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ABSTRACT

A prototype online photolysis module has been developed for the Community Multiscale Air Quality
(CMAQ) modeling system. The module calculates actinic fluxes and photolysis rates ( j values) at every
vertical level in each of seven wavelength intervals from 291 to 850 nm, as well as the total surface irradiance
and aerosol optical depth within each interval. The module incorporates updated opacity at each time step,
based on changes in local ozone, nitrogen dioxide, and particle concentrations. The module is computa-
tionally efficient and requires less than 5% more central processing unit time than using the existing CMAQ
“lookup” table method for calculating j values. The main focus of the work presented here is to describe the
new online module as well as to highlight the differences between the effective cross sections from the
lookup-table method currently being used and the updated effective cross sections from the new online
approach. Comparisons of the vertical profiles for the photolysis rates for nitrogen dioxide (NO2) and ozone
(O3) from the new online module with those using the effective cross sections from a standard CMAQ
simulation show increases in the rates of both NO2 and O3 photolysis.

1. Introduction

We present results from a new, efficient, online pho-
tolysis module developed for the U.S. Environmental
Protection Agency’s Community Multiscale Air Qual-
ity (CMAQ) modeling system (Byun and Ching 1999).
This new module is designed to replace the current
method of providing photolysis rates to CMAQ. Work
presented here is for clear-sky conditions only. When
integrated into CMAQ, the existing cloud treatment
adjusts the clear-sky rates for the presence of clouds.

Photolysis rates for the current release of CMAQ,
version 4.5, are provided as a lookup table generated by
a program called “JPROC.” This table is calculated
using the delta-Eddington approach of Toon et al.
(1989) and Zeng et al. (1996). Fixed profiles of ozone
(O3) and aerosol particles are used in the opacity cal-
culation. The aerosol extinction coefficients used in
CMAQ are from Elterman et al. (1969). These values

are independent of time and geographic position and
are representative of clean, rural background condi-
tions. The absorption cross sections (CS) and quantum
yields (QY) for ozone photolysis are not adjusted for
temperature.

The lookup table contains photolysis rates for each
modeled species at latitude increments of 10° (from 10°
to 60°N) and values at seven altitudes with increments
of 1 km from sea level to 5 km, and additional values at
10 km. All values are calculated for sea level at 1-h time
intervals extending from noon to 8 h from noon; sym-
metry is assumed about noon. Interpolation in time and
space then allocates the photolysis rates to the 3D grid
of CMAQ. The tabular values from JPROC are for
clear-sky conditions. Cloud adjustments of these clear-
sky values are made within CMAQ during an air-
quality calculation for a given episode. The use of fixed
opacity profiles could generate errors in computed pho-
tolysis rates if there are sizable deviations in computed
profiles of major absorbing and scattering constituents
from those given in the table.

Our new online module includes the time-dependent
opacity of O3 and nitrogen dioxide (NO2) as well as
aerosol particle extinction as they develop during a
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given CMAQ calculation. The new module is called for
every grid cell at every synchronization time step,
thereby eliminating the need for temporal and spatial
interpolation. The new module calculates the solar ra-
diative transfer in the same seven wavelength intervals
used in “Fast-J,” a photolysis module currently used in
several global climate models (Wild et al. 2000; Bian
and Prather 2002). These authors found that the seven
intervals shown in Table 1 were optimal to capture the
photolysis rates for O3, NO2, nitric acid (HNO3), and
hydrogen peroxide (H2O2). Six intervals were insuffi-
cient, and eight intervals added very little. Their crite-
rion for sufficiency was an accuracy of 3%.

