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Energy exchange and water budget partitioning in a boreal
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[11 This study investigated patterns and controls of the seasonal and inter-annual variations
in energy fluxes (i.e., sensible heat, /1, and latent heat, /F) and partitioning of the water budget
(i.e., precipitation, P; evapotranspiration, £7; discharge, O; and soil water storage, AS) over
five years (2001-2005) in a boreal oligotrophic fen in northern Sweden based on continuous
eddy covariance, water table level (WTL), and weir measurements. For the growing season
(May 1 to September 31), the 5 year averages (£ standard deviation) of the midday (10:00 to
14:00 h) Bowen ratio (f, i.e., H/AE) was 0.86 + 0.08. Seasonal and inter-annual variability of
f was mainly driven by AE which itself was strongly controlled by both weather (i.e., vapor
pressure deficit, D, and net radiation, R,,) and physiological parameters (i.e., surface
resistance). During the growing season, surface resistance largely exceeded acrodynamic
resistance, which together with low mean values of the actual £7 to potential £T ratio

(0.55 £ 0.05) and Priestley-Taylor o (0.89) suggests significant physiological constrains on
ET in this well-watered fen. Among the water budget components, the inter-annual variability
of ET was lower (199 to 298 mm) compared to QO (225 to 752 mm), with each accounting on
average for 34 and 65% of the ecosystem water loss, respectively. The fraction of P expended
into ET was negatively correlated to P and positively to R,. Although a decrease in WTL
caused a reduction of the surface conductance, the overall effect of WTL on ET was limited.
Non-growing season (October 1 to April 30) fluxes of H, AE, and Q were significant
representing on average —67%, 13%, and 61%, respectively, of their growing season sums
(negative sign indicates opposite flux direction between the two seasons). Overall, our
findings suggest that plant functional type composition, P and R,, dynamics (i.e., amount and
timing) were the major controls on the partitioning of the mire energy and water budgets. This

has important implications for the regional climate as well as for ecosystem development,

nutrient, and carbon dynamics.
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1. Introduction

[2] Peatland ecosystems represent 10-20% of the boreal
landscape in Canada, Russia, and Scandinavia and are one
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of the major constituents of the boreal biome, thus making
a notable contribution to the land surface control of the
regional climate [Eugster et al., 2000; Paavalainen and
Pdivinen, 1995]. The prerequisite for the existence of peat-
land ecosystems is a positive water balance which, in turn,
is intimately connected to the peatland energy balance
[fvanov, 1981]. Both mire (i.e., natural peatland not affected
by human activities) type and micro-topography exert controls
on the energy and water balance partitioning [Belyea and
Clymo, 2001; Bridgham et al., 1999; Nungesser,2003]. More-
over, the inter-annual variability of the water balance affects
the development and maintenance of mires [Lafleur et al.,
2005; Pastor et al., 2002].

[3] The radiation balance and partitioning of energy into
latent and sensible heat fluxes are major determinants of
regional climate and hydrology [Eugster et al., 2000; Rouse,
2000]. The energy from net radiation (R,) absorbed by the
surface is partitioned into latent heat flux (AE) in form of
evapotranspiration (E7) of water, sensible heat flux (H),
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and the soil heat flux (G). While AE commonly causes a
cooling of the surface and the overlaying atmospheric layer,
H and G may exert both warming and cooling effects
depending on diurnal and seasonal cycles in energy supply
and subsequent temperature differences between soil and
near-surface atmospheric layers. Since different mechanisms
are likely to be involved in different mire systems, depending
on the interactions among water, nutrient availability, and
vegetation composition, a good understanding of the controls
on these fluxes is essential for accurate climate and ecosystem
modeling.

[4] Sphagnum mosses constitute the single most important
peat-forming plant genera and differ from vascular plants in
their way of obtaining and transporting water which relies
primarily on capillary forces determined by atmospheric
evaporative demand and the organization of the sphagnum
leaves [Rice et al., 2001; Rydin and McDonald, 1985a,
1985b]. Sphagnum growth and functioning is therefore
especially sensitive to changes in micro-topography, water
table level, and ET rates as well as the frequency and intensi-
ties of precipitation events [Nordbakken, 1996; Robroek
et al., 2009; Rydin and McDonald, 1985a, 1985b]. In contrast,
vascular plants have the ability to control transpiration through
gradual closure of their stomata if the atmospheric demand
exceeds water supply [Schulze et al., 1994). However, despite
this knowledge, there is still considerable uncertainty about
the dynamics and contributions from moss and vascular plant
transpiration on E7 in peatland ecosystems [Lafleur, 2008].

[s] The water table level (WTL) is one of the key control
parameters of the mire ecosystem functions since it varies
considerably among microtopographical units within mires
as well as among mire types [Belyea and Baird, 2006;
Belyea and Clymo, 2001]. Since mosses and vascular plants
have different mechanisms controlling their water uptake
and loss, their ability to conduct water may behave differ-
ently with changes in WTL [Admiral et al., 2006; Kurbatova
et al., 2002]. Uncertainty about the role of WTL as control on
ET still also exists. Whereas previous studies reported WTL
effects on ET [Kellner, 2001; Kim and Verma, 1996], more
recent studies come to the conclusion that the response of
ET to WTL is insignificant over a wide range of WTL [e.g.,
Humphreys et al., 2006; Sonnentag et al., 2010; Sottocornola
and Kiely, 2010; Wu et al., 2010]. On the other hand, it has
also been shown that WTL is strongly controlled by ET
[Lafleur, 2008; Wu et al., 2010]. It is therefore essential to
understand the interactions and feedbacks between water and
energy exchanges and the WTL as it affects the mire vegetation
composition and ability to accumulate nutrients and carbon
[Eppinga et al., 2010; Flanagan and Syed, 2011; Lafleur,
2008; Lafleur et al., 1997, 2005].

[6] To date, only few studies on energy and water exchanges
in peatlands exist with complete annual data series over multi-
ple (i.e., >5) years [Lafleur, 2008; but see Lafleur et al., 2005;
Sottocornola and Kiely, 2010]. However, such data sets are
required to understand the contribution of different seasons
(specifically the winter season in northern boreal regions) to
the annual water and energy partitioning and the controls on
its inter-annual variability [Lafleur, 2008; Williams et al.,
2012]. Furthermore, previous micrometeorological studies
of peatland energy exchanges commonly focused on investi-
gating patterns of evapotranspiration during the growing
season [Humphreys et al., 2006; Lafleur, 2008], whereas little

attention has been paid to dynamics of the sensible heat flux,
non-growing season fluxes and to understanding the complete
water budget partitioning (i.e., including the discharge) [but
see, e.g., Lafleur et al., 2005; Wu et al., 2010].

