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Abstract. In order to better address the feedbacks betweerfactor, and the latter to the subsurface water evaporation and
climate and wetland methane (@Hemissions, we tested evapotranspiration correction factors.

several mechanistic improvements to the wetland €His- These results shed light on model parameterization and fu-
sion model Peatland-VU with a longer Arctic data set thanture improvement of Chimodelling. However, high spatial
any other model: (1) inclusion of an improved hydrologi- variability of CH; emissions within similar vegetation/soil
cal module, (2) incorporation of a gross primary productivity units and data quality prove to impose severe limits on model
(GPP) module, and (3) a more realistic soil-freezing schemetesting and improvement.

A long time series of field measurements (2003—-2010)
from a tundra site in northeastern Siberia is used to validate
the model, and the generalized likelihood uncertainty esti-
mation (GLUE) methodology is used to test the sensitivity of 1  Introduction
model parameters.

Peatland-VU is able to capture both the annual magnitudéNorthern high latitudes contain a large quantity of poten-
and seasonal variations of the gflx, water table position, tially climate-vulnerable carborivan Huissteden and Dol-
and soil thermal properties. However, detailed daily varia-man 2012 Hugelius et al.2013. Peatlands are a common
tions are difficult to evaluate due to data limitation. Improve- feature of this region and may cover an area as large as
ments due to the inclusion of a GPP module are less than arft.0x 10° km? (Yu et al, 2010.
ticipated, although this component is likely to become more Methane (CH) emissions from peat soils strongly influ-
important at larger spatial scales because the module can agnce the atmospheric GHoncentration Yu et al, 2013
commodate the variations in vegetation traits better than atPCC, 2007, Umezawa et al.2012. These emissions are
plot scale. the net result of a balance between Lbroduction by

Sensitivity experiments suggest that the methane produchethanogenic microorganisms within anaerobic soil and
tion rate factor, the methane plant oxidation parameter, thécHa oxidation by methanotrophic microorganisms in aerated
reference temperature for temperature-dependent decompé0il and in plantsan Huissteden et al2009. These pro-
sition, and the methane plant transport rate factor are th€esses are controlled by water table position, soil tempera-
most important parameters affecting the data fit, regardlesture, methane transport pathways, and substrate availability
of vegetation type. Both wet and dry vegetation cover areand quality (Valter and Heimanr2000.
sensitive to the minimum water table level; the former is also ~Key drivers of methanogenesis and oxidation are predicted
sensitive to the runoff threshold and open water correctionto change IPCC, 2013. The feedbacks between climate

and peatland Cldemission, however, are complex. Precisely
how climate change will impact the northern high latitudes
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is not fully understood. Increases in air temperatures and/oa hydrological module to dynamically calculate the water ta-
precipitation levels may result in an increase in active layerble when actual water table data are not available, as this is a
depth, anoxic soil conditions, and raised soil temperatureskey factor controlling the environment for GHbroduction;
therefore producing elevated GHmissions. Alternatively, (2) adopting a gross primary productivity (GPP) module to
CH,4 emissions may decrease if permafrost degradation imsimulate gross primary productivity for each vegetation type,
proves soil drainagevan Huissteden et al2011). The lat-  which affects the substrate availability; and (3) improving the
ter is particularly true in discontinuous permafrost regionssoil-freezing scheme with a more realistic calculation of the
(Smith, 2005. soil thermal conductivity.

To constrain these uncertainties, several research stations We employ the GLUE (generalized likelihood uncertainty
around the Arctic have started to measure methane fluxes anestimation) methodologyLémb et al, 1998 Beven 2004
associated parameters. However, field measurements froivian Huissteden et aR009 to test the model sensitivity with
the northern high latitudes are spatially limited due to thevalidation data from on-site chamber measurements. We also
vast size and remoteness of this region, the extreme climateest the effects of changes in model structure, such as the
and logistical difficulties. Process-based computer simula-addition of the GPP module.
tions could bridge the gap between the field situation and the
global knowledge level, and increase our understanding of
these feedbacks. Ultimately, this process enables us to make Study area and methods
observationally justifiable projections of future climate via

the up-scaling of available field data. 2.1 Study area
Several process-based models have been developed to sim-
ulate CH, fluxes at different spatial scaleki¢bner et al. The study area is located in the Kytalyk nature re-

2011, Cao et al. 1996 Christensen et al1996 Bekki and  serve (7049 N, 14729 E) in Sakha Republic, northeastern
Law, 1997 Wania et al. 2009 201Q Zhuang et al.2004). Siberia (Fig.1). This is a continuous permafrost zone with
Compared with large-scale models, site-scale models hava permafrost thickness in excess of 300&hghgedanova
the advantage of using site-specific chemical and physicaf002.

properties and plant data to parameterize the model, thus The climate of this region is continental. Climatic records
enabling an interactive process representation of soil, biofrom the nearest weather station (Chokurdakh3370N,
sphere, and atmosphere. In addition, they can be validatedl47°53 E; elevation 48 m; Koppen climate classification ET;
against field measurements under a variety of conditiongolar tundra; data from 1961 to 1990) show a mean annual
(Granberg et a]2002; Zhang et al.2002 Arah and Stephen  air temperature of-14.3°C, a July average of 9%, and
1998 Van Huissteden et al2006 Comer et al.2000. a January average 6f34.6°C. The mean annual precipi-

Conversely, large-scale modelling of gHuxes always tation is 232 mm, approximately half of which falls as rain
requires aggregated and simplified information on vegetatiorduring the growing season, whilst the rest falls as snow. Al-
and soil, which are more difficult to parameterize or validate.though this amount of precipitation is similar to the yearly
However, these models, particularly when coupled to climatetotal in semi-arid areas, total evaporation is much lower; thus
models, are highly important in understanding the feedbackshe soil remains very wet and the wilting point is normally
between climate change and gEmissions Gedney 2004 not exceededRarmentier et gl2017).

