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Abstract 
 
 
 
 
 
 
The modified Carbon Bond Mechanism 4 (Houweling et al., 1998) 
has been updated to include the most recent recommendations 
concerning both the input parameters used for calculation of both 
photolysis rates (J values) and the chemical reaction rates (Sander 
et al., 2006; Atkinson et al., 2006). First we present the results of 
a box model study that investigates the differences between the 
chemistry of TM4 and TM5. An inconsistency is introduced as a 
result of differences in the definition of the photolysis rate of 
methylglyoxal (CH3C(O)CHO). The most significant effects were 

found to occur for urban (polluted) scenarios throughout all 
seasons. In summary, the most important updates were: (i) a 
retuning of the photolysis rate for CH3C(O)CHO, (ii) the 30% 

increase in the photo-dissociation rate of formaldehyde (HCHO), 
(iii) changes to the reaction rates involving organic peroxy-radicals 
and (iv) an enhanced formation of ORGNTR. Applying these 
updates resulted in a decrease in the availability of reactive 
nitrogen which influences the production efficiency of ozone. 
When incorporating an operational set of these updates into the 
3D global CTM TM4 it was found that both increasing the JMGLY 

value and introducing tracer transport for CH3C(O)CHO 

significantly reduced the surface concentrations over industrial 
regions by up to 80%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
For the other trace gases there were generally decreases in 
tropospheric [OH], [HO2], [O3], [PAN], [HNO3] and [HCHO], with 

associated increases in [ORGNTR] and [CO]. In general, the 
oxidising capacity in the model atmosphere decreases as a result 
of the lower global production rate of OH. Comparisons made 
against selected ozonesonde profiles shows that TM4 generally 
over predicts surface ozone in the tropics whilst underestimating 
surface ozone in remote locations. For the upper troposphere 
TM4 generally under predicts tropospheric ozone indicating that 
the transport and/or release of reactive nitrogen is insufficient. For 
surface CO there are generally improvements in the correlation 
between values simulated in TM4 and a host of CMDL 
measurement sites. The atmospheric lifetimes of both CH4 and 
O3 become ~9.3 years and 23.6 days, respectively, where both 
these values are in the 1-σ variability of the multi-model ensemble 
mean given in Stevenson et al (2006) for the IPCC 2000 
simulations. 
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1. Introduction 
 
 

In order to be able to investigate the effects that increasing anthropogenic gaseous and particulate emissions have on the 
composition of the lower atmosphere requires the use of complex computational tools such as state-of-the-art 3D global 
Chemistry Transport Models (CTM’s). Such CTM’s are typically driven by meteorological data meaning that they account 
for the wide ranges in air pressure, temperature, relative humidity and radiation on the rate of chemical removal of 
greenhouse gases (e.g. CH4). Moreover, by accounting for the subsequent dilution of chemical precursors by convection, 

advection and associated mixing processes, such models have the ability to be able to simulate the long-range horizontal 
and vertical transport of trace gas species away from their source regions, which has been found to be important for 
regional air quality and processes that occur in the upper troposphere. 
 
An important requirement of such large-scale models is the ability to perform simulations with acceptable run-times for 
any given simulation period, which typically range from between months to decades. Therefore computational efficiency, 
parallelisation of the code over multiple processors and strict optimization procedures are necessary to avoid excessive 
load on shared computing facilities and achieve satisfactory runtimes. For this reason parameterisations are commonly 
used for the concise description of the processes that occur in the atmosphere. For example, rather than including an 
explicit description of the hundreds of chemical species which are thought to occur in the troposphere, lumped chemical 
mechanisms have been developed (e.g. CBM4 (Gery et al., 1989); RACM (Stockwell et al., 1997)) which have the ability to 
accurately capture the chemical evolution of the most abundant trace gas species found in aged air-masses. Moreover, by 
coupling such mechanisms to efficient chemical solvers significant savings can be made when performing expensive 
simulations compared with using fully explicit schemes (e.g. Liang and Jacobson, 2000). 
 
One such CTM is the “TM” model, which has been developed for more than a decade by a consortium of European 
partners, in collaboration with leading Dutch research institutes including KNMI. Although the model is used for a wide 
range of studies, one use is for performing tropospheric chemical studies on a global scale. The most recent version of the 
model is TM5 (Krol et al., 2005) which has a novel zooming feature to allow regional studies to be performed using 
boundary conditions taken from a global domain.  Both TM5, and it’s immediate predecessor TM4, have been used for a 
host of scientific studies including IPCC comparisons (e.g. van Noije et al., 2006; Stevenson et al., 2006), retrieval of 
satellite products for the derivation of emission trends (e.g. van der A et al., 2006; van der A et al 2008) and comparisons 
with ground-based measurements (e.g. de Meij et al., 2006). For the chemical component the TM model uses the 
modified CBM4 chemical mechanism developed by Houweling et al. (1998), which has a reduced number of tracer 
species, whilst describing the most important background reactions more explicitly as compared to the original CBM4 
mechanism developed by Gery et al. (1989). This was deemed necessary in order to improve the accuracy and 
performance of the mechanism in global CTM’s, where a wide range of NOx (a composite of NO and NO2) and Non-

Methane Hydrocarbon (NMHC) regimes can be found. In TM further parameterisations are used for the calculation of 
photolysis rates (Landgraf and Crutzen, 1998; Krol and van Weele, 1997), aerosols (Jeuken et al., 2001) and for dry/wet 
deposition (Ganzeveld et al., 1998; Roelofs and Lelieveld, 1995; Guelle et al., 1998). The resulting reaction rates, 
emission fluxes, deposition velocities and photo-dissociation rates (hereafter referred to as J values) are subsequently 
integrated over time by coupling the chemical system to the Eulerian backward iterative method (EBI) developed by Hertel 
et al. (1993). This chemical solver has been shown to be an efficient and accurate chemical solver for atmospheric 
applications when using the technique of operator splitting (Huang and Chang, 2001). 
 
Although the modified CBM4 mechanism has been shown to perform well over a range of conditions in the context of a 
global CTM (Houweling et al., 1998) it utilises laboratory data from a wide variety of literature sources, some of which 
have been superseded by more recent laboratory measurements and updated with respect to their dependencies on 
temperature and/or pressure. This has provided the necessary motivation for further modifications to be made to the 
original CBM4 mechanism by various research groups in order to incorporate the latest recommendations from both the 
Jet Propulsion Laboratory (JPL) and the International Union of Pure and Applied Chemistry (IUPAC) data assessment 
panels (e.g. Sander et al., 2002; Atkinson et al., 2004). For instance, Jeffries et al. (2002) have re-evaluated the original 
CBM mechanism against smog chamber data to produce the CB2002 mechanism, which has since been further updated 
to produce the CB4xi mechanism (Yarwood et al., 2005a). Moreover, they incorporate the development made by Tanaka et 
al. (2003) regarding the inclusion of chlorine chemistry into the carbon bond mechanism, which was performed in order 
to evaluate the effect of reactive chlorine emissions on tropospheric ozone formation. The most recent version of the 
mechanism is CB05 (Yarwood et al., 2005b) which makes significant improvements to the mechanism as compared with 
smog chamber experiments. These improvements include increasing the complexity regarding isoprene degradation, 
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differentiating between acetaldehyde (CH3CHO) and the higher aldehydes, introducing a new formation route for 

ORGNTR in polluted atmospheres and also the introduction of a lumped species to represent terpenes. Thus CB05 could 
act as a template for future versions of the CBM mechanism adapted for global models, as CBM4 did for the mechanism 
discussed here. However, the full CB05 scheme was developed for use in regional air quality models meaning that the 
number of species needed to describe regional NMHC chemistry is rather extensive which makes the full mechanism too 
large for inclusion into a CTM considering that CPU power must be partitioned between different computational tasks. 
Therefore, a reduction of the mechanism is necessary before it can be applied in large-scale models. 
 
In this scientific report we investigate the differences between the performance of the chemical mechanisms currently used 
inTM4 and TM5, and then homogenise the reaction mechanism to remove these differences. For this purpose we identify 
the reaction rate parameters that have become outdated with respect to the recommendations available in the latest 
assessments (e.g. Sander et al., 2006), and subsequently update ~60% of the rate constants whilst maintaining the 
original number of tracer species and reactions included in the modified CBM4 scheme. Moreover, the online calculation 
of photolysis rates is included in order to investigate the influence of new product channels, absorption co-efficients (σ) 
and quantum yields (φ) on the lifetimes and evolution of important trace gas species. In order to differentiate between the 
various chemical effects introduced by these updates we perform box model simulations for a range of atmospheric 
scenarios. In Section 2 we provide details of the box model used for this assessment. In Section 3 we investigate the 
consequences of homogenising the photolysis of methylglyoxal (CH3C(O)CHO) (hereafter referred to as JMGLY) in the 

current versions of TM4 and TM5. We also conduct a set of sensitivity studies to examine the changes introduced by 
updating the σ and φ values used for calculating selected photolysis frequencies in order to prioritise the most important 
photolysis rates. In Section 4 we provide details of the cumulative effects introduced when updating the modified CBM4 
mechanism and discuss the main differences between the current performance of both TM4 and TM5. In Section 5 we 
perform re-runs of both the IPCC and Royal Society simulations to determine the resulting changes in important tracer 
fields when adopting the updates to the reaction data in the operational version of TM4. Finally in section 6 we summarise 
our conclusions and give recommendations regarding the further development of the CBM mechanism for use in global 
chemistry transport models. 
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2. The Chemical Box Model 
 
 

2.1 A Description of the 0-D Model 
 
The 0-D box model used for this study can be viewed as a simplified version of the TM 3D-CTM, where only the chemical 
processing, emissions and depositions are included (i.e all transport processes are ignored). It includes a total of 39 
chemical species, 67 reaction rates and 16 photolysis rates. These details are identical to those included in the TM model 
except for the removal of O3s, SO4_a and NO3_a, which represent a tagged tracer to determine the amount of O3 
transported downward from the stratosphere into the troposphere, sulphate aerosol and nitrate aerosol, respectively. For 
further details concerning the chemical species, reaction rates and photolysis rates the reader is referred to the Appendices 
A, B and C, respectively. For simplicity all box model simulations were performed for the gas-phase only under clear sky 
conditions, meaning no heterogeneous loss of species occurs on either clouds or aerosols and, therefore, no wet 
deposition. Simulations are performed for a period of 4 days for the lowest kilometre of the atmosphere only. 
 
The chemical mechanism used is the modified CBM4 scheme developed by Houweling et al. (1998), where the differential 
equations used to describe the chemical evolution of the system are solved using the EBI chemical solver of Hertel et al. 
(1993) using a time-step of 15 minutes. Photolysis rates are calculated online for each time-step using a reduced version 
of the online scheme outlined in Williams et al. (2006), where the actinic fluxes (Fact.) are calculated explicitly.  The 

parameterisation currently used in the TM model (Landgraf and Crutzen, 1998) was not implemented into the box model, 
as this would require the production of a new set of look-up tables for the inclusion of the updated photolysis data. This 
step was considered to be unfeasible considering the additional work involved. The solar zenith angle (SZA) is calculated 
using the latitudinal position of the box, along with the time of year and time of day, for a longitude of 0°. For SZA > 85°, 
photolysis of chemical species for the lower few kilometres of the atmosphere is assumed to be unimportant. Moreover, 
calculations are performed using only 7 of the 8 available bands, where photons for λ<202nm are screened out by the 
overhead O2 column above the tropopause. The SZA limit which is imposed on the calculation of photolysis rates means 

that the pseudo-spherical correction and highest SZA band settings (Grid B in Williams et al., 2006) are also not applied 
for these simulations. The atmospheric column extends up to 120km, segregated into 49 distinct atmospheric layers, 
where the overhead pressure, temperature and ozone density is taken from the widely used AFGL atmospheres (Anderson 
et al., 1986) on the vertical grid provided. The information for all layers is used to calculate the differential slant columns 
for both O2 and O3, which are subsequently needed to calculate the optical depth of the overhead column for the 7 scaling 

wavelengths. Scattering and absorption by atmospheric aerosol is included according to Shettle and Fenn (1979), where 
details of the prescribed aerosol types for each scenario are given in Section 2.2. In order to attain similar photolysis 
frequencies as those calculated in the TM model the recommendations from Demore et al. (1997) have been used, where 
the exceptions are outlined in Appendix C (M. Krol, personal communication, 2007). It should be noted that some of these 
recommendations remained valid up until 2000-2002, as shown in Appendix B. A total of 22 deposition rates are included 
in the model. This is similar to the TM model with the exceptions of CH3C(O)O2 and CH3C(O)CHO.  The values adopted 

for these deposition fluxes are given in Appendix D. Moreover, the resistance parameterization of Ganzeveld et al. (1998) 
is replaced by a simple first-order loss rate (i.e.) the land surface has no impact on the deposition rates, and the emission 
fluxes are fixed throughout the year with no seasonal dependency. 

 
2.2 Scenarios, Emissions and Model Atmospheres 

 
During the development of the modified CBM4 mechanism the scheme was tested over a range of NMHC/NOx ratios and 

selected species compared against those simulated using the more extensive RACM mechanism of Stockwell et al. (1997). 
Subsequent comparisons of the resulting global tracer fields have been made with a host of measurements and have 
shown that the scheme performs relatively well when used in the context of a 3D CTM (Houewling et al, 1998). Here we 
do not perform further comparisons against RACM as there are no additional species or reactions being added to the 
mechanism for the updates being discussed here. Therefore it is assumed that the performance of the modified CBM4 
mechanism using updated rate co-efficients remains relatively robust in low NOx environments. Moreover, a number of 

the rate co-efficients have already been updated in the working version of the TM model (see Appendix B), and the gas-
phase chemistry of both SO2 and NH3 has also been added. It should also be noted that even the original CBM4 

mechanism of Gery et al. (1989), which includes many more reactions and organic species, has difficulty in simulating 
HOx precursors such as [HCHO] and [H2O2] as compared to smog chamber data (Liang and Jacobson, 2000) and, 
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therefore, should not be viewed as the ‘ideal’ mechanism even for the highly polluted scenarios it was originally designed 
to simulate. 
 
 

AFGL atms.[1] Marine Rural Urban Tropical Temp (°K) 

High-lat Winter MAA - - - 257 
Mid-lat Summer  MAS RLS URS - 294 
Mid-lat Winter MAW RLW URW - 272 

Tropical MAT - - TR 299 

 
Table 1: Definitions for the acronyms used to identify the combination of AFGL atmospheres and 
modelling scenarios. [1] All atmospheres are taken from Anderson et al. (1986). The pressure adopted 
is 1013hPa apart from the mid-lat winter case where the pressure is 1018hPa. 

 
 
In order to test the effects of the proposed updates we define four different atmospheric scenarios, namely ‘marine’, ‘rural’, 
‘urban’ and ‘tropical’. Each scenario has a unique set of emission fluxes and initial conditions, which are aimed at 
providing a wide range of NOx and NMHC ratios. Detailed information regarding the individual scenarios is given in 

Appendices D and E, respectively. For the lumped organic species (e.g. OLE) and the sulphur compounds (e.g. DMS, 
MSA) initial conditions are taken directly from the IPCC version of the TM5 model (available on the CVS server hosted at 
KNMI). Four regions are defined for this purpose, one for each scenario: Marine (Lat: 60°S → 5°S, Lon: 180°W → 
120°W), Rural (Lat: 40°N → 60°N, Lon: 90°E → 132°E), Urban (Lat: 36°N → 52°N, Lon: 6°W → 18°E) and Tropical (Lat: 
8°S → 8°N, Lon: 12°E → 18°E). The land/sea mask used in TM is applied during the averaging to ensure that the Marine 
values are selected from grid cells containing no appreciable land masses and the Rural/Urban/Tropical values selected 
from grid cells which are not influenced by coastal regions. 
 
In order to vary both the temperature and pressure of the system, values are taken from both the winter and summer mid-
latitude AFGL atmospheres (Anderson et al., 1986) except for the tropical scenario, where the tropical AFGL atmosphere 
is adopted. The winter high latitude AFGL atmosphere is also used in conjunction with the marine scenario to investigate 
very cold conditions near the poles. The acronyms used to distinguish the combination of AFGL atmospheres and 
scenarios throughout this report are provided in Table 1, along with the respective air temperature. Moreover, the 
atmospheric parameters used for the calculation of the photolysis rates in each of the different scenarios are given in Table 
2. 
 
 

Scenario Latitude of 
box 

Ground albedo Aerosol type[3] Date 

MAA 75°S 0.09 – 0.03 [1] Marine 15th Sept 

MAW/MAS 25°S 0.09 – 0.03 [1] Marine 1st Jan/21st 
June 

RLW/RLS 50°N 0.07 – 0.184 [1] Rural 1st Jan/21st 
June 

URW/URS 44°N 0.1 [2] Urban 1st Jan/21st 
June 

MAT 0°N 0.09 – 0.03 [1] Marine 21st June 

TR 0°N 0.08 – 0.25 [1] Rural 21st June 

 
Table 2: The details of the input parameters chosen for the calculation of photolysis rates for the various 
scenarios as defined in Table 1. Additional information: [1] interpolated values from Koelemeijer et al. 
(2003), [2] estimated average, [3] optical properties and number densities are taken from Shettle and 
Fenn (1979) with scaling of 0.3835 (which gives an AOD=0.32 at 550nm). 
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3. The Effect of Updating Tropospheric Photolysis 
Rates on Atmospheric Composition 

 
 

3.1 The Explicit Calculation of the Photolysis of CH3C(O)CHO 

 
In Houweling et al. (1998) the photolysis of methylgloxal (hereafter denoted as JMGLY) is calculated as in the original 

CBM4 mechanism of Gery et al. (1989), who made an estimate for this photo-dissociation rate using smog chamber data 
(i.e.) not from a precision laboratory measurement. This was derived at a time when laboratory measurements of σ and φ 
values for exotic organic species were scarce; therefore in order to gain an approximate value for JMGLY assumptions were 

usually made using compounds containing similar functional groups. Since then a wealth of data has become available in 
the literature allowing the explicit calculation of photolysis frequencies for the higher organics. In the current version of the 
TM model JMGLY is scaled to JbCH2O using a scaling factor of either unity (TM4) or 50.0 (TM5) (see Appendix C). In both 

instances the photolysis parameters for HCHO originate from DeMore et al. (1997) as used in Stockwell et al. (1997).  
This means that there is an inconsistency between the most commonly used versions of the TM model. Moreover, it also 
shows that an update to the modified CBM4 mechanism has already been made concerning JMGLY as compared to the 

value given in Houweling et al. (1998). In order to address this inconsistency we show comparisons between the results 
obtained for TM4, TM5 and the changes introduced as a result of upgrading the input parameters. 
 
