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Boreal peatland energy balances using the eddy covariance technique have previously been made in
Alaska, Canada, Scandinavia, and Western Siberia, but not in the European portion of the Russian Feder-
ation. European Russia contains approximately 200,000 km? of peatlands and has a boreal (subarctic),
continental climate influencing the region’s energy balance. To help fill this research gap, the surface
energy balance was determined for a boreal peatland fen in the Komi Republic of Russia for an 11-month
period in 2008-2009 using the eddy covariance method. The total measurement period’s cumulative
energy balance closure rate was 86%, with higher closure during the critical summer growing season.
Similar to other boreal peatland sites, the mid-summer shortwave radiation demonstrated albedo
between 0.13 and 0.19 as calculated on a cumulative monthly basis, whereas monthly albedo was >0.9
during the months with greatest snow (January, February 2009). Mid-summer Bowen ratios averaged
0.20-0.25 on a cumulative basis, with monthly averaged mid-day values in the range 0.35-0.53 during
Evaporation the growing season. Latent energy (LE) fluxes exceeded 70% of net radiation and 60% of potential evapo-
Boreal peatland transpiration. During the study period, total evapotranspiration (406 mm) was slightly greater than rain-
Fen fall (389 mm), with later snowfalls creating excess moisture in the atmospheric water budget. These
Russia characteristics together point to a peatland whose energy balance behavior is generally consistent with
Eddy covariance data from other boreal fens. The LE fluxes were dominantly controlled by net radiation, with less canopy
resistance than at other northern fens and a lighter role for vapor pressure deficit to play in the energy
balance. The aerodynamic and canopy conductance terms were of similar magnitude, both through the
season and through any given diurnal cycle. The consequently high decoupling coefficient (0.65 +0.16
in the growing season) allows further modeling of fens in this region with reduced effects from the uncer-
tainties of parameterizing surface conductance terms and their responses to water table and vapor pres-
sure deficit changes. The Priestley-Taylor method provides a reasonable approach to modeling
evapotranspiration, given some assumptions about the site’s energy balance closure. This understanding
of the local drivers on the energy and water budgets has important implications for peatland ecology and

growth, regional carbon dynamics, and downstream hydrology.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction and the carbon cycle in these environments, and there is general

consensus that the hydrological cycle is an important first-order

Boreal peatlands cover 3% of the earth’s land surface and con-
tain 500 = 100 Pg of organic carbon over their total peat depths
(Yu, 2012), which is equivalent to 21% of the 2344 Pg that compose
the global organic carbon stock stored in the first three meters of
soil (Batjes, 1996; Jobbagy and Jackson, 2000). They are also
susceptible to rapid changes in response to increased Arctic-region
climate changes and variability (Bridgham et al., 2008; Dise, 2009).
Recent studies have focused on the interactions between hydrology
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control to carbon fluxes, vegetation cover and changes, and on mi-
cro-topographic patterning (Billett et al., 2004; Couwenberg and
Joosten, 2005; Limpens et al., 2008). Peatland hydrology, ecological
functioning, and development are largely dependent on the local
energy balance and whether precipitation is balanced by evapo-
transpiration (ET). Additional considerations include the effects
of sensible (H) and ground (G) heat flux on the soil or moss surface
temperature, which are critical for regulating bacterial activity and
CO, or CH, production (Frolking et al., 2011).

The primary driver of latent energy fluxes (LE) in wetlands is
generally seen to be net radiation (R,,), with wetland LE/R, ratios
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generally exceeding 0.5 and fen values generally higher than bog
values (Lafleur, 2008). The effect of the water table position is often
of lesser importance though it does help determine canopy con-
ductance (g.) as it controls the relative contributions of different
ground components such as bare soil, mosses, or vascular plants
(Lafleur et al., 2005; Sonnentag et al., 2010). Other studies have
found some positive effect from lower water tables on ET, but these
impacts may be confounded by the coupling to the synoptic mete-
orological conditions driving the water table conditions (i.e., less
precipitation and higher vapor pressure deficit - VPD) (Wu et al.,
2010). Tests of the peatland energy balance in land surface model-
ing schemes have estimated more accurate fluxes for fens than for
bogs, in part due to the complexities of moss evaporation and its
link to water table height, which often varies irregularly through
a site (Comer et al., 2000).

The European part of Russia includes approximately
200,000 km? of peatlands, mostly in its boreal regions, thus com-
posing more than 50% of the world’s boreal peatland landscapes
(Apps et al.,, 1993; Joosten et al., 2012). The potential of these sites
for long-term carbon uptake is not assured due to a variety of
climatic and biological factors ranging from increased temperature
to carbon saturation in the sink mechanisms. While most research
on northern peatlands focuses on Alaska, Canada, and Scandinavia,
some energy flux research has been performed in the Russian taiga
wetlands (Kurbatova et al., 2002). Their water relations and energy
balances have long been studied (Romanov, 1968a; Ivanov, 1981),
but the results of this research are often under-reported or delayed
in English-language literature (Masing et al., 2010). For example,
one relatively recent report (Shutov, 2004) describes the water bal-
ances of boreal peatland bogs in northwest European Russia based
on investigations with weighing lysimeters in the 1970s. This
report found significant reductions in peatland evaporation as
the summer water level dropped below the threshold where the
surface peat was wetted by the capillary fringe (i.e., to —50 cm).
Comparing results from relatively wet and dry years, the authors
found similar rates of evapotranspiration and assume it is driven
more by vegetation cover than by water availability. As a result,
in the relatively wet year, the ratio between evapotranspiration
(ET) and precipitation (P), used as a climate wetness index with
implications for peat growth and hydrology, was 0.38 whereas in
the dry year the ET/P ratio was 0.47. In both cases, ET was 63% of
global solar radiation so the change in the ET/P ratio was derived
nearly entirely by the reduction in P rather than a change in ET.
In contrast to the relative consistency of ET rates in different
climate conditions, the authors do find spatial heterogeneity of
ET across their peatland landscape, with open water and lake-filled
regions evaporating more water than a hollow-ridge complex
consisting of some bare peat surfaces.

There is some history of work using the eddy covariance meth-
odology (Baldocchi, 2003) to determine the energy balance and
drivers of evapotranspiration in the continental peatlands of Rus-
sia. For instance, a comparison between a European bog (Fyodor-
ovskoye) and a central Siberian bog (Zotino) revealed strong LE
fluxes relative to H, with higher Bowen ratios (H/LE) in Fyodorovs-
koye (the approximate mid-summer average of a 5-day running
mean ratio was 0.6-0.8 vs. 0.3, respectively) (Kurbatova et al.,
2002). Both sites were characterized by close surface-atmospheric
coupling through the effect of surface drying, limiting the role of
net radiation in driving evaporative fluxes. This finding is in con-
trast to other work in a western Siberia bog (Shimoyama et al.,
2004) that found a strong decoupling and therefore a large role
for net radiation in driving the latent energy flux. Despite these
studies, however, examples of the energy balance in Russian peat-
lands remain rare with a relative paucity of data compared to other
regions (Lafleur, 2008; Wang and Dickinson, 2012). Finally, Russia’s
peatlands contain a diversity of hydro-ecological forms (Minayeva

and Sirin, 2012), and there seem to be no reports of Russian boreal
fen energy balances in the eddy covariance literature.

Therefore the key objective of this study is to quantify and
describe the diurnal and seasonal variations and drivers of the
energy balance for a typical boreal peatland complex of the Russian
Federation’s Komi Republic. This site, like many in this region,
contains both fen-like and bog-like portions. However, since the
predominant wind direction at our measurement site created an
average measurement footprint covering the fen portion, that
region was made the focus of the study. This work compares the
relative contributions of net radiation and vapor pressure deficit
to controlling latent energy fluxes. It also explores drivers of
canopy conductance and how these factors change over time.
Finally, an 11-month energy balance is generated, and the evapo-
transpiration fluxes are contextualized within the water balance,
including measured changes in the water table and rates of precip-
itation and snowfall.

2. Methods and site description
2.1. Site description and data collection

The study site is a typical river valley peatland in North-West
Russia called the Ust-Pojeg mire complex (61°56’N, 50°13E,
119 m a.s.l.) in the middle taiga region (Lopatin et al., 2008) of
the Komi Republic (Fig. 1). The Komi Republic is at the eastern edge
of European Russia and has a humid continental climate with
warm summers and consistently freezing winter temperatures
with continuous snow cover. The mean annual rainfall of Syktyv-
kar, capital of the Komi Republic and 50 km southeast of the field
site, is 525 mm (1888-2012), and the mean annual temperature
is 1.1 °C (RIHMI-WDC, 2013).

