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Abstract. We have made a number of developments toin the Northwest European domain. These developments are
the Weather, Research and Forecasting model coupled withublicly available in WRF-Chem from version 3.5.1 on-
Chemistry (WRF-Chem), with the aim of improving model wards.

prediction of trace atmospheric gas-phase chemical and
aerosol composition, and of interactions between air qual-

ity and weather. A reduced form of the Common Reactiveq |niroduction

Intermediates gas-phase chemical mechanism (CRIv2-R5)

has been added, using the Kinetic Pre-Processor (KPP) incoupled simulations of atmospheric dynamics, pollutant
terface, to enable more explicit simulation of VOC degrada-transport, chemical transformation and mixed-phase pro-
tion. N2Os heterogeneous chemistry has been added to theesses are challenging because of the complexities of the in-
existing sectional MOSAIC aerosol module, and coupled toteractions and feedbacks between these processes. Histori-
both the CRIV2-R5 and existing CBM-Z gas-phase schemescally, these systems have been researched in isolation, lead-
Modifications have also been made to the sea-spray aerosgig to the development and use of offline chemical transport
emission representation, allowing the inclusion of primary models (CTMs) that are run offline, driven by atmospheric
organic material in sea-spray aerosol. We have worked offields calculated by a previously run meteorological model.
the European domain, with a particular focus on making theCTMs can be used to investigate chemical processes under
model suitable for the study of nighttime chemistry and ox- various prevailing meteorological conditions but do not allow
idation by the nitrate radical in the UK atmosphere. Driven characterisation of the influence of atmospheric composition
by appropriate emissions, wind fields and chemical bound-on meteorology. This limitation has driven the development
ary conditions, implementation of the different developmentsof online coupled modeld@klanov et al.2011).

are illustrated, using a modified version of WRF-Chem 3.4.1,

in order to demonstrate the impact that these changes have
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2558 S. Archer-Nicholls et al: WRF-Chem developments

WRF-Chem is such a fully coupled, “online” regional  The primary source of N&is the reaction of @and NGQ
model with integrated meteorological, gas-phase chemistryfAtkinson, 2000:
and aerosol component&iell et al, 2005. WRF-Chem is
built around the well-established Advanced Research WRF 3 +NOz2 — NO3 +0». (R2)
(ARW) core, which handles the meteorology, physics andDuring the day it is rapidly photolysed back to N@nd also
transport components of the mod8k@marock et a12005. reacts with NO Asaf et al, 2010. At night, the absence of
Transport of chemical species is calculated using the samphotolysis and the lower concentrations of NO allow for the
prognostic equations, time step and vertical coordinate sysaccumulation of N@. Nighttime mixing ratios of N@ are
tem used to transport conserved variables in the ARW cordypically a few tens of pptv, although peak levels of over
model. 800 pptv have been reporteflqaf et al, 2010. NOs further

The work in this paper has been conducted as part of theeacts with NQ to form dinitrogen pentoxide (§Ds). N2Os
ROle of Nighttime chemistry in controlling the Oxidising is thermally unstable and readily dissociates back intgNO
Capacity Of the atmosphere (RONOCQ) campaign. This col-and NQ, such that these species settle into a tightly cou-
laboration of six UK universities aims to better understandpled, temperature-dependent equilibrium. With cooler tem-
nighttime nitrate N@ radical chemistry, compare its oxida- peratures, or higher levels of N(the NoOs : NOg ratio will
tion capacity with that of the daytime hydroxyl (OH) radical increase Qsthoff et al, 2007).
and investigate the impacts of multiphase \sbemistry on There are several loss mechanisms feOb| as described
a regional and global scale. WRF-Chem is capable of carin more detail byChang et al.(2011). The most signifi-
rying descriptions of each of the key chemical processes ofant are thought to be the heterogeneous uptake reactions,
relevance to RONOCO science, outlined below. whereby NOs is lost to aerosol or cloud particleBéntener

Photolysis of ozone (§) by ultraviolet light at wave- and Crutzen1993. The rate at which hOs is processed by
lengths below 320 nm produces excited free oxygen atomsieterogeneous uptake is highly dependent on the composi-
(O(*D)), a fraction of which react with water to create tion of the aerosol and the ambient humidiBi¢mer et al.
(OH). The OH radical is highly reactive, reacting with al- 2009 Chang et a].2011). As NO; and NoOs are in equilib-
most all volatile organic compounds (VOCs) to produce rium with each other, direct loss of2®s is an indirect loss
organic peroxy radicals (R (Atkinson 2000. In NOx mechanism for N@.
(NOy = NO+ NOy) rich environments, R® oxidises NO This nighttime oxidant system is tightly coupled and its

via the general reaction realistic simulation requires the accurate representation of
meteorological conditions, the gas-phase chemistry, and the
NO + RO, — RO+ NOs. (R1)  aerosolloadings and chemical composition. Such arepresen-

tation in WRF-Chem will enable regional-scale evaluation

As photolysis of NQ creates @, this cycling of NQ break-  of:
ing down VOCs results in a netincrease af @ith the ozone
forming potential of the reactions proportional to the VOC
chain length $heehy et al2010. However, Q is only pro-
duced in this process where there is a balance of b . the impact of NQ@-initiated oxidation on radical bud-
VOCs (Sillman, 1999. Air parcels saturated with VOCs but gets, organic products and ozone formation;
low in NOy are said to be “N@ sensitive”, as a small in-
crease in NQcan resultin a large increase iy @roduction.
Likewise, air parcels with low VOC but high NGare said to
be “VOC sensitive”. d. the effect of aerosol composition on VOC lifetime, of

Oxidising agents are required to initiate the breakdown of the impact of nighttime chemistry on the regional depo-
VOC:s to take part in the reactions described above, playing sition of oxidised nitrogen.
an essential role of “cleaning” the atmosphere of pollutant
in the processNlonks, 2005. There are three main oxidants
in the troposphere: OH, Nf)and Q. The OH radical dom-
inates oxidation during the daytime, but at night its concen-
tration drops and N@becomes the primary oxidarBiown
and Stutz2012.

a. the extent of nighttime N&-VOC chemistry compared
to daytime OH-initiated oxidation;

(o

c. the relative effect of daytime and nighttime nitrate for-
mation on atmospheric denoxification

SThere are a number of specific requirements for modelling
of the UK atmosphere, including those related to comparison
of the impacts of nighttime and daytime oxidative chemistry

that are the focus of the current work. This paper describes
modifications to the process descriptions previously available
in the distribution version of WRF-Chem for these purposes.

The oxidation of VOCs is dominated by OH-initiated re- "¢ ino three areas provide the focus of the develop-
actions. However, N@plays a key role controlling the at- J P ’

mospheric burden of certain species with unsaturated double
bonds, such as alkenes, monoterpenes, and some sulfur con-i. Previous WRF-Chem studies have used substantially re-
taining compounds, such as dimethyl sulfide (DM8@p(ks, duced chemical schemes. In order to make more com-
2005 Allan et al, 2000. prehensive use of the available emissions data and
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comparison with network measurements, inclusion ofreactions), SAPRC99Carter 200Q 79 species, 235 reac-
a chemical scheme more readily traceable to the Mastions) and MOZART Emmons et a).201Q 85 species and
ter Chemical Mechanism (MCMgaunders et al2003 196 reactions). WRF-Chem is also provided with the capa-
Jenkin et al.2003 is desirable. bility to add gas-phase chemical schemes, or modify the ex-
isting schemes, through the Kinetic Pre-Processor (KPP) in-
ii. N2Os heterogeneous chemistry is inadequately repreterface Pamian et al.2009. Aerosol modules available in
sented in the currently available chemistry—aerosol con4yRE-Chem include the bulk GOCARTHin et al, 2000,
figurations in WRF-Chem. The coupled nighttime ox- modal MADE-SORGAM Ackermann et a).1998 Schell
idant system is of primary interest to the RONOCO et |, 2001) and MAM (Liu et al, 2012, and sectional MO-
project. A parameterised representation of the processgsa|c (Zaveri et al, 2008 schemes.
has been added to the model. WRF-Chem has most widely been used for simulation of
the Continental US (se€rell et al, 2011, Ntelekos et al.
2009 Qian et al, 2009. However, it is steadily becoming
. 7 more widely used in Europe — from regional air quality stud-
such uncontrollable PM fractions is importarDg- ies (Solazzo et a)2012h & Tuccella et al.2012 Ritter et al,
.FRA’ 2012. Furthermore, NOs heterogen_eous uptake 2013, to the impact of emissions from mega-citiétofine-
is known to be dependent on the chloride content ofbrog et al, 2017, the impact of biomass burning and bio-
agueous aerosol particles and SO an accurate represeaénic emissions on elevated ozone levels during a heat wave
tation of the aerosp! cl burder_1 IS rqulred'l'(hornton (Hodnebrog et al2012), and the impact of the aerosol direct
etal, 2010. In ?dd'“°” tq the inorganic sea-salt, .there effect on air quality Forkel et al, 2012. Most studies have
has. been can|derabIe Interest in primary marine ofoqn carried out using the RADM2 gas-phase scheme, cou-
ganic mater|aI©’Dowq et. al, 2004. A new sea-spray . pled with MADE-SORGAM whereby aerosol is included —
emissions parameterisation has been developed and ”g'xcept forRitter et al.(2013, who use CBM-Z coupled with
cluded, based oRuentes et ali2010, which includes 4-bin MOSAIC. '
apportionment of some of the aerosol to organic aerosol
mass.

