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Abstract

Tropical trees are known to be large emitters of biogenic volatile organic compounds
(BVOC), accounting for up to 75 % of the global isoprene budget. Once in the atmo-
sphere, these compounds influence multiple processes associated with air quality and
climate. However, uncertainty in biogenic emissions is two-fold, (1) the environmen-5

tal controls over isoprene emissions from tropical forests remain highly uncertain; and
(2) our ability to accurately represent these environmental controls within models is
lacking. This study evaluated the biophysical parameters that drive the global Model of
Emissions of Gases and Aerosols from Nature (MEGAN) embedded in a biogeochem-
istry land surface model, the Community Land Model (CLM), with a focus on isoprene10

emissions from an Amazonian forest. Upon evaluating the sensitivity of 19 parameters
in CLM that currently influence isoprene emissions by using a Monte Carlo analysis,
up to 61 % of the uncertainty in mean isoprene emissions was caused by the uncer-
tainty in the parameters related to leaf temperature. The eight parameters associated
with photosynthetic active radiation (PAR) contributed in total to only 15 % of the uncer-15

tainty in mean isoprene emissions. Leaf temperature was strongly correlated with iso-
prene emission activity (R2 =0.89). However, when compared to field measurements
in the Central Amazon, CLM failed to capture the upper 10–14 ◦C of leaf temperatures
throughout the year (i.e., failed to represent ∼ 32 to 46 ◦C), and the spread observed
in field measurements was not representative in CLM. This is an important parame-20

ter to accurately simulate due to the non-linear response of emissions to temperature.
MEGAN-CLM 4.0 overestimated isoprene emissions by 60 % for a Central Amazon for-
est (5.7 mg m−2 h−1 vs. 3.6 mg m−2 h−1), but due to reductions in leaf area index (LAI)
by 28 % in MEGAN-CLM 4.5 isoprene emissions were within 7 % of observed data
(3.8 mg m−2 h−1). When a slight adjustment to leaf temperature was made to match25

observations, isoprene emissions increased 24 %, up to 4.8 mg m−2 h−1. Air tempera-
tures are very likely to increase in tropical regions as a result of human induced climate
change. Reducing the uncertainty of leaf temperature in BVOC algorithms, as well as
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improving the accuracy of replicating leaf temperature output in land surface models is
warranted in order to improve estimations of tropical BVOC emissions.

1 Introduction

Vegetation is known to be a large emitter of non-methane, biogenic volatile organic
compounds (BVOCs) (i.e., 1150 Tg C yr−1), well exceeding chemical compounds that5

are emitted as a result of human activity by an estimated factor of ∼ 10 worldwide (i.e.,
∼ 142 Tg C yr−1) (Lamb et al., 1993; World Meteorological Organization, 1994; Gold-
stein and Galbally, 2007). BVOCs play a critical role in the atmospheric chemistry of
the troposphere as their photochemical reactions influence the distribution and/or life-
time of gases; specifically ozone (O3), methane (CH4), hydroxide (OH), and carbon10

monoxide (CO), all which can alter the radiative balance of the atmosphere (Atkinson
and Arey, 2003; Pacifico et al., 2009). In terms of influence on precipitation, BVOC
oxidation can provide condensed matter for formation of secondary organic aerosols
(Went et al., 1960), which is the fine particle predominantly serving as cloud conden-
sation nuclei (CCN) over the Amazonian rainforest (Poschl et al., 2010). Hundreds of15

biogenic VOCs have been identified, yet isoprene is one of the dominant compounds
representing the annual global flux to the atmosphere, and will be the focus of this
study.

Tropical trees are estimated to account for 48 % of total global BVOC emissions,
60 % of terpenoid emissions (Guenther et al., 2012), and nearly 75 % of the global20

atmosphere isoprene budget (Guenther et al., 2006). A better understanding of the en-
vironmental and biological controls over isoprene emissions from forests are an interest
of study because of the complex interactions and feedback processes linking increas-
ing global temperatures, forest production and growth, and atmospheric production of
secondary organic aerosols and ozone (Penuelas and Staudt, 2010; Nguyen et al.,25

2011; Kulmala et al., 2013).
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Increased aerosol loading reduces the amount of solar radiation reaching the Earth’s
surface by absorbing or reflecting radiation and increasing diffuse irradiance (Forster
et al., 2007). Through the formation of clouds, CCN can increase the planetary albedo,
leading to an increase in diffuse light, and a reduction in direct light. Studies have
shown that diffuse light can propagate deeper into dense tropical forests and increase5

photosynthesis and canopy light use efficiency (Choudbury, 2001; Alton et al., 2007;
Doughty et al., 2010). This in turn could create either a positive feedback for isoprene
emissions through increased plant growth and carbon allocation to isoprene produc-
tion, or a negative feedback as a result of decreased temperatures associated with
increased diffuse light. Positive feedbacks on climate change are expected from the10

photochemical production of O3, increasing lifetimes of CH4, and release of latent heat
of water condensation from enhanced CCN concentrations. Thus, isoprene mediated
interactions between the terrestrial biosphere and the atmosphere is complex and is
both sensitive to and driven by changes in climate (Pacifico et al., 2009).

1.1 Contributions leading to uncertainties in biogenic emission rates15

Some of the main driving biophysical elements that lead to large variations in isoprene
emissions are leaf temperate (Tleaf), light conditions, shading and related photosynthet-
ically active radiation (PAR), internal leaf CO2 concentration, LAI, and species compo-
sition and plant functional type (PFT) (Guenther et al., 2006). While at differing levels of
intensity, these elements are also predicted to vary with a changing climate and there-20

fore are critical factors to evaluate. Leaf temperatures and light intensity, the major
environmental drivers of isoprene emissions are predicted to be substantially modified
in tropical regions through climate change processes. In tropical forests additional vari-
ations in emissions can vary as a function of the seasonal transitions from the wet to
dry season (Kuhn et al., 2004a; Baker et al., 2005), species composition and species-25

specific variations (Harley et al., 2004; Kuhn et al., 2004a), as well as a function of
leaf age (Kuhn et al., 2004b; Alves et al., 2014). Isoprene emissions are known to be
strongly light dependent and can show a lack of decreasing leaf-level emission at light
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saturation in tropical systems (Lerdau and Keller, 1997). Sensitivities to temperature
also have a major role in controlling isoprene emission rates, and could be the most
influential variable (Monson et al., 1992; Wang et al., 2011).

Isoprene emissions are found to have an exponential response to increasing tem-
perature (Loreto et al., 1996; Keller and Lerdau, 1999). Jardine et al. (2014) found that5

isoprene emissions in tropical mango trees (Mangifera indica L.) continued to increase
at elevated leaf temperatures, > 37.5 ◦C, despite the fact that optimum temperature
for net photosynthesis (30.0–32.5 ◦C) had already been surpassed. Rinne et al. (2002)
found that measured isoprene flux in a Central Amazon forest correlated well with a light
and temperature emission activity factor as calculated from a canopy model (Guenther,10

1997), but had a stronger correlation with measured sensible heat flux. Many, but not
all, emission rate models have been parameterized using the temperature and light al-
gorithms of Guenther et al. (1995) (hereafter referred to as G95). Debate continues on
whether the assemblage of emission models are in general agreement with each other
or whether they differ from each other in emission rate estimates (Pouliot and Pierce,15

2009; Arneth et al., 2011; Zare et al., 2012; comparing Baker, 2007 to Warneke et al.,
2010) depending on the scale, land-use type, or climate used. A sensitivity analysis on
the controlling environmental factors of isoprene emissions in models may help narrow
the uncertainty and variability.