The river valley peatland site is in a transitional state from fen
to bog following paludification and so consists of minerogenous,
ombrogenous, and transitional zones; it lies within a region of
the Komi Republic that has been classified as mainly containing
ombrotrophic raised bogs (Vasander, 2007) and is not underlain
by permafrost. The vegetation is dominated by sedges, dwarf
shrubs, and Sphagnum mosses, and small microtopographic fea-
tures such as hummocks, hollows, and lawns are evident. A tran-
sect survey through the site revealed peat depths of up to 2 m,
and radiocarbon dating of the basal peat suggests that the peat
development was initiated between 7500 and 9500 years ago, or
even earlier (Pluchon, 2009).

The site’s vegetation characteristics change in accord with the
transitions between ombrogenous and minerogenous areas
(Schneider et al., 2012). The ombrogenous bog in the site’s north-
ern part is dominated by Sphagnum angustifolium with dwarf Pinus
sylvestris trees on hummocks. The minerogenous fen region in the
south part contains Sphagnum jensenii and Utricularia intermedia.
The transition region between the fen and bog parts of the peat-
land contains Carex rostrata lawns. Throughout the peatland the
microrelief is further distinguished as tending to be composed
of drier, elevated hummocks covered by Andromeda polifolia,
Chamaedaphne calyculata, Betula nana and P. sylvestris; wetter
hollows are composed primarily of Scheuchzeria palustris and Carex
limosa. Canopy height and leaf area index therefore varied consid-
erably through the site, though a reasonable average canopy height
is approximately 20 cm. The vascular plant green leaf area index
(GAI) was determined through measurements of leaf size and
number in biweekly assays in 18 plots (60 cm x 60 cm; only the
9 plots in minerogenic areas are used for the GAI estimates refer-
enced here); living moss cover was estimated as 0.75 m? m~2
through the growing season (Schneider et al., 2012).

An eddy covariance system with a closed-path CO, and H,0 gas
analyzer (Li-7000, Li-COR Biosciences, USA) was used to measure
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Fig. 1. Map showing Ust-Pojeg field site location within Europe. Points marked in red indicate wetland land cover types determined in the ESA GlobCover 2009 product at a

300 m resolution using the MERIS sensor (ESA, 2010).

the turbulent fluxes of momentum, heat, CO, and H,0 from 1 April
2008 until 12 February 2009 (GazZovic et al., 2010). An ultrasonic
anemometer (R3-100, Gill Instruments, UK) measured wind veloc-
ity components in three dimensions and sonic temperature at
20 Hz frequency at a height of 3 m. Sample air was drawn at a rate
of 8.5 L min~! from the air intake close to the anemometer mea-
surement point, through a high-density polyethylene tube of
12 m length and 4 mm inner diameter, and through the closed-
path gas analyzer. At the time of the start of measurements, the
tube was new, i.e. the inner tube walls were uncontaminated.
The site’s fetch is relatively flat and homogeneous despite the mic-
rotopographic variation in the peatland surface. Initial investiga-
tion of the CO, data collected in this campaign indicates a
growing season length of approximately 120 days, from DOY 140
to 260, or 19 May to 16 Sept, based on positive 24-h net ecosystem
productivity (GaZovic et al., in preparation).

This site was supported by an adjacent meteorological station
that collected data on relative humidity (RH) and air temperature
(T,) (CS215, Campbell Scientific Ltd., UK), air pressure (RPT410F,
Druck Inc., USA) and four-component radiation (CNR 1, Kipp and
Zonen, Netherlands). Surface temperature (T;) was determined
from the outgoing long-wave radiation measurement with the
Stefan-Boltzmann law and an assumed emissivity of 0.98; it is
used to decide when to apply the latent heat of sublimation (at
Ts < 0 °C) in place of latent heat of evaporation in converting water
vapor fluxes to latent energy fluxes. Soil temperature at 1 cm and
5 cm below the peat surface was measured by CS-107 temperature
probes (Campbell Scientific Ltd., UK) and heat flux plates (HFPO1,
Hukseflux, NL) measured at two nearby positions at a depth of
5 cm. Rainfall was measured by a HOBO RG2 tipping bucket rain
gauge (Onset Computer Corporation Inc., USA), water level in the
fen was measured by MDS Dipper groundwater loggers (SEBA
Hydrometrie GmbH, Germany), and photosynthetically active radi-
ation (PAR) was measured by an SKP215 sensor (Skye Instruments
Ltd., UK). Vapor pressure deficit (VPD) was determined from RH
and T, using a vapor pressure saturation curve (Bolton, 1980).

Water level fluctuations are compared to precipitation and evapo-
transpiration in the vertical (land-atmosphere) water balance by
assuming a specific yield (S,) of 0.60, which has been estimated
for the upper layers of other boreal peatlands (Petrone et al.,
2008). Snow cover and water content was determined through a
series of seven vertical profile measurements in a transect line
through the peatland over eight days between 27 March and 10
April 2008 and again during the period between 3 February and
10 February 2009. These data were supplemented by snow and
precipitation data from the meteorological station at Syktyvkar,
approximately 50 km to the southeast. All data are reported in
local time, which is UTC + 4 h.

2.2. Eddy covariance data processing

Our flux data processing and correction routine is similar to one
used in previous studies at this site (Runkle et al., 2012), and
includes data screens based on stationarity and integral turbulence
characteristics (Foken and Wichura, 1996). The processing routine
uses a peak-detection algorithm in order to more accurately cap-
ture the delayed lag time possible under higher humidity and
low-flux conditions and applies it in the flux data-processing rou-
tine after coordinate rotation of the wind velocity vectors. Correc-
tions for tube attenuation of water vapor, based on cospectral
similarity to the heat flux signal, are applied on the data until 15
October 2008 because a inlet tube heating cable installed at that
time changed and largely eliminated this response (Runkle et al.,
2012). Calculations have been performed using EdiRe v1.5
(R. Clement, University of Edinburgh, UK) for flux data processing
and Matlab v7.13 2011b (Mathworks, Inc., USA) for other numeri-
cal analyses.

Gap-filling on the time series of the turbulent energy fluxes
(H and LE) was performed using an automated moving window, semi-
empirical look-up method based on the response of these fluxes
with VPD, T, and incoming solar radiation (R;) (Falge et al.,
2001; Reichstein et al., 2005). Once screened for wind direction
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to remove the non-fen-like segments, gap-filling was required for
50% of LE measurement intervals and 40% of H measurement inter-
vals. For certain months, the gap-filling requirements were higher;
i.e., October’s dataset required 78% of the half-hour periods to be
filled, January required 71% and February required 91%. The other
measured months required 38-53% of time periods to be gap-filled.
The LE flux was further gap-filled using several modeling tech-
niques described below. Footprint modeling was performed using
an analytical model that assumes height-independent crosswind
dispersion and that the vertical turbulent mixing process is sta-
tionary and behaves as a gradient analogous to diffusion (Kormann
and Meixner, 2001). This approach has been applied to other boreal
peatland sites (Forbrich et al., 2011) and is used primarily to distin-
guish between the fen-like and bog-like portions of the site.

2.3. Energy balance and modeling evapotranspiration

The surface energy balance is composed of net radiation (Ry),
ground heat flux (G), the turbulent sensible heat flux (H), the tur-
bulent latent heat flux (LE), the energy used to melt snow (Qy,),
and a closure term or residual to account for an incomplete balance
through measurement error or missing terms (C):

Ri=G+LE+H+Q,+C (1)

The sign convention used is that R, and G are positive down-
ward and H and LE are positive upward. Q,, is positive when the
snow melts.

Q,, is modeled using the specific latent heat of fusion of water
(Ls 0.33 M] kg 1). For the April 2008 period, the snowpack’s water
equivalent (SWE) was measured on site and used with L. For the
following winter SWE was derived from the Syktyvkar weather
station’s precipitation data. A degree-day snowmelt model was
then applied using a 0 °C reference temperature and an open-area
melt-rate factor of 4 mm °C~! d~! (Rango and Martinec, 1995). This
modeled melt water amount is then converted to the energy term
Q, using Lr A sensitivity analysis of this factor conducted by
shifting it between 3 and 5mm©°C 'd' revealed only slight
impact (3-5 days) on the timing of snowmelt and a statistically
indistinguishable effect on the 30-min energy balance closure. As
a diagnostic indicator of the performance of the eddy covariance
technique, the energy balance closure is evaluated by using the
half-hourly measurements and finding the least-squares linear
regression slope EB—Cs3g and intercept EB—Csg;, of the equation
(LE+H)=EB—C30 * (R; — G — Qi) + EB — G3q; (as presented in Wilson
and Baldocchi, 2000).

