The stratospheric-tropospheric version of TM5 
A general overview by J.E.Williams
The purpose of this document is to provide an overview of the recently developed stratospheric-tropospheric version of TM5 (hereafter referred to as ST-TM5). The model is currently being developed and many changes have been made concerning the processes and methods adopted in the code since the original idea to have such a version was first conceived. This document provides some overview regarding the current status in 2007.

General construction of the model:
The TM5 model structure has been developed such that different chemical versions of the model are able to use the same “base” code on which to build. The ST-TM5 version has been coded such that it is now compatible with the most recent base version submitted to the CVS (Aug 2006). Although originally designed to use the base-beta2 version of the TM5 structure for many of the underlying Fortran routines, it has also recently been updated and merged to be part of cycle 3 in the new system meaning that all the most recent bug fixes have been implemented. The specific ST-TM5 files containing the chemistry, photolysis, emissions, heterogeneous formulations, etc. are housed in a subdirectory called ‘st’.  This version of the code has been submitted to the CVS in the projects directory and compiles to a running version*
. 
Model resolution:

The ST-TM5 model resolution has similar options to those available for the standard TM5 version (Krol et al, 2005). The model contains a Cartesian grid and consists of a two-way nested grid which may zoom over certain regions upto 1º x 1° resolution. It has currently been run on resolutions of both 6ºx4º and 3°x2º with between 25-60 vertical layers. The vertical layers are based on the European Centre for Medium-range Weather Forecasts (ECMWF) vertical resolution of 60 vertical layers up to 0.1hPa. From mid 2006 these fields are available on an updated vertical resolution of 91 layers. For scientific studies, ST-TM5 will be run using between 35-45 model layers, where more resolution is maintained in the UT/LS and lower stratosphere compared to other versions. This definition of the vertical resolution is thought to be optimal for the investigation of process studies in the UT/LS and the stratosphere (Bregman, 2005). More layers are amalgamated when using the 91 layer version of the meteorology. Pre-processing of the meteorological input data is performed in an identical fashion to that conducted for the standard version. There is currently the problem that zooming studies down to 1º x 1° cannot be performed using the second moments advection scheme due to non-convergence issues. However, studies which have compared CH4 distributions in the stratosphere over an Arctic winter suggest that using a 1º x 1° grid resolution with the slopes advection scheme is sufficient for stratospheric studies (Bregman et al, 2006).

Advection and Transport:
 As with most other versions of TM5, the ST-TM5 is driven using forecast data from the ECMWF database using a default update interval of 6 hours. The representation of the model winds has recently been updated to ensure mass conservation (Segers et al, 2002) which has made significant improvements to the resulting tracer fields (Bregman et al, 2003). Recently the model has been updated so that it can use various interpolated wind-fields including both 6 and 3 hourly interpolated data (Bregman et al, 2006) and that originating from a Climate Model (the Canadian Middle Atmosphere Model c.f. Bregman ,2006). Advection is performed using the second-order moments scheme of Prather (1986). A reduced polar grid is implemented near the poles to prevent the air mass transport exceeding a grid cell during a single time-step. The consequences of this on tracer transport are discussed in detail in Van den Broek, et al (2003).

Chemical Tracers:

The chemical tracers which are included are entirely characteristic of ST-TM5 and cover the chemical families of Ox, NOx, NOy, ClOx, BrOx, and a subset of the NMHC’s, along with the long-lived greenhouse gases CO, CH4, and N2O. Other species include NO3, SO4, SAD and NAT aerosol (included as 7 size segregated particle bins). The NO3 and SO4 fields are initialized using a standard TM3 input file for 1997 from Dentener (2000)
. In total, there are 79 individual tracers, with 49 being transported and 30 being non-transported. In order to distribute the higher organics throughout the troposphere and lower stratosphere they are included as transported species. A comprehensive list of both the tracer names and chemical species is provided in Table 1. The Ox, NOx, ClOx and BrOx tracers are the method in which short-lived species such as the Cl and Br radicals are transported. This is necessary due to the relatively long chemical lifetimes of such species high up in the stratosphere and as a way of reducing the number of transported tracers. This approach is a common way of transporting such species in a global CTM which deals with stratospheric chemistry (Chipperfield, 1996). Re-partitioning after transport is done using the percentage composition for a particular grid cell from the previous timestep. 

