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Artistic interpretation of this thesis made by my niece Louisa Kruse-
man (4 years old). It represents the polygonal tundra with the eddy
covariance tower (small red line). Two lemmings (orange) as well as
a fox (red) roam around in the tundra. The fox’ favorite food is also
shown in the bottom right corner — a fried egg with cucumber.





A B S T R A C T

Arctic permafrost landscapes contain substantial amounts of soil or-
ganic carbon that is potentially subject to decomposition. Warming
climates likely accelerate this decomposition in permafrost regions.
However, future soil organic carbon decomposition projections still
remain uncertain due to limited process understanding and few ob-
servation data. This uncertainty in future projections is also the case
for the polygonal tundra, a permafrost landscape in the Arctic with
complex land–atmosphere carbon (C) flux processes due to the high
spatial variability of the landscape components. Although these land–
atmosphere C fluxes have been observed on the landscape-level, obser-
vations of C fluxes from different landscape components (such as open
water and vegetated areas) of the polygonal tundra remain scarce.

In this thesis, I investigate vertical and lateral C flux dynamics in a
polygonal tundra site in the Lena River Delta, Russia. First, I present
two methodological approaches for source-partitioning the vertical
landscape C flux of the heterogeneous polygonal tundra site into the
C flux from two landscape components. For these approaches, I used
observational data from one, respectively two eddy covariance towers.
The results suggested that the source-partitioning approaches effec-
tively separated the C fluxes from the landscape components, namely
waterbodies and vegetated tundra. However, the uncertainty of source-
partitioning increased drastically when two landscape components
shared multiple characteristics (e.g., vegetation and elevation, such
as dry and wet tundra) because classifying these similar landscape
components with high precision is challenging.

Second, I investigate the relationship between lateral and vertical
C fluxes from the polygonal tundra study site and combine the flux
components to the net ecosystem carbon balance (NECB). This anal-
ysis identified the C flux most relevant to the ecosystem’s C balance
in the polygonal tundra. To estimate the vertical C flux, I used the
eddy covariance method, while I used discharge observations com-
bined with aquatic C concentration to estimate the lateral C flux. The
results showed that lateral C export represented about 2 % of the net
ecosystem exchange (NEE) of carbon dioxide (CO2). I also analyzed
the resulting C fluxes from different landscape components using the
source-partitioning approaches and determined the effect of water-
body C emission on the landscape C balance. These results from one
source-partitioning approach suggested that the estimated summer
net CO2 uptake of the vegetated polygonal tundra was 11 % lower
when the waterbody C emission was considered.
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This thesis highlights the significance of representative C flux obser-
vation in the heterogeneous polygonal tundra since a non-representative
C flux observation could lead to a biased C balance. It also shows that
vertical C fluxes represent the most relevant C fluxes of the NECB in
this landscape.

Z U S A M M E N FA S S U N G

Arktische Permafrostlandschaften enthalten beträchtliche Mengen an
organischem Kohlenstoff (C) im Boden, der potenziell abgebaut wer-
den kann. Durch die Erwärmung des Klimas wird dieser Abbau in
Permafrostregionen wahrscheinlich beschleunigt, doch die Progno-
sen für den künftigen Abbau des organischen Kohlenstoffs im Boden
sind aufgrund des begrenzten Verständnisses der Prozesse und der
wenigen Beobachtungsdaten nach wie vor unsicher. Diese Ungewiss-
heit in Bezug auf künftige Prognosen gilt auch für die polygonale
Tundra, eine Permafrostlandschaft in der Arktis, die aufgrund der
großen räumlichen Variabilität der Landschaftskomponenten kom-
plexe Land-Atmosphären-Kohlenstoffflüsse aufweist. Obwohl diese
Land-Atmosphäre-Kohlenstoffflüsse auf Landschaftsebene beobachtet
wurden, gibt es nur wenige Beobachtungen von Kohlenstoffflüssen
aus verschiedenen Landschaftskomponenten (z. B. offene Gewässer
und bewachsene Flächen) der polygonalen Tundra.

In dieser Arbeit untersuche ich die vertikale und laterale C-Fluss-
dynamik in einem polygonalen Tundragebiet im Lena-Flussdelta, Russ-
land. Im ersten Teil stelle ich zwei methodische Ansätze zur Aufteilung
des vertikalen Landschafts-C-Flusses der heterogenen polygonalen
Tundra in den C-Fluss aus zwei Landschaftskomponenten vor. Für
diese Ansätze habe ich Beobachtungsdaten von einem bzw. zwei
Eddy-Kovarianz-Türmen verwendet. Die Ergebnisse deuten darauf
hin, dass die Ansätze zur Quellenaufteilung die C-Flüsse aus den
Landschaftskomponenten, d. h. den Gewässern und der bewachsenen
Tundra, wirksam trennen. Die Unsicherheit der Quellenaufteilung
nahm jedoch drastisch zu, wenn zwei Landschaftskomponenten meh-
rere Merkmale gemeinsam hatten (z. B. Vegetation und Höhe, wie
trockene und feuchte Tundra), da die Klassifizierung dieser ähnlichen
Landschaftskomponenten mit hoher Präzision schwierig ist.

Im zweiten Teil untersuchte ich die Beziehung zwischen lateralen
und vertikalen C-Flüssen aus dem polygonalen Tundra-Studiengebiet
und kombinierte die Flusskomponenten zur Netto-Ökosystem-Kohlen-
stoffbilanz (NECB). Durch diese Analyse konnte ich den C-Fluss iden-
tifizieren, der für die C-Bilanz des Ökosystems in der polygonalen Tun-
dra am wichtigsten ist. Zur Schätzung des vertikalen C-Flusses verwen-
dete ich die Eddy-Kovarianz-Methode, während ich zur Schätzung des
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lateralen C-Flusses Abflussbeobachtungen in Kombination mit der C-
Konzentration im Abflusswasser verwendete. Die Ergebnisse zeigten,
dass der laterale C-Export etwa 2% des Netto-Ökosystemaustauschs
(NEE) von Kohlenstoffdioxid (CO2) ausmacht. Außerdem analysierte
ich die sich ergebenden C-Flüsse aus den verschiedenen Landschafts-
komponenten unter Verwendung von Ansätzen zur Quellenaufteilung
und ermittelte die Auswirkung der C-Emissionen der Wasserkörper
auf die C-Bilanz der Landschaft. Die Ergebnisse eines Quellenauftei-
lungsansatzes ergaben, dass die geschätzte sommerliche Netto-CO2-
Aufnahme der bewachsenen polygonalen Tundra um 11% niedriger
war, wenn die C-Emissionen der Gewässer berücksichtigt wurden.

Diese Arbeit unterstreicht die Bedeutung einer repräsentativen C-
Fluss-Beobachtung in der heterogenen polygonalen Tundra, da eine
nicht repräsentative C-Fluss-Beobachtung zu einer verzerrten C-Bilanz
führen könnte. Sie zeigt auch, dass die vertikalen C-Flüsse die wich-
tigsten C-Flüsse der NECB in dieser Landschaft darstellen.
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1
I N T R O D U C T I O N

Climate change, including globally rising air temperatures, has been
caused by human activity, mostly through the emission of greenhouse
gases (GHGs; IPCC 2021). These GHGs, such as carbon dioxide (CO2)
and methane (CH4), increase the natural greenhouse effect of the at-
mosphere and thus increase the average near-surface air temperature.
Besides anthropogenic GHG emissions, natural processes of ecosystem
respiration and photosynthesis play important roles in exchanging
GHGs between the earth’s surface and the atmosphere. Furthermore,
ecosystem’s responses to climate change can increase the GHG con-
centration in the atmosphere due to the mineralization of carbon (C)
stored in soils, especially in wetlands and permafrost soils (IPCC,
2021).

Specifically, Arctic permafrost regions have historically acted as
sinks for atmospheric C, accumulating a soil organic carbon (SOC)
content of 1014

+194
−175 Pg in the upper 3 meters of the soil (Mishra et al.,

2021). As global air temperatures continue to rise, permafrost soils will Relevance of
permafrost researchincreasingly thaw, and part of the SOC will likely decompose aerobi-

cally or anaerobically. This decomposition will lead to the production
of CO2 and CH4, respectively, contributing to a greater greenhouse
effect and, thereby, continued warming. However, the extent of this
permafrost C feedback remains uncertain and depends, among other
factors, on future global warming (Meredith et al., 2019). These uncer-
tainties regarding future GHG emissions are partially due to limited
observational data and process understanding of the permafrost C
feedback (Schuur et al., 2015).

The permafrost regions, especially the polygonal tundra, feature
high spatial variability with different landscape components, such as
dry tundra, wet tundra, and open water. These landscape components
show significantly different land-atmosphere C flux dynamics (Eck-
hardt et al., 2019; Kuhn et al., 2018; Lara et al., 2020; de Aro Galera
et al., 2022). For example, whether the landscape of the tundra will
become drier or wetter or will feature more ponds due to changing
climate is a matter of research. The enhanced evaporation of a warmer
climate and ice-wedge degradation in the polygonal tundra could lead
to a drier tundra landscape (Nitzbon et al., 2019; Zhang et al., 2018).
In contrast, abrupt thaw could also expand open water areas (Mag-
nússon et al., 2021). The latest projections suggest that CH4 emission
would rise under a dry arctic scenario (Vrese et al., 2022). Therefore,
a change in the distribution of landscape components would likely
cause a change in the land-atmosphere fluxes of that landscape. Hence,

1



2 introduction

observing and analyzing land-atmosphere fluxes from different land-
scape components of the tundra is important, especially regarding
observation data with high temporal resolution (Vonk et al., 2015).
To improve the understanding of land-atmosphere C fluxes in the
spatially heterogeneous polygonal tundra landscape, I present and an-
alyze observational data for vertical and lateral C fluxes from different
landscape components in this thesis using the eddy covariance (EC)
method and hydrological catchment observations.Study site and

background The study site for this thesis is located in the Lena River delta and
is covered by polygonal tundra, a common landscape type in Arctic
permafrost regions. Within the polygonal tundra, long-term growth
of under-ground ice wedges due to thermal contraction and expan-
sion causes a micro-topography of a few decimeters and a polygonal
pattern (Kutzbach et al., 2007). The micro-topography results in a
small-scale variability of landscape components within a few meters
with dry and wet areas (covered with low vegetation), ponds, and
lakes. The polygonal tundra represents an important C reservoir with
an estimated C stock in the Lena River delta of 29 ± 10 kg m−2 in the
upper 1 meter (Zubrzycki et al., 2014). The vertical C fluxes from the
polygonal tundra landscape show a high spatial variability; Eckhardt
et al. (2019) showed that wet tundra has a higher net CO2 uptake com-
pared to dry tundra during the growing season. Furthermore, CH4

emissions also represent an important C flux in the polygonal tundra
landscape. CH4 can be produced under oxygen-deficient conditions in
water-saturated soils, from which it emits to the atmosphere through
diffusion, ebullition, or plant-mediated transport (Knoblauch et al.,
2015; Walter Anthony and Anthony, 2013). Previous research at the
study site has shown that half-hourly landscape CH4 fluxes depended
on the soil temperature and near-surface turbulence (Rößger et al.,
2022; Wille et al., 2008). Moreover, the surface CH4 concentrations
from small ponds in this area show a high spatial variability (Rehder
et al., 2021), which likely results in spatially heterogeneous aquatic
CH4 emissions.

The lateral C flux represents another potentially relevant C flux
component of the ecosystem’s C balance. In two subarctic catchments
in northern Sweden, lateral C fluxes represented 4–35% of the net
ecosystem carbon balance (NECB; Chi et al. 2020; Lundin et al. 2016;
Öquist et al. 2014). However, a comparison of lateral and vertical C
fluxes and the extent to which they compose the NECB has not yet
been performed in an Arctic landscape.

To study the vertical fluxes of CO2 and CH4 from the polygonal
tundra, I used observations from two EC towers, both located on
Samoylov island in the Lena River delta, Russia. Additionally, hydro-
logical observations of water C content and water runoff rate were
performed to address questions related to lateral C export. The obser-
vations of vertical C fluxes using the EC instruments were conducted



1.1 background 3

between June and September 2014 and July and September 2019, re-
spectively, while lateral C fluxes were observed between June and
September 2014. Research questions

In the first section of this thesis, I present and discuss method-
ological approaches for partitioning C fluxes from a heterogeneous
polygonal tundra landscape into the landscape components’ C fluxes
using the EC method. I show two different approaches, the first with a
single EC observation tower and the second with two parallel, nearby
EC towers. In the second section, I summarize the findings of this
thesis regarding the NECB of the polygonal tundra landscape and
aim to answer the question: where does the carbon go? I present C
fluxes from different landscape components, namely open water and
semi-terrestrial tundra, and discuss the implications of these findings
for up-scaling approaches. I also present lateral C flux observations,
compare the resulting lateral C fluxes to vertical C flux observations,
and discuss the relevance of lateral C fluxes to the ecosystem’s C
balance.

1.1 background

1.1.1 Permafrost-affected Soils

Permafrost soils exist in the cold regions of the world, namely the
Arctic, alpine regions, and partially Antarctica. Over previous mil-
lennia, the cold temperatures of winter cooled the ground in these
regions more than the warm temperatures in summer heated it. While
permafrost suggests that this soil is permanently frozen, it neither needs
to be frozen nor permanently remains below 0

◦C (Van Huissteden,
2020). By definition, permafrost is ground at or below 0

◦C for at least
two consecutive years (Harris et al., 1988). Soils containing water can Definition of

permafrostremain unfrozen at sub-zero temperatures, for example, when salts
are solved in the pore water.

Permafrost occurs mostly in the Northern Hemisphere, covering
about 15% of the hemisphere’s land area (Obu 2021; see Fig. 1). In Rus-
sia, the permafrost regions reach from the Siberian Arctic far south into
China and Mongolia. However, in western Russia and the European
continent, permafrost only occurs north of ∼60°and in alpine regions.
This lack of permafrost in the northern European continent is partially
due to the presence of glaciers during the last glaciation (Clark et al.,
2009). These glaciers prevented the cold temperatures during winter
from reaching the ground and thus insulated the ground. Introducing the

active layerIn permafrost regions, not the entire ground is always frozen. A
top layer above the permafrost table, called the active layer, thaws in
summer. This layer can have a depth of a few centimeters in the cold
climate of the high Arctic to tens of meters in the southern part of
the Russian permafrost regions. Air and surface temperature play
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Figure 1: Area of permafrost regions in the Northern Hemisphere with the
C content in the upper 3 meters. Figure from Canadell et al. (2021,
p. 774).

important roles in the active layer depths, as well as other factors,
including soil moisture, soil structure, vegetation, and snow cover.
These factors influence the thermal transfer properties of the soil. For
example, an intact moss cover insulates the soil, limiting temperature
fluctuations from affecting deeper ground layers (Van Huissteden,
2020).

1.1.2 Permafrost carbon feedback

Mishra et al. (2021) estimated the SOC to be 1014
+194
−175 Pg 1 in the upper

3 meters of the Northern Hemisphere permafrost region. In a warmingThe current state of
permafrost carbon climate, microbial decomposition processes are likely to intensify, and

deeper soil layers will likely thaw, leading to a potential acceleration of
GHG emissions from the permafrost. Alternately, higher temperatures

1 1 Pg =̂ 1015 g
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could enhance vegetation productivity in the Arctic regions, thereby
potentially enhancing plants’ C uptake during the growing season
(Mekonnen et al., 2021).

According to the sixth assessment report by the intergovernmental
panel on climate change (IPCC), the temperature increase due to GHG
emissions from permafrost regions will be “enough to be important,
but not enough to lead to a ‘runaway warming’ situation, where per-
mafrost thaw leads to a dramatic, self-reinforcing acceleration of global
warmin” (Canadell et al., 2021). In a special report regarding the ocean The future of

permafrost carbonand cryosphere in a changing climate, the authors state a high confidence
that the “thaw depth will increase and the areal extent of near-surface
permafrost will decrease substantially” (Meredith et al., 2019). How-
ever, the magnitude of this near-surface permafrost loss ranges widely,
from 2–66 % for representative concentration pathway (RCP) 2.6 to
30–99 % for RCP 8.5. Thawing permafrost can also partially mobilize
the organic C in the permafrost regions. The latest projection stated a
permafrost CO2 feedback of 18 (3.1–41) PgC ◦C−1 and a permafrost
CH4 feedback of 2.8 (0.78–7.3) PgCeq

◦C−1 (Canadell et al., 2021). The
estimations for the accumulated permafrost C loss until the year 2100

range from 37–174 PgC for RCP 8.5 with a model ensemble average of
92 ± 17 PgC. For RCP 2.6, an accumulated permafrost C loss of 28–92

PgC is projected until 2100 (Canadell et al., 2021). Comparison to global
CO2 emissionFor comparison, the cumulative annual global fossil fuel CO2 emis-

sion in 2021 was 10.1 ± 0.5 PgC (Friedlingstein et al., 2022). Therefore,
the accumulated permafrost C loss until 2100 will account for 3 to 9

times the annual global fossil fuel CO2 emission from 2021, and the at-
mosphere may receive a substantial amount of C from the permafrost
region, even if CO2 emission from fossil fuels is eliminated.

1.1.3 Carbon fluxes

1.1.3.1 Carbon Dioxide

Net CO2 flux consists of two major components: (1) the uptake of
CO2 by photosynthesis, also called gross primary production (GPP),
and (2) the respiration of CO2 by the soil and plants called ecosystem
respiration (Reco). During daytime in a vegetated area, both GPP
and Reco occur simultaneously. Thus, the observed NEE represents CO2 flux

componentsthe sum of the two opposing flux components Reco and GPP. At
nighttime or in low-light situations, photosynthesis stops, and GPP
drops to zero. As photosynthetically active radiation (PAR) increases,
plants increasingly take up CO2 until they reach a maximum, at
which point increased PAR does not lead to higher CO2 uptake. This
relationship between CO2 uptake and PAR is commonly used to model
and gap-fill the CO2 uptake (Runkle et al., 2013). However, this simple
modeling approach neglects the complexity of photosynthesis. Each
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plant has a plant-specific optimum temperature for photosynthesis,
and plants close their stomata in dry air to prevent wilting. Therefore,
plants perform less photosynthesis in a meteorological situation with
extremely high temperatures or extremely dry air, and the CO2 flux
decreases, even under favorable PAR conditions.

Ecosystem respiration consists of two parts: (1) autotrophic respi-
ration and (2) heterotrophic respiration. Autotrophic respiration is
the CO2 emission of living plant components (above ground and
roots, Van Huissteden 2020). Heterotrophic respiration is the CO2Ecosystem

respiration emission of the entire population of organic matter-decomposing bac-
teria, fungus, and fauna breathing (Van Huissteden, 2020). Although
it also depends on other factors, including nutrient availability and
the chemical condition of the soil, heterotrophic respiration is mostly
temperature-dependent. Therefore, the soil temperature functions as a
driver for models of ecosystem respiration used for gap-filling (Holl
et al., 2019a; Rößger et al., 2019a; Runkle et al., 2013).

