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1. Introduction 
 
 
Human activities have increased the concentration of atmospheric carbon dioxide (CO2), 
thus causing climatic change leading to increasing air temperatures and changing 
precipitation patterns (IPCC, 2007). To predict these changes and facilitate their mitigation, 
global climate models have been developed. These models predict forthcoming climate 
using different anthropogenic emission scenarios. The global climate models react to these 
conditions according to the processes that have been modelled in them. The quality of the 
models, that is, how realistically the different processes have been modelled, has an impact 
on the predictions that are used as the basis for mitigation plans. It is therefore important to 
keep the models up-to-date with our current scientific knowledge. 
 
The global carbon cycle is composed of carbon exchange between the atmosphere, ocean 
and terrestrial ecosystems. In the terrestrial carbon cycle, the vegetation takes up carbon and 
stores it into biomass and soils, while carbon is released back into the atmosphere through 
respiration by plants and the decomposition of soil carbon by microbes.  
 
Terrestrial vegetation has an impact on climate and the global carbon cycle (Foley et al., 
2003). The global CO2 concentration has increased from a pre-industrial level of 270 ppm to 
its current value of 379 ppm (2005), the growth rate (between the years 1995-2005) being 
1.9 ppm yr-1 (IPCC, 2007). Not all the anthropogenic CO2 emissions remain in the 
atmosphere: approximately half of these emissions have been taken up by the terrestrial 
vegetation and oceans (Ciais et al., 2000). Currently there are some indications that the 
terrestrial sink is diminishing (Canadell et al., 2007), thus leaving more anthropogenic CO2 
in the atmosphere and accelerating the climate change. A better understanding of the global 
and terrestrial carbon cycle would yield us better predictions of future changes. 
 
Boreal forest, or taiga, mostly consisting of coniferous trees, is one of the world’s largest 
biomes and an essential part of the terrestrial carbon cycle (Gurevitch et al., 2002). The 
boreal forests influence the earth’s climate (Bonan et al., 1995; Foley et al., 2003; Bonan, 
2008b). In a study in which the influences of all the major biomes of the world on global 
temperature were assessed, the boreal forests were assessed as having the greatest 
biogeophysical effect on annual global temperature (Snyder et al., 2004). The boreal forests 
constitute a significant carbon storage (Gover et al., 2001) and a large carbon sink (Goodale 
et al., 2002; Dong et al., 2003).  
 
A drastic increase in temperature, between 2.3 and 7.4 ºC by the end of this century, has 
been projected by climate models to occur at high latitudes, where the boreal forests are 
located (IPCC, 2007). Warming will cause changes in the ecosystem functioning: with a 
temperature increase of 3 ºC even a dieback of boreal forests has been predicted (Lenton et 
al., 2008). Even without this extreme scenario, changes are likely to occur. The influence of 
these changes on the carbon balance of the boreal forests has been studied, focusing on 
whether they will become a carbon source or a stronger carbon sink (Piao et al., 2007).  
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Recently a number of studies have found changes in the greenness and photosynthetic 
activity in high latitudes, indicating a longer growing season (Myneni et al., 1997; Slayback 
et al., 2003; Karlsen et al., 2007; Bronson et al., 2009), but it is not clear if this will increase 
the carbon sink of the boreal forests. In some studies the lengthening of the growing season 
has increased the carbon sink (Churkina et al., 2005), while in others the opposite has been 
found (Dunn et al., 2007). An earlier onset of photosynthesis in the spring will lengthen the 
time for which the forest takes up carbon, enhancing the carbon sink (Ensminger et al., 
2004). On the other hand, warmer autumns are likely to increase the release of carbon. The 
diminishing of photosynthesis occurs concurrently with decreasing light, but if the 
temperatures remain high in the autumn, respiration will continue (Piao et al., 2008; Vesala 
et al., 2009).  
 
The CO2 exchange of the forest ecosystems has been studied on many scales by 
measurements and modelling. In addition to traditional leaf chambers, a widespread network 
of eddy covariance (EC) measurement sites has been established during the last two decades 
(Baldocchi, 2003). The EC method enables continuous measurements of the whole 
ecosystem gas exchange routinely for the first time. These data can be used to further 
develop CO2 gas exchange models, including those used in the global climate models. 
Global climate models model the whole globe, regional models simulate smaller systems, 
plot-scale models deal with the ecosystem level, and these models downscale to the plant or 
leaf scale; from this scale, one can further focus on the stomata and molecular scales. These 
biological multiscale systems can be modelled using a methodological framework of 
systems theory and hierarchy theory (Mäkelä, 2003). A biological multiscale system can be 
considered to be a hierarchical system that consists of several organizational levels, e.g., 
cells, tissues, organs, plant, forest (Thornley and Johnson, 1990). Each of these levels has its 
own unique language, and is an integration of items from a lower level. For a given level to 
operate successfully, the lower levels are also required to function properly. Lower levels 
obtain their boundary conditions and driving functions from the upper levels. Higher levels 
generally have slower processes, whereas lower levels are characterized by faster process 
rates as well as smaller physical size (Thornley and Johnson, 1990; Mäkelä, 2003). The 
multiscale character of the global carbon cycle model brings up the issue of whether all the 
significant processes at lower levels are included in the higher levels, and whether all the 
levels are parameterized appropriately in the light of the measurements.  
 
Lately, remote sensing data has been used to observe the seasonal development of the 
vegetation at a regional level (Myneni et al., 1997), and these measurements have also been 
incorporated into terrestrial ecosystem models (Knorr and Heimann, 2001b). The remote 
sensing of chlorophyll fluorescence has advanced (Meroni et al., 2009). The start of the 
snow melt, as assessed by remote sensing, has been connected to the beginning of the CO2 
exchange of the vegetation (Bartsch et al., 2007).  These developments open new vistas for 
modelling of CO2 gas exchange. 
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2. Outline and aims of this work 
 
 
This work concentrates on the modelling of CO2 gas exchange at different scales, from a 
leaf stomata to forest canopies, and the inclusion of the seasonal cycle into the modelling. At 
the stomatal scale the mesophyll conductance is a significant factor, and it may play a role 
even at larger scales. Mesophyll cells are the cells inside the leaf in which the 
photosynthesis occurs.  Often mesophyll conductance is neglected in leaf and canopy level 
models, since not enough information about it is available for it to be incorporated or 
parameterized in the models. Mesophyll conductance is dependent on the physical and 
environmental conditions inside the leaf. New computing resources have made more 
detailed gas exchange simulations possible, and thus the effect of mesophyll conductance 
can also be assessed. 
 
Wang (1996) used leaf-level measurements of CO2 gas exchange to derive an empirical 
seasonal cycle of biochemical model parameters. This kind of seasonal cycle is neglected in 
present-day models, even though it has been shown that the modelling of terrestrial carbon 
cycle - climate feedback is sensitive to the description of photosynthetic capacity and its 
temperature response that is adopted (Matthews et al., 2007), and the seasonality of the 
vegetation still needs improvements (Sasai et al., 2007). We used EC data, year-round gas 
exchange observations, and auxiliary meteorological and biological measurements to assess 
how the seasonal cycle can best be followed and how it can be implemented in the 
modelling.  
 
In addition, canopy-level CO2 gas exchange models have often been parameterized using 
leaf-level measurements. This might lead to some biases in canopy-level modelling, since 
scaling from a leaf to a canopy raises complex questions, and it might be better to use 
ecosystem-scale measurements to estimate model parameters at ecosystem and larger scales 
(Wang et al., 2006). The EC data available today allow parameterization of model 
parameters at the canopy scale.  
 
To summarize, the aims of this thesis were 
 

●  to evaluate the role of physical vs. biochemical processes at the leaf stomata  
      scale 
●  to find the best environmental or biological variable to describe the seasonal  
     status of a boreal forest and through this the implementation of seasonality into  
     CO2 gas exchange modelling   
●  to determine the parameters for canopy-level CO2 gas exchange  
     models using eddy covariance data  

 
In Chapter 3.1 the theoretical background for photosynthesis, forest CO2 fluxes and the 
seasonality of the boreal forests is first presented. Chapter 3.2 introduces the biochemical 
model and the optimal stomatal control model, and discusses how they were upscaled to the 
canopy level. The 3-D leaf stomata model is also described. The measurements are 
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described in Chapter 3.3. These include EC measurements at four coniferous sites as well as 
leaf chamber, chlorophyll fluorescence and CO2 concentration measurements. Chapter 4 
presents the main results of this work. The three-dimensional leaf stomata model was used 
to study the temperature dependencies of the different processes taking part in the CO2 gas 
exchange, while two different photosynthesis models were upscaled to the canopy level and 
their results were compared. In addition, the seasonal cycle of the model parameters and 
environmental variables were studied. These results are discussed in Chapter 5; Chapter 6 
contains the conclusions and perspectives of this work. 
 
 
3. Theory, measurements and models  
 
 
3.1. Theory 
 
 
3.1.1. Leaf-level CO2 exchange and photosynthesis 
 
Life on earth is enabled by the ability of vegetation to capture the energy of solar radiation 
and then convert it into chemical energy stored in the biomass. This process is called 
photosynthesis, and can be represented by a simple chemical equation:  
 
6 CO2 + 12 H2O + photons  →   C6H12O6 + 6 O2 + 6 H2O                  (1) 
 
Carbon dioxide and water molecules are transformed into carbohydrates and oxygen by 
solar energy. Even though the fundamental principle of photosynthesis is simple, it is in fact 
a very complicated phenomenon comprising many physical and biochemical processes. 
Some of the biochemical reaction chains still remain unknown (Lawlor, 1993). 
 
