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Abstract

The emission of organic compounds from biogenic processes acts as an important
source of trace gases in remote regions away from urban conurbations, and is likely
to become more important in future decades due to the further mitigation of anthro-
pogenic emissions that affect air quality and climate forcing. In this study we exam-
ine the contribution of biogenic volatile organic compounds (BVOCs) towards global
tropospheric composition using the global 3-D chemistry transport model TM5 and
the recently developed modified CB0O5 chemical mechanism. By comparing regional
BVOC emission estimates we show that biogenic processes act as dominant sources
for many regions and exhibit a large variability in the annually and seasonally inte-
grated emission fluxes. By performing sensitivity studies we find that the contribution of
BVOC species containing between 1 to 3 carbon atoms has an impact on the resident
mixing ratios of tropospheric O3 and CO, accounting for ~3 % and ~11 % of the sim-
ulated global distribution, respectively. This is approximately a third of the cumulative
effect introduced by isoprene and the monoterpenes. By examining an ensemble of 3-
D global chemistry-transport simulations which adopt different global BVOC emission
inventories we determine the associated uncertainty introduced towards simulating the
composition of the troposphere for the year 2000. By comparing the model ensemble
values against a composite of atmospheric measurements we show that the effects on
tropospheric O are limited to the lower troposphere (with an uncertainty between -2 %
to 10 %), whereas that for tropospheric CO extends up to the upper troposphere (with
an uncertainty of between 10 to 45 %). Comparing the mixing ratios for low molecu-
lar weight alkenes in TM5 against surface measurements taken in Europe implies that
the cumulative emission estimates are too low, regardless of the chosen BVOC inven-
tory. This variability in the global distribution of CO due to BVOC emissions introduces
an associated uncertainty in the tropospheric CO burden of ~11 %, which impacts
strongly on the oxidative capacity of the troposphere, introducing an uncertainty in the
atmospheric lifetime of the greenhouse gas CH, of ~3 %. This study thus identifies the
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necessity of placing further constraints on non-CH, global biogenic emission estimates
in large-scale global atmospheric chemistry models.

1 Introduction

One of the principle emission sources of trace gas species at global scale is the natu-
ral environment, where both aerobic and anaerobic oxidation processes that occur in
vegetation and soils release a range of different Biogenic Volatile Organic Compounds
(BVOCs) into the lower troposphere (LT, Fowler et al., 2009). The most abundant of
these BVOC species are isoprene (CsHg) and monoterpenes (C4oH4g), Where current
global estimates range from between 412-601 TgCyr‘1 and 32-121 TgCyr‘1, respec-
tively (Arneth et al., 2008). In addition, biogenic processes which occur in the soil and
ocean also emit significant amounts of carbon monoxide (CO), formaldehyde (HCHO),
methanol (CH;OH), ethene (C,H,), ethane (C,Hg), propane (CsHg), propene (CsHg)
and acetone (CH3;COCHg3;). With the exception of CO and the alkenes, these organic
compounds typically have atmospheric lifetimes of between 2—-12 days (e.g. Jenkins
and Clemitshaw, 2000; Tie et al., 2003; Fischer et al., 2012). Once emitted their re-
moval occurs by photochemical oxidation in the troposphere (Atkinson, 2000) or loss
by deposition processes, depending on the chemical nature of each compound. The
highest emission fluxes of BVOCs occur over tropical forested regions that are usu-
ally sparsely populated and thus are not affected directly by anthropogenic emission
sources. More recently the release of BVOCs from oceanic sources has also been
measured and quantified (e.g. Colomb et al., 2009; Luo and Yu, 2010), although
their annual emission totals are generally rather low. Most emission inventories of
BVOCs are calculated using approaches based on the empirical algorithm of Guenther
et al. (1995), where different input parameters for land cover type and the physiological
activity of vegetation types are adopted (Arneth et al., 2008). It is currently difficult to
constrain estimates of biogenic emissions using observations due to the high temporal
and geographic variability in their fluxes. For example, isoprene does not have a char-
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acteristic absorption region in the electromagnetic spectrum which can be exploited by
satellite instruments. Therefore, their emission fluxes are usually constrained by mon-
itoring their oxidation products such as HCHO (e.g. Palmer et al., 2003). Furthermore
retrievals of other BVOC species such as CH3;OH and HCOOH have recently been
performed (e.g. Razavi et al., 2011). However, regions which exhibit strong biogenic
signals in such species also have strong biomass burning (BB) events which compli-
cate the interpretation of the measurements in terms of deriving emission fluxes.

Previous modelling studies have shown that the distribution of oxidants such as tro-
pospheric ozone (O3) are sensitive to the emission of BVOCs at both global (e.g. von
Kuhlmann et al., 2004; Pfister et al., 2008; Williams et al., 2009) and regional (e.g.
Simpson, 1995; Tao et al., 2003; Roberts et al., 2006; Li et al., 2007; Curci et al., 2009)
scales. Sensitivity studies have shown that there is generally an enhancement in the
oxidative capacity of the troposphere as a result of an increase in the resident molar
mixing ratios of O3 due to the presence of BVOCs. This subsequently introduces in-
creases in the OH radical and subsequently decreases the lifetimes of reactive trace
gas species (Lelieveld et al., 2002). Therefore the accuracy of any atmospheric model
towards simulating the seasonal cycles of dominant trace gas species is affected by
the accuracy of the temporal distribution and integrated fluxes of biogenic emission es-
timates that are included in large-scale models, especially during boreal summertime
where biogenic activity in the Northern Hemisphere (NH) is high. This dependency
is likely to become more important in a future climate, where simulations using a dy-
namic global vegetation model suggest biogenic emission fluxes will increase due to
increases in surface temperatures (Lathiére et al., 2005), where isoprene emission
fluxes have been found to scale almost linearly in response to temperature (Im et al.,
2011). If such a scenario becomes reality, and assuming the mitigation and abatement
of future anthropogenic emissions occurs according to recent predictions (Lamarque
et al., 2010), then accounting for biogenic emissions and the accuracy of the estimates
will have an enhanced impact towards assessing trends in atmospheric composition
and future air-quality (Hauglustaine et al., 2005; Wiedinmyer et al., 2006).
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Some atmospheric models now simulate the emission of isoprene online, i.e. they
use the temperature values in the meteorological data fields used to drive the model,
along with extent of illumination, to calculate the resident emission fluxes (e.g. Wang
and Shallcross, 2000; Im et al., 2011). Given that climatic extremes are likely to in-
crease in frequency in the coming decades this online approach has the potential to
capture a more realistic variability in isoprene emissions, assuming the algorithms are
able to perform well over a typical range in temperatures and soil moisture regimes.
Sensitivity studies have shown that the resulting biogenic emission fluxes calculated
online are fairly sensitive to the update frequency at which the meteorological input
fields are applied (Ashworth et al., 2010) and to assumptions regarding the other vari-
ables used to calculate the emission flux online (Guenther et al., 2006). Moreover, algo-
rithms designed to relate the release of isoprene towards physical environmental vari-
ables still do not account for the response of vegetation towards changing atmospheric
levels of carbon dioxide, which is thought to be important (Niinemets et al., 2010).
However, one drawback of adopting an online method for calculating biogenic emis-
sion fluxes is that the implementation often does not cover all of the BVOC species re-
leased for which regional emission fluxes from biogenic sources dominate, e.g. CH;OH
and CH3;COCH;. Therefore some offline BVOC estimates are commonly used in tan-
dem with online isoprene estimates to account for the significant contribution of BVOC
species towards the composition of the tropical troposphere and unpopulated regions.
More recently, a version of the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) has become available that calculates emissions of over 100 BVOC species
(Guether et al., 2012) which has the potential harmonize BVOC emissions with respect
to meteorological variability.

Due to computational efficiency, many global Chemistry-Climate Models (CCMs),
Chemistry-Transport Models (CTMs) and regional air-quality models still use offline
BVOC emission inventories which are readily available to the modeling community
(e.g. http://accent.aero.jussieu.fr). Such inventories are calculated using archived data
from either climate models or meteorological models, such as those available from, e.g.
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the European Centre for Medium range Weather Forecasting (ECMWF) or the National
Centre for Environmental Prediction (NCEP). These emission fluxes are therefore inde-
pendent from the meteorological fields used to drive the transport in any atmospheric
model, although typical seasonal variations in temperature and precipitation for dif-
ferent world regions are used to calculate the offline global BVOC inventories. The
various BVOC climatologies are calculated using meteorological data for different time
periods. In general, they are typically averages of emission fluxes calculated for time-
slices ranging from a few years to a few decades (Arneth et al., 2008). This avoids
introducing biases into the biogenic emission estimates due to extreme meteorological
events which may occur for specific global regions during any specific year, e.g. sum-
mer 2003 when an extreme European heat wave occurred. Moreover, each biogenic
climatology is calculated using different input fields (e.g. land-use maps, the distribution
of the Leaf Area Index (LAI)) which can result in large differences in BVOC estimates
for tropical regions such as Africa (e.g. Williams et al., 2009). Therefore the choice of
biogenic climatology introduces a degree of uncertainty when simulating trends in, e.g.
tropospheric Oz, the atmospheric lifetimes of long-lived gases such as methane (CH,)
or the variability in composition of the tropical troposphere. Although previous studies
using global atmospheric models have focused on the uncertainties in tropospheric
composition introduced by adopting different projections for anthropogenic emissions
(e.g. Horowitz, 2006; Williams and van Velthoven, 2011), to the authors knowledge the
uncertainty introduced by the sometimes large variability in BVOC emission estimates
at global scale has not yet been fully investigated in detail.

In this paper we address this issue by quantifying the sensitivity of tropospheric com-
position and oxidative capacity towards different BVOC climatologies in the 3-D global
CTM TM5. By using a range of BVOC emission estimates we investigate the asso-
ciated uncertainty introduced with respect to dominant trace gas species such as Oy
and CO, as well as the oxidative capacity and, consequently, the atmospheric lifetimes.
In Sect. 2 we provide details of the simulations including a description of the modified
CBO05 chemical mechanism applied in TM5. In Sect. 3 we compare the seasonal differ-
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ences between four alternative BVOC climatologies for five different global regions and
for the global scale to highlight the important contribution of BVOC emissions of C1-C3
compounds to cumulative emission estimates. In Sect. 4 we investigate the impact that
non-isoprene BVOC species have on tropospheric composition during the year 2000
and quantify the importance of these C1—C3 BVOC species compared to the influence
of isoprene and the monoterpenes. In Sect. 5 we quantify the uncertainty introduced
towards the composition of the troposphere as a result of adopting the various biogenic
emission climatologies. For this purpose we examine the changes introduced into the
seasonal ensemble mean and assess the importance of such uncertainty by making
comparisons against various measurements. In Sect. 6 we quantify the resulting un-
certainty introduced for the simulated global distribution of tropospheric O3 and CO due
to variability in BVOC emission estimates and in Sect. 7 we present the associated un-
certainty introduced towards global burdens and lifetimes. Finally in Sect. 8 we present
our conclusions.

