AAT-06
LT023-07
0010
SU0U0
L0040
L0040
» DU
«tubn
009
000
SO0H0




TABLE 2. (Continued) SPECIES: 035D

IHITLAL DATA POINTS USED IV SUBSEQUENT CALCULATIOS
7 (LZVHITU ANGLL) Kk (RATE COISTANT)
X {/SEC)
.00 L105-03
Lo. 00 Slis2-03
20,00 Lluvy-u3
30,00 L9676-04
40.00 L7920-04
50.00 L3843-04
60.00 L3658-04
70.00 ~1675=04
78.00 .5676-05
850,00 2D020-00
1110 ZLHLOH ANGLL RATI. COMSTANT
{LUCAL STANUARD) (DLGRELS) (/SEC)
400 98,142 L0000
415 Y5.580 L0000
430 Y2.950 L0000
443 90.239 L0000
500 §7.513 .2549-06
515 84,717 1449-05
530 $1.876 L1832-05
345 78.994 L4797-05
600 76,075 «7733-05
615 73.1264 L1170-04
630 70.144 .1651-04
645 67,137 -219d-04
700 64,108 »2795=04
715 61,058 .3432-04
730 57,992 LA093-04
745 54,911 J4T767-04
8OO 51,419 L3666-04
515 48,719 L6121-04
8310 65,0614 L6782-04
843 42,508 LT422-04
Y00 39.405 5035-04
915 36,311 .8614=04
g3u 33,232 LY154-06
Y453 30,178 L9649-04
Luyn 17,159 L1009-03
1yls 14,195 104903
1oy 11.312 L10B4-03
1u4s 18.550 ilh-p3
Lo 15.977 S1139-03
tres 13.704 L1158-03
L1y 11.905 L1171-03
1145 10,823 L1L77-03
1200 10.678 L1178-03
1213 1l.507 1173-03
123y L1264 1163-03
1143 5.282 L1145-03
Liuo 17,782 L1122-03
13153 19,497 .1093-03
1330 230350 Llob0-03
1345 26,294 Jlaz2i-o03
Lagn 14,299 L9783-04
1415 32,345 L9302-04
lé3u 35,418 L8775-04
1445 34,308 .8207-04
1500 41,699 7603-04
1515 46,715 .6970-04
1530 47,820 $0314-04
1545 SU.Y22 -53643-04
Lhoy 54.0917 L4964-04
115 57.101 LL287-04
163y hUL1T2 .3621-04
16473 h3.220 297604
1700 60,262 L2366-04
1715 hY.275 . 1803-04
1730 72,203 L1301-04
17465 75.223 878305
1500 78,152 .3533-05
1515 81,064 . 3324-05
1430 3,898 .1813-05
1545 eh.707 Lh0L9-06
1500 B9, 409 L0000
1913 Yyi.176 L0000
1430 4,826 - 00VO
1945 97.407 L0000
2004 99,917 L0000
20l Lnd,3an L0000
2030 164,690 L0000
2ubs 196,936 L0000
iy 109,072 L0000

(continued)
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TABLE 2. (continued)

SIECT Fonr!t

m
“

INLTIAL DATA POINTS USED IN SUBSEQUERT CALCULATIONS:

2 (ZEHLTN ANGLE) (RATE CONSTAKT)

(DEGREES) (/SEC)
.0U .3365-04

10.00 L3517-04
20.00 L 3354-04
30.00 3078-04
40,00 L2081-04
50.00 2158-04
60.00 L1531=0%
70.00 821305
78,00 +3354-03
86,00 L6446-00

TIHE RATE CONSTANT
(LOCAL STANDARD) (/5EC)
400 . 0000
413 L0000
430 .0000
445 . 0000
500 .2252-06
5153 «9994-06
330 .1848+05
543 «2914-03
600 .4335-05
615 .6106-05
630 L8113-05
645 .1024=04
700 .1242-04
715 . 1458-04
730 .1666-04
745 . 1864-04
8OO .2052-04
815 .2231-04
B30 .2402-04
843 .2561~04
900 < 2709=04
913 +2843-04
931 «2464-04
Y45 .3072-04
1009 .3168-04
1015 .3252-04
1030 «3324-04
1045 -3385-04
1100 «3435-04
11ts «3471-04
1130 +3496=04
1145 +3508-04
1200 «3510-04
1215 3501-04
1230 .3480-04
1245 +3446-04
1300 L 3401-04
1315 «3343-04
1339 L3274-04
1345 .3193-04
1400 <3101-04
1415 «2996-04
1430 " L2879-04
1445 38,308 «2749=04
1300 4L, H0Y '.2605-04
1315 44,715 2244904
1330 47.820 W22B-04
1543 50,922 L2105-04
1600 34,017 <1919-04
1615 57,10l 1724204
1431 CH0.172 L1519-04
1645 63,226 L 1305-04
1704 66,262 L1087-04
1715 69.275 872105
1730 72,203 L 6668-05
1745 75.223 L4817-05
1800 75,152
1815 Bl.044
1830 83,898
1845 86,707 JA4Y7-06
iyoe 8Y.469 0000
1919 921,176 .0000
1930 94,824 . 0000
1945 97,407 <0000
2000 99.917 L0000
2015 102,348 0000
2030 104,690, . 0000
2045 1oh. 936 L0000
2190 Loy.n75 L0000

(continued)
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TABLE 2. (continued)

TLHE

{LOCAL STANBDARD)

400
415
430
443
500
315
530
343
600
615
630
645
700
715
1Y
745
800
815
830
845
g0
915
930
Yé4s
Lgoy
1015
1030
1045
Liudo
1115
Q1]
1143
Luo
1215
1230
1245
1300
1315
1330
1345
1400
1415
1430
1445
1500
(515
1330
1345
Lany
1615
163y
165453
1700
713
1730
1745
1300
14153
830
Lhas
L300
191
to30
1945
2000
2010
2030
2065
FRT]

HILIAL DATA POLINTS LSLD 1IN SURSLEQUENT CALCULATIONS:

(ZENILI ARGLIE)
(DLCRELS)

.00
10.00
20.00
30.00
40,00
30.00
0. 00
70.00
78,00
86.00

ZENITH A

SPLECINS: roRz?

K (RATE CONSTANT)

{/SEL)

29327-04
9221-04
JBBB4=-04
JB2Y8-04
STH25-04
L6212-04
<4736-04
2 2692-04
.1194-0¢4
21-03

(DEGREES)

98.142
95.580
92.950
YO.25Y
87.513
84,717
41.876
78.994
76.075
73,124
Tualba
67.137
hé. 108
61.058
37.992
34.911
50.819
48.71Y9
45.614
42.508
39.405
36,311
33,232
J0.17%
27,1359
24,195
21.312
18.350
L3.477
13,704
11.905
lu.g2l
lu.679
11.507
13,124
15.282
17.782
20.497
23.350
L 294
299
32,345
35,418
38.508
41.60Y
44,715
47,820
50.922
34,017
37,101
60.172
63,226
66,262
6Y,275
72,263
753,223
78,152
Bl,0644
83,898
86.707
8Y, 609
Y2176
4,824
97.407
99.917
102,348
lua, 690
Lue.y3h
19,075

(continued)

22

RATE CONSTANT
(/SEC)

0000

<0000

0000

0000

9798-06
«JB26-05
L 6B79-05
. 1050-04
«1506-04
.2053-04
.2661-04
«3301-04
+3939-04
L4542-04
.5078-04
.5547-04
3973-04
«6379-04
L6773-04
WT147-04
748704
.7788-04
.8053-04
L8285-04
LH84Y90-04
<BH68-04
SBB21-04
«8949-04
.9051-04
L9127-04
SY178-04
9204-04
29207-04
L9188-04
L9144-04
B076-04
<B981-04
LB86L-04
L8715-04
»8544~04
-B347-04
«B123-04
«T868-04
»7578-04
<T249-04
LHB84-N4
L6495-04
.6H091-04
$5674=-04
S5219-04
L4705-04
LA119-04
«3487-04
+2845-04
L2224-04
<la56-04
L1171-04
.7853-053
“40674-05
.1803-05
L0000

