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Abstract. Here we present an efficient and accurate methodwvards determining the overall chemical composition of the
for the online calculation of photolysis rates relevant to bothatmosphere by governing the lifetimes of many key green-
the stratosphere and troposphere for use in global Chemhouse species. Many trace gas species exhibit photodisso-
istry Transport Models and General Circulation Models. Theciative rate coefficients/{), which can be calculated by in-
method is a modified version of the band model introducedtegrating the product of the absorption co-efficient)( the

by Landgraf and Crutzen (1998) which has been updated tguantum yield ¢, ) and the (spectral) actinic fluxgey) over
improve the performance of the approach for solar zenith anall wavelengths, as described by Ef):(

gles>72° without the use of any implicit parameterisations.

For this purpose, additional sets of band parameters havé: = / ox (M) dx (M) Faer (M)d 2 (1)
been defined for instances where the incident angle of the

light beam is between 72-93n conjunction with a scaling Where botho, and ¢, are characteristic for each specific
component for the far UV region of the spectruns{78.6—  chemical speciesX) and maybe dependent on temperature.
202.0 nm). For incident angles between 85-@@ introduce  Fact varies with both height and wavelength, and is princi-
a modification for pseudo-sphericity that improves the accu-pally governed by many atmospheric properties, such as the
racy of the 2-stream approximation. We show that this mod-solar geometry, the reflection properties of the Earth’s sur-
ified version of the Practical Improved Flux Method (PIFM) face, the vertical distribution of ozone, clouds and aerosols
is accurate for angles93° by comparing the resulting height and their microphysical properties.

resolved actinic fluxes with a recently developed full spher- For any model whose aim is to simulate the chemical
ical reference model. We also show that the modified bancProcesses which occur in the atmosphere an important pre-
method is more accurate than the original, with errors generrequisite is the inclusion of an accurate code for the calcula-
ally being less thar:10% throughout the atmospheric col- tion of suchJ/ rates. Moreover, it is vital that the sphericity
umn for a diverse range of chemical species. Moreover, weof the atmosphere and increased scattering of the incident
perform certain sensitivity studies that indicate it is robusteam is accounted for during instances of low sun, as this
and performs well over a wide range of conditions relevanthas a directimpact on the magnitude of such rates. Recently,
to the atmosphere. Trentmann et al. (2003) have shown that refraction of light
at high solar zenith angles (hereafter referred t6)ds the
upper stratosphere can significantly increase photolysis fre-
guencies by up to 100% in the visible region of the spectrum,
which leads to substantial changes in twilight concentra-

The incidence of photolysing light on the Earth’s atmospheret'onS of many key species. Moreover, using a more complex

acts as the principle driving force for many important Chem_ck:\eglstr%/-cllrgate mOd?I’ Lamag(;jo etal. .(2003) ccrnclgcie thﬁt

ical reaction cycles, which, in turn, play a crucial role to- the depth an ,eXte”tF’ ozone destruction simu ate or.t €
southern hemisphere is affected by the photolytic production

Correspondence tal. E.Williams of CIO at the end of the polar winter (where 87<% <93°).

(williams@knmi.nl) For global 3-D Chemistry Transport Models (CTM’s), where

1 Introduction
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4138 J. E.Williams et al.: Online photolysis in Chemical Transport Models

the calculation of/ values is mandatory, there is also the re- by FTUV still need to have a correction function applied
quirement of computational efficiency, which often requires which is dependent on the concentration of overhegdfO
the use of fast and concise methods in which to calculate and temperature and stored as an offline look-up table.
values, thus avoiding excessive runtimes. Therefore, rather In this paper we introduce a method for the online cal-
than using an infinite number of points which cover the en-culation of J values relevant to both the troposphere and
tire spectral range it is necessary to introduce a spectral gridtratosphere without the use of look-up tablesHgy, which
which divides the spectral range into a finite number of binscan easily be implemented into a state-of-the-art CTM. The
onto whicho and¢ values maybe interpolated (e.g.(Bi method is based on the band approach originally developed
and Crutzen, 1988; Kylling et al., 1995). However, solv- by Landgraf and Crutzen (1998), which has been expanded
ing the radiative transfer equation for each spectral bin indi-in order to improve the accuracy at high solar zenith angles
vidually is still prohibitively expensive, even when using the (hereafter referred to as the modified band approach). For
fastest super-computers, which necessitates the use of furthéis purpose we have defined additional sets of the band pa-
parameterisations. Thus, valuesia: are commonly calcu-  rameters which are used for incideht 72°, as well as im-
lated offline in many CTM’s. Thes&y,ct values are usually plementing an additional scaling ratio for the far ultra-violet
derived using standard atmospheres under clear-sky cond{UV) region of the spectrum. The explicit nature of this mod-
tions, meaning that in many instances, the effect of cloudsfied approach means that the parameterisatiori,gf as a
and aerosols on photolysis rates is not accounted for accufunction of the slant path of the total overhead &nd G,
rately. Such values are often stored as offline look-up tabless described in Landgraf and Crutzen (1998), is no longer
which are indexed using atmospheric parameters such as theeeded. This makes the method fully transparent and allows
0, temperature, pressure, the concentration of overhead Oupdates/additional photolysis reactions to be added quickly
and geometric height (e.g. Brasseur et al., 1998; Kouker eto that the code can potentially fit a host of lumped and ex-
al., 1999; Bregman et al., 2000). However, such an approachlicit chemical reaction schemes.
can be rather inflexible if regular updates are needed to in- This paper is arranged as follows: in Sect. 2 we sum-
put parameters such as absorption coefficients, where the renarise the basic concept of the band approach and outline
calculation of large look-up tables is often undesirable. the assumptions made during the calculatiod efalues. In
Recently several different methods have been developegect. 3 we discuss the motivation and details of the four mod-
which avoid the sole use of look-up tables by performing ifications that have been introduced into the original band ap-
the online calculation ofact during each time step in the proach to improve performance for high solar zenith angles.
CTM. Generally, this is made feasible by introducing a muchin Sect. 4 we assess the performance of the modified band
coarser wavelength grid meaning that only a limited numberapproach and make direct comparisons with results obtained
of calculations are needed. For example, Wild et al. (2000)using the original method. We also examine the robustness of
describe the use of an 8-stream radiative transfer (RT) solvethe approach by testing over a range of different atmospheric
in conjunction with 7 wavelength bins.£289-850nm), in  conditions. Section 5 provides further discussion regarding
addition to approximations for both single and multiple scat-the performance for an expanded setJofalues, sugges-
tering, for the fast online calculation of values relevant tions regarding the implementation of the scheme into other
to the troposphere. This has recently been extended to agnodels and a brief analysis of the associated computational
count for the spectral range relevant to the stratospheregxpense. Finally, in Sect. 6 we present our concluding re-
where a total of 18 wavelength bins are used for the en-marks.
tire spectral ranger&177-850 nm), with the first 11 being
opacity-sorted so as to accurately describe the mean radia-
tion field between 177-291 nm and with Rayleigh scattering2 The original band approach
being described as a pseudo-absorption (Bian and Prather,
2002). Another example is the recently developed Fast Trodn this section we provide a summary of the basic concept be-
pospheric Ultraviolet-Visible model (FTUV) code, which is hind the modified band approach. In the interests of brevity
based on the Tropospheric Ultraviolet-Visible model (TUV) we simply outline the general approach and for further de-
RT model developed by Madronich (1987) and uses a modtail the reader is referred to the more in-depth discussion
ified wavelength grid between 121-850 nm, where the num-yprovided by Landgraf and Crutzen (1998) regarding errors
ber of spectral bins is reduced from 140 to 17 (Tie et al.,associated with the original method. The spectral grid of
2004). However, this method is specifically developed for Brihl and Crutzen (1988), which covers the spectral range
photolysis rates important in the troposphere and therefore.=178.6—752.5 nm, is sub-divided into 8 distinct bands and
was not tuned for species such asNand GQ. The cal- the contributions by each band to each individual photoly-
culation of tropospherid values is critically dependent on sis rate is calculated separately (for details of the band limits
the number of wavelength bins used, where Madronich andsee Table 1). Calculations are only performed for bands con-
Weller (1990) have shown that more than 100 bins are needettibuting to the photodissociation of a certain species as dic-
to achieve acceptable errors. Therefofejalues calculated tated by the absorption characteristics of that species. Due to
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Table 1. Wavelengths chosen for the lower and upper band limits, and for the derivation of scalingdatiosife operational version of
the modified band approach. Values ot 72° are taken from Landgraf and Crutzen (1998) and thosé4@2—-85 (A) and9=85-93 (B)
as derived in this study.