1.1.3.2 Methane

Methane is a relevant greenhouse gas in the earth’s atmosphere with
a comparative impact of non-fossil and fossil methane being 27.0± 11

and 29.8 ± 11 times greater than CO2 over 100 years, respectively
(Forster et al., 2021). Wetlands act as the largest natural source ofRelevance of methane

methane, while agriculture, waste, and gas production act as the
main anthropogenic source of methane (Saunois et al., 2020). The
atmosphere represents the main sink of methane due to oxidation
(Cicerone and Oremland, 1988; Saunois et al., 2020) leading to net
production of atmospheric CO2 (Boucher et al., 2009). In the soil of
wetlands, the production and consumption of methane can occur
simultaneously in the same soil column. Production begins in the
water-saturated soil layer. There, organic matter is decomposed toMethane transport

processes methane under anoxic conditions. This methane can reach the surface
through three pathways:

• Diffusion: slow transport of methane through air-filled pores of
the soil toward the surface

• Ebullition: quick movement of methane-filled bubbles in water-
logged soil or water columns

• Plant-mediated transport: quick movement of methane through
hollow stems and roots of specific plants from deeper soil layers
to the atmosphere

In the slow diffusion process, methane can be oxidized to CO2 in upper
aerobic soil layers. Therefore, strong methane production in deeper soil
layers can lead to higher CO2 emissions. During the quicker transport
processes of ebullition and plant-meditated transport, oxidation of
methane plays a minor role.
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1.2 the study site

1.2.1 The Lena River Delta

Figure 2: Top: map of northern Russia (a) and the Lena River delta (b).
Bottom: map of Samoylov Island (c) with the maximum (green)
and minimum (yellow) catchment size (studied in chapter A) and
the land cover classification by Mirbach et al. (2022) (d). The orange
crosses in (d) mark the locations of eddy covariance tower 1 (used
in chapters A and C) and tower 2 (used in chapters B and C). In
panel (d), the merged polygonal pond studied in chapters B and C
is outlined in red. The yellow cross in (c) denotes the location of
the meteorological station with the active layer depth observations.
Panel (e) shows the locations of outflows A1, A2, and B studied
in chapter A. Map data from © OpenStreetMap contributors 2020,
distributed under the Open Data Commons Open Database License
(ODbL) v1.0 (a, b) and modified after Boike et al. (2012b) (c, d, e).

With an area of 32,000 km2, the Lena River delta is the largest in the
Arctic and one of the largest river deltas in the world. The delta con-
sists of more than 1500 islands, separated from each other by smaller
and larger river arms (Are and Reimnitz, 2000). The geomorphological Classification of the

Lena River deltaclassification of the river delta indicates three main river terraces of
different ages and a floodplain (Schwamborn et al., 2002). The first ter-
race, which is also the youngest, was formed in the late Holocene and
covers about two-thirds of the river delta along with active floodplains.
This terrace is characterized by polygonal tundra and thermokarst
lakes (Schwamborn et al., 2002). The second terrace formed between
the late Pleistocene and the early Holocene covers about 23% of the
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river delta. It consists of sandy sediment with relatively low ice con-
tent (Schneider et al., 2009). The third terrace, the oldest terrace, is
a remnant of a late Pleistocene plain. Its sediments are rich in ice
and organic material, and the soil of the terrace is characterized by
polygonal soils and thermokarst processes (Boike et al., 2013).

In this thesis, I focus on observational data from Samoylov Island,
an island in the center of the Lena River delta. My study site on
the island includes the first river terrace with polygonal tundra. The
polygonal tundra represents a landscape with low vegetation of a few
centimeters and a micro-relief with a polygonal structure.

1.3 measurement technique

1.3.1 Eddy Covariance

The EC method is a micrometeorological measurement technique used
to estimate land–atmosphere fluxes of momentum, heat, water vapor,
and trace gases within the atmospheric boundary layer (ABL). This
method allows researchers to observe vertical land-atmosphere fluxes
from areas of a few hundred to a few million square meters. Recently,
the EC method became the state-of-the-art method for vertical flux
observations and networks of flux observations (ICOS, 2022; Pastorello
et al., 2020). A typical setup of an EC observation tower is shown in
figure 3; data from this EC tower was used in appendices B and C.

Within the ABL, turbulent eddies dominate the vertical transport
processes (Lee et al., 2006). The instruments of an EC observation
tower measure the parameters of eddies within the ABL, including 3D
wind speed, temperature, and the gas concentration of interest, with
a high measurement frequency, typically 20 Hz. The high-frequency
observation of vertical wind speed and the concentration of the gas
of interest represent the most relevant observations for vertical gas
flux estimations. When, for example, in time step t1 a downwind withPrinciple of the EC

method a relatively low concentration of CO2 is observed and a short time
later in time step t2 an upwind with a relatively high concentration
of CO2 is observed, a net transport of CO2 must have occurred from
the ground to the atmosphere. In other words, the net vertical land-
atmosphere flux can be expressed as the covariance between the
vertical velocity of the air and the concentration of the gas of interest.

Calculating the covariance requires post-processing the raw data.
Traditionally, this post-processing is performed after the measure-
ment campaign using specific programs or scripts (e.g., EddyPro or
EddyRe). However, newer instruments perform the post-processing
in the logging device of the EC instruments (e.g., Licor SmartFlux
System). During post-processing, numerous corrections are applied
to compensate, for example, for pressure fluctuations or instrument-
related limitations.
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Figure 3: Picture of the eddy covariance tower (EC Tower 2 in Fig. 2) with
the CH4 analyzer in the top-right part. The background shows a
merged polygonal pond which is outlined in red in Fig. 2. Picture
taken on 11 July 2019 by Zoé Rehder.

Further information about the EC method and the theory behind the
EC method can be found in Burba (2021) and Lee et al. (2006).





2
R E S U LT S A N D D I S C U S S I O N

2.1 source-partitioning of co2 fluxes using the eddy

covariance method

In this thesis, I show two approaches for source-partitioning land-
atmosphere CO2 fluxes into fluxes from different landscape com-
ponents. Here, I define landscape components as areas within the
landscape that share many characteristics (such as moisture content,
elevation, and vegetation) and can therefore be grouped into one class.
I focus on the landscape of the polygonal tundra, which is character-
ized by a polygonal structure with a micro-topography of about 50

cm (Kutzbach, 2006). However, this landscape can also differ among
locations. Even at the study site on Samoylov island, Kartoziia (2019)
defined ten different types of polygonal tundra, including less de-
graded, low-centered polygons and more degraded, high-centered
polygons. Other landcover classifications separate the polygonal tun-
dra surface of Samoylov island into four classes: dry tundra, wet
tundra, overgrown water, and open water (Mirbach et al., 2022; Muster
et al., 2012).

In the first part of this section, I separate the CO2 fluxes into fluxes
from ponds and those from semi-terrestrial tundra using observational
data from one EC tower (one-tower-approach). I define ponds as land
surface classified as open water while semi-terrestrial tundra includes
the classes dry tundra, wet tundra and overgrown water. In the second Definition of

landscape
components

part of this section, I present an alternative method for estimating gas
fluxes for the same individual surface classes using observational data
from two EC towers in relatively proximity (∼500 m) of each other
(two-tower-approach). Additionally, I further separate semi-terrestrial
tundra into the components of dry tundra and wet tundra in this
analysis.

To source-partition CO2 fluxes for both approaches, I used two Methods used in both
source-partitioning
approaches

models and one land cover classification. The first model was the gap-
filling model for NEE fluxes of CO2, which was proposed by Runkle et
al. (2013; from now on referred to as the bulk-NEE model). Details about
this model can be found in section B.3.4.3. The second model was the
footprint model, which was used to estimate the source area of the flux
signal observed at the EC tower (Kormann and Meixner, 2001). Each
grid cell of this model was combined with the land cover classification
to determine the contribution of each land cover component with
respect to each 30-minute flux. I refer to the contribution of each
land-cover component as the weighted footprint fraction. The land-cover

11
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classification used in the one-tower-approach was provided by Mirbach
et al. (2022). In the two-tower-approach, additionally the land-cover
classification by Muster et al. (2012) was utilized. Both land-cover
classifications agree in classifying the surface into open water and
semi-terrestrial tundra. However, they show substantial differences in
classifying the tundra surface into dry and wet tundra. Therefore, I
compared the resulting CO2 fluxes using each land-cover classification.
Details on the method used to combine the footprint model with the
land cover classifications can be found in B.3.4.2.

2.1.1 Approach using one eddy covariance tower

In the one-tower-approach, I used data from an EC tower located within
the polygonal tundra next to a merged polygonal pond (EC Tower 2
in Fig. 2). I first estimated a gap-filled dataset of CO2 fluxes, which
were mostly influenced by semi-terrestrial tundra. Second, I combined
the weighted footprint fraction with the observed CO2 flux and the
previously estimated CO2 flux dominated by semi-terrestrial tundra.
By assuming that the total observed flux was the sum of the fluxes
from land-cover types weighted with their respective weighted footprint
fraction, I could estimate the average pond CO2 flux. Finally, I use
the previously mentioned sum of fluxes to estimate half-hourly CO2

fluxes from the semi-terrestrial tundra that was not influenced by
polygonal ponds. A detailed description of this approach can be found
in section B.3.4.4.Assumptions in

one-tower-approach This approach included substantial assumptions about CO2 fluxes in
the polygonal tundra. To estimate the CO2 flux from semi-terrestrial
tundra (step 3), I used the median of the pond CO2 flux, thereby
assuming a pond CO2 flux without a diurnal cycle and large variations.
This condition was shown to be true in this specific case after step 2

(see Fig. 14). However, this assumption may be invalid at sites with
more varying water CO2 fluxes (e.g., the water CO2 flux reported by
Jansen et al. 2019). In addition, the one-tower-approach works well when
clear optical boundaries exist between different landscape components
surrounding the EC tower. Observing CO2 fluxes from smaller ponds
as the one chosen in this study would likely have resulted in larger
uncertainty of the estimated CO2 flux.

As a benefit, the one-tower-approach of source-partitioning CO2 fluxes
into the CO2 fluxes from different landscape components that one
only requires to have the financial resources for one EC observa-
tion tower and its instruments. Nevertheless, with common costs of
around 100.000 €, financing a single EC tower can be challenging.Possible application

of one-tower
-approach

To source-partition CO2 fluxes using just one tower, a clear bound-
ary of landscape components surrounding the EC tower must exist,
as was the case at the study site, with open water to the east and
semi-terrestrial tundra to the west.
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2.1.2 Approach using two eddy covariance towers

For the two-tower-approach, I used data from two EC towers located
approximately 500 meters apart (EC Tower 1 and EC Tower 2 in Fig. 2).
Both towers are surrounded by polygonal tundra. As was required
in the one-tower-approach, I assumed that a mixed signal of EC mea-
surement was a linear combination of each flux type in the footprint-
weighted by its respective contribution to the footprint. Based on this Source-partitioning

CO2 fluxes from
pond and semi
-terrestrial tundra

assumption, a set of two equations (one for each EC tower, Eq. 6 and
7)) described the observed CO2 flux as a sum of flux components,
each multiplied with their footprint-weighted fraction. By rearranging
these two equations, I estimated two time series of two landscape
components’ CO2 fluxes (Eq. 8 and 9). These two different landscape
components were semi-terrestrial tundra and thermokarst ponds.

In the two-tower-approach, I also source-partitioned the CO2 fluxes
from the semi-terrestrial tundra into the CO2 fluxes from dry and wet
tundra. As previously mentioned regarding the one-tower approach, I
assumed a pond CO2 flux without a diurnal cycle and large variations.
Therefore, I subtracted the median of the pond CO2 flux (multiplied
with the footprint-weighted fraction) from the observed CO2 flux to
determine two CO2 flux time series purely from semi-terrestrial tundra
(Eq. 10 and 11). From these two time series of semi-terrestrial tundra, Source-partitioning

CO2 fluxes from dry
and wet tundra

I estimated the CO2 fluxes from dry and wet tundra, respectively (Eq.
12 and 13).

A benefit of the two-tower-approach is that CO2 flux time series for
two landscape components from a heterogeneous landscape can be
estimated as early as step 1. In the one-tower-approach, low-varying
pond CO2 flux was necessary to receive a similar result. The re-
sults from both approaches showed good agreement regarding pond
CO2 fluxes. In the one-tower-approach, a pond CO2 flux between 11 Results from both

source-partitioning
approaches

July and 10 September of 0.130.24
0.00 g m−2 d−1 was found, and in the

two-tower-approach, pond CO2 fluxes of 0.100.19
0.02 – 0.110.26

−0.01 g m−2 d−1

(median75th percentile
25th percentile) were found. Based on these results, both source-

partitioning approaches showed good results for pond CO2 flux.
In the two-tower-approach I also aimed to source-partition the semi-

terrestrial tundra into the landscape components of dry and wet
tundra. I estimated the two landscape components’ CO2 flux based
on two available land-cover classifications, and the results highly de-
pended on the chosen classification (Fig. 27a and 27b). Both land-cover
classifications include dry and wet tundra. However, the distribu-
tion of these two classes differs between the land cover classifica-
tions, especially to the west of EC tower 2, as shown in the diverging
footprint-weighted land surface contribution in figures 23a and 23b.
The classification of these two components (dry and wet tundra) highly
depends on the moisture content and vegetation of the tundra. As
these parameters can change over time, the land cover classifications
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can produce different results for the same location over time. Although
the two-tower-approach showed reliable results for pond CO2 fluxes,
the diverging result of dry and wet tundra CO2 fluxes showed that
source-partitioning two surface components that are highly similar
and challenging to differentiate using land-cover classifications is
difficult.

Similar approaches of source-partitioning EC fluxes from heteroge-
neous landscapes have been performed by Holl et al. (2020), Jammet
et al. (2017), Rößger et al. (2019a,b), and Tuovinen et al. (2019). In mostComparison to other

source-partitioning
approaches

studies, the authors have separated fluxes from different vegetation
types. In the study by Jammet et al. (2017), fluxes from a lake and a fen
in a subarctic environment were source-partitioned, thus, representing
a similar approach to this thesis. In general, flux estimations from
Arctic waterbodies are still rare, especially using the EC method (Vonk
et al., 2015). Therefore, the results from the one- and two-tower-approach
represent useful additions to the knowledge on CO2 fluxes from small
waterbodies in the Arctic.

2.2 where does the carbon go? the net ecosystem carbon

balance of a polygonal tundra landscape

Setting the stage on
Samoylov island The polygonal tundra represents a heterogeneous landscape in the

Arctic. It is covered by semi-terrestrial tundra of drier and wetter
areas and open water areas of different sizes. At the research site,
the river terrace of Samoylov island, dry tundra accounts for 65% of
the landscape area, while wet tundra accounts for 12%, open water
accounts for 16% and overgrown water accounts for 7% (Muster et al.,
2012). In this thesis, I focus on C fluxes from smaller thermokarst
ponds, which compose about 8% of the river terrace area. Larger
thermokarst lakes (outlined in yellow in Fig. 11 b) represent the other
8% of open water areas, though these lakes are not part of the research
in this thesis.

The C fluxes of various landscape components in this heteroge-
neous area differ greatly. For example, thermokarst ponds continu-Results from aquatic

CO2 and CH4 fluxes ously emitted CO2 during the observation period with a CO2-C rate
of +0.130.24

0.00 g m−2 d−1 (median75th percentile
25th percentile). Meanwhile, neighboring

areas of semi-terrestrial tundra showed an average net CO2-C up-
take of about -0.27 ± 0.007 g m−2 d−1. Due to the spatial prevalence
of semi-terrestrial tundra in this landscape, the net CO2 flux of the
polygonal tundra landscape was dominated by the CO2 flux of the
semi-terrestrial tundra. However, although thermokarst ponds only
cover about 8% of this landscape, their low but constant CO2 emission
held an important implication for the CO2 balance of the landscape:
the landscape CO2 uptake decreased by 11% when CO2 emissions
from thermokarst ponds are included compared to the uptake of a
landscape that is completely covered by semi-terrestrial tundra.
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CH4 fluxes from the polygonal tundra showed a more complex
spatial variability compared to CO2 fluxes. My results suggested that
CH4 fluxes cannot be classified into fluxes from waterbodies and semi-
terrestrial tundra, as it has been the case for CO2 fluxes. Even within
one pond, CH4 fluxes are spatially variable: one shore of a thermokarst
pond emitted significantly higher rates of CH4 compared to the other
shore of the same pond, even though the shores had similar vegetation
cover and water depths close to the shore. Furthermore, the open
water area of the pond and the semi-terrestrial tundra had similar
CH4 emissions without significant differences (Fig. 16). This result
was surprising, as the emission pathways of CH4 in the pond and the
semi-terrestrial tundra are likely different, and CO2 fluxes from these
two landscape components show significant differences.

The estimation of pond CO2-C flux from this thesis is mostly con-
sistent with previous estimates of aquatic CO2-C fluxes in other
permafrost-affected regions, ranging from 0.059 (Jammet et al., 2017) to
0.11 (Eugster et al., 2003) to 0.22 g m−2 d−1 (Jonsson et al., 2008). Sur- Discussion on

aquatic CO2 and
CH4 fluxes

prisingly, the results from this thesis are 12–18 fold smaller compared
to a previous study conducted at the same study site (Abnizova et al.,
2012). The indirect measurement technique used by the authors to
estimate aquatic CO2 fluxes (thin boundary layer method by Liss and
Slater 1974) could partially explain the strong diverging observations;
however, the main cause for these differences remains unknown.

From the merged polygonal pond, we estimated a CH4-C flux
of 13.9018.46

11.02 mg m−2 d−1 (median75th percentile
25th percentile). This is more than the

fluxes from a subarctic lake that Jammet et al. (2017) measured; they
reported an average yearly CH4-C flux of 13.42 ± 1.64 mg m−2 per
day and an average CH4-C flux during the ice-free season of 7.58

± 0.69 mg m−2 per day. Similar to our findings, CH4-C emissions
were reported in 32 non-Yedoma thermokarst lakes in Alaska (16.80 ±
8.61 mg m−2 d−1; Sepulveda-Jauregui et al., 2015). The same order of
magnitude of CH4-C emissions are also reported in a synthesis of 149

thermokarst water bodies north of ∼ 50◦ N (27.57 ± 14.77 mg m−2 d−1;
Wik et al., 2016). The CH4-C fluxes from semi-terrestrial tundra are
consistent with other literature focusing on the same study site. A
recent study by Rößger et al. (2022) has reported mean thaw season
CH4-C emissions of about ∼9.33 mg m−2 d−1, being in the same range
compared to the estimates from this thesis (12.5516.07

9.65 mg m−2 d−1,
median75th percentile

25th percentile, Fig. 16). A similar study by Sachs et al., 2008 re-
ported mean daily CH4-C emissions of 14 mg m−2 d−1 during the
thaw season.

Whether the vertical C fluxes represent the majority of C fluxes
from this landscape remained unclear prior to the study in appendix
A; carbon fluxes can potentially also occur laterally with the water Results from lateral

C flux estimationrunoff. To my knowledge, no study has combined vertical and lateral
C fluxes to estimate the NECB for a polygonal tundra site. My results
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in appendix A showed that during the 93-day observation period
(June 8 – September 8, 2014), the NECB accumulated to −17.6 to −17.5
(±1.2) g m−2 (see Fig. 6). The vertical fluxes of CO2 and CH4 had
cumulative sums of −19.0± 1.2 and 1.0± 0.02 g m−2, respectively, and
the lateral C fluxes of dissolved inorganic carbon (DIC) and dissolved
organic carbon (DOC) accumulated to 0.31–0.38 and 0.06–0.08 g m−2,
respectively. Overall, the vertical CO2 flux dominated in the NECB,
while the CH4 flux and the lateral C fluxes played only a minor role
on the timescale of the observation period. However, the relationship
between the vertical and the lateral fluxes changes: following the
spring melt, meltwater and water from a previous flood resulted in
the highest lateral C fluxes of the observation period. In this first week
of observation, the CO2 flux was negative, indicating a CO2 uptake,
whereas the NECB was positive, indicating a carbon release. With the
progressing vegetation period, high levels of CO2 uptake dominated
the NECB.