<0000

<0000

<0000

<0000

<0000

0000

L00B00

L0000



TABLE 2. (continued) SPEGLES: Wlo2

LAITLIAL NATA POINTS USEl 1y SUBSLQUERT CALCULATIONS

7 (ZENLIDW ABGLE) L (RATE CUNSTANT)
(DECREES) (/SEC)
.00, L27L7-04
10.00 B304
20,00 .1580-04
30.00 L2401-04
40,00 «2138=04
30.00 J1778=04
60,00 S 1344-04
70.00 LT634-05
78.00 337005
#6.00 V7076~06
TLNE LENITH ANGLE : RATE CONSTANT
(LOCAL STARDARD) {DLGREES) (/8EC)
400 98,142 . L0000
415 95,550 . 0000
430 92.950 L0000
445 90,259 20000
500 87.513 L2741-08
515 ) 84,717 .10735-05
330 3l.876 «1935-05
545 78,994 L2961~05
600 76.075 .4257-05
615 73,124 «58L7-05
030 70,144 : .7549-05
643 67.137 .9360-05
700 64.108 L1116-04
715 61.058 . 1288-04
730 57.992 J1443-04
745 54,911 L15380~04
800 51.819 L1707-04
813 48,719 182704
830 45,614 1944-06
445 42.508 - +2055-04
900 39,405 L2156-04
915 36,311 W 2247-04
930 33.232 .2326~04
Y45 . 30,178 .2397-04
Looo 27.159 . . 2460-04
1915 24,195 «2514=04
Lo30 21,312 - +2561=04
Yn4s 14,550 «2600-04
1100 15.977 : «2632-04
1115 13.704 +2656-04
1130 11.905 .2671-04
1145 10.823 26T9-04
1200 10.678 «2680~04
125 11.507 .2676~04
1230 13.124 L2661-04
1245 15.282 .2640-04
Live 17.752 «2610-0%
1313 S 20.497 »2573-04
1330 234350 «2529-04
1345 26,294 2476-04
1400 29,299 2416-04
1415 32,345 234804
1430 33,418 2271-04
1445 384508 218304
1300 41.609 . 2085-04
133 44,715 1977-04
1330 47.820 1B62-04
1545 5u.922 1742-04
1600 54,017 .1618-04
1619 57.101 L L4B4=04
VA0 60,172 L 1333-04
1645 63,226 L1167-04
1700 +9887=-05
1715 B069-05
1730 2.2 +6305-03
1745 73.223 L4BBO-05
1300 748,152 .3305~05
1419 81,044 .2210-05
1830 K3, 898 L1313-05
1845 86,707 <5058-06
1900 ’ 89,469 -0000
1915 92,176 L0000
1930 94,824 ' 0000
1943 97,407 L0000
2000 99,917 000
2015 102,348 L0000
2030 Lu4, 690 L0000
20645 106.936 . 0000
2oy 109.075 L0000

(conpjnued)
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TABLE 2. (Continued) SPLCINS: ACAL

INTTIAL DATA POLNTS USED IM SUBSEQUENT CALCULATIUNS:

SOCLENITI ANGLLY b O(RATE CONSTANT)
(DLGRLES) (/sLe)
.90 .7054-05
1o.0u «HY56-05
2y. 90 «6549-05
Jo.uo .5857-05
40.00 L4902-03
30.uu W3717-05
60.00 - 2394=-03
Tu.0U .1129-05
78,00 . 3860-06
56.00 L6023-07
TINE LENETIL ANGLLE RATL CONSTANT
(LOCAL STANDARD) (DLGRELS) (/8EC)
409 98.142 L0000
415 95.540 LN000
43y 92.950 . 0000
445 90.25Y L0000
500 47.513 <1596-07
515 84.717 .9763-07
330 81.876 »1922-06
343 78.994 .3261-006
600 76,075 .5258-06
613 73,124 L7932-06
530 70. 144 L1 3=-03
645 67.137 L1469-05
700 64,108 ~l852-03
715 51.058 .2253-05
73U 57.992 .2663-05
745 34,911 -30753-905
8OO 51.81Y 348305
315 48,719 .3880-05
830 45.0614 £4261-05
845 _ 42,508 L6624-05
900 30,405 24966-05
Y13 36,311 W 3284=05
Y30 JEPPEN .3577-05
2435 3u.1738 «5843-05
tuuy 27.15Y <A0B0-03
inls 24,195 6290~05
103v 21,312 .6473-05
10453 18,350 L6628-03
t1vo 15.977 -6754-03
11153 L3.704 SOHAY-03
1130 11.905 L6912-05
1145 19.823 .6945-03
1200 1o.0673 6949-03
215 11.507 6925053
1230 L3.124 L687L-05
1245 15.282 L6785-05
1vo 17,782 L6b668~05
1315 20,497 .6521-05
1330 23,4850 .6346-05
1345 26,294 Lhlab=-05
1400 29,299 «3Y14-05
1615 320345 .5657-05
L1430 33.418 .3372-05
1445 38509 .3061-05
1300 41,609 LAT26-05
1519 Ah.T715 -4368-03
1339 47.820 L 3Y92-03
1545 S.922 .3599-05
1an0 34.017 .3194-05
1htH 37. 14t «2782-05
1430 ho.ol72 .2371-05
Lha h3.226 L.1966-05
1700 fh, 202 .1578-05
1715 Ay, 275 S1213-45
17130 72.263 L4811-06
1745 75,221 «3969~U6
A0u 78,152 .3763-006
tals sl, 064 L21537-06
13350 Yi.849¢ L1226-006
[ET¥ E6LT0T7 L3Y976-07
1900 BY.406Y L0000
1315 921706 L0000
VRN RER-R ] Qo000
14 7,407 L3000
PN BY.917 L0000
201> 102, 348 L0000
29 34 Vo4, 690 L0000
2uho U6, Y 56 .0uo0U
] 1)y.n75 LU000

(continued)
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TABLE 2. (ContinUEd) SPECINS: ACAZ

INITIAL DATA POIXNTS USED IN SUBSEKQUEST CALCULATIONS:

L (ZENITH ANGLE) £ (RATE COBSTANT)
(DEGREES) (/SEC)
.00 .1503-06
lg.00 .1459-06
20.00 L 1319=-0F
30.00 L1089-C6
40.00 LE1l6-07
50.00 .531Y7-07
60.00 2625=07
70,00 85381-08
78.00 L1921-08
86,00 L1951-09
TINE ZLHITH ANGLE RATE CONSTAKT
{LOCAL STANDARD) {DEGREES) (/SEC)
400 98.142 L0000
415 95,580 L0000
TA30 92.950 L0000
ahs 90.239 . 0p00
500 87.513 . 388910
515 84.717 .3261-09
530 81.876 .7316-09
545 78.994 .1516-08
60U 76,075 .2950-08
613 73,1264 L53210-08
630 70,144 LB402-08
643 67.137 .1261-07
700 64,108 .1781=-07
715 61,058 .2393~07
730 37.992 .3090-07
745 54,911 .3860~07
800 51,819 L4689-07
815 48.71Y .5561-07
530 45.614 L6463=07 .
545 42,508 .7377-07
ELD) 39,405 L8290-07
Y13 Jo.311 L9184-07
D) 33.232 L1004=-00
Y45 Ju.178 .1085-06
1900 27.15%9 .1158=-06
lots 264.1945 . .1225-06
1930 21,312 .1285-06
1045 18,550 .1338-06
1100 15,977 .1382~06
13 13,704 L1416-06
1130 11.905 J1439-06
1145 10.823 .1451-06
1200 10.673 .14533-06
1215 11.507 LLUb4=06
1230 13,124 <1424-06
1245 15,282 «1393-06
L30u 17,782 .1351-06
1315 20,497 .1301-06
1330 23,350 .1243-06
1345 26,296 L1178-06
1400 L1L37-06
1413 »1028-06
1830 «9437-07
1445 L8551-07
1500 .7642-07
1515 6727-07
1330 . 5820-07
1545 .4%938-07
1600 2« 46094=07
1615 . 330607
1630 .2586-07
1645 <1949-07
1700 .15402-07
1715 951608
1730 <6034-08
1745 .3515-08
1800 .1853-08
1815 L9078-09
1830 B3.598 L 4203-09
1845 86,707 J1244-09
(LT 1] 8Y.449 20000
1915 92.176 0000
1930 94,824 . 0000
1945 97.407 TN
2000 99,917 L0000
2013 lu2 348 L0000
20930 104,690 J00UD
2045 106,936 0000

2100 109.075 0000
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These data and those from similar program 1istings for March 21 and
December 21 have been incorporated into Figures 3, 4, and 5, which show the
seasonal variations in the diurnal rate constant curves for three photolytic
reactions. These include the formation of NO and 0(3P) from the photolysis
of NOZ’ O(]D) and 02 formation from O3 photolysis, and HCO and H formation

from CHZO photolysis respectively.