Kaplan 2002 Chen and Prin/2006 Nicolsky et al, 2007). Summer temperatures are highly variable due to the large

Large-scale models are usually up-scaled from small-scaleontrast between winds from the north and south: northern
models Walter et al, 200% Segers and LeffelagR007). If winds blow cold air from the East Siberian Sea, while south-
a parameter has a strong influence on the modelled fluxes oarn winds bring hot summer air from the Siberian interior.
the plot scale, then it is likely that it also has a large influenceThe wind direction can change over hours, and therefore af-
in an up-scaled version of this model. Depending on modelfects both air and soil surface temperature. Through this ef-
structure, this may hold for other models that use the samdect on temperature, wind direction has an indirect influence
or similar parametersvan Huissteden et al2009. Care-  on the CH, flux.
ful parameter sensitivity analysis and analysis of the effects Snowmelt occurs between mid-May and the start of June,
of model structure are therefore necessary to reduce modwhile bud break begins at the end of June or early July. The
elling uncertainty and eliminate the parameters that do nogrowing season usually stops at the end of August or early in
contribute significantly to model accuracy in order to elimi- September, when temperatures begin to drop belt@ &nd
nate redundant computational enterprise. sunlight diminishes.

In this study we test the updated plot-scale version of the We include two morphological units in this study: the fre-
methane emission model Peatland-VU on the Kytalyk tun-quently inundated river floodplain and a river terrace with
dra site in northeastern Siberia, which has a long data setundra vegetation. Floodplain sediments consist of silt or
ries (2003—-2010). The new model version (comparedato  silty peat in the back swamps, and silt and fine sand in the
Huissteden et a(2006) has been improved by (1) including levees. Mineral soils dominate, but soils below dense sedge
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Figure 1. Location of the Kytalyk site and the distribution of different measurement groups. Left: Circumpolar permafroRakapevicz
1998. Right: landscape of Kytalyk sit&/an Huissteden et al20095.

vegetation have a thin<{(10cm) organic horizon. Active different vegetation. TD represents higher elevations in the

layer thickness ranges from 25 to 55 cm, averaging 42 cmmicromorphology associated with permafrost and high soil

and is thickest below the levees. The river terrace soil con-ice content (low palsas and ridges along ice wedges), with
sists of silt overlain by 15 to 30 cm of peat. The active layerthin active layers and unsaturated soil horizons above the
in dry areas ranges from 12 to 28 cm, while it is markedly permafrost. TW1 is situated in diffuse drainage lines con-

thicker in wet areas (22 to 50 cmYdn Huissteden et al.  sisting of interconnected depressions and characterized by
2005. dense and species-poBarex eriophorunvegetation. TW3

The floodplain levees are overgrown with tallixshrubs, and TW4 are associated with ice wedge polygon centres,
while the back swamps are dominated by meadows withwhich show more species-rich vegetation wiphagnum
grasses and sedges, ranging from low grasstéphila  sp., sedges, arlebtentilla palustris
fulva) in the lowest, wettest parts to tall grasses and sedges
(Carex arctisibirica Ranunculus glacialisEriophorum an- 2.2 Model description
gustifoliunj in the slightly less wet parts. The tundra terrace
shows a larger diversity of vegetation types: dry shrubs suctPeatland-VU is a process-based model designed to simulate
asBetula nanaand Salix pulchrain dryer regions (polygon CHjs and carbon dioxide (C§) flux from a column of peat
rims, low palsas), moist tundra witBriophorum vaginatum  soil (Van Huissteden et al2006. In this study we focus on
tussocks in less well drained areas, and wet areasSpittag- ~ improving the performance of the GHlux module and ap-
numsp. andCarexsp. and som&riophorum angustifolium  plying it to permafrost peat soils.

The water table depth is spatially heterogeneous. In the The CH, flux depends on Cldproduction in the anaer-
sedge-dominated wet depressions it could be 20 cm abovebic soil zone, consumption by methanotrophic bacteria in
the soil surface, while in the shrub-dominated dry areas théhe aerated zone, and the different transport pathways to the
soil may be unsaturated down to the top of the permafrostatmosphere Walter and Heimann2000. The model sub-
Although the water table depth is highly heterogeneous, soidivides the soil column into 15 layers of equal thickness
moisture changes are less abrupt and most soils remain moié®.1 m) and calculates the flux rate of each layer, before inte-
during the growing season. grating over all layers to obtain the total flux:

Depending on geomorphology, soil moisture content, andn? ;
vegetation, the measurements are categorized into floodplairf_ _ 95
dry (FD) and wet (FW1, FW2) groups and river terrace dry ¢ Den, (t.2) = z Faitr (¢,2) + Qen(t, 2) @)