Gas Phase Chemistry: 
In total 144 gas phase reactions and 48 photolysis reactions are included in the ST-TM5 chemical mechanism, with a comprehensive list of all reactions being given in Tables 2 and 3, respectively. All reaction data for the chemical rates, absorption characteristics and temperature dependencies have been taken from the latest recommendations (Sander at al, 2006; Atkinson et al, 2004). A look-up table is used for the temperature dependent absorption co-efficients (σ) and quantum yields (φ) for 20 of the chemical species calculated on a resolution of 5ºC. The temperature dependent absorption cross-sections for both NO and O2 (below 202nm) are calculated online using the relevant layer temperatures in conjunction with the parameterizations of Koppers and Murtagh (1996) and Allen and Frederick (1982), respectively. These parameterizations tend to breakdown for high zenith angles (> 85º) in the troposphere meaning that limits are applied within the code as to when the calculations should be performed. The photolysis frequencies (or J values) are calculated online using the modified band approach (Williams et al, 2006) which is active for solar zenith angles up to 92.5º and uses ECMWF data for geo-potential height, pressure, temperature and relative humidity. For the higher peroxy species (e.g. C2H5OOH) the photolysis rates are set equal to that of CH3OOH. Moreover, split product pathways exist for 8 of the chemical species. The tracer field for O3 and the pressure field of each layer (O2) are used to calculate the slant optical depth of the column. The method of applying band limits applies to approximately 25% of the chemical species in order to limit errors introduced by the band approach (see Table 3).  Cloud information is taken from ECMWF (namely the LWC, cloud fraction and IWC), converted to g/cm2 and used in a parameterization which calculates the absorption and scattering contributions to the total optical depth (Slingo, 1989). Ice particles (cirrus) and liquid droplets are treated separately, where the ice particles are assumed to have a hexagonal crystal shape (Stammes at al, 2000). The extent of cloud coverage is accounted for using the random overlap method of Geleyn and Hollingsworth (1979) within the RT solver. Aerosols are prescribed throughout the column using the definitions of Shettle and Fenn (1979), where background aerosol is selected for above the tropopause (predominantly scattering). The code has been constructed so that a more comprehensive description of aerosols can be included. There is currently no link between the tracers SO4_a, NO3_a or SAD to the calculation of photolysis (i.e.) the additional scattering introduced by such fields is currently neglected. The NAT particles can be mainly ignored as it forms predominantly in the Poles during the Polar Winter (darkness). The occurrence of thin tropical NAT clouds could be important although it is likely to be a second-order effect. It is envisaged that more work will be performed so as to improve on the effects of aerosol on actinic flux.

The photolysis module has been tuned for JO2 in order to ensure the formation of O3 in the UT/LS is of a sufficient rate. Actinic fluxes and online J values have been compared for both 25 and 35 levels and give minimal differences at the ground (1-2%) as a result of the different vertical grid.

Heterogeneous Chemistry:

In total 33 heterogeneous reactions are included in ST-TM5. Heterogeneous chemistry occurs on cloud droplets, aerosol, Ice particles (cirrus, sub-visible), NAT and super-cooled ternary solution (STS). These processes can be partitioned between those that are relevant in the troposphere and UT/LS and those relevant exclusively for the Stratosphere.  

For the troposphere we inherit the methods used in the tropospheric version of TM5 for the loss of N2O5 on aerosol using the approach of Dentener (1993). The γ value has been updated to 0.02 in line with the global average suggested by Evans and Jacob (2005). The concentration fields of both SO4_a and NO3_a are used to determine the effectiveness of this process (via the active surface area). For the wet scavenging of trace gas species the reader is referred to the section concerning emissions and depositions. 

The formation of Ice, NAT and STS is limited to altitudes above the tropopause (i.e.) the online calculation for the presence of such particles is skipped for the troposphere in order to optimize run-times. The formulation for the occurrence of liquid STS is taken from the Mainz stratospheric box model and published in Carslaw et al, 1995. Calculations are only performed for grid cells when T<285K and 1([H2O]<10ppm . The saturation vapour pressure over both Ice and NAT is calculated according the method of Hanson and Mauersberger (1988). The formation of ice can only occur when SVAPICE > 1.0, in combination with a temperature of T< TICE-3. The formation and growth of NAT is calculated according to van den Broek et al (2004), which implements the mathematical approach of Carslaw et al, (2002), and is transported as 7 size segregated tracer species. The formation of NAT may only occur if SVAPNAT > 1.  Gravitational sedimentation of NAT occurs according to their size (thus de-nitrification is taken into account). Reactions on surfaces are calculated according to equation (1):
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Where Ci is the concentration of species i, υ is the mean molecular velocity, r is the mean effective particle radius, λ is the mean free path of a molecule in air (pressure/temperature dependent), γ is the reactive uptake co-efficient and n the particle number density. The reactive uptake co-efficients are taken from Sander, et al (2006). The total number of reactions accounted for on Ice particles, NAT and liquid STS are listed in tables 4-6, respectively.

The current formulation for the presence of Ice seems to under predict the presence of cirrus particles compared to the IWP provided by the ECMWF database. Such data has recently been compared to lidar observations where an excellent correlation was found to exist between the ECMWF IWP and the derived optical depth from the lidar (Immler et al, 2006). However, the quality of such an agreement is latitudinally dependent, where larger differences occur between the values in the tropics compared to the mid-latitudes. Therefore, it is proposed that the IWP will be used in conjunction with the hexagonal crystal shape (one fixed size) to calculate the particle density. The ECMWF temperature data smooths out deviations below Tice, therefore using this as a switch means that the ice particles are rarely activated. 

Depositions and Emissions:
Both the emission and deposition terms are calculated in a similar manner to that used in the tropospheric zoom version of TM5 except for the CFC’s and Bromine compounds. Modifications have been made to this individual species involved due to the explicit nature of the chemical scheme in ST-TM5.

