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Abstract. The Model of Emissions of Gases and Aerosols on a global scale, most significantly in specific regions of
from Nature (MEGANv2.1) together with the Modern- Africa, South America and Australia.
Era Retrospective Analysis for Research and Applications MEGAN-MACC estimates are comparable to results of
(MERRA) meteorological fields were used to create a globalprevious studies. More detailed comparison with other iso-
emission data set of biogenic volatile organic compoundsprene inventories indicated significant spatial and temporal
(BVOC) available on a monthly basis for the time period of differences between the data sets especially for Australia,
1980-2010. This data set, developed under the MonitoringSoutheast Asia and South America. MEGAN-MACC es-
Atmospheric Composition and Climate project (MACC), is timates of isopreneg-pinene and group of monoterpenes
called MEGAN-MACC. The model estimated mean annualshowed a reasonable agreement with surface flux measure-
total BVOC emission of 760 Tg (C) y* consisting of iso- ments at sites located in tropical forests in the Amazon and
prene (70 %), monoterpenes (11 %), methanol (6 %), aceton®alaysia. The model was able to capture the seasonal varia-
(83%), sesquiterpenes (2.5 %) and other BVOC species eaction of isoprene emissions in the Amazon forest.
contributing less than 2 %.

Several sensitivity model runs were performed to study the
impact of different model input and model settings on iso-
prene estimates and resulted in differences of up1@%of 1 Introduction
the reference isoprene total. A greater impact was observed
for a sensitivity run applying parameterization of soil mois- Non-methane volatile organic compounds (VOCs) are re-

ture deficit that led to a 50 % reduction of isoprene emissiondeased into the atmosphere as a result of anthropogenic ac-
tivity as well as biochemical processes in soils, oceans and

vegetation. Terrestrial vegetation is the dominant source of
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atmospheric VOCs accounting for about 90 % of the emis-sion on environmental conditions.
sion total Guenther et a]1995. Isoprene and monoterpenes Fec.S. 1)
are the most abundant species among the biogenic VOCs ~— 4
(Kesselmeier and Staydt999 Lathiere et al.2006 Guen-  The first model versionGuenther et al.1995 considered
ther et al, 2012. Biogenic VOCs (BVOCSs) are an important the effect of both light and temperature on isoprene emission
atmospheric constituent affecting both gas phase and hetereates but only the temperature dependence of emissions for
geneous chemistry of the troposphere. Due to high reactivall other compounds. It included a simple canopy radiative
ity their atmospheric chemical lifetime ranges from minutes transfer model differentiating between the conditions of sun-
to hours (or days for several oxygenated speci@tiiison lit and sun-shaded leaves at multiple canopy levels. As ex-
and Arey 2003. Modelling studies have identified their sub- perimental findings describing new factors influencing VOC
stantial impact on the tropospheric budget of atmospheriemissions were appearing, the model algorithm was being
key species such as carbon monoxide (CO), hydroxyl radupdatedGuenther et al(1999 introduced a simple leaf age
ical (OH) and low-level ozoneQranier et al.200Q Pois-  activity factor which parameterizes the seasonal variation of
son et al.200Q Pfister et al.2008, thus influencing the ox-  plant foliage and modified the temperature activity factor to
idative capacity of the atmospherdquweling et al. 1998 capture the dependence of emissions on past meteorological
Taraborrelli et al.2012 on regional as well as global scales. conditions (temperature and light).
By affecting the concentration of low-level ozone, BVOCs Guenther et alintroduced the acronym MEGAN for
have impact on regional air quality (e.gSimpson 1995 the model version MEGANV2.0 detailed {Buenther et al.
Pierce et al.1998 Curci et al, 2009 Sartelet et a).2012 (2009. The model simulates net emission rates accounting
and through tropospheric ozone radiative forcing on climatefor losses of primary emissions in the canopy. It uses canopy
(e.g. Chalita et al. 1996 Brasseur et 811998 Gauss etal.  scale emission factors that can be based on above canopy
2006. In addition to the significance in the gas-phase chem-flux measurements or are extrapolated into the canopy scale
istry, oxidative products of some biogenic VOCs may un- from the leaf and branch level measurements using the built-
dergo a phase transition and form secondary organic aerosa@h canopy environment model for predefined standard en-
(SOA) (Hoffmann et al. 1997 Griffin et al, 1999 Limbeck vironmental conditions. The canopy model estimates inci-
et al, 2003 van Donkelaar et gl2007 having important dent solar radiation and temperature at five canopy levels
consequences in the Earth’s radiation budget. as a weighted average for all leaves and includes a leaf en-
Due to their importance for atmospheric chemical pro- ergy balance model. The model algorithm has been updated
cesses, the estimation of the amounts of biogenic VOCs emitwith more sophisticated leaf age activity factor for decidu-
ted into the atmosphere is needed for proper representation @fus land cover types accounting for different emission rates
their role in global and regional chemical transport models.in four developmental stages of the foliage going from leaf
Several modelling approaches have been developed for estbudbreak to leaf senescence. Reflecting the measurements of
mation of BVOC emissionsGuenther et al.1995 Martin isoprene emissions under drought conditions, MEGAN also
et al, 2000 Niinemets et al.1999 Arneth et al, 20071. introduced a parameterization of isoprene emission reduction
In our study we have applied the most recent version ofdue to soil moisture deficit.
the Model of Emissions of Gases and Aerosols from Nature Sakulyanontvittaya et a(2008 developed a US regional
(MEGANV2.1) Guenther et al2012. emission factor database for monoterpenes and sesquiter-
MEGAN is a model system calculating temporal and spa-penes and extended the MEGAN model to simulate emis-
tial rates of emission of chemical compounds from terrestrialsions of these chemical species (MEGANv2.02). Previous
ecosystems to the atmosphere under varying environmentatudies have shown that these compounds are to a large ex-
conditions. Although emissions from biomass burning cantent emitted in a manner similar to that of isoprene, i.e. de-
also be attributed to natural sources, these are not accountgeénding on both temperature and ligBakulyanontvittaya
for in the MEGAN model. et al.therefore introduced a light dependence factor assigned
The basis for the model algorithm has already been preto each modelled species in order to simulate different levels
sented byGuenther et al(1991, 1993 1995 2006 who de-  of light-emission dependence.
fined the fluxF (uggridcelrth=1) of a chemical species The current version of the MEGAN model (MEGANv2.1)
emitted from a model grid cell as a product of its emis- described inGuenther et al(2012 updates the model ap-
sion potential under standard environmental conditiens proach and parameterizations of MEGANvV2.02. It calculates
(ngm2h~1, i.e. basal emission potential at leaf tempera- the net primary emission of 19 compound classes which are
ture of 30 °C and photosynthetic photon flux density of then decomposed into 147 individual species such as iso-
1000 pmol n2s~1) assigned to a grid cell ecosystem type, prene, monoterpene and sesquiterpene compounds, carbon
grid cell surface ared (m?) and a dimensionless emission monoxide, methanol, alkanes, alkenes, aldehydes, acids, ke-
activity factory which represents dependence of the emis-tones and other oxygenated VOCSs. Using the MEGAN post-
processing tool, the species can be lumped into the com-
pound groups of common chemical mechanisms for use in
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chemical transport models. MEGANvV2.1 is available in two dence fraction factor (LDF) as defined 8gkulyanontvittaya
versions. The stand-alone version requires the user to preet al.(2008 andGuenther et al(2012).
vide meteorological input data as well as inputs on vegeta-
tion description. When running the version coupled with the yp = (1 - LDF) + LDF - yp | p 3)
Community Land Model (CLM4.0)L(awrence et a).2011), y1=(1—LDF) -y 1 +LDF- 97 1D )
land cover distribution and meteorological inputs can be pro- - -
vided by the Qynamic vegetation and atmospheric models ofrpq e and yr factors are calculated by the MEGAN full
the Community Earth System Model (CESM3€nt et al.  4nopy environment model, which simulates the propagation
201])-_ of light and vertical change in temperature within the canopy
‘During the past few years, the MEGAN model has beeng, five vertical levels. Bothyp andyr factors account for the
widely used within the scientific community for the esti- jnpact of temperature and light conditions in the past 24 h.
mation of BVOC emissions and has been incorporated intorpe va andyswm factors represent the leaf age emission ac-
various earth system and chemistry transport models (€.giyity factor and the dependence of isoprene emission on soil
Guenther et al 2006 Heald et al. 2008 Pfister etal.2008  ygisture, respectively, already introduced in MEGANV2.0.
Stavrakou et al.2009 Emmons et a.201Q Millet et al., Theyco, factor is a new MEGANv2.1 model feature, which
201Q Guenther et al2012. _ _ accounts for the impact of concentration of carbon diox-
The long-term data set presented in this pa-jge (CQ,) on isoprene emission. Following the parameter-
per has been developed in support of the MACC;aiion of Heald et al.(2009, isoprene emissions decrease
(Monitoring ~ Atmospheric  Composition and  Climate \yhen ambient C@ concentration increases above the level
project: http://www.gmes-atmospherejeu project and  of 400 ppmv (parts per million by volume). In view of the

of the CCMI (Chemistry-Climate Model Initiative: |ack of clear experimental evidence of an effegio, is set
http://www.met.reading.ac.uk/ccthi/The MEGAN model 4 1 for all other species.