iii. The contribution to PM in the UK from marine aerosol
may be substantial and the policy implications of

2.1 CRIv2-R5 gas-phase scheme

Below we will detail the developments that we have made ) o
to the gas and aerosol chemical representations within WRFSPeciated measurements indicate that hundreds of VOCs are

Chem. A domain has been configured over the UK to teseMitted from both biogenic and anthropogenic sources (e.qg.
the changes and make comparisons with the existing CBM-Z3Uenther et a].1995 Dore et al, 2003 and many thou-

chemistry scheme. The detailed emissions available for th&ands of organic compounds have been isolated in atmo-
UK have been mapped to this domain, and work has beegPheric samplesfoldstein and Galbaly2007). These com-

conducted mapping emissions and chemical boundary condPOUNds possess a variety of physico-chemical properties be-
tions to the model to create a realistic chemical background¢@use of differences in structure and functional group con-
The model has been run to coincide with the summer mealent- Because these factors influence the reactivity and oxida-
surement campaign of the RONOCO project in July 2010_t@0n pa'Fh_vvays, it has long been recognised that the produc-
This paper describes the configuration and evaluation of thdion efficiency of secondary pollutants, such as ozone and

model, used to compare with measurements as described f#fcondary organic aerosol (SOA), varies considerably from
detail in the companion paperdwe et al, 2014, one compound to another (e@erwent 1991, Carter 1994

All development work discussed in this paper has beerCrosjean and Seinfeld989. An accurate representation of
applied to version 3.4.1 of the WRF-Chem model, which the degradation _Of gaseous VOCs isapre-requ?site to reason-
is the version used for all simulations shown. All develop- 2PI€ representation of ozone and SOA production.

ments have been tested and used in fully coupled simulations 11€ MCM v3.1 Saunders et 812003 Jenkin et al.2003
in both one-way and two-way nested configurations and ar‘;descnbes the degradation of 135 emitted VOCs and involves

available in WRF-Chem distribution version 3.5.1. thousands of species and reactions (5900 species and 13500
reactions). While ideal for simulation of larger number of
oxygenates, it has not been extensively used in computation-

2 WRF-Chem model developments ally intensive applications such as global and regional 3-D
models (the only exceptions beilYing and Li, 2011; Jacob-

WRF-Chem is modular in design and provided with son and GinnebaugB010. For large-scale coupled models

a rapidly expanding choice of gas-phase and aerosol chemit is generally considered necessary to use reduced schemes

cal schemes. Gas-phase schemes provided with WRF-Chemith fewer species and reactions.

include RADM2 Stockwell et al. 199Q 59 species, 157 re- There are several techniques for reducing the complexity

actions), RACM §Gtockwell et al. 1997, 73 species, 237 re- of chemical schemes. Aggregated mechanisms group entire

actions), CBM-Z Zaveri and Petersl999 73 species, 237 classes of organic compounds as single species carried by the
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chemical schemeStockwell et al. 2011). For example, the Table 1. Computational cost of a single 90 s time step for different
carbon bond mechanisms (of which CBM-Z is an example)WRF-Chem configurations on the case-study domain. These tim-
carries the constituent molecular groups separate from thégs are for the model domain described in the text, running on 160
whole molecules, such as PAR (alkane carbon aten@,<)  Processors on the HECToR supercomputer.

or OLET (terminal double bonded carbon atoms, C=C) as

independent specieg4veri and Peterd999. This can dra- Chemistry modules used Computational cost

matically reduce the total number of species and reactions CBM-Z gas-phase only 1.6s

whilst conserving the number of carbon atoms in the system. CRIV2-R5 gas-phase only 45s
Another method is to use surrogate species with simi- CBM-Z and 8-bin MOSAIC 6.5s

lar chemical properties to represent groups of VOCs. Sur- CRIv2-R5 and 8-bin MOSAIC 9.5s

rogate schemes are somewhere between explicit and aggre-
gated schemes in nature and complexByockwell et al.
2017). One such scheme is the Common Representative Inably more simple than the MCM v3.1, it is the most com-
termediates, version 2 (CRIv2)dnkin et al.2008. Trace-  plex chemical scheme currently in WRF-Chem. We would
able to the MCM v3.1, the protocol for the development of highlight three main strengths of using the CRIV2-R5 over
the CRIv2 scheme is based on the understanding that the t@ simpler mechanism:

tal molecular yield of @ potentially formed as a by-product

of a complete OH-initiated and N@catalysed oxidation of

a simple hydrocarbon is equivalent to the number of reactive
bonds in the parent molecule. This defines the Common Rep-
resentative Intermediate (CRI) index, based on the number of ji. |t explicitly carries many intermediate and species, such

i. Itistraceable to the MCM, especially with regard tg O
production. It can therefore be used as a benchmark for
other schemes.

reactive G-C and G-H bonds, and represents the total num- as RQ or organic nitrates. This enables the decoupling
ber of NO to NQ conversions would occur in the complete of sources and sinks for radicals or the disentangling
oxidation of the parent molecule to G@nd HO. This index of different reaction pathways that would be lumped in

is used to define a number of intermediates that representthe 3 simpler mechanism.

breakdown of larger VOCsJénkin et al.20032), reducing the

number of intermediates for a given suite of VOCs. iii. The longer chains of VOCs and explicit processing of
In CRIV2, the mechanism was built on a compound-by- intermediate species have been shown to produce more

compound basis, continually testing the mechanism against Oz in their breakdown in global model studies such as

the full MCM, identifying cases where explicit degradation Utembe et al(2010.

differed from the CRI index approximation and modifying 5 ever, it is more expensive to run relative to simpler
the CRI index appropriatelydénkin et al.200§. CRIV2re- o 0hanisms. As a demonstration, we present the computa-
duces the number of species and reactions in the MCM v3.4i,,5| costs of a 90s model time step for the model domain
by around 90% (to 434 species and 1183 reactions), whilSjegcribed helow on 160 processors on the HECTOR super-

still describing the Qegradation of methane and 115 non'computer ttp://www.hector.ac.ulin Table1l. The CRIv2-
methane VOCsJenkin et al.2008. _ _ R5 chemical scheme is approximately 200 % more expen-
By considering a series of emission lumping options for e than CBM-Z. However, the overhead associated with

anthropogenic VOCs, a set of five further reduced CRIVZ2y,q 1| g_pin MOSAIC aerosol module (with aqueous chem-
mechanisms were developed Watson et al(2008, with  igyvy js greater than the gas-phase chemistry schemes and

the smallest CRIv2 scheme (known as CRIV2-R5) having, e of CRIv2-RS5 instead of CBM-Z in our model configura-
220 species and 609 reactions for the degradation of 22 i reases the computational cost by 50 %.

emitted non-methane VOCs compounds. We have modified ¢, this study, we are interested in the behaviour of the

the CRIVZ-RS5 to consider degradation of 26 non-methang,pyime radical, N@. As dimethylsulfide (DMS) reacts
VOCs and have implemented it in WRF-Chem. The CRIv2- rapidly with NO; and may be one of its primary direct loss

RS scheme has the advantage over other schemes curreniiye -hanisms in an oceanic environment, DMS chemistry has

used in 3-D CTMs in that, through its traceability to MCM paan added to the CRIV2-R5 scheme basedamGlasow
v3.1, it is also traceable to the results of kinetic and mech-and Crutzer{2004).