Absorption cross sections and quantum yields for O3

are taken directly from Table VIII of Wild et al. (2000).
For other species, the module uses values computed
from the latest published values from Sander et al.
(2003), the International Union of Pure and Applied
Chemistry (IUPAC; online at http://www.iupac-kinetic.
ch.cam.ac.uk), or from the JPROC files for each species
using the algorithm presented by Wild et al. (2000) for
a weighted average over each of the seven intervals.
This method weights the absorption cross sections and
quantum yields at each individual tabulated wavelength
value within the wavelength range of each interval with
the extraterrestrial solar flux at that wavelength. These
individual weighted values are then summed over the
range of wavelengths included in that interval and are
then divided by the total extraterrestrial solar flux for
that range of wavelengths. When used within CMAQ,
the new updated absorption CSs and QYs are adjusted
for the time-varying local temperature at the model
synchronization time step. As is currently done in
CMAQ, the original JPROC effective cross sections are
not adjusted for temperature. Rather than showing re-
sults from CMAQ simulations using the old JPROC
approach and the new online method, we will concen-
trate on the details of the new module.

Table 1 shows the comparison of effective cross sec-
tion (absorption cross section multiplied by the quan-
tum yield) at a temperature of 298 K. Table 2 shows the

percent difference between the new and old effective
cross sections. The large difference for NO2 for interval
7 is due to the different ranges of values in the JPROC
input and in the IUPAC Data Sheet PNOx4. The
former has values only to a wavelength of 424 nm. The
latter has values to 495 nm. For values where the wave-
lengths overlap, the IUPAC cross sections are larger.
Thus, averaging over more and larger values produces
the difference. The large differences in the values for
the O(1D) oxygen atom are due to the recent reevalu-
ations of the cross sections. Table 3 shows the effective
cross sections (the product of CS and QY) for the NO2

to nitric oxide plus oxygen atom [NO � O(3P)] pho-
tolytic reaction, and Table 4 shows the effective cross
sections for the O3 to O(1D) reaction. Values are iden-
tified as being either values from the new online mod-
ule (“OLM”) or JPROC values from the currently re-
leased version of CMAQ (“REL”). The OLM values
have been adjusted for temperature; the REL values
have not been so adjusted.

In the new module, the radiative transfer calculations
for the irradiances and actinic fluxes in each of the
intervals are done using the efficient two-stream delta-
Eddington approach (Toon et al. 1989; Zeng et al.
1996), as is also done in JPROC, but with the addition
of a pseudospherical approximation from Dahlback
and Stamnes (1991). This addition allows a smooth
transition to low sun angles with longer slant paths.

TABLE 2. Percent differences between effective cross sections
shown in Table 1. Differences are calculated from Table 1 as
100(OLM � REL)/OLM.

Bin
No.

Wavelength
range

Difference in
NO2 (%)

Difference in
O(1D) (%)

1 291.0–298.3 �6.55 �18.04
2 298.3–307.5 �3.14 �5.11
3 307.5–312.5 �0.3 7.48
4 312.5–320.5 �2.21 14.61
5 320.5–345.0 �0.08 61.68
6 345.0–412.5 �0.27 0
7 412.5–850.0 98.34 0

TABLE 1. Effective cross sections (the product of absorption cross sections and quantum yields) for designated photolysis reactions.
Values are at 298 K. Rows designated as OLM refer to the new online photolysis module, and REL rows contain the CMAQ
release-version (JPROC) values; here and in Table 2, NO2 in boldface refers to the NO2 to NO � O(3P) photolysis reaction, and O(1D)
in boldface refers to the O3 to O(1D) photolysis reaction.

Wavelength range (nm)

Species Method used 291.0–298.3 298.3–307.5 307.5–312.5 312.5–320.5 320.5–345.0 345.0–412.5 412.5–850.0

NO2 OLM 9.80 � 10�20 1.43 � 10�19 1.85 � 10�19 2.18 � 10�19 3.30 � 10�19 4.33 � 10�19 9.59 � 10�22

REL 1.04 � 10�19 1.48 � 10�19 1.86 � 10�19 2.22 � 10�19 3.30 � 10�19 4.34 � 10�19 1.59 � 10�23

O(1D) OLM 7.47 � 10�19 2.49 � 10�19 6.11 � 10�20 1.12 � 10�20 6.76 � 10�22 0.00 0.00
REL 8.82 � 10�19 2.61 � 10�19 5.65 � 10�20 9.53 � 10�21 2.59 � 10�22 0.00 0.00
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Along with calculating photolysis rates, the new mod-
ule produces aerosol optical depth (AOD) and total
surface irradiance (direct � diffuse) at every surface-
layer grid cell in each of the wavelength intervals. Note
that total surface irradiance is output rather than actinic
flux because irradiance is more appropriate than actinic
flux for CMAQ applications that examine the potential
effects of changes in UV radiation in response to changes
in concentrations of gaseous and aerosol species.