Although CH3C(O)CHO is commonly associated with the oxidation of isoprene, the modified CBM4 mechanism also uses 

it as a surrogate for complex aromatic species such as xylene in order to account for the missing reactions in the modified 
CBM4 mechanism (Houweling et al., 1998). The other chemical surrogate used is PAR, which is defined as being photo-
chemically inert. Therefore, the maximum concentrations of both CH3C(O)CHO and PAR are often found in regions 

influenced by strong anthropogenic emission sources (see Section 5.1). For this reason we choose the URW scenario to 
discuss the effects of this update, where the surface pressure is somewhat higher than during summer (see table 1) which 
also influences the value of φCH3C(O)CHO. 

 
The φCH3C(O)CHO recommendations have recently been updated (Sander et al., 2006), which lead to differences of ±5% 

in the absolute values compared to the previous set of recommendations (Sander et al., 2002). Moreover, the value of 
φCH3C(O)CHO is equal to unity over the spectral range λ = 320-380nm, but exhibits a pressure dependency for λ > 380nm 

(Koch and Moortgat, 1988). Although the recent recommendations adopt φCH3C(O)CHO values from Koch and Moortgat 

(1988) over the spectral range λ = 250-420nm, those for λ > 420nm are now replaced by the values derived by Chen and 
Zhu (2000), resulting in φCH3C(O)CHO which is four times higher in this spectral region. 

 
Figure 1a shows a comparison of the resulting JMGLY values for the URW scenario as calculated using the scaling ratios 

adopted in both TM4 and TM5, the data recommended in Atkinson et al. (1997) and the data recommended in Sander et 
al. (2006). The motivation for showing calculations which use old recommendations is to highlight the fact that the 
current scaling ratios applied in the different versions of the TM model are not tuned to values which were available at the 
time of the last upgrade. It can be clearly seen that there is an increase (decrease) of ~80-90% in the magnitude of JMGLY 

at the zenith for TM4 (TM5) when calculating the value explicitly using the recommendations. Moreover, the JMGLY 

calculated using the Atkinson et al. (1997) recommendations is also quite different from the JMGLY in the current versions 

of both TM4 and TM5. The corresponding difference in the resident [CH3C(O)CHO] is shown in Figure 1b. The resulting 

daytime concentrations decrease (increase) by ~50% (~1000%) for TM4 (TM5). This shows that the value of JMGLY 

applied in TM is either too low or too high depending on the version of the model.  
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Figure 1: Comparisons of (a) JMGLY and (b) [CH3C(O)CHO] for the scenario URW using the 

scaling assumption for JMGLY adopted in TM4 () and TM5 () versus the explicit JMGLY 
calculated using recommendations made in 1997 (red) and 2006 (green). 

 
In the modified CBM4 mechanism the photolysis of CH3C(O)CHO acts as an important source of both HO2 and the 

acetyl peroxy radical (CH3C(O)O2) when applied to urban scenarios vis reaction (1): 

 
 CH3C(O)CHO + hν → CH3C(O)O2 + HO2 + CO (1) 

 
Figure 2 shows the effect of applying an explicit calculation for JMGLY on (a) HO2, (b) CH3C(O)O2, (c) NOx and (d) O3. It 

can be seen that for both [HO2] and [CH3C(O)O2] there are significant differences in the maximal daytime concentrations 

between TM4 and TM5 as a result of the application of a different scaling ratio. Neither model is able to capture the 
correct production rate for these radicals compared with those when JMGLY is calculated explicitly. This also has 

repercussions for HOx reservoirs such as H2O2 and CH3OOH (not shown). 

 
The significant differences shown for these important free-radical species affects the entire radical budget by the fast 
reactions KMO2HO2, KHO2NO, KMO2NO and KC46 (see Appendix B). Moreover, the efficiency of [PAN] formation is 
governed by the availability of both CH3C(O)O2 and NO2 (via KC47) meaning that amount of reactive nitrogen held in 

such reservoir species differs markedly between TM4 and TM5 (see Section 3.5). This also has implications for other 
important nitrogen reservoirs such as HNO3 (not shown). For TM4 chemical production of ozone is hindered by the 

additional [NO] in the system, which titrates O3 via reaction KNOO3. For both TM4 and TM5 the lower [NO2] hinders 

[O3] formation with respect to simulation time as compared with the explicit calculation. Here we limit further analysis to 

Section 3.6, where all of the important updates made to the photolysis parameters are implemented simultaneously, as 
this particular effect is moderated under such circumstances. 
 
In order to address this under estimation (over estimation) of JMGLY in TM4 (TM5) we use the box-model to re-tune the 

scaling ratio which should be applied to improve the agreement between the scaled JMGLY value and that calculated 

explicitly using the updated photolysis parameters for CH3C(O)CHO taken from the new recommendations (Sander et al., 

2006). For this purpose we place more emphasis on the diurnal variation of JMGLY during the summertime, where the J 

values are greatest. This procedure indicates that the scaling ratio used for JbCH2O should be increased from unity to 5.5 

in TM4 (and reduced from 50 to 5.5 in TM5). Figures 3a and b show the resulting agreement between this scaled JMGLY 

and that calculated explicitly by the online photolysis code for scenarios RLW and RLS, respectively. It can be seen that 
although the agreement is good for summertime scenarios, there is an under-estimation in the scaled JMGLY value during 

wintertime resulting in J values which are ~50% smaller than those calculated explicitly. This is due a re-distribution of the 
band contributions to the final J value for scenarios that have higher SZA (meaning longer slant columns and thus more 
O3 absorption). This shows that, although the application of this new scaling ratio improves on that used in the current 

TM model, it is still beneficial to implement the explicit calculation in the TM model when feasible. 
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Figure 2: Comparisons of (a) HO2, (b) CH3C(O)O2, (c) NOx and (d) O3 for the scenario URW. For 

the definition of the various runs the reader is referred to the figure legend provided for Fig. 1. 
 

 
 

Figure 3: Comparisons of JMGLY for the scenario (a) RLW and (b) RLS using the scaling ratios 

adopted by both TM4 () and TM5 () for JMGLY versus that calculated explicitly using the latest 

recommendations (- - -) and that calculated when adopting a scaling ratio = 5.5 (). 
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3.2 The Quantum Yield of O3 + hν → O1D 
 

During the photolysis of O3, the partitioning between O(1D) and O(3P) production is governed by the quantum yield (φ) 

of each reaction channel adopted in the chemical reaction scheme. In the current version of the TM model the quantum 
yield originates from derivations made using measurements of O(1D) taken at Mauna Lao Observatory (Shetter et al., 
1996). The resulting φO1D is temperature dependent between λ = 307-321 nm. There are also temperature independent 

values between λ = 280-306nm, which vary between 0.895 - 0.95 and diminish to zero between 321-350nm. Since the 
publication of these values a critical analysis of all available laboratory measurements has been made by Matsumi et al. 
(2002) which has resulted in the recommendation of an updated temperature dependency between λ = 306-328nm (the 
most important spectral region for tropospheric O3 photo-dissociation). For λ = 290-305nm a value of φO1D = 0.9 is 

recommended. Moreover, an extended tail exists in that φO1D = 0.08 is recommended between 329-340nm, although the 

associated values of σO3 mean that the contribution to the final JO3d is rather small from this spectral region. 

 
Figures 4a-h show the resulting profiles for O3 and OH for both TM4 and TM5, along with the effect of updating JO3d for 

scenarios URW, URS, RLS and TR, respectively. With the exception of the urban scenario the evolution of O3 is nearly 

identical between TM4 and TM5 runs due to the low [CH3C(O)CHO] which is present.  For the urban scenario differences 

are introduced as a result of differences in the availability of reactive nitrogen (see Figure 2) which subsequently introduces 
differences in [O3] ([OH]) via JNO2 (JO3d). This causes [OH] to be higher in TM5 than TM4 for polluted cases.  As would 

be expected, the overall effect of updating the φO1D values is governed by the magnitude of JO3d, thus the effects are 

maximal during summertime when there are longer days. This is in spite of the differences in JO3d introduced by updating 

φO1D being larger for the wintertime scenarios (not shown) (i.e.) the φO1D decreases with temperature. Generally it can be 

seen that the loss of O3 via photolysis decreases for all summertime scenarios with the effect being nearly identical for 

TM4 and TM5. This is accompanied by a small decrease in [OH] which, for the wintertime urban scenario, ranges between 
10-40% depending on the day of simulation. This maybe explained by considering the decrease in φO1D as a result of the 

new recommendations especially at low temperatures. Further analysis is conducted in Section 4 where all updates are 
introduced simultaneously.  

 
3.3 The Update of the Photolysis Rate of HCHO 

 
The photolysis of HCHO proceeds via two separate channels, as described below in reactions (2) and (3): 
 

 HCHO + hν → CO + H2 (2) 

 
 HCHO + hν (+ O2) → HO2 + HCO (3) 

 
The branching ratio between both reactions is determined by the respective values of φ2 and φ3. The intermediate HCO 

formed in reaction (3) decomposes almost instantaneously in the presence of oxygen to form HO2 and CO. Significant 

extensions to the λ range over which the recommended values of σHCHO and φHCHO apply result in an increase in the 

contributions to both J values for this spectral region, where the effect of the σHCHO values dominates. Moreover, due to 

the formulation of the modified CBM4 mechanism any resulting change in the photolysis frequency of reaction (3) also 
affects the photolysis of CH3C(O)CHO due to a scaling procedure that is used (see Section 3.1). 

 
Figure 5 shows the resulting differences for both JaCH2O and JbCH2O calculated using the old and new recommendations 

for scenarios URW and URS. Comparing these figures shows that there is an increase in both J values of ~30% independent 
of the season. This also has implications for JMGLY due to the scaling approach described in section 3.1 (i.e.) the 

differences between JMGLY in TM4 and TM5 become larger (not shown). In order to investigate the resulting differences of 

this effect between wintertime and summertime we show results for both URW and URS. 
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Figure 4: The effect of using updated φO1D values on tropospheric [O3] and [OH] for scenarios 

(from top to bottom) (a) URW, (b) URS, (c) RLS and (d) TR. Profiles are shown for simulations 

using the φO1D values taken from Shetter et al., (1996) (__ TM4, __ TM5) against simulations 

using those of Matsumi et al., (2002) (__ TM4, --- TM5). 
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Figure 5: Comparisons of JaCH2O and JbCH2O for scenarios URW (top) and URS (bottom) as 

calculated using both old (__) and new (---) recommendations for the parameters σHCHO and 

φHCHO. The input data originates from Sander et al. (2002) and Sander et al. (2006) for the old 

and new simulations, respectively. 
 

In general the differences in [HCHO] between TM4 and TM5 are largest for the URW scenario which is related to the 
efficiency of KFRMOH (i.e. differences in [OH], see Figure 4). Moreover, the substantial differences in [HO2] cause related 

differences in both [H2O2] and [CH3OOH], which both act as sources of OH via JH2O2 and JMEPE, respectively. The 

heterogeneous loss of HO2 on wet aerosol surfaces may also amplify this effect in any that CTM contains heterogeneous 

loss processes (although it should be noted that neither TM4 nor TM5 currently account for this effect). Therefore, we also 
perform additional simulations where we introduce a first-order loss rate for HO2 of 2.7 x 10-3 s-1 into the box model in 

order to mimic this irreversible uptake of HO2. This leads to a reduction in [HO2] of ~15%. This decrease is in the range 

needed to reconcile explicit box model calculations with in-situ measurements of HOx radicals taken at a coastal site 

(Sommariva et al., 2006), although uptake is highly dependent on both aerosol composition and pH. 
 
Figure 6 shows comparisons for [HCHO], [HO2], [H2O2] and [CH3OOH] for simulations both with and without the 

additional loss of HO2 on aerosols for both TM4 and TM5. The main effect of applying the updated J values is a ~15% 

reduction in the resident [HCHO], as would be expected due to the increased removal by photolysis, where the magnitude 
of the change in [HCHO] between TM4 and TM5 is almost identical. This has repercussions for both in-situ CO 
production (see section 3.5) and HO2. The integrated effect of this perturbation in the HOx budget over the simulation 

period can be assessed by comparing the ∆[H2O2] and ∆[CH3OOH] between the cases shown in Figures 6e-h, where the 

effect on H2O2 is greater due to the second-order dependency of H2O2 formation on [HO2] (see Appendix B). For the 

wintertime scenario the changes in [ROOH] are similar to those shown for [CH3OOH], again due to the perturbation in 

[HO2]. It should be noted that both HCHO and H2O2 are soluble in water and therefore subject to wet deposition 
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meaning that the effects in a CTM maybe moderated (see Section 5). For O3, HNO3, PAN, the other higher organics and 

SO2/SO4 this particular update has minimal effect.  

 
For other scenarios similar changes are observed, although the differences are only a few percent for e.g. RLS and MAS. For 
scenario MAA (i.e. pristine locations) HCHO acts as an important precursor for HOx radicals. Even though the magnitude 

of both JaCH2O and JbCH2O is smaller for MAA compared with Figure 5, a reduction in [HCHO] by nearly 10% occurs at 

the end of the simulation period (not shown). This is due to the relatively cold temperatures (259°K) enhancing the 
differences in the resulting J values. This subsequently increases both [OH] and [HO2] during the day which has 

implications for the lifetime of CH4. A further notable effect is an increase in [O3] by ~2% by the end of the simulation 

period. 

 
3.4 Other Miscellaneous Updates 

 
This section summarises the effects introduced by applying the other updates which are given in the latest 
recommendations. These updates are: (a) the use of a new parameterization for the calculation of the temperature 
dependent values for σN2O5

, (b) the use of explicit σ values for the calculation of JALD2, (c) the introduction of another 

product channel for the photo-dissociation of HNO4, (d) the removal of the scaling factor for JORGN and (e) the 

application of high angle band settings in the parameterization of Landgraf and Crutzen (1998). 
 

(a) The update concerning the temperature dependent values of σN2O5
 has no effect on tropospheric chemistry 

due the new recommendations being concerned with σN2O5
 for λ < 250nm. For the upper troposphere small 

differences maybe introduced depending on the geo-location therefore an update should be performed when 
feasible. 

 
(b) In the modified CBM4 scheme ALD2 is a lumped species representing CH3CHO and the higher aldehydes. 

The current TM chemistry uses σCH3CHO values for the calculation of JALD2 (M. Krol, personal 

communication, 2007), which were adopted from the TUV model (Madronich, 1992) during the last update of 
the photolysis scheme. In order to investigate whether JALD2 is representative of a lumped species 

representing higher aldehydes, an average was taken between the σCH3CHO and σC2H5CHO values that are 

available in the latest recommendations (Sander et al., 2006). The result is an increase in JALD2 by ~10% 

during the summer as compared to the original in both TM4 and TM5. However, this only has a marginal 
effect on the resident [ALD2] across the entire range of scenarios due to the photolysis rates being of the order 
of 10-5 s-1. 

 
(c) In the modified CBM4 mechanism the photo-dissociation of HNO4 proceeds via reaction (4): 

 
 HNO4 + hν → HO2 + NO2 (4) 

 
 In the latest JPL recommendations (Sander et al., 2006) an additional dissociation pathway is introduced, 

reaction (5):  
 

 HNO4 + hν → OH + NO3 (5) 

 
Where φ for this second channel is 0.2 across the entire spectral region. Moreover, the tail of the absorption 
spectrum for HNO4 has been extended out towards λ = 350nm compared to previous recommendations 

(Sander et al., 2002), although the values remain temperature independent. Due to the low [HNO4] (in the 

order of 10pptv), the influence of introducing this second photolysis channel is negligible across the range of 
scenarios defined for this study. Moreover, the rapid photolysis of NO3 and the high reactivity of OH mean 

that the transformation of the products from reaction (5) is almost instantaneous in the troposphere during 
the day. 

 
(d) In the modified CBM4 mechanism the species ORGNTR represents lumped alkyl nitrates. The photolysis rate 

was originally calculated using absorption characteristics for a C4 mono-nitrate as described in Houweling et 
al. (1998). However, the TM model uses values for methyl nitrate (CH3ONO2) without the inclusion of the 

temperature dependency for σCH3ONO2.  
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Figure 6: Comparisons of (a) HCHO, (b) HO2, (c) H2O2 and (d) CH3OOH for scenario 

URS calculated using both the old ( TM5,  TM4; no additional HO2 loss: - - - TM5, - - - 

TM4 with additional HO2 loss) and new (  TM5,  TM4; no additional HO2 loss: - - - 

TM5, - - - TM4; with additional HO2 loss) recommendations for σHCHO and φHCHO. The 

input data originates from Sander et al., (2002) and Sander et al. (2006), respectively. 
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Moreover, this rate is scaled up by a factor of 2.5 when applied in the current TM model in order to reduce the 
atmospheric lifetime of ORGNTR. To be consistent with the measured absorption data, this amplification is 
only warranted if the C2 and C3 alkyl nitrates have larger σ values than CH3ONO2. Analysis of the data 

indicates that the absorption tail past 300nm is in fact more truncated for these alkyl nitrates resulting in lower 
tropospheric J values (Roberts and Fayer, 1989). Considering that the absorption spectrum for CH3ONO2 has 

been used for the calculation of JORGN, the use of a further scaling factor of 2.5 cannot be justified. In the 

modified CBM4 scheme ORGNTR is predominantly formed via the oxidation of isoprene (via the operator 
species XO2N, see Appendix B), which means that in the TM model the majority of the formation occurs 
around the tropics. For the sensitivity test performed here we simply remove the scaling factor of 2.5, therefore 
using a temperature independent upper limit for all alkyl nitrates. This results in increases in [ORGNTR] by 
between 10-20% depending on the chosen scenario. In a CTM this will increase the amount of NO2 

transported away from source regions as a result of the increase in the atmospheric lifetime (see Section 5). 
 
(e) In Williams et al. (2006) the errors associated with the photolysis rates calculated using the band approach for 

high SZA (θ>71°) have been shown to be significant in the lower atmosphere for important species such as 
HCHO and HNO3 when using the original band settings, as defined in Landgraf and Crutzen (1998). 