anistic studies of atmospheric reactions, and has undergone

indirect evaluation against environmental chamber data. Fop 2 Heterogeneous hOs5 chemistry

this reason, the CRIV2-R5 mechanism represents a reference

benchmark mechanism traceable to our most explicit underThe rates of the major gas-phase reactions to form, and de-

standing of atmospheric VOC degradation. stroy, NG and NOs, are well known, and these reactions
We have used the KPP protocol to include the CRIv2-R5are included in most gas-phase chemical schemes (including

scheme in WRF-Chem. It has also been coupled to the MOCBM-Z and CRIv2-R5). The heterogeneous uptake gDy

SAIC 4-bin and 8-bin aerosol schemes. Although consider-onto aerosol particles is also important, as this reaction acts

Geosci. Model Dev., 7, 25572579 2014 www.geosci-model-dev.net/7/2557/2014/
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as a sink for N@ (Dentener and Crutzer1993 and con-  the external ASTEM time stefifstem), SO that the uptake

tributes to particulate nitratdR{emer et al.2003. However  of N2Os can be reduced to a simple first-order process:

this process is poorly represented (if present at all) in many

chemical schemes, and so is the focus of the developmentCq n,05

work described below. a ZkNZOS"" Co.N205:
The NbOs heterogeneous reaction has been investigated "

on materials representing the range of compositions of atwhereCy n,0, is the concentration of §Ds in the gas-phase,
mospheric aerosols. The reaction probabili) bas been  and ky,o, ,, is the first-order mass transfer coefficient for
shown to be dependent principally on the composition andy,05 over binm, described by Eq. (5) &averi et al(2008.
water content (and so atmospheric relative humidity) of thesqntegrating the above equation across the time step from the

materials. They is greatest on agueous solutions of ammo- starting timer to the end time + hastewm gives the new gas-
nium sulfate or sodium sulfate at high relative humidities (uUp phase concentration as

to 0.04-0.086 at 76 % RH). Reducing the relative humidity,
or adding organics or nitrate to the solutions, suppregses i
reducing it by an order of magnitude or more (@eang  Cg Naon = Cg N,0s EXP| —/1ASTEM % ZszOs,m - 3
et al, 2011, and references therein, for a more complete dis- m
Crl]JSSion of thesedstudiej). A nuﬂTbert?f paramdeterisatri]ons Oi'his is equivalent to Eq. (9) iZaveri et al.(2008. Uptake
the composition dependence phave been made. We have oo - -
chosen to use that &ertram and Thornto2009 for this 0f N20s to the individual bins{n;0s.m is given by
study because it takes into account the contributions of both P KNoOr.m
nitrate and chloride ions to calculation ¢f— sea-salt and UNp0s,m = (Cé, N2Os — CSTNQSEEM) = 3)
. . . > kNoOs.m

ammonium nitrate aerosol both being common over the UK memEEs
domain. This scheme will provide an upper bound on the in-  |n applying the parameterisation &ertram and Thorn-
fluence of NOs heterogeneous chemistry. In the companionton (2009 we assume that the limiting step is the uptake of
paper to this onellowe et al, 2014 we will also investigate  N,Os to the condensed-phase, and that it reacts in a near-
the suppression of by organics using the parameterisation instantaneous manner with,8 and Ct~ to give NG; and
of Riemer et al(2009. CINO; through ReactionsR4)—(R6). CINO; is not added

The reaction mechanism that is used for the hydrolysis ofto the aerosol, but is instead assumed to out-gas in a near-
N20s is that of Thornton et al.(2003. They suggest that, instantaneous manner, and has instead been added as an ex-
after uptake onto the aerosol particle, aqueous phas® N tra species to the gas-phase (currently as an inert tracer — no
reacts reversibly with liquid water to form an (as yet unob- gas-phase reactions involving CIN®ave been added to the
served) protonated nitric acid intermediate®NOJ). This  gas-phase chemistry scheme, although this could be added
then reacts with either liquid water, to form aqueous ni- in the future, e.g. followingsarwar et al.2012. In addition,
tric acid (HNG;), or with halide ions to form nitryl halide  for simplicity, we assume that the HN@nolecules formed
(XNO2; where X=Cl, Br, or I): in Reaction R5) undergoes ion dissociation to produce aque-

N20Os (gas = N2Os (ag) (R3) ous Nq

. n _ The uptake of MOs is controlled by the reaction probabil-
N20s(ag) +Ha0() = H20NG; (a9 +NO; (a9 (R4) ¥N,0s, Which we use instead of a mass accommodation

HZONOZr (ag) +H,0(l) — H30™ (ag) + HNOz (ag) (R5) coefficient in the calculation of the transition regime correc-
HgONO} (ag) + X~ (ag) —> XNOz + Ho0(l). (R6) tion factor Fuchs and Sutugjr19_7]) used in the calcula.tion
of kn,0s,» (EQs. 5 and 6 oZaveri et al, 2008. The reaction

This reaction mechanism has been usedBgytram and  probability of NOs has been parameterised Bgrtram and
Thornton(2009 to interpret the results of laboratory studies Thornton(2009 as

made into the reactivity of pDs in aqueous solutions. They
have parameterised the reaction probability¢n how many  yn,o5,m =
gas-particle collisions result in the net removal of from
tahnedg)z(i_sszhua:qsdealrr:ctims of the condensed-pha€kh, NO; AB— IBe*(S[HZO]m) 1- _ ’ @
. K3[H201, 14 Ky[Cl= 1,

Heterogeneous uptake 085 has been added by extend- [NO3 1y T INO3 I
ing the Adaptive Step Time-Split Euler Method (ASTEM)
within the MOSAIC aerosol modulez@veri et al, 2009.  where[H20],, [CI"],,» and [NO3],, are the molarities of
Because we are not modelling any of the intermediate comthese compounds within bim; and A =3.2x 10°8s, 8 =
pounds within théBertram and Thornto(2009 scheme, we  1.15x 10fs1, 6 =1.3x 10 1M1, kj = 6 x 10-2 andk), =
assume that pOs is nonvolatile, and that the mass transfer 29.0 are fitting parameters calculated Bgrtram and Thorn-
coefficients of NOs for all size bins remain constant over ton(2009.

@

1

www.geosci-model-dev.net/7/2557/2014/ Geosci. Model Dev., 7, 25579 2014



2562 S. Archer-Nicholls et al: WRF-Chem developments

The new concentrations of NOCI~ and CING are cal-  Table 2. Fractional POA content of sea-salt emissions across the 8

culated as MOSAIC size bins given in Tabla.
t+h
CaNSET;M =C;No§,m+(1+ fnog .m)UN20s.m (5) Binl Bin2 BIN3 Bin4 Bin5 BiN6 BiN7 Bin8
clthastem _ ot ¢ 1y 6 Low Activity
aCl~.m aci-m ~ fermUnzOs.m ©) 005 005 00 00 00 00 00 00
t+haSTEM __ 1
Cy.ciNOg.m = Cg,cINOp, m T+ fci-,mUNz05,m (7 High Activity
01 005 001 001 001 001 001

where fyq; ,, is the fraction of the intermediate species

H20NO§r postulated byertram and Thornto(2009 which
reacts with HO(l) to give HNOs(aq) (or, within the MO-

Table 3. Eight-bin MOSAIC size grid.