Stratospheric ozone column amount is modeled using
the method of Van Heuklon (1979). Michalsky et al.
(1995) have shown that this approach might yield col-
umn amounts that are too high and may need to be

scaled to a lower value, primarily as the result of strato-
spheric ozone depletion; this scaling would likely be
dependent on location and time. For the cases pre-
sented here, we use the original Van Heuklon (1979)
values.

Stevermer et al. (2000) presented information about
stratospheric aerosol during background and volcani-
cally disturbed periods. The July 2004 episode we chose
for demonstrating the new photolysis module occurred
during the volcanic background regime, when strato-
spheric AODs were at a minimum (less than 0.02). The
contribution of stratospheric aerosols is therefore not
considered in our calculations. The solar input reaching

TABLE 4. Effective cross sections (the product of absorption cross sections and quantum yields) for the O3 to O(1D) photolytic
reaction. Rows designated as OLM contain values from the new online photolysis module, and REL rows contain the CMAQ
release-version (JPROC) values.

Wavelength
range (nm)

Method
used

Altitude, temperature

10 km,
236.04 K

5 km,
266.71 K

4 km,
272.49 K

3 km,
277.88 K

2 km,
282.96 K

1 km,
287.55 K

0 km,
292.13 K

291.0–298.3 OLM 7.02 � 10�19 7.19 � 10�19 7.24 � 10�19 7.29 � 10�19 7.33 � 10�19 7.37 � 10�19 7.41 � 10�19

REL 8.82 � 10�19 8.82 � 10�19 8.82 � 10�19 8.82 � 10�19 8.82 � 10�19 8.82 � 10�19 8.82 � 10�19

298.3–307.5 OLM 2.24 � 10�19 2.33 � 10�19 2.36 � 10�19 2.38 � 10�19 2.41 � 10�19 2.43 � 10�19 2.45 � 10�19

REL 2.61 � 10�19 2.61 � 10�19 2.61 � 10�19 2.61 � 10�19 2.61 � 10�19 2.61 � 10�19 2.61 � 10�19

307.5–312.5 OLM 4.57 � 10�20 5.08 � 10�20 5.25 � 10�20 5.41 � 10�20 5.57 � 10�20 5.71 � 10�20 5.86 � 10�20

REL 5.65 � 10�20 5.65 � 10�20 5.65 � 10�20 5.65 � 10�20 5.65 � 10�20 5.65 � 10�20 5.65 � 10�20

312.5–320.5 OLM 5.17 � 10�21 6.88 � 10�21 7.57 � 10�21 8.24 � 10�21 8.88 � 10�21 9.48 � 10�21 1.01 � 10�20

REL 9.53 � 10�21 9.53 � 10�21 9.53 � 10�21 9.53 � 10�21 9.53 � 10�21 9.53 � 10�21 9.53 � 10�21

320.5–345.0 OLM 4.28 � 10�22 5.04 � 10�22 5.32 � 10�22 5.59 � 10�22 5.85 � 10�22 6.09 � 10�22 6.33 � 10�22

REL 2.59 � 10�22 2.59 � 10�22 2.59 � 10�22 2.59 � 10�22 2.59 � 10�22 2.59 � 10�22 2.59 � 10�22

345.0–412.5 OLM 0 0 0 0 0 0 0
REL 0 0 0 0 0 0 0

412.5–850.0 OLM 0 0 0 0 0 0 0
REL 0 0 0 0 0 0 0

TABLE 3. Effective cross sections (the product of absorption cross sections and quantum yields) for the NO2 to NO � O(3P)
photolytic reaction. Rows designated as OLM contain values from the new online photolysis module, and REL rows contain the CMAQ
release-version (JPROC) values.

