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Abstract 10 

This study has estimated the long term evaporation record for a peat covered catchment in 11 

northern England. In this study, 19 years of daily evaporation were estimated for rain-free 12 

periods using White's methods.Net radiation was measured over the study period; soil heat 13 

flux was calculated from temperature profiles; and sensible heat flux was calculated assuming 14 

the energy budget was closed. The calculated time series was compared to available 15 

environmental information on the same time step and over the same time period. Over a 19-16 

year period it was possible to calculate 1662 daily evaporation rates (26% of the period). The 17 

study showed that the energy flux to net primary productivity was a small, long-term sink of 18 

energy but this sink was a virtue of high carbon accumulation in peat catchments: in 19 

catchments where there is no long-term dry matter accumulation, net primary productivity 20 

must be a small net source of energy. The study showed that evaporation increased over the 21 

study period whilst sensible heat flux significantly declined, reflecting an increased use of 22 

sensible heat energy to meet evaporative demand. The relatively small change in evaporative 23 
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flux compared to other energy fluxes suggests that this system is a “near-equilibrium” system 24 

and not a “far-from-equilibrium” system. 25 

 26 

Keywords: evaporation; sensible heat flux; soil heat flux; net radiation; heat sink; 27 

evaporative cooling 28 

 29 

Introduction 30 

Peatlands have received considerable interest in recent decades because they represent 31 

a considerable store of carbon and an important sink of greenhouse gas at the global scale. 32 

Gorham (1991) has estimated that 20-30% of the global terrestrial carbon resides in 33 

peatlands, which represents only 3% of the global land area. The northern peatland carbon 34 

store is estimated to be approximately 455 Gtonnes C and over the Holocene northern 35 

peatlands have accumulated carbon at an average rate of 960 Mtonnes C/yr. Under a warming 36 

climate, this vital carbon store could potentially be converted from a net sink to a net source 37 

of atmospheric carbon – a net sink of carbon in peatlands can be a net source of some carbon 38 

species and already have an adverse impact upon greenhouse gas warming potential. With 39 

increasing temperature, rates of organic matter degradation increase, leading to increased 40 

release of CO2 through soil respiration (e.g. McKenzie et al., 1998) Increasing drought 41 

(frequency and severity) leads to activation of new enzymic processes (Freeman et al., 2001); 42 

and increased atmospheric CO2 could itself lead to increased carbon loss (e.g. Freeman et al., 43 

2004). These climatic effects could be enhanced by other factors including changes in 44 

atmospheric deposition of S and N (eg. Silvola et al., 2003) or land management (eg. Clay et 45 

al., 2009). Indeed, inter-annual comparisons of net ecosystem exchange (NEE) have shown 46 

that during dry years a peatland can change from a net sink of carbon to a net source (Griffs 47 
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et al., 2000; Alm et al., 1999). Equally, land management in peatlands has often meant 48 

draining of the peat with subsequent lowering of the average water table depth (Holden et al., 49 

2011). The majority of carbon flux pathways to and from a peat soil can be related to the 50 

position of the water table. The greater the depth to the water table, the greater the oxidation 51 

of the peat profile which has been suggested to lead to: increased flux of dissolved CO2 52 

(Jones and Mulholland, 1998); increased soil CO2 respiration (Glenn et al., 1993, Funk et al., 53 

1994 and Bubier et al., 2003); and potentially increased losses of DOC (Mitchell and 54 

McDonald, 1995). Conversely, the shallower the water table, the lower is the ingress of 55 

oxidation; the greater extent of anaerobic decomposition of the peat leading to increased CH4 56 

production and decreased oxidation of the CH4 being produced (Roulet et al., 1993, Levy et 57 

al. 2012). 58 

Complete carbon budgets of peatlands are now common (e.g. Worrall et al., 2003, 59 

Billett et al., 2004, Roulet et al., 2007, Nilsson et al., 2008) and a number of studies have 60 

begun to explore the impact of climate change and other external drivers upon the carbon 61 

budget, eg. Clay et al., (2010). If carbon is being stored by peat accumulation, then peatlands 62 

are also stores of other important elements, eg. nitrogen (N). While studies of C budgets are 63 

common, studies of N budgets are rarer even though N2O is powerful greenhouse gas 64 

(Hemond, 1983; Drever et al., 2010, Worrall et al., 2012) and only a few studies have 65 

considered fluvial budgets for a range of elements (Adamson et al., 2001).Understanding the 66 

impact of climate and land-use change on the water balance of a peatland is key to 67 

understanding the future potential of these ecosystems as a carbon store or ongoing 68 

greenhouse gas store sink. Over a given period, the water balance of a peatland is a balance 69 

of precipitation input and outputs of runoff pathways (surface and groundwater) and 70 

evaporation. Under climate change, it is expected that air temperatures will increase which 71 
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could limit the potential for an ecosystem to dissipate its incident energy via sensible heat 72 

flux in favour of soil heat flux and evaporation. Several studies have measured evaporation 73 

from peatlands. For example, Campbell and Williamson (1997) measured Bowen ratios over 74 

a six month period at a 20 minute frequency and found Bowen ratios between 2 and 5, i.e. 75 

dominated by sensible heat flux. Similarly, for another New Zealand peat bog, Thompson et 76 

al. (1999) also found Bowen ratios that suggested dominance of sensible heat flux over 77 

evaporative flux. Conversely, Admiral et al. (2006) measured Bowen ratios over an Ontario 78 

bog and found values were typically below 1 for the snow-free season, similar to a Swedish 79 

Sphagnum mire (Kellner, 2001). It is clear, therefore, there is a range of behaviour within the 80 

diversity of peat bogs, this has contributed to diversity of methods for calculating evaporation 81 

from peatlands (Drexler et al., 2004) and attempts to understand the variation across space 82 

(Rouse et al., 2000). However, observations have always been restricted to only a few years 83 

which makes the assessment of long term changes in water and energy balances difficult. 84 

A number of authors have extended the energy budget argument to consider the 85 

thermodynamics of ecosystems. Brunsell et al. (2010) have shown that the simplest way for 86 

an ecosystem to shed a change in incident energy is to increase evaporation as this is the most 87 

efficient means of diffusing entropy for a system that is thermodynamically “far-from-88 

equilibrium” (Ozawa et al., 2003). However, this analysis and hypothesis has not been tested 89 

as long term energy balance data were not available. Alternatively, Addiscott (2010) has 90 

demonstrated that for a “near-equilibrium” system water loss would be minimised and 91 

changes in the amount of incident energy would be dissipated through sensible heat flux. 92 

Neither Brunsell et al. (2010) nor Addiscott (2010) had actually energy or water budget data 93 

upon which to test their model results. A simple test of the differences between these two 94 

system states would be to measure the sensitivity of evaporation to a change: if the change is 95 
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absorbed by increasing evaporation then a system trying to maximise its entropy loss and is 96 

in a “far-from-equilibrium”  state whereas if evaporation decreases in response to change 97 

then it is acting to minimise loss and is “near-equilibrium”. 98 

 Therefore, the purpose of this study is to estimate change in the long-term energy 99 

budget of a peat ecosystem as a test of how the environment may adapt to long term change. 100 

