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Abstract

We have incorporated a semi-mechanistic isoprene emission module into the JULES
land-surface scheme. We evaluate the coupled model against local above-canopy iso-
prene emission flux measurements from six flux tower sites as well as satellite-derived
estimates of isoprene emission over tropical South America and east and south Asia.
The model simulates diurnal variability well: correlation coefficients are significant (at
the 95% level) for all flux tower sites. The model reproduces day-to-day variability
with significant correlations (at the 95% confidence level) at four of the six flux tower
sites. At the UMBS site, a complete set of seasonal observations is available for two
years (2000 and 2002). The model reproduces the seasonal pattern of emission dur-
ing 2002, but does less well in the year 2000. Comparison with the satellite-derived
isoprene-emission estimates suggests that the model simulates the main spatial pat-
terns, seasonal and inter-annual variability over tropical regions. The model yields a
global annual isoprene emission during the 1990s of 380+ 7 TgC yr'1.

1 Introduction

Isoprene (CsHg) is quantitatively the most important of the non-methane biogenic
volatile organic compounds (BVOCs) emitted into the atmosphere (Pacifico et al.,
2009). Terrestrial vegetation is the main source (Guenther et al., 2006), although not
all plants emit isoprene (Harley et al., 1999; Kesselmeier and Staudt, 1999). Tropi-
cal broadleaf trees are considered the main contributors to global isoprene emissions
(Guenther et al., 2006). Isoprene is a carbon-containing compound and — after ox-
idation in the atmosphere — a carbon dioxide (CO,) precursor, so it is a potentially
significant term in the global carbon cycle (Guenther et al., 2002). Isoprene also mod-
ulates tropospheric ozone (O3) and methane (CH,) concentrations (Hofzumahaus et
al.,, 2009) and is a source of secondary organic aerosol (SOA; Claeys et al., 2004),
which affects cloud properties and the surface radiation budget.
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Vegetation species composition determines overall emission capacity (Niinemets et
al.,, 2010a, b), but the main environmental controls on isoprene emissions are light
(e.g., Monson and Fall, 1989), temperature (e.g., Guenther et al., 1993), atmospheric
CO, concentration (e.g., Monson et al., 2007) and drought (e.g., Pegoraro et al., 2004;
Monson et al., 2007). In the short-term, isoprene emission increases with light and falls
to near zero almost immediately after the cessation of illumination. Isoprene emission
increases with temperature until a temperature optimum of ca. 40 °C (Niinemets et al.,
1999). Moreover, measurements have demonstrated that high concentrations of CO,
inhibit isoprene emission, but with potentially different response patterns to short- and
long-term changes in the CO, burden (see summary of studies in Young et al., 2009
and Pacifico et al., 2009). From the limited number of observational and laboratory
studies it appears that isoprene emissions are not immediately affected by mild water
stress, even when this stress is already affecting photosynthesis (e.g., Sharkey and
Loreto, 1993), but the onset of more severe drought causes isoprene emissions to
decline substantially (e.g., Pegoraro et al., 2004; Monson et al., 2007). The strong
dependence of isoprene emissions on temperature means that isoprene emissions are
likely to increase under future climate conditions, although such an increase may be
offset by the inhibition of leaf isoprene production emissions that is observed at higher
levels of CO, (Arneth et al., 2007a). Research on quantifying how isoprene emissions
will change (and the magnitude of potential feedbacks on atmospheric chemistry and
climate) is still in its infancy (see summary of studies in Pacifico et al., 2009).

Biogenic isoprene emissions were originally modelled using empirical relationships
between specific environmental controls and emissions, applying a number of algo-
rithms for the short- and long-term influence of changing environmental conditions
(Guenther et al., 1991, 1993, 1995, 2006). More recently, photosynthesis-based
schemes have been developed that seek to relate isoprene emission to substrate
production mechanistically (Niinemets et al., 1999; Martin et al., 2000; Zimmer et
al., 2003; Arneth et al., 2007b). Of these semi-mechanistic models, the Arneth et
al. (2007b) scheme is the only one that includes the atmospheric CO, inhibition of
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isoprene emission, albeit in an empirical form. The scheme has already been coupled
to the Lund Potsdam Jena Dynamic Global Vegetation Model (LPJ-DGVM) (Sitch et
al., 2003) and to the Lund Potsdam Jena General Ecosystem Simulator (LPJ-GUESS;
Smith et al., 2001), and applied at both regional (Arneth et al., 2008b) and global
(Arneth et al., 2007a) scales. In this paper, we describe the validation of a modi-
fied version of the Arneth et al. (2007b) scheme that has been implemented in the
Joint UK Land Environmental Simulator (JULES; Essery et al., 2003; Cox et al., 1998,
1999; www.jchmr.org/jules). The isoprene scheme has been implemented in the land-
surface component of the Hadley Centre Global Environmental Model with Earth Sys-
tem component (HadGEM2-ES) and a version of JULES including isoprene will be
the land-surface component of the new Hadley Centre Global Environmental Model
(HadGEMB), thus the work described here is designed to evaluate model performance
prior to quantifying the feedbacks between biogenic emissions, atmospheric chemistry
and climate within a global Earth System model (e.g., Arneth et al., 2010).

