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ABSTRACT

The method for calculating photodissociatieaction rategphotolysis ates)for CMAQ is
described in this chapter. The description includes the photaysiprgrocessor (JPROC) and
CMAQ subroutine PHOT. JPROC produces a clear-sky phototgshok-up table. The
look-up table consists of photolysetes at various altitudes, latitudes, &odr angles. The
look-up table isecalculatedor each simulation day and is dependambn the chemical
mechanism. Within CMAQphotolysis atesfor individual grid cells are interpaledfrom the
look-up table in subroutine PHOT. PHOT also uses a pteaimation to orrect the clear-sky
photolysis atesfor cloud cover.
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14.0 PHOTOL YSIS RATES FOR CMAQ
14.1 Background

Many chemical reactions in the atmosphere are initiated byhtbdissociation of numerous
trace gases. Thepbhotodissociativeaactions are reensible for most of the smog buildup
detrimental to humans, animals, plant life and materialerdar toaccurately model and predict
the effects of air pollubin, good photodissociatioraction ratgor photolysis ate) estimates
must be made.

Photodissociation is the conversion of solar radiation into chemical eneagtivtate and
dissociate chemical species. Examples of speciephibébdissote include many iportant

trace constituents of theoposphere such as N@,;, HCHO, CHCHO, HONO, the N@

radical, and KD, (also see Table 14.1). The simulatamcuracy of the entire chemical system is
highly dependent upon tleecuracy of photolysisates, which are the primargwwces of

radicals in the troposphere. Photolysites (mirf), sometimes called J-values, are computed for
photodissociationgaction {) by

A2

Ji = fF()b)Oi(}b) d)i()")d)" (14-1)
A

where, FR) is the actinic fluXphotons ci min* nni'), o,(A) the absorption crosgstionfor the
molecule undergoing photodissociation fanolecule’), (1) the quantum yield of the

photolysis eaction (moleculephoton'), andA the wavelength (nm). Absorption croggtons

and quantum yields are functions of wavelength, and may also be functions of temperature and
pressure; they are unique to species and reactiorratary experiments measuring the
absorption crossestions and quantum yields. have beendictedfor many species that
photodissodite in thetoposphere. Actinic flux is a radiometric quantity that measures the
spectral radiance integrated over all solid angles per unit area. The spherical recdaagg s
distinguishes the actinic fluxom the more commonly measured irradiance, which is the

radiance falling on &orizontal surhce. Thus, the actinic flux can be called spherical spectral
irradiance. The actinic flux changes with time of day, longitude, latitude, altitude, and season,
and is governed by the astronomical and geometrical relationships between the sun and the earth.
It is greatly affected by the earthigface albedo as well as by various atmospheric scatterers
and absorbers. Hence, et model calculation of the tgoral and spatial variation of the

actinic flux is critical to obtaining accurapdotolysis atesfor regional and mesoscale episodic
photochemical modeling.

The current approach taken f@tngphotolysis ates in the Models-3MAQ framework
follows that of the Regional Acid Deposition Model (RADKQhang et al., 1987). It includes
two stages of processing: (1) a table of clear-sky photolytgs is calculatefbr specified
heights, latitudes, and hours from local noon; and (2) photodtsis are intgolatedfrom the
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table within the CMAQ Chemistry Trapsrt Model (CCTM) based on grid celldation and the
model time, and are correctéat cloud cover. This approach is congionally efficient and
has been shown by Madronich (1987) to give clear-sky photostsis within the uncertainty of
the surface-based measurements.

14.2 Preprocessor JPROC: Calculate Clear-sky Pttolysis Rate Table

Preprocessor JPROC calculates a table of cleaptsdiplysis ates(or J-values) for a specific

date. The table is dimensioned by latitude, altitude, and @oerently, J-values are caleiéd

for 6 latitudinal bands (10N, 20°N, 30°N, 40°N, 50°N, and 60N), 7 altitudes (0 km, 1 km, 2

km, 3 km, 4 km, 5 km, and 10 km), and %9 hours from local noon (O h, 1 h,2h,3h,4 h,5h, 6 h,
7 h, and 8 h). There is a sep@r tabl€or eachphotolysis eacton. In order to compute the
photolysis ates using Equatioi¥.1, theactinic flux, absorption cros®stion, and quantum yield

must be determined adunction of wavelength.