LE (i.e., ET Lepw) is modeled and gap-filled using the Penman-
Monteith equation:

1 sR.+cp,p,VPDg,

ET =
Lepw S+ y(] +ga/gc)

(2)

where R, is the available energy and is approximated from the sum
of H and LE. Alternatively and perhaps more traditionally,
R, — G — Qy, is used, but the potential mismatch in their footprints
and the difficulty of a good spatial estimate of G across the site’s
microtopography preclude this option here. The other terms are
aerodynamic conductance (g,), surface or canopy conductance
(g), the slope of the saturation vapor pressure curve against tem-
perature (s), the psychrometric constant (y), the density of water
(pw) and dry air (p,), the latent energy of evaporation (L), the heat
capacity of air (c,), and the vapor pressure deficit (VPD). This model
can be modified to estimate the potential evapotranspiration rate
(PET) by setting g. to infinity. The model is inverted to create esti-
mates of g. based on measured LE.

When the sonic anemometer provided quality-controlled esti-
mates of u,, a formula for g, is computed to include excess

boundary resistance to heat and water vapor transport. This
approach has been used in previous studies of peatland landscapes
(Kim and Verma, 1996; Humphreys et al., 2006), referencing work
describing flow over irregular surface elements (Wesely and Hicks,
1977; Verma, 1989):

kB! /d, By .
gﬂ‘(k—m<d—) fi )

where u, is the friction velocity, u is the mean wind speed, k is the
von Karman constant with a value of 0.4, and dp/d, is the ratio of
thermal diffusivity (dj,) to molecular diffusivity of water vapor (d,)
and is set to 0.89 at 20 °C. The kB~! term, using the dimensionless
parameter B~!, is an estimate of the logarithmic ratio between the
roughness length of momentum and the roughness length for mass
or sensible heat fluxes (Owen and Thomson, 1963). A kB~! value of
2 is used for comparison to a recent review of the peatland energy
balance (Humphreys et al., 2006), though slightly lower (1.6) and
higher (2.3) values have also been used in peatland studies
(Campbell and Williamson, 1997; Shimoyama et al., 2004). The
two conductance terms are determined on a half-hourly basis but
are presented using monthly and diurnal average values; they are
also determined separately for wet or dry periods as defined as
the presence (or absence) of rainfall in the preceding 12h
(Briimmer et al., 2012).

The surface roughness length z is determined from the sonic
anemometer’s 30-min estimate of u, and mean wind speed, similar
to Sonnentag et al. (2011):

Z*do

%= exp(k xu/u,)

(6)

where z is the measurement height (3 m), dg is the zero-displace-
ment height (assumed to be 0.66 *h) and zy is assumed to be
0.1 *h (Foken, 2008), where h is the vegetation canopy height.
Therefore, zo and h can then be derived from the other terms.
This z; parameter is derived under near-neutral conditions
(Jz/L] < 0.025) and high mean horizontal wind speeds (u>3 ms™')
to ensure minimal correlation between zy and u. A seasonal evolu-
tion of zy is then developed based on the monthly mean z,
estimates, interpolated through time, and used to generate esti-
mates of u, from the meteorological wind sensor when the sonic
anemometer’s performance failed quality control.

Measured and modeled evapotranspiration can also be com-
pared to equilibrium evaporation E.q (McNaughton, 1976). This
rate represents the vapor flux expected from an extensive moist
surface in the absence of advective influences (as it is missing
the u, VPD, and conductance terms of the Penman-Monteith
equation):

1 SR,

e T L) 55

(7)

where R, is the available energy, which is defined either as
(R, — G — Q) or as (H + LE). Both terms are used in the literature
and offer a chance to explore the effect of the incomplete energy
balance closure on the Priestley-Taylor (1972) relationship, which
uses ET.q in the formula ET = opy ETeq, where opr is fit through linear
regression against measured ET. Some researchers consider the
Priestley-Taylor opy of 1.26 as a truer representation of equilibrium
conditions (Eichinger et al., 1996). In either case, opr can be a useful
indicator of the drivers of evaporation, as the fitted value can vary
substantially among different wetlands (Roulet and Woo, 1986;
Souch et al., 1996).
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2.4. Canopy conductance modeling

The canopy conductance is modeled by the following relation-
ship, which modifies relationships used in other wetland studies
(Kellner, 2001; Wu et al., 2010) and is fit for the inverted g. esti-
mates on a monthly basis by minimizing the root-mean-square
error of modeled output:

_axR+b
& =13 cxVPD (8)

where R; is the incoming shortwave radiation and a (mm s~! W~ m?),
b (mms™'), and ¢ (kPa~') are the best-fit parameters. This
modeled value is used with the Penman-Monteith equation (where
R, =R, — G — Qy,) to gap-fill the full time series of LE fluxes. At a dai-
ly time scale, the daytime mean g. is compared to daytime mean
VPD through a relationship used in other peatland energy balance
studies (Humphreys et al., 2006; Sottocornola and Kiely, 2010):

_ &ec.max
8 =1%hp x VPD (9)

In this relationship, gcmax (mms~!) and bp (kPa~!) are best-fit
parameters similar to b and c in the previous equation. This rela-
tionship is fit for daytime intervals with PAR >400 pmol m~2s7,
which is a lower light threshold than used in comparative studies,
but allows more data from a wider portion of the growing season
to be examined.

The decoupling coefficient can also be used to quantify the
degree of interaction between the evaporating surface and the
atmosphere outside of the leaf boundary layer (McNaughton and
Jarvis, 1983; Jarvis and McNaughton, 1986):

B s/y+1
S/ +1+84/8

An Q value near 0 implies a strong coupling between atmosphere
and vegetation so that VPD in the region of the leaf (or otherwise
evaporating surface) is negligibly distinct from VPD in the atmo-
sphere. In these cases, g. < g, and E is primarily controlled by g.
and VPD. Alternatively, a 2 of 1 implies complete decoupling of
LE and the atmospheric moisture budget, as R, is the only contrib-
utor to E (g, > g,) and changes in evaporation tend to have no effect
on VPD in the region of the evaporating surface. Such decoupled
conditions may develop in the moist microclimates within a forest
canopy or a wet landscape, while coupling tends to be stronger in
drier, more water-limited ecosystems, including peatlands if the
moss surface dries out.

(10)

2.5. Ground heat flux

The ground heat flux plate measurements (Gs) at 5 cm depth
(Az) were corrected for changes in heat storage in the overlying
peat layers using the combination method of C.B. Tanner (Brutsaert,
1982; Drexler et al., 2004). This method uses the difference of the
average peat temperature measured at both 1 cm and 5 cm over a
30-min interval (dT;_s), assumes a constant heat capacity (Cy) in
time (t) and space (z), and uses dt set to 1800 s (the measurement
interval of the ground heat flux plate):

dTy_s
dt

A weighted heat capacity was used by assuming continuously
saturated peat conditions and porosity 0.8. This value
(3.54 MJ m~—3 K1) assumes constant heat capacities of dry peat soil
(23MJm—>K™") and of water (4.2MJm— K™'). The mean cor-
rected ground heat flux from each plate measurement for each
30-min interval was used to average the effects of spatial heteroge-
neity in heat conduction.

G=0Gs+Cy

Az (11)

3. Results
3.1. Site energy balance

The site’s observed meteorological conditions reflected its posi-
tion in the boreal zone, with cold, extended freezing conditions in
winter and warm summer months in June and July (Fig. 2). At the
Syktyvkar meteorological station, the study year of 2008 was both
warmer and wetter than long term annual average conditions with
a mean annual temperature of 3.4°C and a precipitation of
687 mm (water equivalent) from April 2008 to February 2009
(though the installed station at the study site measured only
486 mm precipitation). Relative to long-term conditions, the study
year had higher than average temperatures in July and the winter
months and more rainfall in August largely due to a single storm
event.

Near the start of field measurements, on 6 April 2008, the peat-
land surface was completely covered with a snow layer of approxi-
mately 40 cm depth (with average volumetric water content of
29%, representing 36 MJ m~2 cumulative melt energy or one-third
of April’s net radiation). This time was followed soon after by rain
events and higher temperatures, melting all snow and contributing
to arise in the water table. From 16 April, the water table was near
the surface on hummock locations and from +5 to +17 cm over the
peat surface in transitional to minerogenic regions, respectively.
These water surfaces dropped by 3-9 cm from 21 April to 3 May,
during a period with pronounced daily temperature fluctuation
and nighttime freezing of the water and peat surfaces (GazZovic
et al., 2010). Despite punctuation by small precipitation events,
the water table continued on a general decline to —14 cm until a
large (36 mm) rain event 19-20 August and subsequent rainfall
brought the mean water table up toward the surface. Examining
solar albedo from the 4-component radiometer suggests a first
winter snowfall on 5 November 2008, followed by a brief melt event
one week later, and then near continuous site snow cover until the
end of the measurement campaign.

