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Abstract. Biogenic volatile organic compounds (BVOC)

emitted from vegetation are important for the formation of

secondary pollutants such as ozone and secondary organic

aerosols (SOA) in the atmosphere. Therefore, BVOC emis-

sion are an important input for air quality models. To model

these emissions with high spatial resolution, the accuracy of

the underlying vegetation inventory is crucial. We present a

BVOC emission model that accommodates different vege-

tation inventories and uses satellite-based measurements of

greenness instead of pre-defined vegetation periods. This ap-

proach to seasonality implicitly treats effects caused by wa-

ter or nutrient availability, altitude and latitude on a plant

stand. Additionally, we test the influence of proposed sea-

sonal variability in enzyme activity on BVOC emissions.

In its present setup, the emission model calculates hourly

emissions of isoprene, monoterpenes, sesquiterpenes and the

oxygenated volatile organic compounds (OVOC) methanol,

formaldehyde, formic acid, ethanol, acetaldehyde, acetone

and acetic acid. In this study, emissions based on three differ-

ent vegetation inventories are compared with each other and

diurnal and seasonal variations in Europe are investigated for

the year 2006. Two of these vegetation inventories require

information on tree-cover as an input. We compare three dif-

ferent land-cover inventories (USGS GLCC, GLC2000 and

Globcover 2.2) with respect to tree-cover. The often-used

USGS GLCC land-cover inventory leads to a severe reduc-

tion of BVOC emissions due to a potential miss-attribution of

broad-leaved trees and reduced tree-cover compared to the

two other land-cover inventories. To account for uncertain-

ties in the land-cover classification, we introduce land-cover

correction factors for each relevant land-use category to ad-

just the tree-cover. The results are very sensitive to these fac-

tors within the plausible range. For June 2006, total monthly

BVOC emissions decreased up to −27 % with minimal and

increased up to +71 % with maximal factors, while in Jan-

uary 2006, the changes in monthly BVOC emissions were

−54 and +56 % with minimal and maximal factors, respec-

tively. The new seasonality approach leads to a reduction

in the annual emissions compared with non-adjusted data.

The strongest reduction occurs in OVOC (up to −32 %),

the weakest in isoprene (as little as −19 %). If also enzyme

seasonality is taken into account, however, isoprene reacts

with the steepest decrease of annual emissions, which are re-

duced by −44 % to −49 %, annual emissions of monoter-

penes reduce between −30 and −35 %. The sensitivity of

the model to changes in temperature depends on the climatic
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zone but not on the vegetation inventory. The sensitivity is

higher for temperature increases of 3 K (+31 % to +64 %)

than decreases by the same amount (−20 to −35 %). The

climatic zones “Cold except summer” and “arid” are most

sensitive to temperature changes in January for isoprene and

monoterpenes, respectively, while in June, “polar” is most

sensitive to temperature for both isoprene and monoterpenes.

Our model predicts the oxygenated volatile organic com-

pounds to be the most abundant fraction of the annual Euro-

pean emissions (3571–5328 Gg yr−1), followed by monoter-

penes (2964–4124 Gg yr−1), isoprene (1450–2650 Gg yr−1)

and sesquiterpenes (150–257 Gg yr−1). We find regions with

high isoprene emissions (most notably the Iberian Penin-

sula), but overall, oxygenated VOC dominate with 43–

45 % (depending on the vegetation inventory) contribution

to the total annual BVOC emissions in Europe. Isoprene

contributes between 18–21 %, monoterpenes 33–36 % and

sesquiterpenes contribute 1–2 %. We compare the concentra-

tions of biogenic species simulated by an air quality model

with measurements of isoprene and monoterpenes in Ho-

henpeissenberg (Germany) for both summer and winter. The

agreement between observed and modelled concentrations is

better in summer than in winter. This can partly be explained

with the difficulty to model weather conditions in winter

accurately, but also with the increased anthropogenic influ-

ence on the concentrations of BVOC compounds in winter.

Our results suggest that land-cover inventories used to de-

rive tree-cover must be chosen with care. Also, uncertainties

in the classification of land-cover pixels must be taken into

account and remain high. This problem must be addressed

together with the remote sensing community. Our new ap-

proach using a greenness index for addressing seasonality

of vegetation can be implemented easily in existing mod-

els. The importance of OVOC for air quality should be more

deeply addressed by future studies, especially in smog cham-

bers. Also, the fate of BVOC from the dominant region of the

Iberian Peninsula should be studied more in detail.

1 Introduction

Biogenic Volatile Organic Compounds (BVOC) are impor-

tant precursors for tropospheric chemistry. BVOCs are emit-

ted from vegetation and in general these emissions are tem-

perature and light-dependent (e.g. Koppmann, 2007). The

most important BVOCs are thought to be the olefinic iso-

prene, mono- and sesquiterpenes as well as oxygenated VOC

(OVOC).

The atmospheric lifetime of BVOCs vary to a large de-

gree depending on the compound and the oxidant: at an

ozone concentration of ≈28 ppbv, isoprene has a half-life of

1.3days, α-pinene (a monoterpene) a half-life of 4.6h and

β-caryophyllene (a sesquiterpene) of only 2 min. Depend-

ing on the oxidant and its concentration, these half-life times

can even be shorter (Atkinson and Arey, 2003). Supplement

Tab. Supp1 provides half-life data and structures of important

emitted BVOC compounds.

In the atmosphere, BVOCs participate in reactions lead-

ing to a large diversity of secondary products including

formaldehyde, ozone (Chameides et al., 1988; Curci et al.,

2009) and secondary organic aerosols (Kanakidou et al.,

2000; Claeys et al., 2004; Hodzic et al., 2009; Carlton et al.,

2009; Hallquist et al., 2009). Therefore, biogenic emissions

as well as the anthropogenic ones are required for air qual-

ity simulations. However, there are still large uncertainties

in BVOC emission estimates (Guenther et al., 2006; Stein-

brecher et al., 2009; Simpson et al., 2012). Improved knowl-

edge on BVOC emissions from either field (e.g. Bäck et al.,

2012) or modelling experiments (e.g. Karl et al., 2009) is

therefore highly relevant.

Modelling of BVOC is complex because several param-

eters are known to influence these emissions (Peñuelas and

Llusià, 2001). The influence of abiotic factors such as tem-

perature and light is relatively well known (Guenther et al.,

1993, 1995; Guenther, 1997). On the other hand, the influ-

ence of water availability (especially under draught stress)

is more uncertain (Duhl et al., 2008; Ormeño et al., 2007).

Many biotic factors such as enzyme activity (Schnitzler et al.,

1997), the age of a tree (Street et al., 1997; Niinemets, 2002)

or the influence of herbivores (Arneth and Niinemets, 2010;

Lucas-Barbosa et al., 2011; Berg et al., 2012) and the in-

fluence of pollutants such as ozone (Llusià et al., 2002) are

even more complex. There also exist semi-natural as well

as anthropogenic sources of BVOC: when wood of conifers

is burned, monoterpenes are released (Ingemarsson et al.,

1998; Ciccioli et al., 2001; Rouvière et al., 2006), also wood-

logging operations are known to release large amounts of

monoterpenes (Strömvall and Petersson, 1991). Isoprene is

also a by-product of combustion processes (Reimann et al.,

2000) and is also emitted by the metabolism of humans

(Salerno-Kennedy and Cashman, 2005) and other mammals

(Rasmussen and Perrin, 1999).

Bottom-up BVOC models can be separated into two ma-

jor groups: (1) process-based models, where the emissions

are modelled from first principles on the cellular level (Zim-

mer et al., 2003; Keenan et al., 2009); (2) empirical mod-

els such as MEGAN (Model of Emissions of Gases and

Aerosols from Nature) (Guenther et al., 2006, 2012) or seB-

VOC (semi-empirical emission module) (Steinbrecher et al.,

2009) that use empirical formulas to describe emissions on

the tree level. The model discussed in this paper belongs to

the second group.

Studies on the aerosol composition in Switzerland and in

Europe have shown that SOA is a major constituent of the

fine mode (Lanz et al., 2008, 2010; Jimenez et al., 2009).

Also, 14C analysis showed that a major fraction of the SOA is

non-fossil, which suggests that the precursors probably orig-

inate from wood burning and from biogenic emissions (Szi-

dat et al., 2006). Recently, also cooking has been identified
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as a source of SOA (Mohr et al., 2012). One can therefore as-

sume that BVOC are important precursors for SOA at least in

summertime. We do not call such secondary organic aerosol

“natural” since a large fraction of the oxidants needed for the

conversion of the volatile compounds are strongly influenced

by anthropogenic emissions, e.g. NOx (Carlton et al., 2010).

Air quality modelling studies for Switzerland suggest that

the formation of SOA is to a large extent due to biogenic pre-

cursors such as monoterpenes and sesquiterpenes (Andreani-

Aksoyoglu et al., 2008; Aksoyoglu et al., 2011). These

studies used tree specific emission functions of isoprene

and monoterpenes for a few trees (Andreani-Aksoyoglu and

Keller, 1995; Keller et al., 1995) and a simple estimation

of sesquiterpenes. Similar studies (e.g. Stewart et al., 2003;

Steinbrecher et al., 2009) suggested that the results of emis-

sion models are very sensitive to the underlying vegetation

inventories. Studies that investigate approaches to estimate

BVOC emissions from the vegetation at the species level are

therefore highly relevant. According to Arneth et al. (2011),

such studies should cover both the vegetation inventories

and the mechanistic description of emissions from the major

BVOC sources. These studies should be on a scale and reso-

lution that is relevant for atmospheric chemistry and suitable

for Chemistry Transport Models (CTM) used for studies of

the fate of BVOCs. The aim of this study is to improve the

understanding of BVOC emissions in relation to atmospheric

chemistry.

First, we investigate the effect of different vegetation in-

ventories on emission predicted by a tree specific BVOC

emission model. We study the effect of three different Euro-

pean vegetation inventories by Simpson et al. (1999), Köble

and Seufert (2001) and Skjøth et al. (2008a), respectively.

Second, we study the influence of the use the three different

global land-cover inventories based on data of the AVHRR

satellite (USGS GLCC), the SPOT satellite (GLC2000) and

the Envisat satellite (Globcover) on projecting BVOC emis-

sions. We discuss the results in relation to the four main

groups of BVOCs: isoprene, monoterpenes, sesquiterpenes

and oxygenated VOC, respectively. Further, we will com-

pare simulations of concentrations of isoprene and monoter-

penes using the CAMx model to observations of ambient air

concentrations in summer and winter at Hohenpeissenberg in

2006.

The year 2006 was chosen for BVOC modelling as our lab-

oratory performed detailed atmospheric aerosol field studies

in January and June of this year. These BVOC emissions will

be used for a future publication on the effect of BVOC emis-

sions on both continental as well as on regional scale.