3
C O N C L U S I O N A N D O U T L O O K

In the first part, I present two approaches for source-partitioning CO2

fluxes from a heterogeneous landscape using the EC method. The
two presented methods worked well for my first application, source-
partitioning CO2 fluxes from thermokarst ponds and semi-terrestrial
tundra. However, the application area of the one-tower-approach remains Limitations of

one-tower-approachrelatively narrow. Even though I found interesting and relevant results
of C fluxes at this study site, this method might not be universally
applicable. The fundamental requirement of "no diurnal cycle for
water CO2 flux" limits this method to specific landscapes. When
this requirement is not fulfilled, and researchers still aim to source-
partition C fluxes, a tower setup at the edge between two landscape
components could be useful, as shown by Holl et al., 2020; Rößger
et al., 2019a,b. Or alternatively, a combination of EC with chamber
flux observation could be helpful to source-partition C fluxes from
different landscape components (Eckhardt et al., 2019; Tuovinen et al.,
2019).

For heterogeneous landscapes, such as the polygonal tundra, the two-
tower-approach could represent a useful tool to source-partition the CO2

or other GHGs fluxes from any given two landscape components. The
only requirement for the two-tower-approach is that the two landscape
components can be accurately classified in a land cover classification.
The second step of the two-tower-approach has shown that a precise
land cover classification represents a crucial requirement for successful
source-partitioning. A useful application would be a case where a long-
term EC observatory would be supported by a temporary EC tower,
as I have presented in this thesis.

In the second part, I show different C fluxes from the polygonal
tundra landscape and aim to determine where the carbon goes. Arc-
tic permafrost soils are likely to thaw more deeply in a warming
climate, and abrupt thaw could occur widely. Due to abrupt thaw,
more thermokarst ponds are likely to be created within the tundra
and thereby shift the landscape C flux (Rodenhizer et al., 2022; Schuur
et al., 2022; Turetsky et al., 2020). In a hypothetical case of doubling Possible future

scenarios of
Samoylov C fluxes

the land area of thermokarst ponds on Samoylov island, with all
thermokarst ponds having a CO2 flux comparable to my estimations,
the current CO2 uptake of the landscape on Samoylov island would
decrease by ∼25% instead of 11%, as I estimated in this thesis. Thus,
the landscape C flux could significantly change when the areal extent
of landscape components changes, even if the area-specific C fluxes of
each landscape component remain the same.

17
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In the analysis of polygonal tundra CH4 flux dynamics, I found
that CH4 fluxes significantly differ between two shores of the same
thermokarst pond. Coastal erosion of the shores, meteorological condi-
tions, differences in vegetation cover and local ebullition were excluded
from possible drivers of these significant differences and thus revealed
the need for additional research in this field. Researchers could fo-
cus on more in-depth process modeling for aquatic CH4 emissions,
as begun by Rehder (2022). However, the underlying processes are
likely highly complex to model adequately, so a larger measurement
campaign on aquatic CH4 emissions would also be useful, especially
one that includes bubble traps on the water surface. Areas of high
ebullition could be located by visual inspection of bubbles trapped in
winter ice. In such a measurement campaign, the EC method could
also be used to capture the landscape CH4 fluxes from a larger region.

The NECB estimation for the polygonal tundra site suggested that
lateral C fluxes play a minor role in the ecosystem’s C balance during
the summer period. Even with potentially high lateral C fluxes directly
following the beginning of the snow melt, lateral C fluxes at this site
still play a less important role in the ecosystem’s C balance. However,
the relevance of lateral C fluxes may become more important in the
future if erosion of the polygonal tundra site were to occur. TwoPotential relevance of

lateral C fluxes at
other sites

studies have found substantial organic C transport from eroding cliffs
Arctic rivers: Kanevskiy et al. (2016) reported an annual organic C loss
of 880,000 kg from a 650 m long cliff in Alaska, and Fuchs et al. (2020)
found an annual organic C loss of 5,200,000 kg from a 1,600 m long
cliff in the Lena River delta. If these erosion events were to occur at
this thesis’s study site, lateral dissolved fluxes, especially particulate
carbon, would most likely counteract the ecosystem’s sink of C at this
site.

This thesis has shown interesting results of C fluxes from the polygo-
nal tundra. However, there are still research questions open that couldPerspective for future

research be addressed in future field campaigns:

• Land-atmosphere C fluxes from the Lena river and the bare sand
of floodplains could be studied by setting up an EC tower at the
shore of the Lena river. The one-tower-approach could be used for
source-partitioning the C fluxes from the two surfaces.

• A temporary EC tower could be relocated throughout the season
to capture the potential spatial variability of C fluxes in the
heterogeneous polygonal tundra landscape.

• Observation of lateral C fluxes could be conducted at a site
with erosion of polygonal tundra and, therefore at a site with
potential relevant flux contribution of particulate C.
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3.1 take home messages

This thesis focuses on lateral and vertical C fluxes from the heteroge-
neous polygonal tundra. The most relevant results form this thesis are
summarized here:

• Lateral C fluxes of DIC and DOC likely do not represent relevant
C fluxes in the thaw season NECB budget of a non-eroding
polygonal tundra site.

• Aquatic CO2 emissions from a thermokarst pond within the
polygonal tundra are low but constant. This low emission from
thermokarst ponds still considerably decreases the net CO2

uptake of the polygonal tundra landscape.

• Aquatic CH4 emissions are highly variable from a single thermokarst
pond within the polygonal tundra, and the processes understand-
ing behind the variability remains challenging.

• A method using data from two EC towers revealed no additional
information on aquatic CO2 emissions compared to a method
using data from one EC tower, though the method with two EC
towers can be useful in future applications where precise land
cover classifications are available.
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a.1 abstract

Permafrost-affected soils contain large quantities of soil organic carbon
(SOC). Changes in the SOC pool of a particular ecosystem can be
related to its net ecosystem carbon balance (NECB) in which the
balance of carbon (C) influxes and effluxes is expressed. For polygonal
tundra landscapes, accounts of ecosystem carbon balances in the
literature are often solely based on estimates of vertical carbon fluxes.
To fill this gap, we present data regarding the lateral export rates
of dissolved inorganic carbon (DIC) and dissolved organic carbon
(DOC) from a polygonal tundra site in the north Siberian Lena River
delta, Russia. We use water discharge observations in combination
with concentration measurements of waterborne carbon to derive the
lateral carbon fluxes from one growing season (2 June–8 September
2014 for DOC, 8 June–8 September 2014 for DIC). To put the lateral C
fluxes into context, we furthermore present the surface–atmosphere
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eddy covariance fluxes of carbon dioxide (CO2) and methane (CH4)
from this study site.

The results show cumulative lateral DIC and DOC fluxes of 0.31–0.38

and 0.06–0.08 g m−2, respectively, during the 93 d observation period
(8 June–8 September 2014). Vertical turbulent fluxes of CO2-C and
CH4-C accumulated to −19.0± 1.2 and 1.0± 0.02 g m−2 in the same
period. Thus, the lateral C export represented about 2 % of the net
ecosystem exchange of (NEE) CO2. However, the relationship between
lateral and surface–atmosphere fluxes changed over the observation
period. At the beginning of the growing season (early June), the lateral
C flux outpaced the surface-directed net vertical turbulent CO2 flux,
causing the polygonal tundra landscape to be a net carbon source
during this time of the year. Later in the growing season, the vertical
turbulent CO2 flux dominated the NECB.

a.2 introduction

Permafrost regions have accumulated 1300± 200Pg of soil organic
carbon (SOC), of which 472± 27Pg is stored within the top 1 m of soil
(Hugelius et al., 2014). In a warming climate, previously frozen SOC
can be mobilized and lost from the permafrost-affected ecosystems
through vertical and lateral carbon fluxes. Many studies (e.g., Koven
et al., 2015; Schuur et al., 2015) focus on vertical gaseous carbon (C)
fluxes in the form of the greenhouse gases (GHGs) carbon dioxide
(CO2) and methane (CH4). However, C loss can also occur laterally as
dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC),
which are exported through runoff of meltwater and rainwater (e.g.,
Fouché et al., 2017; Olefeldt and Roulet, 2014) and may be emitted in
the form of GHGs to the atmosphere outside of the spatial observation
range (such as in coastal regions as shown by Lougheed et al., 2020).
Thus, to estimate the net ecosystem carbon balance (NECB), both
vertical and lateral C fluxes must be considered (Chapin et al., 2006).
Although scholars have identified lateral C transport as an important
mechanism of C losses from terrestrial ecosystems in the Arctic (Zhang
et al., 2017), little is known about the contribution of lateral C fluxes
to the NECB. So far, lateral C fluxes have only been included in
NECB estimations in two subarctic catchments in northern Sweden.
In the first catchment, lateral C fluxes contribute 6 %–15 % (Chi et
al., 2020) and 4 %–28 % to the annual NECB (Öquist et al., 2014),
and in the second catchment, lateral C fluxes represent 35 % of the
NECB (Lundin et al., 2016). To our knowledge, there has been no
attempt yet to combine the lateral and vertical C fluxes in an Arctic
ecosystem. Here, we estimate the NECB for a Siberian Arctic tundra
ecosystem and present the individual flux contributions during one
growing season. Since 2002, the vertical C fluxes of CO2 and CH4

have been observed at our study site (Holl et al., 2019b) using the
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Figure 4: Top: map of northern Russia (a) and the Lena River delta (b).
Bottom: map of Samoylov Island (c) with the maximum (green) and
minimum (yellow) catchment size (d). The blue cross in (d) marks
the eddy covariance tower’s location, and the cumulative footprint
is shown in gray shades. Of the flux, 30 % likely originated from
within the dark gray area, 50 % from within the medium dark
gray area, 70 % from within the medium light gray area, and 90 %
from within the light gray area. The yellow cross in (c) denotes the
location of the meteorological station with the active layer depth
observations. Panel (e) shows the locations of outflows A1, A2, and
B. Map data from © OpenStreetMap contributors 2020, distributed
under the Open Data Commons Open Database License (ODbL)
v1.0 (a, b) and modified after Boike et al. (2012b) (c, d, e).

eddy covariance method (Baldocchi, 2003). The study site, located
in the north Siberian Lena River delta, is characterized by polygonal
lowland tundra landscape. In this study, we combine the vertical C
fluxes (FCO2

and FCH4
) with the lateral C fluxes (FDOC and FDIC) to

derive the NECB for one growing season in 2014. We also compare the
temporal dynamics of DIC and DOC concentrations with respect to the
water discharge rate to find a potential driver for the concentrations
of dissolved carbon. In summary, this study examines two research
questions: (1) what is the influence of the lateral waterborne C fluxes
on the NECB of the polygonal tundra landscape? (2) How do DOC
and DIC concentrations and fluxes develop over the growing season?
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a.3 methods

a.3.1 Study site

The study site, Samoylov Island (Fig. 22), which is located in the
southern part of the Russian Lena River delta, consists of two geo-
morphological units: a modern floodplain in the west (∼ 1.5 km2) and
a Late Holocene river terrace in the east (∼ 3 km2; Boike et al., 2013).
The floodplain and river terrace are at elevations of 0–8 and 8–13 m, re-
spectively, above the water level of the Lena River (Boike et al., 2012a).
Rain and meltwater from the river terrace drain towards the Lena
River and the lower-lying floodplain. Polygonal tundra with a shallow
active layer (less than 1 m) and wet to moist tundra vegetation (sedges,
mosses, dwarf shrubs) characterizes the river terrace. Following the
World Reference Base for Soil Resources (WRB, 2014), the main soil
types include Histic Cryosols in polygon centers and Turbic Glacic
Cryosols at elevated polygon rims on the river terrace (Boike et al.,
2013; Pfeiffer and Grigoriev, 2002; Zubrzycki et al., 2014).

a.3.2 Catchment characteristics

We estimated the catchment size by analyzing a digital elevation
model (DEM) of Samoylov Island (Boike et al., 2012a) in ArcMap 10.1
(Environmental Systems Research Institute (ESRI), 2012). This DEM
has a vertical and horizontal accuracy of less than 1 m. Due to the
low elevation gradient in some catchment areas, we also used field
observations from 2019 and shoreline measurements during different
stages of the spring flood in 2014 to validate our estimations of the
catchment size. To distinguish flow paths, we furthermore used the
orthomosaic of Samoylov Island produced by Boike et al. (2012b) with
an average horizontal resolution of 0.33 m. Based on this methodology,
we estimated a larger catchment size than Helbig et al. (2013) did.
This catchment drains through three outflows (A1, A2, and B). We
estimated a catchment size of 0.69–0.84 km2 (Fig. 22d; green denotes
the maximum estimate, while yellow denotes the minimum estimate).

The polygonal tundra in this catchment is characterized by intact
and degraded ice-wedge polygons with water-filled centers as well as
polygons with dry centers. Water-filled troughs between the polygons
are also present (Kartoziia, 2019). A low-lying and largely inundated
area stretches from the center of the catchment towards the outflows
A1 and A2 (Fig. 22d).

a.3.3 Water discharge

Between 2 June and 8 September 2014, we measured the water level at
outflows A1, A2, and B using pressure sensors (Mini-Diver, Schlum-
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berger Water Services, the Netherlands) placed within 10 cm of the
weir wall outside of the zone of fast-flowing water. To calculate the
water level above the diver, we subtracted the barometric pressure
from the diver pressure. We measured the barometric pressure at
the eddy covariance tower (CS100, Campbell Scientific, USA). Prior
to the water discharge rate calculation, we corrected the water level
estimations with a linear relationship with manual water level mea-
surements (obtained using a ruler). The water discharge rates at out-
flows A1 and A2 were observed with V-notch weirs as described
by Helbig et al. (2013). To calculate the water discharge rates, we
used the Kulin and Compton (1975) method for calculating V-notch
weirs: Qa = 8

15Cweir
√
2g tan

(
1
2α

)
h

3
2 , where Qa is the discharge rate

in L s−1, h is the water level above the notch determined from the
pressure sensor in feet (ft), Cweir = 0.58 is the dimensionless weir
constant, g = 9.81m s−2 is the gravitational acceleration, and (α = 60°)
is the angle of the V notch. After performing the water discharge rate
calculations, we validated the estimated water discharge rates with
manual bucket measurements (with a stopwatch and a defined bucket
volume).

Outflow B was located about 150 m north of the A outflows, and
the discharge rate was measured using a long-throated flume (RBC
flume, 13.17.02, Eijkelkamp Agrisearch Equipment, the Netherlands).
We calculated Qb using the manufacturer’s equation for this RBC
flume: Qb = −0.066+ 0.016 h+ 0.00063 h2 + 7× 10−7 h3, where (h)
is the water level above the notch in millimeters and Qb is the water
discharge rate in L s−1.

a.3.4 Dissolved inorganic carbon (DIC)

Between 8 June and 8 September 2014, we deployed a CO2 sensor
in the water column at outflow A1 (CO2 measurement system with
multisensor module MSM-S2, UIT GmbH, Germany). This sensor
measured the concentration of dissolved CO2 (CdCO2

) every 5 min
(each measurement 15 s long).

DIC consists of dissolved CO2 (as free CO2 and carbonic acid;
H2CO3), bicarbonate ions (HCO−

3 ), and carbonate ions (CO−2
3 ). In a

freshwater system, each component’s contribution to the DIC concen-
tration depends on water temperature and pH; the bicarbonate equilib-
rium describes this relationship. More details on the bicarbonate equi-
librium can be found in the book by Dodds and Whiles (2010). We cal-
culated the carbonic acid concentration (CHCO−

3
) from CdCO2

, water

temperature, and pH: CHCO−
3
=

K1·CdCO2

a(H+) , where a(H+) = 10−pH. The
dimensionless value of K1 is temperature-dependent and, following
Wong and Hsu (1991), is described as K1 = 1015.11−0.034·T−3406.12·T−1

,
where T describes the water temperature in the unit kelvins (K).
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The pH value was frequently but not continuously measured through-
out the 2014 growing season (N = 40). To fill the gaps in the pH time
series, we applied a running mean. The pH values varied between
6.60 and 6.99; therefore, the contribution of carbonate to CDIC was not
relevant. Due to the negligible amount of carbonate, we calculated
CDIC as the sum of CHCO−

3
and CdCO2

.
The CdCO2

sensor failed to record accurate measurements between
18 and 30 July, and thus we excluded the recorded values during this
period. To fill this data gap, we applied an artificial neural network
(ANN), targeting CdCO2

and using four input parameters (air temper-
ature, relative air humidity, vertical CO2 flux, and DOC concentration).
We set up the ANN as a multilayer perceptron with 10 hidden neurons
in MATLAB’s Deep Learning Toolbox (MATLAB Deep Learning Toolbox
2019b) using Levenberg–Marquardt backpropagation as an optimiza-
tion algorithm. We divided the datasets into training (70 %), validation
(15 %), and testing (15 %) subsets.

a.3.5 Dissolved organic carbon (DOC)

We routinely analyzed unfiltered water samples (N = 126) from all
three outflows using a portable UV–Vis spectrometer probe (spec-
tro::lyser, s::can Messtechnik GmbH, Austria). The measurements were
supported by lab analyses to calibrate the spectrometer probe obser-
vations and increase data availability (N = 41). Water samples for
calibration were collected in acid-washed glass bottles, acidified to
a pH value of 2, cooled to 4 °C for transport, and filtered (40 —m)
prior to analysis. Analysis was conducted using a total organic car-
bon (TOC) analyzer (TOC-L, Shimadzu, Japan). We estimated CDOC

from unfiltered water samples following the workflow presented by
Avagyan et al. (2014). This approach is based on the finding that dif-
ferent absorbance bands of a spectrometer probe can be suitable for
the description of the DOC concentration, depending on the types of
organic compounds in the sample water. We found a good agreement
of R2

adj = 0.82 between CDOC from the spectrometer probe and CDOC

from the TOC analyzer (Fig. 10). Details of the method can be found
in Appendix A.7.1.

a.3.6 DOC and DIC flux

The catchment-area-normalized lateral carbon fluxes of DOC (FDOC)
and DIC (FDIC) are the product of water discharge rate Q and CDOC

and CDIC, respectively, divided by the area of the catchment: FDOC =

Q · CDOC/a and FDIC = Q · CDIC/a, where a describes either the mini-
mum or the maximum estimated catchment size.