The large seasonal variation in the rate constant for the given O3 photo-
lysis reaction as compared to the other two reactions is immediately apparent.
This sensitivity is a consequence of the photolysis process .occurring in the
wavelength region A < 310nm. Figure 6, from Petersong, depicts the normal

10.0

-‘T°
|

'cr

k, sec'? x 10-3, [NO2 + hu —>~N0 + 0(3P)]
=
[—]

l:
|

0600 0800 1000 1200 1400 1600 1800
TIME, LST

Figure 3. Diurnal variation of the photolytic rate constant for the formation of O(3P) from NO?2
in Los Angeles {34.19N, 118.3%W) for three times of the year.
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k, sec? x 10-5 [03 + hu—>-0(1D) + 05]

0 0600 0800 1000 1200 1400 1600 1800

TIME, LST

Figure 4. Diurnal variation of the photolytic rate constant for the formation of O(1D) from 03
in Los Angeles (34.19N, 1 18.30W) for three times of the year.
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20— —

k, sec’1 x 10-5, [CH20 + hu —>HCO + H]

0600 0800 1000 1200 1400 1600 1800

TIME, LST

‘Figure 5. Diurnal variation of the photolytic rate constant for the formation of HCO or H from
'CH20 in Los Angeles {34.19N, 118.39W) for three times of the year.

optical thickness (NOT), a measure of the extinction of the direct solar beam
by the atmosphere, as a function of wavelength for a zenith éng]e of 0°. The
normal optical thickness is described by the equation

Z .
NOT = s tOP k, o dz ) (21)
0 .

where kx is a wavelength-dependent extinction coefficient, p is thezgensity of
the absorbing medium, and ztop represents the top of the atmosphere®®. 1In the
wavelength region from 290 to 310nm the optical thickness is completely domi-

nated by the effects of ozone absorption and Rayleigh scattering. From Beer's

Law, the intensity of the transmitted radiation, IT’ is given by

I = I g2 (NOT) (22)
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Figure 6. Normal optical thickness for a zenith angle of OO as a function of wavelength (nm)
for aerosol scattering and extinction, Rayleigh scattering, and ozone absorption (from Peterson8).

29



where IO is the light intensity at the top of the atmosphere and a is the op-
tical air mass, the Tength of the path of light through the atmosphere as a
multiple of that from a source at a zenith angle of 0° (a=1). At larger zenith
angles the optical air mass increases by a factor ranging from 1.02 at 100, 1.56
at 50°, 4.72 at 78°, to 12.4 at 86°

The transmitted radiation, therefore, shows greater sensitivity to vari-
ations in solar zenith angle at the shorter wavelengths. This is a result of
the exponential dependence of IT on optical air mass and total atmospheric ex-
tinction. Hence, the December curve in Figure 4 for O(]D) production from
ozone is proportionately more depressed than are the winter curves for other
reactions. This is due to the larger zenith angles occurring throughout the
day at this time of the year and also to ozone's absorption at wavelengths
Tess than 310nm.
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SECTION VI
THEORETICAL RESULTS AND EXPERIMENTAL OBSERVATIONS

To test the apnl1cab111ty ‘of the computed photo]yt1c rate constants to a
realistic ambient atmospher1c situation, a comparison was made between the com-
puted resu]ts and observed rate constants. Until re]at1ve1y recently d1rect
measurement of photo]yt1c rate constants has been cumbersome, if not 1mposs1b1e.
0f late, however a deV1ce has been designed and built which prov1des a con-
tinuous in s1tu measurment of the rate constant (ky, ) for the photolysis of
N0223. The dev1ce consists of a 1-Titer round bottom quartz flask through
which n1trogen d1ox1de 1s pumped When the flask is placed in sunlight the
NO2 photo]yzes 1nto NO and 0. The concentrations of NO and NO2 are frequent]y'
mon1tored and from these measurements kNO is readily calculated. The dev1ce
was operat1ve at Research Tr1angle Park N. C over a per1od of severa1 days in
late Apr11 1975. Research Tr1ang]e Inst1tute, under contract with the Env1ron

mental Protect1on Agency, conducted the prOJect During ‘this time a var1ety

of meteoro]og1ca1 conditions ‘prevailed over the area.

Since the photolytic rate constants generated by the program are applica-
ble on1y to c1ear-sky cond1t1ons a method of relating them to cond1t1ons when
clouds were present was formu]ated The exper1menta1 kNO data were pr1mar11y
dependent on 11qht absorpt1on in the ultraviolet wave]ength range Thus, 1t
was dec1ded to sca]e the program—generated va]ues by the s1mu1taneous measure-‘
ments of u]trav101et (UV) rad1at1on at Research Triangle Park. The percentage
departure of the UV measurements from the1r expected values dur1ng cloudless
sky cond1t1ons were used to sca]e the rate constants from their c]ear—sky va]—
ues. In th1s manner the rate constants for NO2 photolysis d1rect1y measured
at RTP were compared to those ca]cu]ated by the program described here Fig-.
ures 7, 8, 9 and 10 present these’ compar1sons ' | o
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Only one day for which data were available contained a period of time in
which clear-sky conditions prevailed. This occurred from approximately sun-
rise until 1100 on April 27, 1975. Figure 7 presents the comparison for this
day. The clear-sky and UV-scaled plots of kN02 are coincident here until 1100
when a cloud cover began to obscure the sky. After this point the UV-scaled
portion of the plot deviates from the clear-sky case according to the UV at-
tenuation factor. Figures 8 and 9 depict the results from two days within the
experimental period during which time varying degrees of cloud cover prevailed
over the region. Finally, Figure 10 shows the comparison for a day with com-
pletely overcast skies and some rain during the morning hours.

In all cases the observations of kN02 were averaged over 10-minute inter-
vals. The UV scaling factors for the kNO plot were computed over a com-
parable time period. Generally the observations and the UV-scaled plot of
kNO are in quite close agreement. There are, however, several exceptions
that should be noted. The measured kN02 values for a large portion of the
day on April 27, 1975, shown in Figure 7, are lower than the UV-scaled val-
ues by as much as 27% at 1000. This difference may possibly be understood by
examining certain characteristics of the spherical-quartz flask measuring de-
vice. This type of system requires thorough mixing for maximum efficiency of
N0z conversion. Moreover, the ky, value measured from the spherical reactor
was found to be flow dependent, yielding higher values at higher flow rate524.
Thus, a mixing or flow problem, or both, may have held the measured kNOz
values below expected levels here.

Figures 8, 9, and 10 show a less pronounced difference between measured
and UV-scaled kN02 values. However, there does seem to exist a small, yet
systematic, deviation in the morning hours as compared toc the very close agree-
ment in the afternoon. It has been noted that aerosol present in the atmos-
phere in higher concentrations during the morning hours tended to reduce the
UV intensity, and hence the kNO measured values?4. The relative effects of
higher aerosol concentrations on the UV radiometer and the kNO reactor device
may not be linear, causing a difference to exist between the ogservéd and UV-

scaled KNOZ values. Lower temperatures also tended to reduce the values of
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Figure 7. Comparison of the experimental {circles), theoretical (dashed lfne), and U.V.-scaled
theoretical (solid line) diurnal variation of the photolytic rate constant for the photolysis of NO2
near Raleigh, N.C. (35.89N, 78.6%W) on April 27, 1975.
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Figure 8. Comparison of the experimental (circles), theoretical {dashed line), and U.V.-scaled

theoretical (solid line) diurnal variation of the photolytic rate constant for the photolysis of NO2
near Raleigh, N.C. (35.89N, 78.6%W) on April 23, 1975.
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Figure 9. Comparison of the experimental {circles), theoretical (dashed line), and U.V.-scaled
theoretical (solid line) diurnal variation of the photolytic rate constant for the photolysis of NO2
near Raleigh, N.C. (35.89N, 78.6°W) on April 25, 1975.
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Figure 10. Comparison of the experimental (circles), theoretical (dashed line), and U.V.-scaled
theoretical (solid line) diurnal variation of the photolytic rate constant for the photolysis of NO2
near Raleigh, N.C. (35.8°N, 78.6%W) on April 28, 1975.
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kN02 measured by the reactor mechanism23. This may also help account for the

sTlight systematic difference seen in the morning.

