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Abstract. A flexible and explicit on-line parameteri- nitrogen oxide emissions. Monthly mean total columns of
zation for the calculation of tropospheric photodissocia- nitrogen dioxide and formaldehyde also compare more fa-
tion rate constants/fvalues) has been integrated into the vorably against OMI and SCIAMACHY total column obser-
global Chemistry Transport Model TM5. Here we pro- vations.

vide a comprehensive description of this Modified Band Ap-
proach (MBA) including details of the optimization proce-
dure employed, the methodology applied for calculating ac-
tinic fluxes, the photochemical reaction data used for each
chemical species, the aerosol climatology which is adopted . L o
and the parameterizations adopted for improving the descrip--rmpOS'F_)herIC cor_nposmon IS p_rmmpally governed b_y pho-_
tion of scattering and absorption by clouds. The re.'suItingtOChem'C"JlI reaction cycles _Wh'Ch generate fre_e-rgdlcal .l
J-values change markedly throughout the troposphere Whef\iants (e.g. _the hydroxyl radical, QH) that gxf_ubﬂ high chem-
compared to the offline approach used to date, with signifi-'cal reactivity and, thus, determine the lifetime of harmful

cant increases in the boundary layer and upper tropospher@pnmams emitted from the Earth’'s surface (e.g. Lelieveld

Conversely, for the middle troposphere a reduction in the®t al., 2002). Therefqre the performance Of_ any Iarge-scal_e
actinic flux results in a decrease ihvalues. Integrating model used for studying atmospheric chemical processes is
effects shows that application of the MBA introduces Se(,j\_critically sensitive to the accuracy with which the intensity of

sonal dependent differences in important trace gas oxidant&homlysmg light is calculated, and its subsequent variability

Tropospheric ozone (§) changes by:10 % in the seasonal with altltude,.lautije, longitude and season. Lo
mean mixing ratios throughout the troposphere, especially 1€ spherically integrated flux of photons at any point in

over land. These changes and the perturbations in the photoll® atmosphere is commonly known as the (spectral) actinic

ysis rate of @ induce changes af15 % in tropospheric OH. flux (Eact) and is deper_ldent on the absorption and scattering
In part this is due to an increase in the re-cycling efficiencyOf incident solar rad|at|qn by gaseous molgcules, cloud_s and
of nitrogen oxides. The overall increase in northern hemi-2€r0Sols. The penetration depth of any given photon is de-
spheric tropospheric ozone strengthens the oxidizing Capa(;_errn_lned by the incident angle at which the extra.-terrestrlal
ity of the troposphere significantly and reduces the lifetime Sunlight enters the top of the atmosphere (TOA) i.e. the so-

of CO and CH by ~5% and~4 %, respectively. Changes lar zenith angle (SZA9). The subsequent fate of the pho-

in the tropospheric CO burden, however, are limited to a fewton is determined by absorption and the extent of single and
multiple scattering. Any chemical specié$ Which exhibits

percent due to competing effects. Comparing the distribu- ; . )
tion of tropospheric ozone in the boundary layer and middlePhotochemical activity has a characteristic wavelength (

troposphere against observations in Europe shows there afiéPendent absorption cross sectiop)( The efficiency at
improvements in the model performance during boreal win-Wwhich that chemical species is photochemically destroyed is

ter in the Northern Hemisphere near regions affected by higf€termined by its quantum yielg,), which may range from
0-1 for any particulaik. Both of these molecular properties
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16 J. E. Williams et al.: The application of the Modified Band Approach

may be dependent on the pressure and temperature of thecluded in the chemical scheme, outline the modifications
surrounding air. The resulting photodissociation rate con-which have been made in order to optimize the calcula-
stants ;) are calculated by integrating the productig;, tions for the troposphere and give a brief description of the
o; and¢; across all wavelengths for each respective chem-model set-up. In Sect. 3 we compare thealues calculated
ical species that is photochemically active, as described irwith the on-line scheme againgtvalues calculated with the

Eq. (1): offline parameterization currently employed in TM5-chem-
v3.0 (hereafter referred to as TM5) based on the Band Ap-
Ji= / 0i (L) @i (A) Fact(A)d A 1) proach (BA) developed by Landgraf and Crutzen (1998) and

expanded according to Krol and van Weele (1997). In Sect. 4
The calculation of the photodissociation rate constahts we show the resulting perturbations in the seasonal distribu-
(hereafter referred to ag-values) requires the application tions of dominant trace gases and the OH radical and exam-
of a spectral grid upon which the necessary photolytic in-ine the annual chemical budget terms to quantify how the
put parametersHacy, o, ¢;) are binned. It has previously on-line scheme alters the dominant chemical cycles impor-
been shown that such spectral grids need to have a resoltant for the troposphere. Both model versions are compared
tion of ~1 nm around. = 300 nm and contain a minimum of to a set of benchmark observations that was also used in Hui-
100 individual spectral bins in order to provide an accuratejnen et al. (2010a). In Sect. 5. we discuss the implications of
description of tropospheri¢-values (Madronich and Weller, applying the new approach in TM5 for the oxidizing capac-
1990). Moreover, the speed and accuracy with whigk ity of the troposphere and finally, in Sect. 6, we provide an
is calculated is dependent on the number of “streams” (scateverall summary of the new TM5 model version with on-line
tering directions) adopted for determining the solution to thephotolysis.
radiative transfer equation, which commonly ranges from 2
to 32 streams subject to the particular application. In gen- .
eral J-values typically increase with respect to height due2 ©n-line model set-up
E?OJ:; reduction in the total integrated optical depth (.OD)%_1 The Modified Band Approach

pressure, less aerosols and clouds). The calculation 0

J-values can be prohibitively expensive in large-scale atmo—rne method of calculating troposphericvalues on-line

spheric models which need to be run over decadal timescale§ pased on the Modified Band Approach (MBA) devel-
at high resolution, necessitating the use of either efficient pabped for stratospheric CTMs and Chemistry-Climate Mod-
rameterizations or offline look-up tables (e.g. Law and Pyle, g (CCMs) and has been comprehensively described in

1993; Brasseur et al., 1998). Most large-scale global 3-Dyyjjiams et al. (2006), where a full error analysis of the
Chemistry Transport_ModeIs (CTMSs) use_d for tropospheric .,y gified approach is also provided. The MBA is an up-
studies adopted offline approaches until around a decadgaieq version of the BA originally developed by Landgraf

ago. More recently the significant increase in.computing r€-and Crutzen (1998). To date the BA has been used for cal-
sources has allowed on-line schemes to be implemented 'Eulating tropospheric/-values in a number of large-scale

order to improve model performance_(e.g. Voulgaraikis etal.,cTMs and CCMs (e.g. von Kuhlmann et al., 2008¢Kel
2009). One example of such an on-line approach is the Fask; 51 2006: Huijnen et al., 2010a). One major advantage of
Tropospheric-Ultraviolet-Visible (Fast TUV) method which o \Ba over the BA is the on-line radiative transfer calcu-
uses a spectral grid containing 17 wavelength bins in conya4ion ysing the absorption and scattering components intro-

junction_with an 8-stream radiative trai’isfer solve_r, Whereduced by gases, aerosols and clouds at each specific model
the application of pre-calculated correction factors is needeqg,q| (Williams et al., 2006). For computational efficiency

to maintain accuracy (Tie et al., 2003). Another examplei,o ga typically requires the use of off-line look-up tables

of an efficient on-line sch_eme is the Fast-J method of W'Idcontaining pre-calculated scaling ratids)((see below) us-

et al. (2000). Such on-line approaches have been showpg 4 standard atmosphere, where the ratios are subsequently

to allow a better description of the influence of clouds and;,qeyed with respect to temperature, pressure and total opti-

aerosols on troposphericvalues (e.g. Liu etal,, 2006). 4| depth. The explicit nature of the MBA increases the flex-
In this paper we provide a comprehensive description ofiyijity of the approach compared to the BA in terms of updat-

the implementation of the on-line photolysis scheme devel-ing molecular absorption properties-¢aluesip-values) and

oped by Williams et al. (2006). This scheme is flexible as e aqgition of news-values into CTMs. The parameteriza-

it avoids the use of implicit parameterizations and has beenjqng i the BA for the effect of clouds, overhead ozone and

tailored and optimized for use in tropospheric CTMs and g, tace albedo (Krol and van Weele, 1997) are also no longer

regional air-quality models. In Sect. 2 we briefly describe ,seq Other improvements pertain to instances of large SZA,

the implementation of the approach in the 3-D global CTM \ere additional constraints and spectral band limits are ap-
TM5-chem-v3.0 (Huijnen et al., 2010a), give details of the plied (see below).

