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Abstract

Isoprene is important in atmospheric chemistry, but its seasonal emission pattern –
especially in the tropics, where most isoprene is emitted – is incompletely understood.
We set out to discover general, biome-independent relationships between large-scale
isoprene emission and a series of potential predictor variables, including both ob-5

served and model-estimated variables related to gross primary production (GPP) and
canopy temperature. To this end we used remotely sensed atmospheric concentrations
of formaldehyde, an intermediate oxidation product of isoprene, as a proxy for isoprene
emission in 22 regions selected to span high to low latitudes, to sample major biomes,
and to minimize interference from pyrogenic sources of volatile organic compounds10

that could interfere with the isoprene signal. Formaldehyde concentrations showed
the highest average seasonal correlations with remotely sensed (r =0.85) and model-
estimated (r = 0.80) canopy temperatures. Both variables predicted formaldehyde con-
centrations better than air temperature (r = 0.56) and a “reference” isoprene model
that includes both temperature and GPP (r =0.49), and far better than either remotely15

sensed green vegetation cover (r = 0.25) or model-estimated GPP (r = 0.14). GPP in
tropical regions was anti-correlated with formaldehyde concentration (r = −0.30), which
peaks during the dry season. We conjecture that the positive correlations of isoprene
emission with primary production, and with air temperature, found in temperate forest
regions arise simply because all three peak during the relatively short growing season.20

In most tropical regions, where the seasonal cycles of GPP and canopy temperature
are very different, isoprene emission is revealed to depend on canopy temperature
but not at all on GPP. The lack of a general correlation between GPP and formalde-
hyde concentration is consistent with experimental evidence that isoprene emission is
decoupled from photosynthesis, and with the likely adaptive significance of isoprene25

emission in protecting leaves against heat damage and oxidative stress. In contrast,
the high correlation between canopy temperature and formaldehyde concentration indi-
cates the importance of including canopy temperature explicitly in large-scale models.
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1 Introduction

Plants expend energy to emit remarkable amounts of isoprene (Sharkey et al., 2008),
which in turn influences both atmospheric chemistry and the terrestrial carbon balance.
The need to understand the regulation of oxidant (hydroxyl radical) concentration in the
troposphere (Collins et al., 2001) has led to efforts to predict isoprene emission rates in5

a changing environment. Isoprene emission levels by plants show a steep temperature
dependence, and early modelling studies predicted that 21st century climate change
would greatly increase isoprene emission: with knock-on effects including elevated con-
centrations of ozone, a phytotoxin and a powerful greenhouse gas (Laothawornkitkul
et al., 2009; Peñuelas and Staudt, 2010). But experimental studies have found that high10

CO2 concentrations inhibit isoprene emission, counteracting this effect of increasing
temperature (Possell et al., 2005; Arneth et al., 2007; Heald et al., 2009). The com-
bined effect of climate and CO2 change on global isoprene emission is still unclear.
Current models arrive at similar contemporary global isoprene emissions but diverge
in their predictions for past or future times (Young et al., 2009). This and many more15

open questions remain as to the controls of isoprene emission over large regions and
long (seasonal to multi-annual) time scales. In the work presented here, we address
these controls empirically, using the seasonal cycle of remotely sensed formaldehyde
concentration as a large-scale proxy for isoprene emission, and analysing its relation-
ship to environmental predictors across a globally representative set of regions.20

Attempts have been made, and some success achieved, in modelling the environ-
mental controls of isoprene emission, especially in the temperate zone. Two main
strategies have been adopted. “Empirical” models are based on experimentally ob-
served dependences of isoprene emission on temperature, photosynthetically active
radiation (PAR) and other predictors (Guenther et al., 1993, 2006). “Process-based”25

models relate isoprene emission somehow to photosynthetic electron transport; but
empirical modifiers have been used to account for further temperature and CO2 con-
centration effects (Arneth et al., 2007). On monthly and longer timescales, both of
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these techniques are linked to primary production, directly in the modelling studies
and indirectly in the empirical models via PAR, which is proportional to production on
these timescales (Ruimy et al., 1995). Current models capture the seasonal patterns
of emission in temperate ecosystems quite well (Pacifico et al., 2011). For example,
using remotely sensed formaldehyde concentrations and a chemistry-transport model5

to track the oxidation of isoprene to formaldehyde, Palmer et al. (2006) found that 75 %
of the seasonal cycle of isoprene emission in the warm-temperate southeastern USA
could be explained by its temperature dependence as represented in Guenther and col-
league’s MEGAN model (Guenther et al., 2006). A lower correlation (r =0.41) between
formaldehyde concentration and MEGAN model predictions was found in the tropical10

western Amazon region (Barkley et al., 2008), however, and several other studies have
concluded that the seasonal variation of isoprene in the tropics cannot be explained by
air temperature and PAR alone (Serca et al., 2001; Kuhn et al., 2004). This is a critical
point for global modelling as most isoprene emission occurs in the tropics. The rela-
tively weak predictive capability of current models in the tropics may have arisen in part15

because these models were developed based primarily on observations at temperate
sites (Guenther et al., 2006; Sharkey et al., 2008; Pacifico et al., 2011).