2 Methodology

2.1 Biogenic VOC species

The biogenic species included in this study are isoprene

(ISOP), monoterpenes (MT), sesquiterpenes (SQT) and

the most important oxygenated VOC compounds (OVOC):

methanol, formaldehyde, formic acid, ethanol, acetalde-

hyde, acetone and acetic acid. OVOCs are discussed as one

lumped species (OVOC) with a molar mass of 38.83gmol−1

(Tab. Supp2). Chemically, the first three classes are related:

ISOP (2-methyl-1,3-butadiene) is the building block for MT

(2 ISOP skeletons) and SQT (3 ISOP skeletons). Globally,

ISOP dominates the biogenic emissions – about half of the

global BVOC emissions are ISOP (Guenther et al., 2012),

half of which stems from tropical broad-leaved trees (Guen-

ther et al., 2006). As we will show later, this is not the case

for Europe under the assumptions used here.

This paper focuses on constitutive BVOC, that is BVOC

emissions which occur under normal and stress conditions,

but which are limited to specific emitting plants (as defined

by Niinemets (2010b)). We do not treat stress-induced emis-

sions of BVOC, which have been shown to occur from a

broader range of plants, which are, however, difficult to quan-

tify.

The most important species emitted by plants are depicted

in Tab. Supp1. In our model, the individual chemical com-

pounds of each class are lumped. We assume that the emis-

sion characteristics of the compounds within one class do not

differ, although this assumption does not always hold in na-

ture (Staudt et al., 2000; Hakola et al., 2006).

Although BVOC species are emitted mainly by trees, we

included emissions from agriculture and grass as well for

completeness. These vegetation types were derived from

Globcover 2.2 data in the same way for S1 and S2 while

they were already present in S3. The classification of trees is

very important for emission calculations. We classified trees

not only as needle-leaved (conifers) and broad-leaved, but

also distinguished between deciduous and evergreen trees, as

suggested by Steinbrecher et al. (2009). All possible com-

binations of these classes do occur: deciduous broad-leaved

(e.g. Beech), deciduous needle-leaved (e.g. Larch), evergreen

broad-leaved (e.g. Eucalyptus), evergreen needle-leaved (e.g.

Pine) (Tab. Supp3).

2.2 Air quality model system

The biogenic emission model requires meteorological pa-

rameters such as temperature and irradiance to adjust the

emissions to the environmental conditions. The meteorolog-

ical model Weather Research and Forecasting Model (WRF)

version 3.2.1 (Michalakes et al., 2004) was used to simu-

late meteorological parameters for January and June 2006.

The initial and boundary conditions for WRF were derived

from the ECMWF ERA40 reanalysis (Uppala et al., 2005)
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(available every 6 h), snow data was refined using 8-day av-

erage MODIS snow cover MOD10C2 from NASA (avail-

able from http://modis-snow-ice.gsfc.nasa.gov). For WRF,

one domain with a horizontal resolution of 0.25×0.125◦ and

31σ layers (lowest layer depth: 20m, top of the domain at

about 17 000 ma.s.l.) was used. The domain has an extent of

15.0 ◦ W to 35.0 ◦ E of longitude and 35.0 to 70.0 ◦ N of lati-

tude, which results in 200 by 280 cells in each layer. The sur-

face layer physics (Monin-Obukhov) and boundary layer pa-

rameterisation (Mellor-Yamada-Janjic) is based on the work

of Janjic (1994). Data in the layers above 1km above ground

was nudged towards ECMWF data.

We calculated the gas phase BVOC concentrations us-

ing the air quality model CAMx (Comprehensive Air Qual-

ity Model with extensions, version 5.30, ENVIRON, 2010)

for the same time period in order to compare them with

available measurements. The horizontal resolution of the do-

main for CAMx is the same as for WRF, but uses only

14σ layers (lowest layer depth: 20m, top of the domain at

about 7000ma.s.l.). Anthropogenic emissions are based on

the MACC 2006 inventory provided by TNO (Kuenen et al.,

2011) and were kept constant for the different scenarios. All

CAMx simulations were carried out using the CAMxRunner

(Oderbolz et al., 2012), a modular control environment for

CAMx.

2.3 Emission model

The biogenic emission model used so far at the Paul Scherrer

Institute was designed for the most abundant tree species in

Switzerland (Andreani-Aksoyoglu and Keller, 1995; Keller

et al., 1995). It was based on limited data about the emission

rates of those species. The new, array-based approach dis-

cussed here is able to efficiently calculate emission data for

an arbitrary number of vegetation types. The emission model

was written in IDL, version 8.0.1 which supports fast parallel

operations on large arrays. This allowed us to process more

than one-hundred vegetation types together. The model pro-

ceeds by stepping through each model hour and produces one

file per day. This file is then merged with the anthropogenic

emissions and used as input for CAMx to simulate ambient

concentrations (Fig. Supp1).

BVOC emissions largely depend on temperature (T ) and

solar radiation (photon flux) in the wavelength range from

400 to 700 nm, which is called photosynthetically active ra-

diation (PAR) and is measured in µmolm−2 s−1. The emis-

sion model distinguishes between synthesis (depending on

both temperature and light) and pool emissions (depending

only on temperature) as suggested by Smiatek and Stein-

brecher (2006). ISOP emission is treated as pure synthesis

emission whereas MT comprise of both synthesis (MTS) and

pool (MTP) emission. On the other hand OVOC and SQT

emissions are treated as pure pool emissions.

The basic equations for the emission rates are derived from

the widely accepted formulas by Guenther (Guenther et al.,

1995; Guenther, 1997):

EISOP,i = Ai × e0,ISOP,i × Di × γS(PAR,T ) × CISOP,i (1)

EMTS,i = Ai × e0,MTS,i × Di × γS(PAR,T ) × CMTS,i (2)

EMTP,i = Ai × e0,MTP,i × Di × γP(T ) × CMTP,i (3)

ESQT,i = Ai × e0,SQT,i × Di × γP(T ) × CSQT,i (4)

EOVOC,i = Ai × e0,OVOC,i × Di × γP(T ) × COVOC,i (5)

where i is the vegetation type, E is the emission rate of a

chemical compound in µgh−1cell−1, A is the projected area

covered by vegetation type (for trees this is the crown clo-

sure) i in a grid cell in m2, e0 is the basal emission rate

in µgh−1g−1
dw at 30 ◦C and PAR = 1000µmolm−2 s−1, D is

the foliar biomass density (gdw m−2), γP is the environmental

correction factor for pool emissions, γS is the environmental

correction factor for synthesis emissions and C is the season-

ality adjustment factor which depends on the season as well

as on the location. Note that both D and e0 are given in terms

of the dry weight of the foliage (dw).

Values for e0, Di are given in Tab. Supp3 that lists the

values for all vegetation types considered as given in Stein-

brecher et al. (2009).

2.3.1 Basal emission rates e0

The basal emission rates are a crucial input to this kind of

model because we assume that a given plant species produces

a constant known emission of a given BVOC at standard con-

ditions (30◦C leaf temperature and 1000µmolm−2 s−1 pho-

tosynthetically active radiation (PAR)). The authors are well

aware that this is a simplification, because many abiotic (for

example draught) but also biotic factors (for example ge-

netic disposition) are known to have an influence on the basal

emission rates of plants (Niinemets et al., 2010). However, in

detail those effects are not very well studied and it would be

beyond the scope of this paper to determine the effect of all

known and yet unknown factors on the emission behavior of

more than 100 species living in the different climatic zones

of Europe. Recently, for example, Baghi et al. (2012) showed

that flowering considerably contributes to the overall load of

BVOCs. However, it would be an enormous endeavor just

to add flowering and BVOC emission of the main European

tree species – if this is currently possible at all. Herbivory

can also influence BVOC emissions substantially – in a re-

cent study, Berg et al. (2012) showed that infestation of bark

beetles on lodgepole pines in Western North America can in-

crease BVOC emissions by up to a factor of four. Because

also this effect is difficult to model, we decided to limit this

study to stress-free conditions.

The correct derivation of basal emission rates e0, but also

of the environmental correction factors γ is very challeng-

ing. Niinemets et al. (2011) provide an extensive overview

of potential experimental problems but also problems related

to data analysis (averaging or integration). It is, for exam-

ple, of vital importance that plants with specialized storage
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tissue are not mechanically stressed, otherwise, the BVOC

emissions can raise by two or more orders of magnitude. The

authors list ten recommendations to ensure a future standard

in BVOC measurements. In the selection of emission factors

or basal emission rates used for compiling the emission in-

ventory we focus on studies where plants were not impacted

by stress.

Due to increasing experimental challenges associated with

high reactivity and stickiness, the quantitative determination

of basal emission rates of SQT is challenging and error-prone

(Niinemets et al., 2011). Thus, only for a few plant species

some information on SQT emission exists. Based on the

knowledge available, with the current constraints in the anal-

ysis of SQT in air samples, we assume that all plant species

considered in our inventory emit SQT. Further, we assume

that this compound group is emitted temperature controlled

only as also shown by, for example Fares et al. (2011),

despite some information exist that sunlight, beside stress,

might be another controlling factor (Hansen et al., 2003). The

situation for OVOC is similar to that of SQT. In a recent

study on BVOC emission from Mediterranean vegetation,

Bracho-Nunez et al. (2011) highlighted the uncertainty asso-

ciated with the emission of OVOC including the difficulties

to model this emission type. However, the authors demon-

strated that oxygenated VOC are a key compound class in

the total BVOC emission of the plants studied, with methanol

as major compound. In the presented inventory we follow a

rather pragmatic approach when modeling oxygenated VOC

emission from vegetation, similar to that of SQT assuming a

temperature only emission. In a study on orange, Fares et al.

(2011) show that methanol emission from branches is very

well parameterized by a temperature-only algorithm.

2.3.2 Environmental correction factors γ

The environmental correction factors γ are empirical func-

tions to correct the basal emission rates to a given leaf tem-

perature T and photosynthetically active radiation PAR. The

form of these functions depends on the compound in ques-

tion. We consider two kinds of emissions: pool (γP) and syn-

thesis (γS). Pool emissions are related to the evaporation of

stored BVOC in pools with a large capacity, a process that is

decoupled from photosynthesis. In contrast to this, synthesis

emissions are considered as a direct by-product of photosyn-

thesis. Compounds may also be a mixture of both emission

types as it is the case for MT.

Since ISOP is modelled as co-synthesised with carbohy-

drates (pure synthesis), the temperature response is similar

to the response of photosynthesis. The functions used are

shown in Tab. Supp4 as defined by Guenther (1997). Figs. 1

and 2 show the dependence of the γP and γS on T at constant

PAR and on PAR at constant T , respectively.

In the case of pool emissions, the temperature response of

the model shows no limitation at high temperatures. To prop-

erly model the real response, the pool size and the rate of

Fig. 1. Dependence of the environmental correction factors γP and

γS on temperature at PAR = 1000 µmolm−2 s−1.

the replenishment of the pools must in principle be known.

