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1 Introduction
Dissolved organic carbon (DOC) from peat soils has implications both for the ecology of receiving waters and for the quality and treatment costs of water used for human consumption. Fluxes of DOC from peat soils are also relevant in the context of the global carbon cycle. The previous chapter has reviewed the evidence for the different influences on both the decomposition of peat soils and the export of DOC, drawing on literature and a wide range of data from across northern and western Europe. The conclusion from this and many other studies is that, although there may be other influences such as land management and recovery from acid deposition, climate factors are a major player in both the short-term variability and longer-term trends seen in measured DOC concentrations and fluxes. Given the importance of DOC and likely future changes in climate, it is timely and opportune to make use of our current understanding to project possible future DOC.

In this chapter we, therefore, focus on modelling climate-induced changes in DOC under the range of climate scenarios described in Chapter 2. We describe the modelling approach and its application under both current and future climate. Use of a number of catchments and climate scenarios affords an initial indication of the range of projected changes arising from different model parameters, greenhouse gas scenarios and climate forcing. The examples are chosen from both western (Ireland and the UK) and northern (Finland and Sweden) Europe. While indicative of future changes, the simulations necessarily reflect our choice of modelling approach and its ability both to represent current process understanding at the catchment scale and to simulate contemporary DOC concentrations and fluxes.

2 Modelling approach

In seeking to represent the potential effect of climate change on both concentrations and fluxes of DOC, there are many possible model structures that could be explored. Existing models fall into two groups. Models in the first group focus on DOC in layered soils (Taugbøl et al., 1994; Tipping, 1996; Neff and Asner, 2001; Michalzik et al., 2003). They include temperature-controlled organic matter decomposition, sorption reactions and a variety of hydrological formulations. DyDOC (Michalzik et al., 2003), the latest example of these models, considers three different humic fractions and three different soil horizons giving a large number of model parameters which either require measurement or calibration. None of the models are specifically formulated for peat soils. The second group of models are those which were originally developed to look at long-term peat accumulation (Clymo et al., 1998; Frolking et al., 2001). These models deal with the decomposition of plant material and the development of deep peats over centuries or millenia. They have tended to use the traditional description of a peat profile with an upper acrotelm which is seasonally drained and a lower catotelm which is permanently wet. They are focused primarily on the soil column rather than the catchment and do not explicitly simulate DOC. 
Within the context of CLIME, the requirement is for a relatively simple, yet generally applicable, catchment-scale DOC model which is compatible with the formulation of the GWLF hydrology (described in Chapter 3). It should also include the climate influences on peat decomposition and DOC export discussed in Chapter 12. None of the existing models fulfils these requirements. The model developed within CLIME uses a simple two-phase representation of the production and washout of DOC as shown in Figure 1. In terms of complexity, the model, therefore, lies between the simple mixing model approach, with specified concentrations for different land uses, taken in the nutrient modelling (Chapters 9 and 11), and the more detailed published DOC models which explicitly include multiple carbon pools and sorption-desorption reactions to describe chemical mobility. The model is focused at the catchment scale and, while not spatially explicit, it is anticipated that lateral, rather than vertical, flow processes play a dominant role in determining the export of DOC from the catchment. Washout is, therefore, modelled as a function of the store of DOC available for export and the water flux in the different hydrological pathways.
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Figure 1. Two-phase process of production and washout represented in the model
2.1 PRODUCTION OF DISSOLVED ORGANIC CARBON

Dissolved organic carbon is produced largely through the microbial decomposition of organic material. In developing a simple model for peaty catchments on decadal time scales, we have assumed that the production of DOC is not limited by the amount of organic matter and so is considered independent of the total carbon store. This assumption is perhaps debatable in the context of forest soils – for example, on the basis of 14C evidence, Schiff et al. (1997) show that most DOC is quite young (i.e. within the last 40 years) and Tipping et al. (2005) suggest that 30% DOC comes from the relatively small litter pool. However, by definition, peat forms through an excess accumulation of organic material suggesting that source limitation is unlikely. With regard to the amount of DOC produced, we know that both temperature and soil moisture can be important controls on the decomposition rate (see Chapter 12).

The dependence of decomposition, and hence DOC production, on temperature is widely accepted based on experimental evidence from both CO2 (Chapman and Thurlow, 1996; Silvola et al., 1996; Chapman and Thurlow, 1998; Byrne et al., 2001; Dioumaeva et al., 2003) and DOC measurements (Christ and David, 1996; Moore and Dalva, 2001; Clark et al., 2006). It is often described in terms of the kinetics of enzymatic reactions using an Arrhenius equation (Taugbøl et al., 1994; Worral et al., 2004) or Q10 relationship (Michalzik et al., 2003). Here, we use the formulation given in equation (1). This has the advantage that the parameter used is the activation energy rather than the widely quoted, but temperature-dependent, Q10 value (Davidson and Janssens, 2006). 
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(1)
where DT is DOC production rate (gC/m2/day) at soil temperature T, DTref is DOC production rate at a reference soil temperature, Ea is activation energy (kJ/gC), R is the universal gas constant (6.928(10-4 kJ/K/gC), T is soil temperature (°K), Tref is reference soil temperature (°K). 

Dependence of decomposition on soil moisture is less well established than the dependence on temperature. Drying and wetting experiments on UK peat cores by Mitchell and McDonald (1992) showed total DOC production to be a function of soil moisture, with maximum DOC export from cores which had attained a soil moisture deficit of around 35% and much lower values from both wetter and drier cores. More recently, experimental work by Clark et al. (2006) showed that DOC production in peat cores increases with increasing water table depth. From collated CO2 measurements across Finland, Silvola et al. (1996) also showed that, once values have been standardised for temperature, decomposition increases with increasing water table depth and then decreases with a further increase in water table depth. Christ and David (1996) similarly show increases in dissolved organic carbon with increasing moisture at very low moisture levels.

Formulating an equation to represent these findings requires both a consistent measure of soil moisture and compatibility with the hydrology model being applied. Water table depth is not generally transferable between sites or soil types so some form of volumetric measure must be used. The component of soil moisture which is represented in the GWLF hydrological model (see Chapter 3) is the unsaturated zone i.e. the soil moisture content between field capacity and wilting point. Following Päivänen (1973), the unsaturated zone has been assumed to represent about 50% of the total soil moisture within peat soils, with residual soil moisture providing another 30%. Given this, a suitable equation derived from the Mitchell and McDonald (1992) experiments is
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(2)

where DS is DOC production rate (gC/m2/day) at soil moisture S, a is anaerobic DOC production rate (gC/m2/day), b is the rate of change in DOC production with soil moisture, Smax is the soil water capacity of the unsaturated zone (cm) and S is the soil water content of the unsaturated zone (cm). Assuming a relationship between soil moisture and water table depth (e.g. Schlotzhauer and Price, 1999), this equation may be shown to be consistent with the data of Clark (2005) and Silvola et al. (1996).
The equation for soil moisture dependence now needs to be coupled with the temperature dependence. In the Mitchell and McDonald experiments, the cores were subjected to ambient air temperatures for different periods of time in order to induce drought conditions. Thus, temperature was only loosely controlled. If we assume that equation (2) applies for a given temperature and that the effect of soil moisture is to limit the availability of substrate for microbial activity through the exposed surface area of pore space within the peat, then the soil moisture dependence should have a multiplicative effect on the temperature dependence. Indeed, this provides a first approximation to coupling the Arrhenius and Michaelis-Menten kinetics as suggested by Davidson and Janssens (2006). This formulation is also supported by observations that aerobic decomposition is more sensitive to changes in temperature than anaerobic decomposition (Hogg et al., 1992; Chow et al., 2006; Evans et al., 2006). In the model, DOC production is therefore given by

[image: image13.wmf]ï

þ

ï

ý

ü

ï

î

ï

í

ì

÷

÷

ø

ö

ç

ç

è

æ

ú

ú

û

ù

ê

ê

ë

é

-

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

=

1225

.