 101 

Approach and Methodology 102 

The energy budget of an ecosystem can be considered as: 103 

 104 

Rn = H + G + E + P + e  (i) 105 

 106 

Where: Rn = net radiation (Wm
-2

); H – sensible heat flux (Wm
-2

); G = soil heat flux (Wm
-2

); 107 

E – latent, or evaporative, heat flux (Wm
-2

) where is the heat of vapourisation (2260 kJ 108 

kg
-1

); P = primary production (Wm
-2

); and e = residual error. The residual error term is 109 

included as there are other terms that cannot be estimated as they are often so small and these 110 

are assumed to be negligible in comparison, indeed P is often not included even when 111 

ecosystem energy budgets are considered (Kellner, 2001). The approach of this study was to 112 

estimate the components of Equation (i) for a single study over as long a period of years as  113 

possible. 114 

 115 

Study site 116 

Moor House and Upper Teesdale National Nature Reserve (NNR) is situated in the North 117 

Pennine upland region of the UK (Fig. 1).  The Moor House NNR is a terrestrial and 118 

freshwater site within the UK Environmental Change Network (ECN).  The ECN collects 119 
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various hydrological and water quality data from the Trout Beck catchment that lies within 120 

the Moor House NNR.  The Trout Beck catchment occurs mainly above  450 m O.D. with the 121 

highest point being the summit of Cross Fell at 893 m O.D (National Grid Reference  NY 122 

756326, N54
o
41´18ʺ W2

o
22´45ʺ). The underlying geology is a succession of Carboniferous 123 

limestones, sands and shales with intrusions of the doleritic Whin Sill (Johnson and Dunham, 124 

1963). The solid geology is covered by glacial till and colluvial material whose poor drainage 125 

qualities facilitated the development of blanket peat during the Holocene. Blanket peat covers 126 

90% of Trout Beck catchment (Evans et al., 1999). The vegetation of the reserve is 127 

dominated by Eriophorum sp. (cotton grass), Calluna vulgaris (heather) and Sphagnum sp. 128 

(moss). The mean annual temperature (1931 – 2006) was 5.31 
o
C. Air frosts were recorded on 129 

average on 99 days in a year (1991 – 2006, Holden and Rose, 2011). Mean annual 130 

precipitation (1953-1980, 1991-2006) was 2012 mm (Holden and Rose, 2011). An automatic 131 

weather station is situated within the catchment (Fig. 1) with hourly recording of rainfall by 132 

tipping bucket raingauge; the recording of air and soil temperature at 0, 10 and 30 cm below 133 

the soil surface; and solar radiation. In addition, a network of five piezometers has been 134 

monitored hourly for the depth to the water table, and manual calibrated weekly, since 135 

October 1994. Discharge has been measured from the catchment outlet on an hourly time 136 

scale since 1991. Note that there was only one automatic weather station in the catchment and 137 

only one network of piezometers. This monitoring was sited so as to be representative of the 138 

catchment but inevitably there will be heterogeneity and this has been considered in this 139 

catchment by Joyce et al. (2001). However, the approach of this study is to consider the 140 

energy budget at the monitored site and catchment data is only used to check water balances. 141 
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 For reasons of the methodology used at study, i.e. it is not possible to estimate on 142 

days with snow cover, no term for the latent heat of fusion was included in Equation (i) was 143 

not considered in the study. 144 

 145 

Net radiation (Rn) 146 

The automatic weather station installed on the site has included the monitoring of net 147 

radiation (Kipp solarimeter – error of 1% at 1 Wm
-2

) since 1992, but to complement the 148 

period of record of other data sets, the net radiation was summed on a daily basis from 149 

January 1995. 150 

 151 

Evaporation (E) 152 

Evaporation was estimated using the method of White (1932), where the daily evaporation (E 153 

in mm) is estimated from change in water table depth: 154 

 155 

𝐸 =  𝑆𝑦 (𝑑1 + 24
(𝑑5−𝑑1)

4
)  (ii) 156 

𝑆𝑦 = 𝐴𝑒𝐵(𝑑𝑚𝑎𝑥−𝑑1)  (iii) 157 

 158 

Where: dmax = the maximum depth of the water table below the surface for the entire record 159 

(800 mm); dx = the depth of the water above the maximum depth of the water table (mm) 160 

with x =  1 or 5 for water table depths at 1 am and 5 am respectively; Sy = the specific yield 161 

(dimensionless); and A, B = constants.  162 

Hourly depth to water table measurements have been maintained for the site since 163 

October 1994 so that for complete calendar years records were available to this study from 164 

1995 to 2012. The hourly depth to water table measurements from all five piezometers were 165 
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averaged before applying White’s method. White’s method relies on the change in water 166 

table over a diurnal cycle being solely due to recharge and evaporation. The piezometers used 167 

in this study are situated on an interfluve and, to ensure that results were not affected by 168 

rainfall, only those days which were rain-free were considered; not only that but only days 169 

where the last 5 hours of the previous day were also rain-free. Unlike the original version of 170 

White’s method, the approach used here was to allow the specific yield to vary with depth. 171 

There are no measurements of specific yield for this catchment but the form of specific yield 172 

function and initial values were selected from Price (1992). However, the form of the specific 173 

yield function was calibrated against the water balance for the catchment in 1995 which gave 174 

values of A = 0.00983, and B = 0.0054573, which means that the specific yield of the peat in 175 

this catchment varies from 0.78 at the surface to 0.009 at 800 mm depth – which is the base 176 

of the piezometers. As an alternative approach to estimate and check values of specific yield 177 

the daily water balance was considered. A simple daily water balance can be given as: 178 

 179 

𝑄𝑑 = 𝑟𝑎𝑖𝑛𝑑 − 𝐸𝑑 − ∆𝑆𝑑  (iv) 180 

 181 

Where: Qd = daily discharge from the catchment (mm/day); raind = daily precipitation 182 

(mm/day); Ed = daily evaporation (mm/day); and Sd = change in storage over the day 183 

(mm/day). Given the definition of change in storage and the Equation (ii) then it is possible to 184 

say that: 185 

 186 

𝑄𝐷 = 𝑟𝑎𝑖𝑛𝑑 − 𝑆𝑦𝑑 (𝑑1 + 24
(𝑑5−𝑑1)

4
) − 𝑆𝑦𝑑(𝑑24 − 𝑑1) (v) 187 

 188 
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Where: Syd = the Specific yield averaged over a day. Given the hydrological data collected 189 

within the study catchment then Equation (v) can be solved to find Syd. Note that this is only 190 

time in this study that data at the catchment scale is used in the context of the energy budget 191 

assessed at the point  192 

Equation (ii) calculates evaporation as mm day
-1

 which is readily converted to an 193 

energy flux given 1 mm day
-1

 is 2.45 MJ day
-1

 or equivalent to 28.5 W m
-2

. 194 

 195 

Soil heat flux (G) 196 

The soil heat flux was estimated on a daily basis using the approach of Sharratt et al. (1992). 197 