(TD) and wet (TW1, TW3, TW4) groups, where “wet” is + Fpi(t,2) + Rpr(t,2) + Rox (¢, 2)

defined as largely water-saturated soils, with a water table

not lower than 5 cm below the surface. These locations ar&vhere D¢y, (1, z) is the CH; concentration at time and
shown in Fig.1. depthz, Fyir is the diffusive flux,Qen and Qpi represent

FD is associated with floodplain levees, dominated by tallebullition and plant transport, ankh,r and Rox are the CH
Salixshrub. FW1 and FW2 are floodplain back swamps withsources and sinks due to GHroduction and oxidation.
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CHg, production is temperature-dependent and linearly re-
lated to substrate availability (E8), whereRg (uMh~1)is a

Organic production model

constant rate facto€eshis the fresh carbon concentration in Gross Primary Productivity
the soil carbon reservoirs (Fig), T (z, z) is the soil tempera-
ture at depthy and timer, andTet is a reference temperature + +
approximating the mean summer soil temperature below th¢ T eaeen Growth & maintenance
water table. respiration
T(t,2)—Tref —

Rpr (t,2) = Ro - Ciresh- QlO 10 (2) Shoots - roots partitioning factor

The soil temperature gradient is calculated using a ther-
mal diffusion equation. The thermal diffusivity is estimated Shoots -
based on the volumetric heat capacity and thermal conductiv
ity. An improved method for estimating soil thermal conduc- ' y Plant carbon reservoirs
tivity from generic soil composition datdélland and Arp Standing R —

. . . . Biomass

2005 has replaced the calculation in the previous version

of Peatland-VU, which was based ®¥illiams and Smith
(1997). This adjustment allows the model to simulate a more Phenology-dependent Root-exudate

realistic active layer depth due to a better approximation of partioning coefficients partitioning factor
the thermal conductivity of the frozen soil.

The substrate pool is the sum of several labile soil organid - Microbes| |  Liter& || Rool | Manure
matter (SOM) classes (manure, root exudates, dead roots at 3 3 v 5 5
litter, dead microbes) and stable SOM (peat, humic matter) Soil carbon reservoirs
The labile SOM reservoirs are replenished by GPP and ma-
nure addition (the latter is used in managed wetlands and natigure 2. Schematic of the carbon partitioning simulated by
included in the experiments described here). In the previou®eatland-VU.
version, GPP is estimated from the temperature of the top-
most 10 cm soil or fed by another model. We incorporate a
GPP module into Peatland-VU in this study, which has two2-3 Measurements
options: method (i), adopted from Lund-Potsdam-Jena Dy-
namic Global Vegetation Model (LPJBitch et al, 2003
Haxeltine et al. 1996, within which GPP is dependent on
vegetation structures and phenology, driven by input of cli-
matology, soil type, and atmospheric €€bncentration and
method (ii), a simpler set of equations basedstraver et al.
(2007, within which GPP is primarily related to tempera-
ture, light, and leaf area index (LAI).

CH, oxidation is temperature sensitive and its calculations
depend on the ClHconcentration at each time step (B,
where K (UM) and Vmax(UMh~1) are the Michaelis—
Menten constants?10,0x determines the temperature sensi-
tivity of the process.

Methane flux data are available for Kytalyk for every year
between 2003 and 2010, recorded using round static cham-
bers attached to an Innova 1312 photoacoustic gas analyser
(Van Huissteden et al2009.

During the campaign days, the flux data were collected
from 53 different chamber placements that are representative
of the measurement groups mentioned above. Accompanying
each flux measurement, active layer depth and water table
level were measured manually next to the chamber collar.
These data are compared with model simulations. Despite all
measurements having been carefully screened, uncertainties
in the data are inevitable and may lead to poor model-data
fits.

_ Vmax-Con, (t,2) - TeqsTe 3) Key sources of uncertainties include induced ebullition
Km+Cch, (t,2) 10.0x during measurements or possible chamber leakage, the CH
The anaerobic—aerated zone boundary is defined by wateffux calculation method (the change in gidoncentration

table, which in the previous version of Peatland-VU is pre- within the chamber is presumed to be Imgar, which in fact is

scribed. We add a hydrological module based@manberg ~ "ot the caseConen and Smith1998 Forbrich et al. 201

et al. (1999 and Yurova et al.(2007) to simulate dynamic  -€vy etal, 2011, the spatial and temporal variability (which

water table positions. This has been extended to include sat$ difficult to capture due to the limited distribution of mea-

rated zone water transport dependent on water head, distan&rément spots and measurement frequency), and the mea-
to nearest drainage line, and saturated hydraulic conductivitySurements error (e.g. when the measuring plot is ponded, we

Finally, the model simulates CHransport in three ways: take the vertical distance between the V\{a'Fer §urface and soll
transport by diffusion above and below water table, trans-Surface as water table level. However, it is difficult to sep-

port by bubble formation (ebullition) below water table, and arate the soil surface from the vegetation roots, particularly
transport through plants. with the presence of tall sedges or peat moss hummocks).

ROX(I’ Z) =

Biogeosciences, 11, 3983999 2014 www.biogeosciences.net/11/3985/2014/
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2.4 Model set-up perature input change: (1) a 2 m air temperature record from
Chokurdakh, augmented with local site data when available

The major parameters are listed in Tabldhe CH, and soil ~ (in summer), and (2) subtracting@ from the data set one

organic matter production modules are described in detail irfor the winter data.