Most tests of isoprene emission models has been carried out at the leaf level and on
diurnal or shorter timescales (Monson et al., 2007, 2012; Guenther et al., 2006; Arneth
et al., 2007). For global applications, it is also important to test models at larger spatial20

and temporal scales, but this cannot be done by direct measurement. Several studies
have used modelled isoprene fluxes as input to global chemistry-transport models, and
compared the results with remotely sensed formaldehyde concentrations (Palmer et al.,
2003, 2006; Abbot et al., 2003; Fu et al., 2007; Shim et al., 2005; Barkley et al., 2008).
These studies have established that formaldehyde concentration over the continents25

records the seasonal pattern of emissions of non-methane volatile organic compounds
(VOCs), which in turn is dominated by isoprene and pyrogenic VOCs. Building on these
findings, we use satellite observations of formaldehyde concentration (deSmedt et al.,
2008) here as a direct proxy for the seasonal cycle of isoprene emissions in fire-free
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regions. This approach, which greatly simplifies analysis of the remotely sensed data,
is supported by an investigation of the controls on formaldehyde concentration in the
TM5 chemistry-transport model (see Methods). We show that atmospheric chemistry
alone is very unlikely to account for the observed seasonal patterns of formaldehyde
concentration, which are thus inferred to reflect seasonal variations in the emission of5

isoprene rather than downstream chemical reactions.
The objective of this study was to discover possible empirical relationships between

isoprene emission and potential environmental predictors that would apply globally in
all biomes, including the tropics, on larger spatial scales and on longer (seasonal) time
scales than can be considered in short-term experiments or based on point measure-10

ments. To this end, we carried out a comprehensive analysis of the correlations be-
tween the mean seasonal cycle of formaldehyde concentration, considered as a proxy
for isoprene emission, and a series of potential predictors related to canopy temper-
ature and primary production, as well as with a “reference” isoprene emission model
that combines both elements. We focused on 22 fire-free regions spanning a broad15

range of latitudes and sampling all biomes in the land classification scheme of deFries
and Townsend (1994). We introduce canopy temperature as a predictor variable, us-
ing both remotely sensed land surface temperature and model-estimated values based
on energy balance, showing that the two approaches (a) yield consistent results and
(b) outperform air temperature as a predictor of isoprene emission. We also quantify20

the predictive power of remotely sensed green vegetation cover (a key indicator of
the seasonal cycle of primary production) and modelled GPP. This set of variables
collectively represents the major controls of isoprene emission as expressed in both
empirical and process-based models.
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2 Methods

2.1 Comparing seasonal cycles

We compared regional-average monthly means of formaldehyde concentration with
similarly averaged values of potential predictor variables, using data for each month
during 1997–2006 (or 2000–2006 for observed canopy temperature) to derive a mean5

seasonal cycle for each variable in each region, as summarized in Fig. 1. The selected
regions are shown in Fig. 2. The predictor variables, selected on the basis of previous
work (e.g. Guenther et al., 2006; Niinemets et al., 1999; Palmer et al., 2006; Barkley
et al., 2008), comprise three measures of temperature (TAIR, TCAN-OBS and TCAN-LPJ,
being air temperature, remotely sensed canopy temperature, and modelled canopy10

temperature, respectively); two measures related to total ecosystem photosynthesis
(remotely sensed fPAR – the fraction of incident PAR absorbed by green vegetation –
and modelled GPP), and a “reference” isoprene emission model (IREF) which is a joint
function of temperature, GPP and ci, the CO2 concentration inside the leaf.