However, the pool size can generally be assumed to be infi-

nite, because theoretically, the pool capacity is high enough

to sustain a constant emission of 1µgh−1 g−1
dw over 1500h

at 30 ◦C based on a MT content of about 900µgg−1 needle

fresh weight of Picea abies (Schönwitz et al., 1987) assum-

ing a needle water content of 50 % (Schmidt, 1953).

2.3.3 Seasonality adjustment factor C

Long-term seasonal fluctuation of the vegetation due to the

development of leaves and needles must be taken into ac-

count. Here we use a simplified description of this complex

phenomena (Battey, 2000), as a full mechanistic description

of phenology including calibration values for more than 100

vegetation types still remains to be developed (Hickler et al.,

2012).

The seasonality adjustment factor C is used to express the

low-frequency influence of the environmental conditions on

the emissions of vegetation type i. In the formulation used

here, C is a function of season and of the trees’ location. In

our model, we are able to distinguish between two major as-

pects of seasonality: (1) the seasonality of the foliar biomass

(Cb) and (2) the seasonality of the activity of the enzymes

needed for photosynthesis (Cs):

C = Cb × Cs (6)

For the vegetation type “agriculture”, we set Cb to 1.0 in

the months April–August and 0.0 during the rest of the year,

bearing in mind that this is a simplification.

The seasonality of the foliar biomass Cb is estimated using

satellite measurements of the NDVI (Normalised Difference

Vegetation Index) from the MODIS instrument aboard the

Terra satellite (MOD13C1). This index was chosen because it

is directly correlated to the chlorophyll concentration (Huete

et al., 1999) as well as to the conversion efficiency of ab-

sorbed energy of foliage (Nakaji et al., 2007). It was also

used to determine the onset of flowering of birch trees

(Karlsen et al., 2009). NDVI also correlates to above-ground

www.atmos-chem-phys.net/13/1689/2013/ Atmos. Chem. Phys., 13, 1689–1712, 2013
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Fig. 2. Dependence of the environmental correction factors γP and

γS on PAR at T = 30 ◦.

Fig. 3. Temporal evolution of average normalised NDVI in the six

climatic zones.

biomass (Boelman et al., 2003) and leaf area index (LAI)

(Tucker, 1979), therefore, we use it as a proxy for changes

in foliar biomass. Values of NDVI are in the range [−1,1]

where a value of 1 indicates the maximum greenness, e.g.

tropical forests (Huete et al., 1999) while negative values in-

dicate liquid water, ice or snow.

To obtain this foliar biomass correction factor Cb, we

used 25 available 16-day averages of NDVI from 19 Decem-

ber 2005 to 3 January 2007 at a resolution of 0.05◦ from the

US Geological Survey (http://lpdaac.usgs.gov). To obtain a

local relative measure of greenness, we normalised the NDVI

data for each pixel by the maximum annual value of each

pixel and spline-interpolated the result to daily values. Val-

ues below zero were set to zero prior to interpolation.

Since NDVI drops to or below zero (in this case we set it to

zero) when snow is present, our factor suppresses emissions

under snow cover. The same is true for ice and water surfaces.

It has been discussed that especially emissions of MT might

accumulate below a snow cover and be released on a short

timescale at snow melt (Swanson et al., 2005), but this effect

is currently not included in our model.

The average variation of the normalised NDVI with time

is shown in Fig. 3 for the six climatic zones (see Fig. Supp2)

used in this study. These zones represent an updated ver-

sion of the well-known Köppen-Geiger climate classification

(Peel et al., 2007). Of the original 19 climatic zones, we used

an aggregate of six zones for Europe: cold except summer,

cold, temperate with dry summer, temperate without dry sea-

son, arid and polar. The time of the maximum normalised

NDVI varies with the zones, arid being the earliest and polar

the latest.

Some zones, most notable the arid and the temperate zone

show a bimodal pattern of greenness. This behaviour was

also observed by Evrendilek and Gulbeyaz (2008) in Turkey,

a country that consists of a wide range of climatic zones.

We attribute this bi-modal behaviour of the seasonality to the

higher water availability in spring and autumn and the high

fraction of evergreen plants in those zones.

To account for the seasonal variability of photosynthesis

enzyme activity, we introduced the factor Cs for synthesis

emissions to assess the sensitivity of the model to this effect.

Depending on the type of tree, different functions are used;

for deciduous broad-leaved trees, the function is is derived

from data from Schnitzler et al. (1997) and Lehning et al.

(2001): Cs = a×exp(−.5×((doy−d0)/b)2) where doy is the

day of the year and the empirical factors a = 1.0091, d0 =

205.2055, b = 36.5647. The function for evergreen broad-

leaved trees is from Ciccioli et al. (2003) (Fig. Supp3).

For conifers, our model uses an approach put forward by

Staudt et al. (2000), which was also used by Steinbrecher

et al. (2009). The seasonal correction factor is a function of

the month (M) (the form of this function is bell shaped, com-

parable to the function for deciduous broad-leaved trees) and

depends on the latitude of the location (Steinbrecher et al.,

2009).

Note that when the seasonality of the enzyme activity is

taken into account, the inventories are called S1e-S3e, with-

out the e, only Cb is taken into account. This distinction is

made because it cannot be precluded that there is confound-

ing between Cs and Cb, which would imply double counting

of down-regulation.

2.3.4 Canopy model

The lower part of the plant canopy is shaded by the leaves and

branches above causing a decrease of PAR with increasing

distance from the canopy top. As a consequence, leaf temper-

ature also decreases, which finally results in lower emission

rates. In our approach we applied a simple Lambert-Beer-like

model to assess the influence of the canopy on the radiation

levels the leaves or needles are exposed to. The radiation cor-

rection is calculated for each vegetation type separately (ex-

cept for agriculture and grass), by subdividing the canopy

in n layers using downward normalised tree heights (relative

to the total tree height) as z-coordinates (Niinemets, 2010a).

The biomass is scaled by the relative leaf area distribution

(expressed as a probability density function) in each layer

(Fig. Supp4). We used ten layers for our simulations because

using more layers did not alter the results significantly, but

unduly increased the computation time (mostly due to mem-

ory requirements).

Atmos. Chem. Phys., 13, 1689–1712, 2013 www.atmos-chem-phys.net/13/1689/2013/
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We assume that the leaf angle distribution (LAD) is con-

stant and isotropic for a given tree. Diffuse radiation is of

vital importance in cloudy conditions (Ross, 1981), because

it is the only source of radiation under these conditions. We

assume, consistently with Baldocchi et al. (1985), that the

diffuse radiation stems from an isotropic sky.

Measurements carried out in Switzerland by Leuzinger

and Körner (2007) indicate that the leaf temperature of

conifers is close to air temperature (max. 2.7 K above am-

bient), whereas broad-leaved trees exhibit leaf temperatures

of up to 5 K above ambient temperature. In the model, the

leaf temperature is a function of the air temperature, the radi-

ation regime as well as the integrated heat input of the current

day. This procedure is described in-depth in the Supplement

(Sect. Supp1).

The numerical weather prediction model WRF predicts

the light irradiance in Wm−2 which must be converted to

PAR. LOWTRAN7 (Low resolution atmospheric Transmis-

sion, Kniezys et al., 1988) simulations showed that the con-

version factor is rather constant over a large range of solar

elevation angles. In our simulations we used a conversion

factor of 2.1mols−1 W−1.

The canopy model has the strongest influence on ISOP,

which annually is reduced by about 34 %. Annual MT emis-

sions are reduced by 21 %, SQT by 11 % and OVOC are re-

duced by about 4 % in the case of S1. Total annual BVOC

emissions of S1 are reduced by 18 % due to the canopy

model.

2.4 Land cover and vegetation inventories

In this study, we compare three different vegetation invento-

ries. The first two were prepared specifically for this work

and are based on the studies of Skjøth et al. (2008a) (S1) and

Simpson et al. (1999) (S2), respectively. The third inventory

(S3) from Köble and Seufert (2001) was not changed except

for re-projection and spatial re-sampling.

For S1 and S2, we followed the work-flow illustrated in

Fig. Supp5 as they require a land-cover data set in order to

produce the final vegetation inventory.

2.4.1 Land cover data associated with S1 and S2

The basic land-cover data set for S1 and S2 is the re-

gional product for Western Europe of the land-cover inven-

tory Globcover 2.2 (Bontemps et al., 2011) which is based on

data of the years 2005 and 2006. This data set is a categorical

land-cover inventory (each pixel contains only one out of 51

land-cover categories) with a spatial resolution of 1′′ in lon-

gitudinal and latitudinal direction. We aggregated these cells

into a fractional land-cover inventory using this formula:

Ai = A × fi ×

N
∑

c=1

( nc

4050
× fc

)

(7)

where A is the area of the given cell of the model domain

(the target cell), fi is the fraction of vegetation type i in the

target cell and depends on the approach used (for S1, fi is

given in terms of conifers or broad-leaved trees, in S2 it is

given in terms of forest). c is the index of a Globcover 2.2

forest land-cover category, N is the number of Globcover 2.2

forest land-cover categories, nc is the number of Globcover

2.2 cells of class c in the target cell. The constant 4050 is the

number of Globcover 2.2 cells per target cell, reflecting the

much higher resolution of the Globcover 2.2 data set com-

pared to the model resolution.

The land-cover correction factor fc describes what frac-

tion of a pixel of type c is really covered by vegetation

(Tab. Supp5). These factors are average values estimated

using the Globcover 2.2 documentation (Bontemps et al.,

2011) – we assume that the percentages given refer to crown

closure, even though this is not stated explicitly. We also

tested the sensitivity of the model response to the land-

cover correction factors and in addition used two other land-

cover inventories (USGS GLCC and GLC2000) for com-

parison. The USGS GLCC land-cover inventory often used

in conjunction with the WRF weather prediction model.

This land-cover inventory is based on data acquired by the

Advanced Very High Resolution Radiometer (AVHRR) in-

strument from April 1992 until March 1993 (http://edc2.

usgs.gov/glcc/background.php). The 30′′ resolution of USGS

GLCC was used. GCL2000 is a predecessor of Globcover 2.2

(Hartley et al., 2006).

2.4.2 Vegetation inventory S1

This vegetation inventory is based on the study of Skjøth

et al. (2008a). In order to prepare the inventory S1, a map

of the area density of both conifers and broad-leaved trees

is needed. We converted the land-cover categories of Glob-

cover 2.2 using the factors given in Tab. Supp5 as described

above (Eq. 7).

Then the detailed regional maps described in Skjøth et al.

(2008a) were used to estimate the distribution of the veg-

etation types in the model domain: first, the original maps

were reprojected from the EMEP50 Grid (http://www.emep.

int/grid/griddescr.html) to our domain and then multiplied

with the derived areas of conifers and broad-leaved trees.