0

35

.

0

6

.

1

)

(

exp

2

max

max

S

S

S

b

a

D

S


(3)

where DT,S is DOC production (gC/m2/day) at soil temperature T and soil moisture S and aTref is anaerobic DOC production rate (gC/m2/day) at the reference soil temperature.
Implementation of this equation within GWLF, requires an estimate of soil temperature. In the absence of data to carry out a full energy balance and in keeping with the nature of the hydrological model, soil temperature has been estimated by a 10-day moving average of the air temperature above zero. Decomposition is assumed to cease when soil temperature is zero. As soil warming in spring is generally observed to be much slower than the corresponding cooling effect in winter, the moving average is taken over an extended 30-day period for the two months after snowpack reduction below 2 cm. This gives good agreement with available soil temperature data.
2.2 WASHOUT OF DISSOLVED ORGANIC CARBON

The production of DOC is treated in terms of a single carbon pool for the catchment as a whole. Export of DOC from this pool is assumed to occur through the interaction of the hydrology and the store of available DOC. In reality, this interaction will be mediated by chemical processes including sorption-desorption and mineralisation (Tipping and Woof, 1991). However, it is expected that these processes are less important in peat soils and, at a simple level, we, therefore, assume the DOC store to represent the net DOC available for leaching. At the catchment scale, the washout of DOC is then assumed to be adequately simulated by a series of first order rate equations representing each of the hydrological pathways. There are three hydrological pathways described within our application of the GWLF hydrology model: runoff which, for peaty areas, is interpreted as rapid near-surface flow; rapid subsurface flow which is fed from percolation when the unsaturated zone is full; and slow subsurface flow which is fed via deep percolation and maintains river baseflows during dry periods (see Chapter 3 for further details). For each of the three pathways, operating in parallel, the amount of DOC which is exported is essentially calculated as a function of the total available DOC store, the water flux in the pathway and a rate constant. The DOC concentrations in each pathway, therefore, vary predominantly with the available DOC; the DOC concentration at the catchment outlet varies not only with the available DOC but also with the mix of waters from different pathways and, in the case of runoff, from different land covers.
Runoff, or rapid near-surface flow, is defined for each land cover. We therefore need to define which land covers, taken as a surrogate for soil type, will produce DOC and then use the runoff for these land covers to drive the DOC export via this pathway. For the catchments being modelled (see Table 1 below), the CORINE land cover classes of unexploited and exploited peat bogs, inland marshes, coniferous forest, mixed forest, natural grasslands, moors and heaths, and transitional woodland-shrub are regarded as producing DOC. It is assumed that no DOC is exported from other land covers, although small amounts of DOC can also be leached from agricultural land. As runoff from DOC-producing land covers is generally higher than from other pervious land covers, due to their higher curve numbers (see Chapter 3), this has a non-linear effect which is not proportional to the area of the catchment occupied by DOC-producing land uses. In addition, there is some evidence to suggest that soil moisture may be a control on export in terms of the connectivity of pore spaces within the peat (Mitchell and McDonald, 1992). Dilution during periods of high rainfall (Worrall et al., 2002) or snowmelt (Laudon et al., 2004) are also reported in the literature. In order to approximate this, we assume that above a certain rate of runoff, R0, there is no additional washout of DOC and, as a consequence, dilution occurs. Including these secondary controls, gives the equation:

[image: image14.wmf]÷

÷

ø

ö

ç

ç

è

æ

ú

ú

û

ù

ê

ê

ë

é

-

ï

þ

ï

ý

ü

ï

î

ï

í

ì

÷

÷

ø

ö

ç

ç

è

æ

ú

ú

û

ù

ê

ê

ë

é

-

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

=

T

T

R

E

S

S

S

b

a

D

ref

a

T

S

T

ref

1

1

exp

1225

.

0

35

.

0

6

.

1

)

(

exp

2

max

max

,


(4)

where Wrunoff is washout via runoff pathway (gC/m2/day), kfast is rate of washout (fraction/cm), C is available DOC within the soil (gC/m2), RluDOC is runoff from DOC-producing land covers (cm/day), R0 is the threshold above which no firther washout of DOC occurs, S/Smax is an adjustment for soil moisture which varies between 0 and 1. In the majority of cases, R0 was set to RluDOC as the data available did not support calibration of this parameter.
Within GWLF, the subsurface hydrology is only considered at the level of the whole catchment and, with the exception of the unsaturated zone, it is pathways rather than storages of water which are represented. In deep peats, this lumped approach may suffice and washout via subsurface flows is given by
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where Wssf is washout via subsurface flow (gC/m2/day), kslow is rate of washout (fraction/cm), C is available DOC within the soil (gC/m2), P is percolation (cm/day) and Pdeep is deep percolation (cm/day). However, we have also applied the model to northern catchments, where forest is often found on soils with an upper peat layer and a lower layer of mineral soil. The concentrations of DOC within the pore waters of the two layers can differ substantially. For example, Starr and Ukonmaanaho (2004) quote DOC concentrations of 7.2-36.0 mg/l at 15 cm and 4.1-21.2 mg/l at 35 cm for undisturbed boreal forest ecosystems. It is also known that DOC can be adsorbed onto mineral matter in the lower soil horizon and that this can lead to different climate responses for different soil types (Tipping et al., 1999). As a simple approximation for this effect and assuming that the DOC production given by equation (3) is the net amount available for leaching, an adjustment factor to represent the area of the catchment occupied by soils with a lower mineral horizon was applied to the DOC washout via deep percolation: 
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where Wslowssf is washout via slow subsurface flow (gC/m2/day) and M is an adjustment for subsurface mineral soils, AluDOC is the area of DOC-producing land covers (km2) with Amin having a lower mineral soil horizon (km2) and Apeat being the area of deep peats (km2). This allows the model to simulate very low DOC concentrations during times when streamflow is solely due to slow subsurface flow.

