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Abstract. A biogenic emission scheme based on the Model
of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.1 (Guenther et al., 2012) has been integrated into
the ECHAM6-HAMMOZ chemistry climate model in or-
der to calculate the emissions from terrestrial vegetation of
32 compounds. The estimated annual global total for the ref-
erence simulation is 634 Tg Cyr~! (simulation period 2000—
2012). Isoprene is the main contributor to the average emis-
sion total, accounting for 66 % (417 TgCyr~!), followed
by several monoterpenes (12 %), methanol (7 %), acetone
(3.6 %), and ethene (3.6 %). Regionally, most of the high an-
nual emissions are found to be associated with tropical re-
gions and tropical vegetation types.

In order to evaluate the implementation of the biogenic
model in ECHAM-HAMMOYZ, global and regional biogenic
volatile organic compound (BVOC) emissions of the refer-
ence simulation were compared to previous published ex-
periment results with MEGAN. Several sensitivity simula-
tions were performed to study the impact of different model
input and parameters related to the vegetation cover and
the ECHAMG6 climate. BVOC emissions obtained here are
within the range of previous published estimates. The large
range of emission estimates can be attributed to the use of
different input data and empirical coefficients within differ-
ent setups of MEGAN. The biogenic model shows a high
sensitivity to the changes in plant functional type (PFT) dis-
tributions and associated emission factors for most of the
compounds. The global emission impact for isoprene is about
—9 %, but reaches +75 % for «-pinene when switching from

global emission factor maps to PFT-specific emission factor
distributions. The highest sensitivity of isoprene emissions
is calculated when considering soil moisture impact, with
a global decrease of 12.5 % when the soil moisture activ-
ity factor is included in the model parameterization. Nudg-
ing ECHAMBS6 climate towards ERA-Interim reanalysis has
an impact on the biogenic emissions, slightly lowering the
global total emissions and their interannual variability.

1 Introduction

The majority of volatile organic compounds emitted from the
terrestrial biosphere (BVOCs), including hydrocarbons (iso-
prene, monoterpenes, and sesquiterpenes) as well as oxy-
genated organic compounds, are highly reactive and have
been shown to affect both gas-phase and heterogeneous at-
mospheric chemistry at local and global scales (Ashworth
et al., 2013). Photo-oxidation of BVOCs notably, in the
presence of nitrogen oxides (NO), contributes to the for-
mation of carbon monoxide (CO), hydroxyl radicals (OH),
and tropospheric ozone (Pfister et al., 2008; Granier et al.,
2000), thus influencing the oxidative capacity of the at-
mosphere (Atkinson and Arey, 2003; Pacifico et al., 2009;
Taraborrelli et al., 2012), and leads to secondary organic
aerosol (SOA) particle formation (Hallquist et al., 2009;
van Donkelaar et al., 2007). Through their effects on atmo-
spheric chemistry, aerosol concentrations, and the global car-
bon cycle, BVOC emissions also influence global climate
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(Constable et al., 1999; Collins et al., 2002). Terrestrial veg-
etation is thought to account for around 90 % of the total of
non-methane VOCs emitted into the atmosphere each year
(Guenther et al., 1995). Isoprene is quantitatively the most
important of the BVOCs, with an estimated global annual
emission of about 400-600 Tg of carbon (Arneth et al., 2011;
Guenther et al., 2012).

BVOC:s are therefore a crucial component of the Earth sys-
tem that has to be considered in global and regional chemical
transport models. Quantitative estimates of their emissions
into the atmosphere are needed for numerical assessments
of their impacts on past, present, and future air quality and
climate (Sindelarova et al., 2014). BVOC emission strengths
vary by plant species and depend on biological parameters
(e.g. water stress) (Pfister et al., 2008; Pegoraro et al., 2004),
physical conditions (e.g. temperature, radiation) (Guenther
et al., 1995; Li and Sharkey, 2013), and chemical variables
(e.g. tropospheric ozone, carbon dioxide) (Velikova et al.,
2005; Rosenstiel et al., 2003). Several models have been de-
veloped for estimation of BVOC emissions from vegetation
(Pierce and Waldruff, 1991; Guenther et al., 1995; Niinemets
et al., 1999; Martin et al., 2000; Arneth et al., 2007).

The biogenic emission model used in the present study
is based on the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) (Guenther et al., 1995, 2006, 2012).
The current version of MEGAN, MEGANv2.1 (Guenther
et al., 2012), simulates the fluxes of 20 classes of BVOCs
which are then decomposed into 150 individual species, in-
cluding isoprene, monoterpenes, sesquiterpenes, and other
oxygenated volatile organic compounds. During the past 10
years, MEGAN has been widely used within the scientific
community for the estimation of BVOC emissions as an of-
fline model (Guenther et al., 2006, 2012; Miiller et al., 2008;
Sindelarova et al., 2014; Messina et al., 2016) and has been
incorporated into various Earth system and chemistry trans-
port models (Guenther et al., 2006, 2012; Heald et al., 2008;
Pfister et al., 2008; Stavrakou et al., 2009; Emmons et al.,
2010; Tilmes et al., 2015; Messina et al., 2016).

In this study, we have implemented MEGANV2.1 in the
ECHAM6-HAMMOZ chemistry climate model. The aim of
the present study is (i) to present the updated version of
the biogenic emission module implemented in ECHAMG6-
HAMMOZ, (ii) to evaluate present-day global- and regional-
scale emissions for a series of 32 compounds, (iii) to com-
pare MEGAN-ECHAM-HAMMOZ basic results to previ-
ous offline and online experiment results with MEGAN, and
(iv) to test the sensitivity of BVOC emissions to climate- and
vegetation-dependent model parameters.
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2 Model description
2.1 Atmospheric model ECHAM-HAMMOZ

ECHAM-HAMMOZ is a comprehensive chemistry cli-
mate model that describes aerosol and gas-phase chemi-
cal processes in the troposphere and stratosphere, includ-
ing their coupling via heterogeneous reactions and oxi-
dation of aerosol precursors. ECHAM-HAMMOZ is de-
veloped by a consortium composed of the ETH Zurich
(Switzerland), the Max Planck Institute for Meteorology
(Germany), the Forschungszentrum lJiilich (Germany), the
University of Oxford (UK), the Institut fiir Troposphiren-
forschung (Germany), and the Finnish Meteorological In-
stitute (Finland). We used here the most recent version:
ECHAMG6.3.00-HAM2.3-MOZ1.0(rc2). The model is based
on the ECHAMG6 atmospheric general circulation model
(Roeckner et al., 2003; Stevens et al., 2013), including the
JSBACH phenology model (Raddatz et al., 2007; Brovkin
et al., 2009), the HAM aerosol model (Stier et al., 2005;
Zhang et al., 2012), and a chemistry module derived from
the MOZART chemistry transport model (Emmons et al.,
2010; Lamarque et al., 2012). For the simulations of this
study, ECHAM6-HAMMOZ is employed in its stand-alone
atmospheric GCM mode, i.e. without interactive aerosol and
chemistry. Thus, we basically run the ECHAM6 GCM with
the MEGAN emissions module as the sole chemistry com-
ponent. ECHAMG6 dynamics (vorticity and divergence of the
wind field, temperature, and surface pressure) are calculated
in spectral space with triangular truncation at term 63 (T63),
while physics are calculated on a 1.8° x 1.8° Gaussian grid
(Roeckner et al., 2003). The simulations use 47 vertical lev-
els, from the surface to 0.01 hPa, and a time step of 7.5 min.
Sea-surface temperatures and sea-ice coverage are prescribed
for each year of simulation, following the Coupled Model
Intercomparison Project Phase 5 (CMIPS) AMIP-simulation
protocol (Giorgetta et al., 2012). The gas climatologies of
CO,, CHy4, N> O, and chloroflourocarbons (CFCs) are speci-
fied by a single value meant to be representative of the tropo-
spheric concentration of each year of simulation. For several
sensitivity simulations, ECHAMBS6 is run in nudged mode,
constraining large-scale meteorology by the ECMWF ERA-
Interim meteorological fields (Dee et al., 2011). The nudging
tendency is applied after model dynamics, in spectral space.
The nudging timescales are 6 h for vorticity, 48 h for diver-
gence, 24 h for temperature, and 24 h for surface pressure
(Lohmann and Hoose, 2009; Zhang et al., 2014).