most recent absorption cross sectiomsvalues) and quan-
tum yields ¢-values) selected for each photo-active species

Geosci. Model Dev., 5, 1535, 2012 www.geosci-model-dev.net/5/15/2012/



J. E. Williams et al.: The application of the Modified Band Approach 17

The spectral grid applied in the MBA is a truncated ver- reasoning behind this approach and the subsequent thresh-
sion of the grid defined in Bihl and Crutzen (1988) forthie  olds applied for calculating’apg. This constraint ensures
range of 202—695 nm. It contains 122 individual spectral binsthat erroneously high; values are not used for instances of
of varying resolution (from 0.2nm at=300nm to 5nm  low sun, where the direct component of the incident flux be-
at A =600nm). Following the approach outlined in Land- comes close to zero. Thé-value calculated for a purely
graf and Crutzen (1998) these spectral bins are subsequentibsorbing atmospheré4,9 is scaled using the respecti§e
grouped into 7 separate absorption band intervals for use inalues and the contributions are summed across all band in-
the approximation, thus: 202.0-241.0nm, 241.0-289.9 nmtervals for the derivation of the final-value (Jx) according
289.9-305.5nm, 305.5-313.5nm, 313.5-337.5nm, 337.540 Eq. (3):
422.5nm and 422.5-695nm. These band intervals were
chosen in order to minimize errors in the finélvalues Jx=zfiabs<3i 3)
(Landgraf and Crutzen, 1998). The spectral range of the grid i
is constrained by the values of ozone (§). Due to the
efficient screening of photons &t 202 nm by gaseous oxy-

gen (@) and G, the absorption band in the MBA associated t1,q yertical slant column (i.e. the distance traveled through
with the far UV spectral region (179-202 nm) can be |gn0redthe atmosphere by any photon) at each model level is calcu-

during the calculation of troposphericvalues. lated using the method outlined in Madronich (1987). For
A second set of band intervals are used between SZA valy, Rayleigh scattering component due to air, the cross-
ues of9 = 7_1_83 (hereafFer referred to as the Iargezvave- sections are calculated following the empirical approach of
length grid intervals), Wh'Ch have been shown t_o_lmprove theNicolet (1984). The scattering optical depth of liquid clouds
accuracy of the approximation at low sun (Williams et al., jg' ¢ajcylated using the parameterization of Slingo (1989),
2006). The large wavelength grid intervals account for the e the parameterization of the relation between effective

diminishing incident radiation in the UV entering the tropo- radius of cloud dropletss) and liquid water content (LWC)
sphere whenever the overhead slant column (path length) i®)llows McFarlane et al. (1992), according to Eq. (4):
large, i.e. atlarge SZA. The effects of refraction due to spher-

ical geometry for SZA- 85 are not included here. Such ,.—11xLWC+4 (4)
geometrical effects are considered not to be important for
global tropospheric chemistry compared to e.g. polar strato- Here et is in pm and the LWC is in gm?, where the
spheric chemistry. LWC is calculated using the ECMWF ERA-interim meteo-
The MBA calculates a full solution of the radiative transfer rological data which is updated every 3h. Constraints are
equation to deriveF¢t for a single pre-defined wavelength placed on the minimunres of 4 um over land and on the
bin that is contained within each of the 7 absorption bandmaximumreg of 12 um for a non-precipitating cloud. Ex-
intervals. Using the asymmetry factors the Mie-scatteringamples of the instantaneous distribution of the partial LWP
components introduced by both clouds and aerosols are a¢tiquid Water Path, i.e. the LWC vertically integrated over
counted for in the calculation ofact using plane-parallel the model layer) andes; are given at 945 hPa and 500 hPa
geometry. Ford < 71° the central wavelengths of these in Figs. Sla and b in the Supplement, respectively. In gen-
bins are 205.1 nm, 287.9 nm, 302.0 nm, 309.0 nm, 320.0 nmeral, smaller cloud droplets exist over the land whereas larger
370.0 nm and 580.0 nm, respectively. Por 71° the larged cloud droplets exist over the ocean, especially in the tropics
wavelength grid intervals are used, with the central wave-between 30S-30 N. This introduces significantly different
lengths of the bins being 209.4 nm, 287.9nm, 302.0 nm scattering and absorption components for any given location.
311.0nm, 326.5nm, 385.0nm and 610.0 nm, respectivelyThe parameterization provides values gf, total LWP, and
Following the original BA the resulting’act values are then  cloud OD (equal to 1.5 LWP/ref) that are within the range
used to produce the correspondifgatios by scaling with  derived for a variety of different marine stratocumulus clouds
the spectral actinic flux in a purely absorbing (non-scattering)over the ocean from e.g. the Advanced Very High Resolution
atmosphereK,p9, according to Eq. (2). Radiometer (AVHRR) instrument (Szczodrak et al., 2001).
Facihi) The cloud fraction in each grid cell is subsequently used to
= (2 weight the scattering that occurs in a typical model grid cell
Faps(2:) during the calculation oF ¢ (see below). For the contribu-
The use of§; is a necessary approximation to allow the ap- tion to the scattering OD from cirrus particles, the parameter-
plication of the MBA in global CTMs, where the direct cal- ization of Fu (1996) is adopted, which is consistent with the
culation of Fa¢t for each spectral bin is still too computation- parameterization used for calculating the of cirrus parti-
ally expensive. At large SZA5; values which are calculated cles in TM5 (Huijnen et al., 2010a). This provides values of
higher up in the column are adopted for the lowest layersscattering OD for cirrus particles which are within the range
of the troposphere, where there is still adequate illumina-observed during a host of different measurement campaigns
tion (see Table 4 in Williams et al., 2006 for details of the (Heymsfield et al., 2005).

2.2 Calculation of the actinic flux (Fact)

i
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18 J. E. Williams et al.: The application of the Modified Band Approach

For aerosols in the boundary layer, either a marine or ru-and clouds) and scattering (gaseous molecules, clouds and
ral aerosol type is prescribed according to whether the landierosols) in the overhead column at each respective model
fraction is >30 % of the total grid cell area, where the op- layer. Partial cloud coverage is accounted for during the cal-
tical properties for each type are taken as defined in the paeulation of F5¢tusing the random overlap approach of Geleyn
rameterization of Shettle and Fenn (1979). Here the influ-and Hollingsworth (1979) using the respective cloud frac-
ence of relative humidity on aerosol size via deliqguescencdions. No spherical effects due to refraction are accounted for
(and thus affecting the amount of Mie-scattering by aerosolskat large SZA. In TM5 the surface albedo for each grid cell is
is accounted for, although no interaction with cloud liquid a composite of the various land-types contained within each
droplets (scavenging and washout) is included. Thereforegrid cell calculated according to Eq. (5):
in the version of TM5 used in this study the aerosol profile )
is fixed throughout the simulations i.e. the aerosols are nof\lPedo=Fract(ocean x 0.05+Fract(seaice) x
transported. At higher altitudes (above the boundary layer)0.7+ Frac(baresoil) x 0.05+ Fract(desert x 0.1+
and at the poles a free tropospheric aerosol type is prescribegract (vegetation x 0.01+ Fract(snow x 0.7 5)
throughout the column which exhibits less absorption and
higher scattering. However, a major advantage of the ex- The values for the spectrally independent albedo for the
plicit nature of the MBA is that there is also the possibility different surface types are chosen from the database of
of including varying aerosol optical properties from realistic Koelemeijer et al. (2003). The fraction of sea-ice per
aerosol distributions e.g. as provided on-line in TM5 by thegrid cell originates from the ECMWF ERA-interim me-
M7 aerosol scheme (Vignati et al., 2004; Aan de Brugh etteorological data. Seasonal composites of the surface
al., 2010) or observational data sets provided off-line suchalbedo for December-January-February (DJF) and June-
as those released due to biomass burning activity (e.g. vaduly-August (JJA) are shown in Fig. S3 in the Supplement,
der Werf et al., 2006). This coupling of realistic and varying where significant variability exists on land masses in the
aerosol effects in the photolysis rate calculations will be anNorthern Hemisphere (NH) associated with snow cover dur-
important next step in the TM5 model development. ing DJF.