1.2 Modeling biogenic emissions20

The need to accurately model biogenic emission rates is urgent and needed in order
to assess the interactions with future changes in climate. We use the Model of Emis-
sions of Gases and Aerosols from Nature version 2.1 (MEGAN 2.1; Guenther et al.,
2012). MEGAN 2.1 is a biogenic flux global model that has been embedded in the land
surface model, Community Land Model (CLM) which is part of the Community Earth25

System Model (CESM). Biogenic emission models are useful for global modeling, how-
ever when trying to match observational records, the G95 global model estimates of
biogenic emissions have been reduced by 50 % for tropical regions (Prather et al.,
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2001; von Kuhlmann et al., 2004). For example, the Intergovernmental Panel on Cli-
mate Change Third Assessment Report (IPCC TAR) suggested using global isoprene
emission rates that are 56 % less than G95 estimates (Prather et al., 2001). In the
past, many global three-dimensional chemistry-transport models assumed 20 % less
BVOC emissions than G95 estimates. There have been efforts to modify G95 algo-5

rithms to fit the temperature and light response of tropical species (Keller and Lerdau,
1999) although it is not clear if the differences they observed were due to the inherent
differences in tropical plants or due to the environmental growth conditions (e.g., high
light and temperature). That study found that if the standard algorithms, developed us-
ing temperate species, were used for high-light and high-temperature tropical forests,10

isoprene was significantly underestimated.
In addition to uncertainties in observational and modeled isoprene emission rates,

there are also large uncertainties associated with terrestrial components estimates
(i.e., net primary productivity (NPP), LAI, Tleaf) and climate projections in global Earth
System Models (ESMs). This is particularly true for tropical forests (Friedlingstein et al.,15

2006; Cox et al., 2013), as seen by substantially high LAI and gross primary produc-
tivity (GPP) estimates for the Amazon (Lawrence et al., 2011). For example the dis-
agreement in projections of precipitation and temperature from 18 models used in the
Coupled Model Intercomparison Project phase five (CMIP5) can result in large differ-
ences in the total carbon uptake of tropical forests (Ahlström et al., 2012). Improving20

the terrestrial representation and land–atmosphere interactions of ESMs are important
for improving prognoses of future climate change under multiple scenarios.

The objectives of this study will aid in evaluating the strengths, weaknesses, and
sensitivities of current leaf-level BVOC emission models in an ESM, and how they can
be improved. A baseline evaluation of MEGAN-CLM for tropical forests is necessary25

for improving leaf-level BVOC emission algorithms for the coupled plant-ecosystem-
atmosphere-cloud system. The main research questions of this study are: (1) which
biophysical parameters in CLM have the strongest control on landscape scale isoprene
emissions, (2) which biophysical parameters contributes the most variability in isoprene
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emissions and leads to the largest uncertainty in emissions, and (3) how well do driving
variables in MEGAN-CLM compare to in situ measurements? Results from the model
evaluation and sensitivity analysis will be used to develop a detailed plan for recom-
mended parameter and structural changes to MEGAN-CLM to improve simulation of
tropical forest isoprene emissions.5

2 Methods

2.1 Model description

2.1.1 Model of Emissions of Gases and Aerosols from Nature (MEGAN)

MEGAN 2.1 was used to test variations and sensitivities in isoprene emissions from
tropical forests. MEGAN 2.1, also available as a stand-alone model, is a biogenic flux10

global model that has: (1) been updated to estimate emissions from urban, rural, and
agricultural ecosystems, (2) been expanded to estimate emissions of 147 chemical
species, and (3) been embedded in the land surface model, Community Land Model
(CLM 4.0 and CLM 4.5). The genesis of MEGAN 2.1 is developed from MEGAN 2.0
(Guenther et al., 2006), based off of emission algorithms originally developed in Guen-15

ther et al. (1995). The global emission of isoprene predicted by G95 was 503 Tg C yr−1.
Estimates from the first version of MEGAN similarly ranged from 440–660 Tg C yr−1,
depending on the landcover and climate driving variables used, and annual estimates
from MEGAN 2.1 had a similar range and an average of 471 Tg C (equivalent to
534 Tg).20

The MEGAN approach calculates a whole canopy emission rate based on whole
canopy flux measurements. This allows the model to account for all ecosystem emis-
sion sources such as vegetation, including woody tissues, roots, and flowers, as well as
accounting for varying biophysical controls on emission processes and sources. The
whole canopy approach has benefits and drawbacks due to a lack of understanding re-25
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garding the contribution of each ecosystem as an emission source and the influence of
environmental controlling forces on emission rates (Harley et al., 2004; Pacifico et al.,
2009). Two major factors are taken into consideration and required for modeling BVOC
emissions from terrestrial sources (Guenther et al., 1995, 2012). They are (1) defining
an emission factor (ε) based on observations for each emission type, and (2) simulating5

the environmental processes controlling the variation in emissions, also know as the
emission activity factor, (γ, unitless). The emission activity factor accounts for changes
in atmospheric, biophysical, and phenological conditions, all of which control emission
responses. The emissions activity factor (γ, Eq. 1) considers emissions in response
to a canopy environment coefficient (CCE), leaf area index (LAI) defined as γL (Eq. 2),10

photosynthetic active radiation, PAR (γP, Eq. 3), leaf temperature (γT, Eq. 4), leaf age
(γA), soil moisture (γSM), and CO2 inhibition (γC).

γ = γL ×γP ×γT ×γA ×γSM ×γC (1)

γL = CCE ×LAI (2)
15

The CCE was assigned a constant value of 0.3 in MEGAN-CLM used here, and as-
signed 0.57 for the MEGAN canopy environment model (Guenther et al., 2012). This
coefficient forces the emission activity factor to a value of 1.0 and so accounts for
the differences in the canopy environment models used for CLM and for Guenther
et al., 2012. In this current modeling framework, for a tropical Amazonian forest γA and20

γSM are held constant at 1.0. This rationale is based on the assumption that leaf age is
assumed to be constant for tropical evergreen canopies, and soil moisture is assumed
to have no affect because soil moisture is considered to be greater than wilting point in
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the tropics.

γP = CP

 α×PAR(
1+α2 ×PAR2

)0.05

 (3)

γT = Eopt ×
[

CT2×exp(CT1 ×x)

CT2 −CT1 × (1−exp(CT2 ×x))

]
(4)

The light activity factor, γP (Eq. 3) accounting for solar radiation follows the algorithms5

described in Eqs. (6) and (7) of Guenther et al. (2006). New developments in MEGAN
2.1 include emission activity factors that are determined for each compound class,
including a light dependent fraction and a remaining light independent fraction, and
Eq. (3) is applied separately for sunlit and shaded leaves. The temperature activity
factor, γT (Eq. 4) follows the algorithms described in Eqs. (8) and (9) of Guenther10

et al. (2006). Eq. (8) in Guenther et al. (2006) solves for the temperature optimum coeffi-
cient (Topt) as a function of average leaf temperature over the past 240 h, and additional
coefficients based on observations. Similar to the light activity factor, the temperature
activity factor also takes into account the light dependent and light independent fraction
of the canopy. This temperature activity factor algorithm has been used in many BVOC15

model studies. However, it has been found that BVOC emissions are highly sensitive
to changes in leaf temperature (Tingey et al., 1991; Penuelas and Llusia, 2003; Paci-
fico et al., 2009), and could lead to large uncertainties in tropical emission estimates.
Parameter descriptions and values for the parameters found in each emissions activity
factor (γP, γT, γL, γC), which determine the overall emissions activity factor (γ, nor-20

malized ratio) can be found in Table 1. These algorithms have been used extensively,
but uncertainties still remain. A goal of this paper is to investigate the biophysical pro-
cesses controlling ecosystem emission variations as predicted by Eq. (1) in MEGAN
and CLM.
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2.1.2 Community Land Model (CLM)

The Community Land Model (CLM) is the land component of the Community Earth
System Model (CESM) (Collins et al., 2006; Gent et al., 2011) that models global cli-
mate and earth systems. In this study we used the stand-alone version of CLM 4.0
and CLM 4.5. In both versions of CLM we used a data atmosphere model, a “stub”5

ocean, a “stub” sea-ice model, and we utilized the carbon-nitrogen (CN) or biogeo-
chemistry (BGC) option. Detailed descriptions of updates to version 4.0, algorithms
used, and the general structure of CLM can be found in the CLM 4.0 Technical De-
scription (http://www.cesm.ucar.edu/models/cesm1.0/clm/CLM4_Tech_Note.pdf; Ole-
son et al., 2010; and Lawrence et al., 2011). In this study for CLM 4.0 we used the10

present day, 2000 control CLM-CN case, using Qian atmospheric forcing data (Qian
et al., 2006). For CLM 4.5 we used the present day, 2000 control CLM-BGC case,
using CRUNCEP reanalysis atmospheric forcing data (Piao et al., 2012). For model
comparisons against observed field data, we used CLM results from a single gridcell
located at 2◦35′ S, 60◦ W, located in the Central Amazon.15