2.2 Land surface model JSBACH

JSBACH is a state-of-the art Earth system model land sur-
face scheme that simulates fluxes of energy, water, momen-
tum, and CO, between land and atmosphere, including inter-
active and dynamic vegetation (Raddatz et al., 2007; Brovkin
et al., 2009). The modelling concept of JSBACH is based on
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a tiled (fractional) structure of the land surface. Each land
grid cell is divided into tiles covered with a variable num-
ber of plant functional types (PFTs), bare surface, and tiles
with land cover excluded from natural vegetation dynamics
(Reick et al., 2013). The soil hydrology and temperatures
are modelled by a five-layer scheme (Hagemann and Stacke,
2015). The dynamic vegetation component, simulating natu-
ral changes in biogeography on the basis of competition be-
tween PFTs (Reick et al., 2013), has not been activated in
this study. The spatial distribution of the PFTs is prescribed
on the basis of global potential land cover maps (Pongratz
et al., 2008). For the present study, we used JSBACH with
11 PFTs, as fixed for the CMIPS5 simulation protocol (Reick
et al., 2013; Brovkin et al., 2013).

2.3 Biogenic emission module MEGAN

Emissions of biogenic compounds from terrestrial vegeta-
tion are estimated using MEGAN (Guenther et al., 1995,
2006, 2012). The current version of the model, MEGANV2.1
(Guenther et al., 2012), calculates the net primary emis-
sion of 20 compound classes, which are then decomposed
into 150 individual species such as isoprene, monoterpenes,
sesquiterpenes, carbon monoxide, alkanes, alkenes, aldehy-
des, acids, ketones, and other oxygenated VOCs. The net
emission rate (in units of ug compound grid cell™' h™1) of
each compound into the above-canopy atmosphere from a
model grid cell is calculated according to

Emission(i) = EF(i) x y x S, @))]

where EF(i) (ugm~2h~!) is the emission potential (also
named the emission factor) of a compound i at standard con-
ditions of light and temperature (i.e. photosynthetic photon
flux density of 1000 umolm~2s~! and leaf temperature of
30°C), y is the dimensionless emission activity factor that
accounts for emission response to meteorological and phe-
nological conditions, and S (m?) is the grid cell area.

The biogenic emission module implemented in ECHAMG6-
HAMMOZ is adapted from MEGANv2.1. It includes 32
compounds grouped into 17 classes (see Table 1).

2.3.1 Emission activity factor y

The emission activity factor y for each compound is calcu-
lated following the MEGANV2.1 parameterization (Guenther
et al., 2012):

Y = YCE X YA X ¥SM X YCO,- )

ycg accounts for variations associated with leaf area index
(LAD) (m?> m™2), photosynthetic photon flux density (PPFD)
(umol of photons in the 400-700 nm range m~2s~!), and
temperature (K). The basic equation used in the Fortran code
of MEGANV2.1 to calculate ycg is

ycE = YLAl X (1 = LDF) x yrL1 + Ccg x LAI x LDF X y11D,
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Table 1. Biogenic compound classes and individual compounds in-
cluded in the biogenic emission module.

Compound classes ~ Compound names

isoprene isoprene
myrcene myrcene
sabinene sabinene
limonene limonene
3-carene 3-carene
t-B-ocimene t-B-ocimene
«-pinene a-pinene
B-pinene B-pinene
B-caryophyllene B-caryophyllene
232-MBO 2-methyl-3-buten-2-o0l
methanol methanol
acetone acetone

carbon monoxide
nitric oxide
ethanol
acetaldehyde
formaldehyde
acetic acid
formic acid
ethene

hydrogen cyanide
toluene

methyl bromide
methyl chloride
methyl ioide
dimethyl sulfide
methane

ethane

propane

butene

propene
benzaldehyde

carbon monoxide

nitric oxide

bidirectional VOCs

stress VOCs

other VOCs

3)

where Ccg is the canopy environment coefficient (assigned a
value that results in y = 1 for the standard conditions), and
YLAI, YTLI, and yrLp are the activity factors for LAI, light,
and temperature. Different expressions for the activity fac-
tor for temperature are considered for light-dependent (yrp)
and light-independent (yTr1) emissions using the light de-
pendence fraction (LDF) specific to each compound (Guen-
ther et al., 2012). Light-dependent emissions are calculated
following the isoprene response to temperature described
by Guenther et al. (2006). Light-independent emissions fol-
low the monoterpene exponential temperature response de-
scribed by Guenther et al. (1993). In order to avoid the use of
a detailed canopy environment model calculating light and
temperature at each canopy depth, we applied the Parame-
terised Canopy Environment Emission Activity (PCEEA) ap-
proach (Guenther et al., 2006). The calculation of the light-
dependent activity factor with a detailed canopy environment

Geosci. Model Dev., 10, 903-926, 2017
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model (i.e. Ccg x LAI x yr1p) is replaced with a parameter-
ized canopy environment activity factor (i.e. ypa1 X yp X 1)
as described in Guenther et al. (2006). We refer the reader
to the description of Guenther et al. (2006, 2012) for the de-
tails of the LAI and light-dependent activity factor compu-
tations. With this approach, both light-dependent and light-
independent factors are multiplied by the LAI activity factor
and are thus not directly proportional to the LAIL. On this
point, the algorithm applied here differs from the MEGAN
activity factor algorithm as described in Eq. (2) in Guen-
ther et al. (2012). The light-independent activity factor yry
is calculated here assuming that leaf temperature is equal
to ambient air temperature. In the absence of a detailed
canopy model, we do not distinguish between sunlit and
shaded leaves that can show significant temperature differ-
ences. Leaves in direct sunlight often experience tempera-
tures that are a degree or more higher than ambient air, while
shaded leaves are often cooler than ambient air temperature
(Guenther et al., 2012). This simplification can lead to a
small underestimation (< 5 %) of light-independent BVOC
emissions as reported in Guenther et al. (2012). Detailed for-
mula and parameters per compound class are given in the
Supplement (Sect. S1 and S2). The equation for ycg applied
here is thus

yce = yLa1 X (1 =LDF) X yri +LDF x yp xyr).  (4)

The activity factors are calculated on the basis of the leaf
area index, the lowest atmospheric model level temperature,
and surface photosynthetically active radiation at each time
step in the ECHAM6-HAMMOZ model, as well as the aver-
age temperature and radiation conditions over the last 24 h.
The leaf area index is calculated at each model time step in
JSBACH taking into account a full plant phenology scheme,
and is averaged over the vegetated part of the grid cell to
be used in the biogenic emission module. Variations of the
biomass calculated by the JSSBACH vegetation model are
taken into account for the biogenic emissions via the cor-
responding changes in LAL

The ya factor represents the leaf age emission activity fac-
tor. Its calculation is based on a decomposition of the canopy
into fractions of new, growing, mature, and old foliage de-
rived from the current and previous months’ LAI, follow-
ing the parameterization described by Guenther et al. (2006,
2012). The ysm and yco, factors account for the dependence
of isoprene emission on respectively the soil moisture and
the atmospheric concentration of CO; as described by Guen-
ther et al. (2012). For compounds other than isoprene, ysm
and yco, equal 1. The soil water activity factor is evaluated
using the relative soil water amount calculated with the soil
water model included in ECHAM6 (Hagemann and Stacke,
2015). The atmospheric CO; concentration is prescribed an-
nually, using a global value from Representative Concentra-
tion Pathway scenario RCP 4.5 (stabilization scenario where
total radiative forcing is stabilized before 2100 (Thomson

Geosci. Model Dev., 10, 903-926, 2017

et al., 2011). By default, ysm and yco, are not activated, and
set equal to 1 for isoprene.

2.3.2 Emission factor (EF)

The emission factor (EF) for each compound can be
specified from global gridded potential emission maps
based on species composition and species-specific emis-
sion factors compiled from detailed land cover and plant
species distributions (Guenther et al., 2012). Emission fac-
tors from global maps are available from the original
MEGANV2.1 code for 10 predominant compounds, i.e. iso-
prene, «-pinene, B-pinene, 3-carene, limonene, myrcene, t-
B-ocimene, sabinene, 232-MBO, and nitric oxide. Another
option to obtain the emission factor for each compound is
to use plant functional type (PFT) distributions and PFT-
specific emission potentials (Guenther et al., 2012). The
emission factor of a grid cell for each compound is calcu-
lated as

EF(i) = > (i, j) x PFT;, (5)

where €(i, j) is the emission factor of compound i at stan-
dard conditions of light and temperature for plant functional
type j (constant in time and space), and PFT; is the frac-
tion of the grid cell covered by PFT j. MEGANv2.1 in-
cludes a 15-PFT distribution derived from the PFT scheme
of the Community Land Model version 4 (CLM4) (Lawrence
etal., 2011), related to the year 2000 and based on Moderate
Resolution Imaging Spectroradiometer (MODIS) land sur-
face datasets (Lawrence and Chase, 2007) and a crop dataset
(Ramankutty et al., 2008). Specific emission factors for each
compound attributed to the 15 PFTs can be found in Table S2
of the Supplement. By default, the biogenic emission mod-
ule runs with the emission factors from global maps for the
10 compounds listed above and calculates the emission fac-
tors from the PFT-specific values and fractions for the other
modelled compounds. Maps of emission factors as well as
PFT fractions have been interpolated from their original res-
olution (0.5 x 0.5) in the current resolution of the ECHAM-
HAMMOZ model (T63).