The extra-terrestrial solar spectrum applied at the TOA
was taken from the composite assembled by Dobber e2-3 Absorption cross section and quantum yields
al. (2008) and supplemented with that of Neckel and
Labs (1984) forA > 550 nm. The resulting composite was
then interpolated onto the working spectral grid ofiBrand
Crutzen (1988). No solar cycle is currently imposed on the

The characteristic absorption cross sections/glues) and
guantum yields ¢-values) used for each respective species
have been updated and are given in Table 1 as taken from
TOA flux although variations in the Earth-Sun distance arethe latest recommendations of eithe.r A_tk_inson et al. (2006)
taken into account. or Sander et al. (2011). In total 17 individuaivalues are
The calculation of the SZA in the MBA has been modi- calculated every model time-step throughout the atmospheric
fied to account for the length of the chemical time-step em-column. Compared with TM5 (Huijnen et al., 2010a) there

ployed in TM5, which is typically set at 15 min (Huijnen et 1S the addition of the/-value of G (Jo,) between 202-
al., 2010a). For this an average SZA is calculated using 1/6240 M. Although the penetration depth of photons into the
3/6 and 5/6 of the chemical time-step across the minimumfroposphere is rather limited in this UV range, Prather (2009)
mean and maximum longitudinal limits for the centre latitude

has recently demonstrated that this photolytic process is im-

of each model grid cell. For the BA the SZA is calculated at POrtant for @ production in the upper troposphere (UT) of

the start of each chemical time step for grid co-ordinates lo-{N€ tropics and suggests it should therefore be included in

tropospheric CTMs. Equations (6)—(8) show the additional

cated in the centre of each model grid cell. This leads to ) L . ;
differences in the SZA applied at each chemical time-step>duence of reactions which is included to describe this pro-

between both of the approaches, with those in the MBA typ-C€SS:

ically varying between 1-<3compared to the corresponding O+ hv— O(3P)+0¢P) (6)
values in the BA, depending on latitude and season. Maximal

effects occur at high latitudes, resulting in more grid cells be-o3p) + 0, — O (7
ing photolytically active with the MBA near the poles during

their respective winters, although the correspondinglues  O(P) + 03 — 20, (8)

are rather small. The differences between the SZA calculated

for the BA and MBA for the first hour of 1 January and the ~ The competition for the GP) radical by both NO and

1 July are shown in Fig. S2 of the Supplement. NOs is assumed to be insignificant due to the dominance of
For the calculation ofz¢ values we use the 2-stream ra- molecular G and G between 50-100 hPa.

diative transfer solver of Zdunkowski et al. (1980) known as  For optimization purposes the number of spectral param-

the Practical Improved Flux Method (PIFM). This approach eters declared for each particular species is reduced to avoid

uses the integrated absorption of photons, (Os, aerosols  redundancy with respect to memory allocation (cf. Table 1).

Geosci. Model Dev., 5, 1535, 2012 www.geosci-model-dev.net/5/15/2012/



J. E. Williams et al.: The application of the Modified Band Approach 19

Table 1. Details of the photodissociation reactions calculated in TM5 with the modified band approach (MBA). The number of spectral bins
needed for deriving each respectivesalue as defined by the availability 6f and¢-values are given, where the size of the original spectral
grid of Bruhl and Crutzen (1988) is 142 individual spectral bins.

Photochemical Spectral range  Spectral Reference
reaction of absorption Bins

O3+ hv— O(D) 202-695 122 Sander et al. (2011); Matsumi et al. (2002)
NO> + hv— NO + O3 240.9-662.5 89 Sanderetal. (2011)
H,0o+ hv— 20H 202-350 65 Sander et al. (2011)
HNO3 + hv— OH + NO, 202-350 65 Sanderetal. (2011)
HNOQO4 + hv— HO, + NOy 202-350 65 Sanderetal. (2011)
N2Os+ hv — NO3 + NO» 202-420 72 Sander etal. (2011)
CH»O +hv— CO 226-375 111  Atkinson et al. (2006)
CH,0 +hv— CO + 2HO 226-375 111  Atkinson et al. (2006)
CH300H +hv— CH,O + HO, + OH 202-405 69 Sanderetal. (2011)
NO3 + hv— NOy + O3 403-691 62 Sander etal. (2011)
NO3 + hv— NO 403-691 62 Sanderetal. (2011)
PAN+hv— C>03 + NO» 202-350 65 Sanderetal. (2011)
ORGNTR +hv— HO, + NO3 202-320 60 Atkinson et al. (2006)
ALD2 + hv— CHpO + XOp+ CO + 2HG  202-350 65 Atkinson et al. (2006)
CH3C(0)CHO— C,03 + HOp+ CO 202-493 91 Sander etal. (2011)
ROOH +hv— OH® 202-365 69 Atkinson et al. (2006)
0, — 20@P) 202-245 17 Sander etal. (2011)

Other details? Average ofs-values for 1-GHgONO, and 2-GHgONO, are used? Average ofo-values for CHHCHO and GH5CHO are usedE The J-value for ROOH is set
equal to the/-value of CHOOH due to the lack of data regarding étsvalues.

In order to limit expensive interpolation steps being per- For the emission inventories we employ the present-
formed online, both the temperature dependentand ¢- day anthropogenic inventories from the RETRO project
values are stored in a look-up table that is indexed betweer{Schultz et al., 2007) supplemented with those from the
200-350K at intervals of 5 K. Tests have been performed REAS inventory for the Asian region (Ohara et al., 2007).
with a chemical box-model to ensure that this indexing reso-For biogenic emissions we adopt climatological values for
lution does not lead to any appreciable degradation in the reecean emissions from GEIA (Guenther et al., 1995) or for
sulting J-values. One exception is for thievalue of methyl-  land emissions we use the 12-yr average from the OR-
glyoxal (JmeLy ), where the temperature and pressure depenCHIDEE model (Lathére et al., 2006). Lightning NQemis-
dent¢-values are calculated online using the parameterizasions are calculated using the parameterization of Meijer et

tion given in Sander et al. (2011). al. (2001), where the total annual M@mission introduced
_ is ~5.9TgNyr 1. For the biomass burning emissions we
2.4 TM5 experimental set-up use the Global Fire Emissions Database version 2 (GFEDv2)

) i ) i . 8-day inventories (van der Werf et al., 2006). A spin-up pe-
In this section we provide a brief description of the model ;14 of one year is adopted using the relevant meteorology
set-up adopted for evaluating the performance of the MBA,nq emission inventories for 2005. One further modification
when applied in TMS.  The TMS model has recently been .o mnared with Huijnen et al. (2010a) is that the heteroge-
cpmprehenswely described :ﬁﬂd evaluated against a variety Qfaous conversion of nitrogen pentoxide,(®$) into nitric
different measurements (Huijnen et al., 2010a). We perform, g (HNO3) now uses the variable cloud droplet sizes cal-

simulations using 34 vertical layers at a horizontal resolutiong;|5teq according to Eq. (4) rather than a fixed droplet size
of 3° x 2° and drive the CTM with ECMWF meteorologi- ¢ 8 um as previously prescribed.

cal fields taken from the ERA-interim re-analysis (Dee et al.,

2011). For this study we choose the simulation year of 2006,

identical to that chosen in Huijnen et al. (2010a). Strato-3  Effect of the MBA on tropospheric J
spheric 0zone is constrained by relaxation towards the sonde-

baseq climatology pf Fortuin and Kelder (1998). The strato- o direct comparison oF . values is not possible due to the
spheric @ column is then scaled to the observed monthly- highly parameterised nature of the methodology applied to

mean total ozone columns, which are assimilated from greate the offline look-up tables of thevalues used in the
multi-sensor reanalysis dataset (van der A et al., 2010). BA (i.e. the ratios ofFaciFang. As outlined in Krol and