This yields the percentage of each of the vegetation types

considered in each cell. This vegetation inventory contains 41

vegetation types (39 original ones plus agriculture and grass).

Data is often given at the genus level (see Tab. Supp3). Note

that this does not imply double counting. Assume that in

one region S1 resolved between Quercus robur and Quercus

suber, while in another region which in reality has the same

tree-cover, just the genus Quercus sp. is indicated. This in-

troduces uncertainty about the actual tree species, but it does

not mean that trees are counted twice.

When the text refers to S1, only biomass seasonality is

applied (Cs = 1.0).

www.atmos-chem-phys.net/13/1689/2013/ Atmos. Chem. Phys., 13, 1689–1712, 2013
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Fig. 4. False colour image of tree distribution of the three major inventories. Green channel: density of evergreen species, Red channel:

density of deciduous species. The intensity of the colour is proportional to the fraction of the cell area covered by the given tree type, brown

colours indicate mixed forests.

2.4.3 Vegetation inventory S2

The second vegetation inventory prepared in this work is

based on the approach given by Simpson et al. (1999) that

delivers a national estimate of species distribution of 32 veg-

etation types (Tab. Supp3) in Europe by using statistical in-

put at national scale for 37 countries. However, because at

the time data for the Balkans was sparse, this region is repre-

sented only coarsely (Simpson et al., 1999).

In the case of this inventory, a map of the area density of

forests is needed, therefore the factors fc differ from the ones

for S1 for the mixed forest classes (Tab. Supp5). Although

the approach is similar to the one in S1, in S2 the regions

are the countries and the percentages are given as forest frac-

tions.

When the text refers to S2, only biomass seasonality is

applied (Cs = 1.0).

2.4.4 Vegetation inventory S3

This vegetation inventory was prepared by Köble and

Seufert (2001), based on data of the ICP-forest network

UN-ECE (UN-ECE, 1998). We only modified the projec-

tion from the original Lambert Azimuthal to Equirectangu-

lar projection and resolution from 1 × 1km to 0.25 × 0.125◦

by means of ArcGIS 10 by ESRI (http://www.esri.com/

software/arcgis/arcgis10). This vegetation inventory has the

highest thematic resolution of which we use 119 vegetation

types. Most data of S3 is given at the species level. Only for

some trees, data is available at the genus level.

Inventory S3 only covers parts of the CAMx model do-

main, due to the fact that it was compiled mainly for EU

countries. We therefore use the terms “original countries”

(the countries in which a given vegetation inventory is de-

fined) and “common countries” (the set of countries that

are common to all three vegetation inventories considered

here) while comparing the tree inventories. In the “com-

mon countries” we exclude these countries: Albania, Alge-

ria, Bosnia and Herzegovina, Cyprus, Kosovo, Macedonia,

Malta, Montenegro, Morocco, Russian Federation, Serbia,

Tunisia, Turkey and Ukraine.

When the text refers to S3, only biomass seasonality is

applied (Cs = 1.0).

2.4.5 Comparison of vegetation inventories

The total forest area covered by the three inventories is listed

in Tab. Supp6. For comparison, the corresponding areas from

Skjøth et al. (2008a) and Simpson et al. (1999) are indicated.

The original data set created by Skjøth et al. (2008a) was

based on GLC2000 and used land-cover correction factors

fc of 1.0 (see Eq. 7). The table shows that S1, which is based

on the same regional data but Globcover 2.2 does not agree

Atmos. Chem. Phys., 13, 1689–1712, 2013 www.atmos-chem-phys.net/13/1689/2013/
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Fig. 5. Standard emission potentials SEP at T = 30◦ and PAR = 1000µmolm−2 s−1.

with the original data set for many countries. The same is

true for S2, which can be compared to the data by Simpson

et al. (1999) on which it is based. In Sect. 3.4 we will dis-

cuss the influence of the underlying land-cover inventory to

the emissions. The differences are mostly due to differences

in the underlying land-cover database which are caused by

uncertainties in the land-cover classification.

The tree distribution of the inventories S1 to S3 is shown as

a false-colour image in Fig. 4 where the intensity of the green

channel is proportional to the fraction of evergreen trees in

each pixel (grid cell) and the red channel is proportional to

the fraction of the deciduous trees. Since S3 has the highest

thematic resolution, the areas covered by the individual veg-

etation types are usually smaller than in the other inventories,

where species have been lumped.

In general, tree density is higher in S1 and S2 than in

S3. However, the distribution of the trees is less smooth

in S3, which causes this vegetation inventory to look more

“speckled”. This is reflected in the relative standard devia-

tions (RSD = s
x̄

) of the total tree-cover in each cell of the

inventories. S3 has an RSD of 140 %, while S1 and S2 have

an RSD of 75 % and 72 %, respectively.

2.4.6 Standard emission potential (SEP)

Using the tree densities, we can directly derive the potential

of the vegetation for BVOC emissions in Europe. We define

the standard emission potential (SEP) for compound j as fol-

lows:

SEPj =
∑

Ai × Di × e0,j,i (8)

where i, Ai , Di and e0 are the same parameters as defined in

Sect. 2.3.

The fields thus calculated indicate the emissions

that would result at standard conditions T = 30◦ and

PAR = 1000µmolm−2 s−1, neglecting corrections for season-

ality. Fig. 5 shows the standard emission potentials for each

compound and vegetation inventory in Europe. The standard

www.atmos-chem-phys.net/13/1689/2013/ Atmos. Chem. Phys., 13, 1689–1712, 2013
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(a) (b)

Fig. 6. Variation of annual emissions of 2006 for the original countries with latitude for the inventories (a) and variation of emissions of

individual compounds in the S1 inventory with latitude (b).

emission potential for Northwest Africa and Turkey in S2 re-

fer to agriculture and grass since there are no trees for these

regions in inventory S2.

When the standard emission potential of the tree invento-

ries (Fig. 5) is compared, the general spatial distribution of

the emissions is similar due to the fact that both use the same

definition of forests based on Globcover 2.2. The inventory

S3, however, has a fundamentally different distribution due

to the different approach based on the interpolation of 5513

sample plots in 30 European countries (Köble and Seufert,

2001).

3 Results and discussion

Here we present the main results in relation to the overall

objective of the study. These results are grouped into five

main sections: (a) continental scale BVOC modelling results;

(b) BVOC modelling results in different European climatic

regions and countries; (c) seasonal and daily variation of

BVOC emissions; (d) sensitivity of BVOC emissions to tem-

perature and the three land-cover data sets Globcover 2.2,

GCL2000 and USGS GLCC; (e) comparison of measured

ambient ISOP and MT concentrations with concentrations

modelled using our BVOC emission model and the CAMx

air quality model. As already discussed in section 2.3.1, the

uncertainty of the basal emission rates for SQT and OVOC

are higher than for ISOP and MT, this uncertainty enters the

expression for the total emissions in a linear fashion.

3.1 Continental scale BVOC modelling results

The total annual emissions of each BVOC compound for all

three tree inventories are shown at the bottom of Tab. 1. S1

has the highest emissions for all compounds when emissions

are calculated on the basis of original data (original coun-

tries). When the emissions are calculated only in the com-

mon countries, the emissions by S1 exceed the other inven-

tories for all compounds except MT, where S2 and S3 have

emissions exceeding S1. The range of the annual emissions

for the original countries is 3571–5328 Ggyr−1 for OVOC,

2964–4124 Ggyr−1 for MT, 1462–2650 Ggyr−1 for ISOP

and 150–257 Ggyr−1 for SQT. The latitudinal gradient of the

emissions due to the three inventories differs considerably

(Fig. 6), illustrating the fact that even if the monthly totals

are similar, the spatial distribution differs. S1 has a clear neg-

ative trend with increasing latitude (higher than about 36◦ N),

which is accentuated by the fact that this is the only inven-

tory where Northwest Africa contributes substantially. The

latitudinal gradient for S2 is smoother due to its large re-

gions, with a maximum at 57◦ N. S3, on the other hand shows

high values in the south (in the band between 37◦ N and

44◦ N) and then again increased values at latitudes around

60◦ N. Considering the composition of the emissions of S1,

the gradients differ as well (Fig. 6b). OVOC show a simi-

lar negative trend like the total emissions of S1. OVOC can

be seen as a tracer for forest density and temperature be-

cause most of the vegetation types have a basal emission

rate of 2µgh−1 g−1
dw . Notable exceptions are Fagus sylvatica

(European Beech) with 10µgh−1 g−1
dw and Quercus ilex (Ev-

ergreen Holm oak) with 4.08µgh−1 g−1
dw (Tab. Supp3). MT

show a pronounced peak centred around 38◦ N which can be

attributed mostly to the evergreen oaks and conifers in North

West Africa and the Iberian Peninsula. Then, centred around

55◦ N a broader and weaker peak is visible, this is mostly

due to Fagus sylvatica with a high emission factor for MTS

emission (21.14µgh−1 g−1
dw). ISOP shows a similar trend like

OVOC, only that the highest peak of ISOP is at higher lat-

itudes (around 41◦ N), which is the latitude of the Northern

part of the Iberian Peninsula. SQT are at a much lower level

than the other compounds, with slightly increasing emissions

in latitudes higher than 52◦ N. This is mostly due to the in-

creased density of Betula sp. in the boreal zone, with their

high emission factor of 2µgh−1 g−1
dw , compared to the default

emission factor for SQT of 0.1µgh−1 g−1
dw .

On the tree species level, some trees are especially inter-

esting. For example, the neophyte Eucalyptus sp. covers only

an area of about 12 600 km2 (in S3), which is about 0.24 %

of the landmass covered by S3, but it is predicted to pro-

duce 17 % of the annual ISOP and 2 % of the annual MT for

Atmos. Chem. Phys., 13, 1689–1712, 2013 www.atmos-chem-phys.net/13/1689/2013/
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Fig. 7. Total Emissions in June 2006 for the inventories S1–S3.

inventory S3 due to the large emission factors and favourable

conditions. This illustrates that even minor species may have

a large influence on BVOC emissions and stresses the need

for highly resolved tree inventories. Eucalyptus sp. is a case

where the inventories differ strongly: in S1 and S2 Eucalyp-

tus sp. only produce 3 % of the annual ISOP emissions. Euca-

lyptus sp. is a fast-growing tree that is planted commercially

and harvested within a few years, therefore it is possible that

the plantation pattern changes rapidly (Street et al., 1997).

On the other hand, trees of the genus Quercus sp. clearly

dominate the European ISOP emissions both because they

are common and have high emission factors. Depending on

the inventories, oaks produce 69 % (S1), 51 % (S2) and 64 %

(S3) of the annual biogenic ISOP in Europe.

We have determined the top ten emitting vegetation types

for the three inventories (Tabs. 2 to 5) on an annual basis.