The difference between theoretical clear-sky and observed (or scaled)
kN02 values can be substantial, amogntjﬁg to over 90% in the most overcast-
sky situation. However, even in this case the UV-scaled theoretical values
match the observations quite well as figure 10 shows. Implicitly, the program-
generated photolytic rate constants are accurate in themselves for use in a
photochemical kinetic mechanism as applied to clear-sky conditions. Should
they be utilized in such a .mechanism for other than clear-sky conditions it
is apparent that some method of scaling the values, such as the one used here,
is necessary. The full treatment of the attenuation of the solar radiation
by fluctuations in cloud cover is beyond the scope of this work.
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SECTION VII
SUMMARY AND CONCLUSIONS

The generation of the diurnal variation of photolytic rate constants by
a computer program based on their theoretical formulation has been shown.
These rate constants may be computed for a specific location and time given
inputs of latitude, longitude, date, and local standard time. At present, the
program generates rate constants applicable to the lTower atmospheric photo-
dissociation of NOZ’ 03, HONO, HONOZ, H2C0, CH3CHO, and H202.

Comparisons between observed and theoretical rate constant values for the
photolysis of NO2 in the real atmosovhere show good agreement in clear-sky con-
ditions and in cloudy-sky situations when the theoretical values are scaled by
a UV attenuation factor. The diurnal variation in the photolytic rate constants
produced by the program provides a tractable method for including this daily
cycle in a chemical kinetic mechanism that may run through many hours of the

day.

Integration of a relatively simple method of treating the solar radiation
attenuation by varying amounts of cloud cover into the routine would provide
greater flexibility in the application of the program. This constitutes the
major suggestion for further research on the topic.
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During the final preparation of this report, new experimental data on

ADDENDUM

the absorption cross section for nitrogen dioxide were reported by Bass,

Ledford and Laufer1 at the National Bureau of Standards.

It is recommended that these cross section data be used in place of

those currently available in the computer algorithm, which are based on the

2

work of Hall and Blacet™. The recommended averaged NO2 cross section data

are as follows:
nm

290
300
310
320
330°
340
350
360
370

These new data represent approximately a thirteen percent reduction in the
The Bass et al. work did

o szx 10

8.
.83
18.
24.
30.
37,
44.
50.
54.

12

52

26
74
95
39
90
11
05

20

nm

380
390
400
410
420
430
440
450

nitrogen dioxide cross sections currently in use.
not extend the measurements beyond 410 nm and therefore the values reported

o cmZX 10

56.
58.
59.
58.

(54.

(51.

(48.

(45.

20

in parenthesis are estimates based on extrapolating the averaged percentags
reduction between the Bass et al. and Hall and Blacet cross sections to the

Hall and Blacet averaged values at 420, 430, 440 and 450nm.
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The calculated photolytic rate constant for nitrogen dioxide dissocia-
tion using the Bass et al. cross section at ten zenith angles is given below.

z “vo,

degrees seconds”!
0.0 8.548 X 1075
10.0 8.478 X 107°
20.0 8.271 X 1075
30.0 7.900 X 1073
40.0 7.325 X 1075
50.0 6.468 X 107°
60.0 5.281 X 107>
70.0 3.431 X 10°°
78.0 1.601 X 1073
86.0 3.635 X 107

1. Bass, A.M., A.E. Ledford, Jr. and A.H. Laufer, 1976: Extinction Coeffi-

cients of NO, and N204. Journal of Research of the National Bureau of
Standards - A. Physics and Chemistry Vol. 80A, (2), pp. 143-166.

2. Hall, T.C., Jr., and F.E. Blacet, 1952: Separation of the Absorption of
Spectra of NO, and N204 in the Range of 2400-5000 A. J. Chem. Phys. 20,
pp. 1745-1749. ’
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APPENDIX A
LISTING OF COMPUTER PROGRAM CODE

On the following pages the FORTRAN code for the computer program is
listed. It is composed of a main segment, six subroutines, and one function.
Although the program was developed and originally run on the UNIVAC 1110 at
the National Computer Center in Research Triangle Park, N.C., the code is of
a general nature so as to be easily adapted to most computer installations.

The central processing time for an execution of the compiied‘program as listed-
here and run on the UNIVAC 1110 is, approximately 5 seconds. |
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A

*RATECONSTANT.MAIN

1 C

2 c Ak K RATE CONSTANT CALCULATIONS FOR FIRST ORDER PUOTOCHEMICAL REACTIONS
3 C

4 REAL*8 I

5 cOMMON XJ(52,10),SICHA(52,20),PU1(52,20),2(10) ,RTCON(LQ)

6 COMMON LAMI,INC,SLA,SLO,TZ,IY,IH,ID,1STRT,ISTOP,IINC

7 CONMON SPECIE,UAXZ,ITIME(100),X2(l00),K(100),J8TRT,J5TOP

8 DIMENSION PLACE(6)

9 C

10 C * kA I4PUT LOCATION LATITUDE, LONGITUDE,TIME ZONE,DATE,

11 C * kkk TIHES TO BEGIN AND END CALCULATIONS, AND TIME INCREMENT
12 C

13 READ(5,14) PLACE,SLA,SLO,TZ,IY,IH,ID,JSTRT,JSTOP, ILNC

14 14 FORMAT(6A4,5X,2F10.4,/ ,F5.1,4X,14,4X,12,4X,12,/,3(14,4X))

15 C

16 C kAKX INPUT NUHMBER OF SPECIES, HUMBER OF ZENITH ANCLES,

17 C LR NUIMBER OF WAVELENCTH VALUES USED, INITIAL WAVELENGTH VALUE,
18 ¢ * ok kK AND UAVELENGTH INCREMENT.

19 C '

20 READ(5,100) MAXL, MAXZ, MAXJ, LANI1, INC

21 100 FORMAT(514)

22 >

23 C *ok ko INPUT VALUES OF ZENITH ANGLES

24 C

25 READ(S5,105) (2(1),I=1,1AXZ)

26 105 FORMAT(20F4.0)

27 C

28 C

29 C * %KX PRINT OUT HEADING

30 C

31 WRITE(6,112) PLACE,SLA,SLO,Lit,ID,IY,JSTRT,Js5TOP

32 V12 FORMATC L,/ /71111717 ,60%, " PHOTOLYTIC RATE CONSTANTS, K, FOR VARILO
33 +US SPLECIES AS’,/,48X, A FUNCTION OF TIHE AND ZENITU ANGCLE®,/////,
34 +40%, " LOCATION: “,6A4,//, 40X, LATITUNDE: “,Fl0.3,//,40X, LONGILUDL:
35 +7,F10.3,//,40X,"DATE: 5%, 3(14,3X),//,40X, " TIME: “,53X,14,5%,°T0",
36 +54,14,5%, "LOCAL STANDARD TIHE®)

37 C

38 C *okA R INPUT VALUES OF ACTINIC I[RRADIANCE (J) FOR THIL CORRESPORDING
39 C kKK ZLNITH ANCLES

40 ¥

41 DO 5 I=1,HAXd

42 READ(S5,110)  (XJ(I,J), J=1,i1AX2)

43 110 FORIIAT(8F10.7,/,2F10.7)

44 5 CONTLNUE

45 C
46 C * ok % FOR EACH SPECLES INPUT THE SPECILS NUNBER, THE SPECIES NAIE,
47 C kR UAVELENGTH AT WHICH TO BEGIN SUMMATION, AWD WAVLLENGIH AT
I} ¢ LR YHICH TO STOP SUMNATION
49 C

50 10 READ(5,113) L,SPECLYE, MINLANM,MAXLAN
51 115 FORMAT(I2,2X,A4,2X,14,2X,14)
52 ISTRT = (MINLAM=LAMLI)/INC + 1

53 15TOP = (MAXLAM-LAML)/INC + 1
54 C
55 C K EAX INPUT ARSORPTION COEFFICIENTS FOR EACH SPLCIES
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76

78
79
80
31
g2
83
84

o

READ(5,120) (SIGMA(I,L), I=ISTRT,ISTOP)
120 FORMAT(S(LO0EB.2,/),2E8.2)