-values
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20 J. E. Williams et al.: The application of the Modified Band Approach
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Fig. 1. The seasonal zonal mean vertical profiledgfp andJyo, for DJF (left) and JJA (right) as calculated by the MBA. The correspond-
ing relative differences are shown versus the BA, where the difference is calculated as (MBA-BAYB&A

van Weele (1997), there are also parameterizations that arend formaldehyde, C#D) are shown in the Supplement as
applied to the BA in order to provide a better description Figs. S5 and S6, respectively.

of the variability of Fact in a non-scattering atmosphere as ) o

a function of overhead ozone and above surfaces with high Figure 1 shows the seasonal zonal variabilitygip and
albedo. A climatological aerosol scattering component is/No, calculated by the MBA for DJF and JJA during 2006.
also implicitly included in these pre-calculated ratios. There-AISO shown are the corresponding relative differences with
fore the analysis presented here focuses on comparisons §1€/-values calculated by BA. As would be expectégip

the final J-values calculated by each of the two approachedS More sensitive to the integrateg @bsorption and scatter-
(BA and MBA) for identical atmospheres in TM5 when in- N9 of photons that occurs in the overhead column. Thus the
tegrating all of the changes described above in Sect. 2. Ténagnitude of/gip decreases markedly from the UT to the
gauge which modification introduces the most dominant ef-lOWer troposphere (LT). In contrast, the atmosphere is rather
fects, additional sensitivity simulations have been performedransparent for radiation with waveleng#850 nm resulting
using both TM5 and a chemical box-model, with the main IN /No,, whoseg-values result in the most important spec-
findings being included in the discussion below. For brevity ira! region being between 380-400 nm, being rather homo-
we focus on thosd -values which govern the oxidising ca- 9€N€oUs with altitude and principally goyerned by the inci-
pacity of the troposphere, namely the photolysis of ozone td1€Nt SZA (due to the amount of scattering) and the length
produce excited oxygen atoms {0) (Joip) and nitrogen of the day. Analysmg the corrgspondlng _dlfference plots
dioxide (/no,). Differences for thosd -values important for shows that the MBA introduces differences in by and

the photo-dissociation of hydrogen oxide (RCand nitro- Jno, of the order of+20 %, although the vertical distribu-

gen oxide (NQ) reservoirs (e.g. peroxy-acetyl nitrate, PAN, tion of these differences is markedly different. Fsiy, the
differences exhibit a strong latitudinal dependency for both
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seasons, where maximal relative increases occur at high lat- Figure 2 shows the seasonal surface means and corre-
itudes. For the middle troposphere (MT) these differencessponding percentage differences for eathalue for sea-
range betweent10 %, with decreases in the tropics. For sons DJF and JJA. There is a sharp cut-offimalues around
the UT there is a latitudinally independent increasd dfn ~70° N (~70° S) in polar winter due to the lack of incident
of between~20-30%. For/no, increases occur in the LT radiation in this season. The relative differences introduced
whilst decreases occur in the MT and UT across all latitudespy the MBA are larger foq:p than forJ/no, due to a larger
with those for JJA being larger. The differences are related tasensitivity of UV actinic fluxes in the troposphere to, e.g. the
both the updated absorption parameters and variability in theslant column than those in the visible. For latitudes where
incident Fact. For instance, chemical box modeling studies a large SZA occurs throughout a significant portion of the
have shown that updating tlse and¢-values for NQ from day (e.g. Europe during DJF) relative differences exceed-
those applied in the BA leads to an increase&g, of be- ing 100 % occur for surfacénip values. The effects of the
tween~5-20 % depending on latitude and season (Williamsrelatively minor differences in SZA between MBA and BA
and van Noije, 2008). Therefore the decreases shown focan be seen in the surface differences e, at high lat-
JNno, inthe MT and UT are due to a reduction in thg val- itudes where more grid cells become photolytically active.
ues calculated between both approaches when applying alfhe influence of the variability in scattering due to cloudi-
the modifications documented in Sect 2. The increases in thaess, aerosols and surface albedo between different regions
LT for both J-values are due modifications in the scattering becomes apparent in the geographical distribution of the dif-
component resulting from the different aerosol climatology ferences. The current application of the aerosol scheme pre-
used in MBA and the new parameterizations for the descrip-scribes rural aerosol over all land types. More sophisticated
tion of the optical properties of aerosols and clouds. aerosol schemes such as M7 (Vignati et al., 2004) will be
To quantify the effect of aerosol OD on troposphefic ~ coupled to the MBA in future studies, which is likely to mod-
values in the MBA a sensitivity test was performed where erate surfacd -values due to the inclusion of both more scat-
the aerosol OD was set to zero with the scattering and abtering and more absorption (black carbon) compared to the
sorption due to clouds still active. The effect davalues  climatology of Shettle and Fenn (1979).
in the MBA is limited to the order 0£0.5% (not shown), In order to quantify the impact of introducing the param-
which is an order of magnitude lower than that found by Mar- eterization for variable cloud droplet sizes on tropospheric
tin et al. (2003). Examining the aerosol OD around 320 nmJ-values, a sensitivity simulation was performed using the
calculated by the approach of Shettle and Fenn (1979) showsIBA where theres; was fixed at 8 um (i.e. the default value
that the total aerosol optical depth defined for the genericadopted in TM5 in Huijnen et al., 2010a). Over large land
aerosol types are rather conservative. This is lower than thenasses differences af2 % occur whereas near regions of
sulphate contribution calculated in many other large-scalestrong convective activity, such as near tropical storm tracks
global models (e.g. Schulz et al., 2006), but the influence ofthat contain high cloud OD values, decreases-26—25 %
aerosol types such as secondary organic aerosol (SOA), blaasccur (not shown).
carbon and nitrate are not included. In the BA an aerosol OD The influence of changing the TOA solar spectrum was
value of 0.38 at 320 nm is implicitly applied, which uses the quantified by replacing the solar spectrum of Dobber et
profiles given in Elterman (1968). al. (2008) with that based on measurements by the SOLar
For clouds the OD introduced by the Slingo (1989) pa- SPECtrum spectrometer (SOLSPEC) on the ATLAS-3 mis-
rameterization is much larger than the aerosol OD, thereforesion (Thuillier et al., 2003), which is similar to that used
perturbing J-values to a much greater extent. Performing in the construction of the offline look-up tables used by the
a sensitivity study using a clear-sky atmosphere shows thaBA. The main differences are that the spectrum of Dobber
both J-values decrease (increase) in the boundary layer (freet al. (2008) is provided at a higher resolution and with a
troposphere; FT) by the order 6f10-30 % (2—20 %) due  higher radiometric accuracy, which is especially important
to the presence of clouds, which agrees with previous findfor the UV region where the width of the spectral bins used
ings in the literature (e.g. van Weele and Duynkerke, 1993by the MBA are~0.2 nm. The application of the TOA spec-
Tie et al., 2003; Krol and van Weele, 1997; Voulgarakis ettrum of Thuiller et al. (2003) decreasdgip by ~2-7 %,
al., 2009). Larger (smallerxs in the MBA result in a lower  with the largest differences occurring away from the tropics
(higher) albedo in the BA than the MBA for a given liquid (>50°S/50° N). For Jno, there are only small increases of
water content and a given flux of incident radiation at the a few percent homogeneously distributed across all latitudes
cloud-top via the Twomey effect (Twomey, 1977). Moreover, due to the net change in TOA flux between spectra being
at high latitudes#£70° N/S) the reduced aerosol OD, the ap- different for the ultraviolet and visible spectral regions (not
plication of the large? wavelength intervals, the differences shown). The integrated difference over the spectral range
in the SZA values, and the application of the threshold limits A = 200-600 nm is~2.2 % in the TOA flux, with the more
for calculatings; results in large relative increases i1 recent Dobber et al. (2008) spectra being the brightest.
of between~100-200 % during polar winter, althoughyp Figure 3 includes direct comparisons of the monthly mean
values are small under such scenarios. variability for selected grid cells to show the seasonal impact
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Fig. 2. The same as Fig. 1 but for the seasonal surface meaug,fgr(top) andJ/no, (bottom) for DJF (left) and JJA (right).