2 Model description

The 3-D global chemistry-transport model (CTM) used in this study is TM5 (Huijnen
et al., 2010). We perform simulations using 34 vertical layers at a horizontal resolution
of 3° x 2° and drive the CTM with ECMWF meteorological fields taken from the ERA-
interim re-analysis (Dee et al., 2011), with an update frequency of 3 h. The version of
TM5 used here utilizes a recently implemented online photolysis scheme, which has
been shown to improve the performance of TM5 and increase the oxidative capac-
ity in the model (Williams et al., 2012a). Given that TM5 is a tropospheric model, the
overhead stratospheric ozone profile shape is constrained by relaxation towards the
sonde-based climatology of Fortuin and Kelder (1998), while the total stratospheric Og
column is scaled to the observed monthly mean total ozone columns assimilated from
a multi-sensor reanalysis dataset (van der A et al., 2010). For a more comprehensive
description of the parameterizations and structure of TM5 the reader is referred to both
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Huijnen et al. (2010) and Williams et al. (2012a). The chosen simulation year for this
study is the year 2000, which is considered to exhibit rather standard meteorological
variability without any pronounced extremes which would have the potential to intro-
duce biases when comparing against measurements. A one-year spin-up is performed
for all simulations using the relevant emissions inventories and meteorology for 1999.

2.1 The modified CB05 mechanism

The chemical mechanism which is employed in this study is the recently developed
modified CB05 scheme, which is a reduced version of the CB05 chemical scheme de-
scribed in Yarwood et al. (2005), where CH3COCH; chemistry has also been added.
This replaces the modified CBM4 chemical mechanism (Houweling et al., 1998) which
has been used for multiple chemical studies in TM5 to date (e.g. Ordnez et al., 2010).
Global emission estimates for many of the lower molecular weight C1-C3 organic
species are now readily available thus providing motivation for the explicit inclusion
of such trace species in TM5. This reduces the number of VOC species which are
lumped into more generic CBM tracer species included to represent chemical reac-
tivity of e.g alkylinic and olefinic carbon bonds. The chemical mass balance is more
robust than that of the modified CBM4 mechanism, where updated stoichiometry as-
sociated with the oxidation of e.g. organic nitrates (ORGNTR) and higher peroxides
(ROOH) has been shown to increase the production efficiency of tropospheric Oz in
the CB05 mechanism compared to previous versions of the CBM mechanism (Saylor
and Stein, 2012).

In terms of isoprene oxidation it has been shown that the implicit loss of interme-
diates in the modified CBM4 mechanism can introduce significant differences of upto
~30-60 % (equivalent to 10 ppb) in tropospheric O3 when compared against other al-
ternative mechanisms employed in CTMs (von Kuhimann et al., 2004). The isoprene
oxidation mechanism in the modified CB05 scheme is more extensive than that in the
modified CBM4 mechanism, where it includes an intermediate tracer species which
lumps both methacrolein and methyl vinyl ketone together (designated as ISPD) in or-
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der to provide a better representation of the principle oxidation products of isoprene
(Atkinson, 2000). Modifications have been made to both the oxidation rate of ROOH
and the production efficiency of HO, from the OH initiated oxidation of isoprene accord-
ing to the recommendations given in Archibald et al. (2010). It should be noted that the
more recent findings regarding the regeneration of OH and HO, during isoprene oxi-
dation (e.g. Stavrakou et al., 2010) are not yet accounted for in this study.

For reasons of numerical stability associated with the Eulerian Backward lterative
(EBI) solver (Hertel et al., 1996) we omit the formation of higher PAN compounds, al-
though these tend to be more reactive thus making smaller contributions to the long
range transport of nitrogen oxides (NO, ) out of the main source regions than PAN itself
(von Kuhlmann et al., 2004). For higher aldehydes (denoted ALDX in CB05) we as-
sume a short atmospheric lifetime and therefore introduce the main oxidation products
instead. Due to their relatively low global emission fluxes, we also choose to exclude the
higher molecular weight organic species from the modified CB05 scheme (e.g. toluene,
xylene and creosol) similar to the approach adopted by Houweling et al. (1998) for the
CBM4 mechanism. We also omit IOLE from the reduced scheme which represents
internal olefinic bonds.

A full description of the modified CB05 mechanism as implemented in this study is
given in the Appendix in Table A1. All reaction rate data has been taken from the latest
recommendations (Atkinson et al., 2006; Sander et al., 2011). Some selected reac-
tions have been taken from other sources (e.g. the oxidation of C3Hg by O3). Details
related to the additional photolysis reactions which have been added to the modified
CBO05 scheme are given in the Appendix in Table A2. In addition to loss by dry deposi-
tion, many of the explicit organic species introduced exhibit high to moderate solubility
meaning that additional wet scavenging terms have been introduced. Dry deposition
velocities are calculated using the methodology of Ganzeveld and Lelieveld (1995),
although many of the additional species which have been added have not been ex-
plicitly treated there, so analogue values are applied. The dry deposition velocities for
isoprene, the monoterpenes, alkanes or alkenes are assumed to be negligible. The
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chemical data used for the calculation of the heterogeneous scavenging rates which
determines the extent of wet deposition are given in Table AS3.

2.2 Definition of the emission scenarios and sensitivity studies

For the anthropogenic emissions of CO, NO,, SO, and the Non-Methane Hydrocar-
bons (NMHC) component we adopt the RETRO inventory for the year 2000 (Schultz
et al., 2007; http://retro.enes.org/) supplemented with estimates from the REAS in-
ventory for the Asian region (Ohara et al., 2007) between the geographical limits of
60—-150° E, 10° S—50° N. To improve on the carbon balance of NMHC emissions we
emitted the main oxidation products for the higher molecular organics such as Xy-
lene, which are not explicitly included in the modified CBO5 mechanism (see Sect.
2.1). For methane (CH,) we use the yearly resolved EDGAR 4.2 emission inventory for
anthropogenic sources (http://edgar.jrc.ec.europa.eu/), whereas for the natural emis-
sions we use the monthly segregated LPJ-WhyMe emission inventory for the corre-
sponding years (Spahni et al., 2011). Other natural CH, sources include emissions
from termites (Sanderson, 1996), ruminants (Olson, 1997) and the ocean (Lambert
and Schmidt, 1993). In order to avoid a prolonged spin-up period for each of the simu-
lations we nudge the CH, concentrations throughout the LT towards a 2-D latitudinally
and monthly varying climatology based on surface observations. The CH, mixing ra-
tios in TM5 are then constrained by applying a 3-day relaxation time using the ratio
between the simulated distribution around the dateline (~180° E), where the surface
observations used to produce the climatology are taken between 160° E-20°W. It is
assumed that the gradient in the boundary layer and lower free troposphere is shal-
low allowing the constant to be imposed in the first few kilometers of the troposphere.
Adopting such offline CH, emission fields has been shown to improve both the regional
and seasonal distribution at the surface compared to using a fixed latitudinal gradient
(van Weele et al., 2012). For the emission of trace gases from biomass burning (BB)
and wildfires we adopt the emission estimates provided in the monthly GFEDv3 in-
ventories for all simulations (van der Werf et al., 2010). The segregation of the NMHC
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species into individual organic species is already provided by the GFEDv3 inventory,
where we adopt these segregated emission fluxes in TM5. Lightning NO, emissions
are calculated using the parameterization of Meijer et al. (2001), where the total an-
nual NO, emission introduced is constrained at ~5.9 TgNyr’1.

For the investigation of the sensitivity of tropospheric composition to BVOC emission
estimates we define a model ensemble containing four independent members. Each
member adopts an independent global BVOC climatology, with all other variables be-
ing constant. These biogenic climatologies have all been used previously to account
for biogenic emissions in both CTMs and CCMs participating in various multi-model in-
tercomparison studies (e.g. Barret et al., 2009; Hoor et al., 2009; Ordnez et al., 2010).
It includes the following 4 climatologies: (i) that provided by the Present and future sur-
face Emissions of atmospheric compounds (POET) project (Granier et al., 2005), (ii)
that calculated with the ORCHIDEE vegetation model and made available as part of the
RETRO inventory (Lathiere et al., 2006), (iii) the climatology calculated by the EMAC
model provided as part of the QUANTIFY inventory (Hoor et al., 2009) and (iv) the
inventory provided in the MACCecity emission estimates (Lamarque et al., 2010) calcu-
lated using version 2.0 of the MEGAN model (Guenther et al., 2006). These ensemble
members will be called: POET, ORCH, EMAC and MEGAN, respectively.

With the exception of the MACCecity inventory (which adopts meteorology for 2000 for
BVOC emissions), the inventories provide climatological values which are averages for
a number of consecutive years in order to avoid introducing biases due to extreme me-
teorological situations. It is estimated that isoprene emissions typically exhibit an inter-
annual variability of between ~5-10% over consecutive years (Arneth et al., 2011).
The specific years used for the calculation of the different BVOC climatologies are also
provided in Table 1. For the soil NO, component the emission estimate provided in the
MACCcity inventory is adopted throughout all ensemble simulations, which introduces
10Tg NOyr‘1. This is at the lower range of the estimates of 8.6-45Tg NOyr‘1 given
in Davidson and Kringerlee (1997), but close to the 8.6 Tg NOyr'1 recently derived by
Steinkamp and Lawrence (2011) using an updated version of the algorithm of Yieger
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and Levy (1995). The details of each ensemble member are given in Table 1, which
also gives an overview of the sensitivity simulations. The time period over which each
of the climatologies is assembled is also given.

Two sensitivity simulations are performed to allow assessment of the importance of
C1-C3 BVOCs when compared to that of isoprene and the monoterpenes in terms of
their effects on global tropospheric composition. These two sensitivity studies adopt the
MACCcity biogenic emission estimates and are thus comparable to the MEGAN simu-
lation described above. We choose this emission inventory as this emission inventory
as it is the most representative of the simulation year of 2000. For the NOBVOC sim-
ulation all C1-C3 biogenic emission fluxes are set equal to zero. For the NOISOTERP
simulation both the isoprene and monoterpene fluxes set equal to zero. The soil NO,
component is taken from the MACCcity emission inventory throughout all the sensitivity
simulations.

2.3 Observations

To provide a validation of the performance of the modified CB05 chemical mecha-
nism applied in TM5, and to quantify the importance of the uncertainty introduced
by BVOC emission estimates, we make use of a number of different observational
datasets against which both individual and ensemble trace gas distributions are com-
pared. Here we give a brief description of each of the measurement datasets used for
this purpose.

The Measurement of OZone, water vapour, carbon monoxide and nitrogen oxides
by Airbus In-service airCraft (MOZAIC) long-term measurement program provides tro-
pospheric O profiles for a wide-range of different locations (Thouret et al., 1998). The
sampling frequency is rather dependent on the location but provides measurements
for under-sampled regions such as West and Southern Africa, South America and In-
dia. The accuracy of the O3 measurements from MOZAIC have been shown to have
an overall precision of £2 ppb or ~2 % (Marenco et al., 1998). Here we use compos-
ites assembled from profiles taken at: Paris, France (49.0° N, 2.6° E), Washington, USA
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(38.9°N, 77.5° W), Dakar, Senegal (14.7° N, 17.5° W) and Seoul, South Korea (37.5° N,
126.4° E). The choice of airports for which comparisons were made was constrained
by the availability of a sufficient number of independent profile measurements for sea-
son June-July-August (JJA), where it should be noted that the majority of the locations
for which measurements were available for 2000 are in the NH. The location of each
airport for which comparisons are made is shown in Fig. 1.