A.3 methods 29

a.3.7 Environmental conditions

Precipitation and air temperature were recorded throughout the study
period at the meteorological station in the southern part of the island
in 1 h intervals; Boike et al. (2019) published these measurements (data
obtained from Boike et al., 2019). The growing degree days (GDD10)
were calculated as the sum of all positive differences between the
daily mean air temperature and the reference temperature (defined as
10 °C). The thaw depth was measured at a 150-grid-point array next to
the meteorological station by pushing a metal rod vertically into the
ground (Boike et al., 2019) and was obtained from the GTN-P database
(GTNP Database, 2019).

a.3.8 Eddy covariance flux

We estimated the net vertical fluxes of CO2 (FCO2
), CH4 (FCH4

), and
evapotranspiration (ET) using an eddy covariance (EC) measurement
system. Holl et al. (2019b) described raw data processing of CO2

fluxes; and the gap-filled time series were obtained from Holl et
al. (2018). High-frequency fluctuations in CH4 concentration were
observed with a LI-7700 gas analyzer (LI-COR Biosciences, USA). Data
processing of CH4 fluxes followed the same method as described in
Holl et al. (2019b) for open-path CO2 fluxes. Gap filling of CH4 fluxes
was performed by applying a running mean of 48 h. ET fluxes were
observed using a LI-7500A gas analyzer (LI-COR Biosciences, USA),
and the data processing followed Helbig et al. (2013).

a.3.9 Cumulative fluxes

To quantify the impact carbon losses due to lateral transport have on
the carbon balance of the catchment, we calculated the cumulative
carbon fluxes of CO2, CH4, DIC, and DOC for the period between 8

June and 8 September 2014 in 30 min intervals. Other flux components
of the lateral C flux, e.g., particulate organic carbon or particulate
inorganic carbon, are not accounted for in this study. Between 2 and 7

June 2014, the component of CDIC had not been obtained yet; therefore,
this period is not included in the sums of carbon fluxes. However, this
period is still part of the study period since the spring flood had a
great influence on the DOC flux dynamics.

a.3.10 Uncertainty estimation

In this study, uncertainties from random errors are indicated by the
± symbol, and the ranges of uncertainties from systematic errors are
indicated with an en dash (–).
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We calibrated the observed water discharge rate Q against manual
height measurements. Therefore, we assumed random errors from
both pressure sensors to dominate the uncertainty in Q. According to
the manuals, the diver pressure sensor we used has a typical accuracy
of 0.05 % at full scale (however, the error is not further specified). The
atmospheric pressure sensor has an accuracy of± 1 hPa (1 standard
deviation). We used the Gaussian error propagation to estimate the
resulting uncertainty uQ following two steps. First, we estimated the

resulting error in the height measurement upH =
√
u2
pd

+ u2
pa

, where
upH describes the uncertainty in the water level height measurement
in hectopascals (hPa) and upd and upa describe the error in the diver
and the atmospheric pressure sensor, respectively. We converted upH

to the unit of millimeters, uh, by dividing upH by the density of water
and the earth’s gravitational force. Second, we estimated the resulting
uncertainty in Q as uQ = δQ

δh · uh, where δQ
δh describes the partial

derivative from Q with respect to h.
The uncertainty in the DOC concentration results from the limits of

the TOC analyzer (TOC-L, Shimadzu, Japan). The manufacturer states
a maximum error of 1.5 % in repetitive measurements. We used the
RMSE between the modeled DOC concentration from the spectrometer
and the DOC concentration from the TOC analyzer to estimate DOC
concentration’s uncertainty, uCDOC

.
For the estimation of the uncertainty in CDIC (uDIC) we needed to

consider the uncertainty in CdCO2
, water temperature, and pH. Ac-

cording to the CdCO2
sensor’s manual, the sensor has an accuracy of

5 % and, after calibration, an offset of up to 1 mg L−1. The accuracy of
the water temperature probe is given as utw = 0.2K. We estimated the
pH uncertainty from the standard deviation of multiple measurements
of the same water sample. The overall uncertainty in CDIC was calcu-

lated using Gaussian error propagation as uDIC =
√
u2
dCO2

+ u2
HCO3

with uHCO3
=

√(
δCHCO3

δCdCO2

)2
· u2

dCO2
+
(
δCHCO3

δpH

)2
· u2

pH +
(
δCHCO3

δTw

)2
· u2

Tw
.

We estimated the systematic and random uncertainty in the lateral
C flux separately. Systematic uncertainty, described as FDOC,sys and
FDIC,sys, occurs due to systematic error in the catchment size and is es-
timated as FDOC,sys = FDOCamax

− FDOCamin
, where FDOCamin

and FDOCamax

denote the DOC flux calculated with the largest and smallest assumed
catchment size (resulting in the smallest and the largest DOC flux,
respectively).

The random uncertainty in the lateral C flux, FDOC,rand and FDIC,rand,
resulting from random errors is estimated as

FDOC,rand = FDOC

√(
uQ

Q

)2

+

(
uCDOC

CDOC

)2

.

We estimated the systematic uncertainty range of the cumulative
lateral C flux

(∑
FDOC,sys and

∑
FDIC,sys

)
as the difference between the
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cumulative fluxes with the smallest and the largest assumed catchment
size:

∑
FDOC,sys = ∆t

∑tn
t1

Fiamax
− ∆t

∑tn
t1

Fiamin
, where ∆t describes

the duration of the measurement interval and t1 and tn denote the
first and the last time step of the measurement, respectively.

We estimated the random uncertainty in the cumulative lateral C
flux

(∑
FDOC,rand and

∑
FDIC,rand

)
as

∑
FDOC,rand = ∆t

√√√√√ tn∑
t1

FDOC

√(
uQ

Q

)2

+

(
uCDOC

CDOC

)2
2

.

For the uncertainty estimation of DIC, we replaced DOC with DIC
in the four equations above. In instances in this text where only a
range of lateral C flux is provided, we ignored the random uncertainty
and focused on the dominant systematic uncertainty.

The uncertainty in the vertical EC fluxes uFCO2
and uFCH4

was esti-
mated in the flux processing software EddyPro following Finkelstein
and Sims (2001). Details on the flux uncertainty estimation of FCO2

can be found in Holl et al. (2019b). We estimated the uncertainty in the
cumulative vertical fluxes u∑

FCO2
using the Gaussian error propaga-

tion for random uncertainties, resulting in u∑
FCO2

= ∆t
√∑tn

t1
u2
FCO2

and u∑
FCH4

= ∆t
√∑tn

t1
u2
FCH4

for FCO2
and FCH4

, respectively.

a.4 results

a.4.1 Environmental conditions

To put the observation year of 2014 into perspective, we compared
the meteorological conditions at our study site between 8 June and 8

September 2014 to the meteorological conditions during the same 93 d
period over 20 years (1998–2018, Fig. 8 in the Appendix). With 87 °C at
the end of the 93 d period, the growing degree days (GDDs; Fig. 8a) in
2014 were among the average values, as established by the comparison
dataset (67

118
49 °C, median75th percentile

25th percentile). The 2014 thaw depths in the
center and at the rim of the polygons studied (Fig. 8b and c) in 2014

were among the deepest recorded in a 17-year companion dataset
(2002–2018).

The vertical water balance shows the precipitation, evapotranspi-
ration, and water runoff rate between 2 June and 8 September 2014

(Fig. 9). The precipitation accumulation of 94 mm is within the aver-
age range for 14 of the available years between 1998–2018 (9513876 mm,
median75th percentile

25th percentile). In the same period, the evapotranspiration ac-
cumulated to 161 mm and the lateral water runoff accumulated to
23–38 mm. The 2014 spring flood of the Lena River flooded parts of
the catchment (field observation by Benjamin Runkle). Therefore, the
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Figure 5: Dissolved inorganic carbon (DIC, triangles) and dissolved organic
carbon (DOC, circles) concentrations (note the different scales)
against the water discharge rate on a semi-logarithmic scale. DOC
concentration is shown on the right y axis, while data after the
spring flood (2–8 June) are shown in transparent circles. The DIC
concentration was not observed during the spring flood.

lateral water runoff was largely influenced by the out-flowing water
of this spring flood, visible at the beginning of the observation period.
The larger overall loss of water (183–189 mm) stands out more than
the accumulation of water (94 mm) during the observation period.
However, one component has been neglected in this water balance:
the snow accumulation in winter, which was not observed between
2013 and 2014. However, in the winter of 2008/09, there was a mean
snow accumulation of 65± 35 mm on Samoylov Island (snow water
equivalent; Boike et al., 2013).
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a.4.2 Lateral carbon flux dynamics

To focus more closely on lateral C flux dynamics, we examine the
relationship between water discharge and DIC and DOC concentra-
tion (Fig. 5). At outflow A1, high DIC concentrations were generally
associated with low water discharge. With decreasing water discharge,
the DIC concentration rose. A similar effect can be seen with the DOC
concentration, which continuously increases as the water discharge
rate decreases; data recorded during the river flood are excluded.
A comparison of the DIC and DOC concentrations shows that DIC
concentrations were 4.316.41

3.28 times higher than DOC concentrations
(median75th percentile

25th percentile).

a.4.3 Net ecosystem carbon balance

In this section, we present the NECB for the study period consisting
of the lateral (FDOC and FDIC) and vertical (FCO2 and FCH4) carbon
fluxes. The cumulative fluxes of all NECB components between 8 June
and 8 September are summarized in Fig. 6 and Table 1. Values with
dominant systematic errors are expressed as ranges with an en-dash
symbol, and values with dominant random errors are expressed with
a plus–minus symbol.

During the 93 d period in 2014, the NECB accumulated to −17.6 to
−17.5 (±1.2) g m−2. The vertical fluxes of FCO2

and FCH4
contributed

−19.0± 1.2 and 1.0± 0.02 g m−2, respectively, to the NECB, while
the lateral fluxes of FDIC and FDOC contributed 0.31–0.38 and 0.06–
0.08 g m−2, respectively, to the NECB. Thus, within the study period,
lateral C fluxes exported 1.95 %–2.42 % of the net ecosystem exchange
(lateral C flux /NEE), i.e., the net C uptake due to the balance of
photosynthesis and respiration.

We also split these cumulative fluxes into mean weekly fluxes
(Fig. 7a and b and Table 1). During the periodic spring flood that oc-
curred in 2014 partially in the first week of June (2–7 June, Fig. 7a), high
lateral DOC flux (13.0–15.8 mg m−2 d−1) and CH4-C flux (3.6± 0.3 mg m−2 d−1)
outpaced the CO2-C uptake (−7.0± 21.1 mg m−2 d−1) and indicates
an ecosystem carbon source (positive NECB). During this period, FDIC

had not yet been observed. Therefore, the NECB is expected to be a
stronger C source than presented in Fig. 7b.

From mid-June until the beginning of August, the negative NECB
indicates that the ecosystem served as a carbon sink due to high levels
of plant CO2 uptake. In August, the CO2 sink strength decreased
(Fig. 7) and the mean daily CO2-C flux turned from negative to
positive. At the same time, vertical CH4 fluxes reached their maximum.
Lateral DOC and DIC fluxes declined, and the ecosystem acted as a
weak carbon sink with an NECB that also turned from negative to
positive. During the 8 September days within the study period, all
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Figure 6: Schematic illustration of all four cumulative flux components of
the NECB (DIC, DOC, CH4-C, and CO2-C) in g m−2 during the
study period in 2014. The NECB is shown in the top right corner.
Uncertainties from systematic errors are denoted with an en dash
(–), while uncertainties from random errors are indicated with the
plus–minus symbol (±). The picture in the background was taken
on 30 August 2016 and provided by Jean-Louis Bonne.

fluxes acted as carbon sources. With a relative contribution of 97 %,
the CO2-C emission dominated the NECB in September.

a.5 discussion

a.5.1 Comparison of DOC and DIC dynamics

We found a negative correlation between the water discharge rate
and the DIC concentration (Fig. 5), meaning that higher water dis-
charge rates dilute and decrease the DIC concentration. This result
indicates that in other years, the DIC flux would not increase linearly
with greater precipitation. The results by Öquist et al. (2014) show
precipitation to be an important driver of interannual variability in
lateral C flux dynamics. Our study period had comparatively normal
summer precipitation rates. In other years with higher precipitation
rates, we would expect to find a higher water discharge rate. However,
based on our results, we do not expect a sharp rise in DIC flux to
result from a higher water discharge rate. In one study, which focused
on a catchment in northern Sweden, a tripling in water discharge
rate increased the annual lateral 14C export by only 2 % (Campeau
et al., 2017). In contrast, in another study in northern Sweden, annual
DIC export increased exponentially with rising water discharge rates
(Öquist et al., 2014). Similarly to the DIC concentration, we also found
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a negative correlation between the water discharge rate and the DOC
concentration when neglecting the period during the spring flood.
This finding suggests that higher discharge rates dilute and decrease
the DOC concentration. Therefore, in seasons with higher discharge
rates, the DOC flux would not rise linearly and the contribution of
DOC export to the NECB probably would not rise. A similar corre-
lation between DOC concentration and the water discharge rate has
been reported in a palsa in a subarctic catchment (Olefeldt and Roulet,
2012). However, DOC export from polygonal tundra may increase if
arctic climate change leads to accelerated degradation of ice wedges,
which is expected to enhance drainage of the permafrost landscape
(Liljedahl et al., 2016).

One unexpected finding was the relationship between DOC and DIC
concentrations with a CDIC /CDOC ratio of 4.316.41

3.28 (median75th percentile
25th percentile).

This ratio differs from those in other studies, which report a mean
ratio of 0.65 from an Alaskan permafrost-affected watershed (Kling
et al., 2000), a ratio of 0.24–1.30 in Canadian boreal biomes (Hutchins
et al., 2019), and a ratio of 0.28 in a mixed coniferous forest in northern
Sweden (Chi et al., 2020). However, one study reported a CDIC /CDOC

ratio of up to 11.6 in an ice-rich permafrost catchment in northern
Alaska (O’Donnell et al., 2019). A previous study at our study site
found CDIC /CDOC ratios between 6.6 and 15.5 at the island’s northern
floodplain outlet in September 2008 (Abnizova et al., 2012), which are
higher values than we present in this study, with a ratio of 4.12 4.42

3.82

in September 2014 (median75th percentile
25th percentile, not shown in the results). The

high CDIC /CDOC ratio hints at effective degradation and mineral-
ization of dissolved organic matter (DOM) in the surface waters of
the studied catchment. Such effective degradation of DOM by photo-
oxidation (Cory et al., 2015; Cory et al., 2014), microbial decomposition
(e.g., Drake et al., 2015; Mann et al., 2015; Spencer et al., 2015), or both
has been found and intensively studied in other arctic catchments.
The studied polygonal tundra catchment is characterized by (1) a
low relief and (2) mostly shallow waterbodies (depth < 1m). Both
factors enhance decomposition and mineralization of DOM: the low
relief leads to long residence times of DOM before export, and the
shallowness of the waterbodies allows for intense light exposure and
photodegradation of DOM, which, in turn, may promote microbial
mineralization (Cory et al., 2015).

a.5.2 Net ecosystem carbon balance

We estimated the NECB using the lateral C fluxes (DIC and DOC
flux) and the vertical fluxes of CO2 and CH4. Our results indicate that
vertical CO2 uptake dominated the NECB during the study period.
The lateral C fluxes exported only 1.95 %–2.42 % of the NEE. During
the complete study period, we found the lateral C fluxes’ contribution
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to the NECB to be smaller than the uncertainty range of the observed
CO2 uptake. Nevertheless, our results also show that lateral carbon
loss can exceed vertical carbon uptake at the beginning of the growing
season. This finding shows that lateral C fluxes can play an essential
role in the NECB during intensive water runoff periods, as we show
in Fig. 7a.

The question remains whether the resulting relationship between
lateral C fluxes and the NECB would be similar in the previous and
following growing seasons. A previous study at the site of the in-
stant study includes a 15-year record of eddy covariance CO2 fluxes
between 19 July and 23 August of each year (Holl et al., 2019b). It
shows that CO2 uptake in 2014 was among the lowest values in the
15-year record. In 12 other years, CO2 uptake was stronger com-
pared to the 2014 period. According to these data, we assume that
the influence of lateral C fluxes on the NECB would have played
an even less important role in many other years compared to 2014.
In two studies from this site, researchers reported low but varying
average CH4-C fluxes in two summer seasons: in the first study,
the CH4-C fluxes vary between 7.5 mg m−2 d−1 (28 June–22 July
2004) and 17.3 mg m−2 d−1 (18–25 July 2003; Wille et al., 2008). In
the second study, Beckebanze et al. (2022a) reported CH4-C fluxes
of 12.55 16.07

9.65 mg m−2 d−1 (median75th percentile
25th percentile, 11 July–10 September

2019) Thus, our CH4-C flux estimation of 10.6 mg m−2 d−1 in July 2014

lies within the range of estimates for other years. A study on DOC flux
from a nearby island in the Lena River delta reports a mean daily flux
of 1.2 mg m−2 d−1 in July and August 2013 (Stolpmann et al., 2022).
This estimate is higher than our estimations of 0.42–0.51 mg m−2 d−1

in July 2014 but of the same order of magnitude compared to our
estimates from June 2014 (1.51–1.83 mg m−2 d−1). We also investigate
the question of whether the measured EC flux would be representative
of the entire catchment. Instruments at the EC tower were mounted
at a height of 4.15 m, and the tower was located approximately 850 m
southeast of the A outflows (see Fig. 22). The normalized mean contri-
butions of four surface classes (based on the classification by Muster
et al., 2012) within the footprint of the EC flux amounted to 66 % (dry
tundra), 18 % (wet tundra), 8 % (overgrown water), and 7 % (water)
in 2014 (Holl et al., 2019b). Within the entire catchment (maximum
estimated extent), these four surface classes amounted to 63 % (dry
tundra), 16 % (wet tundra), 9 % (overgrown water), and 11 % (open
water; Muster et al., 2012). Therefore, the distribution of tundra surface
classes within the footprint of the EC flux is similar to the distribution
of tundra surface classes within the catchment and the observed EC
fluxes can be considered representative of vertical fluxes for the entire
catchment.

The question remains whether our study period between 8 June and
8 September covers all relevant flux contributions from the catchment.
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At our study site, no large methane bursts have been observed during
the soil-refreezing period in autumn as described by Mastepanov et al.
(2013) for their arctic fen site in Greenland. For a dataset from 2003,
Wille et al. (2008) show that mean daily methane emissions gradually
go down between September and November. However, some peaks
of higher methane emissions occur during stormy days during the
refreezing period (probably triggered by turbulence-induced pressure
pumping). These higher emissions during very windy conditions are
only at maximum about 3 times higher than baseline emissions and,
thus, much less than the methane flux peaks observed by Mastepanov
et al. (2013). An article analyzing a long-term methane flux dataset
from Samoylov Island, which includes data from several autumn re-
freezing periods and furthermore data from deep winter, is currently
under revision (Rößger et al., 2022). This so far unpublished more ex-
tensive dataset also shows no large autumn methane bursts. However,
the article estimates that about 14 % of the annual methane budget of
the polygonal tundra is emitted during the refreezing period. Account-
ing for this additional emission would likely increase the relevance of
CH4 fluxes in an annual NECB.

In addition, the importance of lateral C fluxes could become more
relevant with a longer observation period. Especially at the beginning
of the study period, we observe high water discharge rates and high
DOC concentration. Most likely, we do not cover the complete melting
season with our study period; we clearly see in the data of outgoing
shortwave radiation that the snowmelt started on 14 May. Relevant
lateral C fluxes could have occurred directly at the beginning of the
melting period, as has been observed in a palsa and a bog in northern
Sweden (Olefeldt and Roulet, 2012). However, one could also argue
that the observed high lateral C fluxes at the beginning of the study
period should not be included in the NECB. These high lateral C fluxes
are likely linked to C-bearing river water which flooded the catchment
before the observations started and drained through the catchments’
outflows at the beginning of the observation period. In the course of
the observation period, the origin of dissolved C in the observed lateral
runoff might shift from allochthonous to autochthonous sources. Due
to the unknown characteristics of this possible shift in sources for
dissolved carbon, we included all available lateral C flux observations
in the NECB estimation. This inclusion of lateral C fluxes that are likely
not part of the catchments’ NECB increases the relevance of lateral C
fluxes in the NECB estimation. Because we potentially overestimated
the impact of lateral C export on the NECB, our conclusion of a very
limited role of dissolved carbon appears to be an understatement –
lateral C export likely plays an even smaller role.