2 Methods

We have incorporated the isoprene emission scheme described in Arneth et al. (2007b)
into the framework of the JULES land-surface model. Here, we first describe the most
important features of JULES, we then outline the original isoprene emission scheme,
before describing the necessary modifications made to couple the two components.
We go on to describe our strategy for the evaluation of the coupled scheme under mod-
ern climate conditions (various time periods from 1995 to 2004). Finally, we describe
the protocol for a global simulation of isoprene emissions under modern conditions
(1990 to 1999).
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2.1 The JULES land-surface scheme

JULES is a UK community land-surface model, based on the MOSES2 (Met Office Sur-
face Exchange Scheme version 2; Essery et al., 2003) land surface scheme used in
the UK Met Office Hadley Centre climate model HadGEM (Johns et al., 2006). JULES
is intended to replace MOSES in HadGEMS3. JULES can be run at a single point or in
gridded mode for any number of grid boxes, with a typical time step of 30 to 60 min. The
meteorological data used to run JULES are: downward longwave radiation, downward
shortwave radiation, precipitation, air pressure, specific humidity, air temperature, and
wind speed. These data need to have sub-daily resolution and can be interpolated by
JULES itself to the appropriate model time step if necessary. JULES has five plant-
functional types (PFTs), namely broadleaf trees, needleleaf trees, C3 grass, C4 grass,
and shrubs, and uses a further four surface types (urban, inland water, bare soil and
ice). Each gridbox can consist of a number of vegetation and surface types. JULES
simulates vegetation dynamics using the TRIFFID DGVM (Cox et al., 2000; Cox, 2001).
The photosynthesis modules for C3 and C4 plants are based on the work of Collatz
et al. (1991) and Collatz et al. (1992), respectively. A comprehensive description of
the JULES photosynthesis scheme is given in Cox et al. (1998). The rate of gross
photosynthesis is calculated as the minimum of three limiting factors: the Rubisco-
limited rate of gross photosynthesis, the light-limited rate of gross photosynthesis, and
the limitation associated with transport of photosynthetic products for C3 plants and
PEP-Carboxylase limitation for C4 grasses. Photosynthetically active radiation (PAR)
and leaf nitrogen are assumed to decrease exponentially through the canopy (Sellers
et al., 1992; Mercado et al., 2007). Canopy photosynthesis is calculated as the sum
over all canopy layers (10 layers were used in this study). Leaf phenology is updated
on a daily basis, using accumulated temperature-dependent leaf turnover rates. The
ability of JULES to simulate photosynthesis has been tested in recent model bench-
marking studies, including at ten eddy correlation sites covering the major biomes of
the globe (Blyth et al., 2010a, b) and at regional and global scales, using atmospheric

28316

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 2831128354, 2010

Evaluation of a

photosynthesis-

based biogenic
isoprene emission

F. Pacifico et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28311/2010/acpd-10-28311-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28311/2010/acpd-10-28311-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

CO, measurements (Cadule et al., 2010; Blyth et al., 2010a, b). Blyth et al. (2010a, b)
demonstrates the satisfactory performance of JULES in simulating concurrently the
terrestrial carbon and water cycles.

2.2 Isoprene emission scheme

The Arneth et al. (2007b) isoprene emission scheme is based on the biochemical
model for isoprene emission developed by Niinemets et al. (1999). In the Niinemets
et al. (1999) model, isoprene emission depends on the electron requirement for iso-
prene synthesis. The model assumes that all isoprene emitted from plant leaves is
synthesized in the chloroplasts via the 1-deoxy-xylulose-5-phosphate (DXP) pathway
and that a certain proportion of electrons released by PSIl (Photosystem II) is used
in isoprene synthesis. This proportion is calculated from the estimated energy and
redox-equivalents requirements to reduce isoprene from the initial steps of carbon as-
similation, considering the requirements of 6 moles assimilated CO, for one mole of
isoprene produced. The assumption that co-enzymes, rather than carbon precursors,
are the rate-limiting step has been shown to reproduce the correct response of iso-
prene emission to light and temperature under present-day conditions (Niinemets et
al., 1999; Arneth et al., 2007b). However, the effects of changing CO, concentration,
which has been hypothetically linked to competition for carbon substrate (Rosenstiel et
al., 2004), need to be included empirically (Arneth et al., 2007b).

When the rate of regeneration of ribulose 1,5-bisphosphate (RuBP) through electron
transport is limiting, photosynthetic electron transport (J) is (Farquhar et al, 1980):

(A, +ARp)(4C, +8T)
J= 1
C-r )
where A, is leaf level net photosynthesis when RuBP is limiting; Rp is leaf level
dark respiration; C, is leaf internal CO, concentration and I is photorespiration
compensation point.
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Based on the co-enzyme and energetic requirements for isoprene synthesis, Ni-
inemets et al. (1999) assume that isoprene emission is nicotinamide adenine dinu-
cleotide phosphate (NADPH) limited. Given that the NADPH requirement per CO,
mole assimilated is 1.17 times higher for isoprene synthesis than for sugar synthesis
and that for each isoprene molecule released 6 CO, molecules must be assimilated,
the rate of photosynthetic electron transport to sustain isoprene synthesis and emission
at the leaf level (/) is:

6/,(4.67C, +9.33l")

Ci—T @)

Jisoprene =

So
(A, +Rp)(4C,+8IN)

_ 3
1= ¢75(4.67C, +9.33r) ®)

Jisoprene

where ¢ = ~asdr=J+J,~d (4)

-

The inhibition of isoprene emission with increasing atmospheric CO, concentration is
empirically modelled by Arneth et al. (2007b) as:

fco, = - (5)

where C,_ is leaf internal CO, concentration in standard conditions (i.e. temperature