2.2 Formaldehyde as a proxy for isoprene emission15

The seasonal cycle of formaldehyde over land could in principle be influenced by vari-
ations in the efficiency of the net chemical production or loss of formaldehyde, inde-
pendently of isoprene emission rates. This is why previous analyses have provided
isoprene emission estimates to chemistry-transport models, which then predict atmo-
spheric formaldehyde concentrations, which are finally compared with remotely sensed20

observations of formaldehyde (Palmer et al., 2006; Barkley et al., 2008; Stavroakou
et al., 2009; Marais et al., 2012). The following equation describes the atmospheric
content of formaldehyde, C:

dC
dt

=
f Itotal + P −C

τ
(1)
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where t is time, f is the efficiency of formaldehyde production per unit isoprene emis-
sion, Itotal is the isoprene emission rate, P is the formaldehyde production rate from pre-
cursors other than isoprene, and τ is the lifetime of formaldehyde in the atmosphere.
We assumed that the rate of change of C is much smaller than the production rate.
We ignored the production of formaldehyde from non-isoprene sources as it is at least5

an order of magnitude smaller than the isoprene source (Lathière et al., 2006). With
these assumptions, C = f τItotal or equivalently, C = AItotal where A is the net chemi-
cal modulation of isoprene conversion into formaldehyde. We estimated the seasonal
cycle of A using the state-of-the-art chemistry-transport model TM5 (Williams et al.,
2012; Huijnen et al., 2010), which includes the CBM-4 chemical mechanism with 1610

production and 4 destruction reactions for formaldehyde, including photolysis reactions
(Table 3 of Huijnen et al., 2010). Supplement Fig. S1 shows the seasonal variation in A
in three latitude bands as modelled with TM5. In the tropics, A shows a weak seasonal
cycle that is distinct from the observed seasonal cycle of formaldehyde concentration
(Fig. 3). In mid-latitudes, A is lowest and formaldehyde’s chemical lifetime is shortest15

in the summer, when observed formaldehyde concentration peaks (Fig. 3). In other
words, atmospheric chemistry processes alone produce formaldehyde variations qual-
itatively different from (and frequently opposite to) those observed in both tropical and
temperate latitudes. This reasoning justifies our identification of seasonal patterns in
formaldehyde concentration to indicate seasonal patterns of isoprene emission. Note20

however that we focus our comparison strictly on the phase of the seasonal cycle and
not on absolute concentration values, whose relationship to isoprene emission is ex-
pected to vary with latitude as shown in Supplement Fig. S1.

2.3 Formaldehyde concentration data

Formaldehyde concentration has been observed from space by the GOME and SCIA-25

MACHY instruments. De Smedt et al. (2008) derived a coherent record combining the
two satellite products. The data are total formaldehyde concentrations viewed along
slanted atmospheric columns. De Smedt et al. (2008) analysed systematic and ran-
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dom errors in these measurements. Systematic errors include uncertainties in absorp-
tion cross sections and instrumental effects: these are unlikely to influence our results
as we consider only seasonal variations in a region, not absolute values at a point.
The effects of random errors are minimized by taking regional averages. The maxi-
mum error in the column estimates is about 45 % at high latitudes, falling to 20 % in5

tropical regions (de Smedt et al., 2008). In the Supporting Online Material, we present
a discussion of the standard deviation of the formaldehyde (and other) data.

2.4 Choice of regions for analysis

The selected regions (Fig. 2) represent a compromise: they should be large enough
to ensure minimal signal pollution from outside the region, but small enough to display10

a coherent seasonal cycle. As formaldehyde concentrations are elevated by biomass
burning (Stavrakou et al., 2009), we selected regions outside areas with high biomass
burning, defined here as being regions with a mean annual burnt fraction (van der Werf
et al., 2010) less than 1 %. We relaxed this criterion for the tropical savannah sites so
as to allow the inclusion of multiple savannahs in our analysis. The mean burnt fraction15

for these sites was 1 % (Nord), 7 % (IC1) and 9 % (IC2).
Transport from adjacent regions can also influence the formaldehyde signal. Palmer

et al. (2003) estimated the formaldehyde smearing length (over which any signal is at-
tenuated by a factor 1/e) to be ∼ 50 km. We used the smearing length to place a lower
limit on region size, so that at least 50 % of the signal should originate within the re-20

gion. We assume that two smearing lengths is adequate to dampen the external signal
(attenuation by 1/e2) and furthermore that wind transports the external signal from
only two sides of the region. It is then necessary for region be >4.8 times the smearing
length, or 240 km, in order to satisfy the constraint that 50 % of the signal originate from
within the region. All our regions are larger than this.25

