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Uncertainty in future climate projections is widely recognised, yet few impact model studies explore the implications of this uncertainty on catchment hydrological and biogeochemical responses. Here, we report a novel model chain using HBV, INCA-C and MyLake to
simulate runoff, snow dynamics, ice cover, soil moisture, lake thermal stratification and
in-lake DOC concentrations in Valkea-Kotinen, a headwater lake in a forest-covered boreal
catchment. Impact response surfaces (IRSs) were constructed with 63 combinations of
changes in temperature (–2 °C to +14 °C) and precipitation (–10% to +50%). Superimposing probabilistic projections of climate change onto the IRSs, we illustrate the uncertainty
in impacts under projected climate change. Projected climate warming is likely to result
in drier soils, shorter snow and ice periods, as well as earlier onset and longer duration of
lake stratification. In contrast to earlier results, in-lake DOC concentrations are projected to
decrease slightly (–6%), primarily due to decreased terrestrial runoff.

Introduction
Climate change is expected to have profound
implications for boreal forests (Soja et al. 2007)
and lakes (Keller 2007). Keller (2007) notes that
a changing climate will lead to shorter periods of
ice cover on boreal lakes, changed epilimnetic
depths and longer periods of thermal stratificaEditor in charge of this article: Johanna Mattila

tion. Furthermore, the effects of climate change
on the light and thermal regime of boreal lakes
will be strongly influenced by changes in the
input and cycling of dissolved organic carbon
(DOC) (Keller 2007). Concentrations of DOC
in surface waters are increasing in many parts
of Fennoscandia and North America (Monteith et al. 2007, Vuorenmaa et al. 2006). The
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observed increase in DOC has been ascribed to
reductions in acid deposition (Vuorenmaa et al.
2006, Monteith et al. 2007) and the effects of a
changing climate (Lepistö et al. 2008, Haaland
et al. 2010, Laudon et al. 2012). Increasing DOC
concentrations have important effects on lake
ecosystems. Higher DOC concentrations absorb
light more effectively, changing the depth of the
thermocline (Snucins and Gunn 2000). Shallower thermoclines and more effective thermal
stratification can lead to increased hypolimnetic
anoxia (Schindler et al. 1996). A combination
of increased anoxia and slower rates of photodemethylation associated with greater UV absorbance by increased amounts of in-lake DOC may
lead to higher methylmercury (MeHg) concentrations in biota (Hammerschmidt and Fitzgerald 2006). Oxygen-related changes induced by
climate change may be more important than
direct temperature changes for MeHg production (Verta et al. 2010) and accumulation in fish
(Rask et al. 2010). Higher DOC concentrations
are also linked to reductions in primary productivity (Arvola et al. 2014).
Climate has pronounced effects on lake DOC
concentrations and the export of DOC from
catchments. Increased precipitation can more
effectively flush DOC from catchment soils
and thereby increase lake DOC concentrations
(Hongve et al. 2004, Haaland et al. 2010, Einola
et al. 2011) while drought (Curtis and Schindler
1997) or warmer summers (Hudson et al. 2003)
can lead to lower lake DOC concentrations as
a result of longer water residence times and
greater opportunity for in-lake consumption of
DOC, which may increase rates at which MeHg
is demethylated. Arvola et al. (2010) found an
increase in water colour in response to a change
in hydrological conditions after several dry summers.
A changing climate will also affect runoff.
Higher temperatures in the boreal region will
lead to less snow accumulation and earlier snowmelt, changing the annual distribution of runoff
(Schindler et al. 1996). In Fennoscandia, the
high flow period may switch from spring snowmelt to autumn and winter rain (Lawrence and
Haddeland 2011). Higher temperatures will lead
to a longer growing season, which may result in
greater primary production, higher evapotranspi-
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ration and less runoff. These changes may have
pronounced consequences for lake DOC budgets
(Schindler et al. 1997, Keller 2007). While a
range of future hydrological conditions have
been projected, recent research suggests drier
conditions and lower lake levels in parts of Fennoscandia (Wetterhall et al. 2011).
While the uncertainty of future climate conditions and corresponding catchment responses
is acknowledged by all, explicit treatment of
this uncertainty is rare: most published model
studies often include only a handful of scenarios
to explore future uncertainties (e.g. Posch et al.
2008, Futter et al. 2009, Saloranta et al. 2009,
Oni et al. 2012). Increasing numbers of climate model simulations being conducted have
allowed attempts to express regional climate
uncertainty probabilistically (e.g. Räisänen and
Ruokolainen 2006, Prudhomme et al. 2010, Frieler et al. 2012). This study uses one such probabilistic projection of regional climate change
(Harris et al. 2010) and translates it to the
response of a chain of three impact models that
simulate the DOC concentration of a lake in
southern Finland. In this work, we follow the
approach of authors who have utilized the results
of the ENSEMBLES project to allow for a more
explicit treatment of climate change uncertainty
(Fronzek et al. 2011, Weiss 2011, Wetterhall et
al. 2011). The purpose of this study was to demonstrate the impact response surface approach to
quantify the range of uncertainty introduced by
climate uncertainty into impact modelling. We
did not attempt to provide a full assessment of
uncertainty propagated through the entire model
chain. To our knowledge, this study is the first
report of a probabilistic approach to a model
chain applied to examine potential impacts of
climate change on the hydrology of a boreal
headwater catchment and its effects on terrestrial
DOC export and in-lake DOC concentrations.