The available DOC within the soil is updated in each time step on the basis of the carbon mass balance between production and washout. The final DOC concentrations in streamflow are calculated from all the contributions from subsurface and near-surface flows, including the non-DOC producing land covers, using a simple mixing model i.e. total DOC flux divided by total water flux.
3 Modelling dissolved organic carbon under current climate
The coupled GWLF-DOC model is driven by daily temperature and precipitation data. The strategy for modelling the impact of climate change is first to calibrate the model for current hydrology and DOC using available data for streamflow and DOC concentration. Chapter 3 discussed the application of the GWLF hydrology model. Here, we focus on the DOC model. Details of the catchments considered are given in Table 1. Their location, according to number, can be found in Figure 1 of Chapter 12. Calibration of the hydrology (see Chapter 3) gave a reasonable to good fit in all the catchments with Nash-Sutcliffe efficiency values (Nash and Sutcliffe, 1970) between 0.57 and 0.78 and a realistic identification of the relative contribution of flow via near-surface and subsurface pathways. Information on the available DOC data is given in Table 2.
Table 1. Catchments for DOC modelling
	Catchment
	Map no.*
	Area

km2
	Elevation

m a.s.l.
	Dominant 

soil types
	CORINE landcover

(classes >15%)
	DOC area

%

	 Glenamong

 Ireland
	2
	18.2
	10-600
	 peat
	 70% peat bogs

 26% forest
	99.9

	 Upper Catchment

 Lough Leane, Ireland
	1
	125
	50-1000
	 peat

 peaty podzols
	 43% peat bogs

 37% moors&heaths
	85.6

	 Trout Beck

 UK
	4
	11.4
	535-848
	 peat

 peaty podzols
	 68% peat bogs

 25% moors&heaths
	100

	 Mustajoki

 Finland
	6
	76.8
	103-180
	 peat

 peaty podzols
	 67% coniferous forest

 20% peat bogs
	86.9

	 Hedströmmen

 Sweden
	5
	998
	6-291
	 iron podzols

 brown forest soils    

 lithosols
	 53% coniferous forest

 19% woodland/shrub
	80.6


* see Figure 1 Chapter 12

In calibrating the DOC component of the model, a number of different objective functions and staged procedures were investigated. The method which was adopted was minimisation of squared deviations from the time series of DOC concentrations, rather than any derived set of statistics (e.g. percentiles) or calculated fluxes. The model was calibrated within the Vensim package using a modified Powell search of the parameter space between defined limits either for all parameters simultaneously or in a sequential optimisation. For the sequential optimisation, the observed DOC time series was used in conjunction with the baseflow-separated streamflow (Arnold and Allen, 1999) to give DOC concentrations in baseflow, very low baseflow (< 10-20% streamflow) and, using a mixing model and linear interpolation of baseflow concentrations, runoff. An initial estimate of the washout ratio (kfast/kslow) for the catchment was provided by the mean ratio of the derived concentrations in runoff to those in baseflow. An estimate of the mineral soil adjustment M was taken from the literature as the ratio of the DOC concentration in upper peat layers to that in lower mineral soil layers. These initial values were used in the first step of the optimisation in which a279, b, Ea and kslow were calibrated against the observed time series of DOC concentrations in streamflow. Revised values of the washout ratio and M were then determined by calibration of the DOC concentration in runoff and in very low baseflow on values derived from the observed data. The procedure was repeated until the parameter values stabilised (usually after two iterations).

Table 2. DOC data available for modelled catchments
	Catchment
	Data available
	No. values
	No. 
years
	Frequency

	 Glenamong

 Ireland
	DOC†
Aug 2003 - Mar 2005
	242
	2.5
	 daily with gaps

	 Upper Catchment

 Lough Leane, Ireland
	DOC†

1999 – 2003
	152
	5
	 weekly with gaps

	 Trout Beck

 UK
	DOC

1995 – 2000
	305
	6
	 weekly

	 Mustajoki

 Finland
	TOC‡
1994 – 2002
	325
	9
	 weekly with gaps

	 Hedströmmen

 Sweden
	DOC*

Sep 2003 – Dec 2005
	785
	2.2
	 daily with very few 
 gaps


† DOC estimated from a regression on water colour (R2=0.98; n=50)
‡ DOC approximated by total organic carbon (TOC) measurements
* DOC derived from hourly coloured dissolved organic matter (CDOM) corrected for 
temperature-mediated quenching of the fluorescence signal (Moore et al., submitted)


The calibrated values and goodness-of-fit statistics for DOC are given in Table 3, along with the average annual flux of DOC produced by the model. In the case of the Upper Catchment of Lough Leane, measurements of DOC are taken at the end of a narrow lake, 170 ha in area and 3 km in length. Retention times are estimated to be about 30 days. This has the effect of smoothing the variation in DOC. The data also show that peak DOC tends to be associated with relatively low values of runoff while high values of runoff are associated with low DOC. This implies substantial dilution at high flows. The effect of the lake was represented in the model by a 30-day moving average and the model parameters, including a runoff threshold R0, were calibrated simultaneously against the measured data. 
Table 3. Calibrated parameters and goodness-of-fit statistics for the DOC model
	Catchment
	a279
gC/m2/day
	b


	Ea
kJ/gC
	kslow
fraction

per cm
	ratio

kfast to

kslow
	M
	ENS
	R2
	Modelled DOC

flux

tC/km2/yr

	 Glenamong

 Ireland
	0.039
	0.0
	4.9
	0.019
	1.3
	n/a
	0.49
	0.49
	17.6

	 Upper Catchment

 Lough Leane, Ireland
	0.013
	0.0
	9.2
	0.003
	7.1*
	n/a
	0.39
	0.39
	10.3

	 Trout Beck 

 UK
	0.041
	0.0
	0.0
	0.019
	1.7
	n/a
	0.34
	0.35
	14.6

	 Mustajoki

 Finland
	0.009
	11.0
	1.0
	0.025
	2.0
	0.35
	-0.84
	0.14
	4.9

	 Hedströmmen

 Sweden
	0.008
	0.0
	9.5
	0.005
	2.4
	0.44
	0.31
	0.38
	3.4


* inclusion of runoff threshold R0 of 0.10 cm; in other cases, no threshold applied R0=RluDOC
Two measures of the goodness-of-fit of the model are given in Table 3 – the Nash-Sutcliffe efficiency (ENS) and the coefficient of determination (R2). The Nash-Sutcliffe efficiency for the DOC model is much less than for the streamflow. While this may indicate limitations in the model representation, there are two other reasons for this. First, is the frequency of the data. Although some shorter records of daily data were available, these often had gaps in the record and the longer-term data were weekly. The second reason is that error, in both the timing and magnitude of flows, is already embedded in the model through the hydrological simulation which means that the quality of the DOC simulation may be compromised. The R2 values show that between 14 and 49% of the variation in DOC is accounted for by the model. For a water quality model, most of the Nash-Sutcliffe efficiencies are very respectable and the R2 values are similar to that for the BIM model in the Svartberget catchment in northern Sweden (Taugbøl et al., 1994). 