Band Amin  Amax Ascale Amin(A)  Amax(A)  AscaldA)  Amin(B)  Amax(B)  AscaldB)

1 178.6 202.0 N/A 178.6 202.0 199.0 178.6 202.0 201.0
202.0 2410 2051 202.0 243.9 209.4 202.0 243.9 213.9
241.0 289.8 287.7 243.9 289.8 287.7 243.9 289.8 287.7
289.8 305.5 302.0 289.8 305.5 302.0 289.8 305.5 302.0
3055 3135 309.0 305.5 3135 311.0 305.5 3125 311.0
3135 3375 320.0 313.5 347.5 326.5 3125 357.5 345.0
3375 4225 370.0 347.5 482.5 385.0 357.5 492.5 410.0
4225 7525 580.0 482.5 752.5 610.0 492.5 752.5 610.0

oO~NO UL WN

the strong absorption by0n the spectral rangg=178.6—  to be negligible compared to that ob@nd G and is there-
202.0 nm, the contribution té&yc; by scattering in this spec- fore ignored.

tral range is assumed to be negligible for72°. However, e

for »>202 nm, the scattering by gaseous molecules can maké&absh) = Fo(A)e™ ™" ®)

a significant contribution td ¢t and, therefore, must be ac- For a plane parallel geometry the slant optical depti

counted for. Moreover, fok >300nm the scattering con- . . .
o ' = A)) can be calculated using the density pro and
tribution made by both aerosols and clouds must also be ac(- ) 9 Y Profits, POs

counted for. Landgraf and Crutzen (1998) have shown thagggt)i(gg;n aggdogzor.w and their associated absorption cross-
the J value for specieX may be approximated by multiply- ©z Os-

ing the Jypsvalue, calculated in a non-scattering atmosphere, ZTOA
by a scaling ratio: Tolanih) = 1 Z 0x0 (W) ydz (4)
- FactOh) 2 Hox=0z0,
Fabs(Ai) whereu0 is the cosine of the solar zenith angle and TOA is

at a specific wavelength.() within the band limits for band  the top of the atmosphere. This resultifigys(1) is then used
(i). HereFact (1) is the actual actinic flux at; and Faps(r;)  for the calculation of/aps Whose cumulative sum within a
the actinic flux for a non-scattering atmosphereiat For  band ) is subsequently scaled Wy for the determination
the accurate derivation dfact in any chosen model atmo- of J;. The scaling ratiod;) need only be calculated for one
sphere both the single and multiple scattering componentsgpecific wavelength bin in each of the bands 2-8 and, thus,
of the incident light have to be taken into account. For thisthe full solution of the radiative transfer equation only needs
purpose several numerical methods are currently availablgo be performed for a total of 7 distinct wavelength bins. This
which provide an accurate solution to the radiative transfermakes the approach very efficient, as the most computation-
problem, where many use a multiple-stream approximatiorally expensive step in the derivation Bfis the calculation
of the diffuse intensity field (e.g. Lenoble, 1985). Although of the scattering component. The value is then calculated
such methods are commonly employed for the simulation ofby summing all/; values for specieX for all bands:
accurate photolysis rates in lower scale models, their use in
CTM's is limited due to the numerical effort which is needed abs
being rather expensive. For this reason the original band ap!x =Jixt
proach of Landgraf and Crutzen (1998) is commonly used
in conjunction with a two-stream RT solver using a plane The main assumption used in the band model is thafthe
parallel geometry of the model atmosphere when applied foin each spectral band scales linearly with the correspond-
calculating photolysis rates (e.g. Lawrence et al., 1999).  ing flux for a non-scattering atmosphere. The scaling wave-
Equation (3) describegaps (1), which is calculated for lengths are chosen such that the errors made at shorter wave-
each individual wavelength bin assuming the transmission ofengths cancel out with errors made at longer wavelengths for
light adheres to Lambert-Beer’s law. Therefore, it is depen-a chosen band i.e. the cumulative integral of all errors within
dent on the slant column depth due to both absorbancesby Osuch a band interval is approximately zero. In addition bi-
and @ (zsiant (1)), with Fp (1) being the spectral solar irra- ases in the individual band contribution can cancel out due to
diance at the top of the atmosphere. The absorption due tthe summation in Eq5). This approach works very well for
other trace gases (e.g. MQaerosols and clouds is assumed 6 <75°, as demonstrated by Landgraf and Crutzen (1998).

T, (5)

8
i=2
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3 The modified band approach To avoid an exhaustive analysis involving all 38 photoly-
sis reactions for which the approach was tested, we define
In order to extend the original band approach for low suntwo smaller subsets of the species with each subset being
geometry four main modifications have been applied to thephotolytically relevant to either the stratosphere or the tropo-
existing scheme, as follows: (1) the radiative transfer modelsphere, as defined in Table 3. One of the conditions involved
has to be extended to account for the spherical shape dh the selection of these two chemical subsets was that the ab-
the model atmosphere. For this purpose we introduce a@orption behavior was sufficiently diverse enough to be able
pseudo-spherical extension of a two-stream method, wheréo test the modified band method across the entire spectral
the sphericity is only accounted for in the calculation of the range.
direct light component. The diffuse component of the radia- For molecular @ the absorption in the Lyman-Alpha and
tion field is still considered in plane parallel geometry. (2) A Schumann-Runge regions of the spectrum are accounted
limit is applied to the scaling ratios;( for instances where for using the parameterizations of Chabrillat and Kockarts
Fapsfalls below a selected threshold value. (3) A scaling ra-(1997) and Koppers and Murtagh (1996), respectively. For
tio is introduced for the first band.£202 nm) taking into  the photolysis of NO, which occurs in the far UV, the param-
account the scattering of radiation in the upper part of theeterization of Allen and Frederick (1982) is implemented.
model atmosphere. (4) Due to the increase of the slant opticalemperature dependencies ofvalues are included for 18
depth fsiany in instances of low sun, the maximum amount of the chosen chemical species (see Table 2). Moreover, a
of radiation per band interval is shifted towards wavelengthstemperature dependency for theelated to @D production
of weaker absorption. Therefore, for high incident anglesfrom the photolysis of @was also included as recommended
the selection of the scaling wavelengths)(and band limits by Matsumi et al. (2002). For the calculation of the Rayleigh

have been further optimized. scattering cross-sections the empirical approach of Nicolet
(1984) is used. To treat aerosols in the model atmosphere
3.1 The model atmosphere and spectroscopic data we use the optical properties described by Shettle and Fenn

(1979) for a rural, urban, maritime and a tropospheric back-
The development and testing of the modified band approaclground aerosol. The vertical distribution is adopted from Mc-
was performed using a standard one-dimensional columrClatchey et al. (1972). The contribution of both absorption
model atmosphere. The vertical grid consisted of 80 equidis-and scattering introduced by cloud layers is calculated using
tant layers of 1km depth from the ground level to the top the parameterization of Slingo (1979). The model also al-
of the atmosphere. The pressure, temperature, relative huews one to take partial cloud coverage into account in the
midity and G concentrations were taken directly from the radiative transfer calculations using the approach of Geleyn
U.S. standard atmosphere (NOAA, 1976) and interpolatedand Hollingsworth (1979).
onto the vertical grid. The total ozone column is scaled to
300DU to allow direct comparisons with the results pre- 3.2 Spherical radiative transfer

sented in Landgraf and Crutzen (1998). The slant column ] o .
for each layer/level combination is calculated in a similar To solve the spherical radiative transfer problem we consider

manner to that documented by Madronich (1987) and is im-2 Planetary atmosphere composed of homogeneous spheri-
perative for the correcFapsvalues in the lowest layers (and cal shells. The atmospherg is illuminated ;ymmetrlcally by
thus scaling ratios). The ground was treated as a LambertiaRarallel solar beams. Ignoring thermal emission and refract
reflector using fixed albedo values of 5% unless stated othlOnal effects of radiation, the scal&T equation is given by
erwise, with the value of the albedo being fixed across theEd- (6), (Chandrasekar, 1960; Goody and Yung, 1989):
entire spectral range. dl

Table 2 provides a comprehensive list of all of the pho- 75 — —Bextl + Jscar(l) ©6)
todissociation rates which have been examined during th
testing phase. The characteristic absorption co-efficient
(o) and quantum yieldsg( ) for each chemical species (X)
were taken from the latest recommendations (e.g. Sander
?l" 2003; Atkinson _et al., 2004) ""T‘d su.bsequently Interpo'tion Jscar depends itself on the intensity field 7 is the
ated onto the working spectrf_;ll grid of il and Crutzen derivative along the pathlengshin the direction®2. Given
(1988), where 14.2 spectrall bins are used between 178.'6fhe solution/, the actinic flux can be calculated by the solid
752.5 nm (of varying resolution). The number of photolysis : L

. . S ngle integration:

rates added for stratospheric species has been S|gn|f|cantf§/
increased compared to the original treatise of Landgraf an _
Crutzen (1998) meaning that the performance of the both th(e%,:act )= /dQI(r’ ). ™
original and modified band method is being tested for such
compounds for the first time (e.g. BrO). whereQ represents the solid angle.