Van Huissteden et {2006 2009; their values are set up in

accordance with the vegetation types. The parameter valueg> GLUE method

of the soil physic module are derived from laboratory exper-

iments on soil samples from Kytalyk.

The hydrological parameters are as folloWwgn is the
lowest water table level of the modelling period, in metres.
Negative values denote subsurface water tabiggr is a
correction factor that reduces evaporation if the water ta
ble is below the surface. FW2 has a slightly high@gr
value due to the shallowest water table le\@&lnoff is the
threshold value above which a ponded water layer produce .
runoff, depending on topography condition. The floodplain model structure assessments: (a) switch off the GPP mod-

back swamp groups FW1 and FW2 can hold a small amount‘k.a _and estimate GPP based on topsoil temperature and
of water above the ground surface before generating runoﬁ,mmlmum/maxmum GPP, (b) GPP calculated according to

while the low-depression groups TW1 and TW4 have rnuChmethod (i), and (c) .GPP galculated according to method (ii).
higher Zrunoft values.Eo and Eveq are evaporation correction We pre-ran 1000 simulations to rule out the parameters that

factors for open water and vegetation properties respectivel)}.]IO nf(_)t P;avel S|gnf|f|cz:]nt mfluzn(_:es on the_ moro]IeI outrl)utfand
Ksatis the horizontal hydraulic conductivity of saturated soil. use fixed values for them, and, incorporating the results from

Dp and Dy are the distance to the nearest drainage line ana/ an I:jlw_sriteden et a(2009, we silect the Ejaran;gtgrs;o be
the water level limit above which the ground water starts totested. These parameters are shown in Hgs. 10 in the

drain respectively. ReTsrl]JIts se(‘izlon]; h model d with sit
Major parameters of the GPP module &gee;, Beer's e results of each model run are compared with site mea-

law molar extinction coefficient in unit ground area per unit sur.ements, and evaluated b.y ObJeCt'VPT f“F‘Ct'O” va}IUaa.
leaf area;Fpar, fraction of photosynthetically active radia- !—ststgden et al2009 explain each objective fun_c tion and
tion; PmaxL, light-saturated photosynthetic rate per leaf area,lFs.apphcable.spope. We choose the Nash—Sutcliffe (NS) e f-
which is high ¢~ 20) for tussock-dominated group TD2 and flClency cpefhment to assess the model performance, WhIF:h
low (~ 14) for Betula-nanadominant TD1; andFphe the 'S essentially a measure of how well the model performs in
phenology characteristics, including the base for calculat.Predicting the data with respect to an estimate of the fluxes

ing the heat sum (growing degree dayS)ses, the heat sum gase?_ .on tlhe dalta averagi: Il m(?)lqa(tjgs a perfect S|mu[at|on—
when maximum LAl is reachedEpnez and the maximum ata fit; values close to or below 0 indicate an error variance

of the same magnitude, or larger, than the variance of the ob-

In order to assess the influence of input parameters, which are
difficult to quantify, we use the Monte-Carlo-based GLUE
methodology Beven 2009. For each parameter, the value
range is predefined. A set of parameters is selected randomly
‘within their own ranges to complete a model run.

For each group, 3000 Monte Carlo simulations were run
to test the performances of the hydrology andsGldx cal-
gulations separately. The GHmodule test involves three

LAl, Fphe3 : .
Snow depth, evapotranspiration, and precipitation data, eg3ervations:
sential to drive the model, are collected from the meteorolog- .. _ . (r_ez @)
ical tower of the study site and the Chokurdakh weather sta-—~ gg’
tion. The latter one is situated 30 km southwest of the study —1
site and is used only to gap-fill the in situ observations. To;2 _ L (y? _ yl)Z (5)

complete the evapotranspiration data set, we use the FAO® T-1 T
(Food and Agriculture Organization of the United Nations)
potential evaporation calculator ETRdes2012), a formula
based on air temperature, wind speed, and solar radiation.
Kytalyk site is located north of Chokurdagh, and a heat
island effect for the Chokurdagh weather station cannot be
excluded. For the earlier years there are no or fragmentarg Results
data from the research sites during the winter months. For
the winter of 2011 and 2012, we have complete air temper-The model is run over 8 years, from 2003 to 2010. Due to
ature data sets from both the research site and the Chokuthe low measurement frequency in comparison to the model
dakh weather station. By comparing the wintertime data fortime step (1 day), the model may show flux variations that
both stations, it proves that the winter air temperatures at thevere not recorded by the data; therefore the exact amplitudes
research site are on average @dower than those at the of data and model output cannot be compared. Although the
Chokurdakh station. We prepare two air temperature data setsbservation time series for each year are short, the simu-
to test to what extent the model is sensitive to the air tem-ations show realistic magnitude and seasonal patterns; for

whereE is the NS efficiencyp? is the error variances? is
the variance of the observation$,is the predicted value at
timet, andy;, is the observed value.

www.biogeosciences.net/11/3985/2014/ Biogeosciences, 11, 33882014
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Table 1. Major parameters and their ranges used in Peatland-VU model.

