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[1] There is an ongoing discussion about why the net
ecosystem CO2 exchange (NEE) of some ecosystems is less
sensitive to diffuse radiation than others and about the role
other environmental factors play in determining the
response of NEE to diffuse radiation. Using a six-year
data set from a temperate mountain grassland in Austria we
show that differences between ecosystems may be
reconciled based on their green area index (GAI; square
meter green plant area per square meter ground area) - the
sensitivity to diffuse radiation increasing with GAI. Our
data suggest diffuse radiation to have a negligible influence
on NEE below a GAI of 2 m2 m2. Changes in air/soil
temperature and air humidity concurrent with the fraction of
diffuse radiation were found to amplify the sensitivity of the
investigated temperate mountain grassland ecosystem to
diffuse radiation. Citation: Wohlfahrt, G., A. Hammerle, A.
Haslwanter, M. Bahn, U. Tappeiner, and A. Cernusca (2008),
Disentangling leaf area and environmental effects on the response
of the net ecosystem CO2 exchange to diffuse radiation, Geophys.
Res. Lett., 35, L16805, doi:10.1029/2008GL035090.

1. Introduction
[2] Atmospheric carbon dioxide (CO2) is responsible
for around 60 % of anthropogenic global warming
[Intergovernmental Panel on Climate Change, 2007]. Each
year, the terrestrial biosphere absorbs on average about one
third of the 7 Pg carbon released to the atmosphere through
fossil fuel burning [Canadell et al., 2007]. Projecting
whether terrestrial ecosystems will continue to provide a
negative feedback to climate change requires understanding
and quantifying the interactions and feedbacks between the
carbon cycle and its major drivers, that is climate and land
use [Heimann and Reichstein, 2008].
[3] A number of recent studies suggest that the net
ecosystem CO2 exchange (NEE), especially of forests, is
sensitive to changes in the fraction of incoming diffuse (Fdif)
photosynthetically active radiation (PAR), ecosystems taking up more CO2 when, at similar levels of total PAR, Fdif is
higher [Gu et al., 1999, 2002, 2003; Freedman et al., 2001;
Niyogi et al., 2004; Alton et al., 2005, 2007; Misson et al.,
2007; Rodriguez and Sadras, 2007; Urban et al., 2007;
Knohl and Baldocchi, 2008; Min and Wang, 2008]. Thereby, the terrestrial biosphere may have contributed to the
slowdown of the rise in temperature between 1960 – 1990
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[Wild et al., 2007], a period during which increases in
aerosol load and cloud formation have caused a decrease
in total and an increase in diffuse radiation incident at the
earth’s surface [Stanhill and Cohen, 2001; Wild et al.,
2005]. With the reversing of this trend after 1990 [Wild et
al., 2005], this negative feedback on climate change may be
expected to weaken.
[4] While the response of canopy photosynthesis to
changes in diffuse radiation may be well explained based
on the leaf-level photosynthesis-light relationship [see
Brodersen et al., 2008] and within-canopy radiative transfer [Roderick et al., 2001; Knohl and Baldocchi, 2008],
there is an ongoing discussion about why some ecosystems
are less sensitive to diffuse radiation than others, and about
the role that other environmental factors, especially air
temperature and humidity, which co-vary with Fdif, play
in determining the response of NEE to diffuse radiation.
Based on comparative experimental [Niyogi et al., 2004;
Alton et al., 2007] and simulation studies [Roderick et al.,
2001; Knohl and Baldocchi, 2008], it has been suggested
that the response of NEE to diffuse radiation increases with
the area of photosynthetically active plant matter (so-called
green area index; GAI; square meter green plant area per
square meter ground area) and that this is why forests
appear more sensitive to diffuse radiation than some grasslands [Niyogi et al., 2004] or ecosystems with open
canopies [Alton et al., 2005, 2007]. With regard to the role
of air temperature and humidity in modulating the response
of NEE to diffuse radiation, some studies suggest these
effects to be more important than diffuse radiation itself
[Steiner and Chameides, 2005], others report interactive
effects with diffuse radiation [Gu et al., 1999, 2002, 2003;
Freedman et al., 2001; Urban et al., 2007; Min and Wang,
2008], while yet others find these factors to play a minor
role [Alton et al., 2007; Knohl and Baldocchi, 2008].
[5] The objectives of the present paper are (1) to
examine the relative importance of concurrent changes in
air temperature and humidity for the response of NEE to
diffuse radiation and (2) to provide direct experimental
evidence in support of simulation studies suggesting that
the sensitivity of NEE to diffuse radiation increases with
GAI. To this end, we analyse a six year data set from a
temperate mountain grassland [Wohlfahrt et al., 2008]
which, because the grassland is cut three times a year
and thus undergoes multiple growing phases, provides a
wide range of GAIs. In order to disentangle the various
factors confounding the response of NEE to diffuse radiation we employ a novel method of data analysis which
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Figure 1. Sensitivity of NEE to diffuse radiation for (a) all data pairs which have been acquired under identical
meteorological conditions except for Fdif, and (b) the same as Figure 1a but with the limitation to identical air/soil
temperature and air humidity removed. Small grey symbols refer to half-hourly data pairs, large white symbols to binaverages (equal number of observations in each bin; error bars refer to one standard deviation), and lines to linear
regressions through the half-hourly data (regression statistics are given in the upper right corner of each panel).
allows us to study the role of GAI and air/soil temperature/
humidity in isolation.