Material and methods
Site
Valkea-Kotinen is a small headwater catchment
of the Kokemäki river water system. The catchment is located in southern Finland (61°14´N,
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Fig. 1. Location of the catchment Valkea-Kotinen
in Lammi, southern Finland (white circle), for which
impact model chain simulations were performed and
the climate model land grid box (dark grey) for which
probabilistic climate projections were obtained (other
land grid boxes in light grey).

25°04´E; Fig. 1) in a protected area of oldgrowth forest and receives only background
levels of long-range transported air pollution.
The catchment and monitoring activities are
described in Bergström et al. (1995), Ukonmaanaho et al. (1998) and Vuorenmaa et al. (2014).
Stream flow is monitored by the Finnish Environment Institute at the catchment outflow and
water chemistry monitored in the lake and at the
catchment outflow.
Valkea-Kotinen is typical of glaciated boreal
landscapes. The catchment (30 ha) contains
areas of forested mineral soil, forested and open
peatlands and a discharge lake (156 m a.s.l) with
stream. The lake subcatchment is 22 ha and the
lake area 4 ha. The mineral soils in the catchments are predominately Podzols, developed on
shallow glacial drift (till) deposits (Starr and
Ukonmaanaho 2001). The forest cover consists
mainly of old-growth mixed stands of Norway
spruce, birch and aspen.
The Valkea-Kotinen catchment has been the
subject of much biogeochemical research (Keskitalo et al. 1998, Starr and Ukonmaanaho 2001,
2004, Arvola et al. 2010, Einola et al. 2011,
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Vuorenmaa et al. 2014). Detailed data on soil
and stand carbon stocks, litter production and
soil-water DOC concentrations are available (see
Starr and Ukonmaanaho 2001, 2004). A number
of limnological studies focussed on in-lake
carbon cycling and greenhouse gas production
have also been conducted (Vähätalo et al. 2003).
Meteorological data used in this study were
obtained from nearby Finnish Meteorological
Institute weather stations; average daily temperature (T ) and daily precipitation (P) data
from Lammi Pappila (61°03´N, 25°03´E,
125 m a.s.l.), and P, T and total global radiation data from Jokioinen (60°49´N, 23°30´E,
104 m a.s.l.). The Lammi station is closer to the
Valkea-Kotinen site but the data from Jokioinen
were also used as radiation data were not available at Lammi. For 1980–2012, the long-term
mean annual temperature at Lammi Pappila is
+4.2 °C and the annual amount of precipitation
is 645 mm (Pirinen et al. 2012). Approximately
30% falls as snow or sleet, giving rise to a distinct snowmelt peak in runoff at the end of April.
Global radiation averages 3315 MJ m–2 yr–1 at
Jokioinen for 1981–2010 (Pirinen et al. 2012).
Precipitation in the region has increased
slightly during the past century but the increase
is not statistically significant (Ylhäisi et al.
2010). The Lammi meteorological station has
reported a statistically significant warming of
almost 0.4 °C per decade (1964–2011). For the
shorter period 1990–2010 the linear trend is
weaker and covered by noise. The lake ValkeaKotinen is covered by ice for about 170 days on
average (1990–2011), and the ice period shortened by about 15 days per decade for the same
period (Jylhä et al. 2014).
Warming is expected to continue in the
region throughout the 21st century by 0.3–0.4 °C
per decade, or 0.4–0.5 °C per decade in case of
scenario A2, with the warming projected to be
strongest in winter. The warming may reach
0.4–0.5 °C per decade according to scenario A2.
Precipitation is expected to increase relatively
more in winter than in summer, while summer
precipitation will remain more abundant than
winter precipitation. The proportion of precipitation as snow will decrease and snow cover is
expected to become less common, especially in
early and late winter (Jylhä et al. 2014).
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Fig. 2. A diagram of impact model chain applied to the Valkea-Kotinen catchment.

A decrease in acidifying deposition has
been recorded since 1988. In 1988–1997, the
mean depositions of SO42– and NO3– were 419
and 205 mg m–2, respectively. In 2003–2011,
the mean deposition levels decreased to about
170 mg S m–2 and about 160 mg N m–2 (RuohoAirola et al. 2014).
Impact model chain
A model chain consisting of the hydrological
model HBV (Bergström 1992, Sælthun 1996),
INCA-C that simulates the carbon cycle at the
catchment-scale (Futter et al. 2007), the lake
model MyLake (Saloranta and Andersen 2007)
extended with the FOKEMA submodule that
simulates the biological decay and photomineralization of DOC in surface waters was used to
estimate the possible effects of future climate
change on lake ecosystem function (Fig. 2).
HBV
The HBV model (Bergström 1976, Bergström
1992, Sælthun 1996) is a catchment-scale, daily
time step rainfall-runoff model for simulating
water balances. The model version used here
requires inputs of daily time series of precipitation and air temperature (Sælthun 1996). It
produces daily time series of runoff which can
be calibrated against measured values. Depending on air temperature, precipitation in HBV can
either enter the soil or be accumulated as snow.