The prerequisites for photosynthesis are radiation, the proper temperature, available water 
and carbon dioxide. The carbon dioxide needs to be transferred from the ambient air to the 
site of photosynthesis, the chloroplasts located in the mesophyll cells. First, a CO2 molecule 
from the ambient air enters into the intercellular air space of the leaf through a stomatal 
pore. The guardian cells regulate the size of the stomatal opening according to the 
environmental conditions. The size of the aperture is described by the stomatal conductance. 
The definition of the stomatal conductance (g, unit m s-1) combines the flux (F, unit mol m-2 
s-1) and the concentrations (unit mol m-3) in both the intercellular air space inside the leaf 
(ci) and outside (ca) the leaf. The flux, i.e., how much material moves across a surface in a 
certain time, is the difference between the inner and outer concentrations multiplied by the 
conductance: 
 
F = g (ca – ci)          (2) 
 

 12



 
 
Figure 1. General picture of photosynthesis including light reactions and the three phases of 
the Calvin cycle. The light reactions use water and solar energy to create chemical energy 
compounds that are transported to the Calvin cycle. The three phases of the Calvin cycles 
use the chemical energy in reducing the CO2 molecules to a carbohydrate. 
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From the intercellular air the CO2 molecules then diffuse into the mesophyll cells, inside 
which they are transported to the chloroplasts. The outer and inner membranes of the 
chloroplast enclose a fluid called the stroma. The stroma contains soluble enzymes, 
ribosomes and chloroplastic DNA. Interconnected thylakoid membranes segregate the 
stroma from another compartment, the thylakoid space. Chlorophyll and other 
photosynthetic pigments are located in the thylakoid membranes.  
 
The photosynthesis consists of two stages, the light reactions and the Calvin cycle, also 
known as the dark reactions (Fig. 1). The light reactions take place in the thylakoid 
membrane and they convert light energy into chemical energy, NADPH and ATP 
(adenosine triphosphate) that are used in the Calvin cycle. NADPH is a reduced form of 
NADP+, nicotinamide adenine dinucleotide phosphate. An incoming light photon is trapped 
by photosynthetic pigments that transport the captured energy to a reaction centre, where 
chlorophyll-a is first excited and subsequently reduced by the primary electron acceptor. 
These photosynthetic pigments are parts of the so-called photosystems (Campbell and 
Reece, 2005).  
 
Two types of photosystems work in the light reactions. Photosystem I (PSI) produces ATP, 
whereas photosystem II (PSII) and PSI together produce both ATP and NADPH. An 
electron transport chain from PSII to PSI involves, amongst other compounds, 
plastoquinone, and this electron flow also pushes electrons from water to NADPH and 
releases O2. Two distinct pathways are needed, since the Calvin cycle consumes more ATP 
than NADPH (Stryer, 1995).  
 
The Calvin cycle occurs in the stroma. Carbon enters the Calvin cycle in the form of CO2 
and exits as a carbohydrate, glyceraldehyde 3-phosphate (G3P). In order to produce this 
carbohydrate, three CO2 molecules are needed simultaneously. The Calvin cycle can be 
considered to consist of three phases, shown in Fig. 1, into which the three CO2 molecules 
enter. First, in the carbon fixation phase, each CO2 molecule is attached to a five-carbon 
sugar, ribulose biphosphate (RuBP). The enzyme catalyzing this reaction is RuBP 
carboxylase/oxygenase (Rubisco). Light-induced increases in the pH and Mg2+ level of the 
stroma are also important stimulants for the reaction. The products of this reaction are 
hydrolyzed and in the second phase, the reduction phase, these hydrolyzed products are 
reduced by chemical energy from NADPH and ATP into G3P molecules. The net gain of 
the Calvin cycle is one G3P, since the other five G3P compounds produced continue to the 
third phase, the regeneration of the CO2 acceptor (RuBP).  This is usually limited by the 
supply of ATP and NADPH (Farquhar et al., 1980). ATP molecules convert five molecules 
of G3P into three molecules of RuBP which are again available to receive CO2. The 
molecule of G3P produced is further converted to glucose and other essential organic 
compounds. The plants store carbohydrates mainly as sucrose in the cytosol (liquid in the 
cells) and starch in the chloroplasts (Stryer, 1995). The carbohydrates are used in cellular 
respiration and in synthesizing, e.g., proteins, lipids and polysaccharide cellulose (Campbell 
and Reece, 2005).  
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Most of the CO2 released by plants is produced by cellular respiration, also called dark 
respiration. Cellular respiration in mitochondria releases the energy of the photosynthesis 
products into the plant cells, and consumes about 50% of the organic compounds made by 
photosynthesis (Campbell and Reece, 2005). Dark respiration is decreased in the presence of 
light (Villar et al., 1994; Villar et al., 1995; Laisk and Loreto, 1996). 
 
The enzyme Rubisco can also catalyze a competing oxygenase reaction that releases CO2 
and consumes O2, but does not produce any high-energy compounds. This process is called 
photorespiration (Foyer et al., 2009). The relative rates of RuBP carboxylation and 
oxygenation depend upon the concentrations of CO2 and O2 at the active site of the enzyme 
as well as on the Rubisco specificity factor that describes the preference for CO2 over O2. 
The Rubisco specificity factor is in the range 60 to 100 for higher plants (Laisk and Loreto, 
1996; Andersson, 2008). In normal atmospheric conditions, the rate of the carboxylase 
reaction in Rubisco is four times faster than the rate of the oxygenase reaction (Stryer, 
1995). Photorespiration increases with light, large O2 and small CO2 concentrations 
(Lawlor, 1993; Nobel, 1999).  
 
Prerequisites for photosynthesis include light, temperature, water and CO2. Because light is 
needed in the light reactions, it is essential for photosynthesis to occur. The light reactions 
create the energy compounds for the Calvin cycle; with increasing light levels 
photosynthesis also increases, until light saturation occurs. When the light saturation level is 
reached, photosynthesis is no longer limited by light but by the amount of CO2 available for 
the dark reactions and the amount of Rubisco (Lawlor, 1993; Bonan, 2008b). 
 
Both photosynthesis and cellular respiration are highly dependent on temperature. Generally 
the biological activity is low at low temperatures, increasing in a temperature range from 
above zero up to an optimum temperature, after which a decrease occurs (Lawlor, 1993; 
Bonan, 2008b). Plants that are acclimated to low temperatures may have higher 
photosynthetic rates at lower temperatures and a lower optimum temperature for 
photosynthesizing than plants grown in higher temperatures (Berry and Björkman, 1980). 
The plants acclimate their optimum temperature for photosynthesis, but the time it requires 
varies according to species, ontogeny and nutritional status (Kozlowski and Pallady, 1997). 
At temperatures above the optimum level, plants usually close their stomata, especially if 
they are water-stressed (Berry and Björkman, 1980). The biochemical reduction of 
photosynthesis at high temperatures is associated with changes in the properties of the 
thylakoid membranes, inactivation of the enzymes of photosynthetic carbon metabolism and 
a decrease in the amount of soluble leaf proteins as a result of denaturation (Berry and 
Björkman, 1980). 
 
CO2 is also needed in the photosynthesis. Photosynthesis increases with increasing CO2 
concentration up to a certain saturation point. After that, the photosynthesis is limited by the 
ATP and NADPH supply from the light reactions (Lawlor, 1993; Bonan, 2008b). Nitrogen 
is an important component of chlorophyll and Rubisco, and higher amounts of nitrogen in 
foliage allow higher rates of photosynthesis (Bonan, 2008b).  
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3.1.2. Canopy-level CO2 exchange  
 
As plants photosynthesize, they produce organic compounds that are also referred to as 
gross primary production (GPP) (mol m-2 s-1) (Waring and Running, 2007). The cellular 
respiration of the plants is called autotrophic respiration (Ra); when this is subtracted from 
the GPP, the remaining photosynthetic products are called the net primary production 
(NPP). These compounds are stored or used for growth (Campbell and Reece, 2005). Ra can 
be considered to consist of two processes, maintenance and growth respiration. It is usually 
modelled with an exponential temperature response (Waring and Running, 2007).   
 
In this work the ecosystem studied was a boreal coniferous forest. When moving from the 
leaf level to the canopy scale, there are more contributors to the CO2 gas exchange than the 
photosynthesizing green needles. The branches, stems and roots of the trees also respire, 
while the understory vegetation of the forest both photosynthesizes and respires.  
 
The incoming litter from trees and dead plant material is decomposed by fungi, bacteria and 
soil animals, which thus release CO2 into the atmosphere; this process is called 
heterotrophic soil respiration (Paul and Clark, 1989). Rhizospheric respiration also takes 
place in the soil and is a significant source of CO2 (Kuzyakov and Cheng, 2001). It includes 
respiration by roots and their associated micro-organisms that are directly dependent on root 
exudates. In this work, rhizospheric respiration and heterotrophic respiration together form 
soil respiration (Rs). 
 
The heterotrophic soil respiration is dependent on various different environmental variables, 
temperature (Davidson and Janssens, 2006) and soil moisture (Moore and Dalva, 1993) 
being the most important, as well as the quality and supply of decomposable substrate 
material (Trumbore, 2006). The acidity of the soil also affects the activity of the enzymes 
that the microbes use in decomposition (Hari and Kulmala, 2009). The oxidation of 
photosynthetic products by soil microorganisms transform those products into nutrients that 
become available to plants and microorganisms (Paul and Clark, 1989). Soil microbes are 
able to decompose complex compounds because they produce complex enzyme systems, 
growing as communities that produce many different enzymes (Hari and Kulmala, 2009). 
 
The temperature dependence of heterotrophic soil respiration can be described in several 
ways, including different exponential, e.g., van’t Hoff, Arrhenius and Lloyd-Taylor as well 
as Gaussian formulations (Portner et al., 2009). Tuomi et al. (2008) showed that the 
Gaussian temperature dependence gives the best results for heterotrophic respiration from 
incubation experiments. Portner et al. (2009) argued that the Gaussian temperature 
dependence is often inadequate since it requires a reduction in released CO2 at high 
temperatures, and often this is not seen in measurements. They found the second-best option 
to be the Lloyd-Taylor (Lloyd and Taylor, 1994) temperature dependence for heterotrophic 
respiration. 
 