This approach used a 1D finite difference solution of the transient heat flux equation to give 198 

the heat flux density for each time interval (i) using Fourier’s law:  199 

 200 

∆𝐺𝑖 = −
𝑘𝑖∆𝑇𝑖

∆𝑧𝑖
   (vi) 201 

 202 

Where: ki = the thermal conductivity of the layer at time interval i (Wm
-3

K
-1

); Ti = the 203 

average temperature difference across the layer at time interval i (K); and zi = the thickness 204 

of the layer (m). In the case of this study temperatures at 0 cm depth and 10 cm depth were 205 

available at an hourly time step and Gi was summed to a daily time step in line with the 206 

estimation of the other components of the energy balance. Equation (vi) required an estimate 207 

of the thermal conductivity of the layer in which the following was assumed: 208 

 209 

𝑘𝑖 = 𝛼𝑘𝑝𝑒𝑎𝑡 + (1 − 𝛼)𝑘𝑎𝑖𝑟 (vii) 210 

𝛼 =
(𝑑𝑖−𝑑𝑚𝑎𝑥)

(𝑑𝑚𝑎𝑥−𝑑𝑚𝑖𝑛)
  (viii) 211 
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 212 

Where: di = the water depth at time interval i (cm); dmin = the minimum water table recorded 213 

(cm). In effect, the hourly water table information was used to linearly adjust the thermal 214 

conductivity of the layer between that of dry air and that of water-saturated peat. The values 215 

of kpeat = 0.06 and kair = 0.57 (Wm
-3

k
-1

 – Moore, 1987) were used.  216 

 217 

Primary productivity (P) 218 

The storage of energy in biomass and soil organic matter of a site are not commonly 219 

measured in energy balance studies as they are considered minor components on the short 220 

time scales normally considered. However, peat soils grow by accumulation of organic matter 221 

at rates typically on the order of 1 mm yr
-1

 (Borren et al., 2004). The accumulation of partly 222 

degraded organic matter represents a flux of energy into longer term storage. For this study 223 

site, there is an existing carbon budget (Worrall et al., 2009) which averages the carbon 224 

fluxes for the site over a 13 year period as: 225 

 226 

RESPOCdisscoCHDOCRpp CCCCCCC 229442635100 24    (ix) 227 

 228 

Where: Cx = carbon from the following uptake or release pathways, where x is: pp = primary 229 

productivity, R = net ecosystem respiration, DOC = dissolved organic carbon; CH4 = 230 

methane; dissco2 = dissolved CO2; POC = particulate organic carbon; and RES = residual 231 

carbon stored in the soil. Over the 13 years of study, the total carbon flux to the soils of the 232 

catchment (equivalent to CRES)  varied between -20 and -91 tonnes C km
-2

 yr
-1

 by far the 233 

biggest single component of the budget was the uptake of carbon by primary productivity 234 

(average across the study period of 176 tonnes C km
-2

 yr
-1

). If the energy content of these flux 235 
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pathways were known, then the flux due to primary production and long-term energy storage 236 

in the soil could be estimated.  237 

 The energy content of CO2 and CH4 were taken from standard values, ie. 0 and 54 MJ 238 

kg
-1

 respectively. For three, randomly-selected 0.5 x 0.5 m quadrats within the catchment, all 239 

the aboveground biomass was removed, dried at 105
o
C and then homogenised first by food 240 

blender and secondly by Cryomill (Spex 6770 Freezer Mill). Peat cores to 1 m depth were 241 

taken in 3 locations in the catchment and divided into 2 cm sections to 10 cm; 5 cm sections 242 

from 10 to 50 cm depth, and then the base of the core at 90-100 cm depth. The peat sections 243 

were taken so that bulk density could be measured, dried to 105
o
C, homogenised and ground 244 

in the cryomill. It was assumed that POC was eroded from throughout the peat profile, i.e. it 245 

was produced from either surface erosion of peat or from bank erosion alongside channels. 246 

The energy content of the DOC was analysed from 12 samples collected each month in 2012. 247 

A 25 litre sample of stream water was taken from a first-order peat-hosted stream within the 248 

catchment. The sample was stored upright and tapped off 5 cm above the base of the vessel 249 

so that any non-colloidal matter and suspended sediment settled out and only truly dissolved 250 

or colloidal was tapped off and evaporated to dryness at 40
o
C with the residue ground for 251 

analysis. 252 

The calorific value of the sampled organic matter was measured on a Parr 6200 bomb 253 

calorimeter. A sub-sample of known mass, typically 1g, had its moisture content raised back 254 

to approximately 4% by weight before being combusted in the bomb calorimeter.  The 4% 255 

moisture does not detract from the calorific value but does aid the combustion process in the 256 

bomb and helps prevent sputtering of the sample during the ignition process. The bomb 257 

calorimeter was calibrated and standardised on each run of samples using benzoic acid. For 258 

the samples of DOC for which less than 0.5 g of sample was available, the sample was doped 259 
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with a known amount of the benzoic acid standard so that a complete combustion was 260 

achieved. For both soil and vegetation samples the calorific value was measured in at least 261 

triplicate.  262 

To relate the calorific values to the carbon flux, the carbon content of the samples was 263 

analysed on a Costech ECS 4010 elemental analyser with a pneumatic autosampler.  Reactor 264 

1 consisted of chromium (III) oxide/Silvered cobaltous-cobaltic oxide catalysts at a 265 

temperature of 995°C.  Reactor 2 consisted of reduced high-purity copper at a temperature of 266 

650°C.  Helium was used as the carrier gas at a flow rate of 95 ml min
-1

 and the oxygen 267 

quantity for combustion was set at semi-micro.  A packed (Porous polymer, HayeSep Q) 3m 268 

GC column was used for separation of CO2 and N2.  The thermal conductivity detector (TCD) 269 

in the Costech instrument was used to calculate the signal of each sample; the software 270 

package used was Elemental Analysis Software Clarity.  For the purposes of quality control, 271 

laboratory standards and repeats were included in each run.  Calibration curves were based on 272 

regressions with an r
2
 of 0.999 or better. The measured C concentrations were corrected for 273 

the ash content of the samples measured by loss on ignition at 550
o
C overnight.  274 

 275 

Sensible heat flux (H) 276 

The sensible heat flux was not measured directly or estimated from the available long term 277 

data. Instead, the sensible heat flux was calculated to close Equation (i). However, in such an 278 

approach this means that the H value is in fact the H + e value, i.e. includes the residual error. 279 

 280 

Bowen ratio 281 

The Bowen ratio was calculated for each day with sufficient energy balance data, and the 282 

Bowen ratio is given as: 283 
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 284 

𝐵 =  
𝐻

𝜆𝐸
  (x) 285 

 286 

Note that given the derivation of H used in this study then the residual error term is included 287 

in H. 288 

 289 

Trend analysis 290 

The time series of measured environmental variables and energy fluxes were considered as 291 

time series of two separable and analysable components – the trend and the seasonal variation 292 

(Worrall and Burt, 1998). Multiple linear regression was used comparing the response 293 

variable to the year in the time series (1994 as year 0) and the day of the year transformed as 294 

