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DryTs Dry Moisture Regime with Soil Temperature Response 

MoistTs Moist Moisture Regime with Soil Temperature Response 

C1 Soil Temperature Criteria 

C2 Soil Moisture Criteria 

C3 Combination of Soil Temperature Criteria and Soil Moisture Criteria 
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ABSTRACT  

The impact of cold climate on physical and biological processes, especially the 
role of air and soil temperature in recovering photosynthesis and transpiration 
in boreal forests, was investigated in a series of studies. A process-based 
ecosystem model (CoupModel) considering atmospheric, soil and plant 
components was evaluated and developed using Generalized Likelihood 
Uncertainty Estimation (GLUE) and detailed measurements from three 
different sites. The model accurately described the variability in measurements 
within days, within years and between years. The forcing environmental 
conditions were shown to govern both aboveground and belowground 
processes and regulating carbon, water and heat fluxes. However, the various 
feedback mechanisms between vegetation and environmental conditions are 
still unclear, since simulations with one model assumption could not be 
rejected when compared with another.   

The strong interactions between soil temperature and moisture processes were 
indicated by the few behavioural models obtained when constrained by 
combined temperature and moisture criteria. Model performance on sensible 
and latent heat fluxes and net ecosystem exchange (NEE) also indicated the 
coupled processes within the system. Diurnal and seasonal courses of eddy 
flux data in boreal conifer ecosystems were reproduced successfully within 
defined ranges of parameter values. Air temperature was the major limiting 
factor for photosynthesis in early spring, autumn and winter, but soil 
temperature was a rather important limiting factor in late spring. Soil moisture 
and nitrogen showed indications of being more important for regulating 
photosynthesis in the summer period. The need for systematic monitoring of 
the entire system, covering both soil and plant components, was identified as a 
subject for future studies. The results from this modelling work could be 
applied to suggest improvements in management of forest and agriculture 
ecosystems in order to reduce greenhouse gas emissions and to find 
adaptations to future climate conditions.  

 

Key words: net ecosystem exchange; sensible and latent heat fluxes; soil 
temperature; soil moisture; CoupModel; GLUE 
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INTRODUCTION  

Terrestrial ecosystems are dynamic and nonlinear in response to 
climate variability and climate change, providing both positive and 
negative feedbacks (IPCC, 2007; Vygodskaya et al., 2007). The 
largest temperature increases due to climate change are predicted 
for high latitudes in the Northern Hemisphere (IPCC, 2007). The 
boreal forest and agricultural ecosystems at high latitudes are very 
likely to strongly interact with climate change, leading to dramatic 
changes in nitrogen and carbon cycles, water and heat dynamics, 
physical and chemical soil properties (IPCC, 2007; Hampton et al., 
2008; Challinor et al., 2009). The effect of current forest and 
agriculture management practices in boreal regions on climate 
change is of high interest. The active sequestration of carbon into 
these ecosystems has been suggested as a counter-measure to 
global warming. 

The unique climate conditions in most boreal regions are 
commonly cold and snow-rich in winter and warm and humid in 
summer (Soja et al., 2006; Kolari et al., 2009). Low temperatures in 
air and soil inhibit the recovery of vegetation photosynthesis and 
transpiration during the transition period from winter to spring 
(Mäkelä et al., 2004; Mellander et al., 2006). Full photosynthesis and 
transpiration capacity is likely to be restricted by high light 
intensity, low soil moisture and nutrient availability in summer 
(Mäkelä et al., 2004; Svensson et al., 2008a). In addition, cold soil 
temperatures reduce decomposition rates, resulting in storage of 
large amounts of carbon in soil that represent one-third of global 
terrestrial carbon (Soja et al., 2006). Consequently, a small change 
in climate might induce a large change in carbon pools both below 
and above ground in boreal regions. Thus, the understanding of 
interactions between ecosystem processes and historical climate 
conditions is fundamental to predicting how the ecosystem will be 
affected by environmental changes. 

The complex interactions between boreal forest and agricultural 
ecosystems and environmental factors have been the subject of 
many studies using different types of measurements and coupling 
with various models (Karmer et al., 2002; Chapin, 2003; Kolari et 
al., 2009; Högberg et al., 2009). For instance, a great amount of 
literature focuses on the seasonal courses of carbon, water and 
heat fluxes in different ecosystems in boreal regions, e.g. the 
Nordic countries, North America and northern China (Nyberg et 
al., 2001; Hu et al., 2006; Högberg et al., 2009).  

In boreal regions, soil freeze-thaw cycles and snow events play an 
important role in affecting soil physical properties, decomposition 
and respiration processes (Hansson et al., 2004; Gustafsson et al., 
2004; Kettridge and Baird, 2008). Hence, the dynamics of soil 
temperature and moisture during transition periods are crucial, 
especially in response to climate variability and climate change.   

Many studies have been performed on the seasonal responses of 
carbon, water and heat dynamics to environmental changes, 
especially under low temperature and moisture conditions 
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(Schwarz et al., 1997; Mellander et al., 2006; Cheng et al., 2008). 
However, many abiotic and biotic processes in response to cold 
climate are still unclear. For instance, the extent to which air and 
soil temperature regulate the seasonality of photosynthesis and 
transpiration is still uncertain. Some studies have found that 
photosynthesis recovery in spring in boreal forests is mainly 
related to an increase in air temperature and is impaired by 
subfreezing air temperatures and severe night frost (Bergh and 
Linder, 1999; Kolari et al., 2007). The seasonal dynamics of 
photosynthetic capacity in Scots pine have been explained as a 
slow response to air temperature (Mäkelä et al., 2004). However, 
other studies suggest that cold or frozen soils have much stronger 
inhibitory effects on the recovery of photosynthetic capacity than 
low air temperature and intermittent frost in spring (Ensiminger et 
al., 2008; Ambebe et al., 2009). The effect of nitrogen availability 
on carbon sequestration is another debated issue (de Vries et al., 
2006; Gärdenäs et al., 2011). Strömgren and Linder (2002) 
demonstrated that an increase in nitrogen availability led to an 
increase in tree growth and litter production. In contrast, other 
studies showed that an increase in nitrogen availability inhibited 
decomposition and consequently decreased carbon sequestration 
(Fleischer, 2003; Dijkstra et al., 2009). 

At present, numerous data are continuously being recorded to 
analyse the biological and physical processes in forest and 
agricultural ecosystems at different temporal and spatial scales, e.g. 
from seconds to centuries and from molecules to global. Different 
resolutions of data give us different possibilities to understand and 
interpret the ecosystem processes. However, the extent to which 
the processes could be understood by merging different 
resolutions of data is still a challenge for scientists.  