We have introduced into the biogenic emission module the
possibility of replacing the MEGAN2.1-CLM4 PFT distri-
bution with the PFT distribution of the JSBACH model. In
order to have a sufficiently detailed PFT classification to take
into account the variability in PFT-specific emission factors,
the JISBACH 11-PFT classification is extended to 14 PFTs
to be as close as possible to the MEGAN2.1-CLM4 15-PFT
classification. The correspondence between both PFT classi-
fications is given in Table 2.

The extratropical tree types of the JSBACH 11-PFT classi-
fication (i.e. extratropical evergreen, type 3; and extratropical
deciduous, type 4), as well as the C3 grass type, are subdi-
vided in order to make a distinction between broadleaf and
needleleaf trees and temperate and boreal types. Fractions
of broadleaf and needleleaf trees are derived from natural
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Table 2. Original (11-PFT) and extended (14-PFT) JSBACH PFT classifications for use in the biogenic emission module. The numbers of
the corresponding 15 PFTs of the MEGAN2.1-CLM4 classification, as listed in Guenther et al. (2012), are given in italic in parentheses.

JSBACH 11 PFTs

JSBACH extended 14 PFTs

(and corresponding MEGAN?2.1-CLM4 PFT number)

(1) Tropical evergreen trees

(1) Broadleaf evergreen tropical trees (4)

(2) Tropical deciduous trees

(2) Broadleaf deciduous tropical trees (6)

(3) Extratropical evergreen trees

(3) Needleleaf evergreen temperate trees (/)
(4) Needleleaf evergreen boreal trees (2)
(5) Broadleaf evergreen temperate trees (5)

(4) Extratropical deciduous trees

(6) Needleleaf deciduous boreal trees (3)
(7) Broadleaf deciduous temperate trees (7)
(8) Broadleaf deciduous boreal trees (8)

(5) Raingreen shrubs

(9) Broadleaf deciduous temperate shrubs (10)

(6) Deciduous shrubs

(10) Broadleaf deciduous boreal shrubs (11)

(7) C3 grasses

(11) Cold/Arctic C3 grasses (12)
(12) Cool C3 grasses (13)

(9) C3 pastures

(12) Cool C3 grasses (13)

(8) C4 grasses

(13) Warm C4 grasses (14)

(10) C4 pasture

(13) Warm C4 grasses (14)

(11) C3 and C4 crops

(14) Crops (15)

vegetation distributions (Pongratz et al., 2008, 2009), recon-
structed from the global potential vegetation maps of Ra-
mankutty and Foley (1999).

The separation between boreal and temperate trees, as well
as cold and cool C3 grasses, is based on bioclimatic limits
taken from Sitch et al. (2003) for trees, and from Oleson et al.
(2010), based on Levis et al. (2004), for C3 grasses. Tree
types are classified as boreal if the temperature of the coldest
month (calculated from a 20-year run over the period 1990—
2009 with the ECHAMG6 model) is below —2 °C. C3 grasses
are classified as cold or arctic (using the denomination of the
MEGAN?2.1-CLM4 PFT classification) if the temperature of
the coldest month lies below —17 °C.

Tropical tree types (PFTs 1 and 2 in JSBACH) are not sub-
divided as their correspondence to MEGAN?2.1-CLM4 trop-
ical PFTs is straightforward. JSBACH shrub PFTs represent
deciduous shrubs in warm/temperate and cold/boreal envi-
ronments, and directly correspond to the shrub types of the
MEGAN2.1-CLM4 classification. No evergreen shrub type
is considered in JSBACH. In consequence, the broadleaf ev-
ergreen temperate shrub type (PFT 9) of the MEGAN2.1-
CLM4 classification has no correspondance in the extended-
JSBACH classification. Finally, as the MEGAN2.1-CLM4
PFT classification does not distinguish between grasses and
pastures, these two types are clustered in the extended-
JSBACH classification.

www.geosci-model-dev.net/10/903/2017/

The PFT correspondence applied here enables the use of
MEGAN?2.1 PFT-specific emission factors, calculated from
global averages of species-specific emission factors from
more than 2000 different ecoregions (Guenther et al., 2012).
The extended-JSBACH-PFT classification is only used here
in the biogenic emission module for the calculation of emis-
sion factors, and does not impact the calculation in the JS-
BACH model of the PFT fractions and of the LAI, based on
the original 11-PFT-specific parameters.

3 Simulation design

In order to evaluate the implementation of MEGAN in
ECHAM-HAMMOZ and its sensitivity to different model
settings, we have performed several simulations at the global
scale at a T63 spatial resolution (listed in Table 3). All simu-
lations have been run for 12 years for the period 20002012,
starting from a I-year spin-up with ECHAM-HAMMOZ.
For the reference simulation (CTRL), the biogenic emission
module is run with the emission factors from global maps
for 10 compounds (isoprene, a-pinene, S-pinene, 3-carene,
limonene, myrcene, t-$-ocimene, sabinene, 232-MBO, and
nitric oxide) and with MEGAN?2.1-CLM4 PFT-specific emis-
sion factors for the rest of the compounds. In the first sensi-
tivity simulations, we evaluate the impact of PFT distribu-
tions on the modelled emissions, by using the PFT-specific
emission factors calculated from the PFT fractions taken

Geosci. Model Dev., 10, 903-926, 2017
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Table 3. List of simulations performed.

Experiment Description

CTRL reference simulation

PFT-CLM4 use of MEGAN2.1-CLM4 PFT-specific emission factors
PFT-JSBACH use of JSBACH PFT-specific emission factors
TEST-SM impact of soil moisture on isoprene (ysn)
TEST-NUDG impact of climate nudging

TEST-NUDG+SM impact of climate nudging and soil moisture on isoprene

140
130
120
110
100

90

70

50

30
20

10

Methanol

Isoprene Monoterpenes

Al L

Acetone Ethane

W Africa

B Australia

M Europe

B North America
M Russia

M South America

South Asia

B-caryophyllene

Figure 1. Regional annual emissions (TgC yr_l) for isoprene, the sum of monoterpenes, methanol, acetone, ethene, and S-caryophyllene
averaged over the 12 years (2000-2012) of the reference simulation. y axes scales are separated for isoprene and the other compounds. The
geographical regions considered here are Africa (—35 to 37° N and —20 to 65° E), Australia (—50 to —10° N and 110 to 179° E), Europe
(36 to 75° N and —15 to 50° E), North America (13 to 75° N and —170 to —40° E), Russia (37 to 75° N and 50 to 179° E), South America
(—60 to 5° N and —90 to —36° E), and South Asia (—10 to 37° N and 110 to 179° E).

from the MEGAN?2.1-CLM4 (experiment PFT-CLM4) and
extended-JSBACH PFT (experiment PFT-JSBACH) distri-
butions respectively. In experiment TEST-SM, the impact of
soil moisture on isoprene emissions is analysed by activating
the soil moisture activity factor. The effects of a constrained
meteorology on the emissions simulated with the biogenic
module are evaluated in the last experiments (TEST-NUDG
and TEST-NUDG+SM).