The model has a degree day snowmelt routine.
Precipitation interception is land-cover dependent. Precipitation entering the soil can contribute either to runoff or recharge. The runoff
hydrograph is dependent on three time constants
representing quick, soil water and groundwater flows. Potential evapotranspiration (PET) in
HBV is simulated using a degree day model. The
actual evapotranspiration (AET) is estimated as
a function of PET and soil moisture, where rates
of AET are slower in drier soils (Sælthun 1996).
HBV produces outputs of soil moisture deficits
(SMD), runoff, snow depth expressed as snow
water equivalents (SWE) and hydrologically
effective rainfall (HER). The latter term is an
estimate of the depth of water entering the soil
that eventually contributes to runoff. It is equivalent to rainfall plus snowmelt minus interception
and actual evapotranspiration. The SMD term is
equal to the difference between current estimated
water content and the user-specified field capacity (FC). The duration of snow cover was estimated as the number of days in a year in which
HBV simulated a non-zero snow depth. Despite
its relative simplicity, HBV has been widely
applied for simulating runoff in Fennoscandia
(Bergström 1992, Sælthun 1996, Lawrence and
Haddeland 2011). The model has also been used
in numerous climate change studies (Futter et al.
2009, Lawrence and Haddeland 2011, Wetterhall
et al. 2011, Oni et al. 2012). HBV was calibrated
to measured stream flow in the catchment outlet
from 1990–2007, with the strategy to maximize
the Nash-Sutcliffe (NS) coefficient (Nash and
Sutcliffe 1970).
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INCA-C
INCA-C is a conceptual model of carbon cycling
in soils and surface waters (Futter et al. 2007).
The model operates at a daily time step. INCA-C
has been applied to headwater boreal forest
catchments in Canada (Futter et al. 2007), Finland (Futter et al. 2008, 2009), Sweden (Futter et
al. 2011) and Norway (Futter and de Wit 2008).
The model simulates key processes in the forest
carbon cycling including litterfall, incorporation of litter into soil organic carbon, leaching
and mineralization of soil organic carbon as
well as microbial and photolytic decomposition
of organic carbon in surface waters. All in-soil
process rates are dependent on soil moisture and
temperature. Soil moisture is obtained from the
HBV-estimated SMD while soil temperature is
estimated using the model of Rankinen et al.
(2004). Organic carbon solubility in the soil is
dependent on SO42– concentrations (Futter et al.
2009). The INCA-C processes and equations are
documented in Futter et al. (2007, 2009).
The INCA-C model has been used to simulate possible effects of future climate on DOC
in headwater streams in Canada (Aherne et al.
2008) and Finland (Futter et al. 2009) as well as
large rivers in Canada (Oni et al. 2012).
The model calibration presented here is
based on Futter et al. (2009). INCA-C was
calibrated against measurement data from 1990–
2007: DOC in the lake and catchment outflow as
well as to stream flow at the catchment outflow.
EMEP SO42– deposition was used as a surrogate
for soil solution SO42– concentrations. Deposition of SO42– equal to current legislated emissions (CLE) was used when running INCA-C
to generate climate scenarios. The deposition
scenarios are described in Posch et al. (2008).
Soil carbon inputs in INCA-C are assumed to be
derived primarily from litterfall. Total canopy
litterfall was estimated using empirical relationships between climate and stand conditions for
Norway spruce (Starr et al. 2005) and Scots pine
(Saarsalmi et al. 2007). Average stand properties were obtained from table 3.9.1.1 of Bergström et al. (1995). It was assumed that the
old-growth forest is at steady state. A Monte
Carlo analysis based on Latin Hypercube sampling of the parameter space (Futter et al. 2007)
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was performed to assess uncertainty in INCA-C
predictions. The sampled parameter range was
based on the best-performing manual calibration
±20%. The parameter space was sampled 10 000
times and the 20 parameter sets with highest
joint NS statistics for lake and catchment outlet
DOC were retained for further analysis.
MyLake
MyLake is a one-dimensional, daily time step
lake model (Saloranta and Andersen 2007,
Saloranta et al. 2009). The primary function of
MyLake is to simulate lake thermal processes
which are forced by time series of air T, P,
solar radiation, wind speed and relative humidity. MyLake simulates lake stratification and
seasonal lake ice cover and it is well suited for
multi-decadal simulations to evaluate the possible impacts of climate change on lake ecosystem functioning (Saloranta and Andersen 2007).
It has been used previously in climate change
impact studies (e.g. Forsius et al. 2010, Dibike
et al. 2011). MyLake only simulates the most
significant physical, chemical and biological
processes controlling lake response to climate.
As described in Saloranta and Andersen (2007),
the lake dynamics follows equations presented
by Ford and Stefan (1980), Riley and Stefan