Svhere the spectral intensitlyis a function of position- and
YirectionL. Bext represents the extinction coefficient, which
due to the symmetry of the model atmosphere depends only

%tn the radiugr|. Furthermore the scattering source func-
d

4
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Table 2. Details concerning the literature values adopted for the characteristic absorption co-efficients and quantum yields for all photolyt-
ically active chemical species evaluated in this study, where (*) denotes temperature dependent absorption parameters. A value of unity is
assumed for the quantum yields of species where there is a lack of laboratory data. Reactions highlighted in red are those for which limits
are applied to thé ratios for band intervals 2 and 4 ongée-81°. For6>85° limits are applied to all chemical species in order to avoid
problems in the middle atmosphere.

Photolysis reaction

Absorption co-efficient

Quantum Yield

0, ™ o%p + P

03 ™% 0, + 0D
03 1% 0, + 0%

NO, % NO + 03P
NO3 % NO + O,
NO3 % NO, + O3P
N,O /%N, + OlD
N»Og ~% NO, + NO3
Hp0p % 2 OH

hv

HNO3 % OH + NO,
HNO, % HO, + NO,
CH,0 ™ HCO +H
CH,0 % CO + Hy

CH3CHO % CH, + CO

CH3COCHO ™ CH3CO3 + CO + HO,

hv

CH3COCH; % CH3CO3 + CH30;

CH300H % CHz0 + OH
CH30,NO, ™% CHz0, + NO,
PAN i> Products

oclo ™ clo + o3P
CINO3 % I+ NOg
CHsCl ﬂ>Products

CCl4 ﬂProducts
CR,CICFCh N Products
CClzF i> Products
CClyFo ﬂ>Products
BrNO3 % Br + NO3
CH3Br L Products

BrCl ﬂ Br+ Cl

HCl % H+

HOCI % OH + Cl

HOBr ~% OH + Br

Bro % Br + 03P

Clbo, M ci+ clo,

H0 /% H + OH

co, M co+ PP

NO % N + 03P

Chabrilla and Kockarts (1994)
(A=121-123 nm)

Koppers and Murtagh (1996)
(A=178.6-202 nm)

Sander et al. (2003)
(A>202nm)

Molinda and Molinda (1986)
Molinda and Molinda (1986)
Sander et al. (2008)
Sander et al. (2003)
Sander et al. (2008)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2008)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2008)
Sander et al. (2003)
Martinez et al. (1992)
Atkinson et al. (1997)
Atkinson et al. (1997)
Sander et al. (2003)
Atkinson et al. (1997)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (20038)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2008)
Sander et al. (2003)
Sander et al. (2003)
Schemansky (1972)
Allen and Frederick (1982)

1.0

Matsumi et al. (2002)
Matsumi et al. (2002)
Sander et al. (2003)
Sander et al. (2003)
Sander et al. (2003)
1.0
1.0
1.0
1.0
1.0
Sander et al. (2003)
Sander et al. (2003)
Atkinson et al. (2004)
Koch and Moortgat (1998)
McKeen et al. (1997)
1.0
1.0
1.0
1.0
Atkinson et al. (2004)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
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4142 J. E.Williams et al.: Online photolysis in Chemical Transport Models

Table 3. Definitions of the tropospheric and stratospheric chemical subsets selected for the derivation of the low sun band settings and the
analysis of the performance of the modified band approach. The spectral range indicates the spectral region over which each species exhibit
absorption.

Troposphere Stratosphere

Photolysis reaction Spectral range [nm]  Photolysis reaction Spectral range [nm]
03 % 0, + OtP 219.8-342.5 NO %N, + O 178.6-241.0

NO, 2% NO + 03P 202.0-422.5 ocld™s clo+ 3P 259.7-477.5

NoOs % NO, +NO3  178.6-382.5 GIo, ™ cl+clo, 178.6-452.5

HNOs % OH +NO,  178.6-352.5 CING % Cl+NOs  196.1-422.5

HNO, 2% HO, + NO,  178.6-327.9 BING@ % Br+NO3  178.6-497.5

H,0, 2 oH 178.6-347.5 Bra™> Br + 03P 311.5-392.5

CH,O M HCo +H 298.1-347.5 CGF» M products  178.6-241.0

CH,O M co+ Hp 298.1-357.5 BrcH% Br + Cl 200.0-602.5

The spherical radiative transfer equation, as given in 1 dF” = apF T — a1 F~ + aal, )

Eq. 6), represents a differential equation for three spatial pa-Bext dz

rameters. It can be solved by integration along a representa-

tive set of the characteristic lines. In turn the intensity field () o 4lo _ I (10)

can be determined using a Picard iteration scheme. Howeveext dz ’

for the three-dimensional spatial problem a large number of

characteristic lines are needed, which hampers any numeri- Where F* and F~ are the upward and downward fluxes
cal implementation. Here Rozanov et al. (2001) and Doicuand /, describes the direct solar intensity, z represents the
et al. (2005) have shown that the number of characteristi@ltitude, and the coefficients, to a4 are given by:

lines can be reduced significantly using the symmetries of the

model atmosphere and the solar illumination. In this study%! = Ul-ow@-4)) (11)
we utilize as a reference the model of Walter et,akhich

is based on this solution concept. The model has been veri¢2 = UBow (12)
fied with comparisons made against Monte Carlo simulations

for the reflected intensity field and has shown an agreemer¥a = @B (it0) (13)
of better than 2% employing in total 2«4.0° characteristic

lines. For the actinic flux within the atmosphere we expect a%4 = (1 — ) B(io)- (14)

similar or even higher accuracy.

For the numerical implementation of an algorithm to cal- HereU is the diffusivity factor.w is the single scattering
culate photolysis rates in a CTM we are heavily restricted@/P€do,5, is the fractional mean backward scattering coeffi-
by the computational burden which RT schemes introduce€i€nt ands () is the backward scattering coefficient of the
For this reason we have chosen the RT solver called PIFMAITECt solar beam. The values for the diffusivity factor and
(Practical Improved Flux Method), which was originally de- the backscattering 'coefficients depend on the particular 'F\NO-
rived by Zdunkowski et al. (1980) and uses a two-stream ap_stream appr_o_xmatlon. The_ PIFM RT solver (Zdunkowski et
proximation for calculating the diffuse componentsFt.. al., 1980) utilizes the following parameters:
The generalized two-steam approximation of scalar radiative

transfer, in its plane parallel geometry, may be expressed by’ — (15)
Zdunkowski et al. (1980): 3-pm
Bo = ) (16)
1 dFt . _
— —— =1 F" —apF~ —azl, (8)
Bext dz 1
B(o) = 57 Zpl (17)

Iwalter, H.H., Landgraf, J., Spada, F., and Doicu, A., Lineariza- o o _ _
tion of a radiative transfer model in spherical geometry, J. Geophyswherep; is first coefficient of an expansion of the scattering
Res., submitted, 2006. phase function in terms of Legendre polynomials.