MEGAN 2.1 comprises the BVOC submodel that has been embedded in CESM/CLM
(Guenther et al., 2012), and estimates emissions for 19 compound classes, which can
be broken into 147 individual compounds. This version uses vegetation emission fac-
tors for each of the compound classes, and for each plant functional type (PFT) using
the PFT scheme followed in CLM (Lawrence et al., 2011). Emission factors that are20

regional and site specific can be adopted in MEGAN, however generic PFT vegetation
categories are used while running MEGAN in CESM. This categorization allows for
global modeling that is intended to represent the global average for each PFT but can-
not capture the considerable regional variability within a PFT. The CLM PFT scheme
includes fifteen PFTs plus bare ground in CLM 4.0 and updates to CLM 4.5 include an25

additional crop PFT if the irrigation model is active, and six additional PFTs if the crop
model is active. This study is focused on the sensitivities and variation of BVOC emis-
sions from tropical forests as reported by MEGAN-CLM. Currently, only the broadleaf
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evergreen tropical tree PFT covers the CLM gridcell for the locale of interest. Vegetation
VOC emission can vary widely between species, and regarding isoprene specifically,
some species are emitters while others are non-emitters. Therefore, a single isoprene
emission factor for a PFT cannot represent the actual variability and will be unsatis-
factory for simulations that require an accurate representation of regional variability.5

In order to account for observed variability in emissions, MEGAN2.1 includes a land-
cover base with more than 2000 ecoregions and PFT emissions that can differ for each
ecoregion (Guenther et al., 2012). Including ecoregions in tropical forests improves the
representation of variability in PFT emission factors and while there are some indirect
and direct above-canopy flux measurements that were available for assigning these10

factors, there are relatively very few observations for tropical forests.

2.2 Model analysis

The emission activity factor, Eq. (1), for each PFT in CLM is specified by 19 parame-
ters (Table 2). We conducted a sensitivity analysis to help determine which parameters
were most and least influential in terms of isoprene emissions from tropical plants.15

We define sensitivity analysis here as the study of how uncertainty in the output of
the model can be apportioned to different sources of uncertainty in the model input,
as defined by Saltelli et al. (2008). It is then intended that the sensitivity analysis will
influence and prioritize observational data. Simple linear regression analysis was con-
ducted to explore the relationship between the emission activity factor for a Central20

Amazon tropical forest and 14 out of the 19 explanatory variables in Eq. (1), reporting
the coefficient of determination (R2) for each of the 14 variables. We would like to infer
how well the emission activity factor can be predicted, and to what degree by model
variables such as leaf temperature (Tleaf), PAR on sunlit and shaded leafs (PARsun and
PARshade), LAI, intracellular leaf CO2 (Cisun and Cishade), or sunlit fraction of canopy25

(fsun). Results from the correlation between the biophysical variables and the emis-
sion activity factor were compared for a Central Amazon forest and a temperate forest
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located in North American, the dominant studied forest type for estimated emission
factors and emission activity.

A Monte Carlo simulation analysis has been used to determine model parameter
output uncertainty, and gauge which parameter leads to the largest variation and un-
certainty in BVOC emission in tropical forests. We define uncertainty analysis here5

as a type of sensitivity analyses which focuses rather on quantifying uncertainty in
model output. Probability density functions (PDFs) for each of the model parameters in
the Monte Carlo simulation have been estimated based on variability seen over eight
decades of model simulations by an offline CLM present-day control run. A random
sample was chosen from the PDF of each parameter, and then solved deterministi-10

cally. A Monte Carlo simulation was conducted for varying all 14 of the non-constant
uncertain parameters used in MEGAN-CLM for a combined output uncertainty. Next,
additional Monte Carlo simulations were conducted which varied each of the 19 pa-
rameters one-at-a-time, while all other parameters were held constant. A total of 5000
simulations were conducted for each of the 20 Monte Carlo simulations.15

2.3 Field data and sampling

2.4 In situ Amazon leaf temperature measurements

Leaf temperatures from upper canopy leaves in a primary rainforest in the central Ama-
zon were collected from the ZF2 field station in Brazil (02◦38′ S 60◦09′ W), during 2003.
Leaf temperature data during the daytime hours (10:00–16:00 AMT) were analyzed20

from the TN-S and T14 towers. Leaf temperatures were monitored every minute, us-
ing 25 thermocouples (copper-constant, 0.08 mm, AWG40, Omega Engineering, Stan-
ford, CT, USA). Equipment failure did occur intermediately, resulting in periodic lack of
sampling over the one-year period. The largest amount of equipment failure occurred
during the rainy season, over the months of December, January, and February. The25

thermocouples were kept in contact with the leaves using a micro-porous surgical tape
(1538-0 3MTMCompany, USA), and placed on leaves that were fully expanded. A leaf
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temperature > 50.0 ◦C was categorized as an outlier and removed from the dataset.
To account for potential measurement error or non-transpiring leaves, maximum leaf
temperature for a given seasonal period was estimated as an average of the upper 5 %
of the maximum individual leaf temperature. Leaf temperatures were collected from
16 different species in order to capture a wide representation of the forest canopy5

(Peltogine excelsa, Inga sp., Brosimum parinarioides, Jacaranda copaia, Protiumapic-
ulatum, Protium sp., Guarea sp., Abuta cf. panurensis, Macherium sp., Tetracera ama-
zonica, Zygia racemosa, Micropholisguyanensis, Pouteriaanomala, Pouteriawilliamii,
Licaniaoctandra and Eschweilera wachenheimii).

2.5 In situ Amazon isoprene emission measurements10

Field measurements of isoprene and other BVOC emissions in tropical forests are
lacking. Reported values include indirect flux estimates based on inverse modeling
of ambient concentrations, direct above-canopy fluxes estimates, and leaf level flux
measurements. Many of these data are focused on characterizing species level diver-
sity and do not examine biophysical variability. Measurements are usually taken over15

a few days and/or on few trees. For example, Harley et al. (2004) reports a large sum-
mary of isoprene emission across the Large Scale Biosphere–Atmosphere Experiment
(LBA) including 125 species but rates for most species are based on only a few mea-
surements. In the tropics isoprene emissions dominate over monoterpene emissions
(Guenther et al., 1995; Rinne et al., 2002), so in this study we are going to focus on the20

response of isoprene emission to varying parameters in MEGAN-CLM. We are using
field measurements of isoprene from previous studies located in four Amazonia sites
(Kesselmeier et al., 2002; Greenberg et al., 2004; Harley et al., 2004; Rinne et al.,
2002; Alves et al., 2014), each using multiple measurement techniques and covering
10 months of the year (Table 1, Fig. 1). In situ measurements of isoprene were col-25

lected during the months of January, February, June, and July from Floresta Nacional
do Tapajos, Para, Brazil (02◦51′ S 54◦58′ W) at primary terra firme, closed canopy sites
using eddy flux techniques (Rinne et al., 2002), ambient concentrations measured us-
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ing a tethered balloon and inverse boundary layer chemistry and dynamics modeling
(Greenberg et al., 2004), or from leaf level measurements using both controlled and un-
controlled leaf enclosures (Harley et al., 2004). Additional in situ measurements of iso-
prene for the months of November and December were collected at sites north of Man-
aus, Brazil at Reserva Biologica do Cuieiras (02◦36′ S 60◦12′ W), a primary rainforest5

using leaf measurements on a single tree species (Alves et al., 2014), and measured in
the afternoon by a relaxed eddy accumulation technique (Kesselmeier et al., 2002). In
situ measurements for the month of September and October were collected at Reserva
Biologica Jaru, also a primary rainforest in Rondonia, Brazil (10◦08′ S 62◦54′ W), using
leaf and branch enclosures on three tree species. This site is furthest in distance from10

the other sites and from the ZF2 field station where leaf temperature measurements
where collected. Lastly, estimates of emissions for the month of March were collected
at Balbina, Amazonas (01◦59′ S 59◦12′ W) in a moist forest, based on tethered balloon
measurements of boundary layer concentrations and an inverse model (Greenberg
et al., 2004).15

3 Results

3.1 MEGAN-CLM isoprene emission results

The MEGAN-CLM 4.0 model predicted annual isoprene emissions from a Central
Amazon tropical forest to be 5.7 mg m−2 h−1, with an average standard deviation of
8.0 mg m−2 h−1 across the seasonal variation (Fig. 1). The time of the year with the20

lowest modeled isoprene emission was June, right at the on-set of the dry season.
From July through October isoprene emissions steadily increased to a peak in Oc-
tober of 6.9 mg m−2 h−1 ±1.0 (SD). Isoprene emissions during the wet season were
on average less than the dry season for the Central Amazon forest as predicted by
MEGAN-CLM 4.0. All driving variables, apart from the prescribed emission factor ε for25
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each PFT and compound, were determined from the functionalities and processes in
the CLM biogeochemical, land surface model.