4 Biogenic emission model results
4.1 Reference simulation

The biogenic module monthly outputs have been averaged
over the 2000-2012 period to calculate the global annual
emission totals of the 32 compounds for the reference simu-
lation (see Table 4). The global annual emission total for the
averaged period reaches 634.1 4 12.5TgCyr~!. Isoprene is
the most emitted compound with a global annual emis-
sion of 417+£102TgCyr~' (473 Tg (species)yr~!), ac-
counting for 65.8 % of the total BVOC emissions. Monoter-
pene global annual emission (considering only the sum

Geosci. Model Dev., 10, 903-926, 2017

of «-pinene, B-pinene, limonene, sabinene, myrcene, 3-
carene and t-B-ocimene emissions) is 78.34+ 1.2 TgCyr~!
(88.8 Tg (species) yr_l) and contributes to 12.3 % of the to-
tal BVOC emission. Among the monoterpenes, a-pinene is
the most abundant compound, followed by B-pinene and t-
B-ocimene. Following the monoterpenes, methanol, acetone
and ethene are the most emitted compounds with respectively
43.940.5, 22.940.3 and 22.9+0.4TgCyr~!, contribut-
ing to 6.9, 3.6 and 3.6 % of the total emission. The carbon
monoxide global annual emission is 41.1 4 0.6 TgCyr~'.

Annual emissions of the five most emitted compounds and
B-caryophyllene for seven regions of the world are presented
in Fig. 1. Regions have been defined following the protocol
of the GlobEmission project (http://www.globemission.eu),
except that African regions have been grouped into one.
All compounds are mainly emitted in southern and tropi-
cal regions with a dominance of South America, followed
by Africa, South Asia and Australia. In the Northern Hemi-
sphere, emissions mainly come from North America, fol-
lowed by Russia and Europe.

Global and Northern and Southern Hemisphere monthly
mean emissions for the six compounds averaged over the ref-

www.geosci-model-dev.net/10/903/2017/
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Table 4. Global annual emission totals averaged over the 12 years (2000-2012) of the reference simulation for the 32 compounds and relative
contributions to the global annual emission total. Averaged values are given with the standard deviation o.

Compound names  Global annual emission

Global annual emission

Relative contribution

(Tg (species) yr ") (TgCyr~") (%)
isoprene 473+10.2 417+9.1 65.8
methanol 117.1+1.6 43.9+0.6 6.9
a-pinene 29.6 0.5 26.1+0.4 4.1
acetone 36.9+£0.5 229+£0.3 3.6
ethene 26.8+0.4 229404 3.6
B-pinene 17.9+0.3 15.8+0.2 2.5
t-B-ocimene 159+0.3 144+0.2 2.2
propene 14.8+0.2 12.7£0.2 2.0
ethanol 16.8£0.3 8.8+0.2 1.4
acetaldehyde 16.8+0.3 9.2+£0.2 1.4
limonene 9.5+0.1 8.4+0.1 1.3
butene 7.4+0.09 6.3£0.08 1.0
3-carene 6.8+0.1 6+0.1 1.0
sabinene 6.4+0.1 5.7+0.1 0.9
B-caryophyllene 4.8+0.1 43+0.1 0.7
myrcene 2.6 +0.04 2.31+0.04 0.4
232-MBO 24+0.1 240.1 0.3
formaldehyde 4.2+0.07 1.7+0.03 0.3
acetic acid 3.1£0.06 1.3£0.02 0.2
toluene 1.44+0.02 1.34+0.02 0.2
formic acid 3.1+£0.06 0.8+£0.02 0.1
hydrogen cyanide 0.7+0.01 0.3+ 0.005 0.05
ethane 0.3 +0.004 0.3£0.003 0.04
methane 0.15£0.002 0.12£0.001 0.02
methyl chloride 0.3 £0.004 0.07 £0.0009 0.01
dimethyl sulfide 0.09 +0.001 0.04 +0.0005 0.006
propane 0.03 £0.0004 0.03 £0.0003 0.004
benzaldehyde 0.03 +0.0004 0.02 +0.0003 0.004
methyl bromide 0.06 £ 0.0008 0.01 +0.0001 0.001
methyl ioide 0.03 £ 0.0004 0.003 £+ 0.0001 0.0004
carbon monoxide 95.8+£1.5 41.1£0.6 -
nitric oxide 5.94+0.07 - -
Total 634.1+12.5

erence simulation period are presented in Fig. 2. The maxi-
mum global emission occurs in July for most of the com-
pounds and emissions are generally higher during the North-
ern Hemisphere summer. Regions of the Northern Hemi-
sphere are minor contributors to the global annual total emis-
sions, but seasonal emissions fluctuations in the Northern
Hemisphere are the main driver of the global seasonal emis-
sion profile. Isoprene shows a more constant seasonal cy-
cle, due to the fact that it is mainly emitted by tropical re-
gions with opposite seasonal cycles, thus compensating in
the global annual mean.

Spatial distributions of the main compound emissions for
the Northern Hemisphere summer (June—July—August emis-
sion mean) and winter (December—January—February emis-
sion mean) are shown in Figs. 3 and 4. As observed in
the global regional means (Fig. 1), emissions are generally

www.geosci-model-dev.net/10/903/2017/

higher in tropical regions, especially South America, Africa,
and Indonesia, and are lower at middle and high latitudes.
Tropical regions are high emitters due to the year-long warm
temperatures and high incoming radiation, together with high
biomass density and emission factors associated with tropi-
cal vegetation types. In the temperate and high-latitude zones
dominated by deciduous and coniferous forests, emissions
vary over the seasons by several orders of magnitude due
to seasonal fluctuations in temperature, solar radiation, and
loss of biomass inducing LAI changes. The summer—winter
contrast in the Northern Hemisphere emissions is particularly
marked for monoterpenes and methanol, for which temperate
and coniferous vegetation types have high emission factors.

Geosci. Model Dev., 10, 903-926, 2017
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Figure 2. Global and Northern and Southern Hemisphere monthly emissions (Tngonthfl) for isoprene, the sum of monoterpenes,
methanol, acetone, ethene, and B-caryophyllene averaged over the 12 years (2000-2012) of the reference simulation.

4.2 Comparison to previous emission totals calculated
with MEGAN

In order to evaluate the basic results of the biogenic emis-
sion module in ECHAM-HAMMOZ, we compare the global
and regional total emissions of the reference simulation
with emission totals obtained from previous published ex-
periments with MEGAN (listed in Table 5). The annual
global isoprene emission in our reference simulation of
417 TgCyr~! is within the range of previous reported val-
ues calculated with different versions of MEGAN, varying
between 361 and 601 Tg C yr~!. It is slightly less than previ-
ous estimates with different configurations of MEGANv2.1.
(Messina et al., 2016; Sindelarova et al., 2014; Guenther
et al., 2012). The annual global emission of monoterpenes is
in general lower than reported estimates with MEGANv2.1,
but closer to previous emission totals with MEGANv2
(O’Donnell et al., 2011; Emmons et al., 2010). It should be
noted that differences in monoterpene global emissions may
be due to the consideration of different species in the global
totals. Here, we simulate the emissions of seven monoter-
penes, i.e. «-pinene, -pinene, limonene, sabinene, myrcene,
3-carene, and t-8-ocimene emissions. Methanol and acetone
emissions, as well as the rest of the compound emission totals
presented in Table 5, are in the middle of the ranges of previ-
ous emission estimates. Ethene total emission is similar to the
total reported in Guenther et al. (2012), but S-caryophyllene

Geosci. Model Dev., 10, 903-926, 2017

total emission is lower. Similarly to Sindelarova et al. (2014),
we estimate a global biogenic emission of 1.4 TgCyr~! of
toluene, being 18 % of the total estimated anthropogenic
emissions 7.6 TgCyr~! from the EDGAR database (Crippa
et al., 2016). Misztal et al. (2015) estimate a maximum bio-
genic source of 5.5 Tg C yr~!. Such a biogenic source would
reduce the underestimate of toluene by atmospheric models
(Cabrera-Perez et al., 2016).

Many factors can explain the discrepancies between the
reference simulation results of the present study and previous
reported global estimates with MEGAN. First, each study
uses its own set of input data (temperature, radiation, LAI,
land cover, etc.), derived from atmospheric model outputs or
reanalysis data. Time periods of the simulations also cover
different years, from 1 single year (Millet et al., 2010; Guen-
ther et al., 2012) to several decades (Arneth et al., 2011; Sin-
delarova et al., 2014). As already pointed out by Arneth et al.
(2011), and confirmed by the estimations of Messina et al.
(2016) and Sindelarova et al. (2014), different meteorolog-
ical forcings can lead to significant differences in emission
estimates, e.g. a more than 10 % difference in isoprene total
emission using MEGANv2 (Guenther et al., 2006; Arneth
et al., 2011). Furthermore, spatial resolutions of models and
meteorological inputs vary over a large range, e.g. from a
coarse resolution of 2.8° x 2.8° (Emmons et al., 2010) to a
finer resolution of 0.5° x 0.5° (Guenther et al., 2012). The
resolution effect can influence the total global emissions by

www.geosci-model-dev.net/10/903/2017/
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Figure 3. Spatial distribution of global December—January—February (DJF) and June—July—August (JJA) emissions (mg C m—2 day_l) for
isoprene, the sum of monoterpenes, and methanol averaged over the 12 years (2000-2012) of the reference simulation.

a few percent, but can be more important if associated with
coarse-resolution land cover data (Pugh et al., 2013).