Therefore, we test the effect of using the high-angle band settings and the application of limits to the resulting 
scaling ratios (Grid A in Williams et al., 2006) on the resulting J values. Figure 7 shows the resulting diurnal 
variation of both (a) JO3d and (b) JNO2 for both the original and high-angle band settings for scenario MAA 

(where θmax=77° for the chosen simulation period).  
 

Differences in J values between the two band settings predominantly occur for those J values which are 
sensitive to the screening of incident photons in the UV spectral region by the overhead ozone column. For 
any given species the sensitivity to this effect is governed by their characteristic σ values. These differences are 
due to the application of unrealistic scaling ratios in the UV region when adopting the original band settings, 
resulting in enhanced band contributions to the final J values (see the detailed explanation provided in 
Williams et al., 2006). For instance, this artificial amplification results in JO3d being nearly as large for θ > 80° 

as at the zenith for scenario MAA (the ‘spikes’ which are imposed on the diurnal variation as shown in Fig.7a). 
These ‘spikes’ subsequently disappear when applying the high-angle band settings. The integrated effect over a 
day for this scenario is that ~20% less O(1D) production is formed via JO3d. For JNO2 there is a marginal 

increase of ~5% at the zenith. Moreover, this has potential to alter the HOx budget by increasing [HCHO] (not 

shown). Therefore this update has the potential to affect chemistry in the remote regions (e.g.) for mid-
September the λmax varies between 80°-70° over the latitudinal band 78-68°S, although the region where this 

occurs changes throughout the year. 
 

 
 

Figure 7: The diurnal variation of (a) JO3d and (b) JNO2 for scenario MAA simulated. Comparisons are 

shown for both the original (__) and high angle band settings (---). 
 

For other winter scenarios (namely MAW, RLW and URW), the instances where the SZA falls between the SZA 
limits needed for the application of the high angle grid is < 10% over a typical day, resulting in small 
differences of a few percent for most trace gas species. This update is included in the full_run described in 
section 3.5 
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3.5 The Cumulative Effect of Introducing Simultaneous Updates for 
Photolysis Rates 

 
Finally, the individual updates discussed in the previous sections are implemented simultaneously to determine whether 
the simulated differences are moderated in any way when accounting for the cumulative effects of all the proposed updates 
to the photolysis rates. Here we differentiate between the updates that can be made to the TM model without the 
introduction of an online photolysis routine (or the ‘operational settings’) and the complete set of updates as introduced in 
the preceding sections. In the following analysis we refer to these as the op_run and the full_run, respectively. For the 
op_run we simply update the JMGLY and JORGN values by modifying the scaling ratios applied.  

 

 
 

Figure 8: Comparisons of (a) HCHO and (b) CO showing increases in the in-situ production of 
tropospheric [CO] as a consequence of increased HCHO photolysis for the scenario TR. Changes are 
shown for TM4 () and TM5 () against those using the op_run (---) and the full_run (---). 

 
For the full_run all updates are included except those associated with N2O5 and HNO4, for which the individual effects 

were found to be negligible (see Section 3.4). Analysing the resulting changes in the evolution of trace gas species reveals 
that for some long-lived species similar differences occur across a range of scenarios. These differences are summarised 
below. 
 
For the full_run there are reductions in [HCHO] of between ~5-10% across all of the scenarios due to increases in both 
JaCH2O and JbCH2O in line with the findings of section 3.3. For scenarios not influenced by strong CO emissions (e.g. 

MAS) this results in noticeable increases in [CO] of between ~2-3% as a result of the enhanced in-situ production. This is 
not captured by the op_run due to the use of the old HCHO recommendation although for these conditions both TM4 and 
TM5 show identical behaviour.  Figures 8a and b show examples of such differences in [HCHO] and [CO] for the scenario 
TR. For [CH3C(O)CHO] and [ORGNTR] there are decreases (increases) of between 20-500% and 15-20% between the 

op_run and TM4 (TM5), respectively. This is a direct result of the modification of the scaling ratios for these two species. 
Only negligible differences occur between the op_run and full_run for these two species. The resulting changes in 
tropospheric O3 are similar to those shown in Figure 4, therefore the changes induced by updating the φO1D values 

remain largely intact for all scenarios 
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Figure 9: The effect of updating the photolysis data on [OH] and [SO4] for scenarios URW (left) and 

URS (right) showing increases (decreases) in the rate of the production of SO4 compared to TM4 

(TM5). Changes are shown for TM4 () and TM5 () against those using the op_run (---) and the 
full_run (---). 

 
As for TM4 versus TM5, the largest differences between the op_run and the full_run simulations occur for the urban 
scenarios, where anthropogenic emissions exert the strongest influence on (e.g.) tropospheric O3 production and also 

where the resident [HCHO] and [CH3C(O)CHO] are the highest of all the scenarios. Figures 9a-d show the differences for 

both [OH] and [SO4] for the scenarios URW and URS, respectively, where the production rate of SO4 is determined 

exclusively via reaction KSO2OH (see Appendix B). For URW it can be seen that for TM4 the rate of SO4 production is 

~50% lower than that calculated in TM5. This is related to the perturbation in the HOx budget introduced via differences in 

JMGLY. Moreover, comparing the op_run with the full_run shows that [OH] in the full_run is consistently higher than that 

calculated using the op_run by between 2-10% regardless of the season, similar to that shown in Figure 4 and due to 
similar reasons. 
 
Another important effect of these differences in JMGLY is the modification in the concentration of reactive nitrogen that is 

present in the system as discussed in Section 3.1. Figure 10 shows comparisons for [NO], [NO2], [PAN] and [HNO3] 

between TM4, TM5, the op_run and the full_run. Comparing the TM4 and TM5 simulations shows that for the scenario 
URW the total amount of nitrogen stored in reservoir compounds is much higher for TM5 than TM4 (considering that 
approximately 10 times as much PAN exists in the system). Moreover, the soluble fraction is higher for TM4 than TM5 for 
the urban scenarios due to the differences in the partitioning (c.f. Fig 10c). This could explain the difference seen in the 
regional loss of nitrogen via wet deposition between TM4 and TM5 for (e.g) East asia (Dentener et al, 2006). The higher 
[PAN] in TM5 will also introduce differences with respect to the global distribution of nitrogen, where PAN is subject to 
long-range transport. Finally, for this scenario the amount of reactive nitrogen available in TM4 is much higher as shown in 
Figures 10a and b. Comparing the op_run and full_run shows that the op_run has ~40% less reactive nitrogen available 
due to an over production of both PAN and HNO3. Further analysis is limited to Section 4 where the application of all 

updates to both the reaction data and photolysis data occurs simultaneously. 
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Figure 10: The effect of updating the photolysis data on [NO], [NO2], [PAN] and [HNO3] for the URW 

scenario where decreases (increases) in reactive nitrogen occur compared to TM4 (TM5). Changes 

are shown for TM4 (__), TM5 (__) op_run (-.-.-) and full_run (….). 
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4. The effect of updating the modified CBM4 
mechanism on Atmospheric Composition 

 
 

For the purpose of investigating the chemical effects introduced by updating both the reaction rate and photolysis rate data 
simultaneously we define a number of sensitivity studies in order to determine the main causes of the most significant 
differences. Table 3 summarises the subset of reactions selected for each of the sensitivity tests. In general, for the explicit 
reactions (e.g. KNOO3) the relevant data was taken directly from the latest recommendations (Sander et al, 2006; 
Atkinson et al, 2006). For reactions containing lumped species we provide details of the chosen parameters below. For 
more comprehensive details regarding the actual input data used for the updates the reader is referred to Appendix F. 
 
 

Sensitivity test Details of test Reactions 
SENSNOX Inorganic reaction involving NOx KNOO3, KHO2NO, KMO2NO, 

KNO2OH, KNO2NO3, KN2O5, 
KNO2HO2 and KC46 

 
SENSGHG Reactions involving HOx with CH4, CO and 

O3 

KODM, KH2OOD, KO3HO2, KCOOH, 
KO3OH, KCH4OH, KHPOH and 

KH2OH 
 

SENSRO2 Reactions involving RO2 KMO2HO2, KMO2MO2, KHO2HO2, 
KC49-50, KC79-81, KC82 and KC85 

 
SENSORG Reactions involving HCHO and organics KFRMOH, KC43-44, KC57-59, KC61-

62, KC73, KC76-78, and KC84 

SENSPAN Update of Keq(PAN) only KC47, KC48 

 
Table 3: Definitions of the sensitivity tests used to identify the source of the most important changes which occur when 
updating the reaction rate data to the latest recommendations. For these sensitivity tests no updates were made to any of 
the photolysis rates. 

 
Before we present the main differences that occur as a result of updating the modified CBM4 mechanism, we briefly 
highlight the most significant updates made to the gas phase reaction rates listed in Appendix F. For [OH] the production 
efficiency is reduced by an increase in the quenching of O(1D) via KODM by ~12%. Temperature dependencies are 
introduced for the fundamental reactions KH2OOD and KFRMOH. There is also a reduction by ~25% in the conversion 
rate of OH to HO2 via KH2OH, where the scaling of KH2OH to KCH4OH is completely removed (see Appendix B) and 

the resident [H2] increased from 500 nmol/mol to 550 nmol/mol (Brasseur and Schimel, 1999). For the nitrogen 

reservoirs there is a ~30% increase in the formation rate of HNO3 and a reduced decomposition rate for PAN (KC48). For 

CH3O2 there are reductions in the reaction with HO2 and CH3O2 by ~10% and ~20%, respectively. For the reaction of 

CH3C(O)O2 with NO, HO2 and CH3C(O)O2 there are changes of –83%, 775% and 217%, respectively, where the 

reaction data is now available for each explicit reaction. For Isoprene the oxidation by OH increases by ~18%, whereas the 
oxidation by O3 and NO3 both decrease by ~10%.  

 
For KCOOH the formulation of the reaction now proceeds via two separate channels accounting for the formation, and 
subsequent decomposition, of an association complex, as described by reactions (6), (7) and (8): 
 

 OH + CO(+ M) →  H + CO2 (6) 

 

 OH + CO(+ M) →  HOCO (7) 
 

 HOCO + O2 →  HO2 + CO2 (8) 
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Under atmospheric conditions k8 = 1.5 x 10-12 cm3 molecule-1 s-1 at 298K, meaning that the decomposition is essentially 

instantaneous. Previous recommendations (e.g. Sander et al., 2002) simply declared reaction (6) with a pressure 
dependency derived for [N2] = 0-1 bar between 200-300K.  However, tropospheric temperatures often exceed 300K at 

ground level, especially under tropical conditions; therefore a more sophisticated treatment is needed. Here, we choose to 
use the formulation given in Sander et al. (2006) as Atkinson et al. (2006) imply that both reactions (6) and (7) need to 
be accounted for in order to account for the diverse range of temperatures and pressures found in the atmosphere. This 
results in a decrease in KCOOH of a few percent at standard temperature and pressure (see Appendix F). 
 
For the lumped radical operator species XO2 and XO2N we make the following changes. For the reactions of XO2 with 
other radicals we take the average of the latest recommendations (Atkinson et al., 2006) for the rates of reaction of 
CH3CH2O2 and CH3CH2CH2O2 (in the various isomers) with the respective radical (e.g.) HO2 or with themselves 

depending on the stiochiometry of the reaction. For the reaction of NO + XO2N (KC81) and HO2 + XO2 (KC82) we adopt 

the rates given in Yarwood et al. (2005b) due to a scarcity of laboratory data. For the production of ROOH (KC85) the rate 
changes implicitly as a result of updates to KC82 and KC79, where KC85 is equal to the ratio of (KC81 + KC82)/KC79. For 
the oxidation of ORGNTR and ROOH we again adopt the rates given in Yarwood et al. (2005b). 
 
For brevity we do not discuss or show changes introduced by each sensitivity test but rather the cumulative effects 
introduced when applying all the updates to both the reaction rates and photolysis data together. For this purpose we 
again define an op_run and a full_run simulation, with the difference being that the op_run only contains the updates to 
the photolysis rates as defined in the op_run in Section 3.5. Comparisons are shown versus both TM4 and TM5 
throughout. 

 
4.1  The Changes concerning Tropospheric O3 and OH 

 
Figure 11 shows the change in both tropospheric O3 and OH for scenarios MAS, RLS, URS and TR. For the majority of the 

scenarios the growth in tropospheric O3 over the simulation period is identical for both TM4 and TM5, except for URS and 

URW, where the high [CH3C(O)CHO] results in moderate differences (see Section 3.1). The influence of updating the 

reaction data is to reduce the production rate significantly resulting in ~10% less [O3] by the fourth day of the simulations. 

This is predominantly due to the reduction in the availability of reactive nitrogen and the updates to the reaction rates 
associated with the higher organics as seen in SENSNOX and SENSORG (not shown). It is encouraging that the 
differences between the op_run and the full_run are limited to a few percent, with the full_run being consistently higher. 
For [OH] there are decreases of ~20% during the daytime across a range of scenarios.  Therefore the increases in [OH] 
shown in Figure 9 associated with updating the photolysis rates are subsequently negated by the updates to the reaction 
data related to the formation of [OH] and the partitioning of NOx, as determined in the SENSNOX and SENSGHG 

sensitivity tests (not shown). Again the differences between the op_run and full_run are limited to a few percent for 
specific scenarios.  
 
Figure 12 shows the resulting effect on the oxidation of CH4 by examining the differences in [CH3O2] as a convenient 

proxy for identical scenarios as those shown in Figure 11. As would be expected the resident [CH3O2] decreases in line 

with the decreases in [OH] shown in Figure 11. This negates the increase in [CH3O2] seen in the SENSRO2 sensitivity test 

(not shown), which occurs as a result of the decrease in the loss rates KMO2HO2 and KMO2MO2 (see Appendix F). 
Therefore the lifetime of CH4 (hereafter denoted as τ(CH4)) increases in the box model as a result. For TM4 and TM5 the 

resident [CH3O2] is essentially identical. Moreover, it becomes apparent that there is generally ~5% less [CH3O2] in the 

full_run as compared with the op_run. This effect increases to ~10% in more remote regions (c.f. Fig 12a with 12b). The 
only exception is for scenario MAA, where the increased influence of the enhanced photolysis of HCHO results in a 
noticeable increase in [OH] in the full_run of a few percent (not shown).  This occurs in spite of the application of the high 
angle band settings, although these do moderate the increase in OH. 
 
For other species oxidized by OH (e.g.) SO2 there are related decreases in the oxidation rate (not shown). For the some of 

the higher organics the increase in their atmospheric lifetimes due to a lower [OH] is offset by the simultaneous increase in 
the rate of oxidation due to the updates made to the reaction data (e.g.) Isoprene. One of the most influential effects  
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Figure 11: The effect of updating the modified CBM4 mechanism on tropospheric O3 (left) and OH 

(right) for scenarios MAS, RLS, URS and TR. Comparisons are shown for TM4 (__), TM5 (__), the 
op_run (- - -) and the full_run (- - -). 
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concerns the decrease in the removal of ORGNTR via OH (KC84) which, in conjunction with the update to JORGN, results 

in a substantial increase in the partitioning of nitrogen into a more chemically passive form (see next section). This also 
contributes to the decrease in tropospheric O3 by reducing the net flux of O(1D) production via JNO2. 

 

 

 
 

Figure 12: The effect of updating the modified CBM4 mechanism on the oxidation of CH4 for scenarios 

MAS, RLS, URS and TR. Comparisons are shown for TM4 (__), TM5 (__), the op_run (- - -) and the 
full_run (- - -). 

 
4.2  The Changes concerning CO 

 
In section 3.3 we have shown that the one of the main effects of increasing both JaCH2O and JbCH2O is an increase in the 

in-situ formation rate of CO. Therefore we re-visit this to see whether this effect is enhanced by the reduction in OH shown 
above. Moreover, the modification in KFRMOH means that both of the main gas-phase removal routes for HCHO have 
been updated. Figures 13a-f shows the resulting change in both [HCHO] and [CO] for scenarios MAA, RLS, URS and TR, 
respectively. Here it can be seen that loss of [HCHO] in the full_run is compensated for by the update of the reaction rate 
data compared to when only the photolysis rates are updated (c.f. Figure 6b with Figure 14c). For the op_run the [HCHO] 
increases across a range of scenarios as compared to both TM4 and TM5 because of the missing update for both JaCH2O 

and JbCH2O. Again it should be noted that the high solubility of HCHO means that the effects shown in Figure 13 related 

to HCHO are most likely to be moderated when applied in a global CTM. For the associated change in [CO] it can be seen 
that the increase in the in-situ formation still occurs, where the highest growth rate is simulated for the full_run as a 
consequence of the contribution by the additional photolysis of HCHO. This has an effect even for scenarios that have high 
local emissions (e.g. URS). Contributions to this increase are simulated in SENSGHG, SENSORG and SENSNOX, which 
nullify the decreases in [CO] seen in SENSRO2. Moreover, these increases in CO enhance the chemical destruction of OH 
via reactions (6) and (7). 
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Figure 13: The effect of updating the modified CBM4 mechanism on [HCHO] (left) and [CO] (right) for 

scenarios MAA, RLS, URS and TR. Comparisons are shown for TM4 (__), TM5 (__), the op_run (- - -) and 
the full_run (- - -). 
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4.3 The Re-distribution of NOx into Nitrogen containing of Reservoir 
Species 

 

 

 

 
 

Figure 14: The effect of updating the modified CBM4 mechanism on the re-partitioning of reactive 
nitrogen for scenarios URS and TR. Plots are shown for HNO3, PAN and ORGNTR, which act as 

important reservoir species in the modified CBM4 mechanism. Comparisons are shown for TM4 (__), 

TM5 (__), the op_run (- - -) and the full_run (- - -). 
 

In section 3.5 we have shown that updating the photolysis rates results in a re-partitioning of nitrogen for the urban 
scenario. Introducing the new reaction data has the potential to increase this effect due to the reduction in OH 
shown in Section 4.1. Moreover, the reduction in the release of nitrogen from stable reservoirs (e.g.) the decrease 
in KC84 (OH + ORGNTR) by ~90% also has the potential to enhance this re-partitioning. Figure 14 shows the re-
partitioning of nitrogen for scenarios URS and TR.  