In addition to these biological processes for the release and uptake of CO2, various different 
physical transport mechanisms for the gases need to be considered when studying the gas 
exchange of the forest canopy. Inside the leaf, in the intercellular air space, and in the  
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Figure 2. The CO2 fluxes of the forest. Ra refers to the autotrophic respiration of the 
biomass located above ground. [Picture adapted from A. Lohila (2008)].   
 
 
laminar boundary layer, located within a distance of about 1 mm from the leaf surface in 
typical flow conditions, the gas molecules move by diffusion. Inside the canopy and within 
the atmospheric surface layer (ASL) the CO2 is transported by turbulence. The ASL is the 
approximately lowest 10% of the atmospheric boundary layer (ABL) and the ABL is the 
lower part of the troposphere (Stull, 1988). ABL is the part of the troposphere that is directly 
influenced by the earth’s surface and ASL is a well-mixed layer within which all the fluxes 
are rather constant with height (Stull, 1988). The surface causes vertical mixing into the 
ASL by friction (mechanical turbulence) and heating (thermal turbulence), inducing swirls 
that are often referred to as turbulent eddies (Stull, 1988). 
 
The fact that vertical fluxes within the ASL can be considered constant above the canopy 
(Stull, 1988) is used in micrometeorological measurements in which the forest CO2 
exchange can be measured directly above the canopy using a three-dimensional wind 
component and CO2 concentration data. This method is called eddy covariance and the 
measured CO2 flux is called the net ecosystem exchange (NEE); it is the end result of all the 
CO2 exchange processes of the forest. In this work, the CO2 absorbed by the vegetation is 
considered negative and the CO2 flux directed upwards, i.e., the CO2 released by the 
vegetation, is positive. As described in the previous section, the dark respiration by the 
needles is decreased in light and photorespiration is increased with increasing CO2 
assimilation. However, the respiration by the needles is not a very important part of the 
respiration of the whole forest. In a Scots pine forest in Zotino, the needle respiration 
accounted for 18% of the whole respiration budget (Shibistova et al., 2002). Thus the 
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photorespiration by the vegetation in the daytime can be considered negligible and the gross 
photosynthesis equals GPP. NEE can thus be formulated as 
 
NEE = GPP – Ra – Rs = NPP – Rs                                                                         (3) 
 
During the night, photosynthesis ceases and only respiration fluxes are present. NEE and the 
CO2 fluxes it consists of are shown in Fig. 2.  
 
3.1.3. Seasonality of the boreal forest 
 
Boreal forest covers approximately 14.5% of the earth’s surface. It forms an almost uniform 
belt circling the land areas of the globe in northern latitudes, the largest continuous area 
extending from Scandinavia to eastern Siberia (Gower et al., 2001), covering most parts of 
Finland and Sweden. In boreal forests the winter is long, and the vegetation needs to make 
good use of the short summer period.  
 
Winter time is harsh in the boreal region. To protect themselves, coniferous trees enter a 
dormant period, thus decreasing their need for assimilates. Mechanisms of survival include 
changes in energy absorption and photochemical transformation through energy 
partitioning, as well as changes in chloroplastic carbon metabolism and allocation 
(Ensminger et al., 2006). Also stomata close (Schaberg et al., 1995), and even wax-like 
plugs have been found in Scots pine needles in February in Siberia, probably protecting the 
trees from frost desiccation (Arneth et al., 2006). However, the plants are able to 
photosynthesize even during winter when the air temperature is high enough (Ensminger et 
al., 2004; Sevanto et al., 2006).  
 
In northern latitudes in springtime, light is abundant even though the soil is still frozen. If 
plants were to open their stomatal pores and photosynthesize, they would desiccate (Arneth 
et al., 2006). The active xanthophyll cycle pigments protect the plants from the high light 
levels. In a Siberian Scots pine forest, the highest levels of xanthophylls were measured in 
April when it was still cold but the ambient light was already plentiful, not during the 
coldest time of the winter (Ensminger et al., 2004). In the same study it was observed that 
late night frosts not only halt, but even reverse, the biochemical recovery of the plants. Cold 
soils also slow the return of photosynthesis (Ensminger et al., 2008) and frozen soil inhibits 
the plants from obtaining soil water. Photosynthesis begins fully when the temperature is 
high enough and soil water is available. 
 
Summertime is a time of growth in the boreal forest. Drought is not a seriously limiting 
factor in boreal forests, unlike in more southern ecosystems (Taiz and Zeiger, 1998). Some 
decrease in daily CO2 exchange has been observed in boreal Scots pine forests on hot and 
dry days in Finland and Siberia (Kellomäki and Wang, 2000; Lloyd et al., 2002), but these 
studies did not report any extensive damage to the vegetation.  
 
After a short summer, falling temperatures and decreasing day length drive plants to prepare 
for the winter and dormancy (Suni et al., 2003; Lagergren et al., 2008). The photosynthetic 
capacity of the boreal forests decreases (Lloyd et al., 2002) as the evergreen trees  
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Figure 3. CO2 concentrations, fluxes and temperature indices at Pallas during the period 
March 11-November 26 (DOY 70-330) 2006. a) The five-day running average of trend-
removed CO2 concentration at Pallas/Sammaltunturi (solid line) and the daily averages 
(points). b) The half-hourly eddy covariance CO2 fluxes from Pallas/Kenttärova. c) Daily 
temperature  (points), five-day running average of daily mean temperature  (solid line) and 
minimum daily temperature (dashed line) for Pallas/Kenttärova in 2006 (Paper IV).    
 
downregulate their photosynthesis (Ensminger et al., 2006). They do this by inactivating the 
PSII reaction centres and by reorganizing the light-harvesting complexes efficient in light 
harvesting into complexes aimed at energy quenching (Öquist and Huner, 2003; Ensminger 
et al., 2006). Coniferous trees also increase the intercellular sugar concentration that 
increases their cold tolerance (Ögren, 1997).  
 
A representative example of a typical seasonal cycle of a northern boreal coniferous forest is 
displayed in Fig. 3 showing CO2 gas exchange data, temperature indices and CO2 
concentration measurements at Pallas/Kenttärova, a Norway spruce forest located in 
northern Finland, in the year 2006 (see also Paper IV). Seasonal behaviour is also seen in 
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the CO2 concentration, measured at Sammaltunturi, six kilometres away from Kenttärova. 
There is a decrease from the winter level to the summertime minimum levels occurring in 
late July and early August (Fig. 3a). The CO2 concentration results from a larger-scale 
phenomenon than the canopy-level measurement (Denning et al., 2003) and describes the 
general development in the region. A similar seasonal cycle is seen in the NEE 
measurements of the forest canopy (Fig. 3b). As the five-day average temperatures increase 
above zero in spring, the forest starts to take up carbon (Fig. 3c). Night frosts occurring 
before DOY 140 (May 20) in that year’s spring decreased the uptake values, but shortly 
after this the spring recovery continued. Both uptake and respiration are at their highest 
levels during the summertime. In 2006, after DOY 240, in September, the maximum values 
start to decrease, slowly falling to their winter levels.  
 
As can be seen in Fig. 3, the CO2 gas exchange of the vegetation is closely linked to air 
temperature. Traditionally, the thermal growing season has been used to estimate the active 
period of the vegetation. The start of the thermal growing season occurs when the daily 
average temperature exceeds 5 ºC on five consecutive days and the snow cover is absent, 
and ends when the average daily temperature is less than 5 ºC on five consecutive days 
(Venäläinen and Nordlund, 1988). The temperature sum, i.e., the sum of all positive daily 
average temperatures, is also traditionally used (Solantie, 2004).  
 
Recently, other temperature-related indices have also been developed to describe the 
vegetation’s photochemical status. The seasonal factor (f) has a low value in the winter, 
increasing to a high summertime value in the spring (Lagergren et al., 2005). This increase 
is driven by air temperature, while night frosts cause some decrease in the value. In the 
autumn, the decrease is caused by diminishing day length and night frosts. The state of 
acclimation (S) is another temperature index that is used to describe seasonality; it follows 
temperature with a certain delay (Mäkelä et al., 2004). Tanja et al. (2003) showed the 
applicability of the five-day average temperature to estimate the beginning of the growing 
season. 
 
The beginning of the snow melt in the spring can be seen as changes in the surface albedo 
(Kimball et al., 2004). The beginning of snow melt releases water into the top layers of the 
soil, thus enabling the trees to photosynthesize (Jarvis and Linder, 2000; Monson et al., 
2002). The surface albedo decreases from its highest winter value to low summer values in 
spring as the snow melt advances. This occurs simultaneously as increasing temperatures 
drive other processes of spring recovery in the forest.  
 
Chlorophyll fluorescence is a basic measurement in plant physiology (Baker, 2008). The 
light energy absorbed by the chlorophyll molecules is used in photosynthesis, dissipated as 
heat or re-emitted as light through chlorophyll fluorescence (Maxwell and Johnson, 2000). 
By measuring the chlorophyll fluorescence, information about the these two simultaneous 
processes, i.e., photosynthesis and heat dissipation, is obtained.  
 
The chlorophyll fluorescence parameter that is used is the maximum photochemical 
efficiency Fv/Fm, and is measured on a dark-acclimated leaf sample. The ratio Fv/Fm does 
not have units, and F0 (minimal fluorescence) and Fm (maximal fluorescence) that are used 
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in its calculation have only relative units (r.u.), since the measurement device relates the 
incoming signal to the signal it sends to the leaf sample. The minimum fluorescence F0 is 
measured first using a weak measuring beam, so that plastoquinone QA remains oxidized. 
The plastoquinone QA is the primary quinone electron acceptor of PSII. A short light flash is 
then applied and the level of the maximum fluorescence Fm is obtained. The light flash 
closes all the reaction centres, since once PSII absorbs light, QA is reduced - it is called 
‘closed’ - and cannot accept a new electron before the first electron is passed to a 
subsequent electron carrier (Maxwell and Johnson, 2000; Baker, 2008). The maximum 
photochemical efficiency (Fv/Fm) is calculated using F0 and Fm, 
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Fv/Fm gives information about the PSII functioning, and has a clear seasonal cycle in boreal 
forest, being low during winter and increasing to its highest level of 0.83 in summer. Its 
values in nonstressed leaves are consistent (about 0.83) (Baker, 2008). Seasonal changes in 
the value of Fv/Fm are driven by temperature and the light environment (Lundmark et al., 
1998; Porcar-Castell et al., 2008a). These changes are caused by photochemical capacity, 
thermal dissipation of PSII, or both (Porcar-Castell et al., 2008b). The change in the surface 
albedo and the maximum photochemical efficiency Fv/Fm  in spring 2002 at Sodankylä are 
shown in Fig. 4; they are a typical example of the spring recovery in a boreal forest. The 
albedo decreases simultaneously as Fv/Fm increases to the summer level during spring, large 
changes occurring quite rapidly. 
 