(1988), and Hondzo and Stefan (1993), while
the temporal development of ice is based on
Leppäranta (1991) and Saloranta (2000). Stability as defined by Schmidt is calculated following
equations presented by Korhonen (2002). Saloranta and Andersen (2007) report a sensitivity
and uncertainty analysis of the application of
MyLake to phytoplankton and inorganic phosphorus in Vansjø-Storefjorden, Norway. They
found catchment loading of phosphorus to be
the most important forcing factor to focus on
to improve model simulations (Saloranta and
Andersen 2007). In a Markov chain Monte Carlo
uncertainty analysis, Saloranta and co-workers
conclude that the uncertainties connected to the
MyLake model parameter values are smaller
than those connected with the climate forcing
(Saloranta et al. 2009). Dibike and co-workers
applied MyLake with default parameter values
to broad regional patterns of changes in lake-ice
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conditions and concluded it was appropriate for
modelling future changes (Dibike et al. 2011).
In the version of MyLake used here, DOC is
input from the surrounding catchment and can
be consumed in the lake through both photochemical and biological processes. The bacterial decay of DOC is simulated in a submodule
(FOKEMA) which calculates microbial mineralization following a three-pool kinetic equation
as described in Vähätalo et al. (2010). Incoming
DOC is divided into three pools with different propensity for bacterial mineralization. The
first pool has the fastest decay rate, the second
pool a lower rate and the third pool, which
constitutes the largest fraction of DOC, is not
affected by bacterial mineralization. MyLake
was calibrated against DOC concentrations measured in the uppermost layer (0–1 m) of the
lake during 1990–2005. The optimal parameter
values corresponding to the best fit were chosen
so as to maximize both correlation between
daily measured and modelled DOC, and the NS
coefficient. The model sensitivity was investigated by calculating the range in modelled lake
DOC obtained by varying model parameters and
incoming DOC flux. The parameter values were
sampled at random from a normal distribution
with mean corresponding to optimal parameter
values and standard deviation of one third of
the optimal values. The incoming DOC flux was
varied by factors of 0.1, 0.5, 1.5 and 3.
The onset of lake stratification is here defined
at a stability threshold of 1 J m–2. The stratified
period is counted from the day when the stability
exceeds 1 J m–2 for at least 30 consecutive days.
The stratified period ends when the stability is
lower than 1 J m–2 for the first time.
Probabilistic impacts response analysis
A probabilistic analysis of future impacts was
conducted by first constructing impact response
surfaces (IRSs) that depict the sensitivity of the
impact model chain to changes in T and P and
combining these with probabilistic projections of
climate change for future time periods (Fronzek
et al. 2010). The sensitivity of the impact model
chain to climate change was determined by
changing input T and P by a set of perturbations
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(∆T, ∆P) spanning a range of possible future climates. ∆T was varied between –2 °C and 14 °C
at 2 °C intervals; and ∆P between –10% and
50% at 10% intervals, resulting in a grid of 63
unique ∆T, ∆P combinations. Seasonal scalers
for temperature and precipitation were applied to
these perturbations that define stronger changes
during winter (Table 1). The scalers were calculated as the mean seasonal change divided by
the mean annual change for all 20-year periods
throughout the 21st century in the Harris et al.
(2010) data set. The sensitivities of the impact
responses to climate change were plotted as IRSs
with contour lines using the contour function in
MATLAB R2012b with ∆T, ∆P coordinates.
Joint probabilities of long-term changes in
annual mean T and P relative to the baseline
period 1961–1990 for the periods 2020–2039,
2050–2069 and 2080–2099 were obtained from
Harris et al. (2010). These T and P estimates
combine information from a perturbed physics
ensemble with multi-model ensembles of general circulation models. The probabilistic climate
projections quantify the uncertainties in leading
physical, chemical and biological feedbacks. The
data were provided as joint frequency distributions with a sample size of 10 000 for the
“Gulf of Finland” grid cell in which the ValkeaKotinen catchment is situated (Fig. 1) (Harris et
al. 2010).
The IRSs were evaluated at the locations of
the 10 000 pairs of ∆T, ∆P of future time periods by linearly interpolating from the 63 impact
model results. For each ∆T, ∆P combination in
the climate projections, the impact response was
calculated by averaging the impact model results
for the four nearest nodes of the delta change
Table 1. Seasonal scalers for temperature and precipitation changes calculated from all 20-year periods
between 2000 and 2099 of the Harris et al. (2010) dataset for the “Gulf of Finland”.
Season	Offset
	Temperature
Winter (DJF)
Spring (MAM)
Summer (JJA)
Autumn (SON)