Plant and soil regulating processes are complexly related to 
aboveground and belowground climate, especially in boreal 
regions. The heterogeneity at different temporal and spatial scales 
increases the difficulties in interpreting the dynamics of ecosystem 
processes. The use of a modelling tool provides a means to 
describe and understand interactions between forest and 
agricultural ecosystems and climate. For instance, abiotic and 
biotic processes in response to climate at ecosystem scale have 
been simulated using various models merging different data 
(Karmer et al., 2002; Mäkelä et al., 2004; Bauer et al., 2008; 
Svensson et al., 2008b).  

However, uncertainties in measurements, parameters and model 
assumptions are still an open issue. The introduction of 
uncertainty analysis can help quantify the unknown uncertainties, 
which could improve the confidence of model predictions. A 
package of methodologies of uncertainty analysis is available for 
model calibration, such as the Bayesian method (Van Oijen et al., 
2005), the Fuzzy method (Hall and Anderson, 2002), nonlinear 
regression (Vrugt et al., 2003) and the Generalized Likelihood 
Uncertainty Estimation (GLUE) (Beven, 2006). The Bayesian 
calibration method was used by Klemedtsson et al. (2008) and 
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Svensson et al. (2008a) when evaluating and estimating the best 
parameter representation for Swedish forest conditions. Conrad 
and Fohrer (2009) used the Bayesian method to calibrate 
CoupModel for agriculture conditions in Germany. However, 
many problems were identified with using Bayesian calibration and 
later studies have instead used the GLUE method (Nylinder et al., 
2011) to find good representation when applying process-based 
models. 

In this thesis, the GLUE framework was applied to estimate 
uncertainties in parameters, model assumptions and 
measurements. When using GLUE, the performance of 
behavioural models is constrained by the subjective criteria, which 
are defined by the user. Changes in model performance and 
parameter distributions in response to different model criteria were 
examined based on the specific purpose and understanding of the 
model and the data available. 

Study objectives  

The main objective of this thesis was to improve the understanding 
of how cold climate governs the seasonality of carbon, 
evapotranspiration and heat processes by using a process-based 
model together with data from various experimental sites. Specific 
objectives were to: 

a) Present descriptions on the interactions between soil 
temperature and soil moisture in the field and in the model.  

b) Demonstrate modelling of the delayed warming patterns 
between air temperature and soil temperature during spring 
in boreal forests. 

c) Model seasonal patterns of carbon and heat fluxes by 
merging a model and different measurements for Scots pine 
and Norway spruce forest ecosystems. 

d) Describe the functions governing photosynthesis and 
transpiration in response to environmental conditions; and 
discuss the extent to which the most important 
environmental factors in air and soil to control the ecosystem 
responses in boreal regions can be distinguished.  

e) Discuss the usefulness of measurements and model 
assumptions by comparing model performance and obtained 
uncertainties in parameter distributions. 

Scope of the study 

The results in Papers I-IV are based on a one-dimensional 
physically-based model (CoupModel) combined with the GLUE 
calibration method. In Paper I, the dynamics of soil temperature 
and moisture in bare black soil at Hailun, north-east China, during 
2005-2007 were simulated. Different model performances were 
obtained depending on the different criteria applied. Based on 
previous experiences of different responses of performance indices 
and parameter performances from Paper I, seasonal courses of net 
ecosystem exchange (NEE) and sensible (H) and latent (LE) heat 
fluxes in a boreal Scots pine ecosystem were simulated successfully 
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during 2007-2008 for Hyytiälä, Finland (Paper II). Responses of 
photosynthesis, transpiration and respiration processes on low 
temperature and moisture availability in air and soil were evaluated. 
In Paper III, the investigation was extended to a 13-year dataset 
for Hyytiälä and the focus was on delay patterns in air and soil 
temperature in spring. The specific role of air and soil temperature 
in regulating the seasonality of photosynthesis and transpiration 
was examined. To test model ability to simulate similar boreal 
forest ecosystems based on model assumptions and parameter 
ranges in Paper III, abiotic and biotic processes in a Norway 
spruce ecosystem at Knottåsen, Sweden, were modelled (Paper IV). 
The results allowed the impacts of spatial heterogeneity in soil 
conditions on carbon and heat fluxes to be identified. 

METHODS 

The three study sites, measurements, CoupModel, the GLUE 
method and corresponding performance indices are described in 
the following section. 

Study sites and measurements 

The three sites in this study are located at high latitudes in boreal 
regions, where air temperature is quite low and snow is usually 
present during the whole winter period.  

In Paper I, the study site was Hailun Agricultural Ecology 
Experimental Station, Heilongjiang province, north-east China 
(47°26’ N; 126°38’ E). A 400 m2 bare black soil plot was 
established in 1985 on land that had previously been cultivated for 
approximately 100 years for long-term monitoring of soil heat 
fluxes, water balances, and carbon dynamics in the west of the 
station’s experimental field. The mean annual air temperature was 
2.0, 1.9 and 3.9 ºC and annual precipitation was 544, 548 and 405 
mm in 2005, 2006 and 2007, respectively. Hourly meteorological 
data including precipitation, global radiation, net radiation, air 
temperature, wind speed, relative air humidity and vapour pressure 
during 2005-2007 were used as driving variables. Hourly soil 
temperature at a depth of 20, 40 and 60 cm was determined by 
thermometer probe during all three years and soil water content at 
a depth of 20, 40, 90, 150 and 250 cm was determined by neutron 
probe at 5-day intervals during the growing season of the three 
years. 

In Papers II and III, the study site was the SMEAR II field station 
(Station for Measuring Forest Ecosystem-Atmosphere Relations), 
Hyytiälä, southern Finland (61°51’ N; 24°17’ E). The site is 
dominated by Scots pine planted in 1962. Mean annual air 
temperature for the period 1970-2000 was 3.3 °C and mean annual 
precipitation was 713 mm (Vesala et al., 2010). High resolution data 
included eddy flux data, meteorological variables, soil temperature, 
soil moisture. These high resolution data were aggregated to hourly 
mean values to reduce short time fluctuations and reduce the total 



Impact of Cold Climate on Boreal Ecosystem Processes - Exploring Data and Model Uncertainties 

 

5 

number of data points. Low resolution data were forest inventory 
data, soil characteristic data and snow measurements.  

In Paper IV, field measurements were made at the Knottåsen site, 
Sweden (61°00’ N, 16°13’ E). This site was clear-cut in 1963 and 
the current stands were planted in 1965 with two-year old seedlings 
of Norway spruce. During 1961-1990 mean annual air temperature 
was 3.4 °C and mean annual precipitation was 613 mm (Berggren 
et al., 2004). Three plots (30 m × 30 m) in each of three different 
moisture classes (dry, mesic and moist) were set up in 2000 for the 
LUSTRA project to investigate spatial heterogeneity in soil 
characteristics. Data from dry and moist plots were used to 
represent the entire range of soil conditions. The period used for 
all measurements was generally from 2001 to 2003. High resolution 
data included hourly mean values of eddy flux data, meteorological 
variables, soil temperature, soil moisture, snow depth and 
watertable depth. Low resolution data were forest inventory data 
and soil characteristic data with few frequent records. 