BVOC emissions are also very sensitive to changes in
land cover and LAI inputs. Global isoprene emission sen-
sitivity to differences in LAI varies from less than 10 % in
MEGANV2.1 (Sindelarova et al., 2014; Messina et al., 2016)
to about 30 % in MEGANvV2 (Pfister et al., 2008; Guen-
ther et al., 2012), depending on the LAI dataset considered.
Messina et al. (2016) report a much lower sensitivity of
other BVOC global emissions to LAI in MEGANv2.1 due
to the specific light-independent emission parameterization
of MEGAN, but a significant response of the seasonal cy-
cle of emissions to LAI changes. Changing the land cover or
PFT distributions and emission factors results in a wide range
of BVOC estimates. Pfister et al. (2008) find a difference of
24 % in isoprene global emissions by changing PFT distribu-
tions in MEGANV2. Sindelarova et al. (2014) and Messina

Geosci. Model Dev., 10, 903-926, 2017

et al. (2016) investigated the sensitivity of isoprene emission
in MEGANV2.1 to different values of emission factors. The
sensitivity of BVOC emissions to various PFT distributions
and emission factors is addressed in the next section.

The use of different versions of MEGAN in the listed stud-
ies, with different parameterizations and empirical coeffi-
cients, can also result in differences in the global emission to-
tals (Arneth et al., 2011). The introduction of light-dependent
factors for compounds other than isoprene in MEGANV2.1
has notably a significant effect on global emissions (Messina
et al., 2016). Moreover, a large range of variation of light-
dependent emissions, especially for monoterpenes, is ob-
served across plant species (Rinne, 2016). Thus, the use of
a single LDF value per compound in MEGANV2.1 can intro-
duce further uncertainties in the model emission estimates
and discrepancies between model versions using different
values of LDF.

www.geosci-model-dev.net/10/903/2017/
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Figure 4. Same as Fig. 3 for acetone, ethene, and §-caryophyllene.

In the biogenic module applied here the light-dependent
activity factors are calculated using the PCEEA approach.
This bulk canopy temperature parameterization is similar to
the leaf-level temperature parameterization of the explicit
canopy model, but is slightly less sensitive to temperature.
Guenther et al. (2006) report estimates of annual global iso-
prene emissions with the PCEEA approach that are within
5% of the value estimated using the standard MEGAN
canopy environment model, but differences can be up to 25 %
for estimates at specific times and locations. The activation
of the CO; and soil moisture activity factors in MEGANvV2.1
also impact isoprene global emissions. Taking into account
the soil moisture effect decreases the global annual isoprene
emission, by 7 % (Guenther et al., 2012) to 50 % (Sinde-
larova et al., 2014), depending on the soil moisture database.
Similarly to Sindelarova et al. (2014), we have not activated
the soil moisture factor for the reference simulation. Its im-
pact on isoprene emission is described in the next section.
When activated, the CO; activity factor leads to a slight in-

www.geosci-model-dev.net/10/903/2017/

crease in global isoprene emission by about 3 % for present-
day CO, levels (Heald et al., 2009; Sindelarova et al., 2014).
The CO; activity factor is normalized to 1 for an ambient
CO» concentration of 400 ppmv and decreases non-linearly
if CO, concentration increases (Heald et al., 2009). Thus, it
has only a slight impact on present-day isoprene emission,
but it has to be taken into account for future simulations with
CO; concentrations exceeding 400 ppmv. The CO; activity
factor has not been activated in the reference simulation. Its
activation increases the global isoprene emission by 2.5 %.
At the regional scale, the annual totals (Fig. 1) are very
similar to the totals reported by Sindelarova et al. (2014) for
isoprene and Messina et al. (2016) for isoprene and other
compounds. The highest emissions occur in South Amer-
ica, Africa, South Asia, Australia, and North America. The
similarity in the spatial distribution of emissions results from
the use of the same emission factor distributions (obtained
from global emission factor maps and MEGAN-CLM4 PFT
fractions) in the three studies. This result confirms that in

Geosci. Model Dev., 10, 903-926, 2017
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MEGAN the spatial emission distribution mainly depends on
the emission factor and PFT distributions, since the meteoro-
logical drivers are different between these studies.

Seasonal variations of the emissions of isoprene, monoter-
penes, and other compounds are also in line with the results
of Messina et al. (2016), despite the use of different LAI
distributions. Both results agree on a net maximum of emis-
sion in July for all the selected compounds, except isoprene,
which has a more constant seasonal emission profile, with
higher emissions in March and July and lower emissions in
June. Thus, the use of the LAI distribution calculated with
the JSBACH model instead of MODIS-derived LAI does not
significantly modify either the spatial distribution or the sea-
sonal profile of the emissions. Sindelarova et al. (2014) how-
ever report a slightly different emission profile in compari-
son to this study and to Messina et al. (2016), with a shifted
isoprene emission maximum around October/November and
a minimum in June, and a maximum of monoterpene emis-
sions extended to July/August and the beginning of Septem-
ber. The differences in the seasonal emission features are thus
mainly due to the differences in the climatic forcing used in
the three studies, climate variables (here temperature and ra-
diation) being the main drivers of the interannual fluctuations
of emissions (Guenther et al., 2012).

4.3 Sensitivity simulations

This section presents the sensitivity of emission estimates
with the biogenic module in ECHAM-HAMMOZ to a selec-
tion of model input parameters and parameterizations related
to land and vegetation cover (emission factors, PFT distri-
butions, and soil water). We also analyse the effect of nudg-
ing climate in different configurations of the biogenic mod-
ule. The impacts on the emissions are shown only for the
most abundant BVOCs. A detailed list of emission estimates
for the 32 compounds simulated with the biogenic module is
given in the Supplement, Sect. S4.

Sensitivity of BVOC emissions to different LAI distri-
butions has not been tested here separately, as the use of
JSBACH-derived LAI does not lead to significant changes
in the emission distributions. LAI impact could be of impor-
tance when changing dynamically the vegetation cover in re-
sponse to land-use and future climate changes. Scaling the
LAI by a factor of 1.5 in an additional sensitivity simula-
tion leads to an increase in isoprene and monoterpene global
annual emissions (averaged over the simulation period 2000—
2012) by 18.5 and 16.5 % respectively in comparison to the
reference simulation. The effect of LAI change in the bio-
genic module is larger in comparison to the global annual in-
creases in isoprene and monoterpene emissions for the same
sensitivity test with MEGANV2.1 reported in Messina et al.
(2016) as 6.6 and 6 % respectively. The larger sensitivity of
emissions to LAI we obtain here can be explained notably by
the formulation of the LAI activity factor, which has a larger
increase rate for low LAI, and the slightly lower values of

Geosci. Model Dev., 10, 903-926, 2017

LAI used in the present study in comparison to the reference
LAI distribution used in Messina et al. (2016) (not shown).