1.276
0.947
0.844
0.933

Precipitation
1.290
1.126
0.825
0.760
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Fig. 3. Changes from 1961–1990 to 2080–2099 in
annual mean temperature (°C) and precipitation (%) for
the Grand Ensemble probabilistic projection for the land
grid box Gulf of Finland (Harris et al. 2010). The scattered dots depict the 10 000 combinations of change in
temperature and precipitation (∆T, ∆P). The contours of
the coloured areas represent different densities of the
scatter. Probabilities are represented as the percentage of projections enclosed within closed contour lines;
90% of the projections are within the outermost contour
line, 75% and 50% within the intermediate, and 25%
within the innermost contour line.

combinations, using the inverse distances to the
nearest nodes as weighting coefficients.
The probabilities of the impact responses
were estimated as cumulative frequencies, which
were determined for the 10 000 linearly interpolated values for each time period. The IPCC
guidance note on treatment of uncertainty recommends a likelihood scale in which likely
and very likely correspond to 66%–100% and
90%–100% probability, and unlikely and very
unlikely to 0%–33% and 0%–10% probability
(Mastrandrea et al. 2011). The 10th, 33rd, 50th,
66th, and 90th percentiles of the cumulative
frequency distributions were calculated in MS
Excel 2010 for the impact response variables
length of catchment snow period, length of lake
ice period, onset of thermal stratification and
length of stratified period, soil moisture deficit,
annual runoff to lake, DOC concentrations in
influx to lake, DOC flux to lake, and DOC concentrations in the top 0–1 m of lake water.
To illustrate the joint probability distribution
of projected future climate change, the prob-
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ability densities of the changes from 1961–1990
to 2080–2099 are shown as a scatter plot of
individual (∆T, ∆P) values combined with four
contour lines that represent certain percentages
of the points within the lines (Fig. 3). For each
time period, the distribution of the 10 000 joined
(∆T, ∆P) values was estimated with a bivariate kernel density estimator (Botev et al. 2010)
which produced density values for each (∆T, ∆P)
combination. Contours were calculated by comparing the relative sum of densities in relation to
the total density sum to certain fixed percentages
(25th, 50th, 75th, and 90th percentiles). The
probabilities are visualized as coloured areas
between contour lines that represent the probability expressed as percentage of the total sample
(Fig. 3). The filled contours were plotted with the
‘contourf’ function in MATLAB R2012b. If the
frequency of T perturbations are calculated separately (without regard for P perturbations), the
frequency analysis shows that a warming of less
than 4 °C is unlikely (< 33% of the 10 000 projections of ∆T < 4 °C) and a warming of at most
6 °C is likely (> 66% of the 10 000 projections
of ∆T < 6 °C). Similarly, for individual frequencies of P perturbations, the corresponding observations are that it is unlikely that P will increase
by less than 11% and likely that P will increase
by most 19%. As compared with the joint probability graph (Fig. 3), the individual frequency
analysis gives a narrower view of future change
which shows the advantage of using joint probability distributions providing more comprehensive information in the background of impact
response analysis.

Results
Model calibrations and parameter
sensitivity
The HBV calibration from Futter et al. (2009)
against measurement data from the catchment
outlet was used here. The calibration was able
to achieve a NS statistic of 0.65. This is comparable to model goodness-of-fit for other HBV
applications to small boreal headwater catchments
(Futter et al. 2007, 2008, 2011). The INCA-C
calibration from Futter et al. (2009) was re-visited
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in an attempt to improve the model fit to observed
DOC concentrations in the lake. The final calibration achieved a NS statistic of 0.443 and 0.293 for
DOC in the lake and catchment outflow respectively. The range in predicted DOC concentrations from the Monte Carlo analysis, expressed as
(maximum – minimum)/(average predicted value
for each day) ¥ 100, was between 0% and 40%,
with the average values of 7.5% and 15% for the
lake and catchment outflow, respectively.
In the calibration of the bacterial decay
parameters in FOKEMA, one fifth of the samples
(42 of 227) were acceptable, with correlation
coefficients > 0.4 and NS coefficients > 0.01. For
the best fit, the correlation between measured
and modelled daily values was 0.48 and the
NS coefficient was 0.08. The model was more
sensitive to incoming DOC than to the decay
parameter values. Of the decay parameters, the
fastest decay rate was the most important. For
the accepted model runs, the range (maximum–
minimum) of simulated DOC corresponded to
7% of the predicted average value.
Climate sensitivity of impact models and
probabilistic analysis
Catchment snow cover, lake ice cover and
lake stratification
The length of the HBV-estimated snow period in
the catchment depends almost only on changes
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in temperature. The frequency analysis of the
model chain results indicate that it is likely that
the length of the snow period will decrease by
74% from 179 to 46 days (Table 2). A shorter
snow period than 23 days is unlikely. The length
of the ice period is likely to decrease towards the
end of the century by 81% (from 166 to 32 days).
It is unlikely that the ice period will be shorter
than 12 days. The stratification of the lake water
will begin earlier, likely by 23 April, as compared with 12 May in reference conditions, and
the length of the stratified period is likely to
increase, from 131 days in reference conditions
to 174 days. It is unlikely that the onset of stratification will occur earlier than 17 April, or that
the length of the stratified period will be shorter
than 162 days (Table 2).
Seasonal patterns in actual
evapotranspiration and runoff
There is a clear seasonal pattern in the hydrologic
response to climate change. For each season
separately [winter: Dec–Jan–Feb (DJF), spring:
Mar–Apr–May (MAM), summer: Jun–Jul–Aug
(JJA), and autumn: Sep–Oct–Nov (SON)], the
standardized values of AET and runoff were
calculated as the ratio of the seasonal average
divided by the value for reference conditions
(no climate change ∆T, ∆P = 0, 0). The seasonal
responses of AET (Fig. 4) and runoff (Fig. 5)
were plotted as contours against annual changes