The delta-Eddington two-stream radiative transfer model (Joseph et al., 1976; Toon et al., 1989)
is used for computing thectinic flux. The two-stream approximations éngited in applcation

to cases where the scatter is not highly aregat. In computing thactinic flux, a description

of the extraterrestrial radiation, aerosol, ozone absorption, oxygen absorption in the
Schumann-Runge Bands, Rayleighatsering (WMO,1985) and sugce albedo arprovided to

the radiation model.

Extraterrestrial radiation is specified by a user input file. JPROC is flexible enough to use any
extraterrestrial radiation data distribution specified by the user. However, the wavelength
distribution of the extraterrestrial radiation data ipamiant because this is also the distribution

that will be used in the integration of Equatibhl. Therefore, the user should choose a
wavelength distribution that resolves the features that are important to the photalgsans of
interest. A modified WMO extraterrestrial radiation data distribut@mang, et al., 1990) is

used as input to JPROC, which has a variable wavelength resolution ranging from 1 nm to 10 nm.

The Q and Q absorption crossestion data are specified by useput files, but it is

recommended that the most recent NASA data (DeMore 4984, be used in the calculations.
Vertical ozone profiles are set by interpolating seasonal profiles from a user input file, and if total
ozone column data are available (such as data measured by the Total Ozone Mapping
Spectrometer (TOMS) instrument aboard the-synchronous polar orbiting Nimbuetsllite),

then the interpaited verticaprofiles are uniformly rescaled so that the profiles irgttagt total

ozone column value matches the measured total ozone column data. TOMS data are archived
and available at the National Satellite Service Data Center (NSSDC)fortmef digital daily

maps with a resolution of 1 degree latitude by 1.25 degrees longitude. The EViSeal

averaged over each latitudinal band in JPROC. Nimbus-7 TOMS data are availgblers

1978 through 1993; Bteor-3 TOMS dta are availableor 1991-1994; ADEOS TOMSada are
available for 1996-1997; and Earth Probe TOM$&dare availablor 1996-1998. These data

can be downloaded from sit¢tp://jwocky.gsfmasa.gov
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The albedo data given by Demerjian ef{(&880), which have been used extensively in radiative
transfer models, are given as a function of wavelength and are used in the current version of
JPROC. Currently, a single vertical profile of aer@dt#nuation coefficients (EltermalQ68)

is used in JPROC. An effort is underway to incogpempredicted aerosol parametieosn

CMAQ into thephotolysis ate calculations.

Several factors in JPROC depend on the vertical profiles of temperature and pressure, including
ozone absorption and the absorption cressiens and quantum yielfisr individual photolysis
reactions. JPROC infeolates seasonalofiles of temperature and pressure. We use the same
vertical profile éita that are used in thédRM (Chang et al., 1987).

Absorption crossection and quantum yield data are specified by the bsaugh input files.

Input files depend on the chemical mechanismctetl by the user in the Progr&uontrol
Processor (see Chapter 15). The original sets of agotisigquantum yield dagaublished with
the Carbon Bond Mechanism IV (Gery et al., 1989), the Regional Acid Deposition Model
mechanism version 2 (RADM2) (Stockwell et al., 1990), and the SAPRC mechanism (Carter,
1990) are available for use in JPROC. However, users caatelieom these standard sets to
test other data, including the revisions suggested by NASA (DeMore E2%4). Table 14.1

lists the photolysisaactiondor the RADM2 mechanism.

14.3 Subroutine PHOT: Table Interpolation and Cloud Attenuation

Subroutine PHOT within the CCTM has two basic functions, including interpolation of the clear-
sky photolysisate table and application of aab corection factor to the clear-sky values. The
interpolation step is fairly simple. Feach grid cell, the latitude, height, and tifream local

noon are dtermined and used to inpelate clear-sky valugsom the photolysisate table. The
cloud corection step is a little more complicated. Thehmoeétused to coectfor cloud cover in
PHOT was taken fromA&DM (Chang et al., 1987; Madronich, 1987). The ection of clear-

sky values depends on whether the location is belboyey or within the cloud. The below

cloud photolysisate (Jyeion) IS Calculated as:

J [1 +cfrac(1.6t, cosP) - 1)] (14-2)

below — ‘]clear

where cfrac is the cloud coveragadtion (cbud fraction is intepolatedfrom hourly data for
each grid cell)@ is the zenith angle, andis the cloud transmissivity. Below cloud photolysis
rates vill be lower than the clear-sky values due to the reduced transmission of radietioght
the cloud. The cloud transmissivity is ca&teld by:

5 e “Ted

e K (14-3
4+3t (1)
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wheref is the scattering phasenction asymmetry factor (assumed to be 0.86)w@nds the
cloud optical depth. We have rapéd the dud optical depth equation irARM with one
taken from Stephens (1978). The originA equationfor t.4 required an estimate of the
cloud droplet radius, which is not readily available. ACRA, the cbud droplet radius was
assumed to be 10pum. The empirical formulacfgfrom Stephens (1978):

log(r_,) = 0.2633+1.7095In[log{V)] (14-4)

is only a function of liquid water path (W), where WAz (g/nT), L is the liquid water content
(g9/n), andAz is the cloud thickness. The above cloud togidr (F) is calculated as:

‘]above - ‘Jclear[l +CfI'aC(OCi (1*tr)COSO)] (14-5)

This equation allows for enhancement of photolysies &ove the cloud due to the redited
radiation from the cloud. It also includeseaction dependent coefficient)which allows for
further above cloud enhancements (Chang et al., 1987). Within the cloud, the clegatiarorr
factor is a simple linear interpolation of the below cloackér at cloud base to the above cloud
factor at cloud top. Once computed, the below, above, and within @otal fire used to scale
the clear sky photolysisates to acount for the presence of clouds. In the current
implementabn, all cloud types (including clouds composed of ice crystals) @aett the same
using the above outlined procedure.

14.4 Summary

The current method for calculating photolysisers in G1AQ, which was derivedrom RADM,

uses a preprocessor to compute a look-up table and a subroutine within the chemistry transport
model to interpate J-values and apply aub-cover comction. Other approaches and

enhancements are being developed and tested. One enhancement to be added in the future is the
dynamic link between aerosol predictions and photolgses calculations. Another is to replace

the two-stream model with a more comprehensive multi-stream radiative transfer model

(Stamnes et al., 1988). Other absorption cress® and quantum yield datallvee added or

updated using the DeMore et @l997) revisions.
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Table 14-1. RDM2 Photolysis Ractions (Adaptettom Stockwell et al., 1990.)

Reaction

Description

O;+hv -0, + 0D
O;+hv -0, + OP
NO, + hv - NO + CP
NO;+ hv - NO +Q
NO; + hv - NO, + OP
HONO + hv - OH + NO
HNO; + hv - OH + NQ
HNO, + hv - HO, + NG,
H,O, + hv - OH + OH
HCHO + hv - H+ HCO

HCHO + hy -~ H, + CO

CH;CHO + hv (+20,) - CH,00 + HQ + CO
CH;COCH; + hv - CH; + CH,CO
CH,COCHs + hv - ACO; + ETH
HCOCHO + v - HCHO + CO

HCOCHO + v - 2CO + H

CH,COCHO + v -~ ACO; + HO, + CO
HCOCH=CHCHO + kb -~ 0.98HQ + TCO, +
0.02ACQ

CH;O0OH + hv -~ CH,O + OH + HQ

CH;ONG, + hv - 0.2ALD + 0.8KET + HQ + NG,
C;H,O + hv - products

Ozone Photolysis to'D

Ozone Photolysis to°®

Nitrogen Dioxide Photolysis

Nitrate Photolysis to NO

Nitrate Photolysis to NO

Nitrous Acid Photolysis

Nitric Acid Photolysis

Pernitric Acid Photolysis

Hydrogen Peroxide Photolysis
Formaldehyde Photolysis to Radicals
Formaldehyde Photolysis to Molecular
Hydrogen

Acetaldayde Photolysis

Acetone Photolysis

Methyl Ethyl Ketone Photolysis
Glyoxal Photolysis to Formaldehyde
Glyoxal Photolysis to Molecular
Hydrogen

Methyl Glyoxal Photolysis
Unsaturated Diadonyl Photolysis

Methyl Hydrogen Peroxide Photolysis
Organic Nitrate Photolysis
Acrolein Photolysis
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