SAIC framework, N@) in binm, and fc- ,, = 1— fNog,m

Bin Particle dry diameter
where
number  (um)
1
fnosm = e (8) 1 3.90625x 10~2-7.8125x 102
1+ o 2 7.8125x 1072-15625x 10~1
: 3 15625x 1071-3125x 1071
The above equations are equivalent to Eq. (1@aweri et al. 4 3125x% 1071-625x%x 10~
(2008. , 5 6.25x 107 1-1.25x 1P
Equation 6) is checked to ensure th ”Clés;'fM never 6 1.25x 10°-250x 10°
becomes negative; where this would occur we calculate the 7 250x% 10°-5.00x 10°
concentrations at time+ hastem as 8 5.00x 10°-100 x 10°
I+hASTEM __ it el
G NOz.m Ca NOg.m T 2UNz05,m — Ca i m
C!thastem _ 2.3 Marine organic aerosol
a,Cl-,m
Céfchl‘,‘\fg);“"m =Cq ciNoy.m + Chcl-.m The current sea-spray emission scheme within the MOSAIC

) . _ module of WRF-Chem is based @ong et al(1997. This
The uptake of NOs is carried out at the same time as the 55 meterisation over-estimates the production of smaller
gptakg of the involatile gases;BOy and.MSA. The change particles (se€Song 2003 de Leeuw et a).2013), and so
in NOz and CI” content of the aerosol is taken into account has been modified with a reduction in the source term for

when estimating the amount of Nkvhich is allowed to con-
dense with these involatile acids by modifying Eq. (11) of
Zaveri et al(2008 to

particles below a dry diameter of 200 nm based on the sea-
salt measurements d®’'Dowd et al. (1997. In order to
better represent the source term for these smaller particles,
Fuentes et al(201Q 2011) have investigated the influence
of dissolved organic matter on the production of submi-
cron sea-spray aerosol. They parameterised the sea-spray
size distribution (Egs. 2—4 dfuentes et al.2010 over the
size range of 3—450 nm dry diameter in terms of the sea-
water diatomaceous bioexudate organic carbon concentra-
Once the new particle-phase SULF, §€30;, NO3, CI~,  tion (OC.q2um). We use their parameterisation for sea-spray
and Nl-ﬁr concentrations are computed then the internalemissions up to a dry diameter of 450 nm, while above this
solid-liquid phase equilibrium in each size bin is updated bysize we continue to use the schemé&aing et al(1997). For
the thermodynamic module MESA as in the standard MO-this study we have chosen two biogenic activity scenarios:
SAIC module. The total gas- plus particle-phase species cona low-biogenic activity scenario, with QG 2pum= 0 uM;
centrations (Eq. 22 oFaveri et al, 2008 required for the and a high-biogenic activity scenario, with Q& pum=
condensation/evaporation of semi-volatiles HiNEICI, and 280 uM (sed_ee et al, 2010.
NH3 are also recalculated at this point, in order to accountfor The composition of the inorganic phase of the particles is
the change in aerosol composition after the heterogeneoue same as the previous scheme. However, we also allow for
uptake of NOs. the inclusion of an organic phase, based on a measurement
It should be noted that heterogeneous uptake is only simuef biogenic activity. The emitted organic phase is simply in-
lated for deliquesced aerosol particles and there are currentlgluded as primary organic matter (OM) at present and is rea-
no in-cloud reactions. This limits the application of the model sonably assumed involatile as evidenced by the high molec-
to largely cloud-free conditions and their inclusion should beular weight derived in th&uentes et akstudy. In this study,
the focus of further work. we use the size-resolved mass fractions for the low- and high-

tH+hASTEM __ it
Ca, NHg,m — Ca, NHg, m

+min((2aC g5+ ac T, (©)

t+hASTEM max
+ AC )

s +ACI+hASTEM> A

a Cl,m
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biogenic activity scenarios given in TalleThe size depen- longitude by 0.0625latitude — for this work we use the 2005
dence of the organic mass fraction is estimated from Fig. 7databaseenier van der Gon et aR010. We also use TNO

of de Leeuw et al(201) (based orO’'Dowd et al, 2004, databases for particulate emissions of black carbon, elemen-
while the magnitude of the mass fraction is estimated fromtal carbon and organic carbon which are part of the Pan-
Fig. 5 of Fuentes et al(2011) (assuming concentrations of European Carbonaceous aerosol inventory (from deliverable
0 and 2 ug 1 Chl a for the low- and high-biogenic activity 42 of the EUCAARI project) Kulmala et al.(2011). NOy

scenarios respectively). emissions are speciated as NO. 5% of,Snissions are
partitioned into sulfate aerosaChin et al, 200Q Simpson
et al, 2003.

3 Model domain setup The speciation of NMVOC:s is taken froWvatson et al.

(2008. As the CBM-Z scheme carries a reduced number of

For this study, we used a single domain, with a 15km hor-chemical species compared to CRIV2-R5, the 25 emitted CRI
izontal grid spacing and a size of 134 (E-W) by 146 (N-S) NMVOCs have been lumped to 13 CBM-Z species, as shown
grid points, shown in Figl. Forty-one vertical model levels in Table4. Care was taken to conserve the carbon bonds in
are used, with enhanced resolution in the near-surface angonverting the emissions of NMVOCs from CRI to CBM-Z
planetary boundary layer, aftBeck et al(2013. Each sce-  speciation, resulting in added emissions of the lumped sur-
nario was run from 00:00 UTC, 10 July 2010 to 12:00 UTC, rogate species "PAR", representing paraffin carbon atoms in
30 July 2010. The time and location of the domain was cho-higher alkanes and other NMVOCs, following Table 10 of
sen to coincide with the RONOCO summer flight campaign, Zaveri and Peter§1999. The only emitted species we were
which was principally over the UK and the North Sea. Com- not able to adequately do this for was Ethynekig), as the
parisons between these model results and the aircraft medriple bond is not carried in CBM-Z. Instead this is emitted
surements will be made in the companion papeme etal,  as 2 PAR, in order to conserve carbon atoms.
2014. Using scripts developed bilodnebrog et al(2012), the

Meteorological boundary conditions were taken from emissions were reapportioned to the model grid and scaled
ECMWF ERA-Interim reanalysis dataDge et al by monthly, day of the week, and hourly scaling factors
2011, downloaded from the ECMWF data server to create 24 emission files for each day. Vertical distribu-
(http://data-portal.ecmwf.ift/  Following an investiga- tion profiles for each source sector are assumed according to
tion into the evolution of the meteorological fields in the EMEP(2003. The NAEI database is used over the UK (and
domain using WRF simulations, the internal domain wasfor shipping emissions around the shores of the UK) while
found to diverge sharply from the ECMWF reanalysis datathe TNO database is used for mainland Europe, the Republic
driving the boundaries shortly after 21 July. To counter of Ireland, and shipping emissions around the rest of Europe.
this, the meteorology was restarted from ECMWF fields at Maps of anthropogenic emissions are shown in Ea.
00:00UTC on 21 July 2010. Chemical and aerosol tracergand b. There is a mix of NPand VOC emissions from the
were carried across from the previous model runs when theities of UK and mainland Europe. There are also significant
meteorology was restarted in this way. The remainder ofNOx and SQ emissions from shipping in the Atlantic and
the campaign period was found to evolve in line with the the English Channel, while peak VOC emissions are from
ECMWF data, and so further meteorological restarts wereoil platforms in the North Sea.

not considered necessary. Aerosol size distributions for the black carboa { um),
organic aerosol from domestic combustich 4.5 um), and
3.1 Emissions organic aerosol from traffic (and other emissions@(5 um)

are calculated from log-normal fits made to measurement

Emissions are taken from the UK National Atmospheric data. The data used for black carbon are taken from a UK
Emissions Inventory (NAEDHttp:naei.defra.gov.)lkand the  measurement campaign conducted using the SP2 instrument
TNO emissions inventory. Both inventories provide spa-at Chilbolton as part of the APPRAISE-CLOUDS campaign
tial distributions of gas-phase (NQCO, CH;, SO, NHg, in 2009. For organic aerosol, wintertime AMS data from
NMVOCSs) and particulate (Pl and PMg) emissions. The  Manchester taken in 200Alan et al, 2010 and Holme
data are further disaggregated into 11 UNECE source sedvioss in 2006 (iu et al, 2011 were used, with the mass
tors: combustion in energy production and transfer; combusspectral marker peaks at/z 57 and 60 taken as proxies for
tion in commercial institutions, residential and agricultural traffic and domestic combustion respectively. Note that these
sectors; combustion in industry; production processes; exmeasurements are deliberately taken at “background” sites,
traction or distribution of fossil fuels; solvent use; road trans- so that the primary emissions will have undergone a degree
port; and other transport. of ageing before measurement. This gives size distributions

The NAEI database covers the UK at a resolution ofthat are more suitable for representing aerosol mixtures from
1kmx 1km — we use the 2008 database for this work. Theheterogeneous sources across the area of a model grid cell.
TNO database covers all of Europe at a resolution of 3.125 The mode diameter, and distribution width, for each of these
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Figure 1. Emissions at 12:00 UTC on 16 July 2010 f@a) NO; (b) VOCs; and(c) isoprene. NO and VOC emissions are from the merged
TNO/NAEI databases. Isoprene emissions are generated online using the MEGAN2 scheme.