4.3.1 Impact of PFT-dependent emission factors

The impact of emission factors on the emissions calcu-
lated with the biogenic module in ECHAM-HAMMOZ
is evaluated in simulation PFT-CLM4. Here, the emis-
sion factors from the global maps of 10 compounds (iso-
prene, «-pinene, B-pinene, 3-carene, limonene, myrcene, t-
B-ocimene, sabinene, 232-MBO, and nitric oxide) as used in
the CTRL simulation are replaced by emission factor distri-
butions derived from the MEGAN2.1-CLM4 PFT fractions
(as explained in Sect. 2.3.2). Global and regional relative dif-
ferences of the annual emissions of the 10 compounds listed
above are shown in Fig. 5. Globally, isoprene emissions de-
crease by 8.5 % in experiment PFT-CLM4, resulting from a
decrease in emission mainly in Australia, but also in Africa,
North America, and Russia. However, isoprene emissions in-
crease in South America and South Asia. Sindelarova et al.
(2014) report a global decrease of 12.5 % for the same sen-
sitivity experiment, and a similar regional distribution of the
impacts. The difference between the two studies can be at-
tributed to the difference in the spatial resolution of the simu-
lations, 1.875° x 1.875° here and 0.5° x 0.5° in Sindelarova
et al. (2014), that significantly influences the emission esti-
mates in coastal regions and areas with large variations in
topography and land cover (Pugh et al., 2013). However, the
impact of emission factors on isoprene emissions obtained
here and by Sindelarova et al. (2014) is much higher than the
1 % decrease reported in Guenther et al. (2012). Most of the
differences obtained here can be explained directly from the
differences in the emission factor distributions. The emission
factor maps used in the reference simulation are derived from
detailed land cover and plant species distributions, as well
as above-canopy flux measurements, and thus account for
species composition variability (Guenther et al., 2012). For
the PFT-based emission factor distributions used in the PFT-
CLM4 simulation, each PFT is associated with a constant
value of emission factor per compound, which is an average
of the plant-species-specific emission factors for the plant
species belonging to that particular PFT. For some PFTs,
grouping together species with comparable emissions, the
differences are small, but for PFTs grouping together high
and low emitter plant species, this can lead to significant dis-
crepancies. For example, broadleaf deciduous temperate tree
PFTs group together Acer with negligible isoprene emissions
and Quercus with high isoprene emissions. Switching to this
PFT-specific emission factor thus lowers isoprene emission
in the regions covered by Quercus. The biogenic emission
module is highly sensitive to changes in emission factors.
The modification of the emission factor distribution mainly
affects the spatial distribution of the simulated BVOC emis-
sions, but does not impact the seasonality of the emissions.

www.geosci-model-dev.net/10/903/2017/
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Figure 5. Global and regional relative emission differences (%) between the sensitivity simulation (PFT-CLLM4) and the reference simulation

for isoprene, monoterpenes, 232-MBO, and nitric oxide.

As shown in Fig. 6, the increase in isoprene emission in
tropical regions in the PFT-CLM4 simulation results directly
from the higher constant values of emission factors associ-
ated with tropical PFTs. The decrease in isoprene emission
in Australia and sub-Saharan Africa is directly linked to the
covering of these regions with mainly temperate shrub and
grass PFTs in the MEGAN2.1-CLM4 PFT distribution, as-
sociated with lower constant emission factors. Moreover, the
MEGAN2.1-CLM4 PFT distribution does not reproduce the
presence of temperate and tropical species with higher emis-
sion factors, especially in the north of Australia. In the north-
ern part of North America and in Siberia, isoprene emission
factors associated with temperate and boreal PFTs, dominant
in these regions, are lower than the species-specific emission
factors. However, despite the significant lowering of emis-
sion factors in northern regions, isoprene emissions are only
slightly decreased in comparison to tropical regions. This is
mainly due to the lower rate of isoprene emissions in cooler
climatic conditions (Guenther et al., 2006).

Monoterpene emissions are strongly impacted by the use
of PFT-specific emission factors. At the global scale, o-
pinene and myrcene emissions increase by respectively 75
and 157 %, whereas t-B-ocimene emission decreases by
25 %. Large increases in all monoterpene compounds occur
in Australia in the PFT-CLM4 simulation, due to the pres-
ence of temperate shrub PFTs, strong monoterpene emitters,
in the major part of Australia. Similarly to isoprene, ¢-pinene
and myrcene emissions increase strongly in South Amer-
ica (+125 % for a-pinene and 4300 % for myrcene) in re-
sponse to larger spatial coverage of tropical vegetation with
high emission factors in the MEGAN?2.1-CLM4 PFT distri-
bution. In northern regions, a-pinene emissions also increase
(+82 % in North America) in response to the high values of
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emission factors associated with needleleaf evergreen tem-
perate and boreal PFTs, mainly covering these regions in the
PFT-CLM4 simulation. However, t-8-ocimene emissions de-
crease in all regions except Australia (for example, —34 % in
South America, and —39 % in Europe). This is due to the
slightly lower emission factor associated with tropical and
temperate PFTs for t-B-ocimene.

The 232-MBO and nitric oxide emissions are also sig-
nificantly affected by the use of PFT-dependent emission
factors; 232-MBO and nitric oxide emissions decrease by
18 and 38 %. The 232-MBO emissions increase strongly in
Europe and Russia, but decrease in the rest of the world,
whereas nitric oxide emissions decrease in all regions. As
shown in Fig. 6, the decrease in 232-MBO emissions in trop-
ical regions is due to very low emission factor values as-
sociated with temperate and tropical PFTs (between 0.0002
and 0.04mgCm~2day™") in comparison to the emission
factor values deduced from global maps (between 0.1 and
0.5mg Cm~2day~"). Much higher values of emission fac-
tors associated with needleleaf evergreen temperate and bo-
real tree PFTs (PFTs 1 and 2 in the MEGAN2.1-CLM4 PFT
classification, with emission factors of respectively 14.4 and
1.23mg Cm~2day~!) lead to a strong increase in 232-MBO
emissions in northern regions, and particularly in northern
Europe and Russia mainly covered by PFTs 1 and 2. How-
ever, the PFT-based emissions factors are still lower than
the species-specific values obtained from the global maps in
North America, explaining the decrease in 232-MBO in sev-
eral areas.

4.3.2 Impact of PFT distribution

In simulation PFT-JSBACH, the MEGAN2.1-CLM4 PFT
distribution is replaced by the extended-JSBACH PFT dis-

Geosci. Model Deyv., 10, 903-926, 2017
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tribution. As explained in Sect. 2.3.2, the extended-JSBACH
14-PFT classification has been developed to be as simi-
lar as possible to the MEGAN2.1-CLM4 15-PFT classifica-
tion, in order to use the emission factors associated with the
MEGAN?2.1-CLM4 PFTs for the extended-JSBACH PFTs.
Therefore, differences in BVOC emissions between simula-
tions PFT-JSBACH and PFT-CLM4 only result from the dif-
ferences in the PFT geographical distribution and fractional
coverage of the grid cells. Table 6 lists the global continen-
tal areas covered by the 14 PFTs of the MEGAN2.1-CLM4
and extended-JSBACH classifications and Fig. 7 illustrates
the distribution of the dominant PFTs for both classifica-
tions. Tropical and temperate tree PFTs are generally less
extended in the JSBACH distribution. The areas covered by
broadleaf deciduous temperate and tropical trees (PFT 2 and
7) are particularly reduced, whereas boreal tree PFTs cover
larger areas. The areas covered by shrub PFTs are also low-

Geosci. Model Dev., 10, 903-926, 2017

ered, especially for the boreal shrubs (PFT 10) which are re-
placed by cool/cold C3 grasses or bare soil at high latitudes
of the Northern Hemisphere in the JSBACH distribution. Dif-
ferences also occur in the grass and crop PFT distributions,
but only slightly impact BVOC emissions due to the lower
emission factors associated with these PFTs.

At the global scale, all BVOC emissions decrease in the
PFT-JSBACH experiment in comparison to the PFT-CLM4
experiment, mainly in response to the reduction of the spa-
tial extent of tropical PFTs (PFTs 1 and 2). The seasonality
of emission is not affected by the change in PFT distribution.
Isoprene and monoterpene emissions are reduced by about
9 %, methanol and acetone by 17 %, and beta-caryophyllene
by 20 % (Fig. 8). The global reduction of isoprene emission
due to PFT distribution change we have obtained here is less
than the 13 to 24 %, and 30 %, impacts reported respectively
in Guenther et al. (2006) and Pfister et al. (2008). In these

www.geosci-model-dev.net/10/903/2017/
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Table 6. Continental surface areas covered by the MEGAN2.1-CLM4 PFTs and the extended-JSBACH PFTs (1012 mz).

PFT number and name

MEGAN2.1-CLM4  extended-JSBACH

PFT surface PFT surface
0 Bare soil 554 85.8
1 Broadleaf evergreen tropical trees 14.1 11.75
2 Broadleaf deciduous tropical trees 8.19 2.98
3 Needleleaf evergreen temperate trees 4.77 1.52
4 Needleleaf evergreen boreal trees 10.68 8.22
5 Broadleaf evergreen temperate trees 2.18 1.25
6 Needleleaf deciduous boreal trees 1.49 2.24
7 Broadleaf deciduous temperate trees 5.32 1.81
8 Broadleaf deciduous boreal trees 1.98 3.19
9 Broadleaf deciduous temperate shrubs 6.32 3.62
10 Broadleaf deciduous boreal shrubs 8.97 1.15
11 Cold/arctic C3 grasses 4.66 4.32
12 Cool C3 grasses 13.56 11.54
13 Warm C4 grasses 12.46 16.25
14 Crops 13.96 10.45
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Figure 7. Distribution of dominant PFTs for the (a) MEGAN2.1-CLM4 and (b) extended-JSBACH classifications.

two studies, the PFT distributions used to force MEGAN
were mainly obtained from MODIS satellite observations us-
ing different procedures to assign PFT coverage. This caused
large differences in PFT distributions and area estimates, and
thus in isoprene emissions.