The regions were selected to sample the major biomes including tundra (Can1,
NSib), evergreen conifer (Eur), high latitude deciduous forest (SSib), temperate grass-
lands (NAm), various combinations of mixed forest, crops and wooded grasslands
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(Can2, USA1, USA2, Chi), tropical grasslands or savannas (Nord, IC1, IC2), shrubs
(Aus1, Aus2) and evergreen broadleaf forests (Amz 1-4, San1, San2, Con1, Con2).
Broadleaf deciduous forests are included in USA1, but we could not find any region
where they dominate that also satisfied all our other criteria. We grouped the regions
for further analysis into boreal regions (NSib, SSib, Can1 and Eur), temperate regions5

(Can2, NAm, USA1, USA2, Aus1, Aus2 and Chi), tropical savannas (Nord, IC1 and
IC2), and tropical forests (Amz 1-4, San1, San2, Con1, Con2).

2.5 Observed predictor variables

Isoprene emission has been observed to track air temperature in both short- and
long-term experiments, but air temperature does not always predict well the field-10

measured seasonal cycle of isoprene emission in the tropics (Simon et al., 2005;
Serca et al., 2001; Kuhn et al., 2004). Here we consider the air temperature, TAIR,
and two measures of canopy temperature, TCAN-OBS (observed) and TCAN-LPJ (mod-
elled). Gridded TAIR data were obtained from the Climatic Research Unit (CRU)
TS3.0 data set (http://badc.nerc.ac.uk/browse/badc/cru, Mitchell and Jones, 2005).15

The CRU data were also used for the mean seasonal cycle of precipitation, which
is not considered as a candidate predictor variable but is helpful in explaining the in-
ability of the standard variables to predict isoprene emission. TCAN-OBS is a remotely
sensed “land-surface” temperature that records canopy temperature in densely veg-
etated regions (Wan, 2010). MODIS land-surface temperature data were obtained20

from NASA Earth Observations, http://neo.sci.gsfc.nasa.gov where they are referred
to as the Mod11C3 product. While MODIS temperatures are generally within 1 ◦C
of in-situ temperature measures, uncertainties in emissivities in arid and semi-arid
regions may lead to larger errors in TCAN-OBS (Wan et al., 2010). fPAR represents
the “greenness” of the land surface, i.e. absorption of (mainly red) light by chloro-25

phyll. Its seasonal cycle at any latitude is therefore closely related to GPP. Remotely
sensed fPAR measurements were obtained from the SeaWiFS satellite data archive
(http://oceancolor.gsfc.nasa.gov/SeaWiFS/, Gobron et al., 2006).
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2.6 Model-estimated predictor variables

The Lund–Potsdam–Jena (LPJ) dynamic global vegetation model (Sitch et al., 2003;
Gerten et al., 2004; Wania et al., 2009) was used to derive GPP, TCAN-LPJ and IREF. Ob-
served (gridded) monthly air temperature (TAIR), precipitation and fractional sunshine
hours data, needed to drive LPJ, were obtained from the CRU TS3.0 data set. GPP5

for each plant functional type (PFT) is calculated in LPJ using a theoretically derived
light-use efficiency formula based on the Collatz et al. (1991) version of the Farquhar
et al. (1980) photosynthesis model, under the assumption of optimal nitrogen allocation
through the canopy (Haxeltine and Prentice, 1996). Transpiration (required to estimate
evaporative cooling) is calculated as the lesser of two rates: an energy-limited rate cor-10

responding to atmospheric “demand”, and a water-limited rate representing “supply”
– a plant-dependent maximum rate, reduced in proportion to soil moisture depletion.
Canopy temperature for each PFT (TCAN-PFT) was calculated from the energy balance
equation:

TCAN-PFT = TAIR +
DRS(1−α)− λE

ρcp/rb, h +4σT 3
AIR

(2)15

where TAIR is the mean air temperature; DRS is the mean downwelling shortwave radi-
ation at the top of the canopy, estimated from insolation and fractional sunshine hours;
α = 0.36 is the sum of the average broadband albedo and transmittance of leaves; λ is
the latent heat of vaporization of water; E is modelled transpiration plus interception;
ρ is the density and cp the specific heat capacity of air; rb, h is the boundary layer re-20

sistance to heat (set to 0.20 sm−1 for needle leaves and 0.025 sm−1 for other types of
leaves, Kelliher et al., 1993); σ is the Stefan–Boltzmann constant. Values of TCAN-PFT
were averaged, weighted by their relative importance as indexed by each PFT’s share
of annual GPP, to determine the modelled canopy temperature, TCAN-LPJ. Thus more
productive plant functional types influenced the composite TCAN-LPJmore than less pro-25
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ductive ones, but the seasonal cycle of GPP does not influence the seasonal cycle of
TCAN-LPJ.