The European Monitoring and Evaluation Program (EMEP, http://www.emep.int) has
an established record of monitoring a host of different trace gases at the surface includ-
ing tropospheric Og, alkanes, alkenes and isoprene. Stations are situated throughout
Europe (35-70° N, ~10° W-35° E) with sampling at both sea level (which are sensitive
to local emission sources) and at more elevated altitudes (which are more represen-
tative of the Free Troposphere (FT)). For tropospheric O3, measurements are made
every hour at a large number of measurement locations. The coverage is almost daily
resulting in a statistically robust dataset against which comparisons can be made. For
the low molecular weight organics such as C,H,, measurements are only available
at ~10 stations from the entire EMEP network, which results in rather limited spatial
coverage even though an extensive latitudinal range is covered. The specific type of lo-
cations of these EMEP stations is diverse, ranging from Uto (Finland; 59.5° N, 21.2° E)
located on an island in the middle of the Baltic Sea, Donon (France; 48.3° N, 7.8°E) in
a forested mountain region, Campisabalos (Spain; 41.1° N, 3.8° W) which is located on
a high plain away from local vegetation and Zingst (Germany; 54.4° N, 12.7° E) which
is located on a Peninsula surrounded by grassland and meadows. The diurnal sam-
pling of the organics is also limited, where measurements are either made around
once a day (at local noon) or provided as an average over the whole day, depending
on the instrumentation used. There are typically 5-10 days worth of measurements
made every month at each particular EMEP station. Although this is not as robust as
the tropospheric O3 measurements it is still sufficient to analyse the variability in the
seasonal cycle of C2-C3 organics across Europe. By assembling monthly mean val-
ues from the available observations we use these measurements to assess whether
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TM5 can capture both the seasonal cycle and mixing ratios for the European Domain.
Unfortunately no measurements of CH;COCH; are available.

The long term ground based flask measurements performed by the NOAA Earth Sys-
tem Research Laboratory (ESRL) Global Monitoring Division (GMD) provides a valu-
able record of changes in abundant long-lived trace gas species such as CO and CH,
(Novelli et al., 1998, 2003). The measurement sites are situated at many different lo-
cations, usually well away from strong local anthropogenic emission sources. They
are therefore considered to be representative of the chemical background, although
the long-range transport of air-masses containing emission signatures can occur es-
pecially for sites located in the outflow regions of major continents. In this study we
exploit measurements of CO taken across a wide latitudinal range situated on the con-
tinents, in the marine boundary layer (MBL) and at high altitudes. The location of the
16 GMD stations selected from the entire record are shown in Fig. 1. The monthly
mean composites from the observations are assembled from typically 10—20 days of
flask samples taken each month. To ensure a valid comparison only those days where
measurements are available are used to assemble the model monthly mean values.
The height of each measurement station is also accounted for when interpolating the
model output to avoid problems with orthography.

Finally, the first phase of the Civil Aircraft for Regular Investigation of the Atmo-
sphere Based on an Instrument Container (CARIBIC) project ran between 1997 and
2001, where both CO and O3 were measured in-flight on passenger aircraft on routes
from Dusseldorf (51.4° N, 6.8° E) and Munich (48.4° N, 11.8° E) in Germany to destina-
tions such as Male (4.2° N, 73.7°E) in the Maldives and Cape Town (33.6° S, 18.4°E)
in South Africa (Zahn et al., 2002). For O3 the uncertainty is either 4 ppbv or 4 % of
the total concentration, whichever is the highest (Zahn et al., 2002) and for CO the
uncertainty is ~3 ppb for CO mixing ratios between 30—200 ppb (Brenninkmeijer et al.,
2001). Here we use selected measurements made on flights for the year 2000 between
Munich and Male, the Maldives or Frankfurt and Windhoek, Namibia for evaluation of
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the uncertainty introduced in the upper troposphere-lower stratosphere (UTLS). The
flight tracks along which the in-situ measurements were made are shown in Fig. 1.

3 Comparison of biogenic emission inventories

In this section we examine the differences in the seasonal cycles for a number of differ-
ent BVOC emission fluxes both at global and regional scales. Although similar annual
comparisons have been performed for both Anthropogenic and BB emission inven-
tories for the period 1980-2010 (Granier et al., 2011) comparisons of the biogenic
component have received little attention .For this purpose we define five specific emis-
sion regions which cover a wide latitudinal range. Figure 1 gives an overview of the
area covered by each of these regions, which are namely: Europe (10° W—40° E, 36° N—
70°N), the US (70° W—128° W, 30° N—48° N), South America (33° W-82° W, 56° S—8° N),
Africa (20° W-38°E, 30° S-30°N) and South-East Asia (92° E-160° E, 10° S—20° N).
The differences between the source segregated global emission estimates applied
in each of the simulations are shown in Table 2, along with the 1-o variability of the
mean value (converted to a percentage by normalising against the mean value). The
biggest difference in biogenic emission fluxes exists for isoprene, the terpenes, CO,
C,H,, CH3COCH; and CH3;OH. For the other BVOC species differences are limited to
afew TgCyr‘1 . For most of the organic species the contribution from biogenic emission
sources is important, accounting for between ~40-90 % of the global annual emission
fluxes for each individual species. In some exceptional cases biogenic activity acts
as the dominant global emission source, e.g. CH;COCH;. The relatively large differ-
ences in the regional BVOC emission fluxes indicate that applying the various BVOC
climatologies during any typical simulation has the potential to introduce significant
differences in simulating the composition of the troposphere.

For brevity we limit the comparison in this section to a few key C1-C3 organic
species, since the differences in, e.g. global isoprene and terpene emissions have
already received some attention in the literature (e.g. Arneth et al., 2008; Williams
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et al., 2009; Zare et al., 2012). Figure 2a—d shows the seasonal climatological cycles
for CO, C,H,, C,Hg and CH3COCH; for each of the four chosen BVOC inventories
(solid lines) both globally and for each of the five pre-defined regions. To highlight the
importance of BVOC emissions for certain regions we also show the corresponding
anthropogenic (RETRO) and BB emission (GFEDv3) components applied in the sim-
ulations as dashed lines. Comparing the different biogenic emission estimates shows
that there is a considerable difference in the monthly emission fluxes between the 4 cli-
matologies for some species (e.g. CO), whereas for some other species there is some
similarity between different climatologies (e.g. C,H, between ORCHIDEE and EMAC).
It is interesting to see that the BVOC inventory which displays the highest global bio-
genic emission flux for, e.g. CO does not necessarily also have the highest global
emission fluxes for all other BVOC species. This could be due to the use of different
classifications of vegetation and/or productivity factors. For the NH there is a strong
seasonal cycle in all biogenic emissions related to the variability in the temperature
driven biogenic activity, with emission fluxes being highest during JJA. For the tropical
regions no such seasonal cycle exists, with the enhancements during the respective
monsoon periods being relatively weak (e.g. Africa during JJA). In the tropics a strong
seasonality exists in the BB emissions, where during the most intense burning periods
BB acts as the most dominant source of most of the trace species shown, although it
should be noted that the BB contributions for CH;COCH; have been scaled up by an
order of magnitude to aid clarity. Apart from CO it can be seen that the anthropogenic
component (dashed red line, RETRO) is typically much smaller than the corresponding
biogenic component for all 4 organic species shown. It is interesting to note that the
only seasonal cycle in the anthropogenic component exists in Europe, where there is
a slight decrease during the summer months thus being anti-correlated with the sea-
sonal cycle in the biogenic component.
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4 The influence of BVOC emissions on global tropospheric composition

Here we examine the influence that the emission of C1—-C3 BVOC species has on
the distribution of tropospheric O5 and CO at the global scale. Previous studies con-
cerned with biogenic emissions have principally focused on the effect that the chemical
oxidation of isoprene has on either regional air quality (e.g. Simpson, 1995; Roberts
et al., 2006; Hewitt et al., 2011) or the composition of the global troposphere (e.g.
von Kuhlmann et al., 2004; Folberth et al., 2006; Fiore et al., 2011). By exploiting the
sensitivity studies described in Sect. 2, we also determine how important the smaller
organics of biogenic origin are towards global oxidative capacity and place it in context
compared to isoprene and the monoterpenes. To the authors knowledge no focus has
yet been placed on the cumulative impact of the BVOC species in the literature, other
than specific studies related to isoprene and the monoterpenes. A complete listed of
these species is given in Table 2.

Figure 3 shows the impact of BVOC C1-C3 species on tropospheric O3 and CO
in the LT for seasons DJF and JJA by comparing the NOBVOC simulation with the
MEGAN simulation. Differences are shown for the lower troposphere only (defined as
the averaged changes between the surface and 750 hPa). Here the effects will be max-
imal due to the emission sources being predominantly located at the surface, except
for isoprene in the tropics (Huijnen et al., 2010). To provide some confidence in the per-
formance of the modified CB05 chemical mechanism an extensive validation against
surface concentrations for both species is presented later on in Sect. 5. From Fig. 3 it
can be seen that the impact of C1—C3 BVOCs on Og in the LT (~0-5 % enhancements)
is approximately a third of the impact on CO (~0-20 % enhancements), where a strong
seasonal signature exists in the latitudinal distribution of the differences for both trace
species as a result of both the seasonal cycle in BVOC emissions in the NH and the
seasonal variation in photochemical activity. The relative influence of biogenic emis-
sions for CO minimizes in regions with large local BB emissions (Equatorial Africa) and
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anthropogenic emissions (South-East Asia) as would be expected considering that BB
acts as a dominant source of trace gases during the respective burning seasons.

From Fig. 3 it can be seen that maximal increases in LT O5 of between 3-4 % occur
over the tropical (20° S—20° N) source regions and in the tropical remote MBL. Here
there is a clear signal along the Inter-Tropical Convergence Zone (ITCZ) related to
the high humidity and perturbations introduced into the HO, cycle (see below). For
CO maximal increases of between ~12—-15% occur at continental scale during JJA.
These increases extend over the entire SH as a result of CO having a longer atmo-
spheric lifetime than O3. The extent of propagation of the effects on CO mixing ratios
away from the source regions will be affected by the CO/N ratio provided in the cu-
mulative emission totals applied for each biogenically active region. This is similar to
that observed for both anthropogenic and BB emissions (Dalsoren and Isaksen, 2006;
Williams et al., 2012b). For biogenic emissions this is defined as the ratio between bio-
genic CO emissions and the soil NO, component. For soil NO, the global estimates
range from 6-21 TgNyr‘1 (Davidson and Kringerlee, 1997), where the impact of bio-
genic NO, fluxes becomes most important in more remote regions away from other
strong emission sources. Here we use an estimate for soil NO, of 10Tg NOyr‘1 as
taken from the MACCcity emission inventory, which is close to the most recent esti-
mate of 8.6 Tg NOyr‘1 given in Steinkamp and Lawrence (2011).

To understand which chemical processes are responsible for inducing the changes
in these key tropospheric trace species we analyse the global annual chemical budget
terms between the MEGAN and NOBVOC simulations for the year 2000. For tropo-
spheric O4 the recycling of NO, via the HO, channel decreases by ~4 %, which results
in the net production term decreasing more than the net destruction term due to OH.
This is a direct effect of the reduction in tropospheric CO, where HO, is formed from
the chemical oxidation of CO described in TM5 (Huijnen et al., 2010). For tropospheric
CO the decreases result from the cumulative reduction in the direct emissions of CO
(~9 %) and the direct in-situ chemical production terms (~5.5 %). This decrease in the
direct in-situ chemical production terms is due to a decrease in HCHO mixing ratios,
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where the photo-oxidation of HCHO acts as the dominant chemical source term of CO
in the troposphere. As well as a reduction in the direct emission of HCHO by ~62 %
(~5 Tgyr'1) in the NOBVOC simulation, the large decrease in CH;OH emissions also
dampens the in-situ photochemical production of HCHO significantly. This finding could
have implications for the use of HCHO as a proxy for determining isoprene emissions
from satellite measurements (Palmer et al., 2003; Marias et al., 2012), where non-
isoprene BVOC emissions will be co-located with areas exhibiting high isoprene emis-
sions (e.g. in tropical rainforests, woodlands and boreal forests). By utilizing a CTM in
a similar way to that performed in this study such a bias could be corrected for, resulting
in improved constraints and reduced regional biases for isoprene emissions.