setting and selection of input data are addressed in 8ect.  Tpe canopy scale emissions of the MEGAN model are
description of the emission data set (MEGAN-MACC) and giandardized at LAI equal to 55m~2 for a canopy consist-

a set of model sensitivity studies focusing on isoprene ising of 80 % mature, 10 % growing and 10 % old leaves. Fur-
given in Sect3. Comparison of MEGAN-MACC emission  her standard canopy conditions include a solar angle equal
estimates with results of previous studies is presented ijg 6, transmission of PPFD through the atmosphere (i.e.
Sect.4 with special attention to isoprene and its temporal r4tio phetween PPFD at the top of the canopy and at the top
and spatial distributions in different data sets. In S&ct. of the atmosphere) equal to 0.6, air temperature of 303 K, air
we show a comparison of modelled emission fluxes W'thhumidity equal to 14 g kgt, wind speed equal to 3 & and
measurements in tropical forests in the Amazon and ingyi moisture of 0.3 im=3 for current canopy environmen-
Borneo. Conclusions are presented in Séct. tal conditions; and for average canopy environmental con-
ditions of the past 24 h leaf temperature of 297 K, PPFD of
200 and 50 pmol m?s~1 for sunlit and shaded leaves, re-
spectively.Guenther et al(2012 provide more detail on the

2.1 Algorithm of the emission estimation model algorithm.

2 Emission model description and model inputs

The emission data set presented here has been calculated B2 Model input parameters
the stand-alone version of MEGANv2.1. The BVOC species

emission flux (ug m2h=1) is estimated following Eq.1). Unless otherwise stated, in all model simulations the effect

The emission activity factor is calculated as follows: of CO, concentration on isoprene emission represented by
yco, in Eq. (2) was taken into account. We have applied the

y =Cce- LAl - yp-yT YA - VYSM* YCO,» (2) factor calculated as a global average for each year using the

annual mean of C®concentrations observed at Mauna Loa

whereCeceis a canopy environment coefficiert 0.57) serv-  and South Pole stationkéeling et al, 2012).
ing to normalizey to 1 at standard canopy conditions de-

scribed in the following paragraph. LAl is the leaf areaindex 2.2.1  Meteorological fields

(m?m~2), and yp and yr are emission activity factors ac-

counting for light and temperature effects, respectivahis The MEGAN model was driven by meteorological fields of
calculated based on the photosynthetic photon flux densityModern-Era Retrospective Analysis for Research and Appli-
(PPFD) (umol of photons in 400-700nm range%s~1).  cations (MERRA) provided by the NASA's Goddard Space
PPFD is part of the solar radiation in the spectral range ofFlight Center Rienecker et al2011). MERRA data are pro-
400-700 nm, which can be processed by plants during photoduced by the Goddard Earth Observing System (GEOS) at-
synthesis. Bothyp andyt are divided into the light dependent mospheric model version 5.2.0 with a data assimilation sys-
(LD) and light independent (LI) parts using the light depen- tem (DAS). The full data set covers the modern satellite era
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from 1979 to present. In this work we used data for the periodrepresenting the average basal emission of all BVOC species

of 1980 to 2010. from this ecosystem type (emission factor EF). The emission
For the reference MEGAN model simulation (MEGAN- potentialeprt of a grid cell is then calculated as follows:

MACC) we have used 6 hourly instantaneous analysis fields

of surface temperature, air pressure, humidity and wind 16

speed given on the model grid with horizontal spatial <PFT= ZEH i ®)

resolution of 0.8 latitude and 0.666longitude. Since the i=1

MEGAN model requires hourly input data, the 6 hourly fields where f is a fraction of a grid cell covered by PFT category

were interpolated. Spatial resolution of the meteorological;

fields was shown to have a negligible impact on global iso-  In our model runs, we used the emission potential from the

prene emissions, however, it might cause a significant isogridded mapseuap) for isoprenex-pinene,s-pinene,A3-

prene variations at local and regional scalBsigh et al.  carene, limonene, myrcene, ocimene, sabinene and 2-methyl-

2013. Calculating hourly meteorological data from 6 hourly 3-puten-2-ol (MBO). For other modelled species we used

inputs can lower the global isoprene emissions by up to 3 %calculated emission potentiadseT. A list of PFT categories

and using monthly averages of hourly daily profile might lead together with the corresponding prescribed emission factor

to additional decrease of 7% globally. Temporal averagingvalues (EF) for modelled chemical species can be found in

of meteorological inputs can have more substantial impactsrable 2 inGuenther et al2012).

at regional level Ashworth et al. 2010). The density of vegetation is represented in the model
The MERRA data set does not directly provide the pho-by gridded values of leaf area index (LAI). LAl is de-

tosynthetic photon flux density (PPFD) needed for calcu-fined as the surface of the leaf area per unit surface of the

lation of the yp factor in Eq. ). Values of PPFD can be ground (rﬁ m—z)_ We have used the 8-day high spatially

obtained from photosynthetically active radiation (PAR, W resolved LAl data processed Byuan et al.(2011) from

m~2) provided on hourly basis by the MERRA Land model. global retrievals of the Moderate-Resolution Imaging Spec-

As discussed irGuenther et al(2012, selection of a con-  troradiometer (MODIS, Collection 5) for the period of 2000—

version factor between PAR and PPFD is an important issue2009. Yuan et al.applied a quality control algorithm in or-

In MEGAN, conversion factors of 4.6 and 4.0 umol photons der to decrease uncertainties and inconsistencies. The 8-day

J1 are used for diffuse and direct radiation, respectively. LAl values averaged over the 10-year period were used for
In the reference MEGAN model run the effect of the soil the MEGAN model simulations from 1980-1999 and for the

moisture deficit on BVOC emission was not taken into ac-year 2010 for which LAl values from satellite observation

count and thers factor was assigned to 1. Impact of the soil were not available. Using climatological LAl instead of the

moisture activity factor on isoprene emission is further dis- actual LAl values can lead to about 5 % emission difference.

cussed together with the sensitivity data set S4in Se24  Since LAl data are mean values over the whole grid cell, we

have divided the grid mean LAI by a fraction of the vege-
2.2.2 Vegetation and emission factors tated surface to take into account only the parts of the grid
cell covered by vegetation. A similar LAl modification was

Vegetation composition inside the model domain is theapplied inGuenther et a(2006 andMilller et al.(2008. We

principal information needed to estimate BVOC emissions.have set the LAl maximum at 79m~2 to avoid very high

A distribution of 16 plant functional types (PFT) consistent | Al values for the sparsely vegetated grid cells.

with the vegetation categories used in the Community Land | Al values are used directly in calculation of the emission

Model version 4 (CLM4) awrence and Chas@007 was  activity factory as well as in calculation of the leaf age activ-

used to define the vegetation spatial distribution in our mOdeity factorya (Eq.2). The current age of the vegetation foliage

setup. The data set provides a percentage of PFT coverage i§ parameterized based on changes between the current LAI

each model grid cell. and LAl in the preceding time ste(ienther et a]2012.
Another important input parameter is the emission poten- Maps of PFT distribution and emission potentiaisp,

tial € of individual modelled species. In MEGANV2.1, there as well as LAl input files were regridded to the spatial res-

are two possibilities for assigning a grid cell with an emission olution of the meteorological fields (i.e.3 x 0.666°). Re-

potential value. One option is to use the global gridded high-gridding to lower spatial resolution might cause inaccuracies,

resolution emission potential mapsap) provided together  especially in coastal areas and locations with high variety of

with the MEGAN model code for the predominant BVOC |and cover typesRugh et al.2013.

species. These gridded maps were compiled on the basis of

detailed land cover and plant species distributions and took

into account the information from species specific flux mea-

surements Guenther et al.2012. The second option is to

calculatec based on the plant functional type composition in

the grid cell. Each of the PFT categories is assigned a value
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Table 1. Annual global total averaged over the period of 1980-2010 for selected BVOC species (with standard de)jitiein relative
contribution to the global total of all BVOCs expressed as emission of carbon, maximal and minimal value within the modelled period. Note
that the sum of monoterpenes already includes emissiowgpafene angg-pinene (in italics).