The top ten vegetation types with respect to emissions ex-

plain a high fraction of the total emissions. The fraction of

the annual emissions contributed by the top emitters is 92–

97 %, 82–93 %, 90–95 % and 89–96 % for ISOP, MT, SQT

and OVOCs, respectively (Tables 2–5).

The contribution of the vegetation type “agriculture” is

significant but varies with the vegetation inventory: 3–14 %

of the annual ISOP emissions, 3–12 % of the annual emis-

sions of MT and 7–27 % of the annual OVOC emissions are

due to “agriculture” (the reference emission factor of “agri-

culture” for SQT is zero).

3.2 BVOC modelling results in different European

climatic regions and countries

This section discusses BVOC modelling results in different

climatic zones and these regions in the model domain: North-

west Africa, Central Europe, The Iberian Peninsula, The

Balkan Peninsula, Scandinavia, Italy, British Isles, Baltic

States and the Benelux countries. Emissions for these regions

are compared in Tab. 7 and emissions in June and January

2006 are shown in Figs. 7 and Supp6, respectively.

www.atmos-chem-phys.net/13/1689/2013/ Atmos. Chem. Phys., 13, 1689–1712, 2013
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Table 1. Emission data by country (annual totals in Gg yr−1) and overall totals. Common countries are marked with ∗, these are the countries

that are contained in all vegetation inventories (S1–S3). Some cells are not assigned to a country, these are mostly shore cells.

Country S1 S2 S3

ISOP MT SQT OVOC ISOP MT SQT OVOC ISOP MT SQT OVOC

Albania 16 34 1 54 25 21 1 33 N/A N/A N/A N/A

Algeria 105 125 4 171 13 32 0 80 N/A N/A N/A N/A

Austria∗ 10 32 3 82 16 91 3 87 8 38 4 104

Belarus∗ 49 130 18 160 30 306 7 222 17 138 8 116

Belgium∗ 11 8 1 18 3 20 1 19 10 10 0 21

Bosnia & Herz. 19 46 2 108 37 34 1 51 N/A N/A N/A N/A

Bulgaria∗ 60 87 3 154 55 105 3 104 75 58 2 78

Croatia∗ 40 35 2 81 32 31 1 49 28 19 1 41

Czech Republic∗ 24 42 3 86 11 37 3 94 13 40 3 84

Denmark∗ 8 12 1 24 3 12 0 22 3 6 0 13

Estonia∗ 5 17 5 21 3 42 3 31 2 32 2 39

Finland∗ 8 105 23 104 4 145 9 157 11 230 20 276

France∗ 226 207 7 369 228 123 5 247 277 275 12 411

Germany∗ 79 197 9 299 35 149 8 256 36 159 9 294

Greece∗ 99 74 3 91 78 68 3 88 98 66 3 71

Hungary∗ 51 46 2 89 52 37 1 72 38 19 1 33

Ireland∗ 4 43 1 37 3 30 1 35 3 32 0 36

Italy∗ 201 150 6 254 104 201 5 204 131 127 5 193

Kosovo 3 4 0 9 N/A N/A N/A N/A N/A N/A N/A N/A

Latvia∗ 10 27 8 34 9 66 4 53 5 41 4 54

Lithuania∗ 11 23 4 35 4 33 4 43 4 33 3 38

Luxembourg∗ 1 1 0 2 1 2 0 2 1 1 0 3

Macedonia 12 13 1 25 18 16 1 24 N/A N/A N/A N/A

Moldova∗ 21 23 1 40 15 25 1 40 12 1 0 3

Montenegro 3 4 0 10 N/A N/A N/A N/A N/A N/A N/A N/A

Morocco 6 7 0 11 1 3 0 8 N/A N/A N/A N/A

Netherlands∗ 10 10 1 17 2 13 0 15 9 11 0 20

Norway∗ 8 31 7 52 5 81 5 61 5 69 9 110

Poland∗ 66 162 10 225 30 213 8 222 47 209 9 205

Portugal∗ 115 104 3 81 54 118 2 77 126 147 4 83

Romania∗ 76 119 5 297 85 136 5 198 55 56 3 163

Russian Fed. 135 294 46 255 113 593 17 459 N/A N/A N/A N/A

Serbia 28 37 2 86 N/A N/A N/A N/A N/A N/A N/A N/A

Slovakia∗ 15 16 1 36 12 15 1 38 12 20 1 47

Slovenia∗ 7 11 1 29 11 10 0 14 5 14 1 34

Spain∗ 249 637 12 447 117 326 8 325 305 648 12 358

Sweden∗ 37 120 24 180 9 147 15 223 26 273 26 417

Switzerland∗ 4 10 1 27 2 9 1 23 3 11 1 30

Tunisia 20 56 1 54 4 11 0 28 N/A N/A N/A N/A

Turkey 391 480 13 445 30 72 0 178 N/A N/A N/A N/A

Ukraine 330 300 14 490 186 308 11 481 N/A N/A N/A N/A

United Kingdom∗ 18 132 5 123 17 152 3 122 22 91 2 106

Unassigned 60 112 5 121 70 74 6 134 73 93 4 94

Tot. original count. 2650 4124 257 5328 1528 3906 147 4618 1462 2964 150 3571

Tot. common count. 1521 2611 166 3491 1030 2742 111 3142 1389 2871 146 3477

The annual emissions in Gg by climatic zone are shown

in Tabs. Supp7 and Supp8 for the original and the common

countries, respectively. When comparing the emissions on a

zone-by-zone basis for the countries common to all invento-

ries (Tab. Supp8), the relative differences between the inven-

tories (taking S1 as the reference) is in the range of −59 %

(MT in the “arid” zone of S2) to +97 % (OVOC in the “cold

with cold summer” zone of S3).

Over most of the regions discussed below, the most impor-

tant species are similar between inventories, but their spatial

distribution varies. This cannot be seen in the totals but is

highly important for 3-D air quality modelling. This is cru-

cial in proximity of large cities with strong anthropogenic

emissions. For example, the inventories differ strongly close

to Paris – S1 predicts strong ISOP emissions about 100km

south of Paris, while in S3, emissions of a similar magni-

tude occur already at a distance of about 40km while in S2,

Atmos. Chem. Phys., 13, 1689–1712, 2013 www.atmos-chem-phys.net/13/1689/2013/
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Table 2. Top emitters of isoprene (based on annual data, original

countries), selected so that at least the ten most important emitters

for each inventory is shown. Values in Gg yr−1.

S1 S2 S3

Quercus sp. 1024 (39 %) 546 (36 %) N/A

Quercus robur 466 (18 %) 104 (07 %) 281 (22 %)

Populus sp. 278 (10 %) 73 (05 %) N/A

Agriculture 215 (08 %) 211 (14 %) 38 (03 %)

Quercus pubescens 166 (06 %) 36 (02 %) 174 (14 %)

Quercus petraea 98 (04 %) 53 (03 %) 140 (11 %)

Eucalyptus sp. 86 (03 %) 48 (03 %) 214 (17 %)

Quercus faginea 83 (03 %) 41 (03 %) 52 (04 %)

Other broadleaves 65 (02 %) 91 (06 %) N/A

Grassland 53 (02 %) 52 (03 %) 30 (02 %)

Picea sp. 34 (01 %) 127 (08 %) N/A

Picea abies 34 (01 %) 39 (03 %) 58 (05 %)

Quercus frainetto N/A N/A 87 (07 %)

Quercus pyrenaica N/A N/A 61 (05 %)

Unknown N/A 79 (05 %) N/A

Total 2603 (98 %) 1501 (98 %) 1134 (90 %)

Table 3. Top emitters of monoterpenes (based on annual data, orig-

inal countries), selected so that at least the ten most important emit-

ters for each inventory is shown. Values in Gg yr−1.

S1 S2 S3

Pinus sylvestris 712 (17 %) 725 (19 %) 1145 (40 %)

Agriculture 512 (12 %) 478 (12 %) 96 (03 %)

Pinus sp. 455 (11 %) 722 (18 %) N/A

Fagus sylvatica 305 (07 %) N/A 147 (05 %)

Quercus ilex 269 (07 %) 170 (04 %) 368 (13 %)

Quercus sp. 264 (06 %) 134 (03 %) N/A

Betula sp. 254 (06 %) 39 (<1 %) N/A

Picea sp. 238 (06 %) 833 (21 %) N/A

Pinus nigra 179 (04 %) 8 (< 1 %) 91 (03 %)

Picea abies 159 (04 %) 177 (05 %) 301 (10 %)

Picea sitchensis 151 (04 %) 120 (03 %) 100 (03 %)

Grassland 143 (03 %) 134 (03 %) 100 (03 %)

Pinus pinaster 40 (< 1 %) 53 (01 %) 84 (03 %)

Eucalyptus sp. 27 (< 1 %) 15 (< 1 %) 72 (02 %)

Unknown N/A 108 (03 %) N/A

Total 3707 (90 %) 3714 (95 %) 2502 (86 %)

the distance is similar as in S1 (due to the same underlying

land-cover), but the magnitude of the emission is smaller than

in S1 (due to the “dilution” effect of the larger regions over

which tree species are defined).

Northwest Africa is only covered by S1, where a clear dis-

tinction between Tunisia (mostly evergreen trees – predom-

inantly Quercus suber) and Algeria (mixed forests of Quer-

cus ilex (evergreen broad-leaved trees) and conifers of the

genus Pinus sp.) is seen in the inventory, which is consis-

tent with literature (Merlo and Croitoru, 2005). Since average

June temperatures in Northwest Africa are between 27 ◦C

Table 4. Top emitters of sesquiterpenes (based on annual data, orig-

inal countries), selected so that at least the ten most important emit-

ters for each inventory is shown. Values in Gg yr−1.

S1 S2 S3

Betula sp. 147 (57 %) 25 (17 %) N/A

Betula pubescens N/A N/A 28 (17 %)

Betula pendula N/A N/A 17 (11 %)

Picea abies 20 (08 %) 25 (17 %) 45 (28 %)

Pinus sylvestris 19 (07 %) 22 (15 %) 36 (22 %)

Pinus sp. 9 (04 %) 16 (11 %) N/A

Quercus sp. 9 (03 %) 5 (04 %) N/A

Fagus sylvatica 7 (03 %) N/A 4 (02 %)

Picea sp. 7 (03 %) 26 (18 %) N/A

Other broadleaves 4 (02 %) 5 (04 %) N/A

Pinus nigra 4 (02 %) 0 (< 1 %) 2 (01 %)

Pinus halepensis 4 (01 %) 1 (< 1 %) 2 (01 %)

Other conifers 3 (01 %) 3 (02 %) N/A

Abies alba 2 (< 1 %) N/A 3 (02 %)

Fagus sp. 2 (< 1 %) 4 (03 %) N/A

Pinus pinaster 2 (< 1 %) 3 (02 %) 4 (03 %)

Quercus ilex 2 (< 1 %) 1 (< 1 %) 3 (02 %)

Unknown N/A 3 (02 %) N/A

Total 240 (94 %) 140 (95 %) 144 (90 %)

Table 5. Top emitters of OVOC (based on annual data, original

countries), selected so that at least the ten most important emitters

for each inventory is shown. Values in Gg yr−1.