𝑠𝑖𝑛 (
𝑛𝜋

183
) and 𝑐𝑜𝑠 (

𝑛𝜋

183
) where n is day number in the year with 1

st
 January as day 1. Where 295 

possible and physically realistic, environmental variables and lagged variables were included 296 

in the multiple regression. When appropriate, response and descriptor variables were 297 

considered as both untransformed and log-transformed in the multiple regression. 298 

Furthermore, all appropriate variables were tested for normality using the Anderson-Darling 299 

test (Anderson and Darling, 1952) and, where the test was failed, the variable was log-300 

transformed and retested – no further transformation proved necessary. For some variables it 301 

was not appropriate to consider log-transformation as they could have both negative and 302 

positive values, eg. net radiation (Rn) has positive or negative values depending upon whether 303 

the transfer was to or from the surface. Partial regression analysis was used to assess the 304 

proportion of variance explained by individual descriptors in multiple regression equations. 305 

As an alternative approach, ANOVA was used to test for difference in evaporation 306 

between years. The ANOVA was conducted with two factors: the difference between the 12 307 
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months of the year; and the difference between the 19 years of the study (1994 – 2012). The 308 

advantage of an ANOVA approach over multiple regression is that ANOVA can find a 309 

significant change without an assumption of continuous change or an assumption of the 310 

nature of that change as is required in multiple regression. ANOVA was also performed using 311 

covariates to test whether the significant difference between years could be explained by 312 

changes in the available variables. The covariates considered were: air temperature, net 313 

radiation, depth to water table and the previous day’s evaporation.  314 

 315 

Results 316 

Measured environmental variables 317 

The time series of the measured variables at a monthly time step are shown in Figures 2a 318 

through 2d. 319 

The median daily average temperature for the period 1994 to 2012 was 5.7 
o
C with an 320 

interquartile range of  2.3 to 9.6 
o
C. For the average daily temperature (Tj) the following was 321 

the best-fit equation: 322 

 323 

𝑇𝑗 = 6.03 − 0.021𝑦𝑒𝑎𝑟 − 2.71𝑠𝑖𝑛 (
𝑚𝜋

6
) − 2.83𝑐𝑜𝑠 (

𝑚𝜋

6
) (xi) 324 

(0.09) (0.008)  (0.05)  (0.05) 325 

r
2
 = 0.53, n = 5757 326 

 327 

Where: year = the year of the measurement with 1994 = 0 (year); m = month number with 328 

January = 1 to December = 12. Note that it was month number that was significant even 329 

though the time step of prediction was daily. Only variables that were found to be 330 

significantly different from zero at the 95% probability are included and the numbers in the 331 
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brackets are the standard errors in the coefficient. Note that for this study site over the study 332 

period the average daily temperature showed a significant decrease. 333 

Given the nature of daily rainfall totals, i.e. many at zero, the data were not normally 334 

distributed nor could they be readily transformed to a normal distribution and thus the 335 

analysis was performed on total monthly rainfalls over the period, here it can be taken that 336 

total monthly rainfall was total precipitation. For the monthly total rainfall, the median was 337 

156 mm with an interquartile range of 92 to 215 mm. The best-fit equation for the log-338 

transformed, monthly total rainfall (rainm) was: 339 

 340 

𝑙𝑜𝑔𝑒𝑟𝑎𝑖𝑛𝑚 = 5.08 + 0.11𝑠𝑖𝑛 (
𝑚𝜋

6
) + 0.21 cos (

𝑚𝜋

6
)) (xii) 341 

(0.1) (0.05) (0.05) 342 

r
2
 = 0.11, n=183 343 

 344 

There was no significant trend in the monthly rainfall over the period of the study at this site.  345 

For water table depth, the median daily depth below the peat surface was 6.0 cm with 346 

an interquartile range of 4.3 and 8.9 cm below the surface. The best-fit equation for the water 347 

table depth below the peat surface was: 348 

 349 

𝑙𝑜𝑔𝑒𝑑 = 1.48 + 0.39𝑙𝑜𝑔𝑒𝑦𝑒𝑎𝑟 − 0.34𝑐𝑜𝑠 (
𝑛𝜋

183
) (xiii) 350 

(0.02) (0.009) (0.02) 351 

r
2
 = 0.22, n=6415 352 

 353 
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Where all symbols are defined as above Therefore, the depth to the water table has increased 354 

over the course of the study, i.e. the water table has fallen further below the ground surface 355 

over the study period. 356 

 Stream runoff can be considered an integrating variable as it will depend on the 357 

interaction of rainfall, evaporation and changing storage. As for the rainfall data, stream 358 

runoff was assessed on monthly total runoff. The best-fit line for the monthly total runoff 359 

(runoffm) was: 360 

 361 

𝑟𝑢𝑛𝑜𝑓𝑓𝑚 = 19 + 1.4𝑦𝑒𝑎𝑟 + 30𝑐𝑜𝑠 (
𝑚𝜋

6
) + 0.56𝑟𝑎𝑖𝑛𝑚 (xiv) 362 

(7) (0.5) (4)  (0.03) 363 

r
2
 = 0.79, n = 227 364 

 365 

Therefore, there was a significant increase in monthly total runoff at a rate of 1.4 mm/yr.  366 

As means of minimising the impact of changing storage and the impact of snow cover 367 

the water balance was then considered at an annual time step and on the basis of water years 368 

(1
st
 October to 30

th
 September) rather than calendar years, the best-fit comparison was: 369 

 370 

𝑟𝑢𝑛𝑜𝑓𝑓𝑎 = 0.85𝑟𝑎𝑖𝑛𝑎  (xv) 371 

(0.02) 372 

r
2
 = 0.32, n=19 373 

 374 

Where: runoffa = the annual total runoff for a water year (mm); and raina = the annual total 375 

rainfall for a water year (mm). Equation (xv) shows no significant role for time, but this does 376 

not mean that annual rainfall or annual runoff were not changing, rather that there was no 377 



17 
 

significant change in the relationship between them at the annual time step. Indeed, when 378 

annual runoff and annual rainfall were tested separately against time, no significant 379 

relationships were found. Comparing the annual rainfall and runoff for each water year gives 380 

a median annual evaporation estimate as 517 mm with an inter-quartile range of 352 – 669 381 

mm. Therefore, Equation (xv) suggests that the annual actual evaporation did not vary 382 

significantly over the period of the study either. 383 

 384 

Net radiation 385 

The time series of net radiation is shown in Figure 3. Over the period of study it was possible 386 

to measure a daily net radiation 6319 times. The distribution of net radiation is negatively 387 

skewed with a median of 30.6 Wm
-2

 and interquartile range between 3.0 and 73.8 Wm
-2

, 388 

however, 19% of all daily values were below 0. The sign convention of Equation (i) means 389 

that net radiation is positive if it is a flux to the soil surface and negative if it is a flux from 390 

the soil surface. Median monthly values across the entire study period show that the 391 

minimum was in December with a peak in July, the months of December and January have 392 

median values below zero. The best-fit equation for the daily net radiation was: 393 