If we were to include the lateral C fluxes between 14 May and
2 June and assume that the DOC flux at our site would show a similar
pattern to the DOC flux in Olefeldt and Roulet (2012) (74 % of DOC



38 Lateral carbon export

flux during snowmelt), we would have a max annual DOC flux of
0.21 g m−2. From DIC flux we would only expect a low contribution
during the snowmelt due to likely high water discharge rates during
the snowmelt and the negative correlation between DIC concentration
and water discharge rate. Therefore, the inclusion of possible snowmelt
DOC flux and DIC flux would change the absolute numbers of these
fluxes but likely not change our conclusion regarding the influence of
DOC flux or DIC flux on the NECB.

Due to the multitude of flux components, some simplifications were
applied and the uncertainty in the NECB was not quantified to its
full extent. Most uncertainties have been described in Sect. A.3.9 and
have been accounted for; however, more uncertainties might also arise
from missing observations or gap-filling approaches. This study, for
example, discounts the contributions of particulate organic carbon
(POC) since we only found small differences between filtered (average
6.01 mg L−1) and unfiltered water samples (average 6.07 mg L−1) with
respect to total carbon content. Thus, we suggest that POC would
contribute only very little to the lateral C flux and therefore to the
NECB. In this study we also include a gap-filled time series of the DIC
concentration in the estimation of the NECB (see Sect. A.3.4). We as-
sessed an agreement between the observed data and the independent
testing subset as R2

adj = 0.79. Therefore, this approach could increase
the random uncertainty during the gap-filled period. However, the
large potential bias of the catchment assessment dominated the uncer-
tainty in FDIC and the random uncertainty in the DIC concentration
played only a minor role. Overall, we assume that these additional
uncertainties do not significantly change the results of the estimated
NECB and therefore also not the conclusion of this study.
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Figure 7: Seasonal development of NECB components as mean daily fluxes
from 2 June (week 1) to 8 September (week 15). (a) Minor compo-
nents of NECB: DOC flux (blue), DIC flux (yellow), and CH4-C
flux (red); (b) Major component of NECB: CO2-C flux (green) and
the resulting NECB (black). Please note the different values of the
y axis in (a) and (b). Uncertainties from systematic errors are de-
noted with a second bar in a brighter color, while uncertainties
from random errors are indicated with an error bar. The systematic
uncertainty in the NECB is shown but not visible due to its small
value.
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a.6 conclusions

At the polygonal tundra site in the Arctic Lena River delta, which we
investigated for this study, the net ecosystem carbon balance was peri-
odically dominated by laterally exported dissolved carbon. The relative
impact of these waterborne carbon losses on the total net ecosystem
carbon balance was particularly high in the early and late growing
season. During the Lena River spring flood, the largest amounts of
dissolved organic carbon in absolute and relative terms were exported.
In the late vegetation period, the relatively high impact of lateral C
fluxes can largely be explained by low net ecosystem exchange rates of
carbon dioxide due to generally diminished plant activity. During the
seasons when soils are refreezing (October–November) or completely
frozen (December–May), water discharge and consequently lateral C
export cease. Therefore, we conclude that lateral C export is even less
important for the annual NECB than for the growing-season NECB.

The contribution of lateral C fluxes to the cumulative NECB de-
creased on Samoylov Island over the growing season and was, in
contrast to temperate and boreal ecosystems, negligible compared to
cumulative vertical growing-season carbon fluxes. We therefore con-
clude that the NECB of a polygonal tundra landscape is sufficiently
described when only vertical flux measurements are performed. Only
studies which describe short-term tundra C balances should take
lateral C export into account, particularly during or immediately
following snowmelt. Furthermore, in regions with rapid landscape
degradation, lateral C fluxes could play a different, more relevant role
in an ecosystem’s carbon balance.

a.7 appendix

a.7.1 DOC concentration from a spectrometer probe

We used a multiple stepwise regression (MSR) model (following
Draper and Smith, 2014) to estimate CDOC from a spectrometer probe
in order to obtain a longer time series of CDOC compared to the time
series from the TOC analyzer. We compared the CDOC analyzed in the
TOC analyzer with the absorbance bands from a spectrometer probe
to find suitable absorbance bands to describe the DOC concentration.
The spectrometer probe measured the absorbance (aλ) of the sampled
water probe between the 200 and 740 nm wavelength (λ) in 2.5 nm
steps. In this analysis, we focused on the commonly used absorbance
values between 250 and 740 nm as well as Ratio 1 (a465/a665) and
Ratio 2 (a255/a365). Absorbance values below 250 nm were neglected
due to possible interference with inorganic substances, following Av-
agyan et al. (2014). For the application of the MSR model, we split the
dataset of CDOC from the TOC analyzer and the absorbance values
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Figure 8: Cumulative growing degree days (GDDs; a) and thaw depths in
the center (b) and the rim (c) of a polygon between 8 June and 8

September of 2002–2018. The year 2014 is highlighted in orange.
All other years are displayed in gray.

from the spectrometer probe into training (75 %) and validation (25 %)
sets. Details on the application of the MSR can be found in Avagyan
et al. (2014). We applied the MSR model in MATLAB R2019b using
the stepwisefit function.

We used the following wavelengths and ratios as predictors for
the DOC concentration at the three outflows: 250 nm and Ratio 2 at
outflow A1; 250, 300, and 722.5 nm at outflow A2; and 250, 690, and
712.5 nm at outflow B. In Fig. 10, the validation set of CDOC from the
TOC analyzer and the spectrometer probe are shown.
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Figure 9: Water balance at the study site between 2 June and 8 September
2014 with cumulative precipitation amounts above zero and cu-
mulative evapotranspiration and the water runoff rate below zero.
Cumulative precipitation and evapotranspiration for the years 1998–
2018 and 2007–2018, respectively, are shown in lighter colors (with
the exception of 2014, which is shown in darker colors).

Figure 10: Validation set of CDOC from the TOC analyzer and the spectrome-
ter probe with the corresponding linear regression (dashed line).
The solid line represents the 1 : 1 line.
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b.1 abstract

Arctic permafrost landscapes have functioned as a global carbon sink
for millennia. These landscapes are very heterogeneous, and the om-
nipresent water bodies within them act as a carbon source. Yet, few
studies have focused on the impact of these water bodies on the
landscape carbon budget. We deepen our understanding of carbon
emissions from thermokarst ponds and constrain their impact by
comparing carbon dioxide and methane fluxes from these ponds to
fluxes from the surrounding tundra. We use eddy covariance measure-
ments from a tower located at the border between a large pond and
semi-terrestrial tundra.

When we take the open-water areas of thermokarst ponds into ac-
count, our results show that the estimated summer carbon uptake
of the polygonal tundra is 11 % lower. Further, the data show that
open-water methane emissions are of a similar magnitude to polyg-
onal tundra emissions. However, some parts of the pond’s shoreline
exhibit much higher emissions. This finding underlines the high spa-
tial variability in methane emissions. We conclude that gas fluxes from
thermokarst ponds can contribute significantly to the carbon budget

47
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of Arctic tundra landscapes. Consequently, changes in the water body
distribution of tundra landscapes due to permafrost degradation may
substantially impact the overall carbon budget of the Arctic.

b.2 introduction

Water bodies make up a significant part of the Arctic lowlands with
an areal coverage of about 17 % (Muster et al., 2017) and act as an
important carbon source in a landscape that is an overall carbon sink
(Kuhn et al., 2018). Intensified permafrost thaw in the warming Arctic
will change the distribution of water bodies and thereby change their
contribution (Andresen and Lougheed, 2015; Bring et al., 2016) to the
landscape carbon budget (Kuhn et al., 2018) of tundra landscapes.
However, data on greenhouse gas emissions from Arctic water bodies
are still sparse, especially data with a high temporal resolution and
from non-Yedoma regions (Vonk et al., 2015).

Our study site in the Lena River delta, Siberia, is located on an island
mostly characterized by non-Yedoma polygonal tundra (Fig. 11). This
landscape features many ponds; we define ponds as water bodies
with an area of less than 8× 104 m2, following Ramsar Convention
Secretariat (2016) and Rehder et al. (2021). Within our area of interest,
ponds cover about the same area as lakes (Abnizova et al., 2012; Muster
et al., 2012). The ponds on Samoylov Island have formed almost
exclusively through thermokarst processes: the soil has a high ice
content, so when the ice melts, the ground subsides, and thermokarst
ponds form (Ellis et al., 2008). These thermokarst ponds are often only
as large as one polygon (polygonal ponds). When several polygons
are inundated, this can cause larger shallow thermokarst ponds to
form, which we term merged polygonal ponds (Rehder et al., 2021).
Holgerson and Raymond (2016) as well as Wik et al. (2016) report that
ponds emit more greenhouse gases per unit area than lakes, defined
here as water bodies with an area larger than 8× 104 m2. Thus, in our
study area, they have greater potential than lakes to counterbalance the
carbon uptake of the surrounding tundra (Jammet et al., 2017; Kuhn
et al., 2018; McGuire et al., 2012). To better understand the impact of
thermokarst ponds on the landscape carbon flux, we compare carbon
dioxide (CO2) and methane (CH4) fluxes from thermokarst ponds
to fluxes from the semi-terrestrial tundra. The semi-terrestrial tundra
consists of wet and dry tundra and overgrown shallow water, which
are the terrestrial land-surface types used by Muster et al. (2012) to
classify Samoylov Island.

The main geophysical and biochemical processes that drive CH4

fluxes are different to the ones that drive CO2 fluxes. The microbial de-
composition of dissolved organic carbon, which is introduced laterally
into the aquatic system through rain and meltwater (Neff and Asner,
2001), dominates aquatic CO2 production. When supersaturated with
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dissolved CO2, ponds emit CO2 into the atmosphere through diffu-
sion. While photosynthetic CO2 uptake has been observed in some
clear Arctic water bodies (Squires and Lesack, 2003), most Arctic water
bodies are net CO2 sources (Kuhn et al., 2018). Estimates of CO2 emis-
sions range from close to zero (0.028 g m2 d−1 by Treat et al., 2018, and
0.059 g m2 d−1 by Jammet et al., 2017) to substantial (1.4–2.2 g m2 d−1

by Abnizova et al., 2012).
Within just one site, CH4 emissions from a water body can vary

by up to 5 orders of magnitude: 0.5–6432 mg m2 d−1 (Bouchard et al.,
2015). The CH4 that ponds emit is mostly produced in sub-aquatic soils
and anoxic bottom waters (Borrel et al., 2011; Conrad, 1999; Hedderich
and Whitman, 2006). Additionally, CH4 might also be produced in
the oxic water column (Bogard et al., 2014; Donis et al., 2017), though
this location of methanogenesis is only significant in large water
bodies (Günthel et al., 2020). Moreover, there is still ongoing debate
as to whether methanogenesis occurs in oxic waters at all (Encinas
Fernández et al., 2016; Peeters et al., 2019). CO2 is also formed as a
byproduct of the methanogenesis process (Hedderich and Whitman,
2006). Water bodies emit CH4 produced in their benthic zone through
diffusion, ebullition (sudden release of bubbles), or plant-mediated
transport. The varying contributions of these three local methane
emissions pathways lead to high spatial variability between water
bodies and within a single water body (Jansen et al., 2019; Sepulveda-
Jauregui et al., 2015). In particular, local seep ebullition causes high
spatial variance of CH4 emissions within one water body (Walter et al.,
2006). Variability in the coverage and composition of vascular plant
communities in a water body can also increase CH4 variability because
CH4 transport efficiency can be species-specific (Andresen et al., 2017;
Knoblauch et al., 2015).

To study spatial and temporal patterns of carbon emissions from
thermokarst ponds, we analyzed land–atmosphere CO2 and CH4 flux
observations from an eddy covariance (EC) tower on Samoylov Island,
Lena River delta, Russia. We set up the EC tower within the polygonal
tundra landscape at the border between a large merged polygonal
pond and the surrounding semi-terrestrial tundra for 2 months in
summer 2019. The polygonal structures were still clearly visible along
the shore and underwater, and most of the pond was shallow (Rehder
et al., 2021). Due to the tower’s position, fluxes from the merged polyg-
onal pond were the dominant source of the observed EC fluxes under
easterly winds. From other wind directions, the observed EC fluxes
were dominated by semi-terrestrial polygonal tundra with only a low
influence from small polygonal ponds. This paper aims to deepen
the understanding of carbon emissions from thermokarst ponds and
constrain their impact on the landscape carbon balance. We (1) ex-
amine the temporal and spatial patterns of net ecosystem exchange
(NEE) and the spatial pattern of CH4 flux from semi-terrestrial tun-
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dra and thermokarst ponds and (2) investigate the influence of the
thermokarst ponds on the landscape NEE of CO2 during the months
June to September 2019. To this end, we use a footprint model and
model NEE of CO2 using the footprint weights of semi-terrestrial
tundra and thermokarst ponds.

b.3 methods

b.3.1 Study site

Samoylov Island (72
◦
22

′ N, 126
◦
28

′ E) is located in the southern part
of the Lena River delta (Fig. 11b). It is approximately 5 km2 in size
and consists of two geomorphologically different components. The
western part of the island (∼ 2 km2) is a floodplain, which is flooded
annually during the spring. The eastern part of the island (∼ 3 km2),
a Late Holocene river terrace, is characterized by polygonal tundra.
The partially degraded polygonal tundra at this study site features
high spatial heterogeneity on a scale of a few meters in several aspects,
including vegetation, water table height, and soil properties. Dry and
wet vegetated parts of the semi-terrestrial tundra are interspersed
with small and large thermokarst ponds (1 to 10 000 m2) and with
larger lakes (up to 0.05 km2; Boike et al., 2015c; Kartoziia, 2019). The
island is surrounded by the Lena River and sandy floodplains, creating
additional spatial heterogeneity on a larger scale.

This study focuses on a merged polygonal pond (Figs. 11d and 17)
on the eastern part of the island. This merged polygonal pond has a
size of 0.024 km2 with a maximum depth of 3.4 m and a mean depth
of 1.2 m (Boike et al., 2015c; Rehder et al., 2021). In an aerial image
of the pond, the polygonal structures are clearly visible under the
water’s surface (Boike et al., 2015b). The vegetated shoreline of this
merged polygonal pond is dominated by Carex aquatilis, but it also
features Carex chordorrhiza, Potentilla palustris, and Aulacomnium spp.
These plants grow in the water near the shore, while the deeper parts
of the merged polygonal pond are vegetation-free.

b.3.2 Instruments

We measured gas fluxes using an eddy covariance (EC) tower between
11 July and 10 September 2019. The EC tower was located on the
eastern part of Samoylov Island, directly on the western shore of the
merged polygonal pond (Fig. 11d). The EC instruments were mounted
on a tripod at a height of 2.25 m (Fig. 17). The tower was equipped
with an enclosed-path CO2–H2O sensor (LI-7200, LI-COR Biosciences,
USA), an open-path CH4 sensor (LI-7700, LI-COR Biosciences, USA),
and a 3D ultrasonic anemometer (R3-50, Gill Instruments Limited,
UK). All instruments had a sampling rate of 20 Hz. We also installed
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Figure 11: The location of the study site in Russia is shown in (a), and the
location of Samoylov Island within the Lena River delta is shown
in (b). Samoylov Island is shown in (c); the surrounding Lena River
appears in light blue. The outline of the river terrace land-cover
classification (Sect. B.3.4.1) is indicated by the blue line. We focus
on the polygonal tundra; however, large lakes are excluded (circled
in yellow). In (d), the land-cover classification is drawn in blue
(open water) and green (dark green: dry tundra; medium green:
wet tundra; light green: overgrown water) shades. The merged
polygonal pond studied here is outlined in red. The location of
the EC tower is marked by a black cross. The cumulative footprint
(see Sect. B.3.4.2) is shown in gray shades. Of the flux, 30 % likely
originated from within the dark gray area, 50 % from within the
medium dark gray area, 70 % from within the medium light gray
area, and 90 % from within the light gray area. Map data from
© OpenStreetMap contributors 2020, distributed under the Open
Data Commons Open Database License (ODbL) v1.0 (a, b) and
modified based on Boike et al. (2012b) (c, d).

radiation-shielded temperature and humidity sensors at the EC tower
(HMP155, Vaisala, Finland) and used data from a photosynthetically
active radiation (PAR) sensor mounted on a tower approximately
500 m to the west of the EC tower (SKP 215, Skye Instruments, UK).
Additional meteorological data for Samoylov Island were provided
by Boike et al. (2019).
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b.3.3 Data processing

We performed the raw data processing and computation of half-hourly
fluxes for open-path and enclosed-path fluxes (CO2, CH4, and H2O)
using EddyPro 7.0.6 (LI-COR, 2019). The convention of this software
is that positive fluxes are fluxes from the surface to the atmosphere,
while negative fluxes indicate a flux from the atmosphere downwards.
Raw data screening included spike detection and removal according to
Vickers and Mahrt (1997) (1 % maximum accepted spikes and a maxi-
mum of three consecutive outliers). Additionally, we applied statistical
tests for raw data screening, including tests for amplitude resolution,
skewness and kurtosis, discontinuities, angle of attack, and horizontal
wind steadiness. All of these tests’ parameters were set to EddyPro
default values. We rotated the wind-speed axis to a zero-mean verti-
cal wind speed using the “double rotation” method of Kaimal and
Finnigan (1994). Further, we applied linear de-trending to the raw data
following Gash and Culf (1996) before performing flux calculations.
We compensated for time lags via automatic time lag optimization
using a time lag assessment file from a previous EddyPro run. In
this previous time lag assessment, the time lags for all gases were
detected using covariance maximization (Fan et al., 1990), resulting in
time lags between 0 and 0.4 s for CO2 and between −0.5 and +0.5 s
for CH4. For H2O, the time lag was humidity-dependent and was
calculated for 10 humidity classes. We compensated for air-density
fluctuations due to thermal expansion and contraction and varying
water-vapor concentrations, following Webb et al. (1980). This correc-
tion depends on accurate measurements of the latent and sensible heat
flux and was applied to the open-path data of the LI-7700. For the
LI-7700 in particular, the correction term can be larger than the flux
itself, but the correction was derived from the underlying physical
equations. Because we used well-calibrated instruments as well as
EddyPro, which uses an up-to-date implementation of the correction,
we were confident that the LI-7700 would provide accurate CH4 flux
estimates. For enclosed-path data, we performed a sample-by-sample
conversion into mixing ratios to account for air-density fluctuations
(Burba et al., 2012; Ibrom et al., 2007b). Flux losses occurred in the low-
and high-frequency spectral range due to different filtering effects.
We compensated for flux losses in the low-frequency range in accor-
dance with Moncrieff et al. (2004) and in the high-frequency range
in accordance with Fratini et al. (2012). For the high-frequency range
compensation method, a spectral assessment file was created using
the method of Ibrom et al. (2007a). The spectral assessment resulted
in cutoff frequencies of 3.05 and 1.67 Hz for CO2 and CH4, respec-
tively. For H2O, we found a humidity-dependent cutoff frequency
between 1.25 Hz (relative humidity, RH, of 5 %–45 %) and 0.21 Hz (RH
75 %–95 %). We performed a quality check on each half-hourly flux
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following the 0–1–2 system proposed by Mauder and Foken (2004). In
this quality check, flux intervals with the lowest quality received the
flag “2” and were excluded from further analysis.

b.3.4 Data analysis

b.3.4.1 Land-cover classification

The land-cover classification covers the Late Holocene river terrace
of Samoylov Island (3.0 km2, area within the blue line in Fig. 11c). It
is based on high-resolution near-infrared (NIR) orthomosaic aerial
imagery obtained in the summer of 2008 (Boike et al., 2015a). We
used a subset of the existing classification of Muster et al. (2012) as a
training dataset to perform semi-supervised land-cover classification
using the maximum likelihood algorithm in ArcMap Version 10.8 (Esri
Inc., USA). We then applied the ArcMap majority filter tool to the
new classification. The land-cover classification has a resolution of
0.17 m× 0.17 m,. It is projected onto WGS 84 UTM Zone 52N, and the
land-cover classes include open water (15.7 %), overgrown water (7.0 %),
dry tundra (65.1 %), and wet tundra (12.1 %), as defined by Muster et
al. (2012). We summarize the classes overgrown water, dry tundra,
and wet tundra in the land-cover type of semi-terrestrial tundra. The
river terrace consists of this semi-terrestrial tundra, large lakes, and
thermokarst ponds. Since small ponds are an integral part of the
polygonal tundra, we use the term “polygonal tundra” to refer to the
area of the river terrace covered by semi-terrestrial tundra and by
thermokarst ponds.

b.3.4.2 Footprint model

In deploying an EC measurement tower, the tower’s location and
sensor height are crucial parameters. A lower measurement height
results in a smaller footprint. The tower’s footprint describes the
source area of the flux within the surrounding landscape. As we
installed sensors at a height of 2.25 m next to the merged polygonal
pond, we expected to observe substantial flux signals from the adjacent
water body as well as from the surrounding semi-terrestrial tundra.
Each land-cover type’s contribution to the flux signal depended on
the wind direction and turbulence characteristics. We implemented
the analytical footprint model proposed by Kormann and Meixner
(2001) in MATLAB (2019). We combined the footprint model with
land-cover classification data described in Sect. B.3.4.1 to estimate the
contribution of each land-cover type to each half-hourly flux (from
now on referred to as the weighted footprint fraction). The model
accounted for the stratification of the atmospheric boundary layer and
required a height-independent crosswind distribution and horizontal
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homogeneity of the surface. The input data required stationarity of
atmospheric conditions during the flux intervals of 30 min.