The eddy covariance measurements were screened for quality
and footprint to generate time series for LE and H. As a diagnostic
of the half-hourly flux measurements, the site achieved a 75% clo-
sure slope (i.e., EB—Czg at of the full dataset), though closure was
much higher in the summer months (EB—Csg of 0.73 in Septem-
ber to EB—C39 of 0.97 in July and August). Moreover, the gap-
filled cumulative annual energy balance was 86% of incoming
radiation (Tables 1 and 2). The dominant wind direction gener-
ated a seasonal eddy flux footprint weighted toward the site’s
fen-like portions, with much less data representing the mire’s
bog regions. Of the 30-min eddy flux intervals that passed data-
screening and technical concerns, 78% were from wind directions
(124-327°) where 50% or more of the flux-contributing areas
were within the fen region. No consistent changes to the energy
partition were found to differentiate the bog and fen contributing
regions during meteorologically similar data collection intervals.
The result of these screens was that 50% of the measurement per-
iod’s half-hourly data was kept for further analysis. The footprint
model additionally demonstrated that in 96% of the flux measure-
ment periods, 80% of the flux footprint was within 500 m of the
eddy tower, thus largely avoiding the patches of forest on the
mire’s outskirts. The remainder of flux measurements occurred
during stable, night-time conditions with low fluxes and so had
little effect on the total energy balance, and the region of maxi-
mum contribution to the overall flux at these times was still well
within the open peatland’s boundaries. The lookup-table method
was successful in generating gap-filled H fluxes with root-
mean-square error (rmse) of 13.6Wm™2, determined by
comparing measured data to the modeled values estimated from
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Fig. 2. Meteorological conditions and gap-filled energy fluxes derived from the eddy-covariance methodology (or ground heat flux modeling) for 2008-2009 field year,
measured or modeled on a half-hourly frequency. Measured meteorological terms include air temperature (T,), vapor pressure deficit (VPD), horizontal wind speed (u), and
precipitation (P), which represents rainfall (in black) and the water-equivalent of snow (in red). The water table depth (WT) is the mean of two wells in the fen region of the
peatland site. Note the changing y-axis limits on the heat fluxes—net radiation (R,), latent energy (LE), sensible heat (H), and ground heat flux (G). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the gap-filling technique. Compared to the measured data points,
modeled LE fluxes had rmse of 23.0 W m™2 using the lookup-
table method and improved to rmse of 12.2 W m™2 using the
Penman-Monteith model with parameters presented below.

The magnitude of the energy fluxes closely followed net radia-
tion (Tables 1 and 2), which during the unfrozen months was
largely partitioned into latent energy flux (>60%). Because of sub-
stantial winter-time negative sensible heat fluxes, LE represented
77% of the measurement period energy balance. During the
growing season, H reached nearly 20% of the monthly energy

balance and G approached 10% (in June). Compared to potential
evapotranspiration, total actual evapotranspiration during the
summer was in the range 61-67% and often exceeded total equilib-
rium evapotranspiration. The monthly averaged growing season
shortwave albedo was between 10% and 19%, and the summer
R,/SWj, ratio was in the range 0.56-0.61. The cumulative monthly
Bowen ratio (i.e.,, H/LE including both night and day values) had
high values of 0.28 in September and May but was as low as 0.20
in June and was 0.08 for the complete 11-month measurement
period (lowered by strongly negative sensible heat fluxes during
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Table 1

Monthly cumulative surface energy balance terms® with units MJ m 2.
Month Rn H LE G Qm C LEpot LEq LWi, LWoue SWin SWout
April 2008 108 -27 63 1 39 31 125 37 669 803 380 134
May 2008 278 51 183 20 1 23 272 143 766 936 497 50
June 2008 355 49 252 36 0 17 378 210 860 1004 580 78
July 2008 360 64 260 19 0 18 424 242 942 1091 620 111
August 2008 193 34 140 0 0 19 212 121 938 1023 343 66
September 2008 98 21 75 -21 0 24 122 64 816 900 216 34
October 2008 12 -19 23 -15 1 22 50 12 840 889 73 12
November 2008 -20 —-24 11 -25 7 11 26 -1 775 805 19 9
December 2008 -32 -20 3 —-18 3 1 15 -3 741 774 11 9
January 2009 -33 —42 2 -10 1 16 5 -5 613 647 33 32
Feb.09" -9 -11 2 -3 0 3 3 -1 250 261 22 20
Total 1310 77 1014 -16 52 183 1630 819 8211 9134 2794 554

2 Sensible heat flux (H) is derived from a look-up approach gap-filling tool on eddy covariance data. Latent energy (LE) is gap-filled with the Penman-Monteith model
described in the text. Net radiation (R,) and incoming and outgoing short- and long-wave radiation (SWi,, SWout, LWin, LW,y) are measured using a net radiometer and 4-
component radiometer, respectively. Ground heat flux (G) is measured with heat flux plates and corrected for changes in heat storage in the overlying peat layers, the energy
required for snow melt (Qy,) is modeled based on measured snow height and density, and C indicates the residual. Potential (LE,o) and equivalent (LEe,) latent energy fluxes

are modeled as described in the text.

" The measurement campaign concluded 12 February 2009, so February is presented as a partial month.

Table 2

Monthly ratios of key energy balance terms, where “Annual” implies ratios derived from the study period’s total radiation components. By mid-day refers to the average half-hourly
Bowen ratio (H/LE) for the mid-day period (10:00-14:00 h), and the standard deviation is given as the uncertainty range; the “Annual” value given for this term only refers to the
growing season, defined as between 19 May and 16 September. EB—C3o and EB—Cs; refer to the diagnostic energy balance closure slope and intercept, respectively, from the 30-
min measurement intervals. Other abbreviations are the same as in Table 1 and the text.

Month LE/R,  HJLE HIR, G/R, CIR, LE/LEpot  Ro/SWin  SWou/SWin  Brmid-day EB—Csp EB—Cs0;, Wm™2
April 2008 0.59 —0.43 025 001 0.29 0.50 028 0.35 0.01+2.48 202+14  023+0.06
May 2008 0.66 0.28 0.18 0.07 0.08 0.67 0.56 0.10 0.53 £0.33 615+09  0.50+0.03
June 2008 0.71 0.20 0.14 0.10 0.05 0.67 0.61 0.13 0.35+0.20 826108  0.77+0.04
July 2008 0.72 0.25 0.18 0.05 0.05 0.61 0.58 0.18 0.37£0.19 96507  0.97+0.04
August 2008 0.72 0.25 0.18 0.00 0.10 0.66 0.56 0.19 0.47 £0.18 969+09  0.97+0.04
September 2008  0.76 0.28 0.21 021 024 0.61 0.45 0.16 0.68 +0.24 729+08  0.70£0.04
October 2008 1.95 ~0.83 ~161  -122 181 047 0.16 0.16 027 £1.39 649+22  0.69 +0.08
November 2008 057  —2.09 1.19 1.28 —-054 043 ~1.04 0.47 —0.47 +2.82 41923  041+0.10
December 2008 009 698 0.64 0.56 003 020 ~2.98 0.87 1.84+6.15 419+18  038+0.07
January 2009 005  -2706 1.8 0.31 049 033 ~0.98 0.95 9.11+12.76 495%21 033010
February 2009 022  -547 1.18 0.36 —031 067 —0.41 0.91 2163+5898 39458  039:023
Annual 0.77 0.08 0.06 001 0.14 0.62 0.47 0.20 047 £0.25 752+04  0.72+0.02

the snow-covered months). Monthly average mid-day Bowen
ratios were in the range 0.35-0.68 during the growing season
months.

The monthly mean diurnal cycle of the primary energy flux
terms revealed the dominance of the latent energy flux within
the partition of net radiation at nearly all points of the diurnal cycle
for the months with significant incoming net radiation (Fig. 3).
While LE generally rose in concert with morning increases in net
radiation, it declined more slowly in the late afternoon, as T, and
VPD remained high during this period. During the afternoon and
into the evening, LE often met or exceeded R,. The ratio H/R, was
more constant during daytime hours relative to LE/R,. This pattern
is made explicit through plotting the Bowen ratio’s average diurnal
cycle in Fig. 5, which demonstrates that early-morning peaks in the
H/LE ratio approached 0.85 in some months and then declined dur-
ing the day. Modeled G peaked approximately 1 h later in the day
than R, and took a higher proportion of R, earlier in the year than
later. During wintertime, latent energy was negligible, and the
ground and sensible heat fluxes, which were generally negative,
left larger relative energy imbalances in the budget.