S1 S2 S3

Agriculture 1295 (24 %) 1239 (27 %) 233 (07 %)

Fagus sylvatica 807 (15 %) N/A 393 (12 %)

Picea abies 552 (10 %) 634 (14 %) 1032 (30 %)

Pinus sylvestris 461 (09 %) 487 (11 %) 723 (21 %)

Grassland 388 (07 %) 372 (08 %) 278 (08 %)

Pinus sp. 221 (04 %) 363 (08 %) N/A

Quercus sp. 217 (04 %) 115 (02 %) N/A

Picea sp. 199 (04 %) 715 (15 %) N/A

Betula sp. 178 (03 %) 28 (< 1 %) N/A

Pinus nigra 93 (02 %) 4 (< 1 %) 46 (01 %)

Other broadleaves 93 (02 %) 122 (03 %) N/A

Fagus sp. 43 (< 1 %) 89 (02 %) N/A

Other conifers 81 (02 %) 77 (02 %) N/A

Quercus ilex 82 (02 %) 56 (01 %) 109 (03 %)

Pinus pinaster 42 (< 1 %) 57 (01 %) 84 (02 %)

Abies alba 59 (01 %) N/A 58 (02 %)

Picea sitchensis 71 (01 %) 58 (01 %) 45 (01 %)

Total 4883 (92 %) 4416 (96 %) 3002 (89 %)

and 30 ◦C (Fig. Supp7), the high standard emission potentials

(Fig. 5) are reflected in high emissions in June 2006 (Fig. 7)

with high emissions of OVOC, MT and ISOP.

The forests in Central Europe are dominated by Quer-

cus sp. and Fagus sylvatica, followed by Pinus sylvestris

and Picea abies. The strongest differences between the
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Table 6. Total emissions in Ggmo−1 for January and June 2006

(common countries).

January June

ISOP MT SQT OVOC ISOP MT SQT OVOC

S1 4 24 2 34 334 495 29 637

S2 2 23 1 27 230 518 19 591

S3 4 25 1 38 294 532 25 594

inventories are in ISOP, where S1 emits 19 % more than S2

(mostly due to the density of Quercus sp.) and in MT, where

S3 emits 8 % more than S1 (mostly due to a higher density

of Pinus sylvestris).

The Iberian Peninsula has total BVOC emissions close

to central Europe in all inventories due to the relatively

high temperatures and the presence of important emitters.

Comparing the areas of these it follows that the average

annual BVOC emissions are about a factor of 1.8 higher

in the Iberian Peninsula (2.8tm−2 a−1) than in Central Eu-

rope (1.6tm−2 a−1), indicating the need for research on de-

tailed BVOC emission assessments on the Iberian Peninsula.

The tree vegetation of this region differs significantly from

other regions in Europe because of common evergreen broad-

leaved species such as Eucalyptus sp. or Quercus ilex. Euca-

lyptus sp. is a strong ISOP and a rather strong emitter of MT,

while Quercus ilex is a weak ISOP but a strong emitter of

MT (see also Tab. Supp3). The emission pattern is compara-

ble in S1 and S3, with generally (except for OVOC) higher

and more concentrated emissions in S3. In S2, the country-

wise approach leads to a smearing of the species – both Spain

and Portugal show a uniform (but distinct) colour in the false

colour image.

In the Balkan Peninsula, many countries are not common

to all inventories, so it is difficult to compare the tree distribu-

tion. In the following discussion, we refer to the countries for

which all inventories provide data (Bulgaria, Croatia, Greece,

Romania, Slovenia). In all inventories, agriculture and grass

are predicted to be important land-cover categories in this

region. The annual emissions are similar for all inventories,

except that S3 predicts 41 % less OVOC, 35 % less MT and

21 % less SQT than S1.

Most of Scandinavia is dominated by a boreal climate and

hence shows the typical vegetation mostly with conifers and

birches (Betula sp.). Most notably, Betula pendula shows

high emissions of SQT with an emission factor that is 20

times higher than the default factor (Hakola et al., 2001;

Steinbrecher et al., 2009). The conifers are important MT

emitters, a feature that is clearly visible in the standard emis-

sion potential of inventory S3 (Fig. 5). In S1, the emissions of

SQT are the most prominent feature of this region, while in

S2, neither MT nor SQT are predicted to be very important.

Italy shows diverse ecologic habitats with alpine and tem-

perate character in the north and mediterranean character in

the south. Such a country is difficult to describe in terms of

S2, where all the forests of a country have the same composi-

tion, especially since the data given in Simpson et al. (1999)

shows 58 % of uncategorised trees. In such a case, the result-

ing emissions critically depend on the parameters given to

this category (refer to the end of Tab. Supp3 for this data).

In all inventories, agriculture is predicted to be an important

land-cover category for Italy (24 % in S1 and S2, 8 % in S3).

Here, the differences between the inventories are largest for

ISOP with S2 predicting 48 % less than S1 and S3 35 % less

than S1.

The diversity of the vegetation of the British Isles is rela-

tively small, which is captured by all inventories. The most

abundant tree species are of the genus Picea sp., most notably

Picea sitchensis and Picea abies. A recent, very detailed

study on the British vegetation (Stewart et al., 2008) showed

that Picea sitchensis is the most abundant tree species in

Great Britain. The largest difference between the inventories

occurs in SQT where S3 produces 63 % less than S1 and S2

34 % less than S1. This is because S1 predicts a higher den-

sity of trees in Scotland than S3. For the British Isles it was

pointed out by Skjøth et al. (2008a) that a number of species

such as Betula sp., Fraxinus sp. and Pseudotsuga sp. were

not present in S3 although they were found in the national

forest inventory. Here, Betula sp. is an important source of

SQT.

The Baltic States, apart from agriculture have a similar for-

est vegetation as the Scandinavian Peninsula: S1 predicts Be-

tula sp., Pinus sylvestris, Alnus sp. and Picea abies to be the

dominating species. The predicted emissions of S1 are lower

than for the other inventories. In the case of MT, S2 predicts

108 % more and S3 57 % more than S1. This is because in S1,

Betula sp. dominates while it is less important in the other

two. This is also the reason why S1 predicts more SQT: S2

predicts 33 % less and S3 51 % less of this compound than

S1.

The Benelux countries (Belgium, the Netherlands, and

Luxembourg) are dominated by agriculture and grassland.

The annual totals show a similar pattern as in the case of the

Baltic States: also here, S2 and S3 predict more MT (+83 %

and +18 %, respectively). Also, S1 produces more SQT than

S2 and S3 here (25 % and 37 %, respectively).

When comparing the total emissions by country (Tab. 8,

full data set in Tab. Supp1) with other publications such as

(Simpson et al., 1999) (base year 1999) or (Karl et al., 2009)

(base year 2005), we see that the differences both between

the results by the other authors as well as between our sce-

narios are largest for Finland and Spain.

It is not surprising that the results of S2 are often close to

the results of Simpson et al. (1999) and S3 to the results of

Karl et al. (2009) because the respective vegetation invento-

ries are related.
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Table 7. Annual total emissions in Gg yr−1 in selected regions of Europe for 2006, ordered by total BVOC emissions projected by S1

(common countries).

S1 S2 S3

ISOP MT SQT OVOC ISOP MT SQT OVOC ISOP MT SQT OVOC

Central Europe1 474 711 35 1211 385 673 29 1039 435 770 40 1207

Iberian Peninsula2 364 741 15 528 171 445 10 402 432 795 16 440

Balkan Peninsula3 281 327 13 651 262 349 12 452 261 213 10 387

Scandinavian Peninsula4 61 268 54 360 21 385 30 463 44 578 55 815

Italian Peninsula 201 150 6 254 104 201 5 204 131 127 5 193

British Isles5 22 175 6 160 20 183 4 157 25 122 2 142

Baltic States6 27 67 17 90 17 140 12 127 11 106 8 131

Benelux countries7 23 19 1 37 6 35 1 36 20 22 1 43

1 Austria, Czech Republic, Germany, France, Hungary, Poland, Slovakia, Switzerland
2 Spain, Portugal
3 Bulgaria, Croatia, Greece, Romania, Slovenia
4 Sweden, Norway, Finland, Denmark
5 United Kingdom and the Republic of Ireland
6 Estonia, Latvia, and Lithuania
7 Belgium, Netherlands, Luxembourg

Table 8. Comparison of total annual BVOC emissions (Gg yr−1) in different countries to literature data. Base years of Simpson et al. (1999),

Karl et al. (2009) and Smiatek and Steinbrecher (2006) are 1999, 2005 and 1994–2003, respectively. Note that the vegetation inventories of

Simpson et al. (1999) and S2 as well as Karl et al. (2009), Smiatek and Steinbrecher (2006) and S3 are related.

Simpson et

al. (1999)

Karl et

al. (2009)

Smiatek and

Steinbrecher (2006)

S1 S2 S3

Finland 355 577 241 315 537

Spain 820 1042 1345 776 1324

Germany 474 349 366 583 448 499

United Kingdom 178 219 278 295 220

3.3 Seasonal and daily variation of BVOC emissions

The yearly cycle of the emissions shows a characteristic sinu-

soidal behaviour (Figs. Supp8 and Supp9) which is governed

mostly by irradiance and temperature. Without any seasonal

correction (Fig. Supp10) the same pattern is present. The

highest emissions occur in July, lowest in January–February

for all three tree inventories. A large proportion of the differ-

ence between the monthly emission totals of three inventories

in Fig. Supp9 can be explained by the difference in number

of countries included in each vegetation inventory. When in-

terpreting Fig. Supp8, however, we must consider that even

if the totals are similar, the spatial distributions of the emis-

sions predicted differ strongly.

When only the seasonality of the biomass is taken into

account, annual OVOC emissions are reduced by −31 to

−32 %, MT by −25 to −30 %, SQT by −20 to −28 % and

is reduced by −19 to −24 %. When in addition seasonality

of enzymatic activity is taken into account, ISOP emissions

are almost completely suppressed in the months January to

March and October to December (Fig. Supp11). Also, the

emissions of MT decrease slightly stronger than with sea-

sonality of the biomass alone: ISOP is reduced by −44 to

− 49% and MT by −30 and −35 %.

If we compare the spatial distribution of the emissions in

June (Fig. 7) and January (Fig. Supp6), it is quite similar

for both months, except that in winter, emissions at latitudes

higher than about 64◦ N drop markedly because of the in-

creasing importance of Betula sp. which is deciduous and

hence produces no emissions in winter. It has to be noted

that the total amount of emitted BVOC is January is about a

factor of 30 less than in June.