2.7 Reference isoprene model

We used a representative “process-based” isoprene emission model to calculate IREF
(see Supplementary Online Material). This model follows Arneth et al.’s (2007) imple-5

mentation and is based on the assumption that isoprene emission is a fixed fraction
of photosynthetic electron transport (Niinemets et al., 1999), multiplied by factors rep-
resenting an inverse relationship to the leaf’s internal CO2 concentration, ci, and an
exponential dependence on the modelled canopy temperature (called leaf temperature
in Arneth et al., 2007).10

2.8 Statistics and graphics

Mean seasonal cycles of formaldehyde are shown for the 22 regions (Fig. 3) in four
groups: boreal regions, temperate regions, tropical forests, and tropical savannas. Nor-
malized formaldehyde concentration in each region (red stars) is compared with the
reference model (IREF) in the first set of columns, with measures related to photosyn-15

thesis (fPAR and GPP) in the second set of columns, with temperature measures (TAIR,
TCAN-OBS and TCAN-LPJ) in the third set of columns and precipitation in the final col-
umn. Correlations (r) based on these plots are presented in Supplement Table S1 and
Fig. 4. The Supplement presents statistical analyses of the data testing the robustness
of our findings, including analyses of regions that did not follow the general trends, and20

analyses considering inter-annual variability.
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3 Results

3.1 Observed vs. modelled canopy temperatures

Canopy and air temperature differ due to the balance of radiative heating, which is
mainly driven by net radiation, and evaporative cooling. We compared the offsets be-
tween TAIRand (modelled) TCAN-LPJ in winter and summer with the offsets between TAIR5

and (observed) TCAN-OBS (Supplement Fig. S2). Both observed and modelled canopy
temperatures are commonly higher than air temperature, although evaporative cooling
can dominate in some regions and seasons (e.g. in the USA2 region, and in boreal
regions in winter). The large-scale patterns and magnitudes of the offsets are strikingly
similar, although the remote-sensing data indicate greater cooling over the tropical rain-10

forests.

3.2 Performance of environmental predictors

The reference model (IREF) was successful in reproducing the seasonality of formalde-
hyde concentration at high latitudes (r =0.91 averaged over the boreal regions,
r =0.74 over temperate regions), but not at low latitudes (r =0.31 over tropical15

forests, −0.16 over tropical savannas). GPP was strongly and positively correlated with
formaldehyde concentration at high latitudes, but the correlation declined with decreas-
ing latitude, reaching negative values in seven of the eleven tropical regions. All three
temperature variables (TAIR, TCAN-OBS and TCAN-LPJ) were well correlated with formalde-
hyde concentration in high latitudes, but the correlations diverge at lower latitudes.20

On average across all regions, TCAN-LPJ (r =0.80) and TCAN-OBS (r =0.85) provide
much better predictive capability than air temperature (r =0.56) and the reference
model (r = 0.49), while GPP (r =0.14) and fPAR (r =0.25) have no predictive power.
Only the observed and measured canopy temperatures showed significant relation-
ships (P < 0.05) to the seasonal cycle of formaledhyde concentration at all latitudes.25
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3.2.1 Boreal regions

IREF, GPP and TCAN-LPJ all appear to predict the timing of maximum formaldehyde
concentrations in boreal regions (Fig. 3, Supplement Table S1). But TCAN-LPJ (r =0.87)
captured this timing better than TAIR (r = 0.73), peaking earlier in the season. TCAN-OBS
also correlated highly with formaldehyde concentration (r =0.95) in the boreal regions.5

The seasonal timings of canopy and air temperature in boreal regions differ because
canopy temperature is related to the energy balance at the leaf surface and thus to
insolation, which peaks in June. Air temperature does not peak until August, after a few
months of summer sunshine have warmed the ground. GPP and the reference model
show seasonal patterns closer to canopy temperature because GPP depends strongly10

on insolation and less strongly on air temperature.