[7] Based on multi-year continuous eddy-covariance mea-
surements of energy and water fluxes, water discharge, and
water table level, the aims of this study were (i) to determine
seasonal patterns and inter-annual variability of sensible/
latent heat fluxes and the water budget components, (ii) to
identify the main controls on the variability of energy
exchanges and water balance partitioning, and (iii) to determine
the role of non-growing season energy and water fluxes in a
boreal fen in northern Sweden. Our three main hypotheses
are that (i) the seasonal and inter-annual variability of energy
partitioning is driven by patterns of the AE flux which itself
is regulated mainly by atmospheric but also by vegetation
controls, (ii) the timing and magnitude of precipitation com-
bined with the concurrent water table level determine the
partitioning of precipitation into the water budget components
evapotranspiration and discharge, and (iii) non-growing season
energy and water fluxes constitute a significant portion of the
annual exchange in this northern boreal peatland.

2. Materials and Methods

2.1. Site description

[8] The study was conducted at Degerd Stormyr, (64°11'N,
19°33’E), an acid, oligotrophic, minerogenic, mixed mire
system covering 6.5km? and situated in the Kulbéicksliden
research park of the Svartberget Long-Term Experimental
Research (LTER) facility near the town of Vindeln, county
of Visterbotten, Sweden. The mire area, which consists of
a rather complex system of interconnected smaller mires
divided by islets and ridges of glacial till, is situated on a
highland 270 m above sea level between two major rivers,
Umeilven and Vindeldlven, approximately 70km from the
Gulf of Bothnia. The depth of the peat is generally between
3 and 4 m, but depths up to 8 m have been measured. The
deepest peat layers correspond to an age of ~8000 years. The
mire catchment is predominantly drained by the small creek
Vargstugbécken.

[v] The micro-topography within the footprint area is
predominantly an irregular two-phase mosaic of carpets
and lawns, with only sparse occurrences of hummocks. The
vascular plant community of the mire consists mainly of
Eriophorum vaginatum L., Trichophorum cespitosum L.
Hartm., Vaccinium oxycoccos L., Andromeda polifolia L.,
Rubus chamaemorus L. with both Carex limosa L., and
Schezeria palustris L. occurring more sparsely. In addition,
Sphagnum majus Russ. C. Jens is found on the bottom of
the carpets, while S. lindbergii Schimp. and S. balticum Russ.
C. Jens are common for the lawns. The hummocks are
dominated by S. fiscum Schimp. Klinggr. and S. rubellum Wils
[Laine et al., 2012; Nilsson et al., 2008]. Total (moss + vascular
plants) area weighted average aboveground biomass within the
flux tower footprint is 141 +45 g-m 2 [Laine et al., 2012].

[10] The 30 year (1961-1990) mean annual precipitation
and temperature are 523mm and +1.2°C, respectively,
while the mean temperatures in July and January are
+14.7°C and —12.4°C, respectively [Alexandersson et al.,
1991]. The length of the vegetation period (defined as the
period during which the mean daily temperature remains
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above +5°C) over the recording period (2001-2005) was
156 £ 15 days. The snow cover normally reaches a depth
of up to 0.6 m and lasts for approximately 6 months.

[11] The dominant wind direction during the summer is
North-East, while in the winter, the prevailing wind is from
the South-East. Based on the Schmid footprint model
[Schmid, 1994], the footprint area (95% percentile of the
source distance) around the tower covers a radius of 22m
(daytime) to 74 m (nighttime) during the summer and about
76 m (day and nighttime) during the winter, although the
distance from the tower to the peak source area is much less
according to the plot of the cumulated fetch distances
[Sagerfors et al., 2008]. During wintertime the measuring
height (z,,) of 1.8 m was maintained by stepwise rising of
the boom to account for the accumulation of snow.

2.2. Air and soil environmental measurements

[12] Instruments for measurements of environmental vari-
ables were mounted on the same tower as the eddy-covariance
sensors. Net radiation (R,) and global radiation (R,) were
measured using a NR-Lite sensor (Kipp&Zonen, Delft, the
Netherlands) and a Li200sz sensor (LICOR, Lincoln, Nebraska,
USA), respectively, mounted at the top of the tower (i.e., 4m
above the ground). The NR-Lite sensor was calibrated annually
and cross-checked to ensure consistency and quality of the
measurements. In addition, air temperature (7},) and relative
humidity (#) were measured by a MP100 temperature and
moisture sensor (Rotronic AG, Bassersdorf, Switzerland)
inside a self-ventilated radiation shield mounted 1.8 m above
the ground. The 7, and /4 data were used to derive the atmo-
spheric vapor pressure deficit (D). All environmental data
were collected at 10 s intervals. Rainfall was measured using
a tipping-bucket (ARG 100, Campbell Scientific, Logan,
Utah, USA) 4 m away from the tower during April to October
and corrected for a (10%) underestimation of the precipitation
[Eriksson, 1983]. During the remaining period, precipitation
data were obtained from a nearby (1 km away) meteorological
station at Kulbédcksliden, where the snowfall was melted once
a week to estimate the snow water equivalent. The snow depth
at the study site was measured by an SR-50 ultrasonic sensor
(Campbell Scientific, Logan, Utah, USA) placed approxi-
mately 6m from the flux tower. Gaps in environmental
variables (due to instrument failure) and the period between
October 1 and December 31 in 2000 (to obtain an annual
sum for the hydrological year 2000/2001) were filled either
directly (i.e., for P) or with seasonal regression relationships
(i.e., for 7, R,, and &) with respective data from the nearby
(13km away) meteorological station at the Svartberget
Research Station.

[13] The water table level below the peat surface was mea-
sured in a lawn community 100 m northeast of the flux tower.
The difference between peat surface and water table level was
determined using a float and counterweight system attached
to a potentiometer [Roulet et al., 1991]. All environmental
data were averaged and stored as 30 min mean values on a data
logger (CR10X, Campbell Scientific, Logan, Utah, USA).