Global totals mean rel. contribution  minimum  maximum
Species Tg (species)yt % Tgyrl Tgyr!
isoprene 594 34 69.2 520 672
sum of monoterpenes 953 10.9 89 103
a-pinene 32t1 3.7 30 34
B-pinene 16.4-0.6 1.9 15.6 17.9
sesquiterpenes 201 2.4 18 23
methanol 13-4 6.4 121 138
acetone 3&1 3.0 35 40
ethanol 191 1.3 17 21
acetaldehyde 191 1.3 17 21
ethene 18.4+0.5 2.0 171 19.2
propene 19+04 1.7 14.1 15.9
formaldehyde 6+02 0.2 4.3 5.1
formic acid 35+0.2 0.1 3.2 3.8
acetic acid $+02 0.1 3.2 3.8
2-methyl-3-buten-2-ol B5+01 0.1 1.4 1.8
toluene 154+0.1 0.2 1.4 1.6
other VOC species .B+0.3 0.8 7.9 9.0
CO 90+ 4 - 82 97
3 Emission model results and sensitivity simulations 6%
3.1 Spatial and temporal distribution of emissions over Bo-pinene
the last 30 years W:-pinene
Dlimonene
Monthly mean emissions of 22 chemical species emitted B:;ar:z:r;zc'mene
from biogenic sources including isoprene, monoterpenes, .Saiinene
sesquiterpenes, methanol, other oxygenated VOCs and car- Bs-carene

bon monoxide were calculated by the MEGANv2.1 model
on a global 06° x 0.5° grid for the time period of 1980-2010. 17% 9%
Global annual totals of individual species averaged over
the considered period are listed in Tatlgogether with the Figure 1. Relative contribution of monoterpene species to m_onoter-
minimum and maximum emissions for the past 3 decadesPene annual global total averaged over the 1980-2010 period. Con-
. . . . _sidered monoterpene species are listed in the enclosed legend.
The mean annual amount emitted for all listed biogenic
VOCs reaches 760 T@) yr—* with isoprene accounting for
70 %, sum of monoterpenes for 11 %, methanol for 6 % and
other VOCs for 14 % of the BVOC total expressed as the
emission of carbon. The mean annual global total of carborthe mid panel and the bottom panel shows inter-annual vari-
monoxide (CO) is 90 TgCO) yr—1. Species considered in ability of isoprene annual global totals. As shown in Figs.
the sum of monoterpenes arepinene,S-pinene, limonene, and3, isoprene is mainly emitted in the south-tropical region,
transg-ocimene, myrcene, sabinene ak8-carene and their  which contributes about 56 % to the global total, followed by
mean relative contribution to the monoterpene sum is pre-orthern tropics (32 %) and northern and southern temper-
sented in Figl. ate regions contributing with 7 % and 4 %, respectively. Less
The spatial distribution of MEGAN-MACC emissions of than 1% of global isoprene is emitted in the northern Arctic.
isoprene and the sum of monoterpenes in January and Julhe dominance of the south tropical region is reflected also in
are displayed in Fig2. Zonal averages of isoprene monthly the distribution of isoprene emissions between Northern and
mean emissions for the period of January 1980 to DecemSouthern Hemisphere where the latter is a source of about
ber 2010 are shown in the top panel of F8y.The tempo- 60 % of the global total isoprene. The difference between the
ral profile of global monthly emission totals is presented in highest emission annual total of 672 Tgyr(1983) and the
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Figure 2. Spatial distribution of monthly mean emissions(aj isoprene(b) monoterpenes, (mgﬁ? day™1) for January (top) and July
(bottom) averaged over the modelled period 1980-2010 calculated by the MEGAN model.
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Figure 3. Zonal averages of monthly mean isoprene emissions (m?gday_l) (top panel), temporal profile of isoprene global monthly
totals (Tg montfr1) (mid-panel), global annual totals of isoprene (Tg3y (bottom panel) for the period of 1980—2010 from the MEGAN—
MACC data set. Note that the vertical axis for annual totals starts at 5007 Fg yr
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Figure 4. Zonal averages of monthly mean monoterpene emissions (Mgiay 1) (top panel), temporal profile of monoterpene global
monthly totals (Tg monthl) (mid-panel), global annual totals of monoterpene (Tglyr(bottom panel) for the period of 1980—-2010 from
the MEGAN-MACC data set. Note that the vertical axis for annual totals starts at 85 ?Fg yr

lowest of 520 Tgyr?! (2008) is about 29 % of the isoprene (broadleaf evergreen and deciduous trees) — with a relative
total emission averaged over the modelling period. contribution of 84.5% and 77 %, respectively. For isoprene,
Results for the group of monoterpenes are shown in4zig. the second largest source corresponds to temperate shrubs
The upper panel showing zonally averaged emissions high¢10 %) followed by cool and warm grass (4 %) and finally
lights the main emitting regions, i.e. the southern and north-needleleaf forest in boreal regions with 1.5%. Shrubs and
ern tropics contributing to the global total with 48% and needleleaf forest contribute equally to monoterpene emis-
35%, respectively. There is also a significant source ofsions with about 10 %. Grass is only a minor monoterpene
monoterpenes in the northern temperate region (13 %). Theource with 0.5 % of total monoterpene emission.
southern temperate region contributes about 3% and the The MEGAN-MACC emission inventory is available
northern Arctic less than 2%. The distribution of monoter- for download at the Emission of atmospheric Com-
pene emissions between the two hemispheres is more or legounds and Compilation of Ancillary Data database (EC-
equal. The annual maximum of monoterpene emissions iCAD, http://www.pole-ether.fr/leccAdECCAD is an online
reached during the Northern Hemisphere summer when theatabase of global and regional emission inventories. It in-
emissions from northern latitudes reach their annual maxi-cludes anthropogenic, biogenic and biomass burning emis-
mum. The inter-annual variation in global annual monoter-sion data together with a list of ancillary data such as pop-
pene totals is smaller than for isoprene, and the differenceulation density, land cover maps and fire emission proxies.
between the highest emitting year 1998 (102 Tgtyrand The website provides an online display and analysis tools as
the lowest emitting year 1981 (89 Tgy¥) is only 15% of  well as an interface for the download of user specified data.
mean annual monoterpene emissions.
The relative contribution of each latitudinal band to the 35  gSensitivity of isoprene emissions to different factors
global isoprene and monoterpene totals over the course of
;[::e':é ea5r %V:;argggS?;(}E;gﬁgﬁg;?ﬂgﬁéf?f Eep:?:;g??n this section we present the variability of emission esti-
regior; tHroughout the year for both species, and the highanates.du_e 0 se_lecnon of model input parameters. We foc.us
contribution of the northern temperate and Arctic region to on emissions (?f |soprene.—the mosf[ abundant B\./OC Species
. and the species for which there is the most information
mcl):r;(?tebrgtehniesgot?(lesn;vh:nn dc%rgﬂizgg fn':;)prtﬁge' e dominaniva"able' As previously shown l§yuenther et ak2006 and
sources of emﬁssions are the brgadleéf tropﬁcal forest rneth (_et al (2013, isoprene emissions.are very sensitive to
he driving meteorological data, especially temperature and
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Table 2. List of sensitivity runs performed.

sensitivity study  description model parameter
S1 use of LAl from MERRA data set y andya
S2 use of isoprene emission potentigkt €
S3 no impact of CQ on isoprene YCOo,
S4 impact of soil moisture on isoprene YSM
S5 input PAR estimated from short-wave radiation P
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Figure 5. Relative monthly contribution of south-tropical (29.5-0%, north-tropical (0.5-29°N), south-temperate (59.5-30.5), north-
temperate (30.5-5%™) and north-arctic (60.5-8%M) regions (left) and relative monthly contribution of Southern (89.5>8)sand
Northern (0.5—-89.5N) Hemisphere (right) to global emission total of isoprene (top) and monoterpenes (bottom). Colours assigned to each
latitudinal band are given in the enclosed legend. Emission totals are averaged over the period 1980-2010.

solar radiation. In our study, we have performed five sensitiv-Eq. ) that has been modified from the reference MEGAN

ity studies in order to evaluate the uncertainties of isoprenenodel setting in each study.

emission resulting from the uncertainties of selected param-

eters of the emission model. We have investigated the emisé 21 Leaf area index

sions provided by MEGAN for different LAl input data (S1), ~

with modified isoprene emission potential inputs (S2), stud-

ied the impact of C@ concentration on isoprene emission In order to evaluate the influence of different sources of