Figure 2 shows an example of the model fit for the Glenamong catchment in western Ireland. While producing a good representation of the seasonal variation, the model tends to underestimate the amplitude of the short-term dynamics. This may be due to the use of a daily time step but it also illustrates a general point that, when calibrating on time series, there is a tendency in automatic optimisation to produce rather smoothed simulated series if there are timing errors either in storm events or on a seasonal basis.
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Figure 2. Model simulation and observed values for the Glenamong catchment, Ireland

Figure 3 shows an example of the model fit for the Mustajoki catchment in Finland. The overall fit to the full data series is relatively poor (Table 3). However, when shorter periods are considered (without re-calibration), some years are seen to perform fairly well. For example, the Nash-Sutcliffe efficiency for 1999-2000 is 0.22 and Figure 3 shows that all the main features (snowmelt peaks and autumn flushes) in the observed DOC concentration for these two years are reasonably well captured in the simulation. However, the model fit in 2001-2002 is relatively poor. One of the reasons for this is that the hydrology model does not simulate the snowmelt period in these years very well – either in terms of volume or timing of flows. A more general point which applies to many of the time series is that some individual years may perform quite poorly while the rest of the time series is quite reasonable. This implies that some catchment dynamics or DOC-related processes are not adequately represented in the model, suggesting that other formulations or alternative model structures might effectively be explored.
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Figure 3. Model simulation and observed values for the Mustajoki catchment, Finland
In the case of Hedströmmen, DOC data were available from hourly CDOM data for the period September 2003 to December 2005. These were quite anomalous years with 2003 being very dry and 2004 being very wet. This gave some problems in the calibration with unrealistic values of internal variables and uncertain model parameter values. Consequently, long-term monthly TOC data from the neighbouring catchment of Kåfalla were used to estimate the variation in DOC at Hedströmmen for the period 1987 to 2003. This constrained the calibration to more sensible results and, as shown in Figure 4, gave a good fit to both the short-term frequent measurements (ENS 0.31) and, after an initial spin-up period, to the long-term monthly data (ENS 0.48 for the period 1992-2005). While only 219 estimated values were used alongside the 785 measured values, this dual fit to both long-term data and short-term dynamics, including both very wet and very dry years, gives greater confidence in the use of the model for long-term simulation and shows the value of additional data in constraining model parameter values. 
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Figure 4. Model simulation and observed values for the Hedströmmen catchment, Sweden

When considering the application of models to the assessment of the impacts of climate change, it is also important to assess the calibrated parameter values in terms of their validity and their likely applicability both historically and into the future. Parameters were calibrated on the observed time series of DOC concentration at the catchment outlet. They show a wide range of values across the catchments considered (Table 3). The parameters describing decomposition (a279, b, Ea) may be compared with values from experimental data quoted in the literature. Decomposition of organic matter is more often quoted in terms of Q10 values which, for a known temperature, may be converted to activation energy. For peat soils, the range of activation energy values, based on CO2 measurements, is variously given as 3.6 to 10.6 kJ/gC (Chapman and Thurlow, 1996; Chapman and Thurlow, 1998) for Scottish peats, 5-6 kJ/gC for some Irish peats (Byrne et al., 2001) and 0.5 to 9.1 kJ/gC for Finnish peats (Silvola et al., 1996). Most of these values are somewhat greater than the available values based on DOC measurements which range from 2.3 to 4.8 kJ/gC (Moore and Dalva, 2001; Clark, 2005) and are perhaps more likely to represent the net rates of DOC production. With the exception of Trout Beck, the calibrated values of the activation energy fall within the wider range of the quoted variation, with the values for the Upper Catchment and for Hedströmmen being near the upper end of this range.

In the case of dependence on soil moisture, as seen through the b parameter, the evidence from the literature suggests that aerobic decomposition rates are between 3 and 5.5 times anaerobic decomposition rates (Silvola et al., 1996; Evans et al., 2006). When applied at a given temperature, the calibrated parameter value for Mustajoki gives a ratio of aerobic to anaerobic decomposition of about 3.8 i.e. in the middle of the quoted range. In all the other catchments, the calibrated parameters show no dependence of decomposition on soil moisture. The fact that temperature and soil moisture are highly correlated has a confounding effect in the calibration such that separate values for temperature and soil moisture dependence may not be clearly identified (Davidson and Janssens, 2006). To illustrate the two effects described in the model, Figure 5 shows the simulated DOC production over two annual cycles for the two northern catchments. Both have a similar calibrated anaerobic decomposition rate at the reference temperature of 6(C. Hedströmmen, shown at the top, has a calibrated high dependence on soil temperature which can be clearly seen in the graph with lower simulated DOC production during the winter and over a tenfold increase in the summer. The calibrated parameters for Mustajoki indicate minimal dependence on temperature but a strong dependence on soil moisture as shown at the bottom of Figure 5. The model assumes that the decomposition rate peaks at a soil moisture about 70% of saturation (Mitchell and McDonald, 1992) and, for Mustajoki, this corresponds to a soil moisture content of the unsaturated zone, as defined in the GWLF model, of 6.6 cm. Thus, while there is a steep increase in the simulated DOC production as soil moisture drops below saturation, it flattens off and even declines for higher soil moisture deficits, producing the flattened upper parts of the graph and similar patterns in the two years despite the much more prolonged dry summer in 1999. Overall, Figure 5 shows that, while the general seasonal variation in the simulated DOC production is similar, it differs in shape and detail depending on whether it is driven by temperature or soil moisture. It is also worth noting that, in the wetter western catchments, soil moisture deficits are generally smaller so, under current climate, the simulated DOC production would only show an increase with decreasing soil moisture, and the seasonal variation would, therefore, be more similar in shape to the temperature-driven curve. This implies that it is only possible to apportion the effect of these two influences through experimental evidence. It also implies that examining the impacts of climate change through a single set of parameter values for a single catchment may give misleading results dependent on the relative changes in temperature and soil moisture under future climate scenarios.
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Figure 5. Modelled DOC production under temperature and soil moisture dependence
for the two northern catchments of Hedströmmen (top) and Mustajoki (bottom)
Taking this discussion further, the case of Trout Beck is instructive insofar as there are experimental data on decomposition rates available for the site (Clark, 2005). These measurements come from highly controlled experiments on the peats in the Trout Beck catchment and give average values of Ea, b and a279 of 4.0 kJ/gC, 9 and 0.019 gC/m2/day respectively. These values indicate that decomposition is dependent on both temperature and soil moisture and do not agree with the calibrated values given in
Table 3. When the measured values are applied in the model and the other model parameters recalibrated, the seasonality of DOC concentrations is not correctly simulated – high DOC concentrations continue much further into the winter and early spring and the amplitude of the seasonal variation is reduced as the remaining parameters try to minimise the overall sum of squared errors. This mismatch in timing and the associated smoothing of the model response is reflected in a much reduced Nash-Sutcliffe efficiency of 0.18. The issue of parameter values can also be approached through an uncertainty analysis (e.g. Beven and Freer, 2001; Pohlert et al., 2007). Initial results for Trout Beck show that there are many parameters sets which do almost as well as the calibrated values in terms of fit (i.e. ENS > 0.3) and these have ranges of Ea of 0.06 to 4.7 kJ/gC and b of 0.03 to 2.7. While this goes some way towards reconciling model parameter values with the experimental data, the value of the b parameter remains relatively small and there are no parameter sets which combine high dependence on temperature with high dependence on soil moisture. Another avenue to explore, then, is the uncertainty in model structure. The seasonality mismatch noted above may well be improved by using two DOC stores – one associated with washout in runoff which becomes exhausted during autumn storms (cf. Worrall et al., 2002) and one associated with subsurface washout. However, any improvement in model performance would need to be balanced against the increased number of parameters and assumptions required by the model. 
Looking at the other parameter values (Table 3), anaerobic production rates are calibrated to give total decomposition roughly in balance with the DOC flux from the catchment. They, therefore, vary across the sites as a function of the other decomposition parameters e.g. the value for Trout Beck is comparatively high as decomposition is constant throughout the year; the value for Hedströmmen is comparatively low as there is a large seasonal variation on top of this background decomposition rate caused by the calibrated high dependence on temperature. The parameters controlling washout of DOC are a function of the catchment hydrological response and partitioning between pathways should reflect the observed concentrations in streamflow and baseflow. 
Table 4.  Simulated partitioning of DOC fluxes and concentrations between hydrological pathways
	Catchment
	Percentage of water flux
	Percentage of DOC flux
	average DOC concentration mg/l

	
	runoff
	fast sub-surface
	slow sub-surface
	runoff
	fast sub-surface
	slow sub-surface
	runoff
	sub-surface