on Joip and Jyo, at the surface during 2006. Strong sea- frequency of the meteorological parameters and the lack of
sonal cycles are evident in the means and the largest absolugecurate input data for e.g. aerosols. Compasinglues in
differences are associated with the high values which occuthe extra-tropics shows that thlevalues simulated in TM5
during JJA. Comparing latitudinal differences between theby the MBA are similar to those that have been measured
BA and the MBA shows that the correspondence is best induring various field campaigns. For instance, measurements
the mid-latitudes around 4W. This is surprising as th€;ct taken in June at Ann Arbor, Michigan, US (4212, 83.8 W,
values used in the BA are calculated using Air Force Geo-300 m), during the International Photolysis Frequency Mea-
physics Laboratory (AFGL) tropical profiles for 21 March surement and Modeling Intercomparison (IPMMI) at Boul-
(Anderson et al., 1986) using a fixed surface albedo of 0.05der, Colorado, US (39%6N, 105.2 W, 1800 m) and in Au-
with further modifications made according the Krol and van gust during the POPCORN campaign at Pennewitt, Germany
Weele (1997). Therefore it is clear that there is some cancel(53.8 N, 11.8 E) indicate that the daily means &, at the
lation of effects between the different approaches. For the resurface are of the order 0$1.2—1.5x 10~° s~ (Dickerson

gion lying in the tropics no seasonal cycle in the differenceset al., 1982; Hofzumahaus et al., 2004; Kraus and Hofzuma-
betweenJ/-values is found. The new-values from MBA  haus, 1998), although the absolute values depend on cloud
exceed the original BA/-values by~20 % throughout the cover and SZA. The corresponding measurementsyey,

year, with the~80 % of photochemical oxidation occurring indicate daily means of the order of 4x6L0~3s~1, with the

at these latitudes. magnitude being rather insensitive to altitude (Dickerson et

. . . al., 1982; Kraus and Hofzumahaus, 1998). Comparing the
Large scale CTI_\/Is_t_yplcaIIy have problems In capturing monthly mean values shown in Fig. 3 for latitudes 4080
the small-scale variability associated witkvalues due to the show that both surfacd-values are close to the observed

coarse horizontal resolutions employed, the staggered update
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Fig. 3. The monthly mean variability of (left)51 and (right)J/no, at the surface for different locations in the NH as calculated by the BA
(—) and MBA (----). The type of grid cell at which the comparisons are made is shown in the inset of each figure.

daily means, althouglino, calculated by the MBA may (MOHp) (47.2 N, 11.0 E) between the years 1999 to 2003,
be on the low side, which would suppress formation in  Rohrer and Berresheim (2006) (hereafter RB06) have shown
the CTM. Cloud effects (e.g. extent of coverage) could mostthat the relationship is essentially linear, with a high cor-
probably explain the somewhat lowgtvalues calculated us- relation co-efficient of 0.985 over théyip range of 0-—
ing the MBA. 8x 10°%s1. Figure 4 shows the corresponding values at
For instances where the water vapour mixing ratio isthe surface layer for the BA (blue) and MBA (yellow) sim-

similar, the relationship between the surface concentratiorjilations for the period 2004 to 2007, along with the approx-
of OH and Joip has been shown to be remarkably ro- imate relationship shown |n.RBO6 (red). The mode.l values
bust over a wide range of NOenvironments (Ehhalt and 2a'€ taken from_ the model grid cell at the surface which con-
Rohrer, 2000). When comparing monthly mean values ob{2ins the location of MOHp. For the other years the TM5
tained at the Meteorological Observatory Hohenpeissenburgimulations are conducted using the relevant ERA-interim
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Relationship between J(O1D) and OH 4 Effect of the MBA on the distribution of global trace
R A B T ] gases
25+ / —
I y ] Figure 5a and b shows the zonally averaged global vertical
I e distributions of @, NOy, carbon monoxide (CO) and OH
20+ / o A using the MBA for the seasons DJF and JJA, respectively.
I ] The right panels in Fig. 5a and b show the relative changes
/ * with respect to the application of the BA in TM5. The corre-
15 . Xy 1 sponding changes at the surface for both seasons are shown
I A ] in Fig. S4 of the Supplement. Note that N@ being de-
1 fined as a composite of NO, NONOgz, N2Os and HNG,.
10 - o ] This NOx composite is the NQspecies that is transported
I JIx ] in TM5 and shown here (Huijnen et al., 2010a). The pertur-
4 ] bation in NQ, introduced by the MBA is mainly determined
05 L £ ] by the changes in the photolysis rates of two most important
[ ] NOy reservoirs (PAN,/pan, and nitric acid (HNQ), Juno,)
Lo 1 as shown in Fig. S7 of the Supplement.
0.0 I L L L L \

0.0 0.2 0.4 0.6 0.8 1.0 4.1 Tropospheric ozone
J(O1D) (10(-5) s-1) PosP (Q)

OH (10(6) molecules cm-3)

_ _ ) For tropospheric @the largest seasonal increases~&—
Fig. 4. The relationship between monthly meag,, (per sec) and 15 % occur in the NH during DJF. There are corresponding

the surface concentration of OH (in molecules@infor the years d ; PR
ecreases in the SH of a few percent due to a significant
2004 through to 2007 for the BA (blue) and MBA (yellow). The red reduction in the long-range transport of PAN into more re-

line represents the approximate fit to measurements taken at Hohen- . . .
peissenberg (Rohrer and Berresheim, 2006). mote regions{20-30 %, see Fig. S7 in the Supplement) and

faster photolytic destruction in the LT. There are also signif-
icant increases in the tropical UT of betwee2-20 % as-

meteorology and boundary conditions, where the emissiorfociated with the introduction afo,. The seasonal pattern
estimates are updated to account for the inter-annua| Variab"i.n the latitudinal differences can be attributed to the variabil-
ity in biomass burning (GFEDV2) and the estimated growth ity and intensity of available sunlight. The largest increases
in anthropogenic emissions from the REAS region°@  in surface @ (~25-50% or 2-15ppb, see Fig. S4 in the
50° N, 60—150 E). It can be seen that a similar relationship Supplement) occur during DJF near regions that exhibit high
between both parameters also exists in TM5, with correlaNOx emission sources i.e. Europe, Eastern US and China.
tion co-efficients in the range of 0.98. Performing a linear For JJA the corresponding increases in surfagea@ more

fit over the range 0—& 10~®s~1 results in gradients of 2.72 muted (-5-15% or 2-5 ppb). The corresponding reductions
(BA) and 2.92 (MBA) versus 3.4 for the approximate rela- in surface NQ and increase in ®loss via photolysis show
tionship as derived by RB06. Thus the application of thethat increases in surfaces@re due to an enhancement in the
MBA shows a better agreement with the relationship derivedNOx re-cycling efficiency for the MBA and, thus, an increase
from the measurements. One noticeable difference betweelf the net @ production per molecule of NOemitted (see
the mode' Va|ues and the measurements are the ‘[ng Table 2 beIOW). For more remote I’egions Changes in surface
values of between 8-1010-6s1 that are not observed at Oz are limited to a few percent.