2.3. Eddy-covariance measurements

[14] The eddy-covariance (EC) technique was used to
measure the fluxes of heat, water vapor, and momentum at
a sampling frequency of 20 Hz. The system consisted of a
three-dimensional sonic anemometer (model 1012R2 Solent,

Gill Instruments, UK) and a closed-path infrared gas analyzer
(IRGA model 6262, LI COR, Lincoln, Nebraska USA)
supplied by In Situ Flux Systems AB, Sweden. The IRGA
was mounted in a climate-controlled instrument box approxi-
mately 3 m south of the air intake. The air intake was less than
5cm from the measuring volume of the sonic anemometer.
The air pump was placed behind the IRGA to suck the air
through the analyzer, which was connected to the intake
through a 5Sm long tubing with a 4 mm inner diameter. A
particle filter (Acro®50 1 um PTFE, Pall Gelman Labora-
tory, Ann Arbor, Michigan, USA) was positioned between
the intake and the IRGA. The sonic anemometer was
mounted on the tower at a height of 1.8 m on a 1.0 m long
boom and heated during the winter months. Fluxes were
calculated in real time by the EcoFlux software (In Situ Flux
AB, Ockelbo, Sweden) according to the EUROFLUX
methodology [Aubinet et al., 1999] and stored as 30 min
averages. Raw data processing included a coordinate
correction by planar fit and a frequency correction for the sig-
nal attenuation in the sampling path. Systematic errors are
commonly assumed to be in the range of 10-20% for any
individual half-hourly turbulent flux measurement but usually
decrease to less than 10% when aggregated over longer time
scales due to canceling effects [Moncrieff et al., 1996;
Morgenstern et al., 2004]. The H,O concentration was cali-
brated retrospectively against the water vapor concentration
obtained from a ventilated Rotronic sensor (MP100, Rotronic
AG, Bassersdorf, Switzerland). The Rotronic was in turn
calibrated regularly using an aspirated psychrometer (Assman,
type 761, Wilhelm Lambrecht Gmbh, Géttingen, Germany).
When the water vapor measurements from the gas analyzer
deviated from the Rotronic measurements, the gas analyzer
values were post processed and the fluxes corrected accord-
ingly. A typical calibration interval for H,O was 3—4 weeks.

[15] Missing half hourly, H and AE data points (due to
instrument and power failure, etc.) were filled following
Amiro et al. [2006] to obtain annual budgets. Filled data
represented 35, 20, 32, 35, and 27% of the annual time series
in 2001 to 2005, respectively. For the hydrological year
2000/2001, H and AE fluxes for October 1 to December 31
in 2000 were estimated from the average of the respective
period over the years 2001 to 2005. Fluxes directed towards
the surface were recorded as negative values while fluxes
away from the surface were positive.

2.4. Actual and potential evaporation

[16] Actual evapotranspiration (E7) was estimated by
dividing the measured latent heat flux by the latent heat of va-
porization. Potential evapotranspiration (PET) was estimated
by two methods: the Penman-Monteith equation [Monteith,
1965] and the Priestley-Taylor equation [Priestley and Taylor,
1972]. Using the former and assuming the surface resistance
(7,) to be zero, PET was estimated as

.Cp-5,
A-A 4G

PET =—— To
(A+7y)-L,

)]
where A is the slope of vapor pressure saturation versus
temperature curve [PaK '], 7 is the 3psychrometric constant=
66 [PaK '], p is air density [gm ], C, is the specific heat
capacity of air at constant pressure [J g '], de is the satura-
tion vapor pressure deficit at air temperature [Pa], 7, is the
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aerodynamic resistance [sm '] (see section 2.5), and L, is the
specific heat of vaporization [J g ']. 4 is available energy
(R, — G) [Wm ™ ?]; however, here we set 4 equal to net radiation,
R, since equation 1 was solved on a daily time scale at which
soil heat flux, G, is normally a few percent of the net radiation
[Kellner, 2001] and thus may be neglected.

[17] The Priestley-Taylor ET was estimated from the equi-
librium evaporation, AE,,:

A
A+y

MEey = (4) @
then the Priestley-Taylor coefficient, o, was estimated from
the ratio of actual £7 to AE,, (equation (3)).

ET

OC:@ (3)

2.5. The aerodynamic resistance
[18] The aerodynamic resistance, r,, for transfer of heat and

water vapor from the surface to the reference level was esti-
mated based on equation (4) [Verma, 1989]:

. {u(z)} . {ln(zo/zo,)}

u? ku,

*

4)

where u(z) is the wind speed at the reference height z mea-
sured by the sonic anemometer, u« is the friction velocity,
zy is the roughness length for wind, z,, is the roughness
length for temperature, and & is the von Karman’s constant.
The first term on the right-hand side of equation (4) is the
aerodynamic resistance to momentum transfer, and the
second term is the so called excess resistance which consid-
ers the extra resistance due to the difference in transfer for
momentum and heat/water vapor [Molder and Kellner,
2002; Verma, 1989]. Moreover, here it is assumed that the
resistances for heat and water vapor transfer are equal. Since
there were no measurements of temperature profiles and
surface temperature, it was not possible to calculate z directly.
For a low surface and neglecting the stratification effects, we
followed the approach by Molder and Kellner [2002]:

In(z9/2z0;) = 1.58-Rey*? — 3.4 (5)
where Re, is the roughness Reynolds number:
Rey = zo-u. /v (6)

where v, the viscosity of air, was assumed constant at
1.81 x 10 °kgm 's™ ' at 15°C. The roughness length for
wind, z,, was estimated from solving equation (7) for z:

u(z) = ’% “In(z/z0) 7

[19] The estimation of z, was made during near neutral
conditions (—0.1 <z/L < 0.1; where L is the Monin-Obukhov
stability length).

2.6. Surface resistance and conductance

[20] During conditions when the vegetation surfaces are
not completely wet, the transport of water vapor into the
atmosphere experiences, besides the aerodynamic resistance,

an additional resistance denoted surface resistance (7). How-
ever, while 7y describes constraints on evapotranspiration in
the context of turbulent land-atmosphere exchanges, the
surface conductance (g;) as the reciprocal of r,; is commonly
used to describe the ability of vegetation to transport and
transpire water from the below the surface to the atmosphere.
To be able to better compare our results with those from previ-
ous studies, we therefore computed both 7, and g; from the
inverse of the Penman-Monteith equation as:

Ay
 p-Cp-de-(1 + ) + A-(A-f — 7)1

gs ®)

g, was calculated for the daytime, 0800—-1800h, and during
precipitation-free periods, defined as times when no precipita-
tion had occurred for at least 24 h before the measurements.
On the half-hourly time scale used in the calculations of g,
the assumption previously made in equation (1) (stating that
A equals R, on a daily time scale) is invalid and leads to
an overestimation of 4 and g,. To compensate for this, we
reduced R, by 10% to obtain a better estimate of 4. The correc-
tion factor was based on a study in another Swedish mire
(Stormossen) which found that G was 10% of R,, and closely
followed its diurnal variation [Kellner, 2001].