 394 

𝑅𝑛 = 22.7 − 0.36𝑦𝑒𝑎𝑟 − 8.0𝑠𝑖𝑛 (
𝑛𝜋

183
) − 22.9𝑐𝑜𝑠 (

𝑛𝜋

183
) + 0.29𝑅𝑛−1 + 0.09𝑅𝑛−2 +395 

0.03𝑅𝑛−3 + 0.05𝑅𝑛−4 + 0.03𝑅𝑛−5 + 0.04𝑅𝑛−6 (xvi) 396 

(1.1) (0.07) (0.5) (1.0) (0.01) (0.01) 397 

(0.012) (0.01) (0.01) (0.01) 398 

r
2
 = 0.66, n=6319 399 

 400 
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Where: Rn-x = the daily net radiation for x days before the present (Wm
-2

). The daily net 401 

radiation shows a significant decline over the period of the study at a rate of 0.36 Wm
-2

yr
-1

. 402 

Equation (xvi) shows that a significant relationship with previous day’s net radiation up to six 403 

days previously with a declining influence over that period of six days – no significant 404 

relationship (at 95% probability) was found for further lagged daily values of Rn. It should be 405 

noted that the autoregressive effects of previous days’ net radiation are all positive, i.e. 406 

negative net radiation on days before the present will suppress radiation for six subsequent 407 

days and vice versa, positive net radiation will enhance net radiation to the ground for six 408 

days afterwards. This autocorrelation effect may be a consequence of the pattern of weather 409 

at the site, i.e. net radiation is strongly governed by seasonality; day-to-day variation in net 410 

radiation is rarely so large that it swings from positive to negative; and net radiation may be 411 

steady for periods of a week at a time.  412 

 413 

Evaporation 414 

The best-fit of Equation (iii) upon calibration to the water balance in 1996 gave values of A = 415 

0.005 and B = 0.001 and this gave an annual actual evaporation within 1 mm of an estimated 416 

686 mm based upon the difference between annual runoff and annual total precipitation. 417 

When this calibration was compared to all other 18 years of data the following was the best 418 

fit equation:  419 

 420 

𝐸𝑤ℎ𝑖𝑡𝑒 = 0.96𝐸𝑤𝑎𝑡𝑒𝑟  (xvii) 421 

 (0.08) 422 

n=19, r
2
 = 0.89 423 

 424 
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Where: Ewhite = annual evaporation derived from White’s method (mm); and Ewater = annual 425 

evaporation derived from water balance at the catchment scale (mm). The comparison 426 

suggests that the estimates from White’s method are on average 4% lower than those from an 427 

annual water balance. Further calibration of the White method result upon the basis of 428 

equation was not attempted as it was recognised that Ewater itself has an uncertainty in its 429 

calculation and the comparison is between measurements made on two different scales. The 430 

specific yield (Sy) predicted by fitting Equations (ii) and (iii) was 0.77 at the peat surface and 431 

0.01 at 80 cm water table depth. The daily average value of specific yield predicted by 432 

Equation (v) was 0.44 at 4 cm water table depth and 0.017 at 77 cm water table depth. 433 

Given the criteria used to ensure that White’s method was applicable, it was possible 434 

to calculate daily evaporation on 1662 days out of a possible 6514 days in the study period. 435 

For individual years the least return was for 1998 (12% of days) and the best return was for 436 

2007 (56% of days). The month with the minimum amount of data was November (17% of 437 

possible days with a record) and the highest return was for May (33% of days). The estimated 438 

median evaporation, on rain-free days was 1.6 mm day
-1

 with an inter-quartile range of 0.8 to 439 

2.8 mm day
-1

. In terms of energy budget, the median energy flux was 44.8 Wm
-2

 with an 440 

inter-quartile range between 23.2 and 78.3 Wm
-2

 (Figure 4). By the sign convention of 441 

Equation (i) the energy flux is positive away from the surface. The best fit equation was:   442 

 443 

𝑙𝑜𝑔𝑒(𝐸𝑛) = 10.3𝑙𝑜𝑔𝑒𝑇𝑎𝑏 + 0.15𝑙𝑜𝑔𝑒𝑦𝑒𝑎𝑟 − 0.39𝑐𝑜𝑠 (
𝑛𝜋

183
) − 0.35𝑙𝑜𝑔𝑒𝑑 − 54 (xviii) 444 

  (1.8) (0.04) (0.05) (0.04) (10) 445 

r
2
 = 0.18, n=1525 446 

 447 



20 
 

Where: d = average daily water depth from the surface (mm); and Tab = the daily average 448 

absolute temperature (K). This confirms that, even having allowed for changes in external 449 

drivers, the evaporation from this site has increased with time – there is a positive 450 

relationship with the variable year in Equation (xviii). For Equation (xviii) the most 451 

important variable was the depth to water table (explaining 4.6% of the original variance) and 452 

unsurprisingly the evaporation declines with increasing depth of water table from the surface. 453 

The second most important variable was the seasonal cycle (explaining 3.8% of the original 454 

variance) with evaporation peaking in July and being at a minimum in December. Equally, it 455 

is unsurprising that the estimated daily evaporation increased with increasing temperature 456 

(temperature explained 2.6% of the original variance). The annual trend explained 1.4% of 457 

the regression. 458 

As an alternative approach, analysis of variance (ANOVA) was used with month and 459 

year as factors and absolute temperature, net radiation, and depth to water table as covariates. 460 

Both factors, month and year, were significant when considered with or without covariates. 461 

Net radiation was not a significant covariate and, when covariates were included, the pattern 462 

across the year shows a sharp change between September and October that gives an 463 

asymmetry to the seasonal cycle. The year factor showed a significant decline from 1994 to 464 

1996; a significant increase from 1996 to 2009; and then a significant decline from 2009 to 465 

2012. With all covariates the r
2
 of the ANOVA was 21%. 466 

 467 

Soil heat flux 468 

The estimated median soil heat flux was 0.7 Wm
-2

 and interquartile range between -3.5 and 469 

5.2 Wm
-2

 (Figure 5). Again by the sign convention of Equation (i) a positive flux is a flux 470 

away from the soil surface and negative to the soil surface. The median soil heat flux was 471 
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positive from April to August with a maximum in June and the flux was negative from 472 

September through March with its minimum in December. As with net radiation the direction 473 

of this flux, into or out of the soil, varies through the year and so the values were not log 474 

transformed. The best-fit equation was: 475 

 476 

𝐺 = −879 + 1.8𝑙𝑜𝑔𝑒𝑦𝑒𝑎𝑟 + 2.5𝑠𝑖𝑛 (
𝑛𝜋

183
) − 4.8𝑐𝑜𝑠 (

𝑛𝜋

183
) − 1.3𝑙𝑜𝑔𝑒𝑑 + 156𝑙𝑜𝑔𝑒𝑇𝑎𝑏 (xix) 477 

(55) (0.2) (0.2) (0.3) (0.3) (9) 478 

r
2
= 0.45, n=1514 479 

 480 

As with Equation (xviii), Equation (xix) show significant relationships with depth to water 481 

table and air temperature as expected. There was a significant increase in soil heat flux over 482 

the period of the study.  483 

  484 

Sensible heat flux 485 

The sensible heat flux was predicted to have a median of -0.79 Wm
-2

 and interquartile range 486 

between -33.4 and 42.2 Wm
-2

 (Figure 6) – by Equation (i) the sign convention would be that 487 

a positive value of sensible heat flux is an energy flux away from the surface, in this case the 488 

median sensible heat flux was an energy flux to the ecosystem. The presence of a heat sink in 489 

wetlands has been observed for boreal peatlands where Runkle et al. (2014) found that the 490 

ecosystem was a net heat sink between October and April, but this corresponded to the period 491 

of snow cover for their site. Equally, Huryna et al. (2013) found net monthly heat sinks even 492 

in summer for wetlands amongst farmland. In terms of monthly averages the value of H was 493 

less than zero from September through to February inclusive. The best-fit equation was: 494 