Bk INPUT QUANTUM YTELDS FOR EACH SPECIES
READ(5,125) (PUI(J,L), J=ISTRT,ISTOP)
125 FORMAT(5(LOF8.4,/),2F8.4)
Ho 15 M=1,MAXZ
Rk CALL SUBROUTINE TO CALCULATE RATE CONSTANTS

CALL RATE(L,MN,MINLAM,MAXLAM,RTCON(I1)) “
15 CONTIRUE

*k k% CALL SUBROUTINE FOR SPLINE INTERPOLATIOW OF RATE

CALL INTERP

ok ok CALL SUBROUTILNE FOR PROGRAIL OUTPUT
CALL qQuv

kR TEST FOR LAST SPECIES
IF(L.GE.MAXL) StTay

GO To lo
END

CONSTANTS
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SUBROUTINE RATE(L,NZ,HMINLAN, MAXLAM, SUM)

REAL*8 K

COMMON XJ(52,10),SIGHA(S52,20),PUI(52,20),2(10),RTCON(LO)
COMMON LAML,INC,SLA,SLO,TZ,IY,IM,ID,ISTRT, ISTOP, IINC
COMMON SPECIE,MAXZ,ITINE(L100),X%{100),R(100),IJ5TRT,JISTOP

* KKk THLIS SUBROUTINE CALCULATES A SLNGLE RATE COHSTAUT ACCORDING
oAk THE GIVEN INPUTS
S5tM = 0.0

DO 20 L=MINLAM,MAXLA:, INC
IT = (I-LAML)/TIHC + 1

SUM = SUM + XJ(II,NZ) * 1.OE+13 % SIGMA(IL,L) * PHI(IL,L)
20 CONTINUE

RETURN

END

TO
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27

20
25

60

khkx THIS SUBROUTINE COMPUTES INTERPOLATED VALUES OF RATE CONSTANTS
*kkk "FOR PARTICULAR TIMES OF THE DAY AND ZENITH ANCGLES

SUBROUTINE INTERP

REAL*8 X

COMMON XJ(52,10),STGMA(52,20),PHI(52,20),2(10),RTCOK(10)
CoOMMOM LAMI,INC,SLA,SLO,TZ,IY,IM,ID,ISTRT,ISTOP,LINC
COMMUN SPECIE,MAXZ,ITIME(100),XZ(100),K(100),JSTRT,JIJSTOP
DIMENSION D(2),C(27),W(27),V(5),22(10),TK(10)

DATA D/0.0,0.0/

NN=MAXZ

DO 27 JP=1,NN

2Z(IP)=2(JP)

TK(JP)=RTCON(JP)"

CONTINUE

*xxk - CALL FIRST‘SUBROUTIN@ FOR SPLTNE INTERPOLATION OF RATE CONSTANTS

CALL SPLNA(NN,ZZ,TK,2,D,C,W)
11 = 0 . - -
TIME = JSTRT

I1 = LI+l

. XC=0.0

khkk CALL SUBROUTINE TO COMPUTE ZENITH ANGLES FROM TIME OF DAY

CALL SOLAR(SLA,SLO,TZ,IY,IM,ID,TIME,XC,5)
XD=9Q.-XC

ITIME(ITI) = TIME

XZ(I1) =XD

V(i) = XD

IF(XD.GT.%0.0) GO TO 20

*k k% CALL SECOND SUBRUUTINE IN SPLINE INTERPOLATlON SCHEME

CALL SPLMB(NN,ZZ,TK,C,V)
K(IL) = V(2)
IF(K(IL).LT.0.0) K(LI)=0.0
Go-TU 25 . —

K(II) = 0.0

Tl ="TIME

TIME = CLOCK(TL, IINC)

NTINE = TIME
IF(NTINELGT.JSTOP) GO TO 60
Gu TO 50

RETURN

END
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26
27
248
29
30

C
C
C

100

Lus

110
80

115

129
90
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ok kox THIS SUBROUTINE PRINTS OUT ALL RELEVANT PARAMETLRS

SUBROUTINE oOuT .

REAL*8 1L

COMMUN XJ(52,10),SIGNMA(32,20),PHI(52,20),%2(10),RTCON(CLO)

COMMON LANL,INC,SLA,SLO,TZ,IY,IM,ID,ISTRY,ISTOP,ILC

COMMON SPECIE,MAXZ,ITIME(LOO) ,XZ2(100),K(100),JSTRT,ISTOP

WRITL(6,100) SPECIE -

FORMAT( 1" ,57X, " SPECLES: “,A4,///])

WRITE(6,105)

FORMAT (40X, INITIAL DATA POINTS USED IN SUBSEQUENT CALCULATIUNS:
+,//,60%X,°7 (ZENITH AWGLE) “,20%X, K (RATE CONSTANT) ,/,43X,
+2 (DLGREES)Y 7, 29X, (/SECY*,/)

DO 80 1=1,MAXZ

YRITE(H,110) Z(1), RTCON(IL)

FORUAT (44X, F8.2,25X,810.4)

CONRTIIUE

WRITE(A,115)

FORMAT( 0,/ /7,28, "TINE 25X, "2ZENTTH ANGLE 425X,  RATE CONSTANT,/
+, 23X, T (LOCAL STANDARD)Y L 19X, " (DEGREES) 7, 29X, (/SLCY . /1)

A = JSTOP = JSTIRT

B = FLOAT((JSTOP=JSTRT)/100)

TEND = (B + (A-B*100,)/60.) * FLOAT(60/TIINC) + 1.

N0 90 IIl=1,IEND

WRITE(H6,120) TITIME(IL),XZ(11),K(ID)

FORMAT(28X,14,27X,F8,3,28%,£10.4)

CONTINUE

RETURN

LD

.
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1 SUBROUTINE SOLAR (SLA,SLO,TZ,IY,IM,ID,TIME,D,NV)
2 Ck*xx

3 Chkx SLA... LATITUDE (DEG) SOUTH = MINUS

4 Cxrk*k SLO... LONGITUDE (DEG) EAST = MINUS

5. Chk*x TZ..., TIME ZONE

6 Cxx*x ALSO INCLUDES FRACTION IF LOCAL TIME IS NOT
7 Chxx STANDARD MERIDIAN TIME. E.G. POONA, INDIA 5.5
8 Ch*% IY¥Y.. YEAR

9 Cad*k Iil.. HMONTH

10 CHxk IDee DAY

11 CHEk TIME.. LOCAL STANDARD TIME IN HOURS AND MINUTES.
12 Chxx 1:30 P = 1330 *% STANDARD TIME #*%

13 Cru* D.. -"RETURNED VALUE

14 Ch*% NV.. VALUE TO BE RETURNED, SELECTED AS FOLLOUS....
15 Ch&* l... DECLINATION (DEG.)

16 CHx% : 2.... EQUATION OF TIML ADJUSTHMENT (HRS.)
17 Ch%* 3... TRUE SOLAR TIME (HRS.)

18 Crxx ' &,w. HOUR ANGLE (DEG.)

19 - Chxx S.e» SOLAR ELEVATION (DEG.)

20 Cx#x .00 OPTICAL AIRMASS

21 CHoxx 0 < NV < 7. OTHERVISE, D = 9999,

22 ChE*® }

23 DIMENSIOK MD(11)

24 DATA MD/31,29,31,30,31,30,2%31,30,31, 30/

25 DATA A,B,C,SIGA/0.15,3.885,1.253,279,.9348/

26 RAD=572957,.759138L~4

27 SDEC=39784,988432E~-5
28 RE=1,
29 IF(SLO.LT.0.) RE==1,
30 KZ=T% -
31 TC=(TZ=-KZ) *RLE
32 TZZ=KZ*RE
33 SLB=SLA/RAD
34 K=1Dh
33 TIMH=TIAE/ 100,
36 I=TIMH

37 TIMLOC=(TIMH=1)/0.6+I+TC

38 INC=IN~1

39 IF(IMC.LT.1) COTO2
40 DO1I=1,1{¢C

41 1 ¥=K+1Dd(1)

42 2 LEAP=1

43 NL=MOD(1Y, 4)

L4 IF(iL.LT.1) LLEAP=2
45 SMER=TZZ*15.,

40 TEK=( (SMER=-5LO)Y*4,)/60.

47 KR=1

48 IF(K.GE Ol ARDJLEAP. LT, 2) KR=2

49 DAD=(TIMLOC+TZZ) /24,

50 DAD=UDAD+K-KR

51 DE=DAD*360./365.242

52 DE=DF/RAD

53 NESIN=SLH(DE)

54 DECOS=COS(HE)
55 DESIHN2=SIN(DL*2.)
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93

10

11

12

13

14

DECOS2=COS(DE*2.)
SIC=SIGA+DF+1.914827%*DESIN=-0.079525*DECOS+0.019Y38%DESIN2-0.00L62%
SPDECVS2

SI1G=SLG/RAD

DECSIN=SDEC*SIN(SIC)
EFFDEC=ASIN(DECSIN)

IF(NV.NE. 1) GOTOLO

D=EFFDEC*RAD

RETURN
EQT=0,12357*DESIN=-0.004289%DECOS+0.153809%DESIN24+),.060783*DECOS2
IF(NV.NE.2) GOTOll

N=EQT

RETURN

TST=TK+T IMLOC=-EQT

IF(NV.NE.3) GOoTOl2

D=TST

IF(D.LT.0.) D=D+24,

IF(D.GE.24.) b=b-24.