[21] To reveal any possible effect of systematic errors on
flux measurement performance, we determined the energy
balance closure as the difference between the sum of the
turbulent energy fluxes (H+ AE), as measured by the eddy-
covariance system, and the available energy (i.e., R, — G).
However, since G was not measured explicitly, the energy
balance closure was determined on an annual basis at which
scale the soil heat flux can be considered negligible, in two
ways: (i) against R, only and (ii) against R, — G where G
was estimated as 10% of R,, [Kellner, 2001].

2.7. Catchment discharge estimates

[22] A first estimate of annual mire discharge (Q) was
obtained from the residual of the water balance for the hydro-
logical years October 2001 to September 2005 as followed:

Q=P —ET+4S ©)

where P is the annual water input via precipitation, E7 is
evapotranspiration measured with the EC method, and AS
is the change in soil water storage. AS was derived from
the difference in WTL relative to the mire surface between
1 October and 30 September of consecutive years, assuming
an average peat porosity of 0.90. During the growing season,
shrinking and swelling processes may considerably alter
mire surface elevation and thus estimates of AS based on
WTL need to be corrected accordingly on such time scale
[Barr et al., 2012]. On the annual scale, however, surface
elevation changes may be considered rather small. Continu-
ous data from the SR-50 ultrasonic snow sensor (anchored
into the underlying mineral soil) during the summer 2005
and from more recent years (unpublished data) suggest a
limited change (~2 cm) in mire surface elevation over a full
year. Since continuous snow sensor data were not available
during the summer of the other study years, we did not
correct the relative WTL by changes in surface elevation.
We estimate that this approach introduced an error of
420 mm to the AS term.
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[23] For comparison, Q was also estimated using discharge
measurements at the catchment outlet for the hydrological
years 2002/2003 to 2004/2005 [Nilsson et al., 2008]. Sub-
catchment boundary delineation for the 3.1km? catchment
of Vargstugbéicken (~50% of the total mire catchment
(6.5km?)) was determined based on field observations and a
50m grid digital elevation model (DEM) using IDRISI 14
(Clark Labs, Worcester, MA, USA). Hourly stream discharge
was calculated using measurements of stream stage from wa-
ter height loggers (wt-hr logger, Trutrack Inc., New Zealand)
at a V-notch weir and an established height-discharge rating

R, (Wm™)

a

T_(°C)

D (kPa)

WTL (cm)

1 1 1 1 1 1 1 1 1-
120 150 180 210 240 270 300 330 360
Day of year

“Jan Feb Mar Apr May Jun  Jul
Month

Aug Sep Oct Nov Dec

Figure 1. Daily (symbols) means of (a) net radiation (R,,),
(b) air temperature (7,), (c) vapor pressure deficit (D) and (d)
water table level (WTL), and (e) monthly sums of precipitation
(P) in the years 2001 to 2005; solid lines in Figures la—Ic
(i.e., R,, T,, and D) show a 21 day running average. Dashed
lines indicate the y axis zero line.

curve (©=0.99). Stream stage measurements were not
available for 45% of the time, mainly during winter low flow
conditions when the weir was not yet heated and ice and
temperatures below freezing point made stage measurements
unreliable. During these periods, stream flow was estimated
using a calibrated ratio of flow between this site and a refer-
ence site at the Svartberget catchment, Krycklan, 10 km north
at which flow was measured at a V-notch weir in a heated dam
house [Agren et al., 2007]. Because gap filling was required
primarily during very low flow periods, this only represented
16% of the total Q. The measured total discharge (QOr) was
the sum of discharge from the mire (Qy,) and adjacent upland
forest (Or) (equation (10a)). The source area (4t) of Ot was to
69% constituted by the mire (4y;) and to 31% by the forest
(4F). The forest specific discharge (Osg) was taken from weir
measurements carried out in the nearby forest catchment at
Svartberget [dgren et al., 2007]. The mire specific dis-
charge (Osy) was then estimated by solving equations
(10b) and (10c¢):

Or = Ou + Or (10a)

Or  Osr _Ar

Q—MiQS—M XE (10b)
Osyy — Osr x (Or — OF) x 0.31 (100)

QF x 0.69

3. Results

3.1. Environmental conditions

[24] Compared to other years, 2002 had the highest 7, in
spring and late summer whereas 2004 was the year with the
coldest summer (Figure 1 and Table 1). Corresponding to
the seasonal patterns in 7, peak D values occurred in spring
and late summer of 2002 (Figure 1). Furthermore, periods with
high D corresponded with a decrease in WTL in all years. The
monthly totals of P were generally higher during late summer
compared to the remaining seasons. The 2001 growing season
was the wettest (570 mm) and had the highest mean WTL
(—6.5cm), while the 2002 growing season was the driest
(260 mm) with the lowest mean WTL (—17.6 cm) among years
(Table 1).

3.2. Mire surface characteristics

3.2.1. Surface roughness length
[25] The roughness length (z,) of the mire surface showed
a clear seasonal trend coinciding with vegetation growth

Table 1. Growing Season (GS, 1 May to 30 September) Means of Net Radiation (R,)), Air Temperature (7,), Vapor Pressure Deficit (D),
Precipitation (P), Water Table Level (WTL), Midday (10:00 to 14:00) Bowen Ratio (f3), Daytime (0800—1800 h) Evaporative Fraction (AE/
Rn), the Priestley-Taylor Coefficient, o, and the Ratio of Actual to Potential Evapotranspiration (E7/PET) for 2001 to 2005

GS R, (Wm?) T, (°C) D (kPa) P (mm) WTL (cm) p AE/R, o ET/PET
2001 58 11.2 0.44 570 —6.5 0.88 0.61 1.03 0.59
2002 68 13.3 0.60 260 —17.6 0.76 0.76 1.17 0.53
2003 65 10.8 0.37 364 —14.7 0.78 0.67 0.87 0.60
2004 57 9.3 0.29 408 —12.1 0.92 0.55 0.86 0.49
2005 61 11.6 0.32 433 —-8.0 0.94 0.57 0.99 0.54
Mean 62 11.2 0.4 407 —11.8 0.86 0.63 0.98 0.55
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during the summer and reached a maximum of approxi-
mately 3 cm in the peak growing season (Figure 2a). Despite
a common seasonal pattern, considerable inter-annual vari-
ability in z, occurred. For instance, z, values were higher
corresponding to higher 7, and R, (and the likely related de-
velopment of vascular plant vegetation) in the spring and
early summer of 2002 and 2003, compared to other years.
3.2.2. Surface and aerodynamic resistances

[26] The surface resistance (r,) showed a diurnal decrease
during the afternoon corresponding to increases in D (not
shown). Furthermore, seasonal patterns in r; were also
driven by D (e.g., compare peaks of D and 7 in 2001 and
2002) resulting in considerable seasonal and inter-annual
variability in 7, (Figure 2b). Similar as for z,, higher r, was
observed during spring and early summer of 2002 and 2003.