T = 30°C and photosynthetically active radiation 1000 pmol m~2 s‘1) at 370 ppm CO,
atmospheric concentration. While for the simulation of changes in the long-term CO,
growth environment C; under non-water stressed conditions is applied, in principle, the
calculation of fco, could also implicitly include the short-term response of isoprene
emission to drought stress (Monson et al., 2007). During periods of water limitation,
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JULES simulates a closure of stomata, thus C, decreases and therefore ¢, and con-

sequently isoprene emission increases. This could compensate — at least for a period

of a few days — for the decline in photosynthesis (and hence isoprene precursors).
Leaf-level isoprene emission (/) in Arneth et al. (2007b) is given by:

A, +Rp

/| =IEF——f.f
! (A)st+Rp, | %

(6)

fr = MIN [exp(a, (T - T,)); 2.3] (7)

where T is air temperature and the “st” subscript indicates that the variable is mea-
sured under standard conditions (see Eq. 5). The empirical factor a; is set to 0.1 and
accounts for the higher temperature optimum of isoprene synthesis compared to that of
the electron transport rate. Although isoprene is produced in the chloroplast from pre-
cursors formed during photosynthesis, there are differences in the short-term response
of carbon assimilation and isoprene emission, such as the higher temperature optimum
of isoprene synthase (Monson et al., 1992). IEF is the basal isoprene emission at the
leaf level under standard conditions. Isoprene is not stored in the leaf (Sanadze, 2004)
and therefore emitted isoprene reflects the instantaneous rate of synthesis.

2.3 Coupling of the isoprene emission scheme into JULES

The structure of JULES required a modification of the original Arneth et al. (2007b)
scheme because electron transport is not explicitly simulated in the JULES photosyn-
thesis scheme. We assume that the rate of net photosynthesis is a reasonable approx-
imation to the electron transport dependent rate of net photosynthesis, and simulate
above-canopy isoprene emission (/) as:

A+Rp

[ =I1EF
Agt + Rpgt

fr-foo, LA (8)
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where Leaf Area Index (LAIl) defined as the canopy leaf area per unit ground area is
used to scale up emissions from leaf to canopy level and is updated to the phenological
status of the vegetation type.

Equation (8) describes the strong relationship between isoprene production and pho-
tosynthesis (Delwiche and Sharkey, 1993), but also takes into account the CO, inhibi-
tion (fcp,) and the fact that temperature optimum for photosynthesis is lower than for
isoprene synthesis (f7).

2.4 Evaluation strategy against ground-based isoprene flux measurements

Ground-based measurements of above-canopy isoprene fluxes, with temporal reso-
lution and length of measurements sufficient for our purpose are only available from
6 sites (see Table 1). These sites are located in broadleaf forests, specifically tem-
perate deciduous broadleaf forest and tropical rain forest (Table 1). Measurements
have generally been made for a relatively short period within the growing season when
the leaves are mature; only the record from the University of Michigan Biological Sta-
tion (UMBS; Pressley et al., 2005) covers more than one year. We used the available
data from all of the flux tower sites to evaluate the diurnal cycle and daily variability
in isoprene emission. The UMBS site has been used to evaluate the seasonal cycle
during 2000 and 2002, while the Harvard forest site has been used to evaluate the
1995 seasonal cycle. Data acquisition problems delayed the start of measurements at
the UMBS site in 2001 until after the onset of isoprene emissions and measurements
were not continued until the end of the growing season. We therefore cannot use the
data from 2001 to evaluate the seasonal cycle of isoprene emissions.

We simulate isoprene emissions at each flux site using the single-point version of
JULES. We used locally measured IEFs at La Verdiere and Montmeyan sites (Do-
minique Serca, unpublished data); when local IEFs were not available, we used stan-
dard IEF values for the appropriate vegetation type derived from Guenther et al. (1995):
45ugC gdw‘1 h™' for temperate deciduous broadleaf forest and 24 ugC gdw'1 h™!
for tropical rain forest. The meteorological data used to run JULES were either
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measurements made on-site (UMBS, Harvard Forest, Manaus and Santarem km 67)
or were derived from nearby meteorological stations (data from Puechabon 43.7° N,
3.6° E were used for La Verdiére and Montmeyan). Although isoprene fluxes were gen-
erally only measured for short periods, meteorological observations were collected for
longer (at least two years). However, meteorological data were not available at the
hourly time step on which the model was run. It was therefore necessary to fill these
observational gaps. Since the gaps were typically several days long interpolation was
not feasible. Instead missing observations were replaced by the average values of
that time step from other years. For example, if data for 11:00 a.m. on the 24 April was
missing in one year, then we used the average value for this time step in previous years.
This method maintains the diurnal- and seasonal-cycle of each variable at the expense
of reduced variance. The gap-filling technique was not applied to rainfall or snowfall
rates because it would potentially lead to erroneous introduction of small-scale precip-
itation events (from the averaging across years). The gap-filled values were compared
with the actual observations at the site, when available, and in no case did this pro-
cedure introduce a radical departure from the observed variable changes through the
day. The number of data points averaged for gap filling depends mainly on the site (the
more years of data the more years available for averaging). The proportion of gap-filled
temperature and radiation data was always less than 10% of the available data.