Parameter  Description Unit Range

Ro Methane production rate factor unrh 0.3t00.6
Tref Reference temperature for organic matter decompositiGi© O0to 15

010 Q10 factor for methane production n/a 1.7t0 16
010.0x Q10 factor for methane oxidation n/a l4t02.1
Vmax Maximum reaction rate in Michaelis—Menten equation m\/’rh 5t0 50

Km Half saturation constant in Michaelis—-Menten equation UM 1to5

% Vegetation-dependent plant methane transport rate factor n/a Oto 15
cp Plant methane transport rate factor ~Th 0.01

Pox Fraction of methane oxidized during plant transport n/a 0.5t00.9
ce Ebullition methane transport rate —h 1

Ctresh Ebullition threshold concentration uM 500 to 5000
Wmin Deepest water table position m —-0.3100.0
Ewt Evaporation correction factor for ground water n/a 1to12
Zyunoft Depth limit of ponded water n/a 0.0t0 0.2
Eo Evaporation correction factor for open water n/a 0.1tol5
Eveg Evaporation correction factor for crop/vegetation n/a 2.0t08.0
Ksat Horizontal saturated hydraulic conductivity m (Ta]y 0.001t0 0.1
Dp Downslope drainage distance m 2t0 25
D Water level limit of downslope drainage m -0.8t00.0
KBeer Beer's law extinction coefficient fm—2 0.4t00.9
PrmaxL Light-saturated photosynthetic rate per leaf area umdd et 13to 20
Fphel Base for calculating heat sum (growing degree days) n/a 3to 10
Fphe2 Heat sum when maximum LAl is reached n/a 50 to 150
Fphe3 Maximum LAI n/a 0.7t0 2.0

most years the model also follows temporal variations in the
data.

3.1 Active layer thickness

I 20
-0.2 15
04 10
0.6 5
Summer campaign data suggest an average maximum activs 4 [
layer depth of 50—60 cnMan Huissteden et al2005; how- 5
ever, the measurements are sparse and do not cover the whe8 10
thawing season. Here we only present the modelled activz 12
layer thickness from the tundra wet group, TW1. The othergt4 b
groups show similar behaviours. 2004 2005 2006 2007 2008 2009 010 2

Forcing the model by data set one (data from Chokurdagh Yoar

airport weather station) results in an overestimation of the acigure 3. Soil temperature and active layer depth produced by
tive layer depth by 125 % (not shown). Using data set two asPeatland-VU, tundra wet group TW1, 2004 to 2010. The red ver-
the model input improves the simulated active layer thicknesdical lines toward the top of the figure indicate the measured active
considerably; the bias is 12 %. The maximum depth of thawlayer thickness, while the length of the line indicates one standard
is about 80 cm, attained in autumn. For most years there ige_viation. The black lines show the modelled active layer bound-
an exact match between modelled and observed active layél"€s:
thickness (Fig3).

er Depth (m) and Soil Temperature (C)

y

3.2 Water table level cycles for all groups. However, since the spatial and temporal
variability in the data is high, the coefficient of determination

Figure 4 compares the measured (withl standard error  (R?) values of all the groups are low (0.13 for FD, 0.15 for

bars) and modelled water table levels. We present the resultSW2, and 0.23 for TW1).

from one dry group (FD), one floodplain wet group (FW2), The model failed to reproduce the water table values

and one tundra wet group (TW1), as these have the largedbr the extremely wet year 2007 for both the wet groups,

number of measurements. The model shows plausible yearlfFW2 and TW1. During this year, FW2 was influenced by

Biogeosciences, 11, 3983999 2014 www.biogeosciences.net/11/3985/2014/
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Figure 4. Water table produced by Peatland-VU compared with data, floodplain dry group (FD), floodplain wet group (FW2), and tundra
wet group (TW1), 2003 to 2010. For data (red), the standard error is shown by an error bar. Note the different scaleaxasthe

prolonged river flooding, and the nearby TW1 sites by im- tern is clear. Thek? values are low for all groups, regardless
peding drainage. However, we do not expect this has a conef whether the GPP module is on or which calculations are
siderable effect on Ciproduction as when the water table used. However, this mismatch should not compromise the ca-
is above soil surface the soil profile is already fully saturated,pability of the model to investigate the spatial and temporal
creating an optimal anaerobic environment for methanogenCHy, flux patterns since the model still explains part of the
esis; therefore the change of ponded water level does not afrariance of the data, as indicated by the NS efficiency in the
fect this anaerobic condition. In this case, £production  sensitivity analysis section.
is mostly controlled by changes in the soil temperature and Measured fluxes reveal a considerable range among
organic substrate. groups, from less than 0 (FD) to more than 100 (FW1)
Despite realistic trends and temporal variations, some simmg m2 h—1. Encouragingly, the model reproduced this vari-
ulated water table positions are significantly deeper than thation adequately. The lowest emissions are from the tundra
observed ones, for instance, in the year 2005 for FW2, andiry group TD, with values around 0, while the highest one
2004 and 2009 for TW1. This can be partly explained by theoriginates from FW1 during the summer of 2006, with a
limited number of measurement locations and high data varivalue of 77.18 mg m? h~1. Mean daily fluxes during grow-
ability. In addition, this underperformance can also be due toing seasons produced by Peatland-VU range from 0.05 (TD)
the physical structure of model. This one-dimensional hydro-to 15.1 mgnt2h~—1 (FW1).
logical module does not consider an upstream runoff water Some of the data from the dry groups show small nega-
source; therefore water table rises due to runoff input fromtive fluxes, suggesting that GHs taken up from the oxic

neighbouring areas are not captured by the model. topsoil or atmosphere by methanotrophic microorganisms.
The model represents this mechanism, but does not repro-
3.3 CHy flux duce these fluxes very well, although it simulates low to neg-

ative fluxes. These very small fluxes also have a very large

We use the summed GHlux of the three transport path- measurement uncertainty, which makes the assessment of the
ways (diffusion, ebullition, and plant-mediated) from model model performance impossible.
simulations to compare with each of the flux chamber mea-
surements. Figurésand6 present the comparison between 3.4 Model sensitivity analysis
simulated and observed (wit/—1 standard error bars) from
groups FW2 and TW1. The other groups yield similar resultsThe water table simulation tests show that most of the pa-
(not shown). rameter sensitivities are group-dependent, excepiiain,