We derived the vertical power-law profiles for the eddy diffusivity
and the wind speed for each 30 min flux depending on the atmospheric
stratification (see Eq. 6 in Kormann and Meixner, 2001). We used
an analytical approach to find the closest Monin–Obukhov (M–O)
similarity profile (see Eq. 36 in Kormann and Meixner, 2001). Next, we
calculated a two-dimensional probability density function of the source
area for each flux (from Eqs. 9 and 21 in Kormann and Meixner, 2001).
We combined each probability density function with the land-cover
classification of Samoylov Island’s river terrace with its four land-cover
types (see Sect. B.3.4.1). The resolution of the footprint model was set
to the land-cover classification resolution of 0.17 m× 0.17 m. Hence,
we were able to estimate how much a given grid cell contributed to
each 30 min flux. We also knew each grid cell’s dominant land-cover
type from the land-cover classification. We combined both pieces of
information for each grid cell and calculated the sum of the fraction
fluxes within the source area for each of the four land-cover types (dry
tundra, wet tundra, overgrown water, and open water) and determined
the contribution of each land-cover type with respect to each 30 min
flux (adry tundra, awet tundra, aovergrown water, and aopen water). We refer
to this contribution of each land-cover type as the weighted footprint
fraction.

We also summed all 30 min two-dimensional probability density
functions over the entire deployment time. This sum is referred to as
the cumulative footprint (gray-shaded area in Fig. 11c–d).

b.3.4.3 Gap-filling the CO2 flux

To gap fill the net ecosystem exchange (NEE) fluxes of CO2, we used
the bulk-NEE model proposed by Runkle et al. (2013). The model is
specifically designed to model NEE in Arctic regions: it takes impacts
of the polar day into account by allowing both respiration and photo-
synthesis to occur simultaneously throughout the day. The bulk-NEE
model uses the sum of total ecosystem respiration (TER) and gross
primary production (GPP) to describe NEE, our target variable:

NEE = TER + GPP, (1)

where TER and GPP are in units of µmol m−2 s−1. TER is approxi-
mated as an exponential function of air temperature Tair:

TER = Rbase ·Q
Tair−Tref

γ

10 , (2)

where Tref = 15 ◦C and γ = 10 ◦C are constant, independent pa-
rameters. Rbase (µmol m−2 s−1) describes the basal respiration at the
reference temperature Tref, and Q10 (dimensionless) describes the
sensitivity of ecosystem respiration to air temperature changes.
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GPP is described as a rectangular hyperbolic function of PAR
(µmol m−2 s−1):

GPP = −
Pmax ·α · PAR
Pmax +α · PAR

(3)

where α (µmolµmol−1) is the initial canopy quantum use efficiency
(slope of the fitted curve at PAR= 0) and Pmax (µmol m−2 s−1) is the
maximum canopy photosynthetic potential for PAR → ∞.

The parameters Rbase, Q10, Pmax, and α were fitted simultaneously.
To account for seasonal changes in plant physiology, we fitted the
parameters for 5 d running windows as proposed in Holl et al. (2019a).

We split the datasets into training (70 %) and validation (30 %)
datasets to test model performance. We implemented the bulk-NEE
model in MATLAB 2019b (MATLAB, 2019) using the fit function with
the NonLinearLeastSquares fitting method. We used the coeffvalues func-
tion to estimate the four parameters (Rbase, Q10, Pmax, and α) and the
confint function to estimate their 95 % confidence bounds. All parti-
tioned fluxes were converted into CO2–C fluxes in units of g m−2 d−1

before data analysis.

b.3.4.4 Separating CO2 fluxes from semi-terrestrial tundra and water bod-
ies

We wanted to extract fluxes from thermokarst ponds and semi-terrestrial
tundra to analyze the influence of thermokarst ponds on the carbon
balance of a polygonal tundra landscape. However, due to the strong
heterogeneity of the landscape and the relatively small size of the
merged polygonal pond compared to the EC footprint, we measured
a mixed signal from all wind directions. In other words, each flux
that was measured with the EC method contained information from
different land-cover types. We divided the footprint into two classes –
semi-terrestrial tundra and thermokarst ponds – to assess the impact
of thermokarst ponds on the carbon balance.

Similar approaches of analyzing heterogeneous eddy covariance
fluxes in Arctic environments have been conducted for CO2 and
CH4 (e.g., Rößger et al., 2019a,b; Tuovinen et al., 2019). Rößger et al.
(2019a,b) extracted CO2 and CH4 fluxes from two different land-cover
classes on a floodplain, while Tuovinen et al. (2019) separated CH4

fluxes from nine individual land-cover classes, including water, and
combined them into four source classes (with no separate class for
water). All three studies differentiate between fluxes from different
vegetation types. Our method is dedicated to distinguishing between
fluxes from semi-terrestrial tundra and water bodies.

To estimate CO2 fluxes from the merged polygonal pond (Fpond),
we first fitted the bulk-NEE model to training data, excluding fluxes
from the direction of the merged polygonal pond (30

◦<WD< 150
◦,

where WD denotes wind direction). We obtained a dataset consisting
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of information about as much semi-terrestrial tundra as possible. We
performed this step since we expected little to no photosynthetic
activity in the open-water part of the merged polygonal pond. This
gap-filled CO2 flux (hereinafter Fmodeled,mix) represents the polygonal
tundra surrounding the EC tower, meaning the flux is dominated
by semi-terrestrial tundra, but also includes polygonal ponds from
the wind directions of north, west, and south. In the model input,
we excluded 30 min CO2 fluxes with an absolute value of more than
4 g m−2 d−1. In 38 windows of 5 d duration, we found an R2 above
0.9 between the model output and the validation set. In 18 cases, we
obtained an R2 between 0.8–0.9; in six instances, we obtained an R2

below 0.7. The final RMSE between the model input and the gap-filled
NEE had a value of 0.29 g m−2 d−1.

We assumed that the total observed flux was a linear combination
of the fluxes from the land-cover types weighted by their respective
contribution to the footprint. Thus, we postulated that the observed
CO2 flux (Fobs,mix, not gap-filled) was the sum of the individual land-
cover type fluxes (Fmodeled,mix and the merged polygonal pond Fpond)
each multiplied with their weighted footprint fraction (amix and apond),
with aopen water = apond, amix = asum − apond, and asum being the sum
over all land-cover classes:

Fobs,mix = apond · Fpond + amix · Fmodeled,mix

⇔ Fpond =
Fobs,mix − amix · Fmodeled,mix

apond
.

(4)

To improve data quality, we excluded 30 min fluxes of Fpond when
apond < 50%. Then, we used the median of Fpond for further calcula-
tions, and we assumed that all thermokarst ponds in the EC footprint
emitted the same amount of CO2.

As mentioned above, the observed CO2 flux from the wind direc-
tions of north, west, and south (Fobs,mix) was influenced by polygonal
ponds to a small degree. Since our aim was to assess the impact of
thermokarst ponds (both polygonal ponds and merged polygonal
ponds) on NEE, we needed to eliminate the influence of polygonal
ponds from our NEE estimate. To extract uncontaminated CO2 flux
data from the semi-terrestrial tundra (Fmodeled,tundra), we subtracted
the previously estimated pond CO2 flux Fpond from the observed CO2

flux Fobs,mix:

Fmodeled,tundra =
Fobs,mix − apond · Fpond

amix
. (5)

We then used this estimated CO2 flux from the semi-terrestrial tundra
Fmodeled,tundra as the regressand variable for the bulk-NEE model to
obtain a gap-filled dataset regarding CO2 flux from the semi-terrestrial
tundra. This gap-filling modeling of CO2–C flux had an RMSE of
0.31 g m−2 d−1.
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To evaluate the impact of thermokarst ponds on landscape CO2 flux,
we estimated a polygonal tundra landscape–CO2 flux from the Late
Holocene river terrace of Samoylov Island (Flandscape) by combining
thermokarst ponds and semi-terrestrial tundra linearly:

Flandscape = Apond · Fpond +Atundra · Fmodeled,tundra ,

where Fpond describes the CO2 emissions from the open-water areas
of thermokarst ponds (Eq. 4), Fmodeled,tundra describes the modeled
CO2 flux from the semi-terrestrial tundra (Eq. 5), Apond = 0.07 is the
fraction of the river terrace area of Samoylov Island that is covered by
thermokarst ponds (from the land-cover classification; see Sect. B.3.4.1),
and Atundra = 1− 0.07 is the fraction of the entire river terrace area
that consists of other land-cover types. We did not account for larger
or deeper lakes in this upscaling approach as we expected different
greenhouse gas emission dynamics from these lakes and there were
no lakes in our footprint and therefore within our observation range.
Thus, we scaled the above numbers to Atundra +Apond = 1, which
results in Apond = 0.076 and Atundra = 0.924.

b.3.4.5 CH4 flux partitioning

The data show that the CH4 emissions from the heterogeneous land-
scape around the tower were less spatially uniform than the CO2

emissions. Therefore, we could not use a gap-filling model for CH4

that was similar to the bulk model we used for CO2, so we investi-
gated CH4 emissions in a different way. Based on preliminary results
from our analysis and the aerial image of the study site, we focused on
four wind sectors instead of extracting the fluxes from the land-cover
types:

• Tundra. At least half of the footprint consisted of dry tundra, and
the wind direction was larger than 170

◦.

• Shore 50◦ (denoted shore50◦). Less than 40 % of the footprint con-
sisted of dry tundra, and water comprised at least 30 % of the
footprint. The wind direction range was 30

◦<WD< 65
◦.

• Pond. At least half of the footprint consisted of open water, and
the wind direction range was 65

◦<WD< 110
◦.

• Shore 120◦ (denoted shore120◦). Less than 40 % of the footprint
consisted of dry tundra, and water comprised at least 30 % of
the footprint. The wind direction range was 110

◦<WD< 130
◦.

b.3.4.6 CH4 permutation test

To evaluate whether the differences in flux medians between the four
wind sectors were significant, we applied a permutation test (Edg-
ington and Onghena, 2007). In this test, we randomly assigned each
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30 min flux to one of two groups and calculated both groups’ medi-
ans and the differences between the group’s medians. We conducted
six tests in total, using all possible combinations of pairs with the
four wind sectors. After repeating this step 10 000 times, we plotted
the resulting differences in medians in a histogram and performed
a one-sample t test to evaluate whether the observed difference in
medians differed significantly (p < 0.01) from the randomly generated
differences.

b.4 results

b.4.1 Meteorological conditions

During the measurement period between 11 July and 10 Septem-
ber 2019, half-hourly air temperatures range from −0.5 to 27.6 ◦C
with a mean temperature of 8.7 ◦C (Fig. 18a). The maximum wind
speed measured at the EC tower at a height of 2.25 m is 8.9 m s−1

(Fig. 18b). PAR reaches values of up to 1419µmol m−2 s−1 with de-
creasing maximum values during the measurement period (Fig. 18c).
Throughout the measurement period, there are 28 cloudy days, de-
termined by identifying days with low PAR values (maximum values
below ∼ 500µmol m−2 s−1).

b.4.2 CO2 fluxes

When inspecting the relation between observed CO2 fluxes and wind
direction (Fig. 12), we find that CO2 fluxes exhibit high temporal
variability between positive and negative CO2 fluxes from most wind
directions. In the wind sector between 60–120

◦, the flux source area is
dominated by the merged polygonal pond. The CO2–C fluxes from this
pond sector show smaller absolute variability (0.090.38

−0.33 g m−2 d−1,

median95th percentile
5th percentile ) than the fluxes from all other wind directions

(−0.08 0.87
−1.56 g m−2 d−1, median95th percentile

5th percentile ). Additionally, we observe
a lower respiration rate from the merged polygonal pond than from
the semi-terrestrial tundra. Figure 13 shows the observed nighttime
CO2 fluxes plotted against the respective weighted footprint fraction
of open water. We define nighttime as having PAR< 20µmol m−2 s−1;
we expect that there would only be respiration and no photosynthesis
during the nighttime. We find that the fluxes decrease as the pond area
contribution increases. Thus, the strength of CO2 respiration shows a
dependence on the contribution of open water. We also find that low
air temperatures are mostly associated with low respiration rates.

Another aspect of CO2 flux variability stems from the diurnal cycle.
We compare the diurnal cycle of the CO2 fluxes from the merged
polygonal pond (estimated in accordance with Eq. 4) and the semi-
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Figure 12: Polar plot of observed 30 min CO2–C fluxes with respect to the
wind direction. Negative values (inside of the dashed black line)
represent CO2 uptake, while positive values (outside of the dashed
black line) represent CO2 emissions. The values −4, −2, 0, and
2 indicate the magnitude of the CO2–C flux in g m−2 d−1. The
color of each point on the plot represents the percentage the point
comprises of the total open-water weighted footprint fraction in
each 30 min flux. The red boxes indicate the mean CO2 flux of 5

◦

wind direction intervals during the 2-month observation period
(red lines indicate the first standard deviation).

terrestrial tundra (Eq. 5, Fig. 14). The results show a less pronounced
diurnal CO2 cycle from the direction of the merged polygonal pond
(blue) compared to the diurnal CO2 cycle from the semi-terrestrial
tundra (green). We combine all data from the merged polygonal pond
(Fpond in Eq. 4), which results in a CO2–C flux of 0.130.24

0.00 g m−2 d−1

(median75th percentile
25th percentile).

b.4.3 CH4 fluxes

We plot the observed CH4 fluxes against wind direction (Fig. 15). The
results show that the CH4 emissions peak at ∼ 120◦, where fluxes from
one shoreline of the merged polygonal pond contribute to the observed
flux (Fig. 11d, from now on shore120◦). We do not observe a similar
peak of CH4 emissions in the direction of the second shoreline towards
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Figure 13: Scatterplot of observed CO2 fluxes against the weighted footprint
fraction of open water during each 30 min flux. The air temper-
ature is represented through color. Only fluxes observed in the
nighttime (PAR< 20µmol m−2 s−1) are shown.

∼ 50◦ (shore50◦). These peaks did not correlate with a specifically large
contribution of one of the land-cover classes to the footprint.

To further investigate the peak at shore120◦ , we compare the CH4

emissions from the different wind sectors (shore120◦ , shore50◦ , pond,
and tundra; Sect. B.3.4.5). We find the following fluxes from the wind
sectors: 19.1824.47

14.26 (shore120◦), 12.9615.11
10.34 (shore50◦), 13.9018.46

11.02 (pond),
and 12.5516.07

9.65 mg m−2 d−1 (tundra, median75th percentile
25th percentile). Fluxes from

shore120◦ have a higher median than fluxes from the other three wind
sectors (Fig. 16).

We investigated the impact of wind speed and air temperature on
the CH4 fluxes by excluding flux intervals with high wind speed
(greater than 5 m s−1) and high air temperature (warmer than 12

◦C).
The randomization test (Sect. B.3.4.6) provided evidence of a signifi-
cant difference between CH4 emissions from shore120◦ and the other
three wind sector classes at low wind speeds (top row in Fig. 20) and
no significant difference between the CH4 emissions from the classes
pond–tundra and shore50◦–tundra. The difference between the classes
pond and shore50◦ is significant; however, it is much smaller than the
previously described differences (see central graph in Fig. 20). Note
that the CH4 emissions from pond and tundra have a similar mag-
nitude under moderate wind-speed conditions. The results are very
similar for moderate temperatures: we find evidence of a significant
difference between the CH4 emissions from shore120◦ and the CH4
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Figure 14: Diurnal cycle of modeled CO2–C based on observations flux from
the merged polygonal pond (blue, Eq. 4) and the semi-terrestrial
tundra (green, Eq. 5) as violin plots for each half-hour flux. Blue
and green crosses mark the mean CO2–C flux during each half-
hour flux. A violin plot shows the distribution of measurements
along the y axis – the width of the curves indicates how frequently
a certain y value occurred.

emissions from the other three wind sector classes (top row in Fig. 21).
The differences in medians between the pond and shore50◦ and be-
tween the pond and tundra are significant. However, this difference
is much smaller (second row in Fig. 21). In summary, neither high
wind speed nor high temperatures act as a driver for the high CH4

emissions from shore120◦ . In contrast, the peak at 180–190
◦ can be

explained reasonably well using air temperature and friction velocity
in multiple linear regression (R2 = 0.44). Using the same predictors
results in an R2 of 0.20 for the peak at shore120◦ .