Table 4. List of emitted VOC species for CRIV2R5 and CBM-Z, as a fraction of total VOC emissions. Emission factors, by mass, based on
NAEI emissions of 124 VOC speciedfembe et a].20059, reduced to 25 CRIV5-R5 species Watson et al(2008. Mappings to CBM-Z

variables made according to representation described in TableZdvefi and Peter§l999.

Name of VOC CRIV2-R5 CBM-zZ VOC fraction
Ethane C2H6 ETH 2.47%
Propane C3H8 X PAR 4.29%
Butane NC4H10 4 PAR 39.9%
Ethene C2H4 oL2 3.15%
Propene C3H6 OL¥ PAR 1.48%
Trans-2-butene TBUT2ENE OH 2 x PAR 3.37%
Ethyne C2H2 X PAR 1.20%
Formaldyhyde HCHO HCHO 1.33%
Ethanal CH3CHO ALD 0.13%
Propanal C2H5CHO ALDB- PAR 0.209%
Acetone KET KET 1.15%
Methyl ethyl ketone MEK KEH- PAR 1.66%
Methanol CH30OH CH30H 1.16%
Ethanol C2H50H C2H50H 13.4%
Acetic acid CH3CO2H ORA2 0.138%
Benzene BENZENE TOL{PAR) 2.02%
Toluene TOLUENE TOL 5.82%
o-Xylene OXYL XYL 8.54%
1,2,3-Trimethylbenzene TM123B XY PAR 0.355%
1,2,4-Trimethylbenzene TM124B XYE PAR 1.18%
Mesitylene TM135B XYL+ PAR 0.408 %
2-Ethyltoluene OETHTOL XYL+ PAR 0.324%
3-Ethyltoluene METHTOL XYL+ PAR 0.514%
4-Ethyltoluene PETHTOL XYL+ PAR 0.452%
1,3-Dimethyl-5-ethylbenzene DIME35EB  XY& 2 x PAR 0.926 %

fits are given in Tabl&. These fits are reduced to zero for size tions in the MOSAIC aerosol emission code in WRF-Chem
bins whose lower edges are greater than 1 micron. The ele¥3.4.1.

mental carbon (1-2.5 um) emissions have been apportioned Biogenic emissions were calculated “on-line” using the
between the fifth and sixth largest size bins (which containModel of Emissions of Gases and Aerosols from Nature
the size range 1-2.5 um), with the fractions 0.4 and 0.6 re{MEGAN) V2.04 (Guenther et al.2006 Sakulyanontvit-
spectively (see Tabl6). Emissions of particles larger than taya et al. 2008. Emissions use a 1km1km resolution
2.5um are apportioned using the default coarse mode fracmap of vegetation to derive leaf area index (LAI), which
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Table 5.Log normal mass distributions used for aerosol emissions. More recently, the MACC (Monitoring Atmospheric Com-
position and Climate) project has developed a reanalysis

Source  Mode diameter  Width product that is ideal for use in regional coupled mo&te{n

(Hm) et al, 2012 Inness et a).2013. This uses the MOZART-
SP2 BC 0.170 16 3 chemical transport modell with the ECMWF Integratgd
m/z 57 0.360 2.4 Forecast System (IFS), which has been expanded to inte-
m/z 60 0.340 1.8 grate measurements of reactive gases, greenhouse gases and

aerosol to the ECMWF 4D-Var assimilation system (see
ness et a 2013 and references therein). The aerosol scheme

is interpolated to the WRF-Chem model grid and SC‘,:m,__,dcarrie_s bulk _aerosol Io_adings for _sulfat_e, black carbon and
online to calculate the emission rate of isoprene and otheP'danic particulate, with three size bins for sea-salt and
emitted species, using model-derived ambient solar radianc&Ust aerosolNforcrette et al. 2009. MODIS retrievals of
temperature, humidity, wind speed and other physical fac-2€rosol optical depth at 550 nm are used to constrain mod-
tors (Guenther et a].200§. MEGAN2 species are already elled aerosol, improving its spa’ua_l d|st_r|bgt|o_Be(nedett|
mapped to CBM-Z variables within WRF-Chem; for this et al, 2009. The gas-phase chemistry is s!mllar to that of
work we have also added mappings to CRIV2-R5 variables"€ MOZART-4 model, although only a limited number of
The emissions for CBM-Z have a simpler speciation com-SPEcies are available in the MACC product.

pared to CRIV2-R5: for example while monoterpene emis- For this study, we have chosen to use a'hybrid'isation of
sions are mapped to eitherpinene org-pinene in CRIV2- the MACC and MOZART-4 boundary conditions in order

R5 they are emitted as isoprene in CBM-Z, with one mole {0 benefit from the better aerosol spatial distribution in the

of monoterpene emitted as two moles of isoprene. A map of/ACC model whilst retaining the more detailed MOZART
VOC speciation. Given the relatively small size of our do-

typical midday isoprene emissions over the domain is shown’™’ , )

in Fig. 1c. main, and _the detall of the CRIV2R5 phemlcal scheme, we
felt it was important to have information of a broad range

3.2 Lateral boundary conditions of VOC species at our model boundaries. We therefore used
the MOZART-4 product for all of our gas-phase chemical

While regional models can benefit from increased spatial resboundary conditions and MACC for all available aerosol

olution compared to global modelling studies, they requirespecies. The MACC sulfate aerosol product has been spe-

high-quality lateral boundary conditions to function. These ciated as a mix of 60% (by masgiNH4)>SO; and 40%

are needed both to drive the meteorology and for realisticNH4NO3 (more consistent with measured aerosol composi-

chemical and aerosol loadings, as pollutants from many large¢ions, seeDiaz et al, 2006 Morgan et al.2010.

emissions sources that fall outside of the domain boundaries

are transported into the region of interest. Typically, these

are generated from global model runs and interpolated at thg  Analysis of model results

boundaries of the regional modebiprgi, 1997). For this

study, we have used European Centre for Medium Rang&Ve calculate an “other inorganic” (OIN) fraction for the par-

Weather Forecasts (ECMWF) ERA-Interim reanalysis dataticulate emissions by subtracting the sum of the emitted or-

(Tavolato and Isakse2011) to drive the meteorology. ganic and black carbon aerosol mass from the, PMmis-

For WRF-Chem runs, data from the global Model for sions. To avoid errors from mismatches between the different
Ozone and Related Chemical Tracers (MOZART-4) aredatabases used we remove any negative values of OIN which
frequently used for lateral chemical boundary conditionsmay occur from using this method. The OIN fraction is dis-
(Emmons et a).2010. They provide fields for all of the tributed across the size bins using the default fine-mode frac-
MOZART-4 chemical tracers, as well as bulk aerosol load-tions in the MOSAIC aerosol emission code in WRF-Chem
ings for sulfate, ammonium nitrate, organic carbon and blacky3.4.1.
carbon. Sea-salt and dust loadings are carried in sectional For this study we use a constant oceanic DMS concentra-
size bins. The mozbc tool is freely available for interpolat- tion of 2nML~1 when calculating DMS emissions, to rep-
ing MOZART-4 products onto WRF-Chem domain lateral resent a low-level background activity (estimated from the
boundaries, using species mappings for the various chemidatabase okettle et al, 1999.
cal schemes in WRF-Chem, such as CBM-Z, as described
by Emmons et al(2010. MOZART-4 data and the map- 4.1 Comparison of daytime and nighttime chemistry
ping scripts can be downloaded from thew.acd.ucar.edu/ in CRIV2-R5 and CBM-Z
wrf-chem website. We have extended the mappings to in-
clude the species in the CRIv2-R5 scheme and be internallyfhe CRIv2-R5 scheme compares very well (predicted ozone
consistent with emissions mapping for CBM-Z, as describedconcentrations generally deviate by less than 5% across a
in Table7. wide range of VOC : NQ ratios) against the Master Chem-
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Table 6. Fractional apportionment of particulate emissions across the eight MOSAIC size bins given iB.Table

Bin1 Bin 2 Bin 3 Bin 4 Bin5 Bin6 Bin7 Bin8

TNO black carbon< 1 pm
0.0494 0.3795 0.4714 0.0967 0.003 0.0 0.0 0.0

TNO elemental carbon 1 pm-2.5 pm
0.0 0.0 0.0 0.0 0.4 0.6 0.0 0.0

TNO organic carbonc 2.5 pm (domestic combustion)
0.0358 0.1325 0.2704 0.3502 0.1904 0.0657 0.0 0.0