The modelled magnitude of the total @Hux generally  which is highly sensitive at all groups. The dry groups are
agrees well with the data and the simulated seasonal patlso sensitive toEwT, while the wet groups are strongly
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Figure 5. CHy flux produced by Peatland-VU compared with data, floodplain wet group (FW2), 2003 to 2010. For data (red), the standard
error is shown by an error bar.
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Figure 6. CH4 flux produced by Peatland-VU compared with data, tundra wet (TW1) group, 2003 to 2010. For data (red), the standard error
is shown by an error bar.

affected byZunoif and Eo. The vegetation correction fac- (blue lines) and all 3000 simulations (red lines), group TWL1.

tor for evaporationFEyeg, is highly important to both the dry A large deviation of the red and blue lines indicates a high

groups and the wet groups, FW1 and TW1. Conversely, thesensitivity of the model to the parameter. There is a clear

drainage distancé)p, does not have a large influence on any sensitivity to the parameters, Eveg, Wmin, Zrunoff, andDy .

group. Model responses to the other parameter changes are negligi-
Figure7 shows the deviations of cumulative distributions ble.

of the parameters, between the top 100 model performances
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Figure 7. Deviations of cumulative distributions of parameters in hydrology module (TW1). Blue: top 100 model performance. Red: all
3000 model runsE, evaporation correction factor for open wat{jsg, evaporation correction factor for crop/vegetatiéiy, evaporation
correction factor for ground watew,,,;,,, deepest water table positiaf; noff, ponded water depth limi& sat, horizontal saturated hydraulic
conductivity; Dp, downslope drainage distance; ald, downslope drainage water level limit.

For the CH testing we include all field data except the sum), Fpne1 This suggests that a complicated GPP module
floodplain groups from 2007. This was due to the unrepre-is not necessary for plot-scale gldmission modelling; in-
sentativeness of these particular measurements for the floodtead meteorological inputs can be used as a surrogate and
plain as a whole, and the likelihood that they may have beerthe effect of photosynthesis can be parameterized in the sub-
subject to disturbance (F. J. W. Parmentier, personal commuroutines.
nication, 2013). The two GPP calculation methods do not give different re-

The distributions of all groups indicate that the £pto- sults in most cases except for FW2, where method (i) gives a
duction rate factorRp; the CHy plant oxidation parameter, much higher value than method (ii). The maximum objective
Foxp; the reference temperature for temperature-dependeritinction values are listed in Table— FW2 runs with GPP
decomposition7ier; and the CH plant transport rate factor, module on — and all the TW4 simulations have passed the F
Fpiant, contribute significantly to the best model—data fits, andtestp = 0.1 probability limit (NS> 0.3212).
may mask the effects of the GPP module. Same as in Fig7, Figs. 8 to 10 show the deviations of

When the GPP module is switched off, the model performscumulative distributions of the parameters, between the top
better with highRg value ranges (0.35 to 0.50) for groups 100 model performances (blue lines) and all 3000 simula-
FW1 and TW3 in comparison with lower values, and con- tions (red lines), with and without GPP functions for group
versely for the other groups. As fdfoy, groups FW2 and TW1.

TW4 perform better over lower values (0.1 to 0.5) than the We also tested the sensitivity of GHluxes to the calcu-
other groups (not shown). lated soil temperature and active layer thickness. Forcing the

The improvement created by the addition of the GPP mod-model by the second air temperature data se€(lbwer than
ule is generally insignificant. The higher objective function the data from Chokurdakh weather station in wintertime), a
results for groups FW2, TW1, and TW4 indicate a bettermuch better match for the active layer depth was achieved.
model performance. However, turning off the GPP moduleHowever, this does not give a better model-data fit with re-
results in higher NS values for FW1 and TW3 (Tale spect to the Chlfluxes. With the lower winter air tempera-
Emissions from FW1 tend to be underestimated, especiallyure input, the best model fit resulting from the GLUE anal-
for the large values, while fluxes from TW4 are overesti- ysis is slightly lower than that with the higher air temper-
mated, particularly for low values. ature input, although the number of well-fitting model runs

Most of the parameters in both GPP calculation meth-is higher. This holds for experiments with and without the
ods show little sensitivity to the total emissions except aGPP module. Well-performed model runs using the higher
plant phenology factor, number of growing degree days (heatir temperature time series have a lowgr (2—3.5) value
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Table 2. The maximum objective function values of GLUE experiment, with GPP module off, GPP calculated by method (i), and GPP
calculated by method (ii).