We quantified how well the model reproduces the magnitude, diurnal and day-to-day
variability of the observations using linear correlation of hourly emissions, daily average
emissions and daily maximum emissions. We also evaluated the simulated seasonal
cycle of isoprene emissions against observations from the UMBS and the Harvard
forest sites. The correlations were calculated only for the hours when observations
were made at each site.
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2.5 Evaluation strategy against satellite derived estimates

Satellite observations of formaldehyde (HCHO) have been used to estimate biogenic
isoprene emissions at a regional and global scale (e.g., Shim et al., 2005; Palmer et al.,
2003, 2006; Fu et al., 2007; Barkley et al., 2008, 2009). In this study, we use HCHO-
derived isoprene estimates over east and south Asia between 1996 and 2001 (Fu et
al., 2007) and tropical South America between 1997 and 2001 (Barkley et al., 2008).
We focus on tropical regions for evaluation against satellite-derived data because of the
assumed importance of tropical areas as an isoprene source (Guenther et al., 2006),
and because the two tropical flux-tower sites only provide short-term measurements
and thus there is no other source of data about changes over the seasonal cycle at
the tropics. We have selected satellite-derived isoprene estimates where the poten-
tial contribution of biomass burning to HCHO has been constrained: Fu et al. (2007)
used local reports of annual burning along with satellite fire counts, while Barkley et
al. (2008) used Along Track Scanning Radiometer (ATSR) fire counts and GOME NO,
columns to estimate the impact of biomass burning on HCHO. For east and south Asia
in summer, Fu et al. (2007) found that the interference to isoprene estimates due to
HCHO produced by anthropogenic VOC is small. Both studies use the Global Ozone
Monitoring Experiment (GOME) satellite observations of HCHO and the GEOS-Chem
chemistry transport model. The east and south Asia data set provides an average an-
nual emission based on the period 1996 and 2001. The tropical South America data set
records monthly mean isoprene emissions at the satellite overpass time (i.e. between
10:00 to 12:00 a.m. local time). Both data sets can be used to evaluate spatial patterns
and the magnitude of total isoprene emissions; but only the South America data set
can be used to evaluate the seasonal cycle and year-to-year variability of emissions.
The errors associated with estimating emissions from remotely-sensed HCHO are typ-
ically of the order 100% and predominately originate from errors in (a) the HCHO slant
column retrieval, (b) the air-mass factor calculation (which converts the slant to a verti-
cal column) and (c) uncertainties in the simplified representation of isoprene oxidation
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chemistry within the chemistry transport model (CTM; Barkley et al., 2008). Although
the uncertainties of these estimates are large they are nevertheless still comparable to
the uncertainties of estimates derived from an inventory approach.

For comparison with the satellite-based estimates of isoprene emission, we ran the
model globally at half-degree resolution with a 1 h time step from 1990 to 2001 using
meteorological inputs from the Integrated Project Water and Global Change (WATCH)
Forcing Data (WFD; Weedon et al., 2010) and 360 ppm CO, atmospheric concentra-
tion. The WFD data are available at half-degree resolution over land (excluding Antarc-
tica). However, downward longwave radiation, air pressure, specific humidity, air tem-
perature, and wind speed are only provided at 6-hourly time steps, together with code
to allow variable-specific interpolation to 3-hourly time steps and downward shortwave
radiation, rainfall and snowfall are only provided at 3-hourly time steps. The data were
therefore interpolated to the 1-hour timestep required by the model. The distribution of
PFTs in this simulation is based on the International Geosphere-Biosphere Programm
(IGBP) dataset (Loveland et al., 2000). The 17 land cover classes in this dataset were
translated into proportional cover and characteristics of the five JULES PFTs and the
proportional cover of the four JULES land cover types according to Table 2 and 3. PFT
distribution is kept fixed over the simulated time Period. IEFs values were derived from
Guenther et al. (1995) and are: 35 ugC gdw'1 h™" for broadleaf trees; 12 ugC gdw'1 h™
for needleleaf trees; 16 ugC gdw‘1 h™ for C3 grass; 8 ugC gdw‘1 h™" for C4 grass and;
20pugC gdw'1 h~" for shrubs. We extracted the simulated emissions for the same areas
and spatial resolutions as in the satellite-derived emission estimates. We compared
simulated against satellite-derived isoprene emissions in magnitude and spatial vari-
ability, seasonal and inter-annual variability are also evaluated when available. We only
consider emissions over land as our scheme focuses on isoprene emission and does
not include simulation of lateral transport.
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2.6 Protocol for modern global simulation

We have estimated global isoprene emissions from 1990 to 1999 based on the global
simulation described above. These estimates are compared with previous model-
derived estimates from the literature.

3 Results
3.1 Model evaluation against ground-based isoprene flux measurements

Simulated total daily isoprene emissions are always higher than observations (Table 4).
When applying the generic IEF from Guenther et al. (1995), the model overestimates
the total daily isoprene emissions by a maximum of 150% at La Verdiére. The use of a
locally measured IEF instead of the generic IEF improves the magnitude of simulated
emissions at La Verdiere, but it has only a small impact on the magnitude of isoprene
emissions at Montmeyan, where locally measured IEF and generic IEF are more similar
to each other than at La Verdiere (Table 1).

The coupled model generally reproduces the trend of the observed diurnal cycle of
isoprene emissions (Fig. 1). In addition, the model correctly reproduces the onset of
emissions, except at Manaus where modelled emissions start 1 h (1 time step in the
model) after observed emissions. Simulated emissions continue for 1 h (1 time step
in the model) after observed emissions cease. The time of peak emission is correctly
simulated at the UMBS site, but is delayed by between 1 (e.g., see Montmeyan in Fig. 1)
and 3 hours (e.g., see Manaus in Fig. 1) at the other sites. The magnitude of emissions
during the early part of the day is correctly simulated, but simulated emissions in the
middle of the day and in the afternoons are generally higher than observed.