(S3), the inclusion of soil moisture activity factor (S4) and LAl data used in the MEGAN model, MODIS values were

the use of a simple calculation of PAR variable from short- replaced by leaf area index from the MERRA reanalysis

wave solar radiation (S5). All sensitivity runs were driven by data set in the sensitivity run S1. MERRA-LAI is calculated

meteorology and LAI data for the year 2003. TaBlgives by the Land module of the MERRA model system. When

a list of performed studies and indicates the parameter ircompared to LAl from MODIS (MODIS-LAI), MERRA-
LAl is generally higher. The largest differences, i.e. about
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1.2mf m~2 are found in the Amazon, the western coast of the plant tissue is 70 % 5. Theyco, factor decreases non-

the US, Canada, northern Europe and Australia. linearly with increasing C@concentration and it is normal-
o . . ized to 1 for the ambient COconcentration of 400 ppmv.
3.2.2 Input emission potential of isoprene The global mean C®concentration for the year 2003 was

o ) . . 373.1237 ppmv which correspondsjtgo, = 1.0277. In or-
Isoprene emission potential valueser (described in yer 1o quantify the importance of the G@hibition factor,

Sect.2.2.2and calculated following Eq.5f) were used in ;o have performed sensitivity run S3, in which ths, fac-
sensitivity run S2 instead of emission potentials from grid- ;. \yas assigned to 1.

ded mapsduap). On the global scale isoprene emission po-
tentialseppt are about 14 % lower than emission potentials3 2.4 Soil moisture activity factor
emap. The largest difference is again over the region of Aus-

tralia with a relative decrease of 47% when compared t0g,;| mgisture is the principal source of water for plants. Sev-

emap. A notable decrease of 28 % can be observed also in, ;| gy jes have investigated the impact of drought on var-
southern Africa, further in sub-Saharan Africa and in the ious processes ongoing within planirgey et al, 1981
southeast U_S' On the. contragget is higher tharemap in Sharkey and Loretdl993 Pegoraro et al.2004a b, 2007
South America, especially in northern Amazon (+10 %), andpyjjji et al., 20079 and have found a clear decline of pho-
in Europe except for Spain and Portugal (+18 %). _tosynthetic rate, stomatal conductance and transpiration rate
The differences between the two emission potentialyirecyly after the soil water content decrease. However, the
databases lie in the different land cover types and emissiofj, peqyeen isoprene emissions and increasing drought con-
factors serving as a basis for their calculation. While thedition is more difficult to identify.Tingey et al.(1983) and
land cover data set fatper consists of 16 generalized plant peqararg et af2004b found that for short-term soil mois-
Iunctlonal ty;lz)el ca}tegones (e.g. broa}dfleaf deuducr)]us Frﬁp'ca{ure deficit lasting for a couple of days, the isoprene emission
orest, needleleaf evergreen boreal forest), each with SP&ate remains constant or even slightly increases in the ini-
cific emission factors, the land cover serving as a basis fot;,, stages of droughtegoraro et a12007. But as the soil
the emap consists of more than 2000 ecoregions with Spe-nigyyre decreases below a certain level isoprene emission
cific emission fac_torsCﬁu_enthe.r et a,I.20.13.. The detailed  giats 1o decline as well. A reduction of isoprene emission
land cover gssouated wityap includes |nQ|V|duaI tree and rate by 64 % after 12 days of severe drought was observed
shrub species for some, but not all, regions to account fok, jjye_oak plants Quercus virginianaMill.) by Pegoraro
dlffer_ence_s among strong_ly _emlttlng tre_e species and tree o1 (20049 as well as a decrease by 50% after 5 days
species with negligible emissions belonglng_ to the same gen ingey et al, 1981). The experimental findings ¢fegoraro
eralized PFT categqry (e.g.. br_oadleaf dec'“'“?”? temperat t al.(20044 served as a base for the parameterization of the
forest) with appropriate emission factors. Emission factorsimpact of soil moisture stress on isoprene emissions in the

for eprr and emap are similar when averaged over large \;eg AN model. The soil moisture activity factagy used
scales but they can differ greatly for specific locations. in Eq. @) is defined as follows:

3.2.3 CGQG inhibition factor

ysm=1 0 >0,
The atmospheric Cfconcentration has significantly in- g, = (® — Ow) /A0, BOw <O <01 (7)
creased during the past decades and is predicted to furtheyrSNI -0 O < O

increase in the future. Global modelling studies simulating
future isoprene emissions have shown that including an algo- . . 3 ]
fithm that accounts for inhibition of the isoprene emissionsWhere © is a volumetric water content hm™3), Ow is
from plants due to elevated G@oncentration can signifi- awlltlng point, i.e. the limiting value of soil moisture below
cantly diminish the predicted isoprene increase (¢dgald ~ Which the plant cannot absorb water from salp; is an
etal, 2009. However, recent studied suggest that this inhibi- €MPpirical coefficient 0.06), and®1 = Ow + A1 (Guen-
tion may not occur in warmer climat&gn et al, 2013 and ther et al, 2006 2012. In order to quantify the effect of soil

a better understanding of this process is needed. MEGANMNoisture, we have conducted the S4 sensitivity calculation.
model simulates the impact of GQdn isoprene emission We have used the gridded MERRA wilting point values and

through activity factoryco, (Eq. 2) defined byHeald et al. root zone.soil moisture. The wilting poiyy is dependent_
(2009 as follows: on the soil type, and we have used the 2-D MERRA grid-

ded data, constant in time, with values varying from 0.01 to
¥co, = Ismax— [(Is,naxo.?. ca)")/((c*)h +(0.7- Ca)h)], (6)  0.28 n?m~3. Root zone soil moisture fm~3) is an aver-

aged volumetric water conteft in the root zone. Depend-
wherelsmax(= 1.344),h (= 1.4614) andC* (= 585) areem-  ing on the location on the globe the model root zone depth
pirical coefficients and’, is the ambient C@concentration.  varies from 0.75 to 1 m. Root zone soil moisture content is
The formula assumes that internal £€ncentration within  provided in hourly time resolution. The spatial distribution

www.atmos-chem-phys.net/14/9317/2014/ Atmos. Chem. Phys., 14, 93B44, 2014
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Figure 6. Spatial distribution of the soil moisture dependence fagtgj for isoprene emission. Annual average for the year 2003.

of the annual mean soil moisture activity factayy for the  the PAR derived from satellite and from the MERRA reanal-

year 2003 is shown in Fid. ysis than with the PAR calculated from SW.
In order to evaluate the difference between the isoprene
3.2.5 Photosynthetically active radiation from emissions calculated based on PAR modelled by MERRA
shortwave solar radiation model and PAR estimated with the assumption of PAR/SW

ratio to be equal to 0.5 we have performed a sensitivity run
Since isoprene emissions are strongly affected by photosynS5 using the latter parameterization in the input to MEGAN
thesis, the photosynthetically active radiation (PAR) is an es-model.
sential parameter for the estimation of isoprene emissions.
In the reference MEGANV2.1 simulations, we have used the3.2.6 Results of the sensitivity simulations
PAR provided by the MERRA reanalysis.

Distributions of PAR are not always archived from meteo- Comparison of the results of the reference (MEGAN-
rological or climatological model simulations, and a com- MACC) and sensitivity simulations S1-S5 is presented in
mon practice to estimate PAR has been to calculate it agig. 8. Global annual totals of isoprene were divided into
a fraction of the total incoming shortwave solar radiation contributions of each of nine geographical regions defined as
(SW). Based on measurements in different parts of the globein GlobEmission projectittp://www.globemission.el/Fig-
the ratio of PAR/SW usually ranges from 0.45 to 0.5 (e.g.ure 8 shows the isoprene emissions from each region for the
Raq 1984 Papaioannou et al1993 Jacovides et gl2003 reference and sensitivity runs, and the extent of the GlobE-
and varies in time and space. R. Pinker and co-workers at thenission regions.

University of Maryland (USA) developed a method to de- The sensitivity simulations led to total annual isoprene
rive surface spectral radiative components from satellite ob-emissions withint=17 % of the reference simulation, except
servations collected under the International Satellite Cloudfor the S4 simulation introducing the soil moisture effect,
Climatology Project $chiffer and Rossowl983. Compar-  which led to a 50 % decrease in the isoprene emission.

ison of the three methods to derive PAR is shown in Fig. The use of MERRA-LAI instead of MODIS-LAI (S1) re-
the annual mean PAR from the MERRA data set is com-sults in an annual isoprene emission increase of 24 T§yr
pared with PAR provided by University of Maryland and (i.e. +4 %) when compared to the reference run (REF). The
with PAR calculated as half of incoming shortwave radia- main changes (66 %) occur in Australi®16 Tgyr1), and
tion. The MERRA data set provides higher PAR values overthe remaining 33 % result from changes in South and North
Australia, central Africa and southern America (about 20 %) America.

and on the other hand lower PAR over the equatorial Ama- Isoprene global total estimates in sensitivity run S2
zon and Gulf of Guinea~ 20 %) when compared to PAR (impact of emission potentials) decreased by 74 Tdyr
from the satellite. There is much better agreement betweeli—12.5%) mainly due to 41 Tgyr absolute decrease in

Atmos. Chem. Phys., 14, 9318341, 2014 www.atmos-chem-phys.net/14/9317/2014/
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Figure 7. Comparison of photosynthetically active radiation (Wﬁl (a) provided by the MERRA reanalysifh) derived from satellite
observations (University of Maryland, R. Pinker, personal communication, 2@)2galculated as half of incoming shortwave solar radiation
from MERRA. The annual averages are shown for the year 2005.