CoupModel description 

CoupModel is a one-dimensional physically based model for 
simulating thermal and hydrological processes and the 
corresponding biological processes that regulate carbon and 
nitrogen transfer in a soil-plant-atmosphere environment (Jansson 
and Moon, 2001; Jansson and Karlberg, 2009, 2010). It is a 
coupling of the former SOIL and SOIL-N models (Jansson and 
Halldin, 1979; Eckersten et al., 1998). A detailed technical 
description of the model is given by Jansson and Karlberg (2010). 
A conceptual diagram of the plant was re-presented in the 
CoupModel used in this thesis, as shown in Figure 1. The software 
enables many options with respect to use of specific assumptions 
to describe different abiotic and biotic processes. Note that Figure 
1 is a simplification using only one plant canopy to illustrate the 
carbon, water and radiation fluxes in the present study.  

In Paper I, modules of soil heat, soil water, soil evaporation, snow 
and radiation processes were used to define the model structure 
for simulating soil temperature and moisture dynamics. In Papers 
II-IV, the same modules as in Paper I were used, but modules of 
plant biotic, plant abiotic and soil carbon and nitrogen processes 
were added to simulate seasonal patterns of sensible and latent heat 
fluxes and NEE. Moreover, specific response functions for 
temperature and moisture in air and soil were chosen to assess 
reductions in photosynthesis, transpiration and respiration due to 
temperature and moisture limitations. Some equations and 
parameter ranges within Papers II-IV were further developed to 
account for ecosystem dynamics in short and long periods and 
different forest and soil characteristics within the same site and 
between sites. The specific equations and calibrated parameter 
ranges are listed separately in Papers I-IV.  
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Simulations and calibration strategies in Papers I-IV 

In the bare soil study, soil temperature and moisture in bare black 
soil were simulated from 2005 to 2007 (Paper I). A total of 26 
parameters were chosen (Table 2 in Paper I), which were highly 
related to soil heat and water processes and were expected to have 
strong impacts on the performance of soil temperature and soil 
moisture. The selected parameters and their feasible ranges were 
chosen based on experience and literature studies in this region or 
adopted from previous applications of the model (Alvenäs and 
Jansson, 1997; Zhang et al., 2007; Svensson et al., 2008a).  

In the Scots pine ecosystem studies at Hyytiälä, two vegetation 
layers were assumed: tree layer (1) and understory layer (2). 
Different simulation periods representing a short period (Paper II) 
and a long period (Paper III) were used to study the system.  Half 
the amount of estimated biomass in 2004 and 1995 (Ilvesniemi et 
al., 2009) was used as the initial value for plant carbon pools in 
CoupModel in Paper II and Paper III, respectively. The simulation 
period was from 1 August 2004 to 31 December 2008 in Paper II, 
but only 2007 and 2008 as the main investigation period were used 
for calibration. In Paper III, the model was run from 1995 to 1997 
as a pre-simulation period, followed by the main investigation 
period from 1997 to 2009. In total, 46 parameters were selected for 
the GLUE calibration (Table 2 in Paper II). The prior uncertainty 
ranges of parameters were defined mainly based on previous 
studies (Mellander et al., 2006; Norman et al., 2008; Svensson et al., 
2008a, 2008b). In Paper III, the number of parameters was 
extended to 51 in the calibration procedure. Most parameters and 
their prior parameter ranges (Table 2 in Paper III) were the same 
as those in Paper II. Some calibrated parameters were excluded 
since they showed small impacts on model performance with 
respect to eddy-covariance (EC) fluxes. Some other parameter 
ranges were altered in order to provide more flexibility when 
applied to the long-term period. A new model assumption based 
on the dynamic nitrogen response (DynamicNTs) was tested 
together with the fixed nitrogen response assumption (FixedNTs) 
as used in Paper II. Moreover, the influence of soil temperature 
effects on water uptake and transpiration was removed to evaluate 
the importance of using only air temperature response or 
combined air and soil temperature responses on the carbon and 
water turnover of the system. In total, three different model 
assumptions (FixedNTs, DynamicNTs and FixedNNoTs) were 
evaluated for the long-term study. The performance of behavioural 
models for each of these model assumptions was compared to 
identify the model assumption that could best describe the 
measurements. 
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Figure 1. Conceptual diagram of CoupModel, with transpiration processes 
to the left and photosynthesis processes to the right. Eta is actual 
transpiration, Etp is potential transpiration, rs is stomatal resistance, Rn is 
net radiation, VPD is vapour pressure deficit, Eta* is actual transpiration 
before compensatory uptake, Tsoil is soil temperature at a certain depth, θsoil 

is soil moisture at a certain depth, C/N is C:N ratio in the leaf, Rs is net 
shortwave radiation, Tair is air temperature and GPP is gross primary 
productivity. Eq. (x) is the corresponding equation in Table 1 of Paper II. 
Similar processes occur simultaneously in both tree and understory layers. 

 

In the Norway spruce ecosystem study at Knottåsen, two 
vegetation layers were represented: tree (1) and understory (2) 
(Paper IV). Because large differences were found in biomass and 
soil characteristics between dry and moist plots, different 
parameter values related to plants and soil properties were used for 
specific representation of dry and moist plots. The same process-
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orientated parameters as in Paper III were used to test model 
applicability for prediction of photosynthesis and transpiration for 
a boreal spruce forest. However, several site-specific parameter 
ranges related to soil organic decomposition processes and 
physical properties of Norway spruce and understory were altered 
to represent the conditions at Knottåsen. These parameter ranges 
were taken from previous studies by Berggren Kleja et al. (2008) 
and Svensson et al. (2008b). To distinguish between dry and moist 
soil plots, the parameters for the thickness of the organic layer and 
the drainage level were given different ranges representing the two 
different moisture regimes. Similarly, the importance of soil 
temperature response function effects on photosynthesis and 
transpiration was investigated. In summary, four different general 
model assumptions were selected, representing dry/moist 
conditions (Dry/Moist), with and without the soil temperature 
response functions (Ts and NoTs). The simulation period was from 
1999 to 2000 as a pre-simulation period, followed by the main 
investigation period from 2001 to 2003. 