The model overestimates observed hourly emissions when using the generic IEFs
at all sites except at the Harvard forest (Fig. 2). The UMBS and the La Verdiere sites
are the best simulated in terms of hourly emissions, using the generic IEF and the
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locally-derived IEF respectively. Hourly emissions are less well simulated at the Man-
aus and the Santarem sites, where we previously observed that simulated emissions
are generally too high in the middle of the day and in the afternoons (Fig. 1). Correla-
tion coefficients for hourly emissions are between 0.44 and 0.69 (all values significant
at 95% level) across the sites (Fig. 2).

The model generally overestimates daily average emissions at all sites (Fig. 3). The
UMBS and the Harvard forest sites are the best simulated in terms of daily average
emissions and are also the bigger data sets (Fig. 3). The correlation coefficients for
daily average emissions at each site vary between 0.33 and 0.84 (all significant at the
95% level, except those at La Verdiere) across the sites (Fig. 3).

The model overestimates daily maximum emissions at the Manaus and the
Santarem sites (Fig. 4), where we previously observed too high simulated peak emis-
sions (Fig. 1). The use of locally-derived |IEF significantly improves the magnitude of
simulated peak emissions at La Verdiere (Fig. 4). The correlation coefficients for daily
maximum emissions vary between 0.06 and 0.80 (all significant at the 95% level, ex-
cept those at La Verdiére and Manaus) across all sites (Fig. 4).

Both the observations and simulations at the UMBS site (Fig. 5) show a similar sea-
sonal pattern, with emissions starting in May, increasing rapidly through May and June
and reaching their maximum values during June, July and August. The onset of emis-
sions is less well simulated in 2000 than in 2002, when simulated emissions start
ca. 20 days earlier than observed, albeit at a very low rate. The model reproduces the
observed decline in emissions during the autumn but simulated emissions continue for
20-30 days longer than shown by the observations. This reflects the fact that simu-
lated LAl is still high during the autumn (Fig. 5), with simulated leaf fall beginning up
to 30 days later than observed (Pressley et al., 2005). Despite the bigger number of
missing data for the observations compared to the UMBS data set, similar results are
found for the Harvard forest site: the model reproduces the observed seasonal cycle in
magnitude, but it shows a longer seasonal cycle with simulated emissions starting too
early in spring and continuing too long over autumn (not shown here).
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3.2 Model evaluation against satellite derived estimates

Satellite-derived total annual mean isoprene emissions over east and south Asia
(12° S-55°N, 70° E-150° E) averaged over the years 1996—-2001 have been estimated
as 50TgC yr‘1, with an uncertainty of 26 TgC (Fu et al., 2007), compared to a simu-
lated value of 58 TgC on average over the 6 year simulation period (standard deviation:
2TgC). The satellite-derived spatial distribution of the emissions over east and south
Asia shows a gradient from low emissions in the north-west, which is mostly deserts
and mountains, to high emissions in the south and east (Fig. 6). This pattern is also
apparent in the simulation but with a larger gradient (Fig. 6). The model reproduces
the generally low emissions over India and the higher emissions over Indochina. Sim-
ulated emissions over Indonesia and Papua are higher than observed. The model
produces lower emissions in northern China and into eastern Siberia than shown in
the satellite-derived product.

Satellite-derived area-weighted total isoprene emissions over tropical South Amer-
ica are 24.39gC m~2 (standard deviation: 0.6 gC m‘z) compared to a simulated value
of 26.7gC m=2 (standard deviation: 0.3gC m'z). The trend of the simulated seasonal
cycle over tropical South America is similar to the observed trend, but of higher mag-
nitude (Fig. 7). Modelled emissions are generally higher than satellite-derived ones in
May and in part of the dry season as well, especially November. The month of May
coincides with the transition from the wet to the dry period, which is when an unusual
drop in isoprene emissions has been potentially attributed to leaf flushing (Barkley et
al., 2009). Inter-annual variability is larger in the satellite-derived estimates, which are
derived from generally noisy HCHO satellite data (Barkley et al., 2008).

Spatial variability of isoprene emissions over tropical South America is broadly repro-
duced except for some observed peak values and generally slightly higher modelled
emissions over the north-eastern coast (see e.g. Fig. 8 for year 1999). Inter-annual
spatial variability is larger in the satellite-derived estimates, which are also noisier.
Correlation coefficients for month-to-month variability are between 0.83 and 0.95 (all
values significant at 95% level; data not shown).
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3.3 Isoprene emission global estimates

Published estimates of annual global total isoprene emissions for present-day (based
on different time periods between 1971 to 2003) range from 400 to 600 TgC yr_1, with
an average over the different studies of 516 TgC yr'1 (see Table 1 in Arneth et al.,
2008a). Our annual global total estimate ranges between 368 and 394 TgC yr‘1, with
380TgC yr'1 averaged over the period 1990 to 1999; this is lower than the estimate
obtained by Sanderson et al. (2003) for the same decade (483 TgC yr‘1) and lower than
other estimates for modern climate conditions (see Table 1 in Arneth et al., 2008a). In
our simulation, the greatest contribution to modelled global isoprene emissions is given
by broadleaf trees (245TgC, 64%), followed by C3 grass (46 TgC, 12%), C4 grass
(43TgC, 11%), needleleaf trees (30 TgC, 8%) and shrubs (16 TgC, 4%). Broadleaf
trees are also the most abundant PFT in JULES vegetation distribution maps (Fig. 10).