	 Glenamong

 Ireland
	55
51
	33
	12
	62
59
	27
	11
	6.2
9.4
	6.0
6.8

	 Upper Catchment

 Lough Leane, Ireland
	39
38
	49
	13
	46
40
	42
	12
	5.0
4.8
	4.7
4.8

	 Trout Beck 

 UK
	65

65
	30
	5
	75

73
	20
	4
	12.2
12.8
	7.5
8.7

	 Mustajoki

 Finland
	29

31
	47
	23
	48

44
	41
	11
	28.6

25.6
	11.0
14.6

	 Hedströmmen

 Sweden
	18
16
	69
	13
	24
19
	70
	6
	8.4
9.8
	8.5
9.7


Estimated values from data shown in italics 
Table 4 shows the water and DOC fluxes as well as the DOC concentrations in the different hydrological pathways for each of the catchments. For comparison, estimates based on the available data are shown in italics. The percentage of the water flux is based on daily data and the baseflow separation method of Arnold and Allen (1999). For the DOC, estimates are much less certain due to the limited number of samples and the additional assumptions made. The DOC concentration in baseflow is assumed to be best described by the average DOC in those samples when the flow is only made up of baseflow. The concentration of DOC in runoff is derived from a mixing model using the baseflow-separated flows and a linear interpolation of the baseflow-only concentrations. Fluxes of DOC are calculated as a flow-weighted flux given by the ratio estimator (Cooper and Watts, 2002). In general, the simulation model is seen to perform well against these approximate values. In the case of Trout Beck, the partitioning of DOC concentrations and fluxes is also consistent with the independent analysis of Worrall et al. (2006) which shows that the majority of DOC is sourced from shallow soil water. 

The “available” DOC store generated within the model (see Figure 1) can be compared with measured pore water concentrations by making assumptions about the total soil moisture content. Model values are generally in line with published data (e.g. Aitkenhead-Peterson et al., 2003; Starr and Ukonmaanaho, 2004; Clark et al., 2005). The variation in this store may also be compared with published values of total soil carbon. Taken across all the sites, the “available” DOC store has an annual variation of about 5 gC/m2. This can rise to about 10 gC/m2 if the inter-annual variation is taken into account. By comparison, published values of total soil carbon are 3060 gC/m2 for the top 40 cm of upland forest soils in Finland (Ilvesniemi et al., 2002) and over 20,000 gC/m2 for the top 1 m of upland blanket peats in the UK (Bradley et al., 2005). Even if most of the carbon leached from blanket peats is from the top 10cm, these figures lend support to the assumption that net DOC production is not limited by the total carbon store. Indeed, taken as a whole, annual leaching of DOC across Finland is estimated to be <0.1% of the total carbon store (Arvola et al., 2004).
Along with the goodness-of-fit to observed DOC concentrations, this comparison of calibrated values and internal model variables with published figures provides additional confidence in the use of the model. It is also clear from the above discussion that the values taken by the model parameters will have a profound effect on the projected impacts of climate change. Here, prior to a full exploration of parameter uncertainty, a single set of optimised parameter values has been assumed and the variation in the projected response to climate change is illustrated by the different catchments in each of the two regions – almost as a sensitivity analysis rather than a prescribed projection for the particular catchments simulated. For example, the results from the calibrated parameters for Trout Beck are included to illustrate the impact under climate change of changes in hydrology on DOC, in the absence of changes in decomposition, as a limiting case for western catchments.
4 Modelling the impacts of climate change on dissolved organic carbon
In order to provide some indication of the potential impact of climate change on dissolved organic carbon, we have taken the pragmatic step of assuming that the calibrated parameters and the model structure are appropriate for simulating dissolved organic carbon in the future. Just as we have rightly flagged uncertainty in model parameters, uncertainty in future climate projections also needs to be considered. Here, three main components of uncertainty may be identified: the chosen greenhouse gas scenario; the climate model or combination of Global (GCM) and Regional Climate Model (RCM) used; and the individual realisation of daily precipitation and temperature downscaled to each catchment. The climate scenarios applied were described in Chapter 2 and are summarised in Table 5.

Table 5. Future climate scenarios applied
	Abbreviation
	GCM
	RCM
	Greenhouse gas scenario

	H A2
	HadAM3h
	RCAO
	A2

	H B2
	HadAM3h
	RCAO
	B2

	E A2
	ECHAM4/OPYC3
	RCAO
	A2

	E B2
	ECHAM4/OPYC3
	RCAO
	B2

	Had A2
	HadAM3p
	HadRM3p
	A2

	Had B2
	HadAM3p
	HadRM3p
	B2


For each climate scenario, downscaling to the individual catchment was provided either by a weather generator (Jones and Salmon, 1995; Watts et al., 2004) or by the delta change, sometimes referred to as the incremental scenario, approach (Hay et al., 2000; Andreasson et al., 2004). The advantage of the weather generator was that it not only enabled downscaling to the catchment but could also be used to produce multiple realisations of weather so that some measure of variability could be derived. This is particularly important for DOC as temporal dependence on the sequence of wet and dry years seems to be important (Naden and McDonald, 1989; Watts et al., 2001). Accordingly, a resampling method was devised to generate alternative weather sequences when using the delta change approach. The resampling works on a monthly basis and simply chooses a year at random to provide that month’s daily precipitation and temperature data. Thus, the method preserves the integrity of the weather within a month but may give some discontinuity across the month ends. A comparison of monthly temperature and precipitation shows that, for the Upper Catchment of Lough Leane, the two methods produce a similar degree of variability. The delta change method was employed in the two northern catchments where weather generator data were not available. One hundred realisations of 30 years of daily precipitation and temperature values were generated as input to the hydrology and DOC model. The control run was based on long-term observed meteorology, while the scenarios were derived by perturbing the control by the differences in the RCM output for each control-scenario pair (Chapter 2). 