GLUE for model calibration and performance indices 

Full documentation of the Generalized Likelihood Uncertainty 
Estimation (GLUE) can be found in Beven and Binley (1992) and 
Beven (2006). The number of behavioural models varied depended 
upon the user-defined criteria applied. The behavioural models 
were considered as an ensemble to demonstrate an equally good 
ability to produce similar results, so-called equifinality. Because 
GLUE is flexible in the choice of performance index, this choice is 
important and it should reflect the best understanding of possible 
errors in the observed data (Beven, 2006).  

Three performance indices were used to identify good model 
performance from different perspectives according to the intrinsic 
characteristics of different variables. These three performance 
indices were R2, the determination coefficient of the linear 
regression between simulated and measured; ME, the mean error 
of the model; and RMSE, the root mean square error of the model. 
Generally, R2 is useful to describe the difference between the 
simulated and observed dynamics of variables with cyclic 
fluctuations (i.e. eddy flux data and soil temperature). The R2 value 
shows the amount of variability in the measured data that can be 
explained by the simple linear regression line using the simulated 
data as independent variable, although the linear regression line 
may not have a slope of unity or an intercept of zero. This means 
that additional systematic errors may exist. RMSE is helpful in 
depicting the irregular patterns of variables (i.e. soil water content 
and soil water storage changes in response to infiltration events 
and drying processes), when the absolute difference is of high 
relevance. High R2 and low RMSE do not always accompany ME 
close to zero, indicating that ME also needs to be considered as an 
auxiliary performance index. 

The performance indices were commonly used in Papers I-IV, but 
the specific acceptance criteria were proposed differently 
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according to different objectives and the general posterior 
performance of the total simulations (before any criteria were 
applied). 

In Paper I, a total of 25 000 simulations were performed using 
Monte Carlo random uniform sampling. Three different criteria 
for model acceptance were proposed to enable us to determine the 
extent to which the measurements can be interpreted using only 
soil temperature criteria (C1), only soil moisture criteria (C2) and a 
combination of these criteria (C3). In C1, both R2 > 0.97 and -1 °C 
< ME < 1 °C for soil temperature at each observation depth were 
used to constrain the model performance. C2 was composed of 
soil moisture constraints applied on soil water storage. Soil water 
storage was used since it smoothes out the uncertainty of 
individual depths but still accounts for all the information in the 
measurements by making a summation of horizons. In C2, both 
absolute ME < 1/3 of total posterior absolute ME and RMSE < 
1/3 of total posterior RMSE for soil water storage at each 
observation depth were applied to constrain the model 
performance. A combination of C1 and C2 as joint criteria was 
called C3. The three criteria were used to constrain 25 000 
simulations separately. 

In Paper II, the multi-objective was that the behavioural models 
needed to have the ability to explain the variability of EC fluxes 
concurrently, with a reasonable number of around 1% of total 
simulations. To achieve that, the proposed multi-criteria were R2 > 
0.6 for H, > 0.5 for LE, and > 0.6 for NEE. To avoid outliers 
with respect to mean value of fluxes, the ensemble was further 
restricted ME, namely ± 0.2 g C m-2 day-1 for NEE. These criteria 
were applied on 30 000 simulations. 

In Paper III, the objective was not only to obtain good 
performance on the seasonality of EC fluxes, but also to 
investigate soil temperature impacts on photosynthesis and 
transpiration and to make sure that reasonable long-term carbon 
pools in the Scots pine ecosystem were obtained. The new multi-
criteria were R2 > 0.7 for H, LE and NEE, R2 > 0.9 for Ts and R2 

> 0.8 for Ctree. Accordingly, for ME the range was ± 5.78 W m–2 
(equal to ± 0.5 MJ m–2 day–1) for H and LE, while for NEE it was 

± 0.2 g C m–2 day–1, for Ts it was ± 1 C and for Ctree it was ± 300 g 
C m–2. The same criteria were applied for each of 10 000 
simulations based on the three model assumptions. 

In Paper IV, the behavioural simulation was selected on the EC 
flux data combined with the data on soil temperature to 
distinguish between the dry and moist plots. EC fluxes 
represented: heat (H), water vapour (LE), and carbon (NEE). EC 
fluxes were constrained by R2 > 0.6 for H, LE and NEE. 
Accordingly, for ME the range was ± 11.56 W m–2 (equal to ± 1.0 
MJ m–2 day–1) for H and LE, while for NEE it was ± 0.4 g C m–2 
day–1. Soil temperature (Ts) at the depth of 3 cm was used together 
with EC fluxes. Dry plots were constrained by Ts at the warmest 
position. On the other hand, moist plots were constrained by Ts at 
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the coldest position. R2 was > 0.8 for Ts with ME in the range of ± 

± 1 C. In total, 10 000 simulations were run separately for DryTs, 
DryNoTs, MoistTs and MoistNoTs.  

RESULTS  

Model performance on soil temperature and moisture (Paper I) 

Soil temperature performance 

In general, the ensembles of posterior model performance on soil 
temperature at different depths showed reasonably good 
agreement with observations (Figure 2). Similar seasonal 
fluctuations appeared from year to year in response to changes in 
meteorological conditions. The amplitude of soil temperature in 
different layers was damped with increasing depth. The simulated 
ensembles were close to the mean value of the measurements, 
independent of how the posterior ensembles were selected. 
However, the range of the simulated ensemble was much higher 
when simulations were constrained by soil moisture only. The 
ensemble constrained by both temperature and moisture 
performance C3 (Figure 2c) showed the narrowest uncertainty 
ranges during the three years. It is worthy of note that the widths 
of uncertainty bands during the period January-April for all three 
behavioural performances was larger than those of uncertainty 
bands during other periods, which implies that some parameters 
influencing soil heat processes under soil freezing conditions were 
not fully calibrated, or that some critical parameters were not 
involved in the GLUE calibration. 

Soil moisture performance 

Soil water storage from the soil surface to the specific different 
depths demonstrated both short-term dynamics in response to 
precipitation and yearly variability during April to October in the 
period 2005-2007. Figure 3 shows a comparison of soil water 
storage in two different soil layers, resulting from soil temperature 
criteria C1 and soil moisture criteria C2. When constrained by C1, 
the widths of the uncertainty ranges regarding soil water storage in 
the 0-45 cm (Figure 3a) and 0-260 cm layers (Figure 3c) were 
about twice those constrained by C2 (Figure 3b and Figure 3d). 
This indicates that parameters related to soil water storage were 
not constrained well by using only the soil temperature criteria C1, 
even though the performance of soil water content was improved 
by using C1 (Table 4 in Paper I).     