 495 
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𝐻 = 970 + 17𝑐𝑜𝑠 (
𝑛𝜋

183
) − 2.4𝑦𝑒𝑎𝑟 + 3.6𝑑 + 1.04𝑅𝑛 − 3.7𝑇𝑎𝑏 (xx) 496 

 (180) (6) (0.5) (0.5) (0.06) (0.6) 497 

r
2
 = 0.31, n=1468 498 

 499 

The sensible heat flux increased with increasing depth to water table, with increasing net 500 

radiation, but decreased with increasing air temperature. There was a significant decrease in 501 

the sensible heat flux over the time of the study. To understand the switch between positive 502 

and negative sensible heat flux, a logistic regression analysis was applied to the data in 503 

comparison with the available explanatory variables. The best-fit logistic regression equation 504 

was: 505 

 506 

𝑙𝑜𝑔𝑒 (
𝜃

1−𝜃
) = 0.05𝑇𝑎𝑏 − 0.06𝑅𝑛 − 0.8𝑐𝑜𝑠 (

𝑚𝜋

6
) − 0.4𝑠𝑖𝑛 (

𝑚𝜋

6
) − 11 (xxi) 507 

` (0.02) (0.004)  (0.2)  (0.1)  (6) 508 

 509 

Where:  = the probability of the sensible heat flux being negative, i.e. a flux into the surface. 510 

The equation is 92.3% concordant with the data, i.e. 92.3% of sensible heat flux observations 511 

were correctly classified by Equation (xxiix) and of the 1468 observations that could be used 512 

to calculate Equation (xxi) 45% of them were positive heat fluxes, i.e. there was not a 513 

distortion in the number of observations with H < 0 and those with H > 0. This equation can 514 

be readily simplified to give the inequality for a 50% probability that H is net sink to the 515 

surface: 516 

 517 

8 (2𝑐𝑜𝑠 (
𝑚𝜋

6
) + 𝑠𝑖𝑛 (

𝑚𝜋

6
)) < 𝑇𝑐 − 𝑅𝑛 + 53.15 (xvii) 518 
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 519 

Where: Tc = daily average air temperature (
o
C). The inequality in Equation (xxii) can be 520 

compared to average conditions of air temperature and net radiation (Figure 7) which shows 521 

that the system is likely to be a sensible heat sink throughout autumn and winter.  522 

 523 

Bowen ratio 524 

The median Bowen ratio was 0.11 with an inter-quartile range of -0.74 to 1.27 (Figure 8). 525 

The seasonal cycle in the Bowen ratio peaked in May and June with median values of the 526 

Bowen ratio greater than 1, i.e. dominated by sensible heat flux. For November through to 527 

March the median monthly Bowen ratio was negative representing the times of sensible heat 528 

sink while for all other months the median monthly Bowen ratio was between 0 and 1.  529 

When compared to available drivers then the best-fit equation was: 530 

 531 

𝐵 = 20 + 0.023𝑅𝑛 + 0.3𝑠𝑖𝑛 (
𝑛𝜋

183
) − 0.07𝑇𝑎𝑏 (xxiii) 532 

 (5) (0.002) (0.1)  (0.002) 533 

r
2
 = 0.18, n=1278 534 

 535 

Therefore, the Bowen ratio has not significantly changed over the course of this study but it is 536 

also clear that it is not an appropriate measure of the apportioning of energy within this 537 

system because the sensible heat flux is both positive and negative and the Bowen ratio 538 

therefore does not reflect the energy apportionment 539 

 540 

Primary productivity 541 
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The aboveground biomass had a median gross heat value of 19.1 ± 1 MJ kg
-1

 where the 542 

variation is given as the inter-quartile range. The median carbon content of aboveground 543 

biomass was 47.5 ± 2.5 %. Given the reported primary productivity (176 gC m
-2

yr
-1

), then 544 

over the 13-year period the average energy uptake of 7.1 MJ m
-2

yr
-1

 is equivalent to an 545 

average P of 0.2 Wm
-2

, considering that primary production will only occur in daylight and 546 

only during the growing season, then values of up to 4 times that high could be expected on 547 

sunny days in summer. The gross heat value of peat soil varied from 19.9 MJ kg
-1

 at the 548 

surface to a maximum of 21.2 MJ kg
-1

 at 1 m depth, a median for the profile was 19.9 MJ kg
-

549 

1
 - this value will be taken as the value for POC. The values of DOC varied between 7 and 13 550 

MJ kg
-1

. Given the stoichiometry expressed in Equation (ix), the energy budget shows that 7 551 

MJ m
-2

 yr
=1

 is absorbed as primary production, while 1.02±0.03 MJ m
-2

 yr
=1

 was exported as 552 

DOC; 0.61 ± 0.02 MJ m
-2

 yr
=1

 was exported as POC; and 0.39 ± 0.04 MJ m
-2

 yr
=1

 was 553 

exported as CH4. Balancing Equation (ix) shows that of 7.1 MJ kg
-1

yr
-1

 absorbed as primary 554 

production 2.0 MJ kg
-1

yr
-1

 was exported out of the ecosystem as DOC, POC or CH4; 2.8 MJ 555 

kg
-1

yr
-1

 was returned as heat from the decay process and only 2.3 MJ kg
-1

 was held in long 556 

term storage which is 0.24% of the median net radiation. Although degradation processes will 557 

be faster in warm summer weather, it will continue during darkness and so at this site the 558 

amount of energy absorbed through primary production would be closer to 0.07 Wm
-2

. It also 559 

means that an enthalpy can be given to Equation (ix), however, since Equation (ix) is not at 560 

equilibrium the enthalpy has no further thermodynamic interpretation. In effect Equation (ix) 561 

as viewed in Equation (xxiv) is an inefficient burning reaction with energy released as the 562 

vegetation is only partially converted back to CO2. 563 

 564 
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 566 

Discussion 567 

Has this been an adequate method for the calculation of a long term evaporation and energy 568 

budget? There are a number of limitations to this approach. Firstly, the evaporation can only 569 

be calculated on days without rain which means that for a catchment such as the one studied 570 

the majority of the available data have to be sacrificed. The criterion that only rain-free days 571 

may be considered skews the sampling and, although over the period of the study all months 572 

had at least 95 observations, it does mean that the relationship with rainfall could not be 573 

examined and it had to be assumed that evaporation on rain-free days was representative of 574 

all days. Secondly, there are long term climate changes that would not necessarily be 575 

reflected in the variables available to this study, eg. wind speed. If wind speed and changed 576 

significantly over the period this would not well represented in changes in air temperature. 577 