As shown in Fig. 9, the decrease in isoprene, ¢-pinene (and
other monoterpenes), and B-caryophyllene annual emissions
occurs mainly in tropical regions, due to the reduction of the
spatial extension of tropical PFTs in the extended-JSBACH
distribution, particularly in Indonesia and South Asia (see
Fig. 10), which are strong emitters of most compounds. How-
ever, the extension of broadleaf deciduous tropical trees (PFT
2) in central Africa, India, and the south of China leads to
higher emissions in these regions. In agreement with the re-
sults of Guenther et al. (2006) and Pfister et al. (2008), we
observe here that isoprene emissions are mostly impacted by
the differences in the coverage of broadleaf trees and shrubs,

www.geosci-model-dev.net/10/903/2017/

which are the vegetation classes with the highest emission
factors. Changes in crop, grass, and needleleaf tree distribu-
tions have a smaller effect. Moreover, the effects of tropi-
cal PFTs on the emissions are also reinforced by the year-
long warm temperatures and high incoming radiation of trop-
ical regions inducing higher activity factors, and thus higher
emission rates. This effect is also illustrated by the relatively
low impact of the modification in the boreal PFT distribu-
tions on isoprene emission. Indeed, despite the expansion
at mid and high latitudes of the Northern Hemisphere of
broadleaf deciduous boreal trees (PFT 8), associated with
high isoprene emission potential, isoprene emissions are only
slightly increased due to the lower values of activity factors
for light and temperature in these regions.

The 232-MBO emissions are significantly decreased in
northern regions in response to the reduction of the fractions
of needleleaf evergreen temperate and boreal trees (PFT 3

Geosci. Model Deyv., 10, 903-926, 2017
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and 4); 232-MBO has the same parameterization for light
and temperature as isoprene, but it is mainly emitted by bo-
real and cold tree species, and its emission factor for needle-
leaf evergreen temperate trees (PFT 3) is about 70 000 times
its emission factor associated with tropical PFTs. a-pinene
and B-caryophyllene emissions also decrease in northern re-
gions in response to the reduction of PFT 3 and 4 coverage.
These compounds do not have higher emission potentials for
cold PFTs in comparison to tropical PFTs, but the different
parameterization of the temperature activity factor, including
a light-independent function, leads to higher emissions rates

Geosci. Model Dev., 10, 903-926, 2017

and emission sensitivity at high latitudes in comparison to
isoprene.

4.3.3 Impact of soil moisture on isoprene emission

The impact of soil moisture on simulated isoprene emission
is evaluated in experiment TEST-SM, via the activation of
the activity factor ysym as described by Guenther et al. (2006,
2012). The soil water activity factor is evaluated here using
the relative soil water amount (soil water depth relative to the
maximum water depth, corresponding here to the root zone;

www.geosci-model-dev.net/10/903/2017/
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Hagemann and Stacke, 2015), and a wilting point set at 35 %
of the maximum soil water amount. The detailed parameter-
ization of the ygy activity factor is given in the Supplement,
Sect. S1.

The activation of the soil moisture activity factor reduces
global isoprene emission by 15.2 %. The soil moisture im-
pact reported here is within the range of previous estimates
with MEGAN. It is higher than the 1 and 7 % reductions
in isoprene emission reported respectively by Lathiere et al.
(2010) and Guenther et al. (2006), but less than the 21 % re-
duction of Miiller et al. (2008) and 50 % reduction of Sin-
delarova et al. (2014). All the mentioned studies are based
on the same algorithm; thus, the differences in the soil mois-
ture effects on isoprene emissions are due only to the use
of different soil moisture and wilting point datasets. Wilting
point is particularly important since it is the threshold value
below which the soil moisture activity factor, and thus the
isoprene emissions, are set to zero, and has to be consistent
with the soil moisture data (Guenther et al., 2012). Never-
theless, the soil moisture impact has to be considered with
caution (Miiller et al., 2008), because its parameterization is
based on measurements from only one study (Pegoraro et al.,
2004).

Despite the use of different soil moisture databases, the
geographical distribution of the soil moisture activity fac-
tor shown in Fig. 11 is very similar to the ones obtained
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in Miiller et al. (2008) and Sindelarova et al. (2014). Arid
and semi-arid regions are characterized by ysy values below
0.5, whereas most of the tropical and temperate regions have
ysMm up to 0.9. Our estimates of ysy are higher than the val-
ues reported by Sindelarova et al. (2014) in southern Africa,
central Africa, and South Asia, but lower than the estima-
tions of Miiller et al. (2008) and Sindelarova et al. (2014) in
northern regions, especially in Siberia. Similarly to Miiller
et al. (2008) and Sindelarova et al. (2014), isoprene emis-
sions mainly decrease in the tropical regions affected by low
soil moisture activity factors, i.e. the southern part of North
America, South America, Sub-Saharan Africa, central Asia,
and Australia. The decrease in isoprene emission is particu-
larly marked in the north of Australia, reaching up to 60 % of
the reference emissions. The soil moisture impact is slightly
more pronounced during summer months and dry seasons
(not shown), except in Australia, where the major part of the
annual effect is due to the emission reductions occurring dur-
ing the Southern Hemisphere summer.

4.3.4 Impact of nudging

Since the soil moisture effect depends primarily on the mod-
elled water cycle, we also tested the impact of running a
nudged simulation versus simulations with only prescribed
sea-surface temperatures and sea-ice coverage. Even though
nudging in ECHAM6-HAMMOZ does not include nudging

Geosci. Model Deyv., 10, 903-926, 2017
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to humidity data, the use of surface pressure, temperature,
vorticity, and divergence from reanalysis has an impact on
the water cycle in ECHAM6 (Lohmann and Hoose, 2009;
Lohmann and Ferrachat, 2010). The effect of nudging on the
biogenic emissions is analysed in experiments TEST-NUDG
and TEST-NUDGH-SM. Simulation TEST-NUDG is identi-
cal to the reference simulation, except that nudging to ERA-
Interim data is applied for vorticity, divergence, temperature,
and surface pressure (Lohmann and Hoose, 2009; Zhang
et al., 2014). In simulation TEST-NUDG+SM the nudging
and the soil moisture activity factor are activated. Gener-
ally, nudging the climate simulation towards global weather
reanalysis is applied in order to perform more straightfor-
ward comparison between simulation and observation, and
also to allow for distinguishing between signal and noise af-
ter a shorter simulation time (Zhang et al., 2014). In experi-
ment TEST-NUDG, nudging has a weak impact on the sim-
ulated global biogenic emissions, decreasing the total global
emissions by 2.6 %. Figure 12 gives the annual global rela-
tive emission differences for the most emitted and important
compounds. Isoprene global annual emissions are reduced
by 1.8% (—=7.6TgCyr"), which is less than the interan-
nual variability (standard deviation of 9.1 TgCyr~! for the