[27] The aerodynamic resistance (r,) showed a diurnal
pattern with a decrease during turbulent daytime conditions
but, in contrast to r,, showed no clear seasonal trend or in-
ter-annual variability (not shown, but see Figure 3).

[28] The 5 year averages demonstrate that 7 largely exceeded
r, during the period between snowmelt and winter snowfall
(Figure 3). Furthermore, the mean pattern of , followed closely
that of z, throughout the entire growing season but diverged
during the vegetation senescence period in autumn.

3.3. Patterns and controls of mire surface-atmosphere
energy exchanges

[29] The slope of the regression between R, and the sum
of AE and H as indicator for the energy balance closure
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Figure 2. Daily averages (symbols) of (a) surface roughness

length (z) and (b) surface resistance (7y) in the snow-free period

(mid-April to mid-October) of the years 2001-2005; lines show

daily values smoothed with a 30 day running average.
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Figure 3. Fiveyear averages of daily means of the
aerodynamic (r,,, red symbols) and surface (r,, blue symbols)
resistance and the surface roughness length (z,,, black symbols)

based on the years 2001 to 2005. Solid lines represent 21 day
smoothing averages to visualize the main seasonal trends.

was 0.90 averaged over the 5 years (Figure 4) and not signif-
icantly different among the 5 years (not shown). After adjust-
ing R, by —10% to account for G, the slope improved to 1.0.
Furthermore, the small y axis intercept of 1.47 indicates the
absence of systematic bias. These results provide confidence
in the quality of the measured energy fluxes at this site.

[30] Daily means of AE reached a maxima of ~90 Wm™
and showed considerably inter-annual variation in their
seasonal patterns (Figure 5a). Seasonal peaks of AE corre-
sponded to peaks in D (see, e.g., 2002, compare to Figure 1).
In the spring and early summer of 2002 and 2003 (recall
Figures 1), AE exceeded those of other years during those
periods. In comparison to AE, daily means of H were lower
(maximum values of ~60 Wm ™ ?) and their seasonal and
inter-annual variation was limited (Figure 5b).
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Figure 4. Energy balance closure (EBC) derived from the
linear slope of the daily sums of mean sensible (/) and latent
(AE) heat fluxes regressed against daily mean net radiation
(R,) (black symbols, red regression line; EBC=0.90) and
against R,—10% to account for the ground heat flux (green
regression line; EBC=1.0) for the years 2001to 2005.
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Figure 5. Daily means of (a) latent heat flux (1E), (b)
sensible heat flux (H), and (c) midday (10:00 to 14:00h)
Bowen ratio (f) for the snow-free period in the years 2001
to 2005. Solid lines represent 21 day smoothing averages to
visualize the main seasonal trends. Dashed lines indicate the
v axis zero line in Figures 5a and 5b, and =1 in Figure Sc.

[31] The daily midday Bowen ratio, f§, describing the
partitioning between H and AE was commonly < 1, except
for dry periods with high D (e.g., in summer 2001) during
which f values exceeded 1 (Figure 5¢). The growing season
S was lowest in 2002 and 2003 (0.76 and 0.78, respectively)
and highest in 2005 with 0.94, with a 5year mean of
0.86 £0.08 (Table 1). Moreover, daily f increased signifi-
cantly as WTL dropped from 0 to about —10cm but
remained constant once WTL was below —10 cm (Figure 6f).

[32] The ratio of daily AE /R, was on average 61, 76, 67, 55,
and 57% for the years 2001 to 2005, respectively (Table 1).
Moreover, AE/R, was positively correlated to growing season
D (=0.80) and R, (" =0.83).

3.4. Patterns and controls of mire surface to
atmosphere transport of water

3.4.1. Evapotranspiration

[33] Evapotranspiration (E7) rates at Degerd Stormyr were
about 2-3 mmd~ " with peak values of close to 4mmd . R,
and D were the main drivers of daily ET (Figures 6a and 6b),
whereas surface conductance, g,, had little effect on ET
(Figure 6¢). Daily ET remained similar for a W7L range of 0
to —I15cm but increased with decreasing WT7L below
—15 cm (Figure 6d). However, a similar relationship between

WTL and T, (Figure 6h) suggests cofounding effects among
WTL, T,, and ET.

[34] Averaged over the five growing seasons, actual ET
was 55+ 5% of PET and the Priestley-Taylor a-value was
0.98 + 12 (Table 1). On the growing season scale, ET/PET
ratio was not correlated to WTL while the Priestley-Taylor
a-values were positively correlated to D (+°=0.78) and T,
(+*=0.84). Moreover, daily ET/PET increased as WTL
decreased from O to about —10cm but remained constant
once WTL was below —10 cm (Figure 6¢).

3.4.2. Surface conductance

[35] In contrast to the lack of relationship between ET
and g; on the daily scale (recall Figure 6c¢), the diurnal
pattern of ET was closely related to that of g;, which
reached 35mms~' in the morning and then decreased
within a few hours to <15mms~' (not shown). When
averaged over different WTL classes, daily g; decreased
from about 9.5mms ' at Ocm to ~3mms~ ' at a WTL of
25cm depth (Figure 6g). Furthermore, g, was strongly
controlled by D, with an additional influence of incoming
solar radiation that was most pronounced at D levels lower
than ~1.5 kPa (Figure 7).

3.5. Mire water budget

[36] Averaged over 5 (hydrological) years, annual £7 and
O represented 37% and 65% of the annual precipitation,
respectively (Table 2) (with the imbalance in the partitioning
resulting from the additional small effect from AS). Average
O (462 mm) was about twice that of ET (241 mm) and
showed greater inter-annual variability (with the coefficient
of variation, CV =37%) compared to ET (CV=16%). The
AS was also highly variable among years. In 2002/2003 to
2004/2005, independent estimates of AS and Q derived
either (i) with AS from differences in WTL (without correc-
tion for surface level changes) and Q as residual of the water
balance or (ii) with Q from continuous catchment discharge
measurements and AS as residual of the water balance
suggested some difference in 2003/2004 but reasonable
agreement in 2002/2003 and 2004/2005. Overall, O esti-
mates based on the weir measurements were somewhat
lower compared to those derived as residual from the water
balance (Table 2).