Mean values and uncertainty ranges of simulated soil water storage 
in the 0-45 cm and 0-260 cm layers generally had good ability to 
represent both intra- and inter-annual variability when compared 
against data constrained by C2. However, simulated soil water 
storage in the shallower layer (0-45 cm) showed faster responses to 
precipitation events than measured values. Moreover, simulated 
soil water storage in the entire profile (0-260 cm) demonstrated a 
slightly declining trend which was not observed in measurements. 
The discrepancy between simulated and measured soil water 
storage indicates that some parameters in relation to the long-term  
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Figure 2. Model performance on soil temperature at 40 cm during 2005-2007 in 
a bare black soil in Hailun, when constrained by (a) soil temperature criteria 
(C1), (b) soil moisture criteria (C2) and (c) combined soil temperature and 
moisture criteria (C3). Upper and lower uncertainty boundaries (grey lines), 
mean values (black lines) of soil temperature constrained by the corresponding 
criteria and measured soil temperature at 40 cm (blue dashed lines). 

 

water balance need to be considered more carefully. The lower 
boundary conditions may not be properly described by only 
accounting for vertical fluxes at this site. 
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Figure 3. Model performance on soil water storage in the 0-45 cm and 0-260 cm 
soil layers during 2005-2007 in a bare black soil in Hailun. (a) and (c) represent 
soil water storage performance constrained by soil temperature criteria (C1); 
(b) and (d) soil water storage performance constrained by soil moisture criteria 
(C2). Black bars represent mean 5-day simulated precipitation. Upper and 
lower uncertainty boundaries (grey lines), mean values (black lines) of soil 
water storage constrained by the corresponding criteria and calculated soil 
water storage (black triangles). 
 

Different delay patterns between spring air and soil temperature in 
boreal forest (Paper III, Paper IV) 

Differences in patterns between air and soil temperatures in spring 
and early summer were found on analysis of long-term monitoring 
data for Hyytiälä. It was possible to divide observed cumulative air 
and soil temperatures from April to June in the period 1997-2009 
into three typical patterns: cold years with small delays (CSD), 
warm years with large delays (WLD) and warm years with small 
delays (WSD). The mean value was 795 °C day for all years, with a 
mean delay of 240 °C day. During cold springs any years with a 
substantial delay between air and soil temperature was not found. 
A single year from each of the patterns was used for illustration 
and to show the extent to which behavioural models could 
describe the typical differences in air and soil temperatures over 
the years (Figure 4). The typical year is 1997 for CSD, 2006 for 
WLD and 2007 for WSD. Overall, six warm years with large delays 
were identified, followed by four warm years with small delays and 
three cold years with small delays. 
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Figure 4. Cumulative air and soil temperature from April to June in CSD, 
WLD and WSD years in a Scots pine stand at Hyytiälä. The dashed line 
shows observed air temperature. The dotted line shows observed soil 
temperature in the organic layer (4-0 cm). The grey area is the 5-95% 
uncertainty band calculated based on 144 behavioural models using the 
FixedNTs model assumption. The solid line shows mean values of simulated 
soil temperature in the organic layer based on 144 behavioural models. 

 

In general, large variability in simulated Ts could represent a 
realistic variability pattern in the forest area, while the differences 
in simulated mean Ts compared with observed mean Ts provide 
support for using simulated Ts when evaluating the impacts on 
transpiration and photosynthesis (Figure 4). 

The large delay in Ts occurred during years with partly frozen soil, 
which were normally not combined with large amounts of snow. 
From early May the uncertainty bands increased, indicating 
heterogeneous Ts among the behavioural models. The observed Ts 
represented a mean value of only five profiles within a 
homogeneous part of the forest and could not reflect the expected 
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variability of the flux measurements within the entire area around 
the eddy-covariance flux tower.   

Variability of soil temperature was also observed for other sites, e.g. 
Knottåsen, which showed an even more pronounced delay in the 
rise of soil temperature compared with the air temperature rise. 

Model performance on eddy covariance fluxes (Paper II, Paper III 
and Paper IV) 

Diurnal courses (Paper II) 

At diurnal scale, mean diurnal course of NEE, LE and H for 
February, April, May, and September was simulated successfully 
based on a 2-year dataset for a Scots pine forest at Hyytiälä. Figure 
5 shows this diurnal course as the output from a behavioural 
model picked randomly from the 307 behavioural models. The 
months were selected to demonstrate their average diurnal 
dynamics. Overall, the diurnal course of NEE, LE and H was 
generally well described in relation to the measured course. The 
monthly mean day approach was useful to reduce uncertainties 
from both measurements and simulations.  

In general, the diurnal course of NEE was well simulated by the 
model. The start of simulated carbon uptake was more or less 
precisely as observed except that in April, which was delayed by 
approximately one hour compared with observed data. The 
maximum values of both simulated and measured NEE occurred 
around noon in the four months of interest. Moreover, the 
magnitude of simulated NEE was similar to the observed data.  

In the four months studied, simulated H showed systematic 
discrepancies in both morning and afternoon hours. This may be 
explained by the simplified model assumption of no heat storage 
in the air beneath the reference height. Therefore, the model 
responded more rapidly to changes in the generation of sensible 
heat flux from the land surface compared with reality. 

There was systematic overestimation of both the magnitude and 
period of vapour generation for LE in May and September, 
implying possible underestimation of measured LE or lack of 
internal storage beneath the reference height in the model. In April 
and May, daytime values of H were twice as large as the 
corresponding LE. In September, H and LE were of the same 
magnitude. Based on simulated net radiation, H and LE were the 
major components of the energy balance. The discrepancies 
presented in Figure 5 indicate that H and NEE were less uncertain 
than LE for diurnal dynamics. This was consistent with the 
performance indicators in general, which indicated that H and 
NEE were better simulated than LE. 
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Seasonal courses (Paper III, Paper IV) 

According to the distinct delay patterns between air and soil 
temperature in spring at Hyytiälä, seasonality of EC flux data in 
the constructed mean, CSD, WLD and WSD years is presented in 
Figure 6. In general, the seasonal course of simulated values (solid 
lines) showed only small differences to the seasonal course of 
measured values (dotted lines) for all variables NEE, LE and H 
for a constructed mean year and for the three typical years 
selected. Larger uncertainty bands for all EC data (grey areas) 
appeared during the growing season (April-October) than in 
winter.  

In the constructed mean year, both the timing and magnitude of 
fluxes were well described by the model apart from simulated LE, 
which was overestimated from May-October compared with 
measured LE in general (Figure 6). For typical years, flux 
performance in the WSD year showed better agreement with 
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Figure 5. Diurnal measured (solid line) and simulated (dashed line) course of 
H, LE, and NEE for February, April, May, and September based on one 
behavioural model in a Scots pine stand at Hyytiälä. 
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b) CSD 
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Figure 6. Model performance on NEE, LE and H based on the FixedNTs 
model assumption against corresponding measurements in the mean, CSD, 
WLD and WSD years in a Scots pine stand at Hyytiälä. The mean year is 
constructed based on values in the total 13 years (1997-2009). The dotted line 
shows measured data. The solid line shows the mean values of simulated data 
from 144 behavioural models. The grey area is the 5-95% uncertainty band 
based on 144 behavioural models. All values are 5-day averages. 