In Table 3 we present the changes in the global tropospheric burdens of Oz, CO and
CH, (BCO, BO4 and BCH,, respectively), along with the atmospheric lifetimes for the
year 2000 ((7CO), (7o,) and (7cy,) ). Values are shown for the MEGAN, NOBVOC and
NOISOPTERP simulations. For defining the tropopause we use the 150 ppb contour for
O3 proposed in Stevenson et al. (2006). It is assumed that there is no change in the to-
tal mass of the troposphere due to the changes in tropospheric O3 being relatively small
around 100-200 hPa (see Sect. 5). Overall the impact of BVOC C1-C3 compounds is
approximately one third that of the combined impact from isoprene and monoterpenes,
meaning that the effects are significant at the global scale. Table 3 shows that there
is a decrease in BCO of ~2TgCO for NOBVOC and ~10TgCO for NOISOPTERP,
i.e. BVOC C1-C3 compounds exert ~25 % of the influence of that of isoprene and the
monoterpenes. There is also a corresponding decrease in (BO3) of ~8 Tg O5 for NOB-
VOC and ~29 Tg O4 for NOISOTERRP. In spite of this reduction in BO5 (and thus OH),
(7CO) also decreases in both simulations, showing that the reduction in (pseudo-)CO
emissions dominates the reduction in OH with respect to BCO. For (7¢y,) there are
significant decreases of ~8 % for NOBVOC and ~19 % for NOISOPTERP due to the
significant reduction in BCO allowing more OH to be scavenged by CH,. This shows
that improving the accuracy and interannual variability in BVOC emission estimates
is an important step towards understanding the recent variability in the growth rate of
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atmospheric CH,, where long-term changes due to changes in land use will introduce
a signature across decades.

5 The variability in the distribution of the principal BVOC species

For the purpose of evaluating the performance of the modified CB05 chemical mech-
anism in TM5, and to quantify the variability introduced into the large-scale chemical
simulations by using different emission estimates from biogenic processes, we make
comparisons of the co-located model output against a number of different observa-
tional datasets that have been introduced in Sect 2.3. Rather than comparing the in-
dividual agreement from each of the simulations we use the model ensemble mean,
with the variability across all simulations being represented by using the 1-0 spread in
the ensemble mean. Due to a lack of global measurements for organic species such
as CH;OH and the alkanes we principally focus on the distributions of tropospheric
O3 and CO, although we also exploit the EMEP measurement network which provides
regular observations for some species such as C,H, and C,Hg.

5.1 Tropospheric O3

Figure 4 shows comparisons of tropospheric Oz in Europe against measurements
taken as part of the EMEP measurement network. The sampling occurs throughout
the day every hour thus capturing the diurnal cycle in O5 mixing ratios. For the analysis
presented here these are then aggregated into monthly mean values using observa-
tions made every 3 h so as to be compliant with the output frequency applied in TM5.
The altitude of each sampling station is accounted for when calculating the monthly
mean values in TM5 and the position of each station used to weight model values with
those contained in neighbouring grid-cells so as to provide some variability of values
throughout each particular grid cell. The selection of stations is such that those situ-
ated at high altitudes (> 1 km) are excluded for calculating the observational monthly
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means. For brevity and to increase the area of the sampling domain we use monthly
mean values assembled using measurements taken at a number of different stations
in any one country shown. Comparisons are shown for a number of different European
countries (these being Denmark, Poland, The Netherlands, Slovakia, Italy and Spain)
which cover the latitude range of ~35-55° N and longitudinal range of ~2—-20°E. The
choice of countries was limited by the availability of measurements in the EMEP net-
work. For the observations both the monthly means and 1-o variability are shown,
whereas for TM5 we show the 1-o variability of the ensemble mean which provides us
with a diagnostic to assess the associated uncertainty.

Figure 4 shows that TM5 captures the seasonal cycle across all chosen countries,
where the agreement for individual months is generally quite good during DJF but tends
to result in an over-estimation between July and September. Although not included in
this study, when performing a similar simulation as ORCH but using the modified CBM4
mechanism (Houweling et al., 1998) reveals that the application of the modified CB05
mechanism only increases this over-estimation in near-surface O by a few percent (not
shown) and is thus not a major cause of the model bias shown in Fig. 4. Moreover, the
over-estimation is also not due to the biogenic soil NO, component, which has been
found to have a rather limited effect on European surface O5; (Simpson, 1995). The
most likely cause is the cumulative effects of a lack of a diurnal or weekly variation in
the NO, emissions from the road transport sector (Huijnen et al., 2010), missing depo-
sition surface terms during summer (Ordnez et al., 2010) representation of nocturnal
boundary layer dynamics or weak convective mixing out of the boundary layer. It is
assumed that the anthropogenic NO, emission estimates in the RETRO inventory are
realistic, where a recent intercomparison of various global anthropogenic inventories
has shown the RETRO inventory to provide the lowest estimates of those inventories
commonly adopted (Granier et al., 2011). Those countries for which the overestimation
is most extreme are in Netherlands and Italy, equating to ~10 ppb in the monthly mean
O3 mixing ratios. Both countries exhibit high background NO, emissions from anthro-
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pogenic sources (e.g. Castellanos and Boersma, 2012) which generally result in too
efficient photo-chemical O3 production in TM5.

Examining the magnitude of the variability in the seasonal cycle displayed in the
spread of the 1-o deviation from the ensemble model mean shows that for the north-
eastern and north-western countries (Denmark, Poland, Slovakia and the Netherlands)
the maximum uncertainty introduced by BVOC emissions occurs during the boreal
summer and autumn, where biogenic fluxes are highest. This uncertainty equates to
~10-20 % of the resident mixing ratios in surface O; and shows that biogenic BVOC
emission estimates are important for assessing air-quality, especially in Northern Eu-
rope. Thus BVOC emissions even introduce a significant uncertainty for a densely pop-
ulated region which is typically thought to be dominated by anthropogenic VOC and
NO, emissions.

Figure 5 shows comparisons to seasonal composites of tropospheric O5 profiles
taken as part of the MOZAIC measurement campaign for seasons DJF and JJA. The
location of each of the airports is given in Sect. 2.3 and shown in Fig. 1. The mea-
surements are binned on the same vertical grid as that used in the TM5 simulations,
where the number of independent measurements that are used for each vertical bin is
shown in the grey shaded section at the side of each panel. The seasonal composites
are assembled from flights which take-off throughout the day providing some represen-
tativity of the diurnal cycle which occurs. In general the gradient in the profiles of the
seasonal composites is captured well during season DJF, especially at Paris. At Dakar
in DJF the vertical gradient is rather shallow, where there is good agreement between
the ensemble mean and measurements in the boundary layer but a low correlation
around 550 hPa due to transport effects which are not captured in the ensemble model
mean. For Seoul there is generally an under prediction in the integrated tropospheric
O3 column for this season, possibly related to the REAS emission inventory which has
recently been updated resulting in an increase in the anthropogenic NO, emissions
from East Asia (K. Miyazaki, personnel communication, 2012).
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For the JJA season the mixing ratios of Oy in the boundary layer are consistently
higher in the TM5 ensemble in agreement with the conclusions of the EMEP compar-
isons shown above. Thus a similar bias during summertime occurs across a diverse
range of locations regardless of the regional NO, regime (c.f. Paris versus Dakar). Dif-
ferences in LT O3 due to high local aircraft NO, emissions emitted around the airport
are not captured well in TM5 due to the dilution of point sources when using a hori-
zontal resolution of 3° x 2° and the lack of daily variation in the frequency of air traffic.
Accounting for sub-grid variability in NO mixing ratios would moderate O5 in the bound-
ary layer by increasing titration during the night (Pison and Menut, 2004). One other
possibility is that the mixing in the boundary layer during nighttime is also not captured
well due to difficulties in capturing a shallow stable boundary layer in a global model
with rather coarse resolution. It should also be noted that, e.g. CO and VOC emis-
sions from aircraft are also not accounted for in the simulations, although these are
not thought to be dominant emission terms. In that there is a high model bias in the
boundary layer results in the vertical gradient of the TM5 composites changing with re-
spect to altitude. Once above 700 hPa the agreement in the vertical gradient between
the observations and the model ensemble agrees remarkably well.

Figure 5 also shows the associated uncertainty introduced as diagnosed using the
1-0 variability in the ensemble mean. It can be seen that for season DJF there is
a rather homogenous uncertainty introduced of between 1-2ppb O3 throughout the
troposphere. Thus the relative uncertainty decreases with respect to height as a result
of increasing resident mixing ratios. For season JJA, when BVOC emissions are high,
it can be seen that the degree of uncertainty introduced into the simulations is rather
specific to the location of the airport. For Paris and Dakar there is a only a marginal
increase in the uncertainty introduced into the boundary layer compared to season
DJF, whereas for both Washington and Seoul an uncertainty of 4-8 ppb is introduced
equating to between ~10-20% of the resident mixing ratios. This is in part due to
variability in the regional importance of the BVOC component (not shown) and their
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non-linear reactivity with other emission sources. This provides further evidence that
BVOC emissions can be important for simulating the distribution in LT Os.

5.2 Alkanes and alkenes

Figure 6 shows comparisons of the 1-o deviation in the ensemble mean for the C2
and C3 alkanes and alkenes included in the modified CB05 mechanism against regu-
lar observations made at 4 different EMEP measurement sites: namely Ut6 (Finland),
Zingst (Germany), Donon (France) and Campisabolos (Spain). These stations cover
most of the latitudinal and climatological range of Europe. The model is sampled on-
line by interpolating at each station location at 12h noon every day using the same
interpolation technique as that described for tropospheric O5 in Sect. 5.1. Moreover,
sites are chosen such that the seasonal variation in both Northern and Southern Eu-
rope can be investigated. For more details related to the frequency of measurements
and the specifics regarding the location of the stations the reader is referred to Sect.
2.3. Model data is not shown for months where there are no measurements available.
For all of the organics shown in Fig. 6 no in-situ chemical production from the oxidation
of larger organics occurs. Therefore the only atmospheric source is by direct emission
from the surface. In terms of loss, the insoluble nature of most species means that wet
deposition is also negligible resulting in chemical oxidation being the only loss term, al-
though dilution via mixing occurs. Hence differences between the monthly mean mixing
ratios from the model and the observations are due to the either the chemical steady
state and/or transport.

In Fig. 6 it can be clearly seen that there is a large difference in the ability that TM5
has towards capturing the observed seasonality in the resident molar mixing ratios
between the various organic species shown. The variability in the observations can
be significant during any particular month. Maximal concentrations and high variabil-
ity occur during the winter months when biogenic emissions are low (e.g. at Donon).
Therefore, most of the organic species exhibit a strong anti-correlation with the sea-
sonality that is displayed in the biogenic emission inventories shown in Fig. 2, which is
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possibly related to the differences in their seasonal lifetimes considering the differences
in the photo-chemical activity.