The results from Arneth et al. (2007a) and Guenther et al. (2006) are based on
different time periods from that covered by our simulation but can be used to compare
the first-order patterns of emissions. As in our simulation, both Arneth et al. (2007a)
and Guenther et al. (2006) show the tropics as main source of isoprene (Fig. 9). We
simulate a smaller magnitude of emissions over central and South America, central
Africa, Indochina and some European areas than Arneth et al. (2007a) and less spatial
variability over Amazonia. We also simulate less isoprene emissions over Australia
than in Guenther et al. (2006).

One of the greatest uncertainties in modelling the global emission of isoprene is the
use of generic PFT-dependent IEFs. We have calculated the IEFs we would need to
use to achieve 600 TgC yr'1 without further changes in the model (see Table 5). These
emission factors are within the observed range of species-level IEFs measurements
(Hewitt and Street, 1992; Wiedinmyer et al., 2004) for each of the model PFTs.

Inter-annual variability of global total isoprene emissions is correlated with global
temperature anomalies (Fig. 11). The 1992 minimum in isoprene emissions is asso-
ciated with reduced radiation and cooler and drier conditions following Mt. Pinatubo
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eruption in 1991 (also observed in Telford et al., 2010). The maximum in isoprene
emissions occurs during the warm phases of the EI-Nino Southern Oscillation (ENSO)
in 1997-1998.

4 Discussion and conclusions

We have coupled the Arneth et al. (2007b) isoprene emission scheme into the JULES
land-surface scheme and shown that the coupled model is able to reproduce the main
features of the diurnal cycle, daily variability and seasonal cycle of isoprene emis-
sions. Comparison with satellite-derived estimates of isoprene emissions shows that
the model also simulates the spatial patterns of emission in tropical areas, although it
is less good at reproducing year-to-year variability in emissions in these regions (note
the high uncertainty not only associated with the bottom-up modelling but also with the
top-down satellite derived isoprene estimates).

We have used the rate of net photosynthesis as an approximation to the more mech-
anistically correct electron transport dependent rate of net photosynthesis (Niinemets
et al., 1999) because JULES does not simulate electron transport explicitly. The fact
that we are able to reproduce observed patterns of isoprene emission suggests that
this approximation is reasonable.

The simulated time of peak emission in the diurnal cycle of isoprene emission is
delayed up to 3h at the some sites (in particular tropical ones). This could be due to
a too strong temperature adjustment in the model (i.e. ar, Eq. 7). In the diurnal cycle
maximum temperature and maximum photosynthesis are lagged, so a too strong tem-
perature adjustment could keep emissions up even though photosynthesis has already
begun to decline.

Some of the mismatches between our simulations and observed isoprene emissions
are most likely due to problems with the simulated vegetation phenology in JULES.
Simulated emissions at the UMBS site, for example, continue for nearly one month
longer than observed and this is because the trees retain their leaves for nearly one
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month longer than observed. Our ability to simulate the seasonal cycle of isoprene
emissions, and hence the magnitude of the yearly emissions, is critically dependent
on the phenology of individual PFTs as simulated by JULES. Improvements to, for
example, the controls of leaf fall in JULES could produce a significant improvement in
our estimates of isoprene emissions.

A limited number of measurements have shown that young leaves do not emit iso-
prene (Centritto et al., 2004) and there is a typical lag of a few weeks between the
onset of photosynthesis and that of isoprene emissions (e.g., Wiberley et al., 2005).
We do not take leaf age into consideration in the isoprene emission scheme, although
this would be possible. Our limited evaluation of the onset of emissions at the UMBS
and the Harvard forest sites does not provide any guidance as to whether such a treat-
ment is necessary: we simulate the onset of isoprene emission in 2002 and fail to
simulate it in 2000. However, the lack of this mechanism in our simulations could be a
possible explanation for the mismatch between modelled and satellite-derived isoprene
emissions in the transition from the wet to the dry period over tropical South America.
The model overestimates isoprene emissions in the dry season over tropical South
America compared to satellite-derived isoprene estimates. This could be due to the
fact that the model does not have explicit representation of agricultural crops, but uses
the frequently applied C3 herbaceous vegetation PFT as a surrogate (e.g., Bondeau
et al., 2007). While both C3 grasses and crop vegetation have low isoprene emission
potential, there is also distinct difference in seasonality, with crops often harvested be-
fore the end of the growing season. Other possible causes for this could be linked to
environmental effects on isoprene emission not included in the model, such as leaf age
as well as leaf “brown-down” owing to prolonged dryness (Huete et al., 2006).

We have shown that using locally-derived IEFs instead of generic IEFs from Guen-
ther et al. (1995) produced a better simulation of emissions in magnitude at one flux
measurement sites (La Verdiere), but yielded only a slight improvement in the other
site where a locally measured IEF is available (Montmeyan). In gap-models like LPJ-
GUESS that (at least for some regions) resolve actual tree species by their plant
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functional type parameterisations and description of canopy structural and growth dy-
namics, the use of species-specific emission factors has been shown to provide an
important asset for isoprene simulations (Arneth et al., 2008a; Schurgers et al., 2009).
The vegetation representation in JULES is much more generic, and at the regional
scale (as shown by the comparisons with the HCHO-derived emissions) the model is
able to reproduce the main features of isoprene spatial variability and magnitude using
the more general PFT-dependent IEFs from Guenther et al. (1995). This implies that
the use of average values for IEFs is a reasonable approximation for global modelling.