Unfortunately, long term measures of wind speed were not available to this study. Thirdly, 578 

the common time step used in this study was daily and so it is possible the changes in the 579 

diurnal cycle of energy fluxes are being missed. Fourthly, the method relied on data from one 580 

site within the catchment and compared this to water balance across the whole catchment but 581 

this approach did calibrate and correlate between the two. Equally, it should be noted that the 582 

result for the catchment scale data showed an inter-annual increase in runoff from the 583 

catchment (Equation xiv) over a period when rainfall did not change (Equation xii) which 584 

therefore predicts that evaporation from the catchment does decline. It should be noted that, 585 

although there is a significant positive trend with time predicted by Equation (xviii), Equation 586 

(xviii) does not imply an ovcr all increase in evaporation as both air temperature declined and 587 

depth to the water table increased. However, Equation (xv) predicted no change in the 588 

relationship between rainfall and runoff at an annual time step over the course of the study. 589 



26 
 

Therefore, it could be suggested that Equations (xviii) and (xv) contradict but they are on 590 

different time steps and Equation (xvii) has to be considered alongside trends in two other 591 

environmental drivers and so we should be cautious about comparing trends between time 592 

steps and where magnitude of trends and the variables included differ. 593 

The study has shown that there has been an increase in evaporation over the course of 594 

the study independent of changes in measured drivers or other environmental variables 595 

(Equation xviii). If the long term change in evaporation cannot be ascribed to changes in net 596 

radiation or air temperature, there are a number of possibilities. Firstly, the changes might be 597 

due changes in rainfall because evaporation could not be compared to this driver. A wet day 598 

prior to one that could be studied here may have led to increased evaporation above that 599 

which would be predicted from a consideration of the depth of the water table, for example 600 

the soil moisture may remain higher than would otherwise be considered. Secondly, the 601 

mathematical form of the functions used for each variable may be a simplification. Although 602 

variables were log-transformed and the normality of the distribution of each variable assessed 603 

and the study only proceeded once these criteria had been met, this approach may be 604 

adequate but may not be ideal. An examination of the variation of evaporation with depth to 605 

water table shows that, even when log transformed, the evaporation is higher at shallow water 606 

table depths than would be expected for the approaches used here. It is not only the form of 607 

the function used for each variable being considered but whether interaction terms should be 608 

considered as well as single variables. For example, we could hypothesize that the effect of 609 

temperature would vary with water table depth. Furthermore, as included in the trend analysis 610 

here evaporation is dependent upon water depth. However, for the study site the water depth 611 

is commonly very shallow with water table depths less than 15 cm, and so making capillary 612 

rise to the surface almost continuous and thus the water supply to the surface constant. If 613 
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capillary rise can always supply water to the surface for evaporation then a slight increase in 614 

depth to the water table, but not to below the capillary fringe, may not limit evaporation. 615 

However, the trend analysis used here would not have been sensitive to such a threshold 616 

effect. Oversimplification in the empirical function used to model the time series of 617 

evaporation could give an apparent trend over time. However, it is unclear what such terms 618 

should be or whether the number of observations is sufficient to test for their significance. 619 

The purpose of this study was to consider how the ecosystem would adapt to change in driver 620 

variables (eg. air temperature) and how it would apportion that change in terms of energy 621 

balance (eg. increase evaporation or sensible heat flux). The study has shown that over a 19-622 

year period in which temperature and net radiation decreased for this catchment, the 623 

evaporation significantly increased while the sensible heat flux and soil heat fluxes both 624 

significantly declined. However, the real question of this study is not whether significant 625 

changes occurred but rather did any of these energy dissipation pathways change 626 

disproportionately compared to the others. In this case a 29% decline in net radiation, coupled 627 

with a 0.06 K decline in air temperature, over the study period resulted in a 4% increase in 628 

evaporation, 60% decline in sensible heat flux and a 14% decline in soil heat flux. The 629 

Bowen ratio is unhelpful in this system because its variation is dominated by the switching of 630 

the sensible heat flux from sink or source with respect to the surface.  The small magnitude of 631 

the change in evaporation relative to available drivers does suggest that evaporation is 632 

insensitive to change. In a system with a high evaporative demand, a reduction in energy 633 

input via radiation means that more energy is taken via sensible heat flux. Here evaporative 634 

demand is considered as the upper limit of the rate of evaporation created by the atmospheric 635 

driving forces (de Jager and van Zyl, 1989), and in a wetland the high evaporative demand 636 

will be due to large vapour pressure deficit between the often saturated peat surface and the 637 
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atmosphere. If a high evaporation demand has to be met by energy from sensible heat flux 638 

then it is not surprising it declines (becoming more likely to be a sink rather than a source of 639 

sensible heat) and meaning that for this system sensible heat flux is more sensitive than other 640 

energy flux pathways. The relative insensitivity of evaporation compared to other energy 641 

fluxes is readily seen when comparing median monthly values across the year (Figure 9) – 642 

evaporation has a lower absolute range than other energy flux pathways. 643 

The relative insensitivity of evaporation may help stabilise the water table in the peat 644 

soils and so help buffer changes in carbon fluxes. However, the depth to the water table has 645 

increased over the study period which would be expected to lead to increased carbon efflux 646 

from the catchment but because of reduced CH4 flux with increased depth to water table leads 647 

to decreased fluxes of the more powerful greenhouse gas CH4 (eg. Levy et al., 2013). But, the 648 

observation of this study does raise the possibility that, alongside being sinks or carbon and 649 

greenhouse gases, restored peatlands could also have the added benefit of being a sink of 650 

atmospheric heat. The large heat sink represented by this peat ecosystem is not unique and 651 

has been observed for other peat or wetland ecosystems (eg. Rejskova et al., 2010). If it is 652 

assumed that the study site acted as an evaporative cooler then for a median annual heat sink 653 

of -0.79 Wm
-2

 (the median value of the H estimated above) and given the median difference 654 

between the wet and dry bulb temperatures then this heat sink would cause a lowering of the 655 

air temperature by 0.5 K. Such a temperature effect is local and requires the export of the 656 

additional water vapour and assumes that the latent heat of vaporisation is released elsewhere. 657 