MOHp. For these highioip averages the linear relationship ~ The changes in the annual chemical budget terms for
with OH concentration appears to break down. This occurdropospheric @ are given in Table 2. In addition to the
mainly during boreal summer, i.e. for relatively small SZA. globally integrated chemical budget, the analysis is also
A possible cause is therefore the treatment of (uncertainpartitioned into components for the SH extra-tropics (90—
model cloud parameters in the (M)BA two-stream radiative 30° S), tropics (30 S-30' N), and NH extra-tropics (30N-
transfer scheme. Actinic fluxes are most sensitive to cloud®0° N). The tropopause height used for the calculations fol-
assumptions, e.g. on cloud overlap, for small SZA. Homo-lows the definition given in Stevenson et al. (2006), where
geneous thin clouds for small SZA would lead to enhance-a threshold of 150 ppb for £mixing ratios is used. Iden-
ments of the below-cloud actinic flux instead of reductionstical tropopause heights are adopted for both simulations

(van Weele and Duynkerke, 1993; Madronich, 1987). as calculated in the BA simulation in order to fix the to-
tal mass of tropospheric air. The stronger photochemi-

cal activity due to higher/-values causes an increase in
both the global in-situ production and destruction terms for
tropospheric @ by ~5% and ~4%, respectively. The
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Fig. 5. (a) The zonally averaged distribution ofsONOy, CO and OH for season DJF during 2006 as calculated by the Modified Band
Approach. The mixing ratio of OH is scaled up for clarity. The right panels show the corresponding relative differences against the Band
Approach, where the differences is calculated as (MBA-BA)/(MBA-BA)) x 100. (b) As for (a) except for season JJA.

Table 2. The tropospheric chemical budget fog @iven inTg ngrfl during 2006 when applying the MBA. The relative percentage
differences are also shown ((MBA-BA)/BA 100). The contribution to each term from the SH extra-tropics/tropics/NH extra-tropics (defined
as 90-30 S/30° S—30 N/30-9C N) are provided.

Budget Term Global SH Tropics NH

Net Stratospheric Exchange  2749.6 %)

Trop. Chem. Prod. 4729 (+5.0%) 288 (+1.0%) 3413 (+4.6%) 1028 (+7.0%)
Trop. Chem. Loss 4147 (+4.2%) 314 (+2.9%) 3155 (+4.0%) 679 (+5.8%)
Trop. Burden 320 (+1.3%) 59-1.6%) 172 (+2.4%) 89 (+1.1%)
Deposition 863 (+3.3%) 83(1.2%) 448 (+3.7%) 332 (+5.1 %)
Lifetime (days) 23.443.0%)

regional budgets show that the increase in chemical activBA (~300TgQyr—1) against the value given in Huijnen

ity is higher in the extra-tropical NH, where44 % of the et al. (2010a) of 421 Tg&yr—! reveals it is significantly

total global NQ emissions are released. The contribution smaller due to the use of the ERA-interim re-analysis meteo-
by Jo, to the total tropospheric production term is lim- rology, where it has recently been shown to reduce transport
ited to ~0.7 %, although for the tropical UT the contribu- from the stratosphere into the troposphere when compared
tion is more significant (not shown). When comparing theto the corresponding operational analyses (Monge-Sanz et
stratosphere-troposphere exchange (STE) calculated for thal., 2007). However, performing comparisons of seasonal
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Fig. 6. (a) Comparisons of the vertical distributions of tropospheric 0zone measured during take-off and landing as part of MOZAIC for
season DJF during 2006. Regional comparisons are shown for (from top left to bottom right) the Eastern US (Atldihity; BB W;
Boston; 42.4N, 71.0° W; Charlotte; 35.2N, 80.9 W; New York; 40.6 N, 73.8 W; and Washington; 39°N, 77.5 W), Europe (Frank-
furt; 50.° N, 8.5° E; London; 51.2 N, 0.2 W; Vienna; 48.2 N, 16.6 E), China (Shanghai; 31°N, 121.3 E) and Japan (Tokyo; 358\,
140.4 E). The number of measurements included in each vertical bin is shown in the grey bar on the right of eglohAsdor (a) except
for season JJA during 2006.

O3 composites from TM5 using the BA against ozoneson-given in Table 2 lie within the I+ deviance of the ensem-
des at high latitudes (not shown) indicates that TM5 hasble mean. Moreover, in that both terms increase compared
low mixing ratios of Q in the lower stratosphere when us- to the BA shows that the chemical activity of the model is
ing ERA-interim meteorology and nudging the stratosphericimproving when considering other CTMs. Similar improve-
O3 distribution towards the ozone climatology above 90 hpa.ments occur for the atmospheric lifetime of tropospheric O
When compared against the STE calculated in a recent multiand the tropospheric £burden, which exhibit a decrease of
model comparison of 556 154 Tg Q@ yr—* for the year 2000  ~3 % and an increase o6f1 %, respectively, again indicating
(Stevenson et al., 2006), the STE value calculated here for théaster recycling of NG.

BA is ~50% lower, faIIing_out_side the &-deviance of the Figure 6a and b shows seasonal comparisons of tropo-
ensemble mean. The application of the MBA further reducesSpheric Q profiles for DJF and JJA for both BA and MBA

0 . .
.the STE value by nearly-10% du_e to the Increase N30 together with Q profile observations taken over various air-

in the UT and lower stratosphere in the tropics (not shown), orts as part of the MOZAIC measurement program (Mea-
which reduces the concentration gradient and therefore the .o ot of Ozone and Water Vapour by Airbus In-Service
net mixing of Gy into t_he troposphere. For the ch_emical PrO” Aircraft; e.g. Marenco et al., 1998; Thouret et al., 1998).

duction and destructlon_terms the agreement with the mult|-.|.he high sampling rate and the location of the airports make
model ensemble mean is somewhat better, where the Valu%S(Jch comparisons more suitable for this study rather than
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Fig. 7. Comparisons of the seasonal cycle of surfagalGring 2006 with EMEP composites for selected countries in Europe. The error bars
represent the &- spread in the model mean values. The names of the EMEP stations used for each composite are shown top left, with the
choice being constrained by data availability.

using composites of ozonesondes measurements, which typayer) the increases in tropospherig ue to the MBA gen-
ically have a much lower sampling rate and are launched agrally lead to a better correspondence with the MOZAIC pro-
sites situated at more remote locations. In order to assentiles for both seasons, although this leads to a slight over-
ble the model profiles we use model output sampled everyestimation during JJA. The increases in troposphegdrO

3 h throughout the year and apply spatio-temporal interpothe MBA compared to the BA are primarily due to the en-
lation to match the location of the observations. In generalhanced chemical production term, in spite of the more effi-
the comparisons show that differences in the FT are rathecient redistribution of N@ into the FT (where more reac-
small, although for JJA the MBA improves the agreementtive nitrogen is lofted out of the boundary layer) and the en-
with the seasonal MOZAIC composite. In the LT (boundary hanced production of HN®(see Sect. 4.2). Compared to
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Southeast Asia EU To examine the changes in the seasonal cycle in surface O
o T8 m under high NQ emissions, Fig. 7 shows comparisons against
5 composites assembled from measurements taken at selected

EMEP (European Monitoring and Evaluation Program) sites
4 during 2006. A number of different comparisons are shown
for different countries ranging from Sweden in northern Eu-

25

201

rope to Spain in southern Europe, thus covering a wide range

of SZA (solar radiation) and atmospheric conditions. The

sampling at EMEP sites is continuous which captures the di-

urnal cycle in tropospheric £throughout the day. Again

00 S 4 6 8 1012 0 S 4 6 8 101 model values are interpolated from TM5 output sampled ev-
month month ery 3 h throughout the year taking into account the altitude

Eastern US South America of each site due to variable orography when assembling the

T b X N L S ——
composite. For the BA there is generally a negative bias for

i | most of the year except in Spain. This is similar to that ob-
z\f

NO, [10" molec/cm?]