Geosci. Model Dev., 10, 903-926, 2017

13-year simulation), monoterpene emissions by 3.6 %, and a
maximum decrease of 5.2 % is obtained for -caryophyllene.
The activation of the soil moisture activity factor in the
TEST-NUDG+SM simulation leads to similar conclusions.
The isoprene global emission is reduced by 17.1 % (rela-
tive to the reference simulation), which is about the sum
of the soil moisture impact (—15.2 %) and the nudging im-
pact (—1.8 %). By constraining the simulated wind and tem-
perature fields using reanalysis, nudging reduces the BVOC
emission variability, in agreement with Zhang et al. (2014).
As illustrated in Fig. 13 for isoprene and monoterpenes,
the interannual and seasonal variations of global emissions
in the nudged and reference simulations have mostly sim-
ilar profiles, but the annual and monthly fluctuations are
reduced in the TEST-NUDG simulation in comparison to
the reference simulation by 1 TgCyr~! for isoprene and by
0.08 TgCyr~! for monoterpenes on average over the mod-
elled period. The difference between the highest and lowest
global annual emissions over the 2000-2012 simulation pe-
riod is about 8.4 % (5.8 %) of isoprene (monoterpenes) total
emission averaged over the simulation period in the refer-
ence simulation and 5.5 % (4.9 % for monoterpenes) in the
nudged simulation. However, the activation of the soil mois-
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ture effect increases the interannual variability of isoprene
emissions to 8.8 % in the TEST-NUDG+-SM simulation. The
temporal profile of the emission is similar to the profile of
experiment TEST-NUDG, but shifted to lower annual totals
due to the reduction of isoprene emission by the soil mois-
ture effect. The standard deviation of total annual isoprene
emissions obtained here (9.1 TgCyr~!) is lower than the
standard deviations of total annual isoprene emissions of
430 and +20.2TgCyr~! reported by respectively Miiller
et al. (2008) (1995-2006 MEGANYV2 simulation forced with
ECMWEF reanalysis) and Sindelarova et al. (2014) (1980—
2010 MEGANV2.1 simulation forced with MERRA reanal-
ysis). However, the standard deviation of the reference sim-
ulation is closer to the 10.8 TgCyr~! standard deviation
obtained by Lathiere et al. (2006) for a 1983—-1995 simula-
tion using MEGANV2 forced with the satellite-based climate
archive. Differences in the isoprene variability can be associ-
ated with the differences in the meteorological datasets used
in the different studies. The activation of the soil moisture ac-
tivity factor could partly explain the larger interannual vari-
ability in the study of Miiller et al. (2008), following the re-
sults of experiment TEST-NUDG+SM. The activation of the
CO activity factor in Sindelarova et al. (2014) can also lead
to larger differences between the global isoprene estimates at
the beginning and the end of the temporal series studied.
Nudging also has a weaker impact on the spatial distribu-
tion of BVOC emissions in comparison to PFT distributions
and emission factors. Effects of nudging are mainly localized
in tropical regions (see Fig. 14). Isoprene emissions increase
in the south-east of North America, north of South America,
and the western part of equatorial Africa, and slightly de-
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crease in South America, India, and large parts of Australia.
The same distribution of emission differences is observed for
a-pinene, but the impacts are more marked in the Northern
Hemisphere, with a decrease in emissions in North Amer-
ica, southern Europe, and Russia, and an increase in emis-
sions in northern Europe. Isoprene and «-pinene emission
differences are mainly driven by the differences in surface air
temperature and shortwave radiation induced by the nudg-
ing of meteorological variables, as shown in Fig. 15. The
increase in temperature and radiation in the north of South
America, the south-east of North America, western Africa,
and northern Europe leads to emission increases, whereas
the decrease in temperature in Australia and North Amer-
ica induces emissions decrease. An exception is observed
in India, where the emission decrease is not directly linked
to the temperature and radiation increase observed there. As
discussed in Lohmann and Hoose (2009) and Lohmann and
Ferrachat (2010), nudging the ECHAM model only weakly
impacts global mean TOA radiation and global temperature.
Here, we obtain a global surface air temperature decrease
of —0.17 °C (most of the regional impacts counterbalancing
each other) and a global shortwave surface radiation increase
of 4.6 Wm™2. Nudging in ECHAM has a stronger effect on
precipitation, generally increasing the convective activity in
the tropical regions (Lohmann and Hoose, 2009).

The activation of the soil moisture activity factor in TEST-
NUDG+SM affects the isoprene emission distribution ex-
actly with the same patterns and intensity as in experiment
TEST-SM (not shown). The decrease in isoprene emissions
is slightly more marked, notably in India and in South Amer-
ica, due to the reduction of soil moisture in these regions in
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Figure 14. (a) Annual isoprene emission differences (TEST-NUDG minus reference simulation), and (b) annual a-pinene emission differ-

ences (TEST-NUDG minus reference simulation).

response to the large reduction of precipitation obtained in
the nudged experiments (see Fig. 15).

5 Conclusions

A biogenic emission scheme based on MEGANv2.1 (Guen-
ther et al.,, 2012) has been integrated into the ECHAMG6-
HAMMOZ chemistry climate model and linked to param-
eters of the JSBACH vegetation model, in order to calculate
the biogenic emissions of 32 compounds. The model calcu-
lates a total emission of 634 Tg Cyr~! from terrestrial vege-
tation over the period 2000-2012. Isoprene is the main con-
tributor to the average emission total, accounting for 66 %
(417 TgCyr~ 1), followed by several monoterpenes (12 %),
methanol (7 %), acetone (3.6 %), and ethene (3.6 %). Trop-
ical regions are identified as the primary source of global
BVOCs, contributing 87 % of isoprene, 79 % of monoter-
penes, and 73 % of methanol global annual emissions. The
standard deviation of total annual isoprene emissions over
the studied period is +9.1 TgC yr~!, lower than previously
reported (Sindelarova et al., 2014; Miiller et al., 2008). The
biogenic emission estimates in ECHAM6-HAMMOZ are
within the range of previous emission budgets obtained with
different versions of MEGAN. Nevertheless, model esti-
mates of BVOC emissions show a large variation, global iso-
prene emissions varying within a factor of 1.6, when global
monoterpene and methanol emissions vary within a factor of
about 3.5. Most of the discrepancies between model emission
estimates can be attributed to the use of different climatic in-
put data, vegetation-related parameters (LAI, PFT distribu-
tions), parameterizations, and empirical coefficients within
MEGAN (emission factors, parameterization of activity fac-
tors, etc.). The variability in BVOC emission estimates us-
ing the same model with different configurations highlights
the need for a systematic effort to improve the understanding
of the key processes and mechanisms responsible for BVOC
emissions. Measurements of BVOC emissions in various re-
gions of the Earth and over longer time periods, as well as
sensitivity tests and model intercomparisons, are therefore
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required to obtain more accurate emission estimates and re-
fine the model parameterizations.

The sensitivity of biogenic emissions to a selection of
model input parameters and parameterizations related to veg-
etation cover and climate has been evaluated in a series of
sensitivity simulations. The biogenic model shows a high
sensitivity to the changes in PFT distributions and associated
emission factors. The use of emission factors derived from
PFT distributions instead of gridded maps of species-specific
values results in isoprene and «-pinene estimates varying re-
spectively by 8.5 and 75 % of the reference simulation val-
ues, and in the largest changes in the spatial distribution of
BVOC emissions in comparison to the other simulation re-
sults presented here. These effects are mainly explained by
the differences in the PFT spatial coverage and the averaged
emission factors associated with each PFT in comparison to
the species-specific values. Switching to the PFT distribution
derived from the JSBACH vegetation model has a lower im-
pact on BVOC emissions, and causes a decrease in isoprene
and monoterpene emissions by about 9 % that can be mostly
attributed to the differences in the distribution of tropical and
temperate tree PFTs. Isoprene emissions show the highest
sensitivity to soil moisture impact, with a global decrease in
isoprene emission by 12.5 % when the soil moisture activ-
ity factor is included in the emission parameterization. This
effect is within the broad range of previous results of sen-
sitivity studies, varying from 1 % (Lathiere et al., 2010) to
50 % (Sindelarova et al., 2014). The large uncertainties con-
cerning the soil moisture impact on isoprene emissions are
mainly explained by the use of different soil moisture and
wilting point databases. This also highlights the need for a
better understanding and more constrained parameterization
of the soil moisture impact on isoprene and the introduction
of its impact on other compounds in MEGAN as suggested
by Wu et al. (2015). Nudging the ECHAMG6 climate towards
ERA-Interim reanalysis has a much lower impact on the bio-
genic emissions in comparison to the effects of PFT distri-
butions and soil moisture. Constraining meteorological vari-
ables lowers the interannual variability in comparison to the
reference simulation, and most of the regional impacts can
be explained by the slight differences obtained in tempera-
ture and radiation.

The results of the present study demonstrate the capability
of the biogenic model embedded in ECHAM6-HAMMOZ in
reasonably representing BVOC emissions at the global and
regional scales. This version of the ECHAM6-HAMMOZ
model is now suitable for many tropospheric investigations,
notably concerning the impact of BVOC emissions on the
ozone budget, secondary aerosol formation, and atmospheric
chemistry. Activating the dynamic vegetation component of
the JSBACH model also allows for the study of present-day
and future land cover and land-use change impacts on at-
mospheric chemistry in a comprehensive chemistry climate
model framework.
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6 Code availability

The code of the biogenic module (Fortran 95) is available
upon request from the corresponding author or as part of the
ECHAM6-HAMMOZ chemistry climate model through the
HAMMOZ distribution web page https://redmine.hammoz.
ethz.ch/projects/hammoz.
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