1 On the upgrading of the modified Carbon Bond Mechanism IV for use in global Chemistry Transport Models 
 
 

• • • • 23   

 

 

 

 
 

Figure 15: The effect of updating the modified CBM4 mechanism on [NO] and [NO2] for scenarios RLW, RLS, 

URW, and URS. Comparisons are shown for TM4 (__), TM5 (__), the op_run (- - -) and the full_run (- - -). 
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For these scenarios it can be seen that there is a reduction in [HNO3] of ~30% with an associated increase in both [PAN] 

and [ORGNTR] of ~10% and ~50%, respectively, as compared to both TM4 and TM5. Therefore, the ~28% increase in 
KNO2OH does not result in higher [HNO3] when applying all of the updates due to both the decrease in [OH] and the 

availability of NO2 (see below). 

 
The substantial increase in [ORGNTR] is caused by both an increase in the formation rate (KC81) and a decrease in both 
the photolysis rate and the reaction with OH (see Appendix F). 
 
In a CTM this reduces the fraction of nitrogen available for wet deposition (where HNO3 is highly soluble) and increases 

the fraction of nitrogen that can be transported to higher altitudes by convection (see Section 5). For wintertime scenarios 
the increases in [ORGNTR] are limited although decreases (increases) occur for HNO3 compared with TM4 (TM5) due to 

the effect of JMGLY (see section 3.5). For the low NOx scenarios (e.g. MAA, MAS) the [ORGNTR] increases in a similar 

manner to scenario TR (albeit by only a few 100pptv), with the [HNO3] remaining unchanged 

 
In Figure 15 we show the resulting effects on reactive nitrogen for both the rural and urban settings, where the highest 
[NOx] régimes are found.  With the exception of the URW scenario there are generally decreases in both [NO] and [NO2] as 

compared with both TM4 and TM5, as would be expected considering the increased fraction of nitrogen that is stored in 
the reservoir compounds. This contributes to the decrease in tropospheric ozone discussed in section 4.1. In Figure 16 we 
show the effect on [NO3] for identical scenarios. Due to the high photolysis rate this radical has maximal concentrations 

during the night, where it has a large influence on the oxidation capacity of the atmosphere due to the absence of OH. It 
can be seen that for summertime scenarios, there is a decrease by between ~30-50%. There is also a similar reduction in 
[N2O5], which again reduces the amount of nitrogen lost by heterogeneous scavenging on aqueous aerosol. For 

wintertime scenarios there is generally an increase by 5-10%. For the URW scenario the behavior compared to TM4 (TM5) 
is different in line with the differences simulated for the other nitrogen containing species. 

 

 

 
 

Figure 16: The effect of updating the modified CBM4 mechanism on [NO3] for scenarios RLW, RLS, 

URW, and URS. Comparisons are shown for TM4 (__), TM5 (__), the op_run (- - -) and the full_run (- - -). 
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5.  The Application of the Operational Updates in a 
Global CTM 

 
 

In section 4 we have shown that many of the updates to the chemical reaction data discussed in this report can be 
introduced into the TM model immediately without the need for any lengthy upgrade to the CTM such as introducing the 
calculation of online photolysis rates. Although such an upgrade is deemed necessary in the long term, the updates can be 
tested in the context of (e.g.) the retrieval of tropospheric NO2 columns without delay. It is also necessary to determine 

whether the changes in the resident concentrations of important trace gases calculated during the box model studies are in 
any way moderated by mixing processes, the use of different emission datasets and heterogeneous scavenging of soluble 
species (e.g. HNO3). The prolonged transport times of ORGNTR away from source regions as a result of the increase in 

the atmospheric lifetime should result in interesting modifications to both NOx and O3 for regions such as the Tropics 

and more remote regions (e.g. South Pacific). Moreover, the temperature/pressure combinations found in the upper 
troposphere are typically different than those adopted from the AFGL profiles in the box model. This has the potential to 
enhance the effect of introducing new rate dependencies for dominant reactions such as KH2OOD and KFRMOH. Finally, 
the actinic fluxes used for the calculation of photolysis rates in TM4 are extracted from a look up table that adopts a single 
AFGL profile (for the Tropics) and clear sky conditions, although cloud coverage is included in the derivation of the total 
optical depth through the atmospheric column. This may result in significant differences to the resulting J values to those 
shown in the box-modelling study. 

 
For this purpose we perform simulations using the version of TM4 that has recently participated in a host of model 
intercomparison studies (e.g. van Noije et al., 2006; Stevenson et al., 2006; Shindell et al., 2006). Since participating in 
these intercomparison studies a number of modifications have been made to the TM4 model, which are described as 
follows; (i) the total ozone column has been reduced by ~10% as a result of an error associated with the summation of the 
over head column, (ii) the partitioning of the NMV emissions has been reduced for PAR, OLE and MGLY (see Appendix 
G), (iii) the emission of isoprene is distributed over the first 200m to dampen surface concentrations in the tropics, (iv) 
the loss of OH by the reaction with SO2 is now accounted for in the EBI solver, (vi) the biogenic emission of acetone given 

in the POET emission inventory is included as PAR (as defined in Yarwood et al., 2005), (v) the value of the γN2O5 has 

been decreased to 0.02 from 0.04 according to the recommendation of Evans and Jacob (2005) and (vi) an updated 
method of convective scavenging is used. 

 
For the baseline case the reaction data used to calculate the chemical rates is given in Appendices B and C (i.e.) the 
original scaling ratios for JMGLY and JORGN are still adopted (hereafter referred to as the tm4_baseline_run). In this 

instance the JMGLY value is set equal to JbCH2O (in line with the original IPCC version of TM4 and that currently used for 

the retrieval of satellite products from (e.g.) OMI). For the updated chemistry the selection of updates is as defined above 
in Section 4 and Appendix F (hereafter referred to as tm4_op_run). Two further simulations are performed which include 
CH3C(O)CHO as a transported tracer to vent the lowest layer and account for an atmospheric lifetime of ~5hrs (see 

section 6.1 below). Moreover, dry deposition is added for CH3C(O)CHO using fluxes which are identical to HCHO 

following the approach of von Kuhlmann (2001). These runs are hereafter referred to as tm4_baseline_mgly and 
tm4_op_run_mgly, respectively.  

 
All simulations are conducted for the year 2000 using 25 vertical layers and a horizontal resolution of 3° x 2°, with the 
emission sources and injection heights being identical to those defined in the IPCC study (see full details in Stevenson et 
al. (2006)). For the biomass burning emission datasets we adopt the average for 1997-2002 from the GFEDv1 database 
(van der Werf et al., 2003) rather than a specific dataset for the year 2000. The methane is constrained at 1760ppmv 
throughout the troposphere without any vertical or latitudinal gradients. A spin-up period of one year was used for the 
tm4_baseline_run and the tm4_op_run_mgly in order for the chemical system to attain equilibrium. For the tm4_op_run 
and tm4_baseline_mgly run a shorter period of 4 months was used taking initial fields from the tm4_baseline_run. The 
sensitivity studies presented here allow an independent determination of the influence of transporting CH3C(O)CHO from 

the changes introduced by updating the reaction rate data. Therefore, we analyse the budget of these runs to differentiate 
which updates cause the most influential effects. This allows one to assess the influence of the changes made to the TM 
model on (e.g) the lifetime of methane (hereafter referred to as τ(CH4)) as compared to the values given in Stevenson et 

al, (2006). 
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Since the IPCC ensemble runs there have been updates to the anthropogenic emission datasets in order to account for the 
under-estimation in the growth in emissions made during the IPCC assessment. These new emission estimates have been 
made available during the Royal Society modelling exercise entitled “Ground-level ozone in the 21st Century” (D. S. 
Stevenson, private communication, http://www.royalsoc.ac.uk). This results in a ~15% increase in the global emission of 
anthropogenic pollutants such as CO and NOx. Comparing the resulting NOx with the emissions applied in the IPCC 

assessment reveals that these changes are not homogeneous (e.g.) for Eastern Europe there is actually a decrease to 
account for the faster implementation of abatement technologies than was predicted in the IPCC assessment (Stevenson 
and Zheng, private communication, 2007). Therefore we also perform identical simulations as for the tm4_baseline_run 
and tm4_op_run in order to assess the influence of the updates when applied to another set of emissions. However, no 
figures are shown regarding the resulting differences, but these simulations are included in the analysis of the chemical 
budgets. An additional sensitivity test is performed using the updated biomass burning NOx emissions and the GFEDv1 

emission dataset for 2000 as described in van Noije et al. (2006), where comparisons made for O3 against co-located 

sonde measurements which are shown in Appendix H. For this simulation a latitudinal gradient is also applied for surface 
CH4 and a diurnal cycle imposed on the isoprene emission. 

 
The following analysis is conducted on monthly mean tracer fields for the month of December 2000 for the 
tm4_op_run_mgly simulation. Although days are short in the NH, meaning less photo-dissociation, this month was 
chosen as it shows the integrated effects of the differences over an entire year. To analyse the changes which occur we 
show both surface concentrations and transects which pass through a longitude of 5°E upto 100hPa (hereafter referred to 
as the ‘chosen cross-sections’). This transect passes through regions influenced by both high industrial and transport 
emissions (i.e. the Benelux region) as well as a significant signature due to biomass burning for this time of year 
(Equatorial Africa). To avoid an exhaustive treatise we focus on the main effects discussed in Section 4 for long-lived trace 
gases meaning that we do not present figures for each of the 24 transported species. All percentage differences are shown 
with respect to the original tracer fields calculated using the tm4_baseline_run.  

 
5.1 The Lifetime and Transport of CH3C(O)CHO 

 
One of the updates found to exert a dramatic effect on the resident concentration of important trace gas species during the 
box modelling studies was the five-fold increase in JMGLY (from 10-5 s-1 to 10-4 s-1, Figure 3). It was found that applying 

this update decreases the atmospheric lifetime (and thus concentrations) of CH3C(O)CHO significantly. This is warranted 

as resident [CH3C(O)CHO] can exceed 20-30 ppbv during wintertime for industrial regions in TM4 when using the 

original reaction rates (see Fig. 17b), where measurements suggest that concentrations should be in the range of a few 
ppbv in urban areas (Grossman et al, 2003). Another factor which exasperates this problem is that CH3C(O)CHO is not 

transported. In order to account for the higher organic species which are not accounted for in the modified CBM4 
mechanism CH3C(O)CHO is emitted  with significant fluxes as an analogue for xylene over industrial regions. Such high 

concentrations have the potential to introduce a bias in the chemistry at the surface. To avoid this it was decided to include 
CH3C(O)CHO as a transported tracer for the simulations used for assessing the effects of the updates to the reaction 

rates. It should be noted that all other non-transported tracers declared in the TM model are short-lived free-radical species 
(except NO and NO2 which are transported collectively as NOx). Figures 17a-f show examples of global monthly mean 

fields for [CH3C(O)CHO] during both June and December 2000 for the tm4_baseline_run, the tm4_op_run and the 

tm4_op_run_mgly, respectively. Here it can be seen that for the tm4_baseline_run the [CH3C(O)CHO] exceeds 20 ppbv 

over parts of Europe, the Eastern US and Japan during the winter. Applying the new chemical rates improves on this as a 
result of the increase in JMGLY, where the maximum [CH3C(O)CHO] at the ground is reduced to between 5-6 ppbv over 

the industrial regions. Figures 17e and f show that introducing tracer transport for CH3C(O)CHO gives a further 

improvement, where the maximum [CH3C(O)CHO] at the ground is reduced to between 0.5-1 ppbv. For the JMGLY value 

applied in TM5 (see Section 3.1) the maximal [CH3C(O)CHO] is also reduced to < 1ppbv (not shown). Moreover, it 

should be noted that the high [CH3C(O)CHO] shown for the tm4_baseline_run is lower than that simulated in the original 

IPCC runs, where maximal concentrations reach over 100ppbv during wintertime, as a consequence of applying the 
original repartitioning ratios of the NMV component as given in Appendix G. 
 
It should be noted that for [ISOP], which is introduced into the model using emission fluxes given by the Global Emissions 
Inventory Activity (GEIA), high concentrations of between 30-70ppbv at the ground occur in the tropics when the emission 
is limited to the lowest layer. Measurements taken over the Amazon indicate that it should be around 5-10 ppbv (von 
Kuhlmann et al, 2004). This has consequences for the resulting in-situ formation of MGLY via reactions KC76-KC78, as well  
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Figure 17: The effect of increasing the lifetime of CH3C(O)CHO in TM4 on the global monthly mean concentrations in the 

lowest layer for the tm4_baseline_run ((a) June 2000 and (b) Dec. 2000), the tm4_op_run ((c) June 2000 and (d) Dec. 
2000) and the tm4_op_run_mgly ((e) June 2000 and (f) Dec. 2000). 
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as the depletion of OH, O3 and NO3. In order to address this we distribute the emission of isoprene in the first two layers 

in the tropics (20°N-20°S), which reduces [ISOP] to between 20-40ppbv (not shown), although a more sophisticated 
treatment needs to be introduced in the future such as a diurnal variation. The effect of introducing a diurnal emission flux 
on the budget of isoprene is discussed further in Section 5.3. 

 
5.2 The Changes in the Global Distribution of Important Trace Gases 

 
5.2.1 Tropospheric O3 

 
Here we show examples of the differences introduced for tropospheric O3 for the chosen cross-sections. Figures 18a and 

b show the distribution of O3 at the surface (between 0-50m) as calculated for the tm4_op_run_mgly simulation and the 

corresponding percentage differences which are introduced by applying the new reaction data and tracer transport of 
CH3C(O)CHO. In the box model decreases in tropospheric [O3] of between 5-10% were simulated for many of the 

scenarios (see Figure 11). However, the emissions of NOx were spread homogeneously throughout the lowest kilometre 

of the atmosphere, whereas in TM the height at which emissions are introduced is dependent on the source of the 
emissions. Industrial emissions are introduced into the second and third layers of the model (which corresponds to 50-
300m above the ground), using a distribution of 24% and 76%, respectively. Biogenic, domestic and agricultural 
emissions are introduced into the surface layer only. Terpenes are introduced into the model as additional isoprene using a 
ratio of two to one as defined in the IPCC exercise. 
 
For biomass burning the emissions are introduced into the TM model between 0-6km, depending on the latitude of the 
burning event, in order to account for the additional pyrogenic convection (van Noije et al., 2006). This means that the 
surface layer is not directly affected by such emissions. This practise is adopted to account for the correct vertical 
distribution of gaseous emissions which originate from fires and to avoid the excessive titration of O3 via the reaction 

KNOO3, which tends to occur when injecting the NOx emission as NO into the lowest model layer only. 

 
For surface [O3] there are generally decreases of between 0-5% over the continents in the Northern and Southern 

Hemispheres (hereafter referred to as NH and SH, respectively). Exceptions are over Eastern Europe and Eastern China 
where these decreases reach 15-20%. For the outflow regions in the southern tropics there are increases of ~10% 
indicating that the transport of NOx away from the source regions is more efficient as a result of the chemical updates (see 

next section). Moreover, increases of 0-5% also occur over the oceans in the SH, which was not seen in the box-model for 
a range of marine scenarios (see Fig. 13).  
 

 
 

Figure 18: The global distribution of ozone at the surface as calculated using the updated reaction data (tm4_op_run_mgly) and the 
subsequent changes with respect to the current TM chemistry (tm4_baseline_run).  

 
The largest surface [O3] values in December for the tm4_op_run_mgly run occur in the tropics over Equatorial Africa (80-

90ppbv) and the sub-tropics over the oceans around India (60-70ppbv), where these regions are affected by strong local 
emission fluxes of reactive gases from either biomass burning and/or anthropogenic activity, respectively. It is interesting 
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to note that for the Eastern US, Eastern Europe and Eastern China relatively low surface [O3] values of 20-25ppbv occur. 

Comparing surface ozone values measured in Eastern Europe, which are available as part of the EMEP database, reveals 
that for (e.g) the Czech Republic (49.5°N, 16.2°E), Estonia (59.3°N, 25.5°E) and Latvia (56.1°N, 21.1°E) monthly means 
of ~35ppbv, ~40ppbv and ~25ppbv existed for December 2000. This indicates that the values simulated in TM4 are rather 
low for the Eastern European region. Moreover, decreases of between 10-40% occur as a result of the new reaction data. 
For the SH the background values typically range between 15-25 ppbv, which is the right order of magnitude (see 
Appendix H). 
 

 

 
 

Figure 19: The monthly mean distribution of (a) NO and (c) NO2 at the surface in Europe as calculated using the 

tm4_op_run_mgly. The percentage differences as compared to the tm4_baseline_run are shown in figures (b) and (d), 
respectively. 

 
In order to understand the changes introduced with respect to surface O3 it is useful to examine the effect of updating the 

reaction data on the availability of reactive nitrogen oxides (namely NO and NO2), which, in the presence of sunlight, 

essentially determines the production efficiency of O3. For this purpose Figures 19a-d show the monthly mean 

distributions of [NO] and [NO2] at the surface over Europe, as simulated in the tm4_op_run_mgly, along with the 

corresponding percentage differences as compared to the tm4_baseline_run. These figures show that for the locations in 
Europe where [NO] is high there is a corresponding percentage increase of between 25-50% in the monthly mean value for 
December. This increase in [NO] is in contrast with the changes simulated in the box model for the scenario URW, where 
decreases of ~30% occurred (see Figure 12a). Moreover, the changes in [NO] in TM4 are also imposed on surface [O3] 

(see Figure 18b). However, analysis of the chemical budgets reveals that the integrated annual loss of NO via KNOO3 
decreases by ~21% in the NH, meaning that excess titration is not the cause of the decreases in [O3]. For [NO2], there are 

corresponding differences of between ±10% in the monthly mean values as shown in Figure 19d. These values are of the 
right order of magnitude as compared to the monthly mean values provided in the EMEP database for a range of 
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measurements sites (3-9ppbv in Central Europe for this period), although values in Spain are lower (1-3 ppbv for this 
period). The inter-conversion between NO and NO2 is principally governed by reaction KHO2NO and JNO2 whose 

reaction rates remain unchanged during the updates (see Appendix F). However, the reduction in [HO2] (see section 

5.2.3) results in the annual integrated production of NO2 being ~12% lower in the NH, as determined from analysis of the 

chemical budgets. A dominating factor for the differences in surface [O3] is the repartitioning of reactive nitrogen into 

more long-lived reservoir species, which scavenges NO2 near the source regions over time as discussed in the next 

section. This reduces the amount of O3 formed via JNO2 by ~10% for the NH over the year. Moreover, typical [NO]/[NO2] 

ratios in the box model simulations range between 0.1-0.2 during wintertime, which is lower than the values of 0.3-0.5 
that are shown in Figure 19. For the tm4_baseline_run ratios of between 0.2-0.4 exist, meaning that high [NO] is not 
solely a consequence of updating the reaction data. The screening of sunlight by clouds should reduce JNO2 over a typical 

month, meaning that the box model ratios could be considered as upper limits. It should be noted that all NOx emissions 

are introduced into TM as NO. 
 