In contrast MEGAN-CLM 4.5, which has been updated with a new belowground bio-
geochemistry scheme and uses the CRUNCEP reanalysis atmospheric forcing data
(Oleson et al., 2013; Piao et al., 2012) predicts the annual isoprene emissions for the5

same Central Amazon tropical forest at a lower flux of 3.8 mg m−2 h−1, with an aver-
age standard deviation of 3.9 mg m−2 h−1 across the seasonal variation (Fig. 1). The
changes made to CLM 4.5 lead to a 33 % decrease in landscape scale isoprene emis-
sions compared to CLM 4.0, but with no difference in seasonal pattern. The annual
average isoprene flux predicted by MEGAN-CLM 4.5 was similar, within ∼ 7 %, to the10

observational emission rate averaged from four Brazilian Amazon sites: 3.6 mg m−2 h−1

(Fig. 1). The month-to-month variability in the observational dataset showed an un-
clear pattern and could be attributed to either seasonal variability and/or differences
among the four sites. It is typical to have high variance in biogenic emission estimates
from field measurements taken from the same ecoregion (Harley et al., 2004), usu-15

ally but not limited to differences in measurement techniques, measurements only
taken during a short time period and weather anomalies that year, species compo-
sition, and regional-site differences. For example, the higher isoprene emissions ob-
served in September and October appear to match the peak predicted by MEGAN-
CLM (Fig. 1), but this could be coincidental due to a bias in site location for those20

measurements. Measurements for September and October were collected from Ron-
donia, Brazil, which is further to the west and south than the other four locations used in
this study, and the modeled MEGAN-CLM plot (Table 1). This coincidence in seasonal
peak could be a consequence of only having data from a single time period, and single
site located further away that has differences in meteorology and species composition.25

Therefore it is beneficial to have multiple emission estimates when comparing at the
landscape scale used in models.
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3.2 Linear regression analysis

The relationship between the response variable, the emissions activity factor (γ), and
the 14 explanatory variables were separately estimated through scatterplots and a sim-
ple linear regression. Linear regression of the modeled data found that the explanatory
variables related to Tleaf exhibit the strongest predictive relationship, with R2 equal to5

0.889, 0.887, and 0.810 for hourly Tleaf, Tleaf_24, and Tleaf_240 respectively (Fig. 2). The
next explanatory variables that had a strong influence on emissions activity factor was
PAR on sunlit leaves (i.e., PARsun, PAR24_sun, PAR240_sun) followed by PAR on shaded
leaves (i.e., PARshade, PAR24_shade, PAR240_shade), however the spread of the relation-

ship is narrow with R2 ranging from 0.720 to 0.759 across the six variables. The last10

five variables tested here: LAI, atmospheric pressure (forcpbot), Cisun, Cishade, FSUN,
showed a weak relationship with the emissions activity factor. For a tropical forest the
model predicts that these five variables remain relatively constant over time, thus lack-
ing statistical predictability.

The relationship between the emission activity factor, γ, and modeled explanatory15

variables were also compared for a North American northeastern temperate forest. The
simple linear regression from this region also found that Tleaf and the related two vari-
ables, Tleaf_24 and Tleaf_240, displayed a strong correlation (R2 ranging 0.943 to 0.966).
For the temperate forest 13 out of the 14 variables were found to have strong corre-
lations with the emission activity factor, the exception being forcpbot, and all had R2

20

greater than 0.647. While in the tropical forest only 9 of the explanatory variables had
a strong correlation. Due to seasonal patterns of leaf growth and senescence in de-
ciduous trees in temperate forests, there is an expected strong relationship between
isoprene emission and LAI, R2 = 0.807. The absolute value of LAI has been known to
have a strong effect on isoprene emissions, as it is a main driving parameter in Eq. (2)25

and influencing the modeled canopy environment, but the relatively constant LAI in
tropical forests does not lead to a strong correlation with emission activity.
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3.3 Monte Carlo uncertainty simulations

The distribution of the emissions activity factor, one of the two major components re-
quired for modeling biogenic emissions from terrestrial ecosystems, for the Central
Amazon rainforest can be seen in Fig. 3. The top left panel was based on the intra-
annual variation seen over eight decades of CLM simulations (with constant CO2;5

present day control run); the remaining panels were based on 5000 Monte Carlo simu-
lations. The mean simulated output as a result of CLM intra-annual variation (pre-Monte
Carlo simulation) was 0.82±0.15 (SD) with a normal distribution, but with a longer tail
in the higher emissions activity range. The top center panel in Fig. 3 represents the un-
certainty analysis that varied all 14 non-constant parameters listed in Table 2 at once,10

in the same uncertainty analysis. The mean simulated output value was 0.87±0.09
(SD), range of 0.5, and the variance was 0.01. The remaining panels in Fig. 3 account
for the top 10 parameters, out of 19, that contributed the most to emission variability
and uncertainty. The simulated mean, standard variation, range, and contribution to
isoprene uncertainty of all 19 parameters can be found in Table 3.15

More than 28 % of the output variability was determined by the uncertainty found in
Tleaf, and by varying this one input parameter a mean simulated output of 0.87±0.08
(SD) was predicted. The mean and SD from varying only Tleaf are very similar to the
outputs from varying all parameters, however the spread was more narrow from the
uncertainty attributed by Tleaf. Four out of the top five variables that contributed the20

most to uncertainty were related to leaf temperature: Tleaf, Tleaf_24, CT1, and CT2. CT1
(= 95) and CT2 (= 230) are empirical coefficients that are found in γT (Eq. 4).

More than 61 % of the output variability was determined by the uncertainty in five
parameters related to leaf temperature and found in γT (Eq. 4). In contrast 15 % of the
output variability was determined by the uncertainty in eight parameters related to PAR25

and found in γP (Eq. 3). A parameter related to PAR was not seen until the 6th ranking
in the uncertainty analysis (Table 3), and contributed to 7 % of the output variability.
The PAR related to shaded leaves were consistently ranked higher in contributing to
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output variability compared to their counterparts of PAR related to sunlit leaves, with
the one exception of PAR24_sun vs. PAR24_shade. The last five parameters that were not
related to γT or γP accounted for only 6 % of the variability in emissions activity output,
with CiSUN and forcpbot being the two lowest ranking parameters (Table 3).

3.4 CLM driving variables compared to observational data5

The uncertainty analysis produced distributions of simulated emissions activity factor,
γ as predicted by each of parameters that influence and control biogenic emissions.
The spread and shape of the distributions are beneficial in quantifying model uncer-
tainty, but how well can the model represent these functionalities compared to empirical
data? Tleaf, which could contribute up to 61 % of the variability in emissions estimates,10

was compared to in situ leaf temperature measurements from ZF2 field station, for
each of the four seasons (Fig. 4, Table 4). Comparisons of modeled and observational
seasonal Tleaf gave root-mean-square errors (RMSE) of 1.26 to 1.59 ◦C. Multiple dif-
ferences emerge between the modeled vs. observed data, with a major discrepancy
being (1) the Tleaf range was narrow in CLM compared to field measurements, and (2)15

high Tleaf values were not reached in CLM. For example, in situ measurements found
maximum Tleaf to reach 43.5 to 45.9 ◦C across the seasons, but only 31.5 to 33.5 ◦C
in CLM (Table 4). The lower Tleaf observed at the end of the wet season; March, April,
May (MAM), were not well replicated in CLM. In addition the shape of the Tleaf curves
showed different patterns between the modeled and observed, with CLM being bi-20

modal in some months, and in situ measurement displaying more uni-modal with the
potential for longer tails. However the mean Tleaf were very consistent between the
in situ measurements and CLM simulations, with no significant difference between the
means (two sample t test, t(6,1.94) = 1.15, p = 0.2934).