 
 
Figure 4. Maximum photochemical efficiency Fv/Fm (diamonds) and albedo (stars) at 
Sodankylä in spring 2002 (March 31 – May 20). 
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3.2. Model description 
 
3.2.1. The biochemical model  
 
To study the CO2 gas exchange of the plants, leaf-level photosynthesis models were used. 
The biochemical model was developed in the early 1980’s by Farquhar and co-workers 
(Farquhar et al., 1980; Farquhar and von Caemmerer, 1982). It has been later modified by 
De Pury and Farquhar (1997). The model is based on a description of photosynthesis at the 
chloroplast level including enzyme kinematics and biochemistry. It has been widely used in 
photosynthesis models, from leaf to global scales (Sellers et al., 1996; Friedlingstein et al., 
2006). According to the biochemical model, photosynthesis is limited by the electron 
transport chain (Aj, RuBP regeneration-limited) or carboxylation efficiency (Ac, Rubisco 
activity-limited). Some versions of the model also consider nutrient limitation (Dang et al., 
1998), but that was excluded in this work. One or other rates of synthesis (Aj or Ac) are thus 
limiting values and the net CO2 gas exchange (E) can be formulated as: 
 

{ } dcj RAAE −= ,min                                                                                            (5) 
 
where Rd is the rate of cellular non-photorespiratory respiration. 
 
When the leaf-level photosynthesis is limited by the Rubisco activity, it is denoted by Ac. 
This occurs at high light levels or when the CO2 concentration is low, and it is described as 
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Here Vc(max) is the maximum rate of carboxylation, kc and ko are the Michaelis-Menten 
constants for CO2 and O2, Γ* is the CO2 compensation point in the absence of non-
photorespiratory respiration, o is the oxygen concentration in the chloroplasts (assumed 
constant) and ci is the carbon dioxide concentration inside the chloroplasts. 
 
RuBP regeneration-limited CO2 gas exchange is denoted by Aj and is dominant at low light 
levels or when the CO2 concentration is high. Its formulation is 
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In addition to the variables introduced above, eq. (7) includes J, the potential electron 
transport rate that is described as 
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It is a function of the incident irradiance (I0), the light use efficiency factor (q), the 
convexity of the light response curve (Θ) and Jmax, the maximum rate of electron transport.  
 
The temperature dependence for Γ* was adopted from Brooks and Farquhar (1985), while 
the temperature dependences for the Michaelis-Menten constants were from Farquhar et al. 
(1980) and Harley and Baldocchi (1995). The temperature dependence of Vc(max) and Jmax for 
some species can be presented according to Harley and Baldocchi (1995) as: 
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where f0 is the base rate, denoting the parameter value at 25 ºC, Ef is the activation energy, R 
is the gas constant, T is temperature (K) and T25 is 298.15 K.  
 
The temperature dependence of Jmax can also be described by a function revealing an 
optimum temperature (Farquhar et al., 1980; Medlyn et al., 2002a): 
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Here Ej is the activation energy, Sj is the entropy of the denaturation equilibrium, Hj is the 
deactivation energy for Jmax, T is temperature (K), R is the gas constant and B is a constant 
having the same units as Jmax. T25 is 298.15 K. This formulation for Jmax was used in Paper 
I. 
 
The parameters Jmax and Vc(max) can be estimated from leaf chamber measurements (Wang et 
al., 1996; Aalto and Juurola, 2001). The parameters cannot be measured directly but they 
must be inferred by model inversion from measurements (Kattge et al., 2009). In addition to 
the parameterizations at leaf level, model inversions using eddy covariance data have also 
been made to estimate the model parameters at canopy level and on terrestrial ecosystem 
models (Knorr and Kattge, 2005; Wang et al., 2006; Paper III). 
 
Earlier these parameters were considered to be highly variable between plants (Farquhar et 
al.,1980; Wullschleger, 1993), with differences originating from genotype, nutrition, etc. 
However, Leuning (2002) showed that these parameters have similar temperature 
dependences between species at temperatures below 30 ºC. In a study where different 
measurements were compared, Medlyn et al. (2002a) found that the relative temperature 
responses of Jmax and Vc(max) were fairly stable among tree species. Kattge et al. (2009) were 
able to parameterize Vc(max) globally according to the plant functional types. The large 
differences in the values measured earlier (Wullschleger, 1993) resulted from different 
experimental conditions and special characteristics. Even though parameterization for the 
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large scale has been successful, noticeable differences within species have been found 
(Medlyn et al., 1999). 
 
In Finland, the biochemical model parameters have been found to have a seasonal behaviour 
(Wang, 1996). This has also been noticed in other studies (Wilson et al., 2001; Xu and 
Baldocchi, 2003; Kosugi and Matsuo, 2006). The parameter Vc(max) has been shown to vary 
with nitrogen (Medlyn et al., 1999), and this has been used in parameterizations (Kellomäki 
and Wang, 2000; Kattge et al., 2009). The acclimation to plant growth temperature has also 
been taken into account in parameterization (Kattge and Knorr, 2007). The relations to 
nitrogen and plant growth temperature were not considered in this study, only the seasonal 
behaviour.  
 
The biochemical model does not contain any formulation for stomatal conductance. The 
widely-used Ball-Berry conductance model (Ball et al., 1987) was used in conjunction with 
the biochemical model. The stomatal conductance gBB is formulated as  
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where Hr is the relative humidity, A is the rate of photosynthesis, ca is the ambient CO2 
concentration and g0 and g1 are empirical constants. The empirical constants g0 and g1 were 
approximated using eddy covariance and leaf chamber data measured at the Sodankylä 
Scots pine site (Paper II). The stomatal conductance model parameters also change 
seasonally (Medlyn et al., 2002b). The effect of drought or increased vapour pressure deficit 
(VPD) can be simulated by the Ball-Berry model with a modification proposed by Tuzet et 
al. (2003), where the second term on the right-hand side of eq. (11) is multiplied by a 
sigmoid function that decreases as a function of increasing VPD.  
 
3.2.2. Optimal stomatal control model 
 
Another leaf-level photosynthesis model used in this work was an optimal stomatal control 
model. In 1977 Ian Cowan argued, that plants optimize the amount of  transpired water to 
the amount of produced carbohydrates under prevailing environmental conditions (Cowan, 
1977). This principle has been further developed into a photosynthesis model also including 
a formulation for stomatal conductance (Hari et al., 1986; Mäkelä et al., 1996). The 
photosynthesis Ao is described as  
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where Ca is the ambient CO2 concentration, r is the cellular respiration rate and g is the 
conductance.  
 
The saturation of the biochemical reactions is represented by a function f of irradiance (I):  
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Here γ represents the function's convexity and β is a parameter describing the photosynthetic 
capacity. 
 
The stomatal conductance g is included in the model, and is described as 
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where λ is the cost of transpiration, D is the saturation deficit of water vapour and a is the 
ratio of the diffusivity of water vapour to that of CO2. The parameters λ and γ were assumed 
to remain constant during the growing season, and were adopted from the leaf chamber 
measurements at Värriö, as described by Hari and Mäkelä (2003). The parameter β was 
determined from the eddy covariance data in Paper II. This model has been successfully 
applied at both the leaf (Hari et al., 1999; Hari et al., 2000) and canopy levels (Hollinger et 
al., 1998). 
 
3.2.3. Upscaling the leaf-level models 
 
To simulate the CO2 gas exchange of the whole canopy, the leaf-level models need to be up-
scaled (Paper II; Paper III). In a forest canopy more processes are involved than just those 
at the leaf level. The radiation and temperature are distributed unevenly inside the forest 
canopy, the woody parts of tree respire and the vegetation at the forest floor 
photosynthesizes and respires. Microbes in the soil release CO2 from the soil, thus causing 
heterotrophic respiration.  
 
When modelling the forest canopy, various alternatives are available: the canopy can be 
considered to consist of one layer, i.e., the so-called big-leaf approach, the biomass can be 
divided into multiple layers (De Pury and Farquhar, 1997) or the canopy structure can be 
considered to consist of individual crowns in two or three dimensions (Medlyn et al., 2005a; 
Mäkelä et al., 2006). In this work, the multilayer approach was used, since it facilitates the 
description of the vertically-changing efficiency of the biochemical model parameters and 
varying light levels inside the canopy. To describe the vertical profile of the biomass 
distribution for Scots pine, a beta distribution was used (Wu et al., 2003). We divided the 
vertical profile into four parts, each of which had about a quarter of the total leaf area.  
 
The two-stream approximation radiative transfer model (Sellers, 1985) was used to calculate 
the radiative transfer inside the canopy. This model calculates the radiative fluxes separately 
for direct and diffuse radiation and allows for multiple reflection of light by leaves (Sellers 
et al., 1986). To estimate canopy respiration, soil and foliar respirations were considered. 
Foliar respiration was estimated from the leaf chamber measurements, and a Lloyd-Taylor 
(1994) temperature dependence was fitted to it. Night-time eddy covariance measurements 
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were used to estimate soil respiration. Bi-weekly changing temperature fits (Lloyd and 
Taylor, 1994) to measurement data were made (Papers II and III).  
 
The photosynthesis parameters Jmax and Vc(max) of the biochemical model were assumed to 
decrease proportionally to the percentual PAR (Photosynthetically Active Radiation) (Kull 
and Jarvis, 1995; Sellers et al., 1992), when upscaling the model in multiple layers. In the 
biochemical model, calculations were made separately for the sunlit and shaded leaves of 
the canopy (Thornley, 2002).  
 