Figures 20a and b show the distribution of tropospheric O3 and the resulting percentage differences for a longitudinal 

transect taken at 5°E. Here it can be seen that there are differences of a similar magnitude to those seen for the lowest 
layer upto ~500hPa (c.f. Figure 18). The increases of between 0-5% above 200hPa have a dominant effect on the total 
ozone column due to the resident [O3] being much higher at these altitudes. Integrating the differences down from 

100hPa it can be seen that the total ozone column increases more in the SH than the NH. This has consequences for 
other chemical species by reducing important J values at the ground by a few percent, which was not accounted for in the 
box model studies where the overhead total O3 column remained fixed. Comparing differences for other model levels 

reveals that at 750 and 500hPa there are differences of ±5% for all latitudinal zones as compared to the 
tm4_baseline_run.  

 

 
 

Figure 20: The monthly mean distribution of tropospheric ozone for December 2000 shown for a longitudinal 
transect taken at 5°E as calculated using the updated reaction data (tm4_op_run_mgly) and the subsequent 
changes with respect to the original reaction rates (tm4_baseline_run). 

 
In order to assess whether updating the reaction data actually improves the performance of the model with respect to 
tropospheric ozone we show some co-located ozone profiles with those measured using ozonesondes in Appendix H. For 
the analysis we show the seasonal variation in the tropospheric O3 column for De Bilt (52.1°N, 5.2°E), Paramaribo (5.8°N, 

55.2°W), Sepang Airport (2.7°N, 101.7°W) and Neumayer (70.6°S, 8.2°W), where we compare TM4 profiles for the 
tm4_baseline_mgly, the tm4_op_run_mgly and the simulation using the GFEDv1 emission dataset for 2000. The 
differences between the TM4 runs are rather subtle and between ±5% as shown in Figure 20b. In general the use of the 
new reaction data improves the agreement with the measurements upto ~750hPa and reduces the agreement at higher 
altitudes. For the stations De Bilt, Sepang Airport and Paramaribo, TM4 overestimates [O3] by between ~50-100% upto 

800hPa during wintertime. Moreover, for Sepang Airport and De Bilt, TM4 overestimates [O3] above 500hPa for this 

season by between 30-50%. For the summertime, with the exception of Sepang Airport, TM4 manages to capture the 
profiles quite well upto 750Hpa. For higher altitudes the model underestimates [O3] for De Bilt and Paramaribo. This 

implies that there is either a lack of convective transport of chemical pre-cursors to higher altitudes, an underestimation in 
the amount of lightning produced NOx or the model fails to properly account for sufficient long-range transport of either 
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O3 or NOx. For TM5, which uses the same parameterization for convective mixing as TM4, it was found that convection is 

too weak during summertime from a simulation of SF6 and CO2 measurements (Boenisch et al, 2008). For Paramaribo 

there is a distinct peak in O3 between 300-500hPa for most seasons that is related to a transport of polluted air masses 

from both within South America and across the Atlantic from West Africa, as determined by the trajectories shown on the 
SHADOZ website for season SON in 2000 (http://croc.gsfc.nasa.gov/shadoz/). The model is unable to capture this peak, 
even when increasing the model resolution to 34 layers and using the GFEDv2 biomass burning emission database (not 
shown). For Neumayer, which is situated at a remote location, TM4 manages to capture the vertical distribution of O3 

throughout the year. The use of the GFEDv1 biomass burning emission dataset introduces the largest effect for Sepang 
Airport, which is influenced by local emissions predominantly due to biomass burning. 
 
For the African Continent vertical profiles of tropospheric O3 are available from the MOZAIC flight data record (Marenco et 

al., 1998). These indicate that, although the spatial pattern of high surface O3 shown in Figure 18a correlates with the 

number of fire counts for December, the surface [O3] simulated in the TM model is rather high for this region (Sauvage et 

al. 2005). For instance, near Lagos (6.6ºN, 3.3ºE) and Abidjan (5.4ºN, 4ºW) surface O3 ranges between 20-30 (±10) 

ppbv according to a mean of measurements over the period 1998-2002, whereas in TM4 the values are between 40-50 
ppbv (see Figure 18a). 

 
5.2.2 Nitrogen Reservoirs and NOx 

 

 
 

Figure 21: The monthly mean distribution of tropospheric NOx (= NO + NO2) for December 2000 as 

calculated using the updated reaction data (tm4_op_run_mgly) for (a) the ground layer and (b) a longitudinal 
transect taken at 5°E. The associated percentage differences are shown in (c) and (d), respectively. 
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The changes in tropospheric [O3] discussed in the preceding section are, in part, the result of changes in the partitioning 

and availability of reactive nitrogen oxides, and their associated nitrogen reservoir species. Figures 21a-d show the global 
distribution of NOx for the chosen cross-sections, along with the corresponding percentage differences. The maximum 

concentrations are located near industrial source regions, notably Central Europe, the Eastern U.S. and China. It should be 
noted that the distribution of NOx is critically dependent on the emission datasets implemented in the model. Additional 

NOx is injected in the upper layers to account for the emissions from aircraft and lightning. The vertical distribution of 

NOx is determined by the rate at which it is chemically processed into more long-lived reservoir species in the lower layers, 

the rate of deposition of these reservoir species to the surface, the additional transport of these long-lived reservoir species 
by convection/mixing and the subsequent decomposition of these reservoir species to redistribute reactive nitrogen 
through the atmospheric column. The resulting [NOx] in TM4 is largest directly above the source regions, becomes quite 

low in the middle troposphere (between 0-0.2 ppbv) and then increases again above ~300hPa. It can be seen that there is 
~10-20% less reactive NOx throughout the tropospheric column. This is due to the slower release of nitrogen from the 

reservoir compounds (see below): 
 

 
 

Figure 22: As for Figure 21 except for ORGNTR. The substantial increases which occur over the oceans in the 
tropics show that the formation and subsequent transport away from the sources regions is much more efficient 
using the new reaction data. 

 
For the long range transport of NOx away from the source regions the most important compounds are PAN, ORGNTR 

and, to a lesser extent, HNO3. The first two of these NOx reservoirs are relatively insoluble therefore do not undergo wet 

deposition, unlike HNO3, meaning that their convective transport can be quite pronounced. Moreover, both PAN and 

ORGNTR tend to be predominantly formed near the surface when there is a sufficient source of NMHC and Isoprene, 
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respectively, whereas HNO3 can be formed in-situ in the upper troposphere by reaction KNO2OH. In the box modelling 

sensitivity tests a substantial increase in [ORGNTR] occurred across a wide range of scenarios as a result of lowering 
JORGN and an increase in the production rate (KC81). However, for the wintertime scenarios (e.g. URW) the increase in 

[CH3C(O)O2] generally resulted an increase in PAN formation (see Section 4). For [HNO3] there were decreases of ~30%. 

In general, these effects are amplified when applying the updated mechanism in TM4 except for PAN. 
 
Figures 22a-d show the global distribution of ORGNTR for the chosen cross-sections, along with the corresponding 
percentage difference. Here it can be seen that at the surface the highest [ORGNTR] occurs near equatorial Africa as 
expected, considering that the production is governed by the availability of XO2N, which is most efficiently formed via the 

oxidation of isoprene (i.e. KC76-78 as shown in Appendix B). Here it should be noted that the high [ISOP] which occurs in 
the first few layers of TM4 (20-40ppbv, not shown) has the potential to enhance the production of ORGNTR, thus 
perturbing the partitioning of reaction NOx. For the more industrial regions the oxidation of PAR by reaction KC52 also 

acts as an important source of XO2N. At the surface there are percentage increases in [ORGNTR] of between 0-25% for 

the NH and 80-200% for the SH. For the outflow regions between 30ºN-30ºS (e.g. off Western Africa) there are increases 
of between 500-2000%, although the [ORGNTR] remains below 1ppbv. This finding is in line with the box model studies 
where reactive nitrogen was bound up quite efficiently by ORGNTR when using the new reaction data for a diverse range of 
scenarios. These large increases in the outflow regions also correlate with increases in [O3] of between 5-10% (see Fig. 

18) as a result of the additional [NO2] introduced in remote regions by the slow oxidation of ORGNTR. The most 

substantial increases in [ORGNTR] occur over the source regions (Equatorial Africa and India), where increases in 
[ORGNTR] of between 1-1.5ppbv occur.  

 

 
 

Figure 23: As for Figure 22 except for PAN. 
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For the tropospheric column the highest [ORGNTR] occurs directly above Equatorial Africa. In general, the percentage 
differences in [ORGNTR] are similar to those seen at the surface, where there are changes of ±20% in the NH and 100-
200% in the SH. The largest increases of between 400-1000% are again associated with rather low [ORGNTR]. However, 
the amount of reactive nitrogen available through the tropospheric column is reduced as a result as is shown by the 
percentage differences which occur for both NOx and O3 (see Figs. 21d and 20d, respectively).  

 
Figures 23a-d shows the global distribution of PAN similar to that shown for ORGNTR in Figure 22. For the formation of 
PAN the chemical precursors are NO2 and CH3C(O)O2, resulting in strong production for regions influenced by industrial 

emissions, biogenic emissions (via the oxidation of isoprene) and/or biomass burning activity (see the surface distribution 
shown in Figure 23a). For December this results in lower [PAN] in the SH as compared to the NH, as shown by the surface 
distribution. Moreover, the thermal decomposition of PAN is enhanced by the warmer temperatures in the SH for this 
month. The effect of updating the reaction data is an annual decrease in PAN formation of ~30% in the NH and ~40% in 
both the tropics and SH as determined from the chemical budgets. This is despite the increases in [CH3C(O)O2] which 

occur as a result of a higher JMGLY (not shown). Therefore, even though the thermal decomposition of PAN becomes 

slower as a result of the new chemical data (see Appendix F) the formation is hindered by the reduced availability of NO2. 

For the more remote regions there are associated decreases in [PAN] of ~5% in the NH and ~20-30% in the SH due a 
reduction in the amount being transported away from the source regions. In the box-modelling studies [PAN] remained 
fairly constant over a range of different scenarios, which is somewhat different to the findings presented here. Moreover, 
for the urban scenarios the box-modelling studies also predicted an increase in [PAN] of ~10% for regions influenced by 
anthropogenic activity. 

 

 
 

Figure 24: As for Figure 22 except for HNO3. 
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For the vertical distribution of [PAN] there are generally decreases throughout the troposphere. Comparing Figures 22d 
and 23d reveals that the fraction of NO2 transported as ORGNTR exceeds that of PAN above the tropics. One contributing 

factor is that ORGNTR is not represented as an equilibrium reaction in the modified CBM4 mechanism therefore 
destruction is limited to JORGN and the reaction with OH (KC84). Analysis of the chemical budgets shows that the net 

destruction of [ORGNTR] by KC84 remains fairly constant. Therefore, the increase in the resident [ORGNTR] offsets the 
decrease in KC84 of ~90% (see Appendix F). Therefore the reduction in JORGN essentially hinders the release of NO2. A 

further point is that these results indicate that ORGNTR is as important for transporting reactive nitrogen away from the 
tropics to the upper troposphere as PAN when using the modified CBM4 mechanism with the updated reaction data. 
 
The final nitrogen reservoir species to consider is HNO3. Figures 24a-d show identical plots for HNO3 as those provided 

above for PAN and ORGNTR. At the surface the highest [HNO3] occur for those regions where there are significant NOx 

emissions such as China, Europe and the US (see Figure 24a). The resulting percentage differences depend somewhat on 
the region. In general there are decreases of between 10-40% for December over the more industrial regions in the NH 
related to the decreases in both [NO2] and [OH] (see next section). This finding is in line with the conclusions of the box 

modeling study, where decreases in [HNO3] occurred in polluted scenarios (URS, Figure 14) as a consequence of the 

enhanced formation and increased atmospheric lifetime of ORGNTR. Integrating this effect globally over the entire year 
reveals that ~20% less [HNO3] is formed via KNO2OH. However, a more important term for the global production of 

HNO3 is the oxidation of ALD2 in the tropics by the NO3 radical, which produces three times the amount when integrated 

over the entire year. Although the rate of KC44 increases by ~80%, this is negated by reduction in the [NO3] radical as 

simulated in the box model studies. 
 
The typical range of values for [HNO3] which have been measured at the surface can fluctuate significantly over the period 

of a few days (e.g. Hanke et al., 2003). However, monthly means should be of the order of a 10-30 pptv for background 
locations (e.g. Huey et al., 2004) and 5-10 ppbv for polluted regions (e.g. Peng et al., 2006) during winter. This indicates 
that the [HNO3] surface field simulated in the tm4_op_run_mgly simulation exhibits a distribution that is of the right order 

of magnitude, although proper validation is needed for the entire year if possible. 
 
The distribution of HNO3 throughout the tropospheric column is shown in Figure 24b. The maximum concentrations 

occur directly above the source regions as a result of convective transport of pre-cursors and subsequent in-situ production 
at the higher altitudes. In general, there are decreases in [HNO3] of upto 40% up to a pressure level of ~200hPa. The 

remaining differences are introduced by a decrease in the in-situ production efficiency of HNO3 as a result of the 

availability of NO2. This reduces the amount of nitrogen lost through wet deposition by ~18% when integrated over the 

entire year for all regions. 
 
A special case concerns the fate of N2O5, which acts as an intermediate species that can be scavenged by both cloud 

droplets and aqueous aerosols. Here we adopt the γN2O5 value from Evans and Jacob (2005), who found that reducing 

this value in a CTM leads to increases in both [O3] and [NOx]. In addition to this effect, updating the reaction data can alter 

the formation efficiency by perturbing both NO2 and NO3. Analysing the chemical budgets reveals that, in terms of the 

total mass of nitrogen lost, a ~15%, reduction occurs via heterogeneous scavenging as a result of updating the new 
reaction data due to lower [N2O5], in line with the findings of the box model studies. 

 
5.2.3 HCHO and HOx 

 
Although the increases in both JaCH2O and JbCH2O have yet to be implemented in the TM model, one of the main 

conclusions of the box modelling studies was that [HCHO] increases of the order of 10-20% should occur as a result of 
updating the reaction data (see Figure 13 presented in Section 4). Moreover, HCHO acts as an important source of HOx 

in remote areas meaning that any changes in [HCHO] has the ability to influence the lifetime of important greenhouse 
gases such as CH4. Therefore we show the resulting changes in [HCHO] which occur in the TM model to investigate 

whether this finding pertains to CTM simulations. 
 
Figures 25a-d show the global distribution of HCHO for the chosen cross-sections, along with the corresponding 
percentage differences. The highest concentrations occur near the regions dominated by biomass burning activity and 
biogenic emissions. A consequence of the high [ISOP] at the surface is that a large fraction of the total HCHO is formed 
via the oxidation of isoprene (reactions KC76 and KC77). However, there are generally decreases in [HCHO] of between 5-
20% near regions where the highest concentrations occur (e.g. Equatorial Africa) and between 50-100% near industrial 
regions. For the vertical distribution of HCHO the resulting percentage changes are shown in Figure 25d. It can be seen 
that as altitude increases the resident [HCHO] becomes smaller meaning that it is predominantly formed near the surface 
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and subsequently transported upwards. Again, the percentage differences in the lower troposphere are similar to those 
shown at the surface. As a result there is ~12% less wet deposition of HCHO when globally integrated over the entire year. 
The differences shown in Figure 25 suggests that using the new reaction data could have a substantial impact on the 
retrieval of HCHO from (e.g.) GOME, which is critically dependent on the tropospheric distribution of HCHO. 

 

 

 
 

Figure 25: The monthly mean distribution of HCHO for December 2000 as calculated using the updated 
reaction data (tm4_op_run_mgly) for (a) the ground layer and (b) a longitudinal transect taken at 5°E. The 
associated percentage differences are shown in (c) and (d), respectively.  

 
The associated changes in both OH and HO2 at the surface are shown in Figures 26a and b, respectively. In general there 

are decreases in both [OH] and [HO2] of ~10%, with larger decreases near regions influenced by high industrial emissions 

in line with the results of the box model studies. This perturbation in [OH] also increases the lifetime of both CO and CH4 

by reducing the rate of oxidation (see section 5.3). The reaction KCOOH acts as the predominant source of [HO2] in the 

atmosphere (Tan et al., 2001) resulting in decreases in both [CH3OOH] and [H2O2] of between 0-20% (not shown), 

which themselves act as sources of HOx radicals. For instance, the amount of [OH] formed via the photolysis of H2O2 falls 

by ~10% when integrated globally for all regions. For the vertical distribution there are also decreases in [OH] throughout 
the lower troposphere. Analysing the chemical budgets reveals that ~8.5% less [OH] is formed via KH2OOD, resulting ina 
lower oxidising capacity for the troposphere. There are similar differences of ±5% for [HO2] throughout the column. This 

results in a decrease in the wet deposition of H2O2 of ~13% when integrated over the entire year for all regions. The 

chemical conversion of OH to HO2 controls the HOx ratio, which changes as a result of updating the chemical rates as 

discussed in Section 5.3 
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Figure 26: The differences introduced for (a) [OH] and (b) [HO2] as a result of updating the modified CBM4 

mechanism. It can be seen that the largest decreases in [OH] and [HO2] occur over regions that exhibit the 

highest [NOx] emissions for this season. 

 
5.5 Tropospheric CO 
 
One of the most important reactions involved in determining the lifetime of atmospheric greenhouse gases is the reaction 
of OH with CO, which contributes to determining the atmospheric lifetime of CH4 by scavenging a significant fraction of 

the available OH. In Appendix F it can be seen that the recent update of KCOOH results in a modest decrease of a few 
percent in the rate constant at STP. The box-model studies have shown the in-situ production of CO also increases as a 
result of updating the reaction data. The integrated effect should be most noticeable for [CO] in the Southern Hemisphere, 
which is relatively unaffected by direct CO emissions.  
 