[37] On the growing season scale, the partitioning of
precipitation (P) into Q and ET correlated with the amount
of P, suggesting a strong negative relationship (+°=0.93)
between P and E7/P and conversely a modest positive corre-
lation relationship (+*=0.55) of P to Q/P (Figure 8a).
Furthermore, ET/P and Q/P showed positive (*=0.97)
and negative (+°=0.84) relationships, respectively, with
R, (Figure 8b). Meanwhile, the total amount of P or R,
did not affect AS. Similar relationships for the partitioning
of P into Q and ET were observed on the annual scale (not
shown).

[38] The role of precipitation and WTL on seasonal
water flux partitioning was investigated during the years
2003 to 2005 in which continuously measured QO data
were available. Precipitation and snow melt in early spring
(i.e., April and May), when ET was low and the underly-
ing soil still frozen, resulted in large discharge fluxes
(Figure 9a). During the 2003 summer period with compa-
rably lower WTL (i.e., at about —20cm), precipitation
events resulted in raised WTL (compare also with Figure 1)
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Figure 6. Regression relationships showing (a—d) the response of daily evapotranspiration (£7) to net
radiation (R,,), vapor pressure deficit (D), surface conductance (g,) and water table level (WTL), and
(e—h) WTL controls on the ratio of actual to potential ET (ET/PET), Bowen ratio (f3), g, and air temperature
(T,). Gray symbols show daily values, red symbols show the block-averaged mean response, and black error

bars indicate +2 standard error.

and soil water recharge and hence O remained low. In
comparison, precipitation during summer periods with higher
WTL (~—10 cm) in 2004 and 2005 (most pronounced in July
2004 and August 2005) triggered considerable discharge
fluxes that in some months largely exceeded those of ET
(Figure 9a). Similarly, rainfall during the autumn, when
WTL was already relatively high and ET reduced due to
lower temperatures, resulted in increased Q. The AS derived
as the residual between precipitation, evapotranspiration,
and runoff (AS=P — ET — Q) mirrored the temporal varia-
tion in WTL. Cumulative ET initially exceeded Q in the
dry year 2002/2003, the following two wet years however
caused a switch and Q to became a larger water budget
component (~1000 mm) than £7 (~800 mm) over the entire
3 year period (Figure 9b).

3.6. Non-growing season energy and water fluxes

[39] The 5year average non-growing to growing season
ratio for R,, P, H, and AE was —0.14, 0.66, —0.67, and
0.13, respectively (Table 3). The negative sign for R,
and H indicates opposite flux directions during the two
seasons. The 3 year mean non-growing to growing season
ratio for O was 0.61. However, this ratio was sensitive to
the timing of snowmelt (which may occur in either April
or May). Q during the snow covered period represented
10% of the annual runoff. The non-growing season ET
was on average 12% of the annual sum. During the snow
covered period, AE was close to zero whereas H was
mostly negative, highly variable and closely connected to
net radiation (recall Figure 7).
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E = gs = 17.5%exp(-0.83*D); adj. R2 = 0.92, p < 0.001
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Figure 7. Block-averaged mean response (symbols) and
exponential decay curves (solid lines) describing the relationship
between surface conductance (g,) and vapor pressure deficit
(D) for different ranges of global radiation (R,); black error
bars indicate +-2 standard error.

4. Discussion

4.1. Seasonal and inter-annual variability of mire
energy exchange

[40] The greater inter-annual variability in AE compared to
H is likely the result from the tight relationship between AE
and its atmospheric climate and physiological controls, i.e.,
D, R, and r, [Humphreys et al., 2006; Lafleur et al., 2005].
AE was especially sensitive to climatic conditions at the onset
of the growing season as seen in April 0of2002 and 2003 where
higher AE was closely linked to greater R,, T,, D, and z,
(reflecting vascular biomass development) relative to other
years. In comparison, responses of H to environmental
changes remained conservative, mainly because increases in
R, were primarily allocated to ZE. This is further corroborated
by the negative relationships of f with D and R, observed in
our study. Similarly, Wu et al. [2010] found that D and R,
were the main drivers of AE and f in an Eastern Finish mire
complex. Thus, in support of our first hypothesis, the growing
season f§ were mainly driven by AF and its direct atmospheric
controls, rather than by variations in H.

[41] The range in f3 (0.76 to 0.94) at the oligotrophic fen
Degerd Stormyr is similar to the range of 0.81 and 1.05 in
an Irish blanket bog over 5 years [Sottocornola and Kiely,
2010]. In contrast, f# in our study was higher compared
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Figure 8. Relationships between growing season (1 May
to 30 September) partitioning of precipitation (P) into
evapotranspiration (E7/P), discharge (Q/P), and change in
soil water storage (AS/P) with (a) totals of precipitation (P)
and (b) mean net radiation (R,,); solid and dotted lines show
power and second-order polynomial fit, respectively.

to 0.68 averaged over two growing seasons for an ombro-
trophic bog, Stormossen, in Central Sweden [Kellner, 2001],
despite similar summer WTL. In combination with the
observed negative correlation between f§ and R, this suggests

Table 2. Annual Totals of the Different Mire Water Balance Components (i.e., Precipitation, P; Evapotranspiration, ET; Discharge, O,
Derived as Residual of the Water Balance; and Soil Water Storage Change, AS, Based On Differences in Water Table Level) During
the Hydrological Years 2000/2001-2004/2005; Values in Square Brackets Represent Alternative Estimates of O Derived from Catchment
Measurements and of AS as the Subsequent Residual of the Water Balance

Year P (mm) ET (mm) QO (mm) AS (mm) ET/P o/pP
2000/2001 936 230 752 —46 0.25 0.80
2001/2002 576 298 373 —95 0.52 0.65
2002/2003 587 273 225 [174] 89 [144] 0.46 0.38 [0.30]
2003/2004 665 199 498 [397] —32 [69] 0.30 0.75 [0.60]
2004/2005 672 205 461 [404] 6 [63] 0.30 0.69 [0.60]
Mean 687 241 462 —16 0.37 0.65
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Figure 9. (a) Monthly partitioning of the mire water
balance into precipitation (P), evapotranspiration (E7),
discharge (Q), soil water storage change (AS), and water
table level (WTL), and (b) cumulative daily P, ET, O, and
S from 1 October 2002 to 30 September 2005; note that
during winter months, S represents snow accumulation; here
positive fluxes (e.g., P) indicate water input, whereas
negative fluxes (e.g., E7, Q) represent a water loss from
the ecosystem; arrows indicate the timing of the snowmelt
period.