The relative strength of R, and VPD in driving latent energy
fluxes changed through the months (see Supplemental Data table).
From April through November R,, was a stronger influence than
VPD, with greater coefficient of determination (%) on a regression
of half-hourly data (up to 0.88 in July; p<0.001). During the
months June-August, a regression line determining this control
has a slope of 0.56 or greater, though at other times the slope is

lower (0.23 £ 0.02 in April, 0.42 + 0.04 in October, and insignificant
during the winter months). The maximum explanatory power of
VPD alone on LE was in August (12 = 0.62, p < 0.001) with Septem-
ber sharing a similarly high slope in a regression line between VPD
and LE (i.e, 210 W m 2 kPa~!). The strong temporal correlation
between R, and VPD (Pearson correlation coefficient r=0.64,
p <0.001, across the whole measurement period) precludes deter-
mining from these regressions alone whether either’s relationship
with LE was solely causal.

The parameters and indicators describing different portions of
the controls on LE changed over the season and generally tracked
vegetation growth as expressed by vascular plant GAI (Table 3).
The estimated roughness length 2z, reached a maximum
46 + 12 mm in August and was 3 + 2 mm in February. The decou-
pling coefficient, ©2, had a daytime average value of 0.65+0.16
during the full measurement period but was slightly higher during
the growing season, with a monthly average range of 0.65-0.73
and a standard deviation of approximately 0.14 in each month.
This higher decoupling indicates more direct influence of R, on
LE fluxes. The imperfect energy closure has considerable influence
on the opr parameter. During June-August, opr was in the range
0.97-1.06 when assuming available radiation is equivalent to
R, — G — Q;,, whereas these values climbed to 1.06-1.17 when
using gap-filled H+LE. During these summer months, the
Priestley-Taylor relationship is an effective model of LE, with r?
values between 0.78 and 0.87 (using R, — G), though monthly rmse
can exceed 50 Wm™2. As a descriptive model using H +LE for
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Table 3

Monthly parameters governing and describing conductance and LE fluxes. Vascular plant green area index (GAI) is determined via leaf size and number estimates (Schneider et al.,

2012); the roughness length (zp); decoupling coefficient (£2), determined when PAR >20 pmol m

~2 s71; and the Priestley-Taylor coefficient (opr) and its fit statistics are

presented. The opr coefficient and other Priestley-Taylor model terms are determined twice, with different assumptions for the available radiation (R,), but in both cases use only

daytime intervals with PAR > 20 umol m 2

Annual values are derived from the full measurement dataset.

s~. This model’s root-mean-square error (rmse) from measured latent energy flux is used as a fit-statistic and has units of W m

2

Month GAI Zo (mm) Q (day) R,=R,—G—-Qp R,=H+LE

opr (day) 2, p-Value rmse opr (day) 2, p-Value rmse
April 2008 0 18+10 0.53+0.17 0.54 +0.05 0.26, p <0.001 36.24 1.45 £ 0.05 0.76, p < 0.001 25.02
May 2008 0.08 2610 0.67+£0.12 0.82 +0.03 0.69, p <0.001 52.85 1.34£0.03 0.95, p <0.001 18.8
June 2008 0.43 3213 0.70+0.13 0.97 £0.03 0.78, p <0.001 48.24 1.17 £0.03 0.96, p <0.001 21.37
July 2008 1.54 45+ 12 0.65+0.12 1.02 +£0.02 0.87, p <0.001 38.86 1.06 +0.02 0.98, p <0.001 15.92
August 2008 141 46+ 12 0.67+0.14 1.06 £ 0.03 0.82, p <0.001 36.73 1.08 £ 0.03 0.98, p <0.001 14.33
September 2008 0.33 38+12 0.73+£0.14 0.84 +0.03 0.58, p<0.001 29.32 1.16 £ 0.03 0.91, p<0.001 13.78
October 2008 0.03 3811 0.49+0.16 0.82+0.10 0.58, p <0.001 17.88 1.14+£0.10 0.83, p<0.001 15.39
November 2008 0 3012 0.69+0.17 0.18+0.15 0.01,p=0.35 9.57 0.60+0.15 0.21, p <0.001 8.92
December 2008 0 168 0.44 +0.34 0.06 £ 0.14 0.06, p=0.02 39 0.35+0.14 0.50, p < 0.001 3.63
January 2009 0 4+3 0.28 £0.20 0.12 £0.07 0.08, p=0.01 2.03 0.24 £ 0.07 0.17, p<0.001 1.98
February 2009 0 3+2 039+0.18 —-0.68 +0.18 0.89, p <0.001 1.59 —1.41+£0.18 0.45, p <0.001 2.75
Annual 0.35 28+13 0.65+0.16 0.93 +£0.01 0.77, p <0.001 42.64 1.14 £ 0.01 0.95, p <0.001 20.62

available energy, 1° rises above 0.95, and rmse is more than halved.
Additionally, the residuals of this relationship skew positive, for
instance when available radiation is negligible or negative, LEq
was also negative but actual LE was positive. This bias along with
the energy imbalance helps to explain why the monthly total LE
is often 10-30% higher than monthly LE.q, yet apr remains around
1.0. Over the whole measurement period, the two methods
generate opr values of 0.93 and 1.14 (when R;=R, — G- Q,, or
R, = H + LE, respectively).

3.2. Conductance terms and their drivers

On a monthly basis, mean g, and g. were generally of similar
magnitude, and both increased during the growing season
(Table 4). The uncertainties around these values are substantial
when averaging across different time periods within either the
diurnal or seasonal cycle, driven as they are by quickly changing
synoptic factors. Comparing wet to dry data intervals, defined by
the presence rainfall in the preceding 12 h, wetter periods gener-
ated higher canopy conductance, with reduced resistance to
surface water availability and more direct evaporation. There were

negligible differences between wet and dry periods in the aerody-
namic conductance. During the growing season 43% of the time
was classified as “wet”. The mid-summer average canopy conduc-
tance during wet periods (16-21.2 mm s~!) exceeded dry-period
canopy conductance (10.9-18.1 mms~') as well as wet-period
aerodynamic conductance (14.1-16.4 mm s~'). The peak monthly
mean g, occured in November (17.0 +6.7 mms~!) and the peak
monthly mean g, occurred in September (28.0+5.7 mm s ).
Similarly to their monthly average values, the canopy conduc-
tance and aerodynamic conductance were of similar magnitude
to each other throughout the diurnal cycle (Fig. 4), particularly in
the summer months. The drivers of canopy conductance vary sub-
stantially during the diurnal course and also within a given month.
The time-course of VPD closely followed that of temperature, and
both lag incoming radiation (expressed either as PAR or Rg). The
conductance terms both tended to reach their maximum between
the daily peaks of PAR and VPD (at approximately 14:00, compared
to approximately 12:00 or 17:00, respectively). Mean diurnal wind
speed (u) peaked around 14:30 in April, peaked earlier in July
(12:00) and then peaked around 13:00 for the remainder of the
growing season. This timing is consistent with creating an
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Table 4

The aerodynamic and canopy resistance terms (g, and g, respectively) are monthly averages of data determined from modeling eddy covariance measurements of water vapor
flux. Annual values are derived from the full measurement dataset. Wet values are the mean of time intervals within 12 h of a rain event or on days with snow cover; dry values

average other periods.