Similar to the high Tleaf not being reached in CLM, the same occurred with respect25

to PAR. In situ measurements found PAR reaching up to 2500 µmol m−2 s−1. However
as modeled by CLM, PAR only reached an upper threshold of ∼ 1600 µmol m−2 s−1

for the modeled Central Amazon tropical forests (Fig. 5). Up to 17 % of the in situ
24012
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PAR measurements were greater than 1600 µmol m−2 s−1. CLM lacked at capturing
the higher midday PAR values. The peak in PAR averaged over the beginning of the
dry season was 1136 µmol m−2 s−1 in CLM, while in situ data was 25 % higher at
1523 µmol m−2 s−1, a difference of 387 µmol m−2 s−1.

A further look (Fig. 6) examined isoprene emission, net photosynthesis on sunlit5

leaves, and GPP in response to changes in PAR and Tleaf as predicted by CLM for the
Central Amazon forest. Model simulations predicted that at the landscape level, iso-
prene emission increased linearly with increasing PAR (R2 = 0.924), and at the higher
range of PAR, > 1000 µmol m−2 s−1, photosynthesis and isoprene became uncoupled
(Fig. 6a). Instead, experimental studies have found a strong coupling between pho-10

tosynthesis and isoprene emissions in that they both increase in parallel and have
a hyperbolic response with a tight correlation existing between these processes (Harley
et al., 1996; Lerdau and Keller, 1997; Keller and Lerdau, 1999). There was also a strong
linear correlation with isoprene emissions and Tleaf (R2 = 0.889, Fig. 6b) predicted
by CLM, while net photosynthesis and GPP were not strongly correlated with Tleaf15

(R2 = 0.233 and R2 = 0.299 respectively). Daily peak photosynthesis and related GPP
in CLM were found across a wide range of leaf temperatures. As leaf temperature in-
creased MEGAN-CLM did not show any signs of increasing isoprene emissions past
the growth temperature optimum for net photosynthesis (Amax) as has been found in
experimental studies (Lerdau and Keller, 1997; Keller and Lerdau, 1999; Jardine et al.,20

2014), potentially because high temperatures were never reached in the model.

3.5 MEGAN-CLM 4.5 modifications for the Central Amazon

CLM 4.5 improved estimates of GPP, NPP, and LAI for tropical regions (Bonan et al.,
2011; Oleson et al., 2013) compared to the high predictions in CLM 4.0 (Beer et al.,
2010; Lawrence et al., 2011), but overall tropical forest biomass was still overesti-25

mated for a Central Amazon forest in CLM 4.5 (Holm et al., 2014). The decrease in
LAI from 8.85 to 6.39 in CLM 4.5 (Table 2), a 28 % decrease, was likely the sole driver
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that lowered isoprene estimates from 5.7 mg m−2 h−1 to a more accurate estimate of
3.8 mg m−2 h−1 (Figs. 1 and 7a vs. Fig. 7b). The closer estimate of LAI in CLM 4.5 to
observed data had the strongest impact on γ (Eq. 1) by directly impacting γL (Eq. 2).
On average MEGAN-CLM 4.5 showed a 33 % decrease in γL throughout the entire
Amazon Basin (Fig. 7d) compared to MEGAN-CLM 4.0. This led to a matching aver-5

age decrease of 34 % in the total emissions activity factor, γ. The biophysical variable
Tleaf predicted by CLM 4.5 led to both an increase of up to 0.2 and decrease by 0.1
in γT (Eq. 4) in the Amazon Basin compared to CLM 4.0 (Fig. 7e). South of the Ama-
zon Basin in the cerrado and Atlantic Forest areas new predictions of higher Tleaf led
to a strong increase in γT. The difference in γP between CLM 4.5 and CLM 4.0 was10

minimal, leading to a slight decrease in γ > 0.1 (Fig. 7f).
In Sect. 3.5, in situ measurements show that daytime Tleaf exceeds the maximum

values predicted by CLM, up to 14 ◦C higher in individual leaves. Additional model sim-
ulations were conducted with adjustments to the γT algorithm to increase Tleaf in CLM
4.5 by 1.0 ◦C and decreasing Topt to 40 ◦C (or 313.15 K). Prior to adjustment, Topt was15

42.4 ◦C (or 315.6 K) in MEGAN-CLM, which is a higher Topt compared to the estimates
predicted by other studies of ∼ 40.0 ◦C (Lerdau and Keller, 1997; Harley et al., 2004). In
accordance with Guenther et al. (2006) when Topt is adjusted the CCE coefficient must
also be modified so that the emissions activity factor γ is equal to unity at the standard
conditions. Therefore CCE was lowered to 0.22. An increase of 1.0 ◦C was chosen be-20

cause it was the difference between the in situ annual average Tleaf (29.6 ◦C) and mod-
eled annual average Tleaf (28.9 ◦C), rounded up. The Tleaf adjustment was conducted in
CLM 4.5, due to improved LAI predictions in version 4.5 over version 4.0. Using CLM
4.5 as a more accurate base to modify Tleaf to values closer to observational estimates,
new model runs found isoprene emissions to increase up to 4.8 mg m−2 h−1 (Fig. 7c).25

This slight modification in Tleaf resulted in an ∼ 24 % increase in isoprene emissions.
The lowering of Topt to a value found in previous tropical studies resulted in isoprene

emissions to decrease to 3.5 mg m−2 h−1, and 9 % decrease from non-modified runs.
Lowering the Topt alone will increase isoprene emissions, but the required adjustment
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of CCE, to 0.22, outweighed the response due to lowering Topt. When the two adjust-
ments (i.e., Tleaf and Topt) are combined they canceled each other out and isoprene

emissions were 4.3 mg m−2 h−1, and within 12 % of non-modified MEGAN-CLM 4.5.

4 Discussion

MEGAN-CLM is particularly useful for evaluating future scenarios of BVOC emissions5

under changing climates, transient CO2 estimates, changing land-use and land-cover,
and altered meteorology due to the coupling in CESM. However, there is still uncer-
tainty concerning the complex relationships among the ecophysiological functioning
of trees, changes in environmental conditions, phylogenetic associations, and corre-
sponding tropical forest BVOC emissions, all of which needs improvement in MEGAN-10

CLM. This study narrowed that uncertainty by predicting which biophysical variables in
CLM have the strongest control and contributes to the most variability on landscape
scale tropical forest BVOC emissions. Annual isoprene emissions were found to vary
by 33 % between different versions of MEGAN-CLM (4.0 vs. 4.5) due almost completely
to changes in LAI, and the latest version MEGAN-CLM 4.5 matched the regional ob-15

servational average. For a Central Amazon forest simulated by MEGAN-CLM, Tleaf was
the largest contributor to uncertainty in isoprene emissions, contributing up to 61 % of
emission uncertainty. Increasing Tleaf by 1.0 ◦C resulted in a 24 % increase in tropical
forest isoprene emissions.

4.1 Model comparison20

Many global isoprene emission models use the same emissions algorithms, typically
based on the G95 light and temperature algorithms (Arneth et al., 2008). Some com-
parisons of global emission models have found that simulated isoprene emissions are
in close agreement with each other and converging near 500±100 Tg C. Additionally,
interannual variability is small, ranging from 5–10 % around the mean (Arneth et al.,25
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2008, 2011). For example, in a review of four modeling studies, each of which used
a different ecosystem/land surface model to produce the driving variables, but all used
similar biogenic emission algorithms based off of G95, global isoprene emissions var-
ied from 454 to 559 Tg C (Wang and Shallcross, 2000; Potter et al., 2001; Levis et al.,
2003; Naik et al., 2004). A larger synthesis of 15 studies found global isoprene emis-5

sions ranged from 412 Tg C using LPJ-GUESS emission algorithms based on photo-
synthetic supply (Arneth et al., 2007) to 601 Tg C using 13 global land cover classifica-
tions and G95 algorithms (Tao and Jain, 2005).