Figures 27a-d show the global distribution of CO for the chosen cross-sections, along with the corresponding percentage 
differences. For the vertical distribution the highest [CO] is found directly above regions that have the strongest CO 
emission sources for this month, especially in the tropics. The largest percentage increases at the surface are seen in the 
SH, where increases of ~14% occur in the monthly mean. Near the source regions there are more modest increases of 
between 3-5% (e.g. Europe and China), although these are associated with much higher [CO] levels. This typically equates 
to an additional ~10ppbv for the SH, ~8ppbv for regions such as Europe the Eastern U.S. and the NH and ~20ppbv over 
Equatorial Africa. These findings agree with the main conclusions of the box modelling study presented in Section 4. 
 
 
Comparisons of TM4 fields with CO columns retrieved from SCIAMACHY for the year 2004 have shown that the seasonal 
cycle at selected locations correlates quite well (de Laat et al., 2007). However, considering the background [CO] shown in 
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Figure 26a suggests that the agreement between these total columns and the simulations discussed here could degrade, 
although refinements to the retrieval process are currently ongoing (e.g. Gloudemans et al., 2008). 
 

 

 
 

Figure 27: The monthly mean distribution of CO for December 2000 as calculated using the updated reaction 
data (tm4_op_run_mgly) for (a) the ground layer and (b) a longitudinal transect taken at 5°E. The associated 
percentage differences are shown in (c) and (d), respectively. 

 
In Appendix I we expand on this and present comparisons between CO measured at a selection of CMDL surface sites with 
co-located output from the tm4_baseline_run and the tm4_op_run_mgly. The seasonal cycle in [CO] observed in the 
measurements is captured at many of the locations, which gives confidence regarding the timing of the release of the 
emissions and the subsequent transport away from the source regions. For the high latitudes sites TM4 simulates [CO] 
which is low by ~50% for the first 6 months of the year across a wide range of longitudes both with and without the new 
chemical rates (Fig. I1). In the SH an overestimation exists for the entire year, although the application of the reduced grid 
makes comparison difficult. This is the so-called NH bias described in the multi-model intercomparison of Shindell et al. 
(2006) concerning CO comparisons, who attributed this to an under estimation in emissions from East Asia. For the mid-
latitude sites the agreement is better but more variable from station to station (e.g.) for Tenerife (IZO) and Bermuda 
(BME) agreement is good, whereas for Cape Grim (CGO) and Tae Ahn (TDF) there is an over estimation. In all instances 
the surface [CO] is higher when using the updated chemical rates, resulting in a better correlation with the CMDL 
measurements. Finally for the tropical stations the agreement is again variable, with the agreement being good for Guam 
(GMI) and the Seychelles (SEY), and under predictions occurring for (e.g.) Assekrem (ASK) and Mount Loa (MLO). Again 
a bias occurs for the first half of the year that is most likely related to the bias seen at the high latitude sites. Therefore, 
although the updated chemistry improves agreement issues still exist for a large subset of the stations. 
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5.3 Budget Analysis concerning the Atmospheric Lifetimes of CH4 and O3 

 
In this final section we analyze the differences concerning τ(CH4), the tropospheric lifetime of O3 (hereafter denoted as 

τ(O3)), the tropospheric burdens of both O3 and CO (hereafter denoted as BO3 and BCO), changes in the scavenging 

efficiency for [OH] between the different sensitivity runs and the effect of introducing a diurnal emission flux for isoprene. We 
also provide an analysis for simulations performed using the Royal Society emission dataset to investigate the robustness of 
the changes when using more up-to-date emission estimates. For the analysis we use some of the diagnostics defined in the 
multi-model intercomparison of Stevenson et al. (2006) and define the troposphere as all grid cells which contain [O3] < 

150ppbv in the monthly means according to the standard definition used in previous IPCC assessments (Prather and Ehhalt, 
2001). All budgets are calculated by integrating the global changes in the reaction fluxes of the entire year. 
 

Definition of run Tropospheric destruction 
of CH4 

(Tg yr-1) 

τCH4 

(years) 

Atmospheric 
Chemical Lifetime 

(years) 

Previous value 497.1 8.80 - 
tm4_baseline_run 575.6 7.73 8.67 

tm4_baseline_mgly 574.9 7.74 8.69 
tm4_op_run 483.7 9.02 10.33 

tm4_op_run_mgly 468.4 9.27 10.67 
tm4_GFED2000_ch4grad 447.1 9.40 10.87 

tm4_baseline_rs 594.5 7.51 8.40 
tm4_op_run_rs 502.6 8.73 9.94 

 
Table 4: Details concerning the changes in the annual tropospheric destruction rate of CH4 (via 

KCH4OH), the atmospheric lifetime of CH4 and the atmospheric chemical lifetime of CH4 for all 

four sensitivity studies. For the calculation of τCH4
 a soil sink of 30 Tg yr-1 and stratospheric sink of 

40 Tg yr-1 is included as given in Prather and Ehhalt (2001). The atmospheric chemical lifetime is 
calculated using the total destruction of CH4 in the troposphere. The multi-model ensemble average 

for τ(CH4) given in Stevenson et al. (2006) is 8.67±1.32 years. 

 
Table 4 provides information concerning the integrated tropospheric destruction of CH4 via KOHCH4, τ(CH4) and also 

the atmospheric chemical lifetime of CH4. For the tm4_baseline_run the τ(CH4) decreases by ~12% to ~7.7 years 

primarily as a result of correcting the summation of the total ozone column, which increases JO3d by ~18% and JNO2 by 

~2%. The agreement with the multi-model ensemble average given in Stevenson et al (2006) subsequently decreases (see 
footnote of Table 4), although this value is still within the 1-σ variability. Comparing the results given for the 
tm4_baseline_mgly run indicates that introducing the transport of CH3C(O)CHO into the model only has a minimal effect 

on τ(CH4). This is due to the regional perturbations in [HOx] being limited when keeping JMGLY fixed. When using the 

updated chemical reaction data τ(CH4) increases by ~17% as compared with the tm4_baseline_run as a result of the 

reduction in [OH] (see Figure 26). Introducing the transport of CH3C(O)CHO results in a further increase in τ(CH4) of 

~3% as compared with the tm4_baseline run. Thus, the effect of transporting CH3C(O)CHO is enhanced when used in 

conjunction the new chemical rates, due to the increase in JMGLY. Again, the resulting τ(CH4) values still fall within the 1-σ 

variability of the multi-model mean. Taking the differences with the multi-model ensemble mean shows that although the 
chemically activity of the model decreases as a result of updating the reaction data, the difference is reduced by 0.37 years 
compared to multi-model ensemble mean. Therefore, the oxidizing capacity of the troposphere decreases as a result of 
updating the reaction data. For the simulation performed using the specific GFEDv1 emission dataset for 2000, the 
τ(CH4) increases by a further 0.13 years mainly due to the increased scavenging of OH by the ~9% increase in the CO 

emission flux. For the simulations using the Royal Society emission dataset there is a difference of ~15% between a 
baseline run and the run using the new chemical rates. Therefore, the extent to which perturbations in [HOx] occur do 

seem to be somewhat dependent on the emission scenarios which are adopted in the model, most probably due to the 
change in the O3 production terms that are dependent on global NOx emissions (Wild, 2007). 

 
 



1 On the upgrading of the modified Carbon Bond Mechanism IV for use in global Chemistry Transport Models 
 
 

• • • • 40   

Definition of run Chemical O3 

Production 

(Tg O3 yr-1) 

Chemical O3 

Loss 

(Tg O3 yr-1) 

Dry 
Deposition 
(Tg O3 yr-1) 

Strat-Trop 
Exchange 

(Tg O3 yr-1) 

τO3 
(days) 

Previous value 4806 4594 720 508 23.6 
tm4_baseline_run 5119 4958 683 527 20.7 

tm4_baseline_mgly 5119 4958 683 527 20.7 
tm4_op_run 4514 4363 675 530 23.2 

tm4_op_run_mgly 4506 4354 679 526 23.3 
tm4_GFED2000_ch4grad 4259 4134 651 532 23.8 

tm4_baseline_rs 5232 5053 702 527 20.5 
tm4_op_run_rs 4622 4453 696 531 22.9 

 
Table 5: The changes associated with the chemical production, chemical loss, dry deposition, Stratosphere-
Troposphere Exchange and tropospheric lifetime for tropospheric ozone as a result of updating the chemical 
reaction data. Results are given all the four of the sensitivity studies. The multi-model ensemble means are 
4974±233 Tg O3 yr-1, 4577±291 Tg O3 yr-1, 953±154 Tg O3 yr-1, 556±154 Tg O3 yr-1 and 22.2±2.22 days, 
respectively. 

 
Definition of run BO

3 

(Tg) 

BCO 
(Tg) 

τCO 
(months) 

Original run 344 - - 
tm4_baseline_run 320 305 ~1.7 

tm4_baseline_mgly 320 306 ~1.7 
tm4_op_run 319 338 ~2.0 

tm4_op_run_mgly 320 348 ~2.0 
tm4_GFED2000_ch4grad 311 348 ~2.1 

tm4_baseline_rs 322 305 ~2.2 
tm4_op_run_rs 322 335 ~2.1 

 
Table 6: The changes associated with the burdens of tropospheric O3 and tropospheric CO 

for all four sensitivity studies. The multi-model ensemble mean for BO3 is 336±27 Tg. 

 
Table 5 provides information concerning the tropospheric ozone budget in terms of the integrated chemical O3 
production, integrated chemical O3 loss, the loss by dry deposition, the magnitude of the stratosphere-troposphere 

exchange and τ(O3) for all runs listed in Table 4. The values for the multi-model ensemble average for each of these 

diagnostics as given in Stevenson et al. (2006) are provided in the footnote of the table. Comparing these values reveals 
that the effect of the bug fixes is an increase in the chemical activity of the model, where both the production and 
destruction terms increase, causing τ(O3) to decrease by ~10%. This reduces the potential of long-range transport of O3 

away from the source regions. Moreover, the chemical loss subsequently lies outside the 1-σ variability of the multi-model 
ensemble values. The difference between the production and loss terms is reduced which lowers the tropospheric burden 
of O3 (see below). For the simulations that use the new reaction data this increase in chemical activity is subsequently 

dampened. Here the chemical production moves outside the 1-σ variability whilst the chemical loss recovers. This is 
primarily due to the increased scavenging of NO2 as discussed in Section 5.3. For the Royal Society emission dataset the 

chemical activity of the model increases as would be expected considering the net increase in the global NOx emission. 

Again the application of the new reaction data dampens this chemical activity thus increasing τ(O3). 

 
The tropospheric burden of any trace gas maybe defined as the integrated mass of a particular trace species contained in 
the troposphere. The values of BO3 and BCO calculated for all sensitivity runs are provided in Table 6. Comparing these 

values shows that the total [O3] decreases when applying the bug fixes, but remains relatively unaffected when using the 

new reaction data despite the changes in both the chemical production and loss terms. For the Royal Society runs the 
burden increases in line with the increased emissions of important pre-cursors. For BCO there is a significant increase of 
~10% when using the new reaction data as a result of the slower removal as a result of a decrease in KCOOH and the 
lower resident [OH]. 
 
Next we present the differences introduced with respect to the main loss reactions of the OH radical. Table 7 lists those 
reactions that scavenge more than 1% of the total available [OH]. The most efficient scavenging term in all simulations is 
the reaction with CO. Although the rate of oxidation of CO decreases (see increase in BCO above) the amount of available 
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[OH] scavenged by CO increases by ~2%. The lower oxidation rate means that the conversion of OH to HO2 is 

subsequently reduced, which nullifies any increase in [HO2] due to the increase in JMGLY. Moreover, the globally integrated 

conversion of OH to HO2 via KFRMOH, KHPOH and KH2OH also decreases by –50%, -28% and –25%, respectively. 

This alters the [OH]:[HO2] ratio where values get lower, apart from in the upper troposphere for altitudes which exhibit 

increases in [OH] (see Figure 26). For the reaction with peroxides the percentage loss of [OH] is scaled down to account 
for the OH that is formed as a product (see Appendix B). 
 
 

Reaction Previous value  tm4_baseline run tm4_op_run tm4_baseline_rs tm4_op_run_rs 
OH + CH4 16.0 16.7 15.8 20.3 16.2 

OH + CO 42.5 40.4 42.8 42.5 43.2 
OH + HCHO 7.0 7.4 5.8 6.0 6.0 

OH + CH3OOH(*) 4.4 4.8 4.5 5.2 4.5 
OH + ROOH(*) 2.3 2.5 2.5 2.0 2.3 

OH + H2 5.3 5.5 5.2 4.0 5.3 

OH + HO2 4.9 5.4 5.2 4.4 5.3 

OH + H2O2 3.5 3.8 3.5 3.2 3.6 

OH + ISOP 4.0 3.8 4.3 3.4 3.8 
OH + OLE 2.6 2.4 2.9 2.3 2.6 

OH + ALD2 3.1 2.9 3.2 2.7 3.0 
OH + PAR 2.0 2.3 2.6 2.4 2.6 

OH + ORGNTR 0.3 0.4 0.1 0.1 0.1 
 

Table 7: The dominant loss processes for tropospheric [OH] as derived from chemical budgets produced during 
the simulations. For CH3OOH and ROOH the percentage loss is scaled to take account of the fractional OH 
produced in the reaction (see Appendix B). 

 
 

Reaction Previous value 
(Tg/yr-1) 

tm4_baseline_run 
(Tg/yr-1) 

tm4_op_run_mgly 
(Tg/yr-1) 

tm4_GFED2000 
ch4grad 
(Tg/yr-1) 

OH + ISOP 388.8 (0.71) 423.5 (0.75) 409.1 (0.74) 431.1 (0.79) 
O3 + ISOP 133.6 (0.24) 115.2 (0.21) 119.5(0.22) 99.2 (0.18) 

NO3 + ISOP 27.7 (0.05) 25.2 (0.04) 24.1(0.04) 14.4 (0.03) 
 

Table 8: Changes in isoprene oxidation as a result of updating the reaction data and imposing a diurnal cycle on the 
emission flux. The total emission flux is 630Tg yr-1 in all of the sensitivity runs. The fraction lost by each oxidation 
pathway is given in red. The total mass of isoprene oxidized in each run is : 553 Tg yr-1, 563.9 Tg yr-1, 552.7 Tg yr-1 
and 554.7 Tg yr-1, respectively. 

 
Finally we examine the influence of introducing a diurnal variation on the oxidation of isoprene. This was motivated by the 
high [ISOP]  which occurs in the lower layers of the model when assuming that the emission only occurs in the lowest 
50m. Table 8 provides details related to the total mass of isoprene oxidized by OH, O3 and NO3, as integrated globally 

over the entire year. The predominant oxidation pathway in all runs is that by OH. Updating the chemical reaction data 
lowers the total amount of isoprene oxidized per year and results in a larger fraction being oxidized by O3 (see footnote of 

Table 8). Introducing the diurnal variation results in more isoprene being oxidized by OH as a result of the peak in 
isoprene emissions occurring when there is maximal daily [OH]. This subsequently reduces the loss of O3 by KC77 by 
~15%. The product distribution is subsequently altered according to the Stiochiometry of each of the reactions (see 
Appendix B). Although the representation of isoprene oxidation is rather crude in the modified CBM4 mechanism the 
result indicates that the diurnal cycle should be implemented as a default into TM4. 
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6. Conclusions and Recommendations 
 
 

In this study we have shown that updating the modified CBM4 mechanism with the latest recommendations for the chemical 
reaction data has a significant effect on the resident concentrations of important trace gas species such as tropospheric O3 and 

CO. A box model sensitivity study was conducted which concluded that differences in the scaling ratios adopted for the calculation 
of the photolysis of CH3C(O)CHO result in differences in the performance of the modified CBM4 mechanism for urban scenarios 

between TM4 and TM5. The most significant effects were found to occur for urban (polluted) scenarios throughout all seasons. In 
summary, the most important updates were: (i) a retuning of the photolysis rate for CH3C(O)CHO, (ii) the ~30% increase in the 

photo-dissociation rate of formaldehyde (HCHO), (iii) changes to the reaction rates involving organic peroxy-radicals and (iv) an 
enhanced formation of ORGNTR. Applying these updates resulted in a decrease in the availability of reactive nitrogen which 
subsequently influences the production efficiency of ozone. When incorporating an operational set of these updates into the 3D 
global CTM TM4 it was found that both increasing the JMGLY value and introducing tracer transport for CH3C(O)CHO 

significantly reduced the surface concentrations over industrial regions by up to 80%. For the other trace gases there were 
generally decreases in tropospheric [OH], [HO2], [O3], [PAN], [HNO3] and [HCHO], with associated increases in [ORGNTR] and 

[CO]. In general, the oxidising capacity in the model atmosphere decreases as a result of the lower global production rate of OH. 
Comparisons made against selected ozonesonde profiles shows that TM4 generally over predicts surface ozone in the tropics 
whilst underestimating surface ozone in remote locations. For the upper troposphere TM4 generally under predicts tropospheric 
ozone indicating that the transport and/or release of reactive nitrogen is insufficient. For surface CO there are generally 
improvements in the correlation between values simulated in TM4 and a host of CMDL measurement sites. The atmospheric 
lifetimes of both CH4 and O3 become ~9.3 years and 23.6 days, respectively, where both these values are in the 1-σ variability of 

the multi-model ensemble mean given in Stevenson et al (2006) for the IPCC 2000 simulations. 
 

The recommendations that can be made to the chemical component of the TM model as a result of this study are 
summarised below: 

 
(i) Methylgloxal (CH3C(O)CHO), which has an atmospheric lifetime of ~5 hours, should be included as a 

transported tracer species. This prevents the accumulation of large concentrations in the lowest model layer 
as a result of using the emission of CH3C(O)CHO as a surrogate for (e.g.) xylene. 

(ii) The scaling factor used for the calculation of JMGLY should be changed to 5.5*JbCH2O in order to bring the 

JMGLY value in line with explicit calculations. 

(iii) The scaling factor of 2.5 should be removed from the calculation of JORGN in order to increase the long 

range transport of organic nitrates (and thus NOx). 
(iv) The diurnal emission of isoprene should be included to avoid the removal of too much ozone during the 

night. 
(v) The updated chemical reaction data should be incorporated as given in Appendix F. 

 
It should be noted that adopting recommendations (ii) and (iii) would bring the modified CBM4 scheme used online back 
in line with the original study of Houweling et al. (1998).  