TNO organic carbonc 2.5 um (traffic and other sources)
0.0063 0.0877 0.3496 0.4054 0.1376 0.0134 0.0 0.0
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Figure 2. Time series of mixing ratios of key tropospheric oxidants(&), NO3 (b) and OH(c). Data from ground level over entire domain,

minus the 10 grid points nearest the boundary, covering four days between 00:00 UTC on 19 July 2010 and 00:00 UTC on 23 July 2010.
Solid lines show median value, finer dashed lines show 5th and 95th percentiles. Model runs using CBM-Z gas-phase chemistry (blue) and
CRIV2-R5 (red). Statistical information used to generate figure has been included in the Supplement.

ical Mechanism (against which it is optimised) within box chosen for these analyses to reduce the quantity of data pre-
models along trajectory simulationgenkin et al. 2008 sented, the results and differences between chemical schemes
Watson et al.2008. It has also been successfully run un- are indicative of simulations across a longer period from 14
der global (3-D) conditions, such as in the Met Office’s to 30 July 2010.
STOchastic CHEMistry (STOCHEM), where it was foundto  Time series of key oxidants over the 4 days are shown in
greatly enhance $production compared to the STOCHEM Fig. 2. The data are of ground-level concentrations, over the
scheme tembe et al.2010. However, to our knowledge, entire domain minus the outer 10 grid cells. Mediaji&yels
this is the first time it has been applied in a regional 3-D are almost identical in both simulations. As CRIV2-R5 is ex-
model such as WRF-Chem. pected to produce similar ozone levels to the full MCM, this
In order to assess the performance of the schemés in effect a strong validation of the simpler CBM-Z abil-
within WRF-Chem, we compare it against the widely ity to produce realistic @levels. However, peaks in maxi-
used Carbon Bond Mechanism version Z (CBM-Z) mum ozone, shown by the track of the 95th percentile, are
(Zaveri and Peterd 999 Fast et al.200§. We have modi-  slightly higher in CRIvV2-R5, indicating that more production
fied the release version of CBM-Z, adding DMS chemistry, is occurring in some regions. The distributions of this extra
and removing reactions for NDand NoOs (see Appendix  production and implications of it will be discussed below.
A for details). Nighttime NG; concentrations are consistently higher in the
This comparison focuses on a short period in the middleCRIv2-R5, with median concentrations almost twice as high
of the run, between 19 and 23 July 2010. This period wasduring the pollution episode.
chosen as it covers an interesting pollution episode which Maximum daytime OH concentrations between the
occurred over the 20 and 21 July. Over this period, a high-schemes are very similar, although there is somewhat more
pressure system over the UK resulted in reduced washoutighttime OH in CRIvV2-R5. The increased OH and Ni©@
and a build-up of low-altitude pollutants. While a subset was
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Table 7. Approximate mappings of MOZART-4 VOCs to CBM-Z ez | =
and CRIv2-R5 mechanisms used in WRF-Chem runs. Based on Teeo - !
ble 7 of Emmons et al(2010); the total number of carbon bonds sen -
are conserved between mappings of the two schemes, with addesen -
PAR and OLT bonds passed to CBM-Z where approximate map- s -
pings need to be made (aftéaveri and Peterd999. 52°N
50°N

MOZART-4 CBM-Z CRIV2-R5 “48°N

46°N

NO mixing ratio (ppbv)

CH4 CH4 CH4 o1
C2H6 ETH C2H6
C3H8 3x PAR C3H8 =
BIGALK 5 x PAR 1.25x NC4H10 =
C2H4 oL2 C2H4 £
C3H6 OLT+ PAR C3H6 ] K
BIGENE OLI+2xPAR TBUT2ENE o s
TOLUENE  TOL TOLUENE H P>
ISOP ISO C5H8 =] K
C10H16 2x 1SO 0.67x APINENE g
+0.33x BPINENE o1
CH30H CH30H CH30H w
C2H50H C2H50H C2H50H 7
CH20 HCHO HCHO s
CH3CHO ALD CH3CHO e
CH3COOH  ORA2 CH3CO2H =] M
GLYALD ALD HOCH2CHO o
CH300H CH300H oP1 H B
CH3COOOH PAA Sl
CH3COCH3  KET KET 0
HYAC KET KET °
CH3COCHO  MGLY s
CH3COOH CH3CO2H Sl
MEK KET+PAR  MEK 0
PAN PAN PAN 'l
MPAN PAN -+ OLT MPAN ofs
CRESOL csL OXYL H B
S o7
é 0.5
sl
g 0.1
the CRIV2-R5 run should result in higher nighttime oxidative 4. J =i Loy 12020

capacity; this will be discussed further in SetR seN e Y "7 | 10
Figure 3 shows ground-level mixing ratios of NO, NO  sen & 5 i 18 ;
O3 and OH, plus the ratio of VOCs to NQfor midday on s
19 July 2010. NQ levels and VOC NOy ratios are similar N
in both schemes. However, there is considerably less day*™
time NO over mainland Europe in CRIV2-R5. Here, the large “™
quantity of VOCs produce Rfas they are oxidised. These
react with NO to produce N The longer, more explicit
chemical breakdown of VOCs in CRIv2-R5 produces more
RO,, depleting NO and producing negOrhis results in ap-  Figure 3.NO (aandb), NO, (c andd), and & (e andf) mixing ra-
proximately 5 ppbv more ground-level midday Gver main-  tios, as well as OH concentratiorgdndh) and the VOC : NQ ra-
land Europe in CRIV2-R5. tio (i andj) in the lowest model level at 12:00 UTC on 19 July 2010.
Low VOC : NOy ratios occur along the shipping lanes over (& ¢, & gandi) are from the CRIv2-R5 model rurb(d, f, h andj)
the North Atlantic, English Channel and North Sea, due to@€ from the CBM-Z model run.
the high NQ and low VOC content of shipping emissions
(see Figl). In these regions, £is depleted, somewhat more
soin CRIV2-R5 than CBM-Z. Midday OH concentrations are

NMVOC:NOXx ratio
°
)

i < 1
46°N y 2 002
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Figure 4. NO2 (a andb), O3 (c andd), and NG (e andf) mixing ratios along a vertical transect through the model domain taken at
00:00 UTC on 20 July 2010. The transect runs roughly south—north through the domain, passing through Londor? (alit5@@20.127%
longitude). &, ¢, ande) are from the CRIv2-R5 model rurp(d, andf) are from the CBM-Z model run. PandLg) and(h) show NG; mixing
ratios horizontally interpolated at 300 ngd. for CRIv2-R5(g) and CBM-Z(h) runs.

similar in both schemes, showing a correlation with, @  most clearly seen in the vertical profiles (F, where max-
photolysis of Q is the main source of OH production. imum NGs loadings occur in ageing pollution plumes some
Near emission sources of NO, such as over the EnglistBO0O—-500 m ay.l. Overall the distribution of nighttime N&is
Channel, the North Sea and parts of the UK, bothadd  far more heterogeneous than daytime OH. There is consis-
NOj3 levels are kept low by reaction with NO. Further down- tently more N@Q produced in CRIV2-R5 compared to CBM-
wind, most NQ is in the form of NGQ and 3 is not so de-  Z. This can largely be attributed to the increased reaction rate
pleted, providing the conditions for NdJormation. This is  of the NG, and G reaction and moderately increased night-
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Figure 5. Comparison of @ 8h means from AURN measure- Flours from 00002 19 July 2010
ments (blue line) and model predictions (green and red lines forFigure 6. Mixing ratios of O3 (a), NO (b), NO; (c), NO3 (d) and
C_BM-Z and CRIv2-R5 simulations, respectively). MeasurementhO5 (e) interpolated at 300 mg.l. over a 48h period, starting
sites are{(a) Yarner Wood, 50.60lat, —3.72” lon; (b) Bush Es- 61 00:00 UTC on 19 July 2010: solid blue line, median from
tate, 55.86 lat, —3.21° lon; (c) Aston Hill, 52.50 lat, —3.03" lon; CBM-Z run; solid red line, median from CRIV2-R5; thin dashed
and(d) St Oysth, 51.78lat, 1.05 lon. Statistical information used  |ines for 25th and 75th percentiles. The statistical information used
to generate figure is included in the Supplement. to generate figure is included in the Supplement.