RETURN

HRANGL=ABS(TST-12,)*15,
IF(NV.NE.4) GOTOL3

D=URANGL

RETURN

HRANGL=HRAKNGL/RAD
SOLSIN=DECSIN*SIN(SLB)+COS(LFFDLC)*COS(SLB) *COS(HRANGL)
SOLEL= ASIN(SOLSIN)*RAD
IF(NV.NE.5) GOTOl4

D=50LEL

RETURN

IF(NV.NE.6) GOTOB

IF(SOLEL.LE.O.) GOTO8

TK=SOLEL+B

E=1./TK**C

D=1./(A*E+SOLSIN)

RETURH

D=9999Y,

RETURY

LND
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0o

200

oo

300

SUBROUTINL SPLNA (N,X,Y,J,D,C,W)
DIMENSION X(10),Y(1l0),0(2),C(30),W(30)
OVER THE INTERVAL X(I) TV X(I+1), THE INTERPOLATING
POLYNOHIAL

Y=Y (L)HA(L) *Z4+B(L) % 2% *24+E (1) % 2% %3
WHERE Z2=(X-X(I))/(X(I+1)-X(I))
IS UBED., THE COEFFICIENTS A(I),B(I) AND E(I) ARE COMPUTED
BY SPLNA AND STORED IN LOCATIONS C(3%I-2),C(3*%1-1) AND
C(3*I) RESPECTIVELY.
WHILE WORKING IN THE ITH INTERVAL,THE VARIABLE ¢ VILL
REPRESENT Q=X(IL+1) - X(I), AND Y(I) WILL REPRESENT
Y(I+1)~-Y(I)

Q=X(2) - X(1)

YI =¥(2) - Y(1)

IF (J.£EQ.2) GO TO 190
1F THE FIRST DERIVATIVE AT THE UEND POINTS IS GIVEN,
A(Ll) IS KNOWN, AND THE SECOKD EQUATION BEGOMES
HERELY B(L)4L(1)=YT - Q*D(1l).

C(1)=Q*Dp (1)

C(2)=1.0

W(2)=YTI-C(1)

GO TO 200
IF THE SECOHD DERIVATIVE AT TUE END POINTS IS GIVEN
B(Ll) IS RNOWE, THE SECOND EQUATION BECOMES
ACIY+E(L)=YI-0.5%Q*Q*D(1) . DURING THE SOLUTION OF

S THE 3i1-4 EQUATTIONS,Al UILL BE KEPT LN CELL C(2) .

INSTEAD OF C€(1) TO RETAIN THE TRIDIAGONAL FORM OF THE
"COEFFICIENT MATRIX.

c(2)=0.0

U(2)=0.53%Q*Q*D (1),

M=N=-2

IF(M.LE.U)Y GO TO 350
UPPER TRIANGULARIZATION OF THE TRIDIAGONAL SYSTEN OF
EQUALTONS FOR THE COEFFICIENT MATRIX FOLLOWS--

DO 300 I=1,M

AL=Q

Q=X (I+2)- X(I+1)

H=AL/Q

C(3*I)==h/(2.0-C(3*I-1))

W(3*T)=(=YI=-W(3*I-1))/(2.0 - C(3*%1I-1))

Ce3*L+1)==H*H/ (U-C(3*1))

U(3*I+1)=(YI-U(3%1))/(H=-C(3*1))

YI=Y(I+2)~- Y(I+1)

C(3*142)=1.0/(1.0-C(3*1+1))

W(3*I+2)=(YI-W(3*1+1))/(1.0-C(3*%I+1})
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800

E{N=-1) 1S DETERMINED DIRLCTLY TFTROM THE LAST EQUATIOU
OBTAINED ABOVE, AND THE FIRST OR SECOND DERIVATIVE

VALUE GIVEN AT THE END POINT.

IF(J.EQ.1) GO TO 400
C{3*¥N=3)=(Q#*Q*D(2)/2.0-W(3*N~4))/ (3.0~ C(3I*N=4))
GO 1TV 500
C(3*N-3)=(Q*D(2)=-YI-W(3*N=-4))/(2.0-C(3*N-4))
M=3%N-6

IF(M.LE.0O) CO TO 700

BACK SOLUTIOUW FOR ALL COEFFICENTS EXCEPT
A(L) AND B(l) FOLLOUS--

DU 600 I11=1,M
I=1-11+3
C(I)=W(I)-C(1)*C(I+1)
IF(J.EQ.1) GO TO 800

IF THE SECOND DERIVATIVE IS GIVEN AT THE END

A(l) CAN NOU BE COMPUTED FROM THE KNOWN VALUES OF
B(Ll) AND E(l). THEN A(L) AND B(1) ARE PUT INTO

PROPER PLACES IN THE C ARRAY.

CCL)=Y(2) = Y(1)=N(2)-C(3)
C(2)=u(2)

RETURN

C(2)=u(2)-C(3)

RETURN

END
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1 SUBROUTINE SPLNB (N,X,Y,C,V)
2 BIMENSLION X(L0),Y(Ll0),C(30),V(3)
3 V(3)=2.0
/A LIM=N=]
5 C e e
6 C DETERMINE IN WHICH INTERVAL THLE LINDEPENDENT
7 c VARIABLE,V(Ll),LIES.
B ¢ e e e e
9 DO 10 I=2,LIM
Lo 10 IF(V(Ll).LT.X(I)) G0 TO 20
11 I=1
12 : TE(Y (L) LGT.X(H)) V(3)=3.0
13 Gu Ty 30
14 20 TE(V(L) . LT.X(L)) V(3) =1.0
15 cC emmmemm— e e
15 G Q IS THE SLAE OF THE INTERVAL (;U.‘;'L‘_I\I.‘:I:.’(; v(l).
17 C e e
9 [ Z 1S A LINEAN TRANSFORMATLON OF THE [HTELRVAL
19 C ONTYO (D, 1) AnD IS THE VARIABLLE For WHICH
20 (¥ THE COEFFICIENTS WERE CONPUTED BY SPLNA.
21 ¢ e ittt T
2 30 u=X(I1)=-xX(I-1)
23 Z=(V(1)=X(1-1))/Qq
24 V(2Y=((ARC(35I=3)+C(3%1=4))*Z+C(3%1=5))%*24+Y(L-1)
25 V(3)=((3.82%C(3%1=3)+2.0%C(3%[=4))*Z+C(3%1-5)) /4
26 V(4)=(6,%2%C(3*1=3)+2.0%C(3*L=-4))/(Q*Q)
27 RETURN

18 LaD



¢S

FRATECONSTANT.CLUCK

1 REAL FUNCTION CLOCK(T1l,ILuC)
2 ¢

3 C LR ADD A TIHE IN MINUTES TO A 2400 HOUR TIME AND RUTURN A 2400
4 C LR R HOUR TIMI

5 ¢

f T2 = IINC

7 L1o0 = TL/100

8 T3 = T1-100.,0*%I1090 + T2

9 1100 = 1100 + INT(T3/60)

1u CLOCK=L100%L00.0 + T3 =60.0 * INT(I3/60)

11 RLTURY

12 END



APPENDIX B
LISTING OF SAMPLE DATA SET

An example of a data set for the photolytic rate constant program is
Tisted below. Information is contained therein for the computation of photo-
lytic rate constants for eleven species at Los Angeles, California, on June
21, 1975, from 0400 to 2100 hours. Each line of the following data set repre-
sents a single data card. The exact format for all input data to the program
is specified in Appendix C, the User's Guide. However, a brief explanation of
the sample data 'set is included here.