Table 3. Non-growing Season (1 October to 30 April) to Growing
Season (1 May to 30 September) Ratios of the Different Mire
Water and Energy Balance Components (i.e., Net Radiation, R,;
Precipitation, P; Sensible Heat Flux, H; Latent Heat Flux, AE;
and Discharge, O, Derived From Weir Measurements) During the
Hydrological Years 2000/2001-2004/2005

Year R, P H LE 0]

2000/2001 —0.13 0.64 —0.74 0.19 N.A.
2001/2002 —0.18 0.55 —-0.76 0.11 N.A.
2002/2003 —0.10 0.87 —0.48 0.13 0.68
2003/2004 —0.11 0.69 —0.58 0.12 0.58
2004/2005 —0.16 0.57 -0.77 0.10 0.59
Mean —-0.14 0.66 —0.67 0.13 0.61

that differences in R,, due to a latitudinal gradient is an impor-
tant factor explaining differences in the energy partitioning be-
tween two peatlands located in different geographical regions.

[42] The 5 year mean growing season evaporative fraction
(AE /R,) of 0.63 was comparable to the 2 year mean of 0.60
reported for the ombrogenic mire Stormossen [Kellner,
2001] but higher compared to the range of 0.23 to 0.30

10

observed over 5 years in the Irish blanket bog [Sottocornola
and Kiely, 2010]. Differences in the evaporative fraction
among mires might result from both abiotic (e.g. 7, P,
WTL) and biotic (e.g. plant species composition, biomass,
leaf area index) effects on either R, or AE. In addition, the
positive correlation between the evaporative fraction and R,
highlights the role of latitude (e.g., day length), cloud cover,
and surface albedo as important controls on the fraction of
R, being partitioned into AE.

4.2. Characteristics and controls of mire
evapotranspiration

4.2.1. Actual and potential evapotranspiration

[43] Maximum ET rates observed in our study were similar
to those of several other peatlands [Humphreys et al., 2006;
Lafleur et al., 2005; Shimoyama et al., 2003; Sonnentag
et al., 2010] suggesting a common threshold of maximum
ET in peatlands. Given the relatively narrow range in maxi-
mum LAI of commonly 1-2m’m 2 among contrasting
peatlands [Humphreys et al., 2006], it is possible that physio-
logical constraints on ET are rather similar despite differences
in WIL (see also section 4.2.2) and composition of plant
functional types. The low mean E7/PET ratio of 0.55 and
Priestley-Taylor o values far below 1.26, which is characteris-
tic for well-watered land surfaces [Priestley and Taylor,
1972], as well as the dominance of 7, over r,, further high-
lights the importance of physiological constraints on ET
even at this well-watered fen site. Similar observations and
values for ET/PET and Priestley-Taylor a were reported for
other peatland types and sites [Humphreys et al., 2006; Lafleur
et al., 2005; Sottocornola and Kiely, 2010].
4.2.2. Surface conductance and water table level controls
on evapotranspiration

[44] Surface conductance acts as a main regulator of the
plant mediated water transport from the soil to the atmo-
sphere [Schulze et al., 1994]. Overall, the daily range and
the mean of the growing season surface conductance (gy)
at Deger0 Stormyr were comparable to those reported in
other peatlands [e.g., Lloyd et al., 2001; Sottocornola and
Kiely, 2010]. However, micrometeorological measurements
represent a bulk estimate of g, that includes contributions
from both moss and vascular plant communities and previ-
ous studies have highlighted that the relative composition
of these contrasting plant communities has a crucial effect
on magnitudes and patterns of g, and ET [Humphreys
et al., 2006; Kurbatova et al., 2002; Lafleur, 2008]. This is
due to the fundamental difference that moss conductance is
mainly regulated by water availability and leaf wetness
whereas vascular plant conductance is primarily controlled
by their stomatal response to radiation and D [Kurbatova
et al., 2002; Schulze et al., 1994; Williams and Flanagan,
1996]. At the Degerd mire, vascular plants and mosses
account each for approximately half of the photosynthetic
active ecosystem biomass, [Laine et al., 2012]. Thus, the
vascular plant fraction likely dominated the total ecosystem
conductance and explained the R, dependent response of
gs to D at low D levels at this site. In contrast, stomata
closure and moss desiccation occurring during dry periods
may have constrained the g, response to R, at increasing D
levels. Furthermore, moss conductance has been reported
to increase with surface roughness due to enhanced turbulent
eddy flow into the canopy [Rice et al., 2001]. In contrast, we
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observed a decrease in g; (i.e., an increase in ry) with
increasing surface roughness length (z,) over the growing
season which further indicates a dominant role of the vascu-
lar plant community as control on g, and E7 at this site.

[45] The role of WTL on peatland ET is still subject to
discussion [Lafleur et al., 2005; Sonnentag et al., 2010].
While the negative response of g, to WTL observed in our
study can be linked to the negative effects of reduced moss
moisture content and water availability to vascular plant
roots [Schulze et al., 1994; Williams and Flanagan, 1996],
it is noteworthy that this response of g, to WTL did not
significantly affect ET as demonstrated by the lack of corre-
lation between WTL and ET/PET in our study, which is in
contrast to previous studies [Bridgham et al., 1999; e.g.
Kellner, 2001; Kim and Verma, 1996]. The observed
relationship of greater daily E7 at lower WTL was due to
the confounding effect with 7, as high 7,,, D (and thus high
ET) and low WTL coincide during the summer period (and
this pattern disappeared after accounting for 7). Moreover,
although daily ET leveled out at D > 1kPa, a reduction of
ET at high D levels did not occur which indicates that suffi-
cient soil water was available to maintain high E7 rates even
during dry conditions with low WTL. Similar to our findings,
ET and ET/PET was not significantly affected by WTL
in other peatlands with shallow (i.e., 0 to —30cm) WTL
[Humphreys et al., 2006; Sonnentag et al., 2010; Sottocornola
and Kiely, 2010; Wu et al., 2010]. However, a significant
reduction of ET and ET/PET occurred below a WTL of
—60cm in the ombotrophic Mer Bleu bog in relation to
reduced water availability for both moss and vascular plant
vegetation and the hydraulic properties of peat [Lafleur
et al., 2005]. Thus, capillary forces by Sphagnum mosses
and root access of vascular plants to a critical depth may
be able to maintain wet ground surface conditions over a
wide range of WTL and thereby explain the convergence
of maximum daily E7 (see section 4.2.1) and the lack of
response of ET to shallow WTL fluctuations.