2. Data and Methods
[6] The study site is a temperate mountain grassland
(Neustift, 47°070N, 11°190E) in the Western part of the
Austrian Alps. A detailed description of the study site in
terms of soil, vegetation and climate is given by Hammerle
et al. [2008]. The NEE was measured using the eddy
covariance method [Aubinet et al., 2000]. Details on eddy
covariance instrumentation and calculation protocols, as
well as supporting environmental and GAI measurements
are given by Wohlfahrt et al. [2008]. Indicent total and
diffuse photosynthetically active radiation, from which Fdif
was derived, were measured with a heated quantum sensor
(BF2H, Delta-T, UK). In order to analyze how GAI or air

temperature/humidity affect the response of NEE to diffuse
radiation, the influence of all other potentially confounding
factors has to be minimized and to this end we have adapted
an approach devised by Hollinger and Richardson [2005]
for quantifying the random uncertainty of eddy covariance
flux measurements. This approach involved calculating
half-hourly pairs of data from the same time of the day on
the respective subsequent day under identical meteorological conditions, except for Fdif. By restricting our analysis to
data pairs from the same time of day on subsequent days we
minimized the influence of endogenous (diurnal) and phenological changes in NEE (ecosystem structural, optical,
and physiological properties [Knohl and Baldocchi, 2008]),
as well as solar elevation. Identical meteorological conditions were defined as differing by less than 5 % in total
PAR, soil temperature, air temperature and humidity, wind
speed and soil water content. Only data from the snow-free
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(vegetation) period were used and data pairs with precipitation were excluded. For the purpose of exploring the
confounding effects of air temperature and humidity, the
restriction of the data pairs to the same temperature and
humidity was removed; for analyzing the role of GAI data
were stratified into GAI classes. In the following, data pairs
are presented in terms of the difference (D) in NEE and Fdif,
with the convention that NEE and Fdif of the day with the
smaller Fdif are subtracted from that with the larger Fdif
(DFdif is always positive by this definition and a negative
DNEE indicates that NEE was more negative when Fdif was
larger). In order to quantify the sensitivity of NEE to diffuse
radiation we plot DNEE as a function of DFdif and use the
sign and magnitude of the slope as a measure of the
direction and strength of the sensitivity. Statistical analysis
was conducted with the SPSS statistics software package
(SPSS 15.0, SPSS Inc., Chicago, USA).