When applying the climate change scenarios, the growing season was also adjusted using the method based on daily mean temperature developed by Mitchell and Hulme (2002). This method has been shown to correspond well with data from Europe and northern latitudes and gave increases of between 25 and 97 days in the growing season dependent on the catchment and the climate scenario. The results of the climate change simulations have been expressed in terms of the variability in the annual and monthly mean DOC concentrations and fluxes. Details of hydrological changes were described in Chapter 3. 
4.1 CHANGES IN ANNUAL MEAN DOC

Figure 6 shows the projected annual mean DOC concentration for 2071-2100 in the western catchments. In each case, the median value of the simulated annual mean over the 100 realisations of 30 years is shown by the dash; the interquartile range is shown by the box and the whiskers give the 5 and 95 percentiles. Present-day conditions are indicated by the control runs, shown in white, to the left of the climate change scenarios. In all cases, measured values of the annual mean DOC concentration fall within the variability of the control runs.
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Figure 6. Projected annual mean DOC concentration (2071-2100) in western catchments

The climate change projected for the western catchments, although varying in detail, shows a similar pattern with an increase in temperature of between 1.5(C and 4(C and a shift towards wetter winters (Oct-Mar) and drier summers (Jun-Sep). This leads to large increases in summer soil moisture deficits which extend well into the autumn. Although there are quantitative differences between projected changes in temperature and precipitation for the individual catchments, the different DOC projections given in Figure 6 largely relate to the different calibrated DOC model parameters. The calibrated parameters for both the Glenamong and the Upper Catchment of Lough Leane indicate that decomposition is highly temperature dependent and both catchments show a significant increase in DOC concentration (Kolmogorov-Smirnov test on 1:10 randomly sampled values; n=300, p<0.001) under all the climate scenarios. However, the calibrated activation energy for the Upper Catchment of Lough Leane is approximately twice that for the Glenamong and this accounts for the large difference between the responses of the two Irish catchments. Annual mean concentrations in the Glenamong are projected to increase by 20% from a median value of 8.7 (5 and 95 percentiles: 7.3-10.5) mg/l to 10.5 (5 and 95 percentiles: 8.5-13.7) mg/l when considered across all climate scenarios. In the Upper Catchment of Lough Leane, the projected increases are from a median of 5.4 (5 and 95 percentiles: 4.8-6.0) mg/l to 8.9 (5 and 95 percentiles: 7.9 and 12.6) mg/l, an increase of 65%. Although this increase is substantial, the lower estimates are within present-day conditions in the Glenamong. These higher DOC concentrations would have ecological implications for Lough Leane and other lakes in the Leane catchment (see Chapter 12). While increases in DOC availability can lead to higher rates of primary production, particularly in small sheltered lakes (Jones, 1992), high water colour has been associated with light limitation of phytoplankton photosynthesis in some larger, more exposed Irish lakes such as Lough Leane (Jewson and Taylor, 1978; Foy et al., 2003; Girvan and Foy, 2006). In addition, Lough Guitane, a small lake in the peat area of the Leane catchment, is the water source for about 40,000 people. The projected increases would require additional investment in water treatment. Difficulties in treating water could also be exacerbated due to the increased variability in concentrations, particularly in the autumn (see below).    

In the case of Trout Beck, the calibrated parameters showed no dependence on either temperature or soil moisture and the projected change in DOC concentration is purely due to hydrological change rather than to any change in peat decomposition. Most of the climate scenarios give similar values to the present-day. The exceptions to this are the climate scenarios produced by the E A2 and E B2 scenarios which are generally warmer and wetter and, thus, project a significant (Kolmogorov-Smirnov test on 1:10 randomly sampled values; n=300, p<0.001) decrease in DOC concentration from 10.8 mg/l to around 9 mg/l for this site under these parameters. It should be stressed that the results for Trout Beck are simply included to illustrate the lower limit of expected changes in western catchments – experiments on peat soils from the Trout Beck catchment show that their decomposition is dependent on both temperature and soil moisture.
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Figure 7. Projected annual mean DOC flux (2071-2100) in western catchments

Figure 7 shows a similar plot of the projected (2071-2100) annual mean DOC fluxes. Again, there are significant increases projected for both the Irish catchments from a median of 18 (5 and 95 percentiles: 15-21) tC/km2/yr to 23 (5 and 95 percentiles: 23-28) tC/km2/yr across all scenarios for the Glenamong and from a median of 9 (5 and 95 percentiles: 7-11) tC/km2/yr to 17 (5 and 95 percentiles: 12-23)  tC/km2/yr across all scenarios for the Upper Catchment of Lough Leane. There is no significant change in flux projected for Trout Beck. The large differences between catchments arise from differences in the calibrated model parameters rather than differences in the climate change scenarios for the different sites. However, within each catchment, or set of model parameters, the variation between climate scenarios can be substantial. Based on the median values, the annual mean DOC flux is projected to increase by between 14% and 40% in the Glenamong and between 54% and 127% in the Upper Catchment of Lough Leane. Figure 7 shows that the pattern is similar across the six scenarios for the two sites with the smallest increase projected with the H B2 scenario and the largest increase by the E A2 scenario. The greater range of variation in the projected DOC flux for the Upper Catchment of Lough Leane arises from the higher calibrated dependence of decomposition on temperature. Within each pair of climate scenarios, the increase in DOC flux is always higher under the A2 scenario compared with the B2 scenario as expected. However, for any given emission scenario, the difference in projected flux from the different climate models is greater than that from the different emissions scenarios applied to any single climate model.

Turning to the northern catchments, the projected changes in climate are again fairly similar with projected annual mean temperature increases of between 2.9(C and 5(C. Annual precipitation is also projected to increase, with substantial increases in winter precipitation (Dec-May). The main implication of this is much greater streamflow in the winter months and the disappearance of the snowmelt peak, causing a fundamental change in the seasonality of both the hydrology (see Chapter 3) and the DOC (see below). Figure 8 shows the projected values for the annual mean DOC concentrations. Again, measured values of the annual mean fall within the variability of the control runs. 
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Figure 8. Projected annual mean DOC concentration (2071-2100) in northern catchments