 

 

measured data compared with that in the CSD and WLD years. 
Due to favourable conditions in air and soil, the start of all fluxes 
in spring for the WSD year was much earlier than in other years, as 
expected. Similarly, the start of fluxes in CSD and WLD years was 
more delayed compared with that in the mean year. A possible 
explanation for these differences is that in the WLD year, the delay 
in recovery of fluxes was mainly due to low soil temperature, but 
in the CSD year it was caused by both low air and soil 
temperatures. Start of H was generally earlier than LE for all years, 
demonstrating the pronounced acclimation process of 
transpiration and photosynthesis. 
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Figure 7. Model performance on (a) NEE, (b) LE (b) and (c) H based on 
DryTs when constrained by EC data and soil temperature against 
corresponding measurements in a Norway spruce stand at Knottåsen. The 
dotted line shows measured data. The solid line and grey area show the 
mean values and the 5-95% uncertainty band of simulated data based on 
204 behavioural models. All values are 5-day averages. 
 

Seasonal patterns in EC flux data in the Norway spruce stand at 
Knottåsen were simulated using similar model assumptions and 
parameter ranges based on the long-term study for the Scots pine 
stand at Hyytiälä. Different biomass and soil characteristic 
conditions in dry and moist plots within the radius of the eddy-
covariance tower were considered in the modelling study. 
However, model performance on EC flux data based on DryTs and 
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MoistTs constrained by EC data and soil temperature was similar in 
general. Thus, only performance based on DryTs is presented to 
demonstrate seasonal dynamics (Figure 7). 

Observed fluxes of NEE, LE and H (dotted lines) during 2001-
2002 (and 2003 for H) were mostly located within simulated 5-
95% uncertainty bands (grey areas) under dry (Figure 7) and moist 
(not shown) soil conditions, meaning that seasonal courses of EC 
could be described by current behavioural models in general. 
Simulated H (solid lines) in particular showed good agreement 
with measured H, with narrow uncertainty bands compared with 
NEE and LE. On the other hand, simulated NEE was 
systematically delayed compared with observed NEE in spring 
2001, but this was not apparent in 2002. Observed LE in both 
early July 2001 and 2002 was reduced sharply due to summer 
drought, which was also described by simulated LE. In early 
August 2002, observed NEE and LE rates recovered substantially 
due to favourable conditions in air and soil. Simulated NEE and 
LE rates showed the same trend, but with higher mean flux rates 
compared with the observed rates. However, the systematic 
overestimation of LE did not correspond to an expected 
systematic underestimation of H during the same events. Instead, 
H showed a small tendency to be overestimated by the model. 

Simulated demonstration of the role of Ts in photosynthesis and 
transpiration (Paper III) 

To illustrate the importance of Ts response function effects on 
photosynthesis and transpiration, seasonal patterns of mean gross 
primary productivity (GPP) residuals obtained based on FixedNTs 
(with the Ts response) and FixedNNoTs (without the Ts response) 
are compared in Figure 8. The discrepancies in seasonal patterns 
of GPP residuals with and without the Ts response were enhanced, 
with a larger systematic deviation for all years. This finding 
confirms that Ts in spring seems to be of high importance for the 
recovery of photosynthesis rates of Scots pine at Hyytiälä. 
Somewhat surprisingly, it was necessary to account for Ts effects in 
the model, especially when modelling the CSD year. During the 
WLD year the results were less clear, since the previous negative 
residual was shifted to be positive instead. However, this indicates 
that the present parameterisation of the soil temperature impact 
may be overemphasised for the year with the largest delay between 
air and soil temperature rises in the spring. Seasonal patterns of 
LE residuals (not shown) with and without the Ts response 
showed coincidently similar patterns of GPP residuals (Figure 8), 
suggesting that the mutual processes largely linked photosynthesis 
and transpiration.  
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Figure 8. Mean values of GPP residuals in the mean, CSD, WLD and WSD 
years at Hyytiälä. The solid line represents the mean GPP residuals based on 
the FixNTs model assumption. The dotted line represents the mean GPP 
residuals based on the FixNNoTs model assumption. All values are 5-day 
averages. 
 

Performance and correlations obtained for calibrated parameters 
(Paper II, Paper III and Paper IV) 

Posterior parameter distribution was identified as the multi-criteria 
were applied. If the posterior parameter distribution was changed 
from prior uniform distribution (U) to normal (N) or log-normal 
(LN) distribution, this parameter was considered as a behavioural 
parameter. Similar influential parameters were obtained in Papers 
II, III and IV. Influential parameter performance in Paper III is 
presented as an example. The corresponding correlations between 
parameters and between parameter and variable were analysed.     

In total, 45 of the 51 parameters became more precisely 
determined by the posterior distribution and can be considered 
behavioural parameters (Table 4 in Paper III). Most parameters 
were relatively independent of other parameters. The major 
exception was FixN supply(1), which was correlated with eight 
parameters (R2 > 0.3): RadEfficiency(1) and RadEfficiency(2), Pmax(1) 
and Pmax(2), TF Sum Start(1) and TF Sum Start(2), Specific 
LeafArea(1) and TempCoefA. The conclusion can be drawn that the 
rate of photosynthesis is strongly correlated with the 
corresponding water uptake response, air temperature response 
and light use efficiency (Paper II). This was an expected result and 
suggests that this could be excluded as a calibrated parameter since 
it has a very similar impact on the light use efficiency parameters.  
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Figure 9. Cumulative distribution function (dashed line) of the posterior 
parameters based on 144 behavioural models using the FixedNTs model 
assumption, showing important impacts on heat fluxes (LE, H) or on carbon 
fluxes (NEE, GPP, TER) in a Scots pine stand at Hyytiälä. 

 

The reason it was used was to enable a precise comparison with 
the dynamic nitrogen supply simulation. Another parameter, 
Conduct VPD(1), was highly negatively correlated (R2 > 0.6) with 
Conduct Max(1), indicating that it may be better to calibrate only 
one of these. 