FW1 FW2 FD  TW1 TW3 Tw4 TD1  TD2
None 028 026 -019 -092 -009 034 -332 -091
Method () 027 071 -004 028 -017 038 -3.32 -091
Method (i) 0.20 045 010 031 -015 039 -3.32 -0.91
1.0 1.0 1.0 1.0
0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0.1 0.3 0.5 5 10 15 02 04 06 08 2 3 4 5
Ro Fplam Fox Qo
1.0 1.0 1.0
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0.0001 0|§:;))(3 0.0005 0.1 l%fu 0.3 0 5 Tref 10 15

Figure 8. Deviations of cumulative distributions of parameters inghbdule (TW1), GPP function off. Blue: top 100 model performance.
Red: all 3000 model runskg, CHz production rate factorfpant, CHa plant transport rate factofiox, CHy plant oxidation factorQ1,
CHgy production Q1 factor; Pmax, maximum primary productivityFexy, plant root exudate factor; anfies, reference temperature for
decomposition.

and a highefief (15-18 C) compared to runs using the lower ity of the model to small temperature differences resulting
air temperature time series, which have a wider rangeef  from spatial separation between modelled site and tempera-
values (2-5) and a lowdfes (5—-15°C). ture data collection.

The new water table module allows Peatland-VU to sim-
ulate more realistic conditions for GHbroduction when ac-
tual water table data are not available; an essential capabil-
ity when modelling this data-sparse biome. Long-term tests

The model—data comparison shows that the modelled activénoW that Peatland-VU is able to reproduce the magnitude,
and spatial and temporal patterns of the water table, even

layer depth and soil temperature is very sensitive to soil sur- _ o e X
face temperature input. Comparing the air temperature dat{10ugh the spatial variation between floodplain wet groups

sets from the research site and Chokurdakh station (wintefd tundra dry groups can be large. Nonetheless, detailed

2011 to 2012) shows the air temperatures at the researcfidily variations are difficult to evaluate due to limited data

site are on average 0.96 lower than those at the Chokur- ©ON this scale.

dakh station. Consequently, subtractiftClfrom the winter The model failed to reproduce the water table values for

air temperature improves the modelled active layer thicknes{"€ Wetgroups in 2007 —an extremely wetyear. This is likely

considerably. due to the assignment of a specific runoff threshold value in
These experiments show the importance of modelling thd"€ Water table algorithm for each group. This was imple-

temperature gradient between the soil surface and top of th@1ented according to our general knowledge of the normal
canopy/top of the snow cover for accurate modelling of ac.yearly flooding situation, over which we assume the surface

tive layer thickness. Importantly, it shows a strong sensitiv-Water is drained as runoff. This approach ignores flooding in

4 Discussion
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Figure 9. Deviations of cumulative distributions of parameters in/Qhodule (TW1), GPP calculated by method (i). Blue: top 100 model
performance. Red: all 3000 model rum, CHy production rate factorfpjany, CH4 plant transport rate factofox, CHs plant oxidation
factor; 010, CHg productionQ1 factor; Fphes, plant phenology factor, base for calculating heat sfiphes plant phenology factor, heat
sum when maximum LAl is reachedphes plant phenology factor, maximum LAEexy, plant root exudate factor; ariles, reference
temperature for decomposition.

situations where water input occurs from upstream, such agropriate to reproduce the important processes from a char-
in TW1 and FW groups (the TW1 groups also act as drainageacteristic soil profile and vegetation unit, while the measure-
channels in very wet conditions). Moreover, in 2007, springment plots show a very high spatial variability of measured
snowmelt, high summer precipitation and poor drainage confluxes, even within one vegetation unit, reflected by the error
ditions on the floodplain exacerbated the runoff, which is notbars on the measurements in Fi§saand6. This variability
reflected in the model structure. This a justifiable omissionand uncertainty limits model-data comparison, but this mis-
as the depth of excess flood water does not change the faahatch should not compromise the capability of the model to
that the subsurface is still anoxic and the organisms behavivestigate the spatial and temporal £#ux patterns.
similarly, thus carrying forward negligible changes in £H The GLUE model sensitivity experiment on the water ta-
production regarding the influences of water table position. ble parameters shows that most of the sensitivity to these pa-
The model captured the magnitude and seasonal pattern shmeters is group-dependent. The dry groups are sensitive to
the CH; flux and the disparities between wet and dry groups.the minimum ground water table levé¥in, and the subsur-
The emission fluctuations due to water table level, temperaface water evaporation correction factéiyr, while the wet
ture, and active layer thickness are also reflected well in thegroups are sensitive t¥nin; the runoff threshold Zyynof;
simulations. However, model-data comparisons give®8w  and the open water correction factor for evaporation,This
values, although the NS objective function values are stillis in accordance with the fact that the dry groups in general
positive, indicating that the model captures at least part othave a lower water table position (below soil surface) com-
the variance of the data. This is partly due to the uncertainpared with the wet groups (ponded).
ties in measurements. There is in some cases considerable The results of the Clflux sensitivity experiment suggest
uncertainty as to the exact location of soil surface and wa-that the CH production rate Rg; the CH; plant oxidation
ter level, in particular for sedge arffphagnunvegetation  parameterFyx; the reference temperature for temperature-
(see methods). The GHlux measurements are laced with dependent decompositioffiies; and the CH plant transport
an immeasurable uncertainty due to induced ebullition dur-rate factor, Fpiant, are the most important factors affecting
ing measurement; in particular large fluxes could have beethe data fit of all groups. From the model runs with higher
influenced although care has been taken to scrutinize the datbjective function values, the parameter range differences in
(see methods). Furthermore, this could also be due to the faastegetation types are found. For example, the tall sedges dom-
that Peatland-VU is a one-dimensional model, which is ap-inating group FW2 and TW4 generally have Idw values,
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Figure 10. Deviations of cumulative distributions of parameters inghbdule (TW1), GPP calculated by method (ii). Blue: top 100 model
performance. Red: all 3000 model rum, CHy production rate factorfpjant, CHg plant transport rate factofox, CHy plant oxidation
factor; 010, CHg productionQ 1 factor; Fphey, plant phenology factor, base for calculating heat sHgiez plant phenology factor, heat sum
when maximum LAl is reachedfphes plant phenology factor, maximum LAEexy, plant root exudate factofyey, reference temperature
for decomposition; an& geer, Beer’s law extinction coefficient.