Line No. : Comments
1 Location for which photolytic rate constants are to be
computed: name of Tocation, latitude, and Tongitude.
2 Time zone and date (year, month, day).
3 Time range and increment for which rate constants are

to be computed.

4 No. of species, no. of zenith angles, no. of wavelength
intervals, center point of initial wavelength interval,
and wavelength increment.

5 Zenith angles used in initial calculation of rate con-
stants (Subroutine: RATE).

6-109 Values of actinic irradiance, J(a,8), for all wave-
length intervals A, and zenith angles 9.

110-154 Species information including wave1en?th band of ab-

sorption, absorption cross sections o(A), anq primary
quantum yields ¢(A) for each photolytic species.

53
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LOS ANGLLES,

8.0 1475 6
0400 2100 15

11 1o

522900 100

0. l0. 20. 30. 40.

L0001500
«0000000
. 0398350
. 0000000
.4394000
.0092690
.9551000
L0637200
1.6132000
«2029100
1.7134000
2689000
1.8924000
«3276000
1.9508000
.3626000
2.3974000
4767000
2.3177000
4913000
2.3415000
.5291000
3.1737000
. 7580000
3.9935000
1.0035000
4.1188000
1.0973000
4,2224500
1.1513500
4.6172000
1.3207000
5.2089000
1.5589500
5.6146000
1.7205500
5.7505000
1.8205500
5.7988000
1.8874500
5.7835500
1.9265000
5.8866000
1.9704500
5.9349500
1.9941500
5.9323000
2.0198000
5.9797000
2.0455000

0001500
. 0000000
0380150
. 0000000
4813000
.0009416
. 9438000
0088930
1.5944000
L0389400
1.6964000
0614900
1.8748000
. 0765300
1.9335000
0834100
2.3742000
.1065300
2.3008000
. 1065000
2.3256000
1113600
3.1530000
_ . 1555700
3.9685000
_.2017300
4.0949000
.2153800
4.1180000
. 2226250
4.5120000
. 2506650
5.1817000
.2921350
5.5851500
.3188350
5.7211000
.3330000
5.7708000
.3398000
5.7564500
.3416000
5.8571500
. 3420500
5.9050500
.3394000
5.9032000
.3376000
5.9503500
.3312500

CALIF.

21

34,058

50. 60. 70. 78. 86,

. 0000000

L0325460

L 6012000

.9006000
1.5384000
1.6450000
1.8237000
1.8849000
2.3233000
2.2508000
2.2789000
3.0929000
3.8957000
4.0250000
4.0509500
4.46421000
5.1007500
-3.4983500
5.6363000
5.6876500
5.6759000
5.7735000
5.8182500
5.8178500

5.8656000

. 0000000
.0246470
3505500
.8261000
1.4402000
1.5547000
1.7327000
1.7982000
2.2238000
2.1609000
2.1947000
2.9841000
3.7632000
3.8985000
3.9301500
4.3168499
4.9576500
5.3444500
5.4851000
5.5407500
5.5333000
5.6254000
5.6660000
5.6686000

5.7171000

54

118.250

. 0000000
.0155188
.2814000
.7174000
1.2922000
1.4160000
1.5915000
1.6621000
2,0668000
2.0189000
2.0594000
2,8100000
3.5559000
3.6956000
3.7348000
4,1135000
4,7279500
5.0991000
5.2420000
5.3036000
5.3046500
5.3897000
5.4247000
5.4327000

5.4816500

. 0000000
.0074586
.1978000
.3706000
1.0832000
1.2153000
1.3834000
1.4590000
1.8310000
1.8026000
1.8520000
245412000
3.2319000
3.3780000
3.4279500
3.7932000
4.3661000
4.7150000
4.8484500
4.9180000
4.9435500
5.0215500
5.0527000
5.0667000

5.1156000

.0000000

.0022850

.1104300

.3890000

.8031000

.9357000
1.2429000
1.1638000
1.4799000
1.4751000
1.5336000
2.1246000
2.7246000
2.8754000
2.9379000
3.2742000
3.7832500
4.0991000
4.2483000
4.3271000
4,3521500
4.4222500
4.,4501500
4.4724000

4.5209500

. 0000000
. 0003046
.0392490
1937200
4628000
.5726000
. 6841000
-7493000
»9722000
.9879000
1.0468000
1.4744000
1.9188000
2.0589000
2.1285500
2.4022500
2,7996500
3.0552500
3.1934500
3.2775000
3.3168000
3.3773000
3.4050000
3.4337500

3.4756000



56 5.9271500 5.8988000 5.8161500 5.6701500 5,4392500 5.0801500 4.4947500 3.4615500
57 2.0399500 .3217000 '

58 5.9095500 5.88L4500 5.7972500 5.6504500 5.4197000 5.0612000 4.4787000 3.4521000
59 2.0371500 .3147000 :
60 5.9687500 5.9396500 5.8528500 5.7025500 5.4671000 5.1035000 6.5142000 3.4785500
61 12.05153500  .3088500
62 65.0576000 6.0280000 5.9412000 5.7889500 5.5507000 5.1827500 4.5850500 3.5335500
63 2.0813000 .3034500
64 6.1739000 6.1445000 6.0576000 5.9047000 5.6665000 5.2964000 4.7142000 3.6287000
65 2.1482000 .3108000
66 6.2265000 6.1975000 6.1110000 5.9585000 5.7225000 5.3540000 4.7538500 3.6857000
67 2.1961000 .3201000
68 6.2692500 6.2397500 6.15}7500 5.9972500 5.7577500 5.3875000 4.7846750 3.7140000
69 2.2183000 .3236750
70 6.3120000 6,2820000 6.1925000 6.0360000 5.7930000 5.4210000 4.8155000 3.7423000
71 2.2425000 3272500
72 6.3210000 6.2917500 6.2047500 5.9370000 5.6377500 5.4517500 4.8573000 3.7983500
73 2.3026500 .3494500
74 ] 6.3300000 6.3015000 6.2170000 5.8380000 5.4825000 5.4825000 4.9001000 3.8544000
75 2.3628000 .3716500 :
76 6.4215000 6.3922500 6.3060000 6.0392500 5.7432500 5.5620000 4.9790500 3.9345500
77 2.4376250 .4003750 .
78 6.5130000 6,4830000 6.3950000 6.2405000 6.0040000 5.6415000 5.0580000 4.0147000
79 2.5124500 .4291000
B0 6.5937500 6.5630000 6.4720000 6,3142500 6.0740000 5.7082500 5.1225000 4.0785750
$1 2.5737000 .4548250
82 6.6745000 6.6430000 6.5490000 6.3880000 6.1440000 5.7750000 5.1870000 4.1424500
83 2.6349500 .4805500
84 6.6590000 6.6265000 6.5367500 6.3787500 6.1392500 5.7772500 5.1992500 4.1676250
85 2.6706250 .4994500
86 6.6435000 6.6100000 6.5245000 6.3695000 6.1345000 5.7795000 5.2115000 4.1928000
87 2.7063000 5184000 '
88 6.46 6.45 6.35 6.20 5.98 5.71 5.15 4.09
49 2.74 0.53
90 6440 6.38 6.29 6.14 5.91 5.65 5.11 4.07
91 2.75 0.54
92 6.34 6.32 6.22 6.08 5.87 5.60 5.05 4.05
93 2.76 0.56
94 6.27 6.25 6.16 6.02 5.80 5.55 5.02 4,04
Y5 2.77 0.56
96 6.21 6.19 6.10 5.96 5.75 5.49 4.97 4.02
97 2.78 0.58
98 6.14 6.12 6.03 5.90 5.68 5,43 4.92 4.00
99 2.79 0.59
100 6.08 6.06 5.97 5.84 5.64 5.40 4.90 3.99
101 2,79 0.59
102 6.02 6.00 5.91 5.78 5.58 5.34 4,86 3.97
103 2.79 0.59
104 5.95 5.94 5.85 5,72 5,53 5,31 4,84 3.96
105 2.79 0.60
106 5.89 5,88, 5.79 5.66 5,47 5.25 4.80 3.94
107 2.78 0.60
108 5.82 5.81 5.73 559 5.42 5.22 4.78 3.93
109 2.78 0.60
110 1 NO2 2900 4500
111 0.99E-191.41E-192,18E-192,98E=193,74E-194,54E=195,20E~195,69E~196.04£=-196.23E=-19
112 6.38E-196,53E-196.38E-196.23E-195788E-195.54E-195,20E~19
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113 0.988 0.980 0.972 0.964 0.956 0.948 0.940 0.932 0.924 0.916