The atmospheric lifetime of C,H, from the ensemble simulations is 1.9 £ 0.2 days,
which is close to the range of 2—3 days given in the literature (Rudolph and Ehhalt,
1981; Jenkin and Clemitshaw, 2000). Although the anthropogenic emission source of
C,H, defined in the RETRO inventory decreases by ~20 % during the summer months
in Europe (see Fig. 2b), these comparisons suggest there should be higher emission
estimates or a more pronounced seasonal cycle in order for the model to be able to
capture the relatively high mixing ratios during DJF. One possible cause of this under
estimation is the additional NMHC emissions due to domestic heating during the win-
ter at high northern latitudes, which is underestimated in the RETRO inventory. Given
its short atmospheric lifetime, any increases in C,H, must ideally occur at a regional
scale. One exception is at Campisabalos in Spain, where there is no real seasonal cy-
cle which is evident. This measurement site is located at an elevated altitude (1.3 km)
on a plateau, meaning that it can be influenced by transport of polluted air from the
FT. However, the large discrepancy between the ensemble mean and the observa-
tional monthly means, and along with constraints imposed by the relatively short at-
mospheric lifetime, suggests a significant local emission source which is missing from
the inventories employed (as for the C3 analogue, see discussion below). The rural
location of the site means that the variability in the seasonal anthropogenic emissions
is likely to be rather low. Moreover, the low BB activity in the region does imply that the
missing source term is not associated with wildfires. Differentiating as to whether the
underestimate originates from the biogenic or anthropogenic emission component is
not possible without performing associated trajectory calculations and additional sen-
sitivity studies, which is beyond the focus of this study. Another potential cause of the
under-predictions at both Utd and Zingst could also be missing shipping emissions. It
should be noted that other studies concerned with capturing the correct global distribu-
tion of C,H, in large scale atmospheric models have also found difficulties with regional
representativity (e.g. Pozzer et al., 2007).
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For C,Hg both the seasonal cycle and resident mixing ratios are captured rather well
by TM5. This suggests that any seasonal differences concerning transport of more
polluted air towards the measurement sites from urban centres located nearby is rep-
resented quite well using the ECMWF ERA-Interim meteorology. For instance, at both
Zingst and Donon the increase in mixing ratios during wintertime is reproduced pro-
viding confidence in the anthropogenic emission estimates of this species. Again, the
exception is at Campisabalos in Spain, where significant under-predictions occur dur-
ing the wintertime. Considering that the atmospheric lifetime of C,Hg is estimated to
be between 1-3 months, thus comparable to that of CO, (Gupta et al., 1998; Jenkin
and Clemitshaw, 2000) means that missing sources could occur large distances away
from the measurement site. The atmospheric lifetime from the ensemble simulations is
75.6 £ 3.9 days, thus within the range published in the literature.

For the comparisons of the C3 organics shown in Fig. 6 there is a similar variabil-
ity in the observations taken at the various measurement sites compared to their C2
analogues. In general the tropospheric mixing ratios of C3Hg are quite low in TM5
throughout the European domain (between 20—100 ppt except at Donon during DJF).
Comparing the magnitude and timing of the seasonal cycles shows that for sites where
rather low monthly mixing ratios are observed the agreement is quite good, whereas for
others the model significantly under predicts the resident mixing ratios (e.g. Campisa-
balos). No improvement occurs during summer indicating that the biogenic component
is too low in all emission inventories considering that the atmospheric lifetime of C3Hg
in the ensemble simulations is ~0.5 days, which is conversant with literature estimates
(Jenkin and Clemitshaw, 2000). For C5zHg the tropospheric mixing ratios are between
0-300 ppt in TM5, which generally results in significant under predictions when com-
pared to the observations. Again the exception is at Donon where resident mixing ratios
in TM5 are of the order of 500 ppt during winter time. The best agreement occurs during
summertime suggesting that the biogenic flux of C3Hg is of the right order of magnitude
across BVOC inventories in Europe. The global atmospheric lifetime of C3Hg in the en-
semble simulations is 17.2 £ 2.5 days compared to ~25 days as given in the literature
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(Gupta et al., 1998), therefore relatively short. Following the same reasoning as for the
C2 analogues, these comparisons suggest that the anthropogenic emission of C3Hg in
the RETRO inventory is potentially too low during wintertime.

In terms of the uncertainty which is introduced by adopting the various emission es-
timates (shown as the 1-o deviation from the ensemble model mean), the influence is
rather variable. For instance, the inability of the entire ensemble to capture accurate
mixing ratios of C,H, means that the estimated uncertainty is much too small. Thus
in spite of the relatively large differences in the biogenic emission estimates shown
in Fig. 2a (~100 % during summertime for Europe) the uncertainty in the concentra-
tions remains rather low. For C,Hg the uncertainty in model mixing ratios is around
~10 % during the winter, increasing to ~20 % during JJA. For C3Hg the uncertainty
in the model resident mixing ratios is quite variable across measurement sites, with
a large uncertainty (> 100 %) being introduced for JJA at Utd. For the other sites this
decreases to around ~50 % although resident mixing ratios are within the ppt range.
Finally, for C3Hg the uncertainty introduced is around ~20-30 % during the summer
months, except at Zingst. In summary, the uncertainty introduced by varying emission
methodologies into the regional distribution of these organic trace species ranges from
~10-100 % depending on the location.

5.3 Isoprene

Although our focus is primarily on C1-C3 BVOC species here we briefly focus on
the uncertainty introduced for resident isoprene mixing ratios due to the differences
in emission inventories for Europe. Figure 7 shows the corresponding plots for iso-
prene at a selected number of different EMEP measurement sites which represent
a range of different scenarios. It should be noted that the measurements are taken
during the day where the emission of isoprene exhibits a diurnal maximum (although
this is also included in TM5). At northern latitudes and towards Eastern Europe the
resident mixing ratios are of the order of 10-20 ppt, which is significantly lower than
those simulated in TM5. In contrast, resident mixing ratios are an order of magnitude
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higher at the French measurement site, where the agreement with the model ensem-
ble is quite good throughout the year. The most striking feature of the comparisons is
the large uncertainty in the resident mixing ratio of isoprene introduced by adopting
the different emission inventories (~0.5-2.5 ppb at all sites). In turn this introduces dif-
ferences in both HCHO and CO, the main oxidation products from isoprene (see next
section). Although the model performance could potentially be improved using a finer
horizontal resolution for the simulations, the largest discrepancies between the monthly
mean mixing ratios shown in Fig. 7 exist for locations which are readily accessible (i.e.
around the Baltic Sea near Finland) where constraints on isoprene emissions could
be improved by using measurement data available in the literature (e.g. Jansen and
De Serves, 1998; Lindfors and Laurila, 2000). Recently comparisons of European iso-
prene mixing ratios calculated online in a CTM with MEGAN against similar EMEP data
for 2006 has also shown that there is a wide variability in agreement between different
EMEP sites even when including yearly specific meteorological variability during the
derivation of emission fluxes (Zare et al., 2012).

5.4 Tropospheric CO

Figure 8 shows the seasonal cycle in tropospheric CO as observed at 12 measurement
sites in the GMD network, with the location of each measurement site being given in
the figure caption. It can be seen that there is a strong seasonal cycle at both the NH
and SH measurement stations, which is somewhat anti-correlated. Also shown are the
1-o variations from the ensemble model mean and the monthly mean values from the
NOBVOC and NOISOPTERP simulations. In general, the seasonal cycle is captured
rather well by the ensemble model mean, although under-predictions occur in the NH
during the early part of the year (the so-called NH bias which occurs in many different
large-scale global atmospheric chemistry models, Shindell et al., 2006). The variability
in the observed monthly mean is rather site dependent, but can be significantly larger
than the corresponding variability in the ensemble model mean (e.g. MHD and LEF
during spring). Comparing the monthly means shows that the emission of BVOC trace
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gases (excluding isoprene and the monoterpenes) contributes between ~10-30 % to
tropospheric CO at the surface at global scale, whereas the cumulative contribution
made by isoprene and the monoterpenes for many of the sites situated away from
local isoprene emission sources is typically between ~20-40% (e.g. ICE and BAL
throughout the entire year). Therefore, the effect of C1—-C3 BVOC species towards
global CO mixing ratios in the remote environment is approximately the same order of
magnitude. This holds for the majority of sites shown, although there are exceptions
when measurement sites are either near or downwind of strong emission sources of
isoprene (e.g. EIC and CGO throughout the entire year). In terms of the uncertainty
introduced towards the global distribution of CO, biogenic emissions introduce around
at least a 10—15 % effect across all sites, becoming higher at some sites in the tropics
and SH (e.g. EIC and CRZ). This shows that improving on the uncertainty in BVOC
emission estimates is important for understanding and closing the global tropospheric
CO budget. In turn, this has an effect on the oxidative capacity of the troposphere as
we will discuss in Sect. 7.

To investigate the uncertainty introduced in the FT we show additional comparisons
at selected high altitude measurement sites from the GMD network (above 2km) in
Fig. 9. For this purpose we show the corresponding monthly mean values in a similar
format as those shown in Fig. 8. Again the model ensemble mean captures the ob-
served seasonal cycle quite well throughout the year, except at ASK where an under
prediction occurs during boreal spring. One potential source of this underestimation
for ASK is that a small dry deposition velocity for CO is calculated in TM5 for this arid
region using the approach of Ganzeveld and Lelieveld (1995), whereas measurements
suggest no such loss process should occur in arid regions (Yonemura et al., 2000). For
high altitude measurement sites which are surrounded by strong isoprene emission
sources such as 1ZO based on Tenerife in the Canary Islands, the effect of C1-C3 or-
ganics on resident CO mixing ratios is less than that of isoprene/monoterpenes. In that
the ensemble mean does not exhibit the same variability as the measurements for cer-
tain months is likely related to regional “pulses” in local biogenic emissions related to

28793

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 2876528836, 2012

Biogenic emissions
and tropospheric
composition

J. E. Williams et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/28765/2012/acpd-12-28765-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/28765/2012/acpd-12-28765-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

variability in the local meteorology which is not captured using multi-year climatologies.
However, the associated uncertainty in the model ensemble mean is approximately the
same order of magnitude as that shown for the surface sites in the lower troposphere
due to the atmospheric lifetime of CO being of the order of 1-2 months (see Sect. 7).
This is quite different to that shown in Fig. 5 for tropospheric O3, where the maximum
associated uncertainty is typically situated in the lower-most troposphere.

5.5 Uncertainty in the upper troposphere

Finally we assess the importance of differences between the BVOC emission esti-
mates on the composition of the UTLS by making comparisons against in-flight mea-
surements made on passenger aircraft as part of the CARIBIC program. Figure 10
shows comparisons of the ensemble mean values (red line) for both CO and O5 against
those observed for May, June, October and December. Also shown is the correspond-
ing comparison for the NOBVOC simulation (blue dashed line). The 1-o deviation from
the ensemble mean is indicated by the horizontally dashed area throughout. Measure-
ments made during both the forward and the return flights are aggregated together
and binned at a 2° resolution with respect to either latitude or longitude. Given that
the chemical time-step of TM5 is 15 min this results in a fairer comparison against the
measurements, since variability at 1 min resolution cannot be captured by TM5. The
flights are either to Southern Africa (May, December) or the Maldives (June, October),
with the flight paths being shown in Fig. 1.

From Fig. 10 it can be seen that the spatial gradients in both species are captured
relatively well by TM5, except over Africa near the ITCZ where convective uplift is
overestimated between 0—10° N. The atmospheric lifetime of CO means it acts as valid
proxy for assessing convective uplift from the boundary layer, which seems to be too
strong for this month over Africa. Air-masses uplifted from the boundary layer typically
exhibit lower O mixing ratios than those observed at ~250 hpa, resulting in a different
signature for both species over convective regions. Comparing the NOBVOC simulation
shows that C1-C3 BVOC emissions contribute to UTLS CO and Oz by ~10% and
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~2 %, respectively. In terms of uncertainty the biggest impact is for CO in line with the
findings for the high GMD measurement sites, where there is a ~20 % influence of the
BVOC emission inventory used in TM5. For O3 the influence is more muted, where
the flights which pass over the Indian Ocean (June, October) shows little uncertainty,
although the observations are taken during one outward and one return flight meaning
that the variability in the meteorology is likely to be small. This is in spite of the long
range transport of air westwards during JJA by the monsoon circulation, meaning that
differences in UT O3 from the various biogenic estimates provided for India do not show
up in the ensemble mean. The influence of biogenic CH, emissions have recently been
identified in later CARIBIC flights close to those to the Maldives presented here (Baker
et al., 2012).