In Mustajoki, concentrations taken across all future scenarios are projected to be in a similar range (5 and 95 percentiles 10.3-21.1 mg/l) to present day (5 and 95 percentiles across all scenarios 9.7-20.2 mg/l). However, there is considerable variation between the results from the different climate models with the E A2 scenario giving a small decrease of 1.2 mg/l and the Had A2 scenario giving a sizable increase of 3.5 mg/l. It is noteworthy that the variability between years is much greater in Mustajoki than in other catchments. This may be due to the higher variability of precipitation in more continental areas. It could also arise from the calibrated DOC model parameters which for Mustajoki, distinct from other catchments, show a strong dependence of decomposition on soil moisture, with only a slight dependence on temperature. 
In contrast, Hedströmmen shows a significant increase in DOC concentrations for all scenarios (Kolmogorov-Smirnov test on 1:10 randomly sampled values; n=300, p<0.001). This follows from the high dependence of decomposition on temperature given by the calibrated parameter values for this catchment. The projected increase, taken across all scenarios, is from 8.2 (5 and 95 percentiles: 6.8-9.8) mg/l to 14.4 (5 and 95 percentiles across all scenarios: 11.1-19.7) mg/l. Similar results are found under the H A2 and E A2 scenarios (K-S test p>0.1) but the Had A2 scenario gives a significantly (K-S test p<0.001) larger increase in DOC. This is due to higher summer temperatures and lower autumn precipitation compared with the other climate models. Hedströmmen is one of the catchments feeding into Lake Mälaren which provides the water supply for Stockholm. The large projected increases in DOC concentration are likely to have a significant impact on the treatment costs of this potable water supply. 
Figure 9 shows the projected DOC fluxes for the northern catchments. For Mustajoki, there is a small but significant (Kolmogorov-Smirnov test on 1:10 randomly sampled values; n=300, p<0.001) increase in annual flux for all scenarios from 4.8 (5 and 95 percentiles: 2.9-7.4) tC/km2/yr to 5.6 (5 and 95 percentiles: 3.5-8.1) tC/km2/yr. A similar increase in the median value of the annual mean flux is found across all the different climate scenarios, ranging between 13% and 21%. 
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Figure 9. Projected annual mean DOC flux (2071-2100) in northern catchments
For Hedströmmen, a substantial increase in flux is projected across all scenarios from 3.2 (5 and 95 percentiles: 1.9-4.9) tC/km2/yr to 5.8 (5 and 95 percentiles: 3.2-9.2) tC/km2/yr. In this case, due to the high calibrated dependence of decomposition on temperature, the increase is both more substantial and more variable across the different scenarios. The increase ranges from 35% in the H B2 scenario to 96% in the E A2 scenario. While the highest increases in DOC concentration were projected under the Had A2 scenario, the largest DOC fluxes are projected by the E A2 scenario. Under this scenario, the near doubling of DOC flux into Lake Mälaren would have a large impact on the attenuation of photosynthetically-active radiation and lead to changes in the depth of the euphotic zone. Short-term variations in the import of coloured organic matter (gelbstoff) to Lake Mälaren during periods of high river discharge have already been shown to be an important factor influencing the depth of the euphotic zone (Pierson et al., 2003). Hedströmmen flows into Galten, the westernmost basin of Lake Mälaren. Galten is a eutrophic shallow basin where phytoplankton species richness is high due to infrequent, short periods of thermal stratification (Willén, 2001) and the migration of species from a high number of contributing lakes in the catchment. Abundant nutrients, in combination with unstable stratification, may lead to a shift in phytoplankton species composition favouring colonial species of buoyant cyanobacteria (Reynolds and Walsby, 1975; Pierson et al., 1994). While changes in the light attenuation are most likely to influence primary production, catchment sources of DOC can also shift lake metabolism and the structure of biotic communities (Tranvik, 1992; Jansson et al., 2000). Additionally, an increased subsidy of carbon from the catchment has important implications for release of CO2 from the lake, as it becomes an increasing source for atmospheric CO2 with the increasing concentration of coloured organic matter in the lake water (Hope et al., 1996; Sobek et al., 2003).  
4.2 CHANGES IN SEASONAL PATTERNS

The seasonal pattern of concentrations and fluxes is perhaps of even more significance than the annual mean for both the ecological consequences and for the treatment costs of potable water. To illustrate changes in seasonal pattern, just one of the climate change scenarios has been selected – the H A2 scenario which has a central position in the overall range of results – and projections are shown for two example catchments representing western and northern Europe respectively.

Figure 10 shows monthly averages of both concentration and flux for the Glenamong catchment in Ireland under both the control and the H A2 climate change scenario for the model parameter values given in Table 3. A pair of results is given for each month with the control in white on the left and the climate change projection in grey on the right. While annual mean concentrations show an increase of around
2.4 mg/l for the H A2 scenario, Figure 10 shows that large increases in concentration are projected in the late autumn and early winter. This results from increased decomposition during the summer due to higher temperatures coupled with enhanced washout by higher precipitation in autumn and winter. Concentrations in October are projected to rise from 12 (5 and 95 percentiles: 8.4-16.3) mg/l to 20 (13.5-24.3) mg/l; in November from 10 (6.6-14.1) mg/l to 18 (11.3-24.3) mg/l and in December from 8 (5.3-11.7) mg/l to 13 (7.8-20.2) mg/l. This large increase of between 60% and 80% in the monthly mean DOC concentrations, and hence in water colour, will have significant implications for the treatment costs of water for public consumption. 
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Figure 10. Seasonal change in both DOC concentration and flux for the Glenamong shown as monthly mean values.  Median shown by dash; interquartile range  by box; 5 and 95 percentiles by whiskers;
control in white; future projection (2071-2100) in grey.

The main features of the seasonal pattern in DOC fluxes projected by the model for the H A2 scenario (Figure 10) are a significant decrease in flux in August and September as well as a significant increase in flux between October and March. The reduced flux at the end of the summer is due to the large soil moisture deficit built up during the summer. This causes delayed re-wetting of the catchment and substantially reduced streamflow in the late summer and early autumn. The winter increase in DOC flux is partly due to the higher streamflow caused by higher rainfall and partly due to the higher DOC concentrations. The Glenamong catchment drains into Lough Feeagh which is an important fish habitat, especially for the freshwater stages of salmon and sea trout. In addition to impacts on phytoplankton and zooplankton productivity, reduced light intensity also lowers the reactive distance of fish and their ability for size-selective predation, while decreased oxygen levels in the hypolimnia of humic lakes can provide a refuge for prey species which are less sensitive to oxygen availability than fish (Wissel et al., 2003). The effects of higher DOC concentrations in Lough Feeagh are, therefore, expected to be a reduction in primary productivity and in food availability and habitat for fish species.
Figure 11 shows the monthly variation in DOC concentrations and fluxes for Mustajoki under both the control and H A2 climate change scenario for the calibrated model parameters given in Table 3. In the case of DOC concentrations, the increase in the annual mean of 1.4 mg/l under the H A2 scenario is mainly seen to occur in the winter months – particularly November to February with significant increases in concentration from 17 to 22 mg/l in November, 15 to 22 mg/l in December, 13 to 20 mg/l in January and 12 to 17 mg/l in February. This increase is partly due to increased decomposition but is also the result of higher winter temperatures, the loss of snow cover, higher winter rains and hence higher streamflows. There is a significant decrease in concentration in April from 17 to 13 mg/l. This is associated with the loss of the snowmelt peak and the continued flushing of the peat soils through the winter period. 
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Figure 11. Seasonal change in both DOC concentration and flux for Mustajoki shown as monthly mean values.  Median shown by dash; interquartile range  by box; 5 and 95 percentiles by whiskers; 
control in white; future projection (2071-2100) in grey.
These hydrological effects are even more striking in terms of the DOC flux. Whereas the seasonal pattern is currently dominated by the snowmelt peak in April/May with a secondary peak in the autumn (October-December), the future projection is for the seasonal flux to be dominated by a winter peak extending from December to February. Fluxes in January are projected to increase from 11.7 (5 and 95 percentiles: 1.4-36.2) tC/month to 92.1 (21.5-158.9) tC/month while the flux in April is projected to decrease from 108.2 (42.8-219.8) tC/month to 28.9 (14.5-55.6) tC/month. In terms of the ecological implications for Lake Pääjärvi, it is expected that these large seasonal changes will help to mitigate any impact of the increase in the annual flux. For example, the largest increases in flux are projected to occur in winter when the temperature of the inflowing water is very low. Given the inverse thermal stratification in the lake, at least part of the inflowing water is expected to flow across the surface direct to the outflow without complete mixing with the main body of lake water. 