114 0.908 0.699 0.175 0.025 0.006 0.001 0.000

115 2 UONO 3000 3900

116 0.79E-201.14E-201.756-202.86E-204.23E-205.29L-203,98E-206,08E-203.33E~201,78E~-20
117 00000000

118 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00
119 00000000

120 3 UNO3 2900 3200

121 6.34E=212,76E=-219,50E-221.80E~22

122 1.00 1.00 1.00 0.00

123 4 033Pp 2900 7500

124 1.62E-184,44E-191,190-193,36LE-208.79E-211.94E-213,86L£~-22

125 1.99E-223,60E-225.38E=-227.48L=-22
126 9.58E=-221.31E-211.740L-212.200-212.76E=-213.31E-213,786-214,54E-215,09E~214.,93E-21
127 5.156=215,52E-214,98E-214,17E=-213.61E=213,18L-212.69L-212,17E=-211.79E~211,52E=-21
128 1.26E~-219.77E=-228.06E~226.76E-225.56E~224.84E-224,07E~22

129 0.0 0.0 1.0 1.0 1.0 1.0 1.0 0.0 a0 0.0
130 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0 1.0 1.0
131 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
132 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
133 1.0 1.0 1.0 1.0 1.0 1.0 1.0

134 5 0311 2900 3100

135 1.62E=-184.440-191,19E-193.36L-208.79E=-211.94E=-213.86E-22

136 1.0 1.0 1.0

137 6 03SL 2900 3300

138 1.62E-184.440-191,19E=-193,306E=208.79E=211.945=-213.86E-22

13y 1.0 1.0 1.0 1.0 1.0 1.0 1.0

140 7 FORL 2900 3690

141 3.18E-203.25E-203.15E-202.34E=-202.37E~201,98E=-208.37E=211.76E-21

142 V.81 V.66 0.52 0.40 0.29 0.18 0.09 3.01

143 8 TFOR2 2900 3600

144 3.18E-203.25E-203.15E-202,340-202.37E~201.98E=-208.37E=-211.76L-21

1453 0.19 0.34 0.48 0.60 0.71 0.82 0.91 0.99

lae 9 1202 2900 3700

147 1.49E=-209.94E-216.88L=-214,97E-213,.82E-213,01E=211,91E-211,15E-210.76E=21

148 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

149 10 ACAL 2900 3400

150 4, 66E~204,0YE=-202,96E-201,69E=206.92E=211,34E=21

151 0.329 0.274 0.221 0.158 0.100 0.061

152 11 ACA2 2900 3100

153 4,66L-206.09E-202.96L-201.69E-206,92E=211.34E=-21

154 0.087 9.036 0.007
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APPENDIX C
USER'S GUIDE

The photolytic rate constant program may easily be run with the sample
data set provided. Should the user wish to change the location, date or time
for which the program is run, these inputs are contained on the first three
data cards and may easily be amended to fit the needs of the user. The follow-
ing User's Guide describes the format of these first three data cards, as well
as the rest of the cards should more extensive changes be desired.

Further, a 1isting of all photo]yfic reactions currently handled by the
rate constant program is provided. The alphameric representation of each
species as used in the program is listed.
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SPECIES INFORMATION INCLUDED ON CARDS PROVIDED FOR USER

o

A A

SPECIES NO. ALPHAMERIC MINLAM < x < MAXLAM

SPECIES NAME REPRESENTATION REACTION (A + hv >
1 2900 < a < 4500 3

NITROGEN DIOXIDE NO2 NO, + hv > NO + 0(P)
2 3000 < x < 3900

NITROUS ACID HONO HONO + hv > HO + NO
3 2900 < x < 3200

NITRIC ACID HNO3 HONO,, + hv > HO + NO,
4 2900 < x < 7500 3

0ZONE 033p 05 + hv - 0(°P) + 0,
5 2900 < » <3100

0ZONE 031D 05 + hv >0('D) + 0,
6 2900 < x < 3500 1

OZONE 03SD 05 + hv >0, ("'a) +0
7 2900 < x < 3600

FORMALDEHYDE FORT H,CO + hv > H + HCO
3 2900 < 1 < 3600

FORMALDEHY DE FOR2 H,CO + hv > H, + €O
9 2900 < A < 3700

HYDROGEN PEROXIDE H202 Hy0, + hv - > 2HO
10 2900 < x < 3400

ACETALDEHYDE ACA1 CH,CHO + hv > CHy + HCO
11 2900 < » < 3100

ACETALDEHYDE ACA2 CH3CHO + hv > CH4 + C0
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6§

DATA INPUT TO RATE CONSTANT PROGRAM

Card No. Column No. Variable Format Units Comments
1 1-24 PLACE 6A4 - This is the alphameric name of the location
for which the rate constant computations are
to be made.
1 30-39 SLA F10.4 DEGREES Latitude of PLACE
+=North Lat.
-=South Lat.
1 40-49 SLO F10.4 DEGREES Longitude of PLACE
+=West Long.
-=East Long.
2 1-5 TZ F5.1 - Number of time zones distant from Greenwich
Mean Time (G.M.T.), i.e.
L.A. DEN. CHI. N.Y. LONDON PARIS ATHENS
oo (BMLTL)
8. 7. 6. 5. 0. 1. 2. etc.
also includes fraction if local time is not
standard meridian time: eg. Poona, India = 5.5
2 10-13 Iy 14 - Year for which computations are to be made
2 18-19 M 12 - Month
2 24-25 1D 12 Day
3 1-4 JSTRT 14 Time Time of dav to begin listing of photolytic

(24-Hr Clock)

rate constants (Local Standard Time)



Card No. Column No. Variable Format Units Comments

09

3 9-12 JSTP 14 Time (24-Hr Time of day to end listing of photolytic rate
Clock) constants {Local Standard Time)
3 19-20 TINC 12 Minutes Time increment to use in listing of rate con-

stants (IINC > 1 minute).

NOTE: The previous three cards must be supplied by the user for proper execution of the orogram. ATl
subsequent data input cards have been supplied for the user, along with the nrogram deck. Should
the user wish to make changes of his own, these cards are described below.

4 1-4 MAXL 14 - Number of soecies for which rate constants are to
be computed.

4 5-8 MAXZ 14 - Number of zenith angles used for base values
with inputs of J, the actinic irradiance.

4 9-12 MAXJ 14 - The number of wavelength values for which cor-
responding values of J are input.

4 13-16 LAM] 14 A Initial wavelength value for which values of
J are input.

4 17-20 INC 14 A Constant increment value for updating wavelength.
(This is also the size of the wavelength interval
over which the values of J have been averaged.)




L9

Card No. Column No. Variable Format Units Comments
5 1-80 z 20F4.0 Degrees Values of zenith angles used with inputs of J.
The number of angles must equal MAXZ.
6-109 1-80 J 8F10.7./, Photons x 1015 Each card 1ists MAXZ values of J, the actinic
2F10.7 cmz-sec-a irradiance, corresponding to the values of Z
interval input on card no. 5. There are MAXZ cards of

this form; the first of which corresponds to
the J values at LAM1, next at LAM1 + INC,
LAMT + 2-INC, etc.

NOTE: A complete set of the following three types of cards is needed for each species

included in the rate constant computations.

110 1-2 L I2 - Species number {1 <L < MAXL)

110 5-8 SPECIE A4 - Alphameric designation of species L.

110 11-14 MINLAM 14 R Starting wavelength in rate constant computations
for species L.

110 17-20 MAXLAM 14 ﬁ Ending wavelength in rate constant computations for

species L.
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Card No. Column No. Variable Format Units Comments

111-112 1-80 SIGMA (10£8.2,/) CM2 Values of absorption cross-sections for species
L, at wavelengths from MINLAM to MAXLAM in incre-
ments of INC.

113-114 1-80 PHI (10r8.4,/) - Values of primary quantum yields for species L,

at wavelengths from MINLAM to MAXLAM in incre-
ments of INC.
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