6 Uncertainty in the seasonal distribution of CO and O3

The uncertainty introduced into the global distribution of trace gas species in TM5 as
a result of adopting different BVOC climatologies is quantified by analyzing the variabil-
ity in the global distribution of the ensemble model mean. For this purpose we use the
diagnostic which represents the absolute differences (in ppb) between the two extreme
members of the model ensemble (namely ORCH and EMAC as defined by their total
annual BVOC emission fluxes given in Table 2), hereafter referred to as the maximum
Absolute Uncertainty (AU). We also define a Relative Uncertainty (RU), which is equal
to the AU divided by the ensemble mean and provided as a ratio. The higher the value
of the RU, the greater is the uncertainty introduced due to uncertainties in the BVOC
emission estimates. A similar approach has been used in previous studies which inves-
tigated the uncertainty in the composition of the tropical troposphere introduced due to
various anthropogenic emission estimates for future decades around equatorial Africa
(Williams and van Velthoven, 2011).

Figure 11 shows the seasonal distribution of AU and RU values for O5 (top panels)
and CO (bottom panels) when integrated from ~750hPa to the surface for seasons
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DJF and JJA. It can be seen that the AU values equate to +£0-10 ppb for O; and be-
tween 5-60 ppb for CO. Decreases of 0—2 ppb occur in the SH for O3 during DJF. The
largest increases in AU values occur in the NH for O; and near the BVOC source re-
gions for CO, e.g. over the Amazon, Central Africa and South-East Asia. Above these
regions there is an anti-correlation between the changes in the resident mixing ratios of
both trace species most probably related to the significant differences in the isoprene
emission fluxes between the ORCH and EMAC inventories. This results in increases
in CO and simultaneous decreases in Oj. A significant anti-correlation also occurs in
the AU values during both seasons around Indonesia and Australia, indicating a large
variability in the BVOC emission estimates between inventories. Examining the corre-
sponding RU values at global scale shows that this introduces an uncertainty of upto
~15% in LT O3 and between ~20-50 % in LT CO across wide regions. Therefore, the
selection of BVOC emission inventory constitutes a dominant source of uncertainty in
global model simulations concerned with capturing the chemical composition of the
troposphere throughout both hemispheres.

Figure 12 shows the corresponding global zonal mean distribution in both the AU and
RU values for both O3 and CO for seasons DJF and JJA. There are stark differences in
the seasonal distribution of the AU values between trace species. For O the maximum
AU values (~5—10ppb) occur in the UT, whereas for CO (~30—40 ppb) they either at
high northern latitudes near the surface (DJF) or throughout the entire troposphere in
the NH above 40° N (JJA). There is a seasonal signature in that the maximum AU val-
ues for Og flips from the SH UT to the NH UT, with a larger AU (~2-5ppb) extending
down to the surface during DJF. For CO the AU is larger during season JJA in both
hemispheres, with a clear anti-correlation between the AU values for O3 and CO above
40° N, when differences in NH biogenic CO emissions are greatest (c.f. Figure 2). When
analyzing the distribution in the RU values the range for O (between —0.02 and 0.1) is
less extreme than that for CO (0.1-0.45). The zonal means show that a larger uncer-
tainty is introduced into the UT for CO than for O (in line with the conclusions of the
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CARIBIC comparison shown in Sect. 5.5). Considering the tropospheric distribution of
O3, the highest relative uncertainty is introduced in the NH LT during DJF.

In Table 4 we present the annual budget terms related to the in-situ production of
CO to investigate why such a large impact is introduced in the global distribution of
CO throughout the model ensemble. Comparing the tropospheric burden of CO shows
that it varies by ~80 Tg between the different simulations, which equates to ~11 % of
the ensemble mean burden (see next Section). A major factor is the variability in the
biogenic CO emission estimates between inventories (see Table 2) which equates to
~100Tg COyr‘1 across inventories. For the in-situ component the largest perturbation
in the chemical production of CO is due to the variability in HCHO oxidation, which ac-
counts for more than 70 % of the integrated in-situ production. Analysing the chemical
budget terms for HCHO production by the modified CB05 chemical mechanism (not
shown) reveals that, in turn, HCHO mixing ratios are mainly affected by the oxidation of
isoprene (~7.9 %), ISPD (~9.1 %), CH3OH (~4.2 %), CH3OO0H (~20.3 %) and oxida-
tion of peroxy radicals by NO (~46.7 %). From Table 4 it can be seen that the variability
in this production term for the members of the ensemble is larger than that the variabil-
ity in the direct emissions, equating to more than 150Tg COyr'1 across simulations.
For tropospheric CO, the other important terms include oxidation of lumped aldehydes
(ALD2) and MGLY. The variability introduced directly from isoprene and monoterpene
oxidation is rather low compared to these other terms as determined by the stoichiome-
try of the modified CB05 mechanism. One important difference between the two major
terms which affect the global distribution of the RU is that those due to the emission
term are limited to the NH whereas the variability in the in-situ production term occurs
throughout the troposphere in both hemispheres.

7 Uncertainty in global oxidative capacity and atmospheric lifetimes

Finally in this section we examine the influence of BVOC emission estimates on global
oxidative capacity and atmospheric lifetimes. In general the atmospheric lifetime of any
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trace gas species is determined by the global burden divided by the cumulative loss by
both dry and wet deposition and photo-chemical oxidation. In Sect. 6 we have shown
that a large uncertainty in the distribution of tropospheric CO exists due to uncertain-
ties in BVOC emission estimates. Given that the oxidation of CO by OH accounts for
~35 % of the total annual loss of OH in the troposphere means that any uncertainty
in global mixing ratios of CO will influence the lifetime of other long-lived gases such
as CH,, especially considering a major fraction of the oxidation occurs in the tropics,
which also exhibits high biogenic emissions. Therefore, examining the variability in 7¢y,
provides a useful diagnostic for assessing the perturbations in oxidative capacity in the
ensemble model mean and the consequences for the associated uncertainty related to
such diagnostics.

Table 5 presents the ensemble model mean values of BCO, BO; and BCH, and
their associated lifetimes. For each of the values we provide an assessment of the un-
certainty introduced by dividing the 1-o deviation of the mean by the ensemble mean.
In agreement with Figs. 11 and 12 we find that the uncertainty in BCO is an order of
magnitude larger than for the BO5. Therefore, although there can be appreciable re-
gional differences in AU as shown in Fig. 11, the uncertainty in the BO; is rather muted
when considering other potential sources of uncertainty such the influence of seasonal
variability in dry deposition fluxes and uncertainties in global NO, emissions. For CH,
the uncertainty in the total atmospheric burden is small, although the total atmospheric
burden is much larger than for the other trace species which results in a smaller relative
impact. Examining the uncertainty introduced into the associated atmospheric lifetimes
shows that there is a ~6 % uncertainty in 7CO (equating to ~3 days) and, more impor-
tantly when considering its warming potential, a ~3.3 % uncertainty on 7¢y, (equating
to ~108 days). This is larger than the uncertainty on ¢y, introduced by the variability in
emissions across various BB emission inventories, which are have been shown to be
less than 1% (Williams et al., 2012b). However, it should be noted that if the biogenic
emission of CO and soil NO, are correlated due to their sources being dependent on,
e.g. precipitation intensity then the significant uncertainty calculated in this study could
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become more muted if there would be corresponding changes in biogenic NO, (and
thus Og). This finding also shows that inter-annual variability in biogenic fluxes could
be a contributing factor to the observed variability in the CH, growth rate (e.g. Dlugo-
kencky et al., 2011), especially when utilising global models for the interpretation of
potential causes.

8 Conclusions

In this study we have quantified the uncertainty introduced into large-scale chemical
simulations of the troposphere by the variability which exists between different emission
estimates for Biogenic Volatile Organic Compounds (BVOC) as provided in a suite of
climatologies using the 3-D global chemistry-transport model TM5. For this purpose we
have implemented the recently developed modified CB05 chemical mechanism, which
includes an explicit description of the oxidation of C1 to C3 organic trace species. By
examining the different BVOC emission estimates for a number of pre-defined regions
we have shown that biogenic sources are the dominant terms for organic trace species
such as ethene and acetone when integrating annually and seasonally. By performing
sensitivity studies we have shown that the influence of biogenic C1 to C3 emissions
has an appreciable effect on the global resident mixing ratios of tropospheric O5 and
CO of ~2.5% and ~10.8 %, respectively. This equates to approximately a third of the
influence due to isoprene and the monoterpenes.

By analysing an ensemble of 3-D global chemistry-transport model simulations for
the year 2000, each adopting a different estimate for biogenic emissions, we have
shown that the impact on the global distribution of CO is significantly more important
than that for tropospheric O3 as a result of both variability in the global emission es-
timates and perturbations in the in-situ photochemical production of CO from other
organic trace precursors, most notably formaldehyde. Comparing the model output
against a variety of different observational datasets at global scale and examining a set
of diagnostics developed to represent uncertainty, we have shown that the largest un-
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certainty for tropospheric O occurs in the lower troposphere (between -2 to 10 %),
whereas that for tropospheric CO it extends up to the upper troposphere (typically be-
tween 10 to 45 %). We also show that the modified CB0O5 mechanism captures both
the seasonal cycles and latitudinal variability of both trace species quite well, providing
confidence in our simulations. Although the scarcity of measurement sites places limits
on the extent of model validation which can be performed for the year 2000, we have
shown that comparisons made for the C2 and C3 alkanes and alkenes indicate that the
cumulative emission estimates for the alkenes appear to be too low in the European
domain, where there is an uncertainty of between ~10-20 % in the resident mixing
ratios due to the BVOC emission inventories. For isoprene there is a significant over-
prediction for the high northern latitudes, whereas for the rest of Europe the agreement
is more favourable although there is a significant uncertainty of ~100 % in the resident
mixing ratios between biogenic inventories.

Finally, in terms of global burdens and oxidative capacity, the uncertainty in the global
burden of CO of ~11 % introduced by biogenic BVOC emission estimates results in an
associated uncertainty in the tropospheric lifetime of CO of ~6 % and the atmospheric
lifetime of CH, of ~3.3 %, which is considerable. For tropospheric O3 the uncertainty in
global burden and lifetime is rather small under conditions of fixed NO, emissions. The
uncertainty in the atmospheric lifetime of CH, is larger than that found across different
biomass burning emission estimates and could contribute to the observed variability in
the global grow rates of CH, over the last decades.
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Table 1. An overview of the biogenic inventories used in the different CTM simulations for &,
investigating the effects of BVOCs. S
.
QO
Model Emission Years Biogenic 3
simulation inventory inventory h ! !
ORCH RETRO 1983—-1995 Lathiere et al. (2006) .
MEGAN MACCcity 2000 Guenther et al. (2006) g ! !
POET POET 1990-2020 Granier et al. (2004) Q ! !
EMAC QUANTIFY 2000-2003 Hoor et al. (2009) %
NOBVOC MACCcity 2000 Guenther et al. (2006) o
NOISOPTERP MACCcity 2000 Guenther et al. (2006) Y ! !
: [
(7]
2
o
5
- IEEEEETEE
QO
©
@
.
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Table 2. Emission totals for BVOC fluxes for the various model simulations. All emission fluxes

are given as TgCyr™'’

except for CO, which is given as TgCOyr~

! along with the relative

variability with respect to the ensemble mean emissions. The corresponding anthropogenic
and biomass burning emissions fluxes are also given.