3.2.4. Three-dimensional (3-D) leaf model 
 
Aalto and Juurola (2002) have presented a 3-D model for a silver birch leaf (lat. Betula 
Pendula) that describes a single stoma in a very detailed manner. The model includes the 
leaf boundary layer, the stomatal opening, the intercellular air spaces, the palisade and 
spongy mesophyll cells and individual chloroplasts. Physical transport processes are 
described in the model. The CO2 molecule moves through the laminar boundary layer and 
stomatal opening into the intercellular air space by diffusion. It then enters the mesophyll 
cell; this discontinuous jump between an air space and a liquid cell is described by Henry’s 
law that provides a temperature-dependent absorption equilibrium constant. Inside the 
mesophyll cells, the CO2 molecules move by diffusion into the chloroplasts. The light 
attenuation inside the leaf is modelled by Beer’s law (Lloyd et al., 1992). The strength of the 
chloroplast sink is determined by the biochemical photosynthesis model, depending on the 
local environmental conditions. The photosynthesis parameters for the model, Jmax and 
Vc(max), have been estimated earlier for silver birch by laboratory leaf gas exchange 
measurements (Aalto and Juurola, 2001). 
 
3.3. Measurements 
 
This work used CO2 gas exchange measurements from four different eddy covariance sites 
located in Finland and Sweden. In addition, leaf chamber CO2 gas exchange and chlorophyll 
fluorescence measurements from Finnish Lapland were used, as well as CO2 concentration 
measurements. 
 
3.3.1. Measurement sites  
 
The micrometeorological CO2 measurements used in this work were made at four 
coniferous forest sites, all located in the boreal zone: Kenttärova, Sodankylä, Hyytiälä and 
Norunda. The Scots pine forest at Sodankylä is located within the Arctic Research Centre of 
the Finnish Meteorological Institute and leaf chamber CO2 exchange and chlorophyll 
fluorescence measurements were also made there. Kenttärova and Sodankylä are both 
located north of the Arctic Circle in the north boreal zone (Solantie, 1990), while Hyytiälä is 
in southern Finland in south boreal zone. Norunda is located in the hemi-boreal zone in the 
central part of Sweden. 
 
The spruce forest of Kenttärova is located at Pallas, six kilometres from Sammaltunturi, the 
site of the CO2 concentration measurements. The Sammaltunturi measurement station is 
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located on the treeless top of an arctic hill, 560 m above sea level and 300 m above the 
surroundings (Aalto et al., 2002). The forest site at Pallas will hereafter be referred to as 
Pallas/Kenttärova and the CO2 concentration measurement site as Pallas/Sammaltunturi. 
The locations of the measurement sites are shown in Fig. 5, while basic information about 
the sites is found in Table 1. 
 
3.3.2. Leaf chamber CO2 measurements 
 
The gas exchange of tree twigs is measured using leaf chambers. A twig refers to the branch 
of a tree with its needles or leaves attached. A twig is placed in a chamber and the 
concentrations of CO2 and water vapour together with the environmental conditions are 
observed. The leaf chamber measurements can either be made in a closed setup, when there 
is no incoming air entering the chamber, or else in a steady state with a constant air flow 
through the chamber. Studies using leaf chambers are common, and have been done in 
Finland on Scots pine shoots by, e.g., Wang et al. (1996), Aalto (1998) and Kolari et al. 
(2007) and on birch leaves by, e.g., Hari and Luukkanen (1974). 
 
In this work the leaf gas exchange was measured at Sodankylä in the spring and summer of 
2002 with an LI-6400 (LiCor Inc., USA), a portable open-system leaf chamber measurement 
device. Experiments with different light levels and CO2 concentrations in a steady state were 
made, and these data were used to determine the needle respiration and photosynthesis 
model parameters. 
 

 
 
Figure 5. Locations of the measurement sites.  
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3.3.3. Eddy covariance measurements 
 
CO2 and H2O gas exchanges can be measured at the canopy level by the 
micrometeorological eddy covariance method. This is based on high-frequency observations 
of H2O and CO2 concentrations and wind components that are together used to calculate the 
direct fluxes of H2O and CO2 between the ecosystem and the atmosphere (Moncrieff et al., 
2004). Such measurements are now performed world-wide in multiple locations, the longest 
time series having started in 1990 (Baldocchi, 2003). In Finland, long-term measurements 
have been carried out at Hyytiälä since 1996 (Vesala et al., 1998; Markkanen et al., 2001) 
and at Sodankylä since 2000  (Aurela, 2005).  
 
The eddy covariance method measures NEE. A 30-minute time period is used in eddy 
covariance measurements, since this gives approximately the net amount of material being 
transported in the vertical direction above the surface (Aubinet et al., 2000). This is 
expected, since corresponding to this averaging time there is a gap in the energy spectrum of 
the wind speed at 0.1-1 h-1 (Stull, 1988), but use of longer time periods has also been 
discussed (Finnigan et al., 2003). 
 
 
 
Table 1. The characteristics of the micrometeorological measurements sites. 
 
                            Kenttärova          Sodankylä        Hyytiälä              Norunda 
Location                             67º59'N                    67º21'N            61º51'N                 60º5'N 
                                           24º15'E                    26º38'E            24º17'E                 17º28'E 
Forest type                  Norway spruce           Scots pine         Scots pine/          Scots pine/ 
                                    Norway spruce     Norway spruce 
LAI (m2/m2)                       6.6                             3.6                   8.0a)                        13.5 
(total, annual) 
 
Mean annual 
temperature (Cº)                 -1.7                           -1.0                   3.0                           5.5 
and precipitation (mm)       450                           500                   709                          527 
(30 year average) 
 
Canopy height (m)               13                             12                     13                           28 
 
Measurement height (m)      23                             23                     23                           35 
 
References                            b)                            b)                          c)                Grelle et al. 1999   
 
a)Thinning in spring 2002 reduced LAI from 8 m2/m2 to 6 m2/m2, after that a 0.3 m2/m2 increase yearly (P. 
Kolari, pers. comm.) 
b)Aurela (2005) and Finnish Meteorological Institute (1991) 
c)Markkanen et al. 2001 and  Vesala et al. 1998, 2005 
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The concentrations of H2O and CO2 and the wind components were measured above the 
canopy level. EC measurements from four sites were used in this work; their canopy and 
measurement heights are shown in Table 1. Wind components were measured by a three-
dimensional anemometer and trace gas concentrations by an infrared H2O/CO2-analyzer. At 
Sodankylä and Kenttärova an LI-7000 was used as the CO2/H2O monitor and at Norunda 
and Hyytiälä an LI-6262 (Li-Cor Inc., NE, USA). The anemometers at Sodankylä and 
Kenttärova were SATI/3Sx (Applied Technologies Inc., CO, USA) until 2003, after which 
they were replaced by METEK USA-1 instruments (METEK GmbH, Elmshorn, Germany). 
At Norunda and Hyytiälä, the anemometers were Gill Solent 1012-R2 (Gill Instruments Ltd, 
Lymington, UK). 
 
The benefits of the EC method include the fact that it measures at canopy level, which is 
interesting for ecological studies (Baldocchi, 2003), and that it is continuous, allowing for 
studies of both short-term variations and annual carbon balances. In addition, the EC method 
does not disturb the environment or the vegetation (Aurela, 2005). The disadvantages 
include expense, as well as difficulties in making error estimations and defining the source 
area of the fluxes in heterogeneous landscapes (Markkanen et al., 2003). All single EC data 
values include a of random error between 10-20 % due to turbulent transport phenomena 
(Baldocchi, 2003; Rannik et al., 2004; Richardson et al., 2006) and systematic errors, caused 
by, e.g., data processing.  
 
3.3.4. Chlorophyll fluorescence measurements 
 
Since 2001 the maximum photochemical efficiency Fv/Fm has been measured at Sodankylä 
about twice a week. The needles are first dark-adapted by leaf clips. Measurements are 
taken from four trees that are located in a well-illuminated environment. During spring 2002 
there was a measurement campaign at Sodankylä to capture the spring recovery of the forest 
using different chlorophyll fluorescence measurements together with CO2 gas exchange and 
reflectance measurements (Paper V). The aim was to study whether measuring the sun 
light-induced fluorescence signal was possible at the canopy scale in a coniferous forest. 
Measurements were made both with an active detector, a lidar, and also with a passive 
detector based on the Fraunhofer line principle (Moya et al., 2004).  
 
3.3.5. CO2 concentration measurements 
 
The atmospheric CO2 concentration is measured globally in the Global Atmospheric Watch 
(GAW) network organized by the World Meteorological Organization (WMO). Continuous 
measurements of CO2 concentration began at Pallas/Sammaltunturi in 1996. The 
measurement device was an LI-6252 infrared gas analyzer (Li-Cor Inc., NE, USA) that was 
calibrated every 2.5 hours using gases with known concentrations. These gases were 
calibrated every three months against WMO/CCL (NOAA/ESRL) standards on the WMO-
2007 scale. The hourly CO2 concentration is calculated as the mean of 12 sampling periods, 
each 1 minute long (Aalto et al., 2002). The accuracy of the measured CO2 concentration is 
better than 0.1 ppm. The measurements are described in detail in Hatakka et al. (2003). 
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4. Results 
 
This section contains the main results of this work. The 3-D leaf stomata model was used to 
study the temperature dependences of the biochemical model and how they differ from the 
temperature dependences found from the leaf chamber measurements (Paper I). In addition, 
two different photosynthesis models were upscaled to the canopy level and their results 
compared (Paper II). The upscaled biochemical model was used in data inversion to study 
the biochemical parameters (Paper III). Lastly, the seasonal cycle and the linkage between 
CO2 gas exchange with environmental and biological variables was studied in coniferous 
forests (Paper IV).  
 
 
4.1. Redefining the biochemical model parameters at leaf level  
 
 
The 3-D stomata model for a birch leaf was used to study the role of physical processes in 
CO2 gas exchange, and new chloroplastic temperature dependences for the biochemical 
model parameters Vc(max) and Jmax were calculated (Paper I). Usually when the biochemical 
model is used, the intercellular CO2 concentration is assumed to represent the chloroplastic 
CO2 concentration, thus neglecting the mesophyll conductance describing the transport into 
the mesophyll cell, as well as the diffusion in the gas and liquid phases. 
 