3.2.2 Temperate regions

Five of the seven temperate regions analysed showed similar patterns to the boreal
regions. Can2, NAm, USA1, USA2 and Chi showed strong correlations with formalde-
hyde for GPP, IREF and the three temperatures variables, averaging r =0.75 (TAIR), 0.8515

(GPP), 0.85 (IREF), 0.92 (TCAN-OBS) and 0.94 (TCAN-LPJ). For these regions temperature
(air or canopy), GPP or the reference model all provide reasonable predictive power
for isoprene emission, as was concluded by Palmer et al. (2006) for North America.
However, even in these temperate locations, canopy temperature (whether observed
or modelled) predicts isoprene emission better than air temperature, GPP or the refer-20

ence model.
By contrast, in the temperate dry grassland and shrubland regions of Australia, Aus1

and Aus2, GPP was negatively correlated (r =−0.84, −0.89 respectively), while canopy
(r observed=0.87, 0.86; modelled=0.88, 0.88) and air temperatures (r =0.85 and
0.93), were positively correlated, with formaldehyde concentration. Unlike in the other25

temperate regions and the boreal regions, the seasonality of GPP in these dry mid-
latitude ecosystems is not in synchrony with the temperature cycle, allowing distinct
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responses of isoprene emission to GPP and temperature. The temperature effect wins.
This finding suggests that the success of GPP in predicting isoprene emission at boreal
sites and wetter temperate sites may be solely due to coincidence in the timing of peaks
in leaf temperature and photosynthetic rates.

3.2.3 Tropical regions5

In the tropical regions GPP entirely failed to predict the seasonal cycle of formalde-
hyde concentration. The mean correlation coefficient for GPP vs. formaldehyde con-
centration in the tropical forest regions was r = −0.25. The reference model (r =0.31)
and TAIR (r =0.27) performed better, and across the four Amazon sites, the reference
model achieved r =0.71. This is larger than found by Barkley et al. (2008) over Ama-10

zonia using a similar model (r =0.41) (perhaps because we used canopy temperature
rather than air temperature in our reference model). Nonetheless, observed and mod-
elled canopy temperature were once again the best predictors: r =0.80 for TCAN-OBS
in forests and r =0.85 in savannas; r =0.68 for TCAN-LPJ in forests and r =0.74 in sa-
vannas. Other predictors performed poorly: r =0.31 for the reference model across all15

tropical forests and r = −0.16 for savannas; r =0.27 for TAIR in forests and r =0.58
in savannas; r =−0.25 for GPP in forests and r =−0.43 in savannas. See below for
a discussion of how the fPAR results strengthen these conclusions.

In all of the tropical regions studied, formaldehyde concentration peaks during the
season of lowest precipitation (Fig. 3), with the exception of the second dry season20

in the Congo basin. This is opposite to the pattern of GPP. GPP is especially low
during long periods of drought as in Santarem (San1) and the Ivory Coast (IC1 and
IC2). Isoprene emissions peak coincident with rising canopy temperatures, not falling
photosynthesis rates. During the dry season stomata are closed and GPP is reduced,
but leaf temperatures are correspondingly high as evaporative cooling is suppressed.25

We infer that isoprene emissions in the tropics represents a response to high leaf
temperatures and not GPP.
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3.3 Global summary

Average correlations between observed canopy temperature and formaldehyde con-
centration are relatively high through all ecological zones (0.95, 0.91, 0.80, 0.75 for bo-
real, temperate, tropical forest and savanna regions). Correlations for modelled canopy
temperature are also relatively high (0.87, 0.93, 0.68, 0.74). Correlations for both ob-5

served and modelled canopy temperature exceed those for air temperature (0.73, 0.80,
0.27, 0.58). The steep fall in the average correlation of GPP with formaldehyde con-
centration from high to low latitudes (0.92, 0.41, 0.08, −0.56) suggests that GPP is not
a control on isoprene emission but that the correlation in boreal forest is caused by the
similar seasonality in GPP and air temperature, both peaking in August in the Northern10

Hemisphere.
For completeness, we also include the correlation of formaldehyde with precipitation,

which has never been presented as a driver of isoprene emission. In the tropical forests,
lack of rainfall (r = −0.81) was found to predict isoprene emission as well as observed
canopy temperature (r =0.80). Weak positive correlations are found in temperate and15

boreal regions.
To exclude the possibility that the poor performance of GPP and the reference model

as predictors of formaldehyde concentration in the tropics is caused by possibly er-
rors in the model, we explored the correlation of a directly observed variable (fPAR)
whose close relationship to GPP is commonly exploited in satellite-based modeling20

of primary production (e.g. Zhao and Running, 2010). Figure 3 shows close corre-
spondence between the seasonal cycles of observed fPAR and modelled GPP, with
a few exceptions among tropical forests (e.g. Amz4 and San1). But neither GPP nor
fPAR consistently tracks formaldehyde concentration. The average correlation between
fPAR and formaldehyde concentration is only 0.08 in tropical forests. In the tropical sa-25

vannas (IC1, IC2) and temperate grasslands (Aus1, Aus2) GPP and fPAR have similar
seasonal cycles, and both have negative correlations with formaldehyde. Only in the
temperate and boreal regions do GPP and fPAR achieve r > 0.75 and even in these
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regions, the mean correlation of TCAN-OBSwith formaldehyde concentration is greater
than the correlation of GPP or fPAR with formaldehyde concentration in eight out of
eleven regions. The same holds for TCAN-LPJ in seven out of eleven regions.