Atmos. Chem. Phys., 6, 4134461, 2006 www.atmos-chem-phys.net/6/4137/2006/
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Equations (8—-10) can be solved by using standard meth- solar incoming light
ods for a vertically inhomogeneous atmosphere which is sub- &
divided into a number of homogenous layers. Using the solu-
tion for F*, F~ andl,, the actinic flux can be approximated

by:
Fact=U(FT 4+ F) + 1,. (18)

yngaz [eqor3

%,
2
K

To take into account effects of the Earth sphericity on the ra- b,
diative transfer one can use, as a first correction to the plane e
parallel approach, the air mass of a spherical model atmo-

sphere for the attenuation of the direct beam. Therefore wéig- 1. Spherical geometry used for the pseudo spherical two-
modify the air mass facto;u(jl) in Eq. (10) by a correspond- stream method. The solar radiation is calculated at the global zenith

ing expression suggested by Kasten and Young (1989): along its spherical light path_ thrqugh the atmosphere and then it is
used as the source of solar light in a plane parallel atmosphere.
1

siny +a(y +b)—¢
Wherey is the solar elevation angle and values for the em-tne chfosen alt'tUdcT Ilevels, where glff(s/renﬁes comggod with
pirical constants ot=0.5057,6=6.08, and c=1.636. We the reference model never excee 5%. OV\{evetf?,

the simple plane-parallel model clearly deviates from the

fy)=

(19)

hereafter refer to this version of the solver as PIFM-KY. o _ . :
A more sophisticated method of representing sphericity ismOdIerOI Versions of PIFM, with the largest eITors occurring

the pseudo-spherical approximation (e.g. Caudill et al., 1997?“ the lower altltUd?S (cf. 60km with 20 km). Similar gffects

Rozanov et al., 2000; Spur et al., 2001: Walter et al., 2004)_occur for6>85° using PIFM-KY. In contrast, these figures

Here the Lambert-Beers absorption law of the direct beam ir?hOW that thg pseudo spherlpa}l PIFM model provides very
gccurate estimates of the actinic flux upted0°. It should

Eq. (10)is replaced by a corresponding equation for sphericabe noted that PIFM-PS is much more computationally expen-

geometry: ) . ; S

sive than the PIFM-KY meaning that it's application is only
dl, = —Bexl (20) warranted when the increase in accuracy is significant (i.e.)
ds o above 88. Details relating to the computational expense of

with s being the path length of the direct beam through aeach version of the solver are discussed later in Sect. 5.
spherical atmosphere with respect to the global zenith angle. Figures 3 and 4 show the accuracy of PIFM-PSofe®1—
Figure 1 shows the slant path of the direct beam as it travel95° as a function of altitude. At 326.5nm the actinic flux
through such a spherical atmosphere. By solving this equadecreases significantly between 20-60 km altitude due to the
tion, the direct light can be coupled into the flux equation of attenuation of the direct beam by Rayleigh scattering and
a plane parallel atmosphere via Egs. (6) and (7).66e00°, ozone absorption. For this wavelength the actinic flux starts
one has to bear in mind that the solar beam does not illuto decrease already at higher altitudes for higher incident an-
minate the upper boundary of a particular atmospheric layegles, due to the longer path of the direct light through the
anymore but its lower boundary. In turn we have to modify atmosphere. At 610.0 nm the direct beam is much less atten-
the coefficientsiz anday in Egs. (8) and (9), accordingly: ~ uated, which results in a less marked decrease infthe
with respect to altitude. For this wavelength thg: de-
@3 = [O(o)w + O (= 1o) (1 = ) 1B (10) (21)  creases to very small values in the shadow of the Earth body,
_ - where only the diffuse component of the radiation is present.
o = [O(Lo) 1~ @) + Blpo)w]Blo) (2) " The PIFMPS solver can reproduce this feature very well and
where® is the Heaviside step function. These modified flux overall the corresponding errors are small. Only at altitudes
equations can subsequently be solved using the method d&here the contribution of the direct beam g is negligi-
scribed by Zdunkowski et al. (1980). We hereafter refer toble because of either the strong extinction which exists in the
this version of the solver as PIFM-PS. photon path or due to the shadow of the Earth body does the
To give an estimate regarding the accuracy of both PIFM-error increase to up t&-30%. However, due to the small
KY and PIFM-PS, we have compared simulations of thevalues of Fact at these altitudes this large error is of minor
actinic flux with those calculated using the spherical ref-importance for our application. It should also be noted that
erence model (hereafter referred to as reference modein upper threshold &=93 is used during the application of
A). Figures 2a and b show the percentage differences irPIFM-PS following Lamago et al. (2003).
Fact obtained when comparing the plane parallel PIFM  The subsequent error introduced into the fidavalues
model, PIFM-KY and PIFM-PS with reference model A at as a result of using PIFM to calculafég in Eq. (1) has
A=326.5nm and.=610 nm, respectively. Fer<70°, the dif- been studied by Landgraf and Crutzen (1998) and is, on av-
ferent versions of PIFM provide almost identical results for erage,~5% for clear-sky conditions ang20% for cloudy
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Fig. 2. Percentage difference8)(in the actinic flux Facp calculated with different model versions of PIFM versus a full spherical radiative
transfer model as a function of the solar zenith angle (SZA). DifferencEsdiare shown for comparisons between the plane parallel PIFM
version (pp), the version using the Kasten and Young correction for spherical air mass fagt@sd the pseudo-spherical extension of

PIFM (ps) versus reference model A (sph) at 20, 40 and 60 km altitude. The left panel shows differere8265 nm and the right panel

for A=610.0 nm, which are pertinent to the scaling wavelengths chosen for grid A (see Table 1). The model atmosphere is adopted from the
US standard atmosphere 1976, albedo=0% and the total ozone column scaled to 300 DU.
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(left panel) and the associated error when comparing the PIFM-PS
with reference model A (right panel). The model atmosphere is the

same as in Fig. 2. . . . . .
time. Therefore, in order to quantify the error in the resulting

J values, we have interpolated the height resolved difference

between actinic flux calculations performed using reference
conditions ford <607, as compared to the 32-stream discrete el A and PIFM-PS, which were calculated for the scaling
ordinate code of Stamnes et al. (1988). The maximum errorgyavelengths chosen for grid A (see Table 1), onto the work-
occur i_n the middl_e troposphere where the contributions duqng grid of Brilhl and Crutzen (1988) for all 80 atmospheric
to multiple scattering are the greatest. layers. Subsequently we have scaled the PIFM-PS calcula-

For the PIFM-PS solver the subsequent error introducedions on the working grid of Brhl and Crutzen (1988) with

into the finalJ values also needs to be quantified at high in- these error estimates to get a reliable estimate of the percent-
cident angles. Due the high computational effort involved in age error introduced intBact. In turn we are able to estimate
using reference A, the calculation @fvalue profiles using the corresponding errors in thievalue profiles at any partic-
full spherical geometry was not possible within a reasonableular zenith angle.
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Fig. 5. Percentage errors associated with fhealue profiles calculated using the PIFM-PS model as compared with reference model A at
0#=90°. For details regarding how the error was calculated the reader is referred to the text. Results are pregejted sdratospheric and

(b) tropospheric chemical subsets, respectively. The model atmosphere is adopted from the US standard atmosphere 1976, albedo=0% ar
the total ozone column scaled to 300 DU.

Figures 5a and b, show the associated errors due to PIFMing over a period of 7 days, the overall effect ogi©thought
PS at9=90C for both the stratospheric and tropospheric to be relatively small (Balluch and Lary, 1997). Therefore,
chemical subsets, respectively. These figures show that there feel that the error introduced into the calculation of height
errors for the first 40 km of the column are generally of the resolvedFy¢; is not dominant compared to the other uncer-
order of+2%. Below this height the error increases substan-tainties in (e.g.) the absorption characteristics for important
tially for species such asd®, although the actual value chemical species such as,0b (Sander et al., 2003).
at this altitude is extremely small. For the other tropospheric In summary, the modification to the two-stream approxi-
species the errors down to 25 km are betb®6, after which  mation reduces the error introduced by using the two-stream
negative errors exist for all species. Fortuitously, fheal- approximation significantly, especially at the altitudes impor-
ues become rather irrelevant at such high zenith angles in theant during instances of very low sut{90°).
lower portion of the column meaning that the effect on the
overall performance of the PIFM-PS is minimal. 3.3 The scaling ratioss()

Figure 6 shows the corresponding errors for the worst cas
scenario 0H=93. Again, the associated errors in theval-

- 0,
ues for the top 40km due to PIFM-PS wek%, except for a specific wavelength band at any altitude, where the scal-

{NZ%Z%eIOW trrwll_srt:elght:hetre |tshso “ttrlﬁd'trﬁcﬁ ﬂuﬂ(tl’s) b?' th ting ratio is assumed to be wavelength independent within
ow nm which penetrates through to the fower Ievels that, spectral band. This assumption has enhanced importance
the Fact for this spectral region is determined almost purely

. - when the amount of incident radiation varies strongly within
by scattering. Therefore, the _con_trlbutlons by bf_;mds 1to 4a spectral band (e.g. band 4). For such instances the approach
subsequently decrease, resulting in lower errors in/thel-

tor the | t 20km of th | A0 only holds for situations where the diffuse radiation is gov-
ues forthe fowes m ot the column compare ' erned by the direct component due to the single scattering

It should be noted that the effects of atmospheric refrac-contribution of solar light at the same altitude. In instances
tion of the solar beam were not included in either referencewhere the diffuse component is scattered from other parts
model A or the PIFM-PS solver. To do so would involve of the atmosphere this approximation breaks down. Such
a significant update to the reference code which is beyondonditions are encountered for low sun at wavelengths which
the focus of this paper. Moreover, an iterative scheme wouldexhibit strong to moderate {absorption £305 nm), result-
need to be introduced into the PIFM-PS solver for the deriva-ing in a direct flux in the lower atmosphere which is very
tion of a modified solar zenith angle for each respective levelsmall. For such a case the diffuse radiation mainly originates
which would significantly increase the computational burdenfrom scattering which occurs at higher altitude levels. Thus
of the solver. Although the effects on certain free radicalit would be more appropriate to use the scaling ratio calcu-
species can be significant between 40-50 km when integratated at higher altitudes for the lower levels. However, for the

She most important assumption made in the band approach
is that theF,ct scales with its direct componenfif,g within
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Fig. 6. As for Fig. 5 except thé=93.