Australia and 18 Tgyr! in southern Africa. However, for as central Africa, southern part of South-American tropical
South America the use of PFT-dependent emission factorsegion and Australia where the emission reduction reached
led to an absolute increase in isoprene emission by 8 Tyyr up to 70 % with respect to the reference run. This decrease
(i.e. +4 %). in isoprene emissions is much higher than that presented by
Omission of CQ activity factoryco, in the calculation of ~ Guenther et al(2006, who applied the same algorithm us-
sensitivity run S3 resulted in an overall decrease of isoprenéng NCEP (National Centers for Environmental Prediction)
emission by 2.7 %. Since GQroncentration for the simu- soil moisture values, the 2-D gridded wilting point values
lation year 2003 was less than 400 ppmv, the inclusion offrom the database aZhen and Dudhig2001) and PFT de-
yco, in the MEGAN calculation actually increases isoprene pendent determination of the depth of the root zabeng
emission {co, is greater than 1). Howevepco, will be an 2001). They report a 7 % reduction in global annual isoprene
important factor for future simulations when @@oncen-  emissionsMdller et al. (2008 estimated isoprene emission
tration is predicted to greatly exceed 400 ppmv (éAgneth  with the MEGANv2.1 model using the ECMWF (European
et al, 2007h Heald et al.2009 Young et al, 2009. Centre for Medium-Range Weather Forecasts) soil moisture
The S4 simulation led to large changes in isoprene emisvalues and a fixed value of wilting point from the ECMWF
sions, when compared to the reference, as indicated imodel for the whole model domain. The reduction in global
Fig. 9a. The inclusion of the soil moisture algorithm led to isoprene estimates due to soil moisture activity factor was
a general decrease of isoprene emissions (50 % of the refeR1 %. Different levels of isoprene emission reduction due
ence run totals), especially in arid and semi-arid regions sucho soil moisture deficit are caused by the use of different

www.atmos-chem-phys.net/14/9317/2014/ Atmos. Chem. Phys., 14, 93B24, 2014



9328

I Australia

Southeast Asia

K. Sindelarova et al..: MEGAN-MACC biogenic VOC emissions

Table 3.Comparison of isoprene emission totals from regional stud-
ies (left) and MEGAN-MACC (right). MEGAN-MACC emissions
were extracted for the particular region and period of the regional

Russia StUdy'
g South Africa Region isoprene/ Tg yr*
= Equatorial Africa previous studies  this study
:é N. Africa + Midd. East South and East Asia
5 Fu et al.(2007) 56+ 30 73
Europe
_ China
South America Klinger et al.(2002 4.6 9.5
North America S.tavrakou et al2014 7 9.9
REF S1 S2 S3 S4 S5 Tie et al.(2009 7.7 9
GlobEmission regions Europe
Curci et al.(2009 3.2-6 6
Karl et al.(2009 3.5 8.7
Steinbrecher et a{2009 3.2 9.6
North America
Guenther et al(2000 33.1 34.5
Tropical South America
Barkley et al.(20132 106+6 163
Figure 8. Isoprene emission totals for year 2003 from the reference  Barkley et al(2013P 64+3 163
MEGAN-MACC run and sensitivity runs S1-S5. The absolute con- .
tributi f i hical reqi to alobal total h . Central Africa
ributions of nine geographical regions to global total are shown in Guenther et a1999 20 47
the top figure. Colours assigned to each region are defined in the
colour bar on the right. The extent of GlobEmission regions (Aus — Africa
Australia, SAs — Southeast Asia, Rus — Russia, SAf — South Africa, Marais et al(2012 68 150
EAf — Equatorial Africa, NAf — North Africa and Middle East, Eu —
Europe, SAm — South America, NAm — North America) is defined Region isoprene/ Tg peri0‘c}
below. previous studies  this study
Europe
Curci et al.(2010f 3.0 4.4
. . . o . . North America
soil mo.ls.ture dgtabase§ gnd dlfferent W|It'|ng point valugs in Palmer et al(2003) 6.4 5.7
the emitting regions. Wilting point values in South America, Millet et al. (2008} 13.8-16.5 14.3

central Africa and Australia are 0.1 m®m~2 according to
Chen and Dudhig2001), 0.171nfm=2 in Miller et al.
(2008 and~ 0.2 m*m~2 according to MERRA reanalysis
data. This has a significant impact g\ since wilting point
Ow is a threshold value below whighsy is set to 0 (Eq7).
Mdiller et al. (2008 and Guenther et al(2012 stressed the

aderived from SCIAMACHY:;
b derived from OMI;

¢ May-September;

d July;

€ June—August.

necessity of using wilting point values consistent with input aystralia where isoprene estimates increased by 31, 25.5 and
soil moisture data sinc®w is an important parameter for 54 g Tgyrl, respectively.

determining soil characteristics in climate models.
The impact of changes in the calculation of PAR (S5)

is displayed in Fig9b, which shows the difference in the 4 comparison of MEGAN-MACC inventory with other

annual mean isoprene emission between the sensitivity run

and the reference. As has already been discussed, since PAR
calculated from shortwave radiation is generally higher thang.1

PAR from MERRA reanalysis, we also obtain higher emis-

data sets

Isoprene global and regional totals

sion fluxes in areas with the largest radiation differences.Previous estimates of global total isoprene emissions vary

The increase of total isoprene emissions is 104 Tg y.e.

between 412 and 682 Tgyt (Fig. 10). Two of the pre-

17.5 % compared to the reference run) with the highest absosented studies, detailed 8him et al.(2005 (643 Tgyr1)
lute contributions from South America, equatorial Africa and and Stavrakou et al(2009 (434 Tgyr1), used chemical

Atmos. Chem. Phys., 14, 9318341, 2014
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Figure 9. Difference in isoprene annual mean emissions (rﬁ& aey 1) between the sensitivity S4 (soil moisture effect) and the reference
(left), and between the sensitivity run S5 (sensitivity to PAR) and the reference (right) for the year 2003.

Table 4. Inventories used in the comparison together with applied model system and driving input data—=R&®@nkutty and Foley
1999 M08= Mliller et al, 2008 S14= Stavrakou et al2014 A07 = Arneth et al, 2007a GO6= Guenther et al2006).

Data set Model Weather LAl PFT Emission Data Reference
potentialse  availability

MEGAN-MACC MEGANv2.1 MERRA MODIS CLM4 MEGAN2.1  1980-2010 This study

BISA-bottom-up MEGANV2.02 ECMWF MODIS MEGAN2 MEGAN2 1995-2009 MO8

BISA-top-down MEGANv2.1 ECMWF MODIS RF99 MEGAN2.1 2007-2012 S14

GUESS-ES LPJ-GUESS CRU LPJV LPJV LPJ-GUESS 1980-2009 AO07

MEGANv2 MEGANv2.02 NCEP MODIS MEGAN2 MEGAN2 2003 G06

transport models and satellite formaldehyde data to con4.2 Spatio-temporal comparison of MEGAN-MACC
strain isoprene emissions by applying the inverse modelling isoprene with other data sets
techniques. Our isoprene estimates varying from 520 to
672 Tgyr! over the last 3 decades with an average value
of 594 Tgyr! are at the upper end of earlier estimates.
MEGAN-MACC isoprene emissions were compared to
values estimated in regional studies in different parts of
the world (Table3). Emission estimates dfu et al.(2007)
andPalmer et al(2003 were derived from GOME (Global
Ozone Monitoring Experiment) formaldehyde observations.
Barkley et al. (2013 derived isoprene emissions using
formaldehyde vertical column measurements from OMI
(Ozone Monitoring Instrument) and SCIAMACHY (Scan-
ning imaging absorption spectrometer for atmospheric

chartography)Curci et al.(2010 and Marais et al.(2012 . SO )
constrained isoprene emissions with formaldehyde columngescnbed. iMuller et a'-(ZOO‘? who applied MEGANVZ'O.Z
model driven by ERA-Interim reanalyzed meteorological

measured by OMI. The remaining studies provide bottom—upfields (ECMWF) Dee et al, 2019). In their calculations

emissions calculated on the basis of detailed regional vegetg- . L )
tion description. MEGAN-MACC isoprene is comparable toe]\lluller et al.replaced th_e bl.J'lt'm MEGAN canopy environ- :
ment model for determination of leaf temperature and radi-

regional studies with values usually within 30 % of regional *_. )

estimates. Larger discrepancies of factor of 3 occur in Europ t|ondelIJxes bydthe ca;opy er.1V|r.onm§nt ?Odel MOHYFAN

(Karl et al, 2009 Steinbrecher et gl2009 and of a factor |2/r|1o z%gzr HYdrocarbon emissions by the CANopy/¥/gl-

of 2 in Africa (Marais et al, 2012 Tshe moét recent BISA isoprene inventory, here titled as

Wim%ﬁ eciret?(ils ‘,SI g?nr:jc,z;a::g?ugr eg/liliiﬁdNr;I;/lsﬁéCd?ni;(;pz:ene BISA-top-down, was constrari)ned by globa)I/,formaIdehyde

g ' retrievals from the GOME-2 satellite instrument using the

IMAGESV2 (Intermediate Model of Global Evolution of
Species) chemistry transport mod8a(iwens et al.2013

MEGAN-MACC isoprene estimates were compared to the
results of four other studies. Tablesummarizes general in-
formation about isoprene inventories used in the compari-
son. Data availability indicates the original temporal extent
of each data set. However, in our study we focused on the
period of 2000—2009 only.