The ratio of CO2–C to CH4–C emissions at night (PAR< 20µmol m−2 s−1)
has a value of CH4 /CO2 = 0.0600.076

0.049 for fluxes with an open-water
weighted footprint fraction of more than 60 %, whereas the ratio
amounts to CH4 /CO2 = 0.0200.024

0.015 (median75th percentile
25th percentile) for fluxes

with an open-water weighted footprint fraction of less than 20 %.

b.4.4 Upscaled CO2 flux

We use the estimated open-water CO2 flux from the merged polygonal
pond and the modeled CO2 flux from the semi-terrestrial tundra to
linearly upscale the CO2 flux for the polygonal tundra of Samoylov
Island (excluding larger lakes, the method described in Sect. B.3.4.4).
As we have not obtained estimates for the CH4 fluxes from tundra
and pond land-cover types, we only upscale CO2.

We estimate that when one includes the CO2 flux from thermokarst
ponds, the river terrace landscape’s CO2 uptake is ∼ 11% lower than
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Figure 15: Polar plot of 30 min observed CH4–C flux with respect to the
wind direction at the EC tower. Positive values outside the dashed
black line represent CH4 emissions, while values inside the line
represent CH4 uptake during one half-hour period. The values
0, 20, 40, and 60 indicate the magnitude of the CH4–C flux in
mg m−2 d−1. The color of each point on the plot represents the
percentage the point comprises of the total open-water weighted
footprint fraction in each 30 min flux. The red boxes indicate the
mean CH4 flux of 5

◦ wind direction intervals during the 2-month
observation period (red lines indicate the first standard deviation).

the uptake of semi-terrestrial tundra without ponds. The modeled
CO2–C flux from the semi-terrestrial tundra (without consideration of
thermokarst pond fluxes) accumulated to −16.29± 0.43 g m−2 during
the observation period (60.5 d). If separated into months, the modeled
CO2–C flux from the semi-terrestrial tundra amounts to −15.01± 0.26,
−3.56± 0.33, and +2.35± 0.11 g m−2 in July (19.8 d), August (31 d),
and September (9.7 d), respectively. When one includes the CO2 flux
from the merged polygonal pond to represent all thermokarst ponds
on Samoylov Island, the resulting estimate of the landscape CO2

flux amounts to −14.47± 0.40 g m−2 (60.5 d), with monthly fluxes of
−13.75± 0.24, −2.99± 0.31, and +2.27± 0.10 g m−2 in July (19.8 d), Au-
gust (31 d), and September (9.7 d), respectively. Thus, the results show
that thermokarst ponds have the largest impact on the landscape’s
CO2 flux in August. In September, accounting for thermokarst ponds
leads to a 3.5 % lower estimate of landscape CO2 emissions.
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Figure 16: Violin plots of observed CH4 emissions at the EC tower separated
into four different wind sector classes. A violin plot shows the
distribution of measurements along the y axis – the width of
the shapes indicates how frequently a certain y value occurred.
Medians of CH4 emission distributions are shown as red lines,
and 75th and 25th percentile are shown as black lines. On the
right, the wind sectors with the eddy covariance tower in the
center (black cross) are shown.

b.5 discussion

b.5.1 CO2 flux

Only a limited number of EC CO2 flux studies from permafrost-
affected ponds and lakes are available (studies with “EC” in Ta-
ble B.5.1). Estimates of open-water EC CO2–C flux range from 0.059

(Jammet et al., 2017) to 0.11 (Eugster et al., 2003) to 0.22 g m−2 d−1

(Jonsson et al., 2008). Our estimate of 0.120.24
0.0014 g m−2 d−1 is, there-

fore, well within the range of open-water CO2–C fluxes observed with
the EC method. Other studies using different methods report a wider
range of open-water CO2 fluxes in Arctic regions. These fluxes range
from a minor CO2–C uptake (−0.14 g m−2 d−1; Bouchard et al., 2015)
to substantial emissions of CO2–C (up to 2.2 g m−2 d−1; Abnizova
et al., 2012). A modeling study involving multiple lakes in north-
east European Russia found that they produce almost zero emissions
(0.028 g m−2 d−1; Treat et al., 2018).
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Table 2: Daily mean water–atmosphere CO2 and CH4 fluxes from different study sites. TBL is the abbreviation for thin boundary layer model, EC for
eddy covariance, CH for chamber measurement, MOD for modelled fluxes, STO for storage fluxes, and NEW for the method used in this study.
All fluxes are given± standard deviation, except fluxes from this study are given as median75th percentile

25th percentile.

CO2–C flux CH4–C flux

Study Location Period/time Study site Method (g m−2 d−1) (mg m−2 d−1)

This study Lena River
delta,
northern
Siberia

11 Jul–10 Sep 2019 merged polygonal
pond
merged polygonal
pond shore

EC/NEW
EC

0.130.24
0.00

–
14.1018.67

11.23

12.9615.11
10.34–

19.1824.47
14.26

Abnizova et al. (2012) Lena River
delta,
northern
Siberia

1 Aug–21 Sep 2008 Samoylov Pond
Samoylov Lake

TBL
TBL

1.50–2.20

1.40–2.10

–
–

Jammet et al. (2017) Northern Swe-
den

2012–2013 Villasjön EC 0.059 13.42± 1.64

Jonsson et al. (2008) Northern Swe-
den

17 Jun–15 Oct 2005 Merasjärvi EC
TBL

0.22± 0.002

0.30± 0.01

–

Eugster et al. (2003) Alaska 27–31 Jul 1995 Toolik Lake EC
TBL
CH

0.11± 0.033

0.13± 0.003

0.37± 0.060

–
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Jansen et al. (2019) Northern Swe-
den

Year round, 2010–
2017

Villasjön
Inre Harrsjön
Mellersta Harrsjön

CH 0.22± 0.047

0.25± 0.05

0.73± 0.067

14.04± 2.25

10.39± 1.40

13.76± 2.81

Bouchard et al. (2015) NE Canada Jul 2013 and 2014 Bylot Island, poly-
gon ponds
Lakes

TBL −0.14–0.74

−0.085–
0.062

0.50–6432

0.70–74.5

Sepulveda-Jauregui et al. (2015) Alaska Jun–Jul 2011 and
2012

8 lakes, Yedoma
32 lakes, non-
Yedoma

TBL & STO 0.60± 0.58

0.10± 0.10

92.86± 35.72

16.80± 8.61

Treat et al. (2018) NE European
Russia

2006–2015 Multiple lakes MOD 0.028±
0.00011

0.84± 0.0

Sieczko et al. (2020) Northern Swe-
den

Jul–Aug 2017 Ljusvatterntjärn CH – 2.95± 0.75

Ducharme-Riel et al. (2015) NE Canada Summer 2008 15 lakes TBL 0.20± 0.093 –

Repo et al. (2007) Western
Siberia

3 Jul–6 Sep 2005 MTlake
FTlake
MTpond

TBL
TBL
TBL

0.14± 0.11

0.41± 0.25

0.44± 0.25

–

Lundin et al. (2013) Northern Swe-
den

2009 (only ice-free
season)

27 lakes TBL 0.18± 0.11 –

Kling et al. (1992) Alaska 1975–1989 25 lakes TBL 0.25± 0.040 5.16± 0.96
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Strikingly, our estimates of open-water CO2 emissions are approx-
imately 12–18 times smaller than those that have been previously
reported for open-water CO2 emissions at the same study site (Abni-
zova et al., 2012). One reason for the divergent results might be the
different methods used. In Abnizova et al. (2012), the thin boundary
layer (TBL) model, following Liss and Slater (1974), was applied to
estimate CO2 emissions from CO2 concentrations. However, one other
study found good agreement between the EC method and the TBL
one (Eugster et al., 2003). In addition, in contrast to the larger merged
polygonal pond we focus on, Abnizova et al. (2012) measured two
polygonal ponds (they took 46 water samples in August and Septem-
ber 2008). These two ponds might have had exceptionally high CO2

concentrations and might not be representative of polygonal ponds
in our study area. If the polygonal ponds in the footprint of our EC
measurements emitted CO2 in the quantities suggested by Abnizova
et al. (2012), we would expect to see their signal more clearly in our
measurements.

Our approach of combining a footprint model with land-cover clas-
sification to extract fluxes from different land-cover classes allows us
to determine the thermokarst pond CO2 flux. We report an uncer-
tainty range with respect to the thermokarst pond CO2 flux; however,
identifying the full uncertainty in this flux is not possible using this
approach due to the footprint analysis’ unknown degree of uncer-
tainty. Still, the results with respect to the thermokarst pond CO2 flux
are plausible and on the expected order of magnitude for two rea-
sons. First, reduced diurnal variability is observed when the merged
polygonal pond influences the flux signal (Fig. 14). This reduction
indicates that the respiration rate from the merged polygonal pond is
lower than the respiration rate from the semi-terrestrial tundra, where
ample oxygen is available in the upper soil layer. Additionally, since
the thermokarst ponds have a lower vegetation density than the tun-
dra, there is less photosynthesis. Second, when focusing on nighttime
fluxes, when only respiration occurs (i.e., no carbon is taken up), there
is a decrease in CO2 emissions with an increasing weighted footprint
fraction of open water (Fig. 13); this also indicates that there is reduced
decomposition in the merged polygonal pond. Overall, based on the
data, the finding that thermokarst ponds have lower CO2 emissions
than the semi-terrestrial tundra is reasonable.

b.5.2 CH4 flux

We observe large differences in CH4 emissions from the four wind
sectors. CH4 emissions from shore120◦ are significantly higher than
from shore50◦ , pond, and tundra (Sect. B.4.3). Notably, we tested the
dependence of these higher fluxes on wind speed and air tempera-
ture. We expect high wind speeds to enhance turbulent mixing of the
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water column and diffusive CH4 outgassing at the water–atmosphere
interface. High wind speeds are also associated with pressure pump-
ing, which potentially fosters the ebullition of CH4. On the other
hand, peak temperatures can lead to peak CH4 production and emis-
sions due to enhanced biological activity. However, the high emissions
from shore120◦ do not coincide with either of two key meteorological
conditions, high wind speeds and high temperatures, which would
especially favor high emissions. Thus, the difference in methane flux
dynamics between shore120◦ and shore50◦ is astounding since the
shorelines share many other characteristics.

Both shorelines extend radially (in a fairly straight line) from the
EC tower (Fig. 11), thus contributing similarly to the EC flux. The
underwater topography does not vary significantly between the two
shorelines. Meters away from the shore, both shorelines have a water
depth of a few centimeters and a few decimeters (see data from Boike
et al., 2015c). As previously described in Sect. B.3.1, both shorelines are
dominated by Carex aquatilis, and from visual inspection, we could not
identify differences in shoot density. We, therefore, assume that the
characteristics of the emergent vegetation do not play a major role in
explaining the differences between the CH4 emissions from shore120◦

and shore50◦ . We also examine the evolution of the shorelines at the
merged polygonal pond to check whether erosion along the shoreline
could cause the high CH4 emissions. We compare an image from 1965

(U.S. Geological Survey, EROS Center, 1965) with the current (2019)
shoreline, yet we cannot identify signs of recent erosion. Furthermore,
high-resolution aerial images of this pond from 2008 (Boike et al.,
2015a, resolution > 0.33 m) and 2015 (Boike et al., 2015b, resolution
> 0.33 m) show no signs of erosion. We therefore assume that past
erosion is unlikely is unlikely to have been a factor that caused the
high levels of CH4 emissions we observed in 2019.

Local ebullition of the merged polygonal pond could lead to high
CH4 emissions from shore120◦ . We applied the method proposed by
Iwata et al. (2018) to check for signs of ebullition events. This method
uses the 20 Hz raw CH4 concentration data to detect short-term peaks
in CH4 that originate from ebullition events. However, we cannot
detect ebullition events in the 20 Hz raw data.

In summary, meteorological conditions (wind speed and temper-
ature), characteristics of emergent vegetation, coastal erosion, and
intense ebullition events are unlikely to be the main driving factors of
the increased CH4 emissions we observed. Another possible driver of
higher CH4 emissions from shore120◦ is a small but steady seep ebul-
lition hot spot close to this shoreline (such as ebullition class kotenok
in Walter et al., 2006). Seep ebullition hot spots have been reported to
occur heterogeneously in clusters in Alaskan lakes (Walter Anthony
and Anthony, 2013). Unfortunately, seep ebullition has not previously
been reported in water bodies in our study area, so we did not include
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measurements targeting this process in our measurement campaign.
In future studies, visual inspection of trapped CH4 bubbles in the ice
column during wintertime, as proposed by Vonk et al. (2015), could
reveal more information about the cause of the higher CH4 emissions
from shore120◦ , as could funnel or chamber measurements with high
spatial coverage.

The results show that the merged polygonal pond emits a similar
magnitude of CH4 to the polygonal tundra surface under similar me-
teorological conditions and when excluding the high emissions from
shore120◦ . However, substrate availability and temperature dynam-
ics differ substantially. Additionally, in dense soils, methane diffuses
slowly enough through soil layers containing oxygen for the methane
to be oxidized before reaching the surface. In contrast, methane emit-
ted in ponds can reach the surface quickly through ebullition or
plant-mediated transport in addition to diffusion. Therefore, we ex-
pect to see larger differences between the CH4 emissions from the
merged polygonal pond and the polygonal tundra, more akin to the
differences that have been detected in a subarctic lake and fen by
Jammet et al. (2017). However, we see no significant difference in the
CH4 emissions from the open-water areas of the merged polygonal
pond and the polygonal tundra surface (Figs. 16 and 20).

Since many other thermokarst ponds in our study area are smaller
than the merged polygonal pond (making them unsuitable to study
using the EC method) and since smaller ponds tend to be greater
emitters of methane (Holgerson and Raymond, 2016; Wik et al., 2016),
our measurements might provide a lower limit of overall thermokarst
pond CH4 emissions.

We estimate a CH4–C flux of 13.3815.92
10.55 mg m−2 d−1 (median75th percentile

25th percentile)
from the merged polygonal pond and 12.9615.11

10.34–19.1824.47
14.26 mg m−2 d−1

from the shores of this pond. This is higher than the fluxes measured
by Jammet et al. (2017) from a subarctic lake (Table B.5.1). The authors
report a mean annual CH4–C flux of 13.42± 1.64 mg m−2 d−1 and a
mean ice-free-season CH4–C flux of 7.58± 0.69 mg m−2 d−1. A study
focusing on 32 non-Yedoma thermokarst lakes in Alaska found CH4–C
emissions similar to our results (16.80± 8.61 mg m−2 d−1; Sepulveda-
Jauregui et al., 2015). Also, a synthesis of 149 thermokarst water
bodies north of ∼ 50◦ N reports CH4–C emissions on the same order
of magnitude (27.57± 14.77 mg m−2 d−1; Wik et al., 2016). However,
other recent studies have reported considerably lower CH4–C emis-
sions of 2.95± 0.75 mg m−2 d−1 in northern Sweden (Sieczko et al.,
2020), and, in contrast, a study found CH4–C emissions of up to
6432 mg m−2 d−1 in northeast Canada (Bouchard et al., 2015). The
wide range of water-body methane emissions militates in favor of
caution when generalizing our results, even for Samoylov Island, es-
pecially since the emissions within the merged polygonal pond have
been shown to be heterogeneous. Instead, after finding a hot spot in
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CH4 emissions at the pond shore, we would like to highlight that
the gathering of additional measurements – for example employing
funnel traps or counting bubbles in ice – will help to better constrain
thermokarst pond CH4 dynamics in their full complexity. Neverthe-
less, our measurements provide a robust lower limit of thermokarst
pond CH4 emissions.

b.6 upscaling the co2 flux

We upscale the CO2 emissions for the river terrace on Samoylov, an
area for which we have access to high-resolution land-cover classi-
fication. We find that we overestimate the carbon dioxide uptake
of the polygonal tundra by 11 % when we do not account for the
thermokarst ponds’ CO2 emissions. A similar approach by Abnizova
et al. (2012) found a potential increase of 35 %–62 % in the estimate
of CO2 emissions from the Lena River delta when including small
ponds and lakes in the landscape CO2 emission calculation. If we
were to follow the upscaling approach by Abnizova et al. (2012) and
consider overgrown water as part of the thermokarst ponds, the esti-
mate of the landscape CO2 uptake would decrease by 19 %. Kuhn et al.
(2018) also found water bodies in Arctic regions to be an important
source of carbon, which could outbalance the carbon dioxide uptake
of the semi-terrestrial tundra in a future climate. In summary, our
results demonstrate that open-water CO2 emissions can substantially
influence the summer carbon balance of the polygonal tundra. With
respect to the night time emissions, we find that per gram CO2–C
thermokarst ponds emit 0.06 g CH4–C whereas the semi-terrestrial
tundra only emits 0.02 g CH4–C. This finding underlines again that,
especially when considering thermokarst ponds, CH4 emissions are
of significant interest. Even though mean CH4 emissions from the
semi-terrestrial tundra and open water are of similar magnitude, we
expect that the impact of thermokarst ponds on the carbon balance
would be even greater when accounting for CH4 due to locally high
emissions.

Our results suggest that future studies that aim to capture a rep-
resentative landscape flux should pay extra attention to the water
bodies in their footprint. The CO2 flux from thermokarst ponds has
the opposite sign (CO2 emissions) to the semi-terrestrial tundra (CO2

uptake) during the observation period. Consequently, thermokarst
ponds should cover about as much area in the measurement as they
do in the landscape area of interest. In this way, the chances of captur-
ing CH4 hot spots, which can be investigated more closely, are also
greater.
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b.7 conclusions

We find that thermokarst ponds are a carbon source. At the same
time, the surrounding semi-terrestrial tundra in our study area acts
as a carbon sink during the summer period (July–September), which
is in agreement with prior studies (Abnizova et al., 2012; Jammet
et al., 2017), despite us observing much lower open-water CO2 fluxes
compared to previous work at the same study site (Abnizova et al.,
2012). Using our approach to disentangle the EC fluxes from different
land-cover classes, we posit that during the measurement period,
we would overestimate the carbon dioxide uptake of the polygonal
tundra by 11 % if thermokarst ponds were not accounted for. We
expect lakes to have a similar effect on the carbon budget, though a
smaller one, since lakes (a) cover a similar amount of surface area as
the thermokarst ponds in our study site (Abnizova et al., 2012; Muster
et al., 2012) and (b) are weaker emitters of greenhouse gases than
ponds (Holgerson and Raymond, 2016; Wik et al., 2016).

In contrast to CO2 emissions, which are spatially more homoge-
neous, small-scale heterogeneity in CH4 emissions makes it difficult to
find drivers of CH4 emissions. We cannot pinpoint the drivers behind
the high emissions along parts of the coastline, which we surmise
were potentially caused by seep ebullition. Thus, we cannot estimate
the impact of this heterogeneity on the landscape scale and, therefore,
refrain from upscaling CH4 emissions. Additionally, the open-water
fluxes presented in this paper originate from a single merged polygo-
nal pond since the other polygonal ponds surrounding the EC tower
are too small to extract their fluxes using the footprint method ap-
plied here. Thus, we do not account for the spatial variability in CH4

emissions between thermokarst ponds, which can be substantial (Re-
hder et al., 2021; Wik et al., 2016). However, we note that open-water
fluxes were of a similar magnitude to the polygonal tundra fluxes.
Consequently, the main impact that thermokarst ponds have on the
landscape CH4 budget might occur through plant-mediated transport
and local ebullition.