Table 4. The flux thresholds adopted fékpsduring the calculation 8 a sufficient amount of direct light peneltrates thro‘%gh to the_
of the scaling ratios for bands 2 through to #at81°. The ratio  |OWer layers so as to ensure that the main assumption used in

for Fapd Fo is given using photons nit s—1 for the original fluxes. ~ the band model never fails, even at high zenith angles.

These ratios hold for the scaling wavelengths given in Table 1. A further modification to the band approach is the intro-
duction of a scaling ratio for the first band. An assumption
Band 6:81-85 ¢: 85 is made in the original band approach that absorption dom-

inates forA<202 nm. This assumption only holds when the
single scattering contribution tBc; can be neglected com-
pared toFasps Here the single scattering contribution from

a certain model layer scales with the transmission of the at-
mosphere located above that layer and the amount of radi-
ation deposed in the model layer. Furthermore, the single
scattering contribution is proportional to the single scattering
albedo. However, this term does not depend on solar geome-
try. For6 <70° the single scattering contribution is insignifi-

. . X cant because the fraction of radiation deposed in the specific
value, which effectively means usingda value calculated

for higher altitudes. The diagnostic used for the derivation Ofn::c;ctiél rliﬁyearlllbseijrgil: ahnedr’ llln ?grﬂlzna?ﬁ)gswggrghiézmz ri]gltehe
theseF,psthresholds was the occurrence of large associatec? 9 9 P P '

" . scattering of light being relatively unimportant. For lower
errors on the most sensitive values accompanied by cor-
. . . sun, the path length of the solar beam through a model layer
respondingly high; values. In general, it was found that

5; values greater than 10 resulted in an overestimation ofncreases markedly which enhances the fraction of radiation

the resulting band contribution to the final values. For deposed in each atmospheric layer. Figure 7 highlights this

species which exhibit strong absorption characteristics forby showing the relative distance over which a photon must

2<320nm (e.g. @ HNOs) it was found that such limits travel (th_e slant path) to an atmospheric Iaye_rwhlch has_ been
o : . chosen in the model atmosphere for two different incident
are needed fof>81° in order to reduce the associated er-

ror budgets. These were applied to bands 2 and 4 for thezenlth angles. Therefore, for large slant paths, the scattering

speiesighiged  ed i Tale 2. e ey sucn (O Do SCErupar o e o s 1 e
limits were applied for band intervals 2 through to 4 for all PPEr p P . ' y

chemical species, using the4d F,) ratios given in Table 4. to use a scaling ratio fO@>72(.J for the first spectral band
It should be noted that the ratios for these limits change forWhICh accounts for this behaviour.

certain bands for incident angles above and bele®5> as

a consequence of using PIFM-PSat85°, which modifies

the Fapscomponent. No limits were applied to bands 1 or 5

through to 8 under any circumstances. For bands 6 through to

2 1.2x10% 1.2x1074
3 Nolimit  4.5x10712
4 2.7x107° 1.35x10°°

numerical implementation we apply a limit on the resulting
scaling ratios whenevdryysfalls below a selected threshold
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Fig. 7. The variation in the slant path over which a photon has to 300 305 310 315 320

travel to reach a particular layer (highlighted in grey) in the model
atmosphere. For high sun a large amount of radiation can reach . .
the top of this model layer. However, due to the relatively short F19- 8- Relative actinic fluxt (3.)=Fact(%)/Fo (3) between 300~

pathlength of the solar beam through the layer, there is no signifi-320 nm, normalized to the corresponding value at 310 nm, as a func-

cant contribution of singly scattered light in this model layer. For tion of solar zenith angle at 10 k,m altitude. For details regarding t.he
low sun the amount of direct light illuminating the top of the high- model atmosphere the reader is referred to Sect. 3.1. Calculations

lighted layer is less as a consequence of the longer light path. How!Ve"® performed using the original band settings in conjunction with

ever it can be still sufficient to cause a significant contribution of the original input parameters for the temperature depengemt
singly scattered light in the model layer below in conjunction with ¢ ©f O3. The total ozone column was scaled to 300 DU and the
the relatively large pathlength through the grey model layer for this9"0und albedo=
geometry.

5%.

the entire model atmosphere. Moreover, the percentage con-
tribution by each band to eachvalue is also dependent on
height for many chemical species. Figure 9 shows an exam-
Due to the shift of the amount of radiation towards longer ple of this effect, where the variation in the percentage con-
wavelengths in instances of low sun, the band settings otributions made by each spectral band.s, (—O'D) and
Landgraf and Crutzen (1998) have to be modified for the j5 . is shown with respect to the zenith angle, for clear
band approach to maintain optimal performance at high in-sky conditions at two model layers situated at 65 and 5 km.
cident zenith angles. Figure 8 shows the relative actinic ﬂUXThese contributions are derived using the Origina| band set-
t(A) = Fact(M)/F,(2) at 10 km altitude between 300-320 nm, tings as given in Table 1. For the layer at 65 km it can be seen
normalized to the corresponding value at 310 nm, across #at Jo,(—O'D) is principally determined by contributions
range of solar zenith angles. Here the actinic flux beloworiginating from band 3, which contains the absorption max-
310nm decreases relative to the centre wavelength with reimum for Os. In contrast, due to the overhead @lumn
spect to solar zenith angle, whilst increases occur for wavepeing relatively low at this altitude and the broad absorption
lengths above 310 nm. In other words, the relative amountharacteristics of BrN§ contributions are made tf5NO;
of radiation is shifted towards longer wavelengths for largeracross the entire spectral range i.e. bands 1 to 8. Moreover,
solar zenith angles due to the longer path length of the dithe contribution made by each bandAgivo, only changes
rect beam through the atmosphere. This effect holds at thignarginally as the zenith angle increases uimi#90°. How-
particular altitude until =80, after which the shiftin ra-  ever, nearer the ground the percentage contributions made
diation towards Ionger Wavelengths becomes weaker. Th|$)y each band Change Considerab|y as a consequence of the
can be explained by the presence of the stratospheric ozonsfective screening of the far UV by moleculap @nd G.
layer in combination with the spherical shape of the atmo-This screening results in the contributions made by bands 1
sphere. This behaviour is not seen for layers above the 0zongrough to 3 to be extremely small in the lower layers, result-
layer or when adopting the plane parallel approximation ofing in a decrease in thé values with respect to height. As
the model. In turn, the band limits arfi values of the  the value ofJo,(—O'D) in the lower layers decreases with
band model become non-optimal, which subsequently resultfycreasing zenith angle (not shown), the percentage contri-
in errors of between 10-30% which generally occur in thepution made by band 4 also decreases (with an associated
lowest 10km of the atmosphere for important troposphericincrease in the percentage contribution made by band 6) un-
species (€.9/1,0,) when they >80°. til 9=80°. For6>80° the contribution made by band 4 at this
An optimalization of the band settings for low sun is lim- particular altitude starts to increase again due to the spheric-
ited by the requirements that the scheme should calculatdy of the Earth’'s atmosphere. At these geometries the path
height resolved/ values for a diverse range of species over length of the direct beam through the ozone layer decreases

3.4 Selection of the band limits
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Fig. 9. The percentage contributions made by each spectral band for the calculaf@n@t)lD andJgrno, at 5 and 65 km using the band
method. These contributions were determined using the original band settings taken from Landgraf and Crutzen (1998). The total ozone
column was scaled to 300 DU and a ground albedo=5%.