The inclusion of anthropogenic source gases such as CFC11 and CFC12 necessitates the implementation of emissions at the ground, where mixing processes transport such species into the stratosphere. For this purpose a polynomial fit has been introduced for five different source gases (namely F11, F12, F113, N2O and CCl4) using empirical fit parameters from the CMDL database (www.cmdl.noaa.gov). The emission of F11 is scaled up 6.3% (for 2000) in order to account for the missing chlorine source of CH3CCl3, where this ratio was derived using the percentage contributions of chlorine sources listed in Engel, et al (2005). For CH3Br, a fixed concentration of 9 pptv is used in line with the suggestions of WMO (2003). The knowledge concerning the emission of bromine compounds is still incomplete therefore we use this pragmatic approach to introducing CH3Br into the system.

For the NMHC’s and greenhouse gases the emission database which is used is either EDGAR 97 or the more recent EDGAR 2000ft., where either the yearly totals are segregated into monthly contributions or individual monthly totals are used.  A main difference concerning the use of emissions compared with other versions of TM5 is that rather than having one large emission routine which contains all the species the code has been broken down such that each type of emission has its own dedicated source code (e.g. CO, CH4, etc.). Moreover, as a consequence of the use of explicit organic tracers, the NMHC emissions need to be assigned to individual species by the application of scaling ratios on the total emission strength from both biomass burning and the anthropogenic component, as proposed by Meijer, 2006. The ratios currently employed are those tested in the MESSy chemistry-climate model from MPI, Mainz. This avoids the construction of separate input files which would otherwise need to be synthesized from the database. One caveat is that for species such as C2H4, which is currently absent from ST-TM5 chemistry, a pseudo-emission of the main product needs to be introduced in order to conserve the total mass of carbon emitted per timestep. Moreover, distribution of such emissions over the first few atmospheric layers is to be included to prevent explosions of (e.g) O3 at the ground level due to the fact that the mixing step comes after the addition of such emissions in the chemical solver.

The deposition is divided into both wet- and dry- deposition terms using the same approach as used in the tropospheric TM5 model. Wet scavenging is included for H2O2, HNO3, CH3OOH, HOCl, HOBr, HCHO, CH3CHO, CH3COOH, CH3OH, HCl and HBr using the Henry’s Coefficients and temperature data taken from Sander (1999). The higher hydrocarbons have limited solubility due the inclusion of insoluble groups such as the ethyl group (CH3CH2). Free radicals such as CH3O2 and HO2 could be added to investigate the global effects of scavenging, where higher peroxy species can be considered to be insoluble. Dry deposition is parameterized according to Ganzeveld and Lelieveld (1996) and included for O3, HNO3, NO, NO2, H2O2, CH3CHO, HCHO, CH3OOH, PAN, CO and HNO4. There are species which maybe included, such as HOBr and HOCl, but the relevant input parameters are needed within the code. 

The EBI solver:
Due to the computational restrictions imposed on offline global CTM modeling the efficiency of the chemical solver is of paramount importance to the overall runtime of the model. For this purpose we use the EBI scheme (Hertel, et al, 1993) which has been adopted for use with the modified-CBM4 mechanism in the tropospheric version of TM5. Although the performance of the EBI method has been tested for the old stratospheric reaction mechanism upto 10hPa (van den Broek, et al, 2000) the introduction of new chemical species, reactions and photolysis rates requires that the performance needs to be quantified to provide assurance. Moreover, the extension of the model top introduces a region where a higher concentration of free-radicals exists as a result of more intense radiation. Unfortunately, the FACSIMILIE package used during previous evaluations was not available at KNMI therefore an alternative solver was used for quantifying potential differences. For this purpose, an identical version of the box model using the TWO_STEP iterative solver was produced. Here, a simple explicit Gauss-Seibel technique is used for approximating the implicitly defined BDF formula rather than using a modified Newton method (Verwer, 1994). Tests were then performed on a selection of sample columns taken from TM5 for a 25 level version (upto 0.1hPa). By running the box model for a 5-6 days (without emission or deposition terms) and examining the budgets for the total [Cl] and [Br] in the system as a diagnostic, the efficiency of the EBI solver was investigated. A range of atmospheric layers were selected covering a wide range of initial conditions. The ‘ideal’ solution was derived using a time-step of 10s and subsequent simulations compared with the resulting profiles for all of the chemical species. The two-step solver provides a solution explicitly for every chemical species without the use of the quadratic terms needed in the EBI method for the short-lived free-radical species that are involved in fast non-linear reaction cycles, as well as having an iterative time-step in order to achieve ideal solutions.  For this reason it is rather more computationally expensive than EBI. An advantage is that it has an auto-compilation routine for the production of the chemical terms in the solver meaning that it can be used for finding errors in the manually coded EBI solver.  By performing comparisons of both tracer profiles and the diurnal variation in J values the EBI mechanism was successfully de-bugged and seems to perform well for this suite of chemical species.  Tests were conducted using the time-step selected in the model (1800 s-1), which is further divided in EBI to 300s-1 and trace gas profiles for all species were identical.

Constraints used in the model:

Although the initial philosophy was to build a version of TM5 which is free-running in terms of the total ozone column and associated chemical species, certain constraints are still needed concerning some of the other tracer species for which the knowledge concerning their sources and sinks, chemical lifetime and atmospheric transport are still uncertain. 