While being ill-suited for the study of smaller ponds, we underline
that the EC method is appropriate for observing greenhouse gas fluxes
from thermokarst ponds as small as 0.024 km2. The EC method has a
higher temporal resolution than the TBL method. It does not disturb
exchange processes like the chamber flux method, which eliminates
the wind at the water surface. Especially when combining an EC
footprint with land-cover classification, one can distinguish between
the contribution of different land-cover classes effectively and also
study the fluxes from thermokarst ponds.

We conclude that thermokarst ponds contribute significantly to
the landscape carbon budget. Changes in Arctic hydrology and the
concomitant changes in the water-body distribution in permafrost
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landscapes may cause these landscapes to change from being overall
carbon sinks to overall carbon sources.

b.8 appendix

Figure 17: Picture of the eddy covariance tower with the merged polygo-
nal pond in the background. Picture taken on 11 July 2019 by
Zoé Rehder.
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Figure 18: Timeline of observed meteorological conditions during the obser-
vation period (2019) with air temperature at 2 m height (a), wind
speed at 3 m height (b), and photosynthetically active radiation
(PAR) (c). Mean values and standard deviation of observations
during the past 16 years are plotted as black lines and gray areas.
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Figure 19: Time series of 30 min observed CO2–C flux intervals (a) and CH4–
C flux (b) with a quality flag of 0 or 1. The blue color represents
fluxes originating from the wind direction of the merged polygonal
pond (30–150

◦ wind direction, mostly mixed signals from semi-
terrestrial tundra and the surface of the merged polygonal pond),
and the green color represents fluxes originating from all other
wind directions.
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Figure 20: Histogram of permutation tests between the medians of CH4

emissions from different wind direction classes in Fig. 16. All
medians from flux observations during moderate wind-speed
conditions. The observed differences in medians between the
different wind direction classes are shown in red vertical bars in
each plot.

Figure 21: Histogram of permutation tests between the medians of CH4

emissions from different wind direction classes in Fig. 16. All
medians from flux observations during moderate air temperature
conditions. The observed differences in medians between the
different wind direction classes are shown in red vertical bars in
each plot.
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c.1 abstract

The eddy covariance (EC) method represents the state-of-the-art method
to observe land-atmosphere fluxes. When observing a flux from a het-
erogeneous landscape with varying fluxes from different landscape
components, partitioning each flux from each component remains
challenging. Without additional modeling approaches, the observed
EC flux represents a spatially averaged flux from the surrounding
landscape. However, in many cases, the partitioned flux of each land-
scape component is also of interest, for example, for in-depth process
understanding or up-scaling approaches.
This study presents a method to source-partition EC CO2 fluxes from
a permafrost-affected, heterogeneous polygonal tundra landscape by
using parallel observation from two EC towers. For this method, we
use a footprint model in combination with two land cover classifica-
tions.
The results show that the method provides accurate CO2 flux estima-
tions from the landscape components of open water and vegetated tun-
dra compared to a previous study. We also aimed to source-partition
the CO2 flux from vegetated tundra into the surface components of
dry and wet tundra. This step did not provide reliable results for CO2

flux estimations for the two landscape components since the results
highly depended on the chosen land cover classification. Neverthe-
less, the presented method could function as a useful tool for future
source-partitioning approaches of heterogeneous landscapes, not only
in the polygonal tundra landscape.

77
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c.2 introduction

The eddy covariance (EC) method is used to observe the exchange of
gases and energy between the ground and the atmosphere (Baldocchi,
2003). This measurement technique requires a homogeneous surface
surrounding the observation site, e.g., continuous grassland or tundra.
Gaining flux information of more than one surface class is challenging
and only possible when a clear boundary between the surface classes
is present (Rößger et al., 2019b). The polygonal tundra, a landscape
type in the Arctic with a small-scale heterogeneity, lacks clear bound-
aries between the surface classes. It is not possible to estimate the flux
from a single surface component using the EC method. This study
presents a method to analyze the individual fluxes from two different
surface components within the polygonal tundra using two nearby EC
towers. This universal method can be applied to other sites where two
distinct surface components occur throughout the landscape.
The polygonal tundra features dry and wet patches, areas with open
water, and overgrown water (Muster et al., 2012). The area of polyg-
onal tundra has acted historically as a sink for atmospheric carbon
and has accumulated large amounts of carbon (Zubrzycki et al., 2014).
Small-scale variability of CO2 exchange between dry and wet areas
within the polygonal tundra and the atmosphere has been studied
by Eckhardt et al. (2019). This study focused on the pedon scale and
observed the CO2 exchange using a manual chamber method. The
authors found that the wet areas within one polygon act as stronger
growing season sinks for atmospheric CO2 compared to the dry ar-
eas of the same polygon. Other studies in Arctic environments have
partitioned observed gas fluxes into different surface components.
Rößger et al. (2019a,b) separated the CO2 and CH4 fluxes from a
fluvial floodplain into the single component fluxes originating from
areas dominated by sedges and shrubs, respectively. Juutinen et al.
(2022) separated fluxes from a tundra site into multiple different flux
components using the chamber flux method, and Beckebanze et al.
(2022a) partitioned EC flux into flux components from the open water
and the vegetated tundra.
This study presents a new method which allows to partition the CO2

fluxes from a heterogeneous landscape into the landscape components’
fluxes. We use data from two EC towers that ran parallel between 11

July and 10 September 2019. One EC tower is a long-term observatory
and has been in operation since 2002 (Holl et al., 2019b). The other EC
tower was a temporary tower next to a lake and was located approx-
imately 500 meters east of the long-term observatory. For our study
site, two different land cover classifications are available (Mirbach
et al., 2022; Muster et al., 2012). For the new method to identify the
single flux components, we combine the data from the two EC towers
with a footprint model (Kormann and Meixner, 2001) and both land
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cover classifications. In a first step, we apply this new method on the
surface classes of water and vegetated tundra. In a second step, we
apply the method on the two components of the vegetated tundra,
namely dry and wet tundra and estimate each components’ CO2 ex-
change. We compare the results from the estimation with each land
cover classification.

c.3 methods

c.3.1 Study site and instruments

Tower 1

70-90%   50-70%    30-50%    <30%

a)b)

c)

Figure 22: The location of the study site in Russia is shown in (a), and the
location of Samoylov Island within the Lena River Delta is shown
in (b). Samoylov Island is shown in (c); the surrounding Lena
River appears in light blue. The blue line indicates the outline of
the river-terrace land-cover classification (Sect. B.3.4.1). In (d), the
land-cover classification is shown in blue (open water) and green
shades (dark green: dry tundra; medium green: wet tundra; and
light green: overgrown water). The location of the EC towers 1

and 2 are marked by red crosses. The cumulative footprints of
both towers (see Sect. B.3.4.2) are shown in gray shades in (c) and
(d). 30 % of the cumulated flux likely originated from within the
dark gray area, 50 % from within the medium-dark gray area, 70

% from within the medium-light gray area and 90 % from within
the light gray area. Map data from © OpenStreetMap contributors
2020, distributed under the Open Data Commons Open Database
License (ODbL) v1.0 (a & b) and modified based on Boike et al.
(2012b) (c & d).
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The study site Samoylov island (Fig. 22, c) is located in the southern
part of the Lena River Delta, Russia and has been described in detail in
section B.3.1. We used flux observation data from two eddy covariance
(EC) towers: Tower 1, a long-term observatory tower, and Tower 2, a
temporary tower. Tower 1 is located in the western part of the river
terrace on Samoylov Island and is mainly surrounded by dry and
wet polygonal tundra and a few polygonal ponds (Figure 22, d). The
closest thermokarst lake is located about 165 meters northwest of the
tower. EC instruments at this 10-m-tower are installed at the height of
4.15 meters. The tower is equipped with a CO2/H2O open-path sensor
(Licor 7500A and Licor 7700, LI-COR Biosciences, USA), a CO2/H2O
closed-path sensor (Licor 7000 and LGR FMA, Los Gatos Research,
USA), as well as a 3D-ultrasonic anemometer (CSAT3, Campbell Scien-
tific, UK). All instruments have a sampling rate of 20 Hz. More details
on the instrumentation can be found in Holl et al. (2019b).

Tower 2 is located in the eastern part of Samoylov Island, directly at
the western shore of a large thermokarst lake (Figure 22, d). EC instru-
ments are mounted on a tripod at the height of 2.25 meters. The tower
has a closed-path CO2/H2O sensor (Licor 7200) and a 3D-ultrasonic
anemometer (R3-50, Gill Instruments Limited, UK). These instruments
also have a sampling rate of 20 Hz. This tower is already described in
chapter B (Beckebanze et al., 2022a).

For this study, we use observational data from 11 July to 10 Septem-
ber 2019, when all instruments at both towers ran simultaneously. We
also installed radiation-shielded temperature and humidity sensors
at the EC tower (HMP155, Vaisala, Finland). We used data from a
photosynthetically active radiation (PAR) sensor mounted on a tower
approximately 500 m to the west of the EC tower (SKP 215, Skye
Instruments, UK). Additional meteorological data for Samoylov Island
were provided by Boike et al. (2019).

c.3.2 Data Analysis

c.3.2.1 Land-cover classification

The new land cover classification in this analysis was provided by
Mirbach et al. (2022). It contains four land-cover classes (dry tundra,
wet tundra, overgrown water, and open water) and covers the river
terrace (eastern part) of Samoylov Island. A detailed description of
this land-cover classification can be found in Beckebanze et al. (2022a),
section 2.4.1. The old land-cover classification was provided by Muster
et al. (2012) and contained the same four land-cover classes as the new
land-cover classification.
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c.3.2.2 Footprint model

The tower’s footprint describes the source area of the flux within
the surrounding landscape. We implemented the analytical footprint
model proposed by Kormann and Meixner (2001) in Matlab 2019b. We
combined the footprint model with land-cover classification data de-
scribed in Sect. C.3.2.1 to estimate the contribution of each land-cover
type to the source area of each half-hourly flux (from now on referred
to as the weighted footprint fraction). We received a two-dimensional
probability density function of the source area for each flux from the
model. The resolution of the footprint model was set to the land-cover
classification resolution of 0.17 m × 0.17 m. We estimated each grid
cell’s dominant land-cover type from the land-cover classification. We
combined both pieces of information for each grid cell and calculated
the sum of the fraction fluxes within the source area for each of the
four land-cover types (dry tundra, wet tundra, overgrown water, and
open water) and determined each weighted footprint fraction for each
30-min flux estimate (adry tundra, awet tundra, aovergrown water,
and aopen water). We processed data from both towers in this way. A
more detailed description of the footprint model application can be
found in Beckebanze et al. (2022a).

c.3.2.3 Separating CO2 fluxes from dry and wet tundra

With this new method, a 2-step data analysis, we aimed to separate
the CO2 flux components of dry tundra and wet tundra from the
mixed signal observed at EC towers 1 and 2. This analysis is based on
assumptions about land cover classifications and the C fluxes in the
study area. These assumptions will be discussed in section and are as
followed:

1. An accurate land cover classification must be given for the area
of interest

2. A mixed signal of EC measurement is a linear combination
of each flux type in the footprint weighted by their respective
contribution to the footprint

3. Waterbody emissions of CO2 have a low spatial and temporal
variation at this study site (as shown in Beckebanze et al. 2022a).

In this first step, we combine the four land cover classes (described
in section B.3.4.2) into two classes of water and vegetation (awater1 =

awat,aveg = adry + awet + aove). Especially the assumption (1) and
(2) allow us to write the observed flux from both EC towers as a linear
combination of the flux components, and each multiplied with their
weighted footprint fraction:

F1 = aveg1 · Fveg + awater1 · Fwater (6)

F2 = aveg2 · Fveg + awater2 · Fwater (7)
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where F1 and F2 represent the observed CO2 flux at towers 1 and 2,
Fveg and Fwater the CO2 fluxes from the vegetated tundra and water,
respectively, and aveg1, aveg2, awater1, and awater2 the weighted
footprint fraction of vegetated tundra and water at tower 1 and 2.
Rearranging these two equations gives:

Fveg =
F1 · awater2 − F2 · awater1

aveg1 · awater2 − awater1 · aveg2
(8)

Fwater =
F2 · aveg1 − F1 · aveg2

aveg1 · awater2 − awater1 · aveg2
. (9)

In this way, we estimate a time series of CO2 fluxes from vegetated
tundra and water. We only use data points when awater2 > 35% to
have a large difference in footprint weighted fraction between towers
1 and 2. With small differences in the footprint weighted fraction of
one class, the denominator of equation 8 and 9 approaches zero. It,
therefore, increases the mathematical uncertainty in this estimation.

In the second step, we subtract the previously estimated average
water CO2 flux (Fwater) multiplied by the footprint weighted fraction
of open water (awater1 and awater2) from the observed flux to receive
a dataset purely from the vegetated tundra. We then use assumptions
1 and 2 to write the estimated flux from both EC towers as a linear
combination of the flux components Fdry and Fwet (dry contains the
information from the dry tundra and wet the information of the wet
tundra) each multiplied with their footprint weighted fraction (Eq.
10 and 11). We use, in this case, the 21-day median of Fwater due
to the low spatial and temporal variability of this value (assumption
3). Additionally, we only use data points in this step that have not
been used in step one (thus awater2 < 35% ) to have two independent
datasets.

(F1 − awater1 · Fwater) = awet1 · Fwet + adry1 · Fdry (10)

(F2 − awater2 · Fwater) = awet2 · Fwet + adry2 · Fdry (11)

where awet1 and awet2 represent the weighted footprint fraction of
wet tundra at towers 1 and 2, and adry1, and adry2 represent the
weighted footprint fraction of dry tundra at tower 1 and 2. After
rearranging these two equations, we received the following:

Fwet =
(F1 − awater1 · Fwater) · adry2 − (F2 − awater2 · Fwater) · adry1

awet1 · adry2 − adry1 · awet2

(12)

Fdry =
(F2 − awater2 · Fwater) · awet1 − (F1 − awater1 · Fwater) · awet2

awet1 · adry2 − adry1 · awet2

(13)

For the final analysis, we cut off the first and last 21 days since only
a few data points of the water CO2 dominated the 21-day median in
these periods.
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c.4 results and discussion

In the first step of the method, we separate the fluxes into the wa-
ter CO2 flux and the flux from the semi-terrestrial tundra. We find
a water CO2-C flux of 0.100.19

0.02 g m−2 d−1 (median75th percentile
25th percentile) and

0.110.26
−0.01 g m−2 d−1 (median75th percentile

25th percentile) using the old and new land
cover classification, respectively. This good agreement most likely
comes from the fact that water and semi-terrestrial tundra have con-
trasting spectral properties in both the visible and infrared bands.
Both types of images function as the base for the land cover classi-
fications. With easterly winds, only about 15% of each flux signal
at the large tower originates from open water, whereas this value
rises to 70–80% at the small tower under the same easterly winds.
These differences in the weighted footprint fraction are independent
of the chosen land cover classification (Figure 24b, 24a, 23b, and 23a).
The large differences of open water and semi-terrestrial tundra in
different directions from each tower allow a robust estimation of the
two landscape components’ CO2 fluxes, thus, agreeing with the first
assumption from section C.3.2.3. The water CO2 flux estimations are
also in good agreement with a previous study from this same site,
where a water CO2 flux of 0.130.24

0.00 g m−2 d−1 (median75th percentile
25th percentile) was

reported (Beckebanze et al., 2022a).
The results from the second analysis step are more ambiguous. We
see a clear diurnal cycle for dry and wet tundra with a stronger am-
plitude for wet tundra when using the new land cover classification
(Figure 27b). However, when using the old land cover classification,
the diurnal cycle for wet tundra is a mirror image of the diurnal cycle
for dry tundra (Figure 27a). This difference in the estimations likely
originates from the different footprint weighted fractions for dry and
wet tundra west of the small tower, where the old land cover classifica-
tion classifies more area as dry tundra. In contrast, the new land cover
classification shows a similar amount of dry and wet tundra (Figure
23a and 23b).
Both land cover types, dry and wet tundra, are part of the semi-
terrestrial tundra. They differ in the soil water content and partially
also in the dominant vegetation type. These differences are challeng-
ing to distinguish in the land cover classification since the boundary
between the two classes is less clear-cut than for open water and
semi-terrestrial tundra. Small differences in the input images for the
land cover classifications and the chosen classification algorithms can
therefore lead to a different interpretation of the given surface type.
We cannot say which land cover classification is more reliable and
provides values closer to the field’s reality. From field survey, we can
confirm that the tundra in the area west of the small tower is wet-
ter than other regions on Samoylov Island. A previous study from
the same study site found mean NEE (CO2-C) from a polygon rim
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(a) (b)

Figure 23: Footprint weighted land surface contribution at small tower with
(a) old land cover classification and (b) new land cover classifica-
tion

(a) (b)

Figure 24: Footprint weighted land surface contribution at large tower with
(a) old land cover classification and (b) new land cover classifica-
tion

(a) (b)

Figure 25: Time series of water CO2 flux with (a) old land cover classification
and (b) new land cover classification
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(a)

(b)

Figure 26: Diurnal cycle of water CO2 flux and vegetated tundra CO2 flux
with (a) old land cover classification and (b) new land cover
classification

(dry tundra) and polygon center (wet tundra, both 11 July until 22

September 2015) of -0.61 and -1.60 g m−2 d−1, respectively (Eckhardt
et al., 2019). During the observation period of this study, the CO2-C
fluxes from dry and wet tundra (estimated using the new land cover
classification) have mean values of -0.23 and -0.41 g m−2 d−1 for dry
and wet tundra, respectively. Thus, the results of this study are 3.8
and 2.6 fold higher than the results from Eckhardt et al. (2019), yet,
in the same order of magnitude and in a similar proportion of dry
to wet tundra. The field survey, in combination with the previous
results, increases our confidence in the new land cover classification
by Mirbach et al. (2022) representing the area west of the small tower
better than the old land cover classification.
Especially the importance of the first assumption from section C.3.2.3
(An accurate land cover classification must be given for the area of interest)
has been discussed in depth in the sections above. We now discuss
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(a)

(b)

Figure 27: Diurnal cycle of wet and dry tundra CO2 flux estimated with (a)
old land cover classification and (b) new land cover classification

the plausibility of the other three assumptions on which this method
is based. The second assumption (a mixed signal of EC measurement
is a linear combination of each flux type) has been used in an analysis
from a nearby study site (Rößger et al., 2019a). The authors reported
conclusive results for the linear combination of fluxes from differ-
ent land cover classes. However, a possible heterogeneity within one
surface class could counter the assumption in case the heterogeneity
within one surface class would result in heterogeneous CO2 fluxes.
Yet, we should not forget that it is the nature of a classification that
slightly different, but similar objects or surfaces are grouped into one
class. Therefore variability within one class can be assumed. Only the
question remains unknown, whether the variability within one class
would also lead to diverging processes that drive CO2 fluxes.
In the third assumption, we state that waterbody emissions of CO2

have a low spatial and temporal variability. Figures 26a and 26b show
no diurnal cycle for the water CO2 fluxes. Nevertheless, figures 25a
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and 25b show a large spread of values for water CO2 fluxes, which
could hint towards a spatial heterogeneity of water CO2 fluxes. An
analysis of the surface CO2 concentration from multiple waterbodies
would be useful to identify the cause of the spread in water CO2

fluxes. A spatial heterogeneity has been shown for the waterbody
concentration of CH4 at this study site (Rehder et al., 2021). A similar
heterogeneity of CO2 concentration in the waterbodies would likely
lead to heterogeneous CO2 fluxes.
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