with an increasing solar zenith angle. In turn, the relativetested and the resulting errors in thlievalues assessed to
amount of radiation is shifted towards shorter wavelengthsdiscern whether any significant reduction in errors occurred
which increases the contributions made by bands 4 and Scompared to the original band settings. A limitation was
As a result, there is a corresponding decrease in the percentsund to exist in the choice of band limits for band 4 due
age contribution made by band 6 i@, (—O'D). The ac- to many of the species in the tropospheric subset exhibit-
tual percentage contributions are weighted by the absorptioing strong absorption in the spectral range covered by this
characteristics of moleculargO For Jgno, @ Similar effect  band. Therefore, the resulting errors for such species were
is observed near ground level, where the contributions fromvery sensitive to where the limits for this band were placed
bands 1 through to 5 are screened out meaning.#b, on the spectral grid. For bands 5 to 8 it was found that the ac-
is principally determined by the contributions from bands 6 curacy of the method was increased by shifting the band lim-
through to 8. The optimialization of the band limits is ham- its andx (i) towards the visible end of the spectrum, although
pered by such height dependent contributions from different, (8) max remained unchanged. This procedure was performed
bands, meaning that large associated errors maybe easily ifier the zenith angle rangeés=72—-85 and9=85-93, result-
troduced into the/ values in either the stratosphere or tropo- ing in parameter grids A and B, respectively (see Table 1). A
sphere if one does not assess the error throughout the entiiterion used for the selection of the optimal band settings
column. was that the errors introduced by the band approach should
not be greater thar:10% for the majority of the chemical

For the determination of the band parameterstfoi72®  gpecies. Additionally, the errors should decrease compared

various combinations oh(i)min, A(i) and A(i)max were
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to those obtained using the original band settings for almostions att=80 and assuming an albedo of 5%. These profiles
all of the chemical species. These grids were used for the calwere calculated using the “final working version” of the pho-
culation of allJ values listed in Table 3, with the exception of tolysis scheme in conjunction with the original band settings
Jno, for the specified ranges 6f For Jyo contributions are  (cf. Table 1). Figures 10b and e show the resulting errors as
only made for a few of the wavelength bins in band interval for the stratospheric and tropospheric chemical subsets com-
1 (Allen and Frederick, 1982) which were summed explicitly pared with reference model B, respectively. The saw-tooth

outside of the band limits

4 Assessment of the performance of the modified band
approach

In this section we assess the performance of the band a
proach using the optimalized band settings (grid A and B in
Table 1) and compare the resulting errors with those calcu
lated using the original band settings. A range of atmospheri
conditions have been chosen which are thought to cover th
most important cases found in a CTM. The chemical subset
defined in Table 3 are used for this purpose. Moreover, fo
further brevity we limit the discussion below to the errors
introduced when using a “final working version” of the mod-
ified band approach. This “final working version” was the re-
sult of several upgrades made to the fully explicit code driven
by the need to remove the most computationally expensiv
interpolation steps. Therefore, a look-up table for the tem-
perature dependent absorption parameters (namelyd ¢
values) was produced using a resolution &€ ®ver the tem-
perature range 180—340 and indexed using the temperature
of each atmospheric layer. Various look-up tables with dif-
fering resolutions between 1-I0 were tested (not shown)
and the 8C resolution found to be both accurate and con-
cise. Comparisons are made versus a version of the mod
which calculatesFact explicitly for each wavelength bin of
the working spectral grid of Bl and Crutzen (1988), with-
out the use of a look-up table for the temperature depende

It should be noted that both the “final working version” and
reference B both use either PIFM-KY or PIFM-PS to cal-
culate F¢t values for ranges of above and below=85",
respectively. As a result, the following comparison pertains
to the cumulative error introduced by both the modified band
method and by the use of offline look-up tables foréhand

¢ parameters.

4.1 Clear-sky and aerosol free conditions

4.1.1 Errors fog=72-85

c

S
r

&

e

feature, which is evident in the error diagrams for certain
species, is due to the use of the look-up table for the tem-
perature dependemt values (cf. the smooth error profiles
which exist for species that have no temperature dependen-
cies). The corresponding errors when using grid A are shown
in Figs. 10c and f, respectively. By comparing the appropri-
ate figures it can be seen that the application of grid A leads
to substantially lower errors for both chemical subsets, espe-
cially for BrO, CFC12, HCHO and pD>, where the error is
approximately halved. It should be noted that the increase in
ﬁwe associated error for bothy,o and Jcrci2 below 40km
relates ta/ values that are very small which tends to amplify
the error introduced by small differences.

Figures 1la—h show the resulting contour plots for the
variation in the error budgets with respect to incident zenith
angle when using both the original and modified band ap-
roaches. The corresponding contour plots for the tropo-
Spheric chemical subsets are shown in Figs. 12a—p, respec-
tively. To aid comparison the results obtained using both
band settings are placed side-by-side. By comparing these
figures it can be seen that there are substantial reductions in
the errors obtained using the modified version of the band
approach for both of the chemical subsets. For the strato-
spheric subset only a small selection of the chemical species
gre shown, with the other species having associated errors
of +3% for both the original and modified version of the
approach (although a reduction in error is always observed
L{sing grid A). For those included in Fig. 11 all errors are be-

: ow 10% for the first 50 km of the column across the entire
absorption parameters (hereafter referred to as reference B

ange of incident, with the exception oficpci2 For this
case the error drops substantially in the middle atmosphere
due the use of the scaling ratio for band 1 (the band limits
are identical for bandl between the original grid and grid A
— see Table 1). Itis also interesting to note that for the origi-
nal band settings as the incident zenith angle increases some
chemical species exhibit a reduction in the associated error
as the contributions by each band to the tdtaalue change
(e.g.Jsro, Fig. 11e).

For the tropospheric subset the resulting errors are larger
for the bottom 25 km of the column, especially for the orig-
inal band settings. The zenith angle at which the associated

In this section we investigate the performance of the modifiederrors show a significant increasefis82°, with the excep-
band approach under clear sky conditions over the range dfion of Jyo, (Fig. 12c). This is due to an over-estimation of

©#=72-85 using grid A and present errors for certain species
chosen from both the stratospheric and tropospheric subse
of chemical species.

Figures 10a and d show the typical variation/irvalues,

the band contribution made by band 4 to the fidabalue
tghen using the original method, as a consequence of a large
8; value (i.e. lowFyps See Sect. 3.3) in conjunction with the
use of non-optimal band parameters. The most dramatic re-

with respect to height, for both the stratospheric and tropo-duction in the associated errors occurs due to the applica-

spheric chemical subsets, respectively, under clear sky cond

www.atmos-chem-phys.net/6/4137/2006/
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Fig. 10. Typical J value profiles calculated fdi) the stratospheric anl) the tropospheric subsets of chemical species=80° using a

ground albedo=5%. The associated errors introduced by using the “final working version” of the code are also shown for the stratospheric
subset when adoptin@) the original band settings as taken from Landgraf and Crutzen (1998ca@did A. All comparisons are made

against reference model B. Plate3and(f) show the corresponding information for the tropospheric subset.
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Fig. 11. The variation in the error budgets associated withxh&lues calculated using both the original and modified band approaches for
(a) N2O, (b) Cl20,, (c) BrO and(d) CFC12, with respect to the incidefit Comparisons are made against reference B. Plots are shown for
a clear-sky scenario, where the total ozone column was scaled to 300DU and a ground albedo=5% adopted.

comparing Figs. 12a and b (i.e. the reduction in error duetween +£10-20% for the lowest 10km, see Fig. 12b) the

to the use of grid A alone is limited t&-10%). Although

maximum error drops by an order of magnitude. A simi-

some error is still introduced by applying such limits (be- lar reduction in the error budgets is also observed for HNO

www.atmos-chem-phys.net/6/4137/2006/
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Fig. 12. The variation in the error budgets associated with£halues calculated using both the original and modified band approaches for

@ 03—>01D, (b) NO2, (c) N2Osg and(d) HoOo, with respect to the incidedt Comparisons are made against reference B. Conditions are
identical to those described for Fig 11.

and HNG;. However, the application of the limits across all band method for species such agQd due to the character-
species results in a decrease in the accuracy of the modifiedtic absorption properties exhibited within particular bands
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Fig. 12. Continued. The variation in the errors associated with/tlvalues calculated using both the original and modified band approaches

for (a) HNOg3, (b) HNOy4, (c) HCHO—HCO+H and(d) HCHO— CO+H,, with respect to the incidert. Comparisons are made against
reference B. Conditions are identical to those described for Fig. 11.

(not shown). Therefore, fof<85°, the use of such lim- for which a significant reduction in errors is observed due to
its should be selective and tests made for each particulathe application of such limits are highlighted in red in the
species included within the photolysis scheme. The speciesomprehensive list of photolysis reactions given in Table 2.
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Fig. 13. The variation in the errors budgets associated witralues for(a) OCIO, (b) Cl»05, (c) CINO3, and(d) BrNO3 with respect to
incidento for a clear-sky scenario using grid B. Comparisons are made against reference B. Results are shown for&dh8%af@eusing
the PIFM-PS solver. Conditions are identical to those described for Fig. 11.