In terms of the total emissions for summer and winter (see

Tab. 6), ISOP is most strongly reduced in winter by a factor

of 65–100 due to the fact that most emitters are deciduous

(no leaves in winter) and ISOP emissions are both light and

temperature dependent. The difference between summer and

winter emissions for other compounds is much lower (about

a factor of 15–20) because they are mostly temperature de-

pendent pool emissions from evergreen vegetation. For ISOP,

the dominance of the emissions in the south over the emis-

sions in the north is more pronounced in January than in

June. This can be explained with the much steeper latitu-

dinal gradient of PAR in winter. In June, the average PAR

level in southern Sweden is around 610µmolm−2 s−1 while
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Fig. 8. Sensitivity of emissions to air temperature for S1 inventory

in January and June 2006 (original countries). The sensitivities in

S2 and S3 are very similar with differences in the ±1% range.

in southern Spain it is about 720µmolm−2 s−1 (factor of 1.18

higher). In January, average PAR levels are 50µmolm−2 s−1

and 230µmolm−2 s−1 for southern Sweden and southern

Spain (factor of 4.6 higher), respectively.

For all compounds except ISOP, it is remarkable that Scot-

land as well as Northern Ireland are important emission re-

gions in January in S1 and S2. We attribute this to the pres-

ence of the evergreen Picea sitchensis with its high basal

emission rates. In S2, Austria is more pronounced as a MT

emitting region in winter. For SQT, especially for S1 and S3,

the dominance of the Northern countries is more pronounced

in January than in June because in summer, the southern

countries can compensate lower forest density with higher

temperatures. The OVOC difference between summer and

winter is dependent on the inventory. In S3, the distribution

in summer and winter is similar. In S1, the Iberian Penin-

sula, Scotland, Southern and Eastern France as well as West-

ern Germany are more important (in relative terms) in winter

than in summer. In S2, a similar effect is observed.

In order to compare the diurnal cycle in the six climatic

zones for June 2006, we again apply the concept of the “com-

mon countries” (which are represented in all three invento-

ries) because otherwise, the scales might differ strongly due

to missing data. First of all, the zonal diurnal cycles of tem-

perature and PAR (Fig. Supp12) show that the temporal be-

haviour is dependent on the zone. The maxima of both tem-

perature and PAR have the same order of magnitude for all

zones, except that the zone “Polar” experiences higher levels

of PAR than “Cold with cold summer” while for the tem-

peratures the opposite is true. This can be explained with

the elevated location of the “Polar” regions, which leads to

cooler climate but is often located above the cloud cover. The

peaks of radiation are sharper than for temperature because

of the accumulation of heat during the day. This is also the

reason for the fact that the time of the maximum is later in

temperature than in PAR. The strongest diurnal amplitude of

ISOP (Fig. Supp13) is observed for the “temperate dry sum-

mer” zone. The general shape of the diurnal cycle is similar

in all zones for all inventories. In contrast to all other com-

pounds, ISOP emissions are zero during night hours because

of its strong dependence on PAR. If there is no light avail-

able, there can be no photosynthesis and hence no isoprene

emission (Fig. 2). The same is the case for the synthesis frac-

tion of the MT, but the pool emissions of MT persist in the

dark. The time of the maximum of the ISOP emissions seems

to be almost independent of the zone or the inventory and is

reached at 12:00 UTC. For MT, the diurnal cycles are slightly

broader than the cycles of ISOP (Fig. Supp14). This can be

explained by the lower sensitivity of MT emissions to PAR

and temperatures being high enough for significant emissions

at dusk and dawn. Also, two distinct maxima are visible, the

earlier one corresponding to the peak of PAR and the later

corresponding to the peak of temperature. To some extent,

this behaviour is also visible in the diurnal cycle of ISOP, but

there, the temperature peak is less pronounced. In both S1

and S3, the “arid” and “temperate with dry summer” zones

are clearly higher than the other zones, in S2, “temperate with

dry summer” is the zone with highest emissions of MT. In the

case of SQT (Fig. Supp15), both cold zones produce higher

average emissions than the other zones for all inventories.

This is mostly due to the fact that birches (Betula sp.), which

are strong emitters of SQT are important trees in these cli-

matic zones. Here, the peaks are even broader than for MT.

Maximum emissions for all compounds in S2 are lower than

in the other inventories, except for OVOC which looks simi-

lar in all three inventories (Fig. Supp16).

3.4 Sensitivity of BVOC emissions to temperature and

land-cover

We tested the sensitivity of the emissions to temperature by

running the model for January and June 2006 with air tem-

peratures increased and decreased by 3K (Fig. 8). The re-

sponse was very similar for all inventories, therefore only the

results for S1 are discussed here.

As expected, the increase of emissions when temperatures

are higher is stronger than the decrease when temperature is

lowered by the same amount for both January and June. ISOP

shows the strongest difference of response to temperature in-

crease between summer and winter: while in January, ISOP

emissions increase 60 %, the increase is only 40 % in June.
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(c) Isoprene June 2006
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(d) Monoterpenes June 2006

Fig. 9. Observed (Obs) versus modelled concentrations at Hohenpeissenberg for S1–S3 and the corresponding scenarios with enzyme sea-

sonality S1e–S3e. The boxes indicate the interquartile range, the median is the horizontal line in the box and the crosses indicate the averages.

The whiskers extend to a value that is 1.5 times the interquartile range from the box.

This can be explained by the fact that higher temperatures in

winter allow to compensate for less light, while in summer,

the emissions saturate.

The differences between the species are considerable:

ISOP shows the strongest response because the environmen-

tal correction function γS of the synthesis species is steeper

at temperatures below 30 ◦C (see Fig. 1) than for the other

compounds. MT follow because of the synthesis part which

are controlled by the same environmental correction function

as ISOP. At the lower end of the scale are SQT and OVOC,

which show the same factor because their environmental cor-

rection function γP is less steep in this temperature range.

The temperature sensitivity of BVOC emissions depends

on the climatic zone, which is not the case for SQT and

OVOC (Tab. Supp9). In January, the ISOP emissions in the

zone “Cold except summer” are most sensitive to tempera-

ture (−35 %; +64 %) and the MT emission in zone “arid”

react strongest (−24 % ; +41 %). In June, the most sensitive

zone is “polar” both for ISOP (−32 % ; +45 %) as well as for

MT (−28 %; +39 %).

There is some uncertainty in the derivation of tree-cover

from the land-cover inventory because of the categorical

nature of the land-cover data. Each pixel either represents

a certain class or not. Typical categories include “Closed

(>40 %) broadleaved deciduous forest (>5 m)”, which does

not imply 100 % coverage (a full list of forest categories is

given in Tab. Supp5). We tested the influence of the land-

cover correction factors (see Eq. 7) and chose minimal (in

the case above 40 % broadleaved deciduous), average (70 %)

and maximal values (100%). The average values were used

for the calculation of all emission data presented here, the

other cases are just to determine the sensitivity to this fac-

tor in January and June 2006. For June 2006, total monthly

BVOC emissions decreased up to −27 % with minimal and

increased up to +71 % with maximal factors, while in January

2006, the changes in monthly BVOC emissions were −54 %

and +56 % with minimal and maximal factors, respectively.

The strongest decrease is in ISOP of S2 in June with −60 %,

the strongest increase is in SQT of S2 in June with +96 %.

Tab. Supp10 shows all the relative changes obtained.

We also tested the influence of the underlying land-cover

inventory used when constructing S1 and S2. We applied the

widely used USGS GLCC land-cover inventory (as delivered

with WRF 3.2.1) as well as the GLC2000 data set (which was

originally used to construct the (Skjøth et al., 2008a) data

set). For both cases, the factors fc for S1 (Eq. 7) were simply

set to 1.0 for pure conifer or broad-leaved forests and to 0.5

for mixed forests. For S2, fc was always 1.0. This choice of
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factors leads to an overestimation in the case of GLC2000,

because grid cells which are partly covered by a certain veg-

etation type, appear as fully covered in the emission model.

For both vegetation inventories, we observed substantial

differences when changing the land-cover inventory (see

Figs. Supp17 and Supp18 for S1 and S2, respectively). In

the case of S1, the annual emissions of all compounds are

reduced when USGS GLCC is used instead of Globcover

2.2. The reduction of the annual emissions is strongest for

ISOP (−49 %), followed by SQT (−41 %), MT (−32 %) and

finally OVOC (−12 %). This is an indication that the total

forest area is smaller in USGS GLCC, but also that the lo-

cations of the forests in the USGS GLCC data set is not in

line with the regions defined by Skjøth et al. (2008a). USGS

GLCC clearly contains less broad-leaved trees, which affects

ISOP strongly. Fig. Supp19 shows the tree distribution of

the USGS GLCC and GLC2000 land-cover inventories. If

GLC2000 is used instead to construct S1, all compounds, ex-

cept ISOP increase: OVOC +13 %, MT +6 % and SQT +3 %.

ISOP, however is reduced by 40 %.

Inventory S2 is less prone to differences in forest position

because the regions on which the vegetation types are de-

fined are large. When using USGS GLCC instead of Glob-

cover 2.2, the annual emissions of all compounds are also

reduced: ISOP −41 %, MT −24 %, OVOC −12 % and SQT

−11 %. When using GLC2000 instead all but ISOP increase:

SQT +41 %, OVOC +29 % and MT +27 %. Annual ISOP is

reduced as in the case of S1 but only by −4 %.

This is an indication that the position of the forests does

not agree among the three land-cover inventories USGS

GLCC, GLC2000 and Globcover 2.2 and therefore that the

choice of land-cover that is used will affect the modelling

results.

3.5 Comparison of measured and modelled BVOC

concentrations

In this study we compare our data with measurements at Ho-

henpeissenberg in Germany by DWD, which is part of the

global atmosphere watch programme (GAW) (http://www.

wmo.int/gaw/). This station is on a small hill (about 300m

above the surrounding countryside) at an elevation of about

980ma.s.l.. This leads to a partial decoupling of the station

with ground air, especially at night and in winter. Concen-

trations of BVOC were simulated using CAMx air quality

model. For all three inventories both approaches to seasonal-

ity were considered (in S1–S3 only the biomass seasonality

is included while S1e-S3e additionally includes enzyme sea-

sonality). To perform the comparison, the lowest model layer

(680ma.s.l.) of the cell containing the station of Hohenpeis-

senberg was extracted. The area of this cell is about 260km2.

Even though the difference in altitude is small, Hohenpeis-

senberg is probably not representative for this large area – we

expect the concentrations to be lower at Hohenpeissenberg,

especially when the station is above an inversion layer unless

there is an influence of transport from high areas with high

emissions.