A sensitivity test using three global terrestrial isoprene emission models that differ in
core processes (i.e., MEGAN, LPJ-GUESS, BVOCEM) quantified the variability due to10

climate and representation of vegetation with no change to the “standard” model setup.
Variability in climate and vegetation yielded increased or decreased annual emissions
by at least 30 % and up to 200 % (Arneth et al., 2011). The combined effect of switching
climate and vegetation between MEGAN and LPJ-GUESS resulted in reduced emis-
sions of 70 % in MEGAN, and increasing emissions by 200 % in LPJ-GUESS. When15

compared to MEGAN predictions, the Integrated Biospheric Simulator (IBIS), using
G95 algorithms, predicted global annual isoprene emissions to be only 10 % lower (454
vs. 503 Tg C) (Naik et al., 2004). This reduced prediction was based on differences in
canopy variables and processes, LAI, climatology, and using MOSES2-TRIFFID vege-
tation physiological scheme.20

In a regional BVOC study in the Amazon Basin, Karl et al. (2007) found that MEGAN
(G06) estimated fluxes were lower than observations but within airborne measurement
uncertainty, and could describe observed variations associated with land-use change
for that region. Karl et al. (2007) corrected MEGAN for environmental conditions consis-
tent with the measurement conditions (i.e., T = 34 ◦C and 1260 PAR), which could have25

contributed to improved accuracy for the tropical forest. Compared to measurements
at the Z14 tower 60 km NW of Manaus using mixed layer variance (MLV) techniques,
MEGAN isoprene emission estimates were 40 % lower (Karl et al., 2007). Here we
found that MEGAN-CLM 4.0 over-predicted isoprene estimates similar to other model-
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ing studies (Harley et al., 2004; Hewitt et al., 2011) by 60 %, however MEGAN-CLM 4.5
estimates were in close agreement and only 7 % higher than the observational datasets
used in this study from Brazil.

In summary, debate continues on whether the assemblages of emission models are
in general agreement with each other or whether differences in biophysical environ-5

mental variables, vegetation cover, or climate as determined within each model can
lead to unrealistic ranges of BVOC estimates. Synthesis of model inter-comparisons
are showing the latter, in that differences in driving biophysical parameters are larger
than the differences in emission activity algorithms, and in order to get accurate emis-
sions it is necessary to have accurate predictions of driving parameters. In particular,10

we found that a slight variation in Tleaf can produce large shifts in isoprene emissions.
Improving modeling estimates of biogenic emissions remains a challenge due to the

lack of observations for quantifying emissions from tropical forests, and we have limited
understanding of how canopy and leaf-level processes affect emission rates. Studies
have found a large spread in daytime isoprene emission rates over the Amazon Basin,15

ranging from 1.5 to 9.8 mg m−2 h−1 (Barkley et al., 2008). This large range is attributed
to differences between wet and dry season, regional location, interannual variability,
and/or measurement techniques. For example, isoprene emissions from the Ducke
Forest Reserve, 10 km north of Manaus Brazil, ranged from 1.6 to 3.6 mg m−2 h−1 (Ja-
cob and Wofsy, 1988; Davis et al., 1994), while another nearby site 60 km northwest of20

Manaus (tower Z14 and K34) ranged from 2.4 to 7.8 mg m−2 h−1 (Karl et al., 2007; Kuhn
et al., 2007). In addition, regional variation is also prominent across the Amazon Basin.
For example a primary rainforest west of Iquitos, Peru can reach up to 8.2 mg m−2 h−1

(Helmig et al., 1998), and Reserva Biologica do Jaru, in the southwestern region of
Brazil can reach up to 9.8 mg m−2 h−1 (Greenberg et al., 2004).25

4.2 Leaf temperature in tropical plants and BVOC emissions

BVOC emissions are known to be temperature sensitive in that higher temperatures will
increase chemical reaction rates in plants and increase the vapor pressures of volatile
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compounds (Tingey et al., 1991). Global BVOC emission rates could increase by 25–
45 % as a result of elevated mean global air temperatures by 2–3 ◦C (Penuelas and Llu-
sia, 2003). This study found that a 1 ◦C increase in Tleaf in the temperature-dependent
G95 algorithm resulted in a 24 % increase in isoprene emissions for a tropical forest.
To improve flux estimates, a better understanding of the detailed relationship between5

isoprene emissions and Tleaf is required; especially when data has shown that algo-
rithm prediction was not satisfactory for temperatures > 40 ◦C for a common tropical
tree (Alves et al., 2014). Some have suggested that at high vegetation temperatures
(> 40 ◦C) isoprene emissions dramatically decline, but this assumption has been chal-
lenged (Monson et al., 1992; Sharkey et al., 1996; Alves et al., 2014; Jardine et al.,10

2014). Monson et al. (1992) showed that plants growing in warm temperatures (i.e.,
34 ◦C) had a temperature optimum for isoprene emission rate that shifted to 45 ◦C com-
pared to plants growing in cooler temperatures (i.e., 26 ◦C) which had a temperature
optimum of 40 ◦C. The relationship between high temperatures and isoprene emissions
in tropical evergreen leaves should be explored in more detail.15

In general higher variability has been attributed to isoprene emission response to
leaf temperature compared to PPFD (Penuelas and Llusia, 2003; Pacifico et al., 2009;
Alves et al., 2014). Isoprene emissions follow a clear trend of leveling off at high val-
ues of PPFD with normalized isoprene emission having little variation, ranging from
1.0–1.2. However, stronger uncertainties existed in isoprene emissions at high tem-20

peratures (> 35 ◦C) across multiple tree species ranging from ∼ 1.4–4.5 normalized
isoprene emission (Pacifico et al., 2009). High temperatures, > 34 ◦C, were not expe-
rienced in CLM. The lack of reproducing high temperatures that are found in empiri-
cal measurements (Fig. 4) by CLM, led to a lack of generating higher isoprene emis-
sions. MEGAN-CLM 4.5 predicted a close match in isoprene emission flux for a Central25

Amazon forest, with only a slight over-prediction occurring. However if higher leaf tem-
peratures were replicated in CLM the over-estimation of isoprene flux would become
stronger. It is suggested that additional in situ measurements of tropical leaf temper-
atures is required to gain a better understanding of current changes due to varying
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environmental conditions, extremes, and seasonality. A more up-to-date and extensive
field campaign to capture current trends in Tleaf could greatly improve modeling capac-
ity and predictability. The consensus from the CMIP5 analysis using the Representative
Concentration Pathways (RCPs), is that temperature will increase over the next century
by 1.0–4.0 ◦C (IPCC 2007; Knutti and Sedlacek, 2012). As a result, isoprene emissions5

will likely increase, and as we have predicted here the uncertainty of predicting the
magnitude of emission fluxes from tropical forests resulting from higher temperatures
is also likely to increase.

4.3 Additional model parameters and uncertainty

In addition to accounting for the influence of temperature, light, and CO2, MEGAN 2.110

has the capacity to incorporate processes related to leaf age and soil moisture. How-
ever, these two processes are not accounted for when modeling tropical forests, includ-
ing Amazonia. In the past decade, two severe droughts have occurred in the Amazon
Basin, and could increase due to human-induced climate change (Phillips et al., 2009;
Allen et al., 2010; Lewis et al., 2011; Anderegg et al., 2013). During a drought scenario15

in the Biosphere 2 tropical rainforest GPP was significantly reduced by 32 %, when
soil water content reached its minimum. This led to fixed carbon from photosynthesis
as isoprene production to increase by 100 %, from 1 % to 2 %, but otherwise isoprene
production was not largely affected as a result of the water stress treatment (Pegoraro
et al., 2006). Isoprene carbon loss as a fraction of total photosynthesis is an important20

metric to quantify when trying to account for the total tropical forest carbon sink and
“lost” carbon. Leaf age, development status, and senescence have been shown to in-
fluence isoprene production in tropical species (Kuhn et al., 2004b; Alves et al., 2014).
Over the course of leaf development, isoprene emission capacities of tropical leaves
ranged from 0.7 to 111.5 µg C g−1 h−1 (Kuhn et al., 2004b). In tropical forests, the dif-25

ference between timing of bud break, leaf senescence, foliar biomass, and specific leaf
weight during either the wet or dry season can lead to notable seasonal differences
in isoprene and monoterpene emissions, warranting inclusion of leaf development in
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emissions algorithms for tropical forests (Kuhn et al., 2004b). In a common Central
Amazonian species, Eschweilera coriacea, in situ measurements showed that young
mature leaves had highest isoprene emissions compared to old mature and senescent
leaves (Alves et al., 2014), suggesting that leaf phenology effects should be included
in emission algorithms for tropical PFTs.5