BISA (Belgian Institute for Space Aeronomy) data
sets were provided by the Belgian Institute for Space
Aeronomy, and are both available on the institute’s web-
site (http://tropo.aeronomie.be/models/isoprene)nBiSA-
bottom-up is an updated version of the emission inventory

www.atmos-chem-phys.net/14/9317/2014/ Atmos. Chem. Phys., 14, 93B44, 2014
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Figure 10. Isoprene global total estimated in MEGAN-MACC inventory (mean over 1980-2010, in red) compared with isoprene totals
from previous studies. Studies highlighted in green used formaldehyde satellite data and inversion modelling technique to constrain isoprene
emissions.
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Figure 11. Global monthly total emissions of isoprene (Tgmomth from different emission data sets over the period of 2000—2009.
MEGANV?2 is available for the year 2003 only and is repeated for all the other years. List of emission data sets is given in the enclosed
legend.

Stavrakou et al.2014. A-priori isoprene emissions for the emission algorithm Arneth et al, 20070. The algorithm
IMAGESV2 model were calculated by MEGANv2.1 and is based on the approach Nfinemets et al(1999 which
ERA-Interim meteorology. simulates physiological processes inside the plant leading
Data set GUESS-ES was calculated by a coupled systo isoprene production through electron transport rate re-
tem of dynamic global vegetation model LPJ-GUESS(th quired for isoprene synthesis. The model was driven by
et al, 2002, Sitch et al, 2003 and physiological isoprene the meteorological fields of Climatic Research Unit (CRU)
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Figure 12. Comparison of zonal means of isoprene monthly emissions (ffoday 1) (left) and relative contributions of zonal bands to
isoprene annual global total for different emission data sets in the year 2007 (2003 for MEGANV2). Colours assigned to each data set are
given in the enclosed legend. The extent of zonal bands is the same as5n Fig.

(Mitchell and Jones2009, vegetation description and char- . Australia
acteristics (LPJV) were provided by the LPJ dynamic vege- 600 ]
tation mOdel. Southeast Asia
The last data set used in the comparison is MEGANv2 - _ . Russia
(Guenther et al.2006 calculated by MEGANv2.02 forced S . South Africa
by NCEP-DOE (updated NCEP/NCAR) reanalysis weather 2 Equatorial Affca
fields. This data set is available for the year 2003 only. g 300
Time series of monthly global totals of isoprene dur- 3 N Aftica + Midd. East
ing the 2000-2009 period from all five data sets are § ** Europe
presented in Fig.11. There is a visible shift in an- . South America
nual cycle of MEGAN-MACC isoprene with maximal _
values moved towards October/November when compared o North America
to GUESS-ES and MEGANV2 inventories, which are reach- ’\\bc’o(@@'@gdo““\ggg?’% G‘X\«“'L
ing highest emission amounts in July. The annual cycle of \“@@‘*‘;\Sﬂ"%\gw‘c’ o W

MEGAN-MACC isoprene is relatively similar to that of

BISA-top-down. Although the magnitude of the seasonal cy-Figure 13. Absolute contributions of geographical regions to iso-

cle is much weaker in the BISA data sets, with no evidentprene global total in MEGAN-MACC inventory and selected data

single maximum, the timing of the minimum (June) is iden- sets. Graph shows results for the year 2007 (2003 for MEGANV2).

tical in the BISA data sets and in MEGAN—MACC. Colours assigned to each region are defined in the colour bar on the
The discrepancy in annual cycles is caused by differentright' Definition of the geographical regions is given in Fg.

intensities of emitting regions on the globe over the course

of the year. As can be seen in FitR, for all data sets the

predominant source of isoprene is the southern tropics. It?)ecially in MEGAN—MAGCC and the BISA inventories. Data

contribution to annual global total is, however, significantly sets GUESS-ES and MEGANV2 have additional strong emis-
lower for GUESS-ES (42 %) when compared to MEGAN'_sion sources in the northern mid latitudes active during the

b_ased_ data sets_ (50-54%). These "?Wﬁ‘r GUESS-ES emigyyyhern Hemisphere's summer. In MEGANV2 data set, the
sions in the tropics are compensated in the northern tempe'i'ropical region is active throughout the year

ate region, which contributes 18 %, while for the rest of the Figure 13 shows global annual totals of isoprene in the

data sets this part contributes only 8-10%. Figleshows  yo3"5007 (year 2003 for MEGANV2) and absolute con-
?"50 a spatial distribution of reg|_onal emission activity dur- tributions of each geographical region to global total. The
Ing the year_2Q07 representgd in zqnal_ means of monthlyglobal isoprene estimates of selected data sets are lower
isoprene emissions. The tropical region is clearly an IMPOr- - n MEGAN-MACC (difference of up te-33 % for BISA-

tant isoprene source for all inventories. It is pro.nounced intop—down with respect to MEGAN-MACC). Estimates of
the warmest half of the year of Southem Hemisphere, €Sall four other inventories are lower than MEGAN-MACC,
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Table 5.Comparison of monoterpene emissions from regional stud-4.3 Global and regional totals of other species
ies (left) and MEGAN-MACC (right). MEGAN—-MACC emissions

were extracted for the particular region and period of the regionalGlobal MEGAN-MACC monoterpene emissions ranging

study. from 89 to 102 Tgyr! over the last 30 years are similar to
previous estimates @uenther et al2006 who applied the
Region monoterpenes/ Tgyt MEGANV2.0 model. They are lower then those reported by
China Guenther et al(2012 and _significantly higher than those of
_ Schurgers et a[2009, which are the lowest among the val-
Klinger et al.(2002 4131 ues published in the literature. MEGAN-MACC monoter-
Tie etal.(2009 3213 pene emissions were compared to regional estimates in China
Europe and Europe (Tabl®) and are within 30 % of regional to-
- tals, except for comparison witBurci et al.(2009 whose
Curci et al.(2009 5.4-5.92.6 . . .
Karl et al. (2009 4]2.9 estimate is about a factor of 2 higher than that of MEGAN-

Steinbrecher et (2009 4]3.6 MACC. Discrepancies of monoterpene emissions may arise
from different approaches to monoterpene modelling. Some
models use one emission factor for a group of monoterpenes
as a whole, while models like MEGAN treat monoterpene

species separately. Differences may therefore occur due to
consideration of different monoterpene species in the final

especially in Australia, south and equatorial Africa and South
America. On the other hand, GUESS-ES and MEGANv2
are significantly higher than MEGAN-MACC in Europe and total
Russia, and together with BISA-bottom-up in North Amer- ) . .
. : : : Methanol emissions ranging from 121 to 138 Tg¥yr
ica. MEGANvV2 reaches considerably higher isoprene values . R

. : are in accordance with findings afacob et al.(2009
(+71 %) in Southeast Asia when compared to MEGAN-—_ " 00 or of higher than previous MEGAN model
MACC. The difference is even higher when compared to the g P

rest of the inventories. The graph shows that the updating o tudies Gtavrakou et al. 2011 Guenther et a,l.2.01_3.
S tavrakou et alcalculated global total methanol emission of
BISA emissions from bottom-up to top-down led to a sub-

l . .
stantial decrease of emissions in Southeast Asia. 100Tgyr using the chemical transport model IMAGESv2

. ) nd the inversion of methanol m rements from the IASI
Several reasons for discrepancies between MEGAN—El d the inversion of methanol measurements from the IAS

MACC values and estimates of other data sets can bélnfrared Atmospheric Sounding Interferometer) satellite in-

. o ) . o - strument. Higher methanol values in MEGAN-MACC in-
identified. Differences in spatial isoprene emission patterns

. - . R : ventory may be a result of different meteorological fields
likely originate in unequal distribution of vegetation types used as input for the MEGAN model. Exceptionally hiah is
in different models represented by PFT maps, and/or their P ) b y g

; o e : _~the methanol estimate bfthiére et al(2006 (283 Tgyr 1)
assignment with isoprene emission capacity values (emission

. : : calculated by dynamic global vegetation model ORCHIDEE
potentials for MEGAN, fractions of electrons in GUESS- - . .
ES). Application of different PFT and LAl inputs can result (Organising Carbon and Hydrology in Dynamic Ecosystems)

. . . . L oupled with a BVOC emission model based Gnenther

in a wide range of isoprene estimates (e.g. sensitivity run S “tal. (1995

in this studyPfister et al.200§ Guenther et &l 2012). Al As shown in Fig14, MEGAN-MACC estimates for other

five presented data sets were driven by different meteorologx : s .