Table 2. Summary of model chain results for 2080–2099 compared with the reference values, 15-year median
values for the period 1990–2005. Change is expressed as percentiles of 10 000 interpolated values, based on
modelled results for 63 combinations of ∆T, ∆P and 10 000 probabilistic projections of ∆T, ∆P.
Modelled response
Unit	Reference
			
			
			 10th
Length of snow period
days
Length of ice period
days
Onset of stratification		
Length of stratified period
days
Soil moisture deficit
mm
Annual runoff to lake
mm
DOC conc. in influx to lake
mg l–1
DOC flux to lake
g m–2 yr–1
DOC conc. in lake 0–1 m
mg l–1

179
166
12 May
131
34
232
35.6
10
14.3

–94%
–94%
8 April
18%
3%
–23%
–3%
–13%
–10%

Percentiles of change by 2080–2099
compared with reference
33rd

50th

66th

90th

–87%
–93%
17 April
24%
12%
–10%
0%
–6%
–7%

–77%
–84%
22 April
24%
19%
–2%
2%
–2%
–6%

–74%
–81%
23 April
33%
25%
5%
4%
2%
–5%

–44%
–32%
30 April
55%
51%
27%
9%
14%
–2%
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given as standardized
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in temperature (∆T, x-axis) and precipitation
(∆P, y-axis). Vertical contour lines indicate that
the pattern is controlled purely by temperature,
whereas horizontal contour lines are indicative
of pure precipitation control. In winter (DJF),
the AET response pattern is controlled primarily
by the temperature scenario, whereas the reverse
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Fig. 5. Seasonal runoff.
HBV-modelled average
runoff in winter (DJF),
spring (MAM), summer
(JJA) and autumn (SON)
in response to changes
in annual temperature
and precipitation. Results
are given as standardized values: a value of
one represents runoff in
reference conditions (DJF
0.42 mm d–1; MAM 1.08
mm d–1; JJA 0.32 mm d–1;
SON 0.36 mm d–1).

is true for the summer (Fig. 4 JJA). Wintertime
changes in AET are manifold as compared with
those in summer. In spring, up to a certain point,
the AET change is controlled by increasing temperature, but above about a 5 °C change in T,
precipitation is the major control (Fig. 4: MAM).
Changing runoff is relatively more dependent on
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changing precipitation (Fig. 5). In winter, runoff
change is controlled primarily by temperature up
to ∆T about 3 °C, after which the regulating role
of ∆P increases (Fig. 5 DJF).
Soil moisture and annual runoff
A visual impression of the probability of future
HBV-estimated soil moisture deficit (Fig. 6a)
is obtained by comparing three panels showing
the IRSs combined with climate probabilities for
three time slices (2020–2039, 2050–2069, 2080–
2099) (Fig. 6a). The IRSs, plotted as labelled
contour lines, show the sensitivity of the modelled soil moisture deficit to changes in climate
(∆T, ∆P). The sensitivity contour lines are the
same for all time slices, as the sensitivity does
not change with time. Soil moisture deficit is
sensitive to both temperature and precipitation
change, which can be seen in that the IRS contour lines are not parallel to either of the ∆T or
∆P axes. An analysis of monthly changes (not
shown) showed the largest increases in SMD in
April and May as a result of warmer simulated
temperatures and an earlier onset of the simulated growing season.
The probability distribution of future climate
change varies with time, however. The coloured
filled climate contours in the three panels that
represent the time slices 2020–2039, 2050–2069
and 2080–2099 (Fig. 6) shift with time towards
higher warming and larger increase in precipitation. In addition, as time evolves, the uncertainty
in the climate projections grows larger — the
area of the filled contours expand. For the time
period 2080–2099, the climate contours are identical to the coloured filled contours plotted in the
same graph as the scatter plot of the joint probability distribution ∆T, ∆P (Fig. 3).
At the same time as the climate contours shift
from left to right, the probability of drier soil
(larger SMD) increases. This can be seen in the
bottom panel (2080–2099), where the innermost
climate contour is far enough to the right to
intersect the SMD contour line of 1.2. The implication is that towards the end of the century there
is a higher probability for soils to be drier (by a
factor of 1.2) as compared with the soils in reference conditions (SMD 34 mm; Table 2).
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Annual HBV-estimated runoff (Fig. 6b) is
sensitive to changes both in temperature and precipitation and the IRS contour lines are evenly
distributed over the ∆T, ∆P space. The slope
of the annual runoff IRS is less steep than for
the seasonal runoff (Fig. 5). The changes in the
aspect of the slope that are striking in the seasonal case, especially for winter runoff (Fig. 5;
DJF) are missing at the annual level. The contour line of one, representing annual runoff in
reference conditions (232 mm; Table 2), cuts
the probabilistic climate contour approximately
in half, which means that in this analysis, the
probability for an increase in annual runoff is no
larger than that of a decrease.
DOC concentrations
INCA-C estimated DOC concentrations in
the influx to the lake (Fig. 6c) and MyLake/
FOKEMA estimated concentrations of DOC in
the lake (Fig. 6d) vary with both ∆T and ∆P. The
DOC IRS plots have less steep slopes than the
SMD or runoff IRSs, indicating lower sensitivity
to climate change. The influx DOC concentration
in reference conditions is 35.6 mg l–1. The corresponding contour line lies near the upper border
of the innermost climate contour in the lowest
panel (2080–2099), which would mean a slight
increase in DOC influx to the lake (Fig. 6c). For
the lake DOC concentrations (Fig. 6d), future
climate conditions may lead to slightly lower
values than in reference conditions (14.3 mg l–1;
Table 2). A frequency histogram with cumulative
frequency distribution (Fig. 7) shows the shift
of in-lake DOC concentrations towards lower
values.
Frequency distributions of model chain
results
Reference values for the impact response variables are presented together with the 10th, 33rd,
50th, 66th, and 90th percentiles of their frequency distributions calculated for the time
period 2080–2099 (Table 2). Using the likelihood scale recommended by IPCC, our results
indicate that it is likely that DOC concentrations
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Fig. 6. Impact response surfaces (IRS) depicting the sensitivity to climate change of impact model results: (a)
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in the uppermost layer (0–1 m) of the lake will
decrease towards the end of the century by at
least 5%, and unlikely that they will decrease
by more than 7%. The decrease in lake DOC
is a consequence of drier soils, it is likely that
the catchment soil will be at most 25% drier
than at reference conditions (from 34 to 43 mm
soil moisture deficit) and unlikely that it will
be less than 12% drier (Table 2). In INCA-C,
warmer soils produce more DOC. However, in
the simulations presented here, warmer soils
were also drier as a result of the greater HBVestimated evapotranspiration. Thus, there was
only a slight increase in the INCA-C estimated
soil water DOC concentrations. The effect of
this slight increase in concentrations combined
with a slight decrease in runoff resulted in a very
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Fig. 7. Frequency and
cumulative frequency distribution of 10 000 interpolations of modelled DOC
in lake (mg l–1) for three
future time periods. The
reference (14.3 mg l–1) is
set in black.
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0
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small estimated flux of DOC to the lake. Thus,
the decrease in DOC in the lake can be linked
to slightly less DOC export from the terrestrial
environment as well as longer water residence
times and greater opportunity for organic carbon
processing in the lake.