We present these results graphically in Fig. 4, where each column represents the
correlation of the mean seasonal cycle of the relevant variable vs. formaldehyde at5

all the regions. Correlations are stacked vertically, so that if all regions showed per-
fect agreement (r =1) the stack would reach a height of 22 units. Figure 4 highlights
the lack of a consistent relationship between GPP (or fPAR) and formaldehyde con-
centration. High formaldehyde concentrations are associated with low rainfall in the
tropics, but not in temperate regions. In contrast, the modelled and observed canopy10

temperatures capture the seasonality of formaldehyde concentration (average r =0.80
and 0.85 respectively) at all latitudes. These findings strongly suggest that isoprene
emission varies over the seasonal cycle in response to seasonal variations in canopy
temperature, independently of canopy photosynthesis.

4 Discussion and conclusions15

Experimental evidence is accumulating that isoprene emission protects leaves against
both oxidative damage and high temperatures (Sharkey and Yeh, 2001; Sasaki et al.,
2007; Sharkey et al., 2008; Vickers et al., 2009; Behnke et al., 2010). It has been
argued that these two processes are not unrelated – protection against heat stress
requires protection against reactive oxygen species, which are released in response20

to heat damage (Jardine et al., 2011; Vickers et al., 2009; Velikova and Loreto, 2005).
Other studies have shown that isoprene emissions increase the thermal stability of
thylakoids at high temperatures (Siwko et al., 2007; Velikova et al., 2011). It is to be ex-
pected that the environmental controls of isoprene emission would relate to its adaptive
significance. For example an effect of temperature on isoprene synthase transcription25

might promote thermoprotection at high temperatures, by allowing a steeper response
to temperature than would be expected solely due to the kinetics of the synthesis path-
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way (Li et al., 2011). These arguments suggest that we might expect isoprene emission
under natural conditions to be finely tuned to leaf temperature.

Furthermore, although isoprene biosynthesis requires a supply of carbon chains that
must be derived from photosynthesis, a recent analysis of the various known environ-
mental dependences of isoprene emission points to a common mechanism whereby5

the rate of emission is proportional to the difference between the rate at which reducing
power is generated by PhotoSystem II, and the ability of the chloroplasts to utilize this
reducing power for carbon fixation (Morfopoulos et al., 2013). According to this mech-
anism, we would not expect a close coupling between GPP and isoprene emission. In-
deed, under some circumstances, such as drought or low ambient CO2 concentration,10

this mechanism predicts that isoprene emission should increase as GPP declines. Pre-
vious observations on leaves (Sharkey et al., 1999; Pétron et al., 2001) and canopies
(Fuentes et al., 1999; Fuentes and Wang, 1999) have also shown that long-term iso-
prene emission tracks growth temperature. Positive effects of high temperature may
include enzyme kinetic responses, effective immediately, and further effects on the15

transcript level of key enzymes (Li et al., 2011; Harrison et al., 2013), which remain to
be systematically explored. Thus, our empirical findings are consistent with current un-
derstanding of the controls of isoprene biosynthesis, and suggest possible avenues for
the exploration of how field-scale emissions could be predicted from a unified approach
to isoprene modelling.20

All current large-scale models for isoprene emission recognize the dependence of
isoprene synthesis on photosynthetic electron transport – either explicitly, or implicitly
through light-response functions. Current models also all include temperature effects,
and some explicitly include antecedent temperature conditioning as well (Guenther
et al., 1999). Our results however suggest that current models are unlikely to capture25

the over-riding dominance of canopy temperature as a predictor of the seasonal cycle
of isoprene emission, especially in the tropics. Our results also imply that the explicit
modelling of canopy temperature will be an important component of next-generation
models. Remotely sensed observations provide a bridge between the global scale of
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interest in the relationship between atmospheric chemistry and climate, and the more
local scale of direct emissions measurements. Thus, they provide a rich source of
empirical information for the development, improvement and evaluation of models. The
clear empirical relationship we have shown between canopy temperature and isoprene
emission should represent a benchmark to be met by models. Our results also suggest5

that some assumptions in current models, notably the link between isoprene emission
and GPP as implemented in our reference model, may be in need of revision.