In our simulation broadleaf trees are the major contributors to total global emissions
because they are the most abundant PFT in vegetation distribution maps (Fig. 10), they
have the highest IEF and they are widely present in tropical areas where temperature
and light conditions favour isoprene emissions. Despite their relatively high IEF, shrubs
contribute little to total global emissions because of their smaller coverage in the PFT
distribution map used to drive the simulations (Fig. 10).

We simulate slightly higher than observed isoprene emissions for our two regional
case studies but our global total estimate of isoprene emissions is lower than previ-
ously published estimates. We identify the tropics as the main source of isoprene,
as do previous estimates (Arneth et al., 2007a; Guenther et al., 2006), but we gener-
ally simulate less isoprene emissions over tropical areas and less spatial variability in
emissions. The absence of isoprene “emission hotspots” in our simulations may ex-
plain the lower levels of tropical emissions. This, in turn, is likely to be related to the
relatively simple PFT classification used in JULES. Where other models include both
raingreen and evergreen broadleaf tropical trees (e.g. Arneth et al., 2007a), JULES has
only one type of broadleaf tree in the tropics. However, our estimation of global total
isoprene emissions is still within the uncertainties on PFT-dependent IEFs (Table 5).
The large uncertainty on PFT-dependent IEFs implies that increasing the number of
simulated PFTs in JULES would not make a large difference in the estimation of global
isoprene emissions.
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Most of the isoprene emission flux measurements have been collected in tree-
dominated biomes, as they are considered the main emitters (Guenther et al., 2006).
Nevertheless observations collected in an Inner Mongolia grassland reach values com-
parable to a tree-dominated environment (Bai et al., 2006), while summer-time maxima
in a sub-arctic Swedish wetland could reach values similar to boreal and temperate for-
est locations (Holst et al., 2008). We have been unable to make a simulation for this
these sites because of the lack of local meteorological data; in particular downward
longwave and shortwave radiation were not available for a time period long enough to
perform a local simulation. Our global simulations driven by the WATCH re-analysis
meteorological data did not show any notable isoprene emissions over these areas.
This might be due to the fact that in the global simulation we use generic IEFs that are
not representative of the measurement site.

Our ability to evaluate the isoprene emission schemes is somewhat hampered by
lack of data. There are very few above-canopy isoprene flux measurements available,
and the existing studies sample a limited range of vegetation types. Additional studies
on a range of different biomes and with measurements made for longer periods are
necessary. Robust evaluation of model performance requires measurements over mul-
tiple years in order to validate the simulated seasonal cycle and to determine whether
it is important to simulate the impact of leaf aging on isoprene emissions explicitly.
Nevertheless, the current evaluation provides increased confidence in our ability to
simulate isoprene emissions realistically at the global scale, and hence opens up the
possibility of exploring and quantifying the feedbacks between biogenic emissions and
climate more fully (e.g., Arneth et al., 2010), both in the context of studies of air quality
and future climate change (e.g., Young et al., 2009) as well as for palaeoclimates (e.g.,
Valdes et al., 2005).
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Table 1. Description of ground-based isoprene flux tower sites.

Site and Record Biome JULES Dominant Local IEF |IEF from CO, References
Location Period PFT Species (ugC gdw’1 h’1) Guenther et atmospheric
al. (1995) concentration
(ngCgdw™'h™") used in JULES
(ppm)

University of May 2000 to Temperate Broadleaf Populus 45 369 Pressley et
Michigan October 2002 deciduous trees grandidentata, al. (2005)
Biological Station  (~5 months broadleaf P, tremuloides,
(UMBS), USA every year) forest Fagus
45.5°N, 84.7°W grandifolia,

Betula

papyrifera, Acer

rubrum, A.,

saccharum,

Quercus rubra,

Pinus strobus,

Pteridium

aquilium
Harvard Forest, May to Temperate Broadleaf Quercus rubra, 45 360 Goldstein et
Massachusetts, November 1995  deciduous trees Acer rubrum, al. (1998),
USA (160 days) broadleaf Pinus strobus, Miller et
42.5°N, 72.2°W forest Betula lenta, al. (2008)

Tsuga

canadensis,

Castanea

dentata
La Verdiére, June-July Temperate Broadleaf Quercus 242 45 368 Dominique
France 2000 deciduous trees pubescens, Serca,
43.6°N,6.0°E (~14 days) broadleaf unpublished

forest data
Montmeyan, June 2001 Temperate Broadleaf Quercus 37.2 45 369 Dominique
France (~13 days) deciduous trees pubescens Serca,
436°N,6.1°E broadleaf unpublished
forest data
60 km NNW of September 2004  Tropical rain  Broadleaf 24 376 Karl et
Manaus, Brazil (~9 days) forest trees al. (2007)
2.6°S,60.2°W
Santarem 67 km,  October— Tropical rain  Broadleaf 24 375 Mdiller et
Brazil November 2003  forest trees al. (2008)
2.9°S,55.0°W (15 days)
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Table 2. Conversion of IGBP land cover classes into JULES fractions of surface types.