time concentrations of ©and NG in plumes. Figures fo- the Yarner Wood (SW England, 5068, —3.72 E) and St

cuses on the 48 h period around 20 July 2010 at 300 m abov®ysth (SE England, 51.78l, 1.05 E) measurement sites,

ground. In the CRIV2-R5 scenario, N@emains constant modelled @ mixing ratios are consistently lower than the

or increases at night whereas it decreases in CBM-Z. Thaneasurements. The similarity between model predictions us-

throughput of this N@results in steadily increasing N@nd ing the two chemical schemes is very close, much closer

N2Os in CRIV2-R5, as opposed to the stabilising or slowly than the fit between model predictions and measurements.

decreasing nighttime mixing ratios in CBM-Z. This is because the relative concentrations of these species
Limited measurement availability of the short-lived radi- is dominated by the photostationary state, as well as errors

cals and VOCs makes measurement evaluation of the differin emission sources, meteorology or the radiation scheme.

ences between the CBM-Z and CRIv2-R5 chemical scheme#és such this comparison is not useful to evaluate which, if

on aregional scale challenging. However, the UK Automaticeither, chemical scheme performs best in these conditions,

Urban and Rural Network (AURNRttp://uk-air.defra.gov. although it does highlight that further work is needed to

uk/networks/network-info?view=aurnprovides long-term improve model representation of the fundamental processes

measurements of £2and NQ which can give an indication outside the scope of this study.

of the photochemical state of the atmosphere. Comparisons

of the 8 h running mean values of;@or four sites across 4.2 Evaluation of daytime and nighttime oxidation

the UK between 14-30 July with the CRIV2-R5 and CBM-Z of VOCs

schemes are shown Fig(similar plots for NGQ and NO, as

well as a map of the measurement site locations, are given ifrigure7 shows the VOC tendencies with respect to oxidation

the Supplement). by ground-level OH and N§) for the CRIV2-R5 and CBM-Z
Both model scenario predictions exhibit diurnal cycles chemical schemes. The instantaneous tendencies (d¥QC
roughly similar to those measured. Variations ig @ix- molecules cm®s~1) for the plots are calculated by summing

ing ratios in the model and measurements are in broadhe number of molecules of VOC species that can react with
agreement at the Bush Estate (located in central Scotland?H per unit time and volume:

55.86' N, —3.21° E) and Aston Hill (central Wales, 52.50,

_ i ix- dvocC

_ 3.03’.E) measuremen_t sites, although modelleg rix _ —[OH]Z(kOH,i « [VOG,]). (10)

ing ratios tend to be slightly lower than measurements. At dr oH ;

www.geosci-model-dev.net/7/2557/2014/ Geosci. Model Dev., 7, 25579 2014
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Figure 7. Time series of oxidation rate of VOCs by Ofd) and NG; (b). Data from ground level over entire domain, minus the 10 grid

points nearest the boundary, covering 4 days between 00:00 UTC on 19 July 2010 and 00:00 UTC on 23 July 2010. Solid blue line: median

of CBM-Z run; solid red line: median of CRIV2-R5. Finer dashed lines show 5th and 95th percentiles. The statistical information used to
generate figure is included in the Supplement.
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wherekon,; is the reaction rate dvOC]; with OH and may
be temperature and/or pressure dependent. Reaction rates
were taken from the KPP files for the relevant mechanisms
and so differ slightly between CRIv2-R5 and CBM-Z. Some
errors were found for three reaction rates within the released
version of the CRIV2-R5 scheme in WRF-Chem v3.5.1, as is
described in Appendix B and the Supplement. The corrected
rates were used for calculations of tendencies. An equivalent
equation to Eq.10) was used for N@, using respective rates
for NOz and each VOC species it can react with.

NOj3 oxidation of VOCs is important during the night, but
it should be noted that the OH oxidation of VOCs is still non-
negligible during this period; indeed the rates for this are
comparable to those for N@&riven oxidation. While day-
time OH oxidation is similar in both schemes, nighttime NO
oxidation is slightly higher in CRIv2-R5, owing to the higher
NOjs levels in CRIV2-R5 (see Fi@). The greater spatial het-
erogeneity of N@ compared to OH skews the results some-
what. Maximum NQ levels are around 300 m above ground,
with low NOgz at ground level. However, most reactive VOCs
are near source at ground level. The lower, more stable night-

Figure 8. Domain-averaged median (solid lines) and 25th and 75thtime boundary layer plays a role here, preventing transport of

percentiles (dashed lines) of ground level ®>05, NO», gas-
phase N@, and HNQ mixing ratios, as well as Pi NO; mass

fresh VOC emissions higher in the troposphere, while main-
taining high NO levels, and low N§at the ground. Thus

loadings, for the model runs without (blue lines) and with (red lines) the dynamics of the nighttime atmosphere are also a factor in

N>Os heterogeneous uptake scheme are show(eif) respec-

making OH a more significant oxidant than BlO

tively. The statistical information used to generate figure is included  \when looking at the whole VOC population, oxidation via

in the Supplement.

Geosci. Model Dev., 7, 25572579 2014

OH pathways dominate over N@athways. However, some
species of VOC preferentially react with N@ver OH. Of
particular interest are those species containing double car-
bon bonds, such as anthropogenic propengHe or bio-
genic isoprene (6Hg), which react with NQ@ to form organic
nitrates (RONGQ®). While daytime oxidation via OH is still

www.geosci-model-dev.net/7/2557/2014/
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Figure 9. Wind fields and aerosol mass loadings at 12:00 UTC on 16 July Z818round-level wind speeds and vectdis; PM; o sea-salt
aerosol mass loadings, increasing in opacity from completely transparent at ggggk)gand(d) total organic aerosol mass loadings for
low biogenic activity and high biogenic activity runs respectively, with opacity increasing from completely transparent agﬂ).p(gkg)
generated using VAPORC{yne et al, 2007). Vertical scale is shown by the axis on the right of each panel, each line indicates a 1000 m
increase in altitude.

higher, at nighttime more double bonds are broken througtcially during the pollution episode from 19 to 21 July) but
reaction with NQ@ than OH. does not dominate (Fige and f).

The spatial distribution of gas-phase &t 00:00h on
the 20 July, can be seen in Fige and g. The plumes of pol-
lution rising up over the North Sea from the UK and main-
land Europe are clearly visible. An animation of the evolu-
Across the domain the effect of®5 heterogeneous chem- tion of NOz mixing ratios, both with and without §Os het-
istry is to increase the processing of N generate HN@  erogeneous chemistry, over the centre of the domain, from
and aerosol nitrate. The median nighttime mixing ratios of16 to 20 July, is included in the Supplement (in this anima-
NO3; and NOs are reduced by up to 30% (flattening the tion NOz data is only plotted for mixing ratios greater than
peak in these mixing ratios observed around 06:00 h with-30 pptv). In the animation it is clear that N@nixing ratios
out the heterogeneous processing) (see &gand b). Re- are generally suppressed by the inclusion @D} hetero-
duction of mixing ratios within pollution plumes is greater, geneous chemistry. This is most obvious over the UK and
with the 75th percentile mixing ratios being reduced by up shipping channels through the English Channel (wherg NO
to 70 %. The build-up of N@and gas-phase NQacross the  mixing ratios increase frora 30 pptv to 40-90 pptv with the
domain during the night is reduced only slightly — again the removal of NOs heterogeneous chemistry), but can also be
greatest effect is in the pollution plumes (F8g.and d). The  seen in the widespread increase of N@ixing ratios over
majority of HNOs and aerosol nitrate is formed during the the North Sea.
day, through the OH NO; pathway; nighttime production
through NOs heterogeneous chemistry adds to this (espe-

4.3 NpOs heterogeneous uptake

www.geosci-model-dev.net/7/2557/2014/ Geosci. Model Dev., 7, 25579 2014
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Figure 10. Domain averaged median (solid lines) and 25th and 75th percentiles (dashed lines) of ground igMebPMPM; Nat, PMyq

organics, and PMorganics mass loadings are shown(@-d) respectively, starting from 00:00 UTC on 13 July 2010. Values for model

runs made with the original sea-spray scheme, by the new scheme with high biogenic activity, and by the new scheme with low biogenic
activity (see text) are represented by black, red and blue lines respectively. The statistical information used to generate figure is included in

the Supplement.