;

NO, [10"® molec/cm?]
w

051

2010a). Although applying the MBA does not remove this
artifact it significantly reduces the magnitude of this bias, es-
pecially during the winter and spring, generally reducing the
model differences with surfaces®bservations during the
NH winter. For some locations e.g. Switzerland the model
captures both the amplitude and phase of the seasonal cy-

served for TM5 at more pristine locations (Huijnen et al.,
o

NO, [10"* molec/cm?]
D

NO, [10"* molec/cm?
o = =
v o (%]

T N N 0.0

2 4 6 8 1012 2 4 6 81012 cle rather well, although there is a tendency for an overesti-
month month : . H
Northern AErica Central Africa mate (_jgrlng Augqst for some countries, possibly related to
20— 30— deposition velocities (Oftez et al., 2010). It should also

be noted that no diurnal variation exists in N@&missions,
which could enhance titration of {3during nighttime (Hui-
jnen et al., 2010a), when the emissions from road transport
decrease. Overall the increases in surfagg($@e Fig. S4

in the Supplement) using the MBA compared to the BA im-
prove model performance when accounting for the full diur-
nal cycle of tropospheric £
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L 4.2 Nitrogen oxides (NQ)

Figure 5 shows that for tropospheric N@e application of
Fig. 8. The annual cycle of monthly averaged tropospheric columnsthe MBA resullts in a vertical redistribution of reactive nitro-
of NO, for selected global regions for the BA (blue), MBA gen from the LT (boundary layer) to the MT, which subse-
(dark yellow) and OMI DOMINO v2 (red). The definition of quently lowers surface NQ(see Fig. S4 in the Supplement)
the regions is thus: Southeast Asia (98-9185 10-20 N), Eu- while mid-tropospheric NQis significantly increased both
ropean Union (10W-3C° E, 35-60 N), Eastern US (71-30V, in the tropics and in NH summer.
31-43 N), South America (S0-70W, 0-20’ S), Northern Africa The corresponding perturbations in the zonally averaged
(20°W=40" E, 0-20 N) and Central Africa (10-40E, 0-20'S). seasonal means of the main N@servoirs (PAN and HN§)
are shown in Fig. S7 of the Supplement. The higher resident
OH results in a larger fraction of the emitted nitrogen being
cs:onverted into HN@ in the boundary layer (+18 %). More-
over, the in-situ chemical production term for HN@ the
FT is also enhanced due to the longer lifetime of \&3 a

the FT, the @ comparisons in the boundary layer are more
sensitive to regional uncertainties in the anthropogenic an
aircraft NQ, emission inventories employed (e.g. Jonson et

al., 2010). The general ability of TM5 towards capturing result of decreases ifno, (see Fig. 1). The simultaneous
) 1)

th rrect vertical distribution of tr heri remot o .
e correct vertical distribution of tropospherig @t remote reduction inJuno, of between~0-10% subsequently in-

locations and the seasonal cycle at the surface is shown in S .
Huijnen et al. (2010a). For brevity we do not repeat these_ ©25€S the atmpsphenc I|fet|m§ Of.HNWh'Ch also hglps
comparisons here. The differences introduced by the mpalcrease j[he resident concentration in the FT (+5-15 /o)..The
are limited to the range:5 %. increase in HN@suppresses the formation of PAN near high

NOyx emission sources due to reducing that availability of
NO,. Thus the long-range transport of reactive nitrogen into
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Table 3. As Table 2 but for CO and budget terms for the MBA given in Tg CO%during 2006.

Budget Term Global SH Tropics NH

Emissions 1162 29.7 772.4 359.7
Trop. Chem. Prod. 1314 (+10.0%) 78 (+4.7%) 1026 (+9.9%) 210 (+12.6 %)
Tropo. Chem. Loss 2259 (+5.6 %) 173 (+3.0%) 1684 (+5.4%) 402 (+7.7 %)

Trop. Burden 32240.7 %) 51 (+0.6 %) 178+40.3%) 94 2.0%)
Deposition 180 (+0.3 %) 6 (+1.0 %) 101 (+1.3%) 7311 %)
Lifetime (days) 48.3€5.5%)

Table 4. As Table 2 but for CHO and budget terms for the MBA given in Tg GB yrfl.

Budget Term Global SH Tropics NH

Emissions 27 1 18 8

Tropo. Chem. Prod. 1454 (+3.5%) 90 (+2.3%) 1139 (+3.3%) 224 (+5.7 %)
Trop. Chem. Loss 1290 (+5.5%) 82 (+3.1%) 1006 (+5.4 %) 202 (+6.9 %)
Trop. Burden 0.67€16.6%) 0.04{17.0%) 0.50€17.0%) 0.13{14.4%)
Deposition 191€12.5%) 10¢17.2%) 150€12.8%) 30 ¢9.7%)

more pristine regions is reduced, leading to decreases of bet.3 Carbon monoxide (CO)
tween~0-10% in the tropospheric NOn the extratropi-
cal SH during JJA. Total loss of nitrogen by wet deposition For tropospheric CO the inter-hemispheric perturbations in-
(~31TgNyr1) does not change significantly due to the in- troduced by the MBA compared to the BA are typically the
creased wet deposition of HNMeing compensated for by inverse of those shown for tropospherig.OThis is due to
an associated reduction in the wet deposition of organic nithe dominant chemical sink in the troposphere being the oxi-
trates (ORGNTR). dation by OH, where the perturbations in OH shown in Fig. 5
To investigate the change in the performance of TM5are governed by the perturbations/ign, and the changes in
for NO, due to the MBA we make comparisons against the resident concentration 0O
OMI (Ozone Monitoring Instrument) observations from the  The changes in the annual chemical budget terms for tro-
DOMINO product (version 2.0, Boersma et al., 2011). In or- pospheric CO are given in Table 3. Examining the in-situ
der to perform a valid comparison the TM5 h@elds are  chemical production and destruction terms shows that there
output at the local OMI overpass time of 13:301local time is a cancellation of effects, where the additional CO produced
and interpolated onto the satellite pixels. Averaging kernelsfrom the more rapid oxidation of Non-Methane Volatile Or-
are applied during the comparison as described in Huijnen eganic Compounds (NMVOCs) is removed due to the en-
al. (2010b). This is the first time that TM5 has been com-hanced OH. The dominant chemical reactions which are re-
pared to this new product, where the high bias of 0-30 % ex-sponsible for the enhancement in the in-situ chemical pro-
hibited in the v1.02 product (e.g. Hains et al., 2009; Huijnenduction term for CO are the enhanced photolysis of,OH
et al., 2010b) has been improved. and higher aldehydes (ALD2). The reduction in the atmo-
Figure 8 shows the seasonal cycle of integrated tropo-spheric lifetime of CO provides evidence that application of
spheric NQ columns for a number of selected regions for the MBA leads to an increase in the oxidative capacity of
both of the model simulations and the DOMINO v2 product. the troposphere in TM5 (see Sect. 5). The equilibrium of
It can be seen that TM5 captures the seasonal cycle observdtie modified CBM4 chemical mechanism (Houweling et al.,
in the measurements for all of the regions shown, albeit with1998) is maintained with respect to CO resulting in an in-
a negative bias in most cases. For details regarding the sp&ignificant change in the total global burden.
tial distribution of NG in TM5 during 2006 at global scale Using similar emission inventories to those used in this
the reader is referred to the comparison performed in Huijnerstudy Huijnen et al. (2010a) found that TM5 generally un-
et al. (2010a). Application of the MBA generally results in derpredicted CO in the NH when using the BA, especially
higher tropospheric N©columns. The exception is during at high latitudes and in the UT. The small perturbation in
the first months of 2006 in the polluted Eastern US region,the global distribution of CO shown in Fig. 5 does not lead
where lower tropospheric NOcolumns occur using MBA  to any significant improvement towards this negative bias by
compared to BA. However, overall the MBA reduces the neg-using the MBA. For instance, comparisons of tropospheric
ative bias of TM5 NQ towards the DOMINO v2 product. CO profiles made against composites based on MOZAIC

www.geosci-model-dev.net/5/15/2012/ Geosci. Model Dev., 5,35-2012



30 J. E. Williams et al.: The application of the Modified Band Approach

southeast Asia EU 4.4 Formaldehyde (CHO)

20
The changes in the zonally averagkgh,o and global distri-
bution of CHO for both seasons are shown in Figs. S6 and
S7 of the Supplement, respectively. For £LHthe highest
mixing ratios occur in the tropical LT and are typically as-
sociated with high isoprene emissions (as a major oxidation
product). The enhanced photolysis of &Min the MBA
causes decreases of the order&f10 % near these regions.
One obvious feature is a substantial relative increase in the
L ol mixing ratio of CHO in instances of low sun, although these

2 4 6 81012 2 4 6 81012 increases relate to rather low mixing ratios.

w

CH,0 [10"® molec/cm?]