 
A further set of recommendations are now given which refer to changes which can be made in the longer term in order to 
further improve the TM model. 

 
(i) The implementation of an online photolysis scheme avoiding the use of look-up tables for the derivation of 

height resolved actinic flux. This would allow important updates to (e.g.) the photolysis of HCHO to be 
implemented into TM. 

 
(ii) The introduction of a more advanced chemical scheme based on the CB05 mechanism (Yarwood et al., 2005b). 

Comparisons against smog chamber data have shown that CB05 performs better for (e.g.) HCHO compared to 
CBM4. It includes updates to the oxidation of isoprene, updates the product distribution for 14 of the reactions 
included in the modified CBM4 mechanism and introduces organic products into the description of the oxidation 
of ORGNTR and ROOH. It is estimated that this upgrade would need the inclusion of 7 extra transported tracer 
species aimed at providing a better description of the NMHC chemistry. 

 
Further validation of the updated mechanism is ongoing for more recent years as part of the SCOUT-O3, HYMN and 
AMMA projects during 2008-2009. 
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Appendix A 
 
 
Chemical Species 

 
 
In Table A we list the chemical species which were included in the chemical box model. These essentially mimic the 
species declared in the TM model. Due to the nature of the modified CBM4 mechanism (Houweling et al., 1998) some 
of the organic species relate to lumped aggregates, which are further defined in the footnotes at the bottom of the table. 
 
 

Chemical Species Chemical Species Chemical Species 
O3 ROOH [4] NO2 

NOx ORGNTR [5] NO3 

H2O2 ISOP N2O5 

CH4 SO2 HNO4 

CO DMS CH3COCHO 

HNO3 NH3 C2O3 

CH3OOH SO4 ROR [6] 
HCHO NH4 RXPAR [7] 

PAR[1] MSA XO2
[8] 

C2H4 NO XO2N [9] 

OLE [2] HO2 NH2 

ALD2 [3] CH3O2  

PAN OH  
 
 

Table A: The nomenclature for the chemical species included in the box model. The definitions of the 
lumped species are: [1] paraffinic carbon bonds, [2] olefinic carbon bond, [3] CH3CHO and higher 

aldehydes, [4] higher organic peroxides, [5] alkyl nitrates, [6] organic ethers, [7] PAR budget corrector, [8] 
NO to NO2 operator, [9] NO to alkyl nitrate operator. These definitions are taken from Houweling et al. 
(1998). 
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Appendix B 
 
 
Reaction Rates 

 
 
In Table B below we provide details related to the input data used for the calculation of the chemical reaction rates in 
the TM model. The details given are: the name of the reaction rate, the stoichiometry of the reaction, the magnitude of 
the rates at standard temperature and pressure (298K and 1013hpa) and the source of the input parameters used for 
calculating the rates. It should be noted that we provide the reference for the last JPL recommendation for which the 
specific rate parameters were valid rather than the original reference as given in Houweling et al., (1998). This version 
of the modified CBM4 mechanism and the corresponding rate constants were used for the contributions to the fourth 
assessment of the IPCC made by both TM4 and TM5, as well as the many intercomparison papers subsequently 
published (e.g. Stevenson et al., 2006).  
 
 

Reaction 
name 

Stiochiometry of reaction K298k,1atm 
Molecules cm3 s-1

Reference 

KNOO3 NO + O3 → NO2 1.82 x 10-14 DeMore et al. (1997) 

KHO2NO NO + HO2 → NO2 + OH 8.56 x 10-12 DeMore et al. (1994) 

KMO2NO NO + CH3O2 → HCHO + HO2 + NO2 7.68 x 10-12 Sander et al. (2000) 

KNO2OH NO2 + OH (+ M)→ HNO3 8.26 x 10-12 Not Known 

KOHHNO3 OH + HNO3 → NO3 1.55 x 10-13 Sander et al. (2006) 

KNO2O3 NO2 + O3 → NO3 3.23 x 10-17 Sander et al. (2006) 

KNONO3 NO + NO3 → NO2 + NO2 2.65 x 10-11 Sander et al. (2006) 

KNO2NO3 NO2 + NO3 → N2O5 1.27 x 10-12 Sander et al. (2000) 

KN2O5 N2O5 → NO2 + NO3 4.36 x 10-2 (*) DeMore et al. (1997) 

KHNO4OH OH + HNO4 → NO2 4.65 x 10-12 Sander et al. (2006) 

KNO2HO2 NO2 + HO2 → HNO4 1.39 x 10-12 Sander et al. (2002) 

KHNO4M HNO4 (+ M) → NO2 + HO2 8.62 x 10-2 (*) Sander et al. (2006) 

KODM O1D (+ M) → 2.88 x 10-11 Sander et al. (2002) 

KH2OOD O1D + H2O → OH + OH 2.2 x 10-10 Sander et al. (2002) 

KO3HO2 O3 + HO2 → OH 2.05 x 10-15 DeMore et al. (1997) 

KCOOH CO + OH → HO2 2.4 x 10-13 Sander et al. (2003) 

KO3OH O3 + OH → HO2 6.83 x 10-14 DeMore et al. (1997) 

KHPOH OH + H2O2 → HO2 1.7 x 10-12 Sander et al. (2002) 

KFRMOH OH + HCHO → CO + HO2 1.0 x 10-11 Sander et al. (2000) 

KCH4OH OH + CH4 → CH3O2 6.31 x 10-15 DeMore et al. (1994) 

KOHMPER OH + CH3OOH → 0.7CH3O2 + 

0.3HCHO + 0.3OH 
7.43 x 10-12 Sander et al. (2006) 

KOHROOH OH + ROOH → 0.7XO2 + 0.3OH 3.0 x 10-12 Atkinson (1994) 

KMO2HO2 CH3O2 + HO2 → CH3OOH 5.57 x 10-12 Sander et al. (2000) 

KMO2MO2 CH3O2 + CH3O2→ 1.33HCHO + 

0.67HO2 
4.73 x 10-13 Sander et al. (2000) 

KHO2OH OH + HO2 → 1.11 x 10-10 Sander et al. (2006) 

KHO2HO2 HO2+ HO2 → H2O2 5.0 x 10-12 Sander et al. (2002) 
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KH2OH OH + H2 → HO2 8.233 x 10-2 1.06* KCH4OH*[H2] 

KC41 NO3 + HCHO → HNO3 + CO + HO2 5.8 x 10-16 Sander et al. (2006) 

KC43  ALD2 + OH → C2O3 1.62 x 10-11 Gery et al. (1989) 

KC44 ALD2 + NO3 → C2O3 + HNO3 2.5 x 10-15 Gery et al. (1989) 

KC46 NO + C2O3→ HCHO + XO2 + HO2 + 

NO2 
1.91 x 10-11 Gery et al. (1988) 

KC47 NO2 + C2O3 → PAN 9.91 x 10-12 0.96*KC47 
 Atkinson et al. (2006) 

KC48 PAN → NO2 + C2O3 4.23 x 10-4 (*) Gery et al. (1988) 

KC49 C2O3 + C2O3 → 2HCHO + 2XO2 + 

2HO2 
2.0 x 10-12 Gery et al. (1989) 

KC50 C2O3 + HO2 → HCHO + XO2 + HO2 

+ 0.79OH + 0.21ROOH  
6.5 x 10-12 Gery et al. (1989) 

KC52 OH + PAR → 0.87XO2 + 0.76ROR + 

0.11HO2 + 0.11ALD2 + 0.11RXPAR + 

0.13XO2N 

8.1 x 10-13 Gery et al. (1989) 

KC53 ROR → 1.1ALD2 + 0.96XO2 + 

0.04XO2N + 0.02ROR + 2.1RXPAR + 

0.94HO2 

2193.25 Gery et al. (1989) 

KC54 ROR → HO2 1600.0 (*) Gery et al. (1989) 

KC57 OH + OLE → HCHO + ALD2 + XO2 + 

HO2 + RXPAR 
2.82 x 10-11 Gery et al. (1989) 

KC58 O3 + OLE → 0.44ALD2 + 0.64HCHO 

+ 0.25HO2+ 0.29XO2 + 0.37CO + 

0.9RXPAR + 0.4OH 

1.03 x 10-17 Stockwell et al. (1997) 

KC59 NO3 + OLE → 0.91XO2 + HCHO + 

0.09XO2N + NO2 + ALD2 + RXPAR 
7.7 x 10-15 Gery et al. (1989) 

KC61 OH + C2H4 (+M) → HO2 + 

1.56HCHO + 0.22ALD2 + XO2 
8.15 x 10-12 Sander et al. (2002) 

KC62 O3 + C2H4 → HCHO + 0.26HO2 + 

0.12OH 
 + 0.43CO 

1.59 x 10-18 DeMore et al. (1994) 

KC73 OH + CH3COCHO → XO2 + C2O3 1.7 x 10-11 Atkinson et al. (1992) 

KC76 OH + ISOP → 0.85XO2 +  

0.61HCHO + 0.58OLE + 0.85HO2 + 

0.15 XO2N + 0.03CH3COCHO + 

0.63PAR 

1.0 x 10-10 Atkinson (1994) 

KC77 O3 + ISOP → 0.9HCHO + 0.55OLE + 

0.36CO + 0.15C2O3 + 0.63PAR + 

0.3HO2 + 0.18XO2 + 

0.03CH3COCHO + 0.28OH 

1.43 x 10-17 Atkinson (1994) 

KC78 NO3 + ISOP → 0.9HO2 + 

0.9ORGNTR + 0.45OLE + 0.12ALD2 
+ 0.08CH3COCHO + 0.1NO2 + 

0.03HCHO 

7.8 x 10-13 Wille et al. (1991) 

KC79 NO + XO2 → NO2 7.68 x 10-12 Atkinson (1994) 

KC80 XO2 + XO2 → 1.33 x 10-12 Atkinson (1994) 

KC81 NO + XO2N → ORGNTR 6.8 x 10-13 Atkinson et al. (2006) 

KC82 HO2 + XO2 → ROOH 1.0 x 10-11 Atkinson (1994) 

KC83 PAR + RXPAR → 8.0 x 10-11 Hertel et al. (1993) 
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KC84 OH + ORGNTR → NO2 + XO2 1.78 x 10-12 Atkinson (1994) 

KC85 HO2 + XO2N → ROOH 8.88 x 10-13 Atkinson (1994) 

Kdmsoha DMS + OH → SO2 4.38 x 10-12 Chin et al. (1996) 

Kdmsohb DMS + OH → 0.75 SO2 + 0.25MSA 1.74 x 10-12 Chin et al. (1996) 

Kdmsno3 DMS + NO3 → SO2 1.01 x 10-12 Sander et al. (2006) 

Kso2oh OH + SO2 → SO4 8.85 x 10-13 Sander et al. (2002) 

Knh3oh OH + NH3 → NH2 1.57 x 10-13 Sander et al. (2006) 

Knh2no NO + NH2 → 1.72 x 10-11 DeMore et al. (1994) 

Knh2no2 NO2 + NH2 → 1.86 x 10-11 Sander et al. (2006) 

Knh2ho2 HO2 + NH2 → 3.4 x 10-11 Sander et al. (2006) 

Knh2o2 O2 + NH2 → 3.09 x 10-12 Sander et al. (2006) 

Knh2o3 O3 + NH2 → 1.90 x 10-13 Sander et al. (2006) 

 
Table B: The details concerning the reaction data used for the calculation of the chemical reaction rates in the TM model. 
The ubiquitous reaction products O2 and H2O are not shown as these are fixed using the meteorological input data given 

in the AFGL atmospheres and not calculated explicitly by the EBI solver. The red reactions indicate updates to the rate data 
that have already been made to the modified CBM4 mechanism prior to this study. The reactions involving SO2, DMS and 

NH3 have been added to the modified CBM4 scheme in order to account for the oxidation of the important trace gases 

missing from the standard scheme. Reaction rates with (*) are in units of s-1. 
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Appendix C 
 
 
Photolysis Rates 

 
 
In Table C below we provide details concerning the photolysis rates that are calculated in the TM model. The 
following details are given: the name of the photolysis rate, the stiochiometry of the reaction and sample rates 
calculated for standard temperature and pressure (298K and 1013hpa) at SZA = 10°, 45° and 60°, respectively. All 
input data originates from DeMore et al. (1997) apart from the exceptions given in the footnotes of the table (M. 
Krol, personal communication, 2007). These photo-dissociation rates were used for the contributions made by 
both TM4 and TM5 to the fourth assessment of the IPCC, as well as the many intercomparison papers 
subsequently published (e.g. Stevenson et al., 2006). 
 
 

Reaction 
name 

Stiochiometry Jsza =10° 
s-1

 

Jsza =45° 
s-1 

Jsza = 60° 
s-1 

JO3d[1] O3 + hν → O1d 3.69 x 10-6  1.75 x 10-6 7.72 x 10-7 

JNO2 NO2 + hν → NO + O3  9.24 x 10-3  7.29 x 10-3 5.39 x 10-3 
JH2O2 H2O2 + hν → OH + OH  7.84 x 10-6  5.23 x 10-6 3.25 x 10-6 
JHNO3 HNO3 + hν → OH + NO2  8.00 x 10-7  4.58 x 10-7 2.43 x 10-7 
JHNO4 HNO4 + hν → HO2 + NO2  5.29 x 10-6  3.02 x 10-6 1.57 x 10-6 
JN2O5 N2O5 + hν → NO2 + NO3  5.31 x 10-5  3.65 x 10-5 2.35 x 10-5 

JaCH2O HCHO + hν → CO  5.71 x 10-5 4.18 x 10-5 2.85 x 10-5 
JbCH2O HCHO + hν → CO + 2HO2  3.85 x 10-5  2.53 x 10-5 1.51 x 10-5 
JMEPE CH3OOH + hν  → HCHO + 

HO2 + OH 
 6.21 x 10-6 4.25 x 10-6 2.71 x 10-6 

JaNO3 NO3 + hν → NO2 + O3 0.184 0.167 0.149 

JbNO3 NO3 + hν → NO  2.20 x 10-2  2.00 x 10-2  1.77 x 10-2 
JPAN PAN + hν → C2O3 + NO2  9.00 x 10-7 5.62 x 10-7 3.27 x 10-7 

JORGN [2] ORGNTR + hν → HO2 + NO2 5.52 x 10-6 3.10 x 10-6 1.58 x 10-6 
J45 ALD2 + hν  → HCHO + XO2 + 

CO + 2HO2  
 4.91 x 10-5 3.15 x 10-5 1.85 x 10-5 

J74 [3] CH3C(O)CHO + hν → C2O3 + 

HO2 + CO 
 1.93 x 10-3 1.26 x 10-3 7.57 x 10-4 

JROOH [4] ROOH + hν  → OH 6.21 x 10-6  4.25 x 10-6 2.72 x 10-6 
 
 
Table C: The nomenclature and stiochiometry of the photolysis reactions implemented in the TM model, where the 
reaction products O2 and H2O are not shown as these are prescribed from meteorological input data and not 

calculated explicitly by the EBI solver. The photolysis rates are calculated using the summer mid-latitude AFGL 
atmospheric profile (Anderson et al., 1986) with marine aerosol prescribed for the bottom 3 km of the atmospheric 
column as defined by Shettle and Fenn (1979) and background aerosol defined for the remaining layers. The 
wavelength dependant ground albedo is taken from the atlas of Koelemeijer et al. (2003). The photolysis rates given 
in blue are temperature independent. Additional details: [1] the quantum yield for the production of O1D from the 
photolysis of O3 is taken from Shetter et al. (1996), [2] JORGN = 2.5* JORGN where the � values for a C4 mono-

nitrate are used (Roberts and Fayer, 1989), [3] J74 = 50*JbCH2O (TM5) or JbCH2O (TM4) where values for TM5 are 
given, [4] JROOH = JMEPE. 
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Appendix D 
 
 
Emissions and Depositions 

 
 
In Tables D1 and D2 below we provide details concerning the emission and deposition fluxes used in the chemical box 
model. For the emissions the following details are given: the name of the chemical species for which the emission is 
relevant and the four fluxes for the different atmospheric scenarios. It should be noted that ‘rural’ is not pristine but still 
influenced by regional anthropogenic emissions, whereas ‘ocean’ is completely isolated from such influences (e.g.) the 
Southern Pacific. For the depositions the following details are given: the name of the chemical species for which the flux 
is relevant, the magnitude of the flux and the source of the value. The sources for these emission fluxes are provided in 
the footnote of the table. It should be noted that none of the fluxes are temperature dependent and only isoprene has a 
diurnal variation imposed for the emission flux. 
 