Supplementary material related to this article is available online at
http://www.biogeosciences-discuss.net/10/19571/2013/
bgd-10-19571-2013-supplement.pdf.10
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Gross Primary 
productivity, 

GPP!

Canopy 
Temperature, 

TCAN-LPJ!

Standard isoprene model, 
IREF!

Modeled candidate drivers. !

The seasonal cycle of the 
candidate drivers are derived 
from the dynamic vegetation 
model, LPJ, and are averaged 
over the selected regions. !

Formaldehyde!

Observed formaldehyde. !

Satellite observations of 
formaldehyde are averaged to 
derive mean seasonal cycle in 
the selected regions.  These 
are used as a DIRECT proxy 
for the seasonal cycle of plant 
isoprene emission. !

Air temperature, TAIR!

Surface temperature, TCAN-OBS!

Fraction absorbed of photosynthetically !
active radiation, fPAR!

Observed candidate drivers.!

The mean seasonal cycle of 
observed candidate driving 
variables is calculated for 22 
fire free regions from 
1997-2006 for all datasets, 
except TCAN-OBS, which is 
averaged over 2002-2006.!

Correlation statistics. !

Each double headed arrow in this figure represents the comparison of the mean 
seasonal cycle of candidate driving variables (rectangles and hexagons) with the 
isoprene emission proxy formaldehyde. For each pair, we determine the correlation 
coefficient,r,  as well as the p-value.   !

Fig. 1. Schematic of the analysis. The blue boxes show variables averaged over selected re-
gions and years to produce a mean seasonal cycle. The mean seasonal cycles of the observed
and modelled variables are statistically compared with the mean seasonal cycle of satellite ob-
servations of formaldehyde – a direct proxy for plant isoprene emissions – shown in the blue
circle.
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Fig. 2. Geographic distribution of the regions analysed, overlain on burnt area and biomes.
Average burnt fraction (1997–2005) from version 3 of the Global Fire Emissions Database (van
der Werf et al., 2010) is shown in the top panel. The bottom panel shows the land classification,
following deFries and Townsend (1994).
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Fig. 3a. Boreal regions. Mean seasonal cycles (1997–2006) for formaldehyde concentrations and potential envi-
ronmental predictors. Regional and monthly averages of the regions are grouped into four panels: boreal regions,
temperate regions, tropical forests and tropical savannas. In the first column, the mean seasonal cycle of the reference
isoprene model, IREF, is shown as the solid line scaled to the maximum emission in that region; the mean seasonal
cycle of the formaldehyde data is scaled to IREF, and plotted as red stars. Below each graph is shown the seasonal
pattern of the difference between the formaldehyde data and IREF (∆) to indicate potential seasonal biases. The second
column shows the normalized mean seasonal GPP. The formaldehyde seasonal cycle is scaled to GPP and plotted as
red stars. The mean seasonal cycle of fPAR is also shown (green dashed line). In the third column, the mean seasonal
cycle of modelled canopy temperature (TCAN-LPJ, ◦C) and the formaldehyde data are shown as the solid line and red
stars. The dashed blue line shows the observed air temperature. The panel below shows the difference between the
formaldehyde cycle and the modelled canopy temperature as the solid line and formaldehyde minus TAIR as the dashed
blue line. The last column shows the mean seasonal cycle of regionally averaged precipitation, with an inverted y-axis.
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Fig. 3b. Temperate regions.
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Fig. 3c. Tropical forests.
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Fig. 3d. Tropical savannas.
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Fig. 4. Correlations of the mean seasonal cycle of formaldehyde concentration with potential environmental predic-
tors, shown as stacks of boxes, with one box for each region. If each region had r =1 the bar would reach a height of
22. The boxes are colour-coded by ecological zone: boreal= light blue, temperate=dark blue, tropical forests=green,
tropical savannas=orange. The first column represents the correlation between the mean seasonal cycle of formalde-
hyde and the mean seasonal cycle of the reference model, IREF. Subsequent columns show the correlation of the
mean seasonal cycle of formaldehyde with the mean seasonal cycles of gross primary production (GPP) from the
LPJ model, the fraction of absorbed photosynthetically active radiation (fPAR) from SeaWiFS satellite data, precipita-
tion (Prec) and air temperature (TAIR) from CRU data, canopy temperature (TCAN-LPJ) modelled using LPJ and canopy
temperature (TCAN-OBS) from the MODIS land-surface temperature observations.
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