[46] The 5year mean of annual ET at Degerd Stormyr
(241 £48 mm) was close to the 2 year mean of 320 mm in
a Finish mire [Wu et al., 2010] but considerably lower than
the 5 year means of 476 mm at the raised bog Mer Bleue in
southern Canada with deeper WTL [Lafleur et al., 2005]
and of 394 mm in an Irish blanket bog with higher WTL
[Sottocornola and Kiely, 2010]. Possible reasons for higher
ET at these two peatlands compared to Degerd Stormyr
may include the latitudinal effect on R,, a warmer (milder
winter in the case of the maritime Irish blanket bog) and
longer growing season, higher P input at the Irish bog, and
a denser cover of vascular plants at the Mer Bleu bog.
Differences in the composition and seasonality of the plant
canopies also accounted for much of the observed differ-
ences in ET between bog and fen mesocosms in the study
of Bridgham et al. [1999]. Thus, climate and vegetation
composition are likely stronger controls on annual E7 than
WTL alone across different mire types.

4.3. Controls and temporal patterns of the water
budget components

[47] The partitioning of the water input into the different
water budget components is important for determining nutri-
ent accumulation and peatland development [Eppinga et al.,
2010; Nungesser, 2003; Pastor et al., 2002]. The cumulative
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sums of measured O and AS at our mire (174 to 404 mm and
—95 to 89 mm, respectively) were comparable to those over
2 years at a boreal mire in Eastern Finland (194 to 387 mm
and —50 to —20 mm, respectively) [Wu et al., 2010]. The
relatively high Q/P ratio of 0.65 at Degerd Stormyr classifies
this site as primarily drainage-driven peatland [Eppinga
et al., 2010]. Nevertheless, contrasting temporal patterns of
the partitioning between the water flux components were
observed with O being more important in spring and autumn
while ET was greater during summer. Furthermore, the large
inter-annual variation of the Q/P ratio (0.38 to 0.80) indi-
cates the sensitivity of the mire water balance to various
controls and internal feedbacks. For instance, the correla-
tions of ET/P and Q/P with R, suggest that controls of R,
(i.e., latitude, albedo, cloud cover, and vegetation structure)
also affect the partitioning of the water budget. Similarly, the
observed correlation between cumulative P and its partitioning
into O and ET has important implications given the large inter-
annual variability observed in P. Furthermore, our findings
highlight the role of WTL in determining whether precipita-
tion events resulted in recharge of soil storage or increased
runoff. Thus, in support of our second hypothesis, the water
budget partitioning does not only depend on magnitudes but
also on the frequency and timing of water input and concurrent
WTL levels. An improved understanding of the controls deter-
mining variations in discharge is important because of its link
to mire nutrient and carbon distribution and export dynamics
[Eppinga et al., 2010; Koehler et al., 2011; Nilsson et al.,
2008; Roulet et al., 2007].

4.4. The importance of non-growing season energy
exchange and mire water budget partitioning in
northern boreal landscapes

[48] Previous studies on peatland energy exchange have
been often limited to the growing season period [e.g.,
Humphreys et al., 2006; Kurbatova et al., 2002; Sonnentag
et al., 2010]. However, considering the long winter periods
in boreal regions, it is important to understand how non-
growing season energy exchange processes affect land
surface energy balances [Harding and Pomeroy, 1996;
Kuusisto, 1986; Neumann and Marsh, 1998]. The relatively
small (12%) contribution of non-growing season AE to the
annual sum at our site resulted essentially from fluxes
occurring during snow-free periods in April and October/
November (here defined as part of the non-growing season)
and was therefore determined by the timing of spring snow-
melt and autumn snowfall. Similar small but significant
(10% and 25% of the annual sum, respectively) winter AE
was previously reported for a Finnish mire [Wu et al.,
2010] and a Canadian bog [Lafleur et al., 2005]. In compar-
ison, non-growing season H was substantial and able to
offset about two thirds of the growing season H. The large
variations in H during the winter may be related to the
thawing and freezing of the snow pack with the subsequent
consumption and release of energy [Kuusisto, 1986; Neumann
and Marsh, 1998]. Furthermore, ground heat fluxes during
pre-melt conditions were reported to contribute about 25% to
the total energy balance in peatland [Knox et al., 2012]. While
winter measurements of Q are commonly quantified for snow-
free periods only [e.g. Wu et al., 2010], the small but signifi-
cant (10% of the annual sum) base flow observed during the
snow covered period at our site demonstrate the need for
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year-round measurements of Q using heated weirs [Nilsson
et al., 2008; Roulet et al., 2007]. Overall, our findings confirm
our third main hypothesis that non-growing season energy and
water fluxes represent a significant portion of their annual
exchanges in this northern boreal peatland. Snow cover and
soil frost dynamics during the winter season may therefore
act as important controls on the annual energy budgets in
boreal peatlands.

[49] Within the context of boreal landscape ecology, it
is also important to understand water budget dynamics
during winter periods and the contribution of northern mire
ecosystems to the landscape water balance [dgren et al.,
2007; Buffam et al., 2007; Laudon et al., 2004, 2007]. The
dynamics of O at our mire site were dominated by the spring
snow melt, during which time the water input in the form of
snow melt was close to that of Q. This is in contrast to
forested ecosystems in the surrounding region where the
snow melt period constitutes an important phase of soil
recharge and is followed by substantially lower spring runoff
[Laudon et al., 2004, 2007]. Thus, the presence of mire
ecosystems may considerably modify the energy balance
and water cycle of forested boreal catchments which high-
lights the need for inclusion of wetlands in regional and
global climate models [Lafleur, 2008].

5. Conclusions

[s0] We determined patterns and controls of the seasonal
and inter-annual variability of energy and water fluxes in a
minerogenic oligotrophic mire over 5 years (2001 to 2005)
using eddy-covariance and weir discharge measurements.
Based on our findings we conclude that

 Seasonal and inter-annual variations in the energy partition-
ing (i.e. the Bowen ratio) were mainly driven by changes in
the latent heat flux which was also the dominant turbulent
energy flux in terms of magnitude.
» Evapotranspiration, E7T, was not directly related to water
table level but instead primarily driven by changes in
vapor pressure deficit and net radiation. We further
conclude that significant physiological constraints on ET
occurred in this well-watered fen.
Seasonal and inter-annual variations of bulk surface con-
ductance were strongly linked to water table level, vapor
pressure deficit and net radiation which altogether affect
magnitudes of the contrasting plant functional type- and
species-specific conductance. However, while surface
conductance was an important control on the diurnal ET
patterns, its effect on £7 was less pronounced on the sea-
son scale.
The seasonal and annual partitioning of the mire water
budget components was regulated by the amount and
timing of net radiation and precipitation as well as by
the concurrent water table level. Specifically, the mire
water discharge was mainly controlled by the degree of
saturation of the soil water storage resulting in episodic
runoff during periods with high water table, i.e., during
spring and autumn.
Non-growing season energy exchanges, water fluxes, and
water budget partitioning in northern mires are of signifi-
cance for annual budgets in the boreal region.
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