Discussion
Frequency analysis of the probabilistic climate
projections of T and P perturbations individually
indicate a warming of 4 to 6 °C and an increase
of 11% to 19% in precipitation for the likelyrange (< 33% and > 66% probability). The joint
frequency distribution, however, gives a broader
range for the likely changes (Fig. 3). It is only in

78

Holmberg et al.

the light of the information inherent in the joint
frequency distribution that quantitative estimates
of the likelihood of impact responses can be
made.
Laudon et al. (2012) suggested that climate
change is likely to result in only modest increases
in DOC concentrations in boreal streams. This is
consistent with the soil-water DOC time series
estimated from INCA-C, which showed only
small increases. This small projected increase
presented here is consistent with the simulations
presented by Futter et al. (2009) in which the
majority of the increase in modelled DOC concentrations between 1960 and 2100 was associated with the decline in atmospheric SO42– deposition during the 1980s and 1990s. If this conclusion has general validity, it suggests that the large
increases in surface water DOC concentrations
observed near the end of the 20th century are
unlikely to continue into the future. This should
be contrasted with the large increases in lake
DOC concentrations projected by Larsen et al.
(2011) in a study of Norwegian lakes. Based on
an empirical model using data from 1000 lakes,
they suggested that a warmer climate would lead
to increased terrestrial vegetation cover, which in
turn will lead to increased DOC concentrations.
Climate change is expected to have profound effects on boreal forests including change
in vegetation as well as increasing risk of fire
and insect disturbance (Soja et al. 2007). Disturbance or forest management may lead to
the replacement of the old growth spruce/pine
forest at Valkea-Kotinen by other types of vegetation. A different vegetation community in the
catchment might have very different patterns of
evapotranspiration and litterfall than is observed
at present, consequently different patterns of
runoff and DOC export.
The projected changes in ice cover are
consistent with the temporal pattern already
observed in Valkea-Kotinen. Between 1990 and
2011, the duration of permanent ice cover has
declined by approximately 15 days per decade
(Jylhä et al. 2014). Model projections suggest
that the decline of the duration of ice cover will
continue at approximately the same rate throughout the 21st century.
The runoff and snow cover projections presented here are less extreme than those from ear-
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lier studies. Vehviläinen and Lohvansuu (1991)
projected a 20%–50% increase in runoff and a
complete loss of snow cover in southern Finland.
Graham (2004) simulated a range of possible
futures ranging from slight declines in runoff to a
> 40% increase, depending on the GCM simulation used to drive the hydrological modelling.
Veijalainen et al. (2010) projected decreases in
the frequency of 100 year flood events across
much of Finland by the end of the 21st century.
This is consistent with the smaller spring runoff
peaks simulated here as a result of less snow
accumulation.
A number of simplifying assumptions
were made in the model simulations presented
here. The HBV model uses a degree-day index
approach (Sælthun 1996) which may over-estimate evapotranspiration when the model is used
for climate scenario projections (Lawrence and
Haddeland 2011). However, there are significant uncertainties associated with the manner in
which potential evapotranspiration is calculated
in GCMs (Kingston et al. 2009). Teutschbein
(2013) stated that potential evapotranspiration
estimates from GCMs are strongly biased and
not suitable for direct use in hydrological models.
Furthermore, the current generation of RCM surface runoff estimates fail to satisfactorily reproduce present day runoff patterns (Teutschbein
and Seibert 2010). In a study of 5 sites in Sweden,
they showed that there are large discrepancies
between monthly RCM estimated and observed
runoff, suggesting there are problems with the
manner in which surface runoff is represented in
the current generation of climate models.
While the estimated runoff may be too low
under some of the more extreme temperature
scenarios, it has been suggested that this is most
likely to be a problem during summer low flow
periods (Lawrence and Haddeland 2011). Crossman et al. (2012) argued that this is not likely
to be a problem in boreal and temperate systems where snowmelt or winter flows dominate
the annual hydrography. As summer low flows
typically accounted for 10% of annual simulated
flows in the results presented here, discrepancies
in the estimation of evapotranspiration is not
likely to be a problem.
The MyLake simulations relied on time