The cumulative distribution functions for influential parameters 
were still wide (Figure 9). Parameters related to the temperature 
acclimation function (TF Sum Start(1)/(2) and T Sum Opt(1)/(2)) 
were surprisingly identified as non-behavioural parameters, but 
with very strong impacts on GPP, total ecosystem respiration 
(TER) and LE performance with respect to R2 and ME (> 0.3) 
(Table 4 in Paper III; Figure 9). Furthermore, Pmax(1)/(2) showed 
negative impacts on the dynamic performance of both NEE and 
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GPP regarding R2. This suggests that the reduction in 
photosynthesis due to light saturation at high levels of radiation 
definitely needs to be considered for long-term simulations where 
the inter-annual variability in radiation is relatively large in boreal 
regions. The decomposition-regulating parameters RateCoefHumus 
and RateCoefLitter1Dis clearly showed high probabilities for low 
values and both were logically correlated with TER. RateCoefHumus 
was also one of the few parameters that was correlated to NEE 
with respect to R2 and TER with respect to ME. These two 
parameters are most likely key parameters in assessing long-term 
carbon losses from soil and litter pools. Similar influential 
parameters were Specific LeafArea(1) and DrainLevel, which showed 
multiple indirect impacts on both heat and carbon fluxes with 
respect to R2 and ME for the first parameter and R2 for the 
second. 

Response functions for environmental factors (Paper II, Paper III 
and Paper IV) 

Reductions in photosynthesis, transpiration and decomposition 
due to temperature and moisture limitations in air and soil were 
quantified by a group of response functions, which were used in 
Papers II, III and IV. In general, similar seasonality of effects of 
these response functions on photosynthesis, transpiration and 
decomposition was observed in Papers II-IV, even though the 
corresponding parameter ranges were different, especially between 
the short-term study (Paper II) and the long-term study (Paper 
III).  

Photosynthesis and transpiration regulation 

The role of air and soil temperature in photosynthesis and 
transpiration was examined according to different delay warming 
patterns between air and soil temperature in spring (Paper III). 
Seasonal patterns of effects of response functions are shown in 
Figure 10.  

The seasonal patterns of the impacts from the atmosphere were 
notably different from the corresponding impacts from the soil. 
The general seasonality of the air temperature response effect 
started to increase from March and reached the largest mean value 
during June and August and then decreased gradually until the end 
of the year. The impact from the soil was dominated by soil 
temperature and followed a common seasonal course. It started to 
decrease from January and reached the lowest mean values during 
mid-April to early May, then rapidly increased by 40% of the 
lowest mean values within the following approximately two weeks, 
followed by a gradual increase until the end of the year. The soil 
impact on photosynthesis and transpiration mainly originated from 
soil temperature, but during the summer period a number of 
specific reductions due to soil moisture were observed from May 
to September (Figure 10).  
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Air temperature  Soil temperature 

  

Figure 10. Seasonal patterns of the effects of simulated daily response 
functions on photosynthesis and transpiration processes in the mean year in 
a Scots pine stand at Hyytiälä. The different responses originate from air 
temperature and soil temperature. The grey area is the min-max response 
band based on 144 behavioural models using the FixedNTs model 
assumption. The black solid line represents the mean of 144 behavioural 
individual responses, and the dashed line represents the multiplicative mean 
by multiplying mean values of behavioural individual responses. In the air 
temperature response, the multiplicative mean (the dashed line) is calculated 
by multiplying the mean responses to air temperature, transpiration/water 
uptake by roots and nitrogen. In the soil temperature response, the 
multiplicative mean is calculated by multiplying the mean of soil 
temperature and soil moisture (the values not shown). All values are 5-day 
averages. 

 

Neglecting the seasonality in radiation and leaf area, the results 
illustrate that air temperature was the major limiting factor for 
photosynthesis in early spring, autumn and winter, but soil 
temperature was a rather important limiting factor for 
photosynthesis in late spring. During summer, soil moisture also 
placed limitations on photosynthesis. 

Decomposition regulation 

The effects of soil temperature and soil moisture response 
functions on decomposition were estimated. The seasonality of 
effects of these responses is shown in Figure 11 using the example 
of the short-term study in a Scots pine stand at Hyytiälä (Paper II). 
Decomposition was mainly regulated by soil temperature during 
the whole year. However, a reduction because of limitation by soil 
moisture appeared in the beginning of May during the first year, as 
indicated by the total response shown by the dashed line. It is 
worth noting that a large uncertainty band was obtained for the 
function of decomposition regulations. This was because the 
parameters TempMin and TempMax used in the Ratkowsky equation 
were not well constrained by the calibration. The same situation 
was observed for the moisture regulation parameters 
SaturationActivity and ThetaLowerRange. 
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Figure 11. Simulated daily response function for decomposition processes, 
originating from soil temperature in a Scots pine stand at Hyytiälä. The grey 
band is the min-max response band based on 307 behavioural models, the 
black solid line represents the mean of 307 behavioural individual responses, 
and the dashed line represents the multiplicative mean by multiplying mean 
values of behavioural soil temperature and soil moisture responses. 

 

DISCUSSION  

GLUE as a tool to increase the understanding of modelling 
processes 

Ensembles of behavioural models were obtained based on 
different multi-objective criteria in Papers I-IV. These ensembles 
showed good agreement with measured data in most cases, 
especially for those data that were used to constrain model 
performance. The posterior parameter distribution functions 
changed into either normal or log-normal distributions in most 
cases, compared with the prior uniform distribution. The change 
from the prior distribution to the posterior distribution represents 
a calibration or a learning procedure. The learning was obtained by 
adding new data and requirements of model performance. This 
indicates that the parameter uncertainties could be reduced 
successfully by the calibration procedure and also that useful data 
could be identified in reducing the parameter uncertainty. Some 
parameters were not affected by the criteria applied, showing that 
the parameters were not important for the performance of the 
model. The posterior parameter ensemble was useful to 
demonstrate correlations between parameter values and a 
performance indicator for a specific variable. This also indicated 
the complex impact of various parameters and how they are acting 
together within the ensemble of behavioural models. Another 
aspect that was useful to describe among the posterior models was 
the correlation between parameters. Many parameters showed co-
correlations, indicating that it was not possible to consider them 
independent of each other.  

The use of different multi-objective criteria to constrain model 
performance allows us to increase the understanding of the role of 
calibrated parameters on the performance and to explore the 
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problems related to possible conflicts when using more than one 
variable to define the behavioural model. The ensembles of 
behavioural models provide equally good parameter sets 
(equifinalities), which give us more reliable explanations compared 
with a single optimal simulation, e.g. using a conventional stepwise 
manual calibration. The change from the prior distribution to the 
posterior distribution of model performance and the change of the 
posterior distributions based on different criteria both increased 
the understanding of the model and of the data used. In general, 
the GLUE method is useful and applicable to quantify 
uncertainties, but the criteria proposed by users are subjective. 