BVOC trace ORCH MEGAN EMAC POET Relatve RETRO- GFEDv3
species 1-0 REAS

variation

(%)

co 179.5 96.1 1204 1965  32.1 546.2 265.7
CH3OH 106.1 56.7 619  88.0 29.6 5.6 3.3
HCOOH 15 15" 15 15" N/A 1.3 0.8
CH,0 25.3 4.0 40%  40% 1142 1.1 3.8
C,H, 9.8 15.4 107 5.6 38.7 5.6 3.3
C,Hg 0.8 0.9 0.4 1.6 54.0 4.4 15
C,HsOH 106° 57° 62° 88° 29.3 0.3 0.2
CH3CHO 14.7 6.1 612 61°% 52.1 1.1 0.8
CH,COOH 7.2 7.2 14 72" 50.4 1.9 3.4
CsHg 1.3 6.5 3.0 1.8 74.4 27 1.8
CsHg 1.1 1.1 0.3 1.8 57.0 2.3 0.9
CH,COCH, 426 17.7 256 155 485 35 None
TERPENES 127.4 853 8532 1298 234 None 0.2
ISOPRENE 498.4  461.7 3409 4412 155 None 0.3

' Taken from Lathiere et al. (2006).
2 taken from Lamarque et al. (2010).
% Estimated as 10 % of CH3OH emission.
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Table 3. The changes in the global tropospheric burdens and atmospheric lifetimes of O,
CO and CH, for the year 2000 due to the emission of C1-C3 BVOC species and iso-
prene/monoterpenes. The burdens are given in Tg species. The lifetime of tropospheric O is
equal to ~24 days across all simulations. For CH, we assume a fixed soil sink of 30 Tg yr‘1 .The
percentage differences for the various diagnostics are given when compared with the MEGAN
simulation, which applies all BVOC emissions. The troposphere is defined using the method
defined in Stevenson et al. (2006). All burdens are given in Tg species.

Diagnostic MEGAN NOBVOC NOISOPTERP
BCO 331.0 295.0 (-10.9%) 217.3 (-34.4%)
BO, 312.7 304.9 (-2.5%) 283.7 (-6.9 %)
BCH, 4861.65 4860.12 (-0.1%) 4849.64 (-0.3%)
CO tropospheric lifetime (days) 51 49 (-4.4%) 41 (-19.5%)

CH, atmospheric lifetime (years) 8.99 8.67 (-7.5%) 7.62 (-18.8%)
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Table 4. The annually integrated chemical budget terms for the in-situ production of tropo-
spheric CO during 2000 for the four individual members of the model ensemble. The height of
the troposphere is defined using the method defined in Stevenson et al. (2006). All burdens are

givenin Tg coyr™.

Diagnostic ORCH MEGAN EMAC POET
BCO 376.7 331.0 291.0 367.1
HCHO + hv 1116.4 1042.0 946.4 1083.0
OH + HCHO 248.3 251.8 255.4 2417
ALD2 + hv 75.0 58.3 44.0 70.4
MGLY + hv 57.1 53.6 41.4 58.4
ISOP + O4 2.6 2.1 1.5 2.6
ISPD 64.9 60.4 44.5 65.6
Terpenes 9.0 6.3 6.7 9.0
OH+CO 2356.5 2210.6 2101.7 2323.0
Dry deposition 191.8 162.8 155.5 184.1
CO tropospheric lifetime (days)  54.1 51.0 47.2 53.6
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Table 5. Uncertainty in the global tropospheric burdens and atmospheric lifetimes of O5, CO
and CH, for the year 2000 as calculated using the model ensemble. The burdens are given in
Tg species. The uncertainty is calculated using the 1-o deviation in the ensemble mean divided
by the ensemble mean, where it is given as a percentage. For CH, we assume a fixed soil sink
of 30Tg yr‘1. The troposphere is defined using the method defined in Stevenson et al. (2006).
All burdens are given in Tg species.

Diagnostic Ensemble mean Uncertainty (%)
CO burden 341.5 11.4

O, burden 313.1 1.0

CH, burden 4861.0 0.03

CO tropospheric lifetime (days) 51.5 6.1

O; tropospheric lifetime (days) 24.03 0.2

CH, atmospheric lifetime (years) 8.94 3.3
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Table A1. A comprehensive description of the modified CB05 chemical mechanism. The re-
action products O, and H,O are not shown. The sources of the reaction stoichiometry and
chemical reaction data is thus: [1] Yarwood et al. (2005), [2] Sander et al. (2011), [3] IUPAC
datasheet (http://www.iupac-kinetic.ch.cam.ac.uk), [4] Archibald et al. (2010), [5] Zaveri and
Peters, (1999), [6] Atkinson et al. (2006), [7] Products modified in this study, [8] Houweling
et al. (1998), [9] Horowitz et al. (2003), [10] Atkinson et al. (2004).

Reactants Products Rate expression Reference
NO + O, NO, 3.0 x 107" x exp(—1500/T) M1
NO +HO, NO, + OH 3.5x 1072 x exp(250/T) 1]
NO + CH;0, HCHO + HO,+ NO, 2.8 x 1072 x exp(300/T) 1]
NO, +OH (+ M) HNO, Ko =1.8x 1073 x (300/7)>° [1112]
Kyp=28x10""
OH + HNO, NO, Ko=2.41x 107" x (460/T) [11,12]
K, =6.51x 107" x (1335/T)
K3=2.29x 107" x (2199/T)
NO, + O, NO, 1.2 x 107" x exp(-2540/T) M1
NO +NO, NO, + NO, 1.5x 107" x exp(170/T) 1]
NO, + NO, N,Oj Ko =2.0 x 107 x (300/7)** [1112]
K =1.4x107"2 x (300/T)%7
N,Os NO, + NO; 2.7 x 107 x exp(11 000/T) [11,12]
NO, + HO, HNO, Ky =2.0x 107" x (300/7)>* [1112]
K., =2.9x 1072 x (300/T)""!
HNO, (+M) NO, + HO, 2.1 x 107 x exp(10900/T) [11,12]
OH +HNO, NO, 1.3x 107'2 x exp(380/T) 11121
NO, + HO, HNO, 40x107"2 [11,[3]
o('D) (+M) 3.3x 107" x exp(55/T)*[0,] + [11,12]
2.5x 107" x exp(110/T)*[N,]
0('D) + H,0 OH + OH 1.6 x 107'° x exp(60/T) [11.12]
0, +HO, OH 1.0 x 107" x exp(-490/T) 1]
CO+OH HO, Ky =5.9x 107 x (300/7)"* [11,12]
Ko =1.1x10""% x (300/T)" "3
Ko=1.5x107"% x (300/7) ¢
K, =2.1x107% x (300/7)%"
0, +OH HO, 1.7 x 107'2 x exp(-940/T) 11121
OH +H,0, HO, 1.8x107"2 [1112]
OH + HCHO CO +HO, 5.5x 1072 x exp(125/T) [1112]
OH +CH, CH;0, 2.45 x 1072 x exp(-1775/T) 1]
OH +CHZO0H 0.7 CH,0, + 0.3 HCHO + 0.3 OH 3.8 x 1072 x exp(200/T) M1
OH + CH,OH HCHO + HO, 2.85 x 1072 x exp(-345/T) [11,13]
OH+HCOOH  HO, 40x107"® 1]
OH + ROOH 0.77 XO, +0.04 ALD2 +0.19 CH,COCHO +0.23 OH + RXPAR 20x107" [11,[4]
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Table A1. Continued.

Reactants Products Rate expression Reference
CH;30, + HO, CH3O0H 4.1 x 107" x exp(750/T) 1]
CHZ0, +CHz0,  0.66 HCHO +0.32 HO, + 0.34 CH,OH 9.5 x 107" x exp(390/T) 1]
NO; + CH,0, NO, + HO, + HCHO 1.2x107"2 5]
OH + HO, 4.8x107"" x exp(250/T) 1]
HO, + HO, H,0, 3.5x 107" x exp(430/T) 1]
1.77 x 107 x exp(1000/T)
1.4 x 1072" x exp(2200/T)
OH +H, HO, 2.8 x 1072 x exp(-1800/T) [
NO; + HCHO HNOj, + CO + HO, 5.8x107' 1]
ALD2 + OH C,0; Average of: [11,[6]
4.4 x107"2 x exp(365/T)
5.1 x 107"2 x exp(405/T)
ALD2 + NO4 HNO; + C,05 + Average of: [11,[6]
1.4 x107"2 x exp(-1860/T)
6.5x107"°
NO +C,04 NO, + CH;0, 8.1 x 1072 x exp(270/T) 1]
NO, + C,054 PAN Ky =2.7 x 10728 x (300/7)""! [11,6]
K., =1.2x10""" x (300/T)°°
PAN NO, +C,0;4 Ko=49x107 x(-121007)  [1],[6]
K., =5.4x10'° x (-13830/T)
NO; + C,04 NO, + CH;0, 40x107"2 5]
C,0; +C,04 CH;0, + CH,0, 2.9 x 107" x exp(500/T) 1]
C,0, +HO, 0.4 CHZCOOH +0.4 O, 4.3 x107"® x exp(1040/T) [11,15]
OH + PAR HCHO + X0, + HO, +0.11 ALD2 + 0.11 RXPAR + 0.13XO,N 8.1x107" [11,08]
ROR 1.1 ALD2 + 0.96 XO, + 0.04 XO,N +0.02 ROR + 2.1 RXPAR + 0.94 HO, 1.0 x 10" x exp(~8000/T) [11,[8]
ROR HO, 1600.0 11
OH +C,H, (+M)  HO, + HCHO +0.22 ALD2 + XO, Ky =1.0 x 10728 x (300/7)*® M1
K., =8.8x 1072 x (300/7)>%
0, +CyH, HCHO +0.22 HO, +0.12 OH + 0.24 CO + 0.52 HCOOH 1.2 x 107" x exp(-2630/T) 11
OH +OLE 0.8 HCHO +0.95 ALD2 + 0.8 XO, + 1.57 HO, + 0.7 RXPAR + 0.62 CO 5.2 x 107" x (-610/T) [11I7]
0, +OLE 0.5 ALD2 + 0.76 HO, + 0.1 OH + 0.95 CO + 0.74 HCHO + 0.22 XO, + RXPAR 8.5x 107'° x (1520/T) [11.I7]
NO, + OLE 0.91 HO, + NO,, + HCHO + 0.91 ALD2 + 0.09 XO,N + RXPAR + 0.56 HO, + 0.56 CO 4.6 x 107" x (400/T) [41,[7]
OH + C,Hg 0.991 ALD2 +0.991 XO, +0.009 XO,N + HO, 6.9 x 1072 x exp(~1000/T) [11,6]
OH+C,HsOH  ALD2 +HO, + 0.1 XOp+ 0.1 HCHO 3.0 x 1072 x exp(20/T) [11.08]
OH +CHZCOOH  CHZ0, 4.2 x 107" x exp(-855/T) [1112]
OH + C3H,g X0, 7.6 x 1072 x exp(~585/T) [51,[7]
OH +C3Hg X0, Ko =8.0x 107" x (300/7)>® 51,71
K,=3.0x10""
0y +C3Hg 0.54 HCHO +0.19 HO, + 0.33 OH + 0.56 CO + 0.5 ALD2 + 0.31 CH;0, + 0.25 HCOOH 5.5 x 107" x exp(~1880/T) [51,09]
NO, + C3Hg ORGNTR 4.6 x 107" x exp(-1155/T) [9]
OH+ORGNTR  HNOj; +0.51 XO, + 0.3ALD2 + 0.9 HO, + 0.74 C,0; +0.74 CH,0, + 1.98 RXPAR 5.9 x 107"® x exp(-360/T) 1]
OH+TERPENE  1.22 HO, + 1.25 XO, + 0.25 XO,N + 1.22 HCHO + 5.0 PAR + 0.47 ALD2 + 0.47 CO 1.2x 107" x exp(440/T) [11,06]
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Table A1. Continued.