in accordance with high vascular plants methane transponnay accommodate these spatial variations better, and be of
ability (Bubier et al, 1995 Joabsson and Christens@601). additional benefit to the modelling effort.
However for the swamp group, FW1, and Sphagnum group, The model experiments also show the effect of variations
TW3, Rg values are higher, which suggests that the highs andetween modelled and measured soil temperature on the
lows of CH; production rate control the flux variability. modelled fluxes. Deviations in the modelled soil temperature
The sensitivity experiments for the inclusion of GPP mod- do affect the CH result, but may be compensated by changes
ule give higher objective function results for groups FW2, in the Q10 andT e parameters. The model may be improved
FD, TW1, and TW4, but the results are reversed for FW1 andby adding a vegetation canopy temperature gradient model.
TWS3 groups. We attribute this to the fact that FW1 and TW3 However, derivation of soil surface temperature from air tem-
are groups with a very low vegetation canopy, with moss-perature based on empirical relations derived from measure-
dominated vegetation and low vegetation total biomass, unment data can also be applied.
der which conditions the photosynthesis is driven more by There are a number of published plot-scale models at-
soil water and temperature than by light. Similar results cantempting to simulate Cldemissions from wetlands and per-
be found from recent studieZ@na et al.2011 Streetetal.  mafrost tundra available for comparison, especially when it
2012. The results from two GPP calculation methods do notcomes to model performanc8egers and Leffelag001)
differ significantly except for FW2. Most of the parameters in apply a process-based model at the Nieuwkoopse Plassen
both GPP calculation methods are not sensitive at any groufpwestern Netherlands, non-permafrost). Although their mod-
except a plant phenology factafphe1 Therefore we con- elled CH, fluxes have the same order of magnitude as the
clude that a GPP module is not essential in process-basedheasurements, the model fails in capturing the seasonal
plot-scale CH emission modelling, although the model gen- pattern. Zhang et al.(2002 present the Wetland-DNDC
erally performs slightly better with one of the GPP models (Denitrification-Decomposition) model and report the sim-
that we tested, compared to a simple approach based on sailations of three North America sites, who®# values
temperature. However, on the small scale, a model can beange from 0.03 to 0.78MNania et al.(2010Q parameterize
fine-tuned to local conditions, making a GPP module lessLPJ-WHyMe (Lund-Potsdam-Jena wetland Hydrology and
useful. On the larger scale, variations in vegetation traits ardiethane DGV Model) at three permafrost sites: BOREAS,
to be expected and fine-tuning to one particular site will leadAbisko, and Ruoergai. The simulated daily flux compared
to poor model performance. In such cases, a GPP modulevell with data for the Ruoergai site; however, the model-data
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fits are poor for the other two site$ang et al.(2010 test  tion shows that improvements can be gained by adding pri-
three process-based models of different complexities at twanary production modelling, although the improvement is not
Michigan peatlands (non-permafrost): Hollow Bog and Big very large and, for differences in model structure, marginal
Cassandra Bog. The simulated fluxes from the latter site ar@nly. However, with a primary production module, our model
less agreeable than the first one, with the higtR®svalues  could also be coupled into climate models and dynamic veg-
of 0.31 and 0.60 respectively. etation models in order to better explain spatial and tempo-
The generally lowk? values may suggest that this type of ral variations in CH emissions from northern permafrost,
methane emission model performs poorly. However,RRe  and to predict responses under future change scenarios. How-
goodness of fit assesses a more exact point-by-point modelever, the micro-topographical features within one wetland or
data agreement, and high spatial/temporal variability in theeven one vegetation type, which control the hydrology and
data, in the shape of measurement errors or high spatidbiogeochemical processes and therefore influence the CH
and temporal variability of fluxes within the same vegetation fluxes, can vary widely; therefore careful parameterization is
units, severely limits the usefulness of this model-data val-needed when up-scaling. The large uncertainty in the data
idation method. Other choices of objective functions, which due to high spatial variability limits model-data comparison.
may be better suited to this type of data, need to be conit may be useful to experiment with objective functions that
sidered. Our GLUE experiments used Nash-Suttcliffe effi-can behave better under such a situation than the oft-R$ed
ciency to assess the model performance, which is essentiallpneasure.
a measure of how well the model performs in predicting the
data with respect to an estimate of the fluxes based on the
data average. The positive objective function values indicateAcknowledgementsThe research leading to these results has
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