series of radiation, temperature, precipitation,
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relative humidity and wind speed. Only temperature and precipitation were perturbed when
generating the response surfaces. This may have
led to inconsistent estimates of relative humidity.
While the HBV and INCA-C calibrations were
quite successful, the MyLake calibration could
well be improved and a new calibration might
lead to somewhat different results for the impact
sensitivities. We have only studied impact sensitivities directly related to projected changes in
temperature and precipitation. A more comprehensive analysis would include sensitivities to
model parameters and model structures. However, such an analysis would fail to represent
the full uncertainty associated with effects of a
changing climate on lake and catchment properties as it does not include the effects of fire,
insect damage or changes in land management
that can be expected in a warmer climate.
The IRS approach allows the impact modelling community to directly benefit from information inherent in the probabilistic climate projections. The probabilistic projections used here
quantify uncertainties of the most important climate feedbacks and are constrained by different types of observations of the climate system
(Harris et al. 2010). By the IRS approach we
achieve a comprehensive quantification of the
effect of climate uncertainty on impacts. Here,
we presented the impact probabilities of nine
catchment and lake variables, but the analysis can easily be extended to other variables
simulated by the impact models, for example
lake heat volume or chlorophyll concentrations.
The approach is scenario-neutral (Prudhomme
et al. 2010) and a major advantage of the IRS
approach is that new climate scenarios can easily
be incorporated by adding new points to the IRS.
A disadvantage of the IRS approach is that
the change in variability is not treated. We used
seasonal scalers to introduce seasonal variability
into the daily time series of T and to drive the
impact models. The same seasonal scalers (calculated for 2000–2099) were used in all model
simulations. By this simplification, we ignore
the fact that seasonality varies over time in the
climate projections (Harris et al. 2010).
MyLake (Saloranta et al. 2009, Forsius et al.
2010, Dibike et al. 2011), INCA-C (Aherne et
al. 2008, Futter et al. 2009, Oni et al. 2012) and
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HBV (Lawrence and Haddeland 2011) were all
used individually for simulating the effect of a
changing climate on lake and catchment hydrological and biogeochemical processes. Using
impact response surfaces obtained from a model
chain of HBV, INCA-C and MyLake along with
probabilistic climate projections can generate
new insights that would not be possible with
individual models or climate projections

Conclusions
We used the impact response surface approach to
explore the impact of climate change on catchment and lake properties in Valkea-Kotinen.
There is a clear seasonal pattern in the response
of evapotranspiration and runoff to climate
change. Probabilistic climate projections (Harris
et al. 2010) were superimposed upon climate
sensitivities of the model chain IRSs. Soil moisture deficit is sensitive to both temperature and
precipitation change, and 12% to 25% drier soils
are projected in response to the changing climate by the end of the century. The runoff from
catchment to the lake is decreasing for some
simulations and increasing in others. A larger
decrease in runoff than –10% is unlikely, while
it is likely that the increase is at most 5%. In our
modelling analysis, drying soils were found to
lead to slightly decreasing DOC concentrations
in the uppermost layer (0–1 m) of the lake, at
least by 5% from reference 14.3 mg C l–1 to
13.6 mg C l–1, but unlikely to lower than 13.3
mg C l–1. We found it likely that lake ice cover
will continue to shorten, with a likely rate of
about 1.5 days per year. The onset of lake stratification is likely to happen earlier, by 23 April, as
compared with 12 May in reference conditions.
The length of the stratified period is becoming
longer, at a likely rate of about 0.5 days per year.
Despite the limitations in the structures, process descriptions and calibrations of our impact
models and the uncertainties associated with
the impacts of a changing climate on the boreal
forest, we believe the impact response surface
approach to be interesting, useful and informative. Using a model chain and impact response
surfaces provides the means to visualize, quantify and communicate the likelihood of changes
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in the complex interactions of mass fluxes in
boreal lakes and their catchments as a consequence of climate change.
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