> &

CH,0 [10" molec/cm?]
N o [+

Easgms Souﬂ:n f\mrica The changes in the annual chemical budget terms for tro-
0T L I pospheric CHO are given in Table 4. The in-situ chemi-
cal production of CHO dominates the direct emissions due
o 15 P to anthropogenic and biomass burning activity. The MBA
§ § s increases the contribution due to this term-b§ % mainly
§ 0 é’ from an increase in the photolysis of ALD2 and the increased
5 % 10 oxidation of methylperoxide (C§D.H) by OH. However,
o ) the increase icH,0 by ~30-50 % ¢~60-70 %) in the MT
g s S . (LT) reduces the global burden and subsequently shortens
the atmospheric lifetime. There is an associated reduction
ol ol in the loss by both dry and wet deposition (equivalent to
2 4mimﬁ 10 12 2 4m?mtﬁ 10 12 96Tgcyr—l)
North Africa Central Africa Figure 9 shows comparisons of monthly mean total
o [ columns of CHO for both simulations against BIRA/KNMI
. 10 retrievals derived from SCIAMACHY observations (De
< Ex m Smedt et al., 2008) interpolated onto the model resolution
§ . § 8 of 3° x 2°, similar to that shown for N@ Here no averag-
° P ing kernels are used and the true monthly average of TM5
S . S for 10:30 local time is compared. The same definition of the
Q g 4 different regions is used as in Fig. 8. The accuracy of the
S, S , SCIAMACHY retrievals is of the order of~20-40% (De
Smedt et al., 2008). It has been shown that TM5 exhibits
ol v v ol v v positive biases for regions such as the Eastern US during JJA
2o e0n 240 and South America (Huijnen et al., 2010a). The comparisons

in Fig. 9 show that application of the MBA improves on these
Fig. 9. The annual cycle of monthly averaged tropospheric columnspositive biases for regions with high biogenic emissions e.g.
of CH,O for selected global regions for the BA (blue), MBA (dark South-East Asia and South America. For the EU the ampli-
yellow) and SCIAMACHY (red). For the latitudinal and longitudi- tude of the seasonal cycle is over-estimated by TM5, where
nal constraints of each region the reader is referred to the legend ahere appears to be a missing anthropogenic emission or pre-
Fig. 7. cursor emission source during DJF when biogenic activity

is low. However, there is an improvement in the positive

- - bias observed during JJA, as for the Eastern US. For Africa

measurem_ents_(5|m|lar fo thase performed in Fig. 6) ShOWthe seasonal cycle is almost inverted by TM5 for the North,
thf.it negatlve biases of the order-6209% occur for TM5, whilst exhibiting a maximum during May for Central Africa.
using either the BA or the MBA’ througho_ut the LT and MT Given the errors associated with the SCIAMACHY product
(not shown). The differences introduced in the surface CONtis difficult to use such comparisons to put emphasis on arte-

centrations are of the order of a few ppb, where the season cts such as the accuracy of the isoprene emission inventory

cycle is also nearly identical to that shown previously (Huij- or yield from biomass burning
nen et al., 2010a). '
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Table 5. As Table 2 but for the chemical production of OH and budget terms given in Tg OH yr

Budget Term Global SH Tropics NH

0o(lD) + H,0 1663 (+4.1%) 113 (+4.7%) 1340 (+4.0%) 210 (+4.5%)
NO + HO» 1063 (+6.0%) 68 (+1.2%) 762 (+5.7 %) 233 (+8.3%)
O3 + HO, 423 (+5.6 %) 39 (+2.2%) 289 (+5.2 %) 95 (+8.5%)
H,0, + hv 211 (-7.8%) 18(10.5%) 163(7.3%) 29 (9.3%)
Remainder 160¢10.1%) 11 (+6.8%) 128(40.5%) 23 (8.3%)

Total production 3522 (+3.2%) 248 (+1.6%) 2685 (+3.1%) 590 (+5.1%)

Table 6. Details regarding the total mass of each trace species Cﬁgyaxidized per year in the MBA simulation. The percentage changes
between the BA and MBA simulation are also given using the MBA/BA ratio.

Trace Lossin Tg % OH Trace Lossin Tg % OH
species  species y* loss species species v loss
CHy 575 (+5.1%) 155 CHO 91 (9.6 %) 4.6
(60] 777 (+5.9 %) 39.3 ALD2 47+32.8 %) 1.9
ISOP 21 (+1.0%) 24 CgDyH 73 (+5.5%) 6.0
SO, 3 (+9.6 %) 0.3 HO, 64 (+16.8 %) 3.7
DMS 2 (+1.1%) 0.2 HNQ@ 1(+7.4%) 0.1
O3 70 (+5.0%) 51 HQ 94 (+7.1%) 4.9
NO» 11 (+13.2 %) 09 H 1511 (+5.1 %) 5.1

5 Implications for oxidative capacity of the troposphere  oxidation of the other trace gas species due to the enhanced
oxidising capacity. A more efficient photolysis of @8 and

The large perturbations in OH shown in Fig. 5 increase theALD2 reduces the fraction of OH lost by direct scavenging

oxidative capacity of the troposphere markedly when inte-(—30 %) and the decrease.jp,o, increases mixing ratios of

grated over the entire year. In order to quantify this, Table 5H20> significantly (~30-50 %) (and thus the mass oxidized

shows the change in the globally integrated annual producby OH).

tion rate from the four main photochemical pathways of OH

generation in the modified CBM4 mechanism (Houweling et

al., 1998). Here the totals are given in Tg OHYttogether

VAVIIItT the rglanve dlﬁerentc?s Wklﬁgcolm parfe g adgamst the BA’I’he optimization and integration of the Modified Band Ap-
€rms Increase apart from value of nydrogen per- proach into the large-scale 3-D chemistry transport model

oxide (H02, Ju,0,), Where a lowet/u,o, in the MBA Te- 5t the calculation of photo-dissociation rate constants
duces net photochemical destruction (see Fig. S7 in the SUp('J-vaIues) has been comprehensively described and evalu-

plement). Summing individual terms shows that a netglobalated_ We have shown that many of the resultingalues

increa;e 0P~3 % oceurs in the global pro.duction' term for increase by~5-20% in the planetary boundary layer and
OH, with the largest increase being assc_)ma_ted Vit decrease by-5-10 % in the middle troposphere of the trop-
Table 6 shows the resulting perturbation in the total masscg yyhen compared against a more parameterized photolysis
of each trace species subsequently oxidized by OH. A trugcheme, These changes are due to the cumulative effects
measure of the changes in the oxiQative capaci_ty qf the trogy updating photolytic reaction data, applying an updated
posphere can be assessed by looking at the ubiquitous gasgsathod for the calculation of the solar zenith angles, the use
such as Ci and tb, where there are increases of between ot ro(_shifted band intervals for low sun, a modification of
~4-5% in tropospheric mass that is oxidized. This subseyne top of the atmosphere solar spectrum, the calculation of
quently reduces the atmospheric lifetime of £om 8.72  tinic fluxes for each specific model column, the use of an
t0 8.35yr, a reduction of-4.4%. Although the changes in gy pjicit aerosol climatology with lower OD than was implic-
tropospheric CO due to more efficient in-situ production arejty assumed in the parameterization, and improvements in

limited to a few percent (cf. Fig. 5), CO acts as the most ef-ye gescription of the scattering and absorbance by clouds
fective chemical scavenger of OH in the troposphere, where,nq cirrus particles.

an additional 22 Tg CO yt! is oxidized with the MBA. This
introduces a moderating effect towards the increases in the

6 Summary
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Analysing the chemical budget shows that the,N€cy- Supplementary material related to this
cling efficiency increases markedly causing an associated inarticle is available online at:
crease in troposphericg@ormation, especially in the lower http://www.geosci-model-dev.net/5/15/2012/
troposphere close to regions which exhibit high Némis-  gmd-5-15-2012-supplement.pdf
sions. Perturbations in the main reservoir species fog HO
and NQ occur, resulting in less resident PAN and £
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