Ban-Weiss et al (2011) modelled a global change in land use that would result in an increase 658 

in latent heat flux by 1 Wm
-2

 and a sink of sensible heat of 1 Wm
-2

 and showed that this 659 

would result in an average temperature reduction of 0.54 K. Although it is neither possible to 660 

transform large areas into functioning peatlands or wetlands many UK peatlands are degraded 661 
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where land management, wildfire, over-grazing, atmospheric pollution can have led to 662 

lowered water table and bare soils (Holden et al., 2007). Restoration of peatlands can readily 663 

revegetate and raise water tables which could lead to a shift in the partitioning of net radiation 664 

in favour of great latent heat export and even the creation of sensible heat sinks. Therefore, 665 

peatland restoration may have a climate mitigation effect not only due to changes in 666 

greenhouse gas fluxes but also in energy adsorption – it must be a future research question as 667 

to whether the sensible heat sink effect could ever be more important than the changes in the 668 

greenhouse gas warming potential?  669 

The changes observed in the catchment could also be due to changes independent of 670 

the environmental variables considered here. For example, a change in the distribution of 671 

vegetation could cause a shift in water balance, i.e. a functional type with a deeper rooting 672 

depth over more of the area. Equally, there may be a change in the balance of flowpaths that 673 

means that runoff is preferred over retention and evaporation. Worrall et al. (2007) 674 

considered changes in runoff initiation for this catchment across the period of the severe 675 

drought in 1995 and showed that the catchment returned to pre-drought condition by the 676 

subsequent winter, i.e. long-term flowpath change was minimal. Grayson et al. (2010) 677 

showed that vegetation cover at this site had increased between 1970 and 1995 but actually 678 

decreased between 1995 and 2000 and that changing vegetation cover did affect runoff 679 

character. However, the study is based at one location and this location was chosen to be  an 680 

interfluve plateau (i.e. flat) and so a good location to apply White’s method but also an area 681 

of stable, climax, vegetation.  Further, Holliday et al. (2008) showed through analysis of 682 

aerial photographs that vegetation change within the catchment has been focused in gullies 683 

and not interfluves. 684 
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Furthermore, the trends predicted in Equations (xiii) and (xviii) are log-transformed 685 

relationships with time and examination of these relationships shows that change was greatest 686 

earliest in the time series of the study. The year 1995 was a year of a severe drought across 687 

the UK and the severest over the period of the study within the study catchment, therefore it 688 

is possible that what is being observed here is dominated by recovery from a drought and 689 

indeed this is the detailed trend suggested by the post hoc analysis that the increase in 690 

evaporation occurred between 1996 and 2009.. 691 

One of the aims of this study was to test how a catchment would respond to change. 692 

Schneider and Kay (1994) have proposed that ecosystems are “far-from-equilibrium” systems 693 

that are energy- and entropy-dissipative and would maximise entropy production. A simple 694 

mechanism by which environments can maximise entropy production is by maximising 695 

evaporation and transpiration processes. Brunsell et al. (2010) have suggested that soil is a 696 

“far-from-equilibrium” system so that it will maximise entropy production by becoming 697 

vegetated which facilitates an increase in evaporation as means of dissipating energy. 698 

Addiscott (2010) has suggested that this is not true and that most soil-plant systems are 699 

designed to minimise water loss and might therefore be considered as “near-to-equilibrium” 700 

systems which would not maximise entropy production but would rather minimise entropy 701 

production, and therefore limit water losses. The site of this study was at a steady-state with 702 

respect to vegetation cover and has negligible bare soil area, i.e. the circumstances described 703 

for a “far from equilibrium” system do not occur at this site. This study showed that 704 

evaporation was well buffered against change and would take energy from both radiation and 705 

sensible heat, which is similar to a situation predicted by Addiscott (2010).  706 

 The study has shown that primary production is a negligible sink of energy within the 707 

catchment. Studies that have considered primary productivity as an energy sink have 708 
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considered the energy flux on a short timescale since in an ecosystem that is at steady-state 709 

vegetation will not be accumulating dry matter and so any primary productivity is returned to 710 

the atmosphere and so the energy is also returned. Furthermore, primary productivity will 711 

consume incident radiation and act as an energy sink as it converts CO2 and minerals to 712 

glucose. However, as glucose is converted into plant biomass there will be return of energy to 713 

the environment in the form of metabolic heat and also because the process will be somewhat 714 

inefficient (Loomis and Connor, 1992). Given the approach of Penning de Vries et al. (1974) 715 

it is possible to suggest that for a system reliant on using reduced forms N and S and one that 716 

produces 176 gC m
-2

 yr
-1

 as primary productivity, then 0.8 MJ kg
-1

yr
-1

 would be spent in 717 

metabolic heat rate. Although this return of metabolic heat from biosynthesis would not 718 

change the amount of energy sunk into the long term carbon store, it would mean that the 719 

primary production represents an even smaller sink of energy of 0.04 Wm
-2

.  Therefore, the 720 

energy converted into plant biomass is not the energy absorbed from incoming radiation, 721 

furthermore, for an ecosystem at steady state, i.e. no net accumulation of carbon or dry 722 

matter, the energy stored in the plant biomass will be returned as that material itself decays. 723 

Furthermore, the metabolic heat rate and the inefficiency in the metabolic process means that 724 

for non-accumulating ecosystems the primary productivity would be a small, net source of 725 

heat. The process of metabolic heat rate and inefficiency of conversion can be seen in 726 

equation for the conversion of plant biomass through the carbon cycle of the catchment 727 

(Equation viv and xxiii).  On a peat soil there is long term storage of organic matter and so 728 

there is long term storage of energy in this study environment that represents a small but 729 

measurable proportion of the incoming energy. 730 

 731 

Conclusions 732 
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The study has shown that there is long term (over 19 years) increase in evaporation for a 733 

catchment that is independent of changes in air temperature or net radiation. The study has 734 

shown that changes in evaporative energy flux are damped in comparison to other energy 735 

fluxes and that for much of the year the evaporative flux is driven by the absorption of 736 

sensible heat. The evaporative demand of the site means that much of the year the site is a net 737 

sink of sensible heat energy. The study suggests that the catchment is responding to change 738 

by limiting change in evaporation and this suggests the system is a “near-equilibrium” 739 

system. 740 
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Figure 1. Location of the study site. 905 

Figure 2. The trends in the measured variables; a) the monthly average air temperature; b) the 906 

monthly total rainfall; c) the monthly average depth to water table; and d) the monthly 907 

total runoff. 908 

Figure 3. The time series of the net radiation where positive value is an input of energy into 909 

the ecosystem. 910 

Figure 4. The whisker plot of the estimated time series of evaporation for the site. The 911 

whisker reprents the 5
th

 to 95
th

 percentile range and the dot is the median value.  912 

Figure 5. The whisker plot of the calculated soil heat flux across the study period. Note that a 913 

positive soil heat flux is an energy flux away from the surface. The whisker reprents the 914 

5
th

 to 95
th

 percentile range and the dot is the median value. 915 

Figure 6. The whixker plot of the calculated sensible heat across the study period. Note that a 916 

positive value of sensible heat flux is an energy flux away from the surface. The whisker 917 

reprents the 5
th

 to 95
th

 percentile range and the dot is the median value. 918 

Figure 7. Comparison of the difference between median monthly air temperature and median 919 

monthly net radiation in comparison to the 50% probability contour of the system being a 920 

net sensible heat sink.  921 

Figure 8. The whisker plot of the estimated Bowen ratio over the time period of the study. 922 

The whisker reprents the 5
th

 to 95
th

 percentile range and the dot is the median value. 923 

Figure 9. The monthly median energy fluxes from across the entire 19 year record in 924 

comparison to air temperature. 925 



41 
 

 926 

 927 

 928 

 929 