Wavelength
range (nm)

Method
used

Altitude, temperature

10 km,
236.04 K

5 km,
266.71 K

4 km,
272.49 K

3 km,
277.88 K

2 km,
282.96 K

1 km,
287.55 K

0 km,
292.13 K

291.0–298.3 OLM 9.83 � 10�20 9.82 � 10�20 9.81 � 10�20 9.81 � 10�20 9.81 � 10�20 9.81 � 10�20 9.80 � 10�20

REL 1.04 � 10�19 1.04 � 10�19 1.04 � 10�19 1.04 � 10�19 1.04 � 10�19 1.04 � 10�19 1.04 � 10�19

298.3–307.5 OLM 1.43 � 10�19 1.43 � 10�19 1.43 � 10�19 1.43 � 10�19 1.43 � 10�19 1.43 � 10�19 1.43 � 10�19

REL 1.48 � 10�19 1.48 � 10�19 1.48 � 10�19 1.48 � 10�19 1.48 � 10�19 1.48 � 10�19 1.48 � 10�19

307.5–312.5 OLM 1.85 � 10�19 1.85 � 10�19 1.85 � 10�19 1.85 � 10�19 1.85 � 10�19 1.85 � 10�19 1.85 � 10�19

REL 1.86 � 10�19 1.86 � 10�19 1.86 � 10�19 1.86 � 10�19 1.86 � 10�19 1.86 � 10�19 1.86 � 10�19

312.5–320.5 OLM 2.18 � 10�19 2.18 � 10�19 2.18 � 10�19 2.18 � 10�19 2.18 � 10�19 2.18 � 10�19 2.18 � 10�19

REL 2.22 � 10�19 2.22 � 10�19 2.22 � 10�19 2.22 � 10�19 2.22 � 10�19 2.22 � 10�19 2.22 � 10�19

320.5–345.0 OLM 3.21 � 10�19 3.24 � 10�19 3.25 � 10�19 3.26 � 10�19 3.27 � 10�19 3.28 � 10�19 3.28 � 10�19

REL 3.30 � 10�19 3.30 � 10�19 3.30 � 10�19 3.30 � 10�19 3.30 � 10�19 3.30 � 10�19 3.30 � 10�19

345.0–412.5 OLM 4.23 � 10�19 4.26 � 10�19 4.27 � 10�19 4.28 � 10�19 4.29 � 10�19 4.30 � 10�19 4.31 � 10�19

REL 4.34 � 10�19 4.34 � 10�19 4.34 � 10�19 4.34 � 10�19 4.34 � 10�19 4.34 � 10�19 4.34 � 10�19

412.5–850.0 OLM 8.12 � 10�22 8.65 � 10�22 8.81 � 10�22 8.96 � 10�22 9.10 � 10�22 9.23 � 10�22 9.36 � 10�22

REL 1.59 � 10�23 1.59 � 10�23 1.59 � 10�23 1.59 � 10�23 1.59 � 10�23 1.59 � 10�23 1.59 � 10�23
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the top of the CMAQ modeling domain within each
wavelength interval is then diminished by passing
through the model stratosphere.

A new, efficient aerosol optical code within the mod-
ule is used to calculate the tropospheric aerosol optical
characteristics and subsequent AOD. This code is
highly optimized for the lognormal modal representa-
tion of particle size distributions used in CMAQ
(Binkowski and Shankar 1995; Binkowski and Roselle
2003) as well as for the range of refractive indices of
internally mixed atmospheric aerosol particles. The real
and imaginary parts of the refractive indices for three
particle-constituent groups (water soluble, sea salt, and
dustlike) are taken from the Optical Properties of
Aerosols and Clouds (OPAC) software package (Hess
et al. 1998). The refractive indices for soot particles
are from Table 1 of Horvath (1995). The refractive in-
dex for water is taken as 1.34, with no imaginary com-
ponent (i.e., pure scattering). All values are treated as
constants for all wavelengths within each particle-
constituent group. The final refractive index for the
internal mixture is a volume-weighted average of the
individual constituent-group refractive indices. All cal-
culations presented here are performed for clear-sky
conditions—that is, attenuation of solar radiation by
clouds is not considered. When integrating the new
module into CMAQ, the current method of adjusting
the clear-sky values for the presence of clouds is used.
We realize that this method for representing clouds
needs improvement by incorporation of the cloud ex-
tinction coefficients and asymmetry factors directly into
the radiative transfer calculation. This will be done
when funding becomes available for this purpose.