In an inter-comparison of VOC measurements of GAW

(Rappenglück et al., 2006), the deviation of the ISOP mea-

surements at Hohenpeissenberg from the reference value was

found to be 1.4 % and −1.2 % for two analytical instruments

used. The accuracy of the measurement of MT was not in-

vestigated in that study, so we cannot assess the data qual-

ity for these compounds. There were two GC-MS/FID mea-

surements per day (01:00 and 13:00 CET) with a sampling

time of 20min (Plass-Dülmer et al., 2002; Plass-Dülmer and

Berresheim, 2006), resulting in 62 measurement points in

January and 60 in June 2006. We use the measurements

of ISOP and the sum of the measurements of α/β-pinene,

camphene, sabinene, myrcene, α-phellandrene, carene and

cymene (see Tab. Supp1 for structure and life-time informa-

tion). In CAMx, the reaction rates of MT are the same as for

α-pinene, because this is thought to be the major MT emitted

by plants (according to Steinbrecher et al. (2009), α-pinene

is the major MT emitted, however with an average fraction

of only 29 %). α-Pinene is one of the most long-lived MT

considering OH reactivity only among the ones measured

at Hohenpeissenberg (Tab. Supp1), but has a medium life-

time when reacting with O3 or the NO3 radical. Long-lived

species such as cymene show almost constant concentrations

both at day and at night at Hohenpeissenberg.

In general, the observed concentrations around noon are

higher than the simulated ones (Fig. Supp21). The predicted

peak concentrations occur around 07:00 p.m., which is due

to the dynamics of the mixing layer height in the model, as-

sociated with a decline of OH and still low concentrations of

NO3. From the available measurement data we cannot infer

where the daily maximum is in reality. However, this type of

diurnal cycle is consistent with literature data. For example,

Handisides et al. (e.g. 2003) found the daily maximum of

α− and β-pinene at 06:00 p.m. using measurement-intervals

of two hours. Also consistent with this study is the fact that

our daily maximum of ISOP occurs earlier, resulting from an

earlier emission maximum of this compound as well as its

higher reactivity compared to MT.

A comparison of the measured distribution with modelled

data is shown in Fig. 9. The agreement of all inventories with

measurements is better in June than in January. The aver-

age values of the observations are captured best by S1 for

all cases except for MT in June where S1e predicts the av-

erage value better (Fig. 9). The agreement of S1 with the

observed average is particularly good for ISOP in both sea-

sons as well as for MT in summer. In winter, all scenarios

clearly underestimate MT and ISOP, which is an indication

that the seasonal correction might be too strong in winter. To

assess the model performance, we use the root mean square

error and its coefficient of variation and the correlation coef-

ficient (refer to Sect. Supp2 of the Supplement for details). In

summer, the coefficient of variation of the root-mean-square

error CV(RSME) for ISOP is between 1.06 and 1.22, for
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MT between 0.95 and 1.12. Model performance in terms

of CV(RSME) in winter is worse than in summer, ranging

between 1.76 and 1.95 for ISOP and between 1.16 and 1.25

for MT, which can partly be explained with increased anthro-

pogenic influence on BVOC compounds in winter air. The

full list of performance measures are given in Tab. Supp11.

We compiled the model performance data graphically us-

ing Taylor diagrams (Taylor, 2001) (Fig. Supp22). When

also enzyme seasonality is considered, model performance

reacts heterogeneously. In general, the performance indica-

tors do not change strongly, as can be seen in the Taylor dia-

grams (Fig. Supp22). However, with the exception of S1e for

MT in June, the inclusion of the enzyme seasonality leads

to a stronger underestimation of observed values, leading

us to conclude that at least for Hohenpeissenberg and sur-

roundings, the effect of the enzyme seasonality is either con-

founded with the biomass seasonality or otherwise overes-

timated. It is difficult to decide which vegetation inventory

performs best. The Taylor diagrams show that the correla-

tion coefficients of all models are similar for all cases but

both the RMS difference between the modelled and observed

values and the standard deviations vary between the mod-

els. In June, model performance is better for ISOP, while in

January, it is better for MT. For ISOP in June, S2 seems to

perform best, closely followed by S1 and S3. In January for

both compounds the performance is not good, but the mod-

els are close to each other. For MT in June, S3 performs

best, closely followed by S2. Also, the deviation between

the model and the observations is not only due to tree in-

ventories. An important source of uncertainty is the predic-

tion of radiation by WRF and to a lesser extent the prediction

of temperature. Also, model assumptions and oversimplifica-

tion contribute to this difference. In particular for ISOP, an-

thropogenic sources contribute to atmospheric distributions

which are not considered here (Reimann et al., 2000). In

winter, ISOP measured at Hohenpeissenberg is strongly cor-

related to the anthropogenically emitted 1,3-butadiene or 1-

pentene (not shown). Especially in winter when lifetimes

are longer, we expect regional traffic, residential wood burn-

ing and air mass transport from the city of Munich (the

distance being about 55km) to influence Hohenpeissenberg

air. There are considerable uncertainties in this comparison,

which are however difficult to quantify. Contributing factors

are uncertainties associated with the BVOC model (e.g. in-

put data, emission factors/algorithms), uncertainties in the

model of the gas phase chemistry (reaction rates, degradation

pathways), uncertainties in the numerical weather prediction

(temperature, radiation, mixing layer height and presence of

inversion layers), measurement uncertainties and finally in-

fluences on the concentrations of target compounds that are

not modelled here such as the anthropogenic contribution to

BVOC compounds.

From this it is difficult to infer a ranking of the inventories.

From a practical point of view it is desirable to use an in-

ventory without gaps. For example Turkey and Ukraine con-

tribute about 25% of all ISOP emission in S1, while these two

countries have almost no emission in S2 and S3 due to lim-

ited data coverage. This makes S1 an attractive choice con-

sidering also its low values of the coefficient of variation of

the root-mean-square error.

4 Conclusions

We developed a generalised model for estimating biogenic

volatile organic compound emission which allows to com-

pare different tree inventories, emission algorithms and light

distribution schemes within the canopy. Using this model,

we compared three different tree inventories for Europe

and found that on continental scale, they produce similar

monthly and hence annual totals for isoprene, monoterpenes,

sesquiterpenes and oxygenated volatile organic compounds.

Even though the inventory with the highest thematic res-

olution (S3) features more than 110 vegetation types, all in-

ventories agree that the diversity, viewed on a country-by-

country basis is not large. This is in line with the findings

of the Ministerial Conference on the Protection of Forests

in Europe, which suggest that most European forests consist

only of two to three major species (Köhl and Rametsteiner,

2007). This could easily lead to the conclusion that a few tree

species are enough to determine BVOC emissions in Europe.

Our results however show that for the correct regional projec-

tion of BVOC emissions, a detailed speciation of the vegeta-

tion types is very important because the reference emission

factors vary strongly between plants, even within the same

genus.

The spatial distribution in the calculated BVOC emissions

differs substantially. For some countries, such as Hungary

or Finland the resulting differences in total BVOC emis-

sions are factor of two between S1 and S3, although the to-

tal emissions over all countries represented in all three in-

ventory types (common countries) are comparable. With the

top ten plant types, we are able to explain 80 % (OVOC)

to 97 % (ISOP) of the predicted biogenic VOC emissions.

Some tree species, notably Eucalyptus sp. can make a sig-

nificant contribution to BVOC levels even if their coverage

seems insignificant. This suggests that including only the

most common European tree species in BVOC modelling

leads to a substantial bias in some areas. This also implies

that forest inventories should not only be designed with an

economic focus (wood productivity) but also contain infor-

mation about species with high emission factors. We could

show that the results are sensitive to the factors used to con-

vert land-cover classes to tree types as well as to the land-

cover inventory used. This is a topic that needs to be ad-

dressed together with the remote sensing community. This

problem is not only present for forest areas, but also in urban

areas that can contain significant amount of woody vegeta-

tion (Konijnendijk et al., , 2005). Fast reacting BVOCs such

as sesquiterpenes will affect aerosol formation mainly in the

www.atmos-chem-phys.net/13/1689/2013/ Atmos. Chem. Phys., 13, 1689–1712, 2013



1708 D. C. Oderbolz et al.: Biogenic volatile organic compounds in Europe

emission area. Here, Betula sp. is an exceptional species, be-

cause of 20 times higher reference emission factors of se-

quiterpenes compared to all other species included in our

model.

To assess the impact of urban greening initiatives on

air quality and ultimately human health, species with high

emission factor require special attention. This topic was

treated with respect to aeroallergens for the Copenhagen area

(Skjøth et al., 2008b) and studied and discussed numerically

for the West Midlands and Glasgow in the UK (McDonald

et al., 2007). Overall these studies as well as our studies point

towards the need for high resolution (both spatial as well as

thematic) vegetation inventories.

Although it is not in the centre of this study, our assump-

tions lead to the conclusion that the vegetation type “agricul-

ture” contributes significantly to BVOC emissions in Europe.

This is in accordance with the study of Karl et al. (2009),

where a more detailed inventory of agriculture was used.

However, representing this land-cover class properly is dif-

ficult because changes in the cultivation patterns influence

emission factors, foliar biomass as well as the vegetation

density.

The importance of OVOC highlighted by our study may be

a way to close the gap between observations and simulations

of secondary organic aerosol. The OVOC species assumed

here are merely a surrogate for hundreds of species actually

found in biogenic emissions (Goldstein and Galbally, 2007),

it is well possible that important precursors are yet to be iden-

tified. Our results suggests that OVOC is an important class

of compounds to be investigated in Europe.

The inventory S1 based on Skjøth et al. (2008a) seems to

be the best compromise between spatial and thematic res-

olution as well as completeness. However, our studies also

points towards weaknesses in this inventory. One example

is that some areas only have information on the genus level

(e.g. Quercus sp.) while in other areas this information is

available at the species level (e.g. Quercus ilex and Quer-

cus rubra). The emission potential of isoprene between these

oak species varies with a factor of about 300. Tree inventories

should therefore focus on delivering information on species

level whenever possible.

The question whether enzymatic seasonality should be

considered or not could not be answered conclusively. The

fact, however, that isoprene emissions are suppressed almost

completely up to including march leads us to conclude that

these factors are not yet representative for all of Europe, es-

pecially in arid regions the early increase in greenness sug-

gests the presence of isoprene emissions in March or even in

February.

It is difficult to compare inventories that are not defined

over the same countries, especially because regions with

strong emissions such as Northwest Africa or Turkey are

missing in some inventories. Additionally, there is a lack of

long-term BVOC observations in Europe. It would be benefi-

cial if at least isoprene would be measured at more sites than

today in order to facilitate BVOC inventory development and

validation of the models and their input data in relation to air

quality issues.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/13/

1689/2013/acp-13-1689-2013-supplement.pdf.

Acknowledgements. The comments of the two anonymous review-

ers are very much appreciated and helped to improve this paper

substantially. We are grateful to have received financial support by

the Swiss Federal Office of the Environment (FOEN). Calculations

of meteorological data where carried out using resources of the the

Swiss National Supercomputing Centre (CSCS). We thank Renate
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