The tracers SO4_a, NO3_a and SAD are essentially used for the reactive surface area of sulphate and nitrate particles which are suspended throughout the lower atmosphere. These are needed as there are currently no parameterizations included for the formation of such particles in the current version of ST_TM5 (i.e.) no coupling to the trace gas fields. If the model is used for (e.g.) studies concerning the effect of volcanic emissions on the stratosphere such constraints will need to be replaced by an efficient parameterization which links gas phase SO2 to particulate sulphate. In the current implementation these particle tracer fields are nudged after initialization towards the monthly zonal means calculated from the input fields which originate from either satellite (SAGE III) or old model fields (TM3).

For N2O and the CFC’s the use of the CMDL fit with respect to date essentially constrains the fields in the lowest layers equal to the measurements. For CH4 the explicit emissions from (e.g.) EDGAR 2000ft can be replaced by a zonal field for the ground layer which has seasonally dependent mixing ratios from literature sources.
For accurate simulation at the top of the atmosphere it is proposed that the integrated total ozone columns for heights above 0.1hPa as observed by satellite instruments such as MIPAS.
The concentration of CH3Cl is fixed at 0.6 ppbv (Engel et al, 2002) in the lowest 4 layers due to the emission source strengths for this species being unknown. This steady-state concentration is thought to reflect the equilibrium state for this species.

For the bromine species, the Bry (defined as = [BrOx] + [HBr] + [BrCl] + [HOBr] + [BrNO3]) is nudged to 22pptv for the top of the atmosphere according to Salawitch et al., (2005). 

Initialization:

To date no good initialization file exists for this version of the model. Annual runs are being performed in order to obtain realistic starting fields for many of the chemical tracer species. For NAT the initialization is set to zero as the occurrence is governed by local temperature histories.

Parallelization:

The code has been tested for upto 9 processors by comparing the total global masses of each respective transported tracer at the beginning and the end of a one hour run. Output was identical which was considered to prove that no MPI bugs exist in the code. The outstanding work relates to the online calculation of the actinic fluxes for which technical personnel at SARA are currently focusing on.

Current status:

Although a comparison of fields with satellite data has yet to be performed the general view of the tracer fields is that the long-lived tracer species look quite acceptable in the main. More effort is now being placed on the more exotic species such a HCl for which there seems to be too much loss. Work is also ongoing to include additional emission files, etc. 
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	Name in ST-TM5
	Chemical Species
	Comments

	Transported
	
	

	Ox
	
	Cumulative : O3P + O3

	NOx
	
	Cumulative : NO + NO2

	ClOx
	
	Cumulative : Cl + ClO + Cl2O2

	BrOx
	
	Cumulative : Br + BrO

	H2O2
	H2O2
	

	HNO3
	HNO3
	

	HNO4
	HNO4
	

	NO3
	NO3
	

	N2O
	N2O
	

	N2O5
	N2O5
	

	HCl
	HCl
	

	ClNO3
	ClNO3
	

	HOCl
	HOCl
	

	OClO
	OClO
	

	HBr
	HBr
	

	BrCl
	BrCl
	

	HOBr
	HOBr
	

	BrNO3
	BrNO3
	

	CH4
	CH4
	

	CO
	CO
	

	CH2O
	HCHO
	

	CH3O2H
	CH3OOH
	

	Alknit
	CH3OONO2
	Transport of NO2 : Important for the stratosphere via PAN

	F11
	CCl3F
	

	F12
	CCl2F2
	

	F113
	CCl2CClF2
	

	CCl4
	CCl4
	

	CH3Cl
	CH3Cl
	

	CH3Br
	CH3Br
	

	PAN
	CH3C(O)COONO2
	

	ACET
	CH3C(O)CH3
	

	C2H6
	C2H6
	

	C3H8
	C3H8
	

	MCOOH
	CH3COOH
	

	SO4_a
	
	Initialized from TM3 field

	NO3_a
	
	Initialized from TM3 field

	SAD
	
	SAGE II Climatology used for initial field

	NAT1
	HNO3.3H2O
	Formed whenever sufficiently low temperature and pre-cursor gases present

	NAT2
	HNO3.3H2O
	Grows from NAT1

	NAT3
	HNO3.3H2O
	Grows from NAT2

	NAT4
	HNO3.3H2O
	Grows from NAT3

	NAT5
	HNO3.3H2O
	Grows from NAT4

	NAT6
	HNO3.3H2O
	Grows from NAT5

	NAT7
	HNO3.3H2O
	Grows from NAT6

	CH3OH
	CH3OH
	

	MALD
	CH3CHO
	

	EOOH
	CH3CH2OOH
	

	POOH
	CH3CH2CH2OOH
	

	MGLY
	CH3C(O)CHO
	

	Non-transported
	
	

	O3
	O3
	

	O3P
	O3P
	

	O1D
	O1D
	

	OH
	OH
	

	HO2
	HO2
	

	CH3O2
	CH3O2
	

	H2
	H2
	

	NO
	NO
	

	NO2
	NO2
	

	Cl
	Cl
	

	ClO
	ClO
	

	Cl2O2
	Cl2O2
	

	Br
	Br
	

	BrO
	BrO
	

	Hrad
	H
	

	Nrad
	N
	

	EO2
	CH3CH2O2
	

	C2O3
	CH3C(O)O2
	

	PO2
	CH3CH2CH2O2
	

	MGLOH
	CH3C(O)CH2O2
	

	ACETOOH
	CH3C(O)CH2OOH
	

	ACETOH
	CH3C(O)CH2OH
	

	Passive
	
	