Month g, (mms) g (mms) Wet g. (mm s ) Dry g. (mms™') Wet g, (mms~1) Dry g, (mms™")
April 2008 11.2+6.8 12.0+23 11924 124+14 10.6+6.5 142+79
May 2008 14182 18.6+5.3 20.7+39 17.7£5.7 17.8+6.7 12.5+8.2
June 2008 142+74 15759 186 £6.2 145+54 16.4+7.0 13.3+75
July 2008 14.2+9.1 12.6+6.8 16.0+ 6.6 10.9+6.2 14185 142+93
August 2008 15485 20.2+49 21.2+41 18.1+£5.6 15.1+8.2 15.9+9.0
September 2008 14.8 £8.5 28.0+5.7 28458 27355 16.0+ 8.6 13.4+£8.0
October 2008 15.7£8.7 109+1.0 11.0£1.0 10.8+0.9 17.2+8.1 148 +£8.9
November 2008 17.0+6.7 10.5+0.3 10.5+0.3 10.5+0.3 16.1+6.8 18.0+£6.5
December 2008 12.7+5.7 10.5+0.2 10.5+0.2 10.5+0.1 13257 11.3+£5.7
January 2009 79+6.6 10.6 +0.6 10.6 £0.6 - 79+6.6 -
February 2009 74+47 10.8+0.8 10.8+0.8 - 74+47 -
Annual 13.5+8.1 14.8+6.8 14.8 6.7 14.8+6.9 13.0+79 14.1+£83
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Fig. 4. Diurnal patterns of aerodynamic conductance g, and canopy conductance g. and their drivers by month during the growing season; values are the mean of all
measurements for each data-collection interval. No gap-filling data were used for the conductance terms. The shading around the driver variables represents one standard
deviation. The drivers are presented at half-hourly intervals; the conductance terms are presented at hourly intervals.

aerodynamic conductance value that varied relatively synchro-
nously with canopy conductance. For gap-filling during cases when
the sonic anemometer failed, g, was determined using a derived
estimate of u, from the assumed logarithmic profile of wind speed.
The g, estimates from this model have a root-mean-square error
(rmse) of 46 mm s~ (? = 0.71, p < 0.001) when compared to peri-
ods with valid sonic anemometer estimates of friction velocity.

The wide diurnal peaks of VPD, T, and u contributed to simi-
larly broad diurnal peaks in the decoupling coefficient €2 (Fig. 5).
This parameter changed little during daytime and only declined
in the evening hours when the contribution of R, to ET was mini-
mal. During the main summer growing season, the mid-day 2 var-
ied little, with monthly mean values in the range 0.65-0.73 (and
standard deviation <0.2). The small but inconsistent scatter across
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Fig. 5. Monthly mean diurnal evolution of (a) the decoupling factor 2 and (b) the Bowen ratio (H/LE), calculated by binning data into hourly intervals during periods with
valid eddy covariance measurements of the sensible heat (H) and latent energy (LE) fluxes. The mid-day standard deviation for Q is always less than 0.2; the mid-day

standard deviation for the Bowen ratio (in May-September) is always less than 0.25.

each month’s mean diurnal pattern prevented detecting a clearly
defined peak, but most months seemed to have peak € at around
12:00 followed by a gentle decline into the late afternoon and
evening hours, reflecting the general shift of influence from R, at
mid-day towards VPD later on.

The surface canopy conductance was reduced in response to
increasing VPD (Fig. 6 and Table 5). This response appears to be
stronger later in the growing season, as indicated by higher values
of the ¢ parameter (Table 5) and reduced g. under similar VPD con-
ditions relative to earlier in the year (Fig. 6). The parameter esti-
mates for the terms in Eq. (8) (Table 5) reveal the uncertainty
inherent in this approach, with relatively high error bars (ranging
from 10% to 50% of the parameter estimates) and low r? (maximum
monthly explanatory power in July of 0.35; p <0.01). Day of year
explained 24% of the variation in the modeled g. residuals
(p ~0.001), while water table depth (insignificantly) explained
4% (p = 0.16), with higher water tables associated with higher g,
values. The g, residuals switched from likely positive to likely neg-
ative on 9 July, which roughly coincides with maximum vegetation
cover (i.e., the completion of the main plant growth period). The
relationship between daily mean g. and VPD (Fig. 6) has relatively
high uncertainty bounds on the parameter estimates. The extent of
this uncertainty is made clearer by the changes in these
parameters given different PAR thresholds. When more data are
included by relaxing the PAR threshold, more low-VPD periods
are included that have much higher g. values. This inclusion
increases the apparent sensitivity of g. to VPD by raising bp,
without much demonstrable change in the g.-VPD relationship at
the region of real interest (i.e., high VPD). For half-hourly intervals
with VPD >1 kPa, the g.-VPD slope was —5.7 #+ 1.3 mm s ! kPa™!
(r*=0.18, p<0.001, n =316).

1
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Fig. 6. Daily average canopy conductance g. plotted against vapor pressure deficit
(VPD), where daily values are only calculated when GAI >0.05, there are 6 h or more
since last rain, PAR exceeds 400 pmolm~2 s~', and <50% gaps within daytime
(10:00-17:00 local time). Points are colored by day of year; the model is fit via

nonlinear ordinary least squares regression.

3.3. Evapotranspiration in the water cycle

In addition to its role in the surface energy balance, water vapor
fluxes expressed as ET can be related to other terms in the hydro-
logical cycle (Table 6). While the water budget is incomplete due to
the lack of in- and outflow measurements, this analysis reveals
that ET (406 mm in the period April to October) was roughly in bal-
ance with rainfall (389 mm). ET exceeded precipitation during
May, June, and July, and was a much less substantial water balance
term in the later months. As well as ET exceeding rainfall in these
early months, the relatively large drop in the water table indicates
additional net outflows of surface or near-surface water in the
months through July. This period is followed by net inflow in
August and October, with September’s lateral water fluxes nearly
in balance. The pattern of P — ET generally controlled the behavior
of the water table, which declined until its large increase following
arain event in August. During the growing season (DOY 140-260),
ET averaged 2.5 mm d !, with a maximum daily rate of 5.6 mm d !
on 6 July 2008.

4. Discussion

Recent ecological work in this region has described the territory
of the Komi Republic as characterized by surplus moisture, i.e., that
the annual rainfall significantly exceeds mean annual evapotrans-
piration (Lopatin et al., 2006). Previous work has also characterized
the water balance of bogs in the oligotrophic zones of European
Russia and suggested that bogs in the study region fit within
225-250mmy~' evaporation isolines, with evaporation in
“unbogged parts” in the range 275-300mm y ! (Romanov,
1968b). This study’s site had significantly higher annual evapo-
transpiration (408 mm) than these previous estimates, though dur-
ing this study year more precipitation was recorded at the
Syktyvkar meteorological station than the long-term average. The
general lack of high-precision estimates of the latent energy fluxes,
and conflicting descriptions of these mires’ behavior, allow the cur-
rent study to suggest some functional overview to the energy bal-
ance terms of the fen portion of one of these mires. By many
indicators of wetland evapotranspiration, including the Priestley-
Taylor opy term, atmospheric decoupling term €, Bowen ratio,
and the vertical water balance, the studied fen site in the Ust-Pojeg
river valley peatland behaved similarly to open fens in other boreal
zones. The site’s ample water supply (and high water table) allowed
an evapotranspiration flux primarily driven by net radiation.

In its general energy balance characteristics, the Ust-Pojeg fen
site is similar to other wetlands. The mid-summer shortwave radi-
ation albedo (monthly mean values from 0.10 in June, peaking at
0.19 in August) and the radiation efficiency ratio (R,/SWj,; with
mid-summer monthly mean values ranging from 0.45 to 0.61)



B.R.K. Runkle et al./Journal of Hydrology 511 (2014) 359-373 369

Table 5

Monthly fit parameters for g model, i.e., eqn. 8 (values from October were used for gap-filling in later months, when low PAR conditions and more frequent measurement errors

precluded new parameterizations).

Month a(mms W 'm?) b (mms1) c(kPa™1) rmse (mm s~ ') 2

April 2008 0.015+£0.012 13.8+£3.7 1.37+£0.93 9.2 0.11, p < 0.01 (n=297)
May 2008 0.052 +£0.019 214+238 2.03+0.72 11.2 0.22, p < 0.01 (n=554)
June 2008 0.062 £ 0.020 23.7+3.7 2.66 +0.84 8.8 0.31, p < 0.01 (n=438)
July 2008 0.180£0.103 34.1+10.5 10.28 £5.70 7.2 0.35, p < 0.01 (n=473)
August 2008 0.049 + 0.026 27342 3.21+1.38 9.4 0.23, p < 0.01 (n = 400)
September 2008 0.014 £0.023 36.9+5.7 3.10+£1.29 11.2 0.24, p < 0.01 (n=341)
October 2008 0.018 £ 0.036 104 +£54 —-0.48 +1.57 7.9 0.08, p=0.08 (n=38)

Table 6

Monthly surface water balance terms including the residual term R (positive residual
implies a net inflow; negative residual implies a net outflow). Snowfall was measured
at the Syktyvkar weather station approximately 50 km from the field site and is
presented in terms of its water equivalent. All terms have units of mm.