The sensitivity of the band method to the valuesraind rates. Therefore, it should be noted that any future updates
¢ can be elucidated by comparing Fig. 12a with Fig. 5 in may affect the absolute values of the associated errors pre-
Landgraf and Crutzen (1998). Here, the associated errorsented here.
calculated for/o, (—O'D) are approximately double those  The effect of ground albedo on the resulting errors was
shown in the original investigation using the original band tested for those photolysis rates which are most important
settings when no limits are applied to the scaling ratio. Thisnear to the ground, as this is where the largest perturbation
arises from updating the method in whighis determined  of the radiative flux occurs due to enhanced reflection. For
(where the temperature dependentalues originate from  all instances the surface was assumed to behave as a Lam-
Molina and Molina (1986) in both cases). The original quan- pertian Reflector. It was found that the performance of the
tum yield was taken from the study of Talukdar et al. (1998), modified band approach is fairly robust across the range of
whereas the one adopted here was based on the recommengfiound albedos from 0.01 through to theoretical maximum
tion of Matsumi et al. (2002), which is a critical synthesis of of 1.0, and, in general, the errors remain rather constant for
many independent studies. This update leads to substantighe chemical species contained in the tropospheric subset.
differences especially in the contribution made by the fourthTherefore, it can be concluded that the modified band ap-
band toJo, (—O'D) and, more importantly, the contribu- proach can be used with confidence over a diverse range of
tion to the total/ value made by each wavelength bin (not reflecting surfaces.
shown). From this it maybe concluded that the errors asso- Fipally, as a means of testing the sensitivity of the band
ciated with the band method are critically dependent on thenethod to the variation in the total overheag @Ilumn (i.e.
input parameters used to determine the individual photolysigyptical depth) duplicate calculations were performed using

Atmos. Chem. Phys., 6, 4134461, 2006 www.atmos-chem-phys.net/6/4137/2006/
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Fig. 14. The variation in the error budgets associated with.thealues calculated using the modified band approach with grid A in the
presence of tropospheric aerosol faj O3— 0D (b) HNO3 (c) HNO,4 and (d) HCOH with respect to the incidet Comparisons are

made against reference B. The contouring used is identical to Fig. 12 to aid comparison. All other conditions are identical to those described
in Sect. 4.2.

various scaling factors of between 250—400 DU (not shown).PS (i.e. an increase ifiapg, a further set of limits for the
No significant change in the distribution of the associated er-; ratios are defined fa#>85° as given in Table 4. For the
rors compared to those shown for 300 DU were observedtropospheric subset of species, the valuesHgy become

indicating that the performance of the band method is robusso small near the surface that the resultihgalues become

over a range of atmospheric conditions. rather unimportant when considering the diurnally integrated
rates. Thus, we limit the following discussion to the errors

4.1.2 Errors fo9=85-93 associated with the stratospheric subset of chemical species
calculated when using grid B, in conjunction with the PIFM-

For solar zenith angles85°, the magnitude of théactval-  PS solver. Figures 13a—d show the resulting errors calcu-

ues in the middle and lower layers of the atmosphere (betated forJ values over the rangg=85—93 for a select num-

low 50 km) are essentially governed by the diffuse radiationper of species from the stratospheric chemical subset thought
i.e. the Faps contribution becomes very small. As with so- to be the most important for polar chemical ozone deple-
lar zenith angles<85°, this has unwanted numerical conse- tion at such high incident angles (Lamago et al., 2003). For
quences in terms of large values for theratios calculated  the rangen=85-90 a resolution of 1 is used, after which

for bands 2 through to 4, which results in Unrealistica”y Iargea finer resolution of 05is adopted to provide more infor-

J values. Therefore, a limit for the scaling ratios was againmation betwee®=90-93. The associated error budgets are

applied to the bands 2 through to 4 betw&e85-93. Due  generally below 10% above 30 km altitude, except where the
to differences in the radiation field as a result of using PIFM-

www.atmos-chem-phys.net/6/4137/2006/ Atmos. Chem. Phys., 6, 4181-2006
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shadowing effect of the earth begins to reducefhg com- budgets is again minimal, meaning that no significant differ-
ponent to such an extent that the application of limits to theences exist compared to the error contours shown in Fig. 14.
scaling ratio is needed. This subsequently introduces larger

errors of between 10-30% at 20-30km. Moreover, the ap4.3  Cloudy atmosphere

plication of grid B leads to a substantial reduction in the as-
sociated errors compared tbvalues calculated with both
the original grid and grid A (not shown). Although it is pos-
sible to calculate/ values with PIFM-PS up to an incident
zenith angle of 95 (see Sect. 3.2), the small values of both

The final analysis presented in this paper focuses on effects
of cloud on the error budget of the modified band approach.
For this purpose we consider a model atmosphere with two

7 dF tinl being introduced at | cloud layers each having 100% cloud coverage at 1-2km
gctaer;_g??fresu_ '.T arge errorf tﬁlng w(;_ro ucedabang els and 7-8 km with optical densities of 24.9 and 38.3, respec-
abover= or similar reasons o Inose discussed above. ntively. The aerosol loading is prescribed as in Sect. 4.2 but

]taCté a S;ggflcant de%rad?r':!orll_m{hehpelr;ot;manci cgn bﬁ S€€lle assume that the relative humidity within the cloud layers
or o>32.5, suggesting this imit should be applied Online. o o5 satyration (98%). Due to the increase in relative hu-
Moreover, many of thg values become so small under such

. : . midity in the cloud layer the aerosol optical depth increases
conditions that the computational expense of performing theto 0.52 at 550nm. Such conditions pertain to the type of
calculation is often not warranted.

scenarios commonly encountered in a CTM. For the tropo-
spheric species the effect of cloud on thealues is similar

4.2 Clear-sky with tropospheric aerosol to that shown in Landgraf and Crutzen (1998), and is briefly
summarized here. The attenuation of light directly above the

In global CTMs clear-sky conditions almost never exist due Nighest cloud layer (at 7-8 km) causes a substantial increase
to the ubiquitous presence of aerosols, liquid water clouddn the magnitude of the values at the cloud top~(50%).
and ice water clouds (with the cloud fraction, liquid water This amplification gradually disappears with altitude until
content and ice water content usually being defined by th¢n€/ values are approximately equal to clear sky conditions
meteorological input data). The effect of both clouds and@t ~20km altitude. There is a corresponding decrease di-
aerosol on atmospheric processes via the perturbation of thiectly below the cloud layer{20%), which again gradually
radiation field has been extensively discussed in the literadisappears at altitudes of 2-3km. The lower cloud layer ef-
ture (e.g. He and Carmichael, 1999; Haywood and Boucherfectively screens the lowest layers resulting in Qecreages in
2000; Tie et al., 2004). Here we investigate the effects thafNe certain/ values of upto~80%. Those species which
aerosol particles have on the error budgets associated withPSOrb below. <320 nm are the most affected due to the im-
the J values calculated with the modified band approach. FoPortance of enhanced scattering in the UV spectral region.
brevity we only present the results calculated using grid Afor  Figure 15 shows the effect both cloud and aerosol has on
a few species selected from the tropospheric subset, whickhe error budgets associated with thealues calculated for
are thought to be the most sensitive. The simulations aréhe chemical species shown in Fig. 14. Although there is a
performed using rural aerosol for the lowest 4km and ‘back-re-distribution and, in some instances, a change in the asso-
ground’ aerosol for the rest of the model atmosphere. Theciated error budgets for a few of the species shown the result-
particle number density of each layer was scaled such thaing errors are generally still withig 10% in the lower 10 km,
the integrated optical depth due to the aerosol column wagven though the optical density of the column increases sig-
0.32 at 550 nm, in line with the settings chosen in Landgrafnificantly. Moreover, it should be noted that this result per-
and Crutzen (1998). Figure 14 shows the effect of aerosotains to a worst-case scenario of 100% cloud coverage. In a
loading on the error budgets associated withihalue pro-  CTM the majority of grid cells have smaller cloud fractions
files calculated for @>0OD, (b) HNG3, (c) HNOs and (d)  and thus, smaller changes in the associated errors compared
HCOH. For this purpose comparisons are made against to the full-cloud scenario. It should be noted thatfor85°
value profiles calculated using reference model B. Comparclear-sky conditions are assumed in PIFM-PS during the RT
ing these contour plots with the corresponding plots given incalculations due to the numerical instability introduced in the
Fig. 12 shows that the contouring is approximately the samdower layers for combinations of long slant paths and layers
for these chemical species. Therefore, the additional absorpwith high optical depths due to abnormally higluntvalues.
tion and scattering introduced by tropospheric aerosol does Figure 16 shows the corresponding results for the strato-
not result in any significant degradation in the performancespheric species included in Fig. 11. Comparison of these
of the modified band approach. plots shows that the effect of the increase in upwelling ra-
For the “urban” aerosol, as defined by Shettle and Fenrfliation is rather insignificant. However, it should be noted
(1979), which exhibits a higher absorption component thanthat theJ values for more sensitive species (e.g.NGan
the “rural” aerosol, there is a larger reduction in theval- ~ be altered by this effect (not shown).
ues for the bottom layers compared to those obtained using In summary, no significant degradation in the accuracy of
“rural” aerosol (not shown). However, the effect on the error the band method occurs for cloudy conditions for chemical
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Fig. 15. The variation in the error budgets associated with thealues calculated using the modified band approach with grid A in the
presence of cloud and aerosol {a) O3— oD (b) HNOj3 (c) HNO4 and(d) HCOH with respect to the incideAt Comparisons are made
against reference B. The contouring used is identical to Fig. 12 to aid comparison. All other conditions are identical to those described in
Sect. 4.2.