	NOy
	(a)
	Diagnostic for strat investigations

	Cly
	(b)
	Diagnostic for strat investigations

	Bry
	(c)
	Diagnostic for strat investigations

	‘air’
	
	

	H2O
	H2O
	

	ISOP
	ISOP
	

	O2
	O2
	

	CO2
	CO2
	


Table 1: The chemical tracers which are included in ST-TM5 with their associated chemical structures. For the diagnostic chemical species the following are defined : 

(a) noy = nox + no3 + 2.*n2o5 + hno4 + clno3 + brno3 + pan + nrad + hno3 

(b) bry = brox + hbr + hobr + brcl + brno3 + ch3br

(c) cly = clox + ch3cl + clno3 + HCl + hocl+ brcl

	Reaction No.
	Nomenclature
	Name In code

	1
	O(3P) + O3 ( 2O2
	koo3

	2
	O(1D) + H2 ( OH + H
	ko1dh2

	3
	O(1D) + H2O ( OH + OH
	Ko1dh2o

	4
	O(1D) + N2O ( NO + NO
	Ko1dn2oa

	5
	O(1D) + N2O ( N2 + O2
	Ko1dn2ob

	6
	O(1D) + CH4 ( OH + CH3O2
	Ko1dch4

	7
	O(3P) + OH ( H + O2
	Kooh

	8
	O(3P) + HO2 ( OH + O2
	koho2

	9
	O(3P) + H2O2 ( OH + HO2
	koh2o2

	10
	H + O3 ( OH + O2
	kho3

	11
	H + HO2 ( OH + OH
	khho2a

	12
	H + HO2 ( H2 + O2
	khho2b

	13
	H + HO2 ( O(3P) + H2O
	khho2c

	14
	OH + O3 ( HO2 + O2
	koho3

	15
	OH + H2 ( H2O + H
	kohh2

	16
	OH + OH ( O(3P) + H2O
	Kohoh

	17
	OH + HO2 ( H2O + O2
	kohho2

	18
	OH + H2O2 ( H2O + HO2
	kohh2o2

	19
	HO2 + O3 ( OH + O2
	kho2o3

	20
	HO2 + HO2 ( H2O2 + O2
	kho2ho2

	21
	O(3P) + NO2 ( NO + O2
	kono2

	22
	O(3P) + NO3 ( NO2 + O2
	kono3

	23
	H + NO2 ( NO + OH
	khno2

	24
	OH + NO3 ( NO2 + HO2
	kohno3

	25
	N + O3 ( NO + O2
	ko3n

	26
	HNO4 + OH ( NO2 + H2O + O2
	kohhno4

	27
	HO2 + NO ( NO2 + OH
	kho2no

	28
	HO2 + NO3 ( OH + NO2 + O2
	kho2no3

	29
	N + O2 ( NO + O(3P)
	kno2

	30
	N + NO ( N2 + O(3P)
	Knno

	31
	NO + O3 ( NO2 + O2
	knoo3

	32
	NO3 + NO ( NO2 + NO2
	kno3no

	33
	NO2 + O3 ( NO3 + O2
	kno2o3

	34
	OH + CO ( H + CO2
	Kohco

	35
	CH4 + OH (+ O2) ( CH3O2 + H2O
	kohch4

	36
	OH + HCHO ( CO + HO2 + H2O
	kohch2o

	37
	CH3OH + OH ( HCHO + HO2
	kohch3oh

	38
	OH + CH3OOH ( CH3O2 + H2O
	kohch3o2ha

	39
	OH + CH3OOH ( HCHO + H2O + OH
	kohch3o2hb

	40
	HO2 + CH3O2 ( CH3OOH + O2
	kho2ch3o2

	41
	CH3O2 + CH3O2 ( HCHO + CH3OH + O2
	k2ch3o2

	42
	CH3O2 + CH3O2 ( 2HCHO + 2HO2
	k2ch3o22

	43
	CH3O2 + NO ( HCHO + NO2 + HO2
	kch3o2no

	44
	O(3P) + ClO ( Cl + O2
	Koclo

	45
	O(3P) + OClO ( ClO + O2
	Kooclo

	46
	O(3P) + HCl ( Cl + OH
	Kohcl

	47
	O(3P) + HOCl ( OH + ClO
	Kohocl

	48
	OH + ClO ( Cl + HO2
	Kohcloa

	49
	OH + ClO ( HCl + O2
	Kohclob

	50
	OH + OClO ( HOCl + O2
	Kohoclo

	51
	OH + HCl ( Cl + H2O
	Kohhcl

	52
	OH + HOCl ( ClO + H2O
	Kohhocl

	53
	HO2 + Cl ( HCl + O2
	kho2cla

	54
	HO2 + Cl ( ClO + OH
	kho2clb

	55
	HO2 + ClO ( HOCl + O2
	kho2cloa

	56
	HO2 + ClO ( HCl + O3
	kho2clob

	57
	NO + OClO ( ClO + NO2
	Knooclo

	58
	Cl + O3 ( ClO + O2
	kclo3

	59
	Cl + H2 ( HCl + H
	kclh2

	60
	Cl + H2O2 ( HO2 + HCl
	kclh2o2

	61
	Cl + CH4 ( HCl + CH3O2
	kclch4

	62
	Cl + HCHO (+ O2) ( HCl + CO + HO2
	kclch2o

	63
	Cl + CH3OH (+ O2) ( HO2 + HCHO + HCl
	kclch3oh

	64
	Cl + CH3OOH ( OH + HCHO + HCl
	kclch3o2h

	65
	Cl + OClO ( 2ClO
	Kcloclo

	66
	Cl + Cl2O2 ( Cl2 + O2 + Cl
	kclcl2o2

	67
	Cl + HOCl ( ClO + HCl
	Kclhocl

	68
	Cl + ClNO3 ( Cl2 + NO3
	kclclno3

	69
	ClO + NO ( Cl + NO2
	Kclono

	70
	ClO + CH3O2 ( HO2 + Cl + HCHO
	kcloch3o2

	71
	O(3P) + BrO ( Br + O2
	Kobro

	72
	O(3P) + HBr ( OH + Br
	Kohbr

	73
	O(3P) + HOBr ( OH + BrO
	Kohobr

	74
	OH + HBr ( Br + H2O
	Kohhbr

	75
	HO2 + Br ( HBr + O2
	kho2br

	76
	HO2 + BrO ( HOBr + O2