Process-orientated modelling to understand complex systems by 
merging data 

CoupModel is a process-orientated model with coupled water, heat, 
carbon and nitrogen processes. Since the processes are coupled 
together, it is worth understanding the responses and feedbacks 
between the processes. A fairly simply model structure was defined, 
including soil heat and water processes as major components 
(Paper I). However, soil moisture performance was improved 
when only constraining the model using the soil temperature 
constraints. In this case the physically correct models enabled us to 
make use of one type of measurement to describe other related 
phenomena. Furthermore, more complex model structures 
considering feedback between the soil and two vegetation layers 
were made (Papers II, III and IV). Behavioural models were 
retained only by H, LE and NEE constraints with or without soil 
temperature at the uppermost layer. At the same time, 
performance on other measurements such as soil chamber CO2 
measurements, soil temperature in deeper layers, soil moisture and 
snow depth was improved. By analysing posterior parameter 
performance, information on the impacts of parameters on other 
unconstrained processes was obtained, even if such coupling is 
very complex for the biological processes. It was obvious that 
many potentially reasonable good simulations could be obtained as 
a result of combined errors in the internal model structure. A 
dynamic nitrogen model was not helpful to improve the simulation 
of carbon and water during periods as long as 13 years. However, 
the dynamic nitrogen model showed some possible patterns for 
the within-year and between-year responses to nitrogen that could 
not be excluded from the EC flux measurements. In this case it 
will be of the highest interest to search for new data to increase the 
understanding of system behaviour.  

High resolution monitoring data combined with measurements of 
slow changes in state variables of the system provide an 
opportunity to more deeply understand the crucial processes, e.g. 
photosynthesis, evapotranspiration, respiration, etc. In the present 
study, it proved to be very useful to also incorporate data on 
carbon and nitrogen pools of biomass and the soil. However, it 
was not possible to test the reliability of the model by any 
independent data on the change in soil pools. The errors in the 
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measurements will typically be high for such a short period of time 
as 13 years. However, if such measurements are added to in the 
future, they will provide a more precise internal test of both the 
measurements and the model. An open issue is to find the balance 
between the complexity of the model and the quality of data. 

Generally, simple model structure has a higher ability to obtain a 
better performance than complex coupled model structure. For 
example, ICBM is a carbon balance model without connection to 
water that was used by Juston et al. (2010). They achieved 
impressive simulations using the GLUE method, but had no 
opportunity for examining the relationship between carbon and 
water with such a simple model. The process-orientated models 
give perspectives to interpret the performance in different ways, 
although a compromise performance for different calibrated 
variables is usually obtained. The more complex models 
incorporating more processes have the potential to describe more 
phenomena which may reflect changes in a system when for 
instance climate, vegetation and soil all change with time. In order 
to provide further support in handling such complex systems, 
further development of models and understanding of how to test 
these models are of high interest. 

Response functions for environmental factors 

A number of different response functions for photosynthesis, 
transpiration and decomposition showed behavioural acceptance 
for the Scot pine and Norway spruce studies. Strong evidence of 
soil temperature regulation of transpiration and decomposition 
was found, based on all the related eddy flux data. Previous studies 
of the Scots pine forest at Hyytiälä have mainly focused on air 
temperature as an acclimation factor, but in Scots pine ecosystem 
studies the same phenomena can be related to water uptake and 
soil temperature. It was possible to replace the soil temperature 
acclimation function on photosynthesis and transpiration with a 
corresponding air temperature function only during warm years 
with a small delay between air and soil temperature.  

The low soil temperatures in the spring may be very important in 
explaining the low production in the boreal region. Unfortunately 
the EC flux measurements did not provide information on the 
spatial variability between various plots. However, nitrogen 
availability was higher in the moist, cold plots compared with the 
dry, warm plots in the Norway spruce stand at Knottåsen. Higher 
annual production for the moist plots was also indicated by the 
biomass measurements. This suggests that spatial variation in 
nitrogen availability may counteract the impact of low soil 
temperatures on the annual fluxes. This finding is of high interest 
and indicates the need for using process-orientated models 
together with various types of data to examine the complex 
behaviour of boreal forests in a landscape where the soil 
characteristics also show high variability.  
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CONCLUSIONS  

The understanding of seasonality of carbon, evapotranspiration 
and heat processes in response to cold climate was improved by 
merging mathematical models and data from experimental studies. 
The modelling approach provided a basic understanding of 
different biological and physical processes. The GLUE method 
was a useful and applicable tool to quantify the uncertainties in 
parameters, model assumptions and measurements based on user-
defined criteria. 

The seasonal patterns in carbon, evapotranspiration and heat 
processes were successfully simulated, but with a number of 
equifinalities. This demonstrated that it was not possible to identify 
the unique explanations for the observed phenomena. However a 
number of clear tendencies in responses for environmental factors 
were demonstrated, showing the importance of considering the 
coupling between various components of the ecosystem. Both the 
evapotranspiration and the NEE flux showed a response to soil 
temperature conditions via different direct and indirect ecosystem 
mechanisms. Air temperature was the major limiting factor for 
photosynthesis in early spring, autumn and winter, but soil 
temperature was a rather important limiting factor in late spring. 
Soil moisture and nitrogen showed indications of being more 
important for regulating photosynthesis in the summer period. 

High resolution data such as the eddy covariance technique were 
useful in reducing parameter uncertainty. However, the study also 
indicated that fluxes of photosynthesis and transpiration showed 
sensitivity to the carbon footprint representation that made 
interpretations complicated. The expected high spatial variability in 
soil temperature during the spring of a warm year was indicated by 
simulations and EC flux data but not confirmed by independent 
soil measurements.  

FUTURE WORK  

The interaction between ecosystem processes and cold climate is 
complex. The extent to which the interaction could be described 
by the process-based model is still open. The light use efficiency 
model and the corresponding air temperature acclimation function 
were modified to fit the long-term simulations. It will be 
interesting to test other photosynthesis models such as the 
Farquhar biochemical model. Defined parameter ranges for the 
calibration procedure might still be wide and could be adjusted, 
since many posterior parameter ranges were similar to the 
corresponding prior ranges but with different distributions.  

The approach of merging different types and resolutions of data 
with the process-based model is plausible and useful. However, the 
method of combining eddy flux data with other data indicating 
high spatial variability in plant and soil conditions might be further 
developed.      
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Uncertainty analysis could improve the understanding of errors in 
both measurements and models. It will be of high interest to 
further test and develop other uncertainty methods. 

The results presented in this thesis are based on modelling from 
the local scale where detailed data were available. It will be 
interesting to apply knowledge from this scale to models that have 
been developed for the global scale. The global scale models are 
becoming increasingly detailed and are in many aspects similar in 
structure to the current process-orientated modelling approach. 
However, the understanding of the combination of model 
structure and parameter uncertainty is still not fully completed. 

It is hoped that the approach developed here can be used to 
improve the local management of forest and agriculture within the 
boreal region. Forest productivity and greenhouse gas emissions 
are both of major interest for the economy and for global climate 
policy. Future uses of the model could be to suggest measures to 
reduce greenhouse gas emissions and to identify ways to adapt to 
changed climate conditions without causing new problems for 
society. 
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