3. Results
[7] NEE from the same time of day on the respective
subsequent day and under identical environmental conditions, except for Fdif, was significantly more negative when
Fdif was larger (paired T-test, p = 0.005). As shown in
Figure 1a, NEE decreased (i.e., more net uptake of CO2) by
around 0.46 mmol m2 s1 for a 10% increase in DFdif.
DNEE and DFdif were independent of the residual variation
(i.e., <5%) in environmental drivers of data pairs (data not
shown). When the restriction to identical air temperature
and humidity was removed (Figure 1b), the sensitivity of
NEE to diffuse radiation doubled (0.90 mmol m2 s1
decrease in NEE for a 10% increase in DFdif). In order to
put the results of Figure 1 into perspective – the average
midday NEE of our site amounts to 10.3 mmol m2 s1.
At GAIs between 0 – 2 m2 m2, NEE pairs were not
significantly different (p = 0.324) and DNEE even showed
an increase with increasing DFdif (Figure 2a). At intermediate (2 – 4 m2 m2) GAIs, NEE pairs were still not
statistically significantly different (p = 0.445), but DNEE
decreased with increasing DFdif (Figure 2b). At high (4 –
6 m2 m2) GAIs, finally, NEE pairs were statistically
significantly different (p = 0.004), and the sensitivity to
diffuse radiation was increased by 35% as compared to
intermediate GAIs (Figure 2c).

4. Discussion and Conclusion
[8] The objectives of the present paper were to quantify
the role of GAI and concurrent changes in air/soil temperature and air humidity in determining the response of NEE
to diffuse radiation. To this end we have applied a novel
method of analysis to a six year data set from a temperate
mountain grassland.
[9] Our study shows that NEE decreases by 0.46 mmol
m2 s1 for a 10 % increase in Fdif (Figure 1a), when all
other environmental parameters are held constant. This may
appear like a small change (4.5 % of average midday NEE),
but if applied to all daylight hours during the vegetation
period, the site would be gaining an additional 73 gC m2
annually, i.e., would turn from a source of 18 gC m2
[Wohlfahrt et al., 2008] to a sink.

Figure 2. Sensitivity of NEE to diffuse radiation for all
data pairs which have been acquired under identical
meteorological conditions except for Fdif. Data have
been stratified into GAI classes of (a) 0 – 2 m2 m2,
(b) 2 – 4 m2 m2, and (c) 4 – 6 m2 m2. Symbols are
the same as in Figure 1.
[10] The observed increases in canopy carbon gain
under diffuse radiation may be explained based on wellestablished theory of the saturation-type response of photosynthesis to PAR and the bi-modal distribution of PAR
within the plant canopy [Roderick et al., 2001; Knohl and
Baldocchi, 2008]: Sunlit leaves, that is leaves illuminated
by both diffuse and direct radiation, are usually saturated
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with radiation (provided the intensity of incident radiation
is high enough to allow for saturation). Shaded leaves,
which receive only sky diffuse and scattered (diffused)
beam radiation, in contrast are often light-limited. Total
canopy photosynthesis increases with Fdif, because photosynthesis of shaded leaves, which experience higher light
intensities under these conditions, increases, while the
photosynthesis of sunlit light-saturated leaves remains
approximately unchanged (as long as their light intensity
does not fall below the saturation level). Any factor
modifying the response of photosynthesis to PAR or the
within-canopy light climate will affect the response to
diffuse radiation, including: solar elevation [Gu et al.,
1999], the intensity of total PAR [Gu et al., 2002], the
spatial and angular distribution of leaves and their optical
properties [Alton et al., 2007; Knohl and Baldocchi, 2008],
the curvature of the leaf-level photosynthesis-light relationship [Letts et al., 2005; Brodersen et al., 2008] and finally
GAI [Niyogi et al., 2004; Letts et al., 2005; Alton et al.,
2007; Knohl and Baldocchi, 2008]. Previous assessments
of the role of GAI in modulating the response of canopy
photosynthesis to diffuse radiation were either based on
theoretical considerations [Roderick et al., 2001], numerical simulation analysis [Knohl and Baldocchi, 2008], or on
studies comparing canopies with differing GAIs [Niyogi et
al., 2004; Alton et al., 2007]. The salient effect of
differences in GAI is changes in the fraction of shaded
leaf area, which increases approximately exponentially
with GAI [Goudriaan, 1977]. Consequently, a larger
fraction of the leaf area profits from the redistribution
of radiation towards shaded leaves under diffuse sky
conditions in tall canopies with large GAI, while small
enhancements are to be expected for small or open
canopies with low GAI [Niyogi et al., 2004; Letts et
al., 2005; Alton et al., 2005, 2007]. Because of betweensite differences in structural and/or physiological canopy
attributes as well as other environmental factors, the
results of the previous comparative studies may be
confounded by factors other than GAI. The present study
overcomes this deficiency in two ways: First, by analysing data in a fashion which minimizes all confounding
factors, and second, by studying an ecosystem which,
because it is cut three times per year and thus undergoes
multiple growing cycles during each vegetation period,
provides a wide range of GAIs to specifically address this
question (provided the other structural and/or physiological canopy attributes affecting the diffuse radiation response do not change significantly with GAI). Based on
these data (Figure 2) we are able to confirm previous
modelling and experimental studies suggesting that the
sensitivity of NEE to diffuse radiation increases with
GAI. Our finding that NEE is not sensitive to diffuse
radiation for GAI <2 m2 m2 corresponds well with the
earlier assessment of Goudriaan [1977], who argued that
for accurate modelling of canopy photosynthesis it is not
necessary to distinguish sunlit/shaded leaf area below this
threshold. It follows that we may expect biomes with
LAIs <2 m2 m2 (e.g., deserts, shrublands, tundra, and
some grasslands and boreal forests [Asner et al., 2003]),
to exhibit little sensitivity to diffuse radiation.
[11] Whether observed increases in canopy carbon gain
under diffuse sky conditions are to be attributed largely to
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the redistribution of radiation to shaded leaves [Alton et al.,
2007; Knohl and Baldocchi, 2008], whether there are
interactions with air temperature and humidity which amplify this effect [Gu et al., 1999, 2002, 2003; Freedman et
al., 2001; Urban et al., 2007; Min and Wang, 2008] or
whether the latter two are even more important than diffuse
radiation per se [Steiner and Chameides, 2005] is controversial. Our study shows that, all other potential influence
factors being held constant, NEE is significantly more
negative under diffuse radiation, but also that NEE is twice
as sensitive to diffuse radiation when air/soil temperature
and air humidity are allowed to co-vary with Fdif (Figure 1),
lending support to the above-cited studies showing that
concurrent variations in air temperature and humidity amplify the diffuse radiation effect. Typically, air temperatures
are lower and relative humidity higher, resulting in a lower
vapour pressure deficit (VPD), under more overcast sky
conditions [Gu et al., 1999]. Lower air/soil temperatures are
known to reduce ecosystem respiration [Wohlfahrt et al.,
2005] and thus increase NEE. In case leaf temperatures are
beyond the optimum for photosynthesis, lower air temperatures may also contribute to an increase in NEE by
increasing photosynthesis [Steiner and Chameides, 2005].
Conversely, if leaf temperatures are suboptimal, decreases
in air temperature may though also reduce photosynthesis.
Decreases in VPD are known to result in increased stomatal
conductance and hence to some extent in photosynthesis.
While our study conclusively shows that concurrent
changes in air/soil temperature and air humidity amplify
the effect of diffuse radiation on the NEE of the investigated
temperate mountain grassland, we caution of generalizing
this finding to other ecosystems and/or climates. Firstly,
because it is well established that ecosystems differ in the
way their NEE responds to changes in air/soil temperature
and VPD, for example because of plant species- or sitespecific differences in the temperature sensitivity of soil
respiration [Reichstein et al., 2003], the shape of the
temperature-photosynthesis relationship [Medlyn et al.,
2002] or the response of stomatal conductance to VPD
[Tardieu and Simonneau, 1998]. Second, because other
factors may strongly modify or even override the sensitivity
to diffuse radiation and the way it is modulated by air/soil
temperature and air humidity. For example under conditions
of low water availability, soil respiration may be governed
by substrate availability rather than temperature [Davidson
and Janssens, 2006], or low leaf water potentials may
induce stomatal closure and thus limit diffusion of CO2
into the leaves irrespective of temperature and VPD.
[12] To summarize, our study confirms that the sensitivity
to diffuse radiation increases with GAI. Below a GAI of
2 m2 m2 diffuse radiation is suggested to have a negligible
direct influence on NEE. Concurrent changes in air temperature and humidity were found to amplify the sensitivity of
the investigated mountain grassland ecosystem to diffuse
radiation.
[13] Acknowledgments. This study was financially supported by the
EU FP 5 project CARBOMONT (EVK2-CT2001-00125), the Austrian
National Science Fund (P17560, P198490), and the Tyrolean Science Fund
(Uni-404/33, Uni-404/557). Family Hofer (Neustift, Austria) is thanked for
granting us access to the study site. Alessandro Cescatti is thanked for

4 of 5

L16805

WOHLFAHRT ET AL.: ECOSYSTEM CO2 FLUX AND DIFFUSE RADIATION

instructive discussions on this topic. Two anonymous reviewers are
acknowledged for their critical comments on an earlier version of this paper.

References
Alton, P. B., P. North, J. Kaduk, and S. Los (2005), Radiative transfer
modeling of direct and diffuse sunlight in a Siberian forest, J. Geophys.
Res., 110, D23209, doi:10.1029/2005JD006060.
Alton, P. B., P. North, and S. O. Los (2007), The impact of diffuse sunlight
on canopy light-use efficiency, gross photosynthetic product and net
ecosystem exchange in three forest biomes, Global Change Biol., 13,
1 – 12.
Asner, G. P., J. M. O. Scurlock, and J. A. Hicke (2003), Global synthesis of
leaf area index observations: Implications for ecological and remote sensing studies, Global Ecol. Biogeogr., 12, 191 – 205.
Aubinet, M., et al. (2000), Estimates of the annual net carbon and water
exchange of forest: The EUROFLUX methodology, Adv. Ecol. Res., 30,
113 – 175.
Brodersen, C. R., T. C. Vogelmann, W. E. Williams, and H. L. Gorton
(2008), A new paradigm in leaf-level photosynthesis: Direct and diffuse
light are not equal, Plant Cell Environ., 31, 159 – 164.
Canadell, J. G., D. E. Pataki, R. Gifford, R. A. Houghton, Y. Luo, M. R.
Raupach, P. Smith, and W. Steffen (2007), Saturation of the terrestrial
carbon sink, in Terrestrial Ecosystems in a Changing World, edited by
J. G. Canadell, D. E. Pataki, and L. F. Pitelka, pp. 59 – 78, Springer,
Berlin, Germany.
Davidson, E. A., and I. A. Janssens (2006), Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change, Nature, 440,
165 – 173.
Freedman, J. M., D. R. Fitzjarrald, K. E. Moore, and R. K. Sakai (2001),
Boundary layer clouds and vegetation-atmosphere feedbacks, J. Clim.,
14, 180 – 197.
Goudriaan, J. (1977), Crop Micrometeorology: A Simulation Study, Cent.
for Agric. Publ. and Doc., Wageningen, Netherlands.
Gu, L., J. D. Fuentes, H. H. Shugart, R. M. Staebler, and T. A. Black
(1999), Responses of net ecosystem exchanges of carbon dioxide to
changes in cloudiness: Results from two North American deciduous forests, J. Geophys. Res., 104, 31,421 – 31,434.
Gu, L., D. Baldocchi, S. B. Verma, T. A. Black, T. Vesala, E. M. Falge, and
P. R. Dowty (2002), Advantages of diffuse radiation for terrestrial ecosystem productivity, J. Geophys. Res., 107(D6), 4050, doi:10.1029/
2001JD001242.
Gu, L., D. D. Baldocchi, S. C. Wofsy, J. W. Munger, J. J. Michalsky, S. P.
Urbanski, and T. A. Boden (2003), Response of a deciduous forest to the
Mount Pinatubo eruption: Enhanced photosynthesis, Science, 299,
2035 – 2038.
Hammerle, A., A. Haslwanter, U. Tappeiner, A. Cernusca, and G. Wohlfahrt
(2008), Leaf area controls on energy partitioning of a temperate mountain grassland, Biogeosciences, 5, 421 – 431.
Heimann, M., and M. Reichstein (2008), Terrestrial ecosystem carbon
dynamics and climate feedbacks, Nature, 451, 289 – 292.
Hollinger, D. Y., and A. D. Richardson (2005), Uncertainty in eddy covariance measurements and its application to physiological models, Tree
Physiol., 25, 873 – 885.
Intergovernmental Panel on Climate Change (2007), Climate Change 2007:
The Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by S. Solomon, et al., 996 pp., Cambridge Univ. Press,
Cambridge, U. K.
Knohl, A., and D. D. Baldocchi (2008), Effects of diffuse radiation on
canopy gas exchange processes in a forest ecosystem, J. Geophys.
Res., 113, G02023, doi:10.1029/2007JG000663.

L16805

Letts, M. G., P. M. Lafleur, and N. T. Roulet (2005), On the relationship
between cloudiness and net ecosystem carbon dioxide exchange in a
peatland ecosystem, Ecoscience, 12, 53 – 59.
Medlyn, B. E., et al. (2002), Temperature response of parameters of a
biochemically based model of photosynthesis. II. A review of experimental data, Plant Cell Environ., 25, 1167 – 1179.
Min, Q., and S. Wang (2008), Clouds modulate terrestrial carbon uptake in
a midlatitude hardwood forest, Geophys. Res. Lett., 35, L02406,
doi:10.1029/2007GL032398.
Misson, L., M. Lunden, M. McKay, and A. Goldstein (2007), Atmospheric
aerosol light scattering and surface wetness influence the diurnal pattern
of net ecosystem exchange in a semi-arid ponderosa pine plantation,
Agric. For. Meteorol., 129, 69 – 83.
Niyogi, D., et al. (2004), Direct observations of the effects of aerosol
loading on net ecosystem CO2 exchange over different landscapes,
Geophys. Res. Lett., 31, L20506, doi:10.1029/2004GL020915.
Reichstein, M., et al. (2003), Modelling temporal and large-scale spatial
variability of soil respiration from soil water availability, temperature and
vegetation productivity indices, Global Biogeochem. Cycles, 17(4), 1104,
doi:10.1029/2003GB002035.
Roderick, M. L., G. D. Farquhar, S. L. Berry, and I. R. Noble (2001), On
the direct effect of clouds and atmospheric particles on the productivity
and structure of vegetation, Oecologia, 129, 21 – 30.
Rodriguez, D., and V. O. Sadras (2007), The limit to wheat water-use
efficiency in eastern Australia. I. Gradients in the radiation environment
and atmospheric demand, Aust. J. Agric. Res., 58, 287 – 302.
Stanhill, G., and S. Cohen (2001), Global dimming: A review of the evidence for a widespread and significant reduction in global radiation with
discussion of its probable causes and possible agricultural consequences,
Agric. For. Meteorol., 107, 255 – 278.
Steiner, A. L., and W. L. Chameides (2005), Aerosol-induced thermal
effects increase modeled terrestrial photosynthesis and transpiration,
Tellus, Ser. B, 57, 404 – 411.
Tardieu, F., and T. Simonneau (1998), Variability among species of stomatal
control under fluctuating soil water status and evaporative demand: Modeling isohydric and anisohydric behaviours, J. Exp. Bot., 49, 419 – 432.
Urban, O., et al. (2007), Ecophysiological controls over the net ecosystem
exchange of mountain spruce stand: Comparison of the response in direct
vs. diffuse solar radiation, Global Change Biol., 13, 157 – 168.
Wild, M., H. Gilgen, A. Roesch, A. Ohmura, C. N. Long, E. G. Dutton,
B. Forgan, A. Kallis, V. Russak, and A. Tsvetkov (2005), From dimming
to brightening: Decadal changes in solar radiation at the Earth’s surface,
Science, 308, 847 – 850.
Wild, M., A. Ohmura, and K. Makowski (2007), Impact of global dimming
and brightening on global warming, Geophys. Res. Lett., 34, L04702,
doi:10.1029/2006GL028031.
Wohlfahrt, G., C. Anfang, M. Bahn, A. Haslwanter, C. Newesely, M.
Schmitt, M. Drösler, J. Pfadenhauer, and A. Cernusca (2005), Quantifying nighttime ecosystem respiration of a meadow using eddy covariance,
chambers and modelling, Agric. For. Meteorol., 128, 141 – 162.
Wohlfahrt, G., A. Hammerle, A. Haslwanter, M. Bahn, U. Tappeiner, and
A. Cernusca (2008), Seasonal and inter-annual variability of the net
ecosystem CO2 exchange of a temperate mountain grassland: Effects of
weather and management, J. Geophys. Res., 113, D08110, doi:10.1029/
2007JD009286.


M. Bahn, A. Cernusca, A. Hammerle, A. Haslwanter, U. Tappeiner, and
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