	kho2bro

	77
	OH + BrO ( Br + HO2
	Kohbro

	78
	Br + O3 ( BrO + O2
	kbro3

	79
	Br + HCHO (+ O2) ( HBr + CO + HO2
	kbrch2o

	80
	Br + OClO ( BrO + ClO
	Kbroclo

	81
	BrO + NO ( Br + NO2
	Kbrono

	82
	BrO + ClO ( Br + OClO
	Kbrocloa

	83
	BrO + ClO ( Br + Cl + O2
	Kbroclob

	84
	BrO + ClO ( BrCl + O2
	Kbrocloc

	85
	BrO + BrO ( 2Br + O2
	Kbrobro

	86
	O(3P) + ClONO2 ( NO3 + ClO
	kclno3o

	87
	O(3P) +BrONO2 ( NO3 + BrO
	kbrno3o

	88
	O(1D) + CCl3F ( 3Cl + products
	kf11o1d

	89
	O(1D) + CCl2F2 ( 2Cl + products
	kf12o1d

	90
	ClO + ClO ( 2Cl + O2
	kcloclo1

	91
	ClO + ClO ( Cl + OClO
	kcloclo2

	92
	O(3P) + HCHO ( CO + HO2 + OH
	koch2o

	93
	OH + CH3Cl ( Cl + H2O + products
	kohch3cl

	94
	OH + CH3Br ( Br + H2O + products
	kohch3br

	95
	O(1D) + CCl2FCClF2 ( 3Cl + products
	ko1df113

	96
	O(1D) + CCl4 ( 4Cl + products
	ko1dccl4

	97
	Cl + CH3Br ( Br + HCl + products
	kclch3br

	98
	O(1D) + CH3Br ( Br + products
	ko1dch3br

	99
	OH + C2H6 ( C2H5O2 + H2O
	kc2h6oh

	100
	C2H5O2 + NO (+ O2) ( CH3CHO + NO2 + HO2
	keo2no

	101
	C2H5O2 + HO2 ( C2H5OOH + O2
	keo2ho2

	102
	OH + C2H5OOH ( C2H5O2 + H2O
	Keoohoh

	103
	OH + CH3CHO (+ O2) ( CH3CO3 + H2O
	Kmaldoh

	104
	CH3CHO + NO3 (+ O2) ( CH3CO3 + HNO3
	kmaldno3

	105
	CH3CO3 + NO (+ O2) ( CH3O2 + CO2 + NO2
	kc2o3no

	106
	CH3CO3 + HO2 ( CH3COOH + products
	kc2o3ho2

	107
	CH3CO3 + CH3CO3 (+ O2) ( 2CH3O2 + 2CO2
	k2c2o3

	108
	OH + PAN ( HCHO + NO2 + H2O + CO2
	Kpanoh

	109
	OH + C3H8 (+ O2) ( C3H7O2 + H2O
	kc3h8oh

	110
	NO + C3H7O2 ( NO2 + HO2 + 0.82CH3COCH3
	kpo2no

	111
	HO2 + C3H7O2 ( C3H7OOH + O2
	kpo2ho2

	112
	C3H7OOH + OH ( C3H7O2 + H2O
	Kpoohoh

	113
	CH3COCH3 + OH (+ O2) ( CH3COCH2O2 + H2O
	Kacetoh

	114
	CH3COCH2O2 + NO (+ O2) ( CH3COCHO + NO2 + HO2
	Kmglohno

	115
	CH3COCHO + OH (+ O2) ( CH3CO3 + H2O + CO
	Kmglyoh

	116
	OH + CH3COOH ( CH3O2 + H2O
	kmcoohoh

	117
	Cl + C2H6 (+ O2) ( C2H5O2 + HCl
	kc2h6cl

	118
	Cl + C3H8 (+ O2) ( C3H7O2 + HCl
	kc3h8cl

	119
	CH3COCH2O2 + CH3O2 ( 0.5 CH3COCHO + 0.5 CH3OH + 0.3 CH3CO3 + 0.8 CH2O + 0.3 HO2 + 0.2 CH3COCH2OH
	kmglohmo2

	120
	CH3COCH2O2 + HO2 ( CH3COCH2O2H
	kmglohho2

	121
	CH3COCH2O2H + OH ( 0.3 CH3COCH2O2 + 0.7 CH3COCHO + 0.7OH
	kohaceo2h

	122
	CH3COCH2OH + OH ( CH3COCHO + HO2
	kohaceoh

	123
	NO3 + HCHO ( HNO3 + CO + HO2
	kno3ch2o

	124
	HNO3 + OH ( NO3 + H2O
	kohhno3m

	125
	O2 + O(3P) + M ( O3 + M
	koo2m

	126
	H + O2 + M ( HO2 + M
	kho2m

	127
	OH + OH + M ( H2O2 + M
	Kohohm

	128
	O(3P) + NO + M ( NO2 + M
	Konom

	129
	OH + NO2 + M ( HNO3 + M
	kohno2m

	130
	NO2 + HO2 + M ( HNO4 + M
	kho2no2m

	131
	NO3 + NO2 + M ( N2O5 + M
	kno2no3

	132
	CH3O2 + NO2+ M ( alknit + M
	Kalknitm

	133
	ClO + NO2 + M ( ClNO3 + M
	kclno3m

	134
	ClO + ClO + M ( Cl2O2
	Kcloclom

	135
	BrO + NO2 + M ( ClNO3 + M
	kbrno3m

	136
	CH3CO3 + NO2 + M ( PAN + M
	Kpanm

	137
	HO2 + HO2 + M ( H2O2 + M
	kho2ho2m

	138
	O(3P) + O(3P) + M ( O2 + M
	Koom

	139
	HNO4 ( NO2 + HO2
	kdhno4

	140
	N2O5 ( NO3 + NO2
	Kdn2o5

	141
	Alknit ( CH3O2 + NO2
	Kdalknit

	142
	Cl2O2 ( ClO + ClO
	kdcl2o2

	143
	PAN ( CH3CO3 + NO2
	Kdpan

	144
	O(1D) + N2 ( O(3P) + N2
	kauxk1

	145
	O(1D) + O2 ( O(3P) + O2
	kauxk2


Table 2: A comprehensive list of the gas phase reactions included in ST-TM5 with explicit product formulations. All rate constants and temperature dependencies are taken from the latest recommendations. Temperature dependent reactions are highlighted in blue.