The CO2 fluxes from the 1-D case and the 3-D case with the same biochemical parameters 
and environmental conditions were compared to assess the differences caused by the 
detailed 3-D model structure. The 3-D case had lower CO2 fluxes, and this phenomenon was 
more pronounced at higher temperatures. This results from the dissolution phenomena at the 
mesophyll cell surface, the cumulative effect of leaf structure, diffusion in the liquid and the 
light environment inside the leaf. A sensitivity test was conducted to assess the relative 
significance of the different physical transport processes for the temperature dependence of 
the CO2 exchange. Since the diffusion in the gas and liquid phases and the dissolution of 
CO2 in water have different temperature dependences, their relative influences on the CO2 
exchange vary. The dissolution of CO2 in water had a marked effect on the CO2 exchange at 
high temperatures, while the diffusion in the liquid and gas phases had a lesser effect. 
However, the diffusion coefficient for the mesophyll was estimated to be the same as that of 
water, even though in reality it is most probably smaller, thus causing a larger limitation to 
the diffusion of CO2. The limitation to the dissolution of CO2 described by Henry’s law 
decreases with increasing temperature, causing a temperature optimum to occur in the CO2 
gas exchange at 22 ºC in the 3-D case, while there was no temperature optimum in the 1-D 
case.  
 
The temperature dependences for the biochemical parameters Vc(max) and Jmax were re-
estimated using the 3-D structure. The light attenuation inside the leaf had a substantial 
impact on the parameter values, and there was also a need to re-estimate the light use 
efficiency factor q so as to be able to estimate Jmax. The temperature dependences of these 
newly-evaluated parameter values, as well as the values obtained from the leaf level 
measurements, are displayed in Fig. 6. The new chloroplastic parameters had larger values 
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at high temperatures than the original ones from the measurements, due to the CO2 
dissolution.  
 
The model grid used in this study was made by accurately copying the stomata structure of 
the material used in the measurements, and the results are at least species specific. In 
conifers, the diffusion pathway inside the mesophyll cells is longer, and therefore the 
physical transport mechanisms might influence the temperature response of CO2 gas 
exchange differently.  
 
 
 

 
 
Figure 6. The biochemical model parameters Vc(max) (a) and Jmax (b) as a function of 
temperature. The solid line represents the values estimated from the leaf-level 
measurements using 1-D model, while the dotted line shows the values obtained using the 3-
D model. The lines are polynomial approximations valid from 8 to 30 ºC (Paper I). 
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4.2. Comparison of results from two upscaled leaf-level models 
 
 
The CO2 gas exchange is often modelled with photosynthesis models developed at the leaf 
level. This represents a challenge when upscaling to the canopy level, since usually only the 
parameterization obtained from the leaf chamber measurements is used. The existence of 
eddy covariance data allows us access to continuous data at the canopy scale for multiple 
years. 
 
Two distinct photosynthesis models were upscaled to the canopy level and parameterized 
using eddy covariance data at Sodankylä (Paper II). The photosynthesis models used were 
the biochemical model and the optimal stomatal control model, referred to hereafter as the 
OM model. These two models have different foundations, the first one being based on the 
biochemistry of chloroplasts, while the latter is based on an evolutionary optimisation 
argument. The object of this study was to address the differences between the models, to 
develop a good but simple way of upscaling the models and lastly, to parameterize the 
models by taking into account seasonality.  
 
 

 
 
 
Figure 7. The scattered points denote values of β obtained from eddy covariance data 
inversion and the solid line is a polynomial fit to these points. The dotted line is the scaled β 
estimated from chamber measurements and the dashed line is the scaled state of acclimation 
(Paper II).  
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The OM model is simple to parameterize, since it has three parameters of which β, the 
photosynthetic capacity, changes seasonally, while the other two (λ and γ) can be kept 
constant. When eddy covariance data was used in the parameterization, the daily values of β 
appeared to be quite scattered (Paper II). These inversed β values with a polynomial fit, 
together with chamber estimates for β as well as β estimated by the state of acclimation, a 
temperature-related index, are shown in Fig. 7. A polynomial fit having a parabolic 
behaviour and its maximum values at mid-summer was fitted to the inversed values. This fit 
simulated the CO2 fluxes of the forest quite well, apart from some overestimation after some 
frost nights and on bright summer days. Chamber data from Värriö, another Scots pine site 
located at the same latitude as Sodankylä, was also employed to estimate β, but did not lead 
to better estimates. Instead, a temperature-related index, the state of acclimation, was 
enough to parameterize β, without any need to employ leaf chamber or eddy covariance 
data. This makes the OM model highly applicable. The OM model does not include a 
temperature dependence for photosynthesis, being driven by light and vapour pressure 
deficit. Its strength lies in the simple formulation that does not require complicated 
parameterization and in good performance, except with some overestimation of the CO2 
fluxes at high light levels.  
 
The parameterization of the biochemical model is more challenging. The two different 
limiting CO2 assimilation rates, RuBP regeneration-limited and the Rubisco activity-limited, 
both govern the CO2 gas exchange simultaneously at different heights inside the canopy, 
depending on the light level. The strong temperature dependences of the parameters add to 
the difficulties. Many different approaches were tried and different upscaling procedures 
were experimented with to obtain a successful parameterization. The best results were 
obtained when seasonally-changing temperature dependences for the parameters were 
introduced. The fitting periods were determined by the magnitude of the inversed parameter 
values on the temperature response curve and the goodness of the simulated CO2 fluxes. The 
parameter Jmax had one temperature response fit for early summer, until June 3, and another 
for the rest of the summer (Fig. 8a). The parameter Vc(max) had one fit for spring (May 1 – 
June 3), one for early summer (June 4 – June 27) and one for the rest of the summer (Fig. 
8b). Both activation energy and base rate in eq. (9) were allowed to change when these 
fittings were performed. The biochemical model also showed itself successful in simulating 
the CO2 fluxes without any biases, thus being more promising than the OM model. 
 
The magnitude of the parameter Jmax was in accordance with the literature and chamber 
measurements at low temperatures, but was overestimated at high temperatures. The 
inversed Vc(max) values were close to the literature values. This implied that the ratio 
Jmax/Vc(max) found was 3.9 at 17 ºC in summertime, even though values close to 2 have been 
reported in the literature (Medlyn et al., 2002b). 
 
The year 2001 was used to parameterize the models and the year 2002 was used as a test 
year to investigate the models’ performance. The parameterization of the biochemical model 
proved to be inadequate in the warmer spring of 2002. Calendar-date-tied changes did not 
replicate the evolving CO2 gas exchange of the forest properly in spring. Otherwise the 
models simulated the CO2 exchange of the forest quite well.   
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Figure 8. The temperature responses of parameters Jmax (a) and Vc(max) (b) at Sodankylä. 
The points are inversed values from the half-hourly measurements, and the lines are 
exponential fits made for different time periods (Paper II).  
 
 
 
 
The capacity of these models to simulate the dry period in June 2001 was studied. Neither of 
the models was able to replicate the effect of drought on the CO2 gas exchange. A new 
coefficient to replicate drought was introduced into the Ball-Berry stomatal conductance and 
this did improve the model performance, but to properly model the effect of drought a full 
soil model should be coupled to the canopy model. 
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4.3. Assessing seasonality through biochemical model parameters in a 
canopy-level model 
 
 
The parameterization of the biochemical model at Sodankylä in a previous study (Paper II) 
revealed a seasonal pattern in the model parameters. This provided an incentive for studying 
the phenomenon more closely, so as to find out if it is characteristic of the boreal forest in 
general, and if so, whether it also occurs in more southern forests. Examining the parameters 
at different sites would reveal any quantitative differences between species and their 
latitudinal location. The difficulty of simulating the emergence of the CO2 fluxes in 
differently evolving springs was also addressed in the previous study and methods to 
improve this were experimented with. The importance of the seasonally-varying temperature 
dependences was also an open question. 
 
The parameterization of the biochemical model was performed for four sites (Paper III). In 
addition to the Sodankylä site introduced earlier, the sites included the spruce forest of 
Kenttärova in Finnish Lapland, the Scots pine forest of Hyytiälä in central Finland and the 
southernmost site of Norunda, a mixed Scots pine/Norway spruce location in central 
Sweden (Table 1 and Fig. 5). The results were similar to Sodankylä. The parameter Jmax had 
one temperature fit for Norunda, two at Kenttärova and three at Hyytiälä. The parameter 
Vc(max) had two different temperature fits at Kenttärova and Norunda, and four at Hyytiälä. 
At Hyytiälä the measurement time series was the most continuous of the sites, thus allowing 
for more fits that at other sites. Most of these temperature responses changed during spring-
time, but at Hyytiälä an autumn-time fit for Vc(max) was also obtained. Apart from this, the 
magnitudes of the biochemical parameters in summer were similar at all the four sites.  
 
To improve the modelling results, the dates when the temperature fits change to another, the 
so-called changeover dates, were bound to temperature indices. The temperature sum, i.e., 
the sum of positive daily average temperatures, and the five-day average temperature 
(5Dave) were chosen. They were used to mark the changeover date in the parameterization 
year and then this value was used to locate changeover dates in other years when the model 
was run. The simulated CO2 fluxes were improved.  
 
The sensitivity of the model to various variables was studied. The model is sensitive to leaf 
area on a daily scale, but not on an annual scale, and adding the seasonal development of 
leaf biomass did not cause major changes in the results. The seasonally-changing 
temperature dependences of the model parameters had a major effect on the annual GPP, 
compared to the use of a summertime fit only: the seasonally-changing fitting decreased 
GPP by 17%. The effect of late night-frosts in spring in lowering the parameter values was 
noticed, but this was not successfully replicated by modelling efforts. The lowering of the 
parameter values after night frosts most probably results from a reversal of the spring 
recovery, as described by Ensminger et al. (2004).  
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4.4. Tracking seasonality with meteorological and biological variables 
 
In previous work (Paper III), the changeover dates of different temperature fits were tied to 
temperature indices and improved modelling results were thus obtained. Temperature is one 
variable that can be used to assess the seasonal development of vegetation. Since it can be 
very useful in modelling, it was important to study how reliable it is and what other 
variables can be used similarly. The other variables that were studied included surface 
albedo, CO2 concentration and chlorophyll fluorescence. The study sites were the same four 
sites as in the previous study. Because of the long-time series available, possible trends in 
spring recovery and autumn cessation were also looked for. The differences between the two 
northern and the two southern sites were also addressed (Paper IV). 
 