Lo : o BVOC species fall within the range of values from the litera-

ical input fields Arneth et al(2011) showed that variation of . o .
o : .~ ture. Similarly to methanol,athiére et al(2006 report sig-

driving input data (meteorology and vegetation description)

. . . . nificantly higher formaldehyde values of 25 Tgyrwhile
among d|ffer§nt models might lead to substantially d'ﬁeremMEGAN—based models (this studg@uenther et al.2006
emission estimates.

. l .
More specifically, in preparation of BISA-top-down a pri- 2012 estimate only~5Tgyr . Unfortunately, for species

ST such as ethanol, propene, MBO, and toluene, there are lim-
ori emissionsStavrakou et al(2014 used land cover maps ited studies to compare with
of Ramankutty and Foley1999 for description of vege- '
tation distribution in the MEGAN model. This land cover
data set takes into consideration the advancing replacement
of forests by agricultural croplands, which are usually lower
isoprene emitters than forest ecosystems. Further, following
Langford et al(2010 they applied a significant reduction of
the MEGANV2.1 isoprene emission factor for tropical for-
est in Southeast Asia. In both BISA inventories, MEGAN
model accounted for the effect of soil moisture deficit on iso-
prene emission, which leads to isoprene emission reductio
(Muller et al, 2008.

Comparison of model emission estimates with flux
measurements in the tropics

In order to illustrate the results of this study, we have com-
pared the MEGAN-MACC emission estimates to flux mea-
surements collected during two experimental campaigns lo-
r?ated in the tropical forests in the Amazon and in Borneo.
Model results were calculated by the reference MEGAN-
MACC model run with input parameters described in
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Figure 14. Comparison of MEGAN-MACC global emission totals (Tg¥) of species other than isoprene with emission estimates of
previous studies (list of coloured symbols on the right). Note the two vertical axes in black and blue with different scales.
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Figure 15.Comparison of isoprene (left) andpinene (right) emission fluxes (mgT h~1) measured during the LBA-CLAIRE campaign
in July 2001 (blue dotted line) with flux modelled by the MEGAN model (red dashed line). Blue error bars represent the calculated uncertainty
of the applied REA method, based on error propagation of the analytical and the systematic errors, respectively.

Sect.2.2 In both cases, a mean of four grid points of the fluxes obtained by relaxed eddy accumulation (REA) tech-
model 05° x 0.5° grid closest to the location of the measure- nique. Simultaneously, VOC fluxes were measured at the
ment site was used for the comparison. canopy-scale using a method of surface layer gradient (SLG).
MEGAN-MACC isoprene and-pinene model estimates The two measurement systems were located on the 52 m high
were compared with fluxes measured during the Cooperawalk-up tower (K34). The measurements are representative
tive LBA Airborne Regional Experiment (LBA-CLAIRE) to 2-3knt area around the toweA(aljo et al, 2002).
project, organized within the Large-scale Biosphere— The relaxed eddy accumulation (REA) sampling system
Atmosphere Experiment in Amazonia (LBA). The LBA- consisted of cartridges filled with graphitic carbon adsor-
CLAIRE campaign took place during early dry season in bents installed on the K34 tower above the mean canopy top.
July 2001 in the remote Amazonian tropical foreukin The 30 min samples of VOCs were collected on glass car-
et al, 2007). The measurement site was located in the cen-tridges which were then processed by thermal desorption gas
tral Amazon, about 60 km NNW from Manaus (Reserva Bi- chromatography using mass spectrometry analysis (TD-GC-
ologica do Cuieiras, 3533’ S, 601227’ W). During the ~ MS) in order to identify and quantify the observed VOCs
campaign two ground-based micrometeorological samplingKuhn et al, 2007).
methods were adopted to calculate emission fluxes from the Comparison of modelled and measured fluxes of isoprene
forest canopy. Here we show a comparison with emissioranda-pinene is presented in Fi$i5. Isoprene model results
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Table 6. Statistical comparison of model results with emission fluxes observed during the LBA-CLAIRE campaign in July 2001 in the central
Amazon and during OP3 study in June—July 2008 in Borneo.

LBA-CLAIRE  Isoprene [mgnT2h—1] a-pinene [mgm2h1

2001 model obs| model obs
mean 3.00 2.2 0.15 0.22
median 3.23 1.7 0.15 0.18
5th percentile 0.71 0.09 0.08 0.04
95th percentile 4.45 5.82 0.21 0.47
std. deviatiornr 1.18 1.81| 0.04 0.18
oP3 Isoprene [mg m?h~1] | monoterpenes [mgnfh—1]

2008 model obs| model obs
mean 2.66 15 0.34 0.40
median 291 1.2 0.36 0.31
5th percentile 0.003 0.082 0.16 0.03
95th percentile 5.22 4.14 0.49 1.04
std. deviationr 1.69 1.35| 0.11 0.37

correspond fairly well to measured values (correlation coeffi-dependent on both light and temperature with the light de-
cient of 0.4). On average over the measuring period modellegoendence fraction (LDF) factor (Eq3and4). Fora-pinene
values are about 54 % higher than measurements (Bble LDF is setto 0.6, which means that MEGAN expects 60 % of
This difference is primarily due to measured fluxes having«-pinene emissions to be both light and temperature depen-
strong sudden decreases and occasional negative fluxes ottent, and 40 % of the emissions to depend on temperature
served in early morning/late evening, which are not presenbnly. There is an increasing experimental evidence (Fiyg.

in the model results. This could be an artifact of the REA Rinne et al. 2002 Kuhn et al, 2002 Karl et al, 2004 that
sampling approach as this behaviour was not observed witlmonoterpene emissions in the Amazonian tropical forest are
eddy covariance measurements, a more direct and accurastrongly light dependent and the results suggest that the LDF
flux technique, at a nearby sitkdrl et al, 2007). MEGAN factor for monoterpenes emitted in this region should be set
model simulates net primary emission that is released intcclose to 1.

the atmosphere, but does not include the downward flux from The inability of the model to predict the scatter of mea-
the air above down into the canop§enther et al.2012 sured values for both compounds might partly originate in
while micrometeorological techniques measure net flux atthe coarse resolution of the model inputs, which might not
the canopy level being a result of both upward and downwardeproduce well the details of local weather conditions. In ad-
emission fluxesKuhn et al, 2007). However, since there is dition, for a-pinene, the flux determination using REA is
no production of isoprene ang-pinene above the canopy more uncertain due to the lower measured fluxes. Finally,
there should be little impact from this for these two com- other factors than meteorology are likely to play an impor-
pounds. Even though MEGAN results are higher than REAtant role in driving the emissions, e.g. the representation of
observations, they are lower than emission fluxes obtained bgcosystem composition which leads to the determination of
simultaneously conducted SLG measurements, which proemission potentials and leaf area index, biotic stress, abiotic
vided isoprene flux values about 60 % higher than REA.stress such as oxidative capacity of the ambient air.

However,Kuhn et al.(2007) report a high degree of uncer- Isoprene emissions and respective atmospheric mixing ra-
tainty associated with the SLG method in a complex terraintios in South American tropical forests have a strong sea-
such as the vicinity of the K34 tower. sonal cycle with values about a factor of 2 higher during the

On average, MEGAN simulates thepinene emissions dry season when compared to emission fluxes observed in the
well (Table 6), however, it does not capture the high wetseason{esselmeier et 312000 Kuhn et al, 2004a Karl
frequency fluctuations of measured fluxes and tends tcet al, 2007). Seasonality of isoprene over Amazonian trop-
keep monoterpene emission levels above zero during nighical forest is consistent with the annual course of formalde-
(Fig. 15). The MEGAN model algorithm for estimation of hyde (HCHO) concentration, a major chemical degradation
monoterpene emissions combines monoterpene dependenpeoduct of isoprene, derived from the satellite instruments
on light and temperature (similarly to isoprene) and to tem-GOME and SCIAMACHY with HCHO values during the dry
perature only. As a result, modelled monoterpene nocturnaseason (August—-December) 20-40 % higher than in the wet
emissions never fall to zero and remain fairly constant dur-season (January—AprilBérkley et al, 2009.
ing nighttime. The model defines the fraction of emissions
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Figure 16. Comparison of isoprene (left) and monoterpene (right) daily mean emission fluxes {Aity) measured during the OP3
campaign in June-July 2008 (blue dashed line) with flux modelled by the MEGAN model (red line). Modelled isoprene fluxes were divided
by a factor of 1.7. Blue shading and red error bars represent 1 standard deviatimm{ the mean measured and modelled values, resp.