species which are photolytically important for both the tro-  For the zenith angle range=72—8%, the additional strato-

posphere and the stratosphere. spheric species generally exhibit a reduction in the associ-
ated errors above 30km using grid A for clear-sky condi-
tions compared with the original method (namédy,o,n0,,

5 Further discussion Jerci, Jerci1a JeHscls JehsBr JHoct and Juogr). Below
_ _ this height there is an increase in the associated error for most
5.1 Other chemical species of theseJ values, although in many instances thevalues

are unimportant at such low altitudes. For the additional tro-
For the J values calculated for the additional chemical pospheric species, again, a reduction in the associated error
species to those listed in Table 3 there are correspondings gbserved fOUCH,CO, JCHsCOCHO: JCHsCOCHs» JCHsCOOH:
improvements in the accuracy of the modified band methOdJPAN and both channels QtNO;:,- The most dramatic reduc-
using both grids A and B compared to the original default tions in error occur for those species which exhibit large con-
settings. These remaining species includesOBH, PAN,  tributions from band 4 (e.g. G3€OCHs). Another notable
CH3CHO, CHCOOH, CHO2NO,, CH3Cl, CHzBr, HCI,  example is the photolysis of NQwhich falls to£3% in the
CFC11, CFC113, HOCI, HOBr, G#€OCHO, CHCOCH;  |owest 10 km compared te5-10% obtained using the orig-
and NG and may be sub-divided into those species whichinal band settings. The only exception to this trend is a small

are photolytically important for either the troposphere or theincrease in error forgs (—O3P) (reaching~8% compared
stratosphere.
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Fig. 16. As for Fig.15 except plots are shown f@) N»O, (b) Cl>0o, (c) BrO, and(d) CFC12 with respect to the incideftfor the middle
and upper atmosphere.

with ~3% for the lowest few layers of the atmosphere). purely on the troposphere, where the photolysis of species
For scenarios which include cloud and aerosols, there arguch as, for example, the CFC’s angQare not important,
similarities in the change in the distribution of the error bud- then modifications could be made to the approach (e.g. the
gets as those discussed in Sect. 4.3. Associated errors of beemoval of band 1). It should be noted that for any addi-
tween 5-10% exist from 0—25 km for all the additional tropo- tional species the associated error depends on which bands
spheric species excepén,co, which has similar band con- contribute to the final/ value. Chemical species with ab-
tribution as forJo, (—O'D) and thus exhibits an increase sorption maxima at>305.5 nm will have rather small asso-
in the lowest layer a#=82. For the additional stratospheric ciated errors, such as e.g. dimethyl sulfide (DMS). Moreover,
species there is only a minimal effect on the associated error§ew values for the photolytic parametess @nde,) can be
compared to the clear-sky scenario discussed above, similasily implemented into the scheme due to the transparent

to the differences shown between Figs. 11 and 16. nature in which the scheme has been designed (i.e.) by sim-
ply updating the look-up table by interpolating the updated
5.2 The feasibility of future updates values onto the working grid.

The application of the pseudo-spherical approximation to
The photolysis scheme presented here has been specificaltiie two-stream method adopted in this work for high zenith
designed to calculate height resolvédralues for chemical angles should be considered to be a pragmatic way in which
species which are photolytically important to the chemicalto improve twilight photolysis rates when the use of more
composition of the troposphere and stratosphere. Thereforesomplex RT solvers is not feasible. The band approach has
if one wished to use such a scheme for a model which focusea limitation in that the performance depends on the use of a
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relative fine spectral grid. In order to allow the online use For >85> we have made use of a pseudo-spherical
of an 8-stream solver in a 3-D CTM requires one to adoptextension of a two-stream radiative transfer solver, PIFM
a much coarser spectral grid (Bian and Prather, 2002; TigZdunkowski et al., 1980). This results in a significant re-
at al, 2004). However, in atmospheric models which haveduction in the errors as compared against a full spherical ref-
lower computational overheads, the modified band approaclkerence model. The errors on the resultihgalues are gen-
adopted here could be used in tandem with either a 4- or 8erally of the order ot:2% for the middle and upper atmo-
stream solver which would reduce the error contribution duesphere. These increase uptd0% below 20 km for certain

to the solver. Moreover, considering that computational re-species (notably ®and HNQ,) although the magnitude of
sources are increasing, it should be feasible to make this stepuch rates at these high zenith angles is so small that the ef-
in large global transport models at a future date, dependindect of such errors on the chemical tracer fields is minimal.
on the allocation of the total run-time to the different pro- For the band method we have introduced modifications

cesses occurring in the model. which significantly improve the accuracy of the approach,
these being: (i) the use of limits on the scaling ratios used for
5.3 Analysis of efficiency the calculation of the/ values, (ii) the use of a scaling ratio

for the far UV (band 1) which accounts for the reduced direct

In order to provide some idea of the efficiency of the modi- flux fqr 0_>72° and (iii) the definition of two additional sets
fied band approach we have analysed some typical runtime@f OPtimized band parameters (for the threshaldg2-85
obtained using the “final working version” for a variety of andé=85-93, respectively) B

different zenith angles, where comparisons are made against I" 9eneral, the errors introduced by the modified band
reference model B. Fof <85 the runtime decreases by Method are in the region a£10% or lower over the range
~70%, where~15% is due to the use of a look-up table for 0=72-85 for species relevgnt to _both the troposphere and the
the temperature dependent absorption properties and the rélratosphere. This dramatically improves the performance of
maining~55% is due to the use of the band approach. Forth€ band method compared to the original approach, espe-
0>85° the associated decrease in runtime falls87% asa  cially for species such asgand HNG; in instances where
consequence of the increase in the computational burden if€¢>80". For instances where>85", the effects of spher-
troduced by calculating the effects of sphericity on baggs /€@l geometry on the direct beam are accounted for, in con-
andFae. Moreover, comparing two runtimes for calculations junction with the use of a characteristic set of band parame-

performed using the band approach at zenith angles aboViers and limits on the scaling ratios for bands 2 through to 4,
and belowd=85 reveals that there is an increase in run- Which results in associated errors to be of the order of 0-10%

time of ~200%. A large fraction of this increase originates P&tween 30-80 km for many important stratospheric species.
from the method used to calculafys during the calcula- The associated errors increase with the incident zenith angle

tion of Japsacross all wavelength bins of the working spectral due to the loss of the direct beam in the middle atmosphere.
grid, rather than from the calculation &fcin the PIFM-pS ~ However, many/ values become so small in these layers for
solver, which only needs to be performed for 8 wavelength_h'gh zenith angles that this increase in error does not have
bins. This highlights the reason why the use of the spheric!/MPortant consequences.

ity component should be limited to instances where there is Finally, we have tested the performance of the modified
a substantial improvement in the resulthgalues (i.e.) for ~Pand method in the presence of both cloud and aerosols, and

#>85°. In summary, the use of the “final working version” OVer & wide range of ground albedo’s and total overhegd O
results in significant reductions in the computational effort c0lumn densities, and subsequently shown that the method is
needed for the calculation of height resoledalues for the ~ POth robust and accurate over a range of conditions typically
entire range of zenith angles used in this study. found in the atmosphere.
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