An additional important metric to consider in global biogenic emission models is that
certain tree species are not isoprene emitters. The total number of tropical tree species
is very large (> 1000 ha−1), and while fully comprehensive data is still lacking, it has
been estimated that only 38 % of 125 tree species examined in the Brazilian Amazon
are isoprene emitters (Harley et al., 2004). Global models assign an average emission10

factor (ε) to each PFT or vegetation type that accounts for emitters and non-emitters,
however these values could be improved. Harley et al. (2004) showed that when us-
ing a bottom-up model approach using (1) G95 algorithms, (2) estimates of isoprene-
emitted biomass, and (3) site foliar biomass, the canopy flux was still overestimated
by ∼ 50 % compared to measured data. With tropical trees accounting for ∼ 75 % of15

total isoprene emissions (Guenther et al., 2006), isoprene flux capacity as a function
of species composition can dramatically effect global estimates.

5 Summary and concluding remarks

We have estimated that CLM is suboptimal at accurately representing key climate
and biophysical processes (i.e., Tleaf and PAR) for tropical forest locations that are20

critical to controlling BVOC emissions. We reported that CLM is not reproducing the
higher range of PAR and Tleaf, environmental conditions that have been known to in-
crease isoprene emissions as they increase. Specifically, CLM did not capture the
upper 10–14 ◦C range of Tleaf (i.e., failed to represent ∼ 32 to 46 ◦C) that can natu-
rally occur during peak temperature episodes in the Central Amazon, nor did CLM25

capture the upper 900 µmol m−2 s−1 range of PAR (i.e., failed to represent ∼ 1600 to
2500 µmol m−2 s−1). However, MEGAN-CLM is already over-predicting isoprene emis-
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sions in tropical forests without reaching potential upper extremes in the biophysical
parameters. Allowing MEGAN-CLM to account for higher Tleaf (by 1.0 ◦C) resulted in
the model to further over-estimated isoprene emissions compared to field measure-
ments. Air temperatures are predicted to increase over tropical regions over the next
century by 2–5 ◦C (Solomon et al., 2007). Accurately representing vegetation tempera-5

ture in global land surface models coupled with BVOC emission models is required to
represent physiological mechanisms that control BVOC emissions. Attempts to correct
the representation of light conditions, radiation, and temperature for tropical forests in
CLM are needed, however adjustments to the BVOC algorithms to account for over-
estimation should also be considered. Results from this study assisted in developing10

a better understanding of the environmental controls on BVOC emission from tropical
forests. This was an important step in evaluating how a changing climate in the tropics
will affect BVOC emissions, a critical topic for discerning how short-term forcing and
atmospheric constituents contribute to regional and global environmental change.
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Table 1. Estimated and direct measurements of isoprene emission flux, using different mea-
surements techniques from tropical rainforest sites located in Brazil.

Month Site Location Ecosystem Isoprene Flux Reference
(mg m−2 h−1)

Jan FLONA Tapajo’s, Km 83, PA Brazil 02◦51′ S 54◦58′ W Primary, upland terra firme 2.2 Greenberg et al. (2004)
Feb FLONA Tapajo’s, Km 83, PA Brazil 02◦51′ S 54◦58′ W Primary, upland terra firme 2.2 Greenberg et al. (2004)
Mar Balbina, AM, Brazil 01◦59′ S 59◦12′ W Upland, moist forest 5.3 Greenberg et al. (2004)
Apr FLONA Tapajo’s, Km 67, PA Brazil 02◦51′ S 54◦58′ W Primary, upland terra firme 3.2 Harley et al. (2004)
Jun FLONA Tapajo’s, Km 67, PA Brazil 02◦51′ S 54◦58′ W Primary, upland terra firme 3.2 Harley et al. (2004)
Jul FLONA Tapajo’s, Km 67, PA Brazil 02◦51′ S 54◦58′ W Primary, upland terra firme 2.4 Rinne et al. (2002)
Sep Reserva Biologica Jaru (RBJ), RO, Brazil 10◦08′ S 62◦54′ W Primary forest 6.3 Kuhn et al. (2004a)
Oct Reserva Biologica Jaru (RBJ), RO, Brazil 10◦08′ S 62◦54′ W Primary forest 6.3 Kuhn et al. (2004a)
Nov Reserva Biologica do Cuieiras, AM, Brazil 02◦36′ S 60◦12′ W Primary forest 1.7 Alves et al. (2014)
Dec Reserva Biologica do Cuieiras, AM, Brazil 02◦36′ S 60◦12′ W Primary forest 3.2 Kesselmeier et al. (2002)
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Table 2. Parameter name, description, sub-equation assignment, and mean±SD estimated by
CLM 4.0 and CLM 4.5 for a Central Amazon forest for all variables in the emission activity factor
(γ, Ep. 1). NA=not a standard output in model version.

Parameter Parameter Description Sub-Equation CLM4.0 (± SD) CLM4.5 (± SD) Units

Tleaf Leaf temperature γT 301.25 (0.78) 300.63 (0.74) K
Tleaf_24 Leaf temperature in the last 24 h γT 301.25 (0.77) 300.49 (0.79) K
Tleaf_240 Leaf temperature in the last 240 h γT 301.25 (0.72) 300.49 (0.69) K
CT1 Empirical coefficient γT 95 95 Constant
CT2 Empirical coefficient γT 230 230 Constant
PARSUN Sunlit PAR γP 353.99 (34.24) 343.83 (34.84) µmol m−2 s−1

PAR24_SUN Sunlit PAR in last 24 h γP 341.47 (33.59) 327.02 (29.84) µmol m−2 s−1

PAR240_SUN Sunlit PAR in last 240 h γP 341.20 (32.29) 326.59 (23.66) µmol m−2 s−1

PARSHADE Shade PAR γP 131.85 (4.01) 118.55 (3.98) µmol m−2 s−1

PAR24_SHADE Shade PAR in last 24 h γP 144.37 (4.39) 135.26 (4.24) µmol m−2 s−1

PAR240_SHADE Shade PAR in last 240 h γP 144.67 (4.25) 135.64 (3.52) µmol m−2 s−1

P 0SUN Standard condition for past 24 h for sun leaves γP 200 200 µmol m−2 s−1 (Constant)
P0SHADE Standard condition for past 24 h for shade leaves γP 50 50 µmol m−2 s−1 (Constant)
CCE Factor that sets emission activity to unity at standard conditions γL 0.3 0.3 Empirical Constant
LAI Leaf area index γL 8.85 (0.13) 6.39 (0.08) m2 m−2

forcpbot Atmospheric pressure γC 100, 446.24 (105.73) NA Pa
CiSUN Sunlit leaf intracellular CO2 γC −466.87 (19.31) NA Pa
CiSHADE Shade leaf intracellular CO2 γC −466.11 (19.36) NA Pa
FSUN Sunlit fraction of canopy γC 0.06 (0.002) 0.09 (0.002) %
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Table 3. Ranking of uncertainty. Modeled mean emissions activity factor (γ), standard variation,
range, and contribution of uncertainty for each biophysical parameter as predicted by MEGAN-
CLM 4.0, or based on Monte Carlo simulation to predict the overall uncertainty of emission
activity factor.