Month Rain Snow  ET AWT (n=2) R (if S, =0.6)
April 2008 29.2 8.1 238 —325£285 -14.1
May 2008 48.8 33 73.5 —26.4+22 —40.5
June 2008 48.6 0 101.1 —-58.9+44 —87.8
July 2008 49.4 0 1052 -884+19.7 -108.8
August 2008 1344 0 56.4 141.1+£11.0 162.6
September 2008  45.4 0 30.1 -13.9+2.2 7
October 2008 328 2.6 9.3 15+22 24.4
November 2008 0 27.9 4.3 - —-43
December 2008 0 153 1.1 - -1.1
January 2009 0 22.4 0.5 - -0.5
February 2009 0 18.6 0.7 - -0.7
Sum 388.6 982 406.0 -775 -63.9

are similar to those found in other boreal wetlands (den Hartog
et al,, 1994; Lafleur et al., 1997). Even more so than other wetlands
surveyed (Lafleur, 2008), the Ust-Pojeg latent energy fluxes are the
most significant component of its energy budget (with summer
monthly averages greater than 70%). Modeled Q,, is significant in
the late spring snowmelt period while it has a similar (and low)
magnitude to LE throughout the winter months. On a monthly
and daily basis, H is generally of higher magnitude than G. The
method to derive G has some error in its assumed heat capacity,
which may change over time but is given a static value in the cur-
rent study. Additionally, the two heat flux plates may not ade-
quately cover the range of microtopographic sites within the fen.
Such caveats aside, however, G composes a sizeable portion of
the summer energy balance (greater than 10% on a cumulative
basis in June, and greater than 15% on selected days’ cumulative
energy flux). We are therefore hesitant to support the presumption
(Peichl et al., 2013) that on the daily time scale G may be neglected
as a small contributor to the energy balance. The challenge of mea-
suring available radiation as R, — G — Q. has also introduced dif-
ferent methods for determining the Priestley-Taylor factor opr,
which is discussed next.

The opy at the site explored in this study (0.95-1.05 in the peak
growing season assuming R, is composed of R, — G — Q;;;) was sim-
ilar to other open boreal fens, but higher than other boreal peat-
land types (both treed fens and open bogs). Determining this
value involved some uncertainty deriving from the incomplete
energy budget closure, a problem similarly explored elsewhere in
relationship to the derived canopy conductance (Wohlfahrt et al.,
20009). If apr was estimated using the sum of H and LE for available
energy, rather than (R, — G — Qy;), apr Was 3-65% higher (depend-
ing on the month), and had a growing season monthly average
always greater than 1.06 (up to 1.34). Previous reviews and studies
have used each strategy: some use R, — G — Q,, (Briimmer et al.,
2012; Roulet and Woo, 1986), while others use H + LE (Humphreys
et al., 2006; Sonnentag et al., 2010; Souch et al., 1996). The first

method is probably better for modeling purposes when the turbu-
lent fluxes are unavailable, but the second is probably better for
describing the behavior of the measured LE fluxes given its
reduction in the measurement footprint’s mismatch. Additional
considerations should be made for the corrections necessary for
tube-wall adsorption on closed-path sensors (Massman and Ibrom,
2008; Runkle et al., 2012; Nordbo et al., 2013). For two peatlands in
Canada (Briimmer et al, 2012), the annual average (daytime,
dry-foliage) Priestley-Taylor opr was in the range 0.55-0.57
(Alberta Western Peatland, a treed, moderately rich fen, 54°57'N,
112°28'W) and 0.74-0.92 (Ontario Eastern Peatland, or Mer Bleue,
an ombrotrophic, nutrient-poor bog with more non-vascular
ground cover, 45°25’N, 75°31'W). Mid-summer daily peaks of opr
at this latter site may be as high as 1.5 (Admiral et al., 2006). A
third Canadian peatland (53°48'N, 104°37'W), the open,
moderately rich Sandhill fen site in Saskatchewan, had mean daily
mid-day opr values between 0.99 and 1.04 in three wet years and
0.79 during dry conditions (Sonnentag et al., 2010). A survey of
seven Canadian peatlands found mid-summer opr values in a range
from 0.82 to 1.05, used to suggest some physiological limitations to
LE flux (Humpbhreys et al., 2006). In this survey, the two poor fens
(a part of Mer Bleue and one near Lac La Biche, Alberta, 55°54'N,
112°33'W) had the highest estimates of opr, in comparison to the
bog part of Mer Bleue, two wooded fens and two extreme-rich fens.
Finally, the Swedish carpet-lawn fen Degerd Stormyr had a five-
year, growing-season average opr of 0.98, ranging from 0.86 to
1.17, and derived from ignoring G as relatively insignificant (Peichl
et al,, 2013).

The relatively high opy values for the study site imply a stronger
control by radiation than vapor pressure deficit in driving evapo-
transpiration. This characteristic is also implied by the atmospheric
decoupling term €2, which may be higher for open fens than for
either treed fens or bog sites. A recent survey of Canadian sites also
evaluated their decoupling coefficients, which were 0.16 for three
years at the treed fen and in the range 0.29-0.34 for the eastern
bog (Briimmer et al., 2012). Our site had higher € values in the
range around 0.65 in the growing season. This value was relatively
insensitive to small changes in formulating g, or g. (e.g., which
value of kB™! to use). These values are similar to an open fen in
Minnesota (Kim and Verma, 1996), but higher than some other
open fen sites (Table 7). The values at the study site are also higher
than those at the Fyodorovskoye peat bog in Western Russia
(56°27'N, 32°55E), which ranged between 0.2 and 0.5 and were
shown to be reduced as the peat surface dried and as vascular
plants contributed a proportionately larger amount of measured
water vapor fluxes, relative to open-water and moss-dominated
surfaces (Kurbatova et al., 2002). They also exceed reported values
(0.3-0.5) from three years of eddy covariance measurements at the
Zotino bog, a 5km? mixed Sphagnum-vascular landscape sur-
rounded by a P. sylvestris forest in Western Siberia (60°45'N,
89°23'E) (Kurbatova et al., 2002). Higher values indicating strong
decoupling and near complete evaporative control by net radiation



Table 7

Comparative review of energy balance indicators for different boreal fen sites. The Bowen ratio is defined as H/LE, the decoupling coefficient is defined in the text (Eq. (10)), the canopy and aerodynamic conductance terms are given as

gc and g, respectively.

Site name Peatland description Latitude Longitude Location Bowen ratio Decoupling coefficient, Conductance terms, g or g, Reference
Q
Ust-Pojeg Fen 61°56'N 50°13’E  Komi, Russia ~ Summer cumulative value 0.24, but mid-day Around 0.65 in the g.and g. in range 12-26 mm s~ ! This study
averages 0.33-0.63 growing season and (similar magnitude)
less (to 0.27) in the
winter
Kaamanen Open flark fen 69°08'N 27°17’E  N. Lapland, Mid-day, summer-time, 0.74 n/a n/a Aurela et al. (2001)
Finland
Deger6 Stormyr Oligotrophic fen 64°11'N 19°33’E  Vadsterbotten, Five-year average, midday growing season as Low (qualitative g.20mms !, g.5mms! Peichl et al. (2013)
Sweden 0.86 +0.08 estimate from g,/gs
relationship)
Salmisuo Fen/bog mire 62°46'N 30°58'E  N. Karelia, Drier year 2006 (Bowen ratio 0.2-0.3) cf. n/a g. mean was 7.8 mm s~ ' (range Wu et al. (2010)
Finland wetter 2007 season (Bowen ratio ~0.5) 4-20 mm s~ ), g, not reported
Churchill sedge fen Permafrost sedge 58°40'N 94°40'W Manitoba, 0.48 (average annual); 0.2-0.3 (mid-summer n/a g (daily mean ~11 mm s ';
fen Canada cumulative value) noontime values up to
59mms ')
g, daily mean in range from 7- Rouse (2000), Eaton et al. (2001)
35 mm s~ !, noontime values ~ and Raddatz et al. (2009)
18 mm s~!
Thompson, Northern  Rich fen 55°54'N 98°24'W Manitoba, Cumulative, 0.46 during green period; day- n/a n/a Lafleur et al. (1997)
Study Area Canada time values are closer to 1
Near Lac La Biche Poor fen 55°54'N 112°33'W Alberta, Mid-day mid-summer, 0.25-0.4 n/a Zanoon ~20 mm s~! Glenn (2005), Glenn et al. (2006)
Canada and Humphreys et al. (2006)

Alberta Western

Peatland/Tony’s Fen

Sandhill fen

Bog Lake Peatland

Treed, moderately
rich fen

Fen

Oligotrophic, open
Sphagnum fen

54°57'N 112°28'W Alberta,
Canada

53°48'N 104°37'W Saskatchewan,
Canada

47°32'N 93°28'W Minnesota,
USA

Approximately 1, lower from late spring values
exceeding 2 as the growing season progressed
and the sedge canopy density increased

n/a

0.3-0.4 (AM), 0.6-1.0 (PM)

0.16 for three years

n/a

Ranged from 0.55 to
0.89

Zenoon ~12-13 mm s~

8a,noon ~40 mm 571

-1
gc,noonNg mm s

Glenn (2005), Glenn et al. (2006),
Humphreys et al. (2006) and
Briimmer et al. (2012)

gcinrange 3.9-4.6 mm s~ (very Sonnentag et al. (2010)

weak or no response between g.

and VPD), g, not reported
g. in range 2-15mm s~!

g, most often greater than g.