Kuhn et al. (20043 performed isoprene exchange mea- The MEGAN-MACC isoprene and monoterpene emis-
surements at experimental site in the Amazon Reserva Biosions were compared to emission fluxes measured during the
logica Jaru, in Rondonia, Brazil (10843’ S, 625427" W). third phase of the Oxidant and Particle Photochemical Pro-
They performed dynamic branch enclosure measurements @esses above a Southeast Asian Rainforest (OPBHlitt
the top of the forest canopy during the end of the dry seasoret al, 2010. The measurement campaign took place during
in September/October 1999 and compared their results witlthe dry season in June—July 2008 in the tropical rain forest
similar measurements conducted at the same site during thef Borneo at Bukit Atur station in Danum Valley, Malaysia
end of the wet season in April/May 199Ruhn et al, 2002. (4°584" N, 1175039" E). The measurement apparatus con-
Despite the fact that the temperature and light conditionssisted of the Proton Transfer Reaction Mass Spectrometer
were found to be comparable during both campaigfutin (PTR-MS) located on the foot of a measurement tower and
et al. (20043 report a twofold increase of isoprene emission connected to a heated silicon steel inlet mounted on the
during the end of the dry season with respect to the end of théower above the canopy height together with the ultrasonic
wet season measurements. They attribute the emission diknemometerl(angford et al. 2010. The method of virtual
ference to higher emission rates from young mature leaves alisjunct eddy covariance (vDEC) was used to calculate fluxes
the end of the dry season when compared to emission ratesf VOC species. The PTR-MS was set in a way that it would
from older mature leaves present at the end of the wet seaalternate between the flux measurement and measurement of
son. The isoprene emission rates of different leaf developthe VOC composition. The postprocessing of the measured
mental stages were well correlated with the leaf’s gross phodata resulted in the VOC fluxes averaged over 30 min period
tosynthetic capacityi{uhn et al, 20048. They also discuss (Langford et al.2010. Comparison of daily averages of iso-

a potential impact of long-term temperature conditions pre-prene and monoterpenes calculated by the MEGAN model
ceding both campaigns. As has been showiPbjron et al.  and measured during the OP3 campaign are shown iniBig.
(2007), plants grown under higher temperatures during 3—6The model is able to follow the day-to-day variability of
weeks tend to emit substantially higher isoprene amountsisoprene emissions (correlation coefficient of 0.7), however,
Ambient temperatures preceding the dry season campaigthe actual isoprene values are almost factor of 2 higher than
were 2-5C higher than before the wet season campaignthe measurements (Tab#. This discrepancy can partially
which could partially explain the observed increase in iso-be attributed to the fact that the mean model temperature is
prene emissions. We have compared measured and modellathout 1.22°C higher than the mean temperature measured
values of isoprene flux during both the wet and dry seasonsat the site. Another source of difference is the emission po-
Although the actual modelled values are10 % lower than  tential of the Malaysian tropical forest. While the isoprene
the observed ones, the seasonality expressed as the ratio bemission potential in the MEGAN model at the Bukit Atur
tween isoprene exchange rates measured during the dry (Ostation is 7 mgm?h~1, isoprene emission potential derived
tober) and wet (May) seasons (ratid?.1) is well reproduced  from the Bukit Atur measurements is accordingltang-

by the model (ratie= 2.5). Both leaf ageing in the course of ford et al.(2010 only 1.6 mgnT2h~1. Monoterpene emis-
the year and dependence of isoprene emissions on precedion fluxes correspond well to the flux measurements (Ta-
ing temperature conditions are parameterized in the MEGANble 6), and for most of days, are within the band of the mea-
model (Sect2.1; Guenther et ] 2006 2012. surement error (blue shading in Fitg). For both isoprene
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and monoterpenes, the model is not capable of predicting thesoprene and:-pinene were compared to surface flux mea-
scatter of measured fluxes as can be seen from percentile vadurements from the LBA-CLAIRE campaign that took place
ues and standard deviation in TalleThis could again be in central Amazon in July 2001 and estimates of isoprene
caused by driving the model with input data of coarse spatialand monoterpenes were compared to observations collected
resolution which can somewhat average the emission variduring the OP3 study in June—July 2008 in Borneo. The com-
ability. parison shows relatively good agreement in the Amazon. The
modelled monoterpene daily mean emissions in Borneo cor-
respond well to the measurements; however isoprene esti-
6 Conclusions mates are on average a factor of 1.7 higher than observa-
tions in this region. The model tends to overestimate night-
We have presented a global inventory of biogenic VOCs cal-time monoterpene values. The model algorithm for monoter-
culated by the MEGANv2.1 modelGuenther et a/.2012 pene estimation combines both light and temperature de-
for a period of 30 years. The model estimates a total emissiopendencies and simulates positive fluxes even during night.
of 760 Tg(C) yr—1 from terrestrial vegetation. Isoprene is the However, tropical forests tend to have negligible nocturnal
main contributor to the average emission total accountingmonoterpene emissions (el§uhn et al, 2007 Langford
for 70% (523 TgC) yr 1), followed by a group of monoter- et al, 2010. Comparison with measured data during wet and
penes (11 %), methanol (6 %), acetone (3 %), sesquiterpenalry season in the Amazon has shown that MEGAN model
(2.5%) and other BVOC species each accounting for lessimulates well the seasonal variability of isoprene emissions.
than 2 %. Both isoprene and monoterpenes are mainly emit- The MEGAN-MACC emission estimates were shown to
ted in the tropical region (88 % and 83 % of the global to- be comparable with findings of earlier studies as well as with
tal, resp.). Temperate regions contribute 11 % to isoprene andurface flux measurements. However, several concerns re-
16 % to monoterpene global estimates. There is a substantigarding the reference isoprene emissions remain. The sen-
interannual variability in global emission totals along the 30- sitivity run accounting for the impact of drought on iso-
year period. The difference between the maximal and mini-prene emissions showed considerable emission reductions in
mal annual totals is 29 % and 15 % of the mean global total ofSouth America, central Africa and northern Australia imply-
isoprene and monoterpenes averaged over the last 3 decadayy that MEGAN-MACC isoprene emissions might be over-
respectively. estimated in these regions if the simulated reduction due to
We have performed a series of sensitivity-MEGAN-model drought is realistic. Recent flux measurements obtained dur-
runs focusing on the predominant species, isoprene, in ordang the OP3 study over the tropical forest in Malaysiar{g-
to quantify the impact of changes in model input data andford et al, 2010 suggest that MEGAN model calculations in
model setting on isoprene emission. The sensitivity simula-Southeast Asia might be overestimated due to utilization of
tions resulted in isoprene estimates varying by ug-1 % emission potential value, which was found to be up to factor
of the reference run values, except for the sensitivity runof 4 higher than the one measured in the field. Emission re-
studying the impact of soil moisture deficit on isoprene (S5).duction in this region has also been supported by the study of
Inclusion of soil moisture activity factor/gy) parameteriz-  Stavrakou et al(2014 who constrained isoprene emissions
ing the drought conditions in the model led to an emissionusing the inversion of formaldehyde satellite retrievals. Nev-
decrease by as much as 50 % globally and even more in spertheless, more observations on isoprene and other BVOCs in
cific regions (e.g. Africa, Australia). Comparison with other different parts of the world are needed for a better emission
studies in whichysy was applied showed that there are sub- quantification and for a better understanding of the different
stantial differences in estimated isoprene reductions originatfactors driving the emissions of all these species. We see a
ing in the determination of wilting point value®(y), which great potential in using the satellite observations to constrain
is a crucial parameter in calculation gy (EQ. 7). or derive biogenic VOC emissions. However, previous stud-
The MEGAN-MACC data set estimates are within the ies have shown inconsistencies in emission estimates sug-
range of values presented in previous studies. Comparisogesting that use of satellite data for these purposes is still
of earlier studies on global and regional isoprene estimatesonnected to uncertainties. In order to increase accuracy of
has shown that isoprene emissions can vary within a factothese methods, more investigation is needed in the valida-
of 2. The MEGAN-MACC values were therefore evaluated tion of data from different satellite instruments, in evaluation
in more detail against four previously published inventoriesof dependence of the method on a priori emissions and on
with a special focus on variations in spatial and temporalchemical scheme applied.
patterns. Substantial differences between the data sets were
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