Rank Variables γ Stdev. Range Contribution to overall
uncertainty (%)

NA MEGAN-CLM 4.0 0.82 0.15 0.87 NA
NA All parameters 0.87 0.09 0.50 NA
1 Tleaf 0.87 0.08 0.28 0.288
2 CCE 0.91 0.05 0.16 0.180
3 Tleaf_24 0.84 0.03 0.11 0.108
4 CT1 0.83 0.03 0.10 0.108
5 CT2 0.83 0.02 0.06 0.072
6 PARSHADE 0.83 0.02 0.06 0.072
7 PARSUN 0.83 0.01 0.04 0.036
8 Tleaf_240 0.83 0.01 0.03 0.036
9 LAI 0.83 0.01 0.03 0.036
10 PAR240_SHADE 0.82 0.005 0.02 0.018
11 FSUN 0.83 0.003 0.01 0.011
12 CiSHADE 0.82 0.003 0.01 0.011
13 PAR24_SUN 0.82 0.002 0.01 0.007
14 PAR240_SUN 0.83 0.002 0.01 0.007
15 PAR24_SHADE 0.82 0.001 0.004 0.004
16 P0SHADE 0.82 0.0006 0.002 0.002
17 P0SUN 0.82 0.0005 0.002 0.002
18 CiSUN 0.82 0.0002 0.00 0.001
19 forcpbot 0.82 0.0002 0.00 0.001
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Table 4. Leaf temperature (Tleaf,
◦C) averages±SD for in situ measurements from a Central

Amazon mature forest and CLM 4.0, and root-mean-square error (RMSE). In situ maximum
temperatures are from individual leaves.

In situ measurements CLM 4.0 In Situ vs. CLM
Months Average±SD Range Max Average±SD Range Max RMSE

DJF 29.0±3.1 15.1 45.9 28.9±1.4 5.7 31.8 1.36
MAM 28.5±3.1 16.7 43.5 28.5±1.3 5.6 31.5 1.26
JJA 29.9±2.8 16.5 45.1 28.4±1.6 6.9 32.3 1.59
SON 30.9±2.4 14.2 44.6 29.7±1.6 6.2 33.5 1.59
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Fig. 1. Model predictions of monthly isoprene emissions (mg m
-2

 hr
-1

) ± SD from MEGAN-981 

CLM 4.0 and MEGAN-CLM 4.5 for a Central Amazon forest, compared to in situ datasets from 982 

four Brazilian locations (separated by pattern and listed in Table 1). Average annual isoprene 983 

emissions from empirical data sets was 3.6 mg m
-2

 hr
-1

.
 
In situ data missing for the months of 984 

May and August.   985 
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Figure 1. Model predictions of monthly isoprene emissions (mg m−2 h−1) ±SD from MEGAN-
CLM 4.0 and MEGAN-CLM 4.5 for a Central Amazon forest, compared to in situ datasets from
four Brazilian locations (separated by pattern and listed in Table 1). Average annual isoprene
emissions from empirical data sets was 3.6 mg m−2 h−1. In situ data missing for the months of
May and August.
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  987 

Fig. 2. Coefficient of determination, from regression analysis, for 14 out of the 19 variables in 988 

Eq. 1 and Table 2, as it relates to the emission activity response, for a Central Amazon forest 989 

(i.e., solid color bars) and northeastern temperate forest (i.e., hashed color bars).  990 
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Figure 2. Coefficient of determination, from regression analysis, for 14 out of the 19 variables
in Eq. (1) and Table 2, as it relates to the emission activity response, for a Central Amazon
forest (i.e., solid color bars) and northeastern temperate forest (i.e., hashed color bars).
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 992 

Fig. 3. Distribution of the emissions activity factor, , using Monte Carlo uncertainty 993 

simulations. The top left panel (a) is the predicted distribution based on MEGAN-CLM 4.0 994 

estimates, pre-Monte Carlo simulation. The top middle panel (b) was a simulation in which all 995 

variables in the emissions activity factor equation were varied, and remaining panels (c-l) are 996 

one-at-a-time Monte Carlo simulations. Displaying top 10 variables that contribute the most to 997 

variability.   998 
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Figure 3. Distribution of the emissions activity factor, γ, using Monte Carlo uncertainty simula-
tions. (a) is the predicted distribution based on MEGAN-CLM 4.0 estimates, pre-Monte Carlo
simulation. (b) was a simulation in which all variables in the emissions activity factor equation
were varied, and (c–l) are one-at-a-time Monte Carlo simulations. Displaying top 10 variables
that contribute the most to variability.

24037

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/23995/2014/acpd-14-23995-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/23995/2014/acpd-14-23995-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 23995–24041, 2014

Evaluation of
MEGAN-CLM

parameter sensitivity
to predictions of

isoprene emissions

J. A. Holm et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 49 

 999 

 1000 

Key: DJF = December, January, February; MAM = March, April, May; JJA = June, July, August; SON = September, October, November 1001 

Fig. 4. Seasonal leaf temperature (Tleaf, °C) distribution from in situ measurements, averaged 1002 

over 25 leaves, recorded every minute, during daytime hours (10:00-16:00) in blue bars. 1003 

Seasonal leaf temperature (Tleaf, °C) distribution from CLM 4.0, averaged over one grid cell, 1004 

recorded every hour, during daytime hours (10:00-16:00) in green bars.  1005 

Figure 4. Key: DJF=December, January, February; MAM=March, April, May; JJA= June,
July, August; SON=September, October, November. Seasonal leaf temperature (Tleaf,

◦C) dis-
tribution from in situ measurements, averaged over 25 leaves, recorded every minute, during
daytime hours (10:00–16:00 AMT) in blue bars. Seasonal leaf temperature (Tleaf,

◦C) distribu-
tion from CLM 4.0, averaged over one grid cell, recorded every hour, during daytime hours
(10:00–16:00) in green bars.
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 1006 

 1007 

Fig. 5. Distribution of annual photosynthetic active radiation (PAR, mol m
-2

 s
-1

) from in situ 1008 

measurements (i.e., blue bars) over daytime hours (10:00-16:00), and from CLM 4.0 (i.e., green 1009 

bars) over the twelve-hour daytime period.   1010 

Figure 5. Distribution of annual photosynthetic active radiation (PAR, µmol m−2 s−1) from in situ
measurements (i.e., blue bars) over daytime hours (10:00–16:00 AMT), and from CLM 4.0 (i.e.,
green bars) over the twelve-hour daytime period.
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   1011 

 1012 

Fig. 6. (a) Predicted (i.e., MEGAN-CLM 4.0) isoprene emissions (nmol m
-2

 s
-1

), sunlit leaf 1013 

photosynthesis (mol CO2 m
-2

 s
-1

), and gross primary production (GPP, Mg C m
-2

 y
-1

) in 1014 

response to photosynthetic active radiation (PAR, mol m
-2

 s
-1

) curves, and (b) in response to 1015 

leaf temperature (°C) curves.   1016 

(a) (b) 

Figure 6. (a) Predicted (i.e., MEGAN-CLM 4.0) isoprene emissions (nmol m−2 s−1), sunlit leaf
photosynthesis (µmol CO2 m−2 s−1), and gross primary production (GPP, Mg C m−2 yr−1) in re-
sponse to photosynthetic active radiation (PAR, µmol m−2 s−1) curves, and (b) in response to
leaf temperature (◦C) curves.
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 1017 

 1018 

Fig. 7. Average annual isoprene emissions (mg C m
-2

 h
-1

) for South America predicted by (a) 1019 

MEGAN-CLM 4.0, (b) MEGAN-CLM 4.5, and (c) MEGAN-CLM 4.5 with Tleaf increased by 1020 

1.0 °C. Difference between MEGAN-CLM 4.5 and MEGAN-CLM 4.0 for the emission activity 1021 

factor (, unitless) predicted by (d) the leaf area index algorithm (gamma L), (e) leaf temperature 1022 

algorithm (gamma T), and (f) light or photosynthetic active radiation (PAR) algorithm (gamma 1023 

P). 1024 
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Figure 7. Average annual isoprene emissions (mg C m−2 h−1) for South America predicted by
(a) MEGAN-CLM 4.0, (b) MEGAN-CLM 4.5, and (c) MEGAN-CLM 4.5 with Tleaf increased by
1.0 ◦C. Difference between MEGAN-CLM 4.5 and MEGAN-CLM 4.0 for the emission activity
factor (γ, unitless) predicted by (d) the leaf area index algorithm (γL), (e) leaf temperature
algorithm (γT ), and (f) light or photosynthetic active radiation (PAR) algorithm (γP ).
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