Kim and Verma (1996)

w
~
o
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(€2>0.82, approaching 0.99 in the growing season) were found in a
freshwater marsh in northeastern China (Sun and Song, 2008).

The higher Q2 values at the study site are related to the similar
magnitude between g. and g, through the year. Many of the other
boreal fen sites reviewed in Table 7 show g, less than g,, implying a
relatively low Q value. This difference may derive from the study
site’s relatively high water table (always higher than 20 cm below
surface) allowing capillary and root transport from the mire
groundwater. This connection is slightly strengthened when con-
sidering the month of July at the site, when g. reaches its mid-sum-
mer low. Unfortunately the synchronicity of the relatively low
water table and highest VPD rates preclude a clear interpretation
of the drivers of this low g, though the statistical look at residuals
of Eq. (9) suggests a larger role for VPD than the water table. Phe-
nological factors may also play a role in this reduced g as the
reduction starts following the peak in vegetation cover. Three of
the Canadian peatlands surveyed by Humphreys et al. (2006),
two wooded fens and a rich fen, showed a stronger (bp > 1 kPa™!)
response of canopy conductance to VPD, though the other sites
had a weaker relationship (bp < 0.3 kPa~!) than this study’s data
indicate (bp < 1.1 £0.52 kPa~'). The Glencar Atlantic blanket bog in
Ireland (51°55'N, 9°55'W) had a stronger response (bp = 8.6 kPa™!)
though as in the current study, the relationship had a relatively
weak fit (r? < 0.40) and indicates more of a qualitative than exact
control by VPD (Sottocornola and Kiely, 2010). A recent study of
errors in ET models finds higher predictive uncertainty in land-
scapes with low Q or high controls by surface conductance on ET
(Polhamus et al., 2013). This finding implies that it may be easier
to make ET predictions of these landscapes using well-defined
radiation terms rather than more difficult biophysical parameter-
izations of the transpiring surface vegetation. The implication for
modeling studies on these boreal fen landscapes is that they
require less detail on the surface scale and interactions between
VPD, g, surface wetness, and ET.

The site’s Bowen ratio (a summer average via total cumulative
fluxes of 0.24, but mid-day averages in the range 0.33-0.63) was
relatively low compared to other peatland field sites. In particular,
two relatively nearby northern European fens (Aurela et al., 2001;
Peichl et al., 2013), which may otherwise be considered as analo-
gous to the study site, showed higher average mid-day summer-
time Bowen ratios (Table 7). The Bowen ratios of two other poor
fens (Kim and Verma, 1996; Glenn et al.,, 2006) and a Finnish
fen/bog mire (Wu et al., 2010) are more comparable to the study
site. The study site’s Bowen ratios may also be comparable to
low values found at some Russian peatland bogs: for the two Rus-
sian bogs mentioned previously (Kurbatova et al., 2002) mid-sum-
mer values of approximately 0.3 (Zotino) and 0.4-0.8
(Fyodorovskoye) were reported. At another West Siberian conti-
nental bog (56°51'N, 82°50'E), the summer Bowen ratio ranged
from 0.57 during the early growing season and up to 0.78 in the
peak growing season (Shimoyama et al., 2003), so the similarities
to Russian bogs may not be universal. Similarly, the Stormossen
bog in central Sweden (60°07'N, 17°05’E) had a reported mid-sum-
mer minimum Bowen ratio of 0.6 (Kellner, 2001). A recent review
of wetland evaporation found higher summer median (cumulative
flux) values in both fens (0.46) and bogs (0.6) and roughly similar
values for marshes (0.25), though with a fairly small number of
studies in each group (n from 5 to 7) (Lafleur, 2008). In the study
site, at least, the comparatively low Bowen ratio appears to be dri-
ven by the relatively high water table and the associated high sur-
face conductance values.

The study site’s mean daily growing season ET rate
(2.5 mmd~'; peak 5.8 mm d~!) is comparable to some of the wet-
land sites in its latitude band, as reviewed by Lafleur (2008,
Fig. 10). In particular, these evapotranspiration rates are similar
in magnitude to the Danish riparian wetland (56°22'N, 9°41E)

studied by Andersen et al. (2005), who found average ET rates of
3.6mmd~! (peak of 5.6 mmd~!), accounting for 82% of daytime
net radiation. These evaporation rates are also similar to those
found in the Bog Lake Peatland of Minnesota (47°32'N, 93°28'W),
an oligotrophic, open Sphagnum fen with growing season average
3.0mmd~! (peak 4.8 mm d~') and with fen ET 85-115% of poten-
tial ET (Kim and Verma, 1996). Similarly, a Carex lasiocarpa marsh
in China’s Sanjiang Plain (47°35'N, 133°31’E) showed daily ET rates
averaging 2.3 mmd~' (peak 48 mmd~!) and opr of 1.01 (using
R, — G for R;) (Sun and Song, 2008; Guo and Sun, 2011). The previ-
ously mentioned Finnish site, Salmisuo, had comparable growing
season daily ET rates of 2.23 mm d~! and 1.59 mm d~! for its dry
and wet years, respectively, with a peak rate of 5.0 mmd~! (Wu
et al., 2010).

Finally, the study site’s roughness length changed with season
more than stability or wind direction, and so was presented as a
monthly mean (Table 3). The roughness length estimate (peaking
at 46 + 12 mm) is comparable to a Quebec natural bog with Sphag-
num hummocks and low ericaceous (i.e.,, acid-loving) shrubs,
where zy was modeled from wind profile data as 40.9 mm (Campbell
et al., 2002). Average zy estimates of 18.6 mm (ranging from 10 to
30 mm) have been determined for a Swedish bog named
Ryggmosen (Molder and Kellner, 2002). During the snow-free per-
iod in Canada’s Mer Bleue bog, a constant zy value of 77 + 1 mm
was derived from sonic anemometer data (Lafleur et al., 2005).
Other estimates of zy for peatlands are in the range 20-70 mm
for a Siberian bog (Shimoyama et al., 2004), or 21-32 mm for a
Swedish mire nearby Ryggmosen (Kellner, 2001). The northern
Finnish flark fen Kaamanen had zg of 80 mm (Aurela et al., 2001),
and the Swedish carpet-lawn fen Degerd Stormyr had zp up to
30 mm (Peichl et al., 2013). This range of values is indicative of
the variety of peatland types and vegetation cover, and places
the Ust-Pojeg site studied here, with its low vegetation and slight
hummock features, in the mid-range of the peatlands surveyed.

5. Conclusions

We have generated an 11-month energy balance for the oligo-
trophic fen portion of a mixed bog-fen river valley peatland in
the boreal zone of European Russia by supplementing eddy covari-
ance measurements with gap-filling models and in situ measure-
ments of non-turbulent energy fluxes and associated
meteorological terms. The evapotranspiration flux may reasonably
be estimated using the Priestley-Taylor method, provided ade-
quate assumptions about the energy balance closure can be pro-
vided. The growing season energy balance (April-September) was
dominated by evapotranspiration, which seemed largely governed
by net radiation at the surface with a lower-level control provided
by vapor pressure deficit in its role in restricting the canopy con-
ductance. The canopy conductance was higher earlier in the grow-
ing season than later in the season, with the reduction starting
roughly coincident with the peak vegetation cover. Canopy con-
ductance was higher than at other similar sites in the boreal zone,
perhaps due to the relatively high water table. During the period
April-October 2008, evapotranspiration (399.4 mm) nearly bal-
anced rainfall (402.6 mm). High snowfall (84.2 mm water equiva-
lent) and limited evapotranspiration (6.6 mm) during the rest of
the year generated an annual atmospheric water budget with
excess incoming water. On a monthly basis, the growing season
months of May-July had nearly twice the evapotranspiration as
precipitation. Disentangling the roles of vascular plant cover and
water table height in controlling the energy balance, and particu-
larly the latent energy flux term, is challenging to do for the dataset
in this study and should be encouraged as a target of future studies.
However, the higher decoupling coefficient and predominance of



372 B.R.K. Runkle et al./Journal of Hydrology 511 (2014) 359-373

R, in driving ET lend encouragement to relatively simplistic mod-
eling approaches for this landscape.
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