Reactants Products Rate expression Reference
O, +TERPENE  0.57 OH +0.28 HO, + 0.76 XO, +0.18 XO,N + 1.8 HCHO +0.211 CO+6.0 PAR+ 6.3 x 107" x exp(~580/T) [11,[6]
0.21 ALD2 +0.39 C,0, + 0.39 CH,0,
NO; + TERPENE  0.47 NO, +0.75 HO, + 1.03 XO, + 0.25 XO,N +0.47 ALD2 + 0.53 ORGNTR + 1.2 x 107'2 x exp(490/T) [13,06]
0.47 CO +6.0 PAR
OH +ISOPRENE  0.912 ISPD + 0.5 HO, + 0.629 HCHO + 0.991 XO, +0.088 XO,N 2.7 x 107" x exp(390./T) [11,[41,[6]
O, +ISOPRENE  0.65 ISPD + 0.6 HCHO + 0.2 XO, + 0.066 HO, + 0.266 OH + 0.2 C,0, + 1.04x 107" x exp(-1995.7)  [11,[5]
0.15 ALD2 + 0.35 PAR + 0.066 CO
NO; +ISOPRENE 0.2 ISPD + XO, + 0.8 HO, + 0.8 ORGNTR + 0.8 ALD2 + 2.4 PAR + 0.2 NO, 3.15 x 1072 x exp(-450./T) [11,15]
OH +ISPD 0.167 HCHO +0.503 HO, + 0.168 CH;COCHO + 0.334 CO + 0.273 ALD2 + Average of: [11,05]
0.498 C,0, +0.713 XO, + 1.565 PAR 8.0 x 1072 x exp(380/T)
2.6 x 1072 x exp(610/T)
0, +ISPD 0.15 HCHO +0.114 C,0j + 0.85 CH;COCHO + 0.154 HO, + 0.268 OH + Average of: [11,15]
0.064 XO, +0.225 CO +0.02 ALD2 +0.36 PAR 8.5 x 107"® x exp(—1520/T)
1.4 x 107" x exp(-2100/T)
NO; +ISPD 0.85 ORGNTR + 0.357 ALD2 + 0.282 HCHO + 0.643 CO + 0.075 C,0, + Average of: [11,[5]
0.15 HNO; +0.075 XO, + 0.925 HO, + 1.282 PAR 6.0x107®
35x107"®
OH + CH;COCH;  ACO, Average of: [5],[6]
8.8 x 107"2 x exp(-1320/T)
1.7 x 107" x exp(423/T)
ACO, + HO, ROOH 1.0x107" 6]
ACO, + CH;0, 0.5 CHz0H + 0.5 HO, + 0.7 ALD2 + 0.2 C,0; + 0.5 CH;COCHO 3.8x1072 [61,[7]
ACO, + X0, ROOH 6.8x107" [6]
ACO, +NO NO, + C,05 + HCHO + HO, 8.0x107"2 [61,[7]
HO, + X0, ROOH 7.5x 107" x exp(700/T) 1]
NO + XO, NO, 2.6 x 1072 x exp(365/T) [
NO; + X0, NO, 25x107"2 [5]
NO + XO,N ORGNTR 2.6 x 1072 x exp(365/T) 1]
HO, + XO,N ROOH 8.0 x 1072 x exp(—2060/T) 1]
X0, + X0, 6.8x107" M1
X0, + XO,N 6.8x107" 11
XO,N + XO,N 6.8x107™ 1]
PAR + RXPAR 8.0x107" 1]
DMS + OH S0, 1.1x 107" x exp(-253/T) [2]
DMS + OH 0.75 SO, + MSA 1.0 x 107 x exp(5820/T) 2]
5.0 x 107 x exp(6280/T)
DMS +NO; S0, 1.9 x 107" x exp(520/T) [10]
OH +S0, S0%- Ky =3.3x107%" x (300/7)** 2]
K, =1.6x107"2 x (300/T)
OH +NH, NH, 1.7 x 1072 x exp(-710/T) 2]
NO +NH, 4.0 x 1072 x exp(450/T) 2]
NO, + NH, 2.1 x 107" x exp(650/T) [2]
HO, + NH, 3.4x107" 2]
0, +NH, 6.0x107%" 2]
Oy +NH, 4.3x 107" x exp(-930/T) 2]
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Table A2. The photolytic reaction rates included in the modified CB05 chemical mechanism.
The reaction products O, and H,O are not shown. The stiochiometery of each photolytic re-
action is taken from Yarwood et al. (2005) except for the photolysis of O,. The source of the
absorption co-efficients and quantum yields are thus: [1] Sander et al. (2011), [2] Matsumi

et al. (2002), [3] Atkinson et al. (2006).

Chemical species  Products Reference
O, NO, [1, 2]
NO, NO + Oy [1]
H,0, OH + OH [1]
HNO, OH + NO, [1]
HNO, HO, + NO, [1]
N,O5 NO, + NO; [1]
CH,O CcO [3]
CH,O CO +HO, +HO, [3]
CH;OO0H HCHO + OH + HO, [1]
PAN C,0;3 +NO, [1]
NO4 NO, + 04 [1]
NO4 NO [1]
ORGNTR ? NO, +0.51X0O, + 0.3ALD2 + 0.9HO, + 0.74 C,05 + 0.74 CH30, + 1.98RXPAR [3]
ALD2° HCHO + XO, + CO + 2 HO, [3]
ROOH ¢ OH +0.5 XO, + 0.3 ALD2 + 0.9 HO, + 0.74 C,05 + 0.74 CH;0, + 1.98RXPAR [1]
CH;COCHO C,05;+HO, +CO [1]
0, 20, 1]
ISPD ¢ 0.333 CO +0.067 ALD2 + 0.9 HCHO + 0.832 PAR + 1.033 HO, + 0.7 XO, + 0.967 C,04 [3]
CH3COCO4 CO +2 CH;0, [3]
CH3;COCO, C,03 + CH30, [3]

2 Absorption cross section for a C4 mono-nitrate are adopted (Roberts and Fayer, 1989).
The absorption cross section for CH3CHO is adopted.
° Set equal to the photolysis frequency of CH3O0H due a lack of laboratory measurements.
The absorption cross sections are set equal to an average of methyl vinyl ketone and methacrolein.
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Table A3. Details concerning the chemical data that is used for the calculation of heteroge-
neous scavenging rates for the additional soluble organic species that are included in the mod-
ified CBO5 chemical mechanism. Here kﬁ is the Henry’s law co-efficient at 298.15°K, Ag,,H is
the enthalpy of solution and R the gas constant. For the inorganic species and other organic
species the reader is referred to Huijnen et al. (2010).

AgonH

Chemical species k) [Matm™'] Z=n"  Reference

CH;OH 220 5200 Snider and Dawson (1985)
CH;CH,OH 190 6600 Snider and Dawson (1985)
HCOOH 8900 6100 Johnson et al. (1996)
CH3;COOH 41000 6300 Johnson et al. (1996)
CH3;COCH,4 35 3800 Zhou and Mopper (1990)
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Locations of measurements and global regions
45 90 135

Fig. 1. Definition of global regions used for analysis of the differences in the global biogenic
emission climatologies. Also shown are the location of the sampling sites for the measurements
used in the study from MOZAIC (A), GMD (O), CARIBIC (metallic blue lines). For clarity the
EMEP stations used are not shown by reside on mainland Europe in Finland, Germany, France
and Spain.
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Fig. 2a. The seasonal cycle for CO emissions from 4 biogenic climatologies (solid lines), an-
thropogenic origin (RETRO, dotted line), and biomass burning from GFEDv3 (dashed line) at
global (top left) and regional (other panels) scales. The colour key is given in the inset of one
of the panels.
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Fig. 2b. As for Fig. 2a except for C,H,.
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Fig. 2c. As for Fig. 2a except for C,Hg.
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Fig. 3. Simulated seasonal mean distributions of O; and CO mixing ratios in the lower tropo-
sphere (surface to 750 hPa) for seasons DJF and JJA (left panels) for the MEGAN simulations.
The right panels show the corresponding relative contribution of C1-C3 BVOC emissions to
the simulated global distributions (right panels). The relative differences shown on the right are
calculated using (MEGAN-NOBVOC)/MEGAN.
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Fig. 4. The seasonal variability in surface O; sampled at EMEP monitoring stations during
2000. Comparisons are made against the ensemble mean from the TM5 simulations against
monthly averages derived for a number of different countries, namely: Denmark, Poland, The
Netherlands, Slovakia, Italy and Spain. The stations used for each country composite are pro-
vided in each separate panel.
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Fig. 6. The seasonal variability in selected C2 and C3 alkanes and alkenes sampled at various
EMEP monitoring stations during 2000. Comparisons are shown for (from top row downwards)
C,H,, C,Hg, C3Hg and C5Hg, respectively, for single stations located at Utd (Finland, 59.5° N,
21.1°E), Zingst (Germany, 54.4° N, 12.7° E), Donon (France, 48.3° N, 7.8° E) and Campisabalos

(Spain, 41.1°N, 3.8°W).
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Fig. 7. The seasonal variability in isoprene across Europe as sampled at various EMEP moni-
toring stations during 2000. Comparisons are shown for single stations located at (from top to
bottom) Ut (Finland, 59.5° N, 21.1° E), Zingst (Germany, 54.4° N, 12.7° E), Brotjacklriegel (Ger-
many, 48.5° N, 13.1° E), Melpitz (Germany, 51.3°N, 12.5° E), Donon (France, 48.3°N, 7.8°E)
and Campisabalos (Spain, 41.1° N, 3.8° W).
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Fig. 8. Comparisons of monthly mean CO mixing ratios observed at various measurement sites
from the GMD ground-based monitoring network (black filled circles and error bars), along with
the 1-o variability in the ensemble mean (shaded grey band) and the corresponding monthly
means from the NOBVOC (blue squares) and NOISOPTERP (red asterisks) simulations. The
stations shown are (top left to bottom right) Barrow, Canada (71.3° N, 156.6° W), Sorhofi, Ice-
land (63.3° N, 20.3° W), Mace Head, Ireland (53.3° N, 9.9° W), Baltic Sea (55.4° N, 17.1° E), Park
Falls, USA (45.9° N, 90.3° W), Azore Islands (38.8°N, 27.4° W), Seychelles (4.7°S, 55.2° E),
Ascension Island (7.9° S, 14.4° W), Easter Island (27.2° S, 109.5° W), Crozet Island (46.5° S,
51.9°E), Cape Grim, Tasmania (40.7° S, 144.7° E) and Tierra Del Fuego, Argentina (54.9° S,
68.5° W).
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Fig. 9. Comparisons of monthly mean CO mixing ratios at various high altitude measure-
ment sites from the GMD measurement network, along with the 1-o variability in the en-
semble mean (shaded grey) and the corresponding monthly means from the NOBVOC (blue)
and NOISOPTERP (red) simulations. The sites shown are Assekrem, Algeria (23.2° N, 5.4° E;
2728 m), Tenerife (28.3°N, 16.5°W; 2360 m), Plateau Assy (43.3°N, 77.9°E; 2519 m) and
Mauna Loa, Hawaii (19.5° N, 155° W; 3397 m).
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Fig. 11. The Absolute Uncertainty (AU) and Relative Uncertainty (RU) introduced by the vari-
ability in biogenic emission estimates for tropospheric O5 (top) and CO (bottom). Values are

shown for seasons DJF and JJA.
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