Photolysis rates

	Reaction no
	Nomenclature
	

	1
	O2 
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 O3P + O3P
	Jo2

	2
	O3 
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 O2 + O1D
	Jo3d*

	3
	O3 
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 O2 + O3P
	Jo3p*

	4
	NO2 
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 NO + O3P
	Jno2*

	5
	NO3 
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 NO + O2
	Jnoo2*

	6
	NO3 
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 NO2 + O3P
	Jno2o*

	7
	N2O5 
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 NO2 + NO3
	Jno2no3*

	8
	N2O 
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N2 + O1D
	Jn2o*

	9
	H2O2 
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 2 OH
	Jh2o2*

	10
	HNO3 
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 OH + NO2
	Jhno3*

	11
	HNO4 
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 HO2 + NO2
	Jno2ho2a

	12
	HNO4 
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 OH + NO3
	Jno2ho2b

	13
	CH2O 
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 CO + H + HO2
	Jhcoh*

	14
	CH2O 
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 CO + H2
	Jcoh2*

	15
	CH2O 
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 CO + H+ H
	Jhhco*

	16
	CH3CHO 
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 CH4 + CO
	Jch4co

	17
	CH3CHO 
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 CH3O2+ CO + HO2
	Jch3o2co

	18
	CH3CHO 
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 CH3CO3 + HO2
	Jc2o3ho2

	19
	CH3COCHO 
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 CH3CO3 + CO + HO2
	Jch3cocho

	20
	CH3COCHO 
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 0.5CH4+ 1.5CO + 0.5CH3CHO 
	Jmglych4

	21
	CH3COCH3 
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 CH3CO3 + CH3O2
	Jch3coch3*

	22
	CH3COCH3 
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 2CH3O2 + CO
	Jacetco*

	23
	CH3OOH 
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 CH3O + OH
	Jch3ooh

	24
	CH3O2NO2 
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 CH3O2 + NO2
	Jch3ono2

	25
	PAN 
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 CH3CO3 + NO2
	Jpan*

	26
	OClO 
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 ClO + O3P
	Joclo

	27
	ClNO3 
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 Cl + NO3
	Jclno3a*

	28
	ClNO3 
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 ClO + NO2
	Jclno3b*

	29
	CH3Cl 
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 CH3O2 + Cl
	Jch3cl*

	30
	CCl4 
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 Products + 4Cl
	Jccl4*

	31
	CF2ClCFCl2 
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 Products + 3Cl
	Jcfc113*

	32
	CCl3F 
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 Products + 3Cl
	Jcfc11*

	33
	CCl2F2 
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Products + 2Cl
	Jcfc12*

	34
	BrNO3 
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 Br + NO3
	Jbrno3*

	35
	CH3Br 
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 CH3O2 + Br
	Jch3br*

	36
	BrCl 
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 Br + Cl
	Jbrcl*

	37
	HCl 
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 H + Cl
	Jhcl

	38
	HOCl 
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 OH + Cl
	Jhocl

	39
	HOBr 
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 OH + Br
	Jhobr

	40
	BrO 
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 Br + O3P
	Jbro*

	41
	Cl2O2 