Fractions of JULES surface types

IGBP Broadleaf Needleleaf C3grass C4grass Shrubs Urban Water Bare Ice
description trees trees Soil
Evergreen 0.0 69.3 22.2 0.0 0.0 0.0 0.0 8.4 0.0
Needleleaf Forest
Evergreen 85.9 0.0 0.9 7.0 0.0 0.0 0.0 6.2 0.0
Broadleaf Forest
Deciduous 0.0 65.3 25.6 0.0 0.0 0.0 0.0 9.1 0.0
Needleleaf Forest
Deciduous 62.4 0.0 7.0 8.9 3.7 0.0 0.0 18.1 0.0
Broadleaf Forest
Mixed Forest 35.5 35.5 20.9 0.0 0.0 0.0 0.0 8.2 0.0
Closed Shrubs 0.0 0.0 25.0 0.0 60.0 0.0 0.0 15.0 0.0
Open Shrubs 0.9 0.0 3.1 14.7 34.2 0.0 0.0 472 0.0
Woody Savannah 50.0 0.0 15.0 0.0 25.0 0.0 0.0 10.0 0.0
Savannah 20.0 0.0 0.0 75.0 0.0 0.0 0.0 5.0 0.0
Grassland 0.0 0.0 66.0 15.7 4.9 0.0 0.0 135 0.0
Permanent Wetland 2.2 0.0 80.9 0.0 14 0.0 15.0 0.6 0.0
Cropland 0.1 0.0 66.0 3.4 0.2 0.0 0.0 204 0.0
Urban 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
Crop/Natural Mosaic 5.0 5.0 55.0 15.0 10.0 0.0 0.0 10.0 0.0
Snow and Ice 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Barren 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0
Water Bodies 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
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Table 3. Conversion of IGBP LAl into LAl for JULES PFTs.

IGBP
description

Leaf area index of JULES plant functional types

Broadleaf
trees

Needleleaf
trees

C3 grass

C4 grass

Shrubs

Evergreen
Needleleaf Forest

Evergreen
Broadleaf Forest

Deciduous
Needleleaf Forest

Deciduous
Broadleaf Forest

Mixed Forest
Closed Shrubs
Open Shrubs
Woody Savannah
Savannah
Grassland
Permanent Wetland
Cropland
Crop/Natural Mosaic

© © ©O© u;

[620N¢)
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A OTWW

NN W

WWwww

28341

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 28311-28354, 2010

Evaluation of a

photosynthesis-

based biogenic
isoprene emission

F. Pacifico et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28311/2010/acpd-10-28311-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28311/2010/acpd-10-28311-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
10, 28311-28354, 2010

Jaded uoissnasig

Evaluation of a
photosynthesis-
based biogenic

) q & Fl
g' Isoprene emission
. . . L c
Table 4. Observed and simulated average total diurnal budget of isoprene emissions at the flux E Ereitton cial
tower sites listed in Table 1. S
<
)
©
Site Observed average total diurnal ~ Simulated average total diurnal Simulated average total diurnal @ g
budget of isoprene emissions budget of isoprene emissions with  budget of isoprene emissions with
local IEFs IEFs from Guenther et al. (1995) — ! !
(mgC m~2 day") (mgC m~2 day‘1) (mgC m2 day“) =
Harvard Forest 30 36 =
Montmeyan 57 80 87 o
Manaus 34 69 S
©
e
- N =N
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Table 5. Sensitivity of total annual emissions to the specification of PFT-specific IEFs.

PFTs

IEFs (ugCgdw™'h™")
used in this study

Total global annual isoprene
emissions averaged
over the 1990s

IEFs (ugC gdw™ ' h™") needed to
achieve total global annual
isoprene emissions of

(TgCyr ™) 600 TgCyr™"
Broadleaf trees 35 245 (64%) 55
Needleleaf trees 12 30 (8%) 19
C3 grass 16 46 (12%) 25
C4 grass 8 43 (11%) 13
Shrubs 20 16 (4%) 32
Total over PFTs 380
28343
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Fig. 1. Comparison of simulated and ground-based measured mean diurnal cycles of isoprene
emissions at the flux tower sites listed in Table 1. Isoprene emissions were simulated using
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standard IEFs from Guenther et al. (1995) and local IEFs when available.
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Flg. 2. Scatter plots of simulated and ground-based measured hourly isoprene emissions at the flux tower sites listed

in Table 1, including regression line, 95% confidence interval (Scheffe’s method) and 1:1 line. Isoprene emissions were
simulated using standard isoprene emission factors (IEFs) from Guenther et al. (1995) and local IEFs when available.
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Fig. 3. Scatter plots of simulated and ground-based measured daily average isoprene emissions at the flux tower U
sites listed in Table 1, including regression line, 95% confidence interval (Scheffe’s method) and 1:1 line. Isoprene %
emissions were simulated using standard isoprene emission factors (IEFs) from Guenther et al. (1995) and local IEFs @

when available.
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Flg. 4. Scatter plots of simulated and ground-based measured daily maximum isoprene emissions at the flux tower o
sites listed in Table 1, including regression line, 95% confidence interval (Scheffe’s method) and 1:1 line. Isoprene %
emissions were simulated using standard isoprene emission factors (IEFs) from Guenther et al. (1995) and local IEFs (0] g
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Fig. 11. Inter-annual variability of simulated global total isoprene emissions anomalies,
global average land air temperature anomalies from the historical surface temperature dataset
CRUTEMS3 (Brohan et al., 2006) and Multivariate El Nino/Southern Oscillation (ENSO) Index

(MELI; Wolter and Timlin, 1993, 1998) over the 1990s.
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