While the seasonal changes in flux projected for Mustajoki appear dramatic, it should also be remembered that the calibrated parameter values give only a very low dependence of decomposition on temperature and that the projected changes, therefore, largely reflect the fundamental changes projected in the hydrology of northern catchments. With a high dependence of decomposition on temperature and climate change scenarios suggesting temperature increases of 2.9(C to 5(C, the projected seasonal variation would be considerably enhanced. The example of Hedströmmen, with its high calibrated dependence on temperature, is perhaps illustrative of an upper limit to the expected change. Here, projections are for enhanced DOC concentrations throughout the year but particularly in the winter months. As a result of this and the seasonal hydrological changes, DOC fluxes in January to March are projected to increase by 160-290%. Smaller changes are projected for the rest of the year with an 18% increase in April/May, a 35% decrease in summer (July to September) and a 58% decrease in October due to lower summer streamflow and delayed re-wetting of the catchment following large summer soil moisture deficits. 

5 Discussion
This chapter has shown the range of changes in DOC concentrations and fluxes projected under the six climate change scenarios described in Chapter 2 using the combined GWLF hydrological model, described in Chapter 3, and the DOC model described here. Based on the example catchments from both western (Ireland and the UK) and northern (Finland and Sweden) Europe, the general picture is for an increase in both DOC concentrations and fluxes. For some catchments, the projected increases are substantial with implications for both lake ecology and for the costs of treating potable water. 

In summary, taken across all the climate scenarios, the projected changes for the Irish catchments are a 20% increase in annual mean concentration and 18% increase in annual mean flux for the Glenamong and a 65% increase in annual mean concentration and 89% increase in annual mean flux for the Upper Catchment of Lough Leane. For the northern catchments, the projected changes are a 7% increase in annual mean concentration and 16% increase in annual mean flux for Mustajoki and a 74% increase in annual mean concentration and 79% increase in annual mean flux for Hedströmmen. Projected seasonal changes are even more profound. Concentrations in the Glenamong are projected to increase by as much as 80% in the autumn. In northern catchments, fundamental changes to the hydrology and the loss of the snowmelt peak, lead to large increases in DOC flux in the winter which may be associated with large reductions in DOC flux in the spring. However, as with all projections into the future, these results are entirely dependent on the climate change scenarios used, the validity of the calibrated model parameter values, and the assumptions of the model and its ability to represent relevant processes. Each of these elements now needs to be scrutinised in terms of its relative importance and bearing on the results.

Within CLIME, by using results from different climate models, we have been able to show something of the impact on DOC of the uncertainty in climate change scenarios – not only in terms of the emissions scenario but also the climate forcing or GCM/RCM combination. Investigation into the climate forcing has also been extended through the use of a weather generator or resampling technique to look at the impact of multiple realisations of daily precipitation and temperature series in order to quantify what might be termed natural variability within any one scenario. Although a fairly limited range of climate models were used, the results indicate that, in most cases, the differences between the climate models is greater than the differences between the two emissions scenarios run through the same climate model. Furthermore, with the exception of those catchments with calibrated DOC parameters which show a very high dependence of decomposition on temperature, the extent of the differences in the projected median values from all the future climate scenarios tends to be less than the range of the inter-annual variability (as expressed by the 5 and 95 percentile values generated from the 100 realisations of the 30-year simulations). This has also been found for other variables in other studies (e.g. Hulme et al., 1999; Arnell, 2003). It highlights the importance of reporting projected change in the context of both climate uncertainty and natural variability.
Another point to come out of this study is the large differences in the calibrated DOC model parameters across the catchments. This is particularly important with regard to the dependence of organic matter decomposition on temperature and soil moisture and its propagation through to climate change impacts on DOC levels. Although the majority of calibrated values have been shown to fall within the wider range of values quoted in the literature, it has also become clear that it is impossible to separate out temperature and soil moisture effects through calibration. We also know that there are many different sets of parameter values which could give almost as good a fit to the observed data and, in future, a formal approach to the issue of model parameter uncertainty needs to be taken and followed through to the quantification of uncertainty in future projections (cf. Cameron et al., 2000). Only a single set of optimised parameter values has been used here but, if we consider the catchments in a region as representing an ensemble of possibilities, then it is clear that the variation in the projected DOC concentrations and fluxes arising from the different calibrated DOC (and hydrology) model parameters is far greater than the variation that arises from the climate change scenarios. The implication of this is that, if we wish to reduce uncertainty in future projections of DOC, effort needs to be placed on the identification of model parameter values through field and experimental measurements. 

The issue of uncertainty in the model structure has already been highlighted by the example of Trout Beck, with the failure to reconcile calibrated parameters with those determined experimentally. This discussion can be broadened to consider the model’s simplifying assumptions more widely. Fundamental among these are the use of a single carbon pool and the assumption that the production of DOC is not limited by the availability of organic matter. The size of the source pool is important because the model assumes that, under future climate scenarios with higher temperatures and lower soil moisture, DOC production will increase. Given the total carbon store in peat soils and the rates of DOC production, this may not be a problem. However, particularly in forest soils, other workers have proposed that much of the DOC is from fresh plant litter which is a relatively small pool. Support for this idea comes from 14C evidence which suggests that most DOC is relatively young (Schiff et al., 1997; Tipping et al., 2005). There is also a great deal of current work which shows stream DOC to vary in its properties with flow, i.e. at low streamflow material is different from that at high streamflow in terms of its molecular composition, isotopic content and functional properties (e.g. Sharp et al., 2006), suggesting that it is sourced from different pools. It is also clear that the way the hydrology interacts with these different pools varies between catchments and has different spatial expression (Hinton et al., 1998). This implies the need for a spatially-distributed hydrological model and a large number of additional parameters whose values are uncertain. How far it is necessary and effective to describe all this complexity in order to project future levels of DOC at the catchment scale is not really known.

Indeed, it is recognised that DOC is part of a much wider biogeochemical picture which includes net primary productivity (Neff and Hooper, 2002), vegetation response to increasing CO2 levels (Freeman et al., 2004), recovery from acid deposition (Chapman et al., 2005; Evans et al., 2006), adsorption-desorption reactions (Tipping and Hurley, 1988; Kalbitz et al., 2000), de-gassing of CO2 from headwater streams (Dawson et al., 2004) as well as land use and land management changes. The relative importance of each of these processes in any one catchment is unknown and the debate about the causes behind the general increase in DOC levels seen in the historical record across both Europe and North America, as discussed in the previous chapter, continues. One thing that is clear is the immense value of long-term datasets. This was illustrated in the example of Hedströmmen where we were able to couple long-term monthly data with more recent high resolution data to constrain model parameter values. In the wider context of future model development and testing, the need for additional data – both good long-term weekly, or preferably daily or sub-daily, time series as well as data describing internal process dynamics – cannot be stressed enough. In the case of historical time series, there is also a need to assemble concurrent meteorological and hydrological data so that model simulations can be tested against these long-term datasets in order to establish whether the observed trends or step-changes can be successfully generated. This hindcasting can then be used as further evidence to support or refute the assumed model structure and associated parameter values used to project future change.
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