 

Name of 
species 

Marine 
Molec. cm-2 s-1 

Rural 
Molec. cm-2 s-1 

Urban 
Molec. cm-2 s-1 

Tropical 
Molec. cm-2 s-1 

NO 7.0 x 104 [1] 2.86 x 105 [2] 2.25 x 106 [7]  4.75 x 105 [8] 
CO 8.53 x 105 [2] 3.70 x 106 [2] 1.0 x 107 [8] 8.53 x 105 [10] 

NH3 4.57 x 105 [2] 9.06 x 105 [2] 3.03 x 106 [2] 4.57 x 105 [10] 
SO2 7.92 x 104 [2] 2.91 x 105 [2] 3.27 x 106 [2] 7.92 x 104 [10] 

HCHO 17.8 [2] 3028. [2] 2.58 x 105 [2] 3028. [10] 
ISOP 0.0 [2] 6.0 x 106 [5] 3.0 x 106 [9] 9.30 x 106 [6] 
C2H4 45.0 [2] 4.54 x 104 [2] 2.61 x 106 [2] 0.0 [9] 
ALD2 10.51 [2] 3171 [2] 5.93 x 105 [2] 0.0 [9] 
PAR 24.43 [3] 7.33 x 105 [3] 3.53 x 106 [8] 24.43 [10] 

CH3COCHO 0.721 [4] 1.13 x 104 [4] 9.88 x 105 [4] 0.0 [9] 
OLE 11.7 [5] 1.55 x 104 [5] 1.24 x 106 [5] 0.0 [9] 

 
 

Table D1: The Emission fluxes used in the chemical box model studies for the various scenarios. The sources of these 

emission fluxes are as follows: [1] equivalent to 0.1ppbv day-1 (estimated), [2] from Ervens et al. (2003) based on a 
synthesis of the inventories of Guenther et al. (1995) and Olivier et al. (1996), [3] set to the sum of the emission fluxes 
for C2H6, HC3, HC5 and HC8 as given in Ervens et al. (2003) using the appropriate scaling factors to convert to PAR, 

[4] set equivalent to the flux for XYL given in Ervens et al. (2003) as CH3C(O)CHO is considered to be a stable oxidation 

products of XYL (Houweling et al., 1998), [5] set equivalent to the flux for DIEN given in Ervens et al. (2003), [6] based 
on Pöschl et al. (2000) where a diurnal variation is imposed on the emission rate, [7] from Pöschl et al. (2000), [8] 
emission fluxes selected by tuning the chemical box model, [9] estimated, [10] best guesses using the information for 
the pristine Marine scenario. NH3 is lower than rural due to lack of agriculture. CO emissions are implicit in the NMHC 

emissions. 
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Name of species Ocean 
10-6 s-1 

Land 
10-6 s-1 

Reference 

NO 0.8 0.9 Von Kuhlmann (2001) 
NO2 0.8 0.9 Von Kuhlmann (2001) 

NO3 0.8 0.9 Von Kuhlmann (2001) 

HNO3 10.0 20.0 Schwartz and White (1981) 

N2O5 0.4 [1] 0.45 [1] Von Kuhlmann (2001) 

HNO4 0.8 0.9 Von Kuhlmann (2001) 

H2O2 10.0 9.0 Lind and Kok (1986) 

CO 0.0 0.2 Von Kuhlmann (2001) 
O3 0.5 2.6 Von Kuhlmann (2001) 

NH3 10.0 10.0 Ervens et al. (2003) 

SO2 5.0 10.0 Ervens et al. (2003) 

SO4 2.5[2] 5.0[2] Ervens et al. (2003) 

HCHO 9.0 3.6 Staudinger and 
Roberts(1996) 

CH3OOH 3.5 1.8 O’Sullivan et al. (1996) 

PAN 0.2 1.0 Von Kuhlmann (2001) 
CH3COCHO 9.0 2.2 Betterton and Hoffman 

(1988) 
ALD2 0.3 0.7 Staudinger and Roberts 

(1996) 
ROOH 4.0 1.4 O’Sullivan et al. (1996) 
C2O3 10.0 [3] 6.4 [3] O’Sullivan et al. (1996) 

ORGNTR 0.0 [4] 0.1 [4] Kames and Schurath(1992) 

MSA 2.5 [2] 5.0 [2] Ervens et al. (2003) 

NH4 10.0 [5] 10.0 [5] Ervens et al. (2003) 

 
 

Table D2: Deposition velocities included in the chemical box model for both the ocean (marine) 
and land scenarios (rural, urban and tropics). Additional details are: [1] scaled for two N atoms, 
[2] set equal to 50% of deposition velocity of SO2, [3] set equal to value for CH3C(O)O2H, [4] set 

equal to 1-butylnitrate, [5] set equal to deposition velocity of NH3. 
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Appendix E 
 
 
Initial Starting Conditions 

 
 
In table E below we provide details regarding the initial conditions used for the various atmospheric scenarios defined 
for the box model study for 23 of the chemical species.  
 
 

Chemical species Marine 
ppbv 

Rural 
ppbv 

Urban 
ppbv 

Tropical 
ppbv 

O3 30 [1] 40 [1] 90 [1] 20 [5] 
NOx (as NO2) 0.5 [1] 1.5 [1] 4.5 [1] 0.5 [6] 

H2O2 0.43 [2] 1.0 [1] 1.0 [1] 0.43 [6] 
CH4 1760 [2] 1760 [2] 1760 [2] 1760 [2] 
CO 75 [2] 150 [1] 300 [1] 200 [5] 

HNO3 0.67 [2] 0.3 [1] 1.0 [1] 0.1 [5] 
CH3OOH 0.44 [2] 0.07 [2] 0.01 [2] 1.5 x 10-2 [2] 

HCHO 0.3 [2] 0.59 [2] 1.0 [1] 1.0 [5] 
PAR 5.0 [3] 8.5 [3] 15.8 [3] 5.0 [5] 

C2H4 1.7 x 10-2 [2] 4.7 [2] 5.15 [2] 0.63 [2] 
OLE 1.7 x 10-2 [2] 1.37 [2] 1.71 [2] 0.61 [2] 

ALD2 7.4 x 10-2 [2] 2.25 [2] 5.67 [2] 0.39 [2] 
PAN 3.5 x 10-2 [2] 0.32 [2] 0.38 [2] 0.42 [2] 

ROOH 0.6 [2] 4.6 x 10-2 [2] 4.7 x 10-2 [2] 8.9 x 10-2 [2] 
ORGNTR 4.8 x 10-2 [2] 3.6 x 10-2 [2] 3.7 x 10-2 [2] 7.4 x 10-2 [2] 

ISOP 1 x 10-2 [2] 2.0 [5] 1.0 [7] 5.0 [5] 
SO2 0.72 [2] 1.0 [1] 5.0 [1] 0.3 [2] 
DMS 4 x 10-2 [2] 2.7 x 10-3 [2] 5.7 x 10-3 [2] 1.5 x 10-4 [2] 
NH3 2.8 x 10-2 [2] 1.9 [2] 5.9 [2] 0.45 [2] 
SO4 6.7 x 10-2 [2] 0.31 [2] 0.37 [2] 4.6 x 10-2 [2] 
NH4 0.1 [2] 3.5 [2] 3.4 [2] 9.2 x 10-2 [2] 
MSA 2.3 x 10-3 [2] 2.7 x 10-4 [2] 2.6 x 10-4 [2] 1 x 10-4 [2] 

MGLY 0.0 [4] 1 x 10-2 [4] 0.1[4] 0.0 [5] 
 

Table E: Initial conditions for the four atmospheric scenarios chosen in this study. For [H2] and [H2O], fixed mixing 

ratios of 550 ppbv and that defined in bottom layer of the relevant standard atmosphere are used, respectively. 
Additional details: [1] from Ervens et al. (2003), [2] values obtained from averaged TM5 output for the relevant 
region, [3] set equal to the sum of alkanes given in Ervens et al. (2003), [4] set equal to initial XYL conditions in 
Ervens et al. (2003), [5] from Poschl et al. (2000), [6] set equal to pristine ocean, [7] estimated. 
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Appendix F 
 
 
Differences in Reaction Rates  

 
 
In table F below we provide information regarding the percentage differences introduced to the chemical reaction rates 
at STP when adopting the latest JPL recommendations [Sander et al., 2006]. Differences are calculated by comparison to 
those rates provided in Appendix B. 
 
 

Reaction 
rate 

K298k,1atm 
TM value 

K298k,1atm 
updated 

Percentage 
difference 

New rate expression 

KNOO3 1.82 x 10-14 1.95 x 10-14 +7.1% 3.0E-12*exp(-1500/T) 

KHO2NO 8.56 x 10-12 8.10 x 10-12 -5.7% 3.5E-12*exp(250/T) 

KMO2NO 7.68 x 10-12 7.66 x 10-12 -0.2% 2.8E-12*exp(300/T) 

KNO2OH 8.26 x 10-12 1.06 x 10-11 +28.3% K0 = 1.8E-30*(300/T) 3.0 

K∞ = 2.8E-11 

KNO2NO3 1.27 x 10-12 1.19 x 10-12  -6.7% K0 = 2.0E-30*(300/T) 4.4 

K∞ = 1.4E-12*(300/T) 0.7 

KN2O5 4.36 x 10-2 4.1 x 10-2 -6.0% KNO2NO3/EQN2O5[1] 

KNO2HO2 1.39 x 10-12 1.14 x 10-12  -17.9% K0 = 2.0E-31*(300/T) 3.4 

K∞ = 2.9E-12*(300/T) 1.1 

KODM 2.88 x 10-11 3.25 x 10-11 +12.8% 3.3E-11*exp(55/T)*[N2] + 

2.15E-11*exp(110/T)*[O2] 

KH2OOD 2.2 x 10-10 1.99 x 10-10 -10% 1.63E-10*exp(60/T) 

KO3HO2 2.05 x 10-15 1.93 x 10-15 -6.2% 1.0E-14*exp(-490/T) 

KCOOH 2.4 x 10-13 2.37 x 10-13 -1.25% K0 = 5.9E-33*(300/T) 1.4 

K∞ = 1.1E-12*(300/T) –1.3 

K0 = 1.5E-13*(300/T) –0.6 

K∞ = 2.1E9*(300/T) –6.1 

KO3OH 6.83 x 10-14 7.25 x 10-14 +6.1% 1.7E-12*exp(-940/T) 

KCH4OH 6.31 x 10-15 6.34 x 10-15 +0.5% 2.45E-12*exp(-1775/T) 

KMO2HO2 5.57 x 10-12 5.1 x 10-12 -9.2% 4.1E-13*exp(750/T) 

KMO2MO2 4.73 x 10-13 3.52 x 10-13 -21.1% 9.5E-14*exp(390/T) 

KHO2HO2 5.0 x 10-12 4.56 x 10-12 -8.8% 3.5E-13*exp(430/T) 
1.77E-33*exp(1000/T) 
1.4E-21*exp(2200/T) 

KH2OH 6.69 x 10-15 5.09 x 10-15 -24.0% 2.8E-12*exp(-1800/T) 
KHPOH 1.7 x 10-12 1.8 x 10-12 +5.8% 1.8E-12 

KFRMOH 1.0 x 10-11 8.37 x 10-12 -19.0% 5.5E-12*exp(125/T) 

KC43 1.63 x 10-11 1.74 x 10-11 +4.3% Average of : 
4.4E-12*exp(365/T) 
4.9E-12*exp(405/T) 

KC44 2.5 x 10-15 4.61 x 10-15 +84.0% Average of : 
1.4E-12*exp(-1860/T) 

6.5E-15 
KC46 1.91 x 10-11 7.66 x 10-12 -82.9% 8.1E-12*exp(270/T) 
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KC47 9.91 x 10-12 1.04 x 10-11 +4.9% K0 = 2.7E-28*(300/T) 7.1 

K∞ = 1.2E-11*(300/T) 0.9 

KC48 4.23 x 10-4 3.27 x 10-4 -22.7% K0 = 4.9E-3*exp(-12100/T) 

K∞ = 5.4E16*exp(-13830/T) 

KC49 2.0 x 10-12  1.55 x 10-11 +775% 2.9E-12*exp(500/T) 

KC50 6.5 x 10-12 1.41 x 10-11 +217% 4.3E-13*exp(1040/T) 

KC57 2.82 x 10-11  3.90 x 10-11 +38.3% Average of : 
1.86E-11*exp(175/T) 
8.12E-12*exp(610/T) 
2.6E-12*exp(610/T) 

KC58 1.03 x 10-17 5.47 x 10-18 -46.9% Average of : 
8.5E-16*exp(-1520/T) 
1.4E-15*exp(-2100/T) 

1.0 E-17 
KC59 7.7 x 10-15 4.85 x 10-15 -37.1% Average of : 

4.0E-14*exp(-400/T) 
6.0E-16 
3.5E-15 

KC61 8.15 x 10-12 8.2 x 10-12 +0.6% K0 = 1.0E-28*(300/T) 4.5 

K∞ = 8.8E-12*(300/T) 0.85 

KC62 1.59 x 10-18 1.76 x 10-18 +10.7% 1.2E-14*exp(-2630/T) 

KC73 1.7 x 10-11 1.5 x 10-11 -11.8% 1.5E-11 

KC76 1.0 x 10-11 1.18 x 10-11 +18% 2.7E-11*exp(390/T) 

KC77 1.43 x 10-17 1.29 x 10-17 -9.8% 1.04E-14*exp(-1995/T) 

KC78 7.8 x 10-13 6.96 x 10-13 -10.7% 3.15E-12*exp(-450/T) 

KC79 7.68 x 10-12 9.18 x 10-12 +20% Average of : 
2.55E-12*exp(380/T) 
2.9E-12*exp(350/T) 
2.7E-12*exp(360/T) 

KC80 1.33 x 10-12 1.44 x 10-13 +8.3% Average of : 
6.8E-14, 3.0E-13 

and 6.4E-14 
KC81 6.8 x 10-13 8.85 x 10-12 +1300% 2.6e-12*exp(365/T) 

KC82 1.0 x 10-11 7.85 x 10-12 -22.5% 7.5E-13*exp(700/T) 

KC84 1.78 x 10-12 1.76 x 10-13 -90.2% 5.9e-13*exp(-360/T) 

KC85 8.88 x 10-13 7.57 x 10-12 +852% (KC81*KC82)/KC79 

Kdmsoha 4.38 x 10-12 4.96 x 10-12 +13.2% 1.1E-11*exp(-240/T) 

Kdmsohb 1.74 x 10-12 1.51 x 10-12 -13.3% 1.0E-39*exp(5820/T) 
5.0E-30*exp(6280/T) 

Kso2oh 8.85 x 10-13 9.38 x 10-13 +6.0% K0 = 3.3E-31*(300/T) 4.3 

K∞ = 1.6E-12*(300/T)  

Knh2no 1.72 x 10-11 1.81 x 10-11 +5.2% 4.0E-12*exp(450/T) 

 
Table F: The percentage differences in the reaction rates which are updated in this box-model study. For 
Keq(N2O5), Keq(HNO4) and Keq(PAN), where Keq = kf/kb, there are changes of  <0.1%, -17.9% and -

25%, respectively. 
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Appendix G 
 
 
The partitioning of Non-Methane Volatile emissions into the 
modified CBM4 mechanism  

 
 
In table G below we provide information regarding the partitioning of the non-methane hydrocarbon inventory used in the 
IPCC and Royal Society simulations which are discussed in Section 5. Updated partitioning ratios are used for the 
industrial and biomass burning contributions in this study. The changes are made based on the speciation tables provided 
in Yarwood et al. (2005). This changes the contributions of species such as benzene and tri-methylbenzene to the lumped 
CBM4 species. The stiochiometry for the contribution due to xylene was also updated where the original values of 2 
molecules of PAR and MGLY from 1 molecule of xylene was downscaled to 1.1 molecules of PAR and 0.8 molecules of 
MGLY in line with the stiochiometry of the OH + XYL reaction in the original CBM4 mechanism (Gery et al. (1989)). Both 
the original and updated percentage contributions of each CBM4 species are listed in the table below. 
 
 

Type of Emissions PAR  ETE OLE ALD2 MGLY HCHO Total 
IPCC (Industrial) 49.6 8.9 5.5 1.1 4.6 0.2 69.9 
IPCC (biomass burning) 24.6 25.0 13.7 4.3 1.5 0.5 66.6 
Updated (Industrial) 50.4 4.5 2.7 0.57 1.8 0.2 60.2 
Updated (biomass 
burning) 

28.7 12.5 6.8 2.2 0.6 0.5 51.3 

 
 

Table G: Details of the partitioning of the total NMV emission inventories into the lumped species used in the 
modified CBM4 mechanism. Numbers are given for the ratios used in the original IPCC simulations and the CTM 
studies presented in Section 5. 
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Appendix H 
 
 

Comparison of tropospheric O3 profiles versus selected 
ozonesonde measurements for the year 2000. 

 

 
 

Figure H1: Comparison of seasonal means in the vertical profiles for tropospheric ozone between sondes (green), 
tm4_baseline_mgly (red), tm4_op_run () and tm4_GFED2000_ch4grad (blue) for De Bilt, the Netherlands (51.2°N, 
5.2°E). The number of observations for each season are as follows: DJF (9), MAM (11), JJA (12) and SON (12) 
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Figure H2: As for Figure H1 except for Paramaribo, Suriname (5.8°N, 55.2°W). The number of observations for each 
season are as follows: DJF (11), MAM (13), JJA (12) and SON (12). 
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Figure H2: As for figure H1 except for Sepang Airport, Malaysia (2.7°N, 101.7°E). The numbers of observations for 
each season are as follows: DJF (5), MAM (5), JJA (5) and SON (7). 



1 On the upgrading of the modified Carbon Bond Mechanism IV for use in global Chemistry Transport Models 
 
 

• • • • 57   

 
 

Figure H2: As for figure H1 except for Neumayer, Antarctica (70.6°S, 8.2°W). The numbers of observations for 
each season are as follows: DJF (16), MAM (13), JJA (16) and SON (27).  
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Appendix I 
 
 

Comparison of surface [CO] versus selected CMDL 
measurement sites for 2000. 

 
 

 
 

Figure I1: Comparison of surface [CO] for high latitude locations as derived from CMDL flask measurements (+), the 
tm4_baseline_run (blue) and the tm4_op_run_mgly (green). The sites shown are, from left to right, Alert (82.3°N, 
62.3°W), Barrow (71.2°N, 156.4°W), South Pole (89.6°S, 24.5°W) and Mount Zeppelin (78.5°N, 11.5°E). 

 

 
 

Figure I2: As for Fig I1 except for mid-latitude measurement sites. The sites shown are, from left to right, Baltic Sea 
(55.3°N, 16.4°E), Bermuda (32.2°N, 64.4°W), Cape Grim (40.4°S, 16.3°E), Hegyharsal (46.6°N, 16.2°E), Tenerife 
(28.2°N, 16.3°E), Mace Head (53.2°N, 9.5°W), Mahe Island (4.4°S, 55.1°E) and Tutuila (14.2°S, 170.3°W). 
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Figure I3: As for Fig I1 except for tropical measurement sites. The sites shown are, from left to right, Assekrem (23.1°N, 
5.3°E), Christmas Island (1.4°N, 157.1°W), Guam (13.3°N, 144.5°E), Cape Kumahkahi (19.3°N, 154.5°W), Mount Loa 
(19.5°N, 155.5°W), Ragged Point (31.1°N, 59.3°W), Mahe Island (4.4°S, 55.1°E) and Tutuila (14.2°S, 170.3°W). 

 

 
 

Figure I3: Comparison of surface [CO] for high latitude locations as derived from CMDL flask measurements (+), 
tm4_op_run_mgly (green).and the tm4_GFED2000_ch4grad run (orange). The sites shown are, from left to right, 
Assekrem (23.1°N, 5.3°E), Halley Bay (1.4°N, 157.1°W), Cape Grim (40.4°S, 16.3°E), Ragged Point (31.1°N, 59.3°W), 
Barrow (71.2°N, 156.4°W), Point Area (38.9°N, 123.7 °W), Easter Island (27.2°S, 109.5°W) and Seda Boker Negev 
desert (31.1°N, 34.9°E). 
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