2. Presentation and discussion of results

Effects on gas phase photochemistry can perhaps
best be judged by examining changes in the photolysis
rates for NO2 [referred to as “j(NO2)”] and for O3 in
the Hartley bands, yielding O(1D) [referred to as
“j(O3Hart)”]. This choice of metrics is supported by the
work of Thompson and Stewart (1991), who found that
concentrations of hydroxyl (OH) radicals are most
highly correlated with these two processes.

We show results from a one-dimensional calculation
using the new algorithm implemented in CMAQ. The
inputs for temperature, O3 concentrations, and aerosol
extinction are from JPROC input and are representa-
tive of midlatitude summer conditions. The values
for NO2 concentrations come from Table C3 (midlati-
tude summer) of Thomas and Stamnes (1999). The
older values from JPROC apportioned to the seven
intervals using the aforementioned algorithm from
Wild et al. (2000) are also implemented in the one-

dimensional model to allow exact comparison of the
resulting j values. To simplify the comparison with the
existing CMAQ method further, the JPROC back-
ground aerosol is used in lieu of the new aerosol
method designed for the CMAQ lognormal distribu-
tions. The calculation with the one-dimensional model
is for noon on 29 July 2004 at 40°N.

Figure 1 shows vertical profiles of j(NO2) and
j(O3Hart) with the value produced using the JPROC
effective cross sections, and those produced by the al-
gorithm in the new module. The curves for the new
values are labeled OLM and those using the values
from JPROC are labeled REL. The only difference be-

FIG. 1. Comparison of j-value profiles of (a) j(NO2) and (b)
j(O3Hart). The curves for the new online method are labeled OLM,
and those for the JPROC method are labeled REL. On the x axis,
the E indicates multiplication by 10 raised to the indicated power;
e.g., 8.2E�3 is 8.2 � 10�3.
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tween the two sets of curves are the effective cross
sections and the temperature adjustment performed in
the OLM case. The values of j(NO2) and j(O3Hart) for
the new effective cross sections are consistently larger
than the older values. The differences for j(NO2) are
2.42% at the lowest level and decrease to about 2.36%
at the highest level. The differences for j(O3Hart) are
6.50% at the lowest level and decrease to 6.28% at the
highest level. Thus, the large differences in effective cross
section shown in Table 2 are smoothed out somewhat
by the radiative transfer calculation for the j values.

We have implemented the new online module within
CMAQ with the result that central processing unit
(CPU) time increased by only 5% when compared with
a standard case. As noted above, the existing method of
adjusting the clear-sky values for the presence of clouds
in CMAQ is also applied with the new online module.
We are currently performing simulations for an ozone
episode that occurred in 2004 during the National
Aeronautics and Space Administration (NASA) Earth
Science Mission’s Intercontinental Chemical Transport
Experiment–North America (INTEX-NA). Details for
this experiment were available on the Internet at the
time of writing (http://cloud1.arc.nasa.gov/intex-na/).
We will compare the results from two versions of
CMAQ—CMAQ, version 4.5, as it was released to the
user community in 2005 and our new version with the
observations made during that experimental period.
The results of these simulations and evaluations will be
presented in a forthcoming journal article.

3. Summary

We have developed and implemented within CMAQ
(version 4.4) a prototype method for online photolysis
calculations. The new module is computationally effi-
cient and requires less than 5% more CPU time than
the existing “lookup” table for calculating j values. The
new online module calculates the rates for all photolytic
reactions for the release version of CMAQ at every
synchronization time step and within every grid cell.
Although not explicitly shown here, the new online ver-
sion also produces AOD values that may then be com-
pared with observations from satellites, as well as esti-
mates of total surface irradiance (direct � diffuse) at
every surface-layer grid cell for every wavelength interval.
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