The active period was defined according to Suni et al. (2003) as the time when the net CO2 
uptake of the forest exceeds 20% of the maximum summertime values (Paper IV). This 
time period is called the FGS (Flux Growing Season). This definition is directly connected 
to the CO2 flux measurements, so it is also bound to the annual carbon balance.  
 
The comparison between the thermal growing season and the growing season defined from 
EC measurements, the FGS, revealed FGS to have a considerably earlier onset and later 
ending than the thermal growing season at all of the four sites. The CO2 flux measurements 
were used as a reference. Four different temperature-related indices represented earlier were 
studied: the five-day average temperature (5Dave), the state of acclimation (S), the 
temperature sum (TS) and the seasonal factor (f). The time constant used for S was 200 h 
(Kolari et al., 2007). One year of data was used to set the thresholds for the emergence and 
finishing of the CO2 fluxes and then these thresholds were used to predict the active period 
for the other years. The temperature indices proved to be good proxies for FGS, 5Dave and 
S offering the best results. The most southern site of Norunda was challenging, since 5Dave 
and S did not work there properly, due to large fluctuations in their values over substantial 
time periods; in contrast, f and TS provided feasible estimations.  
 
The start of the snow melt was a good estimate for the beginning of the FGS. It was assessed 
from ground-based and spaceborne surface albedo measurements. The chlorophyll 
fluorescence parameter Fv/Fm was also a good predictor for the start and end of the FGS. 
The CO2 concentration data were used in two different methods, using the threshold method 
similarly to the other variables as well as a derivative method that enabled a larger-scale 
estimate. The threshold method gave predictions close to the two northern sites’ FGS, while 
the derivative method gave predictions comparable with the FGS for Norunda. The 
differences between the various estimates for the beginning and end of the growing season 
and those of the FGS at Sodankylä are shown in Fig. 9 for several years. Estimates made 
using temperature-related indices, chlorophyll fluorescence, albedo and CO2 concentration 
show quite good correspondence with the FGS dates.  
 
Since the CO2 concentration measurements extended to 1997, they were used to detect 
trends together with the temperature indices. A trend toward an earlier spring onset was 
found at Pallas/Sammaltunturi. A long time series of air temperature (1908-2005) was  
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Figure 9. The difference between the start of the growing season (a) and the end of the 
growing season (b) at Sodankylä by different methods compared to FGS. FGS is the 
growing season defined from the CO2 flux according to Suni et al. (2003). TGS is the 
thermal growing season, 5Dave is the five-day running average temperature, Fv/Fm is the 
chlorophyll fluorescence, AGR is the albedo measured at the ground level, AMOD is the 
albedo measured from the MODIS satellite and FSnow is the final day of the snow melt. 
CO2 MR is a threshold defined from the five-day average CO2 concentration at 
Pallas/Kenttärova (Paper IV).  
 
available for Sodankylä and Helsinki (60º11’N, 24º57’E), and when 5Dave was used to 
estimate the growing season length, a trend toward an earlier spring was also found at these 
two locations. When comparing northern and southern sites, it was noticed that in the south 
5Dave and TS were lower in value than at the northern sites at the start of the growing 
season as defined by FGS. 
  
Since the annual GPP was not assessed in this study (Paper IV), no conclusions can be 
drawn about whether an increase in the growing season will make boreal forests a stronger 
sink or a source. However, this work provides tools to assess this. It is most likely that the 
answer to this question is not simple. Arneth et al. (2006) concluded that, in addition to the 
timing of the spring onset and the speed of snow melt, the climatic conditions during the rest 
of the year will also influence the carbon balance. 
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In addition to these analyses, a campaign to study the possibility of carrying out the passive 
detection of sun light-induced fluorescence was performed at Sodankylä in spring 2002 
(Paper V). Measuring sun light-induced fluorescence with a passive detector was indeed 
feasible, and the course of the spring recovery could be tracked and linked with active 
measurements and the CO2 flux measurements. However, the influence of the canopy 
structure during sunny days was strong, and some modelling would be needed in the 
interpretation of the results. 
 
 
5. Discussion 
 
 
In this study the photosynthesis parameters of the biochemical model have been assessed on 
many scales, starting from the chloroplastic level in the mesophyll cell all the way to the 
generalization of the parameters to a boreal coniferous forest. Some significant observations 
have been made that can be considered when further developing CO2 gas exchange models. 
 
The results from the three-dimensional leaf stomata model show that the physical transport 
processes influence the results of the parameters estimated by leaf-level gas exchange 
measurements. These effects might lead to biases in conclusions drawn from the 
measurement data. The differences in the parameter values between species might be partly 
structural, and the temperature responses at the microscopic level might vary. The insights 
obtained from the 3-D-model can be used when working with larger-scale models and the 
model can be used in parameterizing them. For example, it would be interesting to study 
differences in the microscopic structure along the latitudinal gradient and assess what kind 
of effect this structure has, i.e., what are the consequences for the biochemical parameters 
and their temperature responses. In addition, the effects of an enhanced CO2 concentration 
in plants could be studied with this tool. Studying coniferous trees, e.g., Scots pine, would 
be interesting in order to see the effects caused by its different cellular structure.  
 
When measuring at the leaf scale, the processes related to the cellular structure are lost, and 
only net amounts of CO2 and H2O fluxes are obtained. The larger scale obscures the 
processes taking place at smaller scales. A similar thing happens when moving from the 
leaf-level to the canopy-level in a forest. There are ways of making quite good estimates of 
the green biomass of the forest, for example, but as in the earlier transition, some of the 
processes are ignored. These different processes can be modelled with our current physical 
knowledge, but the modelling assumptions will always be simplifications of reality.  
 
In the canopy modelling part of this work, radiative transfer, shaded and sunlit leaves and 
the vertical gradient in the carboxylation efficiency were taken into account when upscaling 
the leaf-level photosynthesis models to the canopy level. All these processes have their 
limitations and, in addition, the use of eddy covariance data has its own challenges. Even 
though the eddy covariance method is currently widely used, there are some problems with 
the method that need to be considered when using the data. The first law of thermodynamics 
implies an energy balance closure, requiring that the sum of the estimated latent and sensible 
heat flux is equivalent to all other energy sinks and sources (Wilson et al., 2002). It has been 
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long known that the eddy covariance measurements have problems in closing this energy 
balance (Aubinet et al., 2000; Wilson et al., 2002) and thus do not follow the physical 
principle of conservation of energy. The inability to close the energy balance might be 
caused by advection or that part of the turbulence fluxes that the measurement is unable to 
capture, thus raising general questions about the reliability of the CO2 flux measurements as 
well (Aubinet et al., 2000). The ability of the EC measurements to provide adequate data for 
the parameterization of land surface models has therefore been open to doubt, unless the 
energy fluxes involved are corrected to ensure the closure (El Maayar et al., 2008).  
 
The problems of eddy covariance also include the difficulty of estimating night-time fluxes 
under stable conditions and the handling of a storage term that is the CO2 gas accumulated 
on the forest floor during stable conditions (Aubinet et al., 2000). The eddy covariance data 
can be compared to other measurements. On short time-scales, the CO2 fluxes by EC can be 
compared to chamber measurements (Lohila et al., 2007). On annual time scales, the net 
primary production estimated from EC measurements can be compared to biometric 
estimates (Curtis et al., 2002). In this work in modelling, only measurements in turbulent 
conditions were used (Papers II-IV) and no annual balances were assessed, so there was no 
need to analyse the measurement errors profoundly, even though they influence the 
estimated parameter values. 
 
Despite their problems, EC data have been recommended for use in model parameterization 
(Hollinger and Richardson, 2005). EC data apply to canopy-scale parameters directly, thus 
avoiding the problem of upscaling the parameters estimated at the leaf level (Wang et al., 
2006). Lately, EC data have been used in model-data fusion (MDF) to estimate the 
parameters needed in the models (Trudinger et al., 2007; Fox et al., 2009; Williams et al., 
2009). MDF uses models and observations and takes into account their uncertainties, 
producing model parameterizations consistent with data as well as estimates of system 
dynamics with confidence intervals (Williams et al., 2005). Other estimation methods have 
also been used (Braswell et al., 2005; Wang et al., 2006). This work adopted a simpler 
approach, thus not obtaining error estimations for the parameters. However, taking the 
simple approach and concentrating on few sites only, enabled a more detailed insight into 
the forests and their dynamics.  
 
The interpretation of inversed parameter values has two challenges, one being equifinality 
while the other relates to compensating mechanisms occurring because of model 
deficiencies or biases (Williams et al., 2009). Equifinality means different model parameters 
and structures yielding similar effects on model outputs that can be difficult to distinguish 
(Medlyn et al., 2005b). This can be an important issue in efforts to separate the effects of the 
light use efficiency factor q and Jmax in the biochemical model (Paper III). 
 
The inversed values for the biochemical parameters differ from the estimates at the leaf 
scale, the parameter Jmax being higher. The leaf-scale estimate is a different parameter, the 
canopy-level parameter indicating a more integrated value, but in some inversion studies the 
parameter Vc(max) has been matched at these two scales (Santaren et al., 2007). Also the ratio 
between Jmax and Vc(max) varies between seasons, even though, in the literature, this ratio is 
often considered to be constant. These deviations from the literature might indicate that 
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some essential processes are not being taken into account in the upscaling of the model. In 
addition, several error sources are present, e.g., in the  estimation of respiration and changes 
in the vertical carboxylation efficiency, as well as measurement errors. The radiative 
transfer model that we used is widely used in modelling (Knorr and Heimann, 2001a), but it 
does not include some important characteristics of coniferous forests, such as clumping 
(Stenberg et al., 2001; Smolander and Stenberg, 2003). It would be important to also study 
the parameter estimation results with another radiative transfer model. For example, a 
canopy model has been developed for Finnish forests that takes into account the special 
features of a coniferous forest (Oker-Blom et al., 1989). The similar values obtained for the 
biochemical parameters in summer for the four boreal forest sites suggest that the 
parameters are generic in regional models and the PFT approach.  
 
