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The scarce water resource and vulnerable ecosystem make the semi-arid region 

become much more sensitive to the global/regional climate change. Desertification 

and ecosystem degradation are threatening the live hood of millions of people in these 

regions, especially in Asia and Africa.  

The semi-arid region of Asia is located nearly at the northern edge where the summer 

monsoon can reach. It is a transitive zone between arid continent climate and humid 

monsoon climate, and therefore is very sensitive to the climate and human 

perturbation. The variation of climate and water cycle in this area are highly 

correlated with the high variability of the Asia monsoon system. On the other hand, 

the semi-arid region is also the one with most significant change of land cover under 

the human development. In last half century, the aridity trend has been further 

aggravated over this region partly because of regional climate change related to global 

warming as well as the anthropogenic effects of the rapid development of social 

economy and the expansion of urbanization on the regional environment .This leads 

to the high frequency of extreme events and climate disasters over there. It has also 

brought further land degradation and the increase of intensity and frequency of dust 

storms. The further deterioration of environment over these regions has become a 

critical issue in the regional sustainable development. Understanding the land-surface 

processes in semi-arid region is one of the most important components of research to 

improve the capacity of modeling and projecting the climatic change and their 

impacts on ecosystems.  

The overarching scientific issues on land-atmosphere interaction for the semi-arid 

Asia are addressed in this review paper with focus on: 

(1) Coordinating intensive observation on land-surface process based on nearly 20 

research measurement sites over semi-arid Asia; 

(2) Validation of land surface models to apply for arid/semi-arid regions and 

development of surface parameters over semi-arid regions by using field observed 

data; 

(3) Application of climate models for study of impacts of land use/cover change on 

regional climate; 

(4) Inter-comparison of land-atmospheric interaction in semi-arid regions of Asia and 

north America; 

(5) EU FP7 IRSES projects on “Land-Atmosphere Interaction in China”, 2009-2011, 

University of Helsinki, collaborating by MAIRS and iLEAPS.  
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Terrestrial biogeochemical cycles play a major role in the regulation of atmospheric 
composition and climate by concurrent biosphere-atmosphere exchange processes that act 
as potent atmospheric amplifiers or attenuators. There is growing evidence for manifold 
biogeochemistry-related positive and negative climate feedbacks; but none of these are 
firmly established or free of controversy [1-2]. Yet, in a recent synthesis, it was found 
that their overall magnitude could potentially be similar to that of feedbacks in the 
physical climate system [2]. 
 
Terrestrial biota affects climate and atmospheric composition not only via the production 
or uptake of atmospherically long-lived greenhouse gases (CO2, CH4, N2O; [3-5]); a 
range of carbon and nitrogen compounds emitted from plant, microbial and wildfire 
activity exert chief control on reactive, short-lived substances (tropospheric ozone, 
secondary organic aerosol, nitrogen oxides, black carbon…; [6-8]) that are relevant for 
our understanding of climate and global change.  
 
There exist as yet large uncertainties associated with estimates of the spatial and temporal 
variation in surface-atmosphere exchanges for both, and it is clear that none of the 
underlying biogeochemical processes and associated surface-atmosphere feedbacks will 
act in isolation. In addition, over the last centuries, industrialisation, anthropogenic land 
use and change in vegetation cover, and the related emissions of greenhouse gases and 
pollutants have overturned climate-driven “leads and lags” in biogeochemical cycles. 
Progress beyond today’s state-of-the-art requires an integrated approach to understanding 
coupled vegetation and soil dynamics, biogeochemical cycles and surface-atmosphere 
exchange in a consistent modelling-observational framework that considers interactions 
with climate change, changes in atmospheric composition and changes in land use/land 
cover. 
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Attribution of the CO2 increase to processes and regions 
 
The issue of attribution of increased atmospheric CO2 burden 
to regional emissions from fossil fuel and land-use change, 
and absorption by ocean and land sinks is critical for 
climate policy. There is no unique attribution approach, as 
it depends on choices for how to account for sinks into the 
land biosphere and the oceans. Here, we calculate regional 
attribution of increased atmospheric CO2 using two different 
assumptions regarding land sinks. In the first approach, each 
absorber region is accountable for CO2 uptake by the land 
biosphere geographically occurring within its boundaries. In 
the second approach, it is assumed that each emitter region 
is also accountable for the land sink that its emissions have 
induced elsewhere.  Under both approaches, the largest share 
of the historical increase of CO2 between pre-industrial 
times and the current period is attributed unambiguously to 
developed countries. The present share of excess CO2 in the 
atmosphere attributable to developing countries is greater 
than their share of cumulative CO2 emissions, because a 
greater fraction of their emissions occurred more recently. 
In the future, if CO2 emissions follow the IPCC-SRES-A2 
scenario, the share of excess CO2 attributable to developing 
countries will become larger. Meanwhile, tropical forests in 
developing countries will likely provide the largest sink 
service to the rest of the emitters by taking up CO2 from the 
atmosphere. The presentation will discuss how the 
construction of a global carbon observing system to track 
carbon fluxes and their trends and the use of process-based 
carbon cycle models could bring information for attributing 
CO2 fluxes to different regions and underlying mechanisms.  
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When we think of land surface functioning, we typically  think about the terms of the energy and 
mass balances of water, carbon, and other geochemical elements.  We think about biotic effects in 
terms of how these balances are affected, and we characterize the effects of global changes in terms 
of these balances change.  In this talk I present a different perspective and describe the land surface 
as a non-equilibrium, thermodynamic system.  Then, heat and mass balances only provide a partial 
description of the functioning of the land surface.  What is missing from the description are the 
balances of free energy and entropy.  The balance of free energy characterizes the extent to which 
processes perform the work to generate free energy – e.g. kinetic or potential energy – and how they 
dissipate or transfer it into other forms.  The relevance of the entropy balance is that it formulates 
the general direction into which processes proceed – as dictated by the second law of 
thermodynamics – and by  that it  sets the upper limit on the generation rates for free energy.  I 
provide estimates of these balances for the land surface and discuss the implications of these 
balances for the modelling of heterogeneity, preferential flow structures within the soil, 
interpretation of the impacts of human activities in form of land cover changes and renewable 
energy generation.
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Inputs of reactive nitrogen (Nr) to terrestrial ecosystems have more than doubled due to 

anthropogenic activities, with both intentional additions such as the application of industrial 

fertilisers, and downstream effects of industrialisation such as the atmospheric deposition of 

reactive nitrogen, playing major roles. The consequences of this perturbation for the climate 

system have not yet been fully quantified.  Here, we compare the impacts of the global 

anthropogenic reactive nitrogen perturbation since pre-industrial times on net terrestrial-

atmosphere fluxes of CO2 and N2O with effects due to changes in land cover, climate, and 

atmospheric [CO2] using a spatially explicit terrestrial biosphere model; and assess their effect 

on observed atmospheric CO2 and N2O trends over the past century using box models of 

atmospheric concentrations. We find that the perturbation is responsible for about a fifth of 

the current terrestrial net carbon uptake, and for most of the increase in terrestrial N2O 

emissions since 1960. Conversely, land cover, atmospheric CO2 and notably climatic changes 

have had rather little impact on global N2O emissions. Carbon sequestration due to nitrogen 

deposition reduces current CO2 radiative forcing and thereby offsets a substantial fraction of 

the increase in reactive nitrogen driven N2O radiative forcing. While reducing the climate 

impact through C sequestration, sustained high nitrogen additions to natural ecosystems are 

associated with detrimental effects on health and biodiversity.  
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Abstract: From 2000 to 2004 the western interior United States experienced a protracted 
drought, one of the fourth lowest 5-year average Palmer Drought Severity Index events since 
800 AD.  This work synthesizes multiple data streams to quantify the drought’s water and 
carbon cycle implications and examine its spatiotemporal evolution.  We combine upscaled 
flux tower data, the NACP Site Synthesis model-data intercomparison data set, remote 
sensing products, weather reanalysis, crop yield, and river discharge.  The severe 
hydroclimatic depression was reflected in a wide variety of data sets including precipitation, 
vegetation index, water resource, and crop yield.  Correspondingly, flux towers recorded a 
clear signal of reduced latent and increased sensible heat fluxes.  However reductions in 
water use varied by land cover, with strong reductions in evergreen needleleaf forests, 
intermediate in woody savannas and finally modest reductions in grasslands.  The 2000-2004 
drought resulted in an anomalous source of ~0.5 Pg C over the western U.S., as gross primary 
productivity was suppressed more than ecosystem respiration.  Grasslands were especially 
vulnerable in this case.  Results suggest that forecasted increases in drought severity could 
substantially offset or degrade the mid-latitude CO2 sink reported for North America. 
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The role of wetlands in the global methane cycle is the subject of much current interest [1, 2].  
Wetlands are generally accepted as being the largest, but least well quantified, single source 
of methane (CH4), with emission estimates ranging from 105-278 Tg yr-1 [3].  Since the late 
1970s, there have been significant inter-annual variations in the CH4 growth rate believed to 
be due to variability in wetland CH4 emissions [4, 5].  Recently, Bloom et al. [1] and Ringeval 
et al. [2] have used innovative techniques to utilise newly available EO data to correlate 
methane fluxes with space-based observations.  These studies concluded that, although the 
seasonal cycle is dominated by the tropical wetlands, the northern latitudes dominated the 
inter-annual variability.  The high variability is in part due to the fact that northern wetlands 
act as net sinks of CO2 but also as large net sources of CH4 [6].  The balance depends on 
climate and hydrology which is highly variable in these regions and due to change 
significantly in the next century. 

Although the emissions of methane from the wetlands and lakes of the boreal region are 
smaller than those from tropical wetlands [3], the size and remoteness of the boreal region 
pose a significant challenge to the quantification of both terrestrial ecosystem processes and 
their feedbacks to regional and global climate.  Earth Observation (EO) data are becoming a 
major tool for characterizing the main processes and estimating key variables governing the 
land-atmosphere interface.  The European Space Agency (ESA) has initiated the Atmosphere-
LANd Interactions Study (ALANIS), in collaboration with the Integrated Land Ecosystem-
Atmosphere Processes Study (iLEAPS).  One of the three ALANIS themes is investigating 
wetland dynamics and methane emissions (‘ALANIS methane’, www.alanis-methane.info). 

The ALANIS methane project has a focus on the boreal Eurasia region.   There are two main 
goals: (1) to produce a suite of relevant datasets derived from Earth Observation (EO) and (2) 
to use these (and other) EO products to evaluate and improve the Joint UK Land Environment 
Simulator (JULES, http://www.jchmr.org/jules), a state-of-the-art land surface model. 

The key datasets for boreal wetlands that can be derived from EO data are: 
• Land Cover, which needs to be specified in terms of the fractional coverage of the main 

biomes (e.g., needle-leaf trees, broad-leaf trees, grass and shrubs) for the years of interest. 
• Leaf Area Index, which is needed at the 10-day timescale to capture the spring leaf-up as this 

alters the surface albedo considerably.  The product will need to be split amongst the 



fractional coverage plant functional types (PFTs) of each grid cell and a spatial resolution of 1 
km may be needed. 

• Wetland Extent, which needs to be at the 10 day timescale to capture the rapid spring-time 
inundation.  The data will be used at the 50 km scale within the model, as a fractional cover.  
The data therefore needs to include all wetland and lake areas.  Since some of the wet areas 
are very small, the EO product may need to be created at a finer scale before being aggregated 
up for use in land surface models. 

• Ground freeze/thaw, which will be used to assess key soil thermodynamic parameters.  1-10-
day timescale will capture the key dynamic in the soil state.  The product is needed at the 50 
km spatial scale.  

• Snow melt, which is rapid and impacts greatly on the hydrology of the region.  A 1-10 day 
timescale for this product is needed to capture the spring melt event.  The product is again 
needed at the 50 km spatial scale. 

• Land surface temperature, which is a good indicator of the land-surface energy balance (ratio 
of surface fluxes of sensible to latent heat). 

• Soil moisture, which is useful for constraining methane generation as it is the surface 
saturation that affects the methane emission flux. 

• Atmospheric column CH4 concentrations, which will be used to assess the overall performance 
of the land-atmosphere model coupled into a climate-chemistry model, thereby including all 
physical and chemical processes of relevance to atmospheric CH4.  The methane-generation 
parameters, which are very uncertain, can be altered to allow the modelled methane to match 
the observations. 

 
Table 1 lists the EO products that will be produced in the ALANIS methane project.  None of 
the products will have to be developed from scratch, although their maturity varies.  Land 
cover, leaf area index, land surface temperature and soil moisture products are already 
available. 

An overview of the project and example results will be given. 
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Table 1: Summary of the EO products to be produced in the ALANIS methane project. 

Product Source Spatial Temporal 

Regional wetland dynamics 
(fractional water extent) 

SSM/I 
POES-AVHRR 
MetOp ASCAT 

0.25° x 0.25° 
equal area at the equator 

10 day 

Local wetland dynamics ENVISAT ASAR WS 150 m x150 m 
10 day 

Note (1) 

Start of snowmelt MetOp ASCAT 25 km x25 km one date per year per cell 

Ground freeze/thaw  MetOp ASCAT 25 km x25 km two dates per year per cell 

Atmospheric column CH4 
concentrations 

ENVISAT Sciamachy 0.5°x 0.5° Monthly 

Note (1) update depending on data availability. 
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Determining the role of the Eurasian boreal region is essential in understanding the global Earth 
system as it represents the largest terrestrial ecosystem on Earth. In this context, boreal forests play 
a vital role in curbing global warming by storing in forest and peat ecosystems billions of tons of 
carbon formed since the Last Glacial Maximum around 20,000 years ago. Northern lakes and 
wetlands are important sources of carbon, partially released as methane and other trace gases to the 
atmosphere especially during spring and summer. Furthermore, it has been observed that boreal 
forests are responsible for growing emissions of natural secondary organic aerosols. This, along 
with increased concentrations of long-range transported anthropogenic aerosols in northern Eurasia, 
is expected to trigger severe impacts on climate in the near future. The size and remoteness of 
boreal Eurasia, however, pose a challenge to quantification of both terrestrial ecosystem processes 
and their feedbacks to regional and global climate. Furthermore, human activities and climate 
changes are thought to have altered the natural equilibrium of the whole region, thus strengthening 
the need for an effective mapping and monitoring of surface-atmosphere exchange interactions. 
In the last few years, Earth Observation (EO) data have demonstrated the potential to become a 
major tool for estimating key variables and characterizing main processes governing the land-
atmosphere interface over the extremely wide and often unreachable northern areas of boreal 
Eurasia. In such context, the European Space Agency (ESA) has launched ALANIS, a novel 
Atmosphere-LANd Interaction Study in collaboration with iLEAPS. The initiative is motivated, on 
the one hand, by the increasing need for multi-source datasets required by scientists and modellers 
investigating boreal ecosystems, and, on the other hand, by the growing potentialities offered for 
investigating northern high latitudes by existing and upcoming ESA and Third Party missions. 
Accordingly, the main goal of ALANIS is to advance towards the development and validation of 
novel EO-based multi-mission products and their integration into suitable land-atmosphere coupled 
models responding directly to the specific scientific requirements of the iLEAPS community. 
The ALANIS study encloses three different projects, namely ALANIS – methane, ALANIS – smoke 
plumes, and ALANIS – aerosols. 
Boreal Eurasian lakes and wetlands play an important dual role in the global carbon cycle as they 
represent both the largest natural methane (CH4) source and one of the major net carbon sinks [1]. 
In these ecosystems, the combination of elevated water tables, high productivity and low 
decomposition has led to significant carbon storage, which has been also favoured by low 
temperatures and slow diffusion of oxygen into the soil. Under such conditions, methanogens 
produce CH4, most of which is oxidized by methanotrophic bacteria, while the remainder is 
transported to the atmosphere via bubbling and diffusion, or through vascular plants [2]. 
Understanding and modelling the natural variability of CH4 fluxes from lakes and wetlands 
constitutes an important topic. However, high spatial and temporal variability of methane 
emissions combined with patchy and incomplete information on their geographical dispersion 
makes it difficult to obtain reliable estimates. Such a complex scenario represents the framework 
for the ALANIS methane project, whose main goal is to investigate the potential of EO data to 
reduce current uncertainties in methane emissions from boreal lakes and wetlands. A number of 
specific EO-based products is being developed which characterise both land surface processes 



(regional and local wetland dynamics, ground freeze/thaw and snowmelt onset derived from 
Envisat AATSR and ASAR, MetOp-A ASCAT, and SSM/I data from DMSP satellites) and 
atmospheric CH4 concentrations (derived from Envisat SCIAMACHY data). All of them will be 
used to improve and validate the JULES (Joint UK Land Environment Simulator) land surface-
atmosphere model. In particular, JULES will be coupled with the HadGEM3 Earth-system model 
(i.e., Hadley Centre Global Environmental Model) and constrained by the retrievals of atmospheric 
methane concentrations in order to provide estimates and associated uncertainties of CH4 emissions 
from boreal lakes and wetlands. An experimental dataset consisting of the entire suite of target 
products and CH4 emission estimates will be produced for the years 2007 and 2008 over the whole 
boreal Eurasia. 
Ambient meteorological conditions, fire released energy and moisture determine the injection 
height of fire plumes in the atmosphere [3]. Most of the fires deposit their emissions into the 
atmospheric boundary layer (i.e., below about 2 km). However, in boreal Eurasia due to typical 
high atmospheric instability and high energy release, fire emissions can be injected even into the 
upper troposphere or the lower stratosphere, where the atmospheric lifetime of most trace gases and 
aerosols is substantially enhanced and their effects last longer affecting greater regions [4]. 
Understanding the impacts of fires on air quality and climate requires the use of transport models, 
which must be initialized with reliable estimations of smoke plume injection height and validated 
against plume dispersion measurements over time. Satellite remote sensing may provide useful 
information on variable and widespread boreal fires and may be used to monitor regional to global 
dispersion of fire-related aerosols and trace gases. In this context, the main objective of the ALANIS 
smoke plumes project is to exploit the complementary capabilities offered by multi-mission EO 
data for improving current large-scale dispersion forecasts of emitted compounds. In particular, a 
novel smoke-plume injection height (SPIH) product is being developed from Envisat AATSR 
stereo retrievals with plume-height information extracted from the Envisat MERIS O2 band. This 
novel SPIH product will be used along with burnt area extent derived from Envisat MERIS data 
and corresponding CO emission estimates, as well as CO concentration retrievals derived from 
MetOp IASI data as input and/or constraint to a novel land-atmosphere coupled model specifically 
designed for improving plume-dispersion tracking. An experimental dataset including all the target 
products and emission dispersion forecasts will be engendered for a consistent number of fire 
events occurred between August 2008 and August 2011. 
Aerosols in the atmosphere are composed by particles of both natural (e.g., soil dust, sea salt and 
sulphates) and anthropogenic (e.g., pollutants by traffic and industrial activities) origin. 
Anthropogenic aerosols represent a kind of “external” cause of climate change with respect to 
natural aerosols that instead may provoke variations in the climate system as part of its feedback 
mechanism. Accordingly, separating the contribution of these two types of aerosols is essential for 
assessing human impacts [5]. This represents the objective of the ALANIS aerosols project, which 
aims at investigating the feasibility of discriminating long-range transported anthropogenic 
aerosols from natural aerosols emitted by boreal Eurasian forests with existing multi-mission EO-
based products. In the first phase, the objective is to develop novel algorithms solely exploiting as 
input currently available EO-based products. Then, the goal is to investigate novel strategies for 
assimilating already existing EO data and products into suitable chemical transport models 
currently available in the literature. This could be useful for indirectly characterizing different 
types of aerosols. At least three case studies will be considered referring to as many sites with 
different characteristics located in boreal Eurasia for evaluating, as well as cross-comparing the 
performances of both the approaches. 
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INTEGRATING EARTH OBSERVATION DATA AND A LAND-SURFACE MODEL TO 
BETTER UNDERSTAND HIGH NORTHERN LATITUDE PHENOLOGY

Richard Ellis, Eleanor Blyth, Charles George and France Gerrard
Centre for Ecology and Hydrology (CEH), UK.
rjel@ceh.ac.uk

Previous work to benchmark the Joint Uk Land Environment Simulator (JULES) model Best et al, 
(2011) and Clark et al (2011) identified problems with the seasonality of water and carbon fluxes in 
the high northern latitudes. The data sets used to validate the model, in that work, were not able to 
identify if this was a physical (snow melt, soil moisture) or plant physiological misrepresentation. 

This work presents the 
results of further work to 
identify the processes 
involved and focuses on 
three high latitude river 
basins, Ob, Yenissey and 
Lena (see Figure 1).

Earth observation data, 
MODIS land-surface 
temperature, were used 
to investigate the 
modelled processes in 
the snow free areas 
during the spring. We 
show that the model is thawing the soil moisture early in the spring compared to the observations 
and the vegetation then responds to this warming. 

Additionally we present initial results from an an effort to assess the utility of using earth 
observations of spring time green up to parameterise the spring time phenology of the model in the 
same region. The uncertainty of the model, under different parameter ranges, and the various 
algorithms for interpreting earth observation data will be shown.

The model was integrated across the years 2003 to 2008 inclusive at a horizontal resolution of 1°. 
The meteorological forcing data was three hourly data from Sheffield et al., 2006. Vegetation 
phenology was model derived. We aggregated the MODIS land-surface temperature product from 
5km to 1° horizontal resolution. In the process  we screened  out data with viewing angles greater 
than 50º and also those where less than 30% of MODIS pixels were considered snow free. 

In Figure 2 the climatology (2003-2008) of spring MODIS and modelled land surface temperatures 
are shown. It can be seen that in all three basins the model warms earlier than the observations but 
by the summer the model is more in line with the observations. 

Figure 1. Modelled domain: from left to right, Ob, Yennisey and Lena 
basins.

mailto:rjel@ceh.ac.uk


1) Best, M.J., Pryor, M., Clark, D.B., Rooney, G. G., Essery, R.L.H., Menard, C.B.,  Edwards, J.M., 
Hendry, M.A., Porson, A., Gedney, N., Mercado, L.M, Sitch, S., Blyth, E.M., Boucher, O., Cox, 
P.M., Grimmond, C.S.B., and Harding, R.J., 2010. The Joint Uk Land Environment Simulator 
(JULES), model description -Part 1: Energy and water fluxes.  

(2) Clark, D.B., Mercado, L.M, Sitch, S., Jones, C.D., Gedney, N., Best, M.J., Pryor, M., Rooney, 
G. G., Essery, R.L.H., Blyth, E.M., Boucher, O., Harding, R.J. And Cox, P.M., 2010. The Joint Uk 
Land Environment Simulator (JULES), model description -Part 2: Carbon fluxes and vegetation.  

Figure 2, presenting the MODIS derived and modelled land surface temperatures for the 3  
river basins.
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Climate model studies typically predict that large-scale tropical deforestation results in 

substantial declines in regional precipitation. Observational studies that have attempted to 

confirm these modelling predictions have yielded conflicting results, likely due to the masking of 

land-cover induced changes by large temporal and spatial variability in precipitation. Here we 

explore the effect of tropical vegetation on precipitation using satellite remote sensed 

observations and a Lagrangian atmospheric transport model.  

We calculated daily 1
o
×1

o
 precipitation for the period 1998 to 2009 from the Tropical Rainfall 

Monitoring Mission (TRMM) 3B42 3-hour 0.25
o
×0.25

o
 satellite product, globally between 50

o
S 

and 50
o
N. Kinematic five-day atmospheric back trajectories, arriving daily at the centre of 

each 1
o
×1

o
 grid square were calculated for the same period using meteorological analyses from 

the European Centre for Medium-range Weather Forecasts (ECMWF). For each back trajectory 

we calculated cumulative exposure of the air mass to vegetation by overlaying the back 

trajectory onto MODIS monthly mean satellite-observed leaf area index (LAI).  

We looked for relationships between daily precipitation and daily exposure of air masses to 

vegetation. We compared air masses with the same initial moisture content (defined by the 

specific humidity from ECMWF analysis) and found that over large regions of the tropics air 

masses that passed over more vegetation produced significantly more (p<0.02) precipitation. 

Over the Amazon basin satellite-observed precipitation increased by between 0.3 and 2 mm day
-1

 

for each unit exposure to LAI (m
2
 m

-2
 day) with correlations significant at the 98% level 

(p<0.02). We find that relationships are stronger in the dry season and downstream of large 

regions of tropical forest. We also show explore relationships between the seasonal anomaly in 

dry season rainfall and exposure of air masses to vegetation. We find that for the Amazon basin  

the spatial patterns in dry season precipitation anomaly matches spatial patterns in the anomaly 

of exposure of air masses to vegetation. 

To our knowledge this is the first observational evidence for a strong effect of forests on tropical 

precipitation at the regional scale. We use these empirical relationships between exposure of air 

masses to vegetation and precipitation to estimate that a 2050 business-as-usual scenario of 

Amazonian deforestation will result in 25-50% reductions in regional precipitation. 
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Abstract 

Remote sensing (RS) is the only feasible means of spatially estimating evapotranspiration 
(ET) and gross primary production (GPP) over large regions or continents. Various 
approaches have been developed to use satellite imagery to estimate ET, which can broadly 
grouped into those incorporating satellite land surface temperature into an energy balance 
model, and those using a vegetation index derived from satellite-mounted sensor (VIs). 
Commonly used VIs include the Normalised Difference Vegetation Index (NDVI), the 
Enhanced Vegetation Index (EVI), and closely related satellite derived products (such as leaf 
area index or fraction absorbed photosynthetically active radiation). The VIs or derived 
products are typically used in one of two ways: (1) through the use of empirical relationship 
between ground measurements of ET and RS data collected for the same sites empirical 
relationships derived by their comparison against in situ measurements of ET (typically from 
flux towers) or evaporative fraction (ET divided by a reference potential ET); or (2) by 
parameterising the conductance term in the Penman Monteith equation, i.e. constraining 
maximum stomatal conductance and/or scaling-up stomatal conductance to canopy 
conductance. Despite considerable empirical success with these approaches, their 
physiological basis is poorly understood, and alternative hypotheses can be posed as to why 
VIs should be a good predictor of ET. As a consequence, there is no consensus on the most 
appropriate way to use optical remote sensing to estimate ET. Some alternative hypotheses 
are that maximum stomatal conductance is closely correlated to leaf chlorophyll 
concentration; that greenness indices are sensitive to leaf turgor; or that maximum stomatal 
conductance is relatively conservative and, therefore, that fraction canopy cover or leaf area 
index are overriding factors in determining surface resistance. We review the literature and 
analysed satellite and flux tower data to examine these hypotheses as well as propose a 
framework to understand this area of debate. Finally we give directions for future research. 

 

Keyword:  Canopy conductance, Penman-Monteith, EVI, NDVI, LAI 
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Greenhouse gas exchange of grasslands is directly and indirectly related to the respective 
carbon (C) and nitrogen (N) budget. Within the framework of the NitroEurope project [1] we 
investigated these budgets experimentally for four European grassland systems: Easter Bush 
(United Kingdom) [2], Oensingen intensive and extensive (Switzerland) [3], and Bugac 
(Hungary) [4]. They span contrasting climatic conditions, management types (grazing, 
cutting), and intensity. The N budget includes the management related N exchange 
(fertilisation, harvest, animal products) but also the gaseous (and liquid) nitrogen exchange 
with the atmosphere and the groundwater in various forms. The trace gas fluxes are often 
small concerning the total N budget but play a significant role as greenhouse gas (N2O) or in 
air pollution issues (e.g. NO, NO2, HNO3, NH3). For closing of the ecosystem N budget, an 
accumulation (or loss) within the ecosystem (mainly as soil organic matter) has to be 
considered.  
 
Methods 
While the CO2 exchange is commonly measured on the field scale with the eddy covariance 
method [5], the fluxes of the other greenhouse gases CH4 and N2O have been detected mainly 
by means of static chambers [2,6,7,8]. For most of the reactive nitrogen compounds, neither 
of the two methods is feasible or easily available. The respective fluxes have been monitored 
by means of dynamic chambers [9], gradient methods [10], and inferential methods [11] 
using a range of different analytical techniques, depending on the physico-chemical 
properties of the compound and the relevant source/sink process. 
 
Results 
The quantitative contribution of the various nitrogen exchange pathways to the total N budget 
(see Fig. 1) of the four grassland systems are compared. For the intensively managed systems 
(Oensingen int., Easter Bush), fertiliser application is the main nitrogen input, the unfertilised 
sites (Bugac, Oensingen ext.) depend on atmospheric N input (wet and dry deposition) and 
biological N fixation depending on the share of legume plants. The management related 
export is large for the cut systems (harvest) and comparatively low for the grazed systems 
(removal of animal products). Furthermore the N2 emission by total denitrification and the 
NH3 emission related to manure application (or animal excreta) represent a significant N loss 
for the fertilised sites. The sum (balance) of all N exchange fluxes can be attributed to the 
storage change of N in the soil.  The fertilised sites (Oensingen int., Easter Bush) with a clear 
surplus of N input thus indicate a N accumulation while Bugac is relatively neutral and 
Oensingen ext. shows a net N loss. These N budget results are positively correlated with the 
observed average C budgets at the sites [2,12]. 



 
 

Fig. 1. Schematic illustration of the import and export pathways contributing to the total 
nitrogen budget for managed grasslands. 
 
For characterizing the total GHG effect of the grassland sites, the contributions of the 
different GHGs are normalised to CO2-equivalents. Whereas for the Oensingen and the 
Bugac sites, the total GHG budget is largely dominated by the carbon budget (sequestration 
or loss), for Easter Bush the combined effect of N2O and CH4 emission (including animal 
enteric fermentation) is in the same order of magnitude as the carbon sequestration leading to 
a strong compensation of the GHG effects.  
 
[1] U. Skiba et al., 2009, Agric. Ecosys. Environ., 133, 139-149. 
[2] S.K. Jones et al., 2011, Atmos. Meas. Tech. Discuss., 4, 1079-1112. 
[3] C. Ammann et al., 2009, Agric. Ecosys. Environ., 133, 150–162. 
[4] A. Machon et al., 2010, European J. Soil Sci., 61, 631–639. 
[5] C. Ammann et al., 2007, Agric. Ecosys. Environ., 121, 5–20. 
[6] C.R. Flechard et al., 2005, Global Change Biology, 11(12), 2114-2127. 
[7] C.R. Flechard et al., 2007, Agric. Ecosys. Environ., 121, 135-152. 
[8] L. Horváth et al., 2010, Agric. Ecosys. Environ., 139, 255–263. 
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[10] C. Spirig et al., 2010, Biogeosciences, 7, 521–536.  
[11] C.R. Flechard et al., 2011, Atmos. Chem. Phys., 10, 29291–29348. 
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Reactive oxides of nitrogen (N) in the atmosphere — NOx: nitric oxide (NO) and nitrogen 
dioxide (NO2) — take part in the production and/or consumption of atmospheric oxidants 
such as ozone and hydroxyl radicals and are removed from the atmosphere through the 
formation and deposition of nitric acid. It has been suggested that soil emissions of NO 
produced by microbial nitrification may comprise a significant fraction of the unaccounted 
losses in soil N balance sheets, and that the return of NOx from the atmosphere to the land 
results in substantial redistribution of N over the landscape and may lead to the formation of 
the greenhouse gas, nitrous oxide (N2O). There is a trend in the southwest of Victoria, 
Australia for the conversion of pasture land to cropping. The N balance sheet associated with 
this land use change is poorly constrained and the effect on soil NOx emission unknown.  

In collaboration with a project measuring N2O emissions from long-term pastures, and 
pastures converted to a legume (subterranean clover) crop rotation system, we used 
automated chambers [1, 2] to measure NOx emissions over two cropping seasons (total of 21 
months) at the Hamilton Centre, Department of Primary Industries (DPI) Victoria, Australia. 
Duplicate chambers were located in four treatments (Table 1) in soil with either high 
phosphorus fertility (Olsen P; ~35 mg kg-1 [0-100mm]) and grazed by 17.5 sheep ha-1, or low 
phosphorus fertility (Olsen P; ~5 mg kg-1 [0-100mm]) and grazed by 8.75 sheep ha-1, and 
consisting of either permanent mixed pasture, high clover pasture or high clover pasture into 
which a wheat crop was sown. While only emissions of NO are reported in this Abstract 
those of both NO and N2O will be presented at the meeting.  

From mid-June 2007 until late November 2007 and while soil moisture was high (> 
40% water filled pore space [WFPS]) NO emissions were negligible (Figure 1). After this 
time NO emissions (of varying magnitude) were witnessed in all treatments, most likely due 
to nitrification activity as soil moisture decreased and temperature increased. The higher rate 
of emission from the HF-HC pasture during this period probably results from the higher rate 
of N2 fixation, and the greater uptake and excretion of N by sheep [3, 4, 5]. Cumulative NO-
N losses from mid-June 2007 to mid-May 2008 for the four treatments were 0.53, 1.70, 1.06 
and 0.32 kg ha-1 for the high fertility mixed pasture, high fertility clover, high fertility wheat 
and low fertility wheat treatments respectively (Table 1).  

As for the first growing season, the NO emission in the second season (June 2008 to 
March 2009) followed soil moisture patterns with larger emissions when moisture content 
was low and smaller emissions when soil moisture content was high (Figure 1). The 
cumulative NO-N emission in the high fertility wheat crop far exceeded those in the other 3 
treatments (Table 1) and was closely related to soil mineral nitrogen content (data not 
shown). 

Nitric oxide can be formed during microbial nitrification and denitrification [6], but it 
is generally accepted that nitrification is the dominant process for NO production in a wide 
range of soils. While a high soil water content favours denitrifier activity it restricts NO 
transport through the soil and enhances the probability that NO will be further metabolized by 
the denitrifiers [7]. In this study it seems that most of the NO was emitted when the WFPS 
was low suggesting that the NO was formed during nitrification.  



Changing the land use from a mixed pasture to a wheat crop resulted in an overall 
2.03 kg N ha-1 increase in emissions of NO. The reasons for the differences are complex and 
involve the timing of high and low WFPS, mineralization of N from clover residues, high soil 
mineral N contents, uptake of N by clover and wheat plants, and ingestion and deposition of 
N by the continuous grazing of pastures by sheep, and grazing of the wheat paddocks after 
the crop had been harvested. 

 

  

 
Figure 1. Average water filled pore space and soil nitric oxide (NO) emission for the high 
fertility mixed pasture (HF-MP), high clover (HF-HC) and wheat (HF-Wheat) and low 
fertility wheat (LF-Wheat) and mixed pasture (LF-MP) treatments for the measurement 
period. 
 
Table 1. Nitric oxide emissions measured for two cropping seasons; 15 June 2007 to 13 May 
2008 and 7 June 2008 to 23 February 2009. High fertility refers to high phosphorus. 
 Treatment Range Average Total 
  (g N ha-1d-1) (g N ha-1d-1) (kg N ha-1) 
2007/8     
HF-MP High fertility mixed pasture 0–10.5 1.59 0.53 ± 0.38 
HF-HC High fertility clover 0–39.0 5.08 1.70 ± 0.65 
HF-Wheat High fertility wheat 0–24.7 3.17 1.06 ± 0.28 
LF-Wheat Low fertility wheat 0–9.0 0.95 0.32 ± 0.09 
2008/9     
HF-MP High fertility mixed pasture 0–4.7 0.76 0.16 ± 0.17 
HF-Wheat High fertility wheat 0–33.3 10.2 2.21 ± 0.74 
LF-MP Low fertility mixed pasture 0–3.6 0.53 0.11 ± 0.05 
LF-Wheat Low fertility wheat 0–15.5 3.35 0.73 ± 0.15 

 
[1] K.B. Kelly et al., 2008, Aust J Exp Agric., 48, 156-159. 
[2] C.P. Meyer et al., 2001, CSIRO Atmospheric Research Technical Papers, 51, 1-33. 
[3] D.W. Bussink, 1992, Fertilizer Research, 33, 111-121. 
[4] I.R.P. Fillery, 2001, Aust J Exp Agric, 41, 361-381. 
[5] M.B. Peoples and J.A. Baldock, 2001, Aust J Exp Agric, 41, 327-346. 
[6] E.J. Willaims et al., 1996, Global Biogeochemical Cycles, 6, 351-388. 
[7] S.J. Hall et al., 1996, Annual Review of Energy and the Environment, 21, 311-346. 
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As the atmospheric concentration of methane continues to increase, there is an urgent 

need to quantify the magnitude of methane sources in order to verify methane 

inventories and identify mitigation strategies. In Canada, agriculture accounts for 

about 25% of the anthropogenic methane emissions, which are mainly from livestock. 

Land agroecosystem-atmosphere observations offer the potential to quantify the 

magnitude of methane emissions at a regional scale. Aircraft-based flux 

measurements were obtained by flying transects 20-45 km in length at various 

altitudes over agricultural regions with different livestock densities. The relaxed eddy 

accumulation (REA) and the eddy covariance (EC) techniques were used to obtain 

top-down methane emissions estimates. The REA flux estimates, which are based on 

the difference in the mean methane concentration of the air samples of upward and 

downward moving eddies, were obtained using a Picarro G1301 and a Campbell 

TGA-TDL methane analyzer. The EC flux estimates were obtained using a Picarro 

G2301-f analyzer. The advantages and disadvantages of both of these techniques with 

the available methane sensors will be discussed and the measurements will be 

compared to the footprint adjusted methane emission estimates obtained using a 

georeferenced livestock data base. 
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Emissions of trace gases originating from anthropogenic activities are vital input data for 
chemical transport models (CTMs). Other key input datasets such as meteorological drivers, 
and biogeochemical and physical processes have been subject to detailed investigation and 
research in the recent past, while the representation of spatio-temporal aspects of emission 
data in CTMs has been somewhat neglected. Arguably, this has less impact on the regional to 
hemispheric or global scale, where the grid sizes of currently applied CTMs represent well 
mixed average concentrations or deposition values. Evaluating model output against ground-
based observations or remote sensing results on these spatial levels may not to be overly 
sensitive to the temporal (and spatial) profiles of emission input data.  

With increasing level of detail and spatio-temporal resolution, CTMs applied to determine 
national or local scale air quality are likely prone to be more sensitive to the spatial and 
temporal patterns of anthropogenic emissions. The location and timing of emission events -  
for instance peaks of ammonia emissions following the spring and autumn application of 
manure and mineral fertilisers - may well determine local concentration or deposition 
episodes, while not necessarily affecting seasonal or even annual mean values.  

In the case of agriculture, both anthropogenic activities (e.g. manure spreading and fertilizer 
application) and meteorological factors (e.g. temperature and seasonality) have been 
investigated regarding their influence on the spatiotemporal distribution of NH3 emissions 
(see for instance [1], [2], [4], [5] and [6]). The discussion of results in this case will focus on 
the impact on the deposition of acidifying and eutrophying substances, as well as the 
contribution to the formation of ammonium nitrates and sulphates and hence ambient 
concentrations of secondary particulate matter.  

This paper discusses results of the application of the EMEP4UK CTM on a 5 km x 5 km 
resolution for the whole of the United Kingdom. To evaluate the effect of changing the 
temporal profiles, three different model setups, e.g. using rather coarse and potentially 
outdated temporal profiles of the EMEP unified model, with varying degrees of detail (in this 
case,  a monthly profile (cf. [3]) vs. 3 hourly emission values[6]) are evaluated against the 

mailto:srei@ceh.ac.uk�


AGANET measurement network stations across the UK. The discussion of results will focus 
on (a) the effect of temporal emission profiles on modelled vs. measured 
concentration/deposition values, (b) the influence on deposition of reactive nitrogen on 
ecosystems near ammonia sources and (c) the magnitude of influence of anthropogenic 
activity vs. meteorology for the dispersion of ammonia from agriculture. 

The results presented in this paper will help to determine the appropriate degree of detail with 
regard to the temporal profiles of anthropogenic emission data, as collecting detailed 
statistical data on anthropogenic activities for high spatially resolved model applications can 
be very time consuming and expensive. In addition, the effect on improving the temporal 
representation of emissions influenced by both anthropogenic activities and meteorological 
parameters can contribute to reducing uncertainties in model results that are highly relevant 
for policy development, e.g. covering aspects of critical load exceedance in vulnerable 
ecosystems or the exceedance of concentrations of PM.  
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Scintillometers provide area-averaged fluxes of heat, water vapour and momentum at scales 

ranging from 0.1 to 10 km. The instrument consists of a transmitter and receiver. The receiver 

records intensity fluctuations of the electromagnetic beam emitted by the transmitter, which 

are caused by diffraction of the beam upon its passage through the turbulent surface layer. 

These intensity fluctuations are a measure of the structure parameter of the refractive index, 

Cn
2
 and the inner scale of turbulence, l0. Through a series of steps the Cn

2
 obtained at different 

wavelengths yields the surface fluxes. 

 

Different types of scintillometers exist. Optical scintillometers provide sensible heat flux at 

scale of 0.5-10 km (so-called Large Aperture Scintillometer) or the sensible heat flux and 

momentum flux at scales of 50-200 m (Displace-Beam Small Aperture Scintillometers). A 

combination of optical and micro-wave scintillometers yield the latent heat flux. Micro-wave 

scintillometry is still under development. 

 

This presentation will outline the scintillometer technique and its potential in upscaling local 

fluxes in heterogeneous terrain to scales at the km-scale. Some spectral techniques, intrinsic to 

the scintillometer theory will be discussed as well. Last an outlook will be given to hybrid 

micro-meteorological techniques combining scintillometer fluxes with local turbulence 

measurements of H2O and CO2 and trace gas concentration gradients by means of the DOAS 

technique. 
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The goal of this study is to test an alternative method to determine turbulent H2O and CO2 

fluxes, which has a faster statistical convergence than the classical eddy-covariance method. 

This enables charactering turbulent fluxes during strongly non-stationary conditions, e.g. in 

the intermittent stable boundary layer or rapidly changing cloud-cover. In our new method, 

we suggest a hybrid setup that combines a point-sensor for scalar H2O and CO2 with a dual-

beam laser scintillometer (DBLS). We used a LiCor7500 open path fast response H2O/CO2 

sensor. The H2O/CO2 sensor forms the basis for estimating the turbulent exchange scale for 

H2O and CO2. The DBLS gives the friction velocity and stability. With the DBLS installed in 

homogeneous areas turbulence is averaged both in time and space allowing short averaging 

flux intervals down to a couple of seconds. We discuss four methods to combine the 

scintillometer and point-scalar measurements. Furthermore, we demonstrate that these 

methods improve on eddy-covariance measurements and give reliable estimates of H2O and 

CO2 fluxes for 1-minute time intervals. The data presented were gathered in May-June 2009 

over a wheat field near Merken, Germany in the framework of the TransRegio32 program. 
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When using dynamic chambers to determine exchange fluxes of reactive trace gases (NO-
NO2-O3) between plants and the atmosphere, the uptake and/or emission fluxes from and/or to 
the plants will unavoidably compete with gas-phase interconversion fluxes of the NO-NO2-O3 
triad within the chamber. Most investigations in the past have not considered any potential 
corrections for the interconversion fluxes when determining those quantities which are cha-
racteristic for (bi-)directional fluxes of NO, NO2 and O3: deposition velocities and compensa-
tion point concentrations. 
Using dynamic chambers, exchange fluxes are derived from generally (very) small differen-
ces of NO-NO2-O3 concentrations between inlet and outlet of the chamber at (very) low am-
bient concentrations. Consequently, detection limits of corresponding analyzers, statistical 
significance of concentration differences, as well as the statistical goodness of measurements 
have a substantial impact on the identification and quantification of statistically significant de-
position velocities and compensation point concentrations, particularly for those of NO2.  
We will present a thorough analysis of the individual flux components of the NO-NO2-O3 
triad in the dynamic chamber, deduced from first principles (steady-state mass balance equa-
tions). On the basis of (1) simulated and measured data, (2) the historical development of de-
tection limits of NO2 concentrations, (3) application of general Gaussian error propagation, 
(4) weighted linear least-squares fitting regression analysis, and (5) pre-set goodness of the li-
near relationships we calculated e.g. minimal detectable NO2 compensation point concentra-
tions.   
Furthermore, we quantified the individual flux components of the NO-NO2-O3 triad for our  
dynamic chamber measurements (field and laboratory), as well as for a series of dynamic 
chamber NO2 flux measurements of the past. It turned out, that non-consideration of gas-
phase NO-NO2-O3 interconversion fluxes may change the amount of compensation point con-
centrations by a few tens percent, while the impact on NO2 deposition velocity is always ne-
gative and may range between 50 and several hundreds percent, depending of the amount of 
NO2 photolysis frequency, j(NO2), within the dynamic (and reference) chamber(s). 
Consequences for the still ongoing and controversial discussion of particularly NO2 compen-
sation point concentrations will be shown. 
 

mailto:franz.meixner@mpic.de


SNOWCOVER EFFECTS ON SURFACE-ATMOSPHERE GAS EXCHANGE 
 
Detlev Helmig (1), Patrick Boylan (1), Paul Doskey (2), Laurens Ganzeveld (3), 
Louisa Kramer (2), Brian Seok (1), Claudia Toro (2), Brie VanDam (1) 
 
(1) Institute of Arctic and Alpine Research (INSTAAR), University of Colorado, 

Boulder, U.S.A. 
(2) Michigan Technological University, Houghton, U.S.A. 
(3) Wageningen University and Research Center, The Netherlands 

Detlev.Helmig@Colorado.edu 

 
It was a big surprise when gas flux measurements in Northern Colorado and 
Wyoming by Zeller et al.* [1] indicated a source of ozone in the snowpack, as 
previously snowpack was thought to be a rather inert surface cover, exerting little 
influence on the overlying atmosphere.  These observations have stimulated a 
plethora of new research on snow-atmosphere gas exchanges.  Our field 
experiments in Greenland, Alaska, Antarctica, and Colorado have shown that 
there are many conditions that determine the behavior of snow and its 
interaction with the atmosphere.   
Gas fluxes and reactions in the all-winter midlatitude snowpack are determined 
by biogeochemical processes underneath the snow, while photochemical 
processes occurring at the snow surface play a determining role in Polar Regions.  
Results from sites in Colorado show that many important atmospheric gases, 
including CO2, methane, nitrogen oxides, halogenated trace gases, and gaseous 
elemental mercury are exchanged through the snowpack.  This wintertime 
biogeochemistry warrants consideration in the atmospheric budgets of these 
trace gases and contributes to the chemistry of the atmosphere above the 
snowpack. 
 
[1] Zeller et al., Geophys. Res. Let., 841, 1996. 
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The current FLUXNET database (www.fluxdata.org) of CO2, water and energy exchange 
between the terrestrial biosphere and the atmosphere contains almost 1000 site-years with 
data from more than 250 sites, encompassing all major biomes of the world and being 
processed in a standardized way (1-3). In this presentation we show that the information in 
the data is sufficient to derive generalized empirical relationships between 
vegetation/respective remote sensing information, climate and the biosphere-atmosphere 
exchanges across global biomes. These empirical patterns are used to generate global grids of 
the respective fluxes and derived properties (e.g. radiation and water-use efficiencies or 
climate sensitivities in general, bowen-ratio, AET/PET ratio). For example we re-estimate 
global “text-book” numbers such as global Gross Primary Productivity (GPP) as ca. 123PgC 
(4), or global evapotranspiration (ET) as ca. 65km3/yr-1 (5) - for the first time with a more 
solid and direct empirical basis. Evaluation against independent data at regional to global 
scale (e.g. atmospheric CO2 inversions, runoff data) lends support to the validity of our 
almost purely empirical up-scaling approaches. Moreover climate factors such as radiation, 
temperature and water balance are identified as driving factors for variations and trends of 
carbon and water fluxes, with distinctly different sensitivities between different regions. 
Hence, these global fields of biosphere-atmosphere exchange and the inferred relations 
between climate, vegetation type and fluxes should be used for evaluation or benchmarking 
of climate models or their land-surface components, while overcoming scale-issues with 
classical point-to-grid-cell comparisons. 
 
[1] M. Reichstein et al., Global Change Biology 11, 1424 (2005).  
[2] D. Baldocchi, Australian Journal of Botany 56,1 (2008).  
[3] D. Papale et al., Biogeosciences 3, 571 (2006).  
[4] Beer et al. Science 329 (2010).  
[5] Jung et al. Nature in press (doi:10.1038/nature09396). 
 

http://www.fluxdata.org/


OBSERVATIONS FOR IMPROVING AND EVALUATING ISOPRENE EMISSION MODELS: WHAT 

DO WE HAVE AND WHAT DO WE REALLY NEED? 

 

Alex Guenther (1), Laurens Ganzeveld (2), Thomas Karl (1), Janne Rinne (3) 

(1) National Center for Atmospheric Research, Boulder CO, USA 

(2) Wageningen University, Netherlands 

(3) University of Helsinki, Finland 

guenther@ucar.edu  

 

 

Terrestrial ecosystems are the major source of volatile organic compounds (VOCs) emitted into 

the atmosphere. Isoprene contributed about half of the total biogenic VOC emission with the 

remainder comprised of dozens of other compunds. The atmospheric oxidation of VOC can influence 

aerosol particles, precipitation acidity, and regional ozone distributions resulting in the need for 

accurate predictions of biogenic VOC emissions for regional air quality and global earth system 

models. In the past 50 years since biogenic VOC emissions were first estimated, biogenic VOC 

emission models have become increasingly sophisticated and a variety of alternatives are available. 

The processes controlling emissions operate across a wide range of scales resulting in a need for 

multi-scale observations including within-cell observations of biochemical processes, leaf to branch 

scale observations of physiological processes, within-canopy observations of canopy layer chemistry 

and transport processes, and regional observations of boundary layer to mesoscale processes.  We 

have initiated a community activity jointly between IGBP/iLEAPS and IGBP/AIMES/GEIA to facilitate 

and coordinate efforts to obtain observations required for improving and evaluating biogenic VOC 

emission models. This activity includes 1) assessments of existing observational data sets, 2) model 

evaluation with observations, 3) identification of gaps in observational capabilities, and 4) 

organization of community field studies to obtain required observations.       

This presentation will provide an overview of isoprene emission observations reported in the 

literature and indicate what is available for model evaluation.  This includes observed distributions of 

isoprene oxidation products that are used for top-down emission modeling. Recent canopy-scale 

and regional-scale field studies of isoprene emission will be described and strategies presented for 

developing community efforts to enhance capabilities for evaluating and improving isoprene 

emission models.  
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Biogenic VOCs are substantially emitted from vegetation to atmosphere, and their emissions 
have been estimated to be of the order of 1150 Tg per year globally (Guenther et al., 1995). 
Isoprenoids and terpenoids, including e.g. isoprene (C5H8), monoterpenes (C10H16), and 
sesquiterpenes (C15H24) are the most abundant BVOCs, accounting for over 50% of BVOC 
emissions (Guenther et al., 1995). The oxidation of terpenes by OH, O3, and NO3 in air 
generating less volatile compounds may lead to the formation and growth of secondary organic 
aerosol, and thus presents a link to the vegetation, aerosol, and climate interaction system 
(Kulmala et al, 2004). Studies including field observations, laboratory experiments and modeling 
have improved our understanding on the connection between BVOCs and new particle formation 
mechanism in some extent (see e.g. Tunved et al., 2006; Mentel et al., 2009). Nevertheless, the 
exact formation process still remains uncertain, especially from the perspective of BVOC 
contributions.  
The purpose of this work is using the MALTE aerosol dynamics and air chemistry box model to 
investigate aerosol formation from reactions of direct tree emitted VOCs in the presence of 
ozone, UV light and artificial solar light in an atmospheric simulation chamber. The measured 
chamber data, including both gas and aerosol phase measurements are used to evaluate the model. 
This model employs up to date air chemical reactions, especially the VOC chemistry, which may 
potentially allow us to estimate the contribution of BVOCs to secondary aerosol formation, and 
further to quantify the influence of terpenes to the formation rate of new particles.  
Experiments were conducted in the plant chamber facility at Forschungszentrum Jülich, 
Germany (Jülich Plant Aerosol Atmosphere Chamber, JPAC). The facility consists of three 
Borosilicate glass chambers (164 L, 1150 L, and 1450 L) with Teflon floors. Either one of the 
two smaller chambers were served as plant chamber followed by the large chamber as reaction 
chamber (1450 L). The detail regarding to the chamber facility has been written elsewhere 
(Mentel et al., 2009). During the experiments, gas phase sulfuric acid was measured by CIMS. 
VOC mixing ratios were measured by two GC-MS systems and PTR-MS. An Airmodus Particle 
size magnifier coupled with a TSI CPC and a PH-CPC were used to count the total particle 
number concentrations with a detection limit close to the expected size of formation of fresh 
nanoCN. A SMPS measured the particle size distribution. Several other parameters including 
ozone, CO2, NO, Temperature, RH, and flow rates were also measured. 



MALTE is a modular model to predict new aerosol formation in the lower troposphere, 
developed by Boy, et al.  (2006). In this study, we use modules that include aerosol dynamics, air 
chemistry, and organic chemistry of VOCs as a MALTE box model for the chamber simulation. 
Considering that each individual terpene compound may react quite differently, the generalized 
parameterizations of terpene chemistry in models are less used, and most biogenic VOCs will be 
accounted for individually when modeling the atmospheric new aerosol formation. We first 
evaluate the modeled results with measurements, and further we investigate the influence of 
different order of magnitude of terpene mixing ratios, especially isoprene and monoterpenes to 
the most important parameter of new particles formation, i.e. the formation rate (J1). Also, the 
influence of varying organic source rates on the sulfuric acid concentration available for particle 
formation is discussed. 
The Author wish to thank the Maj and Tor Nessling foundation for financial support (grant No 
2009362), as well as the Academy of Finland (Project No. 128731). 
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Several studies have shown that the direct measurement of total OH reactivity in ambient air 

can reveal gaps in the general understanding of reactive gaseous emissions from the biosphere 

to the atmosphere. Especially in forested regions total OH reactivity has been observed to be 

significantly higher than expected from measurements of individual species. Thus, in ambient 

air there is a “missing”, and hence unexplained fraction of OH reactivity.  

 

In July and August 2010 an intensive field measurement campaign (HUMPPA-COPEC 2010) 

was performed at the SMEAR II research station, situated in Boreal forest in Hyytiälä, 

Finland (61° 51' N; 24° 17' E), to investigate the summertime emissions and photochemistry 

of volatile organic compounds (VOC). A comprehensive suite of gas and particle phase 

measurements were made in the largest campaign in the history of this field site. Speciated 

VOCs, the key oxidants OH, O3 and NO3, as well as aerosol, ions and other trace gases have 

been monitored. Total OH reactivity was measured directly using the Comparative Reactivity 

Method (CRM) [1]. This total OH reactivity method is a direct, in-situ determination of the 

total loss rate of OH radicals caused by all reactive species in ambient air. 

 

During HUMPPA-COPEC 2010, OH reactivity was monitored both inside and directly above 

the canopy (Fig 1.). The impact of various local and regional influences such as temperature 

dependent biogenic emissions and pollution plumes could be observed using a ratio of total 

OH reactivity measured in and above the canopy (Table 1.). By comparing the OH reactivity 

contribution from individually measured compounds and the directly measured total OH 

reactivity, the size of any unaccounted for, or “missing” sink can be deduced. Determining 

OH reactivity and its missing fraction in the Boreal forest environment highlights the 

deficiency of our understanding of reactive species between atmosphere and biosphere. 

  

[1] V. Sinha et al, 2008, Atmos. Chem. Phys., 8, 2213–2227 

[2] J. Williams et al, 2011, Atmosph. Chem. Phys., submitted 

[3] http://www.atmosphere.mpg.de/enid/humppa 
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Fig 1. Total measured OH reactivity for the entire campaign (July 17
th

 2010 – August 09
th

 

2010) above the canopy (open circles) and in the canopy (open triangles) together with 

ambient temperature. Superimposed is the calculated ratio between in and above canopy. 

Datapoints with values greater than 1 indicate more biogenic influence, values between 0 and 

1 show higher measured OH reactivity above the canopy. 

 

 

 

Table 1. Average results for total OH reactivity measured directly in and above the canopy 

and the ratio between in and above canopy measurements for different conditions. 

 PERIOD IN CANOPY ABOVE CANOPY RATIO 

Total 18.07.-09.08. (12.4±11.8)sec
-1

 (11.5±9.6)sec
-1

 1.1±0.8 

Clean&hot 18.07.-20.07. (30.7±10.6)sec
-1

 (23.1±8.0)sec
-1

 1.4±0.5 

Clean&cold 23.07.-25.07. (0.3±1.6)sec
-1

 (0.4±2.5)sec
-1

  

Biomass burning 25.07.-29.07. (15.6±4.5)sec
-1

 (20.6±11.0)sec
-1

 0.7±0.1 

Moderate 31.07.-08.08. (7.6±7.4)sec
-1

 (6.8±7.3)sec
-1

 1.2±0.7 
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Sesquiterpenes are highly reactive terpenoids produced by vegetation and may serve many important 

biological functions such as acting as antioxidants and as semiochemicals. By reacting with oxidants like 

ozone and contributing to secondary organic aerosol formation, the emission of sesquiterpenes from 

vegetation may have significant impacts on radiation balance and precipitation dynamics. Although it is 

known that sesquiterpenes have extremely short atmospheric lifetimes of a few minutes due to oxidation 

by ozone, analytical difficulties stemming from low concentrations, high reactivities, and high 

“stickiness” have so far prevented the detailed characterization of within-canopy sources and sinks. 

Therefore little is known about sesquiterpene emissions and chemistry within canopies. This study 

presents the first ambient air profile observations of rapid sesquiterpene ozonolysis reactions obtained 

during the BrazilianAir 2010 field campaign in Central Amazonia. Our results show that sesquiterpene 

concentrations followed a very different pattern compared to isoprene and monoterpenes, by peaking at 

night instead of during the day and peaking near the ground instead of within the canopy. Furthermore, 

their concentrations were inversely related with ozone, suggesting that sesquiterpene concentrations were 

more strongly determined by ozonolysis rather than by emissions, which is further corroborated by 

experiments done in Biosphere 2, Arizona, where no oxidation was taking place and sesquiterpenes 

followed the same diurnal pattern as isoprene and monoterpenes. These observations suggest ultrafast 

ozonolysis reactions within the canopy which strongly determine sesquiterpene concentrations in both 

time and space. Moreover, calculated sesquiterpene ozonolysis rates peaked during midday and at 20m, 

suggesting that they are mainly determined by the high ozone concentrations during the day. We conclude 

that ambient concentrations of sesquiterpenes are not necessarily low because of low plant emissions, but 

rather high ozonolysis rates which were unaccounted for in previous ambient air studies. Our findings 

should help to better understand the environmental and biological controls on the dynamics of chemical 

emission, loss, and transport of highly reactive species like sesquiterpenes within canopies and their 

potential biological and atmospheric impacts. In particular, our observations suggest that the fraction of 

emitted sesquiterpenes lost within the canopy to ozonolysis could be large and that this process reduces 

ozone concentrations thereby providing plants protection against exogenous reactive oxygen species.  
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Abstract 

In recent years PTR-MS technology has played a significant role for quantitative analysis of 

Volatile Organic Compounds (VOC) in environmental sciences. Due to its rapid sample analysis 

capability PTRMS has been particularly useful in combination with micrometeorological 

measurement strategies. Analysis of oxygenated VOC (oVOCs) fluxes from past measurement 

campaigns reveals a significant uncertainty in the dry depositional flux of oVOCs 

Large quantities of volatile organic compounds (VOC) enter the atmosphere. The annual 

production of VOC (600 -2000 TgC/a) likely exceeds that of methane and CO (~500 TgC/a each). 

Together these gases fuel tropospheric chemistry. Oxidation of VOC leads to the formation of 

aerosol (Hallquist et al., 2009) via complex organic chemistry (e.g. Atkinson and Arey, 2003; 

Paulot et al., 2009) in the gas and aerosol phase thereby modulating the oxidation capacity of the 

atmosphere (Lelieveld et al., 2008). Currently one of the biggest uncertainties in constraining 

budgets of VOC is the amount of dry and wet deposition to vegetation, which acts as a major 

source and sink for organic trace gases on a global scale. This has consequences for constraining 

secondary species produced in the gasphase, which will either oxidize to CO and CO2, condense 

on or form organic aerosol (OA) and be rained out, or directly deposit to the surface via dry and 

wet deposition. Two recent bottom-up assessments of the tropospheric OA budget (Hallquist et 

al., 2009, Goldstein and Galbally, 2007) were based on varying assumptions for wet and dry 

deposition of organic vapors  (i.e. 200±100 TgC/a vs 800 TgC/a) and consequently derived 

significantly different global production rates for secondary organic aerosol (SOA).  

We present a synthesis of ecosystem scale flux measurements using PTRMS technology 

conducted over the last 7 years showing that the removal of oxygenated VOC (oVOC) via dry 

deposition is significantly larger than currently assumed for deciduous ecosystems. A revised 

oVOC uptake scheme, incorporated into a global chemistry-transport model, predicts appreciable 

regional changes in annual dry deposition fluxes. We estimate a lower and upper bound for the 

annual deposition flux of gas phase oVOCs between 37-56% relative to the annual VOC emission 

flux on a carbon basis. 
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Vegetation emits large amounts of monoterpenes (C10H16) into the atmosphere. These reactive 

compounds are deemed major contributors to aerosol particle formation and growth [1–2]. 

One of the most abundant monoterpenes emitted by coniferous trees is β-pinene [3]. Its major 

oxidation product, nopinone, can be found both in the gas and particle phase [4–6]. Here we 

show results from an atmosphere simulation chamber experiment where potentially new 

oxidation products from β-pinene ozonolysis were detected. 

The experiment was conducted in dark conditions and at ambient pressure in the aerosol 

chamber of the Research Centre Jülich (for details, see [7]). The temperature varied between 

20 and 22 ºC and the relative humidity between 20 and 27%. The initial β-pinene and ozone 

concentrations were 584 ppbv and 1 ppmv, respectively. Concentrations of β-pinene and its 

oxidation products were measured with a proton transfer reaction mass spectrometer featuring 

a time-of-flight mass analyzer (PTR-TOF-MS, Ionicon Analytik GmbH). No hydroxyl radical 

scavenger was used in the experiment. 

The time series in Fig. 1 shows that β-pinene was consumed almost totally in oxidation 

reactions within four hours from the start of the experiment. Exploiting the high resolution 

capabilities of the PTR-TOF-MS, we detected an ion at the nominal m/z 137, interfering with 

the β-pinene signal itself. The exact mass determination revealed that the ion sum formula 

was C9H13O
+
, i.e. an oxidation product of β-pinene. The concentration of this potential new 

oxidation product exhibited similar behaviour as the nopinone concentration, increasing 

steeply during the first two hours. 

 

 
 

Fig. 1. Concentrations of β-pinene (m/z 137.133), nopinone (m/z 139.112), and the new 

oxidation product (m/z 137.096) during the experiment (local time (hh:mm) on the x-axis). 



 

 
 

Fig. 2. Temporal evolution of the peaks detected at m/z 137 and 81. Ozone and β-pinene were 

injected into the chamber at t0. 

 

Figure 2 illustrates that, while the signals of both β-pinene and C9H13O
+
 were clear at m/z 

137.133 and 137.096, only the fragment of β-pinene was detected at m/z 81.07. Since 

fragments related to C9H13O
+
 do not seem to interfere with unit mass resolution measurements 

at m/z 81, estimates of the atmospheric importance of this oxidation product could possibly be 

derived also from field measurements with PTR-MS instruments equipped with quadrupole 

mass analyzers. During high ozone concentration episodes, a significant difference between 

monoterpene concentrations determined from the unit mass resolution signals at m/z 81 and 

137 could indicate the presence of C9H13O
+
 at the nominal m/z 137. Combined plant and 

reaction chamber experiments isolating plant emissions and oxidation processes can be used 

to further assess which unit masses are potentially affected by interference from oxidation 

products. 
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Biogenic volatile organic compound (BVOC) emissions were measured in a 
temperate forest, Changbai Moutain, China during the growing season in 2010 along 
with meteorological parameters including global radiation and PAR. BVOC flux 
measurements were made by relaxed eddy accumulation (REA) on an above canopy 
flux tower. The monoterpene emission at this site was dominated by α-pinene, 
terpinolene, o+p-cymene, d-limonen, camphene, myrcene with averaged emission 
fluxes of 0.068, 0.053, 0.045, 0.037, 0.025, 0.025 mg m-2 h-1, respectively during the 
growing season. The highest emission fluxes of the above monoterpenes were 0.21, 
0.32, 0.28, 0.20, 0.36, 0.43 mg m-2 h-1, respectively. For the identified 12 monoterpene 
species, the mean total flux was 0.22 mg m-2 h-1 and ranged from 0.01 to 1.67 mg m-2 

h-1.  
Measurements were conducted from 6:30 to 18:30 with 3-h interval to investigate 

the diurnal variations of BVOC. The highest monoterpene emissions occurred in the 
afternoon with lower emissions in the morning and late evening. In addition, the 
highest monoterpene emission appeared 3 hours later than that of PAR on most days 
(Fig.1) and appeared simultaneously with the peak of air temperature on some days 
(Fig. 2). 
 
Key words: Biogenic volatile organic compound, monoterpene, relaxed eddy 

accumulation, Changbai Mountain. 
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Fig.1 Monoterpene (MT) emission flux and half hour sum of PAR during the growing season in
Changbai Moutain
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Fig. 2 Monoterpene (MT) emission flux and temperature (T) during the growing season in Changbai Moutain
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CONCENTRATION OF LOW WEIGHT ALIPHATIC AMINES IN BOREAL 
FOREST AND URBAN AIR 
 
Kieloaho, A.-J. (1) Hellén, H. (2) Hakola, H. (2) Pihlatie, M. (1)  
(1) University of Helsinki, Finland  
(2) Finnish Meteorological Institute, Finland 
antti-jussi.kieloaho@helsinki.fi 
 
Although N cycling between the biosphere and the atmosphere has been intensively studied 
during the last decades, missing key links in the research have been measuring concentrations 
and flows of gaseous and particulate forms of nitrogen, like amines (Ge et al., 2011). These 
reactive N species have been suggested to affect the formation and growth of atmospheric 
aerosols (Kurtén et al., 2008; Ortega et al., 2008; Silva et al., 2008). However, the specific 
amine compounds possibly involved in aerosol formation and growth are not yet well 
identified or quantified because of lack of sample collection and analytical methods. 
In this study a sample collection and analytical method for measuring ambient air 
concentrations of low molecular weight aliphatic amines have been developed for the 
following compounds: dimethylamine (DMA), ethylamine (EA), trimethylamine (TMA), 
propylamine (PA), diethylamine (DEA), butylamine (BA), and triethylamine (TEA). 
Ambient air is pumped through a stack of acid impregnated filters and amines are trapped as 
salts. The extract is analysed by high performance liquid chromatography ion trap mass 
spectrometer in which electrospray was used as an ionisation method.  
Samples were collected from a Scots pine forest at SMEAR II station at Hyytiälä and from an 
urban measurement site SMEAR III at Helsinki, both situated at southern Finland. Sample 
collection and analytical methods are based on methods introduced by Rampfl et al. (2008). 
Samples were collected with a flow of 16 L min-1 through a PTFE membrane filter 
(Millipore: Fluoropore® 3.0 µm FS) to phosphoric acid impregnated glassfiber filter. PTFE 
membrane filter was used to remove particles before the impregnated filters. Sample 
collection started in March 2011 in both measurement sites. Duration of a sample collection 
was 24 hours in weekdays and 72 hours during weekends. Measurement height was 1.5 m 
above the ground and a filter holder was shielded from rain and direct sunlight.      
The amines were trapped in the filters as salts, aminium ions. Aminium ions were extracted 
from the filters with ultrapure water in an ultrasonic bath and the extract was analysed by 
high performance liquid chromatography electro spray ionisation ion trap mass spectrometer 
(Agilent 1100 series LC/MSD trap). As an internal standard, deuterated diethyl-d10-amine 
(Sigma-Aldrich: Isotec™) and 5 point external standard for all measured aliphatic amines 
were used in a quantitative analysis. 
Preliminary results indicate that five amine compounds were detectable from the urban and 
forest sites: TEA, TMA, EA, DMA, and DEA.  
 
Ge, X. et al. (2011). Atmospheric Environment 45(3), 524-546 
Kurten, T. et al. (2008). Atmospheric Chemistry and Physics 8(14), 4095-4103 
Ortega et al. (2008). Atmospheric Chemistry and Physics 8(11), 2859-2867 
Rampfl, M. et al. (2008). Environmental Science and Technology 42(14), 5217-5222 
Silva, P. J. et al. (2008). Environmental Science and Technology 42(14), 4689-4696  
 



TEMPORAL AND SPATIAL VARIABILITY OF SCOTS PINE TERPENE 
EMISSIONS IN A BOREAL FOREST STAND 
Jaana Bäck(1), Juho Aalto(1), Michael Boy(1), Qingyang He (1), Eija Juurola (1), Jörg-
Peter Schnitzler (2) Hannele Hakola (3), Marja Henriksson (1) 
(1) University of Helsinki, Finland 
(2) Karlsruhe Institute of Technology, Germany 
(3) Finnish Meteorological Institute, Finland 
jaana.back@helsinki.fi 
 
 
Introduction 
Atmospheric chemistry in background areas is strongly influenced by natural vegetation . 
Boreal coniferous forests are known to produce large quantities of volatile vapours, 
especially terpenes to the surrounding air1. These compounds react with OH and O3, and 
contribute to the formation and growth of atmospheric new particles2. Normally emission 
rates are modelled using semi-empirical models where emission parameters are derived from 
a few measurements done at standardized conditions3. However, terpene emission varies 
significantly with species, with individual and over time. This strongly suggests that better 
knowledge of this variability is needed, in order to be able to upscale emissions from branch 
scale to regional scale and for modeling the atmospheric chemistry. 
Our aim was to analyse the seasonal variability of monoterpene emissions between individual 
Scots pine trees, in order to clarify the potential errors in atmospheric chemistry models 
caused by using emission data obtained from only a few trees and only at a single point in 
time.  
 
Material and methods 
The measurements were conducted at the SMEAR II measurement station (Station for 
Measuring Forest Ecosystem – Atmosphere Relations) in Hyytiälä, Southern Finland (61oN, 
24oE, 180 m a.s.l.). We measured the monoterpene emission rates from Scots pine branches 
in the field using a dynamic shoot enclosure and a proton-transfer reaction –mass 
spectrometer (PTR-MS) on-line. We also analyzed the monoterpene synthase activities from 
Scots pines4, and simultaneously measured their detailed emission spectrum with a gas 
chromatorgaph-mass spectrometer (GC-MS). To clarify the population-level variability in 
emissions, we sampled 40 trees and measured their emissions in laboratory conditions with 
GC-MS. We then used these results to model the atmospheric OH reactivity and the 
subsequent consequences to secondary organic aerosol formation. 
 
Results and discussion 
Monoterpene emissions from Scots pine varied greatly with the season (Fig 1). The highest 
emissions, up to 3 ug g-1 h-1, were measured in spring and summer period. Emissions were 
poorly correlated with incident PAR, VPD or temperature, showing that large storage pools 
can influence the emissions from Scots pine. The emissions from young, developing needles 
were 2-3-fold higher than those of old needles during the shoot and needle elongation period5, 
indicating that at canopy level the sum of emissions is very much dependent on leaf area 
development.  
Two main compounds, -pinene and 3-carene formed together 40-97 % of the monoterpene 
proportions in the emissions. The population-level data showed a bimodal distribution in 
emission composition, in particular in 3-carene emission within the studied population. 10% 
of the trees emitted mainly -pinene and almost no 3-carene at all, whereas 20% of the trees 
where characterized as high 3-carene emitters, with some - and -pinene/myrcene 



emissions (Fig. 2). The chemotypic variation of a subset of trees was studied in more detail 
with biochemical analyses, including e.g. soluble carbohydrate and enzyme activity analyses. 
The monoterpene synthase activities in one-yr-old needles were high in spring and decreased 
during the growing season, whereas the total monoterpene pool of needles was in maximum 
during summer.  
 

 
Fig 1. Monoterpene emissions from one pine branch over a growing season (ng g(DW)-1 h-1) 
 
 

 
 
Fig 2. The chemotypic clustering of Scots pines according to their relative monoterpene 
emissions. 
 
We used these data for modeling the consequences of emission variability to atmospheric 
chemistry. The results show e.g. that the OH reactivity values may change with 30% when 
the emission rates are corrected for the speciation of monoterpenes. 
 
References 
[1] J. Rinne et al., 2009, Boreal Env. Res., 14, 807-826 
[2] M. Kulmala et al., 2004, Atmos. Chem. Phys., 4, 557–562 
[3] A. Guenther et al., 2006, Ecol.Applications, 7, 34–45 
[4] R.J. Fischbach et al., 2002, Physiol. Plantarum 114, 354–360 
[5] J. Aalto et al 2011, Abstract in 3rd iLEAPS Conference 2011.  
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IMPROVING CANOPY PROCESSES IN THE COMMUNITY LAND MODEL USING 
FLUXNET DATA: ASSESSING NITROGEN LIMITATION AND CANOPY 
OPTIMIZATION 
 
Gordon B. Bonan 
National Center for Atmospheric Research, USA 
bonan@ucar.edu 
 
The Community Land Model (CLM4) overestimates gross primary production (GPP) compared 
with data-driven estimates and other process models. Global, spatially gridded GPP and latent 
heat flux upscaled from the FLUXNET network of eddy covariance towers have been used to 
improve canopy processes in CLM4. Model structural improvements related to radiative transfer, 
leaf photosynthesis, and stomatal conductance reduce global GPP over the period 1982-2004 
from 165 Pg C yr-1 to 130 Pg C yr-1 and global evapotranspiration decreases from 68,000 km3  
yr-1 to 65,000 km3 yr-1, within the uncertainty of the FLUXNET-based estimates. Improvements 
are seen in all regions and seasonally over the course of the year. Similar improvements occur in 
latent heat flux. Uncertainty in the photosynthetic parameter Vcmax produces effects of 
comparable magnitude as model structural errors, but of offsetting sign. Here, I further 
investigate the representation of canopy processes with respect to the effects of nitrogen 
limitation on GPP and the effects of canopy optimization theory on GPP. I use the FLUXNET 
data to evaluate these two different representations of canopy processes and discuss their 
contrasting implications for the carbon cycle-climate feedback.   
 
 
 
 
 
 
 



REPRESENTING THE RADIATION BALANCE OF CANOPY GAPS WITHIN 
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(1) Centre for Ecology and Hydrology, Wallingford, Oxfordshire, UK   
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One of the most serious shortcomings of present day Arctic modelling is the representation of 

high-latitude surface processes and quantifying surface-climate feedbacks
 [1, 2]

.  The energy 

balance of seasonally snow-covered sparse deciduous forests at high latitudes is poorly 

understood and inaccurately represented within hydrological and climate models
 [3]

.  Snow 

cover plays an important role in wintertime fluxes of energy, water and carbon 
[4]

; controlling 

the length of the active growing season and hence the overall carbon balance of Arctic 

ecosystems 
[3,5]

.   

Snow cover is non-uniform and spatially variable.  Wind redistributes snow from areas of 

exposed open Tundra to sheltered areas within the forest, where a deeper snowpack develops.  

The forest canopy shades the underlying snowpack primarily excluding shortwave radiation 

yet increasing the loading of long-wave radiation.  Therefore the forest canopy plays a key 

role in the energy balance of the snowpack.  Low solar zenith angles, coupled with sparse 

deciduous leafless trees, cast shadows across the snow surface.  The time and duration of 

direct radiation which penetrates down through the canopy to the snow surface is determined 

by the spatial distribution of canopy gaps.  To improve our knowledge of these complex 

processes, meteorological and field observations were measured in Abisko, Sweden, during 

spring 2008 and 2009.  The highly heterogeneous birch (Betula pubescens ssp. czerepanovii) 

forest measures up to 6 meters in height with gaps in the canopy cover of up to 15 meters.  

Detailed measurements of short and long-wave radiation above and below the canopy, snow 

surveys and hemispherical photographs were taken to quantify the radiation balance of the 

sparse deciduous forest.   

JULES (Joint UK Land Environment Simulator) is the community land surface model used in 

the UK Hadley Centre GCM suite.  Modifications of the land-surface interactions were 

included in JULES to represent the shaded gaps within the sparse deciduous forest.  New 

parameterisations were developed for the redistribution of snow, the sky-view fraction and 

time-varying sunlit fractions of the gap.  These model developments were evaluated against 

the observational data set.  Shaded snow within canopy gaps extends the time to snow melt 

by 2 to 4 days, making the model results more aligned with in-situ data.  This lengthening of 

the modelled snow-season directly impacts on the simulated carbon and water balance 

regionally and has wider relevance at the pan-Arctic scale.  The performance of the land 

surface-snow-vegetation interactions of JULES is improved by using this novel approach to 

the radiation balance of sparse forests in climate-sensitive Arctic regions.  Furthermore these 

observational data can be used to develop and evaluate high latitude land-surface processes 

and biogeochemical feedbacks in other earth system models. 
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Fig 1. Observed and modelled Snowmass for forest, open Tundra and shaded gap tiles in the 

new JULES parameterisations and standard JULES. 

 

 

 



AN IN-DEPTH LOOK INTO A TROPICAL LOWLAND FOREST SOIL: HOW 9-11 
YEARS EXPERIMENTAL NITROGEN ADDITION AFFECTED CH4 AND N2O 
DYNAMICS DOWN TO 2-M DEPTH  
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Atmospheric nitrogen (N) deposition is rapidly increasing in tropical regions. We studied how 
a decade (9-11 yr) of experimental N addition at a rate of 125 kg urea-N ha-1 yr-1 affected soil 
methane (CH4) and nitrous oxide (N2O) fluxes, concentrations and contents in a seasonal 
lowland forest in Panamá. Additionally, we determined profiles of N2O isotopic signatures, 
and phospholipid fatty acids (PLFA) which are common or specific for methane-oxidizing 
bacteria (MOB). In the untreated control plots, CH4 concentrations decreased with depth until 
a threshold of ~650 ppb was reached at ~1.25 m depth, reflecting net consumption of 
atmospheric CH4. N2O concentrations increased with depth, showing production activity 
down to at least 2 m. Simultaneously, δ15N-N2O and δ18O-N2O decreased with depth 
indicating continuous N2O reduction to N2 during upward diffusion.  
In the N-addition plots, dry-season soil CH4-C contents were reduced by one-third compared 
to the control, and threshold concentrations for the MOB were reached at a more shallow 
depth of ~0.4 m. This implies an N-induced stimulation of methanotrophic activity. Since 
CH4 supply through diffusion from the atmosphere commenced to limit CH4 oxidation the 
overall soil CH4 uptake rates remained similar between treatments. Soil PLFA concentrations 
suggested that the boost of methanotrophic activity was not caused by changes in the MOB 
community composition. Instead, we hypothesize that it was due to a shift in N nutrition of 
the high-affinity type II-MOB from energy-demanding N2 fixation to a larger proportion of 
mineral N uptake. Annual soil N2O fluxes had increased 4-fold due to N enrichment, and the 
stimulation was most pronounced during wet season [1]. Dry-season soil N2O-N contents did 
not differ from the control but surface flux-to-N2O-N content ratios had increased 3-fold. 
Wet-season soil N2O-N contents had enlarged 2-fold, accompanied by a 25-fold increase in 
surface flux-to-N2O-N content ratios. Compared to the control, N2O was less enriched in 15N 
and 18O at all depths. This suggests a diminished reduction efficiency since denitrification to 
N2 leaves heavier N2O behind [2]. A decrease in 15N-N2O site preference below ~0.2 m depth 
is consistent with this interpretation [3].  
For trace gases with complex production-consumption dynamics, of which the processes may 
be differentially affected by changes in environmental factors, soil gas depth profiles are a 
useful complement to flux measurements. In our study, the belowground patterns revealed 
changes in CH4 and N2O dynamics which would otherwise not have been recognized. 
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The northeastern United States is covered by extensive forests that have largely regrown from 
abandoned agricultural lands since the early 1900's. These forests are an important carbon sink, 
and because they are near the large urban corridor, forest atmosphere exchange influences both 
regional air quality and forest health through deposition and emission of reactive trace gases. The 
Harvard Forest Environmental Measurement Site (HFEMS) was established in autumn of 1989, 
and has been observing net ecosystem exchange of CO2 (NEE), and total nitrogen oxides and 
mixing ratios of O3 and CO. The record of consistently measured CO2 fluxes extends from 
autumn 1991 to the present. An array of forest measurement plots were established upwind of the 
EMS tower in 1993, and above-ground biomass in trees >10cm dbh, litter input, leaf area, and 
accumulation of coarse woody debris have been tracked since then to complement the flux 
observations. The fundamental question addressed at this site is to determine the carbon budget 
for this mid-aged forest stand. Is the site accumulating carbon or approaching a carbon balance? 
Additionally, we seek to understand how seasonal and interannual variability in carbon exchange 
responds to environmental factors such as weather and inputs from regional air pollution. 
The record of nearly 2 decades of annual NEE has shown a remarkable acceleration in carbon 
uptake from ~2Mg-C ha-1y-1 to nearly 4 Mg-C ha-1y-1. This trend cannot be explained by climate 
alone, but represents a change in underlying ecosystem response to environmental drivers. 
Biomass data from the measurement plots demonstrates a continual increase in stand biomass. 
Red oaks which are about half the existing biomass account for most of the annual biomass 
increment, which has generally increased from 1 Mg-C ha-1y-1 to 2.5 Mg-C ha-1y-1. Necromass, 
the dead standing snags and woody debris on the forest floor is also accumulating and is about 
10% of the live above-ground wood. The trends in annual NEE partially track increases in LAI 
and mean GPP at saturating light levels. However, LAI does not increase continuously, but is 
periodically reset by disturbance events, such as an ice storm in 2008 that pruned small branches 
from the canopy. Annual litter inputs show a corresponding increase in line with the LAI. Both 
increasing leaf area and photosynthetic capacity are contributing to increased photosynthetic 
uptake; to account for a long-term increase in NEE the fixed carbon must be allocated to wood or 
other components that turn over slowly. The active growing season has increased  by nearly 30 
days over the past 2 decades as has mean temperature, but the extra days of growth by 
themselves can not account for the increased annual carbon accumulation as suggested for 
deciduous stand in Indiana [1]. Shifts in forest structure and species composition may contribute 
to increased photosynthetic capacity. As the forest has aged the biomass and leaf area of red oak, 
which have higher light-use efficiency, has increased relative to the biomass and leaf area of red 
maple. In the sub-canopy what were initially fairly small saplings of hemlock and white pine 
have increased and these contribute a detectable CO2 uptake signal in the spring and fall when 
the deciduous canopy is bare. 
Overall, the combination of eddy flux and ground-based biometric measurements show an 
accelerating capacity for carbon uptake by this approximately century-old mixed forest. No 
single mechanism can account for the trend; rather it appears to be the result of ecosystem 



dynamics and succession as the stand approaches middle age. Similar trends of increasing 
biomass accumulation at other eastern U.S. forest stands [1] and increasing NEE at a Danish 
Beech Stand [2] suggest that intact forests may become larger carbon sinks than has been 
recognized. Carbon uptake can not increase indefinitely; recent increases in mortality and a 
downturn in woody increment may herald an impending change in the NEE trend. Only by 
making continuous measurements at very long time scales can responses to successional change 
and climate variations be examined. 
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Figure 1 (upper panel)  Annual NEE sums for Harvard 
Forest EMS flux tower site in black along with the 
Above-ground Net Primary production computed from 
woody increment and litter inputs in green. (lower panel) 
Annual sums of GEE and Ecosystem Respiration for the 
HFEMS site. 

Figure 1 Annual increments for above-ground woody 
biomass in plots near the HFEMS flux tower and 
recruitment by growth into the dbh>10cm size class 
(upper panel), and mortality determined for annual 
surveys to identify newly dead trees. Stem diameters are 
converted to carbon using standard allometric equations 
for these species and assuming a carbon content of 0.5. 
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Extended Abstract 
 
The Global Water Cycle is an integral part of the Earth System. It plays a central role in 
global atmospheric circulations, controlling the global energy cycle (through latent heat) as 
well as the carbon, nutrient and sediment cycles.  Globally, river flows far exceed human 
requirements. However, by the end of the 21st century, these requirements begin to approach 
the total available water.  However water demand – for agriculture, and domestic and 
industrial use – already exceeds supply in many regions. This will certainly get worse with 
increasing population and societies’ changing water demands, a situation exacerbated by the 
need to maintain river flows for ecosystem and human services.   

 
There is already evidence that increasing CO2 levels, and associated temperature increases, 
are intensifying the global hydrological cycle.  The predictions of future rainfall are, 
however, fairly uncertain. There are indications, for example, that the Mediterranean region 
will see reductions of rainfall and some equatorial regions, such as India and the Sahel, will 
see increases. The seasonality of rainfall will change, causing new, and sometimes 
unexpected, vulnerabilities.  In addition water availabilities will be impacted by changing 
evaporation and melt patter of seasonal snow and glaciers. 
 
Changes in the hydrological cycle induced by increasing greenhouse gas levels may affect 
society more than any other changes linked to increasing greenhouse gases, for example, with 
regard to flood and drought risks, storm frequency, rising sea levels, and changing water 
availability and water quality. Superimposed on the effects of increasing greenhouse gases 
will be the other impacts of man’s activities, such as land cover change and exploitation of 
water resources. In the short term at least these latter influences will have an equal or even 
greater impact on the water resources 
 
The EU funded WATCH project (www.eu-watch.org/) aims to provide a more consistent 
analysis of components of the terrestrial water cycle for the 20th and 21st centuries (on a 50km 
grid).  The project is working globally, regionally (in Europe and India) and in test basins 
across Europe.  The project has produced consolidated  and consistent data sets to drive 
globally hydrological and land surface models for the 20th  century, using a combination of 
surface measurements and global reanalysis fields, and for the 21st century, using bias 
corrected and disaggregated fields from selected climate models.  New tools are being 
developed (for example to bias correct existing climate model outputs, and drought indices) 
and new analyses of global and regional water resources, floods and droughts.  WATCH is 
also sponsoring new data sets to inform global hydrological models - for example new 
evaporation data sets and of domestic, agricultural and industrial water use. 
 
Central to WATCH is an international model intercomparison project, WaterMIP  (www.eu-
watch.org/watermip). The objective of WaterMIP is to estimate current and potential future 
global water resources based on common forcing data (i.e. the WATCH Forcing Data, WFD) 
and a standardized simulation protocol.  Thirteen Global Hydrology Models (GHMs) and 
Land Surface Hydrology Models (LSHMs) are participating in WaterMIP.  The models show 

http://www.eu-watch.org/


a significant spread of the partitioning of precipitation into snowfall and rainfall, and into 
evaporation and runoff. Simulated global evaporation over land show a large range, from 415 
to 586 mm year-1 (61 to 86 103 km3), and the simulated runoff ranges from 290 to 457 mm 
year-1 (43 to 67 103 km3) with the global mean model simulated runoff fraction (i.e. runoff 
coefficient) ranging from 0.33 to 0.52. 
 
WATCH has sponsored the production of flood and drought catalogues across Europe using 
time series of flows from a large number (over 500 from 11 European countries) of more or 
less undisturbed, small gauged basins. The WATCH analyses show that LSHMs and GHMs 
(driven by the WFD) can reproduce the spatiotemporal variation of the measured 
hydrological extremes.  The basic characteristics of droughts and large scale floods across 
Europe are well captured but the models struggle to reproduce local flood generation within 
the 50 km grid.    These analyses are currently being extended globally. 
 
There are thus many uncertainties in our understanding of the current global water cycle and 
how it will develop in the future.  A number of important challenges remain to improve our 
understanding of the future of the global water cycle, including: 
 

• increased international efforts to maintain and develop the existing river flow 
measurement networks and make the observations from these networks available to 
the wider scientific community  

 
• an improved global analysis of groundwater resource and changes, 

 
• a better understanding of  regional and global patterns of evaporation, 

 
• a better understanding of land-surface/climate feedbacks and land use, 

 
• a better global analysis of floods and droughts for the 20th and 21st centuries, 

 
• to include human interventions on the hydrological cycle within Earth System 

Models, 
 

• develop higher resolution predictions from global (and regional) climate models, 
 

• to use multi-model ensembles for impact studies to better represent uncertainty in our 
predictions. 

 
 
The results from WATCH are available in a series of technical reports on the WATCH web 
site and will be published in a special collection of the Journal of Hydrometerology. 
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Land surface –atmosphere interaction analysis still lacks adequate methods for 
answering the central question of where precipitated water has originally evaporated, 
and likewise, where and to which extent evaporated water of one region returns as 
precipitation in the same or another region.  
This study presents a newly developed process based approach that has been 
implemented into the regional atmospheric model MM5. It allows to track the 
moisture evaporating from a certain region into the atmosphere, and to tag it till its 
return to the land surface as precipitation. For that purpose, all moisture conservation 
equations have been duplicated representing the tagged moisture with respect to the 
original RCM quantities. Physical processes taking place and considered in the 
scheme are: (1) evapotranspiration from the land surface, (2) advection, (3) turbulent 
diffusion, (4) explicit moisture physics. The RCM integration computes successively 
fluxes due to (1) – (4) for the integration of each moisture conservation equation. 
While performing (1), the evapotranspirated moisture from a certain region of interest 
will account additionally to the tagged water vapor field as a ratio of tagged to 
original water vapor. Advection (2) and turbulent mixing (3) also accounts for the 
tagged moisture.  By scaling all resulting fluxes within the explicit moisture physics 
(4) of the original moisture quantities with the ratio between original and tagged 
moisture for each grid cell, fractions for cloud formation and precipitation resulting 
from the tagged moisture are calculated. 
Our case study investigates, where and when the evapotranspirating water of the Lake 
Volta region in Ghana/West Africa, i.e. the largest man made dam with respect to the 
lake surface area (8,500 km2), finally returns back to the land surface as precipitation. 
Details on climate change impact studies and simpler bulk-type precipitation feedback 
analyses for the region are e.g. given in [1], [2] and [3]. 
We apply the newly developed evapotranspiration-tagging method in both 18 and 
9km RCM spatial resolution and for episodes in the rainy season of the year 1998. 
Figure 1 (left) exemplarily shows the total precipitation of the 6 day period 15.7.-
21.7.1998. Figure 1 (right) shows the precipitation amount of water that originates 
from the evapotranspiration of the Lake Volta region and that has been traced through 
all transport and phase transition processes till its final return as precipitation on land. 
Figure 2 shows the spatial distribution of the fraction “tagged to total precipitation”, 
indicating that up to 8% of precipitation in the target region arises from water 
originating in the lake region. 
We will present the details of the new method and a statistical analysis of the tagged 
moisture. We investigate corresponding precipitation recycling ratios and how the 
methods can contribute to the assessment of land use change impact on regional 
precipitation patterns. 
 



 

  
Fig 1:  Accumulated total (left) and tagged  (right) precipitation [mm] for the example 
period 15.7  -21.7.1998. 
 

 
Fig 2:  Fraction [%] of tagged to total precipitation, indicating which water amount 
has originated from the lake Volta region. 
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The role of wetlands in the global methane cycle is the subject of much current interest [1, 2].  
Wetlands are generally accepted as being the largest, but least well quantified, single source 
of methane (CH4), with recent emission estimates ranging from 105-278 Tg yr-1 [3].  The 
majority of naturally-produced CH4 comes from bacteria in wetlands when organic material 
decomposes under water-logged anaerobic conditions.  Their productivity is a function of (i) 
soil temperature (which governs microbial process rates); (ii) water table depth (which sets 
the depth of the CH4-generating region); and (iii) the carbon content of the decomposable 
substrate (which is modulated by factors such as precipitation, permafrost dynamics, 
vegetation cover, and topography) [4]. 

Tropical wetlands contribute ~75% of global wetland CH4 emissions [3].  The largest fluxes 
are over South America, equatorial Africa and south-east Asia [1].  These regions also have 
the highest uncertainties in CH4 emission.  In the tropics, inundation by surface water is a 
particularly important mechanism for wetland formation, mainly because natural and human-
induced variations in wetland extent lead to variability in water, heat, and CH4 fluxes.  Here, 
wetland formation is driven by seasonal hydrological variability and a key control on the CH4 
emissions is the water table level [1].  Quantifying natural variability in wetland CH4 
emissions is therefore vital not only if we want to understand the hydrological drivers of 
natural CH4 emissions, but also to avoid having natural variability mask anthropogenic 
emissions [5, 6]. 

Although the emissions of methane from the wetlands and lakes of the boreal region are 
smaller than those from tropical wetlands [3], the size and remoteness of the boreal region 
pose a significant challenge to the quantification of both terrestrial ecosystem processes and 
their feedbacks to regional and global climate.  In recent years, Earth Observation (EO) data 
have demonstrated the potential to become a major tool for characterizing the main processes 
and estimating key variables governing the land-atmosphere interface [7]. 

In this paper, we present a summary of recent work on modelling hydrological and 
biogeochemical aspects of wetland formation and the associated methane cycle in African and 
boreal environments: 

• African wetlands: We have developed an inundation model of the evaporative losses that 
occur over the Niger inland delta by adding an overbank flow parameterization to the 
Joint UK Land‐Environment Simulator (JULES, http://www.jchmr.org/jules) land surface 
model.  The hydrological component comprises a probability‐distributed model of soil 
moisture and runoff production coupled with a discrete approximation to the 
one‐dimensional kinematic wave equation to route river water down slope [8].  
Topographic data at subgrid‐resolution was used to derive a two‐parameter frequency 



distribution of inundated areas for each grid box which was then employed to represent 
overbank inundation in the model. 

• Boreal wetlands:  We have been investigating new parameterisations of methane 
generation from wetlands (also applicable to African wetlands).  Further, through the ESA 
ALANIS Methane project, we are exploring the use of new Earth Observation products 
relevant to boreal wetlands to evaluate the treatment of methane wetlands processes in the 
JULES UK community land surface model.  The JULES model is being used in three 
configurations of increasing complexity:  

1. Site specific:  The model is run for a single point and calculates the vertical fluxes of 
water, carbon, methane and energy at sub-diurnal time-steps given the driving 
meteorological variables. 

2. Offline distributed: The land surface is represented on a grid and the driving data vary 
at the same spatial resolution.  The EO data can be used as a driving dataset or as a 
constraint. 

3. Fully-coupled: JULES is integrated as the land surface component in a fully-coupled 
and interactive (regional) climate model with atmospheric chemistry. 

Model configurations 2 and 3 provide a unique evaluation of the CH4 fluxes from runs in 
spatially-distributed mode across boreal Eurasia, using the EO data to define the wetland 
extent and to constrain key surface parameters that control the surface temperature and 
snow cover (snowmelt, freeze-thaw). 
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Predictions of climate change consistently indicate continuous warming and drying for the entire 

Mediterranean basin and other regions during the next century
1
. But research on forest response 

to change often tends to focus on the response to episodic heat waves and droughts, such as 

during 2003 and 2005 in Europe. A different perspective is obtained from examining the 

response of forests at the current “dry timberline”, where adaptations prevent catastrophic 

responses to abrupt changes. Information on forest productivity in dry regions is also significant 

for carbon sequestration due to the large areas involved (~47% of the land surface has <65% of 

potential evapotranspiration
2
). But this must also be linked to the direct effects of forestation on 

the surface radiations budgets
3
. We will address these issues based on results from our 10 years 

study of a semi-arid forest in Southern Israel. 

The semi-arid pine forest at Yatir (Fluxnet site) sustains regular seasonal hot and dry period that 

would have resulted in dramatic and long-lasting declines in forest GPP in temperate pine 

forests. The semi-arid forest performance reflects high carbon and water use efficiency (NEE/ 

GPP and GPP/ET, respectively), with significant carbon sequestration potential (0.8 to 3.5 tons 

C ha
-1

 annually, during the study period). This high efficiency reflects, in turn, a major shift in 

the time of peak activity to early spring (around March, compared with July-August in 

temperate forests), and the ability to maintain carbon uptake through the long seasonal drought 

period (>6 months). On a daily time scale, the forest maintains carbon uptake throughout the 

year by shifting activities from mid-day to early and late hours of the day (Figure 1). It was 

estimated that the limited activity during the dry period is sufficient to support the leaf growth, 

which occur in this season. The changes in seasonality and daily patterns reflect adaptation to 

the background conditions and mostly to limitations by soil moisture. In addition, the forest 

developed the ability to rapidly recover from stress, both at the short-term and the seasonal 

scale. A remarkable example is provided by the episodes of very dry and hot air that are 

common in autumn and spring and last a few days (known as “Hamsin”), during which air 

temperature increases by over 10˚C and relative humidity decreases below10%. The forest 

photosynthetic activities sharply declines in response to the drastic increase in VPD, but then 

shows a full and rapid recovery to the pre-stress values (Figure 2). Similarly, the forest resumes 

high winter activity mode within ~5 days following the first rain episode of about 10 mm in the 

fall. 

The wide range of adjustments and adaptations observed in a semi-arid pine forest such as Yatir, 

contrast with the often-disastrous effects of episodic stress on temperate pine forests and provide 

a different (and more optimistic) perspective to estimating forest response to predicted climatic 

changes over the next century. Furthermore, increasing land covers by forests is long suggested 

way for mitigating the rise in the atmosphere CO2
1 

and at least parts the vast dry regions maybe 

suitable for such large scale activities. 
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Figure 1. Daily patterns of net ecosystem CO2 fluxes (Fc; negative values indicate uptake) 

during different periods of the year. Each point is the average value across the month of the ½ 

hour measured value. 

 

Figure 2. Response of net ecosystem CO2 flux to rapid changes in water vapor deficit (D) during 

hot and dry spell (“Hamsin” event) during May 2004 (positive values indicates net uptake). 

Each point represent ½ hour value and line is connected a day’s points. Note the full recovery in 

day 136 immediately following the event. 
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Climate change is not only expected to affect the mean of climatic variables, but also their 
variability and related extremes such as heat waves. In particular, several modeling studies 
postulated a possible impact of soil moisture deficit and drought on hot extremes. It was 
suggested that such effects could be responsible for impending changes in their occurrence 
and associated impacts in Europe.  
Here1 we show using newly available observational indices that a relationship between soil 
moisture deficit (as expressed by the standardized precipitation index, SPI) and summer hot 
extremes can indeed be demonstrated in Southeastern Europe. The analyzed data is based on 
measurements at 275 meteorological stations in Central and Southeastern Europe, and on 
publicly available gridded observations. The relationship with soil moisture deficit is found to 
be stronger for the hot tails of the temperature extremes distributions. For the 90th percentile 
values, the effect of moisture deficit leads to an exacerbation of hot temperatures in 
Southeastern Europe, with an increase from 4.5% to 43% in the percentage of hot days and a 
lengthening of the maximum heat wave duration from 1.2 to 6.9 days for moderate to severe 
drought vs. wet conditions. 
Current climate models correctly represent the identified relationship in Southeastern Europe, 
but overestimate soil moisture impacts on hot extremes in Central Europe. These results are 
relevant for adaptation measures, particularly for the development of early warning and 
prediction tools for these extremes, given the persistence associated with soil moisture 
storage. 
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In recent years, the spatial and temporal resolution in atmospheric inverse modeling 

have been significantly improved, making these models an excellent information 

source to evaluate the representativeness of process model fluxes beyond local scale 

tests at selected sites. Based on these developments, we designed a framework to train 

biogeophysics-biogeochemistry process models using atmospheric inverse modeling, 

multiple databases characterizing biosphere-atmosphere exchange, and advanced geo-

statistics. Our main objective is to reduce uncertainties in carbon cycle and climate 

projections by exploring the full spectrum of process representation, data assimilation 

and statistical tools currently available.  

Using data-assimilation techniques to incorporate multiple high-quality data sources 

like eddy-covariance flux databases or biometric inventories has the potential to pro-

duce a rigorous data-constrained process model implementation with significantly re-

duced output uncertainties. However, even dense surface observation networks can 

only represent conditions at a number of selected sites, and representation errors may 

bias spatially explicit model output when upscaling to regional to global scales. At-

mospheric inverse modeling can be used to validate the regional representativeness of 

the fluxes, but each piece of prior information from the surface databases limits the 

ability of the inverse model to characterize the carbon cycle from the perspective of 

the atmospheric observations themselves. The use of geostatistical inverse modeling 

(GIM) holds the potential to overcome these limitations, replacing rigid prior patterns 

with information on how flux fields are correlated across time and space, as well as 

ancillary environmental data related to the carbon fluxes. 

We present results from a regional scale data assimilation study that focuses on gen-

erating terrestrial CO2 fluxes at high spatial and temporal resolution in the Pacific 

Northwest United States. Our framework couples surface fluxes from the Community 

Land Model with prognostic Carbon and Nitrogen (CLM-CN) to very high resolution 

atmospheric transport using mesoscale modeling (WRF) and Lagrangian Particle dis-

persion (STILT). We use GIM to interpret the spatiotemporal differences between 

CO2 flux fields based solely on eddy-flux databases and regionally representative 

fluxes that incorporate the atmospheric modeling results. GIM results allow linking 

those differences to input parameters and processes, strengthening model parameteri-

zation and process understanding. Results are compared against independent flux es-

timates for the region from inventory studies and existing modeling results. 
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Surrounded by warm oceans leading to high level of humidity coupled with high level of 

aerosol loading over the region, makes the modification clouds by aerosols over the Asian 

Monsoon region intriguing and challenging to understand. Lack of adequate simultaneous 

high resolution observations of aerosols and cloud microphysical properties leaves estimation 

of indirect effect of aerosols on climate uncertain. The Cloud Aerosol Interaction and 

Precipitation Enhancement   (CAIPEEX) is being conducted in India by the Indian Institute 

of Tropical Meteorology (IITM) with the objective to understand the pathways through which 

aerosols modify clouds and precipitation processes. Under this program an instrumented 

aircraft was used for the measurements of aerosols and cloud parameters together with 

supporting ground based observations.  

 

CAIPEEX has two components viz. Phase I is devoted for intensive cloud and aerosol 

observations over different parts India using an instrumented aircraft.  The instrumented 

cloud physics aircraft flown over 200 hrs over different parts of India during the period May-

September 2009 with the following scientific objectives:  

 

 To measure background concentrations of aerosols and cloud condensation nuclei 

(CCN) during pre-monsoon and monsoon seasons over different parts of the country.  

 Observations of hydrometeors and measurement of different cloud microphysical 

parameters in the clouds. 

 Preparation of climatology of cloud microphysical properties 

 Selection of sites for the second phase randomized cloud seeding experiments 

 

During pre-monsoon as well as monsoon conditions high aerosol concentrations were 

observed at surface as well as at higher altitudes and were found to control the rain processes 

in the convective clouds. Super cooled water was found till -18 C in the growing convective 

clouds. Ice particles were found at -4 C over the Indian sub-continent (Maheskumar et al., 

2010).  The cloud droplets were found to trigger the collision coalescence process at effective 

radius of 10µm, more significantly above 12µm. Over the sea, sea salt was found to naturally 

seed the convective clouds resulting in early rain formation. Over land, high concentrations 

of cloud condensation nuclei push the cloud depth even up to 6 km for onset of precipitation, 

indicating the formation of super cooled water. Over the rain shadow areas aerosols were 

found to suppress warm rain process and precipitation was observed to start in mixed phase 

(Konwar et al., 2010). The aircraft observations also gave a rare insight into the 

microphysical processes, especially the cloud droplet size distributions in clouds over 

different environments in the Indian tropical region during southwest monsoon season of 

2009 (Morwal et al., 2010).  Also presence of thick haze over the Arabian Sea region were 

also documented (Padmakumari et al., 2010). 

 



In a country which is largely dependent on agriculture, cloud seeding is considered to be an 

alternative technique for the source of water. CAIPEEX Phase-II, first-year program was 

carried out during the period 4 September -7 November 2010. The objectives of the program 

were: (1) to carry out test cloud-seeding using hygroscopic salt powder and flares (2) aerosol 

and cloud microphysics observations using aircraft and (3) cloud observations using radar. 

An instrumented research aircraft and an agricultural seeder aircraft were utilized during 

Phase-II. The research aircraft was equipped with the probes for aerosol, cloud microphysics, 

radiation, trace gases, black carbon, and state parameters and had the provision for seeding 

using hygroscopic flares. The seeder aircraft was equipped with flare racks and salt spreader.  

In addition, randomized precipitation enhancement experiment will be carried out with 

respective type of aerosols under the suitable conditions during 2011.  The salient results 

obtained will be discussed. More details about the CAIPEEX operations are available in 

http://www.tropmet.res.in/~caipeex/. 
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 Fig1. The bases and periods when the aircraft flights were conducted for the aerosol and 

cloud microphysical observations during CAIPEEX phase I. 
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 Aerosol physical and chemical properties were measured in two sites in Amazonia from 

2008 to 2011. The clean site is at Central Amazonia and is located in a pristine Amazonian forest 

site. A second sampling site is located in Porto Velho, Rondonia, an area strongly affected by 

biomass burning emissions. Long term measurements, from February 2008 are being carried out 

in these two sites, as part of the EUCAARI (European Integrated Project on Aerosol Cloud 

Climate and Air Quality interactions) and AEROCLIMA (Direct and indirect effects of aerosols 

on climate in Amazonia and Pantanal) projects. The dataset obtained encompass the first long 

term aerosol measurements ever performed in Amazonia, elucidating the differences between the 

biogenic aerosol population naturally released by the forest metabolism and the anthropogenic 

aerosols brought to the ecosystem by outer sources as well as regional  biomass burning 

emissions. In the pristine central Amazonia, measurements were taken at the Cuieiras forest site, 

tower TT34, with coordinates 2°35’40”S and 60°12’33”W, above the canopy (45m), under dry 

conditions (RH<40%). A MAAP 5012 absorption photometer in series with a nephelometer (TSI 

3563) was used to measure aerosol absorption and scattering, respectively. Scattering 

coefficients were corrected for truncation errors. Observations were adjusted to 1000 mbar and 

0
o
C. Aerosol size distributions were measure using a Lund DMPS  system, as well as a TSI 

SMPS system. Aerosol composition were measured with SFU samplers and XRF analysis. 

Ozone and carbon monoxide were also measured and helped to characterize aerosol sources and 

processes. In Rondonia, a sampling station was installed close to the city of Porto Velho, in the 

“Parque Natural de Porto Velho” at coordinates (8,69
o
 S; 63,87

o
 O). This region has important 

land use change and biomass burning emissions. Instrumentation was similar to the Manaus site 

and diffusion dryers are used to keep the relative humidity below 40%. In both sites, remote 

sensing and AERONET sunphotometers helped to get the larger picture with radiative forcing of 

aerosols calculated using MODIS and other remote sensing products.  
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 In the pristine Amazonian atmosphere, aerosol scattering coefficients ranged between 1 

and 200 Mm
-1

 at 450 nm, while absorption ranged between 0.2 and 20 Mm
-1

 at 637 nm. A strong 

seasonal behavior was observed, with greater aerosol loadings during the dry season (Jul-Nov) as 

compared to the wet season (Dec-Jun). Although the forest site is locally well preserved, it 

receives the influence of regional biomass burning emissions during the dry season. During the 

wet season in Manaus, aerosol scattering (450 nm) and absorption (637 nm) coefficients 

averaged, respectively, 14 ± 22 and  0.9 ± 0.8 Mm
-1

. Both optical coefficients were greatly 

increased during the dry season, averaging 58 ± 58 Mm
-1

 and 4.1 ± 3.8 Mm
-1

, correspondingly. 

Angstrom exponents for scattering were lower during the wet season (1.6 ± 0.4) in comparison to 

the dry season (1.9 ± 0.2), which is consistent with the shift from biomass burning aerosols, 

predominant in the fine mode, to biogenic and dust aerosols, predominant in the coarse mode.  

Single scattering albedo, calculated at 637 nm, did not show a significant seasonal variation, 

averaging 0.86 ± 0.06 and 0.86 ± 0.04, respectively for wet and dry season, even with that large 

variation in aerosol sources and magnitude of scattering and absorption coefficients.  

 In Porto Velho, even in the wet season it was possible to observe a strong impact from 

anthropogenic aerosols. During the dry season, biomass burning emissions dominated 

completely the aerosol properties. PM2.5 aerosol concentrations of about 300 ug/m² were 

measured  in August and September. AOT values at 550 nm above 4 are frequently observed in 

Porto Velho with AERONET sunphotometers. Equivalent black carbon were measured at 20 

ug/m³ in the dry season, indicating strong aerosol absorption. Aerosol light scattering above 300 

Mm
-
¹ were measured. The aerosol size distribution shows very little new particle formation 

events for both Porto Velho and Manaus. 

 This work presents a detailed description of the aerosol physical and optical properties in 

Amazonia, both during the Amazonian wet season, when the aerosol population is dominated by 

particles of biogenic origin, and during the dry season, when there is a strong influence of 

biomass burning emissions. It is important to describe accurately the optical behavior of these 

particles in order to assess the impact of anthropogenic changes on the regional climate. 
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Atmospheric aerosol particles play a fundamental role in the terrestrial radiative balance and 
in the biogeochemical cycles, among many important processes related to the global climate 
changes. The anthropogenic emission of aerosol particles may change the solar radiation 
balance at the surface. It can aso affect the atmospheric temperature profile, which strongly 
affects the clouds microphysics, conducting to secondary effects. How the atmospheric 
aerosols affect the radiative balance, represents one of the biggest issues and carries the most 
significant uncertainty in the global climate changes research. We investigated the size 
distribution, scattering and absorption properties of Amazonian aerosols and the optical depth 
of the aerosol layer under the pristine background conditions typical of the wet season. The 
measurements were made during a campaign in May 2009, as part of the LBA/BARCA 
experiment and a large part of Amazon Basin was covered. The Amazon Basin is of particular 
interest because of its influence in the local and global climate.
A turbo-prop Brazilian EMBRAER Bandeirante airplane was used, and more than 70 vertical 
profiles were obtained, up to an altitude of 4 km, including over the tropical Atlantic Ocean. 
The aircraft was equipped for optical scattering measurements (three-wavelength Ecotech 
nephelometer), absorption (Thermo MAAP 5012), particle size distribution (GRIMM Optical 
Particle counter - OPC), total particle concentration (TSI CPC 3010), and for trace gases 
measurements, including O3, CO, CO2, CH4, and N2O. Measurements of the aerosol vertical 
profile show a well mixed atmosphere, with a very weak (or no) signal from the top of the 
boundary layer (BL). Light scattering varies from ~10 to ~30 Mm-1 (dependind on the region 
in Amazon Basin) up to ~3 km of altitude, going down to ~5 Mm-1 or less above that. 
Absorption coefficients varies from ~1 to no more than ~3 Mm-1 in the usually most polluted 
regions. We expect that a better understanding - and modeling - of the processes and sources 
may provide a better understood of the feedbacks between climate and aerosol 
concentrations.The results foster the knowledge about key climatic properties of aerosols in 
the Amazon Basin.
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The goal of the Aerosols, Clouds, Precipitation, Climate (ACPC) research program [1, 2] is to obtain a 
quantitative understanding of the interactions between the aerosol, clouds and precipitation, and their role 
in the climate system. ACPC is a joint initiative of the International Geosphere–Biosphere Programme 
(IGBP) and the World Climate Research Programme (WCRP), which has been developed through the 
cooperation of the Integrated Land Ecosystem–Atmosphere Processes Study (iLEAPS) and International 
Global Atmospheric Chemistry (IGAC) core projects of IGBP; and the Global Energy and Water Cycle 
Experiment (GEWEX), a core project of the WCRP. 

Interactions among the aerosol, clouds and precipitation are thought to shape the behavior of the climate 
system. The aerosol, in part through its interactions with clouds, has been widely identified as the leading 
source of uncertainty in the climate forcing of the anthropocene; clouds are the largest source of 
uncertainty in estimates of equilibrium climate sensitivity; precipitation is perhaps the most poorly 
quantified yet essential climate variable. The aerosol, clouds and precipitation are a strongly coupled 
system, but the nature of this coupling and its sensitivity to perturbations in one of the elements is poorly 
understood. Recent developments in process understanding, modeling, and observational capabilities 
make it now possible to address the long-standing and fundamental questions as to the nature of the 
interplay between the aerosol, clouds and precipitation. ACPC has been established to facilitate and 
enable international and interdisciplinary research directed toward answering this question. 

ACPC major science questions include: 
 Impacts of amounts and properties of atmospheric aerosols on cloud microstructure and 

precipitation forming processes; 
 Impacts of the aerosol-induced changes in precipitation processes on cloud dynamics, 

precipitation amounts and the vertical distribution of latent heating and radiative forcing; 
 Impacts of the resultant changes in latent and radiative heating and cooling on circulation systems 

at all scales and on Earth’s energy budget. 
  
Highlights of some recent findings within these science questions will be presented.  

The global nature of the required observation prompted the initiation of Remote observation of 
aerosol-cloud- precipitation-climate interactions (nick-named SAT-ACPC) [3], which is supported by 
the International Space Science Institute in Bern, Switzerland. The main objectives are to identify ways to 
use the already available large amounts of under-exploited satellite data, and beyond this to identify 
which observations are required to be continued on a long term basis, and which missing key 
observations need to be added. 



ACPC is intended to facilitate the scientific progress and cooperation towards its goals. Specifically, a 
major effort is being invested in planning a focused, coordinated, comprehensive, and extensive 
observational campaign to study aerosol-cloud-precipitation interactions coupled to state-of-the-art 
modeling and the ways in which these processes can be detected and quantified by satellite and other 
remote sensing measurements. A prime candidate location is the Amazon, where contrasting pristine and 
smoky conditions, which occur under similar meteorological conditions, have already been shown to have 
substantial impacts on clouds and precipitation. 
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The interest in investigating anthropogenic, in contrast to natural, aerosol dynamics over 
boreal Eurasia stems from two main concepts. The first on is the direct modification of 
atmospheric particles over the boreal forest both through the emission of biogenic volatile 
compounds and through the regular occurrence of new particle formation events 
generating secondary organic aerosols. The second one is periodical occurrence in 
northern Eurasia of long-range transported anthropogenic aerosols, such as those formed 
by energy production, traffic and industrial activities which are transported to the area in 
particular wind circulation conditions. 
Several extensive investigations and coordinated field campaigns have been carried out to 
assess the impact of anthropogenic aerosols on climate but very few studies have been 
conducted using remote sensing data. Satellite remote sensing of aerosol is an ill-posed 
problem because the information content in the data is insufficient to retrieve the aerosol 
chemical composition needed to discriminate anthropogenic from natural aerosol 
components, in particular in conditions with low aerosol burden. Therefore, a complete 
picture can only be obtained using a combination of information sources, including 
satellites, ground-based observations and modeling. 
The ALANIS Aerosols project is a feasibility study on the use of existing EO-based 
products for discriminating between natural aerosols emitted by boreal Eurasian forests 
and long-range transported anthropogenic aerosols. Specific objectives are (1) to 
investigate, develop and validate novel algorithms solely exploiting as input currently 
available EO-based products for discriminating natural from anthropogenic aerosols in 
boreal Eurasia; in particular the feasibility is investigated to use satellite products to 
determine the occurrence of nucleation events; (2) to investigate, develop and validate 
novel strategies for combining information from existing EO-based products with that 
from an existing chemical transport model (CTM) to discriminate natural from 
anthropogenic aerosols in boreal Eurasia; (3) to evaluate results from both stand-alone 
EO products method and EO/model based methods, including an evaluation of the merits 
of each method, through three case studies performed using data from selected ground 
sites located in boreal Eurasia.  
These objectives are addressed with the retrieval of the AOD over the Boreal in both 
Eurasia and northern America using AATSR data. The background AOD over these areas 



is very low, on the order of 0.05-0.1, and areas with enhanced AOD are most likely due 
to non-natural sources such as fires and /or transport of anthropogenic aerosol. Thus such 
areas are further investigated using fire data and using air mass trajectories to identify 
sources. The combination of AATSR-retrieved AOD with other sources of information, 
i.e. ground-based in situ measurements and a CTM provides complimentary information 
which is used to discriminate anthropogenic from natural aerosols. The case studies focus 
on three stations in Finland (Hyytiälä, Värriö and Pallas) providing ground-based in situ 
aerosol data including particle size distributions from less than 10 nm to larger than 10 
μm using a combination of SMPS and APS particle counters and optical properties such 
as particle scattering (nephelometer) and absorption (aethalometer) coefficients. The first 
analysis of these data focuses on selected cases identified as either polluted or clean 
based on AATSR AOD maps. The results appear to provide complementary information 
on local and regional phenomena and explain the differences. These will be combined 
with model results provided from GLOMAP which is currently prepared to include daily 
forest fire emissions based on SILAM model results. The study will include both case 
studies and longer time series based on local measurements and model results for the 
spring/summer of 2006 and 2008. 
Another issue over the Boreal forest is the formation of new particles from their gas 
phase precursors. These particles are too small to be observed with optical instruments 
and it may take several days before they grow into the optically active size of ca. 100 nm 
and larger. To observe these particles with optical instruments such as the radiometers 
and spectrometers used on satellites, a method is developed based on proxies. 
The analysis is on-going and is expected to be completed before the iLEAPS conference 
where an overview of the project and the results will be presented.  
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Boreal forests play a vital role in curbing global warming by storing billions of tons of carbon 
in forest and peat ecosystems. However, this important carbon sink can be significantly 
perturbed by forest fires, especially as global warming may increase the number and extent of 
fires, as well as the length of the fire periods. The equilibrium of these boreal regions appears 
to be becoming more and more vulnerable and requires thorough attention in order to be able 
to forecast future trends. 
Satellite remote sensing provides useful information on the variation and coverage of 
widespread boreal fires and may be used to monitor regional to global dispersion of fire-
related aerosols and trace gases. In this context, ESA/ESRIN launched in 2010 following 
recommendations of the ILEAPS IPO, the ALANIS smoke plumes project, whose main 
objective is to exploit the complementary capabilities offered by multi-mission EO data for 
improving current large-scale dispersion forecasts of emitted compounds. In particular, three 
novel products will be developed and validated: 

i) a smoke-plume injection height product based on a recent technique combining 
Envisat AATSR and ERS-2 ATSR-2 stereo retrievals [1] with plume-height 
information extracted from the Envisat MERIS O2-A band (Fig 1.), 

ii)  a burnt areas and emission product based on MERIS reflectance images [2] [3], 
and 

iii)  a large scale plume-dispersion tracking product derived from near-real-time 
MetOp-A IASI retrievals [4]. 

These novel products will be integrated into the TM5 land-atmosphere coupled model with 
4D-var assimilation scheme capable of explicitly simulating the main processes characterizing 
fire-plume dispersion [5].  
Finally, an experimental dataset will be generated including the aforementioned EO products 
generated for a consistent number of fire events which occurred between April 2008 and 
August 2011 over the whole boreal Eurasia, as well as the corresponding emission dispersion 
forecasts obtained by employing the developed land-atmosphere coupled model. The 
dispersion simulations will be performed at a 1°×1° degree spatial resolution over areas of 
interest (Fig 2.). 
A preliminary study was conducted on the Russian fire events which occurred in summer 
2010 to show the potential outcomes of the project for emission estimates and plume tracking 
and the first results will be presented here. 
The ALANIS smoke plume project is funded by ESA and performed by a consortium lead by 
NOVELTIS, including WUR, JRC/IES, UCL/MSSL and LATMOS. 
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Fig 1. Smoke plume injection height retrieved from Moscow fires of Summer 2010. 
 

 
Fig 2. Geographic grid used for the dispersion simulations over boreal Eurasia. 
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The indirect radiative effects of atmospheric aerosols via their influence on cloud drop 
formation and cloud properties constitute the single largest uncertainty in assessments of the 
anthropogenic influence on global climate and predictions future climate changes (IPCC, 
2007). Activation of aerosol particles is determined by both particle size and chemical 
composition, but in particular the cloud condensation nucleus (CCN) activity of the organic 
aerosol fraction remains to be firmly constrained (Hallquist et al., 2009). 
One challenge in this respect involves the tendency of some atmospheric aerosol organic 
components to preferentially accumulate in the surface region (the surface activity) of 
aqueous solutions. Such surface active molecules (surfactants) have been demonstrated in 
aerosol, and cloud and fog water, samples from a wide variety of atmospheric environments 
and can collectively comprise a significant fraction of the organic aerosol mass (Mochida et 
al., 2003). Accumulation of surfactant molecules in the surface can cause reduction in 
solution surface tension. Furthermore, for micrometer-scale droplets, the resulting 
partitioning between the solution bulk and surface phases can significantly deplete droplet 
bulk concentrations of surfactant molecules. Thermodynamic model calculations, as well as 
laboratory experiments, have shown that surface activity can significantly affect the overall 
organic aerosol CCN potential (Prisle et al., 2010a). 
The combined effects of depletion of organic molecules from the droplet bulk and of reduced 
droplet surface tension, for calculated cloud droplet activation, can be determined from 
numerical solutions to thermodynamic relations. Unfortunately, such calculations with 
several nested sets of iterations are computationally much too demanding for implementation 
into atmospheric models (Kokkola et al., 2006). Three different parametrizations were 
therefore recently proposed, to account for the combined effects of surfactant properties in 
cloud activation by organic aerosols (Topping, 2010; Raatikainen and Laaksonen, 2011; 
Prisle et al., 2010b). 
In this work, we compare predictions of cloud droplet number concentrations using the 
aerosol-climate model ECHAM5.5-HAM2 with different representations of the aerosol 
organic carbon fraction surfactant properties in terms of influence on the cloud microphysics. 
Cloud droplet numbers are calculated using the cloud activation parameterization by Abdul-
Razzak and Ghan (2000), which here has been extended to implement effects of organic 
surface activity according to each of the different representations used. In addition to the 
commonly applied approaches of either simply disregarding surfactant properties altogether, 
or using reduced droplet surface tension without consideration of organic surface partitioning 
effects (Prisle et al., 2010a), we also use the three novel parameterizations accounting for the 
combined organic surfactant effects of surface tension reduction and surface partitioning 
within activating cloud droplets. 
We have made five-year simulations for the years 1998-2002 with prescribed meteorology, 
assuming that all aerosol organics are surfactants with properties corresponding to those of 



Suwannee River Fulvic acid (SRFA). SRFA is often invoked as a better-characterized model 
substance for complex atmospheric organic aerosol with unresolved properties. Our 
preliminary results for the five-year average global distributions show that including detailed 
surfactant effects on cloud activation can significantly affect predicted cloud droplet number 
concentrations, compared to either of the conventional approaches. This is especially the case 
in areas of high organic aerosol mass fractions, and not only follows from differences in 
predicted water supersaturations, but also directly from the different CCN activation 
potentials predicted with the different surfactant representations. 
These results are the first to include such detailed effects of surfactant properties in global 
scale simulations of cloud microphysics. They demonstrate that surfactant properties, in 
terms of either including or disregarding effects of surface partitioning and surface tension, 
and how such properties are accounted for, can significantly affect droplet numbers. The 
results therefore somewhat contradict the anticipation that non-linear responses predicted 
from thermodynamics to a combination of several surfactant effects on droplet activation 
would tend cancel out in large scale predictions. 
 
N.L. Prisle gratefully acknowledges the funding received for this work from the Carlsberg 
Foundation (grants 2009_01_0366 and 2010_01_0391). 
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In addition to implications for the carbon cycle, a number of biogeophysical and biogeochemical side-

effects also determine the overall climatic impact of a forest; changes to surface albedo, 

evapotranspiration, sensible heat transfer, wind patterns, chemical emissions, cloud cover and 

precipitation will all contribute.  Previous modelling studies, examining the biogeophysical side-effects, 

have concluded that the net climatic impact of a forest is latitude dependent.  At high latitudes where the 

presence of trees obscures highly reflective snow, the net climate effect is warming.  In tropical regions, 

the presence of forests generates an additional negative radiative forcing due to increased 

evapotranspiration efficiency and surface roughness that is sufficient to negate the effect of decreased 

albedo.  

However, these studies did not consider the impact of forests on local atmospheric chemistry.  Vegetation 

emits a number of biogenic volatile organic compounds (BVOCs) e.g. isoprene, monoterpenes and 

sesquiterpenes, which may undergo photochemical oxidation by the hydroxyl radical (OH), ozone (O3) or 

the nitrate radical (NO3).  The resulting oxidation products may then participate in organic aerosol 

production, either through the nucleation of new particles, or by condensation onto existing particles, 

facilitating their growth.  Whilst experimental constraints limit practical measurement of the composition 

of the smallest particles, inclusion of a “nucleating organic” term in the particle formation rate equation 

has been shown to give better model agreement with formation rates derived from smog chamber 

experiments [1]. 

The resulting secondary organic aerosol (SOA) may either affect the climate directly through the 

reflection of incoming shortwave radiation, or indirectly, via their action as cloud condensation nuclei 

(CCN).  Local CCN concentrations influence the microphysical and radiative properties of clouds, via 

their effect on cloud drop number concentrations (CDNC).  Whilst CDNC over polluted regions tends to 

be updraft limited, aerosol concentrations have been shown to provide the limiting factor in pristine 

regions [2].  Using an aerosol microphysics model (GLOMAP), Spracklen et al. observed a simulated 

doubling of regional CCN concentration when comparing the presence of boreal forests to Arctic tundra, 

resulting in a radiative forcing of between -1.8 and -6.7 W.m
-2

 of forest [3].  

Here, we extend this work by using a pseudo-coupled framework of models to simulate the change in 

aerosol and cloud properties under idealised deforestation and afforestation scenarios.  The Community 

Land Model (CLM) is used to prescribe the changes to forest cover, whilst the Community Atmosphere 

Model (CAM) and GLOMAP (mode) are used to simulate the atmospheric chemistry and aerosol 

processes resulting from the altered BVOC emission.  Climatic variables, such as atmospheric carbon 

dioxide concentration, temperature and solar radiation, are changed sequentially in order to determine the 

sensitivity of this system to potential future climate changes.  Radiative forcings are then calculated using 

an offline radiative transfer code.   

 

[1]. Metzger. A. et al., (2010) Evidence for the role of organics in aerosol particle formation under 

atmospheric conditions, PNAS, 107 (15), 6646-6651. 

[2]. Poschl. U. et al., (2010) Rainforest Aerosols as Biogenic Nuclei of Clouds and Precipitation in the 

Amazon, Science, 329 (5998), 1513-1516.  

[3]. Spracklen. D. et al., (2008) Boreal forests, aerosols and the impacts on clouds and climate. Phil. 

Trans. Roy. Soc. A, 366, 4613-4626. 
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Introduction 
The European Aerosol Cloud Climate and Air Quality Interactions project EUCAARI is an 
EU Research Framework 6 integrated project focusing on understanding the interactions of 
climate and air pollution The main objectives of the project were to reduce the current 
uncertainty of the impact of aerosol particles on climate, quantify of the relationship between 
anthropogenic aerosol particles and regional air quality and quantify the side effects of 
European air quality directives on global and regional climate (Kulmala et al., 2009). 
EUCAARI project, coordinated by University of Helsinki, has been the most extensive 
aerosol research project in Europe so far. In all, 48 research institutes from 24 countries has 
been participated in this project, carried out in 2007–2010.  
 
Material and Methods 
The project performed extensive continuous field measurements and intensive campaigns 
including simultaneous ground-based, aircraft and satellite measurements, made series of 
laboratory experiments and built new field stations outside Europe in China, South-Africa, 
Brazil and India. Furthermore, during EUCAARI, a hierarchy of new-generation models was 
developed based on the results of the laboratory and theoretical investigations. This new 
research concept of “all scales research chain” was the basis of the EUCAARI mission 
(Kulmala et al., 2009). The EUCAARI work followed several research chains, in which 
small-scale models were used to interpret measurements and then integrated in to regional air 
quality and global climate models. In the end of the project this new knowledge was 
incorporated in policy-orientated models to analyze climate change and air quality for a range 
of global emission scenarios using updated economic and technological information.   
 
Results 
As a whole the EUCAARI project has provided a holistic understanding on the impacts of 
aerosols and trace gases on clouds and climate. The project has led to outstanding 
information on the physical background related to aerosol formation and impacts at all scales; 
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from nanoscale to global, from milliseconds to centuries (Kulmala et al. 2011). EUCAARI 
has reduced the uncertainty associated with aerosol radiative forcing significantly. The First 
Assessment Report (FAR) IPCC report was published in 1990, afterwhich it was followed by 
the second (SAR) in 1995; the third (TAR) in 2001; and the fourth (AR4) in 2007. At the 
beginning of the assessment reports, the uncertainty related to aerosol forcing increased as 
both a better knowledge of aerosol properties and sources emerged as well as an increasing 
number of aerosol species and processes were implemented in the climate models. It was not 
only until the AR4 in 2007 that the uncertainty started to get reduced. 
 
Aerosol particles, while partially off-setting global warming, lead to many negative effects on 
health, and the diversity  of sources within Europe make abatement difficult. For example, 
the reduction in ammonia emissions is one of the most effective ways to reduce aerosol mass 
concentrations in Europe. Reduction in nitric oxides is also effective, but might lead to higher 
ozone levels, thereby leading to another negative impact on air quality. Reduction in sulphur 
dioxide emissions will reduce particulate air pollution especially in the Eastern 
Mediterranean area. Reduction of organic aerosol concentrations is a lot more challenging 
and will require reductions of gas and aerosol emissions from transportation and biomass 
burning. Furthermore, it is now shown that a large fraction of organic aerosols in Europe is 
not from fossil fuel combustion but from modern origin, for which the main sources are 
biogenic secondary organic aerosol (boreal forests), biomass burning and primary biogenic 
aerosol particles (Kulmala et al. 2011). All these source emissions are expected to respond to 
climate change, although we are presently unable to gauge the strength of the multitude of 
feedback mechanisms involved.  
 
Now, after completed the project work,  EUCAARI has delivered a comprehensive database 
with a year of observations of the physical, chemical and optical properties of aerosol 
particles over Europe, the first comprehensive aerosol measurements in four developing 
countries, a database of airborne measurements of aerosols and clouds over Europe during 
May 2008, comprehensive modeling tools to study aerosol processes from nano to global 
scale and their effects on climate and air quality.  
 
Conclusions 
Combined with new extensive datasets, nano-scale measurements of the aerosol formation 
and growth, together with improved theoretical understanding enables us to make major 
improvements on the climate and air quality models and present new air quality scenarios 
over Europe.  The project outcome has been targeted to reinforce European political decision-
making to develop new strategies and implementation plans for global air quality monitoring 
and to take Europe a leading role in developing and applying environmental technologies. 
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We have a good mechanistic understanding of gas exchange at the cell/leaf scale and 
extensive data on carbon cycling at the global scale. But there is a gap in quantifying 
carbon and water cycles on the intermediate scales. Stable isotopes and other tracers 
such as Carbonyl Sulfide (COS) are important research tools in this context. They 
yield independent information that can be used to separate the effects of physical 
transport from biological activity, and to quantify gross fluxes of carbon and water. 
The power of combining different tracers is that each is adding constraints on 
processes, pools and fluxes. For example, the cycles of carbon and water are linked at 
their parallel pathways through the stomata of leaves. Thus, plant uptake of COS and 
CO2 as well as photosynthetic isotope discrimination are closely coupled at the leaf 
scale. I will discuss modelling and measurements of isotope fractionation and COS 
uptake at the leaf, soil and ecosystem scale, with emphasis on COS as a new tracer in 
the context of well established isotopic studies. 
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The West African Monsoon system brings precipitation to the otherwise arid Sahel region 

during the months of June to September. The Sahel has suffered extreme variations in rainfall 

in recent decades associated with the monsoon, producing large-scale impacts on agriculture, 

water resources, health and economic development. Interactions between the ocean, 

atmosphere and land are known to be important for the monsoon on varying time and space 

scales. The multinational African Monsoon Multidisciplinary Analysis (AMMA) set out to 

improve understanding of the processes and couplings driving the monsoon, and its impacts 

on the region.  

This presentation provides an overview of what we have learnt from AMMA in terms of land-

atmosphere interactions. The land surface produces important fluxes of aerosols and trace 

gases which have been found to have strong impacts on both atmospheric chemistry and 

dynamics. However, here we focus on interactions via the energy and water cycles, and in 

particular, on progress made in understanding how the atmosphere responds to land surface 

variability [1]. 

Properties of the the land exhibit strong space-time variability, driven by rainfall, which can 

feed back on the monsoon circulation [2]. The wet season of 3-4 months drives very rapid 

growth in vegetation, with leaf area peaking typically in September. Marked intraseasonal 

fluctuations in rainfall occur across the region, and within the associated dry spells studies 

[3,4] have shown how enhanced surface heating from dry soils feeds back on the dynamics of 

the monsoon. 

Informed by measurements during the AMMA Special Observing Period during 2006, much 

of the research on feedbacks in AMMA focused on the scale of individual convective events. 

At the point scale, rain in the Sahel typically occurs every 3 to 4 days. This means the soil 

surface dries out between events. Where the vegetation cover is sparse (throughout the 

northern Sahel, and in the south early in the season), this drying cycle forces a strong response 

on the properties of the Planetary Boundar Layer (PBL) [5,6]. Results from an aircraft 

campaign illustrate how the variability in daily rainfall patterns induces strong spatial 

variability in the PBL via soil moisture control on surface fluxes. Areas with recent rainfall 

are associated with cool, moist and low PBLs compared to nearby dry zones. In one case 

study [7] we found coherent surface and PBL temperature variability on wavelengths as low 

as 5km, implying a fine spatial scale “memory” of past rain events. This study also provided 

observational confirmation of the oft-simulated dynamical response in the lower atmosphere 

induced by soil moisture from antecedent rainfall. Evidence for sea-breeze type circulations 

were found over wet and dry patches as small as 10 km. 

Surface-induced circulations are rather weak, but their importance comes from their role in 

the initiation of moist convection. AMMA modelling and observational case studies [8, 9, 10] 

show a tendency for storms to initiate in areas where spatial variability in sensible heat flux 

has created convergence. Presented here are new results [11] analysing satellite observations 

of the initiation of over 3000 Mesoscale Convective Systems (MCS) and their relationship to 

the underlying surface. This shows a clear preference for new storms to develop in regions of 

strong soil moisture heterogeneity. Convective initiation is favoured over dry soils but within 
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a few kilometres of a downwind wet surface, consistent with modelling case studies (see Fig.1 

for an observational example). The enhancement of MCS initiation in these circumstances 

amounts to approximately 1 in 8 of all storms studied, implying an important role for soil 

moisture heterogeneity in generating new rainfall across the region. 
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Fig. 1. An example of MCS initiation on a soil moisture gradient [10] from the AMMA 

aircraft campaign. The shading depicts reflectance whilst the closed contours indicate wet soil 

areas where pre-storm Land Surface Temperature is suppressed relative to typical conditions. 

In this case, clouds developed along the down-wind side of a patch of dry soil close to a wet 

feature. Both datasets were obtained from Meteosat Second Generation. 
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Land evapotranspiration (ET) is an essential component of the climate system, but has 
been long linked with uncertainties in most regions of the world due to a lack of reference 
global observations. This has important consequences for climate research and 
hydrology: Land ET constitutes one of the missing terms of the global water cycle, and 
land-atmosphere exchanges have been shown to strongly impact climate-change 
projections, in particular with regard to changes in climate variability and extreme events 
[1,2]. Several recently developed datasets based in part on observations, now provide 
global ET estimates: dedicated satellite-derived products, observation-driven land surface 
model simulations, reanalysis data products, and datasets based on atmospheric water 
balance estimates.  
 
The LandFlux-EVAL initiative (http://www.iac.ethz.ch/url/research/LandFlux-EVAL), 
which is part of the LandFlux activity spearheaded by the GEWEX radiation panel, aims 
at evaluating and inter-comparing these newly available ET datasets. In this presentation, 
first results of the LandFlux-EVAL initiative will be highlighted [3,4], together with their 
implications. In particular we will provide estimations of biases and uncertainties in 
current land ET estimates and their relation to forcing vs ET algorithms. Corresponding 
analyses of IPCC AR4 simulations and first evaluations of AR5 simulations will also be 
presented. 
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We undertook a significant field campaign (SPECIAL) to examine spatial patterns and 
processes of land surface-atmosphere exchanges (radiation, heat, moisture, CO2 and other 
trace gasses) across scales from leaf to landscape scales within Australian savannas. Such 
savanna ecosystems occur in over 20 countries and cover approximately 15% of the world’s 
land surface. They consist of a mix of trees and grasses that coexist, but are spatially highly 
varied in their physical structure, species composition and physiological function. This spatial 
variation is driven by climate factors (rainfall gradients and seasonality) and disturbances 
(fire, grazing, herbivory, cyclones). Variations in savanna structure, composition and function 
(i.e. leaf area and function, stem density, albedo, roughness) interact with the overlying 
atmosphere directly through exchanges of heat and moisture, which alter the overlying 
boundary layer. Variability in ecosystem types across the landscape can alter regional to 
global circulation patterns. Equally, savannas are an important part of the global carbon cycle 
and can influence the climate through net uptake or release of CO2. We utilized a 
combination of multiscale measurements including fixed flux towers, aircraft-based flux and 
regional budget measurements, and satellite remotely sensed quantities to quantify the spatial 
variability utilizing a continental scale rainfall gradient that resulted in a variety of savanna 
types. The ultimate goal of our research is to be able to produce robust estimates of regional 
carbon and water cycles to inform land management policy about how they may respond to 
future environmental changes. 
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Changes occurring in the phenology of deciduous forests, most likely induced by short- 
and/or long-term climate variability, have been shown to influence their net ecosystem 
productivity (NEP). The most often reported change in vegetation phenology is the shift to 
earlier onset of spring green-up, due to the warming climate and only few studies have also 
reported changes in autumn phenology. Our long-term eddy-covariance observations at the 
Morgan Monroe State Forest – AmeriFlux site in south-central Indiana (MMSF) show a 
significant increase in forest productivity over the past 10 years (by an annual increment of 
about 10 gC m-2 yr-1, [1]). This trend can partially be attributed to longer vegetative seasons 
caused by extension of the vegetative activity in fall (about 3 days year-1 for the past 10 
years). Using satellite-derived greenness index estimates (using NDVI from AVHRR data) 
and air temperature records from the United States Historical Climatology Network, we 
extended our phenological analysis to a larger area of the temperate deciduous forest, 
including the Midwest and Northeast of the US, for the years 1989-2008. Our results indicate 
that the autumn senescence is successively shifting to later dates in a large fraction of these 
deciduous forests (Fig. 1), and that this trend is the main contribution responsible for the 
lengthening of the vegetated season, in particular in the last decade. Our results (at both local 
and regional scale) also present evidence for a strong correlation between summer/autumn air 
temperature and variability in the onset of senescence (Fig. 2). Furthermore, our observations 
at the MMSF site indicate that such lengthening trend is not evident in the aboveground 
biomass growth records, suggesting a change in carbon allocation patterns within the 
ecosystem. Our results show the critical role of late-summer processes in the response of 
temperate deciduous forests to climate variability and as a determinant of forest productivity. 
 
[1] D. Dragoni, H.P. Schmid, C.A.Wayson, H. Potter, C.S.B. Grimmond and J.C. Randolph, , 
2011. Evidence of increased net ecosystem productivity associated with a longer vegetated 
season in a deciduous forest in south-central Indiana, USA. Global Change Biology, 17(2): 
886-897. 
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Coupling of vegetation and atmospheric models from intermediate to full complexity 

Global Climate Models – what are we lacking? 

 

Abstract 

A decade has now passed since the first study using a General Circulation Model coupled to a land 

and ocean carbon cycle components identified the importance of climate-carbon cycle feedbacks on 

the future development of the Earth System (Cox et al., 2000). Now many climate centres around 

the World have developed a new generation of model, so-named Earth System Models, integrating 

knowledge from a variety of disciplines, including chemistry, climate and ecosystems, into a single 

model framework. This has created many opportunities and challenges alike.  

I will review the state-of-the-art in modelling the global land carbon cycle, and present recent 

findings on the effect of different atmospheric constituents on the land carbon sink. With greater 

model complexity we need to address uncertainty in model predictions. I will discuss the 

implications of process & parameter uncertainty in models on the projected development of the 

Earth system, and stress the need for concomitant model evaluation and benchmarking. Finally I will 

discuss key gaps in knowledge and present possible ways forward. 
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We applied the dynamic global vegetation model SEIB-DGVM [1] to the African 

continent. After calibration, the model reproduces geographical distribution of biome, 

annual net primary productivity (NPP), and biomass under current climatic conditions. 

Simulations under environment of 21st century demonstrate that there are time-lags 

between environmental change and biome change, and extent of the time-lags largely 

depends on types of biome change. For example, switch of forest types accompanies the 

longest delay among seven types of biome change we classified, indicating that 

establishment of invasive trees adapted to the new environment is largely prevented by 

the existence of the resident trees, and growth of trees requires additional years after 

they success to establish. On the other hand, a proxy of tree invasion prominently 

modifies patterns of biome change under the environment of the 21st century: with the 

tree invasion proxy turned off, extents of forest-type switch and development of forest 

and savanna were reduced, while it enhanced forest die back. Without the tree invasion 

proxy we also noted damping of increasing trend in NPP, biomass, and soil carbon 

during the 21st century and subsequent years. These analyses enabled to analyze 

mechanisms of transient change in vegetation distribution and functions and allow 

quantitative evaluation of each regulating factor (such as gap dynamics, invasive 

recruitment, tree mortality, and disturbance) on the degree of time-lag between climatic 

change and vegetation change. 

 

[1] H. Sato et al., 2007, Ecological Modelling, 3-4, 279-307. 
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There are many potentially relevant feedbacks  involved  in the coupling of biogeochemistry and  

atmospheric chemistry processes, many of which involve atmospheric boundary layer processes. The 

terrestrial uptake of CO2 by plant photosynthesis is affected by deposition of nutrients, e.g., nitrogen 

but  also by  the  stomatal uptake of ozone  (O3).  The  interaction between nutrient  and O3 uptake, 

atmospheric CO2 concentration determine the overall effects on vegetation and land C uptake.  The 

C‐cycle  also  plays  a  role  in  the  regulation  of  biogenic  emissions  of  Volatile  Organic  Compounds 

(VOCs) and oxidized reactive nitrogen  (NOx) which  in turn affect chemical production of O3 and  its 

deposition,  the  latter also being controlled by  turbulent  transport and entrainment of O3  into  the 

boundary  layer.  Dynamics  of  boundary  layer  development  depend  strongly  on  surface  energy 

balance which  is  linked  to  plant‐photosynthesis  by  stomata  conductance  and  the  partitioning  of 

available energy  into evapotranspiration and  the sensible heat  flux. These  interactions may act on 

quite different time scales and are of relevance  in assessing the response of ecosystems to climate 

and  global  change.  They  have  been  studied  regarding  the  various  individual  processes  but 

assessment of the full cycle of interactions has not yet been done.    

Here, we  provide  results  of  an  analysis with  a  column  atmospheric  chemistry‐climate model 

coupled  to  the  dynamical  vegetation  model  LPJ‐GUESS.  This  coupled  system  simulates  online 

interactions  between  energy‐, water‐  and    C‐exchange  and  biogenic  VOC  and NOx  emissions, O3 

deposition  impacts  as  well  as  boundary  layer  dynamics.  Consequently  it  allows  to  assess  the 

relevance of  the different  feedbacks  involved  in biogeochemistry‐atmospheric chemistry‐boundary 

layer  interactions. We  will  present  how  consideration  of  these  feedbacks  affects  simulation  of 

measured metrics of ecosystem‐atmosphere‐interactions at a boreal forest site.     
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The Hadley Centre Global Environmental Model version 2 (HadGEM2) has been 

designed for the specific purpose of simulating and understanding the centennial scale 

evolution of climate including biogeochemical feedbacks. This earth system model 

allows us to assess the impacts of climate change online including multiple 

interactions and climate feedbacks. Our paper aims to detail the results of HadGEM2 

model simulations from an impacts perspective, specifically; ecosystems, water 

resources and agriculture. 

The simulations include four future scenarios referred to as “Representative 

Concentration Pathways” or RCPs. These future scenarios have been generated by 

four integrated assessment models (IAMs) and selected from over 300 published 

scenarios of future greenhouse gas emissions resulting from socioeconomic and 

energy-system modelling. They include a “no policy”, two “stabilisation” and a “peak 

and decline” scenario. The RCPs include a land-use change component which has 

been implemented in the HadGEM2 simulations.  

The model showed that in the future, boreal forest expands northwards but will be 

replaced by expanding temperate forests along the southern extent. The broadleaf 

forests in the tropics increase in some areas but decrease in others. Interestingly, the 

model shows little evidence of “amazon dieback” which has been seen in previous 

coupled carbon-cycle climate models. There were only small differences in RCP 

simulations despite the large range of radiative forcing probably due to the inertia in 

the ecosystem response.  Land-use change had the largest impact on the extent of 

boreal forests in the tropics with large decreases in South America especially in the 

“peak and decline” RCP simulation.    

In general the model showed an increase in future water resources although some 

regions do experience decreases in water availability. Increases in fresh water are 

greatest under the “no policy” RCP scenario. How beneficial an increase in water 



resources is depends on the seasonality of river-flow as well as future population 

changes both of which were not assessed in this study. 

Net primary productivity in current crop areas increased in the future due to the strong 

response of grasses to CO2 fertilization. Regions in the north had larger increases than 

those at low latitudes; Australia was the only region to show a negative response in 

productivity. Crops with C3 physiology such as wheat and rice had a larger response 

than those with C4 physiology such as maize. Land use change affected total 

productivity reflecting the total area of land in agriculture in each RCP scenario.  
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Free Air Carbon dioxide Enrichment (FACE) experiments enrich, with CO2, the atmosphere 
of plants in their natural environment. Increased CO2 stimulates photosynthesis causing 
increased drawdown of CO2 from the atmosphere, leading to higher plant growth rates. In the 
Earth System, CO2 fertilisation of plant growth creates negative feedback on increasing 
atmospheric CO2 and has, to date, significantly damped the rate of global CO2 increase. For 
the coming century, various Earth System models predict very different courses of 
atmospheric CO2 increase1 and improving the accuracy of simulating CO2 fertilisation should 
help to reduce some of this uncertainty. 
Data from FACE experiments provide us with an unprecedented opportunity to validate 
simulated plant responses to CO2 and to inform terrestrial carbon-cycle models. Results are 
presented from simulations of net primary productivity (NPP) at the Oak Ridge and Duke 
FACE experiments using the global land surface models: SDGVM and JULES (Sheffield 
Dynamic Global Vegetation Model and Joint UK Land Environment Simulator). The 
SDGVM simulations more closely fitted the experimental data after the model was adapted to  
be driven with site specific data, not normally used as inputs to the model; such as, canopy 
nitrogen content, observed Vcmax and Jmax to leaf nitrogen relationships and observed levels of 
photosynthetically active radiation (see Figure 1). By the same process, the accuracy of the 
JULES simulations were not improved.  
While SDGVM captured the average response of NPP to increased atmospheric CO2, the 
inter-annual variability in the response was not captured. JULES was also unable to capture 
the inter-annual variability in the response and there was some evidence to suggest JULES 
over-estimated the mean NPP response to CO2. 
This work highlights the need for improved simulation of leaf traits coupled with 
photosynthetic process representation in the models. That models were unable to capture 
inter-annual variability in the CO2 response, in relation to the inter-annual variability in 
weather, was a concern as the models ability to relate changes in CO2 response to changes in 
climate is a key objective of these models. 
 
[1] S. Sitch et al., 2008, Global Change Biology, 14, 2015-2039. 
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 Figure 1. Experimental observations (treatment mean ± 1 SEM) and SDGVM predictions of 
annual NPP at Duke FACE experiment over 11 years. a) predictions by SDGVM in it’s 
original state; b) predictions by SDGVM modified to take and driven with observed canopy 
nitrogen, Vcmax & Jmax to leaf nitrogen relationships and measured photosynthetically active 
radiation. 
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Land use is the result of decisions made by people within the context of the physical land 

resource that they manage and of the characteristics of the societies within which they live. 

Hence, land use depends not only on the physical attributes of the land resource itself, but 

importantly on the attributes (attitudes, behaviour, aspirations) of individual land managers. 

People both modify their environment, but also benefit from and exploit the services provided 

by ecosystems and through these complex and adaptive human-environment interactions, land 

systems sit within the broader concept of socio-ecological systems (SES). This paper 

discusses current knowledge about the drivers and processes of land system change across 

temporal and spatial scales, as well as indicating potential future research directions. 

 

Land use change research has both a temporal and spatial dimension. Land use change studies 

of the past and present have focused on understanding drivers and processes through the 

analysis of changing land use patterns derived from remotely sensed data and/or the 

reconstruction of historic land use maps. These studies have led to many of the drivers of land 

use change becoming widely understood and well documented, although new case studies 

will always throw up new ideas. Moreover, new drivers become important as new issues and 

land uses emerge; the recent rise in land-based bioenergy production being a case in point. 

Interpreting process from an observation of the outcomes of a land use change can, however, 

only go so far. More recently, land system research has shifted away from data-driven, 

statistical methods to better theorising about human decisional and behavioural processes 

using empirical evidence at the level of individuals and/or societies. Consequently there has 

been considerable progress in developing and experimenting with models of human processes 

at landscape scales, notably through Agent-Based Models [1]. 

 

Land system research is undertaken across a wide range of spatial scale levels from the 

individual land manager, when trying to understand human processes, to the global scale level 

when attempting to explore the land use relationships with climate change and 

biogeochemical cycling. These analyses are usually based on modelling, but models that 

represent human behavioural processes within the land system do not exist at the global scale 

[2]. The only methods currently able to assess global scale land use change are based on the 

reductionist and spatially-aggregated paradigms of Integrated Assessment Models [3] or the 

optimisation strategies of macro-economic models [2]. In spite of their limitations, these 

approaches retain considerable influence within the global climate change and 

biogeochemical modelling communities [2]. Future research will need to better incorporate 

human behavioural and decisional processes in global scale models, including for example the 

representation of institutions and other governance structures to endogenise policy feedbacks 

on land use change. This needs to be underpinned by empirical databases of land system case 

studies and social survey research from across the world. 

 

Land system research about the future has sought to use the knowledge of change processes 

derived from empirical analysis of the past to develop models and to apply these models in 

exploring the response of land systems to alternative futures [4]. Although it is not possible to 

predict future land use it is possible to explore what might happen given certain assumptions 

about societal development and environmental change through the construction of scenarios 



[5]. There have been a number of developments in future land use scenarios and their 

application at the continental scale level [4], [6], often based on the global storylines of the 

IPCC SRES (Special Report on Emissions Scenarios) [7], or alternative scenario frameworks 

(e.g. the Millennium Ecosystem Assessment). These scenarios have examined both urban 

(including peri-urban) and rural (primarily agriculture and forestry) land use change. Such 

scenario exercises consider a range of drivers including global trade [3], location choice 

preferences [8], climate change [9], environmental and rural development policy [10], urban 

land use planning [8] and the land market [6]. A comparison of the available land use 

scenarios for Europe [11] found a wide range of possible future directions in land use change, 

with large differences between scenarios (even for similar storylines) depending on the land 

use models that were applied. Regional models gave consistently similar projections that are, 

however, different from the projections of global models [11]. Future work in the field will 

need to better understand the reasons for differences in model projections. In common with 

developments in other global change research areas, such as population and climate change 

[12], [13], land use futures analysis is also likely to move toward the use of conditional 

probabilistic approaches.  
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Air pollution and climate change are global environmental problems with similar 

reasons: the change of atmospheric composition caused mainly by human activities. 

However, the importance of these two problems was realized from very different 

perspectives. In 1950s, the “London Smog” and “Los Angeles Smog” have caused 

serious impacts on human health, and since then, consistence efforts to control air 

pollution at local and regional scales have been made in developed countries and then 

in developing countries.  

From the very beginning, climate change has been considered as a global problem 

caused by the increase of greenhouse gases, CO2, CH4, and N2O, which have no direct 

impacts on human health. In the last decades, however, it has been recognized that 

some air pollutants could have significant radiative forcing, such as ozone and 

particulate matter, even though the uncertainty in the radiative forcing of particulate 

matter is high. Apparently, controlling these air pollutants has the “co-benefits” in 

reducing climate change and the environmental impacts of air pollution.  

Air pollutants are complex mixtures of chemicals emitted from different sources at 

different locations and formed through chemical processes during the transport in the 

atmosphere. Primary pollutants, such as SO2, CO, NO, volatile organic compounds, 

black carbon, organic carbon, PAHs, mineral dust, are mainly emitted from 

combustion, industrial processes, and natural sources. Through photochemical and 

heterogeneous reactions in the atmosphere, the primary pollutants are transformed 

into secondary pollutants, such as photo-oxidants O3 and PAN, and secondary 

inorganic aerosol as well as secondary organic aerosols (SOA). Besides the formation 

of secondary pollutants, the transformation processes also change the surface 

compositions of aerosols, such as the coating of sulfate on black carbon, which could 

change the optical and hygroscopic properties of aerosols as well as their impacts on 

health. 

To evaluate the co-benefits of reducing air pollution and climate change, there are 

many challenges we are facing, such as: 

1. How to reduce the uncertainty in the radiative forcing of particulate matter; 

2. How much contribution of CH4 to the increase in global ozone background 

concentrations? 

3. Different chemical compositions of particulate matter have different sign of 

radiative forcing. It is generally believed that balk carbon has positive, while 

sulphate has negative, thus a reduction of the ratio to black carbon to SO2 

emission has been suggested. However, how this will influence the mixing state of 

mailto:tzhu@pku.edu.cn


black carbon remains unknown. 

4. How high is the health effect of the exposure to the increasing global ozone 

background concentrations? 

5. How to evaluate the health effects of different chemical compositions of 

particulate matter, and identify those with both the adverse effects on human 

health and climate? 

A holistic methodology is needed to address these questions, including the 

conventional methodologies for atmospheric chemistry (laboratory study, field 

campaigns, and model simulation) as well as those of epidemiology, toxicology and 

exposure science.  

Most air pollutants and greenhouse gases shared the same emission source: the 

combustion of fossil fuel, this provides us an important opportunity to solve the air 

pollution and climate change problems through energy-based policy. Reducing 

dependence on fossil fuels for sources of energy will not only help to address 

greenhouse gas (GHG) reduction objectives, but also lead to lower levels of ambient 

air pollution in the near term. Optimizing energy oriented air quality and climate 

change policies to maximize the co-benefits is an important strategy for every country 

to implement.   
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Abstract 
 

The project “Land-Use and Climate, IDentification of robust impacts” (LUCID) was 

conceived under the auspices of IGBP-iLEAPS and GEWEX-GLASS, to address the 

robustness of possible biogeophysical impacts of land-use induced land cover changes 

(LULCC). LUCID used seven coupled atmosphere-land models with a common experimental 

design to explore those impacts of LULCC that are robust – that is, above the noise generated 

by model variability and consistent across the seven climate models. The biogeophysical 

impacts of LULCC were also compared to the impact of elevated greenhouse gases and 

resulting changes in sea-surface temperatures and sea-ice extent. Focussing our analysis on 

Eurasia and North America, we show that LULCC has, on a number of variables, an impact 

of similar magnitude, but of opposite sign to increased greenhouse gases and warmer oceans. 



However, the variability among the individual models’ response to LULCC is larger than that 

found from the increase in greenhouse gases and from the warmer oceans. Our results show 

that although the dispersion among the models’ response to LULCC is large, there are a 

number of robust common features shared by all models. LULCC increases surface albedo in 

all seasons. This leads to a decrease in available energy at the surface and a decrease in the 

sum of the sensible and latent turbulent energy fluxes. All models show, for pre-industrial 

conditions, comparable amounts of available energy used for turbulent fluxes at all seasons, 

and the ratio between turbulent fluxes and available energy is always decreased in response to 

LULCC (i.e. in response to deforestation) in all seasons. These changes are proportional to 

the amount of deforestation imposed in each individual model suggesting that even though the 

land surface models have been developed independently, there is considerable consistency in 

their response to LULCC. However, our results also show a significant dichotomy. On a 

positive note, the amount of available energy used for turbulent fluxes is consistent between 

the models, and the changes in response to LULCC depend almost linearly on the amount of 

trees removed. However, less encouraging is the conclusion that there is no consistency 

among the various models regarding how LULCC affects the partitioning of available energy 

between latent and sensible heat fluxes at a specific time period, and further there is no 

consistency in how sensible and latent heat fluxes change from one season to another in 

response to LULCC. This lack of consistency results from how processes are represented in 

each land surface model and explains the large spread between the models’ response to 

LULCC. Our results therefore highlight the urgent need to evaluate land surface models more 

thoroughly, and in particular in how they respond to a perturbation as distinct from how they 

simulate an observed average state. Our results also have important implications for 

detection/attribution studies that do not realistically account for LULCC. 
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With concerns over CO2 emissions and climate change mounting, many national 

governments are now committed to the development and use of biomass-based fuels. While 

net CO2 emissions from their use may be lower than from fossil fuel combustion when 

accounting over growth, processing and combustion of plant material, detrimental impacts on 

atmospheric composition and climate remain large. For example, the changes in land-use 

required to generate sufficient quantities of biofuels will lead to significant changes in 

biogenic emissions of volatile organic compounds (VOCs), altering the tropospheric 

abundance of ozone and secondary organic aerosols and influencing both air quality and 

climate. Ozone and particulate matter have direct impacts on human health, causing cardio-

vascular and respiratory problems. Changes in air quality also affect the biosphere. Ozone is 

taken up by vegetation via the stomata, causing oxidative damage to plant cells and reducing 

plant productivity. An increase in aerosol concentrations on the other hand, increases the ratio 

of diffuse to direct radiation reaching the plant canopy, increasing plant productivity. 

We use the MEGAN model of emissions coupled with the FRSGC/UCI chemistry transport 

model to explore the response of surface ozone and aerosol concentrations to changes in 

isoprene emissions arising from the cultivation of biofuel feedstock crops. The land use 

change scenarios reflect realistic levels of low density replanting of current vegetation with 

either oil palm or short-rotation coppice (fast-growing tree species such as poplar, willow or 

eucalyptus) based on current government projects and initiatives. In total, 69Mha of oil palm 

and 92Mha of SRC are planted, sufficient to replace just over 1% of projected global fossil 

fuel demand in 2020. Each scenario results in an increase of around 1% in annual global 

isoprene emissions, with increases in both surface ozone and biogenic secondary organic 

aerosols around the re-planted areas. While we do not see an impact on global climate as a 

result of these small-scale planting changes, the effects on local to regional air quality are 

sufficiently large to impact both plant and human health. 

This work follows our earlier study using the UK Met Office’s fully coupled Earth system 

model, which found that surface ozone may increase by as much as 4ppb over parts of SE 

Asia as a result of expanding oil palm plantations in the region, and by 1.5ppb over large 

areas of Europe with SRC cultivation. The magnitude of these increases suggests that the 

impact on human health and crop productivity is likely to be significant. 

Taking hourly data from the FRSGC/UCI model, we now analyse changes in 8-hour ozone 

and AOT40 exposure to assess the increase in damage to crops and humans that occurs as a 

result of cultivating biofuel feedstock crops. 
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More than half the world’s population now live in cities. Better understanding of the key 
characteristics governing energy exchange between the surface and atmosphere is needed to plan 
settlements and build houses that are more energy and water efficient; to address concerns about 
environmental health, whether related to air quality, heat stress or flooding; to improve the 
capabilities of operational weather forecasting and air quality models; and to evaluate climate 
mitigation strategies.  
 
Here we demonstrate the important role of vegetation in energy partitioning in cities. First, by 
considering how urban areas are represented in land surface models (LSM) and second through 
analysis of energy flux observations in urban areas.   
 
Urban LSM have been developed to model the distinct features of the urban surface and the 
associated energy exchange processes. These models have been developed for a variety of 
purposes and make a range of assumptions related to the inclusion and representation of the 
relevant processes.  Using the results from an international model comparison for ULSM 
(‘PILPS-Urban’), which has involved 32 models, we conclude that vegetation is an important 
characteristic to be accounted for (Grimmond et al. 2010; 2011). Wide variations are evident in 
the performance of the models for individual fluxes; no individual model performs best for all 
fluxes. However, taking vegetation cover into account (or not) significantly impacts model 
performance. Providing additional information about the surface generally results in better 
performance. However, there is clear evidence that poor choice of parameter values can cause a 
large drop in performance for models that otherwise perform well.  
 
In the second part of the talk, we draw upon analyses of observational data from 23 cities across 
the world (Loridian and Grimmond, 2011). Using new indices of the urban surface, the 
importance of vegetation on urban surface-atmosphere exchanges are highlighted.  Short-term 
data from 18 sites in North America, Europe, Australia, Africa and Asia, as well as five year-
long annual observation campaigns are used to derive generalized surface-flux relations.  

Both sets of analyses utilize the surface energy balance as a framework for the study of surface-
atmosphere energy exchange in urban environments.  From an observational perspective,  
incoming and outgoing fluxes of solar (K  and K ) and longwave (L  and L ) radiation, and/or 
their net components the net all-wave radiative flux (Q*= [K  - K ] + [L  - L ]) can be 
measured directly to determine the input of energy to the surface. Measurements of the turbulent 
sensible heat (QH) and latent heat (QE) fluxes provide some insight on how the surface most 
efficiently dissipates this energy back to the atmosphere. Collectively these measurements 
provide valuable information on the surface energy balance (SEB) of typical urban 
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environments. Identifying which surface characteristics of the measurement footprint (or source 
area) have the strongest impact on surface energy exchanges remains one of the main challenges 
in the analysis of urban SEB data. Grimmond and Oke (2002) used a Multicity Urban 
Hydrological Database (MUHD) of largely summer-time observations in 10 North American 
urban sites to identify relations between the fraction of the plan area vegetated and energy 
balance flux ratios such as the Bowen ratio (i.e. QH/QE). Results from Christen and Vogt (2004) 
using seven sites (three urban) within and around Basel, Switzerland confirmed these relations.  

In this paper, this observational analysis extended, to consider an approach to normalizing the 
fluxes which is (1) more consistent with modeling and independent of the surface (by using the 
incoming fluxes) and (2) extends analysis beyond periods when vegetation is active. To do this 
indices of the surface are developed which are applicable at all times of the year. These indices 
characterizes the portion of the surface that is active with regards to energy exchange, accounting 
for shading patterns within city streets and seasonal changes in vegetation phenology. The 
fraction of the incoming energy radiated back to the atmosphere is found to decrease with 
increasing values of the total active surface index; a logarithmic increase is identified between 
the active urban index and the portion of energy being stored; while the portion of heat dissipated 
as latent heat increases as a function of the active vegetated index. A simple set of 
parameterizations are proposed to predict the mean day-time contribution of these three fluxes to 
energy exchange as a function of the surface indices. However, the turbulent sensible heat flux 
cannot be directly related to any of these indices, rather only as the residual heat dissipation 
method.  

Drawing this work together, we propose an approach to characterize cites that simplifies the 
urban environments into four classes based on their active surface indices (referred to as UZEs: 
Urban Zones to characterize Energy partitioning). These four UZEs can be used to describe sites 
for ULSMs to ensure better representation of intra-urban heterogeneities. 
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In urban areas the typically high fraction of impervious surfaces affects the surface energy 
and water balances by increasing turbulent heat emissions to the atmosphere and surface 
runoff and by decreasing evapotranspiration. These processes affect human comfort, pollutant 
dispersion and increase the risk of flooding. The energy and water exchanges are not 
commonly measured so modeling approaches are needed particularly for urban planning and 
mitigation purposes. The Surface Urban Energy and Water Balance Scheme (SUEWS, [1]) is 
a new model which provides a simple tool to simulate both balances through the use of  
commonly measured meteorological variables and surface cover information. Rates of 
evaporation-interception for a single layer with multiple surface types (paved, buildings, 
coniferous trees/shrubs, deciduous trees/shrubs, irrigated grass, non-irrigated grass and water) 
are calculated. Below each surface type, except water, there is a single soil layer. At each 
time step (5 min to 1 h) the moisture state of each surface and soil are calculated. Horizontal 
water movements at the surface and in the soil are incorporated. Latent heat flux (QE) is 
calculated with a modified Penman-Monteith equation and sensible heat flux (QH) as a 
residual from the available energy minus QE . The model contains several sub-models for e.g. 
net all-wave radiation (Q*), storage heat (ΔQs) and anthropogenic heat flux (QF) and external 
irrigation. SUEWS has been tested with three datasets from Vancouver and two from Los 
Angeles [1], where it was found to simulate Q*, QH and QE well with rmse between 25-47, 
30-59 and 20-55 W m-2, respectively. In addition, the model was able to simulate surface 
wetness and soil moisture changes. 
Here the model is tested in an urban environment with strong seasonal variations. The forcing 
and evaluation data were observed at the SMEAR III station in Helsinki, Finland [2]. The 
complex surroundings of the tower can be divided into three types of surface cover by wind 
direction (Table 1). For 2010 the modeled QH and QE are compared with the eddy covariance 
measurements at 31 m. In spring and fall, when neither permanent snow cover nor external 
irrigation occur, the model simulates both QH and QE well (Fig.1, QH not shown). The 
underestimation of both fluxes in winter indicates underestimation of ΔQs and/or QF. 
Currently snow accumulation, which affects the availability of water in winter, is not 
accounted for but this is under development. Poor performance in summer is likely caused by 
underestimation of external irrigation. To date the irrigation sub-model has only been 
evaluated in a residential area in Vancouver where water consumption is likely lower than 
around the tower where allotment garden and University Botanical garden are located. Low 
QE (difference on average 150 W m-2) were particularly modeled in August which was 
exceptionally warm and dry and likely irrigation was intense. In summer 2011, we are 
planning to monitor water use in the Botanical garden, situated next to the station, in order to 
get more realistic irrigation values for the site. 
Runoff has been monitored for October –November 2010  in two Helsinki catchments with 
different population densities. For both catchments SUEWS simulated the behaviour of 
measured runoff well but overestimates runoff values when applied in an uncalibrated 



manner with the default model parameters (rMod = 1.5rMeas, rmse = 0.17, R2 = 0.79 and rMod = 
1.8rMeas - 0.1, rmse = 0.13, R2 = 0.57). Future work will include analysis of the site specific 
parameters values for soil depth, drainage coefficients and surface store. 
 
Table 1. Surface cover fractions within a 600 m radius circle around the measurement tower. 
Fractions are given for the urban, road and vegetation sectors.  
 

 Surface cover fractions 
 Buildings  Paved  Vegetation 
Urban (320-40°) 0.36 0.16 0.48 
Road (40-180°) 0.26 0.31 0.43 
Vegetation (180-320°) 0.19 0.17 0.64 

 
 

 
Fig 1. Diurnal behavior of measured and modeled latent heat fluxes (QE) in Helsinki in 2009. 
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Anthropogenic land cover change (ALCC) is the largest source of anthropogenic greenhouse 
gas emissions after fossil-fuel burning, but its effect on climate is not well understood. A major 
challenge is the long history of ALCC – agriculture and deforestation have started thousands of 
years ago. As part of the CO2 emissions accumulates in the atmosphere over time, it is essential 
to know the preindustrial land cover distribution and the fate of early emissions to estimate the 
CO2 increase from ALCC over history and today. A second challenge concerns the fact that 
ALCC affects climate also by changing the biophysical properties of the land surface, such as 
albedo and transpiration. In particular by increasing surface reflectivity, ALCC may have 
cooled global climate, counteracting the warming from CO2 emissions. It is therefore not clear 
if ALCC has contributed to or mitigated observed global warming. 
Here, I revisit earlier studies on the effect of historical ALCC on past and present atmospheric 
CO2 concentrations and climate, and compare them with recent simulations of the last 
millennium. Recent simulations add detail by using a comprehensive climate-carbon cycle 
model [1] and a detailed reconstruction of historical ALCC that is based on regional population 
numbers, agricultural demand per person, and changes in agrotechnology [2] (Fig. 1). With 50-
70 GtC of preindustrial emissions, recent estimates fall in the range of earlier studies, but are at 
their lower end [3]. The increase in atmospheric CO2 caused by ALCC becomes significant 
long before the Industrial Revolution (Fig. 2). With 5-6 ppm increase by 1850, however, it is 
substantially smaller than suggested by the “Early Anthropogenic Hypothesis” [4]. Apart from 
lower emission estimates, the key reason is a preindustrial sink of CO2 on land that mitigates 
almost 50% of the emissions. This is a much stronger land sink than known for the industrial 
era that has so far been used to approximate the preindustrial land uptake. By present day, the 
atmospheric CO2 increase caused by ALCC amounts to about 20 ppm. 
Previous studies using intermediate-complexity models agree on emission-driven global 
warming and biophysical global cooling, but disagree on the sign of the overall response [5,6]. 
Comprehensive climate model simulations find a warming caused by ALCC emissions of about 
0.18 K in the 20th century, and a biophysical cooling of -0.03 K [7]. In these simulations almost 
all regions of the world experienced a warming when all effects of ALCC are considered, 
despite strong local biophysical cooling. A temperature increase of 0.15 K for all effects of 
ALCC would imply that ALCC has contributed to global warming over the last centuries and 
that ALCC explains about one eighth of the observed 1 K global warming. 
UNFCCC negotiations aimed at avoiding dangerous climate change distribute obligations for 
emission reduction on a country’s contribution to present-day climate change. Preindustrial 
emissions, so far neglected in negotiations, may be relevant for an accurate attribution. When 
above estimates of preindustrial emissions are considered in addition to the emissions during 
the industrial era, the relative contribution to global temperature increase of the world regions 
changes on the order of 2%, with higher attribution to India and China. Changes of few percent 
can become important politically if the regional contributions are used as basis for sharing the 
burden of climate change mitigation. 
Understanding extent and effects of global historical ALCC has relevance to understanding 
past climate changes, to accurately assess the role of ALCC to today’s climate, and to attribute 
CO2 excess and temperature increase to countries. Although, in recent simulations, the carbon 
cycle effects dominate the global climate response, an integrative approach combining carbon 
cycle and biophysical effects is needed for an accurate assessment of ALCC effects from local 
to global scale.  
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Fig. 1. Snapshots from the historical land cover reconstruction [2]. 
 

 
Fig. 2. Changes in atmospheric CO2 caused by anthropogenic land cover change [3]. 
 
Table 1.  Changes in 20th century global mean temperature (in K) caused by anthropogenic land 
cover change. 

 Pongratz et al., 2010 Brovkin et al., 2004 Matthews et al., 2004 
Biophysical effects –0.03  –0.26  –0.16  
Carbon cycle effects 0.18  0.18  0.30  
All effects 0.15  –0.05  0.15  
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The world’s food production capability is inextricably tied to precipitation patterns. In 
this study we examined the climatological patterns of evaporation that contribute to 
precipitation over major food producing regions, and the potential for land cover change 
(LCC) to influence those patterns by altering surface fluxes. Also, for a range of LCC 
scenarios we estimated potential impacts of altered surface fluxes on crop rainfall and 
yield using a simplified linear model of precipitation and the PEGASUS model (Deryng 
et al. 2011; Bagley et al. in review). We considered 6 major food producing regions 
including North American maize, European wheat, South American soybeans, West 
African maize, Indian wheat, and East Asian maize. Using a dataset that combined 
observations with modeled back trajectories of water vapor, we mapped where the 
precipitation that fell in breadbasket regions last evaporated off the earth’s surface 
(Dirmeyer and Brubaker 2008). Combining this information with estimates of the 
maximum perturbation in surface evapotranspiration due to LCC via a simple linear 
model, we calculated the potential impact of LCC on breadbasket precipitation. Finally, 
the impacts of altered precipitation on crop yield for a range of LCC scenarios were 
modeled using PEGASUS. This estimate only accounted for changes in precipitation due 
to alterations in surface moisture exchange, and did not include changes due to 
adjustments in circulation and stability. As such this study does not comprise a full 
reckoning of the impact of LCC on breadbasket precipitation, but rather represented an 
initial component of the potential for LCC to impact global crop yields. 
We found all the breadbasket regions to be susceptible to reductions in precipitation due 
to perturbations in evaporative source from LCC, with reductions ranging from 5-16%. 
The rate at which these reductions occurred with increasing LCC and their prospective 
impact on crop yields varied widely among the regions, with modeled crop yield 
reductions ranging from 0-24%. There were two variables that explained most of the 
differences of LCC on crop yield between the regions. The first was the magnitude of 
potential precipitation change, with regions exhibiting greater reductions in precipitation 
due to LCC tending to also show greater changes in yield. The second was the soil 
moisture fraction within crop root zones. This was a function of the total precipitation in 
the region, as opposed to potential changes in precipitation. Regions with mean total 
precipitation over the growing season > 250 mmH2O•m-2 tended to have mean soil 
moisture fraction > .65, which minimized crop yield impacts.  
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The production of food requires vast amounts of land. About 30% of the global land 
surface is in use for food production. The amount of land required to feed a person 
depends on his food consumption pattern. Simple diets mainly consisting out of staple 
foods require less land than the luxurious diets with meat, dairy etc. Presently 20% of the 
global population has a luxurious pattern, while 80 % has a menu mainly based on staple 
foods like rice and potatoes. However, this is changing fast. In China for instance the 
meat consumption per person doubled over the recent 20 years.  
This study pays attention to the changing food consumption patterns and the land 
required for food 
We first analyze how food patterns are changing and look for drivers behind this change.  
Then we determine land required for various food categories (cereals, vegetable oils, 
meat, dairy etc). And finally assess how food patterns will change in the near future and 
how these changes will affect land required for food on a global scale.  
Economic development turns out to be an important driver in changing food consumption 
patterns. Figure 1 depicts the relation between GDP (gross domestic product) and the 
consumption of livestock products for a large number of countries. The GDP is used as 
indicator for economic development of a country. It is shown that at a GDP level of  
10.000 $ per person a saturation level in meat consumption is reached. Between 2.000 $ 
and 10.000 $ per person per year a fast increase of the consumption can be recognized.  
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Figure 1 The relative consumption of animal origin food products in relation to the GDP 
per capita. The dotted line shows the relation between GDP and consumption of animal 
products used in this paper. source 1. 
 



 
The fast growing economies in Asia (China and India) showing economic growth of over 
7 % per year will cover this traject in 20 years. This implies that within 20 years the meat 
eating population on earth will increase from 1 billion to 3 billion people.  
Figure 2 shows the land requirements of the various food categories in the Dutch 
consumption pattern: 75 % of the land is needed to produce the meat, dairy and vegetable 
oils.  
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Figure 2 The land requirements of various food items in the Dutch consumption pattern 
as percentage of the total land required for food. (source 2) 
 
A luxurious diet requires over 3 times as much land as a diet mainly based on staples. In 
the coming decades the fast change in food consumption patterns in the emerging 
economies will play an important role in the amount of land required to feed the global 
population and will be an important driver behind land use change.  
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In 1997 Sellers et al. (1) proclaimed the arrival of a third generation of land surface models 
(LSMs).  This new generation added  physiological regulation of the surface energy balance and 
carbon cycling to the treatments of soil hydrology, radiation transport and aerodynamics 
developed in the previous generations.  These modeling approaches are now well established and 
add a new realism to land surface simulations. In some respects we have moved on from these 
models to include carbon cycle feedbacks, data assimilation and dynamic vegetation, but in other 
respects the representation of core processes has remained very much the same.  In this 
presentation, I will give an overview of this area of science with special emphasis on weaknesses 
in existing approaches and on emerging new ideas and methods on the horizon.  Perhaps the 
most exciting to me is the opportunity to make direct measurements of photosynthesis by land 
plants at large spatial scales. Atmospheric measurements permit us to examine the net CO2 
balance of the land surface but our models simulate photosynthesis and ecosystem respiration 
separately.  We now do this with very limited observational constraint.  Recent work indicates 
that a trace gas, carbonly sulfide (OCS), may give us more direct access to photosynthesis, 
respiration and stomatal conductance at large spatial scales (2). Also, an unexpected spin-off of 
the next generation of satellites for monitoring atmospheric CO2 concentration is the ability to 
monitor the glow of chlorophyll fluorescence coming from plants on the land surface from space 
(3).  This appears to be a robust measurements that will supplement the vegetation indices that 
we currently use to drive photosynthesis models - perhaps even giving us information about 
physiological stresses.  Rapid advances in the modeling and measurement of the stable isotopes 
of water in the hydrologic cycle over the continents will complement this improved 
understanding of carbon cycle processes (4).  Recent work is also highlighting the role of plants 
in facilitating the infiltration and movement of water in the soil matrix - an area where physics 
had seemed to reign supreme (5).  Dynamic vegetation in models now simulate how model 
worlds respond to climate change.  While, suddenly, we are seeing these processes play out over 
the continents in response to droughts and warming, giving us the opportunity to test and 
improve these models (6).  Finally, we are seeing the beginnings of efforts to apply the data 
assimilation tools, developed for numerical weather forecasting, in the land surface modeling 
area (7).  These topics  illustrate the broad sweep of progress occurring in our field.
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