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 2Cl + O2
	Jcl2o2

	42
	H2O 
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 H + OH
	Jh2o

	43
	NO 
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 N + O3P
	Jno

	44
	CH3COCH2O2HH 
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 CH3CO3 + HO2 + OH
	Jacetooh

	45
	CH3COCH2OH 
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 CH3CO3 + HCHO + HO2
	Jacetoh

	46
	C2H5OOH
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 CH3CHO + HO2 + OH
	= Jch3ooh

	47
	C3H7OOH
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 0.82CH3COOH + HO2 + OH
	= Jch3ooh

	48
	CH3COOH
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 CH3O2 + OH
	= Jch3ooh


Table 3: A comprehensive list of all photolysis rates included in ST-TM5. Most rates are calculated explicitly except for the higher peroxy species, and Jch3cooh. Moreover,  Jacetooh and Jacetoh are set scaled using the values given in de Reus, et al (2005). Split pathways exist for 5 of the species. Rates for which band limits are applied are given in red. Chemical species which have temperature dependent absorption parameters are denoted with (*). For details regarding the values adopted the reader is referred to Williams et al, 2006.

Heterogeneous reactions on Ice/cloud :

	Reaction no
	Nomenclature
	Name In code

	1
	N2O5 + H2O ( 2HNO3
	Rn2o5h2o_i

	2
	N2O5 + HCl ( Cl + NO2 + HNO3
	Rn2o5hcl_i

	3
	ClNO3 + H2O ( HOCl + HNO3
	Rhclno3h2o_i

	4
	HCl + HOBr ( BrCl + H2O
	Rhclhobr_i

	5
	HBr + HOBr ( Br2 + H2O
	Rhbrhobr_i

	6
	BrNO3 + HCl ( BrCl + H2O 
	Rbrno3hcl_i

	7
	HBr + ClNO3 ( HNO3 + BrCl
	Rhbrclno3_i

	8
	HBr + HOCl ( BrCl + H2O 
	Rhbrhocl_i

	9
	BrNO3 + H2O ( BrOH + HNO3
	Rbrno3h2o_i

	10
	HCl + HOCl ( Cl2 + H2O 
	Rhclhocl_i

	11
	ClNO3 + HCl ( Cl2 + HNO3
	Rclno3hcl_i

	12
	N2O5 + HBr ( 2Br + NO2 + HNO3
	Rn2o5hbr_i


Table 4: Heterogeneous reactions on ice particles included in ST-TM5. All uptake co-efficients are taken from Sander et al, 2003.

Heterogeneous reactions on NAT

	Reaction no
	Nomenclature
	Name in code

	1
	N2O5 + H2O ( 2HNO3
	Rn2o5h2o_n

	2
	N2O5 + HCl ( Cl + NO2 + HNO3
	Rn2o5hcl_n

	3
	ClNO3 + H2O ( HOCl + HNO3
	Rhclno3h2o_n

	4
	HCl + HOBr ( BrCl + H2O
	Rhclhobr_n

	5
	HBr + HOBr ( Br2 + H2O
	Rhbrhobr_n

	6
	BrNO3 + HCl ( BrCl + H2O
	Rbrno3hcl_n

	7
	HBr + ClNO3 ( HNO3 + BrCl
	Rhbrclno3_n

	8
	HBr + HOCl ( BrCl + H2O
	Rhbrhocl_n

	9
	BrNO3 + H2O ( BrOH + HNO3
	Rbrno3h2o_n

	10
	HCl + HOCl ( Cl2 + H2O
	Rhclhocl_n

	11
	ClNO3 + HCl ( Cl2 + HNO3
	Rclno3hcl_n

	12
	N2O5 + HBr ( 2Br + NO2 + HNO3
	Rn2o5hbr_n


Table 5: Heterogeneous reactions on NAT particles included in ST-TM5. All uptake co-efficients are taken from Sander et al, 2003.
Heterogeneous reactions on aerosol/clouds

	Reaction no
	Nomenclature
	Name in code

	1
	N2O5 + H2O ( 2HNO3
	Rn2o5h2o_aq

	2
	ClNO3 + H2O ( HOCl + HNO3
	Rclno3h2o_aq

	3
	ClNO3 + HCl ( Cl2 + HNO3
	Rclno3hcl_aq

	4
	HCl + HOCl ( Cl2 + H2O
	Rhclhocl_aq

	5
	BrNO3 + H2O ( BrOH + HNO3
	Rbrno3h2o_aq

	6
	HCl + HOBr ( BrCl + H2O
	Rhclhobr_aq

	7
	HBr + HOCl ( BrCl + H2O
	Rhbrhocl_aq

	8
	HBr + HOBr ( Br2 + H2O
	Rhbrhobr_aq


Table 6: Heterogeneous reactions on liquid STS droplets included in ST-TM5. All uptake co-efficients are taken from Sander et al, 2003.
� * Valid as long as the base in cy3 does not undergo a significant change in structure


� This is simply to initialize the fields. This can be replaced by a satellite time series if available.
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