More in-depth analysis of the influence 0f® heteroge- the wind speeds are high (FifjOb). The organic content of
neous chemistry will be presented in the companion model+PM;p and PM aerosol (FiglOc and d, respectively) are very

measurement comparison papeoye et al, 2014). similar between the original scheme (black lines) and low
_ o biogenic activity scenario (blue lines), as would be expected
4.4 Marine aerosol emissions by the mass fractionation of emissions in that scenario (Ta-

] ) ] ble 2). The differences between these scenarios and the high

A CyC'%”'C weather system (with surface winds of up to piggenic activity scenario (red lines) indicate the proportion
24ms, see Fig9a) passed across the UK between 15 andot grganic aerosol which comes from sea-spray emissions (as
17 July 2010. The increase in production of sea-spray aeros%pposed to anthropogenic sources).
is visible in the median Php Na" mass loadings in the low- In the high-biogenic activity scenario sea-spray emissions
est model level, which increase from 3 to 7 ugkaluring  increase the background, unpolluted, fgMdrganic content
this period (Fig.10a). To investigate the new sea-spray rou- (represented by the median and 25th percentile lines in
tine we have run two scenarios using it: one representing |°W:ig 10c) by 0.1-0.2 pg kgl The increase in PA organic
biogenic activity, and a second representing higher biogenigyass |oadings within polluted regions (represented by the
activity. These scenarios have been run without OC in thezsi percentile lines) is proportionally lower when the sea-
boundary conditions, in order to focus just on contrlbutlonsspr‘,:ly emissions are low (such as on 14 and 15 July). How-
to OC from local sea-spray and anthropogenic emissions. W%ver, during periods of high wind speeds, as observed on 16
will compare these with the base model run described above,nq 17 July, this contribution increases to 0.2-0.3 nglkg

Whole-domain median, and 25th and 75th percentile, val-gimost doubling the (primary) organic aerosol mass load-
Uei (calculated as described above) are shown inlBifr  jngs within these polluted regions. Figide and d show the
Na"™ (representing the sea-salt content of the aerosol popUghange in distribution across the domain due to these emis-
lation) and (primary) organics (from both sea-spray and an-jons; highlighting a significant increase in organic aerosol
thropogenic aerosol). The total sea-salt aerosol mass 10adscross the North Atlantic in the high-biogenic activity sce-
ing is not significantly crgnggd by the new parameterisation,ario. An animation showing the same for the period of the
(represented by PM Na™ in Fig. 10a) due to the dominance  14th through to the 17th July is included in the Supplement.
of the larger particles on the mass distribution.

The new parameterisation changes the source term for sea-
spray aerosol in size bins 1 to 4, and so it is in Pdize
range that N&a mass loadings increase, by up to 20 % when

Geosci. Model Dev., 7, 25572579 2014 www.geosci-model-dev.net/7/2557/2014/



S. Archer-Nicholls et al: WRF-Chem developments 2573

5 Conclusions An N2Os heterogeneous chemistry parameterisation was
added to the MOSAIC aerosol module, basedBartram

In this study we have presented several developments madgnd Thorntor(2009. This was coupled to the CRIvV2-R5 and

to WRF-Chem to make the model more suitable for studyingCBM-z chemical schemes. It has been shown to significantly

nighttime chemical processes over the UK. reduce the build-up of N®and NOs through the night.
The first was to add a detailed organic gas-phase schemgclusion of the effects of organic aerosol and comparisons

(CRIV2-R5), traceable to the MCM v3.1, to WRF-chem us- with measurement data from the RONOCO flight campaign

ing the KPP protocol. This scheme was compared against thgre made in the companion paper to verify the effectiveness

existing CBM-Z in a test case over northern Europe. Whilst of the parameterisation.¢we et al, 2014).

there was S|Ight|y more ozone production in the CRIV2-R5 Fina”y’ we added a new sea-spray source term which ex-

model in highly polluted regions, average @ixing ratios  tends down to 3 nm particle size and allows the addition of

were comparable in both schemes. There was significantlan organic fraction to the source term. This was tested for

more production of N@in pollution plumes at night a few |ow and high biogenic activity scenarios, and was shown to

hundred metres a.g.l. in the CRIvV2-R5 model. Oxidation Viagreaﬂy increase the mass of organic aerosol over the ocean

OH channels are around 3 orders of magnitude greater thajh windy conditions, although organic particulate mass is still

via NOs during the day, whereas at night the two pathwayssmall relative to sea-salt aerosol loadings.

are of a similar magnitude. VOC tendencies with respect to  The developments have been released in version 3.5.1 of

NOg3 oxidation are higher in the CRIV2-R5 scheme, due towRF-Chem (available for download frohitp://www.mmm.

the higher N@ concentrations. ucar.edu/wrflusery/

www.geosci-model-dev.net/7/2557/2014/ Geosci. Model Dev., 7, 25579 2014
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Appendix A: CBM-Z changes The new emission scheme options are:

In order to facilitate comparison between CBM-Z and emiss_opt=19CRIv2-R5 gas-phase emissions,
CRIv2-R5 we modified CBM-Z by adding the DMS chem- . _ i — -
istry scheme o¥on Glasow and Crutzgf2004) (as was done Ernélcﬁc_):)lgtlz i%cr:cl)::glz di?rﬁt)/ll?uiﬁsl? emissions (config
for CRIV2-R5). In addition, a dummy reaction for CINO '
was added to the scheme in order that the fulOyl het- emiss_inpt_opt=121UK aerosol emission size frac-
erogeneous scheme could be used with CBM-Z (see below).  tionation for MOSAIC.

Two changes have also been made to the reaction scheme to _

update the N@ and N,Osg Chemistry, bringing this more in One new namelist flag has been added to WRE-Chem to
line with the most recent recommendatioAgkinson et al, ~ control the NOs heterogeneous scheme, and which is set
2004 (seehttp://www.iupac-kinetic.ch.cam.ac.ufdr latest ~ once for all domains:

evaluated data). n205_hetchem=0no N;Os heterogeneous chemistry

1. The NO;+HO, reaction rate has been increased (default),
to 4x 10" 12cm®moleculess™! and the products
are now just OH and N&® (Rate last evaluated
on 16 August 2008, OH and NOpathway thought
to dominate, although branching ratios are uncer- n205_hetchem=2full inorganic NoOs heterogeneous
tain; http://www.iupac-kinetic.ch.cam.ac.uk/datasheets/ chemistry scheme.
pdfINOx18_HO2_NO3.pdf

n205_hetchem=N»0s heterogeneous chemistry with-
out CI~ pathway,

To use this scheme you have to select a chemistry option
2. The NoOs +H20 — 2HNO;3 reaction has been re- which includes the MOSAIC aerosol module, and which car-
moved (recommendation not to include in models ries N,Os and CING in the gas-phase. The intermediate op-
until further field or lab experiments are available; tion (which does not take into consideration the chloride con-
http://www.iupac-kinetic.ch.cam.ac.uk/datasheets/pdf/ tent of the aerosol) is provided for use where CIN® not
NOX33_N205_H20.pqf included in the gas-phase scheme.
The new sea-spray emission scheme options are:

Appendix B: Additions to WRF-Chem seas_opt=3.example low biogenic activity sea-spray

o o emissions,
The majority of the developments detailed in this paper have

been included in WRF-Chem version 3.5.1: the CRIV2-R5 seas_opt=4example high biogenic activity sea-spray
chemical scheme; 05 heterogeneous chemistry; new sea- emissions.

spray emission schemes; and emission speciation for the ) ] )
Northwest European domain. Since the release of WRF-INese include the example settings used for this study.
Chem 3.5.1 we have corrected the calculations for three read?S€rs wishing to use different organic concentrations
tion rates in the code for CRIV2-R5. Details of these changes®"d  fractionations can do this by editing the defini-
as well as the replacement KPP equation and definition filedions of the ocO2um, —org_frac_low_activity ,

for WRF-Chem 3.5.1, are included in the Supplement. Below®"d ~ 0rg_frac_high_activity parameters  in
we list the namelist options to use these developments. ~ cheém/module_mosaic_addemiss.F

The new chemistry mechanism options are:
chem_opt=600CRIv2-R5 chemical mechanism,

chem_opt=601CRIv2-R5 chemical mechanism with
8-bin MOSAIC aerosol including some aqueous reac-
tions,

chem_opt=611CRIv2-R5 chemical mechanism with
4-bin MOSAIC aerosol including some aqueous reac-
tions.

Geosci. Model Dev., 7, 25572579 2014 www.geosci-model-dev.net/7/2557/2014/
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