A seasonal pattern in the biochemical model parameters was revealed when the inversed 
parameter values were studied. This is most likely to be caused by some kind of seasonal 
adaptation of the plants. The biochemical model parameters have been found to vary 
seasonally in measurements (Wang, 1996; Xu and Baldocchi, 2003), but it has been 
suggested that the parameters in a process-based model should be constant, i.e., the driving 
variables should be the only ones that vary, while the modelled processes contain all other 
changes. The rate of photosynthesis is constrained by the leaf Rubisco nitrogen content and 
its activity status (Ainsworth and Long, 2005); in the biochemical model this is described by 
Vc(max). Yuan et al. (2008) studied the carbon-cycle at seven Canadian forest sites, four of 
which were boreal and three temperate, using a carbon-cycle model that also included the 
nitrogen cycle. The photosynthesis parameters and their temperature relations proved to be 
important in the modelling, and using seasonally-changing Vc(max)  and Jmax improved results 
compared to earlier modelling studies with a prescribed Vc(max). In their study they linked 
modelled leaf Rubisco-nitrogen and canopy temperature to calculate Vc(max) dynamically. 
Even though the Rubisco-nitrogen played a role in the seasonal dynamics of Vc(max), the 
temperature was more influential. However, the site-specific values of leaf Rubisco-nitrogen 
varied more between different sites than they did seasonally. The seasonal variation in 
Vc(max)  was more pronounced at boreal sites than at temperate sites (Yuan et al., 2008). This 
is in accordance with our results from Norunda, where the seasonal variation in the model 
parameters was not as noticeable as at the more northern sites. Also, the importance of the 
canopy temperature in the seasonal dynamics might indicate that we can use our model to 
study the controls of CO2 gas exchange in a boreal forest without including the effects of 
nitrogen. Our model parameters are not estimated in relation to canopy temperature but air 
temperature. The use of canopy temperature in the parameterizations was examined at 
Sodankylä, but since it did not have any significant effect on the results, air temperature was 
used.  
 
Conductance was also important in the model study in Canada (Yuan et al., 2008). There are 
implications that conductance could also have seasonal dynamics (Medlyn et al., 2002a). A 
seasonally-varying conductance might also influence the Vc(max)  and Jmax values. This has 
been studied preliminarily at Sodankylä (Thum et al., 2009). Conductance did indeed show 
a seasonal behaviour, but its effect was not seen in the inversed Vc(max)  and Jmax values. 
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In contrast to the results presented here, Williams et al. (2009) state as their opinion that the 
model parameters should remain constant in time and that changing parameters would be an 
indication of missing process representation. They presented a case from the ORCHIDEE 
biogeochemical model in which annually-estimated Vc(max)  by data assimilation was 
changing at two sites out of four, and concluded that some processes are missing, probably 
those related to the nitrogen cycle. The study by Yuan et al. (2008) contradicts this 
conclusion by also bringing up the importance of temperature. It is likely that the 
biochemical model parameters’ variation can be explained by additional processes, but the 
present work only presents the importance of these variations and simple methods of 
tackling the problem. Adding information about the photochemical state of the plant, by 
using chlorophyll fluorescence or frost hardiness (Leinonen et al., 1997), might be ways of 
overcoming this.  Temperature-acclimated biochemical model parameters have been used 
successfully in recent canopy-level CO2 gas exchange modelling (Verbeeck et al., 2008; 
Delpierre et al., 2009). 
 
Williams et al. (2009) also argue that estimating only some parameters, instead of estimating 
them all, may not include key processes and is therefore equivalent to keeping those other 
parameters constant. Estimation of all the parameters lies beyond the scope of this work, and 
only some sensitivity analysis was performed in this respect (Paper III). Even though all 
the parameters are approximated using the Bayesian approach, obviously only processes 
described in the model are included. The Bayesian method is also known to be very 
sensitive to the uncertainty limits provided before calculation (Knorr and Kattge, 2005) and 
even though all the parameters are treated equally and simultaneously, only some can, in the 
end, be constrained by the eddy covariance data (Knorr and Kattge, 2005). This method 
might include some pitfalls when applied to sites with unusual parameter values. The 
models in general can be used to simulate, e.g., carbon balances or they can be used to test 
and improve our knowledge of different processes. The models should only be criticized in 
respect to their objectives (Thornley and Johnson, 1990). The Bayesian approach is 
numerically sound and provides error estimates. However, the approach used in this work 
allows insights into which processes are missing from the model formulation.  
 
The optimal stomatal (OM) model proved to be useful at Sodankylä (Paper II) as a canopy 
level model to be used, e.g.. in gap-filling but it does not have characteristics of a model to 
be used in future scenario simulations. Some overestimation at high light levels was noticed 
in the modelling results, but this effect could possibly be corrected by tuning the parameters. 
Tuning the parameters however raises questions about the applicability of the model, since 
the parameters were obtained from Värriö, a Scots pine site located in Finnish Lapland at 
the same latitude as Sodankylä. The parameters of the OM model were studied in more 
detail by Kolari et al. (2007) at shoot level at both the Hyytiälä and Värriö sites, and some 
differences between the model parameters obtained (λ and γ) were found. This indicates that 
the biochemical model parameters could be more generalized than the OM model 
parameters when comparing the results of Kolari et al. (2007) with the results from Paper 
III. However, the overall results by the OM model at Sodankylä were good and at a 
satisfactory level for a canopy model. These simple models can be useful in obtaining 
estimates for annual carbon balances and in the gap-filling of discontinuous eddy covariance 
measurements. In addition, they are simple to parameterize and thus very useful (Verbeeck 
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et al., 2008). However, since the OM model does not contain responses to an increasing CO2 
concentration, it is not suitable for use in scenario runs for the future climate.  
 
The climate models still need some improvements when it comes to estimation of the 
seasonal cycle of plant growth (Sasai et al., 2007; Ricciuto et al., 2008). In addition, the 
forest carbon simulation model has recently been improved by replacing the old 
temperature-sum-based estimate by one with the addition of a chilling factor (Chiang and 
Brown, 2007). Tanja et al. (2003) introduced a way to of linking the five-day average 
temperature (5Dave) to CO2 flux measurements. In Paper IV this approach was taken one 
step further by correlating the CO2 fluxes with some meteorological and biological 
variables. The changes in the atmospheric CO2 concentration are created by the CO2 gas 
exchange between the atmosphere and vegetation, whereas surface albedo and temperature 
are purely meteorological variables. Rising temperatures in spring are drivers for the 
recovery of photosynthetic activity, but during the autumn the photoperiod also plays a role 
in the diminishing of the CO2 gas exchange. In Paper IV the temperature-related indices 
were, however, successful in predicting both the start and the end of the FGS. The CO2 
concentration was useful in this context as well, but it is a larger-scale measurement. 
Surface albedo can be used in estimating the onset of CO2 exchange in the spring (Kimball 
et al., 2004), as it reveals when the surface water becomes available to plants (Jarvis and 
Linder, 2000).  
 
Chlorophyll fluorescence was a reliable proxy for the growing season (Paper IV), except 
for one autumn at Sodankylä. The photosynthetic capacity remained high in warm 
conditions even though the light conditions led to a diminishing of photosynthesis. Thus 
when the chlorophyll fluorescence parameters are used in estimation of the growing season, 
the environmental conditions also need to be taken into account. Chlorophyll fluorescence is 
of great applicability, since substantial progress towards its remote sensing has been made 
during the last few years (Meroni et al., 2009). 
 
 
6. Conclusions 
 
 
This study focused on the role of temperature as a determinant of carbon fluxes in boreal 
coniferous forests, with a special emphasis on scaling up from leaf-level eco-physiological 
processes to the whole canopy. The stomata-level CO2 gas exchange of a birch leaf was 
assessed with a detailed 3-D model (Paper I). This revealed the role of the physical 
processes taking part in the process and their importance when interpreting the results from 
leaf chamber measurements. This method can be further used in parameterization of 
mesophyll conductance to larger-scale models.  
 
Using eddy covariance data for parameterizing two upscaled CO2 gas exchange models 
showed the role of seasonality in the parameters of the biochemical model, and that 
temperature is a suitable driving variable to describe the seasonality in the OM model 
(Paper II). The seasonality of the biochemical model parameters was assessed in a later 

 42



study at different sites, and similar seasonal behaviour was found (Paper III). The taking 
into account of this seasonal behaviour in modelling was found to be important. A method 
of linking temporally-changing biochemical parameter values to temperature indices was 
also developed in this study. In later work these temperature indices, together with other 
environmental and biological variables, were connected to canopy CO2 gas exchange 
measurements (Paper IV). The results of the applicability of these variables to predict the 
active season of vegetation were assessed and found to be good; two of them were used to 
calculate trends. Five-day average temperatures exhibited a trend towards an earlier spring 
onset in both southern and northern Finland over a 98-year time period, and a trend towards 
an earlier spring was also found using an 11-year long measurement series of CO2 
concentrations at Pallas/Sammaltunturi. 
 
It is essential that the characteristics of boreal forests are studied in detail. This enables 
further model parameterization to be used in larger-scale models. The results of this work 
can be used in model development. Linking environmental variables directly to CO2 fluxes 
is useful in studying trends and is an important step in assimilating data into models. The 
effect that temporally-changing biochemical model parameters had on annual GPP was 
significant, and brings out the importance of further studying these issues. This might also 
improve the phenomenology description of the boreal forests in the larger-scale models used 
currently. The use of eddy covariance data in a simple upscaled model enables the study of 
ecosystem functioning at a very high temporal resolution compared to leaf chamber 
measurements. This can provide us with a deeper insight into the controls underlying the 
CO2 gas exchange of vegetation. 
 
Connections between meteorological and biological variables and CO2 gas exchange should 
also be established in more temperate ecosystems in order to see whether the results of this 
work are similar, or are only applicable in boreal forests. Adding evapotranspiration to the 
model enables the use of afternoon measurements, thus increasing the amount of usable data 
and making the study of the conductance parameters and their seasonal behaviour also 
feasible. Studies using chlorophyll fluorescence measurements might enable a separation of 
the changes in the frost hardiness and photochemical efficiency during the transition periods 
between winter and summer.  
 
Generalizing the results of this work would make a substantial improvement in the 
modelling of the northern forest CO2 exchange. It would be interesting to see how 
